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Abstract

The Epoch of Reionization remains a poorly understood time in our universe’s history. It
is during this epoch that the first stars and galaxies formed and the intergalactic medium
(IGM) became ionized by UV photons emanating from these galaxies. Observation of the
21 cm line, a hyperfine transition line of hydrogen, is a direct probe this era and would
provide us with direct observations of the Universe before the formation of luminous
objects, would allow us to place constraints on fundamental cosmological parameters,
and would deepen our understanding of large-scale structure formation. However, there
exist many challenges in making these observations a reality. At the redshifts of inter-
est, the 21 cm line suffers from bright foreground contaminants meaning instruments
need to be well-calibrated and careful foreground subtraction must be performed. These
requirements are difficult to execute to high precision and without being subject to mod-
elling biases, and as such, some have looked to use complimentary probes to bolster a
21 cm detection. This thesis explores two such methods. The first method is to make
use of cross-correlations to measure a cross-spectrum instead of the 21 cm auto-spectrum.
We build and end-to-end simulation pipeline which includes both instrument and fore-
ground modelling in order to place constraints on the effectiveness of the 21 cm — [CII]
cross-spectrum in estimating the 21 cm power spectrum during reionization. The second
method is to turn to astrophysical probes of the IGM. We explore whether, and to what
precision, the dispersion measures of high redshift fast radio bursts can reveal reioniza-

tion history.



Abrégé

L'époque de réionization reste trés peu comprise dans I'histoire de 1'Univers. C’est a cette
période que les premieéres étoiles et galaxies se sont formées et que 1'ionisation du mi-
lieu intergalactique a eu lieu grace aux photons émanant de ces dernieres. L'observation
de la raie 21cm d’hydrogene, une transition hyperfine de I’atome d’hydrogene, est une
preuve directe de cette époque. Son étude précise permettra d’obtenir des observations
directes de I'Univers avant la formation de ces objets lumineux. Elle permettra également
d’obtenir de nouvelles contraintes sur les paramétres cosmologiques fondamentaux et
d’avoir une meilleure compréhension de la formation des structures a grandes échelles.
Cependant, beaucoup de problématiques persistent pour faire de ces observations une
réalité. A un certain décalage vers le rouge, la raie 21cm est fortement contaminée par
des composants tres lumineux de premier plan. Les instruments de mesure doivent
donc étre calibrés et des procédés précis de soustraction de ces contaminants doivent
étre utilisés. Ces conditions sont difficiles a mettre en oeuvre pour réaliser des mesures
de haute précision sans étre soumis a des biais de modélisation. C’est pourquoi certains
ont cherché a utiliser des sondes complémentaires pour renforcer la détection et 1’étude
de la raie 21cm d’hydrogene. Cette these traite deux de ces méthodes. La premiére réside
sur l"utilisation des corrélations croisées pour mesurer le spectre croisé par rapport a un
spectre seul. Nous construisons une simulation complete qui inclut a la fois 'instrument
etla modélisation de I’avant-plan afin d’imposer des contraintes sur l'efficacité du spectre
croisé 21 cm — [CII] pour estimer le spectre de puissance 21 cm pendant la réionisation. La
deuxieme méthode consiste a se tourner vers les sondes astrophysiques de I'IGM. Nous
examinons si, et avec quelle précision, les mesures de dispersion des sursauts radio rapi-

des a haut décalage vers le rouge peuvent révéler 1'histoire de la réionisation.
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of the lightcone at each redshift. The bottom panel shows the dimension-
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This flowchart depicts the computations performed in the simulation and
analysis pipeline. Starting from the top, correlated fields are used as in-
puts. Next, foregrounds and instrumental noise are generated. In the case
of observations by an interferometer, a map-making step follows. Finally,
the dirty maps are used to compute cross-spectra. In addition, there is a
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construct window functions and estimate power spectra from the theoreti-
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Plotted are the luminosities of CO line transitions and the [CII] transition
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mock observations presented in the following sections. . . . . ... ... ..
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Chapter 1

Introduction

1.1 The Current Cosmological Climate

While theoretical advancements were well underway throughout the 20th century, there
lacked certain experimental development to measure the cosmological parameters set
by the Friedman, Lemaitre, Robertson, and Walker (FLRW) model and predicted by the
lambda cold dark matter (ACDM) model. These models together assume we live in a ho-
mogeneous and isotropic universe where general relativity holds out to large scales, and
that the expansion of the universe is driven by dark energy, or a cosmological constant,
denoted by A [50,78,132,157]. In addition, the universe’s matter content is composed
mostly of cold dark matter (CDM) which does not interact, except gravitationally, with
baryonic matter [119]. During recent decades, the field of cosmology has entered what
some call the era of precision measurement. Observations of the cosmic microwave back-
ground (CMB), large-scale galaxy surveys, measurements of primordial chemical abun-
dances, gravitational lensing, and most recently, gravitational wave interferometry, has
given us a clearer picture of the universe we live in [1,14,31,119,123]. Indeed, we live in
a spatially flat universe dominated by a cosmological constant leading to today’s accel-
erated expansion [120]. Our matter content is indeed dominated by dark matter, and we
have constrained the age of the observable universe to 13.772 £ 0.040 Gyr [123].
Measurement of the CMB temperature power spectrum and the matter power spec-

trum have given us an intimate look at early moments after the Big Bang when the uni-
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verse was hot and dense, and when matter and radiation were coupled in the original pri-
mordial soup. But as the universe expanded and cooled, matter and radiation decoupled
and the photons streamed freely until we observed them as the cosmic microwave back-
ground. The power spectrum of these CMB photons had encoded in them not only the
curvature and the composition of our universe, but the amplitude of the primordial fluc-
tuations that served to seed all of the rich structure we observe at late times [123]. Galaxy
surveys have made subsequent measurements of both the curvature and the dark energy
content of the universe, independently from CMB measurements [151]. Still, the CMB
can provide us with additional information. For example, still-to-be-improved B-mode
polarization measurements are of particular interest. B-modes refer to the divergence-
less component of CMB radiation while E-modes refer to the curl-less component. The
primordial gravitational wave background can source B-mode polarization and the pre-
cise tilt of its spectrum is indicative of the early universe paradigm, whether inflationary
or otherwise. Another such example is that careful analysis of the Sunyaev-Zel’dovich ef-
fect on the CMB can help us learn about large scale clustering [147]. Galaxy clusters leave
a distinct fractional change on the CMB’s apparent brightness through inverse Compton
scattering, providing a redshift independent way to study the gas properties of these large
scale overdensities.

While we have been able to learn a great deal about these early times from precision
measurements, and likewise have been making observations of the local universe for mil-
lennia, the vast majority of the volume of our universe remains unexplored. In figure 1.1,
the inner red, green, and yellow portion indicates redshifts at which we have performed
large scale galaxy surveys. The black line at the periphery denotes CMB observations.
But what about the in-between? In particular, a large gap in our understanding of large
scale structure is understanding the formation of structure itself: How did the first stars
and galaxies form and what were their properties? How did this first generation of galax-
ies change their surrounding environment? It is believed that the universe underwent
a transition where the first stars” UV photons ionized the surrounding neutral hydrogen
left over from recombination in the intergalactic medium (IGM). This epoch of reioniza-

tion (EoR) is poorly constrained and understood, yet remains fundamental to our under-



standing of the evolution of our universe. It is theorised that the first stars ignited from
the collapse of molecular hydrogen clouds around 100 million years after the Big Bang
(i.e. z ~ 20). The end of this cosmic dawn would mark the beginning of reionization
which would last until z ~ 7 when the IGM is completely ionized [94].

Despite the desire to learn about this dynamic time, how does one observe these far
away sources that lie far beyond the parallax limit and far beyond the resolving limit
of current generation galaxy surveys? Luckily, the universe’s most abundance element,
hydrogen, has the capability of helping us map out much of the unobserved universe.
21 cm cosmology aims to map out the universe’s neutral hydrogen through the observa-
tion of the 21 cm photon. This photon, with emission wavelength 21 c¢m, is the result of
a spontaneous hyperfine spin-flip transition in neutral hydrogen which occurs approxi-
mately every 11 million years. While the spontaneous transition is rare on the timescales
of human laboratory experiments and has never been observed tabletop, the large vol-
umes of cosmological surveys makes this 21 cm signal abundant. In figure 1.1, the blue
cyan region denotes the redshifts at which we can observe this hydrogen line. Similar
to the CMB, 21 cm cosmology can probe pre-galactic times, yet has the added benefit of
being a signal that is continuously emitted so long as neutral hydrogen is around. 21 cm
cosmology, therefore, aims to map out the universe in 3-dimensions, which historically
has been referred to as 21 cm tomography. The 21 cm signal has already been observed
at 0.057 < z < 1.12 by the Green Bank Telescope (GBT) and the Parkes radio telescope
through cross-correlations with galaxy surveys.

While 21 cm cosmology will, in due time, revolutionize the study of the epoch of
reionization (EoR), there remains some hesitation as to the feasibility of making such a
detection due to systematics which will be discussed at length in subsequent chapters. As
such, some have looked to use complimentary probes to bolster a 21 cm detection. Two
alternative methods will be explored in this thesis. The first such method is to make use
of a second line that is correlated with the 21 cm line thus making it possible to measure
a cross-spectrum instead of the 21 cm auto-spectrum. One such line is the ionized carbon

[CII] line which has a distinct correlated signal to the 21 cm line [39]. The second such



Figure 1.1: A model of the comoving volume of our universe where we are located in the
center. The yellow, green, and red regions denote redshifts at which large scale galaxy
surveys have been performed. The black line at the periphery denotes CMB observations
at z ~ 1100. The light and dark blue regions denote redshifts at which 21 cm observations
can be made. This figure is reproduced from Mao et al. 2008 [96].

method is to turn to astrophysical probes of the IGM such as the dispersion measure (DM)
of Fast Radio Bursts (FRBs).



1.2 Roadmap

The goal of this thesis is twofold. Firstly, I build an end-to-end simulation pipeline for
21 cm and [CII] observations, including realistic foreground contaminants, in order to
place constraints on the cross-spectrum of these two measurements. In theory, this cross-
correlated spectrum should reduce the effects of the bright foregrounds found in 21 cm
observations. Secondly, my collaborator Michael Pagano and I explored the possibility of
using independent astrophysical probes of the IGM to complement 21 cm observations.
FRBs, should they exist at high DM, directly probe the IGM through their dispersion
delay and can in theory reveal the reionization history. The chapters are summarised as

follows:

¢ In Chapter 2, the main observables, namely the brightness temperature of both the
21 cm field and the [CI]] field are presented and discussed. In addition, a brief qual-
itative history of the cosmic dark ages, cosmic dawn, and the epoch of reionization
is provided with commentary on how these brightness temperatures are expected

to evolve through these epochs.

* In Chapter 3, the experimental status of 21 cm global signal experiments, 21 cm in-
tensity mapping experiments, and [CII] intensity mapping experiments is presented
with a specific focus on epoch of reionization related science. In addition, the fidu-

cial surveys used in the simulation of cross-correlations are identified.

¢ Chapter 4 deals with introducing the mathematics of single dish instruments as well
as interferometers. The fiducial surveys are also discussed and their instrument

specifications are presented.

* In Chapter 5, map making, power spectra, and window functions are discussed.

These are presented as analysis tools to be used in the subsequent chapter.

¢ Chapter 6 deals with simulating cross-correlations between 21 cm and [CII] line in-
tensity mapping observations. Here, the components of and end-to-end simulation

pipeline are presented. Each component of this pipeline was developed from the



ground up and is designed simulated both instrumental effects as well as 21 cm and
[CII] foregrounds in order to produces cross-spectra with error estimates. The first

results of this effort are presented.

Chapter 7 is the result of published work titled “Constraining the Epoch of Reioniza-
tion With Highly Dispersed Fast Radio Bursts” [115] written in collaboration with
Michael Pagano. In this work, we explore whether the DMs of FRBs are sensitive
to certain reionization model parameters and whether the DMs of highly dispersed
FRBs can reveal the reionization history, and to what precision. Michael and I collab-
orated on every aspect of this work, namely performing initial calculations, setting

up the simulations, and interpreting the results.

In Chapter 8, the main conclusions and key results of this thesis are summarized.

We also reflect on the role of multiple probes in studying the EoR.



Chapter 2

The Early Universe and Its Observables

2.1 Introduction

In this chapter, the main observable of 21 cm cosmology is introduced, the brightness tem-
perature. It is first derived and we then proceed to describing how the brightness temper-
ature evolves as we move through different epochs. The underlying physical mechanisms
responsible for changes in this signal are discussed in detail. One must always keep in
mind in discussion of the 21 cm brightness temperature that this story we tell about its
evolution is simply qualitative. The precise timing, duration, and details of each event
that contributes to the global signal we model are unknown. There does not exist a fidu-
cial model of cosmic dawn and reionization. We only have broad clues about certain large
scale changes that must have happened in order for cosmic history to remain consistent.
The precise timing and characteristics of the events discussed below must all be deter-
mined experimentally and all current predictions are heavily dependent on the model. In
addition to this, the morphology of the 21 ¢cm field during reionization is discussed.
Lastly, the physics of the [CII] line are discussed. Once again, we only have a vague
qualitative story about the production of ionized carbon and the excitation of the transi-
tion. That being said, this qualitative story allows us to derive the spin temperature of

[CII] and understand the general morphology of the signal.



2.2 Brightness Temperature And The Cosmic History of HI

The 21 cm transition arises from the hyperfine splitting of the ground state 1s2S'/? of
atomic hydrogen into two. This forbidden transition is the result of the interaction be-
tween the magnetic moments of the proton and the electron [163]. When a hydrogen
atom in the aligned state transitions to its anti-aligned, lower energy state, a 21 cm pho-
ton is emitted. If the converse occurs, the atom absorbs a 21 cm photon. The transition
rate has been computed to high precision by Gould and includes first-order radiative cor-
rections to the magnetic moment of the electron and the coupling of the 21 cm photon to
the magnetic moment of the nucleus. It has been computed to be A;q = 2.8843 x 10~
s~! meaning the transition occurs on average every 11 million years [55]. Once again,
knowing that approximately 75% of the universe’s chemical abundance is hydrogen, this
21 cm signal is abundant.

This transition is often described using a quantity called the spin temperature, 7 ,

which is related to the relative occupancy of the two spin states

n g1 hvyy
e 2.1
no 9o eXp< kTs ) ( )

where n; is the number density of hydrogen atoms in the excited hyperfine state, n, is the
number density of hydrogen atoms in the ground hyperfine state, g = 1 and g, = 3 are
the statistical weights, i is Planck’s constant, % is Boltzmann’s constant, and v, = 1420.406
MHZz is the rest frequency of the 21 cm line. Equation 2.1 is nothing more than the ratio
of the number hydrogen atoms in the excited to the number of hydrogen atoms in the
ground state which can be described by a single variable, the spin temperature.

Now, this transition does not occur in isolation, but rather occurs on the cosmological
stage, meaning that rather than measure 7} directly, it is measured with respect to the
CMB. Therefore, we proceed to define the brightness temperature which is the tempera-

ture deviation from the CMB due to either absorption or emission of the 21 cm line.

(2.2)




where 75, is the optical depth across the 21 cm line at redshift z and 7, is the temperature
of CMB photons. As one can see, the first term in the square brackets of this expression
corresponds to the relative emission and the second is the relative absorption of the 21
cm line, relative being to the CMB. It is the interplay between these two terms that dictate
whether there exists a signal.

Since there exists a one-to-one mapping between redshift and frequency, namely

14 o = Jemit (2.3)

Vobs

and since we indeed tune our telescope to a particular frequency rather than a redshift, we
are motivated to find a frequency dependent formula for 7;. This can be accomplished by,
tirstly, writing down the equation for the optical depth 75;. This optical depth is the optical
depth across the 21 cm line of a patch of the IGM. The optical depth is the following,

3R A1g Vobs  THImH
16k Vg’l dUH/dTHTS

T21 = (24)

where 7 is the reduced Planck’s constant, v, is the observed frequency, dv)/dr) is the
gradient of the proper velocity along the line of sight with respect to the line of sight
distance, ny is the number density of atomic hydrogen whether neutral or not, and =y,
is neutral fraction of atomic hydrogen [79]. I would like to make a quick note on the
neutral fraction and its relationship to the ionized fraction zy;; and the IGM electron
density n.. The neutral fraction is defined as the ratio of the number density of neutral
atomic hydrogen to the number density of any form of atomic hydrogen, xy; = npyr/nu.
Likewise the ionized fraction is defined as the ratio of the number density of ionized
atomic hydrogen to the number density of any form of atomic hydrogen, xy;r = nprr/ny.
Some take as a proxy for ngy;;, simply the number density of electrons in the IGM since
every ionized hydrogen nucleus has an electron counterpart. It should be noted that
while this approximation holds for the high redshift observations we are interested in,
helium reionization at z ~ 2 does increase the electron number density at late times. We

will return to this discussion in Chapter 7.



Now, plugging equations 2.3 and 2.4 into equations 2.5, and Taylor expanding to first

order ' we obtain,

Tb(f'» Vobs) -

3FL03A10 I/ObSQ THINH (1 _ Ts(f', Vobs)) (25)

16k vy, dvy/dr T, (Vobs)

In figure 2.1, the top panel displays a lightcone of 21 cm brightness temperature and
the middle panel displays the global sky-averaged 21 cm brightness temperature across
7 < z < 90. There are many notable features which are all a result of the underlying
physics. In the following few subsections we will take a walk through this cosmic timeline
and dive into what physics are at play. We will comment on both the 21 cm fluctuations

and the global signal.

2.2.1 The Dark Ages (20 < z < 1100)

At recombination, z = 1100, baryons and photons decoupled and electrons and baryons
combined to create the universe’s first atoms. Still, there remains a small fraction of free
electrons for photons to scatter off of which leads to the coupling of baryon and photon
temperatures. As the universe expands, the scattering rate decreases until at z ~ 300, the
rate becomes so rare that the photon and baryon temperatures decouple. This decoupling
results in the Baryon temperature cooling at its typical rate which is much faster than
the cooling rate of photons. Since there exists collisional coupling between the kinetic
gas temperature and the spin temperature, the spin temperature also cools leading to a
brightness temperature absorption signal which is visible at 30 < z < 80. This can be seen
in figure 2.1 in the top two panels on the high-z right hand side.

This period where there exists an absorption signal is of particular cosmological inter-
est. Most notably, Silk damping erases the small scale information in CMB spectra [138].
These small scales now become directly observable in 21 cm all the way down to the Jeans
scale and the T}, fluctuations effectively trace the matter power spectrum up to high wave-

number modes. Additionally, since there do not yet exist luminous objects, first order per-

This Taylor expansion is justified since the optical depth in the exponent has been measured to be <
4[79].
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Figure 2.1: Displayed here is a simulated 21 ¢cm signal from 7 < z < 90. The top panel
shows the 2D slice of a 3D lightcone of the 21 cm brightness temperature field. The x axis
shows the evolution across different redshifts and the compounding age of the universe is
on the top horizontal axis. The middle panel displays the global 21 cm signal as a function
of redshift. This was computed by taking the average brightness temperature for each

slice of the lightcone at each redshift. The bottom panel shows the dimensionless power

spectrum as a function of redshift and the modes k = 0.5Mpc ™" (dotted) and k = 0.1Mpc ™"

(solid) are shown. This figure is reproduced from [83].

turbation theory holds and these small scales are easy to model in contrast to the complex
non-linear modelling needed for other probes [136, 152]. This clean probe of the mat-
ter field would allow us to study non-Gaussianity, to measure the small scale properties
of dark matter, to improve constraints on the neutrino mass, to measure the primordial
power spectrum, and to detect primordial gravitational wave signatures [88, 96, 107].
Despite this being a period full promise, the 21 cm line at these redshifts gets red-

shifted into the ultra-low frequency range. The observed frequencies lie between ~ 4 — 40
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MHz. Not only would this require extremely long baselines to achieve the angular res-
olution required to observe the relevant features on the sky, but the ionosphere becomes
increasingly opaque to frequencies below ~ 30 MHz and can cause distortions at fre-
quencies above but still close to this limit. There has been a sustained effort to conduct in-
terferometric observations at these frequencies [111], although calibration becomes more
difficult, and certain phenomena like Faraday rotation become increasingly relevant and
complicated to model. While there is still hope of doing low-frequency science on Earth,
there are growing initiatives to develop space-based experiments, either in orbit or on the
far side of the moon, in order to overcome these limitations [15].

But like all good things, at z ~ 30, this absorption period comes to an end. As ex-
pansion continues, collisions between hydrogen atoms become rare and the kinetic and
spin temperatures decouple. The spin temperature rises and reaches the CMB temper-
ature. Since there is no longer a temperature contrast from the CMB, the 21 cm signal
disappears. This can be seen in figure 2.1 as we move along the cosmic timeline toward
the left. In the top panel we see a dark band and in middle panel the average brightness

temperature flattens to 7j, = 0.

2.2.2 Cosmic Dawn (12 < z < 20)

At z ~ 20, the first luminous objects form, and the complex small scale astrophysics
we avoided during the dark ages now prohibits us from probing the high £ modes of
those fundamental cosmological fields. Cosmic dawn, however, provides us with the
opportunity to learn about this first generation of stars and galaxies. Initially, Lyman
alpha (Lya) photons are produced from the first stars which travel through the IGM and
excite neutral hydrogen atoms to the n = 2 state. When these atoms decay back down
to the ground state, they may find themselves in a different hyperfine state leading to
increased 21 cm emission. In addition, due to the large scattering cross section of the Ly«
photon, the gas temperature once again couples to the spin temperature. Since the gas

temperature has continued to cool, so too will the spin temperature, leading to the start
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of a deep well in the global signal as can be seen at z ~ 12 in the middle panel of figure
2.1.

The IGM continues to be saturated with Ly« flux and as star formation becomes more
efficient, even higher energy photons begin to be emitted from these first stars. These
photons are now energetic enough to ionize, excite, and heat the neutral hydrogen and
helium. This phase of X-ray heating increases the gas temperature and consequently the
spin temperature leading to an emission signal rather than one of absorption. Because
astrophysical sources causing the heating are clustered, there are significant spatial fluc-
tuations in the 21 cm line. These x-ray sourced fluctuations will persist until the entire
IGM is heated. Once again, as mentioned in section 2.1, since there is no concordance
model for these epochs, the precise order and timing of these various heating events is
unknown. We have a vague qualitative picture of what must have happened and only

through observation will we be able to obtain a detailed account.

2.2.3 The Epoch of Reionization (5 < z < 12)

The end of cosmic dawn marks the beginning of reionization. Stars now efficiently pro-
duce UV photons which ionize their surrounding medium. This leads to very distinct
features in the 21 cm field. A sponge-like structure starts to form where small ionized
regions form around galaxies while the rest of the IGM remains neutral and continues
to emit 21 cm photons. These bubbles grow as a function of redshift since more and
more of the IGM becomes ionized. Finally, the bubbles become so large that they all join
together leaving an entirely ionized IGM where little 21 cm signal exists. Figure 2.2 dis-
plays 2D slices of the temperature brightness field as a function of redshift simulated on
21CMFAST [99].

This epoch is truly a mystery and there are many questions that remain. When did
reionization begin? When did it end? What was the rate of reionization as a function of
redshift? What sources were most responsible; stars, active galactic nuclei, or something
more exotic? The answers to all of these questions characterise our reionization history.

In figure 2.3, recent constraints on the reionization history are shown, parametrized by
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the neutral fraction. As can be seen in the figure, the start of reionization is constrained
mostly by CMB measurements, while mid to end of reionization limits could be greatly
improved. The scarcity of precision measurements during this epoch indicates that there

is still much to learn about this time, and that innovative probes will be required.

2.2.4 Low Redshifts (0 <z < 5)

While it might at first glance seem impossible to make any sort of 21 cm detection after
reionization, the universe continues to surprise us. Neutral hydrogen within galaxies is
self-shielded from ionizing photons [142,161]. These dense neutral regions continue to
emit the 21 cm signal from galaxies instead of from the IGM. The distribution of this hy-
drogen can be mapped using line intensity mapping (LIM) techniques much like the ones
used to measure the EoR. The goals of such experiments are to measure the matter power
spectrum which is a dynamical probe that provides us with information about structure
growth. In addition, LIM can allow us to measure the correlation function which re-
veals the baryon acoustic oscillation (BAO) scale which is the imprint of sound waves
that propagated through the primordial plasma. This scale acts as a standard ruler and
is therefore of particular astrophysical and cosmological interest. BAO measurements are
traditionally done using galaxy surveys which are tedious, time consuming and experi-
mentally challenging because each galaxy must be individually resolved, requiring very
small angular resolution to probe out to z ~ 5. Hydrogen intensity mapping will al-
low us to trace the distribution of galaxies without needing to resolve galaxies which is
a significant advantage. Experiments that are currently or planning on making these ob-
servations include the Canadian Hydrogen Intensity Mapping Experiment (CHIME, [3]),
the Hydrogen Intensity and Real-time Analysis eXperiment (HIRAX, [111]), the Cana-
dian Hydrogen Observatory and Radio-transient Detector (CHORD, [155]), Parkes, and
the Square Kilometer Array (SKA, [36]), to name a few. For the interested reader, a full

list of experiments can be found in [13].
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Figure 2.2: Plotted in this figure are the brightness temperature fluctuations, 07 at red-
shift slices z = {9,7.73,7.04,6.71}. From left to right, the slices are generated from the hy-
drodynamic simulation, DexM, MF07, and 21cmFAST. As reionization marches on, more
ionized bubbles form until the black ionized patches dominate the field. This figure is

reproduced from Mesinger et al. 2011 [99].
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Figure 2.3: Cosmic reionization history constrained by different probes. The reionization
history is parametrized by the neutral fraction as a function of redshift. Reproduced from
Ota etal. 2017 [114].

2.3 The Morphology Of The 21 cm Field

Throughout the discussion in the previous section, were allusions to how the HI field
traced the underlying matter field. As mentioned, before star formation begins, the HI
tield traces the matter field as there are no ionizing sources. However, throughout the cos-
mic dark ages and the epoch of reionization the HI field evolves and the precise nature of
this evolution is related to the physics of star formation such as Lyman-a emission, X-ray
heating, and of course, ionization by UV photons. As such, the HI field could evolve, rel-
ative to the matter field, in several different ways depending on the timing and efficiency
of the processes mentioned. In particular, we are interested in how the dominant driver
of reionization affects the correlation between the HI field and the matter field. Of course

this correlation could be (and most probably is) complex and scale and redshift depen-

16



dent, but at the extremes we can consider positively correlated and negatively correlated
reionization.

Firstly, negatively correlated reionization corresponds to the more physically intuitive
scenario where UV photons emerging from galaxies, ionize the immediate environment.
As reionization continues, the IGM continues to be ionized further and further away from
galaxies until the entire IGM is ionized. This is referred to as “inside out” reionization.
In this scenario, areas of matter over-density are under-dense in HI at the beginning of
reionization and areas of low matter density remain dense in HI until the end stages of
reionization. This scenario is typically taken to be the fiducial model of reionization in
most simulations.

Conversely, positively correlated reionization occurs when the deep IGM is initially
ionized while the regions near galaxies remain neutral. This process is driven by X-ray
heating where X-ray photons are emitted from galaxies and scatter through the IGM until
they become UV ionizing photons. In this case, low density regions are the first to be ion-
ized leaving high density regions dense in HI at the start of reionization. As reionization
presses on, neutral hydrogen closer and closer to galaxies becomes ionized. This scenario
is often referred to as “outside in” reionization. It should be noted that the relationship
between the brightness temperature field and the matter field is more complex and while
ionized regions do correspond a brightness temperature of zero, outside in and inside out
reionization affect the brightness and morphology of the brightness temperature field in
unique ways. A more fruitful discussion of these details can be found in [116].

In reality, all of these processes are working in tandem and it remains unknown what
the dominant mechanisms of reionization are nor precisely how they evolve as a function
of redshift. A more quantitative discussion of density correlations can be found in section
7.2.2. It is worth stating, however, that at low redshifts, the HI line is positively correlated
with the density field since self-shielded HI in galaxies remains neutral throughout the

reionization process.
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Figure 2.4: Depicted here is the correlation between the ionization field and density field.
Following the negatively correlated HI field arrow, it is clear that high density regions in
blue, correspond to ionized regions in black. Therefore the neutral fraction is negatively
correlated with the density field. Similarly, following the positively correlated HI field
arrow, the low density regions in red now correspond to the ionized regions in black.
This diagram has been adapted from Pagano & Liu 2020 [116].

2.4 [CII] emission

In addition to the 21 c¢m line, there exist other lines that can map out large scale struc-
ture and that evolve in physically significant ways. For the work done in this thesis, the
ionized carbon [CII] line is of notable interested because it is spatially correlated with the
21 cm line. Carbon is first produced in our universe by Population III (Pop III) stars, the
tirst generation stars which are primarily hydrogen burning. Carbon has an ionization
energy of 11.26 eV which is below that of hydrogen, meaning that neutral carbon can be

more easily ionized. Once ionized, either in the interstellar medium (ISM) or in the IGM,
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[CII] can undergo the spin-orbit coupling transition 2p, /2 = ’p, /2, emitting a photon of
wavelength 157.7 um. This transition can occur by 3 different mechanisms: collisional
emission, spontaneous emission, and stimulated emission [5,145].

Within galaxies, the main mechanism for emission is collision with ionized gas in the
ISM. The electron density needed to trigger collisional excitation is less than 100 cm ™
while the number needed to trigger an excitation in hydrogen is between 1000 and 10,000
cm? [95], meaning that electrons more frequently excite CII ions than HI atoms [77,145].
In the more diffuse IGM, radiative processes are primarily responsible for CII line emis-
sion. The excitations here are due to spontaneous emission and stimulated emission from
collisions with CMB photons. While emission of the CII line occurs both in the ISM and
the IGM, the spin temperature of the line alone is not the observable of interest. Likewise
with the 21 cm line, we seek to observe the difference in temperature between the CII spin
temperature and the CMB photon temperature. In figure 2.5, the left plot shows the spin
temperature of CII and the CMB photon temperature in the IGM as a function of redshift.
As is clearly shown, at high redshift there is no observable brightness temperature from
CII in the IGM. Conversely, on the right plot, even with the most conservative electron
number density and kinetic temperature of the electrons, there is a clear surplus in tem-
perature from the [CII] line. Therefore, the CII brightness temperature traces galaxies,
and is therefore anti-correlated with the 21 cm line in the inside out scenario, and is pos-
itively correlated with the 21 cm line in the outside in scenario. This correlation can be

exploited for foreground removal and will be the focus of chapter 6.

2.4.1 [CII] Spin Temperature

In this section, we will derive the spin temperature plotted in Figure 2.5. Similar to the 21

cm line, we begin by writing down the statistical balance equation,

ni  Bul,,+n.Coi a1 hi1o
m_ ~ T (2.6)
no  Bioly, + Ao+ 1nCio 9o kT 10

where 1 denotes the higher total angular momentum state and 0 denotes the lower total

angular momentum state. By, and B, are the stimulated absorption and emission coef-
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Figure 2.5: (Left) The IGM [CII] spin temperature is plotted along with the CMB photon
temperature as a function of redshift. The red, green and blue lines denote different UV
colour temperatures and UV background intensities which affect the rate of UV pumping.
(Right) The galactic [CII] spin temperature is plotted along with the CMB photon temper-
ature as a function of redshift. Here the red green and blue lines indicate different electron
number densities and kinetic temperatures affection the collision rate and therefore the

spin temperature. This figure is adapted from Gong et al. 2011 [54].

ficients respectively, 1,,, is the intensity of the CMB at the transition frequency, v, A; is
the spontaneous emission coefficient, n. is the electron number density, and Cy; and C'
are the excitation and de-excitation collision rates respectively. The rightmost portion of
the equality contains the statistical weights g = 4 and gy = 2, and the spin temperature
of the transition 7.

Now, the collisional rate can be written in the following way [113,144,148],

8.629 x 107°¢ —huvyg
- R 2.7
Con 9oV T o exp( kTy, > @7)

where now we have introduced T}, the kinetic temperature of the electrons and v, the

effective collision strength.
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Using Einstein’s relations, namely goBo1 = ¢1B1o and Ay = (2hv?/c*) By and the

collisional balance equation,

Coi g1 ( hvio )
— = =—ex 2.8
Cho 90 P k?Tk;,m (2:8)

and plugging them into equation 2.6, we obtain the equation for the spin temperature of

the CII transition,

hl/lo _ 10 { Alo[l + ]VlOCQ/QhV%O] + neC'lo } . (29)

kT, Aro(1,,,¢2/2h13,) + noCho exp(—hun /KTy,
Some references also include, in addition to spontenatous and stimulated emission
and collisional emission, emission from UV pumping. This is a process by which UV
photons produced by the first high redshift galaxies can excite CII ions from the energy
levels, 25%2p * Py 5 to 252p? Dy o and 2s?2p *Py s to 252p® *Dy 5 [48,57,164]. The excited
ion then proceeds to de-excite 2D, /2 = 2p, /2 = 2p, /2 and the [CII] line is emitted. This
mechanism, however, is subdominant in both the ISM and the IGM at high redshifts so
it is omitted from the derivation of T here. For those interested in reading about UV
pumping in more detail, please refer to [54].
Taking equation 2.9, we can make a first approximation in the ISM case. We will as-
sume that the main excitation mechanism is through collision with electrons and proceed

to writing the spin temperature for the ISM in the following way,

Z’;{SO ~ log {neClo exzz€2)ulo/ka) } (2.10)
~ log(1) — log(exp(—hu1o/kT})) (2.11)

~ hing /KT, (2.12)

T, ~ T (2.13)

Therefore we can clearly see that in the ISM the spin temperature is approximately the

electron kinetic temperature which is larger than the CMB temperature during reioniza-
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tion. For reference, the CMB temperature at z = 8 is ~ 29K and a conservative kinetic
temperature is ~ 1000K..
If we now make an approximation for the IGM and take only spontaneous and stim-

ulated emission to be significant we can write,

g [ Aol + D¢ 2w (2.14)
k?TS AIO(]MOCQ/QhV%O)
I+ 62/2]“/%0(2]1”%0/02 exp(hl/lo/liTCMB)Jrl) (2.15)
02/2h1/130(2h1/f’0/62 exp(tho/liTCMB)'i‘l
1+ 1/(exp(hing/kEToms) +1) (2.16)
1/(exp(hvio/kTcmp) + 1) |
1 1
~ log(exp(hvig /KT, +1o —lo
B(eap(hvio/kTeus)) + log (exp(hlfm//fTCMB)) ¢ (exp(hVIO/kTCMB))
2.17)
~ hl/lo/kTCMB (218)
Ts ~Tems 219)

In the IGM, the spin temperature is approximately the CMB photon temperature and
there is no observable [CII] line emission. Once again, these details are summarized in
Figure 2.5.

In this chapter we derived the brightness temperature of both the 21 cm line and the
[CII] line. In addition, we presented a brief history of the cosmic evolution of the 21 cm
brightness temperature. During the epoch of reionization, the morphology of the 21 cm
tield, whether inside out or outside in, will dictate how these two probes are correlated.
This correlation can be exploited in order to extract signals from these otherwise heavily
contaminated probes. This technique is subject of chapter 6. In the next chapter, the

current experimental status of 21 cm and [CII] experiments will be presented.
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Chapter 3

The Experimental Status of 21 cm and

[CII] LIM

3.1 Introduction

In this chapter we will go over the current and upcoming experimental status of 21 cm
cosmology and [CII] line intensity mapping (LIM) experiments. The 21 cm experiments
are divided into two categories: global signal experiments and intensity mapping exper-
iments. Since the work done in this thesis is focused on detecting the spatial fluctuations
of the 21 cm brightness temperature signal, we will only take a brief look at global signal
experiments. In addition, all the experiments discussed in this chapter are ones with cos-
mic dawn and EoR windows. Low redshift hydrogen mapping experiments have been
successfully underway, but unfortunately are beyond the scope of this thesis. That being
said, the simulation pipeline presented in Chapter 6 can be used to model experiments
at any redshift. For a full list of hydrogen intensity mapping experiments, the reader is
directed to Sections 4 and 15 of Liu & Shaw 2020 [83]. For readers who are interested in
medium to low redshift [CII] intensity mapping, they are directed to Section 3.3 of Kovetz
etal. 2017 [71].
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3.2 21 cm Global Signal Experiments

The first category of experiments is global signal experiments. This category aims at
detecting the all-sky averaged brightness temperature as a function of redshift. This av-
eraging is done over all angular directions on the sky of each redshift bin. As mentioned
previously in section 2.2.2, there is expected to be a significant cosmic dawn signal, a large
cavity, in the 7,(z) plot. The depth, width, and placement of the absorption feature along
the redshift axis probes how and when energy was injected into the IGM. As mentioned
in the previous chapter, when the first stars ignited, X-ray heating and Ly« coupling inject
energy into the IGM.

To date, only one experiment has claimed a cosmic dawn detection. The Experiment
to Detect the Global Epoch of reionization Signature (EDGES, [9]) purports a detection
of the absorption trough characteristic of cosmic dawn. This detection is of considerable
scientific interest because it veers drastically from the expected signal. The trough, cen-
tered at 78 MHz, is both deeper and narrower than modelling has suggested it should
be. The location along the frequency axis, and the narrowness of the trough suggests that
star formation would have had to have happened far more rapidly than previously ex-
pected [103]. It has been suggested that the unexpected depth of the tough, that is the
large temperature contrast between 7; and 7, is due to one of two physical scenarios:
(1) There exists an undetected population of radio sources that increase the background
temperature relative to the spin temperature [40,41,45,46,62,137]; (2) There exists exotic
physics that is allowing the spin temperature to cool faster than the adiabatic cooling rate
of a gas [4,19,20,24,29,44,59,64,72,73,76,104,106,108,109, 133,135, 141]. Of course, this
trough could be a result of both effects acting simultaneously.

While the thought of new astrophysical objects and exotic physics is exciting to many,
some do not share this view. Many in the field have criticised the experiment and believe
that this is a false detection due to the improper treatment of systematics or fallacies in
the EDGES analysis methods [10,11,58,62,139]. The challenges lie in the fact that there
is no way to calibrate such an instrument on the sky and we thus rely on lab measure-

ments to characterize the instrument. In addition, spectrally smooth foreground models
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are assumed in order to remove foreground contributions. Luckily, additional global sig-
nal experiments are either underway or are in the planning stages. These experiments
aim to confirm or disprove the EDGES signal. These experiments include Shaped An-
tenna measurement of the background Radio Spectrum (SARAS , [140]), Probing Radio
Intensity at high-z from Marion experiment (PRIzM, [122]), Large-aperture Experiment
to Detect the Dark Ages (LEDA, [129]), Radio Experiment for the Analysis of Cosmic Hy-
drogen (REACH, [32]), Sonda Cosmolégica de las Islas para la Deteccién de Hidrégeno
Neutro (SCI-HI, [156]), Broadband Instrument for Global HydrOgen ReioNisation Signal
(BIGHORNS, [143]), and Dark Ages Radio Explorer (DARE, [16]). The coming decade

will see much progress in this field.

3.3 21 cm LIM and Tomography

The second category of 21 cm experiments are LIM or tomography experiments which
aim at mapping out spatial fluctuations of the 21 cm brightness temperature over the
course of reionization. 21 cm imaging is, however, still a distant goal and most current
generation experiments aim to measure the 21 cm power spectrum. Like global signal
experiments, this remains a challenge due to bright foreground contaminants that are 4-5
orders of magnitude brighter than the 21 cm brightness temperature. These foregrounds
include galactic synchrotron emission, Bremsstrahlung emission, radio point sources, and
radio frequency interference (RFI). Challenges aside, intensity mapping experiments al-
low us to acquire information that is simply not accessible in global signal experiments.
For example, the ionization field is imprinted in the spatial fluctuations of the brightness
temperature, meaning intensity mapping can allow us to infer the average ionized bubble
size which is indicative of the dominant sources of reionization [97].

Currently, no experiments have claimed a detection but many have now released up-
per limits on the 21 cm power spectrum. The Murchison Widefield Array (MWA, [8]), the
Giant Metrewave Radio Telescope (GMRT, [66]), the Donald C. Backer Precision Array
for Probing the Epoch of Reionization (PAPER, [118]), the LOw Frequency Array (LO-
FAR, [154]), and most recently the Hydrogen Epoch of Reionization Array (HERA, [34]),
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have all placed upper limits on the 21 cm power spectrum. The Square Kilometre Array
(SKA, [36]), is an upcoming experiment that is expected to tackle many science cases with
improved observations including EoR and post-EoR related cosmology. Experiments like
MWA and HERA have also planned instrument upgrades which, along with SKA, may
allow them to make high-significance detections and more precisely diagnose systemics.
For the remainder of this thesis, HERA will be used as the fiducial 21 cm survey in Chap-
ter 6 and a more detailed discussion of this experiment will ensue in the following chap-

ters.

3.4 [CII] LIM

While the above-mentioned experiments aim at detecting the 21 cm auto-spectrum, some
in the field have become increasingly skeptical about the reliability of such a detection
and many advocate for detection confirmation through cross-correlations. The [CII] line
can be cross-correlated with the 21 ¢m line. Similar to 21 cm LIM, [CII] LIM experiments
aim to map out the spatially fluctuating [CII] brightness temperature. These observations
are done at the millimeter and sub-millimeter wavelengths and therefore do not face the
same degree of diffuse foreground contaminants as radio interferometric observations.
Still, [CII] observations suffer from line interlopers, low redshift transitions that redshift
to the same observed frequencies as the high redshift [CII] transition. Therefore, [CII]
experiments also benefit from cross-correlations. There are currently no active high red-
shift [CII] intensity mapping experiments and consequently, no claimed detections. To
date, three high redshift [CII] LIM experiments are in development. The CarbON ClII line
in post-rEionisation and ReionisaTiOn epoch (CONCERTO, [25]), the Cerro Chajnantor
Atacama Telescope-prime (CCAT-prime, [2]), and the Tomographic Ionized carbon inten-
sity Mapping Experiment (TIME, [30]) all aim to detect the ionized carbon line during the
epoch of reionization. For the remainder of this thesis, CCAT-prime will be used as the
tiducial [CII] survey in Chapter 6 since it has the largest redshift overlap with HERA. This
is depicted in figure 3.1 below.
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Intensity Mapping Experiments
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Figure 3.1: This figure displays a subset of current and upcoming intensity mapping
experiments. The horizontal axis indicates the redshift and the vertical axis indicates the
best resolution in arcminutes and total sky coverage in degrees. Notice how CONCERTO,
CCAT-prime and TIME, all have considerable z overlap with HERA. This figure is repro-
duced from Kovetz et al. 2017 [70].
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Chapter 4

Radio and Sub-Millimeter Astronomy

4.1 Single Dish Telescopes

The first category of instrument we will cover is the single dish telescope. In many cases,
this instrument consists of a single antenna mounted on a reflecting dish which focuses
the incoming radiation to the antenna feed. The resolution of single dish antennas are
characterized by the primary beam and in the ideal observational scenario, the beam is ac-
curately modelled. However, as a rule of thumb, the resolution of a single dish telescope
is roughly equivalent to the full width half maximum (FWHM) of the primary beam of
the dish, assuming the dish has a Gaussian beam. Therefore, for a dish of diameter D

observing at wavelength ), the diffraction limited angular resolution is,

A
0~ 1.22— 4.1
2 @1

which is the minimum spatial resolution of the telescope. Therefore, at a given fixed
observing wavelength, larger dishes have better spatial resolution than smaller dishes.
In addition to resolution, an antenna is also characterised by its point source sensitiv-
ity, which is the minimum signal the telescope can detect above a certain signal-to-noise
threshold in a particular direction, or rather, at a particular point on the sky. It is defined

as the ratio between the source temperature and the rms noise,
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TSO’U,TCS
SN Rsource = . (4.2)
or

The source temperature can be written in the following way,

A.S
Tsou,,,ce — e~v,source 4.3

where the effective collecting area, A, is defined as the output spectral power of the
antenna, in response the total flux from an unpolarized point source with flux density
Sy,source- Lherefore, A., is the power seen by the instrument. v is the observed frequency
and k is the Boltzmann constant. The rms noise can be written in terms of the system

temperature 7},,, using the radiometer equation,

Tsys
o = ——
vV 5I/tob5

T, consists of all flux contributions from both the sky and the instrument, that is not the

(4.4)

signal of interest. One way to think of T}, is that it is the temperature a resistor would
have to have to produce the same amount of Johnson-Nyquist noise as the total noise
contribution. v is the channel width and ¢, is the total observing time. As one can see,
there are 3 ways to increase the SNR for a source of fixed temperature 7,,... The system
temperature can be reduced, the channel width can be widened, or the observing time
can be increased.

Interestingly, the average effective collecting area of a dish is not dependent on the

size of the telescope whatsoever. It depends only on the observed wavelength,

/\2

(Ae) = e (4.5)

Some readers may be thinking that this means that small dishes are equivalent to large
dishes and are perhaps confused why we even bother to build large radio dishes. Many
telescopes aim to resolve particular sources on the sky and therefore it is favourable for
these instruments to be large enough to have the required sensitivity and resolution since

these parameters do scale with dish size. The Five-hundred-meter Aperture Spherical
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radio Telescope (FAST), the Green Bank Telescope (GBT), and the previously operational
Arecibo Observatory, are large single dish telescopes and are prime examples of how
larger telescopes allow us to achieve certain science goals. Still, it is a rather remarkable
fact that a television satellite dish has the same average effective area as FAST.

That being said, global 21 cm experiments are single antenna experiments that mea-
sure an all sky signal. These experiments are not interested in resolving spatial fluctua-
tions, nor are they interested in increasing their sensitivity in any particular direction on
the sky. These experiments are, therefore, rather modest in size, allowing these instru-
ments to be constructed at a low cost and operated virtually anywhere. Ultimately, the
science goal will dictate the instrument design.

CCAT-prime, one of our fiducial surveys, is one such single dish telescope located in
the Atacama desert at 5612 m altitude. This site makes for optimal observing conditions
for sub-millimeter astronomy. CCAT-prime can observe the [CII] line at redshifts 5-9 and
has an 16 square-degree field of view. In table 4.1 the instrument specifications are sum-
marised and these are the parameters that will be used for simulating [CII] observations

in Chapter 6.

Table 4.1: Parameters for [CII] survey CCATp. These parameters are based on [12], [23].
It should be noted that the parameters with the superscript (x) are frequency dependent

quantities and the values in the table were computed at 237 GHz.

Paramters CCAT-prime
System temperature, o,,i, (MJy/sr(s)/?) 0.86*

Beam FWHM, Opwyy (arcmin) 0.75*

Dish Diameter (m) 6

Frequency Range, v, (GHz) 210-300
Channel Width, év (GHz) 25

Number of Detectors, Nyt 20

EoR Survey Area, (v (deg?) 4
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4.2 Radio Interferometry

Now that we have come to understand the basics of single dish instruments, one can see
that we run into an instrumentation nightmare if one were to try to perform high redshift
21 cm cosmology using a single dish. If, for example, a single dish instrument measuring
the 21 cm line at z ~ 8.5 were to achieve the same 0.75 arcminute resolution as CCAT-
prime, that dish would have to be 8 km in diameter! This is completely infeasible from
an instrumental design point of view. Luckily for us, radio interferometry allows us to
observe at longer wavelengths while still maintaining high resolution and sensitivity.

Radio interferometry is a technique where instead of using a single large dish to ob-
serve the sky, an array of multiple smaller dishes work in unity to act as a single instru-
ment. To gain some intuition, consider the following two dish array.

The baseline vector b, characterizes the separation and orientation of the dishes rela-
tive to one another. The signal vector 5'is the direction of the incoming radiation. As one
can see in Figure 4.1, when the signal reached dish 2, it is still a distance c7, away from
dish 1. Therefore, the geometric delay 7, is the extra time it takes for the signal to reach
dish 1 after having already reached dish 2. It is referred to as the geometric delay because
this delay in arrival time is due only to the geometric orientation of the dishes relative to
the sky and has nothing to do with the systematics of the instrument itself. The voltages

measured by dishes 1 and 2 are therefore,

Vi=Vecos(w-(t—1,) Va=Vcos(w-t) (4.6)

The voltages V; and V; are then fed to a correlator which computes the time averaged
correlation between the voltages. This is referred to as the response, R = (Vi152) =
V2/2 cos(w - 7,), where the angle brackets denote a time average.

However, instruments too are imperfect and one can consider a situation where the
cable connecting dish 2 to the multiplier (X), is slightly longer than the one connecting

dish 1. Therefore the measured voltage V5 is also delayed by an instrument delay 7;

Vo =Vecos(w: (t—1)) 4.7)
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R=(V?/2)cos(wT,)

Figure 4.1: Two element array where the (X) denotes the amplifier and multiplier and the

[()] symbol denotes the correlator. This figure is reproduced from [26].

and therefore one can define the total time delay of the dishes relative to one another
T = 7, — 7;. It is convention for 7; to be positive for the dish that does not experience the
geometric delay.

Now, we have made two assumptions which need to be addressed. Firstly, the correla-
tor defined above is a cosine correlator and since cosine is an even function it is only sen-
sitive to the even contribution of the source brightness. However, we are equally justified
in constructing a sine correlator where where the cosine is replaced by a sine function in
our response equation, R = (V;V5) = V2/2sin(w - 7,). A sine correlator is sensitive to only
the odd contribution of the source brightness, and therefore one can consider a complex
correlator which takes into account the cosine and sine correlators as real and imaginary

components respectively.
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V= Rcosine + iRsine (48)
e = cos(f) + isin(f) (4.9)

The second assumption made was that the source being observed is not extended over
some region on the sky. However, intensity mapping precisely deals with extended fea-
tures and therefore must integrate over the patch of the sky with intensity /(v, 5),

b-5

Vv, B) = / A, (v, e () aq (4.10)

=,

and this quantity, V' (v,b), which is a function of the baseline vector and the observed
frequency is called the visibility and it is what is measured by an interferometer. The
quantity A(v, 5) is the primary beam. A few things to note is that visibilities are complex,
and that they are nothing more than the sky intensity /(v, b) composed with the Fourier
kernel. Therefore what we measure with interferometers is essentially the Fourier trans-

form of the sky intensity with respect to its spatial components. Each baseline measures

a single Fourier mode on the sky,

27(b|

k=
)\DCOI]’IOV

(4.11)

where D ooy is the comoving distance to the source being observed. In Section 5.2 on
map-making, we will see how we process the visibilities in order to recover a map of sky
intensity. The baseline’s sensitivity to a single Fourier mode, is the interferomtry analog
to the spatial resolution of single dish telescopes. One thing to note is that interferometers
are only sensitive to fluctuations about the mean intensity and cannot measure the mean
itself. This is because the k = 0 mode corresponds to a dish separation of 0. In many
cases, the autocorrelation information is stored, but is too noisy to be salvaged. The noise
voltages from two different elements are almost completely uncorrelated, leaving behind
a signal after the correlation step. Auto-correlating noise voltages, on the other hand,

doesn’t get you far.
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To now relate the interferometer back to the single dish case, we can look at their
difference in point source sensitivity. Recall that for a single dish telescope, the point

source sensitivity is given by eq. 4.2 which can be written as,

2kTys
Odish = —— 4.12
dish = (4.12)
and the point source sensitivity for a two-dish interferometer is,
212ET,
Y (4.13)

Oarray = Ae /—(5Vt0bs

meaning that the interferometric array is more sensitive than each individual dish in the
array but less sensitive than a single dish with the same effective collecting area as the two
dishes in the array combined. The reason for this is that the autocorrelation information
is lost in an interferometric array. The fact that we cannot measure the k = 0 mode also
means that the array is less sensitive than a single dish with the same effective area. For

an array of N dishes, the point source sensitivity is given by,

22k Ty
Ac/N(N — 1)ovt s

(4.14)

Oarray =

HERA, our fiducial 21 cm survey, is a 350 dish drift-scan array located in the Karoo
desert of South Africa. Drift-scan telescopes do not have the dishes point to particular
points on the sky, but rather the dishes stay fixed and the sky drifts over the instrument
as the Earth rotates. HERA, with its large number of 14 m diameter dishes, is one of
the most sensitive EoR experiments for the scales of interest. As we saw in Section 4.1,
this means that if the rms noise is roughly the same across experiments, HERA currently
has the highest SNR making it sensitive to spatial fluctuations in the signal. In table 4.2,
the instrument specifications are listed and these will be the parameters used to simulate

HERA in Chapter 6.
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Table 4.2: Parameters for 21 cm surveys. (*) indicates quantities computed at 150 MHz.

These parameters are based on [35] and [126].

Paramters HERA

System temperature, Ty (K) 100 + 120(v/150MHz) 255
Beam FWHM at 150 MHz, Opwny (degree) 8.7

Element Diameter (m) 14

Shortest Baseline (m) 14.6

Longest Baseline (core) (m) 292

Longest Baseline (outrigger) (m) 876

EoR Frequency Range, v s (MHz) 100-200

Channel Width, év (kHz) 97.8

Survey Area, Qg (deg?) 1440
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Chapter 5

Analysis Tools

5.1 Introduction

In this chapter, we will cover the analysis tools that are often used in observational cos-
mology and that will be used in the analysis side of the cross-correlation pipeline. Of
paramount importance is the power spectrum which allows us to decompose a cosmo-
logical field into its Fourier modes and study the correlations of that field. In addition,
we will look at map-making methods used to compress and visualize data. We will see
that mapping estimators also play a role in observed power spectrum estimation through

the computation of window functions.

5.2 Map Making

In the previous chapter we reviewed how interferometers measure the Fourier transform
of intensity fluctuations. In this section we will establish the mathematical formalism
used to process this data and reproduce maps of these fluctuations. It is of course possible
and sometimes preferable to simply conduct one’s analysis with the raw visibilities rather
than to pursue map-making, especially in cases of power spectrum estimation which is a
statistic that is computed in Fourier space. In a cosmological context, map making is often
used as a data compression step rather than for visualization as is the case in radio astron-

omy. Still, mapping is used as a visualization tool mostly to help diagnose systematics

36



instead of observing cosmological fields. It is usually computationally infeasible to con-
strain cosmological parameters with time-ordered data. Mapping allows one to reduce
the size of the data set, making parameter constraints possible. In the case of parameter
estimation, the optimal mapping method is one that will minimize the error bars on the
parameter estimates. In fact, there exist lossless map estimators that do not increase the
error bars on parameter estimates any more than what they would have been if they had
been estimated using time ordered data. This is the estimator that will be discussed in
this section and that is used in the simulation pipeline.

Firstly, let’s consider a vector 7\, encoding the true sky intensity (i.e before being
observed by the instrument). Although the true sky brightness is a continuous func-
tion of position, typically maps are pixelized and therefore we will use the notation
x = (11,2, ..., | to denote the vector containing the pixelized “true” sky information.

The measured quantity will be denoted by y = [y1, y2, ..., y»] and related to « by,

y=Ax+n (5.1)

where A is a known matrix that quantifies the effect of the instrument and n is a random
noise vector. If, for example, we consider observations by an interferometer, we can write

down the discrete version of 4.10 with noise added as,

‘/1 A(’l"l) exp(—2m’b1r1/)\) A(T’Q) exp(—27rib1r2/)\) Ce Il
Vi A(ry) exp(—2mib,r1 /) A(rp,) exp(—2mib, 7 /A | | I;m
5.2)

and we can see that it takes precisely the same form as eq. 5.1.
We assume that the noise vector n is such that it is described by a covariance matrix
N, where
N = ([n - (n)][n’ — (n")]) (53)
as well as the true sky covariance matrix,
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S = ([z — (z)][a" - (z')]) (5.4)

and without any loss of generality we can move forward with the assumption that both
the signal and the noise have mean zero, (n) = (x) = 0. In addition, we will assume that
the sky signal and the noise are uncorrelated, that is (xn') = 0.

The goal now is to define a linear transformation, M, that transforms y into an esti-

mate, x, of the true sky, =
x = My. (5.5)
It is therefore natural to define the error as how different the estimate is from the true
sky,
e=x—x=MA-I)x —Mn (5.6)
and try to find an estimator that minimizes €. The estimator that accomplishes this is the
one used by the Cosmic Background Explorer (COBE) team [63] and M takes the form of,
M = [AINTTA]TTATNT (5.7)
This estimator has the following 3 desirable properties [149],
1. x? is minimized
2. The ensemble averaged error is minimized

3. It provides the maximum-likelihood estimate of  assuming that n is uncorrelated

Gaussian noise.

Therefore, in a noiseless approximation, the estimated map is related to the true sky
by the matrix,
& =[ATNTTA]'AN 1Az = Sz (5.8)

We will see this estimator in action in the following chapter.
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5.3 Power Spectrum Estimation

5.3.1 Power Spectra

At its core power spectra quantify correlations. There exist many cosmological fields
that, to our great pleasure, are correlated due to the underlying physics that governs the
behaviour of these fields. For instance, the matter field exhibits correlations driven by
gravity which is why we tend to find galaxies clustered together rather than randomly
scattered throughout the universe. As such, cosmology concerns itself with quantifying
the statistics of its fields using correlation functions and consequently, power spectra.
While the goal of this section is understanding the power spectrum we will first moti-
vate it with the correlation function. A correlation function indicates whether a particular
field you are measuring at, say, one location is spatially correlated to the field at another
location. Making the assumptions that cosmological fields are statistically translation-
ally invariant, and that the Universe is statistically isotropic, we can write the correlation

function as follows,

§(r) = &(|ry —ra|) = (T'(r)T(r2)) (5.9)

where here T'(r1) and T'(r2) represent the brightness temperature of a transition line.
From here onward, we will use this notation to indicated intensities of pixels on the sky
instead of the I(r) used in previous sections. To provide a bit of intuition, if {(r) = 1
then the brightness temperatures 7'(r;) and 7'(rz) are likely to both be brighter (of both
be dimmer) than average brightness temperature of the field, and if £(r) = —1 then if
T'(ry) is brighter than the mean, 7'(rz) will likely be darker than the mean. If {(r) = 0
then, on average, the brightness temperature at r; tells us nothing about the brightness
temperature at ry, they are uncorrelated.

The correlation function defined above lives in position or configuration space. We
can equally well study the power spectrum which is defined as the Fourier transform of
the correlation function and we will see that simply performing a Fourier transform can

be advantageous. The power spectrum, P(k), is defined as,
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P(k) = / h d3re7*Te(r). (5.10)

—00
The power spectrum can be computed from the ensemble average of the Fourier trans-

form of the brightness temperature, T,

(T(kl)f(kz)*> =

_ d3r d3 —ik1-r1 ika T2 d3k —ik~('r’1—'l‘2)P k
= 1drae e 25 (k)

= (2m)? / kP (k)0 (ky — k)0° (kg — k)

AP dProe~ k1 r1gikam2 (T(r1)T(1r2))

which we can now integrate.

(T(k)T(K')*) = (21)3P(k)6*(k — k') (5.11)

Now, of course the equation above is not quite useful yet, because we cannot divide
both sides by a delta function in the hopes of isolating P(k). In order to make this equa-
tion computationally tractable, one can redo this computation taking into account the
fact that we can only survey a finite volume. In this case the brightness temperature we

actually measure is,

Tobs(r) = gb(’l")T(T’)

where

1 if r is inside the survey volume
¢(r) =

0 otherwise

If one were to redo the computation above with 7, one will find the estimate for eq.

5.11 to be,
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P(k) ~ . (5.12)

5.3.2 Window Functions

In section 5.2, we defined a linear estimator that took us from true sky brightnesses to the
sky we would see if it were mapped by some instrument. In addition, that original field
of interest, « has associated with it a power spectrum P(k), and likewise the estimate of
the field & has associated with it a power spectrum which we will call P(k). So now we
can ask ourselves, is there a linear estimator that can take the true power spectrum of x
and tell us what the estimated spectrum is given that we know how  is related to ? The
answer to this question is yes, and it is the goal of this section to compute these transfer
functions known as window functions.

For completeness and clarity, we will begin by working in the continuum limit and
then move back to the pixelized version of the power spectrum estimator at the very end.
Firstly, let us consider a vector z(77) which contains all the true brightnesses at every point
on the sky being observed. Again, “true” denotes that this is the sky unobserved by the
telescope. Once the observation is made, the instrument transforms the sky such that the
image is not a perfect depiction of the true sky but it has been in some way mangled by

the instrument. This observed sky is denoted by 7). Explicitly,

i) = / S(7, ) () A7 (5.13)

where S(7,7"') is the linear estimator that characterizes both the particular instrument
doing the observing and the mapping method of choice.
Since the power spectrum is computed using the Fourier transform of the field, a first

step would be to find the function that transforms the Fourier transform of the true sky,
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i(7), to the Fourier transform of the observed sky, z(7)

"\d*7" — FT of both sides

(7
d*re T / &S (7, 7 ) ()
/d3 7S (7, “’)/ @y @k 3(k") — Fourier inversion of z(r)
k(K" //d%d?’*’ iK1 iR G (g )
i(k') / / PrdF e ET RS (1 )

~

k'2(k"S(k, —k")

So now we know that &(#) gets transformed to #(k) by the function S(k,—k’). The
double-hat here denotes that Fourier transforms were taken with respect to both k and ¥’.

This transformation can be visualised in the following commutative diagram. Going

< i T

[ —— &
H.l
Kﬂ

N
SR

S
counter clockwise from z, to z, it is now clear that,

S=FoSoF (5.14)
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With this function we can then compute the observed power spectrum from the “true”

one.

SN2\ 1 3*3*?*";\:""%*@**

() = iz | [ AR RS (R RS R R o () )

SN2\ 1 3 3*?**%** )35 _
(|z(k)|%) (2#)3(27r)3//d k1dkoS(k, k1)S*(k, ko) (2m) 0% (k1 — ko) P (k1)
sy L 3771 QT N2 DL

(0 = s [ PRISEREPOR)

Now, the observed power spectrum is defined in the following way;,

P(k) = <|f%<§>| ) _ V(217T)3 / S (R, )PP ) (5.15)

Now we can define the window function, denoted by W(E , k;:),

- - 1 = o

Similar to eq. 5.5, this is the set of transfer functions that tells us what the observed
spectrum of a field will be given a mapping estimator S. Moving now to the discrete

pixelized case, we can write

vl

— WP (5.17)
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Chapter 6

Cross-Correlation Simulation and

Analysis Pipeline

6.1 Introduction

In this chapter, we will explore the potential of using cross-correlations between 21 cm
and [CII] LIM observations to probe the epoch of reionization. As has been previously
mentioned, 21 cm observations suffer from bright foreground contaminants that are 4-5
orders of magnitude brighter than the signal. In theory, these spectrally smooth fore-
grounds should be able to be easily subtracted from the quickly varying signal. However,
the chromatic window functions of interferometers introduce aberrations to an otherwise
smooth foreground spectrum making these foregrounds appear more like the cosmologi-
cal signal. While foreground removal techniques are still being explored, it remains a key
challenge and there is increasing desire to measure cross-spectra for validation. Cross-
correlations do not suffer from the same foreground biases as auto-correlations due to
the fact that the two probes being correlated are observed at difference frequencies and
therefore their foregrounds do not emanate from the same sources at the same redshifts.
As such, the foregrounds of our two probes are uncorrelated leaving behind the distinctly
correlated signal. In this chapter, we test this hypothesis using an end-to-end simulation

and analysis pipeline and present our first results. A schematic depiction of this pipeline
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can be found in Figure 6.1. Starting at the top of the figure, the pipeline takes in as input
two correlated cosmological fields. Their respective foreground contaminants are added
on according to the particular frequency being observed. What follows is the observa-
tion by the instrument and in the case of this thesis, HERA and CCAT-prime are used as
tiducial surveys. For interferometric observations, we proceed to map-making and once
both maps are obtained, their cross-spectrum is computed. There is also a theory mod-
ule which computes the joint window function of the two experiments. This window
function will be used to compute a window function estimated power spectrum to be
compared to the output of the simulation and analysis pipeline.

Each module of this pipeline was built from the ground up with the exception of the
modelling of 21 cm synchrotron radiation which was done using the pyGSM package de-
veloped by [33,167]. While the surveys used here are HERA and CCAT-prime, this is a
general framework that can be used to model any single dish or interferometric instru-
ment; all parameters can be altered to the design specifications of the instrument one is
interested in modelling. The source code for this pipeline can be found here! and in the
next two sections, we will go over how the instruments and foregrounds are modelled.
What will follow is a full run-through of the pipeline using a toy cosmological model
with the first results. It should be noted that the current version of this pipeline analyses
2D slices at a given frequency. This limitation will be addressed and this work is to be
extended to take in 3-dimensional data cubes and make use of spectral information in

addition to the spatial information present in the 2D slices.

6.2 21 cm Foreground Contaminants

Despite the promise of 21 cm cosmology, using the 21 cm line to map out the large scale
structure in the universe is subject to serious challenges, namely, bright foreground con-
taminants. These foregrounds are varied in both spectral and spatial extent and are 4-5
orders of magnitude brighter than the 21 cm signal. This is in contrast to CMB observa-

tions, where the CMB signal is dominant to its foregrounds. The main contaminants to

1h’c’cps: / / github.com/hannahfro/X-CorrPipeline
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Figure 6.1: This flowchart depicts the computations performed in the simulation and
analysis pipeline. Starting from the top, correlated fields are used as inputs. Next, fore-
grounds and instrumental noise are generated. In the case of observations by an in-
terferometer, a map-making step follows. Finally, the dirty maps are used to compute
cross-spectra. In addition, there is a theory branch which uses the matrices quantifying
instrumental effects to construct window functions and estimate power spectra from the

theoretical ones used to construct the input cosmological fields.
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the 21 cm line are, galactic synchrotron emission, Bremsstrahlung radiation, and bright
extragalactic point sources. In this section, we will lay out how each of the contaminants

is modeled in the simulation pipeline.

6.2.1 Galactic Synchrotron Emission

Galactic synchrotron radiation is the brightest diffuse foreground contaminant. As the
name suggests, it is emanating from our Milky Way galaxy and is the result of charged
particles moving through magnetic fields. In this work, galactic synchrotron radiation is
simulated using the pyGSM package developed by de Oliveira-Costa et al. and Zheng et
al. [33,167]. Since there do not exist all-sky maps of our galaxy at all frequencies from
observation, this package allows one to interpolate the currently available data to create
all-sky maps in the frequency range 10 MHz — 5 THz. This simulation takes into account
flux as a function of position which allows one to obtain a realistic foreground map in
which foregrounds are brighter in the centre of the galactic plane and dimmer toward
the outskirts. There are two generations of this code; the pioneering version released in
2008 is referred to as gsm2008 and the most recent update from 2016 is referred to as
gsm2016. For the work done in this thesis, the 2016 version was used and therefore the
discussion of the interpolation method will be mostly dedicated to this version only.
This package uses an iterative principal component analysis (PCA) algorithm and uses
29 sky maps between 10 MHz and 5 THz [167] to reconstruct the sky in this frequency
range. PCA is a process by which some data matrix, D is diagonalized and its non-zero
eigenvalues are then used to reconstruct the data matrix. The general idea is that for
some data matrix D with dimension np, X n¢, there exist certain matrices M and S with

dimension npi x n. and n. X ny respectively such that,

D ~ MS. (6.1)

The matrix D is reconstructed if M and S minimize the cost function,

D — MS|J%. (6.2)
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For this iterative algorithm, M and S are obtained for each iteration in the following
way. First, these matrices are computed for the base case. While the entire data matrix D
contains 29 sky maps, some maps are omitted for this step and only the maps that share
5% sky coverage are used. This pared down data matrix will be denoted by D* and D*'D

diagonalized as follows,

D*TD = CTAC (6.3)

where C is an n; x n; orthogonal matrix of eigenvectors of D*”D along it rows, and
A is an ny x ny matrix with the eigenvalues of D*”D along its diagonal. The non-zero
eigenvalues and their corresponding eigenvectors are identified and are denoted as the

principle components. Then, if the non-principal components are removed,

D*TD = CTAC (6.4)

where now, C has dimension n. x n 7 and A has dimensions n. x n, and n. denotes the
number of principal components.
It should now be plain to see that C has the same dimensions as S and so C is what

will be used to find M that satisfies eq 6.2, meaning

D ~ MC. (6.5)

This resulting matrix M will be denoted M® and C will be denoted S since they are
the result of the base case of the iteration. The subsequent M® and S are computed

using the following equations,

SO = (1 — )S0-1) 4 p(ME-DTM-1) Vi1 (6.6)

MO — (1- n)M(i&) i n<S(i)S(i)T)fls(i)DT (6.7)

where 0 < n < 1 is a step size. The iteration proceeds until the cost function, eq 6.2,

decreases by less that 0.01%. Performing this iteration between the components and the
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maps allows one to find the best fit to all of the data available. The previous version
required one to restrict which maps could be used based on which maps had overlapping
pixel fluxes. This iterative approach allows one to make use of more maps and more
pixels per map, resulting in both more accurate maps, and maps simulated in a larger
frequency range.

For those looking for a simpler but statistically accurate model, the foreground spec-
trum can be fit by a power law as prescribed in Liu & Tegmark [85]. In this model, each

pixel is assigned a flux density according to the power law spectrum,

2(V) = Agpne (Vi) (635)

where A, = 335.4 K and v, = 150 MHz [160]. Flux differences from pixel to pixel are
achieved by varying the spectral index, asyn.. For each pixel, the spectral index is drawn
from a Gaussian distribution with mean @y, = 2.8 and standard deviation Acogy,. = 0.1
[160]. While the average flux of this map is roughly the same as that of the pyGSM map
at the same frequency, position correlations in flux are lost. Therefore, for the remainder

of this work, we proceed with using only the pyGMS model.

6.2.2 Bremsstrahlung Emission

The next contaminant to be modelled is Bremsstrahlung emission from ionizing sources
which constitutes a bright diffuse radio foreground. The Bremsstrahlung emission is
modeled in precisely the same way as the Liu & Tegmark model for galactic synchrotron

radiation. Again, each pixel has a power law spectrum of the form,

Vy

2(v) = Ag <1> - (6.9)

except here, Az = 33.5 Kand v, = 150 MHz [160]. Again, for each pixel a spectral index is
draw from a Gaussian distribution, where in this case, the mean is ag = 2.15 and standard

deviation Aag = 0.01 [160].
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6.2.3 Extragalactic Point Sources

Finally, we must consider extragalactic point sources, of which two main populations
arise: bright radio point sources and unresolved sources. It should be noted that a third
sub-category is bright extended sources, that is, bright and nearby extragalactic sources
that have a spatial extent greater than a single pixel. For 21 cm observations, an example
of such a source is Fornax A. This sub-category of bright sources is not included in this
model of foregrounds but a treatment of extended sources can be found in [81].

The first class of extragalactic sources are those which are unresolved by the instru-
ment. Here these sources are taken to have a flux of 100 mJy or less. This is due to the
fact that most peeling techniques that are used to remove bright point sources can only
remove sources whose flux is greater than ~ 10-100 m]y. Of course, the exact flux cutoff
depends on the resolution and sensitivity of the instrument since, for example, an instru-
ment with lower resolution will smear more sources into the unresolved background. As
in [85], the more conservative bound of 100 mJy is used here. First, each pixel is populated

with 100 sources, with S, values drawn from the following source count distribution,

dn S, -
=B|——7+ .
ds. (880mJy) (6.10)

where B = 4.0 mJy~'sr™! and v = 1.75 [37]. It should be noted that this source count
distribution is scaled by the pixel size. Again, the choice of 100 sources is simply an
assumption, but for a more realistic treatment, one can draw the number of sources per
pixel using the Schechter luminosity function in much the same way as is done in section
6.3.

Now that each source in the pixel has it’s own S, value, the flux of each source is then

drawn from the power law distribution,

—2 -1 —a
2(v) = 1.4 x 107 (Vi) (%) S, <V1> mJy 6.11)

where the spectral index « is drawn from a gaussian with mean @ = 0.5 and standard
deviation Ao = 0.5, in agreement with CMB observations [150]. This alpha is drawn

for each source in the pixel, and once all the source fluxes have been computed, they are
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averaged over to obtain the total pixel flux. This process is then repeated for each pixel in
the map.

Lastly, we consider bright radio point sources: bright radio foreground galaxies. These
are not simulated by a model, but rather are taken from the Galactic and Extragalactic
All-sky MWA (GLEAM) survey which observed 24,402 square degrees on the sky over
declinations south of 30 degrees and Galactic latitudes 10 degrees of the Galactic plane.
The catalog consists of observations of 307,455 radio sources across frequencies 72-231
MHz and with resolution of ~ 2 arcminutes [60]. In order to account for bright sources in
the side lobes of the primary beam, bright point sources are not added to the input map
directly, but instead their visibilities are computed and added to the simulated observa-
tion in phase-space. Each source is characterized by its brightness and its position on the

sky, therefore its visibility is defined as

Vi = AT Crrm)/Xdgde (6.12)

where T, is the brightness of the m™ source measured by GLEAM, r,, is the position of
the m*™ source, and 4,), is the attenuation factor of the primary beam at the position of the
source, and b, is the baseline coordinates at a particular time.

Now, as mentioned in the previous section, unresolved extragalactic point sources
are simulated below 100 m]y, and as such, bright extragalactic point sources are only
simulated above 100 m]y. In order to ensure that this is the case and that we are not

doubling up on dim sources, the following condition is imposed:

AT > 100 mJy. (6.13)

Since HERA is a drift scan telescope and bright sources move in and out if its primary
beam, this condition is checked at every observing time. These are the three sources of
foreground contaminants that are modeled in this simulation pipeline. As mentioned, the
diffuse foregrounds are added in position space to the cosmological field, and the bright
point sources are incorporated at the level of visibilities. In the subsequent section, we

review the simulation of [CII] foregrounds.
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6.3 [CII] Foreground Contaminants

Unlike 21 cm observations, which suffer from several sources of diffuse foregrounds, the
main contaminants of [CII] are low redshift line interlopers. Carbon monoxide (CO) at
low redshifts undergoes spontaneous rotational transitions, emitting a photon which red-
shifts into the same frequency band as the photon emitted from [CII] at high redshift. In
particular, CO (6-5), CO (5-4), CO (4-3), CO (3-2), CO (2-1), are line interlopes for [CII]
observations during the EoR, where the pairs of numbers denote the quantum numbers,
J, indicating the change in the total angular momentum state of the molecule. It may be of
concern to some that the [CII] line interlopers and 21 cm point source foregrounds may in
fact be emanating from the same galaxies at 0 < z < 3. While this is certainly not impos-
sible, it is not likely. There does exist a handful of hydrogen and deuterium fine structure
lines whose rest frequencies are such that if they came from the same 0 < 2z < 3 galaxies
as the line interlopers, they would redshift into 21 cm observed frequency range [43,74].
That being said, the transition rate of these lines is unknown and the transitions have
only been observed under strict laboratory conditions. Still, one may consider a broad-
band emission which could produce this correlation though such a scenario is omitted
here. For the simulations done in this chapter, we generate independent realizations of
both point source foreground contaminants.

In this section we will describe the method used to simulate these foregrounds. This
method is based on the prescription of Cheng, Chang, & Bock [18]. The main difference
with the method employed here, is that we approach the modelling from an observational
point of view which has the added benefit of decreasing the computational cost. Instead
of building a large and dense lightcone, we instead populated the spectral channels of
the instrument with the lines that will have redshifted into that channel. As previously
mentioned, the code currently computes one spectral channel at a time but can be par-
allelized to produce a host of foreground maps since each frequency map is generated
independently. The following will be a discussion of how the foregrounds in one fre-
quency channel are computed. For a multi-channel case, this computation is repeated for

every channel in the observing band.
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This foreground model relies on only 3 pieces of information as input: the lower and
upper bound frequencies of the channel in GHz, the pixel size in steradians, and the
number of pixels in the output map. Built into this model is CO luminosity function
data namely, the rest frequencies and the Schechter luminosity function parameters for
lines CO (6-5), CO (5-4), CO (4-3), CO (3-2), CO (2-1), CO (1-0). These parameters were
obtained from the CO luminosity function models of Popping et al. [128]. The Schechter
parameters are the following: «, log((¢.) [Mpc— dex '], log(L.) [Jy km/s Mpc?]. The first
computation done here is to convert the unit of log L. to [W m~2 Mpc?] which amounts

to converting [Jy km/s] to [W m~2]. The conversion factor is,

107W m—2 Hz!

Ly km/s = 3 x 10°km/s

VobsHz. (6.14)

Since it is log L, and not L, itself that is in the data array, the unit conversion is carried

out using the logs of L, and the conversion factor,

1072W m—2 Hz !

log L.[W m* Mpe®] = log L.[Jy km/s Mpc®] + log ——= 5

VonsHz.  (6.15)

The luminosity bins are also defined and are in fact L/L, bins ensuring that every line
will always be populated by sources the same order of magnitude dimmer and brighter
than their respective L,. The L/L, bin width in log space is also computed.

In what follows, we determine which lines redshift into the observed frequency chan-
nel. Using the rest frame frequency of each line and eq. 2.3, the frequency-redshift relation
, we check the condition that for a line to be redshifted into the observed frequency chan-
nel, it must be the case that zen,;; > 0. If the ey, > 0 condition is met, we then proceed to
interpolate the Schechter parameter data for that line in order to find all of the parameters
at Zemit. The Schechter parameters of the lines observable in that channel are then stored.

Now we proceed to using the Schechter luminosity function to populate the luminos-
ity bins of each line with sources. Starting with the Schechter function derived in [134],

the number density of galaxies of luminosity L+dL is given by,
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L «
®(Loo)dLeo = b. ( LCO) e~(Leo/) (Lo /L. (6.16)

But since the L/L, bins were defined in log space, we can rewrite d(Lco/L.) in the fol-

lowing way,

d(Lco/Ls) = In(10) (LLCO) dlog(Lco/L.) (6.17)

*

and substituting this into 6.16, we obtain,

L a+1
®(Lco)dLeo = In(10)¢, ( LCO) e~ (eo/t)dlog(Lao/ L) (6.18)

So now we have obtained the quantity of interest because ®(L¢o)dL is the number of
galaxies with luminosity L+dL per unit volume. Since we are dealing with arrays and not
continuous variables, we will now denote dL’s by ALcq’s instead, where ®(Lco)ALco is
the number of galaxies per unit volume in the luminosity interval ALco centred on L¢o.
Now we must adjust for the size of the voxel (or pixel), since we desire the number of
galaxies contained in a voxel of a certain volume in the luminosity bin of width ALco
centred on L¢o, which we will denote by n(Lco)ALco. So we simply multiply by the

volume of the voxel (or area of the pixel) to get n(Lco)ALco

L a+1
n(Lco)ALco = ®(Leo)ALcoViex = In(10)¢, ( LCO) e~ (Leo/L) Alog( Lo/ Ly ) Vo
(6.19)
This V,ox is computed using the differential comoving volume element dV oo, in [Mpc?

sr~']and (,ix, the pixel size in steradians. Therefore,

Viox = AVeomov Qpix- (620)

Now, n(Lco)AL ,mco is the average number of sources in each luminosity bin. What
we proceed to do is loop through each luminosity bin for each line, draw the number of

sources in that luminosity bin from a Poisson distribution, and multiply that number of
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sources by the luminosity of that bin. Since the bins were defined as log(Lco/L.), the final

luminosity is computed in the following way;,

L _ 1010g(Lco/L*)-‘rlog(L*,linc)' (621)

Recall that this L is in units of [W m~2 Mpc?], and in order to simulate these fore-
grounds in a way that will be useful and familiar to observers we proceed with the last

step which is simply a unit conversion. This intensity is defined as the following,

1026

47TDZ(Zemit)[MpC2]6VObS [HZ]Qpix[Sr] : (622)

Iy st '] = L[W m™? Mpc’]

In Figure 6.2 the luminosity of each line is plotted as a function of redshift and ob-
served frequency. A magenta horizontal line is placed at the observing frequency of the

run presented in this thesis. The [CII] line observed at v = 200 suffers from five bright

line interlopers.

340
75
320
N &
=, L
300 70 8,
2 S
g 280 N
[ 6.5 g
E 260 CO(6-5) [CII] =
L 2401-CO(2-1 6.0 %
o 0(4-3) 2
N \ N\ \
55
200 \
0 2 4 6 8
Zemit

Figure 6.2: Plotted are the luminosities of CO line transitions and the [CII] transition
as a function the emitted redshift and the frequency at which the line is observed. The
horizontal magenta line at v ~ 200 GHz shows the lines observed at that frequency and

these are the lines that are modeled for the mock observations presented in the following

sections.
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6.4 Simulating Instruments

6.4.1 Simulating HERA

Following the addition of foregrounds, we proceed to simulating instrumental effects.
First we begin by discussing the simulation of interferometric instruments. The main
goal of this module is to build A and N to produce a map estimate which we defined

earlier as the following,

& =[ATNTTA]'ATN Az + [ATNTTA]TAN 0. (6.23)

The A matrix is an nxpixng X Nnpix array of Fourier kernels,

A, = Ae(T) exp(=2mibyr,, /\) (6.24)

where Nbl refers to the number of unique baselines in the array and Nt refers to the
number of times the sky was observed throughout its rotation. The noise matrix, N is
taken to be a diagonal matrix with diagonal entries,

Tsys

Ny = —= 5. 6.25
/ \/2tobs(5V / ( )

where T, is the frequency dependent system temperature as defined in table 4.2, ¢,
is the integration time, and ¢v is the channel width, ¢;; is the Kronecker delta. In order
to ensure that the matrix [ATN~1A] is indeed invertible, we pick out only the diagonal
elements, that is, [ATN"!A] is in fact diag[ATN "1 A].

In figure 6.3 below, we display estimated maps from different arrays of dishes in order
to build some intuition for these types of observations. The input “true” sky used here
is one with a single point source in the centre of the field. In the top panel, we simulate
observations from a single east-west baseline and as expected we recover a vertical fringe
pattern. In the middle panel, we add another dish to the array and one can see that the
fringe patterns produced by each baseline interfere as expected, and the estimated sky is

one with a repeating circular pattern. In the bottom panel, we simulate the observation
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from a more complex, 494 array of randomly placed dishes and the interference of all the
baseline fringes reveals the point source in the centre. While in this first version of the
simulation beam effects, time variability, and non-redundancy are omitted these effects
are important to model and understand. In the upgraded version, we will use hera_sim,
a publicly available simulation, to model instrumental systematics such as thermal noise,

RFI, bandpass gains, cross-talk, and cable reflections.

6.4.2 Simulating CCAT-prime

The next instrument we simulate here is CCAT-prime which is a single dish telescope.
This instrument is modelled by convolving the sky with a 2D Gaussian beam. The Gaus-
sian beam is centered on the field and has a standard deviation equal to the diffraction
limited angular resolution, that is o = Ays/D where D is the diameter of the dish. Here

we make use of the convolution theorem,

F{f«h}=F{f} F{h} (6.26)

and perform this convolution in phase space in order to decrease the number of computa-
tions performed. Therefore the Fourier transform of the noiseless sky estimate is related

to the Fourier transform of the true sky by a matrix we will call G,

325[011] - G- Ziom (6.27)

which is the Fourier transform of the Gaussian beam. Therefore, both the beam and the
sky are Fourier transformed, multiplied together, and the result is inverse Fourier trans-
formed. Following this convolution, the noise contribution is computed. We compute the
standard deviation of the rms noise. The reported system temperature for a beam FWHM

6 = 0.75 arcmin is o, = 0.86 MJy +/s/sr. The pixel size corresponding a single beam is

762

Qpix - Fg(Q) (628)
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Figure 6.3: Displayed here are 3 different arrays with their observed skies. The “true” sky
is simply a single point source in the center of the field. These observations are performed
over a 2 deg x 2 deg patch on the sky at v = 300 MHz. The top row shows a single
baseline array and it produces a single fringe pattern. In the middle row, a 3 baseline
array is shown and the observed sky is a lattice of circles which is the result of interference
between the fringe patterns from the 3 baselines. In the bottom row, a 494 random array

is shown and it recovers the point source in the centre.
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The system temperature is then scaled according to the size of the simulated pixel,

Qpix sim, relative to the CCAT-prime reported pixel size, i,

O = — e 2 (6.29)

V Qpix,sim/gzpix
and the rms noise obtained by scaling oy, according to the time spent observing each

pixel relative to the total integration time of the whole survey area,

Q ix
tpix = tpix Q" (6.30)
0' .
Opms = ——. (6.31)
V tpix

Lastly, a box is populated with with random noise drawn from a Gaussian distribution

with y = 0 and 0 = 0,s. This noise is then added to the convolved sky map.

6.5 First Spectra

6.5.1 Theory Spectra and Field Generation

In this section, we build a toy cosmological model in order to demonstrate the use of the
tools available in this pipeline as well as to showcase the first results. The first step in this
process is producing 50 x 50 pixel, toy cosmological fields for both the 21 cm and the [CII]
line. This observation occurs at one frequency slice and will take place at z ~ 8.5 over ~ 4
deg? on the sky. This sky coverage was chosen to emulate the ~ 4 deg® overlap between
the HERA and CCAT-prime surveys fields. At z ~ 8.5, this angular scale corresponds to
a ~ 325 by 325 Mpc box. The theoretical spectrum of the fields is defined to be a narrow
Gaussian spectrum with ;¢ = 0.08 and o = 0.005. The choice to have the spectrum peak
at £k = 0.08, which corresponds to a comoving scale of ~ 78 Mpc, was to ensure that
enough features were realised inside of the box. This means that each realization is a
relatively faithful sample of the spectrum and would be less subject to sampling errors

due to cosmic variance.
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We begin by generating our cosmological fields by sampling from the power spectrum
and inverse Fourier transforming to obtain a box in configuration space. The output field
is taken to be the 21 cm field and its brightness is scaled to have a dynamic range of a few
tens of mK. This field is then inverted since the [CII] and 21 cm fields are anti-correlated
during the EoR. The [CII] field brightness is then scaled to have a dynamic range of a few
hundred Jy/sr. The re-scaling of the brightnesses of these fields ensures that when the
foregrounds are added, their cosmological field brightnesses relative to their foregrounds
are preserved. In Figure 6.4, the cosmological fields are displayed on the left panels.

In order to evaluate the theoretical statistics of this field, the auto-spectra and the cross-
spectrum of these fields are computed. In Ch. 5, we derived the auto-spectrum. The
cross-spectrum of two fields is computed in an analogous way but instead, we use one

copy of each field,

(Ta(k)T5 ()

Pcross<k) = %

(6.32)

where in our case, T} (k) is Ty, (k), Tg(k) is T[C 1(k), and V is the volume of the overlap re-
gion of the two surveys. The auto-spectra and cross-spectrum of these fields is displayed
in the right panel of Figure 6.4. As expected, the cross-spectrum is negative, indicating
a negative spatial correlation between the fields. This trough is the feature we wish to
recover once the cross-correlation is performed with the contaminated maps.

We expect to recover the correlated signal since we expect the spatially fluctuating
foregrounds for 21 cm and [CII] to be uncorrelated as well as the instrument noises to
be uncorrleated. In addition we expect the 21 cm signal to be uncorrelated with [CII]

foregrounds and instrumental noise. Explicitly,

(Ty(k)T5 (k) = (T (k) + Tyg1 (k) + Toa (k) (T (k) + T (k) + Tia(K))) (6.33)
= (T (k)T (k) + (Tt (k) T}y (k) + ... + (Toa (k)T (K)) (6.34)
= (T (k)T (k) (6.35)
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if only the signals are correlated. In an idealized case, the power spectrum estimate is

expected to have no foreground and noise bias.
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Figure 6.4: The “true” cosmological fields and statistics are shown. The top left panel
displays the 21 cm brightness temperature field and the bottom left panel displays the
[CII] intensity field. One may notice that the bright spots in the top field correspond to
dark spots in the bottom one. On the top right panel, the auto-spectra for these fields
are plotted. The 21 cm spectrum is plotted in purple and the [CII] spectrum is plotted in
green. As expected, they follow the same spectral shape, though their amplitudes and
units vary. The bottom right hand side panel displays the 21cm — [CII] cross-spectrum.

As expected these anti-correlated fields give rise to a negative peak. All of the spectra for

this field realization peak at £ = 0.75.

After the theoretical fields are produced, we move to the theory branch of the pipeline.
In this step, the window functions for all the observations are computed as well as the es-
timated spectra. This window function package also has the capability of estimating error

bars due to spectral leakage, though this function is not used for the work done in this
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thesis. It is these spectra with which we compare the foreground and noise contami-
nated spectra in the following section. The window functions are computed as outlined

in Chapter 5. For HERA, the window matrix is,

S = diag([ATNTTA] HANTA (6.36)

Wirra = SS . (6.37)

For CCAT-prime, we use the Fourier transform of the Gaussian beam, (A}, unfurled along
the diagonal of an nyy, X 7y, matrix. We will continue to use the notation G to denote
this unfolded, diagonal version. This construction ensures when the Fourier transform of
the pixel brightnesses of the [CII] field are unfurled into a 1D array, the estimated Fourier

transform of the sky is once again recovered,

i’l Gl 0 i'l
. sl (6.38)
P 0 Gl |in
The window matrix for CCAT-prime is therefore,
Weear—p, = GG*. (6.39)

Lastly, the cross-spectrum is estimated using a joint window function which is analo-
gous to the way the cross-spectrum is computed. Since the cross-spectrum is computed
using one copy of the brightness temperature of 21 cm as seen by HERA, and one copy of
[CII] intensity as seen by CCAT-prime, the estimated spectrum is the following

<S£‘21G*‘%FCH]> <‘%21'i>[k011}>

P = ~S6- 6.40
Vv Vv (6.40)

and the joint window function matrix is
Wross = §é* (641)
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6.5.2 Results

In this section we present the results of the cross-spectrum analysis pipeline. To reca-
pitulate, the theory spectra in Figure 6.4 are piped through the the foreground step and
the relevant foregrounds for each probe are added. At z ~ 8.5, the 21 cm observation is
made at 150 MHz and the [CII] observation is made at ~ 200 GHz. The 21 cm foreground
contaminated field is then observed by the 350 dish HERA array, the map estimator is
applied to the visibilities, and instrumental noise is added. The noise is drawn from a
Gaussian with 1 = 0 and ¢ = 8 Jy in accordance with recent HERA data. Similarly, the
foreground contaminated [CII] map is piped through its instrument simulation module
and instrument noise is added. Once both maps are produced, their auto-spectra and
cross-spectra are computed.

In Figure 6.5 we present these results. The columns, from left to right, contain 21
cm auto-spectra, [CII] auto-spectra, and 21 cm — [CII] cross-spectra. The rows labelled
‘A’/B’,'C’, and ‘D’ denote different scenarios. Row ‘A’ contains the window estimated
spectra and these are the spectra with only instrumental effects without any noise or fore-
ground contaminants. These are the spectra that the subsequent ones should be compared
to. The 21 cm estimated spectrum does spread power to different £ modes, in particular to
the low £ modes. The instrument also inflates the amplitude of the spectrum compared
to the raw theory spectrum. The same is true of the [CII] window function estimated
spectrum, though the spectral leakage occurs only in the modes very close to the peak.
The cross window function estimated spectrum is sharply peaked at k£ = 0.075 and it is
this peak that we wish to recover in the subsequent contaminated scenarios.

The second row labelled ‘B” contains the spectra in the case where only instrument
noise is added without any foregrounds. The 21 cm auto-spectrum has now lost its peak
and the spectrum is completely dominated by instrument noise, in particular at the low
k modes. The [CII] spectrum is less biased by its instrumental noise, though there is a
slight shift in power to the highly peaked mode. In both cases, the amplitude of the
spectra are biased by instrument noise as expected, since the pixel brightnesses estimated

are inflated. In the rightmost plot in row ‘B’, the cross-spectrum reveals the peak that was

63



lost in the 21 cm power spectrum. The correlated modes create a deep negative peak as
expected. Compared to the window function estimate of the cross spectrum, the peak is
broadened and its amplitude is increased in the negative direction due to noise bias.

In row ‘C’, both foreground contaminants and instrument noise are modelled and the
sky is observed over one night. In this scenario, the 21 cm power spectrum has a large
peak due to galactic synchrotron radiation. This peak dominates over all the others. The
[CII] auto-spectrum still contains an observable signal, again biased by systematics. Ad-
ditionally, there are foreground biased modes at both low and high %. Since the [CII]
foreground modelling does not take into account spatial clustering, the spatial character-
istics of these foregrounds are akin to those of white noise, thus leading to a flat spectrum.
In the rightmost plot of row ‘C’ the cross-spectrum is computed. Most notably, the neg-
ative peak is once again recovered, though its amplitude is again biased by systematics.
Still, the cross-spectrum remains a robust statistic for the location of the correlated modes.
Once again, there remain foreground correlations due to the fact that the Bremsstrahlung
emission, unresolved point source background, and CO line interloper intensity fields
have no spatial characteristics that have been modelled. The spatial distribution of pix-
els, for all of these maps is random and the spectra are therefore relatively flat. The last
row ‘D’ depicts the same scenario as row ‘C” except we consider a larger /N limit where
100 different cosmological realizations are observed for one night each, and their spec-
tra averaged together. Since these are 100 independent observations, a new instrument
noise realization is generated for each cosmological realization as well. The same fore-
ground realization is added to each of the observations. Therefore, the error bars have
noise, and cosmic variance contributions. The 21 cm spectrum is effectively the same as
row ‘C’ though its amplitude is increased. The [CII] spectrum is increasingly biased by
systematics, though the amplitude is decreased to be of the same order of magnitude as
the window function estimated spectrum albeit with significant error bars. The last cross-
spectrum is once again able to recover the negative peak at a lower amplitude relative
to the foreground biased modes which do not increase in amplitude from row ‘C’. One
thing to note is that the foreground modes have smaller error bars than the cosmological

signal mode. Since the same foreground realization was used in all 100 simulations, the
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foreground modes (i.e. the ones not at k = 0.75) have error bars only characterized by
instrument noise. The signal trough’s error bar has an instrument noise contribution as
well as a cosmic variance contribution since each of the 100 simulations used a different
cosmological field.

As a null test, the spectra of row ‘C" were computed without a cosmological field
present. The results are presented in Figure 6.6. The plot on the left is of the 21 cm
foreground and noise observation. One can see that in addition to the low-k peak due
to galactic synchrotron radiation, the foreground and noise spectrum also has power at
higher £ modes. In the middle plot, it is now plain to see that the [CII] foreground and
noise realization have a relatively flat spectrum peaking at almost every wave-number.
As a result, one can notice in the right plot of the cross-observation spectrum there is a
slight positive correlation at the £ = 0.075 mode, the mode that contains the signal in the
cosmological field. This therefore indicates that the negative peak recovered at k = 0.075

in Figure 6.5 is in fact the result of the anti-correlation between the [CII] and 21 cm fields.

6.5.3 Next Steps

The results of this preliminary analysis are promising and serve as a proof of concept that
cross-correlations in LIM may be a useful tool in extracting power spectrum information
from otherwise heavily contaminate data sets. Still, there are many ways in which this
pipeline an be improved upon. To begin, the input cosmological fields can be ameliorated
with more realistic modeling. A challenge here is that since field correlations must be
preserved, the brightness temperature fields of all probes considered must be simulated
from a common density field. Such efforts are currently underway though are still in
development phase. LIM-Fast is one such line intensity map simulator and now has the
ability to simulate ~ 100 different lines using semi-empirical models [146]. This may
be a tool that can be employed here. In addition, while the work here was done at a
single frequency slice, we are currently working to extend this pipeline to process 3D
data cubes, making use of line-of-sight spectral information. In addition, it is clear from

this work that more realistic foreground models are needed, particularly ones that contain
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Figure 6.5: Displayed in each column, from left to right, are the 21 cm auto-spectra in
magenta, the [CII] auto-spectra in cyan, and the 21 cm — [CII] cross-spectra in yellow. Row
‘A’ contains the window function estimated theory spectra. Row ‘B’ contain spectra from
observations of the cosmological field with the addition of instrument noise observed
over 1 night. Row ‘C’ contain spectra from observations of the cosmological field with
the addition of instrument noise as well as foregrounds observed over 1 night. Row ‘D’
contain spectra from 100 realisations of the cosmological field with noise and foregrounds

each observed for 1 night and averaged together.
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Figure 6.6: Plotted here are the result of a simple null test where the observation of row
‘C’ of Figure 6.5 is repeated without the inclusion of the cosmological field. In the left
plot, the 21 cm foreground and noise spectrum is plotted. There is a zoomed in section to
indicate that power at high £ is present. In the middle plot, the [CII] foreground and noise

spectrum is plotted. The right plot shows the cross-spectrum of both the observations’

systematics.

clustering information for [CII] line interlopers. There were also certain contaminants that
were omitted such as radio frequency interference (RFI) and extended sources which can
be included in updated versions of this pipeline. And of course, a long term goal for
this research program is to extend this framework to involve other probes, such as CMB

observations and near-infrared observations, which can also be cross-correlated with the

21 em line.
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Chapter 7

FRB Cosmology

7.1 Introduction

The Epoch of Reionization (EoR) is a transitional period in our Universe’s history when
the neutral hydrogen (HI) making up the intergalactic medium (IGM) was ionized by
the first generation of stars and galaxies. The Cosmic Microwave Background (CMB) has
given us a peek into the early universe and measurements of quasars at z < 7 teach us
about early galaxy evolution. Cosmic dawn and the EoR remain the missing piece of our
understanding at zoyg > z > 7. Understanding this period not only provides insight
into the very early universe, but also teaches us about the first generation of stars and
galaxies. The timing, mechanisms, and morphology of the EoR are poorly constrained
despite its importance to our understanding of the Universe. A number of observational
probes have began placing limits on the EoR through the 21cm line [8,9,34,66,118]. The
advantage of using this line as a direct probe IGM during the EoR is that neutral hydrogen
is abundant in the early Universe and that, by measuring the redshifting of this photon,
we can trace primordial hydrogen along the line of sight. For a comprehensive review of
21cm cosmology, the reader is encouraged to read [105], [52], [130], [87] and [84].

21cm cosmology, however, does not come without its challenges. Making a detection
of the 21 cm line during the EoR is exceptionally difficult since the frequency of the line
is redshifted into the 50-300 MHz range [84]. Systematics, radio frequency interference

(RFI), galactic synchrotron emission, and radio bright sources have made the 21 cm signal
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difficult to measure, and thus limit our ability to constrain the astrophysics during this
epoch [86]. As a result, many look to other probes of the EoR.

Fast Radio Bursts (FRBs) are a class of bright, millisecond duration, radio transients
that have been detected at frequencies ranging from 110 MHz to 1.5 GHz with dispersion
measures (DMs) lying between 110 and 2600 pc cm ™~ [121,125]. Thanks to current and up-
coming broad-band wide-field-of-view instruments, such as the Canadian hydrogen In-
tensity Mapping Experiment (CHIME; [3]), Five-hundred metre Aperture Spherical Tele-
scope (FAST; [110]), and Australian Square Kilometer Array Pathfinder (ASKAP; [65]),
we have seen a large increase in the number of FRBs detected. It is estimated that when
SKA is online, its event detection rate may be as high as ~1000 FRBs sky ! day ' [47].

Since their discovery by [89], the number of FRBs detected has increased tremen-
dously. CHIME alone has detected over 1000 bursts since 2018. While one source has
now been localized within the Milky Way ( [21]), the vast majority of FRBs remain extra-
galactic sources and can thus probe out to cosmological distances [38,67]. Many questions
remain about the astrophysical origin of these bursts as well as their intrinsic distribution
out to high DM [75,90,124].

While the progenitor of FRBs remains unknown, the DMs of these bursts are, on the
contrary, well understood and could thus prove yet another direct probe of the IGM dur-
ing the EoR. The DM of an FRB is defined as the integrated column density of free elec-
trons along the line of sight from source to observer. As the FRB travels through the IGM,
it experiences a frequency dependent time delay, At oc v">DM. DM is given by

ne(x, 2)
1+ =2

DM(x, 2) = / dl, (7.1)

where dl is the line element along the light of sight, n.(x, z) is the free electron density
at comoving position x and redshift z. Measuring the DM of an FRB at redshift » can
therefore probe the integrated number density of free electrons along the line of sight in

the IGM. To evaluate 7.1 for each reionization scenario, we express the line element dl in
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terms of the Hubble parameter

dl = cdt = ez 7.2
L HOO1 ) (7.2)

where H(z) is given in terms of the ACDM parameters through

H(z) = Hor/Qun(1 + 2)3 + Qp = HyE(2). (7.3)

The free electron number density in the IGM can be written as a function of the ionization

and density field,

e

_ foIGMQm,Oo(Z) (

L+ 2)3(1+6(x, 2))rm(x, 2), (7.4)
mu

where fy is the fraction of baryonic matter that is hydrogen, fiq\ is the fraction of hydro-
gen that is found in the IGM, my is the mass of hydrogen and p, is the mean density of the
IGM at redshift z. The dispersion measure of FRBs detected after the EoR can be approx-
imated to be zy(x) = 1, i.e. the IGM is entirely ionized. Note that helium reionization
does increase the number density of free electrons at low redshift (2 ~ 2), however this
is independent of the reionization model. Therefore, we do not take this into account in
our models for Equation 7.1. For interested readers, there is a growing body of literature
on constraining helium reionization using the DMs of FRBs [7, 17,80, 168]. Unlike at low
redshift, the ionization field zy;; during the Epoch of Reionization is patchy, composed
of regions of ionized bubbles and neutral regions, whose placements and evolution de-
pend highly on the astrophysics governing reionization. In this case, the number density
of electrons n. will dependent on the state of the ionization field. High redshift FRBs
detected during the Epoch of Reionization will therefore be sensitive to the astrophysics
that have imprinted itself onto ;.

Furthermore, referring to Equation 7.4, the number density of free electrons is depen-
dent on the product of the density and ionization field ;6. The method in which the ion-
ization field zy; maps to the underlying density field ¢ is known as the density-ionization

correlation, which affects the morphology of the EoR. The cross term in Equation 7.4 con-
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tains information of the density-ionisation correlation, which affects the observed DM of
an FRB. Most EoR models predict morphologies where the ionized regions are not ran-
dom with respect to the underlying density field. Instead, there are two extreme ways in
which the ionization field couples to the density field. The density field can be positively
correlated to the ionization field. In this scenario, overdense regions correspond to high
ionization fraction. In this model, ionizing sources ionize their immediate surroundings
before ionizing the lower density regions of the IGM. We say that reionization happens
‘inside-out’. The second extreme model is the scenario where the underlying density
tield 4 is negatively correlated with the ionization field zyy;. In this scenario, the ioniz-
ing sources first ionize the low density regions before ionizing the high density regions.
We say that reionization happens ‘outside-in’. In this model, the high density regions in
d correspond to regions of low ionization fraction in zyy. This model usually requires
the recombination of hydrogen atoms in high density regions to dominate the effects of
UV ionization [22,102, 162]. Outside-in morphologies can also be achieved by having
reionization driven by x-ray photons, which can more easily “leak” into the underdense
regions of the IGM [98,101]. It is also possible for reionization to unfold as a combination
of both inside-out and outside-in, in which case, the correlations between § and xy are
statistical combination of the inside-out and outside-in models [51,93].

The way in which the mean DM depends on the broad timeline of the reionization
history has been previously studied [6, 56, 91, 166]. Most recently, [56] show that one
year’s worth of observing with SKA phase 2 can reveal our cosmic reionization history;,
and [6] show that both DM and the differential FRB source count distribution prove useful
probes of reionization even with limited redshift information. In this paper we build on
the techniques outlined by these authors by performing a study of how the morphology,
astrophysics and evolution of the EoR affect the mean DM of high redshift FRBs. We
use a set of astrophysical and morphological parameters to bracket the physical range of
EoR scenarios and study how DM-z probability distributions and the mean DM of FRBs
at each redshift depend on these parameters. We then forecast the types of constraints
that we can place on the EoR using measurements of the DMs of high redshift FRBs.
Since FRBs at high redshift have yet to be observed, we create a mock sample of highly
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Table 7.1: Summary of Reionization Parameters and FRB Observables

Symbol  Parameter Name Description/Definition
ZEoR Reionization Redshift The redshift indicating the onset of reionization

. D i h. lati
3 Morphologlcal Parameter etermines the correlation between

0 and THII

Miwen The Turnover Mass Halo mass scale in which star formation is efficient
¢ Ionizing Efficiency Number of ionizing photons released per stellar baryon
Rty Radius of The Mean Free Path Maximize size of the ionized regions

DM of an individual FRB at redshift
z along a single line of sight
DM(z) Mean Dispersion Measure Mean DM of a collection of FRBs observed at redshift =

DM(x,z) Dispersion Measure

dispersed FRBs under a fiducial reionization model and forecast the type of constraints
one can place on the astrophysics and morphology of the EoR given such a measurement.
We perform this forecast with 102, 10*, and 10° high DM samples.

This chapter is structured as follows. In Section 7.2 we describe the astrophysical and
morphological parameters used in our simulation to bracket the physical range of EoR
scenarios. In Section 7.3 we discuss how the mean DM and the DM probability distribu-
tions of high redshift FRBs depend on these parameters. In Section 7.4, we describe our
fiducial reionization model, the mock FRB measurements made for this reionization sce-
nario. We forecast the constraints that can be placed on the EoR parameters using such a
measurement and in Section 7.5 we present the results. We summarize our conclusions in
the concluding chapter. Throughout this work we set the ACDM parameters to o5 = 0.81,
Q,, = 0.31, Q, = 0.048, h = 0.68 [123].

7.2 Simulation

To generate density and ionization boxes representative of different EoOR models we use
21cmFAST package [99]. Density fields are obtained through the Zeldovich approxima-
tion while ionization and halo boxes implement the excursion set formalism of [53]. For

turther details about how 21cmFAST generates reionization models see [99]. Throughout
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this paper we use high resolution boxes of 800° voxels corresponding to a comoving side
length of 300 Mpc and coarser boxes of 200° voxels corresponding to the same comoving

side length.

7.2.1 EoR Parameters

We use 21cmFAST to generate different EoR scenarios by varying a number of adjustable
parameters which encapsulate variations in the detailed astrophysics of reionization. We
bracket the physical range of EoR scenarios by adjusting the parameters M, R, and
(. Physically, the turnover mass, M;,,, determines the mass of a halo in which star for-
mation is efficient. Values of M, ~ 5 x 108M,, correspond to a virial temperature of
Tyir ~ 10*. Values below M,,,, have exponential suppression in star formation. Roughly,
this sets the mass scale for the ionizing sources. The unitless astrophysical parameter (,
determines the ionizing efficiency of the sources. This parameter is an amalgamation of
other parameters which describe the small scale astrophysics of the UV sources. A large
value of ¢ will imply more ionizing photons per stellar baryon, while a smaller ioniz-
ing efficiency will entail less ionizing photons are emitted for each ionizing source. The
cutoff-radius Rng sets the maximum size of the ionized bubbles [142]. Variation of these
parameters effect the timing and duration of reionization, and have been studied in previ-
ous works [42,69,82,117,127]. For this work, we use these parameters to generate a wide
variety of EoR models that bracket physical scenarios. The 21cmFast simulation oper-
ates under an inside-out reionization formalism in which the density field § is correlated
with the ionization field xy;; and therefore do not capture the different § xyy; correlations
indicative of different EOR morphologies. Therefore in order to study the effects of mor-
phology, we input it by hand using a parameter, 5. In the next Section we introduce a
parametrization that extends the physical scenarios bracketed by the astrophysical pa-

rameters to EOR morphologies of arbitrary ionization-density correlations.
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7.2.2 Morphological Parametrization of the EoR

To simulate EoR scenarios where the density field and ionization field are correlated by
some arbitrary amount, we use the J parametrization introduced in [116]. This parameter
continuously tracks the correlation between zy;;6. We briefly describe this parametriza-
tion here. The 8 parameter has bounds —1 < 3 < 1 and controls the amount of correlation
between xy;; and 6. The sign of 3 indicates the overall sign of the correlation between zyy;
and 0. Positive values of 3, indicate a positive correlation between density and ioniza-
tion fields, and so overdense regions in ¢ couple to regions of high ionization fraction
in zyy. This sign of correlation is indicative of inside-out reionization scenarios, where
the overdense regions of the IGM are first to be ionized. Conversely, negative signs of
$ indicate an overall negative correlation between ionization field and density field so
that overdense regions in ¢ correspond to regions of low ionized fraction of hydrogen.
This is indicative of outside-in reionization, where overdense regions of the IGM are last
to be ionized. The magnitude, |3|, indicates how strong that correlation sign is between
ionization and density fields. A value of 8 = 0 indicates a random placement of the ion-
ized regions, in which case there is no correlation between ionization and density fields.
As we increase /3 from 0 to 1, the relative likelihood of finding overdense regions of §
corresponding to ionized regions in zyy increases, until finally at 5 of 1, all overdense
regions in 0 always correspond to regions of ionized hydrogen. Similarly, as we decrease
B from 0 to —1, the relative likelihood of finding overdense regions of § corresponding to
ionized regions in gy increases until at 3 = —1, all overdense regions in 4 correspond to
regions of low zyy. The intermediate, non-extreme values of 3,i.e. —1 < § < 1 indicate
reionization scenarios that contain the statistics of both inside-out and outside-in. Figure
7.1 demonstrates the affect of inside-out, or outside-in reionization, on the free electron
number density n. in the IGM. For a more detailed discussion on this parametrization, the
reader is encouraged to read [116]. Table 7.2 summarizes the terminology used to describe
the type of correlation as well as the model to which it pertains. The /3 parameter encodes
only the correlation statistics between density and ionization fields and is treated as inde-

pendent from the other EoR parameters in our models. This makes $ phenomenological
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Table 7.2: Lexicon for physical models and their respective correlations

15} Correlations between zy; 6  Physical Model

1 Correlated Inside-out

1< B <0 Increasingly correlated Mostly inside-out
0 uncorrelated Random

0> > —1 Increasingly anti-correlated Mostly outside-in
—1 Anti-correlated Outside-in

compared to the other parameters. Although f is a not a physically derived quantity, it
correctly predicts the statistics for different density-ionization correlations. In the follow-
ing Section we shall see that our models only use the statistics of DMs, and so our results

do not depend on the physical nature of .

7.2.3 Dispersion Measure

The observed dispersion in Equation 7.1 is sensitive to all sources of free electrons en-
countered by the radio burst as the electromagnetic wave travels from source to observer.
This includes the free electrons found within the host galaxy as the FRB leaves the source,
as well as the free electrons encountered in the Milky Way (MW) as the FRB arrives to
the observer. The FRB also has exposure to the free electrons found in the circumgalactic

medium (CGM) and IGM. We split Equation 7.1 into its respective components

DMobs (X, Z) = DMhost -+ DMMW + DMCGM (X, Z) + DMIGM (X, Z) (75)

The dispersion DMjg\ (X%, 2) is due to the free electrons found in the IGM between the
FRB source and the observer. This is the DM attributed to cosmic reionization and is the
DM of interest in order study the evolution of zyy;. The DM attributed to the host galaxy,
MW and CGM are subject to uncertainties surrounding the gas dynamics within these
regimes, and as a result make them difficult to model. We treat them as contaminants in
our measurement of the contributions of DMjqy to DM,,s. The DM contribution due to

the interstellar medium (ISM) of intervening galaxies have also been shown to be negli-
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Figure 7.1: From the center of the figure outward: Lightcones of the density field ¢, ion-
ization fraction zy;; and free electron field n. for the case of inside-out reionization (left
three boxes) and outside-in reionization (right three boxes). Inside-out reionization (left)
leads to a higher free electron number density n. in the ionized bubbles since the density
field (center) couples to the ionized regions in zu; compared to outside-in models (right)

where the underdense regions in ¢ couple to the ionized regions in ;.
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gible [131]. The inhomogeneity of xur, 6 and the gas dynamics as a function of position
x make it unreasonable to draw conclusions on the state of the IGM through a single line
of sight. We instead compute the mean value of DM,,,s due to all sightlines. This removes
single line of sight fluctuations in ¢ and zyy; as well as averages over the contributions
due to the CGM. With the assumption that the different contributions to the DM are

uncorrelated with each other we obtain,

DM,1,s = DMy,05 + DMyw + DMcay + DMigu. (7.6)

Studies such as [68] model the DM contribution of the Milky Way. Other studies have
found that the photon incurs an average DM of DMy ~ 200pc cm~2 when leaving the
MW and host galaxy [153,158]. We treat the average contribution of the MW and host

galaxy to DM, as an offset ~ 200pc cm™2.

DM, — (DMyost + DMyw) = DMc¢an + DM (7.7)

We assume high redshift FRBs have DM, dominated by the IGM, we neglect the con-
tribution due to the CGM for this work although there may be some evidence that the
CGM contribution is ~ 200 pc cm ™ [28]. The remaining fluctuations in DM are attributed
to cosmic reionization. Henceforth we refer to DMigym as DM,,;,s. This model isn’t meant
to be overly realistic, we intend to capture first order effects due to DM;gy. In order for
precise measurements to be made of the impact that the EoR has DM,,,, a method to sub-
tract out the effects due to the CGM needs to be studied. We leave such a study to future
work. The mean DM of a high redshift FRB observed at redshift ~ due to free electrons in

the IGM is then evaluated using Equation 7.1 as

fuficmQmpo(1 + 2)
muHoE(2)

Wobs<2) = — /CdZ (EHH(Z> +@HH(2>) . (78)

The DM, of high redshift FRBs will be proportional to the mean ionization fraction
ZTunr of the IGM as well as to the mean product zyy;d. This cross term captures the density-

ionization correlation of the EoR which describes how the underlying density field ¢ cou-
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ples to the ionization field zyy. The 5 parameter quantifies the different possibilities of
this correlation. The astrophysics of the EoR affect both of these terms. Since the astro-
physics sets the size and morphological features of the ionization field zyy;, they too have
consequences for DM . In addition, the astrophysics of the EoR determine the onset and
duration of the EoR, i.e. they determine the mean ionization fraction Zy at each redshift
z. Previous studies have looked at how broad modeling the mean ionization fraction z;0
to redshift affects the observed DM of high redshift FRBs, i.e. the Zynd term in Equation
7.8 [166]. Here we build on that by including both terms and studying how the detailed
astrophysics as well as density-ionization correlation affect both terms. For readers who
are less familiar with the parameters that have been discussed, they are summarized in
Table 7.1 for easy reference. In the following Sections, we study how the astrophysical
parameters, and the 3 parameter, which parameterizes the density ionization correlation,
affect DM, ..

In the following section, we evaluate Equation 7.8 by simulating 10° sightlines, com-
puting the individual DM of each sightline, and by averaging the DMs. This is done for

each reionization model.

7.3 Models

Equation 7.8, states that DM\ of an FRB depends on the cumulative of both the mean
ionization fraction, Ty, and the density-ionization correlation, THio, along the line of
sight. If zg,R is the redshift in which the IGM becomes increasingly neutral, then Zy = 1
forall z < zg.r and so the relationship between DMy and z is linear up until the onset of
reionization [27]. The linear relationship breaks down at zg.r since Ty decreases rapidly
due to the increasingly neutral IGM. As a result, the EoR produces a flattening of DM for
high redshift FRBs. The shape and positioning of this flattening is highly dependent on
the onset, duration and morphology of reionization. In this Section we use the astrophys-
ical and correlation parameters to study how EoR models affect the DM of FRBs observed
in the EoR. We consider the distribution of DM at each z of the individual DM sightlines

as a function of the astrophysics and morphology of the EoR. In Section 7.5, we forecast
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Figure 7.2: Redshift evolution of the DM probability distributions for our fiducial reion-
ization scenario 8 = 1, ( = 25, Myym = 5 x 103Mg, and Ry = 30Mpc. At higher redshift
the relative probability of high DM sightlines increases.

that the constraints that can be placed on these parameters through measurement of high

redshift FRBs.

7.3.1 DM Distributions

We consider the distribution of the individual DM sightlines as a function of the astro-
physics and morphology of the EoR. FRBs observed at low z are more likely to have low
DM sightlines due to less chance of interactions with free electrons in the IGM. From Fig-
ure 7.2 we see that the resulting DM probability distribution is highly non-Gaussian and
skewed to low DM. Note that the contaminants DM¢qy and DMgy can produce high DM
fluctuations, even at low redshift. Removal of these contaminated sightlines are required
in order to make precise deductions about the state of the IGM using FRB DM statistics.
This might be especially difficult to do for high redshift FRBs since FRBs observed at high
redshift are more likely to interact with free electrons from the IGM and so large DM sight-

lines become more likely (see Figure 7.2). At higher redshifts, the distribution functions
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tend to become better approximated as Gaussian. Previous studies such as [165], use the
variance, 02 = (DM — DM)?), of the DM distributions to estimate the maximum size of
the ionized regions at each z. Since the maximum size of the ionized regions depends on
the astrophysical parameters, our approach is complimentary. The astrophysics driving
the EoR will determine the evolution of the DM(z) probability distributions. For example,
scenarios with larger ¢ or smaller M., tend to have DM distributions skewed to higher
DM since reionization begins early, which increases the relative likelihood of finding high
DM sightlines by increasing the likelihood of interaction with free electrons. Meanwhile,
scenarios where the EoR unfolds as inside-out, tend to have high density regions in ¢ cou-
ple to regions of high fraction of ionized hydrogen, i.e. the product zgnd ~ n, is larger
than the corresponding outside-in scenario where the high density regions couple to low
fraction of ionized hydrogen. In this scenario, the free electron regions tend to be denser
in inside-out models than the corresponding outside-in models. As a result, scenarios
where reionization unfolds with 3 > 0 increases the likelihood of high DM sightlines.
This is reflected in the DM(z) distributions in Figure 7.3 where there is a larger portion
of distribution in the high DM portion of the distribution compared to outside-in maps
where the distribution is skewed to lower DMs.

These parameters influence the shape of the DM distribution as well as their evolu-
tion in redshift. Since DM is derived from these DM distributions, then the underlying
astrophysics and morphology of the EoR can be detected directly from DM. In the follow-
ing Sections, we build our intuition on how the astrophysics and morphology of the EoR

affect DM.

7.3.2 Astrophysical Signature on DM

Local fluctuations in n. make it difficult to deduce the astrophysics from individual sight-
lines. Instead we average over all sightlines to remove these fluctuations. In doing so, we
can predict the signature of the astrophysical parameters on DM in Equation 7.8. Since the
presence of neutral hydrogen in the IGM causes a flattening of the DM curve at the onset

of neutral hydrogen, then the astrophysical parameters, which determine the timing of
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Figure 7.3: Evolution of the individual sightline DM probability distributions for a va-
riety of reionization scenarios encapsulated by the density-ionization parameter 3, ion-
izing efficiency ¢ and mass scale of the ionizing sources M,,,,. Notice how the different
reionization scenarios begin to distinguish themselves at higher redshifts. In each panel,
the gold distribution corresponds to the fiducial reionization scenario of 5 = 1, { = 25,
Miyen = 5 X 108Mg and Rpg, = 30Mpc.

this flattening, can be deduced from DM. For example, the ionizing efficiency ¢ increases
the output of UV photons from the ionizing sources, which for larger values of ¢, results
in shifting the onset of reionization to higher redshifts. In this scenario, the IGM is ionized
earlier and the flattening of the DM curve occurs at larger z. Conversely, decreasing the
ionizing efficiency of the sources shifts the flattening of the DM curve to lower redshifts.
Therefore, if we study the dependence of DM on ( at fixed z (within the EoR), increasing
the ionizing efficiency will increase the mean DM of the FRBs at that redshift. We find
a similar dependence for DM on M. This is the mass scale for a source to begin ef-

ficiently producing UV photons which similarly alters the onset of reionization. Lower
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Figure 7.4: DM for a variety of density-ionization correlations 3 (upper left), mass scale

of the ionizing sources M, (upper right), ionizing efficiency ¢ (lower left), and mean

free path R, of the ionizing photons. Notice how high ionizing efficiency of the sources

and smaller masses of the ionizing sources lead to an early onset reionization, and so

an increase in DM at that redshift. Inside-out reionization models 5 > 0, lead to an

increase in DM, since the free electron number density in ionized regions is greater than

the corresponding ionized region in outside-in models 8 < 0. In each panel the dotted

curve corresponds to same reionization scenario f = 1, { = 25, Myym = 5 X 10M,, and

Ryip = 30Mpc. We use this fiducial reionization scenario in our forecasts in Section 7.4.

82



values of M, allow the EoR to start early, which shifts the flattening of DM to higher
redshifts, while larger values of M, delays reionization, pushing the flattening of DM to
lower redshifts. We find that DM is less sensitive to R, as compared to the other EoR
parameters. Once R, is increased beyond the size that is physically possible at given z,
DM loses all sensitivity to the parameter.

In general, these astrophysical parameters determine the mean ionization fraction Ty
at each redshift z, which DM depends on. One could approach the study of DM on Typ
by adopting a model for the evolution of Zy;; on z without invoking the dependence of
astrophysical parameters. However, these parameters can also have a secondary affect on
DM through the cross term in Equation 7.8. For example, if the Universe reionizes with
turnover masses M., ~ 10!°M_,, then the size of the ionized regions are larger compared
to a scenario with smaller turnover which increases the cross term in Equation 7.8. Physi-
cally this means that there are more free electrons for the FRBs to interact with. Increasing
the maximum size of the ionized regions R,,;, will maximize the interaction between FRBs
and free electrons for given EoR model with fixed ¢ and M,,. This maximises DM.

The sensitivity of DM to ¢, Myyn and R increases as we observe FRBs at higher
redshifts. This is due to the FRBs having interacted with the ionization history of the uni-
verse for longer and so Equation 7.8 carries more information about the EoR. Conversely,
DM loses all sensitivity to the astrophysics of the EoR as the entire Universe is reionized,
referring to Figures 7.4, all models converge at z = 6 which in our models correspond to

an entirely ionized IGM.

7.3.3 Morphological Signature on DM

From Equation 7.8, the mean DM of high redshift FRBs is sensitive to the density-ionization
product dzyy. The method in which xyy couples to the underlying density field 6, will
have consequences for the DM. Inside-out scenarios, i.e. scenarios where 3 > 0 (posi-
tive correlation between ¢ and zyy), high density regions couple to high ionized fractions
in zyy. This results in the ionized regions being denser in free electrons, leading to an

increase in DM compared to other morphologies. For example, the outside-in scenario,
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where ¢ and zyy; are negatively correlated (5 < 0), the underdense regions in 4 corre-
spond to high fractions of ionized hydrogen. As a result, the free electron density within
the ionized regions are comparatively smaller. Referring to Figure 7.4, we see that inside-
out morphologies lead to an increase in the mean DM of high redshift FRBs as compared
to outside-in models. Intermediate values of 5 can be interpreted as follows; as 3 is in-
creased from the uncorrelated scenario, f = 0, (where the ionized regions are random
with respect to § ) to 3 = 1, the high density regions in § becoming increasingly likely to
couple to ionized regions in xyy. The mean n, within bubbles monotonically increases
until 3 = 1 where all high density regions correspond to ionized bubbles and DM is max-
imized with respect to 3. Conversely, as we decrease /5 from 5 = 0 to § = —1, the high
density regions increasingly couple to regions of low ionized fraction in xx;r which mono-
tonically decreases the mean n. of the ionized regions. As a result, the product n. ~ dzun
is decreased, which leads to a decrease in the mean DM of these models. As a result,
inside-out scenarios receive a boost in average DM due to the increase of 7, compared
to outside-in driven models. The morphological signature on DM is different than the
astrophysical parameters since the morphology directly influences the mean density of
free electrons, n. within the ionized bubbles without changing the timing of reionization.
The contrast in DM between the extreme morphologies is greatest for FRBs observed at
highest redshift. The longer the exposure of the FRB to the ionization history, the more
sensitive DM will be to the morphology. Conversely, as we observe FRBs at lower red-
shifts, there hasn’t been enough exposure to the EoR morphology to distinguish between
different 3 models. Therefore DM loses all sensitivity to 5 as Ty — 1. In Section 7.5, we
determine the number of FRBs required to make a measurement of DM precise enough to
place constraints on 5 as well as the astrophysical parameters.

In the following Section, we generate mock data by sampling the fiducial DM distri-
butions at each redshift given our choice of fiducial EoR and morphological parameters.
In Section 7.4.3, we forecast the type of constraints that can be placed on g as well as the

remaining EoR parameters through measurement of DM.
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7.4 Forecasts

In this Section we use the formalism of Section 7.3 to forecast the constraints that can be
placed on the EoR through measurement of high redshift FRB DMs. Since high redshift
FRBs have not yet been detected, we simulate a mock observation of high DM FRBs under
a fiducial reionization scenario. It should be noted that it is assumed that all generated
FRBs are observed with accompanied redshift localization where we take the uncertainty
on the redshift, 0, = 0. This may seem an ambitious assumption, but [159] notes that with
a mid- to large-size optical survey, it should be feasible to obtain about 10 redshifts for
host galaxies per night. Still, we concede that this redshift assumption is rather unrealis-
tic. Acquiring redshift information entails localizing the burst to a host galaxy. Currently,
there are a few localization techniques. Firstly, repeating FRBs can be localized by other
high resolution interferometers such as the Very Large Array (VLA) by doing a follow up
search. Conversely, it is very difficult to localize a non-repeater because one would need
an instrument with a very large field of view as well as a high resolution. ASKAP is cur-
rently able to do such localization and has localized all of the localized non-repeaters to
date. Once CHIME outriggers are placed, increasing CHIME's spatial resolution, CHIME
too will be able to perform such localization. That being said, some of the instrument
software may inhibit our ability to do this localization, even with outriggers, with high
redshift bursts. Another localization technique is to look for high energy counterparts.
The Neil Gehrels Swift Observatory, for example, has the ability to aid in localisation if
there is a high energy counterpart to the burst. This, however, represents a small subset
of FRBs and so far all bursts with counterparts have been in the Milky Way. Certainly, all
of these methods may not be optimal for searching for high redshift FRBs. The work in
this chapter simply explores what can be done in the most ideal scenario where both DM
and redshift information is available. In upcoming work, we intend to explore whether
constraints may be placed on reionization history when one only has access to DM. In this
Section, we outline our model for generating this mock observation as well as discuss our

tiducial reionization scenario. In Section 7.5, we present the results of these forecasts.
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7.4.1 Intrinsic FRB Statistics

Since FRBs observed after the EoR do not contain any information about the ionization
history of the Universe, only high redshift FRBs observed during the EoR contribute to
our forecasts. FRBs at these redshifts have not yet been observed and may be rare. To get
a more realistic sense of how many intrinsic FRBs that can potentially be observed given
a capable high DM experiment, we use an existing theoretical model of source count
distributions of FRBs at each DM. From this theoretically motivated count of FRBs within
z > zpor, We can populate our mock catalogue. We first define an intrinsic source count
distribution of FRBs. It will be from this distribution that we populate the redshift bins of
our fiducial sample for our forecasts. For this, we choose a source count distribution that
traces the star formation rate (SFR) [27]. While other source count distributions have been
proposed, [112] shows that the the density of FRBs (prrp) closely resembles cosmic star
formation history. We follow this prescription and use the following simple top-heavy

distribution for the number of FRBs per DM,

dn . pFRB(z)ﬂ dz
dDM  (1+2) dz dDM

(7.9)

where, Cfi—‘; is the comoving volume element.
Tracing the cosmic star formation history, we take the density to be proportional to the

SFR density [92,94],

(1+2)%7
14+ ((1+2)/2.9)56

prre(2) x psrr(2) = 0.015 M, yr_1 Mpc—3 (7.10)

dz
dDM

What relies on the model in this source count distribution is the factor. As men-

tioned in Sections 7.3.2 and 7.3.3, the DM-z relation is sensitive to reionization parame-
ters. Currently, the widely used DM~z relation is linear

DM(z) = C x z pc cm? (7.11)

where C is often taken to be 1000 [112] or 1200 [61]. These linear relations approximate

the redshift to an accuracy of about 2% for z < 2 [121]. As shown in Figure 7.4, the model
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of reionization affects the shape of the DM-z relation, especially at high redshift. In order

to place constraints on reionization, high redshift samples are paramount. Therefore, in

order to compute the source count distribution for the fiducial model, we calculate -- by

taking numerical derivatives of the corresponding fiducial DM-z curve. Measurements
of the EoR parameters have not yet been made, so in order to produce a mock sample
of observed high redshift FRBs, we must assume a fiducial reionization scenario. Our
fiducial EoR model is produced by fixing the astrophysical and morphological parameter
S from Section 7.3. We choose EoR parameters (y = 25, Myym,o = 5 X 10M,, and Runfp,0 =
30Mpc as well as 8 = 1. The astrophysical parameters are consistent with previous studies
such as [100], while the morphological parameter, 5 = 1, corresponds to an inside-out
reionization scenario.

The fiducial DM-z curve is the light blue dashed line (8 = 1) shown in the top left
panel of Figure 7.4. Now that the CDF is defined, we can build our mock data set.

7.4.2 Mock Catalogue of FRBs

We build our sample of FRBs using inverse transform sampling whereby a given number
of random samples is drawn from a probability distribution given its CDF. This populates
each redshift bin, of bin width 4, = 1, with FRBs according to the CDF. The method is the

following, where our random variable X is the FRB source count:

1. Define a random variable, X, whose distribution is described by the CDE, Fx.

2. Generate a random number u from a uniform distribution in the interval [0, 1]. This

number will be interpreted as a probability.
3. Compute the inverse of of the CDF, that is Fi;'(u).

4. Compute X = Fy'(u). Now the random variable X with distribution Fx has been

generated.

Using this method, we in fact draw a distribution of DM counts per DM bin. Then, using

our fiducial DM-z relation, convert this to counts per redshift bin. We simply proceed
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to use the probability distribution in 7.2 to draw the given number of DMs per redshift
bin. This method guarantees that our sample has line of sight fluctuations, ensuring that
every FRB has a unique DM, even when in the same redshift bin.

It may be noted that we only account for fluctuations in the DM distribution of FRBs.
The spacial distribution of FRBs is not accounted for here, that is, the sources are taken
to have random positions. In actuality, the spacial distribution of FRBs will be positively
correlated with the underlying matter distribution and so one my posit that FRBs emitted
inside an ionized region would acquire considerable DM from the host bubble. We find
that the contribution of the host bubble, or lack there of, to the total DM from the line
of sight during reionization is negligible and we proceed without populating halos with

sources. At this point, we are ready to move on to performing the MCMC on the sample.

7.4.3 MCMC setup

We place the mean of the individual sightline DMs of our mock FRB catalogue into a
vector DMg corresponding to the mean of the sample FRBs for each redshift z. For such a
measurement, the uncertainties on DMg are the sum of the instrumental systematic errors
in measuring the individual sightline DMs and the uncertainties in DMg due to sample
variance. The instrument errors on the individual DM are assumed to be small and so we
do not model the instrumental errors and only include the errors due to sample variance.

The uncertainties due to sample variances on DMg are

SN-1
o, = 7.12
N (7.12)

where N are the number of FRBs comprising the sample and sy_; is the measured sample

variance given by
N
1 -
S?V*l = m (]:)1\/[1 — DMS)2 (713)
=0

where DM are the individual sightline DMs sampled from the probability density func-
tions generated by our fiducial model, and DM is the mean of such a sample. Our fore-

casts consider different cases of og by considering different total number N of FRBs ob-

88



served. To place constraints on the on the EoR parameters 8 = 3, (, Miym, Rumfp, We eval-
uate the probability of 6 given measurement of the mean DM from the samples from
our fiducial EoR model defined in Section 7.4.2. This is the posterior p(8|DMg). We can

evaluate the posterior p(6|DMg) through Bayes theorem:
p(8]DMs) oc p(DMs|0)p(0), (7.14)

where p(DMs|0) is the likelihood function and p(8) is the prior on the EoR parameters 6.
Since the likelihood function is non-analytic in the EoR parameters 8, we use 21cmFAST
to generate a model density and ionization field representative of the IGM with param-
eters (3, ¢, My, Rmpp- To generate the density and ionization field with the morphology
indicative of the model 3, we use the same procedure described in [116]. From this model
reionization and density field, we generate a lightcone for each line of sight, and evaluate
DM for each of these lines of sight. We then average all sightlines together to evaluate DM
for this reionization model. The mean DM of all sightlines for this model is compared to
the fiducial mean DM of the mock FRBs through the x? statistic. The likelihood p(6|DMs)
is then computed as:

1 Z (mmodel - WS)2

p(DMg|0) o< exp —5 , (7.15)

- &
where we have assumed the errors on DMg to be Gaussian and independent. The Gaus-
sianity of the likelihood is a valid assumption since for larger samples of DM, the mean
DM, of these samples tend to be Gaussian distributed according to the central limit the-
orem. However since there are indeed correlations between redshift bins, the indepen-
dence of the likelihood in terms of z serves as an approximation. We consider the mean
DM of FRBs measured from redshifts z = 8 to z = 10 in steps of Az = 1 corresponding to
the redshifts that contain the largest sensitivity to the EoR parameters. Inclusion of more
redshifts do not significantly alter our conclusions and so for computational simplicity we
exclude them from our forecasts. We place uniform priors on each of the EoR parameters
0 within p(0). Since ( is only defined from —1 < g < 1, we place the prior -1 < g <1

which covers the entire possible physical range of EoR morphologies. For R,; we use
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5Mpc < Rng < 160Mpc which spans the all possible sizes consistent with the length
of our simulation boxes. For (, we place the range 5 < ( < 100 which encapsulates the
entire physically allowed duration of reionization histories [100]. Finally for M, we
use values of 10"My < Muym < 10'°M, which are physically motivated by the atomic
cooling threshold and by constraints on the faint end of UV luminosity functions [117].
Using the sampling discussed in Section 7.4.1, we generate mock data and fit to them via

the likelihood

(mmodel - msz ) 2

2
O'SZ

N 1
p(DMs, |0) o exp ~3 Z

z

(7.16)

where here we are summing over redshift bins, z = {8,9,10}. To sample our posterior
distribution, we use a Markov Chain Monte Carlo (MCMC) approach, as implemented
by the affine invariant MCMC package emcee [49].

7.5 Results

Here we present the MCMC results of our forecast discussed in Section 7.4.3 correspond-
ing to measurement of N high redshift FRBs observed between z = 8 to z = 10, and
distributed in 2z according to the CDF described in Section 7.4.1. We repeat this mock ob-
servation for three different total number of measured FRBs. We use N = 102,10, 10°,
where these observed FRB counts span a reasonable range of sample variances. In each
case we assume that the DM of these FRBs is dominated by the contribution of the IGM.
As discussed in Section 7.2.3, we neglect the contributions due to the CGM and ISM and
leave their inclusion for future work. The fiducial reionization scenario has parameters

B=1,(=25,Mum =5 x 10°Mg and R,,;, = 30Mpc.

7.5.1 Larger Sample Sizes

In this scenario we detect N FRBs, distributed across the redshift bins z = 8 — 10 accord-
ing to the theoretically motivated source count distribution discussed in Section 7.4.1.

Figure 7.5 and 7.6 show the results of this forecast for cases corresponding to N = 10* and
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Figure 7.6: Posterior distributions for measurement of DM for 10° FRBs distributed be-
tween redshifts 8 < z < 10 according to the source count distribution in Section 7.4.1.

Using such a measurement, we can rule out uncorrelated and outside-in reionization sce-
narios at 68%CR.

91



N = 10° respectively. From the posterior of both Figures, we see that there are clear de-
generacies between ¢ and M,,,,,. This is due to both parameters establishing the redshift
in which the flattening of DM occurs. This degeneracy is pronounced in Figure 7.3 where
changing the values of ¢ and M, result in translating the distribution along the hori-
zontal axis. By examining the 68% credibility regions (CR) in Figure 7.5, we can see that
measurement of N = 10* FRBs within these redshift bins can constrain ¢ to ¢ = 25.57 52
and log(M,m) = 8.6570 7. By placing constraints on these parameters (the ionizing effi-
ciency and the halo mass scale of the UV sources), one can place constraints on the timing
and duration of reionization. We find that with N = 10* FRBs in these redshift ranges, we
can constrain the duration, Az, of reionization (duration between 0.25 < Xy < 0.75) to
Az = 21105, and the midpoint 2,4 = 7.8703), at 68% credibility. Referring to the poste-
rior in Figure 7.6, the constraints on ¢ and M, are tighter for the extreme case of N = 10°
FRBs where we can constrain ¢ to within ¢ = 257 at 95%CR and log(M;,.m) = 8.7670 1
at 95%CR. With constraints on these parameters we can place constraints on the duration
of reionization, Az = 2.010%, at %95CR and the midpoint of reionization, z = 7.870 at
95%CR.

The correlation parameter /5 does not share degeneracies with these parameters since
it does not affect the timing of reionization, rather it affects the mean density, 7., of free
electrons in the ionized region. We find from the posterior that measurement of 10* FRBs
can distinguish between the sign of 5. Since the sign of 3 corresponds to the type of
correlation between ¢ and zy;;, we find that measurement of DM using 10* FRBs can rule
out 5 < 0 (outside-in) scenarios and S = 0 (uncorrelated scenarios) at 95% CR. In the
more extreme case of N = 10° FRBs, we can further rule out uncorrelated and outside-
in scenarios at 99% CR. Measurement of 10* FRBs between 8 < z < 10 is sufficient to
constrain the order of magnitude of R at 68%CR. For the case of N = 10° FRBs, our

models can constrain the order of magnitude of R,,g, at 95%CR.
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7.5.2 Smaller Sample Sizes

In this scenario we measure 100 FRBs distributed across redshift bins between 8 < z < 10,
again using the source count distribution outlined in section 7.4.1. We show the posterior
of such a measurement in Figure 7.7. Our interpretation of the degeneracy between the
parameters is identical to 7.5.1. We see from the posterior of Figure 7.7 that smaller sam-
ples of FRBs lead to biased fits due to cosmic variance. However even with such small
sample sizes, 68% of the contours lie within 5 > 0 suggesting that we can still rule out
both uncorrelated and outside-in reionization scenarios at 68%CR. We see from the pos-
terior that we can rule out models with ¢ and M,,,, outside the range 23 < ( < 55 and
4 x 10°Mg < My < 3 x 10°Mg at 68%CR. Ruling out this region of parameter space
is tantamount to setting broad constraints on the timeline of reionization. For example,
this region excludes scenarios where the Universe is still neutral at redshift z = 10, which
would severely flatten m(z) between 8 < z < 10. We can rule these models out at
68%CR. Similarly this region excludes models where the Universe is more than 60% ion-
ized by redshift = = 8, which would reduce the flattening of DM between 8 < z < 10. We

can rule out these scenarios at 68%CR.
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Figure 7.7: Posterior distributions for measurement of DM for 100 FRBs distributed be-
tween 8 < z < 10 according to the source count distribution in Section 7.4.1. The 68%
credibility regions of our measurements are shown. This measurement can rule out ex-

treme EoR models, for example, scenarios where the Universe is ionized by z = 8.
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Chapter 8

Conclusion

In this thesis, we explored how direct probes of the IGM can help us learn about the epoch
of reionization and address the challenges raised in Chapters 1, 2, and 3. In Chapter 6 we
presented an end-to-end simulation and analysis pipeline to cross-correlate 21 cm and
[CII] line intensity maps. This is done in the hopes of extracting a correlated signal from
data dominated by systematics. We create a mock cosmology with a peaked spectrum at
k = 0.075. We also include realistic foreground contaminants and produce mock observa-
tions by simulating the instrumental effects of the HERA array and the CCAT-prime tele-
scope. We expect to find a negative peak at k = 0.075 since the fields are anti-correlated
at this mode. We study three scenarios: one where only instrumental noise is added to
the cosmological signal, one where the cosmological signal is observed over one night
and has both foregrounds and noise added to it, and one where the second scenario is
averaged over 100 signal realisations. In studying both the auto- and the cross-spectra
of these fields, we find that the negative peak is recovered in the cross-spectrum of these
tields while the 21 cm auto-spectrum is heavily biased by foregrounds and instrumental
noise. In performing a basic null test, we find that this negative peak is indeed due to
the anti-correlation between the cosmological fields and not due to anti-correlated fore-
grounds. These results are promising and serve as an initial proof of concept for this
technique.

Still, this effort can be improved upon. To begin, the input cosmological fields can be

made more realistic by generating density fields and producing correlated line intensity
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maps from them using analytic and semi-empirical relations between the density field
and the intensity of the line being simulated. In addition, it is of paramount importance
to extend this pipeline to produce and analyse 3-dimensional data cubes in order to have
access to line-of-sight modes. Moreover, it is clear from the results of the null test that
improved foreground modelling would be advantageous. In particular, one can make
use of clustering information to create a more realistic spatial distribution of [CII] line
interlopers. There were also certain contaminants that were omitted completely, such as
radio frequency interference (RFI) and extended sources, which can be included in up-
dated versions of this pipeline. And of course, a long term goal for this research program
is to extend this framework to involve other probes, such as CMB observations and near-
infrared observations, which can also be cross-correlated with the 21 cm line.

In Chapter 7 we study how the astrophysics and morphology of the EoR affects the
mean DM of high redshift FRBs. We use a parametrization, /3, that tracks the density-
ionization correlation in the EoR and common astrophysical parameters to bracket the
range of physical EoR scenarios. We find that DM is sensitive to the astrophysics and

2 In

morphology of reionization and can influence fluctuations in DM up to 1000pc cm ™
particular, the ionizing efficiency and mass scale of the ionizing sources cause the greatest
fluctuations in DM, which we physically attribute to being caused by the modified timing
of reionization. The EoR morphology impacts DM by changing the density of free elec-
trons within the ionized regions. We find that inside-out reionization scenarios produce
the greatest density of free electrons within the ionized bubbles which increases the mean
DM of high redshift FRBs with respect to outside-in reionization scenarios. To gauge the
viability of such a probe, we perform numerical forecasts to study the types of constraints
that can be placed on the astrophysical and correlation parameters using measurements
of highly dispersed FRBs. Using a fiducial inside-out reionization scenario with midpoint
of reionziation, z = 2.0 and duration Az = 7.8, we find that samples of 100 FRBs can rule
out uncorrelated reionization at 68%CR. Using samples of 10* FRBs in the same redshift
range can rule out uncorrelated and outside-in reionization at 95%CR. We also find that

samples of 100 FRBs between 8 < z < 10 can rule out scenarios where the Universe is

entirely neutral at z = 10 with 68%CR. Further, this measurement can also rule out EoR
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scenarios where the IGM is more than 60% ionized at z = 8. Larger sample sizes (> 10%),
of high redshift FRBs, distributed in redshift from 8 < z < 10 according to the theo-
retically motivated source count distributions, can constrain the duration of reionization
(duration between mean ionized fractions 0.25 to 0.75) to Az = 2.1775) and midpoint
z = 7.87030 at 68%CR. Finally, we find that samples of > 10° high redshift FRBs can con-
strain the duration of reionization (duration between mean ionized fractions 0.25 to 0.75)
to Az = 2.070 and midpoint z = 7.81)3 at 95%CR.

For future work, we would like to further this proof of concept by using the full distri-
bution of DMs at each z in our forecasts, and by making use of observational constraints
as well as the intrinsic constraints outlined in this paper. There are, most obviously, ob-
servational constraints that play a role in the feasibility of such parameter fitting with real
data. While high-DM (DM > 4000) events have not yet been observed, [27] notes that
one can design an experiment that has a higher detection rate of highly dispersed events
by trading time resolution for higher frequency resolution. [166] note that FAST and SKA
will have the capability of making such detections and most recently [56] show that ob-
servations from SKA phase 2 will indeed reveal our reionization history. It must be noted,
however, that the FRB progenitor will ultimately dictate whether there exists an FRB pop-
ulation during the EoR. In addition, a more sophisticated simulation would allow one to
explore correlations between M, (, and the FRB source count distribution since these
three parameters ultimately depend on the stellar population. Folding everything into
one framework would allow one to study such correlations as well as take clustering of
FRBs into account.

Cosmic dawn did not occur as a single bright event, but rather individual stars, one by
one, lit our dark universe. Similarly, we will likely not understand cosmic dawn and the
epoch of reionization from one observation alone, but rather we will need to make use of
many tools which, one by one, will illuminate our understanding of this mysterious time
in our universe’s history. In this thesis, we explored three such probes: the 21 cm line,
the [CII] line, and the DMs of highly dispersed FRBs. These observations can all serve as

tools which will, along with others, help us understand the epoch of reionization.
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