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Abstract

This thesis presents an analytical approach for studying the cosmological 21 cm back-
ground signal from the Dark Ages (DA) and subsequent Epoch of Reionization (EoR).
Differential observations of a galaxy cluster are simulated to demonstrate how these
epochs can be studied with a specific form of the Sunyaev-Zel’dovich Effect called the
SZE-21cm. This work produces the first simulated maps of the SZE-21cm and shows
that the SZE-21cm can be extracted from future observations with low-frequency
radio interferometers such as the Hydrogen Epoch of Reionization Array (HERA)
and the Square Kilometre Array (SKA). In order to simulate near realistic scenarios,
we look into cosmic variance noise, incorporate and take into account the effects of
foregrounds, thermal noise, and angular resolution for our simulated observations.
We further extend this exploration by averaging over a sample of galaxy clusters to
mitigate the effects of cosmic variance and instrumental noise. Studying the SZE-
21cm for different plasma temperatures, a strategy is proposed to average the signal
over multiple clusters of different plasma temperatures. The impact of point source
contamination is also studied. The whole technique is applied to the results of the
EDGES collaboration, which in 2018 reported an absorption feature of the global 21
cm background signal centred at 78 MHz. The thesis also investigated the impact
of cosmological 21 cm background models on the SZE-21cm, considering cosmologies
with Warm Dark Matter, Population II and Population III stellar heating in the early
Universe, and excess cooling of the IGM at very high redshift, we find that the SZE-
21cm is dependent on global 21 c¢m signal models and that it can be used to extract
the distinct features imprinted on the cosmological signal during DA and EoR by
physical processes described in these models. Moreover, differential observations of
the SZE-21cm will enable us to rule out any inconsistent models of the global 21 ¢m
signal, and allow for the SZE-21cm to probe the formation and nature of the first
sources. Since the different models for the cosmological 21 cm background provide
very similar results, the resulting SZE-21cm signals will also be very similar and it
will be challenging to distinguish between them. Our approach demonstrates the po-
tential of the SZE-21cm as an indirect probe for the DA and EoR, and we conclude
that the spectral features of the SZE-21cm from our simulated observations yield
results that are close to prior theoretical predictions and that the SZE-21cm can be
used to test the validity of the EDGES detection. Early work showed the benefits of
the differential analysis technique outside of the SZE-21cm, applying it to observa-
tions of radio galaxies from the GalLactic and Extra-galactic All-sky MWA survey to
enhance features of sources in the continuum images, which can be beneficial for ef-
forts of source finding, extraction, and characterisation and developing a preliminary
pipeline that reduces the effects of contaminating backgrounds and foregrounds.
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Chapter 1

Introduction

Our perceptive of the Universe is changing in the current era of modern astronomical
observatories and ever improving instrument capabilities. The techniques that we
use to study the Universe are evolving at a similar rate. With improving technolo-
gies and techniques we are in a position to explore answers to fundamental questions
that will help us construct a clearer picture of the history of our Universe and un-
derstand the properties of the first luminous sources that powered it as well as the
physical mechanisms that gave rise to these sources and the processes that shaped
them into the state we observe today. Over the last three decades, our understanding
of cosmology has matured considerably, despite the progress so far achieved, very
little is well understood about the Dark Ages (DA) and the subsequent Epoch of
Reionization (EoR), which are periods in Universe history related to a wide variety
of fundamental questions in cosmology, to be specific: the properties of the first stars
and galaxies, physical mechanisms occurring during these epochs and many subject
issues central to both astrophysics and cosmology. Our theoretical understanding of
processes occurring during the DA and EoR is well established, it is however untested
by observations. There are efforts underway to construct larger and more sensitive
instruments and that will be able to observe in their respective wavelengths.

At present, low radio frequency observations of the redshifted 21 ¢cm neutral hydro-
gen line with interferometers are the popularly accepted probe for the DA and EoR
(Furlanetto et al. 2006; Zaroubi 2013). The 21 cm signal can be studied by mea-~
suring the global or sky-averaged component, which tracks the average properties of
the neutral hydrogen gas across the Universe as a function of redshift (Pritchard &
Loeb 2012). An alternative approach to study the 21 c¢m signal is the measurement of
the power spectrum, where angular variations in the neutral hydrogen gas evolution
of matter distribution and the progress of reionization manifest (Morales & Wyithe
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2010).

Direct observations of the 21 cm background are enormously challenged by the pres-
ence of a large number of astrophysical foregrounds including diffuse Galactic syn-
chrotron emission, noise due to radio frequency interference, ionospheric distortions,
cosmic variance and complex instrumental response (Ciardi & Madau 2003). It has
been forecasted that contamination to the 21 cm signal due to these components
is between 4 and 5 orders of magnitude greater than the cosmological 21 cm signal
(Shaver et al. 1999; Jeli¢ et al. 2010; Mellema et al. 2013), and unbundling the cosmo-
logical 21 cm signal from the contaminating foreground signals will be a non-trivial
task and the use of foreground subtraction methods may leave additional contami-
nating residuals. Various proposals have been made to eliminate or avoid foreground
contamination (Harker et al. 2009; Jeli¢ et al. 2010; Chapman et al. 2016; Liu & Shaw
2019). Any method proposed for mitigation of foregrounds contamination needs to
be exceptionally accurate and reliable as any error could conceivably decimate the
possibility to derive information from the cosmological 21 cm signal. Considering
the difficulties that can be confronted when measuring the global 21 ¢m background
signal utilizing direct methods it is significant that we investigate possibilities to use
indirect techniques that may enable us to establish properties of the global signal.
The work in this thesis uses differential analysis techniques for observations of the
Sunyaev-Zel’dovich effect (SZE), which is an effective tool for cosmological and astro-
physical studies, as an indirect technique to determine the global properties of the 21
cm radio background. This technique, called the SZE-21cm, was proposed by Cooray
(2006) and Colafrancesco et al. (2016) as a probe for the DA and EoR, who also
showed that the effect can be detected with upcoming interferometers at low radio
frequencies (< 200 MHz). The SZE-21cm can also be used to verify detections made
by current and future experiments, that are targeted for measuring the global 21
cm background signal using direct techniques, such as outcomes achieved in 2018 by
the Experiment to Detect the Global EoR Signature (EDGES) collaboration (Bow-
man et al. 2018). This research also studies the advantages of differential techniques
for continuum radio surveys, where the technique can used to enhance features of
low-surface brightness and extended radio sources.

This thesis is structured as follows: The theoretical background of the work covered
in the thesis is given in Chapter 2. In Chapter 3 we simulate differential observations
of the SZE-21cm, examine the detectability of the signal, show the benefits of measur-
ing the SZE-21cm towards multiple individual galaxy clusters, and then calculating
the average signal. This Chapter also looks at simulated cluster observations for
the SZE-21cm with upcoming radio interferometers, namely the Hydrogen Epoch of
Reionization Array (HERA) and the low-frequency Square Kilometer Array (SKA).
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Chapter 4 looks at how we can expect different 21cm-background models to affect the
SZE-21cm signal. In Chapter 5 we look at how different cluster plasma temperatures
affect efforts to minimise expected errors by averaging the SZE-21cm towards multiple
galaxy clusters. In Chapter 6 we apply differential observation analysis techniques
to radio continuum data from a low-frequency radio survey and present a pipeline
for such an implementation. The thesis summary, future work, and conclusions are

presented in Chapter 7.
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Chapter 2

Theoretical Background

2.1 The Universe after the Big Bang

It is now common knowledge that the Universe was born from the big bang about 13.8
billion years ago. Following the big bang, the Universe was hot, dense and opaque,
and conditions did not allow for the formation of nuclei and neutral atoms. This
means that the early Universe was ionized and scattered photons in any direction.
Dark matter was not coupled to the radiation field as it only interacts via gravity.
Approximately 380 000 years after the big bang, the temperature and density dropped
such that protons and electrons begin to settle down forming hydrogen atoms. Pho-
tons could no longer scatter off free electrons and radiation decoupled from matter.
During this cosmic event, gas in the Universe transitioned from an ionized to a neutral
state, this epoch is known as recombination or the last scattering surface. The pho-
tons from this period travel to us and are detected as Cosmic Microwave Background
(CMB). At recombination, the temperature of the Universe was approximately 3000
K, and since this period photons from the CMB have been redshifted to much longer
wavelengths and are detectable in the microwave regime of the electromagnetic spec-
trum at a mean temperature of 2.725 K. By measuring properties of CMB photons,
e.g. their polarizations and temperature, we can get important information about
the early Universe. Following recombination, there were no luminous objects in the
Universe. It became almost completely neutral and dark at this stage, and the only
photons present were in the form of the CMB. This period in the history of the Uni-
verse is called the Dark Ages (DA). During the DA, early small perturbations in the
matter density grew further under the influence of gravitational instability forming
the first non-linear structures of baryonic and dark matter. This structure forma-
tion started a transition from a starless, neutral, and cold Universe to one that was



CHAPTER 2. THEORETICAL BACKGROUND

,7 Dark ages —‘ ,7Reionized universe S

Inflation

Big Bang

Primordial
fluctuations

S L Reionization —
Cosmic microwave

background

Figure 2.1: Schematic diagram of the evolution of the Universe, showing the big
bang, the formation of the CMB at the last scattering surface, the Dark Ages and
reionization. [Credit: Faucher-Giguere et al. (2008)]

gradually reionizing due to the emergence of the first luminous sources. This pivotal
period in the history of the Universe is called the Epoch of Reionization (EoR). It
is believed that the Universe was completely reionized by z ~ 6. However, small
regions of neutral hydrogen still do exist within galaxies we observe. This Chapter
will say more about the history of the Universe and various interesting astrophysical
processes. The diagram in Figure 2.1 provides a good graphical representation of the
evolution of the Universe from the Big Bang to its present reionized state.

2.2 The Cosmic Microwave Background

The Cosmic Microwave Background (CMB) radiation can be detected today as the
afterglow of the Big Bang and is the oldest form of electromagnetic radiation in the
Universe. Penzias & Wilson (1965) first observed the radiation while working on an
experimental radiometer for satellite communications at Bell Telephone laboratories.
The instrument showed excess noise of 3 K other than the antenna temperature,
which they could not account for. It was later learned that this excess noise was from
the relic radiation, which was predicted by Gamow (1946) and Alpher & Herman
(1949), widely discussed by Zel’dovich & Sunyaev (1969) and Dicke et al. (1965). This
observation by Penzias & Wilson (1965) served as a motivation to launch the Cosmic
Background Explorer (COBE) satellite, which measured a near-perfect blackbody
CMB spectrum that is shown in Figure 2.2 with a temperature of 2.725 + 0.002

6
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Figure 2.2: The CMB blackbody spectrum and data measured by the Far In-
frared Absolute Spectrophotometer (FIRAS) instrument aboard the COBE satellite.
[Credit: lambda.gsfc.nasa.gov]

K that was astonishingly uniform in all directions (see, Fixsen et al. 1996). The
temperature of the radiation is astonishingly uniform in all directions due to an earlier
phase of the Universe that was extremely dense and hot (Smoot 1997; Wands et al.
2016). Later, more advanced satellite experiments such as the Wilkinson Microwave
Anisotropy Probe (WMAP) (Bennett et al. 2003; Spergel et al. 2003; Page et al.
2007) and recently the Planck (Planck Collaboration et al. 2015) provided support
for discoveries made by COBE. These experiments detected, measured and mapped
the anisotropies of the CMB across the sky, and resulted in a highly constrained
ACDM cosmological model with precise and accurate parameters.

The fluctuations in the CMB radiation across the sky are at the level of about 1 part
in 100 000 (% ~ 107°) and are referred to as the microwave background anisotropies,
they can be subdivided into primary and secondary anisotropies (Bond et al. 1999).
By studying these anisotropies and their origins we can learn about the Universe con-
tent, the formation of large-scale structure and the overall evolution of the Universe.
The primary CMB anisotropies are caused by effects at recombination and originate
from the last scattering surface at z ~ 1100. On their path to us, CMB photons
from the last scattering surface undergo various interactions that generate secondary
anisotropies due to gravitational and scattering effects. Various physical processes

7
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that occur subsequent to the recombination epoch leave an imprint on the CMB and
allow us access epochs like the DA and EoR. The CMB interacts with the plasmas
hosted by large-scale structures such as galaxy clusters, radio halos, and lobes of
radio-galaxies during these epochs giving rise to the Sunyaev-Zel'dovich Effect, that
this work uses as a probe of primordial physical processes using nearby large scale
structures.

2.3 The standard cosmological model and forma-
tion of structures

The anisotropies detected in the CMB, which we briefly discussed in the previous
section, are dependent on the amount of baryons in the Universe at the last scattering
surface and are an indication of both the initial density perturbations that allowed for
the formation of early gravitational wells as well as dynamics of the photon-baryon
fluid (Spergel et al. 2003). While other models have been proposed, the Lambda
Cold Dark Matter (ACDM) model is the current basis of the Standard Cosmological
Model for structure formation, and according to this model gas and dark matter were
gravitationally attracted to the areas of higher density and formed halos that resulted
in a hierarchical process, which developed structures such as galaxies, groups, smaller
clusters and then later larger galaxy clusters.

2.3.1 Galaxy Clusters

Galaxy clusters are among the most studied and interesting objects of our Universe,
they are the largest virialized structures in the Universe (with mass ~ 10'°M,,), and
can be used as probes to improve our understanding of the Universe at large scales
(Walker et al. 2019). These cosmic structures contain a vast amount of galaxies, hot
gas, and dark matter, and provide unique laboratories to test several astrophysical
phenomena like particle acceleration in Mpc-scale shocks, galaxy evolution, and active
galactic nuclei (AGN) feedback (Sarazin 1986). Clusters contain up to a few thousand
galaxies. These galaxies constitute just a few percent of the overall cluster mass,
with much of the baryonic cluster mass being provided by the hot ionized intracluster
medium (ICM), held together by the clusters’ gravitational pull. Galaxy clusters
have typical temperatures (kgT.) ranging from 2 to 12 keV (Perrenod & Henry 1981;
Sarazin 1986). The velocities of galaxies inside clusters are too large for them to
be gravitationally bound by their mutual attraction alone, which means that there
is an additional mass component or additional forces in addition to gravity (Rubin

8
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Dark Matter

Dark Energy

Figure 2.3: Energy density of the Universe attributed to baryonic matter, dark
matter and dark energy from the latest results obtained by Planck-Collaboration
(2018). [Credit: planck.cf.ac.uK]|

1983). In the ACDM model, the matter content in galaxy clusters is explained by the
presence of dark matter.

2.3.2 Elements of the ACDM model

The ACDM model is based on three main elements, which are dark matter, dark en-
ergy and inflation. The latest analysis of the CMB anisotropies (Planck-Collaboration
2018) tell us that about 31.7% of the total energy density is in the form of matter,
where only around 4.9% of the density is in the form of baryonic matter and 26.8% is
in the form of dark matter, the remaining 68.3% of the energy density is in the form
of dark energy, see Figure 2.3.

Inflation is an epoch of accelerated expansion in the early Universe and is the element
of the ACDM model that accounts for the homogeneity, isotropy, and flatness of the
Universe (Guth 2003). This epoch of accelerated expansion occurred about 10734s
after the big bang and led to a Universe with a density that appears to be equal to
the critical one, providing a flat geometry on the length scales that we can probe (see,
Senatore 2016). In other words, it is neither positively curved, like the 3-d equivalent
of a sphere, nor negatively curved, like the 3-d equivalent of a hyperboloid. How-

9
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ever, it is the 3-d equivalent of a plane, and the geometry is Euclidean. Cosmological
parameters by both the WMAP (Bennett et al. 2003; Page et al. 2007) and Planck
(Planck Collaboration et al. 2015) show that the Universe is close to flat in line with
inflation. The latest measurement of the spatial curvature from Planck Collaboration
et al. (2015) data only is Qg = —0.005705:5.

Often cited, Zwicky (1933) presented the first indication that our Universe is mostly
composed of some form of unseen ”"Dark Matter”. He measured the velocity disper-
sion of galaxies in the Coma Cluster and found that the velocities of the galaxies
were about ten times larger than expected. Visible baryonic matter alone could not
account for the mass of the Coma Cluster and accelerate the galaxies to higher veloci-
ties. Zwicky (1933) relied on the Hubble constant to obtain the distance to the Coma
cluster. The Hubble constant was at that time overestimated by about an order of
magnitude, which inflated the estimated mass to light ratio by the same factor. It
was the ground-breaking work by Rubin et al. (1980) that confirmed the existence
of dark matter and demonstrated that galaxies are embedded in dark-matter halos.
This work showed that even at the periphery, the speed at which stars orbit around
the centres of spiral galaxies remains high, which is contrary to the Newtonian theory
of gravity which predicts that distant stars’ speeds should drop when gravity pulls
are decreased. The only logical scenario for the galactic flat rotation curves observed
by Rubin et al. (1980) was that the mass of the galaxies invisibly extends beyond the
most distant stars and gas of clouds.

Another piece of evidence is imprinted in the CMB anisotropies by the photon-baryon
oscillation in the potential well of dark matter (see, Zackrisson 2005). Evidence of
the existence of dark matter in clusters of galaxies is present through gravitational
lensing of faraway galaxies. Observations by gravitational lensing experiments show
that these background galaxies are distorted and the amount of mass that is respon-
sible for this distortion is more than can be accounted for by visible baryonic matter
(R. & Narayan 1992; Clowe et al. 2006). To this day the nature of dark matter is
not fully understood, however, we know that it interacts via gravity and does not
interact electromagnetically since it does not possess an electric charge (Bertone &
Hooper 2016). Despite the indirect evidence of the existence of dark matter, our
understanding of its amount and distribution on various astronomical scales, and our
own galaxy have been improving over the years.

Dark matter may be classified into three groups: hot dark matter (HDM), warm dark
matter (WDM), and cold dark matter (CDM) (see, Abazajian et al. 2001). Bond
et al. (1984) and Primack & Blumenthal (1984) introduced the terminology of “Hot,”
“Warm,” and “Cold” dark matter, which refer to the velocity of the particles after
decoupling. HDM have minimal or close to no mass and move at relativistic speeds,
CDM has more mass and moves at sub-relativistic speeds, and WDM is intermedi-

10
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ate. It has been shown through N-body and analytic simulations that in a Universe
of HDM, it is not possible to match the small-scale galaxy clustering structure we
observe without an unrealistically late epoch of galaxy formation (White et al. 1983,
1984). CDM is currently the leading candidate to account for missing mass in the
Universe, since the particles are too slow to travel all but a negligible distance out
of a perturbation, keeping galactic scale density perturbations intact. A number of
particles have been discussed as suitable candidates for dark matter with the most
popular being axions and weakly interacting massive particles (WIMPs) (Goldman
& Nussinov 1989; Fields et al. 1998; Bertone et al. 2004).

Observations by Riess et al. (1998) and Perlmutter et al. (1999) showed that type
[a supernova are dimmer than would be expected in a matter-only Universe, which
means that they were farther away than expected and that the expansion rate of the
Universe is increasing. While the nature of dark energy is mostly unknown, these
observations led astronomers to assume the existence of dark energy, which unlike
dark matter, leads to gravitational repulsion (Guendelman et al. 2012). According to
these observations, there is a possibility that the Universe is accelerating with a large
fraction of the cosmological density given by the cosmological term ”A”, represented
in Einstein’s equations, with a strongly negative pressure given by

p = wpc, 2.1
p

which is known as the cosmic equation of state, where p is the energy density and w
is a constant that is dependent on dark energy model being used (Peebles & Ratra
2003). For the cosmological term ”"A”, w = —1 implying that p = constant (Zackrisson
2005). At largest scales, Friedmann-Lemaitre-Robertson-Walker (FLRW) metric is
used to describe an expanding homogeneous and isotropic Universe:

dr?
1—kr?

ds® = *dt* — a*(t) ( + r*(df* + sm20d¢2)) ; (2.2)

where £ is the curvature and the scale factor parametrizing the background expansion
rate is a. The metric given as equation 2.2 can be used to compute the Friedmann
equations from the Einstein equations:

1 8rG
Gy,y + Agl“’ = R/_”/ — §guyR -+ Ag,u,y = C_4T“V’ (23)
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Table 2.1:: Cosmological parameters in the ACDM model.

Symbol Parameters

H, Hubble parameter, which measure of the observable size of the Universe
and its present age

Qp Cosmological constant, which is the effective mass density of dark energy

Qm Total matter density, which includes dark matter and baryonic mater

Q. Radiation density term
% Curvature term

where g, is the metric, R, is the Ricci tensor, G is Newtons gravitational constant,
c is the speed of light, and 7T),, is the radiation matter-energy stress tensor. For the
flat Universe scenario, we introduce the notion of critical energy density given by

3Im2H?

where m, and H are the Planck mass and Hubble expansion rate, and define the
ratio of the energy density for each fluid in the Universe to the critical energy density
today,

Pz
Q=P 25
Pe (2:5)

The growth rate of the Universe is defined as the Hubble expansion rate:

2
8TG A K3
H*(t) = (—) =gt (2.6)
and the term evolves like
H(t) ag ag ag

where Hy and ag are the values of the Hubble parameter and the scale factor today,
respectively. The cosmological parameters, that include the parameterization func-
tions and numbers that describe the physical state of the Universe and its global

12
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Figure 2.4: Visualisation of the hyperfine spin-flip transition of hydrogen from the
higher energy spin state (triplet) to the lower (singlet) state, that produces radiation
with a wavelength of 21cm.

dynamics, such as its composition, expansion rate and curvature are defined in table
2.1.

2.4 The cosmological 21 cm background: a probe
for the DA and EoR

We have observational evidence on the epoch of recombination at z ~ 1100 from
CMB experiments. However, when it comes to the subsequent periods, the DA and
EoR, direct observational evidence is not possible because bright sources are not
present during DA and are few in number at the beginning of EoR. Most of what
we know about these epochs has been theorised and backed by simulations. This
period between redshift 1100 to 6 is very important since this is when the initial
density perturbations of the Universe grew gravitationally to eventually form the
first structures. Many theoretical models predict that towards the end of the DA
collapsed structures that emitted Ultraviolet (UV) and X-ray radiation started to
form and caused the Inter-Galactic Medium (IGM) ionize, this transition from a
homogeneous Universe marked the beginning of the EoR (Barkana & Leob 2005;
Furlanetto et al. 2006; Koopmans et al. 2015; Pritchard & Loeb 2012). As time and
gravity advanced during the FoR more sources ignited, creating more ionized bubbles
up to a point that the ionized bubbles started to overlap and gradually ionized the
entire Universe at around z ~ 6.

13



CHAPTER 2. THEORETICAL BACKGROUND

2.4.1 The 21 cm line of neutral hydrogen

Neutral hydrogen that is abundant in the IGM prior to reionization; therefore, it
provides a reliable tracer of gas properties which can help us in understanding major
milestones in the first billion years following the big bang (Pritchard & Loeb 2012).
Hydrogen undergoes a highly forbidden hyperfine transition that gives rise to the 21
cm line, with a mean lifetime of about 11 million years (Condon & Ransom 2016),
and occurs due to the spin-spin interaction between the proton and the electron in
hydrogen. A photon with a wavelength of 21 c¢m is emitted when the spins change from
parallel to anti-parallel, this produces a signal with a temperature of T,= huy; /kp
= 0.0681 K at a line centre frequency of vy, = 1420.405 MHz (Hellwig et al. 1970),
visualised in Figure 2.4. Here kg and h are the Boltzmann and Planck constants,
respectively. The expansion of the Universe results in the 21 ¢m signal emitted during
the EoR and DA being redshifted to a frequency v = 2 for Hydrogen located at a

(14+2)
cosmological distance of a given redshift (z). The spin temperature characterizes the

excitation temperature for the 21 cm transition with the ratio

_T.
mo_ 261’p< ), (2.8)

where the ratio of the spin degeneracy factors of the two levels is % = 3, and ng and ny
are the populations of the singlet and triplet ground state of HI atoms, respectively.
Equation 2.8 tells us that the spin temperature is effectively a shorthand for the
ratio between the occupation numbers of the two hyperfine levels which establishes
the intensity of the radiation emanating from a cloud of neutral hydrogen (Zaroubi
2013).

For the 21 cm signal, the CMB is the background continuum radiation and the gas
cloud is the neutral hydrogen in the IGM. Field (1958, 1959) calculated the spin
temperature for a cloud of neutral hydrogen as the weighted average of Ty, the
gas kinetic temperature (7y;,) and the temperature related to the existence of ambient
Ly-a photons (T,), assuming Ty;, = T,, this can be written as

_ Tem + YkinLkin + YaTkin
1 + Yo + Ykin

Ts , (2.9)

where the Ly-a coupling term ,y,, is due to Lya pumping (also known as the
Wouthuysen-Field effect process (see, Wouthuysen 1952; Field 1958, 1959)), which
occurs through collisions and scattering of Ly-a photons that couple the spin tem-
perature to the gas temperature, Ty;,. The kinetic coupling term .y, is due to
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collisional excitations of the 21 c¢m transitions, and both y, and y;, depend on the
rate of collisional and Ly-a pumping within the neutral hydrogen cloud.

The 21 c¢m signal depends on the radiative transfer through gas along the line of sight
s for the specific intensity (per unit frequency v) and the equation is given by (see,
Rybicki & Lightman 1986),

% =—a, I, + j,, (2.10)
where coefficients «,, and j,, respectively describe the absorption and emission by the
gas along the line of sight. Since the photon frequency of the 21 cm line is smaller than
the peak frequency of the blackbody CMB, we can work in the Rayleigh-Jeans limit.
In terms of the Rayleigh-Jeans law the relation between the brightness temperature
(Ty) and specific intensity (I,) is given by

I,c?
Tb(”) = W’

Using the basic definition of the optical depth 7, = [dsa,(s) equation 2.10, the
radiative transfer equation for light from a background radio source of brightness

(2.11)

temperature Ty g and spin temperature T, can be rewritten in terms of brightness
temperature as

Tb(V) = Tg(l — 677—”) + TCMB(V)eiT". (212)

We note that when Ty = Topyp the brightness temperature will be that of the CMB
due to the balance in absorption and emission. The three mechanisms that determine
the spin temperature are (1) absorption of a 21 c¢m photon from the CMB by a
hydrogen atom (CMB pumping), (2) collision of a hydrogen atom with another atom
(collisional pumping), and (3) absorption of a Ly-a photon by a hydrogen atom
to make a Ly-a transition, then decay to one of the hyperfine 21 cm levels (Ly-a
pumping) (see, Shapiro et al. 2006; Zaroubi 2013).

For a cloud of neutral hydrogen the optical depth is

. 362711410711-[[
 16kpr3 TsH(z)

(2.13)

Ty
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Here nyy is the local hydrogen density (see, Zaldarriaga et al. 2004), the spontaneous
emission for the transition is A;yp = 2.85 x 10715s7! and assuming high redshifts
(2 > 6) the Hubble parameter is H(z) =~ HOQ%Q(I + 2)3/% in units of 100 km s~
Mpc! and we can rewrite equation 2.13 as

7;—86x10%1+5nH{§2Eiﬁ}

Ts
0, h?2 15\ (1 1/2
LR RV A (214)
0.02 Q,,, h? 10
where the x gy is the fraction of neutral hydrogen, 1 + § = p/p is local baryon over

density. The CMB temperature at redshift z is Toyp = 2.725(1 + 2) K, and using
equation 2.12 the quantity to be measured by radio interferometers is the differential

brightness temperature 67T, = T, — Ty g given by

Te — T,
5@@0:2&1+5WH{43—4&@}

Ts
Quh? 015\ /1+2\]"?
(502) > () (7)) e 9

0T} is also known as the global 21 c¢m signal, the spectrum as a function of frequency

is in Figure 2.5. Equation 2.15 is a mixture of astrophysics and cosmology dependent
terms, and is influenced by various contributions at different stages of its evolution.
At low redshifts, the Universe is ionized and 67, measurements are influenced by the
contrast between the neutral and ionized regions, this probes the astrophysical source
of ionization. At high redshifts the Universe is almost completely neutral, 67} is pro-
portional to the density fluctuations, and its measurements can help us understand
how structures have grown through time, this makes it an excellent probe of cosmol-
ogy. The detectability of the 21 cm signal rests on the spin temperature. Radiation
of the 21cm-background can only be detected if it has a temperature different from
that of the CMB, we do not expect to detect the 21 cm signal when Tg ~ Topg. The
detailed derivations for equation 2.15 are covered by Madau et al. (1997); Ciardi &
Madau (2003); Furlanetto (2006a); Zaroubi (2013). The 21 cm line at every observed
frequency corresponds to a different distance, and we can use this to isolate each
phase in the IGM’s history, it emits energy at radio wavelengths and can be observed
as a diffuse background redshifted to longer wavelengths due to the expansion of the
Universe. The signal of the 21 c¢m line is sensitive to major transitions in the ioniza-
tion and thermal history of the Universe, which constrain the surfacing of the first
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Figure 2.5: The global 21 cm cosmological signal of neural hydrogen. (Top) Change
of spectral shape of the 21 ¢m brightness over time, where the colours indicate the
brightness of the 21 c¢m line, with blue corresponding to absorption and red to emis-
sion. (Bottom) Solid curve: The global 21 cm brightness temperature offset from
the CMB spectrum as a function of frequency and redshift, Dashed line is at 6T}, =
0. [Credit:Pritchard & Loeb (2012)]

generations of stars, black holes, quasars, and formation of large clusters. It maps
the distribution of baryonic matter, hence mapping large comoving volumes of the
Universe is more promising as a cosmological probe as compared to studies using the
CMB and presents better sensitivity for cosmological probes of dark matter, dark
energy, inflation and neutrino masses (Zheng et al. 2014).

2.4.2 The global history of the DA and EoR from the 21 cm
cosmological signal

Changes in the kinetic temperature, CMB temperature, and spin temperature con-
tribute to interesting physical features of the HI 21 c¢m signal. Paying close attention
to equations 2.9 and 2.15, we now discuss key features of the global 21 cm signal
as shown in Figure 2.5, which determine the redshift and corresponding frequency
intervals where the cosmological signal is dominated by fluctuations in the different
quantities:

e At redshifts z 2 200 (v < 10 MHz ), Thomson scattering off residual free
electrons and gas collisions maintain the equilibrium between Ts, Ty s and
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Thin- Subsequent to recombination, the CMB temperature is coupled to that of
neutral gas, and at this stage no changes can be observed in §7;. Since all the
temperatures are the same we do not expect any 21 cm signal as fluctuations
of §T}, are negligible.

e The gas cools adiabatically at redshifts 40 < z < 200 (35 — 10 MHz) such
that Ty, o< (1 + 2)?, this results in the temperature of neutral gas dropping
below that of the CMB (T}, < Toarp) and collisional coupling sets Ts < To s,
the CMB flux becomes resonantly absorbed by neutral Hydrogen through the
spin-flip transition and 67}, < 0 (Field 1958; Loeb & Zaldarriaga 2004).

e At redshifts, 30 < z < 40 (45 — 35 MHz), collisional coupling is no longer
efficient and the density of the gas decreases and Ts = T¢prg. Therefore we do
not expect a 21 c¢m signal (Pritchard & Loeb 2012).

e At redshifts, 15 < 2z < 30 (90 — 45 MHz), the first stars and quasars switch on
and the IGM begins to heat up as the first sources emitted both Lya photons
and X-rays (Chen & Miralda-Escude 2004; Furlanetto et al. 2004). The spin
temperature is coupled to cold gas so that Ts ~ Ty;, < Teymp and there is an
absorption signal.

e At redshifts 8 < z < 15 (160 — 90 MHz), heating becomes significant, T
remains coupled to Ty;, via scattering in the Lya resonance (the Wouthuysen-
Field effect). As the gas is heated above Toyp, Ts stays with the gas so we
expect a 21 cm emission signal (Pritchard & Loeb 2012; Wouthuysen 1952).

e At redshifts 6 < z < 8 (200 — 160 MHz), reionization ends and the 21 cm signal
is primarily expected from collapsed clumps of neutral hydrogen. The signal
dies out after the full reionization of the Universe since xy; = 0 in equation
2.15.

2.5 Detection and observations of the 21 cm back-
ground from the DA and EoR

Several detection methods have been proposed to study the 21 cm signal from the
DA and EoR, motivated by prospect of current and upcoming radio interferometers.
Among these are, (1) studies of absorption features in spectra of bright, radio sources
at high-redshift (z 2 6) (Carilli et al. 2002; Furlanetto & Leob 2002), (2) the angular
fluctuations on the sky (Madau et al. 1997; Ciardi & Madau 2003; Zaldarriaga et al.
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2004; Furlanetto et al. 2004), (3) and features in the frequency spectrum of the global
signal (Shaver et al. 1999).

Madau et al. (1997) and Shaver et al. (1999) have shown that the brightness tem-
perature, 61, of the 21cm-background emission relative to the CMB can provide
a direct probe for the DA and EoR. The 21 c¢m line from the DA and EoR will be
observable between 30 and 200 MHz and is expected to be of the order of a few tens
of milli-kelvin. There are two issues with detecting this faint signal from the DA and
EoR, which are to do with the calibration of instruments and foreground contamina-
tion. For reliable detection of the cosmological signal, all data components and their
influence on the desired signal must be well understood.

2.5.1 Experiments to detect the 21 cm signal from the DA
and EoR

Large investments are being made into construction and development of experiments
to measure the cosmological 21 c¢m signal from the DA and EoR. Here, we briefly
discuss two complementary approaches for observations of the cosmological 21 cm
signal that probe the evolution of this signal through cosmic history:

e The first approach is given by experiments that aim to improve our under-
standing of the spatial fluctuations in the 21 cm line by measuring the 21 cm
brightness temperature power spectrum. Power spectrum measurement probes
make use of brightness temperature fluctuations maps in all three dimensions,
the sensitivity criteria to reach the expected amplitude of the cosmological 21
cm signal can only be achieved with long integration times (see, Liu et al. 2013).
Interferometers have become the instrument of choice for experiments looking
to measure spatial fluctuations in the 21 cm signal as they provide high angular
resolution and rapid mapping speeds (Jeli¢ et al. 2010; Zaroubi 2013). These
interferometers include the Giant Metrewave Radio Telescope Epoch of Reion-
ization (GMRT), the Low-Frequency Array (LOFAR), the 21 CentiMeter Array
(21CMA), Precision Array for Probing the Epoch of Reionization ( PAPER),
the Hydrogen Epoch of Reionization Array (HERA), the Murchison Widefield
Array (MWA), and the low-frequency Square Kilometer Array (SKA-Low).

e Another way to detect the 21 cm cosmological signal is to measure the global or
sky averaged 21 cm signal (Furlanetto 2006a). Experiments that are currently
targeting measurements of the global signal are single dipoles like the Exper-
iment to Detect the Global EoR Signal (EDGES), which has already claimed

19



CHAPTER 2. THEORETICAL BACKGROUND

a detection (see, Bowman et al. 2018). Other examples of global signal exper-
iments include the Long Wavelength Array (LWA), Shaped Antennas to mea-
sure the background RAdio Spectrum (SARAS), the Dark Ages Polarimetry
Pathfinder (DAPPER) and the Probing Radio Intensity at high-Z from Marion
(PRIZM) experiment.

2.5.2 Foreground contamination

The astrophysical foregrounds that present challenges for observations of the 21 c¢cm
signal include diffuse Galactic synchrotron emission, radio frequency interference,
ionospheric distortions, and instrumental response (Jeli¢ et al. 2010). Synchrotron
emission is the most dominant form of foreground and originates from interaction
between magnetic fields and relativistic charged particle. At 150 MHz galactic syn-
chrotron emission accounts for about 70% of the total foreground emission, 27% is
from extragalactic synchrotron radiation and 1% is due to galactic free-free emission
(Jeli¢ 2010). Extragalactic foregrounds are classified in two classes; (1) Point sources
such as AGN producing synchrotron emission and HII regions in ionizing haloes pro-
ducing free-free emission, (2) Extended sources which include cluster radio halos and
relics as well as HII regions in the IGM producing free-free emission (Di Matteo et al.
2004). Some of these contaminants are not yet well-studied at angular scales (6 < 5
arcmin ) and frequencies (v < 200 MHz) relevant to studies of the 21 cm signal. On
the other hand, the 21 cm signal has characteristics that make it distinguishable from
foreground and noise, which can be extracted if proper statistics are used and taking
advantage of that foreground contaminants mentioned above are spectrally smooth
(see, Zaldarriaga et al. 2004; Furlanetto 2006a). By contrast, the 21 c¢m signal from
the DA and EoR is expected to show strong change of spectral shape over small
ranges of frequency as illustrated in Figure 2.5.

Attempts to clean foregrounds from the data will require great sensitivity, accurate
calibration, and beam modelling as compared to those currently available in the radio
astronomy field (see, Furlanetto et al. 2006; Zheng et al. 2014). Since these fore-
grounds dominate the cosmological signal, robust foreground subtraction techniques
are essential. Various proposals have been made to remove or avoid foreground con-
tamination (Chapman et al. 2016; Harker et al. 2009; Liu & Shaw 2019). One proposed
method is to subtract foregrounds separately in each angular direction in the sky by
fitting their total intensity dependence on frequency by a log-log polynomial (Wang
et al. 2006; Li-Ping 2009). Any fitting needs to be performed with caution as under
fitting could result in the signal being dominated by residuals and over fitting could
fit out the signal (Mellema et al. 2013). Examples of other foreground subtraction
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Figure 2.6: An illustration of galactic and extragalactic foreground components in
the 21 cm experiments at 120 MHz. [Credit:Jeli¢ et al. (2010)]

methods are: the Karhunen-Loeve transform (KL) (Shaw et al. 2014), independent
component analysis (FASTICA) (Chapman et al. 2012), and singular value decompo-
sition (SVD) (Burns et al. 2017). The KL transform makes use of models of statistical
properties to separate foregrounds form the 21 cm signal while the latter (FASTICA
and SVD) are blind search methods which decompose the data’s independent compo-
nents (Wolz et al. 2015). Foreground subtraction aims to fit and remove foreground
contamination so the remaining data can be used, other methods include avoidance
and suppression techniques. Discussions of these methods are beyond the scope of
this text and can be found in more specialised texts (Matteo et al. 2002; McQuinn
et al. 2006; Jeli¢ et al. 2010; Jeli¢ 2010; Barry et al. 2019).

2.5.3 Simulations

Scarcity in observational data presents a challenge for studies of the DA and EoR.
Simulations have been playing a major role in modelling and understanding the 21
cm cosmological signal, painting for us a picture as what to expect when the signal
is detected through observation. What we learn from simulations will play a crucial
role in interpretation of any possible future detections. Two classes of simulations
have been used to model small and large scale processes of the EoR and DA are: (1)
Small volume, high resolution simulations that studying formation of early galaxies
and associated processes these do not capture volumes large enough to study global
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features of the DA and EoR, and (2) Large scale simulations (N-body simulations),
that allow us to simulate and study large volumes on scales where the global evolu-
tion of the signal can be studied, these however lack resolution to resolve small-scale
physics. In this work we focus on the later.

Numerical simulations offer detailed descriptions of the astrophysics at high redshifts
from first principles by solving the non-linear physics of radiative transfer, gravita-
tional collapse and hydrodynamics (McQuinn et al. 2006; Mesinger et al. 2010; Santos
et al. 2010). Though numerical simulations allow us to simulate large volumes with
large particle number they are slow and computationally expensive to run (Santos
et al. 2010). Analytical models have been used to understand contributions to the 21
cm signal at high redshifts they are however unable to deal with spacial distribution
of the reionization process (Mesinger et al. 2010), but they run faster than the nu-
merical counterpart. Semi-numerical 21 cm simulations take a hybrid approach that
follows spacial evolution provided by numerical simulations merging the speed and
ease of analytical models. Results from semi-numerical simulations have been tested
and are in good agreement with large scale numerical techniques, this is discussed in
detail by Iliev et al. (2015); Mesinger et al. (2010); Santos et al. (2010). Simfast21
(Santos et al. 2010) and 21emFAST (Mesinger et al. 2010) are publicly available semi-
numerical large-scale simulations that use approximate physics to model the Universe
during the DA and EoR in 3-dimensions. These simulation codes are very similar in
nature and both produce 67T, cubes. In this thesis, we make use of 21cmFAST, and
in Figure 2.7 we present an example of a 30 Mpc 3D volume of the 21 ¢m Brightness
temperature cube simulated using 21ecmFAST at 114.27 MHz, which was produced
from one of the simulation runs used for the work presented in this thesis.

2.6 The Sunyaev-Zel’dovich effect

The CMB photons interact with the plasma residing in large-scale structures such
as galaxy clusters, radio halos, and radio-galaxy lobes. This interaction through
an inverse Compton scattering process induces a distortion that produces a change
in the apparent brightness of the CMB radiation, known as the Sunyaev-Zel’dovich
effect (SZE) (Zel’dovich & Sunyaev 1969; Sunyaev & Zel’dovich 1970, 1972, 1980).
The interaction is illustrated in Figure 2.8. The scattering conserves photon number
and produces a systematic shift of the CMB photons from the Rayleigh-Jeans (RJ)
to the Wien side of the spectrum and introduces a small distortion to the CMB
of order one-tenth of milli-Kelvin in temperature, see Figure 2.9, (Carlstrom et al.
2002; Colafrancesco et al. 2003). The SZE was first proposed in 1970 and is among
the numerous methods to detect and characterize galaxy clusters and to estimate
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Figure 2.7: A 30 Mpc 3D volume of the 21 cm Brightness temperature cube simu-
lated using 21ecmFAST at 114.27 MHz

cosmological parameters, such as the Hubble constant. The SZE has been well covered
and treated in literature (see, Sunyaev & Zel’dovich 1980; Rephaeli 1995; Birkinshaw
1999).

When a cluster has a peculiar velocity along the line of sight this results in a Doppler
shift, that gives rise to a kinematic effect, which carries information about the electron
bulk motion relative to the CMB rest frame. In addition to this, cluster atmospheres
contain non-thermal electrons, which also scatter CMB photons and produce a non-
thermal SZE (Birkinshaw 1999; Enflin & Kaiser 2000; Colafrancesco et al. 2003). If
the velocity of a cluster is zero, then the only signature imprinted on the spectrum
of the CMB by the cluster is due to only the thermal and non-thermal SZE effect
(Rephaeli & Lahav 1991; Colafrancesco et al. 2003). In this work, we focus on the
thermal SZE produced in galaxy cluster-hosted plasma, which typically has a tem-
perature of several keV. The SZE is a powerful tool to study the Universe at low
and high redshift as both the thermal and kinematic effects are redshift independent.
Below we look at the calculations of the SZE in the non-relativistic limit as well as
the relativistic corrections, which arise when we account for electron velocities in the
intracluster medium (ICM) gas which may not be negligible with respect to the speed
of light.
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Figure 2.8: Inverse Compton scattering of photons that results in photons being
moved from the lower to more energetic regions of the spectrum, giving rise to the
SZE. [Credit: chandra.harvard.edu]

2.6.1 The SZE in the non-relativistic limit

The CMB consists mainly of low energy photons and for this reason, one may ignore
quantum effects and energy transfers and use Thompson limit, m.c? >> ~.hv, to
describe the scattering process in the rest frame of the electron (Birkinshaw 1999;
EnBlin & Kaiser 2000). Here, 7, is the Lorentz factor, and m, is the electron mass.
The SZE can be obtained within the non-relativistic limit by solving the Kompaneets
equation (see, Kompaneets 1957), and the spectral distortion of the CMB due to the

SZE can, therefore, be expressed as an intensity change, Al(x), at the dimensionless
hv
kTcmp

frequency x = and is given by

NG

oz vl (2.16)

where the Componization parameter, y, for a radiation field passing through a cloud
of electrons is

kBTe

MeC2

y=r (2.17)

Here scattering optical depth ,7, that depends on the properties the ICM, is defined
as
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Figure 2.9: The impact of the SZE on the CMB spectrum. The dashed line is
the undistorted blackbody spectrum of the CMB, and the solid line is the distorted
spectrum after the CMB photons have been upscattered from the lower-energy part
of the spectrum to higher energies due to the SZE. [Credit:Carlstrom et al. (2002)]

T= /neaTds, (2.18)

the integration is calculated along the line of sight ds, and o is Thomson’s cross-
section. The electron number density, n., varies with cluster radius » and can be
expressed using different analytical approximated models (e.g. Arnaud et al. 2010);
an usually adopted form is the Beta-profile (see, Cavaliere & Fusco-Femiano 1976):

7,2 *513
ne(1) = ng (1 + 7"_2) , (2.19)

where 7, the cluster core radius, ng is the central number density, and the Beta-profile
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parameter, (3, can range between 0.5 and 1. The frequency dependence, g(z), of the
SZE in the non-relativistic limit is given by

g(z) = vlet [xez L 4}. (2.20)

e —1| e*—1

The Kompaneets approximation only holds for a thermal electron distribution and if
the Compton y-parameter is small. This means that it is only valid for plasma of low
temperature (up to 7T, =~ 2 keV) and low optical depth (7 << 1), therefore not taking
into account multiple scatterings. Various literature (see e.g., Wright 1979; Fabbri
1981; Rephaeli 1995; Birkinshaw 1999; Colafrancesco et al. 2003) have considered this
inadequacy of the Kompaneets equation for computing the SZE for hot clusters and
have stressed the importance of computing the SZE in a full relativistic approach,
which is valid for any general electron distributions.

2.6.2 The relativistic SZE

To compute the SZE spectrum with relativistic corrections we work with the Thom-
son limit approximation, in the electrons rest frame m.c* >> ~.hv, where the SZE

results from an inverse Compton interaction that causes a relativistic electron with
Ee
Mec?

momentum p, = (7., with 8 = £ and v, = to increase the frequency of the
scattered photon from an initial frequency (v) to a final frequency (v') by a factor
of t = “. The resulting scattering can be expressed in terms of the logarithmic

14

frequency shift as

s =1In (%) (2.21)

and the probability that a single scattering of the photon causes a frequency shift, s,

is given by
3ef(1+e°) [3+3p2+p! 34202, .
P(s;:pe) = £ _-° — =(2sinh™" (pe) — |s
(53 pe) S T 2 ( (pe) — |s])
3’1_68’ 2 4\ s 2s
—32—]?2[1+(10+8p6+4p6>6 +e ] (222)
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Figure 2.10: The scattering probability function P(s, p.), for p. = 0.1, 0.2, 0.3, 0.4,
0.5, and 1.

The full treatment to derive equation 2.22 in this analytical form can be found in
Birkinshaw (1999) and EnBlin & Kaiser (2000). Figure 2.10 shows the scattering
probability function, P(s, p.), for electron momentum p, = 0.1, 0.2, 0.3, 0.4, 0.5, and
1. As we go up in values of p,, the frequency shift related to a given photon angular
deflection increases, causing P(s,p.) to become broader and asymmetric (discussed
in detail by Birkinshaw 1999). For this work, we are interested in the momentum
distribution of scattering electrons in plasma with temperature (kg7,) and a thermal
relativistic distribution given by

fo(pe) = %pge_ﬁt“””g, (2.23)

where K3(f;,) is the modified Bessel function of the second kind, £y, = Z;;Q is the
normalized thermal beta-parameter, and f.(p.) is normalised such that [ f.(p.)dp. =
1 (EnfBlin & Kaiser 2000). In Figure 2.11, we have the thermal relativistic distribution

for plasma with temperature, kg7, = 5, 10, and 15 keV.

In light of equations 2.22 and 2.23, the redistribution function (also called the scat-
tering kernel) of photons that undergo a single scattering by relativistic electrons in
the ICM is given by
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Figure 2.11: The thermal relativistic distribution for thermal populations with tem-
perature kg7, = 5, 10 and 15 keV

PG = [ Plsp i (2.2

Pmin

where the minimum electron momentum needed to cause the shift, s, is P =
sinh(|s|/2). See Figure 2.12 for the probability distribution function for plasma with
temperature, kg7, = 5, 10, and 15 keV. The probability distribution function can
be calculated for multiple scattering in the relativistic limit, the reader is referred
to Birkinshaw (1999) and Colafrancesco et al. (2003) for further treatment in this
regard. The spectral distortion of the CMB due to the SZE in relativistic limit can,
therefore, be expressed as an intensity change:

Al(z) = T[ /_ " Io(ae=) Pu(s)ds — Io() | (2.25)

o0

to the first order in the optical depth, 7, where I is the specific intensity of the CMB
radiation given by

(2.26)
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Figure 2.12: (Top) The probability distribution function, Pi(s), for clusters with
plasma of temperatures 5, 10, 15 keV. (Bottom) P;(s) for photons of initial fre-
quency (v) of 80 MHz (Solid)and 100 MHz (Dotted) for clusters with plasma of
temperatures 5, 10, 15 keV.

In figure 2.13, we have the SZE spectrum for different plasma temperatures (kgT,)
using both the relativistic (equation 2.26) and non-relativistic (equation 2.16) cases.
It is evident that there exists a bigger discrepancy for higher plasma temperatures.
However, the SZE with relativistic corrections is very close to the SZE calculated with
the Kompaneets approximation at low temperatures. It is worth noting that taking
the relativistic corrections into account allows the SZE to be computed for any sort
of electron distribution, which means that it can be applied to computations of the
spectrum for both the thermal and non-thermal electron distributions.
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Figure 2.13: The SZE spectral distortion for the relativistic and non-relativistic
cases computed for a thermal electron distribution of optical depth 7 = 1072 with
plasma temperatures kg7, = 5, 10, 15 keV.

2.7 Observations of the SZE

Over the past 3-4 decades, there has been a tremendous increase in the study of
galaxy clusters as cosmological probes through the SZE. To date, several experiments
have been able to produce detailed images of the effect at X-ray frequencies and high
radio frequencies. Radio observations have been obtained both from single dish and
interferometer experiments (Birkinshaw 1999). Single dish radio telescopes were used
for the first measurements of the SZE (Birkinshaw et al. 1984), and later interfero-
metric techniques were used due to their ability to produce high quality images of the
effect over larger ranges of angular scales and make it possible to remove contami-
nating emission from individual radio sources (Jones et al. 1993; Grainge et al. 1996;
Carlstrom et al. 1999).

Observations of the SZE toward galaxy clusters are motivated by the ability to use
combined SZE and X-ray emission data to determine the Hubble constant and the
fraction of the total cluster mass contained in the hot gas. Using the SZE for mea-
suring the Hubble constant is independent of other techniques and can be used to
measure distances at high redshifts. Observations through non-targeted, sensitive
SZE surveys of large areas of the sky have provided an inventory of clusters inde-
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Figure 2.14: The SZE contours from data obtained with OVRO and BIMA, overlaid
on the X-ray emission for the galaxy cluster CL 0016416 obtained with the ROentgen
SATellite (ROSAT). [Credit:Carlstrom et al. (1999)]

pendent of redshift (Carlstrom et al. 1999). Furthermore, the measurement of the
SZE towards clusters gives a measure of the mass of the ICM, which is typically
several times the mass responsible for the radiation from the galaxies (Birkinshaw
1999). Carlstrom et al. (1999) reported results from interferometric measurements
of the SZE with millimeter arrays, the Owens Valley Radio Observatory (OVRO)
and the Berkeley-Illinois-Maryland Association (BIMA) telescopes. They obtained
a high quality image of a clusters SZE (see Figure 2.14) and obtained constraints
for the Hubble and matter density cosmological parameters. Since then, the sensi-
tivities of interferometers have improved and they yield higher S/N and confidence
detections, observing techniques have also evolved. Interferometer observations of
the SZE have shown potential and new and upcoming instruments are more sensitive
to imaging at higher resolutions. Recently, observations from the Atacama Large
Millimeter /submillimeter Array (ALMA) produced the highest angular and physical
spatial resolutions achieved to date for imaging the SZE for RX J1347.5-1145 (see
Figure 2.15).

Differential observations have been used and are sufficiently sensitive for the measure-
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Figure 2.15: The SZE image of the galaxy cluster RX J1347.5-1145 from ALMA at
the central frequency of 92 GHz at 5”.[Credit: Kitayama et al. (2016)]

ment and detection of SZE that can be carried out by instruments, observing across
the centimetre, millimetre, and sub-millimetre spectrum (see, Carlstrom et al. 2002).
To measure the SZE with such differential techniques, cluster observations follow a
procedure where a cluster is tracked for a certain amount of time and then the tele-
scope is moved to a trailing empty patch of sky for the same amount of time (see,
Figure 2.16). Galaxy clusters are extended low surface brightness objects and thus
require precise differential measurements made towards widely separated directions
on the sky. Differencing the on-source and off-source patches efficiently removes the
contamination in the system (see, Carlstrom 1996; Lin et al. 2016). With single dish
observations this is achieved through beam switching techniques, examples of suc-
cessful detections through such techniques are those of Birkinshaw and collaborators
with the Owens Valley Radio Observatory (OVRO) 40 meter telescope (Birkinshaw
1999; Carlstrom et al. 2002). In 2009, the first previously unknown cluster was dis-
covered through its SZE signature by Staniszewski et al. (2009) with the South Pole
Telescope (SPT). In recent times detection and imaging of the SZE has resulted in
various catalogs from instruments such as the Atacama Cosmology Telescope (ACT)
(Hilton et al. 2018), and the Planck telescope (Planck Collaboration et al. 2014, 2016).
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Figure 2.16: An illustration of the observational procedure of SZE with background
photons interacting with energetic electrons that pervades the galaxy cluster. The
photons acquire energy from this interaction, which distorts background signal in the
direction of the cluster.[Credit: chandra.harvard.edu]

2.8 The SZE-21cm

In this Chapter we have given an introduction to the DA and EoR and how they can
be studied using the 21 c¢m line of neutral hydrogen, we also learned that observations
of the signal from these epochs are difficult due to the challenges that will be faced
as the instruments suitable to study the signal require very accurate calibration and
the foreground contamination is orders of magnitude greater than the cosmological
signal. This Chapter also gave us a broad understanding of the SZE and how it has
been used as a tool for cosmological and astrophysical studies.

Cooray (2006) discussed the feasibility to detect the global 21 ¢cm spectrum from the
DA and EoR modified by scattering off intervening electrons of foreground galaxy
clusters through differential observations with low-frequency radio interferometers
at frequencies below 200 MHz. This alternative probe for the global 21 c¢m signal
using the SZE called the SZE-21cm was revisited by Colafrancesco et al. (2016) who
addressed and refined calculations by Cooray (2006). The issues that Colafrancesco
et al. (2016) identified in the preliminary results presented by Cooray (2006) are: (1)
the baseline model of the global 21 c¢m spectrum used to describe the signal from
the DA and EoR was unphysical and cannot be reconciled with recent models as
it also contains a number of artificial discontinuities, and (2) the calculation of the
SZE-21cm was performed in the non-relativistic limit, which made the result only
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Figure 2.17: The SZE-21cm calculated for thermal electron distribution: 5 keV
(solid), 10 keV (dashed), 15 keV (dot-dashed) and 20 keV (dash three dots) for an
optical depth, 7 =5 x 1073. [Credit: Colafrancesco et al. (2016)]

applies to cluster with low plasma temperature, and (3) only thermal electrons were
considered and the presence of non-thermal electrons in clusters was not accounted
for.

Colafrancesco et al. (2016) recalculated the SZE-21cm using the full relativistic ap-
proach which is valid for any distribution of electrons and included additional mecha-
nisms such as heating from dark matter annihilation using recent models of the global
21 cm signal (Evoli 2014). The results obtained by Colafrancesco et al. (2016) were
also compared with the sensitivity of the upcoming low-frequency SKA telescope in
Figure 2.18. This was done by calculating the loss of signal at small angular radii, pro-
duced by the finite extension of the SKA-low interferometer with a minimum baseline
of 50 km and a reference resolution, ,,;, = 11 arcsec at 110 MHz (see, Dewdney et al.
2012). The optical depth at a projected distance 6 from the center of an isothermal
cluster with a gas density profile given by equation 2.19 is:

3
2

7(0) = (1 + Z-i) o (2.27)

(Colafrancesco et al. 2003). Calculating the flux up to 0,,,, = 100., the lack of sen-
sitivity was estimated to be of order ~ 1.1 x 10~*, using the typical assumption of a
near and rich Coma-like cluster with 7o = 5 x 1073, 8 = 0.75 to scales § < 0,,;,, (Co-
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Figure 2.18: Top The spectra of the SZE-21cm and the SZE for a non-modified
CMB Al (dashed lines). Bottom absolute value of the difference between the SZE-
21cm and the standard SZE. Both plots are for thermal plasmas present in galaxy
clusters with temperatures, 5 keV (cyan), 10 keV (red), 15 keV(black), and 20 keV
(green). [Credit: Colafrancesco et al. (2016)]
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tures, 7 keV (dot-dashed line), 15 keV (dashed line), and 20 keV (solid line).[Credit:
Colafrancesco et al. (2016)]

lafrancesco & Marchegiani 2014; Colafrancesco et al. 2016). This work also showed
the importance of the relativistic corrections by investigating the impact of relativis-
tic effects on the SZE-21cm and found that the non-relativistic approach produces
considerable errors over almost the frequency range that we expect to observe the
SZE-21cm. The percentage difference between the two can go up to a 100%, see
Figure 2.19. Work by Colafrancesco et al. (2016) also showed that it may be possible
to derive information on the existence and the properties of the electron population
in cosmic structures also from very low-frequency observations of the SZE.

Cooray (2006) and Colafrancesco et al. (2016) both emphasised that differential ob-
servations of the SZE-21cm with radio interferometers are less affected by the presence
of galactic and extra-galactic foregrounds that are uniform over angular scales larger
than a typical cluster and the observations would be less affected by exact calibra-
tion of the observed intensity using an external source. They also pointed out that
multi-cluster SZE-21cm observations could be aided by the large instantaneous fields-
of-view of upcoming instruments, which is expected to be about 100 square degrees,
which can lead to simultaneous detection of hundreds, or more, massive clusters. The
work that this thesis presents in deeply rooted in the works by Colafrancesco et al.
(2016). In section 3.2.2, we revisit the derivation of the formalism they presented
which is very relevant to this work.
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Chapter 3

Simulated differential observations
of the Sunyaev-Zel’dovich Effect:
Probing the Dark Ages and Epoch

of Relonization

This thesis chapter was submitted for publication to the Astrophysics

and Space Science (Apé4SS) Journal on 11 March 2020 and was accepted
on 05 December 2020 as:
C.M. Takalana, P. Marchegiani, G. Beck € S. Colafrancesco
For this work, C. M. Takalana produced the simulated observation to mea-
sure the SZE-21cm and produced the written paper under the supervision
of Dr. Paolo Marchegiani and Prof. Sergio Colafrancesco, and consulted
with Dr. Geoff Beck.

Abstract

This work presents an analytical approach for studying the cosmological 21cm back-
ground signal from the Dark Ages (DA) and subsequent Epoch of Reionization (EoR).
We simulate differential observations of a galaxy cluster to demonstrate how these
epochs can be studied with a specific form of the Sunyaev-Zel’dovich Effect called
the SZE-21cm. This work produces simulated maps of the SZE-21cm and shows
that the SZE-21cm can be extracted from future observations with low-frequency
radio interferometers such as the Hydrogen Epoch of Reionization Array (HERA)

37



CHAPTER 3. SIMULATED DIFFERENTIAL OBSERVATIONS

and the Square Kilometre Array (SKA). In order to simulate near realistic scenarios,
we look into cosmic variance noise, incorporate and take into account the effects of
foregrounds, thermal noise, and angular resolution for our simulated observations.
We further extend this exploration by averaging over a sample of galaxy clusters to
mitigate the effects of cosmic variance and instrumental noise. The impact of point
source contamination is also studied. Lastly, we apply this technique to the results of
the EDGES collaboration, which in 2018 reported an absorption feature of the global
21cm background signal centred at 78 MHz. The challenges to be addressed in order
to achieve the objectives of this work include errors that arise due to cosmic variation,
instrumental noise and point source contamination. Our approach demonstrates the
potential of the SZE-21cm as an indirect probe for the DA and EoR, and we conclude
that the spectral features of the SZE-21cm from our simulated observations yield
results that are close to prior theoretical predictions and that the SZE-21cm can be
used to test the validity of the EDGES detection.

3.1 Introduction

The cosmic Dark Ages (DA) is an era of darkness in the Universe and the Cosmic Mi-
crowave Background (CMB) does not provide information about this period as bary-
onic matter and radiation have already decoupled prior to this epoch. Subsequently
neutral hydrogen gas in the intergalactic medium (IGM) makes up the majority of
baryonic matter in the Universe (Zaroubi 2013). The DA end with the formation of
the first generation of stars, that are believed to have had significant effects on the
Universe and subsequently initiate the Epoch of Reionization (EoR) (Bromm et al.
2009; Wise 2019). The first generation of stars and galaxies emit high-energy pho-
tons that permeate the IGM and gradually ionize the hydrogen, until at around z ~
6 when the Universe is fully ionised (Fan et al. 2006). The process of reionization of
the IGM enriches primordial galaxies with heavy elements, and seeds larger galaxies
(Furlanetto 2006a).

Observations of the 21 cm hydrogen transition line promises to be an important probe
into the DA and EoR. The 21 cm transition is a line, therefore the measured frequency
corresponds to a particular redshift (v = 2% with 19 = 1420.405 MHz), and by

(1+2)
using this property we can isolate every phase in the history of the IGM. The signal

is difficult to measure due to contamination by astronomical foregrounds (Furlanetto
2006a). Numerous efforts are nevertheless under-way to observe it and the experi-
ments designed to measure it come in two different varieties namely power spectrum
(Paciga et al. 2013; Jacobs et al. 2015, 2016; DeBoer et al. 2017; Mondal et al. 2019)
and global signal (Burns et al. 2012; Bowman et al. 2009; Bowman et al. 2018).
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The collaboration of the Experiment for the Detection of the Global EoR Signature
(EDGES) recently reported the first observational results on the global 21 c¢cm spec-
trum (Bowman et al. 2018). The results show an absorption feature with a remarkably
large amplitude of about 500 mK at the redshift range of z ~ 15-20, which is nearly
three times the predicted value. Until this detection is confirmed, it is essential that
we evaluate the current theoretical models strictly and further explore the use of in-
direct techniques that can allow us to measure the 21 cm global background signal.
Galaxy clusters are massive objects that provide powerful cosmological probes (Romer
et al. 2001). Energetic electrons in the plasma of the galaxy clusters are responsi-
ble for inverse Compton scattering of background photons as they pass through the
intracluster medium (ICM). This process produces a spectral distortion of the inci-
dent background radiation at the position of clusters on the sky and is known as the
Sunyaev-Zel’dovich effect (SZE) (Zel’dovich & Sunyaev 1969; Sunyaev & Zel’dovich
1970, 1972, 1980). The SZE has been identified as an effective cosmological probe
and can be measured at microwave and radio frequencies (Rephaeli 1995; Birkinshaw
1999; Holder & Carlstrom 1999).

Existing interferometers cannot be used to detect the global average sky background
temperature using standard techniques as they are not sensitive to the spatially in-
variant global average (McKinley et al. 2018) but they are suitable to detect signal
differences towards different directions in the sky with high precision, as in the case
of the SZE. Based on this consideration, a specific form of the SZE called the SZE-
21cm was proposed as an indirect technique to study the global 21 c¢m background
signal (Colafrancesco et al. 2016). The SZE-21cm is a differential measurement to-
wards and away from clusters of galaxies of the comptonized spectrum of the CMB
as modified by physical processes occurring during the DA and the EoR. The idea to
probe these epochs with the SZE-21cm was initially suggested by Cooray (2006) and
later addressed by Colafrancesco et al. (2016), who concluded that the effect can be
observed at low radio frequencies (40 MHz-200 MHz) with upcoming interferometers
such as the Murchison Widefield Array (MWA)!, Low Frequency Array (LOFAR)?,
Hydrogen Epoch of Reionization Array (HERA)3, and the Square Kilometre Array
(SKA)™.

Colafrancesco et al. (2016) derived the SZE-21cm in a general relativistic approach

http://www.mwatelescope.org
Zhttp://lofar.org
3http://reionization.org

‘http://www.skatelescope.org
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and studied how its spectral shape can be used to establish the global features in
the mean 21 cm spectrum generated during, and prior to, the EoR. Additionally, the
aforementioned work also outlined how the effect depends on the properties of plasma
in cosmic structures. Takalana et al. (2018) described the first version of a proce-
dure to observe the SZE-21cm with upcoming interferometers. While the past work
on this topic is mainly theoretical, in this work we perform new simulations of the
background signal and study instrumental effects for HERA and SKA. We simulate
differential observations of a low redshift galaxy cluster as a function of frequency
for a theoretical 21 ¢m background model to show that by measuring the SZE-21cm
we can derive the properties of the global 21 c¢m background spectrum generated
during the DA and EoR. Our simulated observations explore the impact of cosmic
variance (or sample variance) and point sources and take into account the effects of
foregrounds, thermal noise, and angular resolution for upcoming interferometers. We
also consider the observation and computation of the SZE-21cm towards multiple
clusters as a method to ultimately reduce the uncertainty and improve the signal-
to-noise. This work takes into consideration newer models of the 21 ¢m background,
both theoretical and observational.

The EDGES experiment reported a 21 ¢m background signal that challenges cosmo-
logical models and instrumental precision. We use the EDGES detection results to
make predictions for the SZE-21cm and make comparisons with the simulated theoret-
ical 21 cm background model results to show that differential observation techniques
for the SZE-21cm can be used to confirm detections made by experiments similar
to EDGES. Lastly, we explore the feasibility of detecting the SZE-21cm with the
upcoming SKA telescope.

In section 3.2 we present the theoretical background and mathematical formalism for
studies of the 21 c¢m transition signal and the SZE-21cm. In section 3.3 we simulate
differential observations of a galaxy cluster with upcoming radio interferometers and
from this establish the relationship between the SZE-21cm spectrum and the global 21
cm background spectrum using a theoretical 21 cm model. In section 3.4 we use the
global 21 em background signal measured by EDGES to make predictions for the SZE-
21cm and make comparisons with the signal obtained through our simulations using
the theoretical 21 cm model. In section 3.5 we discuss the simulation results and look
at possible challenges for observations of the SZE-21cm presented by instrumental
effects, cosmic variance, and point sources. We summarize our findings and conclude
in section 3.6. We assume a ACDM cosmology throughout this work with the following
Planck 2015 parameters: hijgo = 0.673, €2, = 0.315 , €, = 0.0491, Q5 = 0.685, 0g =
0.815 and ns = 0.968 (Planck Collaboration et al. 2015).
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Figure 3.1: The mean 21 c¢m background brightness temperature offset from the
CMB spectrum as a function of frequency. The Blue curve is for a theoretical 21 cm
model simulated for this work and the Red curve for the best-fitting 21 cm profile
model derived from the EDGES observations (Bowman et al. 2018).

3.2 The SZE-21cm: a probe for the DA and EoR

In this section, we present theoretical background and formalism for studies of the 21
cm transition signal and discuss the detection of the signal claimed by the EDGES
collaboration in 2018, and look at the concerns raised about the results. We also
provide the theoretical background of the SZE-21cm and revisit the formalism derived
by Colafrancesco et al. (2016). Lastly, we discuss observations of the 21 cm to probe
the DA and EoR.

3.2.1 The cosmological 21 cm background signal

Neutral hydrogen atoms undergo a quantum mechanical transition between the hy-
perfine energy levels (spin-flip transition) resulting from magnetic interaction between
the electron and the spin of the proton. When the spins change from parallel to anti-
parallel, a photon with a wavelength of 21 cm is emitted, producing a signal with
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a line center frequency of vy = 1420.405 MHz (van de Hulst 1945; Ewen & Purcell
1951; Muller & Westerhout 1957). The intensity of the 21 cm radiation from a popu-
lation of neutral hydrogen is dependent on the spin temperature (7%s) defined through
the ratio between the number densities of hydrogen atoms in the 1S triplet and 1.5
singlet levels (Pritchard & Loeb 2012). The quantity of interest that radio interfer-
ometers will measure is the offset of the 21 cm brightness temperature from the CMB
temperature, Toyp = 2.73(1 + 2) K, along a line of sight at the observed frequency
(Furlanetto 2006a), which is written as

0.15\ /14 2\1"? /Qh? Tr
ot | (S2) ()] () [ B o

where gy is the neutral fraction of hydrogen, h is the Hubble parameter in units of

100 km s~! Mpc~!, and €, and €),, are the baryon and matter densities respectively.
Ty is the temperature of the background radiation, which this work assumes to be
from the CMB, hence Tr = Teap. Predicted by Shaver et al. (1999), this global 21
cm background signal is sensitive to both astrophysical and cosmological processes
in the early Universe, which makes it a good probe of the physics between the CMB
decoupling, the DA and the EoR (see Field 1958; Shaver et al. 1999; Barkana & Leob
2005; Furlanetto 2006a; Pritchard & Loeb 2012, for detailed discussions and formal-
ism derivations for the 21 ¢cm background signal).

This work focuses on a theoretical model of the 21 cm background signal that we sim-
ulate under standard cosmological assumptions using a semi-numeric modeling tool
Mesinger et al. (2010) and one based on the best-fitting 21 c¢cm profile model from
recent EDGES results (Bowman et al. 2018). For both cases, the brightness tempera-
ture offset from the CMB is shown in Figure 3.1 as a function of frequency. Equation
3.1 tells us that the amplitude of the absorption signal can be increased by reducing
T,. The claimed EDGES detection exhibits a much larger flat-bottomed amplitude
of —=5007300 mK with a Full-Width at Half-Maximum of 1975 MHz centred at around
78 MHz (corresponding to z ~ 17) (Bowman et al. 2018). Various proposals have
been made to explain the larger than expected amplitude observed by EDGES. One
of the proposals argues that the anomaly could be a new signal of baryon-dark matter
interaction as scattering processes that may cool neutral hydrogen with respect to the
standard expectations from the CMB measurements (see Barkana 2018; Fialkov et al.
2018). Another suggestion argues that the anomaly may be related to an additional
radio background with likely causes of this excess ranging from instrumental system-
atics to new astrophysics as may have been observed by ARCADE 2 (see Fixsen et al.
2011; Ewall-Wice et al. 2018).

Motivated by the unexpected nature of the EDGES claim, concerns were raised re-

42



CHAPTER 3. SIMULATED DIFFERENTIAL OBSERVATIONS

garding the modelling of the EDGES data. These concerns arise from the following
findings:

e Hills et al. (2018); Singh & Subrahmanyan (2019); Sims & Pober (2019b) suggest
the potential presence of an uncalibrated sinusoidal-form systematic in the data.

e Hills et al. (2018) also highlight the use of a modeling process that implies un-
physical parameters in the data for foreground emission, where the degeneracy
between signal and foreground modeling allows a wide range of signals to be
consistent with the data.

e Work by Singh & Subrahmanyan (2019) enforces a maximally smooth polyno-
mial foreground model, constant amplitude sinusoidal systematic model, white
noise and a Gaussian parametrisation of the global 21 c¢m signal, and found
evidence for a different 21 cm signal, substantially more in agreement with the
standard predictions.

e Bradley et al. (2019) report on a possible systematic artifact within the ground
plane due to resonance modes beneath the antenna that may produce spurious
broad absorption features in the spectra.

While the above ideas may not perfectly describe the detection, they illustrate the
efforts of the community to use the results of Bowman et al. (2018) to explore possible
exotic physics and new source populations as extensions to standard models for cos-
mology and particle physics. They also explore possible unmodeled systematic effects
present in the data as we have seen above. Later in this work, we make predictions
for the SZE-21cm using a 21 cm background signal described by the Bowman et al.
(2018) data to test the usefulness of the SZE-21cm as a technique that can potentially
be used to verify the EDGES detection and other such claims in the future.

3.2.2 The SZE-21¢cm

The interaction between photons and free electrons by inverse Compton scattering
results in the SZE (Zel’dovich & Sunyaev 1969; Sunyaev & Zel’dovich 1970, 1972,
1980). The SZE is produced when the free electrons in the dense cores of galaxy
clusters that contain hot ionized gas (~107 K) (Cavaliere & Fusco-Femiano 1976)
up-scatter CMB photons causing a change in the apparent brightness of the CMB
photons, which modifies the incident Planck spectrum (see Birkinshaw 1999, for a
review). This scattering results in a systematic shift of the CMB photons from the
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Rayleigh-Jeans to the Wien side of the spectrum (Birkinshaw 1999; Carlstrom et al.
2002; Colafrancesco et al. 2003).

This work examines the use of low-frequency SZE observations (< 200 MHz) to study
the global properties of the universe during the DA and EoR with the 21 c¢m line of
neutral hydrogen. In this section, we summarise the formalism for the SZE-21cm as
derived by Colafrancesco et al. (2016) as this forms the basis of the simulated obser-
vations we present in the sections that follow. For the full treatment of the formalism
in the relativistic limit, the reader is referred to Colafrancesco et al. (2003) for the
standard SZE and Colafrancesco et al. (2016) for the SZE-21cm. Here we consider the
SZE due only to the thermal electrons in a hot cluster, which requires the appropriate
relativistic corrections to be taken into account.

Any energy injecting process occurring during the EoR and DA modifies the CMB
spectrum as described in Section 3.2.1 and subsequently modifies the SZE. The inci-
dent CMB radiation field modified during the DA and EoR is given by the specific
intensity as:

Tommoa(V) = Iou(v) + 8I(v), (3.2)

where §I(v) is the radiation intensity corresponding to the differential brightness
temperature (073) in equation 3.1 obtained by applying the Rayleigh-Jeans law,
0 (v) = QKC—E’ﬂéTb(y), and the unperturbed or standard CMB spectrum (I &) is given
by

(kBTCMB)3 2’
(he)2  er —1’

Iy st(7) = 2 (3.3)

where c is the speed of light, h is the Planck constant, kg is the Boltzmann constant,

and © = kBi;LcVMB is the a-dimensional frequency. The spectral distortion due to the

SZE of the CMB radiation field as modified during the DA and EoR is given by

]mod(m):/ Oolomod(xe_s)P(s)ds, (3.4)

—00

where P(s) is the photon redistribution function that is dependent on the electrons
spectrum producing the CMB Comptonization (Birkinshaw 1999; Enflin & Kaiser
2000; Colafrancesco et al. 2003, 2016), and is essentially the scattering kernel giving
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the probability of a scattering to shift a photon from a frequency v to v/ (with
s = ln(%)) The SZE-21cm is then given as the difference between the scattered
spectrum (/,,,04) and the incoming radiation (o meq):

Almod(l/) = mod(V) — IO,mod(V>~ (35)

This equation can then be transformed in terms of brightness temperature by applying
the Rayleigh-Jeans law and be rewritten as

ATmod(V) = Tmod(V> — T07m0d<V). (36)

3.2.3 Observations of the 21 cm signal from the DA and
EoR

The 21 cm background signal from the DA and EoR is weak and may be observed
as a faint, diffuse background detectable at frequencies below 200 MHz. Previous
and current generation interferometer experiments attempt to measure a statistical
power spectrum of the signal over the sky, rather than to image the signal directly, by
measuring a range of aggregate spatial scales on the sky. There are several challenges
associated with observations of the 21 cm background. The main problem is that the
signal is weak, at a characteristic scale of ~ 10 to 100 mK, and the task is further
complicated by the much stronger foreground continuum emission due to sources such
as galactic diffuse synchrotron, free-free emission, and emissions from extragalactic
radio sources (Santos et al. 2005; Sims & Pober 2019a). These contaminating signals
are five orders of magnitude stronger than the 21 cm emission, making its observation
extremely complex to study, and requiring very precise calibration and knowledge of
various foregrounds (see e.g., Furlanetto 2006a). Several ideas have been presented
to overcome the various problems identified above, including foreground avoidance
and removal techniques. These strategies rely on the spectral smoothness and spatial
characteristics of foreground sources; we do not discuss the various approaches here
but refer the reader to other texts (see e.g., Barkana & Leob 2005; Furlanetto 2006a;
McQuinn et al. 2006).

All observations that are sufficiently sensitive to detect the SZE are differential (Carl-
strom et al. 2002). Consequently, differential observations of the SZE-21cm towards
galaxy clusters have been proposed as one way to overcome the above-mentioned
problems by Cooray (2006) and Colafrancesco et al. (2016). Unlike an experiment
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to directly determine the cosmological 21 ¢m background spectrum involving a total
intensity measurement on the sky, differential observations with an interferometer are
less affected by the confusion from galactic foregrounds that are smooth over angu-
lar scales larger than a typical cluster and by issues such as the exact calibration of
the observed intensity using an external source (Cooray 2006; Colafrancesco et al.
2016). In the next section, we simulate differential observations of a galaxy cluster
to compute the SZE-21cm.

3.3 Simulations of differential observations of the
SZE-21cm

3.3.1 Simulations of the 21 ¢cm background

We simulate the 21 cm cosmological background using the publicly available semi-
numerical code 21cmFAST®. 21cmFAST takes into account the necessary physical
processes and produces large-scale simulations utilizing perturbation theory, the ex-
cursion set formalism (which specifies the location and mass of collapsed dark matter
haloes), and analytic prescriptions to produce evolved 3D realizations of density, spin
temperature fields, ionization, and peculiar velocity, which when combined, can be
used to deduce the global 21 c¢m brightness temperature at a given redshift as de-
scribed by equation 3.1.

Each simulation cube in our runs is 30 Mpc on a side down-sampled from the high-
resolution initial conditions generated on a 4603 grid and computed on a 115 grid
corresponding to a cell resolution of 0.26 Mpc, in the frequency range v = 30 - 160
MHz. Our model assumes that Population II stars are responsible for early heating
with parameters in Table 3.1. The parameters are the ionizing photons per stellar
baryon N, the ionizing efficiency (the number of photons per baryon per dark matter
halo) ¢, the fraction of baryons converted to stars f,, the minimum virial temperature
for all sources Ty min, the maximum horizon for ionizing photons R4, the efficiency
parameter corresponding to the number of photons per solar mass in stars (x, and
the clumping factor on the scale of the simulation cell C. We refer the reader to
Mesinger et al. (2010) for detailed information and discussions on the code, relevant
parameters, and the formalism.

Shttps://github.com/andreimesinger/21cmFAST
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Table 3.1:: Summary of parameters used in our run of the 21cmFAST simulation run.

Parameter
N, 4300
¢ 20
T 0.05

Tir.min 10* K
Rz 50 Mpc
Cx 10° Mg
C 2

3.3.2 Procedure for simulated observations of the SZE-21cm

This work makes use of only the 21 ¢cm brightness temperature §7,(v) cubes from the
21cmFAST simulations. We use equation 3.3 to compute unperturbed CMB intensity
cubes (o« (7)), and Rayleigh-Jeans law to calculate it in terms of brightness temper-
ature (75 (7)), and add this signal to each cube of 67}(v), which gives us the CMB
radiation field modified during the DA and EoR (7jm0a(v)). To conduct our mock
observations of the SZE-21cm we insert a typical rich cluster with a temperature of
10 keV, an optical depth of 1073, and a radius of 2 Mpc . The incoming background
radiation field (T meq(v)) is scattered by energetic electrons in the cluster, resulting
in a modified signal (T,,,q4()) calculated according to equations 3.4 - 3.6.

One of the issues that we will face measuring the SZE-21cm is that the 21 ¢cm back-
ground has variations on angular scales comparable to that of the galaxy clusters and
their intrinsic level presents a potentially significant contaminant to SZE-21cm obser-
vations as the variations may be comparable to the expected signal of the SZE-21cm

as computed by Colafrancesco et al. (2016). The variations (£L) in our cubes are

T
computed to be of orders between 107! - 1073, They arise from significant degenera-
cies between parameters that control the average 21 cm global temperature spectrum,
which lead to inhomogeneities (McQuinn et al. 2006), and are greater than the CMB
primordial fluctuations that are of the order of 107°. To quantify the cosmic variance
noise that arises from the finite volume of the universe accessible to 21 cm experiments
we plot the 21 c¢m signal (versus frequency) incident on each of the cluster-sized an-

gular regions in the simulations, along with the global average (see Figure 3.2). The

SFor the cluster region simulated in this work, we use the radius in which the mean over-density
of the cluster is 200 times the critical density of the universe, r999. To approximate ro99 we use the
scaling relations from Neumann (2005).
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Figure 3.2: Top: The mean 21 cm background brightness temperature offset from
the CMB spectrum as a function of frequency incident on each of the cluster-sized
along with the simulation global mean (Red). The shaded areas
correspond to 20 and 3o standard deviations in the cluster-sized regions. Bottom:
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Table 3.2:: Summary of parameters used in this work for HERA and SKA.

HERA SKA1-low
Antennae design 350 hexagonally packed dishes 512 stations
Antenna/station diameter (m) 14 35
Collecting area (m?) 53,878 416,595
Aeff (m2) 153.93 962.11
Ty (K)(= Tuty + Treur) Ty + 100 11Ty, + 40

Figure illustrates how the global signal measured over the cluster-sized region can
significantly depart from the average signal. Each of the cluster-sized regions pro-
vides an estimator for the 673 (v), which varies from one to another, showing variance
produced to the signal in a finite region. We note that cosmic variance noise increases
the error budget resulting in a decrease in the significance of any detection. Hence, by
allowing observations of many more samples we will reduce the overall error budget
and effects of cosmic variance.

Observations of the SZE at microwave frequencies will aid in distinguishing the SZE-
21cm fluctuations from intrinsic degeneracies between parameters that control the
mean 21 cm brightness temperature spectrum and CMB fluctuations, and we can
use information from these observations as a way to normalise low-frequency signals
that will be crucial to establishing signatures related to the 21cm signal. Contamina-
tion from point sources is also a major concern and for our mock observations, it is,
therefore, useful that we detect and discard point-source contaminated pixels. To do
this we apply a threshold approach to avoid contamination in the SZE-21cm compu-
tation, identifying possible point sources in these fields above a given threshold and
replacing those pixels with the mean background value; this also helps us account for
the cube fluctuations. Later in the section 3.5, we will focus on how possible sources
of contamination can be handled.

Simulating 21cm instruments

To include realistic 21 cm instrumental effects we follow the methodology of Hassan
et al. (2018) that accounts for the finite angular resolution of the instrument, fore-
ground cleaning, and the presence of instrumental noise. This methodology produces
mock observations using the 21lcmSense’ package (Pober et al. 2013, 2014), which
creates realisations of thermal noise taking into account the antenna configuration,

"https://github.com/jpober/21cmSense
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Figure 3.3: Simulated SZE-21cm cluster maps from our mock differential observa-
tions at 59.43 MHz, 81.59 MHz, 112.02 MHz, and 176.67 MHz for a cluster with a
plasma temperature of 10 keV, a radius of 2 Mpc, and optical depth of 1073, The
maps are shown for simulated differential observations without instrumental effects
and simulated observations with HERA and SKA1-Low.
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system temperature, and station/dish size to calculate expected sensitivities of 21
cm experiments. For this work, we produce mock observations with HERA and the
low-frequency SKA1 (SKA1-low) instruments. The summary of our assumed HERA
and SKA array designs are in Table 3.2.

We take a 3D-Fourier transform of each cube, this gives us the magnitude of the cube
as a function of wave vector k; k, the magnitude of k vector, is k = |k| = , /k? + kﬁ,

where &, is the co-moving component on the plane of the sky and k| is the co-moving
component along the line of sight. It is expected that foreground contamination
of 21 cm measurements will be spectrally smooth and should only affect the lowest
kj modes (Bowman et al. 2009). However, due to the frequency dependence of an
interferometer’s response, the contamination will leak into higher & modes through
“mode mixing”, which is stronger for long baselines (high values of k) that have
higher fringe rates. This mode mixing causes the foregrounds to become confined to
a wedge-shaped region in the k; — kj space (Liu et al. 2009, 2014).

First, we remove the foreground contaminated & modes from the cubes assuming that
foregrounds are confined to some regions in Fourier space along the line-of-sight. This
confinement is expressed in terms of spatial Fourier wave-numbers for Fourier modes
k., and k). Foreground contaminants are expected to be mostly in modes that satisfy
the following condition:

Hy D, 0[Q, (14 2)% + Qa2
ky < kY
<7 c(l+2)

ki (3.7)

where D, is the co-moving line-of-sight distance, 6 is the angle between the line of
sight and the direction of the Fourier mode k, and k:ﬁ is an offset constant (detailed
derivations of this may be found in Liu et al. 2014, 2016). The modes of the signal
that are contaminated by foregrounds lie inside a foreground wedge in the £, — k|
plane. The foreground wedge slope is given by:

_ Hy D [Q (14 2)% + Q4)2 sind

" c(1+ z)

(3.8)

For our cubes, we zero out all the modes that are inside the wedge to clean the
foregrounds. More modes are removed at lower frequencies since m increases with de-
creasing frequency. To account for the angular resolution we compute the uv-coverage
antennae distribution for the HERA and SKA1-Low designs using the 2lcmSense
package. The uv-coverage gives the total number of baselines that observe a given
u-v pixel. The angular direction is given by k, = 27k,, where the sky along x and y
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Figure 3.4: The SZE-21cm temperature decrement radial profile from a cluster of
radius of 2 Mpc, a core radius (r.) of 0.248 Mpc and § = % at 59.43 MHz, 81.59
MHz, 112.02 MHz, and 176.67 MHz. Top: simulation without instrumental effects
and simulated observations with HERA. Bottom: simulation without instrumental
effects and simulated observations with SKA1-Low. The shaded errors regions assume
observations with HERA (Top) and SKA1-Low (Bottom).
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coordinates can be converted in terms of baseline length in u and v coordinates. We
compute the u-v coverage for HERA and SKA1-Low from the antenna distribution
and convert the uv coordinates into corresponding k, and k, modes. We then obtain
a Fourier transform of T,,,,4(v) and Tj m0q(v) maps, and zero out the Fourier modes
that correspond to null u-v coverage at k, and k,. We smooth down the maps using
a Gaussian filter with a full width half maximum of FWHM = mmTEHZ), where B is
the maximum baseline length for HERA and SKA1-Low. Thereafter, we obtain the
angular resolution limited T5,,,q4(v) and Tg m04(v) maps and we inverse Fourier trans-
form back to real space. We simulate a noise map whose pixel values are obtained
from a Gaussian distribution with a zero mean and standard deviation that is set to
thermal noise for HERA and SKA1-Low (see, Zaldarriaga et al. 2004; Hassan et al.

2018):

2kpT.
NP [Jy| = ——=L— 3.9
VNI = o, (39

where A.ss is the effective area of a single antenna, Av is the frequency resolution,
tint s the integration time, and Tys = Ty + Trepr is the system temperature, where
T,cor is the receiver temperature and the sky temperature is, Ty, = 120(%)_2'5%{7
see Table 3.2. Our simulated experiments assume t;,; = 1000 hours, and Av = 97.8
kHz for HERA and Av = 50 kHz for SKA ®. The noise is suppressed by our u-v
coverage (N,,) by a factor of \/%w, we inverse Fourier transform the noise map to
real space. This is then added to our foreground and angular resolution corrected

Tinod(v) and Tj meq(v) maps.

Mock differential observation

We perform mock observations in the direction of the cluster 7},,q4(v) and compare
this with an empty sky region located away from the cluster region Ty ,m0a(v) to
obtain SZE-21cm maps with HERA and SKA1-Low. The empty sky region away
from the cluster has the same size as the region of the cluster to allow for pixel-
by-pixel operations. The differential observation that gives us the SZE-21cm as in
equation 3.6 can be written as:

ATszg-21cm = Ton — Torr, (3.10)

8The total simultaneously processed bandwidth in this work is 100 MHz for HERA (DeBoer et al.
2017) and 300 MHz for SKA1l-low (Labate et al. 2017)
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where Tpy is the value obtained when observing the cluster signal (hereafter titled
signal ON), from which we subtract the background (empty sky), Torr (hereafter

titled signal OFF). To account for correlation and position-dependent offsets, we use

Torr, +1ToFF,
2

observation as set out by equation 3.10, which gives us the SZE-21cm at the cluster

two background regions and let Torpr = . We perform the differential
as AT eqa = ATszE_21em, which is the modification of the initial background signal.
Assuming that the mock cluster’s gas is isothermal, we use the isothermal S-model
to model its density profile (see e.g., Cavaliere & Fusco-Femiano 1976), which varies
as a function of cluster radius, r:

72\ ~28
Ne(r) = nNeg (1 + E) , (3.11)
where n.p is the electron number density at the center of the spherical symmetric
cluster gas distribution; ( is the power-law index and r. is the core radius. This elec-
tron density distribution leads to the following analytic form of SZE-21cm brightness
temperature profile:

P2\ 2728

AT 0a(v) = AT a0 (1 + ﬁ> : (3.12)
AT 040 is the central temperature decrement. We model the SZE-21cm brightness
temperature, AT,,.q, at the cluster using the model in equation 3.12, with g = % and
r. = 0.248 Mpc for a typical rich cluster.
We generate cluster maps and measure the SZE-21cm at the cluster, and use the
measured signal to construct the SZE-21cm spectrum. The simulated maps are shown
in Figure 3.3 and the cluster radial profiles are in Figure 3.4. The mock observations
are made in the frequency range between 30 and 160 MHz, but here we only show
the simulated maps and cluster radial profiles at at 59.43 MHz, 81.59 MHz, 112.02
MHz, and 176.67 MHz as these are the frequencies where we can see the strongest
decrements or increments in the SZE-21cm signal. The SZE-21cm spectrum is shown
in Figure 3.5 and is discussed at length in section 3.3.3.

3.3.3 Discussion: HERA and SKA simulated observations
of the SZE-21cm for the theoretical model

According to Cooray (2006) and Colafrancesco et al. (2016), detailed measurement of
the SZE-21cm will allow us to derive precise information on the epochs at which the
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Figure 3.5: The SZE-21cm spectrum from our mock differential observations of a
galaxy cluster with a plasma temperature 10 keV and 7 = 1073. The Black solid
line is the theoretically expected value calculated for our simulated cluster. The
Green points and error bars are from the SZE-21cm measurement of the simulated
observations for HERA, and the Red points and error bars are from the SZE-21cm
measurement of the simulated observations for SKA1-Low.

CMB was modified (i.e., DA and EoR) and on the physical mechanisms that imprint
distinct features on the global 21 cm background (§7}) that are present in the SZE-
21cem spectrum. Figure 3.3 in the work presented here shows images resulting from
the simulated differential observations of a galaxy cluster at different frequencies,
and Figure 3.5 gives us the SZE-21cm measured at the cluster without instrumental
effects and also taking into account the effects of foregrounds, thermal noise, and
angular resolution observing with HERA and SKA1-Low, which gives us a good idea
of the impact that instrumental effects have on the differential observations. For
our simulated observations using a low-frequency radio interferometer, we employ a
simple strategy to provide order of magnitude approximations to the noise errors at
the frequencies of relevance. The system temperature (Ty,s) for HERA and SKA1-
Low can be found in Table 3.2. The instrumental noise on the brightness temperature,
ATN | measured by an interferometer is given by Furlanetto (2006a)
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ATN = Lo

= — 3.13
UFRY, Aytint ( )

The array filling factor is given by ny = A.rr/ D? . where D,,,, and Acsyp are the
maximum baseline and total effective area of the array respectively.

We realise that the SZE-21cm spectrum almost resembles an inverted 67, spectrum.
As the SZE-21cm changes as a function of frequency, its features correspond to some
changes in the 0T}, spectrum. For example, the minimum point of the input spectrum
at approximately 80 MHz, Figure 3.1, corresponds to the maximum point of the SZE-
21cm spectrum, Figure 3.5. The spectrum shows absorption of the SZE-21c¢m between
40-60 MHz, as a result, we observe a decrement in the SZE-21cm map at 59.43 MHz,
this followed by emission in the SZE-21cm spectrum between 60-90 MHz and as a
result, we observe an increment on the SZE-21cm map at 81.59 MHz. Between 80-
110 MHz there is absorption in the SZE-21cm spectrum and as a result, we observe
another decrement at 112.02 MHz. At v > 110 MHz the SZE-21cm spectrum starts
to pick-up and this is evident in the SZE-21cm map at 176.67 MHz. Notably, we have
a deviation between the simulated observation and the true signal at high frequencies
in Figure 3.5, and the deviation is more substantial for SKAl-Low than for HERA,
contrary to expectations, and it is not clear what produced this effect.

The cluster is easily identifiable in all the simulated maps thanks to the angular
resolution of our simulated HERA and SKA1-Low designs and the uv-coverage that
extends small scales at the frequencies of interest. The noise for SKA1-Low is less as
compared to HERA and the lower angular resolution for HERA makes it slightly more
challenging to resolve the cluster. Figure 3.4 also shows that we can recover the cluster
radial profile with both HERA and SKA as the simulated observation results with
instrumental effects are compatible with the model. At higher frequencies, SKA1-
Low will be able to produce good results, however, at low frequencies, the errors are
larger. SKA1-Low may be an ideal instrument to conduct studies of the SZE-21cm as
compared to HERA, which promises to be instrumental in making the first detections
of the effect as it will come online ahead of SKA1-Low. Minimising the errors when
observing with HERA will require significant amount of integration time, this work
simulate the observations assuming 1000 hours with both instruments.

The SZE-21cm from multiple clusters

The SZE-21cm, which is our quantity of interest, is a faint signal and the best way
to deal with such a signal would be to average it over as many clusters as possible.
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We demonstrate the feasibility of reducing the error budget that arises due to instru-
mental effects by averaging the SZE-21cm observed towards multiple galaxy clusters
with the low-frequency SKA telescope, we estimate the expected error for cluster ob-
servations of the SZE-21cm by scaling and combining observations towards multiple
clusters to improve the signal-to-noise which is given by equation 3.13. The expected
errors in Figure 3.6 are determined assuming observations towards one cluster and
the improvement by computing the average over signals towards ten and then one
hundred clusters. To give a sense of the impact this may have on reducing the er-
ror budget, we assume an improvement in A T with /N, of the number of clusters
(Ng) used (Cooray 2006; Clanton et al. 124). In each of the clusters, the SZE-21cm
signal is present, thereby adding to it its contribution. Whereas, noise is random and
therefore does not add but begins to cancel as the number of clusters we average in-
creases. For this reason, we can expect that the signal-to-noise improvement obtained
by averaging the SZE-21cm from multiple galaxy clusters to be proportional to the
square root of the number of clusters averaged. Measuring the SZE-21cm observed
towards multiple galaxy clusters and obtaining an average as described here will also
be beneficial to reduce the uncertainty that arises due to cosmic variance on the 21
cm background signal incident on each of the cluster-sized angular regions in the
simulations, see Figure 3.2, which we begin to suppress stacking up to a few hundred
clusters.

The SZE-21cm computation requires prior knowledge of the cluster’s electron temper-
ature and optical depth profile, which can be obtained from observations of the SZE
related to the CMB spectrum alone at much higher radio and microwave frequencies,
possible with the Planck telescope (see e.g., Hansen et al. 2002). Colafrancesco et al.
(2016) pointed out that the SZE-21cm as a function of frequency is dependent on the
temperature of the intracluster plasma, mathematically this can be written in terms
of the Compton parameter as y o< kg1 - 7. We propose two solutions to overcome the
challenge that arises from the SZE-21cm varying for clusters with different plasma
temperatures. To average the SZE-21cm of clusters with different plasma tempera-
tures, we can study and measure the Compton y parameter at higher frequencies and
factor it in our computations, alternatively we can average the SZE-21cm for clusters
with the same plasma temperatures only. In this regard, we expect the low-frequency
SKA array to have large fields-of-view of approximately 2.5 — 10 degree from 200
MHz down to 50 MHz (Mellema et al. 2013), which will enable us to identify large
cluster samples to study the SZE-21cm by selecting the ones having similar plasma
temperatures as can be derived from X-ray observations. Detecting a larger number
of sources will also strengthen the statistical studies of the DA and EoR and the
cosmological radio backgrounds.

To better derive information on the SZE-21cm produced by low redshift galaxy clus-
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Figure 3.6: The SZE-21cm spectrum from our mock differential observations of a
galaxy cluster with a plasma temperature 10 keV and 7 = 1073. The shaded errors
regions assume observations with an interferometer similar to SKA. The Green error
region is for differential observations towards a single cluster, Grey area towards 10,
and the Gold area towards 100 clusters (see e.g., Cooray 2006). The Black solid
line is the best-fit to theoretically calculated data points, the Magenta dots are
points measured from our simulated mock observations and the Blue solid line is the
standard SZE (ATy,;) for comparison.

ters, multi-frequency measurements of the SZE at X-ray and microwave bands are
highly desirable for the extraction of additional information from its spectral shape,
and for separating the signal from the various sources of contamination and con-
fusion. Such multi-frequency measurements will also be useful in finding suitable
cluster candidates for low-frequency studies based on the strength of the SZE signal
at high-frequencies and will be instrumental in estimating the profile of the optical
depth and the temperature of the cluster gas, which must be known when computing
the SZE-21cm.
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Figure 3.7: The SZE-21cm computed for the simulated fiducial 21 ¢m background
model from Figure 3.1 (Blue) compared to the SZE-21cm computed using the 21cm
background spectrum detection claimed by the EDGES experiment (Red). The
shaded errors regions assume observations with an interferometer similar to SKA for
differential observations towards a single cluster. The SZE-21cm spectrum computed
from the EDGES input spectrum is only reliable between 70-90 MHz due to the edge
effects of the frequency range of the input spectrum. For both cases, we assume a
cluster with a plasma temperature of 10 keV and an optical depth of 7 = 1073,

3.4 The SZE-21cm in the EDGES era

In this section, we compare our results for the SZE-21cm obtained using the fiducial
21 cm background model in section 3.3 to the results we calculate using the 21 cm
background spectrum claimed by the EDGES experiment (Bowman et al. 2018). To
calculate the SZE-21cm with the input spectrum being the 21 cm background signal
claimed by the EDGES collaboration we used the formalism in section 3.2.2. We show
the spectra in Figure 3.7. We note that the SZE-21cm spectrum computed from the
EDGES input spectrum is accurate only in the frequency range (70-90 MHz) due to
the edge effects of the frequency range.

The EDGES 21 ¢m background spectrum in Figure 3.1 implies that gas temperatures
during DA and EoR were cooler by orders of 2 to 3 as compared to predictions by any
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prior models. The peak of the SZE-21cm for the EDGES detected background signal
and the troughs of the SZE-21cm are also amplified by orders 2 to 3 compared to the
theoretical model. Figure 3.7 therefore, demonstrates that the SZE-21cm spectrum
can be used to establish the amplitude of the input background spectrum and features
that probe the corresponding epochs.

In Figure 3.8 we plot the low-frequency SKA telescope sensitivity compared to the
standard SZE and the SZE-21cm. We note that the EGDES background is reliable
only in the band 70-90 MHz. We list our findings below:

e With SKA1-low-50% the SZE-21cm can be detected for the fiducial model at
v 2 90 MHz and the EDGE-like background at v = 75 MHz. Good frequency
channels to distinguish between the standard SZE and the SZE-21cm signals
are 110 - 140 MHz for the fiducial model and 90 - 130 MHz for an EDGES-like

background spectrum.

e With SKAl-low the SZE-21cm can be detected for the fiducial model at v 2
70 MHz and the EDGES-like background at v = 60 MHz. Good frequency
channels to distinguish between the standard SZE and the SZE-21cm signals
is v 2 75 MHz for the fiducial model and v 2 70 MHz for an EDGES-like
background spectrum.

e With SKA2 the SZE-21cm can be detected for both the fiducial model and
EDGES-like background at v = 50 MHz. Good frequency channels to distin-
guish between the standard SZE and the SZE-21cm signals is v 2 70 MHz for
the fiducial model and v 2 55 MHz for an EDGES-like background spectrum.

To match the unexpectedly large extent of the SZE-21cm computed using the EDGES
signal without recourse to any form of new physics we may need to change the con-
ditions for the source of the background radiation in our simulated models. Apart
from concerns raised on the foreground model and systematics, the EDGES detection
has been discussed extensively and potential explanations consider new physics, radio
background in excess of the CMB at redshifts related to the DA and EoR, interaction
between baryons and dark-matter particles (Barkana 2018), and new modes of star
formation such as metal-free Pop III stars (see e.g., Mebane et al. 2019). While this
detection has yet to be confirmed by other techniques and experiments, it exhibits
features that are inconsistent with existing theoretical predictions. Independent ex-
periments and methods are needed to verify this EDGES result, therefore, we propose
measuring the SZE-21cm with upcoming instruments like the SKA as this method
probes the features of the input 21 cm background spectrum.
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Figure 3.8: Right: The spectra of the SZE-2lcm Al,,,q. The blue solid line
represents the SZE-21cm for our simulated fiducial 21 ¢m background model and
the Red line for a 21 cm background spectrum similar to the EDGES detection.
The Grey dotted and dashed line represents the SZE for a non-modified CMB Al;.
Left: The absolute value of the difference between the SZE-21cm and the standard
SZE. The Blue solid line for our simulated fiducial model and the Red line for the
SZE-21cm calculated from the spectrum similar to the EDGES detection. For both
figures, we compared with the SKA1l-low-50% (Black), SKAl-low (Green), and
SKA2 (Magenta) sensitivities for 100 kHz bandwidth, 1000 hrs of integration, 2
polarizations, no taper, and no weight.

3.5 Challenges for observations of the SZE-21cm

Work by Cooray (2006) and Colafrancesco et al. (2016) showed that contamination
from background and foreground emissions on scales larger than a typical galaxy clus-
ter has less impact on differential observational measures of the SZE-21cm. However,
radio point sources have historically been the main source of contamination in the
SZE measurements (Carlstrom et al. 2002), and synchrotron radio emissions from
the host galaxy cluster can also lead to contamination at frequencies relevant to the
DA and EoR studies. The measurements of the SZE-21cm can be contaminated by
the emission of point sources along the sightline to the galaxy cluster, which could
contribute to the underestimation or overestimation of the SZE signal. A strategy
that could be used to remove point sources is to identify possible point sources in
radio catalogs and follow up with pointed observations at high angular resolution.
The point source removed should be much smaller than the extent of the SZE signal
for the amount of the removed SZE-21cm flux to be negligible; this will be achievable
with the SKA telescope, which should be capable of making high angular resolution
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Figure 3.9: Simulated SZE-21cm cluster maps at 176.67 MHz: with point sources in
the original image, the model image, and the residual which is original minus model
image. Boundaries of the regions/island of emission found by code are shown in light
blue and the fitted Gaussians the shaded areas shown for each region as small ellipses.
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measurements (< 0.1 arcsecond).

Radio point sources are abundant in galaxy clusters, which leads to a significant frac-
tion of the SZE signal being affected by the contamination as discussed above. Two
modes can lead to the dilution of the SZE: point sources that are not removed can fill
the SZE signal, and the removal of the point sources can result in removal of the SZE
signal (Cooray et al. 1998; Birkinshaw 1999). Experiments to measure the SZE only
needs to remove about two bright point sources to be confident that the measurement
is not contaminated by radio emission from galaxy cluster members (Holder 2002).
We simulated an observation towards a galaxy cluster at z = 0.1 with point sources
assuming the typical spectral index is about o = —0.7, where S(Jy) o v* at 176.67
MHz with radio flux ranging from 30 to 290 mJy (see e.g., George et al. 2017), which
is of the order of magnitude of some of brightest galaxies in clusters at frequencies
relevant to this work. We make use of a code designed to decompose radio interfer-
ometry images into sources called PyBDSF (the Python Blob Detector and Source
Finder, formerly PyBDSM) (N & Rafferty 2015). The code reads in the input image,
calculates background rms and mean images, finds regions of emission, fits Gaussians
to the regions, and groups them into sources. We left the PyBDSF parameters at
their default values during this source extraction. We obtain a percentage error of
6% for the SZE-21cm simulated for observation with the SKAl-low beam after point
source subtraction compared to the SZE-21cm computed at the same frequency in
Section 3.3. The presence of the point source and the subtraction thus has an impact
on the SZE-21cm signal that we measure. The point source subtraction removes flux
within the point source subtraction beam area from the cluster map at the position
of the point source. Figure 3.9 illustrates the simulated point source and subtraction
described here.

Another possible issue is due to the presence of diffuse emission in the radio band
(Radio halos, mini-halo and relics) that have been detected and studied in galaxy
clusters (see review, Feretti et al. 2012). This may be one order of magnitude higher
at frequencies relevant to observations of the SZE-21cm. It is also worth noting that
contamination due to synchrotron emission in the cluster decreases for objects at large
distances, since radio synchrotron emission changes with luminosity distance, whereas
the SZE does not change as a function of redshift and distance of the source (see.,
Colafrancesco et al. 2016). By using this property, Multi-frequency and spatially re-
solved analysis with upcoming interferometers will allow us to reduce the importance
of intrinsic radio emission from the clusters. It is important, however, that we study
and analyse both contributions to distinguish and separate them.
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3.6 Conclusions

Further simulations and observations are necessary to pinpoint the best strategy
for observing and measuring the SZE-21cm to probe the DA and EoR, which will
require very deep, thorough observations and highly accurate theoretical analysis.
The detection of the SZE-21cm with the upcoming HERA and SKA instruments has
the potential to yield insightful information on the history and physical mechanisms
occurring during the DA and the subsequent EoR as they are sensitive. The SKA
will particularly play a large role in the study of cosmological radio backgrounds by
providing SZFE data with high accuracy. Cosmic variance and instrumental noise have
potential to contaminate and decrease chances for a clean detection of the SZE-21cm
signal. Averaging the signal from a number of clusters has been demonstrated as a
method to suppress the noise and deal with the challenges we may face observing
towards a individual cluster. To identify ideal clusters and obtain cluster plasma
temperatures, X-ray measurements of the ICM properties will be of great importance
and will form a crucial part of our observational strategy for studies of the SZE-21cm,
particularly clusters that are in the Southern hemisphere, where HERA and the SKA
will observe. In this regard, the next step would be to identify clusters in Microwave
source catalogs from the SPT, Planck and, ACT. Furthermore, we have shown that
point source removal is crucial to address the issue of contamination that may fill the
SZE-21cm signal. We also noted a deviation between the true signal and simulated
observation with HERA and SKA at high frequencies, which is particularly contrary
to expectations for observations with SKA-low. The source of this deviation needs
to be investigated and adequately addressed. This work has shown that HERA and
Low-frequency SKA will be able to obtain maps of the SZE-21cm. The outcomes
from our simulations and calculations make us optimistic that the SKA telescope
will detect the SZE-21cm spectrum and will be instrumental in following-up on the
EDGES result.
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Chapter 4

The impact of cosmological 21cm

background models on the
SZE-21cm

Abstract

The exact shape and amplitude of the global 21 ¢m background signal and fluctu-
ations are still highly uncertain, and in this Chapter, we investigate the impact of
cosmological 21 ¢m background models on the SZE-21cm. The models we consider
are for cosmologies with Warm Dark Matter, Population II and Population III stellar
heating in the early Universe, and excess cooling of the IGM at very high redshift.
We find that the SZE-21cm obtained through simulated differential observations is
dependent on global 21 c¢m signal models that we use and that the SZE-21cm can
be used to extract the distinct features imprinted on the cosmological signal during
DA and EoR by physical processes described in these models. Moreover, when in-
ferring the global signal using the differential observations of the SZE-21cm we will
also be able to rule out any inconsistent model, allowing the SZE-21cm to probe the
formation and nature of the first sources.

4.1 Introduction

In the previous Chapters, we have already established that the cosmological 21 cm
signal arises from the radiation effects produced by the first generation of sources in
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the Universe, including stars, accreting black holes, and galaxies. The evolution of the
global signal, 67}, given by equation 2.15, is driven by a number of important physical
processes. These include (1) Ultra-Violet (UV) radiation from the first sources; (2)
X-ray heating, as a result of gas accreting into primordial black holes; and (3) ionizing
photons from the first galaxies (see, Wouthuysen 1952; Fields et al. 1998; Madau et al.
1997; Shaver et al. 1999). It is worth mentioning that the first generation stars to
form in the Universe are different compared to stars we observe today, as no prior
generation of stars had existed to enrich the IGM with heavy elements (Mirocha et al.
2018). Since our knowledge of the first sources is very limited, it is not possible to
make robust predictions for the global 21 ¢cm background. Instead, over the years
there have been efforts to study how relevant processes that affect the mean signal,
which can give us some insight on these first sources.

In section 2.3, we briefly discussed the hierarchical structure formation under the
ACDM model, which gives us a good picture of the Universe at large scales within
a range ~ 10 Mpc - 1 Gpc. However, some concerns have been raised relating to
this model at sub-Mpc scales on whether it provides an adequate fit to data on these
scales as simulations using this model have yielded results that are inconsistent with
observations of our galaxy and its satellites (see, Klypin et al. 1999; Moore et al. 1999;
de Blok et al. 2001; Boylan-Kolchin et al. 2011, 2012). To account for this change in
properties, Warm Dark Matter (WDM) models instead of CDM have been considered
to alleviate the issues at small scales as a result of dark matter with higher velocities
(see, Sitwell et al. 2014).

The first generation of metal-free stars, known as Population III stars are thought to
form since around z = 40 — 20 inside dark matter mini-haloes of mass around 106 M.
The high Jeans mass of metal-free gas suggests a top-heavy or bimodal initial mass
function (IMF), which is different from that of their successors, namely Population
IT and Population I stars that form in metal-enriched gas, where the Jeans mass is
lower (see, Bromm et al. 1999; Abel et al. 2000; Yoshida et al. 2003). The feedback
mechanisms in the first stars may have been more intense, leading to the release of
great amounts of ionizing radiation (Tumlinson & Shull 2000). Population II stars are
the second generation of stars created through the metallicity increasing cycles of the
Universe, where each generation is more metal-rich and with evolving nucleosynthetic
properties (Corazza 2017). Population I are young stars with high metallicity and
form as a result of several generations of low metallicity Population II supernovae.

Since the first star-forming halos were very small and consisted only of pristine gas,
it is possible that Population III stars are massive, of the order of hundreds of solar
masses, and formed in isolation (Wise & Abel 2007), emitting copious amounts of
ionizing UV radiation. These Population III stars played a vital role in the evolution of
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early galaxies as they introduced the first heavy elements required for more traditional
star formation (Population II) into the universe by the Supernova explosions, thereby
adding metals to gas, which increased the number of atomic and molecular transitions
and increased its ability to cool. It is currently unclear when this transition from stars
of Population III to stars of Population IT happened and how prolonged it was over
time. However, while the majority of star formation has transitioned to Population
I1, it is plausible that the formation of Population III has continued even to z ~ 6 in
pristine gas pockets, before being ultimately shut off by cosmic reionization (Muratov
et al. 2013). At present (z = 0), Population I and Population II stars populate our
Universe (Baade 1944).

A Population IIT cluster (with 100-260 M, Salpeter IMF) produces more hydrogen-
ionizing photons by order of magnitude than a Population II cluster (with 0.1-100
My, Salpeter IMF) with the same mass (Schaerer 2002). In this regard, Population II
could have played a role in the reionization of the Universe and if they were responsible
for the reionization process they would need to supply at least an order of magnitude
more number of ionizing photons per baryon than Population II stars we observe today
(Sokasian et al. 2003; Wyithe et al. 2005; Bromm et al. 2009). Hence, to reconcile
this, Population III reionization models have been studied and have been an area of
great interest for a number of decades (see, Furlanetto 2006a; Mirocha et al. 2018).
These stars have been shown to modify the intensity of the 21 cm signal through the
Wouthuysen field effect (discussed in section 2.4), that couples the neutral hydrogen
hyperfine structure levels to the gas temperature (see, Bromm 2013). Despite having
advanced simulations of Population III stars, there is a lack of understanding of their
formation over an extensive range of physical conditions and redshift range as there
are no observations. The UV photons from either Population II or Population III
stars ionize the IGM and bubbles of high temperature ionized hydrogen form around
the sources and as they grow they eventually overlap until they ionize larger parts of
the Universe (Thomas & Zaroubi 2010). The Population III star population declines
as Population II increases and supernovae gradually enrich the IGM with metals.
Population I stars are too young to have even contributed to reionization.

Complementary to efforts to understand stellar systems and the nature of dark mat-
ter during the DA and EoR are radio interferometric experiments designed to detect
the redshifted cosmological 21 cm radiation. These should enable us to study how
primordial star formation significantly changed conditions in the early Universe, dur-
ing the first billion years.

The various models that study different stellar populations and forms of dark matter
show that the processes introduced by these models will leave an imprint on the 21
cm global signal. As a proposed indirect probe for the global 21 c¢m signal, we expect
to observe the imprints of these physical processes on the SZE-21cm spectrum as well.
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This Chapter aims to compute the SZE-21cm for different cosmologies and to iden-
tify those properties from the global 21 cm background that become imprinted on the
SZE-21cm spectrum. We incorporate a selection of theoretical models of possible sig-
nals from different classes, which differ by the generation of stars whose contribution
governs the signal behaviour (particularly Population II and Population III stars), we
also look at the effects of WDM, and added cooling channels that can result in global
signal with an amplitude similar to the EDGES detection.

This Chapter is structured as follows. In section 4.2 we present the simulations of
the global signal with 21cmFAST for models considering WDM, and Population II
and III stellar population, we look at how these models affect the global 21 cm signal
and thereafter present our expectations on how these models impact the SZE-21cm
from our simulated differential observations and discuss the implications. Section 4.3
presents a comparison of the SZE-21cm for the EDGES detection (Bowman et al.
2018) and a model that considers added cooling of the IGM as an attempt to account
for the signal reported by the EDGES collaboration. We present our conclusions for
this Chapter in section 4.4.

4.2 The global 21 cm signal considering Warm Dark
Matter, Population II and Population III star
cosmologies

In Figure 4.1 we have the global 21 c¢m brightness temperature from the best-fitting
profile model from recent EDGES results (Bowman et al. 2018), and deviations from
standard 21 cm ACDM cosmology models for phenomenological models that include
effects of warm dark matter (WDM), Population III stars, and a model with added
cooling to the primordial neutral hydrogen. This section focuses on a fiducial standard
21 cm CDM cosmology model with Population II stars dominating and responsible
for early heating in the Universe, a CDM model with Population III stars dominating
and responsible for early heating in the Universe, and a model with WDM with
Population II stars dominating responsible for early heating.

To simulate the effects of a WDM model, Population II and Population III stars
on the global 21 cm signal we made use of the publicly available 21cmFAST semi-
numerical code (Mesinger et al. 2010), which is an efficient tool for modelling the early
universe and is essential for us to make sense of upcoming observations. As in the
previous Chapter, the simulation cube in our runs is 30 Mpc on a side down-sampled
from the high-resolution initial conditions generated on a 460% grid and computed
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Figure 4.1: Global 21 c¢m brightness temperature offset from the CMB spectrum
as a function of frequency: Gold - Signal with added cooling simulated using the
Accelerated Reionization Era Simulations (ARES), in section 4.3. Green - The best-
fitting 21 cm profile model derived from the EDGES observations (Bowman et al.
2018). Blue - Simulated fiducial CDM model with Population II stars responsible
for early heating. Red - WDM model with m, = 3 keV and Population IT stars
responsible for early heating. Black - Simulated CDM model with Population III
stars (Pop III) responsible for early heating.

on a 1153 grid corresponding to a cell resolution of 0.26 Mpc, in the redshift range
z = 138 — 7 (corresponding to frequency range 10 — 176 MHz). We compute mean 21
cm brightness temperature §73(v) from our cubes simulated using 21cmFAST, this is
presented in Figure 4.1 as a function of frequency.

4.2.1 21cmFAST: Cases considering Warm Dark Matter, Pop-
ulation II and Population III stars

Considering stellar population responsible for early heating we simulated the cases
for Population II and Population III stars. For the WDM case we assume a dark
matter particle mass of m, = 3 keV as it is within the detection limits of current
radio interferometers, future experiments should be able to measure the difference for
other relevant WDM models (see, Sitwell et al. 2014).
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Below we compare the fiducial CDM 21 cm global signal where the star formation
rate (SFR) is dominated by Population II stars with a CDM 21 cm global signal
where the SFR is dominated by Population III stars, and also compare WDM 21 cm
global signal with that in fiducial CDM model:

e Case considering Population II and Population III stars: The option
between Population II and much more massive Population III stellar populations
has an impact on the ratio of Lya photons to ionizing photons and moves the
initiation of Lya coupling relative to reionization (Furlanetto 2006b). If the
early Universe is dominated by Population II stars, the global 21 cm signal has a
strong absorption epoch, which is followed by emission that is weaker and begins
to fade during the reionization epoch. This is a result of the Wouthuysen-Field
coupling rendering the IGM visible ahead of being heated by X-rays leading
up to reionization. This absorption signature of the global signal can give us
information on the emergence and spectral properties of the first sources and
the impact of Wouthuysen-Field coupling and X-ray heating. The thermal
history for the Population III case is similar to that of Population II. However,
if the much hotter and larger Population III stars dominate they push this
transition forward in time and compress them into a shorter time interval, which
results in a decline of the amplitude and a weaker absorption in the global
signal, with the emission of the global signal remaining mostly unchanged (see,
Furlanetto 2006a,b, 2016; Mebane et al. 2019). The weaker absorption could
make detecting the cosmological 21 cm signal slightly more difficult if Population
IIT stars dominate throughout the EoR. Furlanetto (2006a) and Mirocha et al.
(2018) expand on these cases of Population II and III stars dominating early
phase of stellar evolution in greater detail .

e Case considering WDM: WDM delays early star formation as it suppresses
the growth of structures on small scales and its presence in significant quantities
could potentially alter and leave a trace on the cosmological 21 cm signal.
This results in the delay of production of UV and X-ray backgrounds, which
modifies the Wouthuysen-Field, X-ray heating and reionization. The global 21
cm brightness temperature spectrum for the WDM model with m, = 3 keV
shows that considering WDM even with a particle mass of a few keV alters the
evolution of the signal. Sitwell et al. (2014) has shown that decreasing m, for
WDM models results in an increase the gradients of the global signal. Since
structure formation is delayed but faster in WDM, the absorotion trough is
delayed, and is deeper and narrow compared to the CDM case. This case is
expanded in detail by Sitwell et al. (2014).
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Furlanetto (2006a), Mesinger et al. (2010), Sitwell et al. (2014) & Mirocha et al.
(2018) also give detailed information on how these cases can be simulated with semi-
numerical code such as 21cmFAST.

4.2.2 The SZE-21cm: Cases considering Warm Dark Matter,
Population II and Population III stars

To compute the SZE-21cm for the presented cases, we follow the same procedure as in
the previous Chapter. We simulate a typical rich cluster with a temperature of 10 keV,
a radius of 2 Mpc, and optical depth of 1073 that scatters the incoming radiation field
(T0,moa(v)), which we computed using the brightness temperature spectrum for each
of the cases. The resulting modified signal (7,,,,q4(v)) is then calculated according to
equations 3.4 - 3.6 and we conduct a mock observation in the direction of the cluster
and compare this with an empty sky region located away from the source region.
This is followed by cleaning the individual patches off any source of contamination
that may lead to an inaccurate measure of the SZE-21cm by masking all sources and
replacing the affected pixels in the empty sky patches with the mean background.
The differential observation procedure that is described by equations 3.6 and 3.10 is
then used to obtain the SZE-21cm. We make the assumption that the mock cluster’s
gas is isothermal and make use of the isothermal S model to derive the SZE-21cm

brightness temperature profile (see equation 3.12). We use the same cluster size as
3
57
0.248 Mpc, remain unchanged. The simulated observations yield 2D maps of the

in the previous Chapter, the values of the the power law index, § = 2, and r, =
cluster from which we measure the SZE-21cm at the cluster and construct the SZE-
21cm spectrum. The simulated 2D maps of differential observations performed in the
frequency range between 10 and 176 MHz are in Figure 4.2, where we only show the
simulated maps at 59.43 MHz, 81.59 MHz and 112.02 MHz as these are the frequencies
where we see the strongest decrements or increments in the SZE-21cm signal. In this
Chapter, we present only the simulated maps without accounting for instrumental
effects such as the finite angular resolution of the instrument, foreground cleaning, and
the presence of instrumental noise as we did in Chapter 3. The SZE-21cm spectrum
for the presented cases is shown in Figure 4.3 and is discussed extensively for each of
the cases below.

Discussion

The SZE-21cm derived from simulated differential observations (Figure 4.3), mea-
sured at the cluster differs for each global 21 cm spectrum (§7,) from the models
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Figure 4.2: Simulated SZE-21cm cluster maps from our mock differential observa-
tions at: 59.43 MHz, 81.59 MHz, and 112.02 MHz, for maps that are 30 Mpc a side
Top - Fiducial CDM model with Population II stars responsible for early heating.
Middle - CDM model with Population III stars responsible for early heating. Bot-
tom - WDM model with m, = 3 keV and Population II stars responsible for early

heating.
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Figure 4.3: The SZE-21cm spectrum from our mock differential observations of
a galaxy cluster with a plasma temperature 10 keV and 7 = 1073. Blue - The
SZE-21cm computed for the Fiducial CDM model where the SFR is dominated by
Population II stars. Black - The SZE-21cm computed for the CDM model where the
SFR is dominated by Population III stars. Red - The SZE-21cm computed for the
WDM model with m, = 3 keV where the SFR is dominated by Population II stars.
Magenta - dashed line is the standard SZE (ATy;) for comparison.

studied by this work. Each model imprints distinct features on the SZE-21cm spec-
trum. There is an approximately 30 MHz frequency range where the SZE-21cm dom-
inates the standard SZE for each model, which corresponds to the absorption feature
of the global spectrum: (1) for our fiducial model which considers CDM where the
SFR is dominated by Population II stars this range is between 68 - 98 MHz, (2) for
the model which considers a CDM where the SFR is dominated by Population III
stars this range is between Population III 70 - 100 MHz, (3) and for the model which
considers WDM where the SFR is dominated by Population II stars this range is
between 75 - 105 MHz. In these ranges it will be easier to distinguish the SZE-21cm
from the standard SZE with upcoming radio interferometers, we show this in Figure
4.4. The standard SZE dominates the SZE-21cm outside these ranges, and signals
differ by an order of a few pJy (see right panel in Figure 4.4).

One can easily distinguish between any of the input models in most parts of the SZE-
21cm spectra. The CDM SZE-21cm signal peaks at a lower frequency compared with
the WDM SZE-21cm and corresponds to earlier star formation. The WDM model
also has a higher amplitude compared to the SZE-21cm measured for the CDM model
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and it appears that it will be easier to distinguish from the standard SZE model (see
Figure 4.4). The CDM model where the SFR is dominated by Population III stars
has a weaker SZE-21cm signal and may be more difficult to detect as compared to
the CDM fiducial case where the SFR is dominated by Population II stars. The
emission signal of the Population IIT input spectrum, 67}, remains mostly unchanged
as compared to the fiducial Population II case, however, this is not the case in the
same frequency range, where we observe absorption in the SZE-21cm spectrum. These
features are characteristic and can be seen in the input spectra, 07}, and give evidence
that this information is also imprinted in the SZE-21cm. Sensitivity to a WDM case
can be best achieved at the frequencies where the SZE-21cm amplitude is stronger
and shifted from that of the CDM case, detection of the SZE-21cm for this shift
in the amplitude could point towards the presence of WDM. Sensitivity to stellar
populations (Population IT and Population III) can be achieved by studying the peak
of the SZE-21cm in the 68 - 100 MHz frequency range, and can also probe the heating
rate influenced by either stellar population. These above-mentioned features show
that the SZE-21cm can be viewed as a suitable tool to probe the nature of dark
matter and of the first sources in the Universe and their abundance.

The SZE-21cm for the different models is detectable with the SKA instrument; Figure
4.4 shows detectability for the standard SZE and the SZE-21cm for all the simulated
models, which is put up with the sensitivities of SKA instrument, SKAI1-Low-50%,
SKA1-Low, and SKA- 2. We used the SKA1 System Baseline document to extract
the instrument performances (Dewdney et al. 2012). Looking at all the models we
simulated, the SZE-21cm for a cluster with an optical depth of 7 = 1073 and temper-
ature of 10 keV should be detectable using SKA1-Low-50% at frequencies = 88M H z,
SKA1l-Low at 2 60M Hz and SKA2-Low at = 50M H z, observing at 100 kHz band-
width, with 1000 hours integration time, 2 polarizations, no taper, no weight. We are
more likely to be able to distinguish between the SZE-21cm and the standard SZE for
the case with WDM as this should already be detectable with SKA1-Low-50%. To
detect this difference for the other two models SKA-1-Low and SKA2-Low are more
suitable instruments, with SKA2-Low this should already be possible at frequencies
as low as 65 MHz.

4.3 Impact of an EDGES like model on the SZE-
21lcm

Throughout this work, we have used 21 cm background spectra obtained by early pre-
dictions for the 21 cm global signal (Furlanetto 2006a; Mesinger et al. 2010; Pritchard
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Figure 4.4: Left: The spectra of the absolute fluxes of the SZE-2lecm Al,,,,4 (in
wJy). The Blue solid line is the SZE-21cm for our simulated fiducial CDM model
where the SFR is dominated by Population II stars, the Black solid line is the SZE-
21cem for our simulated CDM model where the SFR is dominated by Population III
stars, and Red the line is the SZE-21cm for our simulated WDM model where the
SFR is dominated by Population II stars. The Grey dashed line is the SZE for a non-
modified CMB Al;. Right: The absolute value of the difference between the SZE-
21cm and the standard SZE. The Blue solid line is the SZE-21cm for our simulated
fiducial CDM model dominated by Population II stars, the Black solid line is the
SZE-21cm for our simulated CDM model where the SFR is dominated by Population
IIT stars, and the Red line is the SZE-21cm for our simulated WDM model where
the SFR is dominated by Population II stars. For both Figures we compare with the
SKA1-low-50% (Grey), SKAl-low (Green), and SKA2 (Magenta) sensitivities for
100 kHz bandwith, 1000 hrs of integration, 2 polarizations, no taper and no weight.

& Loeb 2012; Sitwell et al. 2014), which yielded an SZE-21cm with strong emission
of the signal at around 80 MHz, consistent with the recent EDGES detection (Bow-
man et al. 2018), these were theoretical and not tied to any observations. To make
more quantitative predictions for potential future observations we must study the
SZE-21cm using models that have been considered to explain the EDGES detection.

Presently, the focus of many experiments that are targeted at measuring the global
21 cm signal is to confirm the detection by the EDGES collaboration (Bowman et al.
2018). This can be achieved by another single antenna experiment to measure global
21 c¢m, by measuring the spatially fluctuating 21 c¢m signal using interferometers in
the same redshift range as EDGES or by measuring the SZE-21cm (as we have shown
in the previous Chapter). To match the EDGES signal, models need to include pro-
cesses that increase the amplitude of the global 21 ¢m absorption signal beyond the
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expectations of an adiabatically cooling IGM. This will have some impact on the ex-
pected SZE-21cm spectrum and as a result, we can try to infer the thermal history
and radio background that might be responsible for the EDGES signal by measuring
the SZE-21cm at the relevant frequencies. In Chapter 3 we discussed some of the
proposed processes and models that attempt to explain the amplitude signal mea-
sured by EDGES. Considering that origin of the excess cooling that can result in an
EDGES-like is still up for debate. Rather than appeal to particular physical models
proposed to explain this detection, Mirocha & Furlanetto (2019) instead parametrized
the thermal history by allowing it to depart from the predictions of standard recom-
bination codes in ACDM (see, Chluba & Thomas 2011), and allowing for cooling to
happen at much faster rates at earlier times than in traditional models.

Unlike 21cmFAST, which simulates the cosmological 21 cm signal by generating 3D
realizations of the 21 cm brightness temperature, the Accelerated Reionization Era
Simulations (ARES) code generates only models for the global 21 c¢m signal (Mirocha
et al. 2018; Mirocha & Furlanetto 2019). ARES does not include any DM models to
account for the amplitude of the EDGES signal (see, e.g. Barkana 2018). However,
Mirocha & Furlanetto (2019) explored two general possibilities, which are; (1) a
parametric excess cooling model, and; (2) scenarios of astrophysically generated radio
backgrounds. Both these possibilities result in very similar EDGES-like global signal,
for this reason, we only work with the excess cooling model, which we use to compute
the SZE-21cm. Both of these should produce a global signal consistent with a colder
than that expected IGM before the universe is reionized.

4.3.1 ARES: Excess cooling cosmological 21 cm signal

The temperature of a collapsing gas parcel evolves between T'(z) o< (1+2) and T'(z)
(14 2)? at high redshifts. The (14 z) dependence is a signature of the coupled kinetic,
spin, and CMB temperatures via Compton scattering, and the (1+2)? dependence is a
signature that indicates that Compton scattering has become inefficient, allowing for
adiabatic cooling of the gas (see, Mirocha & Furlanetto 2019). Using the log-cooling

rate, %, of a mean density parcel between —% and —% in a matter dominated
cosmology, Mirocha & Furlanetto (2019) modelled the thermal history by taking

dlogT o 24+« 2\?
=—— 1 o B 4.1
dlogt 3 3 { +exp{ (zo) }}’ (41)
where zy (referred to as the decoupling redshift) indicates the redshift at which the
cooling rate is midway between the asymptotic limits, 8 indicates how fast the cooling
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rate decreases after Compton scattering becomes inefficient. % declines sharply

for larger values of 3. Equation 4.1 is constructed such that changing « alters the
late-time cooling rate when o = —4 it reproduces the typical thermal history. During
the recombination epoch, to preserve the thermal history, the cooling rate tends
t ‘illf’ngf = —% as z — o00. The following parameters are adopted to reproduce
the standard ACDM result: o = —4, 2y = 189.6, and § = 1.27, which the ARES
code obtains from CosmoRec (Chluba & Thomas 2011), yielding a global 21 c¢m
signal similar to the fiducial model from 21ecmFAST in Figure 4.1. We use the exact
models presented in Mirocha & Furlanetto (2019) to produce the excess cooling global
signal in Figure 4.1, by summoning the requisite parameters within the ARES code.
Though the ARES signal with excess cooling replicates the amplitude of the EDGES
signal, like other physically reasonable models, it cannot reconcile the sharp walls
and flat-bottom of the EDGES detection. This section focuses on computing the
SZE-21cm from this model and we refer the reader to Mirocha & Furlanetto (2019)
for the detailed procedure that goes into obtaining the excess cooling 21 cm global
spectrum using ARES as we have done for purposes of this work. The excess cooling
21 cm global signal which we generated using ARES is presented in Figure 4.1 along
with other models generated using 21cmFAST and the actual EDGES detection, for

comparison.

4.3.2 The SZE-21cm: ARES Excess cooling model

We compute the SZE-21cm from an input spectrum, 67;, for the excess cooling model
obtained from ARES, to do this we make use of equations 3.2 - 3.6. The ARES SZE-
21cm spectrum is in Figure 4.5. The ARES added cooling model yields an SZE-21cm
spectrum similar to the one we calculated for the best fit to the EDGES signal in
Chapter 3. The ARES signal peak appears slightly earlier than that of the EDGES
detection, this is a consequence of the mechanisms for increasing the amplitude input
spectrum and how the star formation efficiency evolves. The resulting SZE-21cm
cannot match its shape of the SZE-21cm calculated EDGES detection as the ARES
SZE-21cm spectrum has broader wings and lacks the flat EDGES peak.

To estimate the expected observational errors for SZE-21cm spectrum for the ARES
signal presented in Figure 4.5, we assume observations using an interferometer sim-
ilar to the proposed SKAl-Low array using equation 3.13 and parameters in table
3.2. The errors were determined, assuming observations towards one cluster and the
improvement by computing the average over signals towards ten and then one hun-
dred clusters (following the procedure as in section 3.3.3). Looking at Figure 4.6, the
SZE-21cm signal computed for the excess cooling model is much more amplified in
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Figure 4.5: The SZE-21cm computed using the global 21 cm spectrum from our
ARES simulation run for a cluster with a plasma temperature of 10 keV and an
optical depth 7 = 1073, The Magenta dashed line is the standard SZE (ATy;) for
comparison. The Green error region is for differential observations towards a single
cluster, Grey area towards 10, and the Gold area towards 100 clusters.

both absorption and emission when compared to the SZE-21cm for the fiducial CDM
model where the SFR is dominated by Population II stars, the CDM model where
the SFR is dominated by Population III stars, and WDM model we have discussed in
the previous section. The peak of the SZE-21cm for the EDGES detection and excess
cooling model is amplified by nearly an order of 2 compared to any of the models that
we used for our simulated differential observations. It is also worth mentioning that
peak has resulted in an SZE-21cm with a positive brightness temperature, whereas
previous works (Colafrancesco et al. 2016; Takalana et al. 2018) had predicted an
SZE-21cm signal with a non-positive brightness temperature. The SZE-21cm ampli-
tude is dependent on the photon distribution at the respective frequencies. At the
frequencies where we have the peak on the ARES SZE-21cm signal, a larger number
of photons are present with respect to the standard SZE and SZE-21cm for models
we assessed in the previous section, here the ARES signal peak is larger by a factor
of about 2; on the other hand, at the frequencies where we observe absorption on
the ARES SZE-21cm signal, a smaller number of photons are present with respect to
the standard SZE and the SZE-21cm for models we assessed in the previous section,
here the absorption of the ARES SZE-21cm signal is about 2 orders of magnitude
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Figure 4.6: The SZE-21cm spectrum from our mock differential observations of
a galaxy cluster with a plasma temperature 10 keV and 7 = 102 for the ARES
excess cooling input spectrum (Gold), the Fiducial CDM model where the SFR
is dominated by Population II stars (Blue), the CDM model where the SFR is
dominated by Population III stars (Black), the WDM model with m, = 3 keV
(Red), the SZE-21cm computed using the 21 cm background spectrum detection
claimed by the EDGES collaboration (Green). The SZE-21cm spectrum computed
from the EDGES input spectrum is only reliable between 70-90 MHz due to the edge
effects of the frequency range of the input spectrum.

larger. Also, the SZE-21cm dominates the standard SZE between 62 - 88 MHz, which
is a narrower frequency range as compared to the range we measured for the models
presented in section 4.2. If this were to be observed, it would be evidence that the
source of excess cooling, cooled the IGM earlier and more rapidly than for the models
presented in section 4.2.

The SZE-21cm detectability of the ARES excess cooling model with the SKA is
similar to that of the EDGES signal (see Figure 4.7), we have already discussed the
detectability of the EDGES signal in the previous Chapter using the best fit model.
It is worth noting that in comparison to the models we studied in section 4.2 there is
a higher chance of detecting the SZE-21cm and distinguishing it from the standard
SZE for a case of a Universe with excess cooling processes or scenarios that produce
astrophysical radio backgrounds that yield an EDGES-like signal.
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Figure 4.7: Left: The spectra of the absolute fluxes of the SZE-21cm Al,.q (in pJy).
The Black solid line is the SZE-21cm for our simulated excess cooling model with
ARES. The Grey dashed line is the SZE for a non-modified CMB Al,;. Right: The
absolute value of the difference between the SZE-21cm and the standard SZE. The
Black solid line for our simulated excess cooling model, and the Orange line for the
SZE-21cm calculated for the EDGES detection. For both Figures we compare with
the SKA1-low-50% (Grey), SKAl-low (Green), and SKA2 (Magenta) sensitivities
for 100 kHz bandwith, 1000 hrs of integration, 2 polarizations, no taper and no weight.

4.4 Conclusion

This Chapter has shown that different models of the cosmological 21 cm signal that
affect the timing, shape, and amplitudes of the global 21 c¢m signal make distinct
imprints on the SZE-21cm, and as a result, make the SZE-21cm inviting as an indirect
probe for different cosmologies and to close in on proposed models that aim to paint a
picture of physical mechanisms and processes occurring during the DA and subsequent
EoR. The features imprinted on the SZE-21cm as a result of the global 21 c¢m signal
models also allow the SZE-21cm to probe the nature of the early sources and dark
matter in the DA and EoR. Each of the models that we studied has a distinct SZE-
21cm and this can be exploited by future observations to rule out those models that
are inconsistent with experimental data. Furthermore, we studied the detectability
of SZE-21cm for the various models and found that the best frequency range for
observations in the future is 62 - 105 MHz, where it is easier to distinguish the SZE-
21cm from the standard effect. It is pressing that we take advantage of observations
in this frequency range as these correspond to the EDGES result and could aid in
using SZE-21cm to confirm this detection and possibly others in the near future.
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Chapter 5

Observations of the SZE-21cm
towards multiple clusters of
different plasma temperatures with
upcoming experiments

Abstract

In Chapter 3 we have shown that by averaging the SZE-21cm signal from different
clusters we can decrease the expected errors, thus increasing the significance of the
signal per frequency, for observations with upcoming interferometers. The SZE-21cm
is directly connected to cluster thermal energy and it is therefore important that we
understand how the signal behaves for clusters with different plasma temperatures. In
this Chapter, we study the SZE-21cm for different plasma temperatures and propose
a strategy to average the signal over multiple clusters.

5.1 Introduction

The wide range of theoretical models and simulations of the DA and EoR have allowed
us to study expectations for observations from 21 c¢m surveys when they become
available. These future 21 cm observations will supply us with large datasets of
21 c¢m images that will contain encoded information on the global signal itself and
imprints of the signal buried in other forms of signatures such as the SZE-21cm. The
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SZE-21cm is a faint signal and the expected errors for observations with upcoming
interferometers may have significant impact on the measurement of the signal, it
has therefore been proposed that averaging the signal over multiple clusters could
potentially decrease the errors in the measurements and take care of effects introduced
by cosmic variance (see, Cooray 2006; Colafrancesco et al. 2016; Takalana et al. 2018,
2020). In Chapter 3, this was well illustrated by Figure 3.6 and discussed in section
3.3.3. The large field of view of the SKA will make it possible to study the SZE-
21cm towards multiple numbers of clusters and with data from microwave and X-
ray frequencies the plasma temperature of the clusters can be estimated, which is
useful for our low-frequency studies. In Chapter 3 we also noted that the SZE-21cm
varies with plasma temperature, and we calculated the expected error when averaging
the SZE-21cm signal over multiple clusters, in that particular case we assumed the
case of the signal from clusters with the same temperature to avoid the complexities
introduced by stacking the signal from clusters with different plasma temperatures.
With the SZE-21cm depending on the plasma temperature (kgT') of the galaxy cluster
being observed it is essential that we account for this when averaging the signal from
multiple clusters, not doing this could lead to underestimates or overestimates of the
signal.

A high-significance detection of the SZE-21cm is possible using statistical analysis
of a large number of galaxy clusters. In this Chapter, we study maps and spectra
from simulated differential observations of the SZE-21cm for clusters with different
plasma temperature and we attempt to obtain an averaged SZE-21cm and model it
as though it is for a single cluster temperature. The Chapter is structured as follows.
In section 5.2 we look at and study the SZE-21cm for clusters with different plasma
temperatures and in section 5.3 we use this analysis to obtain the SZE-21cm for the
stacked clusters. We give the discussions and conclusion in section 5.4.

5.2 The SZE-21cm for clusters with different plasma
temperatures

For work presented in this section, we make use of the fiducial 21 cm-background
model from Chapter 4 for a ACDM model where the SFR is dominated by Popula-
tion II stars. We simulate differential observations towards clusters of galaxies with
different plasma temperatures using the procedure described for differential observa-
tions of the SZE-21cm in Chapter 3. We insert clusters with plasma temperatures of
5, 10 and 15 keV into our simulated cubes and select empty sky regions away from
the cluster that contains the background signal. This is followed by cleaning the
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Figure 5.1: Simulated SZE-21cm cluster maps from our mock differential observa-
tions at: 59.43 MHz, 81.59 MHz, and 112.02 MHz, for a cluster with plasma temper-
atures of 5, 10 and 15 keV, and an optical depth of 1073. The maps are 30 Mpc a
side.
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Figure 5.2: The SZE-21cm computed for the simulated fiducial 21 ecm-background
model from Chapter 4 for cases with a cluster with a plasma temperature of 5 keV
(Blue), 10 keV (Red) and 15 keV (Black), the optical depth is 7 = 1073.

individual patches off any source of contamination that may lead to an inaccurate
measure of the SZE-21cm by masking all sources and replacing the affected pixels in
the empty sky patches with the mean background. As before, we then perform the
simulated differential observation using equation 3.10. The simulated cluster optical
depth (7) is 1073 and the radii was approximated using the rqq scaling relations from
Neumann (2005), these correspond to about 1.5 Mpc for the 5 keV cluster, 2 Mpc for
the 10 keV cluster and 2.5 Mpc for the 15 keV cluster. The images of the simulated
differential observation of the clusters are in Figure 5.1, and Figure 5.2 shows the
SZE-21cm spectrum as a function of the frequency for plasma temperatures of 5, 10
and 15 keV. In this Chapter, we present only the simulated maps without accounting
for instrumental effects such as the finite angular resolution of the instrument, fore-
ground cleaning, and the presence of instrumental noise as we did in Chapter 3 and
only show the simulated cluster images at 59.43 MHz, 81.59 MHz, and 112.02 MHz,
which are the frequencies where we observe the strongest increments and decrements
in the SZE-21cm signal.

From Figures 5.1 and 5.2, we observe that the amplitude of the SZE-21cm brightness
temperature increases with the cluster temperature. In addition to this, the signatures
imprinted on the SZE-21cm by the global 21 cm signal, that contains information on
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Figure 5.3: Left: The spectra of the absolute fluxes of the SZE-21cm Al (in pJy
for cases with a cluster with a plasma temperature of 5 keV (Blue), 10 keV (Red)
and 15 keV (Black), the optical depth is 7 = 1073, The dashed lines are the SZE for
a non-modified CMB AI,. Right: The absolute value of the difference between the
SZE-21cm and the standard SZE for cases with a cluster with a plasma temperature of
5 keV (Blue), 10 keV (Red) and 15 keV (Black). For both Figures we compare with
the SKA1-low-50% (Grey), SKAl-low (Green), and SKA2 (Magenta) sensitivities
for 100 kHz bandwith, 1000 hrs of integration, 2 polarizations, no taper and no weight.

processes occurring during the DA and EoR, are preserved. The positions of tem-
perature decrements and increments remain unchanged in frequency for all cases of
the cluster plasma temperature, the SZE-21cm temperature decrements are at v <
68 MHz and v > 98 MHz and the increment is at 68 MHz < v < 98 MHz.

In Figure 5.3 we show the detectability of the SZE-21cm for the different plasma tem-
peratures and find that we can maximise both the SZE-21cm signal and the difference
between the standard SZE by carrying out future observations of clusters that have
higher plasma temperature, particularly observing clusters of plasma temperatures
in the range 10 - 15 keV promises a better characterization of the SZE-21cm spectral
shape and more precise determination of the global signal from the DA and EoR.

5.3 Method for stacking the SZE-21cm for clusters
with different plasma temperatures

From the simulated differential observations in the frequency range 10 — 176 MHz, we
measure the SZE-21cm for clusters with plasma temperatures of 5, 10, 15 keV. At each
frequency, we obtain the relationship between SZE-21cm and plasma temperature by
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Figure 5.4: The SZE-21cm measured for the galaxy clusters simulated and shown in
Figure 5.1 as a function of plasma temperature (kgT'). The top Figure is SZE-21cm
at 59.43 MHz, the middle is at 81.59 MHz and the bottom at 112.02 MHz. The cluster
optical depth is 7 = 1073, The red points are the SZE-21cm at plasma temperatures
of 5, 10 and 15 keV, and the black line is the best fit line.
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Figure 5.5: The average SZE-21cm for clusters with plasma temperature between
kgTimin = 6 and kT = 8 keV and an optical depth of 7 = 1073, To obtain the error
bars we assume stacked observations of 100 clusters within the plasma temperature
range with SKA1-low.

making fits through the points. We present the fits through the points at 59.43
MHz, 81.59 MHz and 112.02 MHz in Figure 5.4, these frequencies were chosen as an
illustration. The best fits through the points at all the frequencies were second-order
polynomials and we stress that this quasi-polynomial behaviour of the SZE-21cm
spectral distortion with respect to kg1 is only used to motivate a stacking analysis.
Assuming this quasi-polynomial behaviour, we create a mock SZE-21cm sample with
cluster plasma temperatures between kgT,,;, = 6 and kgT,,.. = 8 keV. To obtain an
average of the SZE-21cm we apply the mean value theorem for integrals, according
to this theorem there is at least one point in the interval (kT pin, k5T maz| Where the
polynomial AT,,.q(kpT) attains its average value:

— 1 kBTma:v
Miya = 1 /k AT oalksT) diepT. (5.1)

BTmin

We perform this integration for the SZE-21cm polynomial fits at each frequency
and plot the average SZE-21cm in Figure 5.5 with error bars assuming 100 clusters
observed with the low-frequency SKA as in previous Chapters, using equation 3.13.
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5.4 Discussions and Conclusion

The averaging procedure preserves the shape of the SZE-21cm, which is essential to
establish the global properties of the sky-averaged 21 cm background signal. While the
quasi-polynomial fits permit for us to calculate the SZE-21cm for any single plasma
temperature, equation 5.1 allows us to obtain an approximation of the average SZE-
21cm for any number of clusters in a given range of plasma temperature, this method
is useful in that it incorporates the SZE-21cm from these different plasma temperature
clusters into a single spectrum from which we can infer properties of the global 21
cm spectrum. The error for this method primarily depends on the goodness of the
fits of AT,,0q vs kT at each frequency. The R-square value for our fits is 1 at each
indicating that a great proportion of variance is accounted for by the fits. In our
case we chose the plasma temperature range between kg7, = 6 and kT = 8
because it is within temperature range from which we obtained our fits. Real data
from upcoming observations that include systematics will put this method to the
ultimate test.

88



Chapter 6

Differential analysis techniques for
low frequency radio observations of
galaxies

The work presented in this chapter includes results that has been
published as:
1. C.M. Takalana, P. Marchegiant € S. Colafrancesco,
Proceedings of Science, 2019, 338, PoS(HEASA2018)006
2. C.M. Takalana, S. Colafrancesco € P. Marchegiani,
RAF 2018 Procceedings: FAST-MeerKAT and SKA Pathfinder Synergies

Abstract

Differential techniques enabled us to measure the SZE-21cm signal from galaxy cluster
observations, which can be used to obtain the global features of the 21 ¢cm background
from the Dark Ages and Epoch of Reionization. This work applies the differential
technique to observations of radio galaxies from the GalLactic and Extra-galactic All-
sky MWA survey, which consists of low-surface brightness and extended radio sources.
In this work we perform differential analysis on 2 galaxies; NGC 1534 and IC 4296,
and present a preliminary pipeline that helps us reduce the effects of contaminating
backgrounds and foregrounds that present challenges in low-frequency radio observa-
tions and we find that the differential technique can be used to enhance of features
of sources in the continuum images, which is promising to be beneficial for efforts of
source finding, extraction, characterisation, and improving the signal to noise.
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6.1 Introduction

Differential observation analysis techniques involve the acquisition of measurements
on a targeted cosmic structure and an empty sky region away from the target, which
we refer to as the background. Computing the difference between the target region
and the background region can be used to reveal changes in the brightness of the tar-
get region less the background region and to increase the signal-to-noise levels towards
our targeted cosmic structure. Such a computation can be key for both improving
our knowledge of the source itself and our understanding of the environment that
hosts it. There is limited literature on the use of differential techniques for contin-
uum radio surveys and much can be learned from optical pipelines with similar goals
in this regard. Over the last two decade our knowledge of radio continuum emission
from extended and low-surface brightness sources has improved (see, Das et al. 2007;
Subrahmanyan et al. 2008; Vacca et al. 2011; Shimwell et al. 2014; van Weeren et al.
2019), and differential techniques can potentially contribute further to extraction and
characterisation of these sources in low-frequency radio astronomical surveys.

This work adapts and slightly modifies the procedure proposed for observations to
measure SZE-21cm. We apply it to existing continuum radio observations and present
a preliminary pipeline, which is rooted and closely related to pipelines that are cur-
rently available for optical experiments (see e.g., Tomaney & Crotts 1996; Levesque
& Lelievre 2007). We make use of an iterative computation to estimate and elimi-
nate effects of the background and foregrounds from target/sources in the data image
cut-outs, which we obtained from the Murchison Widefield Array (MWA), GaLactic
and Extra-galactic All-sky MWA (GLEAM), survey!. This Chapter is structured as
follows. We use section 6.2 to familiarise the reader with the MWA-GLEAM survey.
Section 6.3 describes the pipeline that we use for our differential techniques for low-
frequency radio astronomical surveys and our results. In section 6.4 we present our
discussion and we conclude in section 6.5.

6.2 The Murchison Widefield Array GLEAM sur-
vey

The MWA is a phased interferometric array that operates between 72 and 300 MHz.
The instrument is situated in Western Australia’s Murchison Radio Astronomy Ob-
servatory (MRO) as a precursor to the SKA low-band telescope with an instantaneous

'http://gleam-vo.icrar.org
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bandwidth of 30.32 MHz and a wide field-of-view of between 15°and 50°, it consists of
128 32-dipole antenna tiles that are spread out over an area of 3 km in diameter (Tin-
gay et al. 2013). In addition to the aforementioned, the instrument’s short-medium
baselines make it a suitable instrument for observing the 21 cm line of neutral hydro-
gen from the DA and EoR (For et al. 2018; Bowman et al. 2013). The MWA dipole
arrays are fixed and for this reason, a drift scan observing strategy is used.

The data used in this work are from the GLEAM survey observed with the MWA,
which mapped the entire southern sky below declination of +25°. Observations of
the GLEAM survey was at the observing bandwidth of 72-231 MHz, which was cov-
ered by shifting frequencies by 30.72 MHz every two minutes in week-long drift scan
campaigns that observe a single declination (Dec) strip each night (Hurley-Walker
et al. 2017). The sensitivity of the GLEAM survey is between 6 - 10 mJy/beam,
covering a sky area of 30 000 deg? with an angular resolution of about 100 arcsec.
The observations of this survey consist of approximately an hour of integration time
per pointing at each frequency (Wayth et al. 2015).

6.3 Procedure and Results for differential analysis
for radio observations

To test out our differential technique we selected two sources; 1C 4296 and NGC 1534
from the GLEAM survey (see details in table 6.1):

e NGC 1534 is a lenticular low redshift galaxy at z = 0.017802 (da Costa
et al. 1991). It is part of LDC 292 and HDC 269 group of galaxies. The
source is associated with a nearby Giant Radio Galaxy (GRG) with diffuse
low-surface brightness emission, which was discovered with the MWA and is
extensively discussed by Hurley-Walker et al. (2015) and Duchesne & Johnston-
Hollitt (2019).

e IC 4296 is a giant elliptical low redshift galaxy at z = 0.012601. It is part
of the HG22 group of galaxies in the central region of the Abell 3565 galaxy
cluster (see, Huchra & Geller 1982; Grossova et al. 2019).

We identified regions hosting these sources in the GLEAM survey 2, then selected a
patch with the sources as the main target and selected six empty patches (hereafter
titled "the background”) with minimal bright sources (see, Figure 6.1).

’http://gleam-vo.icrar.org
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Table 6.1:: Sources selected from the GLEAM survey to test the differential technique
for low frequency radio surveys.

Source Name RA DEC Gleam Frequency Range
1. NGC 1534 04 08 40.78 -62 49 12.20 154-162 MHz
2. IC 4296 13 36 38.58 -33 57 45.81 216-223 MHz

We first work on the selected background regions and make an assumption that
the regions are relatively smooth and that any signal in the regions is very sharp.
Then, using an iterative process illustrated in Figure 6.2, we attempt to refine the
background regions. In the first step, the signal is almost zero everywhere and any
signal above this background is the first estimation of a source signal. To obtain
a good background estimation, we clip the background image at 20, and replace
the affected pixels with the local mean, while preserving the unaffected background
pixels. The signal is attenuated before estimating the background again. The sigma
clipping at each iteration causes the resultant image to converge toward the true
background. We defined exclusion zones as where the pixels are greater than 20,
and 0 elsewhere, these pixels are systematically ignored in the analysis. No exclusion
zones were identified were identified in our runs. We stop the iterations when no more
improvements can be made to the background region or when the residual error is
less than the noise level. The final background is the clipped image, where no further
improvements can be made to the background.

Once all the selected background regions have been put through the iterative signal
clipping pipeline we compute a mean background image by,

N
1
IBackground = N Z IBack:groundi' (61)

=1

Where N is the number of selected background regions. We then subtract the mean
background from our target source image through,

Al = ISource - IBackground- (62)

Using the mean background region in our differential technique mitigates the intro-
duction of spurious artefacts and ensures that the variation that we measure effec-
tively originates from the main target source and not from the background. Figure
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Figure 6.1: Image cut-out of NGC 1534 from the GLEAM survey with the main
target source in the red region and the six background regions in green.

6.3 shows the main target sources (NGC 1534 and IC 4296) before (top) and after
(bottom) the application of the differential technique. In this work, we do not anal-
yse the main target sources fully but look at the efficiency and effectiveness of the
differential technique instead.

6.4 Discussion

Comparing the before and after images in Figure 6.3 we find that elements that
were not apparent in the original target image are now visible, we can observe these
differences in images through the radio contours. While allowing us to investigate
the accuracy and usefulness of the technique, the contours allow us to link or relate
the emission to a parent source and to trace the distribution of the radio emission
in the field of interest. The signal-to-noise ratio for NGC 1534 increases by a factor
of 1.4 and 1.3 for IC 4296 compared to the original target images. For NGC 1534
the southern lobe appears larger than it was in the image prior to application of the
differential technique, and some of the areas with emission have also been extended.

93



CHAPTER 6. DIFFERENTIAL RADIO OBSERVATIONS

Original background image

First
iteration

Calculation of the

Noise estimation
local mean

iterations

o e

e e 2 to max
Noise standard Estimated smoothed
deviation (oy,) background

|

R ——

Image clipping

|

- =

Clipped image (Ipackground,i)

Figure 6.2: Illustrative diagram of the iterative background estimation pipeline.

The lobes on the NGC 1534 image now also appear nearly symmetric in size and very
similarly diffuse. For IC 4296, the initial image shows a definite connection between
the two source regions in the western direction of the extended radio emission. Though
one could assume that the emission in the eastern direction seems to be related to
the other two in the western direction, it is only following the differential operation
that we observe a definite connection in the contours of all three bright regions of
the extended radio source, we also observe that the source is well-collimated with
nearly symmetric jets that re-brighten away from the central region. For both cases
(NGC 1534 and IC 4296), the contours on the new images show signals that did
not appear as strong in the images before putting the image though the pipeline.
We also note that none of the features of the initial images were destroyed but have
in-fact become enhanced. The full pipeline for the differential techniques for radio
emission involves the background estimate calculation on the individual empty sky
region, the acquisition of the mean background, and subtracting the mean background
image from the target source image. The pipeline still requires further development
to perfect the technique. However, some of the advantages of the technique has been
shown in this work.
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Figure 6.3: Illustration of the differential technique using observations of the target
sources selected from the GLEAM survey, NGC 1534 and IC 4296, where the green
dashed contour is at 30 and the black contour starts at 2o with 20 increments.
Top: before subtracting the calculated background. Bottom: after subtracting the
calculated background.

6.5 Conclusion

Our approach to this work is based on a differential analysis of the cosmic radio
background to measure the SZE-21cm of the DA and EoR. This work presented the
preliminary pipeline of a differential technique for radio astronomical images. While
the differential technique is relatively straightforward to implement, the examples
are shown here demonstrate the applicability of the proposed technique to improve
the signal-to-noise and to some extent, the pipeline can be considered, among other
techniques, for source detection, extraction, characterization, and those aimed at
enhancing the features of sources in radio continuum images. However, it is also
important to check if artefacts are introduced when employing this technique.
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Chapter 7

Summary, future work, and thesis
conclusion

7.1 Summary and discussions

Following the detection claimed by the EDGES collaboration (Bowman et al. 2018) of
the surprisingly deep absorption trough in the 21 ¢m global spectrum, several models
have been explored to explain it. This measured signal, if confirmed, would give us
a completely new perspective into the physics of the Universe’s evolution, probing
the DA and EoR. Detection of this signal is challenging as it is orders of magnitude
fainter than systematic effects. The work presented in this thesis aimed to probe
these epochs using the distortions of the global 21 cm signal due to the Sunyaev-
Zeldovich, the SZE-21cm (Colafrancesco et al. 2016). The SZE-21cm is intrinsically
a differential measure between two directions, conducted through a procedure where
a galaxy cluster is tracked for a certain amount of time and then the telescope is
moved to a trailing empty patch of sky for the same amount of time. Amongst
the advantages of this type of differential observations to detect the SZE-21cm, is
the weak dependence by issues like exact calibration of the observed intensity and
the confusion from galactic foregrounds, which are generally spatially smooth over
angular scales larger than clusters.

Using simulated galaxy cluster differential observations, maps of the SZE-21cm were
produced and the SZE-21cm at the cluster was measured, taking into account effects
of foregrounds, thermal noise, angular resolution, and point sources. The spectral
features of the SZE-21cm from our simulated observations with HERA and SKA1-
low yielded results that are close to prior theoretical predictions (Colafrancesco et al.
2016; Takalana et al. 2018). Studying the detectability of the SZE-21cm generated
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from a theoretical model of the 21 cm global signal and the EDGES signal in Figure
3.8, we find that the SKAl-low and SKA2-low interferometers will be able to detect
the signal from both the EDGES and theoretical 21 cm global spectra. The SZE-
21cm can therefore be seen as a viable technique to confirm the EDGES result. In the
caveat where the EDGES SZE-21c¢m is reliable (70-90 MHz), SKA1-low and SKA2-low
interferometers can distinguish the SZE-21cm from the theoretical model and the one
resulting from an EDGES-like background at a level between 20 and 3.50, assuming
sensitivities for 100 kHz bandwidth, 1000 hours of integration, 2 polarizations, no
taper, and no weight (Dewdney et al. 2012). In Chapter 4, we further explored
the use of the SZE-21cm. Here, it can also be used to distinguish between different
models of the cosmological 21 c¢m signal that affect the timing, shape, and amplitudes
of the global 21 cm signal make distinct imprints on the SZE-21cm. This feature can
be exploited by future observations to rule out those models that are inconsistent
with experimental data. However, we do cation that, if the different models for the
background give very similar results, this may result in SZE-21cm spectra that are
also very similar and it will be hard to distinguish between the models.

Using updated parameters for the SKA-low interferometer and its sensitivity, we
confirm the claim by Cooray (2006), that by stacking observations of the effect over
a sample of clusters we should able to decrease the total expected error budget when
observing with radio interferometers (see, Figure 3.6). However, since the SZE-21cm
is dependent on the temperature of the intracluster plasma we can not get away with
stacking clusters with different plasma temperatures. One way to get around this
is to average the SZE-21cm for clusters with the same plasma temperatures only as
we assumed for Figure 3.6. We proposed a method to average the SZE-21cm for
clusters with different plasma temperatures, which involves using quasi-polynomial
fits to calculate the SZE-21cm for any plasma temperature and then obtaining an
approximation of the average SZE-21cm for any number of clusters in a given range
of plasma temperature.

A method of possibly clean radio images was presented in Chapter 6 of this work aim-
ing to reduce the effects of contaminating backgrounds and foregrounds that present
challenges in low-frequency continuum radio observations and we found that while
the procedure contributes to a signal-to-noise improvement, the features of extended,
low-surface brightness sources may only moderately improve overall, this is a result of
large-scale background signals being completely filtered out by interferometric obser-
vations, and as such, background subtraction may not be necessary to see any further
improvements in the features.
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7.2 Future work

We have identified the challenges that need to be addressed to detect the SZE-21cm
with upcoming interferometers; these include errors that arise due to cosmic varia-
tion, instrumental noise, and point source contamination. The data for this work
was generated via simulations and we found that to detect the SZE-21cm we will
need to have a good understanding of the systematics at the frequencies of interest.
For example, in this work we obtained a percentage error of 6% for the SZE-21cm
simulated for observation with the SKAl-low beam after point source subtraction, it
is now pressing that we further study point sources hosted by clusters at the rele-
vant frequencies to develop a robust strategy to mitigate contamination as a result
of point sources. This can be done in the coming years with data from the MWA
which is already operational and HERA when it comes online, and leading up to the
roll-out of SKA1-low. Furthermore, we need to study for synchrotron emission, which
is predicted to be an order of magnitude stronger than the SZE-21cm at the relevant
frequencies. X-ray and Microwave data will also be obtained to find clusters with
strong SZE signal at higher redshifts (z > 1). This can be done from readily available
public data from SPT, Planck, ACT, and ALMA. We will also need to understand
the instruments that will be used to obtain these large data sets. For example, we
expect better sensitivity observing at a wider channel width as this can help detect
and derive information on the SZE-21cm. In this work, we assumed 1000 hours of
integration time per cluster. The HERA and SKA1-low beams are about 10 degrees
at 150 MHz (DeBoer et al. 2017) and 5 degrees at 110 MHz (Labate et al. 2017),
respectively. A cluster will spend between 40 to 60 minutes per day in the primary
beam, translating to about 3 years of observation with SKA1-low and about 4 years
with HERA. We might need to come up with observing strategies that decrease the
integration time without compromising on the sensitivity of the observations.

Colafrancesco et al. (2015) has also shown that SKA1-MID, SKA-LOW, and MeerKAT
can measure the SZE modified by non-Planckian effects (SZ-NP) during recombina-
tion (z=1500), by observing the peak of the SZ-NP located exactly at the plasma
frequency at that epoch, independent of the cluster parameters. This will allow us
to open a unique window for the experimental exploration of plasma effects in the
early universe using SKA, and at the same time help us understand the SZE signal at
frequencies between 350 and 1050 MHz. For the SZE in general, the variations of the
temperature inside a cluster need to be studied and understood to correctly measure
the SZE produced by the cluster (Colafrancesco & Marchegiani 2010). This will re-
quire us to use interferometers with good spatial resolution so that the temperature
variation can be accounted for well when conducting observations to detect the SZE.
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The pipeline proposed for low-frequency radio observations for purposes of source
detection, extraction, characterization, and enhancing the features of sources in radio
continuum images as-presented in Chapter 6 reduces the signal to noise. However, it
does not effectively enhance sources and the pipeline may need to be redesigned. One
way to do this may be to determine a robust estimator between the mean and median
background for the true background. Furthermore, there is a need to investigate if
any boosting effects of faint source by noise to go over the threshold come into play
(see, Yoho et al. 2013), which may result in biases.

7.3 Conclusion

Moving from simulations to real data is necessary to study systematics and find the
best strategy for observing and measuring the SZE-21cm to probe the DA and EoR.
It will also help us to understand the results from our simulations, for example, the
deviation between the true signal and simulated observation with HERA and SKA at
high frequencies, which is unexpected for observations with SKA1-low. The detection
of the SZE-21cm with the upcoming HERA and SKA instruments is promising and
will yield insightful information on the history and physical mechanisms occurring
during the DA and the subsequent EoR. Furthermore, the simulations have helped
us examine possible models that probe the origins of the EDGES signal and the SZE-
21cm has been demonstrated as a viable technique to confirm the EDGES result and
other results that may be released in the near future pertaining to the global 21 cm
signal. The differential technique presented by this work will also be important for
developing methods to detect other forms of the SZE such as the SZ-NP.

100



References

Abazajian, K., Fuller, G. M., & Patel, M. 2001, Phys.Rev., D64, 023501
Abel, T., Bryan, G. L., & Norman, M. L. 2000, ApJ, 540, 39

Alpher, R., & Herman, R. 1949, Rhysics Review, 75, 1089

Arnaud, M., Pratt, G. W., Piffaretti, R., et al. 2010, A&A, 517, A92
Baade, W. 1944, ApJ, 100, 137

Barkana, R. 2018, Nature, 555, 71

Barkana, R., & Leob, A. 2005, Nature, 626, 1

Barry, N., Beardsley, A. P., Byrne, R., et al. 2019, arXiv e-prints: arXiv:1901.02980
Bennett, C. L., Halpern, M., Hinshaw, G., et al. 2003, ApJ, 148, 1
Bertone, G., & Hooper, D. 2016, FERMILAB-PUB, 16, 157

Bertone, G., Hooper, D., & Silk, J. 2004, FERMILAB-PUB, 04, 047
Birkinshaw, M. 1999, Physics Reports, 310, 97

Birkinshaw, M., Gull, S., & Hardebeck, H. 1984, Nature, 309, 34-35

Bond, J., Centrella, J., Szalay, A. S., & Wilson, J. R. 1984, NATO ASI Series book
series, Vol. 117, Dark Matter Shocked Pancakes (Springer, Dordrecht), 87-99

Bond, J. R., Crittenden, R. G., Jaffe, A. H., & Knox, L. 1999, Computing in
Science Engineering, 1, 21

Bowman, J. D., Cairns, 1., L.Kaplan, D., Murphy, T., et al. 2013, Publications of
the Astronomical Society of Australia, 30, e031

Bowman, J. D., Morales, M. F., & Hewitt, J. N. 2009, ApJ, 695, 183

101



REFERENCES

Bowman, J. D., Rogers, A. E. E., Monsalve, R. A., Mozdzen, T. J., & Mahesh, N.
2018, Nature (London), 555, 67

Boylan-Kolchin, M., Bullock, J. S.; & Kaplinghat, M. 2011, MNRAS, 415, 140
—. 2012, MNRAS, 422, 1203

Bradley, R. F., Tauscher, K., Rapetti, D., & Burns, J. O. 2019, The Astrophysical
Journal, 874, 153

Bromm, V. 2013, Reports on Progress in Physics, 76, 112901
Bromm, V., Coppi, P. S., & Larson, R. B. 1999, ApJ, 527, L5
Bromm, V., Yoshida, N., Hernquist, L., & McKee, C. 2009, Nature07990, 459, 49

Burns, J. O., Lazio, J., J.Bowman, Bradley, R., et al. 2012, Advances in Space
Research, 49, 433-450

Burns, J. O., Bradley, R., Tauscher, K., et al. 2017, The Astrophysical Journal,
844, 33

Carilli, C. L., Y.Gnedin, N., & Owen, F. 2002, ApJ, 577, 22
Carlstrom, J., Joy, M. K., Grego, L., et al. 1999, arXiv:astro-ph/9905255v1

Carlstrom, J. E. 1996, American Astronomical Society Meeting Abstracts, 189,
88.04

Carlstrom, J. E., Holder, G. P., & Reese, E. 2002, Annual Review of Astronomy
and Astrophysics, 40, 643, arXiv:astro-ph/0208192v1

Cavaliere, A., & Fusco-Femiano, R. 1976, A&A, 49, 137

Chapman, E., Zaroubi, S., Abdalla, F. B., et al. 2016, Mon. Not. R. Astron. Soc.,
458, 2928

Chapman, E.; Abdalla, F. B., Harker, G., et al. 2012, MNRAS, 423, 2518
Chen, R., & Miralda-Escude, J. 2004, ApJ, 602, 1

Chluba, J., & Thomas, R. M. 2011, Monthly Notices of the Royal Astronomical
Society, 412, 748

Ciardi, B., & Madau, P. 2003, Astrophys.J., 596, 1

102



REFERENCES
Clanton, C., Beichman, C., Vasisht, G., Smith, R., & Gaudi, B. S. 124, The As-
tronomical Society of the Pacific, 917
Clowe, D., Bradac, M., Gonzalez, A. H., Markevitch, M., et al. 2006, ApJL, 648, 2

Colafrancesco, S., Emritte, M. S., & Marchegiani, P. 2015, Journal of Cosmology
and Astroparticle Physics, 2015, 006

Colafrancesco, S., & Marchegiani, P. 2010, A&A, 520, A31

—. 2014, A&A, 562, L2

Colafrancesco, S., Marchegiani, P., & Emritte, M. 2016, A&A, 596A..21C
Colafrancesco, S., Marchegiani, P., & Palladino, E. 2003, A&A, 397, 27
Condon, J., & Ransom, S. 2016, Princeton University Press, 1st edition

Cooray, A. R., Grego, L., W, L. H., Joy, M., & Carlstrom, J. E. 1998, THE
ASTRONOMICAL JOURNAL, 115, 1388

Cooray, R. A. 2006, The American Physical Society: Physical Review, 73, 103001:1
Corazza, L. C. 2017, Instituto Nacional de Pesquisas Espaciais - INPE
da Costa, L. N., Pellegrini, P. S., Davis, M., et al. 1991, ApJs, 75, 935

Das, M., McGaugh, S. S., Kantharia, N., & Vogel, S. N. 2007, Proceedings AU
Symposium No. 244, 235, 90

de Blok, W. J. G., McGaugh, S. S., Bosma, A., & Rubin, V. C. 2001, ApJL, 552,
L23

DeBoer, D. R., et al. 2017, The Astronomical Society of the Pacific: PASP, 129,
045001

Dewdney, P., Turner, W., Millenaar, R., et al. 2012, SKA baseline design document,
poS(AASKA14)170

Di Matteo, T., B.Ciardi, & Miniati, F. 2004, Mon. Not. R. Astron. Soc., 355, 1053
Dicke, R., Peebles, P., P.G.Roll, & Wilkinson, D. 1965, ApJ, 142, 414

Duchesne, S. W., & Johnston-Hollitt, M. 2019, Publications of the Astronomical
Society of Australia, 36, e016

Enfllin, T. A., & Kaiser, C. R. 2000, A & A, 360, 417

103



REFERENCES

EnBlin, T. A., & Kaiser, C. R. 2000, Astronomy and Astrophysics, 360, 417
Evoli, C. 2014, JCAP, arXiv:1408.1109v2

Ewall-Wice, A., C.Chang, T., Lazio, J., et al. 2018, The Astrophysical Journal,
868, 1

Ewen, H. 1., & Purcell, E. M. 1951, Nature, 168, 356

Fabbri, R. 1981, Astrophysics and Space Science, 77, 529

Fan, X., et al. 2006, AJ, 132, 117

Faucher-Giguere, C. A., Lidz, A., & LHernquist. 2008, Science, 319, 52

Feretti, L., Giovannini, G., Govoni, F., et al. 2012, Astron Astrophys Rev, 20, 54
Fialkov, A., Barkana, R., & Cohen, A. 2018, Phys. Rev. Lett., 121, 011101
Field, G. B. 1958, Proc. IRE, 46, 240

—. 1959, ApJ, 129, 536

Fields, B. D., Freese, K., & Graff, D. S. 1998, New Astron., 3, 347

Fixsen, D. J., Cheng, E. S., Gales, J. M., et al. 1996, ApJ, 473, 576

Fixsen, D. J., et al. 2011, Astrophys. J., 734, 5

For, B.-Q., Staveley-Smith, L., Hurley-Walker, N., et al. 2018, MNRAS, 480, 2743
Furlanetto, S. 2006a, MNRAS, 371, 867

Furlanetto, S., Oh, S., & Briggs, F. 2006, Phy.Rept., 433, 181

Furlanetto, S. R. 2006b, MNRAS, 370, 1867

—. 2016, Astrophysics and Space Science Library, Vol. 423, The 21-cm Line as a
Probe of Reionization (Springer International Publishing), 247

Furlanetto, S. R., & Leob, A. 2002, Apj, 579, 1
Furlanetto, S. R., Sokasian, A., & Hernquis, L. 2004, MNRAS, 347, 187
Gamow, G. 1946, physics Review, 70, 572

George, L. T., et al. 2017, MNRAS, 467, 936

104



REFERENCES

Goldman, I., & Nussinov, S. 1989, Phys. Rev. D, 40, 3221

Grainge, K., Jones, M., Pooley, G., et al. 1996, MNRAS, 278, L17
Grossova, R., et al. 2019, MNRAS, 488, 1917

Guendelman, E., Singleton, D., & Yongram, N. 2012, JCAP, 1211, 044
Guth, A. H. 2003, Phys. Rev., 1981, 347-356

Hansen, S. H., Pastor, S., & S.Semikoz, V. 2002, The Astrophysical Journal, 573,
L69-L71

Harker, G., Zaroubi, S., Bernardi, G., et al. 2009, Mon. Not. R. Astron. Soc., 397,
1138

Hassan, S., Liu, A., Kohn, S., & La Plante, P. 2018, MNRAS, 483, 2524

Hellwig, H., Vessot, R. F. C., Levine, M. W., et al. 1970, IEEE Transactions on
Instrumentation and Measurement, vol. 19, no. 4, 200

Hills, R., Kulkarni, G., Meerburg, P. D., & Puchwein, E. 2018, Nature, 564, E32
Hilton, M., et al. 2018, ApJS, 235, 20

Holder, G. P. 2002, The Astrophysical Journal, 580, 36

Holder, G. P., & Carlstrom, J. E. 1999, ASP Conf. Ser., 181, 199

Huchra, J. P., & Geller, M. 1982, ApJ, 257, 423

Hurley-Walker, N., Callingham, J. R., Hancock, P. J., et al. 2017, MNRAS, 464,
1146

Hurley-Walker, N., Johnston-Hollitt, M., Ekers, R., et al. 2015, MNRAS, 447, 2468

[liev, I., Santos, M., Mesinger, A., Majumdar, S., & Mellema, G. 2015, Proceedings
of Science, arXiv:1501.04213v1 [astro-ph.CO]

Jacobs, D. C., Hazelton, B. J., Trott, C. M., Dillon, J. S.; et al. 2016, The Astro-
physical Journal, 825, 114

Jacobs, D. C., Pober, J. C., Parsons, A. R., Aguirre, J. E., et al. 2015, The Astro-
physical Journal, 801, 51

Jeli¢, V. 2010, Kapteyn Astronomical Institute, University of Groningen

105



REFERENCES
Jeli¢, V., Zaroubi, S., Labropoulos, P., et al. 2010, Mon. Not. R. Astron. Soc., 409,
1647

Jones, M., Saunders, R., Alexander, P., Birkinshaw, M., & Dilon, N. 1993, Nature,
365, 320

Kitayama, T., et al. 2016, PASJ, 68, 88
Klypin, A. A., Kravtsov, A. V., & Valenzuela, O. 1999, ApJ, 522, 82
Kompaneets, A. S. 1957, Translation in Sov. Phys. JETP, 4, 730

Koopmans, L., Pritchard, J., Mellema, G., et al. 2015, POS - AASKA14 - Advanc-
ing Astrophysics with the Square Kilometre Array, 1

Labate, M., Dewdney, P., Braun, R., Waterson, M., & Wagg, J. 2017, 2017 11th
European Conference on Antennas and Propagation (EUCAP), 2259

Levesque, M., & Lelievre, M. 2007, Defence R&D Canada Valcartier, 344
Li-Ping, H. 2009, Research in Astron. Astrophys, 9, 653

Lin, K., et al. 2016, ApJ, 830, 91

Liu, A., Parsons, A. R., & M.Trott, C. 2014, Phys. Rev. D, 90, 023018

Liu, A., Pritchard, J., Tegmark, M., & Loeb, A. 2013, American Astronomical
Society Meeting Abstracts, 221, 229.05

Liu, A., Pritchard, J. R., Allison, R., et al. 2016, Phys. Rev. D.; 93, 043013
Liu, A., & Shaw, J. 2019, arXiv e-prints, arXiv:1907.08211

Liu, A., Tegmark, M., & Zaldarriaga, M. 2009, MNRAS, 394, 1575

Loeb, A., & Zaldarriaga, M. 2004, Phys. Rev. Lett., 92, 211301

Madau, P., Meiksin, A., & Rees, M. 1997, Astrophys.J., 475, 429

Matteo, T. D., Perna, R., Abel, T., & Rees, M. J. 2002, ApJ, 564, 576580
McKinley, B., Bernardi, G., Trott, C. M., et al. 2018, MNRAS, 481, 5043

McQuinn, M., Zahn, O., Zaldarriaga, M., Hernquist, L., & Furlanetto, S. 2006,
AplJ, 653, 2, arXiv:astro-ph/0512263

Mebane, R. H., Mirocha, J., & Furlanetto, S. R. 2019, MNRAS, 493, 1217-1226

106



REFERENCES
Mellema, G., Koopmans, L., Abdalla, F., et al. 2013, Experimental Astronomy
manuscript, 36, 235, arXiv:1210.0197v2
Mesinger, A., Furlanetto, S., & Cen, R. 2010, MNRAS, 411, 955
Mirocha, J., & Furlanetto, S. R. 2019, MNRAS, 483, 1980

Mirocha, J., Mebane, R. H., Furlanetto, S. R., Singal, K., & Trinh, D. 2018,
MNRAS, 478, 5591

Mondal, R., Shaw, A. K., Iliev, I. T., Bharadwaj, S., & Datta, K. K. 2019, MNRAS,
494, 4043

Moore, B., Ghigna, S., Governato, F., et al. 1999, ApJL, 524, .19
Morales, M., & Wyithe, J. S. B. 2010, Annu. Rev. Astron. Astrophys, 48, 127

Muller, C. A., & Westerhout, G. 1957, Bulletin of the Astronomical Institutes of
the Netherlands, 13, 151

Muratov, A., Gnedin, O. Y., Gnedin, N. Y., & Zemp, M. K. 2013, in American
Astronomical Society Meeting Abstracts, Vol. 221, American Astronomical Society
Meeting Abstracts #221, 129.03

N, N. M., & Rafferty, D. 2015, Astrophysics Source Code Library, 20
Neumann, D. M. 2005, A&A, 439, 465

Paciga, G., Albert, J. G., K, K. B., et al. 2013, MNRAS, 443, 639
Page, L., Hinshaw, G., Komatsu, E., et al. 2007, ApJ, 170, 335
Peebles, P. J. E., & Ratra, B. 2003, Rev. Mod. Phys, 75, 559
Penzias, A. A., & Wilson, R. W. 1965, ApJ, 142, 419

Perlmutter, S., Aldering, G., Goldhaber, G., et al. 1999, ApJ, 517, 565
Perrenod, S. C., & Henry, J. P. 1981, ApJL, 247, L1
Planck-Collaboration. 2018, A&A, [arXiv:1807.06209 [astro-ph.CO]].
Planck Collaboration, et al. 2014, A&A, 571, A29

—. 2015, A&A, 594, A13

—. 2016, A&A, 594, A27

107



REFERENCES

Pober, J. C., Parsons, A. R., DeBoer, D. R., et al. 2013, AJ, 145, 65
Pober, J. C., Liu, A., Dillon, J. S., et al. 2014, ApJ, 782, 66

Primack, J. R., & Blumenthal, G. R. 1984, NATO ASI Series book series, Vol. 117,
What is the Dark Matter (Springer, Dordrecht), 87-99

Pritchard, J., & Loeb, A. 2012, Rep. Prog. Phys., 75, 086901, arXiv:1109.6012v2

R., R. D. B., & Narayan. 1992, Annual Review of Astronomy and Astrophysics,
30, 311

Rephaeli, Y. 1995, Annual Review of Astronomy and Astrophysics, 33, 541
Rephaeli, Y., & Lahav, O. 1991, ApJ, 372, 21

Riess, A. G., Filippenko, A. V., Challis, P., Clocchiattia, A., & Diercks, A. 1998,
ApJ, 116, 1009

Romer, A. K., Viana, P. T. P., Liddle, A. R., & Mann, R. G. 2001, The Astrophys-
ical Journal, 547, 594

Rubin, V. C. 1983, Scientific American, 248, 96
Rubin, V. C., Ford, W. K., & Thonnard, N. 1980, ApJ, 238, 471
Rybicki, G. B., & Lightman, A. 1986, Wiley-VCH (Weinheim)

Santos, M., Cooray, A., & Knox, L. 2005, The Astrophysical Journal, 625, 575587,
arXiv:astro-ph/0408515

Santos, M. G., Ferramacho, L., Silva, M. B., Amblard, A., & Cooray, A. 2010,
MNRAS, arXiv:0911.2219v2

Sarazin, C. L. 1986, Reviews of Modern Physics, 58, 1

Schaerer, D. 2002, A&A, 382, 28

Senatore, L. 2016, arXiv:1609.00716

Shapiro, P. R., Ahn, K., & Alvarez, M. A. 2006, AJ, 646, 681-690

Shaver, P., Windhorstt, R., Madau, P., & de Bruyn, A. 1999, A&A, 345, 380-390

Shaw, J. R., Sigurdson, K., Pen, U., Stebbins, A., & Sitwell, M. 2014, ApJ, 781,
57

108



REFERENCES
Shimwell, T. W., Brown, S., Feain, 1. J., et al. 2014, Monthly Notices of the Royal
Astronomical Society, 440, 2901
Sims, P. H., & Pober, J. C. 2019a, 488, 345, 2904-2916
—. 2019b, MNRAS, 492, 22
Singh, S., & Subrahmanyan, R. 2019, The Astrophysical Journal, 830, 26
Sitwell, M., Mesinger, A., Ma, Y., & Sigurdson, K. 2014, MNRAS, 438, 26642671

Smoot, G. F. 1997, Proceedings - Cosmological Background Radiation - astro-
ph/9705101 [INSPIRE], 271

Sokasian, A., Abel, T., Hernquist, L., & Springel, V. 2003, MNRAS, 344, 607
Spergel, D. N., Verde, L., Peiris, H. V., et al. 2003, ApJ, 148, 175
Staniszewski, Z., Ade, P. A. R., & Aird, K. A. 2009, ApJ, 701, 32

Subrahmanyan, R., Ekers, R. D., Saripalli, L., & Sadler, E. M. 2008, arXiv e-prints,
arXiv:0802.0053

Sunyaev, M. A., & Zel’dovich, Y. B. 1970, Comments on Astrophysics and Space
Physics, 2, 66

—. 1972, Comments on Astrophysics and Space Physics, 4, 173
—. 1980, Ann. Rev. Astron. Astrophys, 537

Takalana, C., Colafrancesco, S., & Marchegiani, P. 2018, PoS HEASA2017 (2018),
319, 008, arXiv:1810.10115 [astro-ph.CO]

Takalana, C. M., Marchegiani, P., Beck, G., & Colafrancesco, S. 2020, Astrophysics
and Space Science, 365, 188

Thomas, R. M., & Zaroubi, S. 2010, MNRAS, 410, 1377

Tingay, S. J., R.Goeke, Bowman, J. D., et al. 2013, Publications of the Astronom-
ical Society of Australia, 30, e007

Tomaney, A. B., & Crotts, A. P. S. 1996, AJ, 112, 2872
Tumlinson, J., & Shull, J. M. 2000, ApJ, 528, L65

Vacca, V., Govoni, F., Murgia, M., et al. 2011, A&A, 535, A82

109



REFERENCES

van de Hulst, H. C. 1945, Ned.Tijd.Natuurkunde, 11, 210

van Weeren, R. J., de Gasperin, F., Akamatsu, H., & et al. 2019, Space Sci Rev,
215, 16

Walker, S. A.; et al. 2019, arXiv:1903.04550

Wands, D., Piattella, O. F., & Casarini, L. 2016, arXiv-1504.06335 astro-ph.CO,
45, 3

Wang, X., Tegmark, M., & Santos, M. 2006, ApJ, 650, 529

Wayth, R. B., Lenc, E., Bell, M. E., Callingham, J. R., & et al., K. S. D. 2015,
Publications of the Astronomical Society of Australia, 32, e025

White, S. D. M., Davis, M., & Frenk, C. S. 1984, MNRAS, 209, 27P

White, S. D. M., Frenk, C. S., & Davis, M. 1983, ApJL, 274, L1

Wise, J. H. 2019, Contemp. Phys., 60, 145

Wise, J. H., & Abel, T. 2007, ApJ, 665, 899

Wolz, L., Abdalla, F. B., Alonso, D., et al. 2015, Proceedings of Science
Wouthuysen, S. 1952, AJ, 57, 31

Wright, E. L. 1979, ApJ, 232, 348

Wyithe, J. S. B., Loeb, A.; & Carilli, C. 2005, ApJ, 628, 575

Yoho, A., Copi, C. J., Starkman, G. D., & Pereira, T. S. 2013, MNRAS, 432, 2208
Yoshida, N., Abel, T., Hernquist, L., & Sugiyama, N. 2003, ApJ, 592, 645

Zackrisson, E. 2005, Uppsala University, Excerpts from the Ph.D. Thesis Quasars
and Low Surface Brightness Galaxies as Probes of Dark Matter

Zaldarriaga, M., Furlanetto, S., & Hernquist, L. 2004, ApJ, 608, 622

Zaroubi, S. 2013, The First Galaxies - Theoretical Predictions and Observational
Clues - arXiv:1206.0267 [astro-ph.CO], 396, 45, astrophysics and Space Science
Library

Zel'dovich, Y. B., & Sunyaev, M. A. 1969, Astrophysics and Space Science, 4, 301
Zheng, H., Tegmark, M., Buzal, V., et al. 2014, MNRAS, arXiv:1405.5527v2

Zwicky, F. 1933, Helvetica Physica Acta, 6, 110

110



	List of Figures
	List of Tables
	Declaration
	Acknowledgments
	Dedication
	Introduction
	Theoretical Background
	The Universe after the Big Bang
	The Cosmic Microwave Background
	The standard cosmological model and formation of structures
	Galaxy Clusters
	Elements of the CDM model

	The cosmological 21 cm background: a probe for the DA and EoR
	The 21 cm line of neutral hydrogen
	The global history of the DA and EoR from the 21 cm cosmological signal

	Detection and observations of the 21 cm background from the DA and EoR
	Experiments to detect the 21 cm signal from the DA and EoR
	Foreground contamination
	Simulations

	The Sunyaev-Zel'dovich effect
	The SZE in the non-relativistic limit
	The relativistic SZE

	Observations of the SZE
	The SZE-21cm

	Simulated differential observations of the Sunyaev-Zel'dovich Effect: Probing the Dark Ages and Epoch of Reionization
	Introduction
	The SZE-21cm: a probe for the DA and EoR
	The cosmological 21 cm background signal
	The SZE-21cm
	Observations of the 21 cm signal from the DA and EoR

	Simulations of differential observations of the SZE-21cm
	Simulations of the 21 cm background
	Procedure for simulated observations of the SZE-21cm
	Discussion: HERA and SKA simulated observations of the SZE-21cm for the theoretical model

	The SZE-21cm in the EDGES era
	Challenges for observations of the SZE-21cm
	Conclusions

	The impact of cosmological 21cm background models on the SZE-21cm
	Introduction
	The global 21 cm signal considering Warm Dark Matter, Population II and Population III star cosmologies
	21cmFAST: Cases considering Warm Dark Matter, Population II and Population III stars
	The SZE-21cm: Cases considering Warm Dark Matter, Population II and Population III stars

	Impact of an EDGES like model on the SZE-21cm
	ARES: Excess cooling cosmological 21 cm signal
	The SZE-21cm: ARES Excess cooling model

	Conclusion

	Observations of the SZE-21cm towards multiple clusters of different plasma temperatures with upcoming experiments
	Introduction
	The SZE-21cm for clusters with different plasma temperatures
	Method for stacking the SZE-21cm for clusters with different plasma temperatures
	Discussions and Conclusion

	Differential analysis techniques for low frequency radio observations of galaxies
	Introduction
	The Murchison Widefield Array GLEAM survey
	Procedure and Results for differential analysis for radio observations
	Discussion
	Conclusion

	Summary, future work, and thesis conclusion
	Summary and discussions
	Future work
	Conclusion

	References



