Probing diffuse Galactic synchrotron

emission using MeerKAT single dish
data

=y P TSR
“ N>

> 22—

UNIVERSITY of the
WESTERN CAPE

by
Sifiso Mahlalela

A thesis submitted in conformity with the requirements for
degree of Masters of Science

in the
Faculty of Natural Science
Department of Physics and Astronomy

Supervisor: Prof. Mario Santos
Co-supervisor: Dr. Melis Irfan

November 2025


https://www.uwc.ac.za/study/faculties-and-programmes/faculty-of-natural-sciences/overview
http://www.cs.uwc.ac.za

Declaration

I, Si so Mahlalela, declare that this thesis \Probing di use Galactic synchrotron emis-
sion using MeerKAT single dish data™ is my own work, that it has not been submitted
before for any degree or assessment at any other university, and that all the sources |
have used or quoted have been indicated and acknowledged by means of complete ref-
erences.

Signature: W Date: December 2024




Abstract

In recent experiments, the 21 cm neutral hydrogen (HI) line has been measured using
the intensity mapping (IM) method. Measuring this HI line is a complex process be-
cause it is faint and easily contaminated by radio frequency interference (RFI) and the
foregrounds. Using the MeerKLASS experiment, from the L-band (900-1670 MHz) data
the 21 cm signal was probed using the single dish mode. However, initially the RFI and
the most dominant foreground in our Galaxy which is the synchrotron emission had to
be investigated, so they could be removed. This process also provided another validation
for the existing data pipeline. As synchrotron emission is modeled using a power law,
one way to probe said emission is to measure the spectral index of this power law. From
the various results available in the literature, the average spectral index for frequencies
that are between 0.408 and 3.8 GHz is 2:7. In this study, the MeerKLASS UHF-data
(544-1087 MHz) was used alongside various ancillary experiments to probe the temper-
ature spectral index of the synchrotron emission using the Temperature-Temperature
(T-T) analysis method, as well as probing the ux density spectral index using the
Spectral Energy Distribution method. From the T-T analysis, the average spectral in-
dex calculated between 45 and 923 MHz is 2:71 < < 2:66; these results are in good
agreement (within 1 ) with the existing results from Irfan et al. (2022) and Platania
et al. (1998). T-T analysis between MeerKLASS and Haslam data conducted towards
the lower end of the UHF-band, however, revealed a sharp and physically unlikely change
in the synchrotron spectral index never before seen. This coupled with the Spectral En-
ergy Distribution analysis revealed that further work needs to be conducted on the UHF
data reduction pipeline with regards to both calibration and RFI removal. There ap-
pears to be a systematic bias in the data at a level of around 15% at the beginning of the
UHF-band, decreasing to only around 5% by the end of the UHF-band when comparing
these data to MeerKLASS L-Band, Haslam and OVRO-LWA data.
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Chapter 1

Introduction

According to the Big Bang Theory, the Universe began as a point-like particle that
was extremely hot, and it started to expand, and cool o over time. This process
left behind the cosmic microwave background (CMB), faint thermal radiation emitted
about 13.7 billion years ago, providing a snapshot of the Universe at 380,000 years old.
The CMB provides a picture of how the Universe looked when it was about 380 000
years old. The idea of the Big Bang is still an accepted theory since it is supported by
various observational evidence such as CMB radiation (Penzias and Wilson, 1979; Dicke
et al., 1965; Smoot et al., 1992), Hubble expansion of the Universe (Riess et al., 1998),
(Weinberg, 1972), and the Big Bang Nucleosynthesis (BBN) (Alpher et al., 1953; Basu,
2024).

1.1 Early Universe

From the early Universe, the photons and baryons were coupled together as nuclei, with
electrons unbound. This implies that the Universe was ionized, and photons were not
free to move through the Universe while propagating within baryonic plasma. The tem-
perature of the Universe started to cool down to 3,000 K (Smoot, 2007), as the Universe
was aging, and this caused the electron ionization to cease. At the point where the
Universe was 380,000 years old, hydrogen and helium began to form, and the in uence
behind this formation was baryons which captured electrons. This process occurred un-
der the recombination stage, which begins immediately after the Last Scattering Surface
(LSS) as shown in Figure 1.1. The LSS is a location where the radiation of the CMB
originates; the scattering of baryons and photons takes place on the LSS.

Figure 1.1 illustrates the major milestones in the evolution of the Universe, from the Big
Bang to its current state, emphasizing the role of the CMB in constraining cosmological
models.



Chapter 1. Introduction 2

Figure 1.1: Timeline of the Universe: This illustration traces the evolution of the
Universe, from the Big Bang through to its present state. Image courtesy of the
European Southern Observatory

In the early Universe, baryon acoustic oscillations (BAOs) were present as acoustic waves
formed by the coupling of baryons and photons through Thomson scattering, and these
oscillations left an imprint on the CMB (Eisenstein et al., 2005; Weinberg et al., 2013).
BAOs are crucial because they act as a “cosmic ruler' for gauging the large-scale structure
of the Universe. These oscillations originated from sound waves that moved through the
early Universe, leaving a mark on the galaxy distribution. Various instruments like
the Sloan Digital Sky Survey (SDSS) and the Dark Energy Spectroscopic Instrument
(DESI) are purpose-built for the study of BAOs (Bassett and Hlozek, 2010; Anderson
et al., 2014; Guy, 2015; Adame et al., 2024).

During this era, the Universe was an extremely hot and dense plasma, where atomic
nuclei and electrons could not form stable atoms because high-energy photons continu-
ously scattered o free electrons. This scattering kept baryons (protons and neutrons)
tightly coupled with photons, preventing them from moving freely. As a result, regions
with slightly higher density experienced a battle between two opposing forces: gravity,
which tried to pull matter inward, and radiation pressure from photons, which pushed
outward. This back-and-forth interaction created oscillations in the plasma, similar
to sound waves traveling through a uid. These oscillations continued until the Uni-
verse cooled su ciently for neutral hydrogen (HI) to form, allowing baryons to decouple
from photons and leaving a detectable imprint on the large-scale distribution of galaxies
(Chen, 2019).

CMB photons radiate within the microwave part of the Electromagnetic Spectrum,
making them invisible to the human eye. The CMB was rst predicted by cosmologist
Ralph Alpher in 1948 (Dobrijevic and Howell) and was later detected by Penzias and
Wilson at Bell Laboratories in 1964 (Smoot, 2007). This radiation is isotropic, which
means it comes from every direction, which is crucial in cosmology as it supports the
cosmological principle- the idea that the Universe is homogeneous and isotropic on large
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scales. The CMB has a precisely measured thermodynamic temperature of 2.726K
(Penzias and Wilson, 1979; Fixsen, 2009), re ecting the thermal history of the Universe
and its cooling after the Big Bang. This temperature is important for understanding
key stages such as recombination and the formation of the rst atoms.

Cosmologists uses the CMB to constrain the parameters of the standard cosmological
model, known as the CDM, which describes the Universe as being composed of the
cosmological constant , cold dark matter (CDM), and ordinary matter (Aghanim et al.,
2020). By analyzing the tiny uctuations in temperature and polarization of the CMB,
researchers can extract information about the expansion rate of the Universe, the matter
density, and the geometry of space. These constraints allow for precise measurements
of fundamental cosmological parameters, enhancing our understanding of the evolution
of the Universe from the Big Bang to its current state. The CDM model serves as the
backbone of modern cosmology and is essential for interpreting CMB data.

Measurements of the CMB angular power spectrum provide critical insights into the
temperature uctuations of the early Universe, and they are instrumental in constrain-
ing the cosmological model known as CDM. The angular power spectrum quanti es the
temperature anisotropies in the CMB across various angular scales, represented &4,
wherel denotes the multipole moment associated with di erent scales (Hu and Dodelson,
2002). This spectrum allows cosmologists to extract key information about the compo-
sition of the Universe and dynamics. The CDM model is characterized by six primary
parameters: the baryon density ( p), cold matter density ( ), Hubble parameter (h),
amplitude of primordial curvature perturbations ( As), scalar spectral index (1), and the
optical depth due to reionization ( ). These parameters are interconnected through the
Friedmann equation, which describes how they in uence the expansion of the Universe
and structure formation. For instance, the density parameters , and . directly a ect
the height and position of the peaks in the angular power spectrum, whileAs and ng
relate to the initial conditions set during in ation. By tting the observed CMB power
spectrum to theoretical predictions, researchers can derive precise values for these pa-
rameters, which are essential for understanding the Universe's evolution (Durrer, 2020;
Aghanim et al., 2020).

The rst experiment to measure the temperature anisotropies of the CMB, was the
Di erential Microwave Radiometer (DMR) instrument, launched on the Cosmic Back-

ground Explorer (COBE) satellite (Smoot et al., 1992). The Wilkinson Microwave
Anisotropy Probe (WMAP ) is the second mapping satellite that was created with a
primary goal of measuring the CMB anisotropies (Spergel et al., 2003), andPlanck is
the latest experiment with the same goal of probing the anisotropies of the CMB (Ade
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et al., 2011a), and the 3 maps that are created by the respective experiments are shown
in Figure 1.2.

The results of the 3 experiments prove that the CMB anisotropies are consistent with the
basic CDM model. The CMB angular power spectrum is shown in Figure 1.3.

Spherical harmonics are used to express the anisotropies of the temperature across the
sky, and to calculate the multipoles, and equation 1.1 is applied.

—( )= amYim (5 ) (1.1)

such that the subscripts | and m are the anisotropy angular wavenumber.| is used to
determine the multipole that is produced, which represents the angular scale on the sky.
Multiple amplitudes are represented by the a;.,, while Y., represents the normalized
spherical harmonics. From gure 1.3 there is a rst peak at the | 200 angular scale
which represents the rst acoustic oscillation and the following peaks show the ? to
7" harmonics.

From the well-established six-parameter cosmological model, known as the vanilla model,
high precision in cosmological measurements is achieved. However, when the model is
expanded to include more parameters, the ability of the CMB data alone to constrain
these parameters diminishes. Consequently, additional information from other empirical
measurements becomes necessary. This led to measurements of the 3-dimensional large-
scale structure of the Universe across cosmic time to obtain a better precision (Santos
et al., 2015). This must be done at lower redshifts than the CMB redshift which is

z 1100 (Chen, 2019), for the properties of dark energy to be constrained. Dark
energy is a form of energy that permeates space and drives the accelerated expansion
of the Universe (Riess et al., 1998; Schmidt et al., 1998), comprising of about 68% of
its total energy density (Aghanim et al., 2020). Its importance lies in its fundamental
role in the dynamics of the cosmos, as it challenges previous notions of gravitational
attraction and the ultimate fate of the Universe. In the standard model of cosmology
CDM, dark energy and dark matter, which constitute roughly 27% of the Universe and

in uence the formation of structures through gravitational attraction, together shape our
understanding of the evolution and structure of the Universe. For instance, while dark
matter contributes to the formation of galaxies and clusters by exerting gravitational
forces, dark energy acts to accelerate the expansion, suggesting that the Universe may
eventually expand inde nitely.
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Figure 1.2: The CMB temperature maps from COBE (top), WMAP (middle), and
Planck (bottom) experiments with resolutions 7 , 0.3 , and 0.07, respectively. This
image was taken from a press release in Forbes.



Chapter 1. Introduction 6

Figure 1.3: The temperature of the CMB angular power spectrum with the
measurements of seven acoustic peaks that are tted by the six-parameters CDM
model. This gure was taken from (Planck:l, 2014).

Redshift occurs when the wavelength of the electromagnetic radiation for an object
increases while traveling through space, and in cosmology, redshift is caused by the
expansion of the Universe. The redshift can be calculated using expression 1.2.

7= obs emit (1.2)
emit
where s is the wavelength that is being observed, and ¢mi; is the emitted wave-
length from the source. The radiation of the CMB is emitted at a stage where electrons
and photons became bound to form HI atoms; this period is called the recombination
period.

There is a state called the Dark ages which took place during the evolution of the
Universe right after the Recombination stage as seen in Figure 1.1, and baryonic matter
was in a form of HI atomic hydrogen. The Universe was initially in a neutral state then,

when the gravitational collapse of hydrogen starts, rst generational stars and galaxies
start to form, where large-scale structures follow, and this period where the rst stars and

galaxies start to form is called the Cosmic Dawn. From then on atomic hydrogen was in
two mediums known as the Inter-galactic Medium (IGM) which is between galaxies, and
the Inter-Stellar Medium (ISM) which is inside the galaxies (Engelbrecht, 2019). Under

the Epoch of Re-ionization (EoR), the atomic hydrogen from IGM became ionized,
while the atomic hydrogen in ISM was protected by the high-density clouds (Santos
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et al.,, 2015), hence HI is found in the ISM of galaxies. Now we are able to probe
galactic structures and distribution of HI-rich galaxies throughout the Universe using
HI, furthermore, we can use HI to measure the distribution of the underlying dark matter
(Villaescusa-Navarro et al., 2017).

Large scales of the Universe are measured by HI intensity mapping (IM). It uses cosmic
HI to map these large scales in three dimensions (two angular dimensions and one in
frequency). The spin- ip of a valence electron causes the HI atom gas to release a photon
at wavelength = 21cm, and the gas is assumed to linearly trace the distribution of
dark matter (Wolz et al., 2015). This 21cm is the electromagnetic radiation spectral line
created by the change in the energy state of the HI atoms which contains 1 electron and
1 proton. The interaction between the magnetic moments of an electron and a proton
in uences the hyper ne structure to arise, furthermore, proton and electron spins parallel
or anti-parallel, with the parallel spin being more energetic than the anti-parallel, and
this results in an emission or absorption of a photon. The emitted photon consists of
a wavelength that is 21cm at these spin- ip transitions, corresponding to 1420 MHz in
frequency. The process of spin- ip is shown schematically in gure 1.4.

The line is observable from a range of epochs: from the period when the CMB photons
were released, which is right after recombination, and throughout Cosmic Dawn, up
until the period of the EoR (Townsend, 2021). According to Pritchard and Loeb (2012),
at the period of the Dark Ages wherez 200, the 21cm signal is expected to not
be detectable as the remaining electrons after recombination scatter and maintain the
thermal coupling of the gas to the CMB, causing the spin temperatureTs to equal the
CMB radiation temperature T . At this time the average 21cm brightness temperature
is expected to be zero.

At a redshift of z = 30, the signal of HI is not detectable because the expansion of the
Universe reduces the gas density, making collisional coupling ine ective. Additionally,
radiative coupling to the CMB ensures that T equalsT (Pritchard and Loeb, 2012).
Damped Lyman-alpha (Ly ) systems are dense regions of neutral hydrogen within Ac-
tive Galactic Nuclei and are crucial for studying galaxy formation as well as the inter-
galactic medium. After the reionization, most of the Hl is found in these damped Ly
systems, and Figure 1.5 represents the di erent phases of 21cm signal.

1.2 21cm cosmology

21cm cosmology bridges the gap between theoretical and observational studies of the
evolution of the Universe. By probing HlI, it allows scientists to explore periods other-
wise inaccessible to direct observation, such as the Dark Ages and the EoR. The 21cm
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Figure 1.4: The illustrative demonstration of the Hydrogen 21cm line spin- ip
transition. The photon is emitted or absorbed when there is a transition of an
electron spinning up or spinning down at a wavelength of 21cm with a frequency that
is 1420 MHz. This gure was taken from PhysicsOpenLab

emission line of HI is a key tool in exploring the history of the Universe across these
epochs. The following subsections 1.2.1, 1.2.2, and 1.2.3 outline key methods used in
21cm cosmology: Galaxy Surveys, Global EoR experiments, and 21cm IM.

1.2.1 HI Galaxy Surveys

Large-scale galaxy surveys o er a di erent observational approach to studying the LSS
of the Universe. By examining the spatial distribution and number of galaxies, one can
infer the power spectrum of the underlying dark matter density eld. These surveys en-
hance our understanding of the matter density eld and complement other cosmological
measurements by showing how galaxies map onto the dark matter distribution (Bacon
et al., 2020). Some of the galaxy surveys are as follows:
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Figure 1.5: lllustration of di erent phases of 21cm signal. The changes in the signal

start from the early Universe where the redshift is very high, to a point where the
signal is not detectable, up until where it is detectable again. Furthermore, it changes

~

1.2.

The

until to the point where reionization ends. This gure was taken from (Pritchard and
Loeb, 2012).

Euclid Mission: A space-based survey led by the European Space Agency (ESA),
designed to investigate the nature of dark matter and dark energy by mapping
billions of galaxies up to high redshiftsz > 2 .Euclid uses both imaging and
spectroscopy to construct a 3D map of the Universe, tracing the distribution of
galaxies with unprecedented precision (Laureijs et al., 2011).

Dark Energy Survey (DES): A deep optical and near-infrared survey that mapped
hundreds of millions of galaxies to study the e ects of dark energy on the expansion
of the Universe. The DES used the 4-meter Victor M. Blanco Telescope in Chile
to observe a vast portion of the southern sky The Dark Energy Survey.

Sloan Digital Sky Survey (SDSS): One of the most in uential galaxy surveys, SDSS
has provided a detailed map of the Universe by observing millions of galaxies
and stars, providing crucial data for understanding large-scale structure, galaxy
evolution, and dark matter (York et al., 2000)

2 Global EoR experiments

main focus of the global EoR experiments is the stage in the history of the Universe

where the rst galaxies and stars were produced, leading to the reionization of the HI.

The
top

se experiments measure the global brightness temperature of the HI from the full sky
rovide constraints on the timing, as well as progression of the reionization process.

Some key experiments include:
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" Experiment to Detect the Global Epoch of Reionization Signature (EDGES) which
is located in Western Australia at the Murchison Radio Astronomy Observa-
tory(Bowman et al., 2008).

" Shaped Antenna measurement of the background Radio Spectrum (SARAS), lo-
cated in India (Patra et al., 2013).

" Radio Experiment for the Analysis of Cosmic Hydrogen (REACH), it is located in
in the Karoo region of South Africa (de Lera Acedo, 2019).

1.2.3 21cm Intensity Mapping

Since this approach involves the measurement of the 21cm signal by measuring the total
intensity within a large beam without having to resolve individual sources, it can also
be used in studying the large scale structure of the Universe, and it contributes to the
estimation of the matter power spectrum when it is applied to the 21cm line of HI.

The power spectrum is a crucial tool for probing the LSS of the Universe. The HI
power spectrum speci cally refers to the distribution of power across spatial/angular,
and frequency scales of the observed 21cm emission line from HI. Based on the data,
various models are proposed and tted to describe how HI is distributed within dark
matter halos and how these structures in uence the observed power spectrum. In the
early stages of cosmic evolution, matter density uctuations were treated linearly due
to their small amplitudes. However, as the Universe evolved, these uctuations grew in
amplitude and entered a non-linear regime. This non-linearity must be considered to
accurately model the distribution of matter, including HI, on smaller scales.

At any given point (x), the distribution of matter in the Universe can be viewed as a
perturbation from the average background density:

= % (1.3)

Matter can be traced in two ways, by either looking at the distribution of galaxies or
the atomic hydrogen:

_ (1.4)
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Since these tracers only follow the emission line of HI or the number counts of galaxies,
they are biased. Looking at the correlation between two points which are separated by
the distance r"

(r)y h (3 (x+ ¥)i (1.5)

With the matter power spectrum being the Fourier transform of the correlation function,
such that:

h(k (K)i=@2 ) O® KIPK) (1.6)

The Universe is dominated by dark matter and dark energy which contribute to up
to 95% of the Universe, with baryonic matter (ordinary matter that makes up stars,
galaxies and all visible structures) accounting for the remaining 5%. The dark matter
has a weekly interacting nature which is invisible to telescopes, hence the tracers of
the underlying matter are important; these are mostly the radiation from the galaxies
(Cunnington, 2019). The relation between these two tracers, can be described in a linear
regime by a single linear factor known as the biagy:

g= by

(1.7)
Py = BEP (k)

with the subscript "g' indicating the galaxy tracer method.

On large scales, the relationship between either of the tracers and the matter distribution
is linear, placing it in the linear regime. However, on smaller scales, gravity exerts a more
signi cant in uence, leading to a non-linear relationship between matter distribution
and its tracers. Since MeerKLASS is a large-scale project, the focus is on the linear
regime.

In this context, real space refers to the actual physical space where matter is distributed
without any observational distortions. The expression 1.7 applies to the linear power
spectrum in real space. However, when observing the Universe, we measure positions
and velocities in redshift space, which introduces distortions in the clustering signal. By
measuring the brightness of the 21cm emission line, we can compute the 21cm power
spectrum, which accounts for these distortions.

Now the power spectrum in 3D can be calculated using expression 1.8:
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Pui (K;2) = To@B, @M1+ w1 Z2Pm(K;2) (1.8)

where = K2, ) = % which is the redshift space distortions parameter, and (z)
is the linear growth rate (Pourtsidou, 2017). Assuming that b(k; z) = 1, then it becomes
independent of z and k, and this was proven to be true for scales that are 10h Mpc.
Figure 1.6 represents the power spectrum for 21cm where = 0.

Figure 1.6: The linear matter power spectrum in 3-D with a z = 0, for the standard
model. Figure was taken from (Matshawule, 2023)

Looking at maps in 2D, on the axis there is Right Ascension (ra) and Declination (dec),
however, when looking at the maps in 3D, there is a third term that is introduced which

is the frequency () or redshift (z). The ra, dec and are essential in various analyses,
such as the power spectrum analysis which is calculated by taking the Fourier transform
across these three dimensions. In 3D Fourier space, each spatial and frequency dimension
has a corresponding wavenumber component, capturing variation along ra, dec, and

(or redshift).

Recent advancements have detected the HI intensity mapping signal using the cross-
correlation power spectra, which is a statistical tool used to investigate the behavior
between two distinct datasets that both trace the same underlying structure in the
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Universe. The 21cm cross correlation power spectrum quanti es how the uctuations
from a 21cm intensity map correlate with the uctuations from another dataset such as
galaxy distributions as a function of scale.

One of the signi cant bene ts of cross-correlation is that a major systematic which
could a ect one probe, may not have an impact on the other probe. For instance, when
considering a scenario where the density uctuations of the observed data consist of true
cosmological signal, denoted as®®s, along with an added systematic component, such as
noise SY$ (Cunnington, 2019). This can be formalized for both a HI intensity mapping
survey and an optical galaxy survey by:

o= CoS 4  Sys
¢ 9 (1.9)

— COs_ Sys

H HI HI

Cross-correlating the HI and galaxy data results in the product of the terms in expres-

sion 1.9 and the expectation of the systematic and cosmology cross-terms will not be
correlated. In auto-correlation, the systematic terms are expected to be correlated and
will contaminate the measurements, however in cross-correlation, it is expected that
they will be not correlated, which results in them falling out:

H COS COs; CcoSs SYS: SYyS COS; Sys Sys;
hg wi g HiHhg™ G+ hg® g+ h g™ g

(1.10)

COS COS;
g HI

This occurs when using data that are from distinct telescopes. The cosmological signal
was successfully detected using the data from the MeerKAT multi-dish array in single-
dish (Cunnington et al., 2023). This was done by cross-correlating the MeerKAT pilot
survey intensity maps with optical galaxies from the WiggleZ Dark Energy Survey, where
a 7.7 detection was measured using the cross-power spectrum. Other experiments that
managed to detect the HI intensity mapping signal in cross-correlation with galaxy
surveys are:(Chang et al., 2010); (Masui et al., 2013); (Anderson et al., 2018); (Li et al.,
2021): (Tramonte and Ma, 2020): (Wolz et al., 2022): (Amiri et al., 2023).

For auto-correlation power spectra, the cosmological signal and systematic noise are
both present within the same dataset. This situation in uences the results because the
systematic noise correlates with itself, leading to contamination in the measurements.
Consequently, it becomes di cult to extract the cosmological signal from the contam-
inants. In contrast, with cross-correlation where the systematics from two di erent
instruments or observations are expected to be uncorrelated. As shown in Equation 1.9,
the systematic noise cancels out, leaving only the cosmological signal behind.
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This wavevector k can be decomposed into two components: parallekf) and perpen-
dicular (k- ) to the line of sight. Speci cally, k;; is associated with the wavenumber in the
frequency (or redshift) direction, denoted ask;; = k . On the other hand, k- is related
to the wavenumbers in the R.A and Dec directions, de ned ask, =  (k3,) + (k3,.)-
Understanding the behavior of these components is crucial for interpreting power spec-
tra. In the 3D auto-correlation, the full k space is utilized, but the contamination from
systematic noise can a ect bothk; and ko components, making it challenging to isolate

the true signal.

Figure 1.7, shows the regions of Fourier space which both interferometric and single-dish
surveys are sensitive to. It also shows the crucial angular boundaries acrogs which
are determined by the longest baseline for an interferrometer and the eld of view and
area for a single dish experiment (denoted on the Figure a&p,,, , krov and Karea).
From the line of sight, we can see that the foreground contamination krg) is limited
to the smallest k; values as they are strongly correlated in frequency.

Figure 1.7: A schematic illustrating the regions in k-space that both single-dish and
interferometric experiments can detect. The diagram shows that while both types of
experiments face the same spectral limitations alond; , they are complementary in
their angular sensitivity along k, The Figure is from (Bull et al., 2015).

It has been a goal of many experiments to measure the power spectrum, for the purposes
of 21cm cosmology. Some of these experiments includes:
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The Green Bank Telescope (GBT), a 100-meter diameter radio telescope with
a frequency range from 100 MHz to 115 GHz, which is located at the National
Radio Astronomy Observatory (NRAO) in Green Bank, West Virginia (Prestage
et al., 2009). This single-dish experiment has been used to make signi cant mea-
surements relevant to 21cm cosmology, speci cally through intensity mapping in
cross-correlation.

The Canadian Hydrogen Intensity Mapping Experiment(CHIME), a drifting scan
radio telescope that operates at a range of 400 to 800 MHz, and is based in the
Dominion Radio Astronomical Observatory in Canada (Amiri et al., 2022). One of
the main science goals of the telescope is to map the HI within the redshift range
of 0.8-0.25, with the purpose of constraining the expansion history of the Universe.

The main goal of the BAO from Integrated Neutral Gas Observations (BINGO)
experiment is to detect the BAO over a frequency range of 960 to 1260 MHz; this
experiment is based in South America and will operate in single dish mode (Battye
et al., 2013).

The MeerKAT Large Area Synoptic Survey(MeerKLASS) Experiment uses the
MeerKAT telescope which is located in South Africa, and operates as a single dish
experiment combining multiple dishes (Santos et al., 2017).

1.2.4 MeerKAT

MeerKAT is a radio telescope that consists of a 64-dish precursor to the Square Kilo-
metre Array mid-frequency telescope (SKA1-MID), and it is located 90 km outside the
Northern Cape town of Carnarvon (SAR). It is one of the most sensitive radio inter-
ferometer in the entire world. One of the advantages of MeerKAT is the fact that it
can operate in single-dish mode, as well as in interferometric mode, over two distinct
frequency ranges, known as L-Band and UHF-Band (Booth et al., 2009; Jonas, 2009).
The frequency range for L-Band is 900 - 1420 MHz, with a 21cm redshift of 0 - 0.58,
and for UHF-Band a frequency range of 580 - 1000 MHz allowing the measurement of
the 21cm signal at redshifts of 0.4-1.45.

MeerKAT has various large survey projects that are currently underway, approved as
part of an initial call back in 2010. These projects include:

" Looking at the Distant Universe with the MeerKAT Array (LADUMA) (Baker
et al., 2018).

" MeerKAT International GHz Tiered Extragalactic Exploration (MIGHTEE) (Jarvis
et al., 2017).
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~ MeerKAT HI Observations of Nearby Galactic Objects (MHONGOOSE) (De Blok
et al., 2017).

The Hunt for Dynamic and Explosive Radio Transients with MeerKAT (Thun-
derKAT) (Fender et al., 2017).

" MeerKAT Absorption Line Survey (MALS) (Gupta et al., 2017).
" Transient and Pulsars with MeerKAT (TRAPUM) (Sanidas et al., 2017).

These various projects have many science goals such as probing the evolution of HI in
the Universe, mapping HI in nearby galaxies, and investigating transient radio sources.

Later, Santos et al. (2017) proposed a wide area survey known as the MeerKAT Large
Area Synoptic Survey (MeerKLASS), which is now underway.

1.2.5 MeerKLASS

The MeerKLASS survey is being carried out in a phased process. So far, it has observed
over 400 hours in the MeerKAT L-band and UHF-band covering around 2,000 deg
The focus on this study is now on the UHF band which covers a wider redshift range.
Once complete, the survey is expected to cover around 10,000 de@n approximately
2,500 hours. The primary science goal of MeerKLASS is to measure the HI signal using
intensity mapping across large areas of the sky. Mapping the signal of HI, BAO wiggles
which are imprinted in the large scale structures of the Universe, can be observed.
The BAO provides important information on the distribution of matter as well as the
expansion history of the Universe. MeerKLASS also has secondary science goals, which
are as follows:

" Detecting excess of galaxies which are 10° directly in HI.

Probing active galactic nuclei, as well as star formation galaxy populations up to
large masses.

Providing a large sample of galaxy clusters and a study of radio halos as well as
relics in clusters.

Detecting thousands of sources which can be used to probe associated HI absorp-
tion systems.

Producing a rotation measure map across a large patch of the sky.

Setting strong upper limits on the dark matter induced radio emission in nearby
structures.
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Currently, the UHF (Ultra High Frequency) and L-band are being used for commis-
sioning and pilot data collection, where UHF typically refers to radio frequencies rang-
ing from 300 MHz to 3 GHz, commonly employed in television broadcasting, mobile
communications, and other communication systems. The L-band, on the other hand,
encompasses frequencies from 1 GHz to 2 GHz, frequently utilized for satellite communi-
cations, GPS, and speci c radar applications. The band that performs best in terms of
data quality and signal clarity will be selected for the nal survey. The BAO detection
forecast for the two bands is shown in Figure 1.8

Figure 1.8: The estimation of BAO from UHF and L-band. The plot on the left

side, is the L-band plot and the plot on the right side is the UHF-band plot, and when
looking at the two plots, UHF has more volume which reduces the cosmic variance
since it has a higherz. The blue shaded area is the area that will be measured by the
UHF and L-band. The gure was taken from (Santos et al., 2017).

The MeerKLASS collaboration has already managed to produce the following results
using the L-band data:

HI intensity mapping with MeerKAT: Calibration pipeline for multi-dish autocor-
relation observations (Wang et al., 2021).

Measurements of the diuse Galactic synchrotron spectral index and curvature
from MeerKLASS pilot data (Irfan et al., 2022).

HI intensity mapping with MeerKAT: power spectrum detection in cross-correlation
with WiggleZ galaxies (Cunnington et al., 2023).

MeerKLASS L-band deep- eld intensity maps: entering the HI dominated regime
(Barberi-Squarotti et al., 2024).
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1.3 Foregrounds

The electromagnetic radiation between the CMB, Dark Ages, Cosmic Dawn, EoR and
the observer is referred to as foreground emissions. Foregrounds are divided into di use
Galactic emissions and extra-galactic point source emissions. Diuse Galactic emis-
sions consist of subgroups: synchrotron radiation, free-free emission, thermal dust, and
anomalous microwave emission, which is often referred to as spinning dust emission.
These foreground emissions are present throughout the sky but are particularly intense
along the Galactic Plane. E ective foreground modeling and removal are essential for
MeerKLASS, as it aims to isolate the faint 21cm signal from dominant emissions such
as synchrotron radiation and free-free emission.

Di use emission is an important tool that helps in the investigation of the components of
the interstellar medium (ISM), such as cosmic rays electrons and supernovae remnants
(SNR) through synchrotron radiation (Strong et al., 2011) and the warm ionised medium
(WIM) through free-free emission (Dickinson et al., 2019).

1.3.1 Synchrotron emission

Synchrotron emission is a non-thermal emission (it does not depend on temperature,
instead it is associated with the magnetic eld strength) created by charged particles
that move around the magnetic eld lines at a speed that is very close to the speed
of light. This emission dominates the total di use Galactic foreground at frequencies
below a few GHz, contributing signi cantly to noise in radio observations. It originates
from two sources which are known as cosmic rays and SNR. From SNR, the relativistic
electrons are de ected from the magnetic eld lines, where they end up losing energy in
a form of synchrotron emission, while in cosmic rays they de ect in the magnetic lines
of the ISM. The intensity of synchrotron emission depends on the power law energy
distribution which is given by:

N(E)/ E (1.12)
hence even its spectrum uses the power law, such that:
v
T(v)=T(vo) — (1.12)
Vo

with
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= (1.13)

where the value of s is the synchrotron spectral index and typically varies between -3.1
and -2.5 (Bennett et al., 2003). From the predicted 75% of synchrotron emission that is
expected to be polarized, often only around 40% can be measured; this is because the
emission measured is integrated over several lines of sight.

Figure 1.9: The all sky map of Haslam dominated by the Galactic synchrotron
emission at the frequency of 408 MHz.

The 408 MHz Haslam map (Haslam et al., 1982) is a full sky map, which is dominated
by the Galactic synchrotron emission due to its frequency, and it is shown by Figure

1.9. This total emission map is used as a synchrotron proxy, however, it is not a pure
synchrotron map as free-free emission will be non-negligible within certain regions, such
as the Galactic Plane.

The all-sky 408 MHz map of Haslam has been essential for studying Galactic synchrotron
emission, and it has been used as a template when removing the foregrounds from the
CMB data, however (Remazeilles et al., 2015) had to reprocess the raw data used to
create this map, to get the new and an improved 408 MHz all sky map, and this was
implemented since there were obstacles such as the contamination from the extra-galactic
radio sources as well as large scale striations. Initially it was claimed that the Haslam
map resolution was 51 arcmin, however, after the re-evaluation, it was concluded that
the average angular resolution for this map is 56 1 arcmin (Remazeilles et al., 2015).
This emission map is considered as a good estimation for an all sky map of the Galactic



Chapter 1. Introduction 20

synchrotron emission since it has a higher sensitivity which allows even the faintest
synchrotron emission to be detected across the sky.

Synchrotron emission is not accurately represented by a power law with a single spectral
index over a wide range of frequencies. This is evident in Figure 1.10 (de Oliveira-Costa
et al., 2008), which displays eleven empirical data points for the Galactic coordinates
(I;b) = (11:3 ;896 ). These data points cannot be adequately modeled by a power law
extrapolation of the Haslam et al. (1982) all-sky map, which predominantly captures
synchrotron emission at 408 MHz, especially at high and low Galactic latitudes.

Figure 1.10: Spectral Energy Distribution (SED) at the coordinates

(I;b) = (11:3 ;896 ), the eleven squares shown by the color red, represent the
measurements at these coordinates, with the green and black lines representing the
Haslam map where a power law was assumed with a = 2:8 and scaled to correct
frequencies and a cubic spline t respectively. The dotted blue curve represents a
guadratic polynomial, and lastly the red straight solid line represents a principal
component analysis (PCA which is described in 1.4.1) t. To show that the single
spectral index model and the data are di erent all the data and the ts were divided
by the green curve and shown on the lower panel (de Oliveira-Costa et al., 2008).

At very high frequencies which are no longer dominated exclusively by the synchrotron
emission, the power law with a single spectral index per pixel is not a good approximation
since the steepening of the spectrum becomes more apparent across a wider range of
frequencies. The spectral indices at very high and very low frequencies are distinct, and

it has been shown that at frequencies 22 MHz, 2:5, and this is known as the
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hard regime. For higher frequencies that are 23 GHz, the is expectedto be 3.0,
and this is known as the soft regime (Kogut, 2012). Platania et al. (1998) deduced
that 2:7 at frequencies between 408 MHz and 3.8 GHz, and that steepens at
frequencies between 1.43 and 7.5 GHz since it is at a value thatis  3:0.

Planck:XXV (2016), backed up the results from Platania et al. (1998) and Kogut (2012)
for the spectral index, after they used the algorithm, speci cally a model called GAL-
PROPz10LMPD _SUNfE (Orlando and Strong, 2013). GALPROP basically focuses on
simulating the propagation of Cosmic Ray electrons through the Galactic magnetic eld,
and Planck:XXV (2016) went on to create plots of how they believe the synchrotron spec-
tral index should change over frequency and Galactic latitude. Figure 1.11 represents
the plots of the spectral index and frequency that they produced.

Figure 1.11: Variation of spectral indices of synchrotron emission as a function of
frequency across di erent Galactic latitudes (b) for a sample of pixels, based on
GALPROPz10LMPD _SUNfE model. The spectra are color-coded by Galactic
latitude: red for b=90 , green forb=60 , cyan for b=30 , and purple forb=0 .
Spectra at low latitudes (closer to the Galactic plane) show signi cant low-frequency
curvature due to free-free absorption, while higher latitudes exhibit less curvature,
indicating di erences in the spectral behavior of synchrotron emission across the
Galaxy. The gure was taken form (Planck:XXV, 2016).

In addition to the results from the Planck mission and earlier models, MeerKLASS has
also contributed signi cantly to the study of Galactic synchrotron emission. Pilot data
between 971 and 1075 MHz from MeerKAT in single-dish mode was used to calculate the
spectral index. By comparing these results with other surveys, namely the OVRO Long
Wavelength Array (LWA), and Maipu and MU surveys, the average spectral index was
found to be 2:73 0:02 between 45 and 1055 MHz (Irfan et al., 2022). When tting for
spectral curvature, the spectral index obtained was = 2:55 0:13 at 73 MHz, with a
corresponding curvature ofc= 0:12 0:05. These results show 1 agreement with
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those from ARCADE?2 (Kogut, 2012) and EDGES (Mozdzen et al., 2019), whose spectral
indices and curvatures are = 2:60 0:04,c= 0:082 0:028,and = 2565 0:025,
c= 0:075 0:035, respectively.

1.3.2 Free-Free emission

Free-free emission, which is also known as thermal bremsstrahlung, occurs in an ionized
medium where free electrons are de ected by ions without being captured. The de ection
causes the electrons to accelerate, which in turn leads to the emission of radiation. The
term \thermal" refers to the fact that this type of emission arises from the thermal
motion of the electrons in a hot plasma. The intensity of the emission depends on
the temperature of the plasma. Speci cally, the higher the temperature, the faster the
electrons move, which increases the likelihood of interactions with ions and, consequently,
the emission of radiation. Despite the fact that thermal bremsstrahlung is in a form of
thermal emission, the two are not the same. Thermal emission is de ned as a radiation
emitted by any object due to its temperature, whereas bremsstrahlung speci cally refers
to the radiation produced by the acceleration of charged patrticles (electrons) as they
interact with ions in a plasma (Dickinson et al., 2003), (Planck:XXV, 2016).

Free-Free emission is characterized by the spectral index of 2:1, and it is unpo-
larized. At higher frequencies, the Gaunt factor (g ) which accounts for the quantum
mechanical e ects that enhance the emission process, such as the coulomb interaction
between ions and electrons, causes the of free-free emission to be marginally steeper,
such that 2:15. The temperature of free-free emission is calculated using the
following equation:

Tee = Te(l € ') (1.14)
with
s o2 !
. Ty EM
=3:014 102 ° 6 115
f K GHz  cm 6pc (119
and
!
) P 3=2
g In €590 (3=)IN(ZiveT,™) 4 ¢ (1.16)

With T 4 being the electron temperature (Te) but in units of 104K, is the frequency in
GHz, Z; is the ion charge of 1 (Dickinson et al., 2003). The warm hydrogen plasma also
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in uences the H spectral line, and from this process, a free electron recombines with an
ion to form a hydrogen atom resulting in the emission of a photon. This recombination
involves the free electron to transition from energy level n=3 to energy level n=2 inside
the hydrogen atom. When dealing with the ionized hydrogen regions, the H spectral
line which is at 656.281 nm, is crucial since it has a role of being a tracer for free-free

emission.

Figure 1.12: All-sky map of H emission corrected for extinction. The color bar is
in terms of Intensity which has units of rayleighs (R). This gure was taken from
(Bennett et al., 2003).

Figure 1.12 represents the map of H, the map is measured in terms of intensity, in
units of rayleighs (R). Free-free emission is expected to be much lower in intensity
than synchrotron emission at frequencies lower than 1.4 GHz and essentially negligible
at these frequencies when the measurement is made outside of the high intensity H

regions.

1.3.3 Thermal dust

Interstellar radiation heats dust grains to temperatures between 10 K and 30 K, causing
them to emit thermal radiation. This thermal dust emission dominates the diuse
Galactic foregrounds at frequencies above 100 GHz. However, this emission will not be
detectable by MeerKLASS, as the frequency range is too low to capture the thermal
dust contribution e ectively.
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1.3.4 Spinning dust

An anomalous excess in microwave emission was rst identi ed in the mid-1990s (Leitch
etal., 1997), and this excess was later attributed to spinning dust emission. The emission
mechanism is believed to involve extremely small dust grains that spin rapidly, producing
electric dipole radiation. This emission, commonly referred to as spinning dust, is used
to explain the Anomalous Microwave Emission (AME) observed in the Milky Way. The
spinning dust emission is known to dominate over thermal, free-free, and synchrotron
emissions within the frequency range of 10 . 60 GHz in certain compact regions,
such as dense molecular clouds, star-forming regions, and Hll (ionized atomic hydrogen)
regions, though it is not ubiquitous across all regions.

Figure 1.13: This schematic represents the frequency-dependence of the various
foregrounds alongside the observing bands of di erent experiments including the
C-Band All Sky Survey (C-BASS). The gure was taken from Science|C-BASS.

1.3.5 Foreground Variations Across Frequencies

Figure 1.13 represents the four types of di use Galactic emission described in the pre-
vious subsections 1.3.1, 1.3.2, 1.3.3, and 1.3.4, showing how they are expected to vary
in magnitude over frequency for a typical area of the sky. The synchrotron emission
dominates at the lowest frequencies, as shown by the pink curve, while thermal dust
dominates at higher frequencies, represented by the red curve. The vertical color bands
indicate the frequency ranges where some prominent radio and microwave experiments
are observing. The CMB is also included, shown as a constant black line across the bulk
of the frequencies.
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Within the MeerKLASS frequency range of 580 - 1670 MHz, however, the CMB anisotropies
are negligible in magnitude and the dominant foregrounds are radio point sources, dif-
fuse synchrotron and di use free-free emission. The 21cm signal is far more stochastic
over frequency than the CMB, as can be seen in Figure 1.14.

Figure 1.14: The brightness temperatures across frequency of the di erent emission
sources expected within the MeerKLASS observations, as observed from the galactic
latitude of 95 degrees. The gure was taken from (Carucci et al., 2020).

Figure 1.14 represents the simulated components expected within the MeerKLASS ob-
servational bands, where the di erent emission temperatures are plotted against fre-
guencies from 900 to 1300 MHz. The smoothly varying foregrounds|free-free, Galactic
synchrotron, and point sources|are represented by the orange dashed, red dashed, and
green dashed lines, respectively. The 21cm cosmological signal is represented by the
solid blue line, while the polarization leakage is shown by the pink dotted line, which
has lower temperature magnitudes compared to the smooth foregrounds. 21cm experi-
ments measure Stokes |, but due to imperfect receivers, there can be leakage of Stokes
Q and U into the | measurement. Synchrotron emission is both large and polarized,
and even a small fraction of Stokes Q and U leakage into | can dominate over the 21cm
signal. As evident from the gure, the polarisation leakage has a shape similar to that

of the 21cm signal, making it more di cult to separate the signal of interest from this
leakage.
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1.4 Methods used to remove Foregrounds from 21cm sig-
nal

In most cases, foreground signals are expected to be at least three orders of magnitude
larger than the 21cm signal data, and these two signals have di erent frequency struc-
tures (Chapman et al., 2016). The spectral behavior of foregrounds is usually expected
to be smooth, whereas the 21cm signal is expected to decorrelate over frequencies of
the order of a MHz (Chapman et al.,, 2016). There are various methods used to re-
move the foregrounds within the data, even though this might be risky, due to the
fact that it is possible to lose part of the HI signal or further contaminate the signal.
Some of the methods used are direct foreground removal, foreground avoidance, and
cross-correlations with other measurements. A brief overview is given below.

1.4.1 Direct foreground removal

Using this method, the tted foregrounds can be subtracted from the data by tting a
parametric model or using the non-parametric methods, so called “blind' methods such
that a statistical property of the foregrounds is exploited i.e. the fact that they have a
strong correlation in frequency (Yoshiura et al., 2018).

1.4.1.1 Parametric tting

For parametric tting, a model is constructed based on physical assumptions about the
foregrounds and then tted to the data. This approach is useful for investigating the ISM

as well as conducting cosmological analyses. However, it comes with challenges, as even
small fractional errors in the foreground model can contaminate the cosmological signal.
Therefore, accurately modeling and removing the foregrounds is crucial, but achieving
this level of precision is di cult, especially when dealing with complex foregrounds and
instrumental e ects (Eriksen et al., 2008).

1.4.1.2 Blind Methods

Blind foreground removal techniques include methods like Principal Component Anal-
ysis (PCA), Fast Independent Component Analysis (FastlCA), and Gaussian Process
Regression (GPR). PCA isolates components with the strongest correlation in frequency,
which in this context represent foregrounds, and subtracts them to reveal the 21cm cos-
mological signal. FastICA separates mixed signals (foregrounds and cosmological sig-
nals) by treating them as independent sources based on their statistical independence.
GPR models the smooth foregrounds as a Gaussian process, allowing for their removal
while simultaneously estimating uncertainties. See Soares et al. (2022) and Spinelli et al.
(2022) for extensive explanation of these methods.






	Declaration of Authorship
	Abstract
	Keywords
	Contents
	List of Figures
	List of Tables
	Abbreviations
	1 Introduction
	1.1 Early Universe
	1.2 21cm cosmology
	1.2.1 HI Galaxy Surveys 
	1.2.2 Global EoR experiments 
	1.2.3  21cm Intensity Mapping 
	1.2.4 MeerKAT
	1.2.5 MeerKLASS 

	1.3 Foregrounds
	1.3.1 Synchrotron emission 
	1.3.2 Free-Free emission 
	1.3.3 Thermal dust 
	1.3.4 Spinning dust 
	1.3.5 Foreground Variations Across Frequencies

	1.4 Methods used to remove Foregrounds from 21cm signal
	1.4.1 Direct foreground removal
	1.4.1.1 Parametric fitting
	1.4.1.2 Blind Methods

	1.4.2 Foreground avoidance

	1.5 The Aim of the Project

	2 Data Reduction and Techniques
	2.1 Observational Data
	2.2 Stokes Parameters
	2.3 Data Calibration 
	2.4 Temperature-Temperature analysis
	2.5 Reduced chi-squared
	2.6 Map making 
	2.7 Spectral energy distributions 

	3 Data verification
	3.1 Validation of data 
	3.2 Spectral Indices of the six blocks 
	3.3 Combined blocks 

	4 Analysis with ancillary data
	4.1 Temperature-Temperature analysis with further ancillary data
	4.1.1 T-T analysis of MeerKLASS with LWA data
	4.1.2 T-T analysis of MeerKLASS with Maipu and MU radar data
	4.1.3 T-T analysis of MeerKLASS with CHIPASS data
	4.1.4 Summary

	4.2 Spectral Energy Distribution analysis
	4.2.1 Aperture Photometry
	4.2.2 Comparison of Flux Density Calculation Methods
	4.2.3 Fitting the Flux Density Synchrotron Spectral Index
	4.2.4 Predicted synchrotron spectral index
	4.2.5 Gain Corrections


	5 Conclusion
	Bibliography

