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Abstract

Probing the star formation (SF) activity of cluster galaxies paves an im-
portant path towards the understanding of cluster evolution. This thesis
presents the study of star formation rates (SFR) in clusters using dust-
unbiased radio luminosities from the MeerKAT Galaxy Clusters Legacy
Survey (MGCLS). Our radio data is complemented by optical data from
the Dark Energy Camera Legacy Survey (DECaLS), for photometric red-
shifts, and also Sunyaev-Zel’dovich (SZ) effect-derived cluster masses from
the Atacama Cosmology Telescope (ACT). We present the first statistical
study of SFR in clusters using MeerKAT-detected galaxies which takes
advantage of MeerKAT’s large field of view to investigate the relation
between SF activity and cluster environments out to 2Rsgg. Using radio
diffuse emission in the form of haloes and relics as a proxy for cluster
merger activity, we divide our cluster sample between disturbed/merger
clusters and relaxed clusters. We observe a higher fraction of star-forming
galaxies (fsg) in disturbed clusters than in relaxed clusters. Disturbed
clusters also have higher masses (M) and total SFR (XSFR) in con-
trast to relaxed clusters. On analysing the redshift evolution of the mass-
normalised XSFR, we observe a &~ 4x decline in the SF activity of clusters
from the redshift of 0.35 to 0.15, corresponding to ~ 2 Gyr in look-back
time. Our result is roughly consistent with the one from cluster studies
that used infrared-derived SFR (= 5x decline) at a similar redshift slice as
our sample. We use a subsample of double relic-hosting clusters to investi-
gate the relation between cluster SF activity and the time that has passed
since the merger started (fmerger) €stimated from the relic distances from
cluster cores. We observe an anti-correlation between X.SFR and ?ergers
suggesting that younger mergers have a higher SF activity. However, we
see no clear correlation in the mass-normalised XSFR with t,erger. We
also investigate for differences in the SF activity of galaxies closer to radio
relics and those away from the relics and observe no significant differences
between the two populations.
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Chapter 1

Introduction

The Universe has always left humankind with more questions than answers on their
undying quest to find its origins and evolution. This burning desire to find answers
to some of the most challenging questions about the Universe fueled studies of the
celestial bodies, giving birth to the disciplines of cosmology and astronomy. For most
of human history, the study of celestial bodies was restricted to being done with the
naked eye. Major advances in our current knowledge of the Universe have been made
largely thanks to the technological development over the last few centuries.

In the 16th century, the first telescope was used to observe celestial bodies at a
more detailed level by Galileo Galilei (Whitehouse, 2009). New information about
the solar system and the Milky Way was uncovered. Galileo’s discoveries sparked a
wave of interest in the study of celestial bodies. As technology advanced in the 19th
and 20th centuries, our understanding of astronomy significantly improved. William
Herschel discovered infrared radiation (Rowan-Robinson, 2013), paving a new way
to observe the Universe beyond the limits of visible light. The introduction of the
first spectroscope by Joseph von Fraunhofer allowed for the probe of the chemical
makeup of celestial bodies (Brand, 1995). Karl Jansky’s discovery of radio waves
from extraterrestrial objects opened a new window to observe the Universe (Jansky,
1933).

The technological advancement of the 19th and 20th centuries meant that we

could now examine the heavens at a deeper level. As more observations were made,



a debate sparked amongst astronomers in the late 19th and early 20th century about
spiral nebulae (galaxies in present terminology), mysterious unresolved gas clouds
of uncharacterised nature (see e.g., Shapley and Curtis, 1921). This debate drove a
wedge between astronomers; some argued that the unresolved clouds are part of the
Milky Way, which embodies the whole Universe, while others argued that the gas
clouds are a group of stars forming their own Universes. Edwin Hubble, a lawyer
turned astronomer, settled this debate by studying Cepheid variable stars in the
Andromeda nebula (galaxy). Hubble used light fluctuations from the variable stars
to determine the distance to the nebula through their periodical fluctuations and
luminosity. Hubble’s Andromeda distance estimate suggested that it resided outside
the Milky Way and could not be a group of stars within it. This new evidence was
enough to convince most astronomers of that time that Andromeda is a galaxy and
that the Universe, in fact, has a plethora of galaxies.

Hubble continued measuring distances to more galaxies/extragalactic nebulae,
this time paying close attention to their motion with respect to Earth. He discovered
that galaxies are moving or shifting away from Earth at velocities proportional to
their distances (Hubble, 1929). This observation led to the velocity distance relation,
also known as the Hubble Law, defined as v = Hyd, where v is the velocity of the
galaxy in kms™!, H, is the Hubble constant in kms™'Mpc~! and d is the distance
of the galaxy in Mpc. Hubble’s discovery revealed that the farther away a galaxy
is from Earth, the faster that galaxy is moving away from us. Galaxy velocities are
determined from their redshift (z), the shift of the light emitted by the galaxy to the
red end of the visible spectrum. The Hubble law implied that nearly all the galaxies
are moving away from us, providing the first physical evidence for the expansion of
the Universe. Suggestions for an expanding Universe had been theoretically made
prior to Hubble’s observations by a few scholars (see e.g., Friedmann, 1922; Lemaitre,
1927) using Einstein’s field equations (Einstein, 1915). The sudden marriage between
the theoretical and observational implications of an expanding Universe gave birth to
the Big Bang cosmological model. It is the current leading model that describes the

formation of the Universe all the way from its infancy to the large-scale state that we



inhabit today.

Hubble’s observations pioneered the study of extragalactic bodies, establishing a
new branch of extragalactic astrophysics, one of the most prominent fields in modern
astronomy. Technological advancement of the last century contributed to tremendous
breakthroughs in extragalactic studies being made. This led to numerous discoveries,
including the cosmic microwave background (CMB; Alpher et al., 1948; Penzias and
Wilson, 1965, suggested to be the vestigial remains of the Big Bang), the discovery
of dark energy (Riess et al., 1998; Perlmutter et al., 1999, proposed to be the driving
force responsible for the accelerated rate of expansion of the Universe), detection
of the first gravitational wave (Abbott et al., 2016) and the first observation of a
black hole in a nearby galaxy (Event Horizon Telescope Collaboration et al., 2019),
to name a few. Even with all these remarkable discoveries made thus far, we have
barely scratched the surface and there is still more to be learned about our Universe.

One of the major areas of research in modern astronomy is the study of galaxy
clusters. Galaxy clusters are the largest virialized objects in the Universe. They
are megaparsecs-wide laboratories populated by hundreds to thousands of galaxies.
Since their discovery, they have unlocked multiple avenues to study the Universe and
its evolution. Some of these studies include dark matter, dark energy, gravitational
lensing, galaxy formation, and environmental effects on galaxy evolution.

The way in which the large-scale properties of galaxy clusters influence the evolu-
tion of their member galaxies is yet to be fully understood. The question of whether
it is the environmental or internal processes largely at play in the evolution of galaxies
is currently under investigation but evidence suggests that both processes influence
galaxy evolution and are independent of one another (Peng et al., 2010). Some studies
argue that the environmental influence on galaxy evolution is secondary to the inter-
nal influence (Hahn et al., 2015) while others suggest a redshift dependence where
environmental effects are dominant at z < 1 and internal processes dominate at z > 1
(Darvish et al., 2016). By investigating galaxy properties, we can attempt to under-
stand the environmental influence of clusters on their member galaxies. One way to

study the environmental influence of clusters is through the investigation of the star



formation (SF) activity of their member galaxies. Recent studies of SF activity of
member galaxies in clusters of different morphology/dynamical states (relaxed versus
disturbed/merger-linked clusters) have yielded contradicting results. Some studies
report enhanced SF activity in disturbed clusters compared to relaxed clusters (e.g.,
Cohen et al., 2014; Yoon and Im, 2020), others observe no enhanced SF activity
in disturbed clusters (e.g., Shim et al., 2011; Tyler et al., 2014) while other studies
observe suppressed SF activity in disturbed clusters than in relaxed clusters (e.g.,
Mansheim et al., 2017; Maier et al., 2022).

This study aims to investigate the SF'R as a function of the environment in mas-
sive clusters of different morphology using radio observations from the MeerKAT
telescope. By taking advantage of MeerKAT’s high sensitivity and large field of view,
we study the influences of large-scale cluster properties on their member galaxies from
the radio perspective, complementing cluster studies that have been done at different
wavelengths. Before I talk about the results and implications of this work, I will
begin by introducing some of the important astrophysical processes leading to this

investigation to provide a wider context of the subject in the sections that follow.

1.1 Cosmic history of the Universe

The current leading model of the Universe, the concordance or standard Lambda
Cold Dark Matter (ACDM) cosmological model, builds on the Big Bang model and
provides parameters with which we contextualise the evolution of the Universe. The
ACDM model proposes that the Universe is a recipe of three main ingredients: the A
component which represents a cosmological constant for dark energy, the postulated
cold dark matter (CDM) component, and the ordinary/baryonic matter component
(Planck Collaboration et al., 2020). The dark energy is attributed to the accelerated
expansion of the Universe at late times (see e.g., Riess et al., 1998; Peebles and Ratra,
2003). Dark matter is the ‘invisible’ component of the Universe whose existence is
postulated from its gravitational influence in the evolution of the Universe (see e.g.,

Clowe et al., 2006). The latest constraints of the cosmological model estimate that
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Figure 1.1: The schematic diagram of the evolution of the Universe from the Big Bang
till the present day. Image credit: adapted from https://www.noao.edu/kpno/

the Universe is ~ 70% dark energy, ~ 25% cold dark matter, and ~ 5% ordinary
matter (Planck Collaboration et al., 2020).

The evolution of the Universe, according to the ACDM model, can be summarised
into four major epochs as illustrated by Figure 1.1. The first epoch, known as the
early Universe, is the period that describes the genesis of the Universe. This epoch
(~ 1second after the Big Bang) is fairly well understood and characterised thanks
to the measurements of signatures that echo events aligned with the Big Bang hy-
pothesis, i.e., the light-element abundance and the CMB. The light elements (helium,
deuterium, lithium) are products of the primordial nucleosynthesis estimated to have
occurred within a few minutes of the Big Bang. The CMB fluctuations, estimated to
have occurred during the age of recombination, ~ 380,000 years post the Big Bang
are considered to be the direct evidence of the beginning of the Universe from an
explosion. The CMB is the surface of the last scattering from when the Universe
cooled to =~ 3000K and neutral atoms could form. Before the CMB was released,
photons and ordinary particles were tightly wound together into a single fluid of
matter and radiation. As soon as the two species decoupled from one another at
the time of recombination, photons carrying a memory of how matter and radiation
were distributed at the time of the decoupling started to propagate freely across the
Universe.

The second epoch, known as the dark ages, started after the CMB was formed


https://www.noao.edu/kpno/

at z ~ 1100. This epoch derives its name from the hypothesis that the Universe
had no luminous sources at this period. Due to this, we only have a rudimentary
understanding of this era from the observation perspective and much of what we
know is derived from numerical hydrodynamic simulations (e.g., Vogelsberger et al.,
2014; Schaye et al., 2015; Springel et al., 2018). A number of ground-based and
space telescopes have been commissioned (e.g., James Webb Space Telescope (JWST);
Gardner et al., 2006) and proposed (e.g., Radio Experiment for the Analysis of Cosmic
Hydrogen (REACH); de Lera Acedo and L., 2022) to observe this period from just
before and during the cosmic dawn. Probing this era proves to be a non-trivial
task due to the existence of no luminous objects until the cosmic dawn. Backed by
theoretical understanding, highly redshifted 21-cm emission from hydrogen may be
the best tool to probe this era (Loeb and Barkana, 2001). Studies using the JWST
early release results have discovered over 100 galaxies at z > 9 (Naidu et al., 2022;
Bradley et al., 2022; Ono et al., 2022; Castellano et al., 2022).

The dark ages ended when the first stars and galaxies emerged at z ~ 10 — 30,
paving a way for the epoch of reionization (EoR), estimated to have taken place at
2z = 6 — 13. This is the period when the intergalactic medium was reionised by the
ultraviolet energy from the first stars. This epoch is marked to be a very important
bridge between the physical and cosmological processes of the early Universe and the
sophisticated astrophysical processes behind star and galaxy formation. The EoR
holds important data about the formation and evolution of matter in the Universe,
thus making it one of the most prioritised topics in modern astronomy. Much of
what is known about this period is derived from semi-analytical models (e.g., Cole
et al.; 1994; De Lucia and Blaizot, 2007; Guo et al., 2011) and numerical hydro-
dynamic simulations. A number of interferometer instruments have been proposed
and established with the aim to probe the EoR using the neutral hydrogen 21-cm
emission from this period. Some of these instruments are targeting the 21-cm power
spectrum (e.g., Murchison Widefield Array (MWA), Low-Frequency Array (LOFAR),
Hydrogen Epoch of Reionisation Array (HERA); Tingay et al., 2013; van Haarlem

et al., 2013; DeBoer et al., 2017, respectively) while other instruments are searching



for the global 21-cm signal (see e.g., Shaped Antenna measurement of the background
Radio Spectrum (SARAS), Probing Radio Intensity at high-Z (PRIzM); Singh et al.,
2018; Philip et al., 2019, respectively). A number of instruments have detected up-
per limits of the 21-cm fluctuations power spectrum from reionization (e.g., Parsons
et al., 2014; Mertens et al., 2020; Abdurashidova et al., 2022). Although currently
under debate, the Experiment to Detect the Global EoR Signature (EDGES) exper-
iment (Bowman et al., 2018) recently announced a detection of an absorption profile
from the EoR centred at frequency 78 MHz (z ~ 17). Early release results from the
recently launched JWST probing galaxies at this epoch have kick-started thorough
investigations of the EoR to provide a more comprehensive view of the Universe at
this era (Curti et al., 2022; Pontoppidan et al., 2022).

The EoR was followed by the post-reionization epoch, occurring at z ~ 0 — 6.
This era presents the Universe at its most interesting and complex state. It is the
most accessible of all the epochs and has been studied by the use of multi-wavelength
ground-based and space telescopes. Major discoveries have come from this era, shap-
ing our current understanding of the Universe and allowing us to extrapolate our
findings through models and simulations to the epochs that are not readily accessi-
ble. In the late 1990s, a remarkable revelation from this epoch was observed at z ~ 2,
the accelerated expansion of the Universe, supposedly driven by a ‘dark energy’. This
observation was first made by Riess et al. (1998) and Perlmutter et al. (1999) and
has since been a fundamental part of the ACDM cosmological model. Multiple in-
struments are underway and built to probe this era to characterise the nature of
dark energy using various cosmological targets: type la supernovae (SNla), Baryon
Acoustic Oscillations (BAO), CMB, weak gravitational lensing, and galaxy clusters
(see e.g., Huterer and Shafer, 2018, for a detailed review of dark energy).

1.2 Galaxies

Galaxies are systems that are composed of stars, interstellar medium, and dark matter

all bound together by gravity. Galaxies vary in size, shape, and internal activity and



Figure 1.2: The illustrisTNG Simulation (Springel et al., 2018) showing the filamen-
tary structure formation in the Universe. The image simulates a region of space
15 Mpc across, showing the filaments connecting together to form galaxies at z ~ 3.
Image credit: https://www.tng-project.org/media/

they typically host large numbers of stars ranging from a hundred million to hundreds
of billions. They permeate the entire Universe and are estimated in the order of
hundreds of billions (Conselice et al., 2016), hence considered to be the building
blocks of the Universe and a beacon to map the space-time continuum.

To understand how stars and galaxies were formed, we would need to probe the
Universe to the period when the dark ages ended and the first proto-galaxies appeared
at z ~ 10 — 30 (a number of galaxies have been reported so far within this redshifts
range from the JWST early release results, see e.g., Bradley et al., 2022; Ono et
al., 2022; Castellano et al., 2022). The ACDM cosmology model proposes that the
matter in the Universe forms hierarchically. It starts with small objects being formed,
growing through gravitational collapse, and eventually forming large objects. The
model further suggests that matter exists in two forms: ordinary/baryonic matter
and dark matter. The latter, as the name suggests, has no visual properties and its
existence is inferred from the gravitational influence it plays in the formation of stars,
galaxies, clusters, and the evolution of the Universe.

The ACDM cosmology model postulates that the dark matter haloes that were
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formed during the dark ages kept growing as they collapsed gravitationally. In this
process, they created potential wells that accreted baryons, leading to the formation
of the first stars and galaxies. The process of structure formation is well under-
stood from the theoretical models and simulations perspective but not so much from
observations. Various semi-analytical models and numerical hydrodynamic simula-
tions predict structure formation and evolution well enough to match observations
of structure seen today (e.g., illustrisTNG Springel et al., 2018). Figure 1.2 shows
the simulation of structure in the Universe using hydrodynamic simulations by il-
lustrisTNG. Although major processes involving dark matter are yet to be proved
observationally, simulations play a major role in bridging our understanding of how
structure in the Universe was formed and how it evolved to what we see today.
Galaxies exist in various fashions: they have different shapes, sizes, and colours.
The discovery that galaxies differ in morphology raised questions that became the
cornerstone of modern astronomical exploration in an attempt to answer them (Hub-
ble and Humason, 1931). What are the physical processes behind the formation of
different forms of galaxies? How does the stellar content of galaxies evolve with time?
How do galaxies interact with one another? Upon noticing that galaxies have diverse
morphology, Hubble sorted them into groups according to their physical structure,
creating what is now known as the Hubble tuning fork or the Hubble sequence, shown

in Figure 1.3. Hubble’s tuning fork classified galaxies into four broad classes:

e Elliptical galaxies: These are galaxy systems with smooth featureless shapes
in the form of elliptical isophotes. They are further classified into subtypes
ranging between EO—E7. The integer is a rounded value measured from 10(1 —
b/a), a and b being the semi-major and semi-minor axes lengths of the galaxy
respectively. The caveat of this classification criteria is that it relies on the
projected shape of the galaxy as viewed from Earth so it does not account for
the actual three-dimensional structure of the galaxy. This means that systems
of similar shapes could be put in different subtypes depending on whether the

system is observed face-on or edge-on from our view.



(Normal spirals)

o G <5> R
(Ellipticals) Sh S m

. ® - @ Sa

EO E3 E6 SO

@ (&) (&) ¥s
SBa SBb SBc IBm
(Barred spirals)

Figure 1.3: The Hubble tuning-fork showing the classification of galaxies based on
morphology Hubble (1936). Image credit: Abraham (1998).

e Spiral galaxies: These are systems with a bulge of concentrated light in the
centre surrounded by a thin flat disk in the form of spiral arms. Spiral galaxies
are further broken into two sub-classes: normal spiral (S) systems and barred
spiral (SB) systems. The latter types have a bar-like feature across the centre of
the galaxy, pivoting the spiral arms on each end of the bar while the former has
no central bar features. The sub-classes are further split into three categories,
a, b and c, based on three criteria: the light dominance of the central bulge
of the system, how tightly wound are the spiral arms, and a measure of HII
regions (gas and dust) or what level of the spiral arms is crystallised into stars.
For example, Sa/SBa systems will have tightly wound spiral arms and a bright
central bulge while Sc/SBc systems will have uneven, loosely wound broken
arms, and relatively dimmer/smaller central bulges as seen in Figure 1.3. The
tightness of the spiral arms seen in Sa/SBa systems is due to low gas and dust
content, which are essential ingredients for the formation of new stars. These
systems have low SF, with their central bulges dominated by old stars. The
loosely wound spiral arms in Sc/SBc systems are due to their gas and dust
richness and are therefore undergoing more SF, resulting in smaller and less

dominant central bulges.

e Lenticular/S0 galaxies: This is a class of systems with features that lie
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between those of elliptical and spiral systems. Like spiral systems, they have a
central bulge and like elliptical systems, they have no spiral arms or HII regions.
Systems of this nature are classified as SO galaxies, although some may have
a bar-like structure in the centre, and in that case, they are classified as SB0

galaxies.

e Irregular galaxies: These are systems with no distinctive features. They
have disturbed morphology and are dominated by HII regions. They were not
included in the initial Hubble sequence of galaxies but have been added as an

extension of spiral systems in recent years (Abraham, 1998).

The terms early-type and late-type galaxies are often used to label systems based
on morphology. The former is used to refer to elliptical and lenticular galaxies while
the latter label refers to spiral and irregular galaxies. It is worth noting that galaxies
have more classification criteria beyond their morphological properties noted in the
Hubble sequence. Further classifications can be done based on their surface bright-
ness, luminosity, gas content, SF activity, and galactic nucleus activity (normal or
active). Multiple efforts have been made in the last few decades to study various

properties of galaxies to understand the evolution of the Universe.

1.2.1 Star formation in galaxies

Stars are the fundamental building blocks of galaxies, much in the same way galaxies
are building blocks of the Universe. The cosmic history and evolution of a galaxy are
encoded in the age and composition of the stars belonging to it. Stars form from the
gravitational collapse of gas clouds (giant molecular clouds) in the interstellar medium
(ISM, see e.g., Williams et al., 2000; McKee and Ostriker, 2007, for reviews). Tracing
the physical processes behind SF, especially in distant galaxies is a non-trivial task.
The direct representation of recent SE' activity is emission from young, massive stellar
populations (> 8 M). However, young massive populations burn up their hydrogen
reserves rapidly and are short-lived (107~® years). The massive stars produce colossal

explosions known as supernovae at the end of their life, injecting heavier elements
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into the ISM and ultimately enriching the giant molecular clouds (Sandstrom et al.,
2009). Galaxies can also accrete more gas from the inter-galactic medium (IGM) and

galaxy mergers, which give them more fuel to form new stars.

SF activity is often estimated using the star formation rate (SFR)

Y = , (1.1)

where M, denotes the total stellar mass of newly formed stars in time ¢t. The mass
distribution of newly formed stellar populations is called the initial mass function
(IMF). The IMF is an empirical function that extrapolates the mass distribution of
stars from their initial masses when they were formed (Bastian et al., 2010). It is

often quantified by a simple power law

§(M) = M, (1.2)

where « is a dimensionless constant and ¢ is a constant relating to the local stellar
density. (M) is generally assumed to fall within the lower and upper limit of 0.1 —
100 Mg to allow comparison of results from different IMFs. There are a number of
various formulae for IMFs in the literature and the commonly used ones are Salpeter
(1955), Kroupa (2001), Chabrier (2003) and are shown in Figure 1.4. The Salpeter
IMF has o = 2.35 and was first estimated for more massive stars than the Sun. The
Kroupa and Chabrier IMFs both predict fewer low-mass stars but coincide with the
Salpeter IMF for masses > 1 M.

1.2.2 Star formation tracers

Integrated emission from unresolved young stars in galaxies can be observed at various
wavelengths in the spectrum. The most common SF tracers are ultraviolet (e.g.,
Salim et al., 2007), emission line tracers (Ha, Lyca, [O11], e.g., Twite et al., 2012;
Dijkstra and Westra, 2010; Kewley et al., 2004, respectively), infrared (e.g., Elbaz
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Figure 1.4: A comparison of commonly used IMFs. The Salpeter (1995) IMF is shown
by the blue line, the Kroupa (2001) IMF is shown by the orange line and the Chabrier
(2003) IMF is shown by the green line.

et al., 2007), X-ray (e.g., Ranalli et al., 2003) and radio emission (e.g., Karim et al.,
2011). The SF tracers probe the stellar populations at varying stellar mass ranges
and different sensitivities. However, no specific SF tracer is perfect and there are
some discrepancies observed when comparing different SF tracers (e.g., Hopkins et
al., 2001; Lee et al., 2009; Figueira et al., 2022). We cover each SF tracer in the
following sections, discussing the way in which they are used to estimate SF as well

as their strong and weak points.

Ultraviolet emission

Ultraviolet (UV) emission is a direct tracer of radiation from young stars living in
galaxies. The bulk of the observed UV radiation in galaxies arises from massive, short-
lived young stars emitting at short wavelengths (150 —280nm). The wavelength range
is longward of the Ly« emission but also optimised to block contamination from old

star populations. As a result, UV emission is often regarded as the “instantaneous”
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SF tracer. Synthesis population models (e.g., Conroy et al., 2009) are used to convert
UV flux density integrated over a wavelength range to SFR. With the assumption
that SFR remains constant over longer timescales than those of the dominant UV
emitting population, Kennicutt (1998, K98 henceforth), derived an approximation
for integrated SFR from UV emission using a Salpeter (1955) IMF within mass limits
0.1 — 100 Mg as

SFRuy (Meyr™') = 1.4 x 1072® L, (ergss 'Hz '), (1.3)

where L, is the intrinsic UV luminosity. The composite UV spectrum is approximately
flat in L, at the 150 —280 nm wavelength range in the Salpeter IMF. The advantage of
estimating SFR with UV emission is that it directly traces radiation from young stars
and it can be probed over a wide range of redshifts. The major disadvantage arising
from UV radiation as an SF tracer is that it is highly sensitive to dust attenuation.
Integrated UV magnitudes are typically corrected for dust attenuation using ~ 0 — 3

magnitudes but corrections can be higher depending on how dusty the galaxy is.

Emission line emitters

UV radiation can also be traced through nebular line emission from excited and
ionised gas by young stars in HII regions. Hydrogen recombination lines such as
Ha and Lya are commonly used to directly estimate SFR because they scale with
photo-ionization rates resulting from high UV radiation. Emission lines from heavier
elements like [O11], [O11 3727 A] are also used to estimate SFR but require a careful
calibration due to their convoluted relation with ISM conditions such as metallicity
and excitation (Madau and Dickinson, 2014). The heavier elements lines such as
[O11] are useful in estimating SFR of distant galaxies where the Ha and Ly« are not
sensitive. Emission line tracers also face the challenge of dust attenuation and thus
require corrections to obtain reliable SFR estimates. Ha is deemed the most accurate
estimator of SFR among the easily observable nebular line tracers. K98 derived a

relation to converting the ionising flux to SFR for Ha emitters as
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SFRy, (Moyr™) =79 x 107* Ly, (ergss™), (1.4)

where Ly, is the Ha luminosity. The main advantage of Ha line emission is due to
its high sensitivity and its ability to directly trace high SF activity in nearby galaxies

using high-resolution maps.

Infrared emission

Infrared (IR) emission is a byproduct of the bolometric emission from young stars in
galaxies. When the UV emission from newly formed stars interacts with the dust in
galaxies, it heats the dust which then re-emits at infrared wavelengths (8 — 1000 pm),
paving a way to trace SFR from obscured UV emission. The total IR (TIR) emission
from the dust is a direct measure of the UV radiation that gets attenuated by the
dust, providing a fractional estimate of the SFR (Kennicutt and Evans, 2012). A
combination of UV and IR SFR measurements are often used to represent the total
SFR estimate from young stellar populations (see e.g., Rodriguez-Munoz et al., 2019).

The TIR luminosity is converted to SFR using synthesis models. K98 derived
an IR luminosity to SFR relation for starbursts of age limit 10 — 100 Myr using the
Salpeter IMF

SFRig (Moyr™") = 4.5 x 107" Ly (ergss™), (1.5)

where Lrg is the IR luminosity integrated over the full IR spectrum (8 — 1000 um).

There are a number of caveats that come with IR-based SFR estimates. Firstly,
dust heating can be a result of more than one contribution alongside the UV radiation
from young stars. Emissions from old stars can also heat up the dust. Dust-gas AGN
toruses also emit at IR wavelengths and can also add to the radiation. Secondly, IR
observations are challenging and often rely on the use of space telescopes to achieve
this since most of the IR gets blocked by Earth’s atmosphere. Lastly, to get accu-
rate estimates of IR luminosities, the process relies on spectral energy distribution

(SED) fitting (K98; Madau and Dickinson, 2014). IR emission at a single rest-frame
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detection is not a true SFR indicator since the total IR SED of a galaxy traces a com-
bination of dust components at varying temperatures (heated dust surrounding young
stars, cooler dust in the interstellar medium (ISM), and perhaps also the heated AGN
torus dust). Despite the aforementioned challenges associated with IR emission, it

provides a good estimator of SFR in dusty circum-nuclear starbursts.

X-ray emission

The integrated rest-frame X-ray emission can be used to trace SFR in galaxies thanks
to its tight correlation with far-infrared and radio fluxes even though there is no first
principle calibration between X-ray luminosities and SFR. Non-AGN powered X-ray
fluxes arise from X-ray binaries, massive stars, supernovae and supernova remnants,
all of which are associated with young stellar populations with ongoing/recent SF.
Using the IR calibration, Ranalli et al. (2003) formulated a relation to converting

X-ray luminosities to SFR from the K98 relation and the Salpeter IMF as

2.2 x 107°Lg 5 ey (ergss™?)
SFRX—ray (M(D yr_l) = ’ (16)

2.0 x 107 Ly_1gyev(ergss™)
where L is the X-ray luminosity at the rest-frame band. The main limitation of X-
ray-derived SFR is that X-ray emission is dominated by AGN activity, which limits
X-ray as an extensive tracer of SFR due to contamination. Furthermore, the cor-
relation between X-ray luminosity and SFR could depend on stellar population age
and additional parameters in the galaxy, leading to significant disparities between

X-ray-derived SFR calibrations (Kennicutt and Evans, 2012).

Radio continuum emission

Radio continuum emission from star-forming galaxies with no AGN activity is made
up of thermal free-free (bremsstrahlung) radiation and non-thermal synchrotron radi-
ation. The thermal free-free emission is a direct tracer of SFR from ionised hydrogen

in HII regions caused by massive stars in young stellar populations. The non-thermal
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component originates from cosmic ray electrons spiralling in the magnetic field of the
galaxy (Condon, 1992). At frequencies, < 5GHz, thermal free-free radiation con-
tributes weakly to the radio continuum flux and non-thermal radiation accounts for
90% of the signal (Condon, 1992). The physics that describes SF from radio emission
is complicated and still poorly understood. Radio emission as an SF tracer is boot-
strapped from the IR calibrations due to the tight correlation between radio emission
and far-infrared (FIR) emission at 1.4 GHz (e.g., Helou et al., 1985; Condon et al.,
1991; Yun et al., 2001).

Unlike the other SFR tracers, non-thermal radio emission is not an ‘instantaneous’
tracer as it mostly arises from supernovae activity. It is often regarded as the ‘de-
layed’ SF indicator. Being free from dust interactions, radio emission is regarded to
be an advantageous SFR tracer for galaxies compared to other SFR tracers. The main
challenge of using radio observations to study SFR is AGN contamination. Previous
studies (e.g., Sadler et al., 2002; Condon et al., 2002; Mauch and Sadler, 2007) have
shown that radio-AGN may contribute up to 50% of the radio luminosities in the local
Universe at luminosities just below L;agn, ~ 10> W Hz™!, and that at luminosities
over 102 WHz~! AGN dominate the population over star-forming galaxies. Separat-
ing star-forming galaxies from AGN-hosting galaxies remains a significant challenge
and relies on the use of various non-extensive methods to identify them.

Bell (2003) deduced the calibration for estimating SFR from radio continuum

emission using the radio-FIR correlation and the Salpeter IMF as

1 5.52 x 10~22L, L> L.
SFR (M@ yr_ ) = 552 % 10—22L (17)

L < L,
0.1+ 09(L/L)03 ~=

where L = Licn, is the radio luminosity in WHz ™! derived from the total flux
density. L. = 6.4 x 102'W Hz™! is taken to be the typical radio luminosity of a
L,-like galaxy (where L, is the characteristic luminosity from the galaxy luminosity
function). Bell (2003) argues that galaxies with low luminosities could have their non-

thermal emission significantly suppressed and therefore need to be separated from the
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population with higher luminosities.

Spectral energy distribution

In contrast to using monochromatic SFR tracers mentioned in the previous sections,
SFR can also be estimated from spectral energy distribution (SED) fitting. Galaxies
radiate energy over the full electromagnetic spectrum mostly dominated by contri-
butions from their stellar population, dust and AGN (Walcher et al., 2011; Conroy,
2013). Each galaxy component dominates and radiates at different wavelengths and
can be identified in the galaxy spectrum. The distribution of energy emitted from
a galaxy as a function of wavelength is called the SED. SEDs over a large range of
wavelengths reveal vital properties of galaxies such as the SFR, stellar mass, IMF,
stellar and gas metallicities.

Significant efforts have been made in the past decade to acquire information from
galaxy SEDs by modelling the stellar, dust and AGN components of galaxies (see
reviews by Walcher et al., 2011; Conroy, 2013). A number of SED-fitting codes
designed to extract galaxy properties from broadband galaxy SEDs have been de-
veloped, including Code Investigating GALaxy Emission (CIGALE; Boquien et al.,
2019), BayEsian Analysis of GaLaxy sEds (BEAGLE; Chevallard and Charlot, 2016),
Python code for Stellar Population Inference from Spectra and SEDs (Prospector;
Leja et al., 2017), Multi-wavelength Analysis of Galaxy Physical Properties (MAG-
PHYS; da Cunha et al., 2008).

Estimating SFR from SED fitting can be very challenging due to a number of
reasons: (1) the evolution of the IMF, (2) the age-dust-metallicity degeneracy makes
it difficult to reliably measure ages and hence SFR, unless high quality data are
available (Conroy, 2013), (3) the choice of model priors on the dust model library
imposes often severe biases on the resulting ages and SFR, (Trayford et al., 2020).

Several studies have been done to directly compare SED-derived SFR to other
SFR tracers and they show overall agreement (e.g., Salim et al., 2007).
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Figure 1.5: SFRy, vs SFRgr on the left and SFRyy vs SFR; 4qn, on the right from
Hopkins et al. (2001). The SFRyy and SFRy, values are both uncorrected for dust
extinction. The solid black line shows the SFR-dependent attenuation. The dashed
line shows the one-to-one relationship while the dotted lines and the dot-dashed lines
on the right plot show the attenuation levels at A = 0.365 pm and 0.28 um respectively.
The marker labels indicate the data used to make the plots, and their corresponding
references can be found in Hopkins et al. (2001).

1.2.3 Comparing different SFR tracers

As already outlined by the discussions of different SFR tracers above, no individual
tracer is perfect and is able to probe SF activity at all epochs. Nonetheless, using
various tracers to probe SF activity at different stages of evolution should put us
closer to understanding more about the SF history of the Universe.

When estimates from the aforementioned SFR tracers are compared, a large scat-
ter is observed between the measurements (see e.g., Hopkins et al., 2001; Hopkins et
al., 2003; Figueira et al., 2022). Systematic effects and inconsistencies in observational
methods are some of the challenges that amplify the observed scatter. Furthermore,
the challenge of calibrating for dust-attenuation for optical observations (UV and Ha)
adds to the discrepancy between them and the non-dust-attenuated tracers (Radio
and IR). Figure 1.5 shows the scatter that arises from comparing radio and IR SFR
estimates to those measured from Ha and UV emission. A visible discrepancy can
be seen between radio and IR estimates compared to dust-extinction uncorrected Ha
and UV SFR estimates.

Various efforts have been made to get robust dust-extinction corrections for UV

observations (e.g., Meurer et al., 1999; Bouwens et al., 2009) and for Ha observations
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(e.g., Dominguez et al., 2013; Momcheva et al., 2013). Recent studies have shown that
using combined measurements of optical (UV/Ha) and IR to estimate SFR provides
more reliable estimates than individual tracers. Combined measurements have been
used to estimate SFR using Ha and IR fluxes (e.g., Kennicutt et al., 2009) and using
UV and IR fluxes (e.g., Kennicutt and Evans, 2012; Rodriguez-Munoz et al., 2019).

1.3 Galaxy clusters

Most galaxies are often found in high-density environments in the form of galaxy
groups and clusters. It is estimated that well over 50% of galaxies live in group and
cluster environments (Eke et al., 2004). Galaxy clusters are the largest gravitationally
bound objects in the Universe and about 10—20% of galaxies are estimated to reside in
cluster environments. The ACDM model proposes that structure forms hierarchically
(see Section 1.2), and this implies that the most massive objects in the Universe,
galaxy clusters, are formed last and therefore the most dynamically immature (e.g.,
Boylan-Kolchin et al., 2009; Gao et al., 2012).

Since their discovery eight decades ago (Zwicky, 1938), they have been a major
topic of interest due to their unique nature. Clusters span a few megaparsecs (Mpc)
in size, contain hundreds to thousands of galaxies and have total masses ranging
10 M. They originate from merging galaxy groups as well as galaxies accret-
ing through gravity, clumping together to form clusters (Mann and Ebeling, 2012).
Cluster mass distribution is ~ 80% dark matter, ~ 15% intra-cluster medium (ICM,
a hot dense plasma), and =~ 5% is the ordinary matter found in galaxies. The galaxy
clusters ICM is made up of hot (10""8K) gas emitting bremsstrahlung X-ray radi-
ation at luminosities Lx ~ 103 % ergs/s. The hot gas X-ray emission reveals the
deep gravitational potential wells of clusters (Rosati et al., 2002). Figure 1.6 shows
the composite image (optical and X-ray) of the Abell 2744 cluster, suggested to have

formed from a merger of 4 sub-clusters (Owers et al., 2011).
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Figure 1.6: The composite image of the Abell 2744 cluster showing the Hubble space
telescope optical image of the galaxies and the ICM observed from the hot diffuse X-
ray emission (blue hue) by the Chandra X-ray telescope. Image credit: NASA /STScl:
https://www.nasa.gov/mission_pages/chandra/images/abell-2744 . html
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1.3.1 Cluster observational methods

Galaxy clusters are massive unique objects through which astrophysical processes
involving dark matter, the ICM and galaxies can be probed to get critical insight
into the history (and the future) of the Universe. They enable us to test hierarchical
cosmological models (e.g., Planck Collaboration et al., 2020; Abbott et al., 2022),
study the physics behind cosmic rays (Bell, 1978; Brunetti and Jones, 2014), and
investigate the evolution of galaxies and their star formation properties in dense
environments (e.g., Stroe et al., 2014; Haines et al., 2015).

The first few decades of cluster exploration were done at optical wavelengths.
As technology and analytical tools improved, new methods to observe and identify
galaxy clusters were developed. In the sections below, we discuss ways of identifying

clusters through various techniques at different wavelengths.

Optical Surveys

Observations and studies of galaxy clusters were pioneered by George Abell with the
study of over 2000 rich galaxy clusters in the northern hemisphere using data from
the Palomar Observatory Sky Survey (Abell, 1958). Abell extended his study of
galaxy clusters to the southern hemisphere using data from the ESO-SERC Southern
Sky Survey, releasing a catalogue of 4073 clusters which combined into an all-sky
catalogue (Abell et al., 1989). Clusters from the Abell catalogue were identified by
visually inspecting photographic plates from the telescopes and they adhered to set

criteria that were established to classify objects as clusters:

e Richness: The clusters should have a minimum number of 50 member galaxies
with apparent magnitudes in the range ms < m < mz+2 (ms being the apparent

magnitude of the third brightest cluster member).

e Compactness: The 50 or more member galaxies must lie within 1.5 A~ !Mpc

(Abell radius), where A is the dimensionless Hubble constant.

e Distance: Abell’s cluster classification criteria were limited to clusters within
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0.02 < z < 0.2. The lower limit was due to clusters with z < 0.02 spanning
more than one photographic plate used by the telescope and the upper limit

was dictated by the magnitude detection limit.

Although Abell and his team maintained consistency and strict criteria to identify
clusters, this method was prone to errors and bias as it relied on visual inspection. As
optical telescopes became more sensitive and sophisticated with computing power en-
abling high survey speeds over wider fields of view, faster and more objective methods
to identify clusters using algorithms were developed. Building on the evidence that
clusters are dominated by early-type galaxies, Gladders and Yee (2000) developed
an algorithm that identifies clusters using the red-sequence (from a colour-magnitude
relation that includes most red galaxies, which are generally elliptical galaxies) as a
tracer of over-dense regions. Koester et al. (2007b) developed a technique that also
uses the red-sequence to identify clusters and also tracks the brightest cluster galaxies
(BCGs) which are often located at the centre of massive clusters. They applied their
algorithm to the Sloan Digital Sky Survey (SDSS) data, identifying over 13,000 clus-
ters (Koester et al., 2007a). The red-sequence approach has since become a standard
cluster identifier employed by large optical surveys, with improved algorithms being
developed and used to identify clusters in recent years (e.g., Gladders and Yee, 2005;
Hao et al., 2010; Murphy et al., 2012; Rykoff et al., 2014; Rykoff et al., 2016).

The limitation of detecting clusters with optical surveys is that they are only
sensitive to galaxies, which are ~ 5% of the total cluster mass. Optical surveys also
face the challenge of projection effects, making them vulnerable to contamination by
sources along the line of sight. This challenge can be particularly hard to mitigate
at higher redshifts. Although optical surveys are powerful instruments at identifying
clusters and characterising their dynamical state (e.g., Einasto et al., 2012; Wen and
Han, 2013), the data they provide is still not enough to paint a full picture that shows
the extensive properties of a cluster. This motivated the need for multi-wavelength

observations to get a broad understanding of the physical properties of galaxy clusters.
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X-ray Surveys

Galaxy clusters can also be detected at X-ray wavelengths by probing the thermal
bremsstrahlung radiation and the line emission from the ICM. The first catalogue of
X-ray clusters was released five decades ago from observations by the Uhuru space
telescope (Giacconi et al., 1972). Shortly after that, it was shown that the X-ray
emission from the hot gas provides a powerful tool to trace the gravitational po-
tential wells of galaxy clusters (Cavaliere and Fusco-Femiano, 1976) and their total
gravitating masses (Fabricant et al., 1980).

A number of instruments have been commissioned to observe clusters at X-ray
wavelengths and these include the ROSAT telescope (Vikhlinin et al., 1998), Chan-
dra X-ray Observatory (Weisskopf et al., 2000) and XMM-Newton (Jansen et al.,
2001). The on-going all-sky survey, eROSITA, is expected to detect ~ 100, 000 galaxy
clusters out to z > 1 (Brunner et al., 2022; Liu et al., 2022).

The advantage of detecting clusters with thermal bremsstrahlung X-ray radiation
is that clusters are the only extended extragalactic X-ray sources. This makes cluster-
finding with X-ray emission less prone to projection effects from the objects in the
line of sight. Also, the X-ray observables (luminosity, ICM temperature) scale with
the mass of the cluster, making X-ray observations a useful tool to estimate cluster
masses and also probe the morphology/dynamical state of the cluster (e.g., Lovisari
et al., 2017; Yuan and Han, 2020). X-ray luminosity is also a good probe of the depth
of the cluster gravitational potential (Rosati et al., 2002). The challenge facing X-ray
cluster studies is that flux-limited observations lead to a bias in the selection function
due to differences in the detection efficiency of X-ray instruments for centrally-peaked
and flat objects (Eckert et al., 2011). Also, low-resolution X-ray surveys like ROSAT
(30”), can have a challenge of cluster-cluster projection effects as demonstrated by
Ramos-Ceja et al. (2019). However, this bias can be mitigated by conducting follow-
up studies with high-resolution instruments like Chandra (0.5"”) and XMM-Newton
(5" —14").
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Figure 1.7: A schematic diagram of the SZ-effect. Image credit: Mroczkowski et al.
(2019).

Sunyaev-Zel’dovich Surveys

When the electrons in the ICM interact with the background photons from the CMB
passing through the cluster, an inverse Compton scattering of the CMB photons oc-
curs which is detectable at millimetre wavelengths (Mroczkowski et al., 2019, demon-
strated in Figure 1.7). This phenomenon is known as the thermal Sunyaev-Zel’dovich
(SZ) effect (Sunyaev and Zeldovich, 1980) and was first observed in clusters four
decades ago (Birkinshaw, 1990). The signal from SZ-effect is redshift-independent,
and this makes it a powerful tool for detecting mass-limited clusters out to high red-
shifts. The lowest SZ-detectable cluster mass depends on the survey noise level limit
(Birkinshaw, 1999; Mroczkowski et al., 2019).

Just like X-ray, the SZ cluster physical properties scale with mass and hence
provide estimates for cluster masses and dynamical states. On the other hand, SZ
surveys do not face the challenge of flux limitations and therefore provide accurate
estimates for the selection function (Melin et al., 2005). Observations from Planck
(Tauber, 2001), the Atacama Cosmology Telescope (ACT; Fowler, 2004), and the
South Pole Telescope (SPT; Ruhl et al., 2004) have collectively contributed nearly
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7000 SZ-detected clusters out to z ~ 2 over the past decade and a half. Most of the
SZ-detected clusters so far were observed by ACT, contributing > 4000 clusters in
the latest data release (ACT DR5; Hilton et al., 2021).

Although both the X-ray and SZ-effect arise from the ICM, these observables probe
its distribution around the cluster differently. The X-ray emission scales with the
square of the ICM density while the SZ scales linearly with the ICM density (Lovisari
and Maughan, 2022). This implies that X-ray surveys are biased towards detecting
relaxed and centrally peaked clusters as compared to SZ detections, and this has
been shown to be the case by various studies (e.g., Rossetti et al., 2016; Andrade-
Santos et al., 2017; Lovisari et al., 2017). However, even with the noted differences
between these observables, they both depend on the total ICM amount in a cluster
and therefore share a bias in detecting clusters with high gas content (e.g., Andreon
et al., 2016), leading to a mass-dependence in their selection. Combining efforts from
all the cluster observables (optical, X-ray and SZ-effect) could help mitigate some of
the biases faced by each observable. Using optical surveys to identify clusters, then
doing a follow-up with X-ray/SZ surveys to create an optically-selected sample. A
comparison between this sample and the X-ray and SZ-selected samples could possibly
shed some light on the information missed by biased samples. However, as mentioned
in Section 1.3.1, optical surveys face a challenge of projection effects and have also
been shown to falsely identify cluster centres > 25% of the time (e.g., Zhang et al.,
2019).

1.3.2 Cluster morphology and dynamical states

Galaxy clusters can be grouped into various classes based on their physical properties
(masses/galaxy population, cluster core dynamical state). Clusters with high galaxy
number densities are regarded as rich clusters (hosting thousands of galaxies, e.g.,
Coma cluster) while clusters with low number densities are regarded as poor clusters
or groups (hosting less than a thousand galaxies, e.g., the Local Group).

Clusters can also be classified by the dynamical state of their cores which is re-
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vealed by the state of the ICM as seen at X-ray wavelengths. Depending on the
symmetry of the cluster ICM, a cluster can be identified as either relaxed or dis-
turbed from the evidence of substructure in the ICM (e.g., Cassano et al., 2010;
Lovisari et al., 2017). The morphology of the hot dense plasma in the ICM changes
during a merger and can be seen in the X-ray surface brightness distribution of the
cluster.

Clusters are also classified as either cool-core or non-cool-core based on the specific
entropy floor of the cluster centre (Hudson et al., 2010; Giacintucci et al., 2017). Cool-
core clusters are characterised as having low central entropy and a systematic central
temperature drop while non-cool-core clusters have high central entropies.

The size of a galaxy cluster is often estimated within the radius (Rggo) which the
average density is 200 times the critical density (pei ~ 1072 gem™2) of the universe
at the cluster redshift. This follows the spherical collapse of an over-dense region
using an analytical model that parametrises the motion of spherical shells and then
matches it to the results of linear structure formations (Peebles, 1980). This leads
to a solution where an overdensity A = 1872 ~ 177 times the critical density will
collapse. The value A = 200 is commonly used, which is rounded up from 177 as the
virial radius estimation relies on approximate assumptions.

Massive clusters grow hierarchically through merging with other clusters and sub-
clusters or groups of galaxies (e.g., Sarazin, 2002). When clusters merge, they release
an enormous amount of kinetic energy (=~ 10975 ergs) into the ICM over a period
of a few Gyrs (see e.g., Brunetti and Jones, 2014). This makes cluster mergers the
most energetic events in the Universe since the Big Bang. The bulk of the merger-
induced energy is transferred to thermal energy by heating up the ICM (Hoang et al.,
2018). Through large-scale shocks and turbulence, a small fraction of the released
energy is converted into non-thermal energy of relativistic particles that permeate the
ICM, emitting synchrotron diffuse emission observable at radio wavelengths (see e.g.,
Feretti et al., 2012; Brunetti and Jones, 2014). Cluster observations at X-ray and
radio wavelengths show that the ICM has both thermal and non-thermal properties
(Cassano et al., 2010). The X-ray observations probe the thermal properties of the
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cluster while radio observations reveal the Mpc-scale non-thermal relativistic diffuse

emission in the form of radio haloes and radio relics.

1.3.3 Non-thermal diffuse emission in galaxy clusters ICM

The first discovery of non-thermal diffuse radio emission in clusters was observed in
the Coma cluster six decades ago by Large et al. (1959) and was later confirmed
by various observations (e.g., Willson, 1970; Venturi et al., 1990; Giovannini et al.,
1993). This discovery confirmed that the ICM produced ultra-relativistic electrons
and magnetic fields which result in Mpc-scale synchrotron emission in clusters (Ferrari
et al., 2008; Brunetti and Jones, 2014; van Weeren et al., 2019). The diffuse radio
emission can be classified into groups depending on size and morphology with the main
groups being radio haloes, radio mini-haloes, radio relics and revived fossil plasma.
The processes involved in the formation of the different types of diffuse radio emission
in clusters are still poorly constrained and a number of theories have been formulated
in an attempt to explain the origins of the diffuse emission. The descriptions and
distinctions of the different types of diffuse emission in clusters are summarised in the

following sections.

Radio haloes

Radio haloes (RHs) are diffuse radio emission of spherical morphology found in cluster
centres. They have typical sizes of =~ 1 — 2 Mpc with physical structures resembling
the cluster X-ray morphology (see examples in Figures 1.8 and 1.10). RHs are often
found in dynamically disturbed clusters and have been strongly linked with the re-
acceleration of relativistic particles by cluster mergers (e.g., Brunetti et al., 2009;
Cassano et al., 2013; Lindner et al., 2014; Kale et al., 2015). RHs are generally
unpolarised (< 10%) (Feretti, 2003) except in some rare instances observed in a few
clusters thus far: Abell 2255, Govoni et al. (2005); MACS J0717.54-3745, Bonafede
et al. (2009); Abell 523, Girardi et al. (2016). They have a low surface brightness
of ~ 1puJarcsec™ at 1.4GHz (Feretti et al., 2012). Halos are mostly observed in
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Figure 1.8: Left: The image of a radio halo in the Coma cluster observed by LOFAR
at 20" resolution. Image credit: van Weeren et al. (2019).

luminous X-ray clusters (Lx > 5 x 10%ergs™!) and form a radio power — X-ray
luminosity correlation (P — Lx) (Giovannini et al., 1999; Feretti and Giovannini,
2008; Cassano et al., 2011) shown in Figure 1.11. Halos have steep radio spectral
indices (o < —1) estimated from multi-frequency radio observations using the scaling
of radio flux density with frequency (S, oc v%).

The leading model for the formation of RHs is the re-acceleration model which pro-
poses that pre-existing electrons are re-accelerated by magnetohydronamical turbu-
lent energy from cluster mergers (Jaffe, 1977; Petrosian, 2001; Donnert and Brunetti,
2014). The merger-induced turbulent energy is insufficient to accelerate the ther-
mal electrons in the ICM, suggesting that pre-existing relativistic electrons get re-
accelerated out to Mpc scales, forming RHs. Although widely accepted, the re-
acceleration model has outstanding questions that are yet to be addressed such as,
what is the source of the pre-existing electrons?” What are the re-acceleration mech-
anisms involved and what role does the magnetic field play? Another outstanding
challenge is providing constraints for cases where RHs are observed in clusters with
no evidence of merger activity (e.g., Kale et al., 2019).

Another model that has been proposed to describe the processes behind the for-
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mation of RHs is the hadronic model which suggests that relativistic electrons are
secondary products from the interactions between cosmic ray protons and thermal
protons in the ICM (Dennison, 1980; Blasi and Colafrancesco, 1999; Enfllin et al.,
2011). This formation process leads to the cosmic ray electrons permeating the ICM,
which is backed by the observed scaling relation between radio power and X-ray lu-
minosity. The proton-proton collisions also lead to v-rays being emitted and one of
the difficulties faced by this model is the reported non-detection of the y-rays by the
Fermi v-ray Space Telescope (e.g., Ackermann et al., 2010; Zandanel and Ando, 2014;
Brunetti et al., 2017), leading only to upper-limits on the y-ray fluxes of clusters. An-
other challenge facing the hadronic model is the missing constraints for the observed
large amounts of energy in some RHs with ultra-steep spectra (e.g., Brunetti, 2004;

Brunetti et al., 2008).

Radio mini-haloes

Radio mini-haloes (RMHs) are a faint diffuse radio emission that resides in the central
region of dynamically relaxed, cool-core clusters around the brightest cluster galaxies
(BCGs; see e.g., Gitti et al., 2015; Giacintucci et al., 2017). RMHs have typical sizes
of ~ 100 — 500 kpc. They have similar properties with RHs in terms of morphology
and polarisation but differ in sizes and the dynamical state of their host clusters.
Only about thirty mini-haloes have been detected thus far through X-ray and radio
observations (Giacintucci et al., 2019), which both need to have coinciding centres for
a source to be classified as RMH. The seed electrons forming the RMH are thought
to originate from activity around a supermassive black hole in the centre of the BCG
(Richard-Laferriere et al., 2020). This leads to the injection of relativistic particles
into the ICM around the BCG, leading to the formation of a RMH. Figure 1.9 shows
the RMH around the NGC 1275 galaxy in the Perseus cluster, which was one of the
first prototypes used for observing RMHs.

The formation mechanism of RMHs can be derived using the hadronic model
where relativistic electrons are assumed to be a by-product of the collision of the

cosmic ray protons and the thermal protons from the supermassive black hole jets
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Figure 1.9: The VLA observation of the RMH around the NGC 1275 galaxy in the
Perseus cluster. Image credit: Gendron-Marsolais et al. (2017). Right: The radio-
optical composite overlay of the mini-halo in the Perseus cluster. The background
image is from SDSS and the pink hue is radio data from VLA. White contours are
from the X-ray surface brightness from the XMM-Newton observations. Image credit:
van Weeren et al. (2019).

(Zandanel and Ando, 2014; Ignesti et al., 2020). The injection of the cosmic ray
protons leads to turbulence that heats the ICM, thus reducing gas cooling. This
mechanism is also used to explain the cooling flow problem (e.g., McDonald et al.,
2019). According to the re-acceleration model, the seed electrons are deposited in
the ICM by AGN activity or type Ia supernovae and then re-accelerated by turbulent
activity to form RMHs (Fujita et al., 2007; Richard-Laferriere et al., 2020). The
re-acceleration formation model is still unclear since RMHs are known to reside in
relaxed cool-core clusters with little or no merger activity. However, recent results
from a study of turbulent motion in the Perseus cluster suggest that the cool-core
cluster had turbulence that could be efficient for electrons re-acceleration (Hitomi

Collaboration et al., 2016).

Radio relics

Radio relics (RRs) are arc-shaped/elongated Mpc-scale diffuse radio emission sources

residing in the periphery of galaxy clusters. They are thought to result from shock
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fronts induced in the ICM during cluster mergers (e.g., Ogrean et al., 2013; Weeren
et al., 2016; van Weeren et al., 2019). Results from cosmological simulations reveal
that when massive clusters merge, they produce shock waves that propagate through
the ICM from the cluster centre out to the cluster periphery (e.g., Briiggen et al.,
2011; Vazza et al., 2012; Skillman et al., 2013). In several cases, shock waves have
been observed in merger clusters with Mach numbers of Mg, < 4 (e.g., Brunetti
and Jones, 2014). According to the re-acceleration formation model, these shock
waves produce radio relics via diffusive shock acceleration (DSA, see e.g., Kang et al.,
2012; Vazza and Briiggen, 2014). In the DSA mechanism, CR protons and electrons
are accelerated from the thermal pool up to relativistic energies at the cluster merger
shocks (see e.g., Drury, 1983; Yokoyama and Ohira, 2020). The energy of the thermal
electrons is boosted when they cross the cluster shock region while flowing up or
downstream. The spatial co-location of shocks in the ICM and radio relics has been
determined in some clusters, supporting the DSA theory (e.g., Abell 3667; Finoguenov
et al. (2010), RX J0603.3+4212; Ogrean et al. (2013), 1E 0657-56; Shimwell et al.
(2014), Abell 115 Botteon et al. (2016)).

Radio relics have typical sizes > 1Mpc and steep spectral indices (@ < —1).
Like haloes, they have a low surface brightness. Unlike haloes, relics are highly
polarised sources, generally, ~ 30% (Brunetti and Jones, 2014) and in some cases
as high as &~ 50 — 60% of polarisation has been observed (Vazza et al., 2016). The
polarisation levels, spectrum steepness, and the degree of the surface brightness can
vary considerably over the morphology of one relic.

Some clusters host double relics in the form of two arcs opposite each other in
the cluster peripheries (e.g., van Weeren et al., 2011a; Kale et al., 2012; de Gasperin
et al., 2014; Lindner et al., 2014). In some cases, cluster systems hosting both a halo
and relics have also been observed (e.g., van Weeren et al., 2011c; Bonafede et al.,
2012; de Gasperin et al., 2015). Figure 1.10 shows examples of various clusters with
different types of relics configurations.

Numerical simulations reveal that a merger between clusters with approximately

equal masses can lead to the formation of two symmetrical relics when the merger
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Figure 1.10: Left: The VLA image of the merging Abell 2744 cluster showing the
radio halo at the centre and the radio relic (radio shock). The white contours are
from the Chandra X-ray observations. Image credit: van Weeren et al. (2019). Right:
A composite image of the PSZ1 G108.18-11.53 cluster showing the double radio relics
(red) observed by GMRT and the cluster observation in X-ray by Chandra. Image
credit: van Weeren et al. (2019).

axis is approximately perpendicular to the line of sight (e.g., van Weeren et al., 2011a;
Briiggen et al., 2011). Symmetric double relic systems are suggested to form from
cluster mergers with a low mass ratio while single relic system arises from mergers with
higher mass ratios (van Weeren et al., 2011a). Results from recent studies suggest
that double-relic systems are the most disturbed clusters (e.g., Bonafede et al., 2017).

Studies of double relic clusters show a correlation between the linear size of the
relics against their radio power and their distance from the cluster centre (e.g.,
Bonafede et al., 2012). Other studies also found that radio relics with high largest
linear size (LLS) have high radio powers and are usually found at larger distances
from the cluster centre, while smaller relics are closer to the cluster cores (see e.g., de
Gasperin et al., 2014, and the right panel of Figure 1.11). According to simulation
studies, this is due to shocks getting larger in less dense and lower temperature re-
gions (Vazza et al., 2012; Skillman et al., 2013). de Gasperin et al. (2014) also found
that the radio power of double relics steeply scales with the cluster mass and that

this relation is still maintained when single radio relics are included.
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Figure 1.11: The monochromatic radio power of a halo at 1.4 GHz versus the bolo-
metric X-ray luminosity of the cluster from Feretti and Giovannini (2008).

Revived fossil plasma

Radio observations of clusters at low frequencies have uncovered the presence of faint
diffuse radio sources with steep spectra (o < —1.5) and ambiguous morphology.
These sources can be classified into two groups: radio phoenixes (considered to be
a subclass of radio relics), which are thought to be re-energised fossil plasma from
AGN lobes (van Weeren et al., 2019; Giacintucci et al., 2020), and the gently re-
energised tails (GReETs de Gasperin et al., 2017; Birzan et al., 2020). GReETs have
been suggested to form from the compression of radio tails by weak shocks or from
the tail re-energisation due to turbulence from the Rayleigh-Taylor and the Kelvin-
Helmholtz instabilities (de Gasperin et al., 2017; van Weeren et al., 2019). Only a few
sources from revived fossil plasma have been detected to date and more observations
are required to further understand their origin and physical properties. Figure 1.12

shows examples of some of the observed revived fossil plasma.

1.3.4 Star formation activity of galaxies in clusters

Most galaxies can be classified into two distinct groups: a population of red and
quiescent galaxies with little to no SF activity and spherical/elliptical morphology;
and a population of blue star-forming galaxies with spiral/disky morphology (Baldry
et al., 2004; Skibba et al., 2009; Taylor et al., 2015). Discerning the physical processes
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Abell 2048

Figure 1.12: Left: The composite image of the Abell 1033 galaxy cluster showing
a GReET. The composite image was made from optical (SDSS, background image),
X-ray emission (Chandra X-ray Observatory, purple hue) and radio (Low-Frequency
Array, LOFAR, in blue). Image credit: de Gasperin et al. (2017). Right: The image
of a radio phoenix in the Abell 2048 cluster observed by the Giant Millimetre Radio
Telescope (GMRT). Image credit: van Weeren et al. (2011b).

involved in making a galaxy a member of either population group at any cosmological
epoch remains an unsolved problem of modern astrophysics. Multiple studies have
investigated the SF activity of galaxies in clusters at various redshifts to measure
the environmental influence of high-density environments on galaxy evolution (e.g.,
Dressler et al., 1997; De Lucia et al., 2007; Vulcani et al., 2011; Rodriguez-Munoz et
al., 2019). Results from this extensive investigation provide evidence for a significant
change in galaxy populations in clusters since z ~ 1. Galaxies in dense environments
like clusters are expected to evolve quicker than those in less dense environments
(Oemler et al., 1997), thus making clusters an area of interest in studying galaxy
evolution. Nearly five decades ago, Butcher and Oemler (1978) discovered the increase
in the fraction of blue galaxies with redshift, rising from zero in the Local Universe
to & 20% by z ~ 0.5. This observation has been linked to an in-falling population of
SF galaxies into cluster environments which later evolve into quiescent systems.

In the Local Universe, SF activity in galaxies has been shown to be strongly
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Figure 1.13: The radial population gradient of the star-forming galaxies from Haines
et al. (2015). The red points show the fsr as a function of the projected clustercentric
radius (rsp in the bottom axis and 7999 in the top axis). The horizontal blue line at
the top shows the corresponding fsp for field galaxies and their 1o uncertainties in
the shaded area.

dependent on the galaxy environment through comparative studies of galaxies in
high-density (groups/clusters) environments and galaxies in the field (e.g., Balogh
et al., 1998; Lewis et al., 2002; Gémez et al., 2003; Haines et al., 2015). These studies
conclude that the fraction of star-forming galaxies in cluster environments is lower
compared to low-density/field environments. These studies also reveal a population
distribution in cluster galaxies with most of the red elliptical mainly found in cluster
cores and blue spirals dominant in the cluster outskirts. This population distribution
means that the fraction of star-forming galaxies (fsp) decreases as you get closer to
the core of the cluster, leading to a relation between fsr and the radius of the cluster.
Figure 1.13 shows the fgsr - radius relation from the Haines et al. (2015) study of 30
clusters at 0.15 < z < 0.30 out to 2Ry in comparison with the fsp of field galaxies.

A number of physical processes have been suggested over the years to be respon-
sible for the removal of gas and the suppression of SF activity of galaxies in cluster
environments. These processes include ram pressure stripping, galaxy-to-galaxy inter-

actions and galaxy starvation. Evidence suggests that these quenching processes are
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effective in different regions of the cluster (e.g., Treu et al., 2003; Boselli and Gavazzi,
2006). The description and distinction of these processes are briefly summarised in

the bullet points below:

e Ram pressure stripping: When an in-falling field galaxy enters the cluster
environment, it experiences a drag force known as ram pressure due to its motion
relative to the ICM. This drag force is responsible for stripping the interstellar
gas out of the galaxy and the strength of this interaction crucially depends on
the orbit of the galaxy as it enters the ICM (see Gunn and Gott, 1972; Fujita and
Nagashima, 1999). Ram pressure-stripped galaxies are often seen with a large
trailing tail of interstellar medium, gaining them the name “jellyfish galaxies”
(Poggianti et al., 2016). As galaxies get closer to the cluster core, more and
more of their gas is stripped out, including the cold gas reservoir which fuels
the formation of new stars (Cortese et al., 2021). Simulations reveal that the
stripping process has timescales ranging between 100 million years (Quilis et al.,
2000) and a few billion years (Balogh et al., 2000) for 100% of the gas to be
stripped out.

e Galaxy-galaxy interactions: Galaxy-to-galaxy interactions (harassment or
tidal stripping) play a significant role in galaxy and cluster evolution (Moore
et al., 1996). Results from several studies suggest that the transformation of
star-forming spiral galaxies to quiescent ellipticals is mainly driven by both
minor and major galaxy mergers (see e.g., Toomre and Toomre, 1972; Barnes,
1992; Bournaud et al., 2005). The interaction of matter between the merging
galaxies leads to intense flashes of SF, which in turn depletes the gas supply in

short timescales.

e Galaxy starvation: Spiral galaxies form stars by using up the gas reservoir in
the ISM, which they continuously replenish from their extended haloes (Larson
et al., 1980). When the accretion of gas from the extended halo is halted due
to the removal of the extended halo by the ICM, the galaxy undergoes a period

of starvation as it depletes the last of its remaining gas through SF, eventually
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Figure 1.14: The image of a galaxy undergoing ram pressure stripping from Cramer
et al. (2019). This observation is from the Hubble Space Telescope false colour image
overlayed with Ha data in red from Subaru Suprime-Cam.

Figure 1.15: The image of a galaxy to galaxy interaction showing tidal stripping.
Image credit: http://www.hubblesite.org/gallery/

turning into a gas-poor passively evolving galaxy (Larson et al., 1980; Balogh

et al., 2000; van den Bosch et al., 2008).

This thesis aims to investigate the relation between SF activity and cluster en-
vironments. This study uses MeerKAT-detected radio luminosities from clusters to
compare and complement cluster studies from other SFR tracers. This will put us
closer to answering questions such as: does the SF activity in galaxy clusters depend

on their dynamical state? How do radio-derived SFR results compare with IR-derived
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SFR on the evolution of SF activity? And how does the presence of relics/shock waves

affect the SE' activity of the cluster and the member galaxies around them?

1.4 Thesis outline

The layout of this thesis is as follows:

e Chapter 2 introduces the parent data samples required for this study. We discuss
the tools and method development process by initially focusing our study on

the Abell 209 cluster.

e Chapter 3 looks at the statistical analysis of multiple clusters to investigate the
environmental dependence of SF activity with the dynamical states of clusters.

We compare our radio-derived results to IR-derived results from the literature.

e Chapter 4 covers the investigation of the relation of SF activity with the time
that passed since the merger started in double-relics clusters. This chapter also
include the investigation of the differences in SF activity between galaxies close

to relics and those away from the relics.

e Chapter 5 covers the summary of our main results and future work.

In this thesis, we assume a flat ACDM cosmology with Hy = 70kms~! Mpc™1,

Qo = 0.3 and Qo = 0.7. My denotes the mass enclosed within a sphere of radius
Ryg0 in which the mean enclosed overdensity is equal to 200 times the critical density

of the Universe at the cluster redshift.
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Chapter 2

Parent data samples and method

development

The aim of this chapter is to provide a comprehensive introduction to the parent data
samples utilised in this study and to develop a methodology for studying SF rates in
clusters. This entails radio and optical /IR data acquisition, estimation of photometric
redshifts (photo-zs), and the cross-matching of radio and optical catalogues. We test
our method by initially focusing on the study of the Abell 209 (A209) cluster, which
would then pave the way to the study of the larger MeerKAT Galaxy Clusters Legacy
Survey (MGCLS) sample. Our initial focus on A209 was due to the availability of
extensive spectroscopic redshifts (spec-zs) for the cluster in the literature. The spec-zs
not only allows us to accurately classify cluster members but also gives us a yardstick
to utilise in our photo-zs member selection criteria. I end the chapter by discussing
the results of the investigation of the SF activity in A209. The material covered in
this chapter appears in Knowles et al. (2022), and in here I describe the contributions

I have made to that work.

2.1 MeerKAT Galaxy Clusters Legacy Survey

The MeerKAT Galaxy Clusters Legacy Survey (MGCLS DR1, Knowles et al., 2022) is

a heterogeneous sample of 115 clusters in the southern sky observed between a declina-
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tion range of —85° < § < 0°. The MGCLS clusters were observed using the MeerKAT
radio telescope (Jonas and MeerKAT Team, 2016; Camilo et al., 2018). MeerKAT
is an interferometer of 64, 13.5 m diameter antennas located in the Karoo desert of
South Africa. MeerKAT antennas operate in the UH F-band (580 — 1015 MHz), the
L-band (900 — 1670 MHz) and the S-band (1.75 — 3.5 GHz). MGCLS clusters were
observed with a primary beam full-width at half-maximum (FWHM) of 1.2° at 1.28
GHz in 4096 channels and 8 seconds integration time. This produced radio images at

~ 8" resolution and < 5 uJybeam™!

rms sensitivities. Figure 2.1 shows MeerKAT’s
observation of A209, which is one of the clusters in MGCLS DRI.

MGCLS provides long-track L-band observations of clusters with a total of ~ 1000
hours of observation. Each MGCLS cluster was observed at full polarisation for
~ 6 — 10 hours. The first data release (DR1) of the MGCLS sample provides basic
image cubes at ~ 8" resolution and enhanced spectral and polarisation cubes observed
at &~ 8” and 15" resolution. The MGCLS image products have rms sensitivities

L at 8" resolution and 7 — 15 puJybeam™! at 15"

ranging between 2 — 7 uJy beam™
resolution. The MGCLS basic cubes span a 2 deg? field of view (FoV) and the
enhanced data products have been primary beam corrected within a 1.2 deg? FoV.
The MGCLS data processing was handled by the MGCLS team and the imaging
procedure is described in Mauch et al. (2020). The MGCLS clusters have a median
redshift of 0.14 with only four clusters with redshifts z > 0.4.

The MGCLS cluster targets had no standard selection criteria based on redshift
or X-ray/radio luminosity. It is a combination of two subsamples: the radio-selected
subsample and the X-ray-selected subsample. The MGCLS radio-selected subsample
consists of 41 clusters (36%) that were targeted based on previously done searches by
other studies that were looking for diffuse radio emission in clusters. This subsample
includes clusters with and without previously detected diffuse emission. The clusters
that were targeted by previous studies were of high mass, My > 9 x 10* M, de-
rived from X-ray or SZ-effect data. The radio-selected subsample is therefore strongly

biased towards massive clusters with diffuse radio emission, covering a redshift range

of 0.018 < z < 0.870 and a median at z = 0.22. The X-ray-selected subsample
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Figure 2.1: MeerKAT telescope radio image with coordinates centred at the A209
cluster and a diameter of ~ 2 deg.! The North is in the direction towards the top of
the image and the left of the image is East. Given MeerKAT’s large FoV, the radio
image contains a myriad of sources, many of which are not part of the A209 cluster.
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consists of 74 clusters (64%), contributing the bulk of the clusters in the MGCLS
sample. It was targeting clusters from the Meta-Catalogue of X-ray-detected Clus-
ters (MCXC Catalogue, Piffaretti et al., 2011), with the aim to produce a sample with
no direct prior biases towards or against clusters with diffuse radio emission. This
sample includes MCXC clusters below —39° which were selected to fill gaps during
the MeerKAT observing schedule. The X-ray-selected subsample covers a redshift
range of 0.011 < z < 0.640 with a median of z = 0.13.

The MGCLS team created a compact source catalogue of galaxies from all the
115 clusters using the Python Blob Detection and Source Finder (PYBDSF; Mohan and
Rafferty, 2015). The released catalogue contains compact sources from detections that
have a single Gaussian component. Compact sources were searched in full resolution,
primary beam corrected MeerKAT images at a threshold of 50 source detection on
the local image rms (see Knowles et al., 2022, for more details). The MGCLS DR1*
data archive includes a compact source catalogue of over 720,000 sources from all the

115 clusters in the catalogue.

2.1.1 MGCLS astrometry checks with unWISE

During the commissioning of an instrument, it is essential to ensure that it is cali-
brated to take measurements accurately and within nominal uncertainties. One way
of checking if a telescope is calibrated correctly is by the test of its astrometric accu-
racy. An accurate understanding of the astrometric errors of a telescope is crucial in
optimising the quality of the data measured by the instrument.

Through the process of producing radio-optical /IR catalogues between the MG-
CLS compact sources and the Dark Energy Camera Legacy Survey catalogue (DE-
CaLsS; Dey et al., 2019), systematic offsets of up to 2” were discovered on a handful
of clusters that were initially cross-matched. We extended the investigation of offsets
for all MGCLS fields to gauge the number of observations with large offsets by cross-
matching with the Wide-field Infrared Survey Explorer (WISE; Wright et al., 2010) as

"https://doi.org/10.48479/7Tepd-w356
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the unWISE catalogue (Schlafly et al., 2019) for its all-sky coverage with deeper imag-
ing and accurate photometry and astrometry. We use the Astropy package (Astropy
Collaboration, 2013; Astropy Collaboration, 2018) for our cross-matching routine and
use Astroquery?, to access the unWISE catalogue through the Vizier® database. A
cross-matching radius of 10” was used to obtain corresponding sources between the
MeerKAT fields and unWISE. The compact sources between the two catalogues were
matched according to the nearest neighbour. We then estimated the median offsets
(ARA = RAuuwisk - RApearkaT and ADEC = DEC,,wise - DECyjeerkaT) between
the MeerKAT and unWISE source positions.

Table 2.1 shows the median offset values for for compact sources in the 47/115
MeerKAT fields with systematic offset values between 1”7 — 6.2” in ARA. The biggest
median offset in ADEC is 1.9”. It should be noted that although offsets are identified
with cluster names in Table 2.1, all the compact sources in the MeerKAT field of view
were used to deduce them and were not based on clusters. Much of the offset values
were attributed to the instrument calibrator position errors from the list of calibrators
that were initially used for MeerKAT. This was mitigated by re-imaging the affected
fields and adding or subtracting offset values. Table 2.1 also includes the offset values
calculated from the re-imaged fields. After re-imaging, only 4/47 fields have ARA
> 1” from fields with corrected calibrator offsets. These offsets could result from the
time offset and half-channel frequency errors noted in the initial observations made by
MeerKAT (see Section 4.4.4 in Knowles et al., 2022, for more details). For re-imaged
MeerKAT fields with corrected offsets, there are 39/47 fields with ARA < 0.5” and
43/47 with ARA < 1”. All but one field has ADEC > 1” after re-imaging,.

In Figure 2.2, we show plots of the offsets of galaxies in the field of J0510.2-4519 as
an example. The left panel of Figure 2.2 shows the difference in RA and DEC between
galaxy positions in MeerKAT and unWISE and the right panel shows the number
count of sources with respect to the difference in source positions. We re-calculated
the difference in RA after the fields were re-imaged and corrected for calibrator offsets

’https://doi.org/10.6084/m9.figshare.805208.v2
Shttps://vizier.cds.unistra.fr/
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and we show the difference in ARA between uncorrected and corrected fields in Figure

2.3.
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MeerKAT Field ARA ADEC ARArc imaged ADECre imaged
[//] [//] [//] [//]

J0014.3-6604 2.203 1.793 0.094 0.079
J0027.3-5015 1.051 1.902 0.049 0.078
J0145.0-5300 1.081 0.142 0.052 -0.003
J0145.2-6033 -2.427  0.198 -0.062 -0.005
J0217.2-5244 1.244  0.257 0.008 0.014
J0303.7-7752 -3.329  0.718 -0.164 0.047
J0328.6-5542 -1.926  -0.174 -0.162 -0.018
J0336.3-4037 1.315  0.349 0.062 -0.001
J0351.1-8212 -6.192  0.455 -1.077 0.106
J0352.4-7401 -3.076  0.568 -0.374 0.018
J0406.7-7116 -1.020  0.222 0.013 0.024
J0416.7-5525 -1.238  -0.915 -0.047 -0.033
J0431.4-6126 -1.294  -0.957 -0.072 -0.034
J0449.9-4440 1.517  0.512 0.053 0.011
J0510.2-4519 2.295 1.067 0.088 0.035
J0525.8-4715 2.289 1.131 0.128 0.054
J0528.9-3927 2.068 1.228 2.049 1.222
J0540.1-4050 1.949 1.238 0.273 0.260
J0540.1-4322 1.983 1.273 0.306 0.121
J0542.8-4100 2.072 1.233 0.085 0.055
J0543.4-4430 2.025 1.262 0.071 0.055
J0545.5-4756 2.282 1.324 0.097 0.068
J0607.0-4928 2.469 1.289 0.206 0.116
J0610.5-4848 2.095 1.330 0.112 0.072
J0616.8-4748 1.899 1.441 0.081 0.076
J0626.3-5341 2.380 1.394 0.125 0.083
J0627.2-5428 2.239 1.535 0.209 0.100
J0631.3-5610 2.432 1.528 0.148 0.075
J0637.3-4828 2.000 1.558 0.092 0.147
J0638.7-5358 2.329 1.629 0.176 0.043
J0645.4-5413 1.835 1.583 0.125 0.074
J0712.0-6030 1.854 -0.831 0.100 -0.039
JO0738.1-7506 4.364  -0.796 0.236 -0.044
J0943.4-7619 5.418  -0.147 0.495 -0.033
J0948.6-8327 1.804  0.615 0.171 -0.014
J1040.7-7047 3.920  0.065 0.648 0.049
J1423.7-5412 1.574  0.649 0.466 0.281
J1518.3-4632 -2.639  -0.342 -0.910 -0.141
J1535.1-4658 -2.038  -0.441 -0.934 -0.154
J1539.5-8335 -5.109  0.322 -1.255 -0.009
J1601.7-7544 -2.290  0.127 -0.936 0.047
J1653.0-5943 -1.067  -1.699 0.277 -0.474
J1705.1-8210 -4.483  0.021 -0.183 -0.017
J1840.6-7709 -2.533 -0.348 -1.056 0.128
J2104.9-8243 -2.662  -0.469 -0.269 -0.050
J2319.2-6750 3.411 1.281 -0.055 0.076
J2340.1-8510 1.354  -0.648 -0.205 -0.012

Table 2.1: Median offset values from differences between MeerKAT source positions
and unWISE positions. Columns 2 and 3 show the initial offset values of the MeerKAT
fields and column 4 and 5 show the offsets calculated after re-imaging to fix the initial
offsets.
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Figure 2.2: Top left panel: Offset values in both RA and DEC between MeerKAT
and unWISE positions for sources in cluster J0510.2-4519. The red dot is the median
offset that is applied during the correction. Top right panel: The number distribution
of the offsets in both RA (blue) and DEC (red). We estimated the scatter using the
bi-weight scale estimator (e.g., Beers et al., 1990).
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Figure 2.3: The distribution of offsets in ARA for cluster J0510.2-4519. We show the
distribution of offsets before (red) and after (green) the correction was made.
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2.2 Cross-matching MGCLS with DECaLS

For the MGCLS clusters in the Dark Energy Survey (DES; Dark Energy Survey Col-
laboration et al., 2016) footprint, we produced cross-matched radio-optical catalogues
which include estimated photo-zs using photometry from the eighth DECaLS data
release (DRS; Dey et al., 2019). The crossmatching between MeerKAT and DECaLS
was conducted by Ilani Loubser, a member of the MGCLS team, through a procedure
that uses the likelihood ratio method (similar to that in; Sutherland and Saunders,
1992; Laird et al., 2009; Smith et al., 2011), described in detail in (Knowles et al.,
2022). Of the 115 MGCLS clusters, 66 have complete coverage in DECaLS DR8 (DE-
CaLS henceforth). We rely on photo-zs to assign cluster membership for the study of
a larger MGCLS sample. Although spec-zs are more accurate and a preferred way to
classify cluster members, extensive coverage of spectroscopic surveys is not available
for most of the clusters in MGCLS. While less accurate compared to spec-zs, photo-zs
provide a vital means to study galaxies in fields where spec-zs are not available. Their
extensive and deep coverage of the sky allows for statistical analysis of larger samples
which would not be easy to attain with the resource-costly and sensitivity-limited
spectroscopic surveys. A growing number of studies have been conducted using ac-
curate photo-zs to study the universe in recent years. Some of these studies looked
at galaxy properties over cosmic evolution (e.g., Fontana et al., 2000), properties of
multiple clusters (e.g., Finoguenov et al., 2007), and the evolution of AGN-hosting
galaxies (e.g., Miyaji et al., 2015), to mention a few.

The concept of using galaxy photometry to estimate redshifts was initially pro-
posed by Baum (1957) in an attempt to work out redshifts of elliptical galaxies be-
yond what spectroscopic observations could measure at the time. Further studies on
photo-zs have been conducted since (see e.g., Baldwin, 1977; Puschell et al., 1982;
Benitez, 2000; Ilbert et al., 2006; Brammer et al., 2008). Various techniques have
been developed to estimate photo-zs and can be mainly classified into two groups:
SED template-fitting methods and machine learning algorithms.

The SED template-fitting methods employ spectral template libraries of galaxies
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(spirals, ellipticals and starbursts) and AGN (quasars, seyferts) from observations and
models (e.g., Coleman et al., 1980; Blanton and Roweis, 2007) to estimate photo-zs.
The machine learning techniques rely on the use of algorithms to estimate photo-
zs (e.g., Carliles et al., 2010; Beck et al., 2017). Some approaches use a hybrid of
the SED template-fitting and machine learning techniques to estimate photo-zs (e.g.,
Beck et al., 2016). For our study, we rely on a SED template fitting method which is
discussed in detail in the following section. For extensive details on the other photo-z
estimation techniques, the reader is referred to the Salvato et al. (2019) review on the
various photo-z methods.

We relied on photometry from the DECaLS DRS8 (Dey et al., 2019) to estimate
photo-zs for galaxies in our cluster sample. The DECaLS photometry was captured
by the Dark Energy Camera (DECam ~ 3.2deg? FoV, 570 Mpixel; Flaugher et al.,
2015) at the 4-m Blanco telescope at the Cerro Tololo Inter-American Observatory in
Chile. DECam is a highly sensitive camera optimized for a wide-field survey across
a broad wavelength range (~ 400 — 1000 nm) with a plate scale of 0.262” per pixel.
DECam has a median point spread function FWHM of 1.29” at the g-band, 1.18”
at the r-band and 1.11” at the z-band. DECaLS is part of the three surveys that
integrate to make the DESI Legacy Survey, alongside the Beijing-Arizona Sky Survey
(BASS; Zou et al., 2017) and the Mayall z-band Legacy Survey (MzLS; Silva et al.,
2016), all combining to cover ~ 14000 deg? of the extragalactic sky. DECaLS provides
optical grz photometry combined with 3.4, 4.6 pum photometry from the Wide-field
Infrared Survey Explorer mission (WISE; Wright et al., 2010). The DECaLS grz
photometry data has 50 depth levels of g = 24.0, r = 23.4 and z = 22.5 in AB

magnitudes.

2.2.1 Photometric redshifts

To estimate the photo-zs for galaxies in our cluster sample, I developed zField, a
template-fitting algorithm. zField exists as part of the zCluster code (Hilton et al.,
2018; Hilton et al., 2021) which is designed to estimate cluster redshifts. zCluster’s

main operation is to take advantage of the full photometric data available while
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Figure 2.4: A comparison of photo-zs estimated using zCluster on DECaLS pho-
tometry with spec-zs from SDSS (219,380 galaxies, 0.1 < z < 1). The photo-zs are
evaluated on a grid with step size Az = 0.01, hence the linear order of data points
along the vertical axis. The black solid line shows the one-to-one relation for z, and
zp. The cyan line shows the median redshift residual in bins of width Az, = 0.2. It
becomes slightly biased at higher redshift, but this is well above our cluster samples.
The photo-zs do not perform well at z; < 0.15 due to the lack of u-band magnitudes
in DECaLS.

minimising assumptions based on the optical properties of the cluster. This is due
to the fact that zCluster was designed to measure redshifts of clusters observed
through other methods besides the optical approach. zField builds on the zCluster
framework and is developed to estimate photo-zs for any galaxy at any point in the
sky.

The zField algorithm measures the maximum likelihood photo-z and the prob-
ability distribution p(z) of each galaxy in the line of sight of specified coordinates
within a radius via a template-fitting technique. zField follows a similar method

used by photo-z algorithms like the Bayesian Photometric Redshift Estimation (BPZ;
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Benitez, 2000) and the Easy and Accurate Z(photo-zs) from Yale (EAZY; Brammer
et al., 2008). zField uses the default set of galaxy spectral energy distribution (SED)
templates used by both BPZ and EAZY. For DECaLS photometry, zField also uses
a combination of the Coleman et al. (1980) templates and a subset of the spectral
templates used in the COSMOS survey (Ilbert et al., 2009; Salvato et al., 2011),
representing a range of normal galaxies and AGNs. For each template SED and filter
transmission function (g, 7, z, W1, W2, in the case of DECaLS), we calculate magni-
tudes that would be observed at each redshift z; over the range of 0 < z < 1 in steps
of 0.01 in redshift. The observed broadband SED of each galaxy is then compared
with each template SED at each z;. The p(z) distribution is then constructed from
the minimum y? value (over the template set) for each galaxy at each z;. The peak
of the p(z) distribution gives the maximum likelihood galaxy redshift, which we use
to assign cluster membership in Section 2.3.2. zCluster makes use of the full p(z)
distribution to estimate the cluster photometric redshift from the weighted sum of
the individual galaxy p(z).

We tested the accuracy of the zField photo-zs was against spec-zs in the SDSS
DR16 (Ahumada et al., 2020) using 219,380 galaxies between the redshift range of
0.1 < z < 1. The mean of the photo-zs offsets Az/(1+2) = 0.008 (where Az = z,—2z,
is the photo-zs residuals, z are the spec-zs, and z, are the photo-zs), with a scatter of
opw = 0.03, as estimated using the biweight scale (e.g., Beers et al., 1990). This means
93% of the galaxies have Az/(1+ z5) < 0.09, i.e., 7% of the photo-zs are expected to
be “catastrophic outliers”. This sample was also used to calibrate zero-point offsets
to the DECaLS photometry to minimise the bias of the photo-z residuals. Figure 2.4
shows a comparison of the photo-zs and spec-zs for this test sample. We observe a
redshift-dependent bias for redshifts > 0.5 as seen in Figure 2.4. However, this does
not affect us as clusters in our sample are in a lower redshift range (0.15 < z < 0.35).

In addition to photo-zs estimates, zField also provides density maps made from
integrating the probability distribution for each galaxy in the line of sight of specified
coordinates. The integral is on a redshift range centred at a specified z and within

+Az, where Az is also user specified. The density maps are produced in a 4 Mpc X
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4 Mpc grid with a pixel size of 0.2 Mpc x 0.2 Mpc. The zField density maps have
been used in the Pillay et al. (2021) study of the dynamical state of the ACT-CL
J0019.64-0336 cluster. The density map revealed substructure in the cluster and also

allowed for estimates of the centre shift and asymmetry cluster parameters.

2.3 Star formation in Abell 209

As an example of how MeerKAT observations may be used to estimate star formation
activity in clusters, we used the MGCLS compact source catalogue to estimate the
SFRs of galaxies in A209, a rich cluster at redshift z = 0.206. This analysis forms
part of the study presented in Section 8.2 of Knowles et al. (2022). The MGCLS
compact source catalogue provides us with dust-unbiased L-band radio continuum
luminosities over a ~ 1 deg? field centred on the cluster, allowing us to study the SF
activity of A209 out well beyond twice the Ragy (2.15 Mpc) of the cluster. We estimate
the value of the cluster’s Rogo from its cluster mass (Mogy = 11.1 x 10"Mg,Hilton
et al. (2021)), assuming the virial theorem. We use SZ-derived cluster masses from
the Atacama Cosmology Telescope catalogue (ACT DR5; Hilton et al., 2021).

We chose to focus on this particular cluster in this analysis due to the availability
of extensive spectroscopic catalogues from the Cluster Lensing And Supernova sur-
vey with Hubble (CLASH-VLT; Annunziatella et al., 2016) and the Arizona Cluster
Redshift Survey (ACReS; described in Haines et al., 2015).

2.3.1 Compact source catalogues

To estimate the SF activity in the A209 cluster, we use multiple catalogues to com-
pile a dataset that has radio luminosities for estimating SFR as well as photo-zs and
spec-zs to assign cluster membership. Firstly, we cross-match our MeerKAT com-
pact sources catalogue with the zField DECaLS catalogue in the A209 field to form
a radio-optical catalogue. We then crossmatch our radio-optical catalogue with the
spec-zs catalogue to calibrate variables that will be used in the photo-z cluster mem-

bership selection criteria described in the following section. As mentioned in Section
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2.1, the MeerKAT source catalogues were produced using the PYBDSF code. In the
primary beam corrected field of A209, there are 4456 radios sources, 3288 of which
have been identified to have optical counterparts in DECalLS.

Using the zField algorithm, we get 39,783 galaxies with estimated photo-zs from
DECaLS in the A209 field. We obtain a combined total of 1425 galaxies with spec-zs
in the A209 field from the literature (Haines et al., 2015; Annunziatella et al., 2016).

2.3.2 Cluster membership selection and galaxy star forma-

tion rates

We assigned cluster membership using a combination of spec-zs and photo-zs. Photo-
zs were estimated using photometry from DECaLS through the zField code de-
scribed in Section 2.2.1. The spec-zs were obtained from the Cluster Lensing And
Supernova survey with Hubble (CLASH-VLT Annunziatella et al., 2016) and the Ari-
zona Cluster Redshift Survey (ACReS; Haines et al., 2015) spectroscopic datasets.
CLASH-VLT and ACReS contain secure redshifts for 1256 and 345 galaxies in the
A209 field respectively, with a combined total of 1425 non-overlapping galaxies. We
consider galaxies with peculiar velocities within +30, of the cluster redshift to be

! is the line of sight

spec-z-selected cluster members of A209, where o, = 1320km s~
velocity dispersion as measured by Annunziatella et al. (2016). To select cluster mem-
bers using photo-zs, we consider galaxies with maximum likelihood photo-zs within
|2p — zc| < 3obw(1 + 2¢) to be cluster members. The photo-zs selection criteria iden-
tified galaxies within 0.1 < z < 0.32 as cluster members while the spec-zs selection
criteria identified galaxies within 0.19 < z < 0.22 as cluster members. The scatter,
oy = 0.03, estimated using the biweight scale (Beers et al., 1990) on the photo-z
residuals (Az/(1 + z)). Figure 2.5 shows the schematic of the procedure followed
in assembling star-forming sample for member galaxies using both the photo-zs and
spec-zs selection criteria.

We used the galaxies that have both spec-zs and photo-zs to determine the amount

of contamination from field galaxy populations and the number of confirmed spec-
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Figure 2.6: Photometric vs. spectroscopic redshifts for all the A209 galaxies in the
MeerKAT field. The blue dots represent the galaxies assigned cluster membership
based on the photo-z cut. The black dashed lines show the lower and upper bound
cut applied on photo-zs to classify cluster members. Galaxies within this range with-
out zgpec counterparts are counted as members. The black dots indicate selected
cluster members using spectroscopic redshifts criteria. We estimate ~ 16% field con-
tamination in our sample and &~ 23% of the spec-z members are missed by the photo-z
cut.
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z members left out by the photo-z selection criteria. Figure 2.6 shows the relation
between spec-zs and photo-zs in radio-detected galaxies. We obtain 16% field contam-
ination, while 23% of the galaxies that are identified as members using their spec-zs
are missed by the photo-z selection. The level of field contamination is < 20%, which
is often used as a limiting value by studies that rely on photo-zs to select cluster
members (e.g., Pellé et al., 2009; Rodriguez-Munoz et al., 2019). After combining
cluster members from both the spec-zs and photo-zs selection criteria, we obtain a
final catalogue of 523 cluster members with radio emission out to 3.5 Rap.

As discussed in Section 1.2.2, radio observations face the challenge of AGN con-
tamination. To achieve a star-forming sample unbiased by AGN, we used a method
developed by Assef et al. (2018), that relies on WISE W1 and W2 colours to separate
star-forming galaxies from AGN-dominated galaxies. We use equation 4 of Assef et al.

(2018) to flag out sources that may be AGN

arexp{Br(W2 — vg)?}, W2 > v
RO I 7)) " (2.1)

ag, W2 < qgr

where ag, Sr and g are constants whose values depend on the targeted reliability
fraction. To achieve 90% reliability on our sample, we adopt the values (agoo, Sroo,
Yroo) = (0.650, 0.092, 13.70) from Assef et al. (2018). We classified 64 galaxies as
AGN with this selection method, bringing down the full sample to 459 radio-detected
cluster members, which we assume to be powered by SF in the sections that follow.

We used the Bell (2003) calibration (from Equation 1.7 in Section 1.2.2) of the
radio-FIR correlation (see also Karim et al., 2011) to convert radio luminosities to

SFR scaled down by 1.74 from the Salpeter IMF to the Chabrier IMF

X 3.18 x 10722, L> L,
SFR (Moyr™) =4 318 x 10-22L (2.2)

L<L.
0.1+ 09(L/L)03 ~=

where L = L 4cn, is the radio luminosity in W Hz ! derived from the MGCLS 1.28

GHz total flux density, using a power-law scaling and assuming a non-thermal spectral
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index of -0.8 (Condon, 1992).

2.3.3 Star formation activity as a function of clustercentric

distance

There are a number of ways to investigate the internal SF activity of a cluster and one
of the commonly used approaches is the measurement of the fraction of star-forming
galaxies (fsp). It is well known that clusters are hostile environments for star-forming
galaxies with their cores dominated by quiescent elliptical galaxies and their outskirts
dominated by spiral star-forming galaxies. This cluster population distribution leads
to a fsp—radius relation which has been observed in various cluster SF studies at
different wavelengths (Lewis et al., 2002; Gémez et al., 2003; Haines et al., 2015).

We measure the population trend for our MeerKAT-detected star-forming sample
and compare our results with a population trend of Spitzer/MIPS 24 ym IR-derived
results from a study of 30 clusters at 0.15 < z < 0.3 by Haines et al. (2015) in the
left panel of Figure 2.8. We only plot MGCLS sources with SFR greater than the
50 detection limit of SFR 50 = 2Mgyr~!, which matches the same detection limit
reached by the Haines et al. study. We define the fraction of star-forming galaxies as
fsr = Nucers/Noptir, where Nygers is the number of cluster members detected by
MeerKAT within 3.5Ry0 (429) and Nypur is the total number of star-forming cluster
members from DECaLS (2476) within the same field of view.

We observe a similar trend out to 2Ry for both the radio and IR-derived fgp
estimates. The fsr rises steadily from less than 0.1 to just over 0.2 by 2 Ry, consistent
within 1o with the radial trend observed by Haines et al. (2015) out to 2Rap. We
observe a significant decline in the fsp of the last three radial bins which could be
a result of decreased sensitivity in the MGCLS observations due to the MeerKAT
primary beam. The Haines et al. (2015) study investigated the difference between
the fsr of cluster galaxies and coeval field galaxies. They observed that field galaxies
have a higher fsp than cluster galaxies, noting an fsp of & 0.23 at 2Ry in cluster

galaxies and ~ 0.33 in field galaxies. They extrapolate that the cluster fsg and field

o8



DEC (J2000)

-13°25!

-

=
~

-

30'

35'

40'

45' ]

,,,,,,,,

23“10' 05' CO' 22“55' 50'..
RA (J2000)

Figure 2.7: The Legacy Survey DR9 image of the A209 field. The green circles show
the MeerKAT-detected star-forming galaxies and the red circles show the MeerKAT-
detected galaxies identified as AGN. The dashed circle encloses galaxies within the
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Figure 2.8: Left panel: The fraction (fsp) of star-forming cluster members in A209
detected by MeerKAT (blue diamonds) as a function of projected radial distance from
the cluster centre in units of Rago (2.15Mpc). The red circles show the fraction of
star-forming galaxies from Haines et al. (2015) for 30 clusters observed in IR. Error
bars show 1o uncertainties. Right panel: SFR versus projected radial distance for
A209 cluster members detected by MeerKAT. The red triangles indicate the median
SFR plotted in radial bins. The grey dashed line is the SFR at the MGCLS 5o
sensitivity limit. All error bars show the 1o uncertainty.

fsr values intersect at ~ 4.5Ryq, suggesting that the quenching of cluster galaxies
must begin long before a galaxy enters the cluster environment. This means that
galaxies are pre-processed in lower-density environments such as galaxy groups prior
to entering cluster environments.

We also investigate the relation of SFR as a function of clustercentric radius for the
A209 star-forming galaxies shown in the right panel of Figure 2.8. The red triangles
show the median SFR plotted in radial bins and show no obvious dependence of
SFR with radial distance from the cluster centre. This is consistent with the SF
quenching process taking place over longer periods than the infall time, i.e., galaxies
that are forming stars are not immediately quenched upon encountering the cluster

environment.
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2.4 Summary

We have introduced the parent data samples required to conduct the study of SF
activity in clusters. These comprise of MeerKAT observations, providing us with
radio luminosities, DECaLLS DRS8 observations which are used to generate photo-zs
for galaxies, and the ACT DR5, providing us with cluster masses that we use to
estimate the Ragg of a cluster.

We also create and describe zField, a template-fitting algorithm that exists within
zCluster, made to estimate photo-zs for galaxies at any point in the sky. We note an
increased scatter in photo-zs at z < 0.15 caused by the lack of u-band magnitudes in
DECaLS, leading to poor estimates of the photo-zs at lower redshifts. We also note
a bias towards spec-zs at redshifts z > 0.5. Due to the aforementioned observations,
we limit the redshift of our cluster studies with zField photo-zs to z > 0.15 and
z < 0.5.

We then present a case study for A209, which allowed us to craft a methodology
to study the SF activity in MGCLS clusters. With a defined cluster membership
criteria, we identify members for Abell 209 and obtain a result consistent with the
Haines et al. (2015) fsp gradient out to 2Rag9. Due to MeerKAT’s loss of sensitivity
outside the primary beam, the binned fsp falls off beyond 2Ryqy, which we set as a
limit to map the fsr gradient for the larger sample studies. We now turn our attention

to studying the larger MGCLS sample in the following chapter.
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Chapter 3

Star formation in massive cluster
at 0.15 < z < 0.35 using the
MeerKAT Galaxy Clusters Legacy

Survey

This chapter presents a statistical study of SF activity in 20 clusters using radio
observations from the first data release of the MeerKAT Galaxy Cluster Legacy Survey
(MGCLS DR1; Knowles et al., 2022). We investigate the SF activity of clusters with
respect to their the dynamical state. We compare our results to previous studies of
multiple clusters carried out using FIR as a tracer for SFR.

This study has been published in the journal Monthly Notices of the Royal As-
tronomical Society (Kesebonye et al., 2023) and has been adapted to the formatting

requirements of this thesis.

3.1 Cluster sample

As discussed in Section 2.1, the MGCLS catalogue is made up of a heterogeneous
sample of 115 clusters with no general selection criteria guided by cluster mass or

redshift. MGCLS comprises two subsamples grouped as “radio-selected” and “X-
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ray-selected” with each subsample contributing 41 and 74 clusters respectively. The
MGCLS radio-selected subsample was picked to be biased towards high-mass clus-
ters with extended radio emission. The X-ray-selected subsample was guided by the
Meta-Catalogue of X-ray-detected Clusters (MCXC; Piffaretti et al., 2011), which
is a heterogeneous compilation of X-ray-selected clusters with no direct prior biases
towards or against clusters with extended radio emission.

Of the total 115 MGCLS clusters, 66 had optical counterparts with complete
coverage in DECaLLS DR8 and 38 of the 66 clusters have cluster masses from the
ACT DRb5 catalogue. The MGCLS fields are given an image data quality rank ranging
from 0 to 3. The data quality from 0 to 1 is classified as a good to moderate dynamic
range whereas 2 to 3 is classified as a poor dynamic range with ripples and/or source
artefacts on the image. For this study, we only work with fields that are ranked 0
and 1 to ensure that our data has the least amount of contamination.

The selection of the clusters from the parent MGCLS sample was guided by the
availability of cluster photometric data in the eighth data release of the Dark Energy
Camera Legacy Survey (DECaLS DRS; Dey et al., 2019) as well as the availability
of cluster masses (Masgg) from the latest cluster release from the Atacama Cosmology
Telescope (ACT DRS5; Hilton et al., 2021). The ACT DR5 catalogue has a homo-
geneous selection of clusters with consistently derived mass estimates and contains
4195 optically confirmed Sunyaev-Zel’dovich (SZ) galaxy clusters with redshift mea-
surements. The ACT DR5 catalogue provides a set of mass estimates that have
been re-scaled according to a richness-based weak-lensing mass calibration through a
technique described in Hilton et al. (2018).

The DECaLS DRS8 photometric data is complete for WISE (3.4 yum) W1 band
apparent magnitude (mag) mg4 < 19.7. This corresponds to an absolute mag limit
M3 4 = —20.8, K-corrected to our sample median redshift (z = 0.25). We are sensitive
down to a limit of ~ MJ%+1.5, using m* (18.2) of the IR-selected cluster sample
luminosity function best-fit from the Spitzer Infrared Array Camera (IRAC) 3.6 pm-
band (Mancone et al., 2010). M* is scaled down by 0.08 mag to correct for the
colour difference between W1 (3.4 um) and Spitzer IRAC channel one (3.6 um). The
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IR luminosity function is a good tracer of the stellar mass function since the 3.6 um
photometry probes the peak of the stellar light.

The cluster sample selection was also limited to clusters with z > 0.15 due to the
large scatter observed in photo-z estimates at z < 0.15, making them unreliable (see
Section 2.2.1 and Figure 2.4). We also excluded clusters with z > 0.5 due to the
observed bias on the photo-zs. After identifying all the clusters that satisfy our set
conditions, we were left with 20 clusters in the redshift of 0.15 < z < 0.35. Our final
sample has ten clusters from the radio-selected subsample, nine of which are hosts
of extended diffuse emission in the form of a radio halo and/or relic and one cluster
with no extended diffuse emission. The other ten clusters in our final sample are from
the X-ray-selected subsample with five hosting extended diffuse emission in the form
of a radio halo and/or relic, one hosting extended diffuse emission in the form of a
mini-halo and 4 with no extended diffuse emission. The cluster sample properties are
listed in Table 3.1. Figure 3.1 shows the mass and redshift distribution of our final
cluster sample.

In total, 14/20 clusters in our sample host large-scale extended diffuse emission
(haloes and relics) linked to ongoing merger activity. The presence or lack of large-
scale extended diffuse emission has been linked to the dynamical state of the cluster by
Cassano et al. (e.g., 2010, where the large scale sources re linked to merger activity).
The six clusters with no large-scale extended diffuse emission are assumed to be
relatively dynamically relaxed or undergoing minor mergers and likely to be less
disturbed in contrast to the 14 clusters hosting haloes and relics. We conducted a
visual inspection on the dynamical state of 4 of the 6 non-halo/relic-hosting clusters in
our sample using archival X-ray imaging from Chandra and XMM Newton surveys.
The X-ray images indicate that the clusters are likely to be dynamically relaxed.
Lovisari et al. (2017) classified the dynamical state of some of the clusters that overlap
with our sample as either ‘disturbed’, ‘relaxed’, or ‘mixed’, using criteria based on
seven parameters. Clusters J0449.9-4440 and J0525.8-4715 are classified as relaxed
systems while J0510.2-4519 (hosting a mini-halo) is noted as a mixed system by the

Lovisari et al. (2017) classification criteria. They point out that the classification of
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M (2) ®3) (4) (5) (6) M (8) ) (10)

Cluster RA DEC z RMS Moo Rago fsF YSFR State

(kI b1 (101 M,) (Mpo) Myr-!
Abell 209 22970833 -13.609444 0.206 3.6 11.1%37 2.0 0.228  322.39 & 39.18 halo (disturbed)
Abell 2744 3.578333  -30.383333 0.307 2.9 19.2%42 2.3 0.059 163.38 £ 34.65 halo, relic (disturbed)
Abell 2813 10.851667 -20.621389 0.292 3.4 15.05:3 2.1 0.060 210.66 & 35.99 halot (disturbed)
Abell 2895 19.546250 -26.973056 0.228 3.0 11.0%3$ 2.0  0.188 208.57=+26.35 phoenix* (disturbed)
Abell 521 73.537917 -10.238611 0.248 3.4 9.6433 1.9  0.110 346.76 £43.02 halo, relic (disturbed)
Abell 51063 342.181250 -44.528889 0.348 2.6 28.1181 2.6 0.163 497.71 £ 84.99 halo (disturbed)
Abell 5295 41.399167  -53.038056 0.300 2.3 15.6%34 2.2 0.092 302.60 £ 45.66 halo (disturbed)
J0051.1-4833 12.796667 -48.559722 0.187 2.6 4.9+ 1.5  0.107 70.10 £4.61 relaxed
J0217.2-5244 34.302500 -52.746944 0.343 2.8 4.9+12 14 0105 16251+33.37  relict (disturbed)
J0225.9-4154 36.477500 -41.909722 0.220 2.7 48712 15 0135 786241175  halo (disturbed)
J0232.2-4420 38.070000  -44.347500 0.284 2.6 18.1+49 2.3 0.171 310.24 +48.73 halo (disturbed)
J0336.3-4037 54.077917  -40.622222 0.172 3.5 10.9737 2.0 0.087 124.05 £8.43 relaxed
J0449.9-4440 72.480000 -44.678056 0.150 2.6 6.1517 1.7 0.060  71.934+2.82 relaxed
J0510.2-4519 77.557500 -45.321111 0.200 3.0 8.1439 1.8 0.086 121.30£7.72  relaxed, mini-halof
J0516.6-5430 79.158333  -54.514167 0.295 3.1 9.0+39 1.8 0.089 182.61 £27.51 halo,relic (disturbed)
J0525.8-4715 81.465000 -47.250556 0.191 3.0 9.9+31 1.9  0.107 161.26 £19.17 relaxed
J2023.4-5535 305.850000 -55.591700 0.232 2.7 13.9732 2.1 0.171 248.19 £35.75 halo, relic (disturbed)
MACS J0257.6-2209  44.422083 -22.153880 0.322 3.2 11.8+24 20 0071 237.35+37.80  relict (disturbed)
RXC J0528.9-3927 82.234583  -39.462778 0.284 2.6 13.1739 2.1 0.137  267.02 + 39.92 halo (disturbed)
RXC J0543.4-4430 85.851667 -44.505278 0.164 3.6 4.2413 1.5  0.109 96.79+9.41 relaxed

Table 3.1: The cluster sample. Columns: (1) Name of the cluster; (2,3) MeerKAT
pointing coordinates: J2000 Right Ascension and Declination in degrees; (4) Cluster
redshift; (5) MeerKAT image sigma-clipped standard deviation in micro-Jy per beam;
(6) Cluster mass in 10"Mg; (7) Cluster Rggo in Mpc; (8) The fraction of all star
forming galaxies within Ragy (see Section 3.4.1); (9) Total SFR for galaxies within
Rono (see Section 3.4.2); (10) The dynamical state of a cluster. The clusters with
newly detected extended radio emission in the MGCLS are marked as candidates
based on their morphology are indicated by *.

the mixed systems may be subjective and that a cluster falling under this category
depends on the parameters chosen to optimize completeness and purity.

Given the high masses of clusters in our sample, the clusters without large-scale
extended emission are likely to be relaxed systems or have only minor mergers and

can be considered to be less disturbed environments for star-forming galaxies.
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Figure 3.1: The mass (Masgo) and redshift distribution of the cluster sample used in
this work. We use only the SZ-selected ACT DR5 clusters (Hilton et al., 2021) to
ensure a homogeneous set of cluster mass estimates. The black markers show clusters
with merger-linked extended radio emission and the orange markers show relaxed
clusters with no extended diffuse emission and non-merger-linked extended diffuse
emission. Each symbol represents the type of extended radio emission a cluster hosts
as per the MGCLS DR1 survey paper (Knowles et al., 2022).
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3.2 Identifying cluster members

The most unequivocal way to select cluster members is by use of reliable spec-zs.
However, extensive spec-z catalogues covering all our cluster sample are not available.
For this study, we rely solely on photo-zs to achieve a homogeneous dataset. In
Section 2.2.1, we discuss the process for deducing the photo-z using zCluster and
their accuracy.

Instead of relying on individual photo-zs from galaxies, our membership selection
process uses the redshift probability distribution P(z) provided by zCluster. We
follow a method developed by Pellé et al. (2009) to identify cluster members. This
method builds-on a technique by Brunner and Lubin (2000), which calculates the
probability (Ppember) Of being a member galaxy at a redshift range centred at the
cluster redshift (z), with a width (6z) that depends on the accuracy of the photo-zs
(see Section 2.2.1),

Z1+6z
Pronber = / P(2) d=. (3.1)

=02z

For our case, 6z = nopy (1 + za), where n is the number of oy, to be used in the
integration of P(z) and the oy, is the the scatter in the redshift residual derived from
the biweight scale (Beers et al., 1990). This approach works well for this study as we
mainly focus on the integrated properties of the cluster galaxy population (i.e., total
cluster SFR or fraction of star-forming galaxies), rather than the properties of individ-
ual galaxies. We use the three clusters in our sample with available extensive spec-zs
in the literature (A209, A2744, AS1063) to calibrate cluster membership selection for
the rest of the sample. We classify galaxies with spec-zs as members that satisfy the
condition |ze — Zspee| < 30a(1 + za), where oy is the cluster velocity dispersion. The
Abell 209 spec-zs were obtained from the Cluster Lensing And Supernova survey with
Hubble (CLASH-VLT; Annunziatella et al., 2016) and the Arizona Cluster Redshift
Survey (ACReS; described in Haines et al., 2015), see also Section 2.3.2. The spec-zs
for Abell 2744 are from the Multi Unit Spectroscopic Explorer (MUSE; Mahler et al.,
2018) and Anglo-Australian Telescope (AAT; Owers et al., 2011) catalogues. The
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(1) (2) (3) 4 G (6

Cluster za  No. of spec-zs oy, C (%) F (%)
Abell 209 0.206 2377 (753) 0.10 81 15
Abell 2744  0.307 971 (463) 0.06 81 13
Abell S1063 0.348 1626 (751) 0.08 84 25

Table 3.2: Quantities derived from the three clusters in our sample with spec-zs: (1)
Cluster name; (2) cluster redshift; (3) the total number of matched spectroscopic
galaxies within Rypp. The number of spec-z galaxies within |z — zspec| < 30a(1 + 241)
is shown in brackets; (4) the scatter in the redshift residual derived from the biweight
estimator; (5) spec-zs completeness level; (6) fraction of spec-z field galaxies.

Abell S1063 spec-zs were obtained from the CLASH-VLT catalogue (Mercurio et al.,
2021).

From the stacked catalogue from the three clusters with spec-zs, we get oy, = 0.08
from the redshift residuals, Az/(1 + z5). The spectroscopic completeness level C' =
82% and the field contamination F' = 17% using n = 2 and Pyemper > 0.5. The n and
Prember values were chosen to maximise C' and minimise F' while selecting galaxies
that are likely to be members using redshift probability distribution functions. The
spectroscopic completeness level describes the number of confirmed spec-z members
correctly identified as members by the photo-zs selection criteria. The field contami-
nation shows the percentage level of spec-zs that are non-members/field galaxies but
selected by the photo-zs membership criteria.

The oy, from the stacked catalogue is higher than the one estimated with the
SDSS spec-zs mentioned in section 2.2.1. We adopt the larger value as a more con-
servative estimate of the cluster member photometric redshift accuracy. Table 3.2
shows the C' and F' percentage levels reached for each cluster. We use the same selec-
tion parameters to identify members using only photo-zs for all 20 clusters, assuming
a C > 80% and F' < 20% for our full sample. We further attempt to mitigate the
field contamination in two ways: (1) we check the effect of using a higher Pemper
on our results, and (2) we use Ppemper as a weight for each galaxy when investigat-

ing integrated cluster properties. We find that increasing the Ppemper threshold has
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minimal effect on our overall conclusions while reducing the completeness level in the
spectroscopic sample and with little change in the field contamination level.

We obtain a total of 14,419 galaxies out to 2Rsqy for the W1 complete DECaL.S
DRS8 membership sample for the 20 clusters. This gave us a sample of 3054 cluster
member galaxies observed by MeerKAT. The MeerKAT-detected member galaxies
sample is complete above a 5oryg detection limit of SFR = 1.9 M yr~! in our most

distant cluster (z = 0.35).

3.3 AGN removal

Galaxies hosting active galactic nuclei (AGN) pose a significant challenge when us-
ing radio observations to estimate SFR in galaxies. Previous studies (e.g., Sadler
et al., 2002; Condon et al., 2002; Mauch and Sadler, 2007) have shown that radio-
AGN may contribute up to 50% of the radio luminosities in the local Universe at
luminosities just below Ljaqu, ~ 102 WHz™!, and that at luminosities over 10?3
W Hz! AGN dominate the population over star-forming galaxies. It is therefore es-
sential for us to remove AGN-hosting galaxies from our dataset to achieve an unbiased
star-forming sample. To identify X-ray AGN, we cross-matched our member galax-
ies sample with the Chandra serendipitous source catalogue (CSC 2.0; Evans et al.,
2019) and the fourth XMM-Newton serendipitous source catalogue (4XMM-DR11;
Webb et al., 2020). X-ray sources above the rest-frame (2-10 keV) X-ray luminos-
ity, Lx > 10*2ergs™! are expected to be AGN, whereas those below this limit are
expected to be powered by star formation. We used the cross-matching radius of 4”
for both X-ray catalogues, yielding 65 and 54 sources respectively. There are four
clusters in our sample with no coverage or matches within the X-ray catalogues. Of
the 119 galaxies with X-ray cross-matches, we remove 94 galaxies that are above the
X-ray AGN luminosity cut.

To determine additional AGN, we adopt the ‘R90" WISE IR-selection criteria by
Assef et al. (2018) (see also Stern et al., 2012; Assef et al., 2013) for AGN classification.
This uses only the WISE W1 and W2 bands to identify AGN based on their W1-W2
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colour, compared to a threshold that depends on the W2 band mag (see equation 4
of Assef et al., 2018, which identifies AGNs with 90% reliability). With this AGN
separation method, we removed 28 sources classified as AGN-hosting galaxies from
our sample.

Finally, to reduce contamination from radio-loud AGN, we apply a radio luminos-
ity cut on our sample for galaxies with L 4qn, > 102 W Hz ™! (Condon et al., 2002).
This cut removes 80 galaxies, some of which may be star-forming, but a relatively
small number (< 3%) of the total sample. Only 30 galaxies with the luminosity above
the radio-loud AGN cut are within our total sample Rygg. Figure 3.2 shows Legacy
Surveys DR9 (Schlegel et al., 2021) images of the 30 radio-loud galaxies within Rag
of our cluster sample to visually confirm AGN status. Most of the galaxies show evi-
dence of early-type morphology and are likely to be AGN hosts and not star-forming.
A handful of galaxies show disky morphology with observed dust lines visible across
their images. We observe three galaxies within the radio-loud sample with ambigu-
ous morphology. These are MKTCS J024536.66-525542.0 and MKTCS J224833.25-
443538.0, which shows the structure that is consistent with quasar morphology and
the MKTCS J051033.09-451647.8, which appears to be two galaxies colliding with
two noticeable bulges and disturbed spiral arms. It is also worth noting that low lu-
minosity radio-loud AGN may be left out by the radio luminosity cut and we assume
that their number does not significantly affect our results.

After removing 203 galaxies identified as AGN hosts through the methods de-
scribed above, we obtain a total sample of 2851 MeerKAT-detected galaxies out to
2Rs00, which we assume to be powered by star formation in the sections that follow.
After removing 436 X-ray and WISE AGN from the photometric DECaLLS DRS se-
lected members sample, we obtain 13,983 star-forming galaxies. Appendix A shows
the Legacy Surveys DR9 (Schlegel et al., 2021) optical images of all the 20 clusters
overlayed with green markers at the positions of the galaxies classified as members

and radio-loud AGN.
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Figure 3.2: Thumbnail images of galaxies with L1 4gu, > 102> WHz ', The images

were produced from the Legacy Surveys DR9 (Schlegel et al., 2021) archive.
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3.4 Star formation rates and results

To estimate the star formation rates for our cluster member galaxies identified as star-
forming, we use the Bell relation showed in Equation 2.2. With a sample of galaxies
with SFR estimates, we now focus our attention on investigating the SF activity of

clusters with respect to the environment in the sections that follow.

3.4.1 Fraction of star-forming galaxies

Previous studies have shown that SF activity is suppressed with decreasing distance
from the cluster centre (Balogh et al., 1998; Lewis et al., 2002; Haines et al., 2015).
We study the population distribution of our radio-derived SFR for the 20 clusters
with respect to their clustercentric radius in units of Ryyy. We define the fraction
of star-forming galaxies as fsp = Nsp/Niot, Wwhere Ngp is the number of galaxies
classified as star-forming cluster members and Ny is the total number of cluster
members. Figure 3.3 shows the fsp for MeerKAT-detected sources in radial bins
compared with fsp results from Haines et al. (2015), obtained from infrared-derived
SFR using Spitzer /MIPS 24pm observations for 30 clusters at 0.15 < z < 0.30 and
a 5o detection limit of 2Mgyr~!. The Haines et al. (2015) study calculates SFR
using the Kroupa (2002) IMF, which yields results that are nearly identical to the
Chabrier (2003) IMF. The fraction of star-forming galaxies from radio observations
falls within 1o of the fsr of Haines et al. (2015) well out to &~ 1.7 Ry and falls within
3o difference at ~ 1.9Ryp. The Haines et al. (2015) cluster sample is comprised of
uniformly selected clusters with no significant bias towards either merger or relaxed
clusters. They notice that even at large radii, 2Rsg0, the fsp of clusters (= 0.23)
remained well below that of field galaxies (fsp = 0.33 £ 0.01). They conclude that
this is not due to cluster galaxies having higher stellar masses than field galaxies,
as it is known for fgp to decrease with increasing stellar mass (e.g., Haines et al.,
2007). They suggest that fsp being low out to large clustercentric radii may be due
to the star-forming galaxies being pre-processed in lower-density environments such

as galaxy groups before they enter cluster environments.
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Figure 3.3: The fraction of star-forming galaxies, fsr as a function of projected radial

distance, in units of Rsy from the cluster centre.

We only plot MGCLS cluster

members with SFR greater than the 50 detection limit of SFR = 2 Mgyr~! for
comparison with IR-derived results from Haines et al. (2015) using Spitzer /MIPS
24 ym fluxes down to the same SFR limit. The red squares indicate fsp values for
MeerKAT-detected cluster members in 20 clusters at 0.15 < z < 0.35 and their 1o
uncertainties. The black triangles show the fsg values by Haines et al. (2015) in 30
clusters at 0.15 < z < 0.30 with binomial statistics derived uncertainties.
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We estimate a 23% higher SF activity in clusters with radio haloes and/or relics
within Rogg and 34% out to 2Rp. We note that our dynamical state subsamples
are unevenly distributed across the full sample redshift range as shown in Figure
3.1. The relaxed clusters fall within the lower redshift bin while unrelaxed/merging
clusters are all above z = 0.2. The fsp in clusters has been shown to increase with
redshift, forming a relation known as the Butcher and Oemler (1978, hereafter BO)
effect. The BO effect is the increase in the fraction of blue galaxies in clusters with
redshift. Since our study uses fsp to compare SF activity between subsamples, we
expect some fraction of the differences in the overall cluster fsp to be due to the BO
effect. However, as suggested by this investigation as well as previous studies that
have investigated SF activity in clusters, the dynamical state of a cluster plays an
influential role in its SF activity (Cohen et al., 2014; Cohen et al., 2015; Yoon and
Im, 2020; Stroe and Sobral, 2021). Observing a homogeneous sample (not subject
to MGCLS heterogeneous nature) will allow us to confirm this result and rule out
whether or not the BO effect affected our results and by how much.

Figure 3.4 shows the fsp of the MeerKAT cluster sample split by whether they have
radio haloes/relics. Our sample has 14 clusters with extended diffuse emission in the
form of radio haloes and relics (found in merging clusters) and their fsr trend is shown
in blue stars. The fgr trend for the 6 relaxed clusters without radio haloes/relics is
shown in green circles. The relaxed clusters have a shallower decline from 1.9R5y to
the centre in contrast to the steeper decline noticed in the merging clusters. Recent
studies (Cohen et al., 2014; Cohen et al., 2015; Yoon and Im, 2020) estimate that
the fraction of star-forming galaxies is 20 — 30% higher in merging clusters than in
relaxed clusters. The median fsp for clusters with merger activity (0.148 + 0.016)
in our sample is ~ 23% higher than the relaxed clusters (0.120 4+ 0.011) for all star-
forming galaxies within Rapg. The difference rises to ~ 34% for all star-forming
galaxies within 2Ry between merging clusters (0.225 £ 0.019) and relaxed clusters
(0.168 £ 0.012). The 1o errorbars are calculated using bootstrap resampling of the
SF galaxies in the clusters.

Results from our study are consistent with observations made by previous studies
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that looked at the effect of cluster dynamical state on SF activity. Cohen et al. (2014)
studied 107 clusters at 0.04 < z < 0.1 using the Sloan Digital Sky Survey (SDSS)
and uses substructure within clusters to identify clusters with multiple substructure
components (mergers) from single component clusters (relaxed). They found merging
clusters to have ~ 30% more SF activity than relaxed clusters. Yoon and Im (2020)
estimates up to ~ 24% more SF activity within Rygy in multiple component clusters
compared to single component clusters from their study of 105 clusters at 0.015 <
z < 0.060 using SDSS. The enhanced SF activity in merging clusters has also been
observed by Stroe and Sobral (2021) from their study of Ha emitters in 14 clusters at
0.15 < z < 0.31. Various processes have been suggested to occur from cluster mergers
that lead to the enhanced SF activity that is observed in merging clusters. Bekki et al.
(2010) used numerical simulations to show that compressed cold gas from the rising
external pressure of ICM during mergers could explain the SF activity enhancement
in merging clusters. Stroe et al. (2017) suggests that the observed enhanced SF
activity in merging clusters may be caused by shock waves in the ICM resulting from
merging clusters or galaxy groups as well as the accretion of filaments. They studied
the difference between merging and relaxed clusters using Ha luminosity functions
of 19 clusters at 0.15 < z < 0.31, and found that merging systems have a higher
characteristic density compared to relaxed systems.

In contrast to the results of these low-redshift studies, Mansheim et al. (2017)
observed that SF activity may be suppressed in merging clusters from the study
of an individual cluster system at high redshift (z ~ 1.105). More recently, Maier
et al. (2022) observed higher SF activity in clusters with an actively star-forming
BCG (indicative of a relaxed cool-core cluster) than in clusters with passive BCGs
(indicative of a non-relaxed cool-core cluster) using a study of 18 clusters at 0.15 <
z < 0.26 from the Local Cluster Substructure Survey (LoCuSS). The Chung et al.
(2010) study of the merging Bullet cluster argues that, depending on the cluster,
mergers may not be the driver for the enhanced SF activity but could be a result of
the infalling galaxy population. Wittman (2019) suggests that claims made by various

studies that cluster mergers suppress, enhance or have no effect on SF activity may not
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Figure 3.4: Left panel: The comparison of fsr trends between clusters hosting radio
haloes/relics (blue star markers) and relaxed clusters (green circles). Right panel:
The fsp trends of clusters split by median cluster mass (1.09 x 10'® M) and by
cluster dynamical state. The clusters above the median mass are shown by blue star
markers and the clusters below the median mass are shown in green circles (those
hosting relics and haloes) and brown diamond markers (relaxed systems).
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be conflicting but can be explained by how much time has passed since the pericenter
passage (the age of the merger), the relative velocity at the first pericenter, and the

viewing angle.

3.4.2 Total star formation rate and cluster mass relation

To investigate how our cluster sample SFR relates with cluster mass, we summed
the SFR for member galaxies within Ry and plotted them against cluster masses as
shown in Figure 3.5. The clusters that have been identified to have merger-related
extended radio emission are plotted in black markers and relaxed clusters are plotted
in orange markers. Figure 3.5 shows that the total SFR (XSFR) correlates not only
with cluster mass but is also dependent upon the dynamical state of the cluster. This
result is consistent with recent claims that mergers enhance SF activity in clusters
at low redshifts (e.g., Cassano et al., 2013; Cohen et al., 2014; Stroe and Sobral,
2021). We observe a marginal difference (within 30) between median values for mass
normalised total SFR in relaxed clusters (21.5 + 1.9 Mgyr—!/10'M,) and clusters
with merger activity (26.1 + 1.6 Mgyr—'/10"*M). The errors on the median values
were estimated from bootstrap resampling.

We observe a linear correlation between ¥SFR and cluster mass (Msg), consistent
with results from previous studies (e.g., Goto, 2004; Popesso et al., 2006). This corre-
lation has been described as a richness effect, XSFR oc Nga1, where Ng,; is the number
of galaxies in a cluster. The number of galaxies in a cluster scales with cluster mass in
that the higher the mass, the higher the number of star-forming galaxies. Figure 3.5
shows the linear correlation of XSFR and Mygy. We also observe the contribution of
cluster dynamical state to the ¥SFR, something that was not considered by previous
studies. The contribution of cluster dynamical state is particularly evident along clus-
ters with mass estimates within 1o of each other but with different relaxation states.
This difference is noticeable in clusters within the mass range 0.8 — 1.2 x 10'° M.
There are eight clusters that fall within this range and we observe that the median
YSFR for relaxed clusters (172.3412.1 Mgyr—1) is & 0.5 lower than the one for clus-
ters with radio haloes and/or relics (309.2 £ 42.9 Myyr—!).The errors on the median
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values were estimated from bootstrap resampling.

As described in Section 2.1, the MGCLS catalogue is a heterogeneous sample
composed of two non-uniformly selected subsamples. One from the radio-selected
subsample (biased towards massive clusters with extended diffuse emission) and the
other from the X-ray-selected subsample with no prior biases towards or against clus-
ters with extended diffuse emission but selected with no redshift or X-ray luminosity
criteria followed. Our cluster sample is biased towards clusters with extended ra-
dio emission, albeit equally split between clusters from each MGCLS subsample. To
check our results, we look at clusters from the X-ray-selected subsample by splitting
clusters in our sample by their MGCLS subsamples and re-plotting Figure 3.5.

Figure 3.6 shows the plot of XSFR versus My for clusters in our sample separated
into each respective subsample. The left panel shows the plot of the clusters from the
radio-selected subsample and the right panel shows the plot of the clusters from the X-
ray-selected subsample. Although clusters from the X-ray-selected sample are limited
in quantity, a correlation between XSFR and My is observed in the right panel of
Figure 3.6. Results from the X-ray-selected clusters are consistent with merging
clusters having higher SF activity than relaxed clusters. Due to the limitation of a
small cluster sample, future observations of a larger sample will be required to confirm
these results.

We observe one halo-hosting cluster, J0225.9-4154 (J0225 hereafter), that has a
YSFR profile of relaxed clusters at its mass on the X-ray subsample. Dynamical state
studies of J0225 reveal that it is an interesting binary cluster system of two merging
clusters (A3017 and A3016) connected by an X-ray filament (see Foéx et al., 2017b;
Parekh et al., 2017; Chon et al., 2019, for detailed reviews of the on-going merger).
Dynamical studies show that J0225 is a face-on merger at its early stage with multiple
substructures within its virial radius. The dynamical mass estimate (Mag) for J0225
according to Foéx et al. (2017b) is 18.6725 x 10 M, but after accounting for the
substructure in the line of sight they obtain an estimate of 8.4%{% x 10! M. Their
estimate is in good agreement with the mass estimate from the Planck Sunyaev-

Zeldovich sources catalogue (PSZ2, Planck Collaboration et al., 2016) re-scaled to
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Figure 3.5: Total SFR in MGCLS clusters plotted against their cluster masses. Clus-
ters with extended radio emission linked to merger activity are plotted in black mark-
ers (Clusters hosting only haloes are plotted in dots, those hosting haloes and relics
are in upward-facing triangles and the ones with only relics and a phoenix are in
diamonds and squares respectively). Relaxed clusters are plotted in orange mark-
ers (relaxed clusters with no diffuse emission are shown in star markers and the
mini-halo is indicated by a downward-facing triangle). The error bars indicate lo
uncertainties. The median values for relaxed and merging clusters are shown by the
X-shaped markers with bootstrapped resampled errorbars. The blue line shows the

least-squares line of best fit derived from the full cluster sample between the mass
limits 4.19 < Mago(10%M,,) < 28.13
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Figure 3.6: XSFR — Mg relation for clusters from the MGCLS radio-selected (left)
and the X-ray-selected (right) subsamples. The open symbol shows the XSFR — Msgg
for cluster J0225.9-4154 (J0225) at the Planck SZ mass estimate from the Planck
Sunyaev-Zeldovich sources catalogue (PSZ2, Planck Collaboration et al., 2016). The

dashed blue line shows the difference between the XSFR — My from the ACT DR5
mass estimate and the PSZ2 mass estimate.

Mg, 8.9+ 0.4 x 10 M. The Foéx et al. (2017b) and the PSZ2 mass estimate for
J0225 are approximately double the ACT DR5 mass estimate (4.871:2 x 10! M) but
fall within 30 of each other. The right panel of Figure 3.6 includes the data point for
YSFR at the PSZ2 mass estimate for J0225 and shows the difference in XSFR between
the two mass estimates of the cluster. The XSFR from the PSZ2 mass estimate is
higher by a factor of 1.6 and has Rygg at 1.9 Mpc, 1.3x higher than Ry from the
ACT DR5 mass estimate. The extraordinary nature of J0225 raises the need for a
multi-wavelength analysis to get a clear picture of its properties.

Figure 3.7 shows the fsp profiles of our clusters broken down by their subsample.
The radio-selected subsample comprises 9 merger-linked extended diffuse emission
clusters and one relaxed cluster in the redshift range 0.15 < z < 0.35. The X-ray-
selected clusters subsample is evenly distributed between 5 merger-linked extended

diffuse emission clusters and 5 relaxed clusters also in the redshift range of 0.15 <
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Figure 3.7: The fraction of star-forming galaxies including trends for clusters split
by their MGCLS subsamples. The fsp trend for clusters from the radio-selected
subsample is plotted in orange dots and the trend for clusters from the X-ray-selected
subsample is plotted in cyan dots.

z < 0.35. The radio-selected subsample has an fsp of 0.253 4+ 0.019 within 2Ry
while the X-ray-selected subsample is 0.241 + 0.012 out to the same radius. The 1o
errorbars are calculated using bootstrap resampling of the SF galaxies in the clusters.
The radio-selected fsr trend is slightly higher than that of the X-ray-selected sample
and the fsp values lie within 1 — 1.50 between the subsamples. The observed higher
fsr trend of the radio-selected subsample is likely due to the selection bias towards

massive merger-linked clusters with haloes and/or relics.
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3.4.3 Normalized total star formation rates and redshift re-

lation

A number of recent studies have examined the evolution of SF activity with redshift
in clusters by using the total SFR per cluster mass for clusters hosting luminous
infrared galaxies (LIRGs) (e.g., Popesso et al., 2012; Haines et al., 2013; Webb et al.,
2013). This is done by summing the SFR of individual galaxies that are confirmed to
be members within Ry for each cluster and normalising it by Mgy, 2(SFR)/Mago.
This approach enables the comparison of SF activity for clusters with different masses.
Although methods employed by the various studies to define cluster properties differ
from one another, including this one, they all consistently come to the conclusion of
a rapid decline in SF activity within clusters with decreasing redshift.

To understand the evolution of SF activity within our sample, we follow the analy-
sis of Popesso et al. (2012), hereafter Pol12, which studies the ¥(SFR) /My — redshift
relation for LIRGs in rich/massive clusters and groups/poor clusters at 0.1 < z < 1.6
using infrared luminosities from Herschel /PACS 100um and 160um. Following Pol2,
we summed up the SFR of all the MeerKAT galaxies with SFR values above the LIRG
luminosity limit corresponding to L 4qm, &~ 3.14 x 102 W Hz ™! or 10 Myyr~! in SFR
for each of the 20 clusters in our sample. All clusters in our sample contain at least
one LIRG within Rygy. Figure 3.8 shows a plot of X(SFR)/Mygy — redshift relation
for our sample including results from Pol2 scaled down by 1.74 from the Salpeter
IMF to Chabrier IMF. Figure 3.8 includes results from Haines et al. (2013), hereafter
Hal3, which also followed the Pol2 study of LIRGs at 0.15 < z < 0.3 using infrared
luminosities from Spitzer /MIPS 24um. It is worth noting that there are differences
in cluster mass estimation methods between our study and both the Pol2 and the
Hal3 studies. The Pol2 study uses dynamical mass estimates derived from optical
spectroscopy and the Hal3 study relies on X-ray-derived masses. This means that
for clusters that are common among the studies, the total SFR within Ryyy would be
estimated out to different radii, due to differences in the mass measurements between

the studies.
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Figure 3.8: The Evolution of ¥(SFR)/Magy - redshift relation among cluster LIRGs.
The blue diamonds indicate the total SFR normalised by the cluster mass for all
the cluster LIRGs within Rsgg for each MGCLS cluster as a function of redshift.
The purple triangles indicate the averaged values for the MGCLS clusters in four
redshift bins in steps of 0.5. There are six clusters at 0.15 < z < 0.20, six clusters at
0.20 < z < 0.25, six clusters at 0.25 < z < 0.30 and five clusters at 0.30 < z < 0.35.
We use bootstrap resampling in the X(SFR)/Mago scatter of clusters in each bin to
estimate 1o uncertainties. The Hal3 clusters are indicated by black rings and their
redshift binned average values are shown in green squares. Hal3 also included the
analysis of local clusters at 0.02 < z < 0.05 shown by the green triangle. The black
and magenta squares are from the Pol2 clusters and groups respectively which are
made up of composite systems from GOODS, COSMOS and individual systems. The
black star indicates the merging Bullet cluster also from Pol12. The black curve shows
the best fit X(SFR)/Mago relation for the Pol2 cluster sample excluding the Bullet
cluster and the magenta curve shows the relation for the group/poor clusters sample.
The Pol2 clusters and groups best-fit lines were deduced from their study of clusters
and groups at 0.1 < z < 1.6. For our study, we plot the Pol2 best-fit lines at the
part that highlights our redshift slice.
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None of the clusters in our sample overlap with the Pol12 cluster sample and only
one cluster from our sample (Abell 209) appears in the Hal3 study. The X(SFR)/Mago
value for Abell 209 from Hal3 is ~ 7.1 Mgyr—!/10Mg. This is within 1.50 of our
estimated value for the same cluster, (10.99 £ 2.69) Mgyr—!/10"M,.

We estimate the overall evolutionary trend by dividing our cluster sample into four
redshift bins as indicated by the purple triangles in Figure 3.8. We observe a ~ 4x
decline in the level of SF activity per cluster mass in MeerKAT clusters in contrast
to the &~ 5x decline seen by Hal3 in green squares over the 0.15 < z < 0.3 redshift
slice. Just as observed in Hal3, we also see a decline in the number of cluster LIRGs
with redshift bins, reducing from 87 LIRGs in 5 cluster systems at 0.3 < z < 0.35 to
10 LIRGs in 5 systems at 0.15 < z < 0.20.

Figure 3.8 includes the ¥(SFR)/Mag of the Bullet cluster from Pol2 (indicated
by the black star), which is known to have an ongoing violent merger. The Bullet
cluster has a higher ¥(SFR)/Mag, consistent within errorbars with the clusters in our
sample, most of which host extended radio emission linked to merger activity. Even
with noted differences in our study and those from other authors, the evolutionary
trend for MGCLS clusters also indicate that there is a rapid decline in star formation
activity among cluster galaxies at lower redshifts, roughly consistent with observations

made by Pol2 and Hal3.

3.5 Summary

We have studied SF activity in cluster environments at low redshifts (0.15 < z <
0.35) using dust-unbiased radio continuum data from the MGCLS. This provides the
first-look at SFR in clusters using radio data from the MeerKAT telescope. The
investigation of SF activity in and around clusters is crucial in understanding how
galaxies evolve with time in high-density environments and how the dynamical state
of a cluster affects SF activity in galaxies. Below is the summary of our main results:

We measure a fsp population trend out to a similar limit at 2Ry with the Haines

et al. (2015) study, noting a 1-30 difference between the radio SFR and IR SFR
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data points which is likely due to the MGCLS selection bias towards merger-linked
clusters. Both the radio-derived and IR-derived fsy are lower than the Haines et al.
(2015) field galaxies fsp even at 2Rg00. This is consistent with the suggestion that
in-falling galaxies may be pre-processed in their prior environments such as galaxy
groups, before they enter cluster environments, which could explain the lower fsp
even at radii over 2Rsgg.

There is a difference in SF activity between clusters that host extended radio emis-
sion (relics and haloes) linked to cluster mergers and clusters that are non-halo/relic
hosting, likely to be dynamically relaxed or only minor mergers. We see the differ-
ences in the fsp as well as the XSFR between merging clusters and relaxed clusters.
merging clusters have a higher fraction of star-forming galaxies and consequently a
higher XSFR compared to relaxed clusters.

We find a rapid decline in the SF evolutionary trend among radio-selected galaxies
with SFR corresponding to those of cluster LIRGs in our sample. We observe a
~ 4x decline in ¥SFR /My from redshift of 0.35 till 0.15, corresponding to 2 Gyr in
lookback time. This observation is roughly consistent with IR-derived SFR studies
by Popesso et al. (2012) and Haines et al. (2013).
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Chapter 4

Star formation activity in MGCLS

clusters with haloes and relics

As discussed in the previous Chapters, galaxy clusters grow hierarchically through
merging with other clusters and sub-clusters/groups (see e.g., Sarazin, 2002, and
Section 1.3.2 of this thesis). Some merging clusters have been observed to host both
radio haloes and relics. Suggestions have been made about both the present radio
haloes and relics in merging clusters originating from the same formation mechanisms
(Feretti et al., 2012). Systems hosting radio haloes and relics are uncommon and only
about a dozen have been discovered so far (Feretti et al., 2012). Half a decade ago,
Bonafede et al. (2017) conducted a study to assess the period when haloes appear
during a merger using clusters with radio relics as a proxy for the time passed since
the merger started. They found that clusters without haloes fall either in the early
or later stages of the merger while halo and relic-hosting systems lie at a similar
evolutionary stage.

The aim of this chapter is to study a sample of clusters hosting radio haloes and
double relics to investigate how their SF activity relates to their environment. We
investigate the relation of the SF activity to the time that has passed since the merger
started using the distance of the relics from the cluster cores. We also investigate the
differences in the SF activity between galaxies close to or along the path of the

relic/shock wave and those away from the relic.
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4.1 Data sample and analysis

We select a subsample of radio haloes and relics-hosting clusters from the sample
that was constructed and described in Chapter 3 under Section 3.1. We identify four
clusters that host at least one previously detected relic by other instruments. The
relic-hosting clusters each have a radio halo, two double relics each (Abell 2744 and
J0516.6-5430) while the other two clusters also host one double relic, and contain one
candidate relic (J2023.4-5535 and Abell 521) each.

Below, we briefly discuss the properties of each cluster and list their MeerKAT
observed properties in Table 4.1. The properties of the radio relics are shown in Table
4.2. These include the integrated flux densities (provided by Kolokythas et al., in
preparation) and derived mean spectral indices for the radio relics obtained from the
spectral index maps that are in the MGCLS DR1 image cubes. The spectral index
maps were derived over the 908 —1656 MHz frequency range (see Knowles et al., 2022).
We compare the MeerKAT-derived spectral indices to those from the literature for

previously detected radio relics under each cluster discussion.

4.1.1 Cluster sample

The Abell 521 cluster has had extensive coverage at X-ray (e.g., Ferrari et al., 2006;
Bourdin et al., 2013; Yoon et al., 2020) and at radio wavelengths which reveal a radio
halo (=~ 1 Mpc) and a prominent relic (= 1.35 Mpc) South East of the cluster (see e.g.,
Ferrari et al., 2006; Giacintucci et al., 2008; Macario et al., 2013). Multiwavelength
observations show that Abell 521 is a highly disturbed system of at least three sub-
clusters undergoing a complex merger (Yoon et al., 2020). Knowles et al. (2022)
reported the detection of a new candidate relic (see Figure 4.1) in the North West
direction of the cluster which is smaller and fainter than the previously observed South
East relic. The Abell 521 relic pair has a configuration in the North-West South-East
direction and has been noted as a double relic system (Stuardi et al., 2022). The Abell
521 South East relic spectral index has been estimated to be —1.454-0.02 between the
153 MHz and 5 GHz frequency range (Macario et al., 2013). The MeerKAT-derived
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(1) (2) (3) (4) () © M (®) (9)
Cluster RA DEC V4 Afggo RQOO fSF ZSFR TX
(10* Mg)  (Mpc) (Mgyr™) (keV)

Abell 2744 3.578333  -30.383333 0.307  19.2*42 2.3 0.113 366.31 £68.29 854 0.3
Abell 521 73.537917 -10.238611 0.248 9.633 1.9  0.132 309.21 +45.54 594020
J0516.6-5430  79.158333  -54.514167 0.295 9.01%9 1.8 0.108 241.93+36.16 7.540.3
J2023.4-5535 305.850000 -55.591700 0.232  13.9732 2.1 0201 360.01 +£42.34 8.040.8

Table 4.1: Properties for relic-hosting clusters. Columns: (1) Name of the cluster;
(2,3) MeerKAT pointing coordinates: J2000 Right Ascension and Declination in de-
grees; (4) cluster redshift; (5) cluster mass in 10"Mg; (6) cluster Ry in Mpc; (7)
the fraction of all star-forming galaxies within Ragg (see Section 3.4.1); (8) total SFR
for galaxies within Rago (see Section 3.4.2); (9) the global X-ray temperature of the
cluster. References: [a] Mantz et al. (2010); [b] Ferrari et al. (2006); [c] Zhang et al.
(2006); [d] HyeongHan et al. (2020).

value (v = —1.48 + 0.15) is consistent with the estimate from Macario et al. (2013).

The J2023.4-5535 cluster’s radio halo and relic have been recently reported by
HyeongHan et al. (2020) through a multiwavelength study at optical, X-ray and
radio wavelengths. HyeongHan et al. (2020) reports a ~ 2 Mpc giant radio halo
and a =~ 0.5 Mpc radio relic West of the cluster from deep observations using the
Australian Square Kilometre Array Pathfinder - Evolutionary Map of the Universe
(ASKAP-EMU; Norris et al., 2011). MeerKAT observations also reveal the radio
halo and the prominent West relic. Although this was not reported on the MGCLS
first data release, MeerKAT also reveals what could be a very faint twin relic along
a chain of galaxies in the South East direction of the cluster (see Knowles et al.,
in preparation and Figure 4.1 for a visual). HyeongHan et al. (2020) estimates the
spectral index of —0.76 £ 0.06 for the West relic from a narrow bandwidth between
800 MHz and 1088 MHz. The MeerKAT-derived spectral index is —1.48 4+ 0.15, and
has a bo difference with the one estimated by HyeongHan et al. (2020) from the
narrowband.

Abell 2744 is one of the most studied clusters and has been extensively observed
at optical, X-ray, and radio wavelengths (e.g., Owers et al., 2011; Merten et al., 2011;
Pearce et al., 2017). Its dynamical state has been revealed to be highly disturbed
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by optical and X-ray observations (Owers et al., 2011; Merten et al., 2011), with
evidence of four sub-clusters undergoing a merger. Abell 2744 is known to host a
giant ~2.1 Mpc radio halo and an =~ 1.5 Mpc radio relic in the North East direction
(see e.g., Pearce et al., 2017; Paul et al., 2019; Rajpurohit et al., 2021). Using
the deep observations from the Very Large Array radio telescope, Pearce et al. (2017)
discovered three new faint radio relics (see also, Rajpurohit et al., 2021, using the VLA
and upgraded Giant Metre Radio Telescope (WuGMRT') multiwavelength observations).
MeerKAT detected two of the four relics: the prominent North East relic, and the
faint South East relic (see Figure 4.2). MeerKAT-derived spectral indices for the
North East relic and South East relic are —1.28 0.13 and —1.21 # 0.08 respectively.
These values are consistent within 1o of those reported by Rajpurohit et al. (2021)
from wide bandwidth observations between 150 MHz and 3 GHz. They estimated
—1.17 £ 0.03 for the North East relic, and —1.19 4 0.05 for the South East relic.

J0516.6-5430 has been detected and studied in detail at X-ray wavelengths (Bohringer
et al., 2004; Zhang et al., 2006; Weiimann et al., 2013). J0516.6-5430 also featured in
the optical Abell et al. (1989) supplementary southern catalogue. Foéx et al. (2017a)
studied the cluster at X-ray and optical wavelengths and reports a large amount of
substructure seen in the galaxy surface density map and a bimodal core in the North-
South axis. There have not been many observations at radio wavelengths. The halo
and double relics in the cluster are from observations done by MeerKAT and will be
covered in more detail in Kolokythas et al., in preparation. The J0516.6-5430 relic
pair has a North-South configuration and comprise a prominent relic in the North
and a smaller fainter relic in the South (see Figure 4.3). This relic pair has the largest
radius from the cluster centre. The MeerKAT-derived spectral indices for this pair
are —1.28 + 0.11 for the North relic and —1.11 4+ 0.11 for the South relic.

With an identified and briefly discussed sample of haloes and double relic systems,
we now move on to analysing the sample to look for any signatures of environmental
dependence of the SF activity in the clusters. The cluster membership selection

criteria, estimation of SFR and fsp are described in Sections 3.2 and 3.4.
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Figure 4.1: Top: The view of the J2023.4-5535 cluster with MeerKAT-detected galax-
ies identified as members shown in star symbols. A divergent colour scheme shows
the SFR of each galaxy based on the colour scale on the right. The black squares
show the galaxy members flagged as AGN. The red contour lines show the position
and relative sizes of the radio relics detected by MeerKAT. Only the relic contours are
included from the radio images. The radio contours around the relics are at the levels
of [1, 2, 3, 4]X30ms, Orms = 3.8 uJy beam™!. The black contours show the smoothed
archival XMM-Newton X-ray contours. The straight black line at the bottom left
shows the 2’ scalebar. Bottom: The view of the Abell 521 cluster and its identified
member galaxies. The radio contours around the relics are at the levels of [1, 2, 3,
4] X 30 ¢ms, Orms = 4.8 uJy beam L.
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Figure 4.2: Top: The view of the Abell 2744 cluster and the assumed shock wave path
for relic 1. Bottom row: The view of the Abell 2744 cluster and the assumed shock
wave path for relic 2. The symbols, shapes and contours are described in Figure 4.1.
The radio contour levels for Abell 2744 are [1, 2, 3, 4] X30ms, Orms = 4.1 pJy beam™1.
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Figure 4.3: The view of the J0516.6-5430 cluster. The symbols, shapes and contours
are described in Figure 4.1. The radio contour levels are [1, 2, 3, 4] X30yms, Orms =

4.2 uJybeam1.
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4.1.2 Star formation activity relation with time since the

merger started

In this section, we attempt to estimate the SF activity of the clusters with respect
to the time that passed since the merger started. Estimating the time that passed
since the merger started from observations is a challenging task with limited data
available in the literature. Assuming that radio relics are powered by diffusive shock
acceleration (DSA, propagating through shock waves from the cluster cores to the
outskirts, see Section 1.3.3) and that the cluster merger is in the plane of the sky, we
can use the distance of the relic from the cluster centre as a rough estimate of the
time passed since the merger started.

Using the distance of the radio relic from the cluster centre as a proxy for time
since the merger started has been previously implemented by Bonafede et al. (2017)
as a way to investigate the period at which radio haloes form during a merger. They
used a sample of clusters hosting symmetric relics (some also hosting haloes and
others without haloes). They use the Mach number of the shock wave and the speed
of sound (¢) in the ICM to derive the shock velocity (vsnock) and estimate the time
the shock wave took to reach the relic position #yeger. Bonafede et al. (2017) relied

on a number of assumptions to estimate tyerger. They assume that:

e The ICM is isothermal.

The radio relics are tracing two symmetric shock waves induced in the ICM at

the same time.

The radio relics are fueled by DSA.

The shock wave Mach number has a shallow radial dependence (M oc r'/?).

The merger occurs in the plane of the sky and has minimal projection effects.

Following the same approach and assumptions as Bonafede et al. (2017), we es-
timate fmerger for clusters in our sample. This also assumes that the shock waves

travelled an equal distance from the cluster centre which is equal to half the distance
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(1) (2) (3) (4) (5) (6) (7) (8)
Name z S1.28GHz Liscus Size Ruipe a Mahock

(mJy)  (10**WHz™!) (kpc x kpc)

Abell 2744 NE 0.307 17.7 4.6 450 x 1570 1.5 —1.28+0.13 2.85+£0.48
Abell 2744 SE 0.307 3.0 0.7 210 x 1210 1.0 —-1.214+0.08 3.24+0.37
Abell 521 SE 0.248 16.6 2.7 240 x 1260 09 —1.48+0.15 2.27+0.35
Abell 521 NW (c) 0.248 0.5 0.08 125 x 330 1.0 - -

J0516.6-5430 N 0.295 33.6 7.8 650 x 1500 1.9 —1.284+0.11 2.854+0.40
J0516.6-5430 S 0.295 3.3 0.8 270 x 770 1.8 —-1324+0.10 2.7+£0.33
J2023.4-5535 W 0.232 8.5 1.1 150 x 640 0.6 —152£0.09 2.20+0.19
J2023.4-5535 SE (c) 0.232 0.9 0.1 100 x 590 0.7 - -

Table 4.2: The properties of MeerKAT-detected relics. Columns: (1) name of the
cluster with the location of the relic in the cluster. The relics with ‘(c)’ are those
identified as candidate relics; (2) cluster redshift; (3) the integrated flux densities of
the relics as observed by MeerKAT at the frequency of 1.28 GHz (Kolokythas et al.,
in preparation); (4) the relic radio luminosities k-corrected and scaled to the 1.4 GHz
frequency. For candidate relics with no integrated spectral index, we assume o = —1.3
(Feretti et al., 2012); (5) the size of the relic; (6) the distance of the relic from the
cluster centre; (7) the integrated spectral index. MeerKAT-derived mean spectral
indices over the 908 — 1656 MHz frequency range; (8) the Mach number of the shock.

between the two radio relics. Using the cluster ICM temperature obtained from X-
ray studies in the literature (see Table 4.1 for references), we use the relation from

Sarazin (1988) to estimate the speed of sound in the ICM

%
T
¢o = 1480 (mTXK> km s~ (4.1)

where Tk is the global X-ray temperature of the cluster. We then estimate the Mach

number of the shock wave using
1
M, = (H) 12)
where Mgpock is the Mach number of the shock wave estimated from the integrated

spectral index of the radio relic (c, see Table 4.2), and aiy; is the injected spectral

index. To properly find the injection spectral index, resolved spectral modelling is
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required (see Harwood et al., 2013; Harwood et al., 2015; Harwood, 2017). For this
study, we use the relation, o = aj,; — 0.5 to estimate the injection spectral index.

We then estimate tyerger from the shock velocity (vshock = Mshock X ¢s) and the
distance travelled by the shock to reach the position of the relic, using the most
dominant radio (brightest and largest) relic in the cluster.

Figure 4.4 shows the relation between the total SFR (XSFR) within the cluster’s
Ragp and tierger- Figure 4.4 also includes the relation between mass normalised total
SFR (ESFR/Msg0) and tperger- We note an anti-correlation between XSFR and tyerger-
This could suggest that more recent mergers, which also have a higher count of star-
forming galaxies and larger cluster masses (see YSFR—Mygy correlation in Section
3.4.2), have higher SF activity Ragp compared to older mergers which have a higher
tmerger- The more recent mergers also exhibit more ICM disturbances seen through
the XMM-Newton X-ray contours in Figures 4.1 and 4.3 (described in the following
section). There is no clear correlation between the mass normalised XSFR and yerger-
The small cluster sample provides very little data to draw any preliminary conclusions.
This motivates the need for more cluster samples to further investigate the relation
between SF activity and fmerger-

We also note that the sizes and the integrated radio luminosities of the relics in our
sample increase with the distance away from the centre as shown in Figure 4.5. This
is consistent with the relations found by van Weeren et al. (2011a) and Bonafede et al.
(2012), that distant relics have high radio luminosities and a higher largest linear size
(LLS). This is in agreement with predictions made by cosmological simulation models
that shocks are more powerful in low-density regions, hence the observation of larger

and brighter relics in the peripheral regions of the clusters (Feretti et al., 2012).
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Figure 4.4: Top: The relation between total star formation rates (XSFR) and the
estimated time that has passed since merger (tmerger). Bottom: The relation between
the mass normalised total star formation rates (XSFR/Msy) and the time passed
since merger tmyerger-
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4.1.3 The distribution of galaxies and their SFR in relic-

hosting clusters

In this section, we investigate the impact of radio relics/shock waves on the SF activity
of the galaxies in the clusters, looking for any signs of increased or suppressed SF
activity around and along the relic environment. We divide the galaxies in the cluster
into two groups: the population along the path between the relics going out to Rao,
and another population of galaxies outside this path. The relic/shock wave paths
used to separate the galaxy groups are shown in Figures 4.1 - 4.3. This assumes that
the shock wave propagated the ICM within that path and will continue moving along
it. We then attempt to study the SF activity of galaxies within the assumed shock
wave path to compare it with the SF activity of galaxies outside the shock wave path.

Stroe et al. (2014) employed a similar approach on their study of shocks/relics in
influencing the Ha: luminosity function (LF). They used two clusters at z &~ 0.2 hosting
relics, CIZA J2242.8+45301 (‘sausage’ cluster) and 1RXS J0603.3+4213 (‘toothbrush’
clusters), to study the Ha LF's using galaxies in the clusters and also within a selected
area around the relics in the clusters. For the ‘sausage’ cluster, they reported the
normalisation of the Ha LF that is an order of magnitude above LF's for relaxed and
disturbed clusters. They also noted a high number count of luminous Ha emitters
around the relic and suggest this could be due to the passage of the shock wave
inducing SF in the galaxies. However, they do not find a boosted Ha LF normalisation
or a high number count of luminous Ha emitters for the ‘toothbrush’ cluster, and they
suggest that the observed differences in the two clusters could have to do with their
merger histories, especially the time since core-passage.

For this study, we focus on finding differences in SF activity within the clusters
using the fraction of star-forming (fsp) as a proxy for SF. We also investigate the
distribution of the galaxies within the cluster and their SFR. Figures 4.1 - 4.3 show
the distribution of galaxies within each relic hosting cluster. They include radio
contours around the radio relics as observed by MeerKAT, and the XMM-Newton

X-ray contours. Table 4.3 shows a comparison of the fraction of star-forming galaxies
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(1) (2) (3) (4) (5) (6)

Cluster fsFshock  fsFnon—shock  JSFcluster  NVgalshock  {Vgal,cluster
Abell 2744 0.09+0.02 0.13£0.01 0.11 £0.02 18 40
Abell 521 0.16 £0.02 0.11£0.02 0.13+£0.02 15 36
J0516.6-5430 0.11+0.02 0.11+£0.01 0.11 £0.02 13 28
J2023.4-5535 0.21 £0.03 0.204£0.03 0.20 £0.03 10 62

Table 4.3: The fraction of star-forming galaxies ( fsr) estimates in the shock wave path
and the cluster. Columns: (1) Name of the cluster; (2) the fgr estimate for galaxies
within the assumed shock wave path; (3) the fsp estimate for galaxies outside the
shock wave path; (4) the fsp estimate for all member galaxies within the cluster’s
Roo0; (5) the number of member galaxies within the assumed shock wave path; (6)
the number of member galaxies within the cluster’s Rag.

in the shock wave path with those outside the path and the overall fsr of the cluster.
It also includes the number of galaxies in the assumed shock wave path (Ngaishock)
and the total number of galaxies in the cluster Ngai cluster-

Looking at the distribution of galaxies in clusters and their SFR indicated by
the divergent colour scale, we observe no clear evidence of enhanced SF activity of
the individual galaxies in the shock wave paths. The comparison of fsp of galaxies
(within Rsgo) inside the shock path and those outside shows no significant differences
(mostly < 1o). The Abell 2744 MeerKAT image has two asymmetric radio relics, and
for each relic, we mark a shock wave path to compare it with the rest of the cluster
environment as shown in Figure 4.2, although we combine their statistics to estimate
the fsp in Table 4.3.

As a further test, we stacked all the galaxies within the assumed shock wave paths
and outside the paths from all the clusters and then plotted their fsp relation with
clustercentric radius in Figure 4.6. We observe no significant difference between the
two samples although at Rogg, fsg reaches &~ 0.22 + 0.06 for galaxies in the assumed
shock wave path compared to ~ 0.14 4+ 0.03 for galaxies outside it. The overall fsp
within Rsg is ~ 0.14 £ 0.02 for the shock wave path population and ~ 0.15 £ 0.02
for the galaxy population outside the assumed shock wave path. The individual and

stacked fsp comparison for our two samples are within 1o of each other, suggesting
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Figure 4.6: The comparison of the fsr in radial bins between galaxies in the assumed
shock wave paths (red markers) and those outside the path (teal markers). We note
no significant fsp differences between the two populations. However, the fsr gradient
for galaxies outside the assumed shock wave paths appears to be flatter compared
to the fsp gradient of galaxies in the shock wave paths, but still remains within 1o
uncertainties at all radial bins.

that the overall fsp of the cluster stays consistent throughout the cluster with no
suppressed or enhanced SF activity around shocks/relics for clusters in our sample.
However, we note that the uncertainties are large, as a result of the small cluster

sample considered here.
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4.2 Summary

We used a sample of haloes and relic-hosting clusters to investigate the dependence
of the SF activity on the cluster environment. Following the approach from Bonafede
et al. (2017), we rely on a number of assumptions to estimate the time that has passed
since the merger started (fmerger). We note an anti-correlation between XSFR with
increasing distances of the relics from the cluster centres but see no correlation with
relation to the mass normalised X SFR. We observe a correlation between L 4qn, and
LLS as well as between the LLS and relic distances from the centre. This is consistent
with correlations seen previous studies of double-relic clusters.

Taking a closer look into the clusters and separating galaxies between those in the
assumed environment of the relic and those outside, we see no significant differences
in the SFR and the fsp of the galaxies in the assumed relic/shock wave paths and
the rest of the galaxies in the clusters. We note the small size and large uncertainties
in this study. Although there could be an effect, it may too subtle to see due to this

limitation.
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Chapter 5

Conclusion and future work

The aim of this thesis was to investigate galaxy star formation rates as a function of
their environment in the MeerKAT Galaxy Clusters Legacy Survey (MGCLS). We
do so by identifying a sample of MGCLS clusters with optical coverage in the Dark
Energy Camera Legacy Survey (DECaLS) and SZ-effect coverage in the Atacama
Cosmology Telescope. This allowed us to classify cluster members with photometric
redshifts estimated from DECaLS photometry within a radius derived from the ACT
cluster masses. In this chapter, we summarise the results and the conclusions reached.
We end the chapter by laying out the planned follow-up work for this study.

In Chapter 1, we provided a brief history of astronomy and discussed the current
leading cosmological model, the ACDM model, alongside the major stages of the
Universe’s evolution. We provided a literature review on star formation, galaxies and
galaxy clusters. We discussed large-scale cluster properties, highlighting the non-
thermal diffuse emission (radio haloes, mini-haloes, relics, phoenices), which we use
as the basis for defining the dynamical state of our cluster sample. We covered the
large-scale properties of clusters and their influence in suppressing the star formation
of their member galaxies, highlighting a result from Haines et al. (2015) that shows
that galaxies in clusters have their SF suppressed at levels below the SF of field

galaxies even at 2Ry of the clusters.
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Chapter 2 introduces the parent data samples used in this study. This chapter
also develops the methodology and tools to study the larger MGCLS sample. We
developed zField, which forms part of zCluster, and uses a template-fitting method
to estimate photo-zs using DECaLS photometry. The accuracy test for zField photo-
zs against SDSS spec-zs showed that the photo-zs do well between 0.15 < z < 0.5 but
are unreliable for redshifts outside that redshift range. To minimise contamination,
we restricted our study of the MGCLS clusters to those with redshifts within this
redshift range. To test our methodology and analytical tools, we studied SFR in
Abell 209. Our results show a steady increase in the fraction of star-forming galaxies
(fsp) with radial bins, rising from =~ 0.08 at the cluster core to &~ 0.22 outside the
cluster outskirts near 2Ryq9. This result is consistent with the Haines et al. (2015) fsp
gradient out to the same radius, although it uses a different SF tracer. Based on the
Haines et al. (2015) estimation of fsr for field galaxies, we note that even for Abell
209, the fsp is still below that of field galaxies &~ 0.33 at 2Rsq9. This is consistent
with the Haines et al. (2015) suggestion of the pre-processing of galaxies in galaxy
groups before they enter cluster environments.

Chapter 3 presents a study of 20 MGCLS clusters at 0.15 < z < 0.35 guided by a
methodology developed in Chapter 2. The results in Chapter 3 show that using fsp
comparisons, clusters with merger-linked diffuse emission have a higher SF activity
than relaxed clusters. However, our sample has a bias towards clusters with radio
haloes and relics due to the heterogeneous nature of the underlying MGCLS sample
in our cluster sample and will require a homogeneously selected sample to confirm our
results. With that noted, the results from this chapter are consistent with suggestions
made by previous studies that merger-induced turbulence and shocks affect the star
formation activity within clusters (Ferrari et al., 2003; Pranger et al., 2013; Ebeling
et al., 2014). Consistent with infrared studies using LIRGs, we observe a redshift-
dependent 4x decline in SF activity from z = 0.35 to z = 0.15. The decline in SF
activity with redshift since z ~ 2.5 has been reported by various studies (e.g., Lilly
et al., 1996; Karim et al., 2011; Sobral et al., 2014) and has been shown to be the

case in all environments (Koyama et al., 2013).
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Chapter 4 investigated the SF activity in a subsample of radio haloes and relics-
hosting MGCLS clusters. The results presented in this chapter reveal an anti-
correlation in the XSFR - fperger relation, suggesting that more recent mergers have
a higher SF' than older mergers. From the fsp comparisons of member galaxies in
the assumed relic/shock wave path and the galaxies away from the path, we see no
significant difference in the SF activity between the two populations. We suggest
sample size limitations as a possible hindrance to seeing shock-induced differences in

galaxy clusters of this nature.

Future work

We aim to conduct a follow-up study of the results presented in Chapter 3 using
an unbiased mass-selected cluster sample from the MeerKAT Exploration of Relics,
Giant Halos, and Extragalactic Radio Sources (MERGHERS; Knowles et al., 2022).
This will also allow us to investigate if the Butcher and Oemler (1978) effect affected
our results.

Using a combination of clusters from MGCLS, MERGHERS and the recently
observed high redshift clusters by MeerKAT (at 1 < z < 1.2), we will conduct a study
of the evolution of the radio luminosity function from z = 0.15 out to z ~ 1.2. We will

also produce the radio luminosity functions for clusters based on their environments.

104



Appendix A

Legacy Survey images of the

cluster sample

Here we present Legacy Surveys DR9 images for our cluster sample. See discussion
in Section 3.1.

Figures A.1 - A.5 show the Legacy Surveys DR9 images of our cluster sample with
the identified MeerKAT-detected cluster members and the radio-loud AGN.

105



]0449.9-4440 .~ . |RxCJ0543.4-4430 . -

=016 -

J0051.1-4833

Figure A.1: The Legacy Survey image of clusters: J0449.9-4440, RXC J0543.4-4430,
J0336.3-4037, J0051.1-4833. MeerKAT-detected galaxies are highlighted in small
green and red circles representing star-forming galaxies and radio-loud AGN respec-
tively. The large yellow circles show the Ry of the cluster.
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Figure A.2: The Legacy Survey images of clusters: J0525.8-4715, J0510.2-4519, Abell
209, J0225.9-4154.

107



Abell 2895, - . ., - °|J2023i4-5535"s -

ADelSZT e T 1023'2 2- 44'20

Figure A.3: The Legacy Survey images of clusters: Abell 2895, J2023.4-5535, Abell
521, J0232.2-4420.
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Figure A.4: The Legacy Survey images of clusters: RXC J0528.9-3927, Abell 2813,
J0516.6-5430, Abell S295.
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Figure A.5: The Legacy Survey images of clusters: Abell 2744, MACS J0257.6-2209,
J0217.2-5244, Abell S1063.
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