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ABSTRACT

Low-frequency radio observations of galaxy clusters reveal cluster-scale diffuse emission that

is not associated with individual galaxies. Studying the properties of these diffuse radio sources

gives insight into astrophysical processes such as cosmic ray transportation in the intracluster

medium (ICM). Observations have linked the formation of radio halos and relics with turbulence

caused by cluster mergers and the formation of mini-halos to gas sloshing in cool-core clusters.

Statistical studies of large galaxy cluster samples have been used to determine how the radio

properties of diffuse emission scale with the mass and X-ray luminosity of the host clusters.

Such studies are crucial for refining the formation theories of diffuse emission. New generation

telescopes with wide bandwidths and high sensitivity such as the upgraded Giant Metrewave Ra-

dio Telescope (uGMRT) and MeerKAT are advantageous for the study of faint extended emission

in large cluster samples.

The main aim of this thesis was to do an in-depth study of the diffuse radio emission using

a cluster sample that spans a wider mass and redshift range compared to the currently studied

parameter space. We developed data reduction techniques for calibrating data from telescopes

such as uGMRT and MeerKAT. The wide bandwidth of these telescopes introduces directional

dependent effects (DDEs) that make the calibration process extremely complicated. However,

such observations are excellent for studies of the faint diffuse emission and in-band spectral

indices of this emission.
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In the first part of this thesis, we focused on the study of diffuse radio emission in a Sunyaev-

Zeldovich (SZ) selected sample of clusters. These clusters were observed by the Atacama Cos-

mology Telescope’s Polarimetric extension (ACTPol). We used archival and new GMRT obser-

vations for the radio analysis of this sample. We reported newly detected diffuse emission in the

following clusters: a radio halo and revived fossil plasma in ACT-CL J0137.4´0827, a radio relic

in ACT-CL J2128.4+0135, and a candidate relic in ACT-CL J0022.2´0036. The radio analysis

of the full sample revealed that the fraction of clusters in the sample hosting diffuse emission

is 26.7% excluding candidate emission and 30% when it is included. The detection rate of the

diffuse emission over all categories is lower than the detection rates reported in literature. We

note that this may be because the sample comprised high redshift (z ą 0.5) and low mass clusters

(M500c,SZ ă5ˆ1014 Md), though future more sensitive observations of these clusters could reveal

fainter diffuse emission structures. We compared our results to the most recent radio halo and ra-

dio relic scaling relations. The radio halo P1.4GHz ´M500 scaling relation plot indicates that a few

flatter spectrum radio halos are located in the region previously known to be populated by ultra-

steep spectrum radio halos (USSRHs). Finally, we presented preliminary results of the uGMRT

wideband backend (GWB) data reduction for ACT-CL J0034.4+0225, ACT-CL J0137.4´0827,

and ACT-CL J2128.4+0135. We prioritised these clusters because the narrowband data revealed

that they host diffuse emission. However, once the data reduction algorithm is improved, we

will reduce the remaining clusters with non-detections. Comparing the GWB results to the nar-

rowband GMRT data, we note that the radio halo observed in ACT-CL J0137.4´0827 is more

extended in the GWB data. The diffuse emission is detected at a higher signal-to-noise ratio in

the GWB images for the three clusters. We note that an improvement in the GWB reduction

algorithm might reveal diffuse emission that was not detected in the narrowband data.

In the second part of the thesis, we used MeerKAT observations to study diffuse emission in

the Bullet Cluster (1E0657´56), RXC J1314.4´2515, Abell 3562, and Abell 3558. We detected

new extended features in the radio halos hosted by the Bullet cluster and Abell 3562. We assume

that the decrement feature in the Bullet cluster might be an indication of a second wave of merger

activity. The ridge feature in the peripheral region of the radio halo in Abell 3562 overlaps with

the edge of the X-ray emission. Hence, we assume that the feature might be related to a shock
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region. We also reported the detection of a new mini-halo in Abell 3558. MeerKAT’s sensitivity

and wide bandwidth enabled us to perform in-band spectral index studies and produce spectral

index maps for the Bullet cluster, RXC J1314.4´2515, and Abell 3562. The spectral index maps

of the relics in the Bullet cluster and RXC J1314.4´2515 indicate a spectral steepening towards

the cluster center, while the spectral index map of the radio halo in the Bullet cluster indicates

radial spectral steepening. The spectral index map of Abell 3562 indicates that the radio halo

and ridge have similar spectral index variations, which suggests that the ridge feature is related

to the radio halo.
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CHAPTER 1

INTRODUCTION

The hot Big Bang theory is currently the most widely accepted theory which describes the for-

mation and evolution of the Universe. According to this theory, the Universe began as a small

and infinitely dense region. After 10´35 seconds of its formation, the Universe expanded expo-

nentially (Guth, 1981). As the expansion slowed down, it cooled to temperatures where nuclei

and later atoms could form (Peebles and Yu, 1970). The growth in primordial perturbations re-

sulted in larger gravitational potential wells accreting more matter leading to the formation of

stars, galaxies, and clusters of galaxies (Peebles, 1980).

The evolutionary history of the Universe can be probed using various observables such as

the cosmic microwave background (CMB; Penzias and Wilson, 1965), the baryon acoustic os-

cillation’s (BAO’s; Eisenstein and White, 2004; Bassett and Hlozek, 2010; Aubourg et al., 2015)

signature, and Type Ia supernovae studies (Riess et al., 1998). Galaxy clusters are also good

tracers of the history of our Universe. They can be used as probes for dark matter (Zwicky,

1933; Clowe et al., 2004; Monteiro-Oliveira et al., 2018), and the evolution and distribution of

the large scale structure in the Universe (Böhringer, 2008; Allen et al., 2011; Weinberg et al.,

2013). Measuring the evolutionary number density of galaxy clusters as a function of mass and

redshift NpM, zq is also used as a tool to constrain cosmological parameters such as the mean

1
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matter density and the dark energy density and equation of state (Carlstrom et al., 2002; Planck

Collaboration et al., 2016; Bocquet et al., 2019). Galaxy clusters are also excellent laboratories

for studying turbulence, plasma physics, and cosmic ray transportation in gravitationally bound,

dense large scale structures.

1.1 Galaxy Clusters

According to the concordance Λ-cold dark matter (ΛCDM) model, the Universe is made up of

„70% dark energy, „25% dark matter, and „5% baryonic matter (Planck Collaboration et al.,

2020). This model further postulates that matter in the Universe originates from initial density

perturbations and forms hierarchically. Smaller objects form first, and as the gravitational po-

tential well grows, larger structure forms (Peebles, 1980; Kravtsov and Borgani, 2012; Springel

et al., 2018). Galaxy clusters are large scale structures that consist of „1000s of galaxies bound

by gravity. Galaxy clusters, as the largest virialised systems in the universe, are at the top of

the structure formation hierarchy. They form through mergers of sub-clusters and the accretion

of matter from the cosmic web. Mergers of massive clusters are the most energetic events since

the Big Bang (Sarazin, 2002; Molnar, 2015). The energy released during cluster mergers (up

to 1064 ergs) is dissipated through turbulence. The turbulent motions result in the amplifica-

tion of magnetic fields and cosmic ray electrons (CRe) being rejuvenated to relativistic speeds.

The interactions of the CRe with the magnetic fields lead to cluster-scale synchrotron emission

(Brunetti and Jones, 2014).

Dark Matter constitutes the largest portion (80%) of the mass in galaxy clusters: 15% is in

the form of the hot dense plasma called the intracluster medium (ICM), and the rest (5%) is the

baryonic matter in galaxies. As shown in Figure 1.1, the different constituents of galaxy clusters

can be probed using observations at different wavelengths. Hence, multi-wavelength studies give

a complete view of these systems (Andersson et al., 2011; Buddendiek et al., 2015; Takey et al.,

2019; Zhu et al., 2019; Zenteno et al., 2020).
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Figure 1.1: Multi-wavelength images of the Bullet cluster. Left: Hubble telescope’s optical

image. Source: hubblesite.org. Middle: Chandra telescope’s X-ray image overlaid with radio

contours from the Australia Telescope Compact Array (ATCA). The rectangular strip was the

region used to calculate the X-ray surface brightness across the radio relic. Source: Shimwell

et al. (2015). Right: ATCA’s radio image of the Bullet cluster. Source: Adapted from Shimwell

et al. (2015).

1.1.1 The Intracluster Medium

The bulk („80%) of the baryonic content in galaxy clusters is found in the ICM; a low-density

plasma (ne „ 10´3 cm´3) that emits radiation at X-ray wavelengths (Springel et al., 2018). The

gas collisions in the ICM result in the electrons emitting bremsstrahlung radiation with X-ray

luminosities LX „1043´45 ergs/s. Dynamical disturbances in clusters appear as discontinuities

in the X-ray brightness distribution. Hence, X-ray studies can be used to study the morphology

and merger-state of galaxy clusters (Markevitch et al., 2000; Zwicky, 1933; Markevitch and

Vikhlinin, 2007; Parekh et al., 2015).

Hard X-ray and radio observations of galaxy clusters have revealed that the ICM contains

cosmic rays and magnetic fields (Kronberg, 1994; Rephaeli and Gruber, 2003). The cosmic rays

are deposited in the ICM by energetic activities such as active galactic nuclei (AGN) jets, and

supernovae (Fermi, 1949; Ryu et al., 2003; Dorman, 2019). The origin of the magnetic fields

in the ICM is not well understood. Models predict that magnetic fields either originate from

astrophysical processes such as AGN jets, or they are primordial (Carilli and Taylor, 2002; Hu

et al., 2020). Observations have measured the cluster magnetic field strengths to be „0.1 ´ 1
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µG (Vogt et al., 2005; Bonafede et al., 2010; Johnson et al., 2020). Observations have shown

that magnetic field strengths of galaxy clusters at high redshift (z Á 0.6) are similar to those in

nearby clusters (Lindner et al., 2014; Di Gennaro et al., 2020). These results indicate that there

was a fast amplification of magnetic field strengths during the initial formation stages of galaxy

clusters. The evolution and amplification of magnetic fields are also still under investigation

(Clarke et al., 2001; Donnert et al., 2018; Gaensler et al., 2004). However, it is well established

that magnetic fields play a crucial role in the transportation of energy in the ICM, resulting in the

increased life-times of cosmic rays (Sarazin, 1988; Ehlert et al., 2020).

1.1.2 Cluster Detection Methods

1.1.2.1 Optical Surveys

Galaxy clusters were first detected at optical wavelengths using catalogues from photographic

plates (Zwicky, 1938; Abell, 1958; Zwicky and Kowal, 1968). Scientists visually inspected pho-

tographic plates and categorised clusters as regions with a dense population of galaxies. Earlier

optical studies were restricted by instruments that could only probe low-redshift clusters due to

the dimming effect on high redshift (z Á 0.8) clusters (Calvi et al., 2014). Technological advance-

ments have led to the construction of powerful optical telescopes that probe deeper in the sky;

this resulted in larger catalogues with higher redshift detections (Rykoff et al., 2016; Radovich

et al., 2017; Gao et al., 2020). The photometric and spectroscopic data from optical catalogues

can be used to determine the dynamical state of galaxy clusters (Aguerri and Sánchez-Janssen,

2010; Wen and Han, 2013; Boschin et al., 2020). However, optical detections are only sensitive

to galaxies, which only make-up„5% of the total mass of galaxy clusters. Determining the opti-

cal survey’s selection function is a major constraint since optical clusters rely on empirical things

like calibrating ‘richness’1 against other cluster mass proxies. Optical surveys also have other

problems such as projection effects. The projection effects are caused by contamination due to

objects along the line of sight. These effects become more severe at higher redshifts and can

lead to false detections (Yee and Gladders, 2002; Ramos-Ceja et al., 2019). Other observational

1The number of galaxies associated with a galaxy cluster.
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probes are required for more complete cluster detections.

1.1.2.2 X-ray Surveys

The first catalogue of X-ray clusters was observed by the UHURU satellite (Giacconi et al.,

1972). X-ray surveys detect galaxy clusters via the X-ray luminosity of the ICM (Giacconi et al.,

1972; Henriksen and Mushotzky, 1986; Vikhlinin et al., 1998; Boschin, 2002; Jimenez-Gallardo

et al., 2020; Sahlén et al., 2009; Ebrahimpour et al., 2018; Käfer et al., 2020). High-resolution

X-ray observations can also probe the dynamical disturbance and morphology of clusters (Buote

and Tsai, 1995; Nurgaliev et al., 2017; Yuan and Han, 2020). However, X-ray observations

are also flux-limited which gives rise to biases in the selection function (Eckert et al., 2011;

Andrade-Santos et al., 2017). Low-angular-resolution X-ray satellites can also result in surveys

with biased cluster catalogues due to cluster-projection effects (Ramos-Ceja et al., 2019). The

projected 2D morphology of clusters impacts the derivation of cluster masses because such stud-

ies rely on the assumption that galaxy clusters are spherically symmetric. Hence, although X-ray

surveys have more robust algorithms for detecting galaxy clusters compared to optical surveys,

studies at other wavelengths were necessary to further improve the detection of galaxy clusters.

1.1.2.3 Clusters Detected using the SZ Effect

The thermal Sunyaev-Zel’dovich effect (Sunyaev and Zeldovich, 1970, 1972) is used to probe

galaxy clusters at millimetre wavelengths. The SZ effect is observed as a distortion in the CMB’s

black body spectrum, where there appears to be a change in sign of the cluster intensity at „220

GHz against the CMB background. The shift in the CMB’s blackbody spectrum appears as

shown in Figure 1.2. The spectral distortion is caused by the inverse Compton scattering of

CMB photons as they travel through the hot („107´8 K) ICM gas. The observed SZ signal is

calculated as the integrated Comptonisation parameter across the cluster’s solid angle

Y “

ż

Ω

y dΩ , (1.1)

where

y “
σT
mec2

kB

ż

neTe dl (1.2)
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Figure 1.2: The dashed line shows the undistorted CMB spectrum, and the solid line shows the

CMB spectrum after it is distorted by the SZ effect. Source:(Carlstrom et al., 2002).

and

dΩ 9
1

D2
A

, (1.3)

where σT is the Thomson cross-section, kB is the Boltzmann constant, me is the electron mass,

and ne and Te are the electron number density and temperature, respectively. DA is the angular

diameter distance. The SZ signal is redshift- independent, hence it is not strongly affected by red-

shift dimming. Since SZ surveys are not limited by cluster redshifts, they provide mass-limited

cluster catalogues. The lowest detectable mass is determined by the noise level of the survey

(Birkinshaw, 1999; Carlstrom et al., 2002; Mroczkowski et al., 2019). This property of the SZ

signal allowed for the expansion of the targetable parameter space of galaxy clusters. Millimetre

telescopes such as the Planck satellite (Planck Collaboration et al., 2014, 2016), the ground-

based Atacama Cosmology Telescope (ACT; Hasselfield et al., 2013; Hilton et al., 2018, 2020),

and the South Pole Telescope (SPT; Bleem et al., 2015, 2020) have been used to detect galaxy

clusters. The SZ signal is expected to correlate with the cluster mass and is not significantly

affected by the cluster dynamics (Sifón et al., 2013; Dietrich et al., 2019). Hence, SZ surveys
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have allowed for the exploration of galaxy clusters using well defined selection functions.

1.2 Non-thermal Diffuse Emission in Galaxy Clusters

Non-thermal diffuse emission in galaxy clusters was first discovered in the Coma cluster (Large

et al., 1959; Willson, 1970; Giovannini et al., 1993; Brown and Rudnick, 2011; Bonafede et al.,

2020). This discovery was a confirmation of the existence of relativistic electrons and magnetic

fields in the ICM (Sarazin, 1988; Kravtsov and Borgani, 2012; Shalchi, 2020). The interactions

of the electrons with magnetic fields results in cluster-scale synchrotron emission (see Ferrari

et al., 2008; Feretti et al., 2012; Brunetti and Jones, 2014; van Weeren et al., 2019, for review).

The energy distribution of the CRe can be described using the power law (Blandford and Eichler,

1987):

npEq dE 9 E´p dE , (1.4)

where

p “ 1´ 2α . (1.5)

α is the radio spectral index which can be related to the integrated flux in the following manner:

Sν 9 ν´α . (1.6)

The synchrotron emitting electrons (γ „104 GeV) lose energy very fast. Their radiative lifetime

is given by

tageryrs « 3.2ˆ 1010 B2

B2 `B2
CMB

rp1` zqνs´1{2 . (1.7)

where BCMB is the magnetic field strength of the CMB (BCMB (µGauss) «3.25 (1 + z)2 ), B

is the measured cluster magnetic field intensity, ν is the observing frequency in MHz, and z is

the redshift of the observed source. The typical radiative lifetimes of these electrons are tage

À 108 yrs and their diffusion length-scales are a few kpc (Blasi, 2001). The presence of large

scale („100 kpc to few Mpc) synchrotron emission gives rise to what is known as the diffusion

problem. The radiative lifetime of electrons (see Equation 1.7) is much shorter than the diffusion
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time required for electrons to cover such large scales. There must exist acceleration mechanisms

(Jaffe, 1977; Petrosian and Bykov, 2008) that produce the observed diffuse radio emission.

Diffuse radio emission can be categorised into various groups based on size, morphology, and

cluster dynamics. The main groups are radio halos, which can be further sub-divided into giant

radio halos (GRHs; Raja et al., 2021) and radio mini-halos (RMHs; Timmerman et al., 2020),

radio relics (RRs; Rajpurohit et al., 2020c), and the recently detected revived fossil plasma (Gi-

acintucci et al., 2020). Many theories have been derived to explain the formation mechanisms of

these sources. Observational scaling relations (Cassano et al., 2013; Cuciti et al., 2015) have also

been used to distinguish the theories that best explain the observables. However, until recently,

observations have been primarily limited by telescope sensitivity due to the difficulty in extract-

ing emission in the presence of bright sources. The restricted samples limited the investigation

of how the diffuse emission’s radio power scales with various cluster properties. The current

scaling relations have been derived from cluster samples restricted to high mass and low redshift

clusters. Expanding the parameter space is crucial for understanding the cosmological evolu-

tion of these sources and their connection to cluster mergers. The new generation telescopes

such as the LOw-Frequency ARray (LOFAR; van Haarlem et al., 2013), MeerKAT (Jonas and

MeerKAT Team, 2016), and the upgraded Giant Metrewave Radio Telescope (uGMRT; Gupta

et al., 2017), have opened up a new window which will lead to the refinement of the formation

theories (Knowles et al., 2019; Raja et al., 2021; van Weeren et al., 2020). We now examine each

of these classes of diffuse emission in turn.

1.2.1 Giant Radio Halos

GRHs are extended diffuse radio sources, located in central regions of clusters. They usually

have smooth spherical morphology that overlaps with the X-ray brightness and their size is„1´2

Mpc. The polarisation percentages of these sources are typically ă 10%, with a few exceptions

(Govoni et al., 2005; Bonafede et al., 2009). The GRH in the Coma cluster (see Figure 1.3) is

the prototype of these sources. Multi-frequency radio observations of GRHs enable us to study

their spectral index properties. Most studies report that GRHs have steep spectra (α ď ´1). Two
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main theories have been derived to explain their formation mechanisms; the hadronic model

and the re-acceleration model (Jaffe, 1977; Dennison, 1980). There also exists hybrid models,

which suggest that the observed diffuse radio halo emission can result from the re-acceleration

of electrons produced by hadronic proton-proton collisions (Miniati et al., 2001; Brunetti and

Blasi, 2005; Brunetti et al., 2017).

Figure 1.3: Left: ROSAT X-ray image of the Coma cluster with radio halo contours from the

Westerbork Synthesis Radio Telescopes observations. The GRH in the Coma cluster is a proto-

type of these sources and has been extensively studied (Willson, 1970; Jaffe et al., 1976; Venturi

et al., 1990; Thierbach et al., 2003; Bonafede et al., 2020). Source: Adapted from Brown and

Rudnick (2011). Right: A spectral index map of the Coma cluster. Source: Giovannini et al.

(1993).

1.2.1.1 Formation Mechanisms

Re-acceleration Model

Currently, the most widely accepted model is the re-acceleration model (Jaffe, 1977; Brunetti

et al., 2001; Donnert and Brunetti, 2014). According to this model, a pool of pre-existing elec-

trons (Pinzke et al., 2017) is re-accelerated through second-order Fermi mechanism by ICM tur-

bulence developed during cluster mergers. The turbulent energy dissipated from cluster mergers
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is not sufficient to accelerate the thermal electrons in the ICM. However, pre-existing relativistic

electrons can be re-accelerated to the„Mpc scales as observed in radio halos. Observations have

found that these sources are significantly affected by the dynamics of the host cluster (Marke-

vitch et al., 2005; Cassano et al., 2011; Lindner et al., 2014; Knowles et al., 2016b; Cassano

et al., 2019). The power of the radio emission has been found to correlate with thermal host clus-

ter properties. Non-detections are located an order of magnitude below the correlation (Brunetti

et al., 2007; Cassano et al., 2013; Cuciti et al., 2015), as predicted by the re-acceleration model.

The observed spectral properties of these sources, including ultra steep spectrum radio halos

(USSRHs; Wilber et al., 2018), are fully accounted for by the re-acceleration model (Brunetti

and Jones, 2014).

Although the re-acceleration theory is accepted as the primary mechanism, there are still a

few aspects that need further investigation. The main open question is the source of the pre-

existing population of electrons. The suggested sources include electrons deposited in the ICM

by AGN activity, thermal protons pre-accelerated by cluster merger shocks, and the hadronic

secondary electrons (Brunetti and Blasi, 2005; Shimwell et al., 2016; de Gasperin et al., 2017b).

Another mystery is the presence of radio halos in clusters that show no trace of merger activity

(Venturi et al., 2017b; Kale et al., 2019). Other models, such as magnetic re-connection, attempt

to resolve such constraints (Brunetti and Lazarian, 2016).

Hadronic Model

According to the hadronic model, secondary CRe are produced by the interactions between CR

protons and thermal protons in the ICM (Dennison, 1980; Blasi and Colafrancesco, 1999; Keshet,

2010; Enßlin et al., 2011). These interactions yield CRe throughout the ICM. The radio power

and X-ray scaling relations of radio halos favour this model since the radio emission traces the

thermal emission. However, there are various constraints of this model, including the unob-

served gamma-ray emission. The proton-proton interactions emit gamma rays as a by-product.

Many studies have targeted clusters in search of these gamma rays. There have been no detec-

tions thus far; only upper limits have been derived (Reimer et al., 2003; Ackermann et al., 2010;
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Colavincenzo et al., 2020). Fermi-Large Area Telescope (LAT; Atwood et al., 2009) obser-

vations of the Coma cluster conclusively excluded the hadronic model as a primary formation

mechanism for the radio halo (Brunetti et al., 2017). Other observational constraints include the

break-frequency spectrum (Brunetti et al., 2013), the spatial distribution of radio halo emission

(Brunetti and Jones, 2014, for review), and USSRHs. The hadronic model does not account for

these observables. Even though observations rule out hadronic models as the primary source

of radio halo emission, hybrid models suggest that these hadronic interactions may produce a

seed population of electrons that is then re-accelerated to form GRHs (Brunetti and Blasi, 2005;

Brunetti et al., 2017).

1.2.1.2 Spectral Index Properties

The spectral index properties of radio halos are essential for constraining the origin of these

sources. However, there are difficulties in studying the radio spectrum since it is directly related

to the measured flux of radio halos at broad frequency ranges. Flux measurements have many

uncertainties; these include flux-scale errors, point source subtraction uncertainties, and calibra-

tion errors. These uncertainties make it difficult to extract the faint radio halo emission fluxes.

However, some studies have probed spectral properties of radio halos. The radio halo spectral

properties can be investigated using the integrated spectra and the spatially resolved spectra.

The integrated spectral indices of most radio halos are typically found to be´1.5 À α À ´1,

except for USSRHs which have been found to have spectral indices α ă ´1.5. Thierbach et al.

(2003) studied the integrated spectra of the GRH in the Coma cluster using radio observations

covering a frequency range of 2.7´4.9 GHz. They found that there was a steepening at higher

frequencies. They concluded that the spectral steepening was not related to the SZ signal decre-

ment but might be an indication of the break frequency of the CRe (Schlickeiser et al., 1987;

Donnert et al., 2010). Most study findings indicate that the integrated spectra follow the power-

law distribution (Shimwell et al., 2014; Rajpurohit et al., 2020d). Studies of samples of radio

halos have investigated the relation of the integrated spectra with X-ray properties and found a

mild correlation between the spectra and X-ray temperature (Feretti et al., 2004b; Giovannini
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et al., 2009). Kale and Dwarakanath (2010) indicated that the results obtained from correlation

studies of thermal temperatures and spectral indices might give inconclusive results.

Spatially resolved spectral studies use a pixel by pixel spectral index fit to produce maps.

The maps trace the spatial spectral index distribution in the region of the radio halo. The spectral

index map of the radio halo in the Coma cluster showed that there was a steepening in the

spectra at the outskirt regions (Giovannini et al., 1993). More recent studies have shown that

the spectral index maps have variations in the distributions of the substructures, while others

indicate a uniform pattern (Giacintucci et al., 2005; Xie et al., 2020). Orrú et al. (2007) reported

a correlation between the X-ray temperature and the spectral index distribution. Recent studies

have not been able to reproduce this correlation (Vacca et al., 2014; van Weeren et al., 2016).

1.2.1.3 Scaling Relations

Statistical studies of uniformly selected, large samples of galaxy clusters that host radio halos, are

important for the confinement of statistical and theoretical models. Studies of large populations

of radio halos show that these sources are not ubiquitous (Hanisch, 1982; Kempner and Sarazin,

2001). Their radio power is correlated with their X-ray properties (Liang, 2000; Yuan et al.,

2015), the largest linear size (LLS; Giovannini et al., 2009), and the integrated inverse Compton

parameter (Basu, 2012). SZ studies have also shown that there is a higher occurrence rate of

radio halos compared to the rate predicted by previous studies of X-ray selected samples (Basu,

2012; Sommer and Basu, 2014; Cuciti et al., 2015, 2021a).

The correlation of the radio halo power and the X-ray luminosity has been observed in many

clusters (Venturi et al., 2008; Kale et al., 2015). Cassano et al. (2006) performed a detailed study

of the scaling relation of radio halo power and X-ray properties such as mass (MX), temperature

(TX) and luminosity (LX) using radio observations at 1.4 GHz. This study and more recent

studies (Cuciti et al., 2015; Yuan et al., 2015; Duchesne et al., 2017) have confirmed the P1.4GHz

´ MX and P1.4GHz ´ TX correlation. Initial statistical analyses carried out using X-ray selected

samples revealed that there was a dichotomy in the correlations of the population that host radio

halos and those no evidence of diffuse emission (Brunetti et al., 2007). Radio followups of SZ-
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selected samples detected USSRHs, which filled the region between correlations and upper limits

(Cassano et al., 2013; Sommer and Basu, 2014). Scaling relations derived from larger samples,

spanning wider mass and redshift ranges, are still required to probe if the dichotomy is due to

underlying astrophysical processes or cluster selection functions.

1.2.2 Radio Mini-Halos

RMHs have similar morphology and polarisation percentages as GRHs. However, their physical

scale is „100´500 kpc, and they are generally found in cool-core clusters around the brightest

cluster galaxies (BCGs; see Gitti et al., 2015, for review). The prototype of these sources is the

RMH hosted by the Perseus cluster (see Figure 1.4). For diffuse emission to be classified as a

RMH, the centre of the radio source needs to coincide with the X-ray emission, and the radio

emission should envelop a BCG (Murgia et al., 2009; Giacintucci et al., 2017). The presence

of the bright radio emission from the BCG makes it challenging to extract the faint radio halo

emission, mainly because the emission is relatively small in angular size. However, telescopes

with high angular resolution and dense short baselines, which trace the extended emission, have

been used to disentangle RMHs from BCGs (Kale et al., 2015; Giacintucci et al., 2019). RMHs

are formed either by re-acceleration of pre-existing electrons or proton-proton interactions (Gitti

et al., 2002; Pfrommer and Enßlin, 2004).

1.2.2.1 Formation Mechanisms

In the hadronic model scenario, relativistic electrons form as a by-product of the collision of ther-

mal proton and CRp ejected by AGN activity (Pfrommer and Enßlin, 2004; Zandanel et al., 2014;

Ignesti et al., 2020). The streaming of the CRp results in instabilities that heat the ICM, thus re-

ducing the gas cooling. This model is used to account for the cooling flow problem (Gaspari

et al., 2013; McDonald et al., 2019). The angular size of RMHs does not need gamma-ray de-

tections as a restriction of the hadronic model. The re-acceleration model assumes that there is a

pool of seed electrons deposited into the ICM by AGNs or type Ia supernovae (Fujita et al., 2007;

Omar, 2019; Richard-Laferrière et al., 2020). These electrons are re-accelerated by turbulent ac-
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Figure 1.4: The prototype RMH was observed in the Perseus cluster (Miley and Perola, 1975;

Gendron-Marsolais et al., 2020). Left: VLA observations of the RMH. Source: Adapted from

Gendron-Marsolais et al. (2020). Right: Chandra X-ray image of the Perseus cluster, overlaid

with multiple radio observations contours. Source: Gendron-Marsolais et al. (2020).

tivity and result in the formation of RMHs. The re-acceleration mechanisms are still unclear

because RMHs are usually found in cool-core clusters that exhibit minor or no merger activity.

Observations and simulations (ZuHone et al., 2015; Giacintucci et al., 2014a; Timmerman et al.,

2020) have linked the turbulence to cold gas sloshing in the cluster core. The Hitomi Collabora-

tion et al. (2016) used the Hitomi X-ray telescope to directly measure the turbulent motion of the

core of the Perseus cluster, known to host a RMH (see Figure 1.4). Their findings indicated that

the cool-core had turbulence that could efficiently re-accelerate electrons. These findings and the

observed confinement of the radio emission between cold fronts make the re-acceleration model

a leading contender for the RMH formation mechanism. However, observations of large samples

of RMH and studying their spectral index properties is essential to constrain these models as

some observations deviate from the norm. Savini et al. (2018) discovered a cluster hosting both

a GRH and a RMH; these kinds of cases prove the need to probe a broader mass and redshift

parameter spaces to model RMH correctly.
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1.2.2.2 Scaling Relations

Giacintucci et al. (2019) used a sample of 23 RMHs, currently the largest sample, to study

statistical properties of RMH. They confirmed that there is no strong correlation between radio

power and the mass of the host cluster. They discovered a strong correlation between RMH

power and cluster core bolometric X-ray luminosity. Kale et al. (2013) and Giacintucci et al.

(2017) reported that there is a high occurrence (ě 50%) of RMH in massive cool-core clusters.

Ignesti et al. (2020) used a combination of observations and simulations to explore the connection

between the host cluster’s X-ray properties and RMH power. They found a linear correlation

between radio power and X-ray brightness. More studies are required to properly investigate the

connection between RMH power and X-ray properties of the host cluster.

1.2.3 Radio Relics

Galaxy cluster radio relics (or radio shocks) are typically elongated, „Mpc scale diffuse radio

sources located at the cluster outskirts (Feretti et al., 2012; Brüggen and Vazza, 2020). They tend

to have higher polarisation percentages (Á 20%) in comparison to radio halos. RRs can further

be subdivided into double relics, and relics and halos (see Figure 1.5). Double relics occur when

two relics are found in one cluster mostly situated opposite each other (Duchesne et al., 2020). In

some instances, a cluster hosts both a GRH and a RR (Bı̂rzan et al., 2019) or a GRH and two or

more relics (Govoni et al., 2001; Lindner et al., 2014; Bonafede et al., 2018). van Weeren et al.

(2019) classified revived fossil plasma as a subgroup of radio relics, we discuss these sources in

detail in Section 1.2.4. It is now well established that radio relics are predominantly found at

cluster shocks (Botteon et al., 2016; Eckert et al., 2016). However, the origin of CRe is still an

open question. Studies of spectral index properties can help constrain the models for the CRe

origin.

1.2.3.1 Formation Mechanisms

In the diffusive shock acceleration (DSA) mechanism, CR protons and electrons are accelerated

from the thermal pool up to relativistic energies at the cluster merger shocks (Krymskii, 1977;
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Figure 1.5: Left: LOFAR observations of the radio relic and halo in the Coma cluster. This RR

was among the first to be observed and has been extensively studied. Source: Bonafede et al.

(2020). Right: A combination of GMRT and VLA observations of the complex ’Toothbrush’

relic. Source: Rajpurohit et al. (2020c).

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 main constraint for

this mechanism is that the Mach numbers for the shock regions of the observed RR are very

low. According to the DSA model, weak shocks would result in RR with ultra-steep spectra

(Botteon et al., 2020). The observed spectra of radio relics are much flatter than predicted by

the DSA of thermal electrons. Locatelli et al. (2020) reported the discovery of a RR in Abell

2249. The host clusters X-ray properties and magnetic field strength suggest that the RR might

have formed through DSA. This LOFAR observation indicates that lower frequency observations

might reveal a population of RR that fit the DSA requirements. However, Vazza and Brüggen

(2014) also reported tension between the gamma-ray upper limits and the expected gamma-ray

emission produced by DSA. Gamma-ray emission in clusters is yet to be detected (Colavincenzo

et al., 2020).

The second mechanism proposes the re-acceleration of fossil CR electrons via DSA at the

cluster shocks (Enßlin and Gopal-Krishna, 2001b; Miniati et al., 2001; Stuardi et al., 2019). The

proposed origin of the fossil electrons is again AGN activity. The connection between AGNs and

radio relics has been established in a few observed cases (Bonafede et al., 2014; van Weeren et al.,
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2017). This mechanism reproduces the observed spectrum (de Gasperin et al., 2014; Shimwell

et al., 2015; Ge et al., 2019). It also does not require shocks to have large Mach numbers as

the pre-existing electrons have enough energy to be re-accelerated to relativistic speeds (Brunetti

and Jones, 2014). However, this mechanism also presents challenges as there are RRs detected

in clusters where shock regions cannot be traced. A model by Zimbardo and Perri (2017, 2018)

focuses on the role magnetic fields play in the formation of relics. They derive that under specific

configurations, magnetic fields could allow electrons to reach relativistic speeds via the shock

drift acceleration mechanism (DSA; Guo et al., 2014; Caprioli and Spitkovsky, 2014). However,

the role of cluster magnetic fields and their amplification by low Mach number shocks is still

poorly constrained (Stuardi et al., 2019). Studies of statistical properties of these sources will

help discriminate between the two mechanisms.

1.2.3.2 Spectral Index Properties

Studies of spectral properties of RRs have shown that these sources have steep integrated spectra

(´1.5 ă α ă ´1) that follow a power-law (Feretti et al., 2012; Rajpurohit et al., 2020d). A

few clusters host radio relics with a much flatter spectral index (α „ ´0.8) (Brentjens, 2008;

HyeongHan et al., 2020). The flat spectrum observations challenge particle acceleration mod-

els as shown by van Weeren et al. (2012). Spectral index maps of RRs tend to exhibit spectral

steepening feature in regions close to the cluster centre. This feature is attributed to the inverse

Compton losses and indicates shock regions with downstream electron motions (Clarke and En-

sslin, 2006b; Shimwell et al., 2015; Rajpurohit et al., 2020b).

1.2.3.3 Connection to Cluster Shocks

Shock waves propagating in galaxy clusters are defined as regions where there is a steep transi-

tion in fluid flow. The upstream flow is supersonic, and the downstream flow is subsonic. The

propagating collisionless shock waves heat thermal electrons and accelerate them. This process

transforms thermal electrons to relativistic non-thermal cosmic rays. Three main astrophysi-

cal processes produce shock waves: the accretion of matter onto clusters by the intergalactic
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medium, AGN jets creating bubbles in the ICM, and the mergers of sub-clusters (see Brüggen

et al., 2012, for a review). Radio relics are associated with the shocks generated by cluster merg-

ers. The thermal or non-thermal pool of electrons in the cluster outskirts is (re-)accelerated to

relativistic speeds via DSA. This results in the formation of the arc-like, steep spectrum, syn-

chrotron sources (van Weeren et al., 2011; Domı́nguez-Fernández et al., 2020). Cluster shock

properties can be probed using X-ray and SZ studies (Markevitch and Vikhlinin, 2007; Di Mas-

colo et al., 2019a).

Multiple observational properties link RRs to cluster shocks. The most prominent evidence,

provided by X-ray observations, is that the structure of the relics coincides with that of the X-ray

shock region. A study by Golovich et al. (2017) found that the merger axis of the host clusters

is usually in the plane of the sky and that double relics form along the merger axis. Polarisation

studies reveal that strongly polarised relics are confined in shock regions where the magnetic

field is compressed (Clarke and Ensslin, 2006a; Urdampilleta et al., 2018; Stuardi et al., 2019).

The final evidence is the observed spectral steepening of relics in the downstream shock regions

(Rajpurohit et al., 2020b).

1.2.4 Revived Fossil Plasma

Low-frequency radio observations of galaxy clusters have revealed the presence of faint, steep

spectra (α ă ´1.5) radio sources that fall outside the traditional categories of GRHs, RMHs

and RRs. These sources exhibit various morphology and can currently be grouped into ra-

dio phoenices (Slee and Reynolds, 1984; Giacintucci et al., 2020) and gently re-energized tails

(GReEts; de Gasperin et al., 2017b; Bı̂rzan et al., 2020). Radio phoenices are linked to the

re-energised fossil plasma from AGN lobes. According to the favoured formation mechanism,

the AGN fossil plasma is gently re-accelerated by shock compression resulting in synchrotron

emitting CRe (Enßlin and Gopal-Krishna, 2001a; Kang and Ryu, 2015). There are two pro-

posed formation mechanisms for GReETs; compression of the radio tails by weak shocks or

re-energisation of the tail by turbulence caused by the Rayleigh-Taylor and Kelvin-Helmholtz

instabilities (de Gasperin et al., 2017b; van Weeren et al., 2019). Figure 1.6 shows the GReET
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discovered by de Gasperin et al. (2017b) and a typical radio phoenix. Only a small number of

these revived fossil plasma have been observed. More detections are required to further distin-

guish their origin.

Figure 1.6: Left: Image of a GReET observed by LOFAR. The background optical image is

from SDSS, purple indicates Chandra X-ray Observations, and blue traces the radio emission

observed by LOFAR. Source: de Gasperin et al. (2017b). Right: LOFAR observation of a radio

phoenix. Source: Mandal et al. (2020).

1.3 Thesis Outline

Understanding the non-thermal components of the ICM is essential for having a complete view

of galaxy clusters and their cosmological evolution. Cluster-scale synchrotron emission is a

powerful tracer of the non-thermal ICM. However, the origin and evolution of these tracers is still

much debated. Statistical studies of large, uniformly selected samples of galaxy clusters spanning

a wide mass and redshift parameter space are required to constrain existing formation theories.

The current robust statistical studies are based on cluster samples limited to high mass and low

redshifts (Venturi et al., 2008; Kale et al., 2013; Cuciti et al., 2015, 2021a). The availability of
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newly built state-of-the-art radio telescope has allowed for the observations of higher redshift and

lower mass clusters (Bernardi et al., 2016; van Weeren et al., 2020; Raja et al., 2021). However,

larger samples are still required to further probe the cosmological evolution of diffuse radio

emission. The study of larger samples will also reveal how the dynamics of the host clusters

affected the type of diffuse emission observed. Our thesis aims to further expand the sample of

observed diffuse emission and to study the statistical properties of these objects at higher masses

and lower redshifts.

The layout of this thesis is as follows. In Chapter 2, we discuss our cluster selection process,

we present the Giant Metrewave Radio Telescope (GMRT) observations, and we discuss our

data reduction. We then present the results from our GMRT sample, including the statistical

properties. In Chapter 3, we present our analysis and results of the MeerKAT observations of

the Bullet cluster, Abell 3558, Abell 3562 and RXC J1314.4´2515. In the final chapter, we

summarise our results and conclusions and describe avenues for future work.

In this thesis we adopt a ΛCDM flat cosmology with H0 = 70 km s´1 Mpc´1, Ωm = 0.3, and

ΩΛ = 0.7. For our radio analysis, we assume Sν 9 ν´α.



CHAPTER 2

DIFFUSE EMISSION IN ACTPOL

CLUSTERS FROM GMRT

OBSERVATIONS

The main aim of this thesis is to study the properties of diffuse radio emission hosted by clusters

spanning a broad mass and redshift range. To achieve this, we observed a cluster sample with

lower-mass and higher-redshift clusters compared to previously studied samples (de Gasperin

et al., 2014; Kale et al., 2015; Giacintucci et al., 2017; Giovannini et al., 2020; Cuciti et al.,

2021a). We then followed up these clusters, for which there wasn’t archival data of sufficient

quality for our purposes, using a sensitive radio interferometer, from which we could extract

faint extended diffuse emission. In this chapter, we begin by outlining radio interferometry basics

which form the basis of our data reduction. We then describe our targeted sample and detail the

Giant Metrewave Radio Telescope software backend (GSB) observations and data processing

for the archival and new datasets. We highlight the methodology used to extract faint diffuse

emission in cluster regions and present the GSB results. Finally, we discuss the GMRT wideband

backend (GWB) data reduction procedures explored. We present preliminary results for the

21
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clusters which had GWB data and diffuse emission detections in the GSB images.

2.1 Radio Interferometry Basics

Observing the radio sky began with an experiment that was led by the engineer named

Karl Jansky who was based at the Bell Labs. For the experiment, Karl Jansky used a sin-

gle radio antenna to investigate sources of interference at radio wavelength transmissions.

Jansky (1933) reported the serendipitous discovery of radio waves from extrasolar sources, later

confirmed as radio waves from the center of the Milky Way. Since then, the radio astronomy

field has evolved and advanced tremendously. Presently, radio observations are able to probe the

distant Universe using highly sensitive radio interferometers. The large wavelengths of the radio

waves require extremely large („100 m) single dishes, such as the Green Bank Telescope. The

construction of these single dishes is challenging and they still do not achieve the required an-

gular resolution to resolve faint point sources. Radio interferometers were introduced to achieve

angular resolution similar to optical telescopes (Ryle and Vonberg, 1946).

Radio interferometers are a group of two or more antennae that are correlated to form one

single telescope. A schematic of a two-element interferometer is shown in Figure 2.1. The sepa-

ration between two antennae is called a baseline. The longest baseline determines the resolution

of the full array. The electromagnetic signals arrive at the two antennae at different time intervals.

The geometric delay is characterised by:

τg “ ~b ¨ ~s{c , (2.1)

where ~b is the baseline between two antennae, ~s is the direction of the observed source and c is

the speed of light. The two signals are then multiplied by the correlator and stored as complex

visibilities ,V pu, vq, as shown in Figure 2.1. Based on the van Cittert–Zernike theorem (Thomp-

son et al., 2017), for co-planar interferometers with small fields of view, the complex visibilities

can be related to the sky brightness using a Fourier transform in the following manner

V pu, vq “

ż 8

8

ż 8

8

Ilme
´2πipul`vmqdldm , (2.2)
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Figure 2.1: Diagram indicating how the two signals arriving at each antenna are correlated.
Source: (Thompson, 1999)

where pu, vq are the visibility plane coordinates and pl,mq are the direction cosines.

With new generation telescopes such as the upgraded GMRT the 2D approximation

does not hold because the antennas do not lie on the same plane and the telescopes have

wider field of views. For such instruments, the w-projection needs to be taken into account,

hence, the visibility equation becomes

V pu, vq “

ż 8

8

ż 8

8

Ilm
?

1´ l2 ´m2
e´2πipul`vm`wnqdldm , (2.3)

where w is the axis normal to the uv-plane and n is the direction cosine in the direction of

w. Equation 2.3, can be reduced to a 2D Fourier transform under the following constrains.

We can rotate the coordinate system so that the w-axis points to the center of the region of

interest and make use of the small angle approximation

n “ cosγ “
a

1´ sin2γ “
?

1´ θ2 “ 1´ θ2
{2, (2.4)
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where θ is the polar angle from the centre of the image (see Figure 2.2). The visibility

equation then becomes

V pu, vq “ e´2πiw

ż 8

8

ż 8

8

Ilm
?

1´ l2 ´m2
e´2πipul`vm´wθ2{2qdldm . (2.5)

Since we assume the small angle approximation, wθ2 ăă 1. Hence the visibility equation

can be written as a 2D Fourier transform

V 1pu, vq “

ż 8

8

ż 8

8

Ilm
?

1´ l2 ´m2
e´2πipul`vmqdldm , (2.6)

where V 1pu, vq = V pu, vqe2πiw.

The power collected by a single antenna for a source with brightness I is given by

P “ Aepν, θ, φq Ipν, θ, φq∆Ω ∆ν , (2.7)

where Ae is the effective collecting area, θ and φ are the direction coordinates on the sky, ∆Ω

is the solid angle, and ∆ν is the frequency bandwidth. The power pattern associated with Ae of

a single antenna is shown in Figure 2.2. This pattern is known as the primary beam, which is

the Fourier transform of the aperture of the antenna. For circular dishes this pattern is given by a

sinc function1.

Hamaker et al. (1996) introduced the radio interferometer measurement equation (RIME),

which is a mathematical representation of how the observed visibilities relate to the true sky

brightness. Based on the formalism by Smirnov (2011) the RIME is given by:

Vpq “ Gp

¨

˝

ĳ

lm

Bpl,mqe´2πipupql`vpgmq{λdldm

˛

‚GH
q (2.8)

Bpq “ Ep B Eq , (2.9)

where Gp are the Jones matrices representing antenna related direction independent effects,

Bpl,mq is the sky brightness matrix, and Ep are the Jones matrices incorporating direction depen-

dent effects (e.g ionospheric effects, primary beam attenuation, etc.). As in equation 2.2, pu, vq

are the visibility plane coordinates, and pl,mq are the intensity plane coordinates. The process

1https://www.sciencedirect.com/topics/engineering/sinc-function

 https://www.sciencedirect.com/topics/engineering/sinc-function
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Figure 2.2: The primary beam pattern of an antenna with a circular aperture. The primary beam
is made up of a main beam with the peak antenna response at the pointing centre, as well as side
lobes with non-negligible antenna response further away from the pointing centre. P(0) indicates
the pointing center of the observation.

of correcting the antenna gains and recovering the true observed sky is known as calibration.

The older generation telescopes, which had smaller field of views and narrow bandwidth

(„ 30 MHz), generally require only standard calibration processes (see Sections 2.1.1) to

produce high quality images. However, the new generation low frequency telescopes, such as

LoFAR and uGMRT, have wider bandwidths („100s of MHz) compared to the traditional inter-

ferometers. The wide bandwidths introduce ionospheric and beam variation effects that make

calibration and imaging much more complex. Hence, a further step of direction dependent

calibration is necessary (see Section 2.1.2).

Data reduction is a process that encompasses radio frequency interference (RFI) exci-

sion, correction of antenna pointing errors and gain amplitudes, deconvlotion, and imaging

the observed visibilities. The aim of data reduction to obtain images that are a close ap-

proximation of the observed sky. The data reduction steps are explained in detail in the

sections below.
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2.1.1 Standard Calibration

The standard data reduction technique involves RFI removal (flagging), first generation calibra-

tion (1GC or cross-calibration), and second generation calibration (2GC or self-calibration) (No-

ordam and Smirnov, 2010; Offringa et al., 2012). There are various sources of RFI, including sig-

nals from cellphones and satellites. These objects emit high-amplitude radio signals that degrade

the quality of radio observations. The new generation telescopes have broader bandwidths mak-

ing them more susceptible to RFI induced errors. Therefore, for these telescopes, it is important

to identify RFI signals in time, frequency and antenna space, and flag them prior to calibrating

the data. Many software algorithms have been developed for RFI flagging, which include in-built

automated flagging tasks in the Common Astronomy Software Applications (CASA; McMullin

et al., 2007), and more recently AOFLAGGER and GRIDFLAG (Offringa et al., 2012; Sekhar and

Athreya, 2018). Once the RFI is flagged, the next step is to calibrate the visibilities.

In the 1GC step, a well known, bright, point-like source is observed and used to correct for

the baseline-based errors, the antenna-based gains, and to set the flux scale for the fainter target

field. Typically, another point-like source, fainter but nearer on the sky to the target field, is

observed and used to correct for phase variations. In some instances, one calibrator is used for

both phase and gain calibration if the flux calibration source is close enough to the target. The

solutions obtained from these sources are then applied to the target field. The cross-calibrated

target data are then separated into a standalone dataset before further calibration is carried out.

2GC, also known as self-calibration, is the calibration step where the target data is used to

improve its own calibration. This step encompasses the creation of a good target sky model

while simultaneously correcting for antenna gains. The sky model is obtained by deconvolving

the PSF, storing the clean components and imaging (see Section 2.1.3). The sky model is then

used to produce phase and amplitude gain solutions. The gain solutions can be improved by

first applying phase-only calibration to improve antenna gain phases. After this one can proceed

to amplitude-only and phase-and-amplitude calibrations. 2GC is computed iteratively until the

desired image quality is achieved. There are various software tools that can be used for 2GC

calibration and imaging; the main tools include CASA, CUBICAL (Kenyon et al., 2018), and
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WSCLEAN (Offringa et al., 2014).

2.1.2 Direction Dependent Calibration

Traditional radio interferometers allowed for the simplification of the RIME by assuming that

each baseline observed the same sky. This resulted in the assumption that the E-Jones matrices

were the same for all baselines, making Ep ” E. However, for the new generation interferometers

such as uGMRT and MeerKAT, this simplification does not hold. These interferometers have

non-coplanar long baselines, wide bandwidths, and high sensitivities. These properties result

in multiple direction-dependent effects (DDEs), including primary beam attenuation, varying

in-band source spectra, and ionospheric effects. The conventional 2GC software tools can not

successfully calibrate all these errors. Fortunately, the Hamaker et al. (1996) RIME formalism

allows for the calibration of the E-Jones matrices which accounts for the DDEs. This calibration

step was first introduced by Noordam and Smirnov (2010) and they labelled it third generation

calibration (3GC). The two main methods for 3GC are peeling (Noordam, 2004) and facet-based

calibration (Cotton et al., 2004).

Peeling is the process of finding DDEs solutions for the brightest source in the field, cali-

brating the visibilities with the solutions, then subtracting the source from the visibilities and

solving for the next brightest source. Peeling is done iteratively until all the bright sources in

the target field are corrected for DDEs. Facet-based calibration divides the observed field into

regular or irregular (Voronoi tesselation) facets, and tagging the brightest source as the center of

each facet (Tasse et al., 2018; Vavilova et al., 2020). Self-calibration is then performed on each

facet independently. KILLMS2 uses facet based calibration to solve for the E-Jones matrices. The

source peeling and atmospheric modelling software (SPAM; Intema, 2014) uses a combination

of peeling and facetting to solve for the DDEs. Beyond calibration, wide-field imaging tools

are also required to further correct for DDEs. Software tools such as CASA-MTMFS, WSCLEAN,

and DDFACET (Tasse et al., 2018), take into account the source flux frequency dependence and

primary beam corrections. A combination of the calibration and imaging tools results in high-

2https://github.com/saopicc/killMS

https://github.com/saopicc/killMS
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dynamic range images. 3GC is being computationally expensive compared to 1GC and 2GC,

hence, super-computing power is required for this step. We use these tools to reduce the radio

observations of clusters selected from the ACTPol sample, which is described in the next section.

2.1.3 Imaging

As shown in Equation 2.2, the visibilities are related to the true sky brightness by a Fourier

transform. Hence, once the visibilities are corrected for, one can Fourier transform them

into the image plane to recover the observed target’s intensity. The angular resolution

of the resulting image is derived from the longest baseline visibilities. However, the ‘true’

intensity map of the sky cannot be fully recovered because the uv-plane is sparsely sampled.

Directly imaging the corrected visibilities produces a ‘dirty’ image, which is a convolution

of the point spread function (PSF) and the true intensity.

Idirtypl,mq “ βpl,mq f Itruepl,mq , (2.10)

where βpl,mq is the PSF or the dirty beam, which is a Fourier transform of the sampling

of the visibilities in the uv-plane. The CLEAN algorithm introduced by Högbom (1974), in-

volves the deconvolution of the the PSF, filling the unsampled uv ´ plane with non-zero

extrapolated values, and baseline based weighting of the visibilities. This algorithm pro-

duces a ‘CLEANed’ image which best represents the true sky intensity.

The quality of the images can be improved by setting various parameters while applying

the CLEAN algorithm. To improve the the signal-to-noise ratio and the dynamic range of

the recovered image, weighting parameters can be applied. This enables different weights

to be applied on the visibilities. The two extreme cases of weighting visibilities are natural

weighting and uniform. Natural weighting applies equal weights to all visibilities. This

results in a higher sampling of the dense short-baseline visibilities, high signal-to-noise, but

also results in larger angular resolution. Uniform weighting applies the same weighting for

visibilities of equal scale. This produces an image with the smallest possible angular reso-

lution but poor noise quality. Ideally, the best image is produced by a compromise between
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the natural and uniform weighting. The algorithm introduced by Briggs (1995) allows for

a compromise between natural and uniform weighting. The ’robust’ parameter allows one

to select the best value (’-2’ uniform and ’2’ natural) suited for particular scientific needs.

One can also restrict the range of visibilites used by applying the ‘uv-taper’ parameter.

The taper can be used to produce high-resolution or low-resolution images based on the

specified ‘uv-range’. The tapering of visibilities enables one to enhance the image features

of interest (e.g. large scale diffuse emission).

2.2 ACTPol Sample Selection

Previous statistical studies of diffuse radio emission in galaxy clusters were constrained to ob-

servations of high mass and low redshift systems selected using X-ray telescopes (Venturi et al.,

2008; Kale et al., 2015). The X-ray selected samples had relatively low diffuse emission detec-

tion rates („20%). Andrade-Santos et al. (2017) studied the fraction of cool-core clusters in a

X-ray selected sample from Chandra versus a SZ selected sample from Planck. The study re-

vealed that the X-ray sample had a higher fraction („44%) of cool-core clusters in comparison

to the SZ sample („28%). These findings in conjunction with the poor resolution („1.81) of

ROSAT, which was mainly used for the X-ray samples, may account for the low detection rates

of diffuse emission in X-ray selected samples.

As described in Chapter 1, the thermal SZ effect is a powerful probe for high-redshift clus-

ters due to the fact that it is not affect by dimming. Hence, the SZ survey catalogues offer an

almost redshift independent selection function. Essentially, cluster samples from SZ surveys are

restricted by cluster masses based on the sensitivity of the observing instrument. The three main

microwave telescopes that have been used to detect galaxy clusters are the Atacama Cosmology

Telescope (ACT; Swetz et al., 2011), the Planck satellite (Planck Collaboration et al., 2011), and

the South Pole Telescope (SPT; Carlstrom et al., 2011).

For our project we use the galaxy cluster catalogue from the ACT’s Polarimetric extension

(ACTPol; Hilton et al., 2018) to select our sample. The ACTPol catalogue was constructed using

the D56 region, shown in Figure 2.3, which covers an area of 548 deg2 with a sky coverage
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of ´7.2o ă δ ă 4o and 352o ă α ă 41o (Louis et al., 2017). The final catalogue consists of

182 optically confirmed clusters. For a signal-to-noise (SNR) ą 4 the sample spans a mass

and redshift range of 1.6 ă 1014 Md ă 9.1, and 0.1 ă z ă 1.4, respectively. The 90% sample

completeness cut-off is M500c ą 4.5 ˆ 1014 Md for SNR ą 5 and a redshift range of 0.2 ă z

ă 1.0. M500c is the mass measured within a radius that encloses a region with an average density

that is 500 times the critical density at the cluster redshift and assuming the SZ-signal scales with

mass as described in Arnaud et al. (2010).

Figure 2.3: The Planck 353 GHz temperature map overlaid with the ACTPol E-D56 region

(shown in black) and the overlapping multi-wavelength surveys. The region enclosed by the

magenta polygon indicates the region of the selected final sample which we followup using

u/GMRT observations. Source: Adapted from Hilton et al. (2018).

For our sample, we considered all the clusters with a SNR ą 5. We then applied a mass and

redshift cut of M500,SZ ą 4ˆ1014 Md and 0.1 ă z ă 0.8. This results in a sample of 40 clusters

which formed the basis of our sample. We aimed to follow up at low-frequency using the wide-

band upgraded Giant Metrewave Radio Telescope (uGMRT; Gupta et al., 2017) and to also utilise

existing archival narrowband GMRT data. As of November 2020, there were 17 clusters with

pre-existing GMRT legacy software backend (GSB) observations. We also successfully proposed

to observe 13 clusters using the upraged GMRT wideband backend (GWB) observations which

had simultaneous GSB data. These clusters were observed over three semesters. The archival

data and new observations resulted in a total of 30 clusters which is our main cluster sample
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for this thesis. In future work and future proposals on GMRT we aim to complete the radio

observations of the remaining 10 clusters in the sample. The properties of the cluster sample

are listed in Table 2.1. In Figure 2.4, we compare our sample of 40 clusters to Planck and SPT

samples which were used for similar studies. Our sample covers a wider redshift range compared

to both samples. We also cover lower mass clusters compared to the Planck sample. The SPT

sample overlaps with ours at higher redshifts however, it does not cover lower redshifts (z ă

0.33).

Figure 2.4: Our ACTPol sample in comparison to the Planck sample (Cuciti et al., 2021b) and

SPT (Raja et al., 2021) sample used for statistical studies of diffuse emission.

2.3 GMRT Observations

The array configuration of the Giant Metrewave Radio Telescope (GMRT; Swarup et al., 1991)

makes it an excellent instrument for studying faint extended diffuse emission in galaxy cluster
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Table 2.1: The full sample of ACTPol clusters ordered in descending mass. Columns: (1) ACT cluster

catalogue name. (2) J2000 Right Ascension of the ACT SZ peak. (3) J2000 Declination of the ACT SZ

peak. (4) Cluster redshift. (5) The central Comptonization parameter measured using a filter with 2.41

angular scale. (6) ACT SZ-derived mass within R500c. (7) Alternate cluster designation.

ACT-CL RAJ2000 DECJ2000 z ȳo M500,SZ Alternate Name
deg deg 10´4 1014 Md

J2327.4´0204˚ 351.862 ´2.0763 0.699 4.49 ˘ 0.19 10.4`1.8
´1.5 RCS J2327´0204

J0019.6+0336˚ 4.9058 3.6074 0.269 2.99 ˘ 0.24 9.4`2.0
´1.7 NSCS J001937+033655

J0034.4+0225 8.6067 2.422 0.382 3.10 ˘ 0.25 9.0`1.8
´1.5

J0248.1´0216˚ 42.0468 ´2.2750 0.238 2.70 ˘ 0.21 8.9`2.0
´1.6 ACO 384

J0137.4´0827 24.3521 ´8.4598 0.568 3.08 ˘ 0.27 8.2`1.5
´1.3 PSZ1 G155.25-68.42

J0239.8´0134˚ 39.9669 ´1.5782 0.375 2.65 ˘ 0.16 7.9`1.5
1.3 ACO 0370

J0140.0´0554˚ 25.0004 ´5.9144 0.454 2.67 ˘ 0.24 7.7`1.5
´1.2 1RXS J014001.8´055513

J0159.8´0849˚ 29.9541 ´8.8289 0.408 2.39 ˘ 0.28 7.2`1.5
1.2 PSZ2 G167.66´65.59

J2135.2+0125˚ 323.8123 1.4212 0.23 2.04 ˘ 0.17 6.9`1.7
´1.4 ACO 2355

J0152.6+0100˚ 28.1732 1.0068 0.229 2.04 ˘ 0.28 6.9`1.5
´1.2 ACO 267

J0003.1´0605˚ 0.7993 ´6.0877 0.233 2.03 ˘ 0.25 6.8`1.6
´1.3 ACO 2697

J2351.7´0859 357.9469 ´8.9870 0.392 2.08 ˘ 0.31 6.4`1.4
´1.2 WHL J357.962´08.99151

J0248.1+0238 42.0487 2.6339 0.556 2.16 ˘ 0.25 6.3`1.2
´1.0 RM J024813.0+023827.9

J2015.3´0126; 303.8366 ´1.4464 0.39 1.99 ˘ 0.31 6.2`1.5
´1.2

J0326.8´0043 51.7129 -0.7331 0.447 2.01 ˘ 0.23 6.1`1.2
´1.0 MCS J0326.8´0043

J0014.8´0057˚ 3.7249 ´0.9506 0.533 2.06 ˘ 0.18 6.1`1.1
´0.9 GMBCG J003.72543´00.95236

J2341.2´0901˚ 355.3153 ´9.0226 0.251 1.79 ˘ 0.42 6.0`1.8
´1.4 ACO 2645

J2129.6+0005˚ 322.4115 0.092 0.234 1.74 ˘ 0.24 6.0`1.4
´1.2 RXC J2129.6+0005

J0154.4´0321 28.6122 ´3.3531 0.444 1.90 ˘ 0.22 5.9`1.2
´1.0 RM J015426.9´032119.9

J0129.0´0845 22.2503 ´8.7539 0.358 1.79 ˘ 0.34 5.7`1.4
´1.1 RM J012900.7´084520.2

J0059.1´0049˚ 14.7808 ´0.8296 0.787 2.21 ˘ 0.18 5.9`1.0
´0.9

J2337.6+0016˚ 354.4092 0.2711 0.277 1.71 ˘ 0.14 5.7`1.2
´1.0 ACO 2631

J2128.4+0135 322.1041 1.5995 0.386 1.76 ˘ 0.36 5.6`1.4
´1.1 PSZ2 G054.95´33.39

J0301.6+0155; 45.4131 1.9212 0.167 1.45 ˘ 0.31 5.5`1.7
´1.3 ZwCl 0258+0142

J0022.2´0036˚ 5.5506 ´0.6005 0.805 2.02 ˘ 0.19 5.5`0.9
´0.8

J0045.2´0152˚ 11.3025 ´1.8808 0.548 1.79 ˘ 0.19 5.4`1.0
´0.9 PSZ2 G119.30´64.68

J0008.1+0201 2.044 2.0238 0.366 1.63 ˘ 0.15 5.3`1.0
´0.9 WHL J000810.4+020112

J0303.3+0155; 45.8315 1.9268 0.153 1.34 ˘ 0.32 5.2`1.7
´1.3 ACO 409

J0033.8´0751˚ 8.4664 ´7.8657 0.305 1.57 ˘ 0.25 5.2`1.2
´1.0 ACO 56

J2156.1+0123; 329.0398 1.3839 0.227 1.43 ˘ 0.27 5.0`1.4
´1.1 RCS J215609+0123.3

J2058.8+0122; 314.7216 1.3794 0.329 1.49 ˘ 0.29 5.0`1.2
´1.0 PSZ1 G050.07´27.29

J2050.7+0122; 312.6851 1.3758 0.334 1.50 ˘0.28 5.0`1.2
´1.0 1RXS J205043.1+012346

J2050.5´0055 312.6279 ´0.9315 0.623 1.64 ˘ 0.24 5.0`1.0
´0.8

J2029.2+0029; 307.3217 0.4998 0.240 1.37 ˘ 0.27 4.8`1.3
´1.0

J0026.2+0120 6.5597 1.3392 0.64 1.58 ˘ 0.19 4.8`0.9
´0.8

J2307.6+0130 346.9133 1.5127 0.389 1.42 ˘ 0.34 4.7`1.3
´1.0 ZwCl 2305+0114

J0106.1´0619 16.5435 ´6.3204 0.50 1.46 ˘ 0.26 4.7`1.0
´0.8 RM J010608.9´061844.6

J0206.2´0114; 31.5552 ´1.2415 0.676 1.55 ˘ 0.15 4.7`0.8
´0.7

J0027.1´0843; 6.7759 ´8.7169 0.350 1.35 ˘ 0.032 4.6`1.2
´1.0

J0127.2+0020; 21.8187 0.349 0.380 1.36 ˘ 0.17 4.6`0.9
´0.8

Notes: : R500 is the cluster radius that encloses a mean mass over-density that is 500 times that of the cosmic

critical density at the cluster redshift. *Clusters with archival GMRT data at 325 or 610 MHz. ; clusters that have

not been observed with GMRT. The clusters without alternate names were newly detected by ACTPol.
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environments. The short baselines in the dense core (see Figure 2.5) trace the extended structure,

while the antennas in the long arms result in simultaneous high resolution. High resolution is

required to disentangle the compact sources embedded in the diffuse emission. The GMRT was

recently upgraded to include wideband receiver systems and is now referred to as the uGMRT.

The uGMRT has four bands, with bandwidths spanning a range of 100 MHz to 450 MHz. The

increased bandwidth is an added advantage for diffuse emission studies because one can also

perform in-band spectral index studies.

Figure 2.5: GMRT array configuration. Source: Patra et al. (2019)

Seventeen clusters in our target sample had useful low-frequency archival GMRT data. For

the other thirteen clusters, we obtained simultaneous GSB and GWB data using the uGMRT’s

Band-3, which operates between 300 MHz and 500 MHz (proposal IDs: 32 012, 33 010, 36 050).

To determine the amount of hours we needed for the GWB observations, we first assume that

each cluster in our sample hosts a radio halo with a size RH , where RH is calculated from the

RH ´ Rvir relation (Cassano et al., 2007). Given that our observations are at lower frequencies,

where the emission in known to be brighter and more extended, we multiplied RH by a factor

of 2. We estimated the rest-frame 1.4 GHz halo radio power, P1.4GHz, using the P1.4GHz ´ M500

scaling relation from Cassano et al. (2013). We use these values to extrapolate the flux density of
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the radio halo at 375 MHz, which is the central frequency of uGMRT’s Band-3, using a fiducial

spectral index value of α = 1.2. We used the halo model discussed above to calculate the required

integration times per cluster using a MATLAB-based simulation code. We use the on-source in-

tegration times which ensured that we would detect the estimated peak halo flux density up to

a signal-to-noise of 10, with 90% flux recovery for the extended halo structure. The criteria we

use is conservative given that the simulations do not account for point source contamination in

the cluster region. Since uGMRT was operating in ‘shared risk’ mode, we increase the integra-

tion times by 30% to account for RFI flagging or other issues that might have occurred during

observations. For the cycle 36 proposal, we used the uGMRT Exposure Time Calculator (ETC)3

to calculate the integration times. The ETC is used for all GWB proposals since cycle 36.

In the proposal cycles 32, 33, and 36, we proposed to observe 18, 16, and 12 clusters, respec-

tively. However, we were not awarded the full requested time for our proposals, hence, we had

to adjust the number of clusters to be observed. In cycle 32 (GMRT proposal ID: 32 016, PI:

Knowles) we were awarded 45.0 hours and observed eleven clusters. For our cycle 32 proposal,

we used an early version of the ACTPol catalogue, with preliminary mass estimates. The final

catalogue used better calibrated maps for deriving the masses. The change in mass estimates for

the ACTPol catalogue resulted in a sample different to the one we had submitted in the cycle 32

proposal. Only three of the eleven clusters that were observed in cycle 32 are part of our final

sample. In cycle 33 (GMRT proposal ID: 33 010, PI: Knowles) we were allocated 20.0 hours

which was sufficient to observe three more clusters. In cycle 36 (GMRT proposal ID: 36 050,

PI: Knowles) we were allotted 72 hours. We observed seven new clusters and also re-observed

two clusters from cycle 33 which had poor data quality. In total, we observed a subset of thirteen

clusters in our sample. All our observations were at band three (250´500 MHz) using the GMRT

wideband backend (GWB). For our observations, we requested for full Stokes (RR,LL,RL,LR)

and dump times of „16 seconds (cycle 32), „8 seconds (cycle 33), and „4 seconds (cycle 36).

The cross-polarisation visibilities assist with improving RFI detection. We also learned from the

previous observations, that a higher dump rate is needed to improve RFI excision. Hence, we

3http://www.ncra.tifr.res.in:8081/˜secr-ops/etc/rms/rms.html

http://www.ncra.tifr.res.in:8081/~secr-ops/etc/rms/rms.html
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decreased the dump time on later proposals. Although our proposals were for the GWB obser-

vations, the observational setups also provided data from the legacy GMRT software backend

(GSB) at 325 MHz. The majority of the clusters with archival data had GSB observations at 610

MHz. We summarise the u/GMRT observation details in Table 2.2. For a homogeneous approach

in our data reduction strategy, we began by reducing and analysing the GSB datasets for the full

sample.

2.4 GMRT GSB Data Reduction

We use the source peeling and atmospheric modeling (SPAM; Intema, 2014; Intema et al., 2017)

calibration pipeline’s version 19.11.071 to reduce the GSB data for all 30 clusters. SPAM is a

fully automated Python pipeline that uses the PARSELTONGUE (Kettenis et al., 2006) interface to

access and execute the Astronomical Image Processing System (AIPS; van Moorsel et al., 1996)

tasks. The pipeline is divided into two steps; the ‘pre-calibrate targets’ step and the ‘process

target’ step. The data reduction steps are as follows:

1. In the ‘pre-calibrate target’ step performs cross-calibration step of the standard calibration

procedure. The pipeline uses the primary calibrator(s) to determine the channels affected

by RFI, determine the flux scale, and to produce cross calibration tables. The flags and

calibration tables are then applied to the target source. Finally, the calibrator and target

visibilities are split into separate UVFITS files.

2. The ‘process target’ step begins by taking the cross-calibrated (1GC) target data and apply-

ing 2GC (or self calibration) . For 2GC, the target visibilities are imaged using the facet-

based method established by Cornwell and Perley (1992). The point sources covering the

primary beam are obtained from a sky model extracted from the VLA low-frequency sky

survey (VLSS; Cohen et al., 2007) and the NRAO VLA sky survey (NVSS; Condon et al.,

1998). The observed field is then faceted based on the sky model. The deconvolution is

done using the Cotton-Schwab CLEAN algorithm (Condon et al., 1998). The CLEANED

visibilities are calibrated using the sky model. Then the calibrated visibilities are imaged
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Table 2.2: Summary of the GMRT observations for the sample. Columns: (1) ACT cluster
catalogue name. *Clusters with archival observations. (2) GMRT observation proposal ID. (3)
Narrow band GMRT observation frequencies. (4) Clusters with GWB band 3 observations from
our proposals. (5) On source observation time. (6) Synthesised beam of the full resolution
image. (7) rms noise of the full resolution image. (8) Total flagged percentage of the MS after
data reduction.

Cluster Name Obs. ID GSB GWB? tsrc Synthesised Beam RMS Flagged
ACT-CL MHz hrs (2 ˆ 2, deg ) (µJy/beam) %

J0003.1´0605˚ 07CRA01 610 2.2 4.8ˆ4.2, -65.1 193.2 27.5
J0008.1+0201 36 050 325 X 6.4 9.7ˆ7.6, -81.5 46.4 15.8
J0014.8´0057˚ 22 044 610 6.3 5.7ˆ3.9, 64.9 25.2 11.7
J0019.6+0336˚ 25 018 325 6.5 18.7ˆ8.2, -84.4 144 14.5
J0022.2´0036˚ 26 031 610 7.4 5.2ˆ4.0, 85.0 33.4 13.6
J0026.2+0120 36 050 325 X 5.9 16.6ˆ6.9, 67.1 60.8 17.2
J0033.8´0751˚ 26 021 610 3.7 5.4ˆ4.4, 78.6 63.5 11.8
J0034.4+0225 32 016 325 X 4 14.2ˆ18.1, 48.2 75.8 17.1
J0045.2´0152˚ 26 031 610 7.3 6.3ˆ4.5, -76.3 27 11
J0059.1´0049˚ 26 031 610 6.7 5.3ˆ4.3, 70.9 46.1 11
J0106.1´0619 36 050 325 X 6 16.4ˆ7.5, 65.9 142.3 15
J0129.0´0845 36 050 325 X 5.6 10.2ˆ7.5, 31.7 47.9 19
J0137.4´0827 32 016 325 X 6.6 12.8ˆ7.6, 18.1 74.5 14.7
J0140.0´0554˚ 30 012 610 4.9 5.9ˆ4.5, 20.9 22.3 12
J0152.6+0100˚ 16 117 610 4.4 6.1ˆ3.7, 71.2 89.9 37.5
J0154.4´0321 32 016 325 X 4.8 10.1ˆ9.3, -8.6 84.6 15.9
J0159.8´0849˚ 27 052 610 3.7 8.1ˆ4.6, 78.4 48.7 12.2
J0239.8´0134˚ 31 037 325 3 11.7ˆ7.9, 24.7 123.2 15.8
J0248.1+0238 33 010 325 X 5.1 10.7ˆ7.8, 32.9 57.1 16
J0248.1´0216˚ 26 021 610 3.6 5.6ˆ3.9, 65.0 32.4 10.7
J0326.8´0043 36 050 325 X 6 9.4ˆ7.3, 46.1 69.6 18.5
J2050.5´0055 36 050 325 X 6.6 9.7ˆ8.1, 89.2 64.6 18
J2128.4+0135 36 050 325 X 6.5 16.0ˆ6.9, 65.9 134 22.1
J2129.6+0005˚ 22 029 610 6 5.8ˆ3.7, 66.1 51.3 11.7
J2135.2+0125˚ 34 030 325 3.4 14.8ˆ8.9, 48.0 190.3 18.5
J2307.6+0130 36 050 325 X 5.8 16.6ˆ6.7, 67.4 78.7 18.1
J2327.4´0204˚ 26 031 610 7.6 5.1ˆ4.6, 89.2 64.6 10.5
J2337.6+0016˚ 07CRA01 610 6.3 5.3ˆ4.2, 68.9 45.8 26
J2341.2´0901˚ 10CRA01 610 3.3 4.8ˆ4.4, -68.9 60.8 27.2
J2351.7´0859 36 050 325 X 5.5 17.0ˆ6.4, 57.7 105.1 19.3
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to produce a better sky model and improved calibration solutions. This self calibration

cycle is applied three times. For the wide-field imaging, the pipeline performs a single-

scale CLEAN deconvolution down to 3 times the central background noise (σ), using

automated CLEAN boxes placed at positive peaks of at least 5σ.

3. The second part of the ‘process target’ step is to correct for DDEs (3GC), which include

ionospheric effects (Lonsdale, 2005). For each 3GC cycle, the brightest source in the field

is peeled. The ionospheric effects of the brightest source are modelled and phase corrected

solutions for the peeled model are obtained. SPAM uses a phase screen model to extend

the ionospheric phase solutions of the single source to the full field. Then the solutions

are applied to each facet during imaging. This cycle is repeated six times and each time

the brightest source is selected and corrected for DDEs. This repeats until all the bright

sources are corrected for DDEs. Finally, the astrometic corrections are applied on the

DDEs corrected image and the image is primary beam corrected thereafter.

We used default data reduction parameters for all the clusters. The default setting of the

number of pixels is „3780, with a pixel size of „1.92. The statistics of the primary beam

corrected images for the full sample are summarised in Table 2.2. The average flagged percent-

age of the reduced visibilities is „19.8%. For some fields (e.g J0003.1´0605, J2135.2+0125,

J0019.6+0336, and J0106.1´0619), noise levels are much higher than the theoretical square

root scaling laws. A major factor that contributed to the high RMS values is ionospheric

effects that were affecting the bright sources in the field. Other contributing factors are

RFI and poor uv coverage (see Section 2.7). The full field of view, primary beam corrected

images are shown in Appendix A.
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2.5 GMRT GSB Radio Analysis and Results

After our primary data reduction, we proceeded to search for extended diffuse radio emission in

the region of our clusters. To carry out this search, we produced low resolution images for all

the GSB observations. Our low resolution imaging process was done using the SPAM pipeline.

We first imaged the compact sources by applying a uv-range cut at baselines ě 3 kλ. At this

uv-range all the point source emission is captured, while higher uv cuts resulted in residual point

source emission and lower uv cuts also captured the extended diffuse structure. We then used the

high resolution imaging step to create model visibilities that only contained the point sources.

For the high resolution images, we used a Briggs robust parameter of -0.8. We subtracted the

point sources in the visibility plane. We then produced a full resolution point-source-subtracted

image to ensure that the subtraction was successful. Finally, we imaged the visibilities in the

uv-range ď 8 kλ whilst applying a uv-taper at 5 kλ and using a Briggs robust parameter of

0.8. These tapering and uv-cut values were ideal for capturing the full extension of the emission

while producing images with decent resolution and rms noise levels (see Table 2.3). Figure 2.6

highlights the low resolution imaging process for ACT-CL J0248.1+0238. Based on the 3σ low-

resolution contours (green contours), we conclude that this cluster has no extended emission in

the cluster region. The cyan contours plotted in the point source subtracted full resolution images

and low resolution images indicate that there was no residual point source emission in the low

resolution images. However, the artefacts around the bright sources are also picked up in the

high-resolution image. We use the same approach for the full sample. If a radio source in the

cluster region that is detected at or above 3σ and is not related to an individual radio galaxy, it is

classified as diffuse emission.

From our analysis of the low resolution images, we detect diffuse emission in seven clusters,

namely,

ACT-CL J0019.6+0336, ACT-CL J0034.4+0225, ACT-CL J0137.4´0827, ACT-CL J0248.1´0216,

ACT-CL J0159.8´0849, ACT-CL J2129.6+0005, ACT-CL J2128.4+0135, and candidate emis-

sion in ACT-CL J0022.2´0036. We did not recover the candidate emission in ACT-CL J0014.8´0057

and ACT-CL J0045.2´0152, which was reported by Knowles et al. (2019). This non-detection
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is likely due to the high noise levels in our images. The noise variations may be due to different

approaches in the data reduction strategies. We then proceed to the analysis and classification of

the diffuse emission in each cluster.

Figure 2.6: The low resolution imaging procedure for ACT-CL J0248.1+0238. For each panel,
the red crosses indicate the ACT SZ peak and the red ellipses enclosed in boxes indicate the
beams. All the panels are on the same color scale. Top left: The full resolution image has an rms
of 57.3 µJy/beam and a beam size of (10.72 ˆ 7.82, p.a. 32.9o). Top right: The high resolution
image has an rms of 58.7 µJy/beam and a beam size of (9.62 ˆ 6.72, p.a. 32.2o). Bottom left:
The full resolution point-source-subtracted image has an rms of 74.42 µJy/beam and a beam
size of (12.72 ˆ 9.62, p.a. 27.8o). The cyan contours are from the high resolution images and
the contour levels are σˆ[4,6,12]. Bottom right: The low resolution image has an rms of 0.49
mJy/beam and a beam size of (37.92 ˆ 35.32, p.a. 88.3o). The cyan contours also from the high
resolution image with the same contour levels as in the point-source-subtracted image.
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Table 2.3: Summary of low resolution image statistics for all the clusters with archival or new GMRT

observations. Columns: (1) Cluster name. (2) Synthesised beam of the low resolution image. (2) Diffuse

emission detected in the low resolution images.

Cluster Name Synthesised Beam RMS Diffuse Emission?
ACT-CL (2 ˆ 2, deg ) mJy/beam

J0003.1´0605 39.3ˆ36.5, 78.2 1.41 No
J0008.1+0201 36.5ˆ32.1, 83.1 0.28 No
J0014.8´0057 49.7ˆ45.0, 43.59 0.35 No
J0019.6+0336 53.0ˆ47.9, 59.94 0.91 Yes
J0022.2´0036 39.4ˆ34.8, 74.1 0.37 Yes
J0026.2+0120 42.1ˆ38.1, 84.7 0.37 No
J0033.8´0751 50.0ˆ36.3, -86.4 0.6 No
J0034.4+0225 44.6ˆ37.1, 28.6 0.58 Yes
J0045.2´0152 47.7ˆ35.5, 52.2 0.22 No
J0059.1´0049 39.2ˆ35.4, 49.9 0.85 No
J0106.1´0619 46.3ˆ41.3, 18.1 0.52 No
J0129.0´0845 39.3ˆ36.3, 48.0 0.30 No
J0137.4´0827 45.0ˆ37.7, 63.3 0.51 Yes
J0140.0´0554 39.7ˆ35.9, 43.5 22.3 No
J0152.6+0100 35.8ˆ31.2, -89.7 1.10 No
J0154.4´0321 41.3ˆ35.5, -62.4 0.61 No
J0159.8´0849 40.2ˆ37.8, 73.4 0.39 Yes
J0239.8´0134 41.3ˆ38.2, 68.3 0.81 No
J0248.1+0238 37.9ˆ35.3, 88.3 0.49 No
J0248.1´0216 29.3ˆ26.3, -73.5 0.15 Yes
J0326.8´0043 40.4ˆ35.0, -67.2 0.52 No
J2050.5´0055 38.8ˆ34.7, -85.0 0.65 No
J2128.4+0135 37.8ˆ33.1, 73.1 0.75 Yes
J2129.6+0005 40.1ˆ35.5, 41.61 0.40 Yes
J2135.2+0125 46.8ˆ39.7, 52.3 0.92 No
J2307.6+0130 40.4ˆ34.0, 72.1 0.44 No
J2327.4´0204 40.4ˆ36.7, 36.1 2.4 No
J2337.6+0016 42.1ˆ38.9, 80.8 0.41 No
J2341.2´0901 38.2ˆ32.3, 69.1 0.70 No
J2351.7´0859 40.6ˆ38.7, 39.1 0.46 No
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2.5.1 Flux density, spectral index, and P1.4GHz calculations

We use polygon regions guided by 3σ contours to measure the flux densities of the detected

diffuse emission in the low resolution images. The error associated with the flux measurements

is given by

∆S “
a

pδS ˆ Sq2 `Nσ2 , (2.11)

where S is the measured flux density, δS is the calibration uncertainty which is„10% for GMRT

(Chandra et al., 2004), and N is the number of beams within the region that the flux density was

measured. σ is the rms noise of the low resolution images which is measured using a background

region tagged in DS9.

For clusters with archival multi-frequency radio observations, we calculate the corre-

sponding spectral index value of the extended emission. The multi-frequency observations

were either from GMRT or MeerKAT. We computed the integrated spectral index val-

ues using Sν9ν´α, where ν is the central frequency of the observation and Sν is the mea-

sured flux at that frequency. The error associated with the spectral indices was calculated

arithmetically, with the assumption that the assumption that the flux-density measurement

errors at the two frequencies are independent. For the MeerKAT observations, the flux

calibration uncertainty is „5%. This uncertainty is accounted for during the flux density

calculations in Knowles et al. (2020). We note that the derived integrated spectral index

values might have discrepancies given that the flux densities are measured using different

apertures, and in some cases, using different instruments.

We use the spectral index values to extrapolate the radio power at 1.4 GHz. For clusters with

single frequency observations, we use a fiducial spectral index value of α „1.3 (see Venturi et al.,

2013) to calculate the radio power. We use the following equation to calculate the k-corrected

radio power at 1.4 GHz

P1.4GHz

WHz´1
“ 4π

ˆ

DL

m

˙2 ˆ
Sν

m´2WHz´1

˙ˆ

1.4GHz

ν

˙´α

p1` zq´p´α`1q , (2.12)

where DL is the luminosity distance of a cluster at redshift z, Sν is the flux density at frequency

ν, and α is the power law spectral index. We also measure the largest angular size (LAS) and
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the largest linear size (LLS) of the diffuse emission. The LLS is calculated by dividing the LAS

by the angular size distance (DA). We use the measured properties of the diffuse emission to

classify if it falls in the category of radio halos, mini-halos, radio relics, revived fossil plasma, or

candidate emission (see Chapter 1). We now examine each cluster in turn in detail.

2.5.2 Known diffuse emission

We begin by analysing the diffuse emission that has been reported in literature. For ACT-CL

J0019.6+0336 and ACT-CL J0034.4+0225 the emission is detected for the first time at 325 MHz

and for ACT-CL J0248.1´0216 and ACT-CL J0159.8´0849 the emission is detected for the

first time at 610 MHz. All the detection reported in literature for these clusters were at higher

frequencies („1 GHz). We also re-detected the diffuse emission in ACT-CL J2129.6+0005.

2.5.2.1 ACT-CL J0019.6+0336

ACT-CL J0019.6+0336 (alternative name: NSCS J001937+033655) is a massive cluster,

(M500c = 9.4ˆ1014 Md) at redshift 0.269 (Hilton et al., 2018). At this cluster redshift, 1 arcsecond

corresponds to 4.124 kpc and the luminosity distance is 1369.9 Mpc. This cluster, and all the

clusters in our sample, have optical observations from the Dark Energy Survey (DES) Abbott

et al. (2018). Currently, there are no multi-wavelength studies of the dynamical state of ACT-

CL J0019.6+0336. Knowles et al. (2020) observed the cluster using MeerKAT at L-band (1.28

GHz). They reported a detection of a radio halo with a flux density of 9.16 ˘ 0.57 mJy and a

LLS of 810 kpc.

From our re-analysis of archival data (PI: Annalisa Bonafede, ID: 25 018), we observe the

diffuse emission for the first time at 325 MHz, and confirm the presence as detected at 1.28 GHz

by Knowles et al. (2020) (see Figure 2.7). We measure an integrated flux density of S323MHz “

35.64 ˘ 4.37 mJy and a LAS of 2.981 ˆ 2.011, which corresponds to a LLS of 985 kpc ˆ 497

kpc. Using our results and the 1.28 GHz flux density measurement from Knowles et al. (2020)

we measure a spectral index of 1.07 ˘ 0.09. We use the spectral index value to derive a halo

radio power at 1.4 GHz and we obtain P1.4GHz = (1.73 ˘ 0.08) ˆ1024 WHz´1.
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Figure 2.7: Full resolution image of ACT´CL J0019.6+0336 which has an rms of 144.0

µJy/beam. The contours are from the low resolution point-source-subtracted image. The rms

(σ) of the low resolution image is 0.91 mJy/beam and the contour levels are σˆ[-3,3,5,8,10].

The beams of the full resolution and the low resolution images are shown by the yellow ellipse

and the red ellipse, respectively. The beam sizes of the full resolution and low resolution images

are (18.72 ˆ 8.22, p.a. -84.4) and (53.02 ˆ 47.92, p.a. 59.94), respectively. The yellow cross

indicates the ACT SZ peak.
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The recovered emission has the same morphological structure as the radio halo in Knowles

et al. (2020). From the optical image in Figure 2.8 we note that the brightest cluster galaxy

(BCG) does not coincide with the ACT SZ peak, however it is embedded in the diffuse emission

region. Although studies have shown that mini-halo emission usually surrounds a BCG this, the

diffuse emission detected in this cluster is larger than the typical size of mini-halos (Giacintucci

et al., 2019). Comparing the diffuse emission in Figure 2.7 with the XMM-Newton contours

in Figure 2.8, the diffuse emission roughly follows the morphology of the X-ray emitting gas.

This is often observed for radio-halo emission (Cuciti et al., 2021b). Hence, we deduce that the

detected diffuse emission falls in the category of radio halos. We note that this radio halo has a

flatter spectrum compared to reported radio halo spectral indices which are typically „1.3.
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Figure 2.8: Optical image of ACT´CL J0019.6+0336 from the dark energy survey’s first data

release (DES DR1). The white contours are from the XMM-Newton. The corresponding con-

tour levels are [3,6,12,24]ˆcounts. The green contours are from the full resolution image. The

contour levels are σˆ[3,5,10,20], where σ = 144.0 µJy/beam. The beam size is indicated by the

yellow ellipse. The red cross indicates the ACT SZ peak.
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2.5.2.2 ACT-CL J0034.4+0225

ACT-CL J0034.4+0225 is at redshift 0.382 and has a mass of M500c = 9.0ˆ1014 Md (Hilton

et al., 2018). At this cluster redshift, 1 arcsecond corresponds to 5.223 kpc and the luminosity

distance is 2057.4 Mpc. Carrasco et al. (2017) used data from the FOcal Reducer and low

dispersion Spectrograph 2 (FORS2; Appenzeller et al., 1998) which is mounted at Very Large

Telescope (VLT) to study the galaxy cluster. From their observations they derived that the cluster

has a rest-frame velocity dispersion of 713 ˘ 179 kms´1 and a dynamical mass of (3.37 ˘

2.19)ˆ1014 Md. MeerKAT L-band observations by Knowles et al. (2020) indicated that the

cluster hosts a candidate radio halo. From their observations, they measured the flux density of

the radio halo to be S1.16GHz “ 1.26 ˘ 0.2 mJy and it has LLS of 348 kpc.

From our 325 MHz GSB data (PI: Kenda Knowles, ID: 32 016), we observe the diffuse

emission for the first time at this frequency, and confirm the presence as detected at 1.16 GHz

by Knowles et al. (2020) (See Figure 2.9). The emission we detect has a larger extent than

that detected in Knowles et al. (2020) due to the observations being at a lower frequency. The

flux density of the detected diffuse emission is S323MHz “ 18.77 ˘ 2.31 mJy, and the LAS is

2.321 ˆ 1.461, corresponding to a LLS of 726 kpc ˆ 459 kpc. We note that the flux density

measurements might contain residual emission from the BCG that is embedded in the radio

halo .Using our results and the 1.16 GHz flux density measurement from Knowles et al. (2020)

we calculated the spectral index of the radio halo and found it to be 2.11 ˘ 0.77. This indicates

that the radio halo is an ultra steep steep spectrum. We used the spectral index to extrapolate the

halo radio power at 1.4 GHz and found it to be (0.62 ˘ 0.12) ˆ1024 WHz´1. The optical image

shows that the BCG does not overlap ACT SZ peak while the peak X-ray brightness contours

overlap with the ACT SZ peak which is the region where the emission is detected (see Figure

2.10). Given the extent of the diffuse emission, the central location, and its regular morphology,

we conclude that it falls in the category of radio halos. We also note that the irregular morphology

of the X-ray emission might be an indication of merger activity given that this cluster is paired

with ACT-CL J0034.9+0233 (Hilton et al., 2018).
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Figure 2.9: Full resolution image of ACT´CL J0034.4+0225 which has an rms of 75.8

µJy/beam. The contours are from the low resolution point-source-subtracted image. The rms

(σ) of the low resolution image is 0.58 mJy/beam and the contour levels are σˆ[-3,3,4,6]. The

yellow cross indicates the ACT SZ peak. The beam sizes of the full resolution and the low reso-

lution images are shown by the yellow ellipse and the cyan ellipse, respectively. The beam sizes

of the full resolution and low resolution images are (14.22 ˆ 18.12, p.a. 48.2) and (44.62 ˆ 37.12,

p.a. 28.6), respectively.
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Figure 2.10: DES DR1 image of ACT´CL J0034.4+0225. The white contours are from Chan-

dra. The corresponding contour levels are [3,6,12,24]ˆcounts. The green contours are from the

full resolution image. The contour levels are σˆ[5,10,20], where σ = 75.8 µJy/beam. The beam

size is indicated by the yellow ellipse. The red cross indicates the ACT SZ peak. The BCG is

offset from the SZ peak and X-ray centre, indicating merger activity
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2.5.2.3 ACT-CL J0248.1-0216

ACT-CL J0248.1´0216 (alternative name: Abell 384) is at redshift 0.238 and has a mass of

M500c = 8.9ˆ1014 Md (Hilton et al., 2018). At this cluster redshift, 1 arcsecond corresponds to

3.770 kpc and the luminosity distance is 1191.8 Mpc. Currently, there are no published multi-

wavelength dynamical studies for this cluster. Knowles et al. (2020) reported a detection of a

radio halo in the cluster from MeerKAT L-band observations. The extent of the detected diffuse

emission was measured to be 656 kpc and the integrated flux density was S1.28GHz “ 6.46˘ 0.41

mJy.

From our analysis of archival data (PI: Rossella Cassano, ID: 26 021), we observe the diffuse

emission for the first time at 610 MHz, and confirm the presence as detected at 1.28 GHz by

Knowles et al. (2020). We measure a flux density of S608MHz “ 13.92 ˘ 1.38 mJy, a LAS

of 2.441 ˆ 2.061, which corresponds to a LLS of 552 kpc ˆ 466 kpc. The morphology of the

emission is similar to the radio halo in Knowles et al. (2020). We recover a larger extent of

the emission, and this is because our observations are at a lower frequency. The 1.28 GHz flux

density measurement from Knowles et al. (2020) in combination with our results indicate that the

halo has a spectral index value of 1.03 ˘ 0.05. We use the spectral index to derive the halo radio

power at 1.4 GHz, we find that P1.4GHz = (1.01 ˘ 0.22) ˆ1024 WHz´1. The diffuse emission

we detect has regular morphology and it is located at the ACT SZ peak. From Figure 2.11 there

is an indication of two BCGs and there is an offset between the SZ peak and the BCGs, giving

credence to this being a merger system. We also note that diffuse emission falls within the peak

X-ray brightness contours. The morphology, location, hints of merger activity, and extent of the

emission indicates that it falls in the category of radio halos.
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Figure 2.11: Full resolution image of ACT´CL J0248.1´0216 which has an rms of 32.4

µJy/beam. The contours are from the low resolution point-source-subtracted image. The rms

(σ) of the low resolution image is 0.15 mJy/beam and the contour levels are σˆ[-3,3,4,6]. The

beams of the full resolution and the low resolution images are shown by the yellow ellipse and

the cyan ellipse, respectively. The beam sizes of the full resolution and low resolution images are

(5.62 ˆ 3.92, p.a. 65.0) and (29.32 ˆ 26.32, p.a. -73.5), respectively. The black cross indicates

the ACT SZ peak.
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Figure 2.12: DES DR1 image of ACT´CL J0248.1´0216. The white contours are from the

XMM-Newton. The corresponding contour levels are [3,6,12,24]ˆcounts. The green contours

are from the full resolution image. The contour levels are σˆ[4,10,30,90], where σ = 32.4

µJy/beam. The beam size is indicated by the yellow ellipse. The red cross indicates the ACT SZ

peak.
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2.5.2.4 ACT-CL J0159.8-0849

ACT-CL J0159.8´0849 (alternative name: PSZ2 G167.66´65.59) is a cool-core cluster with a

regular X-ray morphology (Maughan et al., 2008; Cavagnolo et al., 2009). This cluster has a mass

of M500c = 7.2ˆ1014 Md and is at redshift z = 0.408 (Hilton et al., 2018). At this cluster redshift,

1 arcsecond corresponds to 5.438 kpc and the luminosity distance is 2223.5 Mpc. Giacintucci

et al. (2014b) were the first to report that ACT-CL J0159.8´0849 hosted a candidate mini-halo.

1.3 GHz GMRT observations by Giacintucci et al. (2019) confirmed the detection of a min-halo.

The most recent radio observations of ACT-CL J0159.8´0849 are from Giovannini et al. (2020).

They used JVLA observations at 1.5 GHz to study the properties of the mini-halo. From their

observations, they measure the integrated flux density of the mini-halo to be S1.5GHz “ 2.2 ˘ 0.2

mJy and a LLS of 90 kpc.

From our analysis of archival data (PI: Lijo Thomas George, ID: 27 052), we observe the

diffuse emission for the first time at 610 MHz, and confirm the presence as detected at 1.5 GHz

by Giovannini et al. (2020) (see Figure 2.13). We measure a flux density of S608MHz “ 6.17

˘ 1.08 mJy, a LAS of 1.321 ˆ 0.671, which corresponds to a LLS of 430 kpc ˆ 219 kpc. The

size of the diffuse emission is much larger than what is reported in literature. This might affect

the spectral index measurements. Using our results and the most recent 1.5 GHz flux density

measurement from Giovannini et al. (2020), we derive the spectral index of the diffuse emission

to be 1.14 ˘ 0.07. We calculated the halo radio power at 1.4 GHz and found P1.4GHz = (1.48 ˘

0.60) ˆ1024 WHz´1. The diffuse emission we recover (see Figure 2.13) has similar morphology

to the mini-halo in Giacintucci et al. (2014b) but much more extended. The optical image (Figure

2.14) also indicates the presence of a BCG at close to the ACT SZ peak. From our radio analysis

we note that the size of the emission is larger that the usual size of mini-halos. However, the

emission is embedded in a radio loud BCG and dynamical studies reported this cluster as a

relaxed system (Maughan et al., 2008; Cavagnolo et al., 2009). We conclude that the diffuse

emission falls in the category of mini-halos.
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Figure 2.13: Full resolution image of ACT´CL J0159.8´0849 which has an rms of 48.7

µJy/beam. The contours are from the low resolution point-source-subtracted image. The rms

(σ) of the low resolution image is 0.39 mJy/beam and the contour levels are σˆ[-3,3,6,8]. The

beams of the full resolution and the low resolution images are shown by the yellow ellipse and

the cyan ellipse, respectively. The beam sizes of the full resolution and low resolution images are

(8.12 ˆ 4.62, p.a. 78.4) and (40.22 ˆ 37.82, p.a. 73.4), respectively. The yellow cross indicates

the ACT SZ peak.
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Figure 2.14: PanSTARRS image of ACT´CL J0159.8´0849. The white contours are from

Chandra. The corresponding contour levels are [3,6,14,60]ˆcounts. The green contours are

from the full resolution GMRT image at 610 MHz. The contour levels are σˆ[5,10,40,160],

where σ = 48.7 µJy/beam. The beam size is indicated by the yellow ellipse. The red cross

indicates the ACT SZ peak.
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2.5.2.5 ACT-CL J2129.6+0005

ACT-CL J2129.6+0005 (alternative name: RX J2129.6+0005) has a mass ofM500c = 6.0ˆ1014 Md

and is at redshift z= 0.234 (Hilton et al., 2018). At this cluster redshift, 1 arcsecond corresponds

to 3.722 kpc and the luminosity distance is 1169.1 Mpc. Multi-wavelength dynamical studies

have classified this cluster as a relaxed cool-core cluster (Cavagnolo, 2008; Landry et al., 2013;

Shitanishi et al., 2018). Kale et al. (2015) observed the cluster using GMRT at 610 MHz. They

reported the detection of a mini-halo. They also confirmed the detection using archival data from

the NRAO VLA Sky Survey (NVSS; Condon et al., 1998). The cluster was also part of the radio

halo sample studies by Yuan et al. (2015); Knowles et al. (2019) and Giacintucci et al. (2019).

Knowles et al. (2019) was not able to confirm the existence of the mini-halo, and hence derived

its upper limits. The upper limit value they report for the mini-halo is S610Hz ă 10 mJy/b 1.4 GHz

GMRT observations by Giacintucci et al. (2019) confirmed the presence of the mini-halo. They

measured the flux density of the halo to be S1.4GHz “ 2.4 ˘ 0.2 mJy and the corresponding LLS

to be 80 kpc.

From our analysis of archival data (PI: Ruta Kale, ID: 22 029), we confirm the existence of

diffuse emission in the cluster region (see Figure 2.15). We measure a flux density of S613MHz “

5.45 ˘ 1.76 mJy, a LAS of 1.181 ˆ 0.771, which corresponds to a LLS of 264 kpc ˆ 1742 kpc.

The larger extent of the emission might result in inaccurate calculations of the spectral index.

However, we still estimate the spectral index value using our results and the 1.4 GHz flux density

measurement from Giacintucci et al. (2019). We calculated the spectral index value of the diffuse

emission to be 1.00 ˘ 0.10. We then extrapolated the halo radio power at 1.4 GHz, which we

estimated to be (0.39 ˘ 0.05) ˆ1024 WHz´1. As seen in Figure 2.15, the diffuse emission is

centred around a radio source which corresponds to the BCG (see Figure 2.16). From our radio

analysis we deduce that the emission falls in the category of mini-halos.



2.5. GMRT GSB RADIO ANALYSIS AND RESULTS 56

Figure 2.15: Full resolution image of ACT´CL J2129.6+0005 which has an rms of 51.3

µJy/beam. The contours are from the low resolution point-source-subtracted image. The rms

(σ) of the low resolution image is 0.40 mJy/beam and the contour levels are σˆ[-3,3,6,8]. The

yellow cross indicates the ACT SZ peak. The beams of the full resolution and the low resolution

images are shown by the yellow ellipse and the cyan ellipse, respectively. The beam sizes of the

full resolution and low resolution images are (5.82 ˆ 3.72, p.a. 66.1) and (40.12 ˆ 35.52, p.a.

41.61), respectively.
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Figure 2.16: PanSTARRS. image of ACT´CL J2129.6+0005. The white contours are from the

XMM-Newton. The corresponding contour levels are [3,6,12,24]ˆcounts. The green contours

are from the full resolution GMRT image at 610 MHz. The contour levels are σˆ[5,10,40,160],

where σ = 51.3 µJy/beam. The beam size is indicated by the yellow ellipse. The red cross

indicates the ACT SZ peak.
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2.5.3 New detections

We report newly detected diffuse emission in ACT-CL J0137.4´0827, ACT-CL J2128.4+0135,

and ACT-CL J0022.2´0036. All these clusters are at a high redshift (z ą 0.38) in comparison

to the cluster samples that have been used to derive scaling relations (Cassano et al., 2013; Kale

et al., 2015; de Gasperin et al., 2014; Giacintucci et al., 2017; Cuciti et al., 2021a).

2.5.3.1 ACT-CL J0137.4-0827

ACT-CL J0137.4´0827 (alternative name: PSZ2 G155.27´68.42) is at redshift z = 0.568 and

has a mass of M500c = 8.2ˆ1014 Md (Hilton et al., 2018). At this cluster redshift, 1 arcsecond

corresponds to 6.514 kpc and the luminosity distance is 3303.2 Mpc. Bartalucci et al. (2019)

used X-ray data from the European Photon Imaging Camera (EPIC; Strüder et al., 2001) to study

the dynamical state of ACT-CL J0137.4´0827. Their results show that the cluster is dynamically

disturbed. For the first time, we report the detection of extended diffuse radio emission in the

cluster region (see Figure 2.17). The 325 MHz GSB data reveals that the cluster hosts extended

diffuse emission with a flux density of S323MHz “ 19.72 ˘ 2.33 mJy, a LAS of 1.491 ˆ 1.101,

which corresponds to a LLS of 580 kpc ˆ 429 kpc. There are no other radio observations for

this cluster, hence, we used a fiducial spectral index value of 1.3 and extrapolated P1.4GHz =

(4.36 ˘ 0.27) ˆ1024 WHz´1. The diffuse emission has an elongated morphology which is not

that of typical radio halos (van Weeren et al., 2019) (see Figure 2.17). However, the diffuse

emission coincides with the ACT SZ peak and X-ray surface brightness (see Figure 2.19), hence,

we deduce that it is a radio halo and not a radio relic. Figure 2.17 also indicates that the BCG

is offset from the SZ peak which might be an indication of merger activity. The low resolution

image also showed extended emission (labelled FRII in Figure 2.17) in the peripheral region of

the cluster. However, as seen in Figure 2.17,this emission is from a radio source with a Fanaroff-

Riley Class II (FRII; Fanaroff and Riley, 1974) morphology. We also detect a roundish source

that is „1.23 Mpc away from the cluster center. The angular size of the source is 0.991 ˆ 0.951,

which corresponds to a LLS of 387 kpc ˆ 371 kpc. We measure the flux density of this source

to be S323MHz “ 3.9 ˘ 0.8 mJy. Given the location and shape of this source, we predict that it is
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a revived fossil plasma source (see van Weeren et al., 2019, for review). Using a fiducial spectral

index value of 1.3 we measure the power of the revived fossil plasma to be (2.19 ˘ 0.57) ˆ1023

WHz´1.
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Figure 2.17: Full resolution image of ACT´CL J0137.4´0827 which has an rms of 74.5

µJy/beam. The contours are from the low resolution point-source-subtracted image. The rms

(σ) of the low resolution image is 0.51 mJy/beam and the contour levels are σˆ[-3,3,6,8]. The

yellow cross indicates the ACT SZ peak. The beams of the full resolution and the low resolution

images are shown by the yellow ellipse and the cyan ellipse, respectively. The beam sizes of the

full resolution and low resolution images are (12.82 ˆ 7.62, p.a. 18.1) and (45.02 ˆ 37.72, p.a.

63.3), respectively.
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Figure 2.18: DES DR1 image of ACT´CL J0137.4´0827. The green contours are from the

full resolution GMRT image at 325 MHz. The contour levels are σˆ[5,10,40,160,640], where σ

= 74.5 µJy/beam. The white contours are from the XMM-Newton. The corresponding contour

levels are [2,3,5,8,12]ˆcounts. The beam size is indicated by the yellow ellipse. The red cross

indicates the ACT SZ peak.
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Figure 2.19: XMM-Newton image of ACT´CL J0137.4´0827. The black contour levels are

from the low resolution image and increase as σˆ[-3,3,6,], where σ is 0.51 mJy/beam. The

black cross corresponds to the SZ peak.



2.5. GMRT GSB RADIO ANALYSIS AND RESULTS 63

2.5.3.2 ACT-CL J2128.4+0135

ACT-CL J2128.4+0135 (alternative name: PSZ2 G054.95´33.39) is at redshift z = 0.386 and

has a mass of M500c = 5.6ˆ1014 Md (Hilton et al., 2018). At this cluster redshift, 1 arcsecond

corresponds to 5.256 kpc and the luminosity distance is 2082.8 Mpc. Menanteau et al. (2013)

reported that the cluster has an X-ray luminosity of 4.63˘ 1.36ˆ1044 ergss´1. Dynamical studies

using optical data indicated that the cluster is dynamically disturbed (Sifón et al., 2016).

ACT-CL J2128.4+0135 hosts intriguing diffuse emission within the cluster region. There is

a bent-tail radio galaxy (Dehghan et al., 2014) that coincides with the ACT SZ peak and an FR II

in the peripheral region. The low resolution contours in Figure 2.20 indicate extended emission

in the both the bent-tail and FRII regions. Further processing would be required to indicate if

there is a radio halo embedded in the bent-tail galaxy. The extended nature of this source makes

it difficult to model and subtract it, hence the low resolution emission is most likely residual

emission. We also recover a diffuse radio source that does not coincide with extended radio

galaxies on the outskirt of the cluster. This emission doesn’t correspond to any individual optical

counterpart (see Figure 2.21). We measured the integrated flux density of the extended diffuse

emission to be S323MHz “ 9.77 ˘ 1.13 mJy. The emission has a LAS of 1.551 ˆ 0.931, which

corresponds to a LLS of 489 kpcˆ 293 kpc. The distance from the ACT SZ peak to the emission

in 2.091, which corresponds to a linear scale of 916 kpc. There are no other radio observations

for this cluster, hence, we use a fiducial spectral index value of 1.3 to derive the corresponding

radio power at 1.4 GHz. We calculated P1.4GHz to be (8.29 ˘ 0.91) ˆ1024 WHz´1. The extended

structure is at the periphery of the cluster, hence we categorise it as a radio relic.
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Figure 2.20: Full resolution image of ACT´CL J2128.4+0135 which has an rms of 134.0

µJy/beam. The contours are from the low resolution point-source-subtracted image. The rms

(σ) of the low resolution image is 0.75 mJy/beam and the contour levels are σˆ[-3,3,4,5]. The

beams of the full resolution and the low resolution images are shown by the yellow ellipse and

the cyan ellipse, respectively. The beam sizes of the full resolution and low resolution images are

(16.02 ˆ 6.92, p.a. 65.9) and (37.82 ˆ 33.12, p.a. 73.1), respectively. The black cross indicates

the ACT SZ peak.
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Figure 2.21: PanSTARRS image of ACT´CL J2128.4+0135. The green contours are from the

full resolution GMRT image at 325 MHz. The contour levels are σˆ[4,8,12,30], where σ = 134.0

µJy/beam. The beam size is indicated by the yellow ellipse. The red cross indicates the ACT SZ

peak.
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2.5.3.3 ACT-CL J0022.2-0036

ACT-CL J0022.2´0036 (alternative name: WHL J002213.0-003634) has a mass of M500c =

5.5ˆ1014 Md and z = 0.805 (Hilton et al., 2018), which makes it the highest redshift cluster in

our sample. At this cluster redshift, 1 arcsecond corresponds to 7.524 kpc and the luminosity

distance is 5056.1 Mpc. X-ray images from Chandra observations indicated that the cluster has

a cool-core and also showed hints of gas sloshing at the cluster core (Knowles et al., 2019).

Spectroscopic studies by Sifón et al. (2016) indicated that the cluster is dynamically disturbed.

Further dynamical studies are required to conclusively classify this cluster as relaxed or unre-

laxed. Knowles et al. (2019) reported that the cluster hosts a mini-halo, which made it the highest

known cluster to host a mini-halo. From their GMRT observations (610 MHz), they measure the

mini-halo flux density to be S610MHz “ 6.4 ˘ 1.8 mJy.

From our re-analysis of archival data (PI: Kenda Knowles, ID: 26 031), we recover extended

emission, shown by black contours in Figure 2.22. However unlike the diffuse emission reported

in Knowles et al. (2019), the detected emission is located in the peripheral region of the cluster.

The optical image does not indicate individual optical counterparts that might give rise to this

emission (see Figure 2.23). Hence, we attribute it to the intracluster medium. We measure the

integrated flux density of the diffuse emission to be S608Hz “ 5.9˘ 1.35 mJy. The emission has a

LAS of 1.041 ˆ 0.551, which corresponds to a LLS of 428 kpc ˆ 249 kpc. The distance from the

ACT SZ peak to the extended radio source is 1.091 which corresponds to a physical linear scale of

492 kpc. There are no other radio observations for this cluster, hence, we use a fiducial spectral

index value of 1.3 to derive the corresponding radio power at 1.4 GHz which we calculated to be

P1.4GHz = (7.30 ˘ 0.65) ˆ1024 WHz´1. The detection of the diffuse emission is marginal, hence,

we categorise it as a candidate radio relic. If the relic emission is a true detection, it would be

amongst the highest-redshfit relics known with the relics hosted by El Gordo (Lindner et al.,

2014) being at the highest redshift (z = 0.87).
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Figure 2.22: Full resolution image of ACT´CL J0022.2´0036 which has an rms of 27.0

µJy/beam. The contours are from the low resolution point-source-subtracted image. The rms

(σ) of the low resolution image is 0.37 mJy/beam and the contour levels are σˆ[-3,3,5]. The

beams of the full resolution and the low resolution images are shown by the yellow ellipse and

the cyan ellipse, respectively. The beam sizes of the full resolution and low resolution images are

(5.22 ˆ 4.02, p.a. 85.0) and (39.42 ˆ 34.82, p.a. 74.1), respectively. The yellow cross indicates

the ACT SZ peak.
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Figure 2.23: DES DR1 image of ACT´CL J0022.2´0036. The white contours are from Chan-

dra. The corresponding contour levels are [3,6,12,24]ˆcounts. The green contours are from the

full resolution GMRT image at 610 MHz. The contour levels are σˆ[5,20,80], where σ = 27.0

µJy/beam. The beam size is indicated by the yellow ellipse. The red cross indicates the ACT SZ

peak.
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Table 2.4: The occurrence fractions of halos, min-halos, relics, and revived fossil plasma de-

tected in the sample of 30 clusters. Columns: (1) Type of emission detected (total number). (2)

Occurrence fraction when excluding candidate emission. (3) Occurrence fraction when including

candidate emission.

Diffuse Emission Percentages (excl candidate) Percentages (incl candidate )

Overall (9) 26.7% 30.0%

Radio halos (4) 13.3 % 13.3 %

Mini-halos (2) 6.7% 6.7%

Radio relics (2) 3.3% 6.7%

Revived fossil plasma (1) 3.3% 3.3%

2.6 Cluster diffuse emission sample statistics

From our sample, the overall occurrence fraction of diffuse emission is 26.7%, excluding candi-

date emission, and 30% if the candidate emission is included. The occurrence fraction of radio

halos is 13.3%, that of mini-halos is 6.7%. For radio relics, the overall occurrence fraction is

3.3% (6.67 %) excluding (including) the candidate relic, and for the revived fossil plasma it is

3.3%. The occurrence percentages are summarised in Table 2.4. The occurrence fractions the

mini-halos, radio relics, and radio halos in our sample is lower than what has been reported in lit-

erature (Kale et al., 2015; Giacintucci et al., 2017; Giovannini et al., 2020; Cuciti et al., 2021a).

The typical occurrence fraction for radio halos is „25% and for mini-halos it is „15%, these

percentages are even higher („30%) for more recent studies (Giovannini et al., 2020; Raja et al.,

2021; Cuciti et al., 2021a).

Our sample covered a wide mass and redshift range. Theoretical studies predicted that for

clusters at redshift ą 0.6, the occurrence rate of halos decreases by 10% (Cassano et al., 2006).

Hence, the low occurrence rates might be an indication of this drop predicted by theory. The

detections may also be affected by the poor quality of the final low resolution images. Extracting

faint extended radio sources requires high fidelity images. For radio halos, the low occurrence

fraction might also be due to the fact that our sample selection was blind to the dynamical state
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Table 2.5: Summary of the radio analysis results. Columns: (1) ACTPol cluster name. (2) Central

effective frequency of the observation. (3) Integrated flux density. (4) Radio power at 1.4 GHz. (5)

Largest angular size. (6) Largest linear size. (7) Classifications: radio halo (RH), mini-halo (mH), radio

relic (RR), and candidate (c).

Cluster Name ν0 Sν0 P1.4GHz LAS LLS Classifications
ACT-CL MHz mJy 1024 WHz´1 1 kpc

J0019.6+0336 322 35.64 ˘ 4.37 1.73 ˘ 0.08 3.98 ˆ 2.01 985 ˆ 497 RH
J0034.4+0225 323 18.77 ˘ 2.31 0.62 ˘ 0.12 2.32 ˆ 1.46 726 ˆ 459 RH
J0248.1´0216 608 13.92 ˘ 1.38 1.01 ˘ 0.22 2.44 ˆ 2.06 552 ˆ 466 RH
J0137.4´0827 323 19.72 ˘ 2.33 4.36 ˘ 0.27 1.49 ˆ 1.10 580 ˆ 429 RH
J0137.4´0827 323 3.90 ˘ 0.8 0.22 ˘ 0.06 0.99 ˆ 0.95 387 ˆ 371 Fossil plasma
J0159.8´0849 608 6.17 ˘ 1.08 1.48 ˘ 0.60 1.32 ˆ 0.67 430 ˆ 219 mH
J2129.6+0005 612 5.45 ˘ 1.76 0.39 ˘ 0.05 1.18 ˆ 0.77 264 ˆ 1742 mH
J2128.4+0135 323 9.77 ˘ 1.15 8.29 ˘ 0.91 1.55 ˆ 0.93 489 ˆ 293 RR
J0022.2´0036 608 5.9 ˘ 1.35 7.30 ˘ 0.65 1.04ˆ 0.55 428 ˆ 249 cRR

of the cluster. The selection function was solely based of the SZ parameters of the clusters.

The occurrence fraction of mini-halos may have also been affected by the poor quality of our

observations which resulted in images with high noise levels. All the clusters hosting diffuse

emission have M500c ą 5.5ˆ1014 Md. Based on the radio halo and relic mass-power relations,

we can conclude that the non-detections may be due to faint emission with low radio power.

Due to the low detection rates, we are unable to perform statistical studies with our sample.

Therefore, we compare the radio power ´ mass relation of the radio halos in our sample to the

sample with the most recently derived scaling relations, which is found in Cuciti et al. (2021a)

(see Figure 2.24). Cuciti et al. (2021a) used the P1.4GHZ ´M500 correlation formula taken from

Cassano et al. (2013). This formula allows us to relate the radio power of the halo with the mass

of the host cluster in the following manner

log

ˆ

P1.4GHz

1024.5WHz´1

˙

“ B log

ˆ

M500

1014.9Md

˙

` A , (2.13)

where B is the slope of the correlation line and A is the intercept. Cuciti et al. (2021a) used the

BCES-bisector fitting method (Akritas and Bershady, 1996) to obtain the best-fit values for B

and A. For the slope, the best-fit value was B=3.92 ˘ 0.79, and for the intercept, the best-fit

Sinenhlanhla Sikhosana
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value was A =´0.15 ˘ 0.10.

The sample in Cuciti et al. (2021a) was restricted to clusters at redshift z ă 0.33. The radio

halos are detected in our sample are hosted by clusters with a redshift range of 0.238 ´ 0.568.

ACT-CL J0034.4+0225 and ACT-CL J0137.4´0827 are at redshift 0.382 and 0.568, respectively.

These system are at a higher redshift in comparison to the sample in Cuciti et al. (2021a). From

Figure 2.24, we see that the three flatter spectrum („1) radio halos, in ACT-CL J0019.6+0336,

ACT-CL J0248.1´0216, and ACT-CL J0034.4+0225, fall in the region below the P1.4GHz ´M500

correlation line even though the bias of flatter spectrum should result in higher P1.4GHz

values. This trend has also been observed in Cuciti et al. (2021a). This region was previously

known to be populated by ultra steep spectrum radio halos (USSRH). These radio halos are

hosted by galaxy clusters at redshifts z ě 0.238. The radio halos in the SPT high-redshift sample

also fall bellow the correlation line (Raja et al., 2021). Hence, this might be an indication that

at higher redshifts, there needs to be an adjustment to the currently existing scaling relations.

However, larger samples of high-redshift clusters hosting radio halos are needed for a statistically

significant conclusion (Knowles et al., 2016a).

We also compare the radio relics in our sample to the relics used to derive the P1.4GHz ´

M500 scaling relation in Kale et al. (2017). This relation was first reported by de Gasperin et al.

(2014). The best fit line for the sample in Kale et al. (2017) was found to have a slope of 2.76

˘ 0.37. From Figure 2.25, we see that the relics in our sample are also in agreement with the

P1.4GHz-M500 scaling relation. This indicates that this relation holds even for the high-redshift (z

= 0.805) relics.
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Figure 2.24: The power-mass relation for radio halos, with the four detections in our sample

shown by red squares. The black circles are from the literature with filled (open) ones indicating

ultra steep spectrum radio halos (radio halos). We fit the regression line from the latest scaling

relation results in Cuciti et al. (2021a).
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Figure 2.25: The power-mass relation for radio relics, with the two detection in our sample

shown by red squares. The black circles being from the literature. The plot was produced using

the slope in Kale et al. (2017). The sample of relics are taken from clusters in de Gasperin et al.

(2014, 2015, 2017a) and Kale et al. (2017), we only include clusters with available SZ masses.
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2.7 uGMRT GWB data reduction for new detections

From the eight clusters which showed evidence of diffuse emission in the GSB data, we have

GWB data for three of them, namely ACT-CL J0034.4+0225, ACT-CL J0137.4´0827, and ACT-

CL J2128.4+0135. Since we had GWB data in-hand for these clusters, we explored data reduc-

tion methods to investigate if this data showed any features that are not detected in the GSB data.

We prioritise these clusters for follow-up GWB analysis because these were new detections. The

wide bandwidth of the upgraded GMRT simultaneously provides increased sensitivity and op-

portunity for in-band spectral index studies. However, the calibration and imaging of GWB data

is a complex procedure.

The main challenges with reducing the wide-band, wide-field data are as follows. The pri-

mary beam pattern is dependent on the observing frequency, as shown in Equation 2.7. Hence,

for wide bandwidth observations, this pattern varies across the band. The flux density of radio

sources correlates with the frequency (Sν 9 ν´α). Hence, the point source models in the imaging

steps also need to take into account this variation. The uGMRT observations were carried out at

low-frequencies (band 3 = 300 ´ 500 MHz) which resulted in various directional dependent ef-

fects (e.g. ionospheric effects). Our GWB data were particularly affected by RFI, which corrupts

data if not properly modelled and removed. The level of RFI in our data makes the reduction

process more difficult and leads to images with significantly lower-than-expected quality. The

resulting images had significantly higher-than-predicted noise floors. Another challenge for our

sample was that it is in the equatorial region (´7.2o ă δ ă 4o) so, despite the wide bandwidth and

hours of integration time, uv coverage is more sparse because aperture synthesis not as effective

for equatorial sources (see Figure 2.26 ). The poor sampling of the visibility space results in

north-south artefacts from bright sources, which are a reflection of the poor sampling function.

To overcome these challenges, we explored various pipelines to deal with the intensive RFI

flagging and direction-dependent effects. Once the data reduction pipelines are refined, We plan

to reduce the remaining wideband data to determine if we can detect lower surface brightness

diffuse emission in clusters with non-detections in the GSB data, and enhanced features of the

existing diffuse emission detections in other clusters. The pipelines we explored are summarised
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below.

Figure 2.26: GMRT uv coverage for ACT-CL J0034.4+0225. Despite the 4 hours on-source
and the 200 MHz of bandwidth, the equatorial declination results in sparse uv-coverage which
reduces the effectiveness of aperture synthesis.

2.7.1 CASA pipeline

The CASA pipeline we use is an adaptation of the CAPTURE pipeline (Kale and Ishwara-Chandra,

2020). For this pipeline, flagging, calibration and imaging is done using in-built CASA tasks.

Firstly, we remove RFI using the manual and automated flagdata tasks. We apply the auto-

flag separately for the different fields. For auto-flagging we use the tfcrop mode which identi-

fies and removes outliers on the time-frequency plane. We set the flagging threshold parameters

higher for the calibrator fields in comparison to the target field because these fields are usually

much brighter and are detected at a higher SNR. The timecutoff and freqcutoff devi-
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ation parameters for the calibrators were set to 5.0, while for the target they were set to 6.0.

These values place constraints on the deviation of data points from the fitted time and frequency

polynomial. Data points with higher deviation values are regarded as RFI.

We then apply a cycle of cross-calibration. We begin by setting the flux scale using the

standard models from Perley and Butler (2013). Thereafter we produce calibration tables.

The delay calibration solution interval is 10 minutes and we only have one solution interval

for bandpass and gain calibration. We transfer the flux and phase calibration solutions to

the target. After the first cycle of cross-calibration, we apply flagging once more. We do this

because after calibration, low-level RFI not picked up before could be more apparent. This time

we use tfcrop and rflag mode. The rflag mode calculates statistics per time chunk and

and set thresholds which indicate the outliers that need to be flagged. We apply rflag post

calibration because it tends to result in higher flag percentages if applied on uncalibrated data.

Finally, we produce calibration solutions from the second cycle of cross-calibration and

apply this solutions to the target.

After this, we separate the target visibilities and begin with 2GC. We apply multiple cycles of

phase-only calibration on the data we stop once the quality of the image is no longer improving,

for most data sets the four cycles were sufficient. We then apply multiple cycles of phase and

amplitude calibration until the noise quality of the images reaches a plateau, three cycles were

sufficient for most datasets. For both pahes-only and phase and amplitude calibration, we

begin with a solution interval of 16 minutes and decrease the interval per cycle by dividing

the initial solution interval by a factor of two times the number of the cycle. Our imaging

during self-cal is done using tclean’s mtmfs deconvolver, with nterms = 2 and robust parame-

ter = 0. The number of iterations is set 2500 and increases per cycle by a factor of 2n, where

n is the cycle number. The mask is set to auto-multithreshold. The CLEANing threshold

is 0.01 mJy while the sidelobe threshold is set to 3σ. The resulting images have 5880 pixels

with a cell size of 22.

The resulting images are shown in the top left panels of Figures 2.27 and 2.28, for ACT-CL

J0034 and ACT-CL J0137, respectively. The GSB image is included in the panels for comparison

purposes. Even after the 2GC cycles, there were still artefacts around the bright sources. We tried
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to improve these by flagging using AOFLAGGER instead of CASA in-built function because it is

known to better model the RFI. However this resulted in ą 70 % of the data being flagged, these

percentages were worse than those of CASA which were typically „50%. The results of this

pipeline were unsatisfactory for our science goals, specifically for the datasets where GSB data

showed detections. Hence, we explored other pipelines which apply DDEs calibration (3GC).

Due to time constraints, we began with the datasets that showed detection in the GSB data.

Figure 2.27: Gallery of GWB pipeline images of the ACT-CL J0034.4+0225 field which indi-
cates the severity of the DDEs in our observations. The lower left panel shows the GSB image for
comparison. In each panel, the green circle indicates the source used to measure peak brightness
, and the yellow circle indicates the region, with the rms value indicated at the lower left. The
colour scale is the same for all panels. Top left: CASA (see Section 2.7.1) Top right: DDFacet-
killMS (see Section 2.7.2). Bottom left: Experimental wide-band spam (see Section 2.7.3).

2.7.2 DDFacet/killMS pipeline

The KILLMS and DDFACET based pipeline attempts to correct for DDEs by solving the full

Jones matrix (see Section 2.1). This pipeline starts with a measurement set (MS) that has been
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Figure 2.28: Gallery of GWB pipeline images of the ACT-CL J0137.4´0827 field which indi-
cates the severity of the DDEs in our observations. The lower left panel shows the GSB image for
comparison. In each panel, the green circle indicates the source used to measure peak brightness
, and the yellow circle indicates the region, with the rms value indicated at the lower left. The
colour scale is the same for all panels. Top left: CASA (see Section 2.7.1) Top right: DDFacet-
killMS (see Section 2.7.2). Bottom left: Experimental wide-band spam (see Section 2.7.3).

calibrated using the CASA pipeline. From our investigation of the CASA pipeline, we found that

more cycles of 2GC calibration resulted in images with low peak fluxes. Hence, for this pipeline

the 2GC is only applied once for phase-only calibration. We use the image produced after 2GC

to create a mask using a theshold of 10σ to ensure we create a sky model that does not

contain residual artefacts. Thereafter, we image the visibilities using DDFACET. The imaging

parameters used were as follows. We applied 3 major iterations and 90000 minor iterations

with a deconvolution peak factor of 0.001. The resulting images have 7425 pixels with a cell

size of 12. These parameters were fixed even for the post-KILLMS imaging cycle.

We then examine the 2GC image and locate the brightest sources (ą0.1 Jy) in DS9 (Joye and

Mandel, 2003) and create a bright-source region file. A minimum of three sources is tagged for

each field and a maximum of 6 sources are tagged for fields with numerous bright sources.

We use the region file to divide the target field into facets equal to the number of bright sources

in the region file, with the tagged sources being at the phase centre of each facet. We use KILLMS
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to obtain direct-independent set of solutions for each facet separately, which is combined into a

set of direct-dependent solutions for the field. We apply the COHJONES solver with a time

solution interval of 5 minutes and freequency interval of 8 channels per solution. The

number of directions we solve for is equivalent to the number of the bright sources that are

tagged per field. Finally, we use DDFACET to apply the KILLMS solutions and produce the DDEs

corrected image. DDFACET also applies direction-dependent PSF deconvolution which explicitly

accounts for the time variation and bandwidth fluctuation effects. We perform the KILLMS and

DDFACET loops iteratively, improving the mask and increasing the time solution intervals with

each loop until we get an image with significantly reduced artefacts.

The resulting images are shown in the top right panels of Figures 2.27 and 2.28 for ACT-CL

J0034 and ACT-CL J0137, respectively. We note that in both cases the noise floor has gone up

compared to CASA. The percentage increase in ACT-CL J0034 is „4% and in ACT-CL J0137 it

is „36.2%. However, the sources in this pipeline have a more point-like structure compares to

CASA. This indicated that the pipeline improved the phase corrections for the fields. Although

the phase corrections had improved in comparison to the CASA pipeline, the north-south artefacts

were still not significantly reduced. Such artefacts would have been problematic for the point

source subtraction, which is often required when extracting measurements for faint extended

emission. We tried various calibration solution intervals (30s ´ 2min) and facet numbers (3

´ 7), however, these did not improve our results. The range of calibration solution intervals

produced the same results while increasing the facet numbers resulted in some facets having

higher noise levels due to fewer sources in each facet.

2.7.3 Experimental SPAM wideband pipeline

The final pipeline we explored was the experimental wideband SPAM pipeline 4. This pipeline

begins by splitting the GWB data into „7 sub-bands of „30 MHz each. Thereafter, it follows

the conventional GSB narrow-band data reduction for the individual sub-bands (see Section 2.4).

The calibrated sub-band visibilities are then converted into MS files and concurrently imaged

4http://www.intema.nl/doku.php?id=huibintemaspampipeline

http://www.intema.nl/doku.php?id=huibintemaspampipeline
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Table 2.6: ACT-CL J0034.4+0225 GWB data reduction pipelines’ image comparison. Columns: (1)

Name of pipeline. (2) Effective observing frequency. (3) Synthesised beam of the image. (4) Flagged

data. (5) RMS near the region with artefacts. The regions are shown as yellow circles in Figures 2.27 and

2.28. (6) Peak brightness of the double lobed source.

Pipeline νo Flags Synthesised beam RMS Peak brightness
MHz % (2 ˆ 2, deg ) (µJy/beam) Jy/beam

CASA 46.8 397 8.0ˆ4.9, 60.5 38.9 0.13
DDFACET/KILLMS 397 35.6 7.9ˆ4.5, 52.4 40.5 0.19
SPAM GWB 398 24.4 14.0ˆ7.6, 65.3 45.4 0.27
SPAM GSB 323 14.7 14.2ˆ18.1, 48.2 68.2.0 0.34

using WSCLEAN. For the WSCLEAN wide bandwidth imaging step, we used a Briggs robust

= 0, number of iterations = 150000, threshold = 1 µJy, auto-mask = 9σ, multiscale scales of

(10,20,30), and the number of pixels was 10395 with a cell size of 12.

As seen in the bottom left panels of Figures 2.27 and 2.28, and Tables 2.7 and 2.6 for ACT-

CL J0034 and ACT-CL J0137, respectively, this pipeline produced the best phase calibration

which resulted in an improvement in the structure of the brightest sources. Although the noise

levels are higher compared the CASA pipeline for both images, the improvement of the phase

calibrations meant we would be able to extract the bright point sources, which is a necessary

step when extracting faint diffuse emission. The peak fluxes of the sources in the SPAM-reduced

images were much higher in than those in the CASA-reduced and DDFACET/KILLMS-reduced

images. This indicates that the phase and amplitude calibration is improved, despite the higher

noise floor, so that less of the real signal is being fractured into artefacts or sidelobes. However,

further steps are needed to improve the algorithm so that the 3GC strategy is more robust. These

steps include more comprehensive ionospheric corrections in the sub-band data reduction and

primary beam correction for the full bandwidth image. Due to necessary computing facilities

being unexpectedly unavailable due to rolling black outs and generator problems, we were unable

to use the SPAM pipeline to reduce all the GWB datasets in hand. Hence, we used this pipeline

to reduce the datasets that showed a detection of diffuse emission in the GSB data.
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Table 2.7: ACT-CL ACT-CL J0137.4´0827 SPAM GWB data reduction pipelines’ image comparison.

Columns: (1) Name of pipeline. (2) effective observing frequency. (3) Synthesised beam of the image. (4)

Flagged data. (5) RMS near the region with artefacts. The regions are shown as yellow circles in Figures

2.27 and 2.28. (6) Peak brightness of the double lobed source.

Pipeline νo Flags Synthesised beam RMS Peak brightness
MHz % (2 ˆ 2, deg ) (µJy/beam) Jy/beam

CASA 398 61.1 6.6ˆ5.7, 47.8 89.3 0.13
DDFACET/KILLMS 398 47.7 5.4ˆ5.3, 70.2 140.0 0.12
SPAM GWB 389 23.8 9.6ˆ8.7, 58.7 99.0 0.25
SPAM GSB 323 17.1 12.8ˆ7.6, 18.1 100.0 0.25

2.7.4 GWB results

The resulting full resolution image statistics for the three clusters reduced are summarised in

Table 2.8 and the full field of view images are in Appendix A. The rms measurements for these

images were taken near the cluster centre, hence, the noise differences in comparison to the noise

quoted in Tables 2.7 and 2.6. We used the sub-band reduced uGMRT GWB data to produce point

source subtracted visibilities. We then used WSCLEAN to produce low resolution images using

the full bandwidth GWB data. The low resolution image properties for these clusters are in Table

2.9. Although the primary beam correction hasn’t been applied yet, we proceed to extract flux

densities of the emission because we only care about inner regions (ă101), so the primary beam

correction is not pivotal for our results. We discuss the detected emission in the sections below.

2.7.4.1 Radio halo in ACT-CL J0034.4+0225

From the GWB data (PI: Kenda Knowles, ID: 32 016), we detect extended diffuse emission in

the central region of the cluster. We measure the LAS of the diffuse emission to be 2.311 ˆ

1.481, corresponding to a LLS of 723 kpc ˆ 463 kpc. This is similar is size to the GSB detection

(LLS „ 726 x 459 kpc). The sizes and morphology of the diffuse emission are similar for both

the GWB and the GSB images (See Figures 2.9 and 2.29). Hence, we retain the radio halo

classification in Section 2.5.2.2.
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Table 2.8: The SPAM-reduced full resolution GWB image properties for clusters with GSB detections

and GWB data in-hand. Columns: (1) ACT cluster catalogue name. (2) Synthesised beam of the full

resolution GWB image. (3) rms noise of the full resolution GWB image. (4) Total flagged percentage of

the MS after data reduction. (5) Synthesised beam of the full resolution GSB image. (6) rms noise of the

full resolution GSB image.

Cluster Name θGWB
synth σGWB Flags θGSB

synth σGSB

ACT-CL (2 ˆ 2, deg ) (µJy/beam) % (2 ˆ 2, deg ) (µJy/beam)

J0034.4+0225 14.0ˆ7.6, 65.3 45.9 23.8 14.2ˆ18.1, 48.2 75.8
J0137.4´0827 9.6ˆ8.7, 58.7 47.1 24.4 12.8ˆ7.6, 18.1 74.5
J2128.4+0135 12.9ˆ4.8, 73.2 41.6 23.6 16.0ˆ6.9, 65.9 134.0

Table 2.9: The SPAM-reduced low resolution GWB image properties for clusters with GSB detections

and GWB data in-hand. Columns: (1) ACT cluster catalogue name. (2) Synthesised beam of the full

resolution GWB image. (3) rms noise of the low resolution GWB image. (4) Synthesised beam of the full

resolution GSB image. (5) rms noise of the full resolution GSB image.

Cluster Name θGWB
synth σGWB θGSB

synth σGSB

ACT-CL (2 ˆ 2, deg ) (mJy/beam) (2 ˆ 2, deg ) (µJy/beam)

J0034.4+0225 43.5ˆ31.1, 150.7 0.29 44.6ˆ37.1, 28.6 0.58
J0137.4´0827 41.5ˆ34.9, 157.1 0.28 45.0ˆ37.7, 63.3 0.51
J2128.4+0135 43.7ˆ38.3, 160.6 0.25 37.8ˆ33.1, 73.1 0.75
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The flux density of the radio halo for the GWB observations is S398MHz “ 8.14 ˘ 1.55

mJy. We use this value and the 1.16 GHz flux density measurement from Knowles et al. (2020)

to calculate the spectral index of the radio halo. We determine a spectral index of α1160
398 “

1.74˘ 0.12, consistent within the uncertainties of that determined using the GSB measurement.

Using our GWB flux density and measured spectral index, we determine a 1.4 GHz radio power

of (0.61 ˘ 0.10) ˆ1024 WHz´1, in agreement with the GSB extrapolated value. We recover the

radio halo at a higher SNR in the GWB data. The halo radio power is in agreement for both the

GWB and GSB derived values. For this cluster, the GWB data did not significantly add any new

scientific information for the radio halo. However, we note that this dataset was amongst those

severely affected by RFI. The bright sources make this field an extreme data reduction challenge

and is therefore a good candidate to test future SKA pipelines.
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Figure 2.29: Full resolution image of ACT´CL J0034.4+0225 from the experimental spam

pipeline. The rms in the cluster region is 45.9 µJy/beam. The contours are from the low resolu-

tion point-source-subtracted image. The rms (σ) of the low resolution image is 0.29 mJy/beam

and the contour levels are σˆ[-3,3,5,8]. The yellow cross indicates the ACT SZ peak. The

synthesised beam for the full resolution and the low resolution images are shown by the yellow

ellipse and the red ellipse, respectively. The synthesised beam for the full resolution and low

resolution images are (14.02 ˆ 7.62, p.a. 65.3) and (43.52 ˆ 31.12, p.a. 150.7), respectively.
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2.7.4.2 Radio halo in ACT-CL J0137.4-0827

The GWB data confirms that the cluster hosts extended diffuse emission. We measure the angular

size of the diffuse emission to be 3.281 ˆ 1.891, which corresponds to a LLS of 1282 kpc ˆ 739

kpc. The size of the diffuse emission is larger and more elongated in the GWB image compared to

the GSB image (LLS „580 kpc ˆ 429 kpc). The morphology of the emission is more elongated

than the usual regular morphology of radio halos (see Figures 2.30 and 2.17). However, the size

and positioning of the emission leads us to conclude that, as classified in Section 2.5.3.1, the

detected emission is a radio halo.

From the GWB data we measured a flux density of S389MHz “ 15.28 ˘ 2.13 mJy. There are

no other radio observations and a different frequency for this cluster, hence, we used a fiducial

spectral index value of 1.3 and extrapolated P1.4GHz = (4.3 ˘ 0.32) ˆ1024 WHz´1. The flux

density and P1.4GHz in the GSB image was measured to be S323MHz “ 19.72 ˘ 2.33 mJy and

P1.4GHz = (4.36 ˘ 0.27) ˆ1024 WHz´1, respectively. As expected, we measure a lower flux

density because the central frequency (389 MHz) of the data is higher compared to the GSB data

(323 MHz).

We do not recover the revived fossil plasma source that is detected in the GSB data. We

assume that this might be due to the ultra-steep spectral nature (see Chapter 1) of this source

and that the frequency at „323MHz (GSB) might be the cut-off frequency for the revived fossil

plasma. The FR II is much more resolved in the GWB data. This dataset indicates that GWB

observations can be more sensitive to extended structure in comparison to GSB observations.
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Figure 2.30: Full resolution image of ACT´CL J0137.4´0827 from the experimental spam

pipeline. The rms in the cluster region is 47.1 µJy/beam. The contours are from the low resolu-

tion point-source-subtracted image. The rms (σ) of the low resolution image is 0.28 mJy/beam

and the contour levels are σˆ[-3,3,5,8]. The yellow cross indicates the ACT SZ peak. The

synthesised beam for the full resolution and the low resolution images are shown by the yellow

ellipse and the cyan ellipse, respectively. The synthesised beam for the full resolution and low

resolution images are (9.62 ˆ 8.72, p.a. 58.7) and (41.52 ˆ 34.92, p.a. 157.1), respectively.
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2.7.4.3 Radio relic in ACT-CL J2128.4+0135

The GWB data confirms the existence of a radio relic in this cluster. In the GWB image, the

radio relic has a LAS of 1.181 ˆ 1.031, which corresponds to a LLS of 372 kpc ˆ 324 kpc. The

distance from the ACT SZ peak to the emission in 2.091, which corresponds to a linear scale of

916 kpc. The relic is significantly more extended in the GSB image compared to the GWB (LLS

489 kpc ˆ 293 kpc). However, the resolution of the GWB data enables us to easily disentangle

extended emission from radio galaxies.

From the GWB image, we measure the integrated flux density of the radio relic to be S389MHz “

6.96 ˘ 1.1 mJy. There are no other radio observations for this cluster, hence, we use a fiducial

spectral index value of 1.3 to derive the corresponding radio power at 1.4 GHz. We calculated

P1.4GHz to be (0.75 ˘ 0.09) ˆ1024 WHz´1. The flux density and radio power of the GSB image

were measured to be S323MHz “ 9.77 ˘ 1.13 mJy and (8.29 ˘ 0.91) ˆ1024 WHz´1, respectively.

This indicates that the relic radio power is higher at lower frequencies. We also recover the mor-

phology of the bent-tail and FRII radio galaxies at higher resolution. This indicates that the GWB

data might produce better results for the point-source subtraction. If this is the case, it would be

ideal to use the GWB data for clusters with mini-halos, which are known to be embedded in

BCGs.
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Figure 2.31: Full resolution image of ACT´CL J2128.4+0135 from the experimental spam

pipeline. The rms in the cluster region is 41.6 µJy/beam. The contours are from the low resolu-

tion point-source-subtracted image. The rms (σ) of the low resolution image is 0.25 mJy/beam

and the contour levels are σˆ[-3,3,6,8]. The synthesised beam for the full resolution and the low

resolution images are shown by the yellow ellipse and the cyan ellipse, respectively. The black

cross indicates the ACT SZ peak. The synthesised beam for the full resolution and low resolution

images are (12.92 ˆ 4.82, p.a. 73.2) and (43.72 ˆ 38.32, p.a. 160.6), respectively.
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2.8 Summary of Results

The analysis of the GMRT GSB data resulted in the detection of four radio halos, two mini-

halos, two radio relics and a revived fossil plasma candidate. The overall occurrence fraction in

our sample is 30%. Although our sample had a low detection rate, 66.7% of the detected emis-

sion is hosted by clusters at redshift z ą 0.38. This indicates that it is necessary to have cluster

samples that target high-redshift galaxy clusters. The MeerKAT Extended Relics, Giant Halos,

and Extragalactic Radio Sources (MERGHERS; Knowles et al., 2016a) survey, aims at targeting

such cluster samples. The survey aims to obtain a sample of „200 clusters uniformly selected

from the Advanced Atacama Cosmology Telescope (AdvACT; Hilton et al., 2020) cluster sample

spanning a wide mass and redshift range. Thereafter they will use this sample to study scaling

relations for samples including low mass and high redshift clusters. Statistically significant sam-

ples of such nature will be crucial for establishing if the currently existing scaling relations hold

even at high-redshifts. Such studies will help in refining the formation theories of the extended

diffuse emission.

The results from the GWB data reduction indicate that the sensitivity of uGMRT can be ideal

for extracting faint extended diffuse structure. The radio halo emission in ACT-CL J0137.4´0827

was captured in a larger extent in the GWB image compared to the GSB image. However, the

central frequency of the GSB data was also ideal for capturing steep spectrum sources such as

the revived fossil plasma candidate observed in in ACT-CL J0137.4´0827. A combination of

the GSB and GWB data might be the ideal strategy for studying spectral indices of the diffuse

emission. Once our GWB data reduction algorithm is optimised, we will proceed to reduce those

clusters that had non-detections in the GSB data.



CHAPTER 3

DIFFUSE EMISSION IN CLUSTERS AS

SEEN BY MEERKAT

As part of early science operations with the full MeerKAT array, and with a view to providing sci-

ence datasets for South African astronomy research capacity development, the South African Ra-

dio Astronomical Observatory observed several well-studied galaxy clusters. We were provided

proprietary access to datasets of four of these clusters, namely the Bullet Cluster (1E0657-56),

RXC J1314.4´2515, Abell 3562, and Abell 3558. All these clusters are known to be undergoing

major merger activity. Three of the four clusters (excluding Abell 3558) have known diffuse

radio emission. Our aim was to study the diffuse emission in these clusters, focusing on the new

information and insights provided by the MeerKAT observations. In this chapter, we discuss

the MeerKAT observations, data reduction techniques, and the results obtained from our image

analysis.

90
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Figure 3.1: MeerKAT array positions. Source: (Booth et al., 2009)

3.1 MeerKAT observations

The MeerKAT telescope is a precursor for the Square Kilometre Array (SKA). It is one of the

most sensitive radio arrays in the pre-SKA era. The full MeerKAT array has 64 antennas, with

70% of the dishes located at the core (ă400 m) of the array (see Figure 3.1). The minimum base-

line for the array is 29 m and the maximum baseline is 7.7 km. The array configuration makes

MeerKAT an excellent instrument for studying faint extended diffuse emission in galaxy clus-

ters. Extracting the extended emission requires short baselines, while long baselines are needed

to disentangle compact source emission. Both the requirements are simultaneously available for

MeerKAT’s full array observations.

Additionally, MeerKAT’s high sensitivity significantly reduces the integration time required

to detect faint diffuse emission. As seen in Figure 3.2, the uv coverage of a snapshot is reason-

ably populated and the 12 hr synthesis is densely populated. According to MeerKAT’s online

sensitivity calculator1, a dataset observed in 1 hr produces an image with a theoretical rms of 7.7

µJy/beam (for a robust weighting = 0). As a result of superior sensitivity, particularly in the core,

shorter observations from MeerKAT detect faint features in the diffuse emission that similar in-
1https://archive-gw-1.kat.ac.za/public/tools/continuum_sensitivity_

calculator.html

https://archive-gw-1.kat.ac.za/public/tools/continuum_sensitivity_calculator.html
https://archive-gw-1.kat.ac.za/public/tools/continuum_sensitivity_calculator.html
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Figure 3.2: MeerKAT Snapshot vs 12 hr synthesis uv-coverage. Source: (Knowles et al., 2016a).

struments require significantly longer integration times (sometimes at different configurations)

to reproduce.

All the observations were taken in the period of June/July 2018 with at least 60 antennas

using MeerKAT’s L-band receiver (900 MHz´1.67 GHz). The observational setup used the

4K mode (4096 channels), eight seconds integration times, and full Stokes polarization. The full

observation times for the datasets were approximately 4 to 11 hours. For the shorter observations,

only one phase and amplitude calibrator was observed. For longer observations multiple phase

and amplitude calibrators were observed. Table 3.1 provides a summary of the observations for

the four clusters.

3.2 Data Reduction and Analysis

For all four clusters we perform similar data reduction and image analysis tasks. After calibrating

the data and producing a full resolution image we then proceed to extract diffuse emission in the

field. We first remove point sources in the region of the diffuse emission. We then produce

low resolution images and measure fluxes of the diffuse emission. We were able to produce in-

band spectral index maps for 1E 0657´55.8, RXC J1314.4´2515 and Abell 3562. The diffuse
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Table 3.1: Summary of the MeerKAT L-band observations. Columns: (1) Name of the Cluster.

(2) Date of the observation. (3) Observed amplitude calibrator. (4) Observed phase calibrator.

(5) The total on-source integration time

Cluster Name Date Amplitude Calibrator Phase Calibrator tsrc
YYYY-MM-DD hrs

1E 0657´55.8 2018-06-24 J0408´6545 & J1331`303 J0825´5010 & PKS 0647´475 7.7
RXC J1314.4´2515 2018-07-08 3C286 & PKS 1934´638 PKS 1308´220 4.5
Abell 3562 2018-07-06 3C286 & PKS 1934´638 J1313`333 7.5
Abell 3558 2018-07-03 J1331`303 J1311´2216 1.9

emission in Abell 3558 is too faint to extract in the sub-band images, hence, we could not

produce an in-band spectral index map.

3.2.1 Data reduction pipeline

The data were reduced using the OXKAT2 pipeline (Heywood, 2020). OXKAT is a set of Python-

based scripts that perform the traditional first-generation calibration (1GC), flagging, second-

generation calibration (2GC), and third-generation calibration (3GC) steps. For the various cal-

ibration and imaging stages, the pipeline uses astronomy tools such as CASA (McMullin et al.,

2007), WSCLEAN3 (Offringa et al., 2014), DDFACET (Tasse et al., 2018), and KILLMS4 (Tasse,

2014; Smirnov and Tasse, 2015). The data reduction steps are summarised below.

For our study, we only required the Stokes I polarisation. Hence, we split the data and use

the measurement set (MS) containing only the Stokes I observations. To compress the data and

increase the processing speed, the data were averaged from 4096 channels to 1024 channels.

After this, manual and automated flagging was performed using CASA. A significant portion

(„40%) of the data observed at L-band is flagged due to known RFI. The known RFI bands

(900 MHz´ 960 MHz, 1.17 GHz ´ 1.30 GHz, 1.38 GHz ´ 1.39 GHz, and 1.53 GHz ´ 1.63

GHz) were flagged manually, and the calibrator visibilities were flagged using in-built CASA

2https://github.com/IanHeywood/oxkat
3https://https://gitlab.com/aroffringa/wsclean
4https://github.com/saopicc/killMS

https://github.com/IanHeywood/oxkat
https://https://gitlab.com/aroffringa/wsclean
https://github.com/saopicc/killMS
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automated flagging tasks. The primary and secondary calibrator models were used to calibrate

the target field. One solution interval was used for the delay, bandpass, and gain calibration

solutions. After applying the calibration solutions, the calibrator and target visibilities were then

split into separate Measurements Sets (MS). All these 1GC steps were performed using CASA.

Prior to imaging, the target data were automatically flagged using TRICOLOUR5. The targets

were then imaged using WSCLEAN with an auto-mask (Offringa and Smirnov, 2017) threshold

5σ and eight sub-band channels. Masks were then produced using this image and WSCLEAN was

used to re-image the targets using the masks. The resulting images were used to predict the model

for the target fields. The predicted models are then used for the self-calibration cycle. One cycle

of phase and amplitude self-calibration was done in CASA. Final 2GC-calibrated images were

produced using WSCLEAN, with updated masks from the previous runs. For all the WSCLEAN

cycles, the robust parameter was 0 and the number of CLEANing iterations was 120000

with a threshold of 5µJy. The resulting images have 10240 pixels with a cell size of 1.12.

2GC was only sufficient for the Bullet cluster because there were no bright sources near the

region with diffuse emission. For RXC J1314.4´2515, Abell 3562, and Abell 3558, an extra

step was needed to reduce artefacts around the bright („1 Jy) sources in the observed field. To

produce images with minimal artefacts around the diffuse emission, we applied a peeling script,

to remove bright interfering sources from the data. For the peeling step, the brightest source is

tagged in DS9 (Joye and Mandel, 2003), and modelled in WSCLEAN. For the three clusters, there

was only one source in the field with bright artefacts, hence, we only apply the peeling step once

and not iteratively. The application of calibration solutions in the direction of the sources and the

subtraction of the bright sources were done in CUBICAL (Kenyon et al., 2018). In CUBICAL, the

calibration solutions’ frequency interval was set to 256 channels and the time interval 4.5

minutes. The visibilities with the subtracted sources were then re-imaged in WSCLEAN. Peeling

resulted in images with reduced artefacts. The local rms („12 µJy/beam) in the region with

diffuse emission was also reduced. Hence, we proceeded to apply primary beam corrections.

The post-peeling images were primary beam corrected using KATBEAM6. The resulting image

5https://github.com/ska-sa/tricolour
6https://github.com/ska-sa/katbeam

https://github.com/ska-sa/tricolour
https://github.com/ska-sa/katbeam 
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Table 3.2: Summary of the full resolution image statistics of the image produced by the OXKAT

pipeline. (1) Cluster name. (2) Central frequency after the data reduction. (3) Synthesised beam

of the full resolution image. (4) rms noise of the image. (5) Flagged percentage’s post data

reduction. (6) Diffuse emission in the cluster.

Cluster ν0 Synthesised Beam, p.a RMS Flagged % Diffuse Emission
GHz 2 ˆ 2, deg µJy/beam

1E 0657´55.8 1.284 6.4ˆ5.9, 61.7 8.5 50.2 RH and relic
RXC J1314.4´2515 1.284 6.2ˆ5.6, 146.2 9.3 46.0 RH and double relic
Abell 3562 1.284 6.2ˆ5.9, 102.7 8.2 43.8 RH
Abell 3558 1.284 6.3ˆ5.1, 145.8 12.8 45.2 mH*

Note: *New min-halo detection.

properties for the four clusters are summarised in Table 3.2 and the full field of view images are

in Appendix B.

3.2.2 Point source subtraction

Prior to measuring the flux densities of the diffuse emission, we subtracted the bright point

sources in a fixed region that covered the extent of the diffuse emission. The point source sub-

traction was done to ensure that the flux density measurements for the diffuse emission had no

contamination from compact emission embedded. We also remove point sources to ensure that

the compact sources do not blend with the extended emission when we produce low resolution

maps. The point source subtraction was implemented using CRYSTALBALL7 and MSUTILS8.

CRYSTALBALL uses a source list from WSCLEAN to create a column, in the MS file, that only

contains the tagged point sources. MSUTILS then subtracts the newly created column from the

column that contains the calibrated data and creates a new column containing the point-source-

subtracted visibilities. We then use the resulting visibilities to produce low resolution maps.

7https://github.com/paoloserra/crystalball
8https://github.com/SpheMakh/msutils

https://github.com/paoloserra/crystalball
https://github.com/SpheMakh/msutils
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Table 3.3: Summary of the low resolution image properties. (1) Cluster name. (2) Synthesised

beam of the low resolution image. (4) rms noise of the image.

Cluster Synthesised Beam, p.a RMS
(2 ˆ 2, deg ) µJy/beam

1E 0657´55.8 13.1ˆ11.7, 120.6 10.07
RXC J1314.4´2515 11.2ˆ10.6, 146.5 10.34
Abell 3562 31.2ˆ26.9, 118.6 21.50
Abell 3558 25.5.1ˆ20.9, 131.5 22.14

3.2.3 Low resolution maps

The short baselines of a radio interferometer are sensitive to extended radio sources. Hence,

we produce low resolution maps to increase the sensitivity of the large-scale emission in the four

fields. For the Bullet cluster and RXC J1314.4´2515, we imaged using a uvrangeď 13 kλ („1.6

Mpc), and a Briggs robust = 0.0. The diffuse emission in these clusters is extremely bright and

the flux density of the brightest regions is also captured in longer baselines. Hence, we used a

higher uv-cut to ensure that we capture all the flux. For the Abell clusters (A3558 and A3562),

we imaged using a uv range of ď 6 kλ („750 kpc), and a Briggs robust = 0.8. The emission in

A3558 and A3562 is fainter, hence, we were able to apply a lower uv-cut and still recover the

emission. We also use a robust weighting that leans towards ‘natural’ weighting because it places

larger weightings on the shorter baselines, further tracing out the extended structures. The low

resolution image properties are summarised in Table 3.3. We use the resulting images to measure

flux densities and to produce spectral index maps.

3.2.4 Integrated flux density measurements

We use polygon regions guided by the 3σ contours to create regions in which we measure the

flux densities. We then use DS9’s radioflux9 plug-in to measure the flux densities. The measured

flux densities are quoted in Sections 3.3.1, 3.4.1, 3.6, and 3.7. The error on the measured flux

9https://github.com/mhardcastle/radioflux

https://github.com/mhardcastle/radioflux
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densities is given by ∆S “
a

pδS ˆ Sq2 `Nσ2 , where S is the measured flux density, δS is

the 5% MeerKAT flux calibration uncertainty, N is the number of beams within the region that

the flux density was measured, and σ is the local rms noise of the image.

3.2.5 In-band spectral index maps

MeerKAT’s wide bandwidth and sensitivity enables us to produce in-band spectral index maps

from single observations. To perform spectral index studies of the radio halo and relics in the

Bullet cluster, RXC J1314.4´2515 and Abell 3562, we divided the point source subtracted MS

into eight sub-bands („96 MHz bandwidth) and imaged each band using the multi-frequency

mode in WSCLEAN (Offringa and Smirnov, 2017). The synthesised beam of all the sub-band

images were set to be the same as the synthesised beam of the lowest frequency sub-band im-

age. Each image was primary beam corrected using KATBEAM. The spectral index maps were

produced using Broadband Radio Astronomy Tools (BRATS, Harwood et al., 2013, 2015). To

calculate the spectral index maps, BRATS10 uses the power law in the form of Sν 9 ν´α to fit the

spectral index map values. This fit is performed using a pixel by pixel weighted least squares

method where the weights are the inverse variance. BRATS has an inbuilt flux density measure-

ment function which requires the user to input the percentage calibration error for the flux density

error approximations.

To produce the spectral index maps along with the error maps, we load the low resolution

maps into BRATS. We then load a DS9 region file encompassing the extended diffuse emission

along with a off-source background region. BRATS uses the background region to calculate the

rms noise of the low resolution maps. We set the source detection limit to be five times the rms

noise. To produce spectral index maps BRATS uses adaptive regions. These regions are set by a

function written to group pixels into regions based on a specified set of parameters. We set the

signal-to-noise parameter to be 6 and use the default settings for the rest of the parameters. For

the final spectral index maps we only use the sub-band images centred at 963.9 MHz and 1.65

GHz. We select these images because they are the least affected by RFI flagging and have lower

10http://www.askanastronomer.co.uk/brats/

http://www.askanastronomer.co.uk/brats/
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local rms noise. Using these images results in spectral index maps with the least spectral index

errors in comparison to using all the eight sub-band images.

3.3 The Bullet Cluster (1E0657-56)

Tucker et al. (1995, 1998) were the first to detect the Bullet cluster using the ROSAT satellite

(Voges, 1992), the Advanced Satellite for Cosmology and Astrophysics (ASCA; Tanaka et al.,

1994), and the Einstein IPC instrument (Giacconi et al., 1979). There have since been many

multi-wavelength follow-ups of this cluster, some even leading to the evidence of dark matter

(Clowe et al., 2004). Barrena et al. (2002) used spectroscopic data from the ESO New Tech-

nology Telescope (NTT; Tarenghi and Wilson, 1989) to study the dynamical state of the cluster.

Their results showed that there is a subcluster which is offset from the main cluster position by

0.7 Mpc in the western direction. They found that the subcluster had a virial mass of 1.3ˆ1013Md

and the main virial mass of the main cluster 1.3ˆ1015Md. They conclude the mass of the sub-

cluster was significantly larger at the pre-merger stage. Hence, they concluded that the Bullet

cluster has recently (within the past 0.15 Gyr) experienced a major merger. Clowe et al. (2004)

used Very Large Telescope 1 (VLT1; Enard, 1991) data to reconstruct weak lensing maps of the

Bullet cluster. Their weak lensing and X-ray comparison studies revealed that the X-ray centroid

peak and reconstructed cluster mass were misaligned, hence showing that the total mass of the

system does not trace the baryonic mass. This was the first observational evidence of the exis-

tence of dark matter. Other weak lensing studies have further solidified these findings (Clowe

et al., 2006; Bradač et al., 2006; Paraficz et al., 2016). Clowe et al. (2004) also measured that the

bullet cluster has a spectroscopic redshift of z=0.296.

Chandra X-ray studies by Markevitch et al. (2002) and Markevitch (2006) showed that the

merger was a ‘textbook’ example of a bow shock merger. They measured the Mach number of the

bow shock to be M = 3.0 ˘ 0.4. The velocity of the cluster was found to be 3000´4000 km/s.

Their observations also indicated that the subcluster traversed the main cluster 0.1´0.2 Gyrs

ago and is in its final stage of being destroyed by dynamic gas instabilities. They studied the

temperature profile across the shock and found that the electrons are fast heated at the bow shock
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Table 3.4: Multi-wavelength properties of 1E 0657´55.8. The redshift is extracted from Clowe
et al. (2004). SZ values are from the ACT catalog (Hasselfield et al., 2013). The X-ray properties
are from Menanteau et al. (2010).

R.A.J2000 06h58m32s.7
Dec.J2000 ´55o571192.0
redshift 0.296
Y500,SZ p10´4arcmin2q 26.6 ˘ 3.2
M500,SZ p1014 Mdq 10.3 ˘ 1.9
L500,X p1044 erg s´1) 20.69 ˘ 0.05
TXpkeV q 13.56 ˘ 0.14
ZX pZdq 0.36 ˘ 0.02

front. Di Mascolo et al. (2019b) used Atacama Large Millimeter/submillimeter Array (ALMA)

and Atacama Compact Array (ACA) SZ observations to study the bow shock in the cluster. They

found an SZ-derived Mach number of M = 2.53`0.33
´0.25, in agreement with their X-ray-derived

value of MX = 2.57 ˘ 0.23, obtained after reprocessing archival Chandra data. The multi-

wavelength properties of the Bullet cluster are summarised in Table 3.4. There is a known halo

and relic in this cluster (Liang et al., 2000; Shimwell et al., 2014, 2015; Malu et al., 2016),

making the Bullet an excellent science confirmation target for MeerKAT.

3.3.1 Radio halo and relic

Liang et al. (2000) were the first to report the detection of a radio halo hosted by the Bullet cluster.

They observed the cluster using the Australia Telescope Compact Array (ATCA) at 1.3, 2.4, 4.9,

5.9, and 8.8 GHz. There have since been various other studies of the radio emission using deeper,

and higher frequency, ATCA observations (Shimwell et al., 2014, 2015; Malu et al., 2016). The

first detection of an intriguing ‘toothbrush’ relic was reported by Shimwell et al. (2015). They

measured an integrated flux density of 77.8 ˘ 3.1 and 4.8 ˘ 0.6 mJy, α was „ ´1.07 ˘ 0.03

and ´1.66 ˘ 0.14 for regions A, and B (see Figure 3.4), and P1.4GHz = 2.3 ˘ 0.1 ˆ1025 W

Hz´1. Their X-ray analysis revealed that the relic coincides with a shock opposite the western

bow shock. The Mach number of the shock was measured to be M = 2.5. We also detect both
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Table 3.5: Summary of radio analysis for the Bullet cluster

Source Integrated Flux Density α0.9GHz
1.6GHz P1.4GHz LAS LLS

(mJy) (1024 WHz´1 ) (arcmin) (kpc)

Halo 101˘6.0 1.55˘0.31 29.9˘1.5 6.15ˆ4.73 1632ˆ1250
Relic region A 98.85˘1.7 1.22˘0.27 26.8˘0.3 1.63 432
Relic region B 8.23˘1.4 1.78˘0.32 2.5˘0.4 2.10 556
Relic 107.04 ˘2.1 1.39˘0.29 30.4˘0.5 3.73 988

the known radio halo and radio relic in the MeerKAT L-band imaging of the Bullet cluster.

The full-resolution MeerKAT L-band image of the Bullet cluster cluster is shown in Figure

3.3, with the low-res, compact-source-subtracted image presented in Figure 3.4. The detected

radio halo has a largest angular size (LAS) of 6.151 ˆ 4.731, and the corresponding largest linear

size (LLS) is 1632 kpc ˆ 1250 kpc. The radio relic has a LAS of 3.731, and corresponding

to a LLS of 988 kpc. MeerKAT’s dense short baselines and sensitivity enables us to detect

diffuse emission beyond the regions detected from ATCA observations in Shimwell et al. (2014).

However, the morphology of the radio halo and relic is consistent with the diffuse emission in

Shimwell et al. (2014) and Shimwell et al. (2015). We measure integrated flux densities for

all diffuse structure using the low-res map, within the regions indicated in Figure 3.4. The

observational properties of the structures are summarised in Table 3.5.

We detect a fainter region of the radio halo (see Figure 3.3 and 3.4). The extended faint

emission appears to have a decrement below the bow shock region, as labelled in Figure 3.3

and 3.4. This faint emission, including the decrement, traces the X-ray surface brightness (see

Figure 3.5). The edge of the radio halo overlaps with the ‘bow’ shock region. Comprehensive

dynamical studies are required to determine if the fainter emission and decrement relate to any

merger activity in the peripheral region of the cluster. We also observe that region A of the radio

relic is much brighter than region B. Shimwell et al. (2015) proposed that region A might be

connected to the remnants of a radio galaxy. This scenario supports the theory that postulates

that the cosmic ray electrons in radio relics come from a pre-existing pool of relativistic electrons.
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Figure 3.3: Full resolution MeerKAT 1.28 GHz image of the Bullet cluster. The diffuse halo and

relic features are labelled, along with an apparent decrement in the south-western region of the

halo. Contours are from the low resolution image, with levels of [-3,3,6,12,24,72]ˆσ where σ =

10.07 µJy/beam. In the lower left corner are the synthesised beams of the full resolution and low

resolution images; they are indicated by the filled yellow ellipse and cyan ellipse, respectively.
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Figure 3.4: Low resolution MeerKAT 1.28 GHz image of the Bullet cluster. The regions used

to measure the flux of the halo and the relic are labelled. Region A and B of the relic indicates

the brightest region and fainter extension of the relic, respectively. The physical linear scale at

the cluster redshift is indicated in the upper left. The rms of the image is 10.07 µJy/beam. The

synthesised beams of the image is indicated by the magenta ellipses in the lower left corner. The

red crosses indicated all the point sources that were subtracted.
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Figure 3.5: Archival Chandra X-ray image of the Bullet cluster showing the two sub clusters.

The faintest radio halo regions match the morphology of the X-ray-emitting gas . The contours

are from the MeerKAT 1.28 GHz full resolution image. The contour levels are σˆ[3,6,12,30],

where σ is 8.5 µJy/beam.
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3.3.2 Spectral index properties of the radio halo and relic

MeerKAT’s wide bandwidth also enabled us to perform in-band spectral index studies of the

radio halo and the relic. Using sub-band images centred at 963.9 MHz and 1.65 GHz, we cal-

culate the integrated spectral index of the radio halo and the full relic structure to be 1.55˘0.31

and 1.39˘0.29, respectively. For region A and B of the relic we measure the integrated spectral

index values to be 1.22˘0.27 and 1.78˘0.32, respectively. Our spectral index values are similar

to those in quoted in Shimwell et al. (2014) and Shimwell et al. (2015).

The spectral index maps obtained from the 963.9 MHz and 1.65 GHz sub-band images are

shown in Figure 3.6. The crosses in these maps indicate the regions in which the point sources

were removed. The spectral index maps we obtain (see Figure 3.6) have a higher spatial resolu-

tion compared to those derived by Shimwell et al. (2014, 2015). We also capture a larger region

of the radio halo spectral index map. The spectral index map in the radio halo region varies across

the central region of halo and steepens towards the edge. The variation in the central region is α

„ 0.9 ´ 1.8 and the steepened edges the spectral index values are „1.9. The inner region of the

halo has a flatter („0.9) spectral index values. This region indicates presence of more energetic

radiating particles, and/or of a larger value of the local magnetic field strength (Feretti et al.,

2004a; Rajpurohit et al., 2020a). The radial steepening pattern has been previously reported for

radio halos hosted by the Coma cluster, Abell 665, and Abell 2163 (Giovannini et al., 1993;

Feretti et al., 2004a). Currently it is not clear whether this feature is of astrophysical origin or if

it reflects discrepancies in the data.

The spectral index map of the relic resembles that of a ’toothbrush’ relic (Rajpurohit et al.,

2020c). The relic’s spectral index map indicates a spectral steepening in the E´W direction,

towards the cluster centre. The spectral steepening feature is observed in most relics (Clarke and

Ensslin, 2006b; Shimwell et al., 2015; Rajpurohit et al., 2020b). This trend is attributed to the

downstream regions of shock waves where relativistic particles slow down.
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Figure 3.6: The spectral index map and the corresponding error map of the diffuse emission

region in the Bullet cluster. The contours are from the full resolution radio image. The black

crosses indicate regions where the brightest sources embedded in the halo were subtracted. Con-

tours are from the low resolution image, with levels of [3,6,12,]ˆσ where σ = 8.5 µJy/beam.
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Table 3.6: Multi-wavelength properties of RXC J1314. The redshift value is extracted from
Valtchanov et al. (2002). SZ values are from Planck Collaboration et al. (2016). The X-ray
properties are from Piffaretti et al. (2011).

R.A.J2000 13h14m28s

Dec.J2000 ´25o151412

redshift 0.247
Y500,SZ p10´4arcmin2q 19.3
M500,SZ p1014 Mdq 6.7
LXr0.1´2.4keVs p1044 erg s´1) 9.89

3.4 RXC J1314.4-2515

RXC J1314.4´2515 (henceforth RXC J1314) was first detected by the ROSAT All Sky Survey

(RASS; Voges et al., 1999) and has since been observed and studied at various wavelengths. X-

ray observations by Valtchanov et al. (2002) showed that the cluster had irregular morphology

indicating merger activity. Their study also showed that the X-ray emission had two central

peaks and was elongated in the SE´NW direction. They also derived that RXC J1314 has a

spectroscopic redshift of z = 0.247. Mazzotta et al. (2011) used XMM-Newton observations to

study the merger shock properties. Their study revealed that the cluster went through a major

merger event and had an M-shaped shock. The merger’s shock Mach number was measured to be

„2.5. Optical studies showed that there was a bimodal clustering of galaxies within the clusters

(Valtchanov et al., 2002). Golovich et al. (2019) confirmed the bimodality and also concluded

that since the sub-clusters have similar velocity dispersions, the mass ratio of the merger is 1:1

which indicates a major merger. The multi-wavelength properties of RXC J1314 are summarised

in Table 3.6. RXC J1314 is known to host a radio halo and double relics (Valtchanov et al., 2002;

Feretti et al., 2005; Venturi et al., 2013; Stuardi et al., 2019) which makes it an excellent science

confirmation target for MeerKAT.
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3.4.1 Radio halo and relics

Observations from ATCA, at 1.384 GHz and 2.496 GHz („9” resolution), showed a tenta-

tive detection of extended diffuse emission which was categorised as candidate double relics

(Valtchanov et al., 2002) . Feretti et al. (2005) confirmed the existence of the double relics using

Very Large Array (VLA) observations at 1.4 GHz. They also reported radio halo emission that

extends to the western radio relic. The diffuse emission has been also studied at lower frequen-

cies (88´610 MHz) using the GMRT and the Murchison Widefield Array (MWA) (Venturi et al.,

2007, 2013; George et al., 2017). X-ray studies by Mazzotta et al. (2011) revealed that the M-like

shock front coincides with the western relic. The most recent study of the diffuse emission in

RXCJ1314 was by Stuardi et al. (2019), using JVLA observations. They used observations over

the range 1´4 GHz to study the flux, polarisation, and spectral index properties of the diffuse

emission. They measured 1.5 GHz flux densities for the eastern relic, western relic, and radio

halo to be 11.3 ˘0.6 mJy, 33˘2 mJy, and 5.3˘0.3 mJy, respectively. The largest linear size

(LLS) of the eastern relic, western relic, and radio halo was measured to be „500 kpc, „550

kpc, and „250 kpc, respectively. The measured polarisation fraction for both relics was „31%

at 3 GHz. Finally, the integrated spectral indices of the eastern relic, western relic, and radio

halo were measured to be 1.0˘0.1, 1.6˘0.1, and 1.3˘0.2 respectively. We also detect the known

radio halo and radio relics in the MeerKAT L-band imaging of the RXC J1314.

The full-resolution MeerKAT L-band image of RXC J1314 is shown in Figure 3.7, with the

low-res, compact-source-subtracted image presented in Figure 3.8. We detect a radio halo with

a LAS of 3.171 ˆ 2.051, corresponding to a LLS of 742 kpc ˆ 480 kpc. We also detect diffuse

emission of both the eastern and the western relic. The LAS of the eastern relic is 2.881, which

corresponds to a LLS of 674 kpc. The LAS of the western relic is 4.161, which corresponds to

a LLS of 973 kpc. We used the 6σ contours surrounding the eastern relic emission to define

the boundary of the radio halo. We recover larger LLS form the halo and both the relics in

comparison to the emission detected in Stuardi et al. (2019).

We measure integrated flux densities for all diffuse structure using the low-res map, within

the regions indicated in Figure 3.8. For the radio halo we measure an integrated flux density of
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Table 3.7: Summary of radio analysis for RXC J1314.

Source Integrated Flux Density α0.9GHz
1.6GHz P1.4GHz LAS LLS

(mJy) (1024 WHz´1 ) (arcmin) (kpc)

Halo 11.26 ˘1.2 1.5˘0.1 2.1˘0.3 3.17ˆ2.05 742ˆ480
E Relic 13.71˘0.7 1.2˘0.3 2.5˘0.2 2.88 674
W Relic 31.37˘1.2 1.4˘0.1 5.5˘0.3 4.16 973

11.26 ˘1.2 mJy. Stuardi et al. (2019) indicated that there is a narrow-angle tailed (NAT) radio

galaxy embedded in the eastern relic. They further mention that the NAT’s lobes have a LLS

of „90 kpc and fade into the radio relic. The NAT has extended emission hence it was visible

even when we applied the 13 kλ uv-cut, hence we are unable to disentangle the NAT from the

relic. The flux densities of the eastern and western relic were measured to be 13.71˘0.7 mJy and

31.37˘1.2 mJy, respectively. The embedded radio galaxy further supports the re-acceleration

model, which predicts that relics are produced by the shock-induced re-acceleration of fossil

plasma.

The morphology of the relics and the halo are similar to that in Stuardi et al. (2019). Feretti

et al. (2005) were the first to report that the radio halo extended to the western relic. Our images

also indicate that there is continuous emission between the radio halo and the western relic (

see Figure 3.7). Markevitch (2010) established that this ’bridge’ feature can be explained by

the turbulence and merger shocks resulting from the cluster merger. As shown in Figure 3.9,

the radio halo emission traces the brightest region of the cluster’s X-ray surface brightness. The

archival optical image from DSS in Figure 3.9 indicates bright sources embedded in the eastern

relic. These sources are possible optical counterparts of AGN. If true, these AGNs would be the

source of fossil plasma that is re-accelerated to form the relic.

3.5 Spectral index properties of the radio halo and relics

MeerKAT’s wide bandwidth also enabled us to perform in-band spectral index studies of the

radio halo and the relic. Using sub-band images centred at 963.9 MHz and 1.65 GHz, we calcu-
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Figure 3.7: Full resolution MeerKAT 1.28 GHz image of RXC J1314. The diffuse halo and the

eastern and western relic features are labelled. Contours are from the low resolution image, with

levels of [-3,3,6,12,24]ˆσ where σ = 10.34 µJy/beam. In the lower left corner are the synthesised

beams of the full resolution and low resolution images; they are indicated by the filled yellow

ellipse and cyan ellipse, respectively.
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Figure 3.8: Low resolution MeerKAT 1.28 GHz image of RXC J1314. The polygon regions

indicate the regions used to measure the flux densities of the halo and relics. The halo and

western relic were separated using the 12σ contours, which outline the relic region. The physical

linear scale at the cluster redshift is indicated in the upper left. The rms noise of the image 10.34

µJy/beam. The synthesised beam of the low resolution image is indicated by the cyan ellipse on

the lower left.
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Figure 3.9: Multi-wavelength images of RXC J1314 with contours from MeerKAT 1.28 GHz

full resolution image. The contour levels are σˆ[3,6,12,30], where σ is 9.3 µJy/beam. Left:

Archival XMM-Newton X-ray image of RXC J1314. The western relic overlaps with the shock

region while the halo emission traces the brightness peak. Right: Archival Optical r-band image

from DSS. We could not locate recent observations covering the full field. The eastern relic

overlaps with two bright galaxies which are possible AGN counterparts embedded in the halo.
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late the integrated spectral index of the radio halo, the eastern relic, and the western relic to be

1.5˘0.1, 1.4˘0.1, and 1.2˘0.3, respectively. The integrated spectral index measurements of the

radio relics and halo are in agreement with the values quoted in Stuardi et al. (2019). We also

used the sub-band images centred at 963.9 MHz and 1.65 GHz to produce spectral index maps

of the diffuse emission. The in-band spectral index map of the regions covering the eastern and

the western relic are shown in Figure 3.10. Unlike Stuardi et al. (2019), we were unable to map

the spectra of the faint radio halo. Our low-resolution sub-band images had a higher resolution

compared to the images Stuardi et al. (2019). The halo’s emission was also much fainter in our

higher frequency image (1.65 GHz). This resulted in the poor mapping of the spectral index map

of the radio halo.

Our maps show a spectral steepening trend similar to the relic in the Bullet cluster. The

regions toward the cluster centre are steeper in both the eastern and the western relic. This is

a typical trend for radio relics as steepening indicates downstream regions with lower energy

electrons in comparison to the shock region. The western relic is known to coincide with a

shock region. Although X-ray studies have not reported the detection of a shock in the eastern

relic region, the location, extension and spectral index features do indicate that it is a relic. The

spectral index map also reveals that there is likely an AGN embedded in the western relic. This

will further motivate the notion of radio relics being linked to fossil plasma.
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Figure 3.10: Spectral index map and the corresponding error map of RXC J1314. Contours are

from the low resolution image, with levels of [3,6,12,30]ˆσ where σ = 9.3 µJy/beam.
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3.6 Abell 3562

Abell 3562 (hereafter A3562) is part of the Shapley supercluster, the most massive supercluster

in the local universe (z ă 0.05), which was first discovered by Shapley (1930). The central re-

gion of the supercluster consists of five Abell clusters (A3558 (see Section 3.7), A3556, A3559,

A3560, A3562) and two rich groups of galaxies (SC1327´312 and SC1329´313). Figure 3.11

shows the clusters which are members of the Shapley supercluster enclosed in the green poly-

gon. The clusters we study are indicated by the magenta circles. X-ray observations by Kull

and Böhringer (1999) showed that the core of the supercluster has complex morphology with

filamentary structures connecting A3562, A3558, and A3556. Multi-wavelength studies of the

Shapley supercluster have revealed that the region between A3558 and A3562 is dynamically

unrelaxed (Ghizzardi et al., 2010; Merluzzi et al., 2015; Venturi et al., 2017a; Di Gennaro et al.,

2018; Higuchi et al., 2020).

A3562 is an intriguing cluster that has been studied at multiple wavelengths. X-ray studies

confirmed that the cluster is dynamically disturbed and shows traces of interactions with the

galaxy group SC 1329–313 (Ettori et al., 2000; Finoguenov et al., 2004). The multi-wavelength

properties of A3562 are summarised in Table 3.8. A study by Venturi et al. (2000) reported

a tentative detection of a radio halo in the cluster region. VLA observations by Venturi et al.

(2003) confirmed the existence of a faint, steep spectrum (α „ 2) radio halo in A3562. The

most recent detailed study of the radio halo was done by Giacintucci et al. (2005). The VLA and

GMRT observations, covering a frequency range of 240´1400 MHz, enabled them to extract the

flux density of the halo and study its spectral index properties. At 1.4 GHz, they measured an

integrated flux density of 20˘2 mJy and a LLS of„475 kpc. The 332´1400 MHz spectral index

was found to be „1.5. The faint radio halo observed in A3562 makes it an excellent target for

MeerKAT’s L-band sensitivity.

The full-resolution MeerKAT L-band image of the cluster is shown in Figure 3.12, with

the low-res, compact-source-subtracted image presented in Figure 3.13. Observations of Abell

3562 were not centred at the target. However, all the diffuse emission properties were ex-

tracted from primary beam corrected images. This accounts for primary beam variations
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Figure 3.11: The Shapley supercluster. Abell clusters within the same redshift range are labelled
with the same colour text, in red are the clusters whose recession velocities is within 1500 km
s´1 of the central cluster Abell 3558; in cyan are clusters with range the redshift range of 0.035
ď z ă 0.040; and in orange a redshift range of, 0.053 ď z ă 0.060. The solid green box outlines
the 23 deg2 region covered by the Shapley supercluster. Source: (Higuchi et al., 2020).

at the position of the target. We detect a radio halo having a LAS of 8.851ˆ4.331, corresponding

to a LLS of 493 kpcˆ 241 kpc. The LLS is slightly more extended than the LLS Giacintucci et al.

(2005) measures at 1.4 GHZ. Using the polygon region indicated in Figure 3.13, we measure an

integrated 1.28 GHz halo flux density of 35˘0.54 mJy.

The morphology of the radio halo (see Figure 3.12 and 3.13) significantly differs to that in

Giacintucci et al. (2005). We detect a new ‘ridge’ feature in the peripheral SE region of the halo

which connects to the brightest region of the halo. The X-ray image in Figure 3.14 shows that the

ridge coincides with the edge of the X-ray surface brightness. Further X-ray studies are needed

to determine whether the radio ridge coincides with a merger shock region. Shweta et al. (2020)

also report a sharply defined ridge in the central region of a radio halo hosted by Abell 2163. They

propose that the ridge might be a radio relic projected in the region of the halo. However, after
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Table 3.8: Multi-wavelength properties of A3562. The cluster mass and redshift are taken from
Higuchi et al. (2020). The X-ray properties are from Ettori et al. (2000).

R.A.J2000 13h33m31s.8
Dec.J2000 ´31o401232.0
redshift 0.049
Y500,SZ p10´4arcmin2q 26.6 ˘ 3.2
M200 p1014 h´1 Mdq 2.04`2.74

´1.78

LX,bol p1044 erg s´1) 2.2
TXpkeV q 5.1 ˘ 0.02

further investigation, they conclude that this feature may be a result of re-energisation of fossil

plasma due to merger-induced turbulence. Further multi-wavelength observations are required to

establish if the ‘ridge’ feature is part of the radio halo or if it is a candidate Gently Re-Energised

Tail (GReET; de Gasperin et al., 2017b).

The bright central region of the radio halo is also observed in Giacintucci et al. (2005). How-

ever, the ‘ridge’ feature results in a distinct ‘wedge’ structure in the radio halo. This feature is

not common in radio halos as they are known to have regular morphology. Further lower fre-

quency observations, possibly with MeerKAT’s UHF band (0.58´1.015 GHz), are required to

investigate if this is indeed a feature in the radio halo or contamination from the head-tail galaxy

embedded in the halo.

The sensitivity of the MeerKAT L-band observation also enable us to produce a spectral index

map of the radio halo. The spectral index varies across the region of the halo. The pattern in the

halo region is similar to that in the extended ridge. This might be an indication that the ridge

feature is related to the radio halo. The extent of the map region is much larger than the spectral

index maps shown in Giacintucci et al. (2005). However, we note that the mapped region also

includes the ‘tail’ region of the bent-tail galaxy. This indicates that there is residual emission

from this source. We measure the integrated spectrum of the halo to be 1.06 ˘ 0.35, which is

flatter compared to α = 1.5 ˘ 0.1 reported by Giacintucci et al. (2005).
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Figure 3.12: Full resolution MeerKAT 1.28 GHz image of A3562. The diffuse halo and ridge

features are labelled. Contours are from the full resolution image, with levels of [-3,3,6,12,24]ˆσ

where σ = 8.2 µJy/beam. The synthesised beam is indicated by the filled yellow ellipse in the

lower right.
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Figure 3.13: Low resolution MeerKAT 1.28 GHz image of A3562. The region used to measure

the flux density of the halo is indicated by the polygon. The physical linear scale at the clus-

ter redshift is indicated in the upper left. The rms noise of the low resolution image is 21.50

µJy/beam. The synthesised beam is indicated by the filled cyan ellipse in the lower right.
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Figure 3.14: Archival Chandra X-ray image of A3562 with contours from MeerKAT 1.28 GHz

full resolution image. The contour levels are σˆ[3,6,12,24], where σ is 8.2 µJy/beam. The radio

ridge overlaps with the edge of the X-ray brightness distribution indicating that it might overlap

with a shock region. The radio halo overlaps with the peak brightness
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Figure 3.15: Spectral index map and the corresponding error map of A3562. The contours are

from the full resolution radio image. Contours are from the full resolution image, with levels of

[3,6,12,24]ˆσ where σ = 8.2 µJy/beam.
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3.7 Abell 3558

Abell 3558 (hereafter A3558) is amongst the clusters at the core of the Shapley supercluster

and is often referenced as the centre of the supercluster. Multi-wavelength studies have shown

that the cluster has complex morphology and cannot be distinctively categorised as a relaxed or

merging system. X-ray observations by Bardelli et al. (1996) showed that the cluster is elon-

gated in the NW´SE directions. The study also highlighted that although there are traces of

interactions between A3558 and other cluster and group members of the supercluster, the clus-

ter exhibits a cool-core. The complex structure of A3558 was further probed by Bardelli et al.

(1998); they concluded that the cluster has recently undergone a core-core collision or it has

undergone multiple minor mergers. They indicated that further velocity dispersion studies are

required to distinguish between the two scenarios.

Other X-ray studies, using instruments such as ROSAT, XMM-Newton, and Chandra, have

confirmed that the cluster is asymmetric and that the X-ray brightness peaks at the core and

radially declines (Markevitch and Vikhlinin, 1997; Akimoto et al., 2003; Rossetti et al., 2007).

These studies also highlighted that although the cluster has an inner ‘cool-core’ it cannot be

classified as a dynamically relaxed cluster since there are traces of infalling sub-groups. Optical

observations have shown that A3558 has multiple sub-clumps and has a region with a highly

concentrated number of galaxies (Quintana et al., 1995; Bardelli et al., 1998; Quintana et al.,

2020). Merluzzi et al. (2015) and Higuchi et al. (2020) used optical data to reconstruct the mass

of the cluster using gravitational weak lensing. These optical studies also confirm that there are

substructures in Abell 3558, as reported by X-ray observations.

VLA and GMRT observations have been used to study the radio properties of A3558 (Venturi

et al., 2000; Giacintucci et al., 2004; Mauduit and Mamon, 2007; Venturi et al., 2017a; Di Gen-

naro et al., 2018). Thus far, no extended diffuse emission has been detected. The radio studies

showed that the radio galaxies in A3558 are less radio-luminous when compared to surround-

ing clusters. Di Gennaro et al. (2018) concluded that the difference in radio luminosity is due

to the merger activity in the region of the cluster. The multi-wavelength properties of A3558

are summarised in Table 3.9. A3358 is an interesting target for MeerKAT because the complex
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Table 3.9: Multi-wavelength properties of A3558. The cluster mass and redshift are taken from
Higuchi et al. (2020). The X-ray properties are from Parekh et al. (2015).

R.A.J2000 13h28m02s.6
Dec.J2000 (dd:mm:ss.s) ´31h291352.0
redshift 0.048
M200 p1014 h´1 Mdq 4.47`2.78

´2.38

LX,bol p1044 erg s´1) 1.9
TXpkeV q 4.88 ˘ 0.1

morphology and dynamical state of the cluster may be an indication that there is faint extended

emission that hasn’t been detected before due to sensitivity limitations.

For the first time, we report the detection of faint diffuse emission in the central region of

A3558. We measure diffuse emission with a LAS of 7.01ˆ3.61, corresponding to a LLS of 390

kpcˆ 199 kpc. The diffuse emission traces the X-ray surface brightness (see Figure 3.18). Given

the size of the emission and the fact that it is embedded in a radio-loud BCG (see Figures 3.16

and 3.18), we conclude that it falls in the category of mini-halos. The integrated flux density

of the diffuse emission is 9.36˘0.3 mJy. However, the point source subtracted low resolution

image still contains residual flux from the BCG embedded in the mini-halo region (source A

in Figure 3.16). The archival DSS and Chandra images in Figure 3.18 show optical and X-ray

counterparts of the BCG.The estimated residual flux density of the BCG is „1.47 mJy. Hence,

the estimated flux density of the emission is „7.89 mJy. Source ‘A’ in Figure 3.16 had bright

artefacts and resulted in some of the halo flux density being subtracted. Hence, the flux density

of the emission might be underestimated.

X-ray studies of A3558 indicate that this cluster has a cool-core, hence, the cosmic ray elec-

trons might be accelerated by the gas sloshing in the cool-core (see Section 1.2.2.1). However,

these studies have also indicated that the X-ray emission has asymmetric morphology, which is

typical in dynamically disturbed clusters. Optical studies found that the cluster had substructure

which indicates merger activity. Hence, we propose that the mini-halo in this cluster might be in

a transitional phase, as predicted by hybrid radio halo formation models (see Brunetti and Jones,

2014, for review). This transitional phase was also observed by Kale et al. (2019). They reported
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that the radio halo in RXC J0232.2´4420 had a BCG embedded in the emission. They propose

that the emission might be an indication of a mini-halo transitioning into a radio halo.

The on-source observation time for A3558 was only „2 hours. Observing the cluster for a

longer time, and at lower frquencies (MeerKAT’s UHF band), might result in improved radio im-

ages. This would enable us to disentangle the point source emission from the mini-halo emission.

However, the emission we recover extends beyond the BCG, hence, there is a definite indication

of extended emission. The faint mini-halo emission was undetectable in sub-band images, hence,

we were unable to carry out spectral index studies.
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/

Figure 3.16: Full resolution MeerKAT 1.28 GHz image of A3558. The diffuse mini-halo feature

is labelled, along with the BCG. Contours are from the low resolution image, with levels of [-

3,3,5,7]ˆσ where σ = 22.14 µJy/beam. In the lower right corner are the synthesised beams of

the full resolution and low resolution images; they are indicated by the filled yellow ellipse and

cyan ellipse, respectively.
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Figure 3.17: Low resolution MeerKAT 1.28 GHz image of A3558. The region used to measure

the flux density of the mini-halo is indicated by the polygon. The physical linear scale at the

cluster redshift is indicated in the upper left. The rms noise of the low resolution image is 22.14

µJy/beam. The synthesised beam is indicated by the filled cyan ellipse in the lower right.
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Figure 3.18: Multi-wavelength images of A3558 with contours from MeerKAT 1.28 GHz low

resolution image. The contour levels are σˆ[3,5,7], where σ is 22.14 µJy/beam. Left: Archival

Chandra X-ray image of A3558. The minni-halo contours overlap with the X-ray brightness

distribution and the BCG is also visible. Right: Archival optical r-band image from DSS, more

recent observations covering the full field were not available. The BCG also has an optical

counterpart.



3.8. SUMMARY 127

3.8 Summary

The analysis of MeerKAT observations showed how powerful this instrument is for recovering

faint diffuse emission in short observation times. It also displayed MeerKAT’s ability to produce

in-band spectral index maps for clusters with bright diffuse emission. We detected a larger

extent of the radio halo and relic in the Bullet cluster. We also detected a decrement feature

the peripheral south-eastern region of the radio halo. We also detected larger scales of the radio

halos and relics in RXC J1314 in comparison to the most recent JVLA observations. In A3562,

we reported a new ‘ridge’ feature embedded in the radio halo. We also produced spectral index

maps for the radio halo. We detected a new min-halo in A3558. We also indicated that longer

observations of this cluster will enable to to study the mini-halo more comprehensively. These

results are a motivation for using MeerKAT to do larger sample surveys, such as MERGHERS

(Knowles et al., 2016a).



CHAPTER 4

CONCLUSION AND OUTLOOK

In this thesis we uniformly selected a sample of 40 clusters from the Atacama Cosmology Tele-

scope’s Polarimetric extension (ACTPol). We used data from the Giant Metrewave Radio Tele-

scope (GMRT) to study the faint diffuse emission in galaxy clusters that spanned a lower mass

and higher redshift range in comparison to similar studies in literature. We compared our results

to the most recently derived mass ´ radio power scaling relations of radio halos and relics. We

also studied faint diffuse emission detected using data from the new generation telescopes with

wide bandwidths and high sensitivity, namely, the upgraded GMRT and MeerKAT.

In Chapter 1 we performed a literature review of galaxy clusters highlighting the importance

of studying these objects for the understanding of the evolution of large-scale structure. We intro-

duced the different categories of diffuse emission, namely, radio halos, mini-halos, radio relics,

and revived fossil plasma. We summarised the different formation theories for each category

along with a discussion of which theory is currently supported by observations. We highlighted

the current results on scaling relations and spectral index studies of the diffuse emission. Fi-

nally, we concluded that there is a need to expand the currently studied parameter space for these

objects in order to capture their cosmological evolution.

In Chapter 2 we presented the first part of the thesis, focusing on radio observations of a

128



129

homogeneously selected cluster sample with a broad redshift range. We began by introducing

radio interferometry basics that are required for reducing low-frequency radio observations. We

described the cluster sample we selected using a catalogue from ACTPol. Our mass and redshift

cuts of M500c ą 4ˆ1014 Md resulted in a sample of 40 uniformly selected galaxy clusters. A

subset of thirty clusters had archival or newly of observed GMRT software backend (GSB) data

and thirteen had new uGMRT wideband backend (GWB) observations. We began by reducing

the GSB data for all thirty clusters. The radio analysis we carried out revealed that eight of the

thirty clusters hosted diffuse emissions. The diffuse emission in five clusters had been previously

reported in the literature. We reported a newly detected radio halo and revived fossil plasma in

ACT-CL J0137.4´0827, a radio relic in ACT-CL J2128.4+0135, and a candidate relic in ACT-CL

J0022.2´0036.

The occurrence fraction in our sample is 13.3% for radio halos, 6.7% for mini-halos, 3.3% for

revived fossil plasma, and 3.3% (6.7%) for radio relics excluding (including) candidate emission.

The overall occurrence fraction was found to be 26.7% (30.0 %) including (excluding) candidate

emission. For radio halos, we found that three of the four radio halos in our sample were below

the P1.4GHz ´ M500 correlation line. They were found to be in a region populated by ultra-steep

spectrum radio halos even though they had flatter spectral indices. We concluded that this result

provides a motivation to study larger samples spanning a wider mass and redshift range in order

to derive scaling relations that capture the behaviour of these sources even at higher redshifts.

For the systems with GWB data we investigated several reduction software, with the data pre-

senting a challenge due to direction dependent effects and RFI. The best results came from the ex-

perimental wideband SPAM. We prioritised the GWB data reduction for ACT-CL J0034.4+0225,

ACT-CL J0137.4´0827, and ACT-CL J2128.4+0135 which had detections in the GSB data. In

all cases, the GSB detection was observed with greater SNR in the GWB data. Future work on

the analysis procedure for the wide-band, wide-field GWB data will yield further insights into

the clusters observed with uGMRT. After the analysis of all the GWB data we will derive upper

limits for the clusters with non-detections and plot the scaling relation for the full cluster sample

that includes detections and non-detections. The clusters with newly detected emission will be

studied at multiple wavelengths, including X-ray and optical, in order to undertake dynamical
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studies and understand the merger geometry and history.

In Chapter 3 we presented the second thesis project, namely the processing and analysis of

new MeerKAT data on four clusters with known or suspected diffuse cluster emission, namely,

the Bullet cluster, RXC J1314.4´2515, Abell 3562, and Abell 3558. We used the OXKAT

pipeline to reduce the data and the BRATS software to produce spectral index maps. In the Bullet

cluster we observed a new decrement feature in the radio halo. The radio halo and relics we

recovered in RXC J1314.4´2515 are similar in morphology to those reported in the literature.

However MeerKAT’s sensitivity enabled us to capture a larger extent of the diffuse emission.

We confirmed the detection of a radio halo in Abell 3562. We also reported the detection of a

radio ‘ridge’ feature embedded in the radio halo. We concluded that X-ray studies are needed to

confirm if the ridge coincided with a shock region. Finally, we detected a new mini-halo in Abell

3558. The mini-halo has an extent of 390 kpc ˆ 199 kpc and is centred on the radio-loud cluster

BCG.

The sensitivity of MeerKAT at L-band enabled us to produce in-band spectral index maps for

the diffuse emission in Bullet cluster, RXC J1314.4´2515, and Abell 3562. The spectral index

map of the radio halo in the Bullet cluster indicates radial spectral steepening towards the cluster

outskirts. The spectral index map of Abell 3562 indicates that the radio halo and ridge have

similar spectral index distribution. This indicates that the ridge feature is related to the radio

halo. The spectral index maps of the relics in the Bullet cluster and RXC J1314.4´2515 indicate

a spectral steepening towards the cluster center. The MeerKAT data analysis demonstrated the

power of this instrument for studying faint diffuse emission. Hence, MeerKAT observations will

be ideal for studying diffuse emission larger samples with low mass and high redshift clusters.

I will extend my work here through my involvement in the MeerKAT Extended Relics, Giant

Halos, and Extragalactic Radio Sources (MERGHERS) survey, which aims to observe „200

uniformly selected SZ clusters. This study will be able to produce statistically significant results

on the scaling relations for higher redshift and lower mass clusters. The results of these stud-

ies will be essential for distinguishing and refining existing formation theories of diffuse radio

emission.



APPENDIX A

FULL FIELD OF VIEW IMAGES FROM

THE ACTPOL SAMPLE

We present the full resolution images of a subset of the clusters which had archival or new obser-

vations. In Section A.1 we present all the images that were reduced using the SPAM narrowband

pipeline and in Section A.2 we present the images of the three clusters that were reduced using

the experimental SPAM wideband pipeline (See Chapter 1). Some of the fields were severely

affected by ionospheric effects, poor image synthesis due to sparse uv coverage and resid-

ual RFI. This resulted in images with noise levels significantly higher than the theoretical

scaling laws.

A.1 GSB primary beam-corrected full resolution radio im-

ages
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Figure A.1: full field of view GSB primary beam corrected images. The red crosses indicates
the ACT SZ peak. Top: ACT-CL J0003.1´0605 is at redshift z = 0.233. The rms noise of the
image is 193.2 µJy/beam, the poor uv coverage and bright off-axis source resulted in a significant
increase of the noise levels. Bottom: ACT-CL J0008.1+0201 is at redshift z = 0.366. The rms
noise of the image is 46.4 µJy/beam.
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Figure A.2: full field of view GSB primary beam corrected images. The red crosses indicates
the ACT SZ peak. Top: ACT-CL J0014.8´0057 is at redshift z = 0.533. The rms noise of the
image is 25.2 µJy/beam. Bottom: ACT-CL J0019.6+0336 is at redshift z = 0.269. The rms noise
of the image is 144.0 µJy/beam. This field was heavily affected by ionospheric effecrs around
the bright sources, as a result the noise levels are higher that the theoretical scaling laws.
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Figure A.3: full field of view GSB primary beam corrected images. The red crosses indicates
the ACT SZ peak. Top: ACT-CL J0022.2´0036 is at redshift z = 0.805. The rms noise of the
image is 33.4 µJy/beam. Bottom: ACT-CL J0026.2+0120 is at redshift z = 0.64. The rms noise
of the image is 60.8 µJy/beam.
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Figure A.4: full field of view GSB primary beam corrected images. The red crosses indicates
the ACT SZ peak. Top: ACT-CL J0033.8´0751 is at redshift z = 0.305. The rms noise of the
image is 63.5 µJy/beam. Bottom: ACT-CL J0034.4+0225 is at redshift z = 0.382. The rms noise
of the image is 75.8 µJy/beam.
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Figure A.5: full field of view GSB primary beam corrected images. The red crosses indicates
the ACT SZ peak. Top: ACT-CL J0045.2´0152 is at redshift z = 0.548. The rms noise of the
image is 27.0 µJy/beam. Bottom: ACT-CL J0059´0049 is at redshift z = 0.787. The rms noise
of the image is 46.1 µJy/beam.
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Figure A.6: full field of view GSB primary beam corrected images. The red crosses indicates
the ACT SZ peak. Top: ACT-CL J0106.1´0619 is at redshift z = 0.50. The rms noise of the
image is 142.3 µJy/beam. The off-axis bright sources are heavily affected by ionospheric effects
causing higher noise levels. Bottom: ACT-CL J0129.0´0845 is at redshift z = 0.358. The rms
noise of the image is 47.9 µJy/beam.
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Figure A.7: full field of view GSB primary beam corrected images. The red crosses indicates
the ACT SZ peak. Top: ACT-CL J0137.4´0827 is at redshift z = 0.568. The rms noise of the
image is 74.5 µJy/beam. Bottom: ACT-CL J0140.0´0554 is at redshift z = 0.454. The rms noise
of the image is 22.3 µJy/beam.
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Figure A.8: full field of view GSB primary beam corrected images. The red crosses indicates
the ACT SZ peak. Top: ACT-CL J0152.6+0100 is at redshift z = 0.229. The rms noise of the
image is 89.9 µJy/beam. Bottom: ACT-CL J0154.4´0321 is at redshift z = 0.444. The rms noise
of the image is 84.6 µJy/beam.
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Figure A.9: full field of view GSB primary beam corrected images. The red crosses indicates
the ACT SZ peak. Top: ACT-CL J0159.8´0849 is at redshift z = 0.408. The rms noise of the
image is 48.7 µJy/beam. Bottom: ACT-CL J0239.8´0134 is at redshift z = 0.375. The rms noise
of the image is 123.2 µJy/beam.
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Figure A.10: full field of view GSB primary beam corrected images. The red crosses indicates
the ACT SZ peak. Top: ACT-CL J0248.1+0238 is at redshift z = 0.556. The rms noise of the
image is 57.1 µJy/beam. Bottom: ACT-CL J0248.1´0216 is at redshift z = 0.238. The rms noise
of the image is 32.4 µJy/beam.
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Figure A.11: full field of view GSB primary beam corrected images. The red crosses indicates
the ACT SZ peak. Top: ACT-CL J0326.8´0043 is at redshift z = 0.447. The rms noise of the
image is 69.6 µJy/beam. Bottom: ACT-CL J2050.5´0055 is at redshift z = 0.623. The rms noise
of the image is 64.6 µJy/beam.
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Figure A.12: full field of view GSB primary beam corrected images. The red crosses indicates
the ACT SZ peak. Top: ACT-CL J2128.4+0135 is at redshift z = 0.386. The rms noise of the
image is 134.0 µJy/beam. The higher noise level might be due to the sparse uv coverage which
lead to poor image synthesis. Bottom: ACT-CL J2129.6+0005 is at redshift z = 0.234. The rms
noise of the image is 51.3 µJy/beam.



A.1. GSB PRIMARY BEAM-CORRECTED FULL RESOLUTION RADIO IMAGES 144

Figure A.13: full field of view GSB primary beam corrected images. The red crosses indicates
the ACT SZ peak. Top: ACT-CL J2135.2+0125 is at redshift z = 0.23. The rms noise of the
image is 190.3 µJy/beam. The north-south striping caused by a bright source in the field reduces
the image quality and results in high noise levels. Bottom: ACT-CL J2307.6+0130 is at redshift
z = 0.389. The rms noise of the image is 78.7 µJy/beam.
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Figure A.14: full field of view GSB primary beam corrected images. The red crosses indicates
the ACT SZ peak. Top: ACT-CL J2327.4´0204 is at redshift z = 0.699. The rms noise of the
image is 64.6 µJy/beam. Bottom: ACT-CL J2337.6+0016 is at redshift z = 0.277. The rms noise
of the image is 45.8 µJy/beam.
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Figure A.15: full field of view GSB primary beam corrected images. The red crosses indicates
the ACT SZ peak. Top: ACT-CL J2341.2´0901 is at redshift z = 0.251. The rms noise of the
image is 27.2 µJy/beam. Bottom: ACT-CL J2351.7´0859 is at redshift z = 0.392. The rms noise
of the image is 19.3 µJy/beam.
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A.2 GWB full resolution radio images

Figure A.16: SPAM-reduced GWB full field of view image of ACT-CL J0034.4+0225 which is
at redshift z = 0.382. The rms noise of the image is 75.8 µJy/beam. The red crosses indicates the
ACT SZ peak.
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Figure A.17: SPAM-reduced GWB full field of view image of ACT-CL J0137.4´0127 which is
at redshift z = 0.568. The rms noise of the image is 74.5 µJy/beam. The red crosses indicates the
ACT SZ peak.



A.2. GWB FULL RESOLUTION RADIO IMAGES 149

Figure A.18: SPAM-reduced GWB full field of view image of ACT-CL J2128.4+0135 which is
at redshift z = 0.386. The rms noise of the image is 134.0 µJy/beam. The red crosses indicates
the ACT SZ peak.



APPENDIX B

MEERKAT IMAGES

We present the full resolution images of the clusters that were observed using MeeKAT. The

resulting images were reduced using OXKAT
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berg, D. H., Wood-Vasey, W. M., Yèche, C., Zehavi, I., Zhao, G.-B., and BOSS Collaboration

(2015). Cosmological implications of baryon acoustic oscillation measurements. Physical

Review D., 92(12):123516.

Bardelli, S., Pisani, A., Ramella, M., Zucca, E., and Zamorani, G. (1998). A substructure analysis

of the A3558 cluster complex. Mon. Not. R. Astron. Soc., 300(2):589–598.

Bardelli, S., Zucca, E., Malizia, A., Zamorani, G., Scaramella, R., and Vettolani, G. (1996). A

study of the core of the Shapley concentration. II. ROSAT observation of A 3558. Astron. As-

trophys., 305:435.

Barrena, R., Biviano, A., Ramella, M., Falco, E. E., and Seitz, S. (2002). The dynamical status

of the cluster of galaxies 1E0657-56. Astron. Astrophys., 386:816–828.

Bartalucci, I., Arnaud, M., Pratt, G. W., Démoclès, J., and Lovisari, L. (2019). The Most Massive

galaxy Clusters (M2C) across cosmic time: link between radial total mass distribution and

dynamical state. Astron. Astrophys., 628:A86.

Bassett, B. and Hlozek, R. (2010). Baryon acoustic oscillations, page 246.

Basu, K. (2012). A Sunyaev-Zel’dovich take on cluster radio haloes - I. Global scaling and

bi-modality using Planck data. Mon. Not. R. Astron. Soc., 421(1):L112–L116.



BIBLIOGRAPHY 161

Bernardi, G., Venturi, T., Cassano, R., Dallacasa, D., Brunetti, G., Cuciti, V., Johnston-Hollitt,

M., Oozeer, N., and Smirnov, O. M. (2016). A KAT-7 view of a low-mass sample of galaxy

clusters. arXiv e-prints, page arXiv:1603.07595.

Birkinshaw, M. (1999). The Sunyaev-Zel’dovich effect. Phys. Rep., 310(2-3):97–195.
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T. W. (2019). A massive cluster at z = 0.288 caught in the process of formation: The case of

Abell 959. Mon. Not. R. Astron. Soc., 487(4):4775–4789.

Blandford, R. and Eichler, D. (1987). Particle acceleration at astrophysical shocks: A theory of

cosmic ray origin. Phys. Rep., 154(1):1–75.

Blasi, P. (2001). The non-thermal radiation-cluster merger connection. Astroparticle Physics,

15(2):223–240.

Blasi, P. and Colafrancesco, S. (1999). Cosmic rays, radio halos and nonthermal X-ray emission

in clusters of galaxies. Astroparticle Physics, 12(3):169–183.

Bleem, L. E., Bocquet, S., Stalder, B., Gladders, M. D., Ade, P. A. R., Allen, S. W., Anderson,

A. J., Annis, J., Ashby, M. L. N., Austermann, J. E., Avila, S., Avva, J. S., Bayliss, M., Beall,

J. A., Bechtol, K., Bender, A. N., Benson, B. A., Bertin, E., Bianchini, F., Blake, C., Brodwin,

M., Brooks, D., Wang, G., Weller, J., Whitehorn, N., Wu, W. L. K., Yefremenko, V., and

Zhang, Y. (2020). The SPTpol Extended Cluster Survey. Astrophys. J. Supp., 247(1):25.

Bleem, L. E., Stalder, B., de Haan, T., Aird, K. A., Allen, S. W., Applegate, D. E., Ashby,

M. L. N., Bautz, M., Bayliss, M., Benson, B. A., Bocquet, S., Brodwin, M., Carlstrom, J. E.,

Chang, C. L., Chiu, I., Cho, H. M., Clocchiatti, A., Crawford, T. M., Crites, A. T., Desai, S.,



BIBLIOGRAPHY 162

Dietrich, J. P., Dobbs, M. A., Foley, R. J., Forman, W. R., George, E. M., Gladders, M. D.,

Gonzalez, A. H., Halverson, N. W., Hennig, C., Hoekstra, H., Holder, G. P., Holzapfel, W. L.,

Hrubes, J. D., Jones, C., Keisler, R., Knox, L., Lee, A. T., Leitch, E. M., Liu, J., Lueker, M.,

Luong-Van, D., Mantz, A., Marrone, D. P., McDonald, M., McMahon, J. J., Meyer, S. S.,

Mocanu, L., Mohr, J. J., Murray, S. S., Padin, S., Pryke, C., Reichardt, C. L., Rest, A., Ruel,

J., Ruhl, J. E., Saliwanchik, B. R., Saro, A., Sayre, J. T., Schaffer, K. K., Schrabback, T.,

Shirokoff, E., Song, J., Spieler, H. G., Stanford, S. A., Staniszewski, Z., Stark, A. A., Story,

K. T., Stubbs, C. W., Vanderlinde, K., Vieira, J. D., Vikhlinin, A., Williamson, R., Zahn, O.,

and Zenteno, A. (2015). Galaxy Clusters Discovered via the Sunyaev-Zel’dovich Effect in the

2500-Square-Degree SPT-SZ Survey. Astrophys. J. Supp., 216(2):27.

Bocquet, S., Dietrich, J. P., Schrabback, T., Bleem, L. E., Klein, M., Allen, S. W., Applegate,

D. E., Ashby, M. L. N., Bautz, M., Bayliss, M., Benson, B. A., Brodwin, M., Bulbul, E., Can-

ning, R. E. A., Capasso, R., Carlstrom, J. E., Chang, C. L., Chiu, I., Cho, H. M., Clocchiatti,

A., Crawford, T. M., Crites, A. T., de Haan, T., Desai, S., Dobbs, M. A., Foley, R. J., Forman,

W. R., Garmire, G. P., George, E. M., Gladders, M. D., Gonzalez, A. H., Grandis, S., Gupta,

N., Halverson, N. W., Hlavacek-Larrondo, J., Hoekstra, H., Holder, G. P., Holzapfel, W. L.,

Hou, Z., Hrubes, J. D., Huang, N., Jones, C., Khullar, G., Knox, L., Kraft, R., Lee, A. T., von

der Linden, A., Luong-Van, D., Mantz, A., Marrone, D. P., McDonald, M., McMahon, J. J.,

Meyer, S. S., Mocanu, L. M., Mohr, J. J., Morris, R. G., Padin, S., Patil, S., Pryke, C., Rapetti,

D., Reichardt, C. L., Rest, A., Ruhl, J. E., Saliwanchik, B. R., Saro, A., Sayre, J. T., Schaffer,

K. K., Shirokoff, E., Stalder, B., Stanford, S. A., Staniszewski, Z., Stark, A. A., Story, K. T.,

Strazzullo, V., Stubbs, C. W., Vanderlinde, K., Vieira, J. D., Vikhlinin, A., Williamson, R., and

Zenteno, A. (2019). Cluster Cosmology Constraints from the 2500 deg2 SPT-SZ Survey: In-

clusion of Weak Gravitational Lensing Data from Magellan and the Hubble Space Telescope.

Astrophys. J., 878(1):55.
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Gasperin, F., Orrú, E., Pizzo, R. F., Röttgering, H. J. A., and Shimwell, T. W. (2018). LOFAR

discoveryof radio emission in MACS J0717.5+3745. Mon. Not. R. Astron. Soc., 478(3):2927–

2938.

Bonafede, A., Brunetti, G., Vazza, F., Simionescu, A., Giovannini, G., Bonnassieux, E.,
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Feretti, L., Orrù, E., Brunetti, G., Giovannini, G., Kassim, N., and Setti, G. (2004b). Spectral

index maps of the radio halos in Abell 665 and Abell 2163. Astron. Astrophys., 423:111–119.



BIBLIOGRAPHY 173
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Käfer, F., Finoguenov, A., Eckert, D., Clerc, N., Ramos-Ceja, M. E., Sanders, J. S., and Ghirar-

dini, V. (2020). Toward the low-scatter selection of X-ray clusters. Galaxy cluster detection

with eROSITA through cluster outskirts. Astron. Astrophys., 634:A8.

Kale, R. and Dwarakanath, K. S. (2010). Spectral Index Studies of the Diffuse Radio Emission

in Abell 2256: Implications for Merger Activity. Astrophys. J., 718(2):939–946.

Kale, R. and Ishwara-Chandra, C. H. (2020). CAPTURE: Interferometric pipeline for image

creation from GMRT data.

Kale, R., Shende, K. M., and Parekh, V. (2019). A radio halo surrounding the Brightest Clus-

ter Galaxy in RXCJ0232.2-4420: a mini-halo in transition? Mon. Not. R. Astron. Soc.,

486(1):L80–L84.

Kale, R., Venturi, T., Giacintucci, S., Dallacasa, D., Cassano, R., Brunetti, G., Cuciti, V.,

Macario, G., and Athreya, R. (2015). The Extended GMRT Radio Halo Survey. II. Further

results and analysis of the full sample. Astron. Astrophys., 579:A92.



BIBLIOGRAPHY 182

Kale, R., Venturi, T., Giacintucci, S., Dallacasa, D., Cassano, R., Brunetti, G., Macario, G., and

Athreya, R. (2013). The Extended GMRT Radio Halo Survey. I. New upper limits on radio

halos and mini-halos. Astron. Astrophys., 557:A99.

Kale, R., Wik, D. R., Giacintucci, S., Venturi, T., Brunetti, G., Cassano, R., Dallacasa, D., and de

Gasperin, F. (2017). Discovery of a radio relic in the low mass, merging galaxy cluster PLCK

G200.9-28.2. Mon. Not. R. Astron. Soc., 472(1):940–948.

Kang, H. and Ryu, D. (2015). Curved Radio Spectra of Weak Cluster Shocks. Astrophys. J.,

809(2):186.

Kempner, J. C. and Sarazin, C. L. (2001). Radio Halo and Relic Candidates from the Westerbork

Northern Sky Survey. Astrophys. J., 548(2):639–651.

Kenyon, J. S., Smirnov, O. M., Grobler, T. L., and Perkins, S. J. (2018). CUBICAL - fast radio

interferometric calibration suite exploiting complex optimization. Mon. Not. R. Astron. Soc.,

478(2):2399–2415.

Keshet, U. (2010). Common origin for radio relics and halos: galaxy cluster-wide, homogeneous

cosmic-ray distribution, and evolving magnetic fields. arXiv e-prints, page arXiv:1011.0729.

Kettenis, M., van Langevelde, H. J., Reynolds, C., and Cotton, B. (2006). ParselTongue: AIPS

Talking Python. In Gabriel, C., Arviset, C., Ponz, D., and Enrique, S., editors, Astronomical

Data Analysis Software and Systems XV, volume 351 of Astronomical Society of the Pacific

Conference Series, page 497.

Knowles, K., Baker, A. J., Basu, K., Bharadwaj, V., de Gasperin, F., Deane, R., Devlin, M.,

Dicker, S., Ferrari, C., Hilton, M., Hughes, J. P., Intema, H., Makhathini, S., Moodley, K.,

Oozeer, N., Pfrommer, C., Sievers, J., Sikhosana, S. P., Smirnov, O., Sommer, M. W., Stanch-

field, S., van der Heyden, K., and Zwart, J. (2016a). MERGHERS: An SZ-selected cluster

survey with MeerKAT. In MeerKAT Science: On the Pathway to the SKA, page 30.

Knowles, K., Baker, A. J., Bond, J. R., Gallardo, P. A., Gupta, N., Hilton, M., Hughes, J. P.,
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Menanteau, F., González, J., Juin, J.-B., Marriage, T. A., Reese, E. D., Acquaviva, V., Aguirre, P.,

Appel, J. W., Baker, A. J., Barrientos, L. F., Battistelli, E. S., Bond, J. R., Das, S., Deshpande,

A. J., Devlin, M. J., Dicker, S., Dunkley, J., Dünner, R., Essinger-Hileman, T., Fowler, J. W.,

Hajian, A., Halpern, M., Hasselfield, M., Hernández-Monteagudo, C., Hilton, M., Hincks,

A. D., Hlozek, R., Huffenberger, K. M., Hughes, J. P., Infante, L., Irwin, K. D., Klein, J.,

Kosowsky, A., Lin, Y.-T., Marsden, D., Moodley, K., Niemack, M. D., Nolta, M. R., Page,



BIBLIOGRAPHY 187

L. A., Parker, L., Partridge, B., Sehgal, N., Sievers, J., Spergel, D. N., Staggs, S. T., Swetz,

D., Switzer, E., Thornton, R., Trac, H., Warne, R., and Wollack, E. (2010). The Atacama

Cosmology Telescope: Physical Properties and Purity of a Galaxy Cluster Sample Selected

via the Sunyaev-Zel’dovich Effect. Astrophys. J., 723(2):1523–1541.

Menanteau, F., Sifón, C., Barrientos, L. F., Battaglia, N., Bond, J. R., Crichton, D., Das, S., De-

vlin, M. J., Dicker, S., Dünner, R., Gralla, M., Hajian, A., Hasselfield, M., Hilton, M., Hincks,

A. D., Hughes, J. P., Infante, L., Kosowsky, A., Marriage, T. A., Marsden, D., Moodley, K.,

Niemack, M. D., Nolta, M. R., Page, L. A., Partridge, B., Reese, E. D., Schmitt, B. L., Sievers,

J., Spergel, D. N., Staggs, S. T., Switzer, E., and Wollack, E. J. (2013). The Atacama Cos-

mology Telescope: Physical Properties of Sunyaev-Zel’dovich Effect Clusters on the Celestial

Equator. Astrophys. J., 765(1):67.

Merluzzi, P., Busarello, G., Haines, C. P., Mercurio, A., Okabe, N., Pimbblet, K. J., Dopita,

M. A., Grado, A., Limatola, L., Bourdin, H., Mazzotta, P., Capaccioli, M., Napolitano, N. R.,

and Schipani, P. (2015). Shapley Supercluster Survey: Galaxy evolution from filaments to

cluster cores. Mon. Not. R. Astron. Soc., 446(1):803–822.

Miley, G. K. and Perola, G. C. (1975). The Large Scale Radio Structure of NGC 1275. As-

tron. Astrophys., 45:223.

Miniati, F., Jones, T. W., Kang, H., and Ryu, D. (2001). Cosmic-Ray Electrons in Groups and

Clusters of Galaxies: Primary and Secondary Populations from a Numerical Cosmological

Simulation. Astrophys. J., 562(1):233–253.

Molnar, S. (2015). Cluster Physics with Merging Galaxy Clusters. Frontiers in Astronomy and

Space Sciences, 2:7.

Monteiro-Oliveira, R., Cypriano, E. S., Vitorelli, A. Z., Ribeiro, A. L. B., Sodré, L., Dupke, R.,
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Lagache, G., Lähteenmäki, A., Lamarre, J. M., Lange, A. E., Lasenby, A., Laureijs, R. J.,

Lawrence, C. R., Leach, S., Leahy, J. P., Leonardi, R., Leroy, C., Lilje, P. B., Linden-Vørnle,
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Mitra, S., Miville-Deschênes, M. A., Moneti, A., Montier, L., Morgante, G., Mortlock, D.,

Moss, A., Munshi, D., Murphy, J. A., Naselsky, P., Nastasi, A., Nati, F., Natoli, P., Netterfield,

C. B., Nørgaard-Nielsen, H. U., Noviello, F., Novikov, D., Novikov, I., Olamaie, M., Oxbor-

row, C. A., Paci, F., Pagano, L., Pajot, F., Paoletti, D., Pasian, F., Patanchon, G., Pearson,

T. J., Perdereau, O., Perotto, L., Perrott, Y. C., Perrotta, F., Pettorino, V., Piacentini, F., Piat,

M., Pierpaoli, E., Pietrobon, D., Plaszczynski, S., Pointecouteau, E., Polenta, G., Pratt, G. W.,
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Brooks, D., Burke, D. L., Capozzi, D., Carnero Rosell, A., Carrasco Kind, M., Castander,

F. J., Childress, M., Collins, C. A., Cunha, C. E., D’Andrea, C. B., da Costa, L. N., Davis,

T. M., Desai, S., Diehl, H. T., Dietrich, J. P., Doel, P., Evrard, A. E., Finley, D. A., Flaugher,

B., Fosalba, P., Frieman, J., Glazebrook, K., Goldstein, D. A., Gruen, D., Gruendl, R. A.,

Gutierrez, G., Hilton, M., Honscheid, K., Hoyle, B., James, D. J., Kay, S. T., Kuehn, K.,



BIBLIOGRAPHY 198

Kuropatkin, N., Lahav, O., Lewis, G. F., Lidman, C., Lima, M., Maia, M. A. G., Mann, R. G.,

Marshall, J. L., Martini, P., Melchior, P., Miller, C. J., Miquel, R., Mohr, J. J., Nichol, R. C.,

Nord, B., Ogando, R., Plazas, A. A., Reil, K., Sahlén, M., Sanchez, E., Santiago, B., Scarpine,

V., Schubnell, M., Sevilla-Noarbe, I., Smith, R. C., Soares-Santos, M., Sobreira, F., Stott, J. P.,

Suchyta, E., Swanson, M. E. C., Tarle, G., Thomas, D., Tucker, D., Uddin, S., Viana, P. T. P.,

Vikram, V., Walker, A. R., Zhang, Y., and DES Collaboration (2016). The RedMaPPer Galaxy

Cluster Catalog From DES Science Verification Data. Astrophys. J. Supp., 224(1):1.

Ryle, M. and Vonberg, D. D. (1946). Solar Radiation on 175 Mc./s. Nature., 158(4010):339–340.

Ryu, D., Kang, H., Hallman, E., and Jones, T. W. (2003). Cosmological Shock Waves and Their

Role in the Large-Scale Structure of the Universe. Astrophys. J., 593(2):599–610.

Sahlén, M., Viana, P. T. P., Liddle, A. R., Romer, A. K., Davidson, M., Hosmer, M., Lloyd-

Davies, E., Sabirli, K., Collins, C. A., Freeman, P. E., Hilton, M., Hoyle, B., Kay, S. T., Mann,

R. G., Mehrtens, N., Miller, C. J., Nichol, R. C., Stanford, S. A., and West, M. J. (2009).

The XMM Cluster Survey: forecasting cosmological and cluster scaling-relation parameter

constraints. Mon. Not. R. Astron. Soc., 397(2):577–607.

Sarazin, C. L. (1988). X-ray emission from clusters of galaxies.

Sarazin, C. L. (2002). The Physics of Cluster Mergers, volume 272, pages 1–38.
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van Weeren, R. J., Röttgering, H. J. A., Rafferty, D. A., Pizzo, R., Bonafede, A., Brüggen, M.,
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