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Abstract

Galaxy clusters are the largest gravitationally-bound structures in the universe. They act as

the largest astrophysical laboratories in the universe and are extremely interesting objects

to study as they are at crossroads between astrophysics and cosmology. In previous decades

the most prominent cluster studies were focused on thermal processes in the intracluster

medium (ICM). However, recent studies have shown that non-thermal studies give a different

perspective on ICM processes.

Giant radio halos and radio relics are examples of this non-thermal diffuse radio emission.

Giant radio halos are believed to originate from synchrotron radiation resulting from the

re-acceleration of relativistic electrons in the cluster’s magnetic field by the turbulent energy

following merger activity. Radio relics, another form of non-thermal diffuse radio emission,

have been identified as possible tracers of merger shock waves. The study of diffuse radio

emission has a number of open questions such as; the observed bimodality in the radio power

versus X-ray luminosity plot. The bimodality could partly be due to the identification of

halos and relics in clusters without a well-defined selection function.

In this thesis, we studied giant radio halos and relics in a homogeneous, mass-selected

sample of sixteen clusters selected via the Sunyaev- Zel’dovich (SZ) effect by the Atacama

Cosmology Telescope (ACT) with polarization sensitive receivers (ACTPol). We carried out

a radio wavelength study using data obtained from the Giant Metrewave Radio Telescope

(GMRT) for four of these clusters. This subsample of four clusters will be added to the

larger sample, eight of which have archival data, and four of which will be proposed for

observations in the next GMRT observation cycle. We used the GMRT data at 610 MHz to

search for diffuse radio emission in each cluster. We applied various uv-cuts and tapers to

isolate the low-resolution emission in the target field. For two of the four observed clusters,

we tentatively discovered extended radio emission at a significance level of at least 3σ. We

then measured radio fluxes for compact sources in the cluster region. We were able to

calculate spectral indices for the compact sources that were cross-matched in FIRST.

keywords: intracluster medium, diffuse radio emission, radio halos, radio relics, merger,

shock waves, and bimodality.
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CHAPTER 1

Introduction

For centuries astronomers believed that the bulk of the universe’s constituents was the vis-

ible baryonic matter. It was the measurements of stellar velocities and the observations of

Type 1a supernova (SNeIa) that proved that there were missing components in the cosmo-

logical model (Oort, 1932; Rubin et al., 1964; Riess et al., 1999; Perlmutter et al., 1999).

These discoveries showed that contrary to what was believed, baryonic matter only made

up approximately five percent of the universe. This led to the development of the current

cosmological model, known as the concordance Λ Cold Dark Matter (ΛCDM) model. In

this model, the universe is made up of ∼5% baryonic matter, ∼25% cold dark matter, and

∼70% dark energy. The first observational evidence was found when Oort (1932) measured

the doppler shift in spectra of the stars in the Milky Way. He found that the velocity of the

stars was much greater than what was theoretically predicted. Zwicky (1933) also found

that the galaxy peculiar velocities in the Coma Cluster were much higher than predicted by

theory, he concluded that there was an unobserved matter component which was responsi-

ble for the high velocities. This matter component was then referred to as ‘dark matter’.

Cold dark matter is collisionless and can only be observed through its gravitational effects.

Presently the most promising candidate of what cold dark matter is, are the Weakly Inter-

acting Particles (WIMPs) (Clowe et al., 2004). Dark energy, which is the major component

of the ΛCDM universe, can be better understood when using the Einstein field equations

(Dvali et al., 2000). Its existence was inferred from the SNeIa observations that revealed

1
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that the universe is expanding at an accelerated rate (Riess et al., 1999; Perlmutter et al.,

1999). Studies such as those done by Allen et al. (2004) further constrained the dark en-

ergy content in the universe. The Cosmic Microwave Background (CMB) has been crucial

for constraining the cosmological parameters (Planck Collaboration et al., 2016b) and the

Planck Telescope has played a major role in the currently accepted cosmological parameters.

The ΛCDM model has been tested against many observations such as CMB surveys (Planck

Collaboration et al., 2016b; Das et al., 2014) and dark energy surveys (Parkinson et al., 2012;

Sullivan et al., 2011). Although the model seems to account for what is observed, there are

still a lot of unknowns that need to be clarified such as the recent discovery of the non-zero

neutrino mass (Kajita, 2016; McDonald, 2006). It is clear that new physics is required to

fully explain the existence of the non-baryonic cold dark matter and dark energy. The un-

derstanding of these constituents is fully dependent on simultaneous progress in particles

physics, cosmology theory and experiments (Olive and Particle Data Group, 2014).

In the quest to obtain the most accurate cosmological model, scientists design surveys

using the most powerful telescopes that observe the universe across the electromagnetic

spectrum. The main aim of these surveys is to constrain cosmological parameters such

as the Hubble parameter (H0), baryonic matter density (Ωbh
2), cold dark matter density

(Ωch
2), matter in the universe (Ωm), dark energy (ΩΛ), spatial curvature (ΩK), and many

other parameters of the ΛCDM model (Ω is the dimensionless density parameter, where

Ω = ρ
ρc

). Events occurring at different epochs can be used to constrain the model. The

Baryon Acoustic Oscillation (BAO) signal, which is evident from the CMB’s matter power

spectrum, is one example of the probes (Beutler and BOSS Collaboration, 2015). The BAOs

are pressure waves that resulted from the motion of contraction caused by gravitational

collapse and rarefaction caused by the baryon’s radiation pressure. The BAO scale can be

used as a standard ruler for the measurement of angular diameter distance. It can also

be used to constrain cosmological parameters such the Hubble parameter and the matter

density in the universe (Alam et al., 2016; Ross et al., 2015). The BAOs have been used to

break degeneracy from CMB cosmological parameter measurements (Planck Collaboration

et al., 2016b; Sievers et al., 2013).

As mentioned above, the CMB power spectrum can also be used to constrain cosmological

parameters. The photons from the CMB, released after decoupling, travel through the

universe and interact with matter on both small and large scales. It is these interactions

that make the CMB the primary tool for measuring cosmological parameters such as the
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neutrino mass ν, the curvature of the universe and the dark energy equation of state w

(w = p
ρ
). The anisotropies in the CMB, measured by the Cosmic Background Explorer

satellite (COBE) (Bennett et al., 1993) showed that there were matter fluctuations which are

responsible for the large-scale structure we see today. The Wilkinson Microwave Anisotropy

Probe (WMAP) (Bennett et al., 2013) improved the measurements of the fluctuation and

(Planck Collaboration et al., 2016b) is the latest survey that accurately measured these

fluctuations. From the CMB anisotropies, one can accurately constrain matter density in

the universe which is done by the large CMB surveys. The Planck 2016 results provide

the most accurate constraints of the cosmological parameters to date (Planck Collaboration

et al., 2016b). The Atacama Cosmology Telescope (ACT; Das et al., 2014) and the South

Pole Telescope (SPT; George et al., 2015) are ground based CMB experiments providing

high quality data.

The CMB data is also used to measure the weak gravitational lensing effect. Weak grav-

itational lensing has been widely exploited as a probe of the dark matter. Weak lensing is a

valuable probe as it simultaneously probes background evolution of large-scale structure and

the growth of cosmic structure (Camera et al., 2016). The Canada-France-Hawaii Telescope

Lensing Survey (CFHTLenS; Fu et al., 2014) uses weak lensing to constrain cosmological

parameters. Constraints on shapes of dark matter halos using weak lensing are obtained in

the Red-sequence Cluster Survey (RCS; van Uitert et al., 2012). Weak gravitational lensing

will also be used by future surveys, such as the Square Kilometer Array (SKA), to give tight

constraints at even higher redshifts. The Kilo-Degree Survey (KiDS; Hildebrandt et al.,

2016), unlike most surveys that aim to target high redshifts, will target low redshifts to

probe large-scale structure and will obtain shear measurements of fifteen million galaxies.

This will be the first survey to produce a tomographic cosmic shear analysis of the flat

ΛCDM model. Gravitational lensing of large-scale structure has been also used as a direct

probe of dark matter (Clowe et al., 2004; Markevitch et al., 2004) while weak gravitational

lensing has been claimed to have the highest precision when constraining dark matter density

(Camera et al., 2016). Gravitational lensing from optical surveys such as the Sloan Digital

Sky Survey (SDSS; Alam et al., 2016) and the Hubble Space Telescope (HST; Lesgourgues

et al., 2007) have been used, in the form of galaxy spectroscopic catalogs, to constrain the

Hubble parameter, the curvature of the universe, and other parameters.

Type Ia supernovae have been used as a probe of dark energy (Riess et al., 1999; Perlmut-

ter et al., 1999). The intrinsic luminosity of SNeIa makes them good candidates for standard
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candles. Their luminosity distance is measured using light curves and these observational

results are compared to the theory. These studies showed an expanding universe, hence,

inferred the existence of dark energy (Riess et al., 1999; Perlmutter et al., 1999). After these

findings, many other surveys have measured the light curves of thousands of SNeIa (Betoule

et al., 2014). These surveys further cement the result of the cosmic acceleration. Future

surveys such as the large synoptic survey telescope (LSST; Odderskov and Hannestad, 2016)

and the Dark Energy Survey (DES) (Abbott et al., 2016) will detect a larger amount of the

SNeIa and probe current cosmological models.

Another probe of dark energy are the galaxy cluster counts. The number density of

clusters as a function of redshift depends on the rate at which the cosmic structures grow.

It also depends on the cosmic volume element as a function of redshift. This dependence on

redshift allows one to use the cluster counts to probe dynamical and geometric aspects of

the cosmological model. Surveys such as Planck (Planck Collaboration et al., 2016b) and

ACT (Hasselfield et al., 2013) use cluster counts to probe the nature of dark energy and

its current models. Galaxy cluster counts are essential for constraining the cosmological

parameters and in turn the ΛCDM model (Albrecht et al., 2009). To fully exploit cluster

counts as a cosmological probe it is important that we have a clear understanding of the

formation and evolution of galaxy clusters.

Large-scale structures in the form of galaxy clusters are the largest gravitationally-bound

objects. Since their detection, they have been used in astrophysical and cosmological studies.

The first of these objects to be detected was the Coma cluster (Zwicky, 1937a). Since its

discovery, many studies were conducted to understand the nature of galaxy clusters (Rood

et al., 1972; Briel et al., 1992). Another breakthrough in the galaxy cluster field was the

detection of the Bullet Cluster (Tucker et al., 1998). This merging cluster, when observed at

multiwavelengths, reveals the colliding dark matter of the two galaxy clusters (Markevitch

et al., 2004). Hence, bullet clusters can be used to probe dark matter (Paraficz et al., 2016).

Galaxy cluster systems can be observed at multiwavelengths, with each spectral window

revealing unique information on the formation and evolution of clusters. Future generation

surveys will detect large numbers of galaxy clusters (Ascaso et al., 2015). These clusters

will be of higher redshift and lower mass compared to the current galaxy cluster surveys

(Prandoni and Seymour, 2015). Hence, new methods will be required to allocate galaxy

cluster members (Acosta-Pulido et al., 2015; Battistelli et al., 2016). The lower mass and

higher redshift studies will open up a window of studying the early formation and evolution
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of galaxy clusters.

Further studies on galaxy clusters particularly at X-ray wavelengths showed that clusters

had substructures (Buote, 2001; Schuecker et al., 2001). The Spitzer and XMM-Newton

telescopes have also been used to investigate the morphology of clusters (Papovich et al.,

2010; Merten and CLASH, 2014). Magnetohydrodynamic (MHD) simulations have been

conducted to better understand the equilibrium and non-equilibrium states of clusters and to

classify relaxed and unrelaxed clusters (Biffi et al., 2016). The X-ray observations (Sarazin,

2004) and the MHD simulations revealed that the galaxy clusters with substructures were

actually undergoing merger activity. Cluster mergers are the most energetic events in the

universe since the big bang. This event is also responsible for astrophysical activities that

occur in the intracluster medium (ICM) (Vazza et al., 2006). These merger activities result in

non-thermal diffuse radio emission that can not be related to individual galaxies (Wylezalek

et al., 2013) and the ICM (Sommer et al., 2016; Malu et al., 2016).

Galaxy clusters that are found to host diffuse radio emission often have a high mass

range. These clusters are often selected according to thermal activity that is found to be

directly proportional to the cluster mass. The first mass proxy successfully used was based

on the X-ray luminosity of the cluster (Sunyaev and Zeldovich, 1972; Rottgering et al., 1997;

Boschin et al., 2012; Botteon et al., 2016). Numerous clusters selected by X-ray luminosity

showed evidence of diffuse radio emission, however, this number was much smaller than

what was theoretically predicted (Feretti et al., 2012). Scaling relations have been derived

for these clusters that host diffuse radio emission (Cassano et al., 2013). In recent years

the SZ effect has been used as a mass proxy (Planck Collaboration et al., 2013). The SZ

effect, integrated along the line of sight, proved to be a more robust method for targeting

high mass clusters at high redshifts (Hasselfield et al., 2013). A reasonable number of SZ-

selected clusters has been found to host diffuse radio emission (Venturi et al., 2007). The

diffuse radio emission has been categorized into three groups: giant radio halos (GRHs),

radio mini-halos, and radio relics (RRs).

Each of these sources of diffuse radio emission has its own formation theory. The hadronic

model states that GRH emission is produced through cosmic ray proton and thermal proton

collision (Donnert et al., 2013; Brunetti, 2011a). This proton-proton reaction produces

gamma-rays as a by-product (Donnert et al., 2013). These gamma-rays have not been

detected yet but multiple surveys are focused on searching for them (Ackermann et al.,

2014; Brunetti et al., 2012). The second and observationally convincing formation theory for
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GRH is the turbulent re-acceleration model. This model indicates that the GRH emission is

from the pre-existing electrons which are re-accelerated by merger activity (Beresnyak et al.,

2013; Brunetti, 2004b; Cassano et al., 2016). The formation theory for radio mini-halos is

that existing electrons deposited by AGN activity are re-accelerated by turbulence in the

core region of the intracluster medium, mostly known as sloshing (Bravi et al., 2015). The

observationally prevailing theory for the formation of RRs is that they are remnants of now

inactive AGN lobes that are re-accelerated by adiabatic compression from merger shock

waves (Enßlin et al., 1998; Berrington and Dermer, 2002; Kang and Ryu, 2016). To validate

these theories, they need to be tested with observational data.

Many surveys have carried out extensive multiwavelength studies on clusters that host

GRHs in order to understand their internal dynamics. The study of Abell 773 showed

that the cluster was undergoing merger activity and it was found that the GRH in this

cluster was associated with the merger (Barrena et al., 2007). In A520, a bow shock was

found in the cluster which hosts a GRH, clearly indicating merger activity in the cluster

(Markevitch et al., 2005). Another study of cluster ACT-CL J0256.5+0006 selected via

the SZ effect indicated merger activity when observed in the X-ray (Knowles et al., 2016).

The discovery of ultra-steep spectra radio halos (USSRHs) such as in van Weeren et al.

(2009) was a confirmation of the predictions made by the turbulent re-acceleration model

(Brunetti, 2004b), and provided further observational evidence supporting this model. Very

few radio mini-halos have been detected, however, recently a mini-halo was detected in the

RXCJ1504.1-0248 cluster (Giacintucci et al., 2011). This cluster exhibits an extreme cool-

core. X-ray observations from Chandra indicated that the mini-halo was related to particle

acceleration by turbulence in the cool core. A radio relic studied in (Giacintucci et al.,

2008) was related to shock acceleration through spectral properties which were consistent

with the acceleration of cosmic ray electrons (CRe) by shocks in the ICM. The X-ray surface

brightness edge coincided with the outer border of the relic, further suggesting the shock

wave relation. The radio relic in the galaxy cluster PLCKG287.0+32.9 (Bonafede et al.,

2014) was associated with lobes of a radio galaxy. The steep spectrum on both ends of the

relic proved that it was associated with particle re-acceleration. X-ray studies of the highest

redshift cluster ‘El Gordo’, which hosts both a radio halo and a relic, showed the presence

of a merger-induced shock (Botteon et al., 2016).

Although these observations largely support the existing theories, there have been a few

observations that indicate that further understanding of diffuse radio emission is required in
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order to build the most accurate formation models. A study on Abell 3411 showed complex

diffuse radio emission which was broken up into 5 fragments. Although the emission was

classified as a radio relic current models do not account for the observed fragmentation.

The cluster CL1821+643 which has a cool core was found to host a GRH (Kale and Parekh,

2016). Cool-core clusters were previously associated with dynamically stable clusters, hence,

this detection contradicted the known theoretical predictions. Such observations indicate

that new surveys are required that will probe new parts of the parameter space, such as low

mass and high redshift clusters. Radio surveys such as LOFAR and the SKA will probe such

parts of the parameter space and this will give insight into the evolution of diffuse radio

emission hosted in clusters (Brunetti and Jones, 2014). The SKA telescope will observe

cool-core clusters and the evolution of radio mini-halos (Gitti et al., 2015). The simulations

by (Govoni et al., 2015) predicted that the SKA will be able to detect polarization of

GRHs. A combination of future generation radio surveys and other high-energy surveys will

result in exciting discoveries which will further develop diffuse radio emission theory and

the understanding of the intracluster medium.

Although the detection of diffuse radio emission in clusters has increased over the past

few years more detections are necessary in order to have complete samples that can be used

for statistical analysis of diffuse radio sources. These studies will broaden our understating of

the intracluster medium and give us an insight of the events that occur during the evolution

of the diffuse radio sources. In this project, we search for diffuse radio emission in clusters

uniformly selected via the SZ effect from the ACT survey with polarization sensitive receivers

(ACTPol). These clusters were observed using target observation from the Giant Metrewave

Radio Telescope at 610 MHz. These clusters are a sub-sample of a pilot project (PI: Dr. K.

Knowles) which aims to study a complete sample of 16 SZ-selected clusters from ACTPol

and to perform statistical studies such as the SZ-radio scaling relations. The main aim of

the pilot project is to verify the formation and evolution theories of diffuse radio sources in

clusters.

This thesis is structured as follows. In chapter two we give a theoretical background

on topics such as the cosmological model, galaxy clusters, radio halos and radio relics. In

chapter three we present the methods used to analyze radio data and give a brief insight

into how radio interferometers operate. We present the cluster sample selection in chapter

four and describe the specific analysis methods applied to our sample. In chapter five we

summarize our results and outline the future work that follows from our findings.
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The following cosmological parameters are adopted throughout the thesis, unless stated

otherwise: Ωk = 0, H0 = 70 kms−1Mpc−1, ΩΛ = 0.73, Ωm = 0.27.



CHAPTER 2

Theoretical Background

Our understanding of the universe has significantly increased over the past decades. This

is due to the combination of several cosmological probes such as the CMB, BAOs, gravita-

tional lensing, supernovae and galaxy cluster counts. These probes have been used refine

cosmological models by constraining the cosmological parameters. The tight cosmological

constraints have introduced a number of open questions as the current models fail to explain

some observations. New generation surveys, with a combination of cosmological probes, are

required to answer these open questions. The constraining power of an individual cosmo-

logical probe is usually too weak to constrain all the parameters simultaneously. However,

by combining different probes, it is possible to place tight constraints on the cosmological

parameters, to break degeneracies between them and to reduce uncertainties. Hence, a thor-

ough understanding of a variety of cosmological probes is required to have the most accurate

model of the universe.

2.1 Cosmological Model

Currently, the accepted theory of the formation of the universe is the Big Bang Theory.

This theory states that the universe was an extremely compact, hot and dense plasma

in its early stages. A cosmic explosion (‘Big Bang’) that occurred 13.7 billion years ago

resulted in the expansion and cooling of the universe. The first observational evidence

9
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proving that the universe is expanding was provided by Edwin Hubble (Hubble, 1929). He

measured the relation between the redshift of galaxies and their distance. He found that

the redshift of galaxies further away was larger that the redshift of galaxies nearby, proving

that the galaxies were receding. From the measurements, he derived the Hubble law, which

describes the linear relationship between redshifts of galaxies and their distance from the

observer. In addition to the expanding universe, in 1998, it was discovered that the rate of

expansion was actually accelerating (Riess et al., 1999; Perlmutter et al., 1999). The current

model that explains most of these observations is the ΛCDM model. For years the widely

accepted standard cosmology model, which was the cold dark matter model (Lemâıtre,

1931), assumed that the universe was expanding at a constant rate. However, observations

showed discrepancies when the measurements of cosmological parameters were compared to

what model predicted. To account for the discrepancies, the Λ term introduced by (Einstein,

1917) and (Lemâıtre, 1949) was re-introduced by (Riess et al., 1999; Perlmutter et al., 1999).

The ΛCDM model, which we refer to when describing the cosmos, constitutes dark energy,

cold dark matter, and baryonic matter. As more accurate cosmological probes are discovered

the accuracy of the measurements of the cosmological parameters increases. The CMB is

one of the powerful probes that is used to constrain multiple cosmological parameters

The CMB is the thermal radiation that was released 380 000 years after the Big Bang.

The very early universe was extremely hot, dense and filled with a hydrogen plasma. As

the universe expanded, this plasma cooled to the point where protons and electrons could

combine to form atoms. This is referred to as the epoch of recombination (Hu and Dodel-

son, 2002). These neutral atoms could not scatter the photons, hence, the universe went

from being dense and opaque to being transparent. Shortly after this, photons that were

previously scattered by the electrons and protons of the plasma were able to escape freely

into space. This is known as photon decoupling and during this epoch, the photons were at

a temperature of ≈ 3000 K. These photons that existed at the time of decoupling have since

been propagating, losing energy and increasing in wavelength. It is these photons that are

observed even today and are referred to as the CMB. The CMB is well described as a black

body with a temperature (∼2.73 K) that is uniform across the sky. This uniformity suggests

that the different parts of the universe were related at the time of last scatter. Upon its

discovery (Penzias and Wilson, 1965), it was believed that the CMB was homogeneous and

isotropic. In 1992 an experiment carried out using the COBE satellite discovered that the

CMB is not entirely isotropic but has anisotropies of the order 10−5 (Smoot et al., 1992).
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These anisotropies are an imprint of primordial perturbations in the early universe. These

perturbations are believed to have originated from quantum fluctuations.

The CMB anisotropies are produced in the same density fluctuations that are respon-

sible for the formation of small-scale and large-scale structure. The fluctuations from the

anisotropies resulted in overdense and underdense regions in the universe, which created

gravitational potential wells (Hu and Dodelson, 2002). The dark matter which was already

present during this epoch was pulled into the potential wells and collapsed to form dark

matter halos. The baryonic matter which was present after recombination was gravitation-

ally pulled by the dark matter halos. These structures grew in size until they reached Jean’s

length∗ and collapsed under gravity to form the large-scale structure that we see today.

Dark matter was a catalyst for structure formation. It is believed that in the absence of

dark matter the large-scale structure that we see today would have taken a longer period

to form. Using the matter power spectrum or the CMB power spectrum one can constrain

parameters such as dark matter density, baryonic matter density, the curvature of space and

the age of the universe.

Prior to the decoupling epoch, when the photons were scattered by electrons through

Thompson scattering, radiation pressure opposed the gravitational collapse of matter

(Hu and Dodelson, 2002). This continuous compression and rarefaction generated pressure

waves known as the BAOs. These oscillations left a signature on the large-scale matter

distribution and in the CMB anisotropy. It is this signal that is evident in the CMB power

spectrum and can be used as a cosmological probe. The BAO signal has been used to break

degeneracies in cosmological parameters measured in CMB surveys (Planck Collaboration

et al., 2016b) and will serve as a probe of dark energy in future surveys. Other probes of

dark energy include Type Ia supernovae, gravitational lensing, and galaxy clusters.

Type Ia supernovae are a result of white dwarfs which accrete mass from companion

stars and explode when they reach the Chandrasekhar mass limit. This process enables

supernovae to have a desirable characteristic intrinsic luminosity (Riess et al., 1999). The

peak luminosity of a SNeIa can be used as an efficient distance indicator, allowing for

cosmology to be constrained via the distance-redshift relation. The measured luminosity

distance, in the form of the Hubble diagram, can be compared to the theoretical prediction

to constrain Ωm and ΩΛ (Riess et al., 1999; Perlmutter et al., 1999).

When observing distant sources, images of galaxies along the line of sight are distorted

∗The critical scale at which a gas cloud will collapse under its own gravitational force.
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due to the gravitational effect of mass variations. Deep gravitational potential wells such

as found in massive galaxy clusters generate strong lensing. This phenomenon leads to

galaxies being stretched into arcs and even appearing as multiple images. More moderate

gravitational perturbations give rise to weak lensing (Lewis and Challinor, 2006). Weak

lensing is now widely used to measure the matter power spectrum in specified regions of the

observable sky (Lesgourgues et al., 2007). It is this matter power spectrum that is used to

constrain cosmological models (Gil-Maŕın et al., 2016).

Galaxy clusters are fundamental cosmological objects because they provide an indepen-

dent measure of cosmological parameters with different systematics compared to the CMB,

BAOs, SNeIa and gravitational lensing. In particular, galaxy clusters are used to test cos-

mology by measuring their mass function. The mass function is defined as the number

density of clusters as a function of their mass and redshift. The precise determination of the

mass function and its evolution can place tight constraints on the energy components of the

universe (Albrecht et al., 2009; Planck Collaboration et al., 2016b; Hasselfield et al., 2013).

2.2 Galaxy Clusters

The ΛCDM model predicts a hierarchical structure formation. In this model, the nonlinear

structure on small scales forms first, and as more structure forms under gravitational collapse

large-scale structures like galaxies form. These structures create a deep potential well and

more mass falls in, creating even larger structures such as galaxy clusters. Galaxy clusters are

at the end of the formation hierarchy, hence, are the largest gravitationally-bound objects.

Once a galaxy cluster is virialized it reaches dynamical equilibrium. This means that the

kinetic energy of galaxies moving randomly inside the cluster generates a pressure strong

enough to counteract gravitational collapse, with the balancing of these forces, gives stability

to the cluster (Bahcall, 1977). A group of galaxy clusters forms the largest structures in

the universe, these are known as superclusters. Due to the massive size of galaxy clusters,

they are assumed to be the most accurate tracers of superclusters. They are found in

regions where there are dark matter overdensities, hence, they can be seen as tracers of

the dark matter distribution (Mana et al., 2013). The complex processes that go on in the

intracluster medium (ICM) and the massive size of galaxy clusters position these objects at

the crossroads of cosmology and astrophysics. The large-scale distribution of clusters can

be used to probe cosmological parameters, while the intensive study of the ICM can be used
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to test models of gravitational structure formation, galaxy formation, and plasma physics

(Kravtsov and Borgani, 2012).

2.2.1 Galaxy Cluster Formation

To physically understand the formation of galaxy clusters and how hydrostatic equilibrium

is reached we begin by deriving a simplified version of the growth of the matter overdensities.

In the ΛCDM model, objects form via the gravitational collapse in the initial primordial

overdensity field characterized by

δ(~x) =
ρ(~x)− ρ̄m

ρ̄m
. (2.1)

The assumption is that on large scales, δ(~x) is a homogeneous isotropic Gaussian random

field. This Gaussian random field can be better understood by the analysis of its statistical

properties. These can be fully represented by the power spectrum P(k), where k is the

modulus of the wave vector. Let us consider that the field is smoothed on the scale R, then

δR(~x) ≡
∫
δ(~x− ~R)W (~x,R)d3r. (2.2)

We can now relate the variance of the smoothed Gaussian random field to the power spec-

trum in the following way

〈δ2
R〉 ≡ σ2(R) =

1

(2π)3

∫
P (k)|W̃ (~k,R)|2d3k, (2.3)

where W̃ is the Fourier transform of W which is the smoothing function. At high redshifts,

the total mass as a function of redshift is written in the following way: M(z) = 4π
3
ρ(z)R3.

We can think of the density field smoothed on the scale R or the corresponding mass scale

M. The smoothed Gaussian density field is also Gaussian with the probability distribution

function that is given by

p(δm) =
1√

2πσ(M)
e

[
− δ2m

2σ2(M)

]
, (2.4)

where σ(R)
R
≡ σ(M)

M
. In the linear regime of the evolution of the structure formation, according

to the ΛCDM model, the initial Gaussianity of the δ(~x) field is preserved, while different

Fourier modes δ(~k) evolve independently and grow at the same rate, described by the linear
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growth factor, D(a), as a function of the universe expansion factor a = (1 + z)−1. For a

ΛCDM cosmological model the evolution is given by

δ(a) ∝ D(a) =
5Ωm

2
E(a)

∫ a

0

da′

[a′E(a′)]3
. (2.5)

where Ωm is the mass density parameter and E(a) is the normalized expansion rate and

explicitly described by

E(a) ≡ H(a)

H0

= [Ωma
−3 + (1− Ωm − ΩΛ)a−2 + ΩΛ]

1
2 , (2.6)

where ΩΛ is the the dark energy density parameter. This model fully describes the growth

of large-scale structure in the linear regime. However, on a smaller scale, this model breaks

down as non-Gaussianities are introduced. At these non-linear regimes, a modification is

required. The spherical collapse model best describes the evolution of structure at these

non-linear scales.

When the gravitational collapse of large-scale structure is balanced by the radiation

pressure force, the galaxy cluster reaches hydrostatic equilibrium. The collisional baryonic

components of the newly formed large-scale structure have their configuration described by

the hydrostatic equilibrium equation. This basically states that when equilibrium is reached

the pressure gradient ∇p(~x) at point ~x is balanced by the gravitational potential φ(~x) where

∇φ(~x) = −∇p(~x)

ρg(~x)
. (2.7)

Assuming spherical symmetry, the hydrostatic equilibrium equation can be written as

ρg−1dp

dr
= −GM(< r)

r2
. (2.8)

Since these are collisional particles we can assume the ideal gas equation p = ρgkBT

µmp
, where

µ is the mean molecular weight and mp the proton mass. We can now express the mass

contained within a cluster region M(< r) in terms of density profile ρg(r) and temperature

profile T (r)

MHE(< r) = −rKBT (r)

Gµmp

[
dlnρg(r)

dlnr
+
dlnT (r)

dlnr

]
. (2.9)

The hydrodynamic state of a galaxy cluster can be analyzed using simulations (Biffi et al.,
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2016; Donnert et al., 2013). In observations, a difference between optical and X-ray mass

measurements is often interpreted as a lack of hydrostatic equilibrium in the observed cluster.

The X-ray data can often reveal the hydrodynamical state of a cluster by the observed

morphology of the galaxy cluster.

2.2.2 Mass Function

A galaxy cluster’s mass is not a directly measurable property, instead, it is inferred using

mass proxies (Zwicky, 1937b; Ettori et al., 2010; Anderson et al., 2014). The most commonly

used mass proxies are: optical richness which is the number of red galaxies in a given cluster

radius, the line of sight velocity dispersion, X-ray temperature, and luminosity, and lastly

the most recently added probe is the integrated SZ parameter. Recently, the integrated SZ

parameter has been the favoured mass proxy because it is a more robust indicator of the

cluster mass. A cluster’s mass is usually defined with respect to the critical or the mean

density of the universe and it is assumed that it follows a halo density profile. We begin by

defining the mass with respect to the critical density of the universe as a function of redshift,

ρc(z). For a dynamically relaxed cluster, we consider a spherical region of a virialized halo

of radius R∆. This virialized sphere has volume and mean density

V∆ =
4π

3
R3

∆ (2.10)

ρ̄(z) = ∆ρc(z). (2.11)

The total matter that is contained in the region R∆ is defined to be the mass M∆

M∆ = V∆ρ̄(z) =
4π

3
R3

∆∆ρc(z). (2.12)

Galaxy cluster properties are observed in high-density contrast regions, hence, the typical

values of ∆ are 200 or 500. The underlying mass density distribution of clusters can be

well understood by studying the halo density distribution. Which means an intensive study

of the halo density profiles such as the Navarro-Frenk-White profile or the Burket profile

(Mana et al., 2013) is required.

Once the cluster mass definition is fully described one can further investigate the mass

function. The mass function is defined as the number density of the galaxy clusters as a

function of mass. The mathematical relation is expressed as the number density of virialized
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dark matter halos at redshift z within the mass range [M, M + dM]

dn(M, z)

dlnM
= ρ̄m|

d log σ−1

dM
|f(ν). (2.13)

Where, ρ̄m is the mean matter density, ν ≡ δc
σ(M,z)

and f(ν) is the analytical function ob-

tained when evaluating the derivative, δc is the critical linear overdensity and σ2(M, z) is

the variance of the density fluctuation field. The Press-Schechter formalism (Press and

Schechter, 1974) was previously used to derive the mass function. In this formalism, the

linear growth of the density fluctuation field is combined with the spherical top-hat collapse

model to analytically derive the mass function. The Press-Schechter mass function takes

the following form

dn(M, z)

dM
=

2

V

∂pδM>δc(M, z)

∂M
= −

√
2

π

ρ̄mδc
Mσ2

M

dσM
dM

e

(
− δ2c

2σ2
M

)
. (2.14)

Here V= M
ρ̄m

, δM is the smoothed density field and pδM is the Gaussian probability distribu-

tion assigned to the smoothed density field. The shape of this mass function and its evolution

was in broad agreement with what was measured in the numerical simulations of hierarchical

galaxy clustering as it assumes Gaussian initial conditions (Donnert, 2013). However, from

observations, it was found that this formalism under-predicts the abundance of low mass

halos and overestimates the number of high mass halos (Foot and Vagnozzi, 2016). Nowa-

days, the Press-Schechter mass function is used to roughly obtain an analytical estimate of

the mass function. Recently, the N-body simulations have been used to formulate a more

accurate mass function. By means of larger and more detailed N-body simulations, it has

been found that the mass function determined for a wide range of redshifts and cosmological

models can be fitted accurately by a universal function (Jenkins et al., 2001; Warren et al.,

2006; Tinker et al., 2008)

The mass function is a powerful probe of cosmological models. The cosmological param-

eters can be related to the mass function through σM which depends on the matter power

spectrum and the linear perturbation growth factor. It is also sensitive to the cosmological

parameters at high mass and redshift, hence, it can constrain cosmological models on these

scales.
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2.2.3 Observables and Scaling Relations

The observed galaxy clusters often have a mass range of 1013−1015M� and have a diameter

of ∼1 Mpc. Using the Bautz-Morgan classification (Bautz and Morgan, 1970), galaxy clus-

ters can be grouped into three types. Type I clusters are dominated by the brightest cluster

galaxy that is centrally located. Type II clusters contain bright galaxies that are in the

intermediate phase, progressing to being elliptical galaxies. Type III clusters have no dom-

inant clusters. Galaxy clusters are made up of 2-5% galaxies, 11-15% intracluster medium

and 80-87% dark matter halo. Galaxy clusters can be observed at different wavelengths of

the electromagnetic spectrum. Each wavelength reveals valuable information about the for-

mation and evolution of the galaxy clusters and distribution of dark matter halos. At radio

wavelengths, galaxy clusters can be observed via the SZ effect. At millimeter wavelengths,

high-density regions within galaxy clusters can cause distortions in the CMB spectrum by

inverse Compton scattering, and this is known as the SZ effect (Sunyaev and Zeldovich,

1970). The low energy CMB photons enhance their energy due to collisions with higher

energy ICM electrons. This causes a local frequency dependent shift in the CMB spectrum

when observed through a galaxy cluster. This effect can be used to detect the galaxy clusters

with no redshift limitations by integrating the SZ effect along the line of sight, a quantity

which is known as the Y-parameter. The Y-parameter is mathematically defined in terms

of the line-of-sight-distortion

y =

∫
kBTx(l)

c2me

ne(l)σTdl, (2.15)

where Tx is the X-ray temperature, me is the electron mass, ne(l) is the electron number

density along the line of sight and σT is the Thompson cross-section. The actual measured

SZ quantity Ysz is measured across the galaxy cluster area dA

Ysz =

∫
ydA. (2.16)

The leading surveys that have used the SZ effect to select galaxy clusters are the ACT

survey (Hasselfield et al., 2013), the SPT survey (Reichardt et al., 2013), and the Planck

survey (Planck Collaboration et al., 2013).

At optical wavelengths, galaxy clusters are selected based on overdensities of galaxies

on the sky. Optically selected catalogs are biased towards bright clusters since they are
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flux limited, this directly implies that these catalogs are also redshift limited (Abell, 1958;

Zwicky et al., 1968). Another selection technique is based on the overdensity of red galaxies

which populate the well-evolved galaxy clusters. This selection technique takes advantage

of the fact that cluster galaxies tend to stand out in the colour-magnitude diagram because

they appear in a “red sequence”. The leading survey at optical wavelengths is the Sloan

Digital Sky Survey (Abazajian et al., 2009).

The X-ray extended emission from hot ICM in galaxy clusters is used to detect clusters

in X-ray surveys. These surveys can be limited in surface brightness and sources that are

too diffuse or too faint are often missed. The X-ray cluster selection surveys were the

first surveys used to search for the non-thermal diffuse radio emission, associated with the

ICM. Many surveys have been developed with the main aim of constructing spectroscopic or

photometric galaxy cluster catalogs. The Uhuru X-ray satellite was the first satellite used

to carry out an X-ray all-sky survey (Giacconi et al., 1972). The ROSAT satellite, launched

in 1990, allowed a significant step forward in X-ray surveys of clusters(Voges et al., 1999).

Two powerful and currently active X-ray missions, NASA’s Chandra X-Ray Observatory

(Giacconi et al., 2002) and ESA’s X-Ray Multi-Mirror (XMM) Newton (Watson et al.,

2009), are performing some of the deepest and widest X-ray surveys ever undertaken.

One of the most important properties of galaxy clusters is the correlation between the

different observable integrated quantities such as the Ysz parameter and the observable

quantities such as the thermal properties within a radial range, which are known as scaling

relations. Scaling relations are weakly sensitive to the cluster’s dynamical state. The scaling

relations alone cannot determine whether the cluster is relaxed or unrelaxed. Kravtsov and

Borgani (2012) showed that both relaxed and unrelaxed clusters showed the same scaling

relation between X-ray luminosity and the integrated SZ parameter. The following are some

of the different scaling relations that have been intensively studied: The total mass of galaxy

clusters (or its proxies) and bolometric luminosity, the gas temperature and X-ray luminosity

and the total mass and integrated SZ parameter (Kaiser, 1986; Ettori et al., 2010; Czakon

et al., 2015).

2.2.4 Cluster Mergers

Galaxy clusters accumulate mass by accreting neighbouring clusters (Berrington and Der-

mer, 2002). Gravitational forces drive the interaction between the merging systems. These
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cluster mergers are believed to be the most energetic events in the universe since the Big

Bang as they can release & 1064 ergs in gravitational binding energy (Randall et al., 2016).

During a merger as the plasma clouds of each cluster pass through each other, they are af-

fected by ram pressure causing them to slow down. Individual galaxies in the cluster largely

do not collide during the merger but are primarily affected by tidal interactions. During

cluster mergers, the ICM sound speeds are ≈ 1000 kms−1. These speeds cause shock forma-

tion at the interaction boundary of the merging systems (Sarazin, 2004). X-ray images of

merging galaxy clusters show distinctive substructure and other features such as ‘cold fronts’

and ‘cool trails’ which are associated with ‘post shock’ gas. There are different categories

of mergers but the most physically intriguing are the dissociative mergers. These mergers

occur when the ICM of a merging subcluster experiences sufficient ram pressure forces to

displace it from the gravitational potential minimum of its dark matter halo. One spectacu-

lar example is the Bullet Cluster, shown in figure 2.1 (Markevitch et al., 2004; Springel and

Farrar, 2007). For this type of merger, the absence of an observed separation between the

dark matter and stellar components in the Bullet Cluster can be used to place upper limits

on the cross-section for dark matter scattering (Spergel and Steinhardt, 2000; Robertson

et al., 2017). The most interesting aspect of cluster mergers is that they disturb the ICM,

hence, they are a useful probe for ICM plasma physics, cluster scaling relations, the growth

of large-scale structure and non-thermal particle populations. Some of the energy released

during mergers re-accelerate electrons in the ICM to relativistic speeds and since there are

magnetic fields present in the ICM, this causes non-thermal diffuse radio emission in the

form of synchrotron radiation.
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Figure 2.1: The colour scale image of the bullet cluster 1E 0657-55.8 made from 500 ks of
Chandra data. The data is taken from the 0.8-4 keV band and binned to have a pixel size
of 3.936′′. This image has units of log(Sx/[Counts/s/arcsec2]). The regions labeled one and
two have a difference in temperature. Source: (Shimwell et al., 2015)

2.2.4.1 Thermal and Non-Thermal Emission in the ICM

The emission in the intracluster medium can be divided into thermal or non-thermal cat-

egories. The thermal radiation, for example, the bremsstrahlung radiation, results from

particles that are in thermal equilibrium and can be described by a Maxwellian distribution

(Dicke, 1954). The thermal emission in the ICM has been intensively studied and it is well

understood. The anti-correlation between cooling core galaxy clusters and galaxy clusters

undergoing strong mergers is an example of a thermal property that is observable (Jacob

and Pfrommer, 2016). Heating and compression associated with mergers can produce a large

temporary increase in X-ray luminosity and temperature. There is a lot of thermal activity

that results in observables that can be used to characterize galaxy clusters. A number of

observational lines of evidence, based on X–ray measurements of gas density (Croston et al.,

2008) and temperature profiles (Leccardi and Molendi, 2008; Pratt et al., 2007; Vikhlinin

et al., 2006), and the combination of the two to obtain an entropy profile (Cavagnolo et al.,

2009), reveal that clusters exhibit different behaviours in central regions, depending on the

presence and prominence of cool cores. Galaxy clusters are classified as having cool cores
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if the intracluster medium in the center of the clusters is so dense that the cooling time of

the gas is much shorter than the Hubble time (Hudson et al., 2010). These central region

behaviours have also been linked to merger activity. Cool core clusters have been found to

be present in dynamically relaxed clusters, while unrelaxed, merging clusters do not contain

cool cores.

Non-thermal diffuse radio emission is continuum radiation from high-energy particles

that are not in thermal equilibrium and hence, can not be described by a Maxwellian dis-

tribution. This non-thermal emission arises from synchrotron radiation in the ICM. Non-

thermal diffuse radio emission is not a well-understood phenomenon, however, in the past

few years, there have been studies trying to understand the link between thermal emission

and non-thermal diffuse radio emission (Sarazin, 2004). These studies enhance our under-

standing of galaxy clusters because non-thermal diffuse radio emission gives us a different

view of the ICM. Some of the most studied non-thermal diffuse radio sources are GRHs and

radio relics. The formation of these observables is still a much-debated issue and will be

further discussed in the following sections. Diffuse radio emission is not the only evidence

of non-thermal activity in the intracluster medium, other important evidence includes the

detection of excess emission of hard X-Ray (HXR) in galaxy clusters (Brunetti, 2004a).

2.2.5 Future Surveys

The existence of non-thermal diffuse radio emission in clusters has opened up an exciting

area of study both in cosmology and astrophysics. Presently we do not doubt the existence of

non-thermal diffuse radio emission, however, there are still many questions open questions

on the formation of the non-thermal diffuse radio emission and its evolution. To answer

these questions, radio telescopes that have high angular resolution and that can map a large

area of the sky simultaneously, are required. These astronomical instruments will be able to

observe galaxy clusters at high redshift and low mass. These are the currently unexplored

parameter spaces. Next generation telescopes are designed to answer both cosmological and

astrophysical questions. The leading future surveys, at radio wavelengths, are the SKA tele-

scopes including its pathfinders such as the Australian Square Kilometer Array Pathfinder

and the MeerKAT telescope, the upgraded Giant Meterwave Telescope (uGMRT), and the

Low-Frequency Array (LOFAR) phased array project.

The LOFAR survey is designed to answer some of the open questions in radio astronomy
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such as the formation of massive galaxies in the epoch of reionization and the magnetic

fields and shocked hot gas association within bound clusters (Röttgering et al., 2011). The

LOFAR telescope will be able to detect diffuse radio emission up to the cluster formation

epoch. This will answer many questions with regards to the evolution of shocks and magnetic

field in clusters. The spectrum of radio emission in galaxy clusters provides us with essential

information on the energy and physics of the relativistic particles in the ICM as well as the

strength and distribution of magnetic fields. The SKA telescope’s increased sensitivity to

radio emission on cluster scales will allow a detailed analysis of the polarization spectra and

brightness distribution of the diffuse radio emission (Acosta-Pulido et al., 2015). With the

SKA data and gamma-ray experiments, scientists will be able to constrain the contribution

of cosmic-ray protons to the observed diffuse radio emission. These constraints will bring

an insight into the formation of diffuse radio sources such as radio halos and relics, hence,

ruling out or providing further evidence for their formation models.

2.3 Diffuse Radio Emission in Galaxy Clusters

Galaxy clusters play a vital role in probing dark energy, hence, it is important to under-

stand how they form and evolve. Their formation and evolution are directly linked to the

intracluster medium (ICM). Therefore, we need to have an understanding of the thermal

and non-thermal components of the ICM. The thermal components are well understood and

their observable properties are well modeled. However, the non-thermal components still

need a great development in their formation models. These non-thermal components in

the form of diffuse radio sources are allocated into three groups: giant radio halos, radio

mini-halos, and radio relics.

2.3.1 Giant Radio Halos

Giant radio halos are central, extended over Mpc scales, unpolarized and have steep† spectra.

This radio emission has no optical counterparts hence; it is not associated with individual

galaxies but the intracluster medium, an example of a GRH is shown in figure 2.2. Detailed

observations indicated that radio halos are spatially restricted to hot merger-shocked regions

(Cuciti et al., 2015).

†spectral index α ≥ 1.15



2.3. DIFFUSE RADIO EMISSION IN GALAXY CLUSTERS 23

The difficulty in explaining the source particles of GRHs arises from the combination of

their Mpc size and the relatively short radiative lifetime of the radio emitting electrons. The

diffusion time of relativistic electrons to spread over the Mpc scale exceeds their radiation

lifetime by two orders of magnitude (1010 − 108 years) (Venturi, 2011). This is known as

the ’diffusion problem’. To overcome the diffusion problem, a mechanism is required to

re-accelerate particles with an efficiency comparable to the electron losses (Petrosian, 2001),

or relativistic particles need to be continually injected into the cluster region (Jaffe, 1977).

We introduce the models that explain these mechanisms in the section below.

Figure 2.2: A radio halo detection in ACT cluster J0256.5+0006. Left: SDSS image of
the θ500 cluster region with contours of high-resolution emission detected in cluster region
using GMRT at 610 MHz, beam size (6.5′′× 5.0′′), 1σ noise level corresponds to 31 µJy
beam−1. Right: a low-resolution image of the θ500 cluster region with XMM-Newton MOS
X-ray contours with arbitrary levels. LR image has beam size (79.6′′× 76.8′′). The red
circle and blue square show the bright cluster galaxy of the main subcluster component.
Source: (Knowles et al., 2016)

2.3.1.1 Giant Radio Halo Formation Theories

Hadronic model

Protons that have relativistic speeds in the ICM have very long life-spans (∼ 1014 yrs), these

protons remain confined in galaxy clusters for a Hubble time (Donnert et al., 2010). As a

result, these Cosmic Ray protons (CRp) are expected to be the dominant components of

the non-thermal diffuse radio emission in galaxies. The hadronic secondary electron model

is based on this theory. In this model, the origin of giant radio halos (GRHs) is associated

with the collision of CRp with thermal protons. Collisions between these protons in the
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ICM generates secondary particles that combined with the primary relativistic particles are

expected to produce relativistic electrons. The possible mechanisms for the CRp injection in

the ICM include shock waves caused by cluster accretion and mergers, outflows from radio

galaxies with Active Galactic Nuclei (AGN) and supernova-driven winds. Simulations have

derived direct constraints on this model (Donnert, 2013). The following are the observational

properties from simulations of cluster-wide radio bright populations of Cosmic Ray electrons

(CRe):

1. Radio emission predicted from simulations should be consistent with the observed

profile.

2. Non-thermal pressure caused by the CRp, magnetic field, and turbulence should not

exceed the non-thermal pressure constraint from X-rays.

3. The population of old CRp or CRe with very steep spectral index should be located

in clusters with an ultra-steep spectrum.

4. Gamma-rays should be detected as a by-product of the collision of CRp with thermal

protons.

Observations do not align with the theoretical predictions of the hadronic models as there

has been no gamma-ray detection and the hadronic models fail to simultaneously reproduce

observables such as the GRH bimodality and the ultra-steep spectrum (USS). The hadronic

model simulations also predict that most of the massive clusters should possess GRHs and

since their lifetime is comparable with the Hubble time, one would expect that 70% of

massive clusters should host GRHs (Kuo et al., 2003), however, observations show that only

30% of massive clusters host GRHs.

Re-acceleration model

A promising model for the formation of the GRHs is the turbulent re-acceleration model.

This model assumes a reservoir of pre-existing relativistic particles. These particles could

be from AGN relativistic jets or left over during large-scale structure formation. In this

model, the gravitational potential energy released during a cluster merger is directed to

re-accelerating these electrons. Once the electrons have speeds that are high enough they

will emit synchrotron radiation that is luminous at radio wavelengths. One of the major

observational properties that favours this model is the observed spectral properties of GRHs
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(Brunetti, 2011b). This model also predicts a steep spectral index for some of the GRHs.

The synchrotron spectrum can be derived from the maximum energy of these re-accelerated

electrons

Emax ≈
χ(E)

βrad
, (2.17)

where χ(E) = χ for the FERMI mechanism‡ and βrad = c1(B2 + B2
IC) is the sum of all the

magnetic field components. The maximum frequency of the radiation from the CRe is

νmax = c2BE
2
max (2.18)

νmax =
c2

c2
1

Bχ2

(B2 +B2
IC)2

, (2.19)

where c1 and c2 are constants obtained when differentiating. This maximum frequency of

the cosmic ray electrons, derived in detail by Rybicki and Lightman (1979), can be related

to the magnetic fields in the intracluster medium. This maximum frequency is essential for

the identification of the origin of CRe. Acquiring flux measurements for the radio sources

formed from the synchrotron radiation is important for observing how these objects evolve

at different frequencies. The flux Sν per unit frequency can be written as

Sν ∝ ν−α, (2.20)

where α is the spectral index. The very first observational motivation of the turbulent

re-acceleration model was the observed steepened spectra of the Coma cluster radio halo

(Willson, 1970). A large number of GRHs have also been observed to be hosted by dynam-

ically disturbed clusters (Venturi et al., 2007).

The observational evidence favours this model. The observed spectrum of radio ha-

los also supports the merger-induced turbulent re-acceleration model, which suggests that

many radio halos in the universe should emit at low frequencies (Brunetti et al., 2008).

Observations often link the radio emission with dynamically disturbed galaxy clusters. This

means that they could be used as tracers of cluster mergers. This relation will, therefore,

allow detailed studies of higher redshift cluster formation processes and properties of the

accompanying cluster merger shock waves (Enßlin and Röttgering, 2002).

‡The mechanism by which cosmic ray electrons and protons achieve a high-energy distribution, also
known as diffusive shock acceleration.
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Hybrid models

Although the observations favour the re-acceleration model, none of the previously explained

models fully describe the observational characteristics of GRHs. To account for these unex-

plained characteristics, (Miniati et al., 2001) proposes hybrid models. These models combine

aspects from both the hadronic model and the re-acceleration model. Hybrid models sug-

gest that the observed radio halos can evolve from the re-acceleration of both primary and

secondary electrons by magnetohydrodynamic turbulence.

The relative contributions of primary and secondary electrons to the total re-accelerated

particle population are constrained by the observed properties of the radio emission. Some

constraints have been derived by Brunetti and Blasi (2005); Brunetti and Lazarian (2011).

2.3.1.2 Observational Properties

The presence of GRHs shows that there are relativistic particles and magnetic fields that

spread across galaxy cluster scales (Venturi, 2011). The spectra of GRHs is important for

studying the origin of these relativistic particles and the dynamics of the galaxy cluster

hosting the emission. The detection of radio halos and studies of their spectrum has not

revealed any similarities in the characteristics of the GRH spectra, instead, there is a spread

in spectral index value α. The discovery of ultra-steep spectra, with α ∼ 2 has further

observationally motivated the turbulent re-acceleration model (Macario et al., 2010). This

model predicts the presence of such spectra in some GRHs. The size of some of these GRHs

with ultra-steep spectra significantly increases with decreasing frequency. This significant

increase is not observed in the radio halos with α ∼ 1.2 to 1.4 as the sizes of these halos do

not appreciably change with decreasing frequencies. Observing more GRHs of this kind will

help in developing a more accurate formation model.

One prominent observation of GRHs is that they are mostly found in X-ray luminous,

dynamically disturbed systems and this observational property has led to the conclusion

that this emission is related to cluster mergers. Since this X-ray luminosity seemed to

have a positive correlation with GRH existence it has been used to select cluster candidates

hosting GRH. However, there is a bimodality that has been observed: clusters that are radio

loud and host a GRH had a radio power that correlated positively with X-ray luminosity

but those that are radio quiet do not show this correlation. Brunetti and Cassano (2010)

explains this bimodality as a transition phase in clusters. They argue that galaxy clusters
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host GRHs for a certain period of time and during this time the cluster is hydrodynamically

active. As the cluster moves into a more dynamically relaxed state the radio emission is

gradually suppressed and then these clusters populate the radio quiet group.

The aforementioned bimodality was thought to have disappeared when comparing radio

power to integrated SZ signal (Basu, 2012). The reason given was that the SZ measure

allows an unbiased estimate of cluster mass whereas the X-ray selected cluster samples are

biased towards detecting clusters that have bright cool cores, hence, they exhibited the

bimodal behaviour. However, recent findings in Cassano et al. (2013), where a complete

sample of SZ-selected clusters was studied, indicated a bimodal behaviour that is similar to

the X-ray luminosity. These findings further support the turbulent re-acceleration model,

in which the bimodality arises from the transition of clusters from dynamically unrelaxed

to relaxed states. However, further studies need to be done to ensure that the bimodality is

indeed observed in the SZ-selected sample.

2.3.1.3 Scaling Relations

Since the discovery of giant radio halos, there have been studies of the relation of non-

thermal diffuse radio emission and thermal emission. A decade ago Liang et al. (2000)

found a strong correlation between the radio halo power and the X-ray temperature. This

led to further statistical analysis of the radio halo power and its correlation with global

cluster properties. These studies revealed that there is indeed a correlation between the

radio halo power and X-ray luminosity, X-ray temperature, integrated SZ signal and cluster

mass (Venturi, 2011). Cassano did further analysis of galaxy clusters at 1.4GHz to quantify

these correlations (Cassano, 2010; Cassano et al., 2013). These studies found that clusters

hosting GRHs showed an overall positive radio halo power and X-ray luminosity correlation,

given by P1.4GHz ∝ LβX. However, there exists a scatter within the clusters hosting radio

halos, for example, some radio halos with ultra-steep spectra are outliers and they lie below

the correlation margin. The integrated SZ signal at R∆ also showed a positive correlation

P1.4GHz ∝ Y β
sz. The scaling relations will be probed further as the radio halo population

increases and as more powerful telescopes are built that will observe clusters with low mass

and high redshift.
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2.3.1.4 Giant Radio Halos as Probes of Cluster Mergers

Multiwavelength studies of GRHs have shown that it is only dynamically disturbed clusters

that host these diffuse radio sources (Venturi et al., 2009). These studies show that X-

ray images of host clusters exhibit substructure and are morphologically disturbed. These

observational properties are the primary motivation for using GRHs as a probe for cluster

mergers. The observed bimodality also associates the presence of radio halos with cluster

mergers. The galaxy clusters that do not host GRHs are found to be dynamically relaxed

and associated with post-merger systems. Cassano et al. (2010) were the first to quantify

this relation by intensive statistical analysis of the cluster substructure using a complete

sample of deep radio observations and X-ray data. They studied the radio halo power,

centroid shift§ and X-ray brightness concentration parameter. From these studies, they

derived that indeed there was a connection between cluster mergers and the presence of

GRHs. It remains to be investigated whether, or not, GRHs can probe the cluster merger

rate and evolution (Cassano et al., 2016).

2.3.2 Radio Mini-Halos

The morphology of radio mini-halo is similar to that of giant radio halos, however, contrary

to GRHs this emission is found in clusters that are dynamically relaxed. Radio mini-halos

spread over 100-500 kpc, have steep radio spectra and are centered in cool-core clusters

(ZuHone and Markevitch, 2012). It has been discovered that clusters hosting radio mini-

halos often have radio-loud active galactic nuclei (AGN) with cooling outflows (Gitti et al.,

2014). Although these central galaxy activities shoot out electrons at relativistic speeds

(CRe) their lifetime (∼ 108 yrs) does not allow them to spread to kpc scales. Another

mechanism is needed to produce the observed radio emission. Similarly to the GRHs,

the two prevailing formation theories are as follows: i) Secondary particles generated by

inelastic collisions between relativistic cosmic ray protons and thermal protons. ii) Existing

electrons deposited by AGN activity are re-accelerated by turbulences in the core region of

the intracluster medium. Magnetohydrodynamic (MHD) simulations and observation seem

to favour the latter theory. Clusters hosting radio mini-halos, shown in figure 2.3, have also

been found to host ‘cold fronts’ which are an indication of cluster turbulence. There have

also been discoveries of positive correlations between radio luminosity of mini-halos and

§The shift in the central position of a galaxy cluster due to merger activity.
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the cooling flow power. These characteristics are associated with turbulent activity (Bravi

et al., 2015). Although the observational evidence seems to favour the second theory, the

first theory has not been completely ruled out.

Figure 2.3: A detection of a mini-halo in cluster RXJ170.1+26. The image on the left
shows a Chandra X-ray image of the cluster. Source: (Mazzotta and Giacintucci, 2008).
The image on the right indicates the mini-halo detection contours obtained using GMRT
at 610 MHz. The beam size is (8′′× 6′′), 1σ noise level corresponds to 30 µJy beam−1 and
the cross indicates a head-tail source that is not related to the mini halo. The detected
contours, when overlaid on the X-ray image, show that the cluster is confined to the cold
front region. Source: (Giacintucci et al., 2012)

2.3.3 Radio Relics

Radio relics, another form of diffuse radio sources in clusters, are elongated highly polarized

radio sources that are often found on the outskirts of the cluster regions. The polarized

property of radio relics makes them a good probe of magnetic fields associated with the

peripheries of clusters. There is no distinct formation theory at the moment, however, from

theoretical simulations and observations, there are two model candidates. In the first model,

it is assumed that the relativistic electrons are produced by the diffusive shock acceleration

of thermal electrons due to Fermi-I processes (Hoeft and Brüggen, 2003). The second model

states that radio relics are a result of the revival of fossil cocoon-like remnants of lobes from

radio galaxies or AGN that, over time, became inactive. The electrons of these remnants

are re-accelerated by adiabatic compression that results from merger shock waves (Kale

and Dwarakanath, 2009). Three-dimensional MHD simulations favour the existence of fossil

radio plasma (Enßlin and Brüggen, 2002), a simulation of the evolution of a radio relic is



2.3. DIFFUSE RADIO EMISSION IN GALAXY CLUSTERS 30

shown in figure 2.4. From observations, it has been found that radio relics are associated

with merger shock fronts (Kang and Ryu, 2016). Both these findings favour the second

model. The association of radio relics and merger shock waves has raised the question of

common origins of radio halos and radio relics. The discovery of clusters hosting both the

central emission and the peripheral polarized emission has further perpetuated the belief

that these two radio sources are of common origin.

Figure 2.4: This is a simulated image showing the evolution of radio relics from the
initial set up before the merger-induced shock on the left to the image obtain in the final
post-shock stage ( right). The top panel shows the simulated magnetic field energy density.
The bottom panel indicates a central slice through the simulation volume. Source: (Enßlin
and Brüggen, 2002)

Although classically radio relics were associated with a peripheral elongated morphology,

recent studies have found that this is not an exclusive morphology. Giovannini and Feretti

(2004) conducted a study on the different shapes and positions of radio relics. In the study, it

was found that some radio relics were circular in shape and found in the peripheral region of

the cluster (Govoni et al., 2001). The circular shape could emanate from elongated sources

that have been extended to disk shapes that are now observed in projection. Other relics

were rather situated towards the inner region of the cluster and found to be near first-

ranked galaxies although not directly associated with the individual galaxies themselves.

These were associated with the remnants of radio lobes from a previously active galactic

nuclei (Slee et al., 2001). Another class of relics was found to be elongated but at a much
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further distance from the cluster region (Harris et al., 1993; Giovannini and Feretti, 2000).

It was concluded that these are associated with the filamentary structure of superclusters

(Bagchi et al., 2002; Linden et al., 2011). The next generation telescopes will discover many

more radio relics which will broaden the statistical studies of these sources and help clarify

their origin and evolution.



CHAPTER 3

Analysis Methods

In 1933 Jansky (1933) detected radio signals from outside the atmosphere using his single

dish antenna. His discovery opened up a new branch in astronomy called ‘radio astronomy’.

This research area has vastly increased our understanding of the universe. Radio astronomy

provides an alternative look at the universe through radio wavelengths. Radio wavelengths

are much larger than optical and X-ray wavelengths, hence, a telescope with a larger diameter

is needed to achieve angular resolution as good as optical telescopes. Angular resolution is

given by θ = λ
D

, where λ is the observing wavelength and D is the diameter of the telescope.

To increase angular resolution one needs to either decrease the observing wavelength or

increase the diameter of the telescope. The telescope’s dish diameter can be increased up

to ∼100 m because the telescope’s dish has to be steerable, hence, this constrains the dish

diameter.

Radio interferometry is the solution to having a larger aperture and also has economical

advantages. The idea of interferometry has been around for centuries. In 1921 the first

optical interferometer was introduced, called the Michelson Stellar Interferometer (Michel-

son and Pease, 1922). It introduced the technique of using two spaced receiving apertures

and measuring the fringe amplitude to determine the angular width. This method was then

implemented on radio telescopes. In 1946 Ryle and Vonberg built a dipole array radio inter-

ferometer to investigate the cosmic radio emission (Ryle and Vonberg, 1946). Ryle (1952)

introduced the phase-switching interferometer which removed unwanted components of the

32
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receiver output and left only fringe oscillations. The Lloyds Mirror (Sea) interferometer

introduced by Bolton et al. (1949) received radiation from sources rising over the horizon

both directly and by reflection from the sea. Methods of advancing radio interferometry are

still being investigated even to this day. The new generation telescopes, such as LOFAR

(van Haarlem et al., 2013) and the SKA (Acosta-Pulido et al., 2015) will tackle questions

in astronomy that have been around for decades.

3.1 Interferometry and Aperture Synthesis

To simplify large interferometric arrays we regard them as a collection of two element inter-

ferometers. To understand how the two element interferometer works we use the analogy of

Young’s double-slit experiment (Young, 1801). A single wavelength source of light passing

through two slits will diffract and produce a fringe pattern of maxima and minima at an

angular distance λ
D

apart. The phase difference between the waves will change as the path

lengths of the directed light source vary, giving rise to the constructive and destructive inter-

ference. Interferometers use the same concept. Let us consider an interferometer composed

of two antennas, as illustrated in figure 3.1. All we can learn from the observed source

comes from the distribution of its electric field ~E. Each antenna measures a different part of

the wavefront arriving from the source. The signals from each antenna are cross-correlated,

similar to Young’s double-slit experiment. Depending on the path taken and the distance

between the antennas, the interferometer will produce constructive or destructive interfer-

ence. If we add in the Earth’s rotation to make the observation realistic, one can imagine

a source moving through the interferometer beam, giving positive and negative output, and

producing a fringe pattern (Wilson et al., 2009). The more extended the source is, the lower

the fringe amplitude. When the fringe amplitude is zero this corresponds to beam smearing,

meaning, the source is larger that the beam size. In the following section, we derive the

antenna’s response, correlator output, noise, and imaging algorithms.

For simplicity let us consider a one-dimensional sky. The wave-front from the observed

source in the θ direction reaches the antenna on the right-hand side at time

τg =
D

c
× sin θ (3.1)

before it reaches the antenna on the left-hand side. τg is defined as the geometric delay. The
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Figure 3.1: A sketch of a two element interferometer.

signals from the two antennas are multiplied, with the output proportional to

F = 2 sin(2πνt) sin 2πν(t− τg) (3.2)

= cos(2πντg)− cos(4πνt) cos(2πτg)− sin(4πνt) sin(2πντg) (3.3)

The terms in this equation that most rapidly vary can be filtered out. This leaves us with

the fringe function

F = cos(2πντg) = cos

(
2πDl

λ

)
(3.4)

where l = sin θ. This signal multiplication takes place inside a correlator. If the signals at

the correlator have uniform power spectral density over the defined bandwidth (∆ν) and

have central frequency, ν0, the output becomes

F (l) =
1

∆ν

∫ ν0+ ∆ν
2

ν0−∆ν
2

cos

(
2πDlν

c

)
dν (3.5)

= cos

(
2πDlν0

c

)
sin(πDl∆ν

c
)

πDl∆ν
c

. (3.6)
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The second term is identified as the envelope fringe which takes the form of a sinc(x) function

sinc(x) =
sin(πx)

πx
, (3.7)

which is the overall pattern of the fringe function. Going back to 3.1, let us assume that for

an observed point source each antenna sends equal amounts of voltage V(t) to the correlator.

The resulting voltage output from the correlator is

r =
1

2T

∫ T

−T
V (t)V (t− τ)dt, (3.8)

where V(t) is the signal voltage, 2T is the time taken by the correlator to sum the output

and τ = τg − τi is the total time delay, with τi is introduced as the instrumental time delay.

Since the integration time (2T) is much greater than the inverse of the bandwidth (∆ν−1)

we can take the limit as T approaches infinity. This gives us the autocorrelation function

r(τ) = lim
T→∞

1

2T

∫ T

−T
V (t)V (t− τ)dt. (3.9)

Another way of interpreting the autocorrelation function is that it is the Fourier Transform

of the squared amplitude of the voltage response

r(τ)�
∫ ∞
−∞
|H(ν)|2ej2πντdν, (3.10)

where H(ν) is the amplitude of the voltage response and � denotes the Fourier Transform

operation. Using a Gaussian bandpass filter, to block unwanted frequencies, centered at

frequency ν0 we can re-write the squared amplitude of the voltage response as

|H(ν)|2 =
1

2σ
√

2π

{
e

[
− (ν−ν0)2

2σ2

]
+ e

[
− (ν+ν0)2

2σ2

]}
, (3.11)

where σ is the bandwidth factor, which is the range of frequencies the telescope is designed

to accept. Considering only the positive frequencies, which are what is realistically observed,

the autocorrelation function simplifies to

r(τ) = e−2πτ2σ2

cos(2πν0τ). (3.12)

The envelope function is no longer a sinc function but a Gaussian function. The pattern



3.2. INTERFEROMETER RESPONSE IN THE UV-PLANE 36

produced by the envelope function is referred to as the bandwidth pattern. Minimizing the

instrumental delay results in the total time delay being just the geometric time delay and

gives the autocorrelation as

r(τg) = e

[
−2(πDσc sin θ)

2
]
cos

(
2πν0D

c
sin θ

)
. (3.13)

The bandwidth pattern is a function of the bandwidth factor and the antenna baseline. We

can determine the fringe pattern by the behavior of the envelope function. In the generalized

case, longer baselines and wider bandwidths result in narrow fringe patterns.

3.2 Interferometer Response in the UV-Plane

We now extend our analysis into two-dimensional space. The interferometers observe the

sky in (u,v) coordinates. In this coordinate system (l,m) are the corresponding directional

cosines. When an observation is made, a plot of the length and direction of the projected

antenna baselines trace the source across the sky and produces an arc of an ellipse in the uv-

plane (Thompson et al., 1986). To physically understand the plots produced in the uv-plane

we take a two-dimensional Fourier Transform and this results in an intensity distribution

across the observed sky.

The mathematical representation of the antenna observations gives us a better under-

standing of radio observations (Kraus, 1966). Let the center of the observed field be ~s0.

The component of the power of the source in the field is 1
2
A(~σ)I(~σ)∆νdΩ for both antennas,

where dΩ is the component of the sources solid angle, A(~σ) the effective collecting area, ∆ν

is the recievers system’s bandwidth and I(~σ) the source intensity. The source that is being

observed is at position ~s = ~s0 + ~σ. Expressing the baseline length in terms of wavelength

( ~Dλ) we find that ντg = ~Dλ · ~s = ~Dλ · (~s0 + ~σ). With these new parameters we can extend

equantion 3.13 and define the two-dimensional correlator output as

r( ~Dλ, ~s0) = ∆ν

∫
4π

A(~σ)I(~σ) cos[2π ~D · (~s0 + ~σ)]dΩ

= ∆ν cos(2π ~Dλ · ~s0)

∫
4π

A(~σ)I(~σ) cos(2π ~Dλ · ~λ)dΩ

−∆ν sin(2π ~Dλ · ~s0)

∫
4π

A(~σ)I(~σ) sin(2π ~Dλ · ~σ)dΩ.

(3.14)

This is the output of the correlator for radiation from a source in the direction ~s. In the
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above we have assumed that the waveforms radiated from different source elements dΩ are

of uncommon origin, hence, uncorrelated. This assumption holds true for all cosmic radio

sources.

To obtain the complex visibility function we normalize the reception pattern and multiply

it with the intensity distribution;

V = |V|ejφν =

∫
4π

AN(~σ)I(~σ)e−j2π
~Dλ·~σdΩ. (3.15)

The complex visibility function is a mathematical model of the antenna response in the

uv-plane and gives us a useful relationship between the source brightness and the response

of an interferometer (Berger and Segransan, 2007). Separating the real and the imaginary

components gives us

∫
4π

A(~σ)I(~σ) cos(2π ~Dλ · ~σ)dΩ = |V| cosφν (3.16)∫
4π

A(~σ)I(~σ) sin(2π ~Dλ · ~σ)dΩ = −|V| sinφν . (3.17)

We can now express the correlator output in terms of a fringe pattern that arises when a

point source in the direction ~s0 is observed. This correlator output is known as a ‘Complex

Correlator’ which is a correlator which produces both ‘Real’ and ‘Imaginary’ parts – or the

Cosine and Sine fringes. The corresponding output is

r( ~Dλ, ~so) = A0∆ν|V| cos(2π ~Dλ · ~s0 − φν). (3.18)

If we have a very large interferometer array, which extends to multiples of kilometers, we need

consider that the arrays will not all lie at the same altitude. This consideration introduces

a 3D plane. Extending the uv-plane into 3D we add the ‘w’ term which is in the direction

~s0;

~Dλ · ~s0 = w (3.19)

~Dλ · ~s = (ul + vm+ w
√

1− l2 −m2). (3.20)

Considering a unit sphere centered at (u, v, w) = 0, the tracked source element in the uvw-
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plane becomes

dΩ =
dldm√

1− l2 −m2
, (3.21)

where n̂ =
√

1− l2 −m2 is the direction cosine along the ~w axis. To get the intensity of the

observed sky we take a Fourier Transform of the observed sky

V(u, v, w) =

∫ ∞
−∞

∫ ∞
−∞

AN(l,m)I(l,m)× e−j2π[ul+vm+w
√

1−l2−m2−1] dldm√
1− l2 −m2

. (3.22)

If l and m are small enough then (
√

1− l2 −m2−1)w ' −1
2
(l2+m2), which reduces equation

3.23 to give us the visibility equation

V ≈ V(u, v, 0) =

∫ ∞
−∞

∫ ∞
−∞

AN(l,m)I(l,m)√
1− l2 −m2

e−j2π(ul+vm)dldm. (3.23)

If the source being observed is at a very low elevation angle the values of the ‘w’ term

can be very large, thus leading to maximum baseline separations (Dλ)max. This leads to a

synthesized beam that is θb ≈ (Dλ)
−1
max. This beam results in maximized phase errors

π

(
θf
2

)2

θ−1
b , (3.24)

where θf is the synthesized field width. To understand the visibility equation in terms of

sky, that is right ascension and declination (α0, δ0) we introduce a new coordinate system.

In this coordinate system, we rotate the (u, v, w) coordinate system until the w-axis points

towards the north pole of a hypothesized sphere. We label these new coordinates with a

prime. The visibility equation in 3.23 becomes

V(u′, v′, 0) =

∫ ∞
−∞

∫ ∞
−∞

AN(l′,m′)I(l′,m′)× e−j2π[u′l′+v′m′] dl′dm′√
1− l′2 −m′2

. (3.25)

The inverse Fourier transform of the visibility function is known as the van Cittert-Zernike

theorem. This theorem states that under specified conditions, the output signal of an

interferometer is a Fourier transform of the observed brightness distribution of a source on

the sky. Using this theorem and equation 3.25 we get:

F (l′,m′) =
AN(l′,m′)I(l′,m′)√

1− l′2 −m′2
=

∫ ∞
−∞

∫ ∞
−∞
V(u′, v′)ej2π[u′l′+v′m′]du′dv′. (3.26)
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To relate this equation to the angular position (α0, δ0) we perform the following coordinate

transformation:

l = l′,m′′ = (m′ − cos δ0)δ0 (3.27)

F (l′, (m′ − cos δ0)δ0) � | sin δ0|V(u′, v′, sin δ0)e−j2πv
′ cos δ0 . (3.28)

Applying this transformation to the van Cittert-Zernike theorem we get

AN(l′,m′)I(l′,m′)√
1− l′2 −m′2

=

∫ ∞
−∞

∫ ∞
−∞
V(u′, v′ sin δ0)| sin δ0|e−j2πv

′ cos δ0ej2π(u′l′+v′m′)du′dv′ (3.29)

=

∫ ∞
−∞

∫ ∞
−∞
V(u, v)ej2π(ul+vm′′)dudv (3.30)

The van Cittert–Zernike theorem (van Cittert, 1958) has important implications for radio

astronomy. With the exception of pulsars and masers, all astronomical sources are spatially

incoherent. Nevertheless, because they are observed at distances large enough to satisfy the

van Cittert–Zernike theorem, these objects exhibit a non-zero degree of coherence at different

points in the imaging plane. By measuring the degree of coherence at different points in the

imaging plane of an astronomical object, we can thereby reconstruct the source’s brightness

distribution and make a two-dimensional map of the source’s appearance (Carozzi and Woan,

2009).

3.3 Antennas

The aim of building antenna arrays is to increase the effective resolution and collecting area

of radio telescopes resulting in the desired scientific results being achieved. The layout of the

antenna arrays can be grouped into two: phased arrays and multi-element interferometers.

Phased array signals from each antenna are added in phase before being transferred to a

square-law detector. A multi-element interferometer is recognized as a constellation of two-

element arrays. The signals from the two-element arrays are correlated in pairs for every

possible combination and the outputs are then used to make a map of the brightness inten-

sity distribution. When deciding on array configuration the most important property is the

visibility coverage on the uv-plane. Different configurations result in particular advantages.

Linear arrays (Tingay et al., 2013) are most useful for observing regions of the sky within

about 60◦ of the celestial poles that need approximately six hours of tracking, this config-
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uration produces full two-dimensional coverage. Open-ended array configurations (T, Y)

produce the best spatial frequency coverage. One example of a hybrid of such configuration

is the Giant Metrewave Radio Telescope (GMRT) (Swarup, 1990). The closed configurations

(circle, + ) (Bridger et al., 2004) give the most uniform distributions of measurements.

Antennas, constituents of arrays, come in different shapes and sizes. There are dipole

antennas, horn antennas, and the most commonly used parabolic antennas. The advantages

of parabolic antennas are that the power loss is minimized and they allow for wide frequency

coverage. Parabolic antennas have varying focal arrangements (Wilson et al., 2009) with

each arrangement having either economical or observational advantages. There are primary

focused arrangements, Cassegrain focus, Nay Smith focus and offset Cassegrain focus. The

MeerKAT telescope antennas are an example of an offset Cassegrain focus. The main

advantage of the offset Cassegrain is that there is no shadowing of the secondary focus,

hence, maximizing effective area. The surface accuracy of the parabolic reflectors is very

important as small smoothness deviations result in phase variations of the electromagnetic

field as it approaches the focal point. The proof of how deviations result in phase variation

can be found in Appendix B.

The antenna reception pattern is known as the primary beam. The primary beam

pattern from a parabolic telescope dish is similar to that of a diffraction pattern from a

double slit experiment. The primary beam pattern has a bright maximum which is the

main lobe. It also several smaller maxima, these are known as the side lobes. The side

lobes cause distortions in the data, especially when they fall within a radio source such as

a point source. This distortion contributes to the antenna temperature (TA). The side lobe

distortions can also result in false radio sources, hence, it is very important to have a well-

defined primary beam model so that the pattern can be completely deconvolved (Garrett

et al., 1999).

3.3.1 Receivers

In any radio telescope, antennas are followed by receiving systems which further process the

raw signal. The signal strength and corresponding antenna temperature, which is incopo-

rated in the radiometer equation, play a major role in determining the receiver requirements.

The voltage reception pattern of an individual antenna can be represented as a Fourier

Transform of the field’s distribution aperture Ē(X, Y ), where X, Y are positions within the



3.3. ANTENNAS 41

antenna aperture

VA(l,m) ∝
∫ ∞
−∞

∫ ∞
−∞
Ē(X, Y )ej2π[X

λ
l+Y

λ
m]dXdY. (3.31)

The antenna response directly corresponds to the amount of signal a receiver can process.

To convert to the uv-plane, we can also specify the antenna response using A(l,m) instead

of the voltage response as

VA(l,m) ≈
√
A(l,m) ∝ |VA(l,m)| (3.32)

V̂ =

∫ ∞
−∞

∫ ∞
−∞

E(l,m)
√
A(l,m)dldm, (3.33)

where E(l,m) is the incident electric field. A radio receiver converts signals from a radio

antenna into a usable form. The antennas deliver a noise power to the receiver which

depends on the background noise from the sky, atmospheric noise, side-lobe noise and the

noise from the losses of the antenna. The sensitivity of the radio telescope receiver is defined

as the signal which will give a DC-output voltage equal to the effective value of the output

fluctuations due to the system noise (Chengular et al., 2003).

In electronics, the noise temperature is a temperature (in Kelvin) assigned to a compo-

nent such that the noise power delivered by the noisy component is given by,

P ≈ kTdv. (3.34)

Similarly receivers also measure the average noise power. The receivers used to measure

the average power of the noise coming from a radio telescope in a well-defined frequency

range are called radiometers (Price, 1984). The simplest radiometer consists of four stages

in series: a bandpass filter to select the desired range, a square-law detector, integrator and

a voltmeter. The ideal radiometer equation for a multi-element array is

σ ∝ FTsys
Ae
√
N(N − 1)∆νRF τ

, (3.35)

where σ is the theoretical map noise that can be achieved when observing a source for a time

of τ using an N-element interferometer with system temperature Tsys (Tsys = Tbackground +

Tsky + Tspill + Tloss + Tcal + Treceiver), effective antenna gain Ae, and bandwidth ∆ν. F

is the fudge factor which is determined by comparing ideal results to the integration times
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and sensitivities (Chengular et al., 2003). For the GMRT telescope, the fudge factors for

various observing frequencies can be found in the users manual. The radiometer equation

is mostly used for calculating the integration time for observing radio sources and gives an

indication of the expected theoretical noise. It can also be used to indicate the theoretical

signal to noise ratio of an observation.

3.3.2 Correlators

Correlators multiply the signal voltage coming in from antennas. The correlator output can

be mathematically represented as

r(τ) = V1(t)⊗ V2(t) = lim
T→∞

1

2T

∫ T

−T
V1(t)V ∗2 (t− τ)dt, (3.36)

where τ is the time that V2 signal is delayed and ⊗ represents the convolution. Expressing

the integral using a convolution gives

V1(t)⊗ V2(t) = lim
T→∞

1

2T

∫ ∞
−∞

V1(t)V ∗2−(τ − t) = V1 ⊗ V ∗2 . (3.37)

Moving from the time frame to the frequency frame by taking the Fourier Transform we

obtain the Wiener-Khinchin relation

V1(t)⊗ V2(t)� V̂1(ν)V̂ ∗2 (ν), (3.38)

with the quantity on the right hand side known as the cross power spectrum. We now

represent the correlator output in terms of incident radiation. Multiplying the voltage

spectrum V̂ (ν) and by the filter response H(ν) and taking the Fourier Transform from the

frequency domain to the time domain gives

V1(t) =

∫ ∞
−∞

∫ ∞
−∞

∫ ∞
−∞

E(l,m)
√
A1(l,m)H1(ν)ej2πνtdldmdν. (3.39)
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The correlator output is thus

r(τ) = lim
T→∞

1

2T

∫ ∞
−∞

∫ ∞
−∞

∫ ∞
−∞

∫ ∞
−∞

E(l,m)E∗(l,m)
√
A1(l,m)A2(l,m)

×H1(ν)H∗2 (ν)ej2πνte−j2πν(t−τ)dldmdtdν

=

∫ ∞
−∞

∫ ∞
−∞

∫ ∞
−∞

I(l,m)
√
A1(l,m)A2(l,m)H1(ν)H∗2 (ν)ej2πντdldmdν.

(3.40)

If the antennas and filters are identical then the correlator output reduces to

r(τ) =

∫ ∞
−∞

∫ ∞
−∞

∫ ∞
−∞

I(l,m)A(l,m)|H(ν)|2ej2πντdldmdν. (3.41)

The different propagation times of wavefronts result in a difference in path length of (ul +

vm)λ. If V1 has a larger path length then the correlator output is

r =

∫ ∞
−∞

∫ ∞
−∞

∫ ∞
−∞

I(l,m)A(l,m)|H(ν)|2e−j2π(lu+vm)dldmdν. (3.42)

The correlator output measures the Fourier Transform of the intensity distribution modified

by the antenna pattern. If the intensity and antenna pattern is constant over the bandpass

range and the width of the source is much less than the antenna beam the correlator output

further reduces to

r =

∫ ∞
−∞

∫ ∞
−∞

I(l,m)A(l,m)e−j2π(lu+mv)dudm

∫ ∞
−∞
|H(ν)|2dν (3.43)

= A0V(u, v)

∫ ∞
−∞
|H(ν)|2dν. (3.44)

If the filter response does not change over the bandwidth, the correlator response becomes

r = A0V∆ν, (3.45)

which is the surface area times the visibility coverage times the specified bandwidth. This

means that the correlator response is directly proportional to the surface area and the

bandwidth of the telescope. Future surveys now try to maximize the correlator response

by increasing the surface area of the interferometers and increasing the bandwidth of the

telescopes.
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3.4 Imaging

The process of converting the visibilities observed in the uv-plane to radio images is called

Imaging. This process involves sampling of visibilities, calibration of the data and finally

deconvolution of the visibilities with the dirty beam to obtain a ‘CLEAN’ image.

3.4.1 Visibilities

When sampling the visibility function the sampling operation can be represented as mul-

tiplication of V(u) by a series of delta functions (Thompson et al., 1986). Considering the

one-dimensional case the sampling operation can be written as

[
1

∆u

]
III

( u

∆u

)
=

∞∑
i=−∞

δ(u− i∆u), (3.46)

where III is known as the Shah function. The Fourier transform of the Shah function is

equivalent to the delta function, hence, we obtain the following result

III(l∆u) =
1

∆u

∞∑
n=−∞

δ(1− n

∆u
), (3.47)

where n is the dimension of the function. In the l domain the Fourier transform of a sampled

visibility is equal to the convolution of the Fourier transform of V(u), which turns out to be

the intensity in the l domain. When one has acquired the sampling function, interpolation is

the next step for selecting the desirable visibilities. In this case, we interpolate the sampling

function by a rectangular function. In the u domain this corresponds to the convolution

of the sampled values with the Fourier transform of a rectangular function, which is a unit

area sinc function. The sampling theorem states that if the intensity distribution is non-

zero within an interval of width lw, I1(l) is fully specified by the visibility function at points

spaced by ∆u = l−1
w .

Now let us extend to the two-dimensional uv-plane. The visibility is measured at an

ensemble of nd pairs of points symmetric about the (u,v) origin

Vmeasured(u, v) = W (u, v)w(u, v)V(u, v), (3.48)

where W is the transfer function and w is the weighting function. The measured visibility
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Fourier transform is

Imeasured(l,m) = Itrue(l,m)⊗ b0(l,m). (3.49)

The measured intensity is a two-dimensional convolution of the true intensity and the dirty

beam b0(l,m). The direct Fourier transform of the measured visibility is

nd∑
i=1

[
Vmeasured(ui, vi)ej2π(uil+vim) + Vmeasured(−ui,−vi)e−j2π(uil+vim)

]
(3.50)

where wi is the weighting function. For the best signal-to-noise ratio (SNR), the weights

should be inversely proportional to the variance, which is given by the Gaussian noise.

The most commonly used weightings are natural, uniform and robust weighting. Natural

weighting gives constant weights to all visibilities. This weighting gives optimum point-

source sensitivity in an image. However, the synthesised beam-shape and sidelobe levels are

usually poor. This gives a weight inversely proportional to the sampling density function.

This form of weighting minimizes the sidelobe level. However the noise level can be a factor

of two worse than natural weighting. The robust (Briggs) weighting is a compromise between

natural and uniform weighting. Briggs weighting introduces an algorithm that takes account

of the signal-to-noise-ratio of individual points in the assignment of weights and reduces the

weighting of noisy points (Briggs, 1995).

3.4.2 Calibration and Deconvolution

Calibration of visibilities is required to remove all instrumental and atmospheric effects.

The corrections are applied before the visibilities are combined into an image as the effects

are due to single antenna electronics. There need to be corrections for calculable or directly

monitored effects. Calibration sources are also used for both calculable and monitored

effects. When including the calibration sources we have to re-write the visibility function as

[V(u, v)]uncal = Gmn

∫ ∞
−∞

∫ ∞
−∞

AN(l,m)I(l,m)√
1− l2 −m2

e−j2π(ul+vm)dldm, (3.51)

where AN is the antenna aperture normalized in the direction of the main beam and Gmn

is the complex gain factor. To calibrate the complex gain factor, an unresolved calibrator
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can be used. The measured response is

Vc(u, v) = GmnSc, (3.52)

where Sc is the flux density of the calibration source. When calibrating the visibilities of

the target source the amplitude and phase are considered separately. The phase calibration

of the target source requires subtracting the calibrator phase from the observed phase.

Calibration observations require periodic interruption of observations of the target sources.

The desirable characteristics of calibration sources are well-measured flux density and defined

angular width and position.

After calibrating the observed data using a well known source the next step is self-

calibration. This step improves the noise level of the image. Since the self-calibration is

more localized it further reduces the artefacts created by side lobes around point sources.

In the case of self-calibration the complex antenna gains are regarded as free parameters

to be explicitly derived with the intensity. The procedure in self-calibration is to use a

least-squares method to minimize the square of the modulus of the difference between the

observed visibilities and the corresponding sky model. The sky model indicates the positions

and fluxes of point sources in the observing field. These values are usually adopted from

existing surveys. The minimized expression is given by

∑
time

∑
m<n

wmn|Vmeas − gmg∗nVmodel|2, (3.53)

where wmn is inversely proportional to the variance of Vmeasmn , hence, we can rewrite the

expression as

∑
time

∑
m<n

wmn|Vmodel|2|χmn − gmg∗n|2, (3.54)

where χmn = Vmeas
Vmodel . If one is using an accurate model, χmn is independent of u and v.

χmn values simulate the response to a calibrator and enable the gains to be determined,

however, the model’s accuracy is very low therefore we have to iterate. In self-calibration,

the phases can only be solved up to a constant gradient across the uv-plane. The inverse

Fourier transform of the measured visibility is the ‘dirty map’ ID due to the unfilled spots
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in the uv-plane

ID = (true sky brightness map)× (dirty beam). (3.55)

In the case of poor uv coverage, the dirty beam has strong side lobes which make the dirty

map hard to interpret. To get the true sky brightness we deconvolve the two functions by

taking a Fourier transform of the convolution, which is a product of the Fourier transform

of the components. We divide out the Fourier transform of the measured sky brightness and

transform back to obtain

ID(l,m)⊗ b0(l,m)� V(u, v)[W (u, v)w(u, v)wt(u, v)], (3.56)

where wt is the applied taper. The method of deconvolution is applied in the CLEAN

algorithm.

3.4.2.1 Deconvolution - The CLEAN Algorithm

The CLEAN algorithm was derived by Högbom (1974). This algorithm provides one solu-

tion to the convolution equation by representing the radio sky by a number of point sources

in an empty field of view. An iterative approach is used to find the positions and fluxes

of these point sources. The final image, known as the CLEAN image, is the sum of the

point source components convolved with a CLEAN beam. There are many variations to

the CLEAN algorithm such as the Clark algorithm (Clark, 1980) and the Cotton-Schwab

algorithm (Schwab, 1984). However, the Högbom algorithm is the most commonly used, so

we will describe this algorithm in further detail. The algorithm follows these steps:

1. Find the strength and position of the point source with the brightest intensity in the

dirty image.

2. Subtract from the dirty image, at the position of the peak, the dirty beam multiplied

by the peak strength and a damping factor.

3. Record the position and the magnitude of the point source subtracted in a model.

4. Go back to the first step unless all the remaining peaks are below the user-specified

level. What remains in the dirty image is the residuals.
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5. Convolve the point source model with the idealized CLEAN beam.

6. Add the residuals of the dirty image to the CLEAN image formed in step five.

The CLEAN algorithm does have some shortcomings (Högbom, 1974) such as it can not be

implemented in extended sources, and in order for it to converge there are a few conditions

that have to be met. Another well-known problem is the generation of spurious structure in

the form of spots or ripples as modulation on extended features. Even with these shortcom-

ings, it is still the most practical algorithm for deconvolving the dirty image and is widely

used in radio astronomy.

3.5 Source Peeling and Atmospheric Modeling

The earth’s atmosphere has a large impact on radio astronomy observations. The radio

waves traversing through the atmosphere interact with particles along their wave path. The

earth’s atmosphere consists of multiple layers, with each layer varying in electron density.

Electron density is defined as
∫
nedl, where ne is the local electron number density and

l is the distance along the line of sight. At the low densities encountered in the further

heights of the earth’s atmosphere, collisions between particles are very rare. Hence, unlike

common astrophysical plasmas, it is possible for gas to remain in an ionized state for long

periods of time. The ionized layer of particles is called the ionosphere. The ionosphere

(Spoelstra, 1983) is a spherical shell concentric with the Earth. The spherical curvature

of the ionosphere causes the waves propagating through it to slightly change direction, as

shown in figure 3.2.

Figure 3.2: A diagram indicating deflection in direction of the radio waves while
propagating through the ionosphere.(Erickson, 1984)
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Radio waves from a source in the telescope’s field of view (FOV) arrive at the receivers

of the interferometer having traversed different paths through the ionosphere. These wave-

fronts acquire different phase delays due to the non-uniformity in the electron density (Loi

et al., 2015). This means that a wavefront that was initially planar can be distorted. These

phase shifts, that can go up to 4-5 percent, cause difficulty in radio observations and lead

to various errors. Very often ionospheric effects cause a shift in source position and change

the sources in angular size. The position shift affects the astrometric accuracy of radio

astronomical observations. The degradation of astrometry can lead to incorrect source iden-

tification compared to sources at higher frequencies such as optical frequencies. Although

night observations may reduce ionospheric effects they do not completely get rid of them.

Lonsdale (2005) gives a brief discussion of the different ionospheric calibration regimes

that arise due to various interferometer setups. His discussion is best summarized by the

image in figure 3.3.

Figure 3.3: There are four regimes that result depending on the size of the array and the
size of the field of view. A is the array size on the ground. V is the FOV at ionospheric
heights. S is the scale size of the ionospheric irregularities which is in the range of 1 to 100
km. Source: (Lonsdale, 2005)

Regime 1 (top left) portrays compact arrays (small baselines) with a small FOV. Regime
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two (top right) shows extended arrays (long baselines) with a small FOV. Regime 1 and 2 can

be dealt with by using self-calibration. Regime 3 (bottom left) indicates compact arrays with

large FOV. This regime can be dealt with by modeling distortions as position-dependent

refractive shifts. Regime 4 (bottom right) indicates extended arrays with large FOV. In this

regime, phase variation across the FOV is significant. Calibration in this regime is not so

straightforward. Most radio astronomy interferometers and future telescopes have a regime

4 design. When the first data sets of low frequency (150 MHz) Giant Metrewave Radio

Telescope (GMRT) were reduced it became clear that a new method of data calibration was

needed (Intema, 2014).

The Source Peeling and Atmospheric Modeling (SPAM) software was developed to deal

with ionospheric phase errors, directional dependent effects and to reduce the amount of time

spent on tedious data reduction steps (Intema et al., 2009). SPAM is designed to deal with

the most complex regime which is regime 4. Measurements of the ionospheric phase structure

are extracted by phase calibration of the brightest sources in the FOV using an automated

peeling routine. The directional dependent phase corrections in arbitrary viewing directions

are predicted using optimized sets of base functions during imaging. When deconvolving the

dirty beam the imager can correct for any direction dependent phase errors using a facet-

based algorithm which divides the field of view into smaller polyhedral facets (Perley, 1989;

Cornwell and Perley, 1992) method and the Cotton-Schwab CLEAN deconvolution. SPAM

has the power to handle any other effects like asymmetric primary beams and pointing

errors. This is achieved by the robust CLEAN scheme that the imager algorithm uses. The

latest SPAM software package is fully automated and produces results that are comparable

to the best, currently existing, self-calibration model and field-based calibration method.



CHAPTER 4

Diffuse Radio Emission in ACTPol Clusters

Over the few past decades, massive clusters that were predicted to host diffuse radio emission

were selected using the X-ray luminosity. The X-ray luminosity of a cluster is related to the

cluster mass. It has been used as a mass proxy for targeting massive clusters. Studies found

that diffuse radio sources in the form of Giant Radio Halos (GRHs) in the X-ray selected

clusters, satisfied scaling relations with the thermal properties of the cluster (Cassano et al.,

2013). These statistically defined relations revealed the existence of a bimodal behaviour in

the radio power and X-ray luminosity of galaxy clusters. The scaling relations can also be

used to probe the evolution of diffuse radio sources. Recently, the SZ effect has been found

as a more robust proxy for selecting massive clusters at higher redshifts (Hasselfield et al.,

2013). The detection of SZ-selected clusters hosting diffuse radio emission has increased

over the past years (Knowles et al., 2015; Botteon et al., 2016; Macario et al., 2010). Now

the primary focus, similarly to x-ray selected clusters, is to investigate the scaling relations

of the SZ-selected clusters. Millimeter surveys such as the Planck survey (Bonafede et al.,

2015), the SPT survey (Schaffer et al., 2011), and the ACT survey, provide SZ-selected

cluster samples that can be used to search for diffuse radio emission in galaxy clusters. The

main aim of these surveys is to obtain statistically complete cluster samples from which

scaling relations can be derived.

The ACT telescope is an off-axis Gregorian design telescope situated in the Atacama

desert in Chile. It is a six-meter dish that observes the sky at millimeter wavelengths with
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arcminute resolution (Swetz et al., 2011). This telescope has been operating since 2008.

During the 2008 to 2011 season, the telescope observed two regions of the sky. The first

region was at −55o declination and 455 square degrees wide. The second region was 504

square degree wide and located at the celestial equator (δ = 0o). In both these regions,

the survey was used to detect galaxy cluster via the SZ distortions that produce approx-

imately arcminute scale temperature reductions along the line of sight (Marriage et al.,

2011). The ACT regions overlapped with optical surveys such as the SDSS, which means

that they could immediately obtain optical counterparts for the SZ detected galaxy clusters

(Menanteau et al., 2013). In the 2008-2011 season, ∼91 clusters were detected and had

optical counterparts, with 68 of these clusters being new detections (Menanteau et al., 2013;

Hasselfield et al., 2013).

Recently, the ACT survey was upgraded to include polarization sensitive receivers (ACT-

Pol) that operate at dual frequencies of 97 GHz and 148 GHz (Thornton et al., 2016). The

ACTPol survey’s first season observations used the deep survey strategy (Naess et al., 2014).

The deep survey consists of four 120 square degree regions at different positions. In the sec-

ond season the wide survey strategy was included (Louis et al., 2016). The wide survey is

a concatenation and extension of the deep survey fields that is observed at shallower sensi-

tivities compared to the deep survey. These fields overlap with other wavelength surveys,

in particular, the SDSS BOSS N region (Louis et al., 2016). For our sample, we focused on

the 900 square degree region which covers two deep fields, namely, the D5 and D6 regions.

Figure 4.1 is an image of the D56 wide field region and the other wavelength surveys it

overlaps with.
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Figure 4.1: The location of the ≈ 900 deg2 ACTPol D56 field overlaid on the Planck 353
GHz map. The locations of Herschel surveys (HeRS, HeLMS) and deep optical surveys
(SDSS S82, CFHTLS W1) are also shown. The whole D56 field is covered by the SDSS
legacy survey. Source: GMRT cycle 30 proposal (image by Dr. M. Hilton, PI: Dr. K.
Knowles)

4.1 The Giant Metrewave Radio Telescope

The Giant Metrewave Radio Telescope (GMRT) (Swarup, 1990) is situated in Pune, India.

It came into full operation in 1996. The full GMRT array is made up of 30 antennas that are

45 m in diameter. The array operates at a frequency range of 50 MHz to 1450 MHz. The

antenna configuration does not fall into any categorized configuration, it is a hybrid of the

Y-shaped configuration 4.2. It consists of 14 antennas that are randomly distributed in the

central region within a radius of one kilometer. The random distribution of the antennas in

the central region was made to strategically avoid the grating lobes. The remaining antennas

are distributed in a Y-shaped configuration, the length of each arm is approximately 14 km,

with the maximum baseline being 26 km. The dense central antennas provide a large number

of relatively short baselines. This is very useful for imaging large extended sources since

their visibilities are concentrated near the center of the uv-plane. This makes GMRT ideal

for giant radio halo observations.
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Figure 4.2: The GMRT antenna lay out. Source: (Bhat et al., 2013)

The antennas are parabolic reflectors and have a Gregorian design. The 610 MHz and

233 MHz feeds are of a dual frequency and have coaxial feeds, which meanins that obser-

vations of both frequencies can be simultaneously done. The principal back-end used for

interferometric observations is a 32 MHz wide FX correlator. The correlator produces a

maximum of 256 spectral channels for each of two polarizations (RR, LL) for each baseline.
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Table 4.1: These are the measured system parameters of the GMRT taken from the July
2015 manual. This table gives the telescope specifications at different observing
frequencies.

Frequency (MHz) : 151 235 325 610 1420

Primary Beam (HPBW, arcmin) 186± 6 114± 5 81± 4 43± 3 (24± 2)× (1400/f)

Receiver Temperature (K) 295 106 53 60 45

Sky Temperature (off galactic plane, K) 308 99 40 10 4

Ground Temperature (K) 12 32 13 32 24

Total System Temperature (Tr + Tsky + Tground, K) 615 237 106 102 73

Antenna Gain (KJy−1Antenna−1) 0.33 0.33 0.32 0.32 0.22

Synthesized Beam (FEM, arcsec) 20 13 9 5 2

Largest detectable structure (arcmin) 68 44 32 17 7

Usable frequency range (MHz) 150-156 236-244 305-345 580-640 1000-1450

Fudge Factor (for long observations) 5 2 2 1 1

Best RMS Sensitivities (mJy) 0.7 0.25 0.04 0.02 0.03

Typical dynamic range achieved > 1500 > 1500 > 1500 > 2000 > 2000

For our observations, we use the 610 MHz continuum bandwidth which is 32 MHz wide,

antenna specifications for this observing bandwidth are stated in table 4.1. From simulations

done for the proposal, we estimated that in our observations we required the sensitivity to

be at least 40 µJy beam−1 in order to detect diffuse radio emission if it is present. We only

used the RR and LL polarization channels.

4.2 The ACTPol Cluster Sample

We used the methods described in (Hasselfield et al., 2013) to construct the galaxy cluster

list in the ≈ 900 deg2 D56 field. This region currently consists of 75 optically confirmed

clusters consisting of redshift measurements detected with SZ signal-to-noise-ratio (SNR)

> 5. The clusters that have a SNR > 5 also corresponds to the massive clusters, as there is

a positive correlation between mass and SNR. Preliminary M500 mass estimates, based on

the SZ signal strength, were also obtained for the current ACTPol cluster sample using the

method that is described in Hasselfield et al. (2013).

We proposed a radio wavelength follow-up for some of the observed ACTPol clusters,

to search for diffuse radio emission, using the Giant Metrewave Telescope continuum mode

at 610 MHz, which has a bandwidth of 32 MHz. For our proposal we implemented the

following mass and redshift cuts on the ACTPol sample: z < 0.6, and M500 > 4× 1014M�.
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This selection function left us with a sample of 16 uniformly selected clusters, eight of which

have been previously observed with the GMRT.

4.2.1 Clusters with Archival Data

In this section, we give a summary of the eight clusters that have been observed with the

GMRT telescope. We will briefly discuss the published results if they are available. In the

case that the cluster is observed but there are no publications, we will give details of the

GMRT observations.

ACT-CL J0152.7+0100

ACT-CL J0152.7+0100, well known as Abell 0267, was observed in GMRT’s cycle 16 in

2009, the PI of the observations was R. Cassano. This cluster was observed at 610 MHz

for 9.5 hours. The analysis of the dynamics of this cluster were published in Cassano et al.

(2013), Cuciti et al. (2015) and Kale et al. (2015). Cassano et al. (2013) found that ACT-CL

J0152.7+0100 did not host any diffuse emission. Cuciti et al. (2015) calculated the radio

halo upper limit to be P1.4 < 23.55 W Hz−1.

ACT-CL J2337.6+0016

ACT-CL J2337.6+0016, also known as Abell 2631, was observed in GMRT’s cycle 18 in

2010, the PI of the observations was G. Brunetti. This cluster was observed at 610 MHz

for 35.3 hours. The analysis of the dynamics of this cluster were published in Venturi et al.

(2007), Cassano et al. (2013), Wen and Han (2013), Cuciti et al. (2015) and Kale et al.

(2015). Venturi et al. (2007) discovered that this cluster did not host any diffuse emission

and then calculated the upper limits. The radio halo upper limit to be P1.4 < 24.13 W Hz−1.

Cuciti et al. (2015) calculated tighter upper limits, these were calculated to be P1.4 < 23.74

W Hz−1.

ACT-CL J0014.9−0057

ACT-CL J0014.9−0057 was observed in GMRT’s cycle 22 in 2012, the PI of the observations

was K. Knowles. This cluster was observed at 610 MHz for 6.4 hours. Currently, there are no

publications of this cluster’s dynamical state. However, it forms part of a sample observed

in K. Knowles’s Ph.D thesis (Knowles, 2016). In this thesis, it was found that ACT-CL
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J0014.9−0057 does not host any diffuse emission. The radio halo power upper limit was

calculated to be P1.4 < 24.13 W Hz−1.

ACT-CL J0045.2−0152

ACT-CL J0014.9−0057 was observed in GMRT’s cycle 26 in 2014 at 610 MHz. This cluster

had two proposals, the PI for the first proposal was K. Knowles and the PI for the second

proposal was A. Tej. K. Knowles observed the cluster for 10.0 hours and A. Tej observed it

for 6 hours. Currently, there are no publications of this cluster’s dynamical state. However,

it forms part of a sample observed in K. Knowles’s Ph.D thesis (Knowles, 2016). In this

thesis, it was found that ACT-CL J0045.2−0152 does not host any diffuse emission. The

radio halo power upper limit was calculated to be P1.4 < 24.27 W Hz−1. This cluster also

has spectroscopic data from Kirk et al. (2015). Hence, a multiwavelength analysis of this

cluster could be done.

ACT-CL J0248.2−0216

ACT-CL J0248.2−0216, well known as Abell 0384, was observed in GMRT’s cycle 26 in

2014, the PI of the observations was R. Cassano. This cluster was observed at 610 MHz for

3.7 hours. Currently, there are no published results for ACT-CL J0248.2−0216. This cluster

will form part of the papers that will be published upon the completion of the observation

of the full sample. The reduction of this data will form part of the future work.

ACT-CL J0019.6+0336

ACT-CL J0019.6+0336 was observed in GMRT’s cycle 25 in 2013, the PI of the observations

was A. Bonafede. This cluster was observed at 325 MHz for 6.5 hours. Currently, there are

no published results for ACT-CL J0019.6+0336. This cluster will form part of the papers

that will be published upon the completion of the observation of the full sample. The

reduction of this data will form part of the future work.

ACT-CL J0003.2−0605

ACT-CL J0003.2−0605, also known as Abell 2631, was observed using the GMRT in 2005,

the PI of the observations was R. Cassano. This cluster was observed at 610 MHz for 2

hours. The analysis of the dynamics of this cluster were published in Cassano et al. (2013)
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and Kale et al. (2015). Cassano et al. (2013) discovered that this cluster did not host any

diffuse emission. Kale et al. (2015) calculated the radio halo upper limit to be P1.4 < 23.56

W Hz−1.

ACT-CL J0159.8−0859

ACT-CL J0019.6+0336 was observed in GMRT’s cycle 21 in 2011, cycle 27 in 2014 and cycle

28 in 2015. The PI of the observations of cycle 21 was G. Macario, for cycle 27 it was G.

Simona and for cycle 28 it was L. George. In cycle 21 it was observed at 325 MHz for 12.2

hours. In cycle 27 it was observed at 610 MHz for 3.8 hours. In cycle 28 it was observed

at 1.4 GHz for 6.7 hours. The analysis of the cluster dynamics have been published in Wen

and Han (2013). Wen found that the cluster is relaxed. Since it is relaxed, this cluster does

not host any diffuse radio emission.

4.2.2 New Cluster Observations

We proposed to observe the remaining eight clusters to complete the sample of the ACTPol

pilot project (PI: Dr. K. Knowles). To determine integration times for each of the clusters

in our sample, we estimated the restframe 1.4 GHz radio power, P1.4, for each cluster,

assuming that it hosts a radio halo, by using the P1.4–M500 scaling relation presented in

Cassano et al. (2013). We were granted observation time sufficient for four clusters, hence,

we applied a further mass cut of M500 > 6 × 1014M� and we ended up with the clusters

listed in table 4.2. We will propose to observe the remaining clusters in the upcoming GMRT

cycle 32 call. One of these clusters is a new SZ detection that is not detected in the Planck

PSZ2 catalog (Planck Collaboration et al., 2016a). Three of the four clusters have existing

archival X-ray data from either Chandra or XMM, and adding the optical data from SDSS

means that we immediately have a multiwavelength view of these systems.
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Table 4.2: The four clusters extracted from the list of our sample of 16 ACTPol clusters.
This table gives details of the position, mass, redshift, and cluster size. The last column is
the total on-source time.

Cluster Name RA DEC M500 z θ500 Tsource

[h:m:s] [d:m:s] [1014M�] [arcmin] [hrs]

ACT-CL J0034.4+0225 00:34:25:99 02:25:02.64 8.3 0.37 4.1 7

ACT-CL J0239.9-0135 02:39:59.22 -01:35:00.60 7.2 0.37 4.0 6

ACT-CL J0140.0-0555 01:40:00.01 -05:55:08.04 6.3 0.45 3.3 14

ACT-CL J0137.4-0827 01:37:23.99 -08:27:50.76 7.3 0.57 2.9 8

We used GMRT to observe our clusters at a radio wavelength of 610 MHz. The GMRT

is most efficient when searching for diffuse radio emission because its antenna array layout

has a dense core and extended antennas 4.2. This means that there are numerous short

baselines which can be used to search for extended radio emission and long baselines can

be used to subtract the bright point sources. During our observations, there were technical

glitches that resulted in some clusters acquiring more observation time.

4.3 Data Reduction Pipeline

The GMRT array has baselines that are up to 26 km long, due to the length of these baselines

the GMRT in a non-coplanar interferometer. This means, when analyzing the visibilities,

one has to take into consideration the w-term which adds a third dimension to the uv-plane.

As a result, observational data from this telescope is corrupted by the directional dependent

effects such as the ionospheric phase errors (discussed in section 3.7). The Source Peeling

and Atmospheric Modeling (SPAM) software package (Intema et al., 2009) was designed

to deal with such effects. SPAM’s reduction process tasks are based on the Astronomical

Image Processing System (AIPS) (van Moorsel et al., 1996) and it uses Obit tools for tables

and imaging (Cotton, 2008). The interactive interface SPAM uses is Parseltongue (Kettenis

et al., 2006).

The latest SPAM package consists of a fully automated, python scripted, pipeline. The

pipeline consist of two stages: pre-calibration and the processing of the target field. The

pre-calibration process obtains the calibration and the flagging information from the flux

and phase calibrators and the flagging file provided by the telescope operators. It then picks
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the best calibrator (flux or phase) and transfers the flagging and calibration information,

from this calibrator to all the other source visibilities present in the observations. The

pre-calibrated visibility data from each observed field is exported in the form of UVFITS

files. At the end of the pre-calibration process, three UVFITS files are produced: the main

target source field, the flux calibrator, and the phase calibrator, this separation of fields

method is adopted from (Cotton et al., 2004). The target source field UVFITS FILE is

then used, in combination with a source list, in the second stage, which is processing the

target. The source list is obtained from existing radio surveys such as the NRAO VLA Sky

Survey (NVSS) (Condon et al., 1998) or the Very Large Array (VLA) Faint Images of the

Radio Sky at Twenty-cm survey (FIRST) (Becker et al., 1994) and the catalog is created

using PyBDSM (Mohan and Rafferty, 2015). The processing of the target field is done in

three main steps: Main Calibration, Self-Calibration, and solving for Directional Dependent

Effects. Below, we discuss these steps in detail using the reduction results of the ACT-CL

J0140.0-0555 cluster as an example.

4.3.1 Main Calibration

The pipeline begins by applying the main calibration on the target field. The main calibra-

tion corrects for the antenna systematics and creates a sky model. The relevant steps for

the main calibration stage are:

1. The pipeline automatically chooses a reference antenna. This reference antenna is

required for calibration. This antenna needs to be stable for most of the observation,

hence, GMRT reductions use the central antennas such as C09 or C02.

2. Cover the primary beam with a number of facets and also including facets at places

of interfering outlier sources. The outlier sources are included because their sidelobes

could be corrupting the data. Hence, the outlier sources also need to be modeled

3. Check the field for bright sources and make a primary beam sky model based on the

existing radio survey catalogs. We obtain the source positions catalogs from surveys

such as the NVSS.

4. Clip the visibility amplitudes based on the flagging information provided by the GMRT

observers. Visibility amplitudes that have spikes and discontinuous phases are consid-

ered as corrupted data and are flagged.
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5. Make an alternative sky model using the provided source list catalog that can be

obtained from the online catalogs and create an image of the primary beam sky model

(PBM). This source list catalog is created using a software package called the Python

Blob Detection and Source Measurement software (PyBDSM) (Mohan and Rafferty,

2015).

6. Do a full primary beam calibration using the flux calibrator and flag bad antenna or

periods. A flux calibrator is a primary bright source which is well studied that can

provide the flux scale for the observation and initial phase solutions. Bad antennas

are antennas that contain data that has visibility amplitude spikes and discontinuous

phases.

7. Measure the initial noise, producing a calibrated primary beam image (CPB) of the

sky model. The CPB image is obtained by calibrating the sky model using the flux

calibrator. This image is placed at the center of the field of view.

8. Image the primary beam applying facets in outlier sources, producing the main cali-

bration image MC1. The MC1 image is obtained from calibrating the data using the

flux calibrator.

Figure 4.3: left : An image of the primary beam sky model, each dot represents a source
it the field of view. right : The J0140.0-0555 full field of view image produced after the
main calibration step, has a noise level of 73.89 µJy beam−1. The colour units for this
image are in Jy beam−1.
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4.3.2 Self-Calibration

The image produced after the main calibration still has a lot of residuals, phase errors, and

high noise levels. To get rid of these artifacts and reduce noise levels, the pipeline does a

self-calibration loop over three cycles. The relevant steps for the self-calibration stage are:

1. Correct for ionospheric delays (see section 3.5) per 5-minute observation and then

calibrate against the true sky model, which is defaulted to the NVSS catalog.

2. Remove the instrumental phase errors through automated flagging.

3. Remove the primary beam source model from the data.

4. Apply automated baseline-by-baseline flagging of the model subtracted data.

5. Image the CLEAN primary beam facets producing the first self-calibration image

SC1. These facets are imaged using a Cotton-Schwab CLEAN deconvolution using an

iterative, automatic clean-boxing algorithm (see section 3.4.2.1).

6. Determine the amplitude self-calibration solutions and apply them to uv-data.

7. Calibrate the data against the sky model and re-image to produce the second self-

calibration image SC2.

8. Repeat steps 3 and 4.

9. Use Obit tasks to subtract lower level RFI. RFI is radio frequency interference, which

is also considered as a source of corrupt data.

10. Apply bandpass calibration on the target field.

11. Make global astrometric corrections by correcting for source positions using the NVSS

catalog. The positions of sources can appear to have shifted if the time-average of the

residual phase errors in the direction of the sources has a non-zero spatial gradient

(Intema et al., 2009). This effect can be introduced during any of the calibration

processes, but particularly if during peeling, a source is centered on the incorrect

catalog position.

12. Calibrate against the true sky model and re-image creating the final self-calibration

image SC3.
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Figure 4.4: The self-calibration images of J0140.0-0555. The colour units for the images
are in Jy beam−1. left : The first self-calibration image with noise levels 65.01 µJy
beam−1, there is a significant improvement in both noise and residuals compared to the
main calibration image. right : The second self-calibration image with noise levels 53.48
µJy beam−1. bottom: The final self-calibration image with noise levels 50.54 µJy beam−1.
Although there is a significant improvement compared to the main calibration image there
are still north-south residuals around bright point sources.

4.3.3 Directional Dependent Effects

The north-south residuals around the bright point sources are due to directional dependent

effects such as ionospheric phase errors. The SPAM pipeline deals with these by applying

peeling over the brightest sources in the field. In short, peeling is when the bright sources

in the field of view are identified and a measurement for the atmospheric phase structure
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is made by phase calibrating on these sources over short time intervals. From these bright

sources, an ionospheric model is derived and fitted to the rest of the image. This process is

repeated until all bright sources have been individually calibrated. The peeling process is

discussed in detail in Noordam (2004). SPAM builds the ionospheric model through peeling

and fits this model to the data to correct for directional dependent effects. To remove the

north-south residuals, the pipeline applies the peeling method to the self-calibrated images.

The relevant steps for the peeling stage are:

1. Update calibration, reference antenna, and global astrometric corrections before ap-

plying peeling.

2. Identify the bright sources in the self-calibrated data, using the primary beam facets

and peel the bright sources.

3. Fit the ionospheric model to the selected sources. Approximately twelve sources are

found in the first peeling attempt. The ionospheric model is obtained from the peeling

process explained above.

4. Filter out systematic phase effects by smoothing the solutions in time and re-sampling

the solutions.

5. Re-fit the ionospheric model and automatically flag the bad solutions.

6. Combine the model phase solutions, peeling amplitude solutions and delays to replace

the model solutions.

7. Re-image producing the first source peeling image SP1.

8. Calibrate the bandpass phases on the target field and determine the amplitude cali-

bration.

9. Filter the amplitude solutions and the outliers.

10. Calibrate and re-image producing SP1A.

11. Flag the image undulations, subtract the primary beam sources and flag again.

12. Flag based on the residual amplitudes, calibrate and re-image producing SP1B.
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13. Repeat steps 2 to 12 producing images: SP2, SP2A, and SP2B. SP2B is the final

image produced from the peeling process. The second round of peeling picks up more

sources (∼20), hence, it produces a better ionospheric model fit.

Figure 4.5: Removing the directional dependent effect in the J0140.0-0555 clusters field
of view. The colour units for the images are in Jy beam−1. top left : The first image
produced after the first round of source peeling has noise levels of 44.82 µJy beam−1.
There is a significant improvement in both noise and residuals compared to the final
self-calibration image. top right : The final image of the first round of source peeling
produces an image with noise levels 39.65 µJy beam−1. bottom left : The first image
produced after the second round of source peeling has noise levels of 36.98 µJy beam−1.
bottom right : The final image produced after the second round of source peeling has noise
levels of 34.45 µJy beam−1. In this image the north-south residuals are barely visible,
hence, we have achieved the best ionospheric model for the data.
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4.3.4 Primary Beam Correction and Residuals

After obtaining the best fit ionospheric model for the target field, the pipeline then applies a

primary beam and a flux scale correction to the targeted field. The primary beam corrected

image is circular corresponding to the actual primary beam scale. The flux scale of the final

image is corrected for by using the system temperature measurements from the Haslam sky

survey (Haslam et al., 1981). The image produced is appropriate for scientific analysis such

as computation of the fluxes of the radio sources in the target field. Finally, the pipeline

creates a flagged and calibrated residual uv-data file with outliers removed. This uv-data

file is used to create the residual image. The residual image is most useful for checking how

well the model fits the data.

Figure 4.6: The final pipeline steps in reducing J0140.0-0555. The colour units for the
images are in Jy beam−1. left : The first primary beam corrected image with noise levels of
35.48 µJy beam−1. right : The produced residual image. From the image, we gather that
the model fits the data very well as the residuals are mainly noise structure.

For three of the four clusters the pipeline produced the best image, in terms of noise level

and residuals, however, for one cluster, ACT-CL J0034.4+0225, the north-south residuals

were still visible and the noise levels were high. For the ACT-CL J0034.4+0225 cluster, we

had to modify the pipeline. To remove the radio-frequency interference (RFI), we applied

more flagging using specific code from the pipeline. To obtain the best fit ionospheric models

we added extra iterations of the peeling step. After adding these extra steps we obtained the

best image. Table 4.3 summarizes the noise levels for the best case, full-resolution primary

beam corrected, images. These images can be found in the appendix.
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Table 4.3: A summary of the image properties obtained for the full-resolution images of
the clusters and an indication of whether the cluster hosts diffuse radio emission or not.

Clusters FR Diffuse Radio Emission
beam (′′ × ′′, p.ao) RMS Noise (µJy

beam−1)
Yes or No

ACT-CL J0034.4+0225 5.90 × 4.99, 22.20 34.60 Yes
ACT-CL J0239.9-0135 6.62 × 3.79, 42.20 37.89 No
ACT-CL J0140.0-0555 5.32 × 4.44, 12.52 34.00 No
ACT-CL J0137.4-0827 6.19 × 4.17, 23.04 21.83 Yes

Once we obtained the best image for all the galaxy clusters we then proceeded to search

for faint diffuse radio emission in short baselines.

4.4 Searching for Diffuse Radio Emission

Diffuse radio sources in the form of giant radio halos (GRHs) and radio relics (RRs) often

have faint flux, on the order of mJy, which is not immediately visible from the full-resolution

reduced image. The field of view of the target source is usually filled with bright point sources

that can overpower the low-lying emission. This point source emission can be modeled

using the long baseline information, while the short baselines have the greatest sensitivity

to extended emission.

To search for diffuse radio emission in the target fields cluster region we take advantage

of the GMRT’s antenna layout (Swarup, 1990). The GMRT has a dense core and extended

arms of antennas (Y-shaped). This means that we can use the short baselines in the dense

core for imaging the extended sources and the extended arms for subtracting bright point

sources. For all the target fields, we obtained a high-resolution image by applying a visibility

constraint of uv-range > 4 kλ. We used this image to subtract the point sources from the

full-resolution image, creating the point source subtracted image. We checked the point

source subtracted full-resolution image for point source residuals. Once happy with the

image we proceeded to make low-resolution images.

We used the short baseline’s visibility data to construct the low-resolution images from

the point source subtracted full-resolution image. We applied uniform uv-range cuts and

tapers to all the four target fields. The uv-taper controls the radial weighting of visibilities

in the uv-plane. The visibilities are “tapered” with weights decreasing as a function of

uv-radius. While the uv-range cuts get rid of all the information beyond the specified uv-

distance, this sharp cut creates ringing in the image plane and this results in bad images.
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A combination of the uv-tapering and cuts is advantageous for ensuring that we minimize

the amount of data discarded. For the first low-resolution image, we applied a Gaussian

uv-taper at 10 kλ and did not use a uv-range cut. For the second low-resolution image, we

applied a uv-range cut of < 5 kλ and uv-taper at 4 kλ. The results obtained in each target

field are discussed in depth in the following sections.

4.4.1 ACT-CL J0034.4+0225

ACT-CL J0034.4+0225 is not a new ACTPol survey detection as it is also detected in the

Planck SZ source catalog (Planck Collaboration et al., 2016a). The archival XMM-Chandra

data revealed that it is a dynamically disturbed system. In searching for diffuse radio

emission the uv-tapers and range restrictions were applied as explained in the text above.

The image gallery in figure 4.7 reveals that there was a detection in the first low-resolution

image. Table 4.4 provides a summary of the noise and beam properties of these images.

We could not categorize the detected diffuse radio emission due to its morphology and

position not directly falling under GRH or RR category. This emission is not symmetrical

and it is not centered on the cluster’s SZ peak, with the peak of the extended emission

offset from the SZ peak by 33.07 arcseconds. This morphology does not fit that of a typical

GRH, however, it could be a low signal-to-noise detection. Although radio relics come in

different sizes, morphologies, and locations, this emission is quite close to the cluster’s SZ

peak and is thus unlikely to be a radio relic. Another possibility is that this extended

radio emission is a radio phoenix. Radio phoenix sources are also a group of diffuse radio

sources. These objects have been rarely studied and do not have a well-defined model

that describes their formation and morphology. They are believed to be old radio galaxy

lobes that are energetically revived by adiabatic compression during cluster mergers (de

Gasperin et al., 2015). A multiwavelength analysis and a radio wavelength follow up using

an interferometer with higher sensitivity will help us with the classification of this tentatively

detected extended radio emission.
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Figure 4.7: A gallery of the images of J0034.4+0225 produced during the search for
diffuse radio emission. The colour units for the images are in Jy beam−1. The black dashed
indicates the θ500 cluster region with a diameter of 4.1′. The ‘x’ indicates the cluster
center. The green contours indicate the point source emission and are at 3σ level, The 1σ
level in this image corresponds to 42 µJy beam−1. For all the images the magenta contours
indicate diffuse radio emission detected above the noise level of the image. The ellipses
enclosed by a box represent the beam size of the contours with the corresponding colour.
top left : The high-resolution image with the point source contours. top right : Point source
subtracted image. The image has a 1σ level of 35 µJy beam−1, the contours show a 2σ and
6 σ detection increasing inwards. bottom left : Point source subtracted low-resolution image
(uv-taper 10 kλ). The diffuse radio emission is outlined with contour levels as follows:
(3σ,4σ,5σ) increasing inwards. The 1σ level in this image corresponds to 70 µJy beam−1.

bottom right : Point source subtracted low-resolution image (uv-range cut < 5 kλ, uv-taper
4 kλ). The diffuse radio emission is outlined with contour levels as follows: (3σ,4σ,5σ)
increasing inwards. The 1σ level in this image corresponds to 240 µJy beam−1.
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Table 4.4: A summary of the image properties obtained in the diffuse radio emission
search in the ACT-CL J0034.4+0225 cluster. This table contains image properties for the
high-resolution, point source subtracted and low-resolution images.

Image Name Beam Size RMS Noise

(′′ × ′′, p.a o) µJy beam−1

HR 5.42 × 4.47, 26.40 42.0

PSSUBFR 5.90 × 4.99, 22.16 35.0

PSSUBLR1 15.23 × 12.23, -68.10 70.4

PSSUBLR2 44.37 × 41.72, -38.75 240.0

Our observing fields had several point sources and the full-resolution images had a very

low noise level, hence, we used this to our advantage and searched for point sources in the

cluster region. When searching for the compact sources in the cluster region we used the

primary beam corrected image because it is corrected for the fluxes of the radio sources,

hence, it yields the appropriate source flux measurement. We calculated the radio fluxes

using the ds9 (Buzzi et al., 2013) add-on function called ‘radio flux’.
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Figure 4.8: The J0034.4+0225 θ500 cluster region is indicated by the dashed circle. The
projected size of this region is 1.3 Mpc. The ‘x’ is positioned at the cluster center. The
colour units for this image are in Jy beam−1. The 1σ noise level in the cluster region
corresponds to 37 µJy beam −1 and the contour levels indicate (3σ,6σ,12σ,24σ), increasing
inwards. The beam size is (5.90′′ × 4.99′′) and the beam orientation angle is 22.20◦

indicated by the ellipse enclosed by a box. The source fluxes for S1 and S2 can be found in
table 4.5.

Table 4.5: The radio fluxes of the compact sources within the θ500 cluster region of
J0034+0025, cross-matched with FIRST and NVSS.

Sources RA DEC S610MHz

[h:m:s] [d:m:s] mJy

S1 00:34:33.19 02:25:27.05 0.59 ± 0.16

S2 00:34:28.02 02:25:25.83 2.06 ± 0.20

Two sources were detected in the cluster region, as shown in figure 4.8. We cross-matched

the sources in both the FIRST and the NVSS surveys and none of them have been detected

in these surveys. The positions and flux measurements of these sources are summarized in

table 4.5. We searched for optical counterparts using the Sloan Digital Sky Survey DR10
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archival data (Ahn et al., 2014). We used a combination of the rgi images to create the

optical image. Although we do not have spectroscopy to determine galaxy members for

this cluster, the cluster is clearly visible and consists of mainly red galaxies owing to the

cluster redshift of 0.37. A visual inspection of figure 4.9 shows a possible BCG at S1 (RA:

00:34:33.19, DEC: 02:25:27.05), however this cannot be confirmed without spectroscopic

data. S2 has no visible optical counterpart.

Figure 4.9: The SDSS image of J0034.4+0225 created using the compilation of the
3-colour gri images. The white contours denote the 37 µJy beam−1 1σ noise of the cluster
region of the primary beam corrected image, with contour levels of (3σ,9σ). The ellipse
enclosed by a box represents the beam size of the contours with the corresponding colour.
The dashed circle indicates the θ500 cluster region and the ‘x’ is the cluster center. The
fluxes of S1 and S2 can be found in table 4.5.

4.4.2 ACT-CL J0239.9-0135

ACT-CL J0239.9-0135 is not a new ACTPol survey detection as it has been found in the

Planck survey. This cluster had no archival XMM-Chandra data. After applying the uv

constraints, there was no diffuse radio emission detected in both the first and the second
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low-resolution images.

An extended radio source (labeled S2 in figure 4.10) was found in the cluster region. This

radio source could not be removed by point source subtraction. This extended source is also

visible in the low-resolution images. Five sources are imbedded in the extended emission

seen in the low-resolution image. The sum of the fluxes of these five sources (S1 to S4 in

table 4.7) is 22.30 ± 0.24 mJy. The flux measures for the extended emission is 26.83 ± 0.13

mJy. Although this flux is greater than that of the combined sources we cannot confirm

that this flux is from diffuse emission as there might be embedded sources that are not

picked up in the full resolution image. To confirm that this extended radio emission in the

low-resolution images, is not real diffuse radio emission, the point source contours from the

high-resolution image, overlaid in the low-resolution image, were found to coincide with the

emission. This indicates that this emission is due to residual flux from the point sources.

We summarize the noise and beam properties of figure 4.10 in table 4.6.



4.4. SEARCHING FOR DIFFUSE RADIO EMISSION 74

Figure 4.10: A gallery of the J0239.9-0135 cluster images produced during the
low-resolution analysis. The colour units for the images are in Jy beam−1. The black
dashed indicates the θ500 cluster region with a diameter of 4.0′. The ‘x’ indicates the cluster
center. The green contours indicate the point source emission and are at 3σ level, with the
1σ level corresponding to 40.1 µJy beam−1. For all the images the magenta contours
indicate diffuse radio emission detected above the noise level of the image. The ellipses
enclosed by a box represent the beam size of the contours with the corresponding colour.
top left : The high-resolution image with the point source contours. top right : Point source
subtracted image. The image has a 1σ level of 35.3 µJy beam−1, the contours show a 3
and 4 σ detection increasing inwards. bottom left : Point source subtracted low-resolution
image (uv-taper 10 kλ). The diffuse radio emission is outlined with contour levels as
follows: (3σ,4σ,5σ) increasing inwards. The 1σ level in this image corresponds to 80 µJy
beam−1. bottom right : Point source subtracted low-resolution image (uv-range cut < 5 kλ,
uv-taper 4 kλ). The diffuse radio emission is outlined with contour levels as follows:
(3σ,4σ,5σ) increasing inwards. The 1σ level in this image corresponds to 540 µJy beam−1.
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Table 4.6: A summary of the image properties obtained in the diffuse radio emission
search in the ACT-CL J0239.9-0135 cluster. This table contains image properties for the
high-resolution, point source subtracted and low-resolution images.

Image Name Beam Size RMS Noise

(′′ × ′′, p.a o) µJy beam−1

HR 5.41 × 4.47, 40.16 40.1

PSSUBFR 6.62 × 3.79, 42.19 35.3

PSSUBLR1 14.45 × 10.90, 76.20 120.0

PSSUBLR2 35.42 × 32.07, 60.45 540.0

We then searched for point sources in the cluster region and measured their fluxes. In

ds9 we used the FIRST survey (Helfand et al., 2015) to cross-match these compact sources.

The FIRST survey has a primary beam size of ∼5” which is very similar to the GMRT,

hence, when a source is cross-matched we were able to calculate the spectral index of the

source. We further cross-matched these sources in the NVSS (Condon et al., 1998). For

compact sources that were also detected in FIRST, we calculated the spectral index using

Sν ∝ ν−α. (4.1)
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Figure 4.11: The θ500 cluster region of J0239.9-0135 is indicated by the dashed circle.
The projected size of this region is 1.2 Mpc. The ‘x’ indicates the cluster center. The
colour units for this image are in Jy beam−1. The 1σ noise level in the cluster region
corresponds to 37.5 µJy beam−1 and the contour level are (3σ,6σ,10σ,20σ,30σ,50σ). The
beam size is (6.22′′ × 3.79′′) and the beam orientation angle is 42.20◦, indicated by the
ellipse enclosed by a box. The source fluxes, S1 to S3, can be found in table 4.7.

Table 4.7: The radio fluxes of the compact sources within the θ500 cluster region of
J0239.9-0135, cross-matched with FIRST and NVSS.

Sources RA DEC S610MHz FIRST flux NVSS flux α1400
610

[h:m:s] [d:m:s] mJy mJy mJy

S1 02:39:54.37 -01:33:35.85 0.76 ± 0.12 - *10.69 ± 0.40 -

S2 02:39:55.30 -01:34:05.24 13.43 ± 0.22 3.41 ± 0.77 * 1.59

S3 02:39:56.50 -01:34:28.75 3.93 ± 0.16 0.85 ± 0.20 * 1.93

S4 02:39:53.33 -01:34:56.67 2.69 ± 0.21 2.11 ± 0.72 * 0.28

S5 02:39:52.66 -01:34:17.13 1.49 ± 0.23 - * -

S6 02:40:00.27 -01:36:30.00 0.40 ± 0.18 - - -

* The NVSS source corresponds to a combination of five GMRT sources: S1, S2, S3, S4 and S5.

Four sources were detected within the cluster region, as seen if figure 4.14. Three of the

sources were found in FIRST, hence, we calculated the spectral indices for these sources.
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In NVSS a source was that detected matched with the combination of all the four GMRT

sources.

We proceeded to the SDSS image to cross-match for optical counterparts. A visual

inspection of 4.12 show S2 (RA: 02:39:55.30, DEC: -01:34:05.24) as a possible BCG of the

cluster, and S1, S3 to S6 could be galaxy cluster members, however this cannot be confirmed

without spectroscopy.

Figure 4.12: The SDSS image of J0239.9-0135 created using the compilation of the
3-colour gri images. The white contours denote the 37.5 µJy beam−1 1σ noise of the
cluster region of the primary beam corrected image, with contour levels of (3σ,9σ). The
ellipse enclosed by a box represents the beam size of the contours with the corresponding
colour. The dashed circle indicates the θ500 cluster region and the ‘x’ is the cluster center.
The fluxes of S1 to S6 can be found in table 4.11.

4.4.3 ACT-CL J0140.0-0555

This cluster has been detected in the Planck SZ-selected cluster catalog and the archival

X-ray data image revealed that it was dynamically disturbed. The different uv-range cuts
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and tapers were applied and no diffuse radio emission was detected in the cluster region.

Figure 4.13: A gallery of the J0140.0-0555 images produced during the search for diffuse
radio emission. The colour units for the images are in Jy beam−1. The dashed circle
indicates the θ500 cluster region with a diameter 3.3′. The ‘x’ indicates the cluster center.
The green contours indicate the point source emission. The 1σ level in this image
corresponds to 36 µJy beam−1 and the contour levels indicate a 3σ detection. For all the
images the magenta contours indicate diffuse radio emission detected above the noise level
of the image. The ellipses enclosed by a box represent the beam size of the contours with
the corresponding colour. top left : The high-resolution image with the 3σ point source
contours. top right : Point source subtracted image. The 1σ level in this image corresponds
to 31 µJy beam−1 and the contour levels increase inwards in levels (3σ,6σ). bottom left :
Point source subtracted low-resolution image (uv-taper 10 kλ). The magenta contours
indicate emission at (3σ,6σ,12σ) with a 1σ level of 70 µJy beam−1. bottom right : Point
source subtracted low-resolution image (uv-range cut < 5 kλ, uv-taper 4 kλ). The
magenta contours indicate a detection of (3σ,6σ,12σ) increasing inwards, with a 1σ of 240
µJy beam−1.
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In figure 4.13 are the high-resolution, point source subtracted, and low-resolution images,

zoomed into the cluster region followed by the noise and beam properties in table 4.8.

Table 4.8: A summary of the image properties obtained in the diffuse radio emission
search in the ACT-CL J0140.0-0555 cluster. This table contains image properties for the
high-resolution, point source subtracted and low-resolution images.

Image Name Beam Size RMS Noise

(′′ × ′′, p.a o) µJy beam−1

HR 4.95 × 4.03, 17.45 38.0

PSSUBFR 5.33 × 4.45, 12.52 30.6

PSSUBLR1 14.96 × 10.65, 70.59 69.8

PSSUBLR2 48.69 × 34.34, 53.84 240.0

A final step in the radio analysis of this cluster would be to do simulations by injecting

‘fake’ halos in the cluster region, and hence, calculate the diffuse radio emission upper limits.

To conclude our radio analysis study we searched for compact sources within the cluster

region. We found that there were five sources in the cluster region and proceeded to measure

their fluxes and cross-matched them in the NVSS and FIRST surveys.

Only one source was cross-matched in the FIRST survey. Since this survey has a similar

primary beam size (∼ 5′′) compared to GMRT we proceeded to calculate the spectral index

of the source. In NVSS one large source corresponded to a combination of three sources.

This is because the NVSS has a much larger primary beam (∼ 45′′) compared to GMRT

(Condon et al., 1998). A summary of the flux measurements is given in table 4.9.
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Figure 4.14: The J0140.0-0555 θ500 cluster region is indicated by the dashed circle. The
projected size of this region is 1.0 Mpc. The ‘x’ indicates the cluster center. The colour
units for this image are in Jy beam−1. The 1σ noise level in the cluster region is 36.0 µJy
beam−1 and the contour level are (3σ,6σ,12σ,20σ,50σ,200σ). The beam size corresponds to
(5.32′′ × 4.44′′) and the beam orientation angle is 12.52◦ indicated by the ellipse enclosed
by a box. The source fluxes, S1 to S5, can be found in table 4.9.

Table 4.9: The radio fluxes of the compact sources within the θ500 cluster region of
J0140.0-0555, cross-matched with FIRST and NVSS.

Sources RA DEC S610MHz FIRST flux NVSS flux α1400
610

[h:m:s] [d:m:s] mJy mJy mJy

S1 01:40:04.16 -05:54:52.23 0.91 ± 0.12 - *12.41 ± 1.43 -

S2 01:40:02.35 -05:54:38.77 3.31 ± 0.13 - * -

S3 01:40:00.77 -05:55:03.54 16.35 ± 0.12 4.89 ± 0.39 * 1.46

S4 01:39:58.09 -05:56:30.23 0.38 ± 0.10 - - -

S5 01:39:39.80 -05:54:02.16 0.42 ± 0.10 - - -

* The NVSS source corresponded to a combination of three GMRT sources: S1, S2 and S3.

We searched for optical counterparts of the compact sources found in figure 4.14. A

visual inspection of 4.15 shows a possible BCG at S3 (RA: 01:40:00.77, DEC: -05:55:03.54).

S5 in the radio image possibly corresponds with a blue foreground source, however this



4.4. SEARCHING FOR DIFFUSE RADIO EMISSION 81

cannot be confirmed without spectroscopic data. The rest of these radio sources had no

visible optical counterparts.

Figure 4.15: The SDSS image of the J0140.0-0555 cluster created using the compilation
of the 3-colour gri images. The white contours denote the 36.0 µJy beam−1 1σ noise level
in the cluster region of the primary beam corrected image, with contour levels of (3σ,9σ).
The ellipse enclosed by a box represents the beam size of the contours with the
corresponding colour. The dashed indicates the θ500 cluster region and the ‘x’ is the cluster
center. The fluxes of S1 to S5 can be found in table 4.9.

4.4.4 ACT-CL J0137.4-0827

ACT-CL J0137.4-0827 is a new ACTPol survey detection and is not detected in any of the

Planck SZ and SPT cluster catalogs. The archival XMM-Chandra data showed that this

cluster is dynamically disturbed. The ACT-CL J0137.4-0827 cluster is the least massive

cluster in our sample and is at the highest redshift (z = 0.57). In applying the low-resolution

imaging analysis we found that this cluster hosted diffuse radio emission. Figure 4.16 shows

the high-resolution, point source subtracted full-resolution and low-resolution image. The

tentatively detected extended radio emission is located along the cluster center. Table 4.10

indicates the noise and beam properties of these images.
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Figure 4.16: A gallery of the images produced when searching for diffuse radio emission
in J0137.4-0827, The dashed circle indicates the θ500 cluster region with a diameter of 2.9′.
The colour units for the images are in Jy beam−1. The ‘x’ indicates the cluster center. The
green contours indicate the point source emission. 3σ level is 75 µJy beam−1. For all the
images the magenta contours indicate diffuse radio emission detected above the noise level
of the image. The ellipses enclosed by a box represent the beam size of the contours with
the corresponding colour. top left : The high-resolution image with point source contours
overlaid. top right : Point source subtracted image. The 1σ noise level is 20 µJy beam−1

and the contours indicate diffuse radio emission detection of 3σ. bottom left : Point source
subtracted low-resolution image (uv-taper 10 kλ). The 1σ noise level in this image
corresponds to 40 µJy beam−1 and the contours indicate diffuse radio emission detection of
(3σ,4σ,6σ). bottom right : Point source subtracted low-resolution image (uv-range cut < 5
kλ, uv-taper 4 kλ). The 1σ noise level in this image corresponds to 120 µJy beam−1 and
the contours indicate diffuse radio emission detection of (3σ,4σ,6σ).
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Table 4.10: A summary of the image properties obtained in the diffuse radio emission
search in the ACT-CL J0137.4-0827 cluster. This table contains image properties for the
high-resolution, point source subtracted and low-resolution images.

Image Name Beam Size RMS Noise

(′′ × ′′, p.a o) µJy beam−1

HR 5.61 × 3.66, 22.77 24.5

PSSUBFR 6.19 × 5.75, 25.04 19.4

PSSUBLR1 14.03 × 12.11, 58.78 40.0

PSSUBLR2 44.09 × 37.67, 34.38 120.0

In the low-resolution image, we found evidence of faint diffuse radio emission. This

emission is extended and is located in the central region of the cluster. We could not im-

mediately categorize the detected diffuse radio emission due to its morphology and position

not directly falling under GRH or RR category. It is not of spherical shape and although

some GRHs have an irregular shape, this source is rather too elongated to be considered as

a GRH. It is also located along the cluster’s SZ peak and hence cannot be categorized as a

radio relic. A multiwavelength study and a radio follow up with higher sensitivity will help

in the classification of this tentatively detected extended radio source. From the current

data, we assume that it is possibly AGN radio lobes. We make this assumption because of

the location and the symmetry of the extended radio emission.

We then searched for compact sources in the cluster region and detected six sources, as

shown in figure 4.17. We did a cross-match of these sources using the FIRST and NVSS

surveys. None of the sources were cross-matched in the FIRST survey. In NVSS we found

that one source in the cluster region contained emission from three of the GMRT sources,

however, due to the difference in primary beam sizes we did not calculate the spectral indices

for these sources. A summary of the measurements of the radio fluxes is presented in table

4.11.
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Figure 4.17: The J0137.4-0827 θ500 cluster region is indicated by the dashed circle. The
projected size of this region is 0.90 Mpc. The ‘x’ indicates the cluster center. The colour
units for this image are in Jy beam−1 The 1σ noise level in the cluster region is 23.33 µJy
beam−1 and contours levels detect emission at (3σ,6σ,12σ,24σ). The beam size is (6.19′′ ×
4.17′′) and the beam orientation angle is 23.04◦ indicated by the ellipse enclosed by a box.
The source fluxes, S1 to S3, can be found in table 4.11.

Table 4.11: The radio fluxes of the compact sources within the θ500 cluster region of
J0137.4-0827, cross-matched with FIRST and NVSS.

Sources RA DEC S610MHz NVSS flux

[h:m:s] [d:m:s] mJy mJy

S1 01:37:24.57 -08:27:14.02 0.90 ± 0.06 *1.3 ± 0.22

S2 01:37:22.80 -08:27:31.00 0.32 ± 0.06 -

S3 01:37:26.64 -08:27:49.20 0.17 ± 0.06 *

S4 01:37:25.17 -08:28:09.42 0.49 ± 0.06 *

S5 01:37:19.71 -08:28:40.55 0.97 ± 0.06 -

S6 01:37:27.54 -08:28:58.34 0.40 ± 0.06 -

* The NVSS source corresponded to a combination of three GMRT sources: S1, S3 and S4.
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We searched for optical counterparts of the compact sources in the SDSS archival data.

Figure 4.18 shows that S2 has no visible optical counterpart. Sources S1, S3, S4 and S5, from

colour inspection, could all be galaxy cluster members, however this cannot be confirmed

without spectroscopy.

Figure 4.18: The SDSS image of J0137.4-0827 created using the compilation of the
3-colour gri images. The white contours denote the 23.33 µJy beam−1 1σ noise of the
cluster region of the primary beam corrected image, with contour levels of (3σ,9σ). The
ellipses enclosed by a box represent the beam size of the contours with the corresponding
colour. The dashed circle indicates the θ500 cluster region and the ‘x’ is the cluster center.
The fluxes of S1 to S5 can be found in table 4.11.



CHAPTER 5

Conclusion and Future Work

Current generation cosmology and astrophysics studies are largely focused on constraining

and understanding the ΛCDM model. Galaxy cluster counts play a major role in constrain-

ing dark energy, which is the dominant component in the current epoch. It is therefore very

important that galaxy clusters and their evolution are fully understood in order to accu-

rately constrain dark energy models. The understanding of these cluster systems is directly

dependent on the understanding of the intracluster medium (ICM). Diffuse radio emission

provides a unique insight into the evolution and energetics of the intracluster medium.

The aim of this thesis was to search for diffuse radio emission in the uniformly selected

ACTPol cluster sample. Our sample was a sub-sample of a pilot project (PI: Dr.K. Knowles)

which aims to obtain a statistically complete ACTPol sample. This sample consists of 16

uniformly selected clusters, eight of which already have archival GMRT data. We proposed

to observe the remaining eight in GMRT cycle 30 observations. We were successful in

observing GMRT data on four of these clusters, the analysis of which is presented in this

thesis. With this complete sample, scaling relations of diffuse radio emission in SZ-selected

clusters will be investigated.

We began by giving a theoretical background of the cosmological model in Chapter 2.

We provided a literature review of galaxy cluster formation and evolution and highlighted

the importance of galaxy clusters as cosmological probes. We pointed out the key future

surveys, such as the SKA, that will improve the observation and detection of galaxy clusters.
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Finally, we discussed the formation theories for non-thermal diffuse radio emission in the

form of giant radio halos, radio mini-halos, and radio relics. In Chapter 3 we provided an

overview of the analysis methods in radio astronomy. We paid attention to the CLEAN

algorithm and the SPAM software package.

In Chapter 4 we briefly reviewed the GMRT specifications and indicated why this inter-

ferometer is ideal for diffuse radio emission observations. We gave a brief review of the ACT

project with a focus on its detection of galaxy clusters via the thermal SZ effect. There

were 75 clusters that were detected in our field with an SZ SNR > 5. We then introduced

our uniformly selected cluster sample which consisted of 16 clusters that were obtained by

applying a mass cut of M500 > 4×1014 M� and a redshift cut of z < 0.6. From our sample,

eight clusters had existing GMRT archival data. We briefly discussed the eight clusters with

archival data. We applied to observe the remaining clusters using the GMRT telescope.

The GMRT data was reduced using the SPAM software package. Our final images had

lower noise than anticipated, hence, we detected many point sources in the cluster region. We

did a search for point sources in the cluster region of our sample and cross-matched them with

the NVSS and FIRST surveys. For those sources that were found in FIRST, we calculated

the spectral indices. We detected optical counterparts for these sources using SDSS. These

sources were either BCGs, cluster members, background sources or foreground sources. After

a systematic search for diffuse radio emission in the short baseline visibilities, we found that

two of the clusters hosted diffuse radio emission. This diffuse radio emission was detected

in the low-resolution images for both the clusters. We obtained the low-resolution images

by applying a uv-taper at 10 kλ. We did not categorize the diffuse radio emission hosted in

both the clusters because they did not match the observational characteristics radio halos or

radio relics. We conclude that a higher sensitivity radio observation follow-up will improve

the noise levels of the low-resolution images, which will give a clearer indication of what

these objects are. We also required a multiwavelength study in order to fully understand

the dynamics of these cluster systems. Once we observe the complete sample we will be able

to do a statistical study of the sample, as a precursor to a larger ACTPol cluster study.

5.1 Future Work

Non-thermal diffuse radio emission in the ICM is important for both astrophysical and

cosmological studies. Understanding the ICM will improve the theory of plasma physics
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and our understanding of galaxy cluster evolution. Using the SZ signal as a mass selection

proxy has proven to be a robust technique compared to the X-ray luminosity selection proxy.

It is, therefore, important that statistically complete cluster samples are used to measure the

scaling relations of the SZ-selected clusters. These will be important for the development

of formation theories of the non-thermal diffuse radio emission and to see how these scaling

relations compare to the X-ray selected cluster samples. The main goal of our study is

to observe the complete sample of the ACTPol SZ-selected clusters and calculate scaling

relations from this sample.

To complete the study on the cluster sample presented in this thesis we need to cal-

culate upper limits for the clusters with undetected diffuse radio emission and undertake

multiwavelength studies of the clusters with diffuse radio emission. We then aim to obtain

follow-up observations of the four clusters presented here, and the remaining four unobserved

clusters in the sample of 16 clusters, using the upgraded Giant Metrewave Radio Telescope

uGMRT (Rao Bandari et al., 2013) which will have three times more sensitivity and a larger

bandwidth. A better sensitivity for our observations will result in a more accurate inter-

pretation of the diffuse radio emission signal. To carry out the multiwavelength studies of

these clusters, we will obtain X-ray data from the Chandra telescope (Weisskopf et al., 2002)

which will give us an insight of the morphology of these systems. In addition, optical spec-

troscopy will be essential for our multiwavelength studies as it will provide the spectroscopic

information for cluster members, which will allow us to understand the internal dynamics

of the cluster. We will then derive scaling relations for our complete sample, including the

clusters observed in this thesis, and compare our results to those of X-ray selected cluster

samples. Comparing these results will also indicate if the bimodality observed in the X-ray

cluster samples also exists in the SZ clusters samples.

To advance the study of diffuse radio emission in galaxy clusters, we plan to observe

clusters at high redshift and low mass. Due to limited telescope sensitivity, clusters that exist

in such regimes have not been studied yet, hence, their behaviour is not fully understood.

However, with the upcoming generation of radio telescopes, we will be able to observe these,

high redshift and low mass clusters. Our goal is to observe a much larger (∼200) sample of

ACTPol and Advance ACT clusters using the MeerKAT telescope (Brederode et al., 2016).

From this sample, we will be able to study the formation and evolution of diffuse radio

emission in very high redshift and low mass clusters. These studies will further validate or

disprove the current formation models.



APPENDIX A

Full Field Of View GMRT Images

In Appendix A we have inserted all the images of the newly observed four clusters. We

include the primary beam corrected full resolution images, high resolution images, point

source subtracted full resolution images and point source subtracted low-resolution images.
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A.1 ACT-CL J0034.4+0225

Figure A.1: The full-resolution image of the primary beam corrected ACT-CL
J0034.4+0225. The red circle indicates the SZ cluster scale, θ500 = 4.1′ centered at the SZ
peak. The rms noise level of the full image is 34.6 µJy beam−1. The colour units for this
image are in Jy beam−1.
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Figure A.2: The full field of view of the high-resolution image of ACT-CL J0034.4+0225.
The red circle indicates the SZ cluster scale, θ500 = 4.1′ centered at the SZ peak. The rms
noise level of the full image is 42.0 µJy beam−1. The colour units for this image are in Jy
beam−1.
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Figure A.3: The full-resolution image of the point source subtracted ACT-CL
J0034.4+0225 field. The red circle indicates the SZ cluster scale, θ500 = 4.1′ centered at
the SZ peak. The rms noise level of the full image is 35.0 µJy beam−1. The colour units
for this image are in Jy beam−1.
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Figure A.4: The low-resolution image of the point source subtracted ACT-CL
J0034.4+0225 field. A uv-taper at 10 kλ was applied. The red circle indicates the SZ
cluster scale, θ500 = 4.1′ centered at the SZ peak. The rms noise level of the full image is
70.0 µJy beam−1. The colour units for this image are in Jy beam−1.



A.1. ACT-CL J0034.4+0225 94

Figure A.5: The low-resolution image of the point source subtracted ACT-CL
J0034.4+0225 field. The following uv restrictions were applied: uv-range < 5 kλ and
uv-taper at 4 kλ. The red circle indicates the SZ cluster scale, θ500 = 4.1′ centered at the
SZ peak. The rms noise level of the full image is 240 µJy beam−1. The colour units for
this image are in Jy beam−1.
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A.2 ACT-CL J0239.9-0135

Figure A.6: The full-resolution image of the primary beam corrected ACT-CL
J0239.9-0135. The red circle indicates the SZ cluster scale, θ500 = 4.0′ centered at the SZ
peak. The rms noise level of the full image is 37.89 µJy beam−1. The colour units for this
image are in Jy beam−1.
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Figure A.7: The full field of view of the high-resolution image of ACT-CL J0239.9-0135.
The red circle indicates the SZ cluster scale, θ500 = 4.0′ centered at the SZ peak. The rms
noise level of the full image is 40.1 µJy beam−1. The colour units for this image are in Jy
beam−1.
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Figure A.8: The full-resolution image of the point source subtracted ACT-CL
J0239.9-0135 field. The red circle indicates the SZ cluster scale, θ500 = 4.0′ centered at the
SZ peak. The rms noise level of the full image is 35.3 µJy beam−1. The colour units for
this image are in Jy beam−1.
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Figure A.9: The low-resolution image of the point source subtracted ACT-CL
J0239.9-0135 field. A uv-taper at 10 kλ was applied. The red circle indicates the SZ
cluster scale, θ500 = 4.0′ centered at the SZ peak. The rms noise level of the full image is
80.3 µJy beam−1. The colour units for this image are in Jy beam−1.
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Figure A.10: The low-resolution image of the point source subtracted ACT-CL
J0239.9-0135 field. The following uv restrictions were applied: uv-range < 5 kλ and
uv-taper at 4 kλ. The red circle indicates the SZ cluster scale, θ500 = 4.0′ centered at the
SZ peak. The rms noise level of the full image is 540 µJy beam−1. The colour units for
this image are in Jy beam−1.
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A.3 ACT-CL J0140.0-0555

Figure A.11: The full-resolution image of the primary beam corrected ACT-CL
J0140.0-0555. The red circle indicates the SZ cluster scale, θ500 = 3.3′ centered at the SZ
peak. The rms noise level of the full image is 34.0 µJy beam−1. The colour units for this
image are in Jy beam−1.
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Figure A.12: The full field of view of the high-resolution image of ACT-CL J0140.0-0555.
The red circle indicates the SZ cluster scale, θ500 = 3.3′ centered at the SZ peak. The rms
noise level of the full image is 37.95 µJy beam−1. The colour units for this image are in Jy
beam−1.
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Figure A.13: The full-resolution image of the point source subtracted ACT-CL
J0140.0-0555 field. The red circle indicates the SZ cluster scale, θ500 = 3.3′ centered at the
SZ peak. The rms noise level of the full image is 30.59 µJy beam−1. The colour units for
this image are in Jy beam−1.
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Figure A.14: The low-resolution image of the point source subtracted ACT-CL
J0140.0-0555 field. A uv-taper at 10 kλ was applied. The red circle indicates the SZ
cluster scale, θ500 = 3.3′ centered at the SZ peak. The rms noise level of the full image is
69.84 µJy beam−1. The colour units for this image are in Jy beam−1.
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Figure A.15: The low-resolution image of the point source subtracted ACT-CL
J0140.0-0555 field. The following uv restrictions were applied: uv-range < 5 kλ and
uv-taper at 4 kλ. The red circle indicates the SZ cluster scale, θ500 = 3.3′ centered at the
SZ peak. The rms noise level of the full image is 238 µJy beam−1. The colour units for
this image are in Jy beam−1.
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A.4 ACT-CL J0137.4-0827

Figure A.16: The full-resolution image of the primary beam corrected ACT-CL
J00137.4-0827. The red circle indicates the SZ cluster scale, θ500 = 2.9′ centered at the SZ
peak. The rms noise level of the full image is 21.83 µJy beam−1. The colour units for this
image are in Jy beam−1.
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Figure A.17: The full field of view of the high-resolution image of ACT-CL J0137.4-0827.
The red circle indicates the SZ cluster scale, θ500 = 2.9′ centered at the SZ peak. The rms
noise level of the full image is 24.5 µJy beam−1. The colour units for this image are in Jy
beam−1.
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Figure A.18: The full-resolution image of the point source subtracted ACT-CL
J0137.4-0827 field. The red circle indicates the SZ cluster scale, θ500 = 2.9′ centered at the
SZ peak. The rms noise level of the full image is 19.38 µJy beam−1. The colour units for
this image are in Jy beam−1.
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Figure A.19: The low-resolution image of the point source subtracted ACT-CL
J0137.4-0827 field. A uv-taper at 10 kλ was applied. The red circle indicates the SZ
cluster scale, θ500 = 2.9′ centered at the SZ peak. The rms noise level of the full image is
40.0 µJy beam−1. The colour units for this image are in Jy beam−1.
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Figure A.20: The low-resolution image of the point source subtracted ACT-CL
J0137.4-0827 field. The following uv restrictions were applied: uv-range < 5 kλ and
uv-taper at 4 kλ. The red circle indicates the SZ cluster scale, θ500 = 2.9′ centered at the
SZ peak. The rms noise level of the full image is 120 µJy beam−1. The colour units for
this image are in Jy beam−1.



APPENDIX B

Derivations

The following is a derivation of Let us label ε as a small deviation from the desired reflector

surface. This can be expressed as a Gaussian random variable with a probability distribution

given by

p(ε) =
1√
2πσ

e[−ε
2

2σ2 ], (B.1)

where < ε >= 0 and < ε2 >= σ2. From the probability distribution function we can derive

the following relation

〈ejε〉 = 〈cos ε〉+ 〈j sin ε〉 = 〈cos ε〉 =

∫ ∞
−∞

cos(ε)p(ε)dε = e
−σ2

2 . (B.2)

The small deviation causes a phase shift of approximately 4πε
λ

. Let us assume that the

parabolic reflector surfaces are made up of N independent sections. The total collecting

area is

A = A0〈|
1

N

∑
i

ejφi |2〉 =
A0

N2

∑
i,k

〈ej(φi−φk)〉 = A0〈ejφi〉2. (B.3)

If N is large enough the collecting area reduces to

A = A0e
−( 4πε

λ
)2

. (B.4)
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The aperture efficiency is defined as A
A0

. Future generation telescopes aim to maximize

aperture efficiency and effective collecting area.
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Brunetti, G. and Blasi, P. (2005). Alfvénic reacceleration of relativistic particles in galaxy

clusters in the presence of secondary electrons and positrons. Mon. Not. R. Astron. Soc.,

363:1173–1187.

Brunetti, G., Blasi, P., Reimer, O., Rudnick, L., Bonafede, A., and Brown, S. (2012).

Probing the origin of giant radio haloes through radio and γ-ray data: the case of the

Coma cluster. Mon. Not. R. Astron. Soc., 426:956–968.

Brunetti, G. and Cassano, R. (2010). Radio Halos and the importance of future observations

at low frequency. In ISKAF2010 Science Meeting, page 8.

Brunetti, G., Giacintucci, S., Cassano, R., Lane, W., Dallacasa, D., Venturi, T., Kassim,

N. E., Setti, G., Cotton, W. D., and Markevitch, M. (2008). A low-frequency radio halo

associated with a cluster of galaxies. Nature., 455:944–947.

Brunetti, G. and Jones, T. W. (2014). Cosmic Rays in Galaxy Clusters and Their Nonther-

mal Emission. International Journal of Modern Physics D, 23:30007.

Brunetti, G. and Lazarian, A. (2011). Acceleration of primary and secondary particles

in galaxy clusters by compressible MHD turbulence: from radio haloes to gamma-rays.

Mon. Not. R. Astron. Soc., 410:127–142.

Buote, D. A. (2001). On the Origin of Radio Halos in Galaxy Clusters. Astrophys. J. Lett.,

553:L15–L18.

Buzzi, L., Cozzi, E., Kowalski, R. A., Boattini, A., Christensen, E. J., Gibbs, A. R., Grauer,

A. D., Hill, R. E., Johnson, J. A., Larson, S. M., McNaught, R. H., Holmes, R., Devore,

H., Foglia, S., Vorobjov, T., Linder, T., Losse, F., and Birtwhistle, P. (2013). 2013 DS9.

Minor Planet Electronic Circulars, 46.

Camera, S., Harrison, I., Bonaldi, A., and Brown, M. L. (2016). SKA Weak Lensing III:

Added Value of Multi-Wavelength Synergies for the Mitigation of Systematics. ArXiv

e-prints 1606.03451.

Carozzi, T. D. and Woan, G. (2009). A generalized measurement equation and van Cittert-

Zernike theorem for wide-field radio astronomical interferometry. Mon. Not. R. As-

tron. Soc., 395:1558–1568.



BIBLIOGRAPHY 120

Cassano, R. (2010). The radio-X-ray luminosity correlation of radio halos at low radio fre-

quency. Application of the turbulent re-acceleration model. Astron. Astrophys., 517:A10.

Cassano, R., Brunetti, G., Giocoli, C., and Ettori, S. (2016). Can giant radio halos probe

the merging rate of galaxy clusters? Astron. Astrophys., 593:A81.

Cassano, R., Ettori, S., Brunetti, G., Giacintucci, S., Pratt, G. W., Venturi, T., Kale, R.,

Dolag, K., and Markevitch, M. (2013). Revisiting Scaling Relations for Giant Radio Halos

in Galaxy Clusters. Astrophys. J., 777:141.

Cassano, R., Ettori, S., Giacintucci, S., Brunetti, G., Markevitch, M., Venturi, T., and

Gitti, M. (2010). On the Connection Between Giant Radio Halos and Cluster Mergers.

Astrophys. J. Lett., 721:L82–L85.

Cavagnolo, K. W., Donahue, M., Voit, G. M., and Sun, M. (2009). Intracluster Medium

Entropy Profiles for a Chandra Archival Sample of Galaxy Clusters. Astrophys. J. Supp.,

182:12–32.

Chengular, J. N., Gupta, Y., and Dwarakanath, K. (2003). Low Frequency Radio Astronomy.

Rajaram Nityananda, Pune, India.

Clark, B. G. (1980). An efficient implementation of the algorithm ’CLEAN’. Astron. As-

trophys., 89:377.

Clowe, D., Gonzalez, A., and Markevitch, M. (2004). Weak-Lensing Mass Reconstruction of

the Interacting Cluster 1E 0657-558: Direct Evidence for the Existence of Dark Matter.

Astrophys. J., 604:596–603.

Condon, J. J., Cotton, W. D., Greisen, E. W., Yin, Q. F., Perley, R. A., Taylor, G. B., and

Broderick, J. J. (1998). The NRAO VLA Sky Survey. Astron. J., 115:1693–1716.

Cornwell, T. J. and Perley, R. A. (1992). Radio-interferometric imaging of very large fields

- The problem of non-coplanar arrays. Astron. Astrophys., 261:353–364.

Cotton, W. D. (2008). Obit: A Development Environment for Astronomical Algorithms.

Pub. Astron. Soc. Pacific, 120:439–448.

Cotton, W. D., Condon, J. J., Perley, R. A., Kassim, N., Lazio, J., Cohen, A., Lane, W.,

and Erickson, W. C. (2004). Beyond the isoplanatic patch in the VLA Low-frequency Sky



BIBLIOGRAPHY 121

Survey. In Oschmann, Jr., J. M., editor, Ground-based Telescopes, volume 5489 of , pages

180–189.
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Brunetti, G., Chyży, K., Conway, J., Gasperin, F. D., Ferrari, C., Haverkorn, M., Heald,

G., Hoeft, M., Jackson, N., Jarvis, M., Ker, L., Lehnert, M., Macario, G., McKean, J.,

Miley, G., Morganti, R., Oosterloo, T., Orrù, E., Pizzo, R., Rafferty, D., Shulevski, A.,

Tasse, C., Bemmel, I. V., van der Tol, B., van Weeren, R., Verheijen, M., White, G., and

Wise, M. (2011). LOFAR and APERTIF Surveys of the Radio Sky: Probing Shocks and

Magnetic Fields in Galaxy Clusters. Journal of Astrophysics and Astronomy, 32:557–566.

Rottgering, H. J. A., Wieringa, M. H., Hunstead, R. W., and Ekers, R. D. (1997). The

extended radio emission in the luminous X-ray cluster A3667. Mon. Not. R. Astron. Soc.,

290:577–584.

Rubin, V. C., Burbidge, E. M., Burbidge, G. R., and Prendergast, K. H. (1964). The

Rotation and Mass of NGC 1792. Astrophys. J., 140:80.

Rybicki, G. B. and Lightman, A. P. (1979). Radiative processes in astrophysics.



BIBLIOGRAPHY 135

Ryle, M. (1952). A New Radio Interferometer and Its Application to the Observation of

Weak Radio Stars. Proceedings of the Royal Society of London Series A, 211:351–375.

Ryle, M. and Vonberg, D. D. (1946). Solar Radiation on 175 Mc./s. Nature., 158:339–340.

Sarazin, C. L. (2004). Mergers, Cosmic Rays, and Nonthermal Processes in Clusters of

Galaxies. Journal of Korean Astronomical Society, 37:433–438.

Schaffer, K. K., Crawford, T. M., Aird, K. A., Benson, B. A., Bleem, L. E., Carlstrom,

J. E., Chang, C. L., Cho, H. M., Crites, A. T., de Haan, T., Dobbs, M. A., George, E. M.,

Halverson, N. W., Holder, G. P., Holzapfel, W. L., Hoover, S., Hrubes, J. D., Joy, M.,

Keisler, R., Knox, L., Lee, A. T., Leitch, E. M., Lueker, M., Luong-Van, D., McMahon,

J. J., Mehl, J., Meyer, S. S., Mohr, J. J., Montroy, T. E., Padin, S., Plagge, T., Pryke, C.,

Reichardt, C. L., Ruhl, J. E., Shirokoff, E., Spieler, H. G., Stalder, B., Staniszewski, Z.,

Stark, A. A., Story, K., Vanderlinde, K., Vieira, J. D., and Williamson, R. (2011). The

First Public Release of South Pole Telescope Data: Maps of a 95 deg2 Field from 2008

Observations. Astrophys. J., 743:90.
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