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Abstract

Diffuse radio emission from galaxy clusters is seen in the form of Mpc sized central halos
and peripheral relics. These objects are rare but are predominantly found in merging
clusters as compared to relaxed clusters. Most halos and relics have been detected at
higher frequencies (> 1 GHz). However, high frequency interferometric observations
are not ideal for the detection of extended diffuse radio sources due to various selection
effects. Low frequency measurements are better suited to detect halos and relics in
galaxy clusters. As such we decided to observe a few merging galaxy clusters using the
Murchison Widefield Array (MWA) which is located in a radio-quiet zone in Western
Australia and operates in the frequency range 80-230 MHz. These clusters where chosen
from literature based on their high frequency measurements and contained relics with or
without radio halos. We imaged these clusters at all MWA frequencies and compared the
images with those produced via a standard pipeline for the GaLactic and Extragalactic
All-sky MWA (GLEAM) Survey. The MWA images were also compared with those
from existing surveys like TGSS and NVSS as well as complimentary X-ray images from
ROSAT, XMM-Newton and Chandra telescopes in order to understand the nature of
the emission. The spectra of the halos and relics was estimated over 80-1400 MHz.
This is the first time spectra of halos and/or relics have been estimated over such a
large frequency range. Furthermore, the claimed relics in two clusters were reclassified
as galaxies based on their spectra. In clusters where no halo was detected we placed
stringent upper limits to a possible halo emission. These limits are the best that have
been obtained so far. The implications of these results to models of halo formation will
be discussed. We also report the detection of a new steep spectrum relic in a galaxy

cluster using the GLEAM survey and its follow up observations with the GMRT.
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CHAPTER

ONE

INTRODUCTION

1.1 Galaxy Clusters

Galaxy clusters are the largest (~ Mpc) gravitationally bound objects in the Universe
with the most massive clusters having masses ~ 1015MO. They are composed primarily
of dark matter (~ 80%) with the bulk of the remaining mass (15 — 17%) accounted for
by the gas in the Intra-Cluster Medium (ICM). Luminous matter in the form of stars

and galaxies only contribute 3 — 5% of the total mass of a galaxy cluster.

According to the hierarchical model of structure formation, perturbations in the pri-
mordial density distribution causes dark matter to become overdense in certain regions.
Figure 1.1 shows a slice of the Millennium Simulation (Springel et al., 2005) where
dark matter is shown clumping together at these “nodes” which are connected to each
other by the filamentary “Cosmic Web”. These nodes act as potential wells resulting
in an infall of baryonic matter and consequentially the formation of galaxies and galaxy
clusters. Subsequent gravitational attraction causes mergers between the galaxies and
galaxy clusters. These cluster mergers are some of the most energetic events in the
Universe. The most massive clusters can dissipate energies ~ 1053 — 104 ergs into the

ICM during a merger event (Hoeft et al., 2008).

A typical galaxy cluster can contain hundreds to thousands of galaxies bound together
gravitationally within a radius of ~ Mpc.. The ICM gas that pervades the cluster is hot
(T ~ 108K) and has a density ~ 1073 — 1074 em™3 (Sarazin, 1988). Figure 1.2 shows
the galaxy cluster MACS J0416.1-2403 as seen by the Hubble Space Telescope (HST).
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Millennium Run-!
10.077.696.000 particles » |

N

F1cUre 1.1: Slice of the Millennium Simulation. The background image is the pro-
jected density field for a 15 Mpc/h thick slice at z = 0. The overlaid square panels
enlarge the region by a factor of 4 each time.
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FI1GURE 1.2: Cluster MACS J0416.1-2403 in the optical, radio and X-ray regimes. The

optical data is from the Hubble Space Telescope, X-ray is from the Chandra telescope,

while the radio image is obtained from the Jansky Very Large Array (JVLA) (Ogrean
et al., 2015)

Also shown in this image are the observations of the cluster in X-ray (blue) using the
Chandra telescope and in radio (red) using the NRAO Jansky Very Large Array (JVLA).

1.2 Emission from ICM in galaxy clusters

FEmission from the ICM in galaxy clusters occurs mainly in the regime of X-rays and

radio waves.

X-ray emission from the ICM occurs primarily in the form of thermal bremsstrahlung
radiation wherein thermal electrons in the hot ICM plasma (T ~ 107 — 10® K) deaccel-
erate in the Coulombic field of ions and produce X-ray radiation. This emission depends
on the temperature of the gas (o< 7-/2) and falls of exponentially (ox e="/*T). The
contribution to X-ray emission from relativistic electrons (due to Inverse-Compton scat-
tering) is relatively small and ignorable. The total X-ray luminosity in galaxy clusters

(Lx) is usually ~ 10% — 10% erg s71 .

All sky X-ray surveys like the Uhuru sky survey (Giacconi et al., 1972), the Extended
Medium Sensitivity Survey (EMSS) with the Finstein Observatory (Gioia et al., 1990),
the ROSAT All-Sky Survey (RASS, Voges 1992, Ebeling et al. 1996), and it’s follow
up the ROSAT-ESO Flux LimitEd X-ray (REFLEX) Survey (Bohringer et al., 2001,
2004) and most recently, the MAssive Cluster Survey (MACS, Ebeling et al. 2001) were

instrumental in discovering and identifying galaxy clusters and studying their X-ray



Chapter 1: Introduction 4

F 44:000

r 42:00.0

r 5:40:00.0

[20.0 10.0 15:11:00.0 50.0 40.0

1 1 1 1 I I 1 1 |

FIGURE 1.3: Relaxed and Disturbed Clusters. Left: A2029 (Million and Allen, 2009)

is a low redshift cluster (z = 0.0779) with a relaxed X-ray morphology. The figure

shows the surface brightness (counts) in the cluster in the 0.8 to 7.0 keV band of the

Chandra telescope. Right: The Bullet Cluster (1E 0657-558) (Markevitch et al., 2002)

is an intermediate redshift (z = 0.3) cluster with a disturbed X-ray morphology. The

figure shows the Chandra X-ray image of the cluster on top of the optical image. The
image is 6.7 across in size.

properties. Figure 1.3 shows the X-ray images of two clusters — one relaxed and one
disturbed.

In addition to X-rays, the ICM in galaxy clusters is also known to emit in the radio
band. This emission is unlike the emission detected from sources like supernovae, the
Active Galactic Nuclei (AGN) at the centre of galaxies or the jets and lobes produced in
galaxies as it has no optical counterpart. It is diffuse in nature (~ 1 mJy arcmin=2 at 1.4
GHz) and extends over the entire ~ Mpc region of the cluster. It’s origin is non-thermal
as it is the synchrotron radiation produced due to the motion of relativistic electrons in

the magnetic field (~ uG) of the cluster.

This diffuse radio emission from galaxy clusters is seen in 2 main forms — the cluster-wide
radio halos or radio relics, found mainly near the peripheries of the cluster (Feretti and
Giovannini, 1996). Figure 1.4 shows the radio contours at 1.4 GHz of the prototypical
radio halo in the Coma Cluster (left panel) as well as the spectrum of the radio emission
(right panel). Although the radio emission spectrum does follow a power-law, it steepens
at higher frequencies. This is a consequence of the nature of the emission itself. A few
important properties of synchrotron radiation will be discussed below before discussing

radio halos and radio relics in detail afterwards.
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FIGURE 1.4: Left: The 90 cm contours of the radio halo in the Coma cluster overlaid

on the DSS optical image after removing all the point sources (Feretti, 2002). Right:

Spectrum for the radio halo in the Coma cluster over the frequency range 30-5000 MHz
(Thierbach et al., 2003).

1.2.1 Synchrotron Radiation

Synchrotron radiation is produced due to the motion of high-energy electrons (v > 104,

where v = Lorentz factor) in the presence of a magnetic field, B.

In astrophysical scenarios, electrons are usually found to have an energy distribution of
the form, N(E)dE x E~PdE. In such a scenario, the total power of the synchrotron
radiation (5), as a function of frequency (v), will follow a power law where the spectral
index of the spectrum will be, @ = (p—1)/2, where S o« v~¢. The ultra-relativistic elec-
trons generating this radiation suffer from energy losses due to various reasons such as
Inverse-Compton (IC) scattering (e.g. from the Cosmic Microwave Background (CMB)
photons pervading the Universe) as well as losses due to adiabatic expansion. Further-
more, the electrons also suffer losses due to synchrotron radiation. The rate of energy
loss due to IC scattering and synchrotron radiation (in the relativistic limit, i.e. v — ¢)

are given below.

dE 4,
() = Corey U, 1.1
(dt )10 gTeY Trad (1)

dE 4
_ () = *UTC’Y2Umag = 6.6 x 10*92B? eVs1, (1.2)
dt synch 3
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where, o is the Thomson Scattering cross-section, c is the speed of light, ~ is the Lorentz
factor for the electrons with energy E = yme.c?, Umag is the magnetic field energy, B
is the magnetic field in the cluster (in Tesla, where 1T = 10% Gauss) and Us.q is the
energy density of the radiation field. In the case of CMB radiation, U;,q depends on the
redshift through an equivalent magnetic field (Bjc) which is given by Bic = 3.25(1+2)2,
where Bjc is in units of uG (microGauss). Note that the energy loss rates due to both
IC and synchrotron radiation are proportional to E2. This means that higher energy

electrons lose energy faster than lower energy electrons.

It can be shown that when IC and synchrotron losses dominate, the energy distribution
of the electrons steepens (Longair, 1994). The spectrum of the electron distribution gets
changed to N(E) oc E-+1), As a result, the spectral index of the radio emission also
steepens by 0.5. The frequency at which this steepening takes place provides information
about the spectral age of the emitting source. The lifetime of the electrons can be

estimated using the relation

0.5

tage - 1060W_BI2C

[(1+2)v]7%°, (1.3)

where, z is the redshift and v is the break frequency (Slee et al., 2001).

1.3 Radio Halos

Radio halos are sources of synchrotron emission from the ICM and are found in the
central regions of the cluster. The radio halo in Coma (Figure 1.4) was the first such
object to be discovered (Thierbach et al., 2003, Willson, 1970, Schlickeiser et al., 1987,
Giovannini et al., 1993, Bonafede et al., 2010). Since then many more radio halos have
been discovered. Figure 1.5 shows another example of a galaxy cluster (A520) that hosts
such a halo. Also shown in the image is the spectral index map of the cluster between
325 MHz and 1.4 GHz. The morphology of radio halos is usually very smooth and the
emission extremely diffuse. The magnetic field in galaxy clusters is ~ uG (Carilli and
Taylor, 2002) but the radio emission in halos has very little polarisation (~5%) (Feretti
and Giovannini, 1998, Bacchi et al., 2003).

Statistically, radio halos are not very common in the Universe. Only ~5% of galaxy
clusters below a redshift of 0.2 have been found to host a radio halo (Giovannini et al.,
1999). However, if one considers massive galaxy clusters i.e. clusters with X-ray lumi-
nosity Lx > 10%° erg s~! | this fraction increases to almost one-third (Venturi et al.,

2008, Kale et al., 2013). One caveat that should be considered when discussing these
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FIGURE 1.5: Left: The 1.4 GHz contours (15” x 15”) of the radio halo in Abell 520

overlaid on the Chandra X-ray image (Govoni et al., 2004). The contour levels are at

0.06, 0.12, 0.24, 0.48, 0.96, 1.92, 3.84, 7.68 mJy beam™! . Right: Spectral index map

of A520 in colour (between 325 MHz and 1.4 GHz) overlaid with the X-ray contours of
the cluster (Vacca et al., 2014)

results is that these surveys are biased towards the highly X-ray luminous clusters.
This is because halos in high X-ray luminosity clusters have higher radio luminosities
as well (Brunetti et al., 2009, Bacchi et al., 2003, Liang et al., 2000, Cassano et al.,
2006, Brunetti et al., 2007, Rudnick and Lemmerman, 2009). As a result it is possible
that halos with lower radio power were not detected by the current generation of radio

telescopes.

Comparison of the radio power of halos in clusters and the X-ray luminosity of the
cluster show an empirical correlation between the two (Kale et al., 2015). Figure 1.6
shows the Lx — P; 4 relation between cluster radio halo power at 1.4 GHz and the cluster
X-ray luminosity from the recent GMRT Radio Halo Survey (GRHS, Venturi et al. 2008,
2007) and Extended GMRT Radio Halo Survey (EGRHS, Kale et al. 2015, 2013). It
should be noted here that most of the halos are ~Mpc in size even though halos have

been discovered with sizes ~500 kpc.

The sizes of the radio halos are an important factor when discussing their origin. Dif-
fusion of relativistic electrons from the jets of radio galaxies cannot explain the ~ Mpc
scale emission seen from most radio halos. The diffusion velocities of relativistic elec-
trons in a cluster are limited by the Alfvén wave velocity of electrons, i.e. v, < 100
km s~! | where, v is the group drift velocity of electrons. The time required for rel-

ativistic electrons (y > 10%) to diffuse to ~Mpc distance is ~ Hubble time and thus
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FIGURE 1.6: Lx — Pj4 relation for radio halos and upper limits in the GRHS and

EGRHS (Kale et al., 2015). The solid line represents the best fit to the relation after

excluding the Ultra Steep Spectrum radio halos (USSRH). Dashed line includes the
USSRHs.

much larger than the lifetime of the relativistic electrons themselves (~ 10% — 10 years).
This is known as the diffusion problem (Jaffe, 1977). Figure 1.7 shows the timescale of
losses for high energy electrons (blue) and protons (red) at 1uG (solid line) and 3uG as

compared to the diffusion timescale (magenta) (Blasi et al., 2007) .

In order to explain the presence of relativistic electrons across the ~Mpc scale cluster, the
electrons in the ICM need to be accelerated in-situ (Jaffe, 1977). Any model to explain
the mechanism of halo generation needs to account for the acceleration of electrons to
relativistic levels as well has how this acceleration is maintained through the various

energy losses that relativistic electrons are subjected to.
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FIGURE 1.7: Timescale for energy losses in a galaxy cluster for protons(red) and elec-
trons (blue). Diffusion time scales for protons are also plotted (pink). Magnetic field
is assumed to be 1uG (solid) and 3uG (dashed).

1.3.1 Primary Model

The most well accepted model that satisfies these conditions is the primary model that
posits that the turbulence generated at the time of cluster merger provides sufficient
energy to accelerate electrons to relativistic levels (Harris et al., 1980, Tribble, 1993,
Brunetti et al., 2001a, Petrosian, 2001, Fujita et al., 2003, Brunetti et al., 2004, Brunetti
and Lazarian, 2007). One of the reasons there is a lot of support for this theory is the
observation that most of the radio halos observed so far have been detected in merging
galaxy clusters. Merging galaxy clusters have extremely disturbed X-ray distributions

as well. The non-uniformity of X-ray distribution in galaxy clusters is quantifiable.
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The most common parameters used to measure the disturbed nature of galaxy clusters
are - power ratios, the emission centroid shift (w) and the surface brightness concentra-
tion parameter (c). Power ratios compare the multipole expansions of the X-ray surface
brightness in a cluster (Buote and Tsai, 1995, Bohringer et al., 2010). They are usually
defined as,

Py =[aoIn(Rap) ], (1.4)
where ag = S(< Rap) is the total intensity inside the aperture radius R,p, and

1

Po— ——
m 2m2R§gl

(a2, + 02, (1.5)

where the moments a,, and b,, are given by

am(R) = /R’<R S(z')(R') cos(me)d*x’

b (R) _/R/<R S(z')(R') sin(m¢)d*x’

where S(x) is the X-ray surface brightness. Usually P53/ Py is the power ratio used as it
is the lowest moment that provides a measure for substructure in clusters. The centroid
shift (Poole et al., 2006, Maughan et al., 2008) estimates the projected separation be-
tween the X-ray peak and the centroid inside circular apertures around the X-ray peak
of the cluster. The concentration parameter (Santos et al., 2008) measures the fraction
of the surface brightness in a cluster measured, say, 100 kpc from the cluster centre com-
pared to the total surface brightness from 500 kpc around the cluster. An analysis of
galaxy clusters (Cassano, 2010, Buote, 2001) (Figure 1.8) showed that clusters that were
morphologically disturbed i.e. clusters that showed signs of recent or ongoing mergers

were much more likely to host radio halos than those that did not.

The mechanism by which the energy generated during cluster mergers is transferred to

electrons and accelerates them to relativistic levels is briefly discussed below.

1

A merger between clusters with typical relative velocities ~ 103 km s~! can release

gravitational energy ~ 10% erg s™! . Even a few % of this energy is sufficient to
accelerate electrons in the ICM to energies ~GeV (Brunetti and Lazarian, 2007, Cassano

and Brunetti, 2005, Brunetti and Lazarian, 2011). The ICM in galaxy clusters contains
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FIGURE 1.8: Cluster morphology parameters (Cassano, 2010). Clusters in red contain
halos while clusters in black do not. Top Left: Concentration parameter (c) vs. centroid

shift (w).

Top Right: w vs. power ratio (P3/Py). Bottom: ¢ vs. P3/Py. The vertical

and horizontal dashed lines correspond to ¢ = 0.2, w = 0.012 and P3/Py = 1.2 x 1077,

thermal electrons (responsible for thermal bremsstrahlung radiation) as well as non-

thermal electrons (emissions from galaxy AGNs etc.) However, reacceleration of thermal

electrons is an extremely energy inefficient process (Petrosian, 2001). Consequently, the

generation of radio halos in galaxy clusters is a two-step process — first, an initial injection

of relativistic seed electrons into the ICM followed by a reacceleration phase where these

seed electrons are accelerated to relativistic levels (Brunetti et al., 2001a,b).

Numerical simulations confirm that turbulence is generated at the time of a cluster

merger due to the displacement of gas from the cluster centres over length scales, L ~100s

of kpc (Brunetti et al., 2004, Brunetti and Lazarian, 2011, Ricker and Sarazin, 2001).

A few % of the thermal energy of the cluster can be injected into the turbulence dur-

ing such a merger (Cassano and Brunetti, 2005). This large-scale fluid turbulence then

cascades to smaller scales where the energy from the fluid turbulence is transferred to
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MHD (Magneto-HydroDynamic) waves which are responsible for accelerating the elec-
trons in the medium. The mechanism by which MHD waves interact with particles can
be through Alfven waves (Fujita et al., 2003, Brunetti et al., 2004), fast or slow magne-
tosonic (MS) waves (Brunetti and Lazarian, 2007, 2011) or even turbulent reconnection
(Brunetti and Lazarian, 2016). In all these cases, the efficiency of electron acceleration
and the damping process by which they lose energy are important factors that are not

completely understood and are still a matter of debate.

1.3.2 Secondary Model

An alternative to the primary model is the secondary or hadronic model that uses the
presence of long-living high energy protons to explain the generation of relativistic elec-
trons in galaxy clusters (Dennison, 1980, Blasi and Colafrancesco, 1999, Dolag and
EnBlin, 2000).

Relativistic particles are injected into the medium constantly through supernova explo-
sions and emissions from the AGNs at the centre of galaxies. In the case of protons,
the energy losses are dominated by the inelastic p-p collisions at relativistic energies
(E > GeV) and ionization and Coulomb scattering at mildly relativistic energies. The
radiative lifetime of such high energy protons is estimated to be ~ 10'° years. This is

sufficient time for the protons to diffuse through the Mpc-sized cluster.

The p-p collisions produce secondary particles through the following interaction (Blasi
and Colafrancesco, 1999):

p+p— 4t 1+ anything
=y

T =t + Vu(Pp), pt— et Up(V) + ve(Ve)

This interaction only requires a proton threshold energy of 300 MeV. The resulting
spectrum of the electrons is expected to be a power-law without any breaks which is
at odds with the spectral steepening seen in the prototypical radio halo in the Coma
cluster (Thierbach et al., 2003). The production of gamma rays as another secondary
consequence of this reaction is also an important prediction of this theory. However,
gamma ray observations of galaxy clusters have not been able to detect any such emis-
sions (Reimer et al., 2003, Ackermann et al., 2010, Jeltema and Profumo, 2011). Only

upper limits have been placed on the expected gamma ray emission. Another issue is
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FIGURE 1.9: Left: GMRT 610 MHz contours of the cluster A521 at 35" x 35" resolution

overlaid on the Chandra X-ray image. RMS in the region is 58 pJy/beam. Right:

WSRT 1.4 GHz contours of the cluster CIZA J2242.8+5301 overlaid on the XMM-

Newton X-ray image. The resolution of the radio image is 16.5” x 12.9” and an RMS
of 19uJy/beam.

that since relativistic protons can be expected to be found in all clusters one would
expect synchrotron emission from secondary electrons to be found in all clusters as well.
However, as mentioned before, a very small fraction of galaxy clusters are known to host
radio halos. It should be noted that the strength of the secondary model is predicted
to be weaker than the primary model (Brunetti and Lazarian, 2011) and as such more
sensitive radio observations of galaxy clusters are required to detect emission from these

secondary electrons.

1.4 Radio Relics

In addition to radio halos, diffuse emission from the ICM in galaxy clusters is also seen
in the form of radio relics. These objects are usually elongated and arc-like in nature
with significant polarization (10 —40%) and are found towards the peripheries of galaxy
clusters. They can vary in size with 100s of kpc to ~Mpc sized relics having been
detected in some clusters. Relics in clusters are found with or without an accompanying
halo. Additionally, in some clusters double relics are found on opposite ends of the X-ray

distribution. Figure 1.9 shows two examples of clusters with relics.

In each figure the colour image in the background shows the X-ray emission of the cluster
with the radio contours overlaid on top. The relic emission can be seen towards the edge

of the X-ray emission.
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The origin of radio relics is attributed mainly to the shocks that travel outwards in the
aftermath of a cluster merger. The relics are believed to trace these outgoing shocks.
This idea is supported by the observation that in clusters with double relics the two
relics lie on the cluster merger axis. The theory that explains the acceleration process

of electrons in shocks is discussed below.

The Diffusive Shock Acceleration (DSA) theory is a first order Fermi process wherein the
acceleration of electrons takes place across the shock. As the electrons diffuse through the
shock and bounce off the two shock fronts they gain energy with each reflection and can
reach energies ~GeV (Blandford and Eichler, 1987, Jones and Ellison, 1991). While the
DSA is the most prominent theory considered to explain the origin of radio relics there
are still some unanswered questions. The Mach number of the shocks generated during
cluster mergers (Markevitch and Vikhlinin, 2007) (as estimated through simulations and
X-ray observations) is small (M < 3). The efficiency of electron acceleration with such
shocks is expected to be poor (Kang et al., 2002). While it should be mentioned that this
issue can be resolved by assuming a pre-existing seed population of relativistic electrons
(Kang and Ryu, 2011) it is still unclear if DSA is truly responsible for the origin of radio
relics (Vazza and Briiggen, 2014, Vazza et al., 2015, 2016).

1.5 Studies on Radio Halos and Relics

Since the discovery of the first radio halo (Coma; Willson (1970)) there has been a lot of
effort by the scientific community to discover more clusters which host radio halos and
relics. Traditionally, most radio halos and relics have been discovered through follow-up

radio observations of X-ray detections of galaxy clusters.

The first large scale search for radio halos and relics in galaxy clusters was by Giovannini
et al. (1999) where the cluster sample used was from the X-ray brightest Abell-type
clusters (XBACs) by Ebeling et al. (1996). They used images of these clusters at 1.4
GHz from the NRAO-VLA Sky Survey (NVSS) to detect possible halo and relic emission.
The survey was carried out in the D-configuration of the VLA and covered the entire
sky above a declination of —40°. The D-configuration of the VLA includes the shortest
baselines and was thus fairly sensitive to extended emission. The angular resolution
achieved by the survey was 45” and a sensitivity level of 0.45 mJy beam™! . Of the 283
brightest X-ray clusters (fx > 5 x 107!? erg cm~2s71) in the sample below a redshift of
z < 0.2, radio halos and relics were detected in 29 clusters. The trend of highly X-ray
luminous clusters being more likely hosts to halos and relics was first seen here with only

~ 10% of clusters with Lx < 10% erg s~! showing the presence of any diffuse sources.
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On the other hand nearly a third of the clusters with Lx > 10% erg s~! had halos or

relics in them.

One of the biggest shortcomings of this study was the lack of short-spacings in the VLA
(even in the D-configuration) because of which the NVSS was not sensitive to emission
larger than 15. This is important at low redshifts where the angular size for Mpc
sized objects is quite large (6, ~ 10’ at z = 0.1). The radio halo in the Coma cluster
(z = 0.0232) was resolved out in the NVSS images. Additionally, the primary model of
halo formation predicts a steepening of the electron spectrum at higher frequencies. As
a result it is likely that the survey missed detection of steep spectrum halos (o < —1.3,
see for e.g. Dallacasa et al. (2009)). Low frequency observations are thus better suited

for the detection of diffuse, extended emission of radio halos and relics.

The GMRT ! Radio Halos Survey (GRHS) (and its follow up, the Extended GMRT
Radio Halos Survey) which was carried out at 235 and 610 MHz was a step in this
direction (Kale et al., 2015, Venturi et al., 2008, Kale et al., 2013, Venturi et al., 2007).
The cluster sample used for this survey was the ROSAT-ESO Flux Limited X-ray (RE-
FLEX) catalogue (Bohringer et al., 2004) and the extended ROSAT Brightest Cluster
Sample (BCS) catalogue (Ebeling et al., 1998, 2000). Only clusters in the redshift range
0.2 < z < 0.4 with X-ray luminosity Lx[o.1-2.4xev] > 5 X 10** erg s™ were studied. This
luminosity cut-off was put so as to maximize the possibility of detecting giant radio halos
(Rp 2 700 kpc) in the given redshift range (Cassano et al., 2006, 2004). The resolution
of the survey was ~ 10” with a noise level ~ 0.1 mJy beam™" . Of the 64 clusters
observed, diffuse emission was detected in 30 clusters and upper limits to halo emission
were placed in 30 clusters (Figure 1.6). Additionally, the survey also demonstrated the
bi-modal nature of halo emission in galaxy clusters. In clusters where no halos were de-
tected, upper limits to possible halo emission were placed (arrows in Figure 1.6) which
were a factor of 10 below the best-fit in the empirical Lx — P; 4 relation. Whether these
clusters genuinely don’t contain halos or are merely below the GMRT detection limits

is still unclear.

A possible reason why GMRT could have missed out on detecting halos and relics in
these clusters is that GMRT observations suffer from two major issues: lack of good
short-spacing data and RFI (Radio Frequency Interference), especially at the lowest
frequencies. Future observations with telescopes like the Murchison Widefield Array
(MWA), the LOw Frequency Array (LOFAR) and the Square Kilometer Array (SKA),
which do not suffer from RFI and will provide better uwr-coverage and thus better sensi-
tivity to diffuse extended emission from radio halos and relics, will be needed to confirm

the presence or absence of diffuse emission, particularly in low X-ray luminosity clusters.

1Giant Metrewave Radio Telescope
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1.6 This thesis

Diffuse radio emission in galaxy clusters is still poorly studied in literature. There are
only ~ 100 halos and relics that have been detected. Most of these detections were made
using radio observations at 1.4 GHz or above. There exist very few observations of halos
and relics at lower frequencies (< 1 GHz). It is important to observe galaxy clusters at

low frequencies because:

e The spectra of halos and relics at lower frequencies is not known very well. Multi-
frequency observations of these sources exist for very few sources (Feretti et al.,
2012). If spectral steepening of the radiating electrons at high frequencies is taking
place (as predicted by the primary model) then low frequency observations are
crucial to check the spectral behaviour of radio halos and relics over a large range

of frequencies.

e Since most radio halos and relics are known to have steep spectra (« < —1,.5 o« v%)
it is possible that due to sensitivity limitations, the current generation of telescopes
would have missed them. Thus low frequency observations are important to detect
these missing halos and relics where possible or at least place upper limits to a

possible halo emission.

e Furthermore, at lower redshifts (z < 0.1) Mpc sized objects have very large angu-
lar scales (2 10’). High frequency observations would resolve out such extended
emissions. Low frequency observations with good wuw-coverage will be needed to

detect halos and relics at these redshifts.

RFTis a major hindrance for radio observations at low frequencies. It would be beneficial
then to use telescopes which do not suffer from these issues to study the weak radio halos

and relics.

In Chapter 2, we describe the Murchison Widefield Array (MWA), a low frequency
telescope operating in the frequency range 80 —230 MHz. The telescope has been built in
a radio-quiet region in Western Australia and is a collaborative effort between institutes
across the world. The telescopes design and construction will be briefly discussed as
well as the system parameters that make it well suited for our purposes. Finally, we
will describe the GaLactic and Extragalactic All-Sky MWA (GLEAM) Survey that was
carried out using this telescope. The details of the survey will be discussed including

the pipeline that was set up to process the data from the telescope and produce images.

In Chapter 3 we discuss multi-frequency observations of the galaxy cluster Abell 3376
(A3376) using the MWA. A3376 is a low redshift (z = 0.0456) cluster which contains
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two relics on opposite ends of the cluster X-ray emission. However, the cluster contains
no radio halo. The cluster was imaged at all 5 MWA observing frequencies (88, 118, 154,
188 and 215 MHz) and compared with the pipeline images. Spectra for the two relics
was obtained over the frequency range 80 — 1400 MHz and while no halo was detected
in the central regions of the cluster, a stringent upper limit was placed. By estimating
the spectral ages of the relics of the cluster and comparing those with the dynamical
timescale of the cluster, we concluded that any possible halo emission that might have

existed in the cluster has quite probably decayed by now.

In Chapter 4 a sample of merging galaxy clusters identified from their high frequency
observations were studied with the MWA. These clusters were claimed to contain relics
with or without halos. The GLEAM pipeline images were used to study these clusters.
We estimated the spectra of the radio halos and relics over the frequency range 80 — 1400
MHz and in cases where no halos were detected we placed upper limits to a possible halo
emission. The implications of these upper limits to models of halo formation in galaxy
clusters is also discussed and in cases where no halos were detected we placed upper
limits to a possible halo emission. The implications of these upper limits to models of

halo formation in galaxy clusters is also discussed.

In Chapter 5 we present the first detection of a previously unknown radio relic using
the MWA.

Finally, in Chapter 6 we summarise the results of this thesis and discuss possible future

work.






CHAPTER

TWO

THE MURCHISON WIDEFIELD ARRAY (MWA)

2.1 Introduction

The MWA (Lonsdale et al., 2009, Tingay et al., 2013) is a precursor to the upcoming
Square Kilometre Array (SKA; Dewdney et al. 2013) telescope. It is located at the
Murchison Radio-astronomy Observatory (MRO) in the Murchison region of Western
Australia. This remote location was chosen because of the spectacularly low levels of
man-made radio interference in this region. Radio Frequency Interference (RFI) is known
to be an especially hard to tackle problem at the low frequencies such as those in which
the MWA operates. The MWA is a dipole-based aperture array synthesis telescope that
operates in the frequency range 80 — 300 MHz.

Lonsdale et al. (2009) first described the conceptual design of the MWA employing the
so-called “large-N” architecture (Hall, 2004) wherein hundreds to thousands of small
antenna elements are used to observe the radio sky. This has the benefit of providing
an extremely large field-of-view (fov) while simultaneously covering the uv plane com-
prehensively thus providing sensitivity to large-scale radio emission. However, this does
present other challenges such as ionospheric effects which will not be discussed here but

have been addressed elsewhere.

While the initial design of the telescope called for 512 antenna elements, or tiles (dis-
cussed in the next section), spread over 3 km, the final configuration adopted for the
telescope utilises 128 tiles spread over 3km with 50 of the tiles within a 100m diameter
core. This is followed by a smooth distribution of 62 tiles out to 1.5km and the remaining

16 tiles in the outer 3km region. This was done to provide good snapshot uwv-coverage

19
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FIGURE 2.1: Distribution of MWA tiles (in blue) on location.

in the central core while still providing longer baselines for good resolutions. The final
antenna configuration of the MWA is shown in Figure 2.1. Table 2.1 shows the system
parameters for the telescope at 150 and 200 MHz.
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Parameter Symbol 150 MHz 200 MHz
Number of tiles N 128 128
Area of one tile at zenith (m?) Acg 21.5 19.8
Total collecting area (m?) 2752 2534
Receiver temperature (K) Trev 50 25
®Typical sky temperature (K) Ty 350 170
bField of view (deg?) Qp 610 375
Instantaneous bandwidth (MHz) B 30.72 30.72
Spectral resolution (MHz) 0.04 0.04
Temporal Resolution 0.5 s uncalibrated 0.5 s uncalibrated
8 s calibrated 8 s calibrated
Polarization Full Stokes Full Stokes
Minimum baseline (m) 7.7 7.7
Maximum baseline (m) 2864 2864
Angular resolution (3 km array) ~3 ~ 2

@ Nijboer et al. (2013).
b Based on FWHM of primary beam. Imageable area is significantly larger.

TABLE 2.1: System parameters for MWA

2.2 Bow-Tie Antenna and Tiles

A single antenna element (or, tile) of the MWA comprises of 16 dual-polarization dipoles
arranged in a Smx5m square grid with a 1.1m spacing between them. All 16 elements
are placed on a galvanised steel wire mesh which acts as a reflecting screen at the MWA
frequencies (Figure 2.2). The signals from the dipoles are combined in such a way so as
to allow for pointing in any direction on the sky by changing the delays to each element.
The beamformer for each tile produces output for 2 linear polarisations — X and Y.
The analog output from 8 tiles are sent to a receiver which applies a bandpass filter in
the frequency range 80 — 300 MHz. The signal is then sampled with an 8-bit Analog to
Digital Converter (ADC) which produces 24x1.28 MHz frequency channels. This results
in the 30.72 MHz instantaneous bandwidth at every MWA observing frequency. The
data from the 16 receivers are then sent to the correlator where every 1.28 MHz channel
is then further divided into 128 x10 kHz channels. For storage purposes the final data

is stored with a temporal resolution of 0.5s and a frequency resolution of 40 kHz.

Figure 2.3 shows the single frequency uv-coverage for the MWA.

2.3 Comparison with current telescopes

The MWA is a precursor to the upcoming SKA telescope, part of which is planned to be
built at the same location as MWA. With the large FOV that MWA provides surveys are
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FI1GURE 2.2: MWA tile with the 16 bow-tie dipoles in 4 x 4 configuration on a 5mx5m
steel mesh.

a particularly important project that can be undertaken with the telescope. Figure 2.4
compares the MWA with current and upcoming telescopes in terms of sensitivities as
well as FOV.

2.4 GLEAM

The GaLactic and Extragalactic All-sky MWA (GLEAM) Survey (Wayth et al., 2015).
was carried out at 5 frequency bands between 72 and 230 MHz, centred on 88, 118, 154,
188 and 215 MHz with 30.72 MHz bandwidth each. Each full band was further divided
into four sub-bands of 7.68 MHz bandwidth. The GLEAM Survey was carried out over
two years. During the first year, the frequency resolution of the survey was 40 kHz while
the time resolution was 0.5s. In the second year, the frequency and time resolutions were

changed to 10 kHz and 2s, respectively.

The survey was carried out at seven declination settings
(6 = +18.6°,+1.6°, —13.0°, —26.7°, —40.0°, —55.0°, —72°), utilizing a drift-scan method.
At the beginning of the observation the telescope was electronically set to one of the seven

declinations and measurements were taken sequentially looping over the five frequencies
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FI1GURE 2.3: Snapshot uv-coverage of the MWA.

every two minutes (112 sec) as the sky drifted overhead. A set of calibrators were

observed throughout each of the observing nights.

This raw data was then analysed and sent through a pipeline to produce the final images

The basic steps of the analysis are as follows.

For each scan:

A single bright source was used for a first-pass calibration on all the observations
(Hurley-Walker et al., 2014);

Cleaning of the images was performed using WSCLEAN (Offringa et al., 2014);

The primary beam model for the MWA, as described by Sutinjo et al. (2015), was

used to transform to astronomical Stokes;

e Assuming the sky to be unpolarized, Stokes Q, U and V were set to zero and,

using the same beam model, converted back to instrumental Stokes;
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FicUrRE 2.4: Comparison of MWA FOV and sensitivities with current and future
telescopes.

e Self-calibration was now performed using this new sky model to produce the final

multi-frequency synthesis images;

The GLEAM images were calibrated in 3 steps: first, at each frequency, the model of
a bright source was used to transfer the complex antenna gains to the entire drift scan
data of the night. Second, self-calibration was performed as described earlier. Finally,
bright point sources (> 80) were chosen and cross-matched with the VLA Low frequency
Sky Survey Redux (VLSSr) at 74 MHz, Molonglo Radio Catalog (MRC) at 408 MHz
and NRAO VLA Sky Survey (NVSS) at 1400 MHz. A power law was fit to the spectra
of the point sources and based on their expected to observed flux densities, a declination
dependant average scaling factor was estimated at every MWA frequency and applied to
the images. All the snapshots obtained during a night’s observations were then combined
in an inverse-noise-weighted fashion to produce mosaics at every frequency. Note that
during this procedure, the absolute flux density scale of sources was set to the Baars scale
(Baars et al., 1977). Details on all the above procedures can be found in Hurley-Walker
et al. (2017).
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In addition to the 30.72 MHz bandwidth images, a 60 MHz bandwidth wideband image
centred at 200 MHz was created. These wideband images were made using observations
in the frequency range 170 — 231 MHz and provide a compromise between improved
sensitivity and resolution and represent the best images to search for diffuse cluster
emission. These wideband images have a resolution of ~ 2” and an RMS (Root Mean

Square) value of ~ 6 mJy beam™! at 200 MHz.
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OBSERVING ABELL 3376 WITH THE MWA

3.1 Background

Abell 3376 is a rich, merging galaxy cluster at a redshift of z = 0.046 (Struble and Rood,

0%*erg s~! (Reiprich and

1999). It has an X-ray luminosity of Lxg1—2.4 kev] = 2.2 X 1
Bohringer, 2002) and a virial mass of ~ 3.64 x 10'* Mg, (Girardi et al., 1998). Optical
observations (Escalera et al., 1994, Durret et al., 2013) indicate the merging status of
the cluster by showing the two Brightest Cluster Galaxies (BCG) on the opposite ends
of the cluster with the X-ray peak at BCG2 (MRC0600-399) (Fig. 3.1). The BCG1 is
a cD galaxy and is considered to be the centre of the main cluster. The BCG2 is an
elliptical and its radio counterpart is a bent-jet galaxy. Machado and Lima Neto (2013)
simulated the merger of A3376 and compared their simulation results with the X-ray
morphology of the cluster. Based on these comparisons they suggest that the merger
in A3376 occurred ~ 0.5 Gyr ago between subclusters having a mass ratio of 6:1. VLA
observations of this cluster at 1.4 GHz (Bagchi et al., 2006) showed the presence of two
arc-like structures in the eastern and western peripheries of the cluster, ~ 1 Mpc away
from the cluster centre. These relics are assumed to be due to synchrotron emission from
the ICM as a consequence of shock waves travelling outward from the cluster centre soon
after the merger. Further radio observations at lower frequencies (150 and 325 MHz)
using the Giant Meterwave Radio Telescope (Kale et al., 2012) detected the relics but
not a radio halo from the central regions of the cluster (Fig.3.1). The east relic is found
to be polarized up to 30% with aligned magnetic field vectors, whereas the west relic
is polarized between 5 and 20% and the field vectors are not aligned in any particular
direction (Kale et al., 2012).

27
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FIcure 3.1: GMRT 325 MHz contours (Kale et al., 2012) on the ROSAT X-ray (0.1-

2.4 keV) broadband image. The units of the X-ray image are in counts s~! arcmin—2.

The contour levels start from 5.8 mJy beam~! (3¢) and increase by a factor of v/2.

The resolution of the radio image is 39" x 39”. The x and the + represent the BCG2

and BCG1 galaxies, respectively. The yellow solid line (drawn by the authors) marks
the boundaries of the east and west relics.

3.2 Observations and Analysis

3.2.1 The GLEAM Survey

The observations of A3376 were carried out as part of GaLactic and Extragalactic All-
Sky MWA (GLEAM) Survey (Wayth et al., 2015). There are five observing frequency
ranges: 72.3-103.04 MHz, 103.04-133.76 MHz, 138.88-169.6 MHz, 169.6-200.32 MHz
and 200.320-231.04 MHz, each having a bandwidth of 30.72 MHz. The data were
recorded with an integration time of 0.5 second and a spectral resolution of 40 kHz. The
frequency range 134-138 MHz was avoided due to the presence of satellite RFI (radio

frequency interference) in that range.

The GLEAM survey was carried out in the drift-scan mode with the antennas pointing to

one of the seven declination settings (6 = +18.6°,+1.6°, —13.0°, —26.7°, —40.0°, —55.0°, —72°)
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and letting the sky drift overhead. A single scan consists of observations for 112 seconds
at each of the five frequencies available and then cycling through them. The data used
for imaging A3376 in this paper were taken during November 6-7, 2013 while covering
the RA range 0-8h at declination § = —40°. This declination pointing is within a few

arcminutes of the centre of the cluster (Fig. 3.1).

3.2.2 Data reduction

In principle, one could use the specialised pipeline software that has been set up to
analyse the observations from the GLEAM survey (Hurley-Walker, in prep.). However,
with the scope to try to analyse the MWA observations using a standard radio astronomy
software we imaged the cluster at two frequencies viz. 154 and 215 MHz using CASA
L (Common Astronomy Software Applications). We chose these two frequencies because at
215 MHz the highest angular resolution in the GLEAM frequency range is achieved (151”7 x
145”) and at 154 MHz the MWA images obtained can be directly compared with the existing
GMRT observations at 150 MHz. The images at 154 and 215 MHz, processed with CASA, are
further compared with the pipeline processed images at the same frequencies. For the remaining

frequencies (88, 118 and 188 MHz) we use the pipeline processed images.

The raw data from A3376 scans were converted to measurement sets readable by CASA using
the COTTER software (Offringa et al., 2015). This software also performed some initial flagging
and RFI removal using the AOFlagger library (Offringa et al., 2010, 2012). The source 3C161
was used to create the normalised bandpass tables (task bandpass in CASA) which were applied
to all the A3376 scans. In all, a total of seven scans of A3376 were used — the transit scan and
three scans on either side of the source’s transit through the meridian — which covered a total
time range of £30 minutes around transit at each frequency. The scans beyond this time range
were not considered due to the falling gain of the primary beam (i.e. the beam response was
falling < 50%). Note that the full widths at half maxima of the primary beams of the MWA
tiles are ~ 25° at 154 MHz (Hurley-Walker et al., 2014). The bandpass corrected measurement
sets were then averaged in time and frequency to 8 s and 400 kHz, respectively. Each scan was
then individually imaged and deconvolved in CASA using the task clean. Each image produced
(20482048 pixels) covered an area of 34.13 x 34.13 deg? in each axis with a pixel size of 1’.
Deconvolution was performed using the Cotton-Schwab algorithm (Schwab, 1984) and widefield
effects were taken into account using the w-projection algorithm (Cornwell et al., 2008) by setting

the number of projection planes in clean to 256.

A variety of robust weighting schemes were tried to make images of A3376. In order to reach
a balance between sensitivity and resolution we used “Briggs” weighting (Briggs, 1995) with
robust value 0 for each scan at both polarizations. Note that Briggs weighting with values —5
and +5 correspond to purely uniform and purely natural weighting, respectively. The images
were then sent through four rounds of phase self-calibration, at the end of which the phase errors

had reduced to an rms of 0.2°. No further improvement was seen with subsequent phase and

"http://casa.nrao.edu
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Object Flux Density (mJy)
88 MHz 118 MHz 154 MHz 188 MHz 215 MHz
East Relic 5476 £ 675 3886 £ 577 2508 £465 1508 £169 1079 + 184
West Relic 2805 4+ 348 1926 £288 1351 £253 11724+ 134 609 £ 108
Central Region  48.54+47  59.5 £ 28.2 22 +18 20+ 12 17+ 11

TABLE 3.1: The integrated flux densities for the east and west relics along with their

uncertainties are given in the first two rows. The third row gives the mean value of

the flux density from the central region at different frequencies. These mean values

represent upper limits to halo emission in the MWA synthesised beam (~160 kpc at

154 MHz). The errors quoted on these mean values for the central region are the rms
values at the corresponding frequencies.

amplitude self-calibration. The XX and YY polarizations were imaged separately for each scan.

They were then corrected for primary beam effects (Sutinjo et al., 2015).

Following the above procedure a total of seven images were produced for A3376 for each polariza-
tion. These images were examined separately and their rms values were estimated. Furthermore,
the positions of unresolved sources in the GMRT 150 MHz image within a degree from A3376
were compared with their respective positions in the seven MWA 154 MHz images. Across these
seven images, the positional offsets for all these sources were constant to within 10% of the MWA
synthesized beam size at 154 MHz. At each frequency, the individual primary beam corrected
XX and YY images were weighted using the inverse variance of the rms in the respective images
and then combined. The final XX and YY images were added together to produce the full total
intensity (Stokes I) image.

For the remaining frequencies (88, 118 and 188 MHz), we utilised the pipeline-processed GLEAM
images, described in detail in (Hurley-Walker et al., 2017). For each scan, the basic steps of this

pipeline are as follows,

e Perform a first-pass calibration using a single bright source, applied to all observations
(Hurley-Walker et al., 2014);

e Using WSCLEAN (Offringa et al., 2014), invert and clean multi-frequency-synthesis images
in instrumental Stokes, across the full bandwidth, stopping at the first negative clean

component;

e Use the MWA primary beam model (Sutinjo et al., 2015) to transform to astronomical
Stokes;

e Set Q, U and V to zero (i.e. assume that the sky is unpolarized) and use the same beam

model to transform back to instrumental Stokes;
e Use the sky model in a self-calibration loop to update the gain solutions;

e Form new multi-frequency synthesis images.

These individual images were then combined to produce the final total intensity images exactly

as described earlier.
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FIGURE 3.2: MWA 154 MHz (top) and 215 MHz (bottom) contour images. The 215
MHz contours are overlaid on ROSAT X-ray (0.1-2.4 keV) image. The units of the
X-ray image are in counts s~! arcmin~2. Both images have a robust weighting of 0.
The 154 MHz image has a resolution of 190" x 184" —85.6° while the 215 MHz image
has a resolution of 151" x 145", 68.2°. The synthesised beam is indicated at the bottom
left corner in both the images. Contours for the 154 MHz and 215 MHz images start at
54 mJy beam~! (30) and 33 mJy beam~! (30), respectively, and increase by a factor
of V2.
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3.2.3 Calibration

The absolute flux density calibration of the MWA images was tied to those of the GMRT images
at 150 and 325 MHz (Kale et al., 2012). For GMRT calibration, 3C147 and 3C48 as primary
calibrators. The Perley and Butler (2013) scale was used for absolute flux density calibration.
The secondary calibrators used in the GMRT 150 and 325 MHz observations were 0521-207 and
0837-198, respectively. The flux densities of these two calibrators obtained from GMRT at the
two frequencies agree to within 10% of their expected values based on the VLA calibrator list
(Kale et al., 2012).

The MWA 154 MHz image was calibrated using the GMRT 150 MHz image. Unresolved sources
in the GMRT 150 MHz image within a degree from A3376 were used to estimate an average
scaling factor between the GMRT 150 MHz and the MWA 154 MHz images

To calibrate the MWA 215 MHz image, the spectral indices of the same unresolved sources were
estimated between the GMRT 150 MHz and 325 MHz images. The extrapolated flux densities at
215 MHz were estimated for these sources. The MWA 215 MHz image was then scaled according
to the average value of the scaling factor. The images at 88, 118, and 188 MHz were also

calibrated in a manner similar to the one used for calibrating the MWA 215 MHz image.

The images at 154 and 215 MHz made from CASA and from pipeline-processing were compared.
At 154 MHz, the rms of the CASA processed image was 18 mJy beam ™! (Table 3.1) while that
of the pipeline processed image was 13 mJy beam™' . At 215 MHz, the rms of the CASA
image was 11 mJy beam~! (Table 3.1) while the pipeline image had an rms of 10 mJy beam~! .
The rms of the pipeline images could be expected to reduce further by mosaicking in narrower
frequency channels, resulting in fewer excluded images and thus a higher signal-to-noise ratio

(Hurley-Walker et al., in prep).

3.3 Results

The MWA images of the Abell 3376 region at 154 and 215 MHz are shown in Fig. 3.2. The
images at the other MWA frequencies are not presented here as they are essentially convolved
versions of the above images. The Abell 3376 images at 154 and 215 MHz show two prominent
relics just outside the region of X-ray emission: one toward the east and the other toward the
west of the X-ray emission (compare Fig. 3.1 and 3.2). The two relics are separated by ~ 2 Mpc
(~ 30") from each other. Both the east and west relics were detected at all the MWA frequencies.
No diffuse radio emission in the central regions of the cluster (halo) was detected down to the
GLEAM sensitivity. Table 3.1 lists the integrated flux densities of the relics and the upper limits

on the flux densities of a possible halo in the region between the relics.

There are two primary sources of errors in the estimation of the flux densities of the relics in
the MWA images. First, there is an error due to the uncertainties in the flux densities of the
unresolved sources used for calibration of the MWA images. This error is estimated to be ~10%.

Second, since the relics are extended sources in the MWA observations, the errors in their flux
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FIGURE 3.3: Spectra for the east and west relics. These spectra include measurements
from the GMRT observations at 150 and 325 MHz (Kale et al., 2012) (blue), from the
VLA observation at 1.4 GHz (Bagchi et al., 2006) (black) and from the current MWA
observations at 88, 118, 154, 188, 215 MHz (red). Also displayed are the best fit lines

for the respective data points as well as the spectral index estimates.
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density estimations will be the rms in the image multiplied by the square root of the ratio of
the solid angle of the relic to that of the synthesized beam. Since these two sources of errors are
unrelated, they are added in quadrature to estimate the final error on the flux densities of the

relics that are quoted in Table 3.1.

The left and the right panels in Fig. 3.3 show the spectra over the frequency range 80-1400 MHz,
for the east and the west relics, respectively. The spectral index of the east relic is —1.37 + 0.08
while that of the west relic is —1.17 + 0.06. A least-squares fitting method was used to estimate
the spectral index values from the flux density values given in Table 3.1. The reduced-x? values

for the fits on the east and west relics were 1.7 and 3.4, respectively.

3.4 Discussion

Abell 3376 shows two arc-like radio relics on either side of the X-ray emission from the cluster.
The arcs are oriented roughly perpendicularly to the merger axis of the cluster. Such a scenario
is in agreement with the models that predict two outgoing shocks in the aftermath of the merger

which are responsible for the radio emission seen from the arcs.

According to the DSA theory (Blandford and Eichler, 1987) the slope of the power law spectrum
of the number density of electrons, p, as a function of energy (N(E) oc EP), is related to the
Mach number of the shock, M, by

M?+1

1 b (3.1)

p=-2
This includes the effects of particle ageing due to inverse Compton and synchrotron radiation
losses under the assumption of continuous injection (Sarazin, 1999, Giacintucci et al., 2008). The

slope is related to the spectral index («) of the synchrotron radiation by

p+1
=—. 3.2
a="2 (3.2)
The spectral index is related to the flux density, S, by the standard relation, S o v, where v is
frequency. For the east relic, the spectral index is estimated to be —1.37 £ 0.08 which gives the
Mach number 2.53 4+ 0.23. For the west relic, the spectral index is estimated to be —1.17 +0.06,

which gives the Mach number 3.57 + 0.58.

Suzaku X-ray observations by Akamatsu et al. (2012) estimate the Mach number of the East
and West relics to be 2.91 £0.91. This number agrees with the value obtained from simulations
(Machado and Lima Neto, 2013) as well. The Mach numbers estimated here for both the relics

are consistent with the X-ray estimates.

The spectra of the relics show no breaks in the frequency range 80 to 1400 MHz. The shock
acceleration is expected to produce an initial injection index for the synchrotron radiation close

to -0.8. Radiation losses induce a break such that the spectral index after the break steepens by
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FIGURE 3.4: Plot showing the Lx — P 4 correlation for halos and relics. The filled
circles represent all known radio halos. The empty circles represent radio relics (Feretti
et al., 2012). The solid line represents the best fit for the Lx — P; 4 relation for halos
(log(Pr.4) — 24.5 = 0.195 + 2.06[log(Lx) — 45], Brunetti et al. (2009)). The arrows
represent upper limits on halo emission (Venturi et al., 2008, Kale et al., 2013). The
cross represents the A3376 relics. The diamond symbol shows the upper limit to halo
emission in A3376 as estimated by GMRT while the arrow below it represents the new
upper limit as estimated by the MWA.

0.5 to -1.3 (See for example, the relic radio galaxies in Slee et al. (2001)). The average spectral
index of the two relics is ~ -1.3. This is consistent with the break frequency being close to or
lower than the lower end of the spectrum (~ 80 MHz) shown in Fig. 3.3. The magnetic field in
the cluster can be assumed to be ~ 1uG (Govoni et al., 2013). We can estimate the spectral

ages of the relics as,

0.5

B -0.5
t = 1060 (14 2)v] %3, (3.3)

*+ Bic
where B is the magnetic field in the source, Bj¢ is the effective Inverse Compton magnetic field,

z is the redshift of the source and v is the break frequency (Slee et al., 2001). Based on these

values, the spectral ages of the relics is ~ 0.4 Gyr.

We have made the assumption here that the break frequency is 80 MHz. In reality, this break
could be lower than this which would imply that the spectral age is greater than 0.4 Gyr. This
estimated spectral age of the relics is, nevertheless, consistent with the age of the cluster (~ 0.5

Gyr) as obtained from simulations discussed later in this section.

The cluster merger responsible for the generation of the observed relics also generates turbulence
in the ICM which is believed to be able to re-accelerate electrons in the region between the relics
(Petrosian, 2001, Brunetti et al., 2001c). The region between the relics is then expected to host
a radio halo. No such radio halo is detected at the MWA frequencies. However, we have been
able to put an upper limit to the flux density from a possible halo in the central region of A3376.
Table 3.1 lists the mean flux densities observed in the central regions of A3376 in the MWA
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images. The mean value of the spectral index of halos is —1.34 £ 0.28 (Feretti et al. (2012)).
An upper limit to the radio power of a halo at 1.4 GHz can be estimated using the upper limit
at 154 MHz (Table 3.1) and extrapolating it to 1400 MHz using the mean value of the spectral
index quoted here. This power corresponds to 6 x 102 W Hz~!.

The upper limit is plotted in Fig 3.4 where the radio powers at 1.4 GHz and the corresponding
X-ray luminosities of known halos and relics are also plotted (Brunetti et al., 2009). The solid
line represents the best fit to the known halos. The upper limit on the radio power of the A3376

halo is lower by a factor of ~35 compared to that expected from the best fit line.

The upper limit on the radio power of the halo corresponds to a halo size of ~ 160 kpc (~ 3’) at
154 MHz. This corresponds to the beam size at 154 MHz. If the halo is more extended than this,
even with higher total radio power, it will be undetected because of limits on surface brightness
sensitivity. For a canonical halo as extended as 500 kpc, the upper limit on the radio power

would still be lower by a factor of ~ 4 as compared to that expected from the best-fit value.

In order to explain why no radio halo is detected in this cluster we first need to discuss some of
the time scales involved in the merger process. The separation between the two relics of A3376
is ~ 2 Mpe. Simulations by Machado and Lima Neto (2013) estimate that the shock velocity,
Vs, is ~ 2000 km s™! with an estimated dynamical timescale, tayn ~ 0.49 Gyr. This agrees with
their simulations of the gas morphology which puts the cluster at approximately 0.5 Gyr after

central passage.

MHD turbulence generated in cluster mergers has a decay time associated with it which is given
by Cassano and Brunetti (2005),

-1
v Liy; ny \ !

~y .4

Tiac(Gyr) (2000 km s—l) (1 Mpc) (0.25) : (3.4)

where v; is the relative velocity of the merging clusters at the time of impact and 7 is defined as
the fraction of energy in the form of turbulence that is converted into magnetosonic (MS) waves.
This means that the value of 7 defines the efficiency with which the electron population is re-
accelerated. The value of 7y can be approximated to 0.25 by using the constraint that the slope
of the radio spectrum of the halos is in the range, a = 1.1 — 1.5 (Kempner and Sarazin, 2001).
The value of v; is estimated from simulations (Machado and Lima Neto, 2013) to be ~ 1500
km s~!'. The typical injection length scale (Linj) of turbulence in galaxy clusters is 200 — 300
kpc (Brunetti and Lazarian, 2011). With these values in the above equation, the decay time
of turbulence for a cluster like A3376 is estimated to be 0.25 — 0.4 Gyr. Considering that it is
now ~ 0.5 Gyr since core passage of the cluster, most of the turbulence that would have been
generated at the time of merger would have dissipated. Furthermore, the half-life of these radio
emitting electrons is short, ~ 0.3 Gyr (Slee et al., 2001). Any radio halo that was generated

during the cluster merger is likely dissipated.

It has been postulated that in galaxy clusters there should be a long-lived component of cluster-
wide diffuse radio emission that is generated by relativistic electrons which are continuously

injected into the IGM by relativistic proton - thermal proton collisions (Brunetti and Lazarian,
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2011). The radio power of diffuse emission expected from these secondary particles is expected
to be at a level that is about an order of magnitude lower than that of the radio powers in
halos that are detected. The upper limit on the radio power of a halo in Abell 3376 is nearing
such levels. While the current limit is close to such a level, further lowering of these limits
either in this cluster or in other clusters will have implications for the secondary models of halo

production.

3.5 Summary

In this paper, we present low frequency radio observations of Abell 3376 using the Murchison
Widefield Array at 88, 118, 154, 188 and 215 MHz. The observations were carried out as part of
the GaLactic and Extragalactic All-sky MWA (GLEAM) survey. The observations were analysed
using Common Astronomy Software Applications (CASA) tools as well as specialised software
packages written to process the GLEAM data. Images were produced at all frequencies. Towards
the east and west peripheries of the cluster bright arcs of radio emission (relics) were detected at
all frequencies. These arcs, with a linear extent of ~ 1 Mpc each, are a result of outgoing shocks
produced by the merger event and are separated by ~ 1 Mpc from the cluster centre. Spectra
for both the relics were estimated using the flux densities estimated from the MWA images
along with those from previous observations of GMRT at 150 and 325 MHz and of VLA at 1400
MHz. The spectral indices of the east and west relics over the frequency range 80-1400 MHz are
—1.37 £ 0.08 and —1.17 + 0.06 respectively. The Mach numbers of the shocks estimated from
these indices are consistent with those estimated from Suzaku X-ray observations. Assuming
that the break frequency due to radiation losses corresponds to the lower end of the spectrum,
the age of the relics can be estimated to be ~ 0.37 Gyr. This age is consistent with the age of

the cluster estimated from simulations to be ~ 0.5 Gyr.

No diffuse radio emission was detected in the region between the relics. The upper limit on
the radio power of any possible halo of 160 kpc size is ~ 6x 102! W Hz~! at 1.4 GHz. This
is a factor of 35 lower than that expected from the correlation between radio powers and X-
ray luminosities of cluster halos. It is very likely that the radio emission from the halo has
substantially decayed over its age (~ 0.37 Gyr) considering that this time scale is comparable to
the life time of the radiating electrons at the MWA observing frequencies. The upper limit on
the radio power of a halo in Abell 3376 is a factor of 10 lower than most upper limits available so
far and is nearing levels at which radio emission from secondary electrons produced in relativistic
proton - thermal proton collisions is expected. Given the uncertainties in the hadronic model
(Brunetti and Lazarian, 2011) it is not possible to discuss the validity of the model based on
the observations of the cluster alone. However, observations of a large number of clusters with
MWA and LOFAR at the current limits of detection or using the SKA at improved sensitivities

will have implications on the hadronic model.
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RADIO HALOS AND RADIO RELICS WITH THE MWA

Based on Georyge et al., 2017, MNRAS

4.1 Introduction

Radio haloes are known to exhibit an empirical correlation between the radio power of the halo at
1.4 GHz and the X-ray luminosity of the galaxy cluster that hosts the halo (Brunetti et al., 2009,
Bacchi et al., 2003, Liang et al., 2000, Brunetti et al., 2007, Feretti, 2000, Govoni et al., 2001b).
Recent GMRT (Giant Metrewave Radio Telescope) observations of galaxy clusters (Venturi et al.,
2008, 2007) also found that galaxy clusters show a bi-modal nature in the Lx — P; 4 plot. In
many clusters where no radio halo was detected, upper limits to the halo emission were placed
that are a factor of 2-3 below the expected radio power. While it is possible that these clusters
do not contain any radio haloes at all, it could also just be that at the sensitivity limits of
the current generation of radio telescopes (e.g. GMRT, JVLA (Jansky Very Large Array)) any
possible weak halo emission from clusters is not detectable. However, if the hadronic model is
to be believed then there will always be a component of diffuse radio emission in galaxy clusters

due to relativistic protons.

For this reason it is important to study non-detections of radio haloes just as much as detec-
tions. Using next generation telescopes like the MWA (Lonsdale et al., 2009, Tingay et al.,
2013, Bowman et al., 2013), LOFAR (LOw Frequency ARray, van Haarlem et al. 2013) and the
upcoming SKA (Square Kilometer Array, Dewdney et al. 2013), which have better low surface
brightness sensitivity and uwv-coverage at short baselines as compared to existing telescopes, it
could be possible to detect previously undetected radio haloes. The radio power in these haloes
will also tell us what fraction of the power in haloes is contributed due to the hadronic model as

compared to the turbulence model.
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With this in mind, we decided to observe merging galaxy clusters with the MWA. These clusters
were chosen from literature on the basis of their position in the sky (Southern Hemisphere) as
well as existing observations of the cluster and whether or not any haloes and/or relics were
detected in them. Based on the above criteria we came up with a list of 9 galaxy clusters all of
which are claimed to host a halo and/or a relic based on higher frequency (1.4 GHz) observations.
These clusters are — Abell 13, Abell 548b, Abell 2063, Abell 2163, Abell 2254, Abell
2345, Abell 2744, PLCK G287.04+32.9 and RXC J1314.4-2515.

In section 2, we give the details of the observations of these clusters made with the MWA as well
as with the GMRT. The primary results of the paper are given in Section 3, with a discussion of
these results in Section 4. The main conclusions of the paper are summarized in Section 5. The

cosmology used in this paper is as follows: Qg = 0.3,Q5 = 0.7, Hy = 68 km/s/Mpc

4.2 Observations and Analysis

4.2.1 GLEAM Survey Images

The clusters studied in this paper were observed as part of the GaLactic and Extragalactic All-sky
MWA (GLEAM) Survey (Wayth et al., 2015). The survey was carried out at 5 frequency bands
between 72 and 230 MHz, centred on 88, 118, 154, 188 and 215 MHz with 30.72 MHz bandwidth
each. Fach full band was further divided into four sub-bands of 7.68 MHz bandwidth. The
GLEAM Survey was carried out over two years. During the first year, the frequency resolution
of the survey was 40 kHz while the time resolution was 0.5s. In the second year, the frequency
and time resolutions were changed to 10 kHz and 2s, respectively. For our purposes we used the

year one data.

The survey was carried out at seven declination settings

(6 = +18.6°,+1.6°,—13.0°, —26.7°, —40.0°, —55.0°, —72°), utilizing a drift-scan method. At the
beginning of the observation the telescope was electronically set to one of the seven declinations
and measurements were taken sequentially looping over the five frequencies every two minutes
(112 sec) as the sky drifted overhead. A set of calibrators were observed throughout each of the

observing nights.

This raw data was then analysed and sent through a pipeline to produce the final images used

in this paper. The basic steps of the analysis are as follows.

For each scan:

e A single bright source was used for a first-pass calibration on all the observations (Hurley-
Walker et al., 2014);

e Cleaning of the images was performed using WSCLEAN (Offringa et al., 2014);

e The primary beam model for the MWA, as described by Sutinjo et al. (2015), was used

to transform to astronomical Stokes;
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e Assuming the sky to be unpolarized, Stokes Q, U and V were set to zero and, using the

same beam model, converted back to instrumental Stokes;

e Self-calibration was now performed using this new sky model to produce the final multi-

frequency synthesis images;

The GLEAM images were calibrated in 3 steps: first, at each frequency, the model of a bright
source was used to transfer the complex antenna gains to the entire drift scan data of the night.
Second, self-calibration was performed as described earlier. Finally, bright point sources (> 8¢c)
were chosen and cross-matched with the VLA Lowfrequency Sky Survey Redux (VLSSr) at
74 MHz, Molonglo Radio Catalog (MRC) at 408 MHz and NRAO VLA Sky Survey (NVSS)
at 1400 MHz. A power law was fit to the spectra of the point sources and based on their
expected to observed flux densities, a declination dependant average scaling factor was estimated
at every MWA frequency and applied to the images. All the snapshots obtained during a night’s
observations were then combined in an inverse-noise-weighted fashion to produce mosaics at
every frequency. Note that during this procedure, the absolute flux density scale of sources was
set to the Baars scale (Baars et al., 1977). Details on all the above procedures can be found
in Hurley-Walker et al. (2017). For most of the sources used in this paper, the uncertainties in
their flux density measurements is ~ 8%. The images used in this paper are all taken from the
GLEAM survey.

In this chapter we make use of the 30.72 MHz bandwidth images centred at 88, 118 and 154 MHz
in addition to the 60 MHz bandwidth wideband image centred at 200 MHz. These wideband
images were made using observations in the frequency range 170 — 231 MHz. These wideband
images compromise between improved sensitivity and resolution and represent the best images
to search for diffuse cluster emission. These wideband images have a resolution of ~ 2” and an
RMS (Root Mean Square) value of ~ 6 mJy beam™! at 200 MHz.

Estimation of RMS values in the GLEAM images was carried out using the software package
Background And Noise Estimation (BANE) written by Paul Hancock !. The standard method
of estimating RMS from an image would be to estimate the mean and standard deviation in a
fixed size box around every pixel in the image and then average it. However, this method is

extremely time consuming and will also be biased due to the presence of sources in the image.

BANE uses a slightly modified version of this algorithm to quickly and accurately estimate the
RMS of an image. The software works on the principle that there is a high degree of correlation
between adjacent pixels in a radio image. As such, it is not necessary to estimate the mean and
standard deviation in a box at every pixel. Instead, boxes are drawn around every N pixel and,
first, contribution from the source pixels is removed by masking pixels greater than 3o. This
sigma clipping is performed three times and then, instead of the mean, the median is estimated
for each grid and interpolated to produce the background image. The same process is repeated
on the background subtracted image (data—background) and then the standard deviation of the

image is estimated.

"https://github. com/PaulHancock/Aegean/wiki/BANE


https://github.com/PaulHancock/Aegean/wiki/BANE

Halos and Relics with MWA 42

4.2.2 TGSS Images

The TGSS? is a fully observed survey of the radio sky at 150 MHz as visible from the GMRT,
covering the full declination range of -55 to +90 degrees. Data was recorded in half polarization
(RR,LL) every 2 seconds in 256 frequency channels across 16 MHz of bandwidth (140-156 MHz).
Each pointing was observed for about 15 minutes, split over 3 or more scans spaced out in time
to improve UV-coverage. As a service to the community, this archival data has been processed
with a fully automated pipeline based on the Source Peeling and Atmospheric Modelling (SPAM)
package (Intema et al., 2009, Intema, 2014), which includes direction-dependent calibration,

modelling and imaging to suppress mainly ionospheric phase errors.

In summary, the pipeline consists of two parts: a pre-processing part that converts the raw
data from individual observing sessions into pre-calibrated visibility data sets for all observed
pointings, and a main pipeline part that converts pre-calibrated visibility data per pointing into
stokes I continuum images. The flux density scale is set by calibration on 3C48, 3C147 and
3C286 using the models from Scaife and Heald (2012). More details on the processing pipeline
and characteristics of the data products can be found in the article on the first TGSS alternative
data release (ADRI; Intema et al. 2016). For this study, ADR1 images were used to create
mosaics at the cluster positions. These images have a resolution of ~ 25” and an RMS of ~ 5
mJy beam ™! at 150 MHz.

The primary purpose of using the TGSS images is that since they have better resolution than
the GLEAM images it would be easier to detect any blending of unrelated sources that might
occur with the haloes and relics. Such sources could then be identified and their flux densities

subtracted in order to accurately estimate the flux densities of the haloes and relics.

4.3 Results

In Table 4.1 we give the RMS values of the GLEAM images used in this paper as well as
those of the TGSS 150 MHz images at two separate resolutions, the original 25” images and
images tapered to 60” to highlight the diffuse nature of the emission. This table also gives
the resolutions of images at all the four GLEAM frequencies. Due to the poor resolution of the
GLEAM images, occasionally unrelated sources get blended with the haloes and relics of interest.
In order to estimate the flux densities of these haloes and relics at the GLEAM frequencies the
flux densities of the unrelated sources were subtracted. Table 4.2 shows the positions of these
unrelated sources as well as their flux densities at 200 MHz and their spectral indices. The
integrated flux densities of the haloes and relics are given in Table 4.3. Note here that while
the TGSS measurements use the calibration scale provided by Scaife and Heald (2012) and the
MWA uses the calibration scheme of Baars et al. (1977) the difference between the two scales is

~ 3% (Hurley-Walker et al., 2017).

2TIFR (Tata Institute of Fundamental Research) GMRT Sky Survey; see http://tgss.ncra.tifr.
res.in/
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Cluster MWA ("x"° /mJy beam~1 ) TGSS (mJy beam™1! )
88 MHz, 118 MHz 154 MHz 200 MHz 150 (25") 150 (60")

Al3 287263, -74 202x193, -76 153x147, -77 127x128, -83

37.7 19.3 12.7 7.8 5.0 11.4
A548D 282x265, 67  201x193, 72 153x148, 62  128x123, 39

38.2 16.6 12.1 6.0 4.5 9.4
A2063 324383, 0 236x204, 4 183x158, 1 146x127, 2

77.9 45.3 22.2 19.6 7.1 17.0
A2163 286x272, 0  206x197,-14 158x150, -8  129x122, -10

62.8 36.6 20.4 14.3 3.8 8.9
Aa95i 347x278,0  257x200,0  203x157,0  161x126, -2

106.9 65.9 35.7 37.6 4.4 10.9
O 203x282  203x198, 51 155150, -45 130x 125, -59

46.4 22.2 16.7 7.4 5.0 12.3
A2744 287x263, -56  204x191, -50 156x146, -55 129x122, -41

33.5 16.9 12.2 7.2 4.3 10.2

278x264, 72 201x194, 73 152x147, 37  125x122, 14
PLCK G287.0+32.9 37.9 19.7 12.2 5.6 5.0 10.2
277x264, 70 202x194, 64  152x149, 50  125x122, 61

RXC J1314.4-2515 42.4 24.0 15.0 8.5 5.4 10.2

TABLE 4.1: Image properties for the sample of clusters with known diffuse emission
studied here. Note that the TGSS beam is circular at both resolutions.

We also estimated the angular sizes of the haloes and relics at 200 MHz using the task imfit in
the Common Astronomy Software Analysis (CASA) package (Table 4.4). Also shown in Table 4.4

are the positions and linear extents of the haloes and relics as well as the redshifts of the clusters.

In Fig. 4.1, we show the contours of the GLEAM 200 MHz wideband images overlaid on the
respective X-ray images of the clusters. All the X-ray images were obtained from the HEASARC
webpage 2 or the XMM database 4. We used XMM-Newton and Chandra images where available.
Although we make use of the images at other MWA frequencies we are only showing the 200
MHz images as they have the best resolution and sensitivity. Fig. 4.2 shows the GLEAM 200
MHz image contours overlaid on the corresponding greyscale TGSS images at 60” resolution.
The exception to this is A13 for which we have used the 25” resolution image. Fig.4.3 shows the

spectra of all the halos and relics that were detected.

The results on the individual clusters are discussed below.

4.3.1 Abell 13

A low redshift cluster (z = 0.0946, Struble and Rood 1999) with a highly disturbed mor-
phology, the X-ray distribution of Abell 13 (A13) shows two distinct clumps centred around
the two brightest cluster galaxies (Juett et al., 2008). The X-ray luminosity of the cluster is
Lxjo.1-2.4kev] = 1.24 X 10%* ergs/s (Piffaretti et al., 2011). A13 was observed at radio frequen-
cies by Slee et al. (2001) where they detected an irregularly shaped relic at 1.4 GHz.

The temperature map of the cluster (Juett et al., 2008) shows a drop in the temperature at the

site of the radio relic. This seems to suggest that the origin of the relic in A13 is not shock

3http://heasarc.gsfc.nasa.gov/xamin/xamin. jsp
‘http://nxsa.esac.esa.int/nxsa-web
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Cluster Position S200 o
RA DEC (mJy)

Al13 00:13:33 -19:28:52 101.24 -2.0

A548b 05:45:21 -25:55:55 28.8 -0.74
05:45:27 -25:55:10 4.5 0
05:45:11  -25:54:55 22.2 -0.52
05:45:22 -25:47:30 74.8 -0.13

A2163 16:16:03 -06:09:28 81.65 -1.59
16:15:40 -06:13:48 373.48 -1.26
16:15:27 -06:07:02 224.35 -1.41
16:15:41 -06:09:08 28.46 -0.8
16:16:23 -06:06:46 237.2 -0.65

A2345 21:27:34 -12:10:58 143.25 -0.8
21:26:45 -12:07:29 199.22 -0.8

PLCK G287.0+32.9 11:50:43 -28:00:29 20.5 -0.6
11:50:40 -28:01:00 14.8 -0.38
11:50:33 -27:58:58 2.86 -0.28
11:50:34 -28:00:05 6.85 -0.94
11:50:50 -28:02:22 12.22  -0.6
11:50:56 -28:01:54 20.59 -0.62
11:51:00 -28:04:09 51.72 -0.92
11:50:52 -28:05:24 37.01 -0.56
11:50:46 -28:05:42 147.07 -0.9
11:50:59 -28:00:40 34.8 -1.37
11:50:50 -27:59:10  56.3 -0.6
11:50:54 -27:59:10 72.2 -0.81
11:50:59 -27:59:23 21.9 -1.44

TABLE 4.2: List of unrelated sources whose flux densities were subtracted from the

corresponding haloes and/or relics. The flux density of the unrelated source at any

given frequency is S, = Saoo * (Vmmuz/200)%. The spectral indices were estimated based

on the TGSS and the higher frequency observations. Detailed references for the higher
frequency observations are given in Table 4.3.

related as the temperature in regions around shock accelerated relics is usually greater than in

the cluster centres.

Fig. 4.1a shows the GLEAM 200 MHz contours of A13 overlaid on the corresponding XMM-
Newton image. The irregularly shaped object (A) towards the West of the X-ray emission is the
radio relic in A13. The other two sources — one to the N and the other to the SE of the X-ray
emission — are galaxies with optical counterparts and are unrelated to the relic emission. When
compared with the 1.4 GHz image of Slee et al. (2001), the relic is more extended in the GLEAM
images. This extension is over and above what can be expected due to convolution effects. The
apparently smaller extent of the relic emission at 1.4 GHz is due to the extended emission being
resolved out in the VLA-BnA configuration used by Slee et al. (2001).

In Fig. 4.2a we show the GLEAM 200 MHz contours overlaid on the corresponding 25” T'GSS
greyscale image where a faint source embedded within the MWA contours is seen to the NE of

the relic emission. This source is unrelated to the relic and has an optical counterpart. This
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source is not detected in the NVSS 1400 MHz image. We estimate the spectral index of this
source to be ~ —2 based on the TGSS 150 MHz measurement and the NVSS 1400 MHz upper
limit. This spectral index is consistent with the flux density estimate of this source at 74 MHz
from the VLSSr images. The extrapolated flux density of this source was subtracted from the
integrated flux density of source A to estimate the flux densities of the relic at all the GLEAM

survey frequencies used in this study.

The spectrum of the A13 relic is shown in Fig. 4.3a. No diffuse radio emission (halo) associated
with the cluster X-ray emission was detected. Slee et al. (2001) produced a spectrum for the
relic over the frequency range 80 — 1400 MHz which showed a curvature that is not seen by our
measurements. However, it should be mentioned that the curved spectrum of the A13 relic as
seen by Slee et al. (2001) is largely influenced by the Culgoora flux density measurements at 80
MHz. Given the uncertainty in the Culgoora measurements we do not believe that the A13 relic
has a curved spectrum. With the currently available more accurate flux density measurements
of the relic using MWA we believe the relic spectrum to fit a power law and not the curved

spectrum as seen by Slee et al. (2001).

4.3.2 Abell 548b

Abell 548b (A548b) is a dynamically unrelaxed cluster at a redshift of z = 0.0424 (den Hartog
and Katgert, 1996) but is not extremely X-ray luminous (Lxo.1—2.4kev] = 0.1 X 10%* ergs/s,

Piffaretti et al. 2011).

The cluster is claimed to contain two radio relics: one to the north and the other to the north-
west of the cluster centre. The NW relic was first detected by Giovannini et al. (1999) and later
confirmed through more detailed observations by Feretti et al. (2006). These two claimed relics
are ~ 500 kpc from the cluster centre and near the boundary of the X-ray emission (Solovyeva
et al., 2008).

In addition to the above two relics, Feretti et al. (2006) also detected diffuse emission from an
irregular source closer to the centre of the cluster. While not entirely certain of its nature, they
posit that this source could be the result of an internal shock in the cluster whereas the other

two relics are believed to trace the outgoing shocks generated at the time of cluster merger.

Fig. 4.1b shows the GLEAM 200 MHz contours overlaid on the XMM X-ray image of this cluster.
There are 4 sources of interest which we have labelled A, B, C and D in the figure. While the
source D is a known radio galaxy with an optical counterpart (PGC17721), the nature of the
sources A and B, that are claimed to be cluster relics ((Feretti et al., 2012)) is still a mystery.
We discuss this in detail in a later section of the paper. The central diffuse source (C), near the
northern edge of the X-ray emission, is a complex source. High resolution images of this source
(Feretti et al., 2006) reveal that source C is in fact a combination of 3 objects — the outer 2 of
which are compact objects even in the ATCA (Australia Telescope Compact Array) 2.5 GHz
images. The central object, however, is diffuse in nature and has no optical source associated
with it. We estimate the spectral index of this diffuse source between 118 MHz and 1.4 GHz to
be —0.7 = 0.1. Based on its radio morphology ((Feretti et al., 2006)) and spectral index, this
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source appears to be a radio galaxy. No diffuse radio emission (halo) associated with the X-ray

distribution was detected in this cluster.

In Fig. 4.2b we have overlaid the GLEAM 200 MHz contours on the corresponding 60” TGSS

image.

4.3.3 Abell 2063

Abell 2063 (A2063) is a low redshift (z = 0.0343, Hill and Oegerle 1993) galaxy cluster with an
X-ray luminosity of Lx[p.1—2.4kev] = 1.14 X 10** ergs/s (Reiprich and Bohringer, 2002).

The GLEAM 200 MHz contours for A2063 are overlaid on the Chandra X-ray emission in
Fig. 4.1c. In Fig. 4.2c the 200 MHz contours are overlaid on the corresponding TGSS im-
age. The TGSS radio source, which is unresolved at 25” resolution, has an optical counterpart
with a redshift corresponding to that of the galaxy cluster and is most likely a galaxy. The radio
emission shown in Fig. 4.1c is due to a combination of this head-tail radio galaxy and another
radio galaxy co-located with the X-ray emission. The latter source, [0L97]15204087, has been
discussed in Kanov et al. (2006). No diffuse emission in the form of relics or haloes were detected
in this cluster. The claimed relic in this cluster (Feretti et al., 2012) is the source 3C318.1 which
is 2.4 Mpc from the cluster centre and is a relic radio galaxy. This source is discussed in detail

by Komissarov and Gubanov (1994) and is not relevant to the present discussion.

4.3.4 Abell 2163

Abell 2163 (A2163) (z = 0.203, Struble and Rood 1999) is one of the hottest and most X-ray
luminous clusters known (Lxo.1-2.akev] = 20.16 x 10 ergs/s, Piffaretti et al. 2011). The X-ray
distribution of the cluster shows two primary subclusters — one to the west and a secondary one
to the north (Bourdin et al., 2011). The primary subcluster of A2163 (west) shows a bullet-like
nature suggesting a recent merger in the E-W direction. The north subcluster appears to have

not had any recent interaction with the west subcluster and is well separated from it.

This cluster contains a giant radio halo (I ~ 3 Mpc) in the middle and a small radio relic
north-east of the cluster centre (Feretti et al., 2001).

Figs. 4.1d and 4.2d show the GLEAM 200 MHz contours of this cluster overlaid on the cor-
responding XMM-Newton X-ray image and the TGSS image, respectively. The central radio
halo (A) and the relic (B) are detected in all the GLEAM images (see Table 4.3 for their flux
densities). These flux densities were estimated after subtracting the flux densities of unrelated
sources (Fig. 4.2d). The flux densities of these unrelated sources estimated at 150 MHz (TGSS
images) and at 1400 MHz ((Feretti et al., 2001)) were used to estimate their spectra and their
flux densities at all the GLEAM survey frequencies given in Table 4.3.
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4.3.5 Abell 2254

The galaxy cluster Abell 2254 (A2254) is a rich, X-ray luminous cluster (Lx[o.1—2.4kev] = 4.79 X
10%*rg ergs/s, Bohringer et al. 2000) located at a redshift of z = 0.178 (Crawford et al., 1995).

Optical and X-ray analysis of the cluster (Girardi et al., 2011) suggest that A2254 is a highly
disturbed cluster with a very complex morphology. There are two major clumps of galaxies
separated by ~ O.5h7_01 Mpc in the east-west direction. While the primary X-ray peak coincides
with the BCG (Brightest Cluster Galaxy), the secondary X-ray peak in the east clump does not,

suggesting that the cluster is still in the middle of an ongoing merger.

Radio observations of A2254 (Govoni et al., 2001a) show an irregularly shaped radio halo with
clumpy features. Fig. 4.1e shows the GLEAM 200 MHz contours overlaid on the corresponding
XMM X-ray image. The halo is seen at all the available GLEAM images.

We show the same 200 MHz contours overlaid on the corresponding 60” TGSS image in Fig. 4.2e.
Note that the RMS value in the 200 MHz image of A2254 is ~ 37 mJy beam ™! which is ~ 5 times
larger when compared with the RMS values in the other 200 MHz images. This is because of the
position of this cluster. At a declination of ~ +20d, A2254 is at the northern-most declination
setting for MWA which results in a larger synthesized beam and RMS.

4.3.6 Abell 2345

Abell 2345 (A2345) is a highly disturbed, X-ray luminous (Lx.1—2.4kev] = 3.9 X 10%* ergs/s,
Bohringer et al. 2004) galaxy cluster. The redshift of the cluster is found to be z = 0.1789
(Boschin et al., 2010).

Boschin et al. (2010) also highlighted the complex substructure in the cluster. A2345 contains
three distinct subclumps as seen in optical and X-ray. These clumps lie in the east, south-east

and north-west directions.

Extended diffuse emission from A2345 was first seen by Giovannini et al. (1999) as part of the
NRAO VLA Sky Survey (NVSS) and later confirmed through detailed observations at 325 MHz
and 1.4 GHz by Bonafede et al. (2009). The cluster contains two relics (A & B) on opposite
sides of the cluster centre, both ~ 1 Mpc from the cluster centre. Each relic is about 1 Mpc in

size.

In Fig. 4.1f, we show the GLEAM 200 MHz contours overlaid on the corresponding XMM X-ray
image. The two relics are seen to the east (A) and to the west (B) of the central X-ray emission.
The source above the east relic (C), which has a counterpart in the 60” TGSS image (Fig. 4.2f),
is an unresolved source, has an infra-red counterpart in the 2 Micron All Sky Survey images and
is unrelated to the relic emission. The source D is a cD galaxy while the source E is another
radio galaxy in the cluster (Bonafede et al., 2009). The image obtained after subtracting sources
D and E does not detect any radio halo that is associated with the cluster. Table 4.3 contains
the flux densities for the relics at all the GLEAM frequencies except 88 MHz where they get

blended with other sources.



Cluster Object Integrated Flux Densities (mJy) Lxj01-24kev]  log(P14)
88 MHz 118 MHz 150 MHz 154 MHz 200 MHz 325 MHz 610 MHz 1400 MHz 3000 MHz | (x10*) ergs™! W Hz™!
A13 H — — — — — - — — — 1.24 <21.79
R 444554+ 355.6 2817.44+2254 1868.1+186.8 1861.94149 12904 103 - - 355+ 1.7 - - 24.08
A548b H — — — — — - — — — 0.1 <21.00
B 196.05 +£15.68 114.51+£9.16 142.12+14.21 168.26 + 13.46 116.214+9.3 - - 60 + 52 - - 23.51
A 307.2 +24.6 298.4 4 23.9 203.9 4 20.4 256 +£20.5  230.1418.4 - - 61 £ 52 - - 23.51
A2063 H — — - - — - — - - 1.14 <21.23
A2163 H 2828.3+£226.3 1178 £94.2 563 & 56.3 12354+ 98.8 791.1 +£63.3 861+ 86.1° — 155 + 27 — 20.16 25.61
R 444.4 + 35.6 172.9+13.8 89.9+9 252.4420.2 1324+106 824823 - 18.74+0.3% - - 24.68
A2254 H 1899.8 £247  904.9+117.6 1086.9+141.3  607.8+79  289.4=+37.6 - - 33.7£3.37° - 4.79 24.79
A2345 H - - - - - - - — — 3.9 <22.38
R(E) - 623.9 4 49.9 555.6 & 55.6 592.34+47.4 419.8+33.6 188436 - 29 + (.48 - - 24.73
R(W) - 1164.24+93.1  1025.1+£102.5 932.3+74.6 747.44+59.8 291 + 46 - 30 £ 0.56 - - 24.74
A2744 H - 759.3+£60.7  414.9441.5 512.2 + 41 372.5+30 218 +21.8 - 57.1£0.57° - 11.82 25.73
R - 285.3 +22.8 202.9 4 20.3 203.6+16.3 129.2+10.3  98+10 - 18.2+0.18% - - 25.24
PLCK G287.0+32.9 H 314 +314 63 £67 26 +2.67 2.940.37 17.2 25.52
R(SE) | 621.4+49.7  438.3+35.1 382 4+ 38.2 280.74+22.5  268+20.2 11441147 50457 25+ 57 5.2 4 0.527 - 25.72
R(NW) | 855.3+224.3 683.9 4 168.1 620 =+ 62 433.2+934 356.8+£68.7 216+21.6" 110+117 15.2+1.527 - - 25.51
RXC J1314.5-2515 H — — — — — 40+3%  10.3+0.3° — — 9.89 24.18
R(E) - 96.6 + 7.7 104.8 £10.5 3814 7.7 86 + 6.9 52 + 48 28+1.4° 11.140.31° - - 24.71
R(W) - 425.3 + 34 519.8 & 52 267.74+21.4 263.1+21.1 137+£11% 64.8+32° 20.2+0.50 - 24.97

TABLE 4.3: Integrated flux densities of the haloes (H) and relics (R) from the current study. All the 150 MHz values are from the TGSS images. The
references for the other flux densities are as follows: Slee et al. (2001) 2Feretti et al. (2006) 3Feretti et al. (2004) “Feretti et al. (2001) *Govoni et al.
(2001a) *Bonafede et al. (2009) “Bonafede et al. (2014) 8Venturi et al. (2013) ?Venturi et al. (2007) °Feretti et al. (2005). The X-ray luminosities
were obtained from the MCXC meta-catalogue by Piffaretti et al. (2011). The only exception to this is PLCK G287.0+32.9 for which the X-ray

luminosity was obtained from Planck Collaboration et al. (2011).
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4.3.7 Abell 2744

The cluster Abell 2744 (A2744) is located at a redshift of z = 0.308 (Struble and Rood, 1999)
and is extremely luminous in X-ray (Lx[o.1-2.4kev] = 11.82 x 10%* ergs/s, Ebeling et al. (2010)).

Optical and X-ray analysis of this cluster (Kempner and David, 2004, Boschin et al., 2006, Owers

et al., 2011) shows that it is currently undergoing a merger in the north-south direction.

A giant radio halo (~ 2.4 Mpc) was first seen in the cluster by Govoni et al. (2001a,c). In
addition to the halo, this cluster also contains an elongated radio relic north-east of the cluster

centre.

The radio halo and the relic were detected in the GLEAM survey at all the observed frequencies
(Table 4.3). The flux densities of the halo and relic at 88 MHz are not given as they get blended
with each other at that frequency. Fig. 4.1g shows the GLEAM 200 MHz contours overlaid on
the XMM X-ray image. The contours of the radio halo (A) are aligned with the X-ray emission.
The radio relic (B) is the source NE of the X-ray and halo emission. The source SE of the X-ray
distribution has an optical counterpart and is unrelated to the halo and relic emission. The
GLEAM 200 MHz contours are overlaid on the corresponding 60” TGSS image in Fig. 4.2g.

4.3.8 PLCK G287.0+32.9

PLCK G287.0+32.9 is a high redshift (z = 0.39), highly X-ray luminous (Lx{o.1—2.4kev] = 17.2 X
10** ergs/s, Planck Collaboration et al. 2011) galaxy cluster which contains radio relics (Bagchi

et al., 2011) on opposite sides of the cluster centre to the north and south.

Subsequent observations of the cluster (Bonafede et al., 2014) revealed that the source identified
by Bagchi et al. (2011) as the north relic was in fact the lobe emission from a galaxy. The true
north relic was located south-west of this emission. The projected separation between the relics
was estimated to be ~ 3.2 Mpc which is one of the largest known separations between double

relics. The cluster also contains a radio halo near the cluster centre (Bonafede et al., 2014).

In Fig. 4.1h we show the GLEAM 200 MHz contours overlaid on the corresponding XMM-Newton
image. The south-east relic (SE), the north-west relic (NW) and the halo (H) are marked in the
figure. Also shown are the galaxy (G) and the region further to the north-west (F) which get
blended with the north-west relic and halo at frequencies below 200 MHz. GMRT observations of
the cluster by Bonafede et al. (2014) at 150 (50”), 325 (13”) and 610 MHz (7”) show the presence
of 10 unresolved sources near the halo and north-west relic region. In order to estimate the flux
density of the north-west relic we first had to subtract the flux densities of all these unrelated
sources. The flux densities of these unrelated sources at GMRT frequencies are available in
Bonafede et al. (2014) and the extrapolated flux densities at MWA frequencies were subtracted
from the total flux density in this region. Subtracting all the unrelated sources still leaves the halo
and the north-west relic blended. We extrapolated the halo flux density to the MWA frequencies
using the flux density values given in Bonafede et al. (2014) (Table 4.3) and subtracted it from
the remaining flux density. This is quoted as the flux density of the north-west relic in Table 4.3.
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Fig. 4.2h shows the GLEAM 200 MHz contours overlaid on the corresponding 60” TGSS 150
MHz image. Note that the TGSS image also detects the radio halo.

In Fig. 4.3k and 4.31 we plot the spectra for the north-west and the south-east relic, respectively.

4.3.9 RXC J1314.4-2515

A highly X-ray luminous cluster (Lxo.1—2.4kev] = 9-89 X 10%** ergs/s, Piffaretti et al. 2011),
RXC J1314.4-2515 is at a redshift of z = 0.247 (Valtchanov et al., 2002). The X-ray emission is
distorted in the NW-SE direction and is not centred on the two BCGs in the cluster (Valtchanov
et al., 2002).

Radio observations of the cluster (Venturi et al., 2007, Feretti et al., 2005) reveal the presence
of two radio relics — one to the east and another to the west of the cluster and a radio halo in

the middle with a bridge to the west relic.

Fig. 4.1i shows the GLEAM 200 MHz contours of the cluster overlaid on the corresponding XMM
X-ray image. The contours of the east relic (A) are seen towards the edge of the X-ray emission.
The source seen to the west of the X-ray emission (B) is a convolution of the west relic and
the radio halo in the cluster. Even at 200 MHz it is not possible to separate the halo emission
from that of the west relic. Estimating the flux density of the east relic was straightforward. In
order to estimate the flux density of the west relic we first extrapolated the flux density of the
halo at 610 MHz (Venturi et al., 2007) to the MWA frequencies (up to 118 MHz) by assuming
a spectral index of —1.34. This spectral index of —1.34 is the average spectral index of haloes
from literature (Feretti et al., 2012). This extrapolated halo flux density was subtracted from
the total flux density of the region B in order to get the flux density of the west relic. At 88
MHz, however, the east relic gets blended with the west relic and the halo and hence their flux
densities are not estimated at 88MHz (Table 4.3).

In Fig. 4.2i we show the contours of the GLEAM 200 MHz image overlaid on the corresponding
60” TGSS image.

4.4 Discussion

Combining the GLEAM and TGSS flux density measurements along with all available measure-
ments in literature (see Table 4.3) we estimated the spectral indices of the detected haloes and
relics in the range 80 — 1400 MHz. In the case of PLCK G287.0432.9, however, the spectrum
is estimated over the range 80 — 3000 MHz. In Fig. 4.3 we have shown the spectra of the radio
haloes and relics in the 9 clusters we observed. The spectra follow a power law over the frequency
range 80 — 1400(/3000)) MHz with no breaks. The mean values are @ = —1.13 +0.21 for haloes
and a = —1.2+0.19 for relics. These mean values are in agreement, within errors, with the mean
values of spectral indices in literature for haloes (o« = —1.3440.28) and relics (v = —1.4240.37)

(Feretti et al., 2012). Most of the spectral index estimates of haloes and relics in literature are
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FIGURE 4.1: GLEAM 200 MHz contours (60 MHz bandwidth) overlaid on the respec-
tive X-ray images of the clusters. The contours start at 30 (at 20 for A2254) and
increase by /2 thereafter. See Table 4.1 for ¢ values. The first negative contour at 3o
(at 20 for A2254) is also plotted (dashed lines). The full-width half maximum of the
synthesized beam of the MWA is indicated in the bottom left-hand corner.
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FIGURE 4.2: GLEAM 200 MHz (60 MHz bandwidth) contours overlaid on the corre-
sponding greyscale TGSS 150 MHz images. All the TGSS images are at 60” resolution
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increase by v/2 thereafter. The first negative contour at 30 (at 20 for A2254) is also
plotted (dashed lines). The full-width half maxima of the synthesized beams of the
GLEAM and TGSS images are indicated in the bottom left-hand corner.



Halos

and Relics with MWA

93

10* 10° 108
0 =-1.74+0.04 0=-038+0.09 0=-061+0.05
NDF = 4.00 NDF = 4.00 NDF = 4.00
x% =0.90 22 =577 x2=1.98
_10°
£ 1
£
- I I
2
10 102 L 10°
A13 (R
3R AS48b (B) A548b ()
(A) (B) ()
10* 104 10*
o =-1.05+0.19 0=-1.40+0.14
@=-080£0.19 NDF = 5.00 NDF = 4.00
NDF = 5.00 »2 =2039 »2=8.10
I 2_
2002 | 10?
3 ;
Eq0?
@ 1
I 2
10° 102
A2254 (H)
A2163 (H) A2163 (R)
(D) (E) (F)
10* 10* 10*
0 =-129+0.07 0 =-152+0.08 0=-1.09+0.05
NDF = 4.00 NDF = 4.00 NDF =4.00
22=238 =272 X" =134
3
10° 10° ' 10
5 I {
E
@
1
102
102 102
A2744 (H)
A2345 (E) A2345 (W)
(G) (1) (1)
10* 104 10*
o o=-1.19+0.03 a=-1.36+0.04
o=-1.01+0.07 [19+008 NOE = 600
NDF = 4.00 2061 %?=1.30
=227 L= 3
5 10
10
PRy}
5 10 .
» i 102
102
102 I
A2744 (R) PLCK G287.0+32.9 (NW) 10 PLCK G287.0+32.9 (SE)
() () (L)
10* 10t
0=-1.03+0.12 0=-1.22+0.09
NDE - 5.00 NDF = 5.00
%" =9.03 ¥¥ =517
3
10 10°
s
£
@ 2
10 1
10
r
o RXC J1314.4-2515 (E) RXC J1314.4-2515 (W)
102 10° 102 10°

FI1GURE 4.3: Spectra of haloes and relics.

v (MHz)

(M)

v (MHz)

(N)

Data points in red colour are from the
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telescopes. Note that the range of frequencies along the x-axis is identical in all the
panels and is specified in the bottom-most panel. Every panel also shows the spectral
index value (o), the number of degrees of freedom (NDF) and the reduced x? value of

the fit.
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Cluster Object z e ) Angular Size ("x”,°) Linear Size
emaj emin pa kpc kpc
Al13 0.094 00:13:28 -19:29:58 150 108 36 260 180
A548b 0.042 05:45:22 -25:47:07 84 72 45 110 89
05:44:50 -25:50:37 168 102 96 180 130

A2063 0.035
A2163 0.203 16:15:45 —-06:09:07 234 132 51 970 390
16:16:10 -06:05:02 193 102 92 660 350
A2254 0.178 17:17:52 +419:40:37 147 109 0 450 340
A2345 (E) 0.179 21:27:34 -12:10:41 276 78 157 710 270
21:26:43 —-12:07:56 174 60 41 590 180
A2744 0.308 00:14:20 -30:23:29 192 132 63 1010 690

00:14:37  -30:20:22 204 102 132 1100 400

PLCK G287.0+32.9 0.39 11:50:49 -28:04:36 210 150 117 900 750

(SE) 11:51:12  -28:11:41 252 96 7 1530 670

(NW) 11:50:49 -28:03:35 192 132 38 860 410
RXC J1314.5-2515 0.244

(E) 13:14:44  -25:15:03 192 120 143 660 600

el Rl Rl Rl e
=

TABLE 4.4: Halos and relics detected by MWA. Columns 4 and 5 correspond to the

peaks of emission at 200 MHz of the corresponding haloes and relics. No helo or relic

was detected in A2063. The radio halo and the west relic in RXC J1314.5-2515 are
blended even in the 200 MHz GLEAM image.

Cluster RMS Resolution Linear Extent
(mJy beam ™" ) (") (kpc)
A13 9.2 133 240
Ab548b 7.8 132 120
A2063 19.2 121 88
A2345 9.2 136 420

TABLE 4.5: Upper limit clusters. The linear extents corresponding to the resolutions
are given.

in the range 325 — 1400 MHz, while in the current study the estimates are in the range 80 — 1400
MHz or 80 — 3000 MHz.

There are two exceptions to this result in our sample of clusters. The first is A548b whose relics
have flat spectral indices (—0.61 (A) and —0.38 (B)) and the other is A13 where the relic has a

steeper spectral index of —1.74.

The steep spectrum of the A13 relic can be attributed to the fact that it is not a typical shock
accelerated relic. X-ray analysis using Chandra (Juett et al., 2008) shows that while the cluster is
undergoing a merger event there are no shocks near the position of the radio relic. Moreover, the
1.4 GHz image of A13 shows this relic radio emission trailing from the brightest cluster galaxy
located at the peak of the X-ray emission. The above authors suggest that this galaxy could
have hosted an AGN in the past and the relic is a remnant of that emission. They propose two
scenarios to explain this: either the radio plasma rose buoyantly to its current position, or the

galaxy moved away during the merger event leaving behind the radio plasma that is now seen
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FIGURE 4.4: Plot showing the relation between the Lxo.1—2.4kev) Of a cluster and the
radio power at 1.4 GHz (P 4) of the halo in the cluster. The filled blue circles represent
all the known radio haloes (Feretti et al., 2012). The solid black line is the best fit to the
Lx — Py 4 relation for radio haloes (Brunetti et al., 2009). The black arrows represent
the upper limits to halo emission (Venturi et al., 2008, Kale et al., 2013, Venturi et al.,
2007). The MWA halo detections are shown as red squares while the upper limits are
shown as red arrows. Note that the MWA upper limits were estimated using the RMS
values estimated in the respective images at 200 MHz and then extrapolating to 1.4
GHz with a spectral index of —1.34. The four MWA upper limits, from left to right,
are — A548b, A2063, A13 and A2345. The five MWA halo detections, from left to right,
are — PLCK G287.0+32.9, A2254, RXC J1314.4-2515, A2744 and A2163. The green
arrows show the upper limits to the radio powers in the off-state radio haloes based on
their X-ray luminosities as given by Brown et al. (2011).

as a relic. In either scenario, there is no influx of new high energy electrons to this relic as the
AGN is not active any more. As a result, the radio spectrum of this relic emission is steeper than
the mean spectra of cluster relics which are produced by cluster merger shocks. This source is a

relic radio galaxy rather than a cluster relic.

In the case of A548b, it is debatable if the sources A and B are truly radio relics driven by
merger shocks of the cluster or merely the lobes of radio emission produced by one or more of

the cluster galaxies detected in the vicinity of these sources, including the source D (Fig. 1).

It is possible to consider the sources A and B as relics in the cluster produced by merger shocks.
There is some evidence supporting this scenario because the temperature distribution of the
cluster shows a jump near the positions of the sources A and B (Solovyeva et al., 2008). However,
as has been discussed in this paper, the relics are toward the outskirts of the cluster and are

located in a region of poor signal to noise ratio in the X-ray images. So, the evidence for
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the temperature jump near the relics is rather marginal. Furthermore, the radio morphologies
of the relics observed in the higher frequency images (Feretti et al. (2006)) do not show any
sharp boundaries usually observed in other cluster relics, but, are rather diffuse and irregular,
resembling more like the radio emission or, the relict radio emission produced by radio galaxies

and / or quasars.

It apears more likely that the sources A and B are lobes created by one or more of the cluster
galaxies. In the case of source B, there is a small angular diameter (4" x 2”) cluster radio
source (ESO 488-G006) with a flat spectral index embedded in this diffuse emission (Feretti
et al. (2006)). In the case of source A, there are two cluster galaxies (source D and the extension
seen toward south-west of source A in Fig. 1) within ~ 100 kpc of this diffuse radio emission

either of which could be responsible for this diffuse radio emission.

It appears that the sources A and B are more likely to be lobes of radio galaxies rather than

cluster relics.

Fig. 4.4 shows the empirical relation (Lx — P;.4) between the radio power of the halo at 1.4
GHz (Py.4) and the total X-ray luminosity of the cluster (Lx) in the range 0.1-2.4 keV. Based
on the GMRT Radio Halo Survey, Brunetti et al. (2009, 2007) estimated upper limits to the
halo emission in clusters where none were detected. The upper limits plotted in Fig. 4.4 (black
crosses) (Venturi et al., 2008, Kale et al., 2013, Venturi et al., 2007) correspond to clusters in the
redshift range z = 0.2 — 0.4 and to an assumed halo size of 1 Mpc. These upper limits appear
to correspond to off-state clusters compared to the detections which are in an on-state. It has
been known that, for the most part, on-state clusters are the more disturbed clusters while the
off-state clusters are relaxed. However, if the hadronic model is to be believed, there should be

some amount of relativistic electrons in the ICM in either case.

Five of the nine clusters studied in this paper contain radio haloes which were detected by
MWA. These clusters are shown in Fig. 4.4 with red squares. No radio haloes were detected
in the remaining four clusters — A13, A548b, A2063 and A2345. Based on the RMS values in
the respective images at 200 MHz, we have been able to put upper limits on the radio powers
of any possible radio haloes that might be present in these clusters. These RMS values were
estimated after removing the already known non halo sources in the GLEAM 200 MHz images
using BANE (see Section 2.1) and then estimating the RMS values from the central regions of
the clusters in the residual images. The RMS values thus estimated correspond to radio powers
of haloes whose linear extents are comparable to those of the spatial resolutions in these images.
The linear sizes corresponding to the spatial resolutions in these four images are given in column
4 of Table 4.5. The upper limits shown in Fig. 4.4 (red crosses) correspond to radio powers of
such haloes. However, note that these upper limits at 1.4 GHz were obtained after extrapolating
the respective values at 200 MHz with a spectral index of —1.34 which is the mean value of the
spectral indices of haloes (Feretti et al., 2012). If the haloes in the current sample have spectra
which are steeper than the mean value then the limits would be lower than those estimated here.
The upper limit to the radio power of halo emission from A548b is consistent with that expected
from the empirical Lx — P; 4 relation (best-fit line shown in Fig. 4.4). Note that this best-fit line
(Brunetti et al., 2009) corresponds to Giant Radio Haloes with linear extent, [ 2 1 Mpc. We

discuss the upper limits on the remaining three clusters below.
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The upper limits on the radio powers of haloes at 1.4 GHz in A13, A2063 and A2345 (shown
in Fig. 4.4) are factors of ~ 30, 120 and 90 below that expected from the Lx — P 4 relation
respectively. If the extents of the radio haloes in these clusters are ~ Mpc (canonical halo size)
the upper limit obtained for A2063 is consistent with the Lx — P; 4 relation. However the upper
limits obtained for A13 and A2345 are lower than the expected values by a factor of ~ 2 and 20

respectively.

Estimates of the upper limits on the radio powers of haloes in galaxy clusters have been carried
out before. Brown et al. (2011) used the radio continuum images of galaxy clusters from the
Sydney University Molonglo Sky Survey (SUMSS, Bock et al. 1999) in order to estimate such
constraints. By stacking 105 clusters based on their X-ray luminosities, they found that for high

0% ergs/s) clusters, the upper limit on the average radio power is

X-ray luminosity (Lx > 3 x 1
(1.95 + 0.75) x 102> W Hz~!, whereas for the low luminosity (Lx < 3 x 10** ergs/s) clusters,
the upper limit on the average radio power is (0.66 +0.89) x 10?3 W Hz~!. The green arrows in
Fig. 4.4 show the upper limits for both low and high X-ray luminosity clusters. The individual
upper limits obtained in this study with the MWA observations are comparable to, or, better

than the average limits obtained by Brown et al. (2011).

It is instructive to discuss the upper limits on the radio powers of haloes in many clusters in
the context of the hadronic, or, secondary model. In order to estimate the contribution of the
secondary model to radio emission from haloes, it is necessary to first estimate the contribution of
high energy cosmic ray (CR) protons to the energy content of the cluster. Brunetti et al. (2008)
show (Fig. 3 in their paper) how the ratio of the relativistic protons to the thermal protons
(ep/€sn) varies as a function of the magnetic field (B) in the cluster. This relation depends on

9 where p is the particle momentum)

the spectral index (9) of the proton distribution (N (p) o p~
as well as the temperature (T') and the number density of thermal protons (n4y,) in the cluster.
Assuming n, in the system to be ~ 1500 m~ and the proton spectral index § = 2.5, Fig. 3 in
Brunetti et al. (2008) shows how the energy density of cosmic-ray protons varies as a function
of its magnetic field. Increasing the magnetic field from 0.5uG to 5uG (Bonafede et al., 2010)
decreases the energy content of the cluster due to the CR proton component from 10% to 0.25%.
Furthermore, Brunetti and Blasi (2005) show that for a given magnetic field, the efficiency of
electron acceleration decreases with increasing values of both ngy, as well as €, /e, due to the

increased damping of Alfvén waves on the protons.

Recent analysis of the Coma cluster (Brunetti and Lazarian, 2011) suggests that the strength
of synchrotron emission due to the hadronic model is a factor of 10 smaller as compared to the
primary model. The upper limits on the radio powers of haloes in A13 and A2345 are ~ 10 times
below the expected value. However, the upper limit on the radio power of a halo in A2063 is
more than 50 times smaller than that expected. It should be noted, however, that the number
of unknowns in these systems is still quite large. While the electron density (ne), and hence the
proton density (n,) in the clusters are known, the magnetic field, B, and the CR proton energy
content, €,/¢€n, are still unknown. The cluster A2063, being a relaxed cluster could well host
a weak magnetic field (< 1 pG) resulting in a much weaker emission from the hadronic model.
Independent measurements of magnetic fields in these clusters is crucial to the verification of the

hadronic models.
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4.5 Summary

In this chapter, we have presented low frequency observations of 9 merging galaxy clusters
using the Murchison Widefield Array. Theses observations were carried out at 5 frequencies
(88, 118, 154, 188 and 215 MHz) as part of the GaLactic and Extragalactic All-sky MWA
(GLEAM) Survey. The images were products of a standard pipeline developed to analyse all
of the GLEAM survey data. Furthermore, better resolution (~ 60”) TGSS 150 MHz images
were used to compare with the corresponding MWA images in order to identify and subtract

unrelated sources that are blended with the halo and relic emission.

We have detected radio relics in 7 of the 9 clusters and also estimated their spectra over the
frequency range 80 — 1400 MHz (or, in the case of PLCK G287.04+32.9, 80 — 3000 MHz). These
spectra were found to be fit by a power law over this range. The cluster A548b was found to
contain radio sources (which were claimed to be relics) with the flattest spectral indices in the
current sample (—0.38 and —0.61). Based on the current study we believe these sources to be
radio lobes rather than relics produced in merger shocks. The relic in A13 was found to have
the steepest spectrum in the current sample (o« = —1.74). However, the origin of this relic is not

due to merger driven shocks but rather it is the remnant emission from an old radio galaxy.

In 5 of the 9 clusters we detected the radio haloes that were first seen in high frequency (~ 1.4
GHz) observations. Their spectra fit a power law with no breaks in the range 80 — 1400 MHz.
In the remaining 4 clusters where no radio haloes were detected, we have placed upper limits
to their radio powers. These upper limits are a factor of 2 — 20 below that expected from an
empirical relation between the X-ray luminosities of clusters and the radio powers of haloes in the
corresponding clusters. Lack of independent measurements of magnetic fields in these clusters

precludes one from putting serious constraints on the hadronic model at this stage.



CHAPTER

FIVE

ABELL 168: DISCOVERY OF RADIO RELIC USING MWA

5.1 Motivation

As mentioned earlier, low frequency observations of galaxy clusters are better suited for the
observation of diffuse, extended radio emission in galaxy clusters seen in the form of radio halos
and relics, especially at lower redshifts (z < 0.1). This is because at these redshifts the angular
size of ~Mpc sized objects will be > 10" which can get resolved out at higher frequency (~ 1
GHz) interferometric measurements. Furthermore, the X-ray luminosity function for galaxy
clusters (Bohringer et al., 2002) suggests that there are a lot more low luminosity clusters than
high luminosity ones. Therefore, if the Lx — P 4 relation for halos is to be believed the halos in
these clusters will have correspondingly lower radio power which might have been missed by the
current generation of telescopes. Additionally, these halos and relics could have steep spectra
(a < —1.5) as predicted by the turbulence model in which case they would also be likely to have

missed detection at higher frequencies.

5.2 Sample Selection

With this motivation in mind we decided to search for clusters at low redshifts where extended
emission could have been missed in earlier surveys like NVSS, WSRT, ATCA and GMRT. We
first used the MCXC (Meta-Catalogue of X-ray detected Clusters of galaxies) catalog to compile
a list of cluster with redshift z < 0.1. The MCXC is a very large X-ray cluster catalog based on
publicly available ROSAT All Sky Survey-based (NORAS, REFLEX, BCS, SGP, NEP, MACS,
and CIZA) and serendipitous (160SD, 400SD, SHARC, WARPS, and EMSS) cluster catalogues
(Piffaretti et al., 2011). No additional cutoff was used for compiling a list of target clusters.

This criterion resulted in a final list of 440 clusters derived from the MCXC catalog. These
clusters were then studied in the radio regime using the 200 MHz wideband GLEAM survey
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Cluster RA(J2000) DEC(J2000) 2  Lg(0.1—2.4keV)  Msoo Yot
Name (hh:mm:ss) (dd:mm:ss) 10% erg/s 101 Mo 101 M,

A168 01:15:9.8 00:14:51 0.045 0.46 1.24 1.52

TABLE 5.1: Some details about the cluster A168.

images. Every cluster position was observed by eye to check for any possible diffuse emission
either in the form of a central halo or relics in the periphery. After removing all clusters where
halo and relic emission was previously known we were left with a final sample of 10 clusters
where extended emission was detected. These were — A168, A644, A761, A3223, A3266,
MCXC J0137.2-0912, MCXC J2146.3-5717, MCXC J0341.2+1534, MCXC J0330.0-
5235 and MCXC J2319.1-4206. Of these 10 the latter 5 suffer from confusion from nearby
galaxies and/or radio jets from these galaxies. The former 5 are the most promising in terms
of detection of halo and/or relic emission. We present in this chapter preliminary results of the
analysis one of these 5 clusters — A168. The remaining 4 clusters show signs of diffue emission

in the form of halos and/or relics and are being analysed.

5.3 Abell 168

A 168 is a nearby (z = 0.045) cluster with richness class of II-III (BM classification) (Yang et al.,
2004a). Ulmer et al. (1992) noticed the positional discrepancy of 10’ between optical and X-ray
centre. This could indicate that this cluster was formed by the collision of two approximately
same size sub-clusters. Tomita et al. (1996) first reported, based on Einstein IPC observation,
that the X-ray emission of A168 has two peaks with surface brightness of 9 x 10714 and 3 x 10~14
erg/s/cm?, respectively. In a recent X-ray observation with the Chandra telescope, Yang et al.
(2004b) also found two X-ray peaks correspond with the two subclusters; a northern subcluster
(A168N) and a southern subcluster (A168S). Further X-ray observation reveals that the X-ray
isophotes surrounding the two X-ray peaks are heavily disturbed and an elongated and continu-
ous filament connects the two X-ray peaks. This indicates that strong interactions has occurred
between the two subclusters. Yang et al. (2004a) have obtained superior quality observations of
A168 with 13 intermediate filters of BATC (Beijing-Arizona-Taiwan-Connecticut) photometirc
system. The SDSS database also contains photometry and the spectroscopic redshift measure-
ment for A168 cluster region. After a cross matching between these two observations, Yang et al.
(2004a) compiled a catalogue comprising of 1553 galaxies down to ' < 20.0 mag. In this catalog,
there are 121 spectroscopically confirmed member galaxies and 255 newly selected members. All
of these member galaxies (376) show an elongated distribution along the northwest-southeast
direction with a position angle of ~ 30° which is consistent with the spatial characteristic of
X-ray distribution. There is also evidence of deviation of the ¢D galaxy (UGC 00797) and the
two X-ray peaks from the local density peak, suggesting the existence of substructures in A168.
Further investigation shows an obvious difference in the galaxy content of these two subclus-
ters. A168S is dominated by bright galaxies, while A168N has larger number of faint galaxies.
A168N is a subsystem associated with the c¢D galaxy and likely to be a more evolved system than

A168S. All these indications are consistent and support the theory that A168 is likely to be a
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head-on merging system at an early stage of the process and that the collision is occurring along
the direction perpendicular to our line of sight. However, X-ray observations by Hallman and
Markevitch (2004) suggest that core passage between the two subclusters has already occurred

at least once. The northern subcluster has reached its apocentre and is about to turn around.

5.4 Radio observation

The radio relic in A168 is not visible in any of the previous radio observations such as NVSS or
TGSS. The wideband image between 170-230 MHz (which has the best resolution) reveals the
presence of the relic at the north-west edge of the cluster as seen in Figure 5.1. The regions
marked A1, A2 and B towards the periphery of the cluster are the regions of extended emission.
None of these sources have optical counterparts associated with them. While the relic (B)
is visible at all MWA frequencies, it gets blended with other nearby point sources at lower
frequencies. Poor angular resolution of MWA is the main limitation to study this relic at low
frequencies, except wideband images. Also marked in the figure are two sources to the west of
the relic emission marked C and D which have optical counterparts and get blended with the
relic at lower frequencies. The bottom panel of Figure 5.1 shows the MWA 154 MHz contours
overlaid on the 60" resolution 150 MHz TGSS image.

5.4.1 GMRT Observations

The cluster was also observed using the GMRT at 325 and 610 MHz. The observation was
carried out on November 27 and 28, 2016 for a total of 8 hours at each frequency. The total

instantaneous bandwidth at each frequency was 32 MHz which was divided into 256 channels.

This GMRT 325 and 610 MHz data has been processed with a fully automated pipeline based
on the SPAM package (Intema et al., 2009, Intema, 2014), which includes direction-dependent
calibration, modeling and imaging to suppress ionospheric phase errors. The pipeline consists of
two parts: a pre-processing part that converts the raw data from individual observing sessions
into pre-calibrated visibility data sets for all observed pointings, and a main pipeline part that
converts these pre-calibrated visibility data sets into stokes I continuum images. The flux scale
is set with 3C48 and 3C147 as primary calibrators using the models from Scaife and Heald
(2012). Phase calibration was done using 00594001 as secondary calibrator. More details on
the processing pipeline and characteristics of the data products has been given in a paper on the
first TGSS alternative data release (Intema et al., 2016, ADR1).

Figure 5.2 shows the MWA 200 MHz contours overlaid on the 325 MHz (top) and 610 MHz (bot-
tom) GMRT images, respectively. As mentioned in Chapter 4, the calibration scheme between
Baars et al. (1977) and Scaife and Heald (2012) is in agreement to ~ 3%. In order to re-confirm
the calibration between the MWA and GMRT images the spectrum of 10 point sources in the
field of view was estimated using the MWA and GMRT images. They were found to fit a power

law with an average spectral index o = 0.75 4+ 0.13. This agrees with the average spectral index



A168: Relic discovery

62

36'

32'

28

24

J2000 Declination

20

16’

0%12'

o1h15™M4g® 24% 12% 00  14™M36°  12°

J2000 Right Ascension
| | | 1

36'

32'

28!

24!

20"

J2000 Declination

16'
0°12!

01"15™48% 24°® 12% Q0%  14™M36°  12°
J2000 Right Ascension

Ficure 5.1: Top: MWA 200 MHz contours of A168 on the XMM-Newton X-ray

image. Bottom: MWA 154 MHz contours on 60" resolution T'GSS image. Contours

start at 30 and increase in steps of \/2. The resolution of the MWA 200 MHz image is

141" x 134", —10° with an RMS of ~ 9 mJy beam~! . The resolution of the MWA 154
MHz image is 173" x 163", —10° with an RMS of ~ 16 mJy beam™! .
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FIGURE 5.2: Top: MWA 200 MHz contours of A168 overlaid on GMRT 325 MHz

image. Bottom: MWA 200 MHz contours of A168 overlaid on GMRT 610 MHz image.
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GMRT images is 20" x 20”. RMS of 325 MHz image is 0.9 mJy beam ™! while RMS of
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Source Flux Densities (mJy)

74 MHz 154 MHz 200 MHz 325 MHz 610 MHz 1400 MHz
Al - 1439+£115 925+£7.4 - - -
A2 32044+ 32.04 1728+£13.8 85.9+6.9 97.8 £9.8 29.6 £3 <1.8*
B 794.7£79.5  3203+25.6 273.1+£21.8 2064£20.6 104.5+10.5 187+1.9
C - 498 £ 40 397 & 32 307.1£30.7 208.1+£20.8 97.4+10
D - 85.6 £9 73.7£6 54.1+£5.41 339+339 185+£19

TABLE 5.2: Flux densities of the sources Al, A2, the relic B and the point sources C
and D. *The RMS of the NVSS image (after convolving to MWA 200 MHz resolution)
is taken as the upper limit to the flux density of source A2 at 1400 MHz.

value for extragalactic sources obtained from literature. As examples the spectra of the point

sources C and D are given in Figure 5.3.

The spectra of the sources A2 and B are shown in Figure 5.4. VLSSr images were also used
to estimate the flux densities of the extended sources. The source Al is seen only in the MWA
images and will not be discussed here. The spectrum of the source A2 includes the RMS of
the 1400 MHz NVSS image as an upper limit. Table 5.2 shows the flux density values of the
extended source A2, the relic B and the point sources C and D at two MWA frequencies, the
two GMRT frequencies as well as at 1400 MHz.

Since no halo is seen in the X-ray region of the cluster we estimated the upper limit to a possible
halo emission in the cluster. This was estimated in a manner similar to that used in Chapter 4.
The RMS in the central region was 9.15 mJy beam ™! . This upper limit to the emission from a
halo of size ~ 150 kpc was estimated to be 3.21 x 102! W Hz~!. This limit is a factor of ~ 12

lower than expected from the Lx — Pj 4 relation.

5.5 Discussion

The cluster contains two extended diffuse sources on the same side of the cluster centre. The
sources A2 and B are 900 and 1150 kpc from the cluster centre, respectively. The sizes of the
sources A2 and B are 750 kpc x 150 kpc and 230 kpc x 70 kpe, respectively. The curved
spectrum of the source A2 seems to suggest that it is just old radio emission from a galaxy.
However, source B has a spectral index (o = —1.23) similar to those of traditional shock-driven

relics.

Chandra observations of A168 by Hallman and Markevitch (2004) suggest that the cluster has
recently undergone a merger and the two subclusters have passed one another at least once and
are about to turn around. The temperature map of the cluster shows no signs of a hot region
between the northern and souther subclusters which would be expected if the two clumps were
moving towards each other. However, the temperature map does show a cold front towards the
northern edge of the X-ray emission in front of the core cD galaxy of the subcluster. Although
not as prominent, the southern edge of X-ray emission also shows a decrease in temperature.
Hallman and Markevitch (2004) posit that the ICM gas around the northern subcluster has
“slingshot” ahead and formed a cold front. This interpretation is also supported by simulations
by Mathis et al. (2005) who predict the formation of the cold front as well.
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FIGURE 5.3: Spectra of the point sources C and D in the cluster A168.



A168: Relic discovery

Source A2
10°
10
2
G
2
10
1 B
n (MHz)
Source B
3
10
a=—-1.18+0.13
I
0N
£ 10°
n
|
10!

10
n (MHz)

FIGURE 5.4: Spectrum of the extended sources (A2, top) and (B, bottom).



A168: Relic discovery 67

Based on their spectra as well as the orientation of the sources with respect to the axis of cluster
merger the source B seems to be the true relic associated with A168 whereas the source A2
might just be the remnant emission from an old galaxy. The winged shape of source B is also
reminiscent of the east relic in A3376 (Figure. 3.1 in Chapter 3) which shows a ridge in the
middle of the emission. The curved spectrum of the source A2 is similar to those of relic radio
sources as seen by Slee et al. (2001). This curved spectrum suggests that the electrons in the
medium have aged significantly and represent emissions from old radio galaxies that are no longer

active.

5.6 Summary

In this chapter we present the first possible candidate of a previously unknown relic emission
in a cluster found using a blind search of galaxy clusters using the MCXC catalog and then
following up with the GLEAM survey images. The galaxy cluster A168 contains two sources
of extended radio emission ~ 1 Mpc away from the cluster centre. GMRT observations of the
cluster at 325 MHz and 610 MHz were carried out and analysed. These images provided better
resolution as compared to the MWA images and are useful to study the various features of the
emission. Of the two sources, one is believed to be a genuine shock-accelerated relic whereas
the other is believed to be emission from a radio galaxy. The relic in A168 was detected at all
MWA frequencies as well as the 2 GMRT frequencies. The spectrum of the relic was found to
fit a power law with a spectral index value, « = —1.18 + 0.13. The other extended source in
the cluster has a curved spectrum suggesting that it is the remnant emission of an old galaxy.
Both sources are quite complex in nature and are currently being analysed in detail to better

understand the nature of their emission.






CHAPTER

SIX

SUMMARY AND FUTURE WORK

6.1 Summary

In this thesis we have analysed merging galaxy clusters at low frequencies using the Murchi-
son Widefield Array (MWA) telescope. This telescope is a precursor to the upcoming Square
Kilometre Array (SKA) telescope and provides unprecedented sensitivity to extended emission
especially at low frequencies. The aim of the thesis was to utilise this improved sensitivity (as
compared to existing telescopes) and gain understanding about the origin of radio halos and

relics that have been detected in some galaxy clusters.

Galaxy clusters have not been studied very well at low frequencies. This is especially true of low
redshift clusters (z < 0.1) because ~ Mpc scale emission in these clusters is likely to get resolved
out at higher frequencies. Furthermore, telescopes like the GMRT suffer from RFI at these low
frequencies. This is why a telescope like the MWA is extremely useful for studying halo and relic
emission in galaxy clusters. We decided to focus on clusters with relics because these relics are
indicative of a recent merger in the clusters history. According to the turbulence model merging
clusters are also much more likely to host radio halos. The sample of clusters for our study were
thus chosen partly to see if the MWA can possibly detect any radio halo that was missed out by

previous observations.

6.1.1 Results

e The cluster Abell 3376 was studied at all the five MWA frequencies (George et al., 2015,
MNRAS). These observations were carried out as part of the GLEAM survey. The data
was analysed using the CASA software package and the results of this were compared
with those from the pipeline set up to analyse GLEAM data. The two relics of A3376
were detected by the MWA at all of its frequencies. These arc-like relics, which trace the
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6.2

outgoing shocks produced at the time of cluster merger, have a linear extent of ~ 1 Mpc
each and are separated by ~ 1 Mpc from the cluster centre. The spectra of the relics was
obtained between 80 — —1400 MHz. The spectral index of the east and west relics was
estimated to be —1.37 £ 0.08 and —1.17 % 0.06, respectively. The Mach numbers for the
shocks estimated from these spectral index values agrees with those estimated from X-ray
observations as well as simulations. Assuming that the break frequency due to radiation
losses corresponds to the lower end of the spectrum the age of the relics was estimated
to be ~ 0.37 Gyr which agrees with the age of the cluster estimated through simulations
(~ 0.5 Gyr). No halo emission from the central regions of the cluster was detected. An
stringent upper limit to the radio power of a possible radio halo was placed. This upper

limit is ~ 35 times lower than that expected from the Lx — P; 4 relation.

We analysed 9 merging galaxy clusters with the MWA using the GLEAM images (George
et al. 2016, MNRAS). The images were produced using a standard pipeline developed to
analyse all the GLEAM survey images. We also used the TGSS 150 MHz images which had
a better resolution (25”) to compared with the MWA images. This was done to identify
and subtract unrelated sources that got blended with the halos and relics when estimating
their spectra. Radio relics were detected in 7 of the 9 clusters and their spectra estimated
over 80 — —1400 MHz (80 — 3000 MHz in the case of PLCK G287.04+32.9) which were
all found to be fit with a power law over this range. The cluster A548b contained two
sources claimed to be relics. The spectra of these sources was found to be extremely flat
(—0.38 and —0.61). Further analysis suggests that these two sources are not the traditional
shock-driven radio relics but are instead lobes of one or more nearby radio galaxies. The
relic in A13 was found to have an extremely steep spectrum (—1.74). This source too is
not a merger related relic but rather it is the remnant emission from an old radio galaxy.
Radio halos were detected in 5 of the 9 clusters. Their spectra over 80 — 1400 MHz was
estimated and found to fit a power law over this range. In clusters where no halo was
detected we placed upper limits to the radio powers of a possible halo. These factors are

10 — 50 times below those expected from the Lx — P; 4 relation.

Using the MCXC cluster catalog and imposing a redshift cutoff of z < 0.1 we produced a
sample of ~ 500 clusters which were then analysed using the 200 MHz wideband images
produced through the GLEAM survey. These radio images were studied by eye in order to
detect clusters which might contain previously undetected radio halos and relics. A total
of 10 clusters were short-listed out of which 5 suffer from blending from nearby sources
which cannot be easily removed. Of the remaining 5, we presented the preliminary analysis
of the relic in the cluster A168. The spectral index of the relic in this cluster over the
frequency range 150—1400 MHz was estimated to be & = —1.18£0.13. No halo is detected

in the central regions of the cluster so an upper limit is placed.

Future Prospects

There are still plenty of unanswered questions when discussing the origin of radio halos and

relics. Chief among these is the contribution of the hadronic model in the formation of radio
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halos. While it is true that theoretically, synchrotron emission from secondary electrons is
expected in all galaxy clusters, the model still has a lot of uncertainties. For instance, the nature
of magnetic fields in galaxy clusters is still not very well understood. Independent measurements
of magnetic fields in galaxy clusters using Faraday Rotation Measures of the galaxies in the
clusters can help constrain the hadronic model. The origin of radio relics is also a matter of
debate. While DSA still seems to be the most promising theory that explains their origin, the
efficiency with which these low Mach number shocks accelerate electrons in the outskirts of a

cluster environment is still under question.

One of the biggest drawbacks of the MWA was its poor resolution. At 200 MHz, MWA had
a resolution of ~ 2’. Since most radio halos and relics will have an angular extent of ~ few
arcmin, MWA observations will lose a lot of the features seen in halos and relics. Blending with
nearby galaxies is also a hindrance as discussed in Chapter 4. Since the MWA is very close to
being confusion limited at its operating frequencies, improving the resolution will be very useful
for studying the extended emission from galaxy clusters. The next phase of operations for the
MWA is expected to double the maximum baseline of the telescope from 3 km to 6 km which

will be a definite improvement for the detection of halos and relics.

The upcoming SKA will operate between 0.3-20 GHz and is expected to have a resolution of
20" at 150 MHz (SKA-LOW) and reach a noise level of ~ 20uJy/beam. At 1400 MHz (SKA-
MID) the telescope is expected to have a resolution of ~ 5” and a sensitivity ~ 5uJy/beam.
When operational, the SKA will be the most sensitive radio telescope in the world and should be
capable of detecting electron emission in galaxy clusters due to the hadronic model. Improved
capabilities in magnetic field measurements in galaxy clusters through the SKA will also help

shed light on origin of radio halos and radio relics in galaxy clusters.
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