Springer Theses
Recognizing Outstanding Ph.D. Research

Thérese Cantwell

Low Frequency
Radio Observations
of Galaxy CIustgl_&g-
and Gro L —

pringer



Springer Theses

Recognizing Outstanding Ph.D. Research



Aims and Scope

The series “Springer Theses” brings together a selection of the very best Ph.D.
theses from around the world and across the physical sciences. Nominated and
endorsed by two recognized specialists, each published volume has been selected
for its scientific excellence and the high impact of its contents for the pertinent field
of research. For greater accessibility to non-specialists, the published versions
include an extended introduction, as well as a foreword by the student’s supervisor
explaining the special relevance of the work for the field. As a whole, the series will
provide a valuable resource both for newcomers to the research fields described,
and for other scientists seeking detailed background information on special
questions. Finally, it provides an accredited documentation of the valuable
contributions made by today’s younger generation of scientists.

Theses are accepted into the series by invited nomination only
and must fulfill all of the following criteria

e They must be written in good English.

e The topic should fall within the confines of Chemistry, Physics, Earth Sciences,
Engineering and related interdisciplinary fields such as Materials, Nanoscience,
Chemical Engineering, Complex Systems and Biophysics.

The work reported in the thesis must represent a significant scientific advance.
If the thesis includes previously published material, permission to reproduce this
must be gained from the respective copyright holder.

e They must have been examined and passed during the 12 months prior to
nomination.

e Each thesis should include a foreword by the supervisor outlining the signifi-
cance of its content.

e The theses should have a clearly defined structure including an introduction
accessible to scientists not expert in that particular field.

More information about this series at http://www.springer.com/series/8790


http://www.springer.com/series/8790

Thérese Cantwell

Low Frequency Radio
Observations of Galaxy
Clusters and Groups

Doctoral Thesis accepted by
the University of Manchester, Manchester, UK

@ Springer



Author

Dr. Thérese Cantwell

Jodrell Bank Centre for Astrophysics,
School of Physics and Astronomy

The University of Manchester

Manchester, UK

Supervisor

Prof. Anna Scaife

Jodrell Bank Centre for Astrophysics,
School of Physics and Astronomy

The University of Manchester

Manchester, UK

ISSN 2190-5053
Springer Theses
ISBN 978-3-319-97975-5 ISBN 978-3-319-97976-2  (eBook)
https://doi.org/10.1007/978-3-319-97976-2

ISSN 2190-5061 (electronic)

Library of Congress Control Number: 2018950927

© Springer Nature Switzerland AG 2018

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made. The publisher remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-319-97976-2

It was of course an impossible task. But he
was used to them. Dragging a rat all the way
from the wood to the hole had been an
impossible task. But it wasn'’t impossible to
drag it a little way, so you did that, and then
you had a rest, and then you dragged it a
little way again... The way to deal with an
impossible task was to chop it down into a
number of merely very difficult tasks, and
break each one of them into a group of
horrible hard tasks, and each one of them
into tricky jobs, and each one of them...
—Terry Pratchett, The Bromeliad



For my sister. I love you.



Supervisor’s Foreword

Radio astronomy offers a unique perspective in astrophysics, revealing myriad
phenomena across a vast range of scales and energies that are otherwise invisible to
us. From the high-energy Universe, typified by spectacular active galactic nuclei, to
the cold relic radiation of the Big Bang, the radio spectrum is full of information
about how the Universe started and how it evolved and grew. Moreover, radio
observations give us a window into a cosmic laboratory, where conditions exist that
are simply impossible to replicate on Earth. These data augment our understanding
of physics and allow us to progress scientifically beyond the constraints of ter-
restrial laboratories. Stretching over four decades in frequency, the radio spectrum
encompasses a wide variety of astrophysical radiation processes. However, it is the
low frequency (long wavelength) end of this spectrum that has historically been
most difficult to explore. With radio wavelengths extending to tens of metres, this
difficulty has been in part due to the structural problems in building receivers large
enough to achieve resolutions anywhere near those needed for detailed astro-
physical analysis; the corrupting behaviour of the ionosphere at low frequencies,
coupled with the brightness of the Galactic background, and the crippling com-
puting requirements to account for all of the other calibration and imaging effects
make low frequency radio analysis one of the most demanding areas of astronomy
research. As challenging as it may be, low frequency radio astronomy is also one
of the most scientifically valuable probes of the Universe. As well as providing
access to the redshifted neutral hydrogen line from the epoch of reionisation, it also
probes a larger population of relativistic electrons that is accessible at higher radio
frequencies. These synchrotron emitting electrons show us the true extent of
galaxies, they reveal the large-scale structure of galaxy clusters and filaments, and
they illuminate the structure of magnetic fields in the lowest density regions of the
Universe. Magnetic fields are an ubiquitous ingredient of astrophysical structure,
but the cosmic origin of these fields is still an open question. In this thesis, Dr.
Cantwell uses low frequency radio measurements from the LOw Frequency ARray
(LOFAR) and the Giant Metrewave Radio Telescope (GMRT) to examine mag-
netised plasmas in some of the largest astrophysical structures known: giant radio
galaxies (GRGs) and radio haloes. Due to the observational limitations associated
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with capturing such huge astrophysical structures, giant radio galaxies are histori-
cally a poorly sampled population of objects; however, their preferential placement
in the more rarified regions of the cosmic web makes them a uniquely important
probe of large-scale structure. In particular, the polarisation of the radio emission
from giant radio galaxies is one of the few tools available to us that can be used to
measure magnetic fields in regions where the strength of those fields is a key
differentiator for competing models of the origin of cosmic magnetism. This thesis
presents new data on the giant radio galaxy NGC 6251. Polarisation analysis
of these data reveals that the magnetic field strength in the locality of this giant
radio galaxy is an order of magnitude lower than in other comparable systems. Such
low frequency polarisation data are crucial for detailed analyses of magnetic
structure, but they are also the most challenging observational data to work with.
This thesis presents a beautifully coupled description of the technical and scientific
analysis required to extract valuable information from such data, and as the new
generation of low frequency radio telescopes reveals the larger population of giant
radio galaxies, it will be a significant resource for future analyses.

Manchester, UK Prof. Anna Scaife
July 2018



Preface

The detection of Mpc-scale emission, such as radio halos and radio relics, in galaxy
clusters provides evidence that cosmic ray electrons, as well as cluster-scale mag-
netic fields are present in clusters. As such, radio observations of clusters provide a
unique opportunity to study the non-thermal populations of the intra-cluster medium.
The process responsible for this large-scale diffuse emission is still not fully
understood. The current dominant model links the formation of radio halos with
cluster mergers. However, research into the formation mechanism is limited by the
relatively small number of known halos. Currently, there are of order 100 known
halos compared with >100, 000 clusters. This thesis aims to increase the number of
known halos by taking advantage of an optical parameter, the relaxation parameter,
which links a cluster’s optical properties with its dynamical state. If the production
of a radio halo is linked to dynamical state, then the relaxation parameter could
potentially be used to select clusters which host radio halos.

Observations of Faraday rotation in sources embedded in cluster or group
environments offer an alternative method for probing cluster and group magnetic
fields. In particular, the variance in the Faraday depth of embedded sources has
previously been used to determine the magnetic field in a number of clusters.
Determining the magnetic field in galaxy groups using the same method is more
difficult due to the lower density, and therefore smaller Faraday depths, present in
these environments. The Faraday depths in galaxy groups are expected to be of
order 1-10 rad m 2. The LOw Frequency ARray (LOFAR) has the highest pre-
cision available with a Faraday depth resolution of ~I rad m 2. At LOFAR fre-
quencies, most extra galactic sources are expected to be depolarised. The ideal
targets for polarisation studies with LOFAR are nearby giant radio galaxies with
high degrees of polarisation. These sources are often found in low-density group
environments, the precise environments we would like to study, which minimises
the effect of depolarisation. This thesis aims to test LOFAR’s polarisation capa-
bilities using observations of the giant radio galaxy NGC 6251 which is located in a
poor group environment.

xi



xii Preface

In Chap. 1 of this thesis, I review the current understanding of galaxy clusters,
groups, and radio galaxies. I also describe some of the astrophysical processes
important to this thesis.

In Chap. 2, I discuss the interferometry and the process of calibrating interfer-
ometric data. I also describe some of the techniques used later in the thesis such as
QU-fitting and RM synthesis.

In Chap. 3, I present my observations of the massive merging galaxy cluster
MACSJ2243.3-0935. I report the discovery of a radio halo in MACSJ2243.3-0935,
as well as a new radio relic candidate, using the Giant Metrewave Radio Telescope
and the KAT-7 telescope. The radio halo is coincident with the cluster X-ray
emission and has a largest linear scale of approximately 0.9 Mpc. I measure a flux
density of 10.0 £2.0mJy at 610 MHz for the radio halo. I discuss equipartition
estimates of the cluster magnetic field and constrain the value to be of the order of
1 uG. The relic candidate is detected at the cluster virial radius where a filament
meets the cluster. The relic candidate has a flux density of 5.2 & 0.8mJy at 610
MHez. I discuss possible origins of the relic candidate emission and conclude that
the candidate is consistent with an infall relic.

In Chap. 4, I present my GMRT observations at 610 MHz of three disturbed
galaxy clusters, A07, A1235 and A2055. No diffuse emission was observed in any
of the three clusters. In order to place upper limits on the radio halo power in these
clusters, I have injected simulated halos at different radio powers into the UVdata.
AO07 has a radio halo upper limit of Pgjomu, = 1.5 X 10 W Hz !, A2055 has a
radio halo upper limit of Pgjomu, = 1.8 X 10%* W Hz !. A1235 has a radio halo
upper limit of Pgjomuz = 5.8 X 102 W Hz !, These limits are below the Pe1o — Lx
relation and rule out bright radio halo in these clusters. I have identified these
clusters as potential hosts for Ultra Steep Spectrum Radio Halo (USSRH).
Observations with LOFAR should be capable of confirming whether or not these
clusters host USSRH.

In Chap. 5, I present observations of the giant radio galaxy NGC 6251 with
LOFAR HBA. NGC 6251 is a giant radio galaxy with a borderline FRI/FRII
morphology located in a poor group. The images presented in this chapter are the
highest sensitivity and resolution images of NGC 6251 at these frequencies to date.
Analysis of the low frequencies spectral index did not reveal any change in the low
frequency spectra when compared with the higher frequency spectral index. NGC
6251 is found to be either at equilibrium or slightly electron dominated, similar to
FRII sources. I calculated the ages of the low-surface brightness extension of the
northern lobe and the backflow of the southern lobe, which are only clearly visible
at these low frequencies, to be 205 Myr < ¢ < 368 Myr and 209 Myr < ¢t <307 Myr,
respectively. This could indicate that these components are relics of an earlier epoch
of activity.

I present the first detection of polarisation at 150 MHz in NGC 6251, including a
weak detection of polarisation in the diffuse emission of the northern lobe. Taking
advantage of the high Faraday resolution of LOFAR, I detect Faraday complexity in
the knot of NGC 6251 and interpret the weaker component as emission from the



Preface xiii

lobe located behind the knot. I place an upper limit on the variance in the Faraday
depth in the knot of NGC 6251 of 6%y, <5 x 1073 rad> m™* and an upper limit on
the magnetic field in the group of B<0.2 pG.

Manchester, UK Dr. Thérése Cantwell
September 2017
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Chapter 1 ®)
Introduction Check for

1.1 Galaxy Clusters and Groups

Galaxy clusters are the largest virialised structures in the Universe with typical masses
of order 10" M. Most of this mass is composed of dark matter. The other 10—
20% is contained in baryonic matter, with the mass in the hot Intra-cluster medium
(ICM) being about 10 times larger than the mass contained in galaxies (Kravtsov and
Borgani 2012; Brunetti and Jones 2014). The ICM was first detected in the X-ray
band, emitting via thermal Bremsstrahlung, indicating that the ICM is a thermalised
plasma (Voit 2005). However the detection of Mpc scale diffuse emission in the
radio band provides evidence that cosmic ray electrons (CRe) are also present in
the ICM, as are cluster-scale magnetic fields (Brunetti and Jones 2014; Feretti et al.
2012). Such emission was first discovered in the Coma cluster (Willson 1970) but
has since been discovered in many other galaxy clusters (Feretti et al. 2012). As such,
radio observations of clusters provide a unique opportunity to study the non-thermal
populations of the ICM.

1.1.1 Cluster Dynamical State

X-ray observations of galaxy clusters show that there is a bimodality in the cluster
population with some clusters hosting a dense core (cool core clusters) and others
showing no evidence of such a core (non cool core clusters) (Hudson et al. 2010;
Sanderson et al. 2006, 2009b). The temperature, density and entropy profiles of cool
core (CC) clusters and non cool core (NCC) clusters show marked differences. CC
clusters have systematically higher central densities compared with NCC clusters
while NCC cluster have higher central entropies than CC clusters (Sanderson et al.
2009b; Cavagnolo et al. 2009). The cooling time of the central cores in CC clusters
is less than the Hubble time (Hudson et al. 2010). The cores of these clusters were
expected to lose most of their thermal energy in 10-100 Myr leading to the forma-

© Springer Nature Switzerland AG 2018 1
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2 1 Introduction

tion of cooling flows where the peripheral gas moves subsonically towards the core
(Gaspari et al. 2013; Fabian 1994). However the predicted cooling rates of order
1000s Mg yr~! were not observed (Peterson and Fabian 2006). Some additional
mechanism is required to quench the expected cooling flows. It is currently thought
that AGN feedback is responsible for the quenching of cooling flows in CC clusters
(Croton 2006; Bower et al. 2006; Sijacki et al. 2007; Fabian 2012).

CC clusters are considered to be fully relaxed systems while NCC clusters are
disturbed clusters (Sanderson et al. 2009a; Bohringer et al. 2010). There are a num-
ber of methods available to classify a cluster as either relaxed or disturbed (Mann
and Ebeling 2012; Buote and Tsai 1995; Mohr et al. 1995; Hudson et al. 2010).
One method is to compare the position offset between the peak in the ICM X-ray
emission and the brightest cluster galaxy (BCG) (Sanderson et al. 2009a). During a
cluster merger the galaxies in the merging clusters can be considered to be collision-
less particles where as the ICM is a highly collisional gas. As the two dark matter
potentials cross each other the member galaxies follow the dark matter wells while
the ICM collides and no longer traces the dark matter potential. Thus a separation
between the BCG and peak in the X-ray is expected for a merging system.

A new method of determining the dynamical state was introduced by Wen and Han
(2013). They calculate the relaxation parameter, I, from the observed substructure in
the optical luminosity of clusters. Positive values of I" indicate a relaxed system and
negative values of I indicate a disturbed cluster. The relaxation parameter separates
known relaxed and unrelaxed clusters with a success rate of 94%.

Wen and Han (2013) define the relaxation parameter as

I'=p8—-190« + 3.585 + 0.10, (1.1)
where o is the asymmetry factor, B8 s the ridge flatness and § is the normalised

deviation. In order to calculate «, 8 and § the optical image is first smoothed. The
total fluctuation power in calculated as

$T="I(xi.y). (12)
i

where I (x;, y;) is the luminosity within pixel x;, y;. The difference power is given by

2
A Z [1(xi, y) — 12(—361, il ’ (13)
i,

so that
AZ

=5 (1.4)

o
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A fully relaxed cluster would be expected to be very symmetric and would have
a = 0. Disturbed clusters are expected to be very asymmetric and should have an
asymmetry factor closer to o = 1.

In order to calculate the ridge flatness a one dimension King model (King 1962)
must first be fit for various directions in the cluster. The 1-D King model is given by

I
2’
1+ (—)

where r( is the characteristic radius of the King model, r is the distance from the
centre of the cluster in a given direction and Iy is the luminosity at r = 0. Wen
and Han (2013) define a steepness parameter cygo = ’;% where ryqg is the radius
within which the average density of the cluster is 200 times the critical density of the
Universe. For a fully relaxed cluster c;g9 should be the same in all directions. The
ridge flatness is defined as

I p(r) = (1.5)

,3 — €200, min ) (16)
{€200)

§ is first calculated by first fitting a 2-D elliptical King model to the smooth optical
map,

Iy
bp(x,y) = ——, (L.7)
1+ (%)
where Iy and r( are defined as before and rj, is given by
Fiso = [x cos(0) + ysin(0)]* + &2 [x sin(8) + y cos(0)]?, (1.8)

where 6 is the position angle of the ellipse and ¢ is the ratio of the semiminor to
semimajor axes. The normalised deviation is defined in Wen and Han (2013) as

i [1(xi, y) — bp(xi, yj)]2

5= 5

(1.9)

When clusters of known dynamical state are plotted in the 3D space of «,  and
8, the plane that separates known relaxed and unrelaxed clusters is described by I'
as given in Eq. 1.1.

1.1.2 Diffuse Radio Emission in Galaxy Clusters

The dynamics and evolution of galaxy clusters can also be indirectly probed using
radio observations. Diffuse radio emission in clusters is divided into three morpho-
logical classes: radio relics; giant radio halos; mini halos. Both giant radio halos
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and radio relics have typical physical sizes of 1 Mpc. Due to the slow diffusion rate
of CRe in clusters, coherent synchrotron emission on these scales requires in situ
injection of CRe or re-acceleration of pre-existing, lower energy CRe (Brunetti and
Jones 2014).

1.1.2.1 Radio Relics

Figure 1.1 shows a few examples of radio relics. Radio relics are normally elongated
structures found at the periphery of clusters and can be highly polarised. Radio relics
are associated with disturbed clusters, although not all merging systems host radio
relics.

Radio relics are thought to trace weak shocks driven by major and minor cluster
mergers (Brunetti and Jones 2014; Miniati et al. 2001; Briiggen et al. 2012; Kang et al.
2012). Traditionally, particle acceleration at these shocks is described by diffusive
shock acceleration (DSA) (Jones and Ellison 1991; Kang et al. 2012). In DSA,
particles are confined in a converging flow across the shock. Whenever the particle
is reflected upstream across the shock it gains energy. In this picture, the magnetic
field of the relic would be expected to align with the long axis of the shock. Older
CRe would be found downstream of the shock and so a spectral index map would be
expected to show a gradient across the relic, with the steepest spectral indices found
at the injection point. Multi Frequency observations of radio relics provide support
for this model (van Weeren et al. 2016). However recent work (Vazza and Briiggen
2014; Vazza et al. 2016) suggests that, given our current information on relic Mach
numbers, cluster magnetic fields, and gamma ray flux upper limits, DSA requires
either unrealistically large magnetic fields or predicts gamma ray fluxes above the
upper limits. One proposed solution is that the shock front is reaccelerating a fossil
population of low energy CRe, possible provided by the fading lobes of a radio
galaxy (Markevitch et al. 2005). Observations of radio galaxies connected to radio
relics appear to support this scenario (van Weeren et al. 2017; Bonafede et al. 2014).

1.1.2.2 Radio Halos

Giant radio halos are usually found at the center of clusters and typically have a
more rounded morphology than radio relics. Giant radio halos tend to be largely
unpolarised, likely due to some combination of the variation in the intrinsic polaria-
tion angle of the halo and the variation in the Faraday depth on scales smaller than
the beam. Figure 1.2 shows two examples of radio halos.

One theory for the production of a giant radio halo is the hadronic model. In
this model, collisions between CRp’s and thermal protons produce 7+ which decay
into CRe. Gamma rays are produced as a by-product of this reaction (Blasi and
Colafrancesco 1999; Miniati et al. 2001; EnBlin et al. 2011). However, to date, there
have been no gamma ray detections from the ICM, putting limits on the generation of
secondary CRe that disfavour the hadronic model (Brunetti 2009; Jeltema and Pro-
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Fig. 1.1 a Figure?2 from van Weeren et al. (2016). The toothbrush relic as observed by LOFAR at
150 MHz. b Figure 1 from Bonafede et al. (2014). A double relic in the cluster PLCKG287.0 +32.9.
X-ray observations with XMM Newton are shown in red while radio observations at 323 MHz are
shown in blue
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(b)
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Fig. 1.2 a Figure 12a from Markevitch (2012) showing the contours of the radio halo in the bullet
cluster overlaid on the cluster X-ray emission. b Figure 12f from Markevitch (2012) showing the
contours of the radio halo in the Coma cluster overlaid on the cluster X-ray emission

fumo 2011; Brunetti et al. 2012).The broad surface brightness profiles of some radio
halos are also difficult to reproduce with the hadronic model as this would require
a radially increasing magnetic field or energy density of CRp (Donnert et al. 2010;
Brunetti and Jones 2014; Brunetti 2003, 2004; Marchegiani et al. 2007; Brunetti and
Jones 2014; Zandanel et al. 2014).

An alternative model to the hadronic model is the reacceleration model, where a
fossil population of low energy CRe is reaccelerated to high energies by turbulence in
the ICM (Petrosian 2001; Brunetti et al. 2001; Fujita et al. 2003; Cassano and Brunetti
2005; Donnert et al. 2013). Major mergers are thought to be the driving force for
this turbulence, as radio halos are found almost exclusively in clusters undergoing
such mergers (Donnert et al. 2013; Brunetti et al. 2009). The discovery of a number
of radio halos in CC clusters posses a challenge to this model (Venturi et al. 2017;
Sommer et al. 2017; Bonafede et al. 2014).

1.1.3 Faraday Rotation in Galaxy Clusters

The presence of diffuse synchrotron radio emission associated with the ICM is proof
of the existence of large scale magnetic fields in galaxy clusters. Faraday Rotation (see
Sect. 1.3.3) offers a method to probe the magnetic field of the ICM. The magnetised
thermal gas of the ICM will rotate the polarised signal of background (or embedded)
radio galaxies. Following Govoni and Feretti (2004), if it is assumed that the turbulent
ICM is composed of cells with a uniform density, uniform magnetic field, random
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field orientation and a characteristic scale length A, then the average Faraday depth
measured for these sources is (RM) = 0 and the variance is

oy = 8122 Ac[kpc] / (B)[1Gne [cm—3])2 rad’> m~, (1.10)

Thus measuring the variance in RM of sources embedded in a cluster can be used
to estimate the magnetic field in a galaxy cluster. This has been done for a number of
galaxy clusters (Govoni et al. 2010; Clarke et al. 2001; Bonafede et al. 2013; Feretti
et al. 1999; Govoni et al. 2006). These surveys find that embedded radio galaxies
have patchy Faraday depths structure of order several hundred rad m~2 on scales of
5-15 kpc. The magnetic field strengths measured are of the order of a few uG with
o, decreasing with increasing distance from the cluster centre.

1.1.4 Radio Halo Scaling Relationships

Since their discovery, a number of empirical scaling relations have been found
between the radio power of giant radio halos and the properties of the host clus-
ter such as cluster mass, temperature, and X-ray luminosity (Colafrancesco 1999;
Govoni et al. 2001; Feretti 2002; Enf3lin and Réttgering 2002; Feretti 2003; Brunetti
etal. 2009; Cassano et al. 2013; Yuan et al. 2015). The most well studied scaling rela-
tionship is between the radio power at 1.4 GHz, P; 4, and the X-ray luminosity, Ly,
of the ICM with more powerful halos found in high luminosity clusters. Figure 1.3
shows the P; 4 — Lx as presented in Cassano et al. (2013). There are two distinct
populations seen in Fig. 1.3. The first is the population of radio halos, which exhibits
the correlation between P4 and Lx. The second is the population of radio quiet
clusters, marked as upper limits in Fig. 1.3. The upper limits on P; 4 lie well below
the expected P, 4 values from the P; 4 — Lx correlation. Cassano et al. (2010) show
that these two populations can be separated based on cluster dynamical state with
dynamically disturbed clusters hosting halos and relaxed clusters devoid of diffuse
radio emission. Brunetti et al. (2009) examine the bimodality in the P, 4 — Lx dia-
gram and find that given the rarity of halos with powers well below the P;4 — Lx
correlation, the timescales for amplification and suppression of synchrotron emission
in clusters must be short. They show that this is most easily explained by the reaccel-
eration model where the high frequency synchrotron emission rapidly decreases post
merger due to the dissipation of a significant amount of the generated turbulence.

1.1.5 Galaxy Groups

Galaxy groups are less massive counterparts to galaxy clusters, with masses of order
~10'" M. While they are less massive than galaxy clusters, galaxy groups are more



8 1 Introduction

10326 C —— T \\\r |
L \ ]
i \ b
103 = E —
S r N 1
p L i
o]
Z &
A 1p=e - .
L RN ]
B N \L ]
r s;:%i i/ 1
L N i
Nl
1023 XN I L

1044 1045
Leoo,cor [erg/s]

Fig. 1.3 Figure 2b from Cassano et al. (2013) showing the P; 4 — Lx scaling relationship for radio
halos

common and contain approximately 70% of the galaxies in the Universe (Tully 2015;
Mulchaey 2000; Tully 1987). Galaxy groups are unique astrophysical structures and
not simply scaled down versions of galaxy clusters, showing systematic differences
in observed scaling relations such as the Lx — M relationship (Ponman et al. 1999,
2003; Sun 2012; Paul et al. 2017). However significantly less work has been done in
relation to galaxy groups compared with galaxy clusters.

Radio observations of poor groups could prove important in constraining origin
models for cosmic magnetic fields. The magnetic fields observed in clusters can be
replicated by many models and detection of magnetic fields in rarer environments,
such as groups, is needed to properly constrain origin models (Vazza 2016; Donnert
et al. 2009).
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Fig. 1.4 a Intensity distribution of Cygnus A as measured by an interferometer at Jodrell Bank
Observatory. Reproduced from Fig. 1 in Jennison and Das Gupta (1953). b Model of Cygnus A
proposed by Jennison and Das Gupta (1953) using the intensity distribution shown in a. Reproduced
from Fig.2 in Jennison and Das Gupta (1953)

1.2 Active Galactic Nuclei

1.2.1 Radio Galaxies

The first radio source identified as having an extra galactic origin was Cygnus A.
Baade and Minkowski (1954) identified two merging optical galaxies as the optical
counter parts of Cygnus A, making it the first radio galaxy identified. Later Jennison
and Das Gupta (1953) used a two element interferometer at Jodrell Bank Observatory
to observe Cygnus A. Using the intensity distribution shown in Fig. 1.4, Jennison and
Das Gupta (1953) demonstrated that the radio source was not a single component
centred on the merging galaxies but two regions of emission of approximately 51
arcsec each separated by more than 1 arcmin. The total physical extent of the source
is significantly larger than the physical size of the merging galaxies and showed that
the radio emission was not from the merging galaxies. This model was confirmed by
observations of Cygnus A with the one-mile radio telescope and later the 5 km radio
telescope at Cambridge (Ryle et al. 1965; Hargrave and Ryle 1974).

At the same time that Jennison and Das Gupta (1953) showed that Cygnus A was a
double structure, observations showed that the optical jet in M87, known since 1918,
was polarised synchrotron emission (Baade 1956). The M87 jet was then assumed
to be partially responsible for the radio emission associated with M87 (Baade and
Minkowski 1954; Burbidge 1956). Increasingly higher resolution radio observations
of M87 over the next few decades confirmed that there is a radio counterpart to the
optical jet (Graham 1970; Turland 1975).

The construction of the 5 kmradio telescope at Cambridge and later high resolution
radio telescopes allowed a clear picture of the radio galaxy structure to be built.
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Morphologically radio galaxies can largely be separated into two different categories,
Fanaroff-Riley Class I (FRI) and Fanaroff-Riley Class II (FRII) (Fanaroff and Riley
1974). FRI sources are those for which the distance between the two brightest regions
on either side of the source is less than half the total extent of the source. FRI sources
typically have a main jet and a counter jet. The lobes of FRI sources are typically
either plumed, with most of the lobe emission beyond the end point of the collimated
jet, or bridged, where most of the lobe emission is between the end of the jet and
the nucleus. Figure 1.5a shows 3C31, an example of a plumed FRI while Fig. 1.5b
shows Hercules A, an example of a bridged FRI.

FRII sources are those for which the distance between the two brightest regions
on either side of the source is more than half the total extent of the source. FRII
sources typically have only one visible jet and in general this jet is well collimated
and straight, in comparison with the puffy, wavy FRI jets. FRII jets terminate in
very bright knots known as hotspots. A hotspot is visible in both lobes, even when
only one jet is visible. The hotspots are embedded in the lobes of the FRII source.
Figure 1.5¢ shows Cygnus A, an example of an FRII source.

FRII sources are much more powerful than FRI sources. Initially it was thought
that these sources could be separated based on their radio power with FRII sources
having a radio power above 10> W Hz~! at 1.4 GHz and FRI sources having a radio
power below this. However when the radio luminosity at 1.4 GHz is plotted against
the optical luminosity it is found that the break depends on the magnitude of the host
galaxy (Owen 1993; Owen and Ledlow 1994). This suggests that environment has a
role to play in the morphology of radio galaxies.

1.2.2  Quasars, Blazars, and Seyferts

A small percentage of galaxies, mainly spiral galaxies, are what is known as a Seyfert
galaxy (Maiolino and Rieke 1995). Optically a Seyfert galaxy looks like a normal
spiral galaxy but with a high surface brightness nucleus (Davidson and Netzer 1979).
Seyfert galaxies can broadly be divided into two categories, Seyfert 1 and Seyfert 2
galaxies, based on the properties of their spectra (Khachikian and Weedman 1974).
The spectra of Seyfert 1 galaxies show broad permitted lines, with velocities of order
10000 km s~2 as well as narrow forbidden lines with velocities of order 1000 km
s~! (Longair 2011). On the other hand the spectra of Seyfert 2 galaxies show that
the forbidden lines and permitted lines have similar narrow widths, corresponding to
velocities of order 1000 km s~! (Longair 2011). The presence or absence of broad
lines is the determining factor in the identification of a galaxy as Seyfert 1 or Seyfert 2.
The interpretation is that the narrow and broad lines originate from different regions
in the galaxy, with the narrow lines emitted further from the nucleus. The emission
from Seyfert galaxies is variable on timescales of order several years (Peterson et al.
1984, 1998).

When radio interferometry made it possible to determine the precise location of
radio galaxies, much work was done to find optical counterparts for these sources.
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Fig. 1.5 a Plumed FRI 3C31 (Laing et al. 2008, Image courtesy of NRAO/AUI). b Bridged
FRI Hercules A. (Gizani and Leahy 2003) ¢ FRII Cygnus A (Carilli and Barthel 1996, Image
courtesy of NRAO/AUI)

A number of radio galaxies were associated with unusual optical sources. These
sources are stellar like but with optical spectra that could not be identified at the
time (Matthews and Sandage 1963). Schmidt (1963) recognised the optical spectra
of one of these sources, 3C273, as the Balmer lines of hydrogen, only redshifted to
z = 0.158. These sources became known as quasi-stellar radio sources, or quasars.
Quasars are the extreme end of the Seyfert population and are intrinsically more
luminous with Seyfert 1 like spectra (Davidson and Netzer 1979). Quasars also vary
on timescales of months to years (Hook et al. 1994; Vanden Berk et al. 2004; MacLeod
et al. 2010).

Blazars are another extreme type of quasar. BL Lac blazars (named for the pro-
totypical source BL lacerate) are highly variable radio sources with a high degree of
polarisation (Padovani and Giommi 1995; Angel and Stockman 1980). These radio
sources are only resolved at VLBI resolutions which show one sided jets with super-
luminal velocities suggesting that the jets must be aligned close to the line of sight
(Angel and Stockman 1980; Zensus 1989). Unlike quasars, BL Lacertae sources do
not have broad line regions. Optically violently variable (OVV) blazars are variable
in both the radio and the optical and their spectra do show a broad line region (Longair
2011).
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1.2.3 A Unified Model for AGN

A lot of effort has been made to unify the disparate AGN classes into a single source
type where different AGNclasses are observed depending on properties such as the
environment of the AGN and the inclination of the source to the line of sight (Netzer
2015; Heckman and Best 2014; Antonucci 1993; Elitzur 2012). Figure 1.6 shows
an example of the unified model of AGN, reproduced from Fig.3 in Heckman and
Best (2014). The model predicts different behaviour, depending on the accretion
mode. Here we will discuss the basic properties of the unified model as presented in
Heckman and Best (2014).

In the radiative mode, the AGN is composed of a black hole which is accreting
material via a radiatively efficient thin disk. Ionising radiation from the disk pho-
toionises a population of dense clouds near the central black hole and is the region
responsible for the broad line emission. The accretion disk is surrounded by a torus
of dusty gas. The ionising radiation that escapes via the polar axis of this structure
then ionises low density gas at kpc scales. This low density region is responsible
for the narrow forbidden line emission. Some of the more massive radiative mode
AGN can produce powerful radio jets. Different viewing angles lead to the different
observed emission. Lines of sight through the obscuring structure block the broad
line emission, leading to Seyfert 2 type galaxies, while lines of sight through the polar

Radiative-mode AGN Jet-mode AGN
Radio Type 1 Dominant
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Fig. 1.6 a Schematic of a radiative-mode AGN. The top half of the image depicts the radio loud
scenario and the bottom half of the image depicts the radio quiet scenario. The red arrows depict
the viewing angle giving rise to type 1 and type 2 Seyfert galaxies. b Schematic of a jet mode AGN.
Figure 3 in Heckman and Best (2014)
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axis of the torus allow the detection of both regions and are identified as Seyfert 1
type galaxies.

In jet mode AGN, the accretion is low and radiatively inefficient. Instead of a
thin accretion disk there is advection dominated accretion flow. Such accretion flows
naturally produce twin jets. As there is no accretion disk the narrow line region is
either absent or faint for these AGN.

1.2.4 AGN and Feedback

Feedback from AGN jets has been shown to play an important role in regulating the
cooling of galaxies, groups, and clusters (Croton 2006; Bower et al. 2006; Sijacki
et al. 2007; Fabian 2012). Here we will discuss some of the observational evidence
for AGN feedback.

Observations of groups and clusters show that often the lobes of the central radio
galaxy, if present, are coincident with depressions in the thermal X-ray emission. The
implication is that the expanding lobes of the radio galaxy evacuate a cavity in the
ICM. The energy required to create such a cavity can be calculated from the pressure
and volume of the cavity as well as the energy in the lobe such that E.,, = E + pV.
This energy can vary from 2 to 4 times pV (Fabian 2012). If the age of the cavity
is estimated it is possible to use E ., as an estimate for the mechanical energy of
the jet that is available to heat the cluster. In general this is only possible for low
redshift clusters and groups, due to the difficulty of measuring the X-ray emission
of the thermal gas at higher redshifts.

In order to study feedback from AGN at redshifts where detections of X-ray
cavities are not possible, it is necessary to have some method of estimating the
jet power. Attempts have been made to estimate the jet power using a correlation
between jet power and radio luminosity, calibrated using X-ray cavities (Cavagnolo
et al. 2010; Best et al. 2014; Kokotanekov et al. 2017). Unfortunately a large amount
of scatter in these scaling relations prevent the application to higher redshift sources.
One source of scatter is the uncertainty in the exact particle content in radio jets and
lobes (Godfrey and Shabala 2016). As such it is critically important to understand
the particle content in radio galaxies.

1.2.5 Particle Energetics

It is possible to model the particle content in radio jets by comparing the external
pressure, as determined from X-ray observations, with the internal pressure esti-
mated from radio observations. The most simple assumption one can make when
calculating the internal pressure is that the relativistic electrons and magnetic field
are in equipartition (Burbidge 1956; Hardcastle et al. 2002; Laing and Bridle 2002;
Croston et al. 2004). Such pressure comparisons have been carried out for many
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sources. In general it is found that FRII sources are either at equipartition or slightly
electron dominated with g—; ~ 5, where U_. is the electron energy density and Ug is
the magnetic field energy density (Hardcastle and Worrall 2000; Croston et al. 2005;
Shelton et al. 2011; Isobe and Koyama 2015; Kawakatu et al. 2016; Ineson et al.
2017). In contrast FRI sources are found to be underpressured when equipartition is
assumed (Morganti et al. 1988; Worrall and Birkinshaw 2000; Croston et al. 2008;
Croston and Hardcastle 2014).

Many models have been proposed to reconcile the internal and external pressures
of FRI radio galaxies such as magnetic field dominance (Li et al. 2006; Nakamura
et al. 2006) and relativistic proton dominance (De Young 2006; McNamara and
Nulsen 2007; Birzan et al. 2008). The model most supported in the literature is the
entrainment model, where thermal particles are entrained by the jet from its envi-
ronment and these non-radiating particles provide the missing pressure (Hardcastle
et al. 2003, 2007; Croston et al. 2008; Croston and Hardcastle 2014).

1.2.6 Giant Radio Galaxies

giant radio galaxies (GRG) are a population of radio galaxies with projected linear
sizes greater than 1 Mpc. These sources are typically found in groups and are gener-
ally either FRII sources or borderline FRI/FRII (Ishwara-Chandra and Saikia 1999).
Due to their large physical extent nearby GRG allow very detailed analysis of the jet
and lobe structure of radio galaxies (Laing et al. 2006; Perley et al. 1984) as well as
variations in the spectral index across the source (Mack et al. 1997, 1998).

The question of the origin of the huge sizes of GRG has been studied by many
authors (Komberg and Pashchenko 2009; Subrahmanyan et al. 2008; Machalski et al.
2002; Saripalli et al. 1997; Mack et al. 1998). Multifrequency radio observations of
GRG show that GRG are not significantly older than their kpc scale counterparts
(Mack et al. 1997; Saripalli et al. 2005). Age is therefore not the cause of the larger
projected size of GRG. Instead GRG are thought to grow to Mpc scales due to the low
density of their host environment (Pirya et al. 2012; Machalski et al. 201 1; Machalski
and Jamrozy 2006). X-ray observations of the intergalactic medium (IGM) around
GRG combined with spectroscopic observations of the group galaxies show that the
X-ray luminosity of the IGM is much lower than would be expected from the Ly — o,
relationship (Chen et al. 2011, 2012).

The lobes of GRG extend beyond their host group to probe the large scale structure
(LLS) of the Universe. Many GRG exhibit asymmetries in their source structure,
suggesting interactions with the LLS (Pirya et al. 2012; Schoenmakers et al. 2000;
Laraetal. 2001). Pirya et al. (2012) find that the shorter jet/lobe tend to point towards
galaxy overdensities.

The lobes of GRG are potentially powerful indirect probes of the warm hot inter-
galactic medium (WHIM) that exists in large scale filaments. The WHIM is a natural
prediction of ACDM cosmology and is thought to contain ~50% of the baryonic
matter in the Universe (Davé et al. 2001; Nicastro et al. 2008; Smith et al. 2011).
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To date there have been no direct detection of the WHIM due to the expected low
density. Hence indirect measurements of the WHIM using observations of GRG is
an important tool. This is done by assuming that the lobes of GRG are relaxed and in
equilibrium with the external WHIM pressure. By calculating the internal pressure
of the lobe we can therefore measure the pressure in the WHIM (Subrahmanyan
et al. 2008; Safouris et al. 2009). Indeed Malarecki et al. (2015) combine radio
observations of GRG with spectroscopic optical observations of nearby galaxies to
demonstrate that it is possible to use GRG to probe the densest 6% of the WHIM.
Polarised observations of giant radio galaxies can probe the magnetic field of the
host cluster or group. As mentioned in Sect. 1.1.3 there have been a number of studies
using the rotation measures of radio galaxies to measure the magnetic fields in galaxy
clusters. However much less work as been done for galaxy groups. Schoenmakers
et al. (1998) use polarised observations of the GRG WNB 0313+683 to show that
the mean magnetic field in the group is 0.5 wG. The low density environment of
GRG is expected to have very low rotation measures, of order 1-10 rad m~2, as
well as small RMdispersions. Precise measurements of this value require high RM
precision. LOFAR has the highest precision available with a Faraday depth resolution
of ~1 rad m~2. Unfortunately at LOFAR frequencies, most extra galactic sources
are expected to be depolarised. Mulcahy et al. (2014) presented the first detections
of extragalactic polarisation with LOFAR and found approximately 1 source per
1.7 square degrees. Orru et al. (2015) also report the detection of polarisation in
the outer lobes of the double-double radio galaxy B1834+620. The ideal targets for
polarisation studies with LOFAR are nearby giant radio galaxies with high degrees
of polarisation. These sources are found in low density environments, the precise
environments we would like to study, which minimises the effect of depolarisation.

1.3 Astrophysical Processes

1.3.1 Synchrotron Emission

Most extragalactic radio sources are synchrotron emitters. synchrotron radiation is
emitted by relativistic charged particles moving in an electric field. These particles
will move in a spiral about the field lines. A complete explanation of synchrotron
radiation can be found in Longair (2011) and Rybicki and Lightman (1986). Here
we reproduce some of the results for reference. To calculate the rate of energy loss
for a single electron we consider the coordinate system shown in Fig. 1.7 which is in
the instantaneous rest frame of the electron. Since the instantaneous velocity in the
rest frame is v’ = O we have

ymV' = eE' + (V x B') = eE. (1.11)
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The electric field in the instantaneous rest frame of the electron is given by

E.=E, =0,
E,=y (Ey—vB,) = —yvB,, (1.12)
E, =y (E,—vBy) =0,

so that B
= -2 (1.13)
me
The rate of energy loss is then given by the Larmor formula
dE' €|V
dr "~ 6mwegc3d’
_dE’ _ e*y2v?B? sin® « (1.14)
dr’ 6 gpc3m?

dE’ v\2 cB? 2 .2
— = T(—) —y“sin” «a,
dt’ c 210

which is the same as the energy loss in the lab frame as —% is a Lorentz invariant.
Since E = ymec, —‘fl—f o B2EZ2. Therefore in a uniform mangetic field electrons
with higher energies will lose their energy faster than lower energy electrons. Over
time the effect of these synchrotron losses leads to steepening of the synchrotron

spectra at higher frequencies.
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Fig. 1.8 Schematic of
region of electrons orbit for
which synchrotron emission
is observed

To Observer
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Because synchrotron emitting electrons are relativistic the radiation is beamed in
the direction of the electrons motion. From the Larmor formula the angular power
spectrum is proportional to cos? @’ in the instantaneous restframe of the electron. The
angular power spectrum has null points at 8’ = Z.. Converting to the lab frame using
the abberation formula we have

) 1 sin 5 1
sinf = — | ————— | = —. (1.15)
y \1+ cos% y

For relativistic electrons %<< I and so 6 ~ % Therefore emission is only

observed for 1 radians of the electrons orbit.

Figure 1.8 shows the diagram of this visible region. If the distance to the observer
is R than and emission leaves point A at time #y = O then the radiation arrives at the
observer at t; = g. Radiation leaves point B at t, = % and arrives at the observer at

time 13 = 1, + %. The observed duration of the pulse is thus

|:L R—L} R
A==+ - =

1.16
L ; (1.16)
-£(-3
v c
Since ¥ = % R ﬁ and (1 — %) ~ # we have
At ~ ! (1.17)
T .
This corresponds to a frequency of v ~ At~! or
v~ Y. (1.18)

A more complete analysis shows that the spectrum of synchrotron radiation for a
single electron, shown in Fig. 1.9 is strongly peaked at a critical frequency which is
equal to the frequency derived above (Longair 2011; Rybicki and Lightman 1986).
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Fig. 1.9 Synchrotron 1.0
spectrum for a single
electron
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We can therefore assume that most energy is radiated away at this frequency so that
the emissivity for a population of electrons with distribution N(E)dE = k E7PdE
is given by

dE
J(v)dv=—<z> N(E)dE. (1.19)

Substituting in Egs. 1.14 and 1.18 we find

J(v) o k BTy, (1.20)

where ¢ = @

Synchrotron emission is expected to be polarised. In the case of non relativistic
particles or weakly relativistic particles (cyclotron radiation), when the magnetic field
is perpendicular to the line of sight the acceleration vector for the electron oscillates in
the plane parallel to the line of sight leading to linearly polarised emission. When the
magnetic field is parallel to the line of sight, the polarisation is circularly polarised
while for any other orientation of the magnetic field to the line of sight will be

elliptically polarised. The fractional polarisation is defined as

_Li(o) - j(w)

_ (1.21)
I (w) + I (w)

where [ (w) is the component of the intensity perpendicular to magnetic field and
I (w) is the component of the intensity parallel to the magnetic field. For a power
law distribution of electron energies the fraction polarisation is

_p+1

3 :
p+3

(1.22)

For an electron population with p = 2.4 the fraction is ~72%.
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1.3.2 Bremsstrahlung Radiation

Galaxy clusters are some of the most X-ray luminous sources in the Universe with
typical luminosities in the range of 10** — 10* erg s~! (Sarazin 1988). The emission
mechanism responsible for the observed X-rays is Bremsstrahlung radiation from the
hot intra cluster medium (Sarazin 1988; Felten et al. 1966). A complete explanation
of Bremsstrahlung can be found in Longair (201 1) and Rybicki and Lightman (1986).
For reference we will reproduce some of the results here.

The acceleration of an electron moving at high velocity past a stationary nucleus
in the electron rest frame is given by

. yZe*vt
v () = ; el
dmeome |b? + (yvt)?|?
0 e[ ; (V ) ] (123)
. yZe“b
vy (1) = ,

1w

4 eome [b2 + (yvt)z] 2
where b is the collision parameter and Ze is the charge on the nucleus. The spectral

emissivity of the electron is given by

2

I =
(@) 3mrec

[0y (@) + [0L(@)[*]. (1.24)
Taking the Fourier transform of Eq. 1.23 we find

72602 1 wb wb
I (w) = — K| — )+ K} — 1.25
(@) 24n4sgc3m§v2y2v2 |:J/2 0 (VU> TR (VU)] ( )

where K( and K; are modified Bessel functions of order zero and one. In the low
frequency limit, ;*/’—fj <« 1 the emissivity of the electron can be approximated as

Z%eSa? —1 wb v\ 2
[(w) = . —w (Z +(V—) ,
24mdeycdm2oy?v? [y YV wb

I (@) SN P (‘”b)zl 2(‘“’) (1.26)
W) =——— — (=) (=), .
24mdeicdmv? b? y2 \yb Y
Z%eb 1
[w~—2"5 g

24m4eicdmv? b?
Integrating over all collision parameters which contribute to the radiation gives

hmin Z266N
I(w) = 2nbNcKdb = flnA (1.27)
12m3¢e5c3m2v

Drmin
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where A = %.

In order tommget the spectrum for bremsstrahlung radiation at temperature 7', we
must integrate Eq. 1.27 over a Maxwellian distribution of electrons. The spectral
emissivity of a plasma is then given by

=

I (w)

Z2e"N Ne (m> g, T), (1.28)

B 12\/§n388c3m§ kT
where N, is the electron density, and g(w, T) is known as the Gaunt factor. Alterna-
tively the emissivity can be written in terms of frequency, v so that

1 /m\s Z%° /me\3 hv
b= (5) s (5) s mwmen (<37). a)

In the case of X-ray emission, the Gaunt factor is

g, T) = é In <]£) . (1.30)
T hv

The Gaunt factor is a correction factor which takes into account quantum mechan-
ical effects. At high frequencies thermal emission due to bremsstrahlung falls off
rapidly. The total energy loss of the plasma is found by integrating Eq. 1.29 over

frequency so that

dE
- = 1435 x 10%Z2T25NN,, (1.31)

where g is the frequency averaged Gaunt factor.

1.3.3 Faraday Rotation

As shown in Sect.1.3.1 the degree of polarisation of synchrotron radiation from
plasma with a uniform magnetic field depends only on the index of the electron
population and should be independent of wavelength. Observations of synchrotron
sources, such as the Crab nebula, showed a strong dependence on wavelength, with
the degree of polarisation sometimes decreasing dramatically with wavelength. In
Burn (1966), it was shown that that this depolarisation is often due to Faraday Rotation
in the external medium surrounding the source. Faraday Rotation is an important
tool for measuring extragalactic magnetic fields (see Sect. 1.1.3). Following Longair
(2011) and Rybicki and Lightman (1986) we will derive the equation for Faraday
depth.
Maxwell’s equations are given by
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o VxE= B
voE=L VxE=-%

& 9E (1.32)
V-B=0 VXB:M<J+8¥>

where E is the electric field, B is the magnetic field, p is the total electric charge
density, J is the total electric current density, ¢ is the permittivity and p is the
permeability. Using the identity

Vx(VxA)=V(V-A) —VA) (1.33)

and Maxwell’s equations, we find that

1 92E
V’E = —

“18 e (1.34)
VB=—2".

ue 0t?

Equation 1.34 is called the wave equation. One solution to the wave equation is

E = Eye'®™=) where
(1)2
&€=

r=ai ji + a, o+ ai s, (1.35)
k= kiljl + ki2j2 + k13j3~

Similarly B = Bye!®™=“" is a solution. If By and E, are constant real vectors
then the wave is said to be linearly polarised.

Another solution to the wave equationis E = fl Eyé! (kaiy—or) 4 fg Eyél (kaiy —or1£3)
or E=E (fl + ifz) ¢! (ka—=o1) "This wave is described as circularly polarised as
the electric and magnetic unit vectors rotate about the direction of propagation. For
a phase of +7 the wave is said to be right circularly polarised and for a phase of —7%
the wave is said to be left circularly polarised. It is clear that the combination of a
right and left circularly polarised wave results in a linearly polarised wave.

We can rewrite Maxwell equations for both linear and circularly polarised waves
as

ik-E=2  kxE=iuB

e . (1.36)
lkB=O lkXBZM(J—ZSCL)E)
Consider a circularly polarised wave propagating through a plasma with magnetic
field By. Assume the direction of propagation is along the direction of the magnetic
field such that By = By j3. The equation of motion for an electron in this plasma is

dv

m= = —cE - EV x By. (137)
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~ ~

Using the ansatz v = vge '’ (]1 + ifz) and the fact that (]1 + ifz) X fg =

+i (fl + ifz) we find that
—ie
- ' g 1.38
\4 @< on) () (1.38)

_ i . . . .
where wg = <™ is the C}fclotron frequency which is the frequency of gyration for an
electron about the field lines.
o . ine? o e .
From Eq. 1.38 we get the conductivity, 0 = —*“— and the emissivity, ¢ = 1 —
m(wtwp)

47!0_1

w; .
29 — 1 — —L— The wave number is then
iw w(wtwg)

w Wp2
k=—[1— ———. 1.39
c o (o * wy) ( )

Assuming that @ > wg, @ > w, and using the Maclaurin series for /1 — x and

1
k=2 1—w—;(1i@) (1.40)
e 2w? w/ ]’ '

Tx

The phase of the circularly polarised wave will rotate through an angle 6 = f: kds
where d is the distance travelled through the plasma. For a linearly polarised wave,
the component right and left circularly polarised waves will undergo different phase
changes. This leads to a rotation in the angle of polarisation for the linearly polarised
wave. The magnitude of this rotation, 6, is the difference in phase changes for the
left and right circularly polarised light

d
9:/ (ke — ky) ds
0

27e’ d
0= ——— nByds
0

m2c2w?
e (1.41)
0= —— Byds
2mwm?c? /0 oo
& d
= — Bods.
¢ 2wm?c* /0 oo

¢ = % is called the Faraday depth. Here we have derived the Faraday depth
assuming that the magnetic field is parallel to the direction of propagation. However
the equation is still valid if By is replaced with Bj.
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1.4 Structure of Thesis

In the following chapters I will present low frequency radio observations of several
galaxy clusters as well as the giant radio galaxy NGC 6251 which is located in a poor
galaxy group. In Chap.2 I will discuss some of the techniques used in this thesis. In
Chap. 3 I present GMRT observations of the massive merging galaxy cluster MACS
J22443.3-0935 which was selected for observation based on its highly negative relax-
ation parameter. I report the discovery of a radio halo in MACSJ2243.3-0935, as well
as a new radio relic candidate and discuss the properties these sources. In Chap.4
I present GMRT observations of 3 dynamically disturbed clusters, also selected for
their negative relaxation parameters and place upper limits on the radio halo power
in these clusters. In Chap. 5 I present LOFAR observations of the giant radio galaxy
NGC 6251. These observations produce the deepest maps of the extended diffuse
structure in this source to date. I discuss the contribution these maps make to our
understanding of the particle dynamics in the source. I also present the first obser-
vations of polarisation in NGC 6251 at 150 MHz and demonstrate the power of RM
synthesis in analysing LOFAR polarimetry data.

In this thesis, a ACDM cosmology is assumed with Hy = 70kms~! Mpc~!,
Qn =0.3,Q2, =0.7.
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Chapter 2 ®)
Techniques and Data Calibration e

2.1 Radio Interferometry

2.1.1 Why Is Interferometry Needed

The resolution of a radio telescope is determined by the equation & = 1.22%, where
A is the observing wavelength and D is the diameter of the dish. Increasing the
resolution of single dish radio astronomy requires the construction of larger and
larger dishes, which quickly becomes both impractical and expensive. The largest
radio dish constructed is the Five-hundred-meter Aperture Spherical radio Telescope
(FAST) radio dish in China, with an effective diameter of 300 m and a resolution of
2.9 arcmin at L-Band (Nan et al. 2011).

The technique of radio interferometry was developed in order to overcome this
limitation. This technique uses an array of smaller radio telescopes with precisely
known locations, as well as accurate signal arrival times, to synthesise a much larger
dish with a resolution that is given by # = 1.22% where B is the longest baseline,
or distance between individual antennae, measured in meters.

In the following sections I will describe some of the basic principles in radio
interferometry as well as the methods involved in calibrating interferometric data.
For a complete and thorough description of radio interforometry see Thompson et al.
(2017).

2.1.2 Basic Interferometry

Consider an incoherent source located in a distant plane. The radiated field is mea-
sured by antenna 1 at r; and antenna 2 at r,. First consider a single element in the
source, S, located at R. The source distance is R = |R| in the direction § = %. The
distance between antenna 1 and antenna 2 is B = |r; — r»|. The field measured at
antenna 1 is given by
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. R, e—2iﬂv(t—Rc—l)
Ei(r,n)=E8§1t—— | ——F—, 2.1
C R1
where € (§ 1= %) is the complex electric field amplitude vector emitted by element
S in the direction of r;. Similarly the field measured at antenna 2 is given by
. Rz e—2inv(l—RT2)
E;(r,t)=E(§,t —— | —. 2.2)
C R2

The exponential terms in Eqgs.2.1 and 2.2 represent the phase change in traversing
the paths from element S to antenna 1 and antenna 2.

The complex cross correlation of the field voltages at antenna 1 and antenna 2 is
then

c

£ )

* A Rl % [ ~
(E; (r1, ) E} (r2, 1)) = (€ (s, t— —) & (s, t— — RE

R — R, e—2inv(R12R2>
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A o [ A
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If the @ is small compared with the reciprical reciever bandwidth and if the
distance to the source is much greater than the distance between antenna 1 and

antenna 2 then
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The term (€ (8, 1) €* (8, 1)) is the time averaged intensity, / (§), of the source so
that

. Ry —R
—2imgy-==2

R2

(Ei (r, D E3 (12, 1)) = 1(5) (2.5)

The mutual coherence function, I' (ry, ry, 0), for the whole source is obtained by
integrating Eq.2.5 over the source so that

Ay —2imv§( 122
I (2)
[ (r,12,0) = / ($)e ds, (2.6)

2
source R

where ds represents an element of the source. In radio astronomy the convention is
to place the phase reference point at the centre of the field of view such that

V(u, v, w) = e?™ 0Bl (1, 1,,0), 2.7)
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where V(u, v, w) is the complex visibility, § is the unit vector in the direction of the
phase centre and B; = %.

If we define our coordinate system such that X is to the east, y is to the north and
Z is towards the phase centre then

§=I%+my+nZ

=12

B, =ux +vy+wz (2.8)
dld

dQ = aam
1—12—m?

where [, m, and n are the directional cosines and n = +/1 — [2 — m2. We can rewrite
Eq.2.7 as

V(u,v,w) = / [(§)e 2imsBig2imso By g0
source
:/ [ (§)e 2 UHmSH=DD-(wivi+d) (2.9)
source

dldm.

/ I(f)e—Zin(ul+mv+(n—l)w)
source n

For small enough / and m, n =~ 1 so that
V(u,v) = f [(§)e 2T WHm) g1dm (2.10)

This is the case for telescopes with small fields of view where the sky can be consid-
ered flat. The intensity is recovered by taking the fourier transform of the complex
visibilities.

2.2 Calibrating Interferometric Data

Astronomical radio signals are corrupted in a number of different ways. The radio
interferometer measurement equation (RIME) is the fundamental tool for calibrating
radio interferometric data (Hamaker et al. 1996). Here I will describe the RIME and
its use. For a full review see Smirnov (2011a,b,c,d).

We can rewrite the correlator output for an uncorrupted signal as a 2 x 2 matrix
which is equal to the product of the voltage of antenna one with the conjugate of
voltage of antenna 2,

Vi, = 2<<V1x> (vi, V;y)> =2(vp5), .11)
Viy
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where vix and vy, are the voltages from two orthogonal feeds on antenna one, vax
and v,y are the voltages from two orthogonal feeds on antenna two and H is the
Hermitian transpose.

As the signal travels from the source to the antenna it is modified by different
propagation effects like ionospheric Faraday rotation. Each of these effects can be
represented by a 2 x 2 matrix and the product of these terms is the Jones matrix, J.
The corrupted visibilities are then given by

Vi =2(NeJ20)") =2(J; (ee') JY) = J1BJY, (2.12)

where e is the signal from the source and B = (eeH) is the brightness matrix. An
example Jones terms is given below

J = BGDEPT, (2.13)

where B is the bandpass or frequency response of the antenna, G is the electronic gain
response, D is called the D term and is the polarisation leakage between the orthogonal
feeds, E represents the optical properties of the feed such as the shape of the primary
beam, P is the parallactic angle term and takes into account the orientation of the
feeds when projected onto the sky and T is the effects of the troposphere. Because
matrices do not in general commute the order in which these effects are applied to
the data is important.

2.2.1 Ionospheric Effects

As mentioned above G accounts for the complex electronic gains. In general direction
independent ionospheric effects are also contained in the term G. The ionosphere is
an ionised region of the upper atmosphere. The electron content in the ionosphere is
highly variable, depending on both time of day and time of year. At low frequencies
the ionosphere cause significant phase fluctuations. Assuming that the observing
frequency, v is much greater than the plasma frequency the ionospheric time delay,
Tion 1S given by

40.3
Tion = —Z/ne(h)dh, (2.14)
cv

where n.(h) is the electron density and f ne(h)dh is called the total electron content
or (TEC).

At low frequencies, phase errors due to the ionosphere dominate and at higher
frequencies phase errors due to the troposphere dominate. At approximately 1 GHz
phase errors are minimised. In this thesis I will generally be working in the low fre-
quency regime and calibration is largely focused with removing ionospheric effects.

In order to correct for ionospheric effects observations typically switch between
the target source and a nearby compact bright calibrator source. It is assumed that
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the ionosphere in the direction of the calibrator is the same as the ionosphere in
the direction of the target and that time variations in the ionosphere are longer than
the time between calibrator scans. The complex gains G are solved for using a x>
minimisation algorithm on the calibrator source. These solutions are applied to the
target source. Residual phase errors due to differences between the ionosphere along
the target line of sight and calibrator line of sight can then be solved for using a process
known as selfcal. During selfcal the target field is imaged. A model of the target field
based on this image is then used for another round of complex gain solutions. This
is done in an iterative fashion solving first for long timescale variations and moving
to short timescale variations.

In the above calibration process it is assumed that the ionosphere is spatially con-
stant over the full field of view. This is only appropriate for telescopes with a small
field of view. However for telescopes such as the GMRT, LOFAR and the upcom-
ing SKA, which have a very large field of view, direction dependent ionospheric
effects must be taken into account. One direction dependent calibration pipeline is
the Source Peeling and Atmospheric Modeling (SPAM) package (Intema 2014). The
SPAM pipeline does an initial direction independent self cal. A model of the field is
then subtracted and a number of compact bright sources are used to determine an
ionospheric phase screen. This screen is then used to determine the complex gains
which are then applied to the data. This is done twice to produce a final image of
the sky with direction dependent effects removed. This pipeline has been successful
used on GMRT and VLA data. Figure2.1 shows a GMRT image before direction
dependent calibration with SPAM and after.

LOFAR data has one of the largest fields of view available as well as observing
at very low frequencies where direction dependent effects dominated the noise. The
LOFAR field of view is so large that it is not necessary to observe an interleaved
calibrator between the target scans. Instead a model of the field, generated from
previous radio surveys (Smirnov and Noordam 2004) is used to do the initial phase
calibration. LOFAR direction dependent calibration is not done using SPAM due to
the difficulty the current implementation has in handling large LOFAR datasets. The
DD calibration is done using FACTOR (van Weeren et al. 2016b). FACTOR calibration
begins after an initial direction independent phase calibration. A model of the field
is generated and subtracted from the visibilities to leave an ‘empty’ dataset. The sky
is then divided into a number of facets. The centre point of each facet is located
on a bright source or at the centre of a group of closely separated bright sources.
It is assumed that the calibration solutions towards the bright source apply for the
whole facet. The next step involves adding back a bright source or source group to
the visibility data. The data is then phase rotated to the bright source. A number of
selfcal cycles are performed in the direction of the bright source to obtain calibration
solutions for the facet. The remaining sources in the facet are then added back to
the visibility data. The calibration solutions are applied and the facet is images. The
skymodel for that facet is then updated with the new model. This is repeated for
every facet. With each facet the residual image becomes ‘emptier’. This procedure
has been tested and reaches the expected thermal noise of LOFAR data.
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2.3 Imaging Techniques

After radio data has been fully calibrated one effect is still present in the data and
that is the effect of incomplete sampling of the visibilities. The interferometer does
not measure the true visibilities but a sample of the visibilites, Vops such that

Vobs = W X Ve, (2.15)

where W is 1 everywhere a visibility is measured and zero everywhere else. The
Fourier transform of V is

FT(Vobs) = I * By, (2.16)
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where Bgiyy = FT(W) is known as the dirty beam. In order to reconstruct an image
of the sky we need to deconvolve the dirty beam. This is done using the CLEAN
algorithm (Hogbom 1974). The basic steps of the clean algorithm are as follows.

1. Fourier transform the visibilities. This is known as the dirty image. The Fourier
transform of the response to a point source is also computed. This is known as
the dirty beam.

2. The peak in the dirty image is found. The dirty beam is subtracted from the
position of this point source with an amplitude equal to the peak times some
gain factor. The gain factor is less than one. This resulting image is now called
the residual image. The position and amplitude of the subtracted component is
added to a model image.

3. Step 2 is repeated until there is no obvious source structure left in the residual
map.

4. The central peak of the dirty beam is fitted with a Gaussian. This Gaussian is
the clean beam.

5. The model image is convolved with the clean beam and added to the residual
map. This is the final image.

Figure2.2a shows an image without deconvolution and Fig.2.2b shows the same
field but after deconvolution.

The most common implementation of the clean algorithm is the Cotton—Schwab
clean (Schwab 1984). This method consists of major and minor cycles. In the minor
cycles, the dirty beam is approximated to just the main beam and most dominant
sidelobes. A number of points to subtract are found in the minor cycle. In the major
cycle these points are subtracted from the data using the full dirty beam. The subtrac-
tion is done in the uv plane on the ungridded visibilities, i.e. it is the multiplication
of the Fourier transform of the dirty beam and the Fourier transform of the points to
be subtracted.

2.3.1 Multiscale Imaging

The early implementations of clean assumed the sky was a collection of point sources.
Obviously this is not the case, and as the computing power available increased new
algorithms were developed to take into account the extended structures. One such
algorithm, which is widely used, is the multiscale clean algorithm (Wakker and
Schwarz 1988; Cornwell 2008). Standard clean attempts to find the maximum in

IR(n) = Ip — B * Ic(n — 1), 2.17)

where Ig(n) is the residual map in the nth iteration of clean step 2, I is the dirty
image, B is the dirty beam and Ic(n — 1) the model image after n — 1 iterations of
step 2. All components that contribute to Ic(n — 1) are delta components. Multiscale
clean allows components to have different widths, ;. Multiscale clean attempts to
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Fig. 2.2 NGC 6251 as observed by the VLA in D configuration at L band. Contours are at —5, —3,
3,5, 10, 15, 20, 30, 40, 100 xoyms. a Dirty image, i.e. before any deconvolution. oyyms = 3 mJy b
deconvolved image of NGC 6251 with no multiscsale clean oyps = 0.5 mJy ¢ deconvolved image
of NGC 6251 with multiscale clean. oyys = 0.3 mJy

find a maximum in

In) =1Ip — BxIyn—1), (2.18)
where Iy = Zq I4(x — xq, ¥ — ¥q, @q). The search for a peak is not just in x and y
but also in component width. In practice only a finite range of component widths
are searched. Figure2.2 show a comparison between an image with and without
multiscale clean. When no multiscale clean is used there is a large negative well
around the extended emission. With multiscale clean this negative well is removed
and the noise is reduced by a factor of 1.5.
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2.3.2 W-Projection

In Sect. 2.1.2 T showed that for small field of views the w term can be neglected.
However this assumption fails for many modern telescopes with wide fields of view.
W-projection is an algorithm designed to image data taking the w term into account
(Cornwell et al. 2008). The visibilities in Eq.2.9 can be rewritten as

I(l,m)
ST—P—m

72ni[w(m71)]

V(u,v,w) = G, m, wye 2Hvmlgldqm, (2.19)

where G(I,m,w) =e . Thus the visibilities are given by

V(u,v,w) = Gu,v,w)* V(@u,v,w=0), (2.20)

where (~}(u, v, w) is the Fourier transform of G (I, m, w). We can therefore calculate
the visibilities at any w from the convolution of the two dimensional visibilities at
w = 0 with the know function G(u, v, w). In order to image the visibilities of non
coplanar baselines, each (u, v, w) point is projected onto the (u, v, w=0) plane. A
2-dimensional Fourier transform is used to produce the dirty image. Figure 2.3 shows
a comparison of a wide field imaged with and without w-projection.
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Fig. 2.3 Reproduced from Cornwell et al. (2008) a shows a image of simulated data without
w-projection. b shows the same image but with w-projection
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2.4 Rotation Measure Synthesis

Burn (1966) defines the Faraday dispersion function, F'(¢), as F(¢) = E(¢) Pyuc(¢)
where Py (¢) is the intrinsic polarisation of radiation from Faraday depth ¢ and
E(¢) is the fraction of radiation from Faraday depth ¢. If the observed polarisation
angle is given by x = xo + ¢A? then the observed polarisation is given by

+00
PO2) = / E(¢)P(¢)e 9 dg,
— (2.21)

+00
P(A2) = / F($)e* dep.

o0

Equation2.21 has the form of a Fourier transform. However Eq.2.21 only makes
sense for A > 0. Therefore in order to invert Eq.2.21 we must make some assump-
tions about the behaviour of P(1?) for A < 0. One such assumption is that P (A?) is
hermitian, i.e. P(—A%) = P*()). Under this assumption F(¢) must be real.

A second complication arises from the fact that we do not have complete coverage
of A2 > 0. (Brentjens and de Bruyn 2005) include this incomplete sampling so that
Eq.2.21 becomes

+00
Pans(A2) = W(R2) / F(¢)e " dg, (2.22)

where W (1?) is a weighting function which is 1 where there is data and zero every-
where else. Substituting 1> = mu we get

+o0
Poos(umr) = W(um) / F(¢)e* ™ dg, (2.23)

They define the rotation measure transfer function (RMTF),

+00 2ipA2
77 W (um)e*?* du

R(¢p) = — 2.24
@) 12 W (um)du (229
so that
o0 o0 )
W (ur) :( W(un)du) / R(¢)e* ™ deg, (2.25)
and

+00 400 +00
Fovs (urr) =< W(un)du) / R($)e* ™" d¢p x / F(¢)e* ™" dg.

—00 oo oo
(2.26)
Taking the Fourier transform of Eq.2.26
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fj;o Pops (umr)e? ™4 du
F R =
(@) * R(¢p) 7 W du

(2.27)

+00

F($)* R($) = K / Pos(12)e29% {32,

—0Q

Taking the Fourier transform of the observed polarisation as a function of wave-
length squared yields the Faraday spectrum convolved with the rotation measure
transfer function.

Figure2.4 shows an example of what a Faraday spectrum could look like for
different emitting regions along the line of sight. Faraday thick regions, i.e. regions
where AA¢ > 1, are extended regions in the Faraday spectrum and Faraday thin
components, i.e. regions where AA¢ < 1, appear as narrow peaks. With sufficiently
good resolution in Faraday space individual components along the line of sight can
be resolved in the Faraday spectrum.

The maximum observable Faraday depth, @max-geptn» the resolution in Faraday
space, ¢, and the largest scale in Faraday space that can be detected, ¢max_scale, are
given by (Brentjens and de Bruyn 2005)

||¢max—depth|| ~ 5? (2.28a)
23
o~ — 2.28b
¢ AN? ( )
e
¢max—sca]e ~ T2 (228C)
)‘min

where 82 is the channel width squared, A)2 is the width of the A2 distribution
and A2 is the minimum wavelength squared. Figure 2.5 shows the RMSF for two
diiferent telescopes, the VLA at 3 GHz and LOFAR at 150 MHz. The resolution of
LOFAR is significantly better than that of the VLA due to LOFAR’s large bandwidth
in A2. However the VLA has much better sensitivity to extended structures in Faraday

space due to a lower A2min.

2.5 QU Fitting

Another method which takes advantage of wide bandwidth telescopes is the QU
fitting method. QUfitting attempts to fit models of polarised intensity to Q(A?) and
U ()?). Typical models used are those for a Faraday thin screen and Faraday thick
screen. The polarised signal from a Faraday thin screen is given by

P\ = pexp[2i (x + ¢27)]. (2.29)
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Fig. 2.4 The top panel shows two lines of sight which pass through emitting regions (grey box),
regions which are both emitting and rotating (grey boxes with arrows) and rotating regions (white
boxes with arrows). The arrows represent the strength and direction of the magnetic field in different
regions. The middle panel plots the observed Faraday depth as a function of position along the line
of sight. The bottom panel shows the Faraday spectrum for the two lines of sight. Regions A and
B, which are both emiiting rotating regions, are extended in Faraday space while region C, which
is only emitting, apears as a narrow peak in the Faraday spectrum. Figure 2.2 from Brentjens and
de Bruyn (2005)

where P (A?) is the observed polarised intensity, p is the initial polarised intensity, x
is the polarisation angle. The polarised signal from a Faraday thick slab is given by

. 2
P2 = psmf;;j) exp [21‘ (XO +por + %@M)} , (2.30)

where ¢ is the extent of the slab in Faraday space, ¢y is the front edge of the screen and
Xo is a constant. Other more complicated models could also be fit to data for example
a Faraday thick slab with a varying polarisation angle or Gaussian regions. Sun et al.
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(2015) compare the ability QU fitting algorithms and RM synthesis algorithms to fit
both simple and complex Faraday spectra. They find that both types of algorithms
work well for spectra containing a single Faraday thin component. Only QU fitting
was capable of fitting spectra containing two Faraday thin components. It was found
that neither algorithm was particularly good at reproducing Faraday thick spectra
due in part to the narrow bandwidth used in the simulations. QU fitting is therefore
an important tool for the analysis of complex Faraday structures.

QU fitting is already being used to produce interesting science. O’Sullivan et al.
(2015) examine the polarisation properties of a large sample of AGN using QU
fitting. They show that not only does the density of the host environment play a role
in the accretion state of AGN but that the magnetised properties of that environment
is important in the formation of AGN jets.

2.6 Instruments

In this thesis I used interferometric data from four different instruments, the GMRT,
LOFAR, the VLA, and KAT-7. Below I describe each of these instruments and how
they differ from each other.
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Fig. 2.5 RMTF for LOFAR (black) and the VLA (blue)
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2.6.1 GMRT

The Giant Meter-Wave Radio Telescope (GMRT) (Swarup et al. 1991) is an array of
30 antennas with diameters of 45m in India. 14 antennas make up the central core
of the array while the remaining 16 antennas are arranged around the core to form
a Y-shape. This distribution of antennas affords good uv coverage on both the short
and long baselines. The GMRT is capable of observing at a range of frequencies
from 150 to 1280 MHz with a maximum bandwidth of 33MHz. At 610 MHz the
maximum resolution is about 5 arcsec and the half power point of the primary beam
is 43 arcmin.

2.6.2 LOFAR

The LOw Frequency ARray (LOFAR) (van Haarlem et al. 2013) is an array of
dipole antennas which are arranged into groups of “stations”. LOFAR is capable of
observing from 110 to 250 MHz using the high band antenna (HBA) and 30-90 MHz
using the low band antenna (LBA).

LOFAR consists of 24 “core” stations, 14 “remote” stations in the Netherlands
and 12 international stations in Germany, UK, France, Sweden, Poland and Ireland.
Figure 2.6 shows the layout of the core, remote and international stations. The core
and remote stations will be refered to as the Dutch array for the remainder of this
section.

Core stations have a maximum baseline of 3.5 km, remote stations have a maxi-
mum baseline of 121 Km and including the international stations increases the max-
imum baseline to ~1900km. The angular resolution of the Dutch array is ~8 arcsec
for the LBA and ~5 arcsec for the HBA. The Dutch array has a field of view of 20
deg? for the LBA and 7 deg? for the HBA.

2.6.3 VLA

The Karl G. Jansky Very Large Array (VLA) (Thompson et al. 1980; Napier et al.
1983; Perley et al. 2011) is an array of twenty-seven antennas each with a diameter
of 25m. The telescopes can be arranged in four different configurations each with a
basic Y-shape. The configurations are named A, B, C and D configuration with A
being the least compact configuration and D being the most compact configuration.
The VLA can observe from 54 to 50 GHz with continuous coverage from 1 to 50 GHz.
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\ Core Station Remote Station International Station

Fig. 2.6 Configuration of LOFAR stations. The circles mark the LBA antennas and the square tiles
show the HBA tile layouts. Figure4 from van Haarlem et al. (2013)

2.6.4 KAT-7

The Karoo Array Telescope (KAT-7)! is an array of 7 antennas with diameters of
12m in South Africa with a longest baseline of 200 m. KAT-7 can observe at cen-
tral frequencies of 1382 MHz and 1826 MHz with a bandwidth of 256 MHz. The
maximum resolution of KAT-7 is 4 arcmin at 1382 MHz and 3 arcmin at 1826 MHz.
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Chapter 3 ®)
A Newly-Discovered Radio Halo in e

Merging Cluster MACS J2243.3-093

The work in this chapter was published in Cantwell et al. (2016). I personally did all
work presented in the paper except the observation and data reducation of the KAT-7
data presented in Sect. 3.2.1 which were carried out by our collaborator N. Oozeer.

3.1 Introduction

MACS J2243.3-0935 is a massive galaxy cluster at a redshift of z = 0.447 at the
center of the super cluster SCL2243-0935 (Schirmer et al. 2011). Table 3.1 lists
some important properties of MACS J2243.3-0935 determined from previous studies
across a range of wavelengths (Ebeling et al. 2010; Planck Collaboration et al. 2014;
Mantz et al. 2010; Mann and Ebeling 2012; Wen and Han 2013).

The dynamical state of this cluster has been examined using a variety of tech-
niques. Mann and Ebeling (2012) use the X-ray morphology and the offset between
the brightest cluster galaxy (BCG) and X-ray peak/centroid to characterise the
dynamical state of clusters. They find that the merger axis suggested by the highly
elongated X-ray emission in MACS J2243.3-0935 is mis-aligned with the merger
axis suggested by the two main galaxy concentrations. Mann and Ebeling (2012)
also report a separation between the BCG and the X-ray peak of 125+ 6 kpc and a
centroid shift, w, of 156 &4 kpc.

Wen and Han (2013) calculate the relaxation parameter , I', of MACS J2243.3-
0935 to be —1.53 £0.07. The highly negative relaxation parameter of MACS
J2243.3-0935, as well as its high luminosity, were the primary reasons for selecting
this cluster for study in this work.

MACS J2243.3-0935 has also been detected by Planck as PSZ2 G056.93-55.08
(Planck Collaboration et al. 2015). From these data, the total mass measured from
the SZ effect for this cluster is 1.007 x 10" Mg, and the cluster has an integrated
Compton-y parameter, ¥ = 16.3 + 1.7 arcsec?. In the radio, the cluster field was
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Table 3.1 Properties of MACS J2243.3-0935

Property Value Reference

z 0.447 Ebeling et al. (2010)

Msgo (x101* M) 10.0740.58 Planck Collaboration et al.
(2014)

Y500 (Mpcz) 16.3+1.7 Planck Collaboration et al.
(2014)

Lx.500 (10**erg s—1) 11.56+0.67 Mantz et al. (2010)

T (keV) 8.24 £0.92 Mantz et al. (2010)

w (kpc) 156+4 Mann and Ebeling (2012)

r —1.534+0.07 Wen and Han (2013)

Virial radius (Mpc) 2.13f8: ig Schirmer et al. (2011)

Ly is core excised from 0.1-2.4 kev

observed by the NRAO VLA Sky Survey (NVSS) (Condon et al. 1998a) and the
Faint Images of the Radio Sky at Twenty-cm survey (FIRST) (Becker et al. 1995)
however the field is not covered by the Sydney University Molonglo Sky Survey
(SUMSS) (Bock et al. 1999) or the Westerbork Northern Sky Survey (WENSS)
(Rengelink et al. 1997).

In this chapter I present new observations of MACS J2243.3-0935 at 1.4 GHz using
the Karoo Array Telescope' (KAT-7) and at 610 MHz with the Giant Meter Wave
Telescope (GMRT) (Swarup et al. 1991). In Sect. 3.2 I describe the observations and
data reduction. In Sect. 3.3 I present the results which are then discussed in Sect. 3.4
before making my concluding remarks in Sect. 3.5.

Ataredshift of 0.447, 1 arcsec corresponds to a physical scale of 5.74 kpc (Wright
2006).

3.2 Observations and Data Reduction

MACS J2243.3-0935 was observed at 1.8GHz by KAT-7 and at 610 MHz with the
GMRT. See Sect. 2.6 for more details on these instruments.
A summary of the observational details can be found in Table 3.2.

3.2.1 KAT-7

KAT-7 was used to observe MACS J2243.3-0935 on the 2012-09-08. All seven
antennas were used for this observation at a frequency of 1822 MHz with a bandwidth
of 400 MHz. Due to analog filters in the IF and baseband system only the central 256

!For more information see http:/public.ska.ac.za/kat-7.
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Table 3.2 Observation details of MACS J2243.3-0935

Telescope GMRT KAT-7
Date 20 Jun 2014 7 Sep 2012
Frequency (MHz) 610 1826

Time on Target (hrs) 5.6 7.5

Usable Time (hrs) 5.6 7.5
Bandwidth (MHz) 33 400
Usable Bandwidth (MHz) 29 256

No. Channels 256 600

No. Averaged Channels 28 9

% flagged 33% 18.5%
Sensitivity 40 wly 500 ply
Angular Resolution ~5 arcsec ~3 arcmin
FOV 43 arcmin ~60 arcmin

MHz of the bandwidth is useable. A first round of flagging was carried out by the
automatic flagging routine (developed in-house) to remove known radio frequency
interference (RFI). The data were further flagged inside CASA to remove other low
level RFI. PKS 1934-638 was used as the primary calibrator and PKS2243-123 as the
phase calibrator. The flux calibrator was observed every 2 h for 2min while the phase
calibrator was observed every 15min for 3 min. Flux densities were tied to the Perley-
Butler-2010 flux density scale (Perley and Butler 2013). Standard data flagging and
calibration was carried out in CASA4.3. Three rounds of phase only selfcal were
performed. The data were then imaged using the multifrequency, multiscale clean
task in CASA with a Briggs weighting robust parameter of 0. The resulting image
has an rms of 0.5 mly. Figure 3.1 shows the full field KAT-7 image of MACS
J2243.3-0935 while Fig. 3.2 shows the central cluster region.

3.2.2 GMRT

MACS J2243.3-0935 was observed by the GMRT at 610 MHz with a bandwidth of 33
MHz on 20th of June 2014.2 The primary calibrator, 3C48, was observed for fifteen
minutes at the start of the observations and 3C468.1 was observed at the end of the
observation in order to test the flux calibration. The phase calibrator J2225-049 was
observed for 5 min, every 20 min. Data reduction and calibration for GMRT data at
610 MHz were carried out in CASA (McMullin et al. 2007). The calibration process

ZMACS J2243.3-0935 was also observed by the GMRT for 7 h on 25th October 2010 at 610 Mz and
235 MHz. These observations were taken before upgrades began on the GMRT and are of lower
quality than the new observations and are significantly contaminated with RFI. Including these data
does not improve the image quality.
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Fig. 3.1 Greyscale plot showing the KAT-7 FOV image of MACS J2243.3-0935 with KAT-7
contours overlaid in red. Contours are at 3, 5, 10, 15, 20 X oyqs Where opmg = 500 pwly/beam. The
resolution is 160.10 x 144.99 arcsec. The blue circle marks the virial radius of MACS J2243.3-0935.
The virial radius is 2. 13f8:}§ Mpc or 370 arcsec
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Fig. 3.2 Greyscale plot showing X-ray image of MACS J2243.3-0935 in the Chandra
ACIS 0.5—7 keV band. The image has been smoothed with a Gaussian kernel with o = 3 pixels.
KAT-7 contours are overlaid in red while NVSS contours are overlaid in blue. Contours are at 3,
5,10, 15, 20 X opps Where oyms = 500 ply/beam for KAT-7 and oy = 400 pJy/beam for NVSS.
The resolution of the KAT-7 image is 160.10 x 144.99 arcsec while the resolution of the NVSS
image is 45 x 45 arcsec
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followed that described in De Gasperin et al. (2014). Calibration and flagging were
performed in an iterative fashion. Data were phase, amplitude and bandpass calibrated
then flagged, in the first round, using first the rflag mode in the CASA task flagdata
and, in the second round, with AOFlagger (Offringa et al. 2012). After flagging with
AOFlagger, the data were averaged and a final round of calibration and flagging with
AOFlagger was performed. Five rounds of phase only selfcal were carried out. After
calibration and selfcal, approximately 33% of the data were flagged. Flux densities
were tied to the Perley-Butler-2010 flux density scale (Perley and Butler 2013). The
flux density measured from 3C468.1 was 12.5 & 0.9 Jy, which agrees within error
with the literature value of 12.7 Jy (Helmboldt et al. 2008; Pauliny-Toth et al. 1966).
The data were then imaged using the multifrequency, multiscale clean task in CASA.

To subtract the point source population from the centre of the cluster, data from
baselines longer than 4 ki, which corresponds to an angular scale of 50 arcsec, were
imaged with a Briggs robust parameter of 0. This image is shown in Fig. 3.3a and has
an rms of 40 pJy/beam and a resolution of 4.84 x 4.15 arcsec. Figure 3.3b shows the
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Fig. 3.3 Point source subtraction in MACS J2243.3-0935. a Greyscale image shows the robust 0
high resolution GMRT data used for the point source subtraction. b Greyscale image shows the
clean component model of the point sources in the centre of the cluster ¢ Greyscale image shows
the robust 0 high resolution GMRT data after point source subtraction
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Fig. 3.4 Greyscale plot showing X-ray image of MACS J2243.3-0935 in the Chandra ACIS 0.5—
7 keV band. The image has been smoothed with a Gaussian kernel with o = 3 pixels. The red
contours show the naturally weighted GMRT image. Contours are at —3, 3, 5, 10, 15, 20 X oypms
where oyms = 45 pJy/beam. The resolution of the GMRT image is 7.44 x 6.06 arcsec. Radio point
sources have been subtracted from this image. The blue circle marks the virial radius of MACS
J2243.3-0935. The virial radius is 2.13015 Mpc or 370 arcsec

clean component model of the point sources in the clusters. These clean components
were then Fourier transformed and subtracted from the uv data using the CASA tasks
ft and uvsub. In order to check the quality of the point source subtraction the data
were reimaged with a uvcut of 4 kA and a Briggs robust paramter of 0. Figure 3.3c
shows the high reslution image after subtraction. The bright sources at the centre of
the cluster are no longer present.

Two images were then made using the point source subtracted data: the first was
naturally weighted with no uvtaper and the second was naturally weighted with a
uvtaper of 5 kA by 4 kX. The naturally weighted image has a resolution of 7.44 x
6.06 arcsec and an rms of 45 uJy/beam and is shown in Fig. 3.4. The tapered image
with a resolution of 44.89 x 33.70 arcsec and an rms of 200 pwJy/beam is shown in
Fig. 3.5.
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Fig. 3.5 Greyscale plot showing X-ray image of MACS J2243.3-0935 in the Chandra ACIS 0.5-7
keV band. The image has been smoothed with a Gaussian kernel with o = 3 pixels. The red contours
show the naturally weighted GMRT image with a uvtaper of 5 x 4 kA. Contours are at —3, 3, 5, 10,
15, 20 X oyms Where oy = 200 wly/beam. The resolution of the GMRT image is 44.89 x 33.70
arcsec. Radio point sources have been subtracted from this image. The blue circle marks the virial
radius of MACS J2243.3-0935. The virial radius is 2.1 3J_r8:}§Mpc or 370 arcsec. Different regions
of diffuse radio emission are marked with black rectangles and labelled

3.3 Results

3.3.1 MACS J2243.3-0935 at >1 GHz

Figure 3.1 shows the KAT-7 image of MACS J2243.3-0935 at 1822 MHz. The
resolution of the image is 160.10 x 144.99 arcsec. However, the fidelity of the
KAT-7 image is limited by the presence of a bright complex source to the south west
of the field of view (FOV). A large region of diffuse emission can be seen towards
the cluster center with a largest linear scale (LLS) of 3.9 Mpc. This diffuse emission
is detected at a 5o level. The flux density of the cluster emission detected by KAT-7
, measured within the 3o level, is 40 & 6 mJy. Comparison with NVSS in Fig. 3.2
shows that there are at least two unresolved point sources in this region. Given the low
resolution of these data it is not possible to characterise the emission in the KAT-7
image further than to note that diffuse emission appears to be present in addition to
these compact sources.
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Table 3.3 Properties of the diffuse emission in regions A, B, C and D. Column 1 is the region
name, column 2 is the integrated flux density at 610 MHz, column 3 is the k-corrected integrated
flux density as 610 MHz, column 4 is the surface brightness and column 5 is the k-corrected power
at 610 MHz

Region SetomHz (MJY) | Se10MHz k—corr | I610MHz Poiomuz (1074 W
(mJy) (WJy/arcsec?) Hz™ 1)

A 10.0£2.0 12.0£2.0 6.0+1.0 9.0+2.0

B 19.0£3.0 - 11.0£2.0 -

C 11.0+2.0 - 6.3+0.9 -

D 52408 47407 3.0+04 34405

k-corrected flux and Pgo1mH; are calculated assuming a spectral index of 0.7 for region D and 1.4
for region A

3.3.2 MACS J2243.3-0935 at <1 GHZ

Figures 3.4 and 3.5 show diffuse radio emission detected in MACS J2243.3-0935
by the GMRT at 610 MHz. In the GMRT images, the diffuse emission detected by
KAT-7 is resolved into four distinct regions labelled A to D in Fig. 3.5. Table 3.3
lists the flux densities for each of these regions. Flux densities were measured from
the naturally weighted uvtapered image from within the 3o contour level. Errors in
flux measurements were calculated using the formula:

2
OSg10 = \/(O}:alsﬁlo)2 + (Urmsm) s 3.1

where o, is the uncertainty in the calibration of the flux-scale and Npean 1S the number
of independent beams in the source. o, is taken to be 10% for the GMRT (Chandra
et al. 2004). Figure 3.6 shows the high resolution GMRT image of MACS J2243.3-
0935 used to subtract the point sources with contours of the GMRT tapered image
and KAT-7 image overlaid. The flux measured from the high resolution GMRT image
within the same region of the KAT-7 cluster emission at a 3¢ level is approximately
63 mJy. Extrapolating this flux to 1826 MHz assuming a spectral index of o = 0.7,
where S, o V™%, gives a value of approximately 29 mJy. Subtracting this from the
KAT-7 flux calculated in Sect. 3.3.1 leaves a residual flux of 11 mJy. The total flux
measured from the point source subtracted, tapered GMRT image within the same
region of the KAT-7 cluster emission is approximately 40 mlJy. This suggests that
the average spectral index of the diffuse emission in MACS J2243.3-0935 is 1.1.

3.3.2.1 Field Sources

In order to further examine the flux scale, the GMRT data were imaged with full
uvrange, a Briggs weighting robust parameter of 0 and tapered close to the NVSS
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Fig. 3.6 Greyscale image shows the robust 0 high resolution GMRT data used for the point source
subtraction. KAT-7 contours are overlaid in blue while contours for the tapered, point source sub-
tracted GMRT image are overlaid in red. Contours are at 3, 5, 10, 15, 20 X oyys Where oyms = 500
pJy/beam for KAT-7 and —3 3, 5, 10, 15, 20 X 0yms orms = 200 pJy/beam for the GMRT. The res-
olution of the KAT-7 image is 160.10 x 144.99 arcsec. The resolution of the high resolution GMRT
image is 7.44 x 6.06 arcsec while the resolution of the tapered GMRT image is 44.89 x 33.70
arcsec

resolution. The software PYBDSF® was used to detect sources in both the NVSS and
the GMRT maps. PYBDSF works by detecting all pixels in the map above a set
peak threshold. It will then form islands of contiguous emission down to a set island
threshold around the identified peak pixels. Gaussians are then fit to the islands and
the Gaussians are grouped into individual sources. The flux densities of the sources
are calculated by summing the flux densities of the Gaussians and the error in the flux
density is calculated by summing the uncertainties in the Gaussians in quadrature. For
both the GMRT and the NVSS images, the peak threshold was set to 7o and the island
threshold was set to 5o Table 3.4 lists the detected sources and their flux densities in
the GMRT and the NVSS maps. Table 3.4 also shows the calculated spectral index
of each source that is detected in both maps. Figure 3.7 shows the spectral indices
for sources in the field versus their flux densities. The average spectral index is
0.2 £ 0.6. An average spectral index of o« = 0.7 is expected for most optically thin
extragalactic radio sources due to the energy distribution of cosmic rays produced in
shocks. However at low frequencies, the spectral index distribution of faint sources
is expected to have a flat tail due to the flattening of blazar spectra at frequencies
below 1 GHz. (Massaro et al. 2014).

3pYBDSF documentation: http://www.astron.nl/citt/pybdsm/.
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Table 3.4 Sources within GMRT primary beam half power point. Column 1-4 list the RA and Dec
values of each source as well as error in the positions. Column 5 lists the integrated flux density
at 610 MHz, column 6 is the integrated flux density measured from NVSS, column 7 is the offset
between the source position measured in GMRT and NVSS. Column 8 is the spectral index of the
source

R.A. (h:m:s) R.A.err. (s) | Dec. (d:m:s) Dec. err. | S610,GMRT Snvss (mly) | Offset o
(arcsec) | (mlJy) (arcsec)

22:44:31.20 0.10 —09:41:07.80 | 2.80 2.18+£0.32 - - -
22:44:26.90 0.00 —09:26:36.40 | 0.30 3391+£0.73 |48.16+£1.22 | 3.1 —0.42+£0.09
22:44:29.60 0.10 —09:45:39.50 | 1.30 6.22+£0.44 6.37+0.75 1.3 —0.03+£0.38
22:44:12.80 0.00 —09:34:22.60 | 0.50 13.09+0.48 | 18.34+£0.99 1.4 —0.41+£0.18
22:44:12.60 0.10 —09:46:29.40 | 2.30 2.50+0.34 4.63+0.73 5.6 —0.74£0.58
22:44:02.40 0.00 —09:51:18.40 | 0.10 165.66+0.67 | 143.02+1.32 | 19.2 0.18+0.03
22:44:03.20 0.10 —09:28:32.70 | 0.90 9.96+0.51 7.56+0.82 6.0 0.33+0.33
22:43:56.60 0.10 —09:25:26.00 | 1.60 3.79+0.37 - - -
22:43:49.40 0.00 —09:54:06.20 | 0.20 103.194+0.61 | 87.99+1.16 1.5 0.194+0.04
22:43:40.30 0.10 —09:42:31.70 | 1.40 6.06+0.44 - - -
22:43:39.10 0.10 —09:34:42.30 | 1.50 1041+049 |- - -
22:43:38.40 0.20 —09:44:28.40 | 3.30 2.85+£0.37 - - -
22:43:35.60 0.10 —09:30:42.60 | 2.40 2.92+0.36 - - -
22:43:34.40 0.10 —09:33:41.30 | 2.90 3.69+0.35 - - -
22:43:28.60 0.10 —09:28:00.50 | 1.30 7.62+0.44 - - -
22:43:27.80 0.10 —09:47:10.00 | 2.50 1.91+£0.29 - - -
22:43:25.80 0.00 —09:39:11.40 | 0.50 16.16+0.48 | 6.91+0.90 32 1.024+0.37
22:43:24.90 0.00 —09:33:49.50 | 0.90 20.67+£1.03 |6.45+£0.77 2.3 1.40+£0.36
22:43:23.70 0.10 —09:50:52.60 | 2.80 3.10+£0.36 - - -
22:43:18.80 0.00 —09:18:54.40 | 0.30 22.85+0.50 | 18.54+0.99 1.5 0.25+0.16
22:43:18.60 0.10 —09:44:52.20 | 1.00 8.76 £0.47 4.40+0.63 22 0.83+0.42
22:43:09.20 0.10 —09:36:09.60 | 1.20 21.34+£0.85 |- - -
22:43:00.00 00.20 —09:34:56.20 | 3.90 2.89+£0.36 - - -
22:42:53.50 0.10 —09:22:49.10 | 2.30 3.33+£0.35 - - -
22:42:16.30 0.10 —09:31:53.10 | 2.40 2.49+0.35 - - -

3.3.2.2 Optical Counterparts in Regions A-D

Figure 3.8 shows the robust 0 images of regions A, B, C and D as well as the optical
SDSS images of each region. The locations of discrete radio sources are marked.
Galaxies within the redshift slice z + 0.04 (1 + z) are deemed to be associated with
the cluster (Wen et al. 2009). Table 3.5 lists the radio sources found in each region
and their optical counterparts. An optical source was deemed to be the radio source’s
counterpart if the optical source was within one FWHM of the GMRT beam from
the radio source. If more than one optical source lies with a FWHM of the radio
source, then the source closest to the centroid of the radio source is deemed to be the
optical counterpart.
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Fig. 3.7 Spectral index of sources versus their flux density within the primary beam half power
point. The blue line marks a spectral index of 0.7

3.3.2.3 Region A

Region A is detected in the tapered image shown in Fig. 3.5 at a 5o level. It is not
detected at a significant level in either the untapered image, shown in Fig. 3.4, or the
high resolution image used to subtract the point sources. The emission at the 3o level
fills roughly the same region as the X-ray emission, shown in Fig. 3.5. The radio
emission appears to be extended along an axis almost perpendicular to the extension
of the X-ray emission. In Fig. 3.8a there are no compact radio sources coincident with
or near the peak of region A and so the diffuse emission is unlikely to be associated
with a single discrete source. At a redshift 0.447, region A has a largest linear scale
(LLS) of approximately 0.92 Mpc.

3.3.2.4 Region B

To the east of the cluster, complex diffuse emission can be seen in both the tapered
and untapered image. The emission has a LLS of approximately 1.7 Mpc. In Fig. 3.8c
there are two peaks in the emission. The southern peak is coincident with a discrete
radio source, B-4, at J22:43:34.4 -09:35:58.6. There is no SDSS, X-ray or infra-red
counterpart for this source. It is possible that the optical source has a high redshift
that puts it outside the range of SDSS. This would place the source behind the cluster.

The northern peak is centred near source B-1 at J22:43:37.8 -9:34:46, which is
located within the cluster. In Fig. 3.9 the northern peak is resolved into an arc of
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Fig. 3.8 Greyscale images show the robust 0 high resolution GMRT data in the left column and the
rgb image of SDSS D12 i, r and g filters in the right column. The high resolution GMRT data has
a rms noise of 40 pJy/beam and a resolution of 4.84 x 4.15 arcsec. The uvtapered GMRT images
are overlaid in each image. The resolution of the uvtapered GMRT image is 44.89 x 33.70arcsec.
Radio point sources have been subtracted from the uvtapered image using models extracted from
the high resolution GMRT image shown in the greyscale. The locations of discrete radio sources
detected by PYBDSF are marked by blue boxes in the left column and by white boxes in the right
column. The first row shows images for region A with contours are at —3, 3, 4, 5,6, 7, 8, 9, 10,
15, 20 xoyms where opps = 200 pJy/beam. The middle row shows images for region B and the
last row shows images for regions C and D with contours at —3, 3, 5, 10, 15, 20 Xoyys Where
orms = 200 pJy/beam
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Table 3.5 Sources within different regions. Column 1 is the region name and column 2 is the source
name. Column 3 and 4 are the position of the sources in RA and Dec. Column 5 is the integrated
flux density at 610 MHz, column 6 is the name of the SDSS optical counterpart, column 7 is the
offset between the position of the GMRT source and the SDSS counterpart. Column 8 is the sources
position relative to the cluster

Region Source RA (h:m:s) | Dec (d:m:s) | Sgjg (mJy) | SDSS Offset Position
source (arcsec)
Region A A-1 22:43:25.1 —09:33:46.8 | 3.62+£0.07 | SDSS 3.05 Cluster
J224324.84- member
093350.9
A-2 22:43:24.8 | —09:33:54.0 | 5.18+0.07 | SDSS 3.05 Cluster
J224324.84- member
093350.9
A-3 22:43:25.1 —09:34:08.5 | 0.61£0.07 | SDSS 0.25 Cluster
J224325.14- member
093408.7
A-4 22:43:25.5 | —09:35:06.8 | 1.94+£0.07 | SDSS 4.68 Cluster
J224325.30- member
093503.1
A-5 22:43:24.2 | —09:35:08.3 | 0.52+0.08 |- - -
A-6 22:43:16.6 | —09:34:51.3 | 0.48+£0.08 | SDSS 0.17 Foreground
J224316.63- source
093451.4
A7 22:43:23.3 | —09:36:07.2 | 0.37+£0.08 | SDSS 1.17 Cluster
J224323.40- member
093607.5
A-8 22:43:18.1 —09:36:09.8 | 0.84+£0.06 |- - -
A-9 22:43:22.1 —09:36:52.2 | 2.024+0.08 | SDSS 0.18 Foreground
J224322.08- source
093652.4
Region B B-1 22:43:37.8 | -09:34:46.6 |2.73+0.05 | SDSS 2.76 Cluster
J224337.71- member
093444.5
B-2 22:43:35.3 | —09:35:58.7 | 1.47+£0.07 |- - -
B-3 22:43:31.5 | —09:35:59.7 | 1.46+£0.07 | SDSS 1.47 Cluster
J224331.40- member
093558.9
B-4 22:43:344 | —09:36:45.6 | 1.24+0.08 |- - -
Region C C-1 22:43:14.1 -09:35:52.1 | 1.71+0.07 | SDSS 1.12 Cluster
J224314.19- member
093551.1
C-2 22:43:10.1 —09:35:50.3 | .56 £0.07 | SDSS 1.74 Foreground
J224310.12- source
093548.7
C-3 22:43:104 | —09:35:56.8 | 1.50+0.07 | SDSS 2.09 Cluster
J224310.28- member
093555.4
C-4 22:43:09.4 | —09:35:57.1 | 1.31+£0.06 |- - -
C-5 22:43:12.1 —09:37:10.8 | 6.83+0.08 | SDSS 5.15 Cluster
J224311.92- member

093714.8
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Fig.3.9 Greyscale images show the robust 0 high resolution GMRT data for region B. Red contours
show naturally weighted image. Contours are at —3, 3, 5, 10, 15, 20 x oyns Where opms = 45
pwJy/beam. The resolution of the GMRT image is 7.44 x 6.06 arcsec. Radio point sources have
been subtracted from the naturally weighted image using models extracted from the high resolution
GMRT image shown in the greyscale. The blue squares mark discrete radio sources

emission with one end of the arc coincident with B-1. In the untapered image there
is no emission detected connecting the northern and southern areas of region B.

3.3.2.5 Regions C and D

To the west of the cluster, there is a second region of complex diffuse emission.
Again this can be seen in both the tapered and untapered maps. There appear to be
two separate sources. The first, region C, is brighter and appears to coincident with
at least two discrete sources, C-2 and C-3. A narrow linear structure is evident in
the highest resolution greyscale image as well as the untapered image of region C in
Fig. 3.10. The linear structure extends from the north-west to south-east. Region C
has a LLS of approximately 0.76 Mpc.

The second region, region D, is on the edge of the cluster’s virial radius. There
are no discrete radio or optical sources evident in the region. It has a LLS of approx-
imately 0.68 Mpc. The eastern side of region D is curved while the western side of
region D is somewhat flatter.
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Fig. 3.10 Greyscale images show the robust 0 high resolution GMRT data for regions C and
D. Red contours show naturally weighted image. Contours are at —3, 3, 5, 10, 15, 20 X oyps
where oyys = 45 pJy/beam. The resolution of the GMRT image is 7.44 x 6.06 arcsec. Radio point
sources have been subtracted from the naturally weighted image using models extracted from the
high resolution GMRT image shown in the greyscale. The blue squares mark discrete radio sources

3.4 Discussion

3.4.1 A Giant Radio Halo in MACS J2243.3-0935

Figure 3.5 shows the X-ray emission of the cluster with the radio contours of region
A overlaid. The morphology, size and position of region A are consistent with that
of a giant halo.

34.1.1 Spectral Index

As discussed in Sect. 3.3.2.3, Region A is clearly detected in the GMRT 610 MHz
image, however it is not detected in the NVSS image and in the KAT-7 image all
cluster emission is unresolved. Without high resolution data at 1.822 GHz, it is not
possible to disentangle emission in region A from emission in region B, C or D in
the KAT-7 image. The NVSS image does not have the resolution or the sensitivity to
subtract the discrete sources from the KAT-7 image. As such I am only able to put a
lower limit on the spectral index of the radio halo using the NVSS image. The rms
noise of NVSS is 0.45 mJy/beam. Thus a 3¢ upper limit flux density for the radio



66 3 A Newly-Discovered Radio Halo in Merging Cluster MACS J2243.3-093

halo at 1400 MHz is 1.35 mJy/beam. Assuming the halo has the same spatial extent
at 1400 MHz this gives an integrated upper limit on integrated flux of 8.2 mJy. Taken
with the 610 MHz flux density of 10.0 & 2.0 mJy this gives a lower limit on the
spectral index of « > 0.28. Radio Halos are expected to have much steeper spectral
indices than 0.28, however NVSS does not have the surface brightness sensitivity to
more tightly constrain the spectral index of region A.

Feretti et al. (2012) suggest a link between the average temperature of a cluster
and the spectral index of radio halos . They find that radio halos in clusters with
an average temperature between 8 and 10 keV have an average spectral index of
a = 1.4+ 0.4. MACS J2243.3-0935 has an temperature of 8.24 £+ 0.92 K and so
an estimate spectral index of o = 1.4 will be used in this paper to estimate the
properties of the halo in MACS J2243.3.

3.4.1.2 Scaling Relations

Using the spectral index stated above, the k-corrected radio power of the halo at 610
MHz is Psjomuz = 9.0 £2.0 x 102* WHz . Figure 3.11 shows the halo’s position
on the Pgomu, — Lx and Psjomuz, — Msoo diagrams. Figure 3.11 is a reproduction of
Figure 2 in Yuan et al. (2015) with the data point for MACS J2243.3-0935 included.
Region A in MACS J2243.3-0935 is in good agreement with the power expected
from the correlations show in Fig. 3.11, providing further evidence that region A is
a radio halo.

3.4.1.3 Equipartition B-Fields

Beck and Krause (2005) provide a revised formula for the classical equipartition
magnetic field,

4r Qo+ 1) (Ko+ D LEY () |7
(205 - 1) CglC4

B =

, (3.2)

where « is the spectral index, Ky is the ratio of proton energy densities to electron
energy densities, 1, is the synchrotron intensity, Ej, is the proton rest energy, v is the
observing frequency and / is the extent of the source along the line of sight. ¢; and
c¢3 are constants while ¢; is a function of the spectral index and c4 is a function of the
inclination of the source. See Appendix A in Beck and Krause (2005) for definition
of these variables.

There is much discussion in the literature on the precise value of K. Different
CR injection mechanisms predict different values for K for the ICM. For example,
turbulent acceleration predicts Ky = 100, production of secondary CRe predicts K|
in the range of 100 to 300 and first order Fermi shock acceleration predicts values of



3.4 Discussion 67

(3)2.5 T
— Best fit °
2.0l -+ Literature values ]
-4+ MACS J2243.3-0935
_15fp E
TN
T 1.0} R
=
5 05f E
o
Z
o o0.0f E
20
2
_05 - 4
-1.0} E
15 ‘ ‘ ‘ ‘ ‘
~1.0 -0.5 0.0 0.5 1.0 1.5 2.0
log L, (10" erg s7!)
(b) 3 ‘
— Best fit
-+ Literature values
- MACS J2243.3-0935 e
2 L
)
N
I
=
3
o
i
o of
a0
<
_1 L
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

log M (10* M)

Fig. 3.11 These plots marks the position of the halo in MACS J2243.3-0925 in red on the 610
MHz scaling relations examined in Yuan et al. (2015) a shows the Ps1omuz — Lx correlation and
b shows the Pgiomuz, — M relation. Black data points are taken from Yuan et al. (2015)

Ky in the range of 40 to 100 (Beck and Krause 2005). However energy losses such
as synchrotron and inverse Compton could inflate the value of Ky to values much
greater than 100. Vazza and Briiggen (2014) compare some of the current models for
CR injection to radio and Fermi data on clusters. They find that values of Ky > 100
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Fig. 3.12 Equipartition magnetic field strength for region A for a range of values of « and Kj.
Black contours mark regions of constant magnetic field strength

require gamma-ray emission above the derived Fermi upper limits, suggesting that
Ky < 100.

Using Eq. 3.2, I calculate the equipartition magnetic field of the cluster in region
A and region B for different values of o and K. Figure 3.12 shows the results for
region A while Fig. 3.13 shows the results for region B. For both regions, magnetic
field strengths vary from less than 0.5 nG for flat spectral indices and small values
of Ky to 1.5 uG for steep spectral indices and high values of Kj.

3.4.2 Possible Radio Relics in MACS J2243.3-0935

34.2.1 Region B

There are four possible explanations for the diffuse emission in Region B. The first
is that it is merely a superposition of emission from sources at different redshifts.
The second is that the emission is associated with the interaction of sources at the
same redshift. The third is that the emission is from a giant radio galaxy (GRG). And
finally the emission could be a radio relic.

The LLS of region B is consistent with both a GRG or a radio relic . The position
of region B at the periphery of a cluster is expected for a radio relic while GRG
are more commonly found in less dense regions such as galaxy groups (Malarecki
et al. 2015). The double peaked morphology of region B is unusual for a radio relic.
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Fig. 3.13 Equipartition magnetic field strength for region D for a range of values of o and K.
Black contours mark regions of constant magnetic field strength

A possible explanation for these localised regions of increased emission, in the con-
text of a radio relic, is that these peaks coincide with areas of fossil AGN activity.
The fossil CRe in these areas would be accelerated to higher energies and lead to a
localised increase in emission.

The northern peak in Fig. 3.9 could also be interpreted as a bow shock in the lobe
of a GRG . However it seems more likely that this is instead emission associated
with B-1. B-1 could be a head-tail galaxy with the head located at B-1 and the tail
curving north then north-east. Alternatively B-1 could be a wide angle tailed source
with the emission south of B-1 forming the second jet/lobe.

While the linear size of region B is consistent with a radio relic or GRG , com-
parison between Figs. 3.4 and 3.5 suggest that region B is not a region of continuous
emission, but instead a series of radio galaxies that are unresolved in the tapered
image, thus ruling out a radio relic and GRG . This would place B-1 and B-4 as the
sources of the northern and southern peaks respectively.

B-4 and B-2 do not have optical counterparts in SDSS. They are likely back-
ground galaxies outside the redshift range of SDSS, suggesting that region B is a
superposition of sources at different redshifts.

3.4.2.2 Region C

Figure 3.10 shows the high resolution GMRT data for region C with the natu-
rally weighted contours overlaid. The morphology of region C seen in Fig. 3.10 is
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consistent with bent tail radio galaxy . Bent tail galaxies are commonly found in
galaxy clusters where the dense ICM warps the radio jet (Mao et al. 2009; Pratley
et al. 2013). Such sources have been used to probe different physical properties of
the ICM , including the density (Freeland et al. 2008) and magnetic field strength
(Clarke et al. 2001; Vogt and Enflin 2003; Pratley et al. 2013). However due the
cluster of discrete radio sources, C-2, C-3 and C-4, a superposition of sources can’t
be ruled as an explanation for the emission in region C.

The position of region C in the cluster and its LLS are also consistent with that of
aradio relic. There is evidence to suggest that some radio relics are generated when
shocks re accelerated fossil plasma from radio galaxies (Enflin and Gopal-Krishna
2001; Bonafede et al. 2014; Shimwell et al. 2015). In such a scenario, region B could
be a produced when fossil emission from C-2, C-3 or C-4 was reaccelerated by a
merger shock . However without knowing how the spectral index varies across the
source it is not possible to differentiate between a radio relic and a bent tail radio
galaxy.

3.4.2.3 RegionD

NVSS and FIRST do not detect any radio sources in Region D. The rms noise of
NVSS is 0.45 mJy/beam. Thus a 30 upper limit flux density for region D at 1400
MHzis 1.35 mJy/beam. Assuming region D has the same spatial extent at 1400 MHz
this gives an upper limit on the integrated flux density of 2.0 mJy. Taken with the
610 MHz flux density of 5.2mlJy this gives a lower limit on the spectral index of
a>0.7.

The greyscale image in Fig. 3.10 shows data from baselines longer than 4 ki
imaged with a Briggs robust parameter of O for both region C and region D with
the contours for the naturally weighted, point source subtracted image overlaid. No
compact radio sources can be seen in this image coincident with or near the peak
of region D and so the diffuse emission is unlikely to be associated with a single
discrete source.

With a LLS of 0.68 Mpc, Region D is consistent with that of a radio relic . The
lack of radio point sources in region D suggests this emission is not associated with
a discrete source. Region D is about twice the length on the north-south axis as on
the east-west axis, which is consistent with the morphology of elongated radio relics
. Radio relics are likely formed by shocks produced by either major/minor cluster
mergers or through the infall of the warm-hot intergalactic medium (WHIM) onto
the cluster. Shocks produced by cluster mergers are expected to have a Mach number
less than 5 (Skillman et al. 2008). Hong et al. (2014) study the properties of shocks
at cluster outskirts and suggest that around half of radio relics with Mach numbers
greater than 3, as well as relatively flat radio spectra, are infall shocks . To date only a
few relics have been described as infall relics in the literature. For example, Brown
and Rudnick (2011) suggest that the radio relic 1253 + 275 in the Coma cluster is
caused by the infalling group NGC 4839 while Pfrommer and Jones (2011) model
the structure of the head tail radio galaxy NGC 1265 by assuming that the galaxy
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Fig.3.14 Theseimages show MACS J2243.3-0935 at different wavelengths with red contours over-
laid showing the tapered image. Contours are at 3, 5, 10, 15, 20 X oyps Where opps = 200 pJy/beam.
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passed through an accretion shock onto the Perseus cluster. Pfrommer and Jones
(2011) calculate the Mach number of the inferred accretion shock in the Perseus
cluster to be approximately M = 4.2.

MACS J2243.3-0935 is the central cluster in the supercluster SCL2243-0935.
Figure 3.15 shows the number density of SDSS galaxies in the region of MACS
J2243-0935. The galaxy density at each point was calculated by counting the number
of galaxies that fell in each pixel. The resultant map was then smoothed with a
Gaussian of width 42 arcsec. Galaxies were chosen to be in the photometric redshift
bin 0.39 < z < 0.5 and within 4 Mpc of the cluster centre. This redshift bin was
chosen to account for uncertainties in the photometric redshift error and a large
spatial region was chosen to include the filamentary structure in the supercluster.
Region D is located at the virial radius where one of the supercluster filaments, AH
in Schirmer et al. (2011), meets MACS J2243.3-0935. The location of region D as
well as the LLS are suggestive of an infall relic , however multi-frequency analysis
would be required to properly determine the nature of the region.

In order to rule out Galactic foreground emission as an explanation for region D,
Fig. 3.14 shows region D at multiple wavelengths. There is no significant emission
in IRIS, SHASSA Ho, WISE or Planck, and I conclude that region D is unlikely to
be associated with Galactic foreground emission.

Given the coincidence of region D with a filament, the radio emission might
alternatively be associated with the WHIM rather than a radio relic. There is no
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Fig. 3.15 Colourscale image of diffuse emission in MACS J2243.3-0935 with black contours
overlaid showing the tapered image. Contours are at —3, 3, 5, 10, 15, 20 X oyps Where opms =
200 pJy/beam. Galaxy density contours overlaid in white. These contours are range from 20% to
90% of the peak value in steps of 10

agreement on precise predictions for magnetic fields in filaments but estimates
range from 107 to 0.1 wG (Dolag et al. 1999; Briiggen et al. 2005; Ryu et al. 2008).
In Sect. 3.4.1.3 the equipartition magnetic field estimates for region D for a spectral
index of 0.7 are greater than the estimates for magnetic fields in the WHIM .
Araya-Melo et al. (2012) model cosmic rays in large scale structure and predict a
flux density of 0.12 wJy/beam at a frequency of 150 MHz for a 10 arcsec’ beam.
This is much lower than the flux density measured in region D or in other possible
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radio detections of the WHIM (Bagchi et al. 2002; Farnsworth et al. 2013). The high
flux density and magnetic field estimates for region D suggest that it is unlikely to
be a radio detection of the WHIM.

3.5 Conclusion

I have discovered a radio halo in the merging cluster MACS J2243.3-0935 using
GMRT observations at 610 MHz and KAT-7 observations at 1822 MHz. The radio
halo has an integrated flux density of S¢iompu, = 10.0 &= 2.0 mJy, an estimated radio
power at 1.4 GHz of P; 46u, = 3.2 + 0.6 x 10°* WHz~! and a LLS of approximately
0.92 Mpc. I calculated the equipartition magnetic field in the region of the halo for
arange of o and K values and find that the equipartition magnetic field is of order
1 uG. Assuming a spectral index of « = 1.4, the halo in MACS J2243.3-0935 lies
on the empirical scaling relations observed for radio halos.

I also detected a potential radio relic candidate to the west of the cluster. The can-
didate relic has a integrated flux density of 5.2 + 0.8 mJy, an estimated radio power
at 1.4 GHz of (1.6 £ 0.3) x 10** W Hz~! and a LLS of 0.68 Mpc. The presence of a
radio relic in MACS J2243.3-0935 would make this one of only a handful of clusters
that host both a halo and a relic. Due to the position of the relic candidate on the
outskirts of the cluster, where a filament meets the cluster, I conclude that the candi-
date is consistent with an infall relic. I rule out the possibility of the emission being
associated with the WHIM in a filament as the measured flux density and estimated
equipartition magnetic field strength are both much larger than expected values for
the WHIM. I also exclude foreground galactic emission as an explanation as there is
no significant emission in IRIS, SHASSA Heo, WISE or Planck.
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Chapter 4 ®
GMRT Observations of Three Highly ez
Disturbed Clusters

4.1 Introduction

Diffuse radio emission in galaxy clusters, in the form of radio halos or relics, provides
evidence that cosmic ray electrons (CRe) are present in the ICM, as are cluster-scale
magnetic fields. Such sources provide a unique opportunity to study the non-thermal
component of the ICM as well as an indirect method to probe the dynamics and
evolution of galaxy clusters.

As discussed in Sect. 1.1.2, the reacceleration model is currently the preferred
model for describing the formation of radio halos. However there are still many
uncertainties in this model, in particular the acceleration efficiencies (Brunetti 2016).
The amount of turbulent energy expected to be available to reaccelerate electrons is
a function of cluster mass (Cassano 2010). As turbulent acceleration is an inefficient
process a high energy cut off in the halo spectra is expected (Brunetti and Jones 2014).
Thus halo s in low mass merging clusters would be expected to be only visible at
lower frequencies (Cassano 2010; Cassano et al. 2012). Most detailed cluster studies
have been carried out at v = 1400 MHz which samples only the most massive clusters
and rarest mergers (Feretti et al. 2012). Observations at low frequencies (v < 1400
MHz) are necessary to properly sample the wider radio halo population.

In this chapter I present observations at 610 MHz of the dynamically disturbed
clusters A07, A1235 and A2055. These clusters were classified as disturbed based
on their optical relaxation parameter. Wen and Han (2013) define the relaxation
parameter, I', of a galaxy cluster based on the amount of substructure evident in the
cluster’s optical properties (see Sect. 1.1.1). The relaxation parameter could prove
a powerful tool for identifying possible host clusters of radio halos and was used
to select MACS J2243.3-0935 for observation, where a new halo was presented in
Sect. 2.6.4.

Sources were selected based on their X-ray luminosity and relaxation parame-
ters. Sources were required to have a relaxation parameter of I' < —1, to ensure
highly disturbed clusters were selected, and an X-ray luminosity at 0.1 — 2.4 keV
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Table 4.1 Properties of A07, A2055 and A1235

Cluster A07 A2055 A1235 Reference

z 0.1073 0.101964 | 0.104200 | Piffaretti et al. (2011)
Ly.s00 (10%ergs™!) | 4.52 3.789308 | 1.696468 | Bohringer et al. (2000)
r —1.09 —1.55 —1.46 Wen and Han (2013)
r500 (Mpc) 1.0232 0.9979 0.8390 Piffaretti et al. (2011)

Table 4.2 GMRT observations summaries for AO7, A1235 and A2055

A07 A1235 A2055
Date 6 Mar 2016 4 Mar 2016 4 Mar 2016
Flux calibrator 3C48 3C286 3C286
Phase calibrator 0029 + 349 10514213 1445 + 099
Time on target (hrs) 6.8 5.9 6.6

of > 1 x 10*4 erg s~'. The Base de Donnes Amas de Galaxies X (BAX) catalogue
(Sadat et al. 2004) was used to cross reference the X-ray luminosities for the clusters
presented in Wen and Han (2013). Clusters were also required to have no previ-
ous discovered radio halo. The clusters selected for observation were A07, A1235
and A2055. Table 4.1 lists some of the properties of A07, A1235 and A2055. Like
MACS J2243.3-0935, A07, A1235 and A2005 all have highly negative relaxation
parameters. However the X-ray luminosity in these clusters is lower than in MACS
J2243.3-0935 or indeed most clusters observed at 1400 MHz. This makes them ideal
candidates for observation with low frequency telescopes.

4.2 Observations and Data Reduction

Observations were taken with the GMRT at 610 MHz on the 4th, 5th and 6th of
March 2016. For each source a calibrator was observed for 10 min at the begining
and end of the observation run. A phase calibrator was observed for five minutes
every 10 min. Table4.2 summarises the details of each observation.

Data were reduced using the SPAM pipeline (Intema 2014). SPAM is a direction
dependent calibration pipeline implemented in AIPS. SPAM operates in three stages.

Table 4.3 Images properties for AO7, A1235 and A2055

Cluster High res. beam High res. oms Low res. beam Low res. oymg
A07 5" x 5" 35 wJy/beam 56" x 55" 0.55 mJy/beam
A2055 5" x 5" 50 wJy/beam 59" x 55" 0.5 mJy/beam
A1235 5" x 5" 30 pJy/beam 59" x 56” 0.25 mJy/beam
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Fig. 4.1 Greyscale image of AO7 generated by SPAM. The image has a resolution of 5 arcsec and
an rms noise of oyyns = 35 pJy/beam in quiet region. Near the bright source AO7c¢ the noise rises to
orms = 50 wJy/beam. The blue circle marks the virial radius of the cluster. An inset in the top right
hand corner shows the centre two sources. Three sources are labelled in black in the image. These
are AQ7a, a head tail galaxy, AO7b an apparent FRII and AO7c a larger FRII radio galaxy near the
outskirts of the cluster

The first stage performs standard initial flux and phase calibration using the cali-
brator sources. The next stage is a self calibration stage. Three rounds of selfcal are
performed on the target. The final stage is the direction dependent calibration where
anumber of bright compact sources in the target field are used to generate a model of
the ionosphere. The model is used to find the direction dependent gain solutions for
the target field. Figures 4.1, 4.2 and 4.3 show the primary beam corrected image gen-
erated by SPAM for each of the clusters in this chapter. Table 4.3 lists the resolution
and rms noise of these images.

As T am interested in detecting any large scale structure in these clusters it is
necessary to remove any confusing sources from each cluster centre. To do this each
field was reimaged with inner uvcut of 4 kA and Briggs weighting with robust = 0.
This produced a high resolution image of each clusters. The inner uvcut ensures that
I do not remove any extended emission. For the clusters in this chapter the uvcut used
should exclude emission on scales larger than approximately 100 kpc. This image
was used to create a model of the point sources in the centre of each cluster which
were then subtracted. It should be noted that sources were not subtracted from the
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Fig. 4.2 Greyscale image of A2055 generated by SPAM. The image has a resolution of 5 arcsec
and an rms noise of oyys = 50 pwJy/beam in quiet regions. Near the bright central source the noise
rises to orms = 0.1 mJy/beam. The blue circle marks the virial radius of the cluster. An inset in the
top right hand corner shows the central two sources

entire image but just the central region of each cluster. Each dataset was imaged a
final time using natural weighting, multiscale clean and a uvtaper of 4 ki. Figure 4.4
shows the primary beam corrected tapered images for AQ7. Figure 4.5 shows the
primary beam corrected tapered images for A2055. Figure 4.6 shows the primary
beam corrected tapered images for A1235. Table 4.3 lists the resolution and rms
noise of these images. In A2055 and A 1235 there is significant emission remaining
at the centre of each cluster associated with the diffuse components of radio galaxies
in these clustes. This diffuse emission was not captured in the high resolution model.

4.3 Results

4.3.1 A07

Figure 4.1 shows the high resolution full field of view for A07. A blue circle marks
the virial radius of the cluster. A head tail radio galaxy (A07a) is located at the centre
of the cluster along with what appears to be the the lobes of an FRII (A07b). A large
FRII radio galaxy is visible at the outskirts of the cluster.
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Fig. 4.3 Greyscale image of A1235 generated by SPAM. The image has a resolution of 5 arcsec
and an rms noise of oy, = 30 wJy/beam. The blue circle marks the virial radius of the cluster. An
inset in the top right hand corner shows the centre source

AO7a and AQ7b are coincident with the centre of the galaxy cluster. Figure 4.7
shows the SDSS g band image of the central region of AO7 with high resolution con-
tours overlaid. A galaxy, B20009+32 (SDSS J001146.28 + 322553.7) is coincident
with the core of AQ7a. SDSS spectra show the source has a redshift of z = 0.098
which places the source in the cluster. There is no obvious optical source between the
proposed lobes of AO7b. This would suggest that the host is a high redshift galaxy.
There is an optical source, SDSS J001144.01+322553.4, coincident with the pro-
posed southern lobe region of AQ7b. If SDSS J001144.01 + 322553.4 is the optical
counterpart of AQ7b then the observed radio emission is not that of two lobes of an
FRII, but of the unresolved core/jet and a single lobe. SDSS J001144.01 + 322553.4
has a photometric redshift of z = 0.105 &= 0.009 which would place A07b in the
cluster.

Figure 4.4 shows the point source subtracted low resolution image of AQ7. Some
emission from the tail of AO7a is still visible in the image. Strong negative wells
can be seen around AQ7c suggesting missing flux and limiting the noise and image
fidelity. At the centre of the cluster there is a negative well, as well as some emission
that does not appear to be associated with any point sources. However due to the
limited image fidelity I cannot conclusively say whether this is an imaging artifact
or an indication of diffuse emission in AQ7.
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Fig. 4.4 Greyscale image of AO7 generated by SPAM. The image has a resolution of 5 arcsec and
an rms noise of oyy,s = 35 pJy/beam in quiet region. Near the bright source AO7c¢ the noise rises to
orms = 50 pJy/beam. The blue circle marks the virial radius of the cluster. Red contours show the
point source subtracted low resolution image of A07. The resolution of the low resolution image is
56 x 55 arcsec. The noise near the centre of the cluster is oyyns = 0.55 mJy/beam. Near the bright
source, AO7c, the noise is oyyms = 0.7 mJy/beam. Contours are at —5, —3, 3, 5, 10, 15, 20, 60, 100
X0rms = 0.55 mJy/beam

43.1.1 A07c

An FRII radio galaxy (AO7c) with an angular extent of 457 arcsec can be seen
coincident with the outskirts of the cluster. This FRII has a large angular extent
and was identified as a GRG candidate by Saikia et al. (2002). Figure 4.8 shows
the SDSS image of the core region of AO7c with high resolution radio contours
overlaid. A pair of galaxies SDSS J001119.35 + 321713.8 and SDSS J001119.75
+ 321709.0 are coincident with the radio core. SDSS spectra give the redshifts as
z =0.107 and z = 0.106 respectively. This would place the radio galaxy in the
cluster with a projected size of 895 kpc. Such a large projected physical size makes
A07c a borderline GRG.

AO07 has an FRII morphology with bright hotspots, lobes and only a faint main
jet. The western lobe of AO7c bends almost 90 degrees at the hotspot. The lobe
maintains a fairly constant width until the termination point ~148 arcsec (289 kpc)
from the hotspot. Near the end of the lobe there are two low surface brightness wings,
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Fig. 4.5 Greyscale image of A2055 generated by SPAM. The image has a resolution of 5 arcsec and
an rms noise of oyys = 50 pwly/beam in quiet region. Near the bright central source the noise rises
to orms = 0.1 mJy/beam. The blue circle marks the virial radius of the cluster. Red contours show
the low resolution image of A2055 with point sources subtracted from the centre of the cluster. The
resolution of the low resolution image is 59 x 55 arcsec. The noise near the centre of the cluster is
orms = 0.5 mJy/beam. Contours are at —5, —3, 3, 5, 10, 15, 20, 60, 100 Xoyys = 0.55 mJy/beam.
There is residual flux associated with A2055a

roughly perpendicular to the lobe. The eastern lobe does not continue far past the
hotspot but instead seems to flow back towards the core. In the low resolution image
there is a faint extension to the south of the eastern lobe.

In order to investigate the spectral properties of this source I reimaged the source
at the resolution of the TIFR GMRT Sky Survey (TGSS) (Intema et al. 2017) and
made a spectral index map from 150-610 MHz. I used a flux cutoff of 70y, where
Oms = 3.5 mJy/beam is the noise in the TGSS image. Figure 4.9 shows the spectral
index map. Both hotspots have spectral indices of « ~ —0.5, as would be expected
for a region of reacceleration. The spectral index of the eastern lobe increases away
from the hotspot, towards to core to @ ~ —1. The southern spur has a very steep
spectral index of @ ~ —2. The spectral index of the western lobe does not increase
with distance from the hotspot. The core of the tube like structure has spectral index

of o ~ —0.8 which steepens towards the edges. The region of the wings has a
steep spectral index of o ~ —1.5. Figure 4.10 shows various spectral index slices
through AO7c. Itis clear from Fig. 4.10a that there is little variation in the profile of the
spectral index transverse to the direction of the western lobe. Figure 4.10b confirms
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Fig. 4.6 Greyscale image of A1235 generated by SPAM. The image has a resolution of 5 arcsec
and an rms noise of oy = 30 pJy/beam. The blue circle marks the virial radius of the cluster.
Red contours low resolution image of A1235 with point sources subtracted from the centre of the
cluster. The resolution of the low resolution image is 59 x 56 arcsec. The noise near the centre of
the cluster is oyms = 0.25 mJy/beam. Contours are at —5, —3, 3, 5, 10, 15, 20, 60, 100 X o = 0.25
mlJy/beam. There is significant residual emsission associated with the diffuse component of A1235a
which was not captured in the high resolution model

that while the spectral index in the eastern lobe decreases steadily away from the
hotspot the spectral index of the western lobe does not decrease significantly beyond
the hotspot.

432 AI235

Figure 4.3 shows the high resolution image of A1235. There is an unusual radio
galaxy in the centre of the cluster with a tuning fork like morphology (A1235a).
This source is likely a head tail radio galaxy. Figure 4.11 shows the SDSS image of the
field as well as the high resolution GMRT image of the tuning fork radio galaxy. The
optical source SDSS J112318.41+193441.3 is coincident with the core of A1235a
with a spectroscopic redshift of z = 0.104 placing the source in the cluster.
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Fig. 4.7 SDSS g band image of central sources in AO7. High resolution GMRT data are overlaid
in blue contours. Contours are at 3, 5, 10, 15, 20 X oyms Where ops = 35 pJy/beam is the rms noise
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Fig. 4.8 SDSS g band image of the core of radio galaxy AO7c. High resolution GMRT data are
overlaid in blue contours. Contours are at 3, 5, 10, 15, 20 X opys Where orys = 35 plJy/beam is the

rms noise in the image
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Fig. 4.9 Spectral index map of AQ7c. Contours for the GMRT data reimaged to the TGSS beam
are overlaid in grey. Contours are at 3,5,10,80,100,150 X oyys where ops = 0.4 mJy/beam is the
noise in the GMRT image. Solid black lines show the spectral index slices for the east and west
lobe while the dahed black lines show the transverse slices for the west lobe

Figure 4.3 shows the point source subtracted low resolution image of A1235. The
tail of the central radio galaxy is still clearly visible suggesting significant emission
on scales less than <4 kX. There is no evidence for any large scale diffuse emission
in A1235 based on these data.

4.3.3 A2055

Figure 4.2 shows the high resolution image of A2055. There are two sources seen
at the centre of A2055, labelled here as A2055a and A2055b. A2055a is a very
bright head tail radio galaxy with an integrated flux density of Se;0mu, = 800 £ 80
ml]y. There is a low surface brightness extension to the north east of the tail with an
integrated flux density of Sgiomu; = 4 & 1 mly. Figure 4.12 shows the SDSS image
of the field. The optical source SDSS J151845.73 + 061356.1 is coincident with the
core of A2055a and has a spectroscopic redshift of z = 0.102, making A2055a a
cluster member.
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Fig. 4.10 a spectral index slices across the western lobes of AO7c. b spectral index slices along
the lobes of AO7c

A2055b is a wide angle tail galaxy with an integrated flux density of Sg1omu, =
74 + 7 mJy. Figure 4.12 shows that the optical source SDSS J151847.71+061258.9
is coincident with the core of A2055b with a spectroscopic redshift of z = 0.499
placing A2055b behind the cluster.
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Fig. 4.11 a SDSS g band image of central sources in A1235. High resolution GMRT data are
overlaid in blue contours. Contours are at 3, 5, 10, 15, 20 X oyps Where orys = 35 plJy/beam is the
rms noise in the image. b Greyscale image of A1235 generated by SPAM. The image has a resolution
of 5 arcsec and an rms noise of oy = 30 pJy/beam. Contours are at 3, 5, 10, 15, 20 X oy



4.3 Results 89

0.5

0.4

6°15'4

0.2
14'

Dec J2000
weaq/Al

-0.1

131 " | too

° - —0.1
RA J2000

Fig. 4.12 SDSS g band image of central sources in A2055. High resolution GMRT data are
overlaind in blue contours. Contours are at 3, 5, 10, 15, 20, 60, 100, 200, 400 X 0ms Where oyms = 70
pJy/beam is the noise near A2055a

Figure 4.5 shows the point source subtracted low resolution image of A2055.
There is still some residual emission associated with A2055a however there is no
evidence for large scale diffuse emission in A2055 based in these data.

4.3.4 New Upper Limits

There was no detection of large-scale diffuse emission in any of the clusters. In order
to place an upper limit on the power of any potential radio halo in these clusters
I follow the procedure in Johnston-Hollitt and Pratley (2017) and Bonafede et al.
(2017). I generate a synthetic halo in an empty region of the map with a brightness
profile given by

I[(r) = Iye > 4.1)

where r is the normalised distance from the centre of the halo (Murgia et al. 2009).

Iy is defined as
S

2Ta0 [ r1rydr

4.2)
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where Ry is the radius of the halo in arcsec S, is the integrated flux density of the
halo. The brightness in a pixel is then given by

B(r) = Ihe > AA Ty pixel (4.3)

where A A is the area of a pixel in arcsec?. The model halo is then Fourier transformed
into the uv plane and added to the measured visibilities and imaged. As in Johnston-
Hollitt and Pratley (2017) I consider the detection threshold to be when 25% of the
simulated halo surface area is recovered. If more than 25% of the surface area of
the halo is recovered the halo is considered detected. In this case I generate a new
synthetic halo with a lower integrated flux density. If less than 25% of the surface
area of the halo is recovered I generate a new synthetic halo with a higher integrated
flux density. Figure 4.13, 4.14 and 4.15 show the simulated halos at the detection
threshold for each cluster.
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Fig. 4.13 Greyscale image of A07 generated by SPAM. The image has a resolution of 5 arcsec
and an rms noise of oyms = 35 pwly/beam in quiet region. Near the bright source AO7c the noise
rises to opms = 50 wJy/beam. The blue circle marks the virial radius of the cluster. Red contours
show the point source subtracted low resolution image of the AO7 data with an injected radio halo.
The simulated radio halo shown in this image is at the detection threshold described in Sect. 4.3.4.
The black rectangle shows the region in which the simulated halo was placed. The resolution of
the low resolution image is 56 x 55 arcsec. The noise near the centre of the cluster is oyyg = 0.55
mlJy/beam. Near the bright source, AO7c, the noise is oyyms = 0.7 mJy/beam. Contours are at —5,
-3,3,5,10, 15, 20, 60, 100 X 0rms = 0.55 mJy/beam
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Fig. 4.14 Greyscale image of A2055 generated by SPAM. The image has a resolution of 5 arcsec
and an rms noise of oy = 50 ply/beam in quiet region. Near the bright central source the noise
rises to oyps = 0.1 mJy/beam. The blue circle marks the virial radius of the cluster. Red contours
show the point source subtracted low resolution image of the A2055 data with an injected radio halo.
The simulated radio halo shown in this image is at the detection threshold described in Sect. 4.3.4.
The black rectangle shows the region in which the simulated halo was placed. The resolution of
the low resolution image is 59 x 55 arcsec. The noise near the centre of the cluster is oyms = 0.5
mlJy/beam. Contours are at —5, —3, 3, 5, 10, 15, 20, 60, 100 Xoyps = 0.5 mJy/beam

Table 4.4 shows the upper limit Pgo for each cluster and Fig. 4.16 shows the
position of these upper limits in relation to previously reported halo detections and
limits.

4.4 Discussion

In the previous section I showed that there was no evidence of diffuse emission in any
of the clusters observed. The upper limits found for Pg;( are consistent with those
found in the GMRT radio halo survey (GRHS) (Venturi et al. 2008) and the Extended
GMRT radio halo survey (EGRHS) (Kale et al. 2013). The upper limits found found
in AO7 and A2055 are toward the high end of the range of upper limits die to bright
sources limiting the noise. The upper limits found here are all below the expected
power from the Pgjo — Lx but within the observed scatter of the relationship.
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Fig. 4.15 Greyscale image of A1235 generated by SPAM. The image has a resolution of 5 arcsec
and an rms noise of oyms = 30 wJy/beam. The blue circle marks the virial radius of the cluster. Red
contours show the point source subtracted low resolution image of the A1235 data with an injected
radio halo. The simulated radio halo shown in this image is at the detection threshold described
in Sect. 4.3.4. The black rectangle shows the region in which the simulated halo was placed. The
resolution of the low resolution image is 59 x 56 arcsec. The noise near the centre of the cluster is
orms = 0.25 mJy/beam. Contours are at —5, —3, 3, 5, 10, 15, 20, 60, 100 Xoms = 0.25 mJy/beam

The clusters are expected to host radio halos as each cluster has I' < —1.0 indi-
cating a highly disturbed morphology. It is unusual for merging clusters not to host
halos. Cassano et al. (2010) find that out of 16 dynamically disturbed clusters only 4
do not host aradio halo. Cassano et al. (2010) suggest that the non detection of a radio
halo in these clusters is due to the low X-ray luminosity (Lx < 8 x 10" ergs™!)
of three of the clusters and the high redshift (z > 0.32) of the fourth cluster. Based
on the reacceleration model, these clusters would be expected to have a lower break
frequency in the radio halo spectra and thus require very low frequency observations
to be detected.

It is possible that these clusters host ultra steep spectrum radio halos (USSRHs).
USSRHs are radio halos with a spectral index of o < —2.0. A521 is the first USSRH
discovered with a spectral index of o =~ —1.9 and is considered the prototypical
USSRH (Brunetti et al. 2008). It is only clearly detected at frequencies below 330
MHz. The most constraining upper limit is for A1235 which requires that Sg;90 < 21
mJy. An USSRH with @ = —2 in A1235 would have an integrated spectral index
at 150 MHz of Sj50 < 330 mJy. Observations with the LOw Frequency ARray
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Table 4.4 Upper limit Psjomu, for A07, A1235 and A2055. Column 1 lists the cluster names,
column 2 shows the rms noise in the low resolution image, column 3 shows the resolution of the
image, column 4 shows the upper limit Sg19 and column 5 shows the upper limit Pgjo

Cluster | oyms (mJy/beam) | Resolution (arcsec x arcsec) | Se10 (mJy) | Pe1o (Watts Hz_l)
A07 0.55 56 x 55 53 1.5 x 1024
A2055 | 0.5 59 x 55 67 1.8 x 10%#
A1235 | 0.25 59 x 56 21 5.8 x 10?3
—— Best fit [ ]
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Fig. 4.16 Pg1o — Lx relationship. Black circles shown known radio halo powers taken from Yuan
et al. (2015). Blue upper arrows show the upper limits for clusters in the GMRT radio halo survey
(Venturi et al. 2008) and the Extended GMRT radio halo survey (Kale et al. 2013). Red arrows show
the upper limits calculated for the clusters in this chapter. The black line shows the best fit to the
Ps10 — Lx data as reported in Yuan et al. (2015)

(LOFAR) would be able to search for a USSRH in these clusters and confirm
whether or not they are truly radio quiet.

The consistently flat spectral index in the western lobe of AQ7c suggest some
form of reacceleration is ongoing in the lobe. There is evidence for extreme bending
at the hotspot so one likely scenario is that we are seeing the lobe highly projected. In
this scenario the lobe is expanding into its environment towards us. What is see then
is the leading front of the lobe, where interaction with the environment accelerates
the particles, flattening the spectral index. The steep spectrum wings are the part of
the backflowing lobe which is visible behind the leading edge of the lobe.

A07c is located at the edge of the cluster and so an alternative scenario could be
that the lobe has been compressed by shocks near the cluster outskirts, accelerating
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lobe electrons. Such reacceleration has been reported in radio galaxies before.
Ensslin et al. (2001) suggest that a powerful shock wave is responsible for the flat
spectrum west lobe in NGC 315 as well as the the source of the extreme bend in the
western lobe.

4.5 Conclusion and Future Work

I have placed upper limits on the radio power at 610 MHz for three clusters, A07,
A1235 and A2055. These limits are below the Pg;o — Lx and rule out bright radio
halo in these clusters. I have identified these clusters as potential hosts for USSRH.
Observations with LOFAR should be capable of confirming whether or not these
clusters host USSRH.

4.5.1 Future Work

I have begun an observing campaign with the VLA of 10 galaxy clusters at S band
in C and D configuration. The purpose of this campaign is to identify new halos and
determine the range of I where detecting a radio halo is most likely. The criteria
used for selecting this sample was that z > 0.13 so that the VLA in D-config would
be sensitive to emission as large as 1 Mpc. I also required that there be no bright
central radio galaxies in order to avoid confusion when identifying radio halos.
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Chapter 5 ®)
LOFAR HBA Observations of NGC 6251 phecde

5.1 Introduction

In this chapter I present total intensity and polarised intensity observations of the
nearby giant radio galaxy NGC 6251 with LOFAR HBA. NGC 6251 is a giant radio
galaxy with a borderline FRI/FRII morphology. The main jet and lobe are centre
brightened like an FRThowever there is a hot spot or ‘warm spot’ in the lobe suggestive
of an FRII. In contrast the counter jet and lobe are edge brightened with another hot
spot in the southern lobe. The radio power at 178 MHz is Pj7gmu, =~ 1.4 X 10 W
Hz~! (Waggett et al. 1977) which is near the 178 MHz boundary between FRI and
FRIL, Pi7gvm, & 2 x 10%hsd WHz ™! or Piogwn, &~ 1 x 102k W Hz™! (Fanaroff
and Riley 1974). The images presented in this chapter are the highest sensitivity and
resolution images of NGC 6251 at these frequencies to date. I will also present the
first detailed spectral index maps of the source at such low frequencies.

Joint analysis of the X-ray and radio data show that if equipartition is assumed then
the northern jet of NGC 6251 can only be confined if no beaming or projection effects
are present (Evans et al. 2005). Evans et al. (2005) show that when these effects are
included, equipartition assumptions do not provide the pressure necessary to balance
the internal pressure of the jet with the external pressure. This would suggest that
some deviation of the jet energetics from equipartition is needed to achieve pressure
balance.

There have been many radio observations of NGC 6251. The first observations
were carried out by Waggett et al. (1977) at 1.4GHz and 150 MHz. Perley et al.
(1984) present detailed high resolution Very Large Array (VLA) observations of the
main jet in NGC 6251 at 1.4 GHz. Mack et al. (1997, 1998) present observations of
the large scale structure of NGC 6251 from 325 MHz to 10 GHz. Observations also
suggest that NGC 6251 is highly polarised, as much as 70% in some regions (Willis
et al. 1978; Stoffel and Wielebinski 1978; Saunders et al. 1981; Mack et al. 1997,
Perley et al. 1984).

There have been high energy observations of NGC 6251. Fermi detected NGC
6251 as 1FGL J1635.4+8228 in the first-year FERMI catalogue (Abdo et al. 2010)
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Table 5.1 Observation details of NGC6251

5 LOFAR HBA Observations of NGC 6251

HBA
Project code LC0_012
Date 23-Aug-2013
Central frequency (MHz) 150
Time on target (hrs) 6.5
Usable time (hrs) 6.5
Bandwidth (MHz) 80
Usable bandwidth (MHz) 63
No. Channels/SB 64
No. Averaged channels/SB 4
% flagged 38%
Sensitivity 2 mJy/beam
Angular resolution 40 arcsec
FOV ~6 deg?

and as 2FGL J1629.4+8236 in the Fermi second-year catalogue (Nolan et al. 2012).
The 95% LAT error on the position of 2FGL J1629.4+8236 includes both the jet
and lobe of NGC 6251. Takeuchi et al. (2012) observed NGC 6251 with Suzaku and
detected diffuse X-ray emission in the north west lobe of NGC 6251. They argue
that 2FGL J1629.4+8236 is consistent with non-thermal inverse Compton emission
from the lobes based on detailed modelling of the SED in the lobe.

The aim of the work presented in this chapter is two-fold. The first aim is to
investigate the low frequency spectral behaviour of NGC 6251 and re-examine the
pressure balance in NGC 6251 taking into account the new HBA data. The second
is to probe the environment and source structure using the high resolution Faraday
spectra obtained using the LOFAR HBA. In Sect. 5.2 I describe the observations and
data reduction. In Sect.5.3 I present the results which I discuss in Sect. 5.4 before
making my concluding remarks in Sect.5.5.

At a redshift of 0.02471, 1 arcsec corresponds to a physical scale of 0.498 kpc
(Wright 20006).

5.2 Observations and Data Reduction

NGC 6251 was observed during LOFAR’s cycle 0. For a summary of the observations
taken see Table5.1. Data were taken in interleaved mode, with scans alternating
between the target and the flux calibrator. This mode was used in early LOFAR
cycles due to uncertainty in the gain stability. The calibrator 3C295 was observed
for 2min and the target scans were 10 min long.



5.2 Observations and Data Reduction 99

5.2.1 HBA Observations

5.2.1.1 HBA Calibration and Imaging

NGC 6251 was observed by the LOFAR HBA on the 23rd of August 2013. Data
were taken in interleaved mode with scans alternating between 10 min scans on the
target and 2 min scans on the primary calibrator 3C295. An initial flagging step was
performed using AOFLAGGER (Offringa et al. 2012)." 3C295 was then calibrated
using BlackBoard SelfCal (BBS) and a simple two component model. The flux scale
is set using Scaife and Heald (2012). These solutions were transferred to the target
and then a phase only self cal was performed on each sub-band using the LOFAR
global skymodel (gsm). The data were imaged with AWIMAGER to generate a new
skymodel which was then used to perform a single round of phase only selfcal. The
data were combined into 18 bands of 3.515 MHz each. The channel width was kept
at 48 kHz in order to maintain good maximum Faraday depth.

Final imaging was carried out using AWIMAGER (Tasse et al. 2013). AWIMAGER
is an imaging program which utilises the A-projection algorithm (Bhatnagar et al.
2008) in order to correct for direction-dependent effects caused by LOFAR’s varying
primary beam. 63 MHz of the 80 MHz total bandwidth was used. Each band was
imaged separately, with a uvcut of 3k A, to a resolution of 40 arcsec. At this point
the flux scale was corrected as described in Sect.5.2.1.2. The flux corrected images
were combined together using a weighted average. Figure 5.1 shows the full field of
view with a resolution of 40 arcsec and an rms of 2 mJy/beam. Figure 5.2 shows a
zoomed in image of NGC6251. The expected image sensitivity with these parameters
is approximately 0.2 mJy/beam. However due to direction dependent effects which
have not been calibrated the noise is about a factor of 10 higher. This increase in
noise is typical for data which have not undergone direction dependent calibration
(van Weeren et al. 2016b).

5.2.1.2 HBA Flux Scale

There are known problems with the HBA flux scale (Heald et al. 2015; Hardcastle
et al. 2016). The LOFAR primary beam is elevation dependent, leading to different
primary beams when observing the calibrator source and the target source. This
difference should be accounted for when transferring the amplitude gains from the
calibrator source to the target field. However as the LOFAR HBA beam is poorly
constrained it is not currently possible to include this effect during calibration. This
leads to a frequency dependent effect on the HBA fluxes. In order to correct for this
effect, I follow the flux bootstrapping procedure outlined in Hardcastle et al. (2016).2

! AOFLAGGER can be found at https:/sourceforge.net/projects/aoflagger.

2The code used to fit the flux correction was written by Martin Hardcastle and is available from
https://github.com/mhardcastle/surveys-pipeline.
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total intensity map. The resolution is 40 arcsec and the noise is 2.0 mJy/beam

83°00'

82°40'

Dec J2000

20'+

00'

80

70

v (=)}
o o

B
o
mjy/beam

16h50m 40m

RA J2000

30m

Fig. 5.2 Grayscale image showing the LOFAR HBA total intensity map. Contours are at
-3,3,5,10, 15, 20, 60, 150, 200, 400 x oyms Where orms = 2.0 mJy/beam. The blue ellipse in the

bottom left hand corner shows the 40 arcsec beam



5.2 Observations and Data Reduction 101

20

15

10

Number of Sources

0
-16 -14 -12 -10 -08 -0.6 -04 -02 0.0 0.2
o

Fig. 5.3 Histogram of spectral indices for each source within the LOFAR HBA half power point of
the primary beam with an NVSS counterpart for the weighted averaged HBA image. The solid black
line represents the average spectral index of « = —0.8 £ 0.3 and the broken black lines represent
the 1o boundaries

First a catalogue of sources is generated for my HBA field using PYBDSF.? From
this catalogue bright sources with fluxes >0.1Jy were cross matched with the VLA
Low-Frequency Sky Survey (VLSS) (Lane et al. 2012) and the NRAO VLA Sky
Survey (NVSS) Condon et al. (1998b). The final catalogue of sources contained
only those with sources with both a VLSS counter-part and an NVSS counterpart. A
flux correction factor was then found for each band. The correction factor was then
applied to the LOFAR field and a new source catalogue was generated for the field.
In order to test the reliability of the flux correction, I found the spectral index for
ever source within the half power point of the LOFAR primary beam with an NVSS
counterpoint. Figure5.3 shows the histogram of the spectral indices for different
LOFAR frequencies. The solid black line shows the average spectral index with the
broken black lines representing the 1o boundaries.

3pYBDSF documentation: http://www.astron.nl/citt/pybdsm/.
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Fig.5.4 Greyscaleimage shows the 325 MHz image previously published in Mack etal. (1997). The
image has a resolution of 55 arcsec and an rms noise of oy = 2 mJy/beam. —3, 3, 5, 10, 15,20 x

Orms

5.2.2 Archival Data

I have used a number of archival data sets in the analysis of NGC 6251. From Mack
et al. (1997) I have used the WSRT 325 MHz images and the 610 MHz images as
well as the Effelsberg 10 GHz images. For more information on these data refer to
Mack et al. (1997, 1998). Figures 5.4 and 5.5 show the previously published WSRT
325 MHz image and WSRT 610 MHz image, kindly provided by Karl-Heinz Mack.

A number of datasets from the NRAO archive, details of which are summarised
in Table 5.2, were also used. The VLA datasets used were chosen to best match the
resolution of the LOFAR observations. Observations at § GHz in D configuration as
well as 1.4 GHz and 325 MHz in B configuration were used to image the core of
NGC 6251. Observations at 1.4GHz in D configuration were used to analyse the
large scale structure of NGC 6251.

The B configuration P band data and D configuration L band data were imaged
and reduced in CASA4.7. A simple calibration strategy was adopted for the D config-
uration L band data. The flux scale was set using Perley and Butler (2013). An initial
phase calibration was performed using the flux calibrator followed by the bandpass
calibration and a final amplitude and phase calibration. NGC 6251 was observed as
two pointings, one centred on the core and the other on the southern lobe. Both point-
ings were imaged in two steps. The first round of imaging included no multiscale and
amask which excluded large extended regions. Once all compact emission or narrow
emission, such as the jet, was included in the model, a second round of imaging was
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Table 5.2 Archival VLA data. Column one shows the proposal ID, column two shows the date
the observation was taken, column three shows the VLA configuration, column four shows the
frequency band used, column five list the references for the images used

Proposal ID. Date Configuration Band References

AK461 5-Oct-1998 B P This chapter

VJ49, V138 20-Nov-1988 A,B L Evans et al.
(2005)

Test 5-Dec-1985 D L This chapter

AB3346 1-Dec-1985 D L This chapter

AMO0322 9-May-1991 D X Evans et al.
(2005)

done using multiscale in order to properly image the diffuse emission. The data were
imaged with a uvrange of 140 — 4400 A and a natural weighting scheme, The final
image of the northern lobe has a resolution of 58 arcsec and an rms of 650 pLJy/beam.
The final image of the southern lobe has a resolution of 55 arcsec and an rms of 260
ply/beam.

The VLA P band data was calibrated using a similar procedure with one additional
step at the start. GPS data was used to generate a TEC map and this was used to apply
a phase correction to the data using the CASA task gencal. The final image, shown
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Fig. 5.6 Greyscale image of the P band VLA B configuration images of NGC 6251. VLA contours
are inred at 3, 5, 10, 15, 20 X oyps Where oryms = 8 mly

Table 5.3 Summary of NGC 6251 images

Array frequency Resolution (arcsec) orms (mJy/beam)
LOFAR HBA 150 MHz 40 2.0

WSRT 325 MHz 55 2.0

VLA B config. 325 MHz 20 7.0

WSRT 610 MHz 28 0.4

VLA D config. (NL) | 1.4 GHz 58 0.65

VLA D config. (SL) | 1.4 GHz 55 0.26

Effelsberg 10 GHz 69 1.0

in Fig. 5.6 had a resolution of 20 arcsec and an rms noise of 8 mJy/beam. Table 5.3
is a summary of the resolution and rms noise of the images used in this paper.

5.3 Results

5.3.1 Total Intensity Maps

Table 5.4 shows the flux densities measured within the 30 contour line in various
regions of NGC 6251 for different frequencies between 150MHz and 10 GHz.
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Fig.5.7 Greyscale image of the 1.4 GHz VLA D configuration images of the northern and southern
lobe of NGC 6251. VLA contours are inred at —5, —3, 5, 10, 20, 30, 40, 100 X oyns Where opms =
1.0 mJy. LOFAR HBA contours are shown in blue at 30,5 Where oy = 2.0 mly
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Fig. 5.8 Map of the regions used to measure the fluxes for NGC 6251

Figure 5.8 shows a map of the regions used. Point sources embedded in the lobe
emission were replaced with blanked pixels. Point source subtraction was not used
as I did not have access to the uvdata for the 610 and 325 MHz images. Errors in the
flux measurements were calculated using the equation:

2
0s, = \/(O-calsv)2 + (Grmsv Nbeam) s (5.1

where o, is the uncertainty in the calibration of the flux-scale and Npean is the
number of independent beams in the source. The uncertainty in the calibration was
taken to be ~10%.

In the case of the southern jet a 30 upper limit was used for the 325, 610 and
1500MHz data. A 30 upper limit was used for the northern extension at 325 and
610MHz. The VLA L band data did not cover the region of the northern extension.

Figure 5.2 shows the full bandwidth HBA image of NGC 6251. This image was
generated from a weighted average of the inband images.

The main jet extends north-west from the core with a bright knot at 200 arcsec
(99.6 kpc) from the core. The jet then bends north and terminates at a hotspot. The
northern lobe is coincident with the hotspot and jet down as far as the knot. A diffuse
low surface brightness component extends west from the lobe. This extension was
detected in the 325 MHz map of Mack et al. (1997). The 150 MHz LOFAR data in
this chapter show that the region extends a further 14.4 arcmin or 430 kpc for a total
length of 19 arcmin or 581 kpc.

The counter jet is detected at a 30 level in the HBA image shown in Fig. 5.2, the
clearest detection of the counter jet on these scales to date. The counter jet extends
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Table 5.4 Flux densities measured for various regions of NGC 6251 at different frequencies.
Column 1 shows the region, column 2 shows the flux density measured at 150 MHz, column 3
shows the flux density measured at 325 MHz, column 4 shows the flux density measured at 625
MHz, column 5 shows the flux density measured at 1.5 GHz and column 6 shows the flux density
measured at 10 GHz

Component | S150 MHz 8325 MHz S610 MHz S1.scuz Jy) | Sscuz Jy) | S1oGHz (Jy)
dy) dy) dy)
Core region 0.2 £0.1* [0.27 + 0.32 + 0.44 0.72+£0.03 | 0.7 £0.32
0.04° 0.07

Inner jet 22402 1.4+0.1 1.2+0.1 0.9+0.1 - 0.81 £0.08

(including

core)

Inner jet 1.94+0.2 1.24+0.1 0.940.1 0.54+0.1 - 0.14+03

(core

subtracted)

Knot 2.84+0.3 1.74+0.2 1.2+0.1 0.75+£0.08 | — 0.22 +£0.02

Outer jet 1.84+0.2 0.90 £0.09 | 0.56 +£0.06 |0.34 +0.04 | — 0.072 +
0.008

Northern 6+1 2.0+0.5 1.0+0.3 0.5+0.1 - -

lobe

Northern 26+03 <0.32 <0.28 - - -

extension

Northern 2.0+0.2 0.93 £0.09 |0.59 £0.06 |0.354+0.04 | — 0.083 +

hotspot 0.009

Southern jet | 0.26 £ 0.03 | <0.09 <0.08 - - -

Southern 1.84+0.2 <0.169 <0.1 0.05£0.01 |- -

backflow

Southern 5.84+0.6 1.5+0.2 0.51 £0.05 | 0.44 £0.06 | — -

lobe

Southern 1.0+0.1 0.30 £0.03 |0.20+0.02 |0.154+0.02 | - 0.022 +

hotspot 0.003

4Predicted using core spectral index. calculated from VLA P, L and X band data.
YMeasured from VLA P band data

to the south east. At 713 arcsec (355 kpc) from the core, the jet bends to the east. The
bend is bright and detected at 325, 610 and 1400 MHz. The VLA L band image in
Fig.5.7b shows the brightened jet continues eastward in a very linear fashion until it
reaches a bright compact hotspot. The jet is again deflected at the hotspot and moves
to the south east before terminating in a well confined southern lobe.

A-region of diffuse low surface brightness emission can be seen coincident with the
southern jet. This emission was previously only seen in the Waggett et al. (1977) 150
MHz map. As such this is very steep spectrum emission and is likely lobe emission
which has been deflected back towards the core.
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5.3.1.1 Spectral Index

The spectral index was calculated for each region of NGC6251 using the fluxes shown
in Table5.4. Figure 5.9 shows the best fit power law to the integrated flux density
versus frequency for each region and Table 5.5 lists the fitted spectral indices.

The core of NGC6251 is not aresolved region in the HBA, WSRT or low resolution
L band images. The flux from the core contributes to the inner jet region. In order
to subtract the core contribution from the inner jet region, archival P, L and X band
VLA data were used. Table 5.4 shows the core fluxes measured from each of these
datasets. The spectral index of the core as measured form these dataiso« = 0.3 0.1
Where S, o< v*. Using this spectral index the core flux was predicted for each of my
datasets and subtracted from the integrated flux of the inner jet region.

In order to look at the variation of the spectral index across the source and remove
any ambiguity due to inconsistent uvcoverage, the HBA data was reimaged with a
uvrange of 140 — 4400 A matching that of the VLA. The resulting HBA image has
an rms of 1.5mJy/beam. A spectral index map was made from 150 MHz to 1500
MHz using a 7o limit. The resulting images are shown in Fig.5.10.

The spectral index map shows a flat core. The spectral index of the main jet is
~ — 0.5 down the spine, steeping on either side to — 0.8. The jet steepens as it
enters the lobe to ~ — 0.6/ — 0.7 before flattening to ~ — 0.4/0.5 in the hotspot.
The spectral index of the lobe varies from —0.7/ — 0.8 near the jet/hotspot to < — 1
towards the extension.

The extension of the northern lobe is outside the primary beam of the VLA and
the 610 MHz WSRT is likely not sensitive to emission on such large scales. The
325MHz data should be sensitive to emission on these scales. The fact that the HBA
image shows the extension continuing for another 14.4 arcmin past the WSRT 325
MHz boundary suggests that the emission has a very steep spectral index, at least
steeper than o« = —2.7. This emission is likely very old.

The base of the counter jet can be seen in the spectral index map of the Northern
lobe. The spectral index is between —0.6 and —0.7, steeper than in the main jet. This
appears to be the flattest part of the pre-bend region. Of the counter jet. Beyond 60
kpc the counter jet has steepened such that it is only visible at 150 MHz.

The southern jet reappears at higher frequencies in what appears to be a bend. The
spectral index of this bend is ~ — 0.5 with a cocoon of steeper emission (< — 0.9)
surrounding it.

The spectral index for the hotspot is flat with & ~ —0.4/0.5. The region of the
southern lobe visible in the spectral index map is flatter than that seen for the northern
lobe with o ~ —0.6.

Similar to the extension of the northern lobe, the diffuse low surface brightness
emission seen around the southern jet in the HBA image is not seen in the 325 MHz
WSRT image suggesting that the spectral index is at least as steep as —1.6. This is
steeper than the spectral index seen in the lobe reinforcing the idea that his is ageing
material from the lobe being redirected back along the jet axis.

There are some large discrepancies between integrated spectral indices and the
spectral index map of the southern region of the source. These discrepancies are due
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Fig. 5.9 These images show the integrated spectral index for each region in NGC6251 bar the core
region. Fluxes are arbitrarily scaled to fit on the plot

to the mismatched uvcoverages between the different total intensity maps as well as
overlap between the more recently accelerated emission of the hotspot and the older
steeper emission of the lobe which us detected in the HBA image.
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Fig. 5.10 These images show the spectral index maps from 150 MHz to 1.5 GHz for a the northern
lobe of NGC 6251 and b the southern lobe of NGC 6251. The flux cuttoff used was 10.5 mJy/beam
or 7oyms Where o = 1.5 mJy/beam, the rms noise of the HBA image

5.3.2 Internal Pressure
5.3.2.1 Method

The internal pressure, Py, of a relativistic plasma is

1 1 1
Py = -U.+ -Ug + =U,, 5.2
« =3 VBT 3 (5.2)
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Table 5.5 Spectral index and pressures as measured for different regions in NGC 6251. Column
1 is the region of NGC 6251, column 2 is the spectral index measured for that region, column 3 is
the shape assumed when calculating the volume, column 4 is the volume of each region, column
5 is the internal pressure calculated for each region, column 5 is the external pressure measured at
the projected distance of each region and column 6 is the ratio of the internal pressure and external
pressure for each region

Component |« shape Volume P A m™3) | Py A m™3) %
(m?)

Core region | 0.3 £0.1 - - - - -

Tnner jet —0.640.2 | Cylindrical | 1.07 x 10%* | 1.7 x 1074 | 4.8 x 10713 | 28

(core

subtracted)

Knot —0.60+ | Cylindrical |4.88 x 109 |33 x 10714| 1.2 x 10713 | 4
0.07

Outer jet —0.754+ | Cylindrical |9.84 x 109 | 1.9 x 10714 2.4 x 10-14|1.2
0.08

Northern | —1.1+£0.3 |Spherical | 1.55 x 10% 3.7 x 10715 7.9 x 10715 |2

lobe

Northern | —2.72 Cylindrical |9.1 x 10 4.9 x 10719 /4.9 x 1071 0.1

extension

Northern | —0.73+ | Elliptical | 5.43 x 109 | 2.7 x 1071%|3.4 x 10~13 | 0.1

hotspot 0.08

Southern Jet | —1.42 Cylindrical |3.24 x 10% |34 x 10715 5.2 x 10714 | 15

Southern | —1.640.2 | Cylindrical |1.29 x 10%° | 1.6 x 10715 /2.8 x 10713 | 1.7

backflow

Southern | —1.340.2 |Spherical | 1.32 x 10% [4.8 x 10715 4.9 x 1071% | 0.1

Lobe

Southern | —0.85+  |Elliptical |7.09 x 10% | 1.8 x 10~14]9.5 x 10710 0.05

hotspot 0.09

4Calculated using the HBA flux and WSRT upper limits

where Uk is the electron energy density, Uy is the magnetic field energy density and
U, is the proton energy density.

In order to calculate U, and Ug, I used the SYNCH code as described in Hardcastle
et al. (1998). Briefly SYNCH will calculate the equipartition magnetic field strength
given the flux at a particular frequency for an electron population with power law
index §. A break in the power law can be included if necessary and minimum and
maximum energies of the population must be provided along with the ratio of elec-
tron energy density to proton energy density. Once the magnetic field strength has
been found the spectrum is integrated to calculate the electron and magnetic field
energy density. Alternatively, if there is a detection of inverse Compton emission,
the radio and X-ray data can be jointly fit to find the magnetic field energy without
an assumption of equipartition.

For each region I used SYNCH to calculate the internal pressure under the assump-
tion of equipartition between the magnetic field and non thermal particles.
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5.3.2.2 Equipartition

Assuming equipartition between the magnetic field and the relativistic particles and
that U, = KoU,, then
3Ko+2

Py = TUB (5.3)

Using SYNCH and the spectral indices calculated in Sect.5.3.1.1 1 found Uy, for each
region in NGC 6251. I assumed a lower energy cutoff of 5 x 10% eV and an upper
energy of 5 x 10'! eV. I assumed an injection index of —0.6 and a break energy of
1 x 10° eV. At this break energy the spectrum steepens from the injection index to
the observed spectral index. A higher break energy fails to fit the data. I assumed
a spherical, elliptical or cylindrical volume for each region as seemed appropriate
based on the HBA image. Table5.5 shows the shapes and volumes used for each
region. The results are tabulated in Table 5.5. As the northern extension and southern
backflow are likely populated by a very old population of electrons, these data were
fit using an upper energy cutoff of 1 x 10'° eV for the backflow and 2 x 10° eV for
the extension.

In Fig.5.11 I compare the calculated internal pressure with the external pressure
as measured from the thermal X-ray observations in Evans et al. (2005). I find that
at equipartition the inner jet is underpressured by a factor of ~28, the knot is under-
pressured by a factor of ~4 and the northern lobe is underpressured by a factor of
~2. The outer jet is at pressure balance and the northern hotspot is overpressured by
a factor of ~10.

For the southern part of the source, the jet is underpressured by a factor of ~15
while both the southern hotspot and the southern lobe are overpressured by a factor
of ~20 and ~10 respectively. The backflow is found to be slightly underpressured
by a factor of ~1.7. It should be noted that the internal equipartition pressure of the
western lobe reported by Evans et al. (2005) and reproduced by Croston et al. (2008)
appear to be too low due to an incorrect low frequency flux measurement used by
the authors.

There are a number of uncertainties in both the internal pressure and external
pressure. Projection effects introduce uncertainty in both the position of the radio
components in the group environment as well as the volume of the components. The
northern lobe, which has a projected distance of ~330 kpc, would be at pressure
balance under equipartition assumptions, if its true position in the group was ~440
kpc from the group centre. For a straight jet this would require an initial angle to
the line of sight of 41°. However there is clear evidence of bending in the jet and
so a smaller initial angle to the line of sight could still place the northern lobe at
440 kpc. The southern lobe has a projected distance from the centre of ~1000 kpc.
However in order for the southern lobe to be in pressure balance at equilibrium it
would need to have a distance of ~400 kpc from the group centre. Thus the effect
of projection on the position on the southern lobe can only increase the amount by
which the southern lobe is overpressured at equipartition.
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Projection effects also come into play when calculating the volume of the lobes.
Evans et al. (2005) argue that the axis of the northern lobe is close to the plane of the
sky based on an observed discontinuity in the X-ray surface brightness. Therefore we
can expect projection effects to have a minimal impact on the volume, at least for the
northern lobe. No such limits on the projection of the southern lobe exist. If there is
significant bending in the southern jet the visible lobe could be the cross section of a
cylinder which is aligned along the line of sight. If this were the case then a spherical
volume, as assumed here, would lead to an overestimate of the pressure. However
assuming a cylinder with a length of 1000 kpc and volume 7.9 x 10% m? only
reduces the lobe pressure to 2 x 10~'> Pa, leaving the southern lobe overpressured
by a factor of 4.

A very significant source of uncertainty lies in the extrapolation of the exter-
nal pressure profile. The X-ray observations only detect emission out to 150 kpc,
therefore comparisons between the lobe internal pressure and external pressure rely
heavily on the assumption that the external pressure profile at large radii follows the
2-component B model fit at smaller radii. If instead the external pressure flattens at
larger radii then the southern lobe would not be as over pressured at equipartition as
it appears here. These results are discussed in Sect. 5.4.

5.3.3 Polarisation in NGC 6251

5.3.3.1 Applying RM Synthesis

The commissioning of polarisation observations with LOFAR is not yet complete
and so it is not currently possible to calibrate the instrumental polarisation or get the
absolute polarisation angle. However it is still possible to investigate the polarisation
of the source using techniques such as RM synthesis (Brentjens and de Bruyn 2005)
and QU fitting (Sun et al. 2015). In order to investigate the Faraday spectrum of
NGC 6251 it is necessary to first account for Faraday rotation due to the ionosphere.
Variations in the ionosphere during the day will lead to different degrees of Faraday
rotation throughout the observations. This will cause a smearing of any signal in
Faraday space (Sotomayor-Beltran et al. 2013). RMEXTRACT* was used to correct
for Faraday rotation due to the ionosphere. RMEXTRACT uses maps of the Total
Electron Content (TEC) and vertical Total Electron Content (VTEC) generated from
GPS data to calculate the ionospheric Faraday rotation over the LOFAR stations.
There are two sources for TEC and vTEC map, namely CODE and ROB. Tests
during commissioning suggest that using CODE ionospheric maps recovers more of
the polarised flux. As such I use the CODE maps as the input for the ionospheric
correction. CODE calculates the vTEC using data from about 200 GPS/GLONASS
sites of the IGS and other institutions with a time resolution of about an hour and a
spatial resolution of 2.5° x 5.0° (Dow et al. 2009).

4RMEXTRACT code can be found at https://github.com/maaijke/RMextract.
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Fig. 5.11 Plot of the internal and external pressures in NGC 6251 for increasing distance from
the nucleus. The solid black line shows the external pressure calculated from the thermal x-ray
emission. The external pressure was previously published in Evans et al. (2005). The grey shaded
region is the uncertainty in the external pressure. The hatched region represents the extrapolated
external pressure where there is no direct observation of the environment. a The purple star shows the
internal pressure of the northern lobe and the blue circle shows the internal pressure for the northern
extension. The purple square shows the internal pressure of the lobe calculated from inverse compton
measurements reported by Takeuchi et al. (2012). b The purple star shows the internal pressure of
the southern lobe and the blue circle shows the internal pressure for the southern backflow
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Once the RM correction has been applied to every subband and time step, indi-
vidual channels were split from subbands and imaged in stokes Q and U using
AWIMAGER. In order to ensure an adequate Faraday depth range, the channel width
was kept at 48 kHz. An inner uvcut of 2004, corresponding to an angular scale of
~20 arcmin, was used in order to avoid imaging galactic foreground emission. The
Faraday depth spectrum was calculated from the resulting Q and U images using
PYRMSYNTH RMEXTRACT.> The maximum observable Faraday depth, ¢max—depths
the resolution in Faraday space, §¢, and the largest scale in Faraday space that can
be detected, dmax—scale> are given by (Brentjens and de Bruyn 2005)

V3

| bmax—deptn |l = 2 (5.4a)
2+4/3
8¢ ~ A—‘Q (5.4b)
T
d)maxfscale ~ )»2_’ (540)

where 812 is the channel width squared, AA? is the width of the A2 distribution and
A2, is the minimum wavelength squared. For these observations this gives §¢ = 0.87
rad m? and Gmax—scale = 0.46 rad m~2. I first search over a large, —1000rad m—2-
1000rad m?, using a coarse Faraday depth cell size of 2rad m~2. I use this spectrum
to rule out structure at high Faraday depths. I then perform Faraday rotation measure
synthesis over Faraday depths of —300 rad m~2 to 300rad m~2. I use a cell size
of 0.2rad m~2 to properly sample the rotation measure transfer function (RMTF).

Figure 5.12 shows the RMTF of the HBA data.

5.3.3.2 Results from RM Synthesis

Figure 5.13 shows the Faraday spectrum between ¢ = —100 rad m~2 and ¢ = 100
rad m~2 for both an unpolarised source and a polarised region of NGC 6251. The
strong peak centred on ~0 rad m~2 which can be seen in both Faraday spectra is the
instrumental polarisation. Figure 5.14 shows the value of polarisation at the maximum
in the Faraday spectrum for each pixel. The blue contours mark the regions where
the peak in Faraday spectrum is about 5o,ms, Where oy iS the noise in the Faraday
spectrum of that pixel. There is a clear detection of polarisation in the knot of the
jet as well as some patchy structure in the northern lobe. The rest of the source is
depolarised. As it is currently not possible to calibrate the instrumental polarisation I
did not make a polarised intensity map. The instrumental polarisation is so dominant
in these data compared with the polarised signal that a polarised intensity map would
be an image of the instrumental polarisation.

Figure 5.14 also shows the Faraday spectrum for a pixel in the knot and a pixel in
the lobe. The Faraday spectrum of the lobe shows a single Faraday thin component

SPYRMSYNTH code can be found at https://github.com/mrbell/pyrmsynth.
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Fig. 5.12 RMTF for the LOFAR HBA data

with an average Faraday depth across the region of —54.1 rad m~2 with a standard
deviation of 0.1 rad m~2. The average amplitude of the Faraday thin component in the
knot is 1.90 mJy/beam/RMTF with a standard deviation of 0.07 mJy/beam/RMTF.

Most of the knot shows a single Faraday thin component with an average Faraday
depth across the region of —50.96 rad m~2 and a standard deviation of 0.08 rad m—2.
The average amplitude of this component is 3 mJy/beam/RMTF with a standard
deviation of 1 mJy/beam/RMTF. Approximately 60 pixels in the centre of the knot
show the double peaked structure seen in Fig. 5.14. The average Faraday depth across
the region of the second peak is —52.7 rad m~2 with a standard deviation of 0.1rad
m~2. The average amplitude of this secondary component is 1.83 mJy/beam/RMTF
with a standard deviation of 0.09 mJy/beam/RMTF.

Different Faraday structure along the same line of sight can interfere in unusual
ways when performing RM synthesis to produce misleading Faraday spectra
Farnsworth et al. (2011). In order to further investigate the structure in the knot
I used QU fitting.

Figure5.15 is Fig.20 as presented in Perley et al. (1984) and shows the high
resolution RM maps of the northern jet of NGC 6251. Perley et al. (1984) report
strong gradients in the RM of the inner jet as seen in Fig.5.15a. These gradients
lead to complete depolarisation of the signal at 150 MHz as can be seen in Fig. 5.14.
Perley et al. (1984) find that beyond ~180 arcsec from the core the RM is constant at
—49 rad m~2 to within their measurement errors. This can be seen in Fig. 5.15b. This
corresponds to the bright knot region in the LOFAR images and is the only strong
detection of polarisation in the LOFAR HBA observations of NGC 6251. Due to
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Fig. 5.13 a Faraday spectrum of a polarised region in NGC 6251, b the Faraday spectrum for an

unpolarised source

LOFAR’s unique resolution if Farday space it is possible to confirm that the Faraday
depth is truley flat in this region with an average Faraday depth of —50.96 rad m~2
and a standard deviation of 0.08 rad m~2.
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5.3.3.3 QU Fitting

In order to determine the exact nature and depth of components seen in the Faraday
spectrum and to investigate the Faraday complexity in the source I fit models of the
polarisation to the data. This process is know as QU fitting (see Sect.2.6). For a
comparison of QU fitting and RM synthesis see Sun et al. (2015). Here I use the
QU- JB code presented in Sun et al. (2015). QU- JB uses a Bayesian approach to the
fitting, utilising multinest to converge on solutions.

LOFAR HBA is insensitive to Faraday thick structures, resolving them out almost
entirely. A Faraday thick slab observed by LOFAR would appear as 2 Faraday thin
screens in the Faraday spectrum as only the edges would be visible.

I fit a number of different models to these data. First the Null hypothesis is that
only instrumental polarisation is present. I fit the instrumental polarisation as a 1st
order polynomial. I then fit a series of models with a 1st order polynomial and 1, 2 or
3 F thin components, hereafter, plnl, pln2 and p1n3 respectively. Due to LOFAR’s
insensitivity to Faraday thick structure I do not fit for any thick structures in the data.

In order to show the quality of the fits across the knot and the lobe we calculate
the Bayes factor, Kw,, which is given by

Pr(D|M;) _ [Pr(6,|M))Pr(DI|6;, M,)d6,

KM\ M2 — = )
"7 Pr(DIMy) T [ Pr(6:| Ma)Pr(DI6, Ma)dt

(5.5)

where Pr (D|M)) is the Bayesian evidence for Model 1, Pr(D|M5;) is the Bayesian
evidence for Model 2. Pr(;|M)) is the prior for Model 1, Pr(6,| M) is the prior for
Model 2, Pr(D|6;, M) is the likelihood of Model 1 and Pr(D|6,, M) is the likelihood
of Model 2. Following Kass and Raftery (1995), 2log, Kw,, < 0isevidence for model
1,0 < 2log,Kw,, < 2 is only very weak evidence of model 2, 2 < 2log,Kw, < 6
is positive evidence for model 2, 6 < 2log,Kw, < 10 is strong evidence for model
2 and finally 2log, K, > 10 is very strong evidence for model 2.

Figure 5.16 shows the results for the plnl and pln2 models. The evidence of
the pIn3 model is less than the evidence for all other tested models for every pixel
and so is not shown. Figure 5.16a shows the Faraday depth found for the pInl model
for each pixel where Kyimy,,, > 1. Figure 5.16c shows 2log, Kw,, > 2, where white to
blue (2log, Kwi,, > 2)indicates support for the pInl model and red (2log, K, < 2)
indicates support for the Null hypothesis. I find an average Faraday depth in the
knot of —50.8 rad m~2. Despite the fact that there is a significant polarised region
detected at 5o in the Faraday spectra of the lobe, only 10 pixels are detected in the
lobe with Ky, > 1. The average Faraday depth of these pixels is —53.6 rad m~?
with a standard deviation of 0.7 rad m~2, in agreement with that measured from the
Faraday spectra.

Figure 5.16b and d show the Faraday depths found for the two components in
the pIn2 model for each pixel where Ky, > 1. Figure5.16e shows 2log, K,
where white/blue indicates that the evidence for the pln2 model is greater than the
evidence for the plnl model. As seen in the Faraday spectra, the centre of the knot
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shows two Faraday thin structures. QU fitting finds that the Faraday depth of the
first peak is —50.75 rad m~? with a standard deviation of 0.02rad m~2, in agreement
with the Faraday spectra. However QU fitting finds that the average Faraday depth
of the second peak is —50.3 rad m~2 with a standard deviation of 0.1rad m~2. These
two Faraday thin components would not produce the Faraday Spectrum shown in
Fig.5.14. T suspect that the source of this discrepancy is residual instrumental polar-
isation that has not been accounted for in the fitted model. This residual instrumental
polarisation has a stronger presence in the data then the secondary peak and the algo-
rithm attempts to fit the instrumental polarisation rather than the secondary peak. The
prior, that the Faraday depth be between —70 and —30 rad m~2, forces the algorithm
to place the instrumental polarisation somewhere other than Orad m~2. T have tested
this by changing the prior so that the allowed Faraday depth is between —100 and
100rad m~2. With this prior the second Faraday thin component is found close to
Orad m—2.

Our inability to accurately model the instrumental polarisation as a simple poly-
nomial is most likely due to the ionospheric calibration with RMEXTRACT. This
has the effect of shifting the instrumental polarisation away from zero by different
amounts as a function of time.

There are very small variations in Faraday depth of the order A¢p ~ 0.2 rad m~2.
Figure 5.17 shows the distribution of the Faraday depths in the knot. The variance in
the Faraday depth is oy, = 5 x 1072 rad> m~*. If the variation in Faraday depth is
due solely to noise/measurement error then the expected variance can be calculated

as > o2

2 O% i

ORM, noise Npix (5 6)

where o, is the error in Faraday depth for pixel i and Ny is the number of pixels.

I find that the expected variance is oy noie = 2 X 1077 rad* m™*. That gy, noise

is so much larger than ory shows that the measurement errors are unrealistically

larger. This is to be expected. I am unable to properly account for the instrumental

polarisation in the Q and U data. This leads to a wide posterior distribution. However

for the structure to be real, the estimated errors would need to be a 3 times larger
than the actual uncertainty in Faraday depth.

The measured variance constitutes an upper limit on any real physical variation in
Faraday depth. If it is assumed that the group environment is composed of cells with
a uniform density and magnetic field strength but with a random field orientation
then the expected variance in Faraday depth is

o2y = 8122Ag / (Byne)*dl. (5.7)

where Ap is the characteristic scale length of the magnetic field and B = % is
the component of the magnetic field along the line of sight (Lawler and Dennison
1982). In order to determine a reasonable Ag I make use of the results in Cho and
Ryu (2009). Cho and Ryu (2009) suggest that Ap is related to the energy injection
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Fig. 5.16 Results of the QU fitting. a Shows the Faraday depth of the component found for a
single Faraday thin screen plus instrumental polarisation. b Shows the Faraday depth of the first
component found when fitting two Faraday thin screens plus instrumental polarisation. ¢ The Bayes
factor when comparing the fits for a single thin screen plus instrumental polarisation with just
instrumental polarisation. Red indicates support for the null hypothesis while blue indicates support
for the single Faraday thin screen. White indicates inconclusive. d The Faraday depth of the second
component found when fitting the two Faraday thin screens plus instrumental polarisation. e The
Bayes factor when comparing the single Faraday thin screen plus instrumental polarisation with the
model of two Faraday thin screens plus instrumental polarisation. Red indicates support for a single
screen while blue indicates support for a two screens. White indicates no real preference either way
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Fig. 5.17 Distribution of Faraday depths in the knot in main jet of NGC 6251
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0.3 t
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45 Teddy

(5.8)

where ¢ is the age of the Universe and fqqy is the local eddy turnover time. Here we
take Ly = r. where r. = 74 kpc is the core radius of the group environment of NGC
6251. I assume a value for $ which is between that for clusters and filaments so
that ﬁ = 20. This gives a characteristic scale length of A = 10 kpc.

In order to evaluate the integral in Eq.5.7 I must know the position of the knot in
the group environment. In order to get a conservative upper limit on B I will assume
an angle to the line of sight of 55°. This would place the knot at 200 kpc from the
core. Under these assumptions we find that B < 0.2 i G. These results are discussed
in Sect.5.4.
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5.4 Discussion

I compare the HBA and VLA maps presented here to the 325-610 MHz map and
408-10GHz maps in Mack et al. (1998). I find that my spectral index map agrees
well with the 325-610 MHz map except for the bend in the southern jet. Here I find
a spectral index of ~ — 0.5 for the bend in the southern jet while Mack et al. (1998)
find a spectral index < — 1. The HBA image shown in Fig. 5.2 shows the backflow
of the lobe material from the southern lobe. In the 325 MHz WSRT image only a
small region of this structure is detected, not enough to distinguish from the jet. In the
610 MHz image only the bend is visible. I suggest that the presence of the older lobe
emission, coincident with the jet has led to the steep spectral index in the Mack et al.
(1998) spectral index map and that the bend is indeed a real feature of the counter
jet.

The oldest regions of NGC 6251 are the extension of the Northern lobe and the
backflow of the southern lobe. These regions are only clearly detected at 150 MHz.
As such it is not possible to fit for a break frequency, vy,. Instead I assume that the
break frequency lies somewhere between 150 and 325 MHz. I calculate the age, ¢,
of both regions following Alexander and Leahy (1987) so that

2.52 x 105U, 102
2= X 7 Pealto (5.9)

2 2
Vb [(ZMOUeq) + B%]

where By, = 0.318 (1 4 z)? is the equivalent field strength of the microwave back-
ground radiation assuming the present day temperature of 2.726 K. This yields an
age of 205 Myr < ¢ < 368 Myr for the northern extension and 209 Myr < ¢t < 307
Myr for the southern backflow. These regions are significantly older than the ages
for both the northern lobe (<42 Myr) and the southern lobe (41 Myr) (Mack et al.
1998) and are possibly relic emission from an earlier epoch of activity.

In Sect.5.3.2.2 the internal pressure in the lobes of NGC 6251 was calculated
and compared to the external pressure. While the northern lobe was found to be
marginally underpressured at equipartition, the southern lobe was found to be signif-
icantly overpressured at equipartition, requiring the assumed external pressure profile
to flatten at large radii in order to achieve pressure balance in the southern lobe. It
is however entirely possible that the southern lobe is over-pressured with respect to
the environment. We have assumed that the group environment is symmetric about
NGC 6251, however an asymmetric atmosphere could be responsible for having two
lobes whose dynamics/relation to the external pressure appear to be different. It has
been suggested that the asymmetries seen in radio galaxies is due to environmental
effects (Pirya et al. 2012; Schoenmakers et al. 2000; Lara et al. 2004). NGC 6251 has
a separation ratio of 1 : 2.2 and Chen et al. (2011) show that the galaxy overdensity
is larger in the direction of the shorter main jet of NGC 6251. There is therefore
reason to believe the environment of NGC 6251 could be asymmetric however the
current available X-ray data is not sufficient to investigate this directly.
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A separate estimate of the particle energetic comes from observations of inverse
Compton emission. Takeuchi et al. (2012) fit a model to radio, X-ray and gamma
ray data. They find the combined data are best fit with a magnetic field of B = 0.37
1 G and an injection spectral index of « = —0.5 which breakstoa = —0.75 at Ey, =
1.5 x 10° eV. This gives an energy ratio of llfj_s = 45 and an internal pressure of 8.5 x

10~15 Pa. This would place the lobe in pressure balance with the external pressure at
the projected distance of the lobe from the cluster centre. The region used to calculate
this pressure includes both the lobe and the hotspot. Given that the electron population
in the hotspot and the lobe would be expected to have different characteristics, the
pressure calculated by Takeuchi et al. (2012) is likely an overestimate and the true
internal pressure is somewhere between the equipartition pressure calculated in this
paper and that calculated in Takeuchi et al. (2012).

The northern extension and southern backflow are the most relaxed regions of
NGC 6251 As such while it might be possible that the lobes are overpressured,
these regions are more likely to be in equilibrium with the environment. The host
galaxy group has an r;yy of 875 kpc (Croston et al. 2008). The northern lobe reaches a
projected distance of ~r5qg while the southern lobe reaches beyond rpo. The extended
structure of NGC 6251 is therefore probing the outskirts of the group environment
and the LLS beyond. The internal pressure of the extension implies an environment
pressure of 4.9 x 10~!% Pa and the internal pressure of the southern backflow implies
an environmental pressure of 1.6 x 10~13 Pa. Malarecki et al. (2015) find similar
pressures for 12 giant radio galaxies. They show that this pressure corresponds to
the densest 6% of the WHIM.

I find polarised emission in the region of the bright knot in the main jet as well
as a small region of patchy polarisation in the northern lobe. All polarisation in the
inner part of the jet is depolarised due to RM gradients in this region of the source
(Perley et al. 1984). It is likely that the majority of the Faraday rotation observed
is due to our Galaxy. Estimating the exact value of the contribution is difficult.
Higher frequency, high resolution data presented in Perley et al. (1984) shows that
beyond 180 arcsec (89 kpc) from the core the average Faraday depth is —48.9 £ 0.2
rad m~2. They suggest that this is the galactic contribution to the Faraday depth.
Oppermann et al. (2015) reconstruct a map of the Galactic Faraday contribution
using observations of extragalactic sources. This reconstructed map has an average
Faraday rotation of —31.6 rad m~2 in the region of NGC 6251. In the data presented
here I found 1 polarised source near NGC 6251 with a Faraday depth of &~ —44 rad
m~2 which is between the assumed galactic contributions from Perley et al. (1984)
and Oppermann et al. (2015). These values suggest that the extragalactic contribution
is of order 1 — 10 rad m~2.

The Faraday depth values measured in the knot are in good agreement with those
found in Perley et al. (1984). However with the broadband capabilities of LOFAR I
have detected complexity in the Faraday spectrum of the knot. Based on the arguments
presented in Sect.5.3.3.3 I will rely on the results from RM synthesis. There are a
number of possible scenarios that could explain the Faraday structure seen in the
knot. If the knot is a Faraday thick slab one might expect to see a double peaked
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structure in Faraday space. Due to LOFAR’s insensitivity to Faraday thick structures,
only the sharp edges of the slab would be visible in the Faraday spectrum. However
you would expect the peaks to have similar amplitudes. I find that the dominant peak
is 1.6 times stronger than the secondary peak.

One might also imagine that the knot could be embedded in a Faraday thick
structure. The lobe could potentially act as such a Faraday thick screen as it is
coincident with the knot. However again I would expect another peak for the region
of the lobe in front of the knot which I do not see. Based on the pressure arguments
above, the lobe does not require a significant thermal population to be in pressure
balance with the environment and so it is unlikely that the lobe is Faraday thick.

I suggest that the most likely scenario is that the lobe is Faraday thin and located
somewhere behind the knot. The strong peak in the Faraday spectrum would then
due to the knot and the fainter peak due to the lobe located at a more negative Faraday
depth. The argument is strengthened by the fact that the polarisation detected in in
the lobe has a similar amplitude to the secondary peak in the knot with the peak in
the knot.

In Sect.5.3.3.3 I put an upper limit on the magnetic field in the group of B < 0.2
1G. The GRG NGC 315 is in a similar sparse environment to NGC 6251. Laing
et al. (20006) find residual fluctuations in the Faraday depth of NGC 315 of order
1—2 rad m? and suggest that for plausible assumptions for the central density and
characteristic magnetic field length, the central magnetic field would be By = 0.15
1G. This is comparable to the upper limit calculated here for NGC 6251. Denser
group environments such as those of 3C449 and 3C31 have central magnetic field
strengths of order a few ©G (Laing et al. 2008; Guidetti et al. 2010).

5.5 Conclusions

In this chapter I have presented observations of NGC 6251 at 150 MHz with LOFAR
HBA. The images presented here are the highest sensitivity and resolution images
of NGC 6251 at these frequencies to date. Analysis of the low frequencies spectral
index did not reveal any change in the low frequency spectra when compared with
the higher frequency spectral index. NGC 6251 is found to be either at equilibrium or
slightly electron dominated, similar to FRII sources. I calculated the ages of the low
surface brightness extension of the northern lobe and the backflow of the southern
lobe, which are only clearly visible at these low frequencies, to be 205 Myr < ¢t <
368 Myr and 209 Myr< ¢t <307 Myr respectively. This could indicate that these
components are relics of an earlier epoch of activity.

I presented the first detection of polarisation at 150 MHz in NGC 6251, including
a weak detection of polarisation in the diffuse emission of the northern lobe. Taking
advantage of the high Faraday resolution of LOFAR, I detect Faraday complexity
in the knot of NGC 6251 and interpret the weaker component as emission from the
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lobe located behind the knot. I place an upper limit on the variance in the Faraday
depth in the knot of NGC 6251 of ory < 5 x 1073 rad’> m~* and an upper limit on
the magnetic field in the group of B < 0.2 uG.
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Chapter 6 ®)
Conclusions Creck for

In this thesis I presented low frequency observations of multiple galaxy clusters as
well as the giant radio galaxy NGC 6251.

In Chap. 3 I presented GMRT observations of the massive galaxy cluster MACS
J2243.3-0935 at 610 MHz. I discovered a new giant radio halo in this cluster with
an integrated flux density of 10.0 £ 2.0 mJy, an estimated radio power at 1.4 GHz
of Pjagu, =3.24+0.6 x 10* WHz ! and a LLS of approximately 0.92Mpc. 1
calculated the equipartition magnetic field in the region of the halo for a range of
« and K, values and find that the equipartition magnetic field is of order 1 uG
Assuming a spectral index of o = 1.4, the halo in MACS J2243.3-0935 lies on the
empirical scaling relations observed for radio halos.

I also detected a potential radio relic candidate to the west of the cluster. The
candidate relic has a integrated flux density of 5.2 £ 0.8 mJy, an estimated radio
powerat 1.4GHzof (1.6 + 0.3) x 10** WHz ! andaLLS of 0.68 Mpc. The presence
of a radio relic in MACS J2243.3-0935 would make this one of only a handful of
clusters that host both a halo and a relic. Due to the position of the relic candidate on
the outskirts of the cluster, where a filament meets the cluster, I concluded that the
candidate is consistent with an infall relic. I ruled out the possibility of the emission
being associated with the WHIM in a filament as the measured flux density and
estimated equipartition magnetic field strength are both much larger than expected
values for the WHIM. I also excluded foreground galactic emission as an explanation
as there is no significant emission in IRIS, SHASSA Ha, WISE or Planck.

Future work on this cluster should attempt to properly constrain the spectral index
of the radio halo. Observations at frequencies lower than 610 MHZ are important in
order to clarify the nature of the candidate radio relic. The low declination of this
cluster rules out observations with LOFAR however the newly upgraded GMRT has
high sensitivity down to 120 MHz.

MACS J2243.3-0935 was selected for observation based on the highly negative
relaxation parameter, indicating a disturbed morphology. Following on from the
successful detection of a radio halo in this cluster I observed three more clusters
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with highly negative relaxation parameters but covering a wider range of masses.
The observations were presented in Chap. 4 of this thesis. I have placed upper limits
on the radio power at 610 MHz for three clusters, A07, A1235 and A2055. These
limits are below the P10 — Lx and rule out bright radio halo in these clusters. I have
identified these clusters as potential hosts for USSRH. Observations with LOFAR
should be capable of confirming whether or not these clusters host USSRH.

I'have begun an observing campaign with the VLA of 10 galaxy clusters at S band
in C and D configuration. The purpose of this campaign is to identify new halos and
determine the range of I where detecting a radio halo is most likely. The criteria used
for selecting this sample was that z > 0.13 so that the VLA in D-config would be
sensitive to emission as large as 1 Mpc. We also required that there be bright central
radio galaxies in order to avoid confusion when identifying radio halos.

In Chap. 5 I presented observations of NGC 6251 at 150 MHz with LOFAR HBA.
The images presented in this thesis are the highest sensitivity and resolution images
of NGC 6251 at these frequencies to date. Analysis of the low frequencies spectral
index did not reveal any change in the low frequency spectra when compared with
the higher frequency spectral index. NGC 6251 is found to be either at equilibrium or
slightly electron dominated, similar to FRII sources. I calculated the ages of the low
surface brightness extension of the northern lobe and the backflow of the southern
lobe, which are only clearly visible at these low frequencies, to be 205 Myr < t <
368 Myr and 209 Myr < t < 307 Myr respectively. This could indicate that these
components are relics of an earlier epoch of activity.

I presented the first detection of polarisation at 150 MHz in NGC 6251, including
a weak detection of polarisation in the diffuse emission of the northern lobe. Taking
advantage of the high Faraday resolution of LOFAR, I detect Faraday complexity
in the knot of NGC 6251 and interpret the weaker component as emission from the
lobe located behind the knot. I place an upper limit on the variance in the Faraday
depth in the knot of NGC 6251 of opy < 5 x 1073 rad’> m~* and an upper limit on
the magnetic field in the group of B < 0.2 uG.
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