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Synopsis

Clusters of galaxies are the largest gravitationally bound systems in the universe.
The intra-cluster medium (ICM) contains, mainly, very hot thermal plasma (de-
tected as X-ray emission). It also contains large scale magnetic fields (~ uG) and
cosmic rays (relativistic electrons of energies ~ GeV) that elude detection in most
frequency bands but manifest as synchrotron sources detectable in radio bands.
Mainly massive (> 5 x 10 M) clusters are found to have large scale diffuse ra-
dio emission. The large scale diffuse radio sources are broadly classified into radio
halos, mini-halos and relics (van Weeren et al., 2019a). Radio halos are found at
the centres of clusters while relics are found at the peripheries. Mini-halos are
smaller than radio halos and are found in cool-core clusters unlike radio halos and
relics that are found in merging clusters. Formation of these diffuse radio sources
are not yet well understood. Particle acceleration and magnetic field amplifica-
tion during cluster mergers have been proposed as mechanisms by which diffuse
radio emission is generated in clusters (Brunetti & Jones, 2014a). In this thesis
we present radio band studies using the GMRT and VLA of two galaxy clusters
aimed at: i) searching diffuse radio emission and ii) finding the nature and origin

of the diffuse radio emission.

The galaxy cluster RXC J0528.9-3927 is a bright, massive galaxy cluster at redshift
0.284 that hosts a cool-core and a cold front (Botteon, Gastaldello & Brunetti,
2018). Being a massive cool-core cluster, it was a strong candidate to search
for diffuse radio emission. We have carried out a study of the galaxy cluster
with the GMRT at 610 MHz. We found that there is a central discrete radio
source associated with the Brightest Cluster Galaxy and it is surrounded by diffuse
emission. The diffuse emission does not have features typical of jets or lobes of
a radio galaxy. The extent of the diffuse source is 197 kpcex 397 kpce which is
typical of radio mini-halos. Botteon, Gastaldello & Brunetti (2018) have found
the presence of the cold front in the X-ray observation of the RXC J0528.9-3927
which favours the extended emission to be a mini halo. We used NVSS (1.4 GHz),
SUMSS (810 MHz) and TGSS (150 MHz) surveys that covered this cluster but
with a lower resolution than our 610 MHz GMRT observations. We assumed that
the total flux density in the survey images is the sum of the emission from the
central compact source and the extended emission. Assuming a standard spectral

index for the compact source, we obtained the flux density of the extended source



at frequencies other than 610 MHz. The integrated spectral index of the mini-
halo was found to be —1.9 + 0.7. The 1.4 GHz radio power of the mini-halo is
6.06 £ 0.7 x 10> W Hz~!. We compared the radio power with that of the known
sample of mini-halos. The central entropy of the cluster falls on the border line
between cool-core and non-cool core clusters. Thus this may be a mini-halo in
transition to becoming a radio halo. Recently a radio halo has been reported in
this cluster using MeeRKAT (Knowles et al., 2021). We compared the properties
that we found with those that are reported.

The cluster PLCKESZ G171.94-40.65 was discovered in Sunyaev-Zeldovich obser-
vations with the Planck satellite (Planck Collaboration et al., 2011a). A radio
halo was discovered in this cluster using the GMRT observations and the NVSS
image (Giacintucci et al., 2013). It was speculated that this may be an ultra-steep
spectrum radio halo. In this work we analysed deep GMRT and VLA observations
of this cluster. We present the images of this cluster with the GMRT at 235, 325
and 610 MHz and VLA D-array at 1-2 GHz. The integrated spectral index of the
radio halo is found to be —1.27+0.08. Measurements of total flux densities of radio
halos at different frequencies made with radio interferometers are affected by the
sensitivity to extended structure of the specific observation. This leads to uncer-
tainties on the spectral indices. Thus a uniform method to find the flux densities
of radio halos is needed. Recently the Halo Flux Density Calculator (Halo-FDCA)
was proposed to achieve this (Boxelaar, van Weeren & Botteon, 2021). We used
it to find the flux density of the halo at 325 MHz and 1400 MHz and compared
the values with those found using standard method. We found that the standard
method leads to a slightly steeper spectral index as compared to the Halo-FDCA.
The radio halo is found to have a standard spectral index and is not an ultra-steep
spectrum radio halo. We also found a candidate radio relic having an extent of
the 74kpc x 45kpce. Deep observations will be required to confirm the nature of
the candidate relic. We also calculated the equipartition cluster magnetic field to
be 3.43 uG.

We assembled a sample of all the radio halos (89) discovered until 2020. The
sample until 2019 was taken from van Weeren et al. (2019a) and the sample of
remaining newly discovered radio halos are presented in this thesis. We made
a sub-sample of radio halos that had measurements at more than one frequency
and calculated the spectral indices. We have a total of 33 radio halos in this

sub-sample. We explored whether the radio halo spectral indices show any trend



with cluster mass and redshift. More massive clusters may have more powerful
mergers and thus may result in flatter spectral indices for radio halos. The inverse-
Compton losses increase as a function of redshift and can lead to steepening of
radio halos. We did not find any specific correlation between spectral index and
mass and between spectral index and redshift. The absence of the trends in these
plots can indicate importance of the specific properties of mergers for particle
acceleration and the time of observation of the radio halo rather than the total
mass or redshift. We also caution about the uncertainty caused by variation in the
measurement methods when arriving at total flux densities and spectral indices
of the radio halos. We will require uniform multi-frequency measurements to see
any specific trend to conclude about the statistical behavior of these large scale

diffuse radio sources.

The main outcomes of this thesis are i) the discovery of the radio mini-halo in RXC
J0528.9-3927, ii) that the radio halo in PLCKESZ G171.94-40.65 is not an ultra-
steep spectrum radio halo, iii) the spectral indices of radio halos show no trend
with respect to cluster mass and redshift and iv) uniformity in measurements of
the flux densities and spectral indices of radio halos is needed to carry out robust

statistical studies.
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Chapter 1

Introduction to galaxy clusters

Clusters of the galaxies are the most massive collapsed and virialized structures in
the universe. These are formed from mergers of small structures in the hierarchi-
cal structure formation and evolution model (Zhang, Yu & Lu, 2014) i.e clusters
of galaxies form from the largest positive matter density fluctuations. The dis-
tribution and evolution of these rare, very large positive density fluctuations are
extremely sensitive to the underlying cosmological model. Therefore clusters have
been widely used to put constraints on cosmological models. Mergers of small

clusters redistribute matter throughout the combined cluster.

A typical cluster of galaxies binds anywhere from hundreds to thousands of galax-
ies. The masses of these systems are in the range 10'* — 10* M. Galaxy clusters
have three main components: 1. galaxies, 2. dark matter (DM), and 3. Intra clus-
ter Medium (ICM). Galaxies share only a small fraction of total mass of cluster
and it is about 1%. Dark matter shares a very large fraction of total mass and it
is about 90%. The third component, ICM shares about 9% of total mass. In this
way we can see that cluster evolution is mostly governed by the DM, but DM only
interact via gravity and hence very less information is known about the DM. Most
galaxy clusters consist of a Brightest Cluster Galaxy (BCG), whic is the most
luminous galaxy in the cluster, generally lying very close to the spatial and kine-
matical centre of the cluster and it is useful to investigate the dark matter effects
in galaxy cluster. When merger takes place DM and galaxies behave as collision-
less components. The ICM is composed primarily of ordinary baryons, mainly
electrons, ionised hydrogen and helium. This plasma is enriched with heavier el-

ements, including iron. Due to the gravitational field of clusters, metal-enriched
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gas ejected from supernovae remains gravitationally bound to the cluster as part
of the ICM(Loewenstein, 2004). By looking at clusters across redshifts, which cor-
responds to looking at different epochs of the evolution of the universe, the ICM

can provide a history of element production in galaxies.

Although the ICM on the whole contains the bulk of a cluster’s baryons, it is not
very dense, with typical values of 1073 particles per cubic centimeter. The mean
free path of the particles is roughly 10'® m, or about one lightyear. The density of
the ICM rises towards the centre of the cluster with a relatively strong peak. When
merger of two subclusters takes place, the ICM behaves as a weakly collisional
plasma and temperature of the ICM rises due to shocks. Most of the shock energy
goes into thermal heating of the ICM. ICM temperature typically drops to 1/2
or 1/3 of the outer value in the central regions. Once the density of the plasma
reaches a critical value, enough interactions between the ions ensures cooling via
X-ray radiation (Sarazin, 1986). As the ICM is at such high temperatures, it
emits X-ray radiation, mainly by the thermal bremsstrahlung process and X-ray
emission lines from the heavy elements. These X-rays can be observed using an
X-ray telescope and through analysis of this data, it is possible to determine the
physical conditions, including the temperature, density, and metallicity of the
plasma. Measurements of the temperature and density profiles in galaxy clusters
allow for a determination of the mass distribution profile of the ICM through

hydrostatic equilibrium modeling.

1.1 Radio band study of galaxy clusters

The radio band study of the clusters of the galaxies is the most important tool to
study the non-thermal components, namely, the cosmic rays and magnetic fields,
of the ICM. The origin of cosmic rays and magnetic fields is not known well and
it likely involves cluster mergers, the most energetic events in the universe that
dissipate energy up to order of the 10%ergs. Supernovae in the galaxies in clusters,
radio jets and lobes of radio galaxies are the typical sources of synchrotron emission
from galaxy clusters that are detectable in radio bands. However there are sources
not associated with individual galaxies but are associated with the ICM itself

which are not yet fully understood.
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1.2 Diffuse radio emission from galaxy clusters

When relativistic electrons gyrates in the uG magnetic field of the ICM then it
produces the radio emission that permeate the hot ICM. That is the diffuse radio
emission of synchrotron origin. And hence it can be used to trace the relativistic
electrons and magnetic fields in the galaxy cluster. These diffuse sources have
extents of the order of megaparsec and permeate nerly entire volume of the clus-
ter. Presence of relativistic electrons on such large scales cannot be explained by
putting together the jets and lobes of radio galaxies alone. The diffusion time of
relativistic electrons is much larger compared to their radiative lifetime. It takes
more than the Hubble time to transport relativistic electrons to megaparsec scales
via diffusion. Thus acceleration mechanisms that produce relativistic electrons all
over the ICM are invoked.

1.2.1 Particle acceleration processes in ICM
1.2.1.1 First order Fermi acceleration

This processes is also known as the diffusive shock acceleration (DSA). In this
mechanism the particles cross backward and forward across the shock front as they
scatter from magnetic inhomogeneities in the shock down and upstream region.
The particle gains additional energies in this process (Axford, Leer & Skadron,
1977, Bell, 1978, Blandford & Ostriker, 1978, Krymskii, 1977).

1.2.1.2 Second order Fermi acceleration

This is a stochastic process where particle accelerates from the magnetic inhomo-
geneities. In this processes particle can gain or loose energy in scattering. When
particle are in random motion the probability for particle to gain energy in a head
on collision is slightly higher. As this process is second order in nature, hence
it is an inefficient process (Malkov & Drury, 2001, Schlickeiser, Sievers & Thie-
mann, 1987). Adiabatic compression A shock wave can compress the the bubble
/lobe of the old relativistic plasma from an active galactic nucleus. Due to this

compression there is an enhancement in the radio synchrotron emission (Enflin
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& Briiggen, 2002, Enfilin & Gopal-Krishna, 2001). This mechanism can lead to

revival of old radio galaxy lobes.

1.2.1.3 Secondary models

Another model that can produce the cosmic ray electrons is via secondary particles.
According to this model the collision between the relativistic protons and the ther-
mal protons after decay give rise to the secondary electrons (Blasi & Colafrancesco,
1999, Dennison, 1980). However there is arguments against the hadronic model is
that there must be gamma rays detection from these sources but so far no such de-
tection have observed. A recent detection towards Coma cluster has been claimed
(Adam et al., 2021).

1.2.2 Cluster radio halos

Cluster giant radio halos are the extended diffuse radio sources with low surface
brightness that roughly follows the ICM distribution (Fig. 1.1). These sources are
not associated with any individual galaxy within the cluster. Most of the radio
halos have the steep spectra as compared to radio galaxies and are characterised
by regular morphology. These sources show low or negligible polarisation. The
typical sizes of these sources is order of the 1 Mpc or more, however there are
some with sizes about 700 kpc. Sensitive radio studies suggested that radio halo
morphology is correlated with the X-ray structure and shows the indication of the

merger processes in two sub clusters, possibly related to halo formation.

The origin of the radio halos is still a matter of the debate. There are two models
hadronic and the turbulent re-acceleration. In the hadronic model the radio emit-
ting electrons are a consequence of the collision between the cosmic ray protons
and the thermal protons of the ICM (Blasi & Colafrancesco, 1999, Dennison, 1980,
Dolag & EnBlin, 2000). In the turbulent re- acceleration model the population of
the seed electrons is re- accelerated as a powerful state of the ICM turbulence
due to cluster merger (Brunetti et al., 2001, Donnert et al., 2013). However there
are arguments against the hadronic model based on the integrated radio radio
spectra, spatial characteristic of the radio halos and the radio-X-ray scaling rela-
tions. The spatial distribution of the spectral index can vary from the uniform

to patchy. High frequency ( 5GHz) observations of the known radio halos would
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FiGURrE 1.1: This is VLA 1.4 GHz image of the merging galaxy cluster Abell

2744 with giant radio halo and cluster radio shocks labeled. Chandra X-ray

contours are shown in white. X-ray surface brightness contours are proportional
to [1,4,16,64]. (van Weeren et al., 2019b)

enable a search of the possible cutoffs. Nowadays turbulent re-acceleration model
is thought to be the main mechanism which is responsible for the origin of the

radio halos in galaxy cluster.

While most of the radio halos have spectral indices in the range —1.0 — —1.4, the
the turbulent re-acceleration model predicted that there could be a population of
7ultra-steep spectrum” (USS) radio halos. The first example of an USS radio halo
was reported by Brunetti et al. (2008) and subsequently a few such radio halos
have been discovered. These radio halos are important to constrain the parameters

of the acceleration mechanisms.

1.2.3 Cluster radio relics

The radio relics are similar to the radio halos with low surface brightness and sizes
up to 1 Mpc and also shows the steep spectrum but the location of these sources

are cluster peripheral regions and morphologies are elongated (Fig. 1.1). Relics
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sources are generally arc-like structures and highly polarised (~ 20%). These
sources are also not associated with any individual galaxy in the cluster. The
sources are found at the location of the shocks that are detected using X-ray ob-
servations. There are still open questions of the underlying re-acceleration process

that generates the synchrotron emitting cosmic ray electrons at these shocks.

1.2.4 Radio mini-halos

Radio mini halos are the diffuse extended radio sources which have sizes of 100-
500 kpc and are found in relaxed, cool-core clusters, with the radio emission sur-
rounding the brightest cluster galaxy (Fig. 1.2). The sizes of the mini halos are
comparable to that of the central cluster cooling regions. The radio emission from
the mini-halos does not directly originate from the central AGN. Similar to giant
radio halos the hadronic models and turbulent re-acceleration model has been used
to explain the presence of the cosmic rays synchrotron emitting electrons. Unlike
the giant radio halos where turbulence is due to the major merger, in case of the
mini-halos it is due to the minor merger or turbulence in the cluster core regions
the due gas sloshing or the AGN jets. The central Active galactic nuclei is likely
the source of the fossil electrons that are re-accelerated and produce the mini-halo.
The confinement of the mini halos by cold fronts also supports that gas sloshing

can re-accelerates the particles (ZuHone et al., 2014).

1.3 Motivation

In this thesis we have undertaken radio band studies of two galaxy clusters and
assembled a sample of radio halos for statistical study. We describe the motivation
behind each of this study.

The galaxy cluster RXC J0528.9-3927 is a bright, massive galaxy cluster at redshift
0.284 that hosts a cool-core and a cold front (Botteon, Gastaldello & Brunetti,
2018). Clusters in the southern sky remained out of the cluster samples searched
for diffuse radio emission for a long time due to the lack of sensitive radio inter-
ferometric observations (e. g. Kale et al., 2015, 2013, Venturi et al., 2007, 2008).
Simulations of observations with the Giant Metrewave Radio Telescope (GMRT)
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FiGURE 1.2: This VLA 230 -470 MHz image of the relaxed cool core Perseus

cluster from (van Weeren et al., 2019b) XMM-Newton X-ray contours in the

0.4-1.3 keV band are overlaid in white with contour spacing proportional to [1,
4, 16, 64].

showed that that for southern declinations the short baseline coverage is better
(projected baseline lengths are shorter) and the extended emission can be recovered
well even with low elevation observations (Deo & Kale, 2017). RXC J0528.9-3927
was observed with the GMRT as a part of the SoUthern Cluster sCale Extended
Source Survey (SUCCESS) sample (PI: R. Kale). Being a massive cool-core clus-

ter, it is a strong candidate to search for diffuse radio emission.

The cluster PLCKESZ G171.94-40.65 was discovered in Sunyaev-Zeldovich obser-
vations with the Planck satellite (Planck Collaboration et al., 2011a). A radio
halo was discovered in this cluster using the GMRT observations and the NRAO
Very Large Array (VLA) Sky Survey 1.4 GHz image (Giacintucci et al., 2013). It
was speculated that this may be an USS radio halo. Thus further deep observa-
tion with the GMRT and the VLA were recorded and in this work we attempt to

answer the question whether this radio halo is an ultra-steep spectrum radio halo.

Measurements of total flux densities of radio halos at different frequencies made
with radio interferometers are affected by the sensitivity to extended structure of

the specific observation. This leads to uncertainties on the spectral indices. Thus
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a uniform method to find the flux densities of radio halos is needed. Recently the
Halo Flux Density Calculator (Halo-FDCA) was proposed to achieve this (Boxe-
laar, van Weeren & Botteon, 2021). We took this newly developed technique to
find the flux density of the halo at 325 MHz and 1400 MHz and compared the
values with standard methods for the case of PLCKESZ G171.94-40.65. We also
report the comparison between the standard method and Halo-FDCA.

A statistical study of radio halos is a useful way to investigate the general behaviour
of these large scale systems with host cluster properties. Using the sample available
from the literature and updating it, we assembled a sample of 89 radio halos. Of
these 33 sources have observations at more than one frequencies. We wanted
to explore that whether radio halo spectral indices show any trend with cluster
mass and redshift. More massive clusters may have more powerful mergers and
thus may result in flatter spectral indices for radio halos. The inverse-Compton
losses increase as a function of redshift and can lead to steepening of radio halos.
This may lead to steep spectrum radio halos to be preferentially be found in high
redshift clusters. We present a study of this sample.
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A radio band study of the galaxy
cluster RXC J0528.9-3927

2.1 Introduction

Low frequency observations such as with the GMRT are ideal to search for diffuse
radio emission in galaxy clusters. This is due to the availability of short and
long baselines at the same time. SoUthern Cluster sCale Extended Source Survey
(SUCCESS) was a survey undertaken to search for diffuse sources with the GMRT.
RXC J0528.9-3927 was the part of the SUCCESS sample containing 9 clusters. The
nine clusters were observed with the GMRT under the proposal codes 31_065 and
32.043 (PI R. Kale). The criteria for choosing these clusters were z<0.3, mass>
5 x 10" My and declination —50° < § < —30°. These criteria were particularly
chosen because the clusters in the southern sky remain out of the survyed samples
for a long time because of the bad coverage of these declinations (e. g. Kale et al.,
2015, 2013, Venturi et al., 2007, 2008). It is found that radio halos of sizes half of
the largest angular scale implied by the shortest baseline can be recovered above
90% (Deo & Kale, 2017, Wilner & Welch, 1994). It was observed that for southern
declinations, the short baseline coverage is better (projected baseline lengths are
shorter). A radio halo in one of the SUCESS clusters is reported in (Kale, Shende
& Parekh, 2019).

In this work we present a study of the cluster RXC J0528.9-3927. The general
properties of the cluster RXC J0528.9-3927 are given in Table 2.1. This is a high
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TABLE 2.1: General properties of RXC J0528.9-3927 (Planck Collaboration

et al., 2014).
R.A.JQOO()(hTTLS) 05 28 52.9
DGC.Jgooo(de) 39 28 18.1
ZFe 0.284
Msoo(Mp) (7.40 £ 0.36) x 10
Ko(keVem?) 734+ 14
T(keV) 7.240.9

mass cluster. The previous study on this cluster is due to Botteon, Gastaldello
& Brunetti (2018) . The ICM X-ray emission peaked on the cluster core which
is the coldest region in cluster and they report the presence of a cold front with
kT, = 10.573%keV and kTy = 7.2%59keV. Also recently, Knowles et al. (2021)
has observed this cluster using MeerKAT as part of the clusters taken from the

massive Sunyaev-Zel’dovich-selected galaxy clusters from ACT.

2.2 GMRT observations

GMRT observation were carried out at frequencies 610 MHz with a bandwidth of
the 33 MHz. The cluster was observed for 6 hours with integration time 16.10

seconds.

2.3 Data analysis

GMRT data reduction were done with pipeline CAsa Pipeline-cum-Toolkit Up-
graded GMRT data reduction-CAPTURE (Kale & Ishwara-Chandra, 2021). CAP-
TURE flags the bad data (bad channels, bad timeintervals,bad antenna also flags
the signals which comes out due to the radio frequency interference with local
radio communaications (RFI)). After initial flagging it performs the calibration
(fluxscale, delay, bandpass) and then finally performs imaging. Flux calibration is
performed using standard flux scale of Perley-Butler 2017 (Perley & Butler, 2017).
Self-calibration with phase only and finally with amplitude and phase solutions

worked out for six iterations. We have chosen robust= 0 for imaging.
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The visibilities after self-calibration were reimaged with choice of lower limit on
the uv range to separate out the contribution of the point sources. We first cre-
ated an image of point sources using a lower cut off for the uv-range 4k and
weighting scheme briggs. The corresponding model was subtracted from the cal-
ibrated visibilities. We then create the final image with this visibility file using
the uvrange < 8kA. All imaging was done with CASA task tclean and multi-
frequency-synthesis (MFS) algorithm with two Taylor term(nterms= 1) to model
the frequency dependence. We have used the gridder=wproject for widefield cor-
rection with wprojection planes= 256. We automated this process by writing a

python script.

2.4 Results

2.4.1 Radio images

We have shown the radio robust zero image of the galaxy cluster RXC J0528.9-
3927 and the zoomed view of the central source in Fig. 2.1. The restoring beam
7.57x4.6” with P.A at 15.92°. We have shown the zoomed view of the source of
the interest on the bottom of the image. The r.m.s of the image is 43uJy/beam.
The positive contours are shown in green are 6o, 120, 240, 48cand 960. We
have detected a candidate diffuse radio emission in the galaxy cluster. In Fig. 2.2
shown the point source subtracted image of the cluster with presence of the diffuse
emission in it. In Fig. 2.2 we have shown the X-ray surface brightness image of the
galaxy cluster with radio contours overlaid on it to see the radio and X-ray surface
brightness correlation. In Fig. 2.3 we have shown the temperature map overlaid
with radio contours of the galaxy cluster as temperature gives us the information
about the merger history. Red arc shows the location of the cold front. In Fig. 2.4
we have shown the entropy map for the galaxy cluster overlaid with radio contours.
Entropy map gives us information about the measure of the disturbance that takes

place due to the merger, and its measures differ for differ diffuse radio emission.

2.4.2 BCG radio spectrum

We have GMRT observation at 610 MHz. We have analysed the GMRT data at
this frequency to get the flux density. The total flux density F,total was measured
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FiGurg 2.1: This is robust 0 GMRT 610MHZ image of the RBS 0653 with
restoring beam 7.5” x4.6” with P.A at 15.92°.We have shown the zoomed view
of the source of the interest on the bottom of the image.The r.m.s of the image is
43uJy /beam.positive contours are shown in green are 60,120,240,48cand 960.
The bottom figure has also the colorbar with (Jy/beam).
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FIGURE 2.2: This is X-ray brightness map of the galaxy cluster RXC J0528.9-
3927 (Botteon, Gastaldello & Brunetti, 2018) overlaid with radio contours . The
colobar displays the temperature in keV.

using the image made with the full uv-range available. We reimaged the data to
get the contribution of the point sources by restricting the uv-range to > 4k to
obtain the point source flux density (F,pointsource). We finally imaged the data
to get the extended emission (Flux density of extended source F,extendedsource)

by restricting the uv-range to < 8kA\.

We then look for the data at other frequencies for this galaxy cluster. We have
found the images in the NRAO VLA Sky Survey (1.4 HZ, NVSS) (Condon et al.,
1998), Sydney University Molonglo Sky Survey (810 MHz, SUMSS) (Mauch et al.,
2003) and TIFR GMRT Sky Survey(150 MHz, TGSS) (Intema et al., 2017). At

all the frequencies we are limited by the resolution i.e in these surveys the central
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FIGURE 2.3: Temperature map for RXC J0528.9-3927 (Botteon, Gastaldello &
Brunetti, 2018) overlaid with radio contours. An edge on the W is suggested
temperature map after fitting the SB profile with broken power law gives us the
kT, = 10.5735keV and kTy = 10.57)2keV shows the presence of the cold front
marked with in red color in figure. Color-scale has unit kT (keV).

point source and the extended emission are not resolved. Thus we calculate the
flux density of the source as total flux density by fitting a Gaussian. We then use

the following to obtain the flux density of the extended emission,

Fu(total) = Fu(pointsource) + Fu(extendedsource)- (21)

We assume a spectral index o = —0.75 ! for the central point source. Since we

have point source flux density at 610MHz we then use the power law as follows:

!The spectral index, « is defined as S, oc v*, unless stated otherwise.
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FIGURE 2.4: Figure shows the entropy map (Botteon, Gastaldello & Brunetti,

2018) overlaid with radio contours for the RXC J0528.9-3927 and X-ray emission

peaked on the central low entropy region surrounded by hot gas.Color scale has
unit K (keVem® 3arcsec=2/3) .

F, oc v, which gives us % = (z—f)*“. Based on the assumptions that spectral
vy
index o = —0.75 we got the point source flux density at other frequencies using the

observed value of the point source flux density at 610 MHz. We then subtracted

this value from the total source flux density to get the extended source flux density.

We have summarised all the flux densities in the Table 2.2.
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TABLE 2.2: For point source, extended source and total flux densities at differ-
ent frequencies.

Frequency (MHZ) Fu(Total) (mJY) Fu(Pointsource) (mJY) Fu(Eztended) (mJY)

150 142£15 23£2 119£13
610 11£1 8=x1 8x1
810 1442 61 7+1
1400 61 4£0.5 2+0.2

10?

10!

Flux density (m)y)

® GMRT (Extended)
*  GMRT (Total) Y

103
Frequency (MHz)

FIGURE 2.5: Blue star shows 610MHz GMRT data point.Blue filled circle shows

total flux density at 610MHz and Blue filled star shows the extended source flux

density at 610MHz.At other frequencies the filled red circle show flux density of
extended source and filled red star shows the total flux density.

2.4.3 Calculation of the equipartition magnetic field

Clusterwide magnetic field is ubiquitous.The estimation of the cluster magnetic
field is done with the assumption of the equipartition i.e filling factor is unity
and energy density of magnetic field and cosmic rays is same.The value of the
equipartition magnetic field typically varies from 0.1 — 1uG (Carilli & Taylor,
2002, Ferrari et al., 2008, Govoni & Feretti, 2004a). The minimum energy density
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U, nin is given by,

Umm = C(Vla Vo, Oé)(l + “)4/7’/3(0(1\51;@(1 + Z)(12—’—406)/7]0(111Jy/arcsec2)dl;jlc/7 (22)

where k is the ratio of energy in relativistic protons to that in electrons, « is the
synchrotron spectral index, vy is the frequency at which the surface brightness, Iy
is measured, d is the depth of the source and ((«, 1, 14) is a parameter that is a
function of the spectral index and the lower and higher limits in frequency, v, and
vy. The K-correction is included and a filling factor of 1 is assumed in the above

equation. The magnetic field is then given by,

Beya) = ((24W/7)Umin)1/2 (2.3)

We have found the following values of the parameters that required to calculate
the cluster magnetic field. The depth of the cluster RXC J0528.9-3927 was taken
as geometric mean of the maximum and minimum extent i.e (197.63 kpc x 376.13
kpc). The extent in the plane of sky over which the flux density of the RXC
J0528.9-3927 was measured enclosed 759 beams with beam area of 100.2 arcsec?
hence the surface brightness calculated to be 8.11mJy /(759 x 100.23arcsec?). For
a = 1.22, v; = 10MHz, v, = 10GHz and central frequency vy is 610MHz we found
the ¢ = 3.42 x 1073, The implied magnetic filed under these assumptions turns
out to be 1.09uG.

2.4.4 Radio power of the diffuse emission

We have calculated the radio power using the luminosity distance, redshift and

taking k correction into account.
Piagn. = 47F,D3(1 + z)~(@+D (2.4)

where the luminosity distance is Dy, = D4(1 + 2)?, where D is angular distance
and at z=0.284 for given cluster D4 is 911Mpc. Putting values of the a = 1.2, Dy,
and F| 4opz (Table 2.2). We get the radio power for cluster RXC J0528.9-3927
Piycrz = (6.06 £0.7) x 102 W Hz L.

2the definition of spectral index in this formula is defined as S, o v~ (Govoni & Feretti,
2004b).
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FIGURE 2.6: Radio power vs Mj5qg for available sample of the mini halos.Blue
star point indicates the RXC J0528.9-3927.

2.5 RXC J0528.9-3927: giant radio halo or mini-

halo?

The classification of a diffuse source as a radio halo or a mini-halo is carried out
based on the characteristics of the host cluster and that of the diffuse emission. It
has been observed that the giant radio halos are mostly associated with the clus-
ters which are undergoing merger phase (Cassano et al., 2010, Kale et al., 2015)
and have sizes larger than 700 kpc. We calculated the average extent or radius of

the diffuse emission as:

dminihalo - dmaz X dmzn (25)
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where d, 4. and d,,;n; are the maximum and minimum extent of the diffuse emission
derived from the +6¢ isocontours in the radio image (Cassano et al., 2007). This
however depends on the signal to noise to of the images, so this gives us the lower
limit for the real size. We found the size based under this assumptions is 272.6
kpc. This size is consistent with that of mini-halos rather than radio halos. The
diffuse emission is also seen surrounding the central galaxy which is also typical
of a mini-halo. The spectral index of the diffuse emission is found to be —1.9.

However this is under our assumption of the BCG spectral index « to be —0.75.

Recently (Knowles et al., 2021) have reported this diffuse source as the radio halo
with the radio power log(P; 4qn,) to be 23.94;8:82 with a largest linear size of the
0.54 Mpc. We have found the radio power Pjacm. to be 6.7 £0.7 x 10% WHz !
and the largest linear size according to our result is 0.37 Mpc and it is smaller
than the (Knowles et al., 2021).

Brunetti & Jones (2014b) have also suggested a scenario of whether mini halos can
further evolve to become giant radio halos or do they have independent physical
origins. This galaxy cluster hosts a cold front and the value of the central entropy
which distinguish the cool core (CC) cluster from non cool cluster (NCC) for this
cluster it is 73+ 14 which indicates that this is a merging cluster. Thus this cluster
has properties of a cool-core as well as a merging cluster and it contains a diffuse
radio emission of size smaller than typical radio halos. Thus we term this as a
mini-halo. However observations with better resolution at multiple frequencies are
needed to fix spectral properties of diffuse radio emission and its extent in this

galaxy cluster.

2.6 Summary and conclusions

e We have detected the presence of the radio diffuse emission in the galaxy
cluster RXC J0528.9-3927 which extends up to 272.6 kpc. The X-ray bright-
ness, temperature and the entropy maps together shows that diffuse radio

emission is the consistent with the location the cold front.

e Since we were limited by only one observation at 610 MHz, we then assume
the BCG spectral index of the a = —0.75 and that total observed flux
is contributed by two types of emission i.e point source flux density and

extended source flux density. We then looked for the other surveys and found
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the total flux density for this source from TGSS, NVSS and SUMSS. Based
on the above assumption we have found the spectral index of the extended
emission is « = —1.9 + 0.7 and we placed this source as steep spectrum
source. We then calculated the cluster magnetic field for the cluster and
found it to be 1.09uG.

e We calculate the radio power for the RXC J0528.9-3927 and compare this
with the existing sample of the mini halo radios by Richard-Laferriere et al.
(2020) and it turns out to be the brightest. However our measurement is
affected by the assumption of spectral index for the central radio source. Fur-
ther observations with better resolution are needed to separately determine

the properties of the central source and the extended emission.

e Finally the extent of the diffuse emission, its location surrounding the BCG
and presence of the cold front in the cluster we come to conclusion that RXC
J0528.9-27 is most likely a radio mini halo. However the central entropy

indicates that this may be a merging cluster.
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Radio study of the galaxy cluster
PLCKESZ G171.94-40.65

3.1 Introduction

PLCKESZ G171.94-40.65 cluster was discovered as part of the Planck Early Sun-
yaev—Zel’dovich (ESZ) all sky survey (Planck Collaboration et al., 2011b). The
clusters in this survey are detected by noticing the distortion in the cosmic mi-
crowave background radiation (CMB) known as Sunyaev-Zel'dovich (SZ) effect
(Sunyaev & Zeldovich, 1972). SZ effect is a powerful tool for detecting the mas-
sive clusters at high redshift. It is found that clusters detected in X-ray obser-
vations are biased towards cool core clusters (Rossetti et al., 2017). Cool core
clusters follows a particular temperature profile i.e coldest region in the centre
surrounded with hot plasma. While non cool core do not a single central peak due
to the disturbance int he gas created by mergers. Since the Sunyaev—Zel’dovich
effect measures the integrated pressure along the line of the sight using Compton
y-parameter it can still detect the clusters which have gone through the recent

mergers and do not have peaked X-rays at the centre.

PLCKESZ G171.94-40.65 was one of the newly discovered with the Planck satellite
and has a mass of 1.5x 10 M, and redshift 0.27. It was later confirmed with XMM

Newton X-ray observations. The general properties of the clusters are presented
in Table 3.1.

21
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TABLE 3.1: General properties of PLCKESZ G171.94-40.65. R.A and Dec. are
coordinate of the X-ray peak, z is the iron K line, Luminosity , temperature KT
Luminosity Lx and mass Mjzyy corresponds to radius Rspp (Giacintucci et al.,

2013).
R.A. y2000(hms) 03 12 57.4
D@C.Jgooo(de) 08 22 10
ZFe 0.27
Lxp.1-2.4kev (10%ergs™1) 1.13
kT (keV) 10.65
Ms00(Mo) 1.09 x 10
Dy (Mpe) 1364
Angular size(kpc/”) 4.135

3.1.1 Discovery of giant radio halo in PLCKESZ G171.94-
40.65

(Giacintucci et al., 2013) report the discovery of a giant radio halo in PLCKG171.9-
40.7. The radio halo was found using the GMRT and the NRAO VLA Sky Survey
images. They used the GMRT at 235 MHz and 610 MHz. They have speculated
it as an ultra steep spectrum radio halo as they found the spectral index to be
a = —1.84 4+ .14 in the range 1.4 GHz to 235 MHz. The extent of the source was
found to be 1364 kpc.

3.2 Radio data analysis

In order to study the properties of the radio halo in details, it deep observations
with the GMRT and the JVLA were carried out (Table 3.2). GMRT data reduc-
tion are done with pipeline CAsa Pipeline-cum-Toolkitfor Upgraded GMRT data
reduction - CAPTURE (Kale & Ishwara-Chandra, 2021). CAPTURE flags the
bad data (bad channels, bad time span, bad antennas, radio frequency interfer-
ence). After intial flagging it performs the calibration (fluxscale, delay, bandpass)
and then finally performs imaging. Self-calibration with phase only and finally
with amplitude and phase solutions worked out for six iterations. We have chosen
the robust= 0 for imaging. Flux calibration is performed using standard flux scale
of Perley-Butler 2017 (Perley & Butler, 2017). The visibilities after self-calibration
were reimaged with a choice of lower limit on the uv-range to separate out the

contribution of the point sources. We first created an image of point sources using
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TABLE 3.2: Details of the observations are given here. Data at 235, 325 and 610
MHz are observed by GMRT and the data at 1400 MHz are observed with VLA
in D array configuration. Corresponding bandwidths are written in column 3.

Observation v Av Liot restoring beam rms
Date (MHz) (MHz) (hr) 7 P.A(°) (mJy beam™1)
2012 Dec29 235 32 5.5 12.35x10.0,78.85 0.44
2013 Janb 325 32 55  9.07x7.42,84.06 0.11
2012 Dec29 610 32 5.5 5.04x4.20,76.70 0.05
2013 Marl7 1400 948 1.5 39.30x33.53,15.10 0.10

a lower cut off for the uv-range 4k\ and weighting scheme ’'briggs’. The corre-
sponding model was subtracted from the calibrated visibilities. We then created
the final image with this visibility file using the uvrange < 8kA. All the imaging is
done with CASA task tclean and multi-frequency-synthesis (MFS) algorithm with
two Taylor term (nterms= 1) to model the frequency dependence. We have used

the gridder=wproject for widefield correction with wprojection planes= 256.

3.3 Halo Flux Density Calculator (HFDCA)

The popular method for calculation of the radio halo flux density is by finding the
flux density within a region enclosing the 3 — o contours. However this method is
very much dependent on the observations and the sensitivity. Basic idea behind
this method are we draw the contours of the 30, ,, s or 20,,,s where o, ,, is the
root mean square noise. We calculate the flux density within these contours. This
clearly suggests us that if we have deep observation this will definitely affect the
measured value of the flux density i.e deep observation will increase the value of

the flux density and poor observation will leads to decrements in the flux density.

Second popular method is due to (Murgia et al., 2009) where they first azimuthally
average the surface brightness in concentric spherical annuli and after averaging
fit the spherically symmetric exponential model to one dimensional radial surface

brightness profile of the from
I(r) = Ipe "™, (3.1)

where 7, is the characteristic e-folding distance from the halo centre and I, is the

central brightness. But the main advantage of this method of fitting exponential
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form is that now flux density value does not dependent on the depth of the obser-
vations. This method was extensively used to calculate the flux density for radio
halos but the method has its limitations. These lie in the ideal circular distribu-
tion assumptions. There are radio halos which follow elongated morphology and

many of them are asymmetric (e. g. Feretti et al., 2012).

The idea behind the Halo Flux Density calculator (Halo-FDCA) is to generalise the
above fitting method for more variety of the radio halos by invoking the different
models i.e not restricting oneself to circular model only. Boxelaar, van Weeren &
Botteon (2021) generalised this circular model by introducing a function G(r) as

follows:
I(r) = Ie €. (3.2)

In case of the circular model G(r) reduced to |r|/r. and coordinate offset will
be taken into account by replacing the |r| by |r — ro| with these it becomes four
parameter model [Iy, g, yo,7e]. They further increase the parameter space up
to six by making model applicable for the elliptical distribution and finally they
include the most generalised case of the skewed model with off-center maximum
makes parameter number up to eight. To fit the flux density profile Boxelaar, van
Weeren & Botteon (2021) have used the Markov Chain Monte Carlo (MCMC)
simulation which is based on the the Bayesian inference. In this case it finds the
model parameters that maximize the likelihood function. We apply this method

in the study of this cluster.

3.4 Results

We have imaged the radio data using an automated pipeline CAPTURE (Kale &
[shwara-Chandra, 2021) and come up with the robust 0 images at frequencies 235
MHz, 325 MHz and 610 MHz. We then used CASA task uvsub and subtracted
the point sources from the data set and reimaged the data which gave us purely
extended emission, which we have described below. We then calculate the inte-
grated spectrum for the radio halo and also calculated the cluster magnetic field.

We also list the discrete radio sources around the centre.
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F1GURE 3.1: This is the image of PLCKESZ G171.94-40.65 at 610 MHz with
marked sources within the region of 2.5 Mpc radius. The restoring beam is
5.04” x4.20”.

3.4.1 Radio robust 0 images

We present the Fig. 3.1, where the high resolution 610 MHz image with discrete
source marked in the region. We have presented the 235 MHz image in Fig. 3.2.
The restoring beam is 12.35” x10.0” in P.A 78.8°. The positive blue contour levels
are 60,120,240 and negative contours are shown with green colour at -40. The o
is 0.44mJy beam~!. In Fig. 3.3 we have shown 325 MHz image with a restoring
beam 9.07”x7.42” and P.A 84.06°. Positive blue contours levels are 60,120,240
and negative green contours are -30, where o is 0.11 mJy beam™!. The candidate
relic is marked with circle in the image. In Fig. 3.4 we have shown GMRT 610
MHz image is in colour and contours. The restoring beam is 5.04” x4.20” in P.A
76.70°. Positive contour levels are 30, 60,120,240 where ¢ is 0.050 mJy beam !
and shown in blue while negative contours shown with green colour are at -4o.
In Fig. 3.5 we have shown 1400MHz (VLA-L band image observed with D array
configuration) image of restoring beam 39.30” x33.53” and P.A 15.1°. The positive
blue contour levels are 60,120,240,480 and negative green contour corresponds to

30, where o is 0.10 mJy beam™!.
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FIGURE 3.2: We have shown the image at 235 MHz with restoring beam

12.35” x10.0” and P.A 78.8°. The positive blue contour levels are 60,120,240

and negative contour shown with green colour is -40, o is 0.44mJy beam™!.

3.4.2 Discrete radio sources near the cluster centre

In the Table. 3.3 we have noted the positions of the discrete sources in the field
of view. The sources S; to S; are as same as in Giacintucci et al. (2013). We
have noted three new discrete sources named as Dy, candidate relic and Dy. The
morphologies of the sources S; to S; are given in the (Giacintucci et al., 2013),
however we have updated the flux density and spectral index according to our
observed value. We have marked these sources in the Fig. 3.1. D; and D5 have
the unresolved morphology and the candidate relic is an extended structure. The
corresponding values of the spectral index for these sources are shown in the Ta-

ble. 3.3. We have a separate subsection for the candidate relic, Section. 3.5.

3.4.3 Extended Emission Images

We have shown the point source subtracted images in this section made using the

script mentioned in the previous chapter (Sec. 2.3). We have shown the positive
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F1GURE 3.3: The 325 MHz image with a restoring beam 9.07” x7.42” with P.A
84.06° is shown. Positive blue contours levels are 60,120,240 and negative green

contour is -30, where o is 0.11 mJy beam™".

1

TABLE 3.3: Discrete radio sources in PLCKESZ G171.94-40.65 and the candi-
date relic (CR).

Source  RA ja000 DECj2000 Sossmmz  Ssesmmz  Setomm: Spectral
hh mm ss ot (mJy) (mJy) (mJy) Index

S1 03 12 53.2 408 23 12 - 17£2 13+1 —0.44+0.2
S2 03 12 53.9 408 23 05 - 8+1 6+1 —0.5£0.2
S3 0312569 4082211 - - 2402 -
S4 03 12 57.5 +08 2209 - - 195 422 -
SH 03 12 57.3 +08 21 37 - 7T+1 5+1 —-0.44+0.2
S6 0312 58.3 +082114 - 1+7 47+ 5 —1+£0.2
ST 0312 54.4 +08 20 35 - 61 3+£03 —-13+0.2
D1 03 13 06.3 <408 20 48 - 4404 2+0.3 —1+£.2
CR 0312396 4082102 12+1 8+1 - —1.1£04
D2 03 12 50.9 408 19 32 - 240.2 1+0.2 —1+£0.3
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FicUure 3.4: GMRT 610 MHz image is shown in colour and contours. The

restoring beam is 5.04” x4.20” with P.A 76.70°. Positive contour levels are 30,

60,120,240 where o is 0.050 mJy beam™! and shown in blue While negative
contour shown with green colour is at -4o.

contours in black and negative in magenta colour. We have detected the extended
emission at 325 MHz (Fig. ??) and at 1400 MHz (Fig. 3.7). We have also shown
1400 MHz radio contours overlaid with X-ray brightness map (Fig. 3.8). The 1400
MHz image overlaid on the X-ray emission was made without the inner uv-range
cut. The Fig. 3.7 is produced with uv-range matched with that of the 325 MHz

image.

3.4.4 Integrated spectrum of the radio halo

We have chosen the circular model while running the Halo FDCA pipeline to model
the radio halo. Table. 3.4 shows the best fitted parameters and the value of the
flux density based on the Halo FDCA method. We have plotted the integrated
spectrum taking the values of flux density at different frequencies Fig. 3.9 . We
have used the Halo-FDCA flux outcome to plot the integrated spectrum. At 235
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FIGURE 3.5: We have shown 1400 MHz (VLA-L band image observed with
D array configuration) image with a restoring beam 39.30” x33.53” and P.A
15.1°. The positive blue contour levels are 60, 120, 240,480 and negative green
contour is corresponds to 30, where o is 0.10 mJy beam™'. In all the above
images we have marked a circular region which indicates the candidate relic.

MHz, 325 MHz and 610 MHz we had GMRT observations and at 1400 MHz we
used the JVLA observation for the galaxy cluster.

3.4.5 Halo Flux density Calculator (HFDCA) Comparison
with the CASA flux density values

Table. 3.4 shows the best fitted parameters and the value of the flux density based
on the Halo FDCA method. We have chosen the circular model while running the
Halo FDCA pipeline. Here in this section we would like to compare the radio flux
densities densities from Halo-FDCA and traditional CASA region method where
we just calculate the flux enclosed within the 30, ,, , or any other value depending
upon the depth of the observation. We have shown the Fig. 3.10 for the corner plot
for at GMRT-325 MHz and VLA-1400 MHz. Plots are showing the maximization

of the likelihood function and also shows the parameters space distribution.
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FIGURE 3.6: The 325 MHz image of the extended emission. The restoring

beam is 35” x35” and the o = 0.8 mJy/beam. The positive contours at 30, 60

and 120 are shown in black. Negative contours are shown in magenta colour
corresponding to -30.

TABLE 3.4: Details of the fitted parameters and outcome from Halo-Flux den-
sity calculator

v I, Xo Vo Te x> F,
(MHz) pJy/arcsec? (deg) (deg) (kpc) mJy
325 15 48.23  8.36 176 0.74 17148
1400 1 48.21 839 305.83 0.87 35%1.5

We have seen that the characteristic e fold distance turn out to be higher at 1400
MHz (305 kpc) and at 325 MHz it is 176 kpc it may be due of the flattening of
the spectral index or may be due to the specific nature of the radio halo in the
galaxy cluster. Since the highest resolution available for point source subtraction
is different at the two frequencies, the amount of contamination due to residuals
from discrete sources is likely to be higher at 1400 MHz. This may also have
resulted in a larger e-folding radius for 1400 MHz.



Chapter 3 31

4II U L] T L] T - L]
25:00.0[——8M 1
1 Mpc a
24:00.0f 1
c
) 23:00.0f O
e}
14}
£ [ ]
= 22:00.0
8
21:00.0f 1
8:20:00.0(; O 1
3]
19:00.0 L L . L : L
10.0 05.03:13:00.055.0 12:50.0 45.0
Right ascension Jy/beam
0.000283 0.000292 0.000326 0.000460 0.000997

FIGURE 3.7: We have shown the 1400 MHz image of the extended emission

with a restoring beam 35” x35” with o0 = 0.6mJy/beam. The positive contours

at 30, 60 and 120 are shown in black. Negative contours are shown in magenta
colour corresponding to -3o.

TABLE 3.5: Comparison of flux densities in Halo-FDCA and CASA within 3o

contours.
v F,CASA F,FDCA
(MHz) mJy mJy
235 266429 NA
325 162420 17148
1400 26t+4 3512

3.4.6 Calculation of the equipartition magnetic field

Cluster-wide magnetic field is ubiquitous (e. g. Carilli & Taylor, 2002). The esti-
mation of the cluster magnetic field is done with the assumption of the equipar-
tition i.e filling factor is unity and energy density of magnetic field and cosmic
rays is same. The value of the equipartition magnetic field typically varies from
0.1 — 1puG (Carilli & Taylor, 2002, Ferrari et al., 2008, Govoni & Feretti, 2004a).
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F1GURE 3.8: This is diffuse X-ray image of PLCKESZ G171.94-40.65 overlaid
with the radio contours with o = 0.04 mJy/beam and positive contours 3o, 60
and 120 shown in white colour.

The minimum energy density U,,;, is given by,
Unmin = C(Vh V2, Oé)<1 + "f)4/7V§(a]\éf7Hz)(1 + Z)(12+4a)/710(mJy/aTcsef12)dlz;slc/7 (3‘3)

where k is the ratio of energy in relativistic protons to that in electrons, « is the
synchrotron spectral index, 14 is the frequency at which the surface brightness in
this case we chose it 1400 MHz, I, is measured, d is the depth of the source and
C(a,v1,19) is a parameter that is a function of the spectral index and the lower
and higher limits in frequency, 1y and v,. The k-correction is included and a filling

factor of 1 is assumed in the above equation. The magnetic field is then given by,

Beya) = ((247/7)Upin)'/* (3.4)

We have found the following values of the parameters that are required to calculate
the cluster magnetic field. The depth of the cluster PLCKESZ G171.94-40.65 was
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FIGURE 3.9: We have shown the integrated spectra for radio halo in the PLCK-
ESZ G171.94-40.65. We have used the GMRT 235MHz, 325 MHz and VLA
1400 MHz to plot integrated spectrum (where flux densities were measured us-
ing CASA taking region of the 30 contours). We got the value of the spectral
index oy = —1.27 &+ 0.08 and we have used the GMRT 325 MHz and VLA
1400MHz to get the integrated spectrum (where flux densities are calculated
using the Halo Flux Density Calculator). We have got the spectral index to be
ag = —1.10 £ 0.04.

taken as geometric mean of the maximum and minimum extent i.e (1.089 Mpc
x 1.296 Mpc). The extent in the plane of sky over which the flux density of the
PLCKESZ G171.94-40.65 was measured as enclosed 356 beams with beam area of
16.71 arcsec® hence the surface brightness was calculated to be 19.72mJy /(356 x
16.71arcsec?). For a = 1.27', v1 = 10 MHz, v» = 10 GHz and central frequency
g is 1400 MHz we found the ¢ = 1.89 x 107!, The implied magnetic field under

these assumptions turns out to be 3.43uG.

Lthe definition of spectral index in this formula is defined as S, oc v~ (Govoni & Feretti,
2004b).
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FIGURE 3.10: The above figures show the corner plots of the MCMC which are

corresponding to maximization of the likelihood function. At the top we show

the corner plot for 325 MHz and at the bottom we show the corner plot for 1400
MHz.
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3.5 A suspected radio relic in PLCKESZ G171.94-
40.65

We have detected a diffuse structure on the cluster periphery whose dimensions are
maximum length 66” and maximum width of 41”7 at 235 MHz (or maximum length
74.5 kpc and maximum width 45.6 kpc) and same structure is also detected at 325
MHz and 610 MHz. We have marked Fig. 3.2, Fig. 3.3 and Fig. 3.4 with black
colored circle in each radio robust zero image to show this diffuse structure. As
cluster PLCKESZ G171.94-40.65 (Giacintucci et al., 2013) already hosts a giant
radio halo which indicates that the strong merger of two sub cluster has occurred
due to which the giant radio halo formed. However there are classes of the galaxy
clusters which host both radio halo and radio relics (e. g. A2744, A2256). Radio
relics are an indicator of the shock waves that accelerate the cosmic ray electrons
in the direction of the motion of the shock waves and leads to formation of the
large arc-like structures in the cluster periphery. We have calculated the spectral
index for this suspected source taking the total flux. Its spectral index turns out
to be —1.07 £ 0.43.

3.6 Discussion

We have the detected the radio halo emission in deep GMRT observation at 235
MHz, 325 MHz and 610 MHz and at 1400 MHz in the VLA-D array observation.
We confirmed the presence of the radio emission at each of the each of the fre-
quency. Earlier study on this cluster reported the integrated spectral index of
the radio halo to be —1.84 £ 0.14 (Giacintucci et al., 2013). We have found the
integrated spectral index value of —1.25 + 0.31. Thus we find it to be a radio
halo with a typical spectral index. We have adopted the method of the Halo flux
density calculator to calculate the flux density. However this does not effect the
value of the integrated spectral index as we have compared the CASA flux density
value and the values resulting from HALO-FDCA (Table. 3.5). The Halo-FDCA
values are found to be greater than the CASA values. The reason for this may be

that the e-folding distance is beyond the region enclosed by CASA region.

We have detected the a diffuse radio source which may be a candidate relic as

it is located at boundary of the cluster. We need deeper observation for the
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confirmation of the relic. In Table. 3.3 we have shown this candidate relic and
found the and the extent of this source 74.5 kpc x 45.6 kpc. Deep observation may
help us to resolve the source as we might getting the the flux only due to brightest
portion of this source. X-ray observation may help us to confirm the presence of
the shock in this region of the cluster. The spectral index is about —1.0 which is
not very steep. Thus due to absence of a radio core in our observations and the
small extent, this can be a radio phoenix. Better sensitivity may be useful for us
to decide the nature of this source right now the extent and spectral index do not

provide sufficient evidence.

3.7 Summary and conclusions

e We have detected the presence of the diffuse radio halo emission in the
galaxy cluster PLCKESZ G171.94-40.65 at all the frequencies 235 MHz, 325
MHz, 610 MHz and 1400MHz . We have shown the radio images, and those

overlaid with X-ray surface brightness map.
e Discrete radio source and their properties are summarised in Table. 3.1.

e We have calculated integrated spectral index and magnetic field and radio
power for the galaxy cluster PLCKESZ G171.94-40.65.

o We have discussed the new method Halo-FDCA for calculating the flux den-
sity of radio halos and compared its values of the flux density with CASA
flux density values (Table. 3.5). The spectral index of the radio halo that

we found does not place it in the ultra-steep spectrum radio halo category.

e We also found the suspected relic in the periphery of the cluster with extent
of the 74.5 kpcx45.6 kpc. With these observations we cannot decide the
nature of this source named it as a candidate relic as extent and spectral

index do not help us decide the class of this source.
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A statistical study of radio halos

4.1 Introduction

In the growing number of the large cluster scale diffuse radio sources (van Weeren
et al., 2019a) it could be useful to investigate the statistical behaviour of the these
sources. It has been observed that some radio halos show ultra steep spectra i.e
the value of the spectral index is a large negative number, > —1.5. These may be
radio halos hosted in less massive clusters or in clusters where the mergers have
not been efficient in efficiently powering turbulence for particle acceleration. A
statistical study may be a useful tool to relate the cluster mass with the radio
power and spectral indices we observe, as dissipation of gravitational potential

energy can be the main source for the energy powering the radio halos.

If massive clusters are involved in more energetic mergers and thus have more
turbulence, then the radio halos in those clusters may have flatter spectral indices,
assuming that the efficiency of particle acceleration is not affected by other factors.
The inverse Compton energy losses increase with redshift and thus radio halos
are likely to become steeper at higher redshifts. In this chapter we specifically
analyse the trends between spectral indices of radio halos, host cluster masses
and redshifts. We also show the location of the cluster PLCKESZ G171.94-40.65,

studied in Chapter 3 in relation to the rest of the sample of radio halos.

'In this chapter we follow the convention: S, ox ¥®, where S, is the flux density at frequency
v and « is the spectral index.

37
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4.2 Sample of the radio halos

The sample of all the diffuse radio sources in clusters known then was presented
by van Weeren et al. (2019b) on the website www.galaxyclusters.com. We have
updated the sample with the discoveries reported after that and presented those
in the Table 4.1. We have a total of 89 radio halos.

For the analysis here, we have chosen the galaxy clusters that host a radio halo
and are observed at more than one frequency. We have a sub-sample of 33 radio

halos.


www.galaxyclusters.com
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FIGURE 4.1: The radio halo spectral index versus the mass of the cluster are
plotted. The cluster PLCKESZ G171.94-40.65 is marked with a red symbol and
the rest of the sample is plotted with a blue symbol.

4.2.1 Spectral index versus Mass of the cluster using red-

shift as color code

The purpose of this statistical investigation is to see the correlation between the
integrated spectral index and the mass of the cluster and its redshift. We have
shown the variation of the spectral index a with mass of the cluster (Msq) Fig. 4.1.
In Fig. 4.2 we plot the spectral index with mass and take the redshift as the
parameter to generate the colour-map. We have not found any specific correlation
or any specific trend of the cluster according to its redshift values. We point out
that the clusters with highest redshift values in our sample (dark blue points) show
steep spectrum i.e large negative values of the spectral index. However there are

other low redshift clusters which also have steep spectra.
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FIGURE 4.2: The spectral index versus the mass of the cluster with the color
scale showing the redshift is plotted. The point for the cluster PLCKESZ
(G171.94-40.65 is highlighted with a square symbol.

4.3 Discussion

We assembled a sample of 89 radio halos from literature till date. We used a sub-
sample of 33 radio halos for this study that had radio halo observations at more
than one frequency. The statistical study tried to see any underlying connection

among cluster mass, spectral index and redshift.

In Fig. 4.1 we have tried to see the any correlation between the spectral index and
the mass of the cluster. The plot clearly shows that there is no correlation between
these two parameters. Most of the sources shows spectra steeper than —1.0. Since
we have limited size sample so any statistical conclusion cannot be drawn out of
it. The absence of any trend indicates that the connection of the spectral index
of the radio halo may be depending on the specific local condition of the cluster
rather than a global dependence on mass. The efficiency of acceleration process

and magnetic field amplification in mergers may be able to offset any trend due to
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increased 1C-losses as a function of redshift. We also note that the measurements
at multiple radio frequencies to find the spectral indices may have short comings

that can lead to uncertainties that will affect the trends in this plot.

We have shown the PLCKESZ G171.94-40.65 studied earlier. It is a giant radio
halo with a typical spectral index like most the the radio halos.

4.4 Conclusions

e The statistical study is useful probe to investigate any correlation between
the parameters of large scale diffuse sources. It has been observed that the
mass of the galaxy cluster has positive correlation with the radio power.
We used a sample of radio halos from literature available in van Weeren
et al. (2019b) and complemented it with new discoveries after that. We have

presented the new discoveries in this chapter.

e We have tried to see any correlation between the spectral index, the mass
and redshift of the host cluster. We have not found any correlation though

we are limited by our sample size.

e We also tried to see any trend according to the redshift of the cluster in

Fig. 4.2 but did not observe any specific trend.

e The absence of trend can be interpreted in terms of the factors that are
involved in the particle acceleration process that govern the spectral index.
The global mass likely does not play a significant role in deciding the spec-
tral index of the radio halo underlining that fact that radio halos are likely
transient phenomena that are short lived as compared to cluster lifetime.
Absence of a trend with redshift also indicates that the acceleration mecha-

nism is able to offset the energy losses due to inverse-Compton scattering.

e Given the variety of telescopes and methods of measurements involved in
arriving at the spectral indices of radio halos, there is likely a large uncer-
tainty in it. Uniformity in methods needs to be brought in for carrying out

measurements of flux density measurements of radio halos.
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Summary and conclusions

We started with the general introduction of the galaxy clusters followed by the
radio band studies of the galaxy clusters and types of the diffuse extended emission
in associated with these systems in Chapter 1. We then presented the motivation
of the thesis which includes the radio studies of the clusters RXC J0528.9-3927
and PLCKG171.94-40.65. In Chapters 2 and 3 we presented these radio studies.
In chapter 4 we have discussed the statistical study of the radio halos having
observation at more than one frequency and tried to see any possible correlation
of the spectral index of the halos, the mass and redshift of the cluster which host

these sources. Following are the outcomes of the presented study:

e We have detected the presence of the radio diffuse emission in the galaxy
cluster RXC J0528.9-3927 using GMRT observations at 610 MHz. The radio

emission extends up to 272.6 kpc.

e Since we were limited by only one observation at 610 MHz, we then looked
for the other surveys and found the total flux density for this source. The
poor resolutions of the sources did not allow separation of the central radio
source with the BCG and the extended part. We then assumed the BCG
spectral index of the a = —0.75 and assuming that total flux is the sum of
extended and discrete source emission we found the flux density of the ex-
tended emission. Based on the above assumption we have found the spectral
index of the extended emission is @ = —1.9 £ 07 and we placed this source
as steep spectrum source. We then calculated the cluster magnetic field for
the cluster and found out it to be 1.09uG.
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e We calculate the radio power for the cluster RXC J0528.9-3927 and compared
this with existing sample of the mini-halos (Richard-Laferriere et al., 2020)

and the radio power is highest in the sample.

e The extent of the diffuse emission and presence of the cold front in the cluster
indicate that RXC J0528.9-27 is a radio mini halo, however deep observation

may change the result.

e We also note the recent report of diffuse emission in this cluster by (Knowles

et al., 2021) using MeerKAT and compare our results with theirs.

e We have detected the presence of the diffuse radio emission in the galaxy
cluster PLCKG171.94-40.65 at the frequencies 235, 325, 610 and 1400 MHz
using the GMRT and the VLA.

e We summarised the multi-frequency radio properties of the discrete radio

sources in the cluster in Table. 3.1.

e We have calculated the integrated spectral index and magnetic field and
radio power for the radio halo in galaxy cluster PLCKG171.94-40.65.

e We have discussed the method Halo-FDCA and compare its values of the
flux density with CASA flux density values (Table. 3.5). However values
from the method do not deviate much from the CASA flux density values.
The integrated spectral index of for the diffuse radio halo is &« = —1.274+0.08
so this halo can not be considered as ultra steep spectrum diffuse source as

suspected in earlier work.

e We also found the suspected relic in the periphery of the cluster with extent
of the 74.5 kpcx45.6 kpc. Right now we cannot decide the nature of this

source and thus we have named it as a candidate relic.

e It has been observed that the mass of the galaxy clusters has positive cor-
relation with the radio power. We have tried to see any correlation between
the spectral index and the mass of the cluster and also with redshift. We

have not found any correlation though we are limited by our sample size.

e We also tried to see any trend according to the redshift of the cluster in
Fig. 4.2 but did not observe any specific trend but can loosely say that

highest redshift clusters lie in the more steep spectra region.
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e The absence of trends can be interpreted as the acceleration mechanism being
driven by the properties of the merger and time elapsed. We also caution
about the uncertainly introduced due to the variety of methods used to
measure the total flux density and spectral indices of radio halos. The use
of methods such as HALO-FDCA are thus necessary to bring in uniformity

in measurements and undertake statistical studies.
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