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Abstract

Galaxy clusters are the largest gravitationally bound systems in the Universe, they
are special laboratories where is it possible to investigate the evolution and the
properties of galaxies in different environments, starting from their centre, going
out to the virial radius and beyond.

The properties of radio galaxies can be related to their environment and its dynam-
ical status: nowdays, understand whether the observed properties of radio galaxies
arise at formation (nature scenario), or they are an end-product of physical pro-
cesses (nurture scenario) coming into play after galaxies have become part of a
‘group’ or a ‘cluster’ is difficult and much debated.

We started this work, analyzing a sample of eleven Brightes Cluster Galaxies
(BCGs) from ten galaxy clusters in the redshift range 0.2 < z < 0.4. They were
selected because of the overlap between the Extended GMRT Radio Halo Survey
(EGRHS) and the Cluster Lensing and Supernovae Survey with Hubble (CLASH).
The main aim is to examine the radio properties of these galaxies considered ‘spe-
cial” because of their position at the very centre of galaxy cluster potential well.
In particular, to understand whether the main mechanism responsible for the ra-
dio emission, when detected, is mainly due to AGN activity or to Star Formation
activity and which is the interplay between the two mechanisms, since both are of
fundamental importance for the feedback phenomena.

From the initial sample we then selected two clusters in order to perform a detailed
radio-optical analysis on their radio galaxy population. They are representative of
two opposite dynamical stages and at comparable redshift and richness class: Abell
1300 (z=0.31) is a post-merging cluster and MACSJ1931-2634 (z=0.35) is a relaxed
cool core cluster. Their study is based on new data from MeerKAT at 1.2 GHz and
uGMRT at 640 MHz interferometers, both considered SKA precursors.

We analyzed the statistical properties of the population of radio galaxies within a
field of 30 arcmin radius from the cluster centre. We performed the clusters statis-
tical source counts comparing it with the background.

A consistent part of the work consisted into the spectroscopical analysis performed
in order to identify galaxy cluster members.

We estimated the Radio Luminosity Function for both the clusters, comparing our
results with literature. Our result is consistent with the fact that the radio emission
could be triggered by the merging.

21



We estimated galaxy cluster members stellar mass and Star Formation Rate (SFR)
and we studied some correlation such as the radio power with stellar mass, radio
power with SFR, SFR with stellar mass.

Our results confirm that the cold gas could be the source of fuel for both the AGN
and Star Formation activity.

The future aim and perspective are to enlarge our statistics by means of more
spectroscopical information and analyze a wider sample of galaxies in clusters in
different dynamical state.
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Introduction

This thesis is part of a comprehensive project, which we named the RadioCLASH-
GCAV project, that involves a collaboration included in the infrared Galaxy Cluster
at Vircam survey (GCAV, Nonino M. 2016). The main aim of this thesis is to in-
vestigate radio galaxies and galaxy evolution in clusters and to compare multiband
properties of galaxies in different environments. Galaxy clusters are the largest
gravitationally bound systems in the Universe, indeed they are ideal for studying
how our Universe and large scale structures were formed. Clusters are important
tracers for dark matter and they act as efficient gravitational lenses. They are
also special laboratories to investigate the evolution of galaxies in different environ-
ments, not only in their center but also at higher distance, out of the virial radius.
Throughout the three years of my PhD, we studied different objects in galaxy clus-
ters related to discrete emission (radio galaxies), and to diffuse emission (halos,
relics, mini-halos). We started our work selecting a sample of eleven clusters in
the redshift range between 0.2 < z < 0.4 because of the strong overlap between
the Extended GMRT Radio Halo Survey (EGRHS; Venturi et al. 2007, 2008; Kale
et al. 2013, 2015) and the Cluster Lensing and Supernovae Survey with Hubble
(CLASH).

Reprocessing archival VLA data at 1.4 GHz, in different configurations of the array
(possibly A or B to get the maximum resolution), we studied first the radio and the
optical-infrared properties of eleven Brightest Cluster Galaxies (BCGs), belonging
to the clusters selected, and we compared our results with previous results in litera-
ture. BCGs are the most massive, luminous, centrally located, galaxies in clusters.
Understanding their formation and evolution can tell us a quantity of information
on galaxy clusters in which they are found.

As a further step of this thesis, from our initial sample we extracted two targets, rep-
resentative of two opposite dynamical stages and with a comparable redshift. A1300
(z=0.31) is a turbulent post-merging cluster, whereas MACSJ1931-2634 (z=0.35)
is a relaxed cool core system. Since they are opposite in terms of dynamics the aim
was to compare the multiband properties of their radio galaxy population, in order
to better understand how the environment can act and influence their formation
and evolution.

To reach our purpose the method used was based on the acquisition of new data from
forefront instruments such as the upgraded GMRT (uGMRT) and the MeerKAT
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interferometers, both considered Square Kilometer Array (SKA) precursors. More-
over, the analysis was completed with the exploitation of reprocessed archival radio
data from the Very Large Array (VLA) and the Giant Metrewave Radio Telescope
(GMRT), and on the optical Hubble-CLASH (PI Postman M. 2012) data. An added
value to this thesis is related to the data analysis from MeerKAT interferometer, a
completely new instrument, which made it possible to test new tools and packages
for the radio data reduction.

Here we provide a brief summary of what is reported in the following chapters:

e In Chapter 1 we provide a description of the general properties of galaxy clus-
ters: we describe their general features in a brief introduction; we describe the
two main different morphological types in which they are classified as merging or
relaxed in relation to their dynamical state. We then analyze their properties in
different wavebands: optical, X-ray and radio bands, focusing our attention in the
X-ray band on the Sunyaev-Zel’dovich effect and in the radio band on the diffuse
emission from halos, relics and mini-halos and on different kind of radio galaxies,
in particular on Narrow-Angle Tails. We describe the importance of the Radio Lu-
minosity Function as a statistical tool to study the properties of radio galaxies in
relation with the environment in which they are located. Finally, we mention the
cluster magnetic fields, whose presence in clusters is nowadays well-established and
fundamental to justify the synchrotron emission observed.

e In Chapter 2 we focus on the Brightest Cluster Galaxies, which are the most
massive and luminous galaxies found at the very center of clusters potential well.
We describe the kinematic and photometric properties of BCGs, the implications
of their central position, theoretical simulations on how they form and the origin of
their radio emission. This is the focal point of my analysis: to understand whether
the radio emission detected is mainly due to AGN activity or Star Formation ac-
tivity and which is the level of the interplay between these two phenomena, that is
still a matter of debate. In the second part of this chapter, I describe my analysis
illustrating the sample, the data reduction and the main results in comparison with
the most important results published in literature.

e In Chapter 3 we present an illustration of the two instruments used for our
observations and analysis which are the upgraded GMRT (uGMRT; Pune, India)
and the MeerKAT array (Karoo Region, South Africa), which is a SKA precursor.
New data were collected during Spring-Summer 2018, at 640 MHz and 1.2 GHz
with uGMRT and MeerKAT respectively, during the second year of my PhD. I
report also which are the most important science cases for which the instruments
are exploited.

e In Chapter 4 we describe the data reduction steps and we present the images
obtained and used for our analysis. In the second part of this chapter, is presented
the optical-infrared and spectroscopic analysis performed in order to cross match
the radio sources detected and to assess the properties of the cluster member galax-
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ies. The optical analysis was made by means of Subaru images, from the archive for
MACSJ1931-2634 and entirely reprocessed from the raw images for A1300. We an-
alyzed the GCAV IR data to get the infrared images of A1300 in Y,J,Ks bands and
we exploited CLASH VIMOS-VLT spectroscopy (PI Rosati P.) for MACSJ1931-
2634 and VIMOS data from VLT ESO GO Large Programme (PI Boéringer) for
A1300.

e In Chapter 5 we report a detailed analysis on MACSJ1931-2634 radio galaxy
population. We first analyzed from a statistical point of view, exploiting the wide-
area images obtained, the field surrounding MACSJ1931-2634 galaxy cluster. We
extracted two catalogues at 1.2 GHz and 640 MHz and characterized the spectral
properties of the radio sources detected within 30 arcmin radius from the cluster
centre. We estimated the statistical source counts in comparison with the back-
ground considering a restricted area of 12 arcmin radius, corresponding to two
virial radii. We performed the radio-optical crossmatch of the sources, character-
izing their properties (color, magnitude). We analyzed the spectra of the galaxies
within this area and we obtained 32 spectroscopic redshifts. By means of the spec-
tral analysis we found that six galaxies are consistent with being cluster members.
We dedicate a section of this chapter to the extended sources reporting the radio-
optical overlays and their main properties. We estimated the Radio Luminosity
Function for MACSJ1931-2634 radio galaxies and we compared our result with a
local case (A3558, z=0.04 from Venturi et al. 2000) and with a case at comparable
redshift (z=0.3 from Branchesi et al. 2006). Finally, we focused on the central
regions of the cluster, analyzing the BCG and the Narrow-Angle tail located at ~
150 kpc from the BCG.

¢ In Chapter 6 we report a detailed analysis on A1300 radio galaxy population. We
first analyzed from a statistical point of view, exploiting the wide-area images ob-
tained, the field surrounding A1300 galaxy cluster. We extracted two catalogues at
1.2 GHz and 640 MHz and characterized the spectral properties of the radio sources
detected within 30 arcmin radius from the cluster centre. As for MACSJ1931-2634,
we estimated the statistical source counts in comparison with the background con-
sidering a restricted area of 12 arcmin radius, corresponding to two virial radii. We
performed the radio optical crossmatch of the sources, characterizing their opti-
cal properties. By means of the spectral analysis we found that nine galaxies are
consistent with being cluster members. We dedicate a section of this chapter to
the extended sources reporting the radio-optical overlays and their main properties.
We estimated the Radio Luminosity Function for A1300 radio galaxies and we com-
pared our result with the local case of A3558 at z=0.04 from Venturi et al. 2000
and with Branchesi et al. 2006 at a comparable redshift z=0.3. Finally, we focused
on the central region of the cluster, analyzing the ‘dumb-bell’ BCG properties.

e In Chapter 7 we compare and discuss the statistical properties and the spectral
properties of the radio galaxies detected within the field surrounding A1300 and
MACSJ1931-2634 galaxy clusters. Moreover, since our main goal is to compare the
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galaxy properties analyzed in two different environments, we examine the statisti-
cal source counts and the RLF. Indeed we found that both seem to confirm that
the merging activity could be a trigger for the radio emission in agreement with
previous literature results. Finally, we get the Stellar Masses and the Star Forma-
tion Rate (SFR) for the cluster member galaxies and we compare the radio-optical
properties by means of some important correlations: Power vs Stellar Mass, Power
vs SFR, Stellar Mass vs SFR.

The future aim and perspective are to enlarge our statistics by means of more
spectroscopical information and analyze a wider sample of clusters in different dy-
namical state.
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Chapter 1

Clusters of galaxies

Clusters of galaxies are the most massive and large gravitationally bound systems
in the Universe. Their masses are typically of the order of M=10 M), even if
the most massive clusters exceed M=10'®> M, and they cover linear sizes typically
of few Mpc (up to 3-4 Mpc). Most of the matter in clusters is in the form of
dark matter (~ 80%), which exhibits itself only through dynamical activity and
lensing effects; some of the luminous matter is in galaxies (~ 3 — 5%), the rest
is in form of diffuse hot gas (~ 15 — 17%), detected in X-ray through its thermal
Bremsstrahlung emission. This thermal plasma, consisting of particles of energies
of several keV (T ~ 107 — 10®K), is commonly referred to as Intra-Cluster Medium
(ICM). This tenuous hot gas has a density of ~ 1072 — 10~ *em™3.

Being large concentrations of galaxies, galaxy clusters have been first discovered,
studied and classified in the optical band: the earliest catalogues were indeed based
on the visual inspection of photographic plates (e.g. |Abell, [1958]).

The study of cluster formation and evolution is important to constrain models
on the origin and history of large scale structures. According to the current pic-
ture of structure formation in the Universe, galaxy clusters form by gravitational
collapse starting from small density fluctuations. The existence of such density
perturbations can be inferred from the temperature perturbations of the Cosmic
Microwave Background (CMB), firstly observed with the COsmic Background Ex-
plorer (COBE) satellite (Bennett et al.[1996). Once that the collapse started, matter
is accumulated and grows hierarchically via accretion of smaller systems (e.g. [Press
& Schechter|[1974). In this scenario, smaller units like galaxies, groups and small
clusters formed first and merged under gravitational pull to larger and larger units
in the course of time.

Cluster mergers are the mechanism by which clusters are assembled. The kinetic
energy associated with two colliding substructures reaches 10 — 10% erg, mak-
ing cluster mergers the most energetic events in the Universe since the Big Bang
(Sarazin| 2002al). During a merger, a major fraction of this energy dissipates into
the heating of the ICM via shocks and turbulence and generates non-thermal com-
ponents. Non-thermal components can be revealed by radio observations of diffuse
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synchrotron sources in clusters, such as radio halos and relics, that prove the ex-
istence of magnetic fields and relativistic particles mixed with the thermal ICM
(Brunetti & Jones, 2014)).

The merger activity appears to be continuing at the present time and explains the
relative abundance of substructure and temperature gradients detected in clusters
of galaxies by optical and X-ray observations.

The physical properties of galaxy clusters, such as the luminosity and temperature,
the radial structure of both dark and baryonic matter, are a challenging test for
our understanding of how these objects grow from primordial density fluctuations.
There are two different regimes of growth of the perturbations: linear and non-
linear. The two regimes can be distinguished defining the density fluctuation (or
overdensity):

s_P=P_ % (1.1)

p p

where p is the density of the Universe at a given position and p in the mean unper-
turbed density of the Universe. In the linear regime the growth of the perturbation
can be described with the Jeans theory, who first demonstrated that small density
fluctuations in an homogeneous, isotropic and stationary fluid can grow with time,
become unstable and collapse. The linear regime acts as long as § << 1 and can be
indeed easily treated (Peebles 1980, (1983 |(Coles & Lucchin|1995| [2002). Neverth-
less, galaxy clusters are highly non-linear objects ( § >> 1), and this requires more
complex approaches for studying the evolution of perturbations in this particular
regime.

There are different ways to model the cosmic structure formation: analytic, semi-
analytic and numerical techniques. The analytic techniques were first developed in
the '70s and pose the basis of the present models for structure formation (White
& Rees, |1978; [Fall & Efstathiou), [1980)). The semi-analytic techniques (Cole, [1991;
White & Frenk| [1991; Kauffmann et al., [1993; (Cole et al., |1994)) are based on the
model of the gravitational clustering developed by [Press & Schechter| (1974) and its
extensions (Bower] |1991; Bond et al., |1991; Lacey & Colel [1993)). This formalism
is extensively used to build up, via Monte Carlo methods, synthetic populations
of DM halos which evolve with time due to mergers and hierarchical clustering.
Numerical methods allow a detailed study of the relevant physical processes and of
the matter distribution on different scales (Davis et al., 1995} [Steinmetz & Muller]
1995; |[Katz et al., [1996; Springel et al.l 2006]). They are the unique instrument to
describe the non-linear evolution of the perturbations. Among the largest runs, we
mention the Millennium simulation (Springel et al., [2006) and its updates: Millen-
nium 11, (Boylan-Kolchin et al.[2009), Millennium-XXL (Angulo et al[[2012)), and
the Illustris simulation (Vogelsberger et al., 2014)), which complements the N-body
simulation with hydrodynamic simulations, required to model radiative processes

such as cooling and feedback (Fig. [1.1).
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Dark Matter D

Gas Density;

Figure 1.1: Simulated present-day dark and baryonic matter structures. Top panel: Dark
matter mass distribution in a slice centered on the most massive halo. Lower panels: gas
distribution shown in density, temperature, entropy, and velocity. On the right in the top
panel are shown (from top to bottom): X-ray emission of hot intra-cluster gas; thermal
Sunyaev-Zel’dovich signal; and the distribution of metals in the gas (all within one virial
radius). The central circle shows the expected annihilation signal from self-annihilating
DM particles within three virial radii. On the left in the top panel we present optical
images of the central galaxy of the cluster (top) and a random disk field galaxy (bottom).
(See |Vogelsberger et al.| (2014) for details).
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1.1 Estimate of the cluster mass

From an historical point of view, the dynamics traced by member galaxies has been
the first method applied to measure masses of galaxy clusters (Zwicky, (1937). Under
the assumption of virial equilibrium, the mass of the cluster can be estimated by
knowing the position and redshift for a high enough number of member galaxies:

30'12,RV
G

where o, is the galaxy velocity dispersion along the line of sight and Ry is the virial
radius, i.e. the radius within which the virial theorem applies, which depends on
the positions of the galaxies (recognised as true cluster members) with measured
redshifts (see Walker et al., 2019, for a review).

The condition of hydrostatic equilibrium determines the balance between the pres-
sure force and gravitational force: 7 Fyqs = —pgas V ¢, Where Pyqs and pyqs are the
gas pressure and density and ¢ is the gravitational potential. Under the assumption
of spherically symmetric gas distribution, the previous equation becomes:

dPyqs do GM(<r)
_ - _ ) 1.
dr Pygas dr Pygas 2 (1.3)

M (1.2)

where 7 is the distance from the cluster centre and M (< r) is the mass contained
within r. Thus, using the equation of state of an ideal gas to relate pressure to gas
density and temperature, P = (KgpT')/pm,, the mass is given by:

rKgT dlnpas dinT
M = z 1.4
(<7) Gump<dlnr +dlnr> (14)

where p is the mean molecular weight of the gas and m,, is the proton mass, and the
density p and the temperature T profiles can be inferred from X-ray observations
(see [Ettori et all 2013 for a review). The gas density profile is generally well
described assuming the  model (Cavaliere & Fusco-Femiano, [1976):

_ Po
Pgas(T) = [1+ (r/r.)238/?

(1.5)

where 7. is the core radius (i.e. the radius at which the temperature begins to drop)
and 3 = um,o?/(kgT). If we assume the gas to be isothermal, the combination of

Eq. and [L.5] gives:

M(<r)

pm,G r2 + 12

A third independent method to estimate the cluster mass is based on weak and/or
strong gravitational lensing, i.e. on the images of distant objects that result dis-
torted by the gravitational potential of the cluster. A simple spherical lensing model
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provides a good estimate of the cluster mass within the radius r,,.. which is the dis-
tance between the arc-like image and the cluster centre (e.g. Bartelmann et al.
2003):

Mlens(< rarc) ~ 7'”‘2207’# (17>
where
62 DS
Ecri = T A 1.8
! 47TG DLSDL ( )

Dy, Drs and Dg are respectively the distances from the observer to the lens, from
the lens to the source and from the observer to the source, respectively. Observa-
tions of weak lensing aim at reconstructing the cluster mass distribution from the
weak ellipticity that the cluster gravity induces on faint background galaxies. This
method is challenging since galaxies are intrinsically elliptical, therefore it requires
several source images to be averaged, under the assumption of random orientation
of these sources.

In addition, if a large number of redshift measurements is available, the mass of a
cluster of galaxies can be inferred from the dynamical analysis of member galaxies.
One method is to fit the velocity dispersion data to the solution of the Jeans equa-
tions (e.g. Sanchis et al., 2004; [Lokas et al., 20006).

Another method is the “caustic technique”. In the line of sight velocity - projected
radius diagram, cluster galaxies distribute in a characteristic trumpet shape. The
edges of the trumpet are called caustic and, under the assumption of spherical sym-
metry, they trace the escape velocity profile of the cluster and can thus be used to
determine the cluster mass profile (e.g. Diaferio, [1999; Diaferio et al., 2005; Geller
et al., 2013; Maughan et al., [2016)).

Finally, the mass of clusters can be inferred from the total energy of the gas com-
bined with other observational constraints. This energy budget can be measured
directly via scaling relations with other observational properties (Pratt et al., 2009)),
such as the X-ray luminosity or the Sunyaev-Zel’dovich effect.

1.2 The Sunyaev-Zel’dovich (SZ) effect

The ICM is a hot gas containing extremely energetic electrons. When photons from
the Cosmic Microwave Background (CMB) interact with these electrons, they can
undergo the Inverse Compton scattering (IC): the photons gain energy interacting
with the hot electrons and hence they are scattered and blueshifted. The Sunyaev-
Zel’dovich effect (S-Z effect |Sunyaev & Zeldovich, 1972) is a small distortion of the
CMB spectrum caused by the IC scattering of the CMB photons with the energetic
ICM electrons (Fig. [1.2). In particular, thanks to the new state-of-the-art high
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angular resolution instruments working in the millimeter waves, the study of sub-
structures in the ICM through SZ effect is entering in a new era (e.g. Korngut et al.|
2011} Planck Collaboration et al.,2016; Adam et al.| 2017, 2018, b). The distortion
of the CMB spectrum appears as a decrement in the CMB intensity at frequencies
< 218 GHz (A > 1.4 mm) and as an increment for frequencies > 218 GHz.
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Z0 j=1u] 100 200 &0

Frequency (GHz)

Figure 1.2: Standard CMB spectrum (dashed line) and distorted by SZ effect (solid line).
This is just a schematic representation. To emphasize the effect, the SZ distortion shown

is for a fictional cluster 1000 times more massive than a typical massive galaxy cluster
(From |Carlstrom), |2002).

The so-called Compton y-parameter is defined as:

Y X /OOO nIedl (1.9)

where T, is the electron temperature and n. is the electron density, and it is defined
for a given direction in the sky. The y-parameter is strictly connected to the surface
brightness of the X-ray emission, which is the key quantity to determine whether a
galaxy cluster is detectable or not. The Compton y-parameter is independent from
the redshift, it depends only on the physical properties of the ICM.

In terms of intensity, the SZ effect can be written as:

A]SZ X on (110)

where [ is the CMB intensity unaffected by the IC scattering.

A crucial characteristic of the SZ effect is its correlation with the cluster mass, due
to the fact that the SZ signal integrated over the solid angle of the cluster provides
the sum of the electrons weighted by temperature, which is a measure of the total

32



thermal energy of the cluster:

1 00
SZ flux x Y = / y A9 o ﬁ/ dl/ n.T.dA (1.11)
Q D% Jo A
in this relation A is the area of the cluster in the plane of the sky and D, is the
angular diameter distance.

1.3 Merging clusters vs cool-core clusters

Clusters of galaxies show a variety of morphologies but it is possible to identify
two main cases according to their dynamical status: merging clusters, which are
characterized by irregular morphology and by the presence of substructures in their
X-ray brightness distributions (Fig. [1.3)); cool-core clusters, which are in a relaxed
state and are characterized by a giant galaxy at their center. They show enhanced
X-ray surface brightness in the core.

Figure 1.3: A Chandra image of the Bullet cluster: the gravity of the merging is displaced
from the subcluster gas, this is probably the strongest proof of the existence of dark
matter.

1.3.1 Merging clusters

In the X-rays, ROSAT and ASCA observations revealed, for the first time, that
many clusters show evidence of the accretion of smaller masses and others undergo
major mergers of two nearly equal components (e.g. Briel et al., [1991; Henry &
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Briel, 1991; [Markevitch et al., [1999). Before the launch of the last generaton of
X-ray satellites, namely Chandra and XMM-Newton, the main information about
mergers was based on morphology. With the spatially resolved spectroscopy and
high-resolution imaging offered by the new instruments, the situation has radically
changed, and sophisticated algorithms have been developed to achieve good and
reliable temperature maps (e.g. Peterson et al., 2004; Bourdin et al., 2004; Sanders,
2006)), since the temperature is the most accurate tracer of the energy transfer from
the collision to the X-ray gas itself.

Mergers are the events by which clusters are formed and major mergers are very
energetic events in which clusters collide at velocities of ~ 2000 kms~—!. Merger-
driven shocks propagate through the ICM and dissipate an amount of energy of
~ 10%3-105* erg; these hydrodynamical shocks are the major heating source for the
ICM and also they can accelerate non-thermal relativistic particles, which give rise
to diffuse radio emission associated to the presence of magnetic fields (see Brunetti
& Jones, 2014], for a review). Mergers also must significantly affect the emission of
the galaxy populations (Ledlow & Owenl [1996; |Owen et al., [1999; Dwarakanath &
Owen, |1999; [Venturi et al., 2000, 2001} Giacintucci et al., 2004)).

The kinematics of an individual binary merger collision can be described, following
Sarazin 2002, by a simple model in which two subclusters with masses M; and My
merge at a time t,, after having fallen toghether, with nonzero angular momentum,
in the same potential well from a distance dy. In the model we can assume that the
subclusters are pointlike and their radial velocity was zero at the largest separation
dy.

The collapse can be described using the third Kepler’s law:

do ~ (2G(M; + My))"/? (i’:)m (1.12)

the quantity dj is called turn-around distance. As the centers of the two subclusters
reach a distance of the order of the virial radius of the most massive cluster, R,,q.,
the relative impact velocity is given by:

v; ~ (2G(My + My))*/? (R:m _ d10>1/2 {1 - <;o> 2] - (1.13)

where b is the impact parameter. Most mergers are expected to involve small impact
parameters, comparable to the sizes of the gas cores in clusters, but mergers with
larger impact parameters may occur. In the simplest case of central collision where

b=0:
v~ [2G<Ml+M?) <1 _ 1)11/2 (1.14)

max 77'1)

My +Mo
My

are comparable to the escape velocity, hence v? ~ 2¢, and the motion in cluster

1/3
where 1, ~ 4 ( ) / . During a merger, the infall velocities of the subclusters
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mergers are expected to be moderately supersonic: v? ~ 2¢%. Defined the Mach
number as M = 2, one expects weak shocks with Mach numbers of M < 3 — 5.
Stronger shocks (M ~ 10-100) associated with the accretion of cold gas onto gravi-
tationally attracting nodes may occur in the outer parts of clusters, or in low mass
subclusters merging with more massive clusters (Miniati et al., 2001; |Vazza et al.|
2009)). Shocks represents the imprint of merging events in galaxy clusters, they
are now well estabilished as common merger features (e.g. Markevitch & Vikhlinin,

2007, for a review).

1.3.2 Cool-core clusters

As we discussed above, the ICM loses energy emitting X-ray radiation primarily via
thermal Bremsstrahlung.

The time-scale for this process can be defined as: t.oo = (d InT/ dt)_lzw.

Being A(T) x T %, and if the gas cools isobarically, the cooling time is (Sarazin,
1986)):

n ~lr o 12
tcool28.5x1010{10§6m} {1081{} [y7] (1.15)

which exceeds the Hubble time. The Bremsstrahlung emissivity depends on the
square of the gas density, which increases towards the cluster center, and so in
some cases tqo becomes < 10 years in the central ~ 100 kpc. In case of lack of
balancing heating sources, the gas is compressed by the surrounding ICM, further
increasing its X-ray emissivity. To mantain the pressure equilibrium, slow inflows
of gas called "cooling flows" are expected. Relaxed clusters were classified as "cool-
ing flow" clusters (Fabian et al., |1994), with predicted gas mass deposition rates
in the clusters center up to 1000 Moyr~!. This model was challenged by Chandra
and XMM-Newton observations. X-ray and optical studies show that the gas cool-
ing rates were overstimated by an order of magnitude or more (McNamaray, 2006).
The classical cooling-flow model has finally been replaced by the cool-core model.
From the observations, cool-cores are characterized by a strong peak in the surface
brightness, a peak in the metal distribution (De Grandi & Molendi, |2001)) and a
significant drop in the temperature by a factor of ~ 3 (down to 2-3 keV) in the
central regions. The gas, however, does not flow towards the center, rather the gas
temperature profile seems to be frozen and it seems to has been so for Gyrs (Bauer)
2005)). This suggests the presence of a continuous central source of heating which
may balance radiative cooling. Several candidates have been proposed, AGNs and
Supernovae being the most likely one (Fabian, [2002; Birzan et al., 2004]).

Nowdays the term "cool-core" indicates those clusters which are in a relaxed state,
characterized by a giant elliptical galaxy at their center (tipically a ¢D galaxy) and
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enhanced X-ray surface brightness peak in the core (Fig. [1.4]). The dicotomy be-
tween "cool-core" (CC) and "non cool-core" (NCC) clusters depends whether their
core region shows a drop in the temperature profile or not (e.g. [Molendi & Pizzo-|
latol 2001} Rasia et al., 2015} |Li et al., 2015]).

The core entropy is of fundamental importance because it controls ICM global prop-
erties and controls the thermal history of a cluster. Entropy is therefore an useful
quantity for studying the effects of feedback on the cluster environment and inves-
tigating any breakdown of cluster self-similarity (Cavagnolo et al., [2009).

It is defined as:

Ko = kTn;?*? (1.16)

where T is the gas temperature and n. is the electron number density. Clusters
are classified as CC or NCC according to the value of the specific entropy floor in
the cluster center (Donahue & Voit|, 2004; [Donahue et al., 2011} |Giacintucci et al.
, in particular, clusters with Ky < 30 - 50 keV cm? exhibit all the attributes
of a cool core (Giacintucci et al., 2017).

Some cool-core clusters show evidence of cavities in X-ray surface brightness, co-
incident with radio lobes: they are commonly interpreted as bubbles of relativistic
gas blown by the AGN into the thermal ICM and they are considered as a signature
of the heating mechanism driven by the central source and propagating through the
ICM (Birzan et al., [2004; Rafferty et al., 2004; McNamara et al., [2004; McNamara
& Nulsen| 2007)).
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Figure 1.4: Chandra image of the cool core galaxy cluster A1835. The X-ray emission
peaks in the core and shows a regular morphology.

1.4 Multi-wavelength properties

It is nowdays of fundamental importance to study clusters of galaxies combining
data through a multi-wavelength analysis, since every band gives complementary
information on their properties and on their different components such as galaxies,
diffuse emission, and ICM. In this section the attention is focused on the optical
and X-ray properties of clusters. The next section is focused on the radio properties
and the radio components. The UV and gamma-ray emission are also present in
clusters, deriving from merger-driven shocks propagating through the ICM.

1.4.1 Optical properties

Optical observations of galaxy clusters revealed that galaxies are not uniformly dis-
tributed in the sky but rather they are concentrated in large overdensities. Only
20% of galaxies live in clusters, most are in groups or in the "fields" and it is hard
to discriminate between groups and clusters: the latters have higher densities than
groups, contain a majority of E’s and S0’s while groups are dominated by spirals.
Clusters contain tipically ~ 50-100 luminous galaxies within the central Mpc.

Until the 80’s clusters have been modeled as virialized spherically symmetric sys-
tems (e.g. [Kent & Gunn, 1982)). Rather, clusters often contain subsystems of galax-
ies, usually called substructures or subclusters. Indeed, in the hierarchical scenario
of large scale formation it is quite natural to expect that clusters form from the

37



mergers of small sub-clumps (Colberg et al., [1999). In this context, the presence of
substructures is indicative of a cluster in an early phase of the process of dynam-
ical relaxation, or of secondary infall of clumps of galaxies into already virialized
clusters (Girardi et al., [1998; Biviano| 2001)).

Historically, first systematics catalogues of galaxy clusters were based on optical
data (e.g. Abell, |[1958; Zwicky et al., [1961). Selected clusters were primarily nearby
systems (z < 0.2), and were also used to define and estimate richness, rough mor-
phological classifications (Rood & Sastry), (1971)) as well as distance of the clusters.
More recently, clusters searches based on optical data, have been carried out using
e.g. Hyper Suprime-Cam, CAMIRA cluster catalogue (Oguri et al., 2018)), SDSS
(redMaPPer cluster catalogue, Rozo et al., |2015)). Similar approaches have been
done using Spitzer or WISE 3.6um and 4.5um data (e.g. Muzzin et al., 2009; |Gon-
zalez et al., [2019).

Beyond pure galaxy cluster searches, optical and near/mid infared data are used to
explore galaxy cluster properties, such as Luminosity Function of cluster galaxies
(e.g. |De Propris et al., 2013), the stellar mass fraction (e.g. Annunziatella et al.,
2014)), the radial profile of cluster galaxies distribution, as well as the distribution
of galaxy colours (e.g. |Zenteno et al. 2016). The multiwavelength observations of
sample of galaxy clusters allow to gain insight into galaxy formation and evolution,
and the role of the environment and of the cosmic time in these processes (e.g. \Wen
et al., 2009; Chung et al. 2007; Hennig et al 2017)).

Clusters are important laboratories for investigating the evolution of galaxies in
dense environments, e.g. the Butcher-Oemler effect, the morphology-density rela-
tion (Dressler, [1980; Butcher & Oemler, [1978a, (1984). This relation is found to
extend over five orders of magnitude in space density (Postman & Geller, [1984)).
Whether it arises at formation (i.e. nature scenario) or it is caused by density
driven evolutionary effects (i.e. nurture scenario) remains a matter of debate (see
van Gorkom, 2004, for a review). More recent studies of clusters of galaxies at
intermediate redshifts show that both the morphological mix and the star forma-
tion rate strongly evolve with redshift (see Finn et al., [2018] and references therein).

1.4.2 X-ray properties

About 17% of the mass of clusters is made of hot gas, the hot plasma which is
called ICM. The study of its properties is of fundamental importance: this hot,
X-ray emitting gas can trace the global cluster gravitational potential and it is
an excellent tool to probe the dynamics, morphology and history of clusters. The
ICM is in the form of diffuse, metal-enriched gas, gravitationally heated during the
cluster formation. It has a temperature of about 7' = 107 — 108 K (i.e. ¥T ~ 1—10
keV) and a density of ~ 107! —107%*em 3. Tts luminosity in the X-ray band is about
L, ~ 10 — 10%ergs~! and the typical metallicity is Z ~ 0.3,
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The ICM emits primarly via thermal Bremsstrahlung, so the emissivity for this
process at a frequency v is given by:

€, < neng(v, T)TY?exp(—hv [kgT) (1.17)

where n. and n; are the number density of the electrons and ions respectively,
g(v,T)  In(kgT/hv) is the Gaunt factor and kg is the Boltzman constant. The
spectral shape of the emissivity €,(r) provides a measure of 7'(r) while its normal-
ization gives a misure of n. (Fig. [1.5)).
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Figure 1.5: The IC spectrum from a typical cluster model (solid line). The dashed curve
is a 7 keV thermal Bremsstrahlung spectrum (from [Sarazin), 2002b)).

The X-ray surface brightness can be used to determine the physical cluster
parameters. For a spherical symmetric cluster, the radial X-ray surface brightness
distribution is described by the expression (Cavaliere & Fusco-Femiano, [1976):

r 13+

S(r) = S(0) [1 Ly

Te

(1.18)

where S(0) is the central surface brightness, . is the cluster core radius and the
parameter § = pum,oZ2/(kgT) is the ratio of the energy per unit mass in the galax-
ies to that in gas. With the exception of the central cusp in cool core clusters,
this expression for the surface brightness distribution has been found to be an ad-
equate tool to describe the gas in clusters. If the surface brightness expression is
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deprojected it is possible to obtain the gas density distribution (Vikhlinin) [1999):

n(r) = n(0) {1 4 (Tﬂ_gﬂ (1.19)

Te

-3

The central electron density n(0) is tipically of the order of n(0) ~ 1073cm =3 and

the total mass of gas in rich clusters ranges from ~ 5 x 101 — 5 x 10 M.

1.5 Radio emission in galaxy clusters

In the radio band, we can distinguish between two classes of emission in clusters:
- (1) the non-thermal diffuse synchrotron emission (e.g. van Weeren et al., 2019, for
reviews) which generates structures such as halos, relics and mini-halos;

- (2) the discrete emission from radio galaxies in clusters, where the synchrotron
emission is generated by an Active Galactic Nuclei (AGN).

1.5.1 Diffuse non-thermal emission

During the last years there has been growing evidence for the existence of clus-
ter large scale diffuse radio sources, of synchrotron origin, which have no optical
counterpart and therefore associated with the ICM (Giovannini & Feretti, 2002;
Feretti & Giovannini, [2008; Ferrari et al., 2008; Feretti et al., 2012)). It is now well
established that some clusters of galaxies host some particular objects classified as
halos, relics and mini-halos (Feretti & Giovannini, |1996; Feretti et al., 2012} |[Venturi
et al|, 2007, [2008; Kale et al.| [2015) depending on their morphology, origin, location
and radio properties. These sources are the direct clue of the existence of clusters
magnetic fields and relativistic electrons which affect the thermal state of the ICM
(see |Brunetti & Jones|, 2014, for reviews).

The connection between diffuse radio emission in the ICM and dynamically dis-
turbed systems (Buote], 2001 (Cassano et all 2010, 2013|) suggests that cluster
mergers play a crucial role in the formation of non-thermal component in galaxy
clusters.

The first diffuse radio source detected in a cluster of galaxies (Large et al., [1959)
was the giant radio halo in the center of Coma cluster (Fig. [1.6)).

Systematic studies of giant diffuse emission in clusters were performed in surveys
such as the Giant Metrewave Radio Telescope Radio Halo Survey (GRHS, Venturi
et al., 2007, 2008) and its extention (EGRHS, Kale et al., 2013, [2015)).

Currently, diffuse radio emission with low surface brightness down to 0.1 pJyarcsec™
at 1.4 GHz is known in about ~ 80 clusters, under different cluster evolutionary
conditions (merging and relaxed clusters), at different cluster locations and on very
different size scales: from ~100 kpc up to some Mpc. All diffuse radio sources in

2
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clusters share very steep synchrotron spectra (a > 1) but there are some peculiar
features which characterize them.

The taxonomy of extended radio emission in galaxy clusters is nowdays evolving
thanks to the advent of new instruments such as LOFAR (van Haarlem et al.
. LOFAR is unveiling the wealth of complex diffuse steep spectrum sources
in the ICM (Shimwell et al., 2016; de Gasperin et al., [2017; [Bonafede et al., 2018;
Briiggen et all 2018} [Kalé, 2018).

N

Figure 1.6: The Coma cluster image produced by Planck (top-left) and by ROSAT (top-
right). As a comparison, the images are shown superimposed on a wide-field optical image
of the Coma cluster from the DSS in the two lower panels.

1.5.2 Radio halos

Radio halos are diffuse extended sources (Fig. , fairly regular in morphology,
of low surface brightness (about 1-0.1 uJyarcsec™2 at 1.4 GHz). They are observed
at the center of massive dynamically disturbed galaxy clusters (Giovannini et al.,
11999; Buote, 2001; |Cassano et al., |2010). Their size is typically of the order of
> 1 — 2 Mpc (giant halos, see van Weeren et al., 2019, for a review), unpolarized
down to a few percent level.

The prototype of this class is Coma C at the center of the Coma cluster, studied in
detail by many authors (Large et al., [1959; Willson, [1970; |Giovannini et al., |1993;
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'Thierbach et al., 2003; Brown & Rudnick, [2011]).

The most distant radio halo is found in El Gordo at z=0.87 (Menanteau et al.|
2012; |Lindner et al), 2014; Botteon et al., 2016)). The 1.4 GHz radio powers of
observed halos range between about 10* — 10?2 W Hz ™!, with the most powerful
radio halo (P;4 = 1.6 x10% W Hz™!) being present in the quadruple merging clus-
ter MACSJO0717+3745 (Bonafede et al., 2009; van Weeren et al., 2009). Currently,
there are about 65 confirmed radio halos (van Weeren et al., [2019).

Halos always show a steep spectrum (o > 1, with S(v) oc v~%) but integrated radio
spectra are poorly known, so, it is difficult to determine the spectral steepening.
Radio halo spectra are usually constrained by only a few data-points, covering a
small range of frequencies, and are commonly fitted with a simple single power-low
(e.g. [Venturi et al. 2013).

An extreme class of radio halos with o > 1.5, the so-called ultra-steep spectrum ra-
dio halos (USSRHs), is also observed (Brunetti et al., 2008; |Dallacasa et al., 2009;
Macario et al. 2010, 2013; [Wilber et al., 2018)). USSRHs pose an energy runaway
problem requiring that an excessive amount of energy is associated to the relativistic
plasma if the steep power-low energy distribution is extrapolated to lower energies.
A solution to this problem is that the observed synchrotron radiation comes from
electrons whose energy distribution has a high-energy break at energies of a few
GeV.

Recent findings obtained with improved statistic suggest that there is a clear sep-
aration between relaxed and non-relaxed clusters, in the radio behavior
et al., 2007, 2008; Kale et al., 2013, 2015). The bi-modality between halo and non-
halo clusters (see Brunetti et al., 2007}, 2009; Cassano et al., 2010; Kale et al., 2015,
reflects the dicotomy between non-relaxed and relaxed clusters, also discussed by
Rossetti & Molendi (2011).

What is intriguing is the existence of dynamically disturbed clusters which do not
show any evidence of radio halo. It may be possible that giant radio halos are
only present above a treshold of mass or temperature. New generation instrument
like for instance LOFAR, uGMRT are allowing the detection of low brightness-low
power large halos, important to understand if halos are present in all merging clus-
ters or only in the most massive ones (Bonafede et all |2014; Shimwell et al., 2016;
de Gasperin et al. 2017} [Hoang et al., 2017} Kale| [2018).

1.5.3 Relics

Cluster radio shocks, commonly referred to as radio relics, are elongated, arc-like
radio sources characterized by sharp emission edges (Fig. . They are generally
observed in the outskirts of galaxy clusters and have significant linear polarization
(typically up to 30%). The prototype of this class of objects is 12534275, detected
in Coma cluster (Giovannini et al.; [1991). In the most impressive cases, symmetric
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Figure 1.7: A520 (left) and A2256 (right) galaxy clusters hosting giant radio halos. The
radio emission is shown in red and the X-ray emission in blue. A520: VLA 1.4 GHz and
Chandra 0.5-2.0 keV. A2256: LOFAR 120-170 MHz and XMM-Newton 0.4-1.3 keV. See
van Weeren et al.| (2019) for reviews.

double relics are observed on opposite sides of clusters (see de Gasperin et al., [2014;
Bonafede et al., [2017, and references therein).

Observations of relics provide the evidence of the presence of ~ uG level magnetic
fields and relativistic particles in cluster outskirts. They provide evidence for the
acceleration of relativistic particles at shock fronts at large distance (Mpc scale)
from the cluster centers (Bruggen et al. 2011)).

Relics shows quite steep integrated spectra, while spectral index maps highlight
spectral steepening, indicative of particle aging, toward the cluster center (e.g.
Bonafede et al., 2009, 2012; van Weeren et al| 2010; |de Gasperin et al., 2015;
Hoang et al., [2018)).

A single power-law is usually adopted to fit the spectra of relics, and it is still under
discussion whether a spectral curvature is present at frequencies 2 2 GHz (see Stroe
et al., 2013}, 2014} 2016).

There is broad agreement on the hypothesis that radio relics are connected with
shocks (e.g. Briggen et al., [2012; Brunetti & Jones, [2014)). The evidence includes
(i) the arc-like morphology and peripherial location of some relics, which is consis-
tent with numerical simulations of clusters shocks, (ii) the radial spectral gradients
and/or spectral curvature, suggesting that the relativistic electrons gain energy at
the shock front and lose energy after the shock passage, (iii) the high degree of
linear polarization, indicating a magnetic field aligned whithin the shock plane and
(iv) the existence of double radio relics, interpreted as tracers of shocks moving
outward after an head-on cluster merger in the plane of the sky. The consolidation
of the relic-shock connection is supported by the detection in the X-rays of shock
fronts underlying some radio relics (Akamatsu & Kawahara), 2013; Shimwell et al.|
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2015; |[Eckert et al.l 2016). Although it is clear that shocks play a fundamental role
in the formation of radio relics, the details of mechanisms generating the relativistic
electrons are still under debate.

Abell 1612

Tootbrush Cluster

21

45
18

g g
=] - =B
& 13 5
g g
a ]
12! 51’
+42°08' 54
04mo0s 455 305 155 03mo0s 6h02m45s 12s 48mo0s 485 36 12h47m24s
RA (J2000) RA (J2000)
Abell 3411-3412 Abell 168
1724 :
S
27
30'
z 5
[=3 (=1
= & =
o o
; di
g = g
18"
35
+0"12 .
39’ :
245 1zs 42mios 485 Bhalm3a6s 16mo0s 30s 15mo0s 30s 1h14mios
RA (j2000) RA {|2000)

Figure 1.8: Examples of cluster radio shocks from van Weeren et al. 2019. The radio
emission is shown in red and the X-ray emission in blue. Toothbrush Cluster: LOFAR
120-180 MHz and Chandra 0.5-2.0 keV. Abell 1612: GMRT 610 MHz and Chandra 0.5-2.0
keV. Abell 3411-3412: GMRT 610 MHz and Chandra 0.5-2.0 keV. Abell 168: GMRT 323
MHz and XMM-Newton 0.4-2.3 keV.

1.5.4 Mini-halos

Radio mini-halos have sizes of ~ 100-500 kpc and are found in relaxed cool core
clusters (see van Weeren et al., 2019), with the radio emission surrounding the cen-
tral radio loud BCG (Giacintucci et al., 2014; |Gitti, [2015; (Giacintucci et al., [2017)).
The sizes of mini-halos are comparable to that of the central cluster cooling regions.
They have in common with halos and relics a low surface brightness and a steep
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spectrum. An example of radio mini-halo is the diffuse source in the Ophiucus
cluster (Govoni et all [2009; Murgia et all, 2010 see Fig. [1.9).

Radio mini-halos have 1.4 GHz radio powers in the range of 10?3 —10% WHz!. The
most luminous mini-halos known are located in the clusters PKS0745-191 (Baum
& O’Deay, 1991) and RXJ1347.5-1145 (Gitti et al., 2007).

Their emission originates from relativistic particles and magnetic fields which are
believed to be mixed with the thermal ICM. This physical characteristic can be
used to distinguish mini-halos from other kind of steep spectrum radio sources in
clusters such as radio bubbles related to AGN activity.

There are some difficulties in the classification of mini-halos, their relatively small
angular size combined with a possibly strong emission of the central radio galaxy
complicates their detection. Despite these observational difficulties the number of
known mini-halos has steadily been increasing (Gitti et al., 2006; Doria et al., 2012}
Giacintucci et al. 2011} 2014, |2017)).

The origin of these sources is still poorly known, one possible explanation is that
mini-halos result from a relic population of relativistic electrons reaccelerated by
MHD turbulence via Fermi-like processes, the necessary energetic being supplied
by the cool-core region. This is supported by the correlation observed between the
mini-halo radio power and the cooling rate power (Gitti et al., 2004; |Mazzotta &
Giacintucci, [2008)).

Cool-core clusters are generally considered relaxed systems but, when analyzed in
detail they sometimes reveal peculiar X-ray features in the cluster center which may
be indicative of a link between the mini-halo emission and some minor merger activ-
ity. Another last consideration regards the sloshing process: cold fronts associated
to the core gas sloshing have been observed in some clusters hosting a mini-halo.
Thus, the possible explanation is that gas sloshing may generate turbulence in the
core, which in turn may reaccelerate the relativistic electrons necessary to form
mini-halo (ZuHone et al., 2011, [2013)).
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Figure 1.9: Total intensity radio contours of Ophiuchus overlaid on the Chandra X-ray
image in the 0.5 - 4 keV band from Govoni et al.| (2009).

1.6 Radio galaxies in galaxy clusters

In addition to the diffuse emission related to the ICM, the radio emission in galaxy
clusters is from radio galaxies, associated both to the star formation or AGN mech-
anisms.

Radio galaxies show different properties in connection with the environment in
which they are located (Dressler], [1980; Butcher & Oemler| 1984; Dwarakanath &
\Owenl, [1999; Owen et al., [1999; |Poggianti et al., |1999; Venturi et al., 2001} |Condon|
et all [2002; Branchesi et al., [2006; Mauch & Sadler], 2007; Mahony et al., 2016).
Among the radio galaxies in clusters, the so-called Brightest Cluster Galaxies (BCG)
occupy a special location, being the most massive and centrally located galaxies with
radio properties strongly connected to the host cluster (Best, [2007; Cavagnolo et al.,
2009; Kale et al., 2015). We refer to Chapter 2 for the analysis of a sample of eleven
BCGs from ten selected galaxy clusters.

Crucial information on the cluster dynamics and on the interaction between the
radio plasma and the ICM can be derived from radio galaxy populations
turi et al., 2000; Biviano, 2001; Branchesi et al., 2006; Di Gennaro et al., 2018).
The external gas can interact in different ways with a radio source: modifying its
morphology via ram-pressure, enhancing star formation, feeding the central AGN,
confining the radio lobes and exerting stripping effects on the galaxy’s gaseous com-
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ponent (see van Gorkom, 2004, for a review).

There are different classes of radio galaxies with various structures and morpholo-
gies; of fundamental importance for their formation and evolution is the presence
of the intracluster gas and of cluster mergers (Ledlow & Owen, [1996; Owen et al.|
1999; Dwarakanath & Owen, 1999; Venturi et al., 2000}, [2001; (Giacintucci et al.|
2004).

In the last years our knowledge of the environment of radio galaxies has greatly
improved thanks to the high sensitivity achieved by X-ray satellites (Markevitch &
Vikhlinin, 2007; Venturi et al., [2008; |[ZuHone et al., 2013} (Giacintucci et al., |2014],
2017).

The effect of the gaseous environment on the extended radio sources can be inves-
tigated in detail. The ICM within merging clusters is likely to be in a turbulent
dynamical state which may have a significant effect on the radio source morphology
and the evolution of clusters radio galaxies (see |(Oemler, 1977; Butcher & Oem-
ler, [1978b; [Feretti & Venturi, 2002; van Gorkom| 2004; |Di Gennaro et al., 2018]).
Mergers generate expansion shocks in the ICM through which individual galaxies
may pass. In doing so, they will experience an increase in ram pressure which can
induce a burst of star formation changing the observed galaxy’s colours and stellar
content. The ram pressure may also strip the galaxy of its gas content reducing the
potential for future star formation and thus altering the galaxy’s observed colour
and morphology.

1.6.1 FRI and FRII

The radio emission originating from individual elliptical galaxies frequently extends
well beyond the physical size of the host galaxy (> 100 kpc). Radio galaxies with
different luminosity have quite different radio morphologies on kiloparsec scale.

A very important morphological classification of extended radio structures was made
by Fanaroff & Riley (1974) who classified radio sources into two categories, pointing
out the fact that low power radio galaxies tend to be brighter close to their nuclei,
whereas high power ones are brighter at their outer extremities. These two classes
are the so-called FRI and FRII respectively, and they are also known as edge dark-
ened and edge brightened. FRI sources have a radio power P4 < 10*5W Hz1
whereas FRII have P4 > 10**5W Hz~! (Fanaroff & Riley, 1974; Owen & Ledlow,
1994]).

Cluster radio galaxies are mostly FR I (Fig. [L.10]), so they are edge darkened with
low radio power and low brightness lobe. FR Is are associated to giant elliptical
galaxies (de Ruiter et al., [1990; Hardcastle et al., |1998) while FR IIs are identified
with galaxies of lower optical luminosity and exist in poorer clusters (Prestage &
Peacockl, [1988; [de Ruiter et al.; [1990). FR I sources are typically found in regions
of significantly enhanced galaxy density, whereas FR II sources appear to differ in
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their cluster environments only marginally from elliptical galaxies drawn at ran-
dom from the whole population. In general, cluster radio sources are characterized
by complex structures, with prominent distortions resulting from the interaction
between the radio emitting regions and the ambient gas (Parma et all [1999; van
Gorkom), [2004; [Liuzzo et al.; 2009; Di Gennaro et al., |2018). A common morphol-
ogy is represented by the so-called tailed radio galaxies, i.e. FR I sources where the
large scale low-brightness emission is bent in the same direction, forming features
similar to tails. These radio galaxies are classified into two classes: narrow-angle
tailed sources (NAT'), which are "U" shaped, i.e. they have a small angle between
the tails (O’Dea & Owen, 1985), and wide-angle tailed sources (WAT), which are
"V' shaped, i.e. with a larger angle between the tails (Miley, 1980; |Burns, [1998;
Feretti & Venturi, 2002)). We discuss this kind of sources in the next Section. FR
ITs radio galaxies present a marginal distortion and only in weak structures.

[

Figure 1.10: The radio galaxy 3C449 is an example of a FRI radio source. The structure
consists of two opposite jets, emanating from the central nucleus, and two extended lobes
of low brightness.
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1.6.2 Narrow-angle tailed radio galaxies (NAT)

Radio galaxies located in dense environments, often show prominent and complex
distorted radio structure (Giacintucci & Venturi, 2009). The most striking example
of the interaction between the ICM and radio sources is provided by the so-called
head-tailed, or NAT, sources (Rudnick & Owenl|, 1976). This class of radio galaxies
presents radio jets which are bent at extreme angles, from their original orientation.
They have a luminosity typical of FRI sources and are identified with cluster galaxies
located at any projected distance from the cluster center. Generally the NAT radio
sources show a very high degree of polarization in the tails, up to 40 —50%, with the
intrinsic magnetic field parallel to the tail direction. The typical age of the electron
populations at the end of the tails, derived from the spectral index analysis, is
around 5 x 107 years (see [Feretti & Venturi, [2002, for a review). The prototypical
example of a NAT radio source is NGC 1265 in the Perseus cluster (Wellington
et al., 1973). The standard model used to explain the peculiar morphology of the
NATSs galaxies is the ram pressure model: jets are curved by ram pressure due to
the high-velocity host galaxy moving through the dense ICM (Miley et al., [1972;
O’Dea & Owen, [1985; |Di Gennaro et all 2018), whereas the low brightness tails
are material left behind by the galaxy motion and trace the projected trajectory
of the galaxy whithin the cluster. The bending is described by the Euler equation
(Begelman et al., |1979; |Jones & Owen, |1979):

()

where R is the curvature radius, p; is the density of the jet, p. the density of the
external medium, v; is the velocity of the jet and v, the dispersion velocity of the
galaxy and h is the scale height over which the ram pressure is transmitted to the
jets. Thus, from the jet bending important constrains on both the jet dynamics and
the ICM can be placed (Terni de Gregory et al.| 2017). Bends can occur very close
to the nucleus, indicating that the bulk of interstellar medium has been stripped
by the galaxy during its motion.

Studies on the properties of nearby, rich clusters of galaxies revealed that NATs are
preferentially found in clusters with X-ray substructure (Bliton et al., 1998); more-
over NAT galaxies tend to have, on average, velocities similar to those of typical
cluster members, instead of high peculiar motions expected if NATs were bent from
ram pressure. Since NATs are associated with dynamically complex clusters with
possible recent or ongoing cluster-subcluster mergers, it has been also proposed that
the "U" shaped morphology could be produced, at least in part, by merger-induced
bulk motion of the ICM bending the jets. As concern the direction of the tails,
some analysis found that the direction of NAT tails are consistent with random
orientations in clusters (Bliton et al., 1998)); however, it is possible to note that
some clusters show tailed radio galaxies with the tails oriented in the same direc-
tion (Feretti & Venturi, 2002, for review). This would support the interpretation
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that bulk gas motion plays a role in the formation of the tailed morphology at least
in some clusters.

1.6.3 Wide-angle tailed radio galaxies (WAT)

Wide-angle tailed radio galaxies were originally defined by Owen & Rudnick! (1976])
as "V" shaped radio sources consisting of two, straight and narrow jets that flare
into broad tails (see Fig. [L.11]).

Like in NATs, the tails usually extend in a common direction, although forming a
much wider angle between them. They are typically associated with ¢D or giant el-
liptical galaxies at the centers of cool core clusters (O’Donoghue et al.,|1990). They
show a radio luminosity in the range between 10%? to 10*® ergs~!, an intermediate
value between FRI and FRII. A peculiar characteristic of their jets is that they
display a pronounced and abrupt transition from the well-collimated small-scale
flow to the extended large-scale lobe structure. This transition is usually identified
with a brightness flaring point, where the flow sudden expands by a factor of 3-10
(O’Donoghue et al., [1993]). The prototypical example of WAT is 3C465 (Eilek et al.|
1984)).

Polarization properties and source radiative ages are similar to those of NATs.

Figure 1.11: The radio galaxy 3C465 is the prototypical example of wide-angle tailed
galaxies with ”V” shaped radio jets [Eilek et al. (1984).

From optical studies it is derived that WAT galaxies are generally moving very
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slowly, typically less than 100 kms™!, relatively to the cluster velocity centroid.

Such slow motion is insufficient to bend the jets or tails of WATSs to their observed
curvature by ram pressure. In fact, typical velocities required to provide the neces-
sary ram pressure to bend the jets are about 1000 kms™!, assuming typical central
gas densities of ~ 1073cm™3. Also, it was proposed that jets could be deflected
by collisions with dense clouds in the ICM (Eilek et al. |1984), although there is
a problem since this process has difficulty in producing the large-scale symmetric
structure of WATs. Therefore, WATs must be shaped, at least in part, by other
ram pressure gradients not arising from motion of the host galaxy.

It has been suggested that the galaxy motions required to bend WATSs by ram pres-
sure are a by-product of mergers between clusters (Pinkney] 1993} Loken et al.
1995; Roettiger et al., [1996; |(Gomez et al., [1997).

In the hypothesis that the gas is not in a static condition, the "cluster weather"
(Burns, 1998; |Feretti & Venturi, |2002; Di Gennaro et al., 2018) is invoked to ex-
plain the morphology of these galaxies. Major perturbations in merging clusters
include shocks, turbulence and bulk flows; during the collision of a cluster with a
second comparable system, the two gaseous components will rapidly dissipate their
kinetic energy, merging into a single structure. The radio galaxy, on the other hand,
will not be decelerated at the same rate as the surrounding ICM, being essentially
a collisionless system. Therefore, the motion of the galaxy relative to the ICM will
generate the ram pressure necessary to bend the radio jets. Numerical simulations
presented by |[Roettiger et al.| (1993]) support this idea.

If the merger hypotesis is true, one expect WAT clusters to exhibit other merger
signatures, such as elongation of the X-ray morphology in the same direction as
the radio tails, absence of cooling flows and velocity substructure. All of these are
indeed observed. In addition to the effect of cluster merger, because the fact that
the jets lie inside the potential of the surrounding cluster of galaxies, one would
expect gravitational forces to affect their dynamics. In particular, if the jets are
less dense than their surrounding, then buoyancy forces may play a role in bending
the outer radio structures into directions of decreasing external gas pressure.

1.7 Statistics of radio sources: the Radio Lumi-
nosity Function

The high density of galaxies within clusters, especially in the innermost cluster
regions, and the peculiar velocities of galaxies, most extreme in merging clusters,
enhance the probability of galaxy-galaxy interactions (Feretti & Venturi, [2002).
These conditions raised the question whether cluster galaxies have enhanced the
probability of developing a radio source, or if they tend to have more powerful and
long lived radio emission.
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A powerful statistical tool to adress these questions is the Radio Luminosity Func-
tion (RLF).

RLF was defined for the first time by |Longair| (1966) as “the distribution of radio
luminosity among a complete sample of galaxies within a unit volume at a given
cosmological epoch”; p (P, z). Later, a fractional Luminosity Function was intro-
duced and estimated by many authors (Fanti, |1984; |Ledlow & Owen, |1996; |Stocke
et al., |1999; Venturi et al., 2000l 2001; |Branchesi et al., [2006; Mauch & Sadler}, |2007;
Kale et al. 2015)), defined as:

fi(P,z) = pi(P, 2)/ $i(2) (1.21)

where ¢;(z) is the density of objects of a particular class 7 at the epoch z.
From an operational point of view, we can express the fractional RLF as the prob-
ability that a galaxy in a defined sample at a given epoch emits with radio power
in the interval P 4+ dP:

n(AP)
where n and N are respectively the number of detected radio galaxies in the radio
power interval AP; and the total number of optical galaxies which could have been
detected in the same power bin.
In order to take into account the correlation between the optical and radio prop-
erties of galaxies, it is possible to define a Bivariate Luminosity Function, which
represents the probability that a galaxy with magnitude in the range M + dM be
radio emitting in the radio power range P + dP (Fig. [1.12).
The influence of the environment on the radio properties of galaxies should reflect
on the Radio Luminosity Function, changing either its shape, its amplitude or both
(Venturi et al., 2000} 2001; Branchesi et al., |2006; |[Kale et al., [2015)). In particular,
it is reasonable to expect that any difference in the radio properties of a sample of
galaxies should be reflected in the shape of the RLF or in the power cutoff. Indeed it
is very useful to compare RLFs in different environments and at different redshifts,
which is one of the main goals of this thesis work.
Literature results show that the most relevant parameter that counts in the shape
and in the cut off is the optical magnitude: i.e. brighter galaxies have a higher
probability of developing a radio galaxy within a given power range. The radial
distribution of radio galaxies in rich clusters reveals a segregation effect, i.e. pow-
erful radio sources are centrally peaked (more than 50% of radio galaxies with
logP1.4gH. = 24.5 are located within 0.2 R 4 from the cluster centre), and the distri-
bution flattens at lower powers. This could, at least in part, reflect the segregation
in the optical, and could be interpreted as due to the fact that brighter galaxies,
which have a higher probability of producing a powerful radio galaxy, tend to be
more concentrated towards the cluster centre (Auriemma et al., 1977, Fanti, [1984;
Ledlow & Owenl, 1996).
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Apparently, the enhanced probability of galaxy interaction in merging clusters seems
to not have effects on the probability of galaxies to develop a radio active AGN in
their centre (Bardelli et al., [1998; [Venturi et al., |2000, 2001)). Moreover, it seems
that no evolution is found out to redshift z ~ 0.8 (Stocke et al., [1999). Whether
cluster mergers have any influence in triggering the radio emission in galaxies, the
influence of local and large scale environment and if there is any relation with the
cosmological epoch are still open questions. Therefore it is important to pursue the
investigation on large samples and down to lower power limits, in local Universe
and at higher redshifts.
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Figure 1.12: The bivariate Luminosity Function for elliptical galaxies given in Ledlow &
Owen (1996). The magnitudes are computed in R band.

1.8 Clusters magnetic fields

Thanks to the new observational techniques and the improvement of interpretative
models, today the understanding of magnetic fields associated with the intracluster
medium has advanced significantly (Bonafede et al., 2010, 2011; Bonafede, 2015]),
and the presence of puG-level magnetic fields in clusters of galaxies is now widely
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acknowledged.

Most of what is known regarding clusters magnetic field derives from the study of
cluster diffuse radio sources and Faraday Rotation Measures (Fig. of polarized
radio galaxies located inside or behind galaxy clusters (Feretti et al., [2012).

Radio halos are objects through which large-scale magnetic fields are studied: they
reveal magnetic fields spread over extremely large volumes. Moreover, the bright-
ness fluctuations and polarization level of radio halos are strictly related to the
intracluster magnetic field structure.

The most promising technique to derive a detailed view of the intracluster magnetic
fields on small spatial scales is the analysis of the Faraday rotation of radio galaxies
located inside and beyond clusters. The Farady effect is the rotation suffered by
linearly polarized radiation traveling through a magnetized plasma. The intrinsic
polarization angle v is rotated by an amount:

A =) —1pyg = N2RM (1.23)

where A is the radiation wavelenght while RM is the so-called Rotation Measure.
The rotation measure is defined as:

L
RM =812 / neB.dl [radm=?] (1.24)
0

where n, is the thermal electron density in ecm =2, B, is the magnetic field compo-
nent along the line of sight in 4G, and L is the path lenght through the plasma in
kpc (Burn, [1966)).

With multi-frequency observations of a polarized radio source embedded in or be-
hind a galaxy cluster and then by a linear fit of the A\*.-law in the equation it is
possible to estimate the RM along that direction. By knowing the RM and given a
model for the distribution of the thermal electrons (e.g. from X-ray observations)
the intracluster magnetic field can be inferred. But it has to be taken into account
that the magnetic field is turbulent and random, so inverting equation is not
straightforward even in the cases of simple electron density distributions.

There are various techniques to analyze and interpret the RM data, one of them
is the RM Synthesis (Brentjens & de Bruynl 2005)), which uses the RM transfer
function to solve the nm ambiguity related to the RM computation, and allows to
distinguish the emission as a function of Faraday depth. With this technique de-
tailed RM images of extended radio sources have been obtained; the observed RM
fluctuations indicated that the intracluster magnetic field is not regularly ordered
but turbulent on scales ranging from tens of kpc to < 100 pec.
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Figure 1.13: The Faraday effect: for the study of cluster magnetic field it is considered
the Faraday rotation of radio sources in the background of the cluster.
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Chapter 2

Brightest Clusters Galaxies

Brightest Cluster Galaxies (BCGs) are the most massive and luminous elliptical
galaxies in the present-day Universe (Lauer et al., 2014, for reviews). They are
typically located at the center of galaxy clusters, often but not always found near
the bottom of the cluster’s gravitational potential well (Donahue et al., 2015]).
BCGs generally sit close to the X-ray peak of their hosting cluster. They typically
have small peculiar velocities relative to the cluster mean (see Lauer et al., |2014)).
The first studies of BCGs focussed on their high luminosity that has small disper-
sion, which makes them "standard candle" (Hoessel, |1980). This is just one of the
very peculiar properties of these galaxies.

The reason why the BCGs are so special is because their formation and evolution is
linked to the physical mechanisms of galaxy cluster formation and evolution (Lauer
et al.,[2014)). The properties of BCGs differ from those of the other elliptical galaxes
and surely they experienced a different evolution (Poggianti et al., [1999; De Lucia
et al., [2007; De Lucia & Blaizot, |2007; [Fasano et al., 2010).

Cannibalism, whereby a BCG sitting in the middle of the cluster potential tends to
engulf and merge with its neighbors, has been invoked to explain the high luminos-
ity of these systems (e.g. Ostriker & Tremaine, |1975; [Hausman & Ostriker| 1978;
Richstone, 1975), but it remains unclear why this leads to such uniform properties,
expecially when we know that many clusters undergo interactions and merging.
BCG growth by cannibalism does appear to take place in clusters at some level
(Lauer| 1988); however, dynamical arguments suggest that most of the BCG as-
sembly takes place outside the cluster (Merritt, [1985]).

The position of the BCG with respect to the cluster center gives an important in-
formation about the evolutionary state of both the galaxy and the cluster (Rossetti
et al.,2016). In short, in many ways the BCG reflects the environment of the cluster
that hosts it.
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2.1 General properties of BCGs

2.1.1 Kinematic and photometric properties

The average luminosities of BCGs have been known for a long time to have small
dispersion, allowing these galaxies to be used as "standard candles" (see [Lauer
et al., 2014}, for reviews). An important refinement of the use of BCGs as distance
indicators was developed by Hoessel (1980): the physical concentration of the BCGs
is expressed in terms of «, i.e. the logarithmic slope of the variation of L,,, defined
as follows:

a = dlogL,,/dlogr|r,, (2.1)

where 7, is the metric radius and L, is the metric luminosity (the luminosity within
the metric radius, also called M,, in Lauer et al. 2014).

The L,,-a relationship showed that « initially increases with L,,, then plateaus for
the more luminous BCGs (Fig. 2.1). The « is used to predict L,,, which in turn is
used as "standard candle" to infer the distance of the BCGs.

The metric luminosity L,, correlates with o, the central stellar velocity disper-

sion. In particular the slope of their relation has the same trend as for the Faber
& Jackson relation o oc L'/* for normal elliptical galaxies (1976). This suggests
that the central portion of the BCG within r,, has a "normal" relationship between
o and L, in contrast to that between the total L and o (Lauer et al.; 2007). The
structure and the luminosity of BCGs may be tied to the properties of the clusters
as traced by the temperature and the luminosity of the associated X-ray emitting
gas. Lauer et al.| (2014) found that the BCG luminosity also correlates with the
cluster velocity dispersion (see Fig. , which can serve as a proxy for cluster
X-ray luminosity, Ly, given the relationship between the two cluster parameters.
There is a relation between « and o, that echoes the relation between the shallow-
ness of the BCG surface brightness profile and the cluster X-ray luminosity seen by
Schombert| (1988) and Brough et al.| (2005)).
The relation between L,, — o — o offers a BCG-based distance indicator with the
effects of the cluster environment removed. Both the metric luminosity and struc-
ture of the BCGs may also be related to the peculiar velocities of the BCGs within
their hosting clusters.

2.1.2 The position of BCGs within the cluster

The position of the BCG with respect to the center of the cluster gives an important
information about the evolutionary state of both the galaxy and the cluster (Nipoti
et al. |2003; Rossetti et all 2016). Martel et al. (2014)) emphasize that the BCG
offset from the cluster center of mass, as well as the velocity offset is a signature
of the assembly of galaxy cluster by hierarchical merging. The BCG itself may be

o8



24 ——T T T
[ 3500
*300=20<350 i
+250=20<300 .
*g<250 :
elUnknown ]
-23.5 |
23
£
=
225
22
. P R BRI RS S
0 02 0.4 0.6 0.8 1 1.2

a

Figure 2.1: Relationship between the metric luminosity M,, and a for BCGs. See

for more details.

introduced as part of an infalling group into the cluster. A key point is that the
galaxies, the X-ray gas and the dark matter halo of the cluster all have different
mechanisms and time scales for relaxing after cluster mergers.

The parameter « defined above (2.1) correlates with the offset of the BCG within
the cluster relative to the X-ray center (Fig. : « is larger for BCGs closer to
the center of their clusters, consistent with Ascaso et al. (2011).

Hausman & Ostriker| (1978)) argued that dry mergers (i.e. dissipationless) would
cause little central growth of the BCGs, a phenomenon also seen in merger simula-
tions.

The global picture is that the bulk of any given BCG is largely assembled outside
of the cluster, before the galaxy is accreted by the cluster.

2.1.3 Star Formation vs AGN activity

The radio emission in galaxies could essentially be due to AGN activity or to Star
Formation (SF) activity. Nowdays, the interplay between the two mechanisms is
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Figure 2.2: The cluster velocity dispersion is plotted as a function of BCG metric lu-
minosity M, (left panel) and « (right panel). The red crosses give the median velocity
dispersion for each 0.25 mag in M,, or 0.2 bin in «. Both parameters increase with
velocity dispersion. See (Lauer et al., 2014]) for more details.

still a matter of debate. The radio emission from BCGs is mainly due to the AGN
activity, however, there is strong observational evidence that SF is not negligible
(Fig. [2.4), expecially in cool cores (Fogarty et al. 2015 Donahue et al. 2015]).
Donahue et al.| (2015) exploit the opportunity provided by rest-frame UV imaging
of galaxy clusters in the CLASHF_-] project to reveal the diversity of UV morpholo-
gies in BCGs and to compare them with simulations of the cool, star-forming gas
structures produced by precipitation-driven feedback (Fig. .

All the CLASH BCGs are detected in the rest-frame UV (280 nm). Ultraviolet
morphologies among the BCGs with strong UV excesses exhibit distinctive knots,
multiple elongated clumps, and extended filaments of emission that distinctly differ
from the smooth profiles of the UV-quiet BCGs. From CLASH UV images star-
formation rates were found up to ~ 80 Myyr~!. [Fogarty et al.|(2015) found values
up to ~ 100 Myyr~!, considering also Ha + NI emission.

The core entropy Ky, defined in Chapter 1 (1.16), is a proxy for the existence of a
cool core in a galaxy cluster (Hudson et al.| 2010; |Giacintucci et al., |2017)).
Coupling their data with Chandra X-ray measurements, Fogarty et al.| (2015)) infer
that the star formation occurs in low-entropy cluster cores and exhibits a correlation
with gas properties related to cooling. SFRs derived in their sample are correlated
with the X-ray properties of the ICM.

The BCG activity is observed to occur only in clusters where K is < 30 KeV cm?

ICluster Lensing and Supernova Survey with Hubble;
http://archive.stsci.edu/prepds/clash/
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Figure 2.3: From [Lauer et al.|(2014)): the metric luminosity M,, and « are plotted as a
function of distance of the BCG from the X-ray defined center of the cluster. Solid black
symbols indicate clusters with ROSAT measurements, while the open red symbols indicate
cluster with Chandra-based X-ray centers. Little dependence on M, with distance from
the center is seen, while « increases with decreasing distance.

(Cavagnolo et al., 2008; Hoffer et al., 2012; Giacintucci et al., 2017)). In Donahue
et al. (2015) a similar entropy threshold was found for the UV-NIR color of CLASH
BCGs, indicating that the threshold does not change substantially out to z~0.5.
Fogarty et al. (2015 demonstrate that a tight correlation exists between reddening
corrected SFRs and Kj. Specifically, all of the BCGs with a SFR > 10 Myyr—!
have a core entropy consistent with a value < 30 KeV cm?.

The star formation activity in BCGs is a diagnostic of the amount of the ICM
plasma that cools into molecular gas, while the AGN activity, is invoked to provide
the feedback necessary to quench cooling flows in the ICM (McNamara & Nulsen),
2007 [Voit et al., 2015)).

2.1.4 Properties of BCGs at redshift 0.2 < z < 0.4

The BCGs selected in my sample and discussed in the next Section are in the red-
shift range between 0.2 < z < 0.4. At this stage the mergers are typically dry, i.e.
dissipationless, which means that they do not involve a large amount of gas (see De
Lucia et al., 2006).

It is thought that star formation at this redshift is not the main mechanism by
which mass accretes in these galaxies (Cooke et al., 2016). They found no corre-
lation between SFR and stellar mass (Fig. [2.6) neither between stellar mass and
redshift (Fig. [2.7)).
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Figure 2.4: Color composite images of amongst the most active star forming BCGs of
RXJ1532.94-3021 (2z=0.363) on the left and MACSJ1931.8-2653 (z=0.352) on the right.
The latter is deeply discussed in this thesis. From |Fogarty et al.| (2015).

However, the values of the SFR found by (Cooke et al.| (2016]) are not coincident
with what found by [Fogarty et al.| (2015]).

From the radio analysis, |Cooke et al. (2016) found that the BCGs are radio loud,
and that the upper limits are one or two order of magnitude above the radio powers
expected if due to solely to star formation (Fig. . This suggest that the radio
emission is being powered by the AGN in these galaxies. The maximum observed
radio power increases with galaxy mass. This suggests that the source of fuel for
AGN activity correlates with galaxy mass. |Cooke et al. (2016) conclude that, in
BCGs, the cold gas is the responsible of the fueling of both the AGN and star for-
mation activity. SF is not the main mechanism by which mass accretes in BCGs,
even if it is not negligible, expecially in cool cores. (Fogarty et al., 2015} Donahue
et al., 2015)).

2.1.5 Radio properties of BCGs

From the radio point of view, the emission from BCGs is expected to be mainly
AGN contribution dominated.

Cooke et al| (2016]) observed that radio powers and upper limits of BCGs are 1-2
orders of magnitude above the radio powers expected if due solely to star formation
estimated following |Condon| (1992). This suggests that the radio emission is being
powered by the AGN in their sample (see Fig. [2.8].

BCGs host super massive black holes in their center. They show core emission and
often extended emission, well beyond the optical envelope, in terms of jets that rep-
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resent the feedback mechanism to the cluster medium. This emission sometimes is
bent forming a C-shaped Wide Angle Tailed glaxy, as for example the prototypical
case of 3C465 at the center of A2634 (Eilek et al., [1984). WAT radio galaxies are
only found in association with brightest cluster galaxies (Feretti & Venturi, 2002]).
The typical radio power of BCGs is intermediate between the FRI and FRII radio
galaxies (Kale et all 2015 Fig. [2.9). They found that radio loud BCGs are consid-
erably more common in relaxed clusters (71 % against 29 % in merging clusters).
Conversely, radio-quiet BCGs are more common in merging systems (81 % to be
compared to the 19 % in relaxed clusters).

Previous studies relate the radio emission to the cluster properties. [Best| (2007)
found that the fraction of radio loud BCGs depends on the optical luminosity or
the stellar mass of BCGs, but not on the cluster velocity dispersion. [Ma et al.
(2013)) found that the radio power is higher in more massive clusters and at higher
redshifts, which implies possible redshift evolution of BCG radio emission power.
More fundamental studies of the BCGs radio emission and their dependence on
cluster properties should consider the radio luminosity function, which is a mea-
sure of the variation of BCG space density wih the radio luminosity. The radio
luminosity functions for AGNs and for star-forming galaxies have been found to be
very different (Mauch & Sadler, 2007; Kale et al., 2015; [Yuan et al., |2016) but no
significant variation is found with the redshift (Fig. .

Yuan et al.| (2016) performed a study considering the largest complete sample of
BCGs taken from the NVSS and FIRST surveys to study the possible dependence
of BCGs radio emission on BCGs properties and cluster environment. From the
radio lumiosity function analysis, their result is that the most powerful BCGs are
associated with optically bright BCGs in relaxed clusters.

The same result is obtained by [Kale et al.| (2015)): they calculated the fractional
radio luminosity function for two subsamples of merging and relaxed clusters taken
from the EGRHS (Venturi et al. 2007, 2008; |Kale et al., 2015). BCGs in relaxed
clusters show a significantly higher probability to be radio loud than those in merg-
ing systems.

The results obtained by Kale et al.| (2015) are the starting point of the radio anal-
ysis of the BCGs in my sample. The goals are: (i) to investigate the correlation
between the BCGs radio emission with the cluster properties, and (ii) to discrimi-
nate between the contribution to the radio emission given by AGN activity or Star
Formation activity. Starting from these results I performed an analysis onto a sam-
ple of eleven BCGs exploiting the overlap between CLASH and EGRHS samples.
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Figure 2.5: From Donahue et al| (2015). The top 9 images show the central 50 kpc x
50 kpc of the 280 nm broad-band HST images for star-forming CLASH BCGs. The blue
bar indicates a 1" angul ar scale. The bottom 9 images show gas-temperature maps with
similar physical scales from a simulation of a single BCG in which precipitation of cold
clouds out of the CGM triggers jets from the central AGN.
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Figure 2.7: BCG stellar mass versus redshift from |Cooke et al.| (2016). There is no trend
of stellar mass with redshift over the range z= 0.2-0.7.
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Figure 2.8: FIRST and NVSS 1.4 GHz rest frame emission assuming a=0.75 versus star
formation rate from [Cooke et al. (2016). The representative radio emission due to a star
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Figure 2.10: Radio luminosity functions from [Yuan et al.| (2016) of BCGs in their sample
compared with radio luminosity functions of star-forming galaxies and AGNs obtained

by Mauch & Sadler| (2007)); Best & Heckman| (2012). No evolution with redshift can be

found, consistently with previous results.
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2.2 Radio properties of the BCGs in a subset of
CLASH and EGRHS Clusters

In the first part of the thesis work I performed a morphological and a radio analysis
on a sample of eleven BCGs which belong to ten galaxy clusters in the redshift
range between 0.2 < z < 0.4 (which is the redshift limit of the EGRHS). They were
selected because of the strong overlap between the radio EGRHS (Venturi et al.|
2007, |2008; [Kale et al., 2013|, 2015)) and the optical CLASH (Postman et al., 2012)
surveys.

The radio properties of the BCGs are strongly dependent on the central properties
of the host cluster, both in the in the local Universe and at intermediate redshift
(Kale et all |2015; Di Gennaro et al., 2018). Indeed our main aim is to study the
radio properties of these galaxies in relation with the environment in which they
are located, particularly in relation with the cluster dynamical state.

Besides the radio analysis, the intent is to constrain if the radio emission, when
detected, is mainly due to the AGN activity or the Star Formation activity, since
both are present and not negligible, expecially in cool cores (Fogarty et all [2015;
Donahue et al., [2015)).

2.2.1 The sample

The targets were selected from the Extended GMRT radio halo cluster sample
(Venturi et al., 2007, 2008; Kale et al., |2015) and from the Cluster Lensing and
Supernova Survey with Hubble (CLASH; Postman et al. 2012)). There is a strong
overlap between the two surveys, moreover, a lot of ancillary data are available for
almost all of the targets.

In more details, from the optical point of view, all of them are CLASH clusters
except two: A1300 belongs to the Relicf]| (PI Coe D.) and the GCAVf| (PI Nonino
M.) surveys; A2744 is a Frontier Field clusteif]] (FF; PI Lotz J.). A2744 hosts two
central BCGs in its centre.

All the clusters selected for our analysis (except MACSJ1931, MACSJ0429 and
MACSJ1206), overlap with the EGRHS survey.

The total sample of eleven BCGs is in a redshift range between 0.2 < z < 0.4.
The clusters are also selected because they are in different dynamical state (Tab.
: A209, A1300 and A2744 are merging clusters, they show diffuse radio emis-
sion like central halos and relics. All the others are relaxed (Giacintucci et al.|
2014} Kale et al., 2015). Among the relaxed clusters, three host a certain mini-halo:
MACSJ1206, RXCJ1115 and RXCJ1532. Additionally, there is an ambiguous as-

2https://relics.stsci.edu/
3https:/ /www.eso.org/sci/observing/PublicSurveys/
“http://www.stsci.edu/hst/
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signment to the one in MACSJ1931 (this target is analyzed and discussed in detail
in Chapter 5). The presence of mini-halo in this cluster is uncertain (Giacintucci
et al., 2017). In Tab. are reported in column 1 the cluster name, in columns
2 and 3 the BCGs coordinates (J2000), in columns 4 and 5 the redshifts and the
linear scale, in column 6 the cluster dynamical state and in columns 7 and 8 the
optical and radio surveys to which they belong to. The coordinates refer to the
position of the BCG identified from the radio-optical overlays.

Table 2.1: The sample of eleven BCGs selected

cluster name RA jo000  DEC 2000 7 scale Dynamical state Optical-IR Radio
(hms) " (kpe/")
A209 01 31 52.5 -13 36 40.9 0.206 3.3 Merging CLASH EGRHS
A611 08 00 56.8 36 03 23.4  0.288 4.3 Relaxed CLASH EGRHS
A1300 11 31 54.1 -19 55 40.5 0.307 4.5 Merging Relics, GCAV EGRHS
A1423 1157173 333639.9 0.213 3.4 Relaxed CLASH EGRHS
A2744 00 14 20.6 -3024 01.4 0.308 4.5 Merging Frontier Field EGRHS
A2744 00 14 22.1 -30 24 21.8 0.308 4.5 Merging Frontier Field EGRHS
MACSJ1931 19 31 49.6 -26 34 34.0 0.352 4.9 Relaxed CLASH /
MACSJ0429 04 29 36.1 -02 53 08.0 0.399 5.3 Relaxed CLASH /
MACSJ1206 12 06 12.2 -08 48 02.4 0.440 5.6 Relaxed CLASH /
RXCJ1115 11 1552.0 0129 56.6 0.352 4.9 Relaxed CLASH EGRHS
RXCJ1532 1532 53.7 3020 58.7 0.362 5.0 Relaxed CLASH EGRHS

2.2.2 Data reduction

To perform the radio analysis, I exploited GMRT archival images at the frequencies
of 610 MHz and 323 MHz and I reprocessed VLA archival data at 1.4 GHz (L-band).
I reduced archival VLA data choosing, when possible, the A or B configurations
of the array in order to have the maximum resolution possible and pinpoint the
central emission (Tab. [2.2).

The GMRT resolution ranges from 6" to 15" (see Tab. whereas the VLA
resolution ranges from 1.3" to NVSS 45" (see Tab. [2.4)).

I reprocessed VLA archival data by means of the AIPY| package, with a standard
procedure for calibration, inspecting and editing the data with UVPLT and WIPER
tasks, calibrating them using VLACALIB task after running VLAPROCS. After at
least three self-calibrations, the final images were generated using the task IMAGR

Shttp://www.aips.nrao.edu/
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and were cleaned by interactive deconvolution. The Tables below and
the central frequency, the VLA
array configuration, the time on source and the bandwidth.

report the observational setup parameters, i.e.

Table 2.2: VLA Observational Setup

cluster name central frequency IF configuration n. antennas time on source =~ BW
(GHz) (min) (MHz)
A209 1.4 2 A 27 26 50
A611 1.4 2 C 27 38 50
A1300 1.4 2 B 22 3 50
A1423 1.4 2 A 27 6 50
A2744 1.4 2 C 27 143 50
MACSJ1931 1.4 2 A 22 82 50
MACSJ0429 1.4 2 B 26 47 50
MACSJ1206 1.4 2 B 22 3 50
RXCJ1115 1.4 NVSS NVSS NVSS NVSS NVSS
RXCJ1532 1.4 2 B 26 35 50

Table 2.3: GMRT Observational Setup

cluster name central frequency time on source BW
(MHz) (min) (MHz)

A209 610 MHz 150 32
A611 610 MHz 240 32
A1300 323 MHz 480 32
A1423 610 MHz 240 32
A2744 323 MHz 480 32
MACSJ1931 323 MHz 480 32
MACSJ0429 323 MHz 480 32
MACSJ1206 323 MHz 480 32
RXCJ1115 610 MHz 240 32
RXCJ1532 610 MHz 240 32
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2.2.3 Radio-optical overlays

To identify the exact position of the BCG, I exploited optical HST images from the
CLASH (PI Postman M.) survey [

The CLASH astrometry is based on the ground-based telescope Subaru-Suprime
and the positional error is < 0.1 arcsec. The radio positional error of our data is
on sub-arcsec scale, so we can unambiguously associate the central radio source of
our images to the nucleus of the BCG.

In Figure and following, I report the BCGs radio VLA (white) at 1.4 GHz and
GMRT (green) at 610 or 323 MHz contours overlayed on the optical HST (R,G,B
filters). According to our result, we can separate between three different cases: (i)
the BCG is not detected in the radio domain (i.e.A209, A1423 and A2744 have
no radio counterpart); (ii) the BCG is clearly visible and not surrounded by dif-
fuse emission (i.e. A611, MACSJ0429); (iii) the BCG is detected and surrounded
by a diffuse emission, a halo (i.e. A1300 GMRT), a mini-halo (i.e. MACSJ1206,
RXCJ1115, RXCJ1532) or, a possible restarted source (i.e MACSJ1931, which is
entirely analyzed in Chapter 5). In Tab. and Tab. we report the observa-
tional parameters of the final images.

Table 2.4: Observational parameters of the final VLA images

target name beam PA rms
(arcsec) () (mJy/Db)

A209 19 x12 -89 ~0.02
A611 14.3 x 13.0  35.6 ~0.03
A1300 6.7 x 4.0 1.7 ~0.05
A1423 1.3 x 1.2 -55.8 ~0.03
A2744 31.8 x 11.9  0.65 ~0.06
MACSJ1931 25 x 1.2 4.3 ~0.03
MACSJ0429 4.9 x 44 7.7 ~0.01
MACSJ1206 5.3 x 4.2 -10.5 ~0.01
RXCJ1115 NVSS NVSS NVSS

RXCJ1532 4.1 x 3.8 -16.8 ~0.01

2.2.4 Spectral analysis

Our sample is composed of eleven BCGs from ten galaxy clusters (A2744 hosts
two BCGs). We found that there is no detection in A209, A1423 and A2744. In

Shttps://archive.stsci.edu/prepds/clash/
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Table 2.5: Observational parameters of the final GMRT images

target name beam PA rms
(arcsec)  (°)  (mJy/b)

A209 13.0 x 7.5 66 ~0.04
A611 6.0 x 5.2 60 ~0.05
A1300 14.0 x 88 7.7 ~0.4
A1423 7.2 x40 76.2 ~0.09
A2744 15.8 x 84 379 ~0.1
MACSJ1931 10.1 x 6.9 -5.0 ~0.9
MACSJ0429 9.6 x 9.1 31.7 ~0.2
MACSJ1206 9.7 x 6.6 43.8 ~0.1

RXCJ1115 8.0 x4.0 0.0 ~0.09
RXCJ1532 11.0 x 10.0 51.2 ~0.07

particular, in A2744 a giant diffuse halo contaminates the discrete emission, and we
found that the BCGs are undetected even after removing the contribution of the
halo emission.

A209 and A1423 host an extended tail radio galaxy which, confirmed from VIMOS
spectroscopy (see [Yu et al., |2018), belong to the cluster. In particular, the tail in
A209 has a projected linear extent of ~ 70 kpc with the VLA at 1.4 GHz in A array,
whereas the GMRT linear projected extent at 610 MHz is ~ 250 kpc.

The tail in A1423 has a linear projected extent of ~ 90 kpc with the VLA at 1.4
GHz in A array, whereas it has a linear extent of ~ 140 kpc with the GMRT at 610
MHz.

Both the tails are located at a projected distance of few tens of kpc from the cen-
tral BCG. In more details, A1423 tail is located at 12 arcsec from the BCG, which
corresponds to a projected distance of ~ 41.2 kpc at the cluster redshift; A209 tail
is located at 17 arcsec from the BCG, which corresponds to ~ 60 kpc at the cluster
redshift.

A very interesting point would be understand the correlation between the dynami-
cal state of the cluster and the presence of such tailed radio galaxies located close to
their centre. Indeed, A209 is considered a merging cluster by Venturi et al.| (2007);
Postman et al.| (2012); Giovannini et al.| (2009)); |[Kale et al. (2015); Annunziatella
et al.| (2016); A1423 is, on the contrary, a relaxed cluster (Venturi et al., 2007; Kale
et al., 2015)).

Tailed radio galaxies are thought to be more frequent in merging clusters (Douglass
et al., 2011; Hardcastle et al., [2005), even though exceptions can occur (i.e. A1423).
In order to get information on the radio properties of the BCGs in our sample, we
performed a radio analysis estimating the fluxes and the spectral indices of the
sources. The upper limits reported for A209, A1423 and A2744 are given at 3o. All

72



36:10.0

0.0

Declination
20.0 10.0 -13:37:00.0 50.0 40.0 30.0 2

30.0

58.0 57.0 56.0 55.0 1:31:54.0 53.0 52.0 51.0

Right ascension

Figure 2.11: A209: Composite HST image (814w, f625w, f435w) with GMRT radio
contours (green) at 610 MHz and VLA radio contours (white) at 1.4 GHz. The radio
contours are drawn at 30, i.e. 0.13 mJy/b and 0.07 mJy/b respectively. The red cross
indicates the position of the BCG.

the sources are unresolved at both frequencies: we report their peak fluxes in Tab.
2.6 The estimate of the BCGs flux density is obtained by means of AIPS TVS-

TAT. RXCJ1115 VLA flux is taken from the NVSY] The flux errors are measured
according to the formula from Klein et al.| (2003)):

AF, = \/(rms)? + (cF;)? (2.2)

where the rms is the noise of the image, c is the residual calibration error (conser-
vatively assumed of 2%). The values of the spectral indices are estimated by the
equation:

lo Ay
o = ll2t) (2.3)
logio (22)
we adopted the convention:
F,xv™@ (2.4)

Thttps://www.cv.nrao.edu/nvss/
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Figure 2.12: A611: Composite HST image (814w, 606w, f435w) with GMRT radio
contours (green) at 610 MHz and VLA radio contours (white) at 1.4 GHz. The radio
contours are drawn at 30, i.e. 0.15 mJy/b and 0.09 mJy/b respectively.

where F), is the energy density as a function of the frequency v.
The errors are calculated according to the formula (Mahony et al., [2016):

1 Fl err 2 F2 err 2
E, = 7 7 2.5

where vy o refers to the frequencies, and F; 5 to the corresponding flux densities at
those frequencies.
The result of our analysis is reported in Tab.

The radio spectra of a BCG is usually decomposed into two components: the
nuclear component, related to the central AGN, and the extended component, as-
sociated with jets or lobe emission and so generated by an older population of
relativistic electrons from past nuclear activity (Brunetti & Jones| 2014; [Mazzotta
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Figure 2.13: A1300: Composite HST image (f814w, f606w, f435w) with GMRT radio
contours (green) at 323 MHz and VLA radio contours (white) at 1.4 GHz. The radio
contours are drawn at 3o, i.e. 0.15 mJy/b and 0.09 mJy/b respectively. The BCG
GMRT radio emission is blended with the halo emission.

& Giacintucci, 2008)).

From our analysis, we identified only the nuclear emission of BCGs, associated to
the central AGN. There are some cases in which the diffuse emission from a halo or
mini-halo could be responsible of a spectral steepening (i.e. A1300, MACSJ1931,
MACSJ1206).

The value of the spectral index of MACSJ0429 BCG is quite flat, indicating a very
young electron population and a strong AGN, according to the value of the radio
power (see Tab. [2.7).

The spectral index distribution is peaked at 0.7 £ 0.06 (Fig. [2.24).

In Fig. 2.21] 2.22] and 2.23] we report the spectra of MACSJ1206, RXCJ1115 and
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Figure 2.14: A1423: Composite HST image (f814w, f606w, f435w) with GMRT radio
contours (green) at 610 MHz and VLA radio contours (white) at 1.4 GHz. The radio
contours are drawn at 3o, i.e. 0.27 mJy/b and 0.1 mJy/b respectively. The red cross
indicates the position of the BCG.

RXCJ1532. The value at 150 MHz are taken from the TGSS] MACSJ1931 and
A1300 BCG spectra are reported in Chapter 5 and 6 respectively. A209, A1423,
A2744 are undetected.

The values of the spectral indices from our analysis are consistent with the fact
that these galaxies are mainly AGN powered.

In order to fully constrain the radio properties of the BCGs in our sample, we
estimated and report in Tab. [2.7the VLA and the GMRT radio powers respectively.
The radio powers are estimated from:

L =47Dy(2)?Fyy x (1 4 2)~ 49 (2.6)

In the equation, D, is the luminosity distance and « is the spectral index of the
source. The K-correction is computed as (1 + z)~(1+e).,

8http:/ /tgssadr.strw.leidenuniv.nl/doku.php
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Table 2.6: The spectral analysis

target name Fiiscrn. Fomrr v GMRT  spectral index
(mJy)  (mJy) MHz
A209 < 0.07 < 0.13 610 < 0.7
A611 0.754+0.03 1.5+0.04 610 0.8+0.09
A1300 9+0.06  44+0.9 323 1.084+0.02
A1423 < 0.10 < 0.27 610 < 1.1
A2744 < 0.18 < 0.5 323 < 0.7
A2744 ' ' 323 '
MACSJ1931 20+0.03 279+5 323 1.7+0.01
MACSJ0429  127+0.01 150%£0.2 323 0.1+0.05
MACSJ1206  130+0.01 664=£0.1 323 1.140.09
RXCJ1115 14+0.04  940.07 610 0.5+0.02
RXCJ1532 15+0.01  2440.08 610 0.6+0.16

Table 2.7: The VLA and GMRT radio powers

target name logP1.4 logPaymrr VvamRT
(W/Hz) (W/Hz) (MHz)

A209 <21.93 <22.50 610
A611 23.27 23.57 610
A1300 24.50 25.27 323
A1423 <21.91 <22.43 610
A2744 <24.17 <24.88 323
A2744 ! ' 323
MACSJ1931 25.00 26.34 323
MACSJ0429 25.87 25.93 323
MACSJ1206 25.95 26.83 323
RXCJ1115 24.80 24.88 610
RXCJ1532 24.85 25.04 610
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Figure 2.15: A2744: Composite HST image (f814w, f606w, f435w) with GMRT radio
contours (green) at 323 MHz and VLA radio contours (white) at 1.4 GHz. The radio
contours are drawn at 3o, i.e. 0.5 mJy/b and 0.18 mJy/b respectively. The red crosses
indicate the BCGs position.

The radio power ranges between 21.9 < logP; 4 < 25.9 (W/Hz) for the BCGs de-
tected with the VLA and between 22.4 < logPaarr < 26.8 (W/Hz) for the BCGs
detected with the GMRT. The values obtained are consistent with the fact that
these galaxies have a power which ranges between FRI and FRII radio galaxies
(Fanaroft & Riley, |1974; |[Kale et al., |2015)).

In Fig. is reported the histogram of the radio powers in our sample. The peak
of the VLA distribution is at logP; 4= 24.2, whereas the peak of GMRT distribution
is at logPaarrr= 24.7. The result is consistent with the trend presented in |Owen
& Laing (1989) and with the fact that, the radio power which discriminates the
transition between FRI and FRII is higher for higher optical magnitudes. Indeed
BCGs are the brightest galaxies by definition.

Even though the radio emission detected is associated to the AGN emission, Star
Formation processes are detected in BCGs and not negligible especially in cool core
clusters (Fogarty et all [2015; |Donahue et al., [2015). The interplay between these
two mechanisms is still unclear but it is of fundamental importance to better con-
strain the feedback phenomena. The analysis related to the Star Formation process
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Figure 2.16: MACSJ0429: Composite HST image (814w, f625w, f435w) with GMRT
radio contours (green) at 323 MHz and VLA radio contours (white) at 1.4 GHz. The
radio contours are drawn at 3o, i.e. 0.8 mJy/b and 0.03 mJy/b respectively.

in our sample is reported in the next Section.

2.2.5 Star Formation vs AGN emission

One of the most relevant topics of the first part of my analysis is to understand if
the radio emission from the BCGs in my sample, when detected, is mainly due to
the contribution of AGN activity or Star Formation activity.

These galaxies are giant elliptical and are very bright not only in the optical but
also in the radio domain. They host a central SMBH, so the main expectation is
that the radio emission is mainly powered by the central AGN accretion mechanism.
Indeed from our radio analysis it resulted that the emission is consistent with being
powered by a central AGN.

On the contrary, one of the most important result from [Yuan et al| (2016)) is that
the luminosity of the [OIII] 5007 forbidden line, which is a tracer of BH mass, do not
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Figure 2.17: MACSJ1206: Composite HST image (f814w, f625w, f435w) with GMRT
radio contours (green) at 323 MHz and VLA radio contours (white) at 1.4 GHz. The
radio contours are drawn at 30, i.e. 0.38 mJy/b and 0.06 mJy/b respectively.

correlate or weakly correlate with the radio power at 1.4 GHz, while these correlation
is very strong for normal elliptical radio galaxies. At least, this highlight that these
galaxies evolve in different way in respect to the normal radio galaxies. Moreover,
Donahue et al.| (2015); |Fogarty et al. (2015) show that in these galaxies there are
extended filaments in optical and UV bands, which testify that the Star Formation
activity is strong and not negligible, expecially in those galaxies surrounded by a
cool core of high pressure and low entropy (Ky < 30 + 50 keV cm™2).

In particular, Fogarty et al. (2015) show very high SFR values in the UV and Ha
bands for CLASH BCGs, some of them overcome 100M,. The highest value is
those of the BCG in MACSJ1931 where the SFR in the UV band is 280M. This
value is higher in respect to the one calculated by [Santos et al.| (2016) in IR band
from Herschel data, which is ~150Mg, /yr.

Starting from these different results, I analyzed my sample estimating, first, the q
parameter (i.e. the parameter which discriminates between the dominance of AGN
or Star Formation activity in galaxies), following|Condon et al.| (2002) method. The
q parameter is defined by (Condon et al.| (2002) as follows:
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Figure 2.18: MACSJ1931: Composite HST image (f814w, f625w, f435w) with GMRT
radio contours (green) at 323 MHz and VLA radio contours (white) at 1.4 GHz. The
radio contours are drawn at 30, i.e. 2.7 mJy/b and 0.09 mJy/b respectively.

FIR/(3.75 x 1012 H>)
Fiacu-(WHz"'m=2)

q=log

where:

FIRWm™?) = 1.26 x 107" [2.58Ss0.m (JY) + S100m(J)] (2.8)

is the far-infrared flux obtained from the IRAS flux densities at 60 pm and 100
um (see Carilli & Walter, [2013] for reviews).
In my case, I considered the flux from Herschel/PACS and Spitzer/MIPS, assuming
the same caveat as|Condon et al.| (2002)): when they do not have the 100 um value,
they consider it as the double of those measured at 60um. This assumption intro-
duces a negligible bias to the calculation, since the median value of the logarithmic
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Figure 2.19: RXCJ1115: Composite HST image (f814w, 625w, f435w) with GMRT
radio contours (green) at 610 MHz and VLA radio contours (white) at 1.4 GHz. The
radio contours are drawn at 30, i.e. 0.28 mJy/b and 0.45 mJy/b (NVSS) respectively.

ratio between the two fluxes has a small rms scatter.
In Tab. 2.§ I report the q value estimated for the targets in my sample to whom it
was possible to calculate it (no FIR is found for A1300, A2744 and A1423).

All the galaxies with q < 1.8 are more than three times more "radio loud" than
the mean for star forming galaxies and they are classified as AGN-powered (Condon
et al.l 2002). In my case, all the targets have q < 1.8 whit the exception of A209.
Indeed it has a lower limit on q > 1.4, which resulted consistent with the value of
the radio power, typical of a SF galaxy (see Tab. .

From the relation between the flux and the luminosity (2.6), I derived Lgg, and
hence the SFR from [Yun et al.| (2001):

_ L60um -1
SERpir = [5.1 X 1023W/Hz] Moyr (29)
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Figure 2.20: RXCJ1532: Composite HST image (f814w, 625w, f435w) with GMRT
radio contours (green) at 610 MHz and VLA radio contours (white) at 1.4 GHz. The
radio contours are drawn at 3o, i.e. 0.21 mJy/b and 0.03 mJy/b respectively.

The values obtained are reported in Tab. and compared with the value from
Fogarty et al.| (2015)). The FIR band should be less affected by biases in respect to
the UV and H, bands.

From the value estimated of Lggum, I verified the correlation Ly agw. vs Leoum

from [Yun et al.| (2001) in Fig. (2.26).

Only A2009 lies on the correlation, consistent with the q value, whereas the other
targets lie above the correlation. In particular, considering their luminosities, they
can be classified as Luminous IR Galaxies (LIRG), since their luminosity ranges
between 10° < Lo < 10,

I considered a representative value of 30 Moyr~! to separate between high and low
SFR (i.e. full and empty red circles respectively).

[ found that, even if my values are lower than those found from Fogarty et al.| (2015]),
their trend is consistent, confirming the evidence that SFR is higher for cool core
clusters.
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Table 2.8: The q parameter and the dynamical state

Target name q Dynamical state Diffuse em.
A209 >1.4 Merging -
A611 ~0.37 Relaxed -

A1300 - Merging H
A1423 - Relaxed -
A2744 ~0.1 Merging H
A2744 ~0.1 Merging H

MACSJ1931  ~0.85 Relaxed MH?

MACSJ0429 ~-0.75 Relaxed -

MACSJ1206 ~-0.36 Relaxed MH

RXCJ1115 ~0.55 Relaxed MH
RXCJ1532 ~0.62 Relaxed MH

Table 2.9: The SFR calculated from my analysis (FIR) compared with Fogarty et al.
(2015).

cluster name  Lgoum (W/Hz)  SFRpip Moyr—'  SFRyy Meyr='  SFRp. Meyr™!

A209 1.5210% 0.3 + 0.02 -0.01 4 0.04 /
A611 2.9210%3 0.6 &+ 0.04 < 0.04 /
A1300 / / / /
A1423 / / -0.07 £0.03 /
A2744 / / / /
MACSJ1931 4.8110% 94+ 9 280 + 20 130 4 40
MACSJ0429 8.7x10% 17+1 28 4+ 2 33+9
MACSJ1206 2.6x10%° 51 + 5 2.940.6 /
RXCJ1115 1.7210% 31+3 13+1 3.441.0
RXCJ1532 2.2210%° 43 £ 2 97 +4 140 + 40
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Figure 2.21: Radio spectrum of the BCG in MACSJ1206 from VLA at 1.4 GHz, GMRT
at 323 MHz and at 150 MHz from TGSS.
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Figure 2.22: Radio spectrum of the BCG in RXCJ1115 from VLA at 1.4 GHz, GMRT
at 610 MHz and at 150 MHz from TGSS.

This result is in agreement also with [Kale et al.| (2015): radio loudness is higher for
relaxed clusters. They also found a relation between the concentration parameter
(Cassano et al., [2010, 2013)) and the radio loudness of BCGs.

Surely in cool core clusters there is a reservoir of cold gas which is both the fuel
for the AGN activity but also responsible for high Star Formation activity. We can
infer from the analysis that these two mechanisms are strictly related to each other
since the fuel which feeds them have same origin but their interplay is still an open
issue.
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Figure 2.23: Radio spectrum of the BCG in RXCJ1532 from VLA at 1.4 GHz, GMRT
at 610 MHz and at 150 MHz from TGSS.
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Figure 2.24: Spectral index distribution of the BCGs in our sample. The peak is 0.7 +
0.06. In some cases, the presence of diffuse emission could be responsible of a spectral
steepening.

2.2.6 Correlations measured

One of the goals of our analysis is to constrain the relation between the radio emis-
sion detected from the BCGs and the dynamical state of the clusters which host
them. In Tab. we report the value of q, the parameter which discriminates
between the dominance of Star Formation emission and AGN emission, in rela-
tion with the dynamical state of the clusters. Even though the poor statistics, we
can infer some preliminary considerations. Only A209, a merging cluster, shows a

86



Ma
[ GMRT

22 23 : 24 I I25I . I26 . : 27
logP (iHz)

Figure 2.25: Radio power distribution of the BCGs in our sample. The peak is 24.2 and

24.7 for the VLA and GMRT respectively. The result is consistent with Kale et al.| (2015)

and with the fact that the main mechanism which produces the radio emission detected

is the AGN emission.

q value which is consistent with the fact that the Star Formation is the dominant
mechanism in its BCG. Indeed it stands on the FIR-radio correlation in Fig. .
On the contrary, A2744, has a q value which is consistent with the fact that the
two BCGs are AGN powered, and that the AGN emission is the mechanism which
dominates the radio emission. We are aware that this result is derived from many
assumptions, however, the robustness of the method adopted for the estimation of q,
makes this result reliable. Apparently, it seems that the merging does not influence
the prevalence of one of the two mechanisms. The histogram in Fig. reports
the distribution of ¢ in relation with the cluster dynamical status. It seems that
there is no correlation between the AGN emission dominance and the dynamical
state of the cluster.

The SFR measured in the FIR band from our analysis differs from [Fogarty et al.
(2015). In Fig. we report the correlation between the SFR in the FIR band,
and the SFR in UV band. Even though the values estimated from our analysis
resulted different, taking into account the bias that could be introduced in the UV
band, the trend is similar, and consistent with the fact that the SFRs is higher in
relaxed clusters, according to [Donahue et al. (2015)); Kale et al.| (2015); Fogarty
et al.| (2015).

In Tab. we report the values of the cluster masses taken from Burke et al.
(2015) and of the stellar masses of the BCGs. The values of the stellar mass re-
ported for A1300 and MACSJ1931 are estimated by means of MAGPHYS (Cunha
et al., 2008), the other values are taken from Burke et al.| (2015).
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Figure 2.26: The Leoum vs Liagm. correlation from Yun et al. 2001. The empty red
circles indicate those BCGs with SFR lower than 30Mg. The full red circles indicate
those BCGs with SFR higher than 30Mg,.

In order to investigate the origin of the Star Formation, we report the SFR-Mass
correlation in Fig. (2.29)). From literature we know that the correlation indicates
a gradual assembly of the stellar mass, as opposed to bursty star formation (Davé
2008; [Santini et all [2009; [Vaddi et al., [2016) which introduces a scatter. Moreover,
we want to compare our result with |(Cooke et al.| (2016]). The tight correlation ob-
served up to z ~ 2 between the SFR and stellar mass has been called Star Formation
Main Sequence (SFMS). (Cooke et al.| (2016 do not observe any SFMS (see Fig.
2.6). We found from our analysis that no correlation is found from the galaxies in
our sample.

The core entropy Ko (see 1.16) is a proxy for the existence of a cool core in
galaxy clusters (Cavagnolo et al., [2009; Donahue & Voit} 2004} |Giacintucci et al.|
2017)). Low values of core entropy typically accompany activity in BCGs. [Donahue
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Figure 2.27: The q parameter distribution in relation with the dynamical status of the
cluster. Apparently there is no correlation between the AGN emission dominance and the
merging status of the cluster.
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Figure 2.28: The image shows the correlation between the SFR estimated from
(2015) in the UV and from our analysis in the FIR band. The same trend seems to
confirm that the SFR is higher in relaxed clusters.

report that Ko < 30 keV cm? is the threshold to detect SFR activity
> 10 Mg yr~! in the UV, in agreement with (Cavagnolo et al.| (2008, [2009); Hoffer|
et al.|(2012); [Fogarty et al. (2015). In order to confirm the result, we estimated cor-
relation between the SFR estimated from FIR in this work with the core entropies
taken from ACCEPT (Cavagnolo et al. 2009). The plot reported in Fig. ([2.30))
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Figure 2.29: The image shows the SFR estimated in this work versus stellar mass of the
BCGs. There is no SFMS observed according to the result from |Cooke et al.| (2016).

Table 2.10: The cluster mass, BCG stellar mass, SFR from this work and the core entropy
from ACCEPT (Cavagnolo et al., [2009; [Donahue et al., |2015).

Target name Cluster mass Mooy BCG mass SFR FIR Ko
x10% Mg x10* Mg Meyr~!  keVem?
A209 1.17 £ 0.07 2.00+£0.16 0.3 £0.02 106 + 27
A611 1.03 £ 0.07 345 +£042 0.6+ 0.04 125+ 18
MACSJ1931 0.99 + 0.07 1.63 =+ 0.20 94+9 14+ 4
MACSJ0429 0.96 + 0.14 4.68 + 0.23 17+ 1 17+ 4
MACSJ1206 1.00 £ 0.11 4.93 £ 1.39 51 £5 69 £ 10
RXCJ1115 1.13 £ 0.10 2.19 + 0.17 31+3 15+ 3
RXCJ1532 0.64 + 0.09 2.20 + 0.05 43 £2 17+ 2

confirm this result.

To conclude we can confirm that, from our analysis, the radio emission in BCG is
mainly due to AGN activity. Apparently, there is no evidence of correlation be-
tween the radio emission and the merging status of the cluster. On the contrary, it
seems that the presence of a cool core enhance the Star Formation activity. This
is consistent with cold gas being the source of fuel for both the AGN and Star
Formation activity (Pizzolato & Soker| 2005; (Gaspari et al., 2013, |2015; Tremblay
et al., 2016} Cooke et al., 2016]).
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Figure 2.30: BCG SFR estimated in this work compared to cluster core entropies. The
grey vertical line indicates the 30 keV ¢cm? threshold. Core entropies below ~ 30 keV cm?
are associated with SFR > 10 Mg, yr~!. Our result is in agreement with Fogarty et al.
(2015).
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Chapter 3

The uGMRT and MeerKAT
interferometers

After the analysis on a sample of eleven BCGs selected from ten galaxy clusters,
belonging to the CLASH and the EGRHS surveys, we extracted two targets from
our initial sample in order to perform a statistical analysis on their radio galaxy
poupulation.

We selected A1300 (z=0.31) and MACSJ1931-2634 (z=0.35) as representative of a
post-merging and a relaxed environment respectively. The aim is to compare the
statistical properties (such as the source counts and the Radio Luminosity Function)
and the optical properties of the radio galaxies in relation with the environment in
which they are located (Dressler, |1980; [Dwarakanath & Owen, [1999; [Venturi et al.,
2000, 2001} Biviano|, [2001} |Giacintucci et al., 2004; Branchesi et al., 2006} [Mahony
et al., [2016; Di Gennaro et al., 2018]).

To reach our goal, we exploited new data from two SKA precursorsE]: the upgraded
GMRT and the MeerKAT interferometers.

The entire analysis on MACSJ1931-2634 and A1300 radio galaxy population is pre-
sented in Chapter 5 and 6 respectively.

In this chapter I report a detailed description of the new instruments, I focused on
technical details of their construction and on their scientific goals.

The uGMRT (i.e. the upgraded version of the Giant Metrewave Radio Telescope)
is one of the largest and most sensitive fully operational low-frequency radio tele-
scopes in the world today (Gupta et al. 2017).

The MeerKAT radio telescope is the largest and most sensitive radio telescope array
in the centimeter wavelength regime in the southern sky until SKA1-MID will be
operational (Jonas 2016; Camilo et al. 2018).

Thttps://www.skatelescope.org
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3.1 The GMRT interferometer

The Giant Metrewave Radio Telescope (GMRT; is a radio interfer-
ometer set up by the National Center for Radio Astrophysics (NCRA—TIFRE[), near
Khodad village (Telescope Latitude=19.1°N, Longitude=74.05° E), which is about
80 km North from Pune, Maharashtra (Fig. |3.1)).

Figure 3.1: GMRT interferometer.

The array configuration consists of 30 alt-azimuth mounted parabolic antennas,

each of 45 m diameter. The elevation limit has been set at 17°, giving a declination
coverage from -53° to +90°. The reflecting surface is formed by wire mesh and the
efficiency of the antennas varies from 60% to 40%, from the lowest to the highest
frequency. Spanning over a region of 25 km diameter, it provides a total collecting
area of about 30,000 m? at metre wavelenghts, with an angular resolution of about
1 arcsec at 1.4 GHz.
The interferometer has a hybrid configuration with 14 of its 30 antennas located in
a central compact array with size ~1.1 km and the remaining antennas distributed
in a roughly “Y” shape, giving a maximum baseline lenght of ~ 25 km (Fig. |3.2)).
The shortest baseline is about 100 m.

The baselines obtained from antennas in the central square are similar in lenght
to the VLA D-array configuration, while the baselines between the arm antennas
are comparable in lenght to the baseline lenghts between VLA A-array and VLA
B-array configurations. Hence, a single observation with the GMRT samples the

2http://www.ncra.tifr.res.in.
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Figure 3.2: The GMRT array configuration.

u,v plane adequately on both short and long baselines with good sensitivities.

The GMRT can also be configured in array mode, where it acts as a single dish
by adding the signals from individual dishes. This mode of operation is used for
studying compact objects like pulsars, which are effectively point sources even for
the largest interferometric baselines.

The ‘legacy’” GMRT has a maximum istantaneous operating bandwidth at any fre-
quency band of 32 MHz. It can also runs at 33.333 MHz sampling rate, which is
useful for cases where the input bandwidth is limited to 16 MHz or less (see Gupta
et al. 2017).

Since its commissioning in 2001, the GMRT has produced several new and inter-
esting results in a wide range of topics in astrophysicsﬂ The science addressed by
the GMRT spans a wide range, from our Sun and nearby stars, to the Epoch of

3see the proceedings of The Metrewavelenght Sky conference.
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Reionisation, Pulsars, redshifted HI 21 c¢m emission and Galaxy Clusters.

3.2 Main goals of the GMRT upgrade

The GMRT was one of the first in a series of new radio observatories in the 1990s.
Shortly after its commissioning, new facilities such as LOFAR (van Haarlem et al.|
2013), MWA (Tingay et al., 2013), LWA (Ellingson et al., [2013)) were conceived and
started becoming operational towards the end of the first decade of this century.
A plan to upgrade the GMRT was proposed during the XI Plan funding period
(2007-2012) and the first serious work in this direction was initiated around 2010.
The main goal identified was to add extra capability to the existing GMRT array
in terms of frequency coverage and sensitivity.

More specifically, the improved frequency coverage, to be achieved by broadbanding
the receiver systems, allow spectral line observations over a wider range of the cen-
timetre and metre wavelenght spectrum, allowing for explorations of the Universe
over a much wider range of redshifts than is possible with the existing GMRT. The
increased sensitivity, achieved by a combination of wider bandwidths and improved
technology receivers, improve the capability of the GMRT for continuum imaging,
allowing more refined galactic and extra-galactic studies to be carried out, and also
make it a more powerful tool for detection and detailed studies of pulsars and tran-
sients.

The following are the main goals for the upgraded GMRT (see Gupta et al. 2017):
-(1) Seamless frequency coverage, as far as possible, from 50 to 1500 MHz, replacing
the five limited bandwidth frequency bands of the original GMRT;

-(2) Maximum istantaneous bandwidth of 400 MHz, replacing the 32 MHz band-
width of the original GMRT design;

-(3) Improved receiver systems (Fig. with higher G/T,s and better dynamic
range;

-(4) Versatile digital backend correlator and pulsar receiver catering to the 400
MHz bandwidth;

-(5) Modern servo system;

-(6) Sophisticated, next-generation monitor and control system;

-(7) Matching improvements in mechanical systems and computing resources;
-(8) Implementation of the upgrade with minimal disruption to the availability of
the existing GMRT for scientific observations.

Full care has been taken in the design of new systems to ensure that the perfor-
mance of the existing GMRT was not affected as the upgrade was implemented.
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Figure 3.3: Comparison between the pre-existing co-axial feed at 610 MHz and the
upgrade at 550-900 MHz (band 4).

3.3 Implementation of the upgrade

The final frequency coverage for the uGMRT after the upgrade is: 50-80 MHz
(band-1), 120-250 MHz (band-2), 250-500 MHz (band-3), 550-850 MHz (band-4),
1050-1450 MHz (band-5). The gap in the frequency coverage in this choice of bands
is due to constraints of very strong Radio Frequency Interferences (RFI) such as
the FM band, TV channels and mobile communication bands. Figure[3.4]shows the
frequency coverage targeted with the uGMRT, alongwith the fractional bandwidth
for each receiver band (image courtesy: Ruta Kale, NCRA).

3.3.1 System parameters

The main system parameters of the uGMRT, compared with the measured param-
eters of the GMRT, are summarized in Tables [3.1] and [3.2] as taken from Observer’s
manual updated at June 2018. The uGMRT can, in the ideal situation, achieve
sub-milliJansky sensitivities for imaging and detection of pulsars in 10 minutes of
observing time. Figure 3.5 compares the targeted sensitivity of the uGMRT with
other global facilities already in operation or incoming as SKA-I, for a typical full-
synthesis continuum-mode observation. The uGMRT is one of the most sensitive
facilities in the 250-1500 MHz frequency range until the SKA Phase-1. Further-
more, the uGMRT at 300-1000 MHz is well matched to JVLA at higher frequencies
(3-10 GHz), thereby providing a powerful combination for exploring a wide range
of astrophysical phenomena.
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Figure 3.4: Frequency coverage and fractional bandwidth of the four uGMRT bands in
comparison with the existing GMRT bands.

Table 3.1: Measured system parameters of the GMRT

151MHz 235MHz 325MHz 610MHz 1420MHz

Primary Beam (arcmin) 1866 11445 81+4  43+3 2442
Receiver Temperature (Tg) 295 106 53 60 45
Total System Temperature (K) 615 237 106 102 73
Antenna Gain (K/Jy/Antenna) 0.33 0.33 0.32 0.32 0.22
Synt. Beam! (arcsec) 20 13 9 5 2
Best rms Sensitivity (mJy) 0.7 0.25 0.04 0.02 0.03

lwhole array
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Table 3.2: System parameters of the uGMRT

Band Gain

Total Ty, (K)

rms (mJy/b)

Synth. Beam (arcsec)

2 0.33 760 to 240 0.19 17.3
3 0.38 165 to 100 0.05 8.3
4 0.35 105 to 100 0.04 4.3
5 0.28 80 to 75 0.04 2.3
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Figure 3.5: Comparison between the continuum sensitivities of existing and upcoming
radio interferometers, for a 9 hours on-source integration. As can be seen, uGMRT is the
most sensitive interferometer in the world at frequencies 250-1500 MHz until the advent
of Phase-1 of SKA.

3.4 Science with the GMRT upgrade

The uGMRT, with the increased frequency coverage, wider bandwidth and im-
proved receiver systems, offers significant potential for new science covering diverse
areas. Since the uGMRT is one of the most sensitive instruments operating at
centimetre wavelengths until SKA Phase-1 is ready, many of the science projects
with the uGMRT will probe new regimes. Here we provide a list of the highlighted
possibilities.
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- Spectral line science: the increased frequency coverage of the uGMRT offers
outstanding near-seamless redshift coverage in the spectral lines of neutral hydrogen
HI and hydroxyl OH. This would allow searches for redshifted HI 21 cm absorption
from damped Lyman-« absorbers (DLAs) and neutral hydrogen associated with
Active Galactic Nuclei (AGNs) out to the highest redshifts at which these systems
have been discovered, allowing to probe the redshift evolution of DLA spin temper-
atures, and the presence and kinematics of neutral gas in AGN environments (see
Morganti et al., [2015)).

Detections of OH 1667 MHz megamaser emission from hyperluminous infrared
galaxies and lensed ultraluminous infrared galaxies should be possible at z =~ 3,
allowing one to probe physical conditions in massive starburst galaxies (see Darling
& Giovanelli, 2002).

- Blind surveys: the wide frequency coverage will also allow ‘blind” surveys for
atomic and molecular absorbtion at high redshifts, which should yeld the detection
of new absorbers that might be used to study redshift evolution in the fundamental
constants of physics (see |Chengalur & Kanekar] 2003).

- Molecular transition: The new frequency coverage will provide access to new
molecular transitions (e.g. CH at ~ 701 MHz and CH3OH at 834 MHz), that have
not so far been observable with interferometers, allowing one to probe the large-
scale spatial structure of molecular clouds in the galaxy.

- Galactic interstellar medium: the significantly higher spectral resolution of-
fered by the GMRT Wider Backend (GWB) also makes the uGMRT a superb
instrument for deep, high-velocity resolution absorption studies of the galactic in-
terstellar medium, as would be needed to study the properties of atomic gas in the
warm or unstable phases of the interstellar medium (see Roy et al., |2013]).

- Continuum imaging science: the improved sensitivity for continuum imag-
ing with large bandwidths has great potential for new science with the uGMRT.
Mapping of diffuse, extended, low-surface brightness emission requires a good sam-
pling of the u-v plane (Fig. to image the emission over a large range of angular
scales (see |[Feretti et al., |2012). The large fractional bandwidths of the uGMRT
bands provide excellent u-v coverage to map such diffuse structures. This, together
with the improved sensitivity and arcsecond-scale resolution will open up several
areas of study, among which revealing new features in clusters and groups of galax-
ies, studying radio galaxies at high redshifts, discovering MHz peaked spectrum
sources, GHz peaked spectrum sources at high redshift (z ~ 3), detecting weak
emission from galaxies, separating thermal versus non-thermal sources in the galac-
tic plane while imaging with the large bandwidths.

Finally, with the wider bands of the uGMRT, like the 250-500 MHz band, an all
sky survey can be carried out that will be more than an order of magnitude deeper
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than the 150 MHz TIFR-GMRT Sky Survey{]

legacy GMRT 325 MHz

Figure 3.6: Comparison between legacy GMRT and uGMRT u-v coverage at 325 MHz
(image courtesy Ishwara-Chandra C.H.).

- Pulsar science: as pulsars are steep spectrum sources, sensitive observations
of these objects are well motivated in the 150-1500 MHz frequency range, where
the uGMRT opens new possibilities with its wide frequency coverage and improved
sensitivity. The higher sensitivity improves also the capabilities for interesting stud-
ies of pulsar emission properties that have been attempted with the legacy GMRT
system. This, coupled with the ability to observe simultaneously at different bands
of the uGMRT using the subarray capability and multiple beams provided by the
upgraded 400 MHz digital backend, will enhance the power of the GMRT to carry
out multi-frequency studies of pulsars.

3.5 First results and future: the Expanded GMRT

The improvements in the u-v coverage and consequently in the imaging with the
uGMRT have been tested thanks to simulations described in details in [Deo & Kale
(2017). Imaging of the sky with radio interferometers is a general challenge due to
the fact that the measurements are limited to the sampled angular scales and the
sky distribution is unknown. Thanks to simulations (Deo & Kale, 2017)) compared
flux and morphology of a simulated ideal extended source and a real one observed

4https://tgss.nera.tifr.res.in
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both with the GMRT 32 MHz bandwidth and the uGMRT 400 MHz bandwidth.
They found that the increase in bandwidth increases the recovered flux significantly
from 45% of the GMRT to 90% from the uGMRT.

Moreover, an observational example on how the improvements can affect the de-
tection of radio emission is given in Kale et al.| (2018). They performed a study
on A4038 radio relic morphology and spectral curvature, observing the cluster with
the uGMRT, during the shared risk phase (Cycle 31), in band 3 and 5, with a
bandwidth of 200 MHz and 400 MHz respectively.

Thanks to the sensitivity achieved it was possible to identificate three parts in which
the radio relic can be decomposed (Fig. . Moreover, the deep radio images (Fig.
from the uGMRT resulted in the detection of faint lobes around a radio core
identified with the galaxy PGC072471 (see |[Kalel 2018).

Finally, in a recent work [Patra et al.| (2019) show the possibility to expand the exist-
ing uGMRT array adding new antennas (EGMRT) and installing focal plane arrays
(FPAs) to improve point-source sensitivity, surface brightness sensitivity, angular
resolution, field of view, and u-v coverage. There are excellent science arguments
to explain the reasons why adding new antennas would be necessary (see Patra
et al., 2019, for details). Essentially, the proposed expansion, consists practically
in adding 56 antennas, 30 new antennas at short distance (< 2.5 km) and 26 at
relatively long distance (5-25 km from the array centre). This will increase the sen-
sitivity and the survey speed of the array, allowing the uGMRT to retain its status
as one of the premier low frequency radio interferometer in the world well beyond
the next decade, and into the SKA era.
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Figure 3.7: The uGMRT 402 MHz image from (2018) is shown in contours overlaid
on the Chandra 0.5-7 keV X-ray image (OBSID 04992) in colour. The contour levels
start at ox[-3,3,6,12,...], where ¢=0.07 mJybeam™! is the rms noise. Positive contours

are white and the negative are blue. The discrete sources are A4038 11 and A4038_10.
The components of the radio relic are labelled ‘Arc’, ‘Loop’ and ‘Bridge’.
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Figure 3.8: The uGMRT 402 MHz image using data between 300-500 MHz from Kale
(2018). The rms is 0.07 mJybeam~! near the centre of the field. The central ellipse shows
the relic in A4038 and the rectangle marks the detection of diffuse lobes of a radio galaxy.

3.6 The MeerKAT interferometer: generalities

The MeerKAT radio telescopeE] is a precursor for the Square Kilometre Array (SKA)
mid-frequency telescope. It will be the most sensitive decimetre-wavelenght radio in-
terferometer array in the world before the advent of SKA1-mid (Jonas & MeerKAT
Team), 2016; (Camilo et al., 2018]).

It is located in the Karoo region of the Northern Cape Province in South Africa (Fig.
3.9), roughly 90 km from the nearest town of Carnarvon. The specifically designed
Karoo Array Processor Building (KAPB) is located at short distance from the core
of the array at the Losberg site complex and houses the backend systems required
to co-ordinate the telescope and process the data derived from it. A support base
is located about an hour’s drive away from Klerefontein, just outside Carnarvon,

Shttps://www.ska.ac.za
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whilst the telescope is operated from a Cape Town based controol room.

The telescope and its associated infrastructure is funded by the government of South
Africa through the National Research Foundation (NRF), an agency of the Depart-
ment of Science and Technology (DST). Construction and commissioning of the
telescope has been the responsibility of the SKA South Africa Project Office, which
is a business unit of the NRF. Telescope operations are responsibility of the South
Africa Radio Astronomy Observatory (SARAQO), a National Facility administered
by the NFR. MeerKAT will be incorporated into the SKA1-mid array towards the
end of the construction phase of SKAl-mid. The MeerKAT project resulted from
a DST strategy for South Africa to develop technical and scientific capabilities in
academic and industrial sectors in order to be able to fully partecipate to the inter-
national SKA project.

A range of technology prototyping activities were undertaken prior to embarking on
the final design of MeerKAT. These involved the investigation of novel technologies
for use in the SKA and MeerKAT, including phased-array feeds (PAFs), ambient
temperature receiver clusters, single-piece composite reflectors, RF-over-fibre ana-
log signal transport and Stirling-cycle cryogenic coolers.

Two prototype telescopes were designed and commissioned as part of the prototyp-
ing programme} the single 15 m eXperimental Developement Model (XDM) single
dish at HartRAO in 2007 and the seven element Karoo Array Telescope 7 (KAT-7)
interferometer array in the Karoo in 2010. Both of these prototype telescopes have
been used for productive science programmes (see Bernardi et al., [2017)).

6the current state is to be found at http://public.ska.ac.za/meerkat /meerkat-schedule.
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Figure 3.9: MeerKAT interferometer.

3.7 The MeerKAT Large (legacy) Survey Projects

When the DST made the decision to fund the design and construction of a SKA pre-
cursor, a directive was issued that the instrument must have science goals related to
those of the SKA, and the technologies used to implement the instrument should be
applicable to the eventual SKA. The preliminary MeerKAT science case is outlined
in Booth et al| (2009)). In that year a call was made to the international science
community to propose large-scale survey projects (LSPs) that might be carried out
on the MeerKAT telescope accordingly with the criteria defined in
. This solicitation resulted in 20 survey proposals that were adjudicated by a
Time Allocation Committee (TAC). The resulting ten LSPs approved for observing
time are briefly described below:

- LADUMA: An ultra-deep atomic hydrogen emission survey out to a redshift
of 1.4 to investigate the cosmic evolution of HI in galaxies over the last 9 Gyr.

- MIGHTEE: An extra-galactic continuum survey to investigate the evolution
of AGN;, star-forming galaxies, and galaxy clusters from the epoch of reionization
through the present day. These observations, combined with a lot of ancillary data,
will also probe the evolution of cosmic magnetism.

- MHONGOOSE: An HI survey to map the distribution and dynamics of neu-
tral hydrogen in a sample of 30 galaxies located whithin 30 Mpc and spanning five
orders of magnitude in HI mass.

- Fornax: A deep HI emission line survey of the Fornax cluster to study the dy-
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namics of neutral gas in the cluster and its connection to the cosmic web.

- MALS: An extremely sensitive survey of HI and OH absorbers to map the evolu-
tion of cold atomic and molecular gas in galaxies at 0 < z < 2. This redshift range
probes the evolution in star-formation rate density from near its peak at z ~2 to
the low levels observed in the current universe.

- ThunderKAT: A program to make image-plane detections of multiple popula-
tions of Galactic and extra-galactic synchrotron radio sources associated with high
energy accretion and explosive events.

- MeerGAL: The deepest and highest resolution 14 GHz survey of the southern
Galactic plane, aiming to probe Galactic structure and dynamics, including the
study of hyper-compact HII regions and anomalous microwave emission from small
spinning dust grains.

- MESMER: A survey targeting redshifted emission originating from the J(1-0)
transition of 12CO associated with molecular gas in high-redshift (za7) galaxies,
to investigate the role of molecular hydrogen in the early universe.

- Pulsar Timing (MeerTime): Long-term timing of various classes of pulsars for
a range of scientific goals, including the detection of gravitational wave background,
tests of General Relativity and constraining the structure of nuclear matter.

- TRAPUM: Targeted and blind surveys for the detection of fast radio transients
and pulsar. The expected discovery of large numbers of Fast Radio Bursts and
of pulsars in targets such as unidentified Fermi sources, supernova remnants, and
globular clusters, will contribute to understanding of physics in extreme environ-
ments and of Galactic dynamics.

3.8 System overview

The science requirements derived from the ten MeerKAT large survey proposals
were used to refine the initial telescope specifications provided in the call for pro-
posals in 2009 (see [Booth et all 2009). The specifications and reference design
concept of the MeerKAT telescope have evolved further since this early conceptu-
alization.

The antenna diameter, optical configuration, cryogenic cooling technology and re-
ceiver technology were determined through a constrained joint electromagnetic and
mechanical optimization process. The goal was to maximize point-source sensitiv-
ity under the constraints of capital and operational costs. A secondary goal of the
optimization was to maximize imaging dynamic range.

The strategy adopted placed tight constraints on the antenna primary beam char-
acteristics (near and far sidelobe levels, circular symmetry, cross-polarization at
boresight and within the primary beam) and the RF signal path (passband flatness
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Table 3.3: Key MeerKAT system parameters for L-band operation for both the 2009
reference design and the as-built telescope.

2009 value As-built value

Number of antennas 80 64
Antenna diameter 12m 13.5 m
Aperture efficiency 0.7 0.75-0.81 (L-band)
Field of view at 1.4 GHz 1deg? 0.8deg?
System temperature 30 K 22-18 K (L-band)
A, /T,y (array) 200 m?/K 305-339 m?/K
Minimum baseline 20 m 29 m
Maximum baseline 8 km 8 km
Frequency range 0.58-2.5 GHz 0.85-1.7GHz
Number of channels 16.384 32.768 (wideband mode)

and stability). Operational issues, such as access to the receivers and the physical
volume available for receivers, were also considered in the optimization.

Today the MeerKAT array is formed by 64 antennas, each composed by 13.5 m
diameter offset Gregorian dishes, designed to host four receivers spanning a total
frequency range from 580 MHz to 14.5 GHz, fully operational, and, in respect to
the initial project the sensitivity (see Tab. exceed by a large margin thanks
also to the Gifford-McMahon (GM) cryogenic coolers. The offset Gregorian dish
configuration further enhances sensitivity by providing high aperture efficiency and
low spill-over temperature contribution. Moreover this configuration provides a
clean optical path that can be designed to produce low overall sidelobe levels and
azimuthal symmetry in the inner sidelobes. Low sidelobe levels also provide good
rejection of unwanted radio frequency interference from satellites and terrestrial
transmitters.

The array configuration is designed with two components: a compact core contain-
ing 70% of the dishes, whith the shortest baseline of 29 m and the longest of 1km,
and an outer component containing 30% of the dishes with the maximum baseline
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of 8 km. The compact core is for pulsars science, transient searching, VLBI and low
column density mapping. The extended array is designed for high fidelity imaging
performance over a range of resolutions from 4-5 arcsec to approximately 60-100
arcsec.

In addition to the already existing antennas, an additional 7 antennas are planned
for phase-2 of the project, in order to have the baselines extended to a maximum
of 20 km to reduce the confusion and enhance image fidelity for continuum imaging
survey.

The array configuration has been positioned on-site using a site mask to avoid plac-
ing antennas close to hills, in gullies, near existing facilities (PAPER or KAT-7),
possible future facilities (e.g. SKA), or near the access road. Fig. shows the
positions of the antennas on the site mask, whereas Fig. shows the resulting
positions of antennas on a map, also indicating the position of the access roads,
site complex and KAT-7 array. The array center is at 30°42’47” S, 21°26’38” E, as
taken from |Jonas & MeerKAT Team| (2016).
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Figure 3.10: Positioning of the MeerKAT array on site using the site mask.
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Figure 3.11: Position of the MeerKAT array and site complex.

3.8.1 Dish structure

The final configuration selected for the array dish structure is a 13.5 metre pro-
jected diameter, “feed-down” offset Gregorian optical configuration (Fig. [3.12)).
This choice was a significant developement risk, because it was a new mechanical
design and not prototyped.

The key advantage of this choice over the symmetric centre-fed parabola is the un-
blocked aperture that results in:

- (1) A high aperture efficiency ranging from 0.71 to 0.81 across the UHF and
L-band frequencies (580 - 1015 MHz and 900 - 1670 MHz respectively), and hence
a good sensitivity;

- (2) Low far sidelobes, providing some immunity to terrestrial and airborne RFI,
and the attenuation of strong cosmic radio sources outside of the imaging field;

- (3) An almost circularly-symmetric main beam and inner sidelobe pattern, hence
a reduction in the calibration challenges provided by the primary beam rotating
relative to the sky (i.e. slow variation of the time and direction dependent beam
pattern Jones matrices);

- (4) Elimination of ground radiation scattering off of feed legs into the feed, hence
reducing the system temperature and thus increasing sensitivity;

- (5) The reduction of internal specular reflections and associated passband ripples
(i.e. a Jones matrix that is smooth over frequency);
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- (6) A large volume for locating multiple receiver systems and support services on
the receiver index platform that does not compromise the clean optical path, hence
increasing the utility of the telescope as a facility instrument.

Moreover, the “feed-down” configuration has these advantages over the “feed-up”
configuration:

- (7) Reduced spill-over from ground radiation, hence reducing the system temper-
ature and improving the sensitivity;

- (8) Easy and safe access to the receiver systems when the antenna is stowed at
its lowest elevation.

A disadvantage of the feed-down configuration is that the minimum elevation limit
is constrained to 15°. This limit is imposed by the geometry of the optical path and
mechanical interference between the elevation structure and the pedestal tower.
High dynamic range, wide-field continuum imaging requires that the Jones matrix
for the primary beam pattern remains stable over the characteristic time-scales of
the visibility calibration cycle. This requirement was a key driver of the specifica-
tions for the MeerKAT dishes.

Main
Reflector

Elevation
Back
Structure

Feed
Indexer

Figure 3.12: A schematic view of the MeerKAT dish structure showing the major ele-
ments of the design.
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3.8.2 Receivers

The UHF-band and L-band feed horns and receiver systems are of very similar
design, with the wavelength dependent scaling of the dimensions of the waveguide
and ortho-mode transducer (OMT) components being the largest difference between
them. The OMT is made from a pair of orthogonal dipoles in the back of a shorted
waveguide as shown in Fig. [3.13]

The L-band receiver (0.9 - 1.67 GHz) is installed from Phase-1, which will be fol-
lowed by the UHF-band (580 MHz - 1.015 GHz) and X-band (8 - 14.5 GHz) receivers
in Phase-2. The receiver indexer allows each dish to carry multiple receivers simul-
taneously and is able to perform a receiver switchover in less than one minute.
The feed horns have a wide flare angle and employ concentric choke rings to con-
trol the feed beam pattern. The feed beam patterns were optimized to provide
optimum System Equivalent Flux Density (SEFD), sidelobe and polarization per-
formance across the operating frequency range in the context of the dish optical
configuration. The main reason for adopting sub-octave receiver systems in pref-
erence to wide-band design was to obtain optimal sensitivity and primary beam
performance.

The sidelobe specifications are driven by the requirements for high dynamic range
continuum imaging and attenuation of RFI cosmic sources away from the field of
view.

The polarization specification is driven from the requirements of precision pulsar
timing and high dynamic range continuum imaging.

The improvement in sensitivity resulted from the usage of two-stage Gifford-McMahon
(G-M) cryogenic refrigerators to cool the Low Noise Amplifier (LNAs) and OMT
component.

The thermal stabilization is necessary to achieve the gain stability specifications
derived from the system-level requirement to achieve high imaging dynamic range.
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Figure 3.13: MeerKAT L-band OMT as designed schematically.

3.9 Telescope performance

As individual telescope components were assembled into increasingly complex func-
tional units, initial acceptance tests were performed on low-level devices, then more
sophisticated tests were performed as subsystems and systems assembly progressed.
The majority of the most important MeerKAT performance specifications are allo-
cated to the receptor, comprising the dish structure, feed horn, receiver and digi-
tizer.

MeerKAT was optimized for point-source sensitivity because this was a common
requirement for all of the LSPs. The original specification for the MeerKAT ag-
gregate system-equivalent flux density (SEFD) was 12.55 Jy. For the 64-element
MeerKAT array this corresponds to a per-receptor SEFD of 800 Jy. Figure
shows the results of L-band SEFD measurements made with MeerKAT receptor
MO062, the second receptor that was installed and integrated (the first was M063).
The plot shows that the SEFD is far better than the original specification across the
entire L-band frequency range, and that the measured curves follow the predicted
performance quite well.

The large deviations in the measured curves are due to RFI from satellites and
mobile phone base stations, and Galactic HI (at 1420 MHz). The measurements
shown were made at relatively low elevation of 37°. Tipping curve measurements
show that the SEFD at 15° elevation is less than 20% higher than at zenith over all
L-band frequencies.

This improvement in sensitivity over the original specification was a result of the
design choiches made at the CoDR and PDR stages of the project, specifically the
choice of Gregorian offset optics, sub-octave receivers and G-M cryo-coolers.

The key antenna performance factors affecting imaging dynamic range are telescope
pointing accuracy and stability, and the primary beam pattern characteristics.
The characteristics of the antenna L-band primary beam pattern were derived using
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Figure 3.14: The spectrum of the SEFD of a single antenna at 37° elevation derived from
L-band measurements made on antenna M062 using three different L-band receivers. The
error bars on the measured curves represent the total range of all measurements made
with all three receivers.

various techniques, including holography. Figure [3.15] compares the beam pattern
at 1350 MHz predicted using a full-wave electromagnetic simulation against the
beam pattern of MeerKAT receptor M062 measured using L-band holography (us-
ing a satellite beacon). These plots show that the measured beam pattern matches
the simulations very closely, despite the fact that M062 was known to have a colli-
mation problem at the time of the measurement. The measured patterns indicate
that the second sidelobe is comfortably less than the -23 dB specification, and that
the cross-polarization specifications are exceeded by a large margin.

For a very recent study on the MeerKAT primary beam modelling we remand to
‘Asad et al. (2019). They used both the astro-holographic (AH) technique (it was
targeted at the astronomical object 3C 273), and the more physical approach based
on the electromagnetic (EM) simulation of an antenna. The main goal was to de-
rive a formalism to be applied for the direction dependent calibration and imaging,
given any dataset. The diagonal elements on the Jones E matrices, i.e. the matrices
that represent the two formalisms, well matched each other, but the off-diagonal
elements vary significantly and the difference increases with frequency (see
et al) 2019). However, the MeerKAT excellent beam characteristics vindicate the
selection of the Gregorian offset optical configuration and sub-octave feeds.
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Figure 3.15: Comparison for the simulated MeerKAT L-band (1350 MHz) primary beam
derived using electromagnetic simulations (left) and the beam of receptor M062 measured
using holography. The measurement was made prior to final collimation of the reflector
surfaces and feed receiver indexer.

3.10 Science with MeerKAT

Today MeerKAT is fully operational with 64 antennas in the array, and it is expected
to give unprecedent results being the largest and most sensitive radio telescope ar-
ray in the centimetre wavelenght regime in the southern skies until the SKA-1 MID.
Since the first observational tests MeerKAT revealed its high level of performance.
On July 13th 2018 the telescope was inaugurated by the presence of Deputy Presi-
dent of Republic of South Africa. During the lounch event the image of the central
region of the Milky Way was shown, giving a strong impact demonstration on the
science capabilities of the new instrument (see Fig. [3.16)).

Another important science case with MeerKAT is related to the study of magne-
tars, which are the most magnetic objects known in the universe. They are a class
of neutron stars with high energy emission powered by the decay of ultra-strong
magnetic fields. Radio observations from MeerKAT enabled the first detection of
pulsations for the neutron star PSR J1622-4950 (see |Camilo et al., 2018).

The examples reported in this section show clearly the high level of science that
MeerKAT is able to produce. This results showed also that MeerKAT is positively
exceeding the originally planned specifictions and expectations.

The data considered in this thesis are from an early test phase of MeerKAT-16,
i.e. only 16 antennas were operational at the time of the observation (April 2018).
However, the images obtained and the analysis which we were able to perform,
even though on early data, show all the potential of this instrument. Moreover, our
analysis will be improved with more statistics and with the follow-up observation
by means of MeerKAT 64.
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Figure 3.16: The MeerKAT view of the central region of our Galaxy. The area cor-
responds to about 1.000 light years by 500 light years (credits by South African Radio
Astronomy Observatory).
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Chapter 4

Data analysis

In this Chapter we present the new radio observations and the analysis performed
with the MeerKAT and uGMRT interferometers, two new instruments in phase of
construction at the time of our analysis. We report the data reduction steps, the
images obtained and the strategy adopted in order to create the final catalogues. In
the second part of this Chapter, we report the optical-IR and spectroscopic analysis.
The two targets selected from our initial sample, MACSJ1931-2634 and A1300, are
analyzed in Chapters 5 and 6 respectively. They were observed in the same period:
Spring 2018, i.e. during the second year of my PhD.

4.1 Radio analysis

4.1.1 MeerKAT observations and data reduction

We observed during the AR-1 stage (only 16 antennas were fully operational)
MACSJ1931-2634 and A1300 galaxy clusters. The central frequency is 1.2 GHz
(i.e. A= 0.23 m), and the observation covered an area of 2 x 2 deg?.
MACSJ1931-2634 was observed on May 2nd 2018, and A1300 was observed on April
21st 2018.
In Tab. we report the details of the observations. Each observation was carried
out with a 856 MHz bandwidth, the correlation of the signal was carried out using
a total of 4096 channels, each 208 kHz wide (4k channelization mode), with 8s in-
tegration time. The observation of MACSJ1931-2634 has the resolution of 5" x 3"
in p.a. ~ 136° and the observation of A1300 has the resolution of 12" x 5" in p.a.
~ 113°. The difference of the beam size is mainly due to the different uv-coverage
as visible in Fig. 1.1}

To obtain the final images for our analysis, the data reduction was divided
into two parts: we performed the a-priori calibration first, by means of a dedicated
piepline mainly based on CASA tasks. Then we performed the self-calibration using
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Figure 4.1: The image shows the resulting uv coverage of A1300 (left panel) and of
MACSJ1931-2634 (right panel).

Table 4.1: Details on MeerKAT observations

target @ 1) v BW tos  FWHM; pa rms

(J2000) (J2000) (MHz) (MHz) (hr) (arcsec); (°) (mJy/b)

A1300 11:31:54.4  -19:55:42.0 1283 856 2.40 12x5; 113 0.04

MACSJ1931 19:31:49.6 -26:34:34.0 1283 856 2 5x3; 136 0.04
-2634

a second dedicated pipeline based on WSClean and Cubical packages related each
other thanks to Stimela (I will provide a brief description of the packages adopted
in the next Section).

In the first pipeline, the initial preprocessing of the data was carried out using
‘flagdata’ first, in order to flag autocorrelations and the edges of the band. Then,
using AOflagger (Offringa et al., 2012, 2013)), an automatic flagging of RFI was per-
formed. To set the amplitude scale, we used the primary flux calibrator PKS1934-
638 (Reynolds| [1994). We then solved for delay, i.e. for K gain, with ‘gaincal’. We
solved for B gain, performing the bandpass with the same task ‘gaincal’ and the
same calibrator as used for the amplitude. We then solved for G gain, the G cali-
brator is J1141-2850, and finally, we transferred the flux scale with the ‘fluxscale’
task. We applied the solutions with ‘applycal’ and then we performed another run
of automatic flagging on the target source. We then split our dataset containing
only the target.
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The second pipeline was created to perform the self-calibration, i.e. the attempt to
reconcile a model of the target field with the observed visibility data by solving for
the direction-independent gains (Cornwell & Wilkinson, [1981; Kenyon et al., [2018)).
The self-calibration was performed with four iterations with phase-only solutions
on the entire band, improving the model of clean components at each step. To
perform the self-calibration, we first created a model running WSClean (for every
image we adopted the full resolution, i.e. Briggs weighting with "robust -2"). The
pixelsize is larcsec and the image size is 8192 x 8192 pixels. We cleaned using a
combination of a mask manually created and an auto-masking option. The stop cri-
terion is given by the auto-threshold parameter which is set on 0.25 sigma (where
sigma is the theoretically estimated noise of the map). The MFS deconvolution
mode is obtained in WSClean by the parameter "joinchannels" which is set on True
mode. The "mgain" parameter activate the Cotton-Schwab imaging, which is set
on 0.85. To keep into account the rms variation throughout the field, we enabled
the parameter "local-rms-window"'=300.

To perform the self-calibration with CubiCal, we choose first a longer solution in-
terval set by the parameter "g-time-int"'. In four iterations the "g-time-int" is 40,
30, 20, 5 respectively, meaning 5 minutes, 4 minutes, 2 minutes and 30 seconds, ob-
tained by inspecting the solutions at each steps. We followed for both the targets,
MACSJ1931-2634 and A1300, the same strategy.

In order to get the intrinsic fluxes, we performed on MeerKAT images, a primary
beam correction to take into account the beam response across the field of view
(FOV). The MeerKAT FOV at 1.2 GHz is ~ 1 degree (see Mauch et al.l 2020)).
At the time of our analysis, a model for MeerKAT primary beam was not available.
The primary beam correction was based onto an analitic correction derived by fit-
ting the MeerKAT beam with holographic models (Asad et al., 2019). The analitic
correction that we applied to our apparent fluxes is given by:

1
cos®(a x X 0) (4.1)
where a is a fitting parameter which is a=7.3 m, \. is the central wavelength in m,
whereas @ is the distance of each source from the phase center and it is expressed
in radians.

4.1.2 Stimela, WSClean and CubiCal

Stimela (the Zulu world for a "train'; Makhathini, 2018) is a platform indepen-
dent radio interferometry scripting framework based on Docker and Python. In
this framework, radio interferometry related tasks such as imaging, calibration and
data synthesis, are executed in Docker containers. In fact, whithin this framework,
the packages that perform these tasks are Python modules. Stimela does not do
any data processing, synthesis or analysis but merely offers a simple interface to
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packages that perform these tasks. The aim of Stimela is to provide a user friendly
and modular scripting environment that gives general users easy access to novel
radio interferometry calibration, imaging and synthesis packages.

WSClean (Offringa et all 2014) is a wide-field interferometric imageIEI, written in
c++ language, that uses the w-stacking algorithm [ and can make use of the w-
snapshot algorithm. It has been tested on data from the Murchison Widefield Array
(MWA) and it has been found to be an order of magnitude faster than CASA’s
w-projection. The w-stacking methods grids visibilities on different w-layers and
performs the w-corrections after the inverse Fourier transforms. The w-snapshot
imaging is a technique that combines warped-snapshot imaging with a w-correcting
technique, such as w-projection or w-stacking (Cornwell et al| [2012). |Offringa et al.
(2014) predicted that the computing cost is reduced and the imaging is 2 to 12 times
faster, depending on the arrays configuration.

CubiCal| is a Python package which implements several accelerated gain solvers
which exploit complex optimization. It can perform both the direction-independent
and direction-dependent calibration. It is expanded in Cython, a Python-like lan-
guage from which C-code can be generated. The use of Cython accelerates the
implementation, that is accelerated further by the use of multi-processing strategy.
The problem of multi-processing large overheads is mitigated by the use of shared
memories. CubiCal is characterized by high modularity. [Kenyon et al. (2018) have
successfully applied CubiCal for calibration to both simulated and real data, show-
ing to be substantially faster than its most comparable competitor.

4.1.3 The images

The final images that we obtained after the data reduction have sizes 2 x 2 deg?.
We obtained them by means of WSClean adopting wheighting "Briggs" scheme ad
robust "-2" to get the full resolution.

MACSJ1931-2634 resolution is 5 x 3 arcsec in p.a. ~ 136° whereas A1300 resolution
is 12 x 5 arcsec in p.a. ~ 113°.

In Fig. and [4.3] we report the A1300 and MACSJ1931-2634 fields in a restricted
area of 30 arcmin radius (green circle), i.e. 0.785 deg?. This is the area of interest for
our analysis and the area of the extraction of the catalogues. Moreover, this is the
distance within which the primary beam correction that we applied introduces an
error of less than 10 % on the flux densities. The central noise level is 0.04 mJy /b in
both the images. There are some residual patterns in A1300 field, indicative of some
low-level residual RFI. Unfortunately, even though a heavier flagging performed on
A1300 it was not possible to entirely remove them. There remain some phase

Thttp:/ /sourceforge.net/p/wsclean
https://www.skatelescope.org/uploaded /59116_ 132 _ Memo_ Humphreys.pdf
3https://github.com/ratt-ru/CubiCal
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artefacts around the brightest sources, which was not possible to entirely remove
during the calibration. However, they are localized around the bright sources and
have a very little impact on the majority of the map and nearby sources.

The amplitude self-calibration was not performed in order to not introduce any
amplitude errors (see |Williams et al., [2016]).

In Fig. we report a zoom-in of the central region of 12 arcmin radius (0.125
deg?), which is the region that we considered for the radio-optical cross match (see
Chapter 5 and 6).

4.1.4 Comparison with the NVSS survey

Given the uncertanties in the preliminary fitted model of MeerKAT primary beam,
we compared our flux densities with those from NRAO VLA Sky Survey (NVSS;
Condon et al., [1998) even though our fluxes are measured at 1.2 GHz.

We have first degraded the resolution of our MeerKAT images with AIPS task
CONVL in order to compare the fluxes at the same resolution of NVSS, which is
45", We then selected only those sources which are isolated (i.e. not blended) to
ensure one-to-one matches. We measured integrated flux densities at 20 arcmin, 30
arcmin and 40 arcmin from the field center.

The results of our comparison are shown in Fig. for A1300 and MACSJ1931-
2634 respectively. Even though it is difficult to compare directly data which have
different observational characteristics, and data reduction steps, this test shows that
the data have good correlation with each other, and consistent with the error within
few tens of percent (see White et al., [2010; Williams et al., [2016, for comparison).

4.1.5 uGMRT observations and data reduction

We observed with the uGMRT interferometer A1300 galaxy cluster on May 24th
2018 and MACSJ1931-2634 galaxy cluster between May 24th and May 25th 2018.
The observation covered an area of 2 x 2 deg?. The central frequency is 640 MHz
(i.e. A=0.46 m).

In Tab. we report the details of the observations. Each observation was carried
out with a 200 MHz bandwidth, the correlation of the signal was carried out us-
ing 2048 channels, each 97 kHz wide, with 10s integration time. The observation of
A1300 has the resolution of 5" x 3" in p.a. 43°, and the observation of MACSJ1931-
2634 has the resolution of 5" x 4" in p.a. 169°.

To obtain the final images, the data reduction and calibration were divided into
two parts: we performed the a-priori calibration first, using a standard procedure
performed by CASA package. Then we performed the self-calibration dividing the
band into four sub-bands, and considering each separately. The final images were
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Figure 4.2: The image shows the field surrounding A1300 galaxy cluster at 1.2 GHz which
covers an area of 0.785 deg? (green circle). This is the area of interest in our analysis
(i.e. the area within which we extracted the catalogues), and the area within which the
primary beam correction applied introduces an error of less than 10% on the flux density.
The noise is 0.04 mJy/b with resolution 12 x 5 arcsec in p.a. ~ 113°.

obtained merging the four sub-bands self-calibrated separately.

During the a-priori calbration we flagged first with ‘flagdata’ task the bad antennas
(i.e. C12 and W02), the first 15 seconds of each scan and the channel 0. We then set
the amplitude scale using as flux calibrator 3C286 for both A1300 and MACSJ1931-
2634. We solved for delay K, bandpass B (3C286 is also the bandpass calibrator in
both the observations), and G gain, using as phase calibrators J1130-148 for A1300
and J1923-210 for MACSJ1931-2634. We then set the scale of flux with ‘fluxscale’
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Figure 4.3: The image shows the field surrounding MACSJ1931-2634 galaxy cluster at
1.2 GHz which covers an area of 0.785 deg?. This is the area of interest in our analysis
(i.e. the area within which we extracted the catalogues), and the area within which the
primary beam correction applied introduces an error of less than 10% on the flux density.
The noise is 0.04 mJy/b with resolution 5 x 3 arcsec in p.a. ~ 136°.

and finally we applied the solutions with ‘applycal’. We did more flagging with casa
‘rflag’ mode and then we splitted the dataset containing only the target.

To perform the self-calibration we run a CASA script alternating ‘tclean’ task and
‘gaincal’ task. We splitted the band into four subbands of 50 MHz each and 512
channels and we runned four self-cal separately. The soution interval was shortened
from 300s, to 120s, 60s, 30s improving the model of clean components and inspecting
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Table 4.2: Details on uGMRT observations

target @ 1) v BW tos FWHM,; pa rms
(J2000) (J2000) (MHz) (MHz) (hr) (arcsec); (°) (mJy/b)

A1300 11:31:54.4  -19:55:42.0 640 200 2.7 5 x 3; 43 0.03
MACSJ1931 19:31:49.6 -26:34:34.0 640 200 3.3 5 x4;169 0.03
-2634

the solutions at every step. The task ‘tclean’ was used both to produce a model and
to perform the imaging. We obtained two final images smaller than those obtained
with MeerKAT: the pixelsize is 1 arcsec and the imsize is 5000 x 5000 pixels, i.e.
1.5 deg?. We cleaned using a manually created mask first and then we runned the
last image without the mask, until the threshold of 0.25 o (theoretically estimated
noise). We present the images in the next section.

4.1.6 The images

The final images that we obtained after the data reduction have sizes 1.5 x 1.5
deg?. MACSJ1931-2634 resolution is 5 x 4 arcsec in p.a. ~ 169°, A1300 resolution
is 5 X 3 arcsec in p.a. ~ 43°.

In Fig. and [4.7 we report the A1300 and MACSJ1931-2634 fields in a restricted
area of 30 arcmin radius (green circle), i.e. 0.785 deg?. To be consistent with
MeerKAT analysis, this is the area selected for our analysis, i.e. the area within
which we extracted the catalogues. The central noise level is 0.03 mJy/b. There
remain some phase artefacts around the brightest sources, which was not possible
to entirely remove during the calibration. However, they are localized around the
bright sources and they have a small impact on the nearby sources.

The amplitude self-calibration was not performed in order to not introduce any
amplitude errors (see Williams et al., [2016]). This is the reason why the relic in the
A1300 image is not fully cleaned. However, the diffuse emission in A1300 (i.e. the
halo and the relic) are not considered in the source catalogue.

We performed the primary beam correction to get the intrinsic fluxes, taking into
account the beam response across the field of view. The uGMRT Field of View at
640 MHz is 0.6 ~ degree. We did the correction with AIPS PBCOR task, giving
the coefficient for the PBPARM parameters for the uGMRT, updated at December
1st 2018 (courtesy: Ruta Kale, NCRA, Pune).

In Fig. we report a zoom-in of the central region of 12 arcmin radius (0.125
deg?), which is the region that we considered for the radio-optical cross match, the
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statistical source counts and the estimation of the Radio Luminosity Function (see
Chapter 5 and 6).

4.1.7 The radio catalogues

We compiled our source catalogues using PyBDSF (Mohan & Rafferty, [2015), a
source extractor package, to detect and characterize sources. We ran PyBDSF
on the ‘final’ images, using the pre-beam-corrected images for MeerKAT (and we
applied after the source extraction the analitic correction), and the primary beam-
corrected images for uGMRT as the extraction images.

PyBDSF initially builds a noise map from the pixel data using variable mesh boxes.
We used the parameters: adaptive_rms_box=True setting rms_ box=(60,15) pixels
around the bright sources (defined as having peaks exceeding 1500, where o is the
sigma-clipped rms across the entire field). Using a smaller box near bright sources
accounts for the increase in local rms as a result of calibration artefacts (see Williams
et al., [2016|, for comparison).

PyBDSF extracts sources by first identifying islands of contiguous emission above a
given threshold, then decomposing this into Gaussian components. A peak of 507ycq
was used to define sources and an island threshold of 40,., Was used to define the
islands boundary (see Mahony et al., [2016| for comparison).

We used the group_ tol parameter with a value of 10.0 to allow larger sources to
be formed. This parameter controls how Gaussians within the same island are
grouped into sources; this value is a compromise between selecting all Gaussians in
a single island as a single source, thus merging too many distinct nearby sources,
and selecting them as separate sources, thus separating the radio lobes belonging to
the same radio sources (Williams et al., 2016). PyBDSF reports the fitted Gaussian
parameters as well as the deconvolved sizes, computed assuming the image restoring
beam. Following this method, we obtained four source catalogues, two MeerKAT
at 1.2 GHz and two uGMRT at 640 MHz. We summarize in Tab. [4.3] our results.
In columns 1 and 2 are reported the target name and the central frequency of the
images, in column 3 is reported the catalogue threshold at 50 (Prandoni et al.
2000; |Owen & Morrison) 2008; [Fomalont et al., [2006)), in columns 4 and 5 the total
extraction area and the number of reliable sources within the total area, after the
visual inspection and the exclusion of the artefacts, in columns 6 and 7 the restricted
area of 30 arcmin and the sources within this area.

4.1.8 Morphology of the sources

After the extraction of four catalogues, we established a criterion to classify mor-
phologically the sources (Condon et al., [1998; Branchesi et al., [2006]).
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Table 4.3: Details on the radio catalogues

target frequency threshold(50) total area source area source
(MHz) (mJy) (deg?®) total number (arcmin) final number

A1300 1283 0.20 2 x 2 339 30 112
MACSJ1931 1283 0.20 2 x 2 626 30 192

-2634

A1300 640 0.15 1.5 x 1.5 399 30 318
MACSJ1931 640 0.15 1.5 x 1.5 732 30 623

-2634

We first have estimated the flux errors, relatively to the peak flux and the integrated
flux, according to the formula from (Klein et al., 2003]):

AF; = \/(rms)? + (cF)* + (Eja)? (4.2)

where the rms is the noise of the images, c is the residual calibration error (assumed
conservatively of 10%) and Ey;; is the fit error given by PyBDSF, which is negligi-
ble.

We then adopted the following equation to classify the source morphology.

|F, — Fear| < 20 (4.3)

where o is given by:
0=\ ur + 0F (4.4)

We separate between three categories: all the sources for which the equation 4.3 is
valid are classified as unresolved (pointlike). The sources for which the equation is
not valid are classified as barely resolved, i.e. not pointlike even though a defined
morphology is not evident. Finally, we defined as extended, those sources for which
a well-defined morphology is visible. In our catalogues, only few sources within 30
arcmin radius are extended (see Chapters 5 and 6).
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Figure 4.4: A zoom-in of A1300 (top panel) and MACSJ1931-2634 (bottom panel) fields
in an area of 12 arcmin radius (green circle). The area corresponds to about two virial
radii and was considered to perform the source counts, the radio-optical cross-match and
the estimation of the Radio Luminosity Functions (see Chapter 5 and 6).
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A1300 MKT-NVSS flux comparison
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Figure 4.5: Comparison of the integrated flux densities of isolated (i.e not blended) radio
sources in common between the NVSS survey and MeerKAT data, for A1300 (top panel)
and MACSJ1931-2634 (bottom panel), at the same resolution of 45". The data show good

correlation with each other up to 30’ radius.
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Figure 4.6: The image shows the field surrounding A1300 galaxy cluster at 640 MHz
which covers an area of 0.785 deg? (green circle). This is the area of interest in our
analysis (i.e. the area within which we extracted the catalogues). The noise is 0.03
mJy/b with resolution 5 x 3 arcsec in p.a. ~ 43°.
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Figure 4.7: The image shows the field surrounding MACSJ1931-2634 galaxy cluster at
640 MHz which covers an area of 0.785 deg? (green circle). This is the area within which
we extracted the source catalogue. The noise is 0.03 mJy/b and the resolution is 5 x 4
arcsec in p.a. ~ 169°.
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Figure 4.8: A zoom-in of A1300 (top panel) and MACSJ1931-2634 (bottom panel) fields
in an area of 12 arcmin radius (green circle). This is the area considered for our statistical
analysis and for the radio-optical cross-match.
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4.2 Optical-IR Spectroscopic analysis

4.2.1 Suprime Images

Optical counterparts to the radio sources in MACSJ1931-2634 and A1300 were
identified from Subaru-Suprime images. For MACSJ1931-2634 field, the images
were taken from the CLASH projectfl] Tmages in B, V, RC, IC, Z filters have been
used (Fig. . In Tab. we report the details of the optical observations (2012
observation), i.e. the filter, the exposure time, the FWHM and the optical depth.
We used in particular the RC and B band filters in order to cross-match our radio
catalogues and to identify the optical counterparts.

Table 4.4: MACSJ1931-2634 optical observations

Filter exposure FWHM depth”
) ()

B 2640 1.20 25.59
\Y 1275 0.88 25.04
RC 4560 0.81 24.95
IC 1800 0.92 24.54
Z 1950 0.76 24.29

“depth: AB magnitude 5-sigma in
2arcsec-diameter aperture

Subaru-SuprimeCam raw images of A1300 have been retrieved from the SMOKA

Science Archive’] The g’ and r’ datasets were secured by the Merging Cluster Col-
laboration (MCC)f|in February 2014.
The images have been overscanned, bias and flat field corrected. The images have
been taken in both filters at different position angle. The astrometric solution has
been obtained by means of the Astromatic Program SCAMP (Software for Cali-
brating AstroMetry and Photometry)[] and a catalogue extracted from the GAIA2
database as reference. The images have been then coadded using the Astromatic
Program SWarpf}]

4https://archive.stsci.edu/missions/hlsp/clash/macs1931/data/subaru/
https://www.re3data.org/repository/

Shttp:/ /www.mergingclustercollaboration.org/
"https://www.astromatic.net/
8https://www.astromatic.net/software/swarp
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Figure 4.9: Optical image that we obtained combining IC, RC, B Subaru filters of
MACSJ1931-2634 in an area of ~2 x 2 arcmin® with BCG in the centre. The BCG
envelope is clearly extended in North-South direction.

The final coadded images have been calibrated using point-like sources PSF, aper-
ture corrected, photometry matched against PanStarr PSF photometry, including
color (g-1) pstarr color term.

Magnitudes have been corrected for galactic extinction following Schlafly & Finkbeiner
(2011]).

The 50 depth for the images is ~ 25.69AB for g’ and ~ 26.17AB for r’ (1" aperture
radius). In Fig. we report grey scale A1300 Subaru-Suprime final image in 7.

4.2.2 Near Infrared Images

Near Infrared images for A1300 have been obtained by the Galaxy Clusters at
VIRCAM Survey (GCAV)P] The GCAV is a VISTA ESO Public Survey which

9https://www.eso.org/sci/observing/PublicSurveys/docs/ GCAV_SMP__10012017.pdf
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Figure 4.10: Gray scale Subaru image of A1300 in r’ filter within an area of ~2 x 2
arcmin? with BCG in the centre.

consists of 560 hrs observation in Y, J, Ks bands of 20 Clusters of Galaxies in the
redshift range 0.2 < z < 0.9. The total coverage of ~ 30 deg? allow to sample a
wide dynamic range in density from the field to overdense regions in clusters central
regions. The goal of this Survey is mainly to explore galaxy evolution in a wide
diversity of environments.

The final stacks of A1300 are reported in Tab. [4.5]

Fig. [4.11] shows the final near infrared GCAV image in Ks band of A1300 with
the ‘Dumb-bell’ BCG in its centre.
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Table 4.5: A1300 GCAV observations and final stacks

Filter exposure FWHM depth”
(hrs) ()

Y 6.4 0.86 24.7
J 5.6 0.84 24.5
Ks 3.5 0.80 22.9

“depth: AB magnitude 5-sigma in
2arcsec-diameter aperture

4.2.3 Spectroscopic redshifts and stellar masses

For MACSJ1931-2634, as well as for A1300, the radio observations discussed in this
thesis were obtained much later the spectroscopic campaigns. For the galaxy cluster
MACSJ1931-2634, spectra were kindly provided by the CLASH-VLT Collaboration
(P.I. P. Rosati), programme number 186.A-0798. I will report in Chapter 5 the de-
tails of the observation. For Abell 1300 the spectroscopic data have been obtained
starting from the raw VIMOS data from the VLT ESO GO Large Programme (P.I.
Béringher) number 169.A-0595 (see Ziparo et al., [2012)). I will report in Chapter 6
the details of the observation.
The spectra have been obtained with a combination of IRAFEG] tasks (apall, (re)identify,
dispcor, xcsao) and custom programs to cope e.g. with the dithering during observa-
tions. To assign to each slit the target object, the informations stored in the header
of the VIMOS files have been used as first guess. These preliminary positions were
then mapped into the SuprimeCam WCS also using IRAF geomap.
We collected a total of ~ 400 redshifts for A1300 from our analysis, most obtained
from our spectra extraction. After the spectroscopic analysis, which involved a
substantial portion of the work, resulted that six galaxies are consistent with being
cluster members in MASJ1931-2634 galaxy cluster and nine galaxies are consistent
with being cluster members in A1300. In Fig. and we report the cutouts
of the member galaxies for MACSJ1931-2634 and A1300 respectively.
MAGPHYS|(Cunha et al), [2008) has been used to calculate stellar masses and
Star Formation Rate of the cluster members galaxies. For A1300, to give consis-
tent input magnitudes, a correction factor between the SuprimeCam r’ aperture
magnitude, 1".5 radius, and the r’ total magnitude has been computed. This factor
has then been applied to the other, ¢’,Y,J, Ks bands. The results from the Spectral
Energy Distribution fitting, including an estimate of the specific Star Formation
Rate (sSFR), are reported in Chapter 7.

Ohttp://ast.noao.edu/data/software
Uhttp:/ /www.iap.fr/magphys/
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Figure 4.11: GCAV image of A1300 in Ks band within an area of ~4 x 4 arcmin? with
the ‘Dumb-bell’ BCG in the centre.
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Figure 4.12: From left to right: B,V,RC,IC,Z cutouts of the six cluster members of
MACSJ1931-2634. Source ID from top to bottom: 255, 282, 320 (BCG), 500078 (NAT),
500199, 500307. We adopted the same ID used in the tables reported in Chapter 5.
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Figure 4.13: From left to right: g’,r’)Y,J,Ks bands cutouts of the nine cluster members
of A1300. Source ID from top to bottom: 166, 168, 196, 200, 201 (BCG), 216, 221, 228,
304. We adopted the same ID used in the tables reported in Chapter 6.

138



Chapter 5

A multiwavelength analysis of the

radio galaxy population in
MACSJ1931-2634

This chapter presents a multiwavelength analysis of the radio galaxy population
of the galaxy cluster MACSJ1931-2634 and its field. Since our main goal is to
investigate the properties of the galaxies and their evolution in relation with the
environment in which they are located, we analyzed the radio galaxy population
in a wide region surrounding the cluster. We extracted two radio catalogues at 1.2
GHz (MeerKAT-16 L band) and at 640 MHz (uGMRT band 4) within an area of
30 arcmin radius, which corresponds to 9 Mpc at the cluster redshift (z=0.352);
we present the two catalogues and the spectral indices of the sources in common.
Moreover, we estimated the upper limits on the spectral indices for the sources
detected only at 1.2 GHz or only at 640 MHz.

Second, we restricted the area of interest to 12 arcmin radius (i.e. two virial radii),
corresponding to 3.5 Mpc at the cluster redshift, to crossmatch with the optical the
radio sources in our catalogues and to perform the entire analysis on the galaxy
population, i.e. statistical source counts (logN-logS), considerations on radio and
optical overdensities and the Color-Magnitude diagram.

Finally, we estimated the Radio Luminosity Functions at 1.2 GHz and at 0.6 GHz
in order to investigate the statistical properties of the radio galaxies in relation
with the environment. We compared our result with the local RLF in [Venturi et al.
(2000), in order to see if there is an evolution with z, and with Branchesi et al.
(2006) to compare our RLF with a result obtained at the same redshift (z ~0.3).
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5.1 MACSJ1931-2634

This massive, X-ray selected (Ebeling et al., 2010]) cool core galaxy cluster, located
at redshift z=0.352, is part of the Massive Cluster Survey (MACS) sample (see
Ebeling et al., 2007, and references therein). The Massive Cluster Survey, launched
in 1999, has compiled the first large X-ray selected sample of clusters that are both
massive and distant. Based on sources listed in ROSAT All Sky Survey (RASS;
Trumper, 1984) and in its Bright Sources Catalogue ((BSC, |Voges et al. [1999)),
MACS covers the entire extragalactic sky observable from Mauna Kea (Hawaii) in
a range of declination between -40° < ¢ > 80 °, and on clusters at z > 0.3.
MACSJ1931-2634 hosts one of the most X-ray luminous cool cores yet discovered
(see Fig. , with an equivalent mass cooling rate within the central 50h7_01 kpc of
~ 700 Moyr—' (Ehlert et al., 2011]).

In a short 12 ks Chandra observation of MACSJ1931-2634 taken in October 2002
(Allen et al.| 2004; |Allen|, |2008), X-ray cavities were detected surrounding the bright
central AGN. The physical size of these cavities is ~25 kpc and is similar to those
observed in the nearby Perseus cluster (Fabian et al., 2003 2006). Indeed, with
its luminous cool core, central bright point source, and very large apparent cooling
rate, MACSJ1931-2634 is in many ways a higher redshift analog of the Perseus
Cluster (Ehlert et al. 2011)).

Deeper Chandra observations were taken in August 2008, increasing the total ex-
posure at ~100 ks, giving a surface brightness profile as seen in Figure [5.1]

The central AGN clearly manifests an outburst with an amount of power of the
order of Pjy, = 4 — 14 x10% ergs~! (Ehlert et all 2011), making this among the
most powerful jet ever observed.

MACSJ1931-2634 is also part of the Cluster Lensing and Supernova Survey with
Hubble (CLASH; Postman et al. 2012) sample of 25 massive galaxy clusters used
to study the Dark Matter distribution in clusters.

The cluster is dominated by the very large, luminous central BCG that is undergoing
a phase of active Star Formation (Fogarty et al. 2015; Donahue et al. 2015). The
SFR of the BCG, removing the AGN contribution, is measured to be SFR=150+15
Meoyr~—! (Santos et al., [2016) with Herschel in the FIR band. The main properties
of this galaxy cluster are shown in Tab. [5.1]
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Table 5.1: MACSJ1931-2634 cluster general properties

Name zZ scale RA* DEC? MagoP Lx° kT®
(kpe/") (hms) — (°7") Mg (ergs™) (KeV)
MACSJ1931-2634  0.352 4.9 19:31:49.6  -26:34:34 9.9 £10* 1 x 10*®* 75+ 14

& Ebeling, H., 2010.
> Santos, J., 2016.
¢ Giacintucci, S., 2014.

141



10

10-5

Surface brightness (cts sec™! arcsec?)

107

el L vl
1 10
Radius (arcsec)

™" ™ T ) | B —

F32:00.0 200 kpe
- 30.0 3
E 33:00.0 3
E 30.0 : -
- =26:34:00.0

- 30.0

- 35:00.0
300 _' 3
- 36:00.0 %
E30.0 3

- 37:00.0 ; 3
F 19:32:00.0 55.0 50.0 45.0 31:40.0
a 1 | L.

1 1 g
T
0.1 03 0.6 1.2 24 4.9 9.7 194 390 717 1542

Figure 5.1: Combined X-ray surface brightness profile for MACSJ1931-2634 in the energy
range 0.7-2.0 KeV. The red points denote the total surface brightness, while the black
denote the background subtracted surface brightness (top panel). Chandra view of the
cool core of MACSJ1931-2634 in a 5.7° x 5.7’ central region (bottom panel), (see

et al} pO11).

142



5.2 The multiwavelength analysis

The radio and the optical /IR-spectroscopic data reduction is entirely presented in
Chapter 4. In this section, I report a summary of the radio, optical, spectroscopic
data used to perform the analysis on the radio galaxy population of MACSJ1931-
2634 galaxy cluster and its field.

Radio data

We performed the radio analysis mainly by means of the data taken from new
observations with the MeerKAT-16 interferometer at 1.2 GHz and the uGMRT
interferometer at 640 MHz (Tab. . Moreover, to gain a complete view of the
cluster galaxy population and its environment, starting from the BCG in the core
to the outer regions, we reprocessed archival VLA data at 1.4 GHz (1.2 arcsec
resolution, A array); we also used the 323 MHz archival GMRT data. The archival
1.4 GHz VLA and 323 MHz GMRT data were also used to perform the BCGs radio
analysis reported in Chapter 2. We inspected finally the VLA Sky SurveyE] (VLASS)
data at 3 GHz (see Lacy et al. 2019)P]

Table 5.2: MACSJ1931-2634 radio data

Instrument obs. date central v BW tos synt. beam  PA rms
(MHz)  (MHz) (min) (arcsec) (deg) (mJy/b)

MeerKAT 2 May 2018 1283 800 120 5x3 136 0.04
uGMRT 24 May 2018 640 200 208 5x4 169 0.03
VLA 14 Apr 2006 1400 50 82 2 x1 4 0.02
GMRT 17 Nov 2012 323 32 480 10 x 6 -5 0.17
VLASS 9 Feb 2018 3000 2 ref? 2x1 48 0.1

Thttps://science.nrao.edu/science/surveys/vlass
Zhttps://arxiv.org/pdf/1907.01981.pdf
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Optical and Photometric data

We analyzed optical data from Subaru-SuprimeCam (2012 observations) in a broad-
band range of filters: B,V,RC,IC,Z. The details of the optical observations are re-
ported in Table

We used these optical data to cross-match our radio catalogues and to inspect the
optical features of the cluster. In particular, we cross-matched our radio catalogues
with Suprime RC and B bands in order to identify the optical counterparts of the
radio galaxies in our sample.

From the composite optical Suprime image that we obtained combining I,RC, and
B filters (Fig. [5.2), it is clear that the cluster core has a structure in North-South
direction, according to what is detected also in the X-ray (Ehlert et al., 2011)).

Table 5.3: MACSJ1931-2634 optical observations

Filter exposure FWHM depth”
() ()

B 2640 1.20 25.59
A% 1275 0.88 25.04
RC 4560 0.81 24.95
IC 1800 0.92 24.54
Z 1950 0.76 24.29

“depth: AB magnitude 5-sigma in
2arcsec-diameter aperture

Spectroscopic data: VIMOS-VLT and FORS2

VIMOS spectra have been collected within the CLASH-VLT ESO Large Programme
(PI P. Rosati), 186.A-0798 (Rosati et al., 2014). MACSJ1931 has been observed
with the Low Resolution blue Grism, resulting in a spectral coverage ~ 3700 A-6700
A, and a spectral resolution of ~ 180.

The cluster has been covered with four partially overlapping pointings, with Ob-
serving Blocks 1 hr long, each one splitted in 900s-1200s exposure.

We proposed to observe MACSJ1931-2634 central Narrow-Angle tail radio galaxy
in September 2018 (PI B. Terni de Gregory). Observations have been carried out
using FORS2/VLT, Programme ID:0101.A-0776, using 3001 Grism, covering the
6000 A-11000 A interval. A total of 3 hrs where allocated to the programme: 1
hr observation for the bright elliptical galaxy, the most likely counterpart, and two
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Figure 5.2: Optical image that we obtained combining IC,RC,B Subaru filters of
MACSJ1931-2634 in an area of ~3 x 3 arcmin? centered on the BCG. From this im-
age is visible that the BCG envelope is extended in North-South direction.

hours for two very close and fainter sources. Seeing during observations was be-
tween 0.5” and 1.3”. Each Observing Block, 1 hour of observations, was split into 3
exposures each 850s long. Results from this spectroscopic observation are entirely
presented and discussed in the last Section of this chapter.

X-ray data

We reprocessed archival Chandra X-ray data taken from an 2008 observation in
order to assess the properties of the central object in MACSJ1931-2634 galaxy clus-
ter. We adopted the CIAO software package, 4.11 version, and a standard script
to reprocess our data (4.8.3 CALDB version). The details of the observation are
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reported in Tab/5.4]
We adopted the unsharp masking technique (Shin et al.;|2016]) to get our final image

(Fig5.30).

Table 5.4: MACSJ1931-2634 X-ray observations

Observation ID  Observation date Detector —exposure time"
(ks)

9382 21 August 2008  ACIS-I 89.5
" same data used by Ehlert et al.| (2011)

5.3 The MeerKAT radio catalogue

The total number of sources detected at 1.2 GHz with MeerKAT-16, above the
catalogue threshold of 0.2 mJy (5 sigma), within an area of 30 arcmin radius, is 192
(Fig. and . The list of the sources is given in Table and the following,
where we report respectively their name, position (J2000), integrated flux density
at 1.2 GHz, flux error and indication on the radio morphology. All flux densities
are corrected for the primary beam attenuation. The primary beam correction is
obtained using the analitic formula derived for MeerKAT primary beam described
in Chapter 4. At the time of our analysis an accurate model of the MeerKAT pri-
mary beam was not available.

All flux densities are extracted with PyBDSF (Mohan & Rafterty] |2015), accord-
ing to the criterion adopted and described in Chapter 4; whereas the flux of the
extended sources is measured by AIPS TVSTAT, which allows integration of the
image brightness values over irregular areas. The flux errors are measured according
to the formula from Klein et al.| (2003):

AF; = /(rms)? + (cF)? + (Epa)? (5.1)

where the rms is the noise of the image, c is the residual calibration error (con-
servatively assumed of 10%), and Ey; is the error of the fit in PyBDSF which is
negligible. The dominant term is the calibration error.

To classify the source morphologies we adopted the following criterion (see|(Condon
et al., |1998; Branchesi et al., 2006):

|F) = Fyear| < 20 (5.2)
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where o is given by:

0= \V O-;QJeak + 0-152 (53)

i.e. all the sources for which the relation (6.2) is valid are classified unresolved
(pointlike). All the sources for which the relation is not valid are classified as
barely resolved (i.e. not pointlike even though a clear morphology is not visible).
The sources which show a clear extention and a defined morphology are classified
extended. We report them in boldface in the catalogue.

According to this morphological classification, the majority of the radio sources is
unresolved or barely resolved (see Tab. and following); in particular, only four
sources are extended (see Sect. 6.10). Among them, two are the central BCG and
the NAT, whose flux density is Fpog= 45.4 + 4.5 mJy and Fyar= 145.2 + 14.5
mJy respectively. The BCG is contaminated by the unresolved diffuse emission
surrounding it in the MeerKAT image. An FRII radio galaxy of flux F=1006 +
100.6 mJy is located towards East direction from the cluster center (Fig. and
the fourth extended galaxy detected in our sample is located in the South-West
direction. The classification of this galaxy is challenging: it could be an FRI (see
Fig. or an FRIL Its flux at 1.2 GHz is F=27.1 &+ 2.7 mJy.

In the MeerKAT catalogue there are five sources with fluxes > 50 mJy, i.e. the 2%
of the sample.
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Figure 5.3: The image shows blue-scale view of the MeerKAT field which encompasses
an area of 0.785 deg? (30 arcmin radius, green circle). This is the area of interest in our
analysis and the area within which we extracted our catalogues. The central noise is 0.04
mJy/b with resolution of 5 x 3 in p.a. ~ 136°.
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Figure 5.4: The image shows blue-scale view of the same area of 0.785 deg? (30 arcmin,
green circle). The red circles indicate the radio sources detected over a threshold of 50
(i.e. 0.2 mJy/b).
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Table 5.5: MACSJ1931-2634 MeerKAT radio catalogue

Name RA 2000 DECj00 Fi2egm. AF  Morphology
(mJy)

J1929-2627  19:29:48.89 -26:27:32.4 0.60 0.07 unresolved
J1929-2637  19:29:53.29 -26:37:44.8 1.60 0.16 barely
J1930-2625a  19:30:00.09 -26:25:52.2 0.50 0.06 barely
J1930-2623  19:30:05.90 -26:23:38.7 0.70 0.08 unresolved
J1930-2616a  19:30:09.21 -26:16:24.1 0.40 0.05 unresolved
J1930-2640  19:30:09.37 -26:40:43.0 0.60 0.07 unresolved
J1930-2634  19:30:09.37 -26:34:29.6 0.60 0.07 barely
J1930-2649  19:30:09.40 -26:49:34.3 7.60 0.76 barely
J1930-2629a  19:30:10.40 -26:29:27.9 0.40 0.06 barely
J1930-2646  19:30:11.91 -26:46:08.2 0.30 0.05 unresolved
J1930-2650a  19:30:12.87 -26:50:48.9 1.40 0.14 unresolved
J1930-2613  19:30:13.82 -26:13:35.3 0.80 0.09 unresolved
J1930-2619a  19:30:16.27 -26:19:26.8 0.80 0.09 unresolved
J1930-2647a  19:30:16.29 -26:47:38.1 0.60 0.07 barely
J1930-2644a  19:30:16.76  -26:44:30.4 1.40 0.15 unresolved
J1930-2621  19:30:16.91 -26:21:56.2 0.80 0.09 unresolved
J1930-2631a  19:30:18.81 -26:31:12.2 8.00 0.80 unresolved
J1930-2624a  19:30:19.87 -26:24:11.1 0.40 0.05 unresolved
J1930-2630a  19:30:21.31 -26:30:01.2 3.00 0.30 barely
J1930-2628a  19:30:22.95 -26:28:41.5 0.90 0.10 unresolved
J1930-2643a  19:30:25.37 -26:43:40.4 3.80 0.38 unresolved
J1930-2626a  19:30:25.52 -26:26:28.6 2.40 0.24 unresolved
J1930-2611  19:30:28.40 -26:11:29.4 0.40 0.05 unresolved
J1930-2631b  19:30:28.46 -26:31:13.5 0.30 0.05 unresolved
J1930-2626b  19:30:30.91 -26:26:24.0 0.70 0.08 unresolved
J1930-2656  19:30:37.88 -26:56:40.1 0.50 0.06 barely
J1930-2624b  19:30:37.97 -26:24:48.2 0.50 0.06 barely
J1930-2643b  19:30:38.23 -26:43:11.4 27.1 2.71 FRI-II?
J1930-2625b  19:30:38.41 -26:25:07.3 0.40 0.05 barely
J1930-2647b  19:30:38.62 -26:47:15.5 0.80 0.09 barely
J1930-2629b  19:30:39.45 -26:29:13.6 0.60 0.07 unresolved
J1930-2637a  19:30:42.69 -26:37:21.1 0.30 0.05 unresolved
J1930-2653  19:30:43.64 -26:53:45.8 0.80 0.09 unresolved
J1930-2630b  19:30:43.70 -26:30:00.9 0.40 0.05 barely
J1930-2647c  19:30:44.09 -26:47:34.8 0.90 0.10 unresolved
J1930-2628b  19:30:45.92 -26:28:23.3 0.50 0.06 unresolved
J1930-2644b  19:30:47.62 -26:44:15.2 47.3 4.73 unresolved
J1930-2637b  19:30:48.27 -26:37:50.0 0.40 0.06 barely
J1930-2633  19:30:48.44 -26:33:39.7 0.60 0.07 unresolved
J1930-2631c  19:30:50.59 -26:31:52.6 0.60 0.07 unresolved
J1930-2658  19:30:53.08 -26:58:00.4 0.40 0.06 unresolved
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Table 5.6: continued

Name RAJQOOO DECJ2000 F1.2GHz AF Morphology
(mJy)

J1930-2610  19:30:53.51 -26:10:38.0 0.40 0.05 barely
J1930-2617a  19:30:53.58 -26:17:59.9 0.40 0.06 unresolved
J1930-2650b  19:30:54.68 -26:50:50.4 2.30 0.20 unresolved
J1930-2655  19:30:55.05 -26:55:37.7 0.80 0.09 unresolved
J1930-2619b  19:30:55.14 -26:19:04.5 0.60 0.07 barely
J1930-2620  19:30:55.36  -26:20:48.2 11.3 1.13 unresolved
J1930-2616b  19:30:56.61 -26:16:56.5 1.70 0.18 unresolved
J1930-2636  19:30:57.98 -26:36:14.6 1.70 0.18 unresolved
J1930-2617b  19:30:59.16  -26:17:34.0 0.50 0.06 barely
J1930-2626¢  19:30:59.83  -26:26:40.5 0.50 0.06 barely
J1931-2607  19:31:00.31 -26:07:41.4 0.90 0.10 unresolved
J1931-2629  19:31:03.07 -26:29:00.8 0.50 0.06 unresolved
J1931-2645a  19:31:03.17 -26:45:15.6 0.60 0.07 barely
J1931-2620a  19:31:03.59 -26:20:25.0 6.90 0.69 barely
J1931-2656a  19:31:05.64 -26:56:40.7 0.40 0.06 unresolved
J1931-2608a  19:31:06.96 -26:08:09.2 0.50 0.06 unresolved
J1931-2640a  19:31:07.25 -26:40:59.1 0.90 0.09 unresolved
J1931-2613a  19:31:09.17 -26:13:04.0 0.30 0.05 unresolved
J1931-2644  19:31:17.18 -26:44:48.7 28.9 2.89 barely
J1931-2608b  19:31:17.55 -26:08:44.7 1.00 0.10 unresolved
J1931-2630a  19:31:18.35 -26:30:18.3 0.30 0.05 unresolved
J1931-2630b  19:31:19.30 -26:30:17.5 0.30 0.05 unresolved
J1931-2656b  19:31:20.25 -26:56:29.8 0.60 0.07 unresolved
J1931-2645b  19:31:20.42 -26:45:34.4 0.40 0.05 unresolved
J1931-2640b  19:31:20.53 -26:40:46.7 0.40 0.05 unresolved
J1931-2621a  19:31:21.62 -26:21:23.2 0.50 0.06 barely
J1931-2615  19:31:22.64 -26:15:33.8 0.30 0.05 unresolved
J1931-2659  19:31:27.40 -26:59:30.9 1.30 0.13 barely
J1931-2618 19:31:28.05 -26:18:46.2 1.00 0.11 unresolved
J1931-2651  19:31:30.36  -26:51:23.3 0.40 0.05 unresolved
J1931-2619  19:31:30.37 -26:19:56.2 5.60 0.56 barely
J1931-2655  19:31:32.41 -26:55:45.3 3.40 0.35 unresolved
J1931-2620b  19:31:33.10 -26:20:14.0 0.40 0.05 barely
J1931-2653  19:31:33.28 -26:53:45.1 0.20 0.04 unresolved
J1931-2654a  19:31:35.79  -26:54:52.1 0.50 0.07 barely
J1931-2633  19:31:36.44 -26:33:09.6 15.2 1.52 barely
J1931-2613b  19:31:38.93 -26:13:13.7 1.30 0.13 unresolved
J1931-2617  19:31:43.67 -26:17:42.1 1.10 0.11 unresolved
J1931-2654b  19:31:45.56 -26:54:24.4 0.40 0.05 unresolved
J1931-2637  19:31:46.56 -26:37:32.1 0.30 0.05 unresolved
J1931-2621b  19:31:48.83 -26:21:39.0 0.40 0.05 unresolved
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Table 5.7: continued

Name RA 2000 DECj00 Fi2egm. AF  Morphology
(mJy)

J1931-2634  19:31:49.56 -26:34:32.7 45.4 4.54 BCG
J1931-2635  19:31:49.98 -26:35:17.3 145.2 14.5 NAT
J1931-2656¢  19:31:50.85 -26:56:11.6 0.40 0.06 unresolved
J1931-2624  19:31:51.97 -26:24:26.9 0.80 0.09 unresolved
J1931-2630c  19:31:54.87 -26:30:57.7 0.80 0.09 unresolved
J1931-2622  19:31:57.37 -26:22:09.7 0.70 0.08 unresolved
J1931-2645¢  19:31:57.56  -26:45:38.2 0.40 0.05 unresolved
J1931-2649  19:31:57.96 -26:49:55.0 0.30 0.05 unresolved
J1931-2638  19:31:58.93 -26:38:15.7 3.50 0.35 unresolved
J1932-2654a  19:32:00.41 -26:54:17.6 0.90 0.10 unresolved
J1932-2620  19:32:03.07 -26:20:11.0 0.40 0.05 unresolved
J1932-2632a  19:32:05.19 -26:32:05.7 0.30 0.05 barely
J1932-2627a  19:32:05.20 -26:27:00.2 2.30 0.23 barely
J1932-2646  19:32:06.43 -26:46:31.1 0.50 0.06 unresolved
J1932-2702  19:32:07.73 -27:02:27.9 0.40 0.06 unresolved
J1932-2627b  19:32:08.17 -26:27:03.4 0.50 0.07 barely
J1932-2625  19:32:09.74 -26:25:29.4 0.30 0.05 unresolved
J1932-2621a  19:32:10.80 -26:21:50.5 2.00 0.20 barely
J1932-2634  19:32:11.30 -26:34:01.0 0.30 0.05 unresolved
J1932-2657a  19:32:11.49 -26:57:08.6 0.80 0.08 unresolved
J1932-2618a  19:32:11.85 -26:18:43.2 2.50 0.25 barely
J1932-2637  19:32:12.15 -26:37:29.7 0.50 0.06 unresolved
J1932-2648  19:32:12.26 -26:48:18.4 0.60 0.07 unresolved
J1932-2633  19:32:12.54 -26:33:14.4 0.90 0.10 unresolved
J1932-2628  19:32:12.95 -26:28:07.8 0.50 0.06 unresolved
J1932-2654b  19:32:14.01 -26:54:23.9 0.50 0.06 unresolved
J1932-2651  19:32:14.41 -26:51:39.7 0.40 0.06 unresolved
J1932-2648a  19:32:16.53 -26:48:44.6 0.50 0.06 barely
J1932-2608  19:32:16.78 -26:08:22.1 3.50 0.30 unresolved
J1932-2635a  19:32:17.11 -26:35:38.4 0.60 0.07 unresolved
J1932-2629  19:32:17.70 -26:29:32.1 1.30 0.13 unresolved
J1932-2621b  19:32:18.81 -26:21:25.9 0.50 0.06 unresolved
J1932-2618b  19:32:19.55 -26:18:14.5 0.50 0.06 barely
J1932-2631a 19:32:20.07 -26:31:35.1 0.50 0.06 unresolved
J1932-2659  19:32:21.19  -26:59:02.7 0.60 0.07 barely
J1932-2644  19:32:21.42 -26:44:21.0 0.60 0.07 unresolved
J1932-2619  19:32:22.41 -26:19:39.7 0.40 0.05 unresolved
J1932-2654  19:32:25.41 -26:54:26.0 1.90 0.19 unresolved
J1932-2648b  19:32:25.80 -26:48:16.2 0.70 0.08 unresolved
J1932-2631b  19:32:25.84 -26:31:24.5 0.30 0.05 unresolved
J1932-2632b  19:32:26.11 -26:32:48.8 0.50 0.07 unresolved
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Table 5.8: continued

Name RAJQOOO DECJ2000 F1.2GHz AF Morphology
(mJy)

J1932-2633a  19:32:27.32  -26:33:10.1 17.7 1.70 barely
J1932-2621c  19:32:27.69 -26:21:15.1 0.30 0.05 barely
J1932-2633b  19:32:27.73  -26:33:56.5 0.40 0.05 unresolved
J1932-2632¢  19:32:27.80 -26:32:08.3 0.50 0.07 unresolved
J1932-2613  19:32:29.00 -26:13:24.5 0.50 0.06 unresolved
J1932-2638a  19:32:30.45 -26:38:12.5 0.20 0.04 unresolved
J1932-2628a  19:32:30.69 -26:28:50.8 0.60 0.07 unresolved
J1932-2628b  19:32:30.90 -26:28:03.4 1.00 0.11 barely
J1932-2641a  19:32:31.01 -26:41:51.3 0.50 0.06 unresolved
J1932-2631c  19:32:31.59 -26:31:20.8 0.50 0.06 unresolved
J1932-2627¢c  19:32:31.75 -26:27:58.9 0.90 0.10 barely
J1932-2654¢  19:32:31.80 -26:54:36.1 0.50 0.06 unresolved
J1932-2639a  19:32:33.36 -26:39:08.1 0.60 0.07 unresolved
J1932-2617  19:32:36.55 -26:17:10.6 0.60 0.07 barely
J1932-2628¢c  19:32:38.69 -26:28:43.1 0.70 0.08 barely
J1932-2658  19:32:39.40 -26:58:36.4 0.50 0.06 unresolved
J1932-2618¢c  19:32:40.26 -26:18:54.8 6.30 0.60 unresolved
J1932-2645  19:32:40.28 -26:45:47.1 0.40 0.06 unresolved
J1932-2658  19:32:41.10 -26:58:37.8 2.60 0.26 unresolved
J1932-2635b  19:32:41.51 -26:35:58.3 1.20 0.13 barely
J1932-2657b  19:32:43.01 -26:57:54.3 0.70 0.08 unresolved
J1932-2641b  19:32:44.15 -26:41:34.6 0.30 0.05 unresolved
J1932-2630  19:32:44.91 -26:30:13.1 52.7 5.20 unresolved
J1932-2639b  19:32:44.96 -26:39:32.6 0.60 0.07 unresolved
J1932-2638b  19:32:47.76 -26:38:47.4 0.60 0.07 unresolved
J1932-2656  19:32:50.31 -26:56:16.5 0.50 0.06 barely
J1932-2642  19:32:51.32 -26:42:51.0 5.80 0.58 barely
J1932-2616 19:32:57.15  -26:16:42.1 0.60 0.07 barely
J1932-2636  19:32:58.44 -26:36:50.4 1.50 0.16 unresolved
J1932-2650  19:32:58.63 -26:50:26.2 0.30 0.05 unresolved
J1932-2643  19:32:58.69 -26:43:29.7 5.30 0.53 unresolved
J1933-2650a  19:33:01.88  -26:50:30.5 0.30 0.05 unresolved
J1933-2618a  19:33:04.10 -26:18:01.8 0.60 0.07 barely
J1933-2617a  19:33:04.42 -26:17:05.6 0.40 0.05 unresolved
J1933-2630  19:33:05.31 -26:30:04.6 1.30 0.14 unresolved
J1933-2658  19:33:05.62 -26:58:21.1 440 0.44 barely
J1933-2622  19:33:06.31 -26:22:22.9 11.9 1.19 barely
J1933-2652a  19:33:06.41 -26:52:35.9 0.60 0.07 unresolved
J1933-2612  19:33:09.92 -26:12:41.5 0.60 0.07 unresolved
J1933-2639  19:33:10.60 -26:39:41.3 0.40 0.06 unresolved
J1933-2656  19:33:10.77 -26:56:26.3 0.60 0.07 unresolved

153



Table 5.9: continued

Name RA j2000 DECj2000 Fi2gw. AF  Morphology
(mJy)

J1933-2649 19:33:12.34 -26:49:14.4 0.60 0.07 barely
J1933-2633a  19:33:14.15  -26:33:22.7 0.40 0.05 unresolved
J1933-2613  19:33:14.52 -26:13:24.9 31.1  3.11 barely
J1933-264a0 19:33:15.35 -26:40:58.4 0.50 0.06 barely
J1933-2617b  19:33:17.36 -26:17:11.3 0.30 0.05 unresolved
J1933-2624a  19:33:17.37 -26:24:15.7 0.70 0.08 unresolved
J1933-2631  19:33:19.15 -26:31:30.8 0.80 0.09 unresolved
J1933-2640b  19:33:19.22 -26:40:31.4 4.90 0.49 unresolved
J1933-2641a  19:33:20.27 -26:41:10.5 0.50 0.07 unresolved
J1933-2632  19:33:21.33  -26:32:34.2 0.50 0.06 unresolved
J1933-2624b  19:33:23.13  -26:24:03.3 0.80 0.09 unresolved
J1933-2614 19:33:27.27 -26:14:53.6 1.40 0.14 barely
J1933-2634  19:33:27.33  -26:34:04.0 1.20 0.12 unresolved
J1933-2626  19:33:28.06 -26:26:00.9 1.70 0.17 unresolved
J1933-2650b  19:33:28.31 -26:50:03.4 0.40 0.06 barely
J1933-2618b  19:33:28.99 -26:18:34.2 1.10 0.12 unresolved
J1933-2629  19:33:30.74 -26:29:13.1 10.2  1.02 barely
J1933-2652b  19:33:31.37 -26:52:17.1 0.70  0.08 unresolved
J1933-2629  19:33:33.18  -26:29:58.6 0.20 0.04 barely
J1933-2642  19:33:35.92  -26:42:44.8 1.00 0.11 unresolved
J1933-2643  19:33:38.57 -26:43:13.9 0.70  0.08 unresolved
J1933-2646  19:33:39.15  -26:46:23.6 0.90 0.10 barely
J1933-2641b  19:33:41.41 -26:41:25.6 0.70  0.08 barely
J1933-2647  19:33:42.46 -26:47:39.9 0.60 0.07 unresolved
J1933-2623  19:33:45.83 -26:23:41.4 0.50 0.06 unresolved
J1933-2633b  19:33:47.67 -26:33:35.0 1006 100.6 FRII
J1933-2645a  19:33:52.32  -26:45:33.1 3.60 0.36 unresolved
J1933-2645b  19:33:52.52  -26:45:00.1 23.1 231 unresolved

154



5.4 The uGMRT radio catalogue

The total number of sources detected at 640 MHz with the uGMRT interferometer,
above the catalogue threshold of 0.15 mJy (5 sigma), within an area of 30 arcmin
radius, is 623 (Fig. and [p.6]). The list of the sources is given in Table and
following, where we report respectively their name, position (J2000), integrated flux
density at 640 MHz, flux error and indication on the radio morphology. All flux
densities given are corrected for the primary beam attenuation. The primary beam
correction is obtained by PBCOR task in AIPS giving the PBPARM parameters
for the uGMRT updated at December 1st 2018 (see Chapter 4, courtesy by Ruta
Kale; NCRA).

All flux densities are extracted with PyBDSF (Mohan & Raffertyl 2015), whereas
we measured by AIPS TVSTAT the fluxes of the extended sources. The flux errors
are measured, as for the MeerKAT sample, according to the formula (6.1) from
Klein et al| (2003). The residual calibration error is conservatively assumed of 10%
and it is the dominating term.

We adopted the same method that we used for the MeerKAT catalogue to define
the morphology of the sources. As clear from Table [5.10]and following, the majority
of the sources is unresolved or barely resolved; in particular, only six sources are
extended. Among the extended sources, two are the BCG and the NAT in the field
center, which have fluxes of 183.7 + 18.3 mJy and 354.7 £ 35.4 mJy respectively.
Also in the uGMRT image the BCG is contaminated by the unresolved diffuse emis-
sion surrounding it. The FRII radio galaxy located toward East from the BCG has
a flux density of 3526 4+ 352.6 mJy, the uncertain FRI-II located at South-West
has a flux density of 118.3 £ 11.8 mJy. There are two more extended sources with
respect to the MeerKAT catalogue reported in Figl5.22] and of fluxes 109 +
10.9 mJy and 5.84 4+ 0.58 mJy respectively.
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Table 5.10: MACSJ1931-2634 uGMRT radio catalogue

Name RA 2000 DECj2000 Fesomrrr= AF  Morphology
(mJy)

J1929-2633a  19:29:38.38  -26:33:47.1 0.65 0.07 barely
J1929-2642  19:29:40.24 -26:42:10.1 0.60 0.06 unresolved
J1929-2638  19:29:40.89 -26:38:31.5 1.69 0.17 barely

J1929-2635a  19:29:41.91 -26:35:59.4 0.61 0.06 unresolved

J1929-2626a  19:29:43.72  -26:26:58.5 1.29 0.13 barely

J1929-2637a  19:29:43.83  -26:37:26.6 1.07 0.11 barely
J1929-2625 19:29:45.10 -26:25:24.4 0.89 0.09 barely
J1929-2624  19:29:48.06 -26:24:34.1 0.74 0.08 barely
J1929-2647  19:29:48.68 -26:47:29.7 0.77 0.08 unresolved
J1929-2627  19:29:48.95 -26:27:32.5 2.17 0.21 unresolved

J1929-2633b  19:29:50.75 -26:33:58.3 0.42 0.05 unresolved
J1929-2631 19:29:51.04 -26:31:36.4 0.54 0.06 barely

J1929-2635b  19:29:52.68 -26:35:18.3 0.37 0.04 unresolved

J1929-2637b  19:29:53.30 -26:37:41.4 8.87 0.88 barely
J1929-2630  19:29:54.64 -26:30:58.0 0.53 0.06 unresolved
J1929-2646  19:29:55.61 -26:46:53.0 0.75 0.08 unresolved

J1929-2626b  19:29:57.27 -26:26:40.3 0.38 0.04 unresolved
J1929-2639  19:29:57.55 -26:39:05.4 0.24 0.03 unresolved
J1929-2635¢  19:29:58.56  -26:35:17.9 0.88 0.09 barely

J1930-2630a  19:30:00.02 -26:30:41.6 0.29 0.04 unresolved
J1930-2642  19:30:00.06 -26:42:40.1 0.49 0.05 unresolved

J1930-2625a  19:30:00.11 -26:25:51.9 0.75 0.08 unresolved

J1930-2641a  19:30:00.58 -26:41:20.0 0.63 0.07 barely

J1930-2631a  19:30:02.03 -26:31:21.3 0.33 0.04 unresolved

J1930-2625b  19:30:02.95 -26:25:25.1 0.47 0.05 unresolved

J1930-2631b  19:30:05.00 -26:31:45.7 0.59 0.06 unresolved

J1930-2623a  19:30:05.95 -26:23:38.6 2.94 0.29 unresolved

J1930-2650a  19:30:06.24 -26:50:46.8 0.70 0.07 unresolved

J1930-2619a  19:30:06.33 -26:19:24.5 0.56 0.06 unresolved

J1930-2621a  19:30:07.26 -26:21:38.3 0.38 0.04 unresolved

J1930-2634a  19:30:07.75 -26:34:22.9 0.54 0.06 unresolved

J1930-2635a  19:30:07.84 -26:35:35.5 0.51 0.05 barely

J1930-2649a  19:30:09.14 -26:49:43.3 109.0 10.9 FRII

J1930-2616a  19:30:09.26 -26:16:23.5 1.13 0.11 barely

J1930-2634b  19:30:09.38 -26:34:29.3 1.34 0.13 barely

J1930-2640a  19:30:09.41 -26:40:42.8 2.16 0.21 unresolved

J1930-2630b  19:30:09.41 -26:30:21.2 0.25 0.03 unresolved
J1930-2634¢  19:30:09.47 -26:34:50.3 0.31 0.04 unresolved

J1930-2629a  19:30:10.45 -26:29:28.1 1.25 0.12 barely
J1930-2625¢  19:30:10.56 -26:25:20.1 0.49 0.05 unresolved

J1930-2625d  19:30:10.80 -26:25:41.8 0.28 0.04 unresolved
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Table 5.11: continued

Name RA 2000 DECjo00 Fesomr=: AF  Morphology
(mJy)

J1930-2653a 19:30:11.03 -26:53:19.3 0.82 0.08 barely
J1930-2646  19:30:11.90 -26:46:08.1 0.85 0.09 unresolved
J1930-2625¢  19:30:12.22  -26:25:56.4 0.82 0.08 unresolved
J1930-2637a  19:30:12.70 -26:37:25.3 0.36 0.04 unresolved
J1930-2650b  19:30:12.92  -26:50:48.9 4.30 0.43 unresolved
J1930-2631c  19:30:13.25 -26:31:18.9 0.49 0.05 unresolved
J1930-2613a  19:30:13.89 -26:13:35.2 2.44 0.24 unresolved
J1930-2622a  19:30:15.50 -26:22:20.0 0.75 0.08 barely
J1930-2647a  19:30:16.29 -26:47:38.3 5.85 0.58 barely
J1930-2619b  19:30:16.34 -26:19:26.4 2.47 0.24 unresolved
J1930-2644a 19:30:16.79 -26:44:30.1 1.95 0.19 unresolved
J1930-2621b  19:30:17.00 -26:21:56.5 3.07  0.30 unresolved
J1930-2625f 19:30:17.75 -26:25:15.6 0.33 0.04 unresolved
J1930-2628a  19:30:18.33  -26:28:31.0 0.31 0.04 unresolved
J1930-2653b  19:30:18.38  -26:53:07.6 0.51 0.05 unresolved
J1930-2619¢  19:30:18.48 -26:19:29.8 1.05 0.11 barely
J1930-2640b  19:30:18.87 -26:40:54.1 0.40 0.05 barely
J1930-2631d  19:30:18.88 -26:31:12.1 27.0 2.70 barely
J1930-2633a  19:30:18.89 -26:33:06.7 0.29 0.04 unresolved
J1930-2616b  19:30:19.44 -26:16:02.7 0.46 0.05 barely
J1930-2632a  19:30:19.72 -26:32:46.2 0.43 0.05 barely
J1930-2624  19:30:19.94 -26:24:11.5 0.62 0.06 unresolved
J1930-2619d  19:30:20.24 -26:19:27.9 0.38 0.04 unresolved
J1930-2628b  19:30:20.45 -26:28:25.3 0.43 0.05 unresolved
J1930-2625¢  19:30:20.70 -26:25:19.8 0.58 0.06 barely
J1930-2632b  19:30:20.78 -26:32:13.3 0.38 0.04 unresolved
J1930-2630j  19:30:21.38 -26:30:01.3 8.74 0.87 barely
J1930-2641b  19:30:22.81 -26:41:35.6 0.40 0.05 barely
J1930-2628¢c  19:30:23.02 -26:28:41.1 1.83 0.10 unresolved
J1930-2639  19:30:23.30 -26:39:46.4 0.84 0.08 barely
J1930-2625h  19:30:23.42 -26:25:36.6 0.23 0.02 unresolved
J1930-2626a  19:30:24.35 -26:26:43.3 0.15 0.01 unresolved
J1930-2626b  19:30:25.34 -26:26:19.0 0.28 0.02 unresolved
J1930-2643a  19:30:25.41 -26:43:40.4 13.1 1.30 unresolved
J1930-2626c¢  19:30:25.59 -26:26:28.6 5.97 0.50 unresolved
J1930-2637b  19:30:27.78 -26:37:16.4 0.44 0.04 unresolved
J1930-2611  19:30:28.43 -26:11:29.3 1.13 0.10 unresolved
J1930-2631e  19:30:28.48 -26:31:13.4 0.31 0.03 unresolved
J1930-2615  19:30:28.72 -26:15:07.1 0.41 0.04 unresolved
J1930-2647b  19:30:29.45 -26:47:37.4 0.56 0.05 unresolved
J1930-2626d  19:30:30.96  -26:26:24.0 1.86 0.10 unresolved
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Table 5.12: continued

Name RA 2000 DECj2000 Fesomrrr= AF  Morphology
(mJy)

J1930-2638a  19:30:32.21 -26:38:00.3 0.26  0.02 unresolved
J1930-2637c  19:30:32.59 -26:37:45.2 0.34 0.03 unresolved
J1930-2618a  19:30:32.79 -26:18:47.8 0.47 0.04 unresolved
J1930-2656a  19:30:33.24 -26:56:02.9 0.72 0.07 unresolved
J1930-2626e  19:30:33.30 -26:26:32.3 0.26 0.02 unresolved
J1930-2644b  19:30:33.62 -26:44:44.1 0.91 0.09 barely
J1930-2614 19:30:33.71  -26:14:01.2 0.84 0.08 barely
J1930-2632¢  19:30:33.93  -26:32:22.8 0.19 0.02 unresolved
J1930-2651  19:30:33.99 -26:51:40.6 0.41 0.04 unresolved
J1930-2629b  19:30:35.16  -26:29:57.6 0.48 0.05 unresolved
J1930-2620a  19:30:35.69 -26:20:15.3 0.40 0.05 barely
J1930-2639b  19:30:36.03  -26:39:57.7 0.53 0.05 barely
J1930-2653¢c  19:30:36.58 -26:53:07.8 0.67 0.06 barely
J1930-2618b  19:30:36.64 -26:18:29.2 0.36  0.04 unresolved
J1930-2630c  19:30:36.89 -26:30:25.4 0.24 0.03 unresolved
J1930-2616¢  19:30:37.15 -26:16:30.0 0.29 0.03 unresolved
J1930-2656b  19:30:37.91 -26:56:39.4 1.48 0.15 unresolved
J1930-2623b  19:30:37.93 -26:23:26.4 0.76 0.07 unresolved
J1930-2624b  19:30:38.00 -26:24:47.3 0.56  0.05 unresolved
J1930-2643b  19:30:38.01 -26:43:17.5 118.3 11.8 FRI-II?
J1930-2622b  19:30:38.17 -26:22:51.3 0.26 0.04 unresolved
J1930-2623¢  19:30:38.27 -26:23:01.4 0.38 0.04 barely
J1930-2634d  19:30:38.31 -26:34:51.4 0.20 0.03 unresolved
J1930-2625i  19:30:38.46  -26:25:07.4 0.86 0.09 unresolved
J1930-2638b  19:30:38.50 -26:38:31.7 0.37 0.04 unresolved
J1930-2647¢c  19:30:38.51 -26:47:16.1 5.36 0.53 barely
J1930-2610a  19:30:39.36  -26:10:02.7 0.73 0.07 barely
J1930-2629¢  19:30:39.51 -26:29:13.9 1.76 0.17 unresolved
J1930-2631f 19:30:39.91 -26:31:48.5 0.21 0.03 unresolved
J1930-2634e  19:30:40.15 -26:34:42.4 0.25 0.03 unresolved
J1930-2626f  19:30:40.48 -26:26:51.2 0.31 0.04 unresolved
J1930-2631g  19:30:40.58 -26:31:13.5 1.08 0.11 barely
J1930-2628d  19:30:40.58 -26:28:42.2 0.40 0.05 unresolved
J1930-2612a  19:30:41.06 -26:12:24.6 0.44 0.05 unresolved
J1930-2630d  19:30:41.14 -26:30:31.5 0.69 0.07 unresolved
J1930-2634f  19:30:41.14 -26:34:01.8 0.16 0.03 unresolved
J1930-2616d  19:30:41.67 -26:16:49.2 0.51 0.05 unresolved
J1930-2608  19:30:42.17 -26:08:55.0 0.61 0.06 unresolved
J1930-2653d  19:30:42.95 -26:53:30.2 0.40 0.05 unresolved
J1930-2639¢  19:30:43.43 -26:39:19.9 0.35 0.04 unresolved
J1930-2653e  19:30:43.67 -26:53:45.7 1.92 0.19 unresolved
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Table 5.13: continued

Name RA 2000 DECjo00 Fesomr=: AF  Morphology
(mJy)

J1930-2630e  19:30:43.72  -26:30:00.5 0.79 0.08 barely
J1930-2647d  19:30:44.12 -26:47:34.5 2.74 0.27 unresolved
J1930-2620b  19:30:44.49 -26:20:35.3 0.54 0.06 unresolved
J1930-2636a  19:30:45.18 -26:36:33.6 0.25 0.03 unresolved
J1930-2628¢  19:30:45.94 -26:28:22.3 0.45 0.05 unresolved
J1930-2613b  19:30:46.61 -26:13:51.0 0.44 0.05 barely
J1930-2627a  19:30:46.65 -26:27:52.8 0.22 0.03 unresolved
J1930-2649b  19:30:46.72 -26:49:46.3 0.59 0.06 unresolved
J1930-2636b  19:30:47.25 -26:36:54.7 0.29 0.04 unresolved
J1930-2638¢c  19:30:47.41 -26:38:42.0 0.24 0.03 unresolved
J1930-2617a  19:30:47.50 -26:17:39.0 0.42 0.05 unresolved
J1930-2636¢c  19:30:47.60 -26:36:17.8 0.50 0.05 barely
J1930-2641c  19:30:47.60 -26:41:42.8 0.49 0.05 unresolved
J1930-2644c  19:30:47.66 -26:44:15.0 70.6 7.06 unresolved
J1930-2640c  19:30:48.16  -26:40:20.8 0.63 0.06 unresolved
J1930-2637d  19:30:48.30 -26:37:47.3 2.37 0.23 barely
J1930-2633b  19:30:48.48 -26:33:39.3 0.98 0.10 unresolved
J1930-2630f 19:30:48.56  -26:30:17.7 0.27 0.04 unresolved
J1930-2649¢  19:30:48.86  -26:49:13.5 0.55 0.06 barely
J1930-2627b  19:30:48.99 -26:27:27.3 0.18 0.03 unresolved
J1930-2657¢  19:30:49.21 -26:57:12.0 0.43 0.05 unresolved
J1930-2628f 19:30:50.26 -26:28:17.0 0.28 0.04 unresolved
J1930-2612b  19:30:50.39 -26:12:27.5 0.32 0.04 unresolved
J1930-2631h  19:30:50.60 -26:31:52.7 0.32 0.04 unresolved
J1930-2700a  19:30:52.15  -27:00:42.3 0.52 0.06 unresolved
J1930-2633¢  19:30:52.35  -26:33:27.7 0.23 0.03 unresolved
J1930-2647¢  19:30:52.48 -26:47:09.3 0.35 0.04 unresolved
J1930-2634g 19:30:52.83 -26:34:37.1 0.18 0.03 unresolved
J1930-2658  19:30:53.11 -26:58:00.4 1.58 0.16 unresolved
J1930-2627d  19:30:53.47 -26:27:37.7 0.22 0.03 unresolved
J1930-2630g 19:30:53.48 -26:30:37.7 0.32 0.04 unresolved
J1930-2610b  19:30:53.55 -26:10:37.9 0.74 0.08 unresolved
J1930-2617b  19:30:53.66 -26:17:59.7 0.82 0.08 unresolved
J1930-2616e  19:30:53.96 -26:16:23.6 0.46 0.05 unresolved
J1930-2650c  19:30:54.69 -26:50:12.0 0.27 0.04 barely
J1930-2650d  19:30:54.71 -26:50:50.1 3.88 0.38 unresolved
J1930-2634h  19:30:54.84 -26:34:32.0 0.22 0.03 unresolved
J1930-2655  19:30:55.06 -26:55:37.3 1.29 0.13 unresolved
J1930-2619¢  19:30:55.18 -26:19:04.1 1.40 0.14 barely
J1930-2630h  19:30:55.30 -26:30:28.4 0.22 0.03 unresolved
J1930-2635b  19:30:55.41 -26:35:00.7 0.28 0.04 unresolved
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Table 5.14: continued

Name RA 2000 DECj2000 Fesomrrr= AF  Morphology
(mJy)

J1930-2620c  19:30:55.43  -26:20:48.2 24.5 2.45 unresolved
J1930-2616f 19:30:56.68 -26:16:56.6 4.57 0.45 unresolved
J1930-2618¢c  19:30:57.06 -26:18:35.7 0.35 0.04 barely
J1930-2700b  19:30:57.28 -27:00:43.4 0.51 0.05 unresolved
J1930-2632d  19:30:57.55 -26:32:57.3 0.22 0.03 unresolved
J1930-2650e  19:30:57.90 -26:50:16.5 0.30 0.04 unresolved
J1930-2628  19:30:57.97 -26:28:26.7 0.23 0.03 unresolved
J1930-2636d  19:30:58.04 -26:36:14.6 3.88 0.38 unresolved
J1930-2632¢  19:30:58.07 -26:32:44.7 0.49 0.05 unresolved
J1930-2630i  19:30:58.35 -26:30:19.4 0.16 0.03 unresolved
J1930-2631i  19:30:59.00 -26:31:32.5 0.37 0.04 unresolved
J1930-2617¢c  19:30:59.25 -26:17:33.4 0.78 0.08 barely
J1930-2626g  19:30:59.78  -26:26:40.0 0.77 0.08  unresolved
J1930-2617d  19:30:59.80 -26:17:03.6 0.35 0.04 barely
J1930-2649d  19:30:59.99 -26:49:38.8 0.37 0.04 barely
J1931-2616a  19:31:00.25 -26:16:45.9 0.67 0.07 unresolved
J1931-2607  19:31:00.37 -26:07:41.3 3.48 0.35 barely
J1931-2638a  19:31:02.03 -26:38:24.4 0.18 0.03 unresolved
J1931-2628a  19:31:02.76 -26:28:10.0 0.25 0.03 unresolved
J1931-2627a  19:31:02.93 -26:27:23.2 0.25 0.03 unresolved
J1931-2656a  19:31:02.99 -26:56:30.8 0.28 0.04 unresolved
J1931-2629a  19:31:03.10 -26:29:00.1 0.86 0.09 unresolved
J1931-2645a  19:31:03.23 -26:45:14.9 0.69 0.07 unresolved
J1931-2628b  19:31:03.45 -26:28:19.5 0.24 0.03 unresolved
J1931-2620a  19:31:03.67 -26:20:25.0 15.4 1.54 barely
J1931-2653a  19:31:03.92 -26:53:48.8 0.39 0.04 unresolved
J1931-2615a  19:31:04.11 -26:15:04.0 0.51 0.05 unresolved
J1931-2623a  19:31:04.73 -26:23:38.1 0.42 0.05 unresolved
J1931-2634a  19:31:05.46 -26:34:17.8 0.23 0.03 unresolved
J1931-2639  19:31:05.51 -26:39:31.7 0.42 0.05 barely
J1931-2656b  19:31:05.70 -26:56:40.0 1.06 0.11 unresolved
J1931-2629b  19:31:06.44 -26:29:09.7 0.38 0.04 unresolved
J1931-2650a  19:31:06.80 -26:50:43.4 0.22 0.03 unresolved
J1931-2628c  19:31:06.96 -26:28:04.3 0.34 0.04 unresolved
J1931-2608a  19:31:07.02 -26:08:09.5 0.79 0.08 unresolved
J1931-2640a  19:31:07.28 -26:40:58.5 1.39 0.14 unresolved
J1931-2659a  19:31:08.47 -26:59:25.0 0.54 0.06 unresolved
J1931-2622a  19:31:08.56 -26:22:20.0 0.29 0.04 unresolved
J1931-2615b  19:31:08.70  -26:15:59.6 5.84 0.58 FRI-II?
J1931-2637a  19:31:08.97 -26:37:01.5 0.31 0.04 barely
J1931-2613a  19:31:09.25 -26:13:04.3 0.44 0.05 unresolved
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Table 5.15: continued

Name RA 2000 DECjo00 Fesomr=: AF  Morphology
(mJy)

J1931-2633a  19:31:09.26 -26:33:40.2 0.48 0.05 unresolved
J1931-2641a  19:31:09.65 -26:41:42.0 0.42 0.05 unresolved
J1931-2628d  19:31:10.05 -26:28:07.0 0.16 0.03 unresolved
J1931-2651  19:31:11.12 -26:51:47.0 0.30 0.04 unresolved
J1931-2631a  19:31:13.16  -26:31:31.0 0.39 0.04 unresolved
J1931-2624a  19:31:13.20 -26:24:49.4 0.22 0.03 unresolved
J1931-2624b  19:31:13.60 -26:24:39.4 0.44 0.05 barely
J1931-2646a  19:31:13.61 -26:46:48.1 0.26 0.04 unresolved
J1931-2629¢  19:31:13.84 -26:29:54.1 0.38 0.04 barely
J1931-2630a  19:31:13.89  -26:30:50.8 0.23 0.03 unresolved
J1931-2618a  19:31:13.98 -26:18:12.6 0.32 0.04 barely
J1931-2657a 19:31:14.03 -26:57:26.4 0.31 0.04 unresolved
J1931-2623b  19:31:14.13 -26:23:36.4 0.22 0.03 unresolved
J1931-2634b  19:31:15.05 -26:34:14.0 0.15 0.03 unresolved
J1931-2648a  19:31:15.27 -26:48:02.8 0.61 0.06 barely
J1931-2649  19:31:15.30 -26:49:32.4 0.30 0.04 unresolved
J1931-2634c  19:31:15.64 -26:34:27.2 0.25 0.03 unresolved
J1931-2627b  19:31:16.13 -26:27:36.4 0.27 0.04 unresolved
J1931-2630b  19:31:16.19  -26:30:04.1 0.22 0.03 unresolved
J1931-2609a  19:31:16.52 -26:09:15.6 0.85 0.09 unresolved
J1931-2655a  19:31:16.73  -26:55:08.3 0.27 0.04 unresolved
J1931-2624c  19:31:16.84 -26:24:54.3 0.20 0.03 unresolved
J1931-2644a  19:31:17.22 -26:44:48.5 61.5 6.15 unresolved
J1931-2656a 19:31:17.56 -26:56:24.2 0.30 0.04 unresolved
J1931-2608b  19:31:17.59 -26:08:44.4 290 0.29 unresolved
J1931-2637b  19:31:17.85 -26:37:04.8 1.99 0.20 barely
J1931-2630c  19:31:18.37 -26:30:17.5 0.53 0.06 unresolved
J1931-2612a  19:31:18.96 -26:12:56.0 0.39 0.04 unresolved
J1931-2636a  19:31:19.02 -26:36:02.9 0.36 0.04 unresolved
J1931-2652a  19:31:19.20 -26:52:19.6 0.32 0.04 unresolved
J1931-2630d  19:31:19.38 -26:30:17.3 0.60 0.06 unresolved
J1931-2627¢  19:31:19.38 -26:27:17.3 0.17 0.03 unresolved
J1931-2620b  19:31:19.55 -26:20:46.4 0.36 0.04 barely
J1931-2622b  19:31:20.15 -26:22:39.1 0.61 0.06 barely
J1931-2656b  19:31:20.22 -26:56:29.3 1.33 0.13 unresolved
J1931-2645b  19:31:20.41 -26:45:33.9 0.42 0.05 unresolved
J1931-2640b  19:31:20.53 -26:40:46.2 0.63 0.07 unresolved
J1931-2653b  19:31:20.64 -26:53:37.7 0.33 0.04 unresolved
J1931-2701a  19:31:21.10 -27:01:12.9 0.63 0.06 barely
J1931-2637¢  19:31:21.11 -26:37:51.3 0.23 0.03 unresolved
J1931-2618b  19:31:21.29 -26:18:00.6 0.62 0.06 unresolved
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Table 5.16: continued

Name RA 2000 DECj2000 Fesomrrr= AF  Morphology
(mJy)

J1931-2621a  19:31:21.62 -26:21:23.5 1.08 0.11 unresolved
J1931-2646b  19:31:22.55 -26:46:52.0 0.34 0.04 unresolved
J1931-2615¢  19:31:22.69 -26:15:33.4 0.58 0.06 unresolved
J1931-2628¢  19:31:23.24 -26:28:49.7 0.19 0.03 unresolved
J1931-2649a  19:31:23.68 -26:49:39.1 0.38 0.04 unresolved
J1931-2614a  19:31:24.88 -26:14:50.0 0.31 0.04 unresolved
J1931-2622¢  19:31:26.08 -26:22:34.2 0.69 0.07 barely
J1931-2617a  19:31:26.85 -26:17:54.7 0.49 0.05 barely
J1931-2650b  19:31:27.12  -26:50:54.5 0.37 0.04 unresolved
J1931-2617b  19:31:27.35 -26:17:41.2 0.32 0.04 barely
J1931-2649b  19:31:27.41 -26:49:24.6 0.36 0.04 unresolved
J1931-2659b  19:31:27.44 -26:59:32.8 7.07 0.70 barely
J1931-2631b  19:31:27.77 -26:31:10.6 0.34 0.04 unresolved
J1931-2630e  19:31:27.85 -26:30:03.6 0.31 0.04 unresolved
J1931-2627d  19:31:28.06 -26:27:41.3 0.31 0.04 unresolved
J1931-2618¢  19:31:28.11 -26:18:45.9 2.34 0.23 unresolved
J1931-2637d  19:31:28.34 -26:37:31.7 0.20 0.03 unresolved
J1931-2631c  19:31:28.70 -26:31:29.9 0.24 0.03 unresolved
J1931-2636b  19:31:28.89  -26:36:48.3 0.19 0.03 unresolved
J1931-2641b  19:31:30.12  -26:41:08.9 0.23 0.03 unresolved
J1931-2608¢  19:31:30.15 -26:08:55.6 0.73 0.07 unresolved
J1931-2651b  19:31:30.41 -26:51:23.3 0.77 0.08 unresolved
J1931-2619a  19:31:30.69 -26:19:58.7 34.2  3.42 barely
J1931-2643  19:31:31.00 -26:43:37.9 0.23 0.03 unresolved
J1931-2637¢  19:31:32.03 -26:37:13.1 0.34 0.04 unresolved
J1931-2646¢  19:31:32.06 -26:46:09.1 0.23 0.03 unresolved
J1931-2618d  19:31:32.33  -26:18:05.0 0.25 0.03 unresolved
J1931-2655  19:31:32.43 -26:55:45.0 8.51 0.85 unresolved
J1931-2631d  19:31:32.52 -26:31:33.1 0.26  0.03 unresolved
J1931-2638b  19:31:32.76  -26:38:38.8 0.35 0.04 barely
J1931-2620c  19:31:33.04 -26:20:14.1 1.24 0.12 barely
J1931-2649b  19:31:33.11  -26:49:14.3 0.16 0.03 unresolved
J1931-2653¢  19:31:33.28 -26:53:44.3 0.64 0.07 unresolved
J1931-2623¢  19:31:33.37 -26:23:37.3 0.24 0.03 unresolved
J1931-2623d  19:31:33.69  -26:23:46.7 0.19 0.03 unresolved
J1931-2650c  19:31:34.31 -26:50:32.0 0.29 0.04 unresolved
J1931-2631e  19:31:34.86 -26:31:52.3 0.38 0.04 barely
J1931-2641c  19:31:35.17 -26:41:44.3 0.21 0.03 unresolved
J1931-2657b  19:31:35.23  -26:57:05.6 0.47 0.05 unresolved
J1931-2659¢  19:31:35.54 -26:59:16.9 0.68 0.07 barely
J1931-2654  19:31:35.75 -26:54:51.4 1.31 0.13 unresolved
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Table 5.17: continued

Name RA 2000 DECjo00 Fesomr=: AF  Morphology
(mJy)

J1931-2623¢  19:31:35.82  -26:23:07.6 0.25 0.03 unresolved
J1931-2644b  19:31:35.94 -26:44:41.7 0.37 0.04 unresolved
J1931-2633b  19:31:36.49 -26:33:09.3 24.1 2.41 unresolved
J1931-2622d  19:31:36.60 -26:22:52.5 0.24 0.03 unresolved
J1931-2627e¢  19:31:36.74 -26:27:18.0 0.19 0.03 unresolved
J1931-2626a  19:31:37.35 -26:26:22.3 0.28 0.04 unresolved
J1931-2609b  19:31:37.58 -26:09:33.4 0.33 0.04 unresolved
J1931-2615d  19:31:38.15 -26:15:30.2 0.29 0.04 unresolved
J1931-2659d  19:31:38.32  -26:59:34.3 0.62 0.06 unresolved
J1931-2650d  19:31:38.56  -26:50:05.2 0.19 0.03 unresolved
J1931-2632  19:31:38.93  -26:32:44.6 0.46 0.05 unresolved
J1931-2644¢  19:31:38.95 -26:44:37.8 0.22 0.03 unresolved
J1931-2609¢  19:31:39.01  -26:09:40.9 0.33 0.04 unresolved
J1931-2613b  19:31:39.02 -26:13:13.4 8.87 0.88 barely
J1931-2608d  19:31:39.08 -26:08:42.9 0.94 0.09 unresolved
J1931-2614b  19:31:39.16 -26:14:11.4 0.29 0.04 unresolved
J1931-2647  19:31:39.25 -26:47:13.7 0.29 0.04 unresolved
J1931-2638c  19:31:39.38 -26:38:31.0 0.24 0.03 unresolved
J1931-2625  19:31:39.76  -26:25:51.2 0.25 0.03 unresolved
J1931-2649¢  19:31:40.03 -26:49:33.4 0.35 0.04 unresolved
J1931-2619b  19:31:40.71 -26:19:23.4 0.20 0.03 unresolved
J1931-2621b  19:31:41.37 -26:21:57.4 0.30 0.04 unresolved
J1931-2640c  19:31:41.60 -26:40:08.1 0.36 0.04 barely
J1931-2606  19:31:41.84 -26:06:11.1 0.42 0.05 unresolved
J1931-2646d  19:31:42.55 -26:46:45.2 0.38 0.04 unresolved
J1931-2645¢  19:31:42.71 -26:45:47.1 0.31 0.04 unresolved
J1931-2628f 19:31:42.84 -26:28:26.3 0.20 0.03 unresolved
J1931-2642a  19:31:43.42 -26:42:51.4 0.20 0.03 unresolved
J1931-2617¢  19:31:43.73  -26:17:42.0 2.77 0.27 unresolved
J1931-2621c  19:31:44.43 -26:21:30.0 0.28 0.04 unresolved
J1931-2655b  19:31:44.78 -26:55:41.6 0.57 0.06 barely
J1931-2646e  19:31:44.79 -26:46:31.1 0.17 0.03 unresolved
J1931-2702  19:31:45.22 -27:02:42.3 0.66 0.07 barely
J1931-2631f  19:31:45.27 -26:31:55.6 0.38 0.04 unresolved
J1931-2646f 19:31:45.29 -26:46:58.9 0.29 0.04 unresolved
J1931-2654  19:31:45.54 -26:54:24.0 0.80 0.08 unresolved
J1931-2648b  19:31:45.92 -26:48:04.0 0.18 0.03 unresolved
J1931-2626b  19:31:47.87 -26:26:46.3 0.24 0.03 unresolved
J1931-2644d  19:31:48.15 -26:44:21.5 0.22 0.03 unresolved
J1931-2621d  19:31:48.90 -26:21:38.6 0.65 0.07 unresolved
J1931-2619¢  19:31:49.35 -26:19:45.3 0.21 0.03 unresolved
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Table 5.18: continued

Name RA 2000 DECj2000 Fesomrrr= AF  Morphology
(mJy)

J1931-2634d  19:31:49.58 -26:34:32.9 183.7 18.3 BCG
J1931-2650e  19:31:49.98 -26:50:18.9 0.24 0.03 unresolved
J1931-2635  19:31:50.10 -26:35:25.4 354.7 35.4 NAT
J1931-2656¢  19:31:50.91 -26:56:11.5 1.00 0.10 unresolved
J1931-2649  19:31:50.97 -26:49:01.2 0.35 0.04 unresolved
J1931-2652b  19:31:50.97 -26:52:10.8 0.23 0.03 unresolved
J1931-2650f  19:31:51.64 -26:50:27.0 0.39 0.04 barely
J1931-2652  19:31:51.82 -26:52:10.1 0.47 0.05 unresolved
J1931-2624d  19:31:51.97 -26:24:26.4 1.39 0.14 unresolved
J1931-2653d  19:31:52.06 -26:53:57.0 0.58 0.06 barely
J1931-2701b  19:31:52.28 -27:01:05.7 0.58 0.06 unresolved
J1931-2618e  19:31:52.32 -26:18:31.2 0.58 0.06 barely
J1931-2617d  19:31:52.68 -26:17:31.9 0.43 0.05 unresolved
J1931-2645d  19:31:52.92 -26:45:10.7 0.23 0.03 unresolved
J1931-2650g  19:31:53.27 -26:50:24.4 0.58 0.06 unresolved
J1931-2653e  19:31:53.38 -26:53:38.3 0.28 0.04 unresolved
J1931-2651c  19:31:53.94 -26:51:44.8 0.56 0.06 barely
J1931-2612  19:31:53.99 -26:12:12.9 0.64 0.07 unresolved
J1931-2613c  19:31:54.92  -26:13:53.1 0.58 0.06 barely
J1931-2630f  19:31:55.05 -26:30:56.6 3.71  0.37 barely
J1931-2621e 19:31:55.15 -26:21:10.7 0.39 0.04 unresolved
J1931-2640d  19:31:55.20 -26:40:57.7 0.26 0.03 unresolved
J1931-2614¢  19:31:55.43 -26:14:17.7 0.46 0.05 barely
J1931-2612b  19:31:55.63 -26:12:45.6 0.55 0.06 unresolved
J1931-2651d  19:31:55.70  -26:51:52.2 0.57 0.06 barely
J1931-2656d  19:31:55.86 -26:56:26.9 0.19 0.03 unresolved
J1931-2615e¢  19:31:56.13  -26:15:03.4 0.28 0.04 unresolved
J1931-2616b  19:31:56.49 -26:16:45.3 0.22 0.03 unresolved
J1931-2614d  19:31:57.31 -26:14:21.9 0.32 0.04 unresolved
J1931-2622  19:31:57.40 -26:22:09.1 0.94 0.09 unresolved
J1931-2645e¢  19:31:57.61 -26:45:37.2 0.43 0.05 unresolved
J1931-2617e¢  19:31:57.76 -26:17:43.6 0.19 0.03 unresolved
J1931-2649d  19:31:57.91 -26:49:54.2 0.42 0.05 unresolved
J1931-2649¢  19:31:58.28 -26:49:33.4 0.27 0.04 barely
J1931-2645f  19:31:58.33  -26:45:34.4 0.67 0.07 barely
J1931-2642b  19:31:58.36  -26:42:33.2 0.24 0.03 unresolved
J1931-2625b  19:31:58.36  -26:25:57.6 0.22 0.03 unresolved
J1931-2622¢  19:31:58.82  -26:22:27.9 1.52 0.15 barely
J1931-2615  19:31:58.95 -26:15:19.1 0.38 0.04 unresolved
J1931-2638d  19:31:58.96 -26:38:15.3 3.74 0.37 barely
J1931-2628g  19:31:59.06 -26:28:30.8 0.36 0.04 unresolved

164



Table 5.19: continued

Name RA 2000 DECjo00 Fesomr=: AF  Morphology
(mJy)

J1931-2645g  19:31:59.42 -26:45:54.4 0.22 0.03 unresolved
J1931-2641d  19:31:59.73 -26:41:11.7 0.32 0.04 unresolved
J1932-2654a  19:32:00.42 -26:54:16.9 1.56 0.15 unresolved
J1932-2700a  19:32:00.48 -27:00:18.0 0.69 0.07 barely
J1932-2617a  19:32:01.06 -26:17:57.5 0.16 0.03 unresolved
J1932-2609a  19:32:01.18 -26:09:14.9 0.66 0.07 barely
J1932-2652a  19:32:01.42 -26:52:15.3 0.62 0.06 unresolved
J1932-2648a  19:32:02.61 -26:48:43.2 0.24 0.03 unresolved
J1932-2606a  19:32:03.12 -26:06:03.7 0.61 0.06 unresolved
J1932-2631a  19:32:04.37 -26:31:34.2 0.21 0.03 unresolved
J1932-2642a  19:32:04.68 -26:42:28.1 0.32 0.04 unresolved
J1932-2606b  19:32:05.03 -26:06:41.1 0.45 0.05 unresolved
J1932-2626a  19:32:05.25 -26:26:59.9 3.87 0.38 barely
J1932-2632  19:32:05.27 -26:32:05.9 0.66 0.07 unresolved
J1932-2628  19:32:05.34 -26:28:18.5 0.28 0.04 unresolved
J1932-2610a  19:32:06.32 -26:10:06.8 0.42 0.05 barely
J1932-2646a  19:32:06.45 -26:46:30.5 0.35 0.04 unresolved
J1932-2652b  19:32:06.92 -26:52:50.9 0.44 0.05 unresolved
J1932-2621a  19:32:07.17 -26:21:04.5 1.19 0.12 unresolved
J1932-2625a  19:32:07.42 -26:25:16.4 0.53 0.06 unresolved
J1932-2702a  19:32:07.77 -27:02:27.4 1.30 0.13 unresolved
J1932-2627  19:32:08.15 -26:27:02.8 1.23 0.12 barely
J1932-2624a  19:32:08.33 -26:24:55.1 0.19 0.03 unresolved
J1932-2633a  19:32:08.59 -26:33:23.4 0.47 0.05 barely
J1932-2619a  19:32:08.77 -26:19:26.8 0.28 0.04 unresolved
J1932-2644a  19:32:08.78 -26:44:54.4 0.43 0.05 barely
J1932-2645a  19:32:08.82  -26:45:25.2 0.42 0.05 barely
J1932-2630a  19:32:08.86 -26:30:59.7 0.30 0.04 unresolved
J1932-2625b  19:32:09.78 -26:25:28.7 0.53 0.06 unresolved
J1932-2619b  19:32:09.87 -26:19:05.8 0.50 0.05 unresolved
J1932-2647a  19:32:10.11 -26:47:29.3 0.23 0.03 unresolved
J1932-2651a  19:32:10.68 -26:51:29.5 0.16 0.03 unresolved
J1932-2620  19:32:10.73  -26:20:41.1 0.81 0.08 unresolved
J1932-2621b  19:32:10.79 -26:21:50.4 3.43 0.34 barely
J1932-2646b  19:32:10.80 -26:46:38.8 0.27 0.04 unresolved
J1932-2647b  19:32:11.06 -26:47:09.8 0.70 0.07 unresolved
J1932-2634a 19:32:11.34 -26:34:01.2 0.45 0.05 unresolved
J1932-2657a  19:32:11.48 -26:57:08.0 2.26 0.22 unresolved
J1932-2654b  19:32:11.56 -26:54:24.8 0.27 0.04 unresolved
J1932-2621c  19:32:11.67 -26:21:46.2 0.43 0.05 unresolved
J1932-2647¢  19:32:11.80 -26:47:44.1 0.27 0.04 unresolved
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Table 5.20: continued

Name RA 2000 DECj2000 Fesomrrr= AF  Morphology
(mJy)

J1932-2649a  19:32:11.83 -26:49:57.4 0.16 0.03 unresolved
J1932-2618a  19:32:11.84 -26:18:44.7 8.42 0.84 barely
J1932-2637a  19:32:12.13  -26:37:29.7 0.75 0.08 unresolved
J1932-2648b  19:32:12.26 -26:48:17.5 0.92 0.09 unresolved
J1932-2645b  19:32:12.45 -26:45:42.8 0.59 0.06 unresolved
J1932-2633b  19:32:12.57 -26:33:14.1 1.44 0.14 unresolved
J1932-2648c  19:32:12.77 -26:48:33.6 0.29 0.04 unresolved
J1932-2628b  19:32:12.99 -26:28:06.9 0.53 0.06 unresolved
J1932-2626b  19:32:13.03  -26:26:30.0 0.30 0.04 unresolved
J1932-2621d  19:32:13.13  -26:21:54.5 0.42 0.05 unresolved
J1932-2654¢  19:32:13.99  -26:54:23.6 0.91 0.09 unresolved
J1932-2651b  19:32:14.41 -26:51:39.2 1.03 0.10 unresolved
J1932-2636 19:32:14.42  -26:36:38.5 0.31 0.04 barely
J1932-2617b  19:32:14.88 -26:17:43.1 0.32 0.04 barely
J1932-2645¢  19:32:15.13  -26:45:57.9 0.21 0.03 unresolved
J1932-2626¢c  19:32:16.02 -26:26:51.4 0.41 0.05 barely
J1932-2653a  19:32:16.22 -26:53:37.6 0.41 0.05 unresolved
J1932-2639  19:32:16.33 -26:39:52.5 0.28 0.04 unresolved
J1932-2648d  19:32:16.54 -26:48:43.7 0.58 0.06 unresolved
J1932-2608a  19:32:16.84 -26:08:21.9 13.2  1.32 barely
J1932-2634b  19:32:17.08 -26:34:08.6 0.24 0.03 unresolved
J1932-2637b  19:32:17.10 -26:37:21.3 0.23 0.03 unresolved
J1932-2635a  19:32:17.11  -26:35:37.7 1.20 0.12 unresolved
J1932-2652¢  19:32:17.31 -26:52:30.0 0.73 0.07 unresolved
J1932-2629a  19:32:17.72 -26:29:31.6 1.49 0.15 unresolved
J1932-2618b  19:32:18.13  -26:18:17.0 0.50 0.05 unresolved
J1932-2642b  19:32:18.26 -26:42:41.8 0.27 0.04 unresolved
J1932-2633¢c  19:32:18.66 -26:33:04.1 0.39 0.04 barely
J1932-2629b  19:32:18.67 -26:29:07.6 0.29 0.04 unresolved
J1932-2650a  19:32:18.73  -26:50:29.8 0.26 0.03 unresolved
J1932-2621e 19:32:18.85 -26:21:25.7 0.80 0.08 unresolved
J1932-2615a  19:32:19.05 -26:15:17.2 0.30 0.04 unresolved
J1932-2618¢c  19:32:19.59 -26:18:14.4 0.78 0.08 unresolved
J1932-2700b  19:32:19.70 -27:00:50.6 0.79 0.08 unresolved
J1932-2700c  19:32:19.90 -27:00:02.5 0.55 0.06 barely
J1932-2631b  19:32:20.06 -26:31:34.5 0.84 0.08 unresolved
J1932-2653b  19:32:20.22 -26:53:06.0 0.42 0.05 barely
J1932-2649b  19:32:20.86 -26:49:47.7 0.28 0.04 unresolved
J1932-2659a  19:32:21.06 -26:59:02.3 1.66 0.16 barely
J1932-2644b  19:32:21.41 -26:44:20.3 0.78 0.08 unresolved
J1932-2615b  19:32:21.73  -26:15:40.7 0.43 0.05 unresolved
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Table 5.21: continued

Name RA 2000 DECjo00 Fesomr=: AF  Morphology
(mJy)

J1932-2607a  19:32:21.78 -26:07:11.7 0.55 0.06 unresolved
J1932-2628c  19:32:22.10 -26:28:32.2 0.21 0.03 unresolved
J1932-2620b  19:32:22.29  -26:20:10.1 0.29 0.04 unresolved
J1932-2616a  19:32:22.33  -26:16:40.3 0.33 0.04 barely
J1932-2619¢  19:32:22.44  -26:19:38.5 0.43 0.05 unresolved
J1932-2606¢c  19:32:22.85 -26:06:00.7 0.77 0.08 barely
J1932-2638a  19:32:23.02 -26:38:56.3 0.22 0.03 unresolved
J1932-2614  19:32:23.74 -26:14:09.6 0.34 0.04 unresolved
J1932-2616b  19:32:25.17 -26:16:10.6 0.68 0.07 unresolved
J1932-2654d  19:32:25.43  -26:54:25.6 3.71 0.37 unresolved
J1932-2648¢  19:32:25.82  -26:48:15.8 1.49 0.15 unresolved
J1932-2631c  19:32:25.87 -26:31:23.8 0.61 0.06 unresolved
J1932-2615  19:32:25.95 -26:15:36.1 0.22 0.03 unresolved
J1932-2632b  19:32:26.15 -26:32:48.1 0.67 0.07 unresolved
J1932-2616¢c  19:32:26.62 -26:16:44.3 0.27 0.04 barely
J1932-2638b  19:32:26.79 -26:38:12.1 0.37 0.04 unresolved
J1932-2645d  19:32:26.79 -26:45:32.4 0.17 0.03 unresolved
J1932-2646¢  19:32:26.88 -26:46:05.7 0.18 0.03 unresolved
J1932-2654e  19:32:27.00 -26:54:11.3 0.44 0.05 unresolved
J1932-2639b  19:32:27.29  -26:39:09.4 0.27 0.04 unresolved
J1932-2648f  19:32:27.34 -26:48:19.6 0.50 0.05 unresolved
J1932-2633d  19:32:27.35 -26:33:09.7 35.5 3.55 unresolved
J1932-2644 19:32:27.51  -26:44:09.0 0.32 0.04 barely
J1932-2621f  19:32:27.77 -26:21:16.1 0.34 0.04 unresolved
J1932-2633e  19:32:27.79  -26:33:55.7 0.41 0.05 unresolved
J1932-2632¢  19:32:27.80 -26:32:07.8 0.78 0.08 unresolved
J1932-2651c  19:32:27.83  -26:51:04.0 0.48 0.05 unresolved
J1932-2638¢  19:32:27.91 -26:38:23.1 0.20 0.03 unresolved
J1932-2609b  19:32:28.32 -26:09:21.8 0.60 0.06 unresolved
J1932-2638d  19:32:28.38 -26:38:53.2 0.31 0.04 unresolved
J1932-2608b  19:32:28.93  -26:08:40.3 0.67 0.07 barely
J1932-2639  19:32:28.93  -26:39:33.7 0.23 0.03 unresolved
J1932-2613  19:32:29.05 -26:13:24.4 0.78 0.08 unresolved
J1932-2635b  19:32:29.07 -26:35:00.4 0.21 0.03 unresolved
J1932-2639¢  19:32:29.13  -26:39:51.8 0.24 0.03 unresolved
J1932-2639d  19:32:29.52  -26:39:22.9 0.39 0.04 unresolved
J1932-2652d  19:32:30.41 -26:52:29.3 0.60 0.06 unresolved
J1932-2638¢  19:32:30.46 -26:38:11.8 0.26 0.04 unresolved
J1932-2628d  19:32:30.73  -26:28:50.3 1.23 0.12 unresolved
J1932-2634c  19:32:30.78 -26:34:41.8 0.22 0.03 unresolved
J1932-2624b  19:32:30.82 -26:24:35.4 0.39 0.04 unresolved
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Table 5.22: continued

Name RA 2000 DECj2000 Fesomrrr= AF  Morphology
(mJy)

J1932-2641a  19:32:31.04 -26:41:50.8 0.90 0.09 unresolved
J1932-2628e  19:32:31.08 -26:28:02.6 6.12 0.61 barely
J1932-2631d  19:32:31.63  -26:31:20.3 0.92 0.09 unresolved
J1932-2635¢  19:32:31.63 -26:35:18.8 0.34 0.04 unresolved
J1932-2650a  19:32:31.71 -26:50:46.8 0.70 0.07 barely
J1932-2654f  19:32:31.81 -26:54:35.7 1.54 0.15 unresolved
J1932-2650b  19:32:32.60 -26:50:27.3 0.36 0.04 barely
J1932-2615¢  19:32:32.87 -26:15:46.1 0.31 0.04 unresolved
J1932-2635d  19:32:33.25 -26:35:58.0 0.31 0.04 unresolved
J1932-2639¢  19:32:33.36  -26:39:07.4 1.16 0.12 unresolved
J1932-2643a  19:32:33.47 -26:43:32.1 0.21  0.03 unresolved
J1932-2650b  19:32:33.93  -26:50:26.7 1.00 0.10 barely
J1932-2702b  19:32:34.39 -27:02:34.9 0.84 0.08 unresolved
J1932-2650c  19:32:35.33  -26:50:14.4 0.67 0.07 unresolved
J1932-2621g  19:32:35.81 -26:21:57.0 0.37 0.04 unresolved
J1932-2644c  19:32:36.47 -26:44:12.8 0.21 0.03 unresolved
J1932-2617¢  19:32:36.57 -26:17:10.0 1.12 0.11 unresolved
J1932-2642¢  19:32:36.79 -26:42:06.6 0.28 0.04 unresolved
J1932-2646d  19:32:37.10 -26:46:11.6 0.32 0.04 unresolved
J1932-2652e¢  19:32:37.49 -26:52:12.2 0.41 0.05 unresolved
J1932-2640a  19:32:37.52 -26:40:42.0 0.26 0.03 unresolved
J1932-2623  19:32:37.55 -26:23:38.5 0.27 0.04 unresolved
J1932-2659b  19:32:37.83  -26:59:21.3 0.78 0.08 unresolved
J1932-2609¢  19:32:38.62  -26:09:10.2 0.60 0.06 barely
J1932-2628f 19:32:38.69 -26:28:42.7 0.75 0.08 barely
J1932-2658¢  19:32:39.38 -26:58:36.1 0.72 0.07 unresolved
J1932-2656  19:32:40.08 -26:56:46.7 0.49 0.05 barely
J1932-2645e  19:32:40.27 -26:45:46.0 0.59 0.06 unresolved
J1932-2618d  19:32:40.31 -26:18:54.4 15.3 1.53 unresolved
J1932-2624¢  19:32:40.55 -26:24:54.4 0.40 0.05 unresolved
J1932-2648g  19:32:40.86 -26:48:01.2 0.29 0.04 unresolved
J1932-2658b  19:32:41.09 -26:58:37.2 3.09 0.31 unresolved
J1932-2642d  19:32:41.17 -26:42:17.3 0.16 0.03 unresolved
J1932-2629  19:32:41.42 -26:29:05.3 0.37 0.04 unresolved
J1932-2635¢  19:32:41.54 -26:35:57.9 2.62 0.26 barely
J1932-2617d  19:32:42.96 -26:17:22.1 1.16 0.12 barely
J1932-2657b  19:32:43.01 -26:57:53.9 2.12 0.21 unresolved
J1932-2644d  19:32:43.85 -26:44:28.0 0.44 0.05 unresolved
J1932-2641b  19:32:44.15 -26:41:32.6 0.25 0.03 unresolved
J1932-2642e¢  19:32:44.21 -26:42:26.2 0.24 0.03 unresolved
J1932-2657¢  19:32:44.57 -26:57:47.9 0.60 0.06 unresolved

168



Table 5.23: continued

Name RA 2000 DECjo00 Fesomr=: AF  Morphology
(mJy)

J1932-2639f  19:32:44.93  -26:39:32.0 0.92 0.09 unresolved
J1932-2630b  19:32:44.94 -26:30:12.7 59.4 5.94 unresolved
J1932-2640b  19:32:45.36  -26:40:02.1 0.27 0.04 unresolved
J1932-2635f 19:32:45.41 -26:35:30.5 0.40 0.05 unresolved
J1932-2656b  19:32:46.06 -26:56:31.5 0.35 0.04 unresolved
J1932-2617¢  19:32:46.96 -26:17:35.0 3.07 0.30 barely
J1932-2607b  19:32:46.97 -26:07:55.5 1.72 0.17 unresolved
J1932-2638f 19:32:47.56 -26:38:47.9 4.32  0.43 barely
J1932-2656¢  19:32:49.30 -26:56:06.1 2.09 0.21 barely
J1932-2634d  19:32:50.11  -26:34:26.9 0.19 0.03 unresolved
J1932-2625¢  19:32:50.97 -26:25:07.1 0.33 0.04 unresolved
J1932-2641¢c  19:32:51.06 -26:41:19.5 0.60 0.06 unresolved
J1932-2632d  19:32:51.07 -26:32:25.3 0.20 0.03 unresolved
J1932-2642f 19:32:51.34 -26:42:50.6 11.7  1.17 unresolved
J1932-2700d  19:32:51.99 -27:00:53.8 1.29 0.13 unresolved
J1932-2659¢  19:32:52.23  -26:59:32.0 0.59 0.06 unresolved
J1932-2650c  19:32:52.42  -26:50:48.3 0.35 0.04 unresolved
J1932-2646e  19:32:53.89  -26:46:23.3 0.65 0.07 barely
J1932-2642g  19:32:54.53  -26:42:17.6 0.33 0.04 unresolved
J1932-2652f  19:32:54.67 -26:52:52.2 0.56 0.06 unresolved
J1932-2647d  19:32:55.32  -26:47:33.3 0.69 0.07 unresolved
J1932-2640c  19:32:55.67 -26:40:53.1 0.38 0.04 unresolved
J1932-2643b  19:32:55.82  -26:43:40.7 0.38 0.04 unresolved
J1932-2619  19:32:56.41 -26:19:04.2 0.49 0.05 unresolved
J1932-2651d  19:32:56.78 -26:51:01.3 0.60 0.06 barely
J1932-2652g 19:32:56.88 -26:52:32.3 0.35 0.04 unresolved
J1932-2616  19:32:57.17 -26:16:41.2 0.62 0.06 unresolved
J1932-2609d  19:32:57.33  -26:09:51.8 0.38 0.04 unresolved
J1932-2656d  19:32:57.53 -26:56:23.0 0.71 0.07 unresolved
J1932-2649¢  19:32:58.43  -26:49:48.6 0.38 0.04 unresolved
J1932-2636  19:32:58.45 -26:36:50.0 3.76  0.37 unresolved
J1932-2643c  19:32:58.71 -26:43:29.2 12.6  1.26 unresolved
J1932-2650d  19:32:58.74 -26:50:25.9 0.66 0.07 unresolved
J1932-2622 19:32:59.40 -26:22:46.4 0.63 0.07 barely
J1933-2622a  19:33:01.38  -26:22:25.0 0.46 0.05 unresolved
J1933-2643a  19:33:02.00 -26:43:26.1 0.40 0.05 unresolved
J1933-2618a  19:33:02.64 -26:18:24.8 0.73 0.07 unresolved
J1933-2618b  19:33:04.12 -26:18:01.3 1.21 0.12 unresolved
J1933-2617a  19:33:04.55 -26:17:05.0 1.38 0.14 barely
J1933-2618¢c  19:33:04.75 -26:18:38.0 0.57 0.06 unresolved
J1933-2630a  19:33:05.35  -26:30:04.2 3.78 0.37 unresolved
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Table 5.24: continued

Name RA 2000 DECj2000 Fesomrrr= AF  Morphology
(mJy)

J1933-2658  19:33:05.42 -26:58:19.8 21.6 2.16 barely
J1933-2622b  19:33:06.35 -26:22:22.7 30.9 3.09 barely
J1933-2652a  19:33:06.41 -26:52:36.0 2.06 0.20 barely

J1933-2638  19:33:08.51 -26:38:19.1 0.27 0.04 unresolved
J1933-2647a  19:33:08.94 -26:47:27.6 0.31 0.04 unresolved
J1933-2624a  19:33:09.77 -26:24:26.5 0.55 0.06 barely

J1933-2612  19:33:09.97 -26:12:40.9 0.94 0.09 unresolved
J1933-2647b  19:33:10.10 -26:47:10.2 0.52 0.06 unresolved
J1933-2633a  19:33:10.46 -26:33:56.5 0.59 0.06 unresolved
J1933-2630b  19:33:10.56 -26:30:45.4 0.41 0.05 unresolved
J1933-2639a  19:33:10.59 -26:39:40.3 1.35 0.13 unresolved

J1933-2656  19:33:10.77 -26:56:25.4 1.26 0.12 unresolved

J1933-2636  19:33:11.35 -26:36:26.5 0.39 0.04 unresolved

J1933-2649  19:33:12.30 -26:49:13.6 0.81 0.08 unresolved
J1933-2639b  19:33:12.92  -26:39:20.4 0.86 0.09 barely
J1933-2652b  19:33:13.20 -26:52:48.4 1.19 0.12 barely

J1933-2653  19:33:13.27 -26:53:30.9 1.33 0.13 unresolved
J1933-2633b  19:33:13.64 -26:33:24.7 0.41 0.05 unresolved
J1933-2652¢  19:33:13.85  -26:52:28.7 1.00 0.10 unresolved
J1933-2633¢c  19:33:14.16  -26:33:21.7 0.67 0.07 unresolved

J1933-2613  19:33:14.31 -26:13:22.7 90.5 9.05 barely
J1933-2640a  19:33:15.30 -26:40:57.4 0.89 0.09 unresolved
J1933-2617b  19:33:17.36 -26:17:11.3 0.73 0.07 barely
J1933-2624b  19:33:17.39 -26:24:14.7 2.02 0.20 unresolved

J1933-2631  19:33:19.15 -26:31:29.9 2.12 0.21 unresolved
J1933-2640b  19:33:19.25 -26:40:31.0 13.8 1.38 unresolved
J1933-2626a  19:33:19.99 -26:26:09.9 0.88 0.09 unresolved

J1933-2632  19:33:21.40 -26:32:34.0 0.71  0.07 unresolved
J1933-2614a 19:33:22.95 -26:14:49.1 0.85 0.09 unresolved
J1933-2624¢c  19:33:23.16  -26:24:02.5 1.28 0.13 unresolved
J1933-2614b  19:33:27.31 -26:14:53.2 4.47 0.44 barely
J1933-2634a  19:33:27.33  -26:34:03.6 1.22  0.12 unresolved
J1933-2626b  19:33:28.07 -26:26:00.4 4.01 0.40 unresolved

J1933-2650  19:33:28.28 -26:50:03.5 1.36 0.13 unresolved
J1933-2634b  19:33:28.63 -26:34:28.4 1.16 0.12 barely
J1933-2618d  19:33:29.02 -26:18:33.6 2.54 0.25 unresolved

J1933-2629  19:33:30.70 -26:29:14.1 17.0 1.70 barely
J1933-2648a  19:33:30.84 -26:48:32.3 0.90 0.09 unresolved
J1933-2652d  19:33:31.33  -26:52:16.0 1.77 0.17 unresolved

J1933-2642  19:33:35.91  -26:42:43.9 1.86 0.18 unresolved
J1933-2643b  19:33:38.59 -26:43:13.6 2.22  0.22 barely
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Figure 5.5: The image shows blue-scale view of the uGMRT field which encompasses an
area of 0.785 deg? (30 arcmin, green circle). This is the area of interest in our analysis
and the area within which we extracted our catalogues. The noise is 0.03 mJy/b and the
resolution is 5 x 4 arcsec in p.a. ~ 169°.
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Figure 5.6: The image shows blue-scale view of uGMRT field which encompasses an area
of 0.785 deg? (30 arcmin, green circle). The red circles indicate the radio sources detected
over a threshold of 50 (i.e. 0.15 mJy/b).
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Table 5.25: continued

Name RA 2000 DECj200 Fesomn: AF  Morphology
(mJy)

J1933-2646  19:33:39.14 -26:46:23.4 1.96 0.19 barely
J1933-2648b  19:33:41.16 -26:48:29.4 0.95 0.10 barely
J1933-2641  19:33:41.38 -26:41:24.4 1.39 0.14 unresolved
J1933-2647¢c  19:33:42.40 -26:47:38.8 1.24  0.12 barely
J1933-2623  19:33:45.88 -26:23:41.5 1.26  0.12 unresolved
J1933-2633d  19:33:48.45 -26:33:16.4 3526.7 352.6 FRII
J1933-2645  19:33:52.35 -26:45:32.6 9.86 0.98 unresolved
J1933-2644  19:33:52.52  -26:44:59.6 79.4  7.94 unresolved
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5.5 Summary of the MeerKAT and the uGMRT
radio catalogues

A summary of the MeerKAT and the uGMRT radio catalogues is shown in Tab.
and We report the number (N) of the sources and the percentage (%) of
the unresolved, barely resolved or extended sources in the samples.

According to our morphological criterion, in the MeerKAT catalogue, the sources
which are unresolved are the 69%, the barely resolved sources are 29%, whereas the
extended sources are only the 2% of the sample.

In the uGMRT catalogue, the unresolved sources are 77% of the sample, the barely
resolved are 22%), and the extended sources are only the 1% of the sample.

In Figl5.7 and we show the histograms of the integrated flux density distribu-
tion from the MeerKAT and uGMRT catalogues respectively: there is evidence of
statistical incompleteness in both the samples, consistent with what we found from
the statistical source counts (logN-logS).

Table 5.26: MACSJ1931-2634 MeerKAT radio catalogue

Unresolved Barely Extended

N 132 56 4
% 69 29 2

Table 5.27: MACSJ1931-2634 uGMRT radio catalogue

Unresolved Barely Extended

N 480 137 6
% 7 22 1
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Figure 5.7: The histogram shows the distribution of the integrated flux density for the
sources in the MeerKAT radio catalogue. The incompleteness at low fluxes is consistent
with the result from the statistical source counts (logN-logS).
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Figure 5.8: The histogram shows the distribution of the integrated flux density for the
sources in the uGMRT radio catalogue. The incompleteness of the sample is consistent
with what resulted from the statistical source counts (logN-logS).
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5.6 Spectral analysis

We crossmatched our catalogues in order to get a spectral index information on the
radio sources detected within 30 arcmin radius from the field center. We performed
a test to determine the optimal radius for the matches, following the same method
adopted in Mahony et al. (2016). We matched our catalogues several times, choos-
ing different separation radii, in order to investigate how the number of matches
varies with the separation radius. The optimal matching radius was found to be 5
arcsec, which corresponds to the radius after which the number of matches drops.
The result of our test is reported in Fig. [5.9
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Figure 5.9: The image shows our test to determine the optimal matching radius between
the two catalogues. The blue dots are the number of matches as a function of the search
radius. The dotted line marks the search radius choosen for the final best match.

We report in Fig[5.10|the offset between the MeerKAT sources and the uGMRT
sources. This shows a systematic offset, not uncommon when doing phase-only
self-calibration (Mahony et al., [2016). The median values of the offset are -0.45
arcsec in right ascension and -0.4 in declination, well below the pixel size (1 arcsec).
The sources which show a higher offset were further visually inspected to assess the
reliability of the crossmatch.

To estimate the spectral indices we considered the central frequencies of 1.2 GHz
and 640 MHz.
First, we report the spectral indices of the sources in common (Table and
following), which are 184. Then, we give an upper limit for the sources detected
only at 1.2 GHz (Table [5.33), which are 8, or only at 640 MHz (Table and
following), which are 439. The spectral index of the extended sources is calculated
separately, according to the measure of the fluxes separately with AIPS TVSTAT.
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Figure 5.10: The image shows the offset in right ascension and declination between
the MeerKAT positions and the uGMRT positions. There is a clear systematic offset,
primarly in declination for all sources.

We adopted the convention: F), oc v=.

The values of the spectral indices are estimated by the equation:
B logio (%)

- 54
togm (2) o4

The errors are calculated according to the formula (Mahony et al., [2016]):
1 Fl err 2 F2 err 2
E, = : : 2.9

where v, o refers to the frequencies, and F; 5 to the corresponding flux densities at
those frequencies.

In Figure we report the spectral index distribution of the sources in com-
mon which has a median spectral index of 0.93 4+ 0.2. This value is steeper than
what was found in previous studies (Williams et al., 2016; Intema et al. [2011;
[shwara-Chandra et al., [2010). The typical spectral index over these frequencies is
around 0.78, but can range from 0.76 to 0.85 (Hardcastle et al. |2016). [Mahony
et al. (2016) found a steep value of 0.82 £ 0.02 in their work from sources in the
Lockman-wide sample between 1.4 GHz and 150 MHz. Steep values are also found
in [Sirothia et al.| (2009)) of 0.82 £+ 0.01 and in Williams et al.| (2013)) of 0.87 £ 0.01.
We can separate the sample of the sources in common into three primary categories,
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Table 5.28: Spectral indices of the common sources

RA 72000 DECj200 Fiocm: Fesomm: « Eq
(mJy) (mJy)

19:29:48.89 -26:27:32.4 0.60 2.17 1.848 0.22
19:29:53.29 -26:37:44.8 1.65 8.87 2.401 0.20
19:30:00.09 -26:25:52.2 0.50 0.75 0.582 0.24
19:30:05.90 -26:23:38.7 0.70 294 2.063 0.21
19:30:09.21 -26:16:24.1 0.44 1.13 1.356 0.24
19:30:09.37 -26:40:43.0 0.69 2.16 1.640 0.22
19:30:09.37 -26:34:29.6 0.65 1.34 1.040 0.22
19:30:10.40 -26:29:27.9 0.49 1.25 1.346 0.23
19:30:11.91  -26:46:08.2 0.39 0.85 1.120 0.25
19:30:12.87 -26:50:48.9 1.41 4.30 1.603 0.20
19:30:13.82  -26:13:35.3 0.84 244 1.533 0.21
19:30:16.27 -26:19:26.8 0.86 2.47 1.517 0.20
19:30:16.29 -26:47:38.1 0.65 5.85 3.159 0.22
19:30:16.76  -26:44:30.4 1.47 1.95 0.406 0.20
19:30:16.91  -26:21:56.2 0.82 3.07 1.898 0.20
19:30:18.81 -26:31:12.2 8.00 27.0 1.748 0.20
19:30:19.87 -26:24:11.1 0.43 0.62 0.526 0.20
19:30:21.31 -26:30:01.2 3.00 874 1.537 0.20
19:30:22.95 -26:28:41.5 0.95 1.83 0.942 0.20
19:30:25.37 -26:43:40.4 3.87 13.1 1.753 0.20
19:30:25.52  -26:26:28.6 2.40 597 1.310 0.20
19:30:28.40 -26:11:29.4 0.43 1.13 1.389 0.24
19:30:28.46 -26:31:13.5 0.35 0.31 -0.17 0.29
19:30:30.91  -26:26:24.0 0.72 1.86 1.364 0.21
19:30:37.88  -26:56:40.1 0.56 1.48 1.397 0.22
19:30:37.97 -26:24:48.2 0.51 0.76 0.573 0.20
19:30:38.23 -26:43:11.4 27.1 118.3 2.119 0.20
19:30:38.41 -26:25:07.3 0.44 0.86 0.963 0.24
19:30:38.62 -26:47:15.5 0.89 5.36  2.565 0.20
19:30:39.45 -26:29:13.6 0.64 1.76 1.454 0.21
19:30:43.64 -26:53:45.8 0.84 1.92 1.188 0.21
19:30:43.70  -26:30:00.9 0.41 0.79 0.943 0.24
19:30:44.09 -26:47:34.8 0.96 2.74 1.507 0.21
19:30:45.92 -26:28:23.3 0.51 0.45 -0.17 0.20
19:30:47.62 -26:44:15.2 47.39 70.6 0.573 0.20
19:30:48.27 -26:37:50.0 0.48 2.37 2.296 0.20
19:30:48.44 -26:33:39.7 0.60 0.98 0.705 0.22
19:30:50.59 -26:31:52.6 0.61 0.32 -0.92 0.24
19:30:53.08 -26:58:00.4 0.48 1.58 1.713 0.23
19:30:53.51 -26:10:38.0 0.41 0.74 0.849 0.25
19:30:53.58 -26:17:59.9 0.45 0.82 0.862 0.20
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Table 5.29: Spectral indices of the common sources (continued)

RA 72000 DECj200 Fi2cm: Fesonmm: o' Eq
(mJy) (mJy)

19:30:54.68 -26:50:50.4 2.34 3.88 0.727 0.20
19:30:55.05 -26:55:37.7 0.81 1.29 0.669 0.21
19:30:55.14  -26:19:04.5 0.68 1.40 1.038 0.22
19:30:55.36  -26:20:48.2 11.36 24.5 1.105 0.20
19:30:56.61 -26:16:56.5 1.78 4.57 1.355 0.20
19:30:57.98 -26:36:14.6 1.79 3.88 1.112 0.20
19:30:59.16  -26:17:34.0 0.56 0.78 -0.14 0.20
19:30:59.83  -26:26:40.5 0.52 0.77 0.564 0.23
19:31:00.31 -26:07:41.4 0.94 3.48 1.881 0.21
19:31:03.07 -26:29:00.8 0.51 0.86 0.751 0.23
19:31:03.17 -26:45:15.6 0.62 0.69 0.153 0.21
19:31:03.59 -26:20:25.0 6.91 15.4 1.152 0.20
19:31:05.64 -26:56:40.7 0.45 1.06 1.232 0.20
19:31:06.96  -26:08:09.2 0.50 0.79 0.657 0.23
19:31:07.25 -26:40:59.1 0.91 1.39 0.609 0.21
19:31:09.17 -26:13:04.0 0.33 0.44 0.413 0.20
19:31:17.18  -26:44:48.7 28.96 61.5 1.082 0.20
19:31:17.55 -26:08:44.7 1.01 2.90 1.516 0.21
19:31:18.35 -26:30:18.3 0.35 0.53 0.596 0.27
19:31:19.30 -26:30:17.5 0.37 0.60 0.695 0.20
19:31:20.25 -26:56:29.8 0.67 1.33 0.985 0.21
19:31:20.42 -26:45:34.4 0.41 0.42 0.034 0.26
19:31:20.53  -26:40:46.7 0.42 0.63 0.582 0.25
19:31:21.62 -26:21:23.2 0.52 1.08 1.05 0.23
19:31:22.64 -26:15:33.8 0.36 0.58 0.685 0.26
19:31:27.40 -26:59:30.9 1.33 7.07 2402 0.21
19:31:28.05 -26:18:46.2 1.07 2.34 1.125 0.20
19:31:30.36  -26:51:23.3 0.41 0.77 0.906 0.25
19:31:30.37 -26:19:56.2 5.61 34.2  2.599 0.20
19:31:32.41 -26:55:45.3 3.49 851 1.281 0.20
19:31:33.10  -26:20:14.0 0.44 1.24 1.489 0.23
19:31:33.28 -26:53:45.1 0.25 0.64 1.351 0.31
19:31:35.79 -26:54:52.1 0.58 1.31 1.171 0.22
19:31:36.44 -26:33:09.6 15.29 24.1 0.654 0.20
19:31:38.93 -26:13:13.7 1.30 887 2.75 0.20
19:31:43.67 -26:17:42.1 1.13 2,77  1.289 0.20
19:31:45.56  -26:54:24.4 0.42 0.80 0.926 0.24
19:31:48.83  -26:21:39.0 0.42 0.65 0.628 0.20
19:31:49.56 -26:34:32.7 45.4 183.7 2.006 0.20
19:31:49.98 -26:35:17.3 145.2 354.7 1.284 0.20
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Table 5.30: Spectral indices of the common sources (continued)

RA 72000 DECj200 Fiocm: Fesomm: « Eq
(mJy) (mJy)

19:31:50.85 -26:56:11.6 0.45 1.00 1.148 0.24
19:31:51.97 -26:24:26.9 0.88 1.39 0.657 0.21
19:31:54.87 -26:30:57.7 0.85 3.71  2.119 0.20
19:31:57.37 -26:22:09.7 0.74 0.94 0.343 0.21
19:31:57.56 -26:45:38.2 0.41 0.43 0.068 0.20
19:31:57.96  -26:49:55.0 0.31 0.42 0.436 0.20
19:31:58.93 -26:38:15.7 3.51 3.74 0.091 0.20
19:32:00.41 -26:54:17.6 0.97 1.56 0.683 0.20
19:32:05.19  -26:32:05.7 0.36 0.66 0.871 0.20
19:32:05.20 -26:27:00.2 2.36 3.87 0.711 0.20
19:32:06.43 -26:46:31.1 0.50 0.35 -0.51 0.24
19:32:07.73 -27:02:27.9 0.48 1.30 1.432 0.23
19:32:08.17 -26:27:03.4 0.59 1.23 1.056 0.22
19:32:09.74 -26:25:29.4 0.34 0.53 0.638 0.27
19:32:10.80 -26:21:50.5 2.03 3.43 0.754 0.20
19:32:11.30  -26:34:01.0 0.36 045 0.32 0.26
19:32:11.49 -26:57:08.6 0.80 2.26 1.493 0.21
19:32:11.85 -26:18:43.2 2.52 842 1.734 0.21
19:32:12.15  -26:37:29.7 0.50 0.75 0.582 0.23
19:32:12.26  -26:48:18.4 0.63 0.92 0.544 0.22
19:32:12.54 -26:33:14.4 0.93 1.44 0.628 0.20
19:32:12.95 -26:28:07.8 0.67 0.93 0.471 0.20
19:32:14.01 -26:54:23.9 0.56 0.91 0.698 0.22
19:32:14.41  -26:51:39.7 0.49 1.03 1.068 0.23
19:32:16.53 -26:48:44.6 0.53 0.58 0.129 0.23
19:32:16.78  -26:08:22.1 3.57 13.2 1.88 0.20
19:32:17.11  -26:35:38.4 0.63 1.20 0.926 0.22
19:32:17.70 -26:29:32.1 1.31 1.49 0.185 0.20
19:32:18.81 -26:21:25.9 0.54 0.80 0.565 0.22
19:32:19.55  -26:18:14.5 0.50 0.78 0.639 0.23
19:32:20.07 -26:31:35.1 0.53 0.84 0.662 0.22
19:32:21.19  -26:59:02.7 0.60 1.66 1.463 0.20
19:32:21.42 -26:44:21.0 0.64 0.78 0.284 0.22
19:32:22.41 -26:19:39.7 0.41 0.44 0.101 0.20
19:32:25.41  -26:54:26.0 1.92 3.71  0.947 0.20
19:32:25.80 -26:48:16.2 0.76 1.49 0.967 0.21
19:32:25.84 -26:31:24.5 0.35 0.61 0.798 0.26
19:32:26.11  -26:32:48.8 0.59 0.67 0.182 0.22
19:32:27.32  -26:33:10.1 17.75 35.5 0.996 0.20
19:32:27.69 -26:21:15.1 0.33 0.34 0.042 0.20
19:32:27.73  -26:33:56.5 0.44 041 -0.1 0.20
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Table 5.31: Spectral indices of the common sources (continued)

RA 72000 DEC 200 Fi2cm: Fesonmrm: o' Eq
(mJy) (mJy)

19:32:27.80 -26:32:08.3 0.58 0.78 0.425 0.22
19:32:29.00 -26:13:24.5 0.50 0.78 0.639 0.23
19:32:30.45 -26:38:12.5 0.25 0.26 0.056 0.35
19:32:30.69 -26:28:50.8 0.62 1.23 0984 0.22
19:32:30.90 -26:28:03.4 1.03 6.12 -0.77 0.20
19:32:31.01 -26:41:51.3 0.51 0.90 0.816 0.23
19:32:31.59 -26:31:20.8 0.57 0.92 0.688 0.22
19:32:31.80 -26:54:36.1 0.57 1.54 1.429 0.22
19:32:33.36  -26:39:08.1 0.67 1.16 0.789 0.22
19:32:36.55 -26:17:10.6 0.63 1.12 0.827 0.22
19:32:38.69 -26:28:43.1 0.74 0.75 0.019 0.22
19:32:39.40 -26:58:36.4 0.51 0.72 0.495 0.23
19:32:40.26 -26:18:54.8 6.32 15.3 1.271 0.20
19:32:40.28 -26:45:47.1 0.49 0.59 0.267 0.20
19:32:41.10 -26:58:37.8 2.60 3.09 0.248 0.20
19:32:41.51 -26:35:58.3 1.24 2.62 1.075 0.20
19:32:43.01 -26:57:54.3 0.73 2.12 1.532 0.21
19:32:44.15 -26:41:34.6 0.39 0.45 0.205 0.20
19:32:44.91 -26:30:13.1 52.77 59.4 0.17 0.20
19:32:44.96 -26:39:32.6 0.61 092 0.59 0.22
19:32:47.76 -26:38:47.4 0.64 4.32 2.746 0.21
19:32:51.32  -26:42:51.0 5.85 11.7 0.996 0.20
19:32:57.15 -26:16:42.1 0.66 0.62 -0.08 0.21
19:32:58.44  -26:36:50.4 1.59 3.76  1.237 0.20
19:32:58.63 -26:50:26.2 0.32 0.66 1.041 0.20
19:32:58.69 -26:43:29.7 5.33 12.6 1.237 0.20
19:33:04.10 -26:18:01.8 0.63 1.21 0.938 0.22
19:33:04.42 -26:17:05.6 0.40 1.38 1.78 0.20
19:33:05.31  -26:30:04.6 1.38 3.78 1.448 0.20
19:33:05.62 -26:58:21.1 4.47 21.06 2.228 0.20
19:33:06.31 -26:22:22.9 11.94 30.9 1.367 0.20
19:33:06.41 -26:52:35.9 0.68 2.06 1.593 0.21
19:33:09.92  -26:12:41.5 0.68 0.94 0.465 0.21
19:33:10.60 -26:39:41.3 0.49 1.35 1.457 0.21
19:33:10.77 -26:56:26.3 0.66 1.26  0.929 0.21
19:33:12.34 -26:49:14.4 0.61 0.81 0.407 0.22
19:33:14.15  -26:33:22.7 0.43 0.67 0.637 0.24
19:33:14.52 -26:13:24.9 31.1 90.5 1.536 0.20
19:33:15.35 -26:40:58.4 0.50 0.89 0.829 0.20
19:33:17.36  -26:17:11.3 0.33 0.73 1.141 0.26
19:33:17.37  -26:24:15.7 0.70 2.02 1.524 0.21
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Table 5.32: Spectral indices of the common sources (continued)

RA 72000 DECj200 Fiocm: Fesomm: a Eq
(mJy) (mJy)

19:33:19.15 -26:31:30.8 0.84 2.12 1.331 0.21
19:33:19.22 -26:40:31.4 4.95 13.8 1.474 0.20
19:33:21.33  -26:32:34.2 0.50 0.71 0.504 0.23
19:33:23.13  -26:24:03.3 0.87 1.28 0.555 0.21
19:33:27.27 -26:14:53.6 1.43 4.47 1.638 0.20
19:33:27.33 -26:34:04.0 1.23 1.22  -0.01 0.20
19:33:28.06 -26:26:00.9 1.74 4.01 1.2 0.20
19:33:28.31 -26:50:03.4 0.47 1.36 1.527 0.23
19:33:28.99  -26:18:34.2 1.17 2.54 1.114 0.20
19:33:30.74 -26:29:13.1 10.2 17.0 0.734 0.20
19:33:31.37 -26:52:17.1 0.71 1.77 1.313 0.20
19:33:35.92  -26:42:44.8 1.07 1.86 0.795 0.20
19:33:38.57 -26:43:13.9 0.72 2.22 1.619 0.21
19:33:39.15  -26:46:23.6 0.94 1.96 1.056 0.20
19:33:41.41 -26:41:25.6 0.72 1.39 0.945 0.20
19:33:42.46 -26:47:39.9 0.60 1.24 1.043 0.20
19:33:45.83 -26:23:41.4 0.52 1.26 1.272 0.22
19:33:47.67 -26:33:35.0 1006.0 3526.0 1.803 0.20
19:33:52.32  -26:45:33.1 3.66 9.86 1.424 0.20
19:33:52.52  -26:45:00.1 23.18 79.4 1.77 0.20
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according to Mahony et al.| (2016)): sources with a (33 < 0.5 are flat, sources with
0.5 < a (83 < 1.2 are steep, whereas sources with « {353 > 1.2 are ultra-steep.
According to this separation, our sample is dominated by steep sources (0.5 < «
§a83 < 1.2), which is expected from sources at these frequencies. They are the 48 %
of the sample, whereas the ultra-steep and the flat are the 32% and the 20% of the
sample respectively.

Fig [5.12 and [5.13] report the spectral index distributions of the upper limits, i.e.
the sources detected only at 1.2 GHz or only at 640 MHz respectively.

The median value of the MeerKAT distribution is -1.3 whereas the median value of

the uGMRT distribution is 0.92.
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Figure 5.11: Histogram of the spectral indices from 640 MHz-1.2 GHz for sources in the
MACSJ1931-2634 field detected both at 1.2 GHz and 640 MHz. The red line indicates
the median value, steeper in respect to the previous studies, which is 0.93 £+ 0.2. The
source population is dominated by steep spectra sources.
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Table 5.33: Spectral index upper limits of the MeerKAT (only) sources

RA 72000 DECj2000 Fi2cu: AF oul
(mJy)

19:30:42.69 -26:37:21.1 0.38 0.05 <-1.33
19:31:46.56  -26:37:32.1 0.39 0.06 <-1.37
19:32:03.07  -26:20:11.0 0.40 0.05 <-1.41
19:32:31.75  -26:27:58.9 0.96 0.10 <-2.66
19:32:50.31  -26:56:16.5 0.50 0.06 <-1.73
19:33:01.88  -26:50:30.5 0.34 0.06 <-1.17
19:33:20.27  -26:41:10.5 0.58 0.07 <-1.94
19:33:33.18  -26:29:58.6 0.20 0.04 <-0.41
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Figure 5.12: Histogram of the upper limits of the spectral indices for sources in
MACSJ1931-2634 field detected only at 1.2 GHz. For the 640 MHz fluxes we assumed an
upper limit of 50 (i.e. 0.15 mJy). The red line indicates the median value which is -1.3.
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Table 5.34: Spectral index upper limits of the uGMRT (only) sources

RA 52000 DECj2000 Fesomm. AF oul
(mJy)

19:29:38.38  -26:33:47.1 0.65 0.07 <1.69
19:29:40.24  -26:42:10.1 0.60 0.06 <1.57
19:29:40.89  -26:38:31.5 1.69 0.17  <3.06
19:29:41.91 -26:35:59.4 0.61 0.06 <1.60
19:29:43.72  -26:26:58.5 1.29 0.13 <2.68
19:29:43.83  -26:37:26.6 1.07 0.11 <241
19:29:45.10 -26:25:24.4 0.89 0.09 <2.14
19:29:48.06 -26:24:34.1 0.74 0.08 <1.88
19:29:48.68 -26:47:29.7 0.77 0.08 <1.93
19:29:50.75  -26:33:58.3 0.42 0.05 <1.06
19:29:51.04 -26:31:36.4 0.54 0.06 <1.42
19:29:52.68 -26:35:18.3 0.37 0.04 <0.88
19:29:54.64 -26:30:58.0 0.53 0.06 <1.40
19:29:55.61 -26:46:53.0 0.75 0.08 <1.90
19:29:57.27  -26:26:40.3 0.38 0.04 <0.92
19:29:57.55  -26:39:05.4 0.24 0.03 <0.26
19:29:58.56  -26:35:17.9 0.88 0.09 <2.13
19:30:00.02  -26:30:41.6 0.29 0.04 <0.53
19:30:00.06  -26:42:40.1 0.49 0.05 <1.28
19:30:00.58  -26:41:20.0 0.63 0.07 <1.64
19:30:02.03  -26:31:21.3 0.33 0.04 <0.71
19:30:02.95 -26:25:25.1 0.47 0.06 <1.22
19:30:05.00 -26:31:45.7 0.59 0.06 <1.55
19:30:06.24  -26:50:46.8 0.70 0.07 <1.80
19:30:06.33  -26:19:24.5 0.56 0.06 <1.48
19:30:07.26  -26:21:38.3 0.38 0.04 <0.92
19:30:07.75  -26:34:22.9 0.54 0.06 <1.42
19:30:07.84 -26:35:35.5 0.51 0.06 <1.34
19:30:09.41 -26:30:21.2 0.25 0.03 <0.32
19:30:09.47  -26:34:50.3 0.31 0.04 <0.63
19:30:10.56  -26:25:20.1 0.49 0.06 <1.28
19:30:10.80  -26:25:41.8 0.28 0.04 <0.48
19:30:11.03  -26:53:19.3 0.82 0.08 <2.02
19:30:12.22  -26:25:56.4 0.82 0.08 <2.02
19:30:12.70  -26:37:25.3 0.36 0.04 <0.84
19:30:13.25 -26:31:18.9 0.49 0.05 <1.28
19:30:15.50  -26:22:20.0 0.75 0.08 <1.90
19:30:17.75  -26:25:15.6 0.33 0.04 <0.71
19:30:18.33  -26:28:31.0 0.31 0.04 <0.63
19:30:18.38  -26:53:07.6 0.51 0.05 <1.34
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Table 5.35: Spectral index upper limits of the uGMRT sources (continued)

RA j2000 DECj2000 Feaomu. AF  aul
(mJy)

19:30:18.48  -26:19:29.8 1.05 0.11 <2.38
19:30:18.87 -26:40:54.1 0.40 0.05 <0.99
19:30:18.89  -26:33:06.7 0.29 0.04 <0.53
19:30:19.44  -26:16:02.7 0.46 0.05 <1.19
19:30:19.72  -26:32:46.2 0.43 0.06 <1.10
19:30:20.24  -26:19:27.9 0.38 0.04 <0.92
19:30:20.45  -26:28:25.3 0.43 0.05 <1.10
19:30:20.70  -26:25:19.8 0.58 0.06 <1.53
19:30:20.78  -26:32:13.3 0.38 0.04 <0.92
19:30:22.81 -26:41:35.6 0.40 0.05 <0.99
19:30:23.30  -26:39:46.4 0.84 0.08 <2.06
19:30:23.42  -26:25:36.6 0.23 0.03 <0.20
19:30:24.35  -26:26:43.3 0.15 0.03 <-04
19:30:25.34  -26:26:19.0 0.28 0.04 <048
19:30:27.78  -26:37:16.4 0.44 0.06 <1.13
19:30:28.72  -26:15:07.1 0.41 0.05 <1.03
19:30:29.45  -26:47:37.4 0.56 0.06 <1.48
19:30:32.21  -26:38:00.3 0.26 0.04 <0.37
19:30:32.59  -26:37:45.2 0.34 0.04 <0.76
19:30:32.79  -26:18:47.8 0.47 0.06 <1.22
19:30:33.24  -26:56:02.9 0.72 0.07 <1.84
19:30:33.30  -26:26:32.3 0.26 0.04 <0.37
19:30:33.62 -26:44:44.1 0.91 0.09 <2.17
19:30:33.71  -26:14:01.2 0.84 0.08 <2.06
19:30:33.93  -26:32:22.8 0.19 0.03 <-0.07
19:30:33.99  -26:51:40.6 0.41 0.05 <1.03
19:30:35.16  -26:29:57.6 0.48 0.06 <1.25
19:30:35.69  -26:20:15.3 0.40 0.05 <0.99
19:30:36.03  -26:39:57.7 0.53 0.06 <1.40
19:30:36.58  -26:53:07.8 0.67 0.07 <1.73
19:30:36.64 -26:18:29.2 0.36 0.04 <0.84
19:30:36.89  -26:30:25.4 0.24 0.03 <0.26
19:30:37.15  -26:16:30.0 0.29 0.04 <0.53
19:30:38.00  -26:24:47.3 0.56 0.06 <1.48
19:30:38.17  -26:22:51.3 0.26 0.04 <0.37
19:30:38.27  -26:23:01.4 0.38 0.04 <0.92
19:30:38.31  -26:34:51.4 0.20 0.03 <2.14
19:30:38.50  -26:38:31.7 0.37 0.04 <0.88
19:30:39.36  -26:10:02.7 0.73 0.07 <1.86
19:30:39.91  -26:31:48.5 0.21 0.03 <0.07
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Table 5.36: Spectral index upper limits of the uGMRT sources (continued)

RA 52000 DECj2000 Feaomm. AF oul
(mJy)

19:30:40.15  -26:34:42.4 0.25 0.03 <0.32
19:30:40.48  -26:26:51.2 0.31 0.04 <0.63
19:30:40.58 -26:31:13.5 1.08 0.11 <242
19:30:40.58  -26:28:42.2 0.40 0.05 <0.99
19:30:41.06  -26:12:24.6 0.44 0.06 <1.13
19:30:41.14  -26:30:31.5 0.69 0.07 <1.78
19:30:41.14  -26:34:01.8 0.16 0.03 <-0.3
19:30:41.67 -26:16:49.2 0.51 0.05 <1.34
19:30:42.17  -26:08:55.0 0.61 0.06 <1.60
19:30:42.95 -26:53:30.2 0.40 0.05 <0.99
19:30:43.43  -26:39:19.9 0.35 0.04 <0.80
19:30:44.49  -26:20:35.3 0.54 0.06 <1.42
19:30:45.18  -26:36:33.6 0.25 0.03 <0.32
19:30:46.61 -26:13:51.0 0.44 0.06 <1.13
19:30:46.65 -26:27:52.8 0.22 0.03 <0.13
19:30:46.72  -26:49:46.3 0.59 0.06 <1.55
19:30:47.25  -26:36:54.7 0.29 0.04 <0.53
19:30:47.41  -26:38:42.0 0.24 0.03 <0.26
19:30:47.50 -26:17:39.0 0.42 0.05 <1.06
19:30:47.60 -26:36:17.8 0.50 0.05 <1.31
19:30:47.60 -26:41:42.8 0.49 0.06 <1.28
19:30:48.16  -26:40:20.8 0.63 0.06 <1.64
19:30:48.56  -26:30:17.7 0.27 0.04 <0.43
19:30:48.86  -26:49:13.5 0.55 0.06 <1.45
19:30:48.99  -26:27:27.3 0.18 0.03 <-0.1
19:30:49.21  -26:57:12.0 0.43 0.05 <1.10
19:30:50.26  -26:28:17.0 0.28 0.04 <0.48
19:30:50.39  -26:12:27.5 0.32 0.04 <0.67
19:30:52.15  -27:00:42.3 0.52 0.06 <1.37
19:30:52.35  -26:33:27.7 0.23 0.03 <0.20
19:30:52.48  -26:47:09.3 0.35 0.04 <0.80
19:30:52.83  -26:34:37.1 0.18 0.03 <-0.1
19:30:53.47  -26:27:37.7 0.22 0.03 <0.13
19:30:53.48  -26:30:37.7 0.32 0.04 <0.67
19:30:53.96  -26:16:23.6 0.46 0.05 <1.19
19:30:54.69  -26:50:12.0 0.27 0.04 <0.43
19:30:54.84  -26:34:32.0 0.22 0.03 <0.13
19:30:55.30  -26:30:28.4 0.22 0.03 <0.13
19:30:55.41  -26:35:00.7 0.28 0.04 <0.48
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Table 5.37: Spectral index upper limits of the uGMRT sources (continued)

RA s2000 DECyj2000 Feasomm. AF o ul
(mJy)

19:30:57.06  -26:18:35.7 0.35 0.04 <0.80
19:30:57.28  -27:00:43.4 0.51 0.06 <1.34
19:30:57.55  -26:32:57.3 0.22 0.03 <0.13
19:30:57.90  -26:50:16.5 0.30 0.04 <0.58
19:30:57.97 -26:28:26.7 0.23 0.03 <0.20
19:30:58.07  -26:32:44.7 0.49 0.05 <1.28
19:30:58.35  -26:30:19.4 0.16 0.03 <-0.3
19:30:59.00  -26:31:32.5 0.37 0.04 <0.88
19:30:59.80  -26:17:03.6 0.35 0.04 <0.80
19:30:59.99  -26:49:38.8 0.37 0.04 <0.88
19:31:00.25  -26:16:45.9 0.67 0.07 <1.73
19:31:02.03  -26:38:24.4 0.18 0.03 <-0.1
19:31:02.76  -26:28:10.0 0.25 0.03 <0.32
19:31:02.93  -26:27:23.2 0.25 0.03 <0.32
19:31:02.99  -26:56:30.8 0.28 0.04 <0.48
19:31:03.45  -26:28:19.5 0.24 0.03 <0.26
19:31:03.92  -26:53:48.8 0.39 0.04 <0.96
19:31:04.11  -26:15:04.0 0.51 0.06 <1.34
19:31:04.73  -26:23:38.1 0.42 0.06 <1.06
19:31:05.46  -26:34:17.8 0.23 0.03 <0.20
19:31:05.51  -26:39:31.7 0.42 0.05 <1.06
19:31:06.44  -26:29:09.7 0.38 0.04 <0.92
19:31:06.80  -26:50:43.4 0.22 0.03 <0.13
19:31:06.96  -26:28:04.3 0.34 0.04 <0.76
19:31:08.47  -26:59:25.0 0.54 0.06 <1.42
19:31:08.56  -26:22:20.0 0.29 0.04 <0.53
19:31:08.97  -26:37:01.5 0.31 0.04 <0.63
19:31:09.25  -26:13:04.3 0.44 0.06 <1.13
19:31:09.26  -26:33:40.2 0.48 0.06 <1.25
19:31:09.65  -26:41:42.0 0.42 0.06 <1.06
19:31:10.05  -26:28:07.0 0.16 0.03 <-0.3
19:31:11.12  -26:51:47.0 0.30 0.04 <0.58
19:31:13.16  -26:31:31.0 0.39 0.04 <0.96
19:31:13.20 -26:24:49.4 0.22 0.03 <0.13
19:31:13.60 -26:24:39.4 0.44 0.06 <1.13
19:31:13.61 -26:46:48.1 0.26 0.04 <0.37
19:31:13.84  -26:29:54.1 0.38 0.04 <0.92
19:31:13.89  -26:30:50.8 0.23 0.03 <0.20

188



Table 5.38: Spectral index upper limits of the uGMRT sources (continued)

RA j2000 DECj2000 Fesomrr- AF  aul
(mJy)

19:31:13.98  -26:18:12.6 0.32 0.04 <0.67
19:31:14.03  -26:57:26.4 0.31 0.04 <0.63
19:31:14.13  -26:23:36.4 0.22 0.03 <0.13
19:31:15.05  -26:34:14.0 0.14 0.03 <-0.5
19:31:15.27  -26:48:02.8 0.61 0.06 <1.60
19:31:15.30  -26:49:32.4 0.30 0.04 <0.58
19:31:15.64 -26:34:27.2 0.25 0.03 <0.32
19:31:16.13  -26:27:36.4 0.27 0.04 <043
19:31:16.19  -26:30:04.1 0.22 0.03 <0.13
19:31:16.52  -26:09:15.6 0.85 0.09 <2.08
19:31:16.73  -26:55:08.3 0.27 0.04 <043
19:31:16.84 -26:24:54.3 0.20 0.03 <2.14
19:31:17.56  -26:56:24.2 0.30 0.04 <0.58
19:31:17.85 -26:37:04.8 1.99 0.20 <3.30
19:31:18.96  -26:12:56.0 0.39 0.04 <0.96
19:31:19.02  -26:36:02.9 0.36 0.04 <0.84
19:31:19.20  -26:52:19.6 0.32 0.04 <0.67
19:31:19.38  -26:27:17.3 0.17 0.03 <-0.2
19:31:19.55  -26:20:46.4 0.36 0.04 <0.84
19:31:20.15  -26:22:39.1 0.61 0.06 <1.60
19:31:20.64 -26:53:37.7 0.33 0.04 <0.71
19:31:21.10 -27:01:12.9 0.63 0.06 <1.64
19:31:21.11  -26:37:51.3 0.23 0.03 <0.20
19:31:21.29  -26:18:00.6 0.62 0.06 <1.62
19:31:22.55  -26:46:52.0 0.34 0.04 <0.76
19:31:23.24  -26:28:49.7 0.19 0.03 <-0.0
19:31:23.68  -26:49:39.1 0.38 0.04 <0.92
19:31:24.88  -26:14:50.0 0.31 0.04 <0.63
19:31:26.08 -26:22:34.2 0.69 0.07 <1.78
19:31:26.85  -26:17:54.7 0.49 0.06 <1.28
19:31:27.12  -26:50:54.5 0.37 0.04 <0.88
19:31:27.35 -26:17:41.2 0.32 0.04 <0.67
19:31:27.41  -26:49:24.6 0.36 0.04 <0.84
19:31:27.77  -26:31:10.6 0.34 0.04 <0.76
19:31:27.85 -26:30:03.6 0.31 0.04 <0.63
19:31:28.06  -26:27:41.3 0.31 0.04 <0.63
19:31:28.34  -26:37:31.7 0.20 0.03 <2.14
19:31:28.70  -26:31:29.9 0.24 0.03 <0.26
19:31:28.89  -26:36:48.3 0.19 0.03 <-0.07
19:31:30.12  -26:41:08.9 0.23 0.03 <0.20
19:31:30.15  -26:08:55.6 0.73 0.07 <1.86
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Table 5.39: Spectral index upper limits of the uGMRT sources (continued)

RA j2000 DECj2000 Feaomu. AF  aul
(mJy)

19:31:31.00 -26:43:37.9 0.23 0.03 <0.20
19:31:32.03  -26:37:13.1 0.34 0.04 <0.76
19:31:32.06  -26:46:09.1 0.23 0.03 <0.20
19:31:32.33  -26:18:05.0 0.25 0.03 <0.32
19:31:32.52  -26:31:33.1 0.26 0.03 <0.37
19:31:32.76  -26:38:38.8 0.35 0.04 <0.80
19:31:33.11  -26:49:14.3 0.16 0.03 <-0.3
19:31:33.37  -26:23:37.3 0.24 0.03 <0.26
19:31:33.69  -26:23:46.7 0.19 0.03 <-0.07
19:31:34.31  -26:50:32.0 0.29 0.04 <0.53
19:31:34.86  -26:31:52.3 0.38 0.04 <0.92
19:31:35.17  -26:41:44.3 0.21 0.03 <0.07
19:31:35.23  -26:57:05.6 0.47 0.05 <1.22
19:31:35.54  -26:59:16.9 0.68 0.07 <1.75
19:31:35.82  -26:23:07.6 0.25 0.03 <0.32
19:31:35.94  -26:44:41.7 0.37 0.04 <0.88
19:31:36.60  -26:22:52.5 0.24 0.03 <0.26
19:31:36.74 -26:27:18.0 0.19 0.03 <-0.07
19:31:37.35  -26:26:22.3 0.28 0.04 <048
19:31:37.58  -26:09:33.4 0.33 0.04 <0.71
19:31:38.15  -26:15:30.2 0.29 0.04 <0.53
19:31:38.32  -26:59:34.3 0.62 0.06 <1.62
19:31:38.56  -26:50:05.2 0.19 0.03 <-0.07
19:31:38.93  -26:32:44.6 0.46 0.05 <1.19
19:31:38.95  -26:44:37.8 0.22 0.03 <0.13
19:31:39.01  -26:09:40.9 0.33 0.04 <0.71
19:31:39.08  -26:08:42.9 0.94 0.09 <2.22
19:31:39.16  -26:14:11.4 0.29 0.04 <0.53
19:31:39.25  -26:47:13.7 0.29 0.04 <0.53
19:31:39.38  -26:38:31.0 0.24 0.03 <0.26
19:31:39.76  -26:25:51.2 0.25 0.03 <0.32
19:31:40.03  -26:49:33.4 0.35 0.04 <0.80
19:31:40.71 -26:19:23.4 0.20 0.03 <2.14
19:31:41.37 -26:21:57.4 0.30 0.04 <0.58
19:31:41.60 -26:40:08.1 0.36 0.04 <0.84
19:31:41.84 -26:06:11.1 0.42 0.05 <1.06
19:31:42.55 -26:46:45.2 0.38 0.04 <0.92
19:31:42.71  -26:45:47.1 0.31 0.04 <0.63
19:31:42.84 -26:28:26.3 0.20 0.03 <2.14
19:31:43.42  -26:42:51.4 0.20 0.03 <2.14
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Table 5.40: Spectral index upper limits of the uGMRT sources (continued)

RA j2000 DECj2000 Fesomrn- AF  aul
(mJy)

19:31:44.43  -26:21:30.0 0.28 0.04 <0.48
19:31:44.78  -26:55:41.6 0.57 0.06 <1.50
19:31:44.79 -26:46:31.1 0.17 0.03 <-0.2
19:31:45.22  -27:02:42.3 0.66 0.07 <1.71
19:31:45.27  -26:31:55.6 0.38 0.04 <0.92
19:31:45.29  -26:46:58.9 0.29 0.04 <0.53
19:31:45.92  -26:48:04.0 0.18 0.03 <-0.1
19:31:47.87 -26:26:46.3 0.24 0.03 <0.26
19:31:48.15  -26:44:21.5 0.22 0.03 <0.13
19:31:49.35 -26:19:45.3 0.21 0.03 <0.07
19:31:49.98 -26:50:18.9 0.24 0.03 <0.26
19:31:50.97  -26:49:01.2 0.35 0.04 <0.80
19:31:50.97  -26:52:10.8 0.23 0.03 <0.20
19:31:51.64 -26:50:27.0 0.39 0.04 <0.96
19:31:51.82  -26:52:10.1 0.47 0.06 <1.22
19:31:52.06  -26:53:57.0 0.58 0.06 <1.53
19:31:52.28 -27:01:05.7 0.58 0.06 <1.53
19:31:52.32  -26:18:31.2 0.58 0.06 <1.53
19:31:52.68 -26:17:31.9 0.43 0.06 <1.10
19:31:52.92  -26:45:10.7 0.23 0.03 <0.20
19:31:53.27  -26:50:24.4 0.58 0.06 <1.53
19:31:53.38  -26:53:38.3 0.28 0.04 <0.48
19:31:53.94 -26:51:44.8 0.56 0.06 <1.48
19:31:53.99 -26:12:12.9 0.64 0.07 <1.67
19:31:54.92  -26:13:53.1 0.58 0.06 <1.53
19:31:55.15  -26:21:10.7 0.39 0.04 <0.96
19:31:55.20  -26:40:57.7 0.26 0.03 <0.37
19:31:55.43  -26:14:17.7 0.46 0.05 <1.19
19:31:55.63  -26:12:45.6 0.55 0.06 <1.45
19:31:55.70  -26:51:52.2 0.57 0.06 <1.50
19:31:55.86  -26:56:26.9 0.19 0.03 <-0.07
19:31:56.13  -26:15:03.4 0.28 0.04 <048
19:31:56.49  -26:16:45.3 0.22 0.03 <0.13
19:31:57.31 -26:14:21.9 0.32 0.04 <0.67
19:31:57.76  -26:17:43.6 0.19 0.03 <-0.07
19:31:58.28  -26:49:33.4 0.27 0.04 <0.43
19:31:58.33  -26:45:34.4 0.67 0.07 <1.73
19:31:58.36  -26:42:33.2 0.24 0.03 <0.26
19:31:58.36  -26:25:57.6 0.22 0.03 <0.13
19:31:58.82  -26:22:27.9 1.52 0.15 <291
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Table 5.41: Spectral index upper limits of the uGMRT sources (continued)

RA j2000 DECj2000 Feaomu. AF  aul
(mJy)

19:31:58.95 -26:15:19.1 0.38 0.04 <0.92
19:31:59.06  -26:28:30.8 0.36 0.04 <0.84
19:31:59.42  -26:45:54.4 0.22 0.03 <0.13
19:31:59.73  -26:41:11.7 0.32 0.04 <0.67
19:32:00.48 -27:00:18.0 0.69 0.07 <1.78
19:32:01.06  -26:17:57.5 0.16 0.03 <-0.3
19:32:01.18  -26:09:14.9 0.66 0.07 <1.71
19:32:01.42  -26:52:15.3 0.62 0.06 <1.62
19:32:02.61 -26:48:43.2 0.24 0.03 <0.26
19:32:03.12  -26:06:03.7 0.61 0.06 <1.60
19:32:04.37  -26:31:34.2 0.21 0.03 <0.07
19:32:04.68 -26:42:28.1 0.32 0.04 <0.67
19:32:05.03  -26:06:41.1 0.45 0.05 <1.16
19:32:05.34  -26:28:18.5 0.28 0.04 <048
19:32:06.32  -26:10:06.8 0.42 0.05 <1.06
19:32:06.92  -26:52:50.9 0.44 0.06 <1.13
19:32:07.17  -26:21:04.5 1.19 0.12 <2.56
19:32:07.42 -26:25:16.4 0.53 0.06 <1.40
19:32:08.33  -26:24:55.1 0.19 0.03 <-0.07
19:32:08.59  -26:33:23.4 0.47 0.06 <1.22
19:32:08.77  -26:19:26.8 0.28 0.04 <048
19:32:08.78  -26:44:54.4 0.43 0.05 <1.10
19:32:08.82  -26:45:25.2 0.42 0.05 <1.06
19:32:08.86  -26:30:59.7 0.30 0.04 <0.58
19:32:09.87  -26:19:05.8 0.50 0.05 <131
19:32:10.11  -26:47:29.3 0.23 0.03 <0.20
19:32:10.68  -26:51:29.5 0.16 0.03 <-0.3
19:32:10.73  -26:20:41.1 0.81 0.08 <2.01
19:32:10.80 -26:46:38.8 0.27 0.04 <043
19:32:11.06  -26:47:09.8 0.70 0.07 <1.80
19:32:11.56  -26:54:24.8 0.27 0.04 <043
19:32:11.67  -26:21:46.2 0.43 0.06 <1.10
19:32:11.80 -26:47:44.1 0.27 0.04 <043
19:32:11.83  -26:49:57.4 0.16 0.03 <-0.3
19:32:12.45  -26:45:42.8 0.59 0.06 <1.55
19:32:12.77  -26:48:33.6 0.29 0.04 <0.53
19:32:13.03  -26:26:30.0 0.30 0.04 <0.58
19:32:13.13  -26:21:54.5 0.42 0.05 <1.06
19:32:14.42  -26:36:38.5 0.31 0.04 <0.63
19:32:14.88  -26:17:43.1 0.32 0.04 <0.67
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Table 5.42: Spectral index upper limits of the uGMRT sources (continued)

RA 52000 DECj2000 Fesomm. AF oul
(mJy)

19:32:15.13  -26:45:57.9 0.21 0.03 <0.07
19:32:16.02 -26:26:51.4 0.41 0.05 <1.03
19:32:16.22  -26:53:37.6 0.41 0.05 <1.03
19:32:16.33  -26:39:52.5 0.28 0.04 <048
19:32:17.08 -26:34:08.6 0.24 0.03 <0.26
19:32:17.10  -26:37:21.3 0.23 0.03 <0.20
19:32:17.31 -26:52:30.0 0.73 0.07 <1.86
19:32:18.13  -26:18:17.0 0.50 0.06 <1.31
19:32:18.26  -26:42:41.8 0.27 0.04 <043
19:32:18.66  -26:33:04.1 0.39 0.04 <0.96
19:32:18.67 -26:29:07.6 0.29 0.04 <0.53
19:32:18.73  -26:50:29.8 0.26 0.03 <0.37
19:32:19.05 -26:15:17.2 0.30 0.04 <0.58
19:32:19.70  -27:00:50.6 0.79 0.08 <1.97
19:32:19.90 -27:00:02.5 0.55 0.06 <1.45
19:32:20.22  -26:53:06.0 0.42 0.05 <1.06
19:32:20.86 -26:49:47.7 0.28 0.04 <0.48
19:32:21.73  -26:15:40.7 0.43 0.05 <1.10
19:32:21.78 -26:07:11.7 0.55 0.06 <1.45
19:32:22.10 -26:28:32.2 0.21 0.03 <0.07
19:32:22.29  -26:20:10.1 0.29 0.04 <0.53
19:32:22.33  -26:16:40.3 0.33 0.04 <0.71
19:32:22.85 -26:06:00.7 0.77 0.08 <1.93
19:32:23.02 -26:38:56.3 0.22 0.03 <0.13
19:32:23.74  -26:14:09.6 0.34 0.04 <0.76
19:32:25.17 -26:16:10.6 0.68 0.07 <1.75
19:32:25.95  -26:15:36.1 0.22 0.03 <0.13
19:32:26.62 -26:16:44.3 0.27 0.04 <0.43
19:32:26.79 -26:38:12.1 0.37 0.04 <0.88
19:32:26.79 -26:45:32.4 0.17 0.03 <-0.2
19:32:26.88  -26:46:05.7 0.18 0.03 <-0.1
19:32:27.00 -26:54:11.3 0.44 0.05 <1.13
19:32:27.29  -26:39:09.4 0.27 0.04 <0.43
19:32:27.34  -26:48:19.6 0.50 0.06 <1.31
19:32:27.51  -26:44:09.0 0.32 0.04 <0.67
19:32:27.83  -26:51:04.0 0.48 0.05 <1.25
19:32:27.91 -26:38:23.1 0.20 0.03 <2.14
19:32:28.32 -26:09:21.8 0.60 0.06 <1.57
19:32:28.38  -26:38:53.2 0.31 0.04 <0.63
19:32:28.93  -26:08:40.3 0.67 0.07 <1.73
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Table 5.43: Spectral index upper limits of the uGMRT sources (continued)

RA j2000 DECj2000 Fesomnm. AF aul
(mJy)

19:32:28.93  -26:39:33.7 0.23 0.03 <0.20
19:32:29.07  -26:35:00.4 0.21 0.03 <0.07
19:32:29.13  -26:39:51.8 0.24 0.03 <0.26
19:32:29.52  -26:39:22.9 0.39 0.04 <0.96
19:32:30.41  -26:52:29.3 0.60 0.06 <1.57
19:32:30.78  -26:34:41.8 0.22 0.03 <0.13
19:32:30.82  -26:24:35.4 0.39 0.04 <0.96
19:32:31.63  -26:35:18.8 0.34 0.04 <0.76
19:32:31.71  -26:50:46.8 0.70 0.07 <1.80
19:32:32.60 -26:50:27.3 0.36 0.04 <0.84
19:32:32.87  -26:15:46.1 0.31 0.04 <0.63
19:32:33.25  -26:35:58.0 0.31 0.04 <0.63
19:32:33.47 -26:43:32.1 0.21 0.03 <0.07
19:32:33.93  -26:50:26.7 1.00 0.10 <231
19:32:34.39  -27:02:34.9 0.84 0.08 <2.06
19:32:35.33  -26:50:14.4 0.67 0.07 <1.73
19:32:35.81 -26:21:57.0 0.37 0.04 <0.88
19:32:36.47  -26:44:12.8 0.21 0.03 <0.07
19:32:36.79  -26:42:06.6 0.28 0.04 <0.48
19:32:37.10  -26:46:11.6 0.32 0.04 <0.67
19:32:37.49  -26:52:12.2 0.41 0.05 <1.03
19:32:37.52  -26:40:42.0 0.26 0.03 <0.37
19:32:37.55  -26:23:38.5 0.27 0.04 <0.43
19:32:37.83  -26:59:21.3 0.78 0.08 <1.95
19:32:38.62  -26:09:10.2 0.60 0.06 <1.57
19:32:40.08 -26:56:46.7 0.49 0.06 <1.28
19:32:40.55  -26:24:54.4 0.40 0.05 <0.99
19:32:40.86  -26:48:01.2 0.29 0.04 <0.53
19:32:41.17  -26:42:17.3 0.16 0.03 <-0.3
19:32:41.42  -26:29:05.3 0.37 0.04 <0.88
19:32:42.96  -26:17:22.1 1.16 0.12 <2.52
19:32:43.85 -26:44:28.0 0.44 0.06 <1.13
19:32:44.21 -26:42:26.2 0.24 0.03 <0.26
19:32:44.57 -26:57:47.9 0.60 0.06 <1.57
19:32:45.36  -26:40:02.1 0.27 0.04 <0.43
19:32:45.41  -26:35:30.5 0.40 0.06 <0.99
19:32:46.06  -26:56:31.5 0.35 0.04 <0.80
19:32:46.96  -26:17:35.0 3.07 0.30 <3.92
19:32:46.97 -26:07:55.5 1.72 0.17  <3.09
19:32:49.30 -26:56:06.1 2.09 0.21 <3.37
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Table 5.44: Spectral index upper limits of the uGMRT sources (continued)

RA j2000 DECj2000 Fesomrn- AF  aul
(mJy)

19:32:50.11  -26:34:26.9 0.19 0.03 <-0.07
19:32:50.97  -26:25:07.1 0.33 0.04 <0.71
19:32:51.06  -26:41:19.5 0.60 0.06 <1.57
19:32:51.07  -26:32:25.3 0.20 0.03 <2.14
19:32:51.99  -27:00:53.8 1.29 0.13 <2.68
19:32:52.23  -26:59:32.0 0.59 0.06 <1.55
19:32:52.42  -26:50:48.3 0.35 0.04 <0.80
19:32:53.89  -26:46:23.3 0.65 0.07 <1.69
19:32:54.53  -26:42:17.6 0.33 0.04 <0.71
19:32:54.67  -26:52:52.2 0.56 0.06 <1.48
19:32:55.32  -26:47:33.3 0.69 0.07 <1.78
19:32:55.67  -26:40:53.1 0.38 0.04 <0.92
19:32:55.82  -26:43:40.7 0.38 0.04 <0.92
19:32:56.41  -26:19:04.2 0.49 0.06 <1.28
19:32:56.78  -26:51:01.3 0.60 0.06 <1.57
19:32:56.88  -26:52:32.3 0.35 0.04 <0.80
19:32:57.33  -26:09:51.8 0.38 0.04 <0.92
19:32:57.53  -26:56:23.0 0.71 0.07 <1.82
19:32:58.43  -26:49:48.6 0.38 0.04 <0.92
19:32:59.40 -26:22:46.4 0.63 0.07 <1.64
19:33:01.38  -26:22:25.0 0.46 0.06 <1.19
19:33:02.00 -26:43:26.1 0.40 0.05 <0.99
19:33:02.64 -26:18:24.8 0.73 0.07 <1.86
19:33:04.75 -26:18:38.0 0.57 0.06 <1.50
19:33:08.51  -26:38:19.1 0.27 0.04 <043
19:33:08.94 -26:47:27.6 0.31 0.04 <0.63
19:33:09.77  -26:24:26.5 0.55 0.06 <1.45
19:33:10.10  -26:47:10.2 0.52 0.06 <1.37
19:33:10.46  -26:33:56.5 0.59 0.06 <1.55
19:33:10.56  -26:30:45.4 0.41 0.06 <1.03
19:33:11.35  -26:36:26.5 0.39 0.04 <0.96
19:33:12.92  -26:39:20.4 0.86 0.09 <2.09
19:33:13.20  -26:52:48.4 1.19 0.12 <2.56
19:33:13.27  -26:53:30.9 1.33 013 <2.72
19:33:13.64 -26:33:24.7 0.41 0.06 <1.03
19:33:13.85  -26:52:28.7 1.00 0.10 <231
19:33:19.99  -26:26:09.9 0.88 0.09 <213
19:33:22.95 -26:14:49.1 0.85 0.09 <2.08
19:33:28.63  -26:34:28.4 1.16 0.12 <2.52
19:33:30.84 -26:48:32.3 0.90 0.09 <2.16
19:33:41.16  -26:48:29.4 0.95 0.10 <2.24
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Figure 5.13: Histogram of the upper limits of the spectral indices for sources in
MACSJ1931-2634 field detected only at 640 MHz. For the 1.2 GHz fluxes we assumed
an upper limit of 50 (i.e. 0.2 mJy). The red line indicates the median value of the
distribution which is 0.92.
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5.7 Radio source counts

After the radio analysis performed on the entire sample distributed on an area of
30 arcmin radius centered on the BCG, we restricted the statistical analysis and
the radio-optical crossmatch on an area of 12 arcmin radius. As estimated from
lensing (Santos et al. 2016)), the MACSJ1931-2634 virial radius is 1.8 Mpc. The
area of our analysis corresponds to two virial radii, a distance within which the
galaxy properties could be still influenced by the dynamics of the cluster.

We computed the source counts for our radio samples and we compared them with
the background in order to study if the dynamical properties of this region result
in an enhanced number of radio sources or vice-versa, in a reduced number of radio
sources (Venturi et al., 2000, 2001; Giacintucci et al., 2004; |[Prandoni et al., 2006}
Mahony et al., 2016). We computed the two logN-logS distributions both for the
sources detected with MeerKAT (Fig. and those detected with uGMRT (Fig.
5.15)).

The MeerKAT logN-logS (black counts) is computed on an area corresponding to
0.125 deg?. The noise in this area is homogeneus, so we considered a flux limit of
F > 0.2 mJy, (i.e. 50), which is the source detection threshold of the MeerKAT
catalogue. The flux density ranges from 0.2 mJy to 145.2 mJy, which is the flux
density of the NAT radio galaxy in the center.

The total number of sources detected within this area over the flux density thresh-
old is 38. The resulting logN-logS is shown in Figure[5.14] The differential number
of sources in each bin is given in N deg=2 and the errors are poissonian. The width
of each bin is AF=F X log(2.5) (following |Venturi et al., 2000} 2001]).

For the background estimate (red counts), we considered an integrating area of 0.66
deg?, obtained by subtracting the area of 12 arcmin radius to the total area of 30
arcmin radius (0.785 deg?) of our complete sample. In order to take into account
the primary beam attenuation at this distance, for the background estimate, we
considered a subsample with a higher flux density limit of F > 0.25 mJy. The total
number of sources in the sub-sample for the background counts is 153.

As clear from Fig[5.14] the counts in the cluster area and in the background have the
same shape, and we can conclude that the number of radio sources in MACSJ1931-
2634 is in good agreement with the background radio source counts. However, it
is evident that, at fluxes > 10 mJy, the sources dominate the background. This
result is also true for the uGMRT sample and it is consistent with what we found
in previous studies (see [Venturi et al., |2000, 2001; |Giacintucci et al., 2004).

The cluster counts are below the background for fluxes F' < 0.25 mJy, indicating
that our sample is incomplete below this limit, consistent with what is found in
literature (Prandoni et al.; 1999 2006; Venturi et al., 2000, 2001} (Giacintucci et al.|
2004).

The same method is followed also for the source counts in the uGMRT sample, in-
tegrating over the same total area of 0.125 deg?, within which the noise is uniform.
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We considered a flux limit of F > 0.15 mJy (i.e. 50), which is the source detection
threshold of the uGMRT catalogue. The total number of sources within the inte-
grating area is 129. We plot the background (red counts) for comparison obtained,
as for the MeerKAT sample, by subtracting the integrating area of 12 arcmin radius
to the total area of 30 arcmin radius. The background area is 0.66 deg?. We take
into account the primary beam attenuation at this distance, considering, as we did
for the MeerKAT sample, an higher threshold of 0.2 mJy for the background com-
putation. The sources in the reduced sub-sample for the background integration
are 392. The resulting logN-logS is shown in Fig[5.15]

Also at 640 MHz, it is evident that the counts in the cluster area and in the back-
ground have the same shape, and for F > 10 mJy, the sources dominate the back-
ground. The cluster counts are below the background for F < 0.5 mJy, indicating
the statistical incompleteness of our sample.
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Figure 5.14: Differential radio source counts in MACSJ1931-2434 at 1.2 GHz. The
total integrating area, equivalent to 2 virial radii, is of 0.125 deg? (black counts). The
background integrating area is of 0.66 deg? (red counts). The sources dominate the
background for fluxes > 10 mJy.
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Figure 5.15: Differential radio source counts in MACSJ1931-2434 at 640 MHz. The
total integrating area, equivalent to 2 virial radii, is of 0.125 deg? (black counts). The
background integrating area is of 0.66 deg? (red counts). As for MeerKAT, the sources
dominate the background for fluxes > 10 mJy.

5.8 Optical identifications

We searched for optical counterparts of the radio sources detected in our catalogues
using Subaru-SuprimeCam photometric cataloguef], limited by magnitude mp,,=
25.6 and mpg,,= 24.9 (values given at 50). Magnitudes have been corrected for
the galactic extinction. Consistently with the computation of the statistical source
counts, we performed our search within 2 virial radii (i.e. 3.5 Mpc) from the cluster
center.

The radio positional error is given by the ratio (HPBW/2xSNR) of the faintest
source (o) according to the method adopted in Prandoni et al. (2000). In both
the MeerKAT and the uGMRT samples the radio positional error is ~ 0.5”. The
optical positional error is of the order of ~ 0.02 arcsec. To crossmatch our cata-
logues, according to the method used in |Giacintucci et al.| (2004), we considered the
parameter R, defined as:

2
R2 — Ar—o
02+ o2
T g

(5.6)

Here, A% _ is the offset between the radio and the optical positions, 03 is the

uncertainty in the galaxy position, and o2 is the uncertainty in the radio position.
For our radio sources we considered reliable identifications those with R < 3, which

3https://archive.stsci.edu/prepds/clash/
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corresponds to an offset of the order of 2". In Fig we report the offset between
the radio and the optical coordinates. After the crossmatch we further visually
inspected each source in order to assess the reliability of the matches.

There is only one case of uncertainty in the identification of the optical counter-
parts (source radio ID 141). In this case we considered the closest source the most
reliable counterpart.

Among the radio sources, within the radius considered, 36 are in common at both
frequencies, only 2 belong to the MeerKAT catalogue only and 94 belong to the
uGMRT catalogue only. The total number of radio galaxies crossmatched with
Suprime RC and B bands resulted 132.

After a cut in magnitude of mp, ,< 25 in RC, we found 97 optical counterparts in
RC and 89 in B, i.e. ~ 73% and 67% of our sample. We report upper limits ( > )
in the blue magnitude for the missing 8 sources.

The result of our cross-match is shown in Table[5.45|and following, where we report
in columns 1 and 2 the Suprime RC coordinates (J2000), in column 3 the radio
ID as derived from the original initial catalogues, in 4 and 5 we report the radio
coordinates (J2000) and in column 6, 7, 8 the photometric information.

In boldface we report those sources that are consistent with being cluster members.
The BCG (ID 320), of colour 0.7, is highlighted with an asterisk.

In order to test the reliability of our match, we shifted the radio coordinates of tens
arcsec and we repeated the match step. We get on average 12 matching, meaning
that about 8-10% of the associations could be random.

The redshift information for the optical counterparts are taken from VIMOS-
VLT spectra (see Sect. 1.2) within the CLASH-VLT ESO Large Programme (P.I.
P.Rosati), 186.A-0798 (Rosati et al., [2014)). The slits originally selected where pref-
erentially placed on red galaxies, this could introduce a selection bias against blue
galaxies.

After the analysis, we found 36 slits and we found that 32 sources have spectro-
scopic redshift, among which, 6 are consistent with being cluster members.

They are reported in boldface in Table [5.48 and following. The BCG is indicated
with an asterisk.

The result of our spectroscopic analysis is shown in Table [5.48| and following. We
report in columns 1 and 2 the radio coordinates (J2000), in column 3 the original
radio ID, in 4 and 5 we report the fluxes at 1.2 GHz and 640 MHz respectively, in
column 6 the spectral index, in column 7 we report the spectroscopic redshifts that
we found, whereas in columns 8 and 9 we report the radio powers.

We can distinguish between two cases to classify the radio powers: we report for
those sources which have the radio flux density and the redshift information a true
power; we report an upper limit ( < ) of the radio power at 50 for those sources with
redshift but for which the radio flux is undetected; the sources with no redshifts are
indicated with a symbol -.
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Table 5.45: Optical identifications

RA Suprime DEC Suprime Radio ID RA radio DEC radio Bmag Rmag (B-R)
(RC) (RC) hms dms
19:30:57.53 -26:32:57.18 495 19:30:57.55  -26:32:57.31 24.96 22.32 2.64
19:30:57.97 -26:36:14.37 489 19:30:57.97 -26:36:14.39 > 25.6 23.86 > 1.74
19:30:58.04 -26:32:44.23 491 19:30:58.07 -26:32:44.74 23.7 21.76 1.94
19:31:01.96 -26:38:23.84 482 19:31:02.03  -26:38:24.47 19.71  18.49 1.22
19:31:03.04 -26:28:59.84 478 19:31:03.08 -26:29:00.19  25.45  23.58 1.87
19:31:05.45 -26:34:17.54 471 19:31:05.46 -26:34:17.88 > 25.6 221 > 3.50
19:31:05.47 -26:39:31.51 470 19:31:05.51  -26:39:31.73 20.22  19.17 1.05
19:31:06.38 -26:29:09.19 468 19:31:06.44  -26:29:09.77 23.85  23.24 0.61
19:31:07.24 -26:40:58.54 462 19:31:07.24 -26:40:58.87 > 25.6 23.95 > 1.65
19:31:09.21 -26:33:40.18 454 19:31:09.25 -26:33:40.20  23.28  20.77 2.51
19:31:09.60 -26:41:41.84 453 19:31:09.65 -26:41:42.06  21.33  19.8 1.53
19:31:09.85 -26:28:07.07 452 19:31:10.05 -26:28:07.09  23.01  20.79 2.22
19:31:13.11 -26:31:30.77 447 19:31:13.16  -26:31:31.09  23.93  23.58 0.35
19:31:13.81 -26:29:55.14 444 19:31:13.83  -26:29:54.18 > 25.6 24.58 > 1.02
19:31:13.86 -26:30:50.20 443 19:31:13.89  -26:30:50.80 20.8 19.14 1.66
19:31:14.99 -26:34:14.17 439 19:31:15.05 -26:34:14.02  24.52  22.49 2.03
19:31:15.64 -26:34:26.90 436 19:31:15.64 -26:34:27.22  25.04 22.06 2.98
19:31:16.08 -26:27:36.00 435 19:31:16.13  -26:27:36.45 21.5 20.42 1.08
19:31:16.16 -26:30:03.89 434 19:31:16.19  -26:30:04.15 26.37  24.95 1.42
19:31:18.30 -26:30:17.62 426 19:31:18.34  -26:30:18.14  22.36  22.18 0.18
19:31:18.97 -26:36:02.86 424 19:31:19.02  -26:36:02.92  20.96 19.89 1.07
19:31:19.33 -26:30:16.85 500328  19:31:19.30 -26:30:17.39  24.65 22.94 1.71
19:31:19.35 -26:27:17.06 423 19:31:19.38  -26:27:17.29 22.387  20.9 1.49
19:31:20.51 -26:40:46.09 416 19:31:20.54  -26:40:46.53 18.84  18.78 0.06
19:31:21.05 -26:37:50.80 414 19:31:21.11  -26:37:51.32  26.03  22.92 3.11
19:31:23.23 -26:28:49.09 407 19:31:23.24  -26:28:49.76  22.38  20.59 1.79
19:31:27.75 -26:31:11.06 395 19:31:27.77 -26:31:10.65  22.23  21.39 0.84
19:31:28.01 -26:27:41.02 394 19:31:28.06 -26:27:41.35  20.72  19.35 1.37
19:31:28.31 -26:37:31.92 391 19:31:28.34 -26:37:31.71 22.915 21.403 1.51
19:31:30.16 -26:41:09.79 387 19:31:30.12  -26:41:08.97 16.6 17.42 -0.82
19:31:30.99 -26:43:37.93 382 19:31:30.99 -26:43:37.92  20.89  19.52 1.37
19:31:32.04 -26:37:13.58 379 19:31:32.03  -26:37:13.17 22.732 20.434 2.30
19:31:32.51 -26:31:33.24 376 19:31:32.52  -26:31:33.19 22,59  20.79 1.80
19:31:33.29 -26:23:37.24 371 19:31:33.36  -26:23:37.31 22.94 21.54 1.40
19:31:33.65 -26:23:46.86 369 19:31:33.69  -26:23:46.70  24.288  24.073 0.22
19:31:35.16 -26:41:44.13 367 19:31:35.17  -26:41:44.33  23.55  22.33 1.22
19:31:35.76 -26:23:07.68 364 19:31:35.82  -26:23:07.63  22.08  20.79 1.29
19:31:35.91 -26:44:41.70 362 19:31:35.94  -26:44:41.76  22.83  21.42 1.41
19:31:36.43 -26:33:09.10 359 19:31:36.45 -26:33:09.32  24.21 219 2.31
19:31:36.71 -26:27:18.70 360 19:31:36.74 -26:27:18.08 25.42  23.43 1.99
19:31:38.89 -26:32:44.56 352 19:31:38.93  -26:32:44.61 22.44  20.53 1.91
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Table 5.46: Optical identifications (continued)

RA Suprime DEC Suprime Radio ID RA radio  DEC radio Bmag Rmag (B-R)
(RC) (RC) hms dms
19:31:38.94 -26:44:38.15 351 19:31:38.95  -26:44:37.84 24.44 24.07 0.37
19:31:39.73 -26:25:51.11 345 19:31:39.76 -26:25:51.29 20.21 18.38 1.83
19:31:41.58 -26:40:08.34 341 19:31:41.59 -26:40:08.12 20.15 18.55 1.60
19:31:42.71 -26:45:47.21 337 19:31:42.71  -26:45:47.11 23.62 22.4 1.22
19:31:43.38 -26:42:50.50 336 19:31:43.42  -26:42:51.41 23.72 22.77 0.95
19:31:45.23 -26:31:55.65 332 19:31:45.27  -26:31:55.66 19.47 18.92 0.55
19:31:46.53 -26:37:31.02 500307 19:31:46.60 -26:37:31.73 21.95 19.67 2.28
19:31:47.86 -26:26:46.58 326 19:31:47.87  -26:26:46.32 24.03 23.39 0.64
19:31:48.14 -26:44:21.75 325 19:31:48.15  -26:44:21.54 21.9 20.14 1.76
19:31:49.63 -26:34:32.58 320% 19:31:49.56 -26:34:32.75 18.84* 18.14* 0.70%
19:31:50.00 -26:35:17.10 500078 19:31:49.98 -26:35:17.34 21.54 19.27 2.27
19:31:52.88 -26:45:11.39 307 19:31:52.92  -26:45:10.72 20.53 19.36 1.17
19:31:54.86 -26:30:56.99 500199 19:31:54.88 -26:30:57.13 21.66 19.46 2.20
19:31:57.55 -26:45:37.45 500350 19:31:57.56  -26:45:38.09 24.37 22.92 1.45
19:31:58.32 -26:45:33.62 282 19:31:58.33 -26:45:34.42 20.85 19.33 1.52
19:31:58.36 -26:25:57.39 284 19:31:58.36  -26:25:57.69 22.66 21.1 1.56
19:31:58.93 -26:38:15.22 278 19:31:58.94  -26:38:15.04 23.5 22.08 1.42
19:31:59.02 -26:28:30.72 279 19:31:59.06 -26:28:30.86 22.6 22.27 0.33
19:31:59.45 -26:45:54.76 277 19:31:59.42 -26:45:54.44 21.41 20.27 1.14
19:31:59.70 -26:41:11.96 275 19:31:59.73  -26:41:11.77 25.43 24.61 0.82
19:32:04.34 -26:31:33.80 267 19:32:04.37  -26:31:34.26 > 25.6 24.74 > 0.86
19:32:04.67 -26:42:28.11 266 19:32:04.68  -26:42:28.12 24.823  23.587 1.24
19:32:05.24 -26:32:05.83 262 19:32:05.20  -26:32:06.07 24.49 24.41 0.08
19:32:07.35 -26:25:16.31 255 19:32:07.42 -26:25:16.45 20.52 19.22 1.30
19:32:08.80 -26:44:54.36 248 19:32:08.78  -26:44:54.44 21.19 19.43 1.76
19:32:09.74 -26:25:28.76 500290 19:32:09.72  -26:25:29.38 22.61 21.47 1.14
19:32:12.11 -26:37:29.46 230 19:32:12.11  -26:37:29.46 20.07 18.81 1.26
19:32:12.99 -26:26:29.60 225 19:32:13.02 -26:26:30.02 20.14 19.03 1.11
19:32:14.38 -26:36:38.32 221 19:32:14.42 -26:36:38.53 24.6 22.72 1.88
19:32:15.98 -26:26:51.56 217 19:32:16.02  -26:26:51.40 22.64 20.67 1.97
19:32:16.30 -26:39:53.13 215 19:32:16.33  -26:39:52.54 20.48 19.29 1.19
19:32:17.02 -26:34:08.44 213 19:32:17.07  -26:34:08.61 21.05 20.13 0.92
19:32:17.08 -26:37:21.15 212 19:32:17.10  -26:37:21.33 21.62 20.26 1.36
19:32:17.70 -26:29:31.57 208 19:32:17.71 -26:29:31.53 22.33 20.31 2.02
19:32:18.23 -26:42:42.49 206 19:32:18.26 -26:42:41.86 23.69 22.44 1.25
19:32:18.62 -26:29:07.19 204 19:32:18.67  -26:29:07.63 22.51 20.21 2.30
19:32:18.63 -26:33:03.42 203 19:32:18.66  -26:33:04.10 21.56 19.96 1.60
19:32:20.04 -26:31:34.38 197 19:32:20.07  -26:31:34.92 19.9 18.86 1.04
19:32:22.10 -26:28:32.24 191 19:32:22.09  -26:28:32.28 21.19 19.63 1.56
19:32:23.02 -26:38:57.08 186 19:32:23.02 -26:38:56.36 21.88 20.47 1.41
19:32:26.13 -26:32:48.38 179 19:32:26.14  -26:32:48.46 21.8 20.22 1.58
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Figure 5.16: The image shows the radio positions compared to the optical positions. We
choosed 2" as the reliable distance for the crossmatches further visually inspecting each

match.

Table 5.47: Optical identifications (continued)

RA Suprime DEC Suprime Radio ID RA radio DEC radio Bmag Rmag (B-R)
(RC) (RC) hms dms
19:32:26.75 -26:38:12.58 176 19:32:26.79  -26:38:12.10 19.87 18.76 1.11
19:32:27.25 -26:39:09.71 174 19:32:27.29  -26:39:09.47  23.42 21.43 1.99
19:32:27.77 -26:33:55.56 170 19:32:27.80 -26:32:08.30 > 25.6 24.16 > 1.44
19:32:27.84 -26:32:08.00 167 19:32:27.80 -26:32:08.00 > 25.6 24.16 > 1.44
19:32:28.39 -26:38:53.85 165 19:32:28.38  -26:38:53.22  20.23  19.98 0.25
19:32:28.89 -26:39:34.07 163 19:32:28.92  -26:39:33.70  23.98  22.1 1.88
19:32:29.04 -26:35:01.15 161 19:32:29.07  -26:35:00.47  20.47 194 1.07
19:32:29.11 -26:39:52.03 160 19:32:29.13  -26:39:51.85  23.35  22.08 1.27
19:32:30.44 -26:38:11.71 156 19:32:30.46  -26:38:11.55 20.94 19.6 1.34
19:32:30.91 -26:28:02.82 500065  19:32:30.90 -26:28:02.89  25.98 22.33 3.65
19:32:31.04 -26:41:51.09 151 19:32:31.03  -26:41:51.09 > 25.6 24.2 > 1.4
19:32:31.49 -26:27:58.66 500064  19:32:31.79 -26:27:58.99 1732 17.77 -0.45
19:32:31.61 -26:31:20.42 148 19:32:31.61  -26:31:20.22  24.24 23.49 0.75
19:32:33.21 -26:35:57.33 141 19:32:33.24  -26:35:58.01 24.18 23.31 0.87
19:32:33.31 -26:35:57.67 141 19:32:33.24  -26:35:58.01 24.9 23.38 1.52
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Table 5.48: Redshift identifications and radio powers

RA radio DEC radio RadioID Fiacn. Foscw: «a zspec logPio logPgg
(hms) (dms) (mly)  (mly)
19:30:57.55 -26:32:57.31 495 0.2 0.22 0.13 / - -
19:30:57.97 -26:36:14.39 489 1.79 3.88 1.11 / - -
19:30:58.07 -26:32:44.74 491 0.2 0.49 1.28 0.814 <23.87 24.11
19:31:02.03  -26:38:24.47 482 0.2 0.18 -0.13  0.205 <224 2243
19:31:03.08  -26:29:00.19 478 0.51 0.86 0.75 / - -
19:31:05.46  -26:34:17.88 471 0.2 0.23 0.20 / - -
19:31:05.51  -26:39:31.73 470 0.2 0.42 1.06 0.218 <22.47 22.76
19:31:06.44 -26:29:09.77 468 0.2 0.38 0.92 / - -
19:31:07.24 -26:40:58.87 462 0.91 1.39 0.60 / - -
19:31:09.26  -26:33:40.20 454 0.2 0.48 1.25 0.513 <23.36 23.64
19:31:09.65 -26:41:42.06 453 0.2 0.42 1.06 0.208 <2242 22.71
19:31:10.05 -26:28:07.09 452 0.2 0.16 -0.32  0.382 <23.04 23.09
19:31:13.16  -26:31:31.09 447 0.2 0.39 0.96 / - -
19:31:13.84  -26:29:54.18 444 0.2 0.38 0.92 / - -
19:31:13.89  -26:30:50.81 443 0.2 0.23 0.20 / - -
19:31:15.05 -26:34:14.02 439 0.2 0.15 -0.41 / - -
19:31:15.64 -26:34:27.23 436 0.2 0.25 0.32 / - -
19:31:16.13  -26:27:36.45 435 0.2 0.27 0.43 0.215 <2245 22.61
19:31:16.19 -26:30:04.15 434 0.2 0.22 0.13 / - -
19:31:18.34  -26:30:18.14 426 0.35 0.53 0.59 / - -
19:31:19.02  -26:36:02.92 424 0.2 0.36 0.84 0.203 <22.45 22.64
19:31:19.30 -26:30:17.39 500328 0.35 0.53 0.59 / - -
19:31:19.38  -26:27:17.30 423 0.2 0.17 -0.23 / - -
19:31:20.54 -26:40:46.53 416 0.42 0.63 0.58 / - -
19:31:21.11  -26:37:51.32 414 0.2 0.23 0.20 / - -
19:31:23.24  -26:28:49.76 407 0.2 0.19 -0.07  0.292 <22.76  22.83
19:31:27.77 -26:31:10.65 395 0.2 0.34 0.76 / - -
19:31:28.06  -26:27:41.35 394 0.2 0.31 0.63 0.292 <22.77 22.96
19:31:28.34  -26:37:31.72 391 0.2 0.2 / / - -
19:31:30.12  -26:41:08.98 387 0.2 0.23 0.20 / - -
19:31:31.00 -26:43:37.92 382 0.2 0.23 0.20 0.201 <22.39 2248
19:31:32.03  -26:37:13.17 379 0.2 0.34 0.76 / - -
19:31:32.52  -26:31:33.19 376 0.2 0.26 0.37 / - -
19:31:33.37 -26:23:37.31 371 0.2 0.24 0.26 / - -
19:31:33.69  -26:23:46.70 369 0.2 0.19 -0.07 / - -
19:31:35.17  -26:41:44.33 367 0.2 0.21 0.07 / - -
19:31:35.82  -26:23:07.63 364 0.2 0.25 0.32 / - -
19:31:35.94  -26:44:41.76 362 0.2 0.37 0.88 0.417 <23.14 23.38
19:31:36.45 -26:33:09.32 359 15.29 24.1 0.65 / - -
19:31:36.74 -26:27:18.08 360 0.2 0.19 -0.07 / - -
19:31:38.93  -26:32:44.61 352 0.2 0.46 1.19 0.288 <22.75  23.06
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Table 5.49: Redshift identifications and radio powers (continued)

RA radio DEC radio Radio ID Fiscr. Foscw: o zspec logP12  logPgsg
(huns) (dms) (mly)  (mJy)

19:31:38.95 -26:44:37.84 351 0.2 0.22 0.13 / - -
19:31:39.76 -26:25:51.29 345 0.2 0.25 0.32 / - -
19:31:41.60 -26:40:08.12 341 0.2 0.36 0.84 0.206 <22.41 22.66
19:31:42.71 -26:45:47.12 337 0.2 0.31 0.63 / - -
19:31:43.42 -26:42:51.41 336 0.2 0.2 / / - -
19:31:45.27 -26:31:55.67 332 0.2 0.38 0.92  0.230 <22.52 22.78
19:31:46.60 -26:37:31.73 500307 0.39 0.15 -1.3 0.342 23.22 <23.06
19:31:47.87 -26:26:46.33 326 0.2 0.24 0.26 / - -
19:31:48.15 -26:44:21.54 325 0.2 0.22 0.13 0.314 <22.84 22.95
19:31:49.62 -26:34:32.65 320* 45.46 183.7 1.97 0.352% 25.31* 25.74%*
19:31:50.02 -26:35:17.23 500078 145.2 354.7 1.28 0.351 25.81 26.13
19:31:52.92 -26:45:10.72 307 0.2 0.23 0.20 0.29 <22.76 22.87
19:31:54.88 -26:30:57.13 500199 0.88 1.39 0.65 0.351 23.60 23.80
19:31:57.56 -26:45:38.09 500350 3.51 3.74 0.09 / - -
19:31:58.33 -26:45:34.42 282 0.2 0.67 1.73 0.359 <22.98 23.37
19:31:58.36 -26:25:57.69 284 0.2 0.22 0.13 / - -
19:31:58.94 -26:38:15.04 278 3.51 3.74 0.09 / - -
19:31:59.06 -26:28:30.87 279 0.2 0.36 0.84 / - -
19:31:59.42 -26:45:54.44 277 0.2 0.22 0.13 / - -
19:31:59.73 -26:41:11.77 275 0.2 0.32 0.67 / - -
19:32:04.37 -26:31:34.26 267 0.2 0.21 0.07 / - -
19:32:04.68 -26:42:28.12 266 0.2 0.32 0.67 / - -
19:32:05.20 -26:32:06.07 262 2.36 3.87 0.71 / - -
19:32:07.42 -26:25:16.46 255 0.2 0.53 1.40 0.349 <22.95 23.28
19:32:08.78 -26:44:54.44 248 0.2 0.43 1.10 0.213 <22.45 22.74
19:32:09.72 -26:25:29.38 500290 0.34 0.53 0.63 / - -
19:32:12.11 -26:37:29.46 230 0.5 0.75 0.58  0.207 22.81 23.00
19:32:13.03 -26:26:30.03 225 0.2 0.3 0.58 0.116 <21.86 22.04
19:32:14.42 -26:36:38.53 221 0.2 0.31 0.63 / - -
19:32:16.02 -26:26:51.40 217 0.2 0.41 1.03 / - -
19:32:16.33 -26:39:52.54 215 0.2 0.28 0.48  0.212 <22.44 22.61
19:32:17.08 -26:34:08.61 213 0.2 0.24 0.26  0.246 <22.59 22.71
19:32:17.10 -26:37:21.33 212 0.2 0.23 0.20 / - -
19:32:17.71 -26:29:31.53 208 1.31 1.49 0.18 / - -
19:32:18.26 -26:42:41.87 206 0.2 0.27 0.43 / - -
19:32:18.66 -26:33:04.10 203 0.2 0.39 0.96 / - -
19:32:18.67 -26:29:07.63 204 0.2 0.29 0.53  0.405 <23.11 23.29
19:32:20.07 -26:31:34.92 197 0.53 0.84 0.66  0.145 22.49 22.69
19:32:22.10 -26:28:32.28 191 0.2 0.21 0.07 / - -
19:32:23.02 -26:38:56.36 186 0.2 0.22 0.13 / - -
19:32:26.14 -26:32:48.46 179 0.59 0.67 0.18 / - -
19:32:26.79 -26:38:12.10 176 0.2 0.37 0.88  0.212 <22.44 22.69
19:32:27.29 -26:39:09.47 174 0.2 0.27 0.43 / - -
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Table 5.50: Redshift identifications and radio powers (continued)

RA radio DEC radio RadioID Fiscn. Foscw: o zspec logPio logPgg

(hms) (dms) (mJy)  (mly)
19:32:27.80  -26:32:08.00 167 0.58 0.78 0.42 / - -
19:32:27.80 -26:32:08.30 170 0.58 0.78 0.42 / - -
19:32:28.38  -26:38:53.22 165 0.2 0.31 0.63 / - -
19:32:28.93  -26:39:33.70 163 0.2 0.23 0.20 / - -
19:32:29.07  -26:35:00.47 161 0.2 0.21 0.07 0.212 <2244 2251
19:32:29.13  -26:39:51.85 160 0.2 0.24 0.26 / - -
19:32:30.46  -26:38:11.55 156 0.25 0.26 0.05 / - -
19:32:30.90  -26:28:02.89 500065 1.03 6.12 2.5 / - -
19:32:31.03  -26:41:51.09 151 0.51 0.9 0.81 / - -
19:32:31.61  -26:31:20.22 148 0.57 0.92 0.68 / - -
19:32:31.79  -26:27:58.99 500064 0.96 0.15 -2.6 / - -
19:32:33.25  -26:35:58.02 141 0.2 0.31 0.63 / - -
19:32:33.25  -26:35:58.02 141 0.2 0.31 0.63 / - -

5.9 Radio-optical overdensities

In order to explore the properties of the radio galaxies in our sample and the dy-
namical properties of the environment in which they are located, we evaluated their
distribution on the Color-Magnitude diagram (F ig and we analyzed their spa-
tial distribution within a magnitude range 19.7 < mpc < 21.7 (Figl5.18).

The Color-Magnitude diagram shows the distribution of the galaxies (the entire
sample belonging to VIMOS-VLT) divided into the red sequence, i.e. (B-RC)4p
higher than 1.5-1.7, and the blue sequence. The dotted line represents the central
value of 2.5 whereas the dashed lines represent a + 3o scatter from the central
value. The green dots are the radio galaxies detected in our samples (either the
MeerKAT galaxies and the uGMRT galaxies). The purple firebricks represent those
galaxies whose redshift is not consistent with being cluster members. The triangles
represent those galaxies with redshifts consistent with being cluster members: in
particular, the black triangle is the NAT (consistent with being a giant elliptical
AGN galaxy), with colour 2.27. The blue triangle is the BCG (a star forming
galaxy) with colour= 0.7, the other four galaxies belonging to the cluster (red tri-
angles) are symmetrically distributed into two AGNs on the red sequence and two
Star Forming galaxies on the blue sequence.

It is interesting to point out that there is a group of galaxies located at z=0.21,
belonging to a foreground group. They are highlighted within a black circle in Fig.
b.17
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The spatial distribution of the galaxies in our sample is shown in Figl5.18 The color
scale represents the source spatial density, being the yellow-white region the dens-
est region. The black lines are isodensity curves. The smaller black dots indicate
all the optical galaxies, whereas the bigger dots indicate the common MeerKAT
and uGMRT sources (green circles), the uGMRT only (cyan) and the MeerKAT
only (pink circles, only two galaxies) respectively. The biggest dots represent those
galaxies with redshift consistent with being cluster members. The BCG and the
NAT are respectively the green and the red dots in the field center. There is absence
of an offset between the BCG and the centre of the spatial distribution.

From the optical galaxies distribution and the cluster galaxy distribution, there is
evidence of a real elongated North-South spatial distribution.

Finally, inspecting the images at our disposal, we found no evidence of filaments in
the field surrounding MACSJ1931-2634.

208



2.5

(B-RC)ag
10 15 20

0.5

18 20 22 24
RC.g

Figure 5.17: The Color-Magnitude diagram shows the galaxies distributed on the red
(AGN galaxies) and blue (SF galaxies) sequence. The green dots represent the galaxies
from our samples (MeerKAT and uGMRT). The triangles are the galaxies belonging to
the cluster; the BCG is the blue triangle and the NAT is the black triangle. Within the
black circle are highlighted the galaxies located at z=0.21 which represent a foreground

group.
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Figure 5.18: Spatial distribution of galaxies within a magnitude range 19.7 < mpc <
21.7. From the optical galaxies (black dots) and the cluster galaxies there is evidence of
an elongated North-South spatial distribution, which is real and intrinsically related to
the dynamical state of the cluster.
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5.10 Properties of the extended radio galaxies

According to our morphological criterion, four radio galaxies are extended in the
MeerKAT sample, whereas six galaxies are extended in the uGMRT sample. Among
them, four sources are in common whereas two are uGMRT only. In this section we
report their radio contours, possibly overlayed on optical Subaru-Suprime images
(if they are not in Suprime, we report the radio image), to show their morphology.
The name of the radio sources in common and the coordinates reported are taken
from the MeerKAT radio catalogue.

The BCG and the NAT

MACSJ1931-2634 is dominated by two central bright objects which are the Brightest
Cluster Galaxy and a Narrow-Angle tailed radio galaxy detected at about 150 kpc
in projected linear distance from the BCG. We refer to the last Section for a detailed
description of these two objects, reporting here the radio contours at 1.2 GHz (green)
and at 640 MHz (white). They are overlayed on an optical Subaru-Suprime image,
that we obtained combining IC, RC, and B filters (Figl5.19).

J1930-2643b

This radio galaxy of coordinates RA=19:30:38.2 §=-26:43:11.4 is located at a pro-
jected distance of ~ 18” South-West from the BCG (Figl5.20). The classification of
this galaxy is challenging: it could be an FRI or an FRII. The integrated flux at
1.2 GHz is F=27.1 4+ 2.7 mJy whereas the flux at 640 MHz is 118.3 £+ 11.8 mJy.

J1933-2633b

The radio galaxy J1933-2633b has coordinates RA=19:33:45.83 §=-26:33:35.00. It
is located at ~ 30’ in projected distance from the central BCG towards East. We
report the MeerKAT radio contours (green) and the uGMRT contours (white) over-
layed on the MeerKAT image tho show the morphology and the extent of this galaxy.
The morphology is consistent with being an FRII, with two hot spots clearly visible
in Figure [5.21] J1933-2633b is the brightest source in our samples, with F= 1 £
0.1 Jy at 1.2 GHz and F= 3.5 + 0.3 Jy at 640 MHz. The radio fluxes are consistent
with those we found in the archivel]

“https://ned.ipac.caltech.edu/
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Declination

30.0

56.0 54.0 52.0 19:31:50.0 48.0 46.0 44.0

Right ascension

Figure 5.19: The Brightest Cluster Galaxy in MACSJ1931-2634 and the Narrow-Angle
tailed radio galaxy located at 150 kpc in linear distance towards South. Green contours are
MeerKAT at 1.2 GHz drawn at 5 sigma x (1,2,4,8,16,32,64) mJy/beam. The resolution
is 5 x 3 arcsec in PA=139°. White contours are uGMRT at 640 MHz drawn at 5 sigma
x (1,2,4,8,16,32,64) mJy/beam. The resolution is 5 x 4 arcsec in PA=169°.

J1930-2649a

This radio galaxy of coordinates RA=19:30:09.14 6=-26:49:43.33 is detected only in
the uGMRT image. In Figure we report the uGMRT radio contours (white).
Its location is at ~ 27’ from the central BCG in projected distance towards South-
West. We classified it as a FRII radio galaxy, with a flux at 640 MHz of F=109
+ 10 mJy. In the image, a probable hot spot is visible at the extremity of the
Southern tail.

J1931-2615b

The radio galaxy J1931-2615b is detected only in the uGMRT image at 640 MHz.
It has coordinates RA=19:31:08.56 6=-26:15:59.65. In Figure [5.23 we report the
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44:00.0

30.0

44.0 42.0 19:30:40.0 38.0 36.0 34.0 32.0

Right ascension

Figure 5.20: The radio galaxy J1930 — 2643b is located at 18’ in projected distance
towards South-West from the BCG. Green contours are MeerKAT at 1.2 GHz drawn at 5
sigma x (1,2,4,8,16,32,64) mJy/beam. The resolution is 5 x 3 arcsec in PA=139°. White
contours are uGMRT at 640 MHz drawn at 5 sigma x (1,2,4,8,16,32,64) mJy/beam. The
resolution is 5 x 4 arcsec in PA=169°.

uGMRT radio contours (white). It is located at ~ 20’ in projected distance from
the BCG towards North-West. It is the faintest among the extended sources in the
sample with a flux density at 640 MHz of 5.84 £ 0.5 mJy.
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Figure 5.21: The radio galaxy J1933 — 2633b is located at 30’ in projected distance
towards East from the BCG. Green contours are MeerKAT at 1.2 GHz drawn at 5 sigma x
(1,2,4,8,16,32,64) mJy/beam. The resolution is 5 x3 arcsec in PA=139°. White contours
are uGMRT at 640 MHz drawn at 5 sigma x (1,2,4,8,16,32,64) mJy/beam. The resolution
is 5 x 4 arcsec in PA=169°.
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Figure 5.22: The radio galaxy J1930 — 2649a is located at 27’ in projected distance
towards South-West from the BCG. White contours are uGMRT at 640 MHz drawn at 5
sigma x (1,2,4,8,16,32,64) mJy/beam. The resolution is 5 x 4 arcsec in PA=169°.
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Figure 5.23: The radio galaxy J1931 — 2615b is located at 20’ in projected distance
towards North-West from the BCG. White contours are uGMRT at 640 MHz drawn at 5
sigma x (1,2,4,8,16,32,64) mJy/beam. The resolution is 5 x 4 arcsec in PA=169°.
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5.11 The Radio Luminosity function

The influence of the environment on the radio properties of galaxies should reflect
on the Radio Luminosity Function (RLF), changing either its shape, its amplitude
or both (Venturi et al., 2001; Branchesi et al., |20006).

The Radio Luminosity Function is a powerful tool for investigating the statistical
properties of a population of objects. It provides the probability of a galaxy to be
radio loud with a radio power higher than a given value of P.

The cumulative fractional Radio Luminosity Function could be described as follow
(Kale et al., [2015):

F(z B =3 S(P) 6.7
with

11—t f(Py)
nu(R < Pk) + nd(P < Pk)

f(Py) = (5.8)

The equation reports the ratio between the fraction of detections in the jth radio
power interval and the number of upper limits (n,, i.e. undetections) for (P; < Py),
and ng (P < Pyg), the number of detections for P < Py.

In order to see if the dynamical state affects the radio emission of the galaxies, we
calculated the bivariate Luminosity Function at 1.2 GHz and at 640 MHz for our
sample of galaxies following eq 5.7 and 5.8, i.e. the same method used by |Venturi
et al. (2000} 2001)), derived from |Ledlow & Owen (1996)). We compared our 1.2 GHz
Bivariate Luminosity Function with the result in |Venturi et al.| (2000)), rescaled to
our cosmology.

Moreover, Branchesi et al. (2006) derived the RLF for a sample of objects within
the redshift range 0.3 < z < 0.8 taken from ROSAT North Ecliptic Pole (NEP) sur-
vey (Gioia et al. 2003)). They followed the same method adopted in [Fanti (1984]),
considering the sum of the contribution of each source within each logarithmic bin
of total luminosity. We reanalyzed our samples according to this method reporting
a comparison of our RLF with |Branchesi et al. (2006). We are aware that our cases
are different in terms of detection limits, sample selection, and data analysis. How-
ever, Branchesi et al.| (2006 considered a redshift range which is consistent with our
redshift (z > 0.3), moreover, their radio power interval (22.5 < AlogP;4 < 26.0)
is consistent with the radio power interval of our sample (22.9 < AlogP;, < 25.9)
even though we have less statistics.

Venturi et al.| (2000) calculated the Radio Luminosity Function for a population of
galaxies located in A3558 cluster, i.e. at alocal (z=0.04) redshift. We compared our
RLF reanalyzing their sample in order to verify if any similarities exist in the radio
properties of local and distant clusters of galaxies. There is an overlap in terms of
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radio powers due to the different detection limits. In A3558 fainter objects not vis-
ible in MACSJ1931-2634 are detected, however, in MACSJ1931-2634 are detected
more powerful radio galaxies that in A3558 are missing. From the comparison with
literature resulted that, even though the Radio Luminosity Functions show differ-
ent amplitudes, their shape seems to confirm that, apparently, there is no evolution
with z.

Radio Luminosity Functions are necessarly bivariate in the sense that redshift deter-
mination is based on optical spectroscopy, and thus the spectroscopic completeness
factors into the derived RLF (Miller et al., [2009).

We calculated our total Radio Luminosity Functions both for MeerKAT and uGMRT
samples, not separating between the AGN population and SF galaxies, due to the
poor statistics: only six galaxies in our sample are confirmed cluster members.
However, for comparison, the number of galaxies used by [Venturi et al.| (2001) is
similar. They computed the RLF with 11 confirmed cluster members for A3528.
Nowdays, there are still few literature works on the Radio Luminosity Functions at
redshifts higher than z > 0.3 (see |Stocke et al., [1999; Branchesi et al., 2006)), so this
work could set grounds for future studies.

The confirmed cluster member radio galaxies used for our computation, consid-
ering the total integrating area of 12 arcmin radius, have optical counterparts
with magnitude 18.1 < mp,, < 19.7, which corresponds to the range between the
brightest BCG and the faintest galaxy in the radio sample. The power ranges
from logPiocm.(W Hz™1)= 22.95 to logP;sqr.(W Hz™1)= 25.95 for MeerKAT
and from logPgeqr.(W Hz )= 22.83 to logPosqm.(W Hz™')= 26.43 for u"GMRT
(see TabJp.51] and [5.52)). A standard convention is to bin each luminosity interval
(AlogP) of 0.4 dex in size (Miller et al., 2009; Kale et al., 2015), however, due to
the low number of sources we adopted larger bins of 0.6 dex in size.

In this range of magnitude, the total number of optical galaxies in the considered
integrating area is 2956. Considering a color selection, the optical galaxies having
color redder than 0.7 (BCG) are 1181. From spectroscopy, there are 86 galaxies
which satisfy the magnitude and colour selection criterion, among them, 16 have
0.33 < Zgpee < 0.37, thus obtaining that the number of optical galaxies for our nor-
malization is 220. For comparison, the number obtained by |Venturi et al.| (2000)
following the same method is 185.

The resulting integral Radio Luminosity Functions obtained from our analysis for
MeerKAT at 1.2 GHz and uGMRT at 0.6 GHz are shown in Figure [5.24] and
Figure [5.20]

The shape of the RLFs are similar until logP 4gm. ~ 24.3 (W/Hz), however, the
amplitude of MACSJ1931-2634 is higher then A3558 and |Branchesi et al. (2006)).
MACSJ1931-2634 RLF at 640 MHz remains constant for logP; 4qr. > 24.3 (W/Hz).
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Table 5.51: MACSJ1931-2634 Bivariate Luminosity Function at 1.2 GHz

AlogP Fractional BLF  Integral BLF

22.95-23.55 3/220 0.0271
23.55-24.15 1/220 0.0135
24.15-24.75 0/220 0.009
24.75-25.35 1/220 0.009
25.35-25.95 1/220 0.0045

Table 5.52: MACSJ1931-2634 Bivariate Luminosity Function at 0.6 GHz

AlogPg 4 Fractional BLF  Integral BLF

22.83-23.43 3/220 0.026
23.43-24.03 1/220 0.013
24.03-24.63 0/220 0.009
24.63-25.23 0/220 0.009
25.23-25-83 0/220 0.009
25.83-26.43 2/220 0.009
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Figure 5.24: Radio integral Luminosity Function, expressed as the fraction of galaxies
emitting with radio power > logP, for the MeerKAT sample at 1.2 GHz (black) com-
pared with |Venturi et al.| (2000) Luminosity Function of A3558 (magenta) rescaled to our
cosmology.
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Figure 5.25: Radio integral Luminosity Function, expressed as the fraction of galaxies
emitting with radio power > logP, for the MeerKAT sample at 1.2 GHz (red) compared
with Branchesi et al.| (2006) (black) calculated following their method.
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Figure 5.26: Radio integral Luminosity Function, expressed as the fraction of galaxies
emitting with radio power > logP, for the uGMRT sample at 640 MHz (black).
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5.12 Properties of the central regions of
MACSJ1931-2634 galaxy cluster

In the radio domain, MACSJ1931-2634 is dominated by two bright central objects:
the Brightest Cluster Galaxy (BCG) and a Narrow-angle tailed (NAT) galaxy, lo-
cated at about 150 kpc in projection towards South direction from the BCG.

In Figure we report a zoom of ~2 x 2 arcmin? on the central region with white
radio contours of our reprocessed archival VLA data at 1.4 GHz with resolution of
2 arcsec overlayed on HST-CLASHP|image obtained combining 814w, 625w, f435w
filters.

5.12.1 The Brightest Cluster Galaxy (BCG)

The central BCG in MACSJ1931-2634 has been studied in detail by many authors
(i.e.|Giacintucci et al., 2014; Fogarty et al.,|2015; Donahue et al., 2015} [Santos et al.,
2016} Fogarty et al.| [2019). BCGs are early-type galaxies typically fuelled by a cen-
tral powerful AGN. Indeed this is the case for MACSJ1931-2634 BCG. Moreover,
it is evident from observations, that the BCG in MACSJ1931-2634 is very active in
terms of star formation (Santos et al., 2016; Fogarty et al.| [2019). This is due to the
presence of a cold gas reservoir which condensate then precipitates onto the galac-
tic nucleus, fuelling starburst and further AGN activity (Gaspari et al., [2013; Voit,
et al),[2017). The presence of a large (1.9 & 0.3 x 10'° M, ) reservoir of molecular
gas has been confirmed from ALMA observations by [Fogarty et al.| (2019).

We refer to Chapter 2 for our results on the radio properties of the BCG obtained
reprocessing archival VLA data at 1.4 GHz and GMRT at 323 MHz.

In this Section, we report the results from our radio analysis exploiting new MeerKAT
and uGMRT data. According to our morphological criterion the BCG in our
MeerKAT and uGMRT samples is extended. However, as visible from Fig[5.2§
the discrete AGN radio emission is barely separable from the diffuse emission sur-
rounding the BCG. The AGN emission appears to be directed towards North-South,
whereas the diffuse emission is directed perpendicularly to it, towards Est-West
(green contours).

The BCG projected linear size results ~ 35 kpc at 1.2 GHz. The extended emission
surrounding it, classified as an uncertain mini-halo by (Giacintucci et al., 2014]),
is ~ 100 kpc in size. At 640 MHz, with the uGMRT, at a resolution of 5 arcsec,
it is not possible to separate the two components (Fig.. The radio emission
detected extends ~ 150 kpc towards Est-West (white contours).

In TabJ5.53] we report the radio properties of the BCG and the diffuse component
from our new MeerKAT and uGMRT data. The fluxes reported are F,,; for the
BCG and the flux obtained by subtracting the peak (BCG contribution) to the
total emission for the diffuse component.

Shttps://archive.stsci.edu/prepds/clash/
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Figure 5.27: White radio contours at 3 sigma (i.e. 0.08 mJy/beam) of the central BCG
and the NAT radio galaxy in MACSJ1931-2634 obtained reprocessing archival VLA data
at 1.4 GHz (A array, i.e. 2 x 1 arcsec resolution in PA= 4°) overlayed on HST-CLASH
image obtained combining 814w, f625w, f435w filters (i.e. R, G, B).

From VLASS data, new MeerKAT and uGMRT data and from archival GMRT
at 323 MHz data we derived the BCG radio spectrum reported in Figl5.29]

In order to assess the properties of the diffuse emission surrounding the BCG
(see (Giacintucci et al., [2014), we reprocessed archival Chandra data (observation
ID: 9382) by means of the standard Chandra processing pipeline (see |[Ehlert et al.|
2011)). We adopted the unsharp masking technique to detect X-ray cavities, as pre-
viously used in other studies (Diehl et al., [2008; |Dong et al., 2010; Shin et al., [2016)).
Our result is shown in Fig[5.30] At least two regions where a surface brightness
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Table 5.53: Radio properties of the BCG and the diffuse emission surrounding it from
our new MerKAT and uGMRT data.

Fiogn: Foegu: logPi2 logPos «
(mJy)  (mJy)

BCG 20 o4 24.9 25.3 1.4

diffuse em. 254 129.7 25.1 25.7 2.2

depression is clearly visible are detected (East-West direction), moreover, a third
possible surface brightness depression feature is visible towards South. We over-
layed VLA 1.4 GHz radio contours (white) regridding the radio and X-ray images
at the same scale (i.e. 1 pxl=0.5").

By means of the unsharp masking technique the linear size of the cavities is dif-
ficult to estimate, they could extend several hundreds of kpc (Shin et al., [2016]).
X-ray cavities are considered signposts of radio mode feedback (McNamara et al.,
2000; |[Fabian) [2002; |Giacintucci et al., [2011)) because they are often filled with radio
lobes, implying that the cavities originates from the interaction between the radio
jets and the intergalactic medium. From our result, we infer that the central ob-
ject in MACSJ1931-2634 could be a case of a restarted radio galaxy, more than a
Mini-Halo.

5.12.2 The Narrow-angle tail (NAT)

Narrow-angle tailed radio galaxies are FRI galaxies (Fanaroft & Riley, (1974), typi-
cally located in clusters and found at any distance from the cluster center. According
to their definition, they have radio powers below 10?*5 (W Hz~!). Their morphol-
ogy gives the most striking example of the interaction between the Intra-Cluster
medium (ICM) and the radio source (Rudnick & Owen| 1977). Indeed they are
interpreted as the result of ram pressure exerted by the intergalactic medium on
the double-sided radio emission (Feretti & Venturi, 2002).

In the case of MACSJ1931-2634, the NAT radio galaxy is located very close to the
center of a cluster which is defined dynamically relaxed. The morphology of its two
tails is quite peculiar: they show a clear asymmetry and remain tight even at larger
distance from the origin of the emission.

The radio properties of the NAT galaxy are reported in Table and [5.55]

At 1.4 GHz, with the VLA (2" resolution, i.e. A array) the two tails are resolved,
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Figure 5.28: Radio contours at 3 sigma from new MeerKAT (i.e. 0.28 mJy/beam)
and uGMRT (i.e. 0.26 mJy/beam) data at 1.2 GHz (green) and 640 MHz (white) re-
spectively, overlayed on HST-CLASH image obtained by combining 814w, f625w, f435w
filters (R,G,B).

so we considered the East and West tails separately. The Western tail, which is the
brightest, has a linear size of ~ 180 kpc at the cluster redshift. The Eastern tail,
the faintest, has a linear size of ~ 130 kpc. Tabl5.54] and show that the NAT
is more powerful than the typical FRI galaxies.

We report the NAT radio spectra in Fig. estimated from our reprocessed VLA
at 1.4 GHz data, uGMRT at 640 MHz and archival GMRT at 323 MHz data.

To investigate the origin and the nature of the intriguing radio morphology
observed, we submitted an ESO proposal (PI Terni de’ Gregory) in 2018 and we
obtained 3hrs observing time with FORS-2 in order to get the spectra of the three
possible candidate optical counterparts. After the spectra extraction and the anal-
ysis, we identify the brightest elliptical galaxy as the most probable counterpart,
indicated with a red cross in Figure[5.32] The FORS-2 spectra extracted are shown
in Figure [5.33] From ground-based observations the spectra of the two faintest
candidates are blended, so we report only one of the two. From the spectroscopic
analysis we found that the brightest candidate has a redshift z=0.352, consistent
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Table 5.54: Radio properties of the NAT from the archival VLA and GMRT data.

Fiacr: P14 (WHz™') Fsosnm. Pseg (W Hz™Y) @

(mJy) 10% (mJy) 1026
total 145.2 6.5 371.8 2.5 0.6
East tail 72.1 3.2 / / _
West tail 72.9 3.3 / / _

Table 5.55: Radio properties of the NAT from new MeerKAT and uGMRT data.

Fiogu. P12 (WHz ') Fesomm: Peao (WHz™) o’
(mJy) 10%° (mJy) 1026

total 145.2 6.5 354.7 1.6 1.2
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Figure 5.29: Radio spectrum of the BCG derived from VLASS (2GHz), MeerKAT at 1.2
GHz, uGMRT at 640 MHz and archival GMRT at 323 MHz.

with the cluster redshift. The difference in radial velocity is < 200 km s~'. The
other two fainter objects have redshifts of z= 0.268, so they belong to a foreground

group.

From our analysis resulted that the spectra of the optical counterpart is typical of
an elliptical galaxy with no emission lines or any peculiar features (F ig. From
the radio power we conclude that the host galaxy is consistent with being a powerful
AGN, even though the typical features and the emission lines (i.e. OIIL,OIII) are
not observed in the spectra. Moreover, from the dynamical point of view, the
difference in radial velocity among the galaxy and the cluster resulted < 200km/s.
If we consider that the morphology observed is due to the interaction between the
galaxy and the ICM surrounding the galaxy, then we can infer that the tangential
component of motion should be dominant. The cluster weather can be invoked
to explain such morphology (Burns| 1998; |Feretti & Venturi, 2002)), even though
the combination of bulk motions of the ICM and the cluster weather is typically
associated to the WAT radio galaxies (Di Gennaro et al., [2018]).

To complete our dynamical analysis, we can use the Euler equation (Begelman
et al., [1979; Jones & Owen, [1979) to describe the jet bending conditions:

2
R~h (pf> <“J> (5.9)
Pe Vg
where R is the jet curvature radius, p;/p. is the ratio between the jet density and

the external density, v;/v, is the ratio between the jet and the galaxy velocity and
h is the scale height over which the ram pressure is transmitted to the jets.
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For the galaxy velocity, v,, we consider the value from the spectra in Fig. [5.33| (top
panel), we assume the value of 0.2¢ for v; (from Wu et al) [1999). The jet density
is unknown, so we consider the possibility of a light jet with (p;/p,) = 0.1 (Clarke
et al., |1986). Finally, h is ~ 18 kpc as estimated from the VLA at 1.4 GHz image
(corresponding roughly to the transversal size of the jet). In this way, we obtain the
value of the jet curvature radius, which is R ~ 0.6 kpc. The estimated value of R
is indicative, because of several assumptions, but, if we compare the value obtained
with the one taken from the radio image (i.e. ~ 9 kpc), we can see that there is one
order of magnitude of difference (see Terni de Gregory et al., 2017, for comparison).
Therefore we deduce that projection effects could play a role into make the observed
jets/tails narrow even at large distance.
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Figure 5.30: Chandra X-ray image of MACSJ1931-2634 cavities obtained with the un-
sharp masking technique. There are at least two regions of surface brightness depression

coincident with radio lobes. Moreover, a third depression is evident towards South, coin-
cident with the cavity detected by |Shin et al.| (2016).
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Figure 5.31: Radio spectrum of the NAT derived from VLA at 1.4 GHz, uGMRT at 640
MHz and archival GMRT at 323 MHz.
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Figure 5.32: A zoom on the NAT radio galaxy in MACSJ1931-2634 galaxy cluster with
radio VLA contours (white) at 1.4 GHz overlayed on an optical image from Subaru-
Suprime obtained combining IC, RC, B filters. The red cross indicates the elliptical
galaxy considered as the optical counterpart.
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Figure 5.33: FORS-2 spectra of the brightest (top panel) and the faintest (bottom panel)
candidate counterparts. We found that the brightest candidate is consistent with being
a cluster member.
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Chapter 6

A multiwavelength analysis of the
radio galaxy population in A1300

This chapter presents a multiwavelength analysis of the radio galaxy population of
the galaxy cluster A1300 and its field. This cluster was selected from our original
sample in order to perform a comparison with the MACSJ1931-2634 galaxy popula-
tion. We extracted two radio catalogues at 1.2 GHz (MeerKAT-16, L band) and at
640 MHz (uGMRT, band 4) within an area of 30 arcmin radius, which corresponds
to 8.1 Mpc at the cluster redshift (z=0.31); we present the two catalogues and the
spectral indices of the sources in common.

Moreover, we estimated the upper limits on the spectral indices for the sources
detected only at 1.2 GHz or at 640 MHz.

Second, to be consistent with the analysis in MACSJ1931-2634, we restricted the
area of interest within two virial radii, corresponding to an area of 12 arcmin radius
(3.2 Mpc). This is the area within which we crossmatched the optical and the radio
sources detected in our samples and we performed the analysis on the radio galaxy
population, i.e. statistical source counts (logN-logS), radio and optical overdensi-
ties, and the Radio Luminosity Function.

6.1 A1300

The galaxy cluster A1300 is described as a richness class 1 object by [Abell et al.
(1989). It was observed for the first time in X-ray during the Rosat All Sky Survey
(RASS; Pierre et all |1994)) in which it is identified with RXJ1131.9-1955. It has
an X-ray luminosity of L, ~ 1.7 x 10% ergs™! in the 0.1-2.4 keV band (Lemonon
et al., [1997; Reid et all [1999) and a mass M, ~ 1.3 x 10 Mg, (Lemonon et al.
1997) at a radius ~ 2.2 Mpc.

The results from the optical (Pierre et al. |1997) and the X-ray (Lemonon et al.,
1997)) suggest that A1300 is in a post-merging phase. Indeed, in this massive sys-
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tem a major merging occurred about 3 Gyr ago (Ziparo et al., 2012) and additional
minor merging events happen at different times via filaments, which will lead to an
increase of the cluster mass up to 60 per cent in the next Gyr (Ziparo et al., [2012).
A1300 hosts a ‘dumb-bell’ ¢D galaxy in its centre (Pierre et al., (1997) and promi-
nent filaments visible in the galaxy density distribution (Ziparo et al., 2012).

The radio observations of A1300 revealed that the cluster is very active in the radio
band (Reid et al., [1999; |[Venturi et al. 2013). A1300 hosts a giant radio halo and
a relic (Reid et al., 1999)) located in the south-west periphery of the cluster (Fig.
6.1]), and a number of radio galaxies with extended emission are found at the cluster
centre (Reid et al. [1999; Venturi et al., |2013)).

Ziparo et al.|(2012) report on a possible shock front, consistent with a Mach number
M = 1.2 £ 0.1, and on a sharp edge in the galaxy distribution at the location of
the relic.

An elongated, thin structure, referred to as bridge (Venturi et all 2013)), connects
the head-tail radio galaxy to the central BCG (A2 and A1 objects respectively, fol-
lowing [Reid et al.| (1999) nomenclature). It is not clear whether such a feature is an
extention of the tail of A2 or a brightness peak of the diffuse radio halo (Fig. [6.1]).
The radio halo brightness distribution is fairly uniform and there is little gradient
going from the central part to the periphery (Giacintucci et al., 2011; Venturi et al.|
2013)). Its shape is similar to the higher frequency images, and the linear extention
of ~ 890 kpc is also comparable with the one reported in (Reid et al., |1999). The
south-western relic too, is similar in shape, extent and brightness distribution to
the earlier images, and its largest linear size (i.e. LLS) is ~ 450 kpc at 325 MHz
(Venturi et al., 2013).

A1300 is one of the clusters belonging to the Merging Cluster Collaboration (MCC)EI,
an international working group estabilished to perform observations and simulations
of merging galaxy clusters.

A1300 also belongs to the Galaxy Cluster at VIRCAM (GCAV) Surveyf] (PT M.
Nonino), an Infra-red, 560 hrs, ESO Public Survey in the Y, J, Ky bands, whose
aim is to explore galaxy evolution over a large variety of environments.

The main properties of this galaxy cluster are summarized in Tab. [6.1]

Thttp: //www.mergingclustercollaboration.org/
https://www.eso.org/sci/observing/PublicSurveys/docs/ GCAV_SMP__10012017.pdf
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Table 6.1: A1300 cluster general properties

Name Z scale RA* DEC? MagoP Lx° kT®
(kpe/") (hms)  (°7") Mg (ergs™)  (KeV)

A1300 0.31 4.5 11:31:56.3  -19:55:37 1.3 x 10* 1.7 x 10% 11.0

& Venturi, T., 2013.
b Lemonon, L., 1997.
¢ Pierre, M., 1997.

51:00 5100 P e =
candidate
relic

53:00 53:00
c c
2 S
s
c EE-
5 ~19:55:00 f S -19:55:00
3 fat

57:00 | 57:00 g

11:32:00 50 31:40 11:32:00 50 31:40
Right ascension Right ascension

Figure 6.1: This image is taken from [Venturi et al. (2013). Left: GMRT 325 MHz
radio contours of the emission from A1300 at the resolution of 27 x 18 arcsec, in PA =
43° overlaid on the gray-scale full resolution image (14 x 8 arcsec, PA = 8°). The lo
noise level is 0.6 mJybeam™!. Right: radio contours of the central cluster region after
subtracting the discrete radio sources (28 x 28 arcsec in PA = 0°). The 1o noise level is

0.5 mJybeam™!.

6.2 The multiwavelength analysis

In this section we report a summary of the radio, optical, spectroscopic and Infra-
red data that we used to perform the entire analysis on the radio galaxy population
in A1300 galaxy cluster and its field.
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Radio data

We performed the radio analysis by means of the data taken from the new obser-
vations with the MeerKAT-16 interferometer at 1.2 GHz and the uGMRT interfer-
ometer at 640 MHz (Tab.. Moreover, we exploited the archival GMRT data at
323 MHz.

Table 6.2: A1300 radio data

Instrument obs. date central v BW  tos  synt. beam  PA rms
(MHz) (MHz) (min) (arcsec) (deg) (mJy/b)

MeerKAT 2 May 2018 1283 800 120 5x3 136 0.04
uGMRT 24 May 2018 640 200 208 5x4 169 0.03
GMRT 21 Mar 2007 323 32 480 14 x 8 7 0.3

Optical and Photometric data

We analyzed optical data from Subaru-Suprime Cam (2014 observations) in g’ and
r’ filters. The g’ and r’ datasets were secured by the Merging Cluster collaboration
(MCC)H in February 2014. The raw images were retrived from the SMOKA Science
archiveﬁ. We used these optical data to cross-match our radio catalogues and to
inspect the optical features of the cluster. In particular, we cross-matched our radio
catalogues with Suprime g’ and r’ bands in order to identify the optical counter-
parts of the radio galaxies in our samples. The details of the optical observations
are reported in Tab. [6.3]

Spectroscopic data

VIMOS spectra have been collected from the VLT ESO GO Large Programme (PI
Boringher) number 169.A-0595 (see Ziparo et al., [2012)).
A1300 has been observed with the Low Resolution blue Grism (Le Fevre et al.|

3http:/ /www.mergingclustercollaboration.org/
4https://www.re3data.org/repository /r3d100010166
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Table 6.3: A1300 optical observations

Observation date  Filter exposure FWHM  depth”

(s) )

Feb 2014 g’ 720 1.06  25.69
Feb 2014 r’ 2880 0.94 26.17
* depth: AB magnitude 5-sigma in 2arcsec-diameter aper-
ture

2003)), mounted on VLT-UT3 at Paranal Observatory (ESO), Chile.

The cluster was observed with three pointings that partially overlap in the centre
and reach beyond a distance of 4 Mpc in the east-west (EW) direction from the
cluster X-ray centre (see Ziparo et al., 2012, for more details).

IR data

In order to get the mass estimate of the galaxies identified as cluster members, we
exploited the new data from the Galaxy Cluster at VIRCAM survey (GCAV; PI M.

Nonino). The GCAV is an Infra-red, 560 hrs, ESO Public survey in Y, J, Ks bands
aimed at studying galaxy properties and their evolution in a variety of environments.

Table 6.4: A1300 IR observations

Filter exposure FWHM  depth”
(hrs) ()

Y 6.4 0.86 24.7
J 5.6 0.84 24.5
Ks 3.5 0.80 22.9

“depth: AB magnitude 5-sigma in
2arcsec-diameter aperture

6.3 The MeerKAT radio catalogue

The total number of sources detected at 1.2 GHz with MeerKAT-16, above the
catalogue threshold of 0.2 mJy (5 sigma), within an area of 30 arcmin radius, is
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112 (Fig. and . The list of the sources is given in Table and following,
where we report respectively their name, position (J2000), integrated flux density
at 1.2 GHz, flux error and indication on the radio morphology. All flux densities
are corrected for the primary beam attenuation. The primary beam correction is
obtained using the analytic formula derived for MeerKAT primary beam described
in Chapter 4.

As for MACSJ1931-2634, all flux densities are extracted with PYBDSF (Mohan
& Rafferty, 2015)), according to the method adopted and described in Chapter 4;
whereas the flux density of the extended sources are measured by AIPS TVSTAT,
which allows integration of the image brightness values over irregular areas. The
flux errors are measured according to the formula (5.1) from [Klein et al. (2003]).
The dominant term in the error estimate is the residual calibration error, conser-
vatively assumed of 10% (see Chapter 4).

To classify the source morphologies we adopted the same criterion as for MACSJ1931-
2634 samples, using the equation (5.2), consistent with what we found in (Condon
et al., |1998; Branchesi et al., 2006).

According to the morphological classification that we adopted, the majority of the
radio sources are classified unresolved (i.e. pointlike) or barely resolved. The BCG,
of coordinates RA=11:31:54.30 0=-19:55:39.05, is unresolved at 1.2 GHz and has a
flux density of F=12.1 £ 1.2 mJy.

The extended sources are five: they are reported in boldface in Tab. and fol-
lowing. We describe their radio properties in Sect. 6.10.

In the MeerKAT catalogue, there are two sources with flux > 50 mlJy, i.e. 2% of
the sample.
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Figure 6.2: The image shows blue-scale view of the MeerKAT field which encompasses
an area of 0.785 deg? (i.e. 30 arcmin radius, green circle). This is the area within which
we extracted our catalogues. The noise is 0.04 mJy/b, with resolution 12 x 5 arcsec in

p.a. ~ 113°.
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Figure 6.3: The image shows blue-scale view of the same area of 0.785 deg? (i.e. 30
arcmin radius, green circle). The red circles indicate the radio sources detected over a
threshold of 50 (i.e. 0.2 mJy/b).
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Table 6.5: A1300 MeerKAT radio catalogue

Name RAJQOOO DECJ2000 F1.2GHz AF Morphology
(mJy)

J1129-1949  11:29:55.75 -19:49:35.6 0.53 0.06 unresolved
J1129-1948 11:29:57.58 -19:48:18.1 1.01 0.10 barely
J1129-2004  11:29:59.64 -20:04:44.1 27.0 2.70 FRII?
J1130-1958  11:30:05.22 -19:58:22.5 0.33 0.05 barely
J1130-2006a  11:30:06.58 -20:06:44.2 1.46 0.15 unresolved
J1130-1959a  11:30:11.69 -19:59:06.1 0.20 0.02 barely
J1130-1939  11:30:12.66 -19:39:19.9 1.16 0.12 unresolved
J1130-2013a  11:30:21.47 -20:13:38.3 4.84 0.48 unresolved
J1130-1936  11:30:23.56 -19:36:16.2 0.47 0.06 barely
J1130-2006b  11:30:26.59 -20:06:29.3 2.29 0.23 unresolved
J1130-2009  11:30:28.22 -20:09:28.0 0.62 0.07 barely
J1130-1945  11:30:28.87 -19:45:56.9 0.54 0.06 unresolved
J1130-1946 11:30:31.14  -19:46:16.2 1.94 0.19 unresolved
J1130-2007a  11:30:32.98 -20:07:45.0 0.80 0.09 unresolved
J1130-1934  11:30:35.86 -19:34:01.7 1.50 0.15 unresolved
J1130-2004a  11:30:36.32 -20:04:23.1 118.0 11.8 unresolved
J1130-2007b  11:30:38.29 -20:07:36.3 1.48 0.15 barely
J1130-2007¢  11:30:38.29 -20:07:14.4 0.80 0.09 barely
J1130-2000  11:30:44.64 -20:00:05.7 1.11 0.11 barely
J1130-1943  11:30:46.08 -19:43:59.3 1.28 0.13 unresolved
J1130-2005  11:30:48.71 -20:05:31.9 0.31 0.05 barely
J1130-2001  11:30:50.61 -20:01:12.1 1.13  0.12 unresolved
J1130-2014  11:30:50.75 -20:14:43.7 4.80 0.48 unresolved
J1130-2008  11:30:51.72 -20:08:55.6 0.72 0.08 unresolved
J1130-2011  11:30:52.15 -20:11:56.9 1.91 0.19 unresolved
J1130-2004b  11:30:54.36  -20:04:58.3 0.84 0.09 unresolved
J1130-2013b  11:30:57.85 -20:13:27.6 6.48 0.64 unresolved
J1130-1959b  11:30:58.41 -19:59:36.6 2,22 0.22 unresolved
J1131-2017a  11:31:04.67 -20:17:05.3 0.36 0.05 barely
J1131-1939  11:31:05.14 -19:39:22.6 1.19 0.12 unresolved
J1131-1944a  11:31:06.17 -19:44:23.2 0.87 0.09 unresolved
J1131-1954  11:31:08.12 -19:54:17.0 2.38 0.24 barely
J1131-1932  11:31:08.71 -19:32:20.0 0.79 0.08 barely
J1131-1959 11:31:09.25 -19:59:19.1 4.18 0.42 unresolved
J1131-1956  11:31:09.93 -19:56:58.1 1.32 0.13 unresolved
J1131-1944b  11:31:10.11 -19:44:42.4 0.62 0.07 barely
J1131-2000  11:31:13.72  -20:00:20.5 1.69 0.17 unresolved
J1131-2011  11:31:15.76  -20:11:06.2 0.26 0.04 barely
J1131-1952a  11:31:19.49 -19:52:39.7 0.60 0.07 unresolved
J1131-1946a 11:31:20.84 -19:46:06.6 0.80 0.09 unresolved
J1131-2003  11:31:21.67 -20:03:11.8 1.39 0.14 unresolved
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Table 6.6: A1300 MeerKAT radio catalogue (continued)

Name RAJQOOO DECJ2000 F1.2GHz AF MOI‘phOlOgy
(mJy)

J1131-2017b  11:31:22.33  -20:17:34.0 0.36 0.05 barely
J1131-1947  11:31:22.47 -19:47:31.5 0.37 0.05 unresolved
J1131-2001  11:31:24.77 -20:01:09.5 10.7 1.07 barely
J1131-1953a  11:31:26.88 -19:53:26.1 3.90 0.39 unresolved
J1131-1951  11:31:27.49 -19:51:46.1 1.62 0.16 unresolved
J1131-1931  11:31:29.91 -19:31:48.9 0.59 0.07 unresolved
J1131-1946b  11:31:32.52 -19:46:59.5 0.51 0.06 unresolved
J1131-2007a  11:31:35.54  -20:07:27.8 0.31 0.05 barely
J1131-2022  11:31:35.78 -20:22:56.9 0.46 0.06 barely
J1131-1933  11:31:39.27 -19:33:29.7 9.20 0.92 unresolved
J1131-1934  11:31:40.34 -19:34:59.0 0.82 0.09 unresolved
J1131-1938 11:31:42.31 -19:38:11.5 6.49 0.65 FRII?
J1131-2019 11:31:42.42  -20:19:25.5 0.74 0.08 unresolved
J1131-1952b  11:31:43.92 -19:52:54.2 10.0 1.00 WAT
J1131-1950  11:31:48.36  -19:50:43.9 0.70 0.08 unresolved
J1131-1958  11:31:49.49 -19:58:06.5 0.39 0.05 unresolved
J1131-1942  11:31:50.73 -19:42:26.8 3.08 0.31 unresolved
J1131-2012 11:31:53.44 -20:12:11.0 0.60 0.07 barely
J1131-1953b  11:31:54.29 -19:53:53.5 374 3.714 TAIL
J1131-1955  11:31:54.30 -19:55:39.0 12.1  1.21 unresolved BCG
J1131-1952¢  11:31:54.85 -19:52:07.6 2.30 0.23 unresolved
J1131-2008  11:31:55.72 -20:08:18.6 0.78 0.08 unresolved
J1131-2014  11:31:55.77 -20:14:45.5 1.27 0.13 unresolved
J1131-1957  11:31:56.69 -19:57:22.7 0.39 0.05 barely
J1131-2007b  11:31:58.71 -20:07:00.4 0.48 0.06 unresolved
J1131-1943  11:31:58.83 -19:43:53.1 1.55 0.16 unresolved
J1132-1954a  11:32:02.78 -19:54:09.3 1.02 0.1 unresolved
J1132-1941  11:32:03.40 -19:41:43.2 0.76 0.08 unresolved
J1132-1954b  11:32:03.80 -19:54:59.7 0.46 0.06  barely-bias-halo?
J1132-1926  11:32:04.75 -19:26:17.7 1.02 0.11 barely
J1132-2011  11:32:06.33 -20:11:26.0 1.66 0.17 unresolved
J1132-1953  11:32:10.36  -19:53:11.1 0.70 0.08 unresolved
J1132-2023  11:32:10.97 -20:23:23.3 0.77 0.08 unresolved
J1132-1956  11:32:14.00 -19:56:09.7 0.68 0.07 unresolved
J1132-2007  11:32:14.76  -20:07:38.9 0.58 0.07 unresolved
J1132-2003a  11:32:21.68 -20:03:09.9 1.87 0.19 unresolved
J1132-1951  11:32:21.69 -19:51:41.1 1.15 0.12 unresolved
J1132-2022a 11:32:22.75 -20:22:35.6 4.59 0.46 unresolved
J1132-1949 11:32:24.86  -19:49:01.2 0.41 0.05 barely
J1132-1930  11:32:27.09 -19:30:35.8 14.7 147 unresolved
J1132-2022b  11:32:28.57 -20:22:54.7 24.0 2.40 ext.— blending?
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Table 6.7: A1300 MeerKAT radio catalogue (continued)

Name RAJ2000 DECJ2000 F1.2GHz AF MOthOlOgy
(mJy)

J1132-1948a  11:32:30.06 -19:48:46.9 0.81 0.09 unresolved
J1132-1948b  11:32:31.30 -19:48:40.1 2.17 0.22 barely
J1132-2021  11:32:36.80 -20:21:33.9 0.80 0.08 unresolved
J1132-2003b  11:32:37.60 -20:03:57.8 1.26 0.13 unresolved
J1132-1949  11:32:37.88  -19:49:08.7 5.59 0.56 unresolved
J1132-1934a  11:32:37.91  -19:34:47.5 1.55 0.16 unresolved
J1132-2019  11:32:39.38 -20:19:39.1 1.05 0.11 unresolved
J1132-2012 11:32:39.69 -20:12:06.1 1.28 0.13 unresolved
J1132-2006  11:32:41.55 -20:06:54.6 5.55  0.55 unresolved
J1132-2002  11:32:43.84 -20:02:53.8 3.47 0.34 unresolved
J1132-2020  11:32:45.96 -20:20:58.1 1.10 0.11 barely
J1132-1957  11:32:48.52 -19:57:56.6 0.52 0.06 unresolved
J1132-1948  11:32:52.18 -19:48:50.0 1.19 0.12 barely
J1132-1934b  11:32:58.47 -19:34:22.1 0.69 0.07 unresolved
J1132-2004  11:32:59.85 -20:04:02.7 749 0.75 unresolved
J1133-2012  11:33:03.79 -20:12:09.8 448 0.45 unresolved
J1133-2018  11:33:06.42 -20:18:55.7 1.40 0.14 unresolved
J1133-1952a  11:33:07.68 -19:52:04.2 0.59 0.07 barely
J1133-2011  11:33:09.55 -20:11:47.6 1.93 0.19 unresolved
J1133-2007  11:33:11.23 -20:07:14.3 0.71 0.08 unresolved
J1133-1945  11:33:13.05 -19:45:31.2 1.07 0.11 unresolved
J1133-2004  11:33:18.07 -20:04:24.7 33.1 3.31 barely
J1133-2016  11:33:20.75 -20:16:03.6 1.71  0.17 barely
J1133-2002  11:33:26.25 -20:02:13.3 1.63 0.16 unresolved
J1133-1955  11:33:28.86 -19:55:28.0 1.59 0.16 unresolved
J1133-1940  11:33:32.95 -19:40:22.5 299 0.3 unresolved
J1133-1959  11:33:33.90 -19:59:58.8 4.36 0.43 unresolved
J1133-1954  11:33:36.89 -19:54:14.6 932.0 93.2 barely
J1133-1952b  11:33:48.22 -19:52:44.1 1.15 0.12 barely
J1133-1947  11:33:55.12  -19:47:13.7 241 0.24 barely
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6.4 The uGMRT radio catalogue

The total number of sources detected at 640 MHz with the uGMRT interferometer,
within an area of 30 arcmin radius, above the catalogue threshold of 0.15 mJy (5
sigma), is 318. The list of the sources is given in Tab. and following, where
we report respectively their name, position (J2000), integrated flux density at 640
MHz, flux error and indication on the radio morphology. All flux densities given
are corrected for the primary beam attenuation. The primary beam correction is
obtained by the task PBCOR in AIPS giving the PBPARM parameters for the
uGMRT updated at December 1st 2018 (courtesy Ruta Kale; NCRA).

All flux densities are extracted with PYBDSF (Mohan & Rafferty], 2015), whereas
we measured by AIPS TVSTAT the flux density of the extended sources. The flux
errors are estimated, as for MeerKAT, according to the formula from [Klein et al.
(2003). The dominant term is the residual calibration error, conservatively assumed
of the order of 10%.

We adopted the same method that we used for the MeerKAT sample to determine
the morphology of the sources reported in the catalogues. As visible from Tab.
and following, the majority of the sources is unresolved (i.e. pointlike) or barely re-
solved; the BCG, of coordinates RA=11:31:54.31 =-19:55:40.53, has a flux density
of F=30.6 &+ 3.1 mJy. It is barely resolved at 640 MHz.

Eleven sources are extended in the uGMRT catalogue. We remand to Sect. 6.10
for a description of the extended radio sources detected.
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Right ascension

Figure 6.4: The image shows blue-scale view of the uGMRT field which encompasses an
area of 0.785 deg? (i.e. 30 arcmin radius, green circle). This is the area within which we
extracted our catalogues. The noise of the image is 0.03 mJy/b, with resolution of 5 x
3 arcsec, p.a. ~ 43°. We are aware that the relic is not totally cleaned, this is due to
the fact that we did not perform the amplitude self-calibration in order to not introduce
amplitude errors. However, the relic is not part of the catalogue.
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Figure 6.5: The image shows blue-scale view of the same area of 0.785 deg? (i.e. 30
arcmin radius, green circle). The red circles indicate the radio sources detected over a

threshold of 5 o (i.e. 0.15 mJy/b).

246

29:30.0



Table 6.8: A1300 uGMRT radio catalogue

Name RA 2000 DECjo00 Fesomr=: AF  Morphology
(mJy)

J1129-1949  11:29:55.76 -19:49:37.3 1.66 0.16 unresolved
J1129-1944 11:29:56.23 -19:44:19.1 3.56  0.35 barely
J1130-2004a  11:30:00.95 -20:04:27.9 2.41 0.24 barely
J1130-1958  11:30:05.13 -19:58:23.6 1.25 0.12 unresolved
J1130-2006a  11:30:06.56 -20:06:45.8 4.93 0.49 unresolved
J1130-1955  11:30:08.41 -19:55:31.9 0.69 0.07 unresolved
J1130-1941 11:30:09.15 -19:41:51.4 0.81 0.08 barely
J1130-1947  11:30:09.32 -19:47:25.7 1.83 0.18 barely
J1130-1939a  11:30:12.65 -19:39:21.4 3.82 0.38 barely
J1130-1943  11:30:18.68 -19:43:00.3 0.80 0.08 barely
J1130-2013a  11:30:21.39 -20:13:39.8 16.0 1.60 barely
J1130-1956a  11:30:22.96 -19:56:22.1 0.62 0.06 unresolved
J1130-1936  11:30:23.60 -19:36:18.1 1.03 0.10 barely
J1130-2006b  11:30:26.49 -20:06:30.8 7.40 0.74 barely
J1130-1946a  11:30:27.31 -19:46:04.6 0.64 0.07 unresolved
J1130-1945a  11:30:28.82 -19:45:58.3 1.62 0.16 barely
J1130-1938  11:30:29.53 -19:38:27.3 0.60 0.06 barely
J1130-1946b  11:30:31.14 -19:46:17.6 4.09 0.41 barely
J1130-1954  11:30:32.71 -19:54:20.6 0.50 0.05 unresolved
J1130-1934  11:30:35.85 -19:34:03.2 5.70 0.57 barely
J1130-2004b  11:30:36.00 -20:04:24.7 70.0 7.00 barely
J1130-1939b  11:30:36.00 -19:39:42.5 0.77 0.08 barely
J1130-1951a 11:30:37.97 -19:51:26.1 0.34 0.04 unresolved
J1130-1946¢  11:30:42.84 -19:46:07.6 0.53 0.06 unresolved
J1130-1950  11:30:43.29 -19:50:45.3 0.38 0.04 unresolved
J1130-1946d  11:30:44.06 -19:46:14.0 0.49 0.05 unresolved
J1130-1953  11:30:45.73 -19:53:41.7 0.59 0.06 barely
J1130-1944  11:30:46.08 -19:44:00.8 2.03 0.20 unresolved
J1130-1956b  11:30:46.85 -19:56:46.7 0.44 0.05 unresolved
J1130-1946  11:30:47.32 -19:46:42.3 0.30 0.04 unresolved
J1130-2005  11:30:48.70 -20:05:34.6 2.00 0.20 barely
J1130-2001  11:30:50.59 -20:01:13.8 2.37 0.23 barely
J1130-2014  11:30:50.69 -20:14:45.0 13.0 1.30 unresolved
J1130-1949  11:30:51.02 -19:49:03.7 0.71 0.07 unresolved
J1130-2008  11:30:51.74 -20:08:57.2 2.23  0.22 barely
J1130-1932  11:30:51.86 -19:32:23.3 142 0.14 barely
J1130-2011  11:30:52.10 -20:11:58.2 3.45 0.34 barely
J1130-2004c  11:30:54.39  -20:04:59.8 2.05 0.20 barely
J1130-1956¢  11:30:56.07 -19:56:46.7 0.44 0.05 unresolved
J1130-1951b  11:30:56.08 -19:51:50.8 0.41 0.05 barely
J1130-2013b  11:30:57.78 -20:13:29.0 21.7 2.17 unresolved
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Table 6.9: A1300 uGMRT radio catalogue (continued)

Name RA 2000 DECja00 Fesomrrm: AF Morphology
(mJy)

J1130-1959a  11:30:58.39 -19:59:37.9 5.15 0.51 unresolved
J1130-1959b  11:30:58.73 -19:59:54.9 0.91 0.09 barely
J1130-1945b  11:30:59.39 -19:45:07.8 0.39 0.04 unresolved
J1131-1947a  11:31:00.21 -19:47:34.1 0.38 0.04 unresolved
J1131-1956a 11:31:04.16 -19:56:18.2 0.47 0.05 unresolved
J1131-2017a  11:31:04.56 -20:17:05.8 1.06 0.11 barely
J1131-1939 11:31:05.14 -19:39:24.1 2.00 0.20 unresolved
J1131-1957  11:31:05.82 -19:57:10.7 0.25 0.03 unresolved
J1131-1944a  11:31:06.22 -19:44:24.9 1.33 0.13 unresolved
J1131-1933a  11:31:06.85 -19:33:35.4 0.84 0.08 barely
J1131-1945a  11:31:08.25 -19:45:04.9 0.42 0.05 unresolved
J1131-1954a  11:31:08.32 -19:54:19.9 7.23 0.72 ext.— blending?
J1131-1952a  11:31:08.50 -19:52:06.5 0.40 0.05 unresolved
J1131-1944b  11:31:08.77 -19:44:50.0 0.69 0.07 barely
J1131-1959a  11:31:09.21 -19:59:20.5 9.68 0.96 barely
J1131-1959b  11:31:09.22 -19:59:08.2 0.45 0.05 barely
J1131-2010a  11:31:09.54 -20:10:07.9 0.50 0.05 unresolved
J1131-1956b  11:31:09.91 -19:56:59.3 2.31  0.23 unresolved
J1131-1944¢  11:31:10.09 -19:44:43.5 2.53 0.25 barely
J1131-1944d  11:31:11.94 -19:44:05.2 0.28 0.04 unresolved
J1131-1949a  11:31:12.91 -19:49:46.4 0.38 0.04 barely
J1131-1949b  11:31:13.02  -19:49:09.2 0.50 0.05 unresolved
J1131-2000a,  11:31:13.70 -20:00:21.8 3.38 0.33 barely
J1131-2005a  11:31:14.39 -20:05:32.8 0.49 0.05 barely
J1131-1945b  11:31:14.40 -19:45:19.5 0.39 0.04 unresolved
J1131-1937  11:31:14.48 -19:37:11.7 0.52 0.06 barely
J1131-1942a 11:31:15.63 -19:42:07.6 0.52 0.06 barely
J1131-2011a  11:31:15.81 -20:11:07.3 0.76 0.08 unresolved
J1131-2001a 11:31:16.60 -20:01:32.8 0.38 0.04 unresolved
J1131-2001b  11:31:16.86 -20:01:50.0 0.42 0.05 unresolved
J1131-2019a  11:31:17.74 -20:19:50.8 1.37 0.14 unresolved
J1131-1945¢  11:31:18.60 -19:45:20.4 0.27 0.04 unresolved
J1131-1942b  11:31:19.20 -19:42:28.9 0.27 0.04 barely
J1131-2002a  11:31:19.37 -20:02:22.1 0.35 0.04 unresolved
J1131-1952b  11:31:19.46 -19:52:40.9 1.30 0.13 unresolved
J1131-2014a  11:31:20.04 -20:14:58.5 0.59 0.06 unresolved
J1131-1946a  11:31:20.81 -19:46:07.7 1.01 0.10 unresolved
J1131-2002b  11:31:20.93 -20:02:38.7 0.48 0.05 barely
J1131-2003a.  11:31:21.62 -20:03:13.3 3.98 0.39 unresolved
J1131-1951a  11:31:21.71 -19:51:36.7 0.26 0.03 unresolved
J1131-1956¢  11:31:21.76 -19:56:33.5 0.33 0.04 unresolved
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Table 6.10: A1300 uGMRT radio catalogue (continued)

Name RAj2000 DECj00 Fesomn: AF Morphology
(mJy)

J1131-2017b  11:31:22.29 -20:17:35.2 1.02 0.10 unresolved
J1131-1947b  11:31:22.46 -19:47:32.8 0.90 0.09 unresolved
J1131-1938a  11:31:22.48 -19:38:09.5 0.41 0.05 unresolved
J1131-2012  11:31:23.90 -20:12:50.1 1.21 0.12 barely
J1131-1931a  11:31:24.62 -19:31:54.6 0.46 0.05 unresolved
J1131-2001c  11:31:24.67 -20:01:10.4 27.8 2.84 WAT — NAT?
J1131-1953a  11:31:26.85 -19:53:27.5 7.22  0.72 unresolved
J1131-1951b  11:31:27.50 -19:51:47.4 0.92 0.09 unresolved
J1131-1959¢  11:31:28.31 -19:59:02.3 0.44 0.05 unresolved
J1131-1931b  11:31:29.96 -19:31:50.1 1.00 0.10 unresolved
J1131-1940  11:31:30.23 -19:40:38.5 0.41 0.05 barely
J1131-1954b  11:31:30.48 -19:54:22.2 0.43 0.05 unresolved
J1131-2004  11:31:31.43 -20:04:10.8 0.34 0.04 unresolved
J1131-1947¢  11:31:32.50 -19:47:00.2 0.75 0.08 unresolved
J1131-1934  11:31:33.10 -19:34:41.7 0.47 0.05 barely
J1131-2022  11:31:35.55  -20:22:56.4 1.22 0.12 unresolved
J1131-2007  11:31:35.62 -20:07:29.4 0.74 0.08 unresolved
J1131-1942¢  11:31:35.88 -19:42:25.2 0.26 0.04 unresolved
J1131-2000b  11:31:36.07 -20:00:23.1 0.22 0.03 unresolved
J1131-1946b  11:31:36.44 -19:46:14.1 0.30 0.04 barely
J1131-2014b  11:31:37.74 -20:14:38.7 0.35 0.04 unresolved
J1131-2012  11:31:38.13 -20:12:01.7 0.41 0.05 unresolved
J1131-1942d 11:31:38.64 -19:42:31.7 0.24 0.03 unresolved
J1131-1933b  11:31:39.25 -19:33:31.4 23.1 2.32 barely
J1131-1952¢  11:31:39.74 -19:52:51.8 0.52 0.06 unresolved
J1131-1946¢  11:31:40.02 -19:46:04.2 0.45 0.05 barely
J1131-2010b  11:31:40.30 -20:10:35.4 0.45 0.05 barely
J1131-1935a 11:31:40.39 -19:35:00.1 4.96 0.27 FRII?
J1131-1945d  11:31:40.84 -19:45:25.9 0.24 0.03 unresolved
J1131-2005b  11:31:42.31 -20:05:06.7 0.18 0.03 unresolved
J1131-2019b  11:31:42.42 -20:19:26.9 0.74 0.08 unresolved
J1131-1938b  11:31:42.79 -19:38:09.4 10.9 1.09 FRII?
J1131-1941  11:31:43.04 -19:41:19.5 0.22 0.03 unresolved
J1131-2011b  11:31:43.63 -20:11:29.9 0.55 0.06 unresolved
J1131-1959d  11:31:43.92 -19:59:42.6 0.50 0.05 unresolved
J1131-1952d  11:31:43.96 -19:52:44.8 34.3 3.97 WAT
J1131-1935b  11:31:44.03 -19:35:40.2 0.44 0.05 barely
J1131-2017¢  11:31:45.14 -20:17:17.9 0.38 0.04 unresolved
J1131-1926 11:31:46.61 -19:26:45.2 0.63 0.07 unresolved
J1131-1930a 11:31:46.91 -19:30:56.8 0.37 0.04 unresolved
J1131-1954¢  11:31:46.96 -19:54:52.5 1.90 0.21 FRI - II?
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Table 6.11: A1300 uGMRT radio catalogue (continued)

Name RAj2000 DECj00 Fesomrn. AF  Morphology
(mJy)

J1131-1948a  11:31:47.51 -19:48:14.8 0.42 0.05 unresolved
J1131-1950  11:31:48.38 -19:50:45.3 0.78 0.08 unresolved
J1131-1959¢  11:31:48.45 -19:59:08.3 0.25 0.03 unresolved
J1131-1949¢  11:31:48.62 -19:49:01.7 0.33 0.04 barely
J1131-1936  11:31:49.05 -19:36:49.3 0.59 0.06 unresolved
J1131-1942e  11:31:49.11 -19:42:15.9 1.01 0.10 barely
J1131-2005¢  11:31:49.18 -20:05:22.2 0.23 0.03 unresolved
J1131-1959f  11:31:49.31 -19:59:18.4 0.23 0.03 unresolved
J1131-1958  11:31:49.50 -19:58:07.9 0.82 0.08 unresolved
J1131-2001d  11:31:49.97 -20:01:36.7 0.29 0.04 unresolved
J1131-1942f 11:31:50.30 -19:42:46.9 1.23 0.12 barely
J1131-1942g  11:31:50.83  -19:42:28.5 6.68 0.66 barely
J1131-1942h  11:31:51.27 -19:42:43.0 1.563 0.15 barely
J1131-1959g  11:31:51.71  -19:59:57.2 0.40 0.05 unresolved
J1131-1930b  11:31:51.91 -19:30:07.1 0.33 0.04 unresolved
J1131-2021 11:31:52.00 -20:21:03.3 0.59 0.06 barely
J1131-2020a,  11:31:52.07 -20:20:06.4 0.42 0.05 unresolved
J1131-1932a,  11:31:52.26  -19:32:04.8 0.30 0.04 unresolved
J1131-2003b  11:31:52.98 -20:03:25.6 0.40 0.05 barely
J1131-2012b  11:31:53.46 -20:12:12.4 1.12 0.11 unresolved
J1131-1955a  11:31:54.28 -19:55:28.9 1.20 0.12 barely
J1131-1953b  11:31:54.29 -19:53:57.5 95.7 9.57 TAIL
J1131-1955b  11:31:54.31 -19:55:40.5 30.6 3.16 Dbarely BCG
J1131-1952e  11:31:54.51 -19:52:27.3 0.44 0.05 unresolved
J1131-1943a  11:31:54.58 -19:43:48.7 0.41 0.05 unresolved
J1131-2001e  11:31:54.69 -20:01:32.5 0.34 0.04 unresolved
J1131-1952  11:31:54.81 -19:52:07.9 6.54 0.65 barely
J1131-2007b  11:31:54.90 -20:07:53.2 0.26 0.03 barely
J1131-1932b  11:31:55.26 -19:32:59.8 0.49 0.05 barely
J1131-1959h  11:31:55.48 -19:59:33.9 0.63 0.07 unresolved
J1131-2008  11:31:55.71 -20:08:19.8 1.39 0.14 unresolved
J1131-1955  11:31:55.74 -19:55:19.8 0.92 0.09 barely-halo
J1131-2014¢  11:31:55.76 -20:14:46.9 2.09 0.21 unresolved
J1131-1957  11:31:56.62 -19:57:23.8 0.98 0.10 unresolved
J1131-1940b  11:31:57.25 -19:40:01.9 0.37 0.04 barely
J1131-2002  11:31:57.41 -20:02:31.9 0.44 0.05 unresolved
J1131-1956d  11:31:57.99 -19:56:59.9 0.40 0.05 barely
J1131-1946¢  11:31:58.19 -19:46:58.3 0.58 0.06 unresolved
J1131-2012¢  11:31:58.20 -20:12:16.7 0.66 0.07 unresolved
J1131-2020b  11:31:58.48 -20:20:42.3 0.78 0.08 barely
J1131-1944e  11:31:58.63 -19:44:35.1 0.22 0.03 unresolved
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Table 6.12: A1300 uGMRT radio catalogue (continued)

Name RA 2000 DECjo00 Fesomr=: AF  Morphology
(mJy)

J1131-2007¢  11:31:58.67 -20:07:01.5 1.06 0.11 unresolved
J1131-1943b  11:31:58.82 -19:43:56.4 4.73 047 barely
J1131-2011c¢  11:31:58.86 -20:11:26.4 0.29 0.04 unresolved
J1131-1947d  11:31:58.97 -19:47:49.4 0.55 0.06 unresolved
J1131-1948b  11:31:59.07 -19:48:16.9 0.23 0.03 unresolved
J1131-1940c  11:31:59.16  -19:40:26.8 0.23 0.03 unresolved
J1131-1940d  11:31:59.44 -19:40:36.1 0.66 0.07 unresolved
J1132-1930a 11:32:00.42 -19:30:01.1 0.48 0.05 unresolved
J1132-2001a  11:32:00.65 -20:01:39.9 0.25 0.03 unresolved
J1132-1937a  11:32:01.34 -19:37:58.0 0.30 0.04 unresolved
J1132-1927a  11:32:02.08 -19:27:59.4 0.77 0.08 barely
J1132-1949a  11:32:02.56 -19:49:16.6 0.66 0.07 unresolved
J1132-1937b  11:32:02.58 -19:37:28.9 0.51 0.05 unresolved
J1132-1954a  11:32:02.62 -19:54:14.2 4.12 047 tail
J1132-2001b  11:32:02.71 -20:01:35.7 0.34 0.04 unresolved
J1132-1941  11:32:03.41 -19:41:44.6 1.67 0.16 unresolved
J1132-1952a  11:32:04.41 -19:52:12.1 0.34 0.04 unresolved
J1132-1926a  11:32:04.79 -19:26:19.3 1.75 0.17 barely
J1132-2005a  11:32:04.98 -20:05:03.3 0.23 0.03 unresolved
J1132-1942a  11:32:05.39 -19:42:51.8 0.27 0.04 unresolved
J1132-1926b  11:32:05.50 -19:26:24.8 0.86 0.09 unresolved
J1132-1942b  11:32:06.15 -19:42:13.4 0.42 0.05 unresolved
J1132-2015  11:32:06.30 -20:15:28.9 0.30 0.04 unresolved
J1132-2011a  11:32:06.32 -20:11:27.2 4.13 0.41 unresolved
J1132-1931a  11:32:07.62 -19:31:45.5 0.36 0.04 unresolved
J1132-2004a  11:32:08.67 -20:04:08.0 0.36 0.04 unresolved
J1132-2005b  11:32:09.95 -20:05:03.7 0.52 0.06 barely
J1132-1949b  11:32:10.02 -19:49:43.9 0.72 0.07 barely
J1132-1953 11:32:10.38 -19:53:12.1 1.29 0.13 unresolved
J1132-2023  11:32:10.94 -20:23:24.4 2.00 0.20 unresolved
J1132-1938a  11:32:11.10 -19:38:42.0 0.39 0.04 unresolved
J1132-1951a  11:32:11.32 -19:51:33.6 0.22 0.03 unresolved
J1132-1939a  11:32:11.38 -19:39:31.3 0.37 0.04 unresolved
J1132-1949¢  11:32:11.63 -19:49:44.3 0.19 0.03 unresolved
J1132-1954b  11:32:12.66 -19:54:56.1 0.20 0.03 unresolved
J1132-1949d  11:32:12.67 -19:49:56.5 0.20 0.03 unresolved
J1132-2008a  11:32:12.79 -20:08:18.8 0.19 0.03 unresolved
J1132-1942¢  11:32:13.02 -19:42:09.6 0.39 0.04 barely
J1132-1939b  11:32:13.41 -19:39:39.9 0.45 0.05 unresolved
J1132-1938b  11:32:13.79 -19:38:54.8 0.30 0.04 unresolved
J1132-1956a  11:32:14.02 -19:56:10.8 0.88 0.09 unresolved
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Table 6.13: A1300 uGMRT radio catalogue (continued)

Name RA 2000 DECja00 Fesomrrm: AF Morphology
(mJy)

J1132-1942d 11:32:14.14 -19:42:35.9 0.22 0.03 unresolved
J1132-1931b  11:32:14.23 -19:31:37.4 0.42 0.05 barely
J1132-1952b  11:32:14.31 -19:52:54.0 0.23 0.03 unresolved
J1132-2014a  11:32:14.46 -20:14:02.4 0.30 0.04 barely
J1132-2007  11:32:14.75 -20:07:40.0 1.05 0.11 unresolved
J1132-2016  11:32:16.26 -20:16:47.1 0.35 0.04 unresolved
J1132-2010a  11:32:16.36  -20:10:22.7 0.27 0.04 unresolved
J1132-2000  11:32:16.37 -20:00:28.9 0.30 0.04 unresolved
J1132-1937b  11:32:16.42 -19:37:16.0 0.46 0.05 barely
J1132-1927b  11:32:17.02 -19:27:38.7 1.17 0.12 unresolved
J1132-1955  11:32:17.32 -19:55:28.6 0.23 0.03 unresolved
J1132-1948a  11:32:17.41 -19:48:25.7 0.31 0.04 unresolved
J1132-1959a  11:32:17.62 -19:59:32.6 0.32 0.04 barely
J1132-2005¢  11:32:17.79 -20:05:36.6 0.19 0.03 unresolved
J1132-1957  11:32:18.27 -19:57:32.3 0.51 0.05 barely
J1132-1953b  11:32:19.61 -19:53:17.0 0.35 0.04 unresolved
J1132-1953¢  11:32:19.75 -19:53:30.6 0.25 0.03 unresolved
J1132-2014b  11:32:20.29 -20:14:36.1 0.37 0.04 barely
J1132-1931¢c  11:32:20.38 -19:31:35.6 0.61 0.06 barely
J1132-1935  11:32:20.60 -19:35:09.6 0.44 0.05 unresolved
J1132-1944  11:32:20.79 -19:44:25.9 0.31 0.04 unresolved
J1132-1942 11:32:21.21 -19:42:32.7 0.22 0.03 unresolved
J1132-2005d  11:32:21.23 -20:05:44.6 0.77 0.08 barely
J1132-2022b  11:32:21.64 -20:22:26.0 9.28 0.33 ext.— blending?
J1132-2003a  11:32:21.67 -20:03:11.1 4.03 0.40 unresolved
J1132-1951b  11:32:21.73  -19:51:42.5 1.58 0.16 unresolved
J1132-1931d  11:32:22.66 -19:31:09.8 0.68 0.07 barely
J1132-2013a  11:32:22.72 -20:13:59.0 0.68 0.07 unresolved
J1132-2022b  11:32:23.02 -20:22:39.9 11.6 1.16 unresolved
J1132-2006b  11:32:24.40 -20:06:28.0 0.35 0.04 barely
J1132-1949¢  11:32:24.87 -19:49:02.1 0.43 0.05 unresolved
J1132-2013b  11:32:25.06 -20:13:37.5 0.62 0.06 barely
J1132-2006b  11:32:26.36  -20:06:57.1 0.37 0.04 barely
J1132-2008  11:32:26.54 -20:08:25.8 0.39 0.04 unresolved
J1132-1930b  11:32:27.11 -19:30:37.3 18.8 1.88 unresolved
J1132-1930c  11:32:27.49 -19:30:44.7 0.54 0.06 unresolved
J1132-2022¢  11:32:28.63 -20:22:57.5 6.02 0.47 ext.— blending?
J1132-1940  11:32:28.83 -19:40:52.2 0.30 0.04 barely
J1132-2024 11:32:29.52  -20:24:18.0 1.24 0.12 unresolved
J1132-1948 11:32:30.11  -19:48:48.3 1.14 0.11 barely
J1132-2006c  11:32:30.21 -20:06:31.9 0.28 0.04 unresolved
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Table 6.14: A1300 uGMRT radio catalogue (continued)

Name RA 2000 DECjo00 Fesomr=: AF  Morphology
(mJy)

J1132-1948b  11:32:31.25 -19:48:41.4 7.25 0.72 barely
J1132-1959b  11:32:32.49 -19:59:25.9 0.45 0.05 barely
J1132-1929  11:32:32.53 -19:29:30.6 0.72 0.07 barely
J1132-2022d  11:32:32.74 -20:22:02.1 0.86 0.09 barely
J1132-2022¢  11:32:33.32 -20:22:27.4 1.31 0.13 barely
J1132-2010b  11:32:33.53 -20:10:04.4 0.65 0.07 unresolved
J1132-1946a  11:32:34.29 -19:46:23.1 0.51 0.05 barely
J1132-1952¢  11:32:34.74 -19:52:44.8 0.75 0.08 unresolved
J1132-2011b  11:32:35.38 -20:11:04.7 0.42 0.05 unresolved
J1132-2021e  11:32:36.79 -20:21:35.1 1.97 0.19 unresolved
J1132-2004b  11:32:36.99 -20:04:31.9 0.43 0.05 unresolved
J1132-2003b  11:32:37.64 -20:03:59.1 2.12  0.21 unresolved
J1132-1949f  11:32:37.89 -19:49:09.9 9.01 0.90 unresolved
J1132-2009a 11:32:37.93  -20:09:07.6 0.30 0.04 unresolved
J1132-1934  11:32:37.96 -19:34:49.0 4.99 0.49 unresolved
J1132-1956b  11:32:38.91 -19:56:00.4 0.29 0.04 unresolved
J1132-1945 11:32:39.21 -19:45:32.8 0.42 0.05 unresolved
J1132-2019 11:32:39.36  -20:19:40.1 1.58 0.16 unresolved
J1132-2012a  11:32:39.68 -20:12:07.3 3.10 0.31 unresolved
J1132-1942e  11:32:40.47 -19:42:41.4 0.30 0.04 unresolved
J1132-2010c  11:32:41.19 -20:10:40.2 0.48 0.05 unresolved
J1132-2006d  11:32:41.51 -20:06:56.0 21.2 2.18 FRII?
J1132-2008b  11:32:42.34 -20:08:59.5 0.34 0.04 unresolved
J1132-2002 11:32:43.68 -20:02:57.3 3.17 0.31 barely
J1132-1946b  11:32:43.83 -19:46:41.1 0.25 0.03 unresolved
J1132-2013¢  11:32:43.93 -20:13:38.1 0.41 0.05 unresolved
J1132-2009b  11:32:45.74 -20:09:50.9 0.87 0.09 unresolved
J1132-2020 11:32:45.98  -20:20:59.1 3.82  0.38 barely
J1132-1938¢c  11:32:46.86 -19:38:57.9 0.73 0.07 unresolved
J1132-2001c  11:32:47.21 -20:01:37.5 0.31 0.04 unresolved
J1132-1957a  11:32:47.78 -19:57:22.1 0.30 0.04 unresolved
J1132-1957b  11:32:48.51 -19:57:58.0 0.87 0.09 barely
J1132-1949g  11:32:49.36  -19:49:07.4 0.40 0.05 unresolved
J1132-1947  11:32:50.86 -19:47:15.0 0.44 0.05 unresolved
J1132-1948  11:32:52.05 -19:48:53.9 293 0.29 barely
J1132-2021b  11:32:52.99 -20:21:05.8 0.57 0.06 unresolved
J1132-1932 11:32:53.49 -19:32:38.9 0.91 0.09 barely
J1132-1939  11:32:56.53 -19:39:26.5 0.85 0.09 barely
J1132-2004c  11:32:56.66 -20:04:46.2 0.70 0.07 barely
J1132-2012b  11:32:56.81 -20:12:49.8 0.72 0.07 unresolved
J1132-1934  11:32:58.51 -19:34:24.1 0.98 0.10 unresolved
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Table 6.15: A1300 uGMRT radio catalogue (continued)

Name RAj2000 DECj2000 Fesomr. AF  Morphology
(mJy)

J1132-2004d  11:32:59.85 -20:04:04.1 18.2 1.82 barely
J1133-1955a  11:33:00.32 -19:55:49.2 0.52 0.06 unresolved
J1133-2008  11:33:01.31 -20:08:08.9 0.58 0.06 barely
J1133-2000a  11:33:03.15 -20:00:34.2 0.60 0.06 barely
J1133-2012  11:33:03.81 -20:12:11.0 7.25 0.72 unresolved
J1133-1942  11:33:05.00 -19:42:37.0 0.58 0.06 unresolved
J1133-2018  11:33:06.39 -20:18:56.9 3.08 0.30 unresolved
J1133-2005a  11:33:07.10 -20:05:06.1 0.67 0.07 barely
J1133-1952a  11:33:07.66 -19:52:04.9 1.16 0.11 unresolved
J1133-2011  11:33:09.55 -20:11:48.9 4.22 042 unresolved
J1133-2013a  11:33:09.86 -20:13:41.7 0.73 0.07 barely
J1133-2006  11:33:11.03 -20:06:40.9 0.56 0.06 unresolved
J1133-2007  11:33:11.22 -20:07:15.2 0.86 0.09 unresolved
J1133-1945  11:33:13.05 -19:45:32.4 2.00 0.20 barely
J1133-2005b  11:33:13.47 -20:05:36.1 1.01 0.10 unresolved
J1133-2013b  11:33:16.07 -20:13:42.0 0.63 0.06 barely
J1133-2016a 11:33:16.42 -20:16:46.0 0.67 0.07 unresolved
J1133-1951  11:33:16.57 -19:51:44.7 1.06 0.11 unresolved
J1133-2000b  11:33:17.81 -20:00:59.9 0.81 0.08 barely
J1133-2004  11:33:18.03  -20:04:25.9 78.3 7.83 barely
J1133-1952b  11:33:20.03 -19:52:11.7 1.18 0.12 unresolved
J1133-2016b  11:33:20.78 -20:16:05.4 7.59 0.76 barely
J1133-2009  11:33:22.30 -20:09:20.9 0.89 0.09 barely
J1133-2002 11:33:26.25 -20:02:14.1 2.09 0.21 unresolved
J1133-1955b  11:33:28.90 -19:55:29.1 2.95 0.29 unrsolved
J1133-1940  11:33:32.96 -19:40:23.9 11.9 1.19 barely
J1133-1959  11:33:33.93  -19:59:59.5 5.81 0.58 unresolved
J1133-1954  11:33:36.93 -19:54:15.9 3199.0 320 barely
J1133-1943  11:33:47.87 -19:43:23.2 2.92 0.29 unresolved
J1133-1947a  11:33:55.15 -19:47:14.6 8.74 0.87 barely
J1133-1947b  11:33:56.07 -19:47:20.1 515 0.51 barely
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6.5 Summary of the MeerKAT and the uGMRT
radio catalogues

In this section we report a summary of the MeerKAT and the uGMRT radio cata-
logues. Tab. and report the number (N) of the sources and the percentage
(%) of the unresolved, barely resolved or extended sources.

According to our morphological classification, in the MeerKAT radio catalogue the
unresolved sources are the 67 %, the barely resolved are 28%, and the extended
sources are the 5% of the sample.

In the uGMRT catalogue, the unresolved sources are the 61% of the sample, the
barely resolved sources are the 35%, and the extended sources are the 4% of the
sample.

In Fig. and we report the histograms of the integrated flux density distri-
butions from the MeerKAT and uGMRT catalogues respectively. As visible from
the plots, there is evidence of statistical incompleteness in both the samples. This
is consistent with what is found in the logN-logS distributions.

Table 6.16: A1300 MeerKAT radio catalogue

Unresolved Barely Extended

N (0] 32 5
% 67 28 5

Table 6.17: A1300 uGMRT radio catalogue

Unresolved Barely Extended

N 197 110 11
% 61 35 4
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Figure 6.6: The histogram shows the distribution of the integrated flux densities for the
sources in the MeerKAT radio catalogue. The incompleteness at low fluxes is consistent
with the result from the statistical source counts (logN-logS).
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Figure 6.7: The histogram shows the distribution of the integrated flux densities for the
sources in the uGMRT radio catalogue. The incompleteness at low fluxes is consistent
with the result from the statistical source counts (logN-logS).
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6.6 Spectral analysis

In order to get a spectral index information on the radio sources detected in the
A1300 field within an area of 30 arcmin radius, we crossmatched our MeerKAT and
uGMRT catalogues.

First, we performed the same test as for MACSJ1931-2634, in order to determine
the optimal radius for the matches, following the same method adopted in [Ma-
hony et al. (2016). We matched our catalogues several times, choosing different
separation radii, in order to investigate how the number of matches varies with
the separation radius. The optimal matching radius was found to be 10 arcsec, as
visible from Fig. [6.8) which corresponds to the radius after which the number of
matches drops.
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Figure 6.8: The image shows our test to determine the optimal matching radius between
the two catalogues. The blue dots are the number of matches as a function of the search
radius. The dotted line marks the search radius choosen for the final best match.

We report in Fig. the offset between the MeerKAT sources and the uGMRT
sources. There is a systematic offset, which is not uncommon when doing phase-
only self-calibration (Mahony et al., 2016]). The median values of the offset are 0.15
arcsec in right ascension and 1 arcsec in declination. The sources which show a
higher offset were further visually inspected to assess the reliability of the cross-
match.

To estimate the spectral indices we considered the central frequencies of 1.2
GHz and 640 MHz. First, we report the spectral indices of the sources in common
(Tabl6.18 and following), which are 103.

Then, we give an upper limit of the sources detected only at 1.2 GHz, which are 9
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Figure 6.9: The image shows the offset in right ascension and declination between the
MeerKAT positions and the uGMRT positions. There is a clear systematic offset, primarly
in declination for all sources.

(Tab. and the sources detected only at 640 MHz, which are 215 (Tab.
and following).

To estimate the spectral indices we adopted the convention: F, oc v=%.
The values of the spectral indices are estimated by the equation:

B 10910(%)

= 6.1
logio (lf) (61)

The errors are estimated according to the formula adopted in Mahony et al. (2016):

1 Fl err 2 FZ err 2
E, = ’ ’ 6.2

where 1 5 refers to the frequencies, and F 5 to the corresponding flux densities at
those frequencies.

In Figure we report the spectral index distribution of the sources in common
which has a median spectral index of 1.1 + 0.2. This value is steeper than what
we found from MACSJ1931-2634 field and from previous studies (Williams et al.,
2016; Mahony et al., [2016; Intema et al., 2011} Ishwara-Chandra et al., 2010)).
According to [Mahony et al. (2016]), we can separate the sample of the sources in
common into three primary categories: sources with a (353 < 0.5 are flat, sources
with 0.5 < a (383 < 1.2 are steep, whereas sources with a §25° > 1.2 are ultra-steep.

According to this separation, the majority of the sources in the sample are steep
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sources (0.5 < a [38 < 1.2), which is expected at these frequencies. They are the
45% of the sample. The ultra-steep sources are comparable in percentage to the
steep sources. They are the 42 % of the sample. Finally, the flat sources are the
13% of the sample.

In Fig. [6.11] and [6.12] are reported the spectral index distributions of the upper
limits, i.e. the sources detected at 1.2 GHz only or at 640 MHz only respectively.
The median value of the MeerKAT distribution is -2.4 whereas the median value of
the uGMRT distribution is 1.05.

The values reported with an asterisk are extreme cases further visually inspected
which could be biased. They are not taken into account in the alpha index distri-
bution.

12

10

E) — ; 1 I 2;
alpha

Figure 6.10: Histogram of the spectral indices from 640 MHz-1.2 GHz for sources in the

A1300 field detected both at 1.2 GHz and 640 MHz. The red line indicates the median

value, steeper in respect to the previous studies, which is 1.1 £ 0.2. The source population

is dominated by steep spectra sources.
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Table 6.18: Spectral indices of the common sources

RA 72000 DECj200 Fiocm: Fesomm: « Eq
(mJy) (mJy)

11:29:55.75 -19:49:35.6 0.53 1.66 1.641 0.21
11:30:05.22 -19:58:22.5 0.33 1.25 1914 0.25
11:30:06.58 -20:06:44.2 1.46 4.93 1.749 0.20
11:30:12.66 -19:39:19.9 1.16 3.82 1.713 0.20
11:30:21.47 -20:13:38.3 4.84 16.0 1.719 0.20
11:30:23.56 -19:36:16.2 0.47 1.03 1.128 0.23
11:30:26.59 -20:06:29.3 2.29 7.40 1.686 0.20
11:30:28.87 -19:45:56.9 0.54 1.62 1.579 0.21
11:30:31.14 -19:46:16.2 1.94 4.09 1.072 0.20
11:30:35.86  -19:34:01.7 1.50 5.70 1.919 0.20
11:30:36.32  -20:04:23.1 118.0 70.0 -0.75 0.20
11:30:46.08 -19:43:59.3 1.28 2.03 0.663 0.20
11:30:48.71 -20:05:31.9 0.31 2.00 2.68 0.27
11:30:50.61 -20:01:12.1 1.13 2.37 1.064 0.20
11:30:50.75 -20:14:43.7 4.80 13.0 1.432 0.20
11:30:51.72  -20:08:55.6 0.72 2.23 1.625 0.21
11:30:52.15 -20:11:56.9 1.91 3.45 0.85 0.20
11:30:54.36  -20:04:58.3 0.84 2.05 1.282 0.20
11:30:57.85  -20:13:27.6 6.48 21.7 1.737 0.20
11:30:58.41 -19:59:36.6 2.22 5.15 1.209 0.20
11:31:04.67 -20:17:05.3 0.36 1.06 1.552 0.24
11:31:05.14 -19:39:22.6 1.19 2.00 0.746 0.20
11:31:06.17 -19:44:23.2 0.87 1.33 0.61 0.20
11:31:08.12  -19:54:17.0 2.38 7.23 1.597 0.20
11:31:09.25 -19:59:19.1 4.18 9.68 1.207 0.20
11:31:09.93 -19:56:58.1 1.32 2.31 0.804 0.20
11:31:10.11  -19:44:42.4 0.62 2.53 2.022 0.21
11:31:13.72 -20:00:20.5 1.69 3.38 0.996 0.20
11:31:15.76  -20:11:06.2 0.26 0.76  1.542 0.26
11:31:19.49  -19:52:39.7 0.60 1.30 1.111 0.22
11:31:20.84 -19:46:06.6 0.80 1.01 0.335 0.21
11:31:21.67 -20:03:11.8 1.39 3.98 1.512 0.21
11:31:22.33  -20:17:34.0 0.36 1.02 1497 0.24
11:31:22.47 -19:47:31.5 0.37 090 1.278 0.24
11:31:24.77  -20:01:09.5 10.7 27.8 1372 0.21
11:31:26.88  -19:53:26.1 3.90 7.22 0.885 0.21
11:31:27.49 -19:51:46.1 1.62 092 -0.81 0.21
11:31:29.91  -19:31:48.9 0.59 1.00 0.758 0.22
11:31:32.52 -19:46:59.5 0.51 0.75 0.554 0.22
11:31:35.54 -20:07:27.8 0.31 0.74 1.251 0.27
11:31:35.78  -20:22:56.9 0.46 1.22 1.402 0.23
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Table 6.19: Spectral indices of the common sources (continued)

RA 72000 DECj200 Fi2cm: Fesonmm: o' Eq
(mJy) (mJy)

11:31:39.27 -19:33:29.7 9.2 23.1 1.323 0.20
11:31:40.34 -19:34:59.0 0.82 4.96 2.587 0.17
11:31:42.31 -19:38:11.5 6.49 10.9 0.745 0.20
11:31:42.42 -20:19:25.5 0.74 0.74 -0.0 0.21
11:31:43.92 -19:52:54.2 10.0 34.3 1.772 0.21
11:31:48.36  -19:50:43.9 0.70 0.78 0.155 0.22
11:31:49.49 -19:58:06.5 0.39 0.82 1.068 0.23
11:31:50.73  -19:42:26.8 3.08 6.68 1.113 0.20
11:31:53.44 -20:12:11.0 0.60 1.12 0.897 0.21
11:31:54.29 -19:53:53.5 37.4 95.7 135 0.21
11:31:54.30 -19:55:39.0 12.1 30.6 1.334 0.21
11:31:54.85 -19:52:07.6 2.30 6.54 1.502 0.21
11:31:55.72  -20:08:18.6 0.78 1.39 0.83 0.20
11:31:55.77 -20:14:45.5 1.27 2.09 0.716 0.20
11:31:56.69 -19:57:22.7 0.39 0.98 1.324 0.23
11:31:58.71  -20:07:00.4 0.48 1.06 1.139 0.23
11:31:58.83 -19:43:53.1 1.55 4.73 1.604 0.20
11:32:02.78  -19:54:09.3 1.02 4.12 2.007 0.21
11:32:03.40 -19:41:43.2 0.76 1.67 1.131 0.20
11:32:04.75 -19:26:17.7 1.02 1.75 0.776  0.20
11:32:06.33 -20:11:26.0 1.66 4.13 1.31 0.20
11:32:10.36 -19:53:11.1 0.70 1.29 0.878 0.21
11:32:10.97 -20:23:23.3 0.77 2.0 1372 0.20
11:32:14.00 -19:56:09.7 0.68 0.88 0.37 0.20
11:32:14.76  -20:07:38.9 0.58 1.05 0.853 0.22
11:32:21.68 -20:03:09.9 1.87 4.03 1.104 0.20
11:32:21.69 -19:51:41.1 1.15 1.58 0.456 0.20
11:32:22.75 -20:22:35.6 4.59 11.6 1.333 0.20
11:32:24.86  -19:49:01.2 0.41 0.43 0.068 0.24
11:32:27.09 -19:30:35.8 14.7 18.8 0.353 0.21
11:32:30.06 -19:48:46.9 0.81 1.14 0.491 0.21
11:32:31.30 -19:48:40.1 2.17 7.25 1.734 0.21
11:32:36.80 -20:21:33.9 0.80 1.97 1.295 0.21
11:32:37.60 -20:03:57.8 1.26 2.12  0.748 0.21
11:32:37.88  -19:49:08.7 5.59 9.01 0.686 0.20
11:32:37.91 -19:34:47.5 1.55 4.99 1.681 0.20
11:32:39.38  -20:19:39.1 1.05 1.58 0.587 0.20
11:32:39.69 -20:12:06.1 1.28 3.1 1.271 0.21
11:32:41.55 -20:06:54.6 5.55 21.2  1.927 0.2
11:32:43.84 -20:02:53.8 3.47 3.17 -0.13 0.21
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Table 6.20: Spectral indices of the common sources (continued)

RA 72000 DECj200 Fiocrm: Feaomm: a Ea
(mJy) (mJy)

11:32:45.96 -20:20:58.1 1.10 3.82 1.79 0.21
11:32:48.52 -19:57:56.6 0.52 0.87 0.74 0.22
11:32:52.18 -19:48:50.0 1.19 2.93 1.295 0.20
11:32:58.47 -19:34:22.1 0.69 0.98 0.504 0.21
11:32:59.85 -20:04:02.7 7.49 18.2 1.276 0.21
11:33:03.79  -20:12:09.8 4.48 7.25 0.692 0.20
11:33:06.42 -20:18:55.7 1.40 3.08 1.133 0.20
11:33:07.68 -19:52:04.2 0.59 1.16 0.972 0.21
11:33:09.55 -20:11:47.6 1.93 4.22 1.124 0.20
11:33:11.23 -20:07:14.3 0.71 0.86 0.275 0.22
11:33:13.05 -19:45:31.2 1.07 2.0 0.899 0.20
11:33:18.07 -20:04:24.7 33.1 78.3 1.238 0.21
11:33:20.75 -20:16:03.6 1.71 759 2.142 0.21
11:33:26.25 -20:02:13.3 1.63 2.09 0.357 0.21
11:33:28.86 -19:55:28.0 1.59 2.95 0.888 0.22
11:33:32.95 -19:40:22.5 2.99 11.9 1986 0.21
11:33:33.90 -19:59:58.8 4.36 5.81 0.412 0.21
11:33:36.89 -19:54:14.6 932.0 3199.0 1.773 0.2
11:33:55.12  -19:47:13.7 2.41 874 1.852 0.2

Table 6.21: Spectral index upper limits of the MeerKAT (only) sources

RA y2000 DECj2000 Fiogu: AF aul
(mJy)

11:29:57.58 -19:48:18.1 1.01 0.10 < -2.74
11:30:11.69 -19:59:06.1 0.20 0.02 <-041
11:30:28.22  -20:09:28.0 0.62 0.07 < -2.04
11:30:32.98  -20:07:45.0 0.80 0.09 <-2.40
11:30:38.29  -20:07:14.4 0.80 0.09 < -2.40
11:30:44.64 -20:00:05.7 1.11 0.11 < -2.87
11:31:08.71  -19:32:20.0 0.79 0.08 < -2.38
11:32:03.80  -19:54:59.7 0.46 0.06 <-1.61
11:33:48.22  -19:52:44.1 1.15 0.12 < -2.92
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Table 6.22: Spectral index upper limits of the uGMRT (only) sources

RA ;2000 DECj2000 Fesomn. AF  oul
(mJy)

11:29:56.23  -19:44:19.1 0.21 0.02 < 0.07
11:30:08.41  -19:55:31.9 0.69 0.07 < 1.78
11:30:09.15 -19:41:51.4 0.81 0.08 < 2.01
11:30:09.32  -19:47:25.7 1.83 0.18 < 3.18*
11:30:18.68 -19:43:00.3 0.80 0.08 < 1.99
11:30:22.96  -19:56:22.1 0.62 0.06 < 1.62
11:30:27.31  -19:46:04.6 0.64 0.07 < 1.67
11:30:29.53  -19:38:27.3 0.60 0.06 < 1.57
11:30:32.71  -19:54:20.6 0.50 0.06 < 1.31
11:30:36.00  -19:39:42.5 0.77 0.08 < 1.93
11:30:37.97 -19:51:26.1 0.34 0.04 <0.76
11:30:42.84 -19:46:07.6 0.53 0.06 < 1.40
11:30:43.29  -19:50:45.3 0.38 0.04 <0.92
11:30:44.06  -19:46:14.0 0.49 0.06 < 1.28
11:30:45.73  -19:53:41.7 0.59 0.06 < 1.55
11:30:46.85  -19:56:46.7 0.44 0.06 < 1.13
11:30:47.32  -19:46:42.3 0.30 0.04 < 0.58
11:30:51.02  -19:49:03.7 0.71 0.07 < 1.82
11:30:51.86  -19:32:23.3 1.42 0.14 <2381
11:30:56.07 -19:56:46.7 0.44 0.06 < 1.13
11:30:56.08 -19:51:50.8 0.41 0.06 < 1.03
11:30:58.73  -19:59:54.9 0.91 0.09 <217
11:30:59.39  -19:45:07.8 0.39 0.04 < 0.96
11:31:00.21  -19:47:34.1 0.38 0.04 <0.92
11:31:04.16  -19:56:18.2 0.47 0.06 < 1.22
11:31:05.82  -19:57:10.7 0.25 0.03 <0.32
11:31:06.85 -19:33:35.4 0.84 0.08 < 2.06
11:31:08.25  -19:45:04.9 0.42 0.05 < 1.06
11:31:08.50  -19:52:06.5 0.40 0.06 < 0.99
11:31:08.77  -19:44:50.0 0.69 0.07 < 1.78
11:31:09.22  -19:59:08.2 0.45 0.06 < 1.16
11:31:09.54  -20:10:07.9 0.50 0.06 <131
11:31:11.94  -19:44:05.2 0.28 0.04 <048
11:31:12.91  -19:49:46.4 0.38 0.04 <0.92
11:31:13.02  -19:49:09.2 0.50 0.06 < 1.31
11:31:14.39  -20:05:32.8 0.49 0.06 < 1.28
11:31:14.40  -19:45:19.5 0.39 0.04 < 0.96
11:31:14.48  -19:37:11.7 0.52 0.06 < 1.37
11:31:15.63  -19:42:07.6 0.52 0.06 < 1.37
11:31:16.60 -20:01:32.8 0.38 0.04 <0.92
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Table 6.23: Spectral index upper limits of the uGMRT (only) sources (continued)

RA ;2000 DECj2000 Fesomn. AF  aul
(mJy)

11:31:16.86  -20:01:50.0 0.42 0.05 < 1.06
11:31:17.74  -20:19:50.8 1.37 0.14 < 2.76
11:31:18.60 -19:45:20.4 0.27 0.04 <043
11:31:19.20 -19:42:28.9 0.27 0.04 <043
11:31:19.37 -20:02:22.1 0.35 0.04 < 0.80
11:31:20.04 -20:14:58.5 0.59 0.06 < 1.55
11:31:20.93 -20:02:38.7 0.48 0.06 < 1.25
11:31:21.71  -19:51:36.7 0.26 0.03 < 0.37
11:31:21.76  -19:56:33.5 0.33 0.04 <0.72
11:31:22.48 -19:38:09.5 0.41 0.05 < 1.03
11:31:23.90 -20:12:50.1 1.21 0.12 < 2.58
11:31:24.62 -19:31:54.6 0.46 0.06 < 1.19
11:31:28.31  -19:59:02.3 0.44 0.06 < 1.13
11:31:30.23  -19:40:38.5 0.41 0.06 < 1.03
11:31:30.48 -19:54:22.2 0.43 0.05 < 1.10
11:31:31.43  -20:04:10.8 0.34 0.04 < 0.76
11:31:33.10  -19:34:41.7 0.47 0.0 < 1.22
11:31:35.88  -19:42:25.2 0.26 0.04 < 0.37
11:31:36.07 -20:00:23.1 0.22 0.03 < 0.13
11:31:36.44  -19:46:14.1 0.30 0.04 < 0.58
11:31:37.74 -20:14:38.7 0.35 0.04 < 0.80
11:31:38.13  -20:12:01.7 0.41 0.056 < 1.03
11:31:38.64 -19:42:31.7 0.24 0.03 < 0.26
11:31:39.74 -19:52:51.8 0.52 0.06 < 1.37
11:31:40.02 -19:46:04.2 0.45 0.06 < 1.16
11:31:40.30 -20:10:35.4 0.45 0.05 < 1.16
11:31:40.84 -19:45:25.9 0.24 0.03 < 0.26
11:31:42.31  -20:05:06.7 0.18 0.03 <-0.1
11:31:43.04 -19:41:19.5 0.22 0.03 < 0.13
11:31:43.63 -20:11:29.9 0.55 0.06 <145
11:31:43.92  -19:59:42.6 0.50 0.056 < 1.31
11:31:44.03  -19:35:40.2 0.44 0.05 < 1.13
11:31:45.14 -20:17:17.9 0.38 0.04 <0.92
11:31:46.61 -19:26:45.2 0.63 0.07 < 1.64
11:31:46.91  -19:30:56.8 0.37 0.04 < 0.88
11:31:46.96 -19:54:52.5 1.90 0.21 < 3.23*
11:31:47.51 -19:48:14.8 0.42 0.05 < 1.06
11:31:48.45 -19:59:08.3 0.25 0.03 < 0.32
11:31:48.62 -19:49:01.7 0.33 0.04 <0.72
11:31:49.05 -19:36:49.3 0.59 0.06 < 1.55
11:31:49.11  -19:42:15.9 1.01 0.10 < 2.32
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Table 6.24: Spectral index upper limits of the uGMRT (only) sources (continued)

RA ;2000 DECj2000 Fesomn. AF  oul
(mJy)

11:31:49.18 -20:05:22.2 0.23 0.03 < 0.20
11:31:49.31 -19:59:18.4 0.23 0.03 < 0.20
11:31:49.97 -20:01:36.7 0.29 0.04 < 0.53
11:31:50.30 -19:42:46.9 1.23 0.12 < 2.61*
11:31:51.27  -19:42:43.0 1.53 0.15 < 2.92*
11:31:51.71  -19:59:57.2 0.40 0.05 < 0.99
11:31:51.91 -19:30:07.1 0.33 0.04 <0.72
11:31:52.00 -20:21:03.3 0.59 0.06 < 1.55
11:31:52.07 -20:20:06.4 0.42 0.05 < 1.06
11:31:52.26  -19:32:04.8 0.30 0.04 < 0.58
11:31:52.98 -20:03:25.6 0.40 0.05 < 0.99
11:31:54.28 -19:55:28.9 1.20 0.12 < 2.57*
11:31:54.51 -19:52:27.3 0.44 0.06 < 1.13
11:31:54.58 -19:43:48.7 0.41 0.05 < 1.03
11:31:54.69 -20:01:32.5 0.34 0.04 < 0.76
11:31:54.90 -20:07:53.2 0.26 0.03 < 0.37
11:31:55.26  -19:32:59.8 0.49 0.05 < 1.28
11:31:55.48 -19:59:33.9 0.63 0.07 < 1.64
11:31:55.74 -19:55:19.8 0.92 0.09 <219
11:31:57.25 -19:40:01.9 0.37 0.04 <0.88
11:31:57.41 -20:02:31.9 0.44 005 < 1.13
11:31:57.99 -19:56:59.9 0.40 0.05 < 0.99
11:31:58.19 -19:46:58.3 0.58 0.06 < 1.53
11:31:58.20 -20:12:16.7 0.66 0.07 < 1.71
11:31:58.48 -20:20:42.3 0.78 0.08 < 1.95
11:31:58.63 -19:44:35.1 0.22 0.03 < 0.13
11:31:58.86  -20:11:26.4 0.29 0.04 < 0.53
11:31:58.97 -19:47:49.4 0.55 0.06 <145
11:31:59.07 -19:48:16.9 0.23 0.03 < 0.20
11:31:59.16  -19:40:26.8 0.23 0.03 < 0.20
11:31:59.44  -19:40:36.1 0.66 0.07 <171
11:32:00.42 -19:30:01.1 0.48 0.05 < 1.25
11:32:00.65 -20:01:39.9 0.25 0.03 < 0.32
11:32:01.34 -19:37:58.0 0.30 0.04 < 0.58
11:32:02.08 -19:27:59.4 0.77 0.08 < 1.93
11:32:02.56  -19:49:16.6 0.66 007 < 1.7
11:32:02.58 -19:37:28.9 0.51 0.05 < 1.34
11:32:02.71  -20:01:35.7 0.34 0.04 < 0.76
11:32:04.41 -19:52:12.1 0.34 0.04 <0.76
11:32:04.98 -20:05:03.3 0.23 0.03 < 0.20
11:32:05.39  -19:42:51.8 0.27 0.04 <043
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Table 6.25: Spectral index upper limits of the uGMRT (only) sources (continued)

RA j2000 DECj2000 Feaomnm. AF  aul
(mJy)

11:32:05.50  -19:26:24.8 0.86 0.09 < 2.09
11:32:06.15  -19:42:13.4 0.42 0.05 < 1.06
11:32:06.30  -20:15:28.9 0.30 0.04 < 0.58
11:32:07.62 -19:31:45.5 0.36 0.04 < 0.84
11:32:08.67  -20:04:08.0 0.36 0.04 < 0.84
11:32:09.95 -20:05:03.7 0.52 0.06 < 1.37
11:32:10.02  -19:49:43.9 0.72 0.07 < 1.84
11:32:11.10  -19:38:42.0 0.39 0.04 < 0.96
11:32:11.32  -19:51:33.6 0.22 0.03 <0.13
11:32:11.38  -19:39:31.3 0.37 0.04 < 0.88
11:32:11.63  -19:49:44.3 0.19 0.03 < -0.07
11:32:12.66  -19:54:56.1 0.20 0.03 < 0.32
11:32:12.67 -19:49:56.5 0.20 0.03 <0.32
11:32:12.79  -20:08:18.8 0.19 0.03 < -0.07
11:32:13.02  -19:42:09.6 0.39 0.04 < 0.96
11:32:13.41  -19:39:39.9 0.45 0.05 < 1.16
11:32:13.79  -19:38:54.8 0.30 0.04 < 0.58
11:32:14.14  -19:42:35.9 0.22 0.03 <0.13
11:32:14.23  -19:31:37.4 0.42 0.05 < 1.06
11:32:14.31  -19:52:54.0 0.23 0.03 < 0.20
11:32:14.46  -20:14:02.4 0.30 0.04 < 0.58
11:32:16.26  -20:16:47.1 0.35 0.04 < 0.80
11:32:16.36  -20:10:22.7 0.27 0.04 <043
11:32:16.37  -20:00:28.9 0.30 0.04 < 0.58
11:32:16.42  -19:37:16.0 0.46 0.05 < 1.19
11:32:17.02  -19:27:38.7 1.17 0.12 < 2.53
11:32:17.32  -19:55:28.6 0.23 0.03 <0.20
11:32:17.41  -19:48:25.7 0.31 0.04 < 0.63
11:32:17.62  -19:59:32.6 0.32 0.04 < 0.67
11:32:17.79  -20:05:36.6 0.19 0.03 < -0.07
11:32:18.27  -19:57:32.3 0.51 0.05 < 1.34
11:32:19.61  -19:53:17.0 0.35 0.04 < 0.80
11:32:19.75  -19:53:30.6 0.25 0.03 < 0.32
11:32:20.29 -20:14:36.1 0.37 0.04 < 0.88
11:32:20.38  -19:31:35.6 0.61 0.06 < 1.60
11:32:20.60  -19:35:09.6 0.44 0.06 < 1.13
11:32:20.79  -19:44:25.9 0.31 0.04 < 0.63
11:32:21.21  -19:42:32.7 0.22 0.03 <0.13
11:32:21.23  -20:05:44.6 0.77 0.08 < 1.93
11:32:22.66  -19:31:09.8 0.68 0.07 < 1.75
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Table 6.26: Spectral index upper limits of the uGMRT (only) sources (continued)

RA j2000 DECj2000 Fesomrr- AF  aul
(mJy)

11:32:22.72  -20:13:59.0 0.68 0.07 < 1.75
11:32:24.40 -20:06:28.0 0.35 0.04 < 0.80
11:32:25.06  -20:13:37.5 0.62 0.06 < 1.62
11:32:26.36  -20:06:57.1 0.37 0.04 <0.88
11:32:26.54 -20:08:25.8 0.39 0.04 < 0.96
11:32:27.49  -19:30:44.7 0.54 0.06 < 1.42
11:32:28.83  -19:40:52.2 0.30 0.04 < 0.58
11:32:29.52  -20:24:18.0 1.24 0.12 < 2.62
11:32:30.21  -20:06:31.9 0.28 0.04 <048
11:32:32.49  -19:59:25.9 0.45 0.05 < 1.16
11:32:32.53  -19:29:30.6 0.72 007 < 1.84
11:32:32.74  -20:22:02.1 0.86 0.09 < 2.09
11:32:33.32  -20:22:27.4 1.31 0.13 < 2.70
11:32:33.53  -20:10:04.4 0.65 0.07 < 1.69
11:32:34.29  -19:46:23.1 0.51 0.06 <134
11:32:34.74  -19:52:44.8 0.75 0.08 < 1.90
11:32:35.38  -20:11:04.7 0.42 0.05 < 1.06
11:32:36.99 -20:04:31.9 0.43 0.05 < 1.10
11:32:37.93  -20:09:07.6 0.30 0.04 < 0.58
11:32:38.91  -19:56:00.4 0.29 0.04 < 0.53
11:32:39.21  -19:45:32.8 0.42 0.05 < 1.06
11:32:40.47  -19:42:41.4 0.30 0.04 < 0.58
11:32:41.19  -20:10:40.2 0.48 0.05 < 1.25
11:32:42.34  -20:08:59.5 0.34 0.04 <0.76
11:32:43.83 -19:46:41.1 0.25 0.03 < 0.32
11:32:43.93 -20:13:38.1 0.41 0.056 < 1.03
11:32:45.74  -20:09:50.9 0.87 0.09 <211
11:32:46.86  -19:38:57.9 0.73 0.07 < 1.86
11:32:47.21  -20:01:37.5 0.31 0.04 < 0.63
11:32:47.78 -19:57:22.1 0.30 0.04 < 0.58
11:32:49.36  -19:49:07.4 0.40 0.056 < 0.99
11:32:50.86  -19:47:15.0 0.44 0.06 < 1.13
11:32:52.99  -20:21:05.8 0.57 0.06 < 1.50
11:32:53.49  -19:32:38.9 0.91 0.09 <217

11:32:56.53  -19:39:26.5 0.85 0.09 < 2.08
11:32:56.66  -20:04:46.2 0.70 0.07 < 1.80
11:32:56.81 -20:12:49.8 0.72 0.07 < 1.84
11:33:00.32  -19:55:49.2 0.52 0.06 < 1.37
11:33:01.31  -20:08:08.9 0.58 0.06 < 1.53
11:33:03.15  -20:00:34.2 0.60 0.06 < 1.57
11:33:05.00  -19:42:37.0 0.58 0.06 < 1.53
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Figure 6.11: Histogram of the upper limits of the spectral indices for sources in A1300
field detected only at 1.2 GHz. For the 640 MHz fluxes we assumed an upper limit of 5o
(i.e. 0.15 mJy). The red line indicates the median value which is -2.4.
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Figure 6.12: Histogram of the upper limits of the spectral indices for sources in A1300
field detected only at 640 MHz. For the 1.2 GHz fluxes we assumed an upper limit of 5o
(i.e. 0.2 mJy). The red line indicates the median value of the distribution which is 1.05.
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Table 6.27: Spectral index upper limits of the uGMRT (only) sources (continued)

RA 72000 DECj2000 Feasomu. AF o ul
(mJy)

11:33:07.10  -20:05:06.1 0.67 0.07 < 1.73
11:33:09.86  -20:13:41.7 0.73 0.07 < 1.86
11:33:11.03  -20:06:40.9 0.56 0.06 <148
11:33:13.47  -20:05:36.1 1.01 0.10 < 2.32
11:33:16.07  -20:13:42.0 0.63 0.06 < 1.64
11:33:16.42  -20:16:46.0 0.67 0.07 < 1.73
11:33:16.57 -19:51:44.7 1.06 0.11 <239
11:33:17.81  -20:00:59.9 0.81 0.08 < 2.01
11:33:20.03  -19:52:11.7 1.18 0.12 <255
11:33:22.30  -20:09:20.9 0.89 0.09 <214
11:33:47.87 -19:43:23.2 2.92 0.29 < 3.85*
11:33:56.07 -19:47:20.1 5.15 0.51 < 4.67*
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6.7 Radio source counts

After the radio analysis performed on the entire sample distributed on an area of
30 arcmin radius centered on the BCG, we restricted the statistical analysis and
the radio-optical crossmatch on an area of 12 arcmin radius. Consistently with the
analysis performed on MACSJ1931-2634 galaxy cluster, this area corresponds to
about 2 virial radii. The A1300 virial radius is 1.53 Mpc as estimated from |Ziparo
et al.| (2012).

We computed the source counts for our radio samples and we compared them with
the background in order to study if the dynamical properties of this region result
in an enhanced number of radio sources or vice-versa, in a reduced number of radio
sources (Venturi et all 2000, 2001; Prandoni et all) 2006; Mahony et al., [2016)).
We computed the two logN-logS distributions both for the sources detected with
MeerKAT (Fig. and those detected with uGMRT (Fig. [6.14).

The MeerKAT logN-logS (black counts) is computed on an area corresponding to
0.125 deg®. The noise in this area is homogeneus, so we considered a flux limit
of F > 0.2 mJy, corresponding to 50 (1o = 0.04 mJy/b) of the image, which is
the source detection threshold of the MeerKAT catalogue. The flux density ranges
from 0.2 mJy to 37.4 mJy, which is the flux density of the TAIL radio galaxy in the
center.

The total number of sources detected within this area over the flux density thresh-
old is 29. The resulting logN-logS is shown in Figure [6.13] The differential number
of sources in each bin is given in N deg=2 and the errors are poissonian. The width
of each bin is AF=F X log(2.5) (following |Venturi et al., {2000} 2001)).

For the background estimate (red counts), we considered an integrating area of
0.66 deg?, obtained by subtracting the 12 arcmin area to the total 30 arcmin area
(0.785 deg?) of our complete sample. In order to take into account the primary
beam attenuation at this distance, for the background estimation, we considered a
subsample with a flux density limit of 0.25 mJy. The total number of sources in
the sub-sample for the background counts is 83.

As visible from Fig[6.13] the counts in the cluster area and in the background do
not have the same shape, and we conclude that the number of radio sources in
A1300 is not fully in agreement with the background radio source counts. However,
it is evident that at fluxes > 10 mJy the sources dominate the background. This
result is also true for the uGMRT sample and it is consistent with what we found in
previous literature studies (see |Venturi et al., 2000, 2001} (Giacintucci et al., [2004]).
The cluster counts are above the background for fluxes F < 0.25 mJy, indicating
that there is less statistical incompleteness.

The same method is followed also for the uGMRT sample, integrating over the same
total area of 0.125 deg?, within which the noise is uniform, considering the source
detection threshold of 0.15 mJy (50). The total number of sources within the inte-
grating area is 96. We plot the background (red counts) for comparison obtained,
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as for the MeerKAT sample, by subtracting the integrating area of 12 arcmin radius
to the total area of 30 arcmin radius. The total background area is 0.66 deg?. We
take into account the primary beam attenuation at this distance, considering, as we
did for the MeerKAT sample, for the background an higher threshold of 0.2 mJy.
The number of sources in the reduced sub-sample for the background integration is
222. The resulting logN-logS is shown in Figure [6.14]

The cluster counts and the background have almost the same shape, with the ex-
ception of the interval of flux density 2.5 < F < 40 mJy, within which, the shape
is different and the sources dominate the background. The source counts are above
the background for flux density F > 10 mJy.
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Figure 6.13: Differential radio source counts in A1300 at 1.2 GHz. The total integrating
area, equivalent to 2 virial radii, is of 0.125 deg? (black counts). The background inte-
grating area is of 0.66 deg? (red counts). The sources dominate the background for fluxes
> 10 mJy.
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Figure 6.14: Differential radio source counts in A1300 at 640 MHz. The total integrating
area, equivalent to 2 virial radii, is of 0.125 deg? (black counts). The background inte-
grating area is of 0.66 deg? (red counts). The sources dominate the background for fluxes
> 10 mJy.

6.8 Optical identifications

We searched for optical counterparts of the radio sources detected in our catalogues
using Subaru-SuprimeCam photometric catalogueﬂ, limited by magnitude my=
25.85 (blue filter) and m, = 26.28 (red filter). The magnitude values are given at
50. Magnitudes have been corrected for the galactic extinction. Consistently with
the statistical source counts, we performed our search within two virial radii (i.e. 3
Mpc) from the cluster center.

The radio positional error is given by the ratio (HPBW/2xSNR) of the faintest
source (50) according to the method adopted in [Prandoni et al. (2000). In the
MeerKAT sample the radio positional error is ~ 1.2 arcsec. In the uGMRT sample
the error is ~ 0.5 arcsec. The optical positional error is of the order of ~ 0.02 arc-
sec. To crossmatch our catalogues, according to the method adopted in |Giacintucci
et al.| (2004), we considered the parameter R, defined as:

R2 _ A%fo

2 2
oy + 0y

(6.3)

Here, A?__ is the offset between the radio and the optical positions, 03 is the un-
certainty in the galaxy position, and o2 is the uncertainty in the radio position.
For our radio sources we considered reliable identifications those with R < 3, which

Shttps://archive.stsci.edu/prepds/clash/

272



corresponds to an offset of the order of 3". In Fig we report the offset between
the radio and the optical coordinates. After the crossmatch we further visually
inspected each source in order to assess the reliability of the matches.

The total number of radio galaxies crossmatched with Suprime r’ and g’ bands
resulted 96. We found 73 optical counterparts in r’ and 55 in g’, i.e. about ~75%
and ~57% of our sample respectively. We report upper limits ( > ) in the blue
magnitude for the missing 18 sources.

There are 12 cases of uncertainty in the identification of the optical counterparts in
r’ and only one case in g’ In these cases we considered the closest source the most
reliable counterpart.

Tab. and Tab. show the result of our cross-match: we report in columns 1
and 2 the Suprime 1’ coordinates (J2000), in column 3 the radio ID as derived from
the original initial catalogue, in 4 and 5 we report the radio coordinates (J2000)
and in column 6, 7, 8 the photometric information.

In boldface we report those sources that are consistent with being cluster members.
The BCG (source ID 201), of colour 1.4, is reported with an asterisk.

In order to test the reliability of our match, we shifted the radio coordinates of tens
arcsec and we repeated the match step. We get on average 12 matching, meaning
that about 8-10% of the associations could be random.

The redshift information for the optical counterparts are taken from VIMOS-
VLT within the ESO GO Large Programme (PI Béringher), number 169.A-0595
(see Ziparo et al., 2012). We found 21 slits placed on the optical counterparts
among which 17 have spectroscopic redshift. Considering also the spectra found
from NED databasd?] reported with an asterisk in Tab. and following, we have
a total of 21 redshifts.

We found that 9 galaxies are consistent with being cluster members (7 spectra are
extracted from our analysis and 2 spectra are taken from NED database). We con-
sidered reliable associations to the cluster A1300 those galaxies with 0.29 < z <
0.31 using the same interval discussed in [Ziparo et al.| (2012).

The cluster members are highlighted in boldface.

We report in columns 1 and 2 the radio coordinates (J2000), in column 3 the origi-
nal radio ID, in 4 and 5 we report the fluxes at 1.2 GHz and 640 MHz respectively,
in column 6 the spectral index, in column 7 we report the spectroscopic redshifts
that we estimated, or with an asterisk the redshifts from NED database, in columns
8 and 9 we report the radio powers at 1.2 GHz and 0.6 GHz respectively. There is
only one source which belongs to the MeerKAT sample only, indicated with radio
ID 312*. We can separate between two cases to classify the radio powers: we report
for those sources which have the radio flux density and the redshift information a
true radio power; we report an upper limit (<) on the radio power at 5o for those

Chttps://ned.ipac.caltech.edu/
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Table 6.28: Optical identifications

RA Suprime DEC Suprime Radio ID RA radio DEC radio g'mag r'mag (g-r’)
(r") (") hms dms
11:31:04.18 -19:56:18.57 320 11:31:04.16  -19:56:18.25 24.42 2394 0.47
11:31:05.79 -19:57:11.00 391 11:31:05.82 -19:57:10.75 23.93 22.08 1.85
11:31:08.49 -19:52:06.39 314 11:31:08.50  -19:52:06.55 18.45  18.06 0.38
11:31:09.25 -19:59:19.90 311 11:31:09.21  -19:59:20.55 23.34  22.26 1.07
11:31:09.14 -19:59:10.71 390 11:31:09.22  -19:59:08.28 > 25.55 24.99 > 0.55
11:31:12.90 -19:49:46.14 306 11:31:12.91  -19:49:46.49 > 25.55 2494 > 0.60
11:31:12.89 -19:49:11.51 305 11:31:13.02 -19:49:09.25 > 25.55 2448 > 1.06
11:31:13.05 -19:49:09.31 305 11:31:13.02 -19:49:09.25 23.02 2191 1.10
11:31:13.73 -20:00:21.51 304 11:31:13.70 -20:00:21.85 21.35 19.95 1.40
11:31:16.90 -20:01:49.82 296 11:31:16.86  -20:01:50.08 > 25.55 23.10 > 2.44
11:31:16.69 -20:01:49.61 296 11:31:16.86  -20:01:50.08 > 25.55 23.67 > 1.88
11:31:20.91 -20:02:39.67 286 11:31:20.93  -20:02:38.77 22.22  20.54 1.68
11:31:21.72 -19:51:36.17 285 11:31:21.71 -19:51:36.79 21.10 20.51 0.58
11:31:21.78 -19:56:33.76 284 11:31:21.76  -19:56:33.56 > 25.55 24.60 > 0.94
11:31:22.47 -19:47:32.82 280 11:31:22.46  -19:47:32.84 > 2555 23.21 > 2.33
11:31:24.75 -20:01:10.61 274 11:31:24.67  -20:01:10.40 > 25.55 24.15 > 1.39
11:31:26.90 -19:53:27.30 273 11:31:26.85  -19:53:27.54 21.98 21.95 0.02
11:31:27.52 -19:51:47.89 271 11:31:27.50  -19:51:47.46 > 2555  23.79 > 1.75
11:31:28.44 -19:59:02.79 270 11:31:28.31 -19:59:02.39 18.85 18.79 0.05
11:31:30.43 -19:54:21.50 267 11:31:30.48  -19:54:22.27 23.17  22.56 0.60
11:31:32.47 -19:46:58.29 265 11:31:32.50  -19:47:00.21 > 25.55 21.69 > 3.85
11:31:32.52 -19:47:00.07 265 11:31:32.50  -19:47:00.21 22.01 20.78 1.22
11:31:36.06 -20:00:22.83 260 11:31:36.07  -20:00:23.18 22.22  20.68 1.53
11:31:36.45 -19:46:14.20 259 11:31:36.44  -19:46:14.19 21.57  20.65 0.91
11:31:39.73 -19:52:51.96 250 11:31:39.74  -19:52:51.83 24.17  22.95 1.22
11:31:40.01 -19:46:03.95 249 11:31:40.02  -19:46:04.27 19.36  18.59 0.77
11:31:40.81 -19:45:26.20 246 11:31:40.84  -19:45:25.99 21.45  20.29 1.15
11:31:43.92 -19:59:42.81 237 11:31:43.92  -19:59:42.69 22.65  22.09 0.56
11:31:43.84 -19:52:45.81 234 11:31:43.96  -19:52:44.86 20.24 18.89 1.34
11:31:47.13  -19:54:52.77 228 11:31:46.96 -19:54:52.54 21.05 19.63 1.41
11:31:47.49 -19:48:15.14 227 11:31:47.51  -19:48:14.87 > 2555 24.06 > 1.48
11:31:48.41 -19:50:45.23 223 11:31:48.38  -19:50:45.30 23.33 22.64 0.69
11:31:48.48 -19:59:08.44 222 11:31:48.45  -19:59:08.30 20.80  20.16 0.64
11:31:48.56  -19:49:02.21 221 11:31:48.62 -19:49:01.74 21.23 20.21 1.02
11:31:49.21 -20:05:22.66 219 11:31:49.18  -20:05:22.28 24.00 24.03 -0.03
11:31:49.38 -19:59:17.65 217 11:31:49.31  -19:59:18.43 20.43 19.67 0.75
11:31:49.53 -19:58:07.66 216 11:31:49.50 -19:58:07.94 20.87 19.74 1.13
11:31:51.73 -19:59:56.92 212 11:31:51.71  -19:59:57.24 19.80 18.79 1.00
11:31:54.25 -19:55:28.58 204 11:31:54.28  -19:55:28.93 23.06 21.72 1.34
11:31:54.27 -19:53:50.82 200 11:31:54.29 -19:53:57.53 20.86 19.41 1.45
11:31:54.18 -19:55:39.82 201* 11:31:54.31 -19:55:40.53 20.09 18.62 1.46
11:31:54.66 -19:52:25.88 203 11:31:54.51  -19:52:27.36 > 25,55 23.84 > 1.70
11:31:54.49 -19:52:27.61 203 11:31:54.51  -19:52:27.36 23.69 22.29 1.40
11:31:54.96 -19:52:10.20 196 11:31:54.81 -19:52:07.98 20.70 19.24 1.45
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Table 6.29: Optical identifications (continued)

RA Suprime DEC Suprime Radio ID RA radio DEC radio g’'mag  r’mag (g-17)
(r") (r") hms dms
11:31:55.46 -19:59:34.21 194 11:31:55.48  -19:59:33.98 > 25.55  23.12 > 2.43
11:31:55.83 -19:55:19.10 193 11:31:55.74  -19:55:19.82 > 25.55 24.03 > 1.51
11:31:57.40 -20:02:32.14 187 11:31:57.41 -20:02:31.94 21.93 20.78 1.14
11:31:57.88 -19:57:00.00 186 11:31:57.99  -19:56:59.92 > 25,55  24.18 > 1.36
11:31:58.19 -19:46:58.21 185 11:31:58.19  -19:46:58.31 22.09  20.42 1.66
11:31:58.61 -19:44:34.93 182 11:31:58.63  -19:44:35.18 > 25.55  24.67 > 0.87
11:31:58.83 -19:44:35.39 182 11:31:58.63  -19:44:35.18 > 25.55 24.06 > 1.48
11:31:59.02 -19:47:48.84 178 11:31:58.97  -19:47:49.42 22.36 21.32 1.03
11:31:59.06 -19:48:17.49 176 11:31:59.07  -19:48:16.96 > 25.55  22.66 > 2.88
11:31:59.08 -19:48:15.98 176 11:31:59.07  -19:48:16.96 23.22  23.83 -0.61
11:32:02.41 -19:49:15.26 170 11:32:02.56  -19:49:16.61 > 25.55  23.31 > 2.24
11:32:02.57 -19:49:16.62 170 11:32:02.56  -19:49:16.61  22.7218 21.7857 0.9361
11:32:02.82 -19:54:08.72 168 11:32:02.62 -19:54:14.24 21.23 19.78 1.44
11:32:02.71 -20:01:35.73 169 11:32:02.71  -20:01:35.78 21.00  20.13 0.87
11:32:04.39 -19:52:12.41 166 11:32:04.41 -19:52:12.19 21.14  20.39 0.74
11:32:04.95 -20:05:03.21 164 11:32:04.98  -20:05:03.31 20.69  19.88 0.80
11:32:08.66 -20:04:08.68 157 11:32:08.67  -20:04:08.02 18.75  18.44 0.31
11:32:09.98 -20:05:02.75 156 11:32:09.95  -20:05:03.71 > 25.55  21.51 > 4.03
11:32:09.91 -20:05:04.21 156 11:32:09.95  -20:05:03.71 21.65 21.55 0.10
11:32:10.06 -19:49:43.98 155 11:32:10.02  -19:49:43.93 21.13  19.60 1.52
11:32:10.38 -19:53:12.09 154 11:32:10.38  -19:53:12.11 22.69  22.39 0.29
11:32:11.31 -19:51:33.55 151 11:32:11.32  -19:51:33.61 22.10  20.94 1.15
11:32:11.61 -19:49:44.69 149 11:32:11.63  -19:49:44.38 > 2555  23.39 > 2.15
11:32:12.69 -19:49:56.11 148 11:32:12.67  -19:49:56.58 22.86 22.03 0.82
11:32:12.49 -19:49:57.94 148 11:32:12.67  -19:49:56.58 > 25.55  23.63 > 1.91
11:32:12.61 -19:49:58.45 148 11:32:12.67  -19:49:56.58 > 25.55 ~ 22.78 > 2.76
11:32:14.02 -19:56:10.94 141 11:32:14.02  -19:56:10.87 > 25.55  23.26 > 2.29
11:32:14.26 -19:52:53.98 139 11:32:14.31  -19:52:54.00 22.67  21.26 1.40
11:32:16.35 -20:00:29.02 134 11:32:16.37  -20:00:28.93 > 25.55 24.41 > 1.13
11:32:17.26 -19:55:28.89 131 11:32:17.32  -19:55:28.64 > 25.55  24.20 > 1.34
11:32:17.43 -19:48:25.26 130 11:32:17.41  -19:48:25.77 24.40  23.98 0.41
11:32:18.29 -19:57:32.31 127 11:32:18.27  -19:57:32.37 22.00  21.07 0.93
11:32:19.76 -19:53:30.36 125 11:32:19.75  -19:53:30.65 23.04 22.74 0.29
11:32:21.19 -20:05:44.83 118 11:32:21.23  -20:05:44.68 21.54 20.35 1.19
11:32:21.71 -19:51:42.95 116 11:32:21.73  -19:51:42.58 > 25.55 23.56 > 1.98
11:32:24.85 -19:48:59.57 110 11:32:24.87  -19:49:02.13 23.85  23.60 0.25
11:32:24.84 -19:49:02.35 110 11:32:24.87  -19:49:02.13 24.04  22.19 1.84
11:32:30.08 -19:48:48.46 98 11:32:30.11  -19:48:48.36 23.68  21.96 1.72
11:32:31.30 -19:48:41.84 96 11:32:31.25  -19:48:41.48 23.62  21.87 1.74
11:32:31.07 -19:48:43.01 96 11:32:31.25  -19:48:41.48 > 25.55 23.93 > 1.62
11:32:34.73 -19:52:45.05 89 11:32:34.74  -19:52:44.89 18.27  18.24 0.03
11:32:38.91 -19:56:00.56 81 11:32:38.91  -19:56:00.43 21.53  20.53 1.00
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sources with the redshift information but for which the radio flux is undetected; the
sources without the redshift information are indicated with a symbol -.
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Table 6.30: Redshift identifications and radio powers

RA radio DEC radio RadioID Fiaca: FoscH= « zspec logP12 logPo¢
(hms) (dms) (mly)  (mJy)

11:31:04.16 -19:56:18.25 320 0.2 0.475 1.243 / - -
11:31:05.82 -19:57:10.75 391 0.2 0.258 0.366 / - -
11:31:08.32 -19:54:19.98 312 2.3845 7.231 1.595 / - -
11:31:08.50 -19:52:06.55 314 0.2 0.402 1.003 / - -
11:31:09.21 -19:59:20.55 311 4.1831 9.685 1.207 / - -
11:31:09.22 -19:59:08.28 390 0.2 0.459 1.194 / - -
11:31:09.91 -19:56:59.35 309 1.324 2.312 0.801 / - -
11:31:12.91 -19:49:46.49 306 0.2 0.381 0.926 / - -
11:31:13.02 -19:49:09.25 305 0.2 0.506 1.334 / - -
11:31:13.70 -20:00:21.85 304 1.6916 3.381 0.995 0.303 23.72 24.02
11:31:16.60 -20:01:32.81 297 0.2 0.384 0.937 / - -
11:31:16.86 -20:01:50.08 296 0.2 0.421 1.07 / - -
11:31:19.37 -20:02:22.16 290 0.2 0.356 0.829 / - -
11:31:19.46 -19:52:40.98 289 0.6005 1.305 1.116 / - -
11:31:20.93 -20:02:38.77 286 0.2 0.489 1.285 / - -
11:31:21.62 -20:03:13.30 283 1.3994 3.987 1.505 / - -
11:31:21.71 -19:51:36.79 285 0.2 0.261 0.382 / - -
11:31:21.76 -19:56:33.56 284 0.2 0.339 0.758 / - -
11:31:22.46 -19:47:32.84 280 0.3789 0.9 1.243 / - -
11:31:24.67 -20:01:10.40 274 10.788 27.85 1.363 / - -
11:31:26.85 -19:53:27.54 273 3.9054 7.22 0.883 3.02 24.15  24.42
11:31:27.50 -19:51:47.46 271 1.627 0.928 -0.8 / - -
11:31:28.31 -19:59:02.39 270 0.2 0.446 1.153 0.362 < 22.77 23.12
11:31:30.48 -19:54:22.27 267 0.2 0.439 1.13 / - -
11:31:31.43 -20:04:10.89 266 0.2 0.34 0.762 / - -
11:31:32.50 -19:47:00.21 265 0.5129 0.755 0.555 / - -
11:31:36.07 -20:00:23.18 260 0.2 0.221 0.143 0.465 < 2293 2297
11:31:36.44 -19:46:14.19 259 0.2 0.309 0.625 0.525 < 22.86  23.05
11:31:39.74 -19:52:51.83 250 0.2 0.524 1.384 / - -
11:31:40.02 -19:46:04.27 249 0.2 0.458 1.191 / - -
11:31:40.84 -19:45:25.99 246 0.2 0.241 0.268 / - -
11:31:42.31 -20:05:06.79 244 0.2 0.186 -0.1 / - -
11:31:43.92 -19:59:42.69 237 0.2 0.504 1.328 / - -
11:31:43.96 -19:52:44.68 234 7.7391 34.38 2.144  0.2575%* 24.26 24.91
11:31:46.96 -19:54:52.54 228 0.2 1.907 3.242 0.3027* < 22.81 23.51
11:31:47.51 -19:48:14.87 227 0.2 0.422 1.073 / - -
11:31:48.38 -19:50:45.30 223 0.7044 0.786 0.157 / - -
11:31:48.45 -19:59:08.30 222 0.2 0.259 0.371 / - -
11:31:48.62 -19:49:01.74 221 0.2 0.334 0.737 0.302 < 22.81 23.04
11:31:49.18 -20:05:22.28 219 0.2 0.231 0.207 / - -
11:31:49.31 -19:59:18.43 217 0.2 0.236 0.237 / - -
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Table 6.31: Redshift identifications and radio powers (continued)

RA radio DEC radio RadioID Fiscr. Foscw: o zspec logP1o logPog
(hms) (dms) (mly)  (mJy)

11:31:49.50 -19:58:07.94 216 0.3954 0.824 1.055 0.2956 23.08 23.40
11:31:49.97 -20:01:36.71 215 0.2 0.298 0.573 / - -
11:31:51.71 -19:59:57.24 212 0.2 0.4 0.996  0.2408 < 22779  23.09
11:31:52.98 -20:03:25.67 388 0.2 0.408 1.025 / - -
11:31:54.28 -19:55:28.93 204 0.2 1.203 2.579 / - -
11:31:54.29 -19:53:57.53 200 37.883 95.7 1.332 0.3054 25.03 25.43
11:31:54.31 -19:55:40.53 201 12.147 30.63 1.329 0.3077* 24.53 24.94
11:31:54.51 -19:52:27.36 203 0.2 0.449 1.162 / - -
11:31:54.58 -19:43:48.75 202 0.2 0.413 1.042 / - -
11:31:54.69 -20:01:32.50 199 0.2 0.345 0.783 / - -
11:31:54.81 -19:52:07.98 196 2.3072 6.548 1.499 0.3031 23.79 24.25
11:31:55.48 -19:59:33.98 194 0.2 0.632 1.654 0.740 < 22.63 23.13
11:31:55.74 -19:55:19.82 193 0.2 0.924 2.2 / - -
11:31:56.62 -19:57:23.80 189 0.3982 0.981 1.296 / - -
11:31:57.41 -20:02:31.94 187 0.2 0.448 1.159 / - -
11:31:57.99 -19:56:59.92 186 0.2 0.404 1.01 / - -
11:31:58.19 -19:46:58.31 185 0.2 0.586 1.545  0.2273 <2274 23.21
11:31:58.63 -19:44:35.18 182 0.2 0.222 0.15 / - -
11:31:58.67 -20:07:01.54 181 0.4846 1.067 1.134 / - -
11:31:58.82 -19:43:56.00 179 1.5523 4.73 1.602 / - -
11:31:58.97 -19:47:49.42 178 0.2 0.552 1.459 / - -
11:31:59.07 -19:48:16.96 176 0.2 0.23 0.2 / - -
11:32:00.65 -20:01:39.93 173 0.2 0.258 0.366 / - -
11:32:02.56 -19:49:16.61 170 0.2 0.663 1.723 / - -
11:32:02.71 -20:01:35.78 169 0.2 0.345 0.783 / - -
11:32:03.62 -19:54:14.24 168 1.02 4.128 2.01 0.3067 23.38 23.99
11:32:03.80*  -19:54:59.70%* 312%* 0.464 0.15 -1.62 / - -
11:32:04.41 -19:52:12.19 166 0.2 0.348 0.796 0.302 < 22.81 23.05
11:32:04.98 -20:05:03.31 164 0.2 0.237 0.244 0.3615 < 22.89 22.96
11:32:08.67 -20:04:08.02 157 0.2 0.365 0.864 / - -
11:32:09.95 -20:05:03.71 156 0.2 0.523 1.382 / - -
11:32:10.02 -19:49:43.93 155 0.2 0.725 1.851 / - -
11:32:10.38 -19:53:12.11 154 0.7082 1.293 0.865 / - -
11:32:11.32 -19:51:33.61 151 0.2 0.221 0.143 0.612 < 22.97 23.01
11:32:11.63 -19:49:44.38 149 0.2 0.198 -0.017 / - -
11:32:12.66 -19:54:56.13 147 0.2 0.208 0.056 / - -
11:32:12.67 -19:49:56.58 148 0.2 0.201 0.007 0.675 <23.01 23.01
11:32:14.02 -19:56:10.87 141 0.6828 0.887 0.376 / - -
11:32:14.31 -19:52:54.00 139 0.2 0.232 0.213 / - -
11:32:16.37 -20:00:28.93 134 0.2 0.301 0.587 / - -
11:32:17.32 -19:55:28.64 131 0.2 0.23 0.2 / - -
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Figure 6.15: The image shows the radio positions compared to the optical positions. We
choosed 3" as the reliable distance for the crossmatches further visually inspecting each

match.
Table 6.32: Redshift identifications and radio powers (continued)
RA radio DEC radio RadioID Fiagr. FoecH= o zspec logP12  logPg.¢
(hns) (dms) (mly)  (mJy)
11:32:17.41  -19:48:25.77 130 0.2 0.317 0.662 / - -
11:32:17.62  -19:59:32.69 129 0.2 0.325 0.698 / - -
11:32:17.79  -20:05:36.64 128 0.2 0.196 -0.02 / - -
11:32:18.27  -19:57:32.37 127 0.2 0.512 1.351 / - -
11:32:19.61  -19:53:17.03 126 0.2 0.35 0.804 / - -
11:32:19.75  -19:53:30.65 125 0.2 0.259 0.371 / - -
11:32:21.23  -20:05:44.68 118 0.2 0.778 1.953 / - -
11:32:21.67 -20:03:11.17 115 1.8784 4.033 1.098 / - -
11:32:21.73  -19:51:42.58 116 1.1535 1.581 0.453 / - -
11:32:24.87  -19:49:02.13 110 0.4155 0.43 0.049 / - -
11:32:30.11  -19:48:48.36 98 0.8198 1.146 0.481 / - -
11:32:31.25  -19:48:41.48 96 2.1712 7.25 1.733 / - -
11:32:32.49  -19:59:25.99 94 0.2 0.458 1.191 / - -
11:32:34.74  -19:52:44.89 89 0.2 0.754 1.908 0.389* < 22.66 23.24
11:32:38.91  -19:56:00.43 81 0.2 0.296 0.563 / - -
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6.9 Radio-optical overdensities

In order to explore the properties of the radio galaxies in our sample and the dy-
namical properties of the environment in which they are located, we analyzed their
distribution on the Color-Magnitude diagram (Fig. and we analyzed their
spatial distribution within a magnitude range 18.0 < m,» < 21.0 (Fig. [6.17).

The Color-Magnitude diagram shows the distribution of the galaxies (the entire
sample belonging to VIMOS-VLT) divided into the red sequence, i.e. (g’-r’) higher
than 1.2, and the blue sequence. The dotted line represents the central ~ 1.5 value
of the red sequence whereas the dashed lines represent a 4+ 3o scatter from the
central value. The green dots are the radio galaxies detected in our samples (either
the MeerKAT galaxies and the uGMRT galaxies). The blue diamonds are those
galaxies which have redshifts not consistent with being cluster members. The red
diamonds represent those galaxies with redshifts consistent with being cluster mem-
bers: in particular, six are red galaxies, and three are blue galaxies (Fig. .
The dotted box represents the selection of those galaxies considered for the normal-
ization in the RLF estimation.

In Fig. we report the spatial distribution of the galaxies in our sample. The
color scale represents the source spatial density, being the white region the densest
region. The black lines are isodensity curves. The small black dots indicate all the
optical galaxies with the redshift consistent with being cluster members. The radio
galaxies lying under the red sequence without the redshifts are represented by the
green dots, whereas the radio galaxies which are distributed on the red sequence
whithout the redshifts are represented by the cian dots. Among the radio galax-
ies, nine have redshifts consistent with being cluster members (biggest dots). Six
of them are red galaxies whereas three are blue galaxies; the BCG (green dot) is
displaced from the center of the distribution, which is consistent with the disturbed
dynamical state of the cluster A1300.
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Figure 6.16: The Color-Magnitude diagram shows the galaxies distributed on the red
(AGN galaxies) and blue (SF galaxies) sequence. The green dots represent the galaxies
from our samples (MeerKAT and uGMRT). The red diamonds are the galaxies with
redshift consistent with being cluster members. The blue diamonds are those galaxies
with spectroscopic redshift out from the interval 0.29 < z < 0.31.
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Figure 6.17: Spatial distribution of A1300 galaxies within a magnitude range 18.0 < m,~
< 21.0. The distribution of the optical galaxies (black dots) and of the cluster galaxies
could be indicative of the post-merging status of A1300. Indeed, there is an offset of the
BCG (green dot) from the center of the distribution.
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6.10 Properties of the extended radio galaxies

According to the morphological criterion that we adopted to classify the radio
sources in our samples, five radio galaxies are extended in the MeerKAT cata-
logue, whereas eleven radio galaxies are extended in the uGMRT catalogue. In this
Section we report radio-optical overlays by means of optical Suprime and IR GCAV
images. The name of the radio sources and the coordinates reported are those from
the uGMRT catalogue.

J1131-1954a

This radio galaxy of coordinates RA=11:31:08.32 and 6=-19:54:19.98 is located at a
projected linear distance of ~ 2.9 Mpc from the BCG at the cluster redshift towards

West direction. Its morphology is difficult to classify, it could be a case of blend-
ing. Its flux at 1.2 GHz is 2.38 £ 0.24 mJy, whereas at 640 MHz is 7.23 £ 0.72 mJy.

Declination
-19:54:00.0 53:30.0

30.0

55:00.0

12.0 11.0 11:31:10.0 09.0 08.0 07.0 06.0 05.0 04.0

Right ascension

Figure 6.18: J1131 — 1954a. Radio contours at 5 sigma from new MeerKAT (i.e. 0.144
mJy/beam) and uGMRT (i.e. 0.135 mJy/beam) data at 1.2 GHz (green) and 640 MHz
(white) respectively, overlayed on IR GCAV Ks band, r band CFHT and g’ band Suprime
(R,G,B).
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J1131-2001c

This radio galaxy, located at 2.4 Mpc from the BCG in projected linear distance
towards South, could be a distant FRII. However, its morphology is difficult to
classify (Fig[6.19). It has coordinates RA=11:31:24.67 and §=-20:01:10.40. Its
integrated flux at 1.2 GHz is 10.7 4+ 1.07 mJy, whereas at 640 MHz the flux is 27.8
+ 2.8 mJy.

Declination
-20:01:00.0 00:30.0

30.0

02:00.0

28.0 27.0 26.0 25.0 11:31:24.0 23.0 22.0 21.0

Right ascension

Figure 6.19: J1131 — 2001c. Radio contours at 5 sigma from new MeerKAT (i.e. 0.175
mJy/beam) and uGMRT (i.e. 0.165 mJy/beam) data at 1.2 GHz (green) and 640 MHz
(white) respectively, overlayed on IR GCAV Ks band, r band CFHT and g’ band Suprime
(R,G,B).

J1131-1935a

This radio galaxy has coordinates RA=11:31:40.39 and 0=-19:35:00.17. According
to the radio contours at 1.2 GHz (green) and at 640 MHz, it could be classified as
an FRII radio galaxy (Fig.. It is located at a projected linear distance of 5.6
Mpec, if we consider the cluster scale and cosmology. Its flux density is 0.8 4+ 0.09
mJy at 1.2 GHz whereas at 640 MHz is 4.9 4+ 0.27 mJy.
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-19:35:00.0 34:30.0

Declination

30.0

4.0 43.0 42.0 41.0 11:31:40.0 38.0 38.0 37.0 36.0

Right ascension

Figure 6.20: J1131 — 1935a. Radio contours at 5 sigma from new MeerKAT (i.e. 0.158
mJy/beam) and uGMRT (i.e. 0.119 mJy/beam) data at 1.2 GHz (green) and 640 MHz
(white) respectively, overlayed on IR GCAV Ks band, r band CFHT and g’ band Suprime
(R,G,B).

J1131-1938b

This radio galaxy of coordinates RA=11:31:42.79 and §=-19:38:09.41 is located at a
projected linear distance of ~ 4.7 Mpc from the BCG at the cluster redshift towards
North direction. It could be classified as an FRII radio galaxy. Its flux at 1.2 GHz
is 6.49 + 0.65 mJy, whereas at 640 MHz is 10.9 4+ 1.09 mJy.

J1131-1952d

This radio galaxy of coordinates RA=11:31:43.96 and §=-19:52:44.86 is located at a
projected linear distance of ~ 970 kpc from the BCG at the cluster redshift towards
North-West direction. It is classified as a WAT radio galaxy by |[Reid et al.| (1999)).
They report its redshift at z=0.257, so it is part of a foreground group. Its flux at
1.2 GHz is 10.0 + 1.0 mJy, whereas at 640 MHz is 34.3 4+ 3.9 mJy.
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-19:38:00.0 30.0 37:00.0

Declination

30.0

39:00.0

47.0 46.0 45.0 44.0 43.0 42.0 41.0 11:31:40.0 39.0

Right ascension

Figure 6.21: J1131 — 1938b. Radio contours at 5 sigma from new MeerKAT (i.e. 0.150
mJy/beam) and uGMRT (i.e. 0.115 mJy/beam) data at 1.2 GHz (green) and 640 MHz
(white) respectively, overlayed on IR GCAV Ks band, r band CFHT and g’ band Suprime
(R,G,B).

J1131-1954c

This radio galaxy could be an FRII radio galaxy according to its morphology
(Figl6.23). It has coordinates RA=11:31:46.96 and 6=-19:54:52.54. The radio
galaxy J1131-1954c is located at a projected linear distance of ~ 508 kpc towards
West from the central BCG. It flux at 1.2 GHz is 0.7 + 0.08 mJy, whereas at 640
MHz the integrated flux density is 1.9 £+ 0.21.

J1131-1953b

This galaxy is classified as a tail radio galaxy. Following [Reid et al.| (1999) nomen-
clature, it corresponds to the A2 object located towards North in respect to the
BCG. It has coordinates RA=11:31:54.31 and 6=-19:53:57.53. It is located at a
projected linear distance of ~ 380 kpc only from the BCG. Its flux is 37.4 + 3.7 at
1.2 GHz whereas at 640 MHz the integrated flux is 95.7 & 9.5 mJy. In Figure
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Declination
30.0 52:00.0

-19:53:00.0

30.0

47.0 46.0 45.0 44.0 43.0 42.0 41.0 11:31:40.0

Right ascension

Figure 6.22: J1131 — 1952d. Radio contours at 5 sigma from new MeerKAT (i.e. 0.12
mJy/beam) and uGMRT (i.e. 0.17 mJy/beam) data at 1.2 GHz (green) and 640 MHz
(white) respectively, overlayed on IR GCAV Ks band, r band CFHT and g’ band Suprime
(R,G,B).

we indicated with a red cross the central BCG in A1300 galaxy cluster.

J1132-1954a

This galaxy is classified as a tail radio galaxy according to our morphological cri-
terion. It has coordinates RA=11:32:02.62 and §=-19:54:14.24. It is located at a
projected linear distance of ~ 600 kpc from the BCG. Its flux is 1.02 + 0.1 at 1.2
GHz whereas at 640 MHz the integrated flux is 4.12 £+ 0.47 mJy. Its extention at
640 MHz is of 120 kpc at the cluster redshift (Figure [6.25).

J1132-2022b and J1132-2022c

This two radio galaxies are challenging to classify: they could represent a case of
blending, as visible from Figl6.26] J1132-2022b has coordinates RA=11:32:21.64
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Declination
30.0 54:00.0

-19:55:00.0

30.0

11:31:50.0 49.0 48.0 47.0 46.0 45.0 44.0 43.0

Right ascension

Figure 6.23: J1131 — 1954c. Radio contours at 5 sigma from new MeerKAT (i.e. 0.20
mJy/beam) and uGMRT (i.e. 0.187 mJy/beam) data at 1.2 GHz (green) and 640 MHz
(white) respectively, overlayed on IR GCAV Ks band, r band CFHT and g’ band Suprime
(R,G,B).

and 6=-20:22:26.04 and J1132-2022¢ has coordinates RA=11:32:28.63 and
0=-20:22:57.57. The complex structure is located at a projected linear distance of
~ 7.6 Mpc from the BCG at the cluster redshift towards South direction. Indeed
at this distance, the blended structure is covered only by the GCAV Ks band and
not from the optical bands. The integrated flux of the total structure is about ~
16 + 0.5 mJy, considering the sum of the two contributions at 640 MHz.

J1132-2006d

This galaxy could be classified as an FRII radio galaxy. It has coordinates
RA=11:32:41.51 and 6=-20:06:56.08. It is located at a projected linear distance of
~ 4.3 Mpc from the BCG at the cluster scale. Its flux is 5.55 & 0.55 at 1.2 GHz
whereas at 640 MHz the integrated flux is 21.2 4+ 2.1 mJy.
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Declination
30.0 -19:54:00.0 53:30.0

55:00.0

30.0

59.0 58.0 57.0 56.0 55.0 54.0 53.0 52.0 51.0 11:31:50.0

Right ascension

Figure 6.24: J1131 — 1953b. Radio contours at 5 sigma from new MeerKAT (i.e. 0.31
mJy/beam) and uGMRT (i.e. 0.33 mJy/beam) data at 1.2 GHz (green) and 640 MHz
(white) respectively, overlayed on IR GCAV Ks band, r band CFHT and g’ band Suprime
(R,G,B).
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Declination
-19:54:00.0 53:30.0

30.0

55:00.0

06.0 05.0 04.0 03.0 02.0 01.0 11:32:00.0 31:59.0

Right ascension

Figure 6.25: J1132 — 1954a. Radio contours at 3 sigma from new MeerKAT (i.e. 0.31
mJy/beam) and uGMRT (i.e. 0.33 mJy/beam) data at 1.2 GHz (green) and 640 MHz
(white) respectively, overlayed on IR GCAV Ks band, r band CFHT and g’ band Suprime
(R,G,B).
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Declination
24:00.0 23:00.0 22:00.0 21:00.0 -20:20:00.0

25:00.0

26:00.0

40.0 35.0 11:32:30.0 25.0 20.0 15.0 10.0

Right ascension

Figure 6.26: J1132 —2022b,J1132 — 2022¢c. Radio contours at 5 sigma from new
MeerKAT (i.e. 0.17 mJy/beam) and uGMRT (i.e. 0.10 mJy/beam) data at 1.2 GHz
(green) and 640 MHz (white) respectively, overlayed on IR GCAV Ks band.
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Declination
30.0 06:00.0

-20:07:00.0

30.0

45.0 44.0 43.0 42.0 41.0 11:32:40.0 39.0 38.0

Right ascension

Figure 6.27: J1132 — 2006d. Radio contours at 5 sigma from new MeerKAT (i.e. 0.25
mJy/beam) and uGMRT (i.e. 0.2 mJy/beam) data at 1.2 GHz (green) and 640 MHz
(white) respectively, overlayed on IR GCAV Ks band, r band CFHT and g’ band Suprime
(R,G,B).

292



6.11 The Radio Luminosity Function

The Radio Luminosity Function is a powerful tool for investigating the statistical
properties of a population of objects. It provides the probability of a galaxy to be
radio loud with a radio power higher than a given value of P. According to the same
method adopted for the computation of the RLF for MACSJ1931-2634 sample of
galaxies, in this Section, we report the Bivariate Luminosity Function of A1300
sample of galaxies.

We estimated the RLF at 1.2 GHz and at 640 MHz, and we compared the 1.2 GHz
result with Venturi et al.| (2000), following their same method for the computation
and rescaling the result to our cosmology. We also reanalyzed our RLF following
the same method adopted in Branchesi et al. (2006), and we compared with them
our results. We are aware that our cases are different in terms of detection limits,
sample selection and data analysis. However, the comparison with a local (z=0.04)
RLF in |Venturi et al.| (2000) was performed in order to assess a possible evolution
with z. The comparison with Branchesi et al| (2006) was performed in order to
inspect how the RLF amplitude varies at a comparable redshift (i.e. z=0.3) and
within the same logarithmic intervals.

The confirmed cluster members for our computation are nine galaxies which have
optical counterparts with magnitude between 18.6 < m,» < 20.3. The power ranges
from logP1 o, (W Hz )= 22.81 to logP; asqr. (W Hz™')= 25.21 for the MeerKAT
sample and from logPgeqr.(W Hz™!)= 22.69 to logPysqm.(W Hz 1)= 25.49 for
the uGMRT sample. Each luminosity interval (AlogP) is 0.4 dex in size (Kale
et all [2015). To estimate the Fractional Luminosity Function, we considered the
number of elliptical galaxies consistent with being cluster members within the same
magnitude interval and the same integrating area. There are 261 galaxies in the
same area and with magnitude consistent with our radio sample. Among these, 70
have redshift 0.29 < z < 0.31, which is the number of objects considered for the
normalization.

The resulting Integral Luminosity Functions at 1.2 GHz and at 640 MHz for A1300
radio galaxies are shown in Fig6.28 and [6.29] compared with [Venturi et al] (2000)
and |Branchesi et al.| (2000]).

The shape of the Radio Luminosity Function in A1300 is similar to that of A3558
in Venturi et al.| (2000) until logP; sgr. ~ 24.0 (W/Hz), meaning that apparently
there is no evolution with z (Stocke et al., [1999); however, it is evident that the
amplitude is higher, meaning that statistically there could be higher probability to
develop a radio source in A1300.

The amplitude is higher also in respect to the RLF estimated in [Branchesi et al.
(2006]).

The shape of A1300 Radio Luminosity Function at 640 MHz is consistent with the
one at 1.2 GHz; apparently, there is a ‘jump’ in A1300 RLF at logPgsar. ~ 24.2
(W/Hz). In literature, they consider the jump as the separation between FRI and
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FRII radio galaxies (Ledlow & Owen, (1996)).

Table 6.33: A1300 Bivariate Luminosity Function at 1.2 GHz

AlogP o Fractional BLF  Integral BLF

22.81-23.21 4/70 0.1284
23.21-23.61 1/70 0.0713
23.61-24.01 2/70 0.0571
24.01-24.41 0/70 0.0285
24.41-24.81 1/70 0.0285
24.81-25.21 1/70 0.0142

Table 6.34: A1300 Bivariate Luminosity Function at 0.6 GHz

AlogPg ¢ Fractional BLF  Integral BLF

22.69-23.09 2/70 0.128
23.09-23.49 1/70 0.099
23.49-23.89 1/70 0.085
23.89-24.29 3/70 0.071
24.29-24.69 0/70 0.028
24.69-25.09 1/70 0.028
25.09-25.49 1/70 0.014
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Figure 6.28: Radio integral Luminosity Function, expressed as the fraction of galaxies
emitting with radio power > logP, for the MeerKAT sample at 1.2 GHz (black) compared
with Venturi et al.| (2000) Luminosity Function of A3558 (magenta).
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Figure 6.29: Radio integral Luminosity Function, expressed as the fraction of galaxies
emitting with radio power > logP, for the MeerKAT sample at 1.2 GHz (red) compared
with Branchesi et al. (2006) Integral Luminosity Function (black), adopting their method
for the RLF estimaton.
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Figure 6.30: Radio integral Luminosity Function, expressed as the fraction of galaxies
emitting with radio power > logP, for the uGMRT sample at 0.6 GHz.

296



6.12 The central region of A1300 galaxy cluster:
a ‘Dumb-bell’ BCG

In the radio domain, the central region of A1300 is dominated by a giant diffuse
emission consistent with being an ultra-steep radio halo (Venturi et al., [2013). Be-
yond the halo, a relic is located in the south-western periphery of the cluster and
a number of radio galaxies with extended emission are found at the cluster centre
(Reid et al., [1999). In this thesis we focused our analysis on the discrete emission
from radio galaxies. This cluster hosts a peculiar ‘dumb-bell’ ¢D galaxy (i.e. the
BCG) which is described in the next Section.

6.12.1 The ‘dumb-bell’ BCG

The central galaxy in A1300 is a ‘dumb-bell’ cD galaxy reported for the first time
in Pierre et al. (1997)). Ziparo et al. (2012)) in their X-ray/spectroscopic study on
the A1300 galaxy cluster, infer that the two nuclei of the BCG are separated by 1.2
arcsec.

In order to assess the properties of this peculiar object, we extracted the FORS-2
Longslit spectra of the two nuclei of the BCG, taken from an observation of 4 April
2006 (PI A. Edge, Project Number 0.77A-0215). The BCG was observed with two
exposures of 450s each, with 300V Grism. We retrived from the archive the data
and we reduced them by means of IRAF| task. The result of our spectroscopic
analysis is reported in Fig[6.31] where we show the spectra of the Northern nucleus
(black) and the Southern nucleus (red) respectively. The redshifts are z= 0.3095
(North) and z=0.3098 (South) respectively. The difference in velocity between the
two nuclei is of the order of ~ 70 km/s, consistent with the spectroscopic error
from the observational setup. The distance between the nuclei is 1" as shown in
Fig. [6.32] At the cluster redshift this corresponds to ~ 4.5 kpc.

Our result is consistent with the fact that the BCG consists of two galaxies inside
a common halo (see Di Gennaro et al., [2018| for other cases). There is evidence of
a third nucleus, which could be probably part of the same system but for which we
do not have redshift information.

The two nuclei are consistent with being a merging system, however, there is no
evidence of lensing effects (Ziparo et al., 2012).

The radio spectra of A1300 BCG is reported in Fig. obtained by means of
MeerKAT 1.2 GHz, uGMRT at 640 MHz and archival GMRT at 323 MHz.

We report in Fig. the radio contours at 1.2 GHz (green) and at 640 MHz
(white) with new MeerKAT and uGMRT data respectively. The contours are drawn
at 5 sigma and are overlayed on an optical composite image retrived from HST Relics

Thttps://heasarc.gsfc.nasa.gov/ftools/

297



BCG blobs (450 s. FORS2)

2500

2000
|

—— Blob North
—— Blob South

Arb. counts
1500
|

1000
|

500
|

M- 077.A-0215, P.I. A Edge
i
Iﬂ

| I 1 1 I
5000 6000 7000 8000 9000

Wavelength

Figure 6.31: The Northern nucleus spectrum (black) and the Southern nucleus spectrum
(red) of the ‘dumb-bell’ BCG in A1300. The difference in velocity resulted 70 km/s, which
is the order of the spectroscopic error in the observing setup. The two nuclei are at 1"
in distance, which corresponds to 4.5 kpc at the cluster scale. They could be part of a
merging system.

archivefl

8https://relics.stsci.edu/
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Figure 6.32: The image shows the MeerKAT at 1.2 GHz (green) and the uGMRT at 640
MHz (white) radio contours overlayed on HST Relics composite image of A1300 central
BCG. A third nucleus is well visible from the image. The three nuclei could be part of the
same merging system. There are no evidence of lensing effects for Ziparo et al. (2012).

299



70
60

30

40

0

Flus: ()
|

20

10

0.2 0.3 0.4 0.5
Frequency (GHz)

Figure 6.33: The radio spectrum of A1300 central BCG integrated at 1.2 GHz with
MeerKAT, 640 MHz with uGMRT and at 323 MHz with GMRT respectively.
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Chapter 7

The comparative study of
MACSJ1931-2634 and A1300
radio galaxy populations

In this Chapter we review the statistical properties of the radio galaxy populations
detected in MACSJ1931-2634 and A1300 galaxy clusters. We compare our statisti-
cal results in terms of source detection, spectral properties, statistical source counts
over an area wider than the virial radius.

We then compare the properties of the radio galaxies detected within two virial radii
from the cluster centre and identified as cluster members from our spectroscopic
analysis.

The properties of radio galaxies in relation with the environment in which they are
located and in particular, with the dynamical status of the gaseous environment
within clusters (the Intra-Cluster Medium), in which they are embedded, is an as-
trophysical topic which is today still open and much debated.

In particular, understand if the observed properties of radio galaxies arise at for-
mation (nature scenario) or they are an end product of physical processes (nurture
scenario) coming into play after galaxies have become part of a ‘group’ or a ‘cluster’
is difficult and not yet completely understood (see van Gorkom) 2004}, for reviews).
The galaxy density changes by orders of magnitude going from the innermost cluster
regions to poor groups and to the ‘field. Moreover, the density and the temperature
distribution of the ambient medium change dramatically going from small groups,
to clusters, to cluster mergers regions (see Feretti & Venturi, [2002)). Both factors,
however, seem not to affect the probability of early type galaxies to develop an
AGN-type radio source.

Owen et al. (1996]) suggest that the outer environment is not so different, as it
may seem, and all radio galaxies live in a sort of “cluster-like” environment. An
alternative hypothesis is that the galaxy density is not a crucial factor in triggering
nuclear radio emission in early type galaxies, and the local environment, i.e. the
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optical host, plays a much more important role.

The influence of large scale environment, and in particular of cluster merging, on
the starburst emission, is still a matter of debate. Numerical simulations in the past
(Evrard, |1991) lend support to the idea that the high fraction of starburst galaxies
seen in high redshift clusters is due to a single burst of star formation, triggered
by compression due to the increasing external pressure as the galaxy falls into the
dense intracluster medium. Different results (Fujita et al., [1999) argue that gas
stripping during cluster collision is the dominant factor. This leads to a decrease in
the star formation rate, hence weakening of the starburst phenomenon during the
merger.

The connection between starburst phenomenon and cluster mergers can be obtained
at radio wavelengths. Radio sources with logPq 4¢m.(W/Hz) < 22 are dominated
by star formation as the mechanism responsible in the production of radio emission
(Dwarakanath & Owenl|, [1999; Burns, 2001)).

A detailed study on two clusters at redshift z ~ 0.25 was carried out by [Owen et al.
(1999): A2125 and A2645 have similar intermediate redshift and richness class but
different dynamical state. They found a significantly higher number of radio galax-
ies wih logP1 4om. < 23 in A2125 compared to A2645 (27 and 4 respectively). Owen
et al.| (1999) suggest that the ongoing cluster merger could be responsible for the
excess radio source population. The radio emission could be affected by galaxy-
galaxy or ICM-galaxy interaction or both.

Different results were obtained from deep observations of the A3558 complex in
the central region of the Shapley Concentration (z ~ 0.05). Bardelli et al.| (1998)
proposed that this complex is the result of a cluster-cluster collision. The region of
A3558 was uniformely covered by radio observations to a power limit of logP; 4gx.
~ 22 (Venturi et al., [2000, 2001; Giacintucci et al., [2004) and only three candidate
starburst radio galaxies were detected.

Nowdays, thanks to new instruments such as LOFAR (van Haarlem et al., 2013),
a new window has opened on the low frequency properties of radio galaxy popula-
tions (Mahony et al., 2016; [Williams et al., [2016; Shimwell et al., [2019) over larger
areas. Indeed statistical properties of large samples down to low sensitivity can
tell us about evolutionary properties of various source populations (AGN and Star
Forming).

New interferometers such as MeerKAT and uGMRT are well suitable for character-
izing physical and evolutionary properties of radio sources over wider areas, down
to low flux densities thanks to the unprecedent sensitivity.

The study of MACSJ1931-2634 and A1300 radio galaxy populations is inserted
within this context. At the time of our observations the instruments used for the
analysis in this thesis were totally new. In particular, we performed both a sta-
tistical study on the radio galaxy population detected in a wide field of 30 arcmin
radius centered on the cluster centre and a radio-optical study on the radio galaxies
within the virial radius and consistent with being cluster members.
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Our final goal is to compare the statistical properties and the radio-optical features
of the galaxy populations of the merging cluster A1300 and the relaxed cluster
MACSJ1931-2634, both considered rich clusters and located at the intermediate
redshift of ~ 0.3.

7.1 The radio catalogues

We extracted four radio catalogues containing information on the radio galaxy pop-
ulation detected with MeerKAT at 1.2 GHz and uGMRT at 640 MHz.

In order to be consistent with the statistical analysis, we selected the same area of
30 arcmin radius from the cluster centre.

We report the final result in terms of flux density distribution for MACSJ1931-2634
catalogues (Fig. and Fig. [7.2)), and A1300 catalogues (Fig. and Fig.

respectively; moreover we report the percentage of unresolved, barely resolved and
extended sources detected in MACSJ1931-2634 (see Tab. and and in A1300
(Tab. and , according to the morphological criterion adopted and described
in Chapter 5 and 6. The source detection threshold is 5o (Prandoni et al., 2000) for
all the catalogues, i.e 0.20 mJy for MeerKAT catalogues and 0.15 mJy for uGMRT
catalogues (see Tab. [7.1]).

In MACSJ1931-2634 MeerKAT the flux density distribution peaks within the in-
terval 0.5 < logF < 1 mJy. In A1300 MeerKAT there are two peaks between 0.5 <
logF < 1mJy and 1 < logF < 2 mJy. In MACSJ1931-2634 uGMRT, there is a peak
of the distribution between 0.25 < logF < 0.5 mJy and also in A1300 uGMRT the
peak of the distribution is 0.25 < logF < 0.5 mJy. Also the trend of the flux density
distribution is consistent with the trend of the source counts, indeed, for logF >
1 mJy there is a drop off due to the decrease of the bright sources. In agreement
with Bondi et al. (2008)) we observe the upturn at ~ 0.5 mJy and the decline of
the flux, corresponding to the decline of the source counts, below ~ 0.5 mJy. This
latter could be due to statistical incompleteness of our samples.

If we compare the percentage of the unresolved, barely resolved and extended
sources in the two clusters, we can see that MACSJ1931-2634 and A1300 MeerKAT
catalogues have almost the same distribution, slightly higher for MACSJ1931-2634.
Also, we obtain similar percentage in uGMRT catalogues, but the number of un-
resolved sources is higher in MACSJ1931-2634 than in A1300 (77% vs 61% respec-
tively).
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Table 7.1: MeerKAT and uGMRT radio catalogues

target frequency threshold(50) total area source area source
(MHz) (mJy) (deg?) total number (arcmin) final number

A1300 1283 0.20 2.0 x 2.0 339 30 112
MACSJ1931 1283 0.20 2.0 x 2.0 626 30 192

-2634

A1300 640 0.15 1.5 x 1.5 399 30 318
MACSJ1931 640 0.15 1.5 x 1.5 732 30 623

-2634

Table 7.2: Summary on MACSJ1931-2634 MeerKAT radio catalogue

Unresolved Barely Extended

N 132 56 4
% 69 29 2

Table 7.3: Summary on MACSJ1931-2634 uGMRT radio catalogue

Unresolved Barely Extended

N 480 137 6
% 7 22 1

Table 7.4: Summary on A1300 MeerKAT radio catalogue

Unresolved Barely Extended

N I0) 32 5
% 67 28 5
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Figure 7.1: MACSJ1931 — 2634. The histogram shows the distribution of the inte-
grated flux density for the sources detected at 1.2 GHz in the MACSJ1931-2634 MeerKAT
radio catalogue. There is evidence of statistical incompleteness at low fluxes, consistent
with the result from the statistical source counts (logN-logS).

Table 7.5: Summary on A1300 uGMRT radio catalogue

Unresolved Barely Extended

N 197 110 11
% 61 35 4
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Figure 7.2: MACSJ1931 — 2634. The histogram shows the distribution of the inte-
grated flux density for the sources detected at 640 MHz in the MACSJ1931-2634 uGMRT
radio catalogue. There is evidence of statistical incompleteness at low fluxes, consistent
with the result from the statistical source counts (logN-logS).
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Figure 7.3: A1300. The histogram shows the distribution of the integrated flux density
for the sources detected at 1.2 GHz in the A1300 MeerKAT radio catalogue. There is
evidence of statistical incompleteness at low fluxes, consistent with the result from the
statistical source counts (logN-logS).
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Figure 7.4: A1300. The histogram shows the distribution of the integrated flux density
for the sources detected at 640 MHz in the A1300 uGMRT radio catalogue. There is
evidence of statistical incompleteness at low fluxes, consistent with the result from the
statistical source counts (logN-logS).
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7.2 Spectral distribution of the common sources

Obtaining large samples of radio galaxies at intermediate-low frequency allows to
study the source population in a statistically significant manner and investigate how
the properties of radio galaxies evolve over cosmic time (Mahony et al., 2016). In
particular, studying the spectral index properties of the radio source population can
provide insight into a range of source properties. For example, the spectral index
is often used to distinguish between source components in AGN (i.e. flat-spectrum
cores versus steep-spectrum lobes), or can also be used to derive approximate ages
of the radio source based on spectral ageing models (see [Harwood et al., [2013} 2015,
and references therein).

Previous studies that have looked at the average spectral index properties of large
samples have reported conflicting results as to whether the median spectral index
changes as a function of flux density (Prandoni et al. [2006; Randall et al., 2012}
Whittam et al.; 2013). This studies have been generally carried out at GHz fre-
quencies, with studies of low frequency selected sources typically showing evidence
for the median spectral index to become flatter at fainter flux densities (Ishwara-
Chandra et al 2010; Intema et al., 2011; Williams et al., 2013).

We report the result of our spectral analysis in Figure and [7.6]

The spectral index distribution of the sources in common between MeerKAT and
uGMRT catalogues in MACSJ1931-2634 has a median spectral index ~ 0.93 + 0.2.
This value is steeper than what was found in previous studies (Williams et al., [2016;
Intema et al., 2011} [Ishwara-Chandra et al., [2010). The typical spectral index over
this frequencies is around 0.78, but can ranges from 0.76 to 0.85 (Hardcastle et al.|
2016)). Mahony et al| (2016 found a steep value of 0.82 + 0.02 in their work from
sources in the Lockman-wide sample between 1.4 GHz and 150 MHz. Steep values
are also found in [Sirothia et al.| (2009)) of 0.82 £ 0.01 and in Williams et al. (2013)
of 0.87 £ 0.01.

We can separate the sample of the sources in common into three primary categories,

according to Mahony et al. (2016)): sources with a (33 < 0.5 are flat, sources with

0.5 < a §283 < 1.2 are steep, whereas sources with a (23 > 1.2 are ultra-steep.
According to this separation, the sample is dominated by steep sources (0.5 < «
583 < 1.2), which is expected at these frequencies (Mahony et al., 2016). They are
the 48 % of the sample, whereas the ultra-steep and the flat are the 32% and the
20% of the sample respectively.

In Figure [7.6] we report the spectral index distribution of the sources in common
between MeerKAT and uGMRT catalogues in A1300. The median spectral index
of the distribution is 1.1 4+ 0.2. This value is steeper than what we found for
MACSJ1931-2634 field and than what was found from previous studies (Williams
et al., 2016; Mahony et al.| 2016} [Intema et al., |2011}; Ishwara-Chandra et al.| [2010)).
According to the same criterion (Mahony et al., 2016) the majority of the sources

in the sample are steep sources (0.5 < o §%% < 1.2), which is expected at these fre-
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quencies. They are the 45% of the sample. The ultra-steep sources are comparable
in percentage to the steep sources. They are the 42 % of the sample. Finally, the
flat sources are the 13% of the sample.
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Figure 7.5: Histogram of the spectral indices from 640 MHz-1.2 GHz for sources in the
MACSJ1931-2634 field detected both at 1.2 GHz and 640 MHz. The red line indicates the
median value, steeper in respect to the previous studies, which is 0.9 + 0.2. The source
population is dominated by steep spectra sources.
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Figure 7.6: Histogram of the spectral indices from 640 MHz-1.2 GHz for sources in the

A1300 field detected both at 1.2 GHz and 640 MHz. The red line indicates the median

value, steeper in respect to the previous studies, which is 1.1 £ 0.2. The source population
is dominated by steep spectra sources.

7.3 Statistical source counts

We computed for both clusters the statistical source counts within an area of 12
arcmin radius, corresponding to about two virial radii. MACSJ1931-2634 virial
radius is ~ 1.8 Mpc (Santos et al. [2016) as estimated from lensing; A1300 virial
radius is ~ 1.53 Mpc (Ziparo et al., 2012).

We computed the source counts for our radio samples and we compared them with
the background in order to study if the dynamical properties of this clusters result
in an enhanced number of radio sources or vice-versa, in a reduced number of radio
sources (Venturi et al., 2000, 2001} (Giacintucci et al.| 2004; Bondi et al.| 2008)).

In Fig. and [7.§ we report the logN-logS ditributions for MACSJ1931-2634 and
A1300 computed at 1.2 GHz with MeerKAT (black counts) in comparison with the
background (red counts). The plots show that in MACSJ1931-2634 cluster, the
counts in the cluster area and in the background have the same shape, suggest-
ing that the number of sources found in the cluster area are consistent with those
predicted for the background. In A1300 the counts in the cluster area and in the
background do not have the same shape. The number of sources detected in the
cluster area is not fully in agreement with the number of sources predicted for the
background. However, it is evident that for F > 10 mJy the cluster counts are
significantly above the background for both the clusters.

There is difference in the counts for F between 1-5 mJy, indeed in A1300 the cluster
counts dominate the background within this interval and the two distributions do
not have the same shape, whereas in MACSJ1931-2634 the cluster counts are partly
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below the background and the distributions have the same trend.

Finally, for F < 0.5 mJy there is a drop off in both the clusters, even if in MACSJ1931-
2634 the counts go significantly below the background for F < 0.25 mJy confirming
that our sample is incomplete below this limit; source counts in A1300 remain over
the background for F < 0.25 mJy, indicating less statistical incompleteness.

The plots show good agreement with previous literature results, indeed there is the
upturn in both for F > 0.5 mJy (Bondi et al., 2008). The distributions of both
clusters have the same detection threshold of 0.2 mJy (i.e. 50), and the noise over
the integrating cluster area is uniform. Moreover, the majority of the sources in
the cluster counts is unresolved. Avoiding the noise bias and the resolution bias
(see |Bondi et al 2008), the different trend between A1300 and MACSJ1931-2634,
detected at low fluxes, could be, at least in part, related to the different dynamical
state of the clusters.
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Figure 7.7: MACSJ1931 — 2634: Differential radio source counts in MACSJ1931-2434
field at 1.2 GHz. The total integrating area, equivalent to 2 virial radii, is of 0.125 deg?
(black counts). The background integrating area is of 0.66 deg? (red counts). The sources
dominate the background for fluxes > 10 mJy.

In Fig. and we report the logN-logS distributions of MACSJ1931-2634
and A1300 integrated at 640 MHz with the uGMRT. We computed the source
counts (black counts) in comparison with the background (red counts) in order to
assess if the dynamical properties of this clusters reflect in the enhanced number
of radio sources or vice-versa, in a reduced number of radio sources with respect to
the background. The plots show that in MACSJ1931-2634, the counts in the clus-
ter area and in the background have almost the same shape, suggesting that the
number of sources detected in the cluster area are consistent with those predicted
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Figure 7.8: A1300: Differential radio source counts in A1300 field at 1.2 GHz. The
total integrating area, equivalent to 2 virial radii, is of 0.125 deg? (black counts). The
background integrating area is of 0.66 deg? (red counts). The sources dominate the
background for fluxes > 10 mJy.

for the background. For 0.2 < F < 0.5 mJy, the sources dominate the background,
and the upturn is visible at F ~ 0.2 mJy, below which the counts go under the
background indicating the statistical incompleteness of our sample below this limit.
As for the MeerKAT plot at 1.2 GHz, the sources dominate the background for
fluxes F > 10 mJy.

In A1300 the cluster counts and the background have almost the same shape, with
the exception of the interval of flux density 2.5 < F < 40 mJy, within which, the
shape is different and the sources dominate the background. For F < 0.5 mJy the
sources dominate the background, indicating less statistical incompleteness.

The distributions have the same detection threshold of 0.15 mJy (i.e. 50), and the
noise over the integrating cluster area is uniform. Moreover, the majority of the
sources in the cluster counts is unresolved. The different trend between A1300 and
MACSJ1931-2634, detected at low fluxes, could be, at least in part, associated to
the different dynamical status of the clusters.
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Figure 7.9: MACSJ1931 — 2634: Differential radio source counts in MACSJ1931-2434
field at 640 MHz. The total integrating area, equivalent to 2 virial radii, is of 0.125 deg?
(black counts). The background integrating area is of 0.66 deg?® (red counts). As for
MeerKAT, the sources dominate the background for fluxes > 10 mJy.
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Figure 7.10: A1300: Differential radio source counts in A1300 field at 640 MHz. The
total integrating area, equivalent to 2 virial radii, is of 0.125 deg? (black counts). The
background integrating area is of 0.66 deg? (red counts). The sources dominate the
background for fluxes > 10 mJy.
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7.4 The Radio Luminosity Functions

The Radio Luminosity Function is a powerful statistical tool to investigate the radio
properties of galaxies in relation with the environment. The influence of the envi-
ronment should reflect in the shape of the RLF, in its amplitude or both (Venturi
et al., |2000; Branchesi et al., 2006]).

In Fig. we compare the RLF estimated for MACSJ1931-2634 and A1300
(z=0.3) at 1.2 GHz with MeerKAT and the RLF computed by Venturi et al.| (2000)
for A3558 at z=0.04. We made this comparison in order to assess the properties of
radio sources both in relation with the dynamical state of the cluster (i.e. merging
vs relaxed) and in relation with the redshift (i.e. evolution).

1
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Figure 7.11: Radio integral Luminosity Function, expressed as the fraction of galax-
ies emitting with radio power > logP, for A1300 MeerKAT sample at 1.2 GHz (black),
MACSJ1931-2634 MeerKAT (red), compared with |Venturi et al.| (2000) Luminosity Func-
tion of A3558 (magenta) rescaled to our cosmology.

Even though in A3558 the power interval is lower (and this could be the reason
of the steeper slope as explained in Branchesi et al. 2006), down to logP;4cm.
~ 22.2 (W/Hz), and the power interval in MeerKAT is up to logPi26m. > 25.6
(W/Hz), there is an overlap in terms of power intervals between 22.9 < logP1 46m.
< 23.9 for the three distributions.

The shape of the RLF looks similar until logPy 4qp. ~ 23.9, and it seems to confirm
that, apparently, there is no evolution with z, consistent with previous literature
results (Stocke et al., [1999).

If we compare the RLF at the same redshift of z ~ 0.3 but in different environments,
the amplitude of A1300 RLF is a factor ~ 2 higher than the RLF of MACSJ1931-
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2634, indicating that the probability of developing a radio source is higher in a
merging cluster (as for example for A2255 by Miller & Owen 2003). Since merger
processes might be important in the triggering of radio emission, increased signs of
activity are expected at earlier epochs. Our result goes in this direction.

On the contrary, but at local z, in A3558, which is a merging complex, it seems that
the unrelaxed environment does not increase the probability for elliptical galaxies
to develop a radio source (Bardelli et al., |1998; Venturi et al., 2000, 2001).

The slope of the local RLF appears steeper than MeerKAT RLF, this result is in
contrast with Branchesi et al.| (2006)), which found that the slope of their NEP RLF
is steeper than the one found in the local samples (i.e. Ledlow & Owen 1996).
Even though the poor statistics, one can see that there could be a power breaks at
logP1 4¢m. ~ 24.6 in A1300 and at logPq 461, ~ 25.1 in MACSJ1931-2634. Accord-
ing to literature results, the P break corresponds to the transition between FRI and
FRII radio galaxies; it is higher for higher optical magnitudes (Owen & Ledlow)
1994; Ledlow & Owen, [1996)).

In Fig. we report the comparison between the RLF estimated for A1300 and
MACSJ1931-2634 at 640 MHz. Also at low frequency the shape of the two RLFs is
similar for logP 4. ~ < 24.1. At higher radio power the A1300 RLF shows a P
break, whereas the MACSJ1931-2634 RLF seems to remain constant.

Also at low frequency the amplitude of A1300 RLF is a factor ~ 2 higher than
MACSJ1931-2634, indicating higher probability to develop a radio source in a merg-
ing cluster.

In absence of more data these are only speculations awaiting to be confirmed by a
much better statistics. The main result of this study is that the amplitude and the
slope of the RLF are different between local and distant clusters and from merging
and relaxed clusters.
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Figure 7.12: Radio integral Luminosity Function, expressed as the fraction of galaxies
emitting with radio power > logP, for A1300 MeerKAT sample at 640 MHz (black),
compared with MACSJ1931-2634 at 640 MHz (red).

7.5 Radio-optical features and spatial densities

In this section we summarize the radio-optical properties of those radio galaxies
that, according to our spectroscopic analysis, resulted cluster members. We found
that six galaxies are consistent with being cluster members in MACSJ1931-2634
galaxy cluster and nine galaxies are consistent with being cluster members in A1300
respectively.

In Tab. and we report their name, radio coordinates (J2000), the spectro-
scopic redshift, their magnitudes and color, the spectral index and the radio power
at 1.2 GHz.

In Fig. we report the comparison between the Color-Magnitude (C-M) dia-
gram for MACSJ1931-2634 and A1300 galaxy clusters respectively. In MACSJ1931-
2634 C-M diagram, cluster members are represented with triangles (the blue is the
BCG and the black triangle is the NAT galaxy); in A1300 C-M diagram the cluster
members are represented with red diamonds. In MACSJ1931-2634 cluster members
are equally distributed on the red and blue sequence (i.e. 3 AGN and 3 SF), in
A1300 the AGN population dominate (i.e. 6 AGN and 3 SF).

This result is confirmed in Fig. where we report the comparison of the logP-
color diagram for MACSJ1931-2634 and A1300 respectively.

If we associate this result to the dynamical state of the cluster, we can confirm the
result also found in Dwarakanath & Owen| (1999): A1300 is defined post-merging,
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Table 7.6: Summary on

member radio galaxies

the radio-optical properties of the MACSJ1931-2634 cluster

name RA DEC z Bmag Rmag (B-R) of? logPiacn-
(hms) — (°7) (W/Hz)
J1931-2637 19:31:46.60 -26:37:31.7 0.342 21.95 19.67 228 -1.3 23.22
J1931-2634 19:31:49.62 -26:34:32.6 0.352 18.84 18.14  0.70 1.9 25.31
J1931-2635 19:31:50.02 -26:35:17.2 0.351 21.54  19.27  2.27 1.2 25.81
J1931-2630 19:31:54.88 -26:30:57.1 0.351 21.66 19.46 2.20 0.6 23.60
J1931-2645 19:31:58.33 -26:45:34.4 0.359  20.85 19.33 1.52 1.7 <22.98
J1932-2625 19:32:07.42 -26:25:16.4 0.349  20.52 19.22  1.30 14 <22.95

Table 7.7: Summary on the radio-optical properties of the A1300 cluster member radio

galaxies
name RA DEC z gmag r'mag (g-r) aé;% logP1 26H-
(hms) — (°77) (W/Hz)
J1131-2000 11:31:13.70 -20:00:21.8 0.303 21.35 19.95 1.40 0.9 23.72
J1131-1954 11:31:46.96 -19:54:52.5 0.302 21.05 19.63 1.41 3.2 <22.81
J1131-1949 11:31:48.62 -19:49:01.7 0.302 21.23 20.21 1.02 0.7 <22.81
J1131-1958 11:31:49.50 -19:58:07.9 0.295 20.87 19.74 1.13 1.05 23.08
J1131-1953  11:31:54.29 -19:53:57.5 0.305 20.86 19.41 145 1.3 25.03
J1131-1955 11:31:54.31 -19:55:40.5 0.307 20.09 18.62 1.46 1.3 24.53
J1131-1952  11:31:54.81 -19:52:07.9 0.303 20.70 19.24  1.45 1.4 23.79
J1132-1954  11:32:03.62 -19:54:14.2 0.306 21.23 19.78 1.44 2.0 23.38
J1132-1952  11:32:04.41 -19:52:12.1 0.302 21.14 20.39 0.74 0.7 <22.81
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however, the cluster could still undergoing a merger activity. As a consequence,
most of the cluster members retain their gas content, which is responsible for radio
emission, bot in Star Forming galaxies and in non Star Forming (through fueling
the AGN). If MACSJ1931-2634 is already virialized, most of the cluster members
would have lost their gas to the intracluster medium, resulting in reduced gas sup-
ply and radio emission (see [Dwarakanath & Owen, (1999, for comparison).

In Fig. [7.15] we report the spatial distribution of cluster members projected in the
plane of the sky.

It is evident from the plots that there is difference in terms of spatial distribu-
tion. In both cases, as expected, the densest region is the central region indicating
segregation (white-yellow color), but the density distribution in MACSJ1931-2634
results elongated along the North-South direction, and decreases by moving away
from the centre; the density distribution in A1300 results roundish, and the galaxies
seem almost randomly distributed without an elongated shape.

In both the images the BCG is indicated with a green circle. It results that the BCG
in MACSJ1931-2634 is centrally located, whereas the BCG in A1300 is ‘shifted’ from
the centre of the spatial density distribution and there is a spatial offset which could
be a footprint of the merging phase.

The distribution of MACSJ1931-2634 and A1300 cluster members as a function of
radio luminosity at 1.2 GHz is shown in Fig. [7.16] The median value of the distri-
bution is logP1 sqr. ~ 23.5 for A1300 cluster members and ~ 23.8 for MACSJ1931-
2634 cluster members. Even though we have poor statistics, the distribution ap-
pears bimodal for both clusters, with two classess centered at logP ~ 23.5 and 25.5
W/Hz (see Dwarakanath & Owenl 1999, for comparison). The lower cutoff in the
distribution is due to the detection limit of the radio observations.
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Figure 7.13: The figure shows the Color-Magnitude diagrams for MACSJ1931-2634 (top
panel) and A1300 (bottom panel) galaxy clusters. The cluster members are indicated
with triangles in MACSJ1931-2634 and red diamonds in A1300.

320



26

25

[
=

logP {GHz]

[

L)
L
L

22

e e e ey I el g e Al g Al A g A el e 0

21

0.5 1.0 1.5 2.0 2.5 3.0
{B-R}
26

25

24

logP {GHz]

R -srrstaates bttt

22
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.5 2.0
{g'-r'}

| e R R R R R S S R
L]
L ]

Figure 7.14: The figure shows logP-color diagrams of MACSJ1931-2634 (top panel) and
A1300 (bottom panel). Even though with poor statistics, our results seem to confirm
that the merging could be a trigger for the radio emission.
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Figure 7.15: The figure shows the spatial distribution of galaxies of MACSJ1931-2634
(top panel) and A1300 (bottom panel). The spatial ditribution seems to confirm that the
merging is related to the increase of the density in the central regions (meaning white color
higher density) of clusters and, as a consequence, enhance the probability of galaxy-galaxy
interactions.
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Figure 7.16: The figure shows the distribution of A1300 (blue) and MACSJ1931-2634
(red) cluster members as a function of radio luminosity at 1.2 GHz. The peak of the
ditribution is logPi ogm. ~ 23.5 (W/Hz) for A1300 and logP; sgm. ~ 23.8 (W/Hz) for
MACSJ1931-2634 cluster members. Even though with little statistics, the distribution
appears bimodal for both clusters, according to Dwarakanath & Owen| (1999).
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7.6 SFR and Stellar Mass

We estimated the stellar masses of the cluster members and the specific star for-
mation rate (sSFR; which is the SFR normalized by the stellar mass) by means of
MAGPHYS (Cunha et al., 2008) as explained in Chapter 4. The Tables and
7.10| report our results. The SFR reported here must be interpreted as the result of
the best fitting model, in particular, for MACSJ1931-2634, the high values of the
SFR have to be considered as indicative of star formation activity but with high
error due to the fitting result (highly skewed). In Tab. and we report the
errors of the fit (percentile 2.5% and 97.5%).

We report in Fig. the radio power-stellar mass correlation for A1300 member
galaxies and MACSJ1931-2634 member galaxies. Even though the large scatter, in
A1300 the trend confirms what it is found in previous literature result: the radio
power from the galaxy is dependent on the mass of the galaxy, i.e. less massive
galaxies appear to be capable of hosting more low power radio sources (Kauffmann
et al.l 2003} Best et all 2005; Best|, |2007). No correlation is found instead in the
galaxies of MACSJ1931-2634, indeed the most massive galaxy in the sample (M ~
9.79 x 10" M) has a value of radio power consistent with being a Star Forming
galaxy (logP126m. ~ 22.9 W/Hz).
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Figure 7.17: The figure shows the Mass-logP correlation of MACSJ1931-2634 (blue dots)
and A1300 (red dots). The plot seems to confirm that the correlation in valid for A1300
cluster member galaxies, whereas there is no correlation for MACSJ1931-2634 galaxies.

In Fig. we show the radio power vs SFR for A1300 (red), MACSJ1931-2634
(blue) galaxies and for the BCG (black crosses) galaxies analyzed in this work. We
can compare our result with the Figure 4 in |Cooke et al.| (2016)). The radio powers
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observed are, on average, up to five orders of magnitude above the radio powers
expected if solely due to star formation estimated following Bell 2003 (dashed line).
This suggests that the radio emission is mainly being powered by the AGN both in
BCGs and in the other cluster galaxies. In addition, at least for A1300 the average
observed radio power increases with galaxy mass. This suggest that the source of
fuel for AGN activity increases with galaxy mass. Apparently, there is no correla-
tion in MACSJ1931-2634 radio galaxies between radio power and stellar mass. Our
results go in the direction of confirming that the cold gas could be the source for
both the AGN activity and the Star Formation activity (Pizzolato & Soker} 2005;
Gaspari et al., 2013} |Cooke et al., [2016)).

However, we are aware that we need more statistics to confirm and make more
robust our results.

In Fig. [7.19] we report the correlation between SFR with stellar mass (expressed
as x 10M M), compared with the correlation of the BCGs analyzed in this work
and with |Cooke et al.| (2016]). No SFMS is observed, according to the result from
Cooke et al.| (2016).
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Figure 7.18: The figure shows the SFR-logP correlation of MACSJ1931-2634 (blue dots)
and A1300 (red dots) galaxies compared with the BCGs analyzed in this work. The
plot shows that the radio powers are, on average, up to five orders of magnitude above

the radio powers expected if solely due to Star Formation estimated following Bell 2003
(dashed line).
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Table 7.8: Stellar Masses and SFR for A1300 cluster member radio galaxies

name Stellar Mass SFR sSFR logP126mH-
(x 10" Mg) Mg yr=!t  (x 1071 yr71) (W/Hz)

J1131-2000 1.22 1.75 1.44 23.72
J1131-1954 2.25 3.17 1.41 <22.81
J1131-1949 1.72 16.82 9.78 <22.81
J1131-1958 1.51 59.5 394 23.08
J1131-1953 4.30 6.27 1.46 25.03
J1131-1955 17.8 414 2.33 24.53
J1131-1952 4.46 6.51 1.46 23.79
J1132-1954 1.71 4.24 2.48 23.38
J1132-1952 0.38 41.07 108.1 <22.81
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Table 7.9: Stellar Mass and SFR fit errors at 2.5 % and 97.5 % respectively for A1300
cluster member radio galaxies

name Stellar Mass error 2.5 %  Stellar Mass error 97.5 % SFR error 2.5 % SFR error 97.5 %

J1131-2000 10.76 11.16 0.078 6.871

J1131-1954 10.99 11.40 0.121 10.764
J1131-1949 10.61 11.23 2.704 73.621
J1131-1958 11.02 11.45 5.649 153.815
J1131-1953 11.29 11.74 0.267 27.990
J1131-1955 11.99 12.30 0.619 80.724
J1131-1952 11.28 11.66 0.205 18.707
J1132-1954 10.90 11.28 0.122 9.484

J1132-1952 10.01 10.61 1.648 118.032

Table 7.10: Stellar Masses and SFR for MACSJ1931-2634 cluster member radio galaxies

name Stellar Mass SFR sSFR  logP1.20m-
(x 10" Mg) Mg yr~! (x 107" yr!)  (W/Hz)
J1931-2637 1.81 0.32 0.18 23.22
J1931-2634 1.63 660.1 405.6 25.31
J1931-2635 1.43 0.10 0.07 25.81
J1931-2630 1.69 0.01 0.01 23.60
J1931-2645 9.79 1119 114.3 <22.98
J1932-2625 2.13 707.9 330.2 <22.95
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Figure 7.19: The figure shows the SFR-Stellar Mass correlation of MACSJ1931-2634
(blue dots) and A1300 (red dots) galaxies compared with the BCGs analyzed in this

work. The plot shows that, according to |(Cooke et al.| (2016]) there is no correlation and
no SFMS is observed.

Table 7.11:

Stellar Mass and SFR fit errors at 2.5 % and 97.5 % respectively for
MACSJ1931-2634 cluster member radio galaxies

name Stellar Mass error 2.5 %  Stellar Mass error 97.5 %  SFR error 2.5 % SFR error 97.5 %
J1931-2637 11.10 11.58 0.08 24.10
J1931-2634 10.89 11.75 219.78 1294.2
J1931-2635 11.08 11.58 0.097 34.83
J1931-2630 11.03 11.51 0.092 25.23
J1931-2645 11.45 11.96 26.36 1037.53
J1932-2625 10.75 11.27 16.218 1011.69
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7.7 Summary and future perspectives

The main aim of this work is to investigate the properties of the radio galaxies in
galaxy clusters in relation with the environment in which they are located. In par-
ticular, one of the most debated topic is to understand whether or not the merging
dynamical state of the cluster influences the radio emission, both triggering the Star
Formation and fueling the AGN activity.

We analyzed first a sample of eleven BCGs in order to examine the radio proper-
ties of these ‘special’ centrally located galaxies. We found that, in agreement with
literature results, the radio emission is mainly AGN powered in these galaxies. We
estimated the q parameter as defined in (Condon et al.| (2002) to discriminate be-
tween the AGN and SF contribution and we found that all the BCGs in our sample
have q < 1.8 except A209, which is a merging cluster.

We estimated the SFR in the FIR band and we found that there is good agree-
ment with Fogarty et al.| (2015). Even though the values are estimated in different
bands, the trend seems to confirm that the Star Formation emission, which is not
the dominating mechanism, is present and not negligible especially in cool cores.
We selected two targets from our initial sample in order to investigate the properties
of radio galaxies into two environments considered ‘opposite’ in terms of dynamics.
A1300 is defined a post-merging cluster |Lemonon et al.| (1997); Pierre et al.| (1997)
and MACSJ1931-2634 is considered a cool core cluster (Ehlert et al. 2011} |Giac-
intucci et al., 2017). Moreover, the two selected clusters in our sample are at the
same z~(0.3 and classified with the same richness class.

We investigated from a statistical point of view the properties of the fields surround-
ing the two cluster within an area of 30 arcmin radius extracting two catalogues at
1.2 GHz and two at 640 MHz. We then considered a restricted area of two virial
radii to study the source counts and the Radio Luminosity Functions.

We are aware that we need more robust statistics, however, we highlight the fact that
we performed the entire analysis based on two completely new instruments which
were still in a preliminary stage of construction. Moreover, the radio observations
of MACSJ1931-2634 and A1300 were obtained much later than the spectroscopic
campaigns. However, our preliminary results show that the logN-logS and the RLF
estimated could both confirm that in A1300 the radio emission could be triggered
by the merging. Indeed in A1300 the source counts are overall higher than the
background, both at 1.2 GHz and at 640 MHz; the RLF of A1300 is a factor ~ 2
higher than that of MACSJ1931-2634, meaning that there is higher probability in
A1300 to develop a radio source (see |Miller & Owenl, 2003, for comparison).

We entirely characterized the radio-optical properties of the radio galaxies resulted
consistent with being cluster members from our spectroscopic analysis: we esti-
mated their spatial distribution, their location on the Color Magnitude diagrams
and we derived their radio luminosities and Stellar Masses.

Apparently, there is correlation between the Mass and the radio power for the galax-
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ies in A1300 and no significant correlation is found in MACSJ1931-2634 galaxies.
Moreover, comparing the SFR for the galaxies in our samples, it results that the
radio powers observed are up to five orders of magnitude above the radio powers
expected if due solely to star formation (see Condon, (1992 Bell, 2003} |Cooke et al.|
2016). No correlation is found and no SFMS is evident in the SFR-Stellar Mass
relation, this is consistent with Cooke et al.| (2016).

Our results go in the direction of confirming that the cold gas could be the source
for both the AGN activity and the Star Formation activity.

In absence of more data, our results are speculations awaiting to be confirmed by a
much better statistics. The future aim and perspective are to enlarge our statistics
by means of more spectroscopical information and analyze a wider sample of clus-
ters in different dynamical state.
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