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Diffuse radio sources are best studied at low radio frequencies (< 1 GHz) as they
typically have steep radio spectra, resulting in higher flux densities at lower frequen-
cies. However, this requires high surface brightness sensitivity, which is challenging
at low frequencies due to a variety of instrumental and propagation effects. Two
diffuse radio sources of interest are radio halos and relics, which are typically found
in the vicinity of galaxy clusters. The origin of radio halos have been historically
debated between the following models: hadronic (secondary electron) and turbulent
re-acceleration models, whereas that of radio relics is believed to arise from outgoing
merger shocks. Due to the exceptional sensitivity of MeerKAT, we are able to explore
diffuse radio sources with high fidelity. In this thesis we report the discovery of the
extended diffuse radio continuum around NGC 6240 at redshift of z = 0.0245 using
MeerKAT data at 1.28 GHz. We discuss the morphology, location, and linear size of
the extended diffuse continuum, however, due to technical issues, we could not clas-
sify the nature of the extended diffuse emission. We detect what we argue to be a
radio shock with an arc-like morphology with a radio power of 6.3 x 1022 W Hz ™! at
1.28 GHz. Our results show that even in low mass systems, MeerKAT is capable of
detecting radio relic-like components. The combined analysis of this extended radio
continuum halo together with that of the HI, cold molecular gas, and ionized gas will
lead to a more holistic understanding of NGC 6240.
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Chapter 1

Introduction

1.1 Galaxy formation and evolution

Over the years studies have shown that galaxies evolve through minor and major
mergers, as well as interacting with galaxies in close proximity (Barnes and Hernquist,
1992). Bower et al. (2016) reported that there are two distinct types of galaxies,
namely: active, blue-sequence galaxies that form young stars rapidly, and passive red-
sequence galaxies in which star-formation has nearly entirely ceased. Blue-sequence is
normally followed by low mass galaxies with a tense, nearly direct, correlation between
star formation rate and stellar mass (Brinchmann et al. 2004, Tacconi et al. 2020),
whereas red-sequence is followed by massive galaxies with nearly invisible levels of
star formation (Bower et al., 1992).

1.2 Basic overview of the big bang

For almost a century The Big Bang Theory has been used to describe the beginning
of the universe. The Big Bang Theory states that all the matter in the Universe,
current and past, came into existence simultaneously, approximately 13.8 Gyr ago
(e.g., Steiner 2006). It was around the 1950s and 1960s when The Big Bang (hot)
model was gradually developed. The model was supported by the studies of the cosmic
helium abundance (Hoyle and Tayler, 1964), where they found out that the abundance
of helium is everywhere by mass (~ 1/3 that of the hydrogen). Then the model was
further supported by the studies of the network of nuclear reactions (Wagoner et al.,
1967) and also by the detection of the cosmic microwave background (Penzias and
Wilson, 1965; Dicke et al., 1965; Hirschmann, 2011).

1.3 Dark matter halos and galaxy components

Cosmological models have shown that approximately 5/6 of the mass contained by our
universe is made of dark matter (Planck Collaboration et al., 2016). This dark matter
is believed to form the skeleton on which galaxies form, evolve and merge (Wechsler
and Tinker, 2018). Cosmological models suggest that dark matter and gas were well
blended initially; as the universe evolved , gas dissipated and fell to centrals of dark
matter halos (Wechsler and Tinker, 2018). The power spectrum of matter shows that
first formation is that of small objects, and halos should grow and merge gradually,
as the galaxies inside these continues to form stars and to grow via merging, because
their dark matter halos merge (Wechsler and Tinker, 2018).
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1.4 Feedback processes and ionized IGM /CGM

It is believed that after the activity of an AGN is triggered and the SMBHs reach a
certain mass (Ishibashi and Fabian, 2012), they release energy to the local medium
through jets, winds and radiation, which can enrich the circum-galactic medium
(CGM; Rubinur et al. 2019b). The winds also trigger star-formation beyond the
Active Galactic Nuclei (AGN) by shocking gas and suppress gas infall by blowing out
gas, and this is collectively called AGN feedback (Rubinur et al., 2019b). AGN out-
bursts found in smaller dark matter halos (with shallower gravitational potentials) are
believed to generate a huge impact on the intergalactic medium (IGM; Pandge et al.
2019). The feedback effect of AGN-driven outflows is now incorporated into galaxy
evolution models and has been used to describe the relative dearth of galaxies with
high mass (Benson et al., 2003; Bower et al., 2006), as well as the association between
the properties of the host galaxy and black hole mass (Fabian, 1999; Di Matteo et al.,
2005; Tadhunter, 2008).

1.5 Observations of IGM/CGM

Zwicky (1957) and Karachentsev and Lipovetskii (1969) were the first to point out the
presence of dust in the IGM, when observing the extinction of distant clusters behind
rich galaxy clusters. Ever since then, galaxy clusters have been used as cosmological
guidelines to indicate the previous history of IGM (Borgani et al., 2008; Kaastra et al.,
2008). A major premise of galaxy formation theory has long been the existence of
extensive gaseous halos around galaxies, as a result of collapsing gas in hierarchical
build-up of structure (White and Rees, 1978; Machado et al., 2018). It is believed that
the large-scale IGM and ISM are linked together by the CGM (Machado et al., 2018).
Circumgalactic medium plays two roles in the chemical history of galaxies: it acquires
the enhanced matter that was ejected in the form of outflows, and also functions as a
tank of fuel for upcoming star-formation (Machado et al., 2018).

1.6 Galaxy mergers and dual AGN

Over the years cosmological theory and models have indicated that gas accretion on
SMBHs can be triggered by mergers, which lead to the formation of AGN pairs or
sometimes AGN-star forming nuclei pairs (Rubinur et al., 2019a). The AGN pairs are
called dual AGN when the separation between them ranges from approximately 0.1
to 10 kpc, and at a few < 10 pc, the SMBHs become gravitationally bound and form
binaries or a binary AGN (Rubinur et al., 2019a), which ultimately descend into the
centre of the merger remnant, release gravitational waves and unite (Johnson et al.,
2016; Miiller-Sanchez et al., 2018).

1.7 Starbursts and ultraluminous infrared galaxies (ULIRGsS)

About 25% of the massive stars in the present-day universe are produced by starbursts
(Heckman, 1997; Pasquali et al., 2003). There is a variety of galaxy types in the class
of starbursts which includes: spiral galaxies, blue compact galaxies, interacting galax-
ies, merging galaxies and ultraluminous infrared galaxies (ULIRGs) (Pasquali et al.,
2003), suggesting that starburst and nuclear activity are set off by mergers and in-
teractions of gas-rich galaxies (Max et al., 2005). Star formation rate is exceptionally
strengthened in ultraluminous infrared galaxies (Evans et al., 2001), they are thought



1.8. Brief introduction of NGC 6240 3

to be made of two merging galaxy disks of almost identical mass (mass ratio < 3:1,
Sanders 2001, Pasquali et al. 2003). The central regions of these ULIRGs are known
to exhibit spiral structure, and bright knots in their circumnuclear structure (e.g., see
figure 1.1) which are identified by concentrations of younger stars whose age ranges
from 107 to 10® yr (Pasquali et al., 2003).

The following section introduces the most important ULIRG for this project. This

FiGURE 1.1: Ultraluminous infrared galaxy, IRAS 08572+3915, ob-
served at multiple wavelengths (far-UV to the near-IR). The figure is
taken from Lonsdale et al. (2006).

ULIRG is at a post-merging state, which is believed to play a role in the extended
radio diffuse emission, detected around its large-scale environment.

1.8 Brief introduction of NGC 6240

NGC 6240 is well known as a merging pair of galaxies (Komossa et al., 2003), at a red-
shift of z = 0.0245, a distance of ~ 100 Mpc for Hubble constant Hy = 73 km s~ Mpc~!
where 1”7 = 513 pc. It is considered a post merger system, with AGN and star forma-
tion related ionized gas outflows (Miiller-Sanchez et al., 2018). At arc-second resolu-
tion, the radio nuclear form of NGC 6240 is seen to comprise three sources (see figure
1.2); two of which indicate the locations of the parent nuclei (northern and southern
nuclei), the third being an amorphous extended structure found in the north east of
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the southern nuclei (Gallimore and Beswick 2004; e.g., Colbert et al. 1994; Baan et al.
2007).

Subsequent Chandra observations observed and resolved both the parent nuclei of
NGC 6240 as compact (Gallimore and Beswick, 2004), hard X-ray sources (e.g., Ko-
mossa et al. 2003). Together with observations of the MERLIN telescope (see fig-
ure 1.3), it was concluded that both AGNs of NGC 6240 are active (Gallimore and
Beswick, 2004), and Komossa et al. (2003) classified NGC 6240 as a binary AGN.
The projected separation between the parent nuclei of NGC 6240 is approximately
0.7 kpc (Miiller-Sanchez et al., 2018; Fyhrie et al., 2021). In time, the binary AGN of
NGC 6240 are expected to unite to form one nucleus (Komossa et al., 2003), within
an elliptical galaxy.

| | | |
022915 | —
1.6 GHz
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B \
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NwW 0
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50 — S —
45 — |
40 N
@ | ] ] | ]

16 50 28.5 28.0 27.5 27.0 26.5
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FI1GURE 1.2: The higher resolution 18 cm map of NGC 6240, observed

with VLA at 1.6 GHz. The contour levels are set from -1 and 1 to 64

by factors of 2 times 1.1 mJy beam™!. The figure is taken from Fig.
1; Baan et al. (2007).

Using the Chandra X-ray telescope, Komossa et al. (2003) managed to extract
the contribution to the hard X-ray luminosity from the parent nuclei of NGC 6240;
St = 1.9 x 10?2 ergs s~! for southern nucleus and N, = 0.7 x 102 ergs s~! for the
northern nucleus, revealing that the most prominent AGN is located in the southern
(Baan et al., 2007) galaxy. For the radio band at 2.4 GHz, Gallimore and Beswick
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Ficure 1.3: The MERLIN 1400 MHz naturally weighted continuum
image of the centre of NGC 6240 with selected absorption spectra
superposed. Figure adopted from Fig. 1; Beswick et al. (2001).

(2004) reported that the southern nucleus has a radio power of Sp = 3.9 x 102 W Hz~!
with a brightness temperature exceeding St = 1.8 x 107 K, whereas for the northern
nucleus the radio power is Np = 6 x 102! W Hz™! and its brightness temperatures
exceed Nyt = 7 x 10% K, and both these parent nuclei have inverted radio spec-
trum. Within the far-infrared band, NGC 6240 is known to produce luminosity of
Lir ~ 6 x 10" Ly (Baan et al., 2007), which is about half of the luminosity pro-
duced by Arp 220 (Sanders et al., 1988), and compares to the bolometric output of
quasars (Gallimore and Beswick, 2004).

Komossa et al. (2003) regard NGC 6240 as a key representative of the local ultra-
luminous infrared galaxies (ULIRGs), and an important laboratory to understand the
physics of superwinds driven by the nuclear starbursts, the processes of IGM enrich-
ment, the physics of galaxy formation, and to explore the existence of unrevealed
AGNs. Hence, NGC 6240 is observed across the electromagnetic spectrum.

Recently, Ishibashi et al. (2021) reported that both the ultra-fast outflows (UFO)
and the molecular outflows seen in NGC 6240, places it in the ‘forbidden’ region
of the Nyg-A plane, determined by the column density versus the Eddington ratio
(Magliocchetti et al., 2018), reinforcing the notion that the radiation pressure on
dusty regions of NGC 6240 may have an impact in driving its galactic outflows. The
Nyg-A plane is normally examined observationally by plotting non-identical samples
of active galactic nuclei (AGNs) with measured column density (Ny) and Eddington
ratio (\), derived from X-ray observations (Ishibashi et al., 2018). Other observations
include the reported detection of a potential third nucleus in the ultimate stage of
merging of NGC 6240 (Kollatschny, W. et al., 2020). With Chandra’s angular reso-
lution, they detected significant extended emission in both continuum and Fe lines in
the ~ 2" (~ 1 kpc) region surrounding the nuclei (Fabbiano et al., 2020; Paggi et al.,
2022), but they were unable to gather sufficient X-ray emission data to support the
identification of the third nucleus indicated by Kollatschny, W. et al. (2020).
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1.9 Synchrotron emission

Synchrotron emission is caused by gyrating ultra-relativistic electrons in magnetic
field (see figure 1.4), for that reason, it is the simplest and straight forward method
to find magnetic fields within astronomical objects (Govoni and Feretti, 2004). The
lower the strength of magnetic field, the higher the energy of an electron needed to
generate emission at a specific frequency (and vice versa) (Feretti et al., 2012). The
power released by these relativistic electrons depends on their magnetic field strengths
and their energy (Feretti et al., 2012). The total energy content in a synchrotron radio
source depends on the contributions from relativistic particles (electrons plus protons)
and from magnetic fields, taking into consideration the portion of the source volume
covered by magnetic fields (Feretti et al., 2012).

T T Ty
‘..-_..-..--r--""'{'."‘,,.,.-‘.,a-.--.-:.:.-.-..-1..-.-...-...,..,._.II A

‘-‘r{f e o l.i'.i_.,_,,d“.(_.la,r
%

&

v
=

FIGURE 1.4: Left: A charged particle undergoing helical motion in

an homogeneous magnetic field. Right: Synchrotron emission from a

particle at pitch angle « restricted to the gray region. Both figures
taken from Donnert (2011).

Consider an electron with energy, given by € = v m.c? where v represents the
Lorentz factor, spiraling in magnetic field B under the influence of v x B force that
forces its motion to be helical along the field lines, therefore the acceleration of this
electron generates emission which is radiated out from the electron over the beam,
hereafter (Govoni and Feretti, 2004).

This radiation can be seen as a continuum with a spectrum that peaks in proxim-

ity of the critical frequency:
ve = ¢ Bsin fé’. (1.1)

A relativistic electron emits a synchrotron power given by

d
- d—; = cBsin 6%€?, (1.2)
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where the angle between the velocity of the electron and its magnetic field is given by
0 while c¢; and co are typical physical constants

3e 2¢4

— 0y = ———— 1.3
4rm3cd “ 3mic’ (13)

C1
Equations (1.2) and (1.1) shows that the power given by relativistic electrons depends
on their energy () and on the strength of its magnetic field. If the magnetic field is
high, the electron will require low energy to emit emission at a specific frequency.

The power-law energy distribution for electrons/particles with density between e and
€ + de given by
N (€)de = Nye°de (1.4)

the total intensity spectrum, in optically thin regions, varies as:

S(v) xv™?, (1.5)
where the spectral index o = @. And in optically thick regions, the spectrum is
given by:

S(v) vt (1.6)

1.10 Diffuse radio emission associated with massive halos

There are three known morphological categories of diffuse radio emission found in
clusters, namely; radio relics, giant radio halos, and mini halos (Cantwell et al., 2016;
Martinez Aviles, 2017). Radio relics are normally found in the cluster peripheral re-
gions in the form of elongated structures that can be highly polarized (Cantwell et al.,
2016), whereas giant halos and mini halos are known to permeate the cluster centres
(Kuo et al., 2004). Both giant halos and radio relics have steep spectra, and typical
physical sizes of 1 Mpc, whereas in radio mini halos the diffuse emission have steep
radio spectrum («a < -1, with S, o« v*) and extends over regions of ~ 100 - 500 kpc
(van Weeren et al., 2014). The diffuse radio emission in these halos is believed to
result from synchrotron radiation of relativistic electrons (Kuo et al., 2004), and this
diffuse emission surrounds the central radio source associated with the Brightest Clus-
ter Galaxy (BCG) (van Weeren et al., 2014; Feretti et al., 2012; Giacintucci et al.,
2014).

Recently, Mazzotta and Giacintucci (2008); ZuHone et al. (2012), suggested that the
turbulence found in the cores of clusters due to sloshing motions produced by merg-
ers is able to re-accelerate electrons, and when these electrons encounter magnetic
field, they emit synchrotron emission that is capable of forming a mini halo. Feretti
et al. (2000) reported that clusters that have X-ray substructures are the only ones
that host radio halos. X-ray substructures in galaxy clusters indicates their ongoing
merging status, and the generation of radio halos is anticipated to be associated to
the processes of merging galaxy clusters (Kuo et al., 2004).

1.10.1 Role of magnetic fields

Magnetic fields play key roles in almost all astrophysical events throughout the uni-
verse. Our home planet, Earth, exhibit ~ 0.3 G of bipolar magnetic field strength
at the equator and ~ 0.6 G at the North and South poles (Carilli and Taylor, 2002).
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The strongest magnetic field of ~ 4 G is observed at the equator of Jupiter (this can
also be seen in magnetars), and this field is influenced by its fast angular rotation
(Smith et al., 1974). However, within galaxy clusters and intergalactic medium, mag-
netic fields play essential roles in accelerating particles and on large-scale structure
formation processes, having effects on large-scale motions, collapse of clouds, turbu-
lence, heat, etc (van Weeren et al., 2019). To this present date, the origin of these
fields is uncertain. It is believed that they originate from the addition of very weak
pre-existing seed fields through turbulence/dynamo or shock/compression amplifica-
tion in the course of the merger events and structure formation, and various magnetic
fields scales pull through due to turbulent motions (Kahniashvili et al., 2013).

Measuring these magnetic fields is not an easy task to do. However, the most promis-
ing technique to estimate magnetic field strengths is assuming that CR and magnetic
fields have the same energies within radio emitting volumes ("equipartition condi-
tion"; Beck and Krause 2005, van Weeren et al. 2019). With this condition applied,
the magnetic field strengths in kpc-scale extended radio lobes is ~ a few uG, and
~ mG in pe-scale jets (Carilli and Taylor, 2002). Ensslin et al. (1997) reported that
radio relics exhibit equipartition field strengths that ranges from 0.4 - 3.0 uG, similar
to the field strengths found in radio halos (eg., Bonafede, A. et al. 2009 & references
therein).

1.10.2 Mini radio halos

Unlike giant radio halos which are normally located in disturbed cores, mini radio
halos are found in clusters with relaxed cool regions (see figure 1.5), composed of
radio emission spreading out from the cluster centres, encompassing the central ra-
dio loud Biggest Cluster Galaxy (BCG; Gitti et al. 2014, Parekh et al. 2016, van
Weeren et al. 2019). Their linear sizes are typically less than 500 kpc (e.g., see figure
1.6), which are comparable to the cooling regions in the central cluster (van Weeren
et al., 2019). It was in 1975, when Miley and Perola (1975) discovered a prototypical
mini-halo in the constellation of Perseus cluster. About less than 30 cases of mini
radio halos have been published to date, making them very rare (Richard-Laferriére
et al., 2020). Feretti (2002) confirmed that radio halos (mini and giant) only occur
in clusters with X-ray substructures, since X-ray substructures in clusters indicates
ongoing merging (Kuo et al.; 2004) between galaxy clusters. Therefore, it would be
extremely difficult to classify halos without any X-ray data (Bagchi et al., 2009). Even
though mini-halos are smaller than giant-halos, they still require in-situ acceleration
since synchrotron emitting electrons have a short lifetime, suggesting that the cen-
tral active galactic nuclei is not the source of radio emission seen in mini-halos (van
Weeren et al., 2019). At 1.4 GHz, the radio power released by radio mini-halos ranges
from 1023 to 102> W Hz ™!, whereas for giant halos it ranges from 10%3 to 1026 W Hz~!
(van Weeren et al., 2019). Previous authors have reported that the most brightest
mini radio halos are found in the PKS0745-191 and RX J1347.5-1145 clusters (Baum
and O’Dea, 1991; Gitti et al., 2007). The farthest known mini radio halo is located
in the Phoenix cluster (van Weeren et al., 2019), however, Knowles et al. (2019) re-
cently found a promising radio mini halo in a cluster called ACT-CL J0022.2-0036 at
a redshift of z = 0.8050, which makes it the most distant mini-halo to date.

Radio mini-halos generally have higher synchrotron volume emissivities than radio
giant-halos (Cassano, R. et al., 2008a; Murgia, M. et al., 2009). Due to the smaller
sizes of mini-halos most of their emission is restricted to the cooling region of X-ray,
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FIGURE 1.5: This figure demonstrates the difference between the re-
laxed and disturbed clusters, in which mini and giant halos are found.
Left panel: Giant radio halo in Abell 2744 cluster was observed with
VLA at 1 - 2 GHz, and it is overlaid with Chandra X-ray contours (in
white). Right panel: Radio mini halo in Perseus cluster was observed
with VLA at 239 - 470 MHz, it is overlaid with XMM-Newton X-ray
contours (in white). Both figures adopted from Fig. 3; van Weeren
et al. 2019.

suggesting that compared to giant halos, they have little e-folding radii (re) (Murgia,
M. et al., 2009).

Due to their rare incidence and unclear origin of the radiating relativistic particles
(Giacintucci et al., 2009). Historically, the birth of radio halos have been discussed be-
tween these two models: hadronic (secondary electron) and turbulent re-acceleration
models (van Weeren et al., 2019).

Hadronic model involves relativistic electrons from secondary products of the hadronic
interactions of CR with ICM, their radio emission is expected to be dominated at any
given moment by the accumulation of CR protons in the course of the merger history
of the galaxy cluster, instead of the most recent merger incident, hence radio halos
in this model are expected to live longer (Cassano, R. et al., 2008b). On the other
hand, since the relativistic electrons accountable for synchrotron radio emission have
a shorter lifespan than the diffusion time required to reach the kpc - Mpc galactic
scales of radio halos, some form of re-acceleration is invoked (Giacintucci et al., 2009).
Re-acceleration model involves re-energized electrons (in situ) that are injected in the
ICM by several mechanisms related to the turbulence produced by major merger in-
cidents, hence radio halos in this model are anticipated to be have short lifespan (<
1 Gyr) due to the limited dissipation lifetime of the turbulence (Cassano, R. et al.,
2008b).
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FIGURE 1.6: Examples of radio halos at 1.4 GHz (Figure 2.11; Donnert
2011). From top left to bottom right: A2163, gray represents radio
emission, contour lines represents X-ray (Feretti et al., 2001); A1351,
radio emission in contours, colour map is X-ray from (Giacintucci et al.,
2009); A2744 from (Govoniet al., 2001); RXCJ2003.5-2323 at 610 MHz
from (Venturi et al., 2007); MACSJ J0717.5+3745, contour lines are
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A523, radio emission from (Giovannini et al., 2011). Image Credit:
Julius Donnert
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1.10.3 Radio relics

Radio relics are defined as sources with extended diffuse emission, akin to low surface
brightness radio halos (Feretti et al., 2012). Unlike radio halos, relics are normally lo-
cated in the cluster peripheral regions and have the form of elongated structures that
can be highly polarized (Cantwell et al., 2016), and they exhibit steep spectra (a 2 1),
and typical physical sizes of 1 Mpc (Feretti et al., 2012). However, these relics can
be found in both cool-core and merging clusters, implying that there is a possibility
that they are associated with off-axis or minor mergers, and major mergers (Feretti
et al., 2012). However, not all of them are found in all merging clusters, implying
that shock waves in cluster mergers are not enough to describe the mechanism behind
diffuse emission of relics (Bonafede et al. 2014, Parekh et al. 2016). Prior proposed
models for these relics, suggest that they are the indicators of shocks in merger events
(Feretti et al., 2012).

Studies of galaxy clusters over the years have shown us that at least two types of
relics are found in clusters (Kempner et al., 2004). In 1979, Jaffe and Rudnick (Jaffe
and Rudnick, 1979), identified the first prototypical relic 1253+275 in the Coma clus-
ter, and after this discovery, relics with dissimilar morphologies have been reported,
namely elongated, regular, and roundish structures (Feretti et al., 2012). Kempner
et al. (2004) later created a scheme on how to classify radio relics and according to
their origins and observed properties, they were divided into two categories: AGN
relic/radio phoenix and radio gischt.

Radio gischts (also known as radio shocks, see figure 1.7) are found in the periph-
ery/outskirts (~ 0.5 and 1.5 Mpc away from the central cluster) of merging galaxy
clusters and believed to be generated by merger driven shocks, and they are normally
identified by their steepening radio spectral index behind the shock, elongated shapes,
linear sizes of 0.5 - 2 Mpc, high polarization fraction of > 20% at frequencies > 1 GHz
and power-law integrated radio spectra (Kang and Ryu, 2016). They have been seen
recently in 1RXS J0603.3 and CIZA J2242.8 (van Weeren et al., 2010, 2012). In con-
trast, AGN relics are fossil radio plasma that is passively developing gradually from
an AGN that has been shut down and radio phoenix are AGN fossil plasma com-
pressed and revived by merger shocks (see figure 1.8; van Weeren et al. 2019). AGN
relics/radio phoenix are usually located at smaller cluster centric distances (Feretti
et al., 2012) and characterized by smaller linear sizes (< 300 - 400 kpc), lower radio
power, morphologies ranging from roundish shapes to elongated and filamentary (van
Weeren et al., 2019). Such relics are reported by Clarke et al. (2013) and de Gasperin
et al. (2015) in A1033 and A2443.

Normally, the shocks found in these relics, expand with high velocities having a Mach
number ~ 1 - 3, and are able to accelerate electrons to higher energies and com-
press magnetic fields, which causes synchrotron radiation to be emitted from large
scales (Parekh et al., 2016). Out-going merger shocks are believed to be the main
trajectory of these relics, whereas their relativistic electrons are thought to be diffuse
shock acceleration (DSA) located near these shocks. Furthermore, both the thermal
pond of electrons and mildly relativistic fossil electrons give rise to the seed electrons
(Dwarakanath et al., 2018; Markevitch et al., 2005) of these sources. However, this
DSA model encounters challenges in the test particle regime by several observations
(Nuza et al., 2017). When dealing with relics, we focus mainly on the magnetic field
scales and pre-accelerated cosmic particles pool at the cluster outskirts. Kang and
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Ryu (2011) and Botteon et al. (2020) reported that the difficulty to describe detected
radio luminosity of relics arises if the electrons are accelerated directly from the ther-
mal pond, which requires high acceleration efficiency (First-order Fermi process).

The main origins of these pre-accelerated particles are believed to be AGN of ra-
dio galaxies and supernovae, the statement suggest that electrons are expelled from
activities of radio galaxies (and/or supernovae), dispersed into ICM, after which the
processes of cluster merger re-energises the pre-existing electrons to advance over ~
kpc/Mpe distances (Parekh et al., 2020). These relics (and radio halos) can be de-
tected at redshift range ~ 0.2 - 0.4, but this is not a limit as they can also be detected
at higher redshifts (Feretti et al., 2012).
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FIGURE 1.7: This figure illustrates some of the known radio gischts.
The blue color represents X-ray emission, whereas the red color repre-
sents radio emission. Abell 1612 and Abell 3411 - 3412 are observed
with GMRT at 610 MHz and Chandra at 0.5 - 2.0 keV. Toothbrush
cluster is observed with LOFAR at 120 - 180 MHz and Chandra at
0.5 - 2.0 keV. Abell 168 is observed with GMRT at 323 MHz and also
with XMM - Newton at 0.4 - 2.3 keV. This figure is adopted from Fig.
13: van Weeren et al. 2019.
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2019.
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1.11 Objectives and aims

The aim is to understand the nature of the diffuse emission discovered with MeerKAT.
The primary objective of this project is to map the MeerKAT-discovered radio shock
in proximity of NGC 6240 at multiple scales and constrain its origin and energetics.
The combined analysis of the HI, cold molecular gas, ionized gas, and this radio shock
will lead to a more holistic understanding of this complex, yet prototypical source.

1.12 Thesis structure

This thesis is arranged as follows:

e Chapter 2: This chapter introduces radio interferometry, calibration methods,
and imaging techniques. It also highlights the exceptional capabilities of the
MeerKAT instrument, particularly for the studies of this project.

e Chapter 3: This chapter presents the results obtained with MeerKAT, as well
as those from the ancillary data: Hubble Space Telescope (HST), Wide-field In-
frared Survey Explorer (WISE), and Chandra X-ray Observatory. These results
include the discovery of the extended diffuse emission around the post-merger
system of NGC 6240, the radio diffuse source, and the four radio galaxies (bright
discrete sources) blended in the extended diffuse emission. Furthermore, we ex-
plore the complex jet morphology of NGC 6240 at high resolution.

e Chapter 4: This chapter provides a detailed analysis of the newly discovered
extended diffuse emission and radio diffuse source in proximity of the post-
merger system of NGC 6240. Using various relevant physics calculations and
measurements, we classify the newly discovered diffuse sources and interpret
their nature, using prior proposed models in literature.

e Chapter 5: This chapter summarises and conclude the results of this project,
and highlights future works.
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Chapter 2

Radio Interferometry, Calibration
and Imaging

This chapter delineate the radio synthesis fundamentals as practiced to producing
maps of radio galaxies, as well as describing all the techniques that were applied
to processing and analysing the MeerKAT data to create images for the large-scale
radio extended continuum environment of NGC 6240. The methods described in this
chapter, are important to radio astronomers who wishes to perform data reductions
on continuum images.

2.1 Radio interferometry

Radio Interferometry refers to an array of radio antennas, used to observe astronom-
ical objects simultaneously to create a discretely sampled one telescope with a large
aperture. Radio Interferometry uses many compact antennas to improve the data in
radio astronomy research and permits a use of inexpensive radio telescopes.

In 1946, Ryle and Vonberg (1946) used the first radio interferometer to study cos-
mic radio emission that were first detected by Jansky, Reber and others a few years
earlier. At only 175 MHz, they were able to operate an array of two dipole anten-
nas, with the longest distance between the antennas being 240 m and the shortest
distance being 17 m (Ryle and Vonberg, 1946). They used a transit-interferometer to
determine the Right Ascension, which required antennas to point towards the local
meridian at a definite altitude, and wait for the Earth’s rotation to move the observed
object along the Right Ascension (Smirnov 2011 & references therein). Figure 2.1
demonstrates a 2-element interferometer, where the zenithal angle for the observed
object is 6 and is not equal to zero, B is the antenna that receives the electromagnetic
waves first and antenna A thereafter with a delay 7 = (D/c) sin @ where c is the speed
of light. The detector of the receiver, integrated over time, will produce a feedback
proportional to the square sum of the voltages of the two signals comparable to the
trace in figure 2.2 (Pluchino and Bradaschia, 2020).
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FIGURE 2.1: Ryle and Vonberg interferometer showing how signals
reach two dipole antennas separated by baseline D (Pluchino and
Bradaschia, 2020).
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FIGURE 2.2: Shows the feedback produced by the transit interfer-

ometer detector, during the passage of two powerful radio sources at

the meridian, at about 16:30 and 19:30 respectively (Pluchino and
Bradaschia, 2020).
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2.2 MeerKAT

The MeerKAT telescope is an array composed of 64 antennas that are joined together
using the modern radio interferometry technique, located in the high and dry land of
South Africa, Northern Cape. The objective of MeerKAT is to enable astronomers to
monitor the sky in an unmatched detail and survey the entire sky many times faster
than any system currently in existence. Due to these science objectives, the antennas
are placed in a unique manner; 48 of these antennas are located in the central area
called the core with ~ 1 km diameter, and the rest of the antennas (16) permeate to
longest distances of ~8 km (see figure 2.4 below). Each of these antennas is composed
of the main reflector with an effective diameter of 13.5 m and a sub-reflector with a
diameter of 3.8 m (Campbell, 2014). At the central frequency of 1.283 GHz, MeerKAT
array can recover wide range (5” to 27’) of angular resolution (Jonas and MeerKAT
Team, 2016).

FIGURE 2.3: The MeerKAT telescope rising in the high and dry lands
of Northern Cape, South Africa. Image credits: SARAO

2.3 Calibration and imaging

The primary objective of calibration is to be able to amend for effects that may
obstruct the scientific outcome of a measurement (an observation) due to the telescope
and/or local temporary conditions so that these measurements can be compared to
other measurements (at other times, other telescopes, other frequencies, etc.) and
theoretical predictions (Perreault, 2021).

2.3.1 Calibrating MeerKAT data

For processing and reducing our MeerKAT data we used the OXKAT! pipeline (Hey-
wood, 2020) in combination with modified scripts of procedures of our own. OXKAT is
a set of PYTHON-based scripts that semi-automatically process MeerKAT data. It is
most used for full-band Stokes-I continuum imaging at L-band. The data reductions

"https://github.com /TanHeywood /oxkat
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performed with OXKAT pipeline depends on various astronomy packages like Com-
mon Astronomy Software Applications package (CASA?; McMullin et al. 2007) which
does averaging, splitting, flagging, cross and self calibration; TRICOLOUR? which does
flagging; WSCLEAN? (Offringa et al., 2014) which does imaging and model prediction;
CuBICAL® (Kenyon et al., 2018) which does DI / DD self-calibration; DDFACET®
(Tasse et al., 2018) which does imaging with direction-dependent corrections (3GC);
SHADEMS” which plots visibilities; and RAGAVI® which plots gain solutions. These
packages are found in the ILUFU/IDIA cluster that we use to run OXKAT scripts.

NGC 6240 was observed by MeerKAT between the 1 June 2019 and 2 June 2019.
Its entire large-scale continuum environment was observed, using a total of 60 anten-
nas at L-band (856 - 1712 MHz), supplying a maximum length of 8 km between 2016
baselines. The antenna pairs are separated by a minimum distance of 29 m, therefore,
at the central frequency of 1.283 GHz, MeerKAT is able to cover angular scales rang-
ing from 5” to 27, which enables us to get a detailed analysis of NGC 6240 at ~10"
angular resolution, however, MeerKAT’s zenith observation may become insensitive
for sources exceeding 0.46°.

The entire observation for NGC 6240 took 7.36 hours, including all the necessary
calibrator sources. Each visibility point had a correlator configured for an 8 second
integration time. The SKARAB correlator was used to perform data correlation in
4k mode with a bandwidth of 856 MHz, and a channel width of 209 kHz for each of
the 4096 channels. The summary of this observation is given by Table 2.1.

TABLE 2.1: Observational and calibration details for MeerKAT data

Date

Time range

Time on target
Channel width
Number of channels
Integration time
Number of antennas
Bandpass/flux calibrator
Gain calibrator

Image rms

Image size

Restoring beam

Pixel scale

Pointing centre (J2000)

01 - 02 June 2019
18:38 to 02:14
7.36 hr
209 kHz
4096
8 seconds
60
PKS1934-63
J15504-0527
10 uJy beam™!
10240 x 10240
6”9 x 6”9
1.1 arcsec
RA 16:52:59
Dec +02.24.04

Below is a brief description of the steps used by OXKAT pipeline:

2https://github.com/casangi
Shttps://github.com/ska-sa/tricolour
“https://gitlab.com/aroffringa/wsclean
Shttps://github.com /ratt-ru/CubiCal
Shttps://github.com/saopicc/DDFacet
"https://github.com /ratt-ru/shadeMS/
8https://github.com /ratt-ru/ragavi/
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Cross-calibration (1GC)

The steps in this process are all carried in CASA as follows; Firstly, the OXKAT pipeline
used CASA to average our MeerKAT data from 4096 (4K) channels to 1024 (1k) chan-
nels. The second step examined our measurement set (MS) contents (field list), and
the target, primary and secondary calibrators were determined. The third step, ap-
plied basic flagging to the known calibrators and bad antennas, and any frequency
bands corrupted by RFI were flagged out. From here calibrators were automatically
flagged, prior to the model creations of the secondary calibrator fields. Then both
primary and secondary calibrator solutions were applied to the target fields, from
there, the corrected target data are split out into measurement sets. Prior imaging
with WSCLEAN, TRICOLOUR was used to take these corrected target data through
automatic flagging. To do imaging, WSCLEAN used multi-frequency synthesis (MFS)
to generate the map (full bandwidth map), and a Briggs weighting of robust -0.3.
A synthesized beam of 6”.9 x 6”.9 was attained from the last step, and from this a
regular clean was applied, where we used the rectangular shape in a source free region
to obtain the lowest rms value of 10 pJy beam~! which was then used to calculate
the 30 threshold, giving the detection level of 30 pJy beam™! in our maps.

Figures (2.4) and (2.5) shows that the length of the longest distance (baseline) is
about 35500 wavelengths, which gives a rough estimate of the resolution and pixel
(cell) size: From the length of the maximum baseline, we can estimate the resolution

of MeerKAT,

A

where R is the resolution in radian, A is the wavelength and D is the maximum baseline
in wavelengths. Since our baseline is in wavelengths, equation (2.1) becomes:

1.0

R~ 2.2
=, (22)
respectively. Therefore, substituting our longest baseline, we get:
1.0
~——— ~2.82x107° rad 2.3
35500 o (2:3)
To get the resolution in arcsec units, we multiply the factor below:
180
R ~ 282 x 107°(60 x 60 x —) ~ 5" (2.4)
7r
Finally, for pixel size we divide the resolution by a factor of 4.5:
R 5
Pixel-size ~ — ~ — ~ 1.1" (2.5)

4.5 4.5
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FIGURE 2.4: Amplitude vs. uv-distance for NGC 6240. The large

scale emission of our source peaks at short baselines (indicated by

high amplitude points), implying that amplitude is higher at shorter
baselines.
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FIGURE 2.5: Phase vs. uv-distance for NGC 6240, with a phase cal-
ibrator centred at zero. The phase of our source is wider at short
baselines and narrower at longer wavelengths.
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Subtraction of Hercules A

At a redshift of z = 0.154, Hercules A is well known as the strongest and brightest
radio galaxy (Dreher and Feigelson, 1984), with an angular extent of 2 - 3 arcmin
(Maltby et al., 1962). In our MeerKAT image shown in figure 2.8, the angular extent
of Hercules A is ~ 4 arcmin and its morphology resembles that seen in VLA im-
age (see figure 2.6), showing uncommon jet-dominated morphology with no compact
hotspots but two different jets (Gizani and Leahy, 2003). The VLA observations have
shown that the unresolved core of Hercules A, exhibit the flux density of 41 mJy at
18 em (Gizani and Leahy, 2003). With MeerKAT, the unresolved core of Hercules A
is ~ 135 pJy at 1.28 GHz. At low frequencies (< 1.4 GHz), Hercules A remains the
fourth brightest double radio-source associated with galactic nucleus (DRAGN) in the
sky, giving a total radio luminosity of ~ 3.8 x 1037 W in the 10 MHz - 100 GHz band
(Gizani and Leahy, 2003).

With such a powerful luminosity, the emission of Hercules A overlaps/dominates
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FIGURE 2.6: The VLA A+B+C image of Hercules A at 18 cm at 1.4
arcsec resolution (Gizani and Leahy, 2003).

that of nearby sources, in our case the target source NGC 6240. The overlap causes
analytical challenges for our target source NGC 6240, these challenges include obscur-
ing and limiting attainable dynamic range when performing calibration and imaging
techniques. Since we are able to model the extended diffuse emission of the obscured
NGC 6240 (in the presence of Hercules A), we then subtracted Hercules A from the
data-set and thus disengaging its brightest emission. Although we focus on this, we
end up subtracting several bright sources outside of the 10k image. The subtraction
procedure for the latter is illustrated by the flowchart in figure 2.7.
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h-

FIGURE 2.7: Flowchart illustrating the calibration and imaging pro-
cesses for Hercules A.
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FIGURE 2.8: Diagram illustrating the 20k x 20k image, emphasizing

the vast large-scale environment of NGC 6240 which include HerculesA

located approximately 2 degrees from NGC 6240. There is the presence

of a low-frequency sinusoidal component running in a north-east to

south-west direction, which is as yet not fully understood, but does
not impact our core results.
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Self-calibration (2GC)

The steps in this process uses CASA and WSCLEAN as follows; Firstly, the corrected
data was re-imaged using the mask from the last imaging step of 1GC. During the
re-imaging process the mask gets updated, and from this the sky model of the target
was predicted. Then CASA used the sky model to do self calibration on the target
data, which in turn provided calibration solutions (single-direction). Using these cal-
ibration solutions, 2GC data was corrected and re-imaged, giving refined models for
both the mask and the sky.

We also used KILLMS? to analyse our data; however 3GC (Tasse et al., 2018) tech-
niques did not improve the image drastically while at the same suppressed the large-
diffuse emission of interest. Because this negatively impacted our science goals, we
chose to stay with 2GC calibration. The RFI environment of the observations is not
extremely different from the known RFI for MeerKAT observations, but there may
still be non-obvious low-level RFI present. It is also possible that pointing errors may
be responsible for the image artefacts, but for now the solution is beyond the scope
of this thesis.

2.3.2 Imaging MeerKAT data
Source subtraction

Even at the presence of various individual number of bright sources, the diffuse emis-
sion in our radio extended halo continuum is clearly apparent. However, since our
objective is to retain the image fidelity of the entire diffuse emission in proximity of
NGC 6240 and measure its flux, we had to subtract these bright sources in our uv
plane. To accomplish this, we used CRYSTALBALL'’ together with DS9 and CAsA
to do the subtraction of the unwanted sources. CRYSTALBALL makes use of the de-
convolved model generated by WSCLEAN, from this generated model we selected the
unwanted bright sources using region selection in DS9. The selected regions (in the
form of circles) used for the subtraction had an uncertainty ranging from ~ 0.29 -
0.68 %.

We agree that robust estimation of all the uncertainties need to be captured, the
quantification and inclusion of this subtraction error is sub-dominant and is deemed
to be beyond the scope of the thesis. The regions were then used in CRYTALBALL
to limit the re-prediction of visibilities from our original deconvolved model and to
store the predicted visibilities in model data column, then we used the uv-sub task in
CASA to subtract the model from our corrected data column. This resolved out the
extended diffuse emission in our map (see fig 3.12).

2.3.3 Ancillary data

The multi-wavelength data introduced here are used for purely qualitative, morpho-
logical comparisons and so we aim for brevity in their description.

Optical data

The first ancillary data we used is from the Hubble Space Telescopes (HST) archives
(PI: R. van der Marel, cf. Gerssen et al. 2001). The HST NGC 6240 image was

“https://github.com /saopicc/killMS
Ohttps://github.com /pacloserra/crystalball
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observed with a WFPC2 camera on 28th March 1999. Due to our science objective,
we only selected the F673N (narrow) filter since it can trace the low-ionization Ha gas
for low redshift galaxy state wavelength. For the redshift of z = 0.0245, this F673N
filter covers the entire Ha ionized gas emission in NGC 6240.

X-ray data

THe archival data used is from the Chandra X-ray Archival Centre (ObsID 12713; PI:
G. Fabbiano, cf. Nardini et al. 2013). The X-ray image of NGC 6240 was observed
with the Advanced CCD Imaging Spectrometer (ACIS-S) instrument (on-board of the
Chandra X-ray Observatory). Four pointings of observations were carried out between
the 29 July 2001 and 31 May 2011 with effective exposure times of 36.7, 141.2, 157.0,
and 145.4 ks. The telescope was pointed in such a way that NGC 6240’s X-ray photons
were imaged on the black-illuminated S3 chip of ACIS. The Chandra repo script
was used to reprocess all the ACIS-S data from the four pointings using the v4.4.6
Calibration Database (CALDB), and analyzed with the following software packages;
CIAO v4.4 and HEASOFT v6.12.

Infrared data

The infrared archival data is from the Wide-field Infrared Survey Explorer (WISE), ob-
tained through NASA /TPAC Infrared Science Archive (IRSA) catalogue access tools.
Wide-field Infrared Survey Explorer is a Medium Class Explorer mission of National
Aeronautics and Space Administration (NASA), it has been conducting digital imag-
ing surveys of the whole sky in the following mid-IR pm wavelengths: 3.4 pm (W1),
4.6 pm (W2), 12 pm (W3) and 22 pm (W4).
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Results

In this chapter, we present the multi-frequency synthesis (MFS) maps, generated
from our calibration and imaging techniques described in Chapter 2. The MFS maps
are used to estimate the integrated flux densities of various components, as well as
to characterise the morphology of the observed radio diffuse sources both which are
important for the calculations necessary to explain the nature of these sources.

3.1 MeerKAT high-resolution image of NGC 6240

Our radio continuum image reveals a connected C-structure that extends into a loop
to the west (see figures 3.1 & 3.2), previously published and introduced from the Very
Large Array (VLA) high-resolution A and B-array L-band images (fig. 1.2; Baan et al.
2007 and Fig. 3a; Colbert et al. 1994). Using VLA, they were able to reveal the two
embedded nuclei of NGC 6240 at 1.6 GHz. The same loop structure morphology is
also seen in the MERLIN 1.4 GHz map illustrated in figure 1.3 (Beswick et al., 2001).
For our high-resolution MeerKAT image at 1.28 GHz, we do not spatially resolve the
embedded parent nuclei of NGC 6240 since the angular separation between the two
nuclei is about 2 arcsec, which is within the 6 arcsec uniformly-weighted Point Spread
Function (PSF).

3.1.1 Full band, high resolution images

Figure 3.1, exhibits the full band image of NGC 6240, separated from the calibration
and imaging approach described in Section 2.3.1.
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FIGURE 3.1: MeerKAT 1.28 GHz image of NGC 6240 (robust -0.3)

at full band. The beam size of the image is 6”.7 x 6”.7 with position

angle (PA) of 0.0 deg. The contour levels are set at 14.7, 26.4, 38.1,
49.8, and 61.5 mJy beam™!.
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3.1.2 Uniform weighting of NGC 6240 core

To obtain the continuum map shown in figure (3.2), we first highlighted the bright
NGC 6240 structure in small scale form. And to best ensure the highest resolution of
our source, we applied the density weighting called the uniform weighting algorithm
using CASA. The pixel scale of the map is 1.1” with local rms level of 30 pJy beam™!.

The loop structure to the west is believed to originate from a bubble front swept up
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FIGURE 3.2: MeerKAT 1.28 GHz (uniform weighted) image of the

radio loop emanating from the centre of NGC 6240, very much sim-

ilar to images in figures 1.2 and 1.3. The beam size of the image is

4".8 x 3".9 with position angle (PA) of -22.1 deg. The contour levels

are set at 11, 22, 33, 44 and 55 mJy beam~!. The rms and peak values
in this map are 30 pJy beam™! and 179 mJy beam~!.

by a superwind emanating mainly from the southern nucleus (Colbert et al., 1994;
Baan et al., 2007), since the nucleus of the southern galaxy has been identified as the
origin of the superwind outflow (Baan et al., 2007). This loop structure is composed
of clumps of weak radio emission extending to the west (Colbert et al., 1994). This
will further support the interpretation that the synchrotron emission in the western
loop structure originates from superwind-driven outflows, emanating from the most
prominent nucleus, the southern nucleus (Baan et al., 2007). Table 4.1 compares the
radio structure properties of our high-resolution MeerKAT image with those from
prior publications, these comparisons are discussed in more detail in chapter 4.

The HST F673N image (see color map in figure 3.3) shows the ionized Ha gas fil-
aments described by Heckman et al. (1987, 1990) and Colbert et al. (1994). This
image reveals both strong and weak filaments, with weak filaments spreading out to
the west and southwest while strong filaments spread out to the east and southeast
respectively, in agreement with the results of Colbert et al. (1994). With improved sen-
sitivity of our image, the filaments are well defined. The optical image was smoothed
to the low resolution of 0.1 arcsec by using Imsmooth task in CASA, to best ensure
the visibility of the faint Ha filaments, and we matched the frames (WCS) of the
two images by aligning them, before pasting the contours of the radio emission over
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the optical image. The same procedure was applied to the X-ray image observed at
0.5 - 8 keV (see color map in figure 3.4; Nardini et al. 2013), except we did not smooth
the X-ray image, which has a spatial resolution of 0.5 arcsec.
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FI1GURE 3.3: Overlay plot of MeerKAT 1.28 GHz radio emission con-

tours on HST F673N optical image, observed with WFPC2 photome-

try mode and tuned to the narrow-band Ha emission. The colour map

has a linear stretch. The contour levels for the radio emission are 11,
22, 33, 44 and 55 mJy beam™!.
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FIGURE 3.4: Overlay of MeerKAT 1.28 GHz radio emission contours
on Chandra X-ray image. The X-ray image is in the 0.5 - 1.5 keV band,
observed with ACIS-S, using the back-illuminated S3 chip. The colour
map has a linear stretch. The contour levels for the radio emission are

11, 22, 33, 44 and 55 mJy beam™—!.
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FIGURE 3.5: Chandra X-ray image (colour map) of the central region

of NGC 6240 overlaid with the optical Ha bubble (black contours)

and the western arm radio contours (blue). The colour map has a

linear stretch. Levels for the blue contours are 11, 22, 33, 44 and
55 mJy beam™!.
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3.2 Extended radio continuum emission on ~ 300 kpc
scales

3.2.1 The extended diffuse emission

Our radio map reveals diffuse extended radio continuum surrounding NGC 6240. The
map consists of various individual sources, most which are presumably background
sources. The sources are illustrated in figure 3.6 (A - E), which shows the most inter-
esting objects in proximity of NGC 6240.

Some of these sources have been detected in other bands, for example the point sources
labeled A - D have been observed in optical and IR bands. Source E consists of a
bright filament which seems to be linked to the identified shocks (1 and 2) through
the bridges labeled 1 - 4. However, Source E and all its components have not been
detected in any other bands yet although, there is a hint of it in the UVSS (see figure
3.11). The morphology of the emission illustrated in figure 3.6 is divided into two
parts: Source E which lies in the eastern side of NGC 6240 and the diffuse emission
extending from east to west of NGC 6240. This morphology is discussed more in
chapter 4.

NGC 6240 core

Declination

Extended diffuse
emission

% Shock 1

Source E

Right ascension

FIGURE 3.6: The 1.28 GHz map of the large-scale extended radio
continuum around NGC 6240 smoothed to 10 arcsec at robust -0.3,
with labeled components observed around NGC 6240.
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FIGURE 3.8: The large-scale extended radio continuum around
NGC 6240 at 1230 MHz (top panel) and 1337 MHz (bottom panel).
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FiGureE 3.9: The large-scale extended radio continuum around
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3.2.2 Measurements of integrated flux density

While performing the calibration procedures, we took interest of the local rms val-
ues by drawing regions in empty locations of our image (at robust -0.3). From these
regions, the lowest rms value we obtained is ~ 10 pJy beam™'. We then used the
lowest rms to calculate the threshold by multiplying it by 3o, giving a threshold value
of 30 uJy beam™1.

Therefore, for each region of interest, the total flux density was estimated by summing
all the emission within the 30 level, using the Cube Analysis and Rendering Tool for
Astronomy (CARTA) and CASA task Imstat, which both give a total flux density for
a selected region of the map corrected for the synthesized beam.

The bright discrete and unresolved point sources (labelled A, B, C and D; fig 3.6)
appears to be blended within the extended diffuse emission. However, these bright
sources are superimposed in the extended diffuse emission, contaminating the fidelity
of the extended diffuse emission. Therefore, these bright sources, which are unlikely
to be related with the NGC 6240 extended emission were subtracted in our final map
(see fig 3.12), using the source subtraction procedure explained in Section 2.3.2. The
four sources could be contributing to the observed population of electrons, unfortu-
nately, their redshifts information is currently unknown, hence we cannot be able to
confirm whether they are associated with either the extended diffuse emission or the
relic. The resulting flux densities of the extended diffuse emission, bright sources and
the loop structure are tabulated in 3.1 and 4.1.

To estimate the flux density uncertainties, we use the following equation:

AS = [(Jamps)2 + (Urms\/ nbeams)2]1/2a (3.1)

where S is the flux density, oamp is the flux calibration (FCey ~ 10%, adopted from
Parekh et al. 2020), the rms noise of the image is denoted by oyms, and Npeams is the
number of beams in the full extent of the source, which is given by the ratio of the
solid angle of the source to that of the synthesized beam (Parckh et al., 2020).

TABLE 3.1: Flux density measurements at 1.28 GHz

Component Flux (mJy) Error (mJy)
Extended diffuse emission 13 + 2.09
Source E 49 + 4.95

A 3.1 + 0.323

B 60 + 6.00

C 4.5 + 0.467

D 1.62 + 0.178

Notes: Some residual PSF' side-lobes can still be seen in figure 3.10, centred on the
bright point source to the north-west, which is likely the largest source of uncertainty
of our integrated flur measurement.
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F1GURE 3.11: Overlay of MeerKAT 1.28 GHz radio emission contours
on Swift X-ray image. The X-ray image is in the 0.2 - 10 keV band.
The colour map in the top panel has a linear stretch and the colour
map in the bottom panel is smoothed to 1 arcmin. The contour levels
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F1GURE 3.12: The large-scale extended diffuse emission around
NGC 6240 after the subtraction of the bright discrete sources at ro-
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imaging techniques, they are seen only around bright radio sources,
and therefore, arise from these bright radio sources. The beam size of
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contour levels are set at 49, 98, 147, 196, and 245 pJy beam™1!.
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3.2.3 Integrated spectral index

The spectral index of the radio sources are computed between two frequencies of the
same region of the sky, and assumed to take the negative sign convention: S, o v=%,
where « is the spectral index and S, is the radiative flux density at a given frequency
v. Radio halos are typically characterized by their steepening radio spectra (o > 1)*
ranging from 0.9 to 1.8, which is similar to the radio spectra of radio relics which

range from 1.0 to 2.9 (Feretti et al., 2012).

Using 107 MHz bandwidth sub-band images centred at 1016, 1123, 1230, 1337, 1444
and 1551 MHz, we computed an integrated spectral index of ~ 2.9 for Source E. This
is consistent with that of known relics in literature. We also computed the integrated
spectral index using the lower and higher band frequencies (at 1016 and 1444 MHz)
which is ~ 2.45. However, for accuracy reasons, we will use the integrated spectral
index computed from all sub-band images since the first and last bands are not of
sufficient quality. Due to calibration issues, we can not accurately compute the in-
tegrated spectral index of the extended diffuse emission, therefore we will adopt the
spectral index values provided by (Feretti et al., 2012) for calculations.

3.2.4 Radio power at 1.28 GHz

To calculate the radio power of the extended diffuse emission and Source E, we use:
4t D?
Py osans = (17:_;3;9}:0” (3.2)
where Dy, (= 105 Mpc) is the luminosity distance at a redshift of z = 0.0245, S,
is the source flux density at frequency v, and (1 + 2)!T® is known as the standard
k-correction. The spectral index (agourcer ~ 2.9 for Source E and cext ~ 1.0 - 1.8 for
the extended diffuse emission) in this equation is assumed to be of negative sign con-
vention. The measured total flux density of the extended diffuse emission is ~ 62 mJy,
split into ~ 13 mJy for the extended diffuse emission and ~ 49 mJy for Source E.
Using the above values, we estimate the radio power of ~ 1.67 x 10?2 W Hz ! for the
extended diffuse emission and ~ 6.3 x 10?2 W Hz~! for Source E at 1.28 GHz.

! Assuming S, o v~ throughout the thesis.
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3.2.5 Comparing Source E with known radio phoenix/relics

In this section, we compare the properties of Source E with known relics to under-
stand its nature by use of plots that demonstrates the correlation between the largest
angular sizes (LAS) and Mjgp of relics/phoenix with their radio power at 1.4 GHz.
The sources in the plots, as well as their LAS, redshift and Mjsqp values were taken
from the Galaxy Clusters Database? in addition to uniform resource citation (URC),
van Weeren et al. (2019).

The morphology of Source E resembles that of known radio phoenix/AGN relics and
radio shocks. For instance the morphology of Source E compares to that of the Tooth-
brush Cluster, and Abell 85 shown in figures 1.7 and 1.8. However, there is a LAS
difference between Source E and the two sources mentioned above. We are attempt-
ing to figure out what the nature of the source is, and one piece of evidence is how
it compares with known /already classified objects. Source E is in a much lower mass
system (~ 1.1 x 10! Mg, estimated in Section 4.1.5) compared to the two sources
mentioned above. de Gasperin et al. (2014) and Nuza et al. (2017) reported that there
is a strong association between X-ray luminosity and radio power which shows that
clusters that are more massive could produce more luminous radio relics.

The scaling mentioned above is explored in figures 3.13 and 3.14, which shows the
radio power versus cluster mass of Source E with other well known radio relics and
phoenices. From both figures 3.13 and 3.14, we can see that the most luminous radio
relics and phoenices are hosted by clusters that are more massive. The similar trend
is observed in the results of Nuza et al. (2017). Therefore, the low radio power of
Source E is likely due to its lower mass (estimated in Section 4.1.5), and the location
of NGC 6240 in this parameter space is qualitatively consistent with what we would
expect based on the known correlation. However, it is also worth noticing that some
of the more massive clusters host relics and phoenices with similar radio power as
those with lower mass (e.g., Source E).

Nuza et al. (2017) reported that the normalization of radio power in relics/phoenix is

much higher in more distant clusters, implying that at high redshift only the bright-
est relics/phoenix are detected in massive clusters. We also explore this trend by
colorizing the data points of the radio relics and phoenices by their redshifts in figures
3.13 and 3.14. Here we see that, most radio relics and phoenices in lower masses
exhibit lower redshifts with both high and low radio powers, whereas those in more
massive clusters exhibit higher redshifts with higher radio powers, which is of course
a sensitivity and angular resolution selection effect. The position of Source E in both
figures 3.13 and 3.14 indicates that with MeerKAT and LOFAR we are also reaching
previously unexplored dark matter halos with lower mass (e.g., Botteon et al. 2021),
which have been missed by prior observing instruments.

Several authors have reported the correlation between largest linear size (LLS) and
radio power of relics (e.g., Feretti et al. 2012; Bonafede et al. 2012). This is shown
in figures 3.15 and 3.16, where we include the radio power of Source E versus largest
angular size (LAS) with known radio relics and phoenices. In these figures, Source E
appears to be broadly consistent with this correlation to that of known radio relics and
phoenices, however, NGC 6240’s low mass places it in a fairly isolated location of this
parameter space, requiring further discoveries for meaningful statistical comparison.

https://galaxyclusters.hs.uni-hamburg.de
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FIGURE 3.13: Radio relic Py 4-Mgzgg relation diagram. The different

colors denote the redshifts of the sources. The red X mark is used to

position Source E and the black X mark indicates the position of the

radio relic detected with LOFAR in PSZ2G145.92-12.53 (z = 0.03).

The mass of Source E is considered a lower limit, as denoted by the
arrow (see Section 4.1.5 for more details).

Overall, the correlation drawn from these plots suggest that Source E can be clas-
sified within a known class of radio relics and phoenices.
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to position Source E. The mass of Source E is considered a lower limit,
as denoted by the arrow (see Section 4.1.5 for more details).
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radio relic detected with LOFAR is not included in this correlation
because its largest angular size is unknown.
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signalling the importance of discovery.
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Derived properties and discussion

4.1 Discovery of extended radio emission

Our MeerKAT images have made the discovery of extended diffuse emission centred on
NGC 6240 with a projected extent of ~ 300 kpc. The extended diffuse emission seems
to permeate from the post-merger (Miiller-Sanchez et al., 2018) centre of NGC 6240
(labelled NGC 6240 core; fig 3.6), and extends in a predominately east-west direc-
tion. At the eastern side of the post-merger centre, lies the extended radio source
(labelled Source E; fig 3.6). Source E extends from north to south, consisting of two
shock fronts (although they can be contiguous) at the eastern extreme (labelled Shock
1 and 2; fig 3.6), four bridges (labelled 1 - 4; fig 3.6) and a central filamentary structure.

Source E has the angular size of ~ 4 x 3, giving a physical length of ~ 107 kpc
and width ~ 80 kpc (assuming a distance of 105 Mpc), whereas the angular size of
the the extended diffuse emission is ~ 10’ x 5/ giving a linear size of ~ 300 kpc at
a distance of 105 Mpc. The geometry, location and size of Source E imply that it
is a radio phoenix/shock/AGN relic associated with the NGC 6240 merger and past
AGN activity, whereas that of the extended diffuse emission could be a halo, but this
is difficult to decouple from the remnant jet emission, especially with bright central
source and noticeable artefacts. The projected distance of Source E is ~ 145 kpc from
the centre of the NGC 6240 post-merger system, whereas that of the shock fronts at
the edge of Source E is ~ 225 kpc with respect to the centre.

4.1.1 Exclusion of the extended halo

Clearly, there are a number of interesting radio structures around the immediate core
of NGC 6240 but due to calibration issues, we are unable to constrain the fidelity
of the extended diffuse emission (halo). As shown in figure 3.12, there are calibra-
tion/imaging artefacts nearby bright radio sources, and the complex, spatially resolved
structure of NGC 6240 itself, as well as the previously discussed effects of Hercules A
beyond the primary beam. Therefore, we exclude the extended halo in our discussions
and focus our attention mainly on Source E, which is mapped in high fidelity, and is
arguably the radio feature of greatest scientific interest.

The results of this project provide a new view on the history of the post-merger system,
NGC 6240, known as a key local representative of the ultraluminous infrared galaxies
(ULIRGs). In the following sections we estimate physical quantities of NGC 6240,
which are necessary to aid with the interpretation of the nature of the diffuse radio
emission identified in our MeerKAT images for the first time.
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4.1.2 Geometry assumption for emitting volume

We use volume calculations to estimate the emitting regions of the radio sources,
which enables us to derive average estimates of magnetic field strengths in those
regions (Bonafede, A. et al., 2009). The volume of the extended diffuse emission
appears to be characterized by an ellipsoid with the major and minor axis,

Vext = 4?ﬁabc (4.1)
We assume that the semi-major axis is half the width of the extended diffuse emission
(~300/2 kpc), whereas the semi-minor axis is given by half the height of the extended
emission (~180/2 kpc), and the third axis is given by the mean between the major
and minor axis (~120 kpc; Bonafede, A. et al. 2009). Using the above values, we
estimate a volume of 6.7 x 106 kpc3 for the extended diffuse emission. For Source E
we assume that the volume of the emitting regions is a prolate spheroid, for which the

volume is given as,

4
‘/sourceE = % ba2 ) (42)

where b = 54 kpc and a — 40 kpc, and we estimate an emitting volume of 0.36 x 10° kpc?,
similar with the emitting volumes of known relics/bubbles in literature (e.g,. Brienza
et al. 2021).

4.1.3 Equipartition magnetic field

To estimate the equipartition magnetic field in the extended diffuse emission and
Source E, we first assume that both the relativistic particles and magnetic field fills
the entire volume of these radio sources and the energy content in their electrons
is similar to that in their protons (e.g., Bonafede, A. et al. 2009). We adopt the
minimum energy density (in erg cm™3) formula from Govoni and Feretti (2004),

Unin = €, v1,v2) X (L4 k)Y x ()27 5 (1 4 2) B2/ T 5 (1) Y7 x (d) ™7, (4.3)

where £(a, 11, 1) is the equipartition constant which is a function of injection index
a and frequency ranging from vy to vo; k is the ratio of the energy in relativistic pro-
tons to that in electrons. The value of £ depends on the mechanism of generation of
relativistic electrons, therefore, we set k=1 for Source E and k=100 for the extended
diffuse emission. Iy (in mJy arcsec™2) is the source’s brightness at the frequency vg (in
MHz) and can be obtained by dividing the integrated flux density of the radio source
(49 mJy for Source E and 13 mJy for the extended diffuse emission) by its solid angle
(210" x 157" and 585" x 300"); z is the redshift of NGC 6240 at 0.0245; and d (in

(d: 107kpc;—80kpc 300kpc;154kpc for

kpc) is the depth of the source for Source E and d =

the extended diffuse emission).

The central frequency for MeerKAT L-band is 1283 MHz, therefore we set vy = 1283 MHz,
and for a frequency range 10 MHz to 100 GHz (which covers our L-band), and the
injection index of agourcer ~ 2.9 for Source E and eyt ~ 1.0 - 1.8 for the extended
diffuse emission, and using the relevant equipartition constants (see table 1; Govoni
and Feretti 2004), we estimate that the Up;, for Source E is ~ 5 x 10713 erg cm ™3
and ~ 9 - 51 x 1074 erg cm™3 for the extended diffuse emission respectively. The
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equipartition magnetic field is then obtained as,

247 1/2
Beq = (7Um1n)) . (44)

Substituting the Upin values, we approximate that By for Source E is ~ 2.3 4G and
~ 1-2.3 pG for the extended diffuse emission, consistent with that of known radio
relics and halos (e.g., Parekh et al. 2020; Bonafede, A. et al. 2009; Govoni and Feretti
2004; Ensslin et al. 1997).

4.1.4 The lifetime of electrons

The characteristic lifetime of the synchrotron emitting electrons (y ~ 10%; GeV energy)
due to electron synchrotron and IC energy losses (van Weeren et al., 2009) is given

by,
0.5

tage — IOGOWB%C

[(1+ 2)1) =" [Myn], (4.5)
with B (=Beq) the magnetic field strength; Bic = 3.25(1+2)? the equivalent magnetic
field strength of the microwave background, both in units of G (e.g., Miley 1980; Slee
et al. 2001); and v}, is the break frequency (in GHz), defined as the frequency above
which the radio spectrum transitions from power law to exponential due to spectral
aging, and usually exceeds vy, the observed frequency (Miley, 1980). Therefore, in our
case we set v, = 1.4 GHz (the frequency at which the flux of the radio sources drops
exponentially), and using the By values, we estimate tage to be ~ 75 Myr for the
extended diffuse emission. For the case of Source E, if the energy density of the CMB
(Ucms = Bi/8m) surpasses that of the magnetic field (Ug = B?/8), then Inverse
Compton (IC) losses dominates over synchrotron losses (B = Bic; Dunn et al. 2005),
and for that case B = Bic (= 3.4 uG in our case). Therefore, the estimated radiative
age for Source E is ~ 79 Myr, consistent with the ages of known relic/bubbles in
literature (e.g., Dunn et al. 2005).

These lifetimes are in agreement with the synchrotron lifetime of electrons, which
ranges from ~ 107 - 108 years (Govoni and Feretti, 2004). This suggests that the
main origin of the relativistic electrons need continuous injection processes and/ or
re-acceleration processes in order to describe the long-lived diffuse synchrotron emis-
sion (Govoni and Feretti, 2004) seen in this case, which seems to be re-accelerated.

4.1.5 Mass and size of NGC 6240 dark matter halo

Under the greatly simplified assumption that the dark matter halo is virialized, we
make use of the full examination of the correlation between central galaxies and their
host dark matter halos, which is defined by the stellar mass-halo mass relation for
0 < z < 1 from the work of Behroozi et al. (2010),

A \?
logo(Mn(Ms)) = logyo(M1) + Blogyg + L (4.6)
M*,O 14+ ( M ) 7 2
M*,O
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where M; is a characteristic halo mass, M, is a characteristic stellar mass, M, is
the stellar mass, g is the low mass-end slope, and § and ~ control the massive-end
slope. For 0 < z < 1 and unknown free absorption parameters (@ = k = 0), M,
M, B and 6 and ~ values are given in table 2 of Behroozi et al. (2010), and the stellar
mass of NGC 6240 (Miteliar ~ 2 x 10° Mg) is adopted from Tecza et al. (2000), using
the above we estimate the stellar mass-halo mass of My(M,) ~ 1.1 x 10'* Mg. The
estimated stellar mass-halo mass corresponds to Magg (the mass within a sphere with
mean density above 200pi;). However, as the diffuse radio emission and post-merger
appearance suggest, NGC 6240 is very unlikely to reside in an isolated halo, but is
more realistically part of a cluster environment with significantly larger mass. So in
reality, the mass value will be higher, but we don’t have an obvious way to measure
it with observations in hand, therefore, we call the calculated mass above a lower limit.

To calculate 7900, we adopt the virial mass (the mass within ryi;) equation from Coe
(2010),

Mvir = gﬂ'r\?;irAcpcrit(z)v (47)
where peit(2) is the critical density of the universe at z = 0 (~ 9.1 x 10727 kg m=3),
A is the overdensity constant and ry;; is the virial radius. For an overdensity constant
of A ~ 200 (corresponding to our Mygg), using the above and solving for 999 we get
ro00 ~ 100 kpec. The ropp quantity indicates the radius in which the mean density (of
the galaxy) is 200 times the cosmological background density at that redshift (Chun
et al., 2020), and is comparable to the distance between the Source E shock front and
NGC 6240 nucleus.

4.2 The eastern radio shock (Source E)

4.2.1 Size, projected distance and radio power

Source E is modelled as a prolate spheroid with semi-axes of lengths 40 kpc and 54 kpc,
which yields an emitting volume of ~ 0.36 x 10% kpc3. It is located ~ 145 kpc east of
the postmerger system of NGC 6240. Its projected distance (~ 145 kpc) with respect
to the centre of NGC 6240, suggest that Source E can be classified within a known
class of radio relics and phoenices (e.g., Kempner et al. 2004). The width of Source E
is ~ 80 kpc and its length is ~ 107 kpc, respectively. The physical sizes of Source E are
consistent with that of known AGN relics/radio phoenix. Slee et al. (2001) reported
a radio phoenix/AGN relic found in A4038 with a large linear size of ~ 130 kpc, and
Komissarov and Gubanov (1994) reported one from A2063 with a large linear size of
~ 40 kpc. The shape of Source E takes a form of an arc-like structure, and its radio
power is estimated to be ~ 6.3 x 1022 W Hz~! at 1.28 GHz, which is about 1 order
of magnitude below the typical radio power of known AGN relics/radio phoenices,
but matches that of the AGN relic/radio phoenix found in A4038 (Slee et al., 2001).
The low radio power of these revived fossil plasma sources is believed to be related
to their estimated distance from the central cluster (Feretti et al., 2012). Source E is
much closer to the centre of NGC 6240, and it is believed that there are low efficiency
shocks (M < 3) towards the centre as compared to the peripheral regions where the
Mach numbers (M = 3) are high enough to supply energy to radio emitting particles
(Blasi and Gabici, 2003).

Within Source E, a filament is detected, extending from north to south and it
appears to be as bright as Shock 1. The filament also appears to be associated with
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FIGURE 4.1: The reference figure shown in the results chapter.

the two shocks via the bridges shown in fig 3.6, and has a similar size to the east-
ern shock front. The filament’s brightness and its association with the two shocks is
discussed in more detail in subsection 4.2.5.

4.2.2 Spectral indices and magnetic fields of known radio phoenices/relics

The integrated spectral index computed for Source E is in agreement with the spectral
index values for the relics found in galaxy clusters A85, A4038 and A13 which are
computed between 1.385 and 1.465 GHz (Slee et al. 2001; Feretti et al. 2012). For
the relic in A2744, Govoni et al. (2001) reported the spectral index of > 2 between
frequencies 1365 and 1435 MHz. Studies have shown that various clusters hosting radio
halos or relics, exhibit equipartition magnetic fields of order ~ 1 uG (eg,. Govoni and
Feretti 2004). For Source E, we estimated the magnetic field strength of ~ 2.3 uG,
which is similar to values estimated for known relics. For example, Govoni et al.
(2001) derived a value of > 1.9 uG for the relic in A2744.

4.2.3 Thermal and non-thermal pressure

Thermal pressure refer to the pressure exerted by the intergalactic medium (intragroup
or intracluster medium depending on the environment) on the AGN lobes/jets. In
contrary, non-thermal pressure refer to the pressure exerted by the AGN lobes/jets on
the surrounding environment. For the non-thermal pressure, we adopt the minimum
relativistic pressure formula from Cotton et al. (2020),

13Brznin 4

N — L A R 4.8
pmln 727T ( + ) ) ( )
where B,y is the magnetic field strength of Source E (~ 2.3 uG) and k is the protron-
to-electron ratio, which is set to k=1 for Source E. We then estimate the non-thermal

pressure of Ppin ~ 4.5 x 10713 dyne cm ™2, which is in agreement with the non-thermal
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pressure of known relics/bubbles (e.g., Slee et al. 2001; Brienza et al. 2021).

For the thermal pressure, we adopt the formula used by Brienza et al. (2021),
Peh = 1.9n kT, (4.9)

where the electron density is ~ 2.5 x 1072 em™ and a temperature of 7.5 x 106 K
(0.65 keV), as obtained from the X-ray data by Nardini et al. (2013) for the hot halo
gas in NGC 6240. Assuming n. ~ ng, the electron density was extracted from the
emission measure (EM = n?nV; Nardini et al. 2013), defined as the square of the num-
ber density of free electrons integrated over the volume of the plasma. We assume the
same values hold for Source E since it is embedded in the halo, however, this is simply
indication given the significant distance of Source E from available X-ray detections.
Using the above, we estimate a thermal pressure of Py, ~ 4.9 x 1072 dyne cm™2.
However, it is believed that the pressure of intracluster medium falls by a factor
of two as the bubble rises through it, and this factor results from the drop in the
number of particles at the location of the bubble (e.g., Dunn et al. 2005; Brienza
et al. 2021). Therefore, this drop by a factor of 2 results in a thermal pressure of
Py, ~ 2.9 x 10712 dyne cm ™2, similar to the thermal pressure of known relics/bubbles
(e.g., Dunn et al. 2005; Juett et al. 2008; Brienza et al. 2021).

We note that the thermal pressure of Source E exceeds that of the non-thermal pres-
sure by one order of magnitude, implying that non-radiating particles, particularly
protons, dominate the energetics of Source E structure (e.g., Brienza et al. 2021).
This is also supported by the fact that the energy density of the z = 0.0245 CMB
(~ 4.6 x 10713 erg cm—3) exceeds that of the magnetic field (~ 2.1 x 10713 erg cm™3),
which suggest that Inverse Compton (IC) losses dominates over synchrotron losses.
There are, of course, large uncertainties associated with derived properties, how-
ever, this exploration sets the scene for future, more precise analyses enabled multi-
frequency observations of this discovery.

4.2.4 Radio shock(s) and Mach number
From the standard DSA formula (Eckert et al., 2016), the Mach number for Diffuse

Shock Acceleration is given by,
9 1/2

200 — 1

Given the integrated spectral index of Source E to be agourcer ~ 2.9, and assuming
that all the electrons are newly accelerated and ignoring cooling losses (Eckert et al.,
2016), we attain a Mach number of M ~ 1.4, similar with the Mach number of known
relics (e.g., Parekh et al. 2020; Eckert et al. 2016; Hoang et al. 2017).

However, if we adopt the work of (Drury, 1991), the Mach number for Diffuse Shock

Acceleration is given by,
QOéin' +3 1/2
M = [ 2Ginj 7o 4.11
(=) (111)
where ajy; is the injection index, which is the average spectral index at the location

of the shock. The injection index is flatter than the integrated spectral index by 0.5,
which is the expected injection index of young cosmic ray electrons from the theory
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of DSA (Kardashev, 1962; Bell, 1978).
Qint = 0.5 + Qinj- (4.12)

This works if we assume that the observed emission is dominated by aged electrons
formerly accelerated by the same shock, then the radio spectrum is akin to the injection
spectrum (see Equation 4.12), which using Equation 4.11 gives a Mach number of
M ~ 1.5, which is in agreement with values found for known relics (e.g., Eckert et al.
2016). Note that the Mach numbers are weak (i.e. < 3, low efficiency shocks) for both
the fresh (M ~ 1.4) and old (M ~ 1.5) electrons.

4.2.5 The nature of Source E

In this section, we explore several physical models of the underlying nature of the
shock front Source E, synthesizing the derived properties presented earlier.

First-order Fermi: Source E traces a complex shock surface along the line
of sight

We consider the process of First-order Fermi, also known as the Diffuse Shock Acceler-
ation (DSA). For this process, the acceleration occurs diffusively, that the particles in
Source E scatter back and forth across the shock, gaining at each crossing and recross-
ing an amount of energy proportional to the energy itself, and the shock Mach num-
ber determines the acceleration efficiency (Feretti et al., 2012). It has been reported
that this scenario requires an implausibly high efficiency of electron acceleration for
low/weak Mach numbers (M < 3; Kang and Ryu 2011; Botteon et al. 2020; ZuHone
et al. 2021). Since we consider the electrons in Source E to be freshly accelerated,
we derived a Mach number of M ~ 1.4, which is very weak. Shock waves produced
by powerful merger shocks typically exhibit Mach numbers ranging from M ~ 2 - 3
(van Weeren et al., 2019). However, such merger shocks are insufficient to accelerate
particles (cosmic) from the thermal pool to relativistic energies (Kang and Ryu, 2011;
Kang et al., 2012). Therefore, the First-order Fermi process (DSA) is ruled out to
explain the mechanism behind the nature of Source E. Basically, DSA is effective in
accelerating thermal particles at high Mach numbers (Bell, 1978; Drury, 1983).

Radio Phoenix/Shock: Source E emission is generated by a re-accelerated
population of fossil particles from a radio galaxy

Even though shocks with weak Mach numbers are ineffective in increasing particles
from the thermal pond, they are sufficiently effective to re-accelerate cosmic rays
from previous radio galaxy activity (Bonafede et al., 2014). In this scenario, we treat
Source E as a synchrotron buoyant bubble that originated from prior active phase of
a radio galaxy before its activity ceased (Shulevski et al.,; 2015). The birth of this
synchrotron buoyant bubble is explained in AGN relic interpretation below.

The most commonly used approach for estimating the velocity of a rising bubble
can be attained by equating the buoyancy forces and ram pressure on a bubble (Gull
and Northover, 1973), which yields a terminal velocity of,

[ 4r 2
Vterminal = 9357 (413)
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where r is the radius of Source E (~ 40 kpc), g is the gravitational acceleration
constant and C is the drag coefficient, Cgrag ~ 0.75, adopted from Churazov et al.
(2001), who obtained it based on hydro-dynamical simulations of buoyant bubbles
travelling through a compressible and stratified medium. Using the above values we
estimate a terminal velocity of Vierminal ~ 540 km s~!. However, this terminal velocity
expression can be adjusted using the Keplerian velocity at a specific distance from the

central galaxy/cluster,
r 8
=4/ ==. 4.14
v =\ Z3aV (4.14)

where R (~ 185 kpc) is the distance of Source E centre from the NGC 6240 nucleus,
vk = v/gR is the Keplerian velocity at the distance of the Source E. Using the above
values, we estimate the Keplerian velocity of vy ~ 616 km s~', which in turn gives
the buoyancy velocity of 1, ~ 539 km s~!. This buoyancy velocity is similar to
the buoyancy speeds of other known bubbles in literature ( e.g,. Juett et al. 2008;
Shulevski et al. 2015; Ogrean et al. 2011; Brienza et al. 2021). Therefore, the rising

time of Source E can be estimated as,

R
thuoy = — 4.15
uoy m, ( )

which gives us ty,,0y ~ 335 Myr, consistent with the time scales taken by other bubbles
to rise buoyantly to their current positions (e.g., Ogrean et al. 2011; Brienza et al.
2021). Brienza et al. (2021) used the argument that the sound speed can provide
the upper limit to the bubble velocity, which can be approached in case the bubble
size is comparable with the height scale of the atmosphere. We adopt the adiabatic
sound speed of ve, ~ 420 km s~!, derived from a hot halo gas of NGC 6240 with
KT ~ 0.65 keV (7.5 x 10° K), and mean molecular weight p ~ 0.6 (Nardini et al.,
2013). The adopted sound speed implies a rising time of t.s ~ 186 Myr for Source E,
consistent with the minimum rising times for the bubbles reported by Brienza et al.
(2021). These rising times are expected to be roughly consistent with the radiative
age of relic/bubble obtained via spectral fitting (Slee et al., 2001). It is worth noting
that the rising times of Source E are higher than the synchrotron lifetime of electrons,
which is ~ 100 Myr.

From the rising time of Source E, we can estimate its mechanical power using the
formula adopted from Brienza et al. (2021),

%
Poubble = D Tbubble (4.16)

tbuoy

where thermal pressure is py, ~ 2.9 x 1072 dyne cm ™2 and the volume of Source E
is Viubble ~ 0.36 x 10% kpc3. Using the above values and the estimated rising time,
we estimate the thermal power of Pyupble ~ 2.8 x 10%2 erg s7! for Source E, which is
similar to the power of other known bubbles (e.g., Dunn et al. 2005 ; Brienza et al.
2021). In contrast, the X-ray luminosity of NGC 6240 halo is ~ 4 x 10*! erg s™!
(Nardini et al., 2013), but physically decoupled from the thermal power.

The estimated Mach number for Source E is M ~ 1.4 (very weak), and given that
Source E is embedded in the radio halo, we can use the sound speed ve, ~ 420 km s~}
derived from Nardini et al. (2013) together with the Mach number to estimate the
velocity of the shock,

Ushock = Mue, &~ 600 km s~h (4.17)
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Assuming that this shock velocity remained constant, we then use this relation R /vshock,
and estimate that the shocks took 300 Myr (0.3 Gyr) to travel from merger centre to
their current locations (shown in figure 4.1). This shock timescale is comparable to
that reported by Bonafede et al. (2014) for the NW relic emission with a large lin-
ear size of ~ 2 Mpc in galaxy cluster PLCKG287.0+32.9. Furthermore, we estimate
the time it took the shocks to cross the Source E/fossil cloud to their observed edge
positions, using the formula adopted from Mhlahlo et al. (2017),

Leioud Ushock
feross = 32.6M ( ) : 418
cross v (100kpc) 3000km s 1 (4.18)

where Lcoud (= 185 kpc) is the distance from Source E centre to the merger and
Ushock ~ 600 km s™1, using these values we estimate the cross time of teross ~ 12 Myr.
This suggest that out of the 300 Myr, it only would have taken the shocks 12 Myr to
cross the entire Source E/fossil cloud.

Now, it is worth noting that the time it took the shocks to reach their current posi-
tion is shorter than the buoyancy rise time of Source E, implying that the population
of fossil/mildly relativistic electrons was formerly present before the merger shocks
propagated. The shocks are 35 Myr younger than the rising time of Source E, sug-
gesting that the shocks traveled to their current peripheral positions 35 Myr later to
re-trigger /re-accelerate pre-existing electrons of Source E or what is left of the AGN
burst emission, and thus forming a radio phoenix and radio shock (e.g., Kempner
et al. 2004 and van Weeren et al. 2019 for classification review) or turning Source E
into a radio phoenix with a prominent radio shock.

The past AGN remnant phenomena can be supported by the ratio of the non-thermal
pressure to thermal pressure of Source E (pmin/pth ~ 0.15), which is less than 1,
consistent with the typical ratio of non-thermal pressure to thermal pressure derived
in FR-I radio galaxies (e.g., Croston et al. 2018; Brienza et al. 2021). This im-
plies that Source E could be the remnant of the FR-I radio galaxy, whose activity
has ceased/shutdown, hence it is no longer visible. It is also possible that this AGN
remnant gained energy through the adiabatic compression by the merger shocks (e.g.,
Enflin and Gopal-Krishna 2001) or it could be driven by the merger of the two dark
matter halos and subsequent sloshing of baryons after that (Fabian, 1999).

Source E exhibits both the characteristics of a radio phoenix and that of a radio
shock. However, Source E does not fall under the criteria of radio shocks in terms of
its projected distance from the centre of NGC 6240 and its linear size. Source E is
both smaller in size and closer to the centre compared to normal radio shocks, but
it is located in a lower mass system (~ 1.1 x 10'! Mg), and the plasma contained
within it are lower by at least two orders of magnitude compared to known, classified
radio shocks in literature, hence we also consider it a radio shock.

The above interpretation is supported by the work proposed by prior authors, for
example, Bonafede et al. (2014) reported that since not all merging galaxy clusters
consist of radio relics, then a shock wave is not enough to explain the radio emission by
itself, it requires that a pond of pre-accelerated cosmic rays be present at the location
of the relic. Sarazin (1999) proposed that it is difficult for low Mach number shocks to
accelerate electrons from the ICM thermal pond in the presence of merging clusters,
nevertheless, they may succeed in amplifying the energy of a pre-existing population
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of relativistic electrons to observable regimes. In galaxy clusters, relics are considered
as the indication of re-accelerated fossil relativistic electrons, instead of direct injec-
tion from the thermal pool (Ensslin et al. 1997; Giacintucci et al. 2008; Kang and
Ryu 2011; Kang et al. 2012; van Weeren et al. 2012; Pinzke et al. 2013). It was
expected that the low Mach number shocks derived for Source E; would find it difficult
to accelerate electrons from the intracluster medium thermal pool as NGC 6240 is a
merging galaxy system.

The association between the filament and the two shocks

The logical explanation is that during the 12 Myr period, when the shocks were cross-
ing Source E, they encountered the filament and engaged in some sort of interaction.
The interaction was so strong that even after the crossing period was over, the inter-
action still holds by means of the four bridges shown in fig 3.6. This gives the filament
the advantage to be more re-triggered /re-accelerated than the rest of Source E, since
the filament seems to be feeding energy from the two shocks through the bridges.

Dynamic timescale of the shock

To calculate the dynamical time of the shocks, we adopt the following equation from

Miiller-Sanchez et al. (2018),

D
tdyn = , (4.19)

Vout

where D is the size of the shocks and vyt is the shock velocity. The width of
Shock 1 is ~ 11 kpc and ~ 4.6 kpc for Shock 2. With the estimated shock velocity of
~ 600 km s~!, we obtain ~ 17 Myr for Shock 1 and ~ 7 Myr for Shock 2, respectively.
The timescales for both shocks are consistent with the timescale of the active phase
of an AGN and also agrees with the age of the recent starburst in NGC 6240 (e.g.,
Miiller-Sanchez et al. 2018).

AGN relic: Passively evolving fossil plasma from ceased AGN

Brocksopp et al. (2007) have reported that the behaviour of FR II radio galaxies is
characterized by the release of highly laminar, collimated jets from the central core.
These jets are able to travel supersonically away from the central core, and they decel-
erate as they move further away from the core due to ram pressure of the intergalactic
medium (IGM; Brocksopp et al. 2007). This deceleration is believed to cause a bow
shock, driven through the intergalactic medium, capable of inflating big cocoons of
low density material and part of this large cocoons are what we observe as radio loops
(Brocksopp et al., 2007). However, for our case we have shown (in scenario 2) that
the ceased radio AGN that inflated the bubble was likely of FR I type (Fanaroff and
Riley, 1974), using the non-thermal to thermal pressure ratio.

Taking the work of ZuHone et al. (2021) into consideration, it is possible that Source E
not only traces the intracluster medium shocks but also non-uniform distribution of
the seed cosmic ray electrons (CRe). We assume that the distribution of these cosmic
ray electrons arose from the ceased AGN (presumably FR I radio galaxy) and perhaps
other nearby galaxies, and the CRe were subsequently transported throughout by the
gas motions influenced by the merger (e.g., ZuHone et al. 2021). Presumably, the
central core AGN in the FR I radio galaxy fired jets out (in opposite directions), gen-
erating highly magnetized buoyant bubbles, as discussed in scenario 2. As they rise,
the bubble’s material is advected by the gas motions driven by the merger and in time
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the material of the bubble mixes with the intracluster medium, and therefore, giving
rise to filamentary shape that resemble radio relics (e.g., Mathews and Brighenti 2008;
ZuHone et al. 2021).

The ram pressure of the fired jets is believed to be balanced by the ram pressure
of the receding external medium in front of the flow, and the interaction of the jet and
its environment produces a powerful shock at the end of the jet and a bow shock in
the external gas (Brocksopp et al., 2007). However, we do not detect any bow shock
in our image, but it might have faded away over the years. It is believed that this bow
shock compresses the bubble material and also to have the capability of re-accelerating
relativistic particles (Markevitch et al., 2005; Brocksopp et al., 2007). Therefore, it
is likely that the electrons in the relic are accelerated by both the merger shocks and
the shocks from the old radio jet.

4.3 The extended diffuse emission

4.3.1 Radio power, morphology and size

As described in subsection 4.1.2, the extended diffuse emission is modelled as an el-
lipsoid with axes of lengths 90 kpc, 150 kpc and 120 kpc, which yields an emitting
volume of ~ 6.7 x 10 kpc®. This volume covers a projected linear size of ~ 300 kpc,
which is within the sizes of known mini-radio halos (e.g., van Weeren et al. 2019).
The radio mini-halo in Perseus was reported to have a linear size of ~ 300 kpc, with
an estimated radio power of ~ 4.4 x 1024 W Hz~! at 1.5 GHz by Sijbring (1993).
Giovannini and Feretti (2000) reported a mini-halo found in A2142, with a linear size
of ~ 270 kpc and a radio power of ~ 6.6 x 102 W Hz~! at 1.4 GHz. Another mini-
halo with a linear size of ~ 550 kpc and a radio power of ~ 15.6 x 1023 W Hz~! at
1.4 GHz was reported by Bacchi et al. (2003). While the linear size of our extended
diffuse emission agrees with that of mini-halos, its radio power differs significantly.
We estimated a radio power of ~ 1.67 x 10*2 W Hz~! at 1.28 GHz for the extended
diffuse emission, which is about one order of magnitude less to that of known radio
mini-halos. As stated in subsection 4.1.1, we are unable to constrain the fidelity of
the extended diffuse emission, therefore, we do not classify it.

The rogg scale of the dark matter halo is indicated in figure 3.6, and it shows that
NGC 6240 is not positioned in the centre of the detected diffuse emission. Figure 3.6
also shows that about three quarters of the one-sided AGN relic is positioned within
the r90g, which includes the entire filamentary structure but precludes the two shocks
and some of the bridges. Therefore, the AGN relic extends fractionally beyond the

7200-

4.3.2 Compact radio sources within the diffuse emission

In figure 3.6, we detect discrete bright radio sources that are joined with both the
extended diffuse emission and the relic. The first bright 4.5 mJy source (labelled C;
RA 16" 53™ 04.75, DEC 2° 24' 37//) is located closer to the merger centre, the second
bright 60 m.Jy source (labelled B; RA 16" 53™ 19.0°, DEC 2° 26" 05" ) is located closer
to the relic, the third bright 3.1 mJy source (labelled A; RA 16" 53™ 24.7%, DEC 2° 27
16//) is located above the relic, and finally the fourth bright 1.62 mJy source (labelled
D; RA 16" 53™ 01.6°, DEC 2° 26" 23") is located north of NGC 6240.
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4.4 The loop structure to the west (western arm)

The integrated flux density our 1.28 GHz image shown in figure 3.2 is 384 mJy, with
a peak value of 179 mJy beam™!. This 1.28 GHz image is consistent with the prior L-
band (A and B- array configuration) observations of the nuclear structure of NGC 6240
obtained by Baan et al. (2007) and Colbert et al. (1994). In fact, the integrated flux
density in our 1.28 GHz high resolution map is very close to that obtained by Colbert
et al. (1994), which is 386 mJy at 1.4 GHz. However, compared to the findings of
Baan et al. (2007), our integrated flux density is higher by 13.5%, this may result
from their use of a higher frequency (1.6 GHz) for their high resolution map. The
latter suggest an increase of flux density at lower frequency which implies a steepening
spectral index for the western arm (e.g., Colbert et al. 1994).

TABLE 4.1: Flux comparisons of compact NGC 6240 components

Component Frequency Flux Peak flux Observations
(GHz) (mJy) (mJy beam™1)

Loop structure 1.28 110 £ 11  38.6 MeerKAT (2019)

W1-W4 1.6 49.3 - VLA (1995)

\W% 1.48 100 =15 35 VLA(1991)

Notes: The components W1-W/ and W denotes the loop structure to the west (different
labelling), and are reported in these papers Baan et al. (2007) and Colbert et al. (1994),
respectively.

The emission of the loop structure seen in figure 3.2, exhibit a flux density of
110 mJy with a peak value of 38.6 mJy, giving a total luminosity of 1.45 x 1023 W Hz !,
again in agreement with the findings of Colbert et al. (1994). Colbert et al. (1994)
obtained a flux density of 100 mJy with a peak value of 35 mJy beam ™! for the loop
structure. Whereas, at 1.6 GHz, Baan et al. (2007) found the flux density of the
loop structure to be 49.3 mJy without any sharp peak value, suggesting that higher
resolution may filter out the flux in the radio map. These comparisons are tabulated
in table 4.1.

4.4.1 The western arm correlated with the optical and X-ray fea-
tures

The spatial correlation (and anti-correlation) between the radio, optical and X-ray
features (see figure 3.3 above), clearly illustrates that the filaments of the ionized Ha
bubble permeate more to the southwest, southeast and south, all of them spreading
out to the west of the radio loop structure and the extended structure below the nu-
cleus of the southern galaxy, further supporting what Colbert et al. (1994) proposed
regarding the origin of the loop structure to the west. The HST image shows the
details of the superwind associated with the radio loop structure continuum to the
west of NGC 6240, and consistent with the sub-arcsecond-resolution images reported
by Gerssen et al. (2004). Miiller-Sanchez et al. (2018) reported that the emission from
the Ha bubbles to both the east and west of the nuclei, appears not to coincide with
stellar continuum, implying that the bubbles originate from winds rather than tidal
debris. Furthermore, the faint emission in the optical image coinciding with the radio
diffuse clumps in the loop suggest that this diffuse clumps do not result from a local,
off-nuclear starburst (Colbert et al., 1994). Evidently, the large-scale Ha structure
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towards the west, matches and complements the radio loop structure to the west,
consistent with the results of Colbert et al. (1994) and Max et al. (2005).

Figures 3.4 and 3.5 show that most of the soft X-ray emission spatially correlates with
the filaments of the He, exhibiting emission of two huge filaments that are orthogonal
to the galactic plane with an extent of ~ 6.5 kpc at ~ 60° (Lira et al., 2002). The
morphology of the bubble mainly rises from the northern filament, while the eastern
side exhibits a morphology that is unclearly defined but composed of higher surface
brightness and likely to result from more dense surrounding medium which decelerate
and redirects the outflowing wind (Lira et al., 2002), which forms part of the [O III]
cone powered by the AGN-driven outflow, reported by Miiller-Sanchez et al. (2018).
Clearly, the X-ray contours in figure 3.5 coincide very well with the Ha structures,
and most of the soft X-ray emission follow most of the filaments in Ha bubble, while
weak emission is seen on the southern filament, in agreement with the results of Lira
et al. (2002), where they infer that the weak emission could be due to the presence
of the dust lane. With the latter correlation between the optical and X-ray features,
the most interesting part is that of the radio emission in relation to the two.

In figure 3.5, we overlaid our MeerKAT radio emission contours to the latter bands,
the contours represent a synchrotron radio source along the loop structure to the west
with a flux density of 110 mJy (see table 4.1). The loop structure directly aligns with
the bubble seen in both the HST and Chandra image, and seems to be situated towards
the upper region of the bubble(s), confirming the results of Lira et al. (2002), drawn
out from the crude positional information from Figure 3(a) in Colbert et al. (1994).
Furthermore, Lira et al. (2002) reported that the flux ratio of NGC 6240’s bubble,
from Ha to X-ray is about 1.2, consistent with the ratios determined by Strickland
et al. (2002) for the different regions of the galactic wind in NGC 253. Therefore,
this further supports the interpretation that the radio loop structure in NGC 6240
is caused by the galactic winds, since this bubble is associated with the radio loop
structure. The correlation of optical, radio and X-ray emission in combination with
the soft, thermal (Komossa et al., 2003), and non-thermal-plasma-like confirms that
the extended emission seen in NGC 6240 is governed by starburst-driven superwinds
emanating mainly from the southern nucleus.

Other authors have assumed that the relativistic electrons in the wind have origi-
nated from the nuclear radio cores of NGC 6240 (Colbert et al., 1994), taking this
into consideration, the Ha filament seen emanating from the southern nuclear core,
spreading out to the southwest of the radio loop structure could be a jet in the pro-
cess of leaving the southern nuclear core. Miiller-Sanchez et al. (2018) have found
that the energetics of the Ha bubble are consistent with the injected energy from a
star-formation episode that happened at most 9 Myr ago, and its time scale in not
consistent with classic AGN flickering cycles but consistent with the age of the nuclear
starburst in NGC 6240. Clearly, this mere recent activity seen closer to the nucleus
is far younger than the large-scale diffuse emission reported earlier.

4.5 Summary

In this chapter, we analysed our MeerKAT results for the large-scale continuum en-
vironment of NGC 6240. The analysis begins with the calculations along with the
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measurements that we used to get some of the necessary quantities to help us to bet-
ter understand the nature of our radio sources. These quantities include the volume
occupied by the emission of the sources, the integrated radio spectral index, magnetic
fields, radiative ages and radio powers of our sources. Additionally, we estimated the
mass of the system, the pressure, Mach numbers and various velocities. With these
calculations we were able to classify our sources, propose possible explanations of their
nature and compare them to known sources in literature.

Our main source of interest is Source E, which we were able to categorize as a radio
shock, phoenix and AGN relic. Using the energetics, size and location of Source E
we were able to better discern its possible nature, which is likely governed by re-
acceleration of fossil-plasma by merger shocks and old radio jets. However, future ob-
servations (especially at low frequencies) will help us determine the nature of Source E
much better. We are in the process of obtaining further observational data on the
source. For the extended diffuse emission we suggested that its nature might be that
of turbulent re-acceleration model which is usually seen in halos, and we could not
classify the nature of the extended diffuse emission, since we could not interpret the
entire extended diffuse emission due to artefacts.

Our map consists of other interesting point sources, which have counterparts in the
other bands but unfortunately we could not study them further as their redshifts are
unknown. Another interesting source we focused on is the complex jet morphology of
NGC 6240, commonly known as the western arm. We explored the western arm in
our MeerKAT image, and compared it to its counterparts from the X-ray and optical
bands, and confirmed the results proposed by prior authors. This lays the ground-
work for the future multi-frequency study of the large-scale diffuse emission aided by

SKA pathfinders.
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Chapter 5

CONCLUSION

5.1 Summary

The aim of this thesis is to explore the large-scale environment of NGC 6240 at a
lower frequency of 1.28 GHz, using the MeerKAT observing instrument. We investi-
gate the extended radio diffuse emission around the postmerger system of NGC 6240
at a low redshift of z = 0.0245, and the diffuse radio sources embedded within the
extended diffuse emission. This includes the radio phoenix/shock/AGN relic, and the
nearby radio galaxies (discrete bright sources). In addition, we detect the complex jet
morphology of NGC 6240 at 1.28 GHz.

We first present the complex jet morphology (known as western arm) of NGC 6240
at 1.28 GHz high resolution, observed with MeerKAT instrument. The complex jet
morphology is then compared with the one obtained with Very Large Array (VLA)
observations at 1.48 GHz and 1.6 GHz. The MeerKAT complex jet morphology image
is uniform weighted with rms of 30 uJy beam™!. Secondly, we present the image re-
vealing the discovery of the extended radio continuum around NGC 6240 at 1.28 GHz.
Within this extended radio continuum, we detect four radio galaxies and a new dis-
covered diffuse radio source located in the east of the postmerger of NGC 6240. We
also show the correlation between the radio emission of the loop structure to the west
and the Ha bubble seen in the X-ray and optical bands.

Additionally, we compare Source E to a sample of known radio relics and radio
phoenices. The inferences drawn from the plots suggest that Source E could be a
potential radio shock/phoenix/AGN relic.

In Chapter 4, we provide the analysis of the newly discovered diffuse radio sources,
as well as for the complex jet morphology of NGC 6240. However, we could not do
a full analysis on the extended diffuse emission due to calibration issues but we do
show some quantities that characterises it as a halo. Based on the physical size, ge-
ometry, energetics and location of these newly discovered diffuse radio sources, our
analysis suggest that we detected a radio phoenix/shock/AGN relic. The extended
diffuse emission is ~ 300 kpc, with integrated flux density of ~ 13 mJy, and total dark
matter halo mass of Magg ~ 1.1 x 10! M. The radio phoenix/shock/AGN relic ex-
hibit the physical length of 107 kpc and width of 80 kpc, and a total flux density of
~ 49 mJy. Both the extended diffuse emission and radio phoenix/shock/AGN relic
give radio powers with order of magnitude 10?2 W Hz ™!,

Our results shows that even in low mass systems, MeerKAT is capable of detect-
ing radio halos where their formation is expected to be ultra-low due to the turbulent
re-acceleration model. These results provide a spectacular demonstration of the AGN
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feedback: shocks propagating out to ~ 145 kpc distances to re-distribute /re-energize
the gas, well beyond the map baryonic distribution of gases in galaxies. The results
also provide evidence that there is a high possibility of finding more sources of revived
fossil plasma sources (relics) and some kind of radio shock in low mass systems, it
being associated with AGN feedbacks (merger shocks and old jet shocks).

Furthermore, the extended halo is assumed to have a steep radio spectra, ranging
from 1.0 - 1.8 and for the radio phoenix/shock/AGN relic we estimated an integrated
spectral index of ~ 2.9, suggesting the turbulent re-acceleration for the extended halo
and re-acceleration of pre-existing relativistic electrons by merger shocks for radio
phoenix/shock and old radio jet shocks for the AGN relic. However, major merger
events are expected to supply the energy for turbulent-induced acceleration in galaxy
clusters but, in the case of NGC 6240, the mass involved is three orders of magni-
tude smaller, indicating that the re-acceleration efficiency may unlikely generate radio
emission via turbulence. This analysis calls to attention the significance of merger sys-
tems and their role in extended diffuse emissions, and we stress out that the origin of
these diffuse radio sources is still puzzling to this present day.

5.2 Future work

One of the goals is to revisit the large-scale environment of NGC 6240 with the Giant
Metrewave Radio Telescope (GMRT), Very Large Array (VLA) radio observations,
as well as a MeerKAT UHF observation and surveys of similar objects in the low-
redshift to determine how common this serendipitous discovery of a relic in low-mass
dark matter halo really is.

We would like to explore the proposed merger shocks scenario for the origin of the
radio relic, using radio observations that provide both high sensitivity to low surface
brightness and high angular resolution at < 1.4 GHz, which will permit a much com-
prehensive morphological study of both the extended diffuse emission and the radio
relic.

As shown in subsection 4.2.3, there is a lack of extended X-ray emission detected
from NGC 6240. Therefore, we would also like revisit NGC 6240 with a full resolution
deep Chandra X-ray observations, which will enable us to spot the counterparts of
the merger shocks and also provide temperature maps with high spatial resolution for
the newly discovered extended diffuse emission and radio relic. We will also be able
to see the correlation between the radio relic and the merger axis of NGC 6240.
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