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Hierarchical structure formation in the Universe naturally predicts frequent galaxy
mergers, and as a result, supermassive black hole mergers. A dual-AGN phase will
then occur during the course of those mergers. Constraining the timescales spent
at this stage provides predictions for supermassive black hole merger event rates
and constraints on galaxy formation and evolution. Supermassive black holes at the
centres of their host galaxies actively accrete matter in some systems, resulting in
a production of radiation in a broad wavelength range, and in a fraction of those,
radio-bright jets. The relativistic jets are usually paired and can span from parsec to
megaparsec scales. A subclass of those have exotic radio morphologies, including
the so-called "X-shaped” sources. The study of such systems is important to better
understand the intrinsic and extrinsic physical properties and feedback mechanisms
influencing the evolution of radio jets, as well as the identification of exotic systems
which may be used as physical laboratories. In this thesis, we present MeerKAT’s
tirst look at the prototypical, dual-AGN and previously characterised X-shaped sys-
tem, NGC 326. The extended large-scale diffuse structure of NGC 326, revealed first
by the LOFAR 144 MHz maps, is unveiled for the first time at GHz frequencies.
Analysis of the MeerKAT L-band map, in combination with the LOFAR 144 MHz
map, suggests that the production of the wings and the extended structure is a con-
sequence of hydrodynamical backflows within the radio structure residing inside a
merging cluster. Due to the high imaging fidelity, sensitivity, and dynamic range,
the large-scale structure was able to be captured in the gigahertz observation, de-
spite the low surface brightness and steep spectral index of the older plasma of the
source. Detailed, multi-band imaging of nearby universe X-shaped sources such as
this will directly assist in discerning the relevant physical drivers of the increasing
number of exotic radio source morphologies being identified in SKA precursor and
pathfinder surveys.
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Chapter 1

Introduction

We present a study of a radio-loud source with an exotic morphology, which hosts
a pair of active galactic nuclei at its cores, in this thesis. In this chapter, we ex-
plain what an active galactic nucleus is; delve into radio galaxies, the properties
of radio jets, and the formation of exotic morphologies; then give an overview of
the observed radio source and take an overview of the previous observations of the
source.

1.1 Active Galactic Nuclei

An active galactic nucleus (AGN) is a small region typically found in the centre of
a galaxy that comprises a supermassive black hole (SMBH) actively accreting mat-
ter. Matter falling into the black hole forms an accretion disk heated up by frictional
interaction through differential rotation and viscosity. This heating, the resultant
ionised media, and the presence of magnetic elds cause it to emit electromagnetic
radiation in a broad wavelength range. Due to the immense gravitational poten-
tial energy of the black hole and conversion of a fraction thereof, this region can be
highly luminous, even outshining its host galaxy in the case of quasars. Quasars
are quasi-stellar objects — very bright and powerful AGNs in a broad range of wave-
lengths, whose accretion disk is (almost) perpendicular to the observer and outshine
their host galaxy.

A black hole at the centre of a galaxy determines the stellar mass of the galaxy bulge
through the AGN feedback, where the energy and radiation generated by accretion
onto the massive black hole interact with the gas in the host galaxy. The ux of
photons and particles produced by the AGN can remove the interstellar gas from the
galaxy bulge and result in the termination of star formation and the active galactic
nucleus, the latter being due to a lack of fuel for accretion (Fabian, 1999; Fabian, 2012,
and references therein). In some cases, however, mechanical feedback has resulted
in the enhancement of star formation (Bernhard et al., 2016; Ehlert et al., 2023).

Two major modes of AGN feedback that have been identi ed are radiative and ki-
netic. Radiative mode, also known as quasar or wind mode, operates in a galaxy
bulge when the accreting black hole is close to the Eddington limit (maximum lu-
minosity that a star or accretion disk can achieve when the outward radiative force
equals the inward gravitational force; the balanced state being called hydrostatic
equilibrium, van Marle, Owocki, and Shaviv, 2008). In radiative mode, the outward
motion of gas and dust is either caused by the radiative pressure or AGN winds.
Galaxies in this mode are usually optically thick and emit radiation at a broad range
of wavelengths. The kinetic mode, which is also known as the radio jet or mainte-
nance mode, usually occurs when the galaxy has a hot halo and the accreting black
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hole has powerful jets. Galaxies in this mode being active are usually optically thin
and are observed easily at X-ray and radio wavelengths (Fabian, 2012, and references
therein).

These AGNs sometimes include two radio jets typically along the axis of rotation
and orthogonal to the plane of the accretion disk. These radio jets, in addition to the
accretion disk, can also act as a dominant emission component of an AGN. One of
the explanations for the nature of these jets is that relativistic particles are ejected due
to the twisting of magnetic elds through differential rotation and frame-dragging
effects in the vicinity of the black hole event horizon. While the details of the jet-
launch mechanism are yet to be fully understood, it is expected that these conditions
can lead to the rapid acceleration of hot and fast-moving ions away from the accre-
tion disk. These jets become relativistic, and even ultrarelativistic, as the particles are
accelerated to speeds close to the speed of light. Synchrotron radiation, with a wide
range of wavelengths, is emitted as a result of accelerated charged ions spiralling
around the magnetic eld. Figure 1.1 presents an artist's concept of an accreting
supermassive black hole with a perpendicular jet of twisting magnetic elds.

FIGURE 1.1: Artist's concept of a supermassive black hole with an
accretion disk (orange/brown) and a helical jet (blue) perpendicular
to the disk. Image credit: NASA/JPL-Caltech (2013).

The viewing angle of AGNs is known to impact their observational signatures strongly.
The realisation of the viewing angle's impact on observational signatures has kicked
off the "Uni cation Era" — the venture to explain different spectral exhibitions of
AGNs with a single physical object (see Antonucci, 1993). However, it should be
noted that not only does the viewing angle affect the observed properties, but so
does the luminosity of the AGN, amongst other factors. AGNs that seem to tran-
sition from how they look challenge simple AGN Uni cation models and are ex-
plained by changes in the activity of the nucleus and not by their physical orientation
with respect to our line-of-sight (Heckman and Best, 2014; Spinoglio and Fernandez-
Ontiveros, 2021). Nevertheless, the simple generalised model can be used to group
the different sources as it is true to an extent. This so-called "AGN zoo' described by
the uni ed model includes blazars (AGNs with relativistic jets directed toward us);
guasars (AGNs that outshine their host galaxies); Seyferts 1 and 2 (Spiral galaxies
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with bright nuclei), radio-quiet quasars; and radio galaxies (Fanaroff Riley Types |
and Il, FR—I and FR-II (Fanaroff and Riley, 1974)) (radio loud, at spectrum sources).
The last is most relevant to this project and is described in more detail in the next
section.

1.2 Radio Galaxies

Radio galaxies are a class of active galactic nuclei that are highly luminous at radio
frequencies. The structure of such sources consists of a core and a pair of active
and collimated relativistic jets (if still active), as well as the de ning features of large
radio lobes, where the inner jets terminate(d). The lobes are giant regions of radio
emission extending far from the host galaxy (Adams et al., 2004). The radio emission
mechanism of this class of AGNs is dominated by synchrotron radiation from the
core to the lobes, as magnetic elds pervade throughout the jets.

Since the discovery of the structure of Cygnus A in radio wavelengths (Jennison and
Das Gupta, 1953), radio sources have been observed at wide ranges of frequencies,
from MHz to hundreds of GHz frequencies. Rees (1971) found that double radio
sources were seemingly powered continuously by jets ejected from their nuclei. Ear-
lier, Rees (1966) had proposed that radio-loud quasars had relativistic motion, which
caused the observed rapid radio variability. These relativistic motions produce su-
perluminal motions — the apparently faster-than-light motions.

This discovery was critical in the uni cation of radio quasars with at spectra. In
fact, relativistic beaming is responsible for the observation of synchrotron spectra in
the rst place. The high observed masses of relativistic electrons, m = gmg, reduce
their accelerations and orbital frequencies to low values, which in turn reduces the
frequency of emitted radiation. Relativistic beaming turns the low-frequency sinu-
soidal radiation into high-frequency spikes in the frame of the observer (Condon
and Ransom, 2016).
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FIGURE 1.2: Reproduced from Blandford, Meier, and Readhead (2019) Figure 1. A montage
of M87 radio images through various scales. The FR-I radio jets are shown to extend to
kpc scales in (a). The effects of relativistic beaming can be seen in images b-d, where one
of the jets is much more visible than the other. Image (e) shows the jet launching from the
supermassive black hole and shows the unique morphology of the jet. Image (f) presents the
rst direct image of the shadow of the black hole. The images were taken with the following
telescopes: (a) NRAO, 90-cm VLA; (b) NRAO, 20-cm VLA; (c) NRAO, 20-cm VLA VLBA,; (d)
NRAO, 7-mm VLBA,; (e) 3-mm global VLBI network; (f) 1.3-mm Event Horizon Telescope.

1.3 Radio Jet Morphology

In order to attempt to explain various observed radio jet morphologies, we must rst
explain the nature of the radio jets. Jets produced by AGNs have been observed on
a multitude of scales, from . 1 AU to & 1 Mpc. Naturally, throughout the various
extensions, the extrinsic and intrinsic conditions will differ. Three distinct jet scales
have been distinguished on loosely de ned scales. They consist of black hole, galaxy
and lobe jets.

1.3.1 Black hole jets

These extend from the gravitational radius of the black hole, rg, to the radius of
in uence of the black hole, Rj,¢. The black hole potential dominates the region, and
this is where there is an in ow of matter to the accretion disk and out ow from it.
Very Long Baseline Interferometry (VLBI) studies are able to capture these relatively
small regions.

The gravitational radius of the black hole is de ned by the equation

rg= GM/ &, (1.1

where G is Newton's Gravitational constant, M is the mass of the black hole and c
is the speed of light. Similarly, the black hole's sphere of in uence is de ned by the
equation

Rinf = GM/ s?, (1.2)

where s is the one-dimensional central stellar bulge velocity dispersion.
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Most VLBI observations are still restricted to scales of the black hole sphere of in u-
ence radius, Rj,¢, or larger of the target sources; thus, our understanding of radio
emission on small scales relies on very few studies. Therefore, we summarise the
results of an M87 study at its black hole jet scale and infer the physics at this scale.
Walker et al. (2018) imaged the innermost jet of galaxy M87 using 50 Very Long Base-
line Array (VLBA) 43 GHz observations (Figures 1.2 (d) and 1.3). The resolution,
hence, was about 60 120r of the SMBH. Some of the major results of their study
are:

» wide-opening angle jet base with edge-brightened structure;
« overall parabolic jet shape with regions of rapid expansion and recollimation;

e counter-jet seen with a similar structure to the main jet; however, its brightness
drops rapidly with distance, presumably as a result of Doppler boosting;

« inthe inner 0.5 to 2 milliarcseconds (mas), a region of acceleration is observed;

« superluminal motions observed with apparent speeds from under 0.5 cto over
2¢; and

« helical magnetic elds are revealed close to the core by polarisation observa-
tions.

The Event Horizon Telescop&HT) study of the M87 black hole at 230 GHz (Event
Horizon Telescope Collaboration et al., 2019) revealed the shadow of the black hole
and provided evidence that the jet is formed close to said massive black hole (Fig-
ure 1.2 (f)). Blandford, Meier, and Readhead (2019) summarised that the high speed
of relativistic jets is produced slowly over a large distance (thousands of black hole
radii) in FR—I sources.

FIGURE 1.3: This is reproduced from Walker et al. (2018). Black hole jet image

of M87 produced from 43 GHz VLBA observations. The angular and linear

scales are indicated with the assumption that the jet is oriented 17 from line-

of-sight. Shown in the lower left corner is the beam with a resolution of 0.43
0.21 mas, elongated in position angle —16.
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1.3.2 Galaxy jets

The galaxy jets carry the mass, energy, momentum and magnetic ux from the black
hole and its accretion disk to the radio lobes (Blandford, Meier, and Readhead, 2019).
Their interactions with the environment and their radiation losses provide for their
observations. We use the scale set by Blandford, Meier, and Readhead (2019) and
scale these jets from the black hole sphere of in uence radius, Rj,¢, to the rst 10%
of the extent of the lobe, Rgpe

Observational work on radio sources has revealed essential information about galaxy
jets:

» The observed one-sided jets of kpc scales are a result of Doppler beaming (Gar-
rington et al., 1988; Laing, 1988). Intrinsically, if the jets are two-sided and rela-
tivistic on both sides, then the one closer to us appears brighter due to Doppler
beaming. Detailed polarisation observations would show that the lobe with
the one-sided jet is less depolarised than the other, which is argued to be the
result of Faraday rotation — nearer jet emission goes through less magnetoionic
medium than the other, which causes differential Faraday rotation and thus,
depolarisation.

» Furthermore, the observational work reveals that steep-spectrum jets
( 1.0 a 0.5 between 200 MHz and 5 GHz) originate from compact at-
spectrum (a 0.5) cores (Readhead et al., 1978).

» The features of jets are seen to move along the jets at superluminal speeds
(Lister et al., 2019).

The Monitoring Of Jets in Active galactic nuclei with VLBA Experimen{($10JAVE)
group (Lister et al., 2019) has studied 409 radio-loud AGNs using 15 GHz VLBA
data spanning 22 years (1994 August 31 — 2016 December 26). The goal was to un-
derstand a blazar population by characterising the jet properties of a ux-density
limited sample. We summarise some of the results of their study:

» 382 jets of the sample had a bright feature that could be tracked over ve
epochs. Evidence of accelerated motion at the 3 level was found in 59% of
the jet features.

» They con rmed that characteristic jet speeds are related to the underlying jet
ow and that the speeds of jet features lie within 40% of the characteristic
speed.

» They found 55 features in 42 jets with unusually slow pattern speeds, at least
10 times slower than the fastest feature, and that most of these lie within 4 pc
(projected) of the core feature.

 After the examination of the maximum apparent jet speed distribution, they
found it to peak at low values. Only a few speeds were above 30c. They con-
cluded that, due to their survey not measuring instantaneous speeds above 50c
and that Doppler-biased samples should contain the fastest jet speeds in the
parent population, the distribution of jet Lorentz factors are not single-valued
but rather have a power law distribution and are weighed towards low  G(bulk
Lorentz factor).
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« They found a strong correlation between apparent jet speed and synchrotron
peak frequency (np). The highest jet speeds were found in AGNs with low np
values.

These observations surrounding galaxy jets, thus, reveal that highly relativistic jet
bulk motions are superluminal and that the jets leave the radio source at high bulk
relativistic speeds.

For FR-IIs at hundreds of kpc scales, there is neither evidence of these high bulk
speeds nor is there evidence for a required strong deceleration to explain the differ-
ent speeds at pc and kpc scales. This is explained by the jet being structured, with
the emission seen on kpc scales coming from slower components, whereas most of
its energy is being carried by the relativistic out ow. The jets of FR-II sources come
out of their nuclei with mildly relativistic speeds and with a considerable amount of
their initial power.

The situation is different and plain when it comes to the FR-I radio galaxies. One-
sided on small scales but two-sided on large scales (such as M87 in Figure 1.2),
they appear to have bulk deceleration if we are to attribute the sidedness feature
to Doppler boosting. Laing and Bridle (2014) modelled the kpc-scale synchrotron
emission from jets in 10 FR—I sources using the VLA and found that the jets initially
have out ow speeds of  0.8c and then decelerate to sub-relativistic speeds where
they stay constant. The deceleration is faster at the edges than on the axis. A sizable
amount of the energy of the jets is dissipated at recollimation shocks near Rins.

1.3.3 Lobe jets

This is the terminating part or stage of the jets where lobes of radio emission are
in ated and, in some cases, back ows are observed. These vary depending on the
nature of the jets, i.e. whether they are of Fanaroff-Riley type I or Il. The out ows
from the radio lobes form various morphologies on hundreds of kpc or even Mpc
scales (such as the case of a giant radio galaxy, 3C 236).

The Fanaroff-Riley classes (Fanaroff and Riley, 1974) distinguish radio galaxies based
on the relation between the positions of the high brightness regions to the low bright-
ness ones and the luminosity of radio sources. Two such classes emerge from this
de nition, where those with brighter spots closer to the nucleus, have lower-powered
jets and have a subsequent reduction in brightness towards the lobe edges, hence
called edge-darkened, are Fanaroff-Riley type | (FR-I) (Fig. 1.4a); and those brighter
in radio luminosities than their counterparts and have higher-powered jets with
edge-brightened lobes, are Fanaroff-Riley type Il (FR-II) (Fig. 1.4b).

The energy carried by the jets that is not lost in black hole or galaxy jets reaches
the lobe jets and lobes themselves, where it is emitted. Leahy and Williams (1984)
performed numerical simulations of the standard jet model of radio sources. They
revealed that if a high Mach number jet ows into an ambient medium much denser
than the jet, a ‘cocoon' of jet material will be formed between the jet and the con ning
medium. If the jet is much less dense than the impacted medium, then the jet-shock
speed will be less than the jet speed, from one-dimensional ram-pressure arguments.
The continuous supply of jet material to the jet shock where post-jet shock material
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is rapidly decelerated results in most of the kinetic energy of the jet material getting
converted to thermal energy at the shock and spreads the post-jet material away
from the jet. The pressure in the in ated hotspot accelerates the material in the lobe
toward the centre, thereby producing a back ow. However, if the density of the jet
exceeds that of the ambient medium in which it collides, then little energy is lost
and the post-jet material trails behind the jet shock and continues to move forwards.
Thus, no bright hotspots or back ows are produced in this case.

(A) Fanaroff-Riley type | source 3C 31.

(B) Fanaroff—Riley type Il source Cygnus A.

FIGURE 1.4: Radio images exhibiting Fanaroff-Riley morphologies.
The 3C 31 and the Cygnus A images were obtained from the NRAO
archivel.

FR-II jets keep a substantial amount of their relativistic energy from the black hole
region to the lobes but lose a good amount of their electromagnetic energy near
the black hole jet region (Blandford, Meier, and Readhead, 2019). This allows them
to produce strong shocks and lobes with plenty of relativistic particles and strong

synchrotron emission in the region. However, FR—I jets carry their electromagnetic
energy beyond the black hole jets but lose most of their kinetic energy there, resulting

1 https:/imww.nrao.edu/archives/
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in no or weak jet shocks. Since FR-Is still contain the electromagnetic energy out in
the lobes, they are able to radiate it out in the lobes as well.

Out ows from the lobes create large-scale radio morphologies detected in MHz and
GHz frequencies. Intrinsic conditions, such as hydrodynamic back ows and black
hole — black hole mergers, and extrinsic conditions, such as movement of the host
galaxy in the cluster, shape these large-scale structures. Conditions that form these
structures can vary greatly from one radio galaxy to another.

1.4 Models of X-shaped Sources

A fraction of radio galaxies have a compact core with two pairs of radio jets, one
primary jet pair and one secondary jet pair or “‘wings', which form an X-shaped mor-
phology. These X-shaped Radio Galaxies (XRGs) account for 5 to 10% of observed
radio galaxies (Leahy and Williams, 1984; Leahy and Parma, 1992; Yang et al., 2019).
Seven of the eleven sources in the Leahy and Parma (1992) sample contain FR-II pri-
mary lobe pairs with well-de ned hotspots. The wings of all known XRGs exhibit
FR—I morphology. Leahy and Parma (1992), Cheung et al. (2009), and Yang et al.
(2019) have found that most of the radio luminosities of XRGs lie near the FR—I and
FR~II division, and Cheung et al. (2009) and Landt, Cheung, and Healey (2010) have
found them to have the average luminosity of L, 10°°WHz 1.

A suggestion by Merritt and Ekers (2002) that XRGs might be sites of radio jet
axis spin- ips due to black hole binary merger events gathered more attention on
these exotic radio sources. Below, we extrapolate the hypothesised processes which
could give rise to the peculiar morphologies.

1.4.1 Jetreorientation

Merritt and Ekers (2002) proposed that the orientation of the spin axis of a black hole
changes drastically following a coalescence of black holes, even in a minor merger.
They added that since accretion onto the SMBH is constrained by relativistic frame
dragging to be axisymmetric with respect to the black hole, the change in direction
of the jets of the black hole will be a signpost of a merger as it is believed that the
jets emitted from AGNs are parallel to the black hole's spin axis and thus launch
perpendicularly to the accretion disk. Therefore, Merritt and Ekers (2002) suggested
that the morphology of X-shaped sources may be a result of the reorientation of the
jet due to a recent SMBH merger. In this model, the current lobe pair represents the
currently active jets, while the wings represent the former jet/lobe direction.

This method of formation of X-shaped morphologies fails to explain sources which
seem to have the secondary pair of jets emerging from the lobes of the primary jet
pair.

Roberts, Saripalli, and Subrahmanyan (2015) looked at 52 X-shaped sources of the
100 presented by Cheung (2007) which had corresponding VLA data. They de ned
‘genuine X-shaped' radio sources to be those which had the second pair of lobes
seemingly emerging from the core, which would likely indicate that the formation of

a secondary pair of jets is a result of black hole spin axis reorientation. Following this
de nition, they found that 21%, at most, of identi ed X-shaped sources are “genuine'
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and thus have a high probability of previously having a black hole merger, which
makes such candidates even rarer, considering that 5 — 10% of radio-loud sources
are X-shaped.

1.4.2 Superimposed jets

Another explanation for the formation of X-shaped sources is that there is a super-
position of two SMBHSs residing in the nucleus of the same host galaxy — each with a
pair of jets but misaligned (Lal and Rao, 2005). The results that strengthen this argu-
ment are the detection of low-surface brightness lobes having atter spectra when
compared to the high-surface brightness active lobes. A at spectral index correlates
with newer emission whereas a steep one tends to correlate to older emission.

This suggestion fails to explain the morphology of systems where their secondary
jets are not lying on the same axis, such as those seen in Z-shaped galaxies. The
model also does not hold water in systems where the extended wings have a steeper
synchrotron spectrum, in which case other models become favourable.

1.4.3 Hydrodynamical back ow

A different proposal for the cause of the morphology that considers the source envi-
ronment is the hydrodynamical back ow model. The model says that the morpholo-
gies result from more prosaic yet physics-rich uid dynamics — a plethora of charged
particles are ejected by the relativistic jets, spiralling out and accelerating due to the
magnetic eld at the poles of a black hole and emitting resultant synchrotron emis-
sion. As detailed in Leahy and Williams (1984), the energy injection in ates radio
lobes which expand against the intra-cluster or intra-group medium. If the jet power
decreases or even ceases, a back ow may result due to the jet density being much
less than that of the ambient medium, which then meets a higher-density hot galactic
halo and may be de ected, depending on the halo dynamics and orientation. This
de ection can form a pair of “wings' — angled away from the active jets. Figure 1.5
(@) illustrates this mechanism.

Most highly-luminous sources have a pair of linear radio jets that are inversion sym-
metric about their host galaxies. Leahy and Williams (1984) performed simulations
of the standard jet model of radio sources and found that should the jet out ow
into an ambient medium much denser than the jet, a “‘cocoon' of jet material will be
formed depending on the density ratio of the jet and the medium. If the jet is much
less dense than the ambient medium, a large amount of the kinetic energy will be
converted into thermal energy, creating a broad hotspot and in ating the cocoon.
The pressure in the hotspot then re-accelerates the jet material towards the centre,
thus producing a back ow. The back ow stays collimated until it reaches the source
galaxy to expand laterally in a fat disc upon meeting the back ow from the oppo-
site hotspot, in an axisymmetry situation. Leahy and Williams (1984) noted that the
semimajor axis of a hot ellipsoidal gas halo of the host galaxy misaligned with the
jets could de ect the back ows toward the negative pressure gradient, causing them
to bend and produce the secondary jets, or “wings', of X-shaped sources.

Figure 1.5 presents morphologies which may result from hydrodynamical back ows
of the lobe plasma. The back ow X-shaped morphology is explained by Fig. 1.5
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FIGURE 1.5: This is reproduced from Leahy and Williams (1984) Fig-
ure 6. Symmetry-breaking mechanism diagrams of radio jet mor-
phologies. In each of the diagrams, the following styling represents
certain information: X — radio core; thin lines — X-ray contours; and
arrows showing the ow direction. The big arrows directed away

from the core (X) show the direction of ejected jet material, which ter-
minates at the dots. The small arrows from the dots represent the
back ow of jet material, which meets the hot galactic halo (shown by

X-ray contours), and gets de ected away (as indicated by curved ar-

rows).

(a). In (b), we encounter a situation where, in addition to the back ow of the lobe
plasma, the source galaxy is moving through the intergalactic medium in which it
resides. A ram-pressure gradient is formed across the bridge of plasma emission and
the gas halo of the galaxy is distorted by the galaxy's interaction with the surround-
ing medium. Sketch (c) presents a situation in which the source axis has varied
signi cantly before, where the old cocoon provides a channel where the back ow
from the new lobes can get de ected.

Hardcastle et al. (2019) argued for the hydrodynamical back ow model to explain
the observed source morphology in the dual-AGN galaxy NGC 326.

Cotton et al. (2020) expanded on how the position angle and ellipticity of the hot
gas halo, as well as geometries of the primary jet, the back ow and the semimajor
axis of the hot gas halo, were key to producing the "X-shape" observed in the source
PKS 2014-55. The high ellipticity of PGC 064440 (central component of the radio
source) allowed the de ection of back ows without splitting them toward the most
negative pressure gradient. In Figure 1.6, their total intensity map is shown.
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FIGURE 1.6: This is reproduced from Cotton et al. (2020) Figure 5.

Total intensity colour map of PKS 2014-55, a “double boomerang'

radio source. The colour bar is linear and ranges from  0.005 to

1.5 mJy beam 1. The black and white lines reveal the magnetic eld
lines and are of 1 arcsec length.

1.4.4 Other models

We note that there are various other models proposed for the X-shaped sources.
These include situations where there was restarted nuclear activity in the host galaxy
(Bruni et al., 2019); and those in which there is a slow, continuous (not sudden)
reorientation of the central SMBH spin axis, which would result in the reorientation

of the primary jets (Ekers et al., 1978) — strong argument for S-shaped sources as the
two "C's trace out the source history. Lalakos et al. (2022) noted that apart from the
proposed models of the formation of these sources, other scenarios might exist and
that the combinations of these models are plausible as well.

1.5 Introduction to NGC 326

NGC 326 is a galaxy located at 0'58M22.7, 26 51%55”, 32000, at a redshiftz = 0.0474
(Werner, Worrall, and Birkinshaw, 1999). It consists of two components and we will
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refer to the northern one as "core 1' and the southern one as “core 2'. Core 1is
25% brighter than core 2 (Battistini et al., 1980), with the two optical nuclei having

a projected separation of 6.6 kpc (Wirth, Smarr, and Gallagher, 1982). The radio
source of NGC 326 is associated with core 1. Valentijn and Casertano (1988) de-
scribed NGC 326 as a "type 1' dumbbell system, which means it has equal-magnitude
components. It was Matthews, Morgan, and Schmidt (1964) who described certain
multiple nuclei galaxies as "dumbbells’', whom we quote verbatim:

“This is a group allied to the D galaxies, in which two separated, approximately
equal, nuclei are observed in a common envelope. They may well be related to
the galaxies which have one or more fainter companions in their envelopes, the
dumbbells being the extreme cases of very close multiple galaxies when there are
only two equal components.

The radio galaxy serves as a prototypical source for the X-shaped sources and has
wings longer than its primary jets in projection — making its morphology even more
peculiar. Murgia et al. (2001) found the source to have a total radio luminosity of
8.7 10°*W Hz 'at 1.4 GHz?. According to the Fanaroff and Riley (1974) clas-
si cation, this amount of luminosity corresponds with Fanaroff-Riley Type-1 (FR-I)
sources, although the value lies below the Fanaroff-Riley luminosity break, which
usually has jets that are lower powered and subsonic. Murgia et al. (2001) found no
hotspots in their radio images — further solidifying the suggestion that the source is
of Fanaroff-Riley Type-l. The VLA observations by Murgia et al. (2001) also found
the following ux values at 1.4 GHz (20 cm): south lobe — 213 mJy; north lobe —
576 mJy; east wing — 536 mJy; and west wing — 288 mJy. In this observation, the east
wing was more pronounced than the west wing.

1.6 X-ray Observations

NGC 326 and its cluster atmosphere were studied in the X-rays using the ROSAT Po-
sition Sensitive Proportional Counter (PSPC) by Worrall, Birkinshaw, and Cameron
(1995) for 21 ks. They found the X-ray atmosphere to be asymmetrical, with a full
extent of & 800 kpc and luminosity 3.5  10°¢ W. Close to NGC 326, the X-ray emis-
sion is mostly diffuse, with an unresolved peak coincident with the location of the
radio galaxy. The temperature of the diffuse X-ray emission was found to be 1.9 keV,
whose peak was suggested to be due to either cooler gas or non-thermal emission
of the AGN that produces the observed radio jets. They interpreted the source mor-
phology to be a result of buoyancy forces that bent the outer radio structure.

Hodges-Kluck and Reynolds (2012) studied the Chandra X-ray ObservatoryCXO)
exposure of NGC 326, which spanned 94.4 ks and was captured by the Advanced
CCD Imaging Spectrometer (ACIS). The northern component was measured to have
a temperature of KT 0.7 keV, and a model luminosity of Lx 7.4 10°3W. The
southern component is fainter with no obvious nuclear point source. Its total lumi-
nosityis Ly 6 10% W. Hodges-Kluck and Reynolds (2012) con rmed the asym-
metrical nature of the X-ray environment and their measured cluster temperatures
agreed with those of Worrall, Birkinshaw, and Cameron (1995), detecting kT & 2 keV
around the core and kT 1.5 keV near the cluster edge. They also found that the

2 Lp= 10%6h 2W/Hz; h= Hg/100kms Mpc % Hp= 67.8kms *Mpc 1
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X-ray peak is associated with the northern lobe of the radio galaxy. In addition,
they found a high-temperature front to the southeast assumed to be a shock front,
high-temperature knots of emission and an elliptical enhancement around the radio
galaxy, and a cavity associated with the eastern wing.They proposed that the source
was likely once an FR-II source, which has now decayed to an FR—I, due to the pres-
ence of the shock front, the size and shape of the lobes, and the GHz emission at the
edges of the wings.

Hodges-Kluck and Reynolds (2012) argued for reorientation to be the cause of
the observed radio source morphology of NGC 326 on the premise of wing growth
speeds and the wings being longer than the active jets. However, they noted the
limitation of their argument in explaining the plume on the east wing that they ob-
served in VLA images of Murgia et al. (2001).

1.7 NGC 326 Environment

The radio galaxy NGC 326 has been found to be in the north-western quadrant of the
Zwicky cluster 0056.9+2636 (Zwicky and Kowal, 1968), who then described the clus-
ter as “'medium compact' and in the "near' distance. Werner, Worrall, and Birkinshaw
(1999) reported on their optical spectral measurements of the cluster to determine
the redshifts of the constituents, and found the average heliocentric velocity of the
cluster to be ¢z = 14307 224 kms 1, equivalentto Z = 0.0477 0.0007. They also
reported on the one-dimensional velocity dispersion, s, = 599"23%km s 1, which
gives a three-dimensional physical velocity dispersion of s = 1037”2“2& kms 1.
Other earlier measurements of NGC 326's velocity were in agreement with those
of Werner, Worrall, and Birkinshaw (1999) including the X-ray measurements of
Worrall, Birkinshaw, and Cameron (1995), and con rm that the X-ray emission is
associated with the galaxy NGC 326.

As the X-ray atmosphere of the cluster was found to be asymmetrical, a subdivision

of the cluster into the north-western and the south-eastern halves yields: (i) asym-

metric gas morphology peaking in X-ray at NGC 326, in the north-western part, with

a temperature of kKT = 1.9 8;2 keV, suggests that the cluster segment is young (Wor-
rall, Birkinshaw, and Cameron, 1995); and (ii) the south-eastern part is rich in galaxy

count but with little hot gas and no associated velocity dispersion information.

To the south-west of NGC 326 lies the cluster Abell 115. It has an optical position
of 0"56™, 26 19°(J2000) and a redshift ofz = 0.1971 (Abell, Corwin, and Olowin,
1989). The cluster is 45.8 arcmin, 778 Mpc, away from NGC 326.Einstein Observatory
observations using the Imaging Proportional Counter (IPC) have revealed a double
peak in the X-ray (Forman et al., 1981). The cluster undergoing a merger of two sub-
clusters has a hot Intracluster medium (ICM), and cool sub-cluster cores (Forman
et al., 1981; Gutierrez and Krawczynski, 2005).

1.8 Project Outline

In this project, a MeerKAT 1.28 GHz observation of NGC 326 is presented. We in-
vestigate the nature of the radio structure of the source, including its main jets, lobes
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and the extended wings, as well as the large-scale extension of the structure. Spec-
tral Energy Distributions of the source are studied and presented via spectral index
images of the source.

This thesis is assembled as follows: Chapter 2 covers the details of the observation
of the source and the data processing that was done to produce meaningful images.
All the steps that were involved in the calibration and imaging are described. The
results of our investigation are then described in Chapter 3. Among the results are
the MeerKAT continuum maps, determination of the spectral luminosity of the ra-
dio source, neighbouring galaxies survey, multi-wavelength data, and spectral index
images. In Chapter 4, the extended discussion of all results is presented, and what
they may imply about the nature of the source structure with its literature informa-
tion taken into account. Chapter 5 contains the summary and conclusions of our
work, and gives a discussion regarding future work.

The cosmological parameters that are used throughout the dissertation are: Hubble
constant Ho = 67.8 km's 1 Mpc 1, matter density parameter Wmater = 0.308 and vac-
uum density parameter Wyacuum = 0.692 (Planck Collaboration et al., 2016); and the
3K CMB reference frame was used in correcting the redshifts where necessary. Thus,
NGC 326 is atcomoving distance D¢ 207 Mpc, luminosity distance D, 217 Mpc,
and angular diameter distance D, 198 Mpc. That means 1 arcsec corresponds to
0.96 kpc.
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Chapter 2

MeerKAT Observation and Data
Processing

In this chapter, we outline the details of the radio continuum observation of our
source of interest, NGC 326, and the techniques applied to process and analyse the
data, thereby producing images that capture the large-scale environment in which
our galaxy resides. We calibrate these radio data to correct for effects that interfere
with the observed results.

2.1 Motivation for GHz observations

Radio astronomy observations performed at GHz frequencies offer a typical response
to objects of scales of kpc to hundreds of kpc with sub-arcsecond (arcsec) to ar-
cminute (arcmin) resolutions when observed by telescopes such as MeerKAT (Jonas
and MeerKAT Team, 2016), VLA, e-MERLIN and ATCA. At these scales, we can
study lobes, jets and hotspots of radio objects (Laing and Bridle, 2002), as well as
large samples of them (Fernini et al., 1993; Hardcastle et al., 1997). Observations of
the polarisation at the GHz frequencies reveal the magnetic eld con gurations in
the jets, lobes and their hotspots (Laing, 1980).

MeerKAT GHz frequency observations provide high- delity imaging of extended
low brightness emissions and the detection of micro-Jansky radio sources. In addi-
tion, the measurement of polarisation and the detection and monitoring of transient
radio sources is afforded (Booth and Jonas, 2012).

With the presence of hundreds of MHz frequency observations corresponding to
high- delity GHz observations of a source, detailed spectral imaging, spectral age-
ing (Hargrave and Ryle, 1974; Carillietal., 1991), and broadband polarisation studies
(Laing, 1988) are made possible as a result.

2.2 MeerKAT

MeerKAT is a radio interferometer which consists of 64 antennas and is located in
the Northern Cape, South Africa. 48 of the 64 dishes are located in the central 1 km
diameter core, and the rest of the 16 dishes spread out to forman 8 km maximum
baseline. Each of the dishes has an offset Gregorian design and consists of a 13.5 m
diameter main re ector and a 3.8 m diameter sub-re ector. The design ensures a
clean optical path that is unobstructed by struts or the receiver, and in doing so, the
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imaging dynamic range is improved by having the primary beam sidelobe sensi-

tivity lowered and the radio frequency interference (RFI) reside outside of the main

lobe. The design also improves the dynamic range by limiting ground radiation

pickup, which reduces the thermal system noise. In-depth details of the receptors of
MeerKAT are discussed by Camilo et al. (2018) and Mauch et al. (2020).

2.3 Calibration and Imaging

NGC 326 was observed by MeerKAT on 11 August 2019. The observation utilised
61 of the 64 antennas, as the rest were not available due to maintenance. The obser-
vations were carried out in the L-band, and ranged in frequency from 856 MHz to
1712 MHz, for a total bandwidth of 856 MHz and a central frequency of 1.284 GHz.
The longest of the 1830 baselines (forNantennas = 61) was 8 km, while the minimum
was 29 m. At the central frequency, hence, the angular resolution ranges from 6 arc-
sec to 27 arcmin.

The total observation time was 4.49 hours, while the time on-source for NGC 326 was
3.49 hours. A 2-second integration time was con gured on the correlator for each
visibility; however, this was averaged down to 8 seconds to ease the data processing
requirements. The MeerKAT correlator was con gured in the 4k mode, which meant
that the orthogonal linearly polarised feed correlations XX, YY, XY, and YX were
divided into 4096 channels, of which each has a 209 kHz width, for a total bandwidth
of 856 MHz.

We performed the data reduction and processing of the MeerKAT data using the
OXKAT ! pipeline (Heywood, 2020). O XKAT is a set of scripts written in P YTHON that
semi-automatically process MeerKAT data. As of writing this paper, the pipeline's
default caters for full-band Stokes—I continuum imaging at L-band or UHF. The
OXxKAT pipeline makes use of the following software packages: Common Astron-
omy Software Applications (CASA 2, McMullin et al., 2007), whose purpose is to
perform the averaging, agging, splitting, and cross-calibration; SHADEMS?3, which
plots the visibilities; R AGAVI #, which plots the gain solutions; T RICOLOUR® (Hugo
et al., 2022), which performs automated agging, tailored to MeerKAT; WSC LEAN ©
(Offringa et al., 2014), which does both imaging and model prediction; C UBICAL’
(Kenyon et al., 2018), which does the Direction Independent (DI)/ Direction Depen-
dent (DD) self-calibration; and DDF ACET® (Tasse et al., 2018), which is responsible
for the imaging with direction-dependent corrections. The processing ran on the Il-
ifu/IDIA 9 cluster — a computing big data infrastructure for data-intensive research.

2.3.1 Flagging and calibration

Table 2.1 presents the properties of the MeerKAT observation for the target source,
which includes scans of the absolute ux, bandpass, and time-variable gain cali-
brators. Table 2.2 shows the location of the target and calibrator sources as well as

1 https://github.com/lanHeywood/oxkat 2 https://casa.nrao.edu/
3 https://github.com/ratt-ru/shadeMS/ 4 https://github.com/ratt-ru/ragavi/

5 https://github.com/ska-sa/tricolour 6 https://gitlab.com/aroffringa/wsclean

7 https://github.com/ratt-ru/CubiCal 8 https://github.com/saopicc/DDFacet
9

https://www.ilifu.ac.za/
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TABLE 2.1: Properties of the NGC 326 MeerKAT observation.

Date 11 August 2019

Number of channels 4096

Channel width 209 kHz

Integration time 2 seconds

Number of antennas 61

Image rms 17mly beam ! (robust =  2)

Image size 10240 10240

Restoring beam 4.8 arcsec 4.8 arcsec (robust=  2)
Pixel scale 1.1 arcsec

Pointing centre (J2000) RA 0h58m24s, Dea 26 5290.0°°
Flux/bandpass calibrator PKS 0408-65
Phase calibrator J0137+3309

TABLE 2.2: Coordinates and integration time on the sources for the
MeerKAT observation of NGC 326.

Name Role RA Dec On-source
[h]

PKS 0408-65 Primary calibrator 04h08m20.38s -65d45m09.1s 0.50

NGC 326 Science target 00h58m24s +26d52m00.0s 3.49

J0137+3309 Secondary calibrator 01h37m41.29s +33d09m35.1s 0.27

the total observation time of each. The purpose of the calibrator sources is to pro-
vide corrections to the data using known quantities or source models as a reference,
since effects from the instruments themselves and those of propagation corrupt the
raw data. In a process termed rst-generation calibration (LGC) or cross-calibration,

these corrections are applied to the target eld.

The KAT Data Access Library 1% was used in converting the visibility data into Mea-
surement Set format. In the initial inspection of the data, observational logs were
viewed and bad antennas (m000, m062), as well as bad scans, were removed by ag-
ging in the software. These ags were generated both manually and by the control
and monitoring system of the telescope at the time of observation. These include
antennas with abnormally large visibility amplitudes, or very low ones, those with

a large offset of the phase with respect to the frequency, and those with questionable
data. Following the initial agging, offsets in antenna positions were determined
and corrected. The initial 4096 channels were averaged down to 1024 channels (each
channel now being4 209 kHz).

Absolute ux calibration is performed on radio interferometric data to convert mea-
sured quantities into physical units. The primary calibrator, source PKS 0408-65, was
used as the ux calibrator. This particular source is a point source in the 1 GHz to
25 GHz frequency range, having a strong, known and constant ux. It lies 99 deg
away from the target and was observed for 10 minutes before the source of interest
was observed. The same source also served for bandpass calibration, resulting in it
being observed ve times throughout the course of the observation, approximately
once per hour. The bandpass calibration is performed to correct for an imperfect

10 https://github.com/ska-sa/katdal
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frequency transfer function caused by the receivers and downstream parts of the
electronic path. Tasks GAINCAL and BANDPASS in CASA were used for this pur-
pose. Given our particular absolute ux calibrator, PKS 0408-65, a source model
with 17.066 Jy beam ! ux density and a spectral index of ~ 1.179 were assumed
(Heywood et al., 2022), with 1284 MHz reference frequency. Auto agging was then
performed on residual visibilities before the next iteration.

Following the derivation of delay, absolute ux, and bandpass solutions from the
primary calibrator, the amplitude and phase calibration was done using the source
J0137+3309 (3C48). This is a well-known absolute ux and bandpass calibrator, and
fortuitously, it is suf ciently nearby to NGC 326 (11 deg) to be used as a gain cali-
brator, but not so close as to cause any noticeable artefacts that would require peel-
ing. The solution tables were now applied to 3C48. Following this, time-variable
gain solutions are derived using 3C48. These are applied to correct for effects of
the atmosphere (particularly at the troposphere and ionosphere) which corrupt the
phases, and antenna gains (such as the system temperature) corrupting the ampli-
tudes. These complex gains (amplitude and phase gains) vary with time, hence the
calibrator has to be close to the target ( 10 15 degrees), and well-sampled in time
(every 15 25 minutes). In a paper by Perley and Butler (2013), 3C48 was one of
the four compact radio sources which are good primary calibrators in the observa-
tional frequency of range 1 GHz to 50 GHz. These frequency-dependent complex
gains and time-variable gain solutions were derived in eight spectral bins. The ap-
plied gain solutions from the ux calibrator allowed for the scaling of gains from
the amplitude and phase calibrator. Using CASA's FLUXSCALE task, a model of the
intrinsic spectral shape of the amplitude and phase calibrator was determined.

Following the gain and amplitude and phase calibration steps, the gain solutions are
applied to the target source and split out into a separate Measurement Set. Using the
TRICOLOUR package, further agging was performed.

The MeerKAT telescope's response to the amplitude and phase with respect to the
uv distance of the phase calibrator J0137+3309 (3C48), which is close to the target
source (11 deg), is presented in Figures 2.1 and 2.2. Fig. 2.2 presents the phase
scatter at 8 second, 836 kHz resolution. The spread is approximately the same across
uv distances. The amplitude and phase bandpass solutions for all the antennas used
are shown in Figure 2.3

2.3.2 Direction-independent self-calibration (2GC)

Second-generation calibration follows from the rst, where the target eld itself
is used to re ne the antenna-based gain corrections, in a process known as self-
calibration. Using C uBICAL, we derived the initial notion of the sky model to cali-
brate the data. Then, using the target eld itself, correcting gains are derived. The
derived gain solutions are applied to the sky model, and the process is repeated
in an iterative manner. This then allows the generation of multi-frequency syn-
thesis (MFS) images of the target eld with the use of the WSC LEaN (Offringa et
al., 2014) imaging and deconvolution software package. The weighting scheme we
used is Briggs (Briggs, 1995), with a RoBusTvalue of 2.0. This is effectively uni-
form weighting, and we chose it to achieve the best possible angular resolution with
the data, while trading off a higher image rms for lower sidelobes, and artefacts
associated with the bright extended sources in the eld. This decision was made
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after extensive testing with a range of RoBUSTvalues. We chose to enforce a circular
beam, with a beam width of 4.89 The creation of a deconvolution mask is the
start of 2GC, where a blind image is formed from the data after a certain stopping
criterion is reached — after either of the following is reached rst: 80 000 iterations
of cleaning, or when the peak residual reaches 100mly beam *. This derived clean
mask is de ned with the knowledge of it excluding regions with a local threshold of
6s, with s de ned as the local pixel standard deviation. The image formed blindly
is discarded, and its mask is kept for re-imaging purposes, repeating the previous
imaging step, but with the mask now applied to generate rst model image. We then
generate our rst model image, using this mask and cleaning to the same depth.
This initial model is then used for phase-only self-calibration, allowing for the delay
terms to be solved for as well. Phase-only delay calibration solutions are derived in
2 second intervals.

A visibility model is then predicted using the mask from the multi-frequency clean
components. The frequency-independent phase correction solutions are applied on-
the-y, with phase and amplitude solutions derived for every 64 seconds. WS-
CLEAN was now used for re-imaging of the data following self-calibration, using

a lower threshold of 20 mJy beam ! and 680 000 iterations of cleaning. The number
of w-layers were increased by a factor of 3, and multi-scale imaging was performed
onscalesof0, 1, 2, 3,4,5,6,9, 12, 18, and 27. Smooth spectra were enforced during
cleaning by spectral tting a 4th-order polynomial. The nal continuum image has
10240 10240 pixels, with the pixel increment being 1.1 arcsec, giving us an image
extent of 3.13  3.13 ded, and an rms of 17mly beam . There are clear direction-
dependent effects present for off-axis sources; however, our target of interest has
relatively high image delity, given the complexity of the source structure and high
declination for MeerKAT. We attempted peeling the bright, extended south-western
source, as well as others, before solving for direction-dependent gains. Despite sev-
eral employed strategies and improvements in the off-axis source artefacts, in the
end, we chose to perform our scienti ¢ analysis on the 2GC image. The primary rea-
son for this is the signi cant unmodelled ux suppression seen in the 3GC-calibrated
images. Since our primary science is more focused on accurate spectral index analy-
sis together with the VLA and LOFAR maps, we prioritise this over imaging delity.

We summarise the self-calibration processes as follows:

» Cross-calibration was performed in the 1GC stage, where RFI, bad antennas
and bad scans were agged. Complex gain solutions are applied to the target
source.

A “blind' clean 10k 10k image was formed.

* A mask is derived from this image, which excludes regions of a threshold of
6s.

A 10k 10k initial model image is generated using the blind clean mask.

Delay and phase-only self-calibration is carried out.

Another 10k 10k image is formed from the corrected data and mask.

Amplitude and phase self-calibration is then performed with multi-scale de-
convolutionand 3  w-layers.
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