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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
first 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 fields 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 flux 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 identified 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 fields 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 field. Figure 1.1 presents an artist’s concept of an accreting
supermassive black hole with a perpendicular jet of twisting magnetic fields.

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 "Unification 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 Unification 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 Fernández-
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 unified model includes blazars (AGNs with relativistic jets directed toward us);
quasars (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 I
and II, FR–I and FR–II (Fanaroff and Riley, 1974)) (radio loud, flat 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 defining 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 fields 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 unification of radio quasars with flat spectra. In
fact, relativistic beaming is responsible for the observation of synchrotron spectra in
the first place. The high observed masses of relativistic electrons, m = γme, 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
first 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 first
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 defined 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
influence of the black hole, Rin f . The black hole potential dominates the region, and
this is where there is an inflow of matter to the accretion disk and outflow from it.
Very Long Baseline Interferometry (VLBI) studies are able to capture these relatively
small regions.

The gravitational radius of the black hole is defined by the equation

rg = GM/c2, (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 influence is defined by the
equation

Rin f = GM/σ2, (1.2)

where σ is the one-dimensional central stellar bulge velocity dispersion.



1.3. Radio Jet Morphology 5

Most VLBI observations are still restricted to scales of the black hole sphere of influ-
ence radius, Rin f , 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 × 120 rg 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;

• 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;

• in the inner 0.5 to 2 milliarcseconds (mas), a region of acceleration is observed;

• superluminal motions observed with apparent speeds from under 0.5 c to over
2 c; and

• helical magnetic fields are revealed close to the core by polarisation observa-
tions.

The Event Horizon Telescope (EHT) 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 flux 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 influence radius, Rin f , to the first 10%
of the extent of the lobe, Rlobe.

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 ≤ α ≤ −0.5 between 200 MHz and 5 GHz) originate from compact flat-
spectrum (α ≥ −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 Experiments (MOJAVE)
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 flux-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 five
epochs. Evidence of accelerated motion at the 3σ level was found in 59% of
the jet features.

• They confirmed that characteristic jet speeds are related to the underlying jet
flow 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 Γ (bulk
Lorentz factor).
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• They found a strong correlation between apparent jet speed and synchrotron
peak frequency (νp). The highest jet speeds were found in AGNs with low νp
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 outflow. 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 outflow 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 Rin f .

1.3.3 Lobe jets

This is the terminating part or stage of the jets where lobes of radio emission are
inflated and, in some cases, backflows are observed. These vary depending on the
nature of the jets, i.e. whether they are of Fanaroff-Riley type I or II. The outflows
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
definition, 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 I (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 II (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 flows into an ambient medium much denser
than the jet, a ‘cocoon’ of jet material will be formed between the jet and the confining
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 inflated hotspot accelerates the material in the lobe
toward the centre, thereby producing a backflow. 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 backflows are produced in this case.

(A) Fanaroff–Riley type I source 3C 31.

(B) Fanaroff–Riley type II 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

archive1.

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://www.nrao.edu/archives/

https://www.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.

Outflows from the lobes create large-scale radio morphologies detected in MHz and
GHz frequencies. Intrinsic conditions, such as hydrodynamic backflows 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-defined 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 L1.4GHz ∼ 1025 W Hz−1.

A suggestion by Merritt and Ekers (2002) that XRGs might be sites of radio jet
axis spin-flips 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 Jet reorientation

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 defined
‘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
definition, they found that 21%, at most, of identified 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 SMBHs 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 flatter spectra when
compared to the high-surface brightness active lobes. A flat 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 backflow

A different proposal for the cause of the morphology that considers the source envi-
ronment is the hydrodynamical backflow model. The model says that the morpholo-
gies result from more prosaic yet physics-rich fluid dynamics – a plethora of charged
particles are ejected by the relativistic jets, spiralling out and accelerating due to the
magnetic field at the poles of a black hole and emitting resultant synchrotron emis-
sion. As detailed in Leahy and Williams (1984), the energy injection inflates radio
lobes which expand against the intra-cluster or intra-group medium. If the jet power
decreases or even ceases, a backflow 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 deflected, depending on the halo dynamics and orientation. This
deflection can form a pair of ‘wings’ – angled away from the active jets. Figure 1.5
(a) 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 outflow
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 inflating the cocoon.
The pressure in the hotspot then re-accelerates the jet material towards the centre,
thus producing a backflow. The backflow stays collimated until it reaches the source
galaxy to expand laterally in a fat disc upon meeting the backflow 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 deflect the backflows 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 backflows
of the lobe plasma. The backflow 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 flow 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
backflow of jet material, which meets the hot galactic halo (shown by
X-ray contours), and gets deflected away (as indicated by curved ar-

rows).

(a). In (b), we encounter a situation where, in addition to the backflow 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
significantly before, where the old cocoon provides a channel where the backflow
from the new lobes can get deflected.

Hardcastle et al. (2019) argued for the hydrodynamical backflow 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 backflow 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 deflection of backflows 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 field

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 0h58m22.7s, 26◦51′55”, J2000, at a redshift z = 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 1 is ∼
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 × 1024 W Hz−1 at 1.4 GHz2. According to the Fanaroff and Riley (1974) clas-
sification, this amount of luminosity corresponds with Fanaroff-Riley Type-I (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-I. The VLA observations by Murgia et al. (2001) also found
the following flux 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 × 1036 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 Observatory (CXO)
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 × 1033 W. The
southern component is fainter with no obvious nuclear point source. Its total lumi-
nosity is LX ∼ 6 × 1033 W. Hodges-Kluck and Reynolds (2012) confirmed 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 Lν = 1024.6 h−2 W/Hz; h = H0/100 km s−1Mpc−1; H0 = 67.8 km s−1 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 cz = 14 307 ± 224 km s−1, equivalent to z = 0.0477 ± 0.0007. They also
reported on the one-dimensional velocity dispersion, σz = 599+230

−107 km s−1, which
gives a three-dimensional physical velocity dispersion of σ = 1 037+427

−241 km s−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 confirm 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 kT = 1.9+0.9

−0.4 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 0h56m, 26◦19′ (J2000) and a redshift of z = 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 H0 = 67.8 km s−1 Mpc−1, matter density parameter Ωmatter = 0.308 and vac-
uum density parameter Ωvacuum = 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 at comoving distance DC ≈ 207 Mpc, luminosity distance DL ≈ 217 Mpc,
and angular diameter distance DA ≈ 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 field configurations in
the jets, lobes and their hotspots (Laing, 1980).

MeerKAT GHz frequency observations provide high-fidelity 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-fidelity GHz observations of a source, detailed spectral imaging, spectral age-
ing (Hargrave and Ryle, 1974; Carilli et al., 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 form an ∼ 8 km maximum
baseline. Each of the dishes has an offset Gregorian design and consists of a 13.5 m
diameter main reflector and a 3.8 m diameter sub-reflector. 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 (for Nantennas = 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 configured on the correlator for each
visibility; however, this was averaged down to 8 seconds to ease the data processing
requirements. The MeerKAT correlator was configured 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
OXKAT1 pipeline (Heywood, 2020). OXKAT is a set of scripts written in PYTHON 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
OXKAT pipeline makes use of the following software packages: Common Astron-
omy Software Applications (CASA2, McMullin et al., 2007), whose purpose is to
perform the averaging, flagging, splitting, and cross-calibration; SHADEMS3, which
plots the visibilities; RAGAVI4, which plots the gain solutions; TRICOLOUR5 (Hugo
et al., 2022), which performs automated flagging, tailored to MeerKAT; WSCLEAN6

(Offringa et al., 2014), which does both imaging and model prediction; CUBICAL7

(Kenyon et al., 2018), which does the Direction Independent (DI)/ Direction Depen-
dent (DD) self-calibration; and DDFACET8 (Tasse et al., 2018), which is responsible
for the imaging with direction-dependent corrections. The processing ran on the Il-
ifu/IDIA9 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 flux, 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/IanHeywood/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/

https://github.com/IanHeywood/oxkat
https://casa.nrao.edu/
https://github.com/ratt-ru/shadeMS/
https://github.com/ratt-ru/ragavi/
https://github.com/ska-sa/tricolour
https://gitlab.com/aroffringa/wsclean
https://github.com/ratt-ru/CubiCal
https://github.com/saopicc/DDFacet
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 17 µJy beam−1 (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, Dec +26◦52′0.0′′

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 first-generation calibration (1GC) or cross-calibration,
these corrections are applied to the target field.

The KAT Data Access Library10 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 flag-
ging in the software. These flags 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 flagging, offsets in antenna positions were determined
and corrected. The initial 4096 channels were averaged down to 1024 channels (each
channel now being 4 × 209 kHz).

Absolute flux 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 flux calibrator. This particular source is a point source in the 1 GHz to
25 GHz frequency range, having a strong, known and constant flux. 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 five 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

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 flux calibrator, PKS 0408-65, a source model
with 17.066 Jy beam−1 flux density and a spectral index of −1.179 were assumed
(Heywood et al., 2022), with 1284 MHz reference frequency. Autoflagging was then
performed on residual visibilities before the next iteration.

Following the derivation of delay, absolute flux, 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 flux and bandpass calibrator, and
fortuitously, it is sufficiently 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 flux 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 flagging 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 first, where the target field itself
is used to refine the antenna-based gain corrections, in a process known as self-
calibration. Using CUBICAL, we derived the initial notion of the sky model to cali-
brate the data. Then, using the target field 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 field with the use of the WSCLEAN (Offringa et
al., 2014) imaging and deconvolution software package. The weighting scheme we
used is Briggs (Briggs, 1995), with a ROBUST value 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 field. This decision was made
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after extensive testing with a range of ROBUST values. We chose to enforce a circular
beam, with a beam width of ∼ 4.8′′. 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 first: 80 000 iterations
of cleaning, or when the peak residual reaches 100 µJy beam−1. This derived clean
mask is defined with the knowledge of it excluding regions with a local threshold of
6σ, with σ defined 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 first model image. We then
generate our first 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-fly, 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 20µJy beam−1 and 680 000 iterations of cleaning. The number
of w-layers were increased by a factor of 3, and multi-scale imaging was performed
on scales of 0, 1, 2, 3, 4, 5, 6, 9, 12, 18, and 27. Smooth spectra were enforced during
cleaning by spectral fitting a 4th-order polynomial. The final continuum image has
10240 × 10240 pixels, with the pixel increment being 1.1 arcsec, giving us an image
extent of 3.13 × 3.13 deg2, and an rms of 17µJy beam−1. There are clear direction-
dependent effects present for off-axis sources; however, our target of interest has
relatively high image fidelity, 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 scientific analysis on the 2GC image. The primary rea-
son for this is the significant unmodelled flux 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 fidelity.

We summarise the self-calibration processes as follows:

• Cross-calibration was performed in the 1GC stage, where RFI, bad antennas
and bad scans were flagged. 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
6σ.

• 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-
convolution and 3 × w-layers.
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• A final 10k × 10k image is produced.

FIGURE 2.1: Visibility amplitudes with respect to the uv-distance plot for phase cal-
ibrator J0137+3309 (3C48), in the XX-correlation, during the NGC 326 observation.
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FIGURE 2.2: The response of the phase with respect to the uv-distance plot for
phase calibrator J0137+3309 (3C48), in the XX-correlation, during the NGC 326 ob-

servation.
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FIGURE 2.3: Amplitude and phase bandpass solutions for all antennas.
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Chapter 3

Results

The results of our observations are presented in this chapter. The primary results of
this thesis are the MeerKAT continuum map, the MeerKAT in-band and the MeerKAT–
LOFAR spectral index results. In addition, the results presented include the com-
mentary of the preceding multi-band radio data in contrast with ours, as well as
optical and X-ray data.

3.1 MeerKAT Continuum maps

FIGURE 3.1: MeerKAT 1.28 GHz map of NGC 326. The θ ≈ 4.8” Full Width at Half
Maximum (FWHM) restoring beam circle is shown in the bottom-left. The colour scale
of the stretch uses a square root function. With the rms noise being σ = 19 µJy beam−1,
the positive contours are drawn at levels 4σ × 20, 21, .., 28 in blue. The negative contours

are drawn at levels 4σ × −21,−20 and are green.
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3.1.1 The dominant X-shaped emission

MeerKAT observed NGC 326 in the L-band and we produced a 3.13 × 3.13 deg2

map of the field centred on NGC 326. Figure 3.1 presents MeerKAT’s first view of
NGC 326 at a resolution of 4.8 arcsec. The colour scale of the contrast used in the
image is of a square root function.

FIGURE 3.2: NGC 326 1.28 GHz map labeling different regions of the
source. The labels used in the image are also used in the text when dis-

cussing the source.

The labels for different regions across the continuum source that we use in the re-
mainder of this thesis are shown in Fig. 3.2. The exotic central ‘X-shape’ of the source
seen in previous observations by Murgia et al. (2001) and Hardcastle et al. (2019) is
plainly visible. The main jets and wings arguably form more of a ‘Z’ morphology,
but we shall refer to the overall morphology as ‘X-shaped’ in this thesis for con-
sistency with the literature. The active (primary) jets, which have large lobes, are
shorter in length compared to the older and fainter wings. The primary jets exhibit
an FR–I morphology – having no clear hotspots in the bright lobes, which have inte-
grated flux densities of ∼ 0.25 Jy (eastern lobe) and ∼ 0.53 Jy (western lobe).

Due to the FWHM restoring beam of 4.8 arcsec, the inner structure, around the
nuclei, is not resolved in these data; therefore, we refrain from commenting on the
structural aspects of the core. Archival VLA data at GHz frequencies of the same
source (Murgia et al., 2001) also did not have sufficient resolution to image the con-
ditions in the nuclei, such as the black hole jets akin to those presented in Fig. 1.3,
other than to confirm that both nuclei are radio sources.

The secondary jets / ‘wings’, are fainter compared to the main jets. The east wing
and the west wing do not appear to lie on the same jet axis in projection. Moreover,
the wings seem to stem from near the ends of the lobes of the primary jets. They are
much longer in extent compared to the primary jets. The emission in the east wing
appears to decrease smoothly when traced from the east lobe, where it appears to
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stem from, towards the north. This is potentially a signpost towards the radiation
history and the gas dynamics in the wing. The emission in the west wing, however,
drops sharply from the lobes towards the edge of the wing. In addition, the east
wing is slightly more collimated than the west wing, and the brightness levels are
similar at each cross-section. In the west wing, a collimated region of relatively
brighter plasma connects to the west lobe and the wing edge appears to be encased
in the broader and fainter plasma. The bright plasma in the west wing appears to
spread out and, now being faint, flows back around the wing itself (in projection).

3.1.2 The extended diffuse emission

A large-scale extension of the east wing is observed for the first time beyond 150 MHz.
In the VLA data (Murgia et al., 2001), hints of a short, faint east wing extension were
visible in the 1.4 GHz A+C array configuration image (Figure 3.10). This large-scale
extension was dramatically revealed with LOFAR with its 144 MHz observation
(Figure 3.7) of the same source. With the current direction-independent calibration
and imaging strategy, the MeerKAT map is dynamic-range–limited. A large-scale
tail emission similar to that observed in the east wing is not seen in the west wing.

To the north-east of the east wing, a filamentary feature is identified (the NE loop
in Fig. 3.2). The filamentary feature is difficult to identify in the LOFAR map, but
is clear in the MeerKAT image. The filament appears separated from the wing edge
and forms an arc, with its ends connected to the brighter and fainter edges of the east
wing. It is unclear how it could have been formed. It is remarkable that MeerKAT
captured the large-scale structure at its gigahertz observation, despite the low sur-
face brightness and steep spectral index of the older plasma such as that of our
source. This is attributed to MeerKAT having high imaging fidelity, sensitivity, and
dynamic range (Mauch et al., 2020). For the same reasons regarding synchrotron ra-
diation and the respective frequency, the large-scale extended tail structure is fainter
in our observation compared to the LOFAR 144 MHz observation of the same source.

3.1.3 Physical properties

The luminosity distance, DL, of the source is estimated to be 217 Mpc using the
cosmological parameters stated in section 1.8. We calculate the spectral luminosity,
Lν, of the various regions of the source from its flux density, Sν,

Lν = 4π D2
L Sν [W Hz−1]. (3.1)

The flux density, spectral luminosity, and spectral index values are outlined in Ta-
ble 3.1. The 178 MHz frequency luminosities were obtained by the spectral index
formula and using the spectral index values α1.28GHz

144MHz. Given a frequency, ν and a flux
density Sν, the spectral index α is defined from the relationship

Sν ∝ να (3.2)

as

α(ν) =
∂log Sν

∂log ν
. (3.3)
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Since the spectral energy distributions of radio sources generally decrease with in-
creasing frequency, we will refer to the spectral index α using the positive conven-
tion, and modify the relationship appropriately, S ∝ ν−α. Thus, the flux scaling is
performed using:

log
(

S2

S1

)
= −αlog

(
ν2

ν1

)
,

S2 = S1

(
ν2

ν1

)−α

. (3.4)

Details of these spectral index values are outlined in section 3.5.2. The regions sur-
rounding the source were drawn at the 5σ-level, σ = 19.3µJy beam−1, and are shown
in Figure 3.3.

FIGURE 3.3: Regions drawn on NGC 326 at the 5σ-level from which flux
densities were obtained.

We find that the total radio luminosity of NGC 326 is 1.0 × 1025 W Hz−1 at 1.28 GHz,
which compares well with that found by Murgia et al. (2001) – 8.7 × 1024 W Hz−1

at 1.4 GHz1. Note that the radio maps presented by Murgia et al. (2001) were not as
extended as ours; thus, for the radio luminosities to be comparable shows how faint
the wing extensions are. The luminosity of the primary jets and lobes combined,
when scaled to the frequency of 178 MHz, is 2.82 × 1025 W Hz−1. This luminosity
value places the source below the Fanaroff-Riley luminosity break (Fanaroff and Ri-
ley, 1974) of ∼ 2.5 × 1026 W Hz−12. The ratio of the (linear) distance between the
highest brightness regions on opposite sides of the central galaxy on the primary jet
(1.30 arcmin) to the total extent of the primary jet measured from the lowest contour
(2.23 arcmin) is 0.58, which makes the primary jets part of FR–II’s (the cutoff being
0.5), on the premise of classing the object based on said ratio as Fanaroff and Riley
(1974) did.
1 Lν = 1024.6 h−2 W Hz−1; h = H0/100 km s−1Mpc−1; H0 = 67.8 km s−1 Mpc−1

2 P178 = 2 × 1025 W Hz−1 sr−1 × 4π sr (Fanaroff and Riley, 1974; Leahy, 1997)
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TABLE 3.1: Flux and luminosity properties of NGC 326 at a lumi-
nosity distance of 217 Mpc, an observing frequency of 1.28 GHz, and

re-scaled frequency of 178 MHz.

Region Sν L1.28 GHz α1.28 GHz
144 MHz L178 MHz

Jy W Hz−1 W Hz−1

Whole source 1.79 1.01 × 1025 0.983 6.28 × 1025

Primary jets
(including lobes) 0.940 5.31 × 1024 0.845 2.82 × 1025

East wing 0.530 3.00 × 1024 0.966 2.02 × 1025

West wing 0.277 1.57 × 1024 1.04 1.22 × 1025

East lobe 0.248 1.40 × 1024 0.708 5.67 × 1024

West lobe 0.527 2.98 × 1024 0.814 1.49 × 1025

3.2 MeerKAT primary beam view

Figures 3.4a and 3.4b present images with approximate dimensions of the primary
beam FWHM at 1.28 GHz, θ = 68′, of the observation with the target source, NGC 326,
at the centre. In Fig. 3.4a, the maximum displayed flux density is set to 1.37 mJy beam−1

in order to show moderately bright sources. At the observing frequency of 1.28 GHz,
NGC 326 is the brightest radio source in the field and is the largest in angular extent
due to its large wings. Most bright sources reside within a radius of 45 arcmin from
our target source. A few of them have X-ray detections, as reported by Worrall,
Birkinshaw, and Cameron (1995).

Figure 3.4b displays the fainter emission in the field, where the colour-scale maxi-
mum is set to 40 µJy beam−1. This is meant to show the richness of the environment
in which NGC 326 resides. Spikes emerge from the off-axis bright point sources (vi-
sually similar to diffraction spikes in optical and infrared images) in Fig. 3.4b – a
result of imaging artefacts and 2GC calibration limitations. Noticeably, the spikes
are larger for sources farther from the centre. However, some of the extended emis-
sion is real and reveals different morphologies of the radio sources. An interesting
source appears in the south-west ∼ 45 arcsec from the centre. It has a peak flux of
47.2 mJy beam−1 in our observation. The region of bright radio emission is occupied
by 3C 28 – a bright FR–I source, at z = 0.1971 (Abell, Corwin, and Olowin, 1989),
more luminous than expected for its class (Macklin, 1983), and the brightest member
of the northern subcluster of Abell 115 (Forman, Jones, and Tucker, 1984; Forman
et al., 2010). The same region includes X-ray sources CXOGSG J005550.4+262437
(Wang et al., 2016), 2XMM J005550.1+262436 and 2CXO J005550.3+262435. Since the
south-western bright and resolved source is very near the first primary beam null,
it has posed a significant challenge to calibrate it without an accurate source model
and DD gain solutions.

Table 3.2 lists sources within 60 arcmin of NGC 326 extracted from NASA Extra-
galactic Database3 (NED). Some of the sources are member candidates of cluster
Zw 0056.9+2636 (Zwicky and Kowal, 1968). MeerKAT’s maximum FWHM primary
3 https://ned.ipac.caltech.edu/

https://ned.ipac.caltech.edu/
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beam is θ = 68′ at 1.28 GHz (Mauch et al., 2020); hence, our search for sources is
of size 60 arcmin, corresponding to ∼3.46 Mpc at NGC 326’s redshift. The redshift
measurements in the table are spectroscopic. The heliocentric velocity of the central
source NGC 326 is 14, 210 km s−1 and has been subtracted from the heliocentric ve-
locities of the sources in the table, which are shown in the column ∆Velocity. Werner,
Worrall, and Birkinshaw (1999) measured the redshift of NGC 326 and found a value
z = 0.0474. The heliocentric velocities are based on the heliocentric redshift, calcu-
lated as V = cz̄. Therefore, the positive ∆V values are farther in our line-of-sight dis-
tance, and the opposite is true for the negative values. We constrained the number
of sources around the target further by choosing those with a heliocentric velocity
within 2000 km s−1 of NGC 326, which is approximately 3.3 times the velocity dis-
persion of the cluster as measured by Werner, Worrall, and Birkinshaw (1999). This
was done in order to include ∼ 100% of the normal distribution.
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(A) Bright sources are displayed in the NGC 326 field. The colour scale is linear, with the maximum flux density set to 1.37 mJy beam−1. The
contours are drawn at the 1.86 mJy beam−1 level. The restoring beam is of size θ ≈ 4.8” FWHM.
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(B) Fainter sources are displayed in the NGC 326 field. The colour scale is linear, with the maximum flux density set to 40 µJy beam−1. The
contours are drawn at the 0.11 mJy beam−1 level. The restoring beam is of size θ ≈ 4.8” FWHM. The lines emanating from the bright sources

are artefacts resulting from the second-generation calibration.

FIGURE 3.4: The MeerKAT 1.28 GHz map of NGC 326 restricted to the size of the FWHM primary beam,
θ = 68′.
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TABLE 3.2: Sources selected from the NASA Extragalactic Database that are within 60 arcmin of NGC 326
and within 2000 km s−1 of the central velocity.

Object Name RA Dec Redshift z ∆V (km s−1)4 ∆θ (arcmin) Separation (Mpc)
NGC 0326 00h58m22.7s 26d51m55.0s 0.0474 0.0 0.0 0.0
NGC 0326 NED02 00h58m22.8s 26d51m52.4s 0.049441 +612 0.055 9.687
NGC 0326 NED01 00h58m22.6s 26d51m58.5s 0.048734 +400 0.059 6.328
WHL J005822.6+265159 00h58m22.6s 26d51m58.7s 0.0494 +600 0.063 9.492
WISEA J005821.56+265122.2 00h58m21.6s 26d51m22.3s 0.046684 -214 0.6 3.392
WISEA J005820.25+265335.1 00h58m20.2s 26d53m35.9s 0.046062 -401 1.768 6.337
WISEA J005832.36+265148.5 00h58m32.4s 26d51m48.8s 0.047751 +105 2.159 1.67
WISEA J005828.41+265341.6 00h58m28.4s 26d53m42.0s 0.052 +1379 2.193 21.871
WISEA J005835.55+265313.1 00h58m35.5s 26d53m12.6s 0.052036 +1390 3.138 22.043
WISEA J005810.08+265026.0 00h58m10.1s 26d50m26.2s 0.047796 +119 3.178 1.888
WISEA J005816.24+264855.1 00h58m16.2s 26d48m55.4s 0.045822 -473 3.322 7.474
WISEA J005807.45+265236.5 00h58m7.5s 26d52m36.6s 0.04787 +141 3.464 2.239
UGC 00601 NOTES01 00h58m4.5s 26d53m45.6s 0.0462 -360 4.466 5.69
WISEA J005809.34+264830.9 00h58m9.3s 26d48m31.2s 0.051072 +1101 4.519 17.45
WISEA J005809.59+264759.1 00h58m9.6s 26d47m59.6s 0.0467 -210 4.893 3.33
WISEA J005841.62+265434.1 00h58m41.6s 26d54m34.1s 0.052686 +1585 4.985 25.146
WISEA J005807.01+264755.1 00h58m7.0s 26d47m55.5s 0.049287 +566 5.308 8.962
WISEA J005756.80+265617.0 00h57m56.8s 26d56m17.3s 0.052546 +1543 7.241 24.48
WISEA J005749.08+265342.3 00h57m49.1s 26d53m42.5s 0.045341 -617 7.704 9.757
WISEA J005812.30+264355.5 00h58m12.3s 26d43m55.7s 0.048357 +287 8.317 4.57
WISEA J005850.62+264558.2 00h58m50.6s 26d45m58.5s 0.05347 +1820 8.61 28.894
NGC 0326 GROUP 0h58m54.20s 26d57m2.02s 0.047 -120 8.689 1.973
GIN 026 00h58m47.4s 26d58m39.3s 0.045095 -691 8.705 10.921
RXGCC 046 0h58m51.84s 26d57m43.20s 0.0483 +270 8.711 4.304
WISEA J005749.10+265657.3 00h57m49.1s 26d56m55.3s 0.046898 -150 9.009 2.445
WISEA J005829.54+270050.0 00h58m29.5s 27d0m50.1s 0.050427 +908 9.047 14.389
WISEA J005848.13+270111.2 00h58m48.1s 27d1m11.6s 0.050845 +1033 10.872 16.382
WISEA J005916.43+265201.6 00h59m16.4s 26d52m1.7s 0.049554 +646 11.987 10.253
WISEA J005911.40+265812.2 00h59m11.4s 26d58m12.4s 0.048423 +307 12.547 4.918
WISEA J005725.28+265010.0 00h57m25.3s 26d50m10.3s 0.049704 +691 12.926 10.969
MCG +04-03-030 00h59m3.6s 27d2m32.8s 0.0486 +360 14.007 5.762
WISEA J005925.78+264800.7 00h59m25.8s 26d48m0.7s 0.049504 +631 14.6 10.031
WISEA J005929.19+265529.8 00h59m29.2s 26d55m30.1s 0.049882 +744 15.251 11.825
2MASX J00593281+2649476 00h59m32.8s 26d49m48.0s 0.046282 -335 15.778 5.386
UGCl 016 0h59m36.22s 26d52m9.88s 0.047399 0.0 16.398 1.036
2MASX J00591793+2704069 00h59m17.9s 27d4m6.7s 0.051521 +1236 17.324 19.62
WISEA J005853.79+270803.0 00h58m53.8s 27d8m3.7s 0.049704 +691 17.565 10.996
IC 0064 00h59m24.4s 27d3m32.6s 0.045932 -440 18.009 7.04
WISEA J005900.42+270846.9 00h59m0.4s 27d8m46.8s 0.048 +180 18.84 3.087
WISEA J005924.86+270720.6 00h59m24.8s 27d7m21.0s 0.047986 +176 20.732 3.075
2MASX J00594231+2639026 00h59m42.3s 26d39m2.8s 0.047183 -65 21.945 1.724
WISEA J005950.55+270303.8 00h59m50.5s 27d3m2.9s 0.052167 +1429 22.512 22.716
UGC 00585 00h56m45.4s 27d0m34.8s 0.04649 -273 23.354 4.551
2MASX J00570239+2707323 00h57m2.4s 27d7m32.0s 0.044999 -720 23.744 11.455
PPS2 089 01h0m6.3s 26d58m33.3s 0.04763 +69 24.035 1.873
MCG +04-03-021 00h56m41.9s 27d1m38.6s 0.042518 -1463 24.473 23.108
WISEA J005726.92+271313.5 00h57m26.8s 27d13m12.3s 0.053907 +1951 24.662 31.022
GIN 030 01h0m18.0s 26d56m57.8s 0.040983 -1924 26.186 30.32
CGCG 480-031 01h0m27.9s 27d1m30.8s 0.049721 +696 29.508 11.183
WISEA J010044.20+265827.1 01h0m44.2s 26d58m26.8s 0.053784 +1914 32.213 30.467
WISEA J010100.85+265815.7 01h1m0.8s 26d58m15.6s 0.046981 -125 35.818 3.003
ABELL 0115:[GDW2019] 121 00h55m56.1s 26d29m44.6s 0.047574 +52 39.54 2.637
WISEA J005523.67+271204.2 00h55m23.7s 27d12m4.2s 0.043205 -1257 44.672 20.008
CGCG 480-022 00h56m4.2s 26d18m18.9s 0.047201 -59 45.697 3.032
WISEA J010148.95+265844.3 01h1m49.0s 26d58m44.2s 0.048934 +460 46.48 7.867
WISEA J005548.96+262024.7 00h55m49.0s 26d20m25.0s 0.046944 -137 46.62 3.642
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TABLE 3.2: Sources selected from the NASA Extragalactic Database that are within 60 arcmin of NGC 326
and within 2000 km s−1 of the central velocity (continued).

Object Name RA Dec Redshift z ∆V (km s−1)4 ∆θ (arcmin) Separation (Mpc)
CID 04 01h2m0.0s 26d56m60.0s 0.046999 -120 48.709 3.606
NSC J010202+265724 01h2m5.4s 26d57m6.6s 0.0488 +420 49.911 7.374
UGC 00638 01h2m5.4s 26d57m6.5s 0.048029 +189 49.914 4.357
WISEA J010115.65+272410.4 01h1m15.8s 27d24m11.6s 0.049938 +761 50.242 12.484
WISEA J010206.11+265851.0 01h2m6.1s 26d58m51.1s 0.047784 +115 50.275 3.674
WISEA J010210.81+265629.9 01h2m10.8s 26d56m29.8s 0.053166 +1729 51.059 27.649
WISEA J010211.90+264950.8 01h2m11.9s 26d49m50.8s 0.049605 +661 51.167 10.978
WISEA J010211.98+265950.2 01h2m12.0s 26d59m50.4s 0.047433 +10 51.712 3.274
WISEA J005431.13+263500.7 00h54m31.1s 26d34m60.0s 0.048577 +353 54.411 6.58
WISEA J010220.70+270721.6 01h2m20.7s 27d7m20.9s 0.04352 -1163 55.219 18.643
WISEA J010147.35+272619.3 01h1m47.4s 27d26m20.2s 0.046791 -182 57.077 4.601

4 The heliocentric velocity difference. NGC 326 heliocentric velocity is chosen as the reference velocity; and hence, it is subtracted from the
raw values to obtain the difference.
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FIGURE 3.5: Scatter plot of sources within 60 arcmin of NGC 326 and 3.3σ of its cluster’s
velocity dispersion, centred on the redshift of NGC 326. The white cross at the centre repre-
sents the midpoint of the two cores of NGC 326. The colour of the point sources represents
their respective heliocentric velocity, which has been subtracted from that of NGC 326. The

star-shaped (⋆) points represent cluster centres.

Figure 3.5 is a scatter plot of the sources presented in Table 3.2 and displayed by
their location in the sky. The colours of the points represent the relative heliocen-
tric velocity with respect to the NGC 326 system. Werner, Worrall, and Birkinshaw
(1999) found that the north-western part of the cluster Zw 0056.9+2636 (Zwicky and
Kowal, 1968) has velocity dispersions that are consistent with X-ray temperatures
and cluster richness. Most of the sources seem to be distributed in an east-west fash-
ion; however, it is unclear if their distribution is connected to a larger scale structure.
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FIGURE 3.6: 2D histogram of the sources within 60 arcmin of NGC 326, represented

by their separations in Right Ascension and Declination from NGC 326.

We accompany Fig. 3.5 with a 2D histogram, presented in Figure 3.6, to convey the
number density of the presented sources. The sources in Table 3.2 are presented
and displayed by their distance from NGC 326. The histogram demonstrates that
NGC 326 is at the centre of a cluster; in addition, it shows that there is a bimodal
east-west distribution of the galaxies in the field at the chosen redshift range.
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3.3 Multi-band radio imaging

3.3.1 LOFAR
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FIGURE 3.7: LOFAR 144 MHz observation of NGC 326. The colour scale of the
stretch uses a square root function. The flux has been up-scaled by 1.22 following
flux scale analysis with MeerKAT and VLA measurements of several bright point
sources in the field. The rms noise is σ = 129µJy beam−1, and the positive contours
are drawn at levels 5σ × 20, 21, ..., 25 in blue. The negative contours are green and

drawn at levels 5σ × −21,−20.

LOFAR made an observation of NGC 326 as part of the LOFAR Two-meter Sky Sur-
vey (LoTSS), the results of which were published by Hardcastle et al. (2019). We
obtained the mosaic of the observation from the LoTSS archive5. Attributed to the
telescope’s densely sampled uv plane coverage (having 32 stations in its compact
core and 45 remote stations), 6 arcsec resolution, and the low observing frequency of
144 MHz, LOFAR was able to capture the large-scale extended ‘tail’ structure of the
east wing that extends 13 arcmin and a filamentary tail that connects with the edge
of the east wing. Hardcastle et al. (2019) argue that the extended tail structure signals
the presence of coherent magnetic field enhancements, although they had no clear
explanation for the bend in the tail towards the west end. Hardcastle et al. (2019)
also captured a filamentary extension of the tail to the east of the beginning of the
tail. In addition, the central X-shape structure visible in the VLA images of Murgia
et al. (2001) is also seen at high brightness. The collimated primary jet (Sint

144 ∼ 1.0 Jy),
lobes (east Sint

144 ∼ 0.97 Jy; west Sint
144 ∼ 2.3 Jy), and wings (east Sint

144 ∼ 3.3 Jy; west
Sint

144 ∼ 2.3 Jy) can be seen with good clarity.
As one can recall, higher-energy electrons lose energy faster to synchrotron radia-
tion than lower-energy electrons, meaning extensions of the plasma away from the
source are likely to emit radiation from the low-energy electrons; thus, LOFAR is
able to capture their emission.

Upon closer inspection of the image, we noticed that the absolute flux calibration
may require adjustment. Moreover, when the spectral index images were made us-
ing the LOFAR image and the MeerKAT image, the results were flatter than those
5 https://lofar-surveys.org/

https://lofar-surveys.org/
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presented in the literature. Hardcastle et al. (2019) mentioned that the LOFAR flux
scale is known to be uncertain, with systematic errors of order 10 per cent, as the
transfer of calibration to the target field from a reference source has difficulties in it.
As a result, we check for evidence of an absolute flux calibration offset. (Bonnasieux,
E. et al, private communication).
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FIGURE 3.8: Manually cross-matched MeerKAT and LOFAR sources
plotted against their peak Stokes–I flux densities. LOFAR flux den-
sities have been re-scaled to the MeerKAT frequency assuming α =
0.75. The MeerKAT data was produced with a robust parameter of
zero, and the uncertainties are 1-σ error on the peak flux density per
beam. The peak flux densities were chosen as they have high signal-

to-noise ratios.

We used a tool called the Python Blob Detector and Source Finder (PYBDSF, Mo-
han and Rafferty, 2015) to extract a catalogue of bright sources present in both the
MeerKAT and LOFAR images. We chose several unresolved sources within 0.5 deg
of NGC 326 to minimise the impact of weighting and compared their peak Stokes I
flux densities with LOFAR and MeerKAT in Figure 3.8. The LOFAR flux density
values were up-scaled to the MeerKAT 1.28 GHz frequency by using the relation
between the spectral index, the flux density and the observed frequency of a source
(Eq. 3.4). We used the average spectral index of bright compact radio sources, α ∼
0.75. A best-fit and a one-to-one (x = y) line are compared with the data. If neither
the MeerKAT nor the LOFAR flux densities had an absolute flux calibration offset,
the best-fit line would be, in principle, statistically consistent with the one-to-one
line. This significant misalignment between the best-fit and one-to-one lines as seen
in Fig. 3.8 suggests an offset in the absolute flux calibration of the two telescopes.
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FIGURE 3.9: Manually cross-matched MeerKAT and VLA NVSS
sources plotted against their total fluxes. VLA NVSS flux densities
have been re-scaled to the MeerKAT frequency assuming α = 0.75.
The MeerKAT data was produced with a robust parameter of zero,

and the uncertainties are 1-σ error on the total flux density.

Figure 3.9 presents a number of sources within 0.5 deg of the MeerKAT image, ex-
tracted using PYBDSF, and present in the NRAO VLA Sky Survey (NVSS) cata-
logue6. The NVSS flux densities were scaled to the MeerKAT 1.28 GHz frequency,
by using Eq. 3.4 and α ∼ 0.75. The VLA is a much older, well-established telescope
when compared to MeerKAT and LOFAR, meaning its absolute flux calibration sys-
tematic errors are likely lower. Therefore, the NVSS catalogue likely provides more
accurate data on integrated flux densities and serves as a control in our investigation,
even though it has significant differences in depth and angular resolution. From the
NVSS catalogue, the reported peak fluxes for the chosen set of sources were smaller
than their corresponding errors by some unknown reason. However, the total fluxes
were larger than their errors, being at least 5 times greater than the associated error.
The MeerKAT peak fluxes were similar to their total fluxes, with the average being

x =
1
n

Σn
i

Speak
1.28,i

Stotal
1.28,i

× 100% = 90.58%. (3.5)

Therefore, for matching MeerKAT and NVSS sources, their total flux values were
used. Since the best-fit to the data is nearly parallel to the one-to-one line, this sug-
gests that MeerKAT and VLA have consistent absolute flux calibration, albeit with a
relatively small number of sources.
6 https://www.cv.nrao.edu/nvss/
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Only three sources are present in both the LOFAR image and the NVSS catalogue
within 0.5 deg of NGC 326, which are not sufficient to perform a cross-matching that
would yield a sound fit to the data. However, given that the MeerKAT data is in
agreement with the NVSS data, we assume that the LOFAR data has an absolute
flux calibration offset. We used the gradient of the best-fit line of the MeerKAT–
LOFAR plot (Fig 3.8) to correct the LOFAR flux density values and ensure a one-
to-one relationship of the LOFAR flux densities to the MeerKAT flux densities. We
found a value to re-scale the LOFAR fluxes as follows:

Scale factor =
1

best-fit line slope
=

1
0.821

= 1.22 (3.6)

Figure 3.7 presents the LOFAR image with the above scaling factor applied.

3.3.2 NRAO VLA radio observations

FIGURE 3.10: 1.4 GHz A+C array total intensity contour map of NGC 326 repro-
duced from Murgia et al. (2001) Figure 5. The restoring beam dimensions are
4” × 4”. The contours are at levels 0.25, 0.39, 0.61, 0.96, 1.5, 2.3, 3.7, 5.7, 9, 14,

22 mJy beam−1.

The VLA 1.4 GHz A+C array total intensity contours of NGC 326 shown in Fig. 3.10
are consistent with our data at a given flux density threshold. They show centre-
brightened radio lobes characteristic of an FR–I type source. Additionally, the pri-
mary jet is narrow and collimated while the wings are wider and spread at the edges
– results of which are consistent with the MeerKAT images presented in this work.
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While the inner structure of NGC 326 is captured well in their data, the filamentary
feature captured by MeerKAT and the extended wings are invisible to the VLA C-
configuration L-band observations of Murgia et al. (2001) as they were sensitive to
smaller scale structures of < 6 arcmin. If the VLA had the required shorter baselines
and a higher sensitivity, the bright parts of the tail extension would be visible in the
observations of Murgia et al. (2001). This allows us to use the VLA data for spectral
index studies of primary jets, lobes and wings.

3.4 Ancillary Data

3.4.1 Hubble Space Telescope

The galaxy NGC 326 has been imaged by the Hubble Space Telescope (HST), which
captured the galaxy’s optical features. We obtained an image of the galaxy from
the HST archive7, which was taken using the HST’s Planetary Camera (PC) detector
and the F555W filter. Detailed analyses of the HST observation of NGC 326 and other
sources were published by Capetti et al. (2000). The image had a large number of
cosmic rays, which resulted in the image having very bright pixels. We removed the
very bright pixels from the image and set the maximum pixel value to 2.0 counts/s.
A median filter failed to work desirably as most of the pixel values were too high.
This removed all the artefacts and left the outlines of the galaxy’s dual nuclei visible.
Figure 3.11 presents the HST image contours overlaid on the MeerKAT image of the
core of NGC 326. The contour lines were then drawn at various levels to highlight
the two cores, which were then overlaid onto the MeerKAT map and the spectral
index maps.

7 https://hla.stsci.edu/hlaview.html

https://hla.stsci.edu/hlaview.html
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FIGURE 3.11: NGC 326 optical nuclei overlaid onto the MeerKAT
1.28 GHz map. With the rms noise being σ = 0.0910 counts s−1, the
contours were drawn at the levels σ × 2, 5 and 9. The 4.8 arcsec
restoring beam of full-width half-maximum of the MeerKAT image is

shown in the bottom left.

The two optical nuclei are highlighted clearly by their emission contours. The north-
ern core is brighter in optical wavelengths. The northern core, which is associated
with the radio structure of NGC 326 (Werner, Worrall, and Birkinshaw, 1999), can be
seen on the axis of the primary jet. The southern core lies marginally offset from the
central jet axis, appears to be a radio core as well and is co-incident with the local
brightening of the radio emission. The bright radio emission around the southern
core is confined inside the radio jet and any emission outside of the main jet is due
to lobe outflows, not originating from the mentioned southern core.
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3.4.2 X-ray observations
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FIGURE 3.12: Chandra X-ray Observatory 0.5-7 keV NGC 326 image
overlaid by MeerKAT 1.28 GHz contours. The rms noise of the
MeerKAT radio data is σ = 19.31 µJy beam−1, and the positive con-

tours are drawn at levels 4σ × 20, 21, ..., 28 in blue.

We show Chandra X-ray Observatory (CXO) images (observation ID 6830) that used
the Advanced CCD Imaging Spectrometer (ACIS) from the Chandra public archive8,
results of which are first presented in Hodges-Kluck and Reynolds (2012). We did
this to better understand and visualise the X-ray emission in the NGC 326 envi-
ronment in light of our radio data. Figure 3.12 presents the CXO 0.5-7 keV im-
age of NGC 326 with MeerKAT 1.28 GHz contours at levels 4σ × 20, 21, ..., 28, with
σ = 19.31 µJy beam−1. The two nuclei of the dumbbell system can be seen inside the
primary jet. Just outside of our dumbbell galaxy, we see a few sources with signif-
icant X-ray emission engulfed in radio emission. In the plasma atop the east wing,
the X-ray emission associated with galaxy G6 of Werner, Worrall, and Birkinshaw
(1999) can be seen. Its radial velocity difference is 1379 km s−1 (2σz), and it moves
much faster relative to the intra-cluster medium. This has prompted Murgia et al.
(2001) to suggest that the association of G6 to the plume is not clear.

On the north-west edge (∼ 0h58m5s 26◦54′), MCG 04-03-024 (G5 in Werner, Worrall,
and Birkinshaw (1999)) is seen in both X-ray and radio emission. There are other
X-ray sources in the north-west without corresponding radio counterparts; whereas
in the south-east of NGC 326, radio sources lack X-ray counterparts.
8 https://cda.harvard.edu/chaser/

https://cda.harvard.edu/chaser/
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FIGURE 3.13: Zoomed-in Chandra X-ray Observatory 0.5 − 7 keV im-
age of the central NGC 326 region overlaid by MeerKAT 1.28 GHz
contours. The rms noise of the MeerKAT radio data is σ = 19.31
µJy beam−1, and the positive contours are drawn at levels 4σ ×
20, 21, ..., 28 in white. The red contours are of the CXO data and are

drawn at levels 2, 4 and 6 counts pixel−1.

Figure 3.13 is a close-up view of the CXO 0.5 − 7 keV data with both MeerKAT and
CXO contours overlaid. The northern core resides well in the primary jet whereas
the southern core lies slightly off axis of it. Although both nuclei of the system are
X-ray emitters, the northern one is more prominent and is responsible for the jet
production and the radio structure of NGC 326.

3.5 Radio Spectral Index maps

We created radio spectral index maps of NGC 326 using our new MeerKAT data to
help further understand the dynamic and energetics history of the system. The spec-
tral index is a measure of the spectral energy distributions which are characteristic
of their radiation (de Gasperin, Intema, and Frail, 2018). It represents the depen-
dence of the radiative flux density on its frequency. As we noted earlier, we will be
referring to the spectral index α using the positive convention. Thus,

α(ν) = −∂log Sν

∂log ν
. (3.7)
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3.5.1 NGC 326 MeerKAT in-band Spectral Index Map

A spectral index map of the galaxy NGC 326 was made using the MeerKAT in-band
data. Four of the eight spectral bands, each of bandwidth 107 MHz, were utilised
and ranged from a minimum frequency of 1.18 GHz to a maximum 1.60 GHz. The
chosen four had the least imaging artefacts out of the total and had a reasonable res-
olution. The unfortunate trade-off to not using the other spectral bands, particularly
those ranging in frequency from 855 MHz to 1177 MHz, was the loss of the faint, ex-
tended emission atop the east Wing and a newly identified filamentary feature in the
north-east. However, these features lost in the MeerKAT in-band map are present in
the MeerKAT–LOFAR spectral index map (Figure 3.15).
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FIGURE 3.14: MeerKAT in-band spectral index map. The map utilised four spectral
bands ranging from 1.18 GHz to 1.60 GHz. The colour scale was limited to a spec-
tral index α ranging between 0− 2 since most of the data reside in that range. Clear
imaging artefacts are still present even in the selected four ‘clean’ spectral bands.

Figure 3.14 presents the MeerKAT in-band spectral index map of NGC 326. The mor-
phology of this spectral index map is very similar to the NRAO VLA one presented
in Figure 4 of Murgia et al. (2001), although with a smaller restoring beam and hence,
a better resolution. The lingering imaging artefacts have caused the in-band map to
have some anomalous linear features, but general trends can be elucidated nonethe-
less. A flatter spectral index is observed in the main jets and lobes of the source,
ranging mostly around α ≈ 0.3 – 0.7. As we trace out from the lobes to the wings,
we notice that the spectral index steepens to α ∼ 1. In the east wing, the steepening
of the spectral index is more gradual than in the west wing. The spectral index then
sharply and dramatically steepens in the plume above the east wing, reaching α ∼ 2.
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3.5.2 NGC 326 MeerKAT–LOFAR Spectral Index Map
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FIGURE 3.15: MeerKAT 1.28 GHz and LOFAR 144 MHz (flux-corrected) spectral
index map. The minimum value in the colour scale is set to α = 0.167, which is the

minimum spectral index in the map, and the maximum is set to α = 2.

The MeerKAT–LOFAR spectral index map featured in Figure 3.15 was produced us-
ing a multi-frequency synthesis MeerKAT map with a central frequency of 1.28 GHz
and a LOFAR map at 144 MHz. Since both these maps have low-frequency data in
them compared to the in-band map of Fig. 3.14 (below 1.28 GHz in the MeerKAT
map and all data in the LOFAR map), the regions with emission invisible to higher
GHz observations is captured properly, as is the spectral index.

Focusing on the main jet, the spectral index α is seen constrained to a small range
of α ∼ 0.38 − 0.5. This flat spectrum is highly collimated at the midsection of the jet
and spreads out in the terminating lobes. In the east wing, the spectral index remains
flat as the plasma outflows from the lobes into the wing and gradually steepens as
it traces up in the wing. The spectral index steepens in the plume at the top of
the wing and continues to steepen in the extended emission tracing towards the
west. In this MeerKAT–LOFAR map, however, the spectral index in the east wing
changes gradually throughout. We also observe an interesting filamentary feature
in the north-east part of the wing. It is connected to the top portion of the wing and
the north-east ‘terminating’ part of the secondary jet. Although the spectral index in
the top portion is high (α > 1.50), the one in the filament is lower at around α ∼ 1.25.

In the west wing, there are different trends from those observed in the east wing.
The change in the spectral index as the plasma outflows from the west lobe is not
as gradual as in the east wing. The spectral index rises to ∼ 0.75 just as the plasma
leaves the lobe. The spectral index continues to rise as we trace out westerly towards
the edge of the wing. At the edge of the wing, α flattens from ∼ 1.0 to 0.75. Unlike
in the east wing, where each cross-section contained almost the same spectral index
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(with minor exceptions at small sections of the wing), we see a ridge-line of similar
spectral index tracing out from the lobe towards the edge of the wing, where it seems
to spread out. Taking a cross-section of the west wing, we see that the ridge-line of
the ‘flatter’ spectral index is encapsulated inside a cocoon of plasma with a steeper
α. It appears as though the plasma flows inside the collimated ridge towards the
edge of the wing, where it spreads out and flows back around the wing towards the
main jet.

3.5.3 MeerKAT–LOFAR spectral index with HST contours analysis
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FIGURE 3.16: HST optical cores overlaid onto the MeerKAT–LOFAR
spectral index map. With the rms noise being σ = 0.0910 counts, the
contours were drawn at the levels σ × 2, 5 and 9. The restoring beam
circle of full-width half-maximum of the MeerKAT data is shown in

the bottom left.

In the zoomed-in MeerKAT–LOFAR spectral index map presented in Figure 3.16, the
HST optical cores are overlaid. The spectral index appears marginally flatter in the
vicinity of the cores compared to the jet itself. In the western lobe, the spectral index
flattens in the regions where a high flux density was observed, such as in Fig. 3.1.
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3.5.4 Radio Spectral Index Profiles

We realise that the spectral index maps are rich in information and require careful
analysis. A series of regions with the size of the larger restoring beam of the input
images used to create each spectral index map has been drawn. The average spec-
tral index inside each region is carefully extracted from the pixels residing in each
region. These averages were used to create spectral index profiles in each region.
The errors in our spectral index maps consist of systematic errors calculated using
10% of the absolute flux and the root-mean-square noise in each input image. Us-
ing error propagation methods, we then calculated the appropriate resultant error in
the spectral index maps. These uncertainties are shown in the spectral index profile
plots.
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FIGURE 3.17: MeerKAT 1.28 GHz and LOFAR 144 MHz (flux up-scaled) spectral
index map with regions along the ridge lines of the east and west wings. The pre-
sented regions were used to extract spectral index profiles in the respective regions.
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FIGURE 3.18: Spectral index profiles along the east wing ridge lines extracted from
the MeerKAT–LOFAR, MeerKAT in-band spectral index maps, and the VLA α4.8

1.4
and α8.5

4.8 data were obtained from Murgia et al. (2001). A clear flattening trend is
seen across the entire source toward low frequencies. The labels of the regions

shown in Fig. 3.17 are included atop the horizontal axis.

The spectral index profiles along the east wing ridge lines of maximum emission are
presented in Figure 3.18. For all frequency combinations, we see a monotonically
increasing spectral index with distance from the core. The spectral index of higher
frequency data is steeper than that of the lower frequencies. Just after region E13,
α flattens momentarily before steepening again, for all frequencies. The trend in α
after this position is steeper for the VLA α8.5

4.8 data. The VLA α lines continue to rise
without any further deviations. However, the MeerKAT in-band and MeerKAT–
LOFAR α lines have perturbations from region E19 onward. This observation is
invisible to the VLA data, possibly due to one or more of the following reasons:
(1) the size of the regions used in obtaining the spectral index profiles, equal to the
resolution of 10′′ of the spectral index maps presented by Murgia et al. (2001), is
larger than used in our spectral index maps (6”), meaning that smaller disturbances
are averaged out in the larger area; (2) the sensitivity and dynamic range of VLA is
not good enough to measure the fainter emission, which may contain flatter α; and
(3) the radiation in those regions may be dominating at lower frequencies, below the
frequency that VLA is observing at. These disturbances are observed in a region in
the wing where the plasma is seen spreading out into a larger area. This may also
explain why the spectral indices of our data are constant for a few regions. Past that
point, the lines all steepen rapidly to higher values.
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1.4
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4.8 were extracted from Murgia et al. (2001).

The spectral index profiles in the west wing are different from those in the east wing.
The spectral indices do not rise monotonically throughout the wing. The obvious
similarity here to those of the east wing is those spectral indices of each region are
higher for higher frequency data. The α increases overall until region W12. Follow-
ing the ridge line from W1 to W12, it appears that the plasma outflows from the west
lobe and is undisturbed in our line of sight. The substantial flattening in spectral in-
dex from region W12 indicates the presence of projection effects at play throughout
the west wing – that the outflowing plasma is superimposed with older plasma that
has plausibly flowed back from the edge of the wing. The spectral index continues to
flatten beyond region W12, with the exception of VLA α8.5

4.8, where it steepens sharply
again from W20. The spectral index remains constant in the last few regions, which
is likely a consequence of how the ridge line was drawn. From Figure 3.1 and Fig-
ure 3.15, we can conclude that the plasma is perhaps deflected by some ‘soft cocoon’
at the edge and is spread out around the wing.

We reiterate what we noted earlier: the rate of electron energy loss to synchrotron
radiation and the critical frequency for synchrotron emission is proportional to the
square of the energy; thus, higher energy electrons are depleted more rapidly, and
the source spectra are steepened by synchrotron losses at higher frequencies. This
means that older electrons will have a higher spectral index, which may explain why
the spectral index in the west wing is so steepened. The newer plasma with lower
spectral indices in the west wing is mixed with older plasma with higher spectral
indices that have flowed back around the wing, resulting in the observed spectral
index profiles having a non-monotonic rise.
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The spectral index profiles along the main jet are presented in Figure 3.21. The
MeerKAT–LOFAR spectral indices have an average of α ≈ 0.4 along the main jet.
The northern nucleus of the dumbbell galaxy resides in marked regions M5 and M6
while the southern one resides in M6 and M7. The spectral index profiles show lit-
tle variation along the main jet and remain roughly flat within the margins of the
errors. Tracing from region M1, we see that α has an upward trend with a drop
around regions M5 and M6, where the cores are located (lower drop for M5 housing
the stronger northern core) till it reaches a maximum in the middle of the jet at M8,
where the downtrend starts. However, all these trends remain roughly within the
error margins, and thus the spectral indices a flat in the primary jet.

As we noted earlier, the MeerKAT in-band spectral index map has anomalous linear
features as a result of imaging artefacts related to the input images’ spectral bands.
This has caused the spectral profiles of the in-band data to be jagged and the trend
amplified. However, not all is lost, as we observe that the up and down trends in
the in-band spectral index match with those of the MeerKAT–LOFAR. Therefore, the
general characteristics of a radio jet and its spectral index can be elucidated.
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Chapter 4

Discussion

The discussions of the results presented in Chapter 3 are covered in this chapter. We
first look at the innermost regions of the radio galaxy, then we extend our view to
discuss the wings and the wing-extension regions. We also incorporate the multi-
wavelength data into our discussion and further extend our view to cover the large
scale. The role of the spectral indices is also discussed here.

4.1 Inner regions of NGC 326

The source structure in the NGC 326 MeerKAT 1.28 GHz map is complex and pro-
jection effects appear to be important. There is an asymmetry in the primary jet,
with the host galaxy being closer to the western lobe. Furthermore, the western
lobe is larger (in projection) and elongated in the primary jet axis compared to the
smaller eastern lobe. Briefly disregarding the northern extension in the east wing,
both wings appear relatively symmetric.

Both wings have lower brightness than the primary lobes from which they appear
to stem from, and are clearly FR–I type jets. The radio luminosity of the primary
jets, including the associated lobes, is 5.3 × 1024 W Hz−1 at 1.28 GHz, which lies
just below the Fanaroff-Riley luminosity break at that frequency. Compounding this
with the fact that the ratio of the (linear) distance between the highest brightness
regions on opposite sides of the central galaxy on the primary jet to the total extent
of the primary jet measured from the lowest contour is 0.58, just above the 0.5 cutoff,
and the lobes being centre-brightened without compact hotspots arguably shows
that the immediate environment is sparse enough to allow the weak jets to be FR–
II like in some respect. This suggestion has potentially interesting implications for
the radio structure which we see today, favouring high bulk growth speeds and the
generation of the large and extended wings.

We couple the new observational evidence we have from MeerKAT with what has
been reported in the literature to argue that the observed source structure is a result
of hydrodynamical backflow. The apparent sharp bends of the lobes into the wings,
the radio power of the jets, the hot X-ray medium encapsulating the host galaxy,
and the large-scale extension of the source favour the model for hydrodynamical
backflow much more than other proposed models.
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4.2 Wings and wing-extension regions of NGC 326

The extension of the east wing plasma, which spans ∼ 170 kpc at 1.28 GHz in the
east-west direction, does not seem to be influenced by any source that is superim-
posed with the emission. The surface brightness of the east wing extension is an or-
der of magnitude less than that of the east wing itself, which points to fresh plasma–
supply intermittency or significantly weaker magnetic field as possible causes. In
the west wing, no obvious extension of the wing can be seen in both MeerKAT and
LOFAR maps. Given that the host galaxy appears to reside towards the west lobe,
and that the west lobe appears elongated in our projection, it is likely that projection
effects affect the observed structure of the source, and also likely affect the observed
extensions of the wings.

The northeast loop is faint and not well-resolved in our data. Its thin filament-like
structure, distinct spectral index, and appearance of connecting two widely sepa-
rated parts of the east wing suggest that this may be a candidate synchrotron thread,
similar to those presented by Ramatsoku et al. (2020). With improved MeerKAT fre-
quency coverage in the future, more about this may be revealed.

4.3 Multi-wavelength data comparison

The VLA 1.4 GHz A+C array map is very similar to the MeerKAT 1.28 GHz map,
save for the east wing extension past the plume and the northeast loop in the east
wing. While the former is attributable to the VLA’s lack of short baselines in A+C
array, the latter is surprising, but could be due to MeerKAT’s higher dynamic range
and imaging fidelity. The asymmetry in the lobes in angular extent, brightness and
distance from the core can be seen. The VLA data also reveal the shell-like feature
housing the bright emission in the west lobe which has a notable brightness contrast.
The same structure cannot be seen in the east lobe, which, as with other features
present in the radio structure, could be a consequence of projection effects.

The LOFAR 144 MHz map reveals a larger-scale structure than we observe in our
1.28 GHz data due to their low frequency observation and the steep spectrum of this
older plasma. The ∼ 3 arcmin east-west tail we see in our data can be seen in the
LOFAR map; however, a larger and fainter (by a factor of 10 in surface brightness)
tail extension spanning 13 arcmin is exhibited. Hardcastle et al. (2019) argue that the
filamentary tail structures provide evidence for large-scale coherent magnetic field
enhancements. The formation of the complex large-scale radio structure seems to
require a hydrodynamical explanation, which is presumably driven by large-scale
bulk motions in the ongoing cluster merger. This is compounded by fact that the
host galaxy is also moving with respect to the X-ray-emitting medium. Hardcastle
et al. (2019) noted that the formation of the extended tail structure requires either
bulk growth speeds much higher than the cluster sound speed for an AGN lifetime
of 108 years, or a much larger source age.

The overlay of the HST optical contours of the nuclei with the MeerKAT radio data
shows that the northern core is the base of the primary jets. The southern core
is revealed to have radio emission. Both nuclei are sources of X-ray emission as
well. The shell-like structure seen in MeerKAT and VLA maps is revealed to have a
high-temperature front in the CXO observation (Hodges-Kluck and Reynolds, 2012).
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Whether this structure is a bow shock remains uncertain as there were low counts in
the CXO data for temperature deductions. The X-ray emission extends beyond the
two nuclei and has been shown to be extensive (≥ 9′.7 ∼ 560 kpc1) and diffuse in
the cluster in which the dumbbell galaxy resides.

4.4 Spectral indices

The MeerKAT in-band spectral index map is similar to those of the VLA α4.8
1.4 and

α8.5
4.8 (as reported by Murgia et al., 2001) in morphology. The pair of primary jets,

pair of the wings and the plume atop the east wing are captured. The MeerKAT–
LOFAR spectral index map captured the low surface brightness tail extension and
the northeast loop. We traced the spectral index along the regions of maximum
emission in the wings and found them to behave similarly to the VLA ones presented
by Murgia et al. (2001). In the east wing, the behaviour of the spectral index with
respect to the distance from the lobe is roughly the same throughout the wing for all
frequencies. It steepens in a monotonic fashion. In the west wing, the behaviour is
initially monotonic and peaks at a core separation of approximately 50 − 60 arcsec
for all frequencies, after which it flattens. With the observation of the extended tail
structures in the MeerKAT and LOFAR observations, the projection effects have been
accentuated; thus, we believe projection effects to be at play regarding the flattening
of the spectral index in the west wing edge. In addition to this, the flattening of the
spectral index at the edge may be a consequence of how the regions were chosen.
That is, the regions we drew at the western wing edge are in the same transaxial
plane to the wing – showing approximately the same spectral indices.

The spectral index is steeper in the east wing tail, peaking around α ∼ 2. The rate
of electron energy loss to synchrotron radiation and the critical frequency for syn-
chrotron emission is proportional to the square of the energy; thus, higher energy
electrons are depleted more rapidly. This is the typical explanation as to why the
spectral index is steeper in the tail. However, this assumes similar magnetic field
strength and the same effect can be replicated by stronger magnetic fields. As men-
tioned earlier, Hardcastle et al. (2019) suggested that there could be magnetic field
enhancements in a large scale in the tails.

The changes in the spectral index in the primary jet are not as dramatic as in the
wings and averages around α ∼ 0.4. In the primary jet, the spectral index is flatter
in the centres of lobes and at locations of the nuclei. This flat spectrum is a result of
the plasma in the primary jets being newly ejected and younger than in the rest of
the radio source.

1 Worrall, Birkinshaw, and Cameron (1995) reported a full extent of ≥ 800 kpc at
H0 = 50 km s−1 Mpc−1.
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Chapter 5

Summary and Conclusions

5.1 Summary

In this thesis, we add high-fidelity L-band MeerKAT radio maps to the plethora of
imaging performed on NGC 326 across the electromagnetic spectrum. Our spectro-
morphological analysis is compared and contrasted with previous observations. The
following are some of the primary results and corroborations of this work.

• The extended large-scale structure of the source is revealed for the first time
at GHz frequencies, an order of magnitude higher frequency than this steep
spectrum emission was discovered at.

• At our angular resolution of 4.8 arcsec, the primary jets and lobes are asym-
metric in projected scale, brightness and shape. The radio luminosity of the
primary jets is at the transition of the Fanaroff-Riley luminosity break, while
the ratio of the distance between high brightness regions on either side of ra-
dio core to the primary jets extent is just above the cutoff. Compounding these
results with the particular brightness and the shapes of the lobes, these results
suggest that the immediate environment may be sparse enough to allow the
weak jets to be FR–II like in some respect.

• We derive the spectral index profiles along the wings in the MeerKAT in-band
and MeerKAT–LOFAR spectral index maps and compare them to previously
published VLA data. For both wings, the spectral index steepens from the
lobes towards the edges of the wings – with some peaking and perturbations
in the west wing and a monotone behaviour in the east wing. The role of pro-
jection effects seems to be of consequence. In the east wing extension, where
there is a low surface brightness, a higher spectral index is measured. This is
a possible outcome of a population of older and lower energy electrons or the
presence of strong magnetic fields in the region.

• The MeerKAT 1.28 GHz total intensity and MeerKAT–LOFAR spectral index
maps presented here, as well as the large-scale extensions of the source, offer
more support in favour of the hydrodynamical backflow being responsible for
the observed source structure. The large-scale extensions of the source, which
is moving with respect to the ICM in which it resides, may require a hydro-
dynamical explanation while their drop in surface brightness compared to the
wings seems to imply either fresh plasma-supply intermittency or significantly
weaker magnetic fields being possible causes.

• A faint loop in the northeast with a filament-like structure is identified. We
suggest that it may be a candidate synchrotron thread based on its spectral
index, its thin filamentary structure, and the appearance of connecting two
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separate parts of the east wing. We speculate that the hydrodynamical distur-
bance may potentially play a role in creating such features, together with the
large-scale magnetic field structure, however, this will require further, more
detailed observations and analysis.

Based on the qualitative assessment of the features present in the map and those of
literature, our analysis supports the Hardcastle et al. (2019) argument that hydrody-
namical backflow is responsible for the observed source structure. Other proposed
models for the formation of X/Z-shaped radio galaxies, such as black hole spin flip
or superimposed jets, do not seem to be necessary in explaining the observed ra-
dio structure of NGC 326. For instance, the wings being misaligned disfavour the
suggestion that they could be a jet and counter-jet pair, as the other models would
suggest. As with the large-scale extensions of the source, we argue that the apparent
sharp bends (with smooth spectral index transitions) of the lobes into the wings are
also a result of hydrodynamical backflows. The optical envelope around the nuclei
which also emits X-rays could have deflected the lobe backflows into the wings we
see today.

A black hole – black hole merger is not ruled out by our data; however, it appears
a more prosaic cause may produce the complex structure which we observe. While
this may be true of this particular system, it does not rule out supermassive black
hole mergers as a mechanism for abrupt changes in the radio jet axis.

5.2 Prospects

In a project called MeerKAT Extension, additional Square Kilometer Array (SKA)
antennas will be added to the MeerKAT telescope which, amongst multiple other
improvements in telescope characteristics, will result in increased resolution, imag-
ing fidelity, sensitivity and coverage at higher frequencies at the S-band. With this,
the candidate synchrotron thread observed in the east wing may be resolved and
possibly uncover how it and similar threads are formed.

Our additional prospects for the future include: probing the magnetic fields around
the radio source; determining the source age; and elucidating the spectral index
of the radio structure, with a focus on the threads, using what will be new radio
data from the aforementioned improved MeerKAT. 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 morpholo-
gies being identified in SKA precursor and pathfinder surveys.
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