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Abstract

New insights on classical radio galaxies from MeerKAT and
uGMRT

The morphology of low and high-power sources has been the subject of a classification
method for over four decades, leading to a comprehensive understanding of extragalac-
tic radio sources. The morphological classification of radio galaxies is again a hot topic.
This project aims to revisit the current classification scheme for classical radio galaxies
and investigate the properties and origin of the new filamentary features which are
becoming standard within and outside the radio lobes and which are suggestive of so
far unexplored interactions between the radio plasma and the external medium.

This thesis presents high-resolution and sensitivity studies of the nature of ten
known radio galaxies: three FR Is (4C -03.43, 3C 403.1, 3C 198), three FR IIs (3C 105,
3C 227, 3C 445), tailed radio sources (CGCG046-067, NGC7503) and the FR 0s (SDSS
J 09157+1331, SDSS J 1120+0407). The total sample was selected from the 4C cata-
logue with well-defined criteria. To this aim, we are using the µJy sensitivity offered
by the combination of uGMRT and MeerKAT in a frequency range from 500− 1712
MHz.

The radio images present several new morphological features in the radio emis-
sion at a ∼4′′− 10′′ angular resolution. Our radio maps validate the morphological
classification.

The sources exhibit remarkable features that raise new questions regarding the
complex interaction between radio plasma emitted by host galaxies and the surround-
ing medium through which the jet propagates. The wealth of morphological details
includes, for example, the detection of filaments in the emission from the lobes, the
existence of diffuse emission beyond the hotspots, and multiple knot-like structures
along the jet spine in some sources in the sample. Detailed descriptions of the overall
radio structures are presented.

We derived the equipartition parameters for each source in the sample, and after
fitting their integrated spectrum, we estimated their global radiative ages. We find a
broad range of radiative ages, i.e. 40.19− 242.85 Myr.

We derived in-band spectral index imaging for a few radio galaxies in the sample.
This allowed us to make some preliminary considerations on the origin of the various
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radio features.
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Chapter 1

Introduction

Since the first discovery of a signal that proved to be from the Milky Way [Jansky,
1933], radio observational techniques have evolved dramatically. These advancements
provided means to probe both the local and distant universe, becoming crucial tools
for understanding the physics governing radio-emitting regions in large-scale structures.

The development of radio interferometry (see Chapter 2) and its applications (see
Chapter 3) led to the discovery and study of countless extragalactic sources whose
emission is synchrotron in origin (Section 1.1), thereby uncovering the nature of these
powerful radio sources. It also led to the discovery of hotspots (Section 1.2) and the
systematic cataloguing of radio sources, such as the 3C and 4C surveys.

These studies revealed well-defined structures in powerful extragalactic objects (Fig-
ures 1.4 and 1.3), leading to their morphological classification by Fanaroff and Riley
[1974] based on images obtained by the 1970s Cambridge interferometer operating at
178 MHz, 408 MHz, and 5 GHz. Fanaroff and Riley [1974] introduced a clear sepa-
ration into high and low-power radio sources (FR II and FR I, respectively) based on
apparent morphological differences (Section 1.3). This morphological classification
has laid the foundation for the study and comprehensive understanding of extragalac-
tic radio sources over the past decades. However, our knowledge of these radio sources,
including the physics of radio plasma propagation in the intergalactic medium, still
needs to be completed.

Against this backdrop, our study aims to construct high-resolution and high-sensitivity
(total intensity and spectral index maps) observations of these radio sources. By explor-
ing the unprecedented sensitivity of a few µJybeam−1 at resolutions of a few arcseconds,
we hope to uncover new features that necessitate revising our current classification
scheme for classical radio galaxies.

This chapter provides the background and introduction to the present study. Key
highlights include the origin of radio emission in radio galaxies, an overview of their
components, a discussion of their morphology, and the scientific grounds for conducting
this study.

1



1.1 Synchrotron radiation 2

1.1 Synchrotron radiation
The radio emission detected from extragalactic radio sources, such as star-forming and
AGN-dominated galaxies in 1.4GHz radio surveys, is primarily due to synchrotron
radiation. The synchrotron radiation is generally generated by charged particles spi-
ralling within a magnetic field at a relativistic speed governed by the Lorentz force.
This mechanism is also responsible for the radio emission observed from our galaxy,
supernova remnants (e.g., Crab Nebula) and cluster halos.

For a particle with a charge q, rest mass m, and Lorentz factor

γ =
1√

1− v2

c2

, (1.1)

traveling through a static and uniform magnetic field B⃗, the force experienced by
the particle can be described by

d

dt
(γmov⃗) = q(v⃗ × B⃗), (1.2)

where c represents the speed of light in a vacuum.

Since the force described in equation 1.2 is perpendicular to the magnetic field
and in the same direction as the centripetal acceleration, both the velocity (v) and
Lorentz factor (γ) remain constant. Additionally, the particle is constrained to move
in a circular or helical trajectory around the magnetic field lines, leading to the emission
of a specific frequency known as gyrofrequency

νg =
qB

2πγmc
, (1.3)

indicative of the circular motion’s rate.
The energy emitted due to this motion can be quantified by

W =
2

3

q4

m2c3
γ2B2. (1.4)

In astrophysical events, the radiation from a single particle provides a foundational
understanding of synchrotron radiation; however, the radiation we observe encompasses
a more complex scenario that involves a population of relativistic particles. Synchrotron
emission is a common phenomenon observed in AGNs, which are highly energetic. We
make a generic assumption that the radiation follows a simple power-law relation

Sν = ν−α, (1.5)

where Sν is the observed flux density in units of Jansky (Jy)1, ν is the frequency
measured in Hertz (Hz) and α is the spectral index. Consider an energy distribution
for electrons

Nϵ dϵ = N0ϵ
−δdϵ (1.6)

1The flux density unit, Jansky, is equivalent to 10−23erg cm−2sr−1Hz−1.
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Figure 1.1: Power law spectrum of synchrotron radiation in terms of flux density and
frequency Sν ∝ ν−α. The synchrotron spectrum of a single electron is shown separately
in the top panel.

where ϵ = γmc2 represents the energy of a moving particle and N0 is the number
density of the particle. A pure power-law spectrum is a clear signature of synchrotron
radiation. Assuming that all particles emit radiation at a specific frequency v, the
monochromatic power per unit volume per unit frequency per unit time is

dWs(νϵ)

dt
N(ϵ)

dϵ

dν
≈ N0B⃗

δ+1
2 ν− δ−1

2 = N0B⃗
δ+1
2 ν−α (1.7)

where δ is the slope of the power-law distribution of energy radiated by electrons re-
lated to the spectral index, i.e., α = δ−1

2
. Figure 1.1 shows a typical synchrotron

spectrum interpreted as the superposition of the various contributions of each single
electron emitting at its specific frequency. The spectrum may deviate from a single
power law with equation 1.5 at both high and low frequencies. Notably, the spectrum
steepens at higher frequencies due to the radiative losses that are more significant at
high electron energies (see Chapter 5). Synchrotron radiation is also polarized, and its
strength is the most effective way to measure the magnetic field values of a radio source.

Moreover, the spectral index α of extragalactic radio sources typically ranges from
0 to -2, with a median spectral index of ∼ -0.7 to -0.8, corresponds to an exponent
value δ ∼ 2.4; this applies to higher frequencies where synchrotron self-absorption is
insignificant.

1.2 Radio Loud AGNs
Radio galaxies are the greatest manifestation of supermassive black holes (SMBHs).
They bear information on the astrophysics at play in the inner regions of active galac-
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tic nuclei, where the energy is extracted, and on the mechanisms transporting the
relativistic plasma out to distances which can cover up to Mpc scales. Moreover, the
interaction of the radio emission and the surrounding medium (interstellar or inter-
galactic, depending on the scale under consideration) is a fundamental ingredient in
the formation and evolution of large structures (i.e. properties of their nuclear com-
ponent and the thermal gas in the groups and clusters in which these objects reside
[Fabian, 2012]). Although the radio galaxies exhibit significant differences in their
physical scales and origins, they all share a common source of radio wave emission
fueled by synchrotron radiation. Radio Loud AGNs comprise a small fraction of the
known AGN population [Dermer and Giebels, 2016], extending from pc to Mpc scales,
constituting among the largest known physical structures in the universe.

A complete system of a radio galaxy consists of an SMBH at the centre of the
galaxy, jets and lobes; comparatively powerful jets give rise to different morphological
classifications (see below).

• Core – the core serves as a main origin of non-thermal radio emission in ra-
dio galaxies. These compact cores are typically located at the same position as
the optical host of a radio galaxy, frequently remaining unresolved on arcsec-
ond scales. Furthermore, they exhibit a flat spectrum and are most effectively
detected at GHz frequencies.

• Jets are collimated outflows of plasma carrying a long stream of material from
the core outwards in opposite directions. They are often observed as symmetrical
and may reach far beyond the host galaxy (extending from kpc to Mpc scale).
The decelerating end of the jet inflates in the extragalactic medium or large
lobes of material Longair [2011]. Typically, they have a flatter spectrum than
the surrounding lobe material (-0.5 < α < -1.0). In most cases, jets frequently
contain compact, bright radio feature structures interpreted as ’knots’ embedded
deep in the radio lobes, believed to indicate an internal disruption in radio jets
[Hardcastle et al., 2007a]. These knots can be observed as non-terminal spots
along the spine of the jet, appearing in extended emission at both radio and X-ray
wavelengths. They are often associated with particle acceleration in strong shocks
within the outflow, whereby these shocks may be caused by the recollimation of
the jet by the surrounding medium, inhomogeneities introduced by the central
engine activity, or instabilities in the outflow. Other theories explaining knot
formation in jets include non-uniform Doppler boosting and sudden large-scale
expansions in the outflow [Bridle and Perley, 1984].

• Radio lobes are one of the most common large-scale extended structures in
a typical radio source. Extending on either side of the AGN with filamentary
substructures (e.g. Leahy et al. [1997]). The lobe spectral index depends on
the radiative age of the source and the observing frequency, ranging from -1.0
< α < -0.7 [Schoenmakers et al., 2000]. They exhibit morphological features
such as plumes, tails, bridges and wings. The origin of the lobes in powerful and
less powerful radio galaxies is different. For the former, it is backflow emission
from the hotspots while they advance in the intergalactic medium. Lobes in radio



1.2 Radio Loud AGNs 5

galaxies with prominent jets and no hotspots (FR I) are fainter than those formed
by the flaring of the jets.

− Plumes are described as peculiar lobe structures, extended regions with a
low luminosity that disperses away from the whole source. The diffuse linear
region is mostly associated with FR I radio galaxies probably representing
outflow, and therefore, difficult to separate from jets.

− Tails are structures formed due to deflected plasma interacting with the
external medium. They are similar to plumes but are substantially curved
away from the original outflow axis, leading to a non-linear source structure.

− Bridges occur in the inner lobes region of the radio galaxies. They are low
surface brightness regions of radio sources, particularly in FR IIs.

− Wings are parts of lobes in FR II that are curved significantly away from
the axis of the source.

• Hotspots are features that arise from the interaction between jets and the sur-
rounding medium in extragalactic radio sources, a concept first introduced by
[Blandford and Rees, 1974]. These regions show enhanced brightness near the
edges of radio lobes, representing areas where a significant portion of jet energy is
transformed into accelerating relativistic particles that fuel the radio lobes. While
typically composed of single particles and spanning a few hundred parsecs in size,
hotspots display a wide variety of complex shapes, challenging a simple classifica-
tion as regions solely driven by shocks for particle acceleration. Their power law
spectrum is generally flat, with values around −0.5 − −0.6, and rarely steeper.
In cases like Cygnus A [Carilli et al., 1998], a pair of hotspots can be observed
within a single lobe. High-resolution imaging techniques have enabled the iden-
tification of multiple components within highly luminous radio source hotspots,
referred to as complex structures or multiple hotspots [Laing, 2005, Leahy et al.,
1997]. The presence of multiple hotspots may indicate jet movement or precession
[Cox et al., 1991]. Laing and Bridle [2012] has classified hotspot regions into pri-
mary (compact) and secondary (more diffuse) categories, associating the former
with jet termination point (either original or current). The diverse structures of
hotspots have spurred the development of various models to explain their origin,
considering the subjective nature of morphology and resolution limitations.

For instance, the dentist drill model, as described by Scheuer et al. [1982], illus-
trates how the jet can alter its direction through precession or abrupt changes
in orientation on timescales shorter than required for the initial hotspot to fade
[Ekers et al., 1978]. Additionally, the splatter spot-splitting model suggests that
a secondary hotspot forms due to the continuous supersonic outflow from the
primary hotspot, potentially deflected obliquely by the lobe boundary, creating
a contact discontinuity between the jet plasma and the surrounding medium
[Williams, 1985]. The dentist drill and the splatter spot splitting models propose
a jet structure terminating in a concentrated "primary" hotspot, accompanied by
a more diffuse "secondary" hotspot. Horton et al. [2023] explored the additional
mechanisms for multiple hotspot formation in radio galaxies, including Chevron
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splitting, which generates Chevron-shaped hotspot regions or complexes at the
base of the disrupted jet. Chevron splitting is characterised by the emergence of
transient hotspots from a larger, dynamic structure, resulting in a series of shocks
rather than one or more terminal hotspots. Alternatively, the stream-splitting
model bifurcates the jet into two stable, enduring flows, potentially entraining
material and splitting the jet’s path. In this model, both hotspots are active
termination points. The hotspot splitting model elucidates a process in which
a terminal hotspot is divided into two segments through hydrodynamic forces,
resulting in "passive" and "active" components (i.e., the secondary and primary
hotspots, respectively). The active hotspot signifies the termination point of the
jet, characterised by ongoing shocks pushed back towards the core. This process
commonly occurs in slowly precessing jets, resulting in a noticeable differentiation
between the two components as time progresses.

1.3 The Morphological Classification
Fanaroff and Riley [1974] introduced a clear division of large-scale radio sources into
two main classes, namely, the high-power Fanaroff and Riley type II (FR II) and low-
power type I (FR I). The two classes are morphologically distinct, famously known as
the core-brightened FR I and edge-brightened FR II radio galaxies. The pivotal publi-
cation of the classical morphological classification [Fanaroff and Riley, 1974] has been
a foundational framework for extragalactic radio source studies. Widely adopted and
applied in numerous catalogues throughout the years, the citation record, surpassing
2000 references, attests to its profound significance in shaping our understanding of
these extragalactic radio sources.

Fanaroff and Riley [1974] discovered that the transition of FR morphology occurs
at a radio power of P178 MHz ∼ 1025 W Hz−1 sr−1 (at 178 MHz frequency). Over the
decades, several attempts have been made to understand the remarkable morphology
of FR I and FR II radio sources. Different models have been proposed to explain the
morphology, with some attribution to the jet power and environmental conditions in
which the radio source propagates and others to the fundamental central engine (AGN)
parameters [Gopal-Krishna and Wiita, 2000]. The jet deceleration paradigm explains
the appearance of the FR I and FR II jets; jets are thought to start supersonically
and slow down to a subsonic flow due to the entertainment of the plasma in the host
galaxy leading to different morphology [Bicknell, 1984, Kaiser and Best, 2007]. Rees
et al. [1982] proposed that properties of the central black hole, such as its spin and the
accretion of matter, play a role in determining the morphology of the radio sources.

An exciting discovery was made by Ledlow and Owen [1996], that the division be-
tween the FR I and FR II morphology strongly correlates with the optical luminosity
of the host galaxy (see Figure 1.2 Owen and Ledlow [1994]).

Advancing on this, Mingo et al. [2019] reaffirmed this discovery, expanding on the
understanding of classification through the LOFAR Two-metre Sky Survey (LoTSS)
observation of a low luminosity FR II population, challenging the dependent use of
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Figure 1.2: The radio luminosity vs the host optical magnitude plane reproduced
from Ledlow and Owen [1996]. The y axis represents the radio luminosity in W Hz−1,
and the x axis represents the R-band absolute magnitude. Numbers 1 and 2 indicate
the FR I and FR II classes respectively.

luminosity as the sole predictor of morphology. The study revealed complexities, in-
cluding ambiguous cases and hybrid radio sources that display characteristics of both
FR I and FR II categories, blurring the once clear-cut boundary between the two cate-
gories [Gopal-Krishna et al., 2023]. More complex morphologies have been introduced
in previous studies, including types such as wide or narrow-angle tail sources (WATs
or NATs respectively); e.g., [Owen and Rudnick, 1976], S/Z-shaped sources [Florido
et al., 1990], X-shaped sources [Leahy and Williams, 1984] and others, such as double-
double sources that consist of two pairs of lobes with a common centre [Schoenmakers
et al., 2000]. These complexities challenge the classical standard of FR classification to
modern radio observation of extragalactic source populations, prompting a revisit of its
limitations, thanks to the advancement of interferometers that make it possible by re-
vealing new features in radio emission. Rudnick [2021] recently pointed out the need to
revise the approach to the classification of radio galaxies to account for the increasing
complexity and the often ambiguous and conflicting terminology used. A new scheme
was proposed whereby radio galaxies are not classified following sharp categories (i.e.,
FR I, FR II, compact, wide-angle and narrow-angle tail and so on), but are rather given
"descriptors" labelled #tags. Finally, a newly identified classification, Fanaroff-Riley
(FR) type 0, describes compact radio sources lacking significantly extended emissions
on kiloparsec scales, setting them apart from conventional FR classifications [Baldi
et al., 2019].
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1.3.1 FR II

FR II are edge-brightened radio sources emitting radio power above 1025 W Hz−1 at
178 MHz. These sources are commonly referred to as “classical doubles” due to their
distinct characteristics: a compact core optically linked to the nucleus of the optical
host galaxy or quasar positioned amidst emission lobes fed by the backflow from the
hotspots. The surface brightness of the source peaks at these hotspots located at the
ends of its emission (see Figure 1.3.) The nuclear activity of the optical host usually
shows high excitation emission lines. The jets of these sources are interpreted as a fo-
cused supersonic outflow of radio plasma consisting of relativistic particles originating
near the central engine. An interesting observation is the presence of symmetrical lobes
on both sides of the AGN, with typically only one visible jet, possibly explained by
the relativistic beaming mechanism (i.e., if the jet plasma travels at relativistic speeds,
the flux density of the jet facing the observer is significantly amplified compared to the
counter jet moving away from the observer, leading to substantial asymmetries).

Figure 1.3: The LOFAR 144MHz image of the source 3C 34 at ∼ 0.3′′, with optical
HST contour (blue) and the F785LP filter (λ =8620 Å). The insets show zoomed-
in regions of the eastern hotspot complex and the limb brightening overlaid with the
LOFAR contours (grey), describing the 50σ multiplied by 2 to the power of the numerals
1-10 chosen to highlight the compact structures [Mahatma et al., 2023]. 3C 34 is a
typical detailed illustration of an FR II radio source with multiple components in both
lobes.

FR II galaxies are typically found in less populated environments [Hardcastle, 2005].
However, there is a notable exception in the case of Cygnus A, a representative exam-
ple of the FR II class located within a galaxy group. The distribution of FR II radio
galaxies in the universe extends to significantly higher redshifts compared to FR I radio
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galaxies, a trend likely influenced by biases in the radio interferometers used in radio
surveys [Hardcastle, 2005].

1.3.2 FR I

Contrary to the FR II class of radio galaxies, these classical radio sources are of lower ra-
dio power compared to FR II (P178 MHz ≲ 1025 W Hz−1) at 178 MHz. However, possess
richer, more complex and abundant structures. Twin symmetric jet morphologies, dif-
fuse plumes, and peak emissions close to the central core characterize the radio sources.
The surface brightness of these emissions decreases and loses coherence with distance,
leading to a widening and dimming effect. This morphology is initially thought to
be driven by jets with highly relativistic bulk speeds that decelerate over kpc scales
[Bicknell, 1984, Komissarov and Falle, 1998]. FR I sources are frequently associated
with giant elliptical galaxies situated within dense environments of galaxy clusters or
groups. This environmental context plays a key role in shaping the distinct morphology
of FR I radio galaxies, particularly influencing their jet dynamics and the diffuse tail-
like structures that emerge due to interactions with the intergalactic medium (IGM).

Observational studies further elucidated the nature of FR I radio galaxies, revealing
the presence of complex filamentary structures within their jets and tails and detailing
their spectral behaviour across different wavelengths. Notably, the jets disruptions or
knots-like structures near the core, akin to the hotspots found in FR II galaxies, albeit
manifesting differently due to the intrinsic properties of the jets and their interaction
with the surrounding environment [Kumari and Pal, 2022]. The distribution and in-
tensity of radio emissions in FR I source, as exemplified by observations of specific
galaxies, e.g., 3C 31 Figure 1.4, highlights the significant influence of both the jets’
intrinsic properties and environmental conditions on their morphology. In 3C 31, the
jets extend outward until reaching a bright flaring point, beyond which they expand
and become less intense, indicative of a transition from laminar to turbulent flow. This
observed behaviour reflects the complex dynamics at play, including the impact of
dense intergalactic gas on the deceleration of jet material and the progressive dimming
of radio emissions as they propagate from the nucleus.

In addition to the two broad classes, some galaxies also show more complex mor-
phology. For instance, suppose the angle between the jet is significantly less than 180◦.
In this case, it can be classified as a bent-tail galaxy further categorized as narrow-
angle tail (NAT) and wide-angle tail (WAT) based on the opening angle between the
jets [Owen and Rudnick, 1976]. The phenomenon is attributed to large ram pressure
exerted on the radio jet as a result of the motion of the galaxy or a turbulent move-
ment of the IGM during a merger; these factors can result in their unique morphologies
[Miley et al., 1972, Burns, 1990].
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Figure 1.4: The VLA (Very Large Array) radio map of an FR I type radio source
3C 31, with a compact core with weak jets. Credit NRAO/AUI. The observation of
this source can be obtained from [Laing et al., 2008]

1.3.3 Tailed radio galaxies

A subclass of FR I morphology type characterized by radio jets bent in a common direc-
tion, thus resembling tails generally recognized with a ‘V’ or ‘C’ shape of the bent tails
[Owen and Rudnick, 1976, Saikia, 2022, Pal and Kumari, 2023]. Tailed radio galaxies
are classified into two categories based on their degree of bending or the opening angle
between the Jets. The larger opening angle is named the wide-angle tail (WAT), while
the small opening is labelled NAT, primarily found in galaxy clusters and serves as a
tracer of the latter [Giacintucci and Venturi, 2009].

The radio jets of these radio galaxies are exposed to a combination of effects, con-
tributing to their peculiarity and morphology, such as the motion of the host galaxy
through the intracluster medium [Owen and Rudnick, 1976], cluster weather [Burns,
1998], turbulence, shocks in the (ICM) [Nolting et al., 2019], and other dynamical sys-
tems related to the formation or cluster-cluster mergers [Pal and Kumari, 2023]. As
such, NATs are believed to be formed by ram pressure due to the motion of the host
galaxy through the intracluster medium (ICM), while WAT is thought to be formed
by cluster weather [Klamer et al., 2004].
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Figure 1.5: Illustration of the tailed radio galaxies; WAT 1233+168 (left) located in a
merging cluster A1569 [O’Dea and Baum, 2023], the arrow indicates the angle bisecting
the two tails of the WAT, the image shows the angles between jets configuration. The
NAT source is NGC1265 (right) [Ryle and Windram, 1968, O’Dea and Owen, 1986].

A typical example of a NAT radio source is shown in Figure 1.5 (right) NGC 1265
located in Perseus cluster [Gendron-Marsolais et al., 2021], which shows evidence of
bending tails in the same direction likely due to the ram pressure from the ICM [Jones
and Owen, 1979]. Furthermore, Figure 1.5 (left) illustrates a clear example of a wide-
angle tail WAT1233+168 located in a merging cluster A1569 [O’Dea and Baum, 2023],
indicating a large angle of separation between two tails of the WAT.

1.3.4 Compact radio sources

Among the variety of observed morphologies of radio sources in the local universe,
the most common one is the presence of a single compact emitting region [Baldi and
Capetti, 2008]. The radio sources are associated with low redshift galaxies Heckman
and Best [2014] are compact and located in massive red early-type galaxies (−21 <
mr< −23) with high massive SMBH masses (∼ 107 − 109M⊙) [Giovannini et al., 2023].

A recently identified group of compact radio galaxies with low power, FR0, has
been brought to light [Baldi et al., 2015]. These compact radio sources do not possess
extended radio lobes but instead display core characteristics akin to those of FR I (see
Figure B.4) [Baldi et al., 2019]. FR 0s are defined differently and could be regarded
as FR Is without the extended emission [Miraghaei and Best, 2017].

The understanding of the evolution of FR0 has significantly improved, with high-
resolution observations using Very Long Baseline Interferometry (VLBI) revealing a
symmetrical yet intricate structure in FR0 sources, exhibiting two-sided jets that ex-
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Figure 1.6: Example of an FR0 radio source.The left panel exhibits an image captured
from the r-band of the Sloan Digital Sky Survey (SDSS), which hosts the FR 0. The
image is complemented by the VLA 4.5 GHz radio contours and is scaled to a distance
of 3 kpc [Baldi et al., 2019]. The right panels depict a region of the radio core at a
higher resolution, offering a closer view of the object at a scale of 3 parsecs. Courtesy
of Baldi [2023].

tend from their cores, suggesting that the radio emission in FR0 results from the
ejection of material in opposite directions from the core [Giovannini et al., 2023].

Regarding classification, compact radio sources are not exclusive to FR0s. When
observed at small angles relative to the line of sight, these sources often exhibit signif-
icant variability due to Doppler boosting effects and frequently showcase superluminal
motions. These compact radio sources can appear as either low-power or high-power
radio galaxies and represent the beamed population of FR I and FR II, respectively
[Blandford and Znajek, 1977].

On a different note, Fanti et al. [1995] studied compact sources with steep spec-
tra. These sources, known as compact steep spectrum sources, generally have high to
intermediate-power ranges and are not subjected to orientation effects. They are cur-
rently believed to be young radio sources and are considered the progenitors of FR Is
and FR IIs.

1.3.5 HERGs and LERGs

In addition to morphological classification, radio galaxies are classified into two broad
categories based on the relative intensity of high and low excitation lines in the optical
spectra of their host galaxies [Laing et al., 2008, Hine and Longair, 1979]: High Excita-
tion Radio Galaxies (HERGs) and Low Excitation Radio Galaxies (LERGs). Almost
all FR I-type sources have low excitation, with a small number of low-luminosity FR II,
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whilst many FR II have high excitation emission lines and a small population of high-
luminosity FR I [Hardcastle et al., 2007a]. This classification is based on the existence
or lack of [OIII] emission lines that provide insights regarding the galaxy’s active and
ionisation processes. HERGs are recognisable by strong, high-ionisation emission lines
in their optical spectra that are thought to represent a classical image of an optically
thick and radiatively efficient AGN [Shakura and Sunyaev, 1973]. Figure 1.7 shows a
schematic representation of two types of radio sources: HERGs (left panel) and LERGs
(right panel).

Furthermore, HERGs are commonly referred to as radiative or quasar mode AGN.
The high radiative luminosities are fueled by a substantial supply of cold gas for accre-
tion, resulting in strong emission across all wavelengths and an accretion rate of 1% -
10% Eddington luminosity. The Eddington rate represents the maximum rate at which
a black hole (BH) can accrete matter.

On the contrary, LERGs contain fewer to non-existent emission lines in their optical
spectra, indicating a relatively quiescent state in their centre region compared to high-
excitation galaxy populations. LERGs’ accretion rate is below 1% of the Eddington
rate. Subsequently, it was found that LERGs have a radiatively inefficient accretion
flow [Narayan and Yi, 1994], also known as jet mode AGNs. The fuelling mechanisms of
both HERGs and LERGs are thought to be fundamentally different, and the difference
in their fueling accretion modes results in a bimodal distribution in AGN accretion
rates [Best, 2004]. The HERG and LERG populations reside in galaxies with different
host properties.

HERGs dominate luminosities at L1.4 GHz ∼ 1026 WHz−1, with a preference for FR II
sources [Best and Heckman, 2012], and are hosted by less massive galaxies with young
stellar populations in sparser environments. LERGs are hosted by massive galaxies
located in the centre of a group or cluster with older stars. Both populations exhibit
varied levels of cosmic evolution at various luminosities, with HERGs exhibiting rapid
cosmic evolution and LERGs exhibiting little or no redshift evolution [Best, 2004].

Recent studies of deep radio surveys have significantly altered our understanding
of the relation between morphological classes, HERGs, LERGs and the features of the
host galaxies, discovering subtle and captivating connections (e.g. Mingo et al. [2019],
Mingo et al. [2022]). Miraghaei and Best [2017] identified and distinguished param-
eters that impact radio morphology from those that affect spectrum characteristics.
For example, the enriched environment of FR I LERGs and their high mass density
hosts support Fannaroff and Riley’s classification driven by external variables such as
jet disruption, indicating a relation between jet power and environmental density.

Most conclusions from radio galaxies’ studies indicate that the Fanaroff-Riley mor-
phologies overlap across all luminosities and accretion modes (e.g., Gendre et al. [2013],
Mingo et al. [2019], Mingo et al. [2022]). In particular, lower luminosity LERGs can ex-
hibit both FR I and FR II morphologies. The compelling findings presented by Mingo
et al. [2022] regarding the luminous FR II LERGs show no systematic disparities in
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the large-scale radio structure compared to FR II HERGs, suggesting that accretion
mode does not significantly influence the large-scale morphology of these sources. The
existence of low-luminosity FR II sources, also known as FR II-low [Best, 2009, Mi-
raghaei and Best, 2017, Capetti et al., 2017], further implies that jet power is not the
sole determinant of radio morphology, aligning with the conclusions drawn in Mingo
et al. [2019]. A closer look at LERGs (both FR I and FR II) within the same luminos-
ity range reveals that the likelihood of a low-power jet transitioning into either FR I
or FR II depends on the host galaxy’s stellar mass (e.g., Perucho et al. [2014]). This
supports the notion that the surrounding environment plays a key role in jet formation
within FR I radio galaxies [Bicknell et al., 1994, Laing and Bridle, 2002, 2014].

Figure 1.7: A schematic diagram of the distinction between HERGS (left panel) and
LERGS (right panel) [Heckman and Best, 2014].

1.3.6 Hybrid radio galaxies

Hybrid radio sources exhibit FR I structure and FR II-like morphology on the oppo-
site side, blurring the distinction of the morphological classification. This behaviour
is believed to be influenced by a combination of jet power and environmental density
on minor scales [Bicknell, 1995, Ledlow and Owen, 1996, Mingo et al., 2019]. Hercules
A (Figure 1.8) is an illustrative example of this ambiguity. The radio source shows
unusual features, i.e., the standard characteristic of FR II type jets diffusing into lobes.
It lacks the presence of hotspots or a weak plume lobe FR I feature, which adds to the
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complexity of its classification, resembling both types [Sadun and Morrison, 2002]. Pe-
rucho et al. [2023] suggests that Hercules A’s observed morphology could result from a
disrupted outflow of relativistic hot plasma, leading to the formation of hot lobes that
expand isotropically against a decreasing intergalactic medium pressure.

Figure 1.8: Hercules A (3C 348) observed with VLA C band (7 GHz), a luminous
radio galaxy at redshift, z=0.154 [Dreher and Feigelson, 1984, Mason et al., 1988],
displays a complex structure in its lobes, characterised as an intermediate FR I and
FR II radio galaxy. The lobe in the eastern direction is dominated by the bright jet
that slowly diffuses into the lobe, while the western lobe shows three distinct structures
(labelled as rings) at a projected distance from the core [Timmerman et al., 2022].

Gopal-Krishna [1995], identified such sources using the VLBI and suggested that
differences in the FR morphologies are due to the variations in the interaction between
the jets and the external medium rather than the fundamental differences in their cen-
tral engine. More studies of these sources, known as HYMORS (HYbrid MOrphology
Radio Sources), are reported by multiple authors [Gawroński et al., 2006, de Gasperin,
2017, Cegłowski et al., 2013, Wiita et al., 2002, Kapińska et al., 2017], observed the
sample of HYMORS, where one lobe appears darkened at the edge (FR I), while the
other lobe displays a well-defined emission peak near its outer edge (edge-brightened,
FR II), believed to be evolving in a non-uniform high-density environment [Cegłowski
et al., 2013]. Results of these observations provided strong support for the existence
of the different types of jets in the HYMORS on the FR morphology [Gopal-Krishna,
1995].

More recent studies of HYMORS samples are made in detail by Harwood et al.
[2020], Stroe et al. [2022], Kumari and Pal [2022], studied the spectral analysis of the
radio sources, that the HYMORS are a result of the orientation effect of the intrin-
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sically FR II lobes. Thus, the apparent lobes of the HYMORS are centre brightened;
however, they are not indicative of the typical FR I morphology; instead, it is by a
compact acceleration region resembling hotspots (example in J 1348+28 radio map)
[Harwood et al., 2020]. Stroe et al. [2022] observed consistency of HYMORS with the
typical host galaxies of FR II radio sources are based on the galaxy’s orientation, mak-
ing one side of the galaxy appear similar to FR I jet.

Figure 1.9: HYMORS radio maps from VLA at 1.52 GHz of J 1315+516 and
J 1348+28 showing the FR II like jets, lobes and hotspots and FR I plume on one
side [Harwood et al., 2020, Stroe et al., 2022].

Figure 1.9 gives examples of two HYMORS with an archetypal hybrid morphology:
J 1315+516, with both lobes that follow a typical distribution associated with FR II
and FR I lobes, and J 1348+28, with a hotspot-like feature on the FR I lobe. It is pro-
posed that HYMORS may not constitute a distinct class of radio galaxies but rather
exhibit characteristics akin to variations observed within FR II galaxies from specific
observational perspectives. Recent high-resolution, detailed mapping has shown that
radio sources previously classified as HYMORS, such as 4C+63.07, demonstrate char-
acteristics in line with a standard FR II classification rather than truly being HYMORS
[Gopal-Krishna and Dusmanta., 2023].

1.3.7 Double Double Radio Galaxies (DDRGs)

An atypical class of objects detected by Schoenmakers et al. [2000], christened Double
Double Radio Galaxies (DDRGs), consists of double radio lobes with a common cen-
tre that appears at the opposite sides of the source [Scheuer et al., 1982, Saikia and
Jamrozy, 2010]. This morphology distinguishes DDRGs from typical FR II objects.
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These sources are the most explicit or episodic indications of recurrent jet activity. In
the context of the DDRGs, their activity cycle, also known as the duty cycle, can be
recognised by prior nuclear activity (i.e., a remnant emitting plasma) co-occurring with
a new young jet restart, known as the new activity [Saikia and Jamrozy, 2010]. We
identify the young radio source embedded in the old structure. The radio observations
sometimes reveal the new pair separated from the old lobes, indicating multiple cycles,
e.g., J 0041+3224 [Saikia and Jamrozy, 2010]. The new set of jets originates within the
older lobes surrounded by diffuse emission and propagates through the existing cocoon
material, yet not in ICM or ISM.

Figure 1.10: J1225+4011 a giant FR II referred to as a triple-double radio galaxy
(TDRG). The image shows three distinct episodes of jet activity with the radio core.
The most recent or the innermost double (III), the second double (II) and the first or
the oldest double (I) [Chavan et al., 2023].

DDRGs are believed to be likely due to a disruption in the central jet produc-
tion, with the older lobes lacking hotspots. In contrast, new ones show hotspots,
indicating a disruption. However, unambiguous examples of DDRGs tend to have an
edge-brightened structure at the extremities, which is easily explained by the standard
FR II models (see Figure 1.10 left panel). Brocksopp et al. [2011] explored the forma-
tion of the inner hotspots of the radio galaxies, stating that the inner lobes are formed
by relativistic electrons within the outer lobes, compressed and re-accelerated again by
a bow shock in front of the reactivated jets within the outer lobes. The evolution of
these sources can be probed through structural and spectral analysis of their extended
emission.

An AGN can have multiple episodes of activity; an example is the Triple Double
Radio Galaxies (TDGRs) [Chavan et al., 2023], with three distinct episodes of jet ac-
tivity shown in Figure 1.10 (right panel).
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Radio galaxy morphology can be classified differently depending on the orientation
of the source. The reorientation events resemble the dynamics of the surrounding ex-
ternal medium, as seen in several cases, such as the X and S/Z shapes below. This
suggests that orientation has a substantial impact on morphological classification.

1.3.8 Other Morphologies

X- shaped radio galaxies (XRGs) are known to constitute a considerable pro-
portion (to ∼ 10%) of the population of powerful radio galaxies [Leahy and Williams,
1984, Leahy and Parma, 1992], also known as the ’winged’ radio galaxies. They are
a subclass of extragalactic radio sources with an additional pair of low surface bright-
ness emissions detected in wings. The defining characteristic is plasma’s backflow (i.e.,
hydrodynamical) from the hotspot into the surrounding medium [Leahy and Williams,
1984, Capetti et al., 2002]. Their morphological characteristics can also be ascribed
as a consequence of the orientation of the jet or an abrupt flip in the spin of the su-
permassive black hole (SMBH) following the merger of a pair of galaxies [Biermann
et al., 2003, Gopal-Krishna et al., 2010]. The radio source PKS 2014- 55 is an excep-
tional example of an X-shaped radio galaxy [Saripalli et al., 2008, Cotton et al., 2020].
Its observations reveal a double boomerang morphology of hydrodynamical backflows
(see Figure 1.11), resulting from the main jet deflection by the large host galaxy. Its
spectrum steepens in the lobes while flattening near the regions inside the apex of the
boomerang, yet steepens in its cocoons due to a dominance of ageing electrons of the
source.

Figure 1.11: A schematic representation of the hydrodynamical backflow model of
XRGs by Leahy and Williams [1984].

S/Z- shaped radio galaxies. The bending of the radio jets on kpc or larger scales is
not a rare occurrence amongst radio galaxies, especially those of the FR I type. Their
morphology can show curvature or sharp turns in their jets or lobes [Riley, 1972]. Sev-
eral mechanisms were proposed to explain the occurrence of their morphology, i.e., jets
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Figure 1.12: Schematic drawing proposed as a possible mechanism by Chibueze
et al. [2021] representing an interaction of a radio jet with the magnetized surrounding
medium.

may follow bent S-shaped trajectories due to strong interactions with the magnetized
surrounding medium, or the jet structure can also be affected by ram pressure [Blanton
et al., 2001], or else the galaxy is subjected to jet precession [Ekers et al., 1978].

Figure 1.12 shows a schematic drawing of a proposed scenario for the possible
morphology of an S-shaped structure. The radio jet experiences density contact dis-
continuity in the cool, dense plasma or experiences ram pressure as the galaxy moves
through the ICM.

1.4 Filaments
Filaments are thin, elongated structures increasingly seen in the intracluster medium
[Rudnick et al., 2022, Yusef-Zadeh et al., 2022]. However, they are becoming more
common both within and outside radio lobes, tails, and cluster radio relics, imply-
ing that unknown interactions between radio plasma and the external medium exist
outside these areas. It is unclear if these filaments are physically related to radio
galaxies or what they reveal about the ICM’s underlying magnetic field [Ramatsoku
et al., 2020]. There are multiple documented occurrences of filaments connected to
radio lobes and jets. Notably, in Figure 1.13, the narrow, long and straight faint radio
filament branching from the tail of a radio galaxy J 1333-3141 in galaxy cluster A3562
[Giacintucci et al., 2022, Venturi et al., 2022], is presumed to be blown by the tangen-
tial wind in that region stretching the radio plasma from the galaxy and forming the
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filamentary structure.

Such features have become more common in radio galaxies, frequently detected as
interferometers are becoming more sensitive, indicating their visibility across a range
of radio frequencies, capturing emissions from ageing cosmic-ray electrons [Giacintucci
et al., 2022]. Ramatsoku et al. [2020] proposed a potential cause, suggesting a mag-
netic field reconnection around radio lobes (e.g., ESO137–006). Condon et al. [2021]
support the potential reason that coherent magnetic field structures possibly result
from relativistic electrons escaping helical Kelvin–Helmholtz instabilities in radio jets
found (i.e., observed in highly polarized filaments of IC 429). In the context of clusters,
Knowles et al. [2022] speculated on the possibility of the radio filaments illuminating
magnetic flux tubes in the intracluster medium (ICM), echoing that synchrotron emis-
sion reflects the underlying magnetic field structure. Intriguingly, simulations suggest
cosmic-ray electron convection by ICM “weather” flows may shape these filamentary
patterns [ZuHone et al., 2021]. Despite these findings, the exact origin of these fila-
ments is still unknown.

Remarkable progress has been made in imaging extragalactic radio sources thanks
to the advanced imaging capabilities of interferometers. LOFAR [van Haarlem et al.,
2013], JVLA[Perley et al., 2011], MeerKAT [Jonas, 2016], ASKAP [Johnston et al.,
2007], and uGMRT [Gupta et al., 2017], with their superb sensitivity and uv-coverage,
as well as a broad range of simultaneous angular resolutions, now offer a unique view
of radio galaxies on scales from sub-arcsecond to tens of arcseconds in a seamless range
of frequencies, from 144 MHz (LOFAR, Dutch stations and international baselines) to
8 GHz and beyond (JVLA). At the same time, the large samples of radio galaxies de-
livered by the continuum sky surveys carried out with LOFAR (LoTSS, Shimwell et al.
[2017], ASKAP (EMU, Norris et al. [2011]) and MeerKAT (i.e. MIGHTEE, MGCLS,
Jarvis et al. [2016], Knowles et al. [2022], allows studying such objects’ cosmological
evolution using solid statistical samples.

High-fidelity images of radio galaxies reveal a wealth of complex structures in radio
emission: multiple hotspots observed in several sources (e.g. 3C 403 and 3C227 Hard-
castle et al. [2007b]), including wiggles along the ridge of radio jets (e.g. CGCG044–
046: Fanaroff et al. [2021]), IGC 4296: Condon et al. [2021] and 3C129 Lal and Rao
[2004]) and how they interact with the surrounding medium. In addition to the de-
tected complex structures, thin filaments of radio emission originating from the lobes
and jets (e.g. Velović et al. [2023]), thin tubes of emission detected in different regions
of the radio galaxies at least in projection, and the low surface brightness emission
detected the lobes and some hotspots.

This increased level of complexity in the morphology of FR I and FR II radio galax-
ies raises the question of whether this classification is still meaningful.
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Figure 1.13: MeerKAT image of the radio filament from the end of the J 1333-3141
extending eastward, showing a possible fork-like structure seen ∼kpc from the tail
[Giacintucci et al., 2022].
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1.5 Background studies for the present thesis
Fanaroff et al. [2021] provide a systematic study of the first set of four radio galaxies we
consider in this work, i.e 4C 12.02, 4C 12.03, CGCG044-067 (4C 07.32) and CGCG 021-
063 (4C 00.36), exploring the unprecedented sensitivity and resolution of the upgraded
Giant Metrewave Radio Telescope (uGMRT) and the MeerKAT array. The combina-
tion of µJy beam−1 sensitivity and high (∼5′′ to 7′′) angular resolution over the entire
550−1712 MHz range revealed a wealth of morphological details that could necessi-
tate a revision of the classical radio galaxy classification scheme from extensively rich
structures, such as filaments in the emission from the lobes, to the existence of dif-
fuse emission beyond the hotspots. Based on the first four radio sources, the classical
FRI and FR II morphological schemes still hold with improved imaging capabilities.
However, the richness in details suggested caution in the systematic morphological
classification carried out with automatic procedures in surveys with poorer sensitivity
and angular resolution.

The high-resolution images revealed detailed structures such as filamentary emis-
sions and misalignments. For instance, 4C 12.02, identified as a FR II galaxy, showed
back-flows from the lobes and multiple hot spots, with flux densities at 0.69 GHz and
1.28 GHz measured as 3.50± 0.19 Jy and 2.15±0.07 Jy, respectively. 4C 12.03, an X-
shaped radio galaxy, displayed signs of restarted activity and inner double structures,
with total flux densities of 3.14 ± 0.18 Jy at 0.69 GHz and 2.06 ± 0.06 Jy at 1.28 GHz.
CGCG044–046, a wide-angle tail (WAT) radio galaxy, exhibited an asymmetric bent
morphology with filamentary structures in the tails and flux densities of 3.24 ± 0.16
Jy at 0.69 GHz and 2.05 ± 0.07 Jy at 1.28 GHz. CGCG021–063, characterized by a
compact core and extended lobes, typical of FR II morphology, revealed a cocoon of
fainter emission suggesting back-flow from the jets, with total flux densities of 3.77 ±
0.20 Jy at 0.69 GHz and 2.80 ± 0.09 Jy at 1.28 GHz.

1.6 Project objectives
Our understanding of the FR division and its relation to the source dynamics has
evolved considerably over the past four decades. To enhance our understanding of
the radio galaxy phenomena and the interaction between the radio plasma and the
surrounding medium in light of current interesting imaging capabilities in the radio
band, we aim to address questions that have remained unanswered. In particular:

1. Does the classical morphological scheme of FR I and FR II type still hold with
the current imaging capabilities of interferometers?

2. Does very low surface brightness emission exist beyond the known boundaries of
radio galaxies, or can it be detectable around FR0 radio galaxies?

3. Do we need more morphological classes or a refined scheme for extragalactic radio
galaxies?
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4. As more details are revealed, how can we explain the details, like the hotspots,
filaments, and other details observed in the radio galaxies?

1.7 Thesis structure
The thesis is structured as follows:

Chapter 2 gives a brief review of basic radio interferometry using a two-element
interferometer and a description of the uGMRT and MeerKAT arrays. Chapter 3
presents the radio galaxy selection criteria for radio sources and provides particular
descriptions of radio galaxies from the literature. We also give a detailed discussion of
the data reduction, data calibration, and imaging techniques used in this work from
the uGMRT and MeerKAT.

Chapter 4, the science chapter, summarises the important findings of our work.
First, we present the intensity maps, high resolution and high sensitivity maps of the
science targets derived from the calibration and imaging process derived in Chapter 3,
and the comprehensive description of the radio sources.

Chapter 5 gather details of the various parameters inherent in the galaxies, using
common arguments to derive the physical parameters from the total intensity distribu-
tions. In addition, we present the integrated spectrum of the radio galaxies from the
literature and derive the inband spectral index for the MeerKAT data.

Chapter 6 gives the estimated radiative ages of the radio galaxies using parameters
estimated in Chapter 5.

Chapter 7 gives the discussion of the work, finally Chapter 8 draws relevant con-
clusions about the work’s purpose based on the primary findings and provides prospects
for future work that was not covered in the current study.



Chapter 2

Radio interferometry, and MeerKAT
and upgraded GMRT

The early eras of radio astronomy were dominated by single-dish (or, in any case,
single receiving element) observations, following on the groundbreaking telescope of
Grote Reber. These typically consist of a single radio telescope with a steerable or
non-steerable dish reflector. Steerable dishes that can track a source across the sky are
desirable but complex in construction, with the largest being the 100 m Green Bank
Telescope (GBT) [Srikanth et al., 1999], while the largest non-steerable dish telescope
is the 500m Five hundred-meter aperture spherical radio telescope (FAST) [Nan, 2006].
Two common metrics are used to qualify the performance of a telescope: sensitivity –
which roughly determines how faint a signal the telescope can detect – and angular
resolution – its ability to distinguish between two sources separated by a given angular
distance. The sensitivity of a single dish is proportional to the size of the dish collecting
area (aperture), while its angular resolution is determined by the dish diameter, D,
using the Rayleigh criterion: θ = 1.22 λ

D
, where λ is the observing wavelength. There-

fore, a larger dish results in both improved sensitivity and resolution. However, due to
wavelengths being significantly longer in the radio regime, even the largest radio dishes
cannot achieve the resolution available to optical telescopes. Moreover, there is also a
practical limit to the size of telescopes that can be built, with larger ones presenting
significant engineering challenges. Obtaining a meaningful sensitivity and resolution
improvements would require a massive telescope. The technique of radio interferome-
try offers a solution. By combining signals from multiple spatially separated elements
(typically, but not restricted to , dishes), it forms an synthesis array, functioning as one
large telescope with a resolution given by the largest separation between two antennas
(baseline) bmax.

The following section discusses the basics of interferometry techniques and prin-
ciples governing aperture synthesis for imaging the data from radio observation (see
Section 3.4). This discussion is rooted in Taylor et al. [1999] and Thompson et al.
[2001].

24
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2.1 Basic Radio Interferometry

Figure 2.1: Two element interferometer [Taylor et al., 1999].

For simplicity, consider a quasi-monochromatic signal emitted from an astronomical
radio source at a far distance observed from earth-based antennae. Figure 2.1 illus-
trates a two-element interferometer, separated by a single baseline in the array defined
by vector b and a unit vector s pointing in the direction of the source. The signal from
the astronomical source arrives at slightly different times at the two antennas given by

τg =
b · s
c

(2.1)

introduced as the geometric delay, where c is the speed of light given as c = 3 × 105
km s−1. As a result, if one antenna receives an input signal V1 = v1(t) = v1 cos 2π ν(t),
the geometric delay means the other antenna will receive the signal as V2 = v2(t) =
v2 cos 2pi ν(t − τg). The correlated voltages V1 and V2 are then averaged over time as
⟨V1V2⟩t, and < · > denote the time average. The sky consists not only of point-like
sources but also extended sources; as such, the signal from extended sources can be
computed by treating the source as a series of infinitesimally small points. The overall
response of the interferometer can be obtained as

r =

∫
s

A(s)I(s)∆νcos

(
2πν

b.s + σ

c

)
dΩ (2.2)

where I(s) is the spatial intensity distribution of the produced by the astronomical
source at a particular frequency, dΩ is the solid angle of a source at point s received
at bandwidth ∆ν and A(s) is the collecting area of the antenna. The components of
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the baselines are measured in units of wavelength, λ denoted as (u, v, w), such that u
and v axes form a plane in which the interferometer samples visibilities often adverted
to as the (u, v) plane, perpendicular to the line of sight with w axis. The observed
quantities of radio interferometry observations are the complex visibilities V (u, v, w),
and it is related to the true sky distribution I(l,m, n) by the relation

V (u, v, w) =

∫ ∫
A(l,m, n)I(l,m)

e−2π i[ul+vm+w(
√
1−l2−m2−1)]

√
1− l2 −m2

dldm; (2.3)

where (l,m) = (l,m,
√
1− l2 −m2) are the direction cosines in the sky and dΩ =

dldm√
1−l2−m2 . The above relation is known as the van Cittert-Zernike theorem. For a

small field of view, the third exponential term is ignored, and the simplification leads
to a form

V (u, v) =

∫ ∫
I(l,m)e−2π i[ul+vm]dldm. (2.4)

Given a sufficiently sampled uv-plane and ignoring the complexities of gridding for the
moment, Equation 2.4 can be inverted, using Fourier Transforms to recover the actual
sky distribution of the astronomical source,

I(l,m) =

∫ ∫
V (u, v)e2π i[ul+vm]dudv. (2.5)

The above formulation (vCZ) assumes a perfect instrument with no distortions.
In reality, we have instrumental and atmospheric effects, which must be dealt with
in calibration (see Section 3.3.2). The RIME is a mathematical framework for de-
scribing these effects [Hamaker et al., 1996, Hamaker, 2006, Smirnov, 2011a]. The
two-dimensional Fourier transform using the RIME is given as

Vpq = Gp

(∫ ∫
lm

Bpq(l,m)e−2πI(ulpq+vpqm)dldm

)
GH

q (2.6)

Bpq = EpBEH
q

Vpq is the measured visibility by antenna by antennas p and q, Ep represents the
direction-dependent effects in the direction of the source. Bpq, the assumed sky distri-
bution, Gp represents the Direction independent instrumental gains, accounting for the
properties of the antenna and other instrumental effects independent of the direction
of the source. Each baseline samples a Fourier component of the observed sky. These
patches represent Fourier components of the observed sky intensity (i.e., the compo-
nents vary for each baseline).

The most ubiquitous DDE is the primary beam, which represents the sensitivity
pattern of the antenna projected onto the sky. In principle, it does vary in time and
per-antenna due to pointing errors and parallactic angle rotation. However, for the
purposes of this work (since all our targets are observed at the centre of each field),
we ignore these subtleties and treat the primary beam as time- and antenna-invariant.
In other words, we treat it as a trivial DDE. Assuming a trivial DDE, all baselines
will measure the same sky as EBEH . Consequently, the apparent sky intensity will be
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consistent across all baselines, corresponding to the observed intensity attenuated by
the power beam. This can then be corrected in the image plane (see Section 3.5.3).

2.2 Observational Instruments
In the following, we provide an overview of the radio interferometers used in our study.

2.2.1 The MeerKAT radio telescope

The MeerKAT radio telescope is a precursor of the Square Kilometre Array (SKA)
located in the Northern Cape, Karoo region of South Africa (30.713◦ S, 21.4430◦ E)
[Jonas, 2009]. The array comprises 64 antennas with an effective diameter of 13.5
m and an offset Gregorian-designed dish that ensures an unobstructed aperture and
outstanding sensitivity to extended emission observation. The array comprises 48 an-
tennas scattered within the 1 km core and 16 others scattered around the surrounding
region, giving a maximum baseline of 8 km.

Each dish encompasses a receiver indexer that can accommodate up to 4 receivers
below the reflector. The L-band receiver covers a frequency range of 900 to 1670 MHz,
the UHF-band receiver covers a frequency range of 580 to 1015 MHz, and the S-band
covers a frequency range of 1.75 to 3.5 GHz. The receivers capture the radio signal,
convert it into voltage signals, and amplify them. The voltages are further digitized
from the receivers into digital signals. Once converted into digital data, they are sent
to the correlator/ beamformer (CBF) within the Karoo Array Processing Building
[Camilo et al., 2018]. Furthermore, the F-engine aligns the voltages coarsely to make
amends for geometric and instrumental delays and then splits them into frequency
channels. The X-engine performs cross-correlation of the digitized voltage streams.
The visibilities produced by the correlator are then transferred to the archives hosted
by the Centre for High-Performance Computing (CHPC) in Cape Town.

2.2.2 The uGMRT radio telescope

The Giant Metrewave Radio Telescope (GMRT) is the most extensive, sensitive low-
frequency array in Pune, India [Swarup, 1991, Gupta et al., 2017]. The interferometric
array consists of 30 steerable parabolic radio telescopes, each with a diameter of 45
meters. The GMRT’s major upgrade with the new receivers and wideband correlator
system has significantly improved its performance operating in four frequency bands:
band 2 (120 - 240 MHz), band 3 (250 - 500 MHz), band 4 (550 - 850 MHz) and band
5 (1000 - 1450 MHz). The upgraded GMRT (uGMRT) is a SKA pathfinder with
unprecedented sensitivity and low frequency. Its hybrid configuration (Figure 2.4)
also fulfils both the high resolution and detection of extended radio emission at lower
frequencies. The uGMRT array comprises 14 antennas scattered around the ∼ 1km
central square region. The central square region provides many shorter baselines, which
are well situated for imaging the extended emission of radio sources. The remaining 16



2.2 Observational Instruments 28

Figure 2.2: A schematic diagram of the MeerKAT antenna [Jonas, 2016].

Figure 2.3: The MeerKAT array configuration, The array comprises 48 antennas
scattered within the 1 km core and 16 others scattered around the surrounding region,
giving a maximum baseline of 8 km [Booth et al., 2009]



2.2 Observational Instruments 29

antennas are distributed in a Y -shaped configuration with the East-West and South
arms. Subsequently resulting in a maximum baseline length produced by the arms
antennas of ∼ 25 km. The long baselines provided by the arms’ antennas are suitable
for high-resolution imaging. Table 2.1 gives the system parameters of uGMRT.

Table 2.1: The uGMRT system parameters.

Bands Band-2 Band-3 Band-4 Band-5
Frequency (MHz) 125 - 250 250 - 500 550 - 850 1000 - 1460

System Temperature (K) 760 - 240 165 - 100 ∼ 100 ∼ 75
Primary Beam (arcmin) 120 75 38 23
RMS noise (µJybeam−1) 500 10 6 2.5

Gain of an antenna (K/Jy) 0.33 0.38 0.35 0.22 - 0.28

Figure 2.4: The GMRT array hybrid configuration, with the antennas shown in
circled and labelled. The 30 antennas are arranged in a Y configuration, consisting of
16 antennas within the Y configuration’s east, west and south arms. The remaining 14
antennas are gathered at the central core of the array [Dokara et al., 2023].



Chapter 3

Sample selection, Observations and
Data processing

3.1 Sample selection
To address the questions raised in Section 1.6, we selected a sample of radio galaxies
from the 4C catalogue [Pilkington and Scott, 1965]. The 4C survey of radio sources
was carried out at the frequency ν= 178 MHz between declination -7◦ < δ >+80◦ to a
limiting flux density of S178 MHz =2.0 Jy 1 [Gower, 1966] . We selected our sample of
interest based on the following criteria:

1. Optical galaxies hosting the radio galaxies, with a spectroscopic redshift in the
range of 0.04 to 0.20 to ensure the detection of Mpc scale extended emission using
uGMRT band-4. This results in a similar fraction of FR Is and FR IIs.

2. The radio source is in a declination range of [-15◦: +20◦] to ensure proper visibility
and comparable (u, v) coverage with both uGMRT and MeerKAT and,

3. they show a clear double radio morphology, including traces of further surround-
ing emission at the 45 arcsecs 2 angular resolution of the NRAO VLA Sky Survey
(NVSS) [Condon et al., 1998] 2.

The criteria resulted in a total of selected 17 radio sources, of which two were FR0s
from the catalogue of compact sources known as FR0CAT Baldi et al. [2019] in the
same redshift of z ∼ 0.05 and declination range δ. Of 17 radio sources, six are FR IIs,
six FR Is, three FR Is with tailed morphology and two FR0s.

We restrict the number of radio sources to ten in this work. These add to the four
radio galaxies presented in Fanaroff et al. [2021]. The basic properties of the sample,
including the name, coordinates, redshift, radio power at 1.4 GHz and the radio mor-
phology type, are listed in Table 3.1; amongst them are three FR Is (4C -03.43, 3C 403.1,

11 flux unit = 10−26 W m−2 Hz−1

2NRAO VLA sky survey (NVSS) is at 1.4 GHz continuum survey covering the entire sky north of
-40◦ declination with a resolution of 45′′ FWHM.

30
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3C198), three FR IIs (3C 105, 3C 227, 3C 445), two-tailed radio sources (CGCG046-
067, NGC7503) and the FR0s (SDSS J 09157+1331, SDSS J 1120+04). The redshift
distribution is bimodal with three sources at the redshift z= 0.081:0.089, and the re-
maining at redshift z = 0.044:0.056.

Radio contours are provided in Figure 3.1 – 3.3 to visualise the selected sample of
radio sources. The contours represent radio images from NVSS spanning 0.3◦x 0.3◦

large fields for their large-scale structure and extended components, which were used
to aid the morphological selection of the source. The flux densities values are above
1 Jy (however less than 0.01 Jy FR 0 radio sources) at 1.4GHz the radio power range
between 22 < log10P1.4 GHz < 26.

Table 3.1: Sample of radio galaxy candidates

Object Name RAJ2000 DecJ2000 z Type P1.4WHz−1

3C105 04 07 16.5 +03 42 26 0.089 FR II 7.79e+25
3C198 08 22 31.9 +05 57 07 0.081 FR I 4.12e+25
3C227 09 47 45.1 +07 25 21 0.085 FR II 1.43e+26
4C -03.43 11 33 05.1 −04 00 48 0.0519 FR I 3.12e+24
CGCG047-067 14 29 55.4 +07 15 13 0.0548 FR I (WAT) 1.10e+25
3C403.1 19 52 30.5 01 17 21 0.055 FR I 1.65e+25
3C445 22 23 49.6 −02 06 12 0.0562 FR II 4.32e+25
NGC7503 23 10 42.3 +07 34 04 0.044 FR I (NAT) 6.61e+25
SDSS J 09157+1331 09 17 54.3 +13 31 45 0.05 FR 0 1.40e+23
SDSS J 1120+0407 11 20 29.2 +04 07 42 0.05 FR0 4.63e+21

We measured the flux density of the radio sources from the low-resolution survey
(NVSS) at 1.4 GHz to calculate the radio emission power of the radio sources. The
flux densities of the multiple components of the radio sources are added together to
obtain the total flux density of a source S1.4 GHz. The projected angular size was de-
rived according to the redshift of the optical galaxy using the cosmological calculator,
and the luminosity distance was computed using the cosmology parameters with the
Hubble constant H0 = 69.6 km s−1Mpc−1, Ωm= 0.286 and Ωλ = 0.714. The luminosity
distance was calculated following [Hogg, 1999].

DL(z,H0,Ωm,Ωλ) =
c(1 + z)

H0

)×
∫ 2

0

[(1+z′)2(1+Ω2′

m)−z′(1+z′)Ωλ]
− 1

2 dz′ [Mpc] (3.1)

Where c is the speed of light. The computed radio power P1.4 GHz of a source from the
flux density S1.4 GHz and redshift z is

P1.4 GHz = 4πD2
LS1.4 GHz [WHz−1]. (3.2)

Owing to the low redshifts, no k-corrections were necessary for our sample radio galax-
ies.
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Figure 3.1: The NVSS images of our source sample. Individual sources are, from top
row-by-row, 3C 105 (FR II), 3C 198 (FRI), 3C 227 (FR II) and 4C -03.43 (FR I).
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Figure 3.2: The NVSS images of our source sample. Individual sources are, from top
row-by-row, CGCG 047-067 (WAT FR I), 3C 403.1 (FR I), 3C 445 (FR II) and NGC
7503 (NAT FR I).



3.1 Sample selection 34

Figure 3.3: The NVSS images of our source sample. Individual sources are, from top
row-by-row, SDSS J09157+1331 (FR 0), SDSS J1120+0407 (FR0).
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3.2 Radio data
This section describes the data collection procedures used to investigate the radio
source. Here, we present the MeerKAT L-band and the uGMRT band-4 observations.
Data observations are at frequencies ranging from 550MHz to 1.67GHz, offering imag-
ing capabilities with a sensitivity of µJy beam−1 and an angular resolution of a few
arcseconds. The synergy of the two instruments provides consistent resolution and sen-
sitivity across the entire source structure. Given the typical spectrum of such features,
it is ideal for the spectral structure of extended source studies (i.e., jets, lobes and
extended emission in radio galaxies). A summary of observations is presented in the
Table 3.3.2.

3.2.1 The MeerKAT Observations

We observed the sources 3C 105, 3C 445, 4C -03.43, CGCG 047-067, SDSS J 09157+1331
and SDSS J 1120+0407 with the MeerKAT in May 2019 and August 2021 in all four
correlations 3. The observation used at least 63 of 64 antennas, and each session
spanned ∼ 5 hours, including scans of the calibrator sources.

The correlator was configured for 8 seconds of integration time. For the observing
sequence, a typical strategy was used which includes 10 minutes tracks on the band-
pass calibrator (i.e., J 1939-6342 or J 0408-6545) and regular visits to the gain calibrator
(i.e., J 0323+0534, J 1150-0023, J 1445+0958, J 2225-0457 or J 1008+0730).

Figure 3.4 illustrates tracks for the bandpass calibrator and tracks, target field
and the gain calibrator. The total MeerKAT bandwidth, centred on 1.28 GHz, was
856 MHz with 4096 spectral channels of 0.209 MHz width, covering the L-band (856
− 1712 MHz).

3.2.2 The uGMRT Observations

The uGMRT observations complement the MeerKAT observations. The observations
were proposed in 2 cycles, first submitted in set 3C 105 and 4C−03.43 were observed in
September 2019 (proposal code 36_32). The remaining radio sources (3C 445, 3C 198,
2C 227, CGCG047-067, 3C 403.1 and NGC7503) were later proposed for observation
from November 2022 to March 2023 carried out under the proposal code 43_058.
The total allocated telescope time to the proposal was approximately 20 hours. Full
on-source time was ∼4 hours for each source. The bandpass and flux calibrators,
depending on the target (3C 468.1, 3C 147, 3C 286), were observed at least once during
observation for 10 minutes, and the gain calibrator (2011-067, 087-198, 1445+099,
2212+018) observed once every 20 to 25 minutes of the target field observation. The
integration time was 5.83 seconds, and the bandwidth was 292.965 MHz. All the
uGMRT data were recorded in spectral line mode, typically 8192 channels in the new
dual-polarisation (RR and LL).

3Full polarisation data was taken; however, polarimetric analysis remained outside the scope of
this work.
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Figure 3.4: Example of the MeerKAT track for the bandpass calibrator J 0408-6545,
gain calibrator J 0323+0534 and the target field 3C 105.
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3.3 Data processing
The quantity measured by equation 2.6 is not the actual brightness distribution Vpq(u, v)
but rather affected by the corruption terms introduced by the atmosphere and by the
instrumentation. As such, the data reduction processes transform this raw visibility
data into a synthesised image of celestial objects in the sky. This process entails iden-
tification and excision of Radio Frequency Interference (RFI), calibration (including
self-calibration), and aperture synthesis imaging.

3.3.1 RFI excision

RFI is inevitable when dealing with non-sensitive and highly sensitive instruments,
presenting significant challenges, particularly in measuring the astrophysical signals
that interest researchers. The signals due to RFI typically surpass the levels of natural
emission from astronomical sources. Its causes vary, ranging from satellites passing
overhead to various human-made sources. In some cases, the intensity of RFI can
be several orders of magnitude higher than the natural emission from astronomical
sources. However, there is a silver lining: RFI tends to manifest itself at specific fre-
quencies and time intervals, making its localisation feasible. The general principle is to
mitigate the RFI effects (normally seen as spikes or outliers) by flagging (see Offringa
et al. [2012]). In particular, we use different pipelines to detect spikes and flag data.
Under the hood, our pipelines utilise the Tricolour4 package and AOflagger [Offringa
et al., 2010], which employ Sumthreshold algorithm methods developed to improve the
speed and efficiency of RFI identification and flagging [Offringa et al., 2010]. Addi-
tionally, the pipelines use CASA’s tfcrop task McMullin et al. [2007] in some contexts
(particularly when flagging calibrator data).

The outliers may be identified and masked. However, the remaining challenge lies in
weaker RFI, which can be difficult to separate from the desired signal, especially when
utilising automated flagging algorithms within data processing pipelines, especially
flagging algorithms that necessitate meticulous fine-tuning to ensure accurate detection
and isolation of the signal from the interfering RFI. At times, manual intervention
becomes imperative for effective flagging of the data. Thankfully, the adverse effects of
weak RFI on calibration solutions can be lessened by adopting appropriate calibration
formulations.

3.3.2 A general view of calibration

In interferometry, calibration involves correcting instrumental variations, i.e., the time-
dependent and frequency-dependent parameters within the observational data embed-
ded in the propagation signal. In principle, the objective is to generate an accurate
sky model and minimise disparities between the model-based estimates and the inter-
ferometer’s actual observed measurements.

In simple RIME formalism, the RIME predicting the observed visibilities given a
model can be written as

4https://github.com/ska-sa/tricolour
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Vobs
pq = JpVmodel

pq JH
q (3.3)

where Vmodel
pq is the model visibilities corresponding to our sky model. We, therefore

try to find the set of gain matrices J that minimises:

χ2 =
∑
pq

∥∥Vobs
pq − JpVmodel

pq JH
q

∥∥ (3.4)

Generally, Jp is separated into a sequence of Jones terms, for example

Jp = BpGpDpEpPpTp (3.5)

Where Bp Jones term is the bandpass, Gp represents the antenna/receiver gain term,
Ep is the beam gain and Dp, Pp, Tp are the polarisation leakage, parallactic angle
rotation and atmospheric phase terms respectively. The order of RIME represents the
causal order of effects.

The Jones term is determined through a non-linear fit to the measured visibilities.
Corrected visibilities can then be obtained by applying the inverse of the estimated
Jones matrices to the observed visibilities as

Vcorr
pq = (Jp)

−1 Vobs
pq

(
JH
q

)−1 (3.6)

Calibration is commonly classified into three categories: reference calibration (see
Section 3.3.2, DI self-calibration (Section 3.3.3) and DD self-calibration (Section 3.3.3).
Consistent with the Noordam and Smirnov [2010] terminology, the categories are re-
ferred to as the first, second, and third generation calibration, respectively.

Reference Calibration

Reference calibration solves for direction-independent effects by using observations of a
calibrator source. Vmodel

pq in equation 3.4 then originates from a calibrator source model.
A good calibrator is typically a bright point-like source reasonably isolated from other
bright sources. A primary calibrator establishes the flux scale and bandpass and must
have a well-known flux and spectrum. Since such well-known sources are relatively
few, a secondary calibrator nearer to the target field can constrain antenna gains and
phases. A secondary need only be reasonably bright and point-like.

The instrumental correction, in particular the bandpass (incorporated in equation
3.5), complex gains and the delay errors, are estimated using these known parameters
of the primary calibrator. They can then be interpolated onto the secondary, refined,
and further interpolated onto the visibilities of the target field.

In practice, we use the following two pipelines, CAPTURE (CAsa Pipeline-cum-
Toolkit for Upgraded Giant Metrewave Radio Telescope data REduction) [Kale and
Ishwara-Chandra, 2020] and CARACal (Containerized Automated Radio Astronomy
Calibration) [Jozsa and Perkins, 2021]. Both pipelines use CASA tasks under the hood
for this purpose. Furthermore, CARACal offers alternatives for using calibrator models
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through Meqtrees [Noordam and Smirnov, 2010] or Crystalball5. Typically, there are
three effects solved for during reference calibration6 regardless of the pipeline employed:
delay, gain and bandpass, corresponding to the three types of Jones matrices above.

Delay calibration The physical nature of interferometers introduces a time differ-
ence in the radio signals received by different antennas defined in equation 2.1. The
delay errors appear in frequency ∆ν as a constant phase slope across the band ∆ϕ.
We can define the difference across the band as

∆ϕ = 2π∆ν (∆τg −∆τr) , (3.7)

where ∆τg is the differential geometric delay and ∆τr, the residual instrumental
delay. The calibration is mostly achieved using a calibrator scan to solve for time-
based antenna variations and deliver high signal-to-noise measurements. Appendix
A.1 indicates the delay solutions. The delays range from One hundred picoseconds for
all observations of the primary field. The vertical spread is the time variation in the
solutions.

Bandpass calibration Understanding the spectral behaviour of a radio source is
essential, therefore for calibration purposes it is important to measure and correct
the frequency-dependent instrumental response, i.e. the bandpass. Its diagonal Jones
matrix is given as

B =

(
bx(ν) 0
0 by(ν)

)
(3.8)

Bandpass corrections are generally derived by making scans of the primary cali-
brator, averaging the scans in time and solving for the complex gain in each channel
against a model of the calibrator source Vmodel

pq in equation 3.4. The bandpass solutions
in this work are displayed in Appendix A.2, indicating the amplitude variation and the
phase across the band per antenna and correlation.

Gain calibration Freuency-independent antenna-based gains are determined as a
function of time. The complex gains function Gpq (t) is approximated by a product
of two associated antenna-based complex gains gp (t) and gq (t) whose amplitude and
phase are determined via calibration. Phases are typically more variable than the
instrument’s amplitude and have an atmospheric component. It is therefore, important
to use a calibrator source near the target field (hence, secondary calibrator), thus
observing nearly the same atmosphere as at the centre of the observation field. The
diagonal matrix of the complex gains function is given as

G =

(
gx(t) 0
0 gy(t)

)
(3.9)

Appendix A.3 gives examples of the gain solutions for amplitude and phase corrections
as a function of time.

5https://github.com/caracal-pipeline/crystalball
6Ignoring polarisation calibration, as it is outside the scope of this work.
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3.3.3 DI Self-calibration

Self-calibration (often called Self-cal) involves refining the complex gain (amplitude
and phase) over time. In principle, self-cal solves the complex gains while progressively
refining the visibility model Vmodel

pq . The process can be described as follows:

1. The initial model is derived from the corrected visibilities obtained by applying
the reference calibration gains.

2. Find a gain matrix J0 that minimises equation 3.4 with a least square method,
and compute a new set of corrected visibilities using equation 3.6.

3. Extract an improved model, Vmodel from the corrected visibilities,

4. Use the improved Vmodel from step 2 for another round of self-cal step and find
the new gain matrix J, then compute the corrected visibilities.

5. Since the procedure is iterative, repeat steps 3 and 4 till the corrected visibilities
are satisfactory.

Specifically for self-cal pipelines for MeerKAT, we use CubiCal [Kenyon et al.,
2018], QuartiCal [Kenyon et al., 2023] and WSClean imager (see Section 3.5.2). For
the uGMRT self-cal, we refine the gains using CASA following the method described
above.

DD self calibration

Traditional self-calibration assumes that all errors disturbing the visibilities are asso-
ciated with the individual antennas [Pearson and Readhead, 1984]. However, this as-
sumption is no longer valid when considering the impact of directional effects (DDEs)
[Smirnov and De Bruyn, 2011]. DDEs introduce signal variations depending on the
source’s position relative to the field of view. These variations are not uniform across
the entire view [Noordam and Smirnov, 2010]. Direction-dependent effects commonly
encountered include the primary beam, atmospheric and ionospheric effects. DDEs can
manifest as artefacts around dominant sources [Bhatnagar and Cornwell, 2017] and are
addressed explicitly through a correction in a particular direction. Various techniques
are deployed to calibrate the DDEs:

• Faceting − The basic principle of this technique is dividing the sky into multiple
directions (facets) and solving for an independent gain term within a facet. This
technique is implemented in the killMS7 package. killMs implement the complex
non-linear least-square solver ideas for the complex N-directional optimisation
(COHJONES) algorithm [Smirnov and Tasse, 2015]. COHJONES accounts for
interactions among directions, but it ignores antenna interactions. The gains are
generally solved with a solution interval larger than the DI solutions [Smirnov
and Tasse, 2015] to avoid overfitting and flux absorption.

7https://github.com/saopicc/killMS
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The gain solutions for each direction are applied during imaging by the DDFacet
8 package.

• Peeling −Is a simpler technique for addressing DDEs. It generally follows the
following sequence of steps:

1. Derive the Gp, the independent gain terms in equation 3.4, and simultane-
ously derive direction-dependent solutions for a small number (could be as
small as one) of individual sources. An illustrative measurement equation
for this can be given as

Vpq = Gp

(∑
s

Es0pXspqEH
s0q

)
GH

q , (3.10)

where Xs0pqis the coherency matrix of the source in the direction s0.
The resulting E-gain solutions tend to contain DD effects in the direction
of the source s0.

2. The model of the problem source(s) is subtracted from the visibilities, using
the E solutions, while the residual visibilities containing the whole sky are
corrected for with Gp.

3. Optionally repeat steps 1 and 2.

The CubiCal and QuartiCal packages solve the direction-independent gain term
Gp while simultaneously solving for additional gain term Es0p.

3.4 Synthesis Imaging
Radio synthesis imaging, at its simplest, entails transforming sampled visibilities into
a representation of the sky. This procedure is grounded in the van Cittert Zernike
theorem [Thompson et al., 2001], which establishes a connection between the observed
visibilities and the actual distribution of sky brightness. Imaging is operated in three
steps: 1) the inverse Fourier Transformation, 2) deconvolution and 3)iteration with
self-calibration (Section 3.3.3 and 3.3.3).

We use Equation 3.11 to represent the observed visibility V(u, v).

A(l,m)I(l,m) =

∫ ∞

−∞

∫ ∞

−∞
V(u, v)e−2πI(ul+vm)dudv. (3.11)

Where A(l,m)I(l,m) = I ′(l,m) denotes the modified sky brightness distribution due to
the antenna response pattern A(l,m). The observed visibilities are sampled at discrete
points within the u, v plane, therefore, only a certain fraction of Fourier modes are
sampled. Hence, the observed visibilities can be given as

V(u, v) = S(u, v)

∫ ∞

−∞

∫ ∞

−∞
I ′(l,m)e2πi(ul+vm)dldm. (3.12)

8https://github.com/saopicc/DDFacet
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i.e. as the sampling function S(u, v) times the Fourier transform of true sky brightness.
Due to the incompleteness of the u, v plane sampling, we have a corresponding structure
in response to a point source known as the Point Spread Function (PSF). The PSF is
the Fourier transform of the weighted (u, v) coverage. Thus, we can write it as

PSF (l,m) ⇌ S(u, v). (3.13)

The equivalent of equation 3.12 in the image domain is the convolution of the PSF (l,m)
and the true sky brightness I ′(l,m), resulting in a so called dirty image ID(l,m):

ID(l,m) = PSF (l,m) ∗ I ′(l,m). (3.14)

where ∗ represents the convolution operator.
The radio synthesis imaging process also involves deconvolution, a subsequent way

of compensating for the effect of the PSF (equivalently, for interpolating the missing
Fourier modes of the sky that the array does not sample). Deconvolution is typi-
cally performed as a combination of minor and major cycles. The minor cycle is purely
image-based, and updates a model of the sky. The major cycle inverts the accumulated
sky model into visibilities and subtracts it from the data, producing a dirty residual im-
age for the next minor cycle. The most widely-used deconvolution algorithms are based
on CLEAN [Högbom, 1974] for deconvolution. The CLEAN algorithm is summarised
as follows:

1. The peak intensity of a potential source is located in the dirty image ID(l,m).

2. The PSF, scaled up by the source flux, and multiplied by loop gain γ (typically
0.1), is subtracted from the dirty image at each source’s location.

3. The model Im(l,m) is updated with the flux that is subtracted at the source’s
position.

This forms the minor cycle of deconvolution. Note that the minor cycle iterations halt
when the peak pixel within a mask falls below the threshold or when the maximum
number of iterations is reached.

In practice, Multiscale [Cornwell, 2008] extension and Multiscale with Multi-frequency
extensions are implemented by t-clean and WSClean. The difference lies in the peak
identification and subtraction. Instead of identifying and subtracting individual delta
functions, Multiscale CLEAN extends the approach by considering the different spatial
scales and subtracting blobs [Offringa and Smirnov, 2017, Rich et al., 2008].

3.5 Visibility weighting
Weighting functions (applied in the u, v plane) change the PSF structure to maximise
an image’s sensitivity or resolution. Commonly employed weighting schemes are:

Natural weighting: Every visibility in the u, v grid is given a weight inversely pro-
portional to its variance (thermal noise). This results in the highest sensitivity, but for
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core-dense arrays like MeerKAT, produces a very wide PSF main lobe (compromising
resolution) and high PSF sidelobes.

Uniform weighting: the u, v plane is divided into grid cells, and each cell’s visibilities
are weighted so that each cell has equal (uniform) total weight. Since the inner part
of the u, v plane has more samples, uniform weighting will aggressively down-weight
the short baselines. This scheme achieves the highest resolution and low PSF sidelobes
but significantly trades off resolution.

Briggs weighting is a commonly used compromise scheme [Briggs, 1995]. The
method trades off between maximizing resolution and minimizing PSF sidelobes using
a robustness parameter r, which smoothly varies between effectively natural weighing
(r = 2) and effectively uniform weighting (r = −2) [Rau et al., 2009]. A typical value
used for MeerKAT and uGMRT imaging is r = 0.

The imaging parameters are modified depending on the data as follows:

3.5.1 t-clean

The uGMRT images are produced with t-clean, imaged the field in at least ∼2.3◦×
2.3◦ to deconvolve bright sources outside the primary beam. We use the Multi-term
Multi-Frequency Synthesis (MT-MFS) deconvolution algorithm that accounts for the
frequency dependence variations [Rau and Cornwell, 2011], complemented by the mul-
tiscale clean. To model the emission around the extended source structure, the number
of iterations was set to 2500, increasing each cycle by a factor of 2. The procedure
yielded more improved images due to better residual construction per cycle. Mask-
ing was set to auto-multi threshold, which automatically determines the threshold for
cleaning, with the minimum threshold set to 0.01. We used a Briggs robustness pa-
rameter of r = 0 to image the large-scale structure without compromising sensitivity
and resolution.

Table 3.2: t-clean parameters used in CASA. Where their different parameter values
were used. Default parameters are not listed.

Clean keyword value
Threshold 0.001 mJy
Specmode ’mfs’
Deconvolver ’mtmfs’
nterms 2
Multiscale 0, 5, 15
Robust 0.0

3.5.2 WSClean

We use the CARAcal pipeline for imaging; it incorporates the WSClean imager for
deconvolution and imaging purposes. WSClean implements multiscale and wideband
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deconvolution algorithms suitable for imaging extended radio galaxies with diffuse emis-
sion. Deconvolution was carried out jointly in eight subbands; each band was decon-
volved separately using the joint-channel deconvolution mode. A Briggs weighting
scheme was used with a robustness parameter r = 0. The resulting angular resolution
is given in Table 3.3.2. Below, we give the parameters for imaging the visibility data
for uGMRT and MeerKAT.

Table 3.3: Summary of the WSClean imaging parameters used in making the radio
maps within this work. Column 2: the WSClean parameter name that takes the values
stated in Columns 3 and 4.

Parameter WSClean name uGMRT Value MeerKAT Value
Image size -size 10000, 10000 10240, 10240
Polarization -pol I I
Cell size -scale 0.5asec 1.0asec
Weighting -briggs 0 0
Deconvolution -multiscale-scales 0,5,15 × beam 0,10,20,40 × beam

3.5.3 Primary beam corrections

By definition, the primary beam is a trivial DD effect Smirnov [2011b] if it is identical
for every antenna in an array and constant in time; as such, it can be treated as part
of the sky. The process corrects the flux scales of sources while increasing the map’s
noise from the centre to the beam edge.

The attenuations caused due to the primary beam response are corrected using
the CASA task wbpbgmrt9 for the uGMRT corrections. An eighth-order polynomial
equation can typically represent the uGMRT or MeerKAT’s primary beam. The fitted
polynomial is given by

f(x, y) = 1 +
( a

103

)
x2 +

(
b

107

)
x4 +

(
4

1010

)
x6 +

(
d

1013

)
x8 (3.15)

Here, x represents the separation from the pointing position in arc-minutes times the
frequency in GHz. The coefficients a, b,c and d determine the shape of the polynomial
curve. For band-4 (550-850 MHz), the values of the coefficients are a = −3.190,
b = 38.642,c = −20.471 and d = 3.964. We use these primary beam parameters
provided to make corrections.

For the MeerKAT primary beam corrections, a traditional approach was followed
involving the division of the final image by a pre-existing model of the primary beam
pattern generated through the KATBEAM package10, incorporated within the OXKAT
script11.

9https://github.com/ruta-k/uGMRTprimarybeam.git
10https://github.com/ska-sa/katbeam
11https://github.com/IanHeywood/oxkat/tree/master/oxkat
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3.6 Individual radio sources
This Section briefly summarises the literature review of the individual galaxies pre-
sented in this work.

• 3C 105 is a classical FR II radio source, associated with an elliptical galaxy of
magnitude mr=17.6 (NED) located at redshift z=0.089 [Madrid et al., 2006].
The radio source is a typical narrow-line radio galaxy (NLRG) with only nuclear
emission lines [Baum et al., 1995, Smith and Heckman, 1989, Tadhunter et al.,
1998]. The classical radio source was first classified as a type 2 Seyfert galaxy,
subsequently as a highly absorbed and highly luminous FR II source with lumi-
nosity of 4.45×1044 erg sr−1 [Ajello et al., 2008]. 3C 105 have been detected in
X-ray observations, Massaro et al. [2010] detected the X-ray emission from the
core and the southern hotspot; the two regions are locations where the radio jets
appear to enter the hotspot region, as well as from the brightest radio emission
at the terminal hotspot, itself. Orienti et al. [2012] reported on the emission
associated with low-power southern radio hotspots in a radio source, where they
detected optical emission in the same hotspots, which implies the presence of
continuous re-acceleration of particles in these regions. Recently, Murray et al.
[2021] detected the HI absorption in this galaxy, including the nuclear-extended
outflows of ionised gas in the radio galaxy.

• 3C 198 is classified as FR I radio source associated with an elongated elliptical
galaxy, mg=17.3 (NED) located at redshift, z=0.081. No recent deep imaging
and detailed study of this source has been conducted in the radio band. The op-
tical emission lines of the optical counterpart are consistent with star formation
[Buttiglione et al., 2010, Baldi and Capetti, 2008].

• 3C 227 is an FR II radio galaxy associated with a mg =16.7 quasar at z=0.085
(NED). It is aligned east-west, with multiple emission peaks in each hot spot. It
exhibits a nuclear outflow [Speranza et al., 2021]. The multiple hotspots are de-
tected up to very high energy as a result of particle re-acceleration (NIR, optical,
X-ray emission, see Migliori et al. [2020] and Orienti et al. [2020], respectively).
The hotspots are polarised Orienti et al. [2020].

• 4C -03.43 is a classical FR I radio galaxy at z=0.0554 (m=15.22, NED). It is char-
acterised by two symmetric jets which open up and spread into two lobes. The
extension of both lobes gives the source an S shape and suggests that projection
effects play a relevant role here. The radio galaxy is associated with the brightest
cluster galaxy (BCG) in the cluster Abell 1308 at z=0.0519 [Postman and Lauer,
1995]. Very little literature information is available for this radio galaxy.

• CGCG047-067 is an FR I radio galaxy hosted by an optical counter- part with
magnitude mg=14.9 at redshift z = 0.055901 (NED). Very little information is
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available in the literature for this radio galaxy, and no detailed radio studies exist.
Kuźmicz et al. [2018] included it in a sample of giant radio galaxies, reporting a
total size of 0.7 Mpc. The source appears in the G4 Jy sample as G4 Jy 1173,
classified as a bent tail morphology, with double elongated and possibly L-shaped
structure [White et al., 2020a,b]. Very little is known about its environment. A
galaxy group is reported in the literature at the redshift and position of CGCG
047-067 (MSPM 01896, Smith et al. [2012]).

• 3C 403.1 is an FR I radio galaxy associated with a magnitude mg=17.5 (NED) at
redshift z=0.055. Missaglia et al. [2022] recently conducted a radio/optical study
and concluded that the radio galaxy is part of a low-mass poor group. The radio
galaxy belongs to the MURALES sample Speranza et al. [2021], Balmaverde et al.
[2019, 2021], which was investigated for nuclear outflows. None was detected.

• 3C 445 is another nearby FR II radio galaxy, located at z=0.0568 [Kronberg et al.,
1986]. The associated optical counterpart, a mr =15.2 (NED) elliptical galaxy
possessing an exceptionally bright and compact central region [Madrid et al.,
2006]. A typical BLRG, with a broad emission spectrum in its optical spectrum
[Eracleous and Halpern, 1994]. With a linear size of ∼630 kpc, it belongs to the
class of giant radio galaxies. It is aligned along the north-south direction, and
the northern hotspot has multiple peaks [Kronberg et al., 1986]. 3C 445 has been
a subject of X-ray observation (e.g., Perlman et al. [2010], Grandi et al. [2007],
Sambruna et al. [2007], Grandi et al. [2004], Orienti et al. [2012]). Moreover,
both the hot spots of 3C 445 are observed in multiple optical and near-IR bands
[Prieto et al., 2002, Mack et al., 2009] and have been investigated in detail with
the Jansky Very Large Array (JVLA) at 22 GHz to study the distribution of the
strong shocks in the hotspot region [Orienti et al., 2020]. The radio galaxy was
imaged at high angular resolution with the Very Large Array (VLA) in Leahy
et al. [1997], where the two inner compact components located north and south
of the core and aligned along the jet direction (labelled N1 and S1 in their paper)
were identified. These two components and their alignment with the direction of
the outer hot spots suggest a double-double radio galaxy.

• NGC7503 is a narrow-angle-tailed radio galaxy associated with a bright (V=13.5)
galaxy at z= 0.044 in the Pegasus II cluster (Zw2307.6+0713, Z8852). The clus-
ter shows X-ray emission (MCXC J2310.4+0734, Piffaretti et al. [2011]). The
optical counterpart lies at ∼ 5′ in projection from the cluster centre, dominated
by the BCG NGC7499 (V=13.00), and only ∼ three from NGC7501, (V=13.4).

• SDSS J 1120+0407 is associated with the galaxy CGCG039-127, with a mg =
15.4 and z=0.049655 (NED), and

• SDSS J 09157+1331 is associated with WISEA J091754.26+133145.5, with mag-
nitude 1mg=7.79 and located at a similar redshift (z=0.049932, NED). The op-
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tical counterpart is an early-type galaxy in both cases, and the radio source is
classified as FR0. They are both characterised by the lack of extended radio
lobes and have the same core properties as FRI [Baldi et al., 2019]. [Capetti
et al., 2020] reported on the LOFAR detection of SDSS J 091754+133145 at 144
MHz, while no emission was revealed for SDSS J 112029+040742.



Chapter 4

The MeerKAT and uGMRT view of
the radio sample

The uGMRT and MeerKAT observations provide detailed state-of-the-art images of
the radio galaxies in our sample. The angular resolution of the uGMRT offers valuable
insights into the structure of the hotspots. At the same time, the MeerKAT image is
more effective in showcasing the intricate features and overall extent of the lobes. The
overlay of uGMRT and MeerKAT contours on the DSS-II (red band) optical image
and the contours with MeerKAT data provide a comprehensive view of our capability
to capture detailed radio morphologies. Complemented by a colour scale indicating
contour levels, these images affirm the detailed radio features for nearly all the observed
sources. The salient features of the radio morphologies belonging to the most prominent
and prevailing radio sources have been meticulously detailed in Tables 4.1 and 4.2.
Furthermore, we offer a supplementary description of the radio morphologies exhibited
by the radio sources, presented in the sequence provided in Table 3.1.

4.1 The morphology
Each source presented in this thesis shows features that deserve attention, individually
discussed in the next subsections.

4.1.1 Radio flux density measurements

Having produced the radio images, the initial task is typically to use those images to
determine the flux density of the source as well as the background noise in the images.
We measure the background noise in the images by taking the RMS of the pixel values
in clean and source-free regions in the images before primary beam corrections given
in Table 3.3.2.

Measuring the flux densities requires specifying the polygon region enclosing the ra-
dio source emission. Since source extraction methods using Gaussian fitting algorithm
methods lead to a possible underestimation of the integrated flux densities, signifi-
cantly if the emission is extended, to measure the flux densities, we manually select

49
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the radio source emission region using CARTA1 and obtain the source statistics. Op-
tionally, the region can be saved into a CASA region file with the extension ".crtf"
used to determine the fluxes in alternative methods. The alternative way of manually
measuring flux density is to define the radio source regions and estimate the fluxes
using the imfit CASA task, which automatically fits a single Gaussian to the peak
emission and provides the statistical information as imstat favourably works for point
sources (e.g. FR0). However, radio galaxies are generally not Gaussian, as information
derived from a single Gaussian fit may not accurately represent the source. The total
flux density of each radio source and its component are given in Table 4.1 centred at
1.28 GHz (S1.28 GHz) and Table 4.2 at 700 MHz (S700 MHz).

4.1.2 Flux density error estimates

The corresponding measurements of uncertainties for the flux density (∆Sν) consist of
three factors following Klein et al. [2003]:

• The calibration error ξcal: the calibration error of the maps are estimated at ∼ 3%
and 5% for the MeerKAT and uGMRT, respectively 2. It includes the flux scale
uncertainty, primary beam uncertainty, and possible signal loss due to missing
spatial scales.

• The noise uncertainty σ: taking the local rms noise extracted from the source
free region of the image multiplied by the square Nbeam defined below.

• The number of beams covering the extended source Nbeam: the number of points
in the entire radio emission of the source divided by the beam area (Abeam) in
pixels.

The flux density error can be estimated using the equation.

∆Sν =

√
(σ ·

√
Nbeam)2 + (ξcal · S)2, (4.1)

Where Sν is the total flux density of a source.

1https://github.com/CARTAvis/carta/releases/tag/v4.1.0
2The residual errors for MeerKAT and uGMRT in each image are 3% and 5%, respectively.
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4.1.3 3C 105

The flux density of the radio galaxy as detected by MeerKAT is S1.28 GHz=6.60±0.30
Jy, corresponding to a radio power P1.28 GHz = 1.32×1026 WHz−1. Its total size is
∼ 485 kpc. The total intensity image reported in Figure 4.1 shows a north-western
jet is fairly straight. It shows several emission peaks before ending in the hotspot,
which extends perpendicularly to the direction of the jet. Leahy et al. [1997] described
this hotspot as a hammerhead structure, possibly indicating a recent escape of the
lobe from a strongly bounded halo surrounding the host galaxy. The southeastern jet
shows a substructure with two parallel ridges of emission (or trail of emission) from
the hot spots back towards the centre, interpreted as backflow emission, possibly due
to a potential contact discontinuity.

4.1.4 3C 198

Only the uGMRT image is available for this radio galaxy. Its total flux density at 700
MHz is S700 MHz= 3.91± 0.07 Jy. for a radio power of P700 MHz = 6.36×1025 WHz−1.
The MeerKAT flux density of the radio galaxy is S1.28 GHz= 2.42± 0.01 Jy for the
radio power of P1.28 GHz = 3.94×1025 WHz−1 [Sejake et al., 2023]. The uGMRT and
MeerKAT images are similar regarding the emission extent and details of the source,
e.g., the filaments embedded in the lobes and the extension perpendicular to the source
major axis (see Figure 4.2).

The uGMRT and MeerKAT radio contours, including the radio-optical overlay, are
shown in Figures 4.2 and 4.3. The source has the largest linear size of ∼ 650 kpc
and can be considered a giant radio galaxy. Our observations reveal an intriguing
morphology: no bright hot spots are visible, even though the surface brightness shows
edge brightening at the extreme end of the lobes. Table 4.2 outlines the lobes with a
diffuse low surface brightness emission. The source shows no compact features, which
can be associated with the core or hot spots, and the lobes show very low surface
brightness. The optical counterpart is not apparent. Such diffuse radio emission is
extremely filamentary. At low frequencies, we are unable to detect radio nuclei.

4.1.5 3C 227

Only uGMRT imaging is available for this FR II radio galaxy. The radio emission is
aligned in the east-west direction for a total size of ∼ 505 kpc. Its total flux density at
700 MHz is S700 MHz =12.46± 0.02 Jy, for a radio power of P700 MHz = 2.24×1026 WH−1.
Our total intensity image is shown in the top panel of Figure 4.4. The high angular
resolution of the uGMRT images confirms that the western hot spot has multiple peaks
(double hotspots); the twin hotspots in 3C 227 could be explained by the mechanism of
stream splitting, where the jet splits into two stable and long-lasting flows, indicating
an ongoing high energy particle acceleration [Horton et al., 2023, Hardcastle et al.,
2007]. The two parallel ridges detected at 22 GHz in the eastern hot spot [Orienti
et al., 2020] are not resolved at our angular resolution, which, on the other hand,
highlights a trail of emission from the hot spot towards the core. The diffuse backflow
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emission from the lobes broadens as they propagate away from the hot spots. The two
lobes are not symmetric in flux density, the eastern being stronger (with a flux density
equivalent to S700 MHz= 4.95±0.12 Jy) and characterised by filamentary emission.

4.1.6 4C -03.43

The flux density of the radio galaxy is S1.28 GHz=1.08± 0.07 Jy, for a radio power
of P1.28 GHz = 6.91×1024 WHz−1. The uGMRT flux density of the radio galaxy is
S700 GHz=1.45± 0.07 Jy. Figure 4.5 and Figure 4.6 show an intriguing orientation of
jets within a radio galaxy. The jets connect to the outer lobes while displaying a faint
backflow directed towards the central region. The bending of the lobes with respect to
the jet orientation, which gives rise to an S-shape, suggests a wide-angle-tailed radio
galaxy seen face-on. The overall linear size of the source measures approximately 408
kpc. The source is overall symmetric, with radio jets of comparable length. The
radio galaxy belongs to the galaxy cluster A 1308. It is associated with a m=15.22
galaxy, which could well be the dominant galaxy in the cluster, in support of a possible
WAT seen face-on. Rector et al. [1995] suggests that the orientation rises due to the
source’s rotational dynamics, as opposed to motion through the surrounding external
medium when viewed in projection. The jets’ alignment is particularly noticeable
as they extend towards the southwest and northeast ends. The radio galaxy shows
bright spots resembling "knots," likely caused by clumpiness in the underlying medium,
leading to turbulence within the jet, further enriching the details of the jet morphology.
The 4C -03.43 morphology arrangement shares similarities with the structure observed
in the radio galaxy M84. The jets in M84 are speculated to have undergone a possible
precession [Bambic et al., 2023]. The observed system’s aspect is the radio galaxy’s
interaction with its environment. The southern lobe of 4C -03.43 appears to experience
compression due to ram pressure as the galaxy moves through the intracluster medium
(ICM). The northern jet bend point also exhibits a possible interaction with a density
contact discontinuity, suggesting a change in density within the surrounding medium
influences the jet’s trajectory [Chibueze et al., 2021].

4.1.7 CGCG047-067

The flux density of the radio galaxy is S1.28 GHz=2.39± 0.01 Jy, for a radio power
of P1.28 GHz = 1.71×1025 WHz−1. The uGMRT flux density of the radio galaxy is
S700 GHz=3.54± 0.17 Jy. The MeerKAT and uGMRT images are shown in Figures 4.7
and Figure 4.8. The total size of CGCG 047–067 (i.e. the sum of the length of the
northern and southern lobe) reaches a value of ∼ 950 kpc; hence, it can be considered
a giant radio galaxy. The radio galaxy exhibits the characteristics of a typical wide-
angle tail (WAT) radio galaxy. A pronounced elongated jet extends towards the north,
spanning an impressive linear size of approximately 725 kpc. The opposite radio jet
is bent towards the south-east of the source, giving an overall L-shaped appearance.
The radio emission of the southeastern lobe has a very bright region, which lacks an
optical counterpart, so we consider this a feature of the radio lobe itself. One possible
explanation for this high brightness emission region is that we view the lobe edge-
on and the radio emission results from integration along the line of sight. The radio
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galaxy has a bright optical counterpart, with mg=14.9, which, combined with the radio
morphology, suggests that the source is associated with the dominant member of the
group to which it belongs (MSPM 01896, [Smith et al., 2012]).

4.1.8 3C 403.1

The radio galaxy’s flux density at 1.28 GHz is measured at S1.28 GHz = 1.93± 0.03
Jy, corresponding to a radio power of P1.28 GHz = 1.39×1025 WHz−1. At 700 MHz,
the uGMRT flux density is recorded at S700 MHz=1.45± 0.08 Jy. The uGMRT and
MeerKAT radio contours, including the radio-optical overlay bottom panel, are shown
in Figure 4.9 and 4.10. The observations indicate a peculiar morphology, extend-
ing approximately 389 kpc in the south-east and north-west directions. A large-scale
structure at high and low frequencies reveals faint hotspots; the brightness peak in
the north-western jet might indicate a potential hot spot. This could potentially be
categorised as FR II, although it remains ambiguous. The FR IIs typically have nearly
invisible jets, suggesting higher efficiency, but in the case of 3C 403.1, apparent jets
are visible, favouring classification as FR I. An interesting diffuse emission feature is
observed, a ridge north of the western jet and the starting point of the southeastern
jet, possibly linked to the nuclear emission at a particular stage of the source’s lifespan.
Despite the uncertainty, this feature is deemed significant and warrants inclusion in the
analysis as it is unlikely to be an artefact of the imaging process (observed in 3C 465
[Eilek et al., 1984]).

4.1.9 3C 445

The flux density of the radio galaxy is S1.28 GHz = 6.46± 0.32 Jy, for a radio power of
P1.28 GHz = 4.89×1025 WHz−1. The source has a total size of ∼ 630 kpc, thus a giant
radio galaxy based on this criterion. The total intensity image reported in Figure 4.11
and Figure 4.12 shows a north-south alignment, with a substructure in the northern
hot spot. In particular, as already noted by [Leahy et al., 1997], beyond the most
compact component, a more diffuse secondary shock is present north-west of the source.
This could be explained in the scenario of splatter splitting, where a secondary shock
is formed due to the deflection of the supersonic collimated jet interacting with the
ambient medium. Moreover, a third, fainter small component is situated between the
initial and secondary hotspots. It is worth mentioning that none of these compact
features displays an obvious optical counterpart, which argues in favour of emission
associated with 3C 445. Our images show that the southern hotspot is a single feature
at the resolution of a few arcseconds. One of the most intriguing features of this radio
galaxy is the presence of two inner hot spots aligned along the same major axis. Both
of them are resolved along the major axis. If we are in front of a double-double radio
galaxy, the size of the restarted emission is ∼ 150 kpc.

4.1.10 NGC7503

The radio emission associated with NGC7503 is shown in the top left panel of Figure
4.13. It exhibits an amazing narrow-angle tail radio emission, with fairly collimated
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jets and the tails extending in the northern direction for ∼ 160 kpc. The jets propa-
gate for ∼ 55 − 78 kpc for the eastern and western jets, respectively. The western jet
culminates in a feature which could be considered a hot spot, after which collimation
is lost, and the tail propagates towards the north. The radio emission in both tails
shows fine structure at the angular resolution of our observations, with wiggles and
thin filaments. In particular, a thin filament extends from the eastern jet into the cor-
responding lobe (see Figure 4.13, and another extends from the western lobe into the
ICM. This filament shows a "fork", a feature which is becoming common when radio
galaxies are imaged at high sensitivity and angular resolution. The total flux density
of this source is S700 MHz= 2.58± 0.02 Jy, corresponding to a radio power of P700 MHz

= 1.17×1025 WHz−1. This radio power is high for narrow-angle-tailed radio galaxies
but consistent with the asymmetric morphology of the jets and the presence of one hot
spot. The optical counterpart is quite bright, too.

The local environment of NGC7503 is extremely interesting. The two bright
nearby galaxies, i.e. the BGC NGC 7499 (V=13.00, z=0.039) and NGC 7501, (V=13.4,
z=0.043), are radio loud, too. NGC7499 is a typical FR I radio galaxy (see also Hogan
et al. [2015]) ∼ 70 kpc in size, with total radio power P700 MHz = 4 × 1023 WHz−1.
The two lobes are detached from the nuclear emission coincident with the optical host,
with thin and weak filaments bridging the gap with the radio core. The two lobes are
not perfectly aligned but form an angle of ∼ 120◦, suggestive of motion towards the
north in the plane of the sky. NGC7501 is charachterised by compact radio emission
with P700 MHz = 2.6 × 1022 WHz−1. It could be an FR0 radio galaxy.

4.1.11 SDSS J 09157+1331

Only MeerKAT imaging is available for this FR0 radio galaxy. The radio emission
superposed on the optical frame is shown in Figure 4.14 top panel, and the radio-
optical overlay are shown in Figure 4.15. At this resolution and frequency, we detect
the compact radio galaxies with a flux density of 23.98±0.72 mJy and the radio power
of P1.28 GHz=1.42 × 1023 WHz−1 with a deconvolved angular size of 40′′.

4.1.12 SDSS J 1120+0407

The MeerKAT images lack obvious spatial extended emission around the source, the
main defining property of the FR0 class. The MeerKAT radio contours and the radio-
optical overlay are shown in Figure 4.14 and 4.15 bottom panel. This radio source is
as bright as 7.20±0.21 mJy, and the radio power of P1.28 GHz=4.22× 1022 WHz−1. The
measured flux density measurements agree with the values from the 1.4 GHz NVSS
Table 3.3.2, implying a consistency of fluxes between the 1.28 GHz and the 1.4 GHz.
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Figure 4.1: The MeerKAT total intensity image of 3C 105 (top panel). The lowest
radio contour plotted is three times the total RMS noise (see Table 3.3.2 and increases
by a factor of two. The MeerKAT radio contours are overlaid on the DSS-II (red band)
optical image in a grey scale. The red surface brightness contours are plotted in the
image, including the first negative surface brightness contours. The levels are drawn
as RMS=0.069 mJy/beam × -1,1,2.., increasing by a factor of 2.
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Figure 4.2: The uGMRT Band-4 (top panel) and MeerKAT (bottom panel) radio
image of 3C 198, the contours are three times multiple of the RMS noise in the image,
increasing by a factor of two.
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Figure 4.3: The uGMRT and MeerKAT radio contours of 3C 198 are overlaid on
the DSS-II (red band) optical image in a grey scale. The black (uGMRT) and red
(MeerKAT) surface brightness contours are plotted in the image, including the first
negative surface brightness contours (magenta and blue). The levels are drawn as the
RMS=0.026 mJy/beam × -1,1,2,4 etc, increasing by 2.
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Figure 4.4: The uGMRT Band-4 total intensity image of 3C 227 (top panel). The
lowest radio contour plotted is three times the total RMS noise (see Table 3.3.2 and
increases by a factor of two. The MeerKAT radio contours are overlaid on the DSS-
II (red band) optical image in a grey scale. The red surface brightness contours are
plotted in the image, including the first negative surface brightness contours. The
levels are drawn as RMS=0.116 mJy/beam × -1,1,2.., increasing by a factor of 2.
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Figure 4.5: The 4C -03.43 radio source maps at the L-band using MeerKAT (top
panel) and at Band-4 using uGMRT (bottom panel). The lowest radio contour plotted
is three times the total RMS noise (see Table 3.3.2) and increases by a factor of two.
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Figure 4.6: The uGMRT and MeerKAT radio contours of 4C−03.43 overlaid on
the DSS-II (red band) optical image in a grey scale. The black (uGMRT) and red
(MeerKAT) surface brightness contours are plotted in the image, including the first
negative surface brightness contours (magenta and blue). The levels are drawn as the
RMS=0.034 and 0.023 mJy/beam × -1,1,2,4..., increasing by 2 for the uGMRT and
MeerKAT, respectively. The top right is the zoom-in region of 4C−03.43 core region.
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Figure 4.7: The CGCG047-067 radio source maps at the L-band using MeerKAT
(top panel) and at Band-4 using uGMRT (bottom panel). The lowest radio contour
plotted is three times the RMS noise and increases by a factor of two. Table 3.3.2
denotes the RMS, beam size, and position angle.
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2′

Figure 4.8: The uGMRT and MeerKAT maps of the giant radio source CGCG047-
067. The uGMRT (black) and MeerKAT (red) radio contours are overlaid on the
DSS-II (red band) optical image in greyscale, including the first negative uGMRT
surface brightness contours (magenta). The levels are drawn as the RMS=0.018 and
0.010 mJy/beam × -1,1,2,4..., increasing by 2 for the uGMRT and MeerKAT.
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Figure 4.9: The 3C 403.1 radio source maps at the L-band using MeerKAT (bottom
panel) and at Band-4 using uGMRT (top panel). The lowest radio contour plotted is
three times the RMS noise and increases by a factor of two. Table 3.3.2 denotes the
RMS, beam size, and position angle.
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2′

Figure 4.10: The uGMRT and MeerKAT maps of the giant radio source 3C 403.1.
The uGMRT (black) and MeerKAT (red) radio contours are overlaid on the DSS-II
(red band) optical image in greyscale, including the first negative uGMRT surface
brightness contours (magenta). The levels are drawn as the RMS=0.021 mJy/beam ×
-1,1,2,4..., increasing by 2.
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Figure 4.11: The MeerKAT total intensity image of 3C 445. The lowest radio contour
plotted is three times the total RMS noise (see Table 3.3.2 and increases by a factor
of two). The cutout labelled (a) above shows the multiple hotspots: A– is defined as a
primary hotspot, B– the secondary hotspot, and C– jet knot. (b) shows the cutout of
the inner air of the lobes.
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2′

Figure 4.12: The MeerKAT radio contours of 3C 445 are overlaid on the DSS-II (red
band) optical image in a grey scale. The red surface brightness contours are plotted
in the image, including the first negative surface brightness contours. The levels are
drawn as RMS=0.081 mJy/beam × -1,1,2.., increasing by a factor of 2. The bar at the
bottom right corner depicts the physical scale of the source.
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Figure 4.13: The uGMRT total intensity image of NGC7503 (top panel). The lowest
radio contour plotted is three times the total RMS noise (see Table 1.3.2 and increases
by a factor of two. The uGMRT radio contours are overlaid on the DSS-II (red band)
optical image in a grey scale. The blue surface brightness contours are plotted in the
image, including the first negative surface brightness contours (magenta). The levels
are drawn as RMS=0.021 mJy/beam × -1,1,2.., increasing by a factor of 2.
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Figure 4.14: The MerKAT primary beam corrected radio maps of SDSS
J 09157+1331(top panel) and SDSS J 1120+0407 (Bottom panel: inverted greyscale
image). The contours are three times multiples of the RMS noise in the image, increas-
ing by a factor of two. The local RMS noise is 5.640 µJybeam−1 and 5.042 µJybeam−1

respectively.
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Figure 4.15: The MeerKAT radio contours of SDSS J 09157+1331(top panel) and
SDSS J 1120+0407 (bottom panel) are overlaid on the DSS-II (red band) optical image
in a grey scale. The red surface brightness contours are plotted in the image, including
the first negative surface brightness contours (blue). The levels are drawn as RMS ×
-1,1,2.., increasing by a factor of 2. The RMS= 5.640 µJybeam−1 and 5.042 µJybeam−1

respectively
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4.2 Generality on the radio sources
Radio galaxies’ images display diverse morphological and dynamical characteristics
that hint at the fundamental physical mechanisms influencing their evolution. In this
context, we look into various aspects related to dead/dying radio galaxies, giant radio
galaxies, restarted radio galaxies, radio galaxies featuring multiple peaks and tailed
radio galaxies, providing insights into the dynamic nature of these radio galaxies.

4.2.1 Tailed Radio Galaxies

Tailed radio galaxies feature lobes or jets that bend and extend away from the cen-
tral galaxy, resembling tails. These morphologies often arise from the galaxy’s mo-
tion through the intergalactic medium, causing the jets to bend due to ram pres-
sure. Our observation also includes tailed radio galaxies, both NAT (NGC7503), WAT
(CGCG046-067) and a possible WAT seen face-on (4C−03.43). The diverse array of
shapes exhibited by the jets and tails can be attributed to a combination of the galaxy’s
motion and the intricate dynamics of the intergalactic medium. Moreover, projection
effects significantly impact how these structures appear, adding another layer of com-
plexity to their interpretation. Recent investigations into tailed radio sources within
clusters have revealed unique features, presenting intriguing challenges in comprehend-
ing these phenomena, as evidenced by studies such as Gendron-Marsolais et al. [2021]
and related works. When these jets are being pushed backwards, the inner knots of
the jet display the highest luminosity at the leading or ’front’ edge, accompanied by
a greater fractional polarisation and a distinct magnetic field orientation along the
structure. Furthermore, the jets exhibit distinct regions of varying expansion rates as
they move away from the core, displaying fluctuations or wiggles along their path.

4.2.2 Giant radio galaxies (GRGs)

Giant radio galaxies are traditionally defined as >1 Mpc in extent [Schoenmakers et al.,
2000]. The current cosmological parameters recently adopted a canonical threshold of
0.7 Mpc for a better alignment with updated cosmology [Konar et al., 2004]. Most
of the giant radio sources fall into the FR II class; an intermediate fraction of hybrid
radio sources and a small fraction are classified as FR I, including tailed morphologies.

FR I sources have jets that lose energy as they propagate outward; therefore, fewer of
them may grow larger > 0.7 Mpc compared to FR II, or partially due to the difficulties
in detecting weak diffuse emission, especially in distant galaxies. We detect a giant
FRI radio galaxy CGCG047-067, consistent with the standard definition from the
literature with a projected linear size of 950 kpcs. The projected linear size can be
measured approximately from the ends of the two radio lobes. In practice, we measure
the projected linear size at the 9σ level contour of each source to avoid picking spurious
features. Moreover, we detected two intermediate GRGs, 3C 198 (650 kpc) and 3C445
(630 kpc). These giant radio galaxies indicate the significant impact of AGN jets
on their surroundings and call into question long-held assumptions regarding AGN
activity’s lifetime and energy output.
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4.2.3 Dead or Dying Radio Galaxies

The length of the active phase is related to the possible existence of its duty cycles of
nuclear activity. If nuclear activity is not continuous, the radio source’s energy sup-
ply reduces significantly, referred to as the remnant/dying phase [Parma et al., 2007,
Murgia et al., 2011]. In this phase, the plasma outflow can no longer be sustained. As
such, structures that define a continuous activity, such as the core, well-defined jets,
and hotspots, soon fall below the detection threshold; however, they undergo a period
of fading. Radio lobes, however, may remain detectable longer if they are subjected to
radiative losses. The source typically shows amorphous morphologies and low-surface
brightness extended emissions in this phase. Some dying radio sources may not exhibit
a visible core due to inadequate sensitivity, presenting an intriguing yet largely unex-
plored class of sources. Detection of these sources requires a combination of sensitivity,
resolution and frequency coverage.

3C 198 is considered a genuine dead/dying radio galaxy in our sample, as it perfectly
fulfils the above-mentioned criteria. The fossil radio lobes remain detectable despite
significant radiative losses of relativistic components.

4.2.4 Restarted Radio Galaxies

We report the identification of restarted activity in 3C 445. The detection of two
hotspots closer to the core and the outer ones and aligned with the overall orientation
of the radio galaxy suggests that they are from restarted activity. These findings
are crucial for understanding the episodic nature of AGN jet activity, showcasing the
conditions under which the central engine can reignite and produce new jets, leading
to complex radio morphologies. Active galactic nuclei (AGNs) show episodic activity
that can be observed in galaxies with restarted radio jets. The restarted jets have the
potential to interact with their surroundings, imprinting distinctive signatures on the
radio spectral energy distribution. Tracing these signatures provides a route to delve
into the evolutionary history of radio galaxies. Episodic AGNs show signs of multiple
active and quiescent phases throughout their history, evidenced by the structure of
their radio lobes and jets. This episodic behaviour can result from cycles of accretion
onto the central supermassive black hole, leading to repeated bursts of jet activity.

4.3 Emphasis on the morphological features

4.3.1 Multiple hotspots

Hotspots are a consequence of some type of impact, such as the working surface of
the jets where they interact with the interstellar medium or the IGM, resulting in
a termination shock, and this is referred to as the standing or reflected shock front
Hardcastle et al. [2007a]. Radio galaxies containing multiple hotspots have long been
recognised, with hotspots being observed even at wavelengths beyond radio frequencies
[Valtaoja, 1984, Hardcastle et al., 2007b]. Within this study, the targets 3C 227 and
3C445 present at least two clear shows double peaks where the primary and secondary
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hotspots are identifiable. Our results suggest possibilities such as the propagation of the
jet through contact discontinuities or possible standing shock. The secondary hotspots
could be explained as a collimated outflow from the primary hotspot. However, in
a typical multiple hotspot depiction, the smaller element in 3C 445 might likely be
classified as a jet knot (see Figure 4.12).

4.3.2 Features in 3C 403.1

It is challenging to associate 3C 403.1 with a clear morphological class (i.e. FR I or
FR II). The source has twin jets and lobes on the kpc scale, which show different fea-
tures. The southeastern jet is clearly visible and blobby throughout its length, with
several emission peaks. The north-western jet is less bright and culminates in a high-
brightness region, which could be a hotspot, though it is not as compact as typical
hotspots and shows a couple of ridges of emission parallel to the source axis. It is note-
worthy that a filament of radio emission is detected beyond the north-western hotspot.
In contrast, the emission at the end of the southeastern lobe deviates from the axis
and bends towards the south. To summarise, the southeastern jet is similar to FRI
jets, while the north-western jet resembles FR II’s.

Finally, this radio galaxy shows another interesting feature, i.e. a region of diffuse
emission parallel to the source axis, just north of the core and inner part of the south-
western jet.

A spectral index imaging would be beneficial in classifying this source, but unfortu-
nately, it is not available due to the effects of residual artefacts. As such, the spectral
index is not reliable.

4.4 Comparison with literature information
In several cases, MeerKAT and uGMRT observations generally confirm previously re-
ported structures, such as those seen in the VLA total intensity maps of 3C 105 and
3C445 at 8.23 and 8.46 GHz [Leahy et al., 1997]. However, the high resolution and sen-
sitivity of the MeerKAT and uGMRT images provide a more refined view of these struc-
tures. Our observations of 3C403.1 corroborate the findings of Missaglia et al. [2022]
and confirm its categorisation as a powerful radio galaxy, albeit at a lower power level
relative to standard FR II radio sources. This lower power, combined with other source
properties, leads to an ambiguous classification for 3C 403.1 in our analysis. It is worth
noting that for 3C 198, 4C -03.43, CGCG047-067, NGC7503, SDSS J09157+1331, and
SDSS J1120+0407, no previous radio observations have been reported.



Chapter 5

Physical Parameters and Spectral
Analysis

Radio galaxies evolve during their lifetime [Turner and Shabala, 2015], due to several
factors, such as (1) changes in the accretion mechanisms which ultimately produce the
radio emission, (2) interaction with the external environment (intracluster or inter-
galactic medium), which may confine the radio emission, shape the morphology of jets
and lobes, (3) magnetic fields within and outside the radio galaxies.

While the details of the evolution of radio galaxies are not fully understood, sub-
stantial simulation efforts have been made to reproduce their complex structures to
varying degrees successfully (e.g., Burns et al. [1991], Hardcastle and Croston [2020],
Perucho et al. [2014].

In this chapter, we derive some quantities intrinsic to radio galaxies, allowing a
comparative analysis of the sources in our sample. In particular, we will estimate
the total energy content, energy density and magnetic field assuming equipartition
conditions for all sources, and we will derive an estimate of their age in Chapter 6.

5.1 Energy Content
Since injection as a power law spectrum, relativistic electrons in a fluid element have
suffered synchrotron loss in the magnetic field of varying strength. A simple method to
detect the magnetic field in radio sources is to minimize its total energy content. The
minimum energy condition is closely related to the energy equipartition between rela-
tivistic particles and the magnetic field required for the observed synchrotron emitting
plasma (first proposed by Burbidge [1956]).

The total energy is the sum of the magnetic and relativistic particle energies given
as

Etot = EB + EP = EB + (1 + k)Ee (5.1)

Where k is the ratio of the total energies of protons (Ep) and electrons (Ee), ∼ Ee

Ep

and EB is the energy in the magnetic field.
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The energies in the magnetic field and electrons are given within a volume V of a
source

EB =
B2

8π
ϕV (5.2)

B is the magnetic field strength, and ϕ is the filling factor (known as the fraction
of the volume by relativistic particles and the magnetic field).

The total electron energy is given as

Ee = B−3/2Lradc12(α, ν1, ν2) (5.3)

expressed as a function of the total radio luminosity, Lrad. c12(α, ν1, ν2) is a constant
defined by [Pacholczyk, 1970].

Finally, the total energy in the system is calculated as a function of the magnetic
field with

Etot = (1 + k)c12LradB
−3/2 +

B2

8π
ϕV (5.4)

Traditionally, equipartition occurs when the magnetic field and particle contribution
are roughly equal. The magnetic field for which the total energy content is minimum

Beq =
(
6π(1 + k)c12Lradϕ

−1V −1
)2/7 (5.5)

Now, we can solve for the total energy as

Etot,min = C13

(
3

4π

) 3
7

(1 + k)
4
7Φ

3
7V

3
7L

4
7
1.4Ghz [erg] (5.6)

≈ 2.5× 1041(1 + k)
4
7P

4
7
1.4GHzV

3
7

and the total minimum energy density

umin = 8.6× 10−24(1 + k)
4
7

(
P1.4GHz

Vkpc3

) 4
7

[
erg

kpc3
] (5.7)

c13 = 0.921c
4
7
12 Pacholczyk [1970]. The radio power P1.4GHz is derived from equation

3.2.

Consequently, the calculation leads to an equipartition magnetic field of

Beq =

√
24π

7
umin [µG] (5.8)

which is a good approximation of the average magnetic field within a radio source. The
outcomes of these calculations are shown for each source in table 5.1.
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Assuming a simple cylindrical geometry, the volume of the radio sources is obtained
from the relation

V = π
d2min

2
dmax [kpc

3] (5.9)

dmin and dmax are the linear sizes of the minor and major axes, respectively. We
have estimated the volume by aggregating individual components corresponding to var-
ious source regions due to the complex morphology of the sources. The determination
of source diameters has been accomplished using radio maps at 1.28 GHz unless the
image is unavailable, in which case 700 MHz maps are used. The volumes are pred-
icated on cylinder geometry expressed in kpc3 accounting for the source redshift and
corresponding luminosity distance and angular to linear scale conversion factor (see
Tables 4.2 ans 4.1).

Table 5.1: Global physical parameters of radio galaxies

Object ID z α V Etot,min umin Beq

kpc3 ergs erg/cm3 µG

3C105 0.089 -0.64±0.02 4.43×106 2.02×1059 1.57×10−12 4.11
3C 198 0.081 -1.01±0.02 3.54×107 2.39×1059 2.32×10−13 1.58
3C 227 0.085 -0.78±0.02 2.38×106 1.71×1059 2.47×10−12 5.16
4C-03.43 0.0519 − 1.26×107 6.03×1058 1.65×1013 1.33
CGCG047-067 0.054 -0.57±0.03 1.63×10 7 1.08×1059 2.27×10−13 1.56
3C 403.1 0.055 -0.99±0.04 2.04×106 3.93×1058 6.62×10−13 2.67
3C 445 0.056 -0.80±0.02 8.85×106 1.51×1059 5.87×10−13 2.51
NGC7503 0.044 -0.66±0.03 1.36×106 2.57×1058 6.49×10−13 2.64

5.2 Spectral analysis

5.2.1 Integrated radio spectrum

To derive the integrated spectrum for the sources in our sample, we collected their flux
density measurements using the NASA Extragalactic Database NED. These are het-
erogeneous values taken with different radio telescopes at various resolutions. At the
same time, an accurate spectrum study should rely on measurements integrated over
the same region and with u-v planes that are as similar as possible. Nevertheless, our
analysis is a good starting point for a comparative study of the sources in our sample.

The integrated spectrum for each source was fitted using the programme Synage
Murgia [1996], which offers fits with power law, continuum injection, Kardashev-
Pacholczyk (KP) and Jaffe-Perola model (JP) models. A CI model with a fixed
αinj=0.5 provides the best fit for all sources.

01 kpc3 ≈ 2.93799×1064 cm3
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− The Kardashev-Pacholczyk (KP) model− the pitch of radiating electrons is con-
sidered to be constant with time [Kardashev, 1962, Pacholczyk, 1970].

− Jaffe-Perola model (JP) model − assumes the single particle to be subject to
many scattering events that randomize its pitch angle, assuming a timescale for
the isotropic of the electrons much longer than the radiative timescale Jaffe and
Perola [1973].

− The continuous injection model (CI) [Kardashev, 1962] − assumes a mixed pop-
ulation of electrons of different ages.

Below, we provide the CI model results shown in Figures 5.1 to 5.8. The results
are summarized in Table 6.1, where we list the break frequency νbr, the equipartition
magnetic Beq and the radiative source age trad. In all cases, we report the results from
the fit of the integrated spectrum in Section 5.2.2.
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αinj = 0.5

νbr = 6.01 GHz

χ2
red = 3.76

Figure 5.1: The total integrated radio spectrum of 3C 105. The continuous blue fit
of the CI model shows the presence of a spectral break at frequency νbr=6.01+0.07

−0.08 GHz
followed by a moderate steepening.
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αinj = 0.5

νbr = 0.22 GHz

χ2
red = 22.24

Figure 5.2: The total integrated radio spectrum of 3C 198. The continuous blue fit of
the CI model shows the presence of a spectral break at frequency νbr = 0.22+0.05

−0.05 GHz.
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αinj = 0.5

νbr = 1.56 GHz

χ2
red = 7.10

Figure 5.3: The total integrated radio spectrum of 3C 227. The continuous blue fit of
the CI model shows the presence of a spectral break at frequency νbr = 1.56+0.15

−0.14 GHz.
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Figure 5.4: The total integrated radio spectrum of 4C -03.43.
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αinj = 0.5

νbr = 7.54 GHz

χ2
red = 21.00

Figure 5.5: The total integrated radio spectrum of CGCG047-067. The continuous
blue fit of the CI model shows the presence of a spectral break at frequency νbr =
7.54+1.80

−1.30 GHz.
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αinj = 0.89

νbr = 3.27 GHz

χ2
red = 33.09

Figure 5.6: The total integrated radio spectrum of 3C 403.1. The continuous blue
fit of the CI model shows the presence of a spectral break at frequency νbr = 3.27+1.50

−0.96

GHz.
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αinj = 0.5

νbr = 1.13 GHz

χ2
red = 6.26

Figure 5.7: The total integrated radio spectrum of 3C 445. The continuous blue fit of
the CI model shows the presence of a spectral break at frequency νbr = 1.13+0.12

−0.11 GHz.
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αinj = 0.5

νbr = 3.27 GHz

χ2
red = 5.52

Figure 5.8: The total integrated radio spectrum of NGC 7503. The continuous blue
fit of the CI model shows the presence of a spectral break at frequency νbr = 3.27+0.51

−0.42

GHz.
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5.2.2 General comments

The break frequency differs from case to case and is in the 220 MHz - 7.5 GHz range,
hinting at various ages, as discussed in the next Chapter 6. Most sources, such as
3C 198, CGCG -47-067, 3C 445 and NGC7503 show these clear break frequency. Mean-
while, a single power law can accurately describe sources 3C 105, 3C 227 and 3C403.1.

The CI model is considered a good fit, albeit the high reduced χ2
red values for some

sources are likely due to the underestimated errors in the flux densities rather than
issues with the spectral model itself. For a source with continuous particle injection,
the injection spectral index increases in steepness to its ultimate value beyond the break
frequency. The JP and KP models presume a single injection with particle ageing in
disparity with the CI model [Sohn et al., 2003]. Consequently, these models predict a
spectral curvature, which we do not see for the radio galaxies in our sample. Visual
inspection also suggests that any discrepancies in the fits are more attributed to the
estimation errors than the accuracy fit of the model.

3C 105 The spectrum of the source can be described by both a power law with a slope
of α = −0.64± 0.02 and the CI model, which infers an injected spectral index of
αinj = 0.5. This spectrum is derived from the literature estimates in Table C.8.
The fit of the CI model to the integrated spectrum is shown in Figure 5.1, which
provides a break frequency νbr = 6.01+0.07

−0.08 GHz. The estimated equipartition
magnetic field of the source following equation 5.8 is Beq = 4.11 µG, with a
minimum energy of the electrons at u = 1.56× 10−12 ergs cm−3.
The observed features (see Section 4.1, Figure 4.1) and the spectrum of this source
strongly indicate that the radio emission is currently fed by an active nucleus,
suggesting a highly efficient replenishment of the lobes, including very efficient
transportation of the radio emission. Orienti and Dallacasa [2008] suggested that
young radio sources tend to be in equipartition, notably higher than older sources.
For detailed radiative age of the source, refer to Section 6 and Table 6.1.

3C 198 The CI model fit to the integrated spectrum is reported in Figure 5.2 and provides
a break frequency of νbr = 0.22± 0.05 GHz. The equipartition magnetic field for
the radiative electrons is estimated to be Beq = 1.58 µG, with an energy density
of u = 2.31× 10−13 ergs cm−3.
The power-law spectrum of the source is steep, with α = −1.0 ± 0.02. This
characteristic is further supported by the absence of hotspots, strong jets or a core
in Section 4.1 Figure 4.2, indicating that the overall emission is predominantly
driven by the radio emission originating from the lobes.
The observed lower break frequency, specifically for the radio emission dominated
by the lobes, is a distinct indication of previous cycles of jet activity [Parma
et al., 2007]. Its spectrum contributes significantly to determining the source age
[Randriamanakoto, 2019].

3C 227 The source spectrum prefers a power-law model. A simple power-law fit gives
a α = −0.78 ± 0.02 slope, effectively capturing the high-frequency data points
within the spectrum.
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The total integrated spectrum of the source, described by the CI model, is shown
in Figure 5.3. This model provides a break frequency of νbr = 1.56+0.15

−0.14 GHz. The
estimated equipartition magnetic field is Beq = 5.16 µG, for an energy density of
u = 2.46× 10−12 ergs cm−3.

The high break frequency and the potential high frequency imply a signifi-
cant contribution from the compact components within the source, such as the
hotspots and core.

4C-03.43 Figure 5.4 shows that the integrated spectrum is scattered, likely due to the
source’s inhomogeneous data acquisition and the telescopes’ varying resolutions.
Consequently, the fit of the integrated spectrum is deemed inaccurate and un-
suitable for further estimations.

However, from the measured power of the source in equation 3.2, P1.4GHz = 3.11
× 1024 WHz−1, the estimated equipartition magnetic field value is Beq= 1.33 µG
for minimum energy of the electrons of u = 1.64× 10−13 ergs cm−3.

CGCG047-067 The best fit of the CI model is reported in Figure 5.5. The fit provides a break
frequency of νbr = 7.54+1.80

−1.30 GHz and the magnetic field strength is estimated as
Beq = 1.56 µG, with an energy density of u = 2.26× 10−13 ergs cm−3.

The source is predominantly influenced by both its jets and lobes. As illustrated
in Figure 5.12, there is a noticeable spectral steepening at greater distances, which
becomes more pronounced the further one moves from the core. The radiative
ageing of relativistic electrons can explain this pattern through synchrotron and
Inverse Compton effects [Parma et al., 1998]. Additionally, it is essential to
highlight that the spectrum’s steepening is attributed to the reduced magnetic
field strength resulting from adiabatic expansion [Heesen et al., 2017].

3C 403.1 Interestingly, the CI and power law model exhibit a steep injection spectral index.
The spectrum is described as a power law with a value of α = 0.99±0.04. The
optimal fit of the integrated spectrum excludes the data point at 8 GHz frequency.

The CI model fit, illustrated by the blue line in Figure 5.6, indicates a break
frequency of νbr = 3.27+1.50

−0.96 GHz, inferring an injected spectral index of α = -
0.89±0.04. The estimated value for the equipartition magnetic field is Beq= 2.67
µG. This estimated Beq value is approximately consistent with that reported
in the literature by Missaglia et al. [2022], which measured it at 2.4µG for a
minimum energy density value of u = 6.61× 10−13 ergs cm−3.

3C 445 Figure 5.7 illustrates the integrated spectrum, which is best described by a CI
model. The spectrum gives a break frequency of νbr = 1.13+0.12

−0.11 GHz. The
estimated minimum magnetic field strength is Beq = 2.51 µG for u = 5.86×10−13

ergs cm−3.

The nature of the source is a DDRG, signifying a restarted activity primarily
driven by the emission originating from the older structure of the source (i.e.,
the majority of the diffuse emission arises from the lobes). Nevertheless, in the
context of the overall νbr value and the radiative source age, it presents a combined
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result of both the remnant structure and the young radio source, likely giving a
lower limit to the age of the oldest emission (see section 6 and Table 6.1).

NGC7503 Similar to the CGCG047-067, the jets and lobes dominate the source.

The best fit of the CI model is reported in Figure 5.8. The fit provides a break
frequency of νbr = 3.27+0.51

−0.42 GHz and the magnetic field strength is estimated as
Beq =2.644 µG, with an energy density of u = 6.49× 10−13 ergs cm−3.

5.2.3 In-band spectral index

One of the key features of MeerKAT and uGMRT is the broadband available in each
observing band, which allows for spectral index imaging, i.e., the spectral index dis-
tribution along the radio source structure. Moreover, their angular resolution and
reasonably comparable u-v coverage allow spectral index imaging between MeerKAT
and uGMRT observing bands. Such information allows us to carry out a point-to-point
analysis of the spectral index distribution in the sources, potentially showing regions of
different ages and sites of re-acceleration. The standard direct method of determining
the spectral index between maps Sν1(x,y) and Sν2(x,y) at two frequencies ν1 and ν2 is
given by

αν1ν2(x, y) =
lnSv1 − lnSv2

lnv2 − lnv1
. (5.10)

To ascertain the spectral indices between ν1 and ν2, the u-v planes of the datasets
need to have at least the same shortest and same longest baseline, be convolved with
the same restoring beam, and possibly have comparable u-v coverages. This process is
performed using the imsmooth Casa task by executing a Python script. Although the
convolution operation eliminates a significant portion of the small-scale visible features
in the high-frequency images, it guarantees a distinct identification of emission origi-
nating from identical regions in each source. Once the common resolution is attained,
it enables a suitable fit for the spectral index. This process is implemented through
Spimple 1 (Spectral index fitting made simple) software, specifically utilizing spimple-
spifit. This involves convolving to a shared resolution, with the additional option of
performing primary beam correction on fly.

We included the eight MeerKAT sub-band images convolved to 10 arcsec in making
the in-band spectral index map. The figures 5.9, 5.11, and 5.12 are derived from
frequencies in the range of 909.39 to 1658.39 MHz. The threshold enabled a lower
value of 6σ. This section outlines the distribution of in-band spectral indices for each
source conducted using the Spimple tool.

1https://github.com/landmanbester/spimple
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(a)

(b)

(c)

Figure 5.9: The distribution of the spectral index α(Sν ∝ να) in range 909.39 to
1658.39 MHz of 3C 105 (main image labelled (a)). The full range of the spectral index
is -1.5 to -0.7 plotted in black contours showing the total intensity at 3σ × [-1,1,2,4,8,..]
with σrms the noise level (see table 3.3.2). The cutout labelled (b) shows a zoomed-in
portion of the northwestern hotspot, and (c) is the zoomed-in region of the southeastern
hotspot.

The spectral index image of 3C 105 is given in Figure 5.9 The spectral index trend
of the lobes, with α steepening from the hotspots towards the core, clearly shows that
the lobes are backflow emission left behind by the hotspots advancing in the ICM. The
hotspots in 3C105 have spectral indices of α ≤ −0.5 between 909.39 to 1658.39 MHz,
with gradual steepens of the spectral to the radio indices less than α ≤ −0.8 in the
lobes. The spectral steepening inward from the hotspots is typical in FR II powerful
radio galaxies. This effect has been explained as synchrotron radiative ’ageing’ of
relativistic electrons. The spectra flatten at the core α ≥ −0.5.



5.2 Spectral analysis 91

Figure 5.10: The spectral index map of 3C 198 with the MeerKAT radio contours at
1.28 GHz overlayed on the image [Sejake et al., 2023].

For spectral index trend of 3C 198, we used the total intensity images obtained
by [Sejake et al., 2023] and produced the spectral index image shown in Figure 5.10.
Interestingly, it shows some steepening from the location of the hotspots towards the
centre, ranging from α ∼ −0.5 to α ∼ −1.6. The spectrum of the NW-SE extension
perpendicular to the major axis of the source shows a much steeper spectrum and no
obvious trends (the filament is indicated in Figure 4.2). The MeerKAT feature of the
horizontal filament does not indicate these features in the spectral index map. For the
northwest to Southeast filament, it is rather difficult to determine its spectral index
due to the errors portraying a fine line across the image due to sensitivity limitation.
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(a) 4C -03.43 (b) Zoomed in core region.

Figure 5.11: The spectral index map of 4C -03.43 between 909.39 to 1658.39 MHz.
The MeerKAT radio contours at 1.28 GHz are drawn in black at 3σrms × [-1,1,2,4,8,..]
with σrms the noise level (see table 3.3.2). The blank region between closed contours
and the colour scale is probably steeper than the plotted colour scale. The right panel
shows an inset of the inner jet of the source.

In 4C -03.43, the spectrum steepens along the jets, from the core region to the
outer lobes, as typical in FR I radio galaxies. In Figure 5.11, the steepening of the
spectral index within the lobes has a moderately steep spectrum in a range [−0.8,
−1.0] surrounding the jets. The spectrum in the lobes gradually steepens outward,
reaching values of α ∼ −1.5. The features in the spectral-index maps at the edges of
the source, and particularly at the ends of the lobes, are likely to be even steeper than
lobes. This behaviour aligns with the expectation that such regions are predominantly
dominated by old electrons, which age due to the emitted synchrotron radiation.
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Figure 5.12 shows the MeerKAT in-band spectral index of CGCG047-067. The
south-eastern lobe has a fairly uniform and only moderately steep spectrum (α in the
range [−0.8, −1.0]) throughout its extent. On the other hand, the northern lobe shows
two distinct regions: the inner 7 arcmin (∼ 440 kpc) have an average spectral index α
∼ –1. The spectrum steepens considerably abruptly beyond this region, with α drop-
ping to values as steep as −1.5. The total intensity images shown in Figure 4.7 show
that a sharp drop in brightness occurs at the position where the spectrum steepens.

For the sources 3C 403.1 (uGMRT), 3C 227 (uGMRT), 3C 445 (MeerKAT), CGCG047-
067 (uGMRT) and NGC7503 (uGMRT), we were unable to derive the spectral images
due to large systematic errors and artefacts in the total intensity images.
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Figure 5.12: The top panel shows a spectral index map of CGC047-067 between
909.39 to 1658.39 MHz. The MeerKAT radio contours at 1.28 GHz are drawn in
black at 3σrms × [-1,1,2,4,8,..] with σrms the noise level (see table 3.3.2). The bottom
panel shows the zoomed-in portion of the north and southeast lobe, with contours
emphasising a sharp transition.



Chapter 6

Estimate of Ages

The observed trends along spectra are interpreted by radiative ageing of relativistic
electrons through synchrotron or Inverse Compton (IC) processes.

By assuming an injected spectral index αinj, thereby obtaining a break frequency
νbr under the assumption of equipartition, it is possible to estimate the radiative age
of a radio galaxy [Rybicki and Lightman, 1991].

The theoretical synchrotron-loss spectra in this work are computed numerically
[Murgia, 1996] following Pacholczyk [1970] synchrotron formulae. Generally, the most
considered models are the JP, KP and CI (see Section 5.2). For the JP model, the
radiative age is given by

trad = 1590
B0.5

B2 +B2
CMB [(1 + z)νbr]0.5

, (6.1)

the KP model
trad = 1060

B0.5

B2 + 2
3
B2

CMB [(1 + z)νbr]
0.5 (6.2)

and the CI model

trad = 1610
B0.5

B2 +B2
CMB[(1 + z)νbr]0.5

. (6.3)

Where trad is the radiative age in Myr. The break frequency νbr in GHz can be
represented more conveniently as

νbr [GHz] =
2.52× 109

B3t2rad
(6.4)

and

νbr [GHz] =
1.12× 109

B3t2rad
(6.5)

For both the JP and KP models, respectively.
The break frequency νbr is determined by the time elapsed since the injection of

high-energy electrons, as the frequency progressively shifts over time to lower values of
the source spectrum.
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The magnetic field equivalent BCMB accounts for the Inverse Compton losses with
BCMB = 3.25 (1+z)2 µG at a given redshift z, adopted equivalently to a black body
temperature of 3K.

In particular, we prefer the CI model, considering that the source is fueled at a
constant rate [Kardashev, 1962]. Such spectrum results in a break frequency with a
steeper power law at higher frequencies, giving a spectral index

αhigh = αinj + 0.5 (6.6)

overtime the break frequencies shift to the lower frequencies, and the injected spectral
index can be denoted as

αlower =
δ − 1

2
. (6.7)

.
see Section 5.2 for the spectral fitting. The radiative ages of each source are reported

in Table 6.1.

Table 6.1: Synchrotron parameters. Column 1: Source name. Column 2: Source red-
shift. Column 3: Break frequency derived from the fits. Column 4: The equipartition
magnetic field computed following section 5.1. Column 5: The source age computed
using equation 6.3.

Object ID z νbr Beq trad
GHz µG Myr

3C105 0.089 6.01 4.11 40.20

3C 198 0.081 0.22 1.58 242.85

3C 227 0.085 1.56 5.16 68.10

CGCG047-067 0.05 7.54 1.56 46.13

3C 403.1 0.055 3.27 2.67 70.11

3C 445 0.056 1.13 2.51 119.95

NGC7503 0.044 3.27 2.64 72.47

The ages of our sources are computed based on the equipartition assumption (see
equation 5.5). However, following Ineson et al. [2017] and Mahatma et al. [2020], we
acknowledge that Beq can be considered an upper limit; as a consequence, the derived
ages should indicatively be considered lower limits. Our analysis is of zero order, relies
on the integrated spectra, and does not account for the potential variation in the
magnetic fields, which has inherent limitations. Therefore, a degree of uncertainty is
associated with the age estimates. Table 6.2 further shows the impact of the magnetic
field strength on the age estimate. In particular, we consider two values for the magnetic
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Table 6.2: Radiative ages and magnetic field estimates. Column 1: Source name.
Column 2: Source redshift, z. Column 3: The equipartition magnetic field computed
following section 5.1. Column 4: The lower magnetic field threshold equivalent BCMB

scale to the redshift. Column 5: The additive age derived using Beq. Column 6. The
radiative age derived using BCMB/

√
3.

Object ID z Beq BCMB/
√
3 trad trad(revised)

µG µG Myr Myr
3C105 0.089 4.11 2.23 40.2 47.41

3C198 0.081 1.58 2.19 243.06 251.7

3C227 0.085 5.16 2.21 68.09 94.13

CGCG047-067 0.0548 1.56 2.09 46.13 47.32

3C403.1 0.055 2.67 2.09 70.11 71.84

3C445 0.0562 2.51 2.09 119.96 121.49

NGC7503 0.044 2.64 2.05 72.47 74.03

field, i.e. the equipartition value computed above and the value obtained from the
BCMB, mainly determined by the redshift. The latter is typically smaller than Beq,
thus yielding slightly higher radiative ages. This effect is observed across sources as in
3C 227 where the ages extend from 68.09 Myr with Beq to 94.13 Myr with BCMB/

√
3,

and in 3C 445 with a range from 119.96 to 121.49 Myr. We thus consider Beq and
BCMB/

√
3 as the boundaries for our estimates of the magnetic fields and the radiative

ages of the sources in our sample.



Chapter 7

Discussion

The MeerKAT and uGMRT images in this work cover a frequency range of 550 − 1712
MHz with almost identical angular resolutions and sensitivities, making them ideal for
studying radio morphology and spectral features of radio galaxies’ jets and lobes. The
images acquired with the two arrays for all analysed sources are of similar quality, giv-
ing credibility to the imaging processing and calibration of the uGMRT and MeerKAT
datasets.

Overall, our images confirm the morphological classification reported in Table 3.1
based on images with lower sensitivity and resolution. An exception exists of 3C 403.1
with characteristics of the FR I and FR II types. Nevertheless, the Fanaroff-Riley clas-
sification framework still effectively categorises these sources into FR I and FR II based
on the overall morphology.

While the ambiguity of 3C403.1 suggests a deviation from typical Fanaroff-Riley
characteristics, several other sources exhibit features that align with their respective
FR classes. For instance, 3C 227 displays double hotspots, CGCG 047-067 shows WAT,
and 3C445 and NGC7503 exhibit well-aligned DDRG and NAT features, respectively.
These characteristics are not considered anomalous within their respective Fanaroff-
Riley classifications.

Furthermore, using the P178MHz ∼ 1025 WHz−1 threshold [Fanaroff and Riley, 1974]
as the dividing line broadly supports the existing classifications. Radio sources with
≤ 1025 WHz−1 fall firmly within the FRI category, consistent with typical FR charac-
teristics [Parma et al., 2002, Capetti et al., 2020]. Of the FR II radio galaxies in our
sample, 3C 227 ’s radio power P700MHz > 1025 WHz−1 is an order of magnitude above
the canonical FR I and FR II break. This suggests that power alone may not be a suffi-
cient definitive factor for classification, and other factors like morphology may need to
be considered (e.g., Ledlow and Owen [1996], Hardcastle et al. [2007a], Saripalli [2012].
As summarized in Table 7.1, most sources in our sample fall within the expected limits
for their respective classes, although the boundaries between FR I and FR II are not
always clear-cut.

98



99

Table 7.1: Summary of the sample properties

Source Type Anomalous Power limits Nature vs. Nurture
Properties

3C 105 FR II Hammerhead 1.32 × 1026 WHz−1 Recent escape
structure in (at 1.28 GHz) from bounded
NW hotspot - Within FR II range halo

(environment)

3C 198 FR I No bright 3.94 × 1025 WHz−1 Diffuse, filamentary
hotspots and (at 1.28 GHz) emission (possibly
core, diffuse - Within FR I range environment)
emission

3C 227 FR II Double hotspots 2.24 × 1026 WHz−1 Stream splitting
in W, trail in E (at 700 MHz) (intrinsic)

- Within FR II range

4C -03.43 FR I S-shaped, 6.91 × 1024 WHz−1 Interaction with
jet-bending (1.28 GHz) ICM (environment)

- Within FR I range

CGCG046-067 FR I (WAT) Wide-angle 1.71 × 1025 WHz−1 WAT structure
tail (WAT), (1.28 GHz) (environment)
bright SE lobe - Within FR I range

3C 403.1 Ambiguous (FR I/II) Peculiar 1.39 × 1025 WHz−1 Diffuse emission,
morphology, (1.28 GHz) possible nuclear
diffuse emission - Within FR I range activity (intrinsic/

environment)

3C 445 FR II Inner 4.89 × 1025 WHz−1 Splatter splitting
double (1.28 GHz) (intrinsic/
hotspots - Within FR II range environment)

NGC7503 FR I (NAT) Narrow-angle tail, 1.17 × 1025 WHz−1 Narrow-angle tail,
(NAT), hotspot (700 MHz) jet morphology
present - Within (environment)

FR I range

SDSS J09157+1331 FR0 Compact 1.30 × 1023 WHz−1

(1.28 GHz)
- Within FR0 range

SDSS J1120+0407 FR0 Compact 4.12 × 1022 WHz−1

(1.28 GHz)
- Within FR0 range



7.1 Spectral properties 100

7.1 Spectral properties
Inspection of the integrated spectrum of the sources in Figures 5.1 clearly shows that
the spectra of our sources are slightly different in behaviour. A power-law reasonably
fits 3C 105 and 3C227 with α= −0.64±0.02 and α= −0.78±0.02 respectively. The
normal-to-flat spectral index values observed in both sources suggest that the radio
emission is dominated by the active components, i.e., the hotspots and the core. These
components induce ambiguity in the true steepening of the spectra due to energy losses
and curvature produced by the absorption process in the components [Murgia et al.,
2002].

CGCG047-067 and NGC7503 have distinct break frequencies of ∼7.53+1.80
−1.30 GHz

and ∼ 3.27+0.52
−0.43 GHz, respectively. Both sources’ spectra indicate that the radio lobes

possess a dominating role. Most radio sources deviate greatly from the classical power-
law [Jackson and Wall, 2001]. Figure 5.2 shows a typical example of the spectra of
our selected sample of radio galaxies, with α= −1.00±0.02 over a break frequency
of 0.22+0.05

−0.05 GHz. Other sources in a sample are flatter than others while steeping
above ∼ 1.5 GHz (i.e., CGCG047–067, 3C 403.1 and NGC 7503). Higher frequency
curvature indicates radiative ageing of electrons in young sources [Murgia et al., 2002].
Considering a high-frequency break in CGCG047-067, the estimated age of 46.13 Myr
aligns with the typical spectral age range (6 − 46 Myr) observed in giant radio sources
(GRGs) [Konar et al., 2009]. Further noting the dynamics of FR I radio galaxies are
impacted by their interactions with the environment [Machalski et al., 2009]. However,
the GRGs FR I source develops in low-density settings, allowing for growth across long
distances [Heesen et al., 2017]. This calls out the question of how the extension of
the radio source contributes to the global source age. Heesen et al. [2017] states that
this effect is either due to the outer tail material not representing the oldest plasma or
the particle’s ages are underestimated due to the effect of particle acceleration over a
large-scale structure.

The inband spectral index maps confirm the source’s radiative ageing. Clear, dis-
tinct regions were detected within the spectral index of the radio source that gradually
steepened from the flat core to the tail’s ends. The jets are relatively homogeneous, hav-
ing a spectral index α ∼ −0.6, as predicted from synchrotron emission. The transition
between the jet’s inner area and the tail’s outer northern region exhibits a steep shift in
the overall intensity and the spectral index α ∼ −1.2. The sharp transition found in the
outer portion of the source varies from −1.3 ≤ α ≤ −0.3, comparable to CGCG044-
046 [Fanaroff et al., 2021]. Furthermore, the sharp transition in CGCG 047-067 might
indicate intermittent activity of the AGN’s radio emission or radio jet interaction. We
identified a steepening from the hotspot to the core and backflow emission in the lobes
of 3C 105. This suggests an effective replenishment of the lobes and transmission of
radio emission, indicating a young source. The spectral index map is consistent with
the hotspot definition in [Croston et al., 2005]. As previously noted, the spectral index
of the 3C 198 is consistent from the lobes to the areas of the hotspots, at least in the
MeerKAT frequency range. We corroborate the general nature and morphology of the



7.2 The case of 3C 198: A dying/dead radio galaxy? 101

source in Section 7.2.

7.2 The case of 3C 198: A dying/dead radio galaxy?
The inspection of Figure 5.2 shows that the morphology of 3C 198 is barely elongated
in North-East and South-West directions and becomes more diffuse and filamentary.

The amorphous morphology of the source shows a steep spectrum (Figure 5.10),
and the age derived in Section 6 indicates 3C 198 is an aged source. The total spectral
index covered within our frequency range by our observation shows similar deviations
to the 4C 12.03 Fanaroff and Riley [1974], indicating a decline in new particle replen-
ishment.

The physical properties of the source match those of a dead radio galaxy. Whilst sit-
uated in a low-richness (poor) cluster, it is classified as a bright cluster galaxy (BCG) in-
cluded in the W4CGS catalogue noted as GMBCGJ125.63314+05.95189 BCG [Runge
and Yan, 2018]. Its high surface brightness (∼ 6.82 mJybeam−1) contributes to its
notable visibility. The absence of a core and hotspot areas indicates that the source
is not refreshed with new particles, indicating a lack of continuous electron injection
[Parma et al., 2007, Murgia et al., 2011]. Its filament nature led to the understanding
that particle acceleration is slow or no longer occurring. As such, 3C 198 is a dying
source.

Our fit model of the spectra is based on the thorough CI model described in Murgia
et al. [1999], which accounts for energy losses that shift the break frequency to lower
values. The old age is calculated using spectral fitting, considering the time elapsed
since the last injection/re-acceleration.

7.3 Properties of the total sample
Indeed, the high-sensitivity and high-resolution images of the radio sources using
uGMRT and MeerKAT demonstrate that in almost all cases, barring CGCG047-067
and CGCG044-046, the surface brightness declines sharply at the edges of the visible
radio lobes and of the low surface brightness features.

The overall sample of sources suggested that the radio sources can be broadly
identified into regions [Fanaroff et al., 2021]:

1. The region close to the AGN, where the FR I and FR II are classified.

2. The region of impact between the hotspot and the intergalactic medium, and

3. beyond the hotspot, revealing the interaction between the galaxy tail and the
surrounding medium.

The overall radio source sample includes radio galaxies with well-defined structures,
a combination of classical double-lobed structures, and more complex morphologies,
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i.e., the S/Z-shaped, L-shaped, X-shaped and tailed radio galaxies(WAT and NAT)
structure. The morphological details, such as the filaments and multiple hotspots and
knots, provide insights into the interactions within the radio galaxies. Such interac-
tions suggest various possibilities, such as contact discontinuities or jet collimation by
its surrounding [Hardcastle et al., 2007a].

The spectral index analysis of the overall sources across the sample indicates a
variety of behaviours, such as uniform spectral indices (e.g., 3C 198). In other cases,
the spectral index maps show substantial steepening, suggesting variable age across
the source. An exceptional case in the spectral indexing is the variance between the
inner and outer portion of the tails (e.g. CGCG047-067 and CGCG 044-046), which
indicates a sharp transition and episodic character of the jet, consistent with electron
ageing.

It is evident that the environment affects the source’s direction and, therefore, its
projection.

We detected filamentary structures in radio galaxies across the radio lobes. Ex-
amples of these features are observed inside the lobes and tails of radio galaxies,
particularly in 3C 198 and 4C−03.43, as well as tails CGCG 047-067, CGCG044-046
and NGC 7503. The magneto-hydrodynamics (MHD) simulations of radio galaxies’
lobes suggest that these filaments reflect enhancement in the magnetic field distribu-
tion within radio galaxies, suggesting the presence of the magnetic field structures’
contribution to the observed brightness distribution, [Hardcastle and Krause, 2013].
Polarisation information is available for the sources observed with MeerKAT. A full
polarization analysis is planned to address the question of the interaction of the radio
plasma with the external medium.



Chapter 8

Conclusion

We have presented the uGMRT and MeerKAT images of ten radio galaxies belonging
to a larger sample of 17 (9 FR I, 6 FR II, and 2 FR0) radio galaxies that are care-
fully selected with well-defined selection criteria that cover a frequency range from 550
MHz−1712 MHz providing radio images at nearly identical angular resolutions and
sensitivities.

The total intensity maps and in-band spectral index calculated at ten arc-sec reso-
lution were also presented. A full description of these maps, as well as precise spectral
analyses, were covered in this study. Our data indicate highly intriguing morphological
characteristics for radio galaxies, such knots, hotspots, lobes, wiggles, and filaments
at the radio µJy beam−1 sensitivity and high (∼ 4′′ to 10′′) angular resolution of the
images which have been presented.

8.1 Summary of the results
1. Some tailed radio galaxies are part of the selected sample, such as radio galaxy

4C -03.43 seen face-on, which is a result of ram pressure due to the motion of the
galaxy relative to the galaxy cluster Abell 1308 and a possible interaction with
a density contact discontinuity, influencing its jet trajectory.
The L-shaped WAT CGCGC047-067 also observed edge on. Remarkably, its
total size is ∼ 950 kpc, regarded as a typical giant radio galaxy.
We further observed a NAT NGC7503, whose collimated jet and tails extend ∼
160 kpc in the north direction. The radio emission in tails reveals fine structure
at the angular resolution of our observations, displaying wiggles and filaments.

2. Compared to Leahy et al. [1997] our radio images show several high surface
brightness compact features emissions along the jet before terminating in 3C 105,
parallel ridges of emission from hotspots back to the centre indicating a recent
escape of the lobe from a strongly bounded halo surrounding the host galaxy.
The emission typically has −0.5 ≤ α ≤ −0.7 and −0.8 ≤ α ≤ −0.9 in the lobes.

3. Our high-resolution images of 3C 227 show evidence of multiple hotspots at the
western jet termination point ∼ 14.02 pc away from the core reported in Leahy
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et al. [1997]. The radio galaxy also shows two clear double peaks as reported
in Hardcastle et al. [2007a], resulting from possibilities of propagation of the
jet through contact discontinuities of a possible standing shock (describing the
primary jet termination point) and a collimated outflow from the primary hotspot
(secondary hotspot).

4. The analysis of the spectral index maps reveals that the radio sources are dom-
inated by synchrotron emission. The hotspots and jets exhibit flatter spectra
than the material they propagate in, particularly evident in sources 4C−03.43
and 3C105. This observed spectral steepening is consistent with the theoret-
ical expectation of decreasing particle energy as we move further from the re-
acceleration sites.

5. Our detailed study of the spectral index distribution in CGCG047-067 shows
that:

• the jets are relatively uniform with a spectral index α ∼ −0.6, which is
expected from a synchrotron emission.

• The transition between the jet’s inner region and the tail’s outer northern
region shows a sharp transition in the total intensity and the spectral index.
The sharp transition observed at the outer region of the source varies from
−1.3 ≤ α ≤ −0.3 similarly to CGCG044-046. As stated in Fanaroff et al.
[2021], the origin of the sharp transition in the surface brightness are yet
unclear. However, it could reflect intermittent activity of the AGN’s radio
emission or the radio jet’s interaction with the external medium.

6. The broad range of frequencies allowed us to perform spectral ageing analysis of
the eight sources fitted. In particular:

• 3C 105 and 3C227 can be well explained by a simple power law, well fitted
over all parts of the frequency range.

• In 3C 227 (trad = 68.10 Myr), the spectrum may likely be dominated by the
brighter components, causing uncertainty in the genuine steepening of the
spectra of the source. An interesting case is the steepness of 3C 198 and the
derived age of the sources, trad = 242.85 Myr, confirmed detection of an old
source in its dying state due to slow replenishment of the injected electrons
in the source.

• The magnetic field values in our sample are of the order of 1.5 − 5 µG.
Amongst the reported 3C 198 and CGCG 047-067 have low magnetic field
values. However, such low values are not unique to dying radio source
[Rudnick, 2004, Parma et al., 2007]. The magnetic field values are likely
underestimated for the source CGCG 047-067.

Overall, the quality of the images is similar to that of the uGMRT and MeerKAT
images of the fourteen radio galaxies. This gives confidence in the image quality, cali-
bration, and imaging process of the uGMRT and MeerKAT data; as such, the classical
morphology can still be applied with the advancement of interferometers. However, the
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rich detail of these radio sources suggests new types of interaction between the radio
plasma and the surrounding medium. For surveys conducted with radio telescopes with
significantly poorer sensitivity to diffuse, low-brightness emission, our work suggests
caution when employing source identification techniques for the morphological classi-
fication of radio galaxies. As a result, to conduct a thorough study of radio galaxies,
high image sensitivity across a wide range of angular scales is required.

8.2 Future work
The work described here and in the earlier work in Fanaroff et al. [2021] have provided
much observational information on the hotspots, lobes, jets and filaments in radio
galaxies and have, to an extent, made the physics of these objects clearer. As the next
step,

We aim to revisit the calibration procedure of the total intensity maps from the
uGMRT observation of 3C 198, 3C 227 and NGC7503 to attain high-resolution images.
This observation will then provide an opportunity to derive the spectral index maps.
The results will address the nature of the source.

The key to fully addressing the research questions of this present work is the knowl-
edge of the magnetic field strength. The observed synchrotron emission from the radio
galaxies in our sample illustrates the presence of the intergalactic magnetic field. As
an extension of this work, we obtain polarization information, which is available for
the MeerKAT observations to investigate further their orientation and the degree of
ordering the magnetic field in the radio sources. This will further enhance our under-
standing of the underlying physics of the sources.

The environment of radio sources is crucial; this type of data is critical since we
know that the environment can impact the behaviour of a radio source on all scales. We
intend to supplement our observations with X-ray observations to better understand
each source’s surroundings.



Appendix A

Reference calibration

A.1 MeerKAT Delay Solutions

Figure A.1: 3C105 and 4C -03.43 delays estimated for all antennas for the YY and
XX correlated observation of the primary and secondary fields
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Figure A.2: 4C -03.43 (top panel), SDSS J 1120+0407 (top panel), CGCG 047-067
(upper-middle panel), 3C 445 (lower-middle panel) and SDSS J 09157+1331 (bottom
panel) delays estimated for all antennas for the YY and XX correlated observation of
the primary field.



A.2 MeerKAT Bandpass Solutions 108

A.2 MeerKAT Bandpass Solutions

Figure A.3: The 3C105 (top panel), 4C -03.43 and SDSS J 1120+0407 (middle and
bottom panels) bandpass solutions extracted from the primary calibrator. The right
panels are the amplitude solutions and the left panel represents the phase solutions as
a function of frequency. Each colour represents an antenna in the array. The gaps are
where strong RFI has been flagged.
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Figure A.4: The CGCG047-067 (top panel), 3C 445 (middle) and SDSS J 09157+1331
(bottom panel) bandpass solutions extracted from the primary calibrator. The right
panels are the amplitude solutions and the left panel represents the phase solutions as
a function of frequency. Each colour represents an antenna in the array. The gaps are
where strong RFI has been flagged.
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A.3 MeerKAT Complex gain solution

Figure A.5: The complex gain solutions for 3C 105 (top panel), 4C -03.43 and SDSS
J 1120+0407 (middle and bottom panels), the right panels are the amplitude solutions,
and the left panel represents the phase solution as a function of time.
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Figure A.6: The CGCG047-067 (top panel), 3C 445 (middle) and SDSS J 09157+1331
(bottom panel) complex gain solution. Please refer to the caption of figure A.5 for
details.



Appendix B

Primary beam corrected full images

B.1 MeerKAT maps

Figure B.1: Primary beam corrected images of the targets 3C 105 and 3C 198 span-
ning 1.11◦ and 1.43◦ with an angular resolution of 7.47′′× 5.89′′ and 7.84′′× 6.87′′
respectively.
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Figure B.2: Primary beam corrected images of the targets 4C-̇03.43, CGCG -46-
067 (top panel) and 3c 403.1, 3C 555 (bottom panel) spanning 1.43◦ with an angular
resolution of 8.64′′× 7.11′′, 10.02′′× 6.93′′,7.06′′× 6.03′′ and 7.38′′× 5.68′′ respectively.
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B.2 uGMRT maps

Figure B.3: Primary beam corrected images of the targets 3C 198, 3C 227 (top panel)
and 4C -03.43, CGCG -46-067 (bottom panel) spanning 1.11◦ and 0.65◦ with an angular
resolution of 4.77′′× 3.92′′, 4.52′′× 3.02′′, 4.95′′× 4.12′′ and 3.76′′× 3.34′′ respectively.
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Figure B.4: Primary beam corrected images of the targets 3C 403.1 and NGC7503
spanning 0.83◦ and 1.43◦ with an angular resolution of 3.99′′× 3.15′′ and 4.43′′× 3.53′′
respectively.



Appendix C

Flux densities of the radio sources at
different frequencies.

Table C.1: The integrated flux densities for 3C 105 at various frequencies presented
in the literature.

Frequency Flux density Reference
GHz Jy
4.000 0.390±0.070 Geldzahler and Witzel [1981]
14.900 0.710±0.010 Genzel et al. [1976]
14.900 0.020±0.001 Dicken et al. [2008]
10.700 1.490±0.100 Kellermann and Pauliny-Toth [1973]
10.700 1.500±0.050 Pauliny-Toth et al. [1978]
8.400 1.220 Wright and Otrupcek [1990]
5.010 2.450±0.100 Kuehr et al. [1981]
5.010 2.500±0.060 Kuehr et al. [1981]
5.000 2.160±0.110 Kellermann et al. [1969]
5.000 2.020 Wright and Otrupcek [1990]
5.000 2.160±0.050 Pauliny-Toth et al. [1972]
5.000 2.140±0.110 Kuehr et al. [1981]
4.850 2.060±0.288 Gregory and Condon [1991]
4.850 2.030±0.305 Becker et al. [1991]
4.850 2.230±0.099 Griffith et al. [1995]
2.700 3.280 Wright and Otrupcek [1990]
2.700 3.440±0.170 Kuehr et al. [1981]
2.700 3.550±0.120 Wall et al. [1971]
2.700 3.740±0.060 Wills [1975]
2.700 3.360±0.170 Kellermann et al. [1969]
2.700 3.400±0.050 Kuehr et al. [1981]
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2.650 3.790±0.070 Wills [1975]
1.410 5.100 Wright and Otrupcek [1990]
1.410 5.840±0.190 Kuehr et al. [1981]
1.400 5.340 White and Becker [1992]
1.400 5.210±0.290 Pauliny-Toth et al. [1966]
1.400 5.200±0.500 Kuehr et al. [1981]
1.400 5.310±0.150 Kuehr et al. [1981]
1.400 5.100±0.770 Kellermann et al. [1969]
1.400 0.114±0.004 Condon [1992]
0.750 7.700±0.390 Kellermann et al. [1969]
0.750 8.110±0.190 Pauliny-Toth et al. [1966]
0.750 8.100±0.400 Kuehr et al. [1981]
0.750 8.590±0.200 Kuehr et al. [1981]
0.635 8.900 Wright and Otrupcek [1990]
0.635 10.000±0.360 Kuehr et al. [1981]
0.408 10.300±2.550 Ekers [1969]
0.408 9.350 Wright and Otrupcek [1990]
0.408 9.350±0.290 Large et al. [1981]
0.318 14.200±0.560 Kuehr et al. [1981]
0.178 17.800±1.780 Kellermann et al. [1969]
0.178 18.000±1.800 Kuehr et al. [1981]
0.178 19.000±0.900 Kuehr et al. [1981]
0.178 16.200 Wright and Otrupcek [1990]
0.178 9.900±1.240 Gower et al. [1967]
0.160 23.500 Slee [1995]
0.160 18.000±2.700 Kuehr et al. [1981]
0.145 46.200 Jacobs et al. [2011]
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Table C.2: The integrated flux densities for 3C 198 at various frequencies presented
in the literature.

Frequency Flux density Reference
GHz Jy
10.700 0.190±0.050 Kellermann and Pauliny-Toth [1973]
5.000 0.320 Wright and Otrupcek [1990]
5.000 0.460±0.070 Kellermann et al. [1969]
4.850 0.305±0.042 Gregory and Condon [1991]
4.850 0.539±0.081 Becker et al. [1991]
4.850 0.436±0.025 Griffith et al. [1995]
4.780 0.451 Bennett et al. [1986]
2.700 0.900 Wright and Otrupcek [1990]
2.700 0.980±0.150 Kellermann et al. [1969]
1.410 2.300 Wright and Otrupcek [1990]
1.400 2.100±0.100 Kellermann et al. [1969]
1.400 1.800 White and Becker [1992]
1.400 2.120±0.080 Pauliny-Toth et al. [1966]
0.750 3.780±0.060 Pauliny-Toth et al. [1966]
0.750 3.600±0.540 Kellermann et al. [1969]
0.408 4.650±0.310 Large et al. [1981]
0.408 6.600 Wright and Otrupcek [1990]
0.178 18.000 Wright and Otrupcek [1990]
0.178 9.000±1.120 Gower et al. [1967]
0.178 9.700±1.460 Kellermann et al. [1969]
0.16 12.000 Slee [1995]
0.145 16.000 Jacobs et al. [2011]
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Table C.3: The integrated flux densities for 3C 227 at various frequencies presented
in the literature.

Frequency Flux density Reference
GHz Jy
31.400 0.530±0.13 Geldzahler and Witzel [1981]
22.400 0.012±3.0E-4 Dicken et al. [2008]
14.900 0.014±3.0E-4 Dicken et al. [2008]
14.900 0.960±0.19 Genzel et al. [1976]
10.700 1.510±0.05 Kellermann and Pauliny-Toth [1973]
8.000 2.050±0.0492 Stull [1971]
6.700 1.930±0.048 Carter et al. [2009]
5.010 2.750±0.110 Kuehr et al. [1981]
5.010 2.680±0.100 Kuehr et al. [1981]
5.000 2.580±0.130 Kuehr et al. [1981]
5.000 2.600 Wright and Otrupcek [1990]
5.000 2.600±0.130 Kellermann et al. [1969]
4.850 2.140±0.322 Becker et al. [1991]
4.850 2.580±0.099 Griffith et al. [1995]
4.850 2.190±0.304 Gregory and Condon [1991]
4.780 1.710 Bennett et al. [1986]
2.700 4.630±0.060 Wills [1975]
2.700 4.260±0.210 Kuehr et al. [1981]
2.700 4.100 Wright and Otrupcek [1990]
2.700 4.160±0.210 Kellermann et al. [1969]
2.700 4.210±0.100 Kuehr et al. [1981]
2.650 4.720±0.070 Wills [1975]
1.410 7.100 Wright and Otrupcek [1990]
1.410 7.920±0.220 Kuehr et al. [1981]
1.400 3.120 Ching et al. [2017]
1.400 7.620 Ching et al. [2017]
1.400 7.100±0.130 Pauliny-Toth et al. [1966]
1.400 6.800±0.340 Kellermann et al. [1969]
1.400 7.000±0.300 Kuehr et al. [1981]
1.400 6.940 White and Becker [1992]
1.400 7.500±0.220 Kuehr et al. [1981]
0.960 10.700±0.180 Kuehr et al. [1981]
0.750 11.600±0.580 Kellermann et al. [1969]
0.750 12.100±0.600 Kuehr et al. [1981]
0.750 12.800±0.140 Kuehr et al. [1981]
0.750 12.100±0.130 Pauliny-Toth et al. [1966]
0.468 18.000±1.460 Kuehr et al. [1981]
0.408 19.400±3.910 Ekers [1969]
0.408 15.500±0.480 Large et al. [1981]
0.408 22.100 Wright and Otrupcek [1990]
0.178 32.600±1.600 Kuehr et al. [1981]
0.178 33.300±3.300 Kuehr et al. [1981]
0.178 30.000 Wright and Otrupcek [1990]
0.178 16.500±1.320 Gower et al. [1967]
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1.780 30.400±3.040 Kellermann et al. [1969]
1.600 39.600±5.200 Kuehr et al. [1981]
1.600 45.200 Slee [1995]
1.450 44.200 Jacobs et al. [2011]

Table C.4: The integrated flux densities for 4C -03.43 at various frequencies presented
in the literature.

Frequency Flux density Reference
GHz Jy
22.500 0.0621±0.001 Lin et al. [2009]
19.900 0.108±0.006 Murphy et al. [2010]
8.460 0.107±0.001 Lin et al. [2009]
8.400 0.048 Healey et al. [2007]
5.000 0.300 Wright and Otrupcek [1990]
4.860 0.159±0.002 Lin et al. [2009]
4.850 0.370±0.022 Griffith et al. [1995]
2.700 0.560 Wright and Otrupcek [1990]
1.400 1.110 White and Becker [1992]
1.400 0.320±0.010 Condon et al. [1998]
4.080 1.180 Wright and Otrupcek [1990]
4.080 1.180±0.070 Large et al. [1981]
3.650 0.434±0.054 Douglas et al. [1996]
1.860 1.760±0.036 Tingay et al. [2016]
1.780 2.000 Wright and Otrupcek [1990]
1.780 2.000±0.300 Gower et al. [1967]
1.600 2.500 Slee [1995]
1.550 2.280±0.051 Tingay et al. [2016]



121

Table C.5: The integrated flux densities for CGCG 047-067 at various frequencies
presented in the literature.

Frequency Flux density Reference
GHz Jy
8.000 0.520±0.0452 Stull [1971]
5.000 0.660 Wright and Otrupcek [1990]
4.850 0.557±0.031 Griffith et al. [1995]
4.850 0.481±0.072 Becker et al. [1991]
4.850 0.511±0.071 Gregory and Condon [1991]
4.780 0.575 Bennett et al. [1986]
2.700 1.060 Wright and Otrupcek [1990]
1.410 2.100 Wright and Otrupcek [1990]
1.400 2.010 Yuan et al. [2017]
1.400 1.790 Lin et al. [2018]
0.408 5.800 Wright and Otrupcek [1990]
0.408 2.820±0.130 Large et al. [1981]
0.178 3.500 Wright and Otrupcek [1990]
0.178 3.500±0.525 Gower et al. [1967]
0.160 7.900 Slee [1995]

Table C.6: The integrated flux densities for 3C 403.1 at various frequencies presented
in the literature.

Frequency Flux density Reference
GHz Jy
8.400 0.100 Wright and Otrupcek [1990]
5.000 0.450±0.110 Kellermann et al. [1969]
5.000 0.580 Wright and Otrupcek [1990]
4.850 0.344±0.021 Griffith et al. [1995]
4.850 0.580±0.087 Becker et al. [1991]
2.700 0.700 Wright and Otrupcek [1990]
2.700 0.960±0.140 Kellermann et al. [1969]
1.410 1.500 Wright and Otrupcek [1990]
1.400 1.800±0.270 Kellermann et al. [1969]
1.400 1.850 White and Becker [1992]
1.400 1.790±0.120 Pauliny-Toth et al. [1966]
0.750 2.830±0.110 Pauliny-Toth et al. [1966]
0.750 2.700±0.410 Kellermann et al. [1969]
0.408 4.400 Wright and Otrupcek [1990]
0.178 13.500 Wright and Otrupcek [1990]
0.178 13.500±2.020 Kellermann et al. [1969]
0.178 3.300±0.825 Gower et al. [1967]
0.160 9.500 Slee [1995]
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Table C.7: The integrated flux densities for 3C 445 at various frequencies presented
in the literature.

Frequency Flux density Reference
GHz Jy
22.400 0.0161±0.001 Dicken et al. [2008]
22.000 0.045±0.005 Ricci et al. [2006]
18.500 0.039±0.002 Ricci et al. [2006]
14.900 0.027 Dicken et al. [2008]
10.700 0.820± 0.030 Kellermann and Pauliny-Toth [1973]
8.400 0.320 Wright and Otrupcek [1990]
8.000 1.340± 0.079 Stull [1971]
5.010 2.180±0.090 Kuehr et al. [1981]
5.000 2.040± 0.100 Kellermann et al. [1969]
5.000 2.030± 0.100 Kuehr et al. [1981]
5.000 2.120 Wright and Otrupcek [1990]
4.850 1.260± 0.066 Griffith et al. [1995]
2.700 3.300±0.160 Kuehr et al. [1981]
2.700 3.460 ± 0.120 Wall et al. [1971]
2.700 3.460 Wright and Otrupcek [1990]
2.700 3.340 ± 0.330 Witzel et al. [1971]
2.700 3.220 ± 0.160 Kellermann et al. [1969]
1.410 5.100 Wright and Otrupcek [1990]
1.400 5.750 ± 0.120 Kuehr et al. [1981]
1.400 5.300 ± 0.270 Kellermann et al. [1969]
1.400 5.500 ± 0.300 Kuehr et al. [1981]
1.400 6.160 White and Becker [1992]
1.400 5.330 ± 0.100 Pauliny-Toth et al. [1966]
0.750 8.700 ± 0.430 Kellermann et al. [1969]
0.750 9.670 ± 0.180 Kuehr et al. [1981]
0.750 9.100 ± 0.500 Kuehr et al. [1981]
0.750 9.130 ± 0.170 Pauliny-Toth et al. [1966]
0.635 12.200 Wright and Otrupcek [1990]
0.408 17.500 Wright and Otrupcek [1990]
0.408 14.500 ± 3.180 Ekers [1969]
0.408 7.150 ± 0.180 Large et al. [1981]
0.178 26.100 ± 5.200 Kuehr et al. [1981]
0.178 25.200 ± 3.240 Kuehr et al. [1981]
0.178 23.500 Wright and Otrupcek [1990]
0.178 23.500 ± 1.880 Gower et al. [1967]
0.178 24.800 ± 3.720 Kellermann et al. [1969]
0.160 33.500 ± 4.400 Kuehr et al. [1981]
0.145 36.500 Jacobs et al. [2011]
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Table C.8: The integrated flux densities for NGC7503 at various frequencies presented
in the literature.

Frequency Flux density Reference
GHz Jy
8.000 0.410± 0.039 Stull [1971]
5.000 0.520 Wright and Otrupcek [1990]
4.850 0.544 ± 0.082 Becker et al. [1991]
4.850 0.557± 0.031 Griffith et al. [1995]
4.850 0.547± 0.076 Gregory and Condon [1991]
2.700 0.960 Wright and Otrupcek [1990]
1.410 1.700 Wright and Otrupcek [1990]
1.400 1.630 White and Becker [1992]
0.408 3.880± 0.180 Large et al. [1981]
0.408 3.880 Wright and Otrupcek [1990]
0.178 4.500 ± 0.562 Gower et al. [1967]
0.178 4.500 Wright and Otrupcek [1990]



Appendix D

Morphology of 3C 403.1

2′

2′

Figure D.1: The radio maps of 3C 403.1 convolved with the GLEAM beam (right
panel) with contours drawn at (0.5,0.10,0.20,0.30) ×σ and the SRT beam with con-
tours drawn at (0.02,0.04,0.08,1.0,2.0) ×σ. Note that σ is the background noise level
estimation.
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