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Abstract

Radio-loud active galactic nuclei (RLAGN) produce jets on large scales heating their local environ-

ments and preventing the hot phase of baryonic matter from cooling hence slowing or halting galaxy

formation and evolution; a model popularly known as AGN feedback. To understand this model, new

views of low-luminosity compact RLAGN inhabiting massive galaxies have been obtained using the new

LOw Frequency ARray (LOFAR) northern-sky radio survey LoTSS (LOFAR Two Metre Sky Survey)

to study RLAGN in the local Universe at low frequencies (150 MHz). In this thesis, I investigate low-

luminosity compact RLAGN selected from LoTSS first Data Release (DR1) in an attempt to reveal their

radio morphologies and the physical scales at which they affect the inter-galactic medium (IGM) of the

host galaxy on sub-kpc scales. We have conservatively selected 55 low-luminosity compact RLAGN

based on LoTSS DR1 within redshift range 0.03 < z < 0.1. I show using high-frequency Jansky

Very Large Array (VLA) observations that only 9 out of 55 objects show extended radio emission (1−3
kpc), 43 are compact at the limiting angular resolution of 0.35 arcsec (corresponding to projected max-

imum physical sizes of < 1 kpc), while 3 are undetected. The extended objects display a wide range

of radio morphologies on smaller angular scales: doubles (3), two-sided jets (3), one-sided jets (2), and

complex (1). I discuss their radio spectra which range from steep to flat and/or inverted radio spectra

(−1.31 < α < 0.36) and span the range seen in various compact RLAGN such as compact symmetric

objects (CSOs), compact steep spectrum (CSS) sources, and gigahertz peaked-spectrum (GPS) sources.

Assuming synchrotron self-absorption (SSA) models for flat and/or inverted radio spectrum sources, I

predict the physical sizes of 35 RLAGN to be between 2−53 pc. On their position on the power-linear
size (P −D) diagram, we see that these objects populate the bottom left lower-end of the diagram; this

position corresponds to the low-radio power CSOs. Finally, I compare their radio properties with those

of the Fanaroff-Riley class 0 (‘FR0’) sources. Interestingly, some of the compact RLAGN presented in

this thesis show extended radio emission in the second Data Release (DR2) images; these appear to be

in fact the radio cores of low-luminosity yet extended Fanaroff-Riley (FRI/FRII) sources that could pop-

ulate the right-lower end of the P −D diagram, limited by LOFAR’s surface brightness. Could we be

underestimating the sizes of some of these compact objects? Continued VLBI observations of LOFAR

sources could help us answer this question, which in turn will help us further understand AGN feedback.
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Chapter 1

Introduction

1.1 Motivation

Since the emergence of radio astronomy in the 20th century (Jansky, 1933), radio observations have

revealed a large number of previously unknown phenomena. In particular, they allowed the study of

celestial objects such as Active Galactic Nuclei (AGNs), revealing phenomena at radio wavelengths not

visible at any other wavelength (e.g. Peterson, 1997). Since the discovery of the most common class

of AGNs by Seyfert (1943), AGNs have been found to be among the most powerful objects in the ob-

servable universe, with∼10% of galaxies emitting extremely intense light at their centres (e.g. Peterson,

1997; Ho et al., 1997; Krolik, 1999) over portions of the electromagnetic spectrum. This phenomenon

is driven by in-falling material onto a super-massive black hole (SMBH; e.g. Krolik, 1999; Di Matteo

et al., 2003) centre. In terms of their radio properties, AGNs can be classed either as radio-loud AGNs

(RLAGN) or radio-quiet AGNs (RQAGN) (e.g. Begelman et al., 1984; Kellermann et al., 1989). The

observed distinction between the two subsets of AGN populations is characterised by their radio lumi-

nosities, jets, and the lobes they inflate. RLAGN produce these properties on larger scales, whereas the

production of jets and lobes in RQAGN is normally thought to be almost negligible (e.g Wilson and

Colbert, 1995; Lin et al., 2010; Panessa et al., 2019). The radio emission from these jets in RLAGN

(collectively radio galaxies, blazars, and radio-loud quasars) is a result of the synchrotron process (Bur-

bidge, 1956). The radio morphology of the emission is mostly determined by the interaction of jets and

the environments in which they propagate extending over the host galaxy on kiloparsec (kpc) scales and

sometimes propagating to much larger distances beyond the galaxy they inhabit out to megaparsec (Mpc)

scales (e.g. Willis et al., 1974; Ghisellini et al., 1993; Machalski et al., 2008; Delhaize et al., 2021).

The first observation of emission resulting from a jet (Curtis, 1918) paved the way for extensive stud-

1
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ies of RLAGN’s jets and the effects they have on their environments. The jets from powerful RLAGN

(L1.4 > 1025 W Hz−1) are considered key to understanding many astrophysical phenomena such as in

their role in the epoch of reionization (e.g. Fan et al., 2006; Hassan et al., 2017; Bosch-Ramon, 2018),

understanding the physics at the centre of a SMBH (e.g. Brandt and Alexander, 2010; Meier, 2012), test-

ing models of general relativity (e.g. Blandford and Narayan, 1992; Valtonen et al., 2008), understanding

the inter-galactic medium (IGM) in the early universe (e.g. Barkana and Loeb, 2007), probing the nature

of dark matter (e.g. Gorchtein et al., 2010; Peirani et al., 2017), and, most important to our context, in

the understanding of the so-called AGN feedback. Feedback models are important to modern models of

galaxy formation and evolution (e.g. Croton et al., 2006; Fabian, 2012; Hardcastle and Croston, 2020) as

they are thought to provide the energy required to stop or slow massive galaxies from forming by heating

their local environments thus preventing the cooling of the hot gas responsible for star formation (SF).

To test AGN feedback models, a clear understanding of RLAGN is required from high flux density

populations down to low flux density populations as well as from the local Universe out to high redshifts.

The invention of high-resolution, highly sensitive telescopes such as the Karl Jansky Very Large Array

(VLA) and the LOw Frequency ARray (LOFAR; van Haarlem et al., 2013) will play a crucial role in

studying faint RLAGN. New views of RLAGN populations are expected to be provided by sky surveys

such as the MeerKAT International GHz Tiered Extra-galactic Exploration survey (MIGHTEE; Jarvis

et al., 2016), the Very Large Array Sky Survey (VLASS; Villarreal Hernández and Andernach, 2018),

and the LOFAR survey of the Northern sky, the LOFARTwo-metre Sky Survey (LoTSS; Shimwell et al.,

2019). LoTSS (currently the radio survey with the largest number of catalogued sources) offers high-

sensitivity and high-resolution imaging of extragalactic sources both of star-forming galaxies (SFGs)

and RLAGN. LOFAR’s new generation capabilities have allowed for the study of RLAGN’s structures

at much lower frequencies, providing a high population of low-luminosity RLAGN.

1.2 This thesis

In this thesis, my main focus is the study of low-luminosity RLAGN; I take a systematic look at the

LOFAR AGN population.

In Chapter 2, I review the general literature on AGNs and discuss both theoretical and observational

aspects relevant to the subject matter, whereas Chapter 3 is concerned with the methodology in the

reduction and calibration of the VLA data used in the thesis.

I investigate (Chapter 4) low-luminosity compact RLAGN selected from the LOFAR AGN population

based on LoTSS DR1 using VLA observations, and discuss their nature with respect to various compact

RLAGN such as CSO, GPS, CSS, and FR0 sources.

In Chapter 5, I discuss VLA objects showing extended radio emission in LoTSS DR2 images. I make

necessary conclusions in the final Chapter and plan follow-up science (Chapter 6).
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Throughout this thesis, I have assumed a ΛCDM cosmological model with cosmological parameters:

H0 = 70 km s−1 Mpc−1; Ωm0 = 0.3; ΩΛ0 = 0.7. The definition of the radio spectrum is given by

Sν ∝ να.



Chapter 2

The literature

2.1 Active galaxies

The observable universe is populated by powerful, luminous, and energetic objects amongst which are

AGNs. These objects dominate the electromagnetic (EM) spectrum in part or even across all wavelengths

by their emission from their central compact regions, a quality that has attracted astronomers to study

them extensively in multi-wavelength observations (e.g. radio, X-ray, and gamma-ray observations;

Peterson, 1997; Beuchert, 2017). They are mainly driven by accretion onto the SMBH centre that is

more than a million times heavier than our Sun (e.g. Woltjer, 1959; Liang and Liu, 2003; Peterson,

2015). Surrounding the SMBH is an accretion disk and perpendicular to this, relativistic outflows of

plasma can form on either side in the presence of strong magnetic fields (e.g. Blandford et al., 2019).

These relativistic plasma outflows are what are commonly termed jets and can propagate far beyond the

galaxies they inhabit (e.g. Blandford et al., 2019). However, due to surface brightness limitations, only

a small number (∼10%) of galaxies are classified as AGNs, whereas the remaining number of galaxies
are classified as ‘normal’ (e.g. Ho et al., 1997; Peterson, 1997); the total emitted energy from normal

galaxies emanates from individual stars and can be observed in the visible and infrared (IR) wavelength

range (e.g. Oemler, 1979). Besides high luminosities over a wide range of frequencies, AGNs’ emission

can be highly variable (e.g. Mushotzky, 1982; Ulrich et al., 1997) on large time scales down to small

time scales (i.e. from years to hours) which proves the fact that their emission originates from compact

regions (e.g. Krolik, 1999; Peterson, 2015).

In the radio range and as mentioned in Chapter 1, AGNs can be divided into RLAGN and RQAGN (e.g.

Begelman et al., 1984; Kellermann et al., 1989). At least∼10% of AGNs are RLAGN and are associated

with the production of jets on larger scales [from parsec (pc) up to Mpc] while the remaining number

4
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(∼90%) of AGNs are RQAGN; the production of jets in these objects is thought to be almost negligible
(e.g. Kellermann et al., 1994, 2016). Here, it is important to classify RLAGN and one approach is to

define it in terms of the radio-loudness (e.g. Kellermann et al., 1989). Kellermann et al. consider the

ratio in luminosities (radio to optical; Rr−o = Lr/Lo) in selecting RLAGN over RQAGN. For instance,

RLAGN are thought to be ∼103 times brighter in terms of their radio emission (Rr−o ∼ 10−1000)
than RQAGN (Rr−o ∼ 0.1−10) while the boundary between the two sources is set around Rr−o ∼10
(Kellermann et al., 1994). Examples of RLAGN include radio galaxies, blazars, and radio-loud quasars

while RQAGN are mostly Seyferts, some quasars (radio-quiet), and low-ionization nuclear emission-line

regions (LINERs). For recent reviews on these objects see e.g. Heckman and Best (2014).

In this thesis, however, the definition of RLAGN for our objects (Chapter 4) is restricted to AGN with

an excess of radio emission over what would be expected on the basis of their star formation rate (SFR)

alone. Fig. 2.1 shows an AGN schematic and some of the features shown in this diagram are the groups

in which AGNs can be placed; mainly based on their different emission properties (Krolik and DiMatteo,

2000). In principle, the type of AGN class we see depends on the angle of view (e.g. we are looking

down on the jet with blazars), the production of significant emission, and the power of the central engine

(e.g. Blandford and Rees, 1974; Rowan-Robinson, 1977; Scheuer and Readhead, 1979; Barthel, 1989;

Antonucci and Miller, 1985).

In the next subsection, I discuss some AGN classes relevant to future discussions in this thesis and later,

I briefly describe the AGN unification scheme in reference to Fig. 2.1.

2.1.1 Classes

Multi-wavelength observations have contributed significantly to the better understanding and exploration

of AGNs as a whole. This is partly due to the thermal and non-thermal emissions from AGNs that dom-

inate the electromagnetic spectrum (e.g. Begelman, 1994). In this section, I summarise different AGN

classes i.e. Seyferts, blazars, quasars, LINERs, and radio galaxies. However, we should note that the

distinction in AGN classes is unclear and their categories entirely depend on observational characteristics

(particularly in the optical and radio regimes) such as their spectral shape, luminosity, or morphology.

A wider review of AGN classes is given by, for example, Krolik and Di Matteo (2000) and Hardcastle

and Croston (2020) give an excellent summary of RLAGN.

2.1.1.1 Seyfert galaxies

Seyferts are the most common type of AGNs. They were first discovered by Seyfert (1943) and show

strong optical emission lines. They normally live in spiral galaxies and are mostly selected based on their

strong emission lines which emanate from the nucleus. However, absorption features can also be used to

classify them using X-ray observations (e.g. Singh et al., 2011). There are two types of Seyfert galaxies:

type 1 and type 2. Seyfert 1s have broad optical emission lines while Seyfert 2s show narrow optical
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Figure 2.1: An AGN schematic by Urry and Padovani (1995) highlighting major components of different classes of AGNs following unifica-

tion. The diagram is not to scale.

emission lines (e.g. Khachikian and Weedman, 1974). Further distinctions between the two types of

galaxies can also be associated with their continuum emission; the continuum emission level in Seyfert

1s is stronger than in Seyferts 2s (e.g. Lawrence, 1987). Recent studies have, however, shown that the

continuum emitting region for type 1 Seyferts is smaller in size compared to their counterpart type 2s

(e.g. Nelson et al., 1996; Malkan et al., 2017).

With the exception of a few galaxies, Seyferts are mostly classified as RQAGN. A further subclass of

populations of Seyfert galaxies exist and below, I briefly look at narrow-line Seyfert 1s (NLS1s) and

their subclass, radio-loud narrow-line Seyfert 1s (RL-NLS1s).

• NLS1s− this is a subclass of Seyfert 1s which show “narrower” broad emission lines than typical

Seyfert 1s (Osterbrock and Pogge, 1985). Their black hole masses are low and show large accre-

tion rates close to the Eddington limit (e.g. Xu and Komossa, 2010a,b; Viswanath et al., 2019).

Osterbrock and Pogge (1985) found that the basic features of NLS1s are such that, for example,

their Balmer lines (e.g. Hβ) are below 2000 km/s at FWHM1. Their intensity line ratios between

1Full Width at Half Maximum.
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[OIII] λ5000 and Hβ is smaller than the lower limit of 3 and they show stronger ionization emission

lines [FeII] than typical Seyfert type 2 galaxies. In addition, NLS1s have been observed to show

steeper (soft and hard) X-ray spectral indices (α ≈ −2.13) than “normal” Seyfert 1s (α ≈ −1.34)

(e.g. Boller et al., 1996; Brandt et al., 1997). They are also considered to be associated with young

AGNs at their early evolutionary stage in comparison to other Seyferts (e.g. Mathur, 2000); for

an extensive review see, for example, Boller (2000). Komossa et al. (2006) in their recent studies

have found that∼7% of NLS1s are RLAGN (a brief discussion is given below) that is RL-NLS1s.

• RL-NLS1s − these possess the same features as RLAGN (e.g. blazars; Yuan et al., 2008, see

also Section 2.1.1.2 for a summary on blazars) but show lower BH masses (e.g. Chen et al., 2015).

The main difference from RLAGN is that RL-NLS1s are typically compact with physically small

projected sizes extending up to 100 kpc (e.g. Doi et al., 2012); these properties are comparable to

those seen in CSO, CSS, and GPS sources − see Sec. 2.1.1.6 on the description of these objects.

2.1.1.2 Blazars

These objects are characterised by strong continuum emission lines at a range of wavelengths (radio to

gamma-rays; e.g. Zhang et al., 2001; Rani et al., 2013). As shown in Fig. 2.1, the radio emission from

blazars is strongly oriented at small angles towards the observer’s view. It has been suggested that their

emission display various radio morphologies (e.g. Wardle et al., 1984; Giroletti et al., 2004). Using their

optical emission lines (equivalent widths), Blazars like Seyferts can be subdivided into various classes.

In the case where blazars display weak or no emission lines, they are referred to as BL Lac objects, after

the AGN BL Lacertae (e.g. Padovani and Giommi, 1995). However, in the case where broad emission

lines are present, blazars are called flat-spectrum radio quasars (FSRQs). We also have blazars that are

classed as optically violent variables (OVVs). These are blazars with high optical variability (e.g. Gopal-

Krishna et al., 2011; Gaur et al., 2012). We can unify some subclasses of blazars with radio AGNs (e.g.

Xiong et al., 2015). A concise historical context is given by e.g. MacLeod and Andrew (1968), Schmidt

(1968), Visvanathan (1969), and Oke and Gunn (1974)

2.1.1.3 Quasars

Quasi-stellar radio sources (quasars; Schmidt, 1963) are one of the two largest classes of AGNs (with

Seyferts). They are themost distant and luminous class of AGNs (Schmidt, 1968) and can be grouped into

radio-loud quasars (RLQs) and radio quiet-quasars (RQQs). Like Seyfert galaxies, quasars show similar

optical properties and can be separated from other AGN classes based on their optical magnitudes (e.g.

Schmidt and Green, 1983).
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2.1.1.4 LINERs

LINERs (Heckman, 1980) are low-radio power AGNs. They show weak nuclear line emission (e.g.

González-Martín et al., 2006) and cover the lower end of the AGN luminosity distribution function (both

in the radio and γ-ray regime) partly due to their low luminosity in the core regions (e.g. Gallimore et al.,

2006). Given that LINERs show no other AGN emission properties has resulted in an ongoing debate

on whether they are in fact AGN or not (e.g. Heckman and Best, 2014) in part due to the fact that there

is an overlap with low-excitation radio galaxies (LERGs)2. This is because both LINERs and LERGs

are characterised by the presence of low-ionization line emission in their spectra and show weak or no

emission lines at high excitation levels. LERGs, however, are more powerful than LINERs and show

strong radio emission, whereas LINERs display weaker or non-detectable radio emission (see e.g. Ho,

2008, for reviews).

2.1.1.5 Radio galaxies

Radio galaxies can be distinguished on the basis of their optical line emission. Some show strong line

emission (e.g. high-excitation radio galaxies: HERGs) while others present weak or no optical emission

lines (e.g. LERGs) − I comment on the LERG/HERG dichotomy in Sec. 2.1.1.6.

Those that display strong line emission can be subdivided into broad- and narrow-line radio galaxies

(BLRGs and NLRGs respectively). Their radio emission can extend over kpc up to a few Mpc scales.

They share similar properties with radio-loud Seyferts; they differ with regard to where they live that is

radio galaxies typically live in elliptical galaxies as opposed to spiral galaxies which host most radio-loud

Seyferts. The Fanaroff-Riley type 1 and type 2 (FRI and FRII respectively) galaxies are themost common

example of radio galaxies (Fanaroff and Riley, 1974, see Fig. 2.2 for examples of FRI/II objects). The

classification of radio galaxies into FRI/FRII traditionally depends on their radio morphology and surface

brightness. Regarding radio morphology, the ratio of the length between two points with the highest

intensity to the whole emission (usually defined by R) is the factor that distinguishes the two types that

is R < 0.5 for FRIs and R > 0.5 for FRIIs. The radio structure in FRIs is described by strong two-

sided jets, disappearing into their surroundings while strong one-sided jets extending from the radio core

and surrounded by two radio lobes characterise FRIIs. In terms of surface brightness, FRIs are centre-

brightened while FRIIs are edge-brightened. The observed radio luminosity dividing line as seen by

Fanaroff-Riley is around L178 MHz ∼ 1025 W Hz−1. However, this dividing line is complex to ascertain;

an overlap of FRI/II objects has been observed on both parts of the radio luminosity regime (e.g. Gopal-

Krishna and Wiita, 2000; Mingo et al., 2019). The FRI/II dichotomy is further discussed in Sec. 2.2.2.

2See Sec. 2.1.1.6 and 2.1.2 for a discussion on LERGs.
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2.1.1.6 Other radio galaxy classifications

It is also worth commenting on other classes of radio galaxies such as LERGs and HERGs (e.g. Hine

and Longair, 1979; Tasse et al., 2008). HERGs show strong emission lines and are mostly FRIIs. They

include quasars selected in the optical (and show similar spectra to BLRGs dominating continuum emis-

sion) as well as include both BLRGs and NLRGs with similar optical spectra with those of respectively,

Seyfert 1s and Seyfert 2s (e.g. Laing et al., 1994). However, what is seen in LERGs is the absence of

strong continuum emission. LERGs are mostly FRIs; a significant number of FRIIs have also been re-

ported (e.g. Hardcastle and Worrall, 2000; Mazoochi et al., 2022). The differences in high excitation

lines (e.g. [OIII]) in HERGs and LERGs have been observed in optical, X-ray, and mid-IR wavebands

(respectively e.g. Chiaberge et al., 2002; Hardcastle et al., 2006; Hardcastle et al., 2009). Regarding

accretion onto their respective central SMBHs, HERGs show higher (between 1 and 10%) Eddington-

scaled accretion rates (hence radiatively efficient: RE) (e.g. Best and Heckman, 2012), in comparison,

LERGs accrete well below 1% of their Eddington-scaled accretion rates (hence radiatively inefficient:

RI). In addition to these differences, LERGs inhabit richer environments (e.g. Hardcastle, 2004; Mingo

et al., 2014) compared to HERGs. For a wider review see e.g. Hardcastle et al. (1998a), Hardcastle

(2004), Hardcastle et al. (2006), and Hardcastle and Croston (2020).

Other interesting compact objects relevant to this study are CSO, CSS, and GPS sources. These lumi-

nous (1025 W Hz−1 at 1.4 GHz) yet compact objects are defined on the basis of their radio spectrum

(see Chapter 4 Sec. 4.5.1 for a further discussion). They show a spectral turnover at gigahertz (GHz)

frequencies (i.e. GPSs) or a peak at megahertz (MHz) frequencies (i.e. CSSs). They are all small in

physical scales extending up to ∼20 kpc (CSSs) in projected physical scales while GPS sources extend
up to a maximum of∼1 kpc in projected physical size. CSOs are much smaller compared to GPSs/CSSs
with projected maximum linear sizes of only a few 100 pc. Their small physical sizes have led to the

idea that they are the smaller versions of extended objects and represent the AGN evolution in the early

stage (e.g. Kunert-Bajraszewska et al., 2010). For recent reviews see e.g. O’Dea and Saikia (2021).

Additionally, there has been an emergence of unresolved RLAGN numerically dominating the local

Universe at low frequencies. These objects are sometimes termed ‘FR0’ sources. This comes from the

fact that they share similar features with FRIs, but without the extended emission seen in typical FRI

sources. A detailed review is presented by, for example, Baldi and Capetti (2010), Sadler et al. (2014),

and Baldi et al. (2015, 2016). A further discussion of these sources is also given in Sec. 4.5.4 of Chapter 4.

In the above sections, I have described various classes of AGNs and in the next section, I briefly describe

how these AGN classes have been unified under the standard model presented in Fig. 2.1.
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Figure 2.2: Images examples of radio galaxies. The top panels represent the FR class: left is the FRI source, 3C 31 while on the right is 3C 98,

the FRII source. Middle panels: left is 3C 465, the wide-angle tail source, and on the right is NGC 6109, the head-tail/narrow-tail angle source.

The bottom panels: on the left is 3C 219, the double-double source while on the right is 3C 315, the core-restarting source. Well-collimated

jets can be seen in 3C 31, 3C 98, and 3C 465 while 3C 98, 3C 465, and 3C 219 show strong bright spots (hotspots). This Figure is extracted

from Hardcastle and Croston (2020).
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2.1.2 AGN unification phenomenon

In the previous sections, I have highlighted how AGN classifications are mainly associated with their

observed properties. Attempts to unify these different classes of AGNs (e.g. Blandford and Rees, 1974;

Rowan-Robinson, 1977; Scheuer and Readhead, 1979; Barthel, 1989) under the current model (Fig. 2.1)

has been an ongoing issue. The preferred AGN phenomenology interpretation has been linked to the

black hole-accretion disk paradigm (e.g. Antonucci and Miller, 1985; Lawrence, 1987; Antonucci, 1993;

Urry and Padovani, 1995). This favoured interpretation is what is believed to account for the compactness

and the high luminosity features observed in some AGNs.

A brief discussion on the unification model by Urry and Padovani (1995) based on two assumptions

thus (1) the AGN’s emitting components and (2) the AGN’s angle of view with respect to the observer

follows here. However, it is very important to note that this unification scheme does not work for all

AGNs; I comment on this and the implication in unifying RLAGN in Sec. 2.1.2.1 based on the works of

e.g. Hardcastle and Croston (2020).

As in Fig. 2.1, it is assumed that all AGNs have a central SMBH of mass &106 M� (e.g. Woltjer, 1959;

Liang and Liu, 2003; Peterson, 2015) which is the source of the high luminosity observed in AGNs;

this high luminosity is due to the release of the gravitational potential energy from the central SMBH.

Surrounding the SMBH is an accretion disk (e.g. Szuszkiewicz et al., 1996) that rotates around it. The

material in the accretion disk accumulates and loses its angular momentum, falling onto the centre of

the SMBH hence, powering it. The energy associated with the spin of the SMBH or the rotating accre-

tion disk results in the ejection of highly collimated outflows of relativistic plasma on either side3 of the

SMBH perpendicular to the accretion disk (e.g. Narayan and Yi, 1994), transporting material at relativis-

tic speeds from the central regions of the SMBH to distances away on kpc (and sometimes Mpc) scales.

In the radio regime, the identification criterion for these highly collimated outflows of plasma (jets; Bur-

bidge, 1956) on such scales is due to the synchrotron process4 − the gyration of relativistic charged

particles (e.g. electrons, positrons, or protons) as they interact with magnetic fields (e.g. Begelman et al.,

1984).

Energised photons are emitted by the accretion disk (a source of thermal radiation up to temperatures

of ∼30 000K, e.g. Malkan and Sargent, 1982) ionising the hot gas above it to form broad-line regions

(BLRs; e.g. Grier et al., 2017) within the torus (Krolik and Begelman, 1986) while the narrow-line

regions (NLR; e.g. Ho, 2008) forms farther away from BLRs. In the BLR, high-velocity dense clouds

of matter (with distances of the order of ∼10 light days) orbit above or below the disk and display

broad emission lines in the optical while in the NLR, these dense clouds of matter (which are larger

up to a few hundred pc than those in BLR) move at lower velocities and exhibit narrow-line emission

(e.g. Peterson, 1997; Osterbrock and Ferland, 2006). Located in the plane of the accretion disk (and

outside the BLR) away from the centre of the SMBH is the obscuring structure of gas or dust (i.e. the

3Or both sides (e.g. Blandford and Payne, 1982).
4See Sec. 2.2.1.1 on the theory of synchrotron emission.
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torus). X-ray observations (e.g. Markowitz et al., 2014) have revealed that the torus is a clumpy region

with different densities obscuring the BLR and the accretion disk from the view of the observer and

‘re-radiates’ emission from the central engine in infrared observations (e.g. Nenkova et al., 2008).

With regard to the observer’s angle of view of the AGN, various AGN classes can be unified into a single

entity by considering mainly the system’s orientation regarding the line of sight (e.g. Antonucci and

Miller, 1985). Properties such as the radio-loudness, radio power, and the optical spectra (e.g. Lawrence,

1987; Antonucci, 1993; Urry and Padovani, 1995) can be taken into consideration. Another property,

nuclear luminosity, was added (e.g. Tadhunter, 2008) to account for LINERs. These authors have argued

that the variation in the classification of AGNs comes down to the observation angle. For example, at

smaller angles (typically < 10◦), the torus does not obscure the BLR so we see type 1 AGNs (BL Lacs

and FSRQs) dominating the line of sight. At this angle, the jets from type 1 AGNs align well with the

observer. However, at large observing angles, we see the torus hiding the BLR from the line of sight (due

to radiation absorption by either the gas or dust in the torus) and we observe type 2 AGNs (i.e. narrow-

line FRI/FRIIs, and type 2 Seyferts). It is also thought that (independent of the system’s orientation)

the radio-loud parent population of FRIs and BL Lacs is the same on the basis of their extended radio

emission properties (e.g. Wardle et al., 1984; Antonucci and Ulvestad, 1985) while FRIIs are generally

considered to be the progenitors of FSRQs. However, this idea is somewhat untrue (e.g. Kharb et al.,

2010) following observations that have revealed that some BL Lacs show radio morphologies resembling

those of FRIIs (e.g. Bondi et al., 2001).

2.1.2.1 Comments on AGN unification

Although the AGN unified scheme proposed by Urry and Padovani (1995) provides an accepted model

for most classes of AGN, the orientation-based scheme poorly accounts for the distinctions we see be-

tween radio-loud and radio-quiet AGNs and the link to the more powerful yet compact CSS/GPS sources.

To incorporate these sources, some parameters (e.g. SMBH spin, BH mass, luminosity, and accretion

rates) can be considered (e.g Meier, 2002; Fanidakis et al., 2011). For example, CSS/GPS objects can

be unified with RLAGN by considering their evolution; this comes from the idea that suggests that these

objects are young AGN sources (e.g. Bicknell et al., 1997; O’Dea, 1998) and could evolve into the more

powerful and extended FRI/FRII sources depending on their jet and luminosity evolution (e.g. Kunert-

Bajraszewska and Labiano, 2010). Regarding the unification of radio-quiet AGNs, particularly in the

local Universe, properties such as the geometry of the central absorber, galaxy evolution, and intrinsic

differences in AGN populations can be considered (e.g. Beckmann and Shrader, 2012; Heckman and

Best, 2014).

Further complications arise from the fact that not all AGNs are intrinsically the same, particularly RLAGN.

Besides the fact that the orientation-based unification scheme by Urry and Padovani (1995) explains well

the differences between type 1 and 2 Seyferts (the difference, as suggested by Antonucci, 1993, between

the two types is mainly down to the line of sight that can be explained with regard to the obscuring torus),
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the AGN orientation-based unification scheme of RLAGN (which by observation can be separated into

HERGs and LERGs) proposed by, for example, Barthel (1989)5, does not account for LERGs. Until

recently, it was unclear on whether LERGs intrinsically did not have NLRs or were heavily obscured

that we can not see them − and so can not be unified with quasars which always show NLRs − while

showing standard features of AGN activity, however, mid-IR and X-ray observations have revealed that

there is no such evidence (respectively e.g. Whysong and Antonucci, 2004; Hardcastle et al., 2006) thus

their nuclear emission (in the optical and X-ray) all come from the active jets only (e.g. Hardcastle and

Worrall, 2000). Therefore, LERGs show no signs of an accretion disk, a torus, BLRs, nor NLRs that

effectively radiate emission (e.g. Hardcastle et al., 2007; Hardcastle and Croston, 2020) and can not be

unified under the standard model (Fig. 2.1) of Urry and Padovani (1995).

Interestingly, Hardcastle et al. (1998a) suggested that most RLAGN in the local Universe are LERGs

hence, we have to treat them separately as non-unified sources, and doing so could solve the low-redshift

problem (Barthel, 1989) in the unification of RLAGN if we also consider BLRGs as low-luminosity

quasars. In addition to the discussion given on HERGs/LERGs in Sec. 2.1.1.6, Table 2.1 summarises

the unification of LERGS (RI) and HERGs (RE) based on the works of Hardcastle and Croston (2020)

and references therein.

Table 2.1: Unification model for RLAGN. Adapted from Hardcastle and Croston (2020).

Jet at large angles to the line of Intermediate angles Jet closely aligned to line of sight

sight

Radiatively LERGs (FRI or FRII) LERGs (FRI or FRII) BL Lacs

inefficient (RI)

Radiatively NLRGs (some FRI,mostly FRII) BLRGs or lobe-dominated or steep-spectrum Core-dominated, flat spectrum

efficient (RE) quasar (some FRI, mostly FRII) or OVVquasar

2.2 Radio-loud AGN: theory and observation

In the previous sections, I highlighted examples of RLAGN (e.g. BL Lacs, OVVs, RLQs, FRI, and

FRIIs). I discuss the FRI and FRII objects further in Sec. 2.2.2.2 while the theory and observational

properties of RLAGN as a whole follow below.

2.2.1 Theory

RLAGN physics is important for modelling the emission and absorption mechanisms from specific re-

gions of AGN. The mechanism that produces radiation when say, an electron, interacts with say, an ion,

is known as free-free emission (‘FFE’) or Bremsstrahlung. FFE plays many important roles, including

the generation of AGN X-ray emissions (e.g. Longair, 2011). The reverse process of FFE is called free-

free absorption (‘FFA’). FFA plays an important role in type 2 AGNs where the dusty torus significantly

5Barthel developed the first model that suggested that looking at the radio galaxy pole-on results in BLRGs or Quasars (i.e.

we see BLRs and an accretion disk) while looking at it edge-on results in NLRGs (we seeNLRs). This model, however, breaks

down in part due to the absence of low-redshift FRII quasars (e.g. Hardcastle, 2004).
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absorbs the emission from the central region of the SMBH − In this thesis, I have deferred FFA models

and their effects on our low-luminosity compact RLAGN to the near future. In this Section and also

in Chapter 4, therefore, I only address synchrotron self-absorption (SSA). The derivations that follow

below are based on the work of Longair (2011).

2.2.1.1 Synchrotron physics

The major contribution of emission in RLAGN is synchrotron radiation. A charged particle produces

synchrotron radiation upon interacting with magnetic fields causing it to accelerate due to the Lorentz

force given by the gyrofrequency (νg) thus

νg =
eB

2πγme
(2.1)

where me is the mass of the electron, the magnetic field strength is represented by B, and γ = (1 −
v2

c2
)−1/2, the Lorentz factor of the electron. The energy loss rate, under which a charged particle q

accelerates perpendicular (a⊥) and parallel (a‖) to the lab coordinate system is

−
(
dE

dt

)
rad

=
q2γ4

6πε0c3
(
|a⊥|2 + γ2|a‖|

)
(2.2)

where ε0 is the permittivity of free space. However, the charged particle always accelerates perpendicular

to the velocity vector thus |a‖| = 0 and Eq. 2.2 reduces to

−
(
dE

dt

)
=

q2γ4

6πε0c3
|a⊥|2. (2.3)

Taking a⊥ = evBsinα/γme for the centripetal acceleration of a relativistic charged particle, Eq. 2.3 can

be expressed as

−
(
dE

dt

)
=

e4B2

6πε0cm2
e

v2

c2
γ2sin2α (2.4)

which is the total radiation loss rate. We can recast Eq. 2.4 into a more useful expression by introducing

the quantity c2 = 1/(µ0ε) thus

−
(
dE

dt

)
= 2

(
e4

6πε20c
4m2

e

)
v2

c2
c

(
B2

2µ0

)
γ2sin2α (2.5)

where the first term in brackets on the right-hand side of Eq. 2.5 is the Thomson cross-section while the

second term in brackets is the energy density of the magnetic field defined respectively as

σT =
e4

6πε20c
4m2

e

(2.6)



2.2 Radio-loud AGN: theory and observation 15

and

Umag =
B2

2µ0
. (2.7)

We can recast the total energy loss rate (Eq. 2.5) using Eq. 2.6 and Eq.2.7while taking the ultra-relativistic

limit v → c to give

−
(
dE

dt

)
= 2σT cUmagγ

2sin2α (2.8)

which applies to electronswith pitch angleα. Thus for an isotropic distribution ofα defined by p(α)dα =
1
2sinαdα, the electron probability distribution, we can integrate Eq. 2.8

−
(
dE

dt

)
= 2σT cUmagγ

2
(v
c

)2 1

2

∫ π

0
sin3αdα (2.9)

which results in

−
(
dE

dt

)
=

4

3
σT cUmag

(v
c

)2
γ2. (2.10)

This is expected for a single electron with high energy assuming the probability density is evenly spread

in all directions for pitch angle α. We can see clearly from Eq. 2.10 that the total radiation loss rate

directly relates to the energy of the particle squared. This implies that since γ = E/mec
2, electrons with

the highest energy lose energy faster from synchrotron radiation. The emission spectrum for a single

electron can be shown using the derivations of Longair to be

j(ν) = 2πj(ω) =

√
3e3Bsinα

4πε0cme
F

(
ν

νc

)
(2.11)

where the function F (ν/νc) is a constant (see Longair, 2011, for details), j(ω) is the spectrum emissivity

of a single electron defined as

j(ω) =

√
3e3Bsinα

8π2ε0cme
F

(
ω

ωc

)
(2.12)

and νc is the critical frequency
6 given by

νc =
3

2
γ2

(
eB

2πme

)
. (2.13)

The power-law distribution of an ensemble of electrons is given by

N(E) = κE−p (2.14)

where κ is the normalization of the electron energy spectrum and p is the power law index. The total

synchrotron emissivity J(ν) is then determined if we integrate over electron energies betweenEmin and

Emax (= γ2mec
2) while utilising Eq. 2.13 to yield

J(ν) =

√
3e3Bsinα

4πε0cme

∫ Emax

Emin

F (x)N(E)dE. (2.15)

6For a single charged particle, its emission peaks strongly around this frequency.
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Here, F (x) is the spectrum of a single charged particle and x = ω/ωc = ν/νc
7 at ultra-relativistic

speeds. Integrating Eq. 2.15 over energy and pitch angle,

J(ν) =

√
3e3Bκ

4πε0cme

(
3eB

2πνm3
ec

4

)(p−1)/2

a(p), (2.16)

where

a(p) =
π

2

Γ
(p
4 + 19

12

)
Γ
(p
4 − 1

12

)
Γ
(p
4 + 5

4

)
(p+ 1)Γ

(p
4 + 7

4

) (2.17)

is a constant and Γ is a gamma−function.

We can recast Eq. 2.16 as

J(ν) ∝ κν−
p−1
2 B

p+1
2 (2.18)

which shows that for a power-law synchrotron spectrum, electron energy distributions follow a power-

law relation. In astronomy, the definition of α (the spectral index) of a source is conveniently expressed

in terms of the power-law index (p) thus α = (p− 1)/2 which is expressed in the form of the observed

flux density (S) at an observing frequency (ν) by

Sν ∝ να. (2.19)

Note that we have not presumed the sign of α in Eq. 2.19; a common convention in radio astronomy.

In a synchrotron emitting source, electrons can sometimes re-absorb the radiation they produced on their

way out of the plasma. This phenomenon is known as synchrotron self-absorption (SSA; seeKellermann,

1966, for details). Using the derivations of Longair, the SSA absorption coefficient (χν) can be shown

to be

χν =

√
3e3c

8π2ε0me
kB(p+2)/2

(
3e

2πm3
ec

4

)p/2

b(p)ν−(p+4)/2 (2.20)

where

b(p) =

√
π

8

Γ
(
3p+22
12

)
Γ
(
3p+2
12

)
Γ
(
p+6
4

)
Γ
(
p+8
4

) (2.21)

is a constant. The result in Eq. 2.20 tells us that for a synchrotron emitting source, there is a turnover in

the spectrum of the source at a frequency, say νt, which occurs at an optical depth described by τSSA = 1.

During observations, when the central frequency, say ν, is greater than νt, the result corresponds to an

optically thick medium (i.e. τSSA > 1) and the opposite (i.e. ν < νt) results in an optically thin medium

(i.e. τSSA < 1). This analysis will play an important role in Chapter 4 (Sec. 4.5.2).

7Also, ωc = 2πνc.
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2.2.2 Observation: components and morphology

2.2.2.1 Components

It will be useful in future sections to briefly discuss the observed components of RLAGN (see Fiq 2.2)

in relation to the observed radio spectra. These components are jets, cores, hotspots, and lobes and are

discussed based on a historical context given by, for example, Bridle and Perley (1984) and Perley et al.

(1984). Other components of RLAGN such as plumes, wings, tails, haloes, and bridges will not be

discussed considering our objects (Chapter 4) are too compact to show these features.

• Jets− these are a significant part of emission in RLAGN. Historically, a jet is defined as a narrow

feature of a radio source that is at least a few times longer than its width. The observed spectral

index values for jets range between −1.0 ≤ α ≤ −0.5 while their emission spans the kpc scale

and sometimes the Mpc scale.

• Cores − these are observed coincident to the centre of their host galaxy and generally show flat

and/or inverted radio spectra, i.e. α > 0. Cores are unresolved on arcsecond scales (with sizes up

to a few kpc scales) and VLBI imaging (e.g. Ros and Pérez-Torres, 2012) show that they are the

synchrotron self-absorbed components of larger extended structures (jets or lobes).

• Hotspots − these are compact bright regions that are typically observed to lie in radio lobes and

usually associated with classical doubles; high luminosity sources with symmetrical double lobes

(e.g. Leahy and Williams, 1984). They show flat spectral indices between −0.5 ≤ α ≤ 0 and are

compact (maximum projected physical size of up to a few kpc).

• Lobes − these show steeper radio spectra (α < −0.7) and their structures are comparatively very

large extending up to kpc scales. Usually, lobes can be seen in powerful radio sources at both ends

of a radio jet typically symmetrically configured on both sides away from the central core region.

2.2.2.2 Morphology

In addition to the discussion given in Sec. 2.1.1.5, RLAGN are known to show a range of radio mor-

phologies (see Fig. 2.2) and in this section, I look at the radio morphologies of FRI/FRIIs which have

proven to be robust in the classification of RLAGN based on their extended radio emission and radio

luminosity.

• FRIs − these are typically low-luminosity (L178 < 1025 W Hz−1) sources and show extended

radio emission in the form of jets that are usually two-sided and interact with external environments

away from their galactic centre out on kiloparsec scales. FRIs are centre-brightened. An example

of an FRI object is the 3C 31 source shown in Fig. 2.2.
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• FRIIs − these objects usually show highly collimated one-sided radio jets, due to orientation and

relativistic beaming which have significant effects on their appearance; if the relativistic jet is

directed towards the observer, the radiation will appear brighter and the apparent size will appear

more compact than if the jet was pointed away from the observer. These jets end up in radio

lobes (which are usually large up to kpc scales) with bright spots which make them appear edge-

brightened. The luminosities of FRIIs are typically greater than 1025 W Hz−1 at 178 MHz. The

jets of FRIIs interact with the external environment on kpc (and sometimes on Mpc) scales. See

Fig. 2.2 for an FRII source e.g. 3C 98.

These two categories of FR sources have been widely studied, however, the link between radio jet mor-

phology and black hole accretion modes has been a topic of debate (e.g. Best and Heckman, 2012; Mingo

et al., 2014; Hardcastle, 2018a). In the next section, I look at some properties that attempt to explain the

Fanaroff & Riley (FR) dichotomy.

2.2.3 The FR dichotomy

Fanaroff and Riley proposed a scheme of classifying RLAGN on the basis of their morphology and radio

power. Since then, a number of attempts to explain the differences between the FR classes have been put

forward. Some of these are (1) the disparities in the properties of the IGM on interaction with the jets of

FRI/II sources (e.g. Kakiichi et al., 2018) and (2) the differences in the properties of the central engine

in the galaxies they inhabit (e.g. Giovannini et al., 2002).

The first point supports the idea which proposes that the type of radio morphology we observe is due

to interaction between jets and the IGM (e.g. Gopal-Krishna and Wiita, 2000). The second point arises

from the fact that FRIs show higher black hole masses than FRIIs (e.g. Ghisellini and Celotti, 2001)

which supports the idea that most FRIIs, particularly those classified as HERGs, accrete material onto

their central SMBH at higher Eddington-scaled accretion rates than FRIs (e.g. Meier, 1999; Marchesini

et al., 2004; Garofalo et al., 2010). Another interesting argument arises in terms of the differences in the

contents of jets (e.g. Celotti and Fabian, 1993); the fact that FRIs possess lower-radio powers on average

compared to FRIIs means that they are in direct contact with their environments hence, their jets lose their

relativistic speeds due to entrainment of various particles as they permeate their surroundings causing

them to slow down (e.g. Laing, 1994) on kpc scales while the jets of FRIIs remain relativistic throughout

(e.g. Bicknell, 1995); probably because most FRIIs live in poor environments− I comment on this point

in the next paragraph. However, despite the differences in radio luminosity as seen in Sec. 2.2.2.2, it

has also been observed that luminosities for some FRI and FRII objects overlap at high frequencies

(e.g. Gopal-Krishna and Wiita, 2000) and low frequencies (e.g. Mingo et al., 2019) with some sources

displaying hybrid characteristics between the FR classes (e.g. Gawroński et al., 2006; Stroe et al., 2022).

Following up on points (1) and (2), the variation in the properties of radio jets, radio luminosities, and

radio morphologies between the two FR classes is in part associated with differences in the properties of
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their environments (e.g. Miraghaei and Best, 2017). FRIs are associated with optically bright elliptical

galaxies and live in rich galaxy clusters while FRIIs are associated with ‘normal’ elliptical galaxies, are

typically isolated, and live in poor group environments. However, this is not entirely true as observational

evidence for high redshift (z ∼ 0.5) FR sources (e.g. Hill and Lilly, 1991) suggest that both FR classes

live in rich cluster environments. Attempts to reconcile the differences between the two FR populations

have been drawn from observation of the differences in accretion modes and based on this, the idea that

FRIIs are expected to eventually evolve into FRIs has been suggested (e.g. Maraschi and Rovetti, 1994;

Wang et al., 2011).

In addition to the discussion, the emergence of a population of unresolved/compact RLAGN numerically

dominating the local Universe will provide a better picture in understanding the FR dichotomy. The fact

that some of these compact RLAGN (e.g. FR0s) have been linked to FRIs but without the extended emis-

sion seen in FRI sources is interesting in itself and further studies of the so-called FR0s will expand our

knowledge on the FR dichotomy as well as improve our understanding of AGN feedback− I summarise

AGN feedback models in the next section.

2.3 AGN feedback models

As mentioned earlier, one of the challenges that arise in unifying AGNs is their role in the formation and

evolution of galaxies through the process known as AGN feedback. See e.g. Croton et al. (2006) and

Hardcastle and Croston (2020) for reviews.

The time required for AGNs to evolve (e.g. Smolčić et al., 2009; Fabian, 2012; Best et al., 2014) has a

direct consequence on the growth of SMBHs and on SF (see Silk and Rees, 1998; Di Matteo et al., 2005).

The effects of AGN activity on the intercluster medium (ICM) as well as the luminosity function of AGNs

(e.g. Rigby et al., 2011; Bharadwaj et al., 2014) can be explained by AGN feedback models. It has been

shown (analytically and to some extent observational− see below) that the jets of powerful RLAGN (e.g.

FRI/IIs) have an effect on their surroundings when they transport galactic outflows (various gas phases)

on galactic scales (e.g. Morganti et al., 2005a,b) which results in either slowing or entirely stopping the

hot gas responsible for SF from cooling (e.g. Somerville and Davé, 2015; Hardcastle and Croston, 2020).

Here I summarise the two favoured AGN feedback models: the radiative (quasar) and the kinetic (radio)

mode.

• Quasar mode: this AGN feedback model is largely based on simulations (e.g. Richardson et al.,

2016) which provide a working mechanism that agrees with other galaxy formation and evolu-

tion models. This mode introduces the idea were galaxy mergers play a significant role in AGN

activity. This theorises that galaxies interact with each other to merge into one big galaxy. This

merging results in the disruption of the galactic bulge which triggers AGN activity; probably due

to high accretion rates or the direct depositing of matter onto the AGN core as a result thereof. The

radiating winds driven by mergers sweep through galactic environments heating up the cold gas
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responsible for SF and so slowing (and sometimes halting) stars from forming. This process, if it

occurs, takes place primarily in high redshift (z ∼ 2) and very luminous (RE) AGNs (quasars; e.g.

Harrison, 2017)

• Radio mode: there is evidence based on observation (e.g. Best et al., 2006; Fabian, 2012) for this

heating mechanism which occurs in the cold central regions of galaxy clusters. The centre of rich

galaxy clusters is expected to be colder (due to cool molecular clouds responsible for SF) than

their outer regions, however, the input energy from jets of powerful RLAGN permeate through

the ICM, generating hot bubbles and heating up the fuel (halo gas) responsible for the cooling

of these clouds hence regulating the rate of accretion consequently slowing or entirely halting

SF. Observational evidence, therefore, makes this the preferred working mechanism in the local

Universe.

The test of AGN feedback models has primarily been associated with powerful RLAGN; however, the

energy input that low-luminosity compact RLAGN deposit into their environments is as yet unknown.

There seems to be a vast majority of low-luminosity compact RLAGN, particularly in the local Universe,

and they should be given the attention they deserve if we are to fully comprehend AGN feedback models.

2.4 Radio interferometry

Not much information was known about radio galaxies and their emission until the advent of radio inter-

ferometry (Ryle, 1952) which enabled us to detect and study them. However, it was not until observations

such as those of Northover (1973) on the radio galaxy 3C 66 that a more detailed study of radio jets was

revealed. This laid the foundation for understanding radio jets’ origins, dynamics, and energetics.

Radio interferometry is the use of many individual dishes that can be spread over a large area to function

as a large-single telescope. By definition, the angular resolution of an interferometer is represented

mathematically as

θ =
λ

Bmax

(2.22)

where the wavelength is represented by λ and Bmax represents the maximum separation between two

telescopes/dishes (baseline). Using radio interferometry, the highest angular resolution down to the sub

milli-arcsecond range can be achieved, enabling high resolution observations over wider observation

bandwidths. The high resolution that interferometers provide, therefore, allowed for the discovery of

celestial objects such as RLAGN.

2.4.1 Theory of a two-element interferometer

To understand how interferometers work, I summarise in this Section the theory behind the two-element

interferometer which is the simplest example that shows how large-scale interferometers operate. The
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derivations presented here come from the work of Thompson et al. (2017).

Figure 2.3: The two-element interferometer schematic diagram. The Figure is an adaption from Taylor et al. (1999).

A source in the sky is observed by both telescopes, however, the radiation of the object is recorded by

the first (1) telescope with respect to the second (2) with a geometrical delay8 τg thus

τg =
~b.̂s

c
(2.23)

where ~b is the separation between the two telescopes, ŝ is the source directional unit vector, and c is the

speed of light. We can define the phase φ in relation to the geometrical delay in Eq. 2.23 as

φ = ωτg =
2π

λ
~b.̂s (2.24)

where c = λv and in this case, λ is the observing wavelength. The voltages (V1 and V2) induced by the

source’s radiation is given by V1 = v1cos(2πν(t − τg)) and V2 = v2cos(2πνt) which when correlated

results in

〈V1V2〉 = 〈V cos(ωt)cos(ω(t− τg))〉 (2.25)

where V = v1v2 for the same source and ω = 2πν. In this case, the time average is represented by the

angled brackets. Applying some algebra to Eq. 2.25 and taking into consideration that ωt averages to

8The term geometrical delay comes from the fact that the delay relies on the relative position of the antennas and the source

in the sky.



2.4 Radio interferometry 22

zero in faster oscillations, we get

〈V1V2〉 =
(
V 2

2

)
cos(ωτg) (2.26)

the final correlator output. As the position of the antennas relative to the sky changes due to the Earth’s

rotation, the source direction with respect to the baseline vector ~b also changes which results in a sinu-

soidal variation (fringes) of the correlator response. Therefore, the correlator casts patterns of fringes of

period (2π~b′ .̂s) onto the sky. The vector ~b′ is defined by ~b′ =
~b
λ . The elements of the interferometer can

generally measure both even and odd fringes which leads to

V ′ = 〈V1V
∗
2 〉 =

V 2

2
[cos(ωτg)− i sin(ωτg)] =

V 2

2
e−2πi~b′ .̂s (2.27)

the complex fringe. Integrating this equation over the source size results in

V (~b′) =

∫ ∫
Ω
I(ŝ)e−2πi~b′ .̂sdŝ (2.28)

the Van Cittert-Zernike theorem. In this case, Ω is the area of the source and I = V 2/2. Expressing the

baseline coverage in terms of (u, v) coordinates9, and the distribution of the source in terms of directional

cosines (l,m), Eq. 2.28 can be represented in a useful two-dimensional Fourier transform thus

V (u, v) =

∫ ∫
Ω
I(l,m)e−2πi(ul+vm)dl dm (2.29)

which is one of the fundamental equations in interferometry for measured visibilities V (u, v). Eq. 2.29

tells us that the visibility V is a Fourier transform of the sky brightness distribution.

Sampling many (u, v) points, therefore, enhances the sky brightness distribution reconstruction, and

to achieve this, many telescopes with different separations can be combined to form interferometers.

Examples of such facilities include high resolution interferometers such as LOFAR and the VLA; I

introduce these two telescopes in the next subsections. These two radio interferometers have delivered

extraordinary results in the investigation of celestial objects such as RLAGN.

2.4.2 LOFAR

The LOw-FrequencyARray (LOFAR) is a facility built by theNetherlands Institute for RadioAstronomy

(ASTRON). Its stations have reached a baseline of about 100 km in the Netherlands and consist of about

25 000 antenna dipoles concentrated in 52 stations, currently spread over ∼7 European countries. For
radio observations, LOFAR is one of the largest interferometers in the world, offering high sensitivity and

wide bandwidth observations at very low frequencies (120−168MHz). One of the greatest capabilities of

9In radio astronomy, (u, v) coordinates refer to spatial frequencies (or wavelengths) of radio signals arriving at each antenna.
Here the u-axis represents the east-west direction, whereas the north-south direction is represented by the v-axis (see Chapter 4
of Thompson et al., 2017). We can use these coordinates to calculate the interferometric baseline between two or more antennas

to improve the uv coverage; the sensitivity of a radio telescope to large- and small-scale radio emission.
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LOFAR is carrying out deep extragalactic large northern sky surveys at these frequencies. The LOFAR

Two-meter Sky Survey (LoTSS; see respectively Chapters 4 and 5 on a summary of the first and second

data release) has provided large extragalactic samples for a wide area at low frequencies both of RLAGN

and SFGs (Shimwell et al., 2019, 2022).

Figure 2.4: LOFAR stations across Europe. Credit: ASTRON.

2.4.3 The VLA

The Karl G. Jansky Very Large Array (herein referred to simply as the VLA) is an interferometer lo-

cated in New Mexico, USA. It is managed by the National Radio Astronomy Observatory (NRAO). It

comprises 28 (27 operational and 1 spare) parabolic single dishes (25 metres in diameter) capable of

observations between 1 and 50 GHz. These antennas are mounted on a ‘Y’ shaped rail track allowing

for a variety of array configurations (i.e. A, B, C, or D-configurations). It can be arranged in its most

extended form with an array maximum antenna separation of up to 36 km (the A-configuration) or in its

most compact array configuration (the D-configuration) with a maximum array antenna separation of up

to 1 km. This flexibility enables us to zoom in and out to observe radio galaxies. The D-configuration

allows us to detect diffuse emission, whereas the A-configuration allows for the detailed study of com-

pact structures in radio galaxies. With multiple receivers available, the VLA’s resolution depends on the

observing frequency.

https://www.astron.nl/telescopes/lofar/
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Figure 2.5: The Y-shaped VLA antennas are placed on rails to accommodate various array configurations, i.e. A, B, C, or D configurations.

Credit: NRAO.

2.5 Project aim

In the present chapter, I have discussed various classes of AGNs, their unification, and their impact

on galaxy formation and evolution. This thesis aims at studying the nature of low-luminosity compact

RLAGN selected from the LOFAR AGN population and I hope to answer this aim with high-resolution

VLA observations of these sources.

https://public.nrao.edu/telescopes/radio-telescopes/


Chapter 3

The methodology

As mentioned in Chapter 2 (Sec. 2.4.1), the goal of recording observations with interferometers is to en-

sure that the true sky brightness is recovered by Fourier transforming the sampled visibilities. However,

these visibilities contain uncorrelated signals that lead to amplitude and phase errors. To correct these

errors which are also mixed with signals from other sources, a procedure known as data reduction has

to be implemented. Data reduction consists of inspecting and flagging bad data, correcting phase and

amplitude errors (calibration), reconstructing the true distribution of the sky brightness (deconvolution),

and finally, but not always necessary, using a model of the image produced by deconvolution to further

improve errors in phase and amplitude of the visibilities (self-calibration).

This Chapter briefly explores general VLA data reduction techniques using the Common Astronomy

SoftwareApplications (CASA). A summary of these procedures is represented by a flow chart in Sec. 3.1.6.

The version of CASA used throughout this thesis is CASA 6.3.0.48.

3.1 CASA

CASA1, developed by a group of international scientists of the National Radio Astronomical Observa-

tory (NRAO)2, the European Southern Observatory (ESO)3, the National Astronomical Observatory of

Japan (NAOJ)4, the CSIRO Australia Telescope National Facility (CSIRO/ATNF)5 and the Netherlands

1https://casaguides.nrao.edu/
2https://public.nrao.edu/
3https://www.eso.org/public/
4https://www.nao.ac.jp/en/about-naoj/
5https://www.csiro.au/en/about/facilities-collections/atnf
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Institute for Radio Astronomy (ASTRON)6 is an astronomical software package designed to reduce ad-

vanced radio astronomical observations from telescopes such as the VLA. The software is written in

PYTHON
7 and C++

8 and consists of a range of data reduction tools that can be implemented interactively

under an IPYTHON interface. This also gives the user an added advantage to running a set of commands

at one time using a PYTHON script both interactively and non-interactively.

In the succeeding sections, I describe in detail CASA’s set of commands and tools used for reduction

procedures on VLA data used in this thesis.

3.1.1 Basic Data Inspection

Before data calibration, it is imperative to first inspect and establish the nature of the data as well as

take into consideration any information provided by the observer during observations. For the VLA data

used in this thesis, this information is accessed online by downloading the observer log9. Before data

calibration, all reported issues should be taken into consideration.

3.1.1.1 List Observations

To determine the nature of the data, LISTOBS (list observations) task is used. This task lists all the infor-

mation such as the name of the observer, date and time of observation, total integration time, number

of spectral window IDs used, amplitude calibrator, phase calibrator(s), polarization calibrator, target

sources, and so on.

3.1.1.2 Plot Antenna Positions

It is important to plot the configuration of the interferometer by using the task, PLOTANTS. This informa-

tion is important in picking a reference antenna for data reduction techniques usually chosen from the

middle of the configuration. After running PLOTANTS, our data was observed in the most extended array

configuration, the A-configuration. This configuration is important for observations of compact sources.

3.1.1.3 Basic Data Editing

The final step in basic data inspection is data editing. Any issues reported from the observer’s log (eg.

faulty antennas) can be edited out using the task FLAGDATA. The setup scan, usually the first scan, is also

6https://www.astron.nl/
7https://www.python.org/
8https://cplusplus.com/
9http://www.vla.nrao.edu/cgi-bin/oplogs.cgi

https://www.astron.nl/
https://www.python.org/
https://cplusplus.com/
http://www.vla.nrao.edu/cgi-bin/oplogs.cgi
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edited out. In the final editing, it is common practice that initial samples (≤10s) from the beginning of

each scan be flagged as well (called quack flagging).

3.1.2 Radio Frequency Interference (RFI) Mitigation

After basic data inspection and editing based on a priori information, it is useful to further inspect the data

using the data visualization tool PLOTMS. Plotting the data in amplitude versus time (or versus frequency)

is a good idea to see if there are any obvious issues with the data. At this point, any amplitude spikes

caused by Radio Frequency Interference (RFI) dominating a few spectral window IDs can be removed

by the Hanning-smooth algorithm, which removes Gibbs ringing, using the task HANNINGSMOOTH
10. A

new MS file is created by this task. It is strongly recommended to back up your data using the task

FLAGMANAGER before running the Hanning-smooth algorithm. Further RFI excision can be followed up

with automated FLAGDATA in-built tasks such as TFCROP, before data calibration, and RFLAG, which works

on calibrated data only.

3.1.3 Data Calibration

At this stage, we can begin calibrating the data by choosing a convenient reference antenna to be used

throughout the entire calibration process. We can achieve this by various methods, one of which is setting

the y-axis in PLOTMS to ANTENNA2. Antennas with missing data blocks are bad choices for a reference

antenna. Also, it is standard to choose a reference antenna from the middle of the array.

To understand the calibration process better, the observed visibility V is presented in terms of frequency

(f ) and (u, v) coordinates thus

Vi,j(u, v, f) = bij(t)[B
∗
j (f, t)]gi(t)gj(t)Vi,j(u, v, f)e

i[θi(t)−θj(t)] (3.1)

here,

• gi and θi are complex gains (i.e. amplitudes and phase portions) generally determined separately

and,

• Bi is the complex bandpass (i.e. the equipment response of the receiver to specific signals at a

certain frequency).

The general calibration process as seen from Eq. 3.1 is therefore deriving a series of corrections from

calibrator sources which are then applied to science targets.

10https://casa.nrao.edu/docs/taskref/hanningsmooth-task.html

https://casa.nrao.edu/docs/taskref/hanningsmooth-task.html
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3.1.3.1 A Priori Antenna Position Corrections

The first data corrections to be derived are antenna positions using the task GENCAL. Recall from Sec. 3.1.3

Eq. 3.1 that the visibility V is a function of the (u, v) coordinates, knowing the exact positions of the

VLA antennas is helpful in correctly correlating for each signal for a good estimation of the final image.

The task GENCAL automatically looks for these corrections if antenna positions were updated into the

NRAO online database11 after the observation date.

3.1.3.2 Initial Flux Density Scaling

After correcting for antenna positions, we need to find all calibrator models using the task SETJY. Here, we

provide a flux density value for the primary calibrator and at a later stage, transfer the flux density scaling

to secondary and polarization calibrators. This is to determine the amplitude antenna gains (gi from Eq.

3.1). Using SETJY, we locate the VLA standard model (at C-band) 3C286_C.im for our flux calibrator 3C286.

We then apply this flux density standard solution with the task PERLEY-BUTLER 2017 (Perley and Butler,

2017).

3.1.3.3 Initial Phase Calibration

This step is usually carried out before solving for the bandpass. The task GAINCAL is used. Here we need

to correct for phase variations before solving for the bandpass itself. This is to prevent de-correlation

due to data averaging as phase variations occur on the bandpass calibrator from scan to scan at different

elevations which may affect the final bandpass solution. Only a portion of middle channels (for a rea-

sonable signal-to-noise ratio) is chosen from which to derive gain corrections. A small solution interval

is also preferred to track phase changes.

3.1.3.4 Delay Calibration

The next step in building up to bandpass calibration is delay calibration. In this step, we solve antenna-

based delays again using the task GAINCAL while choosing a convenient reference antenna. During this

process, phase variations introduced by these delays against the frequency channel in each spectral win-

dow are corrected and this is achieved by avoiding channels at the edges of each spectral window as they

may have low sensitivity.

11http://www.vla.nrao.edu/astro/archive/baselines/

http://www.vla.nrao.edu/astro/archive/baselines/
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3.1.3.5 Bandpass Calibration

Once the delays are corrected, we can proceed with solving the complex bandpass. The task used for this

stage is BANDPASS. The main purpose here is to compensate for variations in receiver instrument response

at specific frequencies. This calibration process hence involves measuring and correcting the parts of

the gains that depend on frequency (Bi; Eq. 3.1). Since the bandwidth is split into channels, frequency

variations will occur as the signals are transmitted partly due to frequency-dependent effects. To solve

this problem, the solution interval is set such that all solutions for all times are combined while respecting

scan boundaries. This accounts for variations of phase and amplitude with frequency.

3.1.3.6 Gain Calibration

In this step, we now derive complex antenna gain corrections (i.e. gi and θi; Eq. 3.1). We achieve this

by first deriving complex gain solutions for the amplitude calibrator and then deriving complex gain

solutions for the phase calibrator (a position in the sky closer to the target). This way, we can determine

appropriate solutions for the target source. We also derive complex gain corrections of the polarization

calibrator.

3.1.3.7 Scaling the Amplitudes

The final stage of deriving calibration solutions is obtaining the true flux densities of phase and polar-

ization (secondary) calibrators. The task FLUXSCALE is used to produce a properly-scaled amplitude gain

calibration table for secondary calibrators. Since we determined the flux density of the primary (ampli-

tude) calibrator (see Sec.3.1.3.2), we use this as our reference to compute the true flux density of the

secondary calibrator.

3.1.3.8 Applying Calibration

Once all gain calibration solutions have been derived, the final stage is applying these solutions first

to calibrator sources themselves (nearest interpolation), then to the target sources (linear interpolation).

This is achieved by the task APPLYCAL. The results computed by this task are stored in the so-called

CORRECTED_DATA column.

3.1.4 Preparing Calibrated Data for Imaging

The next stage after data calibration procedures described in Sec. 3.1.3 is preparing data for imaging

(see Sec.3.1.4.1). However, traces of bad data may still be noticed. At this stage, we can utilise an
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auto flagging tool in FLAGDATA’s task, RFLAG. This task only works on calibrated data by utilising the

CALIBRATED_DATA column. If bad data is still noticed, we can flag it interactively using PLOTMS.

Finally, we can split out sections of the data (target sources) from themeasurement set’s CORRECTED_DATA

column using the task SPLIT in readiness for imaging. We can also take advantage of this task to average

the data in time and/or in channel in order to save computation time. Once the target sources are split,

we can utilise the STATWT task to correct data weights for the new measurement set (MS). This corrects

for the effects due to relative noise scatter arising from flagging.

3.1.4.1 Data Imaging

Having split the target data, the CORRECTED_DATA column now becomes the new DATA column in our

measurement set. Imaging in CASA utilises the task TCLEAN. This deconvolves the dirty beam (DB)

from the image. We know that the visibility data V and the sky brightness (I) are Fourier transform pairs

therefore, we can recast Eq. 2.29 as

I(l,m) =

∫
V (u, v)e[2πi(ul+vn)]dudv (3.2)

where u and v are baseline coordinates in wavelength units and m and l are sky directional cosines

relating to the right ascension (l) and declination (m) for most VLA observations.

Imaging in CASA makes use of the task TCLEAN. This algorithm was first published by Högbom (1974).

It deconvolves radio astronomy images by assuming that the sky (image) consists of a series of point

sources. Högbom presented this algorithm to operate iteratively in the image plane and distinguish be-

tween real structures and sidelobes on the dirty map (DM) using the DB. To summarise their work, the

algorithm works as follows:

1. find and compute the brightest value in the image,

2. then subtract the DB from the position of the brightest value.

3. Repeat (1) and (2) until the brightest value is indistinguishable from the noise level.

Several extensions and variations to the Högbom algorithm have been developed ever since. For exam-

ple, the Clark (1980) algorithm (used in this thesis) presents the idea of cycles (major and minor cycles)

to address the issues of computational time in performing the Högbom algorithm. This was achieved by

introducing Fast Fourier Transforms (FFTs). Essentially, minor cycles work exactly like the procedure

discussed in the Högbom algorithm. However,

1. only a beam area with the highest exterior sidelobe is selected,

2. points in the dirty image brighter than the beam’s outermost sidelobe are selected then
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3. the procedure outlined in the Högbom algorithm is performed using both the points and the beam

selected in (1) and (2).

The major cycle proceeds by transforming and removing the so-called “clean” components computed in

the minor cycle from the residual map in a single step using the FFT.

A few other settings have to be determined before data imagining can be implemented with TCLEAN. It

is important to choose convenient imaging parameters for our split target sources. Some of the image

parameters that we need to determine are CELL SIZE, IMSIZE, GRIDDER, DECONVOLVER, THRESHOLD, NITER,

and WEIGHTING. To determine the CELL SIZE, we can capitalise on using the task PLOTMS in determining

the maximum baseline (Bmax) by plotting the amplitude versus uvwave (units of wavelengths) and pick

the highest uv distance. Then we take advantage of Eq. 2.22 (angular resolution of an interferometer)

to compute the angular size of each pixel (cell size) in our image. Effective cleaning can be achieved

across the synthesized beam if we use 3-5 pixels (Np). Therefore, building on Eq. 2.22, we can compute

the cell size as:

cell size ≈ 180

πNp

× λ

Bmax(λ)
(arcsec). (3.3)

Next we determine the image size, IMSIZE. A good image size is one that is divisible by 2, 3, 5, and 7 (i.e.

an image size of the order 2n × 10, where n is an integer). A good image size would therefore be, 80,

160, 320, 640, 1280, 2560, or 5120. The image size should be large enough to remove PSF sidelobes

and not too large enough to compromise deconvolution performance.

To determine the choice of a deconvolution algorithm, DECONVOLVER, the source and interferometer con-

figuration have to be considered. For our data observed in the A configuration, it is expected that the

source is a compact source hence choosing the CLARK or HÖGBOM method should work just fine. A rule

of thumb is if the total bandwidth divided by the central frequency is less than 10% (BW/vc < 10%),

choose the CLARK algorithm, otherwise choose the MTMFS algorithm. For extended sources, we can con-

sider choosing the MULTISCALE
12 algorithm and setting the SCALES parameter.

3.1.5 Self-calibration

The so-called self-calibration follows the same standard as the data calibration procedures described

above. Here, however, we concentrate only on the target source. Recall from Sec. 3.1.3 that we derived

approximate phase and amplitude solutions using calibrator sources, here, we want to improve upon

this by using a model created from imaging the target itself to correct errors due to atmospheric varia-

tions between phase calibrators and target sources. Self-calibration uses the tasks TCLEAN, GAINCAL, and

APPLYCAL. It can be summarised as follows:

12See reviews by, for example, Cornwell (2008).



3.1 CASA 32

1. create a model image using TCLEAN,

2. derive gain corrections using GAINCAL by choosing a good solution interval,

3. then apply gain solutions with APPLYCAL.

4. Re-image (TCLEAN) to obtain the final image.

However, it is important to know that self-calibration demands patience while changing and adjusting

different parameters to obtain good results. For further details onwhen to use self-calibration see CASA’s

cookbooks13.

3.1.6 Data reduction and calibration summary

A flow chart summarising the entire data reduction and calibration procedure is presented in Figure 3.1.

Figure 3.1: A flow chart summarising data reduction and calibration procedures presented in this Chapter. Credit: NRAO

13https://casa.nrao.edu/casa_cookbook.pdf

https://casa.nrao.edu/Release3.4.0/docs/userman/UserManse6.html
https://casa.nrao.edu/casa_cookbook.pdf


Chapter 4

Low-luminosity compact RLAGN

4.1 Introduction

One of the most important reasons for studying the jets of powerful RLAGN (e.g the Fanaroff and Riley,

1974, FRI/II sources) stems from the drive to understand their impact on galaxy formation and evolution

through AGN feedback models (see Morganti et al., 2005a,b; Croton et al., 2006; Somerville and Davé,

2015; Hardcastle and Croston, 2020, see also Chapter 2 for a summary on AGN feedback). Recently, an

interest in studying physically small (less than 100 kpc) RLAGN and their impact on their surroundings

(e.g. Jarvis et al., 2019; Ubertosi et al., 2021) has emerged. These objects range from powerful yet com-

pact RLAGN (e.g. CSS/GPS objects; Bicknell et al., 2018; O’Dea and Saikia, 2021) to low-radio power

yet resolved galaxy scale jets (GSJs; Webster et al., 2021a,b) and low-radio power compact RLAGN, the

so-called Fanaroff-Riley class 0 sources (‘FR0s’; see Baldi and Capetti, 2010; Baldi et al., 2015, 2016;

Baldi et al., 2018). Thanks to LoTSS, we can detect these objects in large numbers at low frequencies

(150MHz). In this Chapter, I present high-resolution (0.35 arcsec) 6 GHz VLA observations of a sample

of 55 low-radio power compact RLAGN selected from the LOFAR AGN population based on LoTSS

DR1.

4.1.1 The LoTSS DR1

The LoTSS DR1 (Shimwell et al., 2019) − a brief description of DR2 (Shimwell et al., 2022) is given

in Chapter 5 − provided a catalogue of 318 520 radio sources both of SFGs and RLAGN after arte-

fact rejection and source association/deblending. LoTSS DR1 consists of 424 deg2 of data in the region

33
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of the HETDEX1 (e.g. Gebhardt et al., 2021) Spring field at right ascension and declination between

160◦ < RA < 230◦ and 45◦ < Dec < 57◦ respectively. It consists of 6 arcsec resolution observations

with a median RMS value of around 70 µJy beam−1. The 318 520 sources were optically identified

using PanSTARRS2(Kaiser et al., 2002) and WISE3(Wright et al., 2010) data resulting in a 72% identi-

fication fraction (see Williams et al., 2019, and references therein). For radio objects where the observed

spectral index is typically α = −0.7, the LoTSS survey is approximately ten times deeper than FIRST4

(Becker et al., 1995) and NVSS5 (Condon et al., 1998) surveys. LOFAR’s short and long baselines can

be combined to make it more sensitive in observing both compact and extended sources in the radio sky.

Despite significant advances and developments in hardware and software for radio astronomy, a major

challenge remains in understanding RLAGN emitting at much lower radio luminosities. This is mostly

because SFGs are also known to emit at radiowavelengths which result in an overlap of radio luminosities

with RLAGN (Condon, 1992). SFGs are known to dominate radio sources below flux densities of 10

mJy (e.g. Windhorst et al., 1985; Afonso et al., 2005; Wilman et al., 2008), whereas RLAGN dominates

at higher flux density values (e.g. Condon, 1984; Magliocchetti et al., 2000). RLAGN separation from

SFGs remains a key challenge and to successfully study them with radio instruments such as LOFAR,

models to separate RLAGN from SFGs have since been developed. It is worth describing some of these

separation models in brief below.

4.1.2 AGN-SF separation

The LoTSS DR1 RLAGN sub-sample studied in this thesis was constructed by Hardcastle et al. using

the AGN-SF separation methods of Sabater et al. (2019). A brief description of those methods follows

here.

The best AGN-SF separation method would make use of the radio excess of RLAGN over the emission

expected from the measured SFR. This proposes selecting RLAGN if and only if their radio emission

exceeds the emission expected to result from SF (e.g. Hardcastle et al., 2016). This method, however,

requires good SFR information (e.g Gürkan et al., 2018; Smith et al., 2021) to be practical, which are

unavailable at the moment for sources in the HETDEX field. This leaves us with other AGN-SFmethods

that rely on diagnostic diagrams. The first and most common AGN separation model was developed by

Baldwin et al. (1981). In this method, line diagnostic diagrams are used to select extragalactic sources us-

ing their emission lines in the optical. However, this method depends on sources with clear emission line

detections, and not all low-luminosity RLAGN would show as AGN on these line diagnostic diagrams.

In the second method proposed by Machalski and Condon (1999), radio and far-infrared luminosities of

sources are compared. Themethod typically relies on the FIRC6 of SFGs. The third method describes the

1The Hobby-Eberly Telescope Dark Energy Experiment.
2The Panoramic Survey Telescope and Rapid Response System.
3The Wide Field Sky Explorer.
4The Faint Images of the Radio Sky at Twenty Centimetres.
5The NRAO VLA Sky Survey.
6The tight far-infrared radio correlation.
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comparison of the ratio of the radio luminosity per unit of stellar mass against the 4000Å break strength

(Best et al., 2005b). Kauffmann et al. (2008) further built upon this method by considering the ratio of

the radio luminosity against the Hα luminosity. Using these models, Sabater et al. (2019) modified and

extended the works of Best and Heckman (2012) resulting in the W2-W3WISE colour model. This pro-

poses that SFGs separate from hosts of RLAGN in their WISE colours (e.g. Wright et al., 2010). These

AGN-SF separation methods have limitations and selection effects which can be reduced by applying as

many methods as possible and then cross-matching them to obtain a purer sample of radiative AGN; I

return to this point in Sec. 4.2.

This thesis utilises a larger sample of RLAGN derived from LoTSS DR1. Hardcastle et al. (2019)

constructed this sample by extending the works of Best et al. (2005b) to much lower radio luminos-

ity (L150 MHz > 1021 WHz−1) levels detectable by LOFAR using spectroscopic and photometric tech-

niques. To summarise their selection criteria, the starting point is the LoTSS DR1 consisting of the full

(F) sample of 318 520 radio sources. Objects were selected such that they contain a Flux-complete (FC,

0.5 mJy flux cut) as well as Optical ID information (O), spectroscopic redshifts (Z), and ‘Good’ pho-

tometric redshift estimates (ZG) (see Wright et al., 2010; Chambers et al., 2016; Williams et al., 2019;

Duncan et al., 2019). This resulted in 71 955 (FCOZG) radio sources. A cross-match of this sample

with the MPA-JHU7 sample resulted in 12 803 (FCOZGM) radio sources. 3706 RLAGN were selected

from the FCOZGM sample with the remaining 9097 radio sources selected as SFGs and removed. Fur-

ther, radio sources with WISE colours consistent with SFGs colours were removed together with those

without available WISE data unless those that satisfied these conditions: their radio luminosities greater

than 1025WHz−1 at 150 MHz, Ks band magnitudes greater than −25 for non-quasars, and Ks band

rest-frame magnitude less than−25 for quasars. Their radio luminosities should also be defined by log10

(L150) > 25.3 − 0.06(25 + Ks). Applying these mechanisms, therefore, resulted in 23 344 RLAGN

sources (see Fig. 4.1). Hardcastle et al. (2019) noted that this AGN-SF separation criterion does not

provide an ideal RLAGN sample considering that there is an overlap in RLAGN and SF sources due

to errors in the WISE colours8, however, the most reliable RLAGN are those selected by spectroscopic

methods.

Using analytical models derived byHardcastle (2018b), Hardcastle et al. (2019) used the RLAGN sample

to construct a power-linear size diagram in which they showed that while the distribution of the projected

physical sizes at the more luminous end of the AGN population is consistent with a uniform lifetime func-

tion distribution (distribution of possible jet active times), the class of low-luminosity compact RLAGN

[which are numerically dominant and many of them are physically very small (<100 kpc) in projected

physical scales] may require a different model from the more powerful and better-understood large ob-

jects. In addition, a model in which low-luminosity compact objects are the young counterparts of the

more powerful sources is rejected unless most of these objects at these luminosities do not survive to old

age. A plausible speculation, however, is that they could be the low-jet-power continuation of the more

7https://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/
8A majority of sources in the WISE W3 band, in particular, are non-detections and their sizes are upper limits. This does

not affect the selection of RLAGN as their values can not be arbitrarily lower than the set limits; however, these sources are

expected to be positioned further away to the left side of Fig. 4.1.

https://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/
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Figure 4.1: The final 23 344 RLAGN selected by Hardcastle et al. following a WISE AGN-SF separation technique based on WISE colours.

Green points show the whole RLAGN sample overlaid with the position of RLAGN sub-sample under study (see Sec. 4.2 describing the

construction of the LOFAR sub-sample). WISE AB magnitudes have been converted to Vega magnitudes. The line (black) boundary indicates

the locus of points where SFGs dominate in WISE colours. Note that some of the sources on this plot are upper limits, particularly in the WISE

W3 band. This does not affect the selection criteria for these sources as the set limits can not be arbitrarily lower than those limits; however,

these sources are expected to be further away to the left side than shown.

luminous and larger RLAGN, and if this is the case, then we may be underestimating the input energy

that they may be injecting into massive galaxies. Similar physically small, compact objects on galaxy

scales (‘FR0s’) have previously been studied (Baldi and Capetti, 2010; Baldi et al., 2015, 2016; Baldi

et al., 2018): as yet, little is known about how they contribute to AGN feedback. However, LOFAR’s

short baselines give us an added advantage in selecting these objects in a simple and homogeneous way

without missing significant extended emission and we can robustly remove SF sources thanks to our

excellent ancillary data.

I aim to investigate the nature of these ubiquitous low-luminosity compact RLAGN inhabiting massive

galaxies. Are these low-luminosity RLAGN scaled-down versions of the better understood AGN pop-

ulations that we see at high luminosities with double lobes inflating bubbles in the IGM, or are they

morphologically different? On what scales do they affect the IGM of the host galaxy?

I aim to answer these questions using VLA observations of low-luminosity compact RLAGN selected

from LoTSS DR1.
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4.2 The LoTSS data

In this subsection, I summarise the construction of a sub-sample of 55 low-luminosity compact RLAGN

by Hardcastle et al.. These objects were selected based on their compact nature in LoTSS DR1. The

authors then obtained high-resolution VLA observations of these sources (see Sec. 4.3) which I analyse

using a new set of high-quality LoTSS DR2 images (Shimwell et al., 2022).

To investigate the nature of these compact objects, Hardcastle et al. carefully and conservatively con-

structed a LOFAR sub-sample of 55 RLAGN candidates based on LoTSS DR1. They started by (1)

selecting all DR1 sources cross-matched with the MPA-JHU value-added SDSS catalogue (Brinchmann

et al., 2004) as described above, and took all the 3706 objects classed as RLAGN derived from the

FCOZGM sample (Hardcastle et al., 2019) using the 4 AGN-SF separation methods of Sabater et al.

(2019) that is (i) the Best et al. D4000 vs L150/M∗ method, (ii) the Baldwin et al. ‘BPT’ diagnostic
diagram ([OIII]/Hβ vs [NII]/Hα) method, (iii) the Machalski and Condon LHα vs L150 method, and (iv)

the WISE colour model (W1-W2 vs W2-W3); this is summarised in Fig. 4.2. (2) To get the best spatial

resolution, objects unresolved by LOFAR and with redshifts of z < 0.1 (see Fig. 4.3) were selected to

ensure that we have no ambiguities in their AGN classification (i.e. no contamination from SF). Fur-

ther (3), they selected sources with a LOFAR peak flux density of S150 MHz > 2 mJy per beam, which

has the dual effect of ensuring a high SNR-LOFAR detection and permitting VLA detections. These

criteria (1−3) resulted in 55 low-redshift, low-luminosity compact RLAGN candidates (all of which are

radiatively efficient AGN: HERGs). Their basic properties are presented in Table 4.1.

I then used high resolution sub-arcsecond VLA observations obtained by Hardcastle et al. to resolve

these RLAGN candidates on sub-kpc scales (≤100 kpc); the VLA images give us the opportunity to see

a decomposition between cores, jets, and lobes (if any) on sub-kpc scales.

4.3 The VLA data

The VLA observations were recorded by Hardcastle et al. in the A configuration across two identical

four-hour observation sessions during September 2019 at C-band (i.e. 4−8 GHz). For brevity’s sake, I
refer to these observations as epochs 1 and 2. Allowing for calibration and slewing overhead, the two

identical four-hour sessions were scheduled such that the observations for each target were achieved in

two three-minute observing blocks to improve the snapshot uv coverage. See Table 4.2 for the summary

of these observations.

These observations were made using one of the primary VLA calibrators 3C2869 and five phase cali-

brators: J1035+5628, J1146+5356, J1219+4829, J1349+5341, and J1419+5423 chosen for proximity to

the targets. A summary of calibrator sources for the data used in this thesis is shown in Table 4.3.

9The flux calibrator.
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Figure 4.2: Figure is extracted from Sabater et al.. This follows the AGN-SF separation techniques met by the RLAGN studied in this thesis.

Top panel from left to right respectively: AGN-SF method presented by Best et al. (2005b) thus the 4000Å vs L150 MHz/M∗ and the Baldwin
et al. (1981) emission line ratio method thus [OIII]/Hβ vs [NII]/Hα. Bottom panel from left to right respectively: comparison of LHα vs

L150 MHz luminosities and the WISE colour-colour model (W1-W2 vs W2-W3).
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Figure 4.3: A histogram distribution of spectroscopic redshifts (0.03 < z < 0.1).
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Table 4.1: Basic information about the 55 RLAGN candidates selected from the LOFARAGN population at 150MHz. The first column shows

the full LOFAR source name for the objects with abbreviations shown in brackets for in-text discussions. RLAGN candidates are arranged in

order of increasing right ascension (RA).

LOFAR source name Right ascension Declination Redshift Total flux Peak flux Radio luminosity Optical luminosity

150 MHz 150 MHz L150 MHz r-band

RA DEC (z, spec) (Sint, mJy) (Sp, mJy) (W Hz−1) (W)

ILTJ104852.93+480314.8 (J1048+48) 10h48m52.93s +48◦03′14.8′′ 0.041 66.88 ± 0.328 64.01 ± 0.134 2.59 × 1023 1.06 × 1037

ILTJ105535.82+462903.3 (J1055+46) 10h55m35.82s +46◦29′03.3′′ 0.089 3.859 ± 0.123 3.681 ± 0.072 7.49 × 1022 2.11 × 1037

ILTJ110233.62+513124.3 (J1102+51) 11h02m33.62s +51◦31′24.3′′ 0.069 6.402 ± 0.099 5.054 ± 0.061 7.19 × 1022 3.49 × 1037

ILTJ111156.65+555449.9 (J1111+55) 11h11m56.65s +55◦54′49.9′′ 0.071 5.396 ± 0.152 3.207 ± 0.102 6.43 × 1022 1.61 × 1037

ILTJ111712.10+465135.6 (J1117+46) 11h17m12.10s +46◦51′35.6′′ 0.061 12.58 ± 0.121 11.61 ± 0.071 1.10 × 1023 3.77 × 1037

ILTJ111745.92+473327.5 (J1117+47) 11h17m45.92s +47◦33′27.5′′ 0.075 27.76 ± 0.155 20.85 ± 0.082 3.72 × 1023 3.96 × 1037

ILTJ112625.15+520503.6 (J1126+52) 11h26m25.15s +52◦05′03.6′′ 0.048 25.32 ± 0.307 19.61 ± 0.116 1.36 × 1023 6.95 × 1036

ILTJ113545.33+491619.6 (J1135+49) 11h35m45.33s +49◦16′19.6′′ 0.053 4.777 ± 0.127 3.379 ± 0.081 3.11 × 1022 1.10 × 1037

ILTJ113757.19+554207.5 (J1137+55) 11h37m57.19s +55◦42′07.5′′ 0.062 3.612 ± 0.121 3.522 ± 0.070 3.31 × 1022 1.95 × 1037

ILTJ114047.35+463225.5 (J1140+46) 11h40m47.35s +46◦32′25.5′′ 0.054 8.135 ± 0.131 5.733 ± 0.084 5.47 × 1022 4.26 × 1036

ILTJ114316.26+551639.9 (J1143+55) 11h43m16.26s +55◦16′39.9′′ 0.055 25.05 ± 0.249 18.18 ± 0.095 1.77 × 1023 6.59 × 1036

ILTJ114721.40+554348.4 (J1147+55) 11h47m21.40s +55◦43′48.4′′ 0.052 3.286 ± 0.132 2.557 ± 0.083 2.04 × 1022 2.68 × 1037

ILTJ115113.46+550659.0 (J1151+55) 11h51m13.46s +55◦06′59.0′′ 0.079 8.184 ± 0.251 5.198 ± 0.165 1.24 × 1023 –

ILTJ115157.87+532845.5 (J1151+53) 11h51m57.87s +53◦28′45.5′′ 0.060 3.910 ± 0.113 3.046 ± 0.070 3.26 × 1022 1.74 × 1037

ILTJ115205.79+545817.1 (J1152+54) 11h52m05.79s +54◦58′17.1′′ 0.060 11.16 ± 0.162 8.906 ± 0.069 9.47 × 1022 1.01 × 1037

ILTJ115330.55+524121.8 (J1153+52) 11h53m30.55s +52◦41′21.8′′ 0.072 33.95 ± 0.332 28.05 ± 0.148 4.16 × 1023 5.74 × 1037

ILTJ115438.10+491851.4 (J1154+49) 11h54m38.10s +49◦18′51.4′′ 0.054 4.849 ± 0.103 4.525 ± 0.061 3.30 × 1022 1.24 × 1037

ILTJ115531.40+545200.4 (J1155+54) 11h55m31.40s +54◦52′00.4′′ 0.050 12.93 ± 1.348 12.71 ± 0.749 7.42 × 1022 1.15 × 1037

ILTJ115952.14+553205.5 (J1159+55) 11h59m52.14s +55◦32′05.5′′ 0.081 5.343 ± 0.122 3.419 ± 0.081 8.41 × 1022 1.44 × 1038

ILTJ120328.53+514256.3 (J1203+51) 12h03m28.53s +51◦42′56.3′′ 0.061 4.855 ± 0.120 3.441 ± 0.077 4.24 × 1022 4.02 × 1037

ILTJ120801.00+523635.3 (J1208+52) 12h08m01.00s +52◦36′35.3′′ 0.082 2.935 ± 0.130 2.459 ± 0.079 4.71 × 1022 1.66 × 1037

ILTJ121329.29+504429.4 (J1213+50) 12h13m29.29s +50◦44′29.4′′ 0.031 187.0 ± 0.777 162.4 ± 0.270 4.03 × 1023 –

ILTJ123011.86+470022.7 (J1230+47) 12h30m11.86s +47◦00′22.7′′ 0.039 102.7 ± 0.453 86.99 ± 0.194 3.61 × 1023 1.16 × 1037

ILTJ123301.22+561013.7 (J1233+56) 12h33m01.22s +56◦10′13.7′′ 0.081 2.784 ± 0.160 2.643 ± 0.094 4.42 × 1022 3.45 × 1037

ILTJ124021.48+475143.6 (J1240+47) 12h40m21.48s +47◦51′43.6′′ 0.098 10.26 ± 0.153 8.335 ± 0.067 2.42 × 1023 5.09 × 1037

ILTJ124343.52+544902.0 (J1243+54) 12h43m43.52s +54◦49′02.0′′ 0.085 6.820 ± 0.179 5.242 ± 0.063 1.18 × 1023 3.29 × 1037

ILTJ125827.27+501650.6 (J1258+50) 12h58m27.27s +50◦16′50.6′′ 0.099 2.833 ± 0.107 2.293 ± 0.066 6.88 × 1022 6.91 × 1037

ILTJ130325.87+523522.5 (J1303+52) 13h03m25.87s +52◦35′22.5′′ 0.096 9.790 ± 0.152 8.570 ± 0.064 2.19 × 1023 2.10 × 1037

ILTJ130404.58+492728.5 (J1304+49) 13h04m04.58s +49◦27′28.5′′ 0.033 5.644 ± 0.110 3.497 ± 0.073 1.43 × 1022 2.63 × 1036

ILTJ130410.78+552839.0 (J1304+55) 13h04m10.78s +55◦28′39.0′′ 0.082 3.896 ± 0.116 3.449 ± 0.069 6.27 × 1022 8.99 × 1037

ILTJ130535.92+540142.5 (J1305+54) 13h05m35.92s +54◦01′42.5′′ 0.091 23.84 ± 0.236 20.60 ± 0.080 4.78 × 1023 4.37 × 1037

ILTJ131002.06+540005.2 (J1310+54) 13h10m02.06s +54◦00′05.2′′ 0.089 2.677 ± 0.112 2.279 ± 0.068 5.14 × 1022 5.08 × 1037

ILTJ131015.19+544004.8 (J1310+54) 13h10m15.19s +54◦40′04.8′′ 0.064 5.593 ± 0.114 5.027 ± 0.068 5.38 × 1022 2.09 × 1037

ILTJ132745.67+544756.8 (J1327+54) 13h27m45.67s +54◦47′56.8′′ 0.033 10.73 ± 0.176 9.195 ± 0.073 2.67 × 1022 5.61 × 1036

ILTJ133430.04+502718.3 (J1334+50) 13h34m30.04s +50◦27′18.3′′ 0.085 3.052 ± 0.108 2.735 ± 0.065 5.32 × 1022 5.10 × 1037

ILTJ134227.94+554939.3 (J1342+55) 13h42m27.94s +55◦49′39.3′′ 0.072 4.969 ± 0.121 3.354 ± 0.078 6.13 × 1022 8.69 × 1036

ILTJ134233.86+485316.2 (J1342+48) 13h42m33.86s +48◦53′16.2′′ 0.091 7.454 ± 0.113 6.245 ± 0.069 1.50 × 1023 7.20 × 1037

ILTJ134345.04+553801.3 (J1343+55) 13h43m45.04s +55◦38′01.3′′ 0.068 3.031 ± 0.124 2.374 ± 0.077 3.36 × 1022 4.41 × 1037

ILTJ135632.65+493710.9 (J1356+49) 13h56m32.65s +49◦37′10.9′′ 0.066 3.886 ± 0.110 3.361 ± 0.067 4.00 × 1022 1.85 × 1037

ILTJ140013.20+462556.0 (J1400+46) 14h00m13.20s +46◦25′56.0′′ 0.053 3.792 ± 0.097 3.334 ± 0.058 2.51 × 1022 7.16 × 1036

ILTJ140906.86+532749.1 (J1409+53) 14h09m06.86s +53◦27′49.1′′ 0.078 22.28 ± 0.279 16.84 ± 0.130 3.27 × 1023 3.93 × 1037

ILTJ141118.46+551053.2 (J1411+55) 14h11m18.46s +55◦10′53.2′′ 0.042 26.93 ± 0.213 21.86 ± 0.092 1.10 × 1023 1.27 × 1037

ILTJ141149.57+545733.1 (J1411+54) 14h11m49.57s +54◦57′33.1′′ 0.083 4.127 ± 0.162 4.111 ± 0.094 6.96 × 1022 5.26 × 1037

ILTJ141234.88+494611.5 (J1412+49) 14h12m34.88s +49◦46′11.5′′ 0.071 4.331 ± 0.169 3.135 ± 0.108 5.19 × 1022 2.47 × 1037

ILTJ141422.37+553520.5 (J1414+55) 14h14m22.37s +55◦35′20.5′′ 0.077 2.719 ± 0.132 2.182 ± 0.082 3.86 × 1022 2.34 × 1037

ILTJ142025.23+544016.1 (J1420+54) 14h20m25.23s +54◦40′16.1′′ 0.042 2.879 ± 0.120 2.006 ± 0.077 1.16 × 1022 4.78 × 1036

ILTJ142125.51+482933.3 (J1421+48) 14h21m25.51s +48◦29′33.3′′ 0.072 8.493 ± 0.163 6.472 ± 0.102 1.04 × 1023 3.84 × 1037

ILTJ142255.56+474713.9 (J1422+47) 14h22m55.56s +47◦47′13.9′′ 0.072 3.416 ± 0.134 2.836 ± 0.082 4.21 × 1022 3.89 × 1037

ILTJ142707.30+525001.5 (J1427+52) 14h27m07.30s +52◦50′01.5′′ 0.083 8.372 ± 0.179 7.271 ± 0.108 1.41 × 1023 1.63 × 1037

ILTJ142948.48+535754.2 (J1429+53) 14h29m48.48s +53◦57′54.2′′ 0.043 3.554 ± 0.192 2.881 ± 0.118 1.53 × 1022 1.24 × 1037

ILTJ143334.77+524310.2 (J1433+52) 14h33m34.77s +52◦43′10.2′′ 0.045 3.840 ± 0.142 2.730 ± 0.090 1.81 × 1022 9.02 × 1036

ILTJ143521.75+505123.0 (J1435+50) 14h35m21.75s +50◦51′23.0′′ 0.100 339.0 ± 2.285 264.7 ± 0.763 8.30 × 1024 5.90 × 1037

ILTJ145350.18+540440.9 (J1453+54) 14h53m50.18s +54◦04′40.9′′ 0.099 5.231 ± 0.192 4.026 ± 0.081 1.27 × 1023 7.29 × 1037

ILTJ145415.10+492549.9 (J1454+49) 14h54m15.10s +49◦25′49.9′′ 0.037 6.264 ± 0.197 5.482 ± 0.119 2.00 × 1022 5.39 × 1036

ILTJ150422.16+474111.2 (J1504+47) 15h04m22.16s +47◦41′11.2′′ 0.093 20.11 ± 1.092 12.24 ± 0.723 4.29 × 1023 1.25 × 1038

Table 4.2: Details of the VLA data across the two observing epochs. Here Ant and Chan refer to the number of antennas and the number of

channels used during the observations respectively.

Label Project code Date of observation Start time End time Duration Ant Chan Bandwidth Array

(s) (GHz)
Epoch 1 19A-264 15-Sep-2019 15:22:56.0 19:22:12.0 14356 27 64 4−8 A

Epoch 2 19A-264 24-Sep-2019 14:07:20.0 18:06:38.0 14358 27 64 4−8 A
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Table 4.3: VLA calibrator sources.

Calibrator Name Description

1331+305 = 3C286 flux calibrator

J1035+5628

J1146+5356

J1219+4829 phase calibrators

J1349+5341

J1419+5423

J1407+2827 polarization calibrator

4.3.1 Data reduction and calibration

I provide a summary of Chapter 3 in this section regarding the reduction and calibration of VLA obser-

vations with CASA (McMullin et al., 2007).

Before data calibration, I first inspected the VLA data using the visualising tool PLOTMS to determine

the nature of the data. This was to ensure that all issues reported in the observer’s log were taken into

consideration. I then performed basic data editing by manually flagging the setup scan (the first scan)

using the task FLAGDATA in MANUAL mode. In the final basic data edit, initial samples (QUACKINTERVAL,

10s) from the start of each scan were also manually flagged in QUACK mode to allow the array some

settling time. After basic data inspection and editing based on a prior information, amplitude spikes

caused by RFI dominating some spectral window IDs were removed by the HANNINGSMOOTH algorithm,

which removes Gibbs ringing. RFI excision was thereafter followed up by running an automated task

FLAGDATA in TFCROP mode.

Throughout the calibration process, I chose a convenient reference antenna (from the middle of the ‘Y’

shaped array) with good solutions. I then proceeded to calibrate the data by first correcting for antenna

positions using the task GENCAL to correctly correlate each signal for a good estimation of the final image.

A known flux density was then set for the primary calibrator 3C 286 by locating the VLA standard model

at C-band 3C286_C.im using the task SETJY. This was applied using the PERLEY-BUTLER 2017 flux density

standard model (Perley and Butler, 2017). Phase and delay-only calibration solutions were then derived

using the task GAINCAL by choosing a short solution interval. For a reasonable SNR, only a portion of

the middle channels was selected for the phase-only calibration while also flagging unstable antennas

(i.e. antennas with phase jumps between two or more states). Once variations in phase as a function

of time were corrected, antenna-based delays were also corrected. Bandpass solutions were derived

using the task BANDPASS which measures and corrects for the equipment response of the receiver. The

last rounds of data calibration were to determine appropriate solutions for the targets by first deriving

complex gains for the amplitude calibrator and later deriving solutions for phase calibrators using the

task GAINCAL. In the final step, I derived solutions of true flux densities of secondary calibrators with the
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Table 4.4: Imaging summary. I adjusted the image size to account for surrounding sources to mitigate artefacts in the final images during

self-calibration.

CASA parameter Value Unit

imsize 3200 × 3200 pixels

cell 0.08 × 0.08 arcsec

gridder standard

deconvolver clark

weighting briggs

robust 0.5

niter 1000

threshold 0.03 mJy

task FLUXSCALE to produce a properly-scaled amplitude gain calibration table for secondary calibrators.

Since we determined the flux density of the primary (amplitude) calibrator, I used this solution as our

reference to compute the true flux densities of the secondary (phase and polarization) calibrators.

Finally, after deriving all calibration solutions, I applied these solutions using the task APPLYCAL to first

the calibrator sources themselves (by nearest interpolation), then to the target sources (by linear interpo-

lation). At this stage, any traces of bad data were flagged using the task FLAGDATA in RFLAG mode. This

mode only works on calibrated data as it utilises the CORRECTED_DATA column. I split the science targets

from the measurement set’s (MS) CORRECTED_DATA column using the task SPLIT in readiness for imaging.

I also utilised this task to average the data in time and channel (by a factor of 4s and 4 channels respec-

tively) to save deconvolution time. To correct for the effects of relative scatter arising from flagging, I

used the task STATWT which also calculates and sets weightings of visibilities if they are to be combined

into a single MS. The targets from epochs 1 and 2 were combined with the task CONCAT. I produced ini-

tial images with the TCLEAN algorithm using the CLARK deconvolver (Clark, 1980). I also used a BRIGGS

weighting with a ROBUST parameter value of 0.5 (Briggs, 1995). Three or four self-calibration rounds in

phase only were performed for targets with a peak flux density value greater than 2 mJy. In some special

cases, however, a final round in phase and amplitude was performed for targets with peak flux densities

greater than 6 mJy using a solution interval between 30−60s and a 3σ threshold; though in some cases,

self-calibration barely improved the quality of the final image. The imaging parameters discussed above

are summarised in Table 4.4 while the rest of the imaging parameters were left on default settings.

4.4 Analysis and Results

4.4.1 Radio emission categories

To analyse the nature of the images produced, source parameters in the final images were computed

using the task IMFIT. This tool fits two-dimensional Gaussian elliptical components on a region in the

image. This was achieved by interactively drawing boxes or tracing polygons around the edge of the

object’s emission. The final output returned the integrated flux, peak flux, convolved and deconvolved
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source parameters that is the angular major and minor axes (in arcsec) at FWHM, and the position an-

gles (PA; degrees). This information is listed in Tables 4.6 and 4.7 together with the errors associated

with them (given by estimates in the IMFITmodel fitting and taking into consideration the 5% limit in the

flux calibration; Perley and Butler, 2017). I also estimated the images’ root mean square (σrms) values

by selecting a region free of emission yet close enough to the source. This gave a range of σrms values

spanning∼12−45 µJy with higher values corresponding to brighter sources (i.e. sources with integrated
fluxes greater than 20 mJy). The spectral indices listed in Tables 4.6 and 4.7 are computed between

LOFAR and the VLA observing frequencies (150 MHz and 6 GHz respectively) and using the power

law definition given in Chapter 1. Using the VLA final images (visual inspection for extended emission)

and the information derived from IMFIT, I constructed three categories of these objects: undetected, com-

pact, and extended. Further analyses and discussions of their morphologies and scales are presented in

Sec 4.4.2, 4.4.3, and 4.4.4. A summary of this category is also shown below (Table 4.5).

Table 4.5: Final image category.

Total RLAGN Undetected Unresolved Resolved

objects objects objects objects

55 3 43 9

4.4.2 Undetected radio emission

A visual inspection of the VLA images shows no detection (see Fig. 4.4) of radio emission in three

(3/55; ∼5%) objects namely; J1159+55, J1203+51, and J1304+49. These objects by visual inspection,
however, clearly show compact radio emission in LoTSSDR2 images. A discussion of their radio spectra

is given in Sec. 4.5.1 estimated by setting an upper limit (3σ; respectively, σ=13.68µJy, 14.10µJy, and

14.02µJy) on the total flux for each restoring image; for this case, a non-detection in all three cases imply

a steep radio spectrum (see Fig. 4.7).
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Figure 4.4: Top three panels are VLA images for non-detected objects at 6 GHz; red crosses indicate the central position where radio emission

is detected in LoTSS DR2 images (bottom panels). The physical sizes (in kpc) shown in LoTSS DR2 images are upper limits, estimated from

twice the deconvolved size plus three times the associated error. LoTSS DR2 images and contour maps are at levels [-3, 3, 5, 10, 20,...,640]×
σrms where σrms = 71, 120, and 125 µJy (from left to right) respectively.

4.4.3 Compact radio emission and radio maps

To correctly classify unresolved sources, I compared the image component sizes (deconvolved from the

beam) against their restoring beam parameters provided by IMFIT. I also took into account the comparisons

of the object’s total and peak flux densities (see Table 4.6). Sources with a deconvolved size less than the

restoring beam and with peak and integrated flux densities within a factor of 1.2 or less were classified as

compact. Using these criteria, 43 out of 55 objects (representing ∼78% of the sources in our catalogue)

are compact in the VLA images (see Fig. 4.5). This implies that these objects are compact compared to

the limiting angular resolution of the VLA of 0.35 arcsec, corresponding to ∼0.1−0.8 kpc in projected
physical sizes. Given that these sources were selected on the basis of their compact nature in LoTSSDR1,

3 of the VLA compact objects (J1151+53, J1433+52, and J1504+47) show extended radio emission in

LoTSS DR2 images (see Chapter 5, Fig. 5.1). These appear to be in fact the radio cores of more extended

sources with projected sizes spanning ∼10−49 kpc, which were not identified as such in LoTSS DR1

because of its poorer surface brightness sensitivity. A brief description of their structures is given in

Sec. 5.1. Another source that is compact here, J1213+50 (NGC 4187), shows extended radio emission

in the VLA images at 1.5, 4.5, and 7.5 GHz observing frequencies (e.g. Baldi et al., 2019). The object

shows a two-jetted radio morphology that extends up to ∼2 kpc in projected physical size. A detailed

discussion of the spectral index distribution for the whole sample is given in Sec. 4.5.
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Table 4.6: Forty-three VLA compact objects. The spectral indices (α) and luminosities (L6 GHz) are computed using the information presented

in Table 4.1. The restoring and deconvolved source parameters determined at FWHM are also presented. The sizes (kpc) of the objects are

estimated from twice the size of the deconvolved beam’s major axis.

LOFAR source name Total flux Peak flux Restoring beam Deconvolved size Spectral index Size Linear size Luminosity RMS

6 GHz 6 GHz [θRM × θRm] PAR [θDM × θDm] L6 GHz σrms

(SInt, mJy) (Sp, mJy) (arcsec) (◦) (arcsec) (α6000
150 ) (arcsec) (D, kpc) (W Hz−1) (µJy)

ILTJ105535.82+462903.3 2.18 ± 0.04 2.11 ± 0.02 0.35 × 0.31 79.11 0.05 × 0.02 -0.15 0.10 0.17 4.03 × 1022 14.13

ILTJ110233.62+513124.3 2.65 ± 0.06 2.46 ± 0.03 0.35 × 0.30 72.09 0.13 × 0.04 -0.24 0.26 0.34 2.88 × 1022 13.67

ILTJ111745.92+473327.5 6.62 ± 0.04 6.35 ± 0.02 0.35 × 0.32 62.05 0.09 × 0.05 -0.38 0.18 0.25 8.67 × 1022 19.01

ILTJ113545.33+491619.6 2.96 ± 0.05 2.75 ± 0.03 0.43 × 0.36 81.82 0.12 × 0.10 -0.13 0.24 0.24 1.87 × 1022 13.63

ILTJ113757.19+554207.5 2.67 ± 0.05 2.56 ± 0.03 0.34 × 0.30 60.47 0.09 × 0.17 -0.08 0.18 0.22 2.35 × 1022 13.49

ILTJ114047.35+463225.5 30.8 ± 0.13 30.1 ± 0.07 0.32 × 0.29 38.92 0.05 × 0.04 0.36 0.10 0.10 1.96 × 1023 20.00

ILTJ114316.26+551639.9 22.6 ± 0.10 21.8 ± 0.06 0.33 × 0.29 58.97 0.07 × 0.06 -0.03 0.14 0.14 1.54 × 1023 13.86

ILTJ114721.40+554348.4 3.50 ± 0.04 3.42 ± 0.02 0.35 × 0.31 66.94 0.07 × 0.02 0.02 0.14 0.13 2.09 × 1022 14.78

ILTJ115113.46+550659.0 0.38 ± 0.02 0.37 ± 0.01 0.35 × 0.31 71.47 0.08 × 0.03 -0.82 0.16 0.22 5.82 × 1021 13.88

ILTJ115157.87+532845.5 3.23 ± 0.03 3.07 ± 0.02 0.38 × 0.30 75.81 0.11 × 0.04 -0.05 0.22 0.25 2.59 × 1022 16.96

ILTJ115205.79+545817.1 5.30 ± 0.03 5.16 ± 0.02 0.36 × 0.32 73.54 0.07 × 0.04 -0.20 0.14 0.16 4.37 × 1022 12.54

ILTJ115330.55+524121.8 16.0 ± 0.05 15.6 ± 0.03 0.44× 0.36 84.37 0.07 × 0.06 -0.20 0.14 0.20 1.89 × 1023 20.60

ILTJ115438.10+491851.4 7.00 ± 0.07 6.88 ± 0.04 0.34 × 0.32 61.58 0.05 × 0.03 0.10 0.10 0.11 4.56 × 1022 13.62

ILTJ115531.40+545200.4 29.5 ± 0.19 29.0 ± 0.10 0.37 × 0.31 68.89 0.07 × 0.02 0.22 0.14 0.13 1.62 × 1023 39.32

ILTJ120801.00+523635.3 0.41 ± 0.04 0.26 ± 0.02 0.40 × 0.30 83.84 – -0.53 – – 6.45 × 1021 14.58

ILTJ121329.29+504429.4 74.6 ± 0.47 69.6 ± 0.26 0.33 × 0.30 63.97 0.10 × 0.08 -0.25 0.20 0.12 1.59 × 1023 45.01

ILTJ123011.86+470022.7 68.4 ± 0.20 64.9 ± 0.11 0.35 × 0.30 73.10 0.09 × 0.06 -0.11 0.18 0.13 2.35 × 1023 33.30

ILTJ123301.22+561013.7 1.68 ± 0.10 1.56 ± 0.05 0.39 × 0.29 79.31 0.12 × 0.05 -0.14 0.24 0.37 2.56 × 1022 14.52

ILTJ124021.48+475143.6 2.34 ± 0.08 1.97 ± 0.04 0.37 × 0.32 78.07 0.15 × 0.15 -0.40 0.30 0.55 5.36 × 1022 13.52

ILTJ125827.27+501650.6 0.32 ± 0.03 0.26 ± 0.02 0.39 × 0.31 84.32 0.15 × 0.09 -0.58 0.30 0.53 7.71 × 1021 13.82

ILTJ130325.87+523522.5 7.44 ± 0.04 7.25 ± 0.02 0.40 × 0.34 80.26 0.09 × 0.03 -0.07 0.18 0.29 1.57 × 1023 16.96

ILTJ130535.92+540142.5 17.1 ± 0.06 16.7 ± 0.03 0.39 × 0.32 78.24 0.07 × 0.05 -0.09 0.14 0.21 3.24 × 1023 19.38

ILTJ131002.06+540005.2 1.85 ± 0.07 1.75 ± 0.04 0.39 × 0.30 77.75 0.09 × 0.02 -0.10 0.18 0.30 3.38 × 1022 15.13

ILTJ132745.67+544756.8 2.32 ± 0.12 1.88 ± 0.06 0.36 × 0.32 69.55 0.18 × 0.15 -0.41 0.36 0.24 5.72 × 1021 14.43

ILTJ133430.04+502718.3 0.80 ± 0.02 0.75 ± 0.01 0.39 × 0.31 -89.98 0.12 × 0.07 -0.36 0.24 0.36 1.36 × 1022 13.50

ILTJ134227.94+554939.3 0.46 ± 0.02 0.34 ± 0.10 0.36 × 0.31 74.91 0.24 × 0.13 -0.64 0.48 0.65 5.65 × 1021 13.61

ILTJ134233.86+485316.2 1.75 ± 0.07 1.51 ± 0.04 0.39 × 0.31 -87.17 0.22 × 0.06 -0.39 0.44 0.73 3.44 × 1022 15.44

ILTJ134345.04+553801.3 0.41 ± 0.02 0.28 ± 0.01 0.36 × 0.31 73.30 0.29 × 0.13 -0.54 0.58 0.76 4.46 × 1021 12.28

ILTJ135632.65+493710.9 6.61 ± 0.03 6.45 ± 0.02 0.41 × 0.33 -85.97 0.08 × 0.04 0.14 0.16 0.19 6.45 × 1022 15.41

ILTJ140013.20+462556.0 0.69 ± 0.04 0.63 ± 0.02 0.41 × 0.31 -80.98 0.13 × 0.09 -0.46 0.26 0.26 4.50 × 1021 14.19

ILTJ140906.86+532749.1 1.98 ± 0.07 1.72 ± 0.04 0.38 × 0.30 78.84 0.18 × 0.09 -0.65 0.36 0.53 2.89 × 1022 13.08

ILTJ141149.57+545733.1 9.78 ± 0.05 9.52 ± 0.03 0.36 × 0.32 63.21 0.07 × 0.05 0.23 0.14 0.21 1.53 × 1023 14.02

ILTJ141234.88+494611.5 3.08 ± 0.11 2.92 ± 0.06 0.37 × 0.31 84.95 0.09 × 0.08 -0.09 0.18 0.24 3.54 × 1022 13.36

ILTJ141422.37+553520.5 0.24 ± 0.02 0.23 ± 0.01 0.35 × 0.30 61.01 0.09 × 0.03 -0.65 0.18 0.26 3.42 × 1021 13.71

ILTJ142025.23+544016.1 1.87 ± 0.05 1.74 ± 0.03 0.37 × 0.30 69.16 0.09 × 0.03 -0.12 0.18 0.14 7.32 × 1021 12.97

ILTJ142125.51+482933.3 23.0 ± 0.06 22.3 ± 0.03 0.38 × 0.30 -89.78 0.08 × 0.05 0.27 0.16 0.21 2.64 × 1023 16.65

ILTJ142707.30+525001.5 3.41 ± 0.03 3.25 ± 0.02 0.37 × 0.31 80.76 0.10 × 0.05 -0.24 0.20 0.31 5.52 × 1022 13.57

ILTJ142948.48+535754.2 1.65 ± 0.12 1.58 ± 0.07 0.36 × 0.29 74.21 0.09 × 0.01 -0.21 0.18 0.15 6.95 × 1021 15.29

ILTJ143334.77+524310.2 1.95 ± 0.04 1.82 ± 0.02 0.38 × 0.31 83.02 0.14 × 0.05 -0.18 0.28 0.24 8.98 × 1021 13.91

ILTJ143521.75+505123.0 66.5 ± 0.60 54.2 ± 0.30 0.39 × 0.31 86.18 0.23 × 0.10 -0.44 0.46 0.80 1.59 × 1024 32.44

ILTJ145350.18+540440.9 5.92 ± 0.04 5.91 ± 0.02 0.37 × 0.28 86.89 0.02 × 0.02 0.04 0.03 0.10 1.34 × 1023 13.41

ILTJ145415.10+492549.9 7.46 ± 0.14 7.35 ± 0.08 0.42 × 0.34 -64.04 0.06 × 0.04 0.05 0.12 0.10 2.31 × 1022 26.14

ILTJ150422.16+474111.2 2.20 ± 0.11 2.13 ± 0.06 0.42 × 0.30 -84.08 0.08 × 0.05 -0.59 0.15 0.26 4.65 × 1022 14.26
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Figure 4.5: VLA images for compact RLAGN overlaid with VLA 6 GHz contour maps (magenta) at levels [-3, 3, 5, 10, 20,...,640]× σrms
where σrms is presented in Table 4.6 for each object. The RA and DEC covered by each object are shown on the axes. The VLA beam is shown

in the bottom left corner (green ellipses). Shown also are physical sizes (in kpc) estimated from twice the deconvolved size. The scale bar is

in arcsec.

4.4.4 Extended radio emission and radio maps

The remaining nine (9/55; ∼16%) objects show extended radio emission and are resolved or at least

marginally resolved in the VLA images. Their information is presented in Table 4.7 and the VLA images

overlaid with contour maps for each of these sources are shown in Fig. 4.6. A brief description of their

radio morphologies and their scales follows here; I discuss their extended radio emission with respect to

high-quality LoTSS DR2 images of these objects.
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Table 4.7: Nine VLA extended objects. The sizes (arcsec) of the extended radio emission are estimated at the 3σ contour boundary. The linear

sizes (kpc) are computed using the redshift information presented in Table 4.1. RMS values were estimated from a region free from emission

and closer to the source in the 6 GHz VLA images.

LOFAR Source name Total flux Peak flux Restoring beam Spectral index Size Linear size Luminosity RMS

6 GHz 6 GHz [θRM × θRm] PAR L6 GHz σrms

(Sint,mJy) (Sp,mJy) (arcsec) (◦) (α6000
150 ) (arcsec) (kpc) (W Hz−1) (µJy)

ILTJ104852.93+480314.8 6.37 ± 0.26 3.28 ± 0.09 0.34 × 0.31 72.96 -0.63 2.50 2.02 2.46 × 1022 15.3

ILTJ111156.65+555449.9 0.54 ± 0.04 0.15 ± 0.01 0.36 × 0.30 66.55 -0.62 1.86 2.51 6.44 × 1021 15.2

ILTJ111712.10+465135.6 2.65 ± 0.35 1.08 ± 0.10 0.34 × 0.30 79.67 -0.42 1.04 1.22 2.27 × 1022 30.4

ILTJ112625.15+520503.6 3.46 ± 0.25 2.63 ± 0.12 0.37 × 0.32 70.62 -0.53 1.85 1.75 1.85 × 1022 25.8

ILTJ124343.52+544902.0 1.93 ± 0.18 1.70 ± 0.09 0.38 × 0.31 77.11 -0.34 1.41 2.25 3.25 × 1022 23.2

ILTJ130410.78+552839.0 0.60 ± 0.06 0.33 ± 0.02 0.36 × 0.32 52.70 -0.50 1.20 1.85 9.50 × 1021 19.9

ILTJ131015.19+544004.8 2.12 ± 0.28 0.70 ± 0.07 0.35 × 0.33 54.74 -0.26 1.99 2.44 1.99 × 1022 25.3

ILTJ141118.46+551053.2 4.91 ± 0.42 3.93 ± 0.21 0.35 × 0.31 49.27 -0.46 2.63 2.18 1.98 × 1022 18.1

ILTJ142255.56+474713.9 0.44 ± 0.05 0.21 ± 0.02 0.39 × 0.30 -88.02 -0.55 1.81 2.48 5.36 × 1021 18.1
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Figure 4.6: VLA images overlaid with VLA 6GHz contour maps (magenta) at levels [-3, 3, 5, 10, 20, 40,...,640]× σrms where σrms is presented
in Table 4.7 for each object. The RA and DEC covered by each object are shown on the axes. Solid lines represent positive contours (3σ),
whereas dashed lines correspond to negative contours (-3σ). Shown in the bottom left corner (green ellipses) for each object is the VLA beam

while the physical sizes (in kpc) are shown in the bottom right corner; the scale bar is in arcsec. North is up and east is left.
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4.4.4.1 ILTJ104852.93+480314.8

The VLA contours for this source show a bright unresolved or slightly resolved radio core with two-sided

jets symmetrically extending away from the central structure. The total maximum length of the extended

emission is projected to be approximately 2.0 kpc. This object is compact in LoTSS DR2 images.

4.4.4.2 ILTJ111156.65+555449.9

The VLA radio contours for this object show double-sided jets with a maximum length of ∼2.5 kpc.
The emission seems to propagate from its centre to the north-east direction and we see no sign of a

bright compact core. However, the object clearly shows extended radio emission in LoTSS DR2 images

extending in the same direction as in the VLA image. In DR2, the object shows an unresolved/slightly

resolved bright central radio structure whose maximum projected physical extent is measured at∼22 kpc
(see Fig. 5.1). The object appears to be the radio core of a more extended and powerful FRI/II source

with faint double symmetric jets/plumes faintly seen propagating away from the bright central radio core.

However, the 3σ radio contours overlaid on the LoTSS DR2 image (Fig. 5.1) do not fully capture this

radio emission.

4.4.4.3 ILTJ111712.10+465135.6

This object shows a double-lobed radio structure with two bright edges, a radio morphology similar to

that of FRIIs but on much smaller scales. More observations are required to confirm if the two ‘blobs’

seen on either side away from the central structure could be due to a jet or artefact. The maximum

projected length for this source is measured at ∼1.2 kpc. The source lacks any extended radio emission
in LoTSS DR2 images and is compact.

4.4.4.4 ILTJ112625.15+520503.6

The contours for this object show a bright unresolved/slightly resolved radio core with a one-sided jet

radio morphology. Its structure extends south-east from the centre. The blob seen in the north-west

direction away from the central structure could be due to a jet or artefact. The maximum projected

length of the central structure is ∼1.7 kpc. This object is also compact in LoTSS DR2 images.

4.4.4.5 ILTJ124343.52+544902.0

Contour maps for this object show a bright unresolved or slightly resolved one-sided jet extending to

the west. The maximum projected length is ∼2.2 kpc in physical size. The object is compact in LoTSS
DR2.
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4.4.4.6 ILTJ130410.78+552839.0

The VLA contour maps for this object show a slightly extended complex radio structure projected at

∼1.9 kpc in physical size. The object does not show the bright central core that is seen in most of these

extended images. The object is compact in LoTSS DR2 images.

4.4.4.7 ILTJ131015.19+544004.8

Radio contour maps for this object show a slightly resolved radio core and double symmetrical radio

structures/lobes on either side of the radio core. The radio morphological classification of this object is

similar to those of FRIs but on smaller scales. The maximum length of the radio emission is projected at

∼2.4 kpc. LoTSS DR2 contour maps for this object show faint and diffuse extended emission (Fig. 5.1)

propagating symmetrically north and south from the bright unresolved central structure. Given that a

similar morphology is seen in the VLA images but on smaller scales does suggest that the emission is

in fact associated with jets rather than artefacts. The maximum length of the central structure in LoTSS

DR2 is projected at ∼19 kpc

4.4.4.8 ILTJ141118.46+551053.2

Contour maps for this object show a bright radio core and two-sided radio structures extending in the

north and south-east directions. The maximum projected length is ∼2.2 kpc. The object is compact in
DR2 images.

4.4.4.9 ILTJ142255.56+474713.9

The VLA radio contours for this object show a slightly resolved structure extending in the north-east

direction with a slight tail extending in the south-west direction. The two-sided morphology is projected

at ∼2.5 kpc in physical scale. The object is compact in LoTSS DR2 images.

4.5 Discussion

I give a discussion of the 55 low-radio power sources in this section and it proceeds as follows: the

distribution of spectral indices is discussed in Sec. 4.5.1, whereas I investigate the effects of synchrotron

self-absorption (SSA) in Sec. 4.5.2. The position of the objects on the power/linear size (P−D) diagram

is discussed in Sec. 4.5.3. I end this section with a discussion of our sources with similarly compact

RLAGN such as ‘FR0s’ (Section 4.5.4).
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4.5.1 Radio spectral index

Extragalactic sources dominate the radio sky (e.g. Condon, 1999) and to understand the nature of low-

luminosity compact RLAGN, we have to study their physical properties in the radio range. The spectral

index of radio sources provides valuable information that can be used to estimate the age of electrons

responsible for the radio emission, and in constraining the duty cycle of AGN activity (Kellermann,

1964; Pacholczyk, 1970). This information can be used to further understand emission and absorption

processes, and energy losses for radio sources. Typical values of the observed spectral index for extended

RLAGN lie between−1 < α < −0.5, following the definition in Sec. 1.2. At low frequencies (e.g. 150

MHz), SFGs dominate over RLAGN (particularly at luminosities below L150 MHz < 1025 W Hz−1 and

z < 0.3, e.g. Padovani, 2016; Hardcastle et al., 2016; Gürkan et al., 2018; Hardcastle et al., 2019), and a

clear understanding of the spectra of these radio sources are important in determining the radio emission

resulting from low-luminosity SF or low-luminosity RLAGN (e.g. Prandoni et al., 2006; Ibar et al., 2009).

This emission mechanismwas used by, for example, Huynh et al. (2007) in classifying AGNs from SFGs

by proposing that AGNs produce flat and/or inverted spectra at low frequencies due to self-absorption in

a medium that is optically thick, a condition that is not met in SFGs; however, Zinn et al. (2012) note that

this mechanism is not ideal for AGN-SF separation techniques unless other reliable diagnostic means are

not present. The radio spectrum is also important in classifying RLAGN to investigate if they are CSOs

(e.g. Wilkinson et al., 1994), GPSs (very steep spectral indices, i.e. α . −0.8 at high frequencies and

a very inverted α & +0.8 spectrum at low frequencies) or CSSs (α . −0.5 at high frequencies) (e.g.

O’Dea et al., 1990; Fanti et al., 1990; O’Dea et al., 1991; O’Dea, 1998). The radio spectrum can also

help us understand the z − α relation; this is used to track radio objects at high redshifts (e.g. Klamer

et al., 2006; Morabito and Harwood, 2018) which suggests that radio objects at higher redshifts exhibit

very steep spectral indices (α < −1.0).

It has been observed that compact RLAGN and their hotspots show flatter spectral indices than larger

and extended objects (e.g. de Gasperin et al., 2018). And at low frequencies, flat radio spectra, core-

dominated objects become numerically dominant, an effect that is usually attributed to SSA and FFA (e.g.

Bicknell et al., 2018; O’Dea and Saikia, 2021), whereas the steep radio spectra observed for extended

objects is usually associated with old plasma (e.g. Bicknell et al., 2018).

One method of creating a catalogue of spectral indices is by cross-matching two or more source cata-

logues from different radio surveys at different frequencies (e.g Vollmer et al., 2005; Randall et al., 2012).

In this work however, I have derived spectral indices using the definition in Sec. 1.2 taking logarithmic

ratios of the fluxes and frequencies between LOFAR and the VLA.

Fig. 4.7 shows the spectral index distribution of our objects ranging from steep to flat and/or inverted

radio spectra (−1.31 < α < 0.36); this implies that our RLAGN sample consists of various compact

RLAGN. Approximately 29% (16 out of 55) of these objects show steep spectral indices (i.e. −1.31 <

α < −0.50)10 which is consistent with standard models for optically thin synchrotron radio emission −
10These include the radio spectra for the 3 undetected objects: J1159+55, J1203+51, and J1304+49 showing at the steeper
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Figure 4.7: A histogram distribution of spectral indices computed between LOFAR and the VLA at 150 MHz and 6 GHz respectively.

Showing in red is the distribution of objects with extended emission while the green distribution is for the whole sample. Values for which

α6000
150 ≈ −1.30, −1.27, and − 1.31 are upper limits for sources not detected by the VLA (Sec. 4.4.2).

9 of these objects are compact at the limiting angular resolution of 0.35 arcsec while 5 show extended

radio structures. The remaining objects (4 extended and 35 compact) show flat (α > −0.5) and/or

inverted (α > 0) spectral indices. The flattening observed in these sources is also seen in µJy sources

(e.g. Windhorst et al., 1993; Randall et al., 2012) and could suggest the effects of SSA which is a key

feature for the morphology of radio jets on sub-kpc scales.

In Fig. 4.8, I show the spectral index dependence on the total projected size of the objects. We see that

all of the compact sources in our sample have estimated sizes that are very small (<1 kpc) as expected.

7 of these objects show steep spectral indices (α < −0.5) while 36 objects display flat/inverted spectral

indices (α > −0.5). We also observe that all extended objects in the VLA images have sizes> 1 kpc (as

expected) with 5 objects showing steep radio spectra, whereas 4 objects show flat radio spectra. We also

note two distinct categories of compact flat radio spectrum populations and resolved steep radio spectrum

populations. These are analogous to CSS objects and consistent with the idea that compact RLAGN are

physically small in size, young and rapidly growing objects (e.g. Snellen et al., 2000; O’Dea and Saikia,

2021) that could potentially grow into the more extended and powerful Fanaroff and Riley FRI/II objects.

At this point, it is crucial to understand the nature of flat-spectrum sources, a property consistent with

self-absorption at low frequencies. In the next section, I investigate the effects of SSA for compact

classed objects with flat radio spectra (i.e. α > −0.5).

end of Fig. 4.7 thus α = −1.30, −1.27, and − 1.31 respectively.
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Figure 4.8: The distribution of total projected sizes against spectral indices of sources. In green (open circles) are extended objects while in

blue are compact objects. Sizes of extended objects are maximum lengths while the sizes of compact sources are given by their upper limits;

the error bars in compact sources are also shown for objects where the errors were obtained using IMFIT. We see that flat/inverted spectral

indices are associated with compact sources.

4.5.2 Investigating synchrotron self-absorption (SSA)

An interesting feature of our sources is that they show steep and flat radio spectra at 150 MHz. Many

of these sources (43/55; 78%) are compact compared to the limiting angular resolution of 0.35 arcsec

of the VLA, a characteristic that suggests self-absorption at low frequencies. Therefore, it is natural to

investigate whether these sources are self-absorbed in the context of SSA, and here, I attempt to derive

the properties of the region responsible for this emission.

All the radiation in a synchrotron emitting source is ideally expected to reach the observer, however,

there are cases when this radiation interacts with relativistic particles on its way out of the plasma of

the emitting source causing a scattering that results in its absorption. This process is called synchrotron

self-absorption (SSA; Kellermann, 1966). SSA models can be used to estimate the radio properties of

compact RLAGN such as GPS and CSS sources. For instance, the observed spectral turnover at GHz

frequencies in GPS/CSS sources may suggest SSA (e.g. O’Dea and Baum, 1997; Snellen et al., 2000).

SSA can further be used to estimate magnetic fields and predict physical sizes (e.g. Kim et al., 2022;

Patil et al., 2022) of the compact synchrotron emitting source.

To estimate the properties of the emitting region, I assume SSA at 150 MHz, I assume that these sources

have an ellipsoidal geometry, and I consider a case where these objects are in equipartition assuming no

non-radiating particles. To do this, I start from the definition of the absorption coefficient of synchrotron
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radio emission presented in Sec. 2.2.1 thus

χν =

√
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where ν is the observing frequency, k is the normalization of the electron energy spectrum defined by

N(E) = kE−p, p is the electron energy index given by α = −(p− 1)/2, c is the speed of light, e is the

charge of an electron,me is the electron mass, ε0 is the permittivity of free space, µ0 is the permeability

of free space, and
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is a constant that depends on the value of the exponent p; for α = −0.5, we have p = 2 therefore, b(p) =

0.269 (see Longair, 2011, for details on constants). Note that the Γs, in this case, are gamma−functions.
Evaluating the constants, Eq. 4.1 can be recast and presented in SI units as

χν = 3.354× 10−9kB(p+2)/2(3.54× 1018)pb(p)ν−(p+4)/2 m−1 (4.3)

and I can estimate B (the source equipartition magnetic field) using the derivations of Hardcastle et al.

(2004) thus

B =

(
2µ0(1 + κ)

J(ν)

C
ν(p−1)/2I

)2/(p+5)

. (4.4)

From Eq. 4.4, J(v) is the synchrotron emissivity which can be computed from the source luminosity

and volume (i.e. J(ν) = Lradio/V ). Eq. 4.4 shows that the magnetic field B depends on the sources’

observables such as the flux density, redshift, observing frequency, and the sources’ measured Gaussian

angular sizes (θDM × θDm); in this case, I estimateB−fields at 6 GHz. The κ term, the energy density ratio
between non-radiating and radiating particles, is given by ζ = 1+ κ. In the case of SSA, ζ = 1.0 for no

non-radiating particles and

I =


ln(Emax/Emin), p = 2

1

(2−p)[E(2−p)
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min
]
, p 6= 2

, (4.5)

C = c(p)
e3

ε0cme

(
m3

ec
4

e

)−(p−1)/2

, (4.6)

and

E = γmec
2. (4.7)

The quantity c(p) is dimensionless and is of order 0.050 for p = 2. Eq. 4.3 tells us that SSA will be
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important if:

τ = χν .d ≈ 1 (4.8)

where d is the depth of the compact object in meters determined from the object’s angular minor axis

scale (θDm; Table 4.6) and I work at v =150 MHz. Using this analysis, the information presented in

Tables 4.1 and 4.6, and utilising the PYSYNCH code11 to estimate B−fields (Hardcastle et al., 1998b) for
each object, I find for the measured sizes of compact objects that Eq. 4.8 is not satisfied which implies

either of two possibilities: (1) the objects are not absorbed at 150 MHz or (2) the measured sizes (upper

limits) presented in Table 4.6 are overestimates. The question then arises as to what sizes these objects

have to have to be self-absorbed at 150 MHz. I answer this question by reducing the volume of the

measured sizes for each object (Table 4.6) by a factor between 2−100 until the condition set in Eq. 2.23
is met. The results are presented in Table 4.8 where we see that the SSA predicted sizes for these sources

are well below the measured Gaussian sizes presented in Table 4.6.

Figure 4.9: Distribution of source predicted physical sizes (left panel; in parsec) and source equipartition magnetic fields (right panel; in Tesla)

assuming SSA at 150 MHz.

The distribution of the predicted physical sizes and magnetic fields for the flat/inverted 35 compact

objects are shown in Fig. 4.9. I find that the sizes of these low-luminosity compact RLAGN have to be in

the range of milliarcsec scales (∼2−30 mas) corresponding to∼2−53 pc in linear scales if they are to be
self-absorbed at 150 MHz. Comparisons of these predicted sizes with observed sizes are not yet possible

in our case, except for J1213+50 and J1230+47 which are resolved at sub-parsec resolution in the Very

Long Baseline Interferometry (VLBI; e.g. Kellermann and Moran, 2001), the Very Long Baseline Array

(VLBA; e.g. Napier, 1994), and the European VLBI Network (EVN; e.g. Schilizzi, 1995) observations

at 8.4, 5, and 8 GHz respectively (Cheng and An, 2018; Cheng et al., 2021) and are therefore consistent

with our predictions. These two objects show two-sided jetted morphologies extending up to a few pc in

projected physical scales. The angular sizes predicted for all the 35 RLAGN sources in Table 4.8 are well

below the resolution of LOFAR (6 arcsec) and the VLA (0.35 arcsec), which means that they can only be

resolved at much lower angular scales with long baselines such as the enhancedMulti-Element Remotely

Linked Interferometer Network (eMERLIN; e.g. Davies et al., 1980), VLBA, and/or EVN at milliarcsec

11https://github.com/mhardcastle/pysynch/

https://github.com/mhardcastle/pysynch/
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Table 4.8: Property estimates of compact RLAGN assuming SSA. The first column indicates the LOFAR source name, column 2 shows the

measured linear size (Table 4.6; in pc) for comparison with the predicted SSA maximum linear size, column 3 shows diameter estimates of the

size of the object assuming an ellipsoid shape, column 4 shows estimates of the sources magnetic fields (in Tesla) derived at 6 GHz and using

Eq. 4.4. Column 5 indicates the electron number density, and column 6 shows the maximum physical size estimates (in pc) computed using

values in column 3 and redshift information presented in Table 4.1. Column 7 presents estimates of the absorption coefficient satisfying SSA

at 150 MHz, and the final column shows the object’s depth in meters.

LOFAR source name Estimated linear size Dssa× dssa B−field k Dssa χv dssa

(D, pc) (arcsec) (×10−7, T) (×10−9, m−3) (pc) (×10−16, m−1) (×1016, m)

ILTJ105535.82+462903.3 166.72 0.0059 × 0.0023 5.12 9.07 9.81 0.08 11.80

ILTJ110233.62+513124.3 341.52 0.0079 × 0.0022 5.39 10.03 10.35 0.10 8.84

ILTJ111745.92+473327.5 251.48 0.0084 × 0.0046 4.39 6.67 11.98 0.04 20.27

ILTJ113545.33+491619.6 244.84 0.0048 × 0.0037 5.00 8.64 4.90 0.07 11.81

ILTJ113757.19+554207.5 220.71 0.0063 × 0.0026 5.28 9.62 7.61 0.09 9.70

ILTJ114047.35+463225.5 96.39 0.0132 × 0.0127 3.61 4.50 13.77 0.02 40.84

ILTJ114316.26+551639.9 139.13 0.0109 × 0.0096 4.08 5.75 11.59 0.03 31.55

ILTJ114721.40+554348.4 128.73 0.0064 × 0.0032 5.28 9.64 6.44 0.09 9.93

ILTJ115157.87+532845.5 250.80 0.0081 × 0.0025 5.37 9.96 9.29 0.10 8.94

ILTJ115205.79+545817.1 162.99 0.0078 × 0.0040 4.79 7.92 9.05 0.06 14.31

ILTJ115330.55+524121.8 195.79 0.0102 × 0.0078 3.99 5.50 13.99 0.03 33.05

ILTJ115438.10+491851.4 109.06 0.0087 × 0.0043 4.92 8.35 9.09 0.07 14.02

ILTJ115531.40+545200.4 133.33 0.0229 × 0.0064 4.58 7.25 22.22 0.05 19.17

ILTJ121329.29+504429.4 115.42 0.0208 × 0.0163 4.02 5.58 12.82 0.03 30.93

ILTJ123011.86+470022.7 134.12 0.0216 × 0.0151 3.82 5.05 16.76 0.02 36.14

ILTJ123301.22+561013.7 366.99 0.0052 × 0.0020 5.49 10.40 7.98 0.10 9.23

ILTJ124021.48+475143.6 546.73 0.0038 × 0.0037 4.40 6.69 6.92 0.04 20.93

ILTJ130325.87+523522.5 294.58 0.0119 × 0.0038 4.43 6.78 21.04 0.04 20.63

ILTJ130535.92+540142.5 211.23 0.0114 × 0.0085 3.61 4.50 19.20 0.02 44.28

ILTJ131002.06+540005.2 298.75 0.0090 × 0.0015 5.64 10.98 14.94 0.12 7.43

ILTJ132745.67+544756.8 237.04 0.0038 × 0.0031 6.12 12.93 2.50 0.16 6.37

ILTJ133430.04+502718.3 362.89 0.0029 × 0.0017 5.57 10.71 4.59 0.11 8.58

ILTJ134233.86+485316.2 731.83 0.0062 × 0.0018 5.49 10.41 10.45 0.11 9.26

ILTJ135632.65+493710.9 185.86 0.0086 × 0.0045 4.54 7.11 10.93 0.05 17.58

ILTJ140013.20+462556.0 258.87 0.0024 × 0.0017 6.33 13.84 2.46 0.19 5.36

ILTJ141149.57+545733.1 205.89 0.0087 × 0.0061 4.06 5.71 13.73 0.03 29.57

ILTJ141234.88+494611.5 237.94 0.0048 × 0.0039 4.60 7.32 6.43 0.05 16.46

ILTJ142025.23+544016.1 139.95 0.0065 × 0.0018 6.30 13.73 5.38 0.18 4.69

ILTJ142125.51+482933.3 211.54 0.0141 × 0.0085 3.85 5.12 19.23 0.03 35.96

ILTJ142707.30+525001.5 313.33 0.0069 × 0.0030 4.80 7.96 10.80 0.06 14.67

ILTJ142948.48+535754.2 154.77 0.0091 × 0.0011 7.38 18.83 7.74 0.34 2.89

ILTJ143334.77+524310.2 240.96 0.0059 × 0.0020 6.24 13.47 5.24 0.18 5.35

ILTJ143521.75+505123.0 846.45 0.0288 × 0.0126 3.21 3.57 52.90 0.01 71.31

ILTJ145350.18+540440.9 58.59 0.0064 × 0.0054 4.01 5.55 11.72 0.03 30.51

ILTJ145415.10+492549.9 79.87 0.0072 × 0.0055 5.03 8.73 5.32 0.07 12.48

resolution. Shown in Table 4.8 and Fig. 4.9 are also estimated magnetic fields, a vital property that can

help us constrain evolutionary stages of young RLAGN (e.g. Orienti and Dallacasa, 2008). I estimate

B−field values lying between ∼0.3−0.75 µT for SSA and are comparable to those estimated in CSS

(e.g. Dallacasa et al., 2002) sources. If accurate, these provide useful information about the physical

conditions in these sources.

4.5.3 Radio power-linear size (P −D) diagram

The radio spectra for our RLAGN have shown that these sources could also be drawn from the RLAGN

population of CSS objects. If this is true, then we expect our sources to populate the position that CSS

objects occupy on the P −D diagram. Here, I briefly describe the construction of the P −D diagram

and I discuss the position of our VLA sample in the P − D space with respect to the position of other

compact RLAGN such CSSs, CSOs, GPSs, LINERs, Seyferts, as well as the main LoTSS DR1 RLAGN
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sample that incorporates FRI/FRIIs.

The P − D diagram is important in modelling the evolution of extended RLAGN (Baldwin, 1982).

Its construction depends on observational measurements of the radio object’s flux density, maximum

angular size, and redshift (Hardcastle et al., 2016). These measurements directly result in estimates

of the radio luminosity (P ) and the maximum physical size (D). The P −D diagram, therefore, offers

another way of investigating the evolution of various RLAGN classes such as GPSs, CSSs, CSOs, RQQs,

LINERs, Seyferts, and FRI/FRIIs. However, the evolution of RLAGNdepends on intrinsic source factors

such as the central engine properties (e.g. nuclear activity and jet power) and environmental factors (e.g.

interaction of jets and the ISM).

CSS, GPS, and CSO sources have radio powers P 1.4 GHz > 1025 W Hz−1 while their sizes are typically

smaller than 2 arcsec thus D . 20 kpc for CSS objects, D . 1 kpc for GPS objects, and D . 500 pc

for CSO objects. However, low-luminosity P 1.4 GHz < 1024 W Hz−1 CSOs have also been observed

(e.g. An and Baan, 2012) with maximum projected sizes of < 1 kpc. Tracking these objects on the

P − D diagram suggests that CSSs descend from the population of GPSs and are in turn expected to

grow into FRIIs (i.e. GPS/CSS objects reveal radio morphologies similar to FRIIs but on much smaller

scales e.g., O’Dea and Saikia, 2021). RQQs on the other hand are compact RLAGN with moderately

low radio powers estimated between 1023 . P1.4 . 1025 W Hz−1. Their projected sizes span ∼1−25
kpc. LINERs and Seyferts, however, have very low radio powers P < 1022 W Hz−1 with sizes spanning

∼10−100 pc (see Gallimore et al., 2006; Ho, 2008). In the radio regime, LINERs and Seyferts cover
the lower end of the P − D diagram. Recall from Chapter 2 that FRI/II objects exhibit two distinct

ranges of radio power with their radio emission travelling to distances out on kpc and sometimes Mpc

scales (e.g. Neeser et al., 1995); FRIs have radio luminosities P178 < 1025 W Hz−1 while FRIIs show

radio-powers P178 > 1025 W Hz−1 (Fanaroff and Riley, 1974). FRI/II objects, therefore, cover two

radio power regimes dividing at around L178 MHz ∼ 1025 W Hz−1. However, recent studies (e.g. Mingo

et al., 2019) from LoTSS show that radio luminosities for FR populations overlap at low frequencies (i.e.

at z ≤ 0.8, some FRIIs show P150 ≤ 1025 W Hz−1). Both FRI/II objects extend over kpc scales with

FRIIs sometimes extending to Mpc scales (e.g. Willis et al., 1974).

Fig. 4.10 shows a P − D diagram for the 23 344 LoTSS DR1 RLAGN sample selected by Hardcastle

et al. (2019) using the AGN-SF techniques described in Sec 4.1.2. The sample consists of both resolved

sources (in green)12 and unresolved sources (in blue)13 at 6 arcsec LOFAR resolution. The 23 344

RLAGN sample is overlaid with the position of the extended and compact VLA 6 GHz RLAGN under

study. The VLA extended objects (in magenta) show radio powers ranging between 1022 < P150 <

1024 W Hz−1 and extend between 1 < D < 2 kpc in linear size. The compact VLA objects (in salmon)

exhibit the same radio powers as the extended objects except for an outlier object with radio power

log10(L150 MHz) = 24.9 W Hz−1. The physical sizes of compact sources are however D < 1 kpc. For

the VLA compact objects, I have taken estimates of their sizes as upper limits from the deconvolved

12This sample has been studied in detail by Mingo et al. (2019) and consists of both FRI and FRII sources.
13Size estimates are given by upper limits of the deconvolved size plus thrice the associated error.
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major axis (see Table 4.6). Following the discussion above, we see that our RLAGN do not occupy a

special place on the P − D diagram with regard to the different classes of AGN discussed. However,

we see them populate the bottom left side of the P −D space, a position that corresponds to the position

of low-radio power CSOs in their very early evolutionary stage (see, for example, the P −D diagram in

Hardcastle and Croston, 2020, and references therein).

The evolutionary tracks (dashed black lines) shown in Fig. 4.10 were derived by Hardcastle (2018b)

using analytical methods (see the reference for details) and represent jet powersQ thusQ = 1035−40 W

from bottom to top. These tracks together with other analytical models (e.g. Kaiser and Alexander, 1997;

Blundell et al., 1999; Hardcastle and Krause, 2013; Godfrey et al., 2017; Turner et al., 2018) describe the

evolutionary path of RLAGN that start with young CSOs and evolve into FRIIs provided environmental

conditions sustaining RLAGN evolution are met (e.g. An and Baan, 2012). Our objects, therefore, are

expected to follow these evolutionary routes if they are to evolve into more extended low-luminosity

FRI/II sources. The diagonal line (blue) follows qualitative analyses by Hardcastle et al. (2016) and

shows surface brightness limitations where low-redshift, low-luminosity, and large-scale sources can

not be detected with LOFAR.

4.5.4 Comparison with similarly compact RLAGN sources

In this section, I aim to draw a comparison or a relationship between the nature of our compact sources

with other unresolved compact RLAGN that have previously been studied in radio surveys at high reso-

lutions in the local RLAGNUniverse (e.g. Sadler et al., 2014; Baldi and Capetti, 2010); these unresolved

objects in the local Universe are sometimes referred to as ‘FR0s’ (Baldi et al., 2015, 2016). This termi-

nology (used to describe an unresolved source) comes that they lack substantial emission, making them a

factor of∼30 more core-dominated than typical FRIs despite sharing similar radio properties. However,
and as noted by Hardcastle and Croston (2020), the ‘FR0’ nomenclature can only be exclusively adopted

when observations capable of resolving these sources are available as is in the case with the Fanaroff and

Riley morphological classification.
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Figure 4.10: A power-linear size diagram of the 23 344 RLAGN sample constructed by the methods of Hardcastle et al. (2019) as discussed

in Sec. 4.1.2 overlaid with a LOFAR sub-sample resolved by the VLA at sub-arcsec resolution. There are a total of 16 494 sources that are

unresolved (blue) and 6 850 sources that are resolved (green) by LOFAR. Magenta points show those objects (9) that appear extended in the

VLA images while salmon points (43) show compact objects at VLA’s 6 GHz. The linear sizes for unresolved LOFAR sources are determined

from the upper limits of the deconvolved size plus thrice the associated error. For the VLA compact objects, the sizes are estimated from twice

the size of the deconvolved major axis. Colours are adjusted to ensure that all points are visible. Following qualitative analyses derived by

Hardcastle et al. (2016), the diagonal line in blue shows the area where radio sources are undetectable by LOFAR, due to surface brightness

limitations. Jet powers (Q) are represented by dashed lines (evolutionary tracks) thus Q = 1035−40 W from bottom to top. These were

derived for z = 0 sources in a galaxy group defined byM500 = 2.5× 1013M�, and kT = 1 keV (Hardcastle, 2018b).

The local Universe is dominated by unresolved RLAGN, among which are what have become popularly

known as FR0s. They are mainly associated with compact RLAGN that are spectroscopically classified

as LERGs (Baldi et al., 2015, 2016; Baldi et al., 2018; Baldi et al., 2018, 2019) revealing a range of radio

properties on smaller scales (<100 kpc). However, a couple of HERGs with FR0-like features have

also been observed at high-frequency resolution (e.g. Pierce et al., 2020). Collectively, FR0s and FRIs

display similar radio and host galaxy properties. The only observed difference thus far is the lack of sub-
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stantial emission seen in FRIs. In their pilot study, Baldi et al. (2015) presented 8 FR0s selected from the

AGN population (z < 0.1) constructed by Best et al. (2005a). These objects had radio powers between

1022−26 W Hz−1 at 1.4 GHz and inhabit red massive (∼1011 M�) early-type galaxies (ETGs; BH≥ 108

M�). High resolution multi-frequency (1.4, 4.5, and 7.5 GHz) VLA observations of these 8 FR0 ob-

jects revealed a range of radio properties. 4 RLAGN showed extended radio emission, 1 of which was

classified as a HERG showing a hybrid of FRI/FRII radio morphology (maximum projected size of up

to 40 kpc). 3 FR0s were classified as LERGs showing extended radio emission spanning 1−3 kpc.

The remaining 4 objects were compact at the limiting angular resolution of 0.2 arcsec, corresponding to

0.2−0.4 kpc in projected physical scales (Baldi et al., 2016). Their radio spectral indices range between
−1.16 ≤ α ≤ −0.04.

Given that both the RLAGN sample presented in this work and the Baldi et al. FR0 sample were selected

from the local Universe, show comparable radio powers (1022 ≤ L150 MHz ≤ 1024W Hz−1), comparable

projected physical scales (i.e. 0.1−0.8 for compact RLAGN and 1−3 kpc for extended RLAGN), and
similar morphologies to our sample, it is likely that our objects can be placed in the same class as FR0s: a

comparison between the two populations is significant in constraining the nature of our sample; I use their

radio spectra for this analysis. It should be noted however that amajor distinction between the two sample

populations is that all our objects are selected as HERGs with BH masses lying between 106−11 M�

(Sabater et al., 2019). Baldi et al. (2019) studied a sample of 18 FR0s selected from the FR0 catalogue,

FR0CAT (Baldi et al., 2018); this catalogue consists of 104 FR0s. Most of the objects in FR0CAT

are classified as LERGs and include z ≤ 0.05 sources with radio powers between 1022−24 W Hz−1 at

1.4 GHz. Their sizes have an upper limit of 5 kpc in projected physical sizes. This catalogue includes

66 FR0s that are in LoTSS DR2 area (Capetti et al., 2020) among which are 4 sources in our sample:

J1048+48, J1126+52, J1213+50, and J1230+47.

Baldi et al. (2019) obtained A-array multi-frequency (1.5, 4.5, and 7.5 GHz) high resolution VLA ob-

servations of 18 FR0s, which include 2 (J1213+50 and J1230+47) objects from our compact RLAGN

sample. They derived core-radio spectra for all the 18 sources between 1.5 and 4.5 GHz spanning

−1.03 < α < 0.60. 6 (33%) FR0s showed steep spectral indices (α < −0.49) while 11 (61%) FR0s

showed flat spectral indices (α > −0.49). Only 1 FR0 showed a strongly inverted radio spectrum i.e.

α = 0.6. In comparison to the distribution of spectral indices for our sources, 16 (29%) objects show

steep spectral indices (α < −0.5), 30 (54%) show flat spectral indices (−0.5 < α < 0), and 9 (16%)

show an inverted radio spectrum (α > 0). However, J1213+50 and J1230+47 remain flat (see Table 4.6)

in the Baldi et al. FR0 sample between 1.5 and 4.5 GHz that isα = −0.33 andα = −0.29 respectively14.

The median spectral index values between the two populations are ᾱ = −0.25 for the 55 RLAGN sam-

ple under study and ᾱ = −0.28 for the 18 FR0s respectively. However, Baldi et al. (2019) reported

a radio spectral steepening increment (38%) between 4.5 and 7.5 GHz for the 18 FR0s (median value

ᾱ = −0.38). I find, after a K−S15 test, that the null hypothesis that our sources are drawn from the same

spectral index distribution as the Baldi et al. FR0s (1.5−4.5 GHz) can not be rejected at a confidence
14They also remain flat between 4.5 and 7.5 GHz with spectral indices α = −0.29 and α = −0.47 respectively.
15Two−sample Kolmogorov–Smirnov test.
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Figure 4.11: Comparison in the spectral index distribution between the Baldi et al. FR0 sample and the RLAGN presented in this work. Green

bins show the radio spectra distribution for the whole sample presented in this thesis overlaid with hatched bins representing the radio spectra

of Baldi et al. FR0s measured at 1.5 and 4.5 GHz VLA frequencies. Orange bins represent the radio spectra for the Baldi et al. FR0 sample

measured between 4.5 and 7.5 GHz VLA frequencies. The solid magenta line, the black dashed line, and the red dotted line show spectral

index median values that is ᾱ6000
150 = −0.25, ᾱ4500

1500 = −0.28, and ᾱ7500
4500 = −0.38 respectively for our RLAGN and FR0s.

level of 77.01% (pvalue = 0.7701)16. A comparison in the distribution of spectral indices as discussed

above are shown in Fig. 4.11.

In terms of their radio morphologies, the Baldi et al. FR0 sample share similar radio morphologies with

our extended RLAGN. Firstly, 4/18 FR0s show extended radio emission in the VLA images projected at

2−14 kpc in maximum physical size. One object, J1213+50 shows marginally extended radio emission

(projected maximum length of ∼2 kpc) particularly at 4.5 and 7.5 GHz in the Baldi et al. FR0 sample
while it is compact in our VLA images at 6 GHz. In comparison, the extended objects in our sample lie

within the extended FR0’s range and have projected maximum sizes between 1−3 kpc. Secondly, the
FR0 extended sources show a wide range of morphologies: two-sided jets, one-sided jets, doubles, and

complex, consistent with our extended objects. The source J1230+47 remains compact at all the VLA

frequencies in the FR0 sample as well as in our catalogue. All the 4 RLAGN objects in the FR0CAT

sample are compact in the DR2 area (Capetti et al., 2020) but show parsec scale extended radio emission

in the eMERLIN, VLBI, and EVN detailed studies of FR0s (Cheng and An, 2018; Cheng et al., 2021;

Baldi et al., 2021).

Could there be a large population of HERG-FR0 sources? Recently, Pierce et al. (2020) presented a

16The null hypothesis that these sources are drawn from the same spectral index distribution can be rejected at a high con-

fidence level of 96% (pvalue = 0.041) between the radio spectra of our RLAGN and the Baldi et al. FR0 spectra measured

between 4.5 and 7.5 GHz. One caveat that could affect the results in this analysis is the low-redshift selection of the Baldi et al.

sources; only 12/55 RLAGN in our catalogue include sources with redshift z ≤ 0.05 (see Fig. 4.3).
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sample of 16 RLAGN (z < 0.1) with comparable radio powers (22.5 < log(L1.4) < 25.0 W Hz−1)

to our observations. These objects were optically classified as HERGs (Pierce et al., 2019). The 16

Pierce et al. (2020) HERG objects were observed with the VLA at both L- andC-bands. High resolution

VLA images of the 16 HERG sample showed a variety of radio morphologies in 7 extended objects

however, they differ in projected physical scales with our extended RLAGN; the 7 extended Pierce et al.

HERG objects were extended on larger scales (2−19 kpc: median value = 6.1 kpc) compared to our 9

extended objects (1−3 kpc: median value = 2.18 kpc). However, it should be noted that the extended

radio emission in the Pierce et al. sample were estimated at the 5σ contour boundary compared to our

extended RLAGN sample estimated at 3σ contour boundary. The remaining objects (9/16) in the Pierce

et al. HERG sample were compact at the same limiting angular resolution of ∼0.3 arcsec with our

sources. This corresponds to projected physical scales of ∼0.28−0.54 kpc, comparable to our compact
sources’ projected sizes (∼0.1−0.8 kpc).

Further differences between the two populations can also be seen in their radio spectra. The Pierce et al.

HERG sample display steep spectral indices between 1.5−4.5 GHz (median value: ᾱ = −0.75) and

between 4.5−7.5 GHz (median value: ᾱ = −0.99) while a majority of compact objects in our sample

show flat radio spectra (median value: ᾱ = −0.25). Repeating the K−S test as above, I find between
our RLAGN and the Pierce et al. sample (in both instances thus between 0.15−6 GHz and 1.5−4.5
GHz: pvalue= 0.00029 and between 0.15−6 GHz and 4.5−7.5 GHz: pvalue= 8.34 × 10−6) that the

null hypothesis that these sources are drawn from the same spectral index distribution can be rejected

at a high confidence level of 99.971% and 99.999% respectively. Fig. 4.12 presents a summary of the

above discussion.

I speculate that the differences in the spectral index distribution between the Pierce et al. sample, together

with the Baldi et al. sample discussed above, is down to differences in their observing frequencies;

flux measurements at high frequencies tend to display steeper spectral indices, whereas self-absorption

flattens the spectra of sources at lower frequencies (e.g. at 150 MHz).

To summarise this section, I have highlighted close similarities in radio morphology and radio luminosity

between our RLAGN and the Baldi et al. FR0s. The distribution of spectral indices of our objects and the

Baldi et al. FR0 sources also show close similarities, particularly for those FR0s measured between 1.5

and 4.5GHz observing frequencies (Baldi et al., 2019). Themain distinction between the two populations

comes from the fact that the Baldi et al. sample is spectroscopically classified as LERGs while our

sources are radiatively efficient RLAGN (HERGs). The high core dominance observed in our sample is

consistent with that observed in the Baldi et al. FR0s at different observing bands. However, based on

the fact that FRIs are typically associated with LERGs, we can rule out the possibility that our HERG

sample could be the younger and smaller-scale versions of FRI sources. Further multi-frequency (e.g.

at 1.5, 4.5, and 7.5 GHz) high-resolution observations of our RLAGN sample with the VLA and with

long-baseline interferometers would help in confirming if these galaxies can be placed in the same pool

as the FR0s.
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Figure 4.12: A spectral index distribution comparison between our HERG compact sample and the Pierce et al. HERG compact sample. The

magenta solid line shows the median spectral index for our observations (ᾱ6000
150 = −0.25) while the black dashed line and the red dotted line

represent the median spectral index of the Pierce et al. sample, respectively ᾱ7500
4500 = −0.99 and ᾱ4500

1500 = −0.75.

4.6 Summary

I have attempted to constrain the nature of 55 low-luminosity RLAGN selected from LoTSS DR1. I

have discussed the radio spectrum of these sources where I have shown that a majority of these objects

(39 out of 55) show flat spectral indices, a feature that is associated with the cores of more powerful and

extended RLAGN such as FRI/IIs. The remaining objects (16 out of 55) show steep spectral indices, a

feature associated with the jets of large-scale RLAGN. I have also attempted to investigate synchrotron

self-absorption at 150 MHz for the 35 sources with flat/inverted radio spectra. I predict the sizes for

these objects to lie between 2−53 pc in projected physical scales while I estimate small B-fields to lie
between 0.3−0.75 µT. I also find that our objects occupy the lower left-end of the P − D diagram,

a position occupied by low-luminosity CSOs. Finally, I have compared our object’s radio properties

with those of similarly compact RLAGN such as the Baldi et al. FR0s; I find close similarities in radio

luminosity, radio spectra, radio morphology, and projected physical sizes. However, I find differences

in the spectral index distribution with the Pierce et al. low-redshift, low-luminosity compact HERG

sample (these sources have FR0-like features) despite their objects having comparable radio-powers and

projected physical sizes to our objects.



Chapter 5

VLA sources with extended radio emission

in LoTSS DR2

This Chapter presents VLA objects showing extended radio emission in LoTSS DR2.

5.1 LoTSS DR2

This is the second data release (DR2) of the LOFAR survey LoTSS (Shimwell et al., 2022) covering

27% of the northern sky at 120−168 MHz. The DR2 coverage is split into two regions; the first region is

centred at 12h45m (right ascension) and+44◦30′ (declination) while the second region is centred at a right

ascension of 1h00m and declination of +28◦00′ spanning 4178 and 1457 deg2 respectively. Shimwell

et al. describes techniques that have resulted in the construction of a sample consisting of 4 396 228

extragalactic sources both of AGN and SFGs. The median sensitivity of DR2 is around 83 µJy beam−1

at 6 arcsec resolution (144 MHz).

5.1.1 LoTSS DR2 images and radio maps

Following the same analysis presented in Sec. 4.2 in the construction of a LOFAR sub-sample (55 ob-

jects) based on DR1, and recalling that these objects were selected on the basis of their compact nature in

DR1, I present 5 RLAGN (and one extra source) objects from LoTSS DR2 which show extended radio

emission in the LOFAR images. The remaining 50 objects are compact in DR2. The following is their

discussion (refer to structures of interest marked by arrows in Fig. 5.1):

66
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• J1111+55 − this object is extended in both the VLA and in LoTSS DR2 images. LOFAR radio

maps for this object show extended radio emission similar to the description given in Sec. 4.4.4.3

(also see Fig. 4.6). The projected physical size of the central structure in DR2 is estimated at ∼22
kpc.

• J1151+53 − this object shows extended radio emission in DR2 images with what appears to be a

decomposition between a bright unresolved radio core and a radio lobe in the north away from the

central structure. The central structure in DR2 extends up to a projected maximum length of ∼15
kpc. However, this object is compact in the VLA images.

• J1310+54− the LOFAR contour maps for this object show faint and diffuse extended radio emis-

sion propagating symmetrically north and south from the radio core. The object shows extended

radio emission in the VLA images (see Sec. 4.4.4.7 for a further discussion). The bright unre-

solved/slightly resolved central structure in DR2 is projected at ∼19 kpc in physical size.

• J1310+51− the object is clearly extended in LoTSS DR2 radio images. Interestingly, we can see

two radio lobes on either side of the central structure measured at∼58 kpc in linear size. However,
the object was not included in the construction of the LOFAR sub-sample as its redshift (z ∼ 0.17)

is estimated to lie outside our redshift range (0.03 < z < 0.1). It was only included for the sole

purpose of showcasing the brightness sensitivity of LoTSS DR2 as the object is compact in DR1.

• J1433+52− the source shows extended radio emission in DR2. LOFAR radio maps show a bright

and unresolved radio core with what appears like a one-sided jet that tails slightly away from the

radio core to the south-west direction. The projected physical size of the core is ∼10 kpc. The
object is compact in the VLA images.

• J1504+47 − the object is extended in LoTSS DR2 with what appears like a twin-sided jet. How-

ever, it is compact in the VLA images. The central structure extends up to ∼48 kpc in physical
size.

The fact that some of the VLA compact objects show extended radio emission in LoTSS DR2 suggests

that we may be underestimating the sizes for some of the populations of these sources. If this is the

case, then we are likely missing a population of extended low-luminosity RLAGN which would occupy

the lower-right side of the P − D diagram (Fig. 4.10), limited by the surface brightness sensitivity of

LOFAR. If discovered, these objects could add to our understanding of AGN feedback models.
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Figure 5.1: LoTSS DR2 images overlaid with 150MHz radio contour maps in salmon. Contour levels are at [-3, 3, 5, 10, 20, 40,...,640]× σrms.
Top two panels from left to right: σrms = 42.89 and 41.90 µJy respectively. Middle panels from left to right: σrms = 45.54 and 76.54 µJy
respectively. Bottom panels from left to right: σrms = 46.57 and 108.92 µJy respectively. The RA and DEC covered by each object are

shown on the axes. Solid lines represent positive contours (3σ) while dashed lines represent negative contours (-3σ). The LOFAR beam (blue

ellipses) is displayed in the bottom left corner for each image. North is up and east is left. Note that the source ILTJ131024.80+512017.4 is

not part of this paper’s analysis as discussed in the text. The arrows on the images indicate structures that are of interest (associated with a jet).

The measured sizes quoted in these images are for central structures only.



Chapter 6

Conclusion and Future Work

In the present Chapter, I summarise the main results of this work and I highlight possible future work.

6.1 Conclusion

I have presented high-resolution VLA 6 GHz observations of 55 low-luminosity (L150 < 1025 W Hz−1)

RLAGN observed in the A-configuration. These objects were selected by Hardcastle et al. from a

larger (23 344) LoTSS DR1 RLAGN sample. The objects were selected such that only those objects

that showed as radiative efficient AGN on all the four AGN-SF separation techniques of Sabater et al.

were picked. Then, their peak flux densities were limited to S150 MHz ≥ 2 mJy. Further, they restricted

the selection of these sources within redshift range 0.03 < z < 0.1. These procedures resulted in the

55 RLAGN presented in this thesis. These sources were selected on the basis of their compact nature

in LoTSS DR1, though some objects (five) show extended radio emission in high-quality LoTSS DR2

images. Here I present a summary of our results and make necessary conclusions. The summary of this

thesis is as follows:

1. I have found that only 9 out of 55 RLAGN show extended emission in the VLA images while 43

objects were found to be compact compared to the limiting angular resolution of 0.35 arcsec. This

corresponds to ∼0.1−0.8 kpc in projected physical sizes. The extended objects have maximum
sizes spanning 1−3 kpc and show a range of radio morphologies: doubles (3), two-sided jets (3),

one-sided jets (2), and complex (1). No radio emissions were detected by the VLA for 3 objects.

2. The spectral index distribution (−1.31 < α < 0.36) of these objects span the range seen in

various compact RLAGN such as CSO, GPS, and CSS sources. 16 out of 55 objects have steep
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radio spectra (−1.31 < α < −0.53) which are consistent with standard models of optically thin

synchrotron radio emission. 39 out of 55 objects showed flat/inverted radio spectra, a property that

is prominent in self-absorbed synchrotron sources. I attribute the steepening in the radio spectra

of these objects to be analogous to young rapidly growing CSS sources.

3. I have predicted physical sizes for 35 compact RLAGN with flat/inverted radio spectra, assuming

SSA at 150 MHz, to be between 2−30 mas in angular scales. This corresponds to ∼2−53 pc in
predicted physical sizes. The angular sizes are very well under LOFAR and the VLA resolution

of 6 and 0.35 arcsec respectively. I have also estimated small B−fields (0.3−0.7µT) for these
sources which correspond to young radio sources and are comparable to those estimated in CSS

objects.

4. I have also shown that our RLAGN sample populate the bottom left side of the P − D diagram

(P150 < 1025 W Hz−1; D < 3 kpc), a position that is occupied by low-luminosity CSO sources.

These sources in the P −D space, therefore, do not occupy a special or unique position in com-

parison to other compact RLAGN such as CSOs, GPs, and CSSs. They are, however, expected

to follow the evolutionary tracks represented by jet powers of Q = 1035−37 W provided that other

source and environmental conditions are met.

5. In total, 25 FR0s (Baldi et al., 2016, 2019) were observed with the VLA at different frequencies.

These objects showed a range of radio properties that are similar to those of FRI sources lack-

ing only in extended radio emission. Given that our RLAGN sample was selected from the local

Universe as the FR0 sample, I have highlighted similarities in radio power, projected physical

size, radio morphology, and radio spectra between FR0s and the sample presented in this work.

However, the main difference between the two sources comes from the fact that our objects were

selected on the basis that they are HERGs as opposed to the Baldi et al. FR0s which are predomi-

nantly selected as LERGs.

6. I also compared our HERG sample with the Pierce et al. HERG sample drawn from the local Uni-

verse (z < 0.1). Although both populations have similarly low radio-powers (22.5 < log(L1.4) <

25.0W Hz−1) and show similar maximum projected sizes (0.28−0.54 kpc), I find no similarities
in their radio spectra; the K−S test ruled out the null hypothesis that our sources could be drawn
from the same spectral index distribution with the Pierce et al. HERGs at a high confidence level.

In conclusion, the low-luminosity compact RLAGN selected from the LOFAR population can be associ-

ated with various classes of compact AGNs (e.g. CSO, GPS, CSS sources). The main result of this thesis

is that a majority of these sources (∼78%) remain unresolved and/or slightly resolved at high resolution
with the VLA. All of these sources are highly core-dominated however, a small number of extended

objects (∼16%) show complex radio structures that can not be precisely classified. This supports the

idea that these sources are injecting energies back into their local environments on sub-kpc scales and

could play a crucial role in understanding SF and galaxy evolution (e.g. Ubertosi et al., 2021).
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6.2 The future

In this thesis, I aimed to study the nature of 55 low-luminosity compact RLAGN selected from the LO-

FARRLAGNpopulation using their VLA high-resolution observations. Only 9 objects showed extended

radio emission in the VLA images at 0.35 arcsec resolution while the remaining objects are compact.

Interestingly, there seems to be an emergence of flat/inverted radio spectra dominating from these sources

at low frequencies. While I explored the effects of synchrotron self-absorption on these compact sources

in this thesis, I have deferred (due to time constraints) the investigation of the effects of free-free ab-

sorption (FFA) on these compact sources to the near future and the results of which will be included in a

paper (J. Chilufya et al. 2023) that is in preparation for publication in the Monthly Notices of the Royal

Astronomical Society (MNRAS) journal.

Other future work includes proposing observation time (proposal in Prep.) for these compact sources

to milliarcsec high-resolution long-baseline interferometers such as the eMERLIN1, the VLBA2, and/or

the EVN3 which should reveal a range of radio morphologies in a majority of these RLAGN on pc

scales given that a few of these compact objects (J1213+50 and J1230+47) have been resolved with

these interferometers (Cheng and An, 2018; Cheng et al., 2021; Baldi et al., 2021). As we have seen in

Chapter 5, wemay be underestimating the sizes for some of these objects and high resolution observations

of these sources would help us understand the scales at which these sources affect the IGM of their host

galaxies.

Detailed studies of RLAGN at both low and high luminosities, the local Universe, and out-to-high red-

shifts will be made possible by LOFAR sky surveys such as LoTSS whose capabilities to detect and

resolve RLAGN in the radio sky is unrivalled. Other radio surveys with the Australian Square Kilometre

Array Pathfinder (ASKAP; e.g. Hotan et al., 2021), theKarooArray Telescope (MeerKAT; e.g. Jonas and

MeerKAT Team, 2016), and in the future with the Square Kilometre Array (SKA; e.g. Dewdney et al.,

2009) will provide radio data that will help us understand the amount of energy that is being injected in

the IGM of the host galaxy by the jets of these low-luminosity radio-loud AGNs whose contribution to

halting or slowing star formation and galaxy evolution is as yet poorly understood as the focus has been

more in the study of the jets of powerful and extended FRI and FRII objects. Understanding the nature

of such objects in the much larger LoTSS DR2 catalogue will be the focus of my future work.

1https://www.e-merlin.ac.uk/
2https://public.nrao.edu/telescopes/vlba/
3https://www.evlbi.org/

https://www.e-merlin.ac.uk/
https://public.nrao.edu/telescopes/vlba/
https://www.evlbi.org/
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