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Chapter 1
Introduction

‘Perché una realtà non ci fu data e non c’è
ma dobbiamo farcela noi, se vogliamo essere;

e non sarà mai una per sempre,
ma di continuo e infinitamente mutabile.’

(L. Pirandello)
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1.1 Active galactic nuclei and their role in galaxy
evolution

Among the billions of galaxies that populate our universe, some ∼10-
15% shine with an extraordinary luminosity. These galaxies host, in
their nuclear region, a supermassive black hole (with mass between 106

and 1010 the mass of the sun) that is actively accreting material from
its surroundings. The amount of energy released during the black hole
accretion process is enormous and manifests as an excess of emission across
the entire electromagnetic spectrum with respect to the standard emission
of stars, gas and dust in a galaxy. These galaxies are referred to as Active
Galactic Nuclei (AGN) and represent one of the most powerful systems in
the Universe.

Nowadays, there is evidence that all massive galaxies contain a super-
massive black hole in their centre, which goes through different phases
of activity and quiescence during the galaxy’s lifetime. The idea of the
black hole activity being intermittent is supported by both observations
(e.g. Marconi et al. 2004; Best et al. 2005; Saikia & Jamrozy 2009; Lintott
et al. 2009; Vantyghem et al. 2014) and simulations (e.g. Ciotti et al. 2010,
2017) but the details of this duty cycle are still far from being completely
understood (see Section 1.3).

Despite being an episodic phenomenon in a galaxy’s life, the AGN plays
a crucial role in shaping the overall galaxy evolution process. Indeed,
the AGN is able to heat, relocate and even remove from the host galaxy
its surrounding gas (e.g. Fabian 2012; McNamara & Nulsen 2012 and
references therein).

This AGN feedback is required by both semi-analytic models and
numerical simulations to explain the observed quenching of the star
formation in early type galaxies (e.g. Di Matteo et al. 2005; Schaye et al.
2015; Sijacki et al. 2015), as well as the correlation between the galaxy
and black hole properties (e.g. Magorrian et al. 1998; Ferrarese & Merritt
2000).

Observationally, AGN feedback manifests in two different modes, which
are related to the two fundamental classes of AGN. In the first mode most
of the energy is released by radiation or powerful winds that develop from
the black hole’s accretion disk (e.g. Zakamska & Greene 2014; Feruglio
et al. 2015; Tombesi et al. 2015) and is usually referred to as radiative
mode. The second mode is instead referred to as jet-mode or maintenance-
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mode and is associated with the presence of jets of relativistic plasma
that deposit kinetic energy into the surrounding medium (e.g. Rawlings
& Jarvis 2004; Raouf et al. 2017). Evidence of this process is observed
in clusters of galaxies that show cavities in the hot intergalactic medium
in correspondence of the jets (e.g. B̂ırzan et al. 2004 and McNamara &
Nulsen 2012 for a review) and in jet-induced gas outflows in galaxies (e.g.
Morganti et al. 2005; Tadhunter et al. 2014).

These two AGN modes are classically related to two accretion modes
that act on different timescales and this likely results in different duty
cycles. Radiative-mode AGN are considered to be mostly fuelled by cold
gas, which accretes via a radiatively efficient accretion disk and which is
acquired via mergers or strong tidal interactions between gas-rich galaxies
(e.g. Smith & Heckman 1989; Ramos Almeida et al. 2011; Sabater et al.
2013), or via secular fuelling (Heckman & Best 2014). This process gives
rise to highly energetic but short-lived AGN activity (Best et al. 2005). Jet-
mode AGN (radiatively inefficient AGN), instead, are thought to accrete
gas from the surrounding hot intracluster medium or from the hot gaseous
atmosphere associated with the host galaxy (e.g. Hardcastle et al. 2007;
Balmaverde et al. 2008 via Bondi accretion (Bondi 1952), or, more likely, via
chaotic accretion of cold gas clouds condensed from the hot atmosphere (e.g.
Soker et al. 2009; Pizzolato & Soker 2010; Gaspari et al. 2013; Maccagni
et al. 2014; Gaspari et al. 2017). These sources are believed to go through
a self-regulated feeding and feedback loop, in which the same gas that fuels
the black hole gets regularly heated by it and stops being accreted, making
the galaxy active cyclically and for most of its life (Best et al. 2005).

1.2 Jetted active galactic nuclei

As already introduced in Section 1.1, AGN can manifest in different ways.
Observations of AGN in the past decades at different frequencies have
probed a very broad spectrum of characteristics leading to a vast taxonomy
(see Padovani et al. 2017).

However, among the different objects, at least one fundamental physical
difference is clear and it concerns the presence or absence of twin jets
of relativistic plasma and magnetic field (see Heckman & Best 2014 for
a review). While these two classes of sources have been for long time
addressed as radio-loud and radio-quiet AGN respectively (Sandage 1965;
Kellermann et al. 1989), it has recently been suggested to adopt the terms
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‘jetted’ and ‘non-jetted’ (Padovani 2016), as these names better describe
the intrinsic nature of the sources rather than their observational properties.
In this section we provide a brief summary of jetted active galactic nuclei,
which are the focus of this thesis.

Jetted AGN are typically hosted by massive galaxies, which are
classically ellipticals and are preferentially located in groups or cluster
environments (e.g. Best et al. 2005). The physical details of the jet
production mechanism and the reason why jetted AGN are only a minority
of the entire AGN population (15-20%, Kellermann et al. 1989) are still
under discussion.

As already mentioned earlier, jetted AGN are characterized by the
presence of twin jets that transport relativistic plasma and magnetic field
from the nuclear regions of the galaxy out to large distances. This beam
model, describing a continuous flow of particles, was first introduced by
Longair et al. (1973) and later improved by Blandford & Rees (1974) and
Scheuer (1974). More recently, numerical simulation have allowed us to
quantify and visualize how the jets carve their way through the interstellar
and intergalactic medium (e.g. Hooda et al. 1994; Massaglia et al. 2016;
Wagner & Bicknell 2011; Mendygral et al. 2012; Cielo et al. 2017). During
the jets advancement, lobes of radio emitting plasma are inflated and
energy and momentum are transferred to the surrounding medium. These
structures can extend from pc scales (O’Dea 1998; Orienti 2016) up to
few Mpc scales (e.g. Barthel et al. 1985; Schoenmakers et al. 2000a),
well beyond the stellar body of the host galaxy. When the relativistic
jets impact against the surrounding ambient medium, strong shocks are
produced giving rise to bright compact regions called hot-spots.

Jetted AGN emit much of their energy at radio frequencies via non-
thermal processes such as synchrotron from relativistic electrons moving
at relativistic speeds in the magnetic field and inverse Compton scattering
of the same electrons with the cosmic microwave background. The energy
distribution of the emitting particle population is N(E, t) = N0E

p (where
p is the particle energy power index), which translates into an observable
power spectrum of the form S ∝ ν−αinj (where S is the flux density, ν
the frequency and αinj is the particle injection spectral index equal to
αinj = p−1

2 ).

Depending on the power of the jets and their inclination with respect
to the observer, jetted AGN are classified as radio galaxies (if the viewing
angle is >45 degrees), radio quasar (if the viewing angle is <45 degrees) or
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blazars (if the viewing angle is close to the observer line of sight) (e.g. Orr
& Browne 1982; Barthel 1989; Antonucci 1993; Urry & Padovani 1995).

Among radio galaxies, which are the focus of this thesis, a variety of
morphologies is observed. However, two main morphological classes of
sources have historically been defined, i.e. Fanaroff Riley I and II sources,
named after the authors who first made the classification (Fanaroff & Riley
1974). The source radio morphology has also been found to correlate
with the source radio power, with FR IIs having powers higher than
P1.4GHz ∼ 1024.5 W Hz−1 and FR Is having powers below this threshold
(Fanaroff & Riley 1974; Owen & Ledlow 1994).

a c

b

Figure 1.1 – Radio maps of three radio galaxies showing the classical Fanaroff-Riley
morphological classes: (a) 3C193, FR II; (b) 3C274, lobed FR I; (c) 3C31, plumed FR I.
Observations were performed with the Very Large Array at 1.4 GHz and images have
5.5 arcsec resolution. Image courtesy of NRAO/AUI.

The main morphological characteristics of these two classes of sources
are shown in Figure 1.1 and described below.

FR II radio galaxies (see Figure 1.1, a), typically have double-lobe
morphologies with weak cores (with ratios of core luminosity over total
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luminosity ∼0.01-0.001, de Ruiter et al. 1990) and very compact, bright
hot-spots at the lobe edges. For this reason they are also called ‘edge-
brightened’. Jets always have low luminosity and are well collimated,
suggesting they act as efficient channels of particle flow up to the lobe
edges. In some cases asymmetries in the jets can be also observed due to
Doppler boosting effects.

Contrary to the previous class, FR I radio galaxies do not typically show
hot-spots and have brighter and wider jets, and more luminous cores (with
ratios of core luminosity over total luminosity ∼0.1-0.01, de Ruiter et al.
1990). For this reason they are also referred to as ‘edge-darkened’. FR Is
can be further divided into two sub-classes according to their large scale
morphology: ‘plumed’ sources (or ‘tailed’, see Figure 1.1, c) and ‘lobed’
sources (or ’bridged’, Figure 1.1, b) as defined by Leahy et al. (1996)1.
According to the B2 catalogue of low-power radio galaxies, ‘lobed’ sources
represent ∼60% of the FR I population (Parma et al. 1996).

The dynamical evolution of FR II radio galaxies has been successfully
described in the past years with both analytical and numerical models,
which are mainly based on a self-similar expansion (e.g. Kaiser & Alexander
1997; Kaiser et al. 1997). FR I radio galaxies, instead, have always been
difficult to reproduce due to their complex morphology and turbulent jets
(e.g. Laing & Bridle 2002a; Luo & Sadler 2010; Perucho et al. 2014).

Jets in FR II radio galaxies remain relativistic out to large distances
with speeds in the range 0.55c–0.75c (e.g. Mullin & Hardcastle 2009). On
the contrary, jets in FR I radio galaxies are observed to decelerate from
relativistic speeds to 0.2c on scales of few kpc Bicknell (1984); Laing &
Bridle (2002b,a); Canvin & Laing (2004).

The dynamical differences between FR Is and FR IIs described above
are thought to arise in two different ways.

On one hand, the external environment can have an influence on the
jets propagation (e.g. Laing 1994; Bicknell 1995; Snellen & Best 2001). In
particular, turbulence in the jet flow can cause the entrainment of heavy
particles from the surrounding medium and a consequent deceleration.
Following this idea, claims have been made that FR IIs may evolve into
FR Is if their jets get disrupted as displayed in Figure 1.2 (e.g. Gopal-
Krishna & Wiita 2000; Marecki et al. 2003b; Kaiser & Best 2007).

1http://www.jb.man.ac.uk/atlas
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On the other hand, they may depend on some physical differences in the
jet production mechanism, i.e. accretion rate, accretion mode, or black–hole
spin (e.g. Baum et al. 1995; Meier 2001; Garofalo et al. 2010). In particular,
it has been probed that FR I radio galaxies are predominantly associated
with radiatively inefficient (jet-mode) AGN, while FR IIs are observed to
be associated with both radiatively efficient and inefficient AGN (Heckman
& Best 2014).

1.3 The life cycle of radio galaxies

In light of the major impact that jets can have on the interstellar and
intergalactic medium of the host galaxy (see Section 1.1), understanding the
radio galaxy evolution and the timescales of the jet activity and quiescence,
i.e. the duty cycle, has recently gained new relevance.

As they evolve during their lifetime, radio galaxies are observed to go
through different phases (see reviews by Kapinska et al. 2015 and Morganti
2017). This is often referred to as ‘life cycle’ of a radio source. A sketch
of the evolutionary path of jetted AGN from Kunert-Bajraszewska et al.
(2010) is presented in Figure 1.2.

Figure 1.2 – Evolutionary scheme of jetted AGN from Kunert-Bajraszewska et al.
(2010).
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During the first stages of the nuclear activity, the radio jets have sizes
smaller than few kpc and reside within the interstellar medium of the host
galaxy. High Frequency Peakers (HFP), Gigahertz Peaked Spectrum (GPS)
and Compact Steep Spectrum (CSS) sources (O’Dea 1998; Orienti 2016)
are considered to be the best representatives of this phase as they often
show scaled-down morphologies of FR I and FR II radio galaxies (so-called
youth scenario, e.g. Fanti et al. 1995; Snellen et al. 2000).

An alternative hypothesis to explain the compact size of CSS, GPS
and HFP sources is the frustration scenario, which suggests that they are
not young but just confined to small spatial scales due to an extremely
dense environment (van Breugel et al. 1984). However, both spectral and
dynamical studies find that most of these sources have typical ages in the
range 102 − 105 yr (e.g. O’Dea 1998; Owsianik & Conway 1998; Murgia
et al. 1999), supporting the youth scenario.

The radio spectra of CSS, GPS and HFP sources have convex shapes
with peak emission frequency inversely proportional to the source size
O’Dea & Baum 1997; Orienti & Dallacasa 2014. The drop in luminosity
at low frequency is classically considered to be caused by synchrotron
self-absorption related to the small size of the radio source (e.g. Snellen
et al. 2000; Fanti 2009). However, free-free absorption due to a dense
ambient medium has also been proposed as a mechanism to explain the
low frequency spectral turnover in few sources (e.g. Callingham et al. 2015;
Tingay et al. 2015).

A fraction of these compact radio sources does eventually grow beyond
the stellar body of the host galaxy. In this case the jets are free to expand
in the intergalactic medium and intracluster medium and the source evolves
into an FR I or FR II morphology reaching a typical size of few hundred
kpc (e.g. Parma et al. 1999; Shabala et al. 2008) and up to few Mpc in the
case of giant radio galaxies (e.g. Barthel et al. 1985; Schoenmakers et al.
2000b).

In this phase the integrated radio spectrum of the radio galaxy is
classically described by a continuous injection model (CI, Kardashev 1962),
which assumes a continuous replenishment of new populations of relativistic
particles. This results in a broken power-law radiation spectrum with
spectral index αinj below a critical break frequency, νb,low, and spectral
index α = αinj + 0.5 above νb,low. This spectral steepening originates
from the preferential radiative cooling of high-energy particles (see Figure
1.3). Typical observed values of spectral injection index αinj for FR I radio
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galaxies are in the range 0.5∼0.6 (Laing & Bridle 2013), while for FR II
radio galaxies are in the range 0.7∼0.8 (Harwood et al. 2016). Therefore,
in evolved radio galaxies we expect to measure spectral indices at high
frequency in the range α = 1 ∼1.3 just because of the plasma radiative
evolution.

After a period that lasts between few tens and few hundreds of Myr
(e.g. Wan et al. 2000; Parma et al. 2007; Shabala et al. 2008; Kapińska
et al. 2012; Antognini et al. 2012; Turner & Shabala 2015) the nuclear
activity ceases or drops dramatically and the jet supply stops. During this
phase the source expands into the intergalactic medium, radiating away the
remaining energy stored in radio lobes and is destined to fade away. In the
radio spectrum a new break frequency at higher frequency νb,high appears,
beyond which the spectrum drops exponentially (Komissarov & Gubanov
1994, see Figure 1.3). Sources in this phase have been named in different
ways over the years, such as relic AGN (Kempner et al. 2004), dying radio
galaxies (Murgia et al. 2011) or faders (Röttgering et al. 1994). In this
thesis we refer to them as remnant radio galaxies and we further discuss
their characteristics in Section 1.3.1.

While the evolution path of radio galaxies as described above represents
the standard picture, deviations from it are also observed.

For example, statistical studies on the ages of compact radio galaxies
and on their fraction with respect to the entire radio galaxy population (e.g
Marecki et al. 2003b; Gugliucci et al. 2005; An & Baan 2012) suggest that
not all compact young sources evolve into extended sources (see Figure 1.2).
Confirmation of this scenario comes from the discovery of few examples of
compact sources with dying appearance (e.g. Kunert-Bajraszewska et al.
2004, 2006; Orienti et al. 2010; Callingham et al. 2015). The reason for this
premature cessation of the jet activity is still a matter of debate. The most
popular explanations for this occurrence are ultra dense environments that
prevent the jet expansion beyond a certain size (e.g. Orienti et al. 2010)
and instabilities of the accretion disk that cause the jet disruption (e.g. Wu
2009; Czerny et al. 2009).

Evidence that radio jets can be triggered more than once during the host
galaxy’s life has also been presented in the literature. This intermittence
of the nuclear activity is also required by simulations of galaxy evolution
to prevent too much cooling of gas from the galaxy’s atmosphere or gas
resulting from stellar mass loss (Ciotti et al. 2010, 2017). These models
also predict that, the active phase is not continuous but it consists of
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Figure 1.3 – Plot showing the modelled time evolution of the radio spectrum of a radio
galaxy from Morganti (2017). The solid black line represents the spectrum of the radio
source after 50 Myr of jet activity. The long dashed-dot line and the dashed-dot line
represent how the spectrum steepens with time after the cessation of the jet activity,
after 10 Myr and 50 Myr respectively. The vertical lines mark the observing frequencies
covered by the Low Frequency Array (150 MHz, purple) and by other radio telescopes
(1400 MHz, blue).

multiple outburst of short duration. This is observationally supported
by the identification of remnant radio plasma on small scales (<100 pc)
associated with active compact radio galaxies (Luo et al. 2007; Orienti &
Dallacasa 2008). This finding suggests that at the beginning of the jet
activity, multiple cycles of short bursts (103− 104 yr) may occur before the
jets start to expand to large scales.

Although many unknowns on the physics of restarting jets are still
present, a few authors have attempted to develop analytical models and
numerical simulations to describe their origin and evolution (e.g. Clarke
& Burns 1991; Clarke 1997; Reynolds & Begelman 1997; Mendygral et al.
2012; Walg et al. 2014).

In this context, one of the main challenges is quantifying the time the
AGN spends in its active state and the frequency, as well as the origin of
this recurrence.

In the past years the duty cycle of radio galaxies has been investigated
in the literature using the following three different approaches: the study
of radio luminosity functions, the analysis of cavities in galaxy clusters and
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the modelling of radio spectra of restarted radio galaxies (radio galaxies
showing remnant lobes associated with active jets).

Radio luminosity functions suggest that high power radio galaxies
(FR II) are triggered only once every one–to–few Gyr and remain active for
short periods of time. On the contrary, low power radio galaxies (FR I),
which are mostly located in galaxy clusters and are most likely part of a
self-regulating AGN feedback cycle, are frequently re–triggered and spend
over a quarter of their time in an active state (Best et al. 2005; Shabala
et al. 2008; Turner & Shabala 2015). Studies of nearby clusters showing
multiple generations of X-ray cavities in the intergalactic medium confirm
the short outburst intervals suggested by the luminosity function for these
sources, with values in the range ∼1-10 Myr (see Vantyghem et al. 2014
and references therein).

Results from the modelling of the radio spectrum of restarted radio
galaxies are discussed in Section 1.3.2.

1.3.1 Remnant radio galaxies

As already introduced in Section 1.3, remnant radio galaxies represent
the phase after the nuclear activity in the radio galaxy switches off. In
this phase only the lobes remain visible for a longer period of time, while
compact components, such as radio cores and well-defined hot-spots and
jets, disappear within a light travel time (few Myr for the largest sources).
In Figure 1.4 we show a few known remnant sources as a reference.

Because of the plasma expansion into the intergalactic medium and the
energy losses, the luminosity of the lobes in this phase drops (see Figure
1.2). The timescales of this luminosity evolution depend on the physical
conditions of the source in the active phase as well as on the surrounding
environment, and are still a matter of debate. For example, if the source
remains overpressured until the end of the active phase (e.g. Blundell et al.
1999; Wang & Kaiser 2008), adiabatic losses are fast, unlike the case where
the lobes have already reached pressure equilibrium with the surrounding
gas before the jets switch off (Hardcastle & Worrall 2000; Mullin et al.
2008). Furthermore, if the radio source is located in a dense intergalactic
environment, the plasma can remain confined for longer periods and the
luminosity evolution is slowed down.

A few models that describe the plasma evolution after the cessation of
the jets have been proposed in the last years (Kaiser et al. 2001; Slee et al.
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Figure 1.4 – Examples of radio maps for a selection of remnant radio galaxies.
Top-left - WNB 1257.4+3137 from Parma et al. (2007); top-right - B2 0120+33 from
Murgia et al. (2011); bottom-left - B2 0924+30 from Jamrozy et al. (2004); bottom-right -
A2162 from Giacintucci et al. (2007).

2001; Kaiser & Cotter 2002; Ito et al. 2015; Kuligowska 2017). However,
more constraints from observations are required to test their validity. To
do this new generation radio surveys are essential as it is illustrated later
in this thesis.

As described in Section 1.3 and shown in Figure 1.3, the radiative
history of the radio source remains encoded in the curvature of the radio
spectrum. Therefore, the modelling of the spectral curvature can be used
as a powerful tool to quantify the length of the active and inactive phases
of remnant radio galaxies (e.g. Komissarov & Gubanov 1994; Murgia
et al. 2011; Harwood et al. 2013). We note that this method is subject
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to a number of uncertainties related to our poor knowledge of the source
magnetic field, the particle injection index and possible in-situ particle
reacceleration processes (Katz-Stone et al. 1993; Eilek 1996; Blundell &
Rawlings 2000, 2001). Despite this, it has been successfully used in a few
cases to give first order indications of the plasma lifetime after the jets
switch off. For example, Parma et al. (2007) and Murgia et al. (2011) find
that the remnant phase can last between 0.6 and 55 Myr and, beside few
exceptions, this is typically a factor 0.1-0.5 of the active phase. Other
studies (e.g. Shulevski et al. (2015); Dwarakanath & Kale (2009) find
that the remnant plasma can survive for an amount of time comparable
with the length of the active phase (a factor 1-1.3). However, statistically
significant results have been hampered until now by the paucity of remnant
identifications.

Indeed, the detection of remnant sources has been surprisingly difficult
so far. Giovannini et al. (1988) identified only a few percent (1-3%) of
candidate remnants from a subsample of the B2 and 3CR samples (Feretti
et al. 1984). Similar fractions (∼2%) have been found by Murgia et al.
(2011) using the WENSS minisurvey sample (de Ruiter et al. 1998) and
the B2 bright sample (Colla et al. 1975). Mullin et al. (2008) suggests a
fraction of no more than 7% remnants among the FR II population in the
3CRR.

The reason for this paucity could reside in both physical and obser-
vational arguments. On one hand remnants could evolve much faster
than originally expected (&100 Myr after the jet cessation, Cordey 1986;
Komissarov & Gubanov 1994) and quickly become invisible, especially at
frequencies higher than 1400 MHz. This is expected to be especially true
at redshifts higher than z∼0.5-1, where the volume density of the cosmic
microwave background becomes higher and the radiative losses via Inverse
Compton scattering dominant (e.g. Gopal-Krishna et al. 1989). On the
other hand, remnants could have just been missed by observations due to
the inadequacy of the instruments used so far. Indeed most of the searches
have been conducted either at frequencies higher than 1400 MHz, where the
remnants are known to be fainter, or using surveys at low frequency but
with low sensitivity (B2, Colla et al. 1975; 3Cr Feretti et al. 1984; WENSS
minisurvey, de Ruiter et al. 1998), which are incapable to recover the low
surface brightness emission typical of remnant plasma (typically a few mJy
arcmin−2 at 1400 MHz).
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The current knowledge about remnant radio galaxies is mainly based
on detailed analysis of few individual sources that have been mostly
serendipitously identified. One of the earliest and most popular example
of remnant is B2 0924+30, which was initially discovered by Cordey
(1987) and further investigated by Jamrozy et al. (2004) and Shulevski
et al. (2017). It is estimated that the time elapsed since the jet have
switched off in this source is 50 Myr (Shulevski et al. 2017). We note
that this is also one of the remnants observed in low density environments
together with few others (Parma et al. 2007; de Gasperin et al. 2014;
Hurley-Walker et al. 2015). Many more have been identified instead in
galaxy clusters (Feretti et al. 1984; Giovannini et al. 1991; Harris et al.
1993; Subrahmanyan et al. 2003; Giacintucci et al. 2007; Murgia et al.
2011; Tamhane et al. 2015; Shulevski et al. 2015). As already mentioned
above, the easiest interpretation of this tendency is that a higher density
intergalactic medium can maintain the plasma confined for longer periods
preventing the fast expansion and disappearance of the remnant plasma.
An alternative explanation would be that the occurrence of dying sources
is higher in galaxy clusters (Murgia et al. 2011). Unfortunately, systematic
studies of the remnant population as a function of environment that address
this topic are still not available, but will soon be addressed by using new
large sky radio surveys.

To date a few attempts have been made to search for remnant radio
galaxies in a systematic way with the aim of creating larger and complete
samples. The majority of the searches have used ultra-steep spectral indices
as the main selection criterion (e.g. Cohen et al. 2007; Parma et al. 2007;
Sirothia et al. 2009; Dwarakanath & Kale 2009). Murgia et al. (2011)
introduced the use of spectral curvature (SPC = αhigh − αlow) to select
sources whose integrated spectrum is still not ultra-steep below 1400 MHz
but shows a drastic steepening at higher frequencies. A few authors have
also based the selection on morphological criteria alone. Among these,
Saripalli et al. (2012) have selected sources that lack compact features like
hot spots, jets, and cores in the Australia Telescope Low Brightness Survey
(Subrahmanyan et al. 2010), while Giovannini et al. (1988) and Hardcastle
et al. (2016) have used the low radio core prominence to identify candidates
(Lcore/Ltot < 10−4 − 5× 10−3).

For a long time there have been claims that sensitive low frequency
surveys would lead to the discovery of many remnant radio galaxies as they
are expected to be brighter at low frequency and have low surface brightness
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emission (e.g. Rottgering et al. 2006; Saikia & Jamrozy 2009; Murgia et al.
2011; Kapinska et al. 2015). The Low Frequency Array now gives us the
opportunity to investigate whether this is the case as we show in Chapter
2 and Chapter 3 of this thesis.

Larger samples of remnant radio galaxies are required to enable the
investigation of their physical and environmental properties in a statistical
way and to provide new constraints on models describing the radio galaxy
evolution after the jets switch off. A better knowledge of their energetics
and dynamics is also relevant to understand the long-term impact of the
radio lobes on the intergalactic medium, as well as the formation of radio
sources in galaxy clusters such as relics, halos, and phoenixes (Enßlin &
Brüggen 2002; Kaiser & Cotter 2002).

1.3.2 Restarted radio galaxies

As already mentioned in Section 1.3, restarted radio galaxies represent one
of the clearest observational indications that jets in radio galaxies can be
episodic (see Saikia & Jamrozy 2009 for a review) and provide a unique
opportunity to investigate the jet duty cycle. Indeed, the possibility to
study simultaneously the radio spectrum of remnant lobes and restarted
jets allows us to derive constraints on the length of the quiescent period
between the two phases of activity. In Figure 1.5 we show a few example
sources as a reference.

The most explicit and well-studied signatures of episodic jet activity
are seen in the so-called ’double-double radio galaxies’ (DDRGs). In these
sources we can observe two pairs of radio lobes aligned along the same
direction and with a common centre (see Figure 1.5, left panel). After their
initial discovery (Lara et al. 1999; Schoenmakers et al. 2000a) more sources
of this kind have been identified and some studied in detail (e.g. Kaiser
et al. 2000; Saripalli et al. 2003; Saikia et al. 2006; Konar et al. 2006, 2012,
2013; Orrù et al. 2015). In few sources even three episodes of jet activity
have been detected (Brocksopp et al. 2007; Hota et al. 2011).

Models to explain the dynamical evolution of such systems have been
proposed by Brocksopp et al. (2011) and Konar & Hardcastle (2013).
Spectral ageing modelling of DDRGs find that the duration of the quiescent
phase is typically in the range 105−107 yr, and is never more than 50% of the
duration of the previous active phase, which is equal to ∼ 100 Myr (Konar
et al. 2012, 2013). Other studies based on observations of the hotspots
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Figure 1.5 – Examples of radio maps for a selection of restarted radio galaxies. Left -
J1453+3308 from Konar et al. (2006); top-right - B 1345+125 from Stanghellini et al.
(2005); bottom-right - 4C29.30 from Jamrozy et al. (2007).

estimate timescales of inactivity of the order of 105 yr (e.g. Safouris et al.
2008; Jamrozy et al. 2009).

The phenomenon of restarted AGN is not limited to classical DDRGs
only but includes a wide range of morphologies (Saikia & Jamrozy 2009;
Kuźmicz et al. 2017). Some sources appear like classical FR I or FR II
radio galaxies but reveal a CSS or GPS source in their nuclear regions
indicating the presence of compact, newly formed jets. These may represent
the progenitors of DDRGs where the inner jets are still located within the
host galaxies. Examples of this clss are the source 3C236 (Willis et al.
1974; Barthel et al. 1985; O’Dea et al. 2001; Tremblay et al. 2010), the
source B 1144+35 (Schoenmakers et al. 1999) and the source B 1245+676
(Marecki et al. 2003a; Saikia et al. 2007).

In other cases compact radio jets are observed to be embedded in large-
scale, low-surface brightness halos or lobes with amorphous shapes (see
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Figure 1.5, right panel) such as the source 4C 29.30 (Jamrozy et al. 2009)
and B2 0258+35 (Shulevski et al. 2012, Chapter 4 of this thesis). For these
sources, the reported lenght of the quiescent phase is of the order of ≥ 100
Myr.

Traces of recurrent jet activity is also observed when extended, low
surface brightness emission with amorphous shape is associated with a CSS,
GPS or HFP sources (Baum et al. 1990; Stanghellini et al. 1990, 2005; Luo
et al. 2007; Orienti & Dallacasa 2008).

Moreover, we know at least one radio galaxy (3C388, Burns et al. 1982;
Roettiger et al. 1994, Chapter 5 of this thesis) that is claimed to be a
restarted radio galaxy based on the spectral index distribution within its
radio lobes.

Among other cases of well-know restarted jet activity are Centaurus
A, where small scale bright jets are surrounded by large scale, low surface
brightness lobes (e.g. Morganti et al. 1999; McKinley et al. 2013, 2017) and
3C338 where a ridge of large scale older lobes is displaced with respect to
the new inner jets and the host galaxy (e.g. Gentile et al. 2007).

The variety of morphological and spectral characteristics observed in
restarted radio galaxies are most likely connected to different phases of
the AGN life cycle, as well as different environments and radio powers,
but a unified framework in which to interpret them has not been provided
yet. It is clear that the complex behaviour of these sources can only be
fully understood by first compiling much larger samples than currently
available. A statistical approach is also necessary to confirm the jet duty
cycle timescales derived by studies based on the radio luminosity function
as discussed in Section 1.3.

Up to now, only a few authors have conducted searches for low surface
brightness extended emission around currently active radio galaxies using
wide field and high-dynamic range observations above 1400 MHz, aiming
for better statistics of the restarted activity occurrence, but these were
mostly inconclusive (e.g. Stute et al. 1980; Perley et al. 1982; Kronberg &
Reich 1983; van der Laan et al. 1984; Jones & Preston 2001).

As it is true for remnant radio galaxies (see Section 1.3.1), high sensitiv-
ity surveys at low frequency are expected to allow for the identification of
more restarted radio galaxies enabling a statistical study of their properties.
A systematic search of low surface brightness extended emission at low
frequency associated with a sample of compact radio galaxies is presented
in Chapter 6 of this thesis.
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1.4 The Low Frequency Array

Although in the earliest days of radio astronomical observations in the
1930s very low frequencies were mainly used (below few hundred MHz), in
the past decades most of the observational and technological effort were
put in expanding frequencies around 1 GHz and above. This was dictated
by the quest for higher sensitivity and resolution, which were difficult to
obtain at MHz-frequencies, as well as by the discovery of the 21 cm atomic
hydrogen line (van de Hulst 1945), which opened a new science case in radio
astronomy.

However, by the beginning of the 1990’s, frequencies below 1 GHz
have received a renewed interest. Among the main scientific drivers for
the low frequency development were the detection of neutral hydrogen at
cosmological distances, the study of sources with inverted radio spectra
and the study of ultra-steep spectrum radio galaxies at high redshifts.
These scientific goals have pushed the computing and technological research
forward, leading to telescopes of new generation in which the traditional
concept of dish antennas is abandoned in favour of dipole-array interfer-
ometers. Among these are the Long Wavelength Array (LWA, Ellingson
et al. 2013), the Low Frequency Array (LOFAR, van Haarlem et al. 2013)
and the Murchison Widefield Array (MWA, Tingay et al. 2013). These
instruments are now considered the pathfinders of the low-frequency part of
the revolutionary project, the Square Kilometre Array (SKA, Ekers 2012).

LOFAR is an innovative phased-array telescope that consists of dipole
antennas grouped into stations and distributed throughout the Netherlands
and Europe. Unlike classical dishes, the LOFAR stations are not movable
as the dipoles have a potential all sky coverage. Instead, the stations
are pointed electronically by introducing phase delays in the signal after
digitalization. Afterwards, the signal from different stations is correlated.
This electronic beam-forming technique gives the telescope an extreme
flexibility in terms of quick pointing as well as allows for simultaneous
observations of different regions of the sky. For this reason LOFAR is
also referred to as a ‘software telescope’ and possesses extreme computing
capabilities. The data flow during each observation coming from all stations
is incredibly high, equal to 1.7 TB/s and the total amount of data stored
to date is 25 PB.

The LOFAR Dutch array is currently composed of 24 stations located
within a radius of 2 km referred to as the ‘core’ and 14 remote stations
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arranged in an approximation to a logarithmic spiral distribution extending
out to a radius of ∼90 km. This configuration provides a maximum
resolution of ∼6 arcsec in the high-band (HBA, 110–200 MHz) and
∼20 arcsec in the low-band (LBA, 30–90 MHz), as well as an optimal
instantaneous uv-coverage on the short baselines. Moreover, to date,
there are 12 operational international stations distributed over 6 different
European countries (Germany, UK, France, Sweden, Poland and Ireland),
which generate baselines up to 1000 km allowing to achieve sub-arcsecond
resolutions (e.g. 0.33 at 150 MHz and 0.6 at 60 MHz). The total
observing band at 150 MHz is 64 MHz wide and is divided into sub-
bands of 200 kHz composed of 64 channels each, allowing also for spectral
line observations. The LOFAR LBA and HBA station beams have a Full
Width Half Maximum (FWHM) of approximately 8 degrees and 5 degrees
respectively, making the instrument ideal for survey purposes.

At present, the main scientific LOFAR driver is the statistical detection
of the HI signal of the Epoch of Reionization (Zaroubi et al. 2012).
However, many other large projects have developed, such as pulsar and
radio transients studies, magnetic field and solar physics studies (see van
Haarlem et al. 2013 for a full discussion).

Relevant for this thesis is the LOFAR Two-metre Sky Survey (LoTSS,
Shimwell et al. (2017)) that is an ongoing continuum imaging survey
performed in the frequency range 120–168 MHz that will eventually
cover the entire Northern sky. To date, about 400 square degrees of
sky have been observed and imaged by Shimwell et al. (in prep.) in
correspondence of the Hobby-Eberly Telescope Dark Energy Experiment
(HETDEX) Spring Field, which is an integral-field optical survey (Hill et al.
2008, right ascension 10h45m00s to 15h30m00s and declination 45◦00’00”
to 57◦00’00”).

A full description of the strategy, the calibration techniques and
scientific goals of the survey is presented in (Shimwell et al. 2017).
Preliminary images at 20 arcsec resolution and 500 µJy beam−1 rms noise
have been already made public2. Images at full resolution have been later
obtained and will soon be published by Shimwell et al. (in prep.). These
have typical rms noise of ∼100 µJy beam−1 and 6 arcsec resolution, making
LoTSS the low frequency wide-field survey with highest sensitivity and
spatial resolution currently available.

2http://lofar.strw.leidenuniv.nl/doku.php?id=tier1 hba pdr
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As all frontier projects, the realization of this survey is being a challenge
under many points of view. Firstly, low frequency observations are strongly
affected by the Earth ionospheric conditions, which cause scintillation of,
otherwise stationary, sources. Secondly, the wide fields observed by LOFAR
prevent us to use the classical assumption of flat images, forcing the imaging
algorithm to consider the sky curvature. On top of this, as mentioned
earlier, the amount of data to be processed is unprecedented, making
the use of high computer power and the development of fast algorithms
indispensable. To account for these issues, new calibration techniques have
been matured that calibrate different regions of the sky separately (van
Weeren et al. 2014; Tasse 2014b,a; Smirnov & Tasse 2015; Williams et al.
2016) and new pipelines have been developed based on the most advanced
software techniques.

1.5 This Thesis

This thesis was born with the goal of exploiting the unprecedented imaging
capabilities of LOFAR to improve our knowledge on the life cycle of radio
galaxies and, in particular, on remnant and restarted radio galaxies.

In this field of research there are a number of characteristics that
make LOFAR a unique instrument, which have opened the way to new
investigations.

Firstly, the MHz regime covered by LOFAR is key for the detection of
remnant radio plasma from past epochs of AGN activity. Indeed, due to
the longer lifetimes of low-energy electrons, remnants are expected to be
brighter at low radio frequencies (see Figure 1.3).

Secondly, LOFAR’s high sensitivity, with noise values of∼0.1 mJy beam−1

at 150 MHz and ∼2 mJy beam−1 at 60 MHz for ∼10 hours observations,
is crucial for detecting low surface brightness emission like AGN remnant
radio plasma.

Furthermore, the array configuration, which combines a dense core of
short baselines together with longer baselines, assures at the same time a
good sensitivity to large scale emission and a high resolution (up to 6 arcsec)
for detecting compact structures. This allows for a complete morphological
characterization of radio galaxies in just one observation. As jets in radio
galaxies are observed to switch off at any stage of radio source growth (see
Section 1.3), the high resolution is also essential to morphologically identify
remnant emission on different spatial scale.
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Finally, the wide field of view covered by LOFAR allows us to address
systematic searches of rare sources, such as both remnant and restarted
radio galaxies.

LOFAR observations become even more powerful when combined with
other data at higher frequencies. In particular, for the first time the spatial
resolution of low frequency observations matches those at higher frequency,
opening the way to resolved spectral studies. For this reason, during
these years we have collected complementary observations at frequencies
higher than 150 MHz using a variety of radio instruments i.e. the Very
Large Array, the Westerbork Synthesis Radio Telescope, the Sardinia Radio
Telescope, the Effelsberg 100-m Radio Telescope and the Giant Metrewave
Radio Telescope (see Figure 1.6).

As already extensively discussed in Section 1.3 remnant and restarted
radio galaxies give us unique opportunities to shed light on some interesting
open questions that concern the overall galaxy evolution process, such as the
jet duty cycle in extragalactic sources and its feedback on the host galaxy,
as well as the dynamical evolution of the radio plasma in the intergalactic
medium.

The idea of this project is, on one hand, to study in detail the
morphological and spectral properties at low frequency of some well-known
remnant and restarted radio galaxies, and, on the other hand, to select new
samples of such sources using LoTSS to perform statistical studies of their
characteristics. With the studies presented in this thesis we would like to
address the following questions:

• What are the physical characteristics of remnant radio galaxies?

• What are the best methods to select remnant and restarted radio
galaxies in new wide-field radio surveys?

• Can current theoretical models predict the fraction of remnant radio
galaxies observed in the radio sky?

• What can we learn about the duty cycle of radio AGN by studying
compact peaked spectrum radio galaxies?
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Figure 1.6 – Telescopes used in this thesis. Top-left - Very Large Array (CREDITS:
Michael A. Stecker); top-right - Sardinia Radio Telescope (CREDITS: Media-INAF);
centre-left - Swedish station of the Low Frequency Array (CREDITS: Onsala Space
Observatory); centre-right - Westerbork Synthesis Radio Telescope (CREDITS: Richard
Dawkins); bottom-left Giant Metrewave Radio Telescope (CREDITS:NCRA-TIFR);
bottom-right - Effelsberg 100-m Radio Telescope (CREDITS: MPIfR).

1.5.1 Thesis outline

Chapter 2 - describes the serendipitous discovery of a 700-kpc remnant
radio galaxy at 150 MHz with LOFAR (hereafter ‘blob1’). Blob1 was
identified on purely morphological arguments based on its unusually large
angular extension with amorphous shape, low surface-brightness, and lack
of compact features. Using follow-up observations and archival data
at higher frequencies we have investigated the physics of this source in
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comparison with already known active and remnant radio galaxies and we
have reconstructed the evolution history of the radio source from its birth
to its death. To conclude we discuss the selection criteria to be used to
select representative samples of similar sources.

Chapter 3 - presents the first systematic search of remnant radio galaxies us-
ing LOFAR. The search is performed on the extra-galactic field ‘Lockman-
Hole’ and makes use, for the first time, of a combination of morphological
and spectral criteria. These different selection criteria are used in a
complementary way with the aim of avoiding biases toward any specific class
of remnant. Furthermore, we present Monte-Carlo simulations, that we
have developed based on radiative and dynamical models of radio galaxies,
to obtain mock catalogues of radio galaxies. This allows us to predict the
fraction of remnants that should be found in radio flux limited empirical
radio catalogues like that of the Lockman Hole.

Chapter 4 - investigates the duty cycle of the radio galaxy B2 0258+35,
where a couple of large-scale (240 kpc), low surface brightness lobes were
discovered at 1400 MHz by Shulevski et al. (2012) around a compact
radio source (3 kpc). Here we have expanded the study of the source
to low frequencies using LOFAR and to higher frequencies using SRT. The
increased spectral coverage enables us to set new constraints on the physical
properties of the outer lobes and on their duty cycle.

Chapter 5 - describes the study of the radio galaxy 3C388, which is claimed
to represent a peculiar case of recurrent radio activity due to a bimodality in
the spectral index distribution of its radio lobes at frequencies > 1400 MHz.
Complementary observations at low frequencies performed with LOFAR
and VLA have enabled us to perform a resolved spectral study of the radio
lobes of this radio galaxy to look for confirmations of the restarted activity
scenario.

Chapter 6 - presents a search for extended emission around a sample of
compact, young radio galaxies in the HETDEX field, aimed at identifying
traces of past AGN activity and constraining the jet duty cycle. For this
work we have exploited the recent high resolution and sensitivity images
of the LOFAR Two-metre Sky Survey, which are ideal for detecting low-
surface brightness emission on all scales.



References 25

References

An, T. & Baan, W. A. 2012, ApJ, 760, 77
Antognini, J., Bird, J., & Martini, P. 2012, ApJ, 756, 116
Antonucci, R. 1993, ARA&A, 31, 473
Balmaverde, B., Baldi, R. D., & Capetti, A. 2008, A&A, 486, 119
Barthel, P. D. 1989, ApJ, 336, 606
Barthel, P. D., Miley, G. K., Jagers, W. J., Schilizzi, R. T., & Strom, R. G.

1985, A&A, 148, 243
Baum, S. A., O’Dea, C. P., Murphy, D. W., & de Bruyn, A. G. 1990, A&A,

232, 19
Baum, S. A., Zirbel, E. L., & O’Dea, C. P. 1995, ApJ, 451, 88
Best, P. N., Kauffmann, G., Heckman, T. M., et al. 2005, MNRAS, 362, 25
Bicknell, G. V. 1984, ApJ, 286, 68
Bicknell, G. V. 1995, ApJS, 101, 29
B̂ırzan, L., Rafferty, D. A., McNamara, B. R., Wise, M. W., & Nulsen,

P. E. J. 2004, ApJ, 607, 800
Blandford, R. D. & Rees, M. J. 1974, MNRAS, 169, 395
Blundell, K. M. & Rawlings, S. 2000, AJ, 119, 1111
Blundell, K. M. & Rawlings, S. 2001, in Astronomical Society of the

Pacific Conference Series, Vol. 250, Particles and Fields in Radio Galaxies
Conference, ed. R. A. Laing & K. M. Blundell, 363

Blundell, K. M., Rawlings, S., & Willott, C. J. 1999, AJ, 117, 677
Bondi, H. 1952, MNRAS, 112, 195
Brocksopp, C., Kaiser, C. R., Schoenmakers, A. P., & de Bruyn, A. G.

2007, MNRAS, 382, 1019
Brocksopp, C., Kaiser, C. R., Schoenmakers, A. P., & de Bruyn, A. G.

2011, MNRAS, 410, 484
Burns, J. O., Christiansen, W. A., & Hough, D. H. 1982, ApJ, 257, 538
Callingham, J. R., Gaensler, B. M., Ekers, R. D., et al. 2015, ApJ, 809, 168
Canvin, J. R. & Laing, R. A. 2004, MNRAS, 350, 1342
Cielo, S., Antonuccio-Delogu, V., Silk, J., & Romeo, A. D. 2017, MNRAS,

467, 4526
Ciotti, L., Ostriker, J. P., & Proga, D. 2010, ApJ, 717, 708
Ciotti, L., Pellegrini, S., Negri, A., & Ostriker, J. P. 2017, ApJ, 835, 15
Clarke, D. A. 1997, in Astronomical Society of the Pacific Conference

Series, Vol. 123, Computational Astrophysics; 12th Kingston Meeting
on Theoretical Astrophysics, ed. D. A. Clarke & M. J. West, 255



26 Chapter 1. Introduction

Clarke, D. A. & Burns, J. O. 1991, ApJ, 369, 308
Cohen, A. S., Lane, W. M., Cotton, W. D., et al. 2007, AJ, 134, 1245
Colla, G., Fanti, C., Fanti, R., et al. 1975, A&AS, 20, 1
Cordey, R. A. 1986, MNRAS, 219, 575
Cordey, R. A. 1987, MNRAS, 227, 695
Czerny, B., Siemiginowska, A., Janiuk, A., Nikiel-Wroczyński, B., &
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Enßlin, T. A. & Brüggen, M. 2002, MNRAS, 331, 1011
Fabian, A. C. 2012, ARA&A, 50, 455
Fanaroff, B. L. & Riley, J. M. 1974, MNRAS, 167, 31P
Fanti, C. 2009, Astronomische Nachrichten, 330, 120
Fanti, C., Fanti, R., Dallacasa, D., et al. 1995, A&A, 302, 317
Feretti, L., Giovannini, G., Gregorini, L., Parma, P., & Zamorani, G. 1984,

A&A, 139, 55
Ferrarese, L. & Merritt, D. 2000, ApJL, 539, L9
Feruglio, C., Fiore, F., Carniani, S., et al. 2015, A&A, 583, A99
Garofalo, D., Evans, D. A., & Sambruna, R. M. 2010, MNRAS, 406, 975
Gaspari, M., Ruszkowski, M., & Oh, S. P. 2013, MNRAS, 432, 3401
Gaspari, M., Temi, P., & Brighenti, F. 2017, MNRAS, 466, 677
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Shimwell, T. W., Röttgering, H. J. A., Best, P. N., et al. 2017, A&A, 598,

A104
Shulevski, A., Morganti, R., Barthel, P. D., et al. 2015, A&A, 583, A89
Shulevski, A., Morganti, R., Harwood, J. J., et al. 2017, A&A, 600, A65
Shulevski, A., Morganti, R., Oosterloo, T., & Struve, C. 2012, A&A, 545,

A91
Sijacki, D., Vogelsberger, M., Genel, S., et al. 2015, MNRAS, 452, 575
Sirothia, S. K., Saikia, D. J., Ishwara-Chandra, C. H., & Kantharia, N. G.

2009, MNRAS, 392, 1403
Slee, O. B., Roy, A. L., Murgia, M., Andernach, H., & Ehle, M. 2001, AJ,

122, 1172
Smirnov, O. M. & Tasse, C. 2015, MNRAS, 449, 2668
Smith, E. P. & Heckman, T. M. 1989, ApJ, 341, 658
Snellen, I. A. G. & Best, P. N. 2001, MNRAS, 328, 897
Snellen, I. A. G., Schilizzi, R. T., Miley, G. K., et al. 2000, MNRAS, 319,

445
Soker, N., Sternberg, A., & Pizzolato, F. 2009, in American Institute

of Physics Conference Series, Vol. 1201, American Institute of Physics
Conference Series, ed. S. Heinz & E. Wilcots, 321–325

Stanghellini, C., Baum, S. A., O’Dea, C. P., & Morris, G. B. 1990, A&A,
233, 379

Stanghellini, C., O’Dea, C. P., Dallacasa, D., et al. 2005, A&A, 443, 891
Stute, U., Reich, W., & Kalberla, P. M. W. 1980, A&AS, 42, 299
Subrahmanyan, R., Beasley, A. J., Goss, W. M., Golap, K., & Hunstead,

R. W. 2003, AJ, 125, 1095
Subrahmanyan, R., Ekers, R. D., Saripalli, L., & Sadler, E. M. 2010,

MNRAS, 402, 2792
Tadhunter, C., Morganti, R., Rose, M., Oonk, J. B. R., & Oosterloo, T.

2014, Nature, 511, 440
Tamhane, P., Wadadekar, Y., Basu, A., et al. 2015, MNRAS, 453, 2438
Tasse, C. 2014a, ArXiv e-prints
Tasse, C. 2014b, A&A, 566, A127
Tingay, S. J., Goeke, R., Bowman, J. D., et al. 2013, PASA, 30, 7



32 Chapter 1. Introduction

Tingay, S. J., Macquart, J.-P., Collier, J. D., et al. 2015, AJ, 149, 74
Tombesi, F., Meléndez, M., Veilleux, S., et al. 2015, Nature, 519, 436
Tremblay, G. R., O’Dea, C. P., Baum, S. A., et al. 2010, ApJ, 715, 172
Turner, R. J. & Shabala, S. S. 2015, ApJ, 806, 59
Urry, C. M. & Padovani, P. 1995, PASP, 107, 803
van Breugel, W., Miley, G., & Heckman, T. 1984, AJ, 89, 5
van der Laan, H., Zieba, S., & Noordam, J. E. 1984, in IAU Symposium,

Vol. 110, VLBI and Compact Radio Sources, ed. R. Fanti, K. I.
Kellermann, & G. Setti, 9

van Haarlem, M. P., Wise, M. W., Gunst, A. W., et al. 2013, A&A, 556,
A2

van Weeren, R. J., Williams, W. L., Tasse, C., et al. 2014, ApJ, 793, 82
Vantyghem, A. N., McNamara, B. R., Russell, H. R., et al. 2014, MNRAS,

442, 3192
Wagner, A. Y. & Bicknell, G. V. 2011, ApJ, 728, 29
Walg, S., Achterberg, A., Markoff, S., Keppens, R., & Porth, O. 2014,

MNRAS, 439, 3969
Wan, L., Daly, R. A., & Guerra, E. J. 2000, ApJ, 544, 671
Wang, Y. & Kaiser, C. R. 2008, MNRAS, 388, 677
Williams, W. L., van Weeren, R. J., Röttgering, H. J. A., et al. 2016,
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