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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.
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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
Gentile, G., Rodŕıguez, C., Taylor, G. B., et al. 2007, ApJ, 659, 225
Giacintucci, S., Venturi, T., Murgia, M., et al. 2007, A&A, 476, 99
Giovannini, G., Feretti, L., Gregorini, L., & Parma, P. 1988, A&A, 199, 73
Giovannini, G., Feretti, L., & Stanghellini, C. 1991, A&A, 252, 528
Gopal-Krishna & Wiita, P. J. 2000, A&A, 363, 507
Gopal-Krishna, Wiita, P. J., & Saripalli, L. 1989, MNRAS, 239, 173
Gugliucci, N. E., Taylor, G. B., Peck, A. B., & Giroletti, M. 2005, ApJ,



References 27

622, 136
Hardcastle, M. J., Evans, D. A., & Croston, J. H. 2007, MNRAS, 376, 1849
Hardcastle, M. J., Gürkan, G., van Weeren, R. J., et al. 2016, MNRAS,

462, 1910
Hardcastle, M. J. & Worrall, D. M. 2000, MNRAS, 319, 562
Harris, D. E., Stern, C. P., Willis, A. G., & Dewdney, P. E. 1993, AJ, 105,

769
Harwood, J. J., Croston, J. H., Intema, H. T., et al. 2016, MNRAS, 458,

4443
Harwood, J. J., Hardcastle, M. J., Croston, J. H., & Goodger, J. L. 2013,

MNRAS, 435, 3353
Heckman, T. M. & Best, P. N. 2014, ARA&A, 52, 589
Hill, G. J., Gebhardt, K., Komatsu, E., et al. 2008, in Astronomical Society

of the Pacific Conference Series, Vol. 399, Panoramic Views of Galaxy
Formation and Evolution, ed. T. Kodama, T. Yamada, & K. Aoki, 115

Hooda, J. S., Mangalam, A. V., & Wiita, P. J. 1994, ApJ, 423, 116
Hota, A., Sirothia, S. K., Ohyama, Y., et al. 2011, MNRAS, 417, L36
Hurley-Walker, N., Johnston-Hollitt, M., Ekers, R., et al. 2015, MNRAS,

447, 2468
Ito, H., Kino, M., Kawakatu, N., & Orienti, M. 2015, ApJ, 806, 241
Jamrozy, M., Klein, U., Mack, K.-H., Gregorini, L., & Parma, P. 2004,

A&A, 427, 79
Jamrozy, M., Konar, C., Saikia, D. J., et al. 2007, MNRAS, 378, 581
Jamrozy, M., Saikia, D. J., & Konar, C. 2009, MNRAS, 399, L141
Jones, D. L. & Preston, R. A. 2001, AJ, 122, 2940
Kaiser, C. R. & Alexander, P. 1997, MNRAS, 286, 215
Kaiser, C. R. & Best, P. N. 2007, MNRAS, 381, 1548
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redshift

Abstract

Remnant radio galaxies represent the final dying phase of radio galaxy
evolution in which the jets are no longer active. Remnants are rare in flux-
limited samples, comprising at most a few percent. As a result of their
rarity and because they are difficult to identify, this dying phase remains
poorly understood and the luminosity evolution is largely unconstrained.
Here we present the discovery and detailed analysis of a large (700 kpc)
remnant radio galaxy with a low surface brightness that has been identified
in LOFAR images at 150 MHz. By combining LOFAR data with new
follow-up Westerbork observations and archival data at higher frequencies,
we investigated the source morphology and spectral properties from 116
to 4850 MHz. By modelling the radio spectrum, we probed characteristic
timescales of the radio activity. The source has a relatively smooth, diffuse,
amorphous appearance together with a very weak central compact core that
is associated with the host galaxy located at z=0.051. From our ageing
and morphological analysis it is clear that the nuclear engine is currently
switched off or, at most, active at a very low power state. We find that
the source has remained visible in the remnant phase for about 60 Myr,
significantly longer than its active phase of 15 Myr, despite being located
outside a cluster. The host galaxy is currently interacting with another
galaxy located at a projected separation of 15 kpc and a radial velocity offset
of ∼ 300 km s−1. This interaction may have played a role in the triggering
and/or shut-down of the radio jets. The spectral shape of this remnant
radio galaxy differs from most of the previously identified remnant sources,
which show steep or curved spectra at low to intermediate frequencies. Our
results demonstrate that remnant radio galaxies can show a wide range of
evolutionary paths and spectral properties. In light of this finding and
in preparation for new-generation deep low-frequency surveys, we discuss
the selection criteria to be used to select representative samples of these
sources.
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2.1 Introduction

Radio-loud active galactic nuclei (AGN) can have a substantial energetic
impact on both their host galaxy and the surrounding intergalactic medium
(Brüggen & Kaiser 2002; Croton et al. 2006; Morganti et al. 2013). The
jets of relativistic particles produced by the AGN can reach distances of
up to a few Mpc from the host galaxy (Willis et al. 1974; Machalski et al.
2008). The active phase of the radio AGN can last several tens of Myr,
after which the nuclear activity stops and the source starts to fade away
(Parma et al. 1999). In this fading period, often termed the remnant or
dying phase, the core and the jets disappear and only the lobes remain
visible, radiating their energy away (Slee et al. 2001). When an accurate
knowledge of the radio spectral characteristics is available, remnant radio
galaxies provide a timing of the on-off cycle of the radio activity, which
constrains the evolutionary history of the radio source (Kardashev 1962;
Pacholczyk 1970; Jaffe & Perola 1973; Wilson 1975). The fate of the AGN
remnant radio plasma and the physical processes driving its evolution are
widely relevant to studies of radio galaxy feedback. Moreover, a better
knowledge of these objects could also give new insights into the formation
and evolution of cluster AGN relics and radio phoenices (Slee et al. 2001;
Enßlin & Brüggen 2002; van Weeren et al. 2009; de Gasperin et al. 2015).

Statistical studies based on number densities of radio sources show that
radio-loud AGN are active for a short interval of time with respect to
the entire life of the host galaxy. The duty cycle of the radio-loud AGN
strongly depends on the power of the radio source (Best et al. 2005; Shabala
et al. 2008). Therefore, we would expect to observe many sources showing
signatures of remnant emission from past radio-loud AGN activity. But
detections of such objects have always been elusive and rare. Giovannini
et al. (1988) identified only a few percent of the radio sources in the B2
and 3C samples as remnant radio galaxies. The reason for this rarity
is most likely connected to the rapid luminosity evolution of the fading
plasma (Kaiser & Cotter 2002). Synchrotron cooling and inverse Compton
scattering of cosmic microwave background photons cause a steepening
of the spectrum at high frequency that renders the source undetectable.
In addition, adiabatic expansion of the lobes contributes further energy
losses in an energy-independent way, decreasing the flux densities across
the whole spectrum. Although still poorly understood, the timescales of
these processes depend on the physical conditions within the lobes and the
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ambient medium as the jets switch off. For example, if the lobes remain
strongly overpressured at the end of the active phase, adiabatic losses can
be significant, unlike the case where the lobes have already reached pressure
equilibrium with the surrounding gas. Moreover, powerful sources with high
magnetic field values are subject to much higher radiative losses.

Systematic studies of remnant radio galaxies as a population have
always been hampered by the small number of sources available and by
non-uniform selection effects that limit the study of their characteristics
and evolution. The known objects cover a variety of morphologies, spectral
characteristics, and physical conditions. Dying radio galaxies typically
show relaxed morphologies without compact components and curved steep
spectra (Jamrozy et al. 2004; Giacintucci et al. 2007; Parma et al. 2007;
Murgia et al. 2011) even at frequencies ≤ 1 GHz. In some cases, the
fossil lobes look like bubbles of emitting plasma with a very irregular
morphology (e.g. Giovannini et al. 1991; Harris et al. 1993; de Gasperin
et al. 2014). Since radio jets can be episodic in nature, remnant plasma
can also be associated with a pair of new-born jets (Clarke & Burns 1991;
Jones & Preston 2001; Saikia & Jamrozy 2009). These sources are often
termed restarted radio sources. The most common example of these are
the double double radio galaxies (DDRG, Schoenmakers et al. 2000; Nandi
& Saikia 2012) that possess a pair of diffuse, steep-spectrum lobes which
is well detached from the renewed radio activity. Other evidence of this
occurrence is seen in the diffuse, extended emission surrounding some GHz-
peaked spectrum and compact steep spectrum sources (Baum et al. 1990;
Stanghellini et al. 2005; Shulevski et al. 2012). We note that most of
the remnant sources have been found in massive clusters in which the
dense intergalactic medium prevents strong expansion losses (Murgia et al.
2011). However, a few examples in low-density environments have also been
identified (Jamrozy et al. 2004; de Gasperin et al. 2014; Hurley-Walker et al.
2015).

To date, a unified physical framework in which to interpret the variety
of individual studies mentioned above has not been provided. To constrain
models describing the final stages of the life of radio galaxies, we must take a
statistical approach (Kaiser & Cotter 2002) and, therefore, must expand the
search for remnant radio galaxies. Greater statistics of their characteristics
will enable an investigation of the physical processes driving the remnant
plasma evolution as a function of source power and environment. With this
aim in mind, we plan to exploit upcoming deep and wide field radio surveys
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to build up complete samples of such sources. These new facilities are
designed to significantly enhance the detection probability of these rare low-
surface brightness objects. In particular, remnant emission is expected to
be brighter at low radio frequencies and, therefore, instruments such as the
Low-frequency Array (LOFAR, van Haarlem et al. 2013) and the Murchison
Widefield Array (MWA, Lonsdale et al. 2009) will play a key role in the
systematic search for them. However, it is difficult to identify remnant
radio galaxies, and simple selection criteria based on integrated spectra
alone can result in a biased representation of the remnant population. For
this reason, it is important to address the issues of remnant selection and
associated selection effects.

A complementary approach to remnant radio galaxy selection is radio
morphology. We have preliminarily explored the available LOFAR fields to
search for large radio sources with a low surface ratio without compact
features, which may be indicative of remnant radio galaxies. Here we
present one 700 kpc remnant radio galaxy at coordinates J2000.0 RA 18h
28m 20.4s Dec +49d 14m 43s (we call this blob1) that was discovered
as part of this search. blob1 was first identified on purely morphological
arguments based on its unusually large angular extension with amorphous
shape, low surface-brightness, and lack of compact features. We investigate
the physics of blob1 in comparison with already known active and remnant
radio galaxies with the aim to reconstruct the evolution history of the radio
source from its birth to its death. This is also the approach that we intend
to use for future sources. Furthermore, we discuss the selection criteria to
be used for extracting complete samples of this population of sources out of
the upcoming deep low-frequency surveys. Such studies are an important
first step to help guide, plan, and interpret a broader search for remnant
radio galaxies with LOFAR.

The chapter is organized as follows: in Section 2.2 we describe the data
and the data reduction procedures; in Section 2.3 we present the source
properties resulting from the data analysis; in Section 2.4 we investigate
the history of the source, addressing the question of how this object fits
in the current scenario of active and remnant radio galaxies, and what its
evolution history is. Finally, in Section 2.5 we discuss the implications of
this study for selecting remnant radio galaxies in upcoming surveys. The
cosmology adopted throughout the chapter assumes a flat universe and the
following parameters: H0 = 70 km s−1Mpc−1, ΩΛ = 0.7, and ΩM = 0.3.
The spectral index, α, is defined using the convention Fν = ν−α.
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2.2 Data

2.2.1 LOFAR observations

blob1 has been detected with the High Band Antenna (HBA) within the
field of view centred on the LOFAR primary calibrator 3C380 at a distance
of about 30 arcmin from the phase centre. The observations took place
on March 14, 2014 as part of cycle 1 for a total integration time of 8 h.
The sampling time was set to 1 second, and four polarization products
(XX, YY, XY, and YX) were recorded. The total bandwidth, equal to
44.3 MHz, was divided by default into 227 sub-bands of 195.3 kHz with
64 frequency channels. Only the Dutch LOFAR stations were included in
the observation, giving a maximum baseline of 100 km. We summarize the
details of the observational configuration in Table 2.1.

The data were pre-processed by the observatory pipeline (Heald et al.
2010) as follows. Each sub-band was automatically flagged for RFI using
the AOFlagger (Offringa et al. 2012) and was averaged in time to 5 seconds
per sample and in frequency by a factor of 16, giving four channels per
sub-band in the output data. The calibrator data were used to derive
antenna gains, solving for a diagonal Jones matrix using the black board
self-calibration tool (BBS, Pandey et al. 2009), which takes into account
the variation of the LOFAR station beams with time and frequency. The
source 3C380 was used as flux density calibrator, and the flux scale was set
following Scaife & Heald (2012).

The amplitude-corrected visibilities were merged in chunks of 20 sub-
bands (3.9 MHz) and the channels were averaged to 1 per sub-band. Each
frequency chunk was imaged separately using the awimager software (Tasse
et al. 2013) and fixing the field of view to 5×5 degrees. This imager makes
use of the aw-projection algorithm to model the primary beam variations
with time and frequency across the field of view. Moreover, it corrects for
the effects of non-coplanar baselines when imaging a large field of view.

Phase self-calibration was performed iteratively, adding progressively
longer baselines to achieve the final resolution in three steps (Vilchez et
al. in prep.). As a starting point, only core stations were used so that
the phase coherence was preserved and because they are set to the same
clock. The initial phase-calibration model was derived from the VLSS
catalogue and contains all sources located in the field of view with flux
density higher than 4 Jy. For each VLSS source, counterparts in the
WENSS and NVSS catalogues were searched for and associated with these
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sources to provide spectral index information (see Section 6.4 in the LOFAR
cookbook1 for more details). We here took into account a first-order effect
of the ionosphere in the direction of the dominant source, but did not
perform any direction-dependent calibration.

The images were produced using a robust weighting of -0.3 and have a
final beam size of 59×37 arcsec. The final image was obtained by combining
all images in the image plane, which resulted in a central frequency of 137
MHz and a noise of 3.5 mJy beam−1. For the spectral analysis presented in
Section 2.3.4, we used two different sets of 20 sub-bands centred at 116 and
155 MHz, respectively. The integrated flux densities of the source extracted
from the maps are listed in Table 5.3. The errors on the measurements
were computed taking into account different contributions: i) 2% due to
the uncertainty in the flux scale (Scaife & Heald 2012), ii) 10% due to
the uncertainty in the global beam model (van Weeren et al. 2014), iii)
15% due to variations in the measured flux density when using apertures
of different sizes, iv) ∼ 10% due to the statistical error (thermal noise)
measured around the source following Klein et al. (2003).

Table 2.1 – Details of the LOFAR observations.

Obs. ID L206016
Date 14-March-2014
Phase Center 3c380 (J2000.0) 18h 29m 31.8s, +48d 44m 46s
Target coordinates (J2000.0) 18h 28m 20.5s, +49d 14m 20s
Total no. of stations used 60
No. of remote stations 14
Integration time 8 hours
Sampling time 1 second
Polarization Full Stokes
Frequency Range 115-162 MHz
Bandwidth 44.3 MHz
Synthesized beam
(robust = -0.3) 59× 37 arcsec PA = -45 deg
RMS (robust = -0.3) 3.5 mJy beam−1

1https://www.astron.nl/radio-observatory/lofar/lofar-imaging-cookbook

https://www.astron.nl/radio-observatory/lofar/lofar-imaging-cookbook
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2.2.2 WSRT observations

Because blob1 is not detected in the NRAO VLA Sky Survey (NVSS,
Condon et al. 1998), we carried out deeper 1.4-GHz observations using
the Westerbork Synthesis Radio Telescope (WSRT) on 12 and 24 August
2014. We also used the WSRT at high resolution to observe the field at
4.9 GHz on 29 March 2015 to determine whether there are any compact
components. The observations and data reduction are described below, and
the setup is also summarized in Table 2.2.

Observations at 1.4 GHz

In the first run, we observed for 12 h using the standard continuum setup
of eight sub-bands of 20 MHz with 64 channels in each sub-band. Of these,
four had technical problems and were discarded. In the second run, we
observed for 10 h with six sub-bands of 20 MHz with 64 channels for each
sub-band. An extra sub-band of 20 MHz and 256 channels was dedicated to
explore possible H I spectral lines and was centred on 1350 MHz to include
H I at the redshift of the two candidate host galaxies (see Section 2.3.2).
Primary calibrators (3C286 and 3C147) were observed at the beginning and
end of each run.

The data were calibrated and reduced using the MIRIAD2 software
package (Sault et al. 1995). Using standard cross calibration and self-
calibration, the image is dominated by off-axis phase errors associated
with a strong off-axis source (3C380), situated at ∼ 30 arcmin from the
field centre. These off-axis errors are most likely due to pointing or
tracking errors and/or frequency-dependent errors in the primary model
that are due to standing waves in the dishes of the WSRT and cannot
be corrected with standard direction-independent calibration. Therefore,
we used the technique commonly known as peeling, following the standard
steps3 (Noordam 2004) to correct for off-axis errors in the image. The
procedure involves the subtraction of the central sources in the field and
self-calibration on individual problematic off-axis sources (in this case,
one source, 3C380), iteratively producing antenna-based corrections and
a source model for different directions. The source model for 3C380
obtained in this way, including the additional off-axis corrections, was then

2http://www.atnf.csiro.au/computing/software/miriad/
3http://www.astron.nl/~oosterlo/peeling.pdf

http://www.atnf.csiro.au/computing/software/miriad/
http://www.astron.nl/~oosterlo/peeling.pdf
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subtracted from the original visibility data set. The peeling procedure was
run separately on each 20 MHz sub-band.

The final image of blob1 was obtained in two ways. In the first case,
we separately imaged each sub-band (i.e. 20 MHz) and combined the final
images in the image plane. With the second approach, we produced an
image by combining all the data in the uv plane. The two different strategies
resulted in very similar maps. In both cases, we used a combination
of robust weighting 0.4 and a 25 arcsec taper to achieve a low side-lobe
level and a final resolution that allows imaging the low surface brightness
emission expected for blob1. The final beam size is 30 × 27 arcsec (PA
= -3 degrees) and the noise of the image is 80 µJy beam−1. The image
is presented in Figure 2.1. To image and locate compact components, we
also produced an image with uniform weighting, reaching a resolution of
15 × 9 arcsec (PA = -4 degrees) and noise equal to 50 µJy beam−1. The
integrated flux density used for the spectral analysis was derived using
only data from the first observing run, which have better quality. This
is reported in Table 5.3. The error on the measurements was computed
taking into account different contributions: i) 2% due to the uncertainty
in the flux scale, ii) 15% due to variations in the measured flux density
when using apertures of different sizes, iii) <1% due to the statistical error
(thermal noise) measured around the source following Klein et al. (2003),
and iv) 20% due to variations in the measured flux density when using
distinct cleaning strategies.

No H I emission was detected. However, because subtracting 3C380 was
difficult, the H I cube has a high noise (about 0.8 mJy beam−1 per channel
with a channel width equal to 16.5 km s−1), making the search for H I not
sensitive enough for useful constraints. The corresponding upper limit of
H I mass is derived following Emonts et al. (2010). At a redshift of z = 0.05
(see Section 2.3.2) and assuming a potential 3σ detection smoothed across
a velocity range of 200 km s−1 (typical for galaxies detected in H I ), we
derived an upper limit of MHI < 1.5× 109 M�.

Observations at 4.9 GHz

The field was observed for 11 h in a standard continuum configuration (see
Table 2.2). The array configuration was not optimized for detecting large-
scale structure emission but for identifying compact components at high
resolution. A standard data reduction was performed using MIRIAD. The
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final image, obtained with uniform weighting, has a synthesized beam of
4.03× 2.94 arcsec (PA 0.5 deg) and a noise level of 85 µJy.

Table 2.2 – Details of the WSRT observations.

RA, Dec (J2000.0) 18h 27m 01.9s +49d 12h 25.9s
1.4 GHz - continuum
Date 12, 24-Aug-2014
Integration time 22 hours
Frequency 1400 MHz
Bandwidth 4× 20 MHz∗ + 6× 20 MHz∗∗

Synthesized beam
(robust=0.4) 35× 26 arcsec PA = -10.4 deg
RMS (robust=0.4) 0.08 mJy beam−1

Synthesized beam
(uniform weighting) 15× 9 arcsec PA = -4 deg
RMS (uniform weighting) 0.05 mJy beam−1

1.4 GHz - HI
Central frequency 1350 MHz
Bandwidth 20 MHz
Number of channels 256
Velocity resolution 16.5 km s−1

4.9 GHz
Date 29 March 2015
Integration time 11 hours
Frequency 4900 MHz
Bandwidth 8× 20 MHz
Synthesized beam 4× 3 arcsec PA = 0.5 deg
(uniform weighting)
RMS (uniform weighting) 0.085 mJy beam−1

Notes. ∗usable bands in the first observation; ∗∗ usable bands in the second
observation.

2.2.3 Archival radio data

We searched images of the relevant area from several radio surveys (i.e.
VLA Low-Frequency Sky Survey, VLSS, Cohen et al. (2007); Faint Images
of the Radio Sky at Twenty-cm Becker et al. (1995) and NVSS Condon
et al. (1998)), and we only identified the source in the Westerbork Northern
Sky Survey (WENSS, Rengelink et al. 1997) at 327 MHz (see Figure 2.1).
However, we also obtained a useful upper limit at 4.8 GHz from the Green
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Bank 6 cm radio survey (GB6, Condon et al. 1994) map, which was used
in modelling the source spectrum (see Section 2.3.4). The upper limit was
extracted from the GB6 map and fixed at 3σ, where σ was determined from
a set of flux density measurements surrounding the source location using a
box with the same size as the source. The parameters of these maps are
listed in Table 5.3.

Table 2.3 – List of flux densities and respective errors.

Telescope Frequency Flux density Error
(MHz) (mJy) (mJy)

LOFAR 116 1400 300
LOFAR 155 1200 250
WENSS 327 800 150
WSRT 1400 215 45
GB6 4850 < 30 -

2.3 Results

2.3.1 Morphology

The radio images obtained from the data described in Section 2.2 are
presented in Figure 2.1. At all available frequencies, blob1 shows a very
diffuse amorphous shape emission with low surface brightness with a mean
value of 4 mJy arcmin−2 at 1.4 GHz. Its size is 12×7 arcmin, corresponding
to an axial ratio of 1.7. We do not find evidence for edge brightening
or sharp features such as jets or hot spots, but there is a broad linear
enhancement of surface brightness extending to the north in both the 1.4-
GHz WSRT and the LOFAR map. In the high-resolution 1.4-GHz WSRT
image, which has a resolution of 15”, we also identify a compact component
with a flux density S1.4GHz = 1 mJy located near the centre of the diffuse
emission. This feature is also confirmed by the 4.9-GHz WSRT observation
with S4.9GHz = 0.7 mJy (see Figure 2.2).

2.3.2 Optical identification and galactic environment

Using data from the Digital Sky Survey (DSS), we identify two galaxies
located near the centre of the diffuse radio source; these are the brightest
optical objects within the field (see Figure 2.2). The brightest of this
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Figure 2.1 – Radio maps of BLOB1: top-left - LOFAR 137-MHz map, levels 2,
3, 5, 10 × σ (3.5 mJy beam−1); top-right - WENSS 327-MHz map, levels 2, 3,
5, 10 × σ (5 mJy beam−1); bottom - WSRT 1400-MHz map, levels: 2, 3, 5, 10
× σ (0.08 mJy beam−1).

pair of galaxies is co-located with the compact component detected in the
WSRT images described in Section 2.3.1 and is considered the most likely
host. The galaxies have been observed as part of the Two Micron All-Sky
Survey (2MASS) and are catalogued as 2MASXJ18282048+4914428 (1)
and 2MASXJ18282089+4914278 (2). They have m1= 12.9 and m2=13.8 in
the Ks − band (Vega) at 2.17 µm, respectively.

We obtained optical spectra for the two galaxies on 25 February 2015
and deep imaging in a filter equivalent to the r band on 30 April 2015 with
the ISIS spectrograph and the ACAM instrument, both mounted on the
4.2 m William Herschel Telescope (WHT). The spectra were reduced using
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Table 2.4 – List of two-point spectral indices and respective errors as function of
frequency.

Frequency (MHz) Spectral index
116-155 0.50± 1.0
155-327 0.55± 0.40
327-1400 0.90± 0.20
1400-4850 ≥ 1.60

standard IRAF4 tasks. The redshifts of the galaxies are z1 = 0.051 and
z2 = 0.052, both with relative uncertainties of ∆z = 0.00025, and absolute
uncertainties of ∆z = 0.001. These are consistent with the photometric
redshifts from the 2MASS Photometric Redshift catalogue (2MPR Bilicki
et al. 2014) of zphot,1 = 0.053± 0.006 and zphot,2 = 0.050± 0.006.

23.0 22.0 21.0 18:28:20.0 19.0 18.0

49:15:00.0

50.0

40.0

30.0

20.0

Right ascension

D
ec

lin
at

io
n

18h27m 40.00s28m 00.00s20.00s40.00s29m 00.00s
RA (J2000)

+ 49°08'00.0"

12'00.0"

16'00.0"

20'00.0"

D
e

c 
(J

2
0

0
0

)

18h27m 40.00s28m 00.00s20.00s40.00s29m 00.00s
RA (J2000)

+ 49°08'00.0"

12'00.0"

16'00.0"

20'00.0"

D
e

c 
(J

2
0

0
0

)

Figure 2.2 – Left - BLOB1 contours from the 1.4 GHz WSRT map (levels: 3, 6, 12,
15 σ) overlaid on the 2MASS Ks − band image of the field; right - Zoom in on the host
galaxy and on the companion galaxy from the r-band WHT image with contours from
the 5-GHz WSRT map in black (levels: 3, 5, 7 × σ (0.085 mJy beam−1)).

The spectra of the two galaxies appear to be typical of early-type
galaxies with strong 4000Å breaks and stellar absorption features. No

4IRAF is distributed by the National Optical Astronomical Observatories, which
are operated by the Association of Universities for Research in Astronomy, Inc., under
cooperative agreement with the National Science Foundation.
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strong emission lines are detected in the spectra that might be connected to
an optical AGN or to star formation. An upper limit on the star formation
rate can be derived from the [OII] emission line flux, using the reddening-
corrected relation between [OII] luminosity, L[OII], and star formation rate
derived in Equation 4 from Kewley et al. (2004). A synthetic unresolved
[OII] 3727,3730Å doublet of width 3Å and peak flux equal to 3-σ of the
noise measured between 3800–4100Å (3615–3900Å rest-frame) was inserted
into the spectra of the two galaxies. The star formation rates resulting
from this emission line are SFR1 = 0.51 and SFR2 = 0.15 M�/year.
Unfortunately, Hα falls directly on a telluric absorption line, which means
that no information can be derived from this portion of the spectrum. The
Hβ − [OIII] region in either spectrum shows no signs of AGN activity.

If the radio emission is associated with the two galaxies, it would imply
a linear size for the radio emission of 700× 410 kpc. In Figure 2.2 the 1.4-
GHz WSRT radio contours are overlaid on the 2MASS map, showing the
extent of the radio emission. From the Ks−band luminosity and assuming
a mass-to-light ratio of 0.6 (e.g. McGaugh & Schombert 2014; Meidt et al.
2014), we derived a first-order stellar mass estimate of logM1 = 10.6 M�
and logM2 = 10.3 M�.

The close physical separation and radial velocity difference of ∼
300 km s−1 suggest that the galaxies are interacting. This is confirmed
by tidal features observed in the r-band image, as is shown in Figure 2.2
and further discussed in Section 2.4.2.

The two galaxies do not belong to any known galaxy cluster or group.
The closest galaxy cluster is MCXC J1811.0+4954 (z=0.0501), which is
located at a distance of 2.7 degrees ' 10 Mpc (Böhringer et al. 2000). In
our deep r-band image we identify at most three or four candidate members
within a projected radius of 50 kpc from the host galaxy. No spectral
information is available for these objects, therefore we cannot verify if they
are background or foreground sources. We therefore conclude that the pair
of galaxies might be part of a small group, but probably not part of a
massive cluster.

2.3.3 Source energetics

In this and the following section, we derive physical parameters of the radio
emission and model the radio spectrum to assess the nature of blob1 and
how it compares with other sources. Assuming J18282048+4914428 to be
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the host galaxy, the radio luminosity of the diffuse emission at 1.4 GHz is
L1.4GHz = 1.5× 1024 WHz−1.

We computed the magnetic field strength to be 1 µG and the total
energy density to be 1.6× 10−13 erg cm−3 , assuming the plasma to be in
equipartition condition between particles and the magnetic field using the
derivation of Beck & Krause (2005). This implies a non-thermal pressure of
5×10−14 dyne cm−2. For this calculation we assumed a power-law particle
distribution of the form N(γ) ∝ γ−a between a minimum and maximum
Lorentz factor of γmin = 10 and γmax = 106. We calculated the volume of
the source as 1.7 × 1072 cm3 assuming a prolate ellipsoidal geometry with
the major and minor axis equal to the major and minor projected size of
the source. We furthermore assumed the particle energy content of the
source to be equally distributed between heavy particles and electrons so
that their ratio k=1, and we set α = 0.5 according to the observed low-
frequency spectral shape where radiative energy losses are less significant.
We note that with this low value for the magnetic field, the radiative cooling
of the plasma is dominated by inverse Compton (IC) scattering of cosmic
microwave background (CMB) photons: the energy density of the CMB is
a factor 10 greater than the magnetic energy density.

2.3.4 Spectral properties and age

The spectral shape of radio sources is directly related to the electron
populations responsible for the emission and gives important constraints
about their age, as we describe below (Kellermann 1964; Pacholczyk
1970). The integrated radio spectrum of active galaxies is well described
by the continuous injection model (CI, Kardashev 1962), which assumes
a continuous replenishment of new relativistic particles with an energy
distribution such that N(E) ∝ E−p. This results in a broken power-
law radiation spectrum with spectral index αinj = p−1

2 below a critical
frequency νb,low and α = αinj + 0.5 above νb,low that is due to preferential
radiative cooling of high-energy particles. The typical αinj of active sources
is in the range of 0.5-0.8 and, as such, has spectral index α = 1 ∼ 1.3
at high frequency. When the nuclear activity switches off, a new break
frequency νb,high appears beyond which the spectrum drops exponentially
(Komissarov & Gubanov 1994). Knowledge of the spectral shape and
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the source energetics allows estimating the age of the electron population
according to radiative cooling as follows:

ts = 1590
B0.5

eq

(B2
eq +B2

CMB)
√
νb(1 + z)

, (2.1)

where ts is given in Myr, the magnetic field B and inverse Compton
equivalent field BCMB are in µG, and the break frequency νb is given in
GHz. Furthermore, the ratio between νb,low and νb,high constrains the active
time of the source with respect to the total age as follows:

ts

tOFF
=

(
νb,high

νb,low

)0.5

, (2.2)

where ts is the total age of the source and can be written as ts = tCI +tOFF,
where tCI is the continuous injection phase and tOFF is the off phase.

As shown in Figure 2.3, the spectrum of blob1 is highly curved at a
frequency ≥ 1.4 GHz. The measured spectral indices at low frequency
are in accordance with typical observations of active radio sources (see
Table 2.4). At higher frequencies, the spectral shape steepens to reach a
value of α4850

1400 ≥ 1.6. Following Murgia et al. (2011), we computed the
spectral curvature SPC = αhigh−αlow using αlow = α327

116 and αhigh = α4850
1400

and obtained a value of SPC ≥ 1.1. This spectral curvature is well beyond
the values expected for active radio sources according to the continuous
injection model discussed above (SPC ≤ 0.5), therefore it suggests that the
source of the particle injection is switched off.

Because the slope variation of the spectrum is so abrupt, we can assert
that the two break frequencies νb,low and νb,high lie in this frequency range
and are close to each other. This implies, according to Equation 2.2,
that the source has been inactive for a significant fraction of its total age.
Assuming νlow ≥ 1.4 GHz and νhigh ≤ 5 GHz, we can calculate to first order
the total age and the off phase of blob1 using Equation4.2 for synchrotron
cooling. From this we derive the following limits for the source total age
and off phase: ts ≤ 95 Myr and tOFF ≥ 45 Myr.

To obtain a more accurate estimate of the activity timescales of the
source, we fit the spectrum with a model describing the spectral evolution



2.3. Results 49

Table 2.5 – Best fit parameters of the spectral modelling presented in Section 2.3.4.

αinj B ts/tOFF tOFF

µG Myr

0.5 fixed 1 1.3+1.7
−0.3 60+15

−20

of a source that is active for a time tCI and then switches off for a time
tOFF = ts− tCI (Komissarov & Gubanov 1994; Murgia et al. 2011). For the
modelling we assumed a fixed injection index of αinj = 0.5 and the magnetic
field value 1 µG derived in Section 2.3.3. The best fit is shown in Figure 2.3
and the best-fit parameters are tOFF = 60+15

−20 Myrs and ts/tOFF = 1.3+1.7
−0.3

(see Table 2.5). This implies an active phase of tCI = 15+65
−14 Myr and a total

age of ts = 75+50
−10 Myr, which agrees with the previous first-order estimates.

We note that because of the assumptions and systematic errors that enter
the equation, these numbers should only be considered as characteristic
timescales.
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Figure 2.3 – Integrated radio spectrum of BLOB1. The solid line represents the best
fit of the synchrotron model described in Section 2.3.4. The flux densities used for the
fitting are summarized in Table 2.3.
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2.4 Discussion

2.4.1 Evidence in favour of the remnant radio galaxy inter-
pretation

The morphology of blob1 with its amorphous shape and low-surface
brightness together with its spectral curvature supports an interpretation
in which the source is a remnant of a past radio AGN activity. Here we
discuss these aspects in detail in the context of current knowledge of the
population of active and remnant radio galaxies.

According to the P-D (power-size) diagram for low-power radio galaxies
by Parma et al. (1999), blob1 has a relatively large size for its luminosity.
This may suggest that the central engine was more powerful during the
maximum of its activity. As the jets switch off, powerful radio galaxies are
expected to undergo a rapid luminosity decrease (Slee et al. 2001; Kaiser
& Cotter 2002; Hardcastle & Krause 2013). Another explanation could be
that the radio source has expanded in an environment with a comparatively
low density. However, blob1 still lies within the broad scatter of the P-D
correlation, therefore this is not conclusive.

The core of blob1 observed at 1.4 GHz and 4.9 GHz has a power of
5.7×1021 W Hz−1 at 1.4 GHz, giving a core prominence (i.e. ratio between
the radio power of the core at 5 GHz and the extended emission at 178
MHz) of about 6 × 10−4. This value lies more than a factor 10 below the
correlation observed for active radio galaxies by Giovannini et al. (1988).
This suggests that the nuclear engine may be still active in a low-power
state and that the broad linear feature presented in Section 2.3.1 might
be related to an uncollimated weak outflow connected to the core. The
spectral index of the core is α4900

1400,core = 0.3 in accordance with its AGN
nature. Star formation is unlikely since the 1.4 GHz core luminosity would
translate into a star formation rate of 1.2 M� yr−1 (Condon et al. 2002),
more than twice as much as what is derived from the optical spectrum. The
lack of strong AGN emission lines is also consistent with the central engine
being in a dying phase or in a low-power ‘hot mode’ state (Tadhunter et al.
1998; Buttiglione & Capetti 2010).

Remnant radio galaxies are expected to lack compact features typical
of active galaxies, such as defined jets or hot spots. Depending on whether
the central activity has ceased gradually or abruptly, they can also show
weak or absent cores. The morphology and evolution of the remnant does
depend on the external medium and on the properties of the progenitor
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active source, which are different for FRI and FRII radio galaxies. Saripalli
et al. (2012) suggested the following criteria for distinguishing FRI from
FRII remnant sources on a morphological basis: i) FRII remnant sources
appear as pairs of diffuse edge-brightened lobes lacking hot spots, jets, and
cores; ii) FRI remnant sources do not show any compact emission except
for a weak core with twin extensions or trails that do not resemble typical
jets or lobes. With its relaxed lobes (axial ratio of 1.7), absence of edge
brightening, and weak core, blob1 is closer to an FRI morphology, and may
be proposed to be a “fat double” source. According to Parma et al. (1996),
about 62% of the B2 sample of low-luminosity radio galaxies have double-
lobe morphology with relaxed lobes whose typical axial ratio is 2, whereas
high-power FRII radio galaxies show much higher axial ratios of about 5.
The standard prototypes of the “fat double” sources (Owen & Laing 1989)
are identified with 3C310; 3C314.1 and 3C386 having power in the range
S178 = 1024 − 1025 W Hz−1sr−1 and axial ratios ≤ 2, compatible with the
morphology observed in blob1. Hydrodynamical simulations by Sternberg
et al. (2007) showed that such fat bubbles of plasma can be inflated by
wide and slow jets. It is worthwhile mentioning that Subrahmanyan et al.
(2006) also claimed that the relaxed or extended morphology observed
in some sources might be the result of jet precession during the fly-by
encounters that precede a merger event. In this case, the synchrotron
plasma is deposited over a wide range of angles conferring the observed
morphology. As discussed in Section 2.3.2, the host galaxy of blob1 is
interacting with a companion, therefore this last scenario may also be
relevant to the evolutionary history of blob1.

2.4.2 Merger scenario and triggering mechanism

A complete investigation of the evolutionary history of blob1 involves the
analysis of the mechanism responsible for triggering and stopping the radio-
loud AGN. Because the host galaxy of blob1 is currently interacting with
another galaxy, we should consider the possibility that this process had a
role in marking the timescales of the radio activity of the AGN.

Galaxy mergers are often suggested to influence the triggering and
quenching of the jets in powerful radio-loud AGN (Tadhunter et al. 2012;
Wen et al. 2012). They allow the gas to lose angular momentum and flow
towards the nuclear region of the galaxy, whereby they either contribute to
replenishing the black hole fuel, which in turn enhances the jet production,
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or to perturbing the accretion flow, which causes the disruption of the jets.
Tidal encounters between galaxies that precede the final coalescence can
also be responsible for triggering or stopping the AGN activity (Ellison
et al. 2011). In this phase, intermittent jets can be produced, and if the
accretion disk is perturbed, they can also be realigned. One of the best-
studied example of this occurrence is CenA, where a merger is thought to
be responsible for the interruption of the radio activity for a time of the
order of 10 Myr, after which new-born jets have restarted (Saxton et al.
2001; Struve et al. 2010). Although statistical evidence of the link between
mergers and radio emission has been found, the AGN radio activity has
not been observed to be associated to a specific phase of the interaction
(Ramos Almeida et al. 2011).

From the r-band image it is clear that the morphology of the two
galaxies is disturbed. The host galaxy shows an asymmetry in the
brightness distribution on the top east side while the companion shows clear
tidal features on the west and east side. Although mergers with late-type
galaxies can produce the most prominent tidal features, early-type galaxies
are also observed to produce tidal tails (Ramos Almeida et al. 2011), but
much broader, diffuse, and shorter lived than what is observed in gas-rich
mergers. Since both galaxies are early-type, we do not expect much gas
to be involved in the interaction and therefore not much star formation to
be going on. This agrees with the computed star formation rate presented
in Section 2.3.2. According to their morphology, it is likely that the two
galaxies are observed after the first pericentre passage but before the final
coalescence of the merging nuclei.

We estimate the dynamical timescale of the system tdyn = 60 Myr based
on the ratio between the projected separation between the two galaxies
dproj = 15 kpc and their relative speed vrel = 300 km s−1. Although this
timescale is uncertain and needs to be taken with care, its similarity to
the tOFF of the radio source may suggest that the interaction could have
disrupted the radio jets.

2.4.3 Spectral comparison with other remnant radio galax-
ies and implications for remnant evolution

Based on the discussion in Section 2.4.1, we consider blob1 to be a remnant
radio galaxy and compare here its spectral characteristics with those
observed in previously selected sources of the same class. In particular,
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we mainly focus our comparison on the only complete samples of dying
radio galaxies reported by Parma et al. (2007) and Murgia et al. (2011), for
which a uniform multi-frequency analysis is available. Parma et al. (2007)
selected their sample using α1400

327 > 1.3, while Murgia et al. (2011) selected
their sample based on the spectral curvature defined in Section 2.3.4.

Although it is generally believed that remnant radio galaxies develop
spectral indices > 1 below 1.4 GHz, this is not the rule, and blob1 is
one of the few known examples of remnant sources with low-frequency
spectra consistent with active sources. A similar case is the source B2
1610+29 in Murgia et al. (2011). These remnant galaxies show the high-
frequency spectral cut-of that is typical of the dying phase only above 1
GHz, while at lower frequency they still preserve the injection spectral
index that characterizes the active phase. This spectral shape can either
be justified by the plasma being still young or by a slow rate of radiative
cooling.

The spectral modelling of blob1 presented in Section 2.3.4 shows that
the source has been spending about 50-80% of its life in a dying phase.
The computed total age agrees with the mean value observed by Murgia
et al. (2011) and Parma et al. (2007) and also with what has been derived
in other individual sources such as B2 0924+30 (60 Myr; Jamrozy et al.
2004, Shulevski et al. in prep), B 0917+75 (100 Myr; Harris et al. 1993),
J1324-3138 (97 Myr; Venturi et al. 1998), and A 2622 (150 Myr; Giacintucci
et al. 2007). The same can be asserted for the ratio tOFF/ts , which fits
the range of values 0.2-0.8 computed in Murgia et al. (2011) and Parma
et al. (2007) within the errors. The difference in spectral shape can thus be
explained by different values for magnetic fields (sources in Murgia et al.
(2011) have Beq = 4− 45 µG compared with 1 µG in blob1).

It is interesting to note that despite being associated with a field
galaxy, blob1 has a long dying phase whose duration is comparable to
those observed for remnants in clusters. Dense environments are thought
to keep the plasma confined, preventing adiabatic expansion and allowing
their detection for a longer time. Instead, in low-density environments,
the plasma is free to expand, and if it is over-pressured with respect to
the external medium, the source can rapidly fade away. This argument
is often invoked to explain why so few remnants are detected outside
clusters, although a difference in the duty cycle of radio galaxies in different
environments can also be an explanation (e.g. Murgia et al. 2011). To date,
very few other remnant sources outside clusters have been detected and
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studied: 0924+30 (Jamrozy et al. 2004), NGC 5580 (de Gasperin et al.
2014), and NGC 1534 (Hurley-Walker et al. 2015).

The reason why the plasma is still visible after such a long time has
to be connected with its energetics. If the lobes have low internal energy
densities and pressures, their expansion rate is low and the radiative cooling
is the dominant process in the evolution of the source. This is very likely
the case for sources with a low surface brightness like blob1 (Subrahmanyan
et al. 2003). Furthermore, it has been argued that most sources will be at
pressure equilibrium at the end of their lives (Hardcastle & Krause 2013),
but without further information on the external medium we cannot evaluate
whether the plasma is over-pressured or in pressure balance. The only
archival X-ray observations of this area of sky are from the ROSAT survey,
and because they are too shallow, they do not yield useful constraints.
Chandra observations need to be planned to explore this further.

Better comprehension of the phenomena that drive the plasma evolution
as a function of energy and environment can only be achieved with
larger samples of this class of sources. For this reason new systematic
searches exploiting new-generation instruments such as LOFAR need to be
performed, as we discuss in more detail in the following section.

2.5 Implications for selection of remnant
radio galaxies

Until now, systematic searches of remnant radio galaxies have mostly been
carried out by cross-matching radio surveys at different frequencies using
the steep spectral index as source selection criterion (typically α > 1.3).
Parma et al. (2007) selected a sample of dying radio galaxies from 327-MHz
WENSS and the 1.4-GHz NVSS catalogues. Dwarakanath & Kale (2009)
and van Weeren et al. (2009) extracted a sample of remnant candidates from
the 74-MHz VLSS and 1400-MHz NVSS surveys. A few tentative searches
have also been performed on individual deep fields (Sirothia et al. 2009; van
Weeren et al. 2014). The strategy of the steep spectral index is best for
identifying sources with very curved spectra at low frequencies that have
experienced significant radiative losses and are typically not detectable at
1.4 GHz.

The remnant radio galaxy presented in this chapter demonstrates that
depending on its physical conditions and environment, the plasma can
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undergo a different evolutionary path and present different spectral shapes.
Therefore a number of sources might be missed by this standard selection
approach and new selection methods should be considered. Murgia et al.
(2011) suggested that the SPC can be a powerful diagnostic tool for tracing
the evolutionary stage of radio sources. On the basis of synchrotron models,
dying sources are expected to have an SPC > 0.5. With this method, they
selected a sample of five dying radio galaxies by combining multi-frequency
survey data and dedicated observations. The SPC measured for blob1
supports the reliability of the strategy. The broad range of frequencies
required to compute it makes it hard to apply it systematically as selection
criterion, however. The lack of deep, all-sky, high-frequency surveys (∼5
GHz) represent a limitation for this kind of approach. A combination of
low frequency (e.g. 60-600 MHz) and high frequency (e.g. 1400-8000 MHz)
is indeed needed to properly trace the spectral curvature (Harwood et al.
2013). We also note that sources with power-law non-steep spectra like the
one studied by de Gasperin et al. (2014) would likewise be missed with this
method.

In light of this, we suggest that the population of remnant radio galaxies
cannot be fully characterized by a single selection criterion based on spectral
index or spectral curvature, for instance, but these should rather be used
in a complementary way. Given the variety of observed spectral shapes
and to construct complete samples, morphological selection should also
play a role alongside spectral criteria. Visual inspection of radio sources
has already provided a number of detections in addition to the source
presented here (e.g. de Gasperin et al. 2014; Harris et al. 1993; Hurley-
Walker et al. 2015; Giovannini et al. 1991), but it still has not been
applied in a systematic way. Tentative searches based on morphological
characteristics have only been performed by Saripalli et al. (2012) in the
context of the Australia Telescope Low Brightness Survey and by Jones &
Preston (2001) using the VLSS. Because remnant sources are expected to
be very diffuse with very low surface brightness emission, new-generation
instruments such as LOFAR with unprecedented sensitivity capabilities are
expected to unveil a new population of such sources. The mean surface
brightness of blob1 (equal to 4 mJy arcmin−2 at 1.4 GHz) is indeed
among the lowest values ever observed, and it lies just at the border
of what can be detected with currently available surveys. This value is
only comparable to similar sources such as the remnant PKS B1400-33 (3
mJy arcmin−2, Subrahmanyan et al. 2003), the remnant B2 0258+35 (1.5
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mJy arcmin−2 Shulevski et al. 2012), several restarted FR-I and FR-II radio
galaxies detected in the Australia Telescope Low Brightness Survey (2.5-6
mJy arcmin−2, Saripalli et al. 2012), and a few active giant radio galaxies
such as J0034.0-6639 (1 mJy arcmin−2, Saripalli et al. 2012) and SGRS
J0515-8100 (10 mJy arcmin−2, Subrahmanyan et al. 2006).

In conclusion, deep imaging at low frequency will surely probe a fainter
population of steep-spectrum sources, which will expand the previous
samples obtained from VLSS, WENSS, and NVSS, but will most likely
also reveal diffuse sources with a flatter spectrum, like blob1. To avoid
selection biases towards steep integrated radio spectra, additional selection
criteria should play a role in identifying remnant AGN candidates; these
would be spectral curvature and morphology. A complete representation
of the remnant radio galaxy population can be provided only in this way.
By increasing the detection of these rare sources, we will finally be able
to perform uniform systematic studies that will improve our knowledge
of the different evolution histories of radio galaxies and of the different
mechanisms that drive the remnant plasma evolution after the jets switch
off.
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Abstract

The phase of radio galaxy evolution after the jets have switched off, often
referred to as the remnant phase, is poorly understood and very few sources
in this phase are known. In this work we present an extensive search for
remnant radio galaxies in the Lockman Hole, a well-studied extragalactic
field. We create mock catalogues of low-power radio galaxies based on
Monte Carlo simulations to derive first-order predictions of the fraction of
remnants in radio flux limited samples for comparison with our Lockman-
Hole sample. Our search for remnant radio galaxies is based on LOFAR
observations at 150 MHz combined with public survey data at higher
frequencies. To enhance the selection process, and obtain a more complete
picture of the remnant population, we use spectral criteria such as ultra-
steep spectral index and high spectral curvature, and morphological criteria
such as low radio core prominence and relaxed shapes to identify candidate
remnant radio galaxies. Mock catalogues of radio galaxies are created
based on existing spectral and dynamical evolution models combined with
observed source properties. We have identified 23 candidate remnant radio
galaxies which cover a variety of morphologies and spectral characteristics.
We suggest that these different properties are related to different stages
of the remnant evolution. We find that ultra-steep spectrum remnants
represent only a fraction of our remnant sample suggesting a very rapid
luminosity evolution of the radio plasma. Results from mock catalogues
demonstrate the importance of dynamical evolution in the remnant phase of
low-power radio galaxies to obtain fractions of remnant sources consistent
with our observations. Moreover, these results confirm that ultra-steep
spectrum remnants represent only a subset of the entire population (∼50%)
when frequencies higher than 1400 MHz are not included in the selection
process, and that they are biased towards old ages.
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3.1 Introduction

Radio-loud active galactic nuclei (AGN) are an episodic phenomenon in a
galaxy’s lifetime. The active phase of a radio AGN can last several tens
of Myr, after which the radio jets stop and the source starts to fade away
(Parma et al. 1999). The fate of the radio galaxy remnant plasma and
the physical processes driving its evolution are still poorly constrained,
although they have implications for several areas of radio galaxy research.
Firstly, the modelling of the radio spectrum of remnant sources provides
constraints on the timescales of activity and quiescence of the radio source,
i.e. on its duty cycle, and on their dynamical evolution (Kardashev 1962;
Murgia et al. 2011; Kaiser 2009; Kapinska et al. 2015; Turner & Shabala
2015). Secondly, a better knowledge of the energetics of these objects can
help quantify the role of radio AGN feedback, as well as give new insights
into the formation of radio sources in galaxy clusters such as relics, halos,
and phoenixes (Slee et al. 2001; Enßlin & Brüggen 2002; van Weeren et al.
2009; de Gasperin et al. 2015). Larger samples of remnant radio galaxies
are required to enable an investigation of their physical properties in a
statistical sense and to provide new constraints on models describing the
radio galaxy evolution.

Attempts have been made to find these sources using all-sky surveys
(e.g. Cohen et al. 2007, Parma et al. 2007, Murgia et al. 2011) and
individual deep fields (Sirothia et al. 2009). Most of the searches have
been based on spectral information. The radio spectrum of old remnant
plasma is expected to be ultra-steep (α & 1.2 where Sν ∝ ν−α) according to
radiative cooling models (Pacholczyk 1970); therefore, ultra-steep spectral
indices have been mostly used as the selection criterion (e.g. Cohen et al.
2007, Parma et al. 2007). Murgia et al. (2011) suggested using the spectral
curvature (SPC = αhigh−αlow) to select sources whose integrated spectrum
is not yet ultra-steep below 1400 MHz but show a steepening at higher
frequencies (Murgia et al. 2011 and Chapter 2). This can happen if the
period of time that has elapsed since the AGN switched off is much longer
than the time the AGN was active. One of the main shortcomings of this
method is the requirement for at least three different frequency observations
at comparable resolution.

However, recent results from mock radio catalogues derived from
simulations of high-power radio galaxies by Godfrey et al. (2017) show
that spectral selection criteria only capture a fraction of the entire remnant
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population and are strongly biased towards very old sources. Therefore,
complementary selection criteria should be considered to create complete
samples.

A few authors have based a search for remnant sources on morphological
criteria alone without probing the spectral properties of the sources. For
example, Saripalli et al. (2012) selected sources that lack compact features
like hot spots, jets, and cores, while Giovannini et al. (1988) and Hardcastle
et al. (2016) use a criterion of low radio core prominence (Score/Stot <
10−4− 5× 10−3). However, it is not yet clear whether these methods alone
are able to select remnant sources efficiently.

In this chapter we present a systematic search for remnant radio galaxies
in one of the largest and best-characterized extragalactic deep fields, the
Lockman Hole. This work makes use of the recent observations at 150
MHz performed with the LOw-Frequency ARray (LOFAR, van Haarlem
et al. 2013) published by Mahony et al. (2016) (hereafter M16). Thanks
to its high sensitivity and excellent uv coverage, LOFAR is currently the
best instrument for detecting sources with low surface brightness at low
frequency allowing us to characterize their morphology at high spatial
resolution. Our motivation is to use this field to assess the selection strategy
and to estimate how many remnants we will be able to discover in the
LOFAR Two-metre Sky Survey (LoTSS, Shimwell et al. 2016).

In order to perform an extensive and ideally unbiased search for all
classes of remnant radio galaxies, we adopt for the first time various
selection criteria based on spectral properties (ultra-steep spectral index
and high spectral curvature) and on morphology (low radio core prominence
and relaxed shapes). To do this we combine the LOFAR 150 MHz data
with higher frequency public radio surveys, i.e. the 1400-MHz NRAO VLA
Sky Survey, (NVSS, Condon et al. 1998), the 325-MHz WENSS survey
(Rengelink et al. 1997), and the Faint Images of the Radio Sky at Twenty-
cm survey (FIRST, Becker et al. 1995).

In addition to the observational search, we also created mock catalogues
of radio sources based on Monte Carlo simulations to investigate how many
remnant sources are expected in our flux limited sample. Following the work
of Godfrey et al. (2017) we created mock catalogues of low-power radio
sources based on observed source properties and on published analytical
radiative and dynamical evolution models of radio sources. The interesting
aspect of this approach is that we can directly compare the empirical
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catalogue with the mock catalogue by applying the same flux density cut,
and compare the results by applying the same selection criteria.

The chapter is organized as follows: in Section 3.2 we summarize
the data used in this work; in Section 3.3 we describe the selection
techniques and the results on the Lockman Hole; in Section 3.4 we present
mock catalogues of low-power radio galaxies produced using Monte Carlo
simulations to study the predicted fraction of remnant radio galaxies in the
Lockman Hole. The cosmology adopted throughout the chapter assumes
a flat universe and the following parameters: H0 = 70 km s−1Mpc−1,
ΩΛ = 0.7,ΩM = 0.3.

3.2 Lockman Hole data

Observations of the Lockman Hole field performed with the High-Band
Antennas (HBA, 150 MHz) of the LOFAR Dutch array have been recently
published by M16. The sensitivity and resolution of these observations, as
well as the existence of ancillary data, offer an excellent opportunity for our
investigation on remnant radio galaxies. We summarize in Table 3.1 the
most relevant parameters of the observations and we refer the interested
reader to M16 for a full description of the data reduction and the analysis
of the field.

M16 presented the cross-match of the 150 MHz LOFAR catalogue with
a deep (11-µJy beam−1 rms) mosaic at 1400 MHz observed with the
Westerbork Synthesis Radio Telescope (WSRT) and covering an area of
6.6 sq. degrees (Prandoni et al. in preparation). Hereafter, we will refer
to this cross-matched catalogue as ‘Lockman-WSRT’. This allowed for a
very sensitive spectral index study in the range 150-1400 MHz which will
be used in our analysis. A spectral study of the sources with angular size
<40 arcsec was also performed on the entire LOFAR field of view (referred
to as Lockman-wide) by combining the 150 MHz LOFAR catalogue with
the NVSS, the WENSS, and the VLA Low-Frequency Sky Survey (VLSS,
Cohen et al. 2007).

3.2.1 New low-resolution catalogues

In order to increase the image sensitivity to large-scale low surface
brightness emission, which is typical of remnant radio galaxies, we have re-
imaged the LOFAR data using the awimager software (Tasse et al. 2013).
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Table 3.1 – Observation and image parameters and catalogue information for the
Lockman Hole field from Mahony et al. (2016).

LOFAR Observations
RA (J2000) 10h47m00s
DEC (J2000) +58o05’00”
Date of observation 18 March 2013
Total observing time 9.6 hrs
Frequency range 110-182 MHz
LOFAR Image
Field of view 35 deg2

Beam size 18.6×14.7 arcsec, PA=85.7 deg
Rms noise 150-900 µJy beam−1

Number of sources 4882
WSRT Observations
RA (J2000) 10h52m16.6s
DEC (J2000) +58o01’15”
Date of observation Dec 2006 - June 2007
Total observing time 12 hrs
Frequency range 1400 MHz
WSRT Image
Field of view 6.6 deg2

Beam size 11×9 arcsec, PA=0 deg
Rms noise 11 µJy beam−1

Number of sources 6194
Lockman–WSRT catalogue
Field of view 6.6 deg2

Number of LOFAR sources (150 MHz) 1302
Number of WSRT sources (1400 MHz) 1289

We fix the pixel size to 8 arcsec, the weighting to robust=-0.5, and the
longest baseline to 4 kλ. Moreover, we apply a final restoring beam of 45
arcsec to match the resolution of NVSS. The rms at the centre of the field is
1.2 mJy beam−1 over a bandwidth of 50 MHz. With this new image we can
more accurately cross-match all LOFAR sources with NVSS and WENSS
to get spectral indices.

We perform the source extraction using the LOFAR Python Blob
Detection and Source Measurement software (PYBDSM, Mohan & Rafferty
2015) following the same strategy used by M16. In this way we get a
catalogue of 2588 sources above 5σ. To check the flux scale of the extracted
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catalogue we cross-match it with the GMRT 150 MHz All-sky Radio Survey
alternative data release (TGSS ADR1, Intema et al. 2017) using only
sources that are point-like in the TGSS ADR1. We find an average flux
density excess in the LOFAR sources of 7% in agreement with M16. We
therefore correct the final total flux densities of our catalogue by this factor.
The uncertainties of the LOFAR flux densities are computed following M16.

To perform the spectral analysis we cross-match the 45 arcsec resolution
LOFAR catalogue with higher frequency surveys using the Tool for
OPerations on Catalogues And Tables (TOPCAT, Taylor 2005). Our
spectral index analysis is based on two catalogues which are described below
and summarized in Table 3.2.

The first catalogue (hereafter L45N) was created to investigate the
spectral index distribution α1400

150 of the sources in the entire LOFAR field,
including extended sources, and to identify ultra-steep spectrum sources
on a broad frequency range. The LOFAR catalogue at 45 arcsec resolution
has been cross-matched with the NVSS catalogue using a search radius of
15 arcsec (M16). In order to account for the shallower flux limit of the
NVSS, we only included sources with Speak,150 >40 mJy so that all LOFAR
sources without an NVSS counterpart (at 5σ=2.3 mJy) have spectra steeper
than α1400

150 =1.2. By making this cut the LOFAR catalogue is restricted to
543 sources. All sources have been visually inspected to check for any
misidentifications in the automatic matching procedure and to make sure
that multi-component sources are compared consistently between the two
catalogues. As a result of this procedure we obtain an NVSS counterpart
for 534 out of 543 sources.

Two-point spectral indices are calculated using the total flux density.
For the nine objects that do not have a high-frequency counterpart we
place an upper limit at 1400 MHz equal to 2.3 mJy (5σ in NVSS). For
these objects the spectral index is computed using the peak flux density at
both frequencies. The error on the spectral index is computed using

αerr =
1

lnν1ν2

√(
S1,err

S1

)2

+

(
S2,err

S2

)2

, (3.1)

where S1 and S2 are the flux densities at frequencies ν1 and ν2, and
S1,err and S2,err are the respective errors.
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Figure 3.1 – Spectral index distribution α1400
150 calculated between LOFAR (150 MHz)

and NVSS (1400 MHz) using the L45N catalogue. The spectral indices of the sources
without a detection at 1400 MHz are here included as upper limits and are shown in
black. The black solid line represents the median value of the distribution equals to 0.81.
The red dashed line represents the boundary between steep and ultra-steep sources equal
to α1400

150 = 1.2.

The spectral index median value is α1400
150 = 0.81 ± 0.012 (errors from

bootstrap) with an interquartile range of [0.79, 0.83] in agreement with M16
(Figure 3.1).

The second catalogue (hereafter L45NW) was created to investigate
the spectral curvature of sources in the LOFAR field, including extended
sources. To produce it the catalogue L45N is further cross-matched with
the WENSS catalogue using a search radius of 15 arcsec (M16). Again, all
sources have been visually inspected to check for any misidentifications in
the automatic matching procedure and to make sure that multi-component
sources are compared consistently between the catalogues. Out of 543
sources, 452 are found to have a WENSS counterpart. When using this
catalogue in the following analysis we neglect sources that do not have
a detection at 325 MHz. These sources would have both α1400

325 and α325
150

unconstrained, making it difficult to compute a useful value of spectral
curvature. Sources only missing the NVSS counterpart are instead kept
in the sample. For these sources only the spectral index α1400

325 is a lower
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Table 3.2 – Image parameters and catalogue information for the Lockman Hole field
created for this work.

Image
Beam size 45×45 arcsec
Rms noise 1.2 mJy beam−1

Number of sources 2588
L45N catalogue
Field of view 35 deg2

Number of LOFAR sources (150 MHz) 543
(Sources with Speak > 40 mJy)

Number of NVSS sources (1400 MHz) 534
L45NW catalogue
Field of view 35 deg2

Number of LOFAR sources (150 MHz) 452
(Sources with Speak > 40 mJy)

Number of WENSS sources (325 MHz) 452
Number of NVSS sources (1400 MHz) 444

limit and the spectral curvature is consequently a lower limit as well. This
allows us to include sources that have a sudden steepening in the spectrum
(e.g. Chapter 2). Two-point spectral indices, α1400

325 and α325
150, are calculated

using the total flux density for the LOFAR and NVSS catalogue. For the
WENSS catalogue we use the peak flux for all sources with major axis <65
arcsec (the WENSS beam size in the Lockman Hole direction) and the total
flux otherwise. Because of the lower sensitivity of the WENSS catalogue,
we have verified that the peak flux density better represents the real flux
densities of the sources especially at low flux levels. This is further justified
by the lower resolution with respect to NVSS and LOFAR. We note that
Scaife & Heald (2012) suggest that the WENSS flux should be scaled by
a factor of 0.9 (average on the entire sky) to match the LOFAR flux scale
of Roger et al. (1973). Following M16, we do not to apply this correction
because it causes a systematic underestimation of the WENSS flux density
with respect to the value expected from the spectral index α1400

150 for a
typical radio source. The error on the spectral index is computed using
Equation 4.1.
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3.3 Selection of remnant radio galaxies

In this section we describe the approach that we used to select remnant
radio galaxies in the Lockman Hole field. The identification of this class
of sources is challenging, due to the variety of characteristics that they are
expected to have, which depend on their age and physical properties.

Godfrey et al. (2017) has demonstrated that the spectral selection
criteria are biased towards old remnants and do not allow us to select
the entire remnant population, especially without frequencies higher than
5000 MHz where the steepening occurs sooner. For this reason we use
here spectral criteria such as ultra-steep spectral index and high spectral
curvature, and morphological criteria such as low radio core prominence
(CP) and relaxed shapes to identify remnant candidates. The combination
of remnants identified by these techniques can provide crucial information
on the integrated spectral properties of the remnant age distribution, which
in turn can be used to test models of remnant lobe evolution, as discussed
in Section 3.2.

We perform the selection using the LOFAR images and catalogues at
both high and low resolution, combined with higher frequency surveys
(NVSS, WENSS, FIRST). In particular, for each selection criterion we use
different combinations of catalogues and images and different flux limits to
obtain the best selection. This means that our selected samples should be
considered as independent (partially overlapping) datasets and the overall
completeness of our remnant candidates’ search cannot be established. A
description of the different selection methods is presented in the following
sections.

3.3.1 Ultra-steep spectral index selection

Spectral ageing models predict the integrated radio spectrum of active
sources to be a broken power law. Values in the range 0.5-0.7 are classically
assumed for the spectral injection index αinj (e.g. Blandford & Ostriker
1978) below a break frequency νbreak, while a spectral index equal to
α = αinj +0.5 is expected above νbreak according to the continuous injection
model (Jaffe & Perola 1973; Carilli et al. 1991). After the active nucleus
of the radio galaxies switches off, the spectrum steepens well beyond this
value. For this reason we consider all sources having α1400

150 > 1.2 to be good
candidates (Komissarov & Gubanov 1994). This value allows us to collect
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the largest number of remnant candidates while minimizing contamination
from active steep sources. False positives are particularly expected to come
from active Fanaroff-Riley class II (FRII, Fanaroff & Riley 1974) radio
galaxies for which recent observations indicate high values of injection
spectral indices αinj & 0.7 (Harwood et al. 2016). However, FRII radio
galaxies are not expected to dominate our sample, as shown in Section
3.4.1.

In the L45N catalogue we find that 22 sources (4.1%) have α1400
150 > 1.2.

These include the nine sources without a NVSS detection. When accounting
for the errors on the spectral indices, this percentage can vary in the range
[3.7%-6.3%].

3.3.2 Spectral curvature selection

The spectral curvature, defined as SPC = αhigh − αlow (in this case
αlow = α325

150 and αhigh = α1400
325 ), is introduced to select sources whose global

spectrum is not steep enough to be included in the ultra-steep sample but
show a significant curvature due to particle ageing.

In Figure 3.2 we show the spectral indices between 150 and 325 MHz
compared to the spectral indices between 325 and 1400 MHz derived in the
L45NW. Triangles indicate sources that do not have a detection at 1400
MHz and therefore only have a lower limit on the spectral index α1400

325 . We
can see that most of the sources cluster around the 1:1 diagonal indicating
a straight power-law spectrum, within the errors.

For our search we consider as good candidates all those sources that
have, within the errors, 0.5 ≤ α325

150 < 1, the typical range for active sources,
and α1400

325 ≥ 1.5. The constraint in α325
150 is chosen to avoid sources that are

either already ultra-steep in the range 150-325 MHz or that have a turnover
at low frequencies due to self-absorption processes, while that in α1400

325 is
chosen to select ultra-steep sources at the highest frequencies available. By
applying these selection criteria we identify six sources (out of 453) which
are shown in Figure 3.2 as red open symbols.

3.3.3 Morphology selection

Morphological selection can be used as another useful tool to identify
remnant sources (e.g. Saripalli et al. 2012). It potentially allows us to
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Figure 3.2 – Radio colour-colour plot for sources in the L45NW sample. Triangles
represent sources that are not detected in NVSS. Sources that have been selected using
the spectral curvature criterion described in Section 3.3.2 are marked with open red
symbols. In the bottom right corner a representative error bar for the points in the
plot is shown. A black dashed line represents the 1:1 diagonal. Grey lines represent the
constraints used for the selection.
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recognize remnants whose spectrum is still not ultra-steep or curved and
thus are missed by the spectral selection.

Unequivocally defining the morphology of a remnant radio galaxy is
challenging. Indeed, the shape of the source at the end of its life depends
on its original morphology and physical properties and on the conditions of
the surrounding medium. The classical prototype of a remnant radio galaxy
is thought to have relaxed morphology without compact components like
a core, hot-spots, or jets. Moreover the shape of the remnant plasma may
become amorphous due to expansion if the source is over-pressured at the
end of its life (Blundell et al. 1999; Wang & Kaiser 2008).

In light of this, we perform the morphology selection using the LOFAR
high-resolution image via visual inspection. The low-resolution image,
which is more sensitive to large-scale emission, is also used to confirm the
candidates. For the selection we use the following criteria: (i) extended size
in the high-resolution map (& 60 arcsec equal to ∼ 3 × beam to to enable
a visual inspection of the shape), (ii) relaxed morphology with low surface
brightness (<50 mJy arcmin−2) at 150 MHz, (iii) absence of compact
features (core, jets, or hot-spots) in the LOFAR image, and (iv) absence
of compact features above 3σ in the FIRST at 5 arcsec resolution. Our
final sample of morphologically selected candidate remnant radio galaxies
is composed of 13 sources. According to the source size measurements
made by PyBDSM in the high-resolution catalogue, there are 69 sources
with a major axis >60 arcsec. This is considered a lower limit since some of
the multi-component extended sources may not be automatically combined
by the source extraction software. The candidate remnant radio source
fraction among sources with sizes exceeding 60 arcsec is therefore <13/69
(. 20%). The LOFAR contours of the 13 candidates overlaid on the FIRST
maps are shown in Figure 3.3 marked ‘M’.

3.3.4 Low radio core prominence selection

With the morphological criteria presented in Section 3.3.3 we have selected
sources with relaxed shapes and lacking any compact components. How-
ever, there may be remnant sources without core radio emission but where
the hot-spots are still visible if the jets have recently (less than a jet travel
time) switched off (e.g. 3C28 Feretti et al. 1984, Harwood et al. 2015).

To identify these candidate remnant radio sources, we perform a further
selection using the core prominence, i.e. the ratio between the core power
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at high frequency and the power of the extended emission at low frequency.
de Ruiter et al. (1990) show that the core prominence in the B2 sample
(Colla et al. 1970, Fanti et al. 1978) is inversely proportional to the radio
luminosity of the source varying in the range 0.1-0.001 for radio powers in
the range 1024 − 1026 WHz−1. In agreement with this finding, the objects
in the 3CRR sample, which contains the most powerful radio galaxies in
the sky, show a mean radio core prominence of ∼3×10−4 (Giovannini et al.
1988, Mullin et al. 2008). We therefore expect remnant radio galaxies to
either completely lack a compact core, if the nuclear activity has completely
switched off, or to have very low core prominence values (on average .
×10−4), if the nuclear activity has only dramatically decreased.

For this selection we follow the approach taken by Hardcastle et al.
(2016). We use the FIRST to search for any visible core emission. We
initially consider all sources with the following characteristics: (i) total
flux density at 150 MHz above 90 mJy (at 45 arcsec) to be able to put
the tightest possible upper limit to the CP in case of core not detection
(<0.005) and (ii) size above 40 arcsec (in the LOFAR map at 18 arcsec
resolution) to allow the visual identification of the radio core.

Using these criteria we are left with 34 sources for which we visually
checked the presence of a core in the FIRST images. We find that 10
out of 34 sources clearly do not show core emission down to 3σ and that
can be considered candidate radio remnants (∼30%). As expected, there
is some overlap with the morphology selection presented in Section 3.3.3.
In particular three sources are identified with both CP and morphology
criteria (J103414+600333, J104732+555007, and J105230+563602). For all
the candidates we compute an upper limit of the CP as the ratio between
the 3σ level in the FIRST image (at the local noise) and the total LOFAR
flux density, giving an average value of 3.3×10−4. One caveat of this method
is that it may be affected by core flux density variability if the flux density
of the core and the extended structure do not come from simultaneous
observations. The values of the computed core prominence are listed in
Table 3.3. The LOFAR contours of the ten candidates overlaid on the
FIRST maps are shown in Fig. 3.3 marked ‘CP’.

The candidate percentage should be considered as an upper limit for two
reasons. Firstly, the low sensitivity of the FIRST survey does not allow us
to put tight constraints on faint radio cores and future high-sensitivity and
high-resolution observations may reveal the presence of a faint radio core for
some sources. Secondly, the total fraction of extended radio galaxies may
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be underestimated because some multi-component sources may be missed
by the source extractor software as already mentioned in Section 3.3.3.

3.3.5 Results of remnant radio galaxy selection process

In this section we investigate the results from the selections presented above.

With the ultra-steep spectrum criterion (see Section 3.3.1), which is a
widely used technique in the literature to search for remnants, we have
selected 4.1% [3.7%-6.3%] of the sources in the catalogue. Although
the L45N catalogue includes extended sources (>40 arcsec) that were
excluded in the Lockman-wide catalogue by M16, the resulting percentage
is comparable to the value they found (4.9%). This suggests that the ultra-
steep spectral indices are not preferentially associated with very extended
sources. The same spectral study performed on the Lockman-WSRT at
much higher sensitivity and resolution results in a consistent percentage
of 6.6%, varying in the range [4.3%-9.2%]. We mention here that the
fraction found in the Lockman-WSRT catalogue by M16 is consistent with
previous analysis performed by Afonso et al. (2011) and Ibar et al. (2009) at
comparable flux limits on a smaller portion of the same field (0.56 deg2) at
higher frequencies (6.3%, α1400

625 > 1.3). Studies on different fields still find
low fractions of ultra-steep spectrum sources, though a detailed comparison
is difficult due to the varying observational characteristics (frequencies,
sensitivities, field of view). For example, Cohen et al. (2004) using the VLSS
catalogue with a flux limit of S74MHz=0.7 Jy beam−1 find 2.7% of sources
with α325

74 > 1.2, and Sirothia et al. (2009) using dedicated observations on
a field of 0.25 deg2 and a flux limit of S153MHz=2.5 mJy beam−1 find 3.7%
of sources with α1260

250 > 1.03).

It is important to stress that our sample of ultra-steep spectrum sources
not only includes remnant radio galaxies but also other classes of sources
with the same spectral properties. Among these are cluster relics and halos
(e.g. (van Weeren et al. 2009)) and mostly high-z radio galaxies (HzRGs,
e.g. Röttgering et al. 1994, De Breuck et al. 2000). In our sample of ultra-
steep spectrum sources we have one source which is part of the cluster A1132
and which will be excluded from the further analysis due to its uncertain
nature.

Disentangling remnants from HrRGs is difficult without the optical
identification of the host galaxy, and we defer this analysis to a future
study. A tentative discrimination between the two classes of sources can
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Table 3.3 – Final list of remnant radio galaxy candidates selected with different criteria
(see Section 3.3). In Col. 1 are the source names in J2000 coordinates; Col. 2 the source
component (N=North, S=South, E=East, W=West); Col. 3 the flux densities at 150
MHz from the L45N catalogue; Col. 4 the spectral indices between LOFAR 150 MHz and
NVSS 1400 MHz; Col. 5 the radio core prominence (CP) computed as the ratio between
the FIRST 1400 MHz core flux density and the LOFAR 150 MHz total flux density; and
Col. 6 the selection methods used to identify the source (M=morphology, CP=low core
prominence, US=ultra-steep spectrum with size>40 arcsec). Sources showing ultra-steep
spectra are marked with an asterisk.

Name Component S150MHz α1400
150 CP Selection

[mJy] criteria

J102818+560811 total 50.2 0.68 < 2.9× 10−3 M
J102842+575122 total 32.3 - < 1.3× 10−2 M

N 15.0 >0.88
S 17.3 >0.94

J102905+585721 total 34.3 >1.2* < 3.5× 10−3 M
J102917+584208 total 112.3 0.95 < 4.3× 10−4 CP
J103132+591549 total 121.3 1.16 < 3.8× 10−4 CP
J103414+600333 total 151.7 - < 8.9× 10−4 M, CP

NE 24.4 0.47
SW 127.3 1.00

J103602+554007 total 27.5 >1.01 < 2.1× 10−3 M
J103641+593702 total 30.5 >0.99 < 1.9× 10−3 M
J103805+601150 total 181.6 0.90 < 2.6× 10−4 CP
J104208+592030 total 152.5 1.09 < 3.7× 10−4 CP
J104516+563148 total 25.8 - < 3.4× 10−3 M

E 15.9 1.11
W 9.9 0.94

J104646+564744 total 758.7 0.94 < 6.6× 10−5 CP
J104732+555007 total 91.2 - < 9.8× 10−4 M, CP

NW 42.6 1.25*
SE 48.6 1.20*

J105230+563602 total 204.2 0.87 < 7.4× 10−4 M, CP
J105402+550554 total 46.4 >0.86 < 9.6× 10−4 M
J105554+563532 total 83.9 1.43* < 1.4× 10−3 US
J105703+584721 total 1518.3 0.91 < 4.4× 10−5 CP
J105729+591128 total 11.9 1.08 < 3.7× 10−3 M
J110108+560330 total 58.2 1.22* < 2.3× 10−3 US
J110136+592602 total 45.7 - < 2.6× 10−3 M

NE 22.0 1.14
SW 23.7 1.17

J110255+585740 total 97.5 1.40* < 1.2× 10−3 US
J110420+585409 total 225.9 0.84 < 1.7× 10−4 CP
J110806+583144 total 27.1 0.80 < 1.6× 10−3 M
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Figure 3.3 – Candidate remnant radio galaxies selected on the basis of different selection
criteria (see Section 3.3). LOFAR radio contours (-3, 3, 5, 10, 15, 30, 50 × σlocal ≈
0.5 mJy beam−1) of the highest resolution map 18 arcsec × 15 arcsec are overlaid on
the FIRST map, whose scale is set in the range [3σlocal − Speak]. The LOFAR beam is
shown in the bottom left corner. The selection criterion used to identify the source is
shown in the top right corner (M=morphology, CP=low core prominence, US=ultra-steep
spectrum with size>40 arcsec).
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Figure 3.3 - Continued
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be done using the source angular size. We restrict our sample of ultra-
steep spectrum remnants to sources having a deconvolved angular size >40
arcsec in the LOFAR high-resolution catalogue. At redshift z = 2 this
would correspond to a linear size >300 kpc, which is unlikely for a HzRG
(Ker et al. 2012) and supports the classification as remnant radio galaxy
at lower redshift. By using this further criterion we select 3/21 ultra-steep
sources as good candidate remnants, which represent only <1% (3/543) of
all sources in the L45N catalogue. This should be considered a conservative
upper limit since some of the compact sources may be small remnants. The
LOFAR contours of the three candidates overlaid on the FIRST maps are
shown in Figure 3.3 marked ‘US’.

The selection based on the SPC is used to include radio galaxies in
an intermediate evolutionary stage (see Section 3.3.2) where the spectrum
starts to be curved because of the particle ageing, but is still not ultra-
steep down to low frequencies. With this method we identify six sources.
However, in order to avoid contamination from HzRG, we apply here the
same angular size criterion described in the previous paragraph. Because all
six sources are unresolved at 18-arcsec resolution we reject them all from our
selection. Moreover, we note that all six sources have already been identified
by the ultra-steep spectrum criterion α1400

150 > 1.2. Because the steepening of
the spectrum at early stages occurs mostly at higher frequency, we suggest
that including observations at 5000-MHz or higher in this kind of analysis
is essential for the selection to produce complementary results to the ultra-
steep spectrum method (see e.g. Chapter 2). In our work, sources that
have spectral breaks at frequencies >1400 MHz are missed by the SPC
selection and sources that have very curved spectra also have ultra-steep
spectral indices at low frequencies and are therefore already included in
the ultra-steep selection criterion. Complementary data at such low flux
limits at 5000 MHz are not currently available over large fractions of the
sky. Observations of the Lockman Hole at 15000 MHz have been carried
out (AMI Consortium et al. 2011; Whittam et al. 2013), but due to their
very low sensitivity they do not provide any useful constraints, so we have
not included them in this work.

Using the morphological criteria described in Section 3.3.3 we have
selected 13 remnant candidates. It is worth mentioning that by following
these criteria there can still be contaminations from other class of sources.
Among these there are for example face-on spiral galaxies or cluster halos,
which need to be identified and manually removed from the sample. In
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this specific search we identified the spiral galaxy NGC 3445 and excluded
it from further analysis. Moreover, we note that a confirmation of the
absence of compact structures (like cores and hot-spots) at frequencies
higher than 1400 MHz and with higher sensitivity is required. Indeed,
synchrotron self-absorption could, in some cases, be responsible for making
these structures undetectable in the available frequency range. Of course
we cannot exclude the possibility that some candidates may just be active
with atypical morphologies, and future observations are planned to verify
this possibility.

Typical values of surface brightness at 150 MHz in these morphologically
selected sources are in the range 10-30 mJy arcmin−2, comparable to what
has been found for the source Blob1 in Chapter 2 (15 mJy arcmin−2). For
these sources we also compute an upper limit to the core prominence as the
ratio between the FIRST 1400 MHz core flux density 3σ upper limit and
the LOFAR 150 MHz total flux density in the catalogue at 45 arcsec (see
Table 3.3). We find upper limits in the range 7.9× 10−4− 1.3× 10−2 which
do not always provide tight constraints. We also derive the spectral index
α1400

150 using the LOFAR flux density at 45 arcsec resolution and the NVSS
(see Table 3.3). When the NVSS map does not show a source detection,
we compute a 3σ upper limit by measuring the standard deviation of the
flux density in ten different boxes surrounding the source location. The
results of this computation show that only two sources have spectral indices
α1400

150 > 1.2 (J102905+585721, J104732+555007) and four sources only
have lower limits (J102842+575122, J103602+554007, J103641+593702,
J105402+550554). Interestingly, only a fraction of these sources, <46%
(6/13 sources, three of which have upper limits in spectral index), are found
to have α1400

150 >1.2.

With the low radio core prominence criterion (see Section 3.3.4) we
selected a sample of 10/34 sources whose central radio cores appear to be
inactive while the hot-spots may still present. Three of these sources have
been already selected with the morphology criteria described above. The
observed fraction is consistent with that found in the H-ATLAS field by
Hardcastle et al. (2016). Also for this sample, we computed the spectral
index α1400

150 using the LOFAR map at 45 arcsec resolution and the NVSS
map and we find that only a low fraction (∼7%) have ultra-steep spectra
with α1400

150 >1.2.

To summarize, we have selected 23 remnant radio galaxy candidates:
3 with the USS criterion and a conservative size cut at 40 arcsec, 13 with
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the morphology criterion, and 10 with the low core prominence criterion (3
sources are selected with both the morphology and the low core-prominence
criterion). A list of the sources with their respective properties can be found
in Table 3.3. Radio maps of these sources are shown in Figure 3.3.

3.3.6 Implications from the selection

The four empirical methods described in the previous sections have allowed
us to select 23 candidate remnants with very different characteristics. We
suggest that the different classes of objects found are related to different
stages of the radio galaxy evolution.

The ultra-steep spectrum selection is expected to be strongly biased
towards very aged plasma, i.e. very evolved remnant sources, which should
only represent a subclass of the entire remnant population as shown in
Godfrey et al. (2017) and further investigated in the second part of this
chapter. Only three ultra-steep spectrum remnant candidates have been
identified from the L45N sample.

Identifications based on morphology are crucial to expanding the
selection to include younger remnants. Sources selected via this method
are expected to follow an approximately uniform distribution in remnant
age. Therefore, the fraction of morphologically selected remnant candidates
that have ultra-steep spectra is an indication of the age distribution in
the remnant population. Interestingly, only a fraction of these sources,
<46% (six sources, of which three have upper limits in spectral index), are
found to have α1400

150 >1.2. The observed trend suggests that ultra-steep
spectrum remnants in the range 150-1400 MHz represent only a fraction of
the entire remnant population, and that remnant plasma undergoes a very
rapid luminosity evolution. This is investigated further in the second part
of the chapter.

Finally, candidate remnants selected on the basis of low core prominence
are thought to be the youngest remnant radio galaxies that we can select
where the time elapsed since the core switch off is less than the jet travel
time to the edges of the sources. This is consistent with the fact that only
∼10% of these sources are found to have ultra-steep spectra with α1400

150 >1.2
suggesting the plasma has not yet aged significantly.

Deep high-resolution imaging at complementary radio frequencies are
planned to further investigate the properties and confirm the nature of the
23 candidates. Optical identification of the host galaxies together with
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redshift information will give us insights into the remnants’ surrounding
environment and allow us to apply spectral ageing models to derive the age
of the plasma.

The main limitation of the selected candidates is that they do not
represent a complete sample; therefore, we cannot directly compare the
results of each selection criterion. This restriction will be overcome soon as
new surveys at high sensitivity and higher frequency are released, allowing
for a full exploitation of the LOFAR data. APERTIF (Oosterloo et al.
2009) is going to provide deep (σ=0.1 mJy) 1400 MHz data at comparable
resolution to LOFAR, allowing a systematic search of ultra-steep spectrum
remnants down to low flux limits. The VLA Sky Survey (VLASS, Myers
et al. 2014) will instead provide maps of the Northern sky at 3000 MHz with
0.07 mJy beam−1 rms noise and 2.5 arcsec resolution. This will expand the
low core prominence selection down to low limits.

3.4 Simulating the population of active and rem-
nant FRI radio galaxies

For a long time there have been claims that sensitive low-frequency surveys
will lead to the discovery of many remnant radio galaxies (e.g. Rottgering
et al. 2006, Kapinska et al. 2015) and LOFAR now gives us the opportunity
to investigate whether this is the case. However, precise modelling of the
evolution of remnants and predicting the number of remnants in the radio
sky remains challenging. Recently, Godfrey et al. (2017) presented a study
based on a VLSS-selected sample and mock catalogues of high-power radio
galaxies to derive the fraction of remnants expected in flux limited samples.

Following this, and in parallel to our empirical search, we have also
simulated catalogues of low-power radio galaxies (see Section 3.4.1) to
provide constraints on the number of remnants expected in the Lockman
Hole field and more generally in the LoTSS. As shown below, due to
the higher sensitivity of the LOFAR data with respect to the VLSS used
by Godfrey et al. (2017), both low-resolution and high-resolution radio
catalogues are dominated by low-power sources instead of high-power ones.
Therefore, an extension of Godfrey et al. (2017) simulations to low-power
radio galaxies is required if we want to consistently compare the results of
the simulations with those from these Lockman Hole observations.



3.4. Simulating the population of active and remnant FRI radio galaxies 85

To create mock catalogues, we follow the same approach proposed by
Godfrey et al. (2017) who use the Monte Carlo method to simulate a flux
limited sample of FRII radio galaxies. This allows us to use available
analytical spectral evolution models and observed source properties to
derive, to the first order, the fraction of remnants in flux limited samples,
given a set of model assumptions. With this approach we can directly
compare the empirical catalogue with the mock one by applying the same
flux density cut, and compare the results by applying the same selection
criteria. The main limitation is that the mock catalogues that are generated
only contain information on the spectra of the sources and not on the
morphology, so a direct comparison can only be made based on the spectral
criteria. In particular we focus on the ultra-steep spectral index criterion.
Given that the fraction of ultra-steep spectral index sources found in the
Lockman-WSRT and in the L45N catalogues are similar, as a reference for
the following simulations we use the Lockman-WSRT catalogue, which is
the deepest catalogue currently available with a mean flux limit of 1.5 mJy.

3.4.1 Dominant classes of radio source in our sample:
SKADS Simulations

In order to investigate quantitatively the dominant population of radio
sources in the catalogues described in Section 3.2, we use the SKADS
Simulated Skies (S3, Wilman et al. 2008). We run two different simulations
to reproduce both the Lockman-WSRT catalogue and the L45N catalogue
as follows:

• L45N - 30 sq. degrees with flux density detection limit at 151 MHz
S151,min = 40 mJy. This predicts 602 sources (vs 543 in the observed
field) of which 69% are FRI, 28% are FRII, 2% are Gigahertz-Peaked
Spectrum, 1% are radio quiet AGN, and 1% are star forming galaxies.

• Lockman-WSRT - 6.6 sq. degrees with flux density detection limit
at 151 MHz S151,min = 1.5 mJy. We choose 1.5 mJy as an average
5σ value throughout the field. This predicts 1388 sources (vs 1376
in the observed field) of which 67% are FRI, 2% are FRII, 3% are
Gigahertz-Peaked Spectrum, 13% are radio quiet AGN, and 15% are
star forming galaxies

In both samples we can see that the predominant sources (∼70%) are
FRIs, i.e. typically low-power radio galaxies. The main difference between
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the two samples is the number of FRII radio galaxies, which drastically
increases at higher flux densities, and in the number of star forming galaxies,
which increases at low flux limits. Therefore, we restrict the following
simulations to FRI radio galaxies which are expected to represent the bulk
of the population in our empirical samples. In particular, we only model
FRIs with lobed morphology (also referred to as ‘bridged’), which constitute
∼62% of the B2 catalogue of low-power radio galaxies according to Parma
et al. (1996). This choice is justified by the absence of models in the
literature describing the dynamical evolution of ‘naked-jet’ or ‘tailed’ FRI
due to the complexity of the physics involved. We therefore expect ∼ 43%
of our empirical catalogue to be constituted of lobed FRIs, which is what we
model in this section. In particular, we know that 6.6% of the sources in the
Lockman-WSRT catalogue are found to be ultra-steep spectrum sources.
We can therefore put an upper limit on the fraction of remnant lobed FRIs
with ultra-steep spectrum equal to <0.066/0.43 (∼15%), which can vary in
the range [10%-21%] according to errors.

3.4.2 Simulation approach

To create mock catalogues of radio galaxies we simulate several thousands
of sources using a Monte Carlo approach based on radio galaxy evolution
models. In particular, we present two simulations based on two different
evolution models described later in this section: radiative evolution
only (CI-off, Komissarov & Gubanov 1994) and radiative and dynamical
evolution (Komissarov & Gubanov 1994 and Luo & Sadler 2010). Both
models depend on a set of parameters that describe the source properties
and the surrounding environment (see Table 3.4). Some of these parameters
are kept fixed, while some others are sampled from probability distributions
based on empirical observations of low-power radio galaxies. All parameters
are treated as independent variables in the simulation. The details of the
assumptions made for each parameter are discussed below. We calculate
the radio spectra using the code presented in Godfrey et al. (2017), which
is based on the synchrotron model proposed by Tribble (1991, 1993),
and further expanded to an implementable form by Hardcastle (2013)
and Harwood et al. (2013). According to this, the magnetic field within
each volume element of the lobe is a Gaussian random field, with varying
magnetic field orientation and magnitude. We refer the interested reader
to Godfrey et al. (2017) for a full description of the implementation of
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the model. Here we describe the main steps used to generate the mock
catalogues:

• set the number of sources to be generated (several thousands);

• set the values of the fixed parameters of the model and sample the
other parameters from the corresponding probability distributions
(see Figure 3.4);

• for each source, given its set of parameters, compute an upper limit to
the flux density at the sample selection frequency (150 MHz) following
Section 4.6 in Godfrey et al. (2017);

• apply a flux density cut consistent with the deepest available obser-
vations (1.5 mJy) so that all sources below the threshold are rejected;

• for the remaining sources, calculate the model radio galaxy spectrum
accurately using numerical integration of equations 1 and 9 in Godfrey
et al. (2017);

• derive flux densities at the observed frequencies and compute relevant
spectral indices;

• reject all sources for which the accurate flux density at the selection
frequency is below the flux limit.

In what follows, we describe each of the model parameters and its
corresponding probability distribution or fixed value.

Redshift z

To sample the redshifts we use a probability distribution of the form

p(z) ∝ ρv(z)
dV

dz
, (3.2)

where ρv(z) is the volume density of radio galaxies as a function of redshift
and dV

dz is the differential comoving volume element of a spherical shell. The
comoving volume element for a flat Universe (Ωk = 0) is derived following
Hogg (1999). Following the luminosity functions found by Willott et al.
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(2001) and Wilman et al. (2008) for low-power sources (which are also used
in the SKADS simulations), we consider ρv(z) to be a piece-wise power law:

ρv(z) ∝

{
(1 + z)k, k = 4.3 if z < zl0

(1 + zl0)k, k = 0 if z ≤ zl0 ≤ 5
(3.3)

with zl0 = 0.706.

We note here that the effect of cosmological luminosity evolution is not
considered in this work. This is justified by the fact that FRI sources do
not show a strong cosmological evolution (e.g. Wall & Jackson 1997).

Jet power Qjet

For the jet power probability distribution we assume a power-law distribu-
tion with slope δ = 0.6 (Willott et al. 2001 and Kaiser & Best 2007) in the
range 1034 − 5× 1037W (Luo & Sadler 2010).

Active time ton

The length of the active time of radio galaxies is still not very well
constrained, especially for FRI radio galaxies. Even though we are
aware of the discrepancies between spectral and dynamical ages found
in literature (e.g. Eilek 1996), we use here spectral ages as a reference
to be consistent with our spectral modelling. For the B2 sample,
radiative ages were calculated by Parma et al. (1999) using the model
by Jaffe & Perola (1973). The mean source age of the sample is 31
Myr, while the maximum and minimum values are 5 Myr and 75 Myr,
respectively. In our simulation we sample ton from a truncated normal
distribution with ton,min = 1 Myr, ton,max = 300 Myr, mean ton =
40 Myr, and standard deviation σton = 30 Myr. The parameters of the
distribution have been selected so that the final age distribution in the
mock catalogue reproduces the age distribution of the B2 sample.

Source age tobs

We sample the source ages from a uniform distribution with tobs,min = 0.1
Myr and tobs,max = 400 Myr.
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Particle energy injection index p

The particle injection index of each radio source is sampled from a
truncated normal distribution with pmin = 2.0, pmax = 2.4, mean p =
2.2, and standard deviation σp = 0.2. This corresponds to a continuous
distribution of injection spectral index in the range 0.5 < α <0.7 peaking
at 0.6, which is in agreement with the empirical results by Laing & Bridle
(2013).

Electron energy fraction εe

The electron energy factor εe represents the fraction of jet power that is
converted to the internal energy of the relativistic electrons. In the model
we assume that the internal energy of the radio source is equally partitioned
between particles and magnetic energy. We assume that the electron-to-
proton ratio is k=1, as suggested by Croston (2008) for lobed FRIs. This
translates into an electron energy factor of εe = 0.25.
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Simulation with radiative evolution alone

In this simulation we use a model which only includes the radiative
evolution of the radio galaxy (Komissarov & Gubanov 1994). In particular,
the radiative evolution is dominated by the synchrotron emission with
a contribution from the inverse Compton scattering whose significance
increases with redshift. This means that no dynamical evolution is
considered, i.e. no evolution of the magnetic field nor of the volume with
time. This assumption is usually made when calculating the age of the
radio plasma using spectral ageing models (continuous injection, CI Jaffe
& Perola 1973; and CI-off, Komissarov & Gubanov 1994, Murgia et al.
2011) and therefore it is relevant to consider here.

The parameters used in the simulation are reported in Column 2 of
Table 3.4. The magnetic field energy density is assumed to have an
average fixed value of B=5 µG for all sources, which is equal to the median
equipartition value found for the sources in the B2 catalogue (Parma et al.
1999).

Simulation with radiative and dynamical evolution

Dynamical processes must also play a substantial role in the radio
galaxy evolution. For this reason we expand the radiative model described
in Section 3.2.1 to include a convenient dynamical model of the source
evolution suitable for low-power radio galaxies. The model reproduces two
distinct phases of expansion to describe both the active phase and inactive
phase of the radio source.

In the active phase we assume that the expansion of the source is driven
by the jet, according to the pressure-limiting expansion model presented in
Luo & Sadler (2010). This considers that as the source expands the internal
lobe pressure continuously finds a balance with the external pressure that
decreases outwardly. This is assumed to happen on a timescale much
shorter than the age of the source, so that we can always consider the lobe
pressure plobe to be equal to the ambient pressure pamb. In the inactive
phase we assume instead that the lobes rise buoyantly through the hot
atmosphere at a velocity equal to half the local sound speed cs (Enßlin &
Brüggen 2002). As a result, the lobe pressure decreases with time, and
the source expands adiabatically and isotropically. The second phase is
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called the “bubble phase”. The transition between the two phases occurs
at the the time when the speed of the jet-driven expansion (derived from
equation 4 in Luo & Sadler 2010) equals the constant speed of the bubble
phase. As a first approximation, we do not include here multiple episodes
of jet activity.

We assume that the lobes expand in an external environment, i.e. the
halo of its parent galaxy, whose density profile ρm scales with radial distance
r following a power law with power β:

ρm ∝ r−β (3.4)

In particular, the volume of the radio galaxy evolves with time following a
piece-wise power law whose power depends on the surrounding environment
and on the source age as

V(t) ∝

{
t3/(3−β), if t < ton (Luo & Sadler 2010)

tβ/Γ, if t > ton (adiabatic expansion)
, (3.5)

where t is the source age, ton is the length of its active phase, and Γ = 4/3
is the adiabatic index. The proportionality is justified because the model
does not depend on the absolute volume value, but only on its variations
over time.

Similarly, the magnetic energy density B, which is assumed to be
coupled with the plasma, evolves with time following a piece-wise power law
whose power depends on the surrounding environment and on the source
age as

B(t) =

{
B0t

−2β/(3−β), if t < ton (Luo & Sadler 2010)

B0t
−β/2, if t > ton (adiabatic expansion)

, (3.6)

where B0 is the magnetic energy density value at the initial time t0. We
describe the derivation of B0 in detail below.

The parameters used in this model are listed in Table 3.4. The values
and distributions of the parameters in common with the previous model
are kept equal. In the following sections we discuss in more detail the
parameters that are added in this model.
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Radial density profile exponent β

The ambient medium in which the lobes expand is assumed to have a
power-law radial density profile ρm(r), as discussed in Section 3.4.2. As a
first-order approximation, we keep the value of the power exponent β fixed
to 1.5 for all galaxies (Luo & Sadler 2010, Morganti et al. 1988).

Initial magnetic energy density B0

The initial magnetic energy density B0 is one of the main parameters of
the model which dictates most of the evolution of the radio spectrum, and
should be carefully normalized. Unfortunately, despite our understanding
of FRII radio galaxies (e.g. Croston et al. 2005, Harwood et al. 2016),
magnetic fields in low-power radio galaxies are still not well constrained
observationally. We therefore need to rely on the equipartition condition
to derive the normalization of the magnetic energy density B0. We assume
here that the electron-to-proton ratio is k=1 as suggested by Croston (2008)
for lobed FRIs.

Here we assume that at an initial time, t0 = 0.1 Myr, each source has a
size which depends on its jet power and the ambient medium according to
equation (4) of Luo & Sadler (2010). As we are using a pressure-limiting
expansion with plobe ∼ pamb, we can derive the internal lobe pressure as

plobe,0 = p0(r0/r)
β, (3.7)

where p0 and r0 are used to normalize the power law, and are assumed
to have the following values p0 = 3 × 1011 Pa and r0 =2 kpc (Luo &
Sadler 2010). Since we assume here the density profile ρm(r) to be a power
law, these values just serve as normalization for the power law. Assuming
equipartition between magnetic field energy and particle energy we can then
derive

B0 = (plobe,0 × µ0)0.5, (3.8)

where µ0 is the magnetic constant.
According to this derivation, at the time t0 the lobes of low jet power

sources are smaller and therefore more confined to the higher density regions
of the ambient medium. Since the pressure of the external gas is higher and
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we assume a balance between the lobe pressure and the external pressure,
these sources have higher lobe pressure and therefore higher equipartition
magnetic fields.

To confirm the robustness of this normalization we have compared the
magnetic fields derived by Parma et al. (1999) for the B2 sample to those
obtained in our mock catalogues at tobs (Section 3.3.2). In particular, in
Figure 3.4 we show how the magnetic field correlates with age and size for
sources in the mock catalogue and for sources in the B2 sample. The values
obtained from the simulations are well matched by those observed in the
B2 sample.

Sound speed cs

We assume that the expansion in the second dynamical phase (the remnant
phase) happens at a constant velocity equal to 500 km s−1. This value
corresponds to half of the local sound speed cs for an intergalactic medium
of intermediate density (Enßlin & Brüggen 2002). Lower values cause the
sources with low jet powers (Qjet . 5 × 1035) to enter the bubble phase
when the jets are still active. In these cases, the jets are so weak that the
isotropic adiabatic expansion starts to dominate at earlier stages.

Typical values of the sound speeds in the intergalactic medium vary in
the range ∼ 500−1500 km s−1 with rich cluster environments having higher
cs with respect to small groups.

3.4.3 Simulation results

In this section we describe the main results of the simulations presented in
the former sections. Table 3.5 shows the fractions of different sources found
in the two simulations. Figures 3.5 and 3.6 show the main distributions
of the output parameters for the two simulations for active (tobs < ton),
remnant (tobs > ton), and ultra-steep spectrum remnant (tobs < ton and
α1400

150 > 1.2) sources.

Results of the simulation with radiative evolution model

In this section we discuss the results of the simulation with the radiative
evolution model. As summarized in Table 3.5, the mock catalogue contains
a total of 1609 sources, of which 1073 (66%) are active (tobs < ton) and 536
(33%) are remnants (tobs > ton). In particular, 387 sources (24% of the
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Figure 3.4 – Magnetic field as a function of age (top panel) and source size (bottom
panel). Green, red, and blue circles represent active, remnant, and ultra-steep remnant
sources, respectively, as predicted by the model with radiative and dynamical evolution
(Section 3.4.3). Black squares represent sources of the B2 sample (Parma et al. 1999).
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Table 3.5 – Results of Monte Carlo simulations.

Number of sources Radiative Radiative + Dynamic
in the sample evolution evolution

(S150MHz > 1.5mJy)

Total* 1609 1665
Active (tobs < ton) 1073 (66%) 1317 (79%)

Remnants (tobs > ton) 536 (33%) 329 (20%)
Ultra-steep spectrum 387 (24%) 165 (10%)

(tobs < ton and α1400
150 > 1.2)

Ultra-steep spectrum 444 (28%) 321 (19%)
(tobs < ton and α5000

150 > 1.2)

Notes. ∗Sources selected above a flux density of 1.5 mJy and produced from
a simulation of 1.5×105 sources.

entire catalogue) have ultra-steep spectra in the range 150-1400 MHz with
α1400

150 > 1.2.

The major result of this simulation is that the fraction of ultra-steep
spectrum FRI remnant radio galaxies (24% of the catalogue) is very hard to
reconcile with the upper limit of <15% that we derived from the empirical
catalogue (see Section 3.4.1). This shows that models which are classically
used to derive radiative ages of FRIs give inconsistent results in terms of
the fraction of remnants observed in flux limited samples. This supports
the finding of Harwood (2017) that modelling of integrated radio spectra
with available models, i.e. CI (Jaffe & Perola 1973) and CI-off (Komissarov
& Gubanov 1994), possibly leads to unrealistic source ages and shows the
limitation of this approach. This may be overcome if a proper model for
the dynamical expansion of the source is included in the simulations as
investigated below.

In Figure 3.5 we show the main distributions of the output parameters
for the simulation with radiative evolution alone.

Results of the simulation with radiative and dynamical evolution
models

In this section we describe the results obtained from the simulation with
both radiative and dynamical evolution models. As summarized in Table
3.5, the mock catalogue contains a total of 1665 sources, of which 1317
(79%) are active (tobs < ton) and 329 (20%) are remnants (tobs > ton).
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Interestingly, only half of the remnant sources (165 sources and 10% of the
entire catalogue) have ultra-steep spectra in the range 150-1400 MHz with
α1400

150 > 1.2.

These results confirm that remnant radio galaxies with ultra-steep
spectra in the range 150-1400 MHz represent only a fraction of the entire
remnant population, as was demonstrated by Godfrey et al. (2017) for
FRII sources. The results also validate our decision to select remnant
radio galaxies in the Lockman Hole field using three complementary
selection criteria as described in Section 3.3. The percentage of ultra-steep
spectra remnant radio galaxies found in this simulation including dynamical
evolution in the remnant phase is 10%, consistent with the observed upper
limit for FRIs (<15%; see Section 3.4.1). Given the large number of
parameters in the model and the first-order nature of the calculations, the
agreement between the two values is impressive and contrasts with the
previous model for which no dynamical evolution was implemented in the
remnant phase. These results demonstrate that dynamical evolution of FRI
radio galaxies continues in the remnant phase.

More information from the simulation results can be obtained by looking
at Figure 3.6. The top left panel of Figure 3.6 shows the spectral index
distribution of the sources in the mock catalogue. The distribution has a
median value of α=0.78 in agreement with observations and has a tail that
extends to higher values. In accordance with the CI model, active sources
have values in the range 0.5-1, while remnant sources dominate the ultra-
steep spectrum tail. From this plot it is also clear that not all remnant
radio galaxies show ultra-steep spectra.

The flux density distribution at 150 MHz (Figure 3.6, top right) shows
the expected decrease in the number of sources at high flux densities. The
luminosity distribution at 1400 MHz (Figure 3.6, centre left) peaks around
1024 WHz−1 in agreement with observed low-power radio galaxies, with a
tail of remnant sources that extends to 1020 WHz−1. Figure 3.6, centre
right, demonstrates that low-power radio sources in such a flux limited
sample (S150 >1.5 mJy) are not expected to be located at redshifts much
higher than 1.3. In particular, due to their faster luminosity evolution and
the inverse Compton scattering at high redshifts, remnant radio galaxies are
mostly observed at redshifts of less than 1. Figure 3.6, bottom, shows that
after the switch off, the remnant plasma quickly becomes invisible. About
70% of the remnant sources have ages <1.5 × ton. This suggests that the
luminosity evolution of the plasma after the jets switch off is very fast, due
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to adiabatic and radiative losses and to the decreasing magnetic field. In
particular, ultra-steep remnants occupy the oldest tail of the distribution.

3.4.4 Discussion of the Monte Carlo simulation results

The simulations presented in the previous sections are based on simplified
models of radio galaxy evolution and, in this particular chapter, we focus
on one specific source type, i.e. lobed FRIs. Here we briefly comment the
uncertainties connected with the choice of parameters and the implications
that they have on the robustness of the results. Among all the parameters
of the simulations, we have identified three that appear to have the most
influence on the final results. The first is the initial magnetic energy
density B0 which has been derived according to equipartition conditions.
Various studies have shown, at least for most FRII radio galaxies, that
this approximation is not correct and an average correction factor of 0.7
should be applied to equipartition magnetic field (Croston et al. 2005,
Hardcastle et al. 2016). Although no such studies have been performed on
FRI radio galaxies, we cannot exclude that variations from the equipartition
conditions are present, as observed for higher power sources. In particular,
lower values of the magnetic energy density would increase the remnant
fraction, while higher values would decrease the remnant fraction. As a
control test we ran the same simulation decreasing B by a factor 0.7 and
found that the fraction of ultra-steep remnants increases from 10% to 11%.

The second parameter that plays a major role in the final result is the
slope of the radial density profile of the external medium β. We investigate
how increasing β to 1.8 affects the resulting remnant fraction and we find a
decrease of about a factor 2. A value of β=1.8 also provides a worse match
with the trends observed in the B2 catalogue, which are plotted in Figure
3.4.

Another parameter that is worth discussing is the source active time ton.
At present, our knowledge of the radio galaxy duty cycle is limited to very
few single-object studies, and information on its distribution among the
radio galaxy population is not available (e.g. Konar et al. 2013; Shulevski
et al. 2017). We have explored the variation in the results when modifying
the parameters of the distribution of ton, and we find that the fraction of
ultra-steep remnant can go as low as 6% when increasing ton to 60 Myr
and increasing σton to 100 Myr. Likely, we will be soon able to put firmer
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Figure 3.5 – Main output parameter distributions for the mock catalogue produced
assuming radiative evolution models only, as described in Section 3.4.2. The green line
represents active sources, the red line represents remnant sources, the blue line represents
ultra-steep spectrum remnant sources with α1400

150 > 1.2.
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Figure 3.6 – Main output parameter distributions for the mock catalogue produced
assuming radiative and dynamical evolution models, as described in Section 3.4.2. The
green line represents active sources, the red line represents remnant sources, the blue line
represents ultra-steep spectrum remnant sources with α1400

150 > 1.2.
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constraints as bigger samples of radio galaxies are characterized by new
radio facilities like LOFAR.

Despite the uncertainties discussed above, the results of the simulation
with radiative and dynamical models is promising and demonstrate that
by including a dynamical component in the spectral models in addition to
the radiative component, we can obtain agreement between the fraction of
remnant sources in the simulated catalogue and the observed upper limit.

Finally, it is interesting to note that simulations predict that, by
including 5000-MHz data in the selection with the ultra-steep spectrum
criterion, it would be possible to recover almost the entire remnant
population (see Table 3.5). The need to include frequencies >1400 MHz
in the ultra-steep spectrum selection was already recognized in Chapter
2. The validity of this prediction could be further tested by including
data at frequencies >1400 MHz in the empirical source selection. However,
such high-frequency observations at such low flux limits are currently not
available over a large fraction of the sky.

3.5 Summary and conclusions

In this chapter we have presented a search for remnant radio galaxies
in the extra-galactic Lockman-Hole field in order to assess their fraction
in low-frequency radio samples. Using both spectral and morphological
criteria, we have selected 23 remnant radio galaxy candidates which will
be confirmed with dedicated future observations. Furthermore, we have
created mock catalogues of low-power radio galaxies using Monte Carlo
simulations to investigate whether current radiative and dynamical models
of the radio galaxy evolution predict a fraction of remnant radio galaxies
which is consistent with observations. The main findings are as follows:

(i) Ultra-steep spectrum remnant sources with α1400
150 >1.2 represent a

fraction of <4.1% [3.7%-6.3%] of the entire Lockman Hole low resolution
catalogue and <6.6% [4.3%-9.2%] of the Lockman-WSRT catalogue. In
particular, we expect the fraction of lobed FRIs to be ∼ 43% of the
entire radio catalogue and can therefore put an upper limit on the
fraction of remnant lobed FRIs with ultra-steep spectrum in the Lockman-
WSRT of <0.066/0.43 ∼15% (in the range [10%-21%]). Simulations
based on radiative and dynamical models predict a remnant fraction of
10%, which is consistent with observations. On the contrary, simulations



102
Chapter 3. Search and modelling of remnant radio galaxies in the

LOFAR Lockman Hole field

based on radiative models only overpredict the number of ultra-steep
spectrum remnants by almost a factor of 2. This demonstrates that
dynamical evolution plays an important role in the remnant phase of lobed
FRI radio galaxies. Most importantly, it shows that models which are
classically used to derive radiative ages of FRIs give inconsistent results
in terms of the fraction of remnants observed in flux limited samples.
By neglecting adiabatic cooling, and magnetic field evolution during the
remnant phase, radiative ages overestimate the remnant age, and therefore
can be considered as upper limits.

(ii) Mock catalogues show that ultra-steep spectrum remnant sources
with α1400

150 >1.2 represent only a fraction of the entire FRIs remnant radio
galaxy population (∼50%) and, in particular, represent the oldest tail of the
age distribution. When including 5000 MHz observations in the selection
the fraction of remnants is almost entirely recovered. This demonstrates the
need to include frequencies >1400 MHz or additional selection methods in
order to collect the entire population. This is in agreement with the findings
by Godfrey et al. (2017) for FRII radio galaxies.

(iii) Simulations predict a very rapid drop in remnant radio galaxies
above 100 Myr. About 70% of the remnant sources have ages <1.5 × ton.
This suggest that the luminosity evolution of the plasma after the jets
switch off is very fast, due to adiabatic and radiative losses and to the
decreasing magnetic field.

(iv) Morphology and radio core prominence can be used as comple-
mentary selection criteria to identify remnant radio galaxies, thus avoiding
any age bias. A fraction of <46% of morphologically selected remnants
and a fraction of ∼10% of core prominence selected remnants are found
to have ultra-steep spectra with α1400

150 >1.2. This result is in agreement
with the simulation results showing that ultra-steep spectrum remnants
represent only a fraction of the entire population and that remnant plasma
undergoes a very rapid luminosity evolution.

(v) The spectral curvature criterion in the frequency range 150-
1400 MHz is not ideal for selecting remnant radio galaxies. Because
the steepening of the spectrum at early stages occurs mostly at higher
frequency, including 5000-MHz observations in this kind of analysis is
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essential for the selection to work. Unfortunately, observations at such
low flux limit at 5000 MHz is currently not available over a large fraction
of the sky.
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Abstract

Radio loud Active Galactic Nuclei are episodic in nature, cycling through
periods of activity and quiescence. The study of this duty cycle has recently
gained new relevance because of the importance of AGN feedback for galaxy
evolution. In this work we investigate the duty cycle of the radio galaxy
B2 0258+35, which was previously suggested to be a restarted radio galaxy
based on its morphology. The radio source consists of a pair of kpc-scale
jets embedded in two large-scale lobes (∼240 kpc) with relaxed shape
and very low surface brightness that resemble remnants of a past AGN
activity. We combine new LOFAR data at 145 MHz and new SRT data
at 6600 MHz with available WSRT data at 1400 MHz to investigate the
spectral properties of the outer lobes and derive their age. Interestingly,
the spectrum of both the Northern and Southern lobes is not ultra-steep
as expected for an old ageing plasma with spectral index values equal to
α145

1400 = 0.48 ± 0.11 and α1400
6600 = 0.69 ± 0.20 in the Northern lobe, and

α145
1400 = 0.73 ± 0.07 in the Southern lobe. Moreover, despite the wide

frequency coverage available for the Northern lobe (145-6600 MHz), we
do not identify a significant spectral curvature (SPC'0.2±0.2). While
mechanisms such as in-situ particle reacceleration, mixing or compression
can temporarily play a role in preventing the spectrum from steepening, in
no case seem the outer lobes to be compatible with being very old remnants
of past activity as previously suggested (with age & 80 Myr). We conclude
that either the large-scale lobes are still fuelled by the nuclear engine or the
jets have switched off no more than a few tens of Myr ago, allowing us to
observe both the inner and outer structure simultaneously.
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4.1 Introduction

Some of the outstanding questions in the study of radio-loud Active Galactic
Nuclei (AGN) are concerned with how long and how frequently they are
active and how to identify the various phases of their evolution. Statistical
studies and models suggest that the AGN duty cycle strongly depends on
the power of the radio source (Best et al. 2005; Shabala et al. 2008; Turner &
Shabala 2015) but precise estimates are still not available. Understanding
the life cycle of AGN jets has recently gained a new broader relevance in
the context of radio galaxy evolution (Morganti 2017), as they can transfer
a significant amount of energy into the ambient medium (McNamara
& Nulsen 2007; Wagner & Bicknell 2011; Wagner et al. 2012; Gaspari
et al. 2012). Feedback from AGN is indeed required by all cosmological
simulations to explain the quenching of the star formation in early type
galaxies and the correlation between galaxy and black hole properties (Di
Matteo et al. 2005; Fabian 2012; Schaye et al. 2015; Sijacki et al. 2015).

Radio observations are particularly suited to trace the different stages
of evolution in radio galaxies via the study of their radio morphology and
spectra. Evidence of radio galaxies in different phases of their evolution
has been presented in the literature as described below.

For example, remnant radio galaxies represent the last phase when the
jets have switched off (e.g. Parma et al. 2007; Murgia et al. 2011; Saripalli
et al. 2012). Recent studies based on low frequency observations and
modelling of radio galaxies find fractions of remnants &10-15%, suggesting
a rapid expansion of the plasma in the ambient medium after the nuclear
activity has ceased (Godfrey et al. 2017; Mahatma et al. 2018 and Chapter
3). Observations show that remnants can have different characteristics,
probably depending on their stage of evolution. At GHz frequencies they
are commonly observed to have ultra-steep spectra (S ∝ ν−α, α > 1.2),
typical of old ageing plasma, but can also have only moderately steep
spectra at MHz frequencies (0.6 < α < 1). Moreover, they can show very
weak radio cores indicating that the nuclear activity may not completely
switch off but just go through a period of significant suppression (Murgia
et al. 2011; Mahatma et al. 2018 and Chapter 2 and 3).

Sources that exhibit remnant emitting plasma from past activity and, at
the same time, new-born jets are named restarted radio galaxies (see Saikia
& Jamrozy 2009 for a review). These can be effectively used to investigate
the duty cycle of the radio AGN.
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The most explicit and well-known signatures of recurrent jet activity
on large scales are ‘double-double radio galaxies’ (DDRGs). This class of
objects was first defined by Schoenmakers et al. (2000) as ‘radio galaxies
consisting of a pair of double radio sources with a common centre’ and
further investigated by other authors (e.g. Kaiser et al. 2000; Konar &
Hardcastle 2013; Orrù et al. 2015). For these objects the duration of the
quiescent phase between two episodes of jet activity is estimated to be
in the range 105 − 107 yr, and is found to be typically shorter than the
duration of the previous active phase equal to 108 yr on average (Konar
et al. 2013). However, the phenomenon of restarted AGN is not limited to
DDRGs. Another class of sources is observed to have compact inner jets
embedded in large-scale, low-surface brightness lobes (e.g. Jamrozy et al.
2009; Kuźmicz et al. 2017). In some of these sources, there are indications
that the quiescent phase may be as long as ≥ 108 yr (Jamrozy et al.
2007). Among the most famous cases of restarted jets is the radio galaxy
Centaurus A, where more than one phase of activity has been claimed based
on the presence of two distinct morphology structures (Morganti et al. 1999;
McKinley et al. 2013, 2017). Moreover, observations of remnant emission
on small scales (<100 pc) associated to active compact radio galaxies (Luo
et al. 2007; Orienti & Dallacasa 2008) suggest 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.

The physical mechanisms that drive the intermittence are still poorly
understood and are possibly related to the galaxy environment. Some
possible explanations include gas-rich galaxy-galaxy interactions (e.g.
Schoenmakers et al. 2000), perturbations of the accretion process (e.g.
Pringle 1997; Czerny et al. 2009; Wu 2009) and chaotic cold accretion (e.g.
Gaspari et al. 2013, 2017). Alternative interpretations to the restarting
scenario have also been proposed. For example, Baum et al. (1990) suggest
that compact radio sources can arise within a large-scale radio galaxy if
the jet propagation is obstructed or impeded on scales of tens of parsecs to
few kiloparsecs. In that case, the extended structure would remain visible
along with the confined parsec scale source.

The variety of sources described above suggests that a multitude of
situations and evolution histories can occur. As a consequence, the
interpretation and classification of restarted sources is not trivial and more
examples need to be studied in detail for improving our understanding.
In particular, extra constraints can be obtained by studying the spectral
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properties of these sources on a broad spectral range from MHz to GHz
frequencies. A better characterization of known restarted radio galaxies
is also essential for a better selection and census of restarted sources in
upcoming large-area radio surveys (e.g. the LOFAR Two-metre Sky Survey
- LoTSS, Shimwell et al. 2017).

In this chapter we present new observations of the radio source
B2 0258+35, where two low-surface brightness extended lobes (240 kpc)
have been discovered at 1400 MHz (Shulevski et al. 2012) around a
compact radio galaxy (3 kpc). Due to its morphology, this source has been
interpreted as a restarted radio galaxy in which the outer lobes represent
old remnants of a past AGN activity. The aim of this work is to put new
constraints on the physical properties and duty cycle of these lobes by
studying their spectral properties and morphology over a wide frequency
range.

The cosmology adopted in this work assumes a flat universe and the
following parameters: H0 = 70 km s−1Mpc−1, ΩΛ = 0.7,ΩM = 0.3. At the
redshift of B2 0258+35 z=0.0165 (Wegner et al. 1993), 1 arcsec corresponds
to 0.34 kpc. Throughout the chapter the spectral index, α, is defined using
the convention S ∝ να.

4.2 Overview on the source B2 0258+35

The radio source B2 0258+35 is hosted by the giant early-type galaxy NGC
1167 (MB = −21.7 mag, D25 = 56 kpc), which is optically classified as a
Seyfert 2 galaxy (Ho et al. 1997). The galaxy is located at redshift z =
0.0165 (Wegner et al. 1993) and does not belong to any galaxy group but
is surrounded by a few smaller satellites (Struve et al. 2010). Deep optical
observations show a faint, tightly wound spiral structure at r <30 kpc,
which represents the signature of a past major merger event (Emonts et al.
2010).

Indications of past and/or ongoing interactions are also confirmed by
the presence and kinematics of a large (∼160 kpc) and massive HI disk
(MHI = 1.5×1010 M�, Noordermeer et al. 2005, Emonts et al. 2010, Struve
et al. 2010). This HI structure is thought to have assembled via accretion
of gas-rich satellite galaxies. However, the gas distribution is extremely
regular out to 65 kpc, with disturbed kinematics only in the very outer
part, which is possibly the result of recent interactions with its satellites.
Thanks to its inner regular kinematics Struve et al. (2010) have computed
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a tight lower limit on the epoch of the last major merger event equal to
∼1 Gyr. This timescale is also supported by the absence of young stellar
population signatures in the optical spectrum (Emonts 2006). However,
more recent interactions with small companion galaxies cannot be ruled
out.

Moreover, absorption HI lines against the central radio source have been
detected (Emonts et al. 2010). These are likely produced by a circumnuclear
disk with rmax < 170 pc. A blueshifted, possibly outflowing, gas component
has also being recognized both in HI and in CO (Prandoni et al. 2007). No
evidence of broadening in the emission lines of the ionized gas is instead
observed (Emonts 2006, Santoro priv. comm.).

The central radio source has a luminosity at 408 MHz of L408 =
1024.37 W Hz−1 and has been classified as a Compact Steep Spectrum (CSS)
source by Sanghera et al. (1995). As shown in the inset in Fig. 1, sub-
arsecond imaging shows two plum-like lobes of ∼3 kpc total projectd size,
with jet-like structures but without clear hot-spots (Giroletti et al. 2005,
Giovannini et al. 2001). From the jet to counter-jet ratio at 22000 MHz,
Giroletti et al. (2005) could constrain the jets inclination angle to a value
in the range 40 deg < θ < 50 deg, which is in accordance with the optical
classification of the parent galaxy. Using radiative evolution models they
have derived a source age of 0.9 Myr, and, based on dynamical arguments,
have suggest that the radio source might not grow into an extended FRI/II
radio galaxy. This is further supported by the clear bending of the southern
lobe indicating a dense surrounding ISM, which may be the cause of the
source confinement. The spectral index distribution within the CSS source
varies from α22

8.4=0 in the core, to α22
8.4=0.6 in the jet-like structures within

the lobes, to α22
8.4=1.0-1.5 in the surrounding diffuse emission (Giroletti

et al. 2005).

A very interesting ingredient for understanding the evolutionary history
of the source is the presence of two large-scale (240 kpc), low-surface
brightness (1.4 mJy arcmin−1) lobes that surround the CSS source. These
have been first detected and studied at 1400 MHz by Shulevski et al. (2012)
using the Westerbork Synhesis Radio Telescope (WSRT) (Figure 4.1). The
authors propose that the lobes represent old remnants of a previous cycle
of jet activity.

Assuming the lobes to be buoyant bubbles expanding in the intergalactic
medium Shulevski et al. (2012) estimate the dynamical age of the source to
be >80 Myr. Because the age of the young central CSS source is about 0.9
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Myr, they suggest that the quiescent phase between the two radio bursts
has lasted ∼100 Myr.

4.3 Data

To investigate the radio spectral properties of the extended lobes and
to constrain any spectral curvature, we expand here the study at 1400
MHz presented by Shulevski et al. (2012) to other frequencies. We have
performed observations at 145, 350 and 6600 MHz using the Low-frequency
Array (LOFAR, van Haarlem et al. 2013), the Karl G. Jansky Very Large
Array (VLA) and the Sardinia Radio Telescope (SRT, Bolli et al. 2015;
Prandoni et al. 2017) respectively. Moreover, we have reprocessed archival
observations of the Giant Metrewave Radio Telescope (GMRT; Swarup
1991) taken at 235 and 612 MHz. Unfortunately, due to the data quality
and dynamic range limitations caused by the bright central source, we could
not recover the outer lobe emission at 235, 350 and 612 MHz. However,
these frequencies have been useful for the study of the compact source. For
the analysis of the outer lobes we also use the WSRT image at 1400 MHz
presented by Shulevski et al. (2012). In the following sections we describe
the observations and the data reduction procedures. A summary of the
observational details is presented in Table 5.1 and a summary of the final
image properties is presented in Table 5.2.
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Figure 4.1 – Radio contours of the source B2 0258+35 at 1400 MHz obtained with
the Westerbork Synhesis Radio Telescope, overlaid on the DSS2 image (Shulevski et al.
2012). The spatial resolution is 33 arcsec × 39 arcsec. The contour levels range from 0.2
mJy beam−1 to 20 mJy beam−1 (2σ to 20σ) increasing by a factor of 1.5 and are marked
in black. Negative countours at -0.2 mJy beam−1 are shown in gray. The inset at the
bottom right shows a high-resolution radio image at 8400 MHz of the central CSS source
obtained with the Very Large Array by Giroletti et al. (2005).
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4.3.1 LOFAR HBA observations and data reduction

Dedicated observations of the source were performed using the LOFAR High
Band Antenna (HBA) on September 13th, 2015. All the 64 antennas of the
Dutch Array have been used, providing a maximum baseline of ∼100 km.
The target was observed in scans of 30 minutes for a total integration time of
8 hours, interleaved by 2-minutes observations of the flux-density calibrator
3C48. The sampling time was set to 1 second and four polarization products
(XX, YY, XY, and YX) were recorded. The total observed bandwidth is
equal to 95.1 MHz in the range 100.2-195.3 MHz. This was divided in 487
sub-bands of 195.3 kHz composed of 64 channels each. The observational
details are summarized in Table 5.1.

Using the observatory pipeline (Heald et al. 2010) the data were pre-
processed, i.e. automatically flagged for radio frequency interferences (RFI)
using the AOFlagger (Offringa et al. 2012), averaged in time to 5 seconds
per sample and averaged in frequency to 4 channels per sub-band. Data
below 108.9 MHz and above 176.9 were flagged and excluded from further
processing due to the presence of strong RFIs.

After pre-processing the data were calibrated using the classical direction-
indipendent procedure (e.g. Mahony et al. 2016 and Chapter 2). Amplitude
and phase solutions for each station were calculated according to the
model of 3C48 presented by Scaife & Heald (2012) and transferred to the
target field. The data were then combined into groups of 10 subbands
(corresponding to a bandwidth of ∼2 MHz) and phase self-calibrated
iteratively, adding progressively longer baselines. The LOFAR imager
AWImager Tasse et al. (2013) was used for the imaging, which performs
both w-projection to account for non-coplanar effects (Cornwell & Perley
1992) and A-projection to account for the changing beam throughout the
observation (Bhatnagar et al. 2008).

We produced images at different resolutions and with different weight-
ings. The best detection of the outer lobes was achieved with a uv-
cut equal to 2 kλ, robust weighting equal to 0 and final resolution of
80 arcsec × 98 arcsec. Hints of the lobes emission are observed at higher
resolution too but the image quality is not enough for a reliable detection
and flux density measurement of the low surface brightness emission due to
the presence of deconvolution artefacts associated with the strong central
source.
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Aiming to achieve better images at higher spatial resolution we have
reduced the data a second time using the calibration scheme created
by van Weeren et al. (2016) and Williams et al. (2016), which corrects
for direction-dependent errors due to ionospheric phase and amplitude
distortions. However, even the direction-dependent calibration did not
provide any significant improvement of the dynamic range at resolutions
higher than 80 arcsec × 98 arcsec.

Therefore in the following work we use the image obtained with
the original direction-independent calibrated data. The final image was
obtained by combining all images at different frequencies in the image
plane. It has a central frequency of 145 MHz, a spatial resolution of
80 arcsec × 98 arcsec and a noise of 3 mJy beam−1 in the proximity of
the target (see Figure 4.2, top panel). An image of the entire field of view
is presented in Appendix 4.A.

4.3.2 SRT observations and data reduction

The source was observed with the SRT on February 1-2-6-7, 2016 as
part of the early science program ‘SRT Multi-frequency Observations of
Galaxy Clusters’ (SMOG - PI M. Murgia, see also Govoni et al. 2017;
Loi et al. 2017). A region of 0.7 deg × 0.7 deg was mapped using the
C-Band receiver for a total of 11 hours. We performed several on-the-
fly (OTF) mappings in the equatorial frame in both right ascension (RA)
and declination (DEC). The FWHM of the beam at this frequency is
2.9 arcmin so we set the telescope scanning speed to 6 arcmin s−1 and
the scan separation to 0.7 arcmin to properly sample the beam. Full Stokes
parameters were recorded with the SARDARA backend (SArdinia Roach2-
based Digital Architecture for Radio Astronomy; Murgia et al. 2016, Melis
et al., submitted). The correlator configuration was set to 1024 frequency
channels of approximately 1.46 MHz for a total bandwidth of 1500 MHz.
We then set the Local Oscillator to 5900 MHz and we used a filter to select
frequency range from 6000 to 7200 MHz, which is relatively free from strong
RFIs. The central frequency is thus 6600 MHz and the total bandwidth is
1200 MHz. A summary of the SRT observations is listed in Table 5.1.

After flagging RFIs, we performed the bandpass and flux-density
calibration using observations of the sources 3C286 and 3C138. The
flux density scale was set according to Perley & Butler (2013). All data
observed during February 7th, were completely discarded due to low quality
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resulting from bad weather conditions during the observing run. We
processed the data using the proprietary Single-dish Spectral-polarimetry
Software (SCUBE; Murgia et al. 2016). We applied the gain-elevation curve
correction to account for the gain variation with elevation caused by the
telescope structure changes due to the gravitational stress.

We proceeded with fitting the baseline with a second order polynomial
and subtracting it from each calibrated scan. To perform the imaging
we projected the data in a regular three-dimensional grid with a spatial
resolution of 42 arcsec/pixel so that 4 pixels subtend the beam FWHM.
All scans along the two orthogonal axes (RA and DEC) were then stacked
together to produce the Stokes I image. In the combination, the individual
image cubes were averaged and de-stripped by mixing their Stationary
Wavelet Transform (SWT) coefficients as described in Murgia et al. (2016).
We then used the higher Signal-to-Noise image cubes obtained from the
SWT stacking as a prior model to refine the baseline fit.

Because the central source is very strong, a high dynamical range was
required to be able to detect the extended, low surface brightness lobes in
the central region of the map. To achieve this goal we deconvolved the sky
image with a beam model pattern following Murgia et al. (2016) in order
to remove the beam sidelobes. The deconvolution algorithm interactively
finds the peak in the image obtained from the SWT stacking of all images
and subtracts a fixed gain fraction (typically 0.1) of this point source flux
convolved with the re-projected telescope “dirty beam model” from the
individual images. In the re-projection, the exact elevation and parallactic
angle for each pixel in the unstacked images are used. The residual images
were stacked again and the CLEAN continued until convergence. As a final
step, CLEAN components at the same position were merged, smoothed
with a circular Gaussian beam with FWHM 2.9 arcmin, and then restored
back in the residuals image to obtain a CLEANed image. The final image
obtained in this way has a noise of 0.9 mJy beam−1 and is shown in Figure
4.2 (bottom panel).

4.3.3 VLA P-band observations and data reduction

We performed observations of the source with the VLA in two slots on
February 6th, 2015 and April 10th, 2015 with the P-band receiver. On both
runs, 27 antennas were used, distributed in CnB-B and B configuration
in the two different runs respectively. The target was observed for 1.5
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hours on the first day and 45 minutes on the second day while the flux
density calibrator 3C48 was observed for 10 minutes at the beginning and
middle point of the first observing run and 10 minutes at the beginning
of the second observing run. The sampling time was set to 2 seconds and
four polarization products (RR, LL, RL, and LR) were recorded. The
total bandwidth, equal to 256 MHz in the range 224-480 MHz, was divided
by default in 16 sub-bands of 16 MHz with 128 frequency channels. The
observational details are summarized in Table 5.1.

All datasets were reduced using the following steps. After having
applied the flags suggested by the observatory, the data were flagged
automatically using the AOFlagger, visually checked and further manually
flagged when required. We used the Common Astronomy Software
Applications (CASA, version 4.7, McMullin et al. 2007) to perform the
calibration in the standard manner and following the guidelines set out in
the online tutorial for continuum P-band data1. The flux scale was set
according to Scaife & Heald (2012). Phase and amplitude self-calibration
was performed. The final image of the field is 2 deg × 2 deg in size and was
made a Brigg’s weighting with a robustness parameter of 0. The image has
a resolution of 30 arcsec × 30 arcsec and central noise of ∼ 1.2 mJy beam−1.

As already mentioned, due to severe flagging caused by the presence
of extensive RFIs and the dynamic range limitations caused by the bright
central source, the sensitivity of the data is not sufficient to detect the low
surface brightness emission of the outer lobes of the radio galaxy.

4.3.4 GMRT observations and data reduction

We used archival data of the GMRT at 235 and 612 MHz. The observations
were performed on July 24th and 25th, 2011. The target was observed in 5
time-scans for a total integration time of 2.3 hours. The source 3C48 was
used as flux-density calibrator and observed at the beginning and at the end
of the observing run for 10 minutes respectively. We adopt the Scaife-Heald
model (Scaife & Heald 2012) for setting the absolute flux scale. Data at
both frequencies were recorded simultaneously in single-polarisation mode
using a 33-MHz bandwidth divided into 512 channels of 65-kHz bandwidth
and a sampling time of 16.1 seconds.

1https://casaguides.nrao.edu/index.php/VLA_Radio_galaxy_3C_129:_P-band_

continuum_tutorial-CASA4.7.0

https://casaguides.nrao.edu/index.php/VLA_Radio_galaxy_3C_129:_P-band_continuum_tutorial-CASA4.7.0
https://casaguides.nrao.edu/index.php/VLA_Radio_galaxy_3C_129:_P-band_continuum_tutorial-CASA4.7.0
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Table 4.2 – Summary of image properties at different frequencies. The asterisk indicates
the image taken from Shulevski et al. (2012).

Frequency FWHM RMS
MHz arcsec2 mJy beam−1

145 80×98 3
235 9.3×13.6 1.2
350 30×30 1.2
612 3.6×6.5 0.2

1400* 33×39 0.1
6600 174×174 0.9

We processed the data using the SPAM pipeline (Intema 2014; Intema
et al. 2017). The output calibrated visibility data were imported into
CASA to produce images at different resolutions. By using uniform
weighting during imaging, we obtain a resolution of 3.6 arcsec × 6.5 arcsec
and 9.3 arcsec × 13.6 arcsec in the 612-MHz map and 235-MHz maps,
respectively. The noise is equal to 200 mJy beam−1 at 612 MHz and
1.2 mJy beam−1 at 235 MHz. We also imaged the data using Briggs
weighting with robust=0 and uvtaper=40 arcsec to enhance the large-scale
emission. The final images with ∼ 40 arcsec resolution have a noise levels
equal to ∼ 1.2 mJy beam−1 and 12 mJy beam−1 at 612 MHz and at 235
MHz, respectively.

Unfortunately, with neither imaging weighting schemes we managed to
detect the low surface brightness emission of the outer lobes of the radio
galaxy.

4.4 Results

4.4.1 Morphology

In Figure 4.2 we show the two radio continuum images of the source
B2 0258+35 where the outer lobes are detected at 145 MHz and 6600
MHz respectively. As already mentioned in Section 4.3, the low surface
brightness emission of the outer lobes has not been recovered at either
235 MHz, 350 MHz or 612 MHz, therefore we do not show those images
here. We also note the presence of a point-like unrelated source located in
South-East direction (RA 03:02:13.12, DEC +35:08:20.79, J2000).
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In the LOFAR map both lobes are clearly visible. Their linear extension
and morphology is in general agreement with what has been previously
observed at 1400 MHz (240 kpc, Shulevski et al. 2012). We measure a
total angular extension of ∼13 arcmin, using the 3σ contours at the tip of
each lobe as a reference, which corresponds to a linear size equal to ∼265
kpc. The observed size difference with respect to Shulevski et al. (2012)
may be partially attributed to the lower resolution of the LOFAR image
and partially to an intrinsic larger extent of the source at low frequencies,
especially of the Southern lobe.

The average surface brightness of the outer lobes is equal to 4.7 mJy arcmin−2

at 145 MHz. We note that the outer lobes represent only 3% of the entire
radio emission of the source at 145 MHz. Within the lobes and close to
the core we identify two broad enhancements in surface brightness with an
S-shape morphology. In particular, the Northern lobe is brighter along its
Eastern edge while the Southern lobe is brighter along its Western edge.
The same structures can be recognized in the image at 1400 MHz at higher
resolution (see Figure 4.1).

In the SRT image at 6600 MHz, the Northern lobe is clearly detected
too, although not for its entire extension (see Figure 4.2, bottom panel).
Unfortunately, the low resolution of the map does not allow us to study
the lobe sub-structures. The Southern lobe is completely blended with the
unrelated source in South-East direction as well with the central CSS source
itself, preventing us from any further analysis.

4.4.2 Spectral properties of the outer lobes

Northern outer lobe

To measure the spectral index of the Northern lobe we have convolved the
new LOFAR image and the WSRT image produced by Shulevski et al.
(2012) to the resolution of the SRT map at 6600 MHz equal to 2.9 arcmin.

Because the instruments used in this work differ a lot from each other it
is worth addressing the problem of the missing flux density. As this is not an
issue for the single dish observations, it may become significant when using
interferometers. The total flux density of an extended structure in a radio
map can indeed be underestimated if the uv-plane does not provide enough
uv-coverage at short spacings. An interferometer is sensitive to all the
signal which is coming from structures in the sky with sizes <0.6λ/Dmin,
where Dmin is its shortest baseline (Tamhane et al. 2015). The angular
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Figure 4.2 – Radio maps of the source B2 0258+35. Top: LOFAR 145-MHz map at
80 arcsec × 98 arcsec resolution. Levels: -2, 2, 3, 5, 10, 20 × σ (3 mJy beam−1). Bottom:
SRT 6600-MHz map at 2.9-arcmin resolution. Levels: -2, 2, 3, 5, 10, 20 × σ (0.9 mJy
beam−1). The colour scale is set in Jy beam−1. In both panels the beam is shown at the
bottom right corner.
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size of the northern lobe is ∼4.5 arcmin × 2.5 arcmin. The minimum
observed baselines in the different observations are Dmin,145MHz ' 40 m,
Dmin,350MHz ' 85 m and Dmin,1400MHz ' 30 m giving a largest angular scale
(θ, LAS) equal to θ145MHz ' 1.7 deg, θ350MHz ' 21 arcmin and θ1400MHz '
14 arcmin respectively. We therefore should be able to safely detect all the
extended emission at all frequencies and making consistent comparisons
between single-dish and interferometric data.

We have extracted the flux density from one region drawn in corre-
spondence of the Northern lobe (region north) as shown in Figure 4.3 (top
panel). The measured values are reported in Table 5.3. The errors on
the flux densities are computed by combining in quadrature the flux scale
error and the image noise as shown in Klein et al. (2003). The spectral
index analysis in this region reveals a spectrum with very little curvature
over the entire frequency range 145-6600 MHz with α145

1400 = 0.48±0.11 and
α1400

6600 = 0.69±0.20. The spectral curvature (SPC), defined as α1400
6600−α145

1400,
is equal to SPC'0.2±0.2, well below the typical value of SPC>0.5 expected
for ageing plasma. Errors on the spectral indices are computed using the
following expression:

αerr =
1

lnν1ν2

√(
S1,err

S1

)2

+

(
S2,err

S2

)2

(4.1)

where S1 and S2 are the flux densities at frequencies ν1 and ν2 and
S1,err and S2,err are the respective errors.

Southern outer lobe

A measure of the flux density of the Southern lobe is only possible at 145
MHz and at 1400 MHz. To make this measurement we have convolved the
WSRT image to the resolution of the LOFAR image of 80 arcsec× 98 arcsec.
We have extracted the flux density from one region drawn in correspondence
of the Southern lobe as shown in Figure 4.3 (bottom panel, region south).
The measured values are reported in Table 5.3. The spectral index is
α145

1400 = 0.73± 0.07 and is reported in Table 4.4.
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Figure 4.3 – Top - LOFAR image at 145 MHz convolved to 2.9-arcmin resolution.
Contours represent -2, 2, 3, 5, 10, 20 × σ (5 mJy beam−1). Bottom - LOFAR image at
145 MHz and 80 arcsec × 98 arcsec resolution. Contours represent -2, 2, 3, 5, 10, 20
× σ (3 mJy beam−1). The black regions represent the boxes used to extract the flux
density in the Northern lobe and Southern lobe respectively. The colour scale is set in
Jy beam−1.
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Table 4.3 – Flux densities for the Northern lobe extracted from the radio images at
2.9-arcmin resolution and for the Southern lobe extracted from the radio images at
80 arcsec × 98 arcsec resolution. Region north and region south are shown in Figure
4.3.

Frequency Flux density Flux density
region north region south

(MHz) (mJy) (mJy)

145 26.4±5.6 68.1±8.0
1400 9.0±1.5 13.4±1.3
6600 3.1±0.9 -

Table 4.4 – Spectral indices computed for the Northern lobe using region north and for
the Southern lobe using region south (see Table 4.3 and Figure 4.3).

Spectral index region north region south

α145
1400 0.48±0.11 0.73±0.07

α1400
6600 0.69±0.20 -

α145
6600 0.56±0.09 -

4.4.3 Energetics and age of the outer lobes

Using the observed properties of the outer lobe radio emission at different
frequencies we can to first order evaluate some physical parameters of the
radio plasma.

Assuming equipartition conditions between particles and magnetic field,
we have computed an average magnetic field value over the entire extension
of the two outer lobes equal to Beq = 1 µG (Worrall & Birkinshaw 2006).
For this calculation we have assumed a power-law particle distribution of
the form N(γ) ∝ γ−p between a minimum and maximum Lorentz factor of
γmin = 10 and γmax=106, with p being the particle energy power index. We
have calculated the volume of the source assuming a cylindrical geometry in
the plane of the sky. The radius and height of the cylinder were measured
using the 3σ contours as a reference in correspondence of the lobe maximum
extension and are equal to R = 2.5 arcmin and h = 12 arcmin respectively.
We have assumed that the particle energy content of the source to be
equally distributed between heavy particles and electrons so that their ratio
k = 1, and we have set p = 2.0 according to the observed low-frequency
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spectral shape where radiative energy losses are less significant. A value
of S1400 = 120 mJy is used following Shulevski et al. (2012). Moreover,
this computation assumes that the magnetic field is uniformly distributed
in the lobe volume.

By using the magnetic field Beq calculated in this way and a classical
radiative ageing model (Kellermann 1964; Pacholczyk 1970) it is possible
to get a first order estimate of the spectral age ts of the particle population
in the outer lobes. Indeed the age of the emitting particles remains encoded
in the curvature of their radio spectrum. In particular, as the particles age
with time, the spectrum gets progressively steeper at frequencies higher
than a critical break frequency νb, due to preferential radiative cooling of
high-energy particles. As already mentioned in Section 4.4.2, the spectrum
of the Northern lobe of the source B2 0258+35 only shows a little curvature
over the entire observed frequency range 145-6600 MHz. This prevents us
from properly modelling it to get a radiative age estimate. However, we
can set a conservative upper limit to the source radiative age by assuming a
lower limit to the spectral break equal to 1400 MHz, which corresponds to
the highest frequency after which the spectrum starts showing a curvature.
For this we use the following equation (Kardashev 1962; Murgia et al. 2011):

ts = 1590
B0.5

eq

(B2
eq +B2

CMB)
√
νb(1 + z)

, (4.2)

where ts is in Myr, the magnetic field Beq and inverse Compton equivalent
field BCMB are in µG and the break frequency νb is in GHz. We note
that with such a low value of Beq, the radiative cooling of the plasma is
dominated by inverse Compton scattering of cosmic microwave background
(CMB) photons. The CMB equivalent magnetic field equal to BCMB =
3.25 × (1 + z)2 has a value of BCMB = 3.36 µG. In this way we get an
upper limit on the lobe age equal to .110 Myr. The upper limit value
of the radiative age is expected to decrease if the magnetic field was here
underestimated due, for example, to an excess of non-radiative particles
with respect to electrons. This occurrence is considered typical of low
power jets, where entrainment of massive particles from the external IGM
is dominant due to turbulence (Croston 2008; Massaglia et al. 2016).We
also note that by using an alternative derivation of the magnetic field by
Beck & Krause (2005) the value lowers by almost a factor three, and this
would cause the upper limit of the radiative age to increase. Finally, it
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should be kept in mind that some mechanisms, such as in situ particle re-
acceleration, compression and mixing may affect this result as we discuss
in Section 4.5.

4.4.4 The central compact source

The flux densities of the central compact source measured from our new
images at different frequencies are listed in Table 4.5 and marked with
an asterisk. The measurements have been performed on images having
the same resolution at all frequencies (equal to 2.9 arcmin) by fitting
a Gaussian function to the unresolved component. Flux densities at
different frequencies collected from the literature using the NASA/IPAC
Extragalactic Database are also listed in Table 4.5.

Thanks to the increased number of flux density measurements with
respect to the work of Giroletti et al. (2005), especially at low frequency, we
can now clearly recognize a spectral turnover between 100 and 200 MHz and
a possible spectral break at frequencies higher than 5000 MHz (Figure 4.4).
We use the empirical relation between size and turnover frequency found
by O’Dea & Baum (1997) to measure the expected turnover frequency.
This correlation has been for long explained in terms of synchrotron-self
absorption related to the small size of the radio source (e.g. Snellen et al.
2000, Fanti 2009). We note that free-free absorption due to a dense ambient
medium has also been proposed to play a role in few radio sources (e.g.
Callingham et al. 2015; Tingay et al. 2015). Using the correlation presented
in Orienti & Dallacasa (2014) and a measured linear size for the CSS source
equal to 3 kpc we compute a predicted turnover frequency equal to 320
MHz. However, if we deproject the linear size of the source using the
inclination angle of 45 deg estimated by Giroletti et al. (2005) we get a
size of 4.3 kpc and a corresponding turnover frequency equal to 260 MHz.
Considered the large scatter present in the correlation (up to almost an
order of magnitude), the result is consistent with the observations.

In order to better quantify the shape of the radio spectrum we have
performed a spectral fitting using the software SYNAGE (Murgia et al.
1999). In particular, we have used the continuous injection spectral
model SCI(ν), Kardashev 1962) modified by low-frequency synchrotron-
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self absorption (Pacholczyk 1970) presented in Murgia et al. (1999) and
shown below:

S(ν) ∝ (ν/ν1)α+β(1− e−(ν/ν1)−(α+β)

) · SCI(ν), (4.3)

where ν1 is the frequency at which the optical depth is equal to 1, α is
the spectral index in the transparent frequency range and β is the coefficient
for an homogeneous synchrotron self-absorbed source and is fixed to 2.5.
For the fitting the flux density errors at all frequencies have been set to a
systematic value equal to 10%. We fix the injection index αinj to a classical
value of 0.5 and we find a break frequency equal to νb=21800±8200 MHz
and a synchrotron self-absorption frequency equal to νSSA=79±10 MHz.
For comparison, we have also fitted the model setting the injection index
αinj as a free parameter. In this case we find a break frequency equal
to νb=6400±3700 MHz and a synchrotron self-absorption frequency equal
to νSSA=65±24 MHz. We have used the statistical F-test to select the
best model and find that the model with free αinj does not improve the
fitting with a confidence level of 95%. Therefore, we consider the model
with fixed αinj as the best fit model and we will refer to its results in the
following discussion. The integrated spectrum of the central CSS source
and the results from the best model fitting are presented in Figure 4.4.
Our new measurements, indicated as red squares in the figure, nicely follow
the literature points, which are shown as black open circles.

The resulting νb=21800±8200 is higher than the value estimated by
Giroletti et al. (2005) equal to 4600 MHz. Assuming a magnetic field equal
to Beq=90 µG (Giroletti et al. 2005) and using Equation 4.2, we get an
estimate of the particle radiative age equal to 0.4 Myr. Despite the updated
age for the CSS source is lower than the previous estimate by Giroletti et al.
(2005) (0.9 Myr), it remains high when compared with sources of similar
size studied in the literature (Murgia 2003). This may support a scenario
where the expansion of the lobes is impeded by a dense interstellar medium.

4.5 Discussion

Due to their very low surface brightness and amorphous morphology, the
outer lobes of B2 0258+35 have been previously suggested to be old
remnants of a past episode of AGN activity. The increase in frequency
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Figure 4.4 – Integrated radio spectrum of the central CSS source and best fit model.
Red squares represent the flux density measurements presented in this chapter, while
black open circles are taken from literature. The entire list of flux densities used in the
plot with respective errors and references is presented in Table 4.5.
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Table 4.5 – Flux densities of the central CSS source at different frequencies with
respective references. An asterisk indicates the observations presented in this work.

Frequency Flux Reference
(MHz) (Jy)

74 4.69±0.51 Cohen et al. (2007)
80 8.00±1.60 Slee (1995)
84 5.10±0.30 Hurley-Walker et al. (2017)
115 4.90±0.10 Hurley-Walker et al. (2017)
145* 4.82±0.48 this work
150 4.50±0.10 Hurley-Walker et al. (2017)
151 5.11±0.17 Hales et al. (1993)
160 4.10±0.60 Slee (1995)
178 5.00±1.40 Pilkington & Scott (1965)
235* 4.06±0.40 this work
327 3.91±0.60 Rengelink et al. (1997)
350* 3.51±0.35 this work
365 3.60±0.04 Douglas et al. (1996)
612* 3.07±0.30 this work
1400 1.70±0.10 Brown et al. (2011)
1400 1.77±0.26 White & Becker (1992)
1400 1.84±0.27 Condon et al. (1998)
1400 1.80±0.18 Shulevski et al. (2012)
1600 1.60±0.24 Sanghera et al. (1995)
2380 1.40±0.07 Dressel & Condon (1978)
4835 0.90±0.10 Griffith et al. (1990)
4850 0.86±0.13 Gregory & Condon (1991)
5000 0.92±0.14 Sanghera et al. (1995)
6600* 0.73±0.07 this work
8400 0.61±0.05 Giroletti et al. (2005)
10700 0.58±0.03 Kellermann & Pauliny-Toth (1973)
22500 0.250±0.005 Giroletti et al. (2005)

coverage presented in this work allows us to make a step forward in the
understanding of the nature of these structures and in the overall radio
galaxy evolution as we describe below.

4.5.1 Source characteristics

Our new LOFAR observations at 145 MHz show that the outer lobes of
B2 0258+35 have a total linear extension of 265 kpc and a relaxed shape
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with low surface brightness (4.7 mJy arcmin−2 at 145 MHz) in agreement
with the previous study at 1400 MHz (Shulevski et al. 2012). The surface
brightness values are consistent with other observations of remnant radio
lobes (e.g. 4 mJy arcmin−2, (Chapter 2); 2.5-6 mJy arcmin−2, Saripalli
et al. 2012), a few giant radio galaxy lobes (e.g. 1 mJy arcmin−2, Saripalli
et al. 2012; 10 mJy arcmin−2, Subrahmanyan et al. 2006) and the radio
galaxy NGC 3998 (5 mJy arcmin−2, Frank et al. 2016). The outer lobes
are so faint that they only represent 3% of the entire source luminosity.
This extreme contrast in surface brightness between the inner and outer
structure represents, to date, a quite rare case among the radio galaxy
population as further discussed is Section 4.5.3. Because the host galaxy
is located in a low density environment, the plasma of the outer lobes
may have suffered a severe adiabatic expansion and a consequent surface
brightness decrease. However, if this is the case, we would expect the
outer lobes to dissipate very quickly in the ambient medium. Deep X-ray
observations would be needed to probe the pressure balance between the
lobes and the surrounding IGM. At the same time, if the inner jets have
strong interactions with the surrounding ISM, the radio luminosity may be
boosted due to compression of the magnetic field and the increased particle
density (Morganti et al. 2011; Tadhunter et al. 2011). This is compatible
with the suggestion of the inner lobes being impeded by a dense interstellar
medium made by Giroletti et al. (2005).

The S-shape morphology of the broad enhancements in surface bright-
ness in the outer lobes is also notable. One possible explanation is that they
represent active or remnant large-scale jets that are or have been subject
to precession. Precession of radio jets have been observed in radio galaxies
(e.g. Falceta-Gonçalves et al. 2010; Gong et al. 2011, Nawaz et al. 2016).
Models show that on such large spatial scales precession can only happen
on timescales larger than 1-10 Myr (e.g. Nixon & King 2013), which would
be compatible with the timescales we have estimated for the radio galaxy
B2 0258+35. The origin of the phenomenon is typically connected to gas
misalignments in the accretion disk, which are often a consequence of a
merger event, although it is still not completely clear how the timescales of
these instabilities and the precession of kiloparsec-scale jets relate (e.g. Lu
& Zhou 2005). Whether the source B2 0258+35 has actually experienced
accretion instabilities is difficult to assess. Shulevski et al. (2012) investigate
extensively different scenarios for the black hole gas supply and triggering
based on the results of the gas kinematics of Struve et al. (2010), Emonts
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(2006) and Prandoni et al. (2007). From that, they exclude a direct link
between the merger history of the source and the duty cycle of the radio
activity. They suggest instead that the black hole is accreting gas that is
cooling from the galaxy’s hot corona via e.g. Bondi accretion (Bondi 1952;
Hardcastle et al. 2007). In this case, chaotic accretion of cold gas clouds
condensed from the hot atmosphere may also take place as suggested by a
few authors (e.g. Soker et al. 2009; Pizzolato & Soker 2010; Gaspari et al.
2013, 2017). This may be responsible for the accretion instabilities required
by precession models, as well as they could justify the jet time discontinuity.
Moreover, we cannot exclude that some interactions with the small gas-rich
satellites that surround the host galaxy may have disturbed the accretion
process and influenced the AGN duty cycle.

Beside the morphology, another interesting property of the outer lobes is
the spectral shape. We find that the radio spectrum of neither the Northern
lobe nor the Southern lobe is ultra-steep (α > 1.2), as expected for an old
ageing plasma. Moreover, despite the wide frequency coverage available
for the Northern lobe (145-6600 MHz), no significant spectral curvature is
identified (see Section 4.4.2). Based on the spectral slope and using a simple
radiative model, we have derived a first order upper limit to the plasma age
in the Northern lobe equal to <110 Myr (see Section 4.4.3). We stress that
if mechanisms such as particle re-acceleration, mixing or compression are
in action, this age estimate does not hold anymore as it is further discussed
in Section 4.5.2). By treating the lobes as buoyant bubbles expanding
in the intergalactic medium (IGM) with a rising speed of ∼ 613 km s−1

Shulevski et al. (2012) have estimated that the time elapsed since the jet
activity has ceased is equal to &80 Myr (the lower limit is introduced to
take into account a possible inclination angle). This value, however, can
also be interpreted as an upper limit to the entire age of the outer lobes
if we consider that the outer lobes must have expanded to the current size
already during the jet activity. In this case the lobes, pushed by the jets
advance, should have expanded faster than what assumed by the buoyancy
scenario. With this assumption the dynamical age of the outer lobes is
consistent with the radiative age upper limit computed in this work.

4.5.2 Source evolutionary scenarios

The characteristics of the source B2 0258+35 are exceptional and a
unique interpretation of the source’s evolution remains difficult to assess.
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Here we propose three evolutionary scenarios to explain the spectral and
morphological properties discussed above.

1. The radio AGN has never switched off. Instead, the large-scale
jets have been temporarily disrupted and smothered by e.g. the
interaction of the particle flows with a dense medium as suggested
by Baum et al. (1990). In this case the two enhancements in surface
brightness visible at the edges of the outer lobes could represent two
uncollimated jets that connect the outer and inner structure. Under
this circumstance the outer lobes would still be fuelled with fresh
particles, even if at a low rate, and this would explain the small
spectral curvature. This scenario may be consistent with the idea
of the inner lobes currently being confined by a dense interstellar
medium (Giroletti et al. 2005). This would severely slow down the
particle flow and constrain it mostly to the nuclear regions.

2. The radio AGN has actually stopped and restarted after a short
amount of time. The outer lobes could be currently disconnected
from the inner jets and therefore not replenished with fresh particles.
However, if the time elapsed since the AGN switch off is not too long,
it is possible that the spectral steepening produced by particle ageing
in the outer lobes is still not prominent in the considered spectral
range (145-6600 MHz). The low level of magnetic field observed
would also contribute to make the spectral evolution slow. In this case
the two enhancements in surface brightness discussed above could be
interpreted as the channels of the previously active jets that have
recently stopped to be fuelled. Assuming this scenario, we can use
the timescales presented in Section 4.4.3 to place an upper limit to the
time elapsed between the two phases of jet activity equal to . 100
Myr, by combining the radiative age estimate for the outer lobes
(<110 Myr, see Section 4.4.3) with the CSS radiative age equal to 0.4
Myr (see Section 4.4.4). This is in agreement with the initial estimate
by Shulevski et al. (2012). Higher frequency observations would be
needed to set tighter constraints on the radiative age of the outer lobes
and therefore on the duty cycle. Unfortunately such high sensitivity
observations on such large spatial scales are difficult to obtain.
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3. The outer lobes are remnants of a previous AGN activity and are
detached from the current nuclear activity but they do not show an
important spectral curvature because of mechanisms such as in situ
particle reacceleration, adiabatic compression and particle mixing.
All these mechanisms represent valid alternatives to explain the small
spectral curvature as they influence the spectral evolution. We stress
that, in this case, the computation of the radiative age presented
above is not valid. In particular, particle re-acceleration tend to
increase the energy of high energy particles causing a ‘flattening’ of
the high-frequency tail of the observed radio spectrum (Alexander
1987). This phenomenon may be caused by shocks, like backflows in
lobes of active radio galaxies, or stochastic processes, like plasma
turbulence. In this occurrences we would also expect significant
mixing of particles of different ages within the outer lobes and
this would contribute to erase the spectral curvature (Turner et al.
2017). By increasing the kinetic energy of the particle population
and thus shifting the break frequency to higher frequencies, adiabatic
compression may also have a role in contaminating the radiative age
estimate (Scheuer & Williams 1968; Alexander 1987). In this case
Alexander (1987) suggests that some brightness enhancement should
be observed together with some polarized emission produced by the
compressed magnetic plasma (Laing 1980).

For the source B2 0258+35, re-acceleration and particle mixing
may be compatible with the presence of turbulence created as a
consequence of the shock evolution, between the low-power jets and
the ambient medium (Croston 2008; Massaglia et al. 2016). Adiabatic
compression also represents an interesting possibility. As mentioned
in Section 4.4.1, the outer lobes show at both 145 and 1400 MHz two
surface brightness enhancements at the edge of each lobe in specular
position with respect to the core that could fit the expected features
for adiabatic compression. Polarization information will be used to
test this hypothesis (Adebahr et al. in prep).

Discriminating among the above-mentioned scenarios and providing
tight constrain on the duty cycle of B2 0258+35 is difficult. However,
our results seem to suggest that in no case the outer lobes are compatible
with very old remnants as the morphology alone would suggest and as it
was previously proposed. Indeed, all of the mechanisms considered above to
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explain the small spectral curvature become irrelevant after some time after
the large scale jets have switched off. For example Eilek (2014) estimates
that, for the case of Centaurus A, the decay time of the turbulence is of the
order of few tens of Myr after which the lobes should quickly fade away. By
assuming comparable values of turbulence decay for B2 0258+35, it follows
that, either the lobes are still fuelled by the nuclear activity or the switch
off must have happened only few tens of Myr ago, suggesting a quiescent
phase shorter than a few tens of Myr, contrary to previous expectations.

4.5.3 Comparison with other radio galaxies

As already mentioned above, the properties of B2 0258+35 are peculiar
among radio galaxies. However, we have recognized a small number of
objects that show some comparable characteristics as described below.

For example the radio galaxy associated with NGC 3998 (∼20 kpc,
Frank et al. 2016), the source 4C 29.30 (∼600 kpc, Jamrozy et al. 2007)
and the well-known radio galaxy Centaurus A (∼200 kpc, McKinley et al.
2017; Morganti et al. 1999) all show some inner and outer lobes with a very
high surface brightness contrast as observed in B2 0258+35. Because of
this peculiar morphology all these sources are claimed to be restarted radio
galaxies.

It is interesting to note that both NGC 3998 and Centaurus A show a
similar S-shape morphology to B2 0258+35. In particular, in NGC 3998
the S-shape structure is suggested to be created as a result of a change of
angular momentum in the accreting gas (Frank et al. 2016).

From a spectral point of view we find a striking resemblance between
B2 0258+35 and Centaurus A, whose Northern outer lobe’s radio spectrum
does not curve and is not ultra-steep up to 90000 MHz (Hardcastle et al.
2009; Alvarez et al. 2000). The physical mechanisms acting in this lobe have
been investigated by many authors but are not completely assessed yet (e.g.
Eilek 2014; Wykes et al. 2017). The age of the outer lobes is estimated to
be comprised between few tens of Myr (using radiative models, Hardcastle
et al. 2009) and >100 Myr (using dynamical models, Saxton et al. 2001).
While, in situ particle reacceleration is claimed to be a key component for
preventing the spectrum from steepening at high frequency, the discovery of
an intermediate-scale northern middle lobe (Morganti et al. 1999; McKinley
et al. 2013, 2017) also suggests the presence of an ‘open channel’ between
the inner and the outer lobe through which fresh injected particles can
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reach the outskirts, preventing the spectrum from ageing. It is interesting
to mention that also the outer lobes of NGC 3998 do not show ultra-steep
spectral indices in the range 150-1400 MHz (Sridhar et al. in prep).

Finally, we note some similarity with the famous radio galaxies M87
(e.g. Owen et al. 2000) and 3C317 (Zhao et al. 1993; Venturi et al. 2004).
While these sources have a much higher total luminosity than all previously
mentioned ones, they also show a compact radio galaxy surrounded by a low
surface brightness extended halo and are also claimed to have experienced
multiple phases of jet activity. Particularly interesting is the halo of
the source M87, which seems to be made of a superposition of many
plasma bubbles of different ages and does not show any significant spectral
curvature in its spectrum with no clear relation between the spectral index
and the brightness distribution at low frequencies (de Gasperin et al.
2012). Most likely a combination of adiabatic expansion, in situ particle
reacceleration and fresh particles from the nuclear activity contribute in
shaping the radio spectrum of this source.

While all the afore-mentioned radio galaxies show signs of recurrent jet
activity, the origin and timescales of this intermittence are still unclear.
The sources 3C317 and M87 are located at the centre of massive clusters
of galaxies so they are most likely going through a self-regulating AGN
feedback cycle with the surrounding hot medium. In these cases the jet
quiescent phase is typically observed to be very short, of the order of ∼1-10
Myr (see Best et al. 2005; Vantyghem et al. 2014; Hogan et al. 2015).

All the other sources presented above (NGC 3998, 4C 29.30 and
Centaurus A), including the source B2 0258+35 studied in this work, are
located instead in low density environments. Therefore, their jet activity
is expected to be triggered less frequently. It is worth noting though, that
they all show signatures of past merger events and a large reservoir of gas
in different phases (e.g. HI, CO).

Mergers are often claimed to be responsible for the triggering of the
AGN in galaxies. However, the timescales of the radio activity are usually
found to be much shorter (106 − 107 Myr) than those computed for the
merger events (108 − 109 Myr), making the connection between the two
phenomena weak (e.g. Emonts 2006; Struve et al. 2010; Maccagni et al.
2014).

Short quiescent phases between two subsequent jet episodes have also
been found in DDRGs (typically in the range 105 − 107 yr, e.g. Konar
et al. 2012, 2013) and have been proposed to be related to multiple galaxy
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encounters that would increase the gas kinematical instabilities in the host
galaxy (Schoenmakers et al. 2000). The timescales of such interactions are
more compatible than those of a complete merger with the timescales of
the radio activity. However, this does not seem to be the only possible
mechanism.

Alternatives that do not require any external contribution are insta-
bilities in the accretion disc, for instance caused by the radiation pressure
induced warping (Pringle 1997; Czerny et al. 2009), or chaotic accretion
of cold gas clouds (Soker et al. 2009; Gaspari et al. 2013, 2017). This
last scenario looks particularly promising especially in gas rich galaxies like
those analyzed here. Indeed, local instabilities occurring in the observed
gas structures (such as the HI disk in B2 0258+35) may cause an infall of
clouds towards the galaxy center, which may trigger the AGN frequently
and intermittently (see Soker et al. 2009; Gaspari et al. 2013, 2017).

4.6 Conclusions and future work

In this chapter we have presented new multi-frequency observations of the
source B2 0258+35 aimed at investigating the properties of the outer lobes
initially identified by Shulevski et al. (2012) at 1400 MHz. The lobes are
further detected at 145 MHz with LOFAR and at 6600 MHz with SRT.
The main findings are below:

(i) New observations with LOFAR at 145 MHz confirm the size (∼265
kpc), relaxed shape and low surface brightness of the outer lobes previously
observed at 1400 MHz by Shulevski et al. (2012). The emission from the
outer lobes only represent 3% of the entire source luminosity at 145 MHz.
The extreme luminosity contrast between the inner and outer structure
might be explained, on one hand, by strong adiabatic expansion of the
plasma of the outer lobes in the ambient medium and, on the other hand,
by a luminosity boost of the inner lobes due to compression of the magnetic
field and the increased density of particles.

(ii) Within the outer lobes and close to the core we identify two broad
enhancements in surface brightness with an S-shape morphology. This may
be interpreted as low power jets that connect the inner and outer lobes
or may be jet remnants from the previous cycle of activity, which have
experienced precession.
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(iii) The combination of the new LOFAR and SRT observations with
the data at 1400 MHz shows that the integrated spectrum of the Northern
lobe is not ultra steep and does not present a significant spectral curvature
(SPC∼0.2±0.2) with spectral indices equal to α145

1400 = 0.48 ± 0.11 and
α1400

6600 = 0.69 ± 0.20. The spectral index in the Southern lobe in the range
145-1400 MHz is α145

1400 = 0.73± 0.07.

(iv) By assuming a simple radiative model to describe the integrated
spectrum of the outer Northern lobe we have computed a first order upper
limit to the radiative age equal to .110 Myr. This value is compatible
with the dynamical age computed by Shulevski et al. (2012) and provides
an estimate of the jet quiescent time between the two subsequent phases
of activity equal to .100 Myr. We stress that this value should be treated
with care as it neglects mechanisms such as situ particle reacceleration,
mixing and/or adiabatic compression that may alter the spectral shape.

(v) Possible evolutionary scenarios to explain the source morphology
and spectral properties of the outer lobes are the following: 1) the AGN has
never switched off but the large-scale radio jets have only been temporarily
disrupted. The outer lobes are still fuelled by fresh particles from the
nucleus at a very low rate; 2) the active nucleus has switched off and on
again after a short time so that the plasma in the outer lobes is still not
aged; 3) the outer lobes are remnants of a previous AGN activity but in
situ particle reacceleration, mixing and/or adiabatic compression prevent
their spectrum from further steepening.

(vi) As all the mechanisms mentioned above stop to be relevant on
timescales longer than a few tens of Myr, it follows that the outer lobes
are not very old remnants as the morphology alone would suggest and as it
was previously claimed. Instead, we propose that either the outer lobes are
still fuelled by the nuclear activity or the switch off must have happened
only few tens of Myr ago, suggesting a jet quiescent phase shorter than a
few tens of Myr.

(vii) Future searches of restarted radio galaxies should bear in mind that
not all low-surface brightness lobes and halos with amorphous shape that
are found around compact, bright jets are necessarily ultra-steep spectrum
remnants of past AGN activity. This is especially true for low power radio
galaxies.
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To date, the morphological and the spectral characteristics of the source
B2 0258+35 are quite exceptional and only a small number of other radio
galaxies show some resemblance. Analysis of its polarization properties will
be used to further investigate the nature of the outer lobes and the source
evolution (Adebahr et al. in prep).

To date, it is not clear whether these sources are intrinsically rare or
whether they have just been missed by the old-generation instruments,
due to their lack of sensitivity, especially at low frequency. LOFAR is the
perfect instrument to clarify this as it provides at the same time high spatial
resolution (20 arcsec up to 6 arcsec) and high sensitivity (with typical noise
values up to 0.1 mJy beam−1 in 8 hours observations) at 145 MHz. By
using LoTSS we are starting a systematic search for low surface brightness,
extended emission around a sample of well-known compact radio galaxies
(< few kpc) that are located in the survey area. Low frequency data will
be able to probe even the most aged particle population. With this we will
get a better statistics of the presence of such extended structures around
compact radio galaxies and we will be able to investigate their properties
and nature in a statistical way.
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Appendix 4.A Image of the full LOFAR field of
view
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Figure 4.5 – LOFAR map of the entire field of view (4.2 degrees × 4.2 degrees) at 145
MHz centered on the source B2 0258+35. The image has a resolution of 27 arcsec × 33
arcsec and a noise at the centre of the field equal to 1.8 mJy beam−1. The gray scale
shows the flux density in Jy.
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Figure 4.6 – Examples of extended radio galaxies in the LOFAR field of view at 145
MHz with 27 arcsec × 33 arcsec resolution.
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Abstract

Due to a sharp discontinuity in the radio spectral index distribution at GHz
frequencies in its lobes, the radio galaxy 3C388 has long been considered an
example of AGN with multi-epoch activity. An alternative interpretation,
but less favoured, suggests that it represents a head tail radio galaxy seen
in projection. The goal of this work is to better characterize the spectral
properties of the source radio lobes in order to test these scenarios. For
this we use dedicated observations at 150 MHz performed with the Low
Frequency Array and at 350 MHz performed with the Karl G. Jansky Very
Large Array combined with archival data at higher frequency. We find
that the spectral index distribution at low frequency (280-1400 MHz) is
consistent with that previously observed at high frequency with values in
the range α1400

280 =0.49-1.40 and α1400
280 =0.60-1.70 moving along the Western

and the Eastern lobe respectively. Thanks to the extended frequency
coverage we have studied the spectral curvature over the entire source and
have found extreme values in the lobe outskirts (SPC=0.7-0.8), compatible
only with old ageing plasma. Interestingly, none of the radiative models
used to derive the source age (JP and Tribble) provides good fitting results.
This could be caused by mixing of particle populations with significant
age difference, and could support the presence of plasma originated from
multiple jet activity phases. Moreover, we find hints of a possible dichotomy
in the injection index distribution within the lobes (αinj ∼ 0.5 in the inner
regions and αinj ∼ 0.6-0.7 in the outer regions) that would further support
this scenario. Despite head tail radio galaxies can also show similar very
steep spectral indices at their edges, we favour the restarting jet scenario
over the head tail scenario. Indeed, the latter scenario would require
a very coincidental geometry and is incompatible with the radio source
being associated with the cD galaxy of the cluster. However, the source
interpretation remains complicated and we cannot exclude that projection
effects, are playing a role in defining the observed source properties.
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5.1 Introduction

In this era of new radio surveys at low frequencies such as the Low-frequency
Array (LOFAR,van Haarlem et al. 2013) Two-metre Sky Survey (LoTSS,
Shimwell et al. 2016), the GaLactic and Extragalactic All-sky Murchison
Widefield Array (GLEAM; Wayth et al. 2015), and the Giant Metrewave
Radio Telescope (GMRT; Swarup 1991) 150 MHz all-sky radio survey
(TGSS ADR1, Intema et al. 2017) many classes of rare sources are finally
going to receive a better characterization.

Among these are restarted radio galaxies, known for showing evidence
of multi-epoch Active Galactic Nuclei (AGN) activity at radio frequencies
(e.g. Saikia & Jamrozy 2009). In particular, remnant plasma from past
jet activity is expected to be brighter at low frequencies, which therefore
are ideal for such studies. These sources provide the unique opportunity to
constrain the jet life cycle in extragalactic sources, i.e. the time scales of
the jet activity and quiescence (Morganti 2017). This is especially relevant
for galaxy evolution models, which require AGN feedback to explain the
observed galaxy mass function as well as the correlation between the mass
of the black hole and the galaxy bulge (e.g. Ferrarese & Merritt 2000, Di
Matteo et al. 2005, Fabian 2012; Weinberger et al. 2017). In particular,
both observations (e.g. McNamara & Nulsen 2012; Morganti et al. 2013)
and simulations (e.g. Wagner & Bicknell 2011; Wagner et al. 2012; Gaspari
et al. 2012) have shown that radio jets can considerably influence the
surrounding interstellar and intergalactic medium. Understanding their
duty cycle is therefore crucial.

In order to address the study of the AGN duty cycle in a systematic
way, we need to compile larger samples of restarted radio galaxies. To
perform focused and profitable selections of restarted radio galaxies in
future radio surveys it is essential and very timely to assess the actual
nature and properties of the few sources known so far.

Saikia & Jamrozy (2009) and more recently Kuźmicz et al. (2017) have
provided a collection of radio galaxies with evidence of multi epoch jet
activity. The most popular class of restarted sources consists of radio
galaxies with a pair of double lobes aligned along the same axis with
a common centre (Lara et al. 1999; Schoenmakers et al. 2000), usually
referred to as ’double-double radio galaxies’ (DDRGs). These sources are
usually powerful and are expected to form if the jet activity interrupts and
then starts again after a short amount of time (few Myr to few tens of
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Myr). In this case we are able to observe both the outer remnant lobes and
the new inner ones (Kaiser et al. 2000; Saripalli et al. 2003; Saikia et al.
2006; Brocksopp et al. 2007, 2011; Konar & Hardcastle 2013). Another
morphology that is thought to be related to restarted jet activity consists
of compact, bright radio jets embedded in extended, low-surface brightness
emission such as the source 4C 12.50 (Stanghellini et al. 2005), 4C 29.30
(Jamrozy et al. 2007), B2 0258+35 (Shulevski et al. 2012; Chapter 4)
and Centaurus A (e.g. Morganti et al. 1999; McKinley et al. 2013, 2017).
Other restarted radio galaxies with peculiar morphologies have also been
presented such as the source 3C338 (Burns et al. 1983), the source 4C 35.17
(Shulevski et al. 2015) and the source 3C219 (Clarke et al. 1992).

Recognizing restarted radio sources and defining their duty cycle is
challenging and can sometimes lead to misclassifications. It has been shown,
for example, that not all low surface brightness emission that resembles a
remnant from previous jet activity is actually very old aged plasma (e.g.
M87, de Gasperin et al. 2012; B2 0258+35, Shulevski et al. 2012, Chapter
4; Centaurus A, Morganti et al. 1999; McKinley et al. 2013, 2017). These
sources may actually still be fuelled by the nuclear activity or may have
experienced a short quiescent phase (few to few tens of Myr).

In this work we aim to investigate and assess the history of the peculiar
source 3C388, which for years has been claimed to be a restarted radio
galaxy due to the very unusual morphology and spectral index distribution
(Burns et al. 1982; Roettiger et al. 1994) of its radio lobes, as explained
below. A confirmation of this scenario would open to a new class of
restarted radio galaxies that should not be missed in new radio surveys.

3C388 is associated with a very luminous cD galaxy located in a poor
cluster at redshift z=0.0917 (Owen & Laing 1989; Schmidt 1965) with an
extremely dense intracluster medium (ICM, Prestage & Peacock 1988). X-
ray Chandra observations of the ICM show that the temperature of the
medium is ∼3.5 keV, that the galaxy is located in correspondence of the
X-ray peak and that cavities are present in coincidence of with the radio
lobes (Kraft et al. 2006). The host galaxy is one of the most luminous
elliptical galaxies in the local universe (MB = −24.24), it shows a weak
stellar nucleus in the HST image and it is classified as a low-excitation
radio galaxy (Jackson & Rawlings 1997). The radio galaxy 3C388 has
an extension of about 1 arcmin, which corresponds to 80 kpc at redshift
z=0.0917 and a radio luminosity equal to P178MHz = 4× 1025 WHz−1sr−1,
lying just above the Fanaroff-Riley I/II (Fanaroff & Riley 1974) nominal
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border line (P178MHz = 2×1025 WHz−1sr−1). Its radio morphology consists
of two large lobes with a broad central plateau of bright emission surrounded
by extended low surface brightness emission of similar shape (see Figure
5.1). An active compact core is observed with VLBI observations at 5 GHz
by Giovannini et al. (2005). A compact, hotspot-like emission is embedded
in the Western lobe well detached from the lobe edge and is connected to
the core by a narrow bent jet (Roettiger et al. 1994). Using considerations
on the jet/counterjet brightness Leahy & Gizani (2001) estimate that the
jet bends with an angle equal to ∼50 degrees with respect to the line of
sight. This inclination is further confirmed by Giovannini et al. (2005) using
VLBI observations (45-65 degrees).

Burns et al. (1982) and Roettiger et al. (1994) studied the radio spectral
index distribution of the radio lobes between 1.4 and 5 GHz and observed
a sudden steepening towards the edges of the lobes (with maximum values
of ∼ α5000

1400=1.6, S ∝ ν−α). The authors suggest that the duality in the
spectral index distribution indicates the presence of two different electron
populations with different ages and claim that the source consists of two
reborn jets that are inflating new lobes within old remnant lobes.

In this chapter we present new radio observations of the source 3C388
at frequencies lower than 1400 MHz. The aim is to probe whether this
source can be really considered a case of restarted radio galaxy and, if so,
to investigate the timescales of its duty cycle. To do this we use dedicated
observations at 150 MHz using LOFAR and at 350 MHz using the Karl G.
Jansky Very Large Array (VLA) and GMRT archival data at 610 MHz.
By combining these low frequency data with those at high frequency (1400
and 5000 MHz) presented by Roettiger et al. (1994), we study the spectral
distribution across the radio lobes.

This chapter is organized as follows: in Section 5.2 we describe the data
and the data reduction procedures; in Section 5.3 we present the source
properties resulting from the data analysis; in Section 5.4 we discuss the
restarted nature of the source in light of the new spectral properties derived.

The cosmology adopted in this work assumes a flat universe and the
following parameters: H0 = 70 km s−1Mpc−1, ΩΛ = 0.7,ΩM = 0.3. At the
redshift of 3C388 z=0.0917, 1 arcsec corresponds to 1.679 kpc.
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Figure 5.1 – Radio contour map (top) and radio map (bottom) of 3C388 at 1.4 GHz
and 1.32 arcsec resolution taken from the online atlas by Leahy et al. (1996). The lowest
contour is at 0.25 mJy beam−1, and contours are separated by a ratio of

√
2.
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5.2 Data

In this section we describe the data collection and data reduction procedures
that we have used to investigate the spectral distribution in the lobes of the
source 3C388. We present here new dedicated observations at 150 and 350
MHz, as well as archival data at 610, 1400 and 5000 MHz. All observation
properties were chosen so that the data are well matched in the uv-plane
at the different frequencies. A summary of the observations and image
properties is presented in Table 5.1 and 5.2.

5.2.1 VLA observations at 350 MHz and data reduction

We observed the source with the VLA in A configuration on July 28th 2015
using the P-band receiver. The target was observed for 2 hours while the
flux density calibrator, 3C286, was observed for 10 minutes at the beginning
of the observing run. We used a correlator integration time of 2 seconds
and recorded four polarization products (RR, LL, RL, and LR). The total
bandwidth, equal to 256 MHz in the range 224-480 MHz, was divided by
default in 16 sub-bands of 16 MHz with 128 frequency channels.

The data was calibrated and imaged using the Common Astronomy
Software Applications (CASA, version 4.7, McMullin et al. 2007) in the
standard manner and following the guidelines set out in the online tutorial
for continuum P-band data1. The flux scale was set according to Scaife &
Heald (2012). Nine sub-bands spread across the band were discarded due
to severe RFI contamination.

The remaining 7 good sub-bands were imaged together using multiscale
CLEAN with nterms=2. This image was used as the starting model to
perform phase self-calibration on each sub-band independently. To reduce
the computational time during imaging, each sub-band was averaged down
in frequency to 16 channels of 1 MHz bandwidth but no averaging in time
was performed. The final image for each subband was made using Briggs
weighting with a robustness parameter of 0 and pixel size equal to 1.5
arcsec. The images have a final beam of 4.1 arcsec × 4.5 arcsec and noise
of ∼ 1.5 mJy beam−1.

1https://casaguides.nrao.edu/index.php/VLA_Radio_galaxy_3C_129:_P-band_

continuum_tutorial-CASA4.7.0

https://casaguides.nrao.edu/index.php/VLA_Radio_galaxy_3C_129:_P-band_continuum_tutorial-CASA4.7.0
https://casaguides.nrao.edu/index.php/VLA_Radio_galaxy_3C_129:_P-band_continuum_tutorial-CASA4.7.0
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5.2.2 VLA observations at 1400 and 4850 MHz and data
reduction

We reprocessed the data used in Roettiger et al. (1994) at 1400 and 4850
MHz. The data consists of observations in A and B array at 1400 MHz and
in A and C array at 4850 MHz. The target was observed at 1400 MHz for
14 and 6.5 hours in A and B array respectively and at 4850 MHz for 7 and
5 hours in A and C array respectively. The source 3C286 and 1843+400
were used as flux density calibrator and phase calibrator respectively. The
correlator integration time was set to 10 seconds.

All datasets were reduced with the standard approach using CASA
(version 4.7). The data were manually flagged and calibrated using the flux
scale of Perley & Butler (2013). Phase and amplitude self-calibration were
performed. The final images were obtained by combining all observations
at each frequency and using Briggs weighting with a robustness parameter
of 0. The final image at 1400 MHz has a beam of 3.7 arcsec × 4.2 arcsec
and a noise of 0.5 mJy beam−1. The final image at 4850 MHz has a beam
of 4.8 arcsec × 5.1 arcsec and a noise of 0.1 mJy beam−1.

5.2.3 LOFAR observations at 150 MHz and data reduction

We observed 3C388 with the LOFAR High Band Antennas (HBA) on March
2nd, 2014. The entire Dutch array was used (64 antenna fields) providing a
maximum baseline of ∼100 km. 3C380 was used as a flux density calibrator.
The observations were performed in dual beam mode, i.e. the target and
the calibrator were observed simultaneously. The total bandwidth was split
in 2 chunks of 60 MHz, one for each source. 244 subbands of 195.3 kHz with
64 frequency channels were observed for each chunk in the range 116-175
MHz. The total integration time was 8 hours, the correlator integration
time was set to 1 second and four polarization products (XX, YY, XY, and
YX) were recorded. The observational configurations of the observations
are summarized in Table 5.1.

The data were pre-processed using the observatory pipeline (Heald et al.
2010). Due to its proximity to the target, the source Cygnus A was
subtracted from the visibilities using the demixing algorithm on the full
resolution data set (van der Tol et al. 2007). Afterwards, automatic flagging
of radio frequency interference (RFI) was performed using the AOFlagger
(Offringa et al. 2012) and the data were averaged in time and frequency
down to 5 seconds per sample and 4 channels per sub-band.
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The target visibilities were corrected using the gains derived from the
calibrator and the flux density scale of Scaife & Heald (2012). No direction-
dependent calibration was performed. Due to time constraints, for this
work we have only imaged a bandwidth of 12 MHz centred at 150 MHz.
The data were incrementally phase self-calibrated using increasing baseline
lengths for each calibration step. The initial phase calibration model was
derived from the VLA Low-Frequency Sky Survey (VLSS, Cohen et al.
2007) catalog and completed with spectral index information by using the
Westerbork Northern Sky Survey (WENSS, Rengelink et al. 1997) and
NRAO VLA Sky Survey (NVSS, Condon et al. 1998) catalogues. The
imaging was performed using awimager software (Tasse et al. 2013).

Here we present the image obtained with this limited set of data
obtained using Briggs weighting with a robustness parameter of 0. The
final beam is 3.6 arcsec × 5.3 arcsec and has 15 mJy beam−1 rms noise.
The high noise is both due to the small bandwidth used as well as dynamic
range limitations caused by the high brightness of the target. An improved
image obtained after direction-dependent calibration will be presented in a
future work.

5.2.4 GMRT observations at 612 MHz and data reduction

The target was observed with the GMRT at 610 MHz and data were
published in Lal et al. (2008). The observations were performed on July
29th and 30th, 2005. The target observation was divided into 5 time-scans
for a total integration time of 2.3 hours. The source 3C48 was used as flux-
density calibrator and observed for 10 minutes at the beginning and the end
of the observing session. Data were recorded in single-polarization mode
using a correlator integration time of 16.1 seconds and a total bandwidth
of 33-MHz divided into 512 channels of 65-kHz each.

For this work we have reprocessed the archival data using the SPAM
pipeline (Intema 2014; Intema et al. 2017). We have adopted the Scaife-
Heald model (Scaife & Heald 2012) for setting the absolute flux scale. The
output calibrated visibility data were imported into CASA to produce
images at different resolutions. The final image was obtained using a
uniform weighting scheme and has a resolution of 3.5 arcsec × 6.5 arcsec
arcsec with noise equal to 0.8 mJy beam−1.
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Figure 5.2 – Radio maps of 3C388 at 150 MHz (top-left), 392 MHz (top-right) and
at 612 MHz (bottom) with 6 arcsec × 6 arcsec resolution. Contours represent the
following levels: -3, 5, 10, 20, 100, 500, 1000 × σ where σ150=15 mJy beam−1,
σ392=1.5 mJy beam−1 and σ612=0.8 mJy beam−1.
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5.3 Results

Here we combine the multi-frequency radio data presented in Section 5.2
to perform a complete spectral analysis of the source 3C388.

5.3.1 Morphology

In Figure 5.2 we show the new low frequency radio maps of the source at
150, 392 and 612 MHz. The morphology of the source at low frequency is
in agreement with that previously observed at 1400 and 4850 MHz (Burns
et al. 1982; Roettiger et al. 1994; Leahy et al. 1996). At 392 MHz we
measure a size of 1 arcmin using the 5σ contours as a reference, which
corresponds to 100 kpc at z=0.0917, and do not recognize any further
extension at low frequency with respect to the previously established size at
high frequency. The resolution at low frequency does not allow us to further
investigate the small scale structures recognized in previous studies, such
as the narrow jet and hotspot in the Western lobe (Roettiger et al. 1994).

5.3.2 Spectral analysis

In Table 5.3 we show the list of flux density measurements with respective
errors. The integrated flux density at each frequency has been measured
within the 5σ contours. The errors on the flux densities were computed by
combining in quadrature the flux scale error and the image noise as shown
in Klein et al. (2003). The flux scale error is assumed to be 10 per cent
for LOFAR measurements (Scaife & Heald 2012; van Weeren et al. 2014),
5 per cent for GMRT measurements (Scaife & Heald 2012), 5 per cent for
VLA measurements at P-band and 2 per cent at L- and C-band (Scaife &
Heald 2012; Perley & Butler 2013). In Figure 5.3 we show the integrated
spectrum of the source that we have reconstructed to verify the quality of
the flux calibration of our different observations with respect to previous
works.

In order to perform a spatially resolved analysis of the spectral
properties of the source, we have re-imaged all the data using the
same pixel size equal to 1.2 arcsec and a final restoring beam equal to
6 arcsec × 6 arcsec. Moreover, we have spatially aligned the maps using
the Gaussian fitting method detailed by Harwood et al. (2013, 2015) to
ensure accurate results on the small scales. Indeed, imaging and phase
self-calibration can introduce tiny spatial shifts that can compromise the
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Figure 5.3 – Integrated radio spectrum of the source 3C388. Black circles indicate
the measurements presented in this work and red squares indicate measurements from
Kellermann et al. (1969) as a reference. The list of flux densities from this work with
respective errors is presented in Table 5.3.
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Table 5.3 – Flux densities at all frequencies measured in this work with respective errors
derived as described in Section 5.3.2.

Frequency [MHz] Flux density [Jy]

150 27.27±2.72
280 17.65±0.88
296 16.93±0.85
312 16.59±0.83
328 16.20±0.81
392 14.56±0.73
424 13.91±0.69
456 12.95±0.64
612 9.48±0.47
1400 5.65±0.11
4850 1.82±0.04

reliability of the spectral analysis and should be corrected. The method
consists of fitting point sources located near the target with a 2D-Gaussian
function and deriving the central pixel position. This is used as a reference
for the alignment, which is performed using the task OGEOM available in
the Astronomical Image Processing Software (AIPS) package2. After this
procedure, we find a maximum residual offset between the images of about
0.01 pixels, which is sufficiently accurate for our analysis. Unfortunately, it
was not possible to properly align the GMRT image at 612 MHz with the
other maps. Therefore, we decided to exclude it from the following study.

For the spectral analysis we have used the Broadband Radio Astronomy
ToolS software package3 (BRATS, Harwood et al. 2013, 2015). Here we
describe the procedures used in this analysis and we refer the reader to
the cookbook for a complete description of the methods underlying the
software.

We have computed three spectral index maps in the range 150-1400
MHz, 280-1400 MHz and 1400-4850 MHz respectively (see Figure 5.4),
considering only pixels above 5σ in each single-frequency map. The spectral
index value for each pixel is estimated using the weighted least squares
method.

To first order the trend of spectral index map at low frequency is similar
when including the LOFAR image or not. However, due to the low image

2http://www.aips.nrao.edu/index.shtml
3http://www.askanastronomer.co.uk/brats/
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fidelity and sensitivity of our preliminary LOFAR image, we have decided
to exclude it from the following analysis and we postpone a full analysis to
a future work.

We have then studied the spectral index variation along two slices drawn
in the Western and Eastern lobe for comparison to Roettiger et al. (1994).
The slices were chosen as to go from the flattest region in the diffuse hot-
spot to the outermost edge of the lobe (see Figure 5.4).

We have also computed a spectral curvature (SPC) map defined as
α4850MHz

1400MHz-α
1400MHz
280MHz . We note that in the regions located at the most external

edge of the Western lobe the spectral curvature is negative (the spectrum
flattens at higher frequency). This result can be attributed to an insufficient
image fidelity in those particular regions (see Harwood et al. 2013, 2015).

5.3.3 Spectral age modelling

For the age determination BRATS provides three different spectral models
that describe the radiative losses of the plasma via synchrotron emission
and inverse Compton scattering with the cosmic microwave background
(CMB). All these models assume that the electrons are injected in the
radio lobes in a single event at a time t0 with a energy distribution equal
to N(E, t) = N0E

p (where p is the particle energy power index), which
translates into a power law spectrum of the form S ∝ ν−αinj (where αinj
is the injection spectral index) and remain confined within them. This
assumption works reasonably well for resolved spectral studies since on
small scales particles are most likely part of the same injection event. As
the particle age the high frequency tail of the radio spectrum undergoes a
steepening due preferential cooling of high energy particles.

The Kardashev-Pacholczyk model (KP, Kardashev 1962; Pacholczyk
1970) and the Jaffe-Perola model (JP, Jaffe & Perola 1973) are the
classical models used in these studies and assume a uniform magnetic field
distribution. The main difference between the two concerns the micro-
physics of the electron population. While in the KP model the pitch angle
(the angle between the velocity’s vector and magnetic field) of individual
electrons is considered to be constant, the JP model assumes the single
particle to be subject to many scattering events that randomize its pitch
angle. This, in practice, is equivalent to assuming a time-scale for the
isotropisation of the electrons much longer than the radiative timescale.
This different assumption naturally leads to differences in the power law



164 Chapter 5. The restarted radio galaxy 3C388

18h44m01.00s02.00s03.00s04.00s05.00s06.00s07.00s
RA (J2000)

+45°33'00.0"

15.0"

30.0"

45.0"

34'00.0"

D
e
c 

(J
2
0
0
0
)

Spectral index α 1400MHz
280MHz

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

43m59.00s00.00s01.00s02.00s03.00s04.00s18h44m05.00s
RA (J2000)

+45°33'00.0"

15.0"

30.0"

45.0"

34'00.0"

D
e
c 

(J
2

0
0

0
)

Spectral index map α 4850MHz
1400MHz

0.45

0.60

0.75

0.90

1.05

1.20

1.35

1.50

43m59.00s00.00s01.00s02.00s03.00s04.00s18h44m05.00s
RA (J2000)

+45°33'00.0"

15.0"

30.0"

45.0"

34'00.0"

D
e
c 

(J
2
0

0
0

)

Spectral curvature map α 4850MHz
1400MHz -α 1400MHz

280MHz

0.00

0.08

0.16

0.24

0.32

0.40

0.48

0.56

0.64

0.72

0.80

0 5 10 15 20

Distance [pixel]

0.4

0.6

0.8

1.0

1.2

1.4

S
p
e
ct

ra
l 
In

d
e
x
 α

14
00

28
0

Eastern lobe
Western lobe

0 5 10 15 20

Distance [pixel]

0.8

1.0

1.2

1.4

1.6

1.8

2.0

S
p
e
ct

ra
l 
In

d
e
x
 α

48
50

14
0
0

Eastern lobe
Western lobe

Figure 5.4 – Top left - spectral index map in the range 280-1400 MHz; top right - spectral
index map in the range 1400-4850 MHz; centre - spectral curvature map α4850MHz

1400MHz-
α1400MHz
280MHz ; bottom left - variation of spectral index α1400

280 along the radio lobes derived using
the slices drawn in panel top left; bottom right - variation of spectral index α4850

1400 along
the radio lobes derived using the slices drawn in panel top left. The spatial resolution of
all radio maps is 6 arcsec × 6 arcsec. The gray line in the bottom panels represents a
spectral index equal to α = 1 and it is shown for reference. The 0 value on the x - axis
corresponds to the most internal point in each lobe where the flattest spectral index is
measured. We note that one beam corresponds to five pixels.
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spectrum as well. In particular, for a given age the high-frequency cutoff in
the KP model is much smoother than in the JP model due to the presence
of particles with small pitch angles and lower energy losses. Despite the fact
that the JP model has always been favoured for its physical assumption, it
has been often shown to provide poorer fits with respect to the KP model.

A third, more recent model is the Tribble model (Tribble 1991, 1993),
which includes a more realistic magnetic field distribution. In particular, it
assumes the magnetic field to be spatially non-uniform (Gaussian random),
which, in the weak field strong diffusion (i.e. free streaming) case, can be
described by a Maxwell-Boltzmann distribution within each volume element
of the lobe. This has been further expanded to an implementable form by
Hardcastle & Krause (2013) and Harwood et al. (2013). The power of
this model is that it provides better fits than the classical JP model, while
preserving the physical description.

Due to their better physical validity, we have only considered here the
JP and the Tribble models. Note that for the spectral fitting we have
excluded the region corresponding to the core of the radio galaxy as it is
not expected to be well described by any of the spectral ageing models
presented above.

We have derived an average value for the magnetic field over the entire
source equal to Beq = 17.5 µG assuming equipartition conditions between
particles and magnetic field (Beck & Krause 2005). We have assumed
a power-law particle distribution of the form N(γ) ∝ γ−p between a
minimum and maximum Lorentz factor of γmin = 10 and γmax=106, with
p being the particle energy power index. The value of p has been set to
p = 2.1 according to the spectral shape that we observe at low frequency.
The particle content is considered to be equally distributed between heavy
particles and electrons so that their ratio k = 1. To calculate the volume
of the source we assume the two lobes to be ellipsoids with major axis
equal to a=34 arcsec and a=36 arcsec and minor axis equal to b=26 arcsec
and b=34 arcsec, for the Western and Eastern lobe respectively. A value
of S1400 = 5.6 mJy is used. We note that the computed value of Beq is
lower than the estimate by Roettiger et al. (1994) (28 µG), who assume
a steeper energy power index equal to p = 2.5 using the information from
the integrated spectrum. We note that Croston et al. (2005), Harwood
et al. (2016) and Ineson et al. (2017) have investigated the equipartition
conditions of a sample of FR II radio galaxies and have found the actual
magnetic field to be on average B ' 0.7 · Beq. Because in this work we do
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not make use of the spectral age values (see Section 5.4), we have decided
to neglect this correction.

To derive the best value for the injection index, αinj, we have performed
a series of fitting iterations over the entire source using both the JP and the
Tribble model and leaving αinj as a free parameter. Firstly, we have used a
grid ranging between 0.5 and 1 with a step size of 0.05. Secondly, we have
refined our grid to a step size of 0.01 around the previous minimum, in the
range 0.5 - 0.6. The best fit values averaged over the entire source obtained
using the two models are very similar: αinj=0.55 for the JP model and
αinj=0.54 for the Tribble model. Interestingly, we note that for both models
the best value of αinj is strongly dependent on the position within the radio
lobe, with values of αinj ∼ 0.6-0.7 at the edges of the lobes and values of
αinj ∼ 0.5 in the inner regions of the lobes (see Figure 5.5). Therefore, we
have performed the final spectral fitting three times for each model: one
using the best fit of αinj over the entire source, one using the best fit at the
lobe edges and one using the best fit at the lobe centre.
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Figure 5.5 – Pixel by pixel best fit injection index value obtained using the JP model.

The final spectral age maps with respective χ2
red (7 degrees of freedom)

maps obtained using the best fit αinj over the entire source are shown in
Figure 5.6. From the χ2

red maps it is clear that both models produce very
poor fitting results. In particular, the fit can be rejected with 99 per cent
confidence for 53 per cent of the regions and with 95 per cent confidence
for 66 per cent of the regions when using the Tribble model and can be
rejected with 99 per cent confidence for 56 per cent of the regions and with



5.4. Discussion 167

95 per cent confidence for 70 per cent of the regions when using the JP
model. The fitting does not improve when we consider different αinj for the
different source regions.
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Figure 5.6 – Spectral age maps of the source 3C388 and respective Reduced Chi-squared
maps with JP model (top) and Tribble model (bottom). The resolution of the maps used
for the modelling is 6 arcsec × 6 arcsec.

5.4 Discussion

Because of its morphology and spectral index distribution at high frequency
3C388 has long been claimed to be a restarted radio galaxy (see Section 5.1).
An alternative interpretation, but less favoured, has also been discussed by
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Burns et al. (1982), according to which the source would just be an head-tail
source seen in projection.

In this work we have further investigated the radio spectral properties
and radiative age of 3C388 by including new JVLA P-band observations in
the analysis, with the aim of disentangling the two scenarios.

5.4.1 Spectral index distribution

The spatial distribution of spectral index that we have computed in the
range 1400-4850 MHz is consistent with previous results by Roettiger et al.
(1994) (see Figure 5.4, top-right panel). In the Western lobe the spectral
index varies from α4850

1400=0.61, in the centre of the compact, hotspot-like
emission, to α4850

1400=2.00, in the most external edge of the radio lobe. In
the Eastern lobe, instead, the spectral index varies from α4850

1400=0.93, in the
centre of the diffuse hotspot, to α4850

1400=2.10, in the most external edge of
the radio lobe.

By studying the spectral index variation along the radio lobes (see
Figure 5.4, bottom-right panel) we confirm the rapid steepening towards
the edges observed by Burns et al. (1982) and Roettiger et al. (1994). We
find that α4850

1400 varies from ∼0.7 to ∼1.2 in the Eastern lobe and from ∼1 to
∼1.5 in the Western lobe, within a single beam. We note that the gradient
that we observe is partially smoothed with respect to that presented by
Roettiger et al. (1994) due to the effect of a larger beam in our images (a
factor 4 larger).

The new spectral index map at low frequency presented in this work
(Figure 5.4, top-left panel) agrees with the map at high frequency, with
flatter spectral indices in the vicinity of the centre of the radio lobes
(α1400

280 =0.49 in the Western lobe and α1400
280 =0.60 in the Eastern lobe) and

steeper spectral indices towards the edges of the lobes (α1400
280 =1.40 in the

Western lobe and and α1400
280 =1.70 in the Eastern lobe). As expected by

radiative spectral evolution models, the spectral indices at low frequency are
systematically flatter than those at high frequency over the entire source.

As for the higher frequency we study the variation of the spectral index
along one slice within both the Western and the Eastern lobe (Figure 5.4,
bottom-left panel). The variation of the spectral index at low frequency
is less pronounced than at high frequency. We find that α1400

280 varies from
∼0.5 to ∼0.8 in the Eastern lobe and from ∼0.6 to ∼1 in the Western lobe,
within a single beam.
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Thanks to the extended frequency coverage presented in this work we
can now study the spectral curvature of the entire source (Figure 5.4, central
panel). We observe that in the inner regions of both lobes the spectral
curvature has values in the range 0.25 ≤ SPC ≤ 0.35, which are compatible
with the plasma being still accelerated by the jets. Moving to the outer
edges of both lobes, instead, the spectral curvature increases significantly
with values up to SPC=0.7-0.8. These values are typical of old ageing
plasma that is not replenished with new, freshly injected particles.

In light of the results at both low and high frequency, the spectral
classification of 3C388 is non trivial when compared with other radio
galaxies in the literature. FR II sources classically show the flattest spectral
indices at the lobe edges, near the hotspots, where the particle acceleration
occurs, and the steepest spectral indices in the regions surrounding the
core (e.g. Carilli et al. 1991; Orrù et al. 2010; McKean et al. 2016). On the
contrary, in FR I radio galaxies the spectral index may both steepen from
the core outward or from the lobe outer edges inward (Parma et al. 1999).
Lobed FR I radio galaxies tend to show the flattest spectral index values all
along the jets up to the lobe edges and the steepest spectral index values
in the surrounding regions (Laing et al. 2011). Instead, plumed (or tailed)
FR I radio galaxies have the flattest spectral indices in the core regions
which then get steeper with distance like in the source 3C31 (Laing et al.
2008; Heesen 2015; Heesen et al. 2017). Head tail radio galaxies, which are
interpreted as bent plumed FR I sources, also show this same spectral trend
and often a more prominent steepening towards the jet edges (Pacholczyk
& Scott 1976; Feretti et al. 1998; Sebastian et al. 2017). Along the tails
of these sources, jumps in the spectral index distribution have also been
observed, suggesting the presence of in situ particle reacceleration due to
turbulence in the intergalactic medium (Wilson & Vallee 1977; Sebastian
et al. 2017).

None of the spectral classes described above exactly matches what we
observe in 3C388 making it a special case. The high spectral curvature
observed at the lobe edges of 3C388 (up to SPC=0.7-0.8) proves that the
plasma in those regions is suffering severe energy losses and this is unusual
for a classical active radio galaxy. This may suggest that the outermost
plasma belongs to a previous burst of jet activity as proposed by Roettiger
et al. (1994). However, as discussed above, the observed spectral curvature
is also compatible with the most external regions of head tail radio galaxies,
so we cannot exclude that 3C388 is a head tail source seen edge on.
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5.4.2 Spectral ages

In Section 5.3.3 we present the spectral modelling of the radio source
performed to obtain constraints on the particle ages in the different regions
of the lobes. The results obtained with both models (JP and Tribble) are
very similar (see Figure 5.6). In particular, the ages in the inner regions of
both lobes have values equal to few Myr while in the most external edges
of the lobes they have values in the range 10-15 Myr. We note, however,
that both models provide very poor fitting results over the entire source as
shown by the χ2

red maps (Figure 5.6, right panels). As a consequence, the
computed age values should be treated with caution.

This result is very puzzling as these models have been already success-
fully used for estimating the ages of many radio galaxies in the literature
(e.g. Heesen et al. 2014; Harwood et al. 2015; Heesen et al. 2017; Harwood
et al. 2017), including a small sample of head-tail radio galaxies (Feretti
et al. 1998). It suggests that the physical conditions of the plasma of this
radio galaxy cannot be described by the well-known spectral models that
we have used (JP and Tribble models).

One possible origin of the poor fitting results is the presence of strong
mixing of different particle populations within the lobes of the source.
Indeed, such particle mixing would make the simple assumption of a
single injection event, used in the JP and Tribble models, invalid. This
possibility has previously been discussed from an empirical stand point
by Harwood et al. (2013, 2015, 2017)) and recently supported through
numerical simulations by Turner et al. (2017), who show that the mixing of
different aged electrons strongly affects the spectrum of active galaxies at
each point of the radio source leading to wrong spectral age estimates. This
is especially relevant in FR II radio galaxies where the backflow of plasma
from the hotspots carries freshly injected electrons back towards the AGN
core causing a significant mixing of particle populations.

In the case of 3C388 mixing may become even more important if
we believe that newly started jets are expanding in old ageing lobes as
suggested by the restarting AGN scenario (Roettiger et al. 1994).

Non-intrinsic mixing related to projection effects may also relevant. In
the hypothesis of 3C388 being a head-tail radio galaxy moving along the
line of sight with a jet inclination equal to 50 degrees (as estimated by
Leahy & Gizani 2001), mixing must definitely play an important role, as
multiple electron populations could overlap along the line of sight causing
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the non-standard spectral distribution. We mention though that this is
not observed in the sample of head tail radio galaxies studied by Feretti
et al. (1998). In order for the mixing to affect the spectral shape at the
observed level, it is most likely that the it must be of plasma with a very
significant age difference. This again would point towards the presence of
plasma originated from multiple jet activity phases.

Intriguing is also the study of the injection index distribution within
the lobes. As shown in Figure 5.5 the spectra in the inner regions of the
radio lobes are best fitted with a model having αinj ∼ 0.5, while higher
values of αinj ∼ 0.6-0.7 are required by the outermost regions of the radio
lobes. This finding should be taken with care since, as mentioned above,
for none of the regions do we get optimal fitting results in terms of χ2

red.
However, we cannot exclude that the observed distribution of αinj may
have a physical origin. If this dichotomy was true, it might be interpreted
as an indication of the presence of a double electron population in the two
regions of the lobe. We note that both values of injection indices are more
compatible with low power radio galaxies (Laing & Bridle 2013) than with
high power radio galaxies where αinj & 0.8 are observed (Harwood et al.
2013).

5.4.3 Interpretative scenarios

By combining our new findings with available information from the
literature we discuss here the two scenarios that have been proposed to
explain the nature of 3C388 i.e. the head-tail scenario and the restarted
activity scenario.

The possibility that 3C388 is just an head-tail radio galaxy seen in
projection was discussed and modelled by Burns et al. (1982) and Roettiger
et al. (1994) extensively. The authors conclude that the observed spectral
index between 1400 and 4850 MHz are inconsistent with simple diffusion
of electrons away from the source unless a very fortunate alignment is
assumed. The asymmetries in shape and spectral index observed in the
Eastern and Western lobes, as well as the one-sided jet, have been explained
with relativistic beaming effects. Moreover, based on the absence of
depolarization asymmetries in the two lobes, Roettiger et al. (1994) suggest
that the source is oriented close to the plane of the sky and disfavours the
head-tail interpretation.
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As discussed in Section 5.4.1 our new low frequency observations confirm
that the spectral index distribution within the radio lobes of 3C388 is very
unique among radio galaxies. However, the significant spectral curvature
observed at the lobe edges is compatible with that observed in the outermost
regions of the FRI source 3C31 (Laing et al. 2008; Heesen 2015; Heesen
et al. 2017) and few head tail radio galaxies (Pacholczyk & Scott 1976;
Feretti et al. 1998; Sebastian et al. 2017). Therefore, based on the soectral
distribution only, we cannot exclude a priori that 3C388 is just a ”normal”
active radio galaxy with bent tails along the line of sight and that projection
effects are shaping the observed spectral distribution.

This scenario, however, would require a very coincidental geometry
as already suggested by Burns et al. (1982) and Roettiger et al. (1994).
Moreover, head-tail radio galaxies are typically observed at the cluster
outskirts where their radio morphology is shaped by the galaxy movement
in the intracluster medium towards the cluster core. 3C388 is instead a cD
galaxy at the centre of a cluster and as such it is expected to be nearly at
rest in the cluster potential (e.g. Quintana & Lawrie 1982 and Oegerle &
Hill 2001). Therefore, it is unlikely to produce a narrow angle head tail,
which require velocities of many hundreds of km s−1 (e.g. O’Dea 1985).
We note that cD galaxies can host wide-angle tails, but then the required
alignment would be unusual.

We also mention that Chandra observations published by Kraft et al.
(2006) reveal the presence of a smaller subcluster 5 arcmin (500 kpc) away
from 3C388 with a ICM temperature equal to 1.9 keV. The authors propose
that this may either be falling toward 3C388 or has already passed through
the cluster core. In this last occurence, the interaction may have played a
role in shaping the radio source morphology (e.g. creating tails of plasma
by ram pressure stripping). However, Kraft et al. (2006) estimate that the
subcluster must have passed through the core of 3C388 about 500 Myr ago.
This timescale is about a factor 10 larger than the dynamical age of the
radio source equal to <65 Myr estimated by the same authors by assuming
the lobes to be buoyant bubbles expanding in the ambient medium at a
velocity equal to half the sound speed. Given the derived timescales the
idea of the interaction shaping the tailed radio morphology of 3C388 seems
to be unlikely. Furthermore, the compact, hotspot-like emission that we
observe in the Western lobe of 3C388 is not typical of a head tail radio
galaxy, whose morphology is typically closer to a bent tailed FR I source.
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In light of this, the recurrent jet activity remains the most likely
scenario. The passage of the subcluster mentioned in the previous
paragraph is incompatible with the jet intermittence. However, the
connection with the original AGN triggering may still hold as a time delay
of the order of few hundred Myr can exist between the actual interaction
and the AGN switch on (Shabala et al. 2017).

As discussed in Section 5.4.2 the big uncertainties on the electron ages
obtained via spectral ageing modelling do not allow us to infer a conclusive
duty cycle estimate. While not definitive, the indication we find that the
injection index may have a dichotomous behaviour coinciding with the inner
and outer regions of the lobes is interesting and, could provide evidence in
favour of the restarted jet activity hypothesis.

Studies of restarted sources with double-double morphology find that
the injection index value of the outer and inner doubles are similar within
the uncertainties (e.g. Konar et al. 2006). As the second generation of
jets must expand in the old plasma cocoon inflated by the previous jet,
which is less dense than the surrounding ambient medium, the similarity
of injection index suggests that the particle acceleration mechanism does
not depend on the external environment. Therefore, if the dichotomy in
injection index observed in 3C388 is confirmed it would represent a unique
case among the restarted radio galaxy population and motivate new source
evolution models.

To conclude we mention here that there are few sources already known
in the literature, such as 3C303 and 3C310 that have been suggested to be
restarted radio galaxies (Kuźmicz et al. 2017) and have similar morphologies
to 3C388 i.e. compact, hotspot-like emission embedded in extended diffuse
radio lobes. For these sources it would be interesting to investigate the
spectral index distribution to search for similarities with the source 3C388.

5.5 Conclusions

In this work we have investigated the nature of the radio galaxy 3C388 using
low frequency observations, in the range 280-400 MHz, in combination with
high frequency archival data at 1400 and 4850 MHz. In particular, our aim
was to test the scenario of restarted jet activity proposed by Roettiger
et al. (1994). This is of particular interest in the context of new searches of
restarted radio sources in new low frequency surveys like LoTSS. Here we
summarize our main findings.
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(i) The spectral distribution within the radio lobes in the range 280-
1400 MHz reflects what has been observed at higher frequency (1400-
4850 MHz) by Roettiger et al. (1994) i.e. an increasing steepening from
the inner regions of the lobes toward the lobe edges. However, at lower
frequencies the spectral indices are systematically flatter than at high
frequency, as expected by radiative evolution models, with values in the
range α1400

280 =0.49-1.40 and α1400
280 =0.60-1.70 in the Western and in the

Eastern lobe respectively.

(ii) By combining the new low frequency spectral index map with that
at high frequency we have studied the spectral curvature and have found
extreme values in the lobe outskirts (SPC=0.7-0.8), compatible with old
ageing plasma that is not replenished with new, freshly injected particles.

(iii) Neither the JP radiative model nor the Tribble model provide
good fitting results to the pixel-by-pixel source spectrum. This suggests
that the physical assumption of a single particle population made in these
models does not meet the physical conditions of the plasma in the lobes.
Mixing of particle populations with significant age difference may justify
this result pointing towards the presence of plasma originated from multiple
jet activity phases. The poor fit results prevent us from deriving reliable
age estimates for the plasma in the different regions of the source.

(iv) By fitting the pixel-by-pixel source spectrum leaving the injection
index as a free parameter we find hints of a possible dichotomy in the
injection index distribution within the lobes. In particular the spectra in
the inner regions of the radio lobes are best fitted with a model having
αinj ∼ 0.5, while higher values of αinj ∼ 0.6-0.7 are required by the
outermost regions of the radio lobes. This might be an indication of the
presence of a double electron population in the two lobe regions but needs
to be confirmed.

(v) In light of these results, we favour the restarting jet scenario over the
head tail scenario. Indeed, the latter case would require a very coincidental
geometry and is incompatible with the radio source being associated with
the cD galaxy of the cluster. The high spectral curvature, possible particle
mixing and αinj dichotomy discussed above seem to provide support to
the restarting jet scenario. However, the source interpretation remains
complicated and we cannot exclude that other effects, including projection
effects, are playing a role in defining the observed source properties.
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(vi) Better statistics on the spectral index distribution in radio galaxies
coming from new generation radio surveys (see Harwood & Morganti 2016)
will enable us to understand how unique this source is and to assess whether
the study of the pixel-by-pixel spectral index map of a source can be used
for selecting restarted radio galaxies blindly.
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Abstract

Compact steep-spectrum, gigahertz peaked-spectrum, and high frequency
peaked sources are considered to be young radio galaxies. They can
potentially provide the best information on recurrent activity but the details
of their duty cycle are still not well understood.

In this chapter we aim to constrain the occurrence of recurrent jet
activity in these sources by investigating the presence of AGN remnant
emission around the compact jets.

Using the recent release of the LOFAR Two-metre Sky Survey (LoTSS),
which provides unprecedented sensitivity and spatial resolution at 150
MHz (20 and 6 arcsec spatial resolution and ∼ 500 µJy beam−1 and
∼ 100 µJy beam−1 respectively), we search for new extended and low
surface brightness emission associated with 18 known compact sources
located in the HETDEX field region covered by the survey.

All 18 sources in the sample are detected by LoTSS at 150 MHz and 4
display extra associated extended emission, of which one is confident, one
is maybe coincidental and two are tentative. Due to the presence of strong
artefacts for 5 sources we could not make a definitive assessment on the
presence of low frequency extended emission. This indicates an occurrence
in the range of 15-30% (1-4/13). One source, 1203+4803, looks particularly
interesting as it seems to represent a new case of giant radio quasar with
possible multi-epoch jet activity.

The low fraction of detections obtained in this work is compatible with
previous results at higher frequency and may suggest that in a fraction
> 80% of radio galaxies the quiescent phase between two epochs of jet
activity is longer than few tens of Myr.
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6.1 Introduction

Gigahertz Peaked-Spectrum (GPS), Compact Steep-Spectrum (CSS) and
High Frequency Peaked (HFP) sources are compact radio sources (few kpc
to 10 kpc) that can be associated with both galaxies and quasars (O’Dea
1998; Orienti 2016). They are known for having convex radio spectra with
peak emission frequency inversely proportional to the source size (O’Dea
1998). 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; Marr et al. 2014 and
references therein).

To date, GPS, CSS and HFP sources are considered to be the best
representatives of young radio galaxies (e.g. Fanti et al. 1995; Perucho 2016)
because of their milliarcsecond scale double morphology that resembles the
Fanaroff Riley I and II extended structures (Fanaroff & Riley 1974). Both
dynamical and radiative arguments suggest that the ages of these sources
lie in the range 102−105 yr (O’Dea 1998, Owsianik & Conway 1998, Murgia
et al. 1999).

It is expected that in most cases the compact sources will expand to
hundreds of kpc sizes on timescales of 1–100 Myr (Parma et al. 1999).
However, statistical studies of the ages of compact radio galaxies and of
their fraction with respect to the entire radio galaxy population suggest that
not all compact young sources evolve into extended sources (e.g Gugliucci
et al. 2005; An & Baan 2012).

This hypothesis is supported by the discovery of few 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 unclear. Among 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 (e.g. Wu 2009; Czerny et al. 2009).

The duty cycle of radio galaxies is still under debate, as it is for AGN
in general. The best way to broaden our knowledge of it is to investigate
the presence and properties of any extended emission surrounding these
compact sources. This extended emission may be remnant plasma from a
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previous episode of jet activity and, when studied in combination with the
compact source, can provide constraints on the timescales of activity and
quiescence of the radio jets.

Early investigations looking for extended emission around GPS sources
on the arcsecond scale were conducted by Hodges & Mutel (1987) and
Pearson & Readhead (1988). However, both studies were inconclusive.

The first detection of such extended emission was found later around the
source 0108+388 by Baum et al. (1990). 0108+388 shows a double compact
morphology on milli-arcsecond scales as well as some diffuse emission at
a distance of 20 arcsec (∼80 kpc) from the core connected by a bridge.
Later, searches performed by Stanghellini et al. (1990) and Stanghellini
et al. (2005), using radio images at frequencies higher than 1400 MHz,
have suggested that about 25% (4/15) and ∼18% (6/33) of the GPS sources
show associated diffuse emission on the arcsecond scale. This translates into
structures of hundreds of kpc up to few Mpc.

Examples of candidate remnant emission on small scales (<100 pc) have
also been found suggesting 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 (Luo et al. 2007; Orienti & Dallacasa 2008).

Finally, indications that extended components are present around
compact sources also come from studies of source integrated spectra, when
an excess of emission at low frequencies is observed (e.g. Bruni et al. 2015;
Callingham et al. 2017).

In most of the cases described above, however, it is still unclear whether
the extended emission is actually a remnant of past AGN activity or it is
still connected with the central nuclear activity.

Indications that, in some cases, extended lobes with remnant resem-
blance around compact jets may still be replenished with fresh particles
come from the study of few objects in the literature. For example the
detailed analysis of the source B2 0258+35 (Shulevski et al. 2012; Brienza
et al. 2016; Chapter 4) has revealed that the 265-kpc scale lobes that
surround the central CSS source do not have the typical spectral properties
of an old ageing plasma and may actually still be fuelled by the nuclear
activity or may have only recently disconnected from it. A similar scenario
is suggested to explain the properties of the radio galaxy Centaurus A (e.g.
Morganti et al. 1999; McKinley et al. 2013, 2017).

These systems may be compatible with the scenario proposed by Baum
et al. (1990), who suggest that compact radio sources could arise within a
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large-scale radio galaxy if the jet propagation was obstructed or impeded on
scales of tens of parsecs to few kiloparsecs (see Chapter 4). This might occur
in coincidence with gas-rich galaxy-galaxy interactions or, more in general,
because of instabilities of the accretion process (Pringle 1997; Czerny et al.
2009; Wu 2009). In that case, the extended structure would remain visible
along with the confined parsec scale source that would have the appearance
of a compact radio galaxy.

For a more complete understanding of the duty cycle of compact radio
galaxies we require better statistics on the presence of associated extended
emission. Motivated by the recent release of the LOFAR Two-metre
Sky Survey (LoTSS, Shimwell et al. 2017), with its unprecedented spatial
resolution of 20 and 6 arcsec and sensitivity of ∼ 100 µJy beam−1 and
∼ 500 µJy beam−1 respectively, we have expanded the search for extended
emission around compact sources at low radio frequencies.

Both the resolution and sensitivity of LoTSS images are ideal to detect
new low surface brightness emission associated with compact radio sources.
Low frequencies are also especially suited for this search as remnant
emission is expected to be brighter for a longer time below 1400 MHz,
due to preferential radiative cooling of high energy particles.

In this work we present a sample of known GPS, CSS and HFP sources
located in the HETDEX area, which is the first released sky region of the
LoTSS survey, and search for the presence of extra emission associated with
them at 150 MHz. We discuss our results in the context of the recurrent
activity scenario.

The chapter is organized as follows: in Section 6.2 we give a brief
description of the LoTSS survey; in Section 6.3 we present the GPS/CSS
samples used in the work; in Section 6.4 we investigate the properties of
the sample and discuss in more detail the sources showing evidence of new
extended emission; in Section 6.5 we discuss the implications of our results
in the context of recurrent jet activity.

The cosmology adopted in this work assumes a flat universe with the
following parameters: H0 = 70 km s−1Mpc−1, ΩΛ = 0.7,ΩM = 0.3. The
spectral index, α, is defined using the convention S ∝ ν−α.

6.2 The LOFAR Two-metre Sky Survey

LoTSS is an ongoing imaging survey performed with LOFAR in the
frequency range 120–168 MHz. While it will eventually cover the entire
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Northern sky, 400 square degrees in the region of the HETDEX Spring
Field (Right Ascension 10h45m00s to 15h30m00s and declination 45◦00’00”
to 57◦00’00”) have been completed. Each pointing is observed for 8 hours.
A full description of the observing strategy, the calibration techniques and
scientific goals of the survey is presented in Shimwell et al. (2017).

Images at 20 arcsec resolution with ∼500 µJy beam−1 rms noise have
been already made public1. These were produced using a fully automated
direction-independent calibration strategy and allowed for the identification
of 44,000 sources above seven times the local rms noise.

Images at full resolution (6 arcsec) and∼100 µJy beam−1 rms noise have
been later obtained using a direction-dependent self-calibration pipeline2,
which corrects for the ionospheric errors across the field, and will be soon
published by Shimwell et al. (in prep.). Despite the direction dependent
calibration, we note that the images in this release still have dynamic-
range limitations around bright sources, especially in pointings affected by
poor ionospheric conditions. The high resolution source catalogue contains
325,694 sources.

LoTSS is the low frequency wide-field survey with highest sensitivity
and spatial resolution currently available. The combination of the compact
core baselines (<2km) and long baselines (∼90 km) of LOFAR provides
unique imaging capabilities of both low surface brightness and compact
emission. A comparison between the sensitivity, frequency and resolution
of LoTSS and existing or upcoming wide-area surveys is shown in Figure
6.1.

For this work we make use of both the low resolution (20 arcsec) and the
high resolution (6 arcsec) LoTSS images. In particular, the 20-arcsecond
maps are best to retrieve low surface brightness emission on large scales
while the 6-arcsecond maps allow us, for the first time, to probe the presence
of remnant emission on quite small physical scales, especially at low redshift.
The combination of the two resolutions is powerful as we expect remnant
emission to extend to a wide range of linear sizes and have low surface
brightness. In Table 6.1 we list the physical scales of the 6-arcsec beam
and of the 20-arcsec beam at different redshifts, as a reference. In Figure
6.2 we show a region of the LoTSS survey at both low and high resolution
as a reference for the image quality.

1http://lofar.strw.leidenuniv.nl/doku.php?id=tier1 hba pdr
2http://github.com/mhardcastle/ddf-pipeline/
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Figure 6.1 – Comparison between sensitivity, frequency and spatial resolution of
the LoTSS direction dependent calibrated survey (LoTSS-DD) with existing (grey) or
upcoming (blue) wide-area surveys (Shimwell et al. 2017). The symbol size is proportional
to the spatial resolution of the survey. The green and blue lines show the equivalent
sensitivity to radio sources with spectral indices of 0.7 and 1.0 respectively.

Table 6.1 – Physical scales of the LoTSS beams at different redshifts.

Redshift Physical scale of Physical scale of
6 arcsec beam 20 arcsec beam

(kpc) (kpc)

0.05 6 20
0.1 11 37
0.5 37 122
1 50 160

6.3 The sample

We have collected existing catalogues of compact radio sources with decli-
nation δ > 45◦ and selected sources within the HETDEX area, currently
covered by the LoTSS survey. We note that these are heterogeneous, mostly
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bright (>100 mJy), flux limited samples selected at frequencies higher than
1.4 GHz.

In this way we have obtained a sample of 18 known compact sources
located in the HETDEX field (hereafter the ‘HETDEX compact-source
sample’). All 18 sources are detected by LoTSS at 150 MHz thanks to
its high sensitivity, and up to 4 (at least 2) sources show extra extended
emission at low frequency that was never seen before.

In Table 6.2 we list the samples that we have considered for this work.
In Column 2 we report the number of sources located in the HETDEX field
for each sample, in Column 3 the number of sources detected by the LoTSS
survey and in Column 3 the number of sources where we have detected
extra emission at low frequency. We note that one source (J1421+464) is
part of two different samples and therefore is indicated twice in Table 6.2.

In Table 6.3 we present the sources of the HETDEX compact-source
sample and their flux density at 150 MHz from LoTSS (at 6 arcsec
resolution) together with some information on their respective host galaxy.
A full discussion of the sources in the sample is presented in Section 6.4.
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Table 6.2 – Literature samples of known compact sources used in this work. Col. 1
reference of the sample; Col. 2 number of sources for each sample located in the HETDEX
field; Col. 3 number of sources for each sample detected by LoTSS; Col. 4 number of
sources for each sample with extended emission at low frequency. An asterisk marks the
two samples that share one of the selected sources (J1421+464).

Sample Position Source Extended emission
match detection detection

Gopal-Krishna et al. (1983) 0 0 0
Fanti et al. (1990) 0 0 0
O’Dea et al. (1996) 0 0 0
Stanghellini et al. (1998) 0 0 0
Marecki et al. (1999) 0 0 0
Peck & Taylor (2000) 2 2 1
Dallacasa et al. (2000) 3 3 1
Fanti et al. (2001) 0 0 0
Snellen et al. (2004) 2 2 0
Stanghellini et al. (2005) 0 0 0
Labiano et al. (2007) 0 0 0
Vollmer et al. (2008)* 4 4 0
Stanghellini et al. (2009)* 4 4 1
Mingaliev et al. (2012) 0 0 0
Mingaliev et al. (2013) 4 4 1
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6.4 Results

In this section we present the properties of the 18 sources in the HETDEX
compact-source sample described in Section 6.3. In particular, we present
their radio maps and spectra and discuss in detail the cases where new
extended emission is detected.

Thanks to the high sensitivity of LoTSS, all 18 sources are detected
at 150 MHz (see Table 6.3 for the flux density values). All sources
have been visually inspected to identify traces of extended emission either
connected to the compact radio source or located closer than 2 arcmin
from it, following the approach of Stanghellini et al. (2005). We find that
11 sources show extra emission at 150 MHz: 2 connected to the target
source (1310+4653, 1414+4554) and 9 located closer than 2 arcmin from it
(1110+4817, 1203+4803, 1241+5458, 1311+5131, 1314+5306, 1336+4735,
1358+4737, 1421+4645, 1452+5142). In most cases the luminosity of these
extra components is negligible with respect to the unresolved central source
but may be essential for understanding the evolutionary history of the radio
source. For 7 of these 11 sources (1110+4817, 1311+5131, 1314+5306,
1336+4735, 1358+4737, 1421+4645, 1452+5142) we have excluded a
physical connection to the target source for all the extra components due to
the presence of a clear optical counterpart in either the Sloan Digital Sky
Survey (release 12), the Wide-field Infrared Survey Explorer (WISE, Wright
et al. 2010), the Two Micron All-Sky Survey (2MASS, Skrutskie et al.
2006), or the Panoramic Survey Telescope and Rapid Response System
(Pan-STARRS, Chambers et al. 2016). Moreover, we note that for the
5 brightest sources in the sample (1110+4817, 1148+5254, 1312+5548,
1419+5423, 1435+5051) we could not make definitive assessments on the
absence of extended, low surface brightness emission due to presence of
deconvolution artifacts that limit the dynamic range in that area of the
LoTSS survey. In no source we have discerned low surface brightness lobes
on large scales (> 1 arcmin) like those observed around the CSS source
B2 0258+35 (Shulevski et al. 2012; Chapter 4) or the GPS source 4C 29.30
(Jamrozy et al. 2007). The 4 final candidate restarted sources (1203+4803,
1241+5458, 1310+4653, 1414+4554) are discussed in more detail in Section
6.4.1, 6.4.2, 6.4.3 and 6.4.4. Radio maps of the rest of the sources in the
sample are shown in Appendix 6.A (Figure 6.8).

For all sources we have also reconstructed the full radio spectrum using
the CATS database (Verkhodanov et al. 1997), which collects flux density
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measurements from all the main available radio surveys, by setting the
matching radius to 10 arcsec. These are shown in Section 6.4.1, 6.4.2,
6.4.3 and 6.4.4 for the candidate restarted sources and in Appendix 6.A
(Figure 6.9) for the rest of the sources in the sample. We note that the
spectra are formed from inhomogeneous datasets that have different spatial
resolutions and observing epochs, therefore they could suffer from confusion
and variability effects. For most of the sources the LoTSS measurement
is either consistent with previous observations at the same frequency or
it is in line with the spectral shape observed at higher frequency within
the errors. Only in one source (1314+5306) the LoTSS flux density is
higher than the expected spectral slope from higher frequencies. This may
suggest the presence of an extra component of emission at low frequency on
small spatial scales (within the beam) or may indicate an intrinsic source
variability, which is not uncommon in compact sources. However, we cannot
exclude that errors on the flux scale calibration in this region of the sky
may play a role.

6.4.1 J1203+4803

The source J1203+4803 (source A in Figure 6.3, top-right panel) was
selected by Stanghellini et al. (2009) as part of a search for HFP sources.
They selected all sources with flux densities in the range 50 mJy <
S5000MHz < 300 mJy and inverted spectral index between 1400 MHz (NVSS)
and 5000 MHz (GB6) with α5000

1400 < −0.5. Moreover, the sample was
constrained to sources located in the region covered by FIRST to allow
for visual inspection of the source morphology at 5-arcsec resolution and
reject complex or extended objects. Follow up observations were then
performed using the VLA in the frequency range 1400-15000 MHz to obtain
simultaneous data at comparable spatial resolution to confirm the peaked-
spectrum candidates.

The radio spectrum of the source J1203+4803 with values from CATS
(black circles) and from Stanghellini et al. (2009) (blue squares) is shown in
Figure 6.3 (bottom-right panel). The LoTSS flux density at 150 MHz is also
shown in Figure 6.3 as a red diamond and confirms the inverted spectrum of
the source. By fitting the spectrum with an analytic function, Stanghellini
et al. (2009) find a peak to be at νmax = 34000 MHz with a maximum flux
density of Smax = 955 mJy. However, by comparing the flux densities from
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different epochs it is clear that the source has experienced some variability
over the years. This might be consistent with the optical counterpart being
a quasar located at redshift z=0.817 as reported by Stanghellini et al.
(2009).

In the radio maps we identify the presence of a second FIRST point-like
source located in South-East direction with respect to the quasar (herafter
‘source B’). Interestingly, at low frequency we identify two more components
that are undetected at 1400 MHz, one located in South-East direction
(herafter ‘source C’) and one in North-West direction (herafter ‘source D’)
with respect to the quasar. Both components are well aligned with respect
to the other two sources detected at 1400 MHz and have slightly elongated
shapes along the common axis with edge-brightened morphology. Moreover,
low surface brightness extensions seem to connect source D with the other
three components. This morphology strongly suggests that all components
are actually related to the central quasar.

Using SDSS DR12, WISE, 2MASS and Pan-STARRS, we have investi-
gated the presence of any optical or infrared counterpart in correspondence
of the centre of the extra components but we could not identify a clear
related galaxy. In order to further investigate the nature of the sources and
confirm our interpretation we have computed the two-point spectral index
for all components by combining FIRST with LoTSS at similar resolution
and we have found the following values: α1400

150 (B) = 0.88, α1400
150 (C) > 1.32

and α1400
150 (D) > 0.99. When the source was not detected in FIRST,

we have used a value equal to 3 times the local noise to compute the
spectral index upper limit. We find that all the sources, except for A,
have steep spectral indices and, in particular, the index becomes steeper
with increasing distance from the main source A. All values are reported in
Table 6.4.

Table 6.4 – Flux densities (LoTSS and FIRST) and spectral indices of the source
J1203+4803.

Component S150 S1400 α1400
150

[mJy] [mJy]

A 39.48 68.53 -0.24
B 27.02 3.77 0.88
C 8.22 <0.43 >1.32
D 3.92 <0.43 >0.99
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Figure 6.3 – Radio maps and radio spectrum of the source J1203+4803. Top left -
LoTSS image at 20 arcsec resolution; top-right - LoTSS image at 6-arcsec resolution.
Red contours represent the LoTSS image and blue contours the FIRST image (levels -3,
3, 5, 10 × σlocal). In the bottom right corner the beam of the radio image is shown. The
red cross represents the position of the source in the radio catalogue by (Stanghellini et al.
2009). Bottom left - LoTSS contours at 6-arcsec resolution overlaid on the SDSS r-band
image; bottom right - radio spectrum of source A with flux densities from CATS (black
circles), from Stanghellini et al. (2009) (blue squares) and from LoTSS (red diamond).
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All the results presented above, i.e. the positional alignment between
the radio sources and presence of diffuse emission along the source axis, the
spectral index distribution and the absence of further optical counterparts,
seem to support the idea that all components belong to the central quasar.

If this was the case, the radio source would have an angular size of
about 100 arcsec, that corresponds to a linear size of 780 kpc at z=0.817,
neglecting any projection angle. This would place the object in the rare
category of giant radio quasars (GRQ). Some of the first sources identified as
GRQ are 4C 34.47 (0.84 Mpc, Conway et al. 1977; Hocuk & Barthel 2010),
4C 74.26 (1.1 Mpc, Riley et al. 1989, Konar et al. 2004), 0309+411 (1.8
Mpc, de Bruyn 1989), 0437-244 and 1025-229 (1.06 and 1.11 Mpc, Ishwara-
Chandra & Saikia 1999), and WENSS B0750+434 (2.9 Mpc, Schoenmakers
et al. 2001). More recent samples include Kuźmicz & Jamrozy (2012),
Dabhade et al. (2017) and Coziol et al. (2017) with the size record currently
held by the source J0931+3204 (4.45 Mpc, Coziol et al. 2017). Giant
radio quasars represent a few percent of the giant radio source population
(10% (5/50) Ishwara-Chandra & Saikia (1999); 16% (4/25) (Dabhade et al.
2017)). Moreover, Coziol et al. (2017) find that only 1% (3/408) of the radio
quasars in their sample consists of giant sources.

An interesting case of GRQ is the source 4C02.27 studied by Jamrozy
et al. (2009). This source is claimed to be the first recognized example of
a double-double radio quasar. Double-double radio galaxies consist of two
pairs of aligned radio lobes. The inner lobes are thought to be connected to
the current AGN activity, while the outer ones are claimed to be remnants
of a previous AGN episode. Jamrozy et al. (2009) find that the spectral
indices of the two outer lobes of 4C02.27 are α1400

612 = 1.2 and α1400
612 = 1.0.

The radio source J1203+4803 presented here also shows multiple
components and in particular, the outermost components (C and D) have
particularly steep spectra, compatible with what is found by Jamrozy et al.
(2009). However, in J1203+4803 the morphology is extremely asymmet-
rical, with the Western arm having only one component beyond the core
(component D) and the Eastern arm having two components (components
B and C). A possible scenario to describe the source morphology is that
it consists of a pair of inner powerful jets that are subject to relativistic
beaming and two outer, ageing lobes. In this case, the relativistic beaming
would enhance the luminosity of the approaching jet and suppress that
of the receding jet, which is therefore not detected making it a core-jet
source. We also note that intrinsically asymmetric jets have been suggested
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in the literature (e.g. Saikia et al. 1996) but likely represent a very
rare possibility. Moreover, Hernández-Garćıa et al. (2017) have recently
reported an extraordinary case of restarted activity in the nuclear region
of the giant radio galaxy PBC J2333.9-2343. The authors propose that
the newly born jets have realigned with respect to the previous phase of
activity and are now pointing towards us, making the source appear as a
blazar. While this represents a very rare case and concerns much smaller
scales, we cannot exclude that a jet realignment may have played a role in
the source presented here, explaining its notable asymmetry.

New deep radio observations at frequencies higher than those accessible
with LOFAR and different resolutions, as well as dedicated optical observa-
tions to look for optical counterparts of the newly discovered components
could help in constraining the nature of the source.

6.4.2 J1241+5458

The source J1241+5458 was selected by Mingaliev et al. (2013) as part of a
search for GPS radio galaxies. They selected all sources with convex radio
spectra and flux density Sν >200 mJy at 4800 or 5000 MHz using the CATS
database. A sample of 467 sources was selected in this way. However, due
to the inhomogeneous data used in the selection (both in time and spatial
resolution) these sources may be only regarded as candidate GPS sources.

As shown in Figure 6.4, the source J1241+5458 (source A) is unresolved
in both LoTSS and FIRST and has a convex radio spectrum peaking at
about 1400 MHz (see bottom left panel). The LoTSS flux density is shown
as a red diamond and confirms the inverted shape of the spectrum at low
frequency. The two-point spectral index in the range 150-1400 MHz using
LoTSS and FIRST is equal to α1400

150 =-0.64. The optical counterpart of this
source is not certain. The closest galaxy to the FIRST source position is
the source SDSS J124127.94+545814.4 that is located 5 arcsec away in the
Southern direction, well beyond the astrometric error of the FIRST survey.

From the maps shown in Figure 6.4 we note that both FIRST and
LoTSS detect a second pointlike source to the North (hereafter source ‘B’).
This lies about 1.6 arcmin away from the source of interest. Additionally,
at low frequencies, a further source with extended emission and low surface
brightness is detected (hereafter source ‘C’), located in between the two
pointlike sources at about 0.8 arcmin distance from source A. For source
B we have reconstructed the radio spectrum using the CATS catalogue
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Table 6.5 – Flux densities (LoTSS and FIRST) and spectral indices of the source
J1241+5458.

Component S150 S1400 α1400
150

[mJy] [mJy]

A 67.79 283.99 -0.64
B 76.93 177.20 -0.37
C 12.42 0.6 >1.35

(see Figure 6.4) while for source C we computed a spectral index upper
limit using the LoTSS measurement and 3 times the rms noise in FIRST.
The two-point spectral index for both sources have the following values:
α1400

150 (B)=-0.37 and α1400
150 (C)>1.35 (Table 6.5).

For these two sources we searched for possible host galaxies using SDSS
DR12, WISE, 2MASS and Pan-STARRS. Since source C is extended and
has an irregular shape we cannot be sure about its optical identification.
However, the SDSS catalogue (version 12) reports the presence of a weak
galaxy (SDSS J124126.46+545908.5) at the location of the radio peak of
source C that may be considered the most likely host. Unfortunately, no
information about the redshift of this object is available. On the other
hand, we could not identify any obvious counterpart for source B.

From the results shown above, it is difficult to assess whether the three
sources are part of the same object or whether they are just a chance
alignment. While the probability of such a close chance alignment are low,
we note that the morphology and spectral index distribution of the three
sources are likewise difficult to interpret in the context of one single object.
Therefore we tend to favour the hypothesis of their being unrelated objects.
In this case source C might represent a newly discovered unrelated remnant
radio galaxy. Future optical or infrared observations with higher sensitivity
are required to investigate the presence of higher redshift counterparts for
source A and B to exclude the possibility of them being related to a single
source.

6.4.3 1310+4653

The source 1310+4653 was selected as part of the sample of HFP by
Dallacasa et al. (2000). The integrated spectral index between LoTSS
and FIRST is α1400

150 =-0.05. It is identified with the quasar SDSS
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Figure 6.4 – Radio maps and radio spectrum of the source J1241+5458. Top left -
LoTSS image at 20 arcsec resolution; top-right - LoTSS image at 6-arcsec resolution.
Red contours represent the LoTSS image and the blue contours from the FIRST image
(levels -3, 3, 5, 10 × σlocal). In the bottom right corner the beam of the radio image
is shown. The red cross represents the position of the source in the radio catalogue by
Mingaliev et al. (2013). Centre - LoTSS contours at 6-arcsec resolution overlaid on the
SDSS r-band image; bottom-left - radio spectrum of source A with flux densities from
CATS as black circles or red triangles (when upper limits) and from LoTSS as blue
diamond; bottom-right - radio spectrum of source B with flux densities from CATS as
black circles or red triangles (when upper limits) and from LoTSS as blue diamond.
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J131053.59+465352.0 located at redshift z=1.11. From figure 6.5 we can
see that the extension of the LOFAR emission at 150 MHz goes beyond
the compact component detected by FIRST at 1400 MHz. The LOFAR
emission has a maximum extension of ∼30 arcsec, which corresponds to
∼ 245 kpc. As the radio source is associated with a quasar we expect the
radio source to have a non-negligible inclination angle with respect to the
line of sight. The physical size reported above should therefore be treated
as a lower limit. We note that, due to the ionospheric distortions that
typically affect the observations at these frequencies, we cannot confirm
that this extension is real. Therefore, we consider it as just a tentative
detection. A more careful manual imaging will be required to assess the
source shape.

6.4.4 1414+4554

The source 1414+4554 is part of the COINS sample of compact symmetric
objects selected by Peck & Taylor (2000). The integrated spectral index
between LoTSS and FIRST is α1400

150 =-0.70. It is hosted by the galaxy SDSS
J141414.83+455448.7 as catalogued in SDSS DR12, located at redshift
z=0.458. In Figure 6.6 we can observe two extensions in the North-South
direction at 150 MHz having a total extension of ∼ 30 arcsec, which
corresponds to ∼170 kpc, neglecting any projection effect. Like for the
source 1310+4653 discussed in Section 6.4.3 we cannot exclude that the
extensions are related to imaging artefacts, therefore we consider this as a
tentative detection too.
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Figure 6.5 – Radio maps and radio spectrum of the source J1310+4653. Top-left -
zoom-out of the LoTSS image at 6-arcsec resolution with black circle marking a distance
of 2 arcmin from the target source; top-right - zoom-in of the LoTSS image at 6-arcsec
resolution. Red contours represent the LoTSS image at 6-arcsec resolution, green contours
the LoTSS image at 20-arcsec resolution and yellow contours the FIRST image (levels
-3, 3, 5, 10 × σlocal). In the bottom right corner the beam of the radio image is shown.
Bottom-left - red radio contours from LoTSS at 6-arcsec resolution and blue contours
from FIRST overlaid on the SDSS r-band map. Bottom-right - radio spectrum of the
source with flux densities from CATS as black circles and from LoTSS as a red diamond.
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Figure 6.6 – Radio maps and radio spectrum of the source J1414+4554. Top-left -
zoom-out of the LoTSS image at 6-arcsec resolution with black circle marking a distance
of 2 arcmin from the target source; top-right - zoom-in of the LoTSS image at 6-arcsec
resolution. Red contours represent the LoTSS image at 6-arcsec resolution, green contours
the LoTSS image at 20-arcsec resolution and yellow contours from the FIRST image
(levels -3, 3, 5, 10 × σlocal). In the bottom right corner the beam of the radio image
is shown. Bottom-left - red radio contours from LoTSS at 6-arcsec resolution and blue
contours from FIRST overlaid on the SDSS r-band map. Bottom-right - radio spectrum
of the source with flux densities from CATS as black circles and from LoTSS as a red
diamond.
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6.5 Discussion and conclusion

In this work we have presented a search for extended, low surface brightness
emission at low frequency around a sample of well-known CSS, GPS and
HFP sources. The sample was created by cross-matching known samples
of compact sources with the LoTSS sky coverage in the HETDEX field
and consists of 18 objects. In 4 of these 18 sources we detect extra
extended emission at low frequency (1203+4803, 1241+5458, 1310+4653,
1414+4554) and in two of these we are confident that the emission is
real (1203+4803, 1241+5458). We consider the two sources 1310+4653
and 1414+4554 only as tentative detections, as for these cases we require
improved imaging to exclude the possibility that the low frequency extended
emission is related to deconvolution artefacts. The source 1203+4803
looks particularly interesting as it may represent a new case of giant
radio quasar with maybe multi-epoch jet activity (see Section 6.4.1). The
source 1241+5458 is also intriguing due to its either unusual morphology
or coincidental alignment (see Section 6.4.2).

The total fraction of compact sources with associated extended emission
that we find at low frequency is therefore in the range 15-30% (1-4 out
of 13). This is consistent with the findings of Stanghellini et al. (1990)
and Stanghellini et al. (2005) at frequencies higher than 1.4 GHz (∼25%
(4/15) and ∼18% (6/33) respectively). However, we do not obtain a higher
detection rate by moving the search to lower frequency as was expected.

The low fraction of new detections that we obtain seems to suggest
that the timescales of the jet recurrency are typically much longer than the
luminosity evolution of the remnant plasma due to radiative energy losses
and adiabatic expansion (even at low frequency). This is in agreement
with the statistical results obtained in Chapter 3, where it is found that
the fraction of remnants remains low even at low frequencies and that the
remnant plasma remains visible for less than half of the jet active phase
due to a rapid luminosity evolution.

In particular, observations and spectral modeling of remnant and
restarted radio galaxies presented in the literature show that remnant
plasma remains visible for few Myr up to ∼ 100 Myr after the jets switch off
(e.g. 60 Myr, ∼100 Myr, 4C 29.30 Jamrozy et al. 2007; 0.6-48 Myr Parma
et al. 2007; 1-30 Myr Konar & Hardcastle 2013; 18-55 Myr Murgia et al.
2011, 60 Myr, VLSS J1431.8+1331 Shulevski et al. 2015; B2 0924+30, 50
Myr Shulevski et al. 2017). In Chapter 2 we find that the time elapsed
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since the jet cessation in the radio galaxy blob1 is ∼60 Myr. Therefore,
the statistic presented in this work on the occurrence of remnant emission
around compact radio galaxies implies that in about> 80% of radio galaxies
the quiescent time between two phases of jet activity is longer than few tens
of Myr.

Apparently, sources like B2 0258+35 (Shulevski et al. 2012; Chapter 4)
or Centaurus A (e.g. Morganti et al. 1999; McKinley et al. 2013, 2017),
where the extended, old outer lobes are most likely still fuelled by the
nuclear activity or may have experienced a short quiescent phase (few to
few tens of Myr) are not a common phenomenon.

We note that our maximum spatial resolution of 6 arcsec does not allow
us to verify the results obtained by Luo et al. (2007) and Orienti & Dallacasa
(2008), who find compact sources to be cyclic on timescales of the order
of 103 − 104 yr on small spatial scales (<100 pc). A future analysis of the
entire sample including LOFAR observations with international stations
will allow us to expand the search to sub-arcsecond scale resolutions.

We also mention that the probability of detecting extended, low surface
brightness emission is influenced by the target redshift. On one hand, the
higher the redshift is, the quicker the remnant plasma tends to disappear,
due to the increase of inverse Compton scattering between particles and
the cosmic microwave background. On the other hand, remnants with low
surface brightness emission may just remain undetectable even with the
current high sensitivity images. Stanghellini et al. (2005) investigated the
effect of redshift on the detectability of extended emission and found that
at z>1 the extended structures can easily lie below the detection threshold.

To verify the impact of the redshift on our conclusions with respect to
Stanghellini et al. (2005) we plot in Figure 6.7 the distribution of radio
powers at 1.4 GHz (derived from FIRST) vs redshift, for the GPS/CSS
sources in the HETDEX compact-source sample (diamonds) and in the
sample by Stanghellini et al. (2005) (circles). Red symbols indicate compact
sources that show extended emission. The distributions of the two samples
are in accordance and in both cases the majority of the sources with extra
extended emission are located at redshifts ≤1 as expected.

We stress that our results are limited by the small statistics and by the
inhomogeneity of the sample, which can only be considered representative.
Larger and complete samples are required to infer definitive conclusions.
In the future, we plan, on one hand, to extend the same search to the
entire Northern sky when the LoTSS coverage will be completed and, on
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Figure 6.7 – Radio power at 1.4 GHz vs redshift. Circles represent the sources of the
HETDEX compact-source sample and stars represent the sources in Stanghellini et al.
(2005). Red symbols identify sources where extended emission around the target has
been detected and blue symbols sources with tentative extended emission detection.

the other hand, to perform the same investigation on a new flux limited
sample of compact radio galaxies selected using LoTSS. Finally, we plan to
further investigate the properties of the four candidate restarted sources by
manually improving the LOFAR image quality and by complementing the
LOFAR data with dedicated observations at higher frequency. This will
enable us to confirm the properties and the nature of the newly discovered
extensions.
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Appendix 6.A Radio images and spectra of the
sources in the sample
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Figure 6.8 – Radio maps of the sources in the HETDEX compact-source sample (zoom-
out on the left and zoom-in on the right). The grey scale and the red contours represent
the LoTSS image at 6 arcsec resolution and the scale is set in Jy beam−1. Green contours
represent the LoTSS image at 20 arcesc resolution and the yellow contours FIRST at 1.4
GHz. Levels are 50, 20, 10, 5, 3, -3 × σlocal where σlocal = 90 − 500µJy beam−1 for
the LoTSS images at 6 arcsec resolution, σlocal = 110− 850µJy beam−1 for the LoTSS
images at 20 arcsec resolution and σlocal = 80− 220µJy beam−1 for the FIRST images.
The black circle indicates a distance of 2 arcmin from the target source.
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Figure 6.8 - Continued
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Figure 6.9 – Radio spectra of the sources in the sample created using the CATS database
(Verkhodanov et al. 1997) (black circles) as described in Section 6.4. The red diamond
represents the LoTSS measurement at 150 MHz and 6 arcsec resolution.
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6.A. Radio images and spectra of the sources in the sample 213

100 1000 10000
Frequency [MHz]

1

10

100

1000

Fl
u
x
 d

e
n
si

ty
 [

m
Jy

]

J1421+464547

100 1000 10000
Frequency [MHz]

1

10

100

1000

Fl
u
x
 d

e
n
si

ty
 [

m
Jy

]
J1452+5142

Figure 6.9 - Continued



214 Chapter 6. A LOFAR view on the duty cycle of young radio galaxies

References

An, T. & Baan, W. A. 2012, ApJ, 760, 77
Baum, S. A., O’Dea, C. P., Murphy, D. W., & de Bruyn, A. G. 1990, A&A,

232, 19
Brienza, M., Morganti, R., Shulevski, A., Godfrey, L., & Vilchez, N. 2016,

Astronomische Nachrichten, 337, 31
Bruni, G., Mack, K.-H., Montenegro-Montes, F. M., Brienza, M., &
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In this thesis, we have presented an investigation of the life cycle of
radio galaxies based on LOFAR observations at 150 MHz and dedicated or
archival data at higher frequency.

We have performed a detailed analysis of one remnant radio galaxy that
we have discovered with LOFAR (so-called blob1, Chapter 2) and two known
restarted radio galaxies (B2 0258+35, Chapter 4 and 3C388, Chapter 5),
aimed at constraining their physical properties and the duty cycle. We have
also performed new searches of AGN remnant emission at low frequency
to construct new samples of sources whose nuclear activity has ceased
or ceased and restarted. In particular, in Chapter 3 we have described
the selection of a sample of remnant radio galaxies in the Lockman Hole
extragalactic field, while in Chapter 6 we have investigated the presence of
remnant emission around a sample of known active compact radio galaxies
using the most recent release of the LOFAR Two-metre Sky Survey (LoTSS,
Shimwell et al. (2017)). Finally we have developed Monte Carlo simulations
to create mock radio catalogues of radio galaxies, based on empirical
physical properties, and radiative and dynamical models, to estimate the
expected fraction of remnant radio galaxies in radio flux limited samples
(see Chapter 3).

The results of this thesis provide important predictions on the abun-
dance of remnants in the low frequency radio sky and useful indications
on the selection strategy that should be used for selecting larger samples
of remnant and restarted radio galaxies, which are required to address the
study of these classes of sources in a statistical way.

7.1 Conclusions chapter by chapter

In this section we summarize the main results obtained in each chapter:

Chapter 2 - LOFAR discovery of a 700-kpc remnant radio galaxy at low
redshift

• The serendipitous remnant AGN studied in this chapter, blob1, was
first selected because of its amorphous morphology without compact
structures at all the observing frequencies (150, 327 and 1400 MHz),
as expected for remnant plasma. Only high resolution observations
at 5000 MHz have revealed the presence of a very weak core, which



7.1. Conclusions chapter by chapter 219

implicates a very low core prominence equal to 6 ·10−4. This suggests
that the nuclear engine is still active but is in a very low-power state.

• The host galaxy of the radio source is identified with an elliptical pas-
sive galaxy located at redshift z=0.05, which is currently interacting
with another galaxy located at a projected separation of 15 kpc and a
radial velocity offset of ∼ 300 km s−1. The dynamical timescale of the
system, equal to tdyn = 60 Myr, is compatible with tidal interactions
having played a role in the triggering and/or shut-down of the radio
jets.

• The spectral shape of this remnant radio galaxy differs from most of
the previously identified remnant sources, which show ultra-steep or
curved spectra at low to intermediate frequencies. In the case of blob1
the extreme spectral curvature could only be observed by including
a measurement at 5000 MHz. This suggests that there is a class of
remnants that is missed by the classical ultra-steep spectrum selection
criterion unless frequencies higher than 5000 MHz are included.

• By modelling the radio spectrum with a radiative only evolution
model we have estimated that the source has remained visible for
about 60 Myr after the jet cessation, significantly longer than the jet
active phase equal to 15 Myr. This is unexpected for a source located
outside a cluster environment where the plasma is not confined by
a dense medium and is free to expand. This is compatible with the
plasma not being overpressured at the end of the jet activity and with
a slow radiative cooling driven by the very low magnetic field (1µG).

Chapter 3 - Search and modelling of remnant radio galaxies in the LOFAR
Lockman Hole field

• We have identified 23 remnant radio galaxy candidates in the
Lockman Hole field at 150 MHz. Motivated by the results obtained
in Chapter 2 and in order to avoid any biases, we have used
complementary selection criteria to the classical ultra-steep spectral
index. While we have found that the spectral curvature in the
frequency range 150-1400 MHz is not ideal for this selection (higher
frequencies are needed), we have obtained successful results by using
the morphology and the low core prominence as criteria. Interestingly,
only a fraction of remnants equal to <46% selected via morphology
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and a fraction equal to ∼10% selected via low core prominence is
found to have ultra-steep spectra with α1400

150 >1.2, confirming that
remnants can have different spectral properties and thus the need for
extra selection criteria.

• At the depth of our new LOFAR observations, luminosity function
simulations suggest that the majority of the sources are FR Is.
Using Monte Carlo simulations we have therefore created mock radio
catalogues of FR I radio galaxies to be compared with the empirical
radio catalogue. We have found that dynamical evolution models are
required when modelling the luminosity evolution of radio galaxies,
in order to reproduce the observed fraction of ultra-steep spectrum
remnants in the Lockman Hole field (≤15%). When only the radiative
evolution is included, the number of ultra-steep spectrum remnants is
overpredicted by about a factor of 2. This confirms that models that
are classically used to derive radiative ages of FRIs, which neglect
adiabatic cooling and magnetic field evolution during the remnant
phase, can only be used to derive upper limits to the remnants age.

• Monte Carlo simulations confirm that ultra-steep spectrum remnants
represent only a subset of the entire population (∼50%) when
frequencies higher than 1400 MHz are not included in the selection
process, and that they are biased towards old ages. This demonstrates
again the need to include frequencies >1400 MHz or additional
selection methods in order to collect the entire population.

• At low frequency the fraction of remnant radio galaxies with respect
to the total radio galaxy population remains low, contrary to previous
expectations. Simulations predict a very rapid drop in the remnant
radio galaxies fraction above 100 Myr and that about 70% of the
remnant sources become undetectable after half the duration of the
jet active phase.

Chapter 4 - The duty cycle of the radio galaxy B2 0258+35

• New observations with LOFAR at 145 MHz confirm the size (∼265
kpc), relaxed shape and low surface brightness of the large scale
lobes that surround the compact radio galaxy B2 0258+35, originally
identified at 1400 MHz. The extreme luminosity contrast between the
inner and outer structure might be explained, on one hand, by strong
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adiabatic expansion of the plasma of the outer lobes in the ambient
medium and, on the other hand, by a luminosity boost of the inner
lobes due to compression of the magnetic field.

• The combination of the LOFAR and Sardinia Radio Telescope
observations at 145 and 6600 MHz respectively, with old data at 1400
MHz shows that the integrated spectrum of the Northern lobe does
not have a significant spectral curvature (SPC∼0.2±0.2), which we
would expect for old ageing plasma. The computed spectral indices
are equal to α145

1400 = 0.48 ± 0.11 and α1400
6600 = 0.69 ± 0.20. The

spectral index in the Southern lobe in the range 145-1400 MHz is
α145

1400 = 0.73± 0.07.

• The spectral shape of the Northern outer lobe is not compatible with
the plasma being a very old remnant of past activity. We conclude
that either the large-scale lobes are still fuelled by the nuclear engine
or the jets have switched off no more than a few tens of Myr ago.
By assuming a simple radiative model to describe the integrated
spectrum of the outer Northern lobe we have computed a first order
upper limit to its radiative age equal to .110 Myr. When this number
is combined with the age of the inner jets (0.4 Myr) we can only derive
timescale for the quiescent jet phase equal to .100 Myr.

• Future searches of restarted radio galaxies should bear in mind
that not all low-surface brightness lobes and halos with amorphous
shape that are found around compact, bright jets are necessarily old
ultra-steep spectrum remnants of past AGN activity. This must be
especially true for low power radio galaxies, where large scale jets can
accelerate particles at a very low rate.

Chapter 5 - The restarted radio galaxy 3C388

• New low frequency observations (280-1400 MHz) of the source 3C388
confirm the significant steepening of spectral indices towards the edge
of the lobes that was previously identified at higher frequencies (1400-
4850 MHz) and claimed to be evidence of a double electron population
originated from multiple jet episodes. In particular, the spectral
curvature in the inner regions of the lobes (0.25 ≤ SPC ≤ 0.35) is
compatible with the plasma being still accelerated by the jets. On
the contrary, at the lobe edges the spectral curvature increases to
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SPC=0.7-0.8, as expected by old ageing plasma that is not replenished
with new, freshly injected particles.

• Interestingly, none of the classical radiative models (JP and Tribble)
provide good fitting results to the pixel-by-pixel source spectrum.
This suggests that the physical assumption of a single particle popula-
tion made in these models does not meet the physical conditions of the
plasma in the lobes. Mixing of particle populations with significant
age difference may justify this result pointing towards the presence
of plasma originated from multiple jet activity phases. The poor fit
results prevent us from deriving reliable age estimates for the plasma
in the different regions of the source.

• By fitting the pixel-by-pixel source spectrum leaving the injection
index as a free parameter we find hints of a possible dichotomy in
the injection index distribution within the lobes. In particular, the
spectra in the inner regions of the radio lobes are best fitted with
a model having αinj ∼ 0.5, while higher values of αinj ∼ 0.6-0.7 are
required by the outermost regions of the radio lobes. This may also be
considered a tentative indication of the presence of a double electron
population in the two lobe regions.

• In conclusion, we suggest that the discontinuity in spectral index
distribution observed in the outskirts of the source lobes alone cannot
be used as a definitive evidence of restarted jet activity. However, we
find other indications that point towards the same scenario, i.e. the
high spectral curvature at the lobe edges, indications of strong mixing
within the lobes and a tentative dichotomy in αinj between the outer
and inner regions of the lobes.

• While better statistics on the radio galaxy population is required
to assess the method, the spectral index distribution looks like a
promising criterion to select restarted radio galaxies and should be
further explored.

Chapter 6 - A LOFAR view on the duty cycle of young radio galaxies

• By cross-matching known samples of compact sources with the LoTSS
sky coverage in the HETDEX field we have selected a sample of 18
objects, to investigate the presence of associated remnant emission.
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All 18 sources are detected by LoTSS at 150 MHz and 4 display extra
extended emission (one is confident, one is maybe coincidental and
two are tentative), indicating an occurrence in the range of ≤5-20%.

• One source, 1203+4803, looks particularly interesting as it seems to
represent a new case of giant radio quasar with possible multi-epoch
jet activity.

• The low fraction of detections obtained in this work is compatible with
previous results at higher frequency and suggests that in a fraction
80% of radio galaxies the quiescent phase between two epochs of jet
activity is longer than the luminosity evolution of the remnant plasma,
which is typically a few tens of Myr and up to ∼100 Myr. This is
consistent with the statistical results obtained in Chapter 3, where
it is found that the fraction of remnants remains low even at low
frequencies, due to their rapid luminosity evolution.

• Compact sources like B2 0258+35 (Shulevski et al. 2012; Brienza
et al. 2016; Chapter 4 in this thesis) or Centaurus A (e.g. Morganti
et al. 1999; McKinley et al. 2013, 2017), where the extended, older
outer lobes are most likely still fuelled by the nuclear activity or the
jets have switched off no more than a few tens of Myr ago are not a
common phenomenon.

7.2 General conclusions

In this section we combine the results obtained in each individual chapter
to address the questions presented in Chapter 1 (Section 1.5).

What are the physical characteristics of remnant radio galaxies?

Most of the remnant radio galaxies discussed in the literature so far have
ultra-steep radio spectral indices (α ≥ 1.2), which are typical of old ageing
plasma. In this thesis we have shown with both observations (Chapter 2
and 3) and Monte Carlo simulations of radio galaxies (Chapter 3) that at
frequencies lower than 1400 MHz the spectrum of remnants may still be only
partially affected by radiative cooling and therefore be comparable with an
active AGN (0.5 ≤ α ≤ 1). This is consistent with the existence of remnant
radio galaxies of different ages and at different stages of their evolution.
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Other observational results by Murgia et al. (2011) and Mahatma et al.
(2017, submitted) also support these findings.

From a morphological point of view, remnants are classically expected
to lack radio cores. However, high sensitivity and high spatial resolution
observations of blob1 at 5000 MHz have revealed the presence of a very weak
core, whose power is well below the typical values observed in active radio
galaxies (see Chapter 2). This has shown us that, even if the integrated
spectrum of the source is highly curved above 5000 MHz indicating strong
radiative ageing, some nuclear activity can still be present at very low levels.
This suggests us that, in some cases, the AGN activity may not abruptly
interrupt but only undergo a severe suppression that causes the large scale
jets to stop.

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

As demonstrated in Chapter 2 and 3, and discussed above, remnant
radio galaxies may have a wide range of characteristics. For this reason
we have found that complementary selection criteria are necessary to
construct complete and unbiased samples, especially if not many frequencies
are available for the selection. In particular, ultra-steep spectral indices
(α ≥ 1.2) do still represent the best method for selecting the oldest
remnant plasma, even when only frequencies below 1400 MHz are available.
However, in absence of optical counterparts with redshift information, a
size cut is recommended in order to avoid being contaminated by high
redshift radio galaxies, which are expected to be compact and have the same
spectral shape. If measurements at 5000 MHz are included in the selection,
Monte Carlo simulations predict that the population of remnants is almost
entirely recovered. Unfortunately, surveys at 5000 MHz are currently not
available for large portions of the sky. Therefore, complementary selection
criteria should be considered. Among these, the low core prominence and
amorphous morphologies have been successfully used for selecting a sample
of remnant candidates. On the contrary, the selection based on spectral
curvature in the range 150-327-1400 MHz has not provided useful results
as it only allowed us to select sources that were already identified by the
ultra-steep spectral index criterion. In order for this method to be fruitful,
frequencies higher than 1400 need to be included, as for the case of blob1
(Chapter 2).
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Finally, in Chapter 5 we have investigated the possibility of using
resolved spectral studies to identify remnant radio plasma associated with
restarted jets in the range 150-1400 MHz. While better statistics on
the spectral index distribution in radio galaxies is required to assess this
method, the results look promising. Moreover, results from Chapter 4
suggest that future searches of restarted radio galaxies should bear in mind
that not all low-surface brightness lobes and halos with amorphous shape
that are found around compact, bright jets are necessarily old ultra-steep
spectrum remnants of past AGN activity.

We stress the that the main difficulty of selecting (and confirming)
remnant radio galaxies is related to the need of many different observations
over wide sky regions. In particular, spectral selections require multi-
frequency observations at comparable sensitivity and resolution, and
morphological selections require images at different resolution to study the
source structure and resolved spectral properties.

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

Based on purely radiative cooling arguments, remnant radio plasma has
classically been thought to remain visible for a period >100 Myr after the
jet cessation, (Cordey 1986). If this was true, detections of such sources in
the last decades at frequencies equal or higher than 1400 MHz would have
been much more abundant.

In the past years, claims have been made that the fraction of AGN
remnants would have increased when moving the searches to low frequency,
where the ageing plasma is expected to be brighter. However, our search
for remnants in the Lockman hole with LOFAR at 150 MHz has taught
us that remnants remain rare even at low frequency and even including
complementary selection criteria in the search, with fractions <15% with
respect to the entire radio galaxy population. This is also confirmed by
another recent study in the H-Atlas field by Hardcastle et al. (2016) and
Mahatma et al. (2017, submitted). This suggests us that the luminosity
evolution of radio plasma is faster than originally expected.

Our Monte Carlo simulations of radio galaxies show that radiative
cooling models alone are not sufficient to reproduce observations. Instead,
including adiabatic expansion of the remnant plasma in the ambient
medium is crucial in order to reproduce the observed fraction of remnants.
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In particular, our simulations predict that, in about 70% of the cases, the
remnant plasma remains visible for less than half of the AGN active phase,
which typically lasts few tens of Myr.

In light of this, ages derived with simple radiative models, like for the
source blob1 presented in Chapter 2, must only be regarded as upper limits
to the actual remnant source age.

We note however that, while these results are statistically valid, the
actual source evolution varies from case to case and depends on a number
of factors. 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). Moreover, low values of magnetic fields
(like in the case of blob1 ) do contribute to slow down the plasma radiative
cooling, making the source visible for longer.

What can we learn about the duty cycle of radio AGN by studying compact
peaked spectrum radio galaxies?

Compact peaked spectrum radio galaxies represent a potentially useful
tool to investigate the jet duty cycle as they allow us to compare the age
of the remnant plasma with the age of the newly started jets.

As already discussed above, low frequency observations have always
been claimed to be able to reveal more remnants of past jet activity.
However, the detection statistics of remnants associated with active
compact radio galaxies that we have obtained in Chapter 6 (5−20%) is not
higher than that obtained by similar searches at higher frequencies. This
provides further support to the statistical results presented in Chapter 3,
where it is found that the fraction of remnants remains low, even at low
frequencies, and that the remnant plasma remains visible for less than half
of the jet active phase. This study has suggested to us that the the quiescent
phase between two epochs of jet activity is longer than the luminosity
evolution of the remnant plasma.

An interesting exception to this picture are the large-scale lobes that
surround the compact radio galaxy B2 0258+35 presented in Chapter 4. A
detailed study of their properties indicates that they are most likely still
fuelled by the nuclear activity or have just very recently switched off. This
suggests that there may be a minority of sources that, unlike the main trend,



7.3. Future prospects 227

go experience short quiescent phases (few to few tens of Myr). Among these
there may be Centaurus A (e.g. Morganti et al. 1999; McKinley et al. 2013,
2017), M87 (e.g. Owen et al. 2000, de Gasperin et al. 2012) and NGC 3998
(Frank et al. 2016). Interestingly, all these sources have been probed to have
large reservoirs of cold and molecular gas. In the future, it will therefore
be interesting to investigate the connection between the gas properties of
the host galaxies and the AGN duty cycle further.

7.3 Future prospects

This thesis has established the basis for expanding in a systematic way the
search, and therefore the study, of remnant and restarted radio galaxies in
the low frequency sky.

The natural next step of the work presented in this thesis is the optical
identification of the 23 candidate remnant radio galaxies selected in the
Lockman Hole field (Chapter 3). This will take advantage of a new image
of the region of interest at higher resolution (6 arcsec), which has recently
been produced by Mandal et al. (in prep). If redshifts for the host galaxies
are available, we will be able to study some physical quantities related to
the radio sources, such as their physical size and radio power. Moreover, we
will get indications on the source ambient environment which, as already
discussed throughout the thesis, can play a major role in both the AGN
duty cycle and the radio plasma evolution before and after the jets have
switched off.

In the near future, we plan to use the expertise gained with the work on
the Lockman Hole to search for remnants to the HETDEX area currently
covered by LoTSS at 150 MHz. Moreover, we plan to expand the search
to restarted radio galaxies. For doing this, we will need to assess the best
selection criteria as we have done for remnant radio galaxies in this thesis.
Larger samples of both remnant and restarted radio galaxies will allow us
to verify the jet duty cycle timescales derived by studies based on the radio
luminosity function.

One of the main limitations that we have encountered for the selection
of AGN remnants is the paucity of complementary sensitive radio surveys,
which has prevented a full exploitation of the LOFAR data. Very promising
is the future possibility to combine LoTSS with some of the upcoming radio
surveys. The LOFAR LBA Sky Survey (LoLss, de Gasperin et al. in prep.),
will allow us to expand the spectral selection to lower frequencies with
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unprecedented resolution and sensitivity (∼1 mJy beam−1 at 60 MHz with
45 arcsec resolution). APERTIF (Oosterloo et al. 2009) is going to provide
deep (σ=0.1 mJy) 1400 MHz data at comparable resolution to LOFAR,
allowing for a systematic search of ultra-steep spectrum remnants down
to low flux limits. Moreover, it will allow for searches based on resolved
spectral properties. The VLA Sky Survey (VLASS, Myers et al. 2014) will
instead provide maps of the Northern sky at 3000 MHz with 0.07 mJy
beam−1 rms noise and 2.5 arcsec resolution. This will expand the low core
prominence selection down to low limits.

The absence of sensitive large-area sky surveys at 5000 MHz with
intermediate resolution will remain a limitation for the blind spectral
selection of remnant plasma in the future. However, dedicated follow
up observations using both the Very Large Array and single dishes, such
as the Effelsberg radio telescope and the Sardinia Radio Telescope, can
be successfully used to confirm the nature of the selected candidates as
demonstrated with the study of the source B2 0258+35 in Chapter 4.
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Samenvatting

Wetenschappelijke achtergrond

Van de miljarden sterrenstelsels die ons heelal bevolken, wordt ongeveer 10-
15% gekarakteriseerd door een buitengewone helderheid. Deze bijzondere
sterrenstelsels worden sterrenstelsels met een actieve kern (AGN - Active
Galaxy Nuclei in het Engels) genoemd en behoren tot de meest energetische
systemen van het universum. In hun centrum bevindt zich een zwart gat
met een massa tussen de 10 miljoen en 1 miljard zonsmassa’s. Dit wordt
een zwart gat genoemd omdat zelfs het licht, dat de hoogste snelheid in de
natuur heeft, niet aan zijn enorme zwaartekracht ontsnappen kan.

Wanneer gas, stof en sterren de omgeving van het zwarte gat bereiken,
worden ze aangetrokken door het zwarte gat en dit proces noemen we
accretie. Voordat dit materiaal volledig door het zwarte gat wordt
opgeslokt, wordt het versneld en opgewarmd. Hierbij komt een grote
hoeveelheid energie vrij in alle banden van het elektromagnetisch spectrum.
De hoeveelheid straling die hierbij vrijkomt is honderd tot duizend keer
groter dan de straling die geproduceerd wordt door de sterren, het gas en
het stof tezamen in een doorsnee sterrenstelsel.

Tegenwoordig is er bewijs dat er zich in het centrum van elk groot
sterrenstelsel een superzwaar zwart gat bevindt. Dit superzware gat kent
verschillende fases van activiteit en van rust gedurende het leven van
het sterrenstelsel, hetgeen afhankelijk zijn van de hoeveelheid gas die in
de omgeving van het zwarte gat beschikbaar is. De details van deze
activiteitscyclus worden echter nog lang niet volledig begrepen.
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Hoewel een sterrenstelsel gedurende zijn levensduur slechts episodisch
een AGN is, speelt de AGN een cruciale rol in de evolutie van sterrenstelsels.
De AGN is in staat om het gas dat in het sterrenstelsel aanwezig is
te verwarmen, te verplaatsen en zelfs om het gas uit het sterrenstelsel
te verwijderen. In het bijzonder, wordt van AGN gedacht dat ze
verantwoordelijk zijn voor het waargenomen drastische onderdrukken van
de stervorming in elliptische sterrenstelsels.

Waarnemingen van AGN op verschillende golflengtes hebben gedurende
de afgelopen decennia een breed spectrum aan eigenschappen blootgelegd
en hebben geleid tot een groot aantal verschillende classificaties. Vandaag
de dag wordt van veel van deze eigenschappen gedacht dat ze te maken
hebben met de oriëntatie van de AGN ten opzichte van de waarnemer.
Echter, er is tenminste één fundamenteel fysisch verschil en dat betreft de
aan- of afwezigheid van een tweelingjet van relativistische deeltjes (d.w.z.
deeltjes die bijna met de lichtsnelheid bewegen) en magnetische velden
(Figuur 1). Deze stroom van deeltjes ontwikkelt zich dicht bij het zwarte
gat, waar het materiaal versneld wordt en het vervolgens verder uitdijt in
het sterrenstelsel en daarbuiten. Deze bronnen staan bekend als AGN’s
met een jet of ook wel radioluide AGN, omdat ze veel van hun straling
uitzenden op radiofrequenties, en representeren het belangrijkste onderwerp
van dit proefschrift. Het mechanisme dat verantwoordelijk is voor de
radiostraling is grotendeels synchrotronstraling, hetgeen ontstaat wanneer
elektrisch geladen deeltjes op relativistische snelheden door een magnetische
veld bewegen.

Zoals alles in de natuur, veranderen radiosterrenstelsels in de loop
van de tijd en deze evolutie staat bekend als de ‘de levenscyclus van een
radiosterrenstelsel’. Jonge radiobronnen, hebben jets die kleiner zijn dan
enkele duizenden lichtjaren en bevinden ze zich volledig in het sterrenstelsel
waar ze ontstaan zijn. Vervolgens dijen de jets uit tot buiten het
sterrenstelsel zelf en kunnen ze afmetingen bereiken van enkele miljoenen
lichtjaren. Gedurende de uitdijing ondergaan de deeltjes van de jets
interacties met het omringende materiaal en vormen ze een karakteristieke
structuur die radiolobben worden genoemd. Wanneer de meest krachtige
jets in botsing komen met externe materie, worden sterke schokgolven
gecreëerd die zich manifesteren als compacte en zeer heldere gebieden
op de rand van de radiolobben en die hotspots genoemd worden. In
Figuur 2 worden enkele voorbeelden van radiosterrenstelsels getoond die
zijn waargenomen met de Very Large Array in New Mexico.



Samenvatting 233

Figuur 1 - Artistieke weergave van een AGN die het zwarte gat in het centrum van het
heelal toont dat het omringende materiaal aantrekt en een straal deeltjes produceert die
naar buiten toe uitzet. Credits: NASA/JPL-Caltech.

Na een periode die varieert tussen enkele miljoenen tot tientallen
miljoenen jaar, stopt het zwarte gat materiaal aan te trekken en doven de
jets uit. Gedurende deze fase dijen de radiolobben uit in het intergalactische
medium en neemt hun helderheid af, met name voor op hoge frequenties.
Radiosterrenstelsels in deze fase worden AGN restanten genoemd en zijn het
onderwerp van dit proefschrift. In sommige gevallen begint het zwarte gat
na een periode van inactiviteit opnieuw materiaal aan te trekken en worden
de jets opnieuw geactiveerd. Deze zogenaamde herstarte radiosterrenstelses
vormen ook een aandachtsgebied van dit proefschrift. Bij deze objecten is
het mogelijk om zowel de nieuwe jets als de oude jets van een eerdere periode
van jet-activiteit waar te nemen.

Zoals eerder genoemd, kunnen jets een significante impact hebben
op het sterrenstelsel. Het is daarom essentieel om de details van hun
levenscyclus te begrijpen, en om de tijd die de AGN doorbrengt in zijn
actieve staat alsmede de oorsprong en frequentie hiervan te quantificeren.
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Figuur 2 - Radiobeelden van drie beroemde radiosterrenstelsels (a, 3C193; b, 3C274; c,
3C31) met verschillende morfologie met behulp van gegevens verkregen met de Very Large
Array-telescoop, in New Mexico, met een frequentie van 1.4 GHz. Credits: NRAO/AUI.

De Low Frequency Array (LOFAR)

Hoewel in de begindagen van de radiosterrenkunde rondom 1930 met name
gebruik werd gemaakt van hele lage frequenties (lager dan enkele honderden
MHz), is in de afgelopen decennia veel observationele en technologische
moeite gedaan om telescopen die werken rond een frequentie van 1 GHz
en hoger uit te breiden. Dit werd met name gedreven door het verlangen
naar een hogere gevoeligheid en resolutie, hetgeen lastig te bereiken is op
MHz-frequenties. Echter, rond het begin van de jaren negentig herleefde
de interesse in frequenties lager dan 1 GHz. Mede gedreven door snelle
ontwikkelingen op het gebied van computers en technologie, heeft dit
geleid tot een nieuwe generatie telescopen waarbij het traditionele concept
van schotelantennes werd vervangen door omnidirectionele dipoolantennes.
Voorbeelden van deze telescopen zijn de Long Wavelength Array (LWA),
the Low Frequency Array (LOFAR) en de Murchison Widefield Array
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(MWA). Deze instrumenten worden beschouwd als de voorlopers van de
revolutionaire Square Kilometre Array (SKA), die het komende decennium
in Australië en Zuid-Afrika zal worden gebouwd.

Dit proefschrift is gebaseerd op data verzameld met de LOFAR
telescoop. Deze telescoop bestaat in totaal uit 38 Nederlandse stations
van dipoolantennes, waarvan er zich 24 in een straal van twee kilometer
rondom het centrum bevinden in een gebied wat de ‘kern’ wordt genoemd.
De overige 14 die ’afgelegen’ worden genoemd zijn gerangschikt volgens
een logaritmische spiraalverdeling die zich uitstrekt over een gebied met
een straal van ongeveer 90 kilometer. Daarnaast zijn er ook nog 12
internationale stations in zes verschillende Europese landen (Duitsland,
Verenigd Koninkrijk, Frankrijk, Zweden, Polen en Ierland). Deze verdeling
van antennes maakt het mogelijk om zeer hoge ruimtelijke resoluties te
bereiken, d.w.z om zeer kleine objecten in de lucht te kunnen onderscheiden
en tegelijkertijd om zeer grote objecten te observeren.

In tegenstelling tot de klassieke parabolen, zijn de LOFAR-antennes
niet mobiel en hoeven ze niet in de richting van de hemel te worden
gericht die u wilt observeren. In feite ontvangen ze dankzij hun structuur
tegelijkertijd de straling uit de hele hemel. Alleen achteraf wordt het signaal
uit het van belang zijnde hemelgebied geselecteerd en gecombineerd met
dat van de andere antennes voordat het wordt geanalyseerd. Deze techniek
geeft de telescoop een enorme flexibiliteit in termen van richten en maakt
het mogelijke om tegelijkertijd meerder gebieden aan de hemel waar te
nemen. De datastroom afkomstig van alle stations tijdens een waarneming
is echter extreem hoog en bedraagt ongeveer 1.7 TB/s, daar waar de totale
hoeveelheid opgeslagen data vandaag de dag 25 PB is (alleen Google en
Facebook hebben meer opgeslagen data!).

Met LOFAR is een grote variëteit aan wetenschappelijke projecten tot
leven gekomen, uiteenlopend van kosmologie tot het zonnestelsel. Van
belang voor dit proefschrift is het tot stand komen van de LOFAR Low
Frequency Survey (LoTSS), met als doel het waarnemen en in beeld brengen
van de gehele noordelijke hemel op een frequentie van 150 MHz.

Dit proefschrif

Het doel van dit proefschrift is om de geavanceerde mogelijkheden van
LOFAR te gebruiken om de kennis van de levenscyclus van radiosterren-
stelsels te verbeteren en in het bijzonder de kennis van AGN restanten
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en herstarte AGN’s. De belangrijkste vragen die ons geleid hebben in dit
project zijn de volgende: wat zijn de eigenschappen van de restanten van
radiosterrenstelsels en herstarte radiosterrenstelsels en hoe kunnen we deze
op een complete en systematische manier selecteren in uitgestrekte gebieden
aan de hemel? Hoe en hoe snel evolueren de radiolobben wanneer de jets
stoppen? En hoe vaak worden de jets gereactiveerd in radiosterrenstelsels?

Binnen dit onderzoeksgebied zijn er verschillende karakteristieken die
LOFAR een uniek instrument maken. Allereerst, is LOFAR gevoelig
voor de lage-frequentie radiohemel (<200 MHz) en ook voor de zwakste
bronnen. Dit is fundamenteel voor het bestuderen van de laatste fases
in de evolutie van een radiosterrenstelsel. Nadat de jets stoppen, neemt
de helderheid van de bronnen af, met name op de hoge-frequenties.
Daarnaast maakt de verdeling van LOFAR stations de telescoop gevoelig
voor zowel uitgestrekte als compacte bronnen, wat het mogelijk maakt om
een unieke morfologische karakterisering te maken van radiosterrenstelsels
op lage frequenties. Tenslotte, maakt het grote blikveld van LOFAR het
mogelijk om grote gebieden van de hemel waar te nemen en systematische
onderzoeken uit te voeren naar zeldzame objecten zoals restanten van
radiosterrenstelsels of herstarte radiosterrenstelsels.

Gecombineerd met waarnemingen gedaan met andere telescopen, wor-
den LOFAR waarnemingen nog waardevoller en bieden ze de mogelijkheid
om spectraalstudies uit te voeren, d.w.z. het bestuderen van de helderheid
van radiosterrenstelsels als een functie van golflengte. Dit is met name
interessant omdat de karakteristieke tijdschaal waarop de helderheid van
radiosterrenstelsels varieert afhangt van frequentie, wat het mogelijk maakt
om de leeftijd van het object te reconstrueren door de helderheid op
verschillende frequenties te bestuderen. Met dit doel voor ogen, hebben
we de laatste vier jaar aanvullende data verzameld op frequenties boven de
150 MHz door gebruik te maken van een veelvoud aan radio-instrumenten
zoals de Very Large Array in New Mexico, de Westerbork Synthese
Radio Telescoop in Nederland, de Sardinië Radio Telescoop in Italië, de
Effelsberg 100-m Radio Telescoop in Duitsland en de Giant Metrewave
Radio Telescoop in India (Figuur 3).

In dit proefschrift hebben we de eigenschappen van een bij toeval
ontdekt restant van een radiosterrenstelsel (genaamd ‘Blob1’, Hoofdstuk
2) en twee reeds bekende herstarte radiosterrenstelsels (B2 0258+35,
Hoofdstuk 4 en 3C388, Hoofdstuk 5) tot in detail geanalyseerd. We
hebben ook nieuw onderzoek uitgevoerd naar AGN’s waarvan de activiteit



Samenvatting 237

Figuur 3 - De telescopen die in dit proefschrift worden gebruikt. Boven-links - Very
Large Array, New Mexico (CREDITS: Michael A. Stecker); boven-rechts - Sardinia Radio
Telescope, Italië (CREDITS: Media-INAF); midden-links - Zweeds Low Frequency Array
Station, Zweden (CREDITS: Onsala Space Observatory); midden-rechts - Westerbork
Synthesis Radio Telescope, Nederland (CREDITS: Richard Dawkins); onder-links Giant
Metrewave Radio Telescope, India (CREDITS: NCRA-TIFR); onder-rechts Effelsberg
100-m Radiotelescoop, Duitsland (CREDITS: MPIfR).

is gestopt of AGN’s waarvan de activiteit is gestopt en opnieuw gestart is.
In Hoofdstuk 3 hebben we een selectie gepresenteerd van een verzameling
restanten in het bekende hemelgebied ‘Lockman Hole’. In Hoofdstuk 6
hebben we onderzoek gedaan naar de aanwezigheid van oude radiolobben
die geassocieerd worden met een verzameling jonge en compacte radioster-
renstelsels in de meest recente versie van het LoTSS survey. Tenslotte,



238 Samenvatting

hebben we Monte Carlo simulaties ontworpen om een verzameling van
gesimuleerde radiosterrenstelsels te creëren om de fractie van restanten van
radiosterrenstelsels in waargenomen data te voorspellen (Hoofdstuk 3).

We vatten hier de belangrijkste conclusies van dit proefschrift samen:

• Het merendeel van de radiosterrenstelsels die in de literatuur bestu-
deerd worden, laten hele steile spectraalindices (de helderheid op hoge
frequenties is veel lager dan die op lage frequenties), wat karakteristiek
is voor ouder wordende deeltjes. De waarnemingen en simulaties in dit
proefschrift (Hoofdstuk 2 en 3) laten echter zien dat dit niet voor alle
restanten van radiosterrenstelsels geldt maar alleen voor de oudere.

• Restanten van radiosterrenstelsels laten over het algemeen geen
radiostraling zien die afkomstig is uit de kern van het sterrenstelsel.
Het vermoeden is dat het zwarte gat in deze fase geheel inactief
is. In werkelijkheid, hebben we in de in Hoofdstuk 2 bestudeerde
radiosterrenstelsels een zwakke activiteit in de kern waargenomen met
hele lage waardes in vergelijking met klassieke actieve stelsels. Dit zou
een aanwijzing kunnen zijn dat in sommige gevallen de activiteit van
het zwarte gat niet volledig stopt maar alleen significant afneemt.

• Onze studies bevestigen dat een steile spectraalindex gebruikt kan
worden als primaire methode om restanten van radiosterrenstelsels
te identificeren maar alleen wanneer er data beschikbaar is met een
frequentie hoger dan 5 GHz (Hoofdstuk 3 en 6). In alle andere
gevallen is het essentieel om gebruik te maken van verschillende
criteria gebaseerd op de morfologie en de hoeveelheid radiostraling
afkomstig uit de kern om de restanten van radiosterrenstelsels in alle
evolutionaire fases te identificeren.

• In ogenschouw nemende dat oude deeltjes de meeste straling uitzen-
den op lage frequenties, heeft men lange tijd gedacht dat waarnemin-
gen op 150 MHz cruciaal zouden zijn om een groot aantal restanten
van radiosterrenstelsels te identificeren. In dit proefschrift hebben we
echter laten zien dat het aantal restanten van radiosterrenstelsels laag
blijft (<15% in vergelijking met het totale aantal radiosterrenstelsels
aan de hemel) wanneer waargenomen wordt op een frequentie van 150
MHz en gebruik wordt gemaakt van de verschillende selectiecriteria
in dit onderzoek. Hetzelfde resultaat werd bereikt door te kijken
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naar restanten geassocieerd met jonge actieve radiosterrenstelsels. Dit
resultaat wordt ook bevestigd door de simulaties en laat zien dat de
helderheid van deze objecten veel sneller evolueert dan gedacht werd,
wat waarschijnlijk te maken heeft met het snelle uitdijen van deze
objecten in hun omgeving.

• In het merendeel van de radiosterrenstelsels is de activiteitscyclus
van de jets langzamer dan de tijd die nodig is voordat de restanten
verdwenen zijn. Een interessante uitzondering op dit resultaat is het
radiosterrenstelsel B2 0258+35 dat bestudeerd is in Hoofdstuk 4. In
dit geval is het mogelijk om zowel de nieuwe jets als de radiolobben
van een vorige periode van activiteit waar te nemen. Dit suggereert
dat in dit sterrenstelsel de jets vaker gereactiveerd zijn, wat waar-
schijnlijk te maken heeft met een grote hoeveelheid gas dat zich in de
omgeving van het zwarte gat bevindt.

Dit proefschrift legt het fundament voor het systematisch uitbreiden
van onderzoek op lage frequenties, en daarmee voor het onderzoek naar
restanten van en herstarte radiosterrenstelsels. Een logische voortzetting
van dit werk is om de restanten van radiosterrenstelsels geselecteerd
in Hoofdstuk 3 verder te karakteriseren en om eigenschappen als de
afstand, de massa en de optische spectraaleigenschappen van de betreffende
sterrenstelsels in andere banden van het elektromagnetisch spectrum te
bestuderen. Daarnaast zullen we met behulp van de recent beschikbaar
gekomen LOFAR LoTSS de zoektocht naar deze klasse van objecten verder
uitbreiden naar grotere gebieden aan de hemel. We zullen ook de herstarte
radiosterrenstelsels meenemen in deze zoektocht, met als doel om de
activiteitscyclus van de jet beter te karakteriseren.





Sommario

Contesto scientifico

Il nostro universo ospita miliardi di galassie, alcune delle quali (circa il
10-15%) brillano di una luminosità straordinaria. Queste galassie sono
chiamate Nuclei Galattici Attivi (AGN) e sono tra i sistemi più potenti
dell’Universo. Esse ospitano al loro centro un oggetto supermassivo con una
massa compresa tra 10 milioni e 1 miliardo di volte quella del nostro Sole.
Questo viene chiamato buco nero perché neanche la luce, la cui velocità non
può essere superata, riesce a sfuggire alla sua immensa forza di attrazione
gravitazionale. Quando gas, polvere interstellare o stelle raggiungono la
prossimità del buco nero, vengono attratti da esso in un processo conosciuto
come accrescimento e in questa fase il buco nero si considera attivo. Prima
di venire completamente inghiottito dal buco nero, questo materiale viene
accelerato e riscaldato, rilasciando cos̀ı una enorme quantità di energia in
tutte le bande dello spettro elettromagnetico, cento o mille volte superiore a
quella prodotta dalle sole stelle, gas e polvere presenti in una tipica galassia.

Ad oggi, le osservazioni indicano che tutte le galassie più massive
contengono un buco nero supermassivo nel loro centro e che questo sia attivo
a fasi intermittenti in base alla disponibilità di materiale nelle sue vicinanze.
I dettagli di questo ciclo di attività non sono però ancora completamente
conosciuti.

Nonostante sia un fenomeno discontinuo, l’AGN gioca un ruolo cruciale
nel plasmare l’evoluzione generale delle galassie del nostro universo. Infatti,
data la sua energia, l’AGN è in grado di riscaldare, spostare e persino
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rimuovere, dalla galassia che lo ospita, il gas a lui circostante. In particolare,
si pensa che gli AGN siano la causa principale del forte decremento nella
formazione di nuove stelle osservato nelle galassie ellittiche.

Nei decenni passati le numerose osservazioni di AGN a diverse frequenze
hanno rivelato un’ampia gamma di caratteristiche e portato alla creazione
di numerose classificazioni. Ad oggi, molte delle differenze osservate tra un
oggetto e l’altro sono state ricondotte ad un diverso orientamento dell’AGN
rispetto all’osservatore. Tuttavia, esistono alcune differenze intrinseche
alla struttura fisica dei diversi AGN. La più significativa tra queste è la
capacità di accelerare il gas circostante a tal punto da espellerlo sotto
forma di getti simmetrici di particelle relativistiche (che si muovono cioè
con velocità prossime a quella della luce) sotto l’influenza di forti campi
magnetici (vedi Figura 1). Queste sorgenti sono chiamate AGN con getti
o radiogalassie, poiché emettono gran parte della loro energia a frequenze
radio, e rappresentano l’oggetto principale di questa tesi. La radiazione
emanata dai getti viene prodotta da particelle elettricamente cariche che si
muovono a velocità relativistiche in un campo magnetico e viene chiamata
radiazione di sincrotrone.

Figura 1 - Rappresentazione artistica di un AGN che mostra il buco nero al centro della
galassia che attrae a sé il materiale circostante e produce un getto di particelle che si
espande verso l’esterno. Credits: NASA/JPL-Caltech.
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Come ogni cosa in natura, le radiogalassie si trasformano nel tempo e
a questa evoluzione ci si riferisce come ‘ciclo di vita di una radiogalassia’
(life cycle of a radio galaxy in inglese).

Inizialmente, i getti hanno dimensioni pari a poche migliaia di anni luce
e sono completamente contenuti nella galassia. In seguito i getti riescono
ad espandersi oltre la galassia stessa e possono raggiungere dimensioni
fino ad alcuni milioni di anni luce. Durante l’espansione, le particelle che
costituiscono i getti interagiscono con il materiale circostante formando
delle caratteristiche strutture a forma di lobo chiamate appunto radio lobi.
Inoltre, quando i getti più potenti impattano contro il materiale esterno
si creano forti shock, che danno origine a regioni brillanti alle estremità
dei lobi, chiamate hot-spot. Alcuni esempi di radiogalassie osservate con il
telescopio Very Large Array, nel Nuovo Messico (USA), sono presentate in
Figura 2.
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Figura 2 - Immagini radio di tre famose radiogalassie (a, 3C193; b, 3C274; c, 3C31)
con diversa morfologia realizzate usando dati ottenuti con il telescopio Very Large Array,
in Nuovo Messico (USA), alla frequenza di 1.4 GHz. Nel pannello a vengono indicate le
principali componenti di una radiogalassia. Credits: NRAO/AUI.
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Dopo un periodo che dura da poche decine a qualche centinaia di milioni
di anni, l’attività del buco nero cessa e i getti si spengono. Durante questa
fase i radio lobi si espandono nel mezzo intergalattico e si affievoliscono,
soprattutto ad alte frequenze. Le radiogalassie che si trovano in questa fase
sono destinate a svanire e vengono chiamate relitti o residui di AGN (relic
o remnant AGN in inglese) e sono oggetto di studio di questa tesi. In alcuni
casi, dopo un periodo di quiescenza, il buco nero riprende la sua attività e i
getti si riattivano dando vita alle cosiddette radiogalassie ripartite (restarted
radio galaxies in inglese), anch’esse argomento di particolare interesse
per questa tesi. In questi oggetti è possibile osservare simultaneamente
l’emissione dei nuovi getti e quella dei vecchi radio lobi prodotti dai
precedenti getti.

Come già discusso, i getti hanno un impatto significativo sull’evoluzione
della galassia che li ospita e per questo è essenziale capire i dettagli del loro
ciclo di vita, quantificare la durata della loro attività e l’origine della loro
intermittenza.

Il Low Frequency Array (LOFAR)

Agli albori della radioastronomia, negli anni ‘30, la maggior parte delle
osservazioni veniva effettuata a frequenze radio molto basse (sotto qualche
centinaio di MHz). Nei decenni successivi invece, gran parte dello sviluppo
tecnologico si concentrò sulla creazione di telescopi sensibili alle frequenze
intorno e superiori ad 1 GHz, che permettevano di rilevare anche gli oggetti
più deboli e compatti.

Tuttavia dall’inizio degli anni ‘90 l’interesse verso le osservazioni a
frequenze inferiori ad 1 GHz si è riacceso. Questo ha dato una nuova spinta
alla ricerca informatica e tecnologica portando alla realizzazione di telescopi
di nuova generazione in cui il tradizionale concetto di antenna parabolica
viene abbandonato a favore di antenne a dipolo omnidirezionali. Tra questi
ci sono i telescopi Long Wavelength Array (LWA) nel Nuovo Messico, il
Low Frequency Array (LOFAR) nei Paesi Bassi e il Murchison Widefield
Array (MWA) in Australia, che sono ad oggi considerati i precursori del
rivoluzionario telescopio, chiamato Square Kilometer Array (SKA), che
verrà realizzato nel prossimo decennio in Australia e Sudafrica.

Questa tesi è basata su dati raccolti con il telescopio LOFAR. Esso è
costituito da dipoli raggruppati in un totale di 38 stazioni nei Paesi Bassi
di cui 24 centrali situate all’interno di un raggio di 2 km, il cosidetto
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‘nucleo’, e 14 disposte secondo una distribuzione a spirale che si estende
per un raggio di ∼90 km, chiamate ‘remote’. Ci sono inoltre 12 stazioni
internazionali operative distribuite in sei diversi paesi europei (Germania,
Regno Unito, Francia, Svezia, Polonia e Irlanda). Questa distribuzione di
antenne consente di ottenere risoluzioni spaziali molto elevate, ossia riuscire
a distinguere oggetti molto piccoli in cielo, e allo stesso tempo di osservare
oggetti molto estesi.

A differenza delle classiche parabole, le antenne LOFAR non sono mobili
e non devono essere puntate nella direzione di cielo che si vuole osservare.
Grazie alla loro struttura infatti ricevono simultaneamente la radiazione
dall’intero cielo. Solo a posteriori il segnale proveniente dalla regione di
cielo di interesse viene selezionato e combinato a quello ricevuto dalle altre
antenne prima di essere analizzato. Questa tecnica conferisce al telescopio
un’estrema flessibilità in termini di puntamento e consente osservazioni
simultanee di diverse regioni del cielo. In compenso il flusso di dati durante
ogni osservazione è incredibilmente alto, pari a ∼1.7 TB/s e la quantità
totale di dati archiviati fino ad oggi è 25 PB (terza solo alla capacità degli
archivi dei dati di Google e Facebook).

Con l’avvento di LOFAR ha preso vita una grande varietà di progetti
scientifici che spaziano dalla cosmologia al sistema solare. Di particolare
interesse per questa tesi è la realizzazione della LOFAR Low Frequency
Survey (LoTSS), una campagna osservativa che è tuttora in corso con
l’obiettivo di creare mappe dell’intero cielo boreale a 150 MHz.

Questa tesi

Questa tesi nasce con l’intento di sfruttare le capacità all’avanguardia di
LOFAR per migliorare le nostre conoscenze sul ciclo di vita delle radioga-
lassie. In particolare si concentra sullo studio dei relitti di radiogalassie e
delle radiogalassie ripartite, descritte nella sezione precedente. Le domande
principali che ci hanno guidato in questo progetto sono le seguenti: quali
sono le proprietà principali delle radiogalassie residue e ripartite, e come
possiamo selezionarle in modo completo e sistematico in vaste regioni di
cielo? Come e quanto velocemente evolvono le radiogalassie quando i getti
si spengono? Con che frequenza i getti si riattivano nelle radiogalassie?

In questo campo di ricerca ci sono diverse caratteristiche che rendono
LOFAR uno strumento unico. In primo luogo, con LOFAR è possibile
osservare il cielo a bassa frequenza (<200 MHz) e rilevare anche le
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sorgenti più deboli. Questo è un requisito fondamentale per lo studio delle
ultime fasi di evoluzione delle radiogalassie. Infatti, dopo lo spegnimento
dei getti, la luminosità delle sorgenti diminuisce in particolare ad alta
frequenza. In secondo luogo, la distribuzione delle stazioni LOFAR rende il
telescopio sensibile sia a sorgenti estese che compatte. Questo consente una
caratterizzazione morfologica delle radiogalassie a basse frequenze senza
precedenti. Infine, l’ampio campo di vista delle antenne LOFAR ci consente
di osservare vaste porzioni di cielo e realizzare ricerche sistematiche di
oggetti rari, come le radiogalassie residue e riavviate.

Se combinati con dati raccolti con altri telescopi, i dati LOFAR
consentono di condurre studi spettrali, ossia studiare la luminosità delle
radiogalassie al variare della frequenza. Da questa analisi è possibile
ricavare ulteriori informazioni. In particolare, visto che la luminosità delle
radiogalassie varia con tempi diversi alle diverse frequenze, è possibile
ricostruire l’età di queste sorgenti studiando la loro luminosità a più
frequenze contemporaneamente. Per questo motivo, durante gli ultimi
quattro anni abbiamo raccolto dati complementari a frequenze superiori
a 150 MHz usando una varietà di radiotelescopi come il Very Large Array
nel Nuovo Messico, il Westerbork Synthesis Radio Telescope nei Paesi Bassi,
il Sardinia Radio Telescope in Italia, l’Effelsberg 100-m Radio Telescope in
Germania e il Giant Metrewave Radio Telescope in India (Figura 3).

In questa tesi abbiamo analizzato nei dettagli le proprietà di un relitto
di radiogalassia scoperto con LOFAR (chiamato ‘Blob1’, Capitolo 2) e due
radiogalassie ripartite note in letteratura (B2 0258+35, Capitolo 4 e 3C388,
Capitolo 5). Abbiamo inoltre condotto delle nuove ricerche di AGN la cui
attività si è fermata o ripartita. Nel Capitolo 3 presentiamo la selezione di
un campione di relitti di radiogalassie nella famosa regione di cielo chiamata
Lockman Hole. Nel Capitolo 6 abbiamo investigato la presenza di emissione
vecchia associata ad un campione di radiogalassie giovani e compatte nella
versione più recente della survey LoTSS. Infine, abbiamo sviluppato delle
simulazioni Monte Carlo per creare dei campioni teorici di radiogalassie e
predire la frazione di relitti di radiogalassie attesi nelle osservazioni reali
(Capitolo 3).

Di seguito riportiamo le principali conclusioni di questa tesi.

• La maggior parte dei relitti di radiogalassie studiati in letteratura
mostra indici spettrali molto ripidi (luminosità ad alta frequenza
molto più basse di quelle a bassa frequenza), tipici di particelle che
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Figura 3 - I telescopi usati in questa tesi. Alto-sinistra - Very Large Array, Nuovo
Messico (CREDITS: Michael A. Stecker); alto-destra - Sardinia Radio Telescope, Italia
(CREDITS: Media-INAF); centro-sinistra - Stazione svedese del Low Frequency Array,
Svezia (CREDITS: Onsala Space Observatory); centro-destra - Westerbork Synthesis
Radio Telescope, Paesi Bassi (CREDITS: Richard Dawkins); basso-sinistra Giant
Metrewave Radio Telescope, India (CREDITS: NCRA-TIFR); basso-destra Effelsberg
100-m Radio Telescope, Germania (CREDITS: MPIfR).

stanno invecchiando. Le osservazioni e le simulazioni presentate in
questa tesi (Capitoli 2 e 3) dimostrano però che questo non vale per
tutti i relitti di radiogalassie ma solo per i relitti più evoluti.

• Tipicamente i relitti di radiogalassie non mostrano emissione radio
in corrispondenza del nucleo della galassia perché si pensa che in
questa fase il buco nero sia completamente inattivo. In realtà nel
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relitto di radiogalassia studiato nel capitolo 2 abbiamo rilevato una
debole attività nucleare, dai valori molto più bassi di una classica
galassia attiva. Questo potrebbe essere una indicazione del fatto che
in alcune circostanze l’attività del buco nero non cessi completamente
ma diminuisca solo drasticamente.

• I nostri studi confermano che l’indice spettrale ripido può essere uti-
lizzato come principale metodo per identificare relitti di radiogalassie
solo se si hanno dati a frequenze maggiori di 5 GHz (Capitoli 2
e 3). In caso contrario è essenziale utilizzare criteri diversi basati
sulla morfologia e sulla prominenza della emissione radio nucleare per
identificare relitti di radiogalassie in tutte le fasi evolutive.

• Considerando che le particelle più vecchie emettono la maggior parte
della radiazione a frequenze basse, si è a lungo creduto che osservazioni
a 150 MHz sarebbero state cruciali per identificare un maggior numero
di relitti e di radiogalassie ripartite. Tuttavia, in questa tesi abbiamo
mostrato che il numero dei relitti di radiogalassie rimane basso (<15%
rispetto al numero complessivo di radiogalassie nel cielo) anche a 150
MHz e includendo vari criteri di selezione nella ricerca (Capitolo 3).
Lo stesso risultato è stato ottenuto considerando i relitti associati a
radiogalassie giovani attive (Capitolo 6). Questo è anche confermato
dalle simulazioni e ci indica che la luminosità di queste sorgenti evolve
molto più velocemente di quanto atteso, probabilmente a causa della
loro veloce espansione nell’ambiente circostante.

• Nella maggior parte delle radiogalassie il ciclo di attività dei getti
è più lento rispetto al tempo necessario ai relitti per scomparire.
Un’interessante eccezione a questo risultato è rappresentata dalla
radiogalassia B2 0258+35 presentata nel Capitolo 4. In questo
caso è possibile osservare sia i getti nuovi che i relitti delle attività
precedenti. Ciò suggerisce che in questa galassia i getti vengano
riattivati con una maggiore frequenza, probabilmente a causa della
grande quantità di gas che circonda il buco nero.

Questa tesi ha posto le basi per espandere in modo sistematico la ricerca,
e quindi lo studio, delle radiogalassie residue e riavviate a bassa frequenza.
Il prosieguo di questo lavoro consisterà nel caratterizzare ulteriormente le
radiogalassie residue selezionate nel Capitolo 3. Di queste studieremo le



Riassunto 249

caratteristiche delle rispettive galassie ospite come la distanza, la massa e
le proprietà spettrali ottiche usando osservazioni in altre bande dello spettro
elettromagnetico. Inoltre, utilizzando la campagna osservativa LOFAR
LoTSS, da poco disponibile, estenderemo la ricerca di questa classe di
oggetti ad aree di cielo più grandi. Includeremo inoltre nella ricerca anche
le radiogalassie riavviate, con l’obiettivo di caratterizzarne meglio il ciclo
di attività tipico delle radio galassie.
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