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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,
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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



228 Chapter 7. Conclusions and future prospects

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.



References 229

References

Blundell, K. M., Rawlings, S., & Willott, C. J. 1999, AJ, 117, 677
Brienza, M., Morganti, R., Shulevski, A., Godfrey, L., & Vilchez, N. 2016,

Astronomische Nachrichten, 337, 31
Cordey, R. A. 1986, MNRAS, 219, 575
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