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ABSTRACT

Supermassive black holes at the centres of galaxies can cycle through periods of activity and quiescence. Characterising the duty
cycle of active galactic nuclei (AGN) is crucial for understanding the impact of the energy they release on the host galaxy. For
radio AGN, this can be done by identifying dying (remnant) and restarted radio galaxies from their radio spectral properties. Using
the combination of the images at 1400 MHz produced by Apertif, the new phased-array feed receiver installed on the Westerbork
Synthesis Radio Telescope, and images at 150 MHz provided by LOFAR, we have derived resolved spectral index images (at a
resolution of ~15 arcsec) for all the sources within an approximately 6 deg” area of the Lockman Hole region. In this way, we were
able to select 15 extended radio sources with emission (partly or entirely) characterised by extremely steep spectral indices (steeper
than 1.2). These objects represent cases of radio sources in the remnant or the restarted phases of their life cycle. Our findings confirm
that these objects are not as rare as previously thought, suggesting a relatively fast cycle. They also show a variety of properties that
can be relevant for modelling the evolution of radio galaxies. For example, the restarted activity can occur while the remnant structure
from a previous phase of activity is still visible. This provides constraints on the duration of the "off” (dying) phase. In extended
remnants with ultra-steep spectra at low frequencies, the activity likely stopped a few hundred megayears ago, and they correspond
to the older tail of the age distribution of radio galaxies, in agreement with the results of simulations of radio source evolution. We
find remnant radio sources with a variety of structures (from double-lobed to amorphous), possibly suggesting different types of
progenitors. The present work sets the stage for exploiting the powerful tool of low-frequency spectral index studies of extended
sources by taking advantage of the large areas common to the LOFAR and the Apertif surveys.

Key words. radio continuum: galaxies; galaxies: active

1. Introduction

Send offprint requests to: Raffaella Morganti The recurrence of the active phase of the super massive black
e-mail: morganti@astron.nl hole (SMBH) in the centre of galaxies is a key ingredient in cos-
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mological simulations. It ensures that the energy released has an
impact on the environment multiple times during the life of the
host galaxy. In the feedback scenario for galaxy evolution, this is
necessary in order to prevent the cooling of the gas from their hot
halo onto massive galaxies and to regulate and quench their star
formation (see e.g. Ciotti et al. 2010; Hobbs et al. 2011; Novak
et al. 2011; Heckman & Best 2014; Gabor & Bournaud 2013;
Gaspari et al. 2017). For radio active galactic nuclei (AGN), the
advent of a new generation of low-frequency surveys with high
spatial resolution has opened up the possibility of making sub-
stantial progress in quantifying these cycles of activity. This is
because the low-frequency emission (<1400 MHz) is the least
affected by the radiative losses occurring in the sources and,
therefore, can act as a ‘fossil record’, tracing the history of the
radio emission over long timescales (e.g. Morganti 2017).

It has been known for a long time that in radio AGN a pe-
riod of activity ends with a remnant phase (often characterised
by an amorphous, low surface brightness structure) when the nu-
clear activity switches off or dims drastically, and that this can
be followed by a subsequent period of activity. However, quan-
tifying the fraction of these remnant and restarted radio sources
and timing the cycle of activity has been hindered by the dif-
ficulty of finding such sources. They have mostly been discov-
ered serendipitously (e.g. Cordey 1987; Shulevski et al. 2017;
Brocksopp et al. 2007; Orru et al. 2015; KuZmicz et al. 2017,
Bruni et al. 2020 for some examples) or by targeting sources
with specific morphological properties like the so-called double-
double sources (e.g. Schoenmakers et al. 2000; Konar et al.
2013; KuZmicz et al. 2017) or sources with extremely steep in-
tegrated spectral indices (e.g. Parma et al. 2007; Murgia et al.
2011). All together, these studies have only provided a few dozen
cases, selected in an heterogenous way. The first attempt to per-
form a blind morphological selection was presented by Saripalli
etal. (2012).

Building large and representative samples of radio sources
that are in these elusive phases has now become possible thanks
to imaging surveys with radio telescopes that have a large field
of view at low frequencies (e.g. the Low Frequency Array (LO-
FAR) Two-metre Sky Survey (LoTSS), Shimwell et al. 2019; the
GalLactic and Extra-Galactic All-Sky MWA (GLEAM) survey,
Hurley-Walker et al. 2017; and the Tata Institute of Fundamen-
tal Research (TIFR) Giant Metrewave Radio Telescope (GMRT)
Sky Survey (TGSS), Intema et al. 2017). From the studies based
on these surveys, once combined with appropriate modelling, a
picture starts to emerge regarding the details of the cycle of ac-
tivity of radio AGN (see Brienza et al. 2017; Godfrey et al. 2017,
Hardcastle 2018; English et al. 2019; Mahatma et al. 2019; Sha-
bala et al. 2020).

For example, these studies have shown that, for a large frac-
tion of remnant sources found based on their morphology, the
central source must have switched off recently and that remnant
sources should fade relatively fast (on timescales of at most a
few 10% yr) due to both radiative losses and dynamical expan-
sion (Brienza et al. 2017; Godfrey et al. 2017; Hardcastle 2018;
Turner et al. 2018). In addition, the recent finding of a signifi-
cant number of candidate restarted radio sources (again, mostly
from a morphological selection, see Jurlin et al. 2020 for details)
has led to the suggestion that a new phase of activity can start
relatively quickly after the switching-off of the previous phase.
All this requires a dominant population of short-lived jets, as
confirmed by the detailed modelling presented by Shabala et al.
(2020). This cycle of ‘on’ and ‘off” activity can become even
more rapid for low power radio sources in massive early-type
galaxies (Sabater et al. 2019) and for radio sources in particu-
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larly gas-rich clusters (i.e. cool-core clusters, e.g. McNamara, &
Nulsen 2012; Vantyghem et al. 2014).

These obtained results have so far been mostly based on mor-
phological signatures observed at low radio frequencies or on the
properties of the integrated radio spectrum. However, the cycles
should also leave signatures in the spectral distribution across
the radio source, making the study of the resolved spectral prop-
erties an interesting tool for complementing and expanding our
understanding of radio galaxy evolution.

Since the development of the theory of synchrotron emis-
sion, the spectral index! and the shape of the spectrum of the ra-
dio emission have been used to characterise the evolution of the
radio plasma, allowing us to trace radiative losses and locate re-
gions of particle re-acceleration (see e.g. Kellermann 1964; Kar-
dashev 1962; Pacholczyk 1970; Jaffe, & Perola 1973; Komis-
sarov & Gubanov 1994). These spectral properties have been
used extensively for doing ‘archaeology’ on radio galaxies (see
e.g. Morganti 2017; Hardcastle & Croston 2020 for reviews), al-
beit with a number of limitations that should be kept in mind.
These include both technical considerations (e.g. matching reso-
lution) and physical effects (e.g. structure of the magnetic field,
particle re-acceleration, and particle mixing, see Turner et al.
2018 and Eilek 1996 for a discussion).

Particularly relevant for this study are ultra-steep spec-
trum (USS) indices (steeper than ~1.2; Komissarov & Gubanov
1994), which suggest that the replenishment of fresh electrons
has stopped and the spectrum is dominated by losses (from radi-
ation and expansion), properties characteristic of sources in the
dying phase (e.g. Parma et al. 2007). This steepening is more
often seen at high frequencies (i.e. > 1400 MHz) because of
the higher radiative losses of higher-energy electrons. The low-
frequency spectrum (<1400 MHz) is instead the last affected by
the radiative losses of the source. The radio spectra at these fre-
quencies can maintain the original injection index of the elec-
trons (typically between 0.5 — 0.8, see e.g. Harwood et al. 2016)
for longer. Thus, the presence of steepening in the spectrum and
the frequency above which it occurs are, to the first order, func-
tions of the time passed since the last re-acceleration or injection
of fresh electrons. Finding spectral indices steeper than ~1 at low
frequencies is a strong indication that the impact of energy losses
has reached those frequencies, suggesting aged remnant plasma
and thus a source where the nuclear activity stopped long ago.

This technique is even more powerful when it can be traced
and resolved across the emission of the source. This gives a view
of the history of the source and can allow us to separate vari-
ous phases of activity and time them. This has been done for
a number of sources at high frequencies, while a more limited
number of studies is available at low frequencies. Some exam-
ples include: active Fanaroff-Riley (Fanaroff, & Riley 1974) ra-
dio galaxies type I and II (FRI and FRII; e.g. Orru et al. 2010;
Heesen et al. 2018; Harwood et al. 2016); double-double ra-
dio galaxies; and a few famous cases of restarted sources (see
e.g. Konar et al. 2013; Jamrozy et al. 2007; Joshi et al. 2011,
Brienza et al. 2020) and remnant radio sources (e.g. Murgia et
al. 2011; Shulevski et al. 2015, 2017; Brienza et al. 2016; Mur-
gia et al. 2011; de Gasperin et al. 2014; Hurley-Walker et al.
2015; Tamhane et al. 2015). Even rarer are the objects where the
presence of two episodes of jet activity can only be seen from the
discontinuity in the spectral index distribution (see e.g. 3C 388,
Roettiger et al. 1994; Brienza et al. 2020). Thus, a systematic
study of resolved low-frequency radio spectra for large samples
of radio galaxies is greatly needed in order to confirm and ex-

! In this paper, the spectral index « is defined through S o v™.
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pand the picture we are assembling of the evolution of radio
sources.

2. New possibilities for spectral index studies over
large areas

The advent of LOFAR (van Haarlem et al. 2013) and the excel-
lent spatial resolution it provides opens up a number of oppor-
tunities for spectral index studies down to megahertz frequen-
cies. However, resolved spectral index studies have so far been
limited to single objects or small sky areas. This is due to the
lack of ancillary data at other radio frequencies with compara-
ble spatial resolution and depth. Only for samples of compact
sources have the integrated spectral properties been derived us-
ing a combination of data — with different spatial resolutions —
from available public surveys (e.g. the NRAO Very Large Array
(VLA) Sky Survey (NVSS), Westerbork Northern Sky Survey
(WENSS), TGSS, etc.). From these studies, a median spectral
index of a30,= 0.78 + 0.015 has been found for active sources
(see e.g. Intema et al. 2011; van Weeren et al. 2014; Mahony et
al. 2016; Williams et al. 2016). However, even these studies are
limited by the sensitivity of the available surveys, which restricts
the number of objects that can be studied.

The launch of imaging surveys with the APERture Tile In
Focus (Apertif) phased-array feed (PAF) system, recently in-
stalled on the Westerbork Synthesis Radio Telescope (WSRT)
and working at 1400 MHz (see Oosterloo et al. 2018; Adams &
van Leeuwen 2019 for more details), has provided an ideal com-
plement to the surveys done with LOFAR at frequencies centred
on 150 and 54 MHz (Shimwell et al. 2019 and de Gasperin et al.
in preparation). The main asset of Apertif is its combination of a
large field of view (roughly 3°5 x 3°) and relatively high spatial
resolution (~12 arcseconds).

Here we take advantage of the combination of the contin-
uum images provided by LOFAR at 150 MHz and Apertif at
1400 MHz and present a proof-of-concept study of the resolved
spectral index of extended radio sources in the Lockman Hole
(LH) area. This is the first time spectral index maps have been
produced blindly on a large piece of sky at high spatial resolu-
tion. The only previous attempt in this direction was the work by
de Gasperin et al. (2018), who performed a joint extraction from
TGSS and NVSS. That study is, however, limited by the spatial
resolution of the NVSS and the sensitivity of the TGSS.

Our study does not aim to carry out a full characterisation
of the spectral properties. Instead, it focuses on the search for
extended radio sources with the resolved spectral properties ex-
pected for objects in the remnant and restarted AGN phases.
Based on the arguments described above, we look for radio
sources where (part of) the emission is characterised by a USS,
suggesting the presence of aged plasma, thus giving information
on their past evolution.

The LH area is particularly interesting for this because we
have started, using the LOFAR 150 MHz observations of this
field, to identify radio galaxies that are in the remnant and
restarted phases and to derive the statistics of the fraction of
sources in these elusive phases. The results so far have been pre-
sented in a series of papers: Brienza et al. (2017), Jurlin et al.
(2020), and Shabala et al. (2020). The selection of remnant and
restarted radio sources in these papers has mainly relied on the
radio morphology and, in some cases, on their integrated spec-
trum. For the reasons described above, this now needs to be com-
plemented using the resolved spectral properties of the sources
in the field. This is the goal of the present study.

The paper is organised as follows. In Sect. 3, we describe
the observations obtained with Apertif during its commission-
ing phase, we recap the LOFAR observations that will be used,
and we discuss how the spectral indices were derived. In Sect.
4, we describe the spectral properties of two groups of sources
(Sects. 4.2 and 4.1) that were identified and extracted. We also
briefly remark in Sect. 4.3 on the spectral properties of some of
the sources in the cluster Abell 1132, which is included in our
field. In Sect. 5, we discuss the results in relation to the sample
used by Jurlin et al. (2020) to derive the occurrence of remnant
and restarted radio sources. In Sect. 6, the relevance of our find-
ings is discussed in the context of understanding the life cycle of
radio galaxies. Conclusions and our future outlook are given in
Sect. 7.

3. The Lockman Hole region observed by Apertif
and LOFAR

Apertif is the phased-array system recently installed at the
WSRT. Using the PAFs in the focus of each WSRT dish, 40 par-
tially overlapping beams, each having a full width at half max-
imum (FWHM) of about 35 arcminutes, are formed on the sky.
The data from each beam are used independently to image, using
standard aperture synthesis, the region covered by each beam.
After this, these 40 images are stitched together to form the fi-
nal mosaiced image. The total area covered by such a mosaic is
about 3°5 % 3°, and the spatial resolution is about 12" x 16" at the
declination of the LH (see Oosterloo et al. 2018; Adams & van
Leeuwen 2019 for more details on Apertif and van Cappellen
et al. in preparation for a technical description of the system).
The Apertif Imaging Surveys started on July 1, 2019. A descrip-
tion of these surveys is given by Hess et al. (in preparation), but
here we use data taken earlier during the science commissioning
phase.

The observations of the LH were done on April 28, 2019,
during the Apertif commissioning phase. The target field was ob-
served for 11 h, while the flux and bandpass calibrator (3C 147)
was observed at the start of the observations for 3 min for each
of the 40 Apertif beams. The useful bandwidth, after flagging a
substantial part of the observing band because of radio frequency
interference, was 200 MHz centred on 1408 MHz, with a spec-
tral resolution of 0.78125 MHz.

The Apertif observation was centred on RA=10"54m00°
Dec=+57°50"00" (J2000). This position was chosen to provide
maximum overlap with the mosaic of the LH made at the same
frequency with the old WSRT system (Prandoni et al. 2018).

These previous observations covered an area of about 6 deg?,
but only the inner ~2 deg? region had a uniform noise of ~ 11
uJy beam™! (and rapidly increasing towards the edges, see Pran-
doni et al. 2018 for details). Covering this area required 16 ob-
servations of 12 h each. In contrast, the Apertif observation has
allowed us to cover about 10 deg” in a single 12-h observation,
albeit with slightly higher noise (due to the PAF receivers be-
ing uncooled, unlike the old WSRT receivers). This resulted in
an image of about 6 deg? with uniform noise, greatly expanding
the area usable for deriving spectral indices and for searching
for remnant and restarted radio galaxies. In practice, the survey
speed of Apertif is about a factor of ten higher than that of the old
WSRT system, showing the potential for covering large areas in
a limited observing time. However, the well-characterised deep
WSRT mosaic still provides a reference point thanks to the ac-
curacy of its astrometry and flux scale (as described by Prandoni
et al. 2018), allowing a detailed check of the Apertif source po-
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Fig. 1. Image obtained at 1400 MHz from the Apertif observations. The image is the result of the mosaicing of the 40 Apertif beams. The large

complex of sources that can be seen at the bottom of the image — around the location RA=10"58™00° Dec=+56°46"00" (J2000) — is the cluster
Abell 1132.
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Fig. 2. Distribution of the position offsets between sources in the old
WSRT image and in the Apertif mosaic after correcting for the median
offset (see text for details).

sitions and flux densities (see below), which is appropriate con-
sidering that these data were taken in the commissioning phase.

The flagging and cross-calibration of the Apertif data were
done using an early version of Apercal, the Apertif pipeline
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ger software (Offringa et al. 2010, 2012). The subsequent reduc-
tion steps (i.e. self-calibration, imaging, cleaning, and mosaic-
ing) and the analysis were done using scripts that made use of
the Miriad package (Sault et al. 1995). Briggs weighting (Briggs
1995) was used (robust = —1.5) to make the images. To correct
for small differences in resolution between the images from the
different Apertif beams, the cleaned images were convolved (be-
fore mosaicing) to a common resolution of 16.5x 12.5 arcsec (in
PA= —0.1°). It is important to note that the array configuration of
the WSRT includes short baselines down to 36 m. This ensures
sensitivity to structures up to at least 10 arcmin, as demonstrated
by many results obtained in the past by the WSRT telescope (see
e.g. Barthel et al. 1985; Oosterloo et al. 2007; Shulevski et al.
2012).

Given that Apertif was still in the commissioning phase,
a number of the images suffered from direction-dependent er-
rors due to small errors in the weights applied to the PAF ele-
ments used in forming the 40 Apertif beams. These direction-
dependent errors were corrected for using a standard peeling al-
gorithm implemented in scripts based on Miriad. Nevertheless,
some artefacts remained around some bright sources. The re-
sulting final Apertif mosaic is shown in Fig. 1. The rms noise
reached in this image is ~30 uJy beam™! over most of the image
and increasing towards the edges of the mosaic. The large com-
plex of sources that can be seen at the bottom of the image is the
cluster Abell 1132 (see e.g. Wilber et al. 2018).

The LOFAR image at 150 MHz was obtained from 12 obser-
vations of ~8 hrs (100 hrs total integration time) with the same
pointing centre, as described in Tasse et al. (2020) and is being
released as part of the LoTSS Deep Fields Data Release 1. This
image has been used for the selection of restarted radio sources
and comparison samples as described by Jurlin et al. (2020). This
image was obtained using direction-dependent calibration (see
Shimwell et al. 2019 and Tasse et al. 2020). The spatial resolu-
tion of the image is 6 arcsec, the maximum resolution that can
be obtained at 150 MHz with the Dutch stations of LOFAR. The
area covered by a single LOFAR pointing is much larger than
the Apertif mosaic: The common area is about 2°5 X 2°5 after
excluding the edge of the Apertif mosaic, that has higher noise.
In order to match the spatial resolution so to be able to derive
spectral indices, the LOFAR image was convolved to exactly
the same resolution as that of the Apertif mosaic. The result-
ing lower-resolution LOFAR image has an rms noise of ~ 0.11
mly beam™!, higher, as expected, than in the original higher-
resolution image (see Tasse et al. 2020 and Sabater et al. 2020
for details). The relative 1o noise levels of the Apertif and LO-
FAR images correspond to a spectral index of a = 0.58.

As mentioned above, part of the area covered by Apertif was
observed earlier at 1400 MHz using the old WSRT receiver sys-
tem (Prandoni et al. 2018). Because a proper alignment of the
positions and of the flux scale is important for making spectral
images, we used this earlier mosaic to check the accuracy of the
fluxes and positions of the sources extracted from the Apertif
image before producing images of the spectral index.

An offset of about 2’5 in right ascension and 17’3 in declina-
tion was found between the position of the sources in the Aper-
tif image and in the old WSRT mosaic. This is not unexpected
because a close astrometric calibrator (that was observed regu-
larly during the target observations) was used for the old WSRT
mosaic, while this was not the case for the Apertif observations
due to time constraints in the observing schedule. A compari-
son with the source positions in the LOFAR image confirms this
offset and shows that it is of consistent amplitude across the en-
tire field. The Apertif images were corrected for this shift before

mosaicing. The comparison of the positions of sources common
to the Apertif and the old WSRT images, after this correction, is
shown in Fig. 2.

An offset was also found for the flux densities, with the Aper-
tif fluxes being about 10% higher, as illustrated in Fig. 3. This is
likely due to the fact that, at the time of the observations, the
Apertif calibration algorithms had not yet been fully developed.
The fluxes in the Apertif image were corrected for this offset in
the flux scale. The rms noise used for the spectral images was
derived on the scaled image. A detailed discussion of the flux
scale of the LOFAR image is presented by Tasse et al. (2020).

After implementing these corrections, a first spectral index
image was produced by deriving the spectral index for all pix-
els with fluxes above 50 in both the 150 MHz LOFAR and the
1400 MHz Apertif images. Examples of the resulting spectral
index images, showing the great diversity of the structure of the
spectral index in various sources, are given in Fig. 4 and are dis-
cussed in Sect. 4.

A map of the spectral index errors was also produced by us-
ing the formula

o = 1 \/( O lofar )2 + (O'apertif )2

¢ log(vlufar/ Vapertif ) N lofar N apertif ’
where S ofr and S gperir are the flux density pixel values on the
LOFAR and the Apertif maps, respectively, and oiofar and O aperit
are the noise levels of the respective data sets. The 1o error on
the detected spectral index ranges from values of ~ 0.01 — 0.04
for the brighter regions to ~ 0.08 — 0.1 for the fainter detected
emission.

In order to identify sources with extreme spectral proper-
ties, a second image was produced that contained lower lim-
its to the spectral index for those pixels detected with LOFAR
(i.e. Siofar = 0.55 mJy beam™") but which are undetected in the

ey

Apertif image at the 5o level (S aperit < 0.15 mly beam™).
The lower limits to the spectral index were estimated by us-
ing S aperit = 0.15 mJy beam™ in the spectral index formula:
@ = —1og(S apertit/S LoFAR)/ 10g(VAperit/VLoFAR). The two im-
ages — spectral index detections and limits — were combined into
one image, which, for each object detected by LOFAR, shows
the spectral index for those pixels detected by Apertif as well as
the limits where Apertif does not detect emission.

As detailed below, the way we derived the limits on the spec-
tral index can introduce spurious features at the edges of sources
(even in point sources). This can be seen for some of the sources
(see Figs. 5, 6, and 7) and should be kept in mind when inter-
preting these images. For regions where extended emission is
detected in the LOFAR image, the flux density at 150 MHz is,
as expected, decreasing towards the edges. Instead, for the un-
detected emission in Apertif, the upper limit to the 1400 MHz
flux density used to compute the lower limit is kept fixed at 5o
(i.e. 0.15 mJy beam™"). This combination gives an apparent flat-
tening of the spectral index at the edges of the bright LOFAR
emission, but it just means that the lower limit to the spectral in-
dex is less stringent there because the LOFAR emission is fainter
(Figs. 6 and 7). This effect is particularly evident, for example,
in the source J105233+585451. The mean spectral indices listed
in Table 1 are estimated taking the above effects into account and
avoiding the affected regions.

An additional effect is that for (point) sources that are de-
tected by both instruments and have a spectral index steeper than
0.58 (i.e. the spectral index corresponding to the noise levels of
the two instruments), the extent of the region above the noise
clip in the LOFAR image is larger than that in the Apertif image.
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Fig. 4. Examples of images of the spectral index a}igo in various regions of the large Apertif-LOFAR image. The variety of spectral structures is
evident. A few double-lobed radio galaxies showing the classical spectral structure are seen, while the emission from a star forming galaxy and
from a cluster object is also present. Spectral indices commonly found in active radio galaxies (i.e. 0.5 < @ < 1, see e.g. de Gasperin et al. 2018;
Mahony et al. 2016 and references therein) are indicated by the light green to yellow colours. Flat or inverted spectra (o < 0.5) are indicated in
blue and light blue. Extremely steep spectrum and USS values are indicated in red and pink. The contours represent the LOFAR emission, and
contour levels are from —0.55,0.55 mJy beam™! (50) increasing in steps of 2. Negative contours are shown in grey.

This is because the source is detected in the LOFAR image at
higher S/N. This causes an artificial ring of lower limits around
the point source, as illustrated in Fig. 5 and described in the cap-
tion. This effect can be seen in some of the images.
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4. Results

A first, quick inspection of the spectral index image already
shows that a large variety of structures is present. The entire field
is too large to illustrate this in a single figure. Thus, in Fig. 4
we show examples of interesting sub-regions where this variety
can be appreciated. The images show the spectral index distri-
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Fig. 5. Point sources in the combined spectral image (detection and lower limits) showing the effect of clipping of both the Apertif and LOFAR
images at their respective 50~ levels. The white contour shows the extent of the source in the Apertif image at the level of 5o~. Outside this contour,
the spectral index represents a lower limit. The point source on the left has a spectral index of 0.9, causing the source to be brighter in terms of
S/N in the LOFAR image, and, therefore, the region above 5o in the LOFAR image is larger than in the Apertif image. This creates an artificial
region with a lower limit. The right-hand source has a spectral index of 0.54, which is close to the spectral index of 0.58 that corresponds to the
noise levels in both images, so that the source has the same S/N in both images and no region with lower limits is created.

bution of the detections for a number of different radio sources
where both the 150 MHz and the 1400 MHz emission are de-
tected above 5o

A number of interesting objects can be seen. For example, a
few cases of classical double, edge-brightened FRII objects ap-
pear prominently as the largest sources in the first four panels.
Their spectral indices follow the known trends: a flat-spectrum
core (in the range 0 < a < 0.4), relatively flat spectrum jet
head regions (including hot-spots as well as initial backflow),
and lobes with its index steepening closer to the core, tracing
the backflow of the radio plasma. These well-behaved structures
demonstrate the reliability of the derived spectral indices and the
good alignment of the images. Additionally, the values obtained
are consistent with expectations (see e.g. Harwood et al. 2016
and references therein).

A number of flat or inverted spectrum sources are also vis-
ible in Fig. 4. Most of them are unresolved and were already
discussed by Mahony et al. (2016). Two spiral galaxies are also
seen, and a face-on one is visible in the bottom-right panel of
Fig. 4 as the round object with a spectral index between 0.5 and
0.7. The bottom-left image includes a wide-angle tail, which is
part of the Abell 1132 cluster (see also Sect. 4.3).

However, the objects most relevant for the present study are
those characterised, partly or entirely, by USS indices. As we
described in Sect. 1, USS indices are generally defined as a{igo
= 1.2 or steeper (Komissarov & Gubanov 1994). Because we
measure the low-frequency spectra, we relaxed this slightly in
the case of regions where only limits on the spectral index are
derived. Thus, we also consider sources with extended regions
that have spectral indices steeper than a3, > 1 as interesting
USS candidates.

Following these criteria, the images were inspected by eye.
We identified 15 sources dominated by USS emission. For con-
venience, we separated these sources into two groups. The first
group includes sources where the entire emission is dominated
by a USS. The second group includes sources where the ex-
tended USS emission coexists with a region (mainly the central
one) characterised by the typical spectral index of active radio

sources (a30,~ 0.6 - 0.9). The selected sources are listed in Ta-

ble 1, and they are discussed in more detail in Sects. 4.2 and 4.1.
In Sect. 4.3, we briefly remark on the spectral indices derived for
the region of Abell 1132.

The optical identification for the selected sources was done
on the 6 arcsec LOFAR image, using the same procedure as de-
scribed by Jurlin et al. (2020) and Jurlin et al. (in preparation).
The redshifts were mostly obtained from the Sloan Digital Sky
Survey (SDSS; spectroscopic and photometric) as described in
Duncan et al. (2019). This catalogue mainly covers sources with
z<0.8.

Additional redshifts were determined using the new LoTSS
multi-wavelength catalogue (Kondapally et al. 2020) and the re-
fined hybrid photo-z method (Duncan et al. 2020). These extra
photometric redshifts, typically with z > 1 (marked with an
asterisk in Table 1), are more uncertain as they lie outside the
best multi-wavelength coverage area of the field. For one object
(J105554+563537), the photometric redshift is considered too
uncertain, and we do not list it in Table 1.

4.1. Ultra-steep spectrum sources: Dying radio galaxy
candidates

We find eight sources where most, or all, of the emission is char-
acterised by a USS. Their spectral properties suggest that these
are dying sources, where the extended and dominant USS is in-
dicative of remnant structures left over from a past phase of the
jet activity. These sources are listed in Table 1, and their spectral
index images are presented in Fig. 6.

Three sources — J105233+585451, J105723+565938, and
J110201+583122 — have the amorphous structure expected for
remnant-like radio sources (see e.g. Brienza et al. 2017; Ma-
hatma et al. 2018). We note that J110201+583122 is not detected
at all at 1.4 GHz; therefore, the structure of the spectral index
presented in Fig. 6 is defined by the LOFAR emission. Given the
two candidate optical identifications (marked by the crosses in
the figure), we also cannot completely rule out that this source is
actually formed by two distinct radio AGN.
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Table 1. List of extended sources selected based on their extreme spectral index properties (see Sect. 4 for details). The spectral index properties
are shown in Figs. 6 and 7. Column 3 lists the spectral index at the location of the peak intensity oroptical position. Column 4 lists the average
spectral index in the extended regions. These are derived by averaging over a box in the lobes, avoiding the region at the edges (see Sect. 3).

Source name P Average a3, Log Piso mu, Refs
Central Lobes WHz!
Remnant radio sources”
J104618+581421 0.168 1.3 1.1-1.5 24.30 2
J105034+564539 0.703 - 1.1 (N); 1.4 (S) 25.22
J105123+582801 1.66* - 1.2-1.5 26.50
J105233+585451 | 0.468-0.505 - 1.5t0>1.9 25.17-25.22
J105554+563537 - - 1.8 26.11 3
J105723+565938 1.142 1.1 1.6 (N); 1.3 (S) 25.74 2
J110201+583122 | 0.361-0.494 - > 1.1 (N); > 1.28 (S) 25.50-25.74
J110255+585740 0.339 - 1.2(S); 1.6 to > 1.6 (N) 25.35 3
Restarted radio sources?
J104806+573035 0.317 0.85 > 1.15(N); > 1.3(S) 24.85 1,2
J104842+585326 2.1685* - > 1.1 25.53 2
J104913+575008 0.073 0.90 >1.4 24.14 1,2
J104959+570715 0.440 0.57 > 1.1 24.59
J105221+585054 0.978 0.64 1.0to> 1.2 (N); > 1.2 (S) 25.84
J110135+580653 0.1597 0.80 > 1.25(N); > 1.0 (S) 24.16
J110317+573757 0.70 0.80 1.1 (W); > 1.0 (E) 25.84

150

Notes. @ Extended sources with a}3),

> 1 over the entire emission, see Sect. 4.1 for details ; ¥ Extended sources with partly USS emission, see

Sect. 4.2 for details. * Redshifts from the expanded catalogue from Duncan et al. in preparation, see Sect. 4.
References: (1) Mahony et al. (2016); (2) Jurlin et al. (2020); (3) Brienza et al. (2017).

Interestingly, a significant fraction of the extended USS
candidate remnants are instead characterised by double-
lobed structures, namely J104618+581421, J105554+563537,
J105723+565938, and J1102554-585740. One particularly inter-
esting object is J105554+563537, which shows an extremely
steep spectrum (a}30,~ 1.8) but a double-lobed structure. This
source (as well as J110255+585740) was already listed by
Brienza et al. (2017) based on the integrated spectral index.

The extreme steepness of the spectrum suggests an aged
source that, nevertheless, appears to have maintained the double-
lobed structure. Interestingly, the J105554+563537 radio galaxy
has a core detected in deep VLA observations at 6 GHz (Jurlin
et al. in preparation) and a candidate optical identification. The
photometric redshift for this object is highly uncertain, but we
cannot exclude a relatively high redshift>. High-z radio galax-
ies are known to be often (albeit not always, see Coppejans et
al. 2017) characterised by USS emission (Miley & De Breuck
2008). Thus, in these objects, the steepening of the spectrum is
often considered to be the result of a number of possible causes
and not necessarily indicative of a remnant source. A number of
suggestions have been made (see e.g. Klamer et al. 2006; Coppe-
jans et al. 2017 for overviews). One is that it is due to increased
inverse Compton losses from scattering of cosmic microwave
background (CMB) photons, an effect that is proportional to
the CMB density and, therefore, to the redshift. Simulations of
this effect have been presented by Morabito & Harwood (2018)
(see also Turner & Shabala (2020)). While an impact from in-
verse Compton scattering cannot be excluded, the spectral index
of J105554+563537 is extreme, even for high-z radio galaxies.
Therefore, we consider that the extreme spectrum of this object
must be (at least partly) indicative of a remnant source.

An important physical parameter that is usually extracted
from the spectral information is the age of the source. Deriving

2 7 ~ 2 based on available, but limited, photometric data and requiring

higher quality observations to be confirmed.
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reliable values requires sampling the radio spectrum at as many
different frequencies as possible. This is clearly not the case for
the sources presented here, with only two frequencies available.
However, given that we are focusing on structures with extreme
spectral index ’at low frequencies’, we can derive limits to their
ages by making some simple assumptions. To the first order, the
ages of the relativistic electrons (#;) counting from the last injec-
tion (or re-acceleration) can be estimated — neglecting expansion
losses — by employing the commonly used formula from (Kar-
dashev 1962):

BO.S
0
(B + By) V(1 +2)

This formula shows that #; depends on the frequency of the break
vy, (in GHz), the strength of the magnetic field of the source B,
and the inverse Compton equivalent field Bcyg, which depends
on the redshift of the source as Beyp = 3.25 X (1 + 2)2.

The magnetic field of the source is often derived based on the
assumption of equipartition conditions between particles and the
magnetic field. Under these conditions, the typical value of the
magnetic field found in other remnant sources (i.e. ~ 3uG) can
be assumed (e.g. Tamhane et al. 2015; Brienza et al. 2016). Some
objects (such as FRII) are known to deviate from equipartition,
and the magnetic field could be as low as B ~ 0.3Bq (see Cros-
ton et al. 2008; Ineson et al. 2017; Turner et al. 2018). However,
for such cases, the radiative cooling of the plasma is expected to
be dominated by inverse Compton scattering of CMB photons,
and Bcyp dominates. Taking a range of redshifts between 0.15
and 1, where most of the sources are located, gives values of
Bemp between 4.3 and 13 uG.

For the break frequency vy, given that we look at structures
with USS between 150 and 1400 MHz, the first assumption is
that vy is below 1400 MHz. We can constrain this further by
considering that, even assuming a steep injection index of the

t, = 159

Myr. )
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electrons (e.g. ai,; = 0.8), the break frequency has to be at least
as low as 600 MHz to achieve an a/ﬁgo Z 1.0. The break would
be at lower frequencies (potentially even lower than 150 MHz)
if the injection index wereflatter (@i, = 0.5).

With a range in break frequency between 150 and 600 MHz,
and assuming B.q = 3uG, we derived ages up to between ~ 160
and 320 Myr for the remnant structures. In most of the cases,
the magnetic field will be dominated by Bcyp and the ages will
become shorter (i.e. a few tens of megayears up to 100 Myrs), in
particular for those with redshifts around or above 1. The calcu-
lated values are consistent with simple considerations based on
the lobe expansion speed. For old sources without strong bow-
shocks, this will be of the order of the sound crossing time of the
external gas, which is 100-200 Myr (depending on the environ-
ment) for a 200 kpc source.

Thus, these sources (or at least some of them) might repre-
sent the older tail of the age distribution of radio sources. This is
in agreement with the results of the simulations by Shabala et al.
(2020) (see Sect. 6 for a discussion).

It is interesting to see, as mentioned above, that a number
of the selected remnant sources have a double-lobed structure
(i.e. J104618+581421, J105554+563537, J105723+565938, and
J110255+585740). This is relevant because the morphology of
the selected remnant sources could give us some clues on their
likely progenitors. Double-lobed sources might be descended
from FRII radio galaxies (or lobed FRI). Indeed, their radio
power, even at this evolved stage, tends to be higher than that of
the typical FRI. These objects can be compared with the remnant
B2 0924+35, for which Shulevski et al. (2017), using LOFAR,
estimated an age of 50 Myr from the last re-acceleration and 120
Myr as the total age. In this object, while the structure appeared
more amorphous than the sources presented here, a flattening of
the low-frequency spectral index is present at the extreme of the
lobes, suggesting that these could have been the locations of the
hot-spots when the source was active. Thus, an FRII was sug-
gested as the progenitor for B2 0924435 as well. For the objects
presented here, high spatial resolution observations will be re-
quired to investigate whether this is the case for our sources.

On the other hand, USS radio sources with a more amor-
phous structure (e.g. J105233+585451, J105723+565938, and
J110201+583122) could represent the remnant phase of FRI.
The possibility of an FRI progenitor has been proposed for, for
example, the so-called Blob1, an amorphous remnant studied by
Brienza et al. (2016) that has also been confirmed as a remnant
radio source thanks to a follow-up at high frequencies.

In general, our observations confirm the variety of properties
of the remnant objects. This will have to be taken into account
when modelling the evolution of radio galaxies.

4.2. Extended sources with partly USS emission: Restarted
candidates

We have identified seven sources that each show two regions
with very different spectral index properties. The first is a re-
gion (typically the central region) with a spectral index consis-
tent with that of active galaxies. This first region is embedded
in a second outer region that is characterised by a USS spec-
trum (or limit a}igo> 1.0) that is typical of remnant structures,
as discussed in the previous section. Thus, the spectral proper-
ties of these objects suggest that the external USS regions repre-
sent remnant structures that are left over from a previous phase
of source activity, while the inner regions show the presence of
a new, restarted phase of activity. The spectral index images of

these selected objects are presented in Fig. 7. It is important to
note that in many cases the spectral indices are actually lower
limits. The spectral index distributions across the major axes of
some of the sources are presented in Fig. 8. They clearly illus-
trate the values derived for the spectral indices and the region
where they represent lower limits.

We briefly describe the properties of every object. This is
followed by some general considerations about the whole group.

J104806+573035 is located in the area covered by the old
WSRT mosaic and was already noted to have extreme spectral
properties by Mahony et al. (2016) and Jurlin et al. (2020). How-
ever, no analysis of the resolved spectral index was presented.
This source has a structure made by two double lobes, with the
external ones being USS. To the first order, the structure resem-
bles that of a double-double radio source, although it has the
morphology typical of an FRI, with no hot-spots at the end of
the lobes. This, together with the USS outer lobes, are uncom-
mon properties in double-double radio galaxies (Mahatma et al.
2019).

J104842+585326 is a more uncertain case. It has very low
surface brightness in the LOFAR image at 6 arcsec resolution
and possibly has a double-lobed structure. Nevertheless, most of
the structure shows a%280> 1. Thus, based on the likely optical
identification, the northern side (where the spectral index still
has the typical value of 0.8) could actually be the location of a
hot-spot. Therefore, it could possibly be an FRII source in the

process of switching off instead of a restarted source.

J104913+575008 is also located in the area covered by the
old WSRT and was mentioned by Mahony et al. (2016) and Ju-
rlin et al. (2020). It is an intriguing source with a central, un-
resolved region surrounded by highly asymmetric, USS diffuse
emission and a lobe (undetected at 1400 MHz). It is hosted by
a disk-like galaxy (see Fig. B.1 in Mahony et al. 2016), which
is quite uncommon for extended radio sources. Even rarer, it
has the spectral information of the extended emission. The disk-
like galaxy may suggest the presence of a gas-rich interstellar
medium (ISM), where the jet (which in this case has relatively
low power, ~ 10** W Hz™') may experience strong interaction
and even (temporary) disruption. Thus, in this source, the rela-
tively bright core may also be the result of the interaction (e.g.
similar to the case of PKS 1814-637; Morganti et al. 2011). An-
other possibility is that this source is a switched-off classical
double, with buoyancy directed towards the south. The real na-
ture of this source will require follow-up observations (including
of the environment).

J104959+570715 could represent a head-tail (HT) radio
galaxy. If this is the case, it may belong to the galaxy cluster
SWIRE CL J105004.0+570720 at a redshift of 0.43.

J105221+585054 is a double-lobed source with a prominent
core, as can be seen in Fig. A.1. The lobes are USS and mostly
undetected at 1400 MHz.

J110135+580653 is an asymmetric, double-lobed source.
This object also appears to have a relatively prominent central
region, as can be seen in Fig. A.1. Both lobes are undetected at

1400 MHz, and a spectral index limit of a}igo> 1.1 is found.

J110317+573757 is another case of a source with a relatively
prominent core, as can be seen from the higher spatial resolution
LOFAR image shown in Fig. A.1. The source shows two asym-
metric lobes, the western of which has USS emission and a flatter
spectral index (still at least a{igo~ 1) at its edge, perhaps indi-
cating the presence of a (remnant) hot-spot. The eastern lobe has
a spectral index steeper than ~ 1. It is actually unclear whether

the eastern-most component is part of the source.
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In this group of sources, we were generally looking for cases
similar to 3C 388 (Roettiger et al. 1994; Brienza et al. 2020),
where the restarted activity can be identified only by the spec-
tral properties and the sharp dichotomy in the spectral index
across the source. Two regions with very different spectral in-
dex properties are observed; a sharp discontinuity in the spectral
index distribution confirms the presence of two episodes of jet
activity (Brienza et al. 2020). Sources with these properties are
considered rare, but our results show that they are not uncom-
mon when appropriate sets of data are used. In our sample, only
J104806+573035 shows a clear transition to the USS indices oc-
curring at a large distance (~ 100 kpc) from the centre, similar
to 3C 388. In the other sources, the new phase is still restricted
to the region of the inner beam (corresponding to ~ 75 kpc at the
resolution of 14 arcsec for an average redshift z ~ 0.4).

Four of the candidates in this group (J104913+575008,
J105221+585054, J110135+580653, and J110317+573757)
show relatively prominent nuclear or core emission. This can
be seen from their LOFAR images at full spatial resolution (6
arcsec) and presented in Fig. A.1. This is interesting because Ju-
rlin et al. (2020) used this property (i.e. the core prominence) as
a signature of restarted activity. Thus, this finding supports the
use of this selection criterion (see Jurlin et al. 2020 for a full
discussion).

We can use the range of ages estimated for the remnant
sources (i.e. between 160 and 320 Myr, see Sect. 4.1) as a refer-
ence for the outer regions of these restarted sources. Because the
central regions of these sources have spectral index characteris-
tics of active sources, this means that, in this time interval (i.e.
< 160 Myr), the central SMBH has restarted. High-frequency
observations of the restarted phase are necessary in order to esti-
mate the actual length of the off phase. This has been done in the
case of the radio galaxy 3C 388 (see Brienza et al. 2020 for de-
tails). For this object, the derived total ages of the lobes is < 80
Myr, while the period of inactivity in 3C 388 has lasted < 20
Myr. Obtaining such information for the objects presented here
requires complementary high-frequency observations, which is
the next (ongoing) step.

4.3. The region of Abell 1132

An analysis of the spectral index properties of Abell 1132 has
been presented by Wilber et al. (2018). LOFAR 150 MHz ob-
servations and GMRT 325 and 610 MHz data for this complex
region were used to characterise the radio halo of the cluster and
of the giant HT radio galaxy, both of which show USS.

With the Apertif image, we can extend this to 1400 MHz.
The spectral index derived for this region is shown in Fig. B.1
and confirms the USS properties of most of the structures in the
region. For the outer part of the tail of the giant HT, only a limit
of the spectral index could be derived, Z 1.9, which is consistent
with what is obtained at lower frequencies. The HT north of the
cluster centre also has a very steep spectrum tail, Q%ZSON 1.5, that
is detected by both Apertif and LOFAR.

5. Statistics of remnant and restarted sources
selected by resolved spectral index

In addition to deriving their properties, obtaining the actual frac-
tion of remnant and restarted radio sources is essential for quan-
tifying their life cycle. The LH area has recently been used to
start such a study. Jurlin et al. (2020) created a sample by se-
lecting the radio sources with sizes larger than 60 arcsec. Mainly
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using the radio morphology, they identified candidate remnant
and restarted radio sources from this sample and used the re-
maining sources as a comparison sample. In this way, they were
able to derive the statistical occurrence of remnants and restarted
radio sources and, thanks to detailed optical identifications, char-
acterise their host galaxies (see Jurlin et al. 2020 for details).
The results have also been compared with numerical simulations
(Shabala et al. 2020).

We can now further explore these results by adding the infor-
mation presented here regarding the resolved properties of the
radio spectra. Of the sources in the full sample selected by Ju-
rlin et al. (2020), 43 are in the area covered by the Apertif image
and, therefore, by our spectral study. From the 43, seven have
been selected by our extreme spectral property criteria®. They
can be identified in Table 1 from the references given in Column
7.

Five had already been included in the sample of candidate
remnant and restarted radio sources presented by Brienza et al.
(2017) and Jurlin et al. (2020), either because of their mor-
phology or because of available information about their spec-
tral properties from the old WSRT mosaic, which, as men-
tioned above, covers part of the area. Two (J104618+581421
and J104842+585326) were defined as active by Jurlin et al.
(2020), but, according to our classification, they are a rem-
nant and a restarted radio source, respectively. One source
(J105723+565938), which was categorised as restarted by Ju-
rlin et al. (2020) based on its USS core, is now found to have an
entire USS structure (see Fig. 6); therefore, we have classified it
as a remnant.

In summary, of the seven objects, three can be classified
based on their spectral properties as restarted and four as rem-
nant radio galaxies. Thus, although we were limited by the small
number of objects, the spectral index information was crucial for
identifying or confirming the nature of all these objects as rem-
nant or restarted radio sources.

Using these objects, we can estimate the relative occurrence
of remnant and restarted radio sources in our selected sample of
extended sources. Based on the low-frequency spectral proper-
ties, we have, out of the 43 total sources, three restarted (7%)
and four remnant (9%) sources. We can consider these fractions
as lower limits on the occurrence of these sources because they
were derived using only one criterion (i.e. low-frequency spec-
tral index) for the classification (see below).

Despite the uncertainties and low number statistics, our key
result is that we confirm that a significant fraction of restarted
and remnant radio sources are present in the sample of extended
sources, as suggested by Jurlin et al. (2020). This also confirms
the constraints provided by that sample to the models of Sha-
bala et al. (2020). The results from the modelling (see below)
are therefore further strengthened.

Interestingly, four radio sources located in the area covered
by this study were originally selected by Brienza et al. (2017) as
candidate remnant radio sources based on the low core promi-
nence and low surface brightness, but they do not show ex-
treme properties in their resolved spectral indices and they are
not included in our selection presented in Table 1. These objects
(J104646+56, J105230+56, J105703+58, and J110420+58) ap-
pear to have relatively normal spectral indices at low frequen-
cies. However, for one of them (J105230+56), a sharp steepen-

3 For this analysis, we only consider sources that fulfil the criteria ap-
plied by Brienza et al. (2017) and Jurlin et al. (2020) to radio sources
larger than 60 arcsec, based on the catalogue produced by the Python
Blob Detector and Source Finder pyBDSF (Mohan & Rafferty 2015).
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ing of the spectral index is observed at high frequencies, based
on follow-up VLA 6 GHz observations that will be presented
in Jurlin et al. (in preparation). Thus, this object is a genuine
remnant that does not show USS at low frequencies (yet). This
likely represents a younger remnant that only recently switched
off (as discussed in Godfrey et al. 2017; Brienza et al. 2017,
Hardcastle 2018; Shabala et al. 2020) or, perhaps, is the result
of a different combination of on and off times, as was found for
Blobl (Brienza et al. 2016). This finding is consistent with recent
results showing that the spectral indices of remnants are not al-
ways extremely steep at low frequencies, as is usually assumed.
The variety of their properties shows that a selection based only
on the low-frequency spectral index will not select all remnant
and restarted radio galaxies, though it does select most of them
(as shown by Hardcastle 2018). This also indicates the need for
a variety of diagnostics to identify all of them.

Unfortunately, no high-frequency deep observations are
available for the other three objects. Their final classification will
therefore remain uncertain.

In summary, although limited to a small number of sources,
this analysis shows the possibilities offered by resolved spectral
information for selecting remnant and restarted radio sources.
When applied to the data that will be obtained over the large ar-
eas covered by the full Apertif and LOFAR surveys, it will pro-
vide a wealth of information on the different evolutionary stages
of radio sources.

6. Relevance for the life cycle of radio galaxies

As discussed in Jurlin et al. (2020), the comparable fraction of
remnant and restarted radio sources suggests that the restarted
phase can, in some cases, follow a relatively short remnant
phase. This is also suggested by some single-object studies avail-
able in the literature (e.g. Parma et al. 2010; Murgia et al. 2011;
Saripalli et al. 2012; Konar et al. 2013; Bruni et al. 2020; Brienza
et al. 2020; Maccagni et al. 2020). These studies find lengths of
the inactive period between two phases of activity of between a
few megayears to a few tens of megayears. However, the fact that
in the present sample we do not see a restarted phase in the ma-
jority of the remnants is telling us that the restarted phase does
not always follow shortly thereafter. Thus, a variety of situations
and timescales can be found for the restarted phase as well.

Our results are particularly relevant for constraining the pre-
dictions from modelling radio source evolution. The models
presented in Brienza et al. (2017), Godfrey et al. (2017), and
Hardcastle (2018) suggest that the observed fraction of remnant
sources can be explained if these structures fade relatively fast
(on timescales of at most a few x10® yr) due to both radiative
losses and dynamical expansion. This has recently been con-
firmed by more sophisticated modelling presented in Shabala et
al. (2020). They employ forward modelling with the Radio AGN
in Semi-analytic Environments code (RAiSE, Turner & Shabala
2015) to constrain the distributions of the lifetimes and kinetic
jet powers of active radio galaxies. The models are used to make
predictions for the size of the remnant and restarted populations,
and these are compared with the observations of Jurlin et al.
(2020). Two types of models are considered: constant age mod-
els (i.e. models where all sources live to the same age) and mod-
els with a power-law distribution for the ages (p(fon) o< t~'). The
former models did not provide a good description of the number
of candidate remnant and restarted radio sources observed by Ju-
rlin et al. (2020), although they were still marginally consistent
with them. The best fit was, instead, obtained with power-law
models with a high fraction of short-lived sources (i.e. fo, < 100

Myr) in order to reproduce the observed fraction of remnant and
restarted radio sources (see Shabala et al. 2020 for details).

The results presented here not only put stronger constraints
on the models and strengthen the conclusions of Shabala et al.
(2020), but also suggest that we are selecting the remnant struc-
tures that are in the older tail of the distribution. This is in con-
trast to the remnants selected using morphological properties
(see Brienza et al. 2017), which are likely observed soon after
the switch-off of the radio source and are expected to evolve
quickly due to dynamic expansion. The sources we selected have
the entire structure (many tens to hundreds of kiloparsecs in size)
characterised by USS emission: The switch-off of the activity
has already affected the entire source. This is also in agreement
with the fact that a restarted phase is already seen in some of the
sources.

7. Conclusions and future outlook

We have presented a pilot study of the resolved spectral index
derived between 150 and 1400 MHz for radio sources in an area
of the LH region of about 6 deg?. Exploring the spectral index
at low frequencies has allowed us to identify 15 sources where
all (or most) of the extended structure is dominated by USS.
Such steep, low-frequency spectra are clear signatures of very
old plasma where there is no ongoing replenishment of fresh
electrons. Therefore, they are key to providing constraints on the
age and life cycle of the radio activity. This study represents a
step forwards in understanding this cycle, complementing stud-
ies of radio galaxies in the extreme phase of their life, which are
selected using morphology. The complex picture we are trying
to put together shows that a variety of diagnostics is needed to
identify radio sources in various stages of their evolution.

The results presented here were obtained by using just one
pointing of the Apertif surveys, which had only 6 deg? in com-
mon with data from the ongoing LOFAR surveys that were avail-
able at the time of writing. This highlights the possibilities that
are opening up as the Apertif survey builds up to the final sur-
vey area of 3000 deg” (Adams et al. in preparation), all of which
will be enclosed by the area covered by the LOFAR surveys.
Our study shows that this combination with the data from the
150-MHz LOFAR survey (LoTSS, Shimwell et al. 2019) will
give valuable new information on the spectral properties of ra-
dio sources, something that will be even more the case when the
data from the upcoming LOFAR low-band survey at 54 MHz (de
Gasperin et al. in preparation), with resolution well-matched to
Apertif, become available. This will make it possible to expand
this kind of study to much larger samples covering a large vari-
ety of types of radio sources, including rare ones. Building such
large samples will allow us to connect the observed properties of
the life cycle to the properties of the host galaxy as predicted by
models.

Handling the large samples that will be obtained with the
combined Apertif and LOFAR surveys will require developing
automatic tools for the characterisation and classification of the
spectral properties of radio sources and for the selection of the
sources of interest. Such tools can also be connected to auto-
matic ways of exploring the morphological classification of radio
sources, which are now starting to be developed using automatic
techniques (see e.g. Mingo et al. 2019; Ralph et al. 2019; Galvin
et al. 2019, Mostert et al. submitted).

As a final remark, it is worth noting that the full understand-
ing of the life cycle of radio sources will also require connecting
other properties of the host galaxy, such as the presence and the
properties of the gas. For low-redshift objects, information on
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the presence of H1 can be derived from the same Apertif obser-
vations as these also provide data at high spectral resolution. If
the higher fraction of Hr detection in restarted radio galaxies,
as suggested by studies of single objects (e.g. Saikia, & Jam-
rozy 2009; Morganti & Oosterloo 2018), is confirmed for larger
samples, it would suggest a link between cold gas and restart-
ing nuclear activity. A wider range in redshift can be probed
for the ionised gas, either using SDSS data or upcoming WHT
Enhanced Area Velocity Explorer (WEAVE) observations. The
connection between the evolutionary stage of the radio source
and the reservoir of gas will undoubtedly bring new and interest-
ing insights.
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Fig. 6. Images of the spectral index and spectral index limits for the sources characterised by USS emission. The contours represent the emission
above 50 at 1.4 GHz (starting at 0.15 mJy beam™! and increasing with factors of 2). The spectral index inside these contours are detections, while
the ones outside are lower limits to the spectral index (due to the non-detection of Apertif). See the text for details. The beam size is 12" x 16”
and is indicated in the bottom-left corner. The white crosses represent the optical identifications. In two cases, two potential identifications have
been found (see also Table 1). The edges around the sources of flatter spectral indices are the results of bias in the way the limits were derived. For
more details, see the discussion in Sect. 3.
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Fig. 7. Images of the spectral index and spectral index limits for the sources where part of the emission is USS. The contours represent the emission
50 at 1.4 GHz (starting at 0.15 mJy beam™! and increasing with factors of 2). The spectral index inside those contours are detections, while the
ones outside are lower limits to the spectral index (due to the non-detection of Apertif; see the text for details). The beam size is 12" X 16” and is
indicated in the bottom-left corner. The edges around the sources with a systematically flatter spectral index are the results of bias in the way the
limits were derived. Further details are provided in Sect. 3. The white crosses represent the optical identifications.
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Appendix A: Core-dominated sources
Appendix B: Abell 1132
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Fig. A.1. LOFAR 6 arcsec cutout of some of the sources shown in Fig. 7. Contour levels are -3, 3,5, 10, 20, 40, and 80 X o, where o = 50 uJy

beam™'. From left to right: J105221+58, J110135+58, and J110317+57. The position of the core (and optical identification) is marked by the
Cross.
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Fig. B.1. Images of the spectral index (@3),) and spectral index limits for the region of Abell 1132. The values of the spectral index in the initial

part of the tail are consistent with what is presented by Wilber et al. (2018), and the sharp steepenings in the outer part are clearly seen. The
contours are from the Apertif image with logarithmic levels starting at 0.15 mJy beam™! and increasing with a factor 2.

Article number, page 17 of 17



