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ABSTRACT

Context. Radio galaxies dominate the sky at radio wavelengths and represent an essential piece in the galaxy evolution puzzle. High-
resolution studies focussed on statistical samples of radio galaxies are expected to shed light on the triggering mechanisms of the
active galactic nucleus in their centre, alternating between the phases of activity and quiescence.
Aims. For this work, we zoomed in on the sub-arcsec radio structures in the central regions of the 35 radio galaxies in the area covering
6.6 deg2 of the Lockman Hole region. The sources studied here were previously classified as active, remnant, and candidate restarted
radio galaxies based on the LOw Frequency ARray (LOFAR) observations at 150 MHz. We examined the morphologies and studied
the spectral properties of their central regions to explore their evolutionary stages and to revise the morphological and spectral criteria
used to select the initial sample.
Methods. We used the newly available LOFAR 150 MHz image obtained using international baselines, yielding a resolution of
0.38′′ × 0.30′′, making this the first systematic study of the nuclear regions at such a high resolution and low frequency. We used
publicly available images from the Faint Images of the Radio Sky at Twenty-cm survey at 1.4 GHz and the Karl G. Jansky Very Large
Array (VLA) Sky Survey at 3 GHz to achieve our goals. In addition, for one of the restarted candidates, we present new dedicated
observations with the VLA at 3 GHz.
Results. We characterised the central regions of the radio galaxies in our sample and found various morphologies, some even mim-
icking well-known double-double radio galaxies but on a smaller scale, that is, a few tens of kiloparsecs for the size of the restarted
activity. We also see the beginnings of active jets or distinct detections unrelated to the large-scale structure. Furthermore, we found
a variety of radio spectra characterising the sources in our sample, such as flat, steep, or peaked in the frequency range between
150 MHz and 3 GHz, indicative of the different life-cycle phases of the sources in our sample. Based on these analyses, we confirm
five out of six previously considered restarted candidates and identify three more restarted candidates from the active sample. As the
number of restarted candidates still exceeds that of remnant candidates, this is consistent with previous results suggesting that the
restarted phase can occur after a relatively short remnant phase (i.e. a few tens of millions of years).
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1. Introduction

Feedback from radio jets associated with active galactic nuclei
(AGN) plays a prominent role in the evolution of galaxies. How-
ever, the impact of radio jets on the host galaxy and surrounding
medium is still not well understood. The fraction of radio-loud
(jetted) AGN can change substantially based on radio power of
the source and the stellar mass of the host galaxy, with a fraction
of >30% for massive (M∗ = 5 × 1011 M�) early-type galaxies
with intermediate radio luminosities (L1.4 GHz > 1024 W Hz−1),
as is the case for the sources in this study (see e.g. Best et al.
2005; Sabater et al. 2019; Capetti & Brienza 2023). Because the
radio phase in jetted AGN can be recurrent, quantifying the life
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cycle of radio galaxies is expected to shed light on our under-
standing of these topics. Therefore, the crucial first step is to
build statistical samples of sources in all stages of the radio life
cycle: young, evolved active, remnant, and restarted.

Young radio sources are thought to be represented by peaked
spectrum sources (see review by O’Dea & Saikia 2021, and ref-
erences therein), with convex-shaped radio spectra. Based on
the frequency at which the maximum occurs, these sources
are classified as high-frequency peakers (HFPs; &5 GHz), giga-
hertz peak spectrum sources (GPS; ∼1–5 GHz), and compact
steep spectrum sources (CSS; .500 MHz). The drop in lumi-
nosity below the spectral peak is considered to be caused
by the synchrotron self-absorption (SSA; e.g. Fanti 2009) or
free-free absorption (FFA) due to a dense environment (e.g.
Peck et al. 1999; Orienti & Dallacasa 2008; Callingham et al.
2015; Tingay et al. 2015). An anticorrelation has been found
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between the size of the source and the frequency of the peak (see,
e.g. Fanti et al. 1990). This relation is most commonly explained
as the result of the SSA (O’Dea & Baum 1997; O’Dea 1998),
with the emission becoming more transparent as the source
expands1. However, the possibility of explaining the peak spec-
trum with FFA due to the dense material in which the source is
embedded has also been considered (Bicknell et al. 1997). Very
likely, both phenomena play a role. These young sources are
expected to evolve to the large radio sources in the span of one
to hundreds of millions of years (Parma et al. 1999).

At the other extreme of a radio galaxy’s evolutionary track,
remnant radio sources represent the last stage in the life cycle
of radio galaxies. In this stage, the activity stops or dimms sig-
nificantly, resulting in diffuse and amorphous extended radio
emission with no ongoing fuelling. A young radio source can
also be observed in the centre of this remnant radio emission,
implying the presence of newly formed compact jets. These
newly active radio galaxies are referred to as restarted sources
since they have emissions from both the previous and current
activity (e.g. Willis et al. 1974; Barthel et al. 1985; O’Dea 1998;
Stanghellini et al. 2005; Tremblay et al. 2010; Shulevski et al.
2012; Bruni et al. 2019). However, restarted radio sources are
mainly known from the studies of “double-double” radio galax-
ies (DDRGs; Schoenmakers et al. 2000). These galaxies contain
two pairs of distinct lobes on opposite sides of the host galaxy
and are, therefore, the easiest to identify based on their morphol-
ogy alone (Kaiser et al. 2000; Saripalli et al. 2003; Saikia et al.
2006; Jamrozy et al. 2009; Brocksopp et al. 2011; Konar et al.
2012; Mahatma et al. 2019). A study expanding the selection
of candidate restarted radio galaxies beyond DDRGs has been
presented by Saripalli et al. (2012). The authors included, as
restarted, sources with elongated or unusually bright radio cores
compared to their total radio power. Using this approach, they
analysed 119 extended sources from the Australia Telescope
Low Brightness Survey (Subrahmanyan et al. 2010). The study
found that 24% of these sources show signs of restarted radio
emission, indicating a relatively short remnant phase (a few
percent of their lifetime) based on the comparison with the
remnant sample (3%). Other studies have used the informa-
tion on the spectral index distribution within the radio lobes
to identify restarted activity. This approach allows the detec-
tion of both aged plasma in the extended regions and a new
cycle of activity in the central part of the source (Burns et al.
1982; Roettiger et al. 1994; Brienza et al. 2020; Morganti et al.
2021a,b).

Although the number of known restarted radio sources
has grown in recent years, the studies mentioned above had
limitations regarding the diversity of parameters used to iden-
tify candidate restarted radio sources and/or the telescope’s
capabilities to detect, for example, low-surface brightness radio
emission. A recent study conducted by Jurlin et al. (2020) has
overcome some of these limitations by expanding the study
to low frequencies, utilising the new possibilities offered by
the LOw Frequency ARray (LOFAR; van Haarlem et al. 2013)
telescope. Their goal was to identify restarted candidates in the
sample of 156 radio galaxies2 larger than 60 arcsec selected in the
Lockman Hole field (LH; Lockman et al. 1986, covering
∼30 deg2). This made it possible not only to compare them to

1 The frequency at which the emission peaks is inversely proportional
to the source size, either as a result of evolution or by the mechanism
for the turnover or both.
2 Two sources have been rejected from the original sample of
158 sources. For details, see Jurlin et al. (2020, 2021a).

the remnant candidates previously selected by Brienza et al.
(2017) in the same field, but also to use the remaining sources
in the sample as a comparison sample of active radio sources.
The availability of these samples allows us to derive fractions of
restarted and remnant radio sources and compare them with the
models describing the evolution of the remnant radio emission
(Brienza et al. 2017; Godfrey et al. 2017; Hardcastle 2018;
Shabala et al. 2020). Using both morphological and spectral
criteria to identify restarted radio sources at different stages,
Jurlin et al. (2020) classified 13–15% of the radio galaxies in their
sample as restarted candidates. The criteria used were namely
(1) the high Core Prominence3 (CP1.4 GHz > 0.1) combined with
low-Surface Brightness (SB150 MHz < 50 mJy arcmin−2) of the
extended emission, taken as an indication of a possible fading
structure resulting from a previous epoch of activity; (2) the Steep
Spectrum of the Central region4 (SSC;α1.4 GHz

150 MHz ≥ 0.7, suggesting
the presence of sub-kpc activity instead of only a flat-spectrum
core; α is defined as S ν ∝ ν−α); and (3) a visual inspection. The
visual inspection allows us to identify sources such as DDRGs
and, in general, restarted sources which were not selected in
the automatic way described above but where the inner jets are
resolved (see Jurlin et al. 2020 for more details on the criteria).

Following the criteria outlined in the previous paragraph,
the finding of a larger fraction of restarted candidates (between
13% and 15%), compared to candidate remnant radio sources
(∼7%; Brienza et al. 2017; Jurlin et al. 2021b), suggested that
the restarted phase can occur after a relatively short rem-
nant phase, resulting in the diffuse low-SB structure being still
visible (Jurlin et al. 2020; Morganti et al. 2021a). The study
by Jurlin et al. (2020) represents the expansion of the above-
mentioned work by Saripalli et al. (2012) to lower frequen-
cies (150 MHz). The selection of restarted candidates described
above was conducted using the LOFAR image with a resolu-
tion of 6.00′′ × 6.00′′ at 150 MHz (hereafter, LOFAR6 image;
Tasse et al. 2021).

The next step for a better characterisation of the restarted
radio galaxies includes resolving structures such as jets or lobes
in the central regions, in addition to the low-SB lobes at large
scales, and searching for a peaked spectrum of the central struc-
tures typical of young radio galaxies. These studies have been
done so far only on a limited number of sources (see e.g.
Parma et al. 2010), and without the availability of a compari-
son sample. To address this limitation, in this paper, we take
advantage of the new high-resolution (0.38′′ × 0.30′′) LOFAR
image at 150 MHz of the central 6.6 deg2 of the LH, obtained
using the international stations (hereafter, LOFAR-IB image;
Sweijen et al. 2022). This is the first high-resolution full field
image at 150 MHz, allowing the study of nuclear regions at such
a low frequency in a systematic way.

The LOFAR-IB image allows us to visually investigate
whether the bright central regions of the restarted candidates
selected by Jurlin et al. (2020) using the CP and SSC crite-
ria contain sub-arcsecond jets. The new LOFAR-IB image also
allows us to derive the central region’s flux density without con-
tamination of extended emission from the lobes, which can be
quite prominent at low frequencies with lower resolution (e.g.
LOFAR6 image) but is not the case at high frequencies, where
the extended emission falls below the detection threshold or is

3 Core prominence is defined as the ratio between the flux density of
the core and the total flux density of the source, CP = S core/S total.
4 We use the terms “central region” or “nuclear region” throughout this
paper to describe an area with an angular size of ∼6′′ that coincides with
the optical counterpart and any potential unresolved core and/or jets.
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resolved out. Therefore, in addition to the LOFAR-IB image we
use images at 1.4 and 3 GHz. This allows us to further trace the
properties of the radio spectrum of the central region from low
to high frequencies. However, this is possible only for a subset
of sources presented in Jurlin et al. (2020), as only the central
6.6 deg2 of the LH has been covered at this high spatial resolu-
tion (0.38′′ × 0.30′′).

The paper is structured as follows. In Sect. 2, we describe the
sample studied in this work and the criteria used to select it. The
description of the LH radio data is given in Sect. 3. In Sect. 4,
we describe the properties of the central region studied here and
the approach in the analysis. The results are presented in Sect. 5,
divided into the central regions’ detections and morphologies,
their flux densities, and spectral indices. We discuss the results
in Sect. 6. A summary and conclusions follow in Sect. 7. The
cosmology adopted throughout the paper assumes a flat universe
and the following parameters: H0 = 70 km s−1 Mpc−1, ΩΛ = 0.7,
ΩM = 0.3.

2. The sample

This work studies the nuclear regions of 35 radio galaxies in the
LH extragalactic field. These 35 radio galaxies are located in the
central 6.6 deg2 of the LH, the region covered by the LOFAR-IB
image, and represent a subset of the 156 extended radio sources
with sizes >60′′ selected by Jurlin et al. (2020) in the full extent
of the LH region (∼30 deg2). Among the 35 radio sources are
six restarted candidates and one remnant radio source, while the
remaining 28 sources represent evolved active radio galaxies.

Three of the six restarted candidates were originally selected
based on high CP and low-SB criteria (J104113+580755,
J104204+573449, J105436+590901). Another restarted can-
didate was selected using resolved spectral index maps
(J104842+585326; Morganti et al. 2021a). The remaining
two candidate restarted radio sources, J104809+573010 and
J104912+575014, were originally noted to have ultra-steep
spectral properties (Mahony et al. 2016; Morganti et al. 2021a).
In Jurlin et al. (2020), they were selected based on the
morphology (J104809+573010) and high CP and low-SB
(J104912+575014). The one remnant radio source in our sample,
J104622+581427, was selected based on the ultra-steep resolved
spectral index map (Morganti et al. 2021a).

The remaining 28 sources, considered evolved active radio
sources, are used to compare their properties in higher resolu-
tion images to restarted and remnant candidates. We also inspect
whether any restarted candidate is among these 28 radio sources
missed by the criteria mentioned here and described in detail in
respective papers.

3. Radio imaging data

In this work, we use the LOFAR6 and LOFAR-IB images at
150 MHz, combined with publicly available radio images at fre-
quencies up to 3 GHz. To display the large-scale morphology of
our sources, we also use the LOFAR image at 150 MHz with a
resolution of 18.65′′×14.67′′ (hereafter, LOFAR18), which best
enhances the extended emission (Mahony et al. 2016).

For one restarted candidate (J104113+580755), dedicated
observation at 3 GHz were obtained with the Karl G. Jansky Very
Large Array (VLA) in the A-array configuration. Because this
was the only source observed of our programme, we present the
results in the Appendix but we include them in the discussion of
the paper. In addition, for another source (J104208+592018) we
use archival data at 6 GHz, also obtained with the Karl G. Jansky

VLA in the A-array configuration and presented in Jurlin et al.
(2021b). We describe these data in the appendix.

3.1. High-resolution image at 150 MHz: LOFAR-IB

We make use of the LOFAR-IB image obtained by Sweijen et al.
(2022). This image exploits the LOFAR international stations
together with the Dutch array and reaches a spatial resolution of
0.38′′ × 0.30′′. It covers the 6.6 deg2 of the LH region, centred
at α= 10h45m00s, δ= +58d05m00s, and reaches a sensitivity
of 25 µJy beam−1 near the phase centre. The initial calibration
was performed using the strategy described in Morabito et al.
(2022), followed by further calibration and imaging of the full
field, full details of which are in Sweijen et al. (2022). In total,
2430 sources are detected above 5σ, and given the high reso-
lution and sensitivity, these can be characterised more precisely
than it was previously possible at such low frequency.

The LOFAR-IB images of the six restarted and one rem-
nant candidate can be seen in Figs. A.1 and A.2, respectively.
The LOFAR-IB images of the remaining 28 active sources in
the sample are shown in Fig. A.3. The inset in all these figures
is zoomed in on the expected position of the AGN and shows
3σLOFAR−IB contours in purple. The value of σLOFAR−IB is mea-
sured separately for each source and is, therefore, also referred
to as σlocal.

3.2. Publicly available images at 1.4 and 3 GHz

In addition to the LOFAR6 and LOFAR-IB images at 150 MHz
and our observations with the VLA at 3 and 6 GHz, we
inspected the publicly available images at frequencies higher
than 150 MHz to derive spectral indices of the central regions
of the sources. In particular, we include in the analysis the
Karl G. Jansky VLA Sky Survey (VLASS; Lacy et al. 2020), at
3 GHz with a resolution of approximately 2.81′′ × 2.44′′ (typical
resolution of the full survey being 2.5′′ × 2.5′′) and an reported
average single-epoch rms noise of 120 µJy beam−1. The sources
in our sample were observed with the first half of the second
epoch of VLASS observations (VLASS 2.1). Furthermore, we
use the Faint Images of the Radio Sky at Twenty-cm (FIRST;
Becker et al. 1995) at 1.4 GHz with a resolution of 5.40′′×5.40′′,
and a reported average rms noise of 150 µJy beam−1.

Table 1 summarises the images used in this work and the
median rms noise as measured in this study. The difference in
spatial resolution between the surveys and the possible impli-
cations are considered when discussing the spectral indices in
Sects. 5 and 6.

4. Analysis

4.1. Properties and the identification of the central region

In this study, we focus on the properties of the central regions
of our sources. With central region, we refer to the region with a
size of ∼6′′ centred on its AGN. This size corresponds to the
resolution of the LOFAR6 image used by Jurlin et al. (2020)
to select the sample. The location of this central region was
determined based on the visual inspection of radio images and
the optical identification of the host galaxy in the Sloan Digital
Sky Survey (SDSS; Blanton et al. 2017). The detailed proce-
dure of determining the central region and the optical counter-
parts is described in Jurlin et al. (2021b). This central region can
include, in the LOFAR-IB image, a single or multiple compo-
nents. Each of the detections individually is considered resolved
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Table 1. Summary of radio survey properties.

Image Frequency Resolution Median rms noise
Name [MHz] [′′] [µJy beam−1]

LOFAR-IB 150 0.38 × 0.30 50
LOFAR6 150 6.00 × 6.00 100
LOFAR18 150 18.65 × 14.67 210
FIRST 1400 5.40 × 5.40 150
VLA* 3000 1.08 × 0.69 60

6000 0.29 × 0.23 10
VLASS 3000 2.81 × 2.44 150

Notes. VLA* represents dedicated observations of one restarted candi-
date at 3 GHz, presented in Appendix C and one source from the active
comparison sample at 6 GHz presented in Jurlin et al. (2021b). Resolu-
tions of the VLASS images varies slightly for the sources in our sample.
Here, we list the representative resolution of the sample.

in the LOFAR-IB image, if it satisfies the criteria presented in
Sect. 4.2.

Out of the 35 sources in our sample, 22 (∼63%) have
an SDSS redshift. The vast majority of these redshifts range
between 0.3 and 0.8 (see Table B.1) corresponding to a range
in linear scales of ∼27 to 45 kpc in the LOFAR6 and ∼1.3 to
2.3 kpc in the LOFAR-IB images. Therefore, the central region
is expected to include a combination of the actual core and the
beginning of the jet or expanding new lobes in the case of a
restarted radio source.

In those sources in which the position of the central region
was less certain, due to no optical identification and/or lack
of unresolved emission which could indicate the presence of a
core in LOFAR6 radio images, we inspect the new LOFAR-IB
images. For three of these sources with uncertain identification
(J103913+581445, J104655+572302, and J104819+573515),
we could detect an unresolved component in the LOFAR-IB
image. We adjusted their positions according to the LOFAR-
IB and VLASS detections. New positions are noted with a pink
inset in Fig. A.3.

4.2. Analysis of the central region

For the analysis conducted in this study, we use the flux densities
of detections within the central regions or upper limits. First, we
outline our approach for analysing the LOFAR-IB image. Then
we describe the flux densities obtained from other radio images
and, in the last paragraph, we describe the estimate of the flux
density uncertainties.

To accurately determine the flux densities of detections in the
LOFAR-IB image, we assessed whether each detection within
the central region was resolved. This involved fitting a Gaussian
in CASA to each LOFAR-IB detection in the central regions
of our sources. We classified detections as unresolved if their
minor and major axes were comparable (inside the errors) to the
beam size. Additionally, we considered a LOFAR-IB detection
as unresolved if its integrated flux density and peak flux density
were consistent within the uncertainties5.

5 Depending on where the sources are with respect to the phase cen-
tre, time and bandwidth smearing will affect them, resulting in both
reduced peak intensity and increased size of the detections. Therefore,
this work’s number of resolved detections represents an upper limit, as
smearing may result in artificially resolved sources.

Based on the aforementioned criteria, if a detection (or multi-
ple detections) within the central region is unresolved, we utilise
the peak flux density to calculate the spectral index and gener-
ate spectral index plots. Conversely, if the detection (or multiple
detections) in the LOFAR-IB image is resolved, we measure the
flux density by integrating over the area within the LOFAR-IB
3σlocal contours. If the central region consists of multiple unre-
solved or resolved detections, their flux densities are summed.
Both integrated and peak flux densities were measured using
CASA inside 3σLOFAR−IB contours. Peak flux density was deter-
mined as the maximum-pixel value at the detection’s position.
For the other radio images with lower resolution (LOFAR6,
FIRST, and VLASS; see Table 1), we measure the peak flux den-
sities of the detections within their central regions. While some
detections in FIRST and VLASS images are resolved at their
respective resolutions, none of those resolved in the LOFAR-IB
image are resolved within the central 6′′. Therefore, using their
integrated flux densities for the analysis presented in this paper
would be misleading.

The total uncertainty (∆S ) on the flux densities (S ) was com-
puted by combining the flux density scale calibration uncertainty
(∆S c) and the image rms noise (σ) in quadrature, multiplied by
the flux density integration area in beam units (Aint),

∆S =
√

(S · ∆S c)2 + (σ · Aint)2. (1)

For ∆S c in LOFAR6 and LOFAR-IB images we conserva-
tively assume values of 11% (Shimwell et al. 2019) and 20%
(Sweijen et al. 2022), respectively. For the two surveys con-
ducted with the VLA at 1.4 and 3 GHz (FIRST and VLASS),
we assume a value of 5% and 10%, respectively6 (Becker et al.
1995; Perley & Butler 2017). For dedicated VLA observations,
we assume an uncertainty of 5% (Perley & Butler 2017).

5. Results

In this section, we describe the results regarding the central
region of the sources in our sample. We first discuss the number
of detections, then the properties of the various groups of objects
in our sample, their morphologies in the LOFAR-IB image, their
flux densities, and their spectral properties. The results presented
in this section are summarised in Table 2.

5.1. Detection and morphologies of the central region

Out of 35 sources in our sample, 22 have one or more detections
inside the central region in the LOFAR-IB image (detections are
noted with “X” in the inset of Figs. A.1–A.3). We do not detect
emission in the central region of the remnant radio source. We
comment on the active comparison and restarted samples in the
following two subsections.

5.1.1. Active comparison sample

Out of 28 sources in the active comparison sample, we detect
structure in the central region in 17 of them. Thirteen of them
(i.e. 76%) show resolved central emission at the LOFAR-IB
image resolution. They are indicated with “†” next to their name
in Table 2. In these objects, we observe a variety of structures.
Six sources show multiple components in the central regions,
representing a (potential) core and one or two jets (see Col. 2 in

6 For the flux density scale error in the VLASS survey see https://
library.nrao.edu/public/memos/vla/vlass/VLASS_013.pdf
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Table 2. Flux densities and spectral indices of the central region.

Source name Number of S peak S peak S int S peak S peak α1.4 GHz
150 MHz; LOFAR6 α1.4 GHz

150 MHz; LOFAR−IB α3 GHz
1.4 GHz

components LOFAR6 [mJy] LOFAR-IB [mJy] LOFAR-IB [mJy] FIRST [mJy] VLASS [mJy]

Remnant radio source
J104622+581427 0 <1.79 <0.11 – <0.36 <0.43 – – –
Six restarted candidates
J104113+580755(†) 2 (C+J) 5± 1 1.2± 0.5 2.6± 0.6? 2.6± 0.2 3.0± 0.3 0.3± 0.1 0.0± 0.1 –0.2± 0.2
J104204+573449(†) 1 (EL) 6± 1 0.6± 0.3 1.9± 0.5? 1.4± 0.2 1.1± 0.2 0.6± 0.1 0.2± 0.1 0.3± 0.3
J104809+573010 1 UR <0.91 0.11± 0.03? 0.05± 0.02 <0.42 <0.35 – >–0.58 –
J104842+585326 0 <0.23 <0.11 – <0.42 <0.50 – – –
J104912+575014(†) 1 RC 9± 2 1.8± 0.5 4.2± 0.9? 1.6± 0.2 1.1± 0.2 0.8± 0.1 0.4± 0.1 0.5± 0.3
J105436+590901(†) 1 (EL) 4± 1 1.6± 0.5 3.3± 0.8? 4.8± 0.3 3.6± 0.4 –0.1± 0.1 –0.2± 0.1 0.4± 0.2
Twenty-eight active comparison sources
J103753+571812 0 1.2± 0.3 <0.18 – <0.45 <0.47 >0.44 – –
J103803+581833(†) 3 (C+2J) 4± 1 0.6± 0.1? 0.4± 0.1 0.7± 0.2 <0.47 0.8± 0.2 –0.1± 0.1 >0.59
J103840+573649(†) 1 RC 2.8± 0.8 0.5± 0.3 1.4± 0.4? 0.6± 0.2 0.5± 0.1 0.7± 0.2 0.3± 0.2 0.5± 0.5
J103856+575247 1 UR 18± 4 0.8± 0.2? 1.2± 0.2 3.3± 0.4 2.2± 0.3 0.7± 0.1 –0.6± 0.1 0.5± 0.2
J103913+581445(†) 3 (C+2J) <10.42 1.7± 0.7 3.0± 0.8? <0.36 <0.38 – >0.95 –
J103953+583213 1 UR <1.86 0.6± 0.1? 0.7± 0.2 1.3± 0.2 0.9± 0.2 <0.17 –0.4± 0.1 0.5± 0.3
J104130+575942(†) 2 (2J) 33± 9 2± 3 27± 6? 9.6± 0.5 3.7± 0.4 0.5± 0.1 0.5± 0.1 1.3± 0.2
J104208+592018 1 UR 3.4± 0.8 0.5± 0.1? 0.7± 0.2 0.5± 0.2 0.9± 0.2 0.8± 0.2 0.0± 0.2 –0.6± 0.4
J104223+575026(†) 2 (2J) 1.9± 0.5 0.3± 0.2 0.9± 0.3? <0.42 <0.43 >0.68 >0.36 –
J104320+585621(†) 1 (EL) 4.5± 0.9 0.4± 0.2 1.0± 0.3? 1.0± 0.2 0.8± 0.2 0.7± 0.1 0.0± 0.1 0.3± 0.4
J104352+581327(†) 1 (EL) 7± 2 0.9± 0.4 2.2± 0.5? 2.1± 0.2 1.4± 0.2 0.5± 0.1 0.0± 0.1 0.5± 0.2
J104630+582745(†) 2 (2J) 13± 4 1± 1 6± 2? 2.3± 0.2 1.0± 0.2 0.8± 0.1 0.4± 0.1 1.1± 0.3
J104655+572302 1 UR 0.8± 0.2 0.25± 0.07? 0.20± 0.06 0.6± 0.2 <0.38 0.2± 0.2 –0.4± 0.2 >0.49
J104819+573515(†) 1 (EL) 9± 2 4.2± 0.9 8± 2? 0.8± 0.2 <0.37 1.1± 0.1 1.0± 0.1 >0.97
J104843+572047(†) 1 (EL) 5± 1 1.5± 0.4 3.5± 0.7? 1.7± 0.2 1.1± 0.2 0.5± 0.1 0.3± 0.1 0.6± 0.3
J104917+583627 0 <28.12 <0.3 – <0.45 <0.61 – – –
J104918+574530(†) 1 (EL) 1.8± 0.4 0.5± 0.2 1.0± 0.2? <0.42 <0.45 >0.64 >0.38 –
J105117+583832 0 <1.98 <0.12 – <0.45 <0.43 – – –
J105132+571115(†) 1 (EL) 8± 2 0.9± 0.5 3.3± 0.8? 3.0± 0.4 2.0± 0.2 0.5± 0.1 0.0± 0.1 0.6± 0.2
J105137+592005 0 <0.77 <0.18 – <0.45 <0.41 – – –
J105160+570009 0 <3.46 <0.15 – 0.6± 0.2 0.6± 0.2 <0.81 <–0.60 0.0± 0.5
J105237+573103 0 <47.34 <0.21 – <3.09 <0.50 – – –
J105326+570310 0 <2.98 <0.17 – <0.45 <0.39 – – –
J105342+565408 0 <0.76 <0.18 – <0.39 <0.43 – – –
J105426+573649(†) 3 (C+2J) <23.98 1.2± 0.8 4± 1? <3.21 1.1± 0.2 – >0.05 < 1.41
J105435+565500 0 <3.86 <0.20 – <0.43 <0.52 – – –
J105456+565220 0 1.2± 0.3 <0.19 – <0.51 <0.43 >0.40 – –
J105622+575334 0 1.0± 0.2 <0.15 – <0.37 <0.36 >0.44 – –

Notes. In Col. 1 are the source names in J2000 coordinates, where (†) indicates sources in which the central region is resolved; Col. 2 lists the
number of components detected in the central region of each source in the LOFAR-IB image, as well as their components, where “C” = core,
“J” = jet, “2J” = two jets, “EL” = elongated, “UR” = unresolved, “RC” = resolved compact; Cols. 3, 4, 5, 6, and 7 are core flux densities measured
directly from images (see Sect. 4.2) at 150 MHz with 6.00′′ × 6.00′′ and 0.38′′ × 0.30′′ resolution, 1.4 GHz with 5.40′′ × 5.40′′ resolution, and
3 GHz with 2.81′′ × 2.44′′ resolution, respectively; Cols. 8, 9, and 10 are the spectral indices of the central region emission calculated between
150 MHz and 1.4 GHz, and 1.4 and 3 GHz.

Table 2). Among them is one radio source (J103913+581445)
that might, in fact, be restarted DDRG based on its morphology.
We detect two prominent, elongated structures in three active
sources. Of them, J104130+575942 and J104630+582745 show
the basis of the two large prominent jets, while J104223+575026
exhibits small-scale lobes, confined in the central region. We
comment on the identification of components and the nature
of these sources in Sect. 6. In addition to the six sources
with multiple components mentioned above, another six objects
have elongated structures detected in the central region, indi-
cating the presence of jets. The remaining source we consider
only slightly resolved according to the criteria described in
Sect. 4.2. In addition to the 13 sources with resolved detections,
there are four sources with single, unresolved detections in the
central region.

Out of the 11 active comparison sources with no detection
of the central region in the LOFAR-IB image, J104917+583627
and J105237+573103 exhibit FRII-like morphology in the same

image. These sources display hotspots in large-scale lobes (those
expanding well beyond the central region).

5.1.2. Candidate restarted sample

All but one of the restarted candidates have their central region
detected (5/6; ∼83%). The source with the undetected central
region is J104842+585326.

Among the five restarted candidates with a detected central
region, we consider four resolved at the LOFAR-IB image reso-
lution (80% of the five detections, indicated with “†” next to their
name in Table 2). The source with the unresolved central region
is J104809+573010. In it, only a very faint (3σlocal) detection in
the central region, and an extremely faint (∼2.5σlocal) detection
of the jet that follows the morphology of the large-scale struc-
ture, are seen in the LOFAR-IB image. Since the faint 3σlocal
detection of the nuclear region in the LOFAR-IB image coin-
cides with the optical host galaxy of this source, we consider it
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Fig. 1. LOFAR6 peak flux density vs LOFAR-IB peak or integrated flux
density. The only remnant candidate is indicated in orange, restarted
candidates in green, and sources from the active comparison sample in
blue. Arrows indicate upper limits on flux densities. The dashed line
indicates one-to-one relation, the dash-dotted line indicates a factor of
10 difference between the two flux densities at 150 MHz, while the
dash-double-dot line indicates a factor of 100 difference. See Sect. 5.2
for details.

a detection. Among the four restarted candidates with resolved
central regions, two cases stand out based on their morphologies:
J104113+580755 and J104204+573449. In the former, two well-
resolved structures are observed elongated in the same direc-
tion as the large-scale diffuse lobes (see Appendix C.1 for a
discussion of this object). In the case of J104204+573449, an
elongated structure is detected, possibly implying the presence
of sub-kpc jets. The remaining two sources (J104912+575014
and J105436+590901) show only barely extended detections.
We consider them resolved because of their difference in peak
and integrated flux densities.

5.2. Flux densities and radio luminosities of the central
regions

In order to construct the integrated spectral index plots and deter-
mine the spectral index values, we measured flux densities of
the central region or determined the upper limits. The details of
these procedures are described in Sect. 4. The mark “?” next
to the value in Cols. 4 and 5 in Table 2 indicates LOFAR-IB
measurements employed in the analysis (integrated or peak flux
densities, depending whether or not a detection(s) in the central
region is resolved). The peak flux densities from the remaining
surveys used in this work can be seen in Cols. 3, 6, and 7 in the
same table.

As a first step, we compared the LOFAR6 and LOFAR-IB
flux densities of the central region for each source. This compar-
ison can be seen in Fig. 1.

This figure shows that the flux densities measured at
150 MHz in the two LOFAR images show, on average, a fac-
tor of a few up to ∼10 difference (indicated with the dash-dotted
line), with a few extreme cases showing a difference of a factor
of &100 (J104917+583627 and J105237+573103). The higher
value of the flux density in the LOFAR6 compared to that in the
LOFAR-IB image is either due to the extended emission from an
active radio source (e.g. faint jets which have not been recovered
by the LOFAR-IB images) or the presence of extended diffuse
emission (i.e. from lobes).

Using the LOFAR6 flux density results in a systematic ten-
dency for the spectral index of the central regions to be rela-
tively steep. This was already noted in Jurlin et al. (2020), and
we also discuss this in more detail in Sect. 5.3. Although in some
cases, this may reflect the actual presence in the central region
of prominent extended structures, such as jets and lobes (as we
see in J104130+575942 and J104630+582745), we concluded
that the high number of steep spectrum cores could suggest a
bias introduced by the diffuse emission dominating the spectral
index at low frequencies. Further supporting this statement is the
fact that the surface brightness sensitivity limit of the LOFAR-
IB image is higher (inferior) than that of LOFAR6. In partic-
ular, the LOFAR-IB brightness sensitivity limit is estimated to
be ∼1 mJy arcsec−1; see Sweijen et al. (2023), expected for the
remnant or diffuse radio emission. This “contamination” in the
LOFAR6 image, but not in LOFAR-IB image, can be seen from
the contours in Figs. A.1 and A.3, where LOFAR6 detections are
embedded in large scale structures, while LOFAR-IB is mostly
isolated. This illustrates the importance of having a high spatial
resolution image, such as the LOFAR-IB.

Because of the reasons outlined above, in the present study,
we consider the LOFAR-IB flux densities (which tend to trace
the more compact and small-scale structures) more suitable to be
combined with the FIRST and VLASS flux densities for deriving
the spectral shape of the central regions. However, this approach
is not without its challenges, as there is a potential risk of missing
flux at the high resolution of the LOFAR-IB. We consider this in
the discussion below.

As one would expect, the number of undetected central
regions in the LOFAR-IB image increases as the total flux den-
sity in the LOFAR6 image decreases, particularly below ∼7 mJy.
However, some faint central regions are still detected in the
LOFAR-IB images (see Fig. 1).

For those sources with detections in their central regions
and assigned SDSS optical counterparts, we computed the
radio luminosities of their central regions. In Fig. 2, we show
the histogram of the distributions of radio luminosities. The
sources in our sample have a median radio luminosity of
log10(LLOFAR−IB/WHz−1) = 23.98.

5.3. Spectral indices of the central regions

Using the flux density measurements obtained as described in
Sect. 4.2, we produced the radio spectra shown in Fig. 3. These
plots show the two measurements at 150 MHz from LOFAR6
and LOFAR-IB, FIRST at 1.4 GHz, VLASS at 3 GHz, and a
measurement of the flux density for one restarted candidate at
3 GHz and for one source from the active comparison sample at
6 GHz.

Using these values, we have derived the spectral indices
between 150 MHz and 1.4 GHz (α1.4 GHz

150 MHz), and between 1.4
and 3 GHz (α3 GHz

1.4 GHz). The derived spectral indices are listed in
Table 2 (Cols. 8, 9, and 10). From Fig. 3 and the spectral index
values, we can look for sources that show inverted or peaked
spectra, which, as discussed in the introduction, can be used to
infer the evolutionary stage of the source. However, as shown in
Fig. 3, only 26 of the 35 sources (∼74%) have a detection of the
central region (indicated by a square symbol) in at least one of
the three frequencies at which our sources are observed7. As a

7 Throughout this paper, we focus on observations up to 3 GHz while
we discuss the observation at 6 GHz only when discussing the source
observed at this frequency.
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Fig. 2. Stacked bar chart showing LOFAR-IB radio luminosities of
detected central regions at 150 MHz of candidate restarted (green) and
comparison active (blue) radio galaxies with SDSS optical counter-
parts. At the top of the histogram, we report the p-value from the
Kolmogorov–Smirnov (KS) comparison of two datasets (see, Sect. 6).

result, we can only calculate spectral indices or spectral index
limits for these 26 sources.

As discussed above (Sect. 5.2), care should be taken in inter-
preting the spectral indices because of the difference in spatial
resolution between the LOFAR-IB and the high-frequency data
(FIRST and VLASS). Nevertheless, the high resolution and sen-
sitivity of the low-frequency images allow us to trace the small-
scale structures in the central regions, which are also the ones
more likely to be recovered by the FIRST and VLASS. Keep-
ing the spectral index limitations in mind, in the analysis below,
we remark on cases where follow-up observations are required
to confirm the results. In addition to the difference in resolution,
given that the observations were carried out at different epochs,
the intrinsic variability can also be a source of uncertainty in
the spectral indices presented here (see, e.g. Nyland et al. 2020;
Ross et al. 2021).

Interestingly, despite these uncertainties, the majority
(∼82%) of the sources tend to have a relatively flat-spectrum
spectral index in the range [–0.4, 0.5] when looking at the spec-
tral index between 150 MHz (LOFAR-IB) and 1.4 GHz. The flat-
spectrum emission is consistent with the typical spectral indices
of cores in radio galaxies (see, e.g. Blandford & Königl 1979;
Feretti et al. 1984; Mullin et al. 2008).

However, in this study, we can expand this analysis. Since we
have flux densities measured at three distinct frequencies, we can
construct a colour–colour plot (see Fig. 4). In this plot, we can
identify the shape of the spectrum from the location of the source
in it. Seven of the 26 sources have a detection at only one of the
three distinct frequencies used in this plot (e.g. either at 150 MHz
or 1.4 GHz or 3 GHz; see Fig. 3). Therefore, these objects cannot
be included in the colour–colour plot, and only a limit for the
spectral index can be derived. Among them is J103913+581445,
a possible DDRG, as revealed from the LOFAR-IB morphology
of the central region, already mentioned in Sect. 5.1 and further
discussed in Sect. 6.

The colour–colour plot obtained using the LOFAR-IB flux
densities of the central component is shown in Fig. 4. Colour–
colour diagrams have been used extensively by, for instance
Kesteven et al. (1977), Rudnick et al. (1986), and more recently,
McCaffrey et al. (2022) and Patil et al. (2022) to examine the
spectra of samples of radio sources, radio cores, quasars
of different radio-loudness, and heavily obscured luminous
quasars, respectively. This plot has also been used to assess
a spectral peak by Sadler et al. (2006), Massardi et al. (2011),
Mahony et al. (2016), Callingham et al. (2017), among others.
In it, radio colour–colour space is defined by the spectral index
derived between two high frequencies (in our case, 1.4 and
3 GHz; αhigh) and the spectral index derived between two lower
frequencies (in our case, 150 MHz and 1.4 GHz; αlow). There-
fore, in Fig. 4, we mark the division in four quadrants indicated
by the two perpendicular dashed lines (Q1, Q2, Q3, and Q4).

For comparison we present in Fig. 4 the same plot obtained
using the LOFAR6 flux densities of the central region. It is clear
from this plot, consistent with what is shown in the spectral plots
of Fig. 3, that most of the sources move towards steeper values of
the spectral index of the central regions. The distribution appears
much steeper than what typically expected for the central regions
of radio galaxies, suggesting a strong contribution from the dif-
fuse emission which becomes more prominent at low frequen-
cies. We discuss below some specific cases supporting the choice
of using the LOFAR-IB flux densities.

Looking at the upper panel in Fig. 4, the sources in our
sample are spread throughout the plot, with no clear separation
between the groups. However, the whole sample mainly occu-
pies Q1 and Q4. In Q1, the majority of the sources have a rela-
tively flat spectral index8 (≤0.5) throughout the range of frequen-
cies we have covered. This flat-spectrum central region is consis-
tent with the typical spectral indices of cores in radio galaxies as
a result of self-absorption (see, e.g. Blandford & Königl 1979;
Feretti et al. 1984; Mullin et al. 2008). The two restarted candi-
dates in Q1 are J104204+573449 and J104912+575014. The two
sources (J104130+575247 and J104630+582745) with a partic-
ularly steep spectrum are part of the active comparison sample.
In those cases, the central region includes prominent jets con-
nected to the ones seen on a large scale. Therefore, in these two
cases, the steep spectrum represents the spectrum of the large-
scale jets, not that of the newly restarted activity.

Q4 is particularly interesting because it includes objects with
a peaked spectrum, meaning they are inverted at low frequen-
cies and steep at high frequencies. For our frequency cover-
age, the peak of these spectra is likely located at ∼1 GHz. We
describe two sources in this quadrant in more detail due to
their peaked spectra. The first case is the restarted radio source
J105436+590901. Intriguingly, unlike the rest of the sources
in this quadrant, this source would remain peaked even if the
LOFAR6 flux density is used, suggesting that the emission from
the entire central region is characterised by a peaked spectrum,
with the peak at low frequencies (.1 GHz). Recently, there have
been studies identifying sources with observed peak frequen-
cies below 1 GHz, referred to as MHz-peaked spectrum (MPS)
sources (see, e.g. Coppejans et al. 2015, 2016; Callingham et al.
2017). Based on its spectral shape, source J105436+590901 is
consistent with being classified as an MPS source. The second
case is the source, J103856+575247, which is part of the active

8 Unlike in Jurlin et al. (2020), where the central region is considered
steep if α > 0.7, here we consider the central region steep if α > 0.5
due to it not being contaminated by the extended diffuse emission at
150 MHz, which was the case in Jurlin et al. (2020).
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Fig. 3. Radio spectra of the cores of the 26 sources in the sample. Flux density measurements from LOFAR image at 150 MHz (LOFAR-IB in
purple and LOFAR6 in blue), FIRST images at 1.4 GHz (in red), VLASS images at 3 GHz (in yellow), and VLA at 3 GHz and 6 GHz (in orange
and black, respectively; only for two sources; see Appendix C). Triangles indicate upper limits. Restarted candidates are indicated with a green
title, and the rest belong to the active comparison sample.

comparison sample and shows a peaked spectrum. However, in
the case of this source and others such as J104655+572302,
follow-up observations, with improved resolution, sensitivity,
and conducted simultaneously to mitigate potential variability
issues, will be necessary to confirm that high-resolution LOFAR-
IB imaging has not missed any flux compared to FIRST and
VLASS.

The quadrant Q3 corresponds to synchrotron self-absorbed
spectra and in this quadrant we would expect to see GPS
or HFP sources that are peaking above 3 GHz. Sources that
display convex spectra are located in the second quadrant of
Fig. 4. The convex spectrum category is likely composed of

sources that have had multiple epochs of AGN activity, with the
peaked-spectrum component above 1 GHz representing recent
activity in the core. At the same time, the upturn at frequen-
cies below the turnover is suggestive of diffuse, older emission
(Baum et al. 1990; Edwards & Tingay 2004; Torniainen et al.
2007; Hancock et al. 2010). In these types of sources, the peaked
component of the spectrum should be interpreted as the radio
source being re-started on short timescales, although variabil-
ity cannot be fully excluded. One source from the active com-
parison sample (J104208+592018) and one restarted candidate
(J104113+580755) are located at the borderline of the second
and third quadrants.
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Fig. 4. αFIRST
LOFAR−IB vs αVLASS

FIRST . The one-to-one relation of αlow and αhigh
is shown with a dashed grey line. The dashed black lines represent
spectral indices of zero, dividing the plot in four quadrants (Q1, Q2,
Q3, and Q4). The black lines in the corner of each quadrant illustrate
the shape of the spectrum. We remind the reader that α is defined as
S ν ∝ ν

−α. Arrows indicate upper or lower limits. In the upper panel, we
use LOFAR-IB flux density measurements, while in the lower panel,
we use LOFAR6 flux densities and compare them to their position in
the upper panel.

Interestingly, the flux density of J104113+580755 at
3 GHz with resolution roughly matching the LOFAR-IB (see
Appendix C) remains the same as from VLASS, therefore con-
firming the inverted spectrum between low and high frequencies.
Also interesting is the fact that the 6 GHz observations of the
source J104208+592018, matching the resolution of LOFAR-IB,
are consistent with the relatively flat spectrum found from the
LOFAR-IB–FIRST and VLASS. Whether the spectrum presents
a peak around the 3 GHz, will have to be investigated using
multi-frequency observations with matching resolution. These
two objects seem to support the choice of using the LOFAR-
IB for deriving the spectral properties of the compact structures
in the central regions.

6. Discussion

This study gives us a first view of the central regions at kpc
scales of a sample of radio galaxies at 0.3 arcsec resolution using
LOFAR-IB at 150 MHz. We have used the high-resolution mor-
phology and the spectral index information to explore the evolu-
tionary stage of the 35 sources in the sample initially selected by
Jurlin et al. (2020), and classified as remnant, restarted, or active
by Jurlin et al. (2020) and Morganti et al. (2021a; see Sect. 2).

Below we discuss the morphological and spectral properties of
the whole sample.

We detect at least one component in the central region
of 22 of the 35 radio sources in our sample. Of these
22 sources, 15 have only one component, four have two compo-
nents, and the remaining three sources have three components.
Studies with a similar goal of investigating cores and nuclear
regions have been done in the past on the B2 and 3C samples
(e.g. Parma et al. 1987; Giovannini et al. 1988; de Ruiter et al.
1990; Mullin et al. 2008). However, these studies were con-
ducted on samples at lower redshifts (z < 0.2) than studied
here, spanning a broader range in radio luminosities (e.g. 1023–
1028 W Hz−1 at 408 MHz in Giovannini et al. 1988, compared
to 1024–1026 W Hz−1 at 150 MHz in this work9). Furthermore,
the presence of cores was investigated using higher frequencies
than in this work, specifically 5 GHz (Giovannini et al. 1988;
de Ruiter et al. 1990). Despite these differences and considering
there is a higher chance of detecting a radio core at a higher
frequency, it is interesting to see that the fraction of detections
of nuclear regions reported in this work (∼63%) is compara-
ble to the detections in the previous studies mentioned in this
paragraph (between ∼65% and ∼80%). Furthermore, the study
investigating the properties of radio galaxies from the B2 sample
reports that ∼45% of the sources show unambiguous detection
of radio jets at 1.4 GHz (Parma et al. 1987), which is compara-
ble to the sources in our sample with jets or elongated detections
(∼43%; see Table 2).

The morphological inspection of a nuclear region can
tell us about the nature of our sources. For example, only
in two sources, we detect the beginnings of the large-scale
jets (J104130+575942 and J104630+582745). These detections
are noticeably elongated and connected to the collimated jets
detected in lower-resolution images, confirming the ongoing
activity in these sources. The fact that we see the beginnings
of large-scale jets in only two sources is surprising because most
sources have a radio luminosity typical of Fanaroff–Riley type
I radio sources (FRI; Fanaroff & Riley 1974). Although the dis-
tinction between FRI and FRII (Fanaroff–Riley type II) sources
based on their radio luminosities has been questioned (see, e.g.
Mingo et al. 2019), the vast majority of the sources in our sample
have large-scale morphologies that support their classification as
FRIs (see Figs. A.1–A.3).

The other sources in our sample with multiple components
have either only small-scale jets confined in the central region
or core and (unresolved) components. Thus, either the mor-
phologies of these detections are affected by jet-ISM interac-
tion (Bridle et al. 1994) keeping the jet (temporarily) confined to
the inner few kpc region or short-time variability in the fuelling
(and consequent emission) originates in discrete blobs of emis-
sion. However, it also might be due to the limit in detecting the
low-SB emission in the LOFAR-IB image. The latter is likely
the case for J103803+581833 (see Fig. A.3). In this source, the
detections on the opposite side of the assumed core are elongated
in the same direction as the large-scale FRI jets/lobes. They are,
therefore, more likely to represent higher flux density regions of
an active jet.

Interestingly, we discovered some potentially restarted
galaxies based solely on morphology. This is the case
for J104113+580755, J104223+575026, and J103913+581445
where multiple detections in their central regions do not appear
to be the inner part of large-scale structures, since the extended
emission is amorphous and/or does not show visible jets. Source

9 For the properties of the whole LH sample, see Jurlin et al. (2020).
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J103913+581445 has three detections in its central regions, one
a potential core and two lobes symmetric on both sides of the
core, reminiscent of the inner structure of a typical DDRG. Inter-
estingly, two of the three sources mentioned above are in the
active sample (J104223+575026 and J103913+581445), mean-
ing that they were missed by the criteria used in Jurlin et al.
(2020), emphasising the importance of high-resolution and
high-sensitivity images when selecting potential restarted radio
sources.

Finally, there are 15 sources in our sample with one detection
in the central ∼6′′. The majority of these detections are com-
pact. Compact detections for the median redshift of the sources
in our sample (z = 0.5, based on the SDSS information) at
this resolution (0.38′′ × 0.30′′) imply a component with a pro-
jected linear size of 1.8 kpc. On the other hand, those detections
showing elongated structure might indicate newly formed jet(s)
and, therefore, a restarted radio activity (e.g. J104204+573449).
However, the nature of this elongated component would need to
be confirmed by the spectral analysis or images at even higher
resolutions.

For the analysis of the spectral index, focussed on assessing a
spectral peak, we have constructed the colour–colour plot shown
in Fig. 4. Two limitations of the data that we use should be kept
in mind. First, the data are not taken simultaneously, and some
variability could be expected (e.g. Nyland et al. 2020; Ross et al.
2021). Second, the spatial resolution of the LOFAR-IB images
is higher than that of the FIRST and VLASS images. This may
appear to be a limitation, but in fact, it gives us a more compa-
rable view of the central region between the low and high fre-
quencies. This is because the LOFAR6 image can be affected by
diffuse emission in some cases (see Table 1 and Fig. 1), which
would significantly impact the resulting spectrum of the more
compact regions by making it unrealistically steep. As a result,
while the resolution mismatch is not ideal, we believe it provides
constraints on the spectral properties of the core regions.

In our sample, we detect various spectral shapes of
nuclear regions (see Figs. 3 and 4). They include candi-
date peaked spectra (e.g. J105436+590901), possibly convex
spectra (e.g. J104113+580755), as well as steep spectra (e.g.
J104130+575942), all indicating on-going activity (a young
source in the first two cases, and jets in the latter). There
are seven sources in which the central region is detected at
only one frequency (see Fig. 3). Therefore, these seven sources
are not included in Fig. 4. Among them is one interesting
source, J103913+581445, which shows a morphology resem-
bling a DDRG with a steep spectral index limit (>1.03) between
150 MHz and 1.4 GHz.

Overall, both active and restarted candidates show a simi-
lar fraction of resolved central regions (76% and 80%, respec-
tively), and there is no statistical difference10 between the radio
luminosities of their central regions (see Fig. 2). The sources in
the active comparison sample tend to show more structure in the
LOFAR-IB image beyond the central region (e.g. hotspots or jet
structures). We find that the central regions of the active compar-
ison sample can show the beginnings of large-scale jets. In con-
trast, the detections in the central regions of restarted candidates
are more compact and do not seem connected to the large-scale

10 We use the Kolmogorov–Smirnov (KS) comparison of two datasets
(a two-sided KS test; Kolmogorov 1933) to quantify the statistical dif-
ference between the distributions, at the 95% confidence level. The
ranges of the radio luminosity distribution for the evolved active radio
sources and restarted candidates are statistically similar with a p-value
equal to 0.70. Therefore, we cannot reject the null hypothesis that these
two samples come from the same distribution.

structure, which is typically more amorphous. We comment on
this for some cases from the samples of restarted candidates and
active comparison sources in the following two sub-sections.

6.1. Restarted candidates

The LOFAR-IB observations have confirmed that five of the
six restarted candidates have an active nucleus despite the
low surface brightness and amorphous emission detected on
large scales. For one object, namely J104842+585326, we do
not detect the central region in the LOFAR-IB image. How-
ever, based on the possible optical counterpart reported by
Kondapally et al. (2021), Morganti et al. (2021a) already pro-
pose that this source might be a high redshift (z = 2.1685)
FRII source in the process of switching off instead of a restarted
source. This hypothesis would be consistent with the non-
detection of its central region. Therefore, we reject this source
as a potentially restarted radio source.

Three of the remaining five restarted candidates were orig-
inally selected based on the high-CP and low-SB criteria. The
initial reason to adopt the CP criterion was based on the expec-
tation that the relatively bright central region (compared to the
extended emission) would reveal an extended structure, a multi-
component structure, or a possibly peaked radio source when
using data of adequate resolutions and sensitivities to investi-
gate these possibilities. The analysis presented here confirms our
expectation; see, for example, J104204+573449 with extended
structure, J104113+580755 with multi-component structure, and
J105436+590901 with a peak in its radio spectrum around
1 GHz. Furthermore, the low-SB extended emission did not
reveal any compact component in the high-resolution images,
both at high- (VLASS and VLA) and low-frequency (LOFAR-
IB), as expected if this emission is from remnant radio plasma
surrounding the restarted radio source.

For the restarted candidate with multiple components in the
central region (J104113+580755), the spectral analysis revealed
that one detection exhibits a flat spectral index, while another
displays a steep one (see Appendix C.1). Furthermore, the flat
spectrum component coincides with the optical counterpart.
Therefore, we are confident that these detections represent a
core (flat-spectrum component coinciding with the optical host
galaxy) and a jet (steep-spectrum component). The jet struc-
ture appears limited to the central region, while the large-scale
emission is amorphous. We interpret this as resulting from a
new activity cycle. Even if the asymmetric central structure is
affected by some beaming, the presence of symmetric and amor-
phous low-surface brightness extended structure would still sup-
port the presence of a restarted activity giving rise to the central
emission.

The remaining two restarted candidates were both
originally selected for their large-scale spectral properties
(J104809+573010 and J104912+575014). They were noted
to have extreme spectral properties (α1.4 GHz

150 MHz > 1.2) by
Mahony et al. (2016) and their restarted nature was further
confirmed by the resolved spectral index analysis pre-
sented in Morganti et al. (2021a). Additionally, the source
J104912+575014 was selected as restarted candidate in
Jurlin et al. (2020) based on the high CP and low-SB criterion.
Its central region is barely resolved in the LOFAR-IB image
and described with a steep spectral index, possibly indicating
structure on sub-kpc scales. Therefore, images at an even higher
resolution than what was available at this work would be needed
to study the nuclear region of this source in more detail. The
central regions of these two sources in the LOFAR-IB image
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do not show extended or multiple components at the resolution
and sensitivity of the LOFAR-IB image, indicating new activity.
This confirms that criteria based on both morphology and radio
spectra are needed to select the full statistical sample of restarted
radio sources.

In conclusion, these findings highlight the importance of
employing a diverse range of criteria to identify restarted radio
sources. The criteria used in the current study, as well as in
Jurlin et al. (2020), have proven valuable in identifying addi-
tional candidates belonging to this important group of radio
sources.

6.2. Comparison active sample

Radio galaxies from the active sample show a variety of mor-
phological and spectral properties. Interestingly, three sources in
the comparison sample could be identified as possible restarted
candidates, thanks to their morphology revealed in the high-
resolution image and the derived spectral indices. Two sources
(J103913+581445 and J104223+575026) were identified as can-
didate DDRG by the morphology identified in the LOFAR-IB
image in combination with what is seen at larger scales. The first
one, J103913+581445, is also characterised by a steep spectral
index in the central region. The third is source J103856+575247,
where a possible peaked spectrum source is detected in its central
region. Higher sensitivity and high-resolution, multi-frequency
data will be needed to confirm their nature.

6.3. Occurrence and implications for the life cycle

Although there is no clear separation in the spectral properties
of the groups, the morphological analysis and the spectral index
analysis allowed us to characterise the central regions of the
sources. This characterisation also enabled us to discover new
restarted candidates.

While we reject one restarted candidate (J104842+585326),
we affirm the remaining five restarted candidates, supporting
the selection presented in Jurlin et al. (2020). In addition, we
find three more candidates based on their sub-arcsec morphol-
ogy and/or spectrum characteristics. As a result of the analy-
sis presented in this paper, the fraction of restarted candidates
in the entire LH region is up to 15%, corroborating the num-
ber of restarted candidates found in Jurlin et al. (2020). Con-
firming the occurrence of restarted candidates is the primary
result of the paper because it has implication for the life cycle
of radio AGN. In particular, our study supports the duration of
the inactive phase of our restarting candidates to last a few tens
of millions of years (Jurlin et al. 2020). This duration is esti-
mated based on the fraction of restarted (up to 15%) and rem-
nant candidates (9%; Jurlin et al. 2021b; Morganti et al. 2021a)
in the entire LH region, and modelling presented in Brienza et al.
(2017) and Godfrey et al. (2017). For more details, we refer to
Jurlin et al. (2020). The fraction of restarted candidates derived
by the observations has been also used for theoretical modelling
to predict the evolution of radio sources (Shabala et al. 2020). In
Shabala et al. (2020), it is stated that in order to achieve a frac-
tion of restarted radio sources greater than 10%, a “power law
age” model characterised by a substantial population of short-
lived radio sources is necessary.

The three potential restarted candidates added from the
active comparison sample show us that even though the selec-
tion based on the high-CP and low-SB has proven to be good in
selecting restarted candidates, it has limitation in selecting cer-
tain cases of restarted radio sources. However, other restarted

candidates can be selected based on their sub-arcsec morphol-
ogy and/or peaked spectrum, further supporting the criteria pre-
sented by Jurlin et al. (2020). High-resolution LOFAR-IB image
played a crucial role in this selection.

7. Summary and conclusions

Thanks to LOFAR, in recent years, we have been able to system-
atically select samples of radio sources in various phases of their
life cycles. Furthermore, LOFAR high-resolution imaging at a
low frequency with an excellent sensitivity, used in this work,
opens a new window into detailed studies of low-luminosity
radio sources and their nuclear regions.

In this study, we used information from 150 MHz to 3 GHz to
examine the central regions of 35 radio sources in the Lockman
Hole field. Here we list the main conclusions from this work:

– We detect radio emission in the central ∼6′′ of 22 of the 35
sources (63%) in our sample (see Sect. 5.1).

– The central region is detected mainly in restarted candidates
(83%), and 80% of those central regions are, at least slightly,
resolved (see Sect. 5.1).

– Among the restarted candidates, there is one source
with a peaked radio spectrum (J105436+590901) and one
with a convex radio spectrum (J104113+580755) between
150 MHz and 3 GHz (see Sect. 5.3). These two restarted
candidates possibly represent the youngest restarted radio
sources.

– Sources from the active comparison sample show a larger
variety of structures in the LOFAR-IB image. Some of their
central regions show the inner part of the large-scale jets (see
Sect. 5.1 and Fig. A.3).

– Overall, the sources in the comparison active sample show
much more structure (often showing hotpots or knots in jets)
in the full extent of the radio emission compared to restarted
and remnant candidates (see Figs. A.1–A.3).

– Interestingly, the three objects in the active compari-
son sample could have a signature of restarted activity
(either based on their morphology or their spectral shape):
J103856+575247, J103913+581445, and J104223+575026
(see Sect. 6).

– We confirm the prevalence of restarted candidates over rem-
nants and the duration of the inactive phase of our restarting
candidates to last a few tens of millions of years as reported
in Jurlin et al. (2020; see Sect. 6).

– The combination of the high-CP and low-SB has proven to
be a good criterion in selecting restarted radio sources (see
Sect. 6).

– In order to select restarted candidates in various evolution-
ary stages, criteria based on both morphological and spectral
properties need to be employed (see Sect. 6).

– High-resolution images are a crucial part of selecting
restarted radio sources and bring us closer to understanding
the radio life cycle.

Overall, the present study builds upon powerful tools open-
ing promising perspectives for exploring the sources’ evolu-
tionary status in more detail. Importantly, we highlighted that
restarted and remnant radio sources are not merely on or off
but comprise far more complex phases. These phases need
to be further investigated to fully understand (1) the radio
galaxies’ life cycle, (2) the activity of their nuclear regions,
and (3) the impact of these objects on their surroundings. In
the future, large, multi-frequency, and multi-redshift surveys
will be the key to enabling robust statistical studies of the
radio morphologies of both extended and core emissions. These
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surveys will benefit from high-resolution radio observations,
such as those using very-long-baseline interferometry, which
will be crucial to relate the history of nuclear radio variabil-
ity to the optical nuclear emission line and continuum prop-
erties. This effort, in turn, will enable us to establish tight
evolutionary models accurately depicting the life cycle of radio
galaxies.
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Appendix A: Figures of sources studied in this work
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Fig. A.1. Radio images of restarted candidates. The colourmaps are LOFAR-IB with contours from the LOFAR18 (green; -3, 3, 5, 10 × σlocal);
LOFAR6 (blue; -3, 3, 5, 10, 20, 100, 200 × σmedian); LOFAR-IB (purple; -3, 3, 5, 10 × σlocal); FIRST (red; -3, 3, 5, 10 × σlocal); VLASS (yellow;
-3, 3, 5, 10, 20 × σlocal). The inset is zoomed in on the central region. The yellow ‘+’ in the inset notes the position of the optical host galaxy.
If there is no optical counterpart, red ‘×’ notes the expected position of the nuclear region. Detection (‘3’) or non-detection (‘7’) of the central
region is noted in the legends.
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Fig. A.2. Radio image of a remnant radio source. The colourmap is LOFAR-IB, with contours from the LOFAR18 image in green, LOFAR6 in
blue, FIRST in red (no detection in the full image), VLASS in yellow, and LOFAR-IB in purple (no detection in the full extent of the source).
Contour levels are the same as in Fig. A.1. The inset is showing zoom-in on the expected central part of the source. The red ‘×’ denotes the
expected position of the core, and the fact that there is no identification of the optical host galaxy. As denoted with ‘7’ in the legend, the central
region of the source is not detected in any of the radio images.
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Fig. A.3. Radio images of active comparison radio galaxies. LOFAR-IB colourmap with contours from the LOFAR18 image in green, LOFAR6
in blue, FIRST in red, VLASS in yellow, and an inset zoomed in on the central part with the LOFAR-IB contours in purple. Contour levels are
the same as in Fig. A.1. If the central part of the source is detected in radio images, it is denoted with ‘3’ in the legend. If the central part is
not detected, it is noted with ‘7’. The yellow ’+’ represents the position of the optical host galaxy. If the optical host galaxy is not identified, the
expected position of the nuclear region is noted with red ‘×’.
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Fig. A.3. continued.
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Fig. A.3. continued.
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Fig. A.3. continued.
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Fig. A.3. continued.
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Fig. A.3. continued.
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Fig. A.4. Radio images of the candidate restarted radio galaxy J104113+580755. The left panel displays the LOFAR-IB image, and the right panel
shows a zoomed-in view of the central region from the dedicated VLA observation presented in Appendix C. Contour colours and levels in the
left panel are the same as in Fig. A.1. In the right panel are LOFAR-IB contours in purple (-3, 3, 5, 10 × σ; σ = 35 µJy), VLA in orange (-3, 3, 5,
10, 20, 40 × σ; σ = 12 µJy), and VLASS in yellow (-3, 3, 5, 10 × σ; σ = 150 µJy). The yellow ‘+’ in the inset and in the right panel indicates the
position of the optical host galaxy. The detection of the central region in the respective images is noted with ‘3’ in the legend.
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Appendix B: Table with radio and optical properties of the sample

Table B.1. Redshifts, total sizes of radio sources, and sizes of the central detection(s).

Source name redshift angular size projected linear size angular size projected linear size
total [′′] total [kpc] central region [′′] central region [kpc]

Remnant
J104622+581427 - 108 864.86 - -
Six restarted candidates
J104113+580755 0.30894 ± 0.00006s 225 1022.85 3.18 14.45
J104204+573449 0.4807 ± 0.0001s 86 514.11 1.8 10.76
J104809+573010 0.31742 ± 0.00007s 179 827.88 0.9 4.17
J104842+585326 2.1685* 70 590.52* - -
J104912+575014 0.07256 ± 0.00002s 106 146.39 1 1.38
J105436+590901 0.8862 ± 0.0003s 135 1047.06 1 7.76
Twenty-eight active comparison sources
J103753+571812 - 97 776.78 - -
J103803+581833 0.6467* 80 640.64 4.4 30.42
J103840+573649 1.0657* 72 576.58 1 8.24
J103856+575247 0.10078 ± 0.00003s 144 267.98 0.9 1.68
J103913+581445 - 85 690.37 6.1 49.54
J103953+583213 1.9328 ± 0.0005s 75 629.85 0.8 6.84
J104130+575942 0.31643 ± 0.00005s 215 992.44 8 37.29
J104208+592018 0.5099 ± 0.0001s 192 1184.26 0.8 4.99
J104223+575026 0.66 ± 0.07p 67 466.66 2.04 14.40
J104320+585621 0.35294 ± 0.00005s 145 720.22 1.8 9.02
J104352+581327 0.3898 ± 0.0002s 249 1317.21 1.7 9.08
J104630+582745 0.11736 ± 0.00002s 134 283.54 6.5 13.89
J104655+572302 - 60 480.48 0.55 4.47
J104819+573515 - 75 609.15 1.4 11.37
J104843+572047 0.72 ± 0.04p 81 586.52 1.4 10.24
J104917+583627 - 85 680.68 - -
J104918+574530 0.71 ± 0.05p 120 861.84 1.8 13.09
J105117+583832 0.719* 95 760.76 - -
J105132+571115 0.31773 ± 0.00009s 155 718.43 2.2 10.28
J105137+592005 - 117 936.94 - -
J105160+570009 0.69 ± 0.04p 96 679.97 - -
J105237+573103 0.7090 ± 0.0002s 78 560.20 - -
J105326+570310 0.52 ± 0.05p 73 454.86 - -
J105342+565408 0.24 ± 0.02p 60 226.92 - -
J105426+573649 0.23 ± 0.06p 110 402.82 8.5 31.48
J105435+565500 0.72 ± 0.06p 106 764.58 - -
J105456+565220 - 118 944.94 - -
J105622+575334 1.2657* 60 480.48 - -

Notes. In Col. 1 are the source names in J2000 coordinates; Col. 2 lists redshifts of these sources determined in Jurlin et al. (2020) and
Morganti et al. (2021a). Those redshifts marked with s were obtained from the optical SDSS spectrum, and the ones with p are for redshifts derived
from photometry. Redshifts marked with an ‘*’ come from the LOFAR deep fields catalogue of the LH (Kondapally et al. 2021; Duncan et al.
2021). Cols. 3 – 6 list angular and projected linear sizes of the total radio emission measured inside 3σLOFAR18 contours, and the detections in the
central region measured inside LOFAR-IB contours in case of one detection, while for multiple detections we measure their overall extent. Mark
‘-’ in Cols. 5 and 6 indicates non-detection of the central region. For sources with no reported redshift, we use z = 1 to estimate linear sizes.
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Appendix C: High-resolution data at 3 and 6 GHz:
VLA

In 2020, we proposed to observe the sample of restarted can-
didates with the Karl G. Jansky VLA in S-band and A-
configuration. However, due to the limit in the allocated time,
we only observed one source, J104113+580755. This particu-
lar restarted candidate was chosen as it showed multiple com-
ponents in its central region (spanning approximately 14.5 kpc)
in the LOFAR-IB image, which are unresolved in the LOFAR6
image. The observation was made with the broad-band S-band
system in 8-bit mode. The sampling time was set to 3 seconds,
and four polarisation products were recorded (RR, LL, RL, and
LR). The total bandwidth, equal to ∼2000 MHz in the range from
2051 to 3947 MHz, was divided by default into 16 sub-bands of
128 MHz with 64 frequency channels each. Exposure time was
set to 14.5 minutes. The observations were targeted at the can-
didate host galaxy. We used the quasar 3C286 as the primary
flux calibrator and observed it at the beginning of the schedul-
ing block for 11 minutes. The source J1035+5628 was used as a
phase calibrator, observed before and after observing the target
for the total amount of 6.25 minutes. The target restarted can-
didate was observed for the total amount of 14.5 minutes. This
setup of the observations is summarised in Table C.1.

Table C.1. Setup for the VLA observations centred at 3 GHz.

VLA project code 20B-349

Primary calibrator 3C 286
Phase calibrator J1035+5628
Bandwidth 2051-3947 MHz
Field of view 15′
Configuration A - array
Date of the observations 08-Jan-2021
Observing time 14.5 min
Source observed J104113+580755

Following the standard approach, we performed manual flag-
ging and calibration. Half of the full band (from 2 to 3 GHz)
was entirely flagged due to severe RFI in this frequency band.
Phase and amplitude self-calibration was performed. The field
of view of the VLA observations (∼15′) was large enough to
explore the presence of any compact component within the total
radio source extent, which for J104113+580755 is equal to 3.75′
(see Table B.1 for angular and projected linear sizes of all the
sources in the sample). The angular size of the central region of
the observed source detected in the LOFAR6 image is 0.1′. Since
this is smaller than the largest observable scale with the VLA in
the A-array in S-band (0.3′), we expect to recover the total flux
density of the central region, if not limited by the limit in surface
brightness. Therefore, we produced a uniformly weighted image
and a naturally weighted one, the latter resulting in a better sur-
face brightness sensitivity. We do not detect any other struc-
ture besides the central compact component when using robust
weighting. However, we detect both the compact and the elon-
gated component when using natural weighting. Therefore, we
use the naturally weighted image in the analysis and we show it
zoomed in on the detection in the right panel in Fig. A.4. The
properties of the final images (both uniform and natural) and the
peak flux densities of the detections are reported in Table C.2.

The final full-band image obtained with uniform weighting
has a resolution of 0.64′′ × 0.31′′, with a position angle of -86.7
deg, and the noise of ∼60 µJy beam−1. The final full-band image,
produced with natural weighting, has a resolution of 1.08′′ ×
0.69′′, with a positional angle of 86.8 deg and the noise of ∼12
µJy beam−1.

Furthermore, we used the Karl G. Jansky VLA image of one
source from the active comparison sample (J104208+592018).
This target was observed with the broad-band C-band receiver
using the telescope in A-configuration on May 14, 2018. The
final VLA image of the source J104208+592018 has a resolution
of about 0.29′′ × 0.23′′, and the sensitivity of ∼10 µJy beam−1

(see Table C.2). The data reduction process and the final image
of J104208+592018 are presented in Jurlin et al. (2021b).

For the flux density scale errors at 3 and 6 GHz, we assume
a conservative value of 5% (Perley & Butler 2017).

C.1. Detailed analysis of the restarted candidate
J104113+580755

The source J104113+580755 has two components observed in
its central region in the LOFAR-IB image. The angular size
of the two detections combined is ∼3.18′′, corresponding to a
projected linear size of ∼14.45 kpc. Detections in the central
region at 150 MHz (LOFAR-IB), 1.4 GHz (FIRST), and 3 GHz
(VLASS) allowed us to derive the spectral indices of the central
region presented in Table 2 and construct the spectral index plot
presented in Fig. 3. The spectral indices calculated in this way
result in a convex shape of the radio spectrum of this source,
which could further indicate that the source is showing multiple
epochs of the AGN activity (see also Sect. 5.3).

The two components detected in the LOFAR-IB image can
be seen in the inset in Fig. A.4. The projected linear size of the
more compact detection in the LOFAR-IB image is 4 kpc, and
the size of the elongated detection is 5 kpc. The integrated flux
densities of these two components in the LOFAR-IB image are
1.4 ± 0.5 mJy and 1.2 ± 0.4 mJy, respectively.

Thanks to the dedicated observations with the VLA centred
at 3 GHz, at a higher resolution (1.08′′ × 0.69′′) and sensitivity
(12 µJy beam−1) than VLASS, we can inspect the properties of
its central region into greater detail. In the VLA image, we detect
two components coinciding with the detections in the LOFAR-
IB image. The more compact detection has an angular size in the
VLA image of ∼2.01′′, corresponding to the linear size of 9.14
kpc, and the peak flux density of this component is 4.1 ± 0.2
mJy. The second, more elongated detection has an angular size
in the VLA image of ∼3.51′′, corresponding to the linear size of
15.95 kpc, and the peak flux density of this component is 0.17 ±
0.01 mJy.

By combining the LOFAR-IB and VLA flux densities of the
more compact detection, we derive its spectral index of -0.4 ±
0.1 (α3 GHz

150 MHz). The more extended component in the west of the
central component has a spectral index of 0.7 ± 0.1 (α3 GHz

150 MHz).
The spectral analysis agrees with the compact component

coinciding with the position of the optical host galaxy (see yel-
low ‘+’ in the inset in Fig. A.1), representing a core of the
source and the elongated structure being a jet. The inner struc-
ture detected in the LOFAR-IB image does not appear to be con-
nected to the large-scale structure, which does not show clear jet
structures. Therefore, the structures detected in the central region
are more likely to represent a new activity cycle.
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Table C.2. VLA A-array properties of the full-band images for sources J104113+580755 (obtained using uniform and natural weighting) and
J104208+592018.

Source name J104113+580755 J104113+580755 J104208+592018

Central frequency 3 GHz 3 GHz 6 GHz
Beam 0.64′′ × 0.31′′ 1.08′′ × 0.69′′ 0.29′′ × 0.23′′

-86.7 deg 86.8 deg -22.2 deg
Rms noise 60 µJy beam−1 12 µJy beam−1 10 µJy beam−1

Peak flux density 3.7 ± 0.2 mJy (core) 4.1 ± 0.2 mJy (core) 0.48 ± 0.02 mJy
<0.18 mJy (jet) 0.17 ± 0.01 mJy (jet) -
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