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Abstract: Radio galaxies are known to undergo phases of activity, where the stage after the jets have
switched off is referred to as the remnant phase. This state can be followed by a restarted phase
when the activity reignites. Remnant and restarted radio sources are important for testing models of
the evolution of radio active galactic nuclei (AGN) and for understanding the impact the recurrent
jet activity has on their host galaxies. Although we now have statistical samples of radio sources
in various stages of their life cycle, how this intermittent radio activity is reflected in the optical
properties in this sample has not yet been addressed, and is overall a much less studied aspect in the
literature. In this work, we use the Wide-field Infrared Survey Explorer and the Sloan Digital Sky
Survey (SDSS) photometry, and SDSS spectra to study these properties in a sample of the remnant,
candidate restarted, and active radio galaxies selected using the LOw Frequency ARray at 150 MHz
in the Lockman Hole extragalactic field. Within the range of radio luminosities and stellar masses
studied in this work, we find no difference between the properties of the host galaxy and of the
optical emission lines for objects in different phases of their radio life cycle. The vast majority of
our radio sources (either remnant, candidate restarted, or comparison sample) are associated with
radiatively inefficient optical AGN and red galaxies dominated by old stellar populations. Thus,
the radio and emission-line AGN activity appears to be independent and regulated by different
mechanisms. This suggests that, at least for the radio luminosities of our sample, the life cycle of the
radio may depend on intrinsic reasons, such as the stability of the accretion disc, more than variation
in the accretion rate and fuelling of the central black hole.

Keywords: radio continuum: galaxies; galaxies: active

1. Introduction

The energy released by an active black hole (BH) can have a significant effect on the
evolution of its host galaxy ([1] and references therein). As they evolve during their life,
radio galaxies are observed to go through different phases, which is often referred to as the
“life cycle’ of a radio source (see [2,3] for extensive reviews). Jetted active galactic nuclei
(AGN) start from a young phase [4-8] and move to an evolved active phase. The active
phase can be followed by a remnant phase, when the jet activity stops or substantially
decreases (e.g., [9-16]). After this remnant phase, a restarted phase can occur, where
the activity reignites after the central engine has gone through a period of quiescence or
low activity (e.g., [15,17-19]). Therefore, radio AGN activity can provide a mechanism to
regulate accretion or cooling of the surrounding gas, and possibly the star formation rate
(SFR) and the growth of the super massive black hole (SMBH; [20]).
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The LOw Frequency ARray (LOFAR) allowed us to gather, for the first time, statisti-
cally interesting samples of remnant and restarted radio sources, as described in Section 2.
One such study is presented by [19], who selected radio galaxies in the Lockman Hole ex-
tragalactic field (LH, [21]) and divided them into active, candidate remnant, and candidate
restarted radio sources, complementing the selection of remnant candidates done by [13],
which were recently refined by [16]. Additionally, in the LH extragalactic region, Ref. [15]
selected remnant and restarted radio sources using a different criterion, namely resolved
spectral index maps, complementing the three studies mentioned above. Although we
now have statistical samples of radio sources in various stages of their life cycle, how this
intermittent radio activity is reflected in the optical properties in this sample has not yet
been addressed, and is overall a much less studied aspect in the literature.

To date, there have been only a few studies aimed at understanding the optical
properties of remnant and restarted radio host galaxies, and they are not strictly based on
systematically selected samples. The properties of the host galaxies, such as infrared (IR)
colours, redshifts, and stellar masses, have been explored by [16,18,19] without finding
significant differences.

Even less information is available about the spectroscopic properties of radio galaxies
in these elusive phases. One of the few studies was presented by [22], who state that since
the nuclear activity in remnant radio galaxies is currently switched off or strongly reduced
with respect to its active level, a drop in the ionising photon luminosity would result in
recombination and cooling of the narrow-line region (NLR), leading to a relatively low
level of [O111] emission and a decrease in the [O 111] /HJ ratio, while the extended radio
emission remains essentially unchanged. Remnant radio galaxies from the 3CR sample
presented by [22] with z < 0.3 show a low [O11I] luminosity with respect to their total
radio luminosity.

Regardless of their evolutionary classification, extensive literature is available on
the study of the optical spectra and the emission lines in radio galaxies (e.g., [23-28]).
Radio galaxies can be spectroscopically classified as either low-excitation radio galaxies
(LERGS) or high-excitation radio galaxies (HERGs). LERGs generally accrete at a rate
below 1% Eddington, and are therefore considered weakly accreting AGN, believed to be
fuelled by radiatively inefficient accretion mechanisms. They are predominantly hosted
by red, elliptical galaxies. HERGs typically have accretion rates between 1% and 10% of
their Eddington rate, and are therefore considered strongly accreting AGN, believed to
be fuelled by radiatively efficient accretion processes. HERGs tend to have bluer, more
star-forming hosts (e.g., [29,30]). Both of these classes are found at all radio luminosities,
with LERGs dominating at low radio luminosities, and HERGs taking over at L4 gp,
~1020 W Hz 1. Therefore, this classification can as well be associated with Fanaroff-Riley
type I (FRL; [31]) and type II (FRII) radio galaxies, with some exceptions. For a detailed
discussion of LERGs and HERGs, see the review by [32].

Furthermore, a correlation between the emission line (e.g., [O11] or [O11I]) lumi-
nosity of the host galaxy and the radio luminosity of the central source has been found
for active radio sources. Examples of such correlations have been presented by, for ex-
ample, Refs. [24,25]. Willott et al. [24] have used narrow emission-line data from the 7C
Redshift Survey and 3CRR sample to investigate correlations between the narrow-line
luminosities and the radio properties of radio galaxies and steep-spectrum quasars. The
latter authors present [O I1] emission-line luminosity as a function of (rest frame) 151 MHz
radio luminosity with logjo(L151 /W Hz! sr’l) ranging between 23-29. This work can be
used for comparison with the sample studied here, as it spans a similar radio luminosity
range (from 22 to 27 W Hz~!) measured at the same frequency.

Wills et al. [25] present spectroscopic observations of a complete sub-sample of 13
low-luminosity radio galaxies selected from the 2-Jy sample of [33,34]. The redshift of
these galaxies ranges from 0.01 to 0.06. They compare the emission line and continuum
properties of FRI hosts with those of other classes of radio sources, including measuring
the ultraviolet (UV) excess and comparing the luminosities of the emission lines. As in the
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study of [23], they find that the correlation between line luminosities and radio luminosities
flattens out for low-radio-luminosity (log1o(Lsos M, /W Hz ') < 24) sources, where the
contribution to the overall radio emission is in comparable amounts due to the AGN and
star formation. The sources studied by [25] span a similar range of radio luminosities at
4800 MHz as data for our LH remnant sub-sample at 6000 MHz, enabling comparison
between the two datasets.

Moreover, the intensity ratios of two pairs of relatively strong emission lines can be
used to construct optical diagnostics diagrams. Based on the position of the source in these
diagrams, it is possible to classify it. One of the goals of the study presented by [28] was to
look at how the different ranges of the radio spectral index are positioned in the optical
diagnostic diagrams. Considering the radio flux density measurements at 10450 MHz and
4850 MHz, they find with respect to the radio loudness and ionisation ratio [O 111] /Hp that:
(i) sources with a steep radio index (a > 0.7; where « is defined as S, « v~%) have a high
ionisation ratio and high radio loudness; (ii) sources with a flat radio index (0.4 <« < 0.7)
have a lower ionisation ratio and intermediate radio loudness; and (iii) sources with an
inverted radio index (« < 0.4) have a low ionisation ratio and low radio loudness.

Now, with the samples of remnant, candidate restarted, and active radio sources that
we have selected, we aim to further expand our understanding of the impact of the AGN
life cycle on its host galaxy. Through their radio properties, Sloan Digital Sky Survey
(SDSS; [35]) and WISE photometry, and SDSS spectra, we address how these different
types of radio sources fit into the correlations observed for active radio sources. We
explore whether there is a difference related to their evolution or whether, for example, the
radio luminosity defines where the source is located in parameter space regardless of its
classification as a remnant or restarted source.

Using the SDSS spectra, we also aim to compare the emission line and continuum
properties of the optical galaxies hosting remnant, restarted, and active radio sources. A
difference in the spectroscopic properties between these three phases would mean that the
cycle of radio emission is also linked to the optical nuclear activity and the optical or IR
properties of the host galaxy. If no difference is observed, we could conclude that the optical
and radio active nucleus evolve independently or on different time scales so that we do not
see any correlations. Indeed, the statistical results from [36] suggest that the occurrence of
optical and radio AGN (detected in massive galaxies with radio luminosity at 1400 MHz in
the range from 102 to 102> W Hz!) follow different trends with the properties of the host
galaxy, thus indicating that these phenomena are independent and triggered by different
physical mechanisms.

The paper is structured as follows. In Section 2, we describe the samples studied in
this work and the criteria used to select them. Optical and IR data used in the analysis
are described in Section 3. In Section 4, we describe the radio properties and photometric
properties of the galaxies hosting remnant, candidate restarted, and the active comparison
sample in the LH field. The results obtained from optical spectroscopic data are given in
Sections 5 and 6. We discuss the results in Section 7. Finally, in Section 8, we present the
conclusions and future prospects. The cosmology adopted throughout the paper assumes
a flat universe with the following parameters: Hy = 70 km s1 Mpc_l, QOp=0.7,0pMm=03.

2. The Sample

Our study explores the photometric and spectroscopic properties of radio galaxies in
the LH extragalactic field presented by [19]. The latter authors selected 158 radio galaxies
with angular sizes greater than 60” in the LOFAR image at 150 MHz with 6" resolution [37].
The follow-up work on the original sample resulted in the rejection of two sources, due to
the radio emission tracing the star-forming disk of the low redshift (z = 0.02815 =+ 0.00002)
edge-on galaxy UGC 5768 in the first case, and because the two radio lobes, both with
angular sizes smaller than 60", were proven to be associated with two different host
galaxies in the second case. Finally, we added two more sources in the LH to this sample
(selected by [13]), which are outside of the area covered by the LH catalogue used to select
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the original sample. Therefore, the total number of radio sources studied here is 158 (see
also [15,16,19]).

In the full sample of 158 radio galaxies in the LH, 15 are classified as remnant radio
sources based on morphological and/or spectral criteria. Out of these 15 remnant radio
sources, 13 come from the studies by [13,16]. Brienza et al. [13] selected a sample of 23
remnant candidates with angular sizes > 60" from the LOFAR image of the LH field at
150 MHz with 18" resolution published by Mahony et al. [38]. Follow-up study with
LOFAR 6" image at 150 MHz [37] and Very Large Array (VLA) images of the core and
extended radio emission at 6000 MHz refined this sample to 13 confirmed remnant radio
galaxies [16], confirming the original criteria for selecting remnants as proposed by [13].
The remaining two remnant radio sources were selected from the resolved spectral index
maps constructed using the LOFAR 150 MHz and Westerbork Synthesis Radio Telescope
(WSRT) APERture Tile In Focus (Apertif) 1400 MHz data [15].

Furthermore, out of 158 radio galaxies in the LH region, 21 are restarted candidates.
Twenty of them were selected as described in [19] using morphological and spectral criteria
in the frequency range from 150 MHz to 1400 MHz. The remaining restarted candidate
was selected from the resolved spectral index maps by [15].

Finally, 122 radio galaxies not selected as remnants or restarted candidates provide
a comparison sample used in the analysis. An overview of the radio properties of the
remnant and candidate restarted radio sources studied in this paper is given in Table 1. In
the second column of the table, we note the selection criteria used to identify the phase
of each source. If the source was selected by [15], we note it with ‘'RM+21" in superscript.
Otherwise, restarted candidates have been selected by [19], while the remnant candidates
were originally selected by [13] and further refined by [16]. A deeper discussion of the
selection criteria used is presented in the studies mentioned throughout this section. The
optical properties discussed below are presented in Table A1, and the detailed optical
identification for both remnant radio sources and restarted candidates is described in [16].

Table 1. Radio properties of remnant and candidate restarted radio sources. Col. 1 lists names of
the remnant and candidate restarted radio sources, where boldface indicates sources for which we
have the Sloan Digital Sky Survey (SDSS) spectra available; Col. 2 lists the criteria used to select
each radio source as presented in [16] for remnants, Ref. [19] for candidate restarted, and [15] for
both remnant and restarted radio sources (indicated with ‘/RM+21” in superscript): ‘NC” = no core
detection at 6000 MHz, “USS’ = ultra-steep spectrum (a > 1.2), ‘CP’ = core prominence lower than
expected for an active radio source of a certain total radio luminosity, or larger than 0.1, for remnant
radio sources and restarted candidates, respectively, ‘V’ = visual inspection, 'DDRG’ = double-double
radio galaxies, ‘SSC’ = steep spectrum cores (a > 0.7); Col. 3 lists projected linear sizes of the radio
sources measured inside 30y, contours in the LOw Frequency ARray (LOFAR) 18" image; in Col. 4
are radio luminosities as measured from images at 1400 MHz. Mark ’-” denotes missing values, due
to no SDSS redshift information available for a given radio source.

Source Selection Radio Emission log10(Liotar)
Name Criterion Size [kpc] 1400 MHz
15 REMNANTS

J102842+575122 NC, USS, CP 601 + 142 24.23
J102905+585721 NC, USS, CP 517 £ 15 24.34
J103132+591549 Uss - -
J104516+563148 CcP - -
J104618+581421 USSRM+21 - -
J104646+564744 NC, CP - -
J104732+555007 Uss 1385 + 45 24.84
J105230+563602 CcP 786 + 66 24.72
J105402+550554 Uss 530.92 £+ 0.05 24.18
J105554+563532 Uss - -
J105723+565938 UssRM+21 - -
J105729+591128 NC, CP 428 + 10 24.22
J110108+560330 NC, USS, CP 586 + 124 24.31
J110255+585740 NC, USS, CP 524.0 + 0.1 2413

J110806+583144 NC, CP 214.40 £ 0.03 23.25
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Table 1. Cont.

Source Selection Radio Emission 1og10(Ltotar)
Name Criterion Size [kpc] 1400 MHz
21 RESTARTED CANDIDATES

J102955+584621 \'% 394 + 31 24.37
J103416+590523 cp 490 £ 40 24.38
J103508+583940 CP 401.80 £ 0.06 23.95
J103621+564323 V; DDRG 1030 + 40 25.79
J103815+601111 SSC 423.89 4+ 0.08 23.37
J103841+563544 Cp 670 £ 40 24.31
J103845+594414 SSC 383 + 18 24.14
J104113+580755 Cp 1022.8 £ 0.1 24.09
J104204+573449 Cp 514.07 £+ 0.06 24.58
J104252+553536 V; DDRG 8242 +0.2 24.84
J104424+602917 (@I 378 £ 29 23.93
J104809+573010 \'% 828.0 £ 0.1 23.83
J104834+560005 (@ 450 £ 8 24.80
J104842+585326 USSRM+21 - -
J104912+575014 CP 147.24 + 0.04 2251
J105057+562349 SSC 441 £ 22 24.21
J105340+560950 CP, SSC - -
J105418+595220 SSC 972 £ 17 24.74
J105436+590901 cr 10469 £ 0.1 25.22
J105524+561616 cp 419 £+ 26 24.05
J110021+601630 \% 608.03 4 0.07 24.81

3. Optical and Infrared Data

The optical photometric and spectroscopic data used in this analysis come from the
SDSS. The IR data are from the Wide-Field Infrared Survey Explorer source catalogue
(AIIWISE; [39]). Optical counterparts of the radio sources in our sample are presented
in [15,16,19]. In the latter two papers, we also cross-match to IR images. These three
studies resulted in 113 out of 158 sources in our sample having SDSS optical photometric
information available!, while 122 out of 158 have IR counterparts®. In [19], we analysed
the distributions in redshift, size, stellar masses, and IR colours, and found no indication
of a correlation between the phase within the duty cycle with the host galaxy properties.
Here, we expand the analysis presented in [19] by exploring the optical colours of the
host galaxies, as well as the spectroscopic classification and the role of gas using AIIWISE
colours. Results from these analyses are presented in Section 4 and further discussed in
Section 7.

We also use the SDSS spectra to examine the continuum and emission lines for 3 out
of 15 remnant radio sources, 9 out of 21 restarted candidates, and 49 out of 122 comparison
sample sources. The resolution of the SDSS spectra is 1500 at 3800 A and 2500 at 9000 A.
We describe the results of the continuum and emission-line analyses in Sections 5 and 6,
and discuss them further in Section 7.

4. Photometric Properties of the Hosts with Respect to Their Radio Properties

The first step in the analysis of our sample is to look at the photometric properties
of the host galaxies. In addition to what is already presented in [19], here, we investigate
the absolute r— band magnitudes and optical colours, as well as the role of gas and
dust, and optical and radio-related classification through the interpretation of the WISE
colour—colour plot.

In [19], based on the radio and optical properties of our sample, we conclude that
there is no statistical difference in the host galaxies of our three samples of candidate
remnant radio galaxies, candidate restarted radio galaxies, and the active comparison
sample. Here, we reproduce the stellar mass and radio luminosity distributions of the
revised samples in Figure 1. The sources in our sample have stellar masses in the range of
10° and 10'> M, consistent with massive elliptical galaxies. The high mass (M > 1012 M)
tail of the distribution is likely the result of the IR emission being contaminated by AGN-
heated dust and therefore stellar masses are overestimated. In the right panel of Figure 1,
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the majority of the radio sources in our sample (~88%) have radio luminosities at 150 MHz
ranging from logyo(Lisovi, /W Hz 1) = 21.5 to logo(Lisomm, /W Hz 1) = 25.0.

COMPARISON 40 COMPARISON
REMNANTS REMNANTS
25 e 12011 canRESTARTED
vLJJF canRESTARTED 35
30
20
25
15
= Z20
10 15
10
5
0 H] 0 |||||||lm
3 14
|0g10 M* +allwise / Mo |0910 (L150MHz / WHZ

Figure 1. Distribution of stellar masses (left) and distribution of radio luminosities at 150 MHz (right)
of the sources in the Lockman Hole (LH); adapted from [19].

To further examine the properties of the host galaxies, here, we look at their optical
and IR colours in more detail. The sources in our sample lie in the massive end of the red
sequence. From the left panel of Figure 2, all three sub-samples have similar ranges of
absolute r— band magnitudes (listed in Table A1). Seventeen of 113 sources have u —r <2.0
considering the errors, which would classify them as blue following the approach from [40].
Among these 17 sources with u — r < 2.0 are two restarted candidates (J103841+563544 and
J105436+590901) and 15 radio sources from the active comparison sample. For seven of
the 17 hosts with u — r < 2.0, the photometry is flagged as unreliable, and only seven of
them have spectra available. Therefore, we will consider 17 sources as an upper limit to the
number of blue radio galaxies. We conclude that the majority (>85%) of the hosts in each
sub-sample of 113 radio sources with SDSS photometric information are red early-type
galaxies (ETGs), based on the photometric # — r colour, and separation of the red sequence
and blue cloud presented by [40], as indicated by the black solid line in the right panel of
Figure 2.

20 ]
REMNANT 8 REMNANT
LS"J canRESTARTED [0 canRESTARTED
COMPARISON COMPARISON
—— Baldry+04
15 61
m
..... T 4 O R &
= 10] 000 e
------- S E E@FJ o
"""""""""" 24— &3]
54 e e e e e e e O
. o o
DN
s -\*i\, 0
o Lo AT RO AOR e e o . .
-20.0 -22.5 -25.0 -20.0 —-22.5 -25.0
M, M,

Figure 2. Left: Distributions of the absolute r— band magnitude, M, for remnant (orange), candidate
restarted (blue), and active radio sources (green). Right: M, vs. u — r colour of the remnant (orange),
candidate restarted (blue), and active sources (green). The black solid line separates the blue cloud
from the red sequence, following the [40] definition.

The WISE colour-colour plot can be used to classify the host galaxies in numerous
ways. It can be used to analyse their dust content (e.g., [30,41-44]) or the spectral proper-
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ties [45], to compare the host galaxy properties of different classes of radio sources [18], to
discriminate between star-forming galaxies and radio-loud (jetted) AGN [46], and to diag-
nose accretion modes in radio-loud AGN [29]. We describe some of the WISE diagnostics
in this section and discuss the results further in Section 7.

As seen in Figure 3, sources from the active comparison sample with detections in the
three shortest-wavelength WISE bands, W1, W2, and W3, occupy the whole parameter
space. The majority of the sources with IR counterparts in the active sub-sample (68%)
only have an upper limit in W3 and, therefore, their position in the horizontal direction
may be further to the left, as indicated by the green arrows in Figure 3. There are even
more remnant radio sources (78%) and restarted candidates (84%) undetected in W3. For
the latter two sub-samples, due to the low number of sources detected in each phase, we
cannot draw conclusions on their position along the x-axis in Figure 3. In the figure, the
leftmost box, delimited by black dashed lines, represents the part of the parameter space
where dust-poor galaxies lie. If the position of our galaxies in the WISE colour—colour
plot is related to the gas content, as suggested by, for example, [44], the sources in the
leftmost box might connect the recurrent activity being triggered by gas. However, further
observations would be needed to explore this statement. From other studies of remnant
radio galaxies, such as [10,11], where remnant radio galaxies are found in galaxy clusters,
these sources are all in the dust-poor region of the WISE colour—colour plot. Unlike the
sample of [10,11], the majority of the sources studied here are not found to reside in a dense
environment (see [16,19] and Table Al).

Furthermore, the use of a WISE colour—colour diagram to classify sources similar to
ours was presented by [45], providing an excellent comparison sample for our objects,
since it is radio-selected and spanning similar redshifts as our sources. Prescott et al. [45]
separate the radio-loud AGN population into HERGs and LERGs, using the optical spectra
provided by the SDSS. After this separation, they plot their sources on the WISE colour—
colour diagram and define the space in this plot occupied by LERGs (W1 — W2 < 0.5
and 0.2 < W2 — W3 < 4.5) and HERGs (—0.2 < W1 — W2 <155and 1.32 < W2 — W3 <
4.26). According to their classification, the majority of our remnant and candidate restarted
radio sources, as shown in Figure 3, seem to span over the LERG distribution of sources.
However, we do note that one restarted candidate and two remnant radio sources reside in
the region occupied by HERGs. The comparison sample spans the whole plot, which would
correspond to a mixture of LERGs and HERGs. We comment on this further in Section 7.

20
COMPARISON
15 | © REMNANTS AGN
- {0 canRESTARTED
=N
L1
=f
I
o
w05
= [
"5'; 0.0 !
o ! -0
= i H
-0.5 i 1
. - 1 . 1
ellipticals 1 spirals 1 starburst
1 1
-1.0 : L — ; ;
1 2 3 4 5

Ws — W2 [4.6 — 12um]

Figure 3. The Wide-Field Infrared Survey Explorer (WISE) colour—colour diagram for the sample of
remnant radio sources (orange diamonds), candidate restarted radio sources (blue hexagon), and
sample of active galaxies (green squares). This figure is an adapted version from [19] and follows the
classification from [30].

In addition to the host galaxy classification, we also want to look at the radio morphol-
ogy classification, specifically the FRI and FRII dichotomy. According to [47] (see Figure 7
in their paper), the leftmost box in the WISE colour—colour plot is mainly occupied by
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FRI radio sources, which are predominantly LERGs, while the FRIIs can be both HERGs
and LERGs (e.g., [48]). However, the FRI and FRII radio sources studied by [47] show a
large degree of overlap in the WISE colour—colour plot and, therefore, no clear distinction
between two groups is seen. This is in contrast with [49], who concluded that FRIs and
FRIIs populate well-separated regions in a plane defined by the host optical luminosity vs.
their radio luminosity. However, their finding was based on flux-limited samples, with
different redshift distributions and environments for FRIs and FRIIs. These selection effects
have led to some uncertainty as to whether this relation can be used to interpret the full
population of radio galaxies. FRI radio sources populate the region below the line defined
by [49], shown in Figure 4. According to this figure, sources in our sample are a mix of
FRI and FRII radio sources, with no significant difference found between sub-samples.
However, it is important to note that the classification of remnant and restarted radio
sources is more complicated than for active radio sources, as already discussed in [16,19].
We discuss this in Section 7.
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Figure 4. M, vs. radio luminosities measured from the National Radio Astronomy Observatory
VLA Sky Survey (NVSS) images at 1400 MHz, where the purple dashed line indicates the separation
between FRI and FRII sources, which has since been brought into question (see text for more details).

The three sub-samples of active, remnant, and candidate restarted radio sources
do not show differences in their absolute *— band magnitudes, u — r colour, their radio
luminosities, and stellar masses. We cannot comment on their differences in WISE colours
due to the low number of W3 detections. However, we can conclude that the majority of
the sources in each sub-sample are dominated by LERGs, with only a few HERGs. We
discuss this further based on the optical spectra in Section 6. Considering the relation
from [49], our sources are a mix of both FRI and FRII radio sources.

5. Continuum Properties: 4000 A Break

Another way to probe the conditions within the host galaxy is by looking at its
optical spectrum. Optical spectra can tell us about the stellar populations (continuum)
and the state of the gas (emission lines). As described in Section 3, we have collected
SDSS spectra for 61 sources. Visual inspection of the spectra revealed that one source,
J104021+564842, is an M-type star, and therefore a misidentification. As there is no other
possible optical identification for this extended radio source, we exclude it from the further
analysis. Therefore, the number of sources with optical identification, in our sample of 158
radio sources, is reduced to 112, and the number of sources with available SDSS spectra is
reduced to 60. In this and the following section, we explore the spectroscopic properties of
the hosts of radio-selected sources in our sample.

Measuring the strength of the 4000 A continuum break (D4000; [50]) in galaxies is
a way to detect the presence of a blue component that originates from either AGN or a
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young stellar population. In the latter case, the age of the stellar populations can be derived
through the fitting of the optical continuum, with larger breaks in the spectra of galaxies
containing evolved stellar populations. For example, the continuum emission of ETGs is
characterised by a factor of ~2 decrease in the flux below 4000 A, indicating a population
of old stars.

For the calculation of D4000, we adopted the approach from [25]. This approach
uses a modified version of the bins compared to [50] in order to avoid emission-line
contamination. The bins are 100 A wide and centred on 4200 A and 3800 A (D4000 =
S(4150 — 4250 A)/S(3750 — 3850 A), where S is the median flux value in a given wavelength
range). Errors on the flux are calculated as the standard deviation (std. dev.) of the flux in
the same wavelength range and propagated to the value of the D4000.

In Table A2, we show the D4000 values for the sources in our samples of remnant,
candidate restarted, and active radio sources. Of the 60 radio galaxies for which we have
optical spectra, it is not possible to measure D4000 for two of the host galaxies at the
highest redshift of the sources in our sample (J103953+583213 at z = 1.9328 + 0.0005 and
J104418+562007 at z = 1.6828 £ 0.0002). Of the remaining 58 sources, only three have D4000
significantly less, considering the errors, than 2.0 (J104418+603701, J105451+553736, and
J105931+565529; see Table A2, and their SDSS spectra in Figure A1). The weak D4000 in
these three sources indicates the presence of an additional blue component. In the case
of J104418+603701 and J105451+553736, this component is dominated by the AGN in the
host galaxies. SDSS classifies these two sources as broad-line quasi-stellar objects (QSOs).
For the source J105931+565529, we attribute the blue excess to the contribution from a
young/intermediate stellar population component. The exact age of this population will
require detailed modelling of the spectrum. We comment on the three sources with weak
D4000 in Section 7. Unfortunately, for some of the sources (~18%), the error in the D4000
value is too high due to low signal-to-noise ratio spectra to draw firm conclusions from
this diagnostic.

6. Emission Line Properties

As mentioned above, we have SDSS spectra for 60 sources, of which three are remnant
and nine are candidate restarted radio galaxies. In a minority of the available spectra
(<28%), we detect emission lines. Broad emission lines appear in the optical spectra of five
galaxies, which are classified as broadline QSOs by SDSS. Among them is one restarted
candidate (J105436+590901) showing a prominent and broad magnesium emission line (¢
= 2063 km s~ !, based on the SDSS measurement). The remaining four sources with broad
emission lines belong to the active comparison sample (J103953+583213, ]104418+562007,
J104418+603701, and J105451+553736). As in the case of D4000, for two of the objects
(J103953+583213 and J104418+562007), the relatively high redshift means that the [O 111]
lines fall outside the observed band. Source J103953+583213 is at a redshift too high to
be able to measure also the [O11] line, while source J104418+562007 shows a weak [O 1]
emission line. However, both of these high-redshift sources show broad emission lines
(e.g., Mg or C1V). The remaining two sources with broad emission lines, ]J104418+603701
and J105451+553736, are at a redshift of ~1, and have broad detections of Mg emission-line
(o =2856 km s~ ! and ¢ = 2450 km s~!, respectively, based on the SDSS measurement).

Apart from these five galaxies with broad emission lines, the rest of the galaxies in our
sample show weak emission lines (see Figure A2 for some examples). The emission lines
detected are typically [O11] doublet (~21%) and [O111] (~10%), followed by a detection
of Mg (~8%) and Ha (up to ~8%). Only up to 7% of sources with SDSS spectra show
detection of the Hf emission line. However, the above-mentioned detections do not always
appear in the spectrum of the same source. More importantly, none of the sources in
our sample have all the detections needed to construct the Baldwin-Phillips—Terlevich
(BPT; [51]) diagnostic diagrams (see Figure A2).

As a consequence, we limit our analysis to deriving the luminosities of the most
common emission lines detected in our sample, [O1I] and [O 111], and a comparison with
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the correlations of these lines with the radio luminosities, found in the literature. The [O11]
3726-3729A emission line doublet is often used to estimate SFRs within the host galaxies of
AGN, as it is known to be strongly excited by star formation, but is only weakly excited in
the broad and narrow line regions of AGN. The luminosity of the [O I11] 5008A emission
line is a tracer of the strength of activity in the nucleus.

We measure the flux densities of the emission lines using a Monte Carlo Markov Chain
(MCMC) approach and the EMCEE python module [52], where we fit the [O1I] doublet
with two Gaussians, centred at 3727.09 and 3729.88 A, and the [O 111] 5008 A line with one
Gaussian. If the line is not detected, we construct a Gaussian with a height of 3. The value
of o is calculated as the std. dev. of the flux variations in the interval of ~1000 km s~ !, where
there is no emission or absorption present, close to the line of interest. The widths of the
fitted Gaussians (ogw), flux densities, and respective luminosities of [O11] and [O 111] lines
are presented in Table A2. If the line was not detected, we set the width of each Gaussian
to be oGy = 200 km s~ 1. This allowed us to determine flux density upper limit values. We
describe the role of the studied lines and our findings in the following subsections.

6.1. [O11] Line

The [O11] doublet is a prominent feature in the spectra of galaxies in the blue part of
the spectrum, and it is one of the main lines used for tracing the internal kinematics of the
ionised gas. However, [O11] is weakly excited in the AGN broad and narrow-line regions,
strongly excited by star formation, but can also be produced by shocks and AGN extended
emission line regions. Shocks are common in radio host galaxies, originating from the jets
interacting with the gas [53].

We see [O11] lines in 13 objects, among which two are classified as remnants (J105402+550554
and J110806+583144), two as restarted candidates (J103815+601111 and J104204+573449),
and the remaining nine belong to the active comparison sample (J102731+585524,
J103258+564453, J103856+575247, ]104208+592018, J104320+585621, J105325+561402,
J105451+553736, J105703+584720, and J105931+565529). Their SDSS spectra can be seen
in Figure A2. Flux density values (or upper limits), calculated as described above, and
luminosities of the [O11] lines of the remnant, candidate restarted, and active comparison
sample are given in Table A2. The comparison of line emission and radio luminosity is
presented in Figure 5 (left panel) and discussed in Section 7.

43 43
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[J canRESTARTED [0 canRESTARTED
COMPARISON COMPARISON
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Figure 5. [O11] (left) and [O111] (right) emission line luminosity vs. radio luminosity of the sources
measured from the SDSS spectra and NVSS images at 1400 MHz, respectively. The green dashed
line from [54] shows the correlation derived from the lower range of radio luminosities (typically
FRI radio galaxies) of the 3C sample. Detections are marked with squares, while upper limit values
(non-detections of the [O11] and [O 111] emission lines) are indicated with triangles.

6.2. [O111] Line

The [O 111] emission-line luminosity is a robust proxy of the radiative power of the
AGN and of the accretion rate [55]. We detect [O 111] emission lines in six objects—one
remnant radio source (J110806+583144), one restarted candidate (J103815+601111), and
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four galaxies from the active comparison sub-sample (J102731+585524, ]103258+564453,
J105451+553736, and J105703+584720). Their SDSS spectra are shown in Figure A2.

Flux density values and luminosities of the [O111] line of the sources in the remnant,
candidate restarted, and active comparison sub-samples are given in Table A2. The compar-
ison of line emission and radio luminosity is shown in Figure 5 (right panel) and discussed
in Section 7.

7. Discussion

In this work, we focus on the jet-mode AGN, associated with the presence of radio jets
of relativistic plasma that deposit kinetic energy into the surrounding medium (e.g., [56]).
Jet-mode AGN are known to go through phases of activity and quiescence, and our aim is
to understand whether these different phases observed at radio wavelengths can also be
traced to optical wavelengths. In the following subsections, we discuss our findings related
to the analysis of the optical colours and the optical spectra of our remnant, candidate
restarted, and comparison active radio sources. In the last subsection, we aim at connecting
all the properties studied here.

7.1. D4000 and Colour Separation

From the D4000 parameter presented in Section 5, we found that three comparison
active sources out of the 60 galaxies in our sample with available SDSS spectra have a
value indicating a possible additional blue component (D4000 < 2.0, considering the errors
propagated from the flux measurements). For two of them, the low D4000 value is due to
the AGN activity, as mentioned in Section 5. The remaining object with D4000 < 2.0 is a
star-forming galaxy, where a low D4000 value indicates a young stellar population.

Furthermore, based on the optical colours, 17 of the 112 sources in our sample with
photometric information® have u — r < 2.0. Among them, two are restarted candidates,
and the rest belong to the active sample (see Section 5). However, optical (ugriz) colours
can differ significantly depending on the redshift of the host galaxy, making this means of
classification less reliable, unless spectroscopic observations are available (only for seven
of the 17 sources with u — r < 2.0).

Thus, based on both the D4000 value and the photometric properties of the host
galaxies presented in Sections 4 and 5, the majority of the sources in our sample appear to
be massive and passive ETGs dominated by an old stellar population. We find that there is
no significant difference detected between remnant, candidate restarted, and active radio
sources in either D4000 values or optical colours.

7.2. Emission Lines

The comparison of line emission and radio luminosity presented in Figure 5 indicates
that remnant (orange), candidate restarted (blue), and active comparison (green) samples
cover similar ranges in the luminosity of the optical emission lines [O 11] and [O111] (L[O11],
L[O111]), and radio luminosities. Overall, remnant, candidate restarted, and active compar-
ison samples do not show any difference in [O11] or [O 111] line luminosities and, therefore,
in their host galaxies. They are all massive ETGs with little ionised gas (typically LERG
spectra) and little UV radiation (except for a handful of SDSS-classified QSOs seen mostly
in the active comparison sample).

Because only a fraction of sources have optical spectra, we have also used the WISE
colour—colour plot to obtain an indication about the LERG/HERG classification of the
remaining sources, following the work of [45] discussed in Section 4. First, we discuss
the sources with available optical spectra. Out of the 13 galaxies with [O11] and/or
[O111] emission lines detected, seven (J102731+585524, J103258+564453, J103856+575247,
J105325+561402, ]105451+553736, J105703+584720, and J105931+565529) have IR detection
in all three WISE bands, while five have detections in W1 and W2, and the remaining one is
not detected in IR (J105402+550554). The seven galaxies with IR detection in all three WISE
bands are a part of the active comparison sub-sample and have W1 — W2 in the range from
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—0.05 to 1.17 and W2 — W3 in the range from 0.88 to 3.97. According to their IR colours,
two can be classified as LERGs (J103258+564453 and J103856+575247) and one as HERG
(J105451+553736), while the remaining four reside in the region where LERGs and HERGs
overlap. One of these seven galaxies is classified as star-forming (J105931+565529) and one
is a broad-line QSO (J105451+553736).

For the remaining six sources with [O1I] and/or [O111] detected emission lines, we
cannot comment on the position in the WISE colour—colour diagram. According to [45]’s
classification of the sources in the WISE colour—colour plot, the majority of our sources,
regardless of the availability of their spectra or the radio life cycle phase they are in, seem
to span over the LERG distribution of sources, with only a handful of HERGs.

Thus, based on the WISE colours, we can expect that also the sources for which an
optical spectrum is not available will be mostly dominated by weak emission-line objects.

Another interesting property of 13 galaxies with [O1I] and/or [O I1I] emission lines
detected is that the majority (>70%) have D4000 > 2.0 and u — r > 2.8, all indicative of
the red host galaxy. Although it was not possible to build a BPT diagram with the data
available for our sources, the fact that these sources are both red, and exhibit emission lines,
points to a greater probability of the detected lines originating from an AGN rather than
star formation.

7.3. Morphology of the Radio Sources

Although [47] show that the luminosity division between the FRI and FRII radio
sources might not be as strict as previously thought, with a large degree of overlap be-
tween the two classes (also shown by [57]), this radio classification, namely FRI and FRII
dichotomy, is historically linked to the properties of optical host galaxies. FRIs are pre-
dominantly LERGs, while FRIIs are a mix of HERGs and LERGs. Based on the analysis
of the spectra, IR colours, and visual inspection of the radio morphology, the sources
in our sample show both FRI and FRII characteristics. Classification of remnant radio
sources is challenging as it is biased by the selection criteria, where we expect the core to
be non-detected or exhibiting dimmed radio activity. In our previous work, we concluded
that the progenitors of remnants are powerful FRI radio sources [16]. Restarted candidates
are as well mostly classified as FRI radio sources (14 out of 21), which might be biased by
the selection criteria, which aimed to select sources with a bright inner region. The higher
occurrence of FRIs in both remnant and restarted samples might indicate that the sources
with shorter jet activation cycles tend to be FRIs.

As mentioned in Section 1, LERGs dominate at low luminosities, while HERGs take
over at log1o (L1400 muz/W Hz_l) ~26. The sources in our sample with known redshift
span in the luminosity range from 22.25 to 26.74 at 1400 MHz, with only a minority of the
galaxies (~23%) having radio luminosity above 25, including five broad-line QSOs. From
this, we would expect, as indeed is the case, that the majority of our sources would be
classified as LERGs. Our available SDSS optical spectra and the WISE separation according
to [45] support the classification of the majority of our sources as LERGs.

7.4. Optical Properties and Life Cycle of Radio Sources

The main result from our analysis is that we do not see any significant differences in
the optical properties of the host galaxies of the three sub-samples studied in this work.
From the analysis of their optical, IR, and radio properties, the majority of our sources
appear to belong to the group of radiatively inefficient AGN with low accretion rates.
The exceptions include five objects classified as QSOs based on their photometric and
spectroscopic properties, and one star-forming galaxy. Radiatively inefficient AGN are
thought to accrete gas from the surrounding hot intracluster medium or from the hot
gaseous atmosphere associated with the host galaxy (e.g., [58]). The geometrically thin
accretion disk is either absent, or is truncated in the inner regions, and is replaced by a
geometrically thick structure in which the inflow time is much shorter than the radiative
cooling time. These are called advection-dominated or radiatively inefficient accretion
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flows (ADAFs/RIAFs; [59]). A characteristic property of these flows is that they are
capable of launching two-sided jets. As found for the majority of our targets, jet-mode
AGN generally reside in massive ETGs, characterised by old stellar populations with little
star formation. If they do show narrow, low-ionisation emission lines, they are weak.
They have moderate radio luminosities and can exhibit preferentially FRI, but also FRII
radio morphologies.

We have compared the luminosities (or limits) of the emission lines in our objects with
samples available in the literature. In the right panel of Figure 5, we see that the three
sub-samples share the same range of L[O I11] and radio luminosity of FRIs presented by [26],
and FRIs of the 3C sample indicated with a green dashed line, from [54]. Furthermore,
some of our objects are reaching lower radio luminosities, where the correlation between
the emission line and radio luminosity flattens out, as is indeed the case for the less
powerful sources in our sample [23]. Therefore, we assume a similarity between FRIs and
our samples of remnant, candidate restarted, and active radio sources in terms of AGN
bolometric power and accretion rate.

Our results suggest that while the radio properties of our objects show a cycle of
activity, with the remnants not even being radio-active or having reduced nuclear activity,
the optical properties do not appear to follow this cycle—at least not on the same time scales.

Given the similarities with other samples studied (see Figure 5), the optical lines in
our objects are likely originated by radiatively inefficient, advection-dominated accretion,
typical of galaxies relatively poor in gas. The similarities in the three sub-samples of radio
sources (remnant, candidate restarted, and active comparison) indicate that they depend
mostly on the properties of the host galaxies. Furthermore, the properties of the host
galaxies are indeed also found to be similar for the three sub-samples. This may indicate
that there is no large variation in the accretion rate on the time scales of the radio source
life cycle. Thus, this may suggest that, instead, the cycle of radio emission depends on
other, intrinsic reasons, such as radiation pressure instability within an accretion disk, as
proposed by [60], instead of variation in the fuelling of the SMBH. External reasons such as
galaxy interactions and mergers can also be considered as a trigger of the radio activity.
This is the case for the powerful radio galaxies presented by [61]. This scenario would
perhaps indicate that there is no major difference in the origin, ‘triggering’, and time scale
of the activity in all three sub-samples of radio sources. However, most of our sources
do not show disturbed optical or radio morphologies, or strong emission lines that might
indicate a recent merger. They also mostly reside outside of known galaxy clusters, in
which mergers are more likely to take place. Interestingly, the only radio galaxy with weak
D4000 due to a young stellar population component does reside in Abell 1132. Although
its morphology does not seem disturbed, a merger cannot be ruled out as a possible origin
of the increased optical activity.

Best et al. [36] discuss the independence of radio and optical AGN activity based
on the SDSS data. They conclude that for galaxies with stellar masses between 10!! and
10" Mg, the emission-line luminosity is independent of radio luminosity. In this work,
we confirm that there does not seem to be a connection between the phase in the evolution
in which the radio source is and the optical properties in a wider range of stellar masses
presented by [36].

8. Summary and Conclusions

The optical properties of statistical samples of remnant and restarted radio sources is
not a well-studied topic in the literature. However, it is an important one. In this work,
we studied a sample of 158 radio galaxies in the LH region, divided into sub-samples of
remnant, candidate restarted, and active comparison radio sources. Using SDSS and WISE
data, our aim was, for the first time, to compare the optical properties of sources in a differ-
ent stage of their radio life with the goal of better understanding the most elusive phases,
remnant and restarted, and possibly the triggering mechanisms behind the recurrent
radio activity.
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The majority of our radio galaxies have red optical colours (>77%, see Section 4) and
show strong D4000 (see Section 5). We see few to no emission lines, as there are essentially
no young stars and no gas (see Section 6).

Within the range of radio luminosities and stellar masses studied in this work, radio
and emission-line AGN activity are independent of each other, supporting the conclusion
presented by [36]. Therefore, the cycle of radio emission likely depends on other, intrinsic
reasons, such as radiation pressure instability within an accretion disk, as proposed by [60]
(see Section 7).

The conclusions from this paper are based on a small sample of radio sources in
the remnant and restarted phase of the life cycle of radio galaxies, and therefore need
confirmation based on larger statistical samples of radio sources in each phase of their
radio life cycle with deeper optical spectra. Newly available radio surveys allow for a
selection of larger samples that will test these conclusions and allow for a further step in
the connection between the optical and radio properties, the time scales involved, and
possibly feedback itself. Furthermore, the availability of the complementary optical spectra
is crucial to further our understanding of these topics and present more detailed analysis,
including the estimation of the stellar ages and measurements of weak emission lines or
tighter upper limits. The planned spectroscopic survey WEAVE-LOFAR [62] is an example
of a promising project that will allow us to substantially increase the samples in the
near future.
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Abbreviations

The following abbreviations are used in this manuscript:

AGN active galactic nucleus
Apertif ~ APERture Tile In Focus

BH black hole

BPT Baldwin-Phillips-Terlevich

D4000 4000 A continuum break
ETG early-type galaxy
HERG  high-excitation radio galaxy

IR infrared
LERG low-excitation radio galaxy
LH Lockman Hole

LOFAR LOw Frequency ARray
MCMC Monte Carlo Markov Chain
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NLR
NVSS
QsO
SDSS
SFR
SMBH
std.

uv

VLA
WISE
WSRT

Appendix A. Tables

for the 61 sources in our sample with optical spectra available (Table A2).

ultraviolet

narrow-line region

the National Radio Astronomy Observatory Very Large Array Sky Survey
quasi-stellar object

Sloan Digital Sky Survey
star formation rate

super massive black hole
dev  standard deviation

Very Large Array
Wide-Field Infrared Survey Explorer
Westerbork Synthesis Radio Telescope

Here, we present the table summarising the host galaxy properties for all of the sources
in our sample (Table A1) and the table presenting the emission lines and D4000 break values

Table A1. Host galaxy properties of remnant and candidate restarted radio sources. Col. 1 lists names of the remnant and

candidate restarted radio sources, where boldface indicates sources for which we have SDSS spectra available; Col. 2 lists

the redshift of each source, where ‘p” indicates SDSS photometric and ‘s’ SDSS spectroscopic redshift; Col. 3. is absolute

magnitude in the »— band; Col. 4 lists u — r colour for each source with available SDSS photometry; Col. 5 discriminates

whether a source is a part of a cluster (1) or not (0).

Source Name Redshift M, u—r Cluster Flag
15 REMNANTS

J102842+575122 04+017 —19.9 £ 0.7 1.5+07 0
J102905+585721 0.53 +0.037 -21.340.2 41409 0
J103132+591549 - - - 0
J104516+563148 - - - 0
J104618+581421RM+21 - - - 0
J104646+564744 - - - 0
J104732+555007 0.57 +£0.047 —~21.6 4+ 0.2 341 0
J105230+563602 0.25+0.037 —223403 541 0
J105402+550554 0.38248 + 0.00006 ° —23.0600 + 0.0005 2.97 +0.01 1
J105554+563532 - - - 0
J105723+565938RM+21 - - - 0
J105729+591128 0.47 +0.027 —221+0.1 4+2 0
J110108+560330 044017 —20040.7 241 0
J110255+585740 0.3390 = 0.0001 —22.37 4+ 0.02 6+2 1
J110806+583144 0.15431 + 0.00003 * —22.5233 + 0.0005 321+ 0.07 1
21 RESTARTED CANDIDATES

J103416+590523 0.47 +0.06 7 —20.6 £0.3 21407 1
J102955+584621 0.39 +0.057 —202 403 441 0
J103508+583940 0.4708 =+ 0.0001 —22.20 4+ 0.03 30+05 0
J103621+564323 0.55+0.057 —213403 1.8+ 0.6 0
J103815+601111 0.19676 + 0.00005 —22.11 4 0.01 42404 0
J103841+563544 0.57 +£0.077 ~19+1 1+1 0
J103845+594414 0.38 £0.037 —22040.2 4+1 0
J104113+580755 0.30894 + 0.00006 ° —22.72 4+ 0.01 38+03 0
J104204+573449 0.4807 4 0.0001 * —21.98 4+ 0.04 32+08 0
J104252+553536 0.5224 + 0.0003 —22.18 +0.05 27408 0
J104424+602917 0.224+0.027 —21.9+02 41404 1
J104809+573010 0.31742 4 0.00007 * —22.80 4 0.01 541 0
J104834+560005 0.80 +0.047 —21.540.2 241 0
J104842+585326RM+21 - - - 0
J104912+575014 0.07256 + 0.00002 ° —23.4679 + 0.0006 3.01 +0.02 1
J105057+562349 0.62 +0.077 —21.0+0.3 342 0
J105340+560950 - - - 0
J105418+595220 0.79 + 0.0388 ¥ -21.1403 33409 0
J105436+590901 0.8862 =+ 0.0003 * —22.94 4 0.04 0.77 +£0.15 0
J105524+561616 0.31+0.037 -22340.2 29403 0
J110021+601630 0.19857 + 0.00003 * —22.63 +0.01 32401 1
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Table A2. Emission lines and D4000 values. L[O n = S[O 1) X 4 x3.14 x D%. FWHM [km/s] = (300,000 x ((2.354 x o[A])/A)).
Upper limits of the line fluxes are estimated using 30 o, tinuum as height of the Gaussian. [O11] emission line fluxes are

measured with 2 Gaussians, and [O 111] emission line fluxes are measured with 1 Gaussian. D4000 is a 4000 A continuum
brake calculated as S(4150 — 4250 A)/S (3750 — 3850 A).

[O 1] [O 111]

Source Name cow Siou log10(Siom) logio (L%’;]m) oew Siom log10(Sijomm) logio (L:'(l)ol;]m D4000

km/s x107Y ergs™! em™ Llergs~! km/s x107" ergs™! cm ™2 Llergs~! Value
3 REMNANTS
J105402+550554 130 6.15 —16.21 40.50 200 <4.00 <—16.40 <40.31 19+0.6
J110255+585740 200 <10.37 <—15.98 <40.60 200 <4.25 <—16.37 <40.21 2+2
J110806+583144 179 53.16 —15.27 40.54 136 9.38 —16.03 39.78 19+0.6
9 RESTARTED CANDIDATES
J103508+583940 200 <9.34 <—16.03 <40.89 200 <23.74 <—15.62 <41.29 2+2
J103815+601111 402 34.25 —15.47 40.58 66. 7.38 —16.13 39.91 20£09
J104113+580755 200 <35.25 <—15.45 <41.04 200 <1391 <—15.86 <40.63 1.8+0.7
J104204+573449 106 1.83 —16.74 40.20 200 <3.81 <—16.42 <40.52 2+3
J104252+553536 200 <13.64 <—15.87 <41.16 200 <5.54 <—16.26 <40.77 2+1
J104809+573010 200 <33.88 <—1547 <41.05 200 <20.86 <—15.68 <40.84 2+2
J104912+575014 200 <129.68 <—14.89 <40.22 200 <42.82 <—15.37 <39.74 1.8+04
J105436+590901 200 <5.73 <-16.24 <41.35 200 <6.22 <—16.21 <41.38 1+1
J110021+601630 200 <13.62 <—15.87 <40.19 200 <16.86 <—15.77 <40.28 19+05
49 COMPARISON
J102731+585524 132 7.57 —16.12 40.79 218 18.22 —15.74 41.17 1.8+0.8
J102934+582622 200 <8.21 <—16.09 <40.71 200 <5.06 <—16.30 <40.50 2+1
J103155+580659 200 <50.31 <—15.30 <40.04 200 <20.23 <—15.69 <39.64 19+04
J103258+564453 138 153.56 —14.81 39.86 160 58.18 —15.24 39.44 1.8+04
J103316+580611 200 <14.86 <—15.83 <41.06 200 <32.22 <—15.49 <41.40 2+3
J103423+600519 200 <28.65 <—15.54 <40.65 200 <24.56 <—15.61 <40.58 19+05
J103512+573128 200 <9.00 <—16.05 <40.94 200 <3.34 <—16.48 <40.51 2+1
J103541+590707 200 <17.22 <—15.76 <41.16 200 <6.17 <—16.21 <40.72 2+1
J103611+571327 200 <8.56 <-16.07 <41.37 200 <6.39 <—16.19 <41.24 1.3+0.7
J103621+583712 200 <95.88 <—15.02 <39.20 200 <115.35 <—14.94 <39.28 19+04
J103646+590858 200 <19.59 <—15.71 <41.21 200 <16.56 <—15.78 <41.14 2+1
J103856+575247 85 21.11 —15.68 39.74 200 <18.81 <—15.73 <39.69 1.7+0.6
J103953+583213 - - - - - - - - -
J104021+564842 M=star— 200 <34.11 <—15.47 <33.82 200 <8.09 <—16.09 <33.19 1+£2
J104026+551950 200 <14.75 <—15.83 <41.37 200 <5.13 <—16.29 <4091 2+2
J104113+564831 200 <42.21 <—15.37 <40.61 200 <16.31 <—15.78 <40.20 1.8+ 0.5
J104130+575942 200 <34.19 <—15.47 <41.04 200 <9.27 <—16.03 <40.48 19+0.8
J104208+592018 334 23.57 —15.63 41.38 200 <1091 <—15.96 <41.04 1.5+0.7
J104225+593615 200 <8.66 <—16.06 <40.93 200 <3.74 <—16.43 <40.57 1.7+£09
J104232+592725 200 <18.09 <—15.74 <40.99 200 <11.98 <—15.92 <40.81 2+1
J104320+585621 149 7.11 —16.15 40.48 200 <3.19 <—16.50 <40.13 1.7+04
J104352+581327 200 <41.53 <—15.38 <41.34 200 <15.47 <—15.81 <40.92 2+2
J104418+562007 200 <28.45 <—15.55 <42.73 - - - - -
J104418+603701 200 <12.10 < —15.92 <41.86 200 <26.99 <—15.57 <42.20 0.74 £ 0.06
J104457+592533 200 <23.47 <—15.63 <41.10 200 <5.98 <—16.22 <40.51 2+1
J104514+562049 200 <33.11 <—15.48 <40.60 200 <26.11 <—15.58 <40.50 19+0.7
J104552+562708 200 <15.51 <—15.81 <41.13 200 <17.01 <—15.77 <41.17 2+6
J104630+582745 200 <45.36 <—15.34 <40.21 200 <44.95 <—15.35 <40.20 19+04
J104659+563644 200 <10.95 <—15.96 <41.08 200 <4.15 <—16.38 <40.66 1.6 £0.6
J104907+551314 200 <65.93 <—15.18 <40.44 200 <44.01 <—15.36 <40.26 19+05
J105013+594029 200 <20.31 <—15.69 <41.21 200 <6.36 <—16.20 <40.71 2+2
J105110+564147 200 <20.12 <—15.70 <40.93 200 <9.65 <—16.02 <40.61 2+1
J105114+555137 200 <48.35 <—15.32 <40.85 200 <27.79 <—15.56 <40.61 19+0.7
J105132+571115 200 <29.25 <—15.53 <40.98 200 <15.53 <—15.81 <40.71 2+1
J105147+552309 200 <90.12 <—15.05 <40.08 200 <57.34 <—15.24 <39.89 20+04
J105237+573103 200 <8.90 <—16.05 <41.30 200 <9.35 <—16.03 <41.32 2+1
J105249+563153 200 <29.74 <—15.53 <41.17 200 <9.64 <—16.02 <40.68 3+2
J105252+553839 200 <9.27 <—16.03 <40.87 200 <5.77 <—16.24 <40.66 2+1
J105322+561852 200 <103.06 <14.99 <40.16 200 <19.92 <—15.70 <39.45 1.8+04
J105325+561402 111 13.49 —15.87 40.13 200 <18.62 <—15.73 <40.27 1.6 +£0.5
J105451+553736 299 9.52 —16.02 41.61 161 35.52 —15.45 42.18 0.72 +0.09
J105702+564503 200 <69.09 <—15.16 <40.53 200 <20.17 <—15.70 <40.00 1.8+04
J105703+584720 210 17.90 15.75 41.77 201 99.76 —15.00 42.52 1+£2
J105747+574511 200 <12.72 <—15.90 <41.36 200 <297 <—16.53 <40.73 242
J105831+600839 200 <32.62 <—15.49 <40.55 200 <19.32 <—15.71 <40.33 19+05
J105859+590841 200 <14.01 <—15.85 <41.38 200 <4.38 <—16.36 <40.88 2+1
J105931+565529 86 56.77 —15.25 40.40 200 <20.88 <—15.68 <39.97 14+03
J110125+573720 200 <4991 <—15.30 <40.93 200 <28.55 <—15.54 <40.69 1.8+05
J110753+590537 200 <32.90 <—15.48 <41.30 200 <10.69 <—15.97 <40.81 2+1
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Appendix B. SDSS Spectra

In Figure A1, we show the SDSS spectra of the three sources with D4000 < 2. In
Figure A2, we show the SDSS spectra of 13 sources with detections of [O1I] and/or
[O111] lines.
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Figure A1. SDSS spectra of three galaxies indicating an additional blue component, also confirmed by the D4000 value.
From upper left to bottom: J104418+603701, J105451+553736, and J105931+565529.
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Figure A2. Cont.
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Figure A2. SDSS spectra of 13 galaxies with [O 11] and/or [O I1I] emission lines detected. From upper left to bottom right:
remnant radio sources J105402+550554 and J110806+583144; restarted candidates J103815+601111 and J104204+573449; galax-
ies from the active comparison sample: J102731+585524, J103258+564453, J103856+575247, J104208+592018, J104320+585621,
J105325+561402, J105451+553736, J105703+584720, and J105931+565529.

Notes

1

We note that for one of these 113 sources, J103719+595120, we lack redshift information, but have information on its SDSS
optical colours.

2 We note that some of the sources are not detected in all WISE bands.

3 We excluded an M-type star as a misidentification in Section 4.
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