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ABSTRACT

Previous studies have shown that physically small, low-luminosity radio galaxies, which we
refer to as galaxy scale jets (GSJ), could potentially have a significant effect upon the host
galaxy’s evolution. Using 6" resolution images taken from the first release of the LOFAR Two
Metre Sky Survey (LoT'SS DR1), we identified a representative sample of nine potential GSJ
for which we obtained high-resolution, 2-4 GHz data using the Karl G. Jansky Very Large
Array (VLA). Using these data we aim to verify the GSJ nature of these sources as well as
investigating the potential role of feedback. Our VLA images reveal a diversity of structures,
confirm the hosts for four of the sources and find that a fifth is the first known example of
a galaxy-scale remnant showing that some radio galaxies never grow beyond the GSJ stage.
We also derive spectral ages and the first estimates of the lobe expansion speeds of GSJ. We
find our GSJ have maximum spectral ages of 60 Myr with most between about 5 and 20 Myr,
consistent with being located along an evolutionary path joining compact sources and larger
radio galaxies. We find lobe advance speeds a few times the local sound speed, with most GSJ
predicted to be driving strong shocks into their environment and having a significant impact
upon the host’s evolution. Our discovery of a remnant GSJ, which will eventually transfer all of
its energy directly into the local environment, represents an important and previously hidden
aspect of AGN life cycles.
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1 INTRODUCTION

Feedback from radio-loud galaxies is believed to play an important
role in galactic evolution (e.g. Bower et al. 2006; Croton et al.
2006; Fabian 2012; Hardcastle & Croston 2020). According to this
theory, energy is transferred from the radio jets, heating the local
environment and reducing the rate at which material is able to cool
and be accreted by the host galaxy. This reduced flow of material
limits both the rate at which the host is able to form stars and the
accretion rate of the central Active Galactic Nucleus (AGN).

At present, whilst there is robust evidence of radio galaxies
heating their surrounding environments (e.g. Hardcastle & Croston
2020), there is no direct evidence of the effect this has on star
formation rates. Recently, some authors have started looking into
physically small radio galaxies (e.g. Jarvis et al. 2019; Jimenez-
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Gallardo et al. 2019; Webster et al. 2021) where observations of
shock fronts (Croston et al. 2009; Mingo et al. 2011, 2012) provide
evidence of direct feedback between jets and the host ISM. These
sources may provide an opportunity for better understanding how
feedback from radio galaxies affects galaxy evolution.

There are also a growing number of studies looking into the
effects of feedback from compact radio sources such as Gigahertz-
Peaked Spectrum (GPS) and Compact Steep Spectrum (CSS)
sources (e.g. Tadhunter 2016b; Bicknell et al. 2018; O’Dea & Saikia
2021). In addition, there is a growing interest in the population of
FRO galaxies (Baldi et al. 2015, 2018) and their potential role in
feedback (Ubertosi et al. 2021).

Using data from the first release of the LOFAR Two-metre
Sky Survey (LoTSS DR1, Shimwell et al. 2019; Williams et al.
2019), Webster et al. 2021 (hereafter W21) recently discovered a
population of 195 physically small, low-luminosity (L{s5o Muz <
102 W Hz™!) radio galaxies with total linear sizes of 80 kpc or
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less. Known as Galaxy Scale Jets (GSJ), these sources have an
average redshift of ~ 0.2 with a maximum of 0.5 and are hosted by
both spiral and elliptical galaxies whose properties were shown by
W21 to be typical of the hosts of larger radio galaxies.

Numerical simulations have shown that low power radio galax-
ies, like those identified in the W21 sample, have jets that decelerate
quickly, entraining material and transferring most of their energy
into the surrounding ISM (Mukherjee et al. 2020; Rossi et al. 2020;
Massaglia et al. 2016). Simulations show that low-power jets are
likely to deposit their energy throughout large regions of the host
galaxy (Mukherjee et al. 2018).

Morphologically the W21 sample is a mix of FRI and FRII-
type sources. Whilst many have integrated spectral indices typical
of larger sources, some have relatively flat spectral indices. Whilst
W21 could not derive ages for individual sources, the range of
spectral indices were interpreted as showing that a wide range of
ages were present in the sample. Despite being smaller with lower
luminosity than the majority of previously studied radio galaxies,
GSJ were found to contain enough energy to potentially have a
significant effect on the evolution of the host.

The low frequencies used by LOFAR mean that any core radio
emission from the AGN is less prominent. This, combined with the
6 arcsec resolution of LOFAR (Shimwell et al. 2017) mean that
some of the optical host galaxies may have been misidentified by
W21. The resolution of LOFAR also means that, due to the small
size of these sources, the source morphology of many GSJ is often
ill-defined.

Unlike the population of FRO, the W21 sample are all resolved,
extended sources with radio emission a few tens of kpc in size. The
sample is also distinct from the population of compact CSS/GPS
sources, though an overlap is expected once smaller GSJ are dis-
covered. At present, the relationship between these populations is
uncertain. Though not universally accepted, the spectral turnover
seen in CSS and GPS sources is often interpreted as these sources
being the young progenitors of larger radio galaxies (O’Dea &
Saikia 2021). The small physical size of GSJ therefore means that
these sources could be located along any evolutionary path between
compact sources and larger radio galaxies.

In W21, since it was not possible to account for the contribution
of shocks, only lower limits on the potential energetic impact could
be obtained. Powerful sources are frequently seen to be driving
shocks that transfer energy to their surroundings (e.g. Fabian et al.
2003; Croston et al. 2007; Forman et al. 2007; Croston et al. 2009;
Randall et al. 2015). However, it is currently unknown whether less-
powerful GSJ expand fast enough to do the same. Related to this, the
amount of time a source will spend in the GSJ stage depends upon
its growth rate. Slowly expanding sources will spend more time in
the GSJ stage, increasing the opportunity for the energy contained
in the lobes to be transferred into the host’s immediate environment.

Combining archival data with new, high resolution VLA im-
ages of a representative sample of GSJ, this paper aims to address
some of these outstanding issues by:

o Verifying the LoTSS DRI optical host IDs and confirming the
AGN nature of the radio emission.

e Better constraining the source morphology, including FR class,
so as to relate the radio structures of small jets to those of traditional
hundred-kpc scale radio galaxies.

o Using spectral information for each of our sources to measure
the integrated spectral index and, where possible, constrain the
break frequency so as to be able to draw conclusions about age
and expansion speeds.
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Figure 1. The distribution in the size-luminosity plane of the nine sources
for which VLA measurements are presented in this paper compared to the
GSJ sample of Webster et al. (2021). Sources that are part of the W21
sample are highlighted in orange. Sources that are not in the W21 sample
are highlighted in purple.

This paper is structured as follows. Section 2 describes the
method used to find our representative sample of GSJ. Section 3
describes the image processing. Section 4 examines the images,
looking for confirmation of the previously identified optical hosts.
Section 5 looks at the integrated spectral indices for our sample.
Section 6 presents the spectral maps used in the ageing analysis in
Section 7. The lobe advance speeds are derived in section 8 and there
is a discussion of our results in Section 9. Section 10 summarises
our findings. Throughout this paper we assume cosmological pa-
rameters of Q,, = 0.3, Qp = 0.7 and Hy = 70 km s~! Mpc~!.
We define the spectral index, a, using the definition of radio flux

density, Sy, o v™¢.

2 SAMPLE SELECTION

This work aims to use a representative sub-sample of GSJ for high-
resolution follow-up. To identify our sub-sample we adopted the
more stringent visual selection process of W21, as it combines both
automated and manual selection criteria to identify GSJ whose jets
could be directly influencing the evolution of the host. In summary,
W21 identify GSJ as being sources that are smaller than 80 kpc,
have a ratio of jet to host sizes (referred to as the jet:galaxy ratio)
between 2 and 5 and are either classified as radio-loud according to
Hardcastle et al. (2019) or are visually identified as radio galaxies.
Applying this selection process to 6”’ resolution images from a
pre-release version of the LoT'SS DRI catalogue (Shimwell et al.
2019),we identified a sub-sample of nine objects (Table 1) that, in
order to be representative of the wider GSJ population:

e Covers the range of observed radio sizes (up to our 80 kpc
limit).

o Covers the range of observed radio luminosities (approximately
1022 to 102 W Hz! at 150 MHz)

e Includes both elliptical and spiral-hosted sources.

e Includes both FRI and FRII-like sources based on their appear-
ance in the LoT'SS DR1 images.

MNRAS 000, 1-19 (2021)



In addition, the limitations of the VLA had to be considered and
so, assuming the canonical spectral index of 0.7, only sources that
would be both visible and resolved by the VLA were included in our
sub-sample. The size and surface brightness of our sources meant
that they should all be visible using the VLA’s B configuration at
S-band.

Whilst the nine sources were identified using a pre-release
version of the LoT'SS DRI catalogue they are also representative
of the 195 GSJ identified by W21 using the final DRI catalogue.
Figure 1 shows that the nine sources are spread across the range of
sizes and luminosities observed in the W21 sample.

Six of the nine sources appear in the W21 sample. Subsequent
optimisation of the W21 criteria to exclude star-forming galaxies
and larger objects meant that the other three sources identified using
the pre-release LoI'SS DR1 catalogue, ILT J122037.67+473857.6,
ILT J124627.85+520222.1 and ILT J125453.46+542923.4 are not
included in the W21 sample. However, all three sources have com-
bined jet lengths less than our 80 kpc limit with the first two sources
also appearing in the radio-loud AGN catalogue of Hardcastle et al.
(2019). Both sources can therefore be considered as GSJ.

The third source, ILT J125453.46+542923.4, was initially in-
cluded because its elongated morphology in the LoTSS DR1 im-
ages suggested that this was a genuine GSJ. However, subsequent
improvements to the LoT'SS image processing pipeline, included in
the DR2 release (Tasse et al. 2021), no longer showed the elongated
radio emission so that we no longer consider this source to be a
genuine GSJ. The VLA data (see Figure 2) confirmed that this is
not a genuine GSJ.

Of the nine sources sent for high-resolution follow-up, ILT
J121847.41+520148.4 and ILT J112543.06+533112.4 are both
highly unusual with spiral hosts and FRII-like morphologies. Con-
sequently, both the 9 per cent of spiral-hosted sources and the ~10
per cent of FRII-like sources in the W21 sample are marginally
over-represented. However, in both cases the over-representation is
small and we consider it useful to have multiple examples of these
unusual sources, allowing us to better understand them.

3 OBSERVATIONS

We observed all nine of our sources in the S-band (2 - 4 GHz)
using the VLA B configuration in order to map the sources at a res-
olution of ~2.1 arcseconds. Except for ILT J125453.46+542923.4
and ILT J130148.36+502753.3 which both have angular extents
smaller than 30 arcseconds so that the B configuration captures all
of their emission, we also obtained S-band images using the VLA
C-configuration for the remaining seven sources to map the full ex-
tended structure at a resolution of 7 arcseconds. This ensured that
the VLA captured the largest angular scales where emission was
observed by LoI'SS DR1. The C-configuration observations were
taken on 2018 November 18 and the B-configuration observations
were taken on 2019 April 27. Both configurations used the flux den-
sity calibrator 3C 286 and were taken under project code: 18B-083.
Details of both observations are given in Table 2.

Both sets of data were reduced in the standard way using the
National Radio Astronomy Observatory (NRAO) pipeline Common
Observatory Software Applications (CASA; McMullin et al. 2007),
v.5.4.1-32. Due to continuous Radio Frequency Interference (RFI)
from satellite downlinks, all data in the 2.180-2.290 and 2.320-
2.345 GHz ranges was flagged. Additional RFI flagging was done
using the automated tfcrop and rflag routines as well as a manual
check. Calibration was performed using a Perley & Butler (2017)
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model of our flux calibrator, 3C 286, to determine the flux density
scale. Images were made using the tclean algorithm with a mul-
tiscale deconvolver (Cornwell 2008) and Briggs weighting with a
robsut parameter of 0.5 (Briggs 1995). The signal to noise ratio for
our sources is low, meaning that self-calibration did not improve
image quality and so we omitted this stage in our final images. We
combined the B and C-configuration images using the statwt task
to compute the weightings of the images based on the RMS of the
visibilities. The resulting images are shown in Figure 2.

The VLA image of ILT J125453.46+542923.4 (Figure 2)
shows extended radio emission that is spatially correlated with the
host suggesting a star-forming origin, though weak AGN activity
is possible. The data also reveals a point source to the west of the
galaxy centre. The location suggests this is not AGN-related and
could be due to either a background source or a star forming region
within the host. The VLA does not show the elongated emission
visible in the DR1 pre-release data (see Section 2) confirming the
findings, using the LoT'SS DR2 images, that this source is not a
genuine GSJ. We do not consider this source any further.

Morphologically, our VLA images confirm the findings from
the LoTSS DR2 images that ILT J112543.06+553112.4 and
ILT J121847.414520128.4 are FRII sources. Apart from ILT
J130148.36+502743 where the VLA observes only a point source
(see Section 4.3) and ILT J122037.67+473857.6 where no emission
is detected, the VLA images also confirm that the remaining sources
all appear FRI-like, though ILT J145604.90+472712 is somewhat
borderline.

To calculate integrated flux density values we used DS9 to
visually trace a polygon around the edge of the emission above the
noise level. We then used the Rab1orLUX tool! to find both the flux
density and RMS noise in the image. Our images have an average
RMS noise of 0.07 mJy and an average peak signal to noise ratio of
26. The final flux density error was found by combining the noise
error in quadrature with the calibration uncertainty for the S-band,
which is estimated at 5 per cent (Perley & Butler 2017). We note
that, within the error bounds, this gives the same flux density values
as using CASA’s imfit function to fit Gaussians to each separately
identifiable emission region and aggregating the results. Our error
values are used in Sections 4 and 5 when comparing flux density
values measured by different telescopes, but they are not used for
the spectral index/ageing maps where, as described in Section 6,
a weighted least squares method is used to calculate the errors for
each pixel. The results are listed in Table 2.

For those sources where separate core and lobe components
were visible in the VLA images we used the RADIOFLUX tool to
measure the flux densities of each component. Using these data we
calculated spectral indices for each component allowing us to com-
pare different regions from within the same image (see Section 5.2).

The source sizes in the LoTSS catalogue were derived from
the ellipses used by the Python Blob Detector and Source Finder
(Mohan & Rafferty 2015). As discussed in Mingo et al. (2019),
this tends to underestimate the size and flux densities of the small-
est sources, such as GSJ. Rather than using the catalogued values,
we therefore applied the method above to the LoT'SS DR2 images
finding flux densities for both the total source as well as for any
sub-components. Errors were calculated as above using the cali-
bration error for LoTSS which is conservatively estimated at 20
per cent (Shimwell et al. 2017). Applying this technique we found
flux densities for our sources that are 1 — 40 per cent higher than

I Available at https://www.github.com/mhardcastle/radioflux
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LoTSS z Radio Host logig(Li50)  Length
Source Name Morphology Type W MHz"! / kpe
ILT J112543.06+553112.4¢  0.010 FRII Spiral 225 16
ILT J120326.64+545201.5 0.050 FRI Elliptical 229 31
ILT J120645.20+484451.1 0.065 FRI Elliptical 235 69
ILT J121847.41+520148.4¢  0.057 FRII Spiral 237 69
ILT J122037.67+473857.6 0.059 FRI Elliptical 229 51
ILT J124627.85+520222.1 0.067 FRI Elliptical 23.6 76
ILT J125453.46+542923.4°  0.069 FR1 Elliptical 22.6 18
ILT J130148.36+502753.3  0.120 FR1 Elliptical 235 55
ILT J145604.90+472712.1 0.087 FRI Elliptical 25.1 62

Table 1. Details of the sources identified for VLA follow-up. Spectroscopic redshifts are taken from the value-added LoTSS DRI catalogue of Williams et al.
(2019). Luminosities and total radio lengths were derived using part of the LoMorph code of Mingo et al. (2019).
@ Host ID remains uncertain, 2 Sources subsequently identified as not being GSJ.

LoTSS WENSS NVSS Phase On Source Total Flux L3guz/
Source Name Id Id Calibrator Time (B/C) 3GHz/mly W Hz™!
ILT J112543.06+553112.49  B1122.9+5547  112542+553113 J1035+5628 9m48s/9m40s 774+039  1.6+0.1x 107
ILT J120326.64+545201.5 120326+545203 J1219+4829 23m33s/9m40s  4.47+0.23  2.7+0.1x 1022
ILT J120645.20+484451.1 120645+484444 J1219+4829 19m45s/9m40s  2.80+0.15 2.8 +0.1x 1022
ILT J121847.41+520148.4%  B1216.3+5218  121847+520131 J1219+4829 9m48s/8m55s 3.71+£0.20 2.9+0.2x 10?2
ILT J122037.67+473857.6 J1219+4829 88m36s/9m35s <0.3
ILT J124627.85+520222.1 B1244.1+5218  124627+520222 J1219+4829 19m45s/9m40s  7.21+0.36 7.8 +0.4 x 1022
ILT J125453.46+542923 47 J1219+4829 88m30s/- 0.51£0.03  5.8+0.3x10%
ILT J130148.36+502753.37 J1219+4829 11m45s/- 0.53+£0.04 2.0x+0.2x10%
ILT J145604.90+472712.1 B14543+44730  145604+472712  1A0F08MB) s oma0s  138.4049.92  2.6+0.1 x 1024
J1438+6211(C)

Table 2. The corresponding ID’s from the LoTSS, WENSS and NVSS catalogues along with details of the VLA observations taken under project code 18B-083.
@ Host ID remains uncertain, 2 Sources subsequently identified as not being GSJ.

those listed in LoTSS DR1 with the majority being 10 — 20 per cent
higher, confirming the findings of Mingo et al. (2019). Throughout
this paper we use the RaADIOFLUX measured values.

3.1 WENSS and NVSS Data

To study the spectral properties of our GSJ we combined the LoTSS
and VLA data with 327 MHz and 1.4 GHz data from the Wester-
bork Northern Sky Survey (WENSS) (Rengelink et al. 1997) and
NRAO VLA Sky Survey (NVSS) (Condon et al. 1998), taken using
the Westerbork and VLA telescopes respectively. The maximum
positional uncertainty for faint sources is 7"/ in NVSS and 5 — 10"
in WENSS. To account for this we used a 20”” radius when cross-
matching with both catalogues. Table 2 lists the catalogue IDs for
those sources where a match was found.

WENSS has a 54" resolution with a sensitivity of 18 mJy
whilst NVSS has a 45" resolution with a sensitivity of 2.5 mlJy.
The large beam sizes of these surveys (relative to the LoTSS and
VLA images) mean it is possible that there is contamination from
secondary sources. We therefore examined images from the LoTSS
survey, but found that none of our sources have secondary sources
close enough to affect either the NVSS or WENSS catalogued val-
ues.

4 OPTICAL HOSTS

One of the reasons for obtaining the high resolution VLA images
(Figure 2) was to verify the optical host listed in the LoT'SS DR1
catalogue. The VLA data shows a radio core located within 0.15”
of the centre of the host galaxy, confirming the host ID as well as
an AGN core for three of our sources:

o ILT J120326.64+545201.5
o ILT J120645.20+484451.1
o ILT J124627.85+520222.1

One of the sources, ILT J122037.67+473857.6, was undetected by
the VLA, meaning that the host ID could not be confirmed, though
in this particular case we are happy to retain the source as the LoTSS
image leaves little doubt the host has been correctly identified. The
remaining four sources are all considered individually below.

4.1 ILT J112543.06+553112.4

The VLA contours for this source appear as two disconnected is-
lands of radio emission, one to the north west and the other to the
south east. There is no observable radio core. Most easily seen us-
ing the B-configuration VLA data (Figure 3), the northern island
contains what appears to be a bright hot spot, whilst the southern
island has a less pronounced hot spot confirming the FRII nature
of this source. The hotspot in the north west lobe has a surface
brightness approximately 25 per cent brighter than the hotspot in
the south east. Whilst the centre of the LoT'SS-identified host galaxy
is significantly closer to the north east lobe, it does lie directly along
the line joining the two hotspots.

The FRII nature of the source leaves no doubt that we are
observing radio emission caused by an AGN. The observed asym-
metries in jet lengths and lobe morphology could be attributable to
asymmetries in the host environment through which the jets have
passed (Wagner & Bicknell 2011; Gaibler 2014) or to orientation
(see for example Harwood et al. 2020). Asymmetries in jet lengths
are not uncommon in FRII radio galaxies (e.g. Mullin et al. 2008).

Unfortunately, the absence of a detected radio core means that
this may be a chance line of sight effect, with the true host remaining

MNRAS 000, 1-19 (2021)



ILT J112543.06+553112.4

ILT J120326.64+545201.5

o X/\QJ

Investigating GSJ 5

ILT J120645.20+484451.1

Figure 2. Each image shows LoT'SS DR2 contours in gold and VLA S-band contours from the combined B and C configuration images in white on top of the
Pan-STARRS r-band optical image. The size of the VLA beam is shown in the bottom left and a scale bar is shown in the bottom right of each image.

unseen in the background. However, the absence of an alternative
host means that the LoT'SS DR1 host ID remains plausible, as dis-
cussed in W21.

4.2 ILT J121847.41+520128.4

The VLA radio contours for this source show a peak ‘core’ emission
lying on a line joining the two lobes. The ‘core’ is offset from the

MNRAS 000, 1-19 (2021)

host galaxy centre where an AGN would most likely be located by
~ 1.4”" suggesting that the host may have been misidentified. The
‘core’ is also not the Gaussian shape typically associated with radio
cores, being slightly elongated and extending to the south west of
the host.

We therefore investigate the possibility that the offset ‘core’
is not AGN related and is due entirely to star formation activities.
Using a spectral index of @ = 0.7 to convert the 1.4 GHz Radio-SFR
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Figure 3. The source ILT J112543.06+553112.4 as imaged by the VLA in
B-configuration. The RMS is 0.012 mJy beam™!, the VLA beam is shown
in the bottom left and the position of the optical host is indicated by the
white cross. A bright hotspot can be seen in the north west with a fainter
hotspot visible in the south east lobe.

relation of Gurkan et al. (2018) to 3 GHz results in the relation:
log;o(L3 gHz) = 0.87 £ 0.01 x logo(¥) +21.09 + 0.03 €8

where W is the star formation rate in solar masses per year. According
to this relation, the largest SFR published in SDSS-DR 14, calculated
at 97.5 per cent of the probability distribution and derived using the
methods of Brinchmann et al. (2004), would result in a 3 GHz radio
luminosity of logo(L3 gHz) = 21.92 + 0.04W Hz™!. Lower star
formation rates give even lower predicted radio luminosities, all of
which are less than the observed 22.56 + 0.02 W Hz~! seen in the
core region.

Therefore, assuming all the observed ‘core’ flux comes from
the host galaxy, star formation alone cannot account for the observed
emission, suggesting an AGN is present. This is reinforced by the
elongated shape extending only to the south as, if this were due
to starforming winds, a similar extension to the north would be
expected. We therefore consider other explanations for the observed
morphology.

One possible explanation would be if the host galaxy were
moving through a relatively dense environment causing bending of
the underlying jets and elongation of the central core. Using the
group catalogue of Tempel et al. (2014), the host is the second most
luminous galaxy in a small group of 4, situated at an approximate
distance of 0.2 Mpc from the brightest group galaxy. Such a small
group would imply an extremely sparse environment suggesting this
is not the cause of the elongated emission.

An alternative possibility that we cannot discount is that we are
observing a galaxy merger. Whilst a merging galaxy would explain
the orientation of the jets, there is no suggestion in the PAnSTARRS
images of a secondary galaxy, though it may be obscured by the
foreground host. If correct, the redshift of the two galaxies would
be the same and so the GSJ nature of the source would remain.

Since spiral-hosted radio galaxies are extremely rare, we must
also consider the possibility that the host has been misidentified and
that the true host is an unseen background galaxy. However, since
no secondary galaxy is seen, the PanSTARRS limiting apparent

magnitude of 24 means the secondary galaxy would have to be
extremely faint and/or obscured by the foreground galaxy. In this
scenario it is also possible that the foreground galaxy also contains
either a weak AGN and/or star-formation related radio emission that
is resulting in the elongated radio emission of the core region. For
the remainder of the paper we continue to consider this source as
a GSJ, but note that future, deeper optical/IR images may identify
alternative potential hosts.

4.3 ILT J130148.36+502753.3

The image shown in Figure 2 shows a large foreground galaxy
identified as the host by the LoI'SS DR1 survey with a smaller
object located to the north-east about which the VLA has detected
strong emission. The VLA data does not show any emission coming
from the host identified by LoT'SS. The emission observed by the
VLA does not appear to be jetted in nature.

We could not find any entry for the source of the VLA emission
in either NED or SIMBAD. SDSS does detect the source of the
VLA emission, though the pipelines used to find spectroscopic and
photometric redshifts failed for this object. PAnSTARRS also detects
this source, though photometric redshifts are not yet available. It is
therefore unclear whether the source of the VLA emission is a
background galaxy or quasar, a satellite of the larger galaxy or even
a bright component of the larger galaxy.

Irrespective of the true nature of the source of the VLA emis-
sion, it seems likely that at least some of the emission seen by
LOFAR is due to this source. Equally, the elongated morphology
of the emission seen by LOFAR, combined with the lack of any
peak at the location of the VLA emission suggests that at least some
of the emission seen by LOFAR is caused by activity in the fore-
ground galaxy with the relative contributions of the two sources
being impossible to distinguish. Whilst it remains possible there
is galaxy-scale jet behaviour in the LoT'SS-catalogued source, the
uncertainty in the GSJ nature of this source means that we do not
consider it any further.

4.4 1ILT J145604.90+472712.1

Although the VLA image does not show a radio core for this object,
it does still show two separate regions of emission emanating to
the west and east of the host galaxy consistent with jetted activity.
The core location from which these two regions of radio emission
originate is consistent with the host identification and so we are
confident that the host has been correctly identified and that this is
a GSJ.

5 SPECTRAL INDICES
5.1 Integrated Spectra

In order to characterise the bulk properties of the radio emission,
compare our sources to other samples of radio galaxies and confirm
the findings of W21, we derived the integrated 150 MHz to 3 GHz
spectral indices. For all our sources, the angular sizes of the detected
LOFAR structures are smaller than the largest angular scales that our
VLA observations are sensitive to and so these results are expected
to be robust. The integrated spectral indices are listed in Table 3.
ILT J122037.67+473857.6 is undetected in the VLA observa-
tions and so, using three times the RMS as the detection threshold,
an upper limit is given. This source has an integrated spectral index
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Source Name Q?S%}g/f}{
ILT J112543.06+553112.44 1.0+0.1
ILT J120326.64+545201.5 0.4+0.1
ILT J120645.20+484451.1 0.8+0.1
ILT J121847.41+520128.4% 0.9 +0.1

ILT J122037.67+473857.6 >2.4
ILT J124627.85+520222.1 0.5+0.1
ILT J145604.90+472712.1 0.6+0.1

Table 3. The integrated spectral index for our sources (excluding the two
non-GSJ sources) using the 150 MHz LoTSS and 3 GHz VLA observations.
4 Host ID remains uncertain.

far steeper than the criterion of 1.3 traditionally used to identify
remnant sources (e.g. Brienza et al. 2017; Cohen et al. 2007; Parma
et al. 2007). The steep spectral index, combined with the lack of
any visible core in the LoTSS data, shows that this is a remnant
source. According to the group catalogue of Tempel et al. (2014),
this source is located within a group of 9 galaxies, suggesting a
low-density environment. Since remnant sources outside of clus-
ter environments are extremely rare (Brienza et al. 2016) this is a
particularly interesting object.

Another object, ILT J120326.64+545201.5 has a spectral in-
dex below the value of 0.5 typically used to identify flat spectra.
When observed with the VLA, this source has comparatively weak
radio emission coming from the lobes (Figure 2) with over 75 per
cent of the total flux coming from the core (over 45 per cent when
viewed with LOFAR). As a result its integrated spectra, particu-
larly at higher frequencies, is dominated by the core region. The
core-dominance and flat spectra indicate that this source is strongly
affected by absorption; either Free-Free Absorption (FFA) or Syn-
chrotron Self Absorption (SSA) (O’Dea & Saikia 2021).

All the other sources in our sample have integrated spectral
indices that are typical of larger radio galaxies (for example the
3CRR sample of Laing et al. 1983). Our results therefore comfirm
the findings of W21.

We also wish to see how the integrated spectral index varies
with frequency and whether there is any low-frequency flattening as
would be expected for compact sources. To do this we compared the
radio flux densities from the LoTSS, WENSS and NVSS catalogues
(where available) with the values derived from our VLA images.
Measured using the LoT'SS images, ILT J112543.06+553112.4 has
the largest angular size of all our sources at 70", this is substantially
less than the maximum angular scale of NVSS (20’) and WENSS
(over 1°) so that spatially these surveys can observe all the flux
seen by LOFAR. However, the WENSS and NVSS surveys are less
sensitive and may not be detecting all of the fainter flux associated
with a source, potentially causing the reported total flux densities
to be underestimated, though no allowance is made for this.

The results are shown in Figure 4. The NVSS errors shown are
those reported by the survey and the WENSS errors are calculated
using the methods of Rengelink et al. (1997). The errors for the
LoTSS and VLA images were calculated as described in Section 3.
ILT J122037.67+473857.6 is not detected in either the NVSS or
WENSS catalogues or in our new VLA observations and is therefore
not shown.

As can be seen in Figure 4, there is no evidence of significant
low-frequency flattening in any of our sources indicating that the
turnover, if present, must be at lower frequencies. For the majority
of our sources the spectral index is relatively constant over the
measured frequency range showing little deviation from the 3 GHz
to 150 MHz measured integrated spectral index. The spectra for our
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Figure 4. Plot of the total measured flux density against frequency for each
source. Shown against each line are the corresponding spectral indices. Stars
represent LoT'SS measurements, squares WENSS, circles NVSS and crosses
VLA. WENSS and NVSS are less sensitive than the other surveys, possibly
causing their flux densities to be underestimated (see text for details).

sources are therefore similar to those of larger radio galaxies and
not compact sources.

5.2 Component Spectra

The 3 GHz VLA image of ILT J120645.20+484451.1 (Figure 2)
clearly shows a pronounced radio core. However, no radio core is
seen in the 150 MHz LoTSS image. This difference in the spectral
behaviour of the core is seen in another GSJ, NGC 3801 (Heesen
etal. 2014), and is also identical to larger radio galaxies which have
flat core regions (e.g. Simpson 2017; Morganti et al. 1997).

For the three GSJ within our sample that have separately
identifiable lobes and cores in both the LoTSS and VLA im-
ages, ILT J120326.64+545201.5, ILT J121847.41+520128.4 and
ILT J124627.85+520222.1, we calculated the spectra of the lobe
and core sub-components, using the same technique as described in
Section 3 to calculate the flux densities for both LoT'SS and VLA
images. In each case we found significant differences between the
lobes and cores, again indicating different physical properties in
these regions.

6 SPECTRAL INDEX MAPS

Apart from ILT J122037.67+473857.6, the other six sources iden-
tified in Table 3 all have extended emission in both the LoTSS DR2
and VLA images. For these sources we produced spatially resolved
spectral index maps that would then allow us to identify any struc-
ture within our sources. To do this we used the Broadband Radio
Astronomy Tools? (BRATS) (Harwood et al. 2013, 2015) which
allows for detailed spectral analysis of radio images, providing a
suite of model fitting, visualisation and statistical tools.

2 http://www.askanastronomer.co.uk/brats/
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The VLA observations were carefully designed to ensure all
scales of emission seen in the LoTSS images could be sampled;
however, the two telescopes do have different beam sizes and reso-
lutions. We therefore used CASA’s imsmooth function to match the
beam sizes and imregrid to ensure each pixel represents the same
spatial area.

Combining our VLA images with the LoT'SS DR2 images, we
set the BRATS source detection threshold at three sigma, the flux
calibration errors for the LOFAR images to 0.2 (Shimwell et al.
2019) and used the standard errors for VLA images. The spectral
maps produced are shown in Figure 5.

The spectral index error maps are calculated by BRATS using
a weighted least squares method (see Harwood et al. 2015, for
details). They show increased uncertainties towards the edge of the
emission with some sources showing high uncertainties at the very
edge of the observed emission. However, overall the spectral index
errors are low across the majority of the observed emission and
most spectral structure shown is on resolved scales and showing
gradients in the sense expected for typical radio-galaxy structures
indicating that our spectral index maps are reliable except, in some
cases, for the outer few pixels.

Outside of the core/hotspot emission (where visible), our
sources show only a small amount of variation in the spec-
tral index across the majority of the extended emission which
is not surprising given the fairly low resolution. As expected
of FRII sources, the spectral gradients that can be observed for
ILT J112543.06+553112.5 and ILT J121847.41+520148.4 become
overall progressively steeper with distance from the hotspot. Sim-
ilarly the FRI sources in our sample show a general trend for the
spectral index to increase with distance away from the core.

Although obeying this general trend, the eastern jet of ILT
J124627.854520222.1 does have two regions of flat spectral in-
dex at the tip and midway along the jet. This is discussed fur-
ther in Section 7.3. The spectral index maps also show the differ-
ent core spectral behaviour for ILT J120326.64+545201.5 and ILT
J121847.414520148.4 mentioned in Section 5.2. Though less ob-
vious, the core of ILT J124627.85+520222.1 also shows a different
core spectral behaviour with a slightly flatter spectral index than the
surrounding regions.

7 SPECTRAL MODEL FITTING

For the six sources with extended emission in both the LoT'SS DR2
and VLA images we fitted spectral models to find the age of the
radio emission. When fitting spectral models, in order to constrain
the spectral ages as much as possible, we divided our matched VLA
images (described in Section 6) into four frequency ranges each of
500MHz bandwidth, using the resulting images along with the 150
MHz LoTSS data to perform the model fitting.

As described in Sections 5.2 and 6, the cores of some of
our sources have significantly different spectral behaviour from the
lobes. Since we are interested in the age of the lobes we follow the
methodology of Heesen et al. (2014) and exclude the cores from all
four sources where the core region could be identified to eliminate
any adverse effects they would have upon our model fitting.

We used BRATS to fit Jaffe-Perola (JP) models (Jaffe & Perola
1973) to our data. Using the JP model allows a direct comparison
with the few previous spectral ageing studies of GSJ (e.g. Parma
et al. 1999; Heesen et al. 2014). JP models are single-injection
models where the angle of the synchrotron-emitting electrons is
isotropic with respect to the magnetic field lines and is believed to

provide a realistic model of the conditions in radio galaxies. In JP
models the electrons are subject to both synchrotron and inverse-
Compton energy losses. Along with the radio images, the other
inputs required for spectral age modelling are the magnetic field
strength and the injection index, described in Sections 7.1 and 7.2
respectively. Our results are summarised in Table 4. The resulting
images are shown in Figures 6 to 11 inclusive with the results
discussed in Section 7.3.

7.1 Magnetic Field Strengths

The strength of the magnetic field in the lobes was calculated using
a Python version of the SYNCH code first used by Hardcastle et al.
(1998)3 initially under equipartition energy conditions assuming no
non-radiating particles (listed as Beg in Table 4). The size and flux
of the lobes was taken from the VLA images. We note that similar
magnetic field strengths were obtained using the LoTSS images.

While we considered the case of equipartition field strengths
assuming no non-radiating particles, we also considered more phys-
ically realistic scenarios for both FRI and FRII sources based on the
conclusions of X-ray studies. For FRII-type jets independent mea-
surements of the magnetic field strength using X-ray observations
have found the average magnetic field strength is ~ 0.4B¢q (Ineson
et al. 2017), where Begq is the equipartition magnetic field strength
assuming no proton content.

For FRIs the lack of inverse Compton X-ray detection means
the magnetic field strengths are less well constrained. However,
using equipartition estimates with no proton content, it has been
shown that the internal lobe pressure is insufficient to balance the
external medium. The extra pressure is believed to come from either
entrained material, higher magnetic field strengths or a combination
of both (Croston et al. 2003, 2008; Croston & Hardcastle 2014).
Recently, for a population of 27 FRIs, Croston et al. (2018) found
that in order to achieve pressure balance, where the magnetic field
and total (radiating and non-radiating) particle energy densities are
in equipartition, a ratio of ~ 10 for the non-radiating to radiating
particle energy density was required.

Therefore in the discussion that follows we adopt magnetic
field strength values (i) for the FRIs assuming equipartition between
the magnetic and total particle energy densities with a ratio between
the non-radiating and radiating particle energy density of 10 and (ii)
for the FRIIs using magnetic field strengths that are 0.4 times the
equipartition magnetic field strengths calculated assuming no proton
content. These adjusted values are given as B4 ; in Table 4. In the
following discussion we also note how our conclusions would differ
for the assumption of equipartition with no non-radiating particles
in both cases.

7.2 Injection Indices

The injection index is the spectral index at the point of injection, cor-
responding to the initial electron energy distribution. The injection
indices, shown in Table 4, were all calculated using the findinject
function in BRATS. We note these values were the same no mat-
ter how the magnetic field strengths were calculated. The majority
of our sources have injection indices within the range 0.5 to 0.7
typically assumed for radio loud AGN. The injection indices are
also consistent with those found for the B2 sample of radio galaxies
which are a mix of FRI and FRII radio galaxies covering a range of

3 https://github.com/mhardcastle/pysynch
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Figure 5. Left Column shows the 150 MHz - 3 GHz spectral index maps and the right column shows the associated error maps. The errors presented are those
used for the spectral ageing analysis and include flux calibration errors.
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Figure 5. (Continued) Left Column shows the 150 MHz - 3 GHz spectral index maps and the right column shows the associated error maps. The errors
presented are those used for the spectral ageing analysis and include flux calibration errors.
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luminosities and physical sizes, the lower end of which are similar
to our sample of GSJ (Parma et al. 1999). The injection indices
are also similar to the value of 0.5 = 0.05 found for another GSJ,
NGC3801 (Heesen et al. 2014).

However, both FRII spirals, ILT J112543.06+553112.4 and
ILT J121847.41+520148.4, have steeper injection indices closer to
0.8. These sources support the argument that FRIIs have steeper in-
jection indices than previously thought (Harwood et al. 2016, 2017).
Models have suggested a steeper injection index should equate to
more powerful jets (Konar & Hardcastle 2013) but, as can be seen
in Table 2, our FRIIs are amongst the least luminous in our sample.
Whilst this, again, suggests that the hosts for these sources have
been misidentified, this is not conclusive as, whilst they cannot rule
the model of Konar & Hardcastle (2013) out, Harwood et al. (2016)
do find two FRIIs whose hotspots, according to the model, imply
a flatter injection index than is found, suggesting other factors also
need to be considered.

7.3 Spectral Ages

The spectral ages shown in Table 4 and presented in Figures 6-11
were calculated using BRATS with the magnetic field strengths and
injection indices calculated as explained above. The FRIs in our
sample are young sources with maximum ages between 5 and 20
Myr, whilst the FRIIs are older with ages between 40 and 60 Myr.
We note that, for our FRIs, using equipartition field strengths (with
no proton content) approximately doubles our age estimates. Simi-
larly for the FRIIs, using equipartition field strengths approximately
halves the ages listed.

None of the models fitted by BRATS can be rejected at even the
68 per cent confidence level indicating that the models are a good
fit to the data. The reduced y2 maps along with average reduced X2
values of about unity for three degrees of freedom in each case (see
Table 4) also confirm that the models are a good fit. However, some
of the absolute errors are quite large. This is due to the large LOFAR
errors and the lack of variation in the spectral index as a function
of frequency observed for all of our sources (Figure 4) meaning
that higher frequency data, where spectral curvature is most easily
constrained, is needed to reduce the model errors.

As expected, the regions of flatter spectral index are associ-
ated with the youngest spectral ages. Consequently, where errors
are fairly well constrained, the gradients in spectral index noted in
Section 6 are mirrored in the spectral ages.

Also noted in Section 6 were the anomalous regions of flat
spectral indices in the eastern jet of ILT J124627.85+520222.1,
which are now seen as an extended region of low spectral age (Fig-
ure 10). This source has background galaxies visible in the optical
image that overlap with the radio emission (Figure 2). Whilst there
is no indication that these galaxies are emitting at radio frequencies,
there is a prominent background galaxy midway along the east-
ern lobe that may be associated with the region of low age plasma
observed. Overlaying the position of the background host on the
spectral age map (Figure 12), it can be seen that the galaxy lies
between and slightly below the region of low spectral age. The as-
trometric uncertainties for LOFAR and the VLA are too small to
account for the difference and so the background galaxy cannot be
responsible for this low age plasma.

Harwood et al. (2015) notes that for all FRIIs studied us-
ing BRATS anomalous non-physical regions showing zero age
have been observed which may be due to performing spectral fit-
ting at high resolutions on high dynamic range sources. Although
not associated with FRII sources, the regions we observe in ILT
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J124627.85+4520222.1 and at the tip of the southern lobe of ILT
J120326.64+545201.5 may have a similar non-physical origin. We
also note that these regions are associated with large positive errors
and so may not be anomalous at all. However, we cannot discount
the possibility that these regions are real and may be caused either
by a region of enhanced particle acceleration within the jet and/or
some interaction with the surrounding environment.

8 AVERAGE ADVANCE SPEEDS

We also estimated the average expansion speed for the lobes of
each or our sources in order to see whether our sources could be
expanding fast enough to shock the local environment. The standard
methodology of Alexander & Leahy (1987) involves dividing the
lobes into separate regions and estimating the speed based on the
average age and separation distance of each region. However, the
small size of our sources meant that this method resulted in between
one and a maximum of three data points per source lobe.

Many of our sources also show very little variation in spectral
age across large portions of the lobes. This may be due to the
resolution of our images with different electron populations being
caught within a single beam or it may be due to physical mixing
of electron populations within the sources themselves (Turner et al.
2018). Regardless of the cause, the low variation in spectral age
meant that applying the techniques of Alexander & Leahy (1987)
resulted in unreliable estimates.

We therefore use the same methodology as Harwood et al.
(2013, 2015) where the lobe advance speed is found by dividing the
source size by the age of the oldest plasma. For the FRI sources we
assume that the oldest observed plasma was produced when the jet
first became active and so we use the distance from the host to the
edge of the observable emission as the source size. For the FRII-like
sources we assume the oldest emission was produced at a time when
the hot spot was located where the plasma is currently seen and so
take the distance between the hot spot and the location of the oldest
observed plasma as the source size.

The results are shown in Table 5 where we also express the
results in terms of the local sound speed, which we assume to
be 400 km s~! (the approximate speed of sound in the ISM at a
temperature of 0.6 keV, typical of the sparse groups in which W21
found GSJ reside). For the FRIIs in our sample we find significantly
sub-sonic advance speeds. For the FRIs in our sample the lobe
advance speeds are supersonic. In comparison, using equipartition
magnetic field strengths with no protons, this result is unchanged
for the FRIIs where the lobe advance speeds become 0.2 — 0.5c¢,
whilst for the FRIs the advance speeds become mildly supersonic
with speeds of 1.3 — 2.8c;.

It is well-established that spectral ages are typically lower than
the corresponding dynamical ages (Eilek 1996), a result that has
been confirmed using the high spectral resolution of BRATS (Har-
wood et al. 2013). Using the BRATS software Harwood et al. con-
firmed that dynamical ages can be up to 10 times more than the
corresponding spectral age. It is therefore possible that our age esti-
mates are too low so that our speed estimates should be considered
as upper limits.

However, Blundell & Rawlings (2000) note that for young radio
sources with a dynamical age less than 10 Myr, spectral age fitting
may be more accurate. If correct, this means that the ages, and hence
lobe advance speeds, of the FRIs in our sample are, as a first-order
estimate, reliable. For FRIIs, Mahatma et al. (2020) found that the
discrepancy between spectral and dynamic ages can be as low as a
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LOFAR Injection Bey Baaj Average ~ Minimum  Maximum

Source Name Index /T /T sze quced  Age/Myr  Age/Myr

ILT J112543.06+553112.4¢ 0.78 121x107°  4.84x10710 080  0.00t)58  57.9573%
ILT J120326.64+545201.5 049  4.14x10710 822x 10710 0.63  0.00"05  20.05+72
ILT J120645.20+484451.1 0.60  8.42x10710  1.67x107° 0.87 4474195 11.52+128

ILT J121847.41+520148.4¢ 077  4.83x10710  1.93x1071° 079 0.00+3:99  41.98+54%
ILT J124627.85+520222.1 0.45 6.00x 10710 1.19x 107 1.07  0.00%54  16.97+1-69
ILT J145604.90+472712.1 0.54 1.68x107°  3.33x107° 1.28 0.0013-39  4.810-48

Table 4. Summary of the results of the spectral age fitting. B is the equipartition magnetic field strength assuming no non-radiating particles, B, are the
adjusted magnetic field strengths used within this work to better represent the conditions of FRI/FRII galaxies (see text for details). Ages shown were calculated
using the adjusted magnetic field strengths. ¢ Host ID remains uncertain.
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Figure 6. Results of the spectral fitting for ILT J112543.06+553112.4.1. Top left shows the spectral age map and top right shows the reduced y? for the spectral
age map. Bottom left and right images show the positive and negative errors for the spectral age map.

factor of ~ 2 when using sub-equipartition magnetic fields (such as
those used in this study). If correct this once again implies that the
ages, and hence lobe advance speeds, of our FRIIs are reliable.

9 DISCUSSION

9.1 Remnant GSJ

ILT J112543.06+553112.4 and ILT J121847.41+520128.4, the two
FRII spiral-hosted sources, have spectral indices towards the steeper
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Figure 7. Results of the spectral fitting for ILT J120326.64+545201.5. Top left shows the spectral age map and top right shows the reduced y? for the spectral

age map. Bottom left and right images show the positive and negative errors for the spectral age map.

LOFAR Length of radio  Oldest plasma  Lobe Advance Speeds
Source Name emission/kpc age/Myr km/s Cs

ILT J112543.06+553112.4(W)“ 1.9 57.9*31 33+ 0.1+99
ILT J112543.06+553112.4(E)* 1.6 32.07%9 50t 0.170:0
ILT J120326.64+545201.5(S) 23.4 20.1747 11434936 2.9%1
ILT J120645.20+484451.1(W) 15.9 11.5%32 13507230 3.4%08
ILT J120645.20+484451.1(E) 18.3 10.0%8 1787718 4.5%03
ILT J121847.41+520128.4(N)¢ 3.7 34,0474 108%7  0.3*0-]
ILT J121847.41+520128.4(S)“ 2.9 42,0183 67421 0.2
ILT J124627.85+520222.1(W) 25.7 17.0t17 14832322 3.7708
ILT J124627.85+520222.1(E) 30.8 12.0*2 25104415 6.3130
ILT J145604.90+472712.1(W) 10.5 4.449-3 2361737 5.970¢
ILT J145604.90+472712.1(E) 12.9 4.8493 26231333 6.670%

Table 5. The oldest plasma ages and distances used to calculate the average lobe advance speeds for all sources analysed with BRATS. ¢ Host ID remains

uncertain.
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Figure 8. Results of the spectral fitting for ILT J120645.20+484451.1. Top left shows the spectral age map and top right shows the reduced y? for the spectral
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end of the range of values found for the 3CRR sample (Laing et al.
1983). Though not atypical of spectral indices found for larger AGN,
recent studies have shown that these values are intermediate between
sources typically classed as active and remnant AGN (Mahatma
etal. 2018). Therefore, the possibility that these are remnant sources
must be considered.

Like remnant sources, ILT J112543.06+553112.4 has no ob-
servable radio core. However, the lobes do not show the relaxed
structure often seen in remnant sources and a bright hotspot is vis-
ible in the north west lobe with a fainter hotspot in the south east.
Though the possibility of ongoing activity from a weak core can-
not be excluded, it is possible that this source may have recently
switched off so that the core is no longer visible but previously
emitted material is still fuelling the hotspots (Tadhunter 2016a). If
correct, and assuming the host has been correctly identified, the
short distances from the core to the hotspots (3.4 and 7.2 kpc to the
North and South respectively) suggest this source may be an inter-
esting example of a spiral AGN that has only very recently turned
off.

For ILT J121847.41+520128.4, the 150 MHz to 3 GHz spectral
index of the core is 0.72+0.09 consistent with ongoing AGN activity
(e.g. Laing et al. 1983; Sabater et al. 2019). This, combined with the
morphological evidence suggesting the core of this source is a mix
of AGN and star-formation related emission (Section 4.2) means we
do not believe this is a remnant source.

Unlike the two spiral-hosted sources, the extremely steep spec-
tral index of ILT J122037.67+473857.6 means this is definitely a
remnant source (Murgia et al. 2011; Mahatma et al. 2018) with
the lack of detection in our 3 GHz VLA images lending tentative
support to the idea that remnant sources fade quickly (Kaiser &
Cotter 2002; Mahatma et al. 2018). The small scale of the emission
seen by LOFAR makes this the first known source with remnant
emission of a similar size to the host. Whilst LOFAR is expected to
be able to detect a large fraction of remnant sources, the outward
diffusion of electrons means they are expected to be physically large
(e.g. Hardcastle et al. 2016), making the small size of this source
unusual. Whilst we cannot directly measure the age of the source,
the fact that this source never grew to large sizes does imply the

MNRAS 000, 1-19 (2021)
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Figure 9. Results of the spectral fitting for ILT J121847.41+520148.4. Top left shows the spectral age map and top right shows the reduced y? for the spectral
age map. Bottom left and right images show the positive and negative errors for the spectral age map.

radio jets were active for only a short period of time, consistent with
expectations for low mass systems (Heckman & Best 2014).

Like the two FRII spiral-hosted sources, ILT
J122037.67+473857.6 does not have the morphologically re-
laxed appearance typical of remnant sources (Brienza et al. 2016;
Morganti 2017). Plotting this source on a BPT diagram shows
ongoing AGN activity which, combined with the emission still
having the appearance of being jet-related, means it is possible that
this source has recently changed accretion mode, causing the radio
jets to turn off.

Hardcastle & Krause (2013) showed that for large radio galax-
ies, half of the total energy transported by the jets would still be
present in the lobes at the moment the jets turn off. Assuming a
similar fraction applies to smaller sources this would mean that half
of the energy transported by ILT J122037.67+473857.6 has already
been transferred to its environment. Given the small physical size
of the remnant this energy must have been transferred into its local
environment supporting the conclusion of W21 that GSJ are capable
of having a significant impact upon the evolution of their hosts.

MNRAS 000, 1-19 (2021)

9.2 Source ages

Parma et al. (1999) found the ages for a representative sample of
42 sources drawn from the B2 catalogue with 1.4 GHz luminosities
between 1023 and 102> W Hz~!. These sources are predominantly
FRI galaxies, though several FRII galaxies are also present. They
found spectral ages ranging from 4 to 112 Myr with most being
a few tens of Myrs old. The FRIs in our sample have maximum
ages between about 5 and 20 Myr, consistent with the smaller, least
luminous galaxies within the Parma et al. sample which are also
comparable in size and luminosity to the largest most luminous
GSJ. Our FRI sources can be considered as young radio galaxies.
These sources are comparable in age to the 10 kpc GSJ, NGC 3801,
that was found to have a spectral age between 1.8 and 2.4 Myr
(Heesen et al. 2014).

In contrast our FRIIs are older, both having maximum ages
between 40 and 60 Myr. All our sources are older than the typical
age of the compact CSS/GPS sources which typically have ages
up to a few thousand years (O’Dea & Saikia 2021). The size and
age of our sources are therefore consistent with their being located
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Figure 10. Results of the spectral fitting for ILT J124627.85+520222.1. Top left shows the spectral age map and top right shows the reduced y? for the spectral
age map. Bottom left and right images show the positive and negative errors for the spectral age map.

along an evolutionary path joining CSS/GPS sources and larger
radio galaxies. Overall, our sources are consistent with the trend
seen by Parma et al. (1999) suggesting that for sources of similar
luminosity, larger sources will typically have older spectral ages.

9.3 Lobe expansion speeds

The FRII objects in our sample, ILT J112543.06+553112.4 and
ILT J121847.41+520128.4, have substantially slower growth rates
than the FRI objects in our sample. The growth rates of our FRII
galaxies are lower than those recently found by Ineson et al. (2017)
who, using a representative sample of 37 FRII galaxies, found only
two sources with an expansion speed below Mach 1, both of which
were approximately 0.7. Whilst the sample of Ineson et al. is more
luminous, and hence more powerful than ours, we note that in their
study they found no relation between radio luminosity and advance
speeds. It remains possible that the slow advance speeds of these
two objects are related to the spiral nature of the hosts, however,

these results continue to suggest that these hosts may have been
misidentified and that the true source is at a higher redshift.

The majority of the sources studied by Parma et al. (1999) are
FRIs and have lobe advance speeds between 500 and 5000 km sL,
The advance speeds of our FRI sources are therefore similar to the
slower sources in the Parma et al. sample. Previously observed GSJ
have speeds between about Mach 3 and 5, which is again consistent
with our results (Croston et al. 2007, 2009; Mingo et al. 2011, 2012).

Though, as noted earlier, our speed estimates should be con-
sidered as upper limits, it appears that the FRIs in our sample are
capable of driving strong shocks (M > 2). It is possible that some
of the zero-age emission seen in the lobes of some of our sources
is caused by shock fronts re-accelerating plasma, though further
observations are needed to confirm this.

The possibility of strong shocks means that the energy outputs
estimated in W21, which assumed adiabatic expansion, should be
considered as lower limits. Since W21 show that GSJ lobes poten-
tially contain enough energy to have a significant effect on the host,

MNRAS 000, 1-19 (2021)
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the impact of these low-luminosity sources upon the evolution of
their hosts could be substantial.

10 SUMMARY AND CONCLUSIONS

Of the eight sources we considered to be GSJ based on the LoTSS
DR2 images, our S-band VLA images have confirmed the hosts
of four and rejected one. Of the remaining three, the hosts of two
remain doubtful whilst one appears to be a remnant source. This
clearly highlights the difficulty in identifying such small sources
and emphasises the need for high-resolution data to unequivocally
identify GSJ.
For our sample of GSJ we find that:

e The existence of at least one galaxy-scale remnant shows that
some sources never grow beyond the GSJ stage. The lobes of these
sources will eventually transfer all of their energy into the host
environment.

e GSJ have ages up to 60 Myr with the majority between 5 and

MNRAS 000, 1-19 (2021)

20 Myr. This is consistent with the evolutionary development of
compact sources into larger radio galaxies.

o GSIJ typically have lobe advance speeds a few times the local
sound speed, with most predicted to be driving strong shocks into
their surrounding environment.

e The energy stored in the lobes of GSJ is capable of having a
significant effect upon the host’s evolution. Our sources are therefore
similar to those in the numerical simulations of (Mukherjee et al.
2016, 2018) who found low-power jets are capable of affecting the
host’s ISM over large areas.

e The majority of our sources show little variation in spectral
age, most likely dominated by the resolution of our images capturing
different electron populations within a single beam, though physical
mixing of electron population within the source cannot be ruled out.

e GSJ have an integrated spectral index similar to those of larger
radio galaxies with no sign of a spectral turnover at frequencies
above 150 MHz making our sources distinct from the GPS sources
and meaning their turnover is at lower frequencies than all but the
largest CSS sources.
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of the background galaxy on the eastern lobe marked by the black circle.

e The existence of larger radio galaxies show that some GSJ
must evolve beyond this stage. The youngest, most luminous source
in our sample, ILT J145604.90+472712.1, has some of the fastest
expansion speeds and may be evolving into a larger, FRI/FRII-type
source.

This work has highlighted the potential impact of young,
low-luminosity sources upon galactic evolution. Future releases of
LoTSS are expected to produce larger samples of GSJ that, coupled
with high-resolution, multi-wavelength data, will provide a better
understanding of the full extent of the impact of these source on
their hosts.

The GSJ sample of W21 did not specifically search for remnant
GSJ. The presence of at least one galaxy-scale remnant within our
VLA sample suggests that more will be observed by the LoT'SS
survey. Future releases of LoTSS should be used to find a larger
selection of these interesting objects and determine their prevalence.
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