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ABSTRACT

The effects of feedback from high luminosity radio-loud active galactic nuclei (AGN) have been extensively discussed in the
literature, but feedback from low-luminosity radio-loud AGN is less well understood. The advent of high sensitivity, high angular
resolution, large field-of-view telescopes such as LOFAR is now allowing wide-area studies of such faint sources for the first
time. Using the first data release of the LOFAR Two Metre Sky Survey (LoTSS) we report on our discovery of a population of
195 radio galaxies with 150-MHz luminosities between 3 x 10?2 and 1.5 x 10 WHz ™! and total radio emission no larger than
80 kpc. These objects, which we term galaxy-scale jets (GSJ), are small enough to be directly influencing the evolution of the
host on galaxy scales. We report upon the typical host properties of our sample, finding that 9 per cent are hosted by spirals with
the remainder being hosted by elliptical galaxies. Two of the spiral-hosted GSJ are highly unusual with low radio luminosities
and FRII-like morphology. The host properties of our GSJ show that they are ordinary AGN observed at a stage in their life
shortly after the radio emission has expanded beyond the central regions of the host. Based on our estimates, we find that about
half of our GSJ have internal radio lobe energy within an order of magnitude of the ISM energy so that, even ignoring any
possible shocks, GSJ are energetically capable of affecting the evolution of the host. The current sample of GSJ will grow in size
with future releases of LoTSS and can also form the basis for further studies of feedback from low-luminosity radio sources.

Key words: surveys - galaxies: active — galaxies: evolution — galaxies: jets —radio continuum: galaxies.

1 INTRODUCTION

Throughout their history galaxies interact with their environments:
accreting matter, forming new stars and evolving into the galaxies we
see today (for a detailed review see Benson 2010). To reproduce the
observed numbers, sizes, and distributions of galaxies, simulations
such as Illustris (Weinberger et al. 2018) and EAGLE (Schaye et al.
2015) must include some form of feedback that restricts the star
formation rate (SFR). Active galactic nuclei (AGN) feedback from
radio jets is one form of feedback, in which jets transport large
amounts of energy into the surrounding environment, restricting the
cooling rate. Suppression of cooling limits the rate at which material
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is accreted back into the galaxy where it can form stars and ultimately
fuel the AGN itself (e.g. Bower et al. 2006; Croton et al. 2006;
McNamara & Nulsen 2007; Fabian 2012; Hardcastle & Croston
2020). This type of feedback, sometimes referred to as ‘maintenance-
mode’ feedback, is typically associated with large, red galaxies and
is believed to be the process limiting star formation to low rates in
those systems.

The majority of the observational evidence for feedback from radio
galaxies is associated with large jets of ~100-1000 kpc (e.g. Mullin,
Riley & Hardcastle 2008), capable of carrying energy far into the
surrounding intracluster medium. There are also a growing number
of studies looking into the effects of feedback from compact radio
sources such as parsec-scale Gigahertz-Peaked Spectrum (GPS) and
Compact Steep Spectrum (CSS) sources a few kpc in size (e.g.
Tadhunter 2016b; Bicknell et al. 2018), along with some studies of
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intermediate-size radio structures (e.g. Jarvis et al. 2019; Jimenez-
Gallardo et al. 2019). However, the advent of telescopes such as
the International LOw Frequency ARray (LOFAR) Telescope, with
its combination of high sensitivity to both compact and extended
emission (Shimwell et al. 2017), allows for the systematic identifica-
tion of sources with sizes on scales similar to that of the host galaxy,
together with the study of the potential effects these sources can have
upon their host environments. Unlike the FRO class of unresolved
objects (Baldi, Capetti & Giovannini 2015; Baldi, Capetti & Massaro
2018b), these are resolved sources with radio emission a few tens
of kpc in size, making them bigger than the majority of GPS/CSS
sources with jets that are large enough to have escaped the dense
environment at the core of the host galaxy. However, unlike larger
radio galaxies, they are still small enough to be interacting with, or
have recently impacted, a substantial portion of the host’s interstellar
medium (ISM), directly affecting the evolution of the host. We refer
to these radio sources as galaxy-scale jets (GSJ).

Their sizes make GSJ ideal for directly studying the role and
importance of feedback from radio jets. The importance of un-
derstanding feedback from these sources has been highlighted by
the discovery that some GSJ are capable of creating jets that are
strong enough to develop shock fronts that heat their environment
(e.g. Croston et al. 2009; Mingo et al. 2011; Hota et al. 2012). We
also know that these shocks can travel into the host galaxy and
that they can carry energy equivalent to the thermal energy of the
ISM (Croston, Kraft & Hardcastle 2007). This strongly suggests the
possibility that, like supernova shocks, they can affect star formation
within the host. This influence could either take the form of positive
feedback, in which gas within the host is compressed leading to an
increase in star formation (Kalfountzou et al. 2014; Salomé et al.
2017; Markakis et al. 2018) or negative feedback, in which gas
within the host is heated leading to a reduced SFR (Guillard et al.
2015; Giirkan et al. 2015). GSJ may also be an intermediate stage in
the potential evolution of the smaller GPS/CSS sources into larger
FRI/FRII sources (Fanaroff & Riley 1974).

At present very little is known about the galaxies that host GSJ.
The majority of previously discovered GSJ are hosted by ellipticals
but a small number are hosted by spiral galaxies (e.g. Gallimore
et al. 2006; Hota & Saikia 2006; Croston et al. 2008b; Mingo et al.
2012). It is therefore presently unclear whether these smaller jets
form part of the evolutionary sequence of a ‘typical’ radio-galaxy
or a separate population. It is also not yet known how GSJ and the
population of large-scale double-lobed radio galaxies hosted by spiral
galaxies, the so-called spiral DRAGNs (Mulcahy et al. 2016), may be
related.

In order to investigate the importance of GSJ in shaping galaxy
evolution we use the first data release (DR1) of the LOFAR Two
Metre Sky Survey (LoTSS; Shimwell et al. 2019; Williams et al.
2019) to find a sample that is large enough to draw statistical
conclusions. LoTSS is a radio survey undertaken at 150 MHz using
the International LOFAR Telescope (for a full description of LOFAR
see van Haarlem et al. 2013). LoTSS DR1 covers the Hobby-Eberly
Telescope Dark Energy Experiment (HETDEX) Spring field, an
area of sky 424 deg? in size between right ascension 161225-232:5
and declination 45°-57°. The LoTSS survey is about an order of
magnitude more sensitive than the Faint Images of the Radio Sky
at Twenty Centimetres (FIRST; Becker, White & Helfand 1995)
or the NRAO VLA Sky Survey (NVSS; Condon et al. 1998) for
sources with a typical spectral index of « = 0.7 (where S,oxv®).
LOFAR’s combination of short and long baselines make it sensitive to
both compact and extended emission, avoiding the need to combine
catalogues such as NVSS and FIRST.

MNRAS 500, 49214936 (2021)

Table 1. The size of the sample at each step of the selection process.
The automatic sample (AS), visual sample (VS), and total sample (TS)
show how many of each sample have spectroscopic (s) and how many
have only photometric (p) measurements.

Selection step Sample size
DR1 sample with optical IDs 231716
Resolved with LoMorph size measurement 15472

Total length less than 80 kpc 2987
Jet:Galaxy ratio in range 2-5 454

AS 192 (167(s), 25(p))
\'S 52 (48(s), 4(p))
TS 195 (170(s), 25(p))

DRI of the LoTSS catalogue contains over 300 000 sources and
covers ~2 per cent of the planned sky area (Shimwell et al. 2019).
The sheer number of sources make it impossible to visually search
through the catalogue for GSJ. We therefore devised a system that
uses the host and radio morphology to reduce the number of potential
sources to more manageable numbers. We then used a combination
of size criteria, existing AGN/star formation separation methods,
and visual inspection to identify our sample. These methods have the
advantage that they can be easily implemented in future catalogue
releases. We then studied the properties of our sample to determine
how common these objects are, how they relate to larger radio
galaxies, and their potential energetic impact on the host galaxies.

This paper is structured as follows. Section 2 describes the method
used to find our sample of GSJ. Section 3 describes the radio and
host properties of our GSJ as well as the environments in which they
are typically found. Section 4 describes how common GSJ are when
compared to both the overall population of galaxies as well as the
wider population of AGN. Section 5 looks at the potential impact of
GSJ upon their hosts. Section 6 places our results within the wider
context of galaxy evolution whilst Section 7 summarizes our findings.
Throughout this paper we assume cosmological parameters of 2, =
0.3, 2, = 0.7, and Hy = 70km s~ Mpc ™. For the spectral index,
a, we use the definition of radio flux density S, oc v¥.

2 SAMPLE SELECTION

We want to generate a large, reliable sample of radio galaxies
with galaxy-scale jets in an automated way using readily available
catalogue data, so that it can be applied to larger sky areas in the
future. In Section 2.3, we discuss our approach to generating an
automated sample (AS) of GSJ with Table 1 showing the sample
size at each step of the process. In order to validate our method
and ensure that our selection criteria are not introducing any biases
(e.g. against a particular type of host), we also generate a smaller,
visually selected, clean sample that can be used for more detailed
investigations of the properties and impact of GSJ. Our approach to
selecting this clean sample is discussed in Section 2.4.

The starting point for our sample selection was the LoTSS DR1
value-added catalogue, of which we consider only those 231 716
sources (about 70 per cent of the total) with an optically identified
host (for the full catalogue description see Williams et al. 2019).
As explained in Sections 2.2 and 2.3, we also made use of the
Hardcastle et al. (2019) catalogue of 23 444 radio-loud AGN selected
from the DR1 catalogue, based on a combination of radio excess,
spectroscopic and infrared colour diagnostics. However, we wanted
to avoid biases from pre-judging the likely host-galaxy colours and
emission line properties for this population, where the radio excess
may be relatively low, and so do not use the AGN catalogue as our
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initial starting point. Our selection criteria, which are explained in
detail below and summarized in Table 1, include (i) improved size
estimation and a size cut-off, (ii) a threshold in the ratio of radio
to host galaxy size, as measured along the jet axis, (iii)) AGN/star
formation separation based on the catalogue of Hardcastle et al.
(2019).

2.1 Size selection

The LoTSS catalogue includes source size estimates determined by
the Python Blob Detector and Source Finder (PYBDSF; Mohan &
Rafferty 2015). However, these ellipse regions were obtained through
Gaussian approximations to the source extent, and sometimes do not
accurately represent the shape or size of the radio emission. For small
objects that may have complex brightness distributions, which are
of particular interest for this work, pyBDSF tends to underestimate
their true size (see Mingo et al. 2019, for details). We therefore used
part of the LOMORPH code of Mingo et al. (2019) to measure the total
extent of the radio emission above a threshold set at 5 times the RMS
noise. We first eliminated unresolved sources using the criteria of
Shimwell et al. (2019), and rejected those sources with a measured
flux below 2 mly as too faint to measure. This left 25 128 sources,
of which 15 472 had sufficient flux for LoMorph to determine an
accurate size.

A size cut-off was then applied to reduce our sample to objects
consistent with being GSJs, i.e. with radio emission on scales
comparable to their host. Typical large elliptical galaxies have half-
light radii up to approximately 20 kpc, though the full extent of the
galaxy will be significantly larger (Forbes et al. 2017). We therefore
chose to exclude all sources with a total extent greater than 80 kpc, in
other words larger than twice the typical galaxy half-light diameter.
Projection effects may mean that some of these sources are in fact
larger than 80 kpc, however, since we do not know inclinations we
make no allowances for this in our calculations. Applying this size
criterion left 2987 sources.

2.2 Jet:galaxy ratio

To further refine the sample to include only objects with jet-related
emission on a similar scale to the host, we divided the size of the
radio emission by the optical size of the host to get the jet:galaxy
(size) ratio for all 2987 sources. Since jets can be found at a wide
range of angles relative to the host’s major and minor axes (e.g.
Kharb et al. 2016), for example see Fig. A2 (online), we measured
the size of the host along a line defined by the position angle of the
radio emission (taken from LoMorph). This avoided prejudicing our
selection against highly elongated hosts.

The host galaxy sizes were obtained from the SDSS DR14
catalogue (Abolfathi et al. 2018). A further 52 sources were excluded
due to not having an SDSS match within 3 arcsec. The catalogued
i-band deVaucouleurs radius and ellipticity were used to determine
the host angular size along the axis of the radio emission, except
where the i-band radius was >1.5¢ from the mean across all five
bands, in which case another band close to the mean was used. The
LoMorph-measured radio size was divided by this host radius to
obtain a jet:galaxy ratio for each object. Fig. 1 shows the distribution
of jet:galaxy ratio versus angular size, where a jet:galaxy ratio >1
indicates emission extending beyond the host galaxy effective radius.

We next used visual inspection to determine suitable automated
thresholds in angular size and jet:galaxy ratio. At angular sizes less
than twice the LoTSS resolution (12 arcsec), it became difficult
to be certain that any extended structure is genuine and not due
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Figure 1. Plot of the total angular size of the radio emission versus the
jet:galaxy ratio. The vertical lines and horizontal lines represent the jet:galaxy
ratios and angular sizes used to reduce the size of the candidate sample. The
objects within the LoTSS DR1 sample and the subset identified as radio-loud
AGN by Hardcastle et al. (2019) are shown.

to calibration uncertainties, and so we eliminated all sources with
angular size <12 arcsec, leaving 2105 sources.

A lower threshold in jet:galaxy ratio is needed to reduce contami-
nation from star-forming galaxies, while an upper threshold is needed
to exclude objects where the majority of energy must be deposited at
a large distance from the host. To determine the lower threshold, we
examined the subset of our candidates with jet:galaxy ratio between
1 and 3. In the range 1-2, the radio emission from 35 of 76 candidates
has the appearance of a star-forming galaxy, whereas in the range 2-3,
only 4 of 58 candidates appear dominated by radio emission from star
formation. We therefore adopted a lower jet:galaxy ratio cut-off of 2,
as the best compromise to enable fully automated selection without a
high level of contamination. Unfortunately this unavoidably excludes
the smallest GSJs whose jets are well embedded within the central
regions of the galaxy. Future higher resolution studies (e.g. future
releases of LoTSS using the international baselines), should be able
to resolve jet-related structures on sub-galactic scales, allowing these
sources to be identified using our methods.

A further compromise is needed in choosing an upper threshold
in jet:galaxy ratio. Sources such as spirals and highly elongated
ellipticals with jets closer in projection to the minor axis could have
high jet:galaxy ratios whilst still having jets that are small enough to
be directly influencing the host’s evolution (e.g. in a way similar to
the jet-induced turbulence and outflowing ionized gas bubbles within
the host’s ISM proposed by Jarvis et al. (2019). A jet:galaxy ratio of
5 was chosen as the upper cut-off.

Applying the lower and upper jet:galaxy ratio cut-offs leads
to a candidate sample of 454 sources, which are used to define
an automatically selected sample, and a smaller, visually selected
sample below.

2.3 The automatically selected sample

Of the 454 candidate sources obtained by applying the size and
jet:galaxy ratio thresholds, the 192 that are classified as AGN by
Hardcastle et al. (2019) form our ‘AS’. The methods of Hardcastle
etal. provide a straightforward automated method to avoid significant
contamination by radio sources dominated by star formation. Based
on our visual check of the AS there does appear to be some low
level of contamination, with about 2 per cent potentially being
misclassified star-forming galaxies (for example see Fig. 2, discussed
further in Section 3.2.1), plus an additional 6 per cent where the radio
emission seen by LOFAR from the GSJ is potentially blended with

MNRAS 500, 4921-4936 (2021)
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Figure 2. Image of ILTJ111056.42+532312.2. An example of an AS galaxy
whose radio emission appears to be related to star formation rather than AGN
activity.

another source. For these sources it is possible that the catalogued
radio fluxes may be slightly too high. It is also possible that some of
the catalogued fluxes include an element of non-jetted AGN-related
radio emission. However, within this paper we make no modifications
to catalogued flux density values.

As with any flux limited survey, some of our sources may have
additional extended emission below the surface brightness limitations
of LoTSS. Any such sources would be correspondingly larger and
might therefore not qualify as GSJ according to our criteria. Even if
this were the case for some of our sources, at least some of the energy
associated with the emission seen by LoTSS must be transferred
locally, so that these sources could still be having an impact on
galaxy scales. In the future, higher sensitivity LoTSS deep fields data
could give an estimate of what percentage of GSJ have faint extended
emission on larger scales. As above, we make no allowances for these
potential contaminants within this paper.

2.4 The visually selected sample

In order to verify the selection methods used to find the AS, we
visually inspected all 454 candidate sources (Section 2.2) to identify
those sources with unambiguous jetted structure. Unlike the AS that
aims to be as complete as possible, this sample, which we refer to
this as our “VS’, is intended to be as clean as possible. The VS can
therefore also be used for detailed investigations and for optimizing
follow-up observations. When inspecting the sources we applied the
following procedure:

(i) Sources with a clear double-lobed morphology were always
considered as GSJ. For example, in the leftmost column of Fig. 3 the
GSJ (top) has two clearly defined, roughly circular, radio features at
the opposite ends of the jet. In contrast the rejected source (bottom)
has quite diffuse emission with two poorly defined circular features
buried within the radio emission. Whilst these features may be due to
AGN activity it could also be caused by star-forming regions within
the host galaxy.

MNRAS 500, 49214936 (2021)

(ii) The shape of the radio emission. Sources with circular emis-
sion or a brightness distribution closely matching that of the host
could easily be caused by star-forming activities and were rejected. In
contrast strongly elliptical radio structures with large amounts of flux
and aspect ratios greater than about two were typically considered
to be GSJ. For example, the middle column of Fig. 3 shows a GSJ
source (top) with much more pronounced ellipticity than the rejected
source (bottom).

(iii) Sources where there was a strong asymmetry in the radio
emission on either side of the host. Whilst most of these are still
likely to be jetted sources, the asymmetry may indicate that either
the jets are inclined at a significant angle compared to the plane of
the sky so that the source is not a true GSJ, that some of the flux is
attributable to a secondary background source or that the host has
been incorrectly identified. For example, in the rightmost column
of Fig. 3 the radio emission on either side of the GSJ (top) is very
similar whilst the radio emission on one side of the rejected source
(bottom) is much longer than the other suggesting that the jets may
be bent/inclined towards us and that this is not a true GSJ.

This inspection resulted in a sample of 52 GSJ which form the
VS, of which 49 are also in the AS. The three sources in the
VS that are not in the AS are ILTJ112543.064-553112.4 (hereafter
ILTJ112543), 1LTJ121847.414520128.4 (hereafter ILTJ121847),
and ILTJ123158.504-462509.9. The first two appear to be spiral
hosted radio galaxies which, due to their unusual hosts were not
included in the Hardcastle et al. catalogue, whilst the third is an
elliptical host with an unusually low luminosity compared to its SFR.
All three sources are discussed in detail in Appendix A (online). It
therefore appears that when combined with our selection techniques,
the methods of Hardcastle et al. (2019) can be used to find GSJ,
although these three sources indicate that this will exclude a small
percentage (~1.5 per cent of our sample) of genuine GSJ.

The 143 sources in the AS that are not in the VS predominantly
have either one-sided or round-ish emission. Whilst the radio excess
used by Hardcastle et al. (2019) strongly suggests that these sources
are radio galaxies, their morphology is too ambiguous to be included
in our visual sample.

In order to have as large a sample as possible, we combine all the
unique sources in both the AS and VS to produce the 195 sources that
form our ‘TS’. A summary of the three samples is given in Table 1
and the two-sided jet lengths are shown in Fig. 4.

3 RESULTS

We wish to compare the properties of our GSJ samples to those of
larger radio galaxies, in order to discover how they fit into the overall
picture of galaxy life cycles and the potential effects of feedback
on the host. In the first section, we discuss the redshift, morphology,
and luminosity distributions of the GSJ radio emission. In the second
section, we investigate the host properties of our sample to see what
type of galaxies host GSJ. In order to compare the radio properties
of our GSJ with a parent sample of larger radio galaxies, we use the
3820 resolved objects with a redshift less than 0.5 from the catalogue
of Hardcastle et al. (2019), referred to within this section as H19.

3.1 Redshift and radio properties

The distributions of redshift and luminosity for our sample are shown
in Fig. 5. As redshift increases it is increasingly difficult to identify
GSJ. Hence, it is to be expected that the distribution of our sample
is biased towards lower redshifts, with a marked decrease in the
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Figure 3. The top row shows examples of sources from the VS, whilst the bottom row has examples of AS sources. The leftmost column shows the difference
in source structure, the middle shows the difference in ellipticity and the rightmost column shows the difference in symmetry between the samples.
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Figure 4. Distribution of total radio emission lengths for the TS, AS, and
VS.

numbers of objects after 0.3. The luminosities of the TS are tightly
distributed about a mean value of log(L,sy) = 23.7, with a standard
deviation of 0.6. The AS and VS have similar distributions. These
values are offset from the H19 sample whose mean luminosity is
log(Lyso) = 24.5 and exhibits a wider spread of values, with a
standard deviation of 1.1. Our population of GSJ therefore forms a

distinct subset within the H19 sample, as expected given our selection
criteria.

It is also informative to compare our GSJ with the catalogue
of Jimenez-Gallardo et al. (2019), hereafter JG19, which contains
43 FRII objects of similar physical size to our GSJ, but with 150-
MHz luminosities in the range ~10%*~10?¢ WHz~!. The difference
in luminosity to our sample is to be expected, as the JG19 sample
was drawn from the shallower, but much wider, FIRST survey, and
so represents relatively rare, higher luminosity objects. Using the
higher sensitivity of LOFAR we are able to reveal for the first time
the larger population of small, low-luminosity sources.

3.1.1 Radio morphology

We used the LOMORPH code of Mingo et al. (2019) to provide a
systematic classification of our sources as either FRI or FRII, using
the traditional definition of whether the peak flux is closer to the
centre or to the edge of the source, respectively. We find 67 FRI-
type sources (65 and 16 within the AS and VS, respectively) and 8
FRII-like sources (8 and 1, respectively). The remaining objects are
either too small and faint to be classified automatically by LoMorph
or have a mixed morphology (notably this includes I[LTJ112543,
discussed in the online Appendix A, which we visually classify
as an FRII). Unfortunately, as Mingo et al. note, LoMorph is less
reliable when applied to small, FRI-like objects. As a result we
visually checked these sources, finding that a small number of GSJ
have been misclassified (for example we classify [LTJ121847 as an
FRII whilst LoMorph classifies it as an FRI), though overall we find

MNRAS 500, 4921-4936 (2021)
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Figure 5. Redshift (left) and luminosity (right) distributions for the AS, VS, and TS. The dotted black line in each diagram shows the normalized distribution

for the H19 parent sample.

qualitatively similar results, with the majority of FRI sources being
correctly classified.

Though they acknowledge multiple exceptions, Best (2009) found
that for luminosities above 10 WHz~! (at 1.4 GHz), equivalent
to ~10°*WHz™! at 150 MHz, the majority of sources are classed
as FRII. However, all of our FRII-like sources have luminosities
below this limit, which is consistent with the recent samples of lower
luminisoty FRIIs found by Mingo et al. (2019) and Capetti, Massaro
& Baldi (2017).

3.1.2 Spectral indices

In this section, we consider the integrated spectral indices for our
sample and compare them with the wider populations of compact and
extended radio galaxies. Relationships between integrated spectral
properties, radio power and size are expected on theoretical grounds,
and have also been seen in large samples (e.g. de Gasperin, Intema
& Frail 2018; Tisani¢ et al. 2020), although the effect of flux limits
must be accounted for (e.g. Sabater et al. 2019). Core-dominated
and compact sources typically have flat integrated spectra at low
frequencies, due to the effects of synchrotron self-absorption and
free—free absorption (e.g. O’Dea & Saikia 2020). For extended,
optically thin sources, regions of flatter spectral index are associated
with locations of recent particle acceleration (e.g. Heavens et al.
1987) as are found at the base of FRI jets (e.g. Laing & Bridle
2013), whereas steep spectrum emission is typically associated with
older plasma (although in some cases a comparatively steep injection
spectrum is possible).

As already noted in Section 2.1, our sources are all resolved at
150 MHz and, applying the criteria of Kellermann & Pauliny-Toth
(1981), they are all over 4 orders of magnitude too large to be optically
thick so that any self-absorbed component will be insignificant.
Whilst our sources are also far larger than the intervening structures
typically assumed to cause free—free absorption (O’Dea & Saikia
2020), simulations show that at low frequencies free—free absorption
does become more prominent, especially in the core regions (Bicknell
et al. 2018). Therefore, whilst the main cause of any change in the
spectral slope of our sources is plasma age, some contribution from
free—free absorption is possible.

MNRAS 500, 49214936 (2021)

To calculate the spectral index for each GSJ we used the 1.4-GHz
fluxes from the NVSS (Condon et al. 1998) and FIRST (Becker
et al. 1995; White et al. 1997) surveys. We cross-matched our
sample of GSJ using a 20 arcsec search radius against NVSS and
5 arcsec search radius against the FIRST catalogue, before visually
inspecting the matches to ensure they were referencing the same
source. Multicomponent objects, such as FRII-like sources, can
have multiple catalogue entries and so we also manually checked
the higher resolution FIRST catalogue against all of our GSJ
and if multiple components were found we used the cumulative
flux.

FIRST has a limiting sensitivity of 1 mJy, and so is more sensitive
than NVSS at 2.5 mJy. However, the largest angular size to which
NVSS is sensitive is greater than that of FIRST. As a result, for
those GSJ with a measured size of less than 30 arcsec across we
use the FIRST values to calculate the spectral index. At our 30
arcsec limit, estimates show FIRST recovers 77 per cent of the flux,
though this rapidly increases for smaller sources (see Becker et al.
1995, for details). For larger objects, we use the measured NVSS
fluxes. We calculate limits for objects undetected in either NVSS or
FIRST.

For the 75 objects with 1.4-GHz detections, we find an average
spectral index of —0.60 £ 0.12. However, if we exclude those sources
with fluxes below 20 mJy, where the selection effects in the LoTSS
sample are most prevalent (see Sabater et al. 2019, for details), the
average becomes —0.70 + 0.12 (see top panel of Fig. 6). This
is consistent with the values seen in more powerful radio-galaxy
populations (e.g. the 3CRR sample of Laing, Riley & Longair 1983,
with a typical spectral index of « = —0.76), as well as the value of
—0.6 = 0.1 found by Heesen et al. (2014) when studying a different
GSJ, NGC 3801, and the value of —0.63 found by Sabater et al.
(2019) when analysing the wider LoTSS AGN sample. Our spectral
indices are consistent with the range of values found by JG19, though
our average is slightly higher than the peak value they find of —0.5,
possibly due to the hotspots in their small, luminous FRII sources
being more dominant.

Resolved sources larger than a few hundred parsec typically have
spectral indices steeper than —0.5. Therefore, using FIRST images,
we visually examined the 23 sources with a spectral index flatter

220z ludy g uo Jasn YNO Aq 9159565/126/4/005/6101e/seluw/woo dno ojwapeoe//:sdyy woly pepeojumoq



Spectral Index
L4
o ®

1
3 -
o N

J

|| * H} iillf
f

toAs
600 4 Vs
2500
€
< 400
2 .
[
5 300 .
€ 200 ‘
.~ .o .
100 N . ‘el
0 .o ot e S e, :
20 30 40 50 60 70 80

Total Radio Length / kpc

Figure 6. The top panel shows spectral index versus total radio length and
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Only sources with a total flux greater than 20 mJy are shown. Though typically
very small, errors in the total radio length have been omitted for clarity. For
the faint source we could only derive an upper limit for the spectral index.
Errors on the total flux are too small to be seen.

than —0.5. We find that they are all unresolved at the 1.4-GHz
frequency of FIRST, so that for this subset of our sample the spectral
index is dominated by the core properties and does not provide any
information about source age or particle acceleration history. For the
remaining sources, the integrated spectral index is providing a crude
measure of age for the extended GSJ sources, with the comparatively
steep spectrum sources likely to be older than those with flatter
spectra, although we cannot rule out a contribution from free—free
absorption for the smallest sources.

For the sources above 20 mly, we find that those sources with
steep spectral indices are more likely to have a large physical
size within our sample range, with only one source with o <
—0.9 having a physical size less than 60 kpc. We test if the size—
spectral index relation is caused by a relationship between flux and
size (bottom panel of Fig. 6). However, we find no relationship
between the flux and size showing that the spectral index-size
relation present in our sample has a physical origin (e.g. Ker et al.
2012).

As a final comparison, we compare with the population of CSS
sources — these are physically small with a turnover in the spectral
frequency, above which they have a steep spectral index. For example,
O’Dea (1998) defines a CSS as being smaller than 15 kpc with o
< —0.5. According to this criteria none of our GSJ are also classed
as CSS sources, making the two categories distinct. This is likely
due to a combination of the 12 arcsec cut and lower jet:galaxy ratio
used during our sample selection (Section 2.2) and so some overlap
is anticipated once we are able to discover smaller GSJ in future,
higher resolution surveys.

3.2 Host galaxies

We wish to compare the host properties of our GSJ with a larger sam-
ple of radio-galaxy hosts. When comparing photometric properties
we use the same sample as Section 3.1, while for spectroscopic prop-
erties we use only the 170 GSJ with spectroscopic measurements,
comparing these with the 2544 such objects in the H19 sample,
hereafter H19Spec. The comparisons discussed in this section are
summarized in Table 2 and Fig. 8.

Galaxy-scale jets 4927

3.2.1 Host morphology

To examine the host-galaxy morphologies for our sample we used the
results of the Galaxy Zoo project (Lintott et al. 2008). We found that
13 of our GSJ were hosted by spirals: 12 are in the AS only and one,
ILTI121847, is in the VS only. As expected, the majority of hosts
with a definite classification are ellipticals (see Fig. 7). Applying our
own visual classification to the indeterminate sources from Galaxy
Zoo, we found an additional three spiral-hosted sources that appear
in the AS only and one, ILTJ112543, that is in the VS only, resulting
in 15 AS and 2 VS spiral-hosted sources.

Based on our visual inspection of the 15 AS spiral-hosted sources,
eight appear to be star-forming galaxies of which three have strong
radio cores. The radio emission from four of the spirals is Gaussian
in shape whilst one has a continuous region of radio emission that
appears to overlap with emission from background galaxies. Two
sources have strong Gaussian radio emission on one side of the
host only that may be from a background source, though no host
galaxy can be seen. To test if these are contaminants we adopt the
emission-line criteria of Kewley et al. (2006), finding that none of
these spiral-hosted sources are classified as strongly star forming. In
particular, the three sources with strong radio cores are classified as
LINERSs with an additional three being classified as Seyfert galaxies.
Whilst this is not surprising as part of the test adopted by Kewley
et al. (the [Nu)/Ha versus [O1m1]/H 8 BPT test) was also used by
Hardcastle et al. (2019) when identifying radio-loud sources, the
additional tests used by Kewley et al. show that even if there is some
star formation related emission present, these sources do have low
levels of AGN activity and can be considered as GSJ.

The two spiral-hosted sources in the VS both exhibit strong FRII-
like radio morphologies and are discussed in detail in Appendix A
(online). These unusual objects belong to the class of so called spiral
DRAGNSs (Kaviraj et al. 2015), with the luminosity of our sources
being similar to the low-luminosity spiral DRAGN of Mulcahy et al.
(2016).

Overall spirals comprise 4 per cent of the VS and 9 per cent
of the TS. Whilst the results from the VS are consistent with those
surveys conducted at higher frequencies which show that spiral hosts
comprise less than 5 per cent of the total radio-loud population
(Tadhunter 2016a), the fraction in the TS is marginally higher. Active
nuclei in spirals are generally less powerful and so this increased
percentage may be due to the majority of our sample being lower
luminosity than that of Tadhunter. However, it may also be that
spiral-hosted AGN are more easily detectable at low frequencies or
that they are more likely to host GSJ.

We also looked for merger signatures, using the r-band im-
ages from the Pan-STARRS survey, but only found one source
(ILTJ150245.734-533042.7) that shows any obvious signs of having
undergone a recent merger. However, for many sources the optical
image quality means it is impossible to rule this possibility out.

Finally, we also compared the concentration indices, C (where
C = Ryy/Rsp), for our GSJ samples with the H19 sample. As
shown in Table 2, the concentration values are consistent to within
their errors, and consistent with expectations for elliptical/bulge-
dominated galaxies which have concentration indices above 2.6
(Heckman & Best 2014). The two spirals in the VS both have
concentration indices about 2.2, typical of disc-dominated systems,
but the 15 AS spirals have concentration indices ranging from 2.2 to
3.2 with a mean value of 2.6 & 0.3. Therefore, whilst our spirals do
have generally lower concentration indices than the elliptical hosts
they are bordering on being considered bulge dominated. This is
also different to the results of JG19 who found no sources with
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Table 2. Comparison of the host properties of the TS, AS, and VS with the Hardcastle et al. (2019) sample. Also shown is the

subset of spiral galaxies from the AS.

TS AS AS (spiral) \S H19/H19Spec
Host magnitude (i band) —23.1 £08 —-231+£06 —225+08 —-230 £ 1.0 —23.1 £08
Host colour (u-r) 2.7 +£0.7 2.7 £ 0.6 23 + 0.6 27 +£05 26 = 1.1
Concentration index (Rgo/Rs0) 3.0+ 03 30+ 03 26 £ 03 3.1 +£03 28 £ 04
Stellar mass (log10(M+«/Mg)) 11.2 + 04 113 £ 03 109 £+ 04 112 £ 05 11.3 £ 03
BH mass (logo(Mgu/Mg)) 8.6 £ 05 8.6 £ 0.5 77 £ 04 88 £ 04 8.7 £ 06
Median SFR —-0.8 £ 0.6 —-0.8 £+ 0.6 —-02 £+ 1.0 —09 £+ 0.6 —0.6 £ 0.6
4000 A break 1.9 £ 02 1.9 £ 0.2 1.5 £ 04 1.9 £ 0.2 1.9 £ 03
Surface mass density (M,kpc—2) 88 £ 03 88 + 0.2 8.6 + 04 88 £ 03 88 £ 03

1201 wm as
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- TS
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Figure 7. Host galaxy morphological classification from Galaxy Zoo.

concentration indices less than 2.86. This is likely to be due to the
higher sensitivity of LOFAR detecting lower levels of emission from
spiral/less bulge-dominated sources.

3.2.2 Colour and magnitude

We next considered the colour and brightness of the host galaxies.
The u—r colour and absolute i-band magnitude, accounting for
Galactic dust extinction and K-correction (Chilingarian, Melchior
& Zolotukhin 2010; Chilingarian & Zolotukhin 2012), are shown in
Fig. 8, along with the normalized distribution for the H19 sample.

Following Kaviraj et al. (2015) who studied the colours of a
selection of spiral-hosted AGN we define a ‘blue’ galaxy as having a
(u—r) colour less than 2.2. Using the Agresti—Coull method (Agresti
& Coull 1998) to estimate the uncertainties we find that, as expected,
our spiral hosts are generally bluer than the elliptical hosts with both
VS spirals and 8" per cent of the VS ellipticals classed as blue.
The AS has 20‘:;;2 per cent of the spirals and 12 + 3 per cent of the
ellipticals classed as blue. Overall, our GSJ have an average colour
of about 2.7 & 0.7, consistent with the average of 2.6 £ 1.1 for the
H19 sample.

The absolute i-band magnitudes of our GSJ are typically between
—24 and —21 with an average value of —23.1 £ 0.8, identical to
the H19 sample and consistent with the JG19 sample. Whilst our
spirals are typically fainter with an average value of —22.1 + 1.5,
they still fall within the same range of magnitudes as the elliptical
hosts. The notable exception to this is the VS spiral, ILTJ112543
whose host is particularly faint with an absolute magnitude of
approximately —17.0. The other VS spiral-hosted source also has
an absolute magnitude of about —20.4, towards the lower end of our
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range. Both of these objects are discussed further in Appendix A
(online).

3.2.3 Stellar and black hole masses

Using SDSS stellar mass estimates, which were derived using the
methods of Kauffmann et al. (2003a), the TS has a mean stellar mass
of ~10"2+04 M very close to the value of ~10''*%3 M, found
for the H19Spec sample. This is slightly lower than the characteristic
value of 10" Mg, identified by Heckman & Best (2014) at which the
overall population of AGN switches from releasing energy primarily
through radiation to jets, but is consistent with the range (~10'' -
10'2M,,) identified by Heckman and Best as being typical of radio-
loud galaxies. The spiral-hosted sources do have a slightly lower
average stellar mass of ~10'%7=0%8 M_ but consistent within the
large uncertainty for this smaller sub-sample. Fig. 8 shows one
significant outlier with an unusually low stellar mass of ~10% M,
allowing it to be classed as a dwarf galaxy (Yang et al. 2020). This is
the spiral-hosted source ILTJ112543. ILTJ121847, the other spiral-
hosted VS source, is the next most massive source in our sample with
a stellar mass of ~10°% M.

Black hole masses were estimated using the M—o relation of
McConnell & Ma (2013). We excluded four objets from our spec-
troscopic sample due to having measured velocity dispersions below
below the resolution limit of SDSS. We note that the velocity disper-
sion contamination effect due to overall galaxy rotation identified by
Hasan & Crocker (2019) does not have an impact on our comparisons.
The average estimated black hole mass for both the AS and VS are
1086%05 and 1088 +04 M, respectively, with the H19Spec sample
having an average of 10%7*%¢M_. Our values are consistent with
the average of 10%° M, found by JG19 and places these objects
within the range of black hole masses identified by Heckman & Best
(2014) of 108-10°° M, as typical of radio-loud AGN. As expected,
the AS spirals have lower black hole masses with an average of
1077+04 M., placing them on the boundary of what is typical of a
radio-loud AGN.

3.2.4 Stellar properties

Spectroscopic sources within the SDSS data base have estimates of
the SFR derived using the methods of Brinchmann et al. (2004).
Although optical AGN activity can cause SFR estimates to be too
high, this is unlikely to be significant for our GSJ sample, as most
FRI-type radio galaxies, such as the majority of our sample, have very
little nuclear line emission, making them optically similar to ordinary
non-active galaxies. Further, Brinchmann et al. adapt their methods to
account for those sources identified as hosting an AGN. The average
SFR of the spectroscopic GSJ for the TS is 1070806 M yr!,
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Figure 8. Host galaxy properties for the TS, AS, and VS. The black line in each diagram shows the H19/H19Spec parent sample, normalized to the TS. Top
row: host galaxy colour (left) and absolute (i band) magnitude (right). Second row: host stellar mass (left) and host black hole mass (right). Third row: host
star formation rate (left) and 4000 A break strength (right). Bottom row: concentration index, C = Rgo/Rs (left) and stellar surface mass density, j1. = 27 R§0

(right).
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consistent with the 10796+ %6 M_yr~! of the H19Spec sample, and
with the SFR of less than 10°° Mgyr~! expected for radio-loud AGN
not undergoing a starburst (Tadhunter 2016a).

We find no difference between SFRs for the AS and VS, but as
expected, the AS spiral galaxies have higher SFRs than our elliptical
hosts (107210 M_yr™!), albeit with large uncertainty. The major
exception to this is the VS source ILTJ112543 which we classify as
a spiral (though not identified as such by Galaxy Zoo) and which has
a particularly low SFR just above 10739 Mgyr~!.

Kauffmann & Heckman (2009) find that active star-forming
galaxies have a 4000 A break strength less than 1.4 whilst passive
galaxies have a break above 1.7. The average 4000 A break strength
for the AS, VS, and TS is around 1.9 & 0.2 and is therefore fairly
typical for an evolved population of hosts. As expected the AS spirals
within our sample have a lower break strength of about 1.5 + 0.4,
but again consistent within uncertainties. Both VS spirals have lower
4000 A break values of 1.1. This is different to the results of JG19
who only found one source with a 4000 A measurement less than
1.7. Again this difference with JG19 is likely to be due to differences
between low and high luminosity host galaxies.

Finally, we report a comparison of stellar surface mass density in
Table 2 and Fig. 8, again finding results in line with typical properties
of elliptical galaxies (e.g. Heckman & Best 2014). Consistent with
their spiral nature, the two VS spirals both have smaller surface mass
densities of 107>+ %9 and 1079 %9 for ILTJ 112543 and ILTJ121847.

3.2.5 Summary

Fig. 8 and Table 2 demonstrate that the colour, absolute magnitude,
stellar mass, black hole mass, SFR, 4000 A break, concentration
index, and surface mass density for our GSJ samples all have
similar mean values and distributions as the H19/H19Spec parent
sample. GSJ are therefore hosted by galaxies that are typical of the
broader radio-galaxy population. The number of spiral hosted GSJ
is sufficiently small that this result is true even if we exclude these
sources.

Even though the number of spirals within our sample is relatively
small they do form a distinct subset within our population. The
AS spirals have properties more typical of the wider population
of spiral galaxies with higher host magnitudes, relatively blue
colours, lower stellar, and black hole masses, lower 4000 A break
strengths, lower surface mass densities, higher SFRs and lower
concentration indices. Individually these differences are marginal
compared to the H19/H19Spec sample, with mean values for the
spirals having large scatter. This may suggest that the central jet-
generating regions of spiral-hosted GSJ are also similar to those
of larger elliptically hosted radio-loud AGN. In contrast, the two
VS spirals are notable exceptions with significantly different host
properties, making them particularly interesting objects for follow-
up observations.

3.3 Environmental richness

To investigate the large-scale environments of the GSJ, we used
the catalogue of Croston et al. (2019) which cross-matches LoTSS
AGN with the SDSS cluster catalogues of Wen, Han & Liu (2012)
and Rykoff et al. (2014) to estimate cluster richness. Adopting a
matching probability greater than 80 per cent, 17 of our GSJ have a
match in the catalogue of Rykoff et al. and 38 have a match in the
catalogue of Wen et al. with 13 having a match in both. We therefore
report our results using matches from the Wen catalogue, though we
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Figure 9. The size of the clusters associated with our GSJ as given by Wen
et al. (2012). The black lines show the average cluster size/richness as a
function of radio luminosity for matched sources as found by Croston et al.
(2019).

note that our results are qualitatively the same when using either
catalogue.

Those GSJ with a match are shown in Fig. 9, where we use the R;.
richness indicator of Wen et al. which, they define as the approximate
number of cluster galaxies within the r,qo radius. Those sources with
a match are broadly consistent with the average relationship found by
Croston et al. between cluster size and radio luminosity. The majority
of GSJ with a cluster match are located near the catalogued cluster
centre, however, those GSJ in larger groups tend to be found away
from the cluster centre. Along with the lack of any secondary galaxies
in the majority of our cutout images (see the online Appendix B)
this indicates that our matched GSJ are observed predominantly in
relatively poor/sparse environments.

The majority of our GSJ do not have a match. For these sources
we note that, at a redshift of 0.42, the Wen at al. catalogue is >95
per cent complete above My > 10'“ M, for clusters with a size
R;, > 12 whilst at higher redshifts the cluster sizes are likely to
be under-reported. Of our 157 unmatched sources, only five have a
redshift greater than 0.42 meaning our unmatched sources are also
located in poor/sparse environments. Our GSJ are therefore found
in similar environments to the FRO population, which are typically
found in groups of less than 15 galaxies (Capetti et al. 2020).

4 PREVALENCE OF GSJ

It is well-established that the likelihood of a galaxy hosting a radio-
loud AGN of any given luminosity increases with both the host’s
stellar and black hole masses (Best et al. 2005; Sabater et al. 2019).
In order to determine whether the same relationship is true of our GSJ
we adopted the techniques of Sabater et al. (2019) and calculated the
fraction of the total number of galaxies that are GSJ at the current
time. We also investigate whether the fraction of radio galaxies that
we have classified as GSJ is similarly dependent upon the host’s
stellar and black hole mass. Although the resolution of LOFAR
means that as redshift increases we are unable to observe the smallest
GSJ, we found that accounting for this does not qualitatively affect
our results and so we make no adjustments to our sample size.
The results presented in this section represent a lower limit on the
prevalence of GSJs within the radio-galaxy and overall nearby galaxy
populations.
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To compare our sample of GSJ with the wider population of
galaxies and to allow a direct comparison with the work of Sabater
et al. we took all those galaxies from within the SDSS Main Galaxy
Sample that are located within the HETDEX footprint. The Main
Galaxy Sample has an approximate upper redshift limit of 0.3, which,
in order to produce an unbiased comparison we use as the upper limit
within this section, resulting in a GSJ sample size of 165. We divided
both samples into bins of stellar and black hole mass (derived as
described in Section 3.2). For each bin we calculated the fraction of
galaxies that are GSJ where both have a luminosity >10%! WHz !,
We then repeated the processes, increasing the luminosity limit by
one dex each time up to a maximum of 10 WHz .

The results are shown in the top row of Fig. 10. The uncertainties
shown were calculated using the Agresti—Coull binomial confidence
interval (Agresti & Coull 1998) with the confidence level set at 68
per cent. For clarity, and because their numbers are too small to be
statistically useful, we exclude those galaxies with stellar masses
below 10'%¢ M, from the plots (see Fig. 8).

When compared to the wider population of galaxies (upper panels)
we find that the fraction of GSJ is directly related to both the black
hole and stellar mass. This is entirely consistent with the conclusions
of Sabater et al. (2019). In contrast to their results, however, we note
that, for all luminosities, the relation with stellar mass appears to
flatten above 10''5 M. We tested the significance of this flattening
for the most inclusive luminosity group (L;so > 10?' WHz™!) by
applying a linear fit to the points up to 10'!* M. In the absence of a

change of slope, we would predict the fraction with stellar masses of
10'7 M, that are also GSJ to be 0.09 + 0.03. Since the actual data
pointis 0.02 = 0.01, the flattening is significant at more than 2o°. With
the exception of the highest luminosity group (L;so > 10* WHz!),
which has a smaller number of sources and is therefore less reliable,
the other luminosity groups also show a flattening at more than the
20 level. We consider the origin of this flattening, not seen for the
larger sample of Sabater et al. (2019) in Section 6.

As well as investigating the prevalence of GSJ in the Main Galaxy
Sample, we carried out a similar comparison using a parent sample
of radio-loud AGN, allowing us to investigate the fraction of radio-
loud AGN that we have classified as GSJ. For consistency we use
the parent sample of Sabater et al. rather than that of Hardcastle
et al. (2019). The sample of Sabater et al. is limited to a redshift
of 0.3, allowing a direct comparison with the above results. The
results are shown in the bottom two plots of Fig. 10. We find that
the fraction of radio-loud AGN that are GSJ is independent of black
hole mass, remaining roughly constant at ~10 per cent for GSJ with
luminosities above 10*! WHz~!. The fraction of GSJ also remains
broadly constant with respect to stellar mass for all except the most
luminous group (Liso > 10*! WHz '), which is less reliable due
to the smaller number of objects. Whilst there is a slight drop at a
stellar mass of 10''7 M, this is only significant at the 1.50 level.
Further studies are needed to see if the fraction of radio-loud galaxies
that are GSJ does decrease at the highest stellar and black hole
masses.
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Figure 11. Comparison of the total internal radio energy against the energy
of the ISM within three effective radii of the host. The solid diagonal black
line illustrates where the internal radio energy equals the ISM energy within
3R., whilst the dashed line shows where the jet energy is one tenth of the 3R,
ISM energy.

5 ENERGETICS

To get a first-order estimate of the impact our GSJ could be having
upon their hosts we compare the internal energy within the radio lobes
with the energy within the host’s hot ISM. As mentioned in Section 2
the ellipse sizes from the LoTSS catalogue typically underrepresent
the true size of our sources. Therefore, rather than using these sizes
to calculate the radio energy we instead assume the radio emission
comes from a cylindrical region of typical aspect ratio. We used
the VS to determine a typical aspect ratio, finding that the source
diameter is typically ~0.55 & 0.12 times the length. Assuming this
ratio applies across our entire sample, we used the source length and
estimated diameter to estimate the radio-emitting volume, and using
a Python version of the SYNCH code of Hardcastle, Birkinshaw &
Worrall (1998)! we derived the minimum energy density and hence
minimum total energy for each source.

For powerful FRII sources it has been demonstrated that energy
estimates within a small factor of equipartition give lobe pressures
consistent with those required to inflate the lobes and achieve
pressure balance with the environment (e.g. Ineson et al. 2017).
However for FRI-like sources the minimum energy estimates are
often insufficient to inflate the observed cavities. This discrepancy
is commonly attributed to the entrainment of protons. Based on the
results of Croston et al. (2008a) and Croston, Ineson & Hardcastle
(2018) we increased the minimum energy estimates for our FRI
sources by a factor of 10 to better approximate the true energy within
the lobes. We find that for the majority of our sources the internal
energy of our GSJ ranges from approximately 10** to 10°'5 J (see
Fig. 11), indicating that even the least powerful GSJ contain almost
a million times more energy than an average supernova of 10% J.

However, these minimum energy estimates represent only the
internal energy of the lobes. The total energy available must be
higher, to account for the work done in displacing the ISM as well
as the existence of any shocks. For a relativistic gas undergoing
adiabatic expansion, the enthalpy is 4 pV (e.g. Birzan et al. 2004;
Heckman & Best 2014), although if shocks are present this figure
could be higher (e.g. in Croston et al. 2007, the galaxy-scale jet
source NGC 3801 was found to have an energy of up to 6 pV).
Consequently, an amount of energy equal to at least a third of the

!https://github.com/mhardcastle/pysynch
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observed internal energy has already been transferred to the ISM.
As discussed in, for example, Hardcastle & Krause (2013), if shocks
are present this figure could be significantly higher (although in that
case our internal pressure estimate will be significantly higher than
the external pressure relevant for pV estimates).

To find the energy within the hot ISM we estimated the total grav-
itational mass of each host, using the velocity dispersion relations
of Bandara, Crampton & Simard (2009) for the elliptical-hosted
GSJ (equation 7 in their paper) and Davis, Graham & Combes
(2019) for the spirals. We use these relations because our GSJ
are predominantly in sparse environments (see Section 3.3), and
both authors use a selection of individual galaxies to find a direct
relation between a galaxy’s total mass and velocity dispersion. We
limit ourselves to those sources flagged by SDSS as having reliable
spectroscopic measurements. Our GSJ are, on average, slightly larger
than three times the effective radius. Therefore, assuming a Navarro,
Frenk and White (NFW) profile (Navarro, Frenk & White 1996)
with a concentration index of 6, we estimated the total mass within
three effective radii of the host which is approximately the scale of
influence of our GSJ and is the region we are most interested in.

Assuming a fixed gas mass, we used the median value of
0.047 £ 0.009 found by Dai et al. (2010) using a large sample
of groups/clusters (richness class 2 in their terminology) to find the
gas mass within each of our hosts. We further assume that the gas
mass ratio derived by Dai et al. for groups/clusters can be applied
to individual galaxies. However, we note that the gas mass fractions
found by Dai et al. are consistent with Trinchieri et al. (2012) who,
using X-ray data, found a gas mass fraction of 5 per cent for two
galaxies with similar masses and environments to ours. We note
that this is a conservative assumption, as the impact of stellar and
AGN feedback process that may expel gas will be stronger on galaxy
compared to group scales, so that gas fractions may be lower [as is the
case for the Milky Way, which has an estimated hot gas mass fraction
of around 2-3 per cent (Bland-Hawthorn & Gerhard 2016)], but are
unlikely to be substantially higher. Our ISM energies are therefore
unlikely to be systematically underestimated. We then assumed an
average particle mass of 0.62My (Goulding et al. 2016) to get the total
number of particles within the ISM. Assuming a gas temperature of
0.7 keV for the spirals (Li et al. 2017) and 0.5 keV for the ellipticals
(Goulding et al. 2016) we were then able to derive estimates of the
total ISM energy within 3R, of the host.

Fig. 11 shows the comparison of internal radio and ISM energies.
Whilst the majority of our sources are clustered towards the top
right of our plot there are a few sources with lower internal and
ISM energies located towards the bottom left. These are typically
lower luminosity sources and may represent a wider population
of extremely low luminosity GSJ that we are currently unable to
observe.

Fig. 11 also shows that whilst the majority of our GSJ have internal
radio lobe energies less than the ISM energy within 3R, of the host,
there are a few with similar internal radio lobe and ISM energy. There
are also nearly 50 per cent with an internal radio lobe energy that is
within an order of magnitude of the ISM energy. This suggests that
even ignoring any shocks, GSJ are capable of significantly affecting
the evolution of the ISM within their own host galaxy.

Previous studies of a small number of GSJ show that they can
transfer large amounts of energy from the lobes directly into the ISM
(Croston et al. 2007, 2009; Mingo et al. 2011; Hota et al. 2012).
Whilst we do not have any evidence of any direct coupling between
the lobes and host ISM for our GSJ, if the lobes are in pressure
balance with their environments, then between 1/3 and 2/3 of the
internal energy (depending on whether the lobes are dominated by
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relativistic or thermal material) must already have been transferred to
the environment. We cannot determine at what radius this occurred,
but their small physical size means that GSJ must have already had a
significant impact on their hosts. Unfortunately, the future impact of
GSJ is harder to determine as we do not know at what radius, or over
what time-scales the lobes will release their current energy. Previous
studies have shown that GSJ can generate shocks (Croston et al.
2007, 2009; Mingo et al. 2011, 2012). Although currently unknown,
if shocks are present within our sample this would mean the current
impact of GSJ on their hosts is likely to be significantly higher than
our estimates. Future X-ray studies of GSJ are essential to detect
any shocks present and obtain direct evidence for the coupling of jet
energy on galactic scales.

6 DISCUSSION

We have developed a method for finding GSJ that identified 454
candidates from among the initial 318 520 sources in LoTSS DR1.
From this sample we used the AGN/star formation separation
criteria of Hardcastle et al. (2019) to automatically select 192 GSJ.
Separately, we also visually inspected the 454 sources identifying
52 GSJ. These samples comprise the AS and VS, respectively.
Combining the unique sources from each gives the TS of 195 GSJ.
Below we discuss the implications of our results.

6.1 Comparison with other work

The large number of sources found by modern surveys, such as
LoTSS, mean that methods such as those outlined in Section 2 will
be vital if we are to find more GSJ in future and ongoing surveys.
All our GSJ are resolved at 150 MHz with radio emission extending
beyond the central confines of the host. Our sample have two-sided
jet lengths between 10 and our 80 kpc upper limit. These sources
are therefore physically bigger than the FRO class of objects (Baldi
et al. 2018b) and the jetted radio cores seen in the LeMMINGS
survey (Baldi et al. 2018a). Future, higher resolution, releases of the
LoTSS survey will allow identification of smaller GSJ amongst the
population of currently unresolved sources. A larger sample of GSJ
will not only allow better comparisons with these other populations
of small sources, it will also provide the numbers necessary to
investigate any evolution in the properties and types of GSJ hosts
with redshift.

Within our sample we find that a significant minority are producing
FRII-like structures typically found in more luminous radio galaxies.
However, all our FRII sources have luminosities below the limit of
10 WHz ™! (at 150 MHz) identified by Best (2009) as the point
above which FRII sources are typically observed. Our sources are
therefore consistent with the results of Mingo et al. (2019) and
Capetti et al. (2017), both of whom found populations of FRII sources
with luminosities below this limit. Mingo et al. found that the hosts
of their low-luminosity FRII sample have lower absolute K-band
magnitudes and therefore have lower masses than the hosts of both
more luminous FRII sources and the FRI sources of equivalent size
and radio luminosity. Whilst the stellar masses of our FRII sources
are all below our sample average, our sample is too small to confirm
this finding of Mingo et al.

In their recent paper Jimenez-Gallardo et al. (2019) found a
population of 43 FRII sources no larger than 30 kpc in size making
them comparable to our GSJ. All their sources have luminosity below
the traditional FRI/FRII divide. Their sample was identified from
FIRST images of 3357 sources taken from the catalogue of Best
& Heckman (2012) with redshifts less than 0.15. Their sample is
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however comprised entirely of FRII sources and whilst they do
find more FRIIs this can be attributed to the larger sky area over
which they searched, plus the possibility of contaminants within
their sample. Their sources are also more luminous than ours and so
they provide a complementary view of the luminous end of the GSJ
population.

6.2 Spiral-hosted GSJ

We find that between 4 per cent of the VS and 9 per cent of the AS
have spiral hosts, though it is possible that some of the AS spirals are
contaminants. Whilst all our spiral-hosted GSJ have properties fairly
typical of spirals in general, being younger and bluer in colour with
smaller masses than the elliptical hosts, this is particularly true for
our two VS spirals. This is, however, different from the population
of spiral-hosted AGN found by Kaviraj et al. (2015) where ~90
per cent had a red colour akin to elliptical-hosted AGN, albeit at
higher radio luminosities than our sample. Kaviraj et al. also found a
high incidence of mergers amongst their population which we do not
observe in our sample, although image resolution makes it impossible
to rule this possibility out.

Our findings therefore support the prediction by Mulcahy et al.
(2016) of a population of low-luminosity, spiral-hosted radio-loud
AGN. The lack of any obvious mergers within our sample also
suggests that secular processes may be responsible for triggering
low-luminosity AGN activity (as suggested by authors such as Man
et al. 2019; Tadhunter 2016a) and that in order for these objects to
attain the higher luminosities seen in the samples of Kaviraj et al.
an event, such as a merger, is necessary to increase the flow of fuel
to the AGN. To study these unusual objects properly, it is important
to identify other spiral-hosted radio galaxies in future wider area
surveys. However, our results show that care must be taken when
looking for these objects as traditional selection techniques may
miss them.

6.3 GS]J prevalence and relation to the wider radio-galaxy
population

There is a well-established link between both stellar and black hole
mass and the fraction of galaxies hosting a radio-loud AGN. This
trend has recently been confirmed within the LoTSS DR1 sample
(Sabater et al. 2019). As discussed in Section 4, our GSJ follow the
trend for black hole mass at all masses and they follow the trend
for stellar masses up to about 10''* M, above which there is some
evidence that the fraction of GSJ starts to flatten contrary to what is
seen in the radio-loud AGN population, though further studies are
needed to confirm this trend.

Whilst the observed flattening may be caused by a selection effect
we have not accounted for, if genuine, it may be related to our
findings in Section 3.3 that GSJ inhabit relatively poor environments.
Using the LoTSS sample Sabater et al. (2019) established that at
the frequencies observed by LOFAR the largest galaxies are always
active. If these jets are always turned on then the constant injection of
energy could mean that at the observed frequencies and resolution of
LOFAR the radio emission from the two jets remains larger than the
80 kpc limit we defined for our GSJ. As a result it might be expected
that there would be fewer GSJ found in dense environments and at
these high stellar masses.

The constant fraction of the radio-loud AGN population that can
be classed as GSJ also shows that for all radio-loud AGN exhibiting
a duty cycle (i.e. where the radio emission appears to turn-off at the
frequencies and sensitivity of LOFAR) then, provided the conditions
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for generating jets are satisfied, the likelihood of a source being a
GSJ is independent of both black hole and stellar mass. This is to be
expected since all larger sources must go through the GSJ stage at
some point in their evolution.

Our spectral index analysis indicates that GSJ have a range of ages.
While care is needed in interpreting integrated spectral indices, the
fact that steep spectrum GSJ tend to have large sizes is consistent with
those sources being dominated by older populations of electrons (e.g.
Heesen et al. 2014). However, large sources are also present in the
sample with flatter spectral indices, which may suggest their average
expansion speed is higher than the steeper spectrum sources of similar
size. It is possible that some of the steeper spectrum, plausibly older,
sources will never grow beyond the GSJ stage. However, all larger
radio-galaxies must have been GSJ at some point in their history,
and so it is likely that a significant proportion of GSJ do evolve
to larger sizes. Detailed population modelling, accounting carefully
for selection effects, will be needed to draw stronger conclusions
about the relative proportion that will not grow beyond the GSJ
phase.

6.4 Energetic impact of GSJ

Though we currently have no direct evidence of the location at which
our GSJ are transferring their energy to the external medium, our
estimates of the energy supplied show that many are capable of
significantly heating the surrounding ISM. This supply of energy to
the surrounding environment is therefore capable of restricting the
gas cooling rate and reducing the flow of material accreted by the
galaxy. This in turn suggests that GSJ are capable of affecting the
SFR of their own host galaxy. Mulchaey & Jeltema (2010) found that
low-mass early-type galaxies in sparse/isolated environments similar
to those of our GSJ have less hot gas than comparable sources in
clusters. Our conclusion that GSJ are capable of significantly heating
their environments suggests that GSJ may be responsible for moving
the gas out to larger radii, causing a decrease in density or even
driving a fraction of the ISM from the host galaxy entirely in line
with Mulchaey and Jeltema’s suggestion that AGN feedback may be
responsible for removing this hot gas.

The situation for at least some of our GSJ may be similar to
NGC 3801 which, whilst more luminous than our sources, has radio
emission about 10 kpc in size and can be considered a GSJ (Heesen
etal. 2014). Using X-ray data Croston et al. (2007) found that the jets
of NGC 3801 were driving shocks into the host ISM. A similar result
was found for Centaurus A where the southern radio lobe is driving
a shock front into the host galaxy (Croston et al. 2009). Similarly
Markarian 6 is a Seyfert galaxy with 10 kpc lobes, a luminosity
slightly greater than that of our GSJ and radio bubbles of the order
of 10%J placing it towards the lower end of the range of energies
associated with our GSJ (Kharb et al. 2006; Mingo et al. 2011).
The lobes of Markarian 6 are expanding into the host galaxy creating
strong shocks capable of affecting star formation. Finally, Circinus is
another Seyfert galaxy where the radio lobes are driving shocks into
the host with an energy of about 10*® J (Mingo et al. 2012). These
sources suggest that our GSJ may also be capable of producing
shocks. Future X-ray studies are needed to confirm if this is the case
across the GSJ population.

7 SUMMARY AND CONCLUSIONS

We have presented a method for efficiently identifying GSJ from
within the LoTSS DR1 catalogue. Our main conclusions are:
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(i) We have found 195 GSJ with total radio emission no larger
than 80 kpc in size; this is the largest sample of intermediate-sized
radio galaxies constructed to date.

(ii) 9 per cent of the GSJ population are hosted by spiral galaxies,
of which two are highly unusual sources generating FRII-like jets.

(iii) Our GSJ have luminosities between 3 x 10*2 and 1.5 x 10%
WHz ! at 150 MHz.

(iv) The host properties of our GSJ show that they are ordinary
radio galaxies observed at a stage in their life shortly after the radio
emission has expanded beyond the central regions of the host.

(v) Based on our estimates, about half of our GSJ have internal
radio lobe energy within an order of magnitude of the ISM energy.
Even ignoring any possible shocks, GSJ are energetically capable of
affecting the evolution of their host.

(vi) GSJ can occur across a wide range of source ages with many
expected to grow into larger sources, making GSJ a key stage in the
life cycle of radio galaxies.

The LoTSS DRI covers about 2 per cent of the final survey
area. We therefore expect that future releases will uncover an
ever-increasing population of GSJ. In the future this will include
spectroscopic data for all LOFAR sources greater than 10 mly via
the WEAVE-LOFAR survey (Smith et al. 2016) which will allow
for the confirmation of more GSJ sources. Furthermore, we also
expect that future LoTSS sub-arcsecond surveys will allow us to
detect and study this population at smaller physical sizes where the
jets are affecting the inner parts of the host galaxy. This should also
allow unambiguous identification of small jets within strongly star-
forming galaxies. This increased population and resolution will allow
for even more robust studies of this important stage in the life cycle
of radio-galaxies.

Future studies will examine the X-ray properties of a selection of
these objects to try and identify the impact GSJ are having upon their
environment and to identify the strengths of any shocks produced.
This research will allow us to better understand the ability of GSJ to
affect their host galaxies and will also allow us to better understand
the conditions that determine under what conditions radio-galaxies
can grow and develop.
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