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ABSTRACT

Fanaroff-Riley class I (FRI) radio galaxies show centre-brightened emission from disrupted lower power jets, while
traditionally more luminous class II (FRIIs), are edge-brightened, with relativistic jets terminating in hotspots. Population
studies of radio-loud AGN (RLAGN) with low frequency, deep, wide-field surveys have revealed FRII-like radio structures
at lower luminosities. We present the first high-resolution morphological investigation of a representative LOw Frequency
ARray (LOFAR)-selected sample of low-luminosity FRIISs, to determine whether this new population is physically distinct
from traditional high-luminosity FRIIs. Using new 1.5-GHz Jansky Very Large Array observations for a sample of 19
low-luminosity FRIIs, from the LOFAR Two Metre Sky Survey Data Release 1, with luminosities up to three orders of
magnitude lower than the typical FR break (L;so = 10%® W Hz~!). We examine the compact features and perform spectral
index analysis to identify hotspots, cores, and signatures of restarting or remnant activity. We find a higher prevalence of
cores and a comparable number of hotspots in the low-luminosity FRII sample compared to a randomly selected sample
of luminous (L;so > 10* W Hz™!) FRIIs selected from the same parent LOFAR sample. Approximately 32 per cent of
low-luminosity FRIIs show restarting or remnant behaviour, while ~32 per cent are active FRIIs with compact hotspots.
Our results show that FRII source dynamics occur at low-radio luminosities, but reinforce earlier conclusions that the
population of low-luminosity edge-brightened RLAGN is highly diverse. Binary morphological classifications should be

used cautiously as a first step towards more nuanced investigations of the complexity of jet life cycles and evolution.
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1 INTRODUCTION

The kpc-scale radio structures (morphologies) of radio-loud AGN
(RLAGN) reflect the interaction between powerful jets launched
from close to the central black hole of their host galaxy and their
environment on a range of different physical scales. Tradition-
ally, RLAGN have been classified, using radio maps that resolve
their components, by morphology into two classes, Fanaroff-
Riley (FR; B. L. Fanaroff & J. M. Riley 1974) class I and II
FRIs have a centre-brightened radio appearance, in comparison
with FRIIs, which are edge brightened and typically terminate
in hotspots (internal shock) (K. Meisenheimer et al. 1989; G. V.
Bicknell 1995; R. A. Laing & A. H. Bridle 2002; A. Tchekhovskoy
& O. Bromberg 2016). It is thought that this structural differ-
ence is caused by the interplay between jet kinetic power and
environment density, with jets of similar power disrupting more
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easily in richer environments. FRI jets are observed to decelerate
from relativistic speeds on kpc scales, whereas FRII jets remain
relativistic throughout (G. V. Bicknell 1995; C. R. Kaiser & P. N.
Best 2007). M. J. Ledlow & F. N. Owen (1996) provided observa-
tional evidence for this theory by showing that the FR luminosity
break is dependent on host-galaxy magnitude. They found that
FRIs were likely to have higher radio luminosities in brighter host
galaxies, where the interstellar medium is assumed to be denser.
However the comparatively small, flux density limited samples,
leading to selection effects, such as different redshift distributions
and environments of the FRIs and FRIIs, has led to debate over
whether this is true for the whole population (P. Best 2009; Y.-T.
Lin et al. 2010; J. D. Wing & E. L. Blanton 2011; A. K. Singal &
K. Rajpurohit 2014; A. Capetti, F. Massaro & R. D. Baldi 2017;
S. S. Shabala 2018; L. Clews et al. 2025). There has also been
considerable debate about a relationship between accretion mode
and jet morphology (M. J. Hardcastle, J. H. Croston & R. P. Kraft
2007; M. J. Hardcastle, D. A. Evans & J. H. Croston 2009; P. N.
Best & T. M. Heckman 2012; M. A. Gendre et al. 2013; B. Mingo
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et al. 2014, 2022; J. Ineson et al. 2015; C. Tadhunter 2016; M. J.
Hardcastle 2018; J. Chilufya et al. 2025).

Until recently, most of our understanding of morphological
comparisons came from surveys carried out with a high-flux
density limit, such as the 3CRR catalogue (C. D. Mackay 1971;
R. Laing, J. Riley & M. Longair 1983), which were subsequently
followed up with observations from other telescopes, such as the
Karl G. Jansky Very Large Array (VLA). A more comprehensive
view of RLAGN is being built up from recent deep, wide-area
surveys (R. P. Norris 2011; M. J. Jarvis et al. 2018; N. Hurley-
Walker et al. 2017; T. W. Shimwell et al. 2019) by exploring the
distant, faint, and low surface-brightness radio population. These
surveys are reducing the bias of earlier studies and have demon-
strated a substantial overlap in luminosity between those sources
with FRI and FRII morphology rather than a clear luminosity
break (P. Best 2009; H. Miraghaei & P. N. Best 2017; B. Mingo
et al. 2019). The new surveys are also revealing a more complex
population of extended sources at low-surface brightness and
expanding our knowledge of remnant sources, restarting sources
and sources showing highly complex environmental interaction
(e.g. M. Brienza et al. 2016, 2017, 2025; A. D. Kapinska et al.
2017; V. H. Mahatma et al. 2018, 2019; B. Mingo et al. 2019).
These results demonstrate that binary classification of RLAGN
into FRI and FRII sources is an oversimplication that can neglect
the underlying diversity of jet behaviour.

Using the LOw Frequency ARray (LOFAR) Two Metre Sky
Survey Data Release 1 (LoTSS DR1) at 150-MHz (T. W. Shimwell
et al. 2019), B. Mingo et al. (2019) identified a population of edge-
brightened (FRII-like) RLAGN with luminosities up to 3 orders
of magnitude lower than the traditional FR break (L5 = 10%
W Hz™!). They concluded that these ‘FRII-lows’ are likely to
include older luminous FRIIs fading from their peak (includ-
ing young remnants with edge-brightened structure) and FRIIs
hosted by lower mass galaxies (with active supersonic jets and
terminal hotspots) at much lower radio luminosity than the tra-
ditional FRI/FRII break. A population of low-luminosity FRIIs
raises many questions. For example, if there exists a popula-
tion of low-luminosity AGN with FRII source dynamics, then
the models discussed above predict that they must have differ-
ing host/environment properties to FRIs at similar luminosities
(e.g. lower ambient gas density). This also raises questions as to
whether low-luminosity FRIIs have similar or different triggers
and distributions to the general low-luminosity population (C.
Tadhunter 2016; M. J. Hardcastle 2018). If this population of
low-luminosity sources has true FRII dynamics, then we might
expect their lobes to be less contaminated by entrainment due
to jet disruption than FRIs of the same power, which would
have important implications for jet power inference and envi-
ronmental impact (J. H. Croston, J. Ineson & M. J. Hardcastle
2018).

If low-luminosity FRIIs do not have the same dynamics as
high-luminosity FRIIs, then attempts to apply FR classifications
to deep, low- to medium-resolution wide-area surveys (e.g. W.
Alhassan, A. R. Taylor & M. Vaccari 2018) are likely to be mis-
leading and lead to categories that are not well-linked to under-
lying physical behaviour. Therefore, in order to accurately in-
fer relationships between black hole and galaxy evolution using
large samples of RLAGN from current and upcoming surveys, an
understanding of the structure and dynamics of low-luminosity
FRIIs needs to be developed.

In this paper, we report on a high angular resolution follow-up
programme to search for the presence of compact features, such
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as cores, jets, and hotspots in a sample of LOFAR-selected low-
luminosity FRIIs. We use the LoTSS DR1 images, combined with
new, high-resolution VLA images of a subsample of B. Mingo
et al. (2019)’s low-luminosity FRIIs, to determine the fraction of
sources in this sample with compact features. We combine this
information with an investigation into their spectral properties
to explore the source evolution and underlying diversity of this
population.

This paper is structured as follows: Section 2 describes our new
VLA data sets and summarizes the data reduction and imaging,
with Section 3 then containing the details of the final images.
Section 4 discusses the source dynamics, including the defini-
tion of compact features and their prevalence in our sample.
Section 5 discusses the spectral properties of each source. Fi-
nally, Section 6 presents a discussion and interpretation of what
the observational results tell us about the dynamics and evolu-
tion of the population. For this paper we have used a concor-
dance cosmology with Hy, = 70 km s™! Mpc™!, Q, = 0.3, and
Q=07

2 SAMPLE SELECTION AND DATA REDUCTION

For this work we have selected a sample of low-luminosity FRIIs
from B. Mingo et al. (2019), which we have followed up with
the VLA. The sample was selected from the preliminary images
of the LoTSS DR1 data set (T. W. Shimwell et al. 2019; W. L.
Williams et al. 2019). LoTSS is a 120-168-MHz continuum sur-
vey, and DR1 covered 424 deg? of the northern hemisphere, in
the HETDEX field. LoTSS has a resolution of 6 arcsec (1 pixel
= 1.5 arcsec), and 73 per cent of the 318 520 sources have opti-
cal host identifications from Pan-STARRS/WISE (the Panoramic
Survey Telescope and Rapid Response System and the Wide-field
Infrared Survey Explorer) as reported by W. L. Williams et al.
(2019). Morphological classification for LoTSS DR1 was carried
out using LoMorph! (B. Mingo et al. 2019); which has a >95
per cent reliability for FRII classifications (compared to visual
inspection) and is described in detail by B. Mingo et al. (2019).
To select a sample for VLA follow-up, we considered a parent
sample with S;50 > 10 mJy and angular size > 50 arcsec. We then
selected all those classed as FRIIs where Li5o < 10 W Hz L. The
luminosity cut was applied to ensure a selection of sources well
below the traditional FR break. This left a sample of 20 sources
with luminosities ranging from 5 x 10%-10%> W Hz~!. We note
that the luminosities are based on distances obtained via spectro-
scopic redshifts for 75 per cent of the sample (including two of the
sources with the lowest luminosities). Photometric redshifts were
used for the rest of the sample, and have uncertainties <0.1 (K. J.
Duncan et al. 2019). This gives a sample which is representative
of the full (B. Mingo et al. 2019) low-luminosity FRII population,
including those which have S;5o < 10 mJy but have luminosities
and sizes in the same range as the targets. The details of the
nineteen sources observed with the VLA (one was not observed
due to time constraints) can be found in Table 1. In this paper
the full source names will be given in the tables, figures, and
captions, but the shorter versions will be used throughout the
text.

The aim of the observing programme was to obtain high-
resolution VLA images to compare the morphological properties
of the low-luminosity FRIIs with well-studied luminous FRIIs.

Thttps://github.com/bmingo/LoMorph/
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Table 1. The properties of the FRII-low sample. The columns are: LoTSS source name, RA and Dec. (in degrees), 150-MHz luminosity density,
redshift, angular size, physical size, and host galaxy magnitude (Ks). The luminosity, angular and linear size are those calculated by B. Mingo et al.
(2019) and the host galaxy Ks-magnitudes are those given by K. J. Duncan et al. (2019). The final column highlights which images include observations

with the C configuration.

LoTSS source name RA Dec. Luminosity ~ Redshift Angular size Linearsize ~ Host magnitude C configuration

(J2000)  (J2000) (x10** W Hz™ 1) (arcsec) (kpc) (Ks) Observation
ILTJ105946.75+-563136.4 164.945  56.527 8.4 0.181 61.8 189.7 —-23.19 -
1ILTJ112015.05+503254.9 170.063  50.549 4.4 0.281 76.7 329.6 —23.19 Yes
ILTJ112654.44+4-540415.3 171.727  54.071 1.0 0.093 84.9 148.0 —23.12 -
1ILTJ113626.52+501320.3 174111  50.222 1.2 0.054 126.9 134.4 —22.13 Yes
ILTJ114351.494-511712.6 175.965  51.287 5.1 0.157 128.9 353.1 —22.24 Yes
ILTJ115011.274-534320.9 177.547  53.722 2.7 0.060 60.7 71.6 —22.23 -
ILTJ121623.58+4-524409.4 184.098  52.736 8.0 0.121 122.0 269.2 —23.74 Yes
1ILTJ130109.834-560623.4 195.291  56.107 9.7 0.269 110.4 459.9 —23.56 Yes
ILTJ130605.634-555127.6 196.523 55.858 0.8 0.107 56.0 110.6 —23.36 -
ILTJ133217.44+4-484221.7 203.073  48.706 1.5 0.066 61.7 78.0 —20.77 Yes
ILTJ133729.254+-481822.3 204.372  48.306 5.8 0.119 67.2 145.5 —23.26 Yes
ILTJ134315.98+553139.6 205.817  55.528 13.5 0.476 52.1 311.9 —24.29 -
ILTJ135152.954-521618.8 207.971  52.272 5.2 0.166 175.2 503.4 —23.33 Yes
ILTJ135630.51+555245.1 209.127  55.879 12.2 0.360 107.1 544.8 —23.86 Yes
1LTJ144644.124+-492012.3 221.684  49.337 9.8 0.247 93.9 367.8 —23.74 Yes
1LTJ144650.49+514625.3 221.710  51.774 12.0 0.240 102.9 394.9 —23.52 Yes
ILTJ145759.294+-490219.2 224.497  49.039 13.4 0.444 68.8 397.1 —23.72 Yes
1LTJ145936.33+484219.8 224.901  48.706 12.0 0.206 118.2 403.6 —24.00 Yes
ILTJ150827.774-541507.1 227.116  54.252 2.7 0.096 73.0 130.9 —22.84 -
Median 5.8 0.17 84.9 311.9 —23.60

The observations were designed to achieve sufficient sensitiv-
ity to image compact hotspots in all the FRII-lows, if present,
and potentially jet features in some objects. The detection (or
non-detection) of hotspots will therefore establish what fraction
of our sample (and hence population) have true FRII source
dynamics.

The VLA observations were taken in the L Band (1-2 GHz) over
five observing sessions (project ID 19A-151). The A configuration
sessions were on 2019 August 10th, and 2019 August 31st, the
B configuration observations were taken on 2019 March 27th,
and 2019 May 11th, and finally the C configuration observations
were taken on 2019 May 19th. Each session contains the flux
density calibrator 3C 286, the same four secondary calibrators,
and two scans on the 19 target sources (13 for the C configu-
ration). This gives a total of four or five sessions on each target
source.

To carry out the data reduction the Common Astronomy Soft-
ware Applications Version 5.7.0—134 (CASA; J. P. McMullin et
al. 2007) created by the National Radio Astronomy Observatory
(NRAO) was used. The data reduction for the combined A and
B configurations was carried out manually, and the addition of
the C configuration was done using the standard CASA pipeline.
Checks were carried out to ensure that the manual processing was
comparable to the pipeline outcomes. The flux density scale for
the flux calibrator was determined using the R. A. Perley & B.
J. Butler (2017) 3C 286 model. After calibration was completed,
statwt was used to find the weightings of each of the A, B, and
C configuration data, based on their RMS, allowing them to be
successfully combined for imaging.

The A configuration provides a resolution of ~1.3 arcsec and
was selected to highlight hotspots in the sources. The B configura-
tion, with a resolution of ~4.3 arcsec, complements this to sample
the extended emission with a resolution more similar to LoTSS
to enable spectral analysis. Finally the C configuration, with a
resolution of 14 arcsec, was used to ensure optimal sampling of

the extended emission for the 13 sources that exceed 60 arcsec in
size.

The final calibrated, combined data sets were imaged us-
ing wsclean (A. R. Offringa & O. Smirnov 2017). The images
were produced at a scale of 0.4 arcsec per pixel for a resolution
of 1.3 arcsec using a multiscale, multi-frequency clean with a
multiscale bias of 0.7, and a Briggs weighting (D. Briggs 1995) of
0.5. The weighting of 0.5 was chosen as it gave an improvement
in the dynamic range of the images without loss of the hotspot
detail. A second set of images were produced using a 6-arcsec
Gaussian taper and a scale of 1.5 arcsec, to give a 6-arcsec res-
olution. These were generated to match the resolution of LoTSS
for use in spectral comparisons.

3 SAMPLE IMAGES

Here we present and discuss the images of the FRII-lows, and
define and discuss a comparison sample.

3.1 FRII-lows

The full set of FRII-low images are shown in Fig. 1 (figures made
using AplPy: T. Robitaille & E. Bressert 2012; T. Robitaille 2019)
and their properties are given in Table 2. When generating these
images the pixel size was chosen to match the A configuration
and to oversample the B and C configuration. This produced
images at the full 1.3-arcsec resolution and allows us to observe
the compact features such as hotspots and cores. LoTSS 150-MHz
images for the sample are shown for comparison. We note that
the LoTSS images presented here were produced using the DR2
image processing (T. W. Shimwell et al. 2022), which incorporated
improvements relative to the DR1 images used for the original
VLA sample selection.
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Figure 1. The images of the FRII-lows. These are given in two sets of two columns, in the left hand column are the 1.3-arcsec VLA images, made of
the combination of the A, B, and C observations, and in the right hand column is the original LOFAR 6-arcsec image. Each pair from (a) through to (s)
matches up with the source order given in Table 2. The cross is the position of the optical host, and the source indicated with a + is described in the text.
The colour bars show the flux density in mJy/beam.
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Table 2. Details of the FRII-Low final images. The first two columns give the LoTSS source name and the calibrator(s) used for the VLA observations.
The following columns contain the image statistics for the combined 1.5 GHz VLA observations. These include the total time spent observing the
source, both the theoretical and observed RMS levels, and the peak flux density of the 1.3 arcsec image. The final two columns give the dynamic
range and the ratio of the RMS levels (observed/theoretical). * Source ILTJ114351.49+511712.6 had a different calibrator for the A Configuration
(J1219+4829) and the B and C Configurations (J1035+5628). * The source with a faint detection in the VLA as described in the text.

LoTSS source name Calibrator Timeon Theoretical noise Observed RMS  Peak flux density Dynamic RMS
source (s) (Jybeam™!) (Jybeam™!) (Jybeam™!) range ratio
ILTJ105946.75+563136.4 J10354-5628 2314 10.4 x 107 2.2x1073 135.2 x 1073 5927.5 2.2
ILTJ112015.05+503254.9 J10354-5628 3380 8.6 x 107 1.3 x 107 57.7 x 1073 4328.5 1.6
ILTJ112654.44+540415.3 J10354-5628 2555 9.9 x 107 1.6 x 1072 43.6 x 1073 2760.6 1.6
ILTJ113626.524-501320.3 J1035+5628 2899 9.3 x107° 1.9 x 10~ 41x1073 212.9 2.1
1LTJ114351.494+511712.6 J1035+45628* 3098 9.0 x 107 2.9 %1073 131.3 x 1073 4516.2 3.2
J1219+-4829*
ILTJ115011.274534320.9 1121944829 2276 10.4 x 107 2.2x107° 15.2 x 1073 695.1 2.1
ILTJ121623.58+524409.4 J1219+4829 3005 9.1 x 107 2.0x107° 10.3 x 1073 519.0 2.2
ILTJ130109.83+560623.4 1121944829 3240 8.8 x 107 1.7 x 107 7.9 x 1073 468.1 1.9
ILTJ130605.63+555127.6 J1349+5341 2494 10.0 x 1076 1.6 x 10~ 42x1073 258.6 1.6
ILTJ133217.44+484221.7 1134945341 2944 9.2 x 107 1.5x 107 2.5 %1073 162.9 1.7
ILTJ133729.254-481822.3 J1349+5341 2848 9.3 x107° 2.0x107° 50.0 x 1073 2554.6 2.1
ILTJ134315.98+553139.6 7134945341 2460 10.4 x 107 1.6 x 1072 8.5 x 1073 546.8 1.5
ILTJ135152.954-521618.8 J1349+5341 3060 9.0 x 107 1.5 x 107 4.6 x1073 310.6 1.6
ILTJ135630.51+555245.1 1134945341 3179 8.8 x 107 1.5x 107 15.0 x 1073 999.2 1.7
TLTJ144644.124-492012.3 J1549+5038 3252 8.7 x 1076 21 %1073 62.7 x 1073 2976.7 2.4
ILTJ144650.49+514625.3 J15494-5038 3033 9.0 x 107 1.8 x 107 3.0x 1073 167.5 2.0
ILTJ145759.294-490219.2 J1549+5038 3126 8.9 x 1076 1.7 x 10~ 13.5 x 1073 814.3 1.9
ILTJ145936.33+484219.8 J154945038 3234 8.8 x 107 2.0 x 1073 46.2 x 1073 2288.3 2.3
ILTJ150827.774+541507.1 J1549+5038 2272 10.4 x 1076 2.0 x107° 43 %1073 211.2 1.9

Table 3. The medians, standard deviation, and Kolmogorov-Smirnov (KS) test p-values of the key properties of the FRII-lows and -highs and their
corresponding parent populations (size given in brackets). Both samples are selected from the catalogue by B. Mingo et al. (2019), as described in the

main text.
FRII-lows FRII-highs
Sample (19) Population (120) Sample (10) Population (131)

Property median stdev median stdev p median stdev median stdev p
L;s0 Luminosity (10%* W Hz™1) 5.8 4.4 6.2 5.7 0.52 179.6 558.1 301.5 1323.1 0.61
Redshift 0.17 0.12 0.38 0.16 3.8 %1073 0.49 0.15 0.57 0.15 0.52
Angular size (arcsec) 84.9 31.8 56.5 40.5 2.2x 1073 95.5 44.0 85.2 3304 0.31
Linear size (kpc) 311.9 147.2 168.5 78.0 0.093 587.2 221.7 531.7 1277.1 0.63
Magnitude (K) —23.26 0.90 —23.63 0.73 0.076 —23.97 0.72 —24.14 0.66 0.59

Out of the 19 sources, one did not yield a scientifically usable
detection of the source above 5x RMS (this has been marked with
a + in Table 2 and Fig. 1).

From the observational status summary for 2019A? the theoret-
ical thermal noise for each image has been calculated. The theo-
retical noise is given in the fourth column of Table 2 and can be
compared with the observed noise levels in the fifth column. For
all sources self-calibration is theoretically possible; however, al-
though some images (such as ILTJ112015.05 and ILTJ121623.58)
may benefit from self-calibration, in general we did not find
significant improvement from self-calibration. The maps have
a noise level within 1.5 to 3.2 times the theoretical noise. The
peak flux density value in the image and off source noise were
obtained using imstat, and are used to calculate the dynamic
range, which varies between approximately 160 and 5900.

Zhttps://science.nrao.edu/facilities/vla/docs/manuals/0ss2019A/
performance/sensitivity
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3.2 FRII-highs

In order to establish whether the FRII-low population is physi-
cally distinct from the more traditional FRII population at high
luminosity (hereafter FRII-highs) we defined a sample of ten
high-luminosity FRIIs. This is a comparison group, represen-
tative of well-studied luminous FRIIs, i.e. the population that
have formed the basis of studies of FRII physics, dynamics,
and energetics to date. The sample of ten FRII-highs were se-
lected at random from B. Mingo et al. (2019)’s sources classi-
fied as FRIIs with L;50 > 10%® W Hz ! and make up ~7.5 per cnt
of the total number of FRII-highs in B. Mingo et al. (2019)’s
sample.

Appendix A provides the 6-arcsec LoTSS DR2 images of the
FRII-highs, along with their corresponding FIRST images. For
reference throughout the following sections: These FRII-highs
have 200 contours included on the FIRST images. Appendix A
also includes a set of images of the FRII-low sources with
structures above the 200 contour threshold.
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3.3 Comparing populations

Table 3 compares the median values of key properties for each
sample group and their corresponding parent populations. The
comparison shows the expected difference in median luminosity
between the FRII-lows (5.8 x 10** W Hz™1) and the FRII-highs
(179.6 x 10* W Hz™!), and also shows that there is only a small
difference in the host galaxy magnitudes, with the FRII-highs
having slightly brighter host galaxies. The FRII-lows have a me-
dian magnitude of Ky = —23.26 compared to the FRII-highs at
—23.97. Fig. 2 shows that the FRII-lows are smaller in both their
angular and linear sizes compared to the FRII-highs, and they
also cover a lower redshift range. Although the LOFAR data span
a wide luminosity range at low to medium redshifts, on average
low-luminosity sources are expected to have lower redshifts than
higher-luminosity sources.

For each of these key properties Table 3 shows that each
sample is broadly representative of their corresponding parent
population. We have calculated the p-value from a two sample
Kolmogorov-Smirnov (KS) test, given in Table 3, along with
the medians and standard deviations. In almost all cases the p-
values demonstrate no significant difference between the sample
and their parent population, except for redshift and angular size
for the FRII-lows. The difference in angular size distributions
arises from imposing a minimum angular size of >50 arcsec
to ensure sufficient resolution in the new data for structural
analysis and reliable identification of compact features. This cut
preferentially favours lower redshifts. Apart from this selection-
driven effect, the chosen samples match the parent populations
well.

4 SOURCE DYNAMICS

In order to investigate the source dynamics of the FRII-lows, and
see how they compare to those of the FRII-highs, the higher fre-
quency and higher resolution VLA images of the FRII-lows were
used to identify compact features, and compared with the VLA
Faint Images of the Radio Sky at Twenty-Centimeters (FIRST;
R. H. Becker, R. L. White & D. J. Helfand 1995) images of the
FRII-highs. The FIRST images were chosen because of their good
match in resolution to our L-band images from the VLA (the
sources in the new FRII-low subsample are too faint to obtain
useful information from FIRST). To carry out our comparison we
have used a similar definition to that of L. M. Mullin, J. M. Riley
& M. J. Hardcastle (2008) to classify compact features in the FRII-
low and FRII-high subsamples, where hotspots are described
as features which (i) are not part of a jet, (ii) are smaller than
10 per cent of the main axis length of the source, and (iii) have a
peak brightness over ten times the off-source noise. Compared to
their definition, we have chosen to use contours at 20 x RMS level
to determine bright regions. As our sample consists of fainter
sources than those of L. M. Mullin et al. (2008), we experimented
with the threshold level for defining compact features and found
that the 200 level was the optimal choice across the sample to
isolate obvious hotspot and core features, and to prevent any
artefacts from being selected.

If an identified feature is less than 10 per cent of the length of
the source then it is considered a compact feature. If this compact
feature is at a distance from the core >50 per cent of the source
length from the centre, then we classify it as a hotspot. If it is cen-
trally located, it is classified as a core feature. Those sources with
core features are discussed further in Section 6, in the context of
discussion of potential remnant and restarting behaviour. L. M.

Diverse morphologies of FRII-lows 7

Mullin et al. (2008) also define a jet as being at least four times as
long as it is wide, and as a narrow ridge running through more
diffuse emission, or a narrow feature in the inner part entering
more extended emission in the outer part.

4.1 Locating compact features

Compact features were identified in both the VLA images of the
FRII-lows and the FIRST images of the FRII-highs. Tables 4 and
5 summarize whether the compact features can be classified as
hotspots, cores, or possible jet features. Almost all of the VLA-
detected sources were found to include regions over 20 times the
RMS in brightness.

In ILTJ114351.49, the 200 contours highlighted an additional
small region alongside the small hotspot, and it is not cer-
tain if this is a possible double hotspot or a random fluctua-
tion in the flux density level. This source has been indicated in
Table 4 with an *. Possible jet features occurred in three sources:
ILTJ113626.52, 1LTJ144650.49, and ILTJ150827.77. These fea-
tures can even be extending from possible core features. The
maps of ILTJ115011.27 and ILTJ133729.25 are dynamic range
limited, causing the 20 sigma contours to not fully capture
the features of the source. Visually, for ILTJ115011.27, there
is a compact core and a jet feature at least in the northern
lobe, and in ILTJ133729.25 there could be jet features. The
cores of both have been characterized later and used further,
with the caveat that there may be contamination of the cores
from the possible extension into the jet features. These com-
pact features have been marked with a bracket in Table 4; in
the interests of consistency, they have not been included in the
systematic comparison between the FRII-lows and FRII-highs.
ILTJ133217.44 is still an edge-brightened source; however, both
the furthest regions are too large for hotspots, and the inner
region is too close to the host location to meet the criteria for a
hotspot.

For the FIRST FRII-high images, six out of the ten sources
have detections over twenty times the image RMS. Possibly due
to a worse signal-to-noise ratio in FIRST than for LoTSS and the
VLA images, and a lower resolution in the FIRST images, some of
the regions are larger than 10 per cent of the source size. There-
fore, although by-eye the sources are clearly edge-brightened, the
structures are not small enough to be compact by the definition
used here.

4.2 Comparing compact features

Table 6 gives the summary percentages from Tables 4 and 5 for
each compact feature within the images that have significant
detections. The errors on the percentages are calculated using the
Agresti-Coull (A. Agresti & B. A. Coull 1998) method using a
68 per cent confidence interval. Both samples are small in size,
leading to large uncertainties on the percentages. In the FRII-
low sample, there were four sources with no detected compact
features, giving a detection rate for compact structures of 78.977,
per cent. For the FRII-highs, four have detected compact features,
giving a detection rate of 40.0713% per cent. The FIRST resolution
is not sufficient to apply the 10 per cent of source length criterion,
and so to ensure that the hotspot definition can be applied to all
of the FIRST sample, we have relaxed this criterion to 20 per cent.
However, it is important to note that all of the compact features,
including hotspots, identified in the higher-resolution VLA FRII-
low sample also meet the original 10 per cent criterion of L. M.

MNRAS 549, 1-16 (2026)
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Figure 2. The comparison histograms of the different properties of the FRII-low and high samples, and their corresponding parent populations. The
left-hand column shows the comparison of the FRII-lows and the right-hand column the comparison of the FRII-highs. The properties shown are: (a)
luminosity (W Hz 1), (b) redshift, (c) angular size (arcsec), (d) linear size (kpc), and (e) magnitude (Ks).
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Table 4. The occurrence of compact features in the FRII-low sample.
The columns indicate whether any compact features are present in each
source, and whether they are a hotspot, core, or possible jet. The cores in
ILTJ133729.25 and ILTJ150011.27 are discussed in the text and marked
with (), likewise the hotspot in ILTJ114351.49 is discussed in the text
and highlighted with an *. The low-detection source ILTJ134315.98 is
marked with a + and is discussed in an earlier section. The final row gives
the percentage of each feature. The uncertainties of the percentages are
calculated as described in the text.

Source name Cores Hotspots Jets

ILTI105946.75+563136.4
1LTJ112015.054503254.9
ILTI112654.44+540415.3
1LTJ113626.524501320.3
ILTJ114351.49+511712.6
ILTJ115011.274534320.9
ILTJ121623.58+-254409.4
1LTJ130109.834560623.4
ILTJ130605.63+555127.6
1LTI133217.444+484221.7
ILTJ133729.25+481822.3 W) - W)
ILTJ134315.98+553139.6"
ILTJ135152.954-521618.8

1LTJ135630.514555245.1

1LTJ144644.124+492012.3

1LTJ144650.49+514625.3

ILTJ145759.294490219.2

1LTJ145936.33+484219.8 - - -
ILTJ150827.77+4541507.1 v - v

+11.2 +11.3 +10.1
474717 31.674; 15.87¢%

v —

TR NN N N G
<
I

v —

v —

NN

NN

Percentage of sample

Table 5. The occurrence of the compact features in the FRII-high sam-
ple. The columns indicate which compact feature is present in each
source, and whether they are a hotspot, core, or possible jet. The final row
gives the percentage of each feature. The uncertainties of the percentages
are calculated as described in the text.

Source name Cores Hotspots Jets
J104706+-534419 - v -
J1115294-560039 - - -
J1145594-512528 - v -
J121849+4-502617 - - -
J1258044-541702 - - -
J1315084-455846 - v -
J134837+4-470800 - - -
J142420+455837 - v -
J1453524-500406 - - -
J151830+-515817 - - -
Percentage of sample 0.01357 40.01738 0.07357

Table 6. A comparison of the percentage occurrence of compact features
in the FRII-lows and -highs. The calculation of the uncertainties is de-
scribed in Section 4.2.

Cores Hotspots Jets
+11.2 +11.3 +10.1
FRII-lows 47.477% 316755 15874
FRI-highs 0.0%32 401333 0.0*555

Diverse morphologies of FRII-lows 9

Mullin et al. (2008). L. M. Mullin et al. (2008) also note that
a lower resolution leads to a larger hotspot size, and only one
of their 98 3CRR FRIIs lacked any hotspot features. Comparing
the FRII-lows and -highs shows that compact features are very
common in the FRII-lows, and that the presence of hotspots is
comparable in the FRII-lows to the FRII-highs. If we apply this
relaxed criterion to the VLA images tapered to match LoTSS and
FIRST resolution then the presence of hotspots remains compa-
rable in both samples.

The FRII-lows show a higher prevalence of compact core fea-
tures. These features were less distinct in the original LoTSS
images due to the lower resolution (and frequency). However,
in the VLA images a mix of core features are present, including
compact, unresolved cores. These cores are present in 47.47772
per cent of the images with detections. In the FRII-highs, there
are no sources that have a FIRST-detected cores. We checked the
predicted core flux density for the FRII-high sources to see if their
core prominence (see Section 6.3) was the same as the median for
the FRII-lows, and found that we would have been able to detect
similarly prominent cores if they were present.

Using the same detection criteria (=5 RMS), the VLA FRII-
low sample, it is clear that the LoTSS FRII-high sample have
typical hotspot morphology and there is only a single source with
a possible core. Even considering the uncertainties of a sample
having no cores, the FRII-lows show a higher prevalence of cores
over the FRII-highs. ILTJ115011.27 does not show a core using
the definition given earlier as it is too bright. However, by eye it
has a compact core component. This has not been included in the
comparison and does not affect the conclusions about core preva-
lence, but it is used later in Section 6 when assessing remnants
and restarters.

As previously mentioned, three sources or 15.87(%! per cent of
the FRII-lows have possible jet features. There are none in the
FRII-high sample, but FIRST’s resolution and sensitivity makes
jet detection challenging. The VLA morphologies for the three
FRII-lows with jets could be examples where the morphological
classification of a source can change at different frequencies (for
example where inner jet features are flatter spectrum than lobes).
Having a brighter central region, and in the case of ILTJ150827.77
a clear variation between lobes, would change the classification
from FRII at low frequency to hybrid or an FRI when observed at
somewhat higher frequency.

5 SPECTRAL INDICES

Spectral index analysis is useful for distinguishing between active
and remnant sources where the jet has turned off. As remnant
behaviour is one of the possible scenarios for the origin of FRII-
lows, we explored this further using the available spectral infor-
mation. We chose to compare the sample of FRII-lows to typical
active radio galaxies by calculating their integrated spectral in-
dices (o, where radio flux density S, o« v~%). B. Mingo et al. (2019)
demonstrated that over half of their FRII-low sample for which
spectral information was available have integrated spectral in-
dices from LoTSS to the NRAO VLA Sky Survey (NVSS) between
~0.7 and 1. To carry out a spectral index analysis we generated
regions for each source based on the 30 contours on the LoTSS
images. Using these regions, we then used the RADIOFLUX 3
tool to calculate the total flux density within in contours on the

3https://github.com/mhardcastle/radioflux
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Table 7. The integrated spectral indices of the sample of FRII-lows. The
columns show the integrated spectral indices for the whole source, the
lobes, and the cores, calculated from LoTSS to the tapered VLA images
as described in Section 5. As described in the text the uncertainty on
these values is calculated as +0.1, and the three bold entries highlight
the sources with steeper cores. ILTJ134315.98+553139.6 has a marginal
detection (as described in the text, and is indicated with a *), and a range
of possible spectral indices.

Source o] 3 MHz Lobe SpI Core Spl
ILTJ105946.754563136.4 0.74 - -
1LTJ112015.054-503254.9 0.80 - -
ILTJ112654.44+4-540415.3 0.5 0.57 0.20
ILTJ113626.52+501320.3 0.6 0.59 0.64
I1LTJ114351.494-511712.6 0.72 - -
ILTJ115011.274-534320.9 0.5 0.55 0.34
ILTJ121623.58+4524409.4 0.6 0.58 0.09
ILTJ130109.83+4560623.4 0.7 0.71 0.63
ILTJ130605.634+555127.6 0.9 - -
ILTJ133217.444+-484221.7 1.0 - -
ILTJ133729.25+481822.3 0.6 0.61 0.75
1LTJ134315.984553139.67  1.24-1.54 - -
ILTJ135152.95+521618.8 0.7 0.68 0.54
ILTJ135630.514+-555245.1 0.7 0.67 0.53
1LTJ144644.124+492012.3 0.71 - -
ILTJ144650.49+514625.3 0.6 0.65 0.70
1LTJ145759.294490219.2 0.6 0.65 0.33
1LTJ145936.334+484219.8 1.34 - -
ILTJ150827.774+541507.1 0.6 0.59 0.20

VLA images that were reimaged at 6-arcsec resolution, matched
to LoTSS. a]30° was calculated for the sample using the total flux
densities from LoTSS and the VLA, and the results are given in
Table 7. The uncertainties on the integrated spectral indices are
calculated using the standard error propagation formula, where
the flux density calibration errors are ~5 per cent for the VLA L
band* and ~20 per cent for LoTSS (T. W. Shimwell et al. 2019). As
these values are constant this gives an uncertainty of +0.1 for all
of the spectral indices.

Of the 19 sources, one image, ILTJ134315.98, had very faint
detection from the VLA observation. This faint detected structure
became better defined in the tapered 6 arcsec image. When cal-
culating o3 using the total flux density within the LoTSS 30
contours overlaid on this images, the value can only be a lower
limit. We placed lower and upper bounds on the 1.5-GHz flux
density based on the detected flux density level within the source
region, and this detected level plus three times the RMS (this is
indicated in Table 7 with a range for the spectral index).

The remaining sources have integrated spectral indices that lie
in the range of ~0.5-1.0, which is typical for active radio galaxies.
As per B. Mingo et al. (2019)’s findings using NVSS for the parent
FRII-highs, over half of the sample have an « value in the range
of 0.7-1.0, matching the typical values expected for FRII-highs
from the literature.

Table 7 also shows the integrated spectral indices for the cores
and lobes of the sources. The core region was determined by
placing a 3 arcsec radius circle over the optical host location to co-
incide with the beam size and resolution of LoTSS and the tapered
images. The total flux density in this region was then subtracted
from the total flux density in 3o region to give the total lobe flux

“https://science.nrao.edu/facilities/vla/docs/manuals/0ss2019A/
performance/fdscale
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density. The three sources with the highest core spectral index
values (ILTJ113626.52, ILTJ133729.25, and ILTJ144650.49) have
been highlighted in bold in Table 7. These values are steeper than
both the lobe and total spectral index for each source, and also
unusually steep for active radio galaxy cores. This is discussed
further in Section 6.

6 EVOLUTION OF SOURCES

B. Mingo et al. (2019) suggest that a possible explanation for
the origin of some of the FRII-lows is that they are part of an
older, fading population, i.e. they are in the remnant or restarting
phase of their life cycle. During this period the typical indicators
of active radio galaxies, such as cores, jets, and hotspots are ex-
pected to have disappeared or to be highly diminished in bright-
ness, and the expanding and ageing emission in the extended
lobes will cause them to dissipate and fade. It can be hard to
identify whether a source should be considered a remnant radio
galaxy candidate. Initially individual cases were studied (e.g. R. A.
Cordey 1987; M. Brienza et al. 2016; Z. Randriamanakoto, C. H.
Ishwara-Chandra & A. R. Taylor 2020) or samples of candidates
selected on a single criterion (e.g. P. Parma et al. 2007; L. Saripalli
et al. 2012). As our sample is from LoTSS, we have chosen to
investigate their remnant nature using a method similar to that of
N. Jurlin et al. (2021), whose criteria are based on a combination
of studies by e.g. M. Brienza et al. (2017), L. E. H. Godfrey, R.
Morganti & M. Brienza (2017), N. Jurlin et al. (2020), and S. S.
Shabala et al. (2020), and are complementary to the work of e.g.
R. Morganti et al. (2021).

Four criteria are considered in these studies when assessing
whether a source is a remnant candidate. These are:

(i) Ultrasteep integrated spectral index

(ii) Spectral curvature criterion > 0.5

(iii) Lower than expected core prominence for active radio
galaxies

(iv) Relaxed morphology

Each criterion is covered in detail in the following sections.

6.1 Ultrasteep spectrum sources

Ultrasteep spectrum (USS) sources are defined as having indices
steeper than ~1.2(S. S. Komissarov & A. G. Gubanov 1994). There
is no replenishment of new electrons, and the spectrum reflects
the losses from radiation and expansion. It is common to see a
steeper spectrum above 1.5-GHz due to the higher radiative loss
rate of higher energy electrons, but when it is also present at the
lowest frequencies it is a sign of a fairly old electron population.
Therefore, a presence of a steeper spectrum at lower frequencies
indicates an aged source. As such an USS is often the criterion by
which a remnant candidate is chosen.

Fig. 3 shows the total integrated spectral indices for the 19
sample sources, which are also listed in Table 7. If the USS cri-
terion is taken as >1.2, the sources with spectral indices over this
boundary are ILTJ134315.98, and ILTJ145936.33. This gives two
possible remnant candidates based on the USS criterion.

6.2 Spectral curvature

The higher energy electrons will radiate their energy away faster,
so steeper spectral indices are expected to be found at higher
frequencies. The spectral curvature (SPC) criterion looks to find a
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Figure 3. The spectral indices as calculated in Section 5 for each of the
19 sources. As described in Section 5 the uncertainty on these values
is calculated as +0.1, and shown with a faint line. The dashed line is
at the value @ = 1.2, which defines an ultrasteep-spectrum source (S. S.
Komissarov & A. G. Gubanov 1994). Bounding bars are given on the faint
detection source as described in Section 5. As these are limits, the un-
certainties have not been shown on this source. The value of the spectral
indices for the cores and lobes are also shown.

significant difference between a total integrated spectral index at
a higher frequency and a lower one. This would indicate a recent
decrease in particle acceleration that is not yet observable at lower
frequencies (M. Brienza et al. 2017; N. Jurlin et al. 2021).

To explore the possibility of a significant spectral curvature
across different frequencies, a set of images at a different, higher
frequency was required. We considered use of the VLA Sky Sur-
vey (VLASS) quick look images® VLASS is a 2-4 GHz VLA survey
with a resolution of ~2.5 arcsec,® and all the images were taken
from VLASS Epoch 2. However, as our sources are all larger than
30 arcsec and thus their extended emission is not fully sampled
in VLASS, we have chosen to drop this criterion for remnant
detection. We believe this will have little impact, as in the results
of N. Jurlin et al. (2021) none of their selected remnant candidates
satisfied their SPC criteria. It is also worth noting that we have
used a lower frequency range to calculate the SPC, making it
harder to detect curvature.

6.3 Core prominence

The core prominence (CP) of an extended radio galaxy can act
as an indication of the level of activity of the central region of
the extended source. If there is a core present there could be
a low level of activity, or the source could be a restarter. The
CP is the ratio of the higher frequency core flux density to the
low-frequency total flux density. Given this, any compact source
such as compact symmetric objects and Giga-Hertz Peaked Spec-
trum sources will have high CPs. The CP can also be affected by
relativistic beaming. This means it is more reliable to consider
the CPs of the sample as a whole rather than looking at individual
sources. Typical values can range from 0.001 to 0.1 for active radio
galaxies with the most powerful ones being as low as ~107#, and
the highest values >0.1 being attributed to FROs (G. Giovannini
et al. 1988; L. M. Mullin et al. 2008; R. D. Baldi, A. Capetti & G.
Giovannini 2015; M. Brienza et al. 2017).

We have used CP = Si500_core/S150_source fOr all the sources. The
total flux density for the source was calculated as described in
Section 5, and the flux density for the core was calculated using
a 6 arcsec circular region centred on the host location. As in
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Figure 4. The core prominence of the sources, as defined in Section 6.3
plotted against luminosity and the H. Ruiter et al. (1990) relationship. The
uncertainties are calculated as described in the text. The dashed line is
taken from N. Jurlin et al. (2021) and is adjusted for a modern value of
the Hubble constant. For those sources without a defined core, an upper
limit is plotted as defined in the text.

Section 5, this region was chosen to match the beam size and reso-
lution of the LoTSS images. For some of the sources this matching
of size may allow contamination from lobe or jet structures near
to the core. For the seven sources where a core was not detected
in the VLA images, an upper limit was calculated, either using
the flux density in the defined region or the 3 x RMS flux density
if higher. H. Ruiter et al. (1990) showed that there is an inverse
relationship between luminosity and CP in the B2 sample. This
was adjusted by N. Jurlin et al. (2021) for a modern cosmology.
Fig. 4 shows this adjusted relationship and our calculated CP
values for all the sources.

It can clearly be seen that the majority of the sources lie within
a reasonable scatter from the line. As the line is a calculated
median of the previous data this is to be expected. There is one
source with a core which is a substantial distance away from this
relationship, ILTJ113626.52 (on the lower left), and lies clustered
within the upper limits of two of the sources with no detected
cores. This group consists of the two sources ILTJ130605.63 and
ILTJ133217.44 neither of which has an indication of a core in
either of the VLA images or the LOFAR images. The majority of
the source CPs are still within the range [0.001, 0.1] and can thus
be considered to be active radio galaxies, with the exception of
1LTJ133217.44 where the upper limit lies just outside this range.
This indicates that, if cores were present for the sources with
upper limits, they should have been detected. A second source,
1LTJ145936.33 (on the lower right), can also be considered to lie
just outside the main group.

6.4 Morphology

The traditional definition of a remnant radio galaxy is an object
that a relaxed morphology with an absence of compact features
such as hotspots, cores, and jets (K. M. Blundell, S. Rawlings &
C. J. Willott 1999; Y. Wang & C. R. Kaiser 2008). Determining
that a source is a remnant radio galaxy from its morphology can
be complicated because of the shape of the radio galaxy during
its active phase and the way in which expansion may cause a
relaxed morphology to develop. The varying resolution and data
quality of images also make it difficult to make clear distinctions
about the morphology. However, morphology remains a useful
criterion to select remnant candidates (L. Saripalli et al. 2012).
M. Brienza et al. (2017) considered remnant candidates to have
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Figure 5. The 1.3-arcsec VLA image of ILTJ133729.25 with increasing
sigma contours from 200 up to 35¢ in steps of 5o to show the presence
of a candidate double lobe morphology. The colour bar shows the flux
density in mJy/beam.

a relaxed morphology with a low-surface brightness in their low-
frequency images (SB1sp.mu, < 50 mJy arcmin=2), and an absence
of any compact features in both their LOFAR and 5-arcsec FIRST
images. As the choice of an appropriate surface brightness thresh-
old is arbitrary, N. Jurlin et al. (2021) opted not to use it in their
selection process.

From the VLA observations, all except four have a compact
feature such as a hotspot, core, or possible jet. Of the remain-
ing sources, ILTJ133217.44 has bright features that are too large
to be defined as hotspots under our definition, but does have
classic FRII morphology. The three remaining sources left in the
sample meet the criteria of relaxed morphology in the LOFAR
images and no compact features at both low or high frequencies:
ILTJ112015.05, ILTJ134315.98, and ILTJ145936.33.

Morphology is used to establish restarting activity, especially
in the case of double-double radio galaxies (DDRG). In this type
of radio sources we see a pair of inner lobes surrounded by an
outer pair of faded, extended lobes (A. P. Schoenmakers et al.
2000; C. Konar et al. 2013; A. KuZzmicz et al. 2017; V. H. Mahatma
et al. 2019). Based on the criteria in Section 4.1, and from its
morphology, ILTJ133729.25 can be considered a restarting candi-
date, due to the double-double morphology that can be identified
in the higher resolution VLA images. The original 200 contours
did not define these regions in the dynamic-range limited image;
however as shown in Fig. 5 the 350 contours highlight these
two putative inner lobes. ILTJ133729.25 is unlikely to be an FRI
with inner lobes as this would be unlikely to present, in maps
of this resolution, as two very symmetric peaks with a gap in
between.

Two other sources, ILTJ113626.52 and ILTJ144650.49, also
demonstrate a brighter, elongated core, and potentially sep-
arated hotspots or jet features, which could morphologically
indicate restarting sources. These two sources, together with
ILTJ133729.25, discussed in the previous paragraph, comprise the
three sources with bold highlights in Table 7, which are those
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systems in which the core spectral index is steeper than that of
both the source and the lobes. These are the highest core spectral
indices in the sample, and unusually high for the cores of active
FRIIs. The steeper spectral indices are a signature of recent activ-
ity at the core, since they indicate optically thin, and therefore
physically larger, emitting regions, providing further evidence
that these sources are restarting candidates.

6.5 Summary of remnant and restarting results

As noted above, classifying a radio galaxy as a remnant or restart-
ing source is challenging, and there are many different criteria by
which radio sources can be assessed.

From the summary in Table 8 it is clear that there are
three sources which can be considered remnant candidates:
ILTJ112015.05, ILTJ134315.98, and ILTJ145936.33. Two of these
sources meet the USS criterion, and all of them can be classified
as having a relaxed or amorphous morphology. There are also
three possible restarting candidates: ILTJ113626.52, which was
noted for its low outlying CP and possible restarting morphol-
ogy; ILTJ133729.25, which has a double-double morphology; and
ILTJ144650.49, which has a possible restarting morphology. Sup-
porting this conclusion, these three sources are also noted in
Section 5 to have high-core spectral indices, which are compar-
atively steep (within the typical active galaxy range) and steeper

. . . 26
than their total spectral index. Therefore, approximately 15.81379

per cent (three) are possible remnant candidates and 15.877§
per cent (three) of the population are restarting candidates.
The remaining objects must be considered to be normal, active

sources.

7 DISCUSSION AND CONCLUSIONS

B. Mingo et al. (2019) discovered a population of low-luminosity
FRIIs in LoTSS DRI1. In this paper, we have explored the proper-
ties of this population using a sample of 19 sources at least one
order of magnitude below the traditional FR luminosity break.
These sources were observed with the VLA in the L Band using
the A, B, and C configurations, resulting in the first systematic
high frequency (1.5 GHz), higher resolution (1.3 arcsec) study
of this population. We compared the radio morphologies of the
FRII-low sample in the new high-resolution, higher frequency
images with their LOFAR morphologies, and with a representa-
tive sample of LOFAR-selected FRII-highs to provide a compari-
son sample of the traditional FRII population. With these images
we have looked at the presence of compact features, their spectral
properties and used these to draw the following conclusions:

(i) Compact features (cores) are very common in the FRII-
lows, and more common than in the FRII-highs.

(ii) Hotspots appear to be equally prevalent in the FRII-lows
and the FRII-highs.

(iii) FRII-lows have a higher prevalence of cores compared to
the FRII-highs, and the FRII-lows have jet features, whereas there
are none in the FRII-highs. However, we do not have comparable
sensitivity in our FRII-high images for a rigorous comparison of
prevalence.

(iv) Roughly 50percent of the FRII-low sources have total
spectral indices of 0.7-1.0, which are typical for active galaxies; in
other words, the FRII-low population does not consist exclusively
of remnant sources.
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Table 8. Summary of the individual sources meeting each criteria for remnant and restarting classifica-
tion. The sources discussed in each subsection are listed in the first column, and the criteria they satisfy
are given in the second column. Any key point related to the sources and discussed in each subsection

are listed in the final column.

Source name Criteria Key points
1LTJ112015.05+503254.9 Morphology Amorphous morphology.
ILTJ113626.52+501320.3 Morphology Morphology indicates a possible restarter.
Spl Spectral index of the core is greater.
Cp CP still in range for an active radio galaxy.
ILTJ133729.25+481822.3 Morphology DDRG - Two clear inner lobes.
Spl Spectral index of the core is greater.
1LTJ134315.98+553139.6 Morphology Amorphous morphology.
USS Integrated spectral index is a lower limit.
1LTJ144650.49+514625.3 Morphology Morphology indicates a possible restarter.
Spl Spectral index of the core is greater.
1LTJ145936.33+484219.8 Morphology Amorphous morphology.
USS Integrated spectral index is a lower limit.
Cp CP lies slightly outside the group range.

(v) We have found ~16 per cent (three) FRII-low sources
which are remnant candidates and ~16 per cent (three) sources
which are restarting candidates. The remaining objects are most
likely standard, active sources.

(vi) Along with the three restarting candidates, ~32 per
cent (six) of the FRII-low sources have clear FRII mor-
phology at higher frequency and resolution (ILTJ115011.27,
ILTJ121623.58, ILTJ130605.63, 1LTJ133217.44, ILTJ135152.95,
and ILTJ150827.77).

To summarize, our new higher-frequency, higher-resolution
images for a sample of 19 RLAGN classed as low-luminosity
FRIIs via LoTSS have demonstrated a diverse population that
includes active FRIIs, restarting and remnant sources, as well
as some sources that appear more FRI-like at higher frequency.
Our results highlight that (not unexpectedly) frequency and res-
olution do affect the morphological classification of a source:
Edge-brightened sources at low frequency and comparatively low
resolution may appear as hybrid or FRI sources when observed at
a higher frequency and/or resolution (L. Rudnick 2021), such as
ILTJ112654.44. However, we find that there remains a significant
proportion of RLAGN below the traditional FR luminosity break
that have morphologies strongly indicative of FRII dynamics:
They have compact hotspots and demonstrate integrated spectral
indices consistent with those of an active galaxy. This population
could be the result of lower powered jets in a minimally dense
environment that allows them to remain relativistic to larger dis-
tances, thus producing the edge-brightened morphology of the
FRIIs (e.g. B. Mingo et al. 2022; L. Clews et al. 2025). As B. Mingo
et al. (2019) argued, it is no longer safe to assume that only high-
luminosity radio sources have FRII-like jet physics.
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APPENDIX A: FEATURES

‘We present below, in Fig. A1 the FRII-low VLA images, described
in Section 3.1 with the 200 contours on them. These contours
have been used to define the compact features within each sam-
ple, as described in Section 4.

Also included in Fig. A2 are the images of the sample of FRII-
highs; both the LoTSS images and the equivalent FIRST images,
described in Section 3.2. Overlaid on the FIRST images are the
200 contours, where it is possible to plot them (R. H. Becker et al.
1995).
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Figure Al. The VLA images of the FRII-low sample with 20-sigma contours. These are the sources which have detections over twenty times the rms
level. These contours have been used to determine whether the sources contain hotspots, cores, or jets as described in Section 6.4. The colour bars show
the flux density in mJy/beam.
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Figure A2. The FRII-high images from LoTSS and FIRST and described in Section 3.2. The images are matching pairs; those on the right are the FIRST
1.4-GHz, 5-arcsec images, and the ones on the left are the LoTSS 150-MHz, 6-arcsec images. The 200 contours have been added to the FIRST images
where possible. The colour bars show the flux density in mJy/beam.
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