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A B S T R A C T 

We present the largest visually selected sample of extended ( > 60 arcsec) radio-loud active galactic nuclei (RLAGN) to date, 
based on the LOw-Frequency Array Two-Metre Sky Survey second data release (LoTSS DR2). From the broader LoTSS DR2 

data set with spectroscopic classifications, we construct a subsample of 2828 RLAGN with radio luminosities greater than 

10 

23 W Hz −1 at z < 0 . 57. These RLAGN are further classified by optical emission-line properties into high-excitation and 

low-excitation radio galaxies, enabling a detailed emission-line analysis. Our subsample is also morphologically classified into 

F anaroff–Rile y centre- and edge-brightened sources, wide- and narrow-angle tail sources, head–tail sources, and relaxed double 
sources. For these classifications, we utilize data from the Very Large Array Sky Survey to assist with the classification, taking 

advantage of its 2.5 arcsec resolution which is sensitive to structures below 30 arcsec. This resolution allows us to identify 

compact cores and hotspots, facilitating the identification of remnant and restarted RLAGN candidates. We investigate the 
relationship between emission-line and radio properties in RLAGN, analysing mid-infrared data, host galaxy mass, and core 
prominence. These analyses unco v er the complex relationship between these factors and the underlying accretion mechanisms. 
Our findings emphasize that no single property can fully constrain the accretion mode in RLAGN, highlighting the necessity of 
multidimensional approaches to reveal the processes driving RLAGN behaviour. 

K ey words: galaxies: acti ve – galaxies: jets – radio continuum: galaxies. 
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 I N T RO D U C T I O N  

adio observations fa v our the identification of a subpopulation of
ctive galactic nuclei (AGNs) primarily dominated by jets, so-called 
adio-loud AGNs (RLAGN). RLAGN exhibit distinctive features 
uch as cores, hotspots, jets, and lobes, which allow their classi-
cation into various morphological types. These include (but are 
ot limited to) the F anaroff–Rile y type I and II (FRI/FRII) objects
Fanaroff & Riley 1974 ), wide-angle tails (WATs; Owen & Rudnick 
976 ), narrow-angle tails (NATs; Rudnick & Owen 1976 ; Miley 
980 ), head-tails (HTs; Ryle & Windram 1968 ), and relaxed doubles
RDs; Owen & Laing 1989 ; Leahy 1993 ). These morphological 
ifferences provide both theorists and observers with a distinctive 
erspecti ve on ho w radio jets are influenced by their surroundings
e.g. Croston, Ineson & Hardcastle 2018 ; Croston et al. 2019 ). 

Many FRIs are found in groups of galaxies where the interaction 
ith the intracluster medium (ICM) causes their jets to decelerate 

nd spread out (e.g. Bicknell 1994 ; Croston et al. 2008 ), resulting
n centre-brightened structures (Fanaroff & Riley 1974 ). In contrast, 
RIIs are often located in less dense environments (e.g. Hardcastle & 
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orrall 2000 ), allowing their jets to remain collimated and form
right hotspots at the edges, creating edge-brightened lobes (Fa- 
aroff & Riley 1974 ). WATs and NATs are influenced by the motion
f their host galaxies through the cluster medium (e.g. Miley et al.
972 ; Begelman, Rees & Blandford 1979 ), with WATs having wide,
ently curved tails, and NATs showing narrow, sharply bent tails 
e.g. Mingo et al. 2019 ; Bempong-Manful et al. 2020 ) due to strong
am pressure (e.g. Venkatesan et al. 1994 ). HTs are characterized 
y their unique head–tail structures caused by the combined effects 
f galaxy motion and interaction with the surrounding medium (e.g. 
 ̈uller et al. 2021 ; Lusetti et al. 2024 ) and are sometimes thought

f as unresolved NATs (e.g. Terni de Gregory et al. 2017 ). RDs,
n the other hand, display more relaxed and symmetric structures, 
uggesting less interaction with dense environments (Owen & Laing 
989 ). 
Understanding the underlying accretion processes behind these 

ifferent morphological types of RLAGN requires optical – and 
ometimes mid-infrared – observ ations. These observ ations catego- 
ize RLAGN into two types, regardless of radio morphology, based on 
heir optical emission-line properties (Hine & Longair 1979 ): high- 
xcitation radio galaxies and low-excitation radio galaxies (hereafter 
ERGs and LERGs, respectively). The key differences between 
ERGs and LERGs, in the local Universe in particular, can be viewed
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n terms of their fuelling mechanism, accretion rate, ionization, jets
nd lobes, and their host galaxies (e.g. Hardcastle & Croston 2020 ).

HERGs are primarily driven by accretion processes that are
adiati vely ef ficient (RE), typically fuelled by cold gas reservoirs
e.g. Hardcastle, Evans & Croston 2007 ). This cold gas can arise
rom sources such as merger interactions (e.g. Ramos Almeida et al.
012 ; Pierce et al. 2019 , 2022 , 2023 ) or cooling flows from the
ntergalactic medium (IGM; e.g. Hardcastle 2018a ). Recent studies,
o we ver, suggest that while cold gas accretion typically results in
igh-accretion rates, this is not an absolute requirement for RE
GNs (e.g. Hardcastle & Croston 2020 ). In some cases, cooling

nstabilities in the hot gas can also drive RE accretion. These high-
ccretion rates lead to the formation of a geometrically thin, optically
hick accretion disc (e.g. Shakura & Sunyaev 1973 ). The associated
trong radiation ionizes the surrounding gas, which in turn emits
rominent high-excitation emission lines such as [O III ] and [N II ]
e.g. Buttiglione et al. 2009 , 2010 ), consistent with the standard
GN model (Antonucci 1993 ). In this model, the central engine
onsists of a supermassive black hole surrounded by the dusty torus
nd accretion disc, with differences in AGN observations primarily
xplained by orientation effects. Depending on the viewing angle,
he dusty torus may obscure or reveal the narrow- and broad-line
egions, resulting in the observed diversity in AGN classifications. 

LERGs, on the other hand, are primarily associated with radia-
i vely inef ficient (RI) accretion processes, commonly fuelled by hot
as from the halo of the galaxy or the ICM (e.g. Allen et al. 2006 ;
abian 2012 ). Ho we ver, recent studies also indicate that RI AGNs
an be sustained by lo w-le vel accretion from cold gas reservoirs
e.g. Hardcastle 2018a ; Hardcastle & Croston 2020 ). The fuelling
s often mediated by relatively stable accretion dynamics, such as
hose described by advection-dominated accretion flows (ADAFs)
r radiatively inefficient accretion flows (RIAFs) (e.g. Narayan &
i 1994 , 1995 ). The lower accretion rates result in minimal ionizing

adiation from the central engine, leading to weak low-excitation
mission lines (Hardcastle, Evans & Croston 2006 ; Best & Heckman
012 ). Despite these differences, both accretion modes highlight
he importance of Eddington-scaled accretion rates in determining
adiati ve ef ficiency, rather than exclusi vely the temperature or phase
f the accreted gas. 
In terms of their host environments, HERGs and LERGs have a

lear tendency to be in different environments (e.g. Smol ̌ci ́c et al.
009 ; Best & Heckman 2012 ), particularly at lower redshifts. HERGs
ften fa v our younger, more actively star -forming galaxies (SFGs),
ometimes where galaxy mergers or interactions are common.
ERGs, ho we ver, typically li ve in older, more massi ve elliptical
alaxies with little to no ongoing star formation (SF), although this
s not the case at higher redshifts ( z > 1; e.g. Kondapally et al.
022 , 2025 ). These galaxies are often located in dense environments
uch as galaxy clusters, where the hot gas reservoir is more readily
vailable. 

Sev eral studies hav e attempted to associate different morphologi-
al types of RLAGN with the two modes of excitation (e.g. Jackson &
awlings 1997 ; Jackson & Wall 1999 ). For instance, the majority
f FRIs are associated with LERGs, found in dense environments
here the lower energy output from the AGN leads to broader,

ess collimated jets that interact heavily with the ICM. Conversely,
he majority of FRIIs are often linked with HERGs, where higher
nergy outputs maintain well-collimated jets that extend to form
right hotspots. Ho we ver, this association is not entirely the case.
ven in the extensively studied Revised Third Cambridge Catalogue
f Radio Sources (3CRR) sample (Laing, Riley & Longair 1983 ),
hich has long served as a foundation for understanding RLAGN,
NRAS 539, 463–486 (2025) 
here have al w ays been clear examples of FRIIs with an LERG
pectrum. 

While WA Ts, NA Ts, and HTs are predominately classified as
ERGs (e.g. Missaglia et al. 2019 ), these are often interpreted as
ent FRIs, with their morphology shaped more by the host galaxy’s
otion through the ICM than excitation properties. On the other

and, objects classified as RDs are generally expected to be LERGs,
s their nuclear activity has diminished, resulting in weak or no
ptical excitation. The resemblance of RD lobes to those of FRIIs
albeit without the characteristic features such as compact cores,

ets, and hotspots – has led to suggestions that RDs represent a late
volutionary stage of radio galaxies, entering the so-called remnant
hase (e.g. Hardcastle et al. 2016 ; Mahatma et al. 2018 ; Hardcastle
018b ). 
Potentially following the remnant phase is the restarted phase

f AGN activity (e.g. Mahatma et al. 2019 ; Jurlin et al. 2020 ),
arked by the reacti v ation of the central engine. This phase is

istinguished by new nuclear activity that propagates through the
emnant lobes, often creating structures indicative of renewed jet
ctivity. These restarted jets may manifest as compact, double-lobed
eatures embedded within or surrounded by the older, more extended
emnant lobes (Schoenmakers et al. 2000 ; Dabhade et al. 2024 ). In
ome cases, the re-ignited AGN activity triggers ionization in the
urrounding gas, which can result in restarted objects exhibiting a
ERG-like spectrum. This phase not only redefines the morphology
f the radio galaxy but also provides insights into the episodic nature
f AGN activity (e.g. Mahatma 2023 , and references therein), where
eriods of quiescence (on Myr) are followed by renewed nuclear
ctivity. Therefore, understanding all these associations helps piece
ogether the environmental and internal mechanisms that shape the
bserved radio morphologies and the excitation states of these AGNs.
While attempts to establish the relationship between radio power

nd line emission properties have been made (e.g. Heckman et al.
004 ; Hardcastle et al. 2006 , 2007 , 2009 ; Mingo et al. 2014 ), a
lear-cut relationship between radio properties and emission-line
roperties is yet to be seen (e.g. Gendre et al. 2013 ; Mingo et al.
022 ). This ambiguity suggests that the processes go v erning the radio
mission and the line excitation in AGNs might be more complex
han initially thought (e.g. Ledlow & Owen 1996 ; Ghisellini &
elotti 2001 ). Several factors contribute to this complexity, including
nvironmental conditions, host galaxy properties, accretion modes,
rientation effects, feedback processes, and constraints in RLAGN
amples due to surv e y sensitivity limitations (P ado vani 2016 ). 

Thanks to modern state-of-the-art radio telescopes such as the
Ow-Frequency Array (LOFAR; van Haarlem et al. 2013 ) and

he NRAO Karl G Jansky Very Large Array (VLA; Perley et al.
011 ), we are able to probe deeper into these complexities with
nprecedented sensitivity and resolution. Deep sky surveys such as
he LOFAR Two-metre Sk y Surv e y (LoTSS; Shimwell et al. 2017 ,
019 , 2022 ) and the VLA Sky Survey (VLASS; Lacy et al. 2020 )
llow us to observe RLAGN across a broad range of frequencies and
cales. These capabilities enable detailed studies of the faintest radio
mission (e.g. Hardcastle et al. 2019 ; Sabater et al. 2019 ), the life
ycles of radio jets (e.g. Brienza et al. 2017 ; Jurlin et al. 2020 ), and
he environments of RLAGN (e.g. Croston et al. 2019 ). 

Moti v ated by the need to investigate the relationship between
adio properties and emission-line properties, we have, for the first
ime, selected a large sample of resolved RLAGN with emission-
ine classifications based on the LoTSS second data release (DR2;
himwell et al. 2022 ). We classified these RLAGN into various
orphological types and separated them into HERG and LERG

ategories. The aims of this paper are threefold: we will (1) visually
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onstruct a large sample of extended RLAGN from LoTSS DR2; 
2) categorize the RLAGN into HERG/LERG based on their line 
roperties; and (3) explore the relationship between emission-line 
roperties and radio properties. 
The structure of this paper is as follows: Section 2 describes 

he data used, while Section 3 outlines the sample selection and 
lassification of RLAGN into various morphological types, including 
RI, FRII, WAT, NAT, HT, and RD sources. This section also explains 

he separation of these objects into the two accretion modes, HERG
nd LERG. Section 4 presents the results, followed by a discussion
n Section 5 , and conclusions in Section 6 . 

Where we quote physical parameters, these have been computed 
ssuming a � cold dark matter (CDM) cosmological model with the 
ollo wing v alues: H 0 = 70 km s −1 Mpc −1 , �m0 = 0 . 3, and �� 0 =
 . 7. The spectral index is assumed in the sense S ν ∝ ν−α . 

 DATA  

n this work, we aim to build a sample of extended RLAGN with
ifferent morphological classifications: FRI, FRII, WA T, NA T , HT ,
nd RD sources using LoTSS DR2 data. 

DR2 (Shimwell et al. 2022 ) co v ers two distinct regions: the
rst is centred at 12 h 45 m right ascension and + 44 ◦30 ′ declination, 
hile the second is centred at 1 h 00 m right ascension and + 28 ◦00 ′ 

eclination, spanning 4178 and 1457 de gree 2 , respectiv ely. The 
edian sensitivity of DR2 is ∼83 μJy per beam, achieved at a

esolution of 6 arcsec (144 MHz). We refer the reader to Shimwell
t al. ( 2022 ) for details of the techniques employed in constructing
 sample comprising 4396 228 extragalactic radio sources which 
nclude both AGNs and SFGs. 

The procedure of assigning optical counterparts to the DR2 
atalogue is presented by Hardcastle et al. ( 2023 ), which follows
he procedures similar to those that were applied to LoTSS DR1
Williams et al. 2019 ; Duncan et al. 2021 ). The resulting sample con-
ists of ∼4.2 million radio sources detected with ≥ 5 σ significance, 
ith 85 per cent of them having optical counterparts (Hardcastle et al.
023 ). Additionally, 58 per cent of these sources have reliable redshift 
stimates, obtained through either spectroscopic or photometric 
ethods (Duncan et al. 2021 ). 
To address the objectives of this paper as outlined in Section 1 ,

e utilized a sample consisting of 152 355 radio sources (Drake 
t al. 2024 , hereafter D24 ) created by cross-matching the DR2
ources with the Portsmouth Sloan Digital Sky Survey (SDSS) 
atalogue (Thomas et al. 2013 ). These sources co v er the redshift
ange between 0 . 0 < z < 0 . 57. D24 compiled a sample of DR2
ources with emission-line measurements and classified them into 
istinct radio source categories, including SFGs, radio-quiet AGNs 
RQAGN), and HERGs or LERGs. Detailed procedures utilized in 
his classification process are presented in D24 ; ho we ver, a brief
escription is provided here, as these methodologies are essential for 
onstructing a subsample to address our objectives at hand. 

To integrate spectroscopic information with the low-frequency 
adio data, the positions of optical counterparts identified for the radio 
ources by Hardcastle et al. ( 2023 ) were matched with the Portsmouth
pectroscopic catalogue using a nearest-neighbour algorithm with a 
aximum search radius of 1 arcsec. This process yielded a subset of

08 816 LOFAR sources with SDSS spectroscopic information. 
A series of cuts and filters were applied to refine the initial matched

atalogue. Redshift cuts remo v ed sources at redshifts where H α

s not visible to the SDSS spectrographs: that is, at z = 0 . 385 for
DSS DR8 and z = 0 . 570 for the Baryon Oscillation Spectroscopic
urv e y (BOSS). Additionally, sources with zero, or missing H α
uxes and associated errors, as well as with non-physical Balmer 
ine luminosities, were excluded by considering only those with 
 < log 10 ( L H α/ L �) < 13. To limit the influence of sources whose
adio flux is significantly larger than what is captured in the SDSS
perture, sources with r 50 > 15 arcsec, the radius within which 50
er cent of the total flux is contained, were remo v ed. F or the final
atalogue, sources missing any of the important Baldwin, Phillips and
erlevich (BPT) diagnostic emission lines such as H α, H β, [O III ],
N II ] (Baldwin, Phillips & Terlevich 1981 ; Buttiglione et al. 2009 ,
010 ; Best & Heckman 2012 ) were excluded, resulting in a subset
f 124 023 sources with complete spectral measurements. 
The classification involved identifying radio excess sources by 

omparing the 144 MHz luminosity with the H α luminosity. For 
ources with complete diagnostic emission lines, the BPT diagram 

as used to distinguish between SFGs and AGNs, further classifying 
hem into RQAGN, HERGs or LERGs. To quantify the reliability 
f each classification, Monte Carlo simulations were performed, 
enerating 1000 realizations of the matched catalogue. The results 
ere combined into an o v erall probabilistic set of classifications,

ccounting for uncertainties and providing a probabilistic reliability 
or each source’s classification. Applying a 90 per cent ( P > 0 . 9)
eliability threshold, D24 compiled a final classification using this 
ethod, resulting in the identification of 38 728 SFGs, 18 726
QAGN, 38 588 radio-excess AGNs, 362 HERGs, and 12 648 
ERGs. 
For sources lacking the four diagnostic emission lines necessary 

or methods like the BPT diagnostic, an alternative approach was 
escribed by D24 that allows the selection of additional HERGs. 
his method involved using the specific [O III ] luminosity as a proxy

or the radiative activity of AGNs (Laing et al. 1994 ). This method
as based on the understanding that the HERG/LERG dichotomy 

eflects a transition between radiatively efficient and inefficient AGN 

ctivity occurring at a few per cent of the Eddington rate (e.g. Best &
eckman 2012 ). By examining radio-excess objects, the luminosity 

n the [O III ] line was used as an indicator, with standard linear correc-
ions applied to approximate bolometric luminosities (Heckman et al. 
004 ). Although black hole mass ( M BH ) estimates are not available,
alaxy mass–M BH relations were utilized as proxies. The galaxy mass 
stimates given by Hardcastle et al. ( 2023 ), derived from the Dark
nergy Spectroscopic Instrument (DESI) Le gac y Surv e y and Wide-
eld Infrared Survey Explorer ( WISE ) photometry, were preferred 
 v er those based on SDSS photometry. 
A histogram of the specific [O III ] luminosity for radio-excess

bjects, applying P > 0 . 9, was created, broken down into HERG
nd LERG classes (we return to this point in Section 3 ). The
esults indicated that HERGs typically have higher specific [O III ]
uminosity, aligning with previous findings, although there was 
ubstantial o v erlap. This method validated the classification and 
elped identify objects lacking the necessary lines for a full BPT
lassification. 

We apply this method, combined with the reliability threshold 
pproach, to classify our subsample into HERG and LERG to address
he scientific objectives of this paper. 

 R L AG N  CLASSI FI CATI ONS  

.1 Radio morphology classifications 

ate gories for e xtended RLAGN (FRI, FRII, WA T, NA T , HT , and
D sources) were systematically classified using visual inspection 

echniques applied to the radio-excess ( P > 0 . 9) sample from D24 .
e first focused on large resolved objects whose components were 
MNRAS 539, 463–486 (2025) 
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Table 1. Summary of results based on visual morphological classifications. 

Morphology # of objects with 3 votes # of objects with 2 votes 

FRI 202 634 
FRII 563 408 
WAT 122 359 
NAT 51 110 
HT 136 154 
RD 26 128 

Total 1100 1793 

Figure 1. The heatmap shows a strong diagonal dominance, indicating 
that most objects received the same classification from two voters. The 
most significant densities are observed along the diagonal, which suggests 
consistency among the voters, whereas the off-diagonal cells represent 
cases where objects received mixed classifications, indicating ambiguity or 
transitional characteristics. For example some WATs were also voted as FRIs, 
and some relaxed sources were voted as FRIIs. 
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1 Large spirals appear in the SF sample of D24 . This is likely due to their high 
SFRs which amplify radio emission. Additionally, the morphological features 
of large spirals, such as extended disc structures, enhance their detectability 
in radio surv e ys. Bright discs could be mistaken for AGN-related emission 
as well. 
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dentified using the Python Blob Detection and Source Finder
 PYBDSF ; Mohan & Rafferty 2015 ) and associated using the process
escribed by Hardcastle et al. ( 2023 ). Requiring total flux densities
 10 mJy, and physical size estimates > 60 arcsec ensured that
e identified objects suitable for visual classification. From a
reliminary D24 sample consisting of 152 355 radio objects with
ptical cross-matches and good redshift estimates (as reported by
ardcastle et al. 2023 ), filtering based on size and flux density left
s with 4647 candidates identified as RLAGN. Where available, we
tilized multiple high-frequency VLASS images (Lacy et al. 2020 ;
ordon et al. 2021 ) of the same target, stacking them at the radio

ource positions to produce deeper images. These enhanced images
acilitated the robust identification of ongoing RLAGN activity,
ncluding compact cores, hotspots, and evidence of restarts. This
nformation will be valuable in later sections. VLASS offers several
dvantages o v er other radio surv e ys such as the F aint Images of the
adio Sky at Twenty-Centimeters (FIRST; Becker, White & Helfand
995 ) and NRAO VLA Sky Survey (NVSS; Condon et al. 1998 ).
 or e xample VLASS offers a significantly higher resolution (2.5
rcsec) compared to FIRST (5 arcsec) and NVSS (45 arcsec). With
 median sensitivity of approximately 70 μJy at 2.5 arcsec, VLASS
an detect and resolve flat-spectrum cores in LOFAR objects that
emain unresolved due to LOFAR’s sensitivity to steep-spectrum
mission. This enhances the ability to image RLAGN structures in
reater detail. 
We then examined DR2 objects with the aid of both LoTSS and

LASS images for distinctive features (cores, hotspots, lobes, jets,
ings, plumes, and so on) to determine whether they belong to

he FRI, FRII, WAT, NAT, HT, or RD categories. We describe the
riteria used to select these objects below, and a representative sample
ollowing the classification process is presented in Figs A1 and A2 . 

(i) FRI: the traditional classification of FRIs and FRIIs was based
n morphological features (Fanaroff & Riley 1974 ) which we adopt
ere. We identified FRI and FRII sources by examining key structural
eatures in the DR2 images. For FRIs, we looked for jet activity that
s brightest near the core and gradually fades with distance, often
ccompanied by diffuse, edge-darkened lobes. 

(ii) FRII: these sources feature jets that remain collimated and
erminate in bright hotspots located at the edges of the radio lobes.
or candidate FRIIs, we looked for distinct edge-brightened lobes
ith prominent terminal hotspots. 
(iii) WAT: we identified WAT candidates based on the curvature

nd morphology of their radio jets, characterized by wide ‘C’-shaped,
urved tails. We also looked for other obvious characteristics such
s hotspots near the core. These usually appear less bright than the
entral core. 

(iv) NAT: in contrast, NATs were identified by their distinctive,
arrow ‘V’-shaped tail structures, with jets exhibiting pronounced,
arrow-angle bending. To distinguish NATs from WATs, we classi-
ed only those objects with visibly narrower angles between their

ails as NATs. Additionally, we excluded objects with detectable
otspots from this category. 
(v) HT: we classified objects as HTs if they show signs of having

 bright ‘head’ near the galaxy core and a ‘tail’ that extends outward.
(vi) RD: we identified RDs by selecting sources with FRII-like

ouble-lobed structures that appear symmetric but lack pronounced
otspots or jets. 

Table 1 presents the results of the visual classification performed
y three independent voters, detailing the distribution across cate-
ories. Of the 4647 objects, 2893 ( ∼62 per cent) received at least two
otes for the same category. The remaining ∼38 per cent received
NRAS 539, 463–486 (2025) 
nly a single vote in any given category, meaning that while all three
oters assessed these objects, their classifications dif fered, pre venting
onsensus. Additionally, 588 objects were rejected entirely due to
xhibiting signs of SF, 1 often appearing featureless in the LOFAR
ut-out images (see Fig. 2 ). The 1100 objects that received three
otes per category thus indicate robust categorization. 

For the objects that received two votes per category, we conducted
 further inspection to ensure clarity in their classification. Upon
horough examination and with the aid of Fig. 1 , we determined
hat the sample of objects with two votes was adequate for inclusion.
onsequently, we added these objects to our final catalogue alongside

hose with three votes, resulting in a subsample comprising 2893
LAGN (see Table 2 ). 
Fig. 1 presents a matrix representation of classification consistency

cross various RLAGN categories. It shows the distribution of
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Figure 2. Example images used in the visual classification, showing VLASS 
contours (green) o v erlaid on the LOFAR image. The ellipses indicate source 
component identification by PYBDSF , the cyan cross marks the optical 
position, and the red plus sign denotes the centroid of the radio source. 
As noted in the caption of Fig. 1 , the right image represents an object that 
received two votes for the FRI category, while the third vote was assigned to 
the WAT category. Ho we ver, the two FRI votes, along with further inspection, 
were sufficient to classify it as an FRI in our final selection. The image on the 
left represents objects that were rejected due to SF signatures, as explained 
in the text. 

Table 2. Morphological break down of the 
sample following visual classification. 

Morphology Total # of objects 

FRI 836 
FRII 971 
WAT 481 
NAT 161 
HT 290 
RD 154 

Total 2893 
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Figure 3. The distribution of our sample is shown in the radio luminosity 
versus total flux density plane overlaid on the broader D24 sample. The 
horizontal and vertical colour bars illustrate the angular size of the D24 
sample and our sample, respectively. 

Table 3. A summary of our objects, spectroscopically 
separated into HERG and LERG categories using the 
BPT diagram with an 80 per cent threshold. 

Morphology LERG HERG # of objects 

FRI 371 2 373 
FRII 404 104 508 
WAT 203 1 204 
NAT 66 0 66 
HT 129 0 129 
RD 83 1 84 

Total 1256 108 1364 
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ources for each combination of the majority classification vote and 
he third vote. Here, the majority classification refers to objects 
hat received two votes, indicating agreement among classifiers 
n the primary classification. F or e xample, 634 objects receiv ed
wo votes for the FRI category (see an example object shown 
n Fig. 2 ), demonstrating a good level of agreement among the
lassifiers. Similarly, significant numbers of objects received two 
otes in other categories such as FRII (408), WAT (359), and NAT
110). The figure also shows the distribution of the third vote across
ifferent categories, illustrating the level of ambiguity or secondary 
lassification considerations for each RLAGN type. 

F or instance, we observ ed that the FRI cate gory had a high level of
greement with 634 objects receiving two votes, with the third vote 
ften leaning towards WAT. The FRII category also showed strong 
greement with 408 objects receiving two votes, where the extra 
ote frequently pointed towards the FRI and relax ed cate gory. WAT
nd NAT categories also presented a substantial number of majority 
lassifications (359 and 110, respectively), with some o v erlap in 
otes with other categories like FRI and HT sources. 

This detailed classification breakdown, combined with our rig- 
rous inspection, confirms the robustness of our final sample. We 
nsured that objects excluded from our final catalogue were indeed 
hallenging to visually classify, thereby validating our exclusion 
riteria and ensuring the reliability and accuracy of our RLAGN 

lassifications. 
Before we introduce the next section, we refined our morpho- 

ogical subsample of 2893 RLAGN by excluding an additional 65 
bjects with L 144 < 10 23 W Hz −1 . Below these luminosities, the 
ontribution from SF at 144 MHz could be important for the radio
uminosity (e.g. Hardcastle et al. 2019 ; Sabater et al. 2019 ), so this
ut was applied to mitigate potential contamination, considering all 
f these objects exhibit distorted morphologies, many of which were 
nitially classified as either FRIs or RDs by the majority classification
ote highlighted in Fig. 1 . Fig. 3 displays the distribution of our
ample o v erlaid on the D24 sample. This plot illustrates the cuts
e implemented in flux, luminosity, and size during our visual 
orphological classification process. Our RLAGN subset (in red) 

ccupies the upper right part of the plot, indicating higher radio
uminosities and larger flux densities compared to the broader sample 
rom D24 . This suggests that our selected RLAGN are more powerful
nd extended sources, though this trend is influenced by selection bias 
ue to the flux and size limits applied in this study. The inset showing
he redshift distribution reveals that the majority of our RLAGN are at 

oderate redshifts, peaking around z ∼ 0 . 25, which is advantageous 
or detailed follow-up studies. 

.2 Emission-line classifications of HERGs and LERGs 

able 3 presents the statistics for our sample, categorized into 
ERG and LERG classes according to the methods outlined by D24

summarized in Section 2 ). All objects in our sample are classified
s radio-excess AGN with a confidence level greater than 90 per
ent. Within this broader classification, we identified 108 objects as 
MNRAS 539, 463–486 (2025) 
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M

Figure 4. The BPT diagram highlighting the positions of objects in our 
sample, spectroscopically classified as HERG (squares) and LERG (circles) 
using the 80 per cent threshold, o v erlaid on the D24 sample (hexagons). 

Figure 5. An adaptation of the D24 HERG/LERG classification crite- 
ria utilizing the specific [O III ] emission-line luminosity for radio-excess 
AGN with available [O III ] and stellar mass measurements. Objects with 
log 10 ( L [ O III ] / M � ) > 23 . 14 are classified as HERGs. Those below this 
threshold are classified as LERGs. 
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Table 4. The selection of additional HERGs and LERGs 
using the specific [O III ] emission-line luminosity method 
for objects with less than 80 per cent confidence in 
emission-line classifications. 

Morphology LERG HERG # of objects 

FRI 225 4 229 
FRII 257 17 274 
WAT 108 1 109 
NAT 38 0 38 
HT 59 1 60 
RD 32 3 35 

Total 719 26 745 

Table 5. This table presents the final morphological 
sample, classified into HERGs and LERGs using the 
methods described abo v e. 

Morphology HERG LERG # of objects 

FRI 6 806 812 
FRII 121 839 960 
WAT 2 471 473 
NAT 0 158 158 
HT 1 271 272 
RD 4 149 153 

Total 134 2694 2828 

d  

t

4

4

T  

2  

t
 

t  

T  

s  

(  

–  

t  

(  

s  

F  

f  

T  

F  

a  

t  

s  

l  

e  

t  

e  

c
 

(  

w  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/539/1/463/8098236 by guest on 26 February 2026
ERGs and 1256 as LERGs, based on their optical emission lines,
ith a confidence level exceeding 80 per cent. The distribution of

hese objects on the BPT diagram is shown in Fig. 4 . 
To identify additional HERGs and LERGs that were missed by

he 80 per cent threshold, Fig. 5 presents the results of applying
he specific [O III ] emission-line luminosity method, as outlined in
24 . After filtering out the HERGs and LERGs selected with a

onfidence level greater than 80 per cent, we applied a threshold of
og 10 ( L [ O III ] / M � ) = 23 . 14 to the remaining sample. This resulted in
he classification of 26 additional HERGs and 719 additional LERGs
or objects with available [O III ] and stellar mass measurements.
hese results are summarized in Table 4 . 
The remaining 719 sources in our sample are radio-excess objects

hat could not be classified using the BPT diagram or their specific
O III ] emission-line luminosity. Ho we ver, their radio morphologies,
hich show clear features typical of RLAGN, strongly suggest that

he radio emission originates from AGN activity. Considering that
ost LERGs exhibit weak or absent ionization emission lines like

O III ] in their optical spectra, making them difficult to classify with
hese methods, we classified these sources as LERGs. This resulted
n a sample of 134 HERGs and 2694 LERGs. The statistics for
ach morphological and emission-line class are provided in Table 5 .
verall, our final sample is dominated by LERGs, with HERGs

epresenting a minority, as expected for RLAGN at lower redshifts
Hine & Longair 1979 ; Hardcastle & Croston 2020 ). We discuss the
NRAS 539, 463–486 (2025) 
istribution of morphological and optical emission-line properties in
he next section. 

 RESULTS  

.1 The power/linear size 

he power/linear size (P–D) diagram (Baldwin 1982 ; Hardcastle
018b ) is a powerful diagnostic tool for classifying RLAGN and
racing their evolutionary stages. 

Fig. 6 highlights the diversity among RLAGN in our sample in
erms of radio morphology. This plot include 2828 objects (see
able 5 for the final sample breakdown). We observe that FRI
ources (blue contour lines) generally exhibit lower luminosities
804 out of 812), typically below ∼1 × 10 26 W Hz −1 at 144 MHz

a threshold we use to differentiate more luminous sources from
hose belo w it, follo wing the traditional FRI/FRII luminosity break
F anaroff & Rile y 1974 ; Ledlow & Owen 1996 ) – and have smaller
izes compared to FRII sources (orange contour lines). Thus, most
RIs occupy the lower half of the P–D space, with only a small
raction (8 out of 812) exceeding the FRI/FRII luminosity break.
he largest FRI in our sample spans ∼2205 kpc, while the largest
RII spans ∼3948 kpc. FRI sizes are measured from the largest
ngular extent of the radio emission, while FRII sizes are based on
he full extent of the radio lobes. Ho we ver, it should be noted that
ize measurements for FRIs are ill-defined due to surface brightness
imitations in the current surv e y. In contrast, the high-luminosity
nd of the P–D diagram is dominated by FRIIs (294 out of 380
otal sources in this region), suggesting differences in energy output,
nvironment, or central engine characteristics between these two
lasses. 

We also identify a significant number of low-luminosity FRIIs
666 out of 960, approximately 69 per cent), which is consistent
ith previous observations of low-luminosity FRIIs (e.g. Laing et al.
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Figure 6. P–D diagram showing the distribution of visually classified morphological sources in our sample. Histograms for size and luminosity are included 
to highlight the range co v ered by each object. 
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994 ; Miraghaei & Best 2017 ; Mingo et al. 2019 ). Ho we ver, we
bserve an increase in low-luminosity FRIIs compared to the 51 per 
ent reported by Mingo et al. ( 2019 ) and Clews et al., in preparation.
hese low-luminosity FRIIs might represent a transitional phase 
r a distinct evolutionary path compared to their more powerful 
ounterparts, potentially located in environments with lower gas 
ensities (Mingo et al. 2019 ), which helps the jet to stay focused and
upersonic. Additionally, a decrease in central engine power o v er 
osmic time may alter the balance between jet dynamics and envi- 
onmental resistance, contributing to their observed characteristics. 

WA Ts (green points), NA Ts (cyan stars), HTs (purple open 
rosses), and RDs (brown diamonds) exhibit a wide range of sizes and
uminosities, o v erlapping with both FRIs and FRIIs. The majority of

A Ts, NA Ts, and HTs (423/473, 146/158, and 266/272, respectively) 
re found in the FRI/II region of the lower P–D space, with a smaller
raction (50/473 WATs, 12/158 NATs, and 6/272 HTs) exceeding 

1 × 10 26 W Hz −1 at 144 MHz. The o v erlap of, for example
ATs in the low-luminosity range with FRIIs supports the idea that 
hese objects are essentially ‘failed’ FRII sources (e.g. Hardcastle & 

akelliou 2004 ), whose morphology and radio power are influenced 
y varying environmental conditions. 
Specifically, WATs, often found in central galaxy clusters (e.g. 

’Dea & Baum 2023 , and references therein), display a diverse
istribution in the P–D diagram, reflecting complex jet–ICM interac- 
ions that can deflect their jets, resulting in distinctive morphologies 
nd variability in size and luminosity . Similarly , NATs and HTs,
ypically associated with galaxies moving through dense cluster 
nvironments, co v er a wide range in P–D space, indicating that
am pressure stripping and ICM interactions significantly shape their 
tructure and radio power. The spread in their observed properties 
s likely due to the varying environments and velocities within 
lusters. 

RDs seem to occupy a transitional stage in the P–D diagram.
he majority (143 out of 153) fall below ∼ 1 × 10 26 W Hz −1 at
44 MHz, with a minority (10 out of 153) abo v e this threshold.
heir position, coinciding with low-luminosity FRIIs, suggests they 
MNRAS 539, 463–486 (2025) 
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M

Figure 7. The distribution of LERGs (shown as brown open circles) and 
HERGs (blue open squares) in P–D space. This histograms highlight the 
co v erage in size and luminosity for LERG and HERG in our sample. 
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Figure 8. The position of HERGs and LERGs in WISE colour–colour plots. 
For a discussion of upper limits, refer to the caption in Fig. 9 . 
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ight be evolving from FRII-like morphologies as they lose energy
nd become less luminous. This transition could be driven by a
ombination of declining jet power, central engine changes, and
nvironmental factors, such as expansion in lower density regions,
eading to their relaxed appearance (Leahy 1993 ). 

In total, we have 2448 low-luminosity sources and 380 high-
uminosity sources in these plots. The substantial o v erlap of these
ources with both FRI and FRII classes further emphasizes that radio
orphology and luminosity are not solely determined by the central

ngine but are also significantly influenced by external factors such
s the density of the surrounding medium, dynamics within galaxy
lusters, and the evolutionary stage of the AGN. This complexity
nderscores the importance of considering environmental effects in
he morphological classification of RLAGN. 

In Fig. 7 , we highlight the distribution of our sample, separating
igh-e xcitation and low-e xcitation radio galaxies (HERG and LERG,
espectiv ely). As e xpected, HERGs (squares) are generally more
uminous (96 out of 134) and span a wide range of sizes. Conversely,
ERGs (circles) typically exhibit lower luminosities (2410 out of
694) and co v er a broader size range, suggesting different accretion
odes. This distinction in luminosity and size distribution reinforces

he idea that HERGs are powered by RE accretion on to rapidly
pinning black holes, while LERGs are associated with RI accretion,
ossibly from hot gas reservoirs (e.g. Baum & Heckman 1989 ;
ardcastle et al. 2007 ). The broader size range observed for LERGs
ay indicate different evolutionary paths, potentially influenced by

nvironmental factors or longer lifetimes in less dense surroundings
Hardcastle 2018b ). The histograms along the axes further emphasize
hese differences, with the luminosity distribution of HERGs peaking
t higher values compared to LERGs, and the size distribution of
ERGs showing a broader spread. 
We also note that the majority of HERGs are classified as FRIIs

121 out of 134), with 92 of these 121 FRII HERGs abo v e the
RI/FRII luminosity break and 29 below it. This observation aligns
ith the suggestion that while most HERGs are FRIIs, not all FRIIs
NRAS 539, 463–486 (2025) 
re HERGs (e.g. Hardcastle et al. 2006 ; Buttiglione et al. 2010 );
e expand on this point below, with further discussion provided in
ection 5.2 . A small subset of HERGs is classified as FRIs (6 out
f 134), with two of these FRI HERGs abo v e the luminosity break
nd four below, consistent with previous findings that FRI HERGs
re rare (e.g. Mingo et al. 2022 ). Additionally, our HERG sample
ncludes two WATs (one abo v e and one below the luminosity break),
ne HT (below the break), and four RDs – three of which are below
he break, with one RD abo v e it. 

The LERG sample comprises 284 out of 2694 objects that are
bo v e the traditional FRI/FRII luminosity break. These include 202
RIIs, 6 FRIs, 49 WATs, 12 NATs, 6 HTs, and 9 RDs. The remaining
410 objects, categorized as 800 FRIs, 637 FRIIs, 422 WATs, 146
ATs, 265 HTs, and 140 RDs, fall below this luminosity threshold.
lthough our final sample is dominated by FRII sources (Table 5 ),
hich is expected given the size cut used in the classification, we
bserve that most FRIs in our sample are LERGs, with the majority
ccupying the lower half of the P–D space, as expected. Furthermore,
s noted earlier, a significant number of FRII LERGs populate the
ow-luminosity space, with a substantial portion also found abo v e
he luminosity break. This distribution emphasizes that FRII sources
an be either HERGs or LERGs depending on their evolutionary
ath. Notably, it seems plausible that some FRII LERGs appear to
volve into RDs as their jets cease activity, leading to a transition
nto less active states. The presence of a notable population of RD
ERGs with FRII-like structures suggests that, once the jet turns
ff, these sources expand and relax into lower energy configurations
haracteristic of remnant radio galaxies. 

Although most of our objects occupy the e xpected re gions on the
–D diagram, it is important to note that the size cuts used in our
lassification have led to the exclusion of a significant population
f sources. Many of these are compact objects that can only be
esolved at higher angular resolution (e.g. Chilufya et al. 2024 ), and
hey would occupy the left side of the P–D diagram. Similarly, on
he right side, we are missing a population of physically large low-
uminosity RLAGN, likely due to limitations in surface brightness
ensitivity in current surv e ys (Hardcastle et al. 2019 ). Despite these
aps, our analysis using the P–D diagram supports the robustness of
ur sample classifications in both morphology and optical emission-
ine class, which is crucial for the subsequent sections. 

.2 WISE colours 

he Wide-field Infrared Survey Explorer ( WISE ; Wright et al. 2010 )
lots shown in Figs 8 –10 are a powerful tool for understanding
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Figure 9. The distribution of various morphological classes within our sample in the WISE colour–colour space. Approximately 50 per cent of our sources 
have upper limits in W 3. To avoid clutter, we have not included left arrows to indicate that their true positions might be farther to the left than depicted. 

Figure 10. The figure shows the distribution of optical emission-line classifications (left panel) and morphological classifications (right panel) on the WISE 

W4 luminosity versus radio luminosity plane. Of the 2828 sources in our sample, only 766 have W4 detections, while the rest are represented as upper limits. 
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LAGN based on their mid-infrared (IR) properties (e.g. G ̈urkan,
ardcastle & Jarvis 2014 ; Mingo et al. 2016 , Hardcastle et al.,

ubmitted). The WISE W 1 band at 3.4 μm captures a mix of stellar
mission from the host galaxy and AGN-related components such
s hot dust and synchrotron emission. This band can be used as a
roxy for estimating host galaxy masses and consequently black hole
asses. The W 2 band at 4.6 μm reflects similar contributions but
ith a stronger influence from the torus of the AGN. The W 3 band

t 12 μm, which is highly sensitive both to warm dust from SFGs
nd to the torus, plays a crucial role in the separation seen in these
lots. While the W 4 band at 22 μm also captures a mix of radiation
rom SFGs and AGNs, it is more heavily influenced by the AGN
adiation, particularly from the cooler dust in the outer regions of
he AGN torus. The distribution of RLAGN in these colour spaces
herefore of fers v aluable insights into the nature of their host galaxies,
hich we explore further below. 
Fig. 8 presents the WISE colour–colour diagram highlighting the

istribution of our sample in optical emission-line classifications.
s expected, a majority of our HERGs occupy regions with higher
alues of W 2 − W 3 > 2, while LERGs are clustered at lower values
 1 − W 2 < 0 . 5 and W 2 − W 3 < 2, reflecting stronger and weaker
id-IR emission, respectively. This means that HERGs typically

xhibit more substantial amounts of warm dust than LERGs (e.g.
est et al. 2005 ; Williams et al. 2018 ), as their higher levels of SF
nd AGN activity generate more intense radiation, which heats the
urrounding dust (e.g. Dicken et al. 2010 , 2012 ). Ho we ver, we see
ome o v erlap between the two classifications, as e xpected, giv en that
early half of the sources in our sample lack detections in the W 3
and and are represented by upper limits. Many of the upper limits
n W 3 are from LERGs (1396 out of 2694), with a minority coming
rom HERGs (27 out of 134). 

If we adapt Fig. 8 to the morphological classifications in our
ample, we find that a significant fraction of FRI, FRII, WAT,
AT , HT , and RD sources occupy the e xpected re gions (Fig. 9 ),
redominantly associated with massive elliptical hosts, with many
lassified as LERGs. Additionally, the objects located in the HERG
egion of Fig. 8 are mostly high-luminosity FRII sources, as noted
n the previous section. The differences between FRII HERG and
RII LERG environments suggest distinct host galaxy properties
espite their similar morphologies. FRII HERG hosts may exhibit
ubstantial amounts of warm dust, as earlier noted for the general
ERG population, while FRII LERG hosts are likely associated with
ore quiescent galaxies, consistent with the general characteristics

f the LERG population. 
Recent studies (e.g. G ̈urkan et al. 2014 , Hardcastle et al., submit-

ed) have demonstrated a correlation between low-frequency radio lu-
inosity and mid-IR luminosity, showing a clear separation between
ERGs and LERGs around 10 43 erg s −1 in the WISE W 4 band. This

orrelation provides a basis for inferring the relationship between
ptical emission-line classification and morphological classification
ithin our sample. To investigate this, we calculated W 4 luminosities

or our sources by first estimating the mean spectral index between
 3 and W 4. WISE Vega magnitudes were then converted to flux

ensities, applying a K-correction term to derive W 4 luminosities.
dditionally, radio luminosities in W Hz −1 were converted to units of

rg s −1 to ensure consistency with the mid-IR luminosities, enabling
 direct comparison between the two. 

Fig. 10 is a plot of W 4 luminosity versus radio luminosity. The
ajority of HERGs (left panel) exhibit higher W 4 luminosities,

onsistent with the findings of G ̈urkan et al. ( 2014 ). Ho we ver,
 significant fraction of LERGs also exceed this W 4 luminosity
hreshold, though the majority of their values are upper limits.
NRAS 539, 463–486 (2025) 
otably, only about 27 per cent of the sources in this plot have
etections in W 4, which naturally leads to considerable o v erlap
etween the classifications. 

On the right panel of Fig. 10 , FRIIs display a wide range of
uminosities, spanning from low to high values. This distribution
ligns with the presence of numerous low-luminosity sources at
44 MHz frequencies (Mingo et al. 2019 ). Specifically, FRII HERGs
ccupy re gions abo v e 10 44 erg s −1 in W 4 luminosity and 10 41 erg
 

−1 in radio luminosity. In contrast, FRI and WAT sources exhibit
cattering on this plane, with many FRIs seen below the W 4 − L 144 

hreshold. Meanwhile, other morphological classes tend to cluster
long the ‘main sequence’, suggesting a more uniform distribution. 

These results indicate that distinctions in radio morphology,
raditionally established through radio observations, are also evident
n mid-IR observ ations. Ho we ver, caution is necessary when clas-
ifying AGN using these methods, as o v erlaps between classes are
ignificant. As shown in the right panel of Fig. 10 , only FRII HERGs
an be classified with reasonable precision using this approach. 

The results of this study complement previous research (e.g.
ateos et al. 2012 ; Stern et al. 2012 ; G ̈urkan et al. 2014 ; Mingo et al.

016 , 2019 ; Prescott et al. 2018 ; Hardcastle et al. 2019 ), highlighting
he value of mid-IR observations in enhancing radio and optical
tudies (Assef et al. 2013 ). This multiwavelength approach provides
eeper insights into the nature of RLAGN and their surrounding
nvironments. 

.3 Host galaxy mass 

n the previous section, we discussed the environments of our sources.
ere, we shift focus to examine their host galaxy masses using mass

stimates from Hardcastle et al. ( 2023 ). For this analysis, we only
onsider objects with reliable mass estimates abo v e the threshold
f log 10 ( M � / M �) > 10 8 . 5 , as v alues belo w this are considered
nreliable due to uncertainties in photometric redshift estimates.
his selection leaves us with 2185 out of 2828 objects, which we
nalyse below. 

Fig. 11 provides insights into the distribution of host galaxy masses
or various RLAGN populations in our sample, classified by their
adio morphology (top and middle plots) and excitation type (bottom
lot). As shown in the top plot, FRI sources tend to have slightly
igher host masses on average compared to FRII sources, as expected,
hough the difference is not pronounced at higher stellar masses.
o we ver, we notice a tail of low-mass FRIIs below log 10 ( M � / M �) <
0 . 5. This result has also been reported previously (e.g. Mingo et al.
019 , 2022 ), and likely reflects a selection bias, given the significant
opulation of low-luminosity FRIIs in our sample as highlighted
n Section 4.1 . FRIIs in our sample therefore span a wide range
f host galaxy masses, from moderately massive to very massive
ystems, showing that these objects are found across a broad host
ass spectrum. We also observe that RDs follow the same trend as
RIIs, which aligns with previous suggestions that RDs are fading
RIIs whose jet activity has been ‘turned off’. 
The WATs in our sample on average show host galaxies that are on

he more massive end compared to NATs and HTs. This is consistent
ith previous findings (e.g. Hardcastle & Sakelliou 2004 ) where

hese objects are expected to be in the central regions of galaxy
lusters and so would naturally be associated with massive galaxies.
 large fraction of NATs ho we ver are biased towards the lower mass

nd of the plot implying that these sources reside in lower mass
alaxies. This is also expected as NATs are often associated with
alaxies lying on the outskirts of groups or clusters. 
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Figure 11. Distribution of host galaxy mass categorized by morphology 
(top and middle) and emission-line class (bottom). The legend provides a 
breakdown of each classification with reliable host mass estimates. 
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As noted in Section 1 , HERGs are generally observed to reside
n less massive galaxies than LERGs (e.g. Best et al. 2005 ; Smol ̌ci ́c
t al. 2009 ; Best & Heckman 2012 ; Gendre et al. 2013 ; Kondapally
t al. 2022 ), often in environments with abundant cold gas that can
uel SF. In contrast, LERGs are predominantly found in more massive
lliptical galaxies, characterized by older stellar populations and less 
as available for accretion compared HERGs. The bottom panel of 
ig. 11 confirms this trend, showing that LERG host galaxies are 
enerally more massive than those of HERGs. We also see that 
ERGs display a broader mass distribution, including a tail of lower 
ass sources. This low-mass subset belongs to the low-luminosity 
RII category discussed earlier and occupies the SFG region in 

he WISE colour–colour diagram (Mingo et al. 2016 , Section 4.2 ).
dditional optical data from the WEAVE-LOFAR spectroscopic 

urv e y (Smith et al. 2016 ), which utilizes the William Herschel
elescope’s (WHT) new high-multiplex optical spectrograph, the 
HT Enhanced Area Velocity Explorer (WEAVE), is needed to 

onfirm the fuelling mechanism for this low-mass category. 

.4 Cor e pr ominence 

he core prominence ( P c ), defined as the ratio of core to total
adio emission, is a key parameter in understanding the physical 
rocesses occurring in these RLAGN. It offers insights into the 
rientation of radio jets relative to our line of sight (e.g. Orr &
ro wne 1982 ), the acti vity state of the AGN, and the underlying
echanisms driving jet production and evolution (e.g. Saikia et al. 

995 ; Baldi, Capetti & Giovannini 2015 ). A key advantage of the
44-MHz radio observations used in this study is their ability to 
etect older radio populations (e.g. Hardcastle et al. 2016 ), which 
re often challenging to observe at higher frequencies. This allows 
s to use the core prominence to explore the different morphological 
nd emission-line classifications within our sample, as well as to 
dentify and classify other AGN populations, such as remnant and 
estarted candidate sources (e.g. Brienza et al. 2017 ; Mahatma et al.
019 ; Nair et al. 2024 ). 
To calculate the P c parameter, we first obtained VLASS images 

Lacy et al. 2020 ; Gordon et al. 2021 ) for all our objects and used
he optical RA and Dec. coordinates to identify the brightest pixel
ithin each VLASS field. Operating at a frequency of 3 GHz (angular 

esolution of 2.5 arcsec), VLASS provides higher frequency radio 
ata compared to the 144-MHz data from LOFAR. For each source,
e recorded the local root mean square (RMS) noise. If the measured

ignal-to-noise ratio fell below the 3 σ threshold, as was the case
or 216 objects in our sample, we replaced the flux value with an
pper limit equal to the 3 σ value to account for non-detections.
e then compared these VLASS core flux measurements to the 

OFAR total flux at 144 MHz to calculate P c for each source. This
pproach allowed us to assess the AGN core contribution at different
requencies. 

In general, core prominence values for RLAGN fall within the 
ange −4 < log 10 P c < 0 (e.g. Hardcastle et al. 1998 ; Mullin,
iley & Hardcastle 2008 ; Laing & Bridle 2014 ), with FRIs generally

howing higher P c values than FRIIs. This trend is reflected in our
ample (top panel of Fig. 12 ), where on average, FRIs seem to
ave higher P c values compared to FRIIs. This result means that
 greater contribution in FRIs comes from the core emission relative
o the total radio output. This behaviour may be attributed to a
otential restarting phase, differences in their jet formation processes, 
rientations, and other underlying physical conditions. For instance, 
RIs having lower radio luminosities than FRIIs on average can 
esult in an increased content of non-radiating particles for the same
et power (e.g. Croston et al. 2018 ), which can contribute to their
MNRAS 539, 463–486 (2025) 
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Table 6. Morphological breakdown of selected rem- 
nant and restarted candidates based on visual inspec- 
tion, with the number of HERGs in each category 
indicated in brackets. 

Morphology Remnant Restarted 
candidates candidates 

FRI 8 [1] 
FRII 20 48 [6] 
WAT 1 
NAT 1 
HT 1 
RD 39 [1] 19 [2] 
Total 70 [2] 67 [8] 

Figure 13. The distribution of core prominence within the FRII sample, 
separated into LERG and HERG. The analysis includes the full luminosity 
range and a subset of high luminosity FRIIs, as described in the text. The 
FRI LERG sample is included for comparison. The number of objects for 
each category is included in the legend. The shaded regions represent the 1 σ
errors, estimated using the bootstrapping procedure. 
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igh core prominences. Additionally, FRI jets being slower and less
ollimated (e.g. Laing & Bridle 2014 ) suggests that dissipation may
ccur on smaller scales, in which case can lead to a higher fraction of
he emission being concentrated in the core region. FRIIs, ho we ver,
re characterized by their more powerful and well-collimated jets,
xhibiting significant extended lobes, which may dilute the core
ontribution in the total flux. 

We also observe that WATs and NATs in our sample have
ntermediate core prominences between FRIs and FRIIs, reflecting
he mixed nature of their structures. The significant bulk deceleration
f NAT jets on kpc scales, due to interactions with the ICM, as also
bserved in FRIs (e.g. Laing & Bridle 2014 ), likely explains the
ehaviour in these sources as well. This interaction can slow the
ets and redistribute energy between the core and extended lobes,
esulting in intermediate core prominences seen in Fig. 12 . HTs in
ur sample, ho we v er, e xhibit higher core prominences on average
ompared to WATs and NATs, with values o v erlapping those of FRIs
n the more core-dominated side of the distribution. Ho we ver, we do
ot have sufficient resolution to distinguish jet bases in FRIs, WATs,
ATs, and HTs from the flat spectrum core, which might contribute

o the high core prominence observed in these sources. Additionally,
igher P c values in HTs can be attributed to the more concentrated
nergy output in the core region, likely due to less disruption of
he central jets and stronger collimation. Higher core prominence
alues in some HTs may also be attributed to relativistic beam-
ng, where the one-sided radio morphology, characteristic of HTs,
ould indicate strongly beamed sources (e.g. Marin & Antonucci
016 ). 
It is unsurprising to observe a population of RDs in our sample

 xhibiting intermediate P c values, o v erlapping with both FRIs and
RIIs. A fraction of these sources have detectable (albeit faint)
adio cores, which explains the overlap of their core prominence
alues with those of FRIIs. This can be attributed to the ageing and
eceleration of the jets, particularly in the remnant phase, where
he lobes fade more rapidly than the core, leading to a higher
elative core contribution compared to the extended emission, thereby
le v ating P c v alues. Additionally, selection bias may play a role,
s structures with FRII-like morphologies but lacking prominent
otspots were classified as RDs instead of FRIIs. The higher
ore values could also indicate renewed AGN activity (restarted
ets; see Section 5.4 ), where fresh energy injection brightens the
ore even as the outer lobes fade, further increasing the core
rominence. 
In the bottom panel of Fig. 12 , we present the distribution

f our sample separated into HERGs and LERGs. We observe a
ontinuous distribution of P c values within the LERG sample, with
ore prominences peaking around log 10 P c ∼ −2. Around 54 per
ent of LERGs are abo v e this threshold, with FRIs dominating this
rea followed by HTs in comparison to their total populations in
he entire sample. Additionally, we note a significant presence of

ore core-dominated FRIIs in this region, as also highlighted in
he morphological distribution. A minority of these FRIIs show
ignatures of restarted AGN activity (see Section 5.4 ), which is
onsistent with the characteristics of more core-dominated FRIIs.
onversely, around 46 per cent of LERGs fall below this threshold,
hich coincidentally aligns with the proposed cut for selecting

emnant source candidates (e.g. Jurlin et al. 2021 ). We will re-
isit this point shortly, noting that FRII LERGs dominate this
egion. 

We expect HERGs to show higher average values of P c com-
ared to LERGs due to their active central regions. Ho we ver, this
xpectation is not met in our sample (Fig. 12 ). Approximately 83
NRAS 539, 463–486 (2025) 
er cent of HERGs fall below log 10 P c ∼ −2, and those abo v e
his threshold display signs of restarted activity, with FRII sources
ominating this category (see T able 6 ). T o further investigate the
ow core prominence observed in HERGs compared to LERGs,
e analyse the FRII sample which includes a large fraction of
oth HERGs and LERGs. This also provides an opportunity to test
he hypothesis that FRII LERGs are ‘switched off’ HERGs (e.g.
adhunter 2016 ; Macconi et al. 2020 ; Pierce, Tadhunter & Morganti
020 ; Mingo et al. 2022 ). If FRII LERGs represent a transitioned
opulation of FRII HERGs, we would expect their core prominence
istribution to be shifted to lower values than that of FRII HERGs,
ue to decreased core acti vity. Ho we ver, as sho wn in Fig. 13 , FRII
ERGs exhibit higher core prominence values than FRII HERGs,
uggesting that these two populations are distinct in this context.
 similar trend is observed when considering only high luminosity
RII LERGs and HERGs (i.e. abo v e the nominal threshold discussed

n this work). This conclusion is reinforced by the Mann–Whitney U
est, which reveals significant differences in their distributions, with
 -value of 1 . 5 × 10 −11 and 0.01, respectively. These results suggest
 fundamental distinction between FRII–LERGs and their HERG
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Figure 14. The distribution of core prominence as a function of ra- 
dio luminosity. The points, binned by luminosity with a bin size of 
	 log 10 L 144 / W Hz −1 = 0 . 5, represent the mean values with bootstrapped 
errors, estimated from the 68th percentile confidence interval. 
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Figure 15. Fraction of low-excitation and high-excitation radio galaxies 
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ounterparts, positioning FRII–LERGs as an intermediate population 
etween FRI–LERGs and FRII–HERGs. A further discussion on the 
RII sample is provided in Section 5.2 . 
For the broader LERG and HERG populations, previous studies 

ave demonstrated a strong dependence of core prominence on radio 
uminosity for both groups. Specifically, HERGs, which are typically 
igher radio-powered sources, tend to exhibit lower core prominence 
alues compared to LERGs (e.g. Mullin et al. 2008 ). This trend
uggests that, as radio power increases, the core prominence of 
ERGs diminishes relative to LERGs. This can be attributed to 

he fact that more powerful radio galaxies often have more extended 
adio structures, causing a greater proportion of emission to be spread 
cross larger regions of the source. As a result, the contribution from
he central active region is lo wer relati ve to the total emission, leading
o a decrease in core prominence. Ho we ver, in our sample, we find
o significant difference between HERGs and LERGs. Instead, both 
opulations show a decrease in core prominence with increasing 
adio luminosity, as highlighted in Fig. 14 . 

In addition to the discussion abo v e, we inv estigated the application
f proposed selection criteria for identifying remnant and restarted 
LAGN candidates, using cuts at log 10 P c < −2 and log 10 P c > −1,

espectively (e.g. Brienza et al. 2017 ; Jurlin et al. 2021 ). Ho we ver,
dopting these criteria would classify nearly half of our objects 
s remnant or restarting sources, which seems implausible. The 
istograms in Fig. 12 reveal a more continuous distribution of core 
rominences, rather than distinct populations, suggesting that core 
rominence may not provide a clear-cut distinction between remnant 
nd active sources. This continuous distribution could reflect the 
omplex and gradual evolutionary pathways of RLAGN, where 
ransitions between different phases (active, remnant, or restarted) 
re not sharply defined, but instead, o v erlap significantly. Therefore, 
e adopt a visual classification in this work, as was used by e.g.
aripalli et al. ( 2012 ) and Mahatma et al. ( 2018 , 2019 ) in selecting

hese objects. 
In principle, remnant sources should show no signs of central 

GN activity and can be identified by the absence of a radio core
t all frequencies, with only extended emission at lower frequencies, 
ften taking the form of amorphous structures (e.g. Mahatma et al. 
018 ). Following the remnant phase is the restarted phase, sometimes 
haracterized by a steep-spectrum radio core (e.g. Akujor et al. 1996 ), 
nd radio emission that mirrors past AGN activity. In objects with 
RII-like structures, this may manifest as small double lobes aligned 
ith older, larger lobes, forming the so-called double-double radio 
alaxies (DDRGs; e.g. Schoenmakers et al. 2000 ; Mahatma et al.
019 ; Dabhade et al. 2024 ). Therefore, restarted candidates can
enerally be selected by noting large-scale amorphous structures 
t lower frequencies and bright radio cores across all (or at higher)
requencies. We will discuss this further in Section 5.4.1 . 

 DI SCUSSI ON  

pproximately 95 per cent of our sample are low-excitation radio 
alaxies, with high-excitation radio galaxies making up the remain- 
ng ∼5 per cent, consistent with typical RLAGN distributions in 
he local Universe. Fig. 15 summarizes this distribution across radio 
uminosity, where we observe a decline in the LERG fraction and a
orresponding rise in the HERG fraction around 10 26 W Hz −1 , rep- 
esenting the well-known radio luminosity break between these two 
opulations (Ledlow & Owen 1996 ). We discuss the morphological 
lassifications within each emission-line sample in relation to the 
nalysis presented in previous sections, focusing on the relationship 
etween emission-line and radio properties. 

.1 The nature of FRIs 

n previous sections, we have shown that FRIs represent a population
f RLAGN characterized by diffuse jet structures extending from 

everal kpc to a few Mpc, lower radio luminosities, and moderate
o slightly higher core prominences, as is well kno wn. Belo w, we
iscuss whether these properties are related to their optical emission- 
ine classifications. 

Our sample reveals that the vast majority of FRIs exhibit a LERG
pectrum, which aligns with the typical characteristics observed in 
LAGN samples. Only six FRIs are classified as HERGs, which 

s consistent with the generally lower numbers of high excitation 
bserved in FRI radio galaxies. Given the limited number of FRI
ERGs in our sample, we focus primarily on FRI LERGs, as the

mall sample size of FRI HERGs does not provide enough statistical
ower for robust conclusions. However, we will briefly comment on 
he FRI HERG sample later in this section. 

The redshift distribution of FRI LERGs in our sample is nearly
niform across the entire range considered ( z < 0 . 57), which is
ypical for LERGs at these low redshifts, as shown on the left side
f Fig. 16 . This suggests that LERG morphological classifications 
n our sample can occur throughout the entire redshift range, with
o clear morphological preference in any specific range. At radio 
MNRAS 539, 463–486 (2025) 
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M

Figure 16. Fraction of morphological classes in the LERG sample as a function of redshift (left panel) and radio luminosity (right panel). Shaded regions are 
depicted as in Fig. 15 . 

Figure 17. The dependence of radio luminosity on host galaxy mass, 
showing the distribution of FRI and FRII galaxies in the LERG/HERG 

sample. Errors and luminosity bin size as calculated in Fig. 14 . 
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uminosities lower than 10 26 W Hz −1 , FRIs dominate the fraction
f sources in the LERG sample, with a notable decline in counts at
igher luminosities (right panel of Fig. 16 ). This pattern indicates that
RIs are the preferred morphology at lower luminosities in LERG
amples, while FRIIs become more prominent at higher luminosities
we will expand on this point in Section 5.2 . 
It is well established that low-luminosity radio sources typically

o not exhibit significant recent SF (e.g. Capetti, Massaro & Baldi
017a , and references therein), with studies showing that these
ources tend to fa v our host galaxies that are redder and more massive
ompared to their higher luminosity counterparts (e.g. Baldi &
apetti 2008 ; Herbert et al. 2010 ). This trend suggests that low-

uminosity sources are often hosted in older, quiescent galaxies,
here SF has largely ceased, and the galaxy is in a more evolved

tate. In contrast, higher luminosity sources are often associated with
alaxies that exhibit ongoing SF, where a reservoir of cold gas likely
uels both the AGN and SF. Using mid-IR diagnostics (Section 4.2 ),
e find that a large fraction of low-luminosity FRI LERGs in our

ample are hosted by redder hosts, in agreement with the results
eported for the FRI catalogue compiled using NVSS, FIRST, and
DSS observations (FRI CAT ; Capetti et al. 2017a ). Conversely,
igh-luminosity FRI LERGs in our sample seem to occupy the star-
orming region of the WISE colour–colour plot. Ho we ver, we lack
ufficient data to confirm the presence of active SF in these objects. 

Although we lack specific environmental richness data to explore
his trend further, we note a strong correlation between host galaxy

ass and radio luminosity (Fig. 17 ). Less luminous FRI LERGs
NRAS 539, 463–486 (2025) 
end to reside in less massive hosts, while higher luminosity FRI
ERGs are found in more massive galaxies (e.g. Capetti et al. 2017a ).
rom this, we can infer that FRI LERGs at higher luminosities are
ore likely to inhabit richer environments compared to their lower

uminosity counterparts (e.g. Croston et al. 2019 ). As a result, the
ost environment plays a crucial role in shaping the characteristics
f the host galaxy (e.g. Gendre et al. 2013 ) and the level of SF rates
urrounding the AGN, thereby influencing the nature of FRI sources.

In Fig. 18 , we examine the dependence of core prominence
n host mass and observe no significant trend in the FRI LERG
ample, indicating that stellar mass does not significantly impact core
rominences, nor does it influence the formation of FRI jets. This
utcome aligns with findings for more core-dominated sources, such
s FR0s (for recent re vie ws see Baldi 2023 ), which are also hosted
y similar environments to those of FRIs. Thus, it is reasonable to
onclude that core prominence has little to no bearing on whether an
RI source is classified as a HERG or LERG. Finally, we observe

hat the morphologies of FRI LERGs and FRI HERGs exhibit
imilar features, including the presence or absence of a radio core,
 shared characteristic despite differences in optical emission-line
lassification. Although limited by a small sample of FRI HERGs,
hese results suggest that the presence of a radio core is not solely
etermined by emission-line classification. 
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Figure 19. Comparison of HERG (pink) and LERG (cyan) distributions in 
redshift and physical size within the FRII sample. The number of sources in 
this plot is given in the legend of Fig. 20 . Note that selection effects may 
influence the distribution of sources on these plots. 
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.2 The nature of FRIIs 

n recent years, a substantial number of FRII sources has been 
dentified at lower flux limits through low-frequency surveys such as 
oTSS, revealing a wide range of radio and emission-line properties. 
Mingo et al. ( 2019 ) observed a substantial population of FRII

ources spanning a broad range of radio luminosities, challenging 
raditional assumptions that high-luminosity FRIIs were the norm. 
his finding revealed a more diverse set of host galaxy environments 
nd intrinsic galaxy properties within FRII populations. To explore 
his div ersity, the y divided the sample into low-luminosity and 
igh-luminosity FRII sources, setting a threshold of approximately 
0 26 W Hz −1 at 144 MHz to investigate differences between these 
opulations. Their results showed that low-luminosity FRIIs, while 
raditionally thought to resemble FRI sources, still maintained the 
dge-brightened jet structures characteristic of FRIIs, indicating 
hat morphology was not strictly tied to luminosity. Our sample 
hows similar trends, with a notably higher fraction of FRIIs at 
ower luminosities (69 per cent) compared to the 51 per cent of
ow-luminosity FRIIs reported by Mingo et al. ( 2019 ). FRIIs also
ominate at the high-luminosity end (Section 4.1 ), as is well known.
iven the substantial numbers of FRII LERGs and HERGs in 
ur sample (Table 5 ), the general picture is that low-luminosity 
RIIs are primarily dominated by LERG-type spectra, whereas 
igh-luminosity FRIIs are predominantly HERGs. This result aligns 
ell with the findings of e.g. Capetti et al. ( 2017b ), who, in their

ompilation of FRII sources (FRII CAT ) using NVSS, FIRST, and 
DSS data, report a sample comprising 90 per cent LERGs and 10
er cent HERGs. 

From a morphological perspective, our inspection of FRII LERGs 
nd FRII HERGs reveals no clear distinction between LERG and 
ERG classifications or between low- and high-luminosity sources. 
oth LOFAR and VLASS images show prominent features typical 
f FRII sources across the sample (Figs A1 and A2 ), such as bright
otspots and/or radio cores, which are expected characteristics for 
he FRII population as a whole. Additionally, the redshift and size 
istributions for FRII HERGs and LERGs, as well as for high- and
o w-luminosity sources, sho w no significant dif ferences from each 
ther as shown in Fig. 19 . 
Mingo et al. ( 2022 ) also found that in the LoTSS Deep Fields

Duncan et al. 2021 ; Kondapally et al. 2021 ; Sabater et al. 2021 ;
asse et al. 2021 ), low-luminosity FRII sources are predominantly 
ssociated with LERGs, while high-luminosity FRIIs tend to be 
ERGs. This distinction suggests that while FRII morphology can 

merge from both high- and lo w-ef ficiency accretion modes, the 
ccretion mode significantly impacts the luminosity and emission- 
ine properties of these sources. Our findings support this result, 
ndicating that FRII morphologies may arise under a broader range 
f conditions than previously thought, with radio luminosity and 
ccretion mode acting as distinct yet influential factors shaping the 
bservable characteristics of radio galaxies. 
In Fig. 17 , we observe a trend where radio luminosity increases

ith host mass across all FRII classifications. At a given host mass,
RII HERGs consistently exhibit higher radio luminosities than FRII 
ERGs. Conversely, at a given radio luminosity, FRII LERGs tend to
av e more massiv e hosts than FRII HERGs, supporting the idea that
arger host galaxies can sustain more active AGN (e.g. Sabater et al.
019 ). When comparing FRII LERGs with FRI LERGs, a distinction
merges between the two. Although this result may be influenced by
election effects, both classes exhibit a strong dependence of radio 
uminosity on host mass, particularly at the high-mass end. Ho we ver,
RII LERGs appear to be more commonly hosted by a broader range
f galaxies, though with a lower median mass compared to FRI
ERGs, as previously noted (e.g. Mingo et al. 2022 , Section 4.3 ). 
We demonstrated in Section 4.4 that FRII HERGs, on average, 

xhibit lower core prominences than FRII LERGs. However, further 
nalysis of the relationship between core prominence and host 
alaxy mass (Fig. 18 ) shows no dependence of core prominence
n host galaxy mass in our sample, consistent with findings from
he FRI sample in the previous section. Additionally, we previously 
ighlighted that the differences in core prominence distributions 
etween FRII LERGs and their HERG counterparts challenge the 
otion that FRII LERGs are simply ‘switched-off’ FRII HERGs. 
his suggests intrinsic differences between the two populations, 
articularly in their accretion mechanisms. To explore this further, we 
xamine the distribution of Eddington-scaled accretion rates within 
he FRII sample below. 

Following Mingo et al. ( 2014 ), Eddington-scaled accretion rates 
an be estimated using the relation: 

˙  Edd = 

L bol , [ O III ] + Q jet 

L Edd 
. (1) 

Here, L bol , [ O III ] is the bolometric radiative luminosity, which is 
elated to the [O III ] luminosity by L bol , [ O III ] = 3500 L [ O III ] (Heckman
t al. 2004 ). The Eddington luminosity is given by L Edd = 1 . 3 ×
0 31 M BH / M �W. To estimate the black hole mass M BH , we use the
caling relation M BH ≈ 0 . 0014 M � , where the black hole mass is
pproximately 0.14 per cent of host galaxy mass (H ̈aring & Rix
004 ). 
The mechanical luminosity of the jet (jet power, Q jet ) can be

stimated using the relation Q jet ∝ L 

β

radio , where β ∼ 0 . 6 − 0 . 9
epending on the assumptions of the model (e.g. Cavagnolo et al.
010 ; Daly et al. 2012 ; Heckman & Best 2014 ; Ineson et al. 2017 )
nd L radio is the radio luminosity. In this work, we adopt the approach
escribed by Hardcastle et al. ( 2019 ) in estimating Q jet , which does
ot rely on this scaling relation. We apply a dynamical model of
LAGN evolution that takes into account observable parameters such 
s redshift, source size, and 144 MHz radio luminosity. Although we
ack other parameters such as environmental richness and angle to the
ine of sight for each of our sources to refine this model, Hardcastle
t al. ( 2019 ) showed that the model provides a robust statistical
stimate of Q jet , particularly for large samples, as it accounts for
adiativ e losses, inv erse-Compton effects, and general environmental 
roperties (e.g. gas density and temperature in galaxy groups or 
lusters). 

Fig. 20 shows the distribution of the LERG and HERG population
ithin the FRII sample on the Q jet − L 144 plane, calculated using the
ethods of Hardcastle et al. ( 2019 ). We observe a strong correlation
MNRAS 539, 463–486 (2025) 
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Figure 20. Distribution of the LERG and HERG populations in the FRII 
sample on the Q jet − L 144 plane, with jet powers estimated using the methods 
of Hardcastle et al. ( 2019 ). 

Figure 21. Eddington-scaled accretion rates for the FRII HERG and FRII 
LERG samples, with the FRI LERG sample included for comparison. Note 
the difference in the FRII populations in the legend of this plot and Fig. 20 ; 
only sources with reliable host mass estimates (see Section 4.3 ) are shown 
here. Separate plots are shown for the LERG sample, distinguishing between 
sources with and without bolometric radiative luminosities estimated from 

[O III ] measurements, as some LERGs lack these measurements. Shaded areas 
as in Fig. 15 . 
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etween jet power and radio luminosity, as we would expect if
et powers were estimated using the jet power-radio luminosity
caling discussed abo v e, and we use these results to estimate
ddington-scaled accretion rates. Fig. 21 shows the distribution
f these Eddington-scaled accretion rates estimated using equation
 1 ). For sources lacking [O III ] measurements, we approximate
˙  Edd ≈ Q jet /L Edd , a particularly useful approach for LERGs, as they
re inefficient at producing [O III ] emission, which, when measured,
s often boosted by the jet rather than accretion. Comparing the
ERG sample under both methods of estimating ṁ Edd – with and
ithout including radiative luminosity – confirms that they display

onsistently low accretion rates, as expected (e.g. Mingo et al. 2014 ;
ondapally et al. 2025 ). Conversely, the HERG sample has reliable

O III ] measurements, allowing their Eddington rates to be estimated
olely using equation ( 1 ). 
NRAS 539, 463–486 (2025) 
We see that our results agrees with previous studies (Best &
eckman 2012 ; Mingo et al. 2014 ) and theoretical models, which
redict that the accretion mode in RLAGN transitions at a specific
hreshold of Eddington-scaled accretion rates, typically occurring
round log 10 ṁ Edd ∼ −2 and −3, depending on f actors lik e black
ole spin (e.g. Best & Heckman 2012 ; Whittam et al. 2022 ) and sur-
ounding environmental conditions. The FRII HERGs exhibit higher
ddington ratios (abo v e 1 per cent), consistent with expectations for
ources operating in RE accretion mode. In this regime, the accretion
isc is optically thick and geometrically thin, emitting substantial
hermal energy in the optical and UV bands. In contrast, FRII LERGs
ccrete below 1 per cent Eddington, with their distribution indicating
 transition to RI accretion mode. This regime is characterized by a
eometrically thick and optically thin accretion structure, such as an
DAF or RIAF, where most of the energy remains as kinetic output

n jets rather than being radiated. 
Although we observe some overlap between FRII HERGs and

RII LERGs, a clearer separation emerges below 1 per cent Edding-
on when comparing FRII HERGs with FRI LERGs. This distinction
ighlights the different accretion modes between FRI LERGs (and
ERGs more broadly) and FRII HERGs. Ho we ver, we note that the

et-launching mechanisms in FRI LERGs and FRII LERGs could
hare similarities. Based on core prominence and these results, it
s reasonable to conclude that FRII LERGs represent a distinct
opulation, exhibiting intermediate properties between FRI LERGs
nd FRII HERGs (e.g. Macconi et al. 2020 , Section 4.4 ). Ho we ver,
dditional data, such as the particle content in their lobes (e.g.
roston et al. 2008 ; Croston et al. 2018 ), are needed to draw robust
onclusions. 

.3 The nature of bent-tail and relaxed double sources 

.3.1 WA Ts, NA Ts, and HTs 

n this section, we discuss WA Ts, NA Ts, and HTs. These objects have
een classified using various methods, with our work employing a
isual morphological classification (Section 3.1 ). While they are
ommonly considered FRIs, they appear to be more closely asso-
iated with galaxy clusters (e.g. Blanton et al. 2001 ; Smol ̌ci ́c et al.
007 ; Morris et al. 2022 ; Missaglia et al. 2023 ) rather than the galaxy
roups typically fa v oured by FRIs. None the less, they represent an
mportant subgroup of radio galaxies, essential for understanding the
 v erall evolution of radio galaxies and their environments. 
It is well known that narrow and wide angle tails are found in

icher environments (typically in clusters showing signs of merging
ather than relaxed clusters; e.g. Morris et al. 2022 ) compared to
he general RLAGN population at the same radio luminosity. WATs
end to fa v our the cores of galaxy clusters, where systematic gas

otions are intense, while NATs are typically located away from
he cluster centres, where gas motions are less pronounced. Head-
ails, on the other hand, largely share the same environments as
ATs, leading to suggestions that these objects are simply unresolved
ATs observed face-on (e.g. Terni de Gregory et al. 2017 ). This
nvironmental difference is thought to play a key role in shaping
heir structures. 

We lack cluster information for these sources to further examine
heir hosts. Ho we ver, using mid-IR data (Fig. 9 ), we observe no
ignificant differences between the hosts of WA Ts, NA Ts, and HTs
ompared to the general RLAGN population in our sample, as noted
y several authors previously (e.g. Missaglia et al. 2019 ; O’Dea &
aum 2023 , and references therein). Despite this, the host masses
iffer, with WATs fa v ouring more massive hosts than NATs and HTs,
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Figure 22. As in Fig. 17 , but now showing the bent-tail LERG sources from 

our sample. The FRI plot is also included for reference, shown as dotted lines. 
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Figure 23. Core prominences for candidate remnant and restarted sources in 
our sample, with the general RLAGN population shown in the background. 

a
t
w

s
f  

(  

i  

a  

3  

s  

w  

r
n

s
m  

h  

e  

r
r
W
S  

2  

w
s  

s
o  

t

c
d
o
o  

c  

t
f  

n  

t
v  

t
b

c
T  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/539/1/463/8098236 by guest on 26 February 2026
s shown in Figs 11 and 22 . In the radio luminosity versus host galaxy
ass plane (Fig. 22 ) and in terms of physical extent (Fig. 6 ), these

ources o v erlap with FRI sources, including their core prominences 
Section 4.4 ). This highlights the idea that bent sources are simply
ighly distorted FRI sources, with their morphologies influenced by 
am pressure as they move through galaxy clusters of different gas 
ensities and motions. The fact that a large fraction of these sources
re classified as LERGs with only a small minority spectroscopically 
lassified as HERGs (Table 5 ) further supports this suggestion. 

.3.2 RDs 

elaxed doubles represent a unique population of radio galaxies that 
ould provide valuable insights into the life cycles of AGN activity. 

Approximately 5 per cent of sources in our sample were classified 
s RDs, with four identified as HERGs and the remaining 149 
s LERGs (Table 5 ). Although we do not see notable differences
etween RDs and the general population in our sample in terms
f radio power–linear size relationship (Fig. 6 ), mid-IR diagnostics 
Fig. 9 ), host galaxy mass (Fig. 11 ), or core prominence distributions
Fig. 12 ), these sources exhibit interesting morphological features 
Figs A1 and A2 ), such as amorphous lobes that resemble those
een in FRII sources. Examination of RD HERGs and RD LERGs
rovides no clear indication of a relationship between emission-line 
lass (though the HERG sample is small) and morphology. Ho we ver,
e observe core detections at higher frequencies in some objects from 

oth groups, suggesting one of two possibilities: either a restarting 
ctivity phase or a fading radio core before transitioning into the 
emnant phase. We discuss this further in the next section (Section 
.4 ). 

.4 Subcategories: remnant, restarted, and giant candidates 

ere, we discuss the construction of a subsample of remnant and 
estarted RLAGN candidates within our sample. The section pro- 
resses by discussing radio and emission-line properties of remnant 
nd restarted candidates (Section 5.4.1 ) and we examine a population 
f giant RLAGN candidates in Section 5.4.2 . 

.4.1 Remnant and restarted candidates 

n Section 4.4 , we showed that the analysis of core prominences ( P c )
n our sample agrees with trends reported in the literature but also
aises questions on the validity of using P c to distinguish between 
ctive, remnant, and restarted sources. We apply a visual classifica- 
ion to select remnant and restarted candidates, to investigate how 

ell P c would classify our objects as remnants. 
We classified our remnant candidate sample by first selecting all 

ources without core detections in VLASS images (3 GHz central 
requency), resulting in 501 sources. As noted by e.g. Mahatma et al.
 2018 ), a non-detection at higher frequencies does not necessarily
ndicate a remnant phase, and we found similar results (see Figs A1
nd A2 for images of sources that are without core detections at
 GHz yet appear active at 144 MHz). Many of the 501 sources
ho w acti vity at 144 MHz – such as bright radio lobes or cores – so
e excluded these. The remaining 70 sources meet the criteria for

emnant phase classification, exhibiting amorphous structures with 
o defined lobes or cores at 144 MHz. 
Methods for selecting restarted candidates in the literature are 

omewhat ambiguous due to limited surface brightness sensitivity in 
ost surv e ys, which often leads to misclassification. F or e xample

otspots in WATs can be mistaken for double lobes if the diffuse
mission from WATs is undetected, and jet knots in FRIs can also
esemble double lobes. To clarify distinctions between active and 
estarted sources, we retained only FRII and RD classifications. 

ithin these, we selected only FRIIs that resemble DDRGs (e.g. 
choenmakers et al. 2000 ; Mahatma et al. 2019 ; Dabhade et al.
024 ), resulting in 48 sources. For RDs, we included only sources
ith core detections at both 144 MHz and 3 GHz, requiring steep core 

pectral indices ( α > 0 . 5; e.g. Akujor et al. 1996 ) and amorphous
tructures (low surface brightness lobes). This resulted in a sample 
f 19 RDs that are potential restarted candidates. Our final sample
herefore comprises a total of 67 restarted candidates. 

Table 6 summarizes the classifications of remnant and restarted 
andidates along with their emission-line distributions. Fig. 23 
isplays the distribution of core prominences for the final sample 
f these candidates. As previously noted, the continuous distribution 
f core prominences in Fig. 12 does not serve as a reliable selection
riterion for these sources, and the final selection in Fig. 23 confirms
his observation. While a significant fraction of candidate remnants 
all below the proposed threshold of log 10 P c < −2, this pattern does
ot apply to restarted candidates, with only a small proportion abo v e
he suggested threshold of log 10 P c > −1. Consequently, a single P c 

alue cannot be used to select these sources in our case study. None
he less, their morphologies suggest that these sources could indeed 
e potential remnant and restarted candidates. 
Fig. 24 shows the host environments of remnant and restarted 

andidates based on mid-IR information and host galaxy masses. 
he findings reveal that both types of candidates span a range
MNRAS 539, 463–486 (2025) 
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Figure 24. Mid-IR environments of remnant and restart candidates. The inset 
shows the distribution of host galaxy mass for these cate gories, o v erlaid on 
the general RLAGN population in our sample. Circles highlight, respectively, 
remnant and restart candidates spectroscopically classified as HERGs. 
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f environments – from red, massive elliptical galaxies to bluer,
FGs. This o v erlap suggests a short interval between the remnant
nd restarted stages, enabling both populations to appear in similar
ost environments (e.g. Mahatma 2023 , and references therein). This
attern supports the hypothesis of a rapid transition between these
hases. Notably, we observe a few restarted candidates, including
ome restarted HERGs, within the AGN-dominated region, whereas
emnant candidates are absent from this area, as expected. 

Our study of remnant and restarted candidates aligns well with
revious studies (e.g. Brienza et al. 2017 ; Mahatma et al. 2018 ,
019 ; Jurlin et al. 2021 ; M ̈uller et al. 2021 ), though here we can
raw more robust conclusions due to having optical emission-line
lassifications for all sources in our sample. Most remnants and
estarted candidates in our sample are classified as LERGs, although
e do observe a few remnant HERGs, which is unexpected since

hese sources are thought to be in a fading stage, generally lacking
he nuclear activity that produces strong ionization. Examining their

orphologies confirms they are likely true remnant candidates. A
loser look at their emission-line classifications reveals that these
ERGs were classified based on the specific [O III ] approach shown

n Fig. 5 , falling below the 80 per cent reliability threshold considered
n this work (classified as HERG with scores around 50 per cent and
5 per cent for the two sources; Drake et al. 2024 ). Ho we ver, Fig. 5
hows o v erlapping distributions, highlighting the classification’s
imitations, as expected for a method that is not perfectly accurate. 

We also examined the morphologies of restarted candidates clas-
ified as HERG and LERG, finding no morphological distinctions
etween the two, as highlighted in earlier sections for other mor-
hological classifications. These candidates display a broad range of
izes, with around 37 per cent having sizes o v er 700 kpc. Notably,
ve out of the eight HERG restarted sources fall into this large-size
ategory, indicating that restarted HERGs can reach e xtensiv e sizes
imilar to their LERG counterparts. This suggests that emission-
ine classification alone may not adequately predict the AGN duty
ycle, as both HERG and LERG restarted sources share o v erlapping
haracteristics in scale and structure. 
NRAS 539, 463–486 (2025) 
In conclusion, our findings imply that factors beyond emission-
ine class – such as environmental influences or episodic accretion
see e.g. Hardcastle & Croston 2020 ) – may play significant roles in
he AGN duty cycle. 

.4.2 Giant candidates 

e identified a subset of RLAGN whose radio emission extends
eyond 700 kpc, commonly referred to as giant radio galaxies
GRGs; e.g. W illis, Strom & W ilson 1974 ; Ishwara-Chandra & Saikia
999 ; Schoenmakers et al. 2000 ; Dabhade et al. 2020a , b ; Delhaize
t al. 2021 ; Oei et al. 2022 , 2024 ; Simonte et al. 2022 ; Bhukta
t al. 2024 ). The structures of GRGs include radio lobes, jets, and
ometimes hotspots, extending far beyond their host galaxies (see
mages in Figs A1 and A2 ). Although GRGs are considered rare
ompared to ‘normal’ radio galaxies (RGs), the primary distinction
bserved so far is their age, as there is no evidence suggesting
hey constitute a unique population of AGN (e.g. Lan & Prochaska
021 ). 
Previous studies indicate that GRGs predominantly exhibit FRII
orphologies, while FRI giants are less common due to their diffuse

adio emissions, which are often undetected by most radio surv e ys
e.g. Delhaize et al. 2021 ). Ho we ver, in our sample, we observe
hat although FRII giant candidates dominate (218 out of 554), a
ignificant fraction also displays FRI morphologies (191 out of 554).
dditionally, our sample includes giant candidates with WAT (81 out
f 554), NAT (7 out of 554), HT (18 out of 554), and RD (39 out of
54) morphologies, suggesting that GRGs can exhibit various forms.
urther information, such as cluster data for these bent-tailed GRGs,
o we ver, is needed to confirm whether these galaxies are indeed bent-
ailed GRGs, although it has been established that a small population
f GRGs resides in cluster environments (e.g. Dabhade et al. 2020b ).
herefore, it is not surprising that we observe a significant population
f bent-tailed GRGs, given that WATs and NATs, for instance, tend
o fa v our such environments (e.g. Hardcastle & Sakelliou 2004 ). 

Although the largest GRG reported to date extends up to 7 Mpc
Oei et al. 2024 ), GRGs with sizes greater than 2 Mpc are rare in GRG
atalogues, comprising only about 9 per cent (Dabhade et al. 2020b ).
e observe a similar trend in our sample, with only 4 per cent (22 out

f 554) of GRGs exceeding 2 Mpc. The largest object in our sample
as a physical size of approximately 3.9 Mpc and is classified as an
RII. This source has a radio luminosity of around 3 × 10 25 W Hz −1 

nd is classified as an LERG, consistent with findings for most of the
argest GRGs (e.g. Dabhade et al. 2020b ; Delhaize et al. 2021 ). 

The P–D space of Fig. 25 highlights a population of HERG GRGs
52). Most of these are classified as FRIIs (47), with a smaller number
eing FRIs (3), WATs (1), and RDs (1). This observation supports
he idea that the physical size of GRGs is not determined solely
y their accretion mode but mainly determined by the age of the
adio source. While HERG GRGs are present, indeed, GRGs are
redominantly LERGs (e.g. Tadhunter et al. 1998 ), as evidenced by
he large number of LERG GRGs in our sample (502). These LERGs
re morphologically diverse, including 188 FRIs and 171 FRIIs.
ther morphological classifications, such as WA Ts (80), NA Ts (7),
Ts (18), and RDs (38), are also represented. Notably, there is no

ignificant difference in the host environments of GRGs compared
o the o v erall RLAGN sample, as demonstrated by the WISE colour–
olour space and host galaxy mass in Fig. 25 . Additionally, GRGs
xhibit a wide range of core prominences, consistent with the
resence of restarted and remnant sources, which represent older
opulations of RLAGN. 
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Figure 25. Left : P–D diagram of GRG candidates with core prominence histogram insert. The vertical line marks the GRG size threshold (abo v e 700 kpc), and 
the horizontal line separates low- and high-luminosity GRGs at around 10 26 W Hz −1 . Right : GRG environments in WISE colour–colour space with host mass 
histogram insert. HERGs are marked by squares. 
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 C O N C L U S I O N S  

e have visually constructed a sample of 2828 extended, nearby 
 z < 0 . 57) radio-loud active galactic nuclei based on the LoTSS
R2 (Shimwell et al. 2022 ; Hardcastle et al. 2023 ). The sample is

lassified into various morphological categories, including FRI and 
RII sources, WAT and NAT, HT sources, and RD sources. Selection 
riteria were based on flux completeness ( > 10 mJy) and extended
mission ( > 60 arcsec). 

Optical emission-line classifications (Drake et al. 2024 ) were also 
sed, enabling us to differentiate between high-excitation and low- 
xcitation radio galaxies. Below, we present a summary of our results, 
hich aim to explore the relationship between optical emission-line 

nd radio properties for a large, representative sample: 

(i) We used the power–linear size (P–D) diagram to examine 
he distribution of our visually classified morphologies and found 
hat most objects occupy their expected regions. Ho we ver, we also
dentify a minority of non-FRII objects (e.g. RDs) in the high- 
uminosity region, where they would not typically be expected. We 
nd that a large fraction of optically classified sources in the high-

uminosity region are HERGs, mostly of FRII morphology, while 
ERGs dominate the low-luminosity region of the P–D diagram, with 
oth FRIs and FRIIs present. As expected, almost all FRI sources in
ur sample exhibit a LERG spectrum. 
(ii) A probe into their environments using mid-IR diagnostics 

eveals that many of our LERGs (including large fractions of 
RI, FRII, WA T, NA T, HT, and RD sources) are associated with
edder, older elliptical galaxies. In contrast, the HERGs (mostly FRII 
ources) tend to reside in bluer, less massive, SFGs. This is consistent
ith their host galaxy mass distributions, which span moderate to 
assive galaxies, with some FRII LERGs exhibiting a tail of lower 
asses, as reported in previous studies. 
(iii) We analysed VLASS core prominences to assess radio core 

rightness relative to extended emission across both morphological 
nd emission-line classifications, finding a wide range of values 
ypical for RLAGN. Our findings indicate that FRIs are more core- 
ominant than FRIIs. As expected, WATs, NATs, and HTs exhibit 
ntermediate core prominences between FRI and FRII sources, likely 
ue to their gas- and dust-rich environments, which can cause 
apid jet deceleration and thus higher core prominences than FRIIs
especially HERGs), which generally inhabit sparser environments. 
otably, FRII LERGs tend to have higher core prominences than 

heir HERG counterparts. Overall, we conclude that HERGs in our 
ample show lower core prominences on average than LERGs. 

(iv) We observe that about 99 per cent of the FRI sample is
lassified as LERGs, with the majority of these sources exhibiting 
ow luminosities. The FRII sample is also dominated by LERG 

ources, many of which are low-luminosity objects. However, we 
bserve that the HERG sample is predominantly composed of FRII 
ources, allowing us to draw significant conclusions about their 
ddington-scaled accretion rates. We show that FRII LERGs span 
 wide range of luminosities, which evolve with the masses of their
ost galaxies. Similar trends are observed in the FRI LERG sample,
lthough FRI LERGs appear to fa v our more massive galaxies at the
ame radio luminosity as FRII LERGs. The FRII LERG sample is
ore biased towards higher luminosities, with luminosity steeply 

ncreasing as host galaxy mass increases. Ho we ver, we find no
ignificant dependence of core prominences on host galaxy mass. 
his leads us to conclude that core prominences do not have a
ignificant impact on emission-line classifications. 

(v) We also find that bent-tail sources (WA Ts, NA Ts, and HTs)
s well as RDs are predominantly LERGs, sharing similar radio 
nd emission-line properties with FRIs. In contrast, RDs exhibit 
roperties similar to FRIIs, despite lacking the prominent signatures 
f AGN activity typically seen in FRIIs. Although a few HERGs
re present in these classifications, their morphologies do not exhibit 
tructures unique to the LERG population. Further information about 
he environments of these sources is needed to better understand the
ccretion modes in these samples. 

(vi) We show that while some remnant and restarted candidate 
LAGN may exhibit lower and higher core prominences, respec- 

ively, compared to the general RLAGN population, using core 
MNRAS 539, 463–486 (2025) 
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rominence as a criterion for identifying these sources may risk
 v erlooking significant remnant and restarted populations. None the
ess, core prominences provide valuable insight into the accretion
odes of this subclass of sources. 
(vii) Lastly, we identify a substantial population of RLAGN with

adio emission extending beyond 700 kpc, classifying them as giant
adio galaxies, and spanning a wide range of morphologies. Notably,
oth HERGs and LERGs are present within this category of RLAGN,
ith HERGs comprising approximately 38 per cent of the population.
his shows the div erse e xcitation mechanisms operating in GRGs,
espite their exceptional physical sizes. 

In our upcoming paper in the series, we aim to investigate the
elationship between core spectral indices and core prominence in
his sample, to better understand the physical processes occurring
n the central regions of these galaxies. It will also be useful to
nvestigate the spectral ages of this sample to gain insights into the
GN duty cycle, which will require multifrequency observations at
omparable resolutions, from e.g. the LOFAR Low Band Antenna
k y Surv e y (LoLSS; de Gasperin et al. 2021 , 2023 ). Additionally, a
eeper understanding of the relationship between morphology and
mission-line classification in these radio-loud AGNs would require
xamining their environmental richness (e.g. Croston et al. 2019 ) and
article content (e.g. Croston et al. 2018 ). Together, these analyses
ill shed light on the external and internal factors shaping the
bserved properties of these sources, enhancing our understanding
f AGN evolution and host interactions. 
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 representative sample of RLAGN based on visual classification
s shown here. These include FRI, FRII, WAT, NAT , HT , and RD
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Figure A1. Representative images from our final morphological classifications are shown in this figure following visual inspection. LOFAR and VLASS 
contours, in gold and green respectively, are o v erlaid on i -band Pan-STARRS images, with optical IDs marked by a plus sign. Physical size estimates are 
provided in the bottom right corner of each panel to highlight ‘normal’ and candidate giant radio galaxies. Continued in Fig. A2 . 
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Figure A2. Continued from Fig. A1 . The bottom panel shows examples of restarted candidate sources, while the penultimate panel displays remnant candidates. 
Contours increase logarithmically by factors of 2, starting from 3 σ . 

This paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 

© 2025 The Author(s). 
Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons Attribution License 

( http://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/539/1/463/8098236 by guest on 26 February 2026

http://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 DATA
	3 RLAGN CLASSIFICATIONS
	4 RESULTS
	5 DISCUSSION
	6 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: IMAGES

