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A B S T R A C T 

We characterize the co-evolution of radio-loud active galactic nuclei (AGN) and their galaxies by mapping the dependence of 
radio-loud AGN activity on stellar mass and star formation rate (SFR) across cosmic time (out to z ∼ 1 . 5). Deep LOFAR radio 

observations are combined with large galaxy samples to study the incidence of radio-loud AGN across the galaxy population; 
the AGN are further split into low-excitation radio galaxies (LERGs) and high-excitation radio galaxies (HERGs). We find that 
LERG activity occurs o v er a wide range of SFRs, whereas HERGs are typically found in galaxies with ongoing star formation. 
The LERGs are then split based on their SFRs relative to the main sequence, across redshift. Within quiescent galaxies, LERG 

acti vity sho ws a steep stellar mass dependence with the same normalization across the past ∼10 Gyr; this indicates that hot gas 
fuels LERGs in quiescent galaxies across cosmic time. In massive galaxies [ log 10 ( M/ M �) � 11], the incidence of LERGs is 
roughly constant across the galaxy population, suggesting that LERGs in massive galaxies may be fuelled by hot gas regardless 
of the star formation activity. At lower masses, however, LERG activity is significantly more enhanced (by a factor of up to 10) 
in star-forming galaxies compared to quiescent galaxies; this suggests that an additional fuelling mechanism, likely associated 

with cold gas, may fuel the LERGs in galaxies with higher SFRs. We find that HERGs typically accrete abo v e 1 per cent of the 
Eddington-scaled accretion rate, and the LERGs typically accrete below this level. 

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

t is now widely believed that supermassive black holes (SMBHs)
nd their host galaxies co-evolve across cosmic time, with evidence
or a link between the build-up of stars and the growth of the SMBHs
e.g. Kormendy & Ho 2013 ), and a tight correlation between the
ass of the SMBH and that of the galaxy bulge component (e.g.
errarese & Merritt 2000 ; Merritt & Ferrarese 2001 ). SMBHs can
ndergo an active phase, powered by accretion of matter on to the
lack hole, during which they are referred to as active galactic
 E-mail: rohitkondapally@gmail.com 
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uclei (AGN). These AGN can emit vast amounts of energy across
he electromagnetic spectrum in the form of ionizing outflows or
elativistic jets, which can suppress or regulate subsequent star
ormation within the host galaxy; this is referred to as AGN feedback
e.g. Best et al. 2005b ; Cattaneo et al. 2009 ; Fabian 2012 ; Heckman &
est 2014 ; Hardcastle & Croston 2020 ). AGN feedback is often

nvoked in cosmological simulations to suppress the growth of
he most massive haloes and reproduce the observed local galaxy
uminosity functions (e.g. Bower et al. 2006 ; Croton et al. 2006 ;
omerville & Dav ́e 2015 ). 
Of particular importance in the lifecycle of massive galaxies and

lusters are radio-loud A GN (hereafter; radio-A GN), which emit
owerful bipolar jets of relativistic ionized material that radiate syn-
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hrotron emission, which is visible at radio wavelengths. The energy 
eposited by these radio-jets into the host galaxy and surrounding 
nvironment can balance the radiative cooling losses and regulate 
tar formation in massive galaxies, with recurrent radio-AGN heating 
equired to ‘maintain’ galaxies as ‘red and dead’ once quenched, in 
he nearby Universe (see Best et al. 2006 , 2007 ; McNamara & Nulsen
007 ; Heckman & Best 2014 ; Hardcastle & Croston 2020 ). 
Radio-AGN are typically classified into two modes, based on the 

ature of the emission lines in their optical spectra, as low-excitation 
adio galaxies (LERGs) and high-excitation radio galaxies (HERGs). 
his classification is understood to be linked to the nature of the
ccretion flow on to the SMBH (see Best et al. 2005a ; Allen et al.
006 ; Hardcastle, Evans & Croston 2007 ; Hardcastle 2018 ), where
ERGs are associated with radiati vely ef ficient accretion, typically 

rom cold gas, which leads to the formation of a geometrically thin,
ptically thick accretion disc, and a dusty torus (e.g. Shakura & 

unyaev 1973 ); as a result, they display high-excitation emission 
ines due to photoionization of gas from accretion disc photons. In
ontrast, LERGs are associated with a radiati vely inef ficient accretion 
ow (e.g. Narayan & Yi 1994 , 1995 ; Yuan & Narayan 2014 ), often
odelled as arising from cooling hot gas, and as a result, do not

isplay signs of a typical AGN such as an optically thick accretion
isc or a torus, and therefore lack high-excitation emission lines in 
heir optical spectra. In this scenario, the HERGs have been argued 
o typically accrete at � 1 per cent of the Eddington-scaled accretion
ate, whereas the LERGs accrete at much lower rates of � 1 per
ent of the Eddington-scaled accretion rate (Best & Heckman 2012 ; 
ingo et al. 2014 ). 
Studies of LERGs and HERGs in the nearby Universe have also 

ho wn dif ferences in host galaxy properties between the two classes.
ERGs are typically found to be hosted in massive, quiescent, red 
alaxies with massive black holes, and are often found in rich 
roup or cluster environments, whereas HERGs tend to be found 
n less-massive galaxies, with recent or on-going star formation, 
nd in poorer environments (e.g. Tasse et al. 2008 ; Smol ̌ci ́c et al.
009 ; Best & Heckman 2012 ; Gendre et al. 2013 ; Sabater, Best &
rgudo-Fern ́andez 2013 ; Mingo et al. 2014 ; Williams & R ̈ottgering
015 ; Ching et al. 2017 ; Williams et al. 2018 ; Croston et al. 2019 ;
agliocchetti 2022 ). Although both LERGs and HERGs are found 

cross a wide range of luminosities, the characteristic break in the 
uminosity function for HERGs occurs at higher luminosities, and 
hey are found to also show a stronger space density evolution 
ith redshift (e.g. Best & Heckman 2012 ; Best et al. 2014 ; Pracy

t al. 2016 ; Butler et al. 2019 ; Kondapally et al. 2022 ). These
bserved properties of the host galaxies of LERGs and HERGs can 
e understood in terms of the different accretion properties of these 
GN. The cooling of hot gas within massive, quiescent galaxies is

xpected to lead to low-accretion rates resulting in the formation of
 LERG, whereas the plentiful supply of cold gas present in lower
ass, star-forming systems may also lead to higher accretion rates, 

esulting in a HERG. 
Using deep observations from the Low Frequency ARray (LO- 

AR) Two-metre Sk y Surv e y Deep Fields Data Release 1 (LoTSS-
eep DR1; Duncan et al. 2021 ; Kondapally et al. 2021 ; Sabater

t al. 2021 ; Tasse et al. 2021 ; Best et al. 2023 ), Kondapally et al.
 2022 ) studied the cosmic evolution of LERGs, finding that at z � 1,
ost of the LERGs are hosted by star-forming galaxies (SFGs), 

n contrast to studies at lower redshifts where LERGs are pre- 
ominantly found in quiescent galaxies (e.g. Best & Heckman 2012 ). 
hese results suggest that there may be differences in the host galaxy
roperties of AGN in the early Universe and at lower luminosities,
ith some o v erlap with the host galaxy properties of HERGs (see
lso Whittam et al. 2018 , 2022 ). Moreo v er, the significant population
f LERGs hosted in a different galaxy type (star-forming as opposed
o quiescent) at early times can have interesting implications for 
oth the fuelling mechanisms (see also Delvecchio et al. 2022 ) and
ur current understanding of AGN feedback processes and its effect 
n the galaxy population (e.g. Cattaneo et al. 2009 ; Smol ̌ci ́c et al.
017b ; Butler et al. 2019 ; Hardcastle & Croston 2020 ; Kondapally
t al. 2023 ; Heckman et al. 2024 ). 

It is well known that in the local Universe, the fraction of galaxies
osting a radio-AGN (which provides a measure of the duty cycle)
trongly increases with stellar mass as f radio −AGN ∝ M 

2 . 5 
� (Best et al.

005a ; Smol ̌ci ́c et al. 2009 ), with recent work by Sabater et al.
 2019 ) finding that at low luminosities almost all massive galaxies
ost a radio-AGN. Janssen et al. ( 2012 ) studied the dependence
f radio-AGN activity on galaxy properties at z < 0 . 3 using the
adio-AGN sample of Best & Heckman ( 2012 ). Using this sample,
anssen et al. ( 2012 ) measured the incidence of LERGs and HERGs,
eparately, as a function of stellar mass at z < 0 . 3, finding that LERG
ctivity increases steeply with stellar mass, consistent with M 

2 . 5 
� , 

hereas the HERGs showed a much shallower dependence of ∝ 

 

1 . 5 
� . Moreo v er, the y found that compared to red galaxies, HERG

ctivity was significantly more enhanced in blue galaxies at fixed 
tellar mass. These results are consistent with the notion of LERGs
ndergoing accretion from cooling of hot gas within massive haloes, 
ith the HERGs being fuelled by the abundant cold gas present in

heir lower mass (bluer), star-forming host galaxies (e.g. Best et al.
005a ). 
Early and recent works that extended this analysis out to higher

edshifts have found a similarly steep stellar mass dependence for the
ntire radio-AGN population (e.g. Tasse et al. 2008 ; Smol ̌ci ́c et al.
009 ; Simpson et al. 2013 ; Williams & R ̈ottgering 2015 ; Williams
t al. 2018 ; Igo et al. 2024 ; Wang et al. 2024 ). Since the radio-AGN
opulation consists of both the LERGs and HERGs, Kondapally et al.
 2022 ) used data from one of the LoTSS Deep Fields to study how the
ncidence of LERGs, alone, depends on stellar mass within quiescent 
nd SFGs, separately, to z ∼ 1 . 5. They found that LERGs hosted
y quiescent galaxies showed a redshift-invariant steep stellar mass 
ependence, highly consistent with observations in the local Universe 
f fuelling occurring from cooling hot gas (see also Williams et al.
018 ). On the other hand, the LERGs hosted by SFGs showed a
uch shallower dependence on stellar mass, suggesting that LERGs 

n more star-forming systems may be fuelled in a manner different
rom those in quiescent galaxies. 

In this paper, we aim to extend these analyses to understand how
adio-AGN are triggered across the galaxy population by measuring 
he incidence of these radio-AGN as a function of each of stellar

ass, star formation rate (SFR), and redshift; using the full LoTSS
eep Fields data set allows us to split our sample across these
arameters simultaneously. This paper is structured as follows. 
ection 2 describes the radio and multiwavelength data set, along 
ith the selection of radio-AGN and the parent sample used for

omparison. Section 3 presents the results on the incidence of LERGs
nd HERGs as a function of mass and SFR. In Section 4, we present
he results on the dependence of LERG activity as a function of
FR relative to the main sequence of star formation. In Section 5 ,
e present the Eddington-scaled accretion rate properties of the 
ERGs and HERGs. In Section 6 , we present the interpretation
nd discussion of our results. Section 7 presents the conclusions 
f our study. Throughout this work, we use a flat � CDM cosmology
ith �M 

= 0 . 3 , �� 

= 0 . 7 and H 0 = 70 km s −1 Mpc −1 , and a radio
pectral index α = −0 . 7 (where S ν ∝ να). 
MNRAS 536, 554–571 (2025) 
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 DATA  

.1 Radio and other multiwavelength data 

he radio data set used in this analysis comes from LoTSS-Deep DR1
Sabater et al. 2021 ; Tasse et al. 2021 ), based on LOFAR High Band
ntenna (HBA) observations ranging from ∼113 to 177 MHz. 1 The
oTSS-Deep DR1 consists of repeated observations of the ELAIS-
1, Lockman Hole, and Bo ̈otes fields, totalling 168, 112, and 80 h,

nd reaching an rms sensitivity of 20, 22, and 32 μJy beam 

−1 near
he centre of each field, respectively. Radio source catalogues were
xtracted out to the 30 per cent power point of the primary beam in
ach field using Python Blob Detector and Source Finder ( PYBDSF ;
ohan & Rafferty 2015 ) as detailed by Tasse et al. ( 2021 ) and Sabater

t al. ( 2021 ). 
The three fields benefit from e xtensiv e deep, wide-area mul-

iwavelength imaging, including photometry from the ultraviolet,
ptical, near and mid-infrared, and far-infrared wavelengths provided
y a suite of ground and space-based imaging surv e ys o v er the
ast two decades; the full details of the available multiwavelength
maging data set are described by Kondapally et al. ( 2021 ). Using
his multiwavelength data set, multiband forced, matched-aperture
hotometry catalogues were generated in ELAIS-N1 and Lockman
ole (Kondapally et al. 2021 ). In the Bo ̈otes field, an adapted version
f the point spread function matched catalogues from Brown et al.
 2007 , 2008 ) were used. Photometric redshifts for the multiband
atalogues were determined by Duncan et al. ( 2021 ) using a hybrid
ethod which combined standard template-fitting methods with
achine-learning methods (see Duncan et al. 2018a , b ). For a

mall fraction of sources in each field, spectroscopic redshifts were
vailable ( ∼5, 5, and 20 per cent in ELAIS-N1, Lockman Hole, and
o ̈otes, respectively) and were used instead. 
The host galaxy identification process was then carried out for

he LOFAR detected sources using these multiband catalogues as
etailed by Kondapally et al. ( 2021 ). In summary, host galaxy
ounterparts were identified using the likelihood ratio (LR) method
de Ruiter , W illis & Arp 1977 ; Sutherland & Saunders 1992 )
or suitable sources (typically compact sources with well-defined
ositions), or otherwise using a visual classification scheme where
dentifications and radio-source associations were performed using
onsensus decisions from members of the LOFAR collaboration
see also Williams et al. 2019 ). This source-association and cross-
atching process resulted in a catalogue of 81 951 radio sources with

ost galaxies identified for > 97 per cent of these. Overall, the LR
ethod was used to identify counterparts for ∼83 per cent of the

ources, with a reliability and completeness of o v er 99 per cent, with
he remaining 14 per cent of sources being classified visually (see
ondapally et al. 2021 for further details). In this paper, we restrict
ur analysis to sources within the redshift range 0 . 3 < z ≤ 1 . 5. We
xclude sources with z < 0 . 3 as the aperture-corrected photometry,
nd hence the derived photometric redshifts, may not be as robust due
o the extended nature of sources, while sources above z = 1 . 5 are
xcluded as the photometric redshifts for galaxy-dominated sources
ecome less reliable beyond this redshift (see Duncan et al. 2021 ). 

.2 Identification of AGN 

pectral energy distribution (SED) fitting can be used not only to
erive galaxy properties (such as stellar masses, SFRs, etc.) but also
NRAS 536, 554–571 (2025) 

 We refer to the central frequency throughout this paper as 150 MHz, for 
implicity. 

t  

2

o identify and characterize AGN activity (e.g. Calistro Rivera et al.
016 ; Leja et al. 2017 ; Boquien et al. 2019 ; Das et al. 2024 ). Best
t al. ( 2023 ) performed SED fitting for the radio-detected sources
n LoTSS-Deep DR1 to broadly classify them into SFGs and the
ifferent types of AGN. Deep radio continuum surv e ys are e xpected
o detect a variety of source populations; a combination of different
ED fitting codes that can model AGN emission and those that
llow a better sampling of normal galaxies (i.e. those without an
GN component) were used by Best et al. ( 2023 ) to optimize the
lassification process. In summary, for each radio source, using the
est-estimate redshift (photometric or spectroscopic if available),
ED fitting was performed using each of AGNFITTER (Calistro Rivera
t al. 2016 ), BAGPIPES (Carnall et al. 2018 ), CIGALE (Burgarella,
uat & Iglesias-P ́aramo 2005 ; Noll et al. 2009 ; Boquien et al. 2019 ),
nd MAHPHYS (da Cunha, Charlot & Elbaz 2008 ). Both AGNFITTER

nd CIGALE , unlike the other two codes, employ models for fitting the
mission from the AGN accretion disc and torus which can result in
ore robust fits of physical properties for galaxies hosting an AGN,
hile also allowing the identification of AGN. 
Best et al. ( 2023 ) began by identifying radiative-mode AGN using

he outputs from the four SED fitting codes. First, using the results
rom AGNFITTER and CIGALE , they defined a parameter f AGN , 16 (from
ach code) which represents the 16th percentile of the fraction of
he total mid-infrared luminosity arising from AGN components.
hen, the reduced χ2 values from AGNFITTER and CIGALE , which
odel AGN emission, were compared to the reduced χ2 values from

AGPIPES and MAGPHYS ; for sources with infrared AGN emission,
he former two codes should find a better SED fit. The combination
f these two criteria were primarily used to identify the radiative-
ode AGN (see Best et al. 2023 for the exact criteria employed).

n addition to the abo v e, for ELAIS-N1 and Lockman Hole, bright
-ray detected AGN were identified using the Second ROSAT All-
k y Surv e y (2RXS; Boller et al. 2016 ) and the XMM–Newton Slew
urv e y (XMMSL2). 2 In Bo ̈otes, deep, wide-area observations from

he X-Bo ̈otes surv e y (Kenter et al. 2005 ) were used to identify AGN
see Duncan et al. 2021 ). In addition, for a small fraction of the
ources, optical spectroscopy indicated the presence of an AGN,
hich were also classified as radiative-mode AGN. The final list of

adiative-mode AGN were comprised of those classified from the
est et al. SED fitting, plus a small fraction of additional X-ray
r spectroscopically selected AGN that were not already identified
rom the SED fits. For sources classified as radiative-mode AGN, the
consensus’ SFRs and stellar masses were primarily derived using
he CIGALE output (as BAGPIPES and MAGPHYS may be unreliable as
hey did not model the AGN component and AGNFITTER was found
o result in larger uncertainties in general). For sources not classified
s radiative-mode AGN, consensus SFRs and stellar masses were
stimated using the mean of the values from BAGPIPES and MAGPHYS

provided an acceptable fit was found in each case) as these are
xpected to be most reliable in the absence of AGN activity due
o their sampling of galaxy parameters. Throughout the analysis in
his paper, we use these consensus SFRs and stellar masses for our
adio-AGN sample. 

A tight-correlation is observed between radio-luminosity and
FR for SFGs (e.g. Calistro Rivera et al. 2016 ; G ̈urkan et al.
018 ; Smith et al. 2021 ; Das et al. 2024 ), which can be used to
dentify radio-loud AGN as sources that show a significant radio-
uminosity excess (also known as ‘radio-excess’ AGN) relative to
his relation (e.g. Delvecchio et al. 2017 ; Smol ̌ci ́c et al. 2017a ;
 https:// www.cosmos.esa.int/ web/ xmm-newton/ xmmsl2-ug 

https://www.cosmos.esa.int/web/xmm-newton/xmmsl2-ug
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illiams et al. 2018 ; Whittam et al. 2022 ). Following this, Best
t al. ( 2023 ) used a ‘ridgeline’ approach, which is well-fitted
y log 10 ( L 150 MHz / W Hz −1 ) = 22 . 24 + 1 . 08 log 10 ( SFR / M � yr −1 ), to
elect radio-excess AGN as sources that showed a radio-excess of 
 0 . 7 dex ( ≈ 3 σ ) compared to that expected from star formation

lone. 
In this study, HERGs are identified as the radiative-mode AGN 

hat also display a radio-excess AGN. LERGs do not display signs
f typical AGN accretion disc or torus features and are identified 
y the presence of radio-jets only; these sources are therefore 
elected as sources that show a radio-excess AGN but are not 
lassified as radiative-mode AGN. In total, across the redshift range 
 . 3 < z ≤ 1 . 5, there are 38 915 radio-detected sources, of which
530 are radio-excess AGN, which are further split into 6775 LERGs
nd 755 HERGs. 

.3 Potential incompleteness of radio-excess AGN at high star 
ormation rates 

he use of a radio-excess criterion in selecting radio-AGN may miss
ow-luminosity AGN, which may potentially bias our subsequent 
nalysis. In particular, for sources with a given jet (AGN) luminosity, 
t will be more difficult to identify AGN using their radio-excess 
n more highly SFGs, leading to some incompleteness of radio- 
xcess AGN at high SFRs. This may introduce a bias to our results,
n conjunction with the application of a radio luminosity limit 
 L 150 MHz ≥ 10 24 W Hz −1 ; see Section 3 ). The potential impact of
his selection effect on our results could be mitigated by imposing 
 higher radio luminosity limit, ho we ver, this would result in poorer
tatistics and limit our sample to only the most luminous radio- 
GN whose results may not be applicable to the broader radio- 
 GN population. In this paper , we instead perform Monte Carlo

imulations to assess and correct for the impact of this selection 
ffect on our results; these are described in detail in Appendix A .
n summary, we simulate the total 150 MHz radio luminosity of
ources as arising from the sum of a star formation component and
n AGN (jet) component, while accounting for the radio-luminosity–
FR relation and its scatter. The fraction of the simulated sources

hat would satisfy the radio-excess criterion of Best et al. ( 2023 )
as calculated to determine the completeness in narrow bins in 

adio luminosity and SFR. For each SFR bin, the completeness was 
eighted by the luminosity functions of various AGN types used in 

his study, down to the luminosity limit of L 150 MHz ≥ 10 24 W Hz −1 to 
ompute the completeness corrections for the radio-excess selection. 
he output of this analysis is a set of completeness corrections as
 function of SFR for different types of AGN (see Fig. A2 ). The
esults of this simulation show that our sample is consistent with 
00 per cent completeness at SFR � 10 M � yr −1 , with this decreas- 
ng steeply at higher SFRs. The completeness corrections derived 
rom these simulations are used for further analysis in Sections 3 
nd 4 . 

.4 Mid-infrared flux-selected parent sample 

o place the properties of the radio-AGN within the broader context 
f the galaxy population, one must compare to a sample of under-
ying/parent galaxies. The parent sample used for this comparison 
omes from the Spitzer InfraRed Array Camera (IRAC) 3.6 μm flux 
elected (F 3.6 μm 

> 10 μJy) sample taken from the multiwavelength 
atalogues of Kondapally et al. ( 2021 ); SED fitting for this sample
as performed using MAGPHYS by Smith et al. ( 2021 ) to derive stellar
asses and SFRs. Smith et al. ( 2021 ) presented these results only for
he ELAIS-N1 field (the deepest of the LoTSS Deep Fields), ho we ver
his process was subsequently repeated for both the Lockman Hole 
nd Bo ̈otes fields (Smith et al. pri v ate communication) using similar
nput multiwavelength photometry catalogues from Kondapally et al. 
 2021 ) which we use in this study. As noted by Duncan et al. ( 2021 ),
he photometric redshifts for galaxy-dominated (rather than AGN- 
ominated) systems in the three LoTSS Deep Fields are found 
o be most robust out to z ∼ 1 . 5, and therefore the SED fitting
rocess for the IRAC-selected sample (and therefore for the LoTSS- 
eep sample), and further analysis in this paper is also limited to
 ≤ 1 . 5. In total, across the redshift range 0 . 3 < z ≤ 1 . 5, there are
40 279 sources in the parent IRAC-selected sample. Throughout this 
nalysis, this parent mid-infrared (MIR) flux selected sample (and 
he resulting physical properties such as SFRs and stellar masses) is
sed for comparison with the LoTSS-Deep radio-AGN sample. As 
hown by Best et al. ( 2023 ), the stellar masses and SFRs derived
or the parent sample, although using a slightly different method 
ompared to the LoTSS Deep sources, are consistent. 

Throughout the analysis in this paper, we compare the properties 
f the radio-AGN as a function of their stellar mass. For this analysis,
t is important to account for mass incompleteness in our sample to
 v oid any biases in the interpretation of our results. We use the stellar
ass completeness limits determined by Duncan et al. ( 2021 ) for

he underlying multiwavelength data set which was used to identify 
he host galaxies of the radio sources and forms the basis of the

id-infrared parent sample. Duncan et al. ( 2021 ) determined the 90
er cent stellar mass completeness limits as a function of redshift
y accounting for a maximally old stellar population, ensuring a 
omplete sample of quiescent galaxies for each of the three LoTSS
eep fields, separately. Using these completeness limits, in the 

nalysis throughout the rest of this paper, we estimate the mass abo v e
hich a source would be detected o v er an entire chosen redshift range

nd remo v e sources (from both the radio-AGN and the mid-infrared
arent sample) below this mass limit from the analysis. 

 T H E  I N C I D E N C E  O F  R A D I O - AG N  AC TIVITY  

N  STELLAR  MASS  A N D  SFR  

n Fig. 1 , we present the cosmic evolution of the fraction of all
alaxies that host a LERG ( left ) or a HERG ( right ) as a function of
tellar mass for a radio luminosity limit of L 150 MHz ≥ 10 24 W Hz −1 .
he results are calculated across five redshift bins (0 . 3 < z ≤ 0 . 5,
 . 5 < z ≤ 0 . 7, 0 . 7 < z ≤ 1 . 0, 1 . 0 < z ≤ 1 . 2, and 1 . 2 < z ≤ 1 . 5),
hown by the different colours. The error bars are calculated 
ollowing binomial statistics. The chosen radio luminosity limit of 
 150 MHz ≥ 10 24 W Hz −1 corresponds to a 5 σ detection limit (based 
n the depth of the deepest field) for a source out to z ∼ 1 . 5;
oreo v er, this 150 MHz radio luminosity limit is also comparable

o the 1.4 GHz radio luminosity limit of 10 23 W Hz −1 often used in
he literature for similar studies (e.g. Best et al. 2005a ; Janssen et al.
012 ), given the typical radio spectral index (assuming α ≈ −0 . 7).
here are 3525 LERGs and 412 HERGs that satisfy the abo v e radio

uminosity limit across the chosen redshift range for our analysis. In
he left panel for the LERGs, the black dashed line represents the
raction of galaxies hosting a LERG at a given stellar mass, f LERG ,
ound in the local Uni verse, gi ven as f LERG = 0 . 01 

(
M � / 10 11 M �

)2 . 5 

Best et al. 2005a ; Janssen et al. 2012 ); this relation has been roughly
ormalized based on these low-redshift results but we note that the
recise normalization depends on the radio luminosity limit and 
ence on the assumed spectral index. In the right panel, the black dot-
ed line corresponds to the shallower stellar mass dependence found 
MNRAS 536, 554–571 (2025) 
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Figure 1. The fraction of all galaxies that host a LERG ( left ) or a HERG ( right ) as a function of stellar mass across 0 . 3 < z ≤ 1 . 5 for a radio-luminosity limit 
of L 150 MHz ≥ 10 24 W Hz −1 . The numbers of LERGs and HERGs satisfying the radio-luminosity limit o v er this redshift range are also listed in each panel. 
The solid and dotted lines show the fractions obtained with and without the radio-luminosity–SFR completeness corrections, respectively (see the text and 
Appendix A ); these corrections have a small effect for the o v erall populations. The black dashed line in the left panel represents the steep stellar mass relation 
( ∝ M 

2 . 5 
� , normalized to 0.01 at M = 10 11 M �) found for LERGs in the local Universe (Best et al. 2005a ; Janssen et al. 2012 ). The black dotted line in the 

right panel corresponds to the shallow mass dependence ( ∝ M 

1 . 5 
� , normalized to 0.001 at M = 10 11 M �), similar to that found for HERGs in the local Universe 

(Janssen et al. 2012 ). The LERGs show the same steep relation as observed in the local Universe all the way out to z ∼ 1 . 5. The HERG fraction at low masses 
follow a shallower relation at M < 10 11 M �, but show a steeper than expected relation (based on higher frequency local Universe studies) at higher masses. 
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or HERGs in the local Universe ( ∝ M 

1 . 5 
� ; Janssen et al. 2012 ), which

as been scaled to correspond to f HERG = 0 . 001 
(
M � / 10 11 M �

)1 . 5 
. 

As noted in Section 2.3 , we have derived completeness corrections
o account for radio-excess selection effects, which are detailed
n Appendix A ; this analysis indicates that we achieve a lower
ompleteness of radio-excess AGN at higher SFRs. For each stellar
ass bin, we apply the corrections (for the LERGs and HERGs,

eparately) shown in Fig. A2 . For each redshift bin in Fig. 1 ,
he solid and dotted lines show the fractions with and without
hese completeness corrections applied, respectively. Applying this
orrection increases the fraction of galaxies hosting a LERG or a
ERG, which is noticeable as we tend toward high-stellar masses

nd high redshifts, where the average SFRs increase. For the LERGs,
hese corrections only significantly affect the most massive systems
ithin the highest redshift bin in Fig. 1 , ho we ver the data points with

nd without the corrections are consistent within their uncertainties.
or the HERGs, small differences are seen across a wider range
f stellar masses and redshifts. This suggests that the completeness
orrections have a small effect on the stellar mass dependencies,
articularly at high masses and redshifts. 
The results from Fig. 1 for the LERGs show that the incidence

f LERGs has a steep stellar mass dependence out to z ∼ 1 . 5. The
ependence on stellar mass appears to slightly flatten with increasing
edshift, as previously shown by Kondapally et al. ( 2022 ) for the
ERGs and by Williams & R ̈ottgering ( 2015 ) for the total radio-
GN population. We note that the requirement of high black hole
asses ( M BH > 10 7 . 8 M �) to launch powerful radio jets found by
hittam et al. ( 2022 ) is consistent with the high pre v alence of LERG

ctivity in the most massive galaxies observed in this study. Broadly
he results for the LERG population are consistent with studies in the
ocal Universe (e.g. Best et al. 2005a ; Tasse et al. 2008 ; Janssen et al.
012 ; Sabater et al. 2019 ), with some evidence of flattening at lower
asses and higher redshifts, which we investigate further in Section
 . The dependence of HERG activity on stellar mass shows different
NRAS 536, 554–571 (2025) 
rends compared to local Universe studies. At log 10 ( M � / M �) � 11,
he HERGs trace the slope of the black dotted line well, which
orresponds to the shallow ∝ M 

1 . 5 
� dependence observed in the local

niverse, albeit with a higher normalization by a factor of ∼ 2–3
t a given stellar mass. Janssen et al. ( 2012 ) also studied the HERG
ractions when split by those hosted by blue galaxies alone; their
ormalization of the HERG fractions within blue galaxies agrees
ell with our results for the total HERG population shown here. At
igher masses, and also with increasing redshift, our results indicate
 steeper mass dependence, with a higher pre v alence of HERGs in
assive galaxies than expectations from low redshift studies. 
The HERG population is known to exhibit strong evolution with

edshift (e.g. Best et al. 2014 ; Pracy et al. 2016 ; Williams et al. 2018 ;
ondapally et al. 2022 ); some of the observed differences with our

tudy could be due to cosmic evolution, since even the lowest redshift
in in this study probes earlier epochs than the typical redshift of
he Janssen et al. ( 2012 ) sample of z med ∼ 0 . 15. Another source
f differences could arise from the different source classification
ethods used to identify LERGs and HERGs. Janssen et al. ( 2012 )

sed spectroscopic classifications by Best & Heckman ( 2012 ) based
n emission line ratio diagnostics to identify LERGs and HERGs;
his is typically considered to be the ‘gold standard’ method of
lassifying radiati vely ef ficient versus inef ficient accretion. In this
aper, we do not have spectroscopic information available for the
ast majority of the radio sources, therefore SED fitting is used for
he classification instead (see Section 2.2 ). It is possible that a small
raction of LERGs mis-classified as HERGs could cause an increase
n the AGN fraction of HERGs, particularly at high masses where the
ERG fraction is ∼10 per cent. We discuss the potential uncertainties

n our source classification method in Section 5.1 and further validate
he robustness of this in Appendix B . 

We investigate the dependence of radio-AGN activity on star
ormation activity in Fig. 2 , which shows the fraction of galaxies
hat host a LERG (lower left) or a HERG (lower right) as a
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Figure 2. The fraction of galaxies that host a LERG ( lower left ) or a HERG ( lower right ) with L 150 MHz ≥ 10 24 W Hz −1 as a function of sSFR across 
0 . 3 < z ≤ 1 . 5. To reduce any mass selection effects, we calculate the fractions for a constant stellar mass range of 10 . 8 < log 10 ( M � / M �) ≤ 11 . 5 (see the text) 
across the redshift bins. The solid and dotted lines show the results with and without the radio-luminosity–SFR completeness correction (see Section 2.3 ). The 
corresponding top panels on the left and right show the distribution of the sSFRs for the LERGs and HERGs, respectively. The LERGs show a broad sSFR 

distribution, whereas the HERGs tend to be preferentially hosted in SFGs. For the LERGs, the radio-AGN fraction remains mostly flat across many orders of 
magnitude in sSFR, only increasing abo v e log 10 ( sSFR / yr −1 ) � −10. 
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unction of their specific SFR ( sSFR = SFR / M � ) for AGN with 
 150 MHz ≥ 10 24 W Hz −1 . The analysis is performed out to z ∼ 1 . 5
 v er the same redshift bins as in Fig. 1 . To ensure the results are
ot biased by selection effects across different redshift bins, we 
estrict this analysis to sources with 10 . 8 < log 10 ( M � / M �) ≤ 11 . 5;
he lower limit is chosen to roughly corresponds to the 90 per cent
tellar mass completeness limit at z = 1 . 5. As in Fig. 1 , the solid
nd dotted lines show the results with and without the radio-excess 
ompleteness corrections applied, respectively (see Appendix A ). 
he uncertainties are calculated following binomial statistics. The 

op panels show the corresponding distributions of the sSFRs for the 
ERGs and HERGs. 
The fraction of galaxies hosting a LERGs reaches � 10 per cent

n the most quiescent galaxies (i.e. at the lowest sSFRs), before 
eclining to a few per cent level across −12 < log 10 ( sSFR / yr −1 ) <
10. At higher sSFRs, for the most star-forming systems, the LERG

raction shows a strong increase; this trend is seen across redshift
ut to z ∼ 1 . 5. We note the dip in the fraction at intermediate sSFRs
t z ≤ 0 . 5 is only at a ≈ 2 σ level with a small number of sources.
ur results for the LERGs show that their hosts span a broad range
f star formation activities and that the pre v alence remains broadly
onstant across a wide range of sSFRs; we investigate the trends with
tar formation activity in more detail in Section 4 . The HERGs show
 much lower prevalence than the LERGs at all sSFRs, similar to the
tellar mass dependence results shown in Fig. 1 . The results in Fig. 2
how that HERGs are more likely to be found in star-forming systems
ompared to quiescent systems, albeit with relatively small numbers 
f HERGs in each bin resulting in large statistical uncertainties. 
hese findings for the HERGs are in good agreement with previous 
tudies (e.g. Best & Heckman 2012 ; Best et al. 2014 ; Mingo et al.
014 ; Pracy et al. 2016 ). 
 D E P E N D E N C E  O F  R A D I O - A  G N  A  CTI VITY  O N  

FR  RELATI VE  TO  T H E  MAI N  SEQU ENCE  

n this section, we explore the properties of the LERGs in more
etail by studying the incidence of LERGs as a function of
heir position relative to the star-forming main sequence. As the 
ERGs are typically found to be hosted in star-forming systems 

nd given the relatively small numbers of HERGs observed, per- 
orming detailed statistical analyses for the HERGs as a func- 
ion of SFR and stellar mass, simultaneously, is not feasible; we
herefore focus our further analysis in this section on the LERGs
lone. 

We divide our AGN and galaxy samples into three sub-groups 
ased on their SFR relative to the star-forming main sequence: 
uiescent, intermediate, and star-forming. For this, we use the best- 
tting relation for the star-forming main sequence from Speagle et al.
 2014 ), which was found to provide a good fit to the observed SFRs
ut to z ∼ 5, given as 

log 10 ( SFR MS ( t)) = (0 . 84 − 0 . 026 × t) log 10 ( M � ) − 6 . 51 + 0 . 11 × t

(1) 

here SFR MS is the main-sequence SFR (in M � yr −1 units) and t 
s the age of the Universe at z. Using this, we split our sample into
hree regions along the SFR − M � plane as follows: 

(i) ‘Star-forming galaxies’, as in galaxies that are on or abo v e the
ain sequence with log ( SFR / SFR MS (t) ) ≥ −0 . 4. 
(ii) ‘Intermediate galaxies’, as in galaxies that are below the main 

equence but with SFRs abo v e that of a quiescent galaxy with −1 . 3 <
og ( SFR / SFR MS (t) ) ≤ −0 . 4. 

(iii) ‘Quiescent galaxies’ with log ( SFR / SFR MS (t) ) < −1 . 3. 
MNRAS 536, 554–571 (2025) 
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Figure 3. The location of LERGs on the SFR-M � plane in five redshift bins across 0 . 3 < z ≤ 1 . 5. The LERG sample has been split into the subset that are 
hosted by quiescent (red), intermediate (green), and star-forming (blue) galaxies, defined based on the evolving main sequence (see Section 4 ). The diagonal 
dashed lines show the division lines used to select the three populations. The shaded contours show the distribution of the underlying MIR flux-selected parent 
sample along the SFR-M � plane. 
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The typical scatter in the star-forming–main sequence relation
erived by Speagle et al. ( 2014 ) is ∼0.2 dex. Following this, our
election of SFGs corresponds to sources within ≈ 2 σ or abo v e
he main sequence, with quiescent galaxies defined as sources that
re at least ≈ 6 . 5 σ below the main sequence, and ‘intermediate’
alaxies lying in between these two populations. By defining our
ample based on SFRs relative to the main sequence across different
edshift bins, we account for the evolution of the galaxy population
hen comparing results across redshift bins as galaxies typically
ave higher SFRs at higher redshifts. Moreo v er, this analysis is also
ess affected by any systematic uncertainties on SFR estimates from
hotometry, although this is expected to be small (see Best et al.
023 ). 
In Fig. 3 , we show the SFR–M � distribution of the LERGs hosted

y SFGs (blue), intermediate galaxies (green), and quiescent galaxies
red) across 0 . 3 < z ≤ 1 . 5 o v er fiv e redshift bins, as in Fig. 1 . The
wo diagonal dashed lines in each redshift bin denote the criteria used
o separate the sources into the abo v e three galaxy types relative to
he main sequence. The grey shaded region in each redshift bin
orresponds to the distribution of the mid-infrared flux-selected
arent sample in the SFR–M � plane (as described in Section 2.4 )
hich was used for calculating the incidence of AGN in this section.
In Fig. 4 , we compute the fraction of quiescent (left), interme-

iate (middle), and star-forming (right) galaxies that host a LERG
ith L 150 MHz ≥ 10 24 W Hz −1 as a function of stellar mass across
 . 3 < z ≤ 1 . 5. The uncertainties are calculated following binomial
tatistics. In each panel, the black dashed line shows the local
niverse relationship f LERG = 0 . 01 log ( M � / 10 11 M �) 2 . 5 for the
NRAS 536, 554–571 (2025) 

10 
ERGs (Janssen et al. 2012 ). The results shown in this figure extend
eyond the analysis performed by Kondapally et al. ( 2022 ) of the
inary separation of star-forming and quiescent galaxies. 
Across the five redshift bins (shown by different coloured lines,

s in Fig. 1 ), the LERGs hosted by quiescent galaxies (Q-LERGs
ereafter) follow the same steep dependence on stellar mass with
he same normalization out to z ∼ 1 . 5; this is consistent with the
bservations of the o v erall LERG population in the local Universe,
uggesting that LERGs within quiescent galaxies are also fuelled by
he same mechanism, the cooling hot gas, right across cosmic time.
s the star formation activity increases, going from intermediate to

he star-forming populations in Fig. 4 , the dependence on stellar mass
attens due to an increase in the incidence of LERGs within lower
ass systems; as a result, the star-forming LERGs (SF-LERGs) are

o longer consistent with the steep relation observed for the quiescent
osts, in particular at low masses. Moreo v er, as the fractions are
alculated o v er the giv en galaxy type (rather than the entire galaxy
opulation), the increase in the incidence of LERGs in SFGs at
igher redshifts for fixed stellar mass indicates that SFGs are more
ikely to host a LERG at higher redshifts than in the local Universe.
ne potential cause for this result may be due to the increase in gas

ractions at higher redshifts (e.g. Genzel et al. 2015 ; Tacconi et al.
018 ); the more abundant gas supply that is available to fuel the more
igorous star formation within these host galaxies may also fuel the
GN. 
Janssen et al. ( 2012 ) studied the dependence of LERG activity

n galaxy colour at z < 0 . 3 using D4000 Å and u–r colours to
eparate sources into red, green, and blue galaxies. They found that



Radio-AGN across the galaxy population 561 

Figure 4. Fraction of quiescent (left), intermediate (middle), and star-forming (right) galaxies hosting a LERG with L 150 MHz ≥ 10 24 W Hz −1 as a function of 
their stellar mass across 0 . 3 < z ≤ 1 . 5. The host galaxy types for the LERGs are identified based on the offset from the evolving star-forming main sequence, 
with the number in each panel corresponding the number of LERGs hosted by each galaxy type across 0 . 3 < z ≤ 1 . 5 for the abo v e radio luminosity limit. The 
LERGs hosted by quiescent galaxies show a steep dependence on stellar mass, that does not evolve with cosmic time; moving along the galaxy population, 
towards more star-forming systems, the incidence of LERGs increases at lower masses leading to a flattening of the relationship. 

Figure 5. The incidence of LERGs with L 150 MHz ≥ 10 24 W Hz −1 across redshift, with panels showing increasing stellar mass bins from left to right. In each 
panel, the incidences of LERGs are calculated within different galaxy types: quiescent (red), intermediate (green), and star-forming (blue). Overall the incidence 
of LERGs increases with stellar mass across all galaxies, going from the left to the right panel. At low masses of log 10 ( M/ M �) ≤ 11, galaxies with ongoing 
star formation activity (i.e. the intermediate and star-forming populations) are significantly more likely to host a LERG compared to quiescent galaxies, across 
all redshifts studied. At higher masses, the LERGs are found across the entire galaxy population, regardless of their star formation activity, at roughly the same 
rate. 
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ompared to green or blue galaxies, red galaxies were more likely 
o host a LERG at high masses (by a factor of ∼ 2–3 times at
og 10 ( M � / M �) � 11), with the incidence across galaxies of different
olours becoming more similar at lo w masses. Ho we ver, our results
ndicate that at high masses the incidence of LERGs across quiescent 
nd SFGs becomes roughly similar. Some of the differences with 
anssen et al. ( 2012 ) could be due to cosmic evolution; only ∼2 per
ent of the LERGs identified by Janssen et al. ( 2012 ) were hosted
y blue galaxies whereas LERGs are found to be more likely to be
osted by SFGs with increasing redshift (see Kondapally et al. 2022 ).
e also note that while their separation of galaxies into red, green,

nd blue is analogous, it is not directly comparable to the quiescent,
ntermediate, and star-forming separation applied in this study. 

Williams & R ̈ottgering ( 2015 ) studied the incidence of radio-loud
GN on stellar mass out to z ∼ 2 using early LOFAR observations.
hey found that the radio-loud AGN fraction (i.e. for LERGs and
MNRAS 536, 554–571 (2025) 
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ERGs combined) increased at low masses with increasing redshift,
hile staying roughly constant at high masses; this is in good

greement with our results. Compared to their results for the entire
adio-loud population, we have shown that the flattening of the
ass dependence at high redshifts is likely caused by an increased

re v alence of LERGs hosted by SFGs. Recently, Wang et al. ( 2024 )
tudied the incidence of radio-excess AGN in quiescent and SFGs
ut to higher redshifts. They find that radio-excess AGN are more
ikely to be found in massive quiescent galaxies compared to SFGs,
hich is broadly consistent with our results. Their analysis is carried
ut for a sample of all radio-excess AGN, which includes both the
ERG and HERG populations, and is performed in bins of radio

uminosity rather than integrated over all radio luminosities above a
imit (as in this study); this prevents a more quantitative comparison
ith our results. 
To better illustrate the stellar mass and any redshift dependence

cross different galaxy populations, in Fig. 5 , we show the frac-
ion of different galaxy types hosting a LERG (with L 150 MHz ≥
0 24 W Hz −1 ) as a function of redshift within four stellar mass bins
separated by 0.25 dex) increasing in mass from left to right panels.
n the lowest stellar mass bins with 10 . 5 < log 10 ( M/ M �) ≤ 11,
here is a notable difference in the incidence of LERGs with
ncreasing star formation activity. The fraction of LERGs hosted
y quiescent galaxies is typically lower by an order of magnitude
r more compared to the SFGs. The fraction of LERGs also
ncreases with increasing redshift (by a factor of ∼ 2–8 out to
 ∼ 1) for intermediate and SFGs, whereas this remains largely
at for the quiescent galaxies. At 10 . 75 < log 10 ( M/ M �) ≤ 11,

he SFGs are still more likely to host a LERG than quiescent
alaxies at any redshift, with the LERG fraction increasing with
ncreasing redshift for the more star-forming systems. The higher
re v alence of LERG acti vity in SFGs compared to quiescent
alaxies, coupled with the increase in the LERG fraction within
FGs with increasing redshift, results in the o v erall flattening
f the relation seen for the SF-LERGs in Fig. 4 . These results
t low masses suggest that there is a causal link between the
riggering of LERG activity and the cold gas fractions in SFGs,
hich increases at higher redshifts (e.g. Genzel et al. 2015 ; Tac-

oni et al. 2018 ). In the most massive bin, the incidence of
ERGs remains largely consistent across different galaxy types: at
1 . 25 < log 10 ( M/ M �) ≤ 11 . 5, ∼ 10–20 per cent of all galaxies
ost a LERG, regardless of their star formation activity. This
uggests that LERG activity in massive galaxies may be driven
y the same mechanism across the galaxy population: cooling of
ot gas from their haloes. Although the fraction of star-forming
nd quiescent galaxies hosting a LERG are similar at these high
asses, there are more SFGs at higher redshifts than quiescent

alaxies, so the bulk of the AGN activity in the early Universe
ccurs in galaxies that are not quiescent (see also Kondapally et al.
022 ). 

 DISTR IBU TION  O F  T H E  

DDIN GTO N-SC ALED  AC C R E T I O N  RATES  

bservations of different states of X-ray binaries (e.g. Remil-
ard & McClintock 2006 ) and theoretical accretion disc models
e.g. Narayan & Yi 1994 , 1995 ; Yuan & Narayan 2014 ) indicate
 switch in the nature of the accretion flow occurring at Eddington-
caled accretion rates, λEdd , of around 1 per cent ( λEdd = 0 . 01),
oing from radiatively efficient accretion at higher accretion rates
o radiatively inefficient (or advection dominated accretion) at lower
ccretion rates. In the local Univ erse, studies hav e previously found
NRAS 536, 554–571 (2025) 

d  
ignificant differences in the Eddington-scaled accretion rates of the
ERGs and HERGs, with the LERGs typically accreting below 1
er cent of the Eddington rate, and the HERGs typically accreting at
igher rates (e.g. Best & Heckman 2012 ; Mingo et al. 2014 ). These
ifferences in the accretion rate properties have been used to explain
any of the differences in the properties of the central AGN and their

ost galaxies between the LERGs and the HERGs (see re vie ws by
eckman & Best 2014 ; Tadhunter 2016 ; Hardcastle & Croston 2020 ;
agliocchetti 2022 ). More recent studies, which reach fainter radio

uminosities, have found considerable overlap in the accretion rates
etween the two populations (e.g. Whittam et al. 2022 ). Here, we
onsider the accretion rates of the LERGs across the three different
alaxy populations, and the HERGs. 

The Eddington-scaled accretion rates can be estimated as 

Edd = 

L rad + L mech 

L Edd 
, (2) 

here L rad is the bolometric radiative luminosity of the AGN, L mech 

s the kinetic/mechanical luminosity from the radio jets, and L Edd 

s the Eddington luminosity limit for each source. In the absence
f emission line properties for the vast majority of the sources, the
olometric radiative luminosity is estimated from the best-fitting
IGALE SED model (see Best et al. 2023 ) for each source and is

he sum of the AGN accretion disc luminosity and the AGN dust
e-emitted luminosity, coming from the re-emitted infrared light due
o dust surrounding the AGN. The mechanical luminosity of the jets
an be estimated using the 1.4 GHz radio luminosity as L kin , cav =
 × 10 36 f cav 

(
L 1 . 4 GHz / 10 25 W Hz −1 

)0 . 68 
W (Cavagnolo et al. 2010 ;

eckman & Best 2014 ). We translate our observed 150 MHz radio
uminosities to 1.4 GHz using a spectral index α = −0 . 7. This
caling relation for the mechanical luminosity was determined by
sing the energy associated with expanding the radio lobes and
nflating cavities in the hot X-ray gas observed in massive groups and
lusters (e.g. Boehringer et al. 1993 ; B ̂ ırzan et al. 2008 ; Cavagnolo
t al. 2010 ; Timmerman et al. 2022 ). The Eddington limit for each
GN was then determined using L Edd = 1 . 31 × 10 31 ( M BH / M �) W,
here the black hole mass is estimated using the stellar mass

s M BH ≈ 0 . 0014 M � (H ̈aring & Rix 2004 ). Overall, the scaling
elations used to estimate the mechanical luminosity and the black
ole masses both have a considerable scatter of ∼0.7 and ∼0.3 dex,
espectively. 

While o v er 97 per cent of the HERGs have a measured AGN
ccretion disc and AGN dust luminosity, o v er 50 per cent of
he LERGs hosted by intermediate and SFGs, and around 80 per
ent of the LERGs hosted by quiescent galaxies have no AGN
ccretion disc or AGN dust luminosity assigned to them. This
s in line with expectations as the LERGs are radiatively inef-
cient AGN and hence not expected to have significant infrared
radiative) luminosities. Sources with extremely low AGN fractions,
 AGN < 0 . 05, are not assigned a radiative luminosity by CIGALE ;
uch sources with no measured radiative luminosities, which are
re-dominantly LERGs, can bias our interpretations. To account for
his, we derive an upper limit on the bolometric luminosity to be
 per cent of the total dust luminosity (i.e. corresponding to an
 AGN = 0 . 05) for sources with no measured bolometric luminosities
see below). 

Using the abo v e relation for the kinetic powers together with
quation ( 2 ), the Eddington-scaled accretion rates were derived
or the LERGs and HERGs within the sample, applying the same
 150 MHz ≥ 10 24 W Hz −1 limit to allow comparisons with the results

n the rest of this paper. Fig. 6 shows the cumulative accretion rate
istributions, where the top panel shows the Eddington-scaled ac-
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Figure 6. The cumulative distribution of the Eddington-scaled accretion 
rates for the LERGs within different galaxy populations, and for the 
HERGs. The top panel shows the Eddington-scaled accretion rates derived 
by combining the bolometric radiative AGN luminosity estimated from the 
SED fitting output and the mechanical jet luminosity. The thick, darker lines 
correspond to using L rad = 0 where there are no measurements, and the 
shaded region represents the effect of setting an upper limit on L rad of 5 per 
cent of the total dust luminosity (see the text). The bottom panel shows the 
maximal accretion rates based on the radiative luminosity only, assigning the 
5 per cent upper limit to the sources without measurement. 
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v alues deri ved from SED fitting were systematically higher, likely due to the 
dif ferences in ho w the multiw avelength catalogue w as constructed the Bo ̈otes 
field (see Best et al. 2023 for full details). 
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retion rates determined by combining both the radiative bolometric 
uminosity and the mechanical luminosity, whereas the bottom panel 
hows those determined from the radiative bolometric luminosity 
lone. In the top panel of Fig. 6 , the thick darker lines correspond
o the accretion rates derived by setting L rad = 0 for sources with
o measured value, while the shaded region indicates the effect of
etting these at the 5 per cent upper limit instead, which shifts the
istribution to higher values. The Eddington-scaled accretion rates 
re shown for the HERGs (orange) and the LERGs; the LERGs
re further split into those hosted by quiescent (red), intermediate 
green), and star-forming (blue) galaxies as previously defined in 
ection 4 . 
The HERGs typically have high-accretion rates, with � 80 per cent
bo v e λEdd ∼ 0 . 01; this is broadly consistent with HERGs being
ypically fuelled by radiatively efficient accretion. The quiescent 
ERGs typically have accretion rates below 1 per cent of the
ddington rate, which is consistent with fuelling occurring in a 

adiati vely inef ficient manner from cooling hot gas within their mas-
ive host galaxies. The intermediate LERGs show higher accretion 
ates while still being typically below 1 per cent of the Eddington
ate. The SF-LERGs ho we v er hav e higher accretion rates which
o not appear to be consistent with either the HERGs or the other
ubtypes of LERGs. The bottom panel of Fig. 6 shows the distribution
onsidering the bolometric luminosities alone ( L rad /L Edd ), where 
he curve is derived using upper limits on L rad where there is no

easured value, as described abo v e. Through a comparison with
he top panel, we find that the radiative bolometric luminosities for
he quiescent LERGs are significantly lower than the mechanical 
et luminosities, with L rad /L Edd typically below 0.1 per cent. In
ontrast, the bolometric radiative luminosities typically dominate 
 v er the mechanical jet luminosities for the HERGs. While ∼70
er cent of the SF-LERGs have L rad /L Edd < 0 . 01, the population
ccupies intermediate values of L rad /L Edd , between the Q-LERGs 
nd HERGs. Based on observations in the local Universe (e.g. Best &
eckman 2012 ; Mingo et al. 2014 ), we do not expect a considerable
opulation of LERGs to have accretion rates above 1 per cent of
ddington; we discuss the potential causes for this in Sections 5.1
nd 5.2 . 

.1 Potential source classification uncertainties 

t is possible that source misclassification may have an impact on the
bserved accretion rate distributions seen in Fig. 6 . In the presence
f significant ongoing star formation, SED fitting routines may be 
ess reliable in determining the presence of lo w-le vel AGN emission
r robustly separating emission from AGN and star formation. This 
ould lead to potential misclassification of sources, in particular 
etween SF-LERGs and HERGs. Ho we ver, it is important to note
hat the Best et al. ( 2023 ) classification scheme adopted mitigates
his issue to an extent in various ways. First, instead of the best-
t f AGN , they used the 16th percentile of the f AGN to identify the
resence of radiative-mode AGN (for CIGALE , the criterion f AGN , 16 >

 . 06 was used; > 0 . 1 in Bo ̈otes 3 ) which is more robust to large
ncertainties on the fitted AGN components due to the presence of
tar formation. Secondly, in addition to the abo v e, Best et al. ( 2023 )
lso compared the χ2 values of BAGPIPES and MAGPHYS (which do not 
odel AGN emission) with the values from AGNFITTER and CIGALE 

o identify radiative-mode AGN. Best et al. ( 2023 ) validated AGN
dentified via this classification method with mid-infrared colour–
olour diagnostics, finding good agreement (see fig. 5 of Best et al.
023 ). 
We further validate the classification of sources using both recent 

pectroscopic observations and X-ray data for a subset of the 
ources, which is described in detail in Appendix B . First, we used
bservations from the Dark Energy Spectroscopic Instrument Early 
ata Release (DESI-EDR; DESI Collaboration 2023 ) to generate 

tacked optical spectra for each of Q-LERGs, SF-LERGs, HERGs, 
nd SFGs, separately, as classified by Best et al. ( 2023 ). The
MNRAS 536, 554–571 (2025) 
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F-LERG stack shows strong [O II ] emission, indicative of star
ormation, and a lower [O III ]/[O II ] ratio than the HERGs showing
hat the SF-LERGs are dominated by ‘normal’ SFGs. Ho we ver, the
F-LERG stack also shows slightly higher [O III ] emission than the
FG stack indicating that there may be a small level of radiative-
ode AGN contamination. Secondly, we used the Chandra Deep
ide-Field Surv e y (CDWFS; Masini et al. 2020 ) in the Bo ̈otes

eld to study the average X-ray properties of the different source
lasses. We find that the average (stacked) X-ray luminosities of
ach of Q-LERGs, intermediate LERGs, and SF-LERGs, show
imilar levels of X-ray emission, which are considerably lower than
he HERGs. Our additional validation presented in Appendix B is
ocused on the average properties of each population rather than a
ource-by-source comparison, therefore, on average, we conclude
hat the LERGs hosted by intermediate and SFGs appear to be
istinct to the HERGs, and show similar nuclear properties to the
-LERGs. While there may be some potential misclassifications
ue to the nature of the limitations of the SED-fitting process,
hese results provide additional confidence that this does not have a
ignificant impact on the robustness of the classifications used in this
tudy. 

.2 Unr eliable L bol measur ements for SF-LERGs 

or sources with significant ongoing star formation, as in the case of
he sources identified as SF-LERGs, it is possible that SED fitting
outines may not be able to reliably model the contribution from
GN and star formation simultaneously, particularly for fainter
alaxies with fewer robust photometric data points. To investigate
his, we derive an equivalent L rad /L Edd distribution for sources
lassified as SFGs 4 by Best et al. ( 2023 ) that also meet the
tar-forming criteria based on the the main sequence defined in
ection 4 ; this is shown by the brown curve in Fig. 6 (bottom
anel). We find that > 60 per cent of the SFGs have no measured
GN fraction ( f AGN ; i.e. no measured ‘radiative’ luminosities). The

emaining sources have very low f AGN values (typically � 0.05),
ut given the high total luminosities associated with ongoing star
ormation within the galaxies this still results in non-negligible
 rad . Hence, the L rad /L Edd distribution for the SFGs appears at

ntermediate values, and indeed is very similar to the SF-LERG
istribution when incorporating the limits. In comparison, ∼90 per
ent of the SF-LERGs have f AGN ≤ 0 . 05, indicating low contribution
rom AGN emission. The similarities in the distributions of the
wo populations, where the key difference between how the two
opulations were selected is the presence of a radio-excess AGN
or the SF-LERGs, highlights that the higher L rad /L Edd observed
or the SF-LERGs compared to Q-LERGs is primarily due to
rongly assigned luminosity from star formation processes rather

han (missed) significant AGN emission arising from misclassified
ERGs. Overall, this result suggests that the radiative luminosities

stimated for the SF-LERGs through SED fitting processes may not
e robust. 

.3 Comparison of Eddington-scaled accretion rates with 

iterature 

e now compare our results on the Eddington-scaled accretion rates
f LERGs and HERGs shown in Fig. 6 with other studies in the
NRAS 536, 554–571 (2025) 

 Here, SFGs are defined as sources that do not display signs of either radio- 
xcess AGN or radiative-mode AGN. 

h  

i  

s  
iterature. Following the above caveats regarding the robustness of the
adiative luminosities estimated from SED fitting for the SF-LERGs,
e do not attempt to o v erinterpret the Eddington-scaled accretion

ates derived for this subgroup of LERGs in Fig. 6 . Instead, here we
rimarily focus on comparing our Q-LERG and the HERG results to
revious works, where we expect the derived radiative luminosities
o be most robust. 

Our results for the HERGs and the quiescent LERGs are in
greement with previous studies of the HERG and overall LERG
opulations in the local Universe (e.g. Best & Heckman 2012 ; Mingo
t al. 2014 ). We find that there is more o v erlap between the LERG
nd HERG populations in our study, and while it is possible that
his is a real effect, we suggest that these observations are also
onsistent with the combination of measurement uncertainties and
election effects. In particular, aside from the robustness of the
adiative luminosities for SF-LERGs discussed above, our use of
 scaling relationship to estimate black hole masses has considerable
catter, compared to the more robust measurements by Best &
eckman ( 2012 ) using spectra. Such scatter in the empirical scaling

elationship can spread out the intrinsic Eddington-rate distributions
f the two populations resulting in more apparent o v erlap; prospects
or o v ercoming these limitations are discussed in Sections 6 and
 . Moreo v er, as we showed in Fig. 5 (and in Kondapally et al.
022 ), SF-LERGs are expected to be less common at low redshifts
tudied by Best & Heckman ( 2012 ). Additionally, the use of
mission line diagnostics to select LERGs by Best & Heckman
 2012 ), which requires low line fluxes or equivalent widths from
he [O II ] and [O III ] lines may select against star-forming hosts of
ERGs. 
Recently, Whittam et al. ( 2022 ) used the MeerKAT International

Hz Tiered Extragalactic Exploration (MIGHTEE) early-science
bservations of the COSMOS field at 1.4 GHz to study the properties
f LERGs and HERGs. Their data co v ers an area of ∼ 1 deg 2 and
eaches a noise level of ∼4 μJy beam 

−1 , comparable in-depth to
ur LoTSS Deep Fields data assuming a standard spectral index.
hittam et al. ( 2022 ) found considerable o v erlap in the Eddington-

caled accretion rates between their LERGs and HERGs. Overall,
hittam et al. ( 2022 ) have suggested that at higher redshifts and

ower radio luminosities, the distinction between the LERG and
ERG populations becomes less clear, with their host galaxy
roperties also becoming more similar. Ho we ver, Whittam et al.
 2022 ) also use the same scaling relationships to determine the jet
echanical luminosity and the black hole masses as our study, which

s discussed abo v e leads to a spread in the derived Eddington-scaled
ccretion rate distributions, and hence more o v erlap in the LERG
nd HERG populations. It is worth noting that the classification
f LERGs at higher redshifts by Whittam et al. ( 2022 ) are less
obust, in particular due to the X-ray data which limits their X-
ay AGN classification to z < 0 . 5. As a result, they are only able
o classify sources as ‘LERGs’ at z < 0 . 5, and instead identify a
ample of ‘probable LERGs’ at higher redshifts. The Eddington-
ate distribution for their ‘probable LERG’ sample extends to higher
alues than their LERG sample; it is therefore possible that their
probable LERGs’ could be contaminated by misclassified HERGs,
nd could suffer the same potential biases as our SF-LERGs whereby
heir radiative luminosities, and hence accretion rates, may be
 v erestimated due to the presence of strong star formation. If this
s not the case, then this would imply that the SF-LERGs indeed
ave higher bolometric luminosities, which would have interesting
mplications for the nature of these sources. We also note that the
ample used by Whittam et al. ( 2022 ) probes higher redshifts than our
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ample, which may also impact the detailed comparison with their 
tudy. 

 O N  T H E  FUELLING  O F  L E R G S  A N D  H E R G S  

C RO SS  T H E  G A L A X Y  POPULATION  

he dependence of AGN activity on stellar mass and SFR presented 
n Sections 3 and 4 can be combined with the accretion rate properties
erived in Section 5 to understand the nature of the faint LERG
nd HERG populations in the early Universe as traced by our 
bservations. Our results from Figs 4 and 5 suggest that LERGs
ay be fuelled by multiple processes based on the available fuel 

upply and the stellar mass. Fuelling from hot gas is more likely
o occur in massive galaxies, which also host massive black holes, 
nd such fuelling typically occurs at low accretion rates and leads 
o the formation of a LERG. Our observations of LERGs across
he galaxy population support a scenario where this process likely 
uels the AGN in massive g alaxies reg ardless of their star formation
cti vity, ef fecti vely setting a ‘minimum’ level of LERG activity. This
aturally explains the existence of the quiescent LERGs, which have 
ow accretion rates (as seen in Fig. 6 ) that can be associated with
uelling from hot gas, and which are found in massive galaxies, 
esulting in the steep stellar mass relation observed in Fig. 4 . In
assive galaxies with higher SFRs, the same process may also fuel 

he AGN; this is supported by our results in Fig. 5 which show
hat at high masses, all g alaxies, reg ardless of galaxy type, have
oughly the same level of LERG activity (or a marginally higher 
evel in SF-LERGs), pointing to a common fuelling process from 

ot gas. We note that the similarities in the incidence of LERGs
n massive galaxies, which have massive dark matter haloes, may 
lso suggest that the environment is an important factor in accretion 
rom hot gas (see e.g. Tasse et al. 2008 ; Sabater et al. 2013 ; Mingo
t al. 2019 ; Hardcastle & Croston 2020 ); a detailed modelling of the
nvironments of these AGN is outside the scope of this paper. 

In galaxies with high levels of star formation activity, there is
n abundant supply of cold gas which can fuel both star formation
nd black hole growth. Therefore, we suggest that there may be 
n additional fuelling mechanism associated with the cold gas that 
uels LERGs in galaxies with higher star formation activity; this is
articularly important in lower mass galaxies. In this scenario, we 
ould expect a higher level of LERG activity in galaxies with higher

tar formation activity at a fixed stellar mass; we observe a factor
f 2–10 higher LERG incidence in SFGs compared to quiescent 
alaxies, as seen in Fig. 5 . Additionally, in both Figs 4 and 5 , we
ee that for a given stellar mass, the incidence of LERGs in SFGs
ncreases with increasing redshift, when the gas fractions were also 
igher. Moreo v er, Heckman et al. ( 2024 ) find that the evolution of
he cosmic energy budget from AGN jets is well correlated with the
uenching rate, suggesting that the SF-LERGs may be connected 
o the quenching of SFGs. We note that although the presence of
bundant cold gas is capable of fuelling the AGN at high rates, this
oes not necessarily mean that this al w ays occurs (see Hardcastle
018 ); therefore, if LERGs are defined as AGN fuelling below 1
er cent of the Eddington-rate, then it is possible for cold gas to
upply this. We note that the stochastic nature of accretion can be
oupled to the different time-scales involved in the generation of 
he radio jets and accretion disc structure, which can complicate the 
nterpretations. 

The picture for the HERGs appears more straightforward, with 
ERGs typically being found in star-forming systems, where they 

re fuelled at high accretion rates in a radiatively efficient manner 
y the cold gas present within their star-forming host galaxies, 
roadly consistent with previous studies at lower redshift (e.g. Best &
eckman 2012 ; Mingo et al. 2014 ). It is not clear how the population
f HERGs accreting at low rates fit into this picture, however we note
hat the large scatter in the black hole mass–stellar mass relationship,
nd in the radio luminosity–jet kinetic power relationship may 
roaden the observed accretion rate distribution. 

 C O N C L U S I O N S  

n this paper, we have used data from the LOFAR Deep Fields to study
he host galaxy properties of radio-AGN out to z = 1 . 5. The three
elds studied, ELAIS-N1, Lockman Hole, and Bo ̈otes, all benefit 
rom having deep wide-area co v erage from the UV to far-infrared
av elengths o v er ∼ 25 de g 2 . This data set was used to measure robust
h ysical g alaxy properties and for the identification of a sample of
adio-AGN, which we further split into LERGs and HERGs. The host
alaxy properties of these AGN were compared to a mid-infrared 
elected parent sample of the underlying galaxy population. Using 
his, we have presented robust measurements of the incidence of 
adio-AGN activity on stellar mass, SFR, and black hole accretion 
ate across 0 . 3 < z ≤ 1 . 5. We divided the AGN population based
n their star formation activity relative to the main sequence of
tar formation into three groups: quiescent, intermediate, and star- 
orming hosts. In our analysis, we compute the Eddington-scaled 
ccretion rates, λEdd for the AGN, by combining the bolometric 
adiative luminosity and mechanical luminosity from the jets. Our 
ain conclusions are as follows: 

(i) The LERGs show a steep dependence on stellar mass with 
ome evidence of flattening at higher redshifts, as found by previous
tudies. The HERGs show a similarly steep relation, but with 
ignificantly lower prevalence than the LERGs at all stellar masses. 

(ii) HERGs are pre-dominantly found in galaxies with ongoing 
tar formation activity, across redshift, suggesting the need for cold 
as supply to trigger HERG activity. In contrast, we find that LERG
ctivity occurs across the galaxy population, in both quiescent and 
FGs, with LERGs pre-dominantly hosted by SFGs in the early 
niverse. 
(iii) The HERGs typically accrete abo v e 1 per cent of the

ddington-scaled accretion rates, which is broadly consistent with 
revious studies in the local Universe. 
(iv) When split into different galaxy groups based on star for- 
ation activity, the quiescent LERGs show typical accretion rates 

elow 1 per cent of the Eddington-rate; this is consistent with results
or the overall LERG population in the local Universe. We find that
he radiative luminosities (and hence accretion rates) derived for SF- 
ERGs from SED fitting are likely not robust; this highlights the
eed for spectroscopic data to robustly characterize AGN accretion 
roperties. 
(v) The incidence of LERGs in quiescent galaxies has a steep 

ependence on stellar mass which does not vary with redshift; this
s found to be consistent with fuelling occurring at low Eddington
ates from hot gas. 

(vi) LERG activity depends on both stellar mass and SFR, sug- 
esting a different fuelling mechanism of LERGs across the galaxy 
opulation. We find that at high masses, LERGs are roughly equally
s likely to be found in quiescent or SFGs: at high masses, ∼10–20
er cent of the galaxies host a LERG irrespective of the star formation
ctivity. 

(vii) At lo wer masses, LERG acti vity is significantly more likely
o be hosted in galaxies with higher star formation activity, by a
actor of up to 10 compared to quiescent galaxies. This suggests
MNRAS 536, 554–571 (2025) 
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hat at lower masses, in particular within SFGs, there may be an
dditional mechanism that triggers LERG activity. 

In summary, our recent work has found a significant population
f LERGs hosted by SFGs, in contrast to expectations from studies
n the local Uni verse. Our observ ations suggest that accretion from
he hot gas provides a minimum level of incidence for the LERGs
ith an additional fuelling mechanism from cold gas providing an

nhancement. In massive galaxies where the incidence is high, hot
as accretion dominates the fuelling across the galaxy population,
egardless of star formation acti vity. Ho we ver in low-mass galaxies,
uelling from cold gas provides an enhancement of LERG activity
ithin SFGs in particular. The precise fuelling mechanisms that

rigger LERG activity in SFGs remain unclear at present, although
ur results suggest that this may be occurring from cold gas. Further
vidence in support of this scenario comes from the incidence of
ERGs increasing with both increasing star formation activity and
t higher redshifts, when the gas fractions were also higher. 

Going beyond the global galaxy properties towards a charac-
erization of their molecular gas properties, in comparison to a
atched sample of LERGs and HERGs in different galaxy types,
ill be necessary to understand the fuelling processes at play. Our

esults also find some o v erlap in the Eddington-scaled accretion
ates of LERGs and HERGs; it is possible that some of this observed
 v erlap could be associated with the stochastic nature of accretion,
catter in the empirical scaling relations, or potential uncertainties
n source classifications and derived radiative luminosities. To
 v ercome remaining uncertainties in source classification and in
stimating galaxy and AGN properties requires the availability of
pectra; emission line diagnostics allows the most robust method of
dentifying radiatively efficient versus inefficient activity (e.g. Best &
eckman 2012 ; Whittam et al. 2018 ). A similar analysis has recently
een applied to the wide-area LoTSS DR2 data set (Hardcastle et al.
023 ; Drake et al. 2024 ) using Sloan Digital Sky Survey (SDSS)
pectroscopic observ ations; ho we ver current spectroscopic data sets
re only able to co v er a small fraction of the LOFAR-detected
ources. The upcoming WEAVE–LOFAR surv e y (Smith et al. 2016 ),
sing the new William Herschel Telescope Enhanced Area Velocity
xplorer (WEAVE) instrument (Jin et al. 2024 ) onboard the William
erschel Telescope, will provide dedicated follow-up optical spectra

or a large number of LOFAR-detected sources. This will enable
obust source classification and identification of different AGN
ypes, and the characterization of their properties including radiative
uminosities and black hole masses. 
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PPENDI X  A :  RADI O-EXCESS  SELECTIO N  

OMPLETENESS  C O R R E C T I O N S  

he selection of AGN using the radio-excess based on the radio-
uminosity–SFR relation may lead to misclassification of low (ra- 
io) luminosity AGN as SFGs. Consider that the 150 MHz radio
uminosity for each source is the sum of the radio luminosity
rising from the AGN (jets) and from star formation processes 
s follows, L 150 MHz = L AGN + L SF . Therefore, applying a L 150 MHz 

imit, as done throughout most of the analysis in this paper, will
ot uniformly select AGN abo v e the same luminosity limit in
ll galaxies. Specifically, for a given AGN luminosity, sources 
osted in more SFGs will be less likely to satisfy the radio-excess
riterion, compared to quiescent host galaxies. This introduces an 
ncompleteness in the radio-excess AGN selection at high SFRs. This 
s particularly rele v ant for our analysis, where we apply a 150 MHz
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M

Figure A1. Results of the Monte Carlo simulation to quantify the completeness of the radio-excess AGN selection. Left: the simulated relationship between the 
150 MHz radio-luminosity and SFR for SFGs, with a simulated Gaussian scatter of 0.3 dex. Right: the total 150 MHz radio luminosity for simulated sources, 
calculated as the sum of the L AGN and L SF components (from the left panel), as a function of the SFR (see the text). The black solid line in both panels shows 
the radio luminosity–SFR relation of Best et al. ( 2023 ). The dashed black line shows the radio-excess criterion (0.7 dex above the relation) used to identify 
radio-excess AGN. The red horizontal line corresponds to the radio luminosity limit of L 150 MHz ≥ 10 24 W Hz −1 applied for the analysis. 

Figure A2. Radio-excess AGN selection completeness as a function of SFR 

for LERGs, SF-LERGs, and HERGs. The completeness curves are derived by 
convolving the Monte Carlo simulation with the radio luminosity function (see 
the text). Therefore, in each case, the curves correspond to the completeness 
in the radio-excess selection for the specific AGN type abo v e a limiting 
luminosity of L 150 MHz ≥ 10 24 W Hz −1 . 
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adio luminosity limit ( L 150 MHz ≥ 10 24 W Hz −1 ) to account for the
adio flux density incompleteness effects out to z ∼ 1 . 5 (see Section
 ). Choosing a sufficiently high radio luminosity limit would ensure a
argely complete sample of luminous AGN, ho we ver would limit the
nalysis to the most luminous sources and results in poorer statistics.

An alternative approach is to assess the impact of the abo v e
election effect on the results derived in this paper, which is described
ere. We first generated mock sources by simulating their radio
uminosities, which are assumed to be described by a two-component
odel, L 150 MHz = L AGN + L SF , where L AGN is the AGN component,

nd L SF is the star formation component to the radio luminosity.
here is a tight correlation between the radio luminosity and SFR of
NRAS 536, 554–571 (2025) 
FGs (e.g. G ̈urkan et al. 2018 ; Smith et al. 2021 ). The L SF component
as modelled as a Gaussian centred on the radio luminosity–SFR

elation derived for the LoTSS-Deep sample by Best et al. ( 2023 )
nd used for the radio-excess selection, log 10 ( L SF , mean / W Hz −1 ) =
2 . 24 + 1 . 08 log 10 ( SFR / M � yr −1 ), with a standard deviation of
.3 dex (following the typical scatter in the relationship; see Smith
t al. 2021 and Cochrane et al. 2023 ). SFRs spanning 5 orders of
agnitude, between −2 < log 10 ( SFR / M � yr −1 ) < 3 were used to

alculate L SF , generating a distribution of 10 000 simulated sources
long the L SF − SFR plane. For visualization purposes, we show the
esulting distribution for a fraction of the sources in Fig. A1 . The
 AGN component was finely sampled in 100 bins from a uniform
istribution spanning L 150 MHz = 10 23 − 10 28 W Hz −1 , co v ering the
ull range of luminosities probed by the AGN sample used in this
nalysis (see Kondapally et al. 2022 ; Best et al. 2023 ). 

For each L AGN value, the total 150 MHz radio luminosity, L 150 MHz ,
as calculated by summing the two components together, to trans-

orm the abo v e into a distribution of 10 000 sources along the
 150 MHz − SFR plane. This process is repeated for each L AGN to
apture the effect of varying the AGN luminosity on the total
50 MHz luminosity along this plane by generating a sample of
00 × 10 000 sources. For visualization purposes again, we show
his distribution for a fraction of the simulated sources in the right
anel of Fig. A1 . As the completeness depends on both radio
uminosity and SFR, we split this large sample into narrow bins
n L 150 MHz and SFR, and for each bin, we calculated the fraction
f simulated sources (weighted by the radio luminosity function;
ee below) that would satisfy the radio-excess selection, as in, with
 150 MHz abo v e 0.7 de x from L SF , mean (dashed black line in Fig. A1 )

o determine the completeness of the radio-excess selection in
ach bin. 

Throughout the analysis in this paper, we have used a radio
uminosity limit of L 150 MHz ≥ 10 24 W Hz −1 , and performed the
nalysis for different AGN populations which have distinct radio
uminosity functions. To derive appropriate completeness corrections
s a function of SFR, we weight the completeness along the SFR
xis by the radio luminosity function, down to 10 24 W Hz −1 to derive
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he radio-excess selection completeness corrections as a function of 
FR for different AGN populations, which are shown in Fig. A2 .
he radio AGN luminosity functions are often modelled as a broken 
ower law (e.g. Dunlop & Peacock 1990 ). Kondapally et al. ( 2022 )
t the LERG luminosity function for the same sample that is used

n this study, ho we v er the y compute this o v er different redshift bins.
e use the 0 . 5 < z ≤ 1 fit to the radio luminosity function from
ondapally et al. ( 2022 ) to compute the corrections (red solid line).
heir luminosity function was found to be in good agreement with 

hat of Best et al. ( 2014 ), and hence the good agreement seen with the
orrections determined using the Best et al. ( 2014 ) LERG luminosity
unction (green dashed line). Kondapally et al. ( 2022 ) were not able
o fit a model to the HERG luminosity function as the bright-end
lope was largely unconstrained. Therefore, we use the 0 . 5 < z ≤ 1
est-fit HERG luminosity function from Best et al. ( 2014 ), given the
ood agreement between our measurements and their LERGs (orange 
ash dotted line). We find that the LERG luminosity functions do 
ot evolve significantly between z = 1 and z = 1 . 5, and as a result,
he derived completeness corrections are similar. We also compute 
 correction for the subset of LERGs hosted by SFGs (SF-LERGs).
lthough Kondapally et al. ( 2022 ) do not produce a fit to their SF-
ERG luminosity functions, we use the difference in their fitted 
odels to the total LERG and quiescent LERG luminosity functions 

o compute the SF-LERG corrections shown in Fig. A2 (blue dotted 
ine). 

In summary, we find that for the radio-excess selection criteria, 
e achieve a near 100 per cent completeness for SFR < 10 M �yr −1 ,
hich can also be seen from the cross-o v er point in Fig. A1 . At
igher SFRs, the completeness falls quickly, but we note that the 
hoice of the luminosity functions do not have a significant effect on
he derived completeness corrections. 

PPEN D IX  B:  C H A R AC T E R I Z AT I O N  O F  T H E  

FFECT  O F  S O U R C E  CLASSIFICATION  

NCERTAIN TIES  

n this section, we assess the robustness of the SED-fitting based 
ource classifications by using additional diagnostics that incorporate 
pectroscopic observations and X-ray observations. 

1 Spectral stacking of LERGs and HERGs 

t the time of the first data release of LoTSS-Deep, the vast majority
f the radio sources lacked spectroscopic data, which provide the 
ost robust method of classifying different modes of AGN using 

mission line diagnostics. As a result, the source classifications used 
n this study (see Best et al. 2023 ) are based primarily on photometric
ED fitting incorporating UV to X-ray data sets in order to identify
eatures of radiatively efficient AGN activity (i.e. the HERGs) and 
eparate these from radiatively inefficient AGN (i.e. the LERGs). 

The recent Dark Energy Spectroscopic Instrument Early Data 
elease (DESI EDR; DESI Collaboration 2023 ) has provided spec- 

roscopic observations for a moderate fraction ( ∼20 per cent) of the
OFAR detected sources in the ELAIS-N1 and Bo ̈otes fields. To test

he robustness of the source classifications using these new spectro- 
copic observations, we construct stacked (median) spectra for each 
f the HERG, SF-LERG, Q-LERG, and the SFG populations, as 
dentified based on the classifications from Best et al. ( 2023 ). The
pectral stacking process used is presented and described in detail 
y Arnaudova et al. ( 2024 ). In summary, we first apply Galactic
xtinction corrections using Schlegel, Finkbeiner & Davis ( 1998 ) 
nd the Milky Way reddening curve from Fitzpatrick ( 1999 ) with
 V = 3 . 1, and then de-redshift the individual spectra and resample
hem on to a common wavelength grid. These are then normalized
t the reddest possible end where data from all spectra is available
this also minimizes the effects of extinction). The stacked spectrum 

or each source type is then generated by computing the median
n a given wavelength bin. The DESI selection function results in
arying redshift distributions between each of the four samples; we 
ence limit the analysis to sources with spectroscopic redshifts in 
he range of 0 . 5 < z ≤ 1. To enable a more direct comparison to the
esults presented in the rest of the paper, we also only include sources
ith L 150 MHz ≥ 10 24 W Hz −1 when constructing the stacks. 
The resulting stacked spectra for the HERGs, SF-LERGs, Q- 

ERGs, and SFGs are shown in Fig. B1 . Where applicable, we
ark key emission line features in the spectra, namely, [O II ] λ3728,

Ne III ] λ3870, H β, and [O III ] λλ5007 , 4959. The Q-LERG stack
hows the Ca H and K absorption features, characteristic of the lack
f young stars, along with a lack of emission line features that are
ypically indicative of star formation or (radiatively efficient) AGN 

ctivity; this is inline with the expectations of Q-LERGs being the
et-mode (i.e. radiati vely inef ficient) AGN population. The HERG 

tack shows strong emission from the [O III ] line (35.12 eV), along
ith a weak detection of the higher ionization [Ne III ] line (40.96 eV),
oth of which require the presence of a hard ionizing radiation field
rom an AGN. The presence of other features such as H β and the
O II ] lines trace star formation activity (e.g. Kennicutt 1998 ) within
he host galaxies of the HERGs. The strong [O III ] emission seen for
he HERGs, with a log 10 ([O III]/H β) = 1.0, gives further indication
f AGN activity. If the SF-LERGs are indeed radiatively inefficient 
GN, like the Q-LERGs, but simply hosted in SFGs, we would

xpect the SF-LERG and SFG stack to present similar emission line
eatures. Qualitatively, the SF-LERG stack is similar to the SFG 

tack, both showing stronger [O II ] emission associated with star
ormation compared to [O III ]. The log 10 ([O III]/H β) ratio for the
F-LERG stack is 0.7, which is lower than that of the HERGs, but
igher than the value of 0.4 found for the SFG stack. Compared to
he HERGs, the SF-LERGs also display a lower [O III ]/[O II ] ratio.
verall, these results suggest that while there may be a small level of

ontamination of SF-LERGs by low luminosity AGN, their average 
mission line features are broadly consistent with star formation 
ctivity. 

We note that the abo v e analysis presents an average view of each
ource type and could only be performed at present for a subset
f the radio sources with spectroscopic data available. The use of
mission line ratio diagnostics, such as the BPT classification or 
 xcitation inde x, pro vides the most robust method of classifying
ERGs and HERGs (e.g. Best & Heckman 2012 ). Such an analysis

equires the detection and measurement of at least 4–6 different 
mission lines, which are not al w ays available for each source with
ESI spectra, further reducing the number of sources for which 

uch an analysis could be performed; we have therefore focused 
n performing spectral stacking in this paper. For the subset of
adio sources detected within DESI EDR where emission lines 
an be measured robustly, such spectroscopic classifications will be 
resented in future work (Arnaudova et al., in preparation). Detailed 
pectroscopic classification for the vast majority of the radio sources 
ill only be enabled by the upcoming WEAVE spectrograph (Jin 

t al. 2024 ), which will provide dedicated spectroscopic follow-up 
f LOFAR-detected sources, including all LOFAR-Deep sources 
s part of the WEAVE–LOFAR surv e y (Smith et al. 2016 ). This
ill o v ercome man y of the limitations of e xisting SED-fitting based

ource classifications, including providing more reliable estimates 
f AGN bolometric luminosities and provide more robust redshifts. 
MNRAS 536, 554–571 (2025) 
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Figure B1. The median stacked spectra for HERGs, SF-LERGs, Q-LEGRs, and SFGs across 0 . 5 < z ≤ 1. The indi vidual spectra, deri ved from the DESI 
EDR (DESI Collaboration 2023 ), are shifted to the rest frame, normalized and resampled on to a common wavelength grid before computing a median stacked 
spectrum. The Q-LERG stack shows Ca H and K absorption features, indicative of an old stellar population, with no signs of emission lines associated with 
either star formation or AGN activity. The HERG stack show strong detection of high-excitation emission lines, such as [Ne III ] and [O III ], and an [O III ]/H β

ratio associated with the presence of AGN activity. 

Figure B2. The median stacked 2–10 keV rest-frame X-ray luminosities as 
a function of radio luminosity for LERGs hosted by different galaxy types, 
HERGs, and RQ-AGN across 0 . 5 < z ≤ 1. The stacked X-ray luminosities 
represent the median X-ray luminosities based on bootstrap resampling, 
which are corrected for the contribution from XRBs. The uncertainties 
are computed using the corresponding bootstrap method. At a given radio 
luminosity, the LERGs, regardless of their host galaxy star formation activity, 
show o v er an order of magnitude lower X-ray luminosities than the HERGs 
or RQ-AGN. 
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e note that for the shallower but wider LoTSS-DR2 (Hardcastle
t al. 2023 ), where large SDSS spectroscopic samples are available,
he classification of LERGs and HERGs is now possible using a
adio-excess selection and BPT classification (Drake et al. 2024 ).
NRAS 536, 554–571 (2025) 
his analysis, which focuses primarily at lower redshifts ( z � 0 . 5)
as also found the existence of a considerable population ( ∼30 per
ent) of LERGs hosted by SFGs. We expect this population to be
ess pre v alent at lo wer redshifts but the fact that the use of the more
obust emission line classifications still identifies a population of SF-
ERGs suggests that these are not simply due to misclassifications

rom the SED fitting process. 

2 Average X-ray properties of LERGs and HERGs 

o further test the robustness of the source classifications, we investi-
ate the X-ray properties of radio-detected AGN. X-ray observations
an be used to trace radiatively efficient (radiative mode) AGN. For
his analysis, we focus on the Bo ̈otes deep field which has co v erage
rom deep Chandra imaging over the full ∼9.6 deg 2 of the field as
art of the the Chandra Deep Wide-Field Surv e y (CDWFS; Masini
t al. 2020 ). The CDWFS co v ers 3.4 Ms worth of imaging data
cross the soft (0.5–2 keV), hard (2–7 keV), and the broad (0.5–
 keV) bands, reaching depths of 4 . 7 × 10 −16 , 1 . 5 × 10 −16 , and
 × 10 −16 erg cm 

−2 s −1 . In addition to the imaging data sets, Masini
t al. ( 2020 ) also present a catalogue of 6891 X-ray detected sources
cross the three bands. 

In addition to the LERGs (split into three subgroups based on their
tar formation activity) and the HERGs, we also investigate here the
roperties of the radio-quiet A GN (RQ-A GN), which are defined as
ources that do not display a radio-excess but are identified as AGN
ased on SED fitting (see Best et al. 2023 ). Like the HERGs, the
Q-AGN are thought to be powered by radiatively efficient AGN,
nd their comparison to the LERGs can provide additional insights.
hroughout this analysis, our aim is to understand the properties of

he AGN as identified and classified based on the radio data; our
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tarting point is therefore the five classes of radio-detected AGN. We 
nitially cross-match the radio-detected AGN with the Masini et al. 
 2020 ) X-ray catalogue (in the hard band), finding that around 33
er cent and 30 per cent of the HERGs and RQ-AGN, respectively,
re also detected at X-ray wavelengths. In contrast, we find that 
nly ∼2 per cent of the LERGs are X-ray detected (with the X-ray
etections being split roughly equally amongst the three subgroups). 
he RQ-AGN and the HERGs are both expected to be powered by
 radiative-mode AGN which emit strongly in the X-rays due to 
nverse-Compton scattering of photons from the black hole accretion 
isc; the considerable fraction of both RQ-AGN and HERGs that are 
-ray detected is therefore expected. LERGs on the other hand are 

xpected to be powered by radiati vely inef ficient accretion, which can 
xplain the low X-ray detection rate. In addition, the similarly low 

-ray detection fractions found for LERGs hosted within quiescent, 
ntermediate, and SFGs indicates that the SF-LERGs are likely not 

isclassified radiative-mode AGN. It is possible that some of the 
-ray emission from the X-ray detected LERGs is associated with 

he radio jets (e.g. Hardcastle 2009 ). 
A significant fraction of our radio-detected AGN are ho we ver 

ndetected in the X-rays; to gain a more complete understanding of
he radio-detected AGN population, we perform an X-ray stacking 
nalysis to compute the average X-ray luminosities of each group 
f AGN; the full details of this process will be described by Holc
t al. (in preparation). To ensure that there are sufficient sources in
ach group of AGN, we focus our analysis within the redshift range
 . 5 < z ≤ 1. Over this redshift range, we split each AGN sample
nto five radio luminosity bins and derived the stacked average X-ray 
uminosities in each bin. Using the positions of the radio-detected 
ources, we calculated the stacked count rates and fluxes using the 
ard band (2–7 keV) CDWFS images. We incorporated both the X- 
ay detections and non-detections into our stacking analysis as the 
etections constitute a significant fraction of the HERGs and RQ- 
GN. To derive robust stacked X-ray luminosities and uncertainties, 

or each radio luminosity bin, we repeat this process 10 000 times by
erforming a bootstrap resampling of the input source list, to derive 
 distribution of 10 000 realizations of the average stacked X-ray 
2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
uxes. We took the median of this distribution as our best estimate
f the stacked X-ray fluxes, with the corresponding 1 σ uncertainties 
stimated using the 16th and 84th percentiles. The stacked X-ray 
uxes were then converted to rest frame 2–10 keV X-ray luminosities
sing the mean redshift of the bin ( z mean = 0 . 75) and assuming an
-ray power-law spectrum with a photon index of � = 1 . 8. 
The X-ray emission from a galaxy can arise not just from AGN

ctivity but also from X-ray binaries (XRBs), which has been 
ound to be well correlated with the star formation activity (e.g.
ehmer et al. 2010 ; Mineo et al. 2014 ; Lehmer et al. 2016 ; Aird,
oil & Georgakakis 2017 ). We estimate the contribution to the X-

ay luminosity from XRBs using the empirical scaling relationship 
ound by Lehmer et al. ( 2016 ) and subtract this from our stacked
alues. The resulting stacked 2–10 keV rest-frame X-ray luminosity 
s a function of radio luminosity for different groups of AGN
re shown in Fig. B2 . At a fixed radio luminosity, we find that
oth HERGs and RQ-AGN show significantly higher average X- 
ay luminosities, by o v er an order of magnitude, compared to the
ERGs. Moreo v er, at a giv en radio luminosity, the stacked X-

ay luminosities for LERGs hosted by galaxies of different star 
ormation activities are consistent with each other. These results 
uggest that LERGs within each of the quiescent, intermediate, 
nd star-forming systems are not significantly contaminated on a 
opulation level by radiatively efficient AGN, which show much 
igher X-ray luminosities. The consistency between the HERGs and 
Q-AGN provides further evidence that these are both powered by 

adiati vely ef ficient AGN. As X-rays trace the accretion activity on to
he black hole, we would expect that these significant differences in
he X-ray luminosities will also result in significant differences in the
verage black hole accretion rates between the LERGs and HERGs. 
urther detailed analysis of the average black hole accretion rates, 

ncluding an investigation of their trends with radio luminosity and 
ther galaxy properties will be investigated in future work (Holc 
t al., in preparation). 
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