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A B S T R A C T 

The faint radio-source population includes galaxies dominated by both star formation (SF) and active galactic nuclei 
(AGN), which are two key processes shaping galaxy evolution. To investigate this population, we probabilistically classified 
251 413 radio sources from the second data release of the LOFAR Two-metre Sky Survey (LoTSS DR2) using spectroscopic 
data from the first release of the Dark Energy Spectroscopic Instrument (DESI DR1). Our classification method includes: (i) 
the identification of radio excess relative to SF, (ii) the Baldwin, Philips & Terlevich (BPT) diagram, (iii) a modified Mass–
Excitation ( M Ex) diagram, and (iv) the [O iii ] λ5007 equivalent width. These are combined with Monte Carlo methods 
to estimate the probability that each source is a star-forming galaxy (SFG), a radio-quiet AGN (RQ AGN), or a low- or 
high-excitation radio galaxy (LERG or HERG), allowing various thresholds to be applied depending on science goals. 
Considering classifications above a 90 per cent probability threshold, we identify 68 820 SFGs, 32 288 RQ AGN, 35 210 
LERGs, and 3085 HERGs, representing the largest radio sample to date with high-confidence spectroscopic classifications. 
Using this sample, we show with higher statistical power than previous studies that LERGs typically accrete below 1 
per cent of the Eddington limit and HERGs above it. We also identify a small subset of high-accreting LERGs whose 
stacked spectra reveal prominent star-forming features, highlighting difficulties in interpreting their accretion properties. 
Our results demonstrate the power of large spectroscopic samples to characterize the radio-source population, providing 
a foundation for studies in the SKA era. 
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 INTRODUCTION  

adio observations provide a dust-unbiased view of the energetic 
rocesses that shape galaxy evolution – from supernova-driven 
ynchrotron and thermal (free–free) emission in star-forming 
alaxies (SFGs; J. J. Condon 1992 ) to the relativistic jets and out-
ows associated with active galactic nuclei (AGN; M. C. Begel- 
an, R. D. Blandford & M. J. Rees 1984 ) – making radio surveys
 key tracer of cosmic activity. Investigating the radio source 
opulation is therefore essential for understanding how galaxies 
nd their supermassive black holes have co-evolved over cosmic 
ime. However, disentangling the dominant source of radio emis- 
ion in each source is a non-trivial task and requires additional
nformation (e.g. W. L. Williams et al. 2019 ; R. Kondapally et al.
021 ; M. J. Hardcastle et al. 2023 ). 
Based on the dominant source of emission, radio sources can 
e divided into four classes: SFGs, whose emission is associated 
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ith stellar processes; radio-quiet AGN (RQ AGN), whose radio 
mission may be powered by star formation or by weak AGN-
elated processes such as small-scale jets or AGN-driven winds 
e.g. F. Panessa et al. 2019 ; C. Macfarlane et al. 2021 ; L. K. Mora-
ito et al. 2022 ; J. W. Petley et al. 2022 ; B.-H. Yue et al. 2024 S. V.
hite et al. 2025 ); and radio-loud AGN, which possess powerful
adio jets and can be further divided into high-excitation radio 
alaxies (HERGs) and low-excitation radio galaxies (LERGs), de- 
ending on their accretion properties (for a review, see e.g. T. M.
eckman & P. N. Best 2014 ; M. J. Hardcastle & J. H. Croston
020 ). In this scheme, radio-quiet AGN and HERGs are radia-
ively efficient systems that are believed to accrete material at 
elatively high rates (typically above 1 per cent of the Eddington
imit, λEdd � 0 . 01 ) through a geometrically thin, optically thick
ccretion disc (e.g. N. I. Shakura & R. A. Sunyaev 1973 ), in which
atter is efficiently converted into radiation across the electro- 
agnetic spectrum. In contrast, LERGs are radiatively inefficient 
GN thought to accrete at lower accretion rates ( λEdd � 0 . 01 ) via
 geometrically thick, optically thin flow (R. Narayan & I. Yi 1994 ,
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995 ), which does not efficiently convert matter into radiation. As
 result, they show little or no radiative AGN signatures at other
avelengths but appear highly efficient at producing relativistic
adio jets. 
In recent years, distinguishing between these populations ob-
ervationally has become increasingly feasible thanks to the abil-
ty to cross-match radio surveys with multiwavelength imaging
nd spectroscopic surveys (e.g. P. N. Best et al. 2005 ; P. N. Best &
. M. Heckman 2012 ; G. Gürkan, M. J. Hardcastle & M. J. Jarvis
014 ; M. B. Pracy et al. 2016 ; V. Smolčić et al. 2017 ; I. H. Whittam
t al. 2022 ; P. N. Best et al. 2023 ; S. Das et al. 2024 ; A. B. Drake
t al. 2024 ; M. J. Hardcastle et al. 2025 ; M. I. Arnaudova et al.
025 ). New-generation radio interferometers, such as the Low-
requency Array (LOFAR; M. P. van Haarlem et al. 2013 ), have
lso hugely increased the sample size of radio sources that can be
tudied. In particular, the LOFAR Two-metre Sky Survey (LoTSS)
bserves the faint radio sky at 144 MHz with high sensitivity and
esolution, enabling the identification of large samples of power-
ul radio sources across a wide area (LoTSS-wide; T. W. Shimwell
t al. 2017 , 2019 , 2022 , 2026 ), as well as fainter populations in
eeper fields (LoTSS Deep fields; C. Tasse et al. 2021 ; J. Sabater
t al. 2021 ; T. W. Shimwell et al. 2025 ). 
The LoTSS Deep fields observations allowed P. N. Best et al.

 2023 ) to employ multiwavelength photometry and four inde-
endent spectral energy distribution (SED) fitting codes ( MAG-
HYS ; E. da Cunha et al. 2015 , BAGPIPES ; A. C. Carnall
t al. 2018 , CIGALE ; S. Noll et al. 2009 ; M. Boquien et al. 2019
nd AGNFITTER ; G. Calistro Rivera et al. 2016 ) to produce
aximum likelihood classifications of ≈ 80 000 sources in the
oTSS Deep Fields Data Release 1. Building upon this, S. Das et
l. ( 2024 ) showed that similar results could be achieved using a
ingle SED-fitting code ( PROSPECTOR ; J. Leja et al. 2018 ; B. D.
ohnson et al. 2021 ), significantly simplifying the framework and
educing the computational resources required. However, these
hotometric classifications rely on model assumptions that are
ubject to degeneracies between stellar age, dust content, and
etallicity, and often on photometric redshift estimates, which
an limit the accurate identification of AGN, particularly when
he galaxy’s overall SED is dominated by star formation. Using
pectroscopic information from the Dark Energy Spectroscopic
nstrument (DESI; DESI Collaboration 2016a , b ) for a sub-sample
f sources photometrically classified by P. N. Best et al. ( 2023 ) and
. Das et al. ( 2024 ), M. I. Arnaudova et al. ( 2025 , hereafter A25)
emonstrated that the two photometric classifications miss a sub-
tantial fraction of radiatively efficient AGN. Specifically, they
ound that the photometric approach underestimates the number
f RQ AGN by a factor of ∼3–5 compared to spectroscopic iden-
ifications at > 90 per cent confidence. Furthermore, when study-
ng the Eddington-scaled accretion rates of LERGs and HERGs,
25 showed that photometric classifications obscure the distinc-
ion between the two accretion modes, whereas spectroscopic di-
gnostics recover two clearly separated distributions, as had been
uggested by e.g. P. N. Best & T. M. Heckman ( 2012 ) using bright
adio samples at low redshifts ( z < 0 . 3 ). Spectroscopy therefore
emains the preferred method for distinguishing between these
lasses and can be applied in wider fields with limited multi-
avelength data, such as the LoTSS-wide area, which contains
 substantially larger number of sources than the deep fields.
he LoTSS second data release (LoTSS DR2) is currently the
argest low-frequency radio catalogue with optical counterparts,
omprising over 4.1 million sources across 5700 deg2 (see M. J.
ardcastle et al. 2023 for details). 
NRAS 550, 1–20 (2026)
A. B. Drake et al. ( 2024 , hereafter Dr24) presented a probabilis-
ic spectroscopic classification scheme for the subset of LoTSS
R2 sources with spectra from the Sloan Digital Sky Survey
SDSS), classifying over 150 000 sources up to z ∼ 0 . 6 . This frame-
ork combined a radio-excess diagnostic, based on the relation
etween the dust-corrected H α and radio luminosity, with the
PT-N ii diagram (J. A. Baldwin, M. M. Phillips & R. Terlevich
981 ), and employed Monte Carlo methods to determine the
robability of each source being an SFG, RQ AGN, LERG, or
ERG. The authors validated their method by comparing their
esults with independent emission-line methods (e.g. the Excita-
ion Index; P. N. Best & T. M. Heckman 2012 ), WISE selection
echniques (e.g. G. Gürkan et al. 2014 ), and physical properties
ound in the literature (e.g. G. Gürkan et al. 2018 ; D. J. B. Smith
t al. 2021 ; S. Das et al. 2024 ). 
With the advent of DESI, this approach can be extended to a

arger and deeper spectroscopic sample, probing a radio source
opulation approximately twice as optically faint as that reached
y SDSS. Moreover, by adopting the method introduced by A25,
n which a modified Mass–Excitation ( M Ex) diagram is used
n place of the BPT at higher redshifts, we are able to extend
his classification scheme up to z ∼ 1 . Furthermore, including
he equivalent width of [O iii ] λ5007 diagnostic (e.g. R. A. Laing
t al. 1994 ; C. N. Tadhunter et al. 1998 ; P. N. Best & T. M. Heck-
an 2012 ) allows classification of many sources left unclassified
y Dr24. The significantly larger statistical sample compared to
25, together with the broader area covered, which enables the
nclusion of rarer, more luminous jet populations, provides the
pportunity to build upon their study of LERGs and HERGs and
o further investigate their accretion-rate distributions. 
This paper is structured as follows. Section 2 describes the
oTSS and DESI data sets and our sample selection. Section 3
etails the spectral fitting and emission-line measurements. Sec-
ion 4 presents the probabilistic classification framework. Sec-
ion 5 presents a comparison with the SDSS classification scheme
rom Dr24, and discusses the selection effects introduced by using
ESI spectroscopy. Section 6 focuses on the Eddington-scaled
ccretion rates of the radio-loud population, while Section 7 sum-
arizes our results. Throughout, we adopt a flat �CDM cosmol-
gy with H0 = 70 km s−1 Mpc−1 , �M 

= 0 . 3 , and �� = 0 . 7 . 

 DATA  

.1 LoTSS DR2-wide 

he radio data used in this work are taken from LoTSS DR2
T. W. Shimwell et al. 2022 ). This data set consists of observations
entred at 144 MHz with a resolution of 6 arcsec (using the Dutch
tations only), covering ∼ 5700 deg2 of the northern sky (see the
lack outline of the footprint in the left panel of Fig. 1 ) with
 median rms sensitivity of 83µJy beam−1 . Using this data re-
ease, M. J. Hardcastle et al. ( 2023 ) employed the likelihood ratio
ethod (W. Sutherland & W. Saunders 1992 ; D. J. B. Smith et al.
011 ), complemented by visual classifications from the LOFAR
alaxy Zoo 1 to account for extended and complex radio mor-
hologies (following the approach of W. L. Williams et al. 2019 ),
roviding reliable optical identifications for 3.5 million sources
about 85 per cent of the total sample). Approximately 58 per cent

http://lofargalaxyzoo.nl/


The DESI view of LoTSS DR2 3

Figure 1. Left panel: sky coverage of DESI DR1 and LoTSS DR2. The grey region indicates all DESI DR1 sources, the black lines show the LoTSS 
DR2 footprint, while the colour scale represents the number density of sources in our classification sample. Right panel: the redshift-radio rest-frame 
luminosity plane for all radio sources with a multiwavelength counterpart (in grey), the sources with spectroscopic information from DESI DR1 (blue), 
and those that are part of the SDSS sample from Dr24 (orange), along with their respective luminosity and redshift distributions (normalized to the 
maximum bin count in each sample). For reference the total number of sources ( N) in each sample is NLoTSS = 4 167 359 (of which 2 392 639 have a 
photometric or spectroscopic redshift), NDESI = 279 700 , and NSDSS = 152 355 . 
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f the LoTSS DR2 sources have robust redshift estimates, includ- 
ng photometric redshifts from K. J. Duncan ( 2022 ), as well as
pectroscopic redshifts from SDSS DR16 (R. Ahumada et al. 2020 ) 
nd DESI DR1 (DESI Collaboration 2025 ), and, as a result, they
erve as the starting point for our classification sample. 

.2 DESI DR1 

he spectroscopic data used in this work are taken from DESI
R1 (DESI Collaboration 2025 ). This data set is currently the
argest extragalactic data set with spectroscopic redshifts, con- 
isting of a total of 18.7 million objects across 14 000 deg2 area
shown in grey in Fig. 1 ). The targeting algorithm for these objects
s associated with optical and mid-infrared photometry from the 
egacy Imaging Surveys (A. Dey et al. 2019 ) and the Wide-field
nfrared Survey Explorer ( WISE ; E. L. Wright et al. 2010 ), respec-
ively, and is broadly divided into the following categories: the 
ilky Way survey (MWS; A. P. Cooper et al. 2023 ), Bright Galaxy
urvey (BGS) galaxies ( 0 < z < 0 . 6 ; O. Ruiz-Macias et al. 2020 ; C.
ahn et al. 2023 ); luminous red galaxies (LRGs, 0 . 4 < z < 1 . 1 ; R.
hou et al. 2020 , 2023 ); emission-line galaxies (ELGs, 0 . 6 < z <
 . 6 ; A. Raichoor et al. 2020 , 2023 ); quasi-stellar objects (QSOs;
 . 9 < z < 4 ; C. Yèche et al. 2020 ; E. Chaussidon et al. 2023 ), as
ell as a range of secondary targets (SCND; see e.g. A. D. Myers
t al. 2023 for details). The spectra were taken using 10 identi-
al spectrographs mounted on the 4 m Mayall Telescope at Kitt 
eak National Observatory, each equipped with 500 fibres with 
 1.5 arcsec entrance diameter, covering the wavelength range 
f 3600−9824 Å at a resolving power of �λ/λ ≈ 2000−5500 (J. 
uy et al. 2023 ). Together with the LoTSS DR2 optical identifi-
ations, these high-quality DESI spectra allow us to construct a 
arge sample of radio sources suitable for robust classification into
FGs, RQ AGN, LERGs, and HERGs. 

.3 Sample selection 

tarting with the LoTSS DR2 optical identifications from M. J. 
ardcastle et al. ( 2023 ), we perform a positional cross-match
ith the DESI DR1 catalogue using a maximum search radius 
f 1.5 arcsec and the recommended quality flags. Specifically, we 
elect unique spectra (ZCAT_PRIMARY == True) corresponding 
o non-sky targets (OBJTYPE == ‘TGT’) with reliable redshift 
easurements (ZWARN == 0). This results in a total of 366 122
adio sources with available spectroscopic information, of which 
63 326 are extragalactic (SPEC_TYPE ! = ‘STAR’). Next, we con-
ider the aperture corrections provided by the FastSpec- 
it Spectral Synthesis and Emission-Line Catalogue (J. Mous- 
akas et al. 2023 ; Moustakas et al., in preparation), one of DESI’s
alue-added catalogues, which we use to correct flux losses in 
he emission-line measurements required for our classification 
see Section 4 ). We note that FastSpecFit uses updated 
edshifts from QuasarNET 2 for QSO targets, while the value 
dded catalogue from M. Siudek et al. ( 2024 ), which we later use
or the classifications (see Section 4 ), and the redshifts used for
he spectral fitting are estimated with redrock . 3 Therefore, 
e remove 1285 sources which have �z > 0 . 001 . As in A25, we
xclude sources requiring an aperture correction factor greater 
han 5, as well as sources having an aperture correction less than
, resulting in a sample of 307 732 radio sources. While A25 ap-
lied aperture corrections based on the total-to-fibre r-band flux 
atio, we find that this correction systematically overestimates 
he H α-derived SFRs (by a median offset of ∼ 0 . 3 dex) relative
o those in the MPA-JHU catalogue (G. Kauffmann et al. 2003a ;
. Brinchmann et al. 2004 ; C. A. Tremonti et al. 2004 ). In con-
rast, the FastSpecFit aperture corrections yield much better 
greement (with a median offset of only 0.06 dex), and therefore
e adopt them in this work. 
Finally, since our classification scheme (see Section 4 ) relies on

he availability of specific emission lines, we restrict our sample 
o z < 0 . 947 (hereafter the parent sample) and consider the fol-
owing redshift ranges: 

(i) 0 < z < 0 . 483 (hereafter the low- z sample), which includes
07 657 sources with spectral data covering the H α and [N ii ] λ
583 emission lines, given the wavelength coverage of the DESI 
MNRAS 550, 1–20 (2026)
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pectrographs, necessary for the use of the radio diagnostic and
he BPT-N ii diagram (J. A. Baldwin et al. 1981 ). 
(ii) 0 . 483 < z < 0 . 947 (hereafter the high- z sample), which in-
ludes 72 043 sources with spectral data covering the H β and
O iii ] λ5007 emission lines, necessary to use the modified Mass–
xcitation diagram (hereafter M Ex; A25). 

The source density of these sources and their distribution in
he redshift-radio rest-frame luminosity ( L144MHz 4 ) plane are pre-
ented in Fig. 1 . In the right panel, we can see that we are probing
 parameter space which differs from that available to Dr24; due
o DESI’s selection criteria, which rely on the Legacy Surveys
hich reach approximately 1.5 mag deeper than SDSS in the g, r,
nd z bands, we have spectroscopic measurements for about twice
s many radio sources at z < 0 . 6 (corresponding to the redshift
ange of Dr24). Furthermore, as a result of the updates to the
lassification scheme introduced in A25, we extend the redshift
ange studied up to z ∼ 1 . We note that the impact of selection
ffects, both relative to Dr24 and in general, is discussed in Sec-
ion 5 . While this parameter space still differs from that of the
ull LoTSS DR2 catalogue, the WEAVE-LOFAR survey (D. J. B.
mith et al. 2016 ), which will select targets solely based on their
44 MHz flux density, will provide a more uniform and complete
overage of the full radio-source population. 

 SPECTRAL  FITTING  

or this work and in preparation for the WEAVE-LOFAR survey,
e have developed a new spectral-fitting code, WL-SLAYER :
he WEAVE-LOFAR Spectral Line Analyser (see M. I. Arnaudova
t al. 2024b , L. R. Holden & C. N. Tadhunter 2025 , A25, and L. R.
olden et al. 2026 for predecessors), in order to obtain robust
mission line measurements and realistic uncertainties needed
or the classification scheme (see Section 4 ). This new code is
articularly necessary for radio sources, as it is designed to model
omplex emission line profiles that are commonly observed in
hese objects (e.g. due to AGN-driven winds or outflows; S. J.
olyneux, C. M. Harrison & M. E. Jarvis 2019 ; E. L. Escott et al.
025 ). In this section, we give details of the approach and describe
ow we used it to produce line-flux measurements and various
uality-assurance flags that we make use of in our analysis. 

.1 Stellar continuum modelling and subtraction 

o isolate the flux from the emission lines, WL-SLAYER models
nd subtracts the stellar continuum using the pPXF code (M.
appellari & E. Emsellem 2004 ; M. Cappellari 2017 , 2023 ). To
o this, it first corrects the spectra for Galactic extinction using
he Rv = 3 . 1 E. L. Fitzpatrick ( 1999 ) extinction law (as imple-
ented in the Python extinction package) with the dust maps
rom D. J. Schlegel, D. P. Finkbeiner & M. Davis ( 1998 ), and uses
he redshift values provided in the DESI DR1 catalogue to shift
he spectra to the rest frame. Next, it masks regions spanning
750 km s−1 around common emission lines, ensuring that even
road Balmer lines do not affect the fit. Finally, it models the full
NRAS 550, 1–20 (2026)

 The L144MHz is calculated from the integrated 144 MHz flux density 
 S144MHz ; M. J. Hardcastle et al. 2023 ), assuming a spectral index of 
= −0 . 7 ( Sν ∝ να). Redshifts are taken from DESI DR1 for the sample 
nalysed in this work, from the Dr24 catalogue for the SDSS sample, 
nd from the spectroscopic and photometric redshifts compiled in M. J. 
ardcastle et al. ( 2023 ) for the full LoTSS sample. 

w  

v  

t
d  

a  

(  

fi  

z  
avelength range using a linear combination of G. Bruzual &
. Charlot ( 2003 ) stellar templates (BC03), along with a fourth-
rder polynomial to correct low-frequency continuum variations,
uch as flux-calibration errors or dust extinction of the stellar
ontinuum. The fits are performed in log-wavelength space, after
hich the resulting stellar-continuum model is interpolated onto
 linear wavelength grid and subtracted from the spectrum, leav-
ng only the emission-line flux for subsequent analysis. We note
hat this continuum fitting approach does not include AGN tem-
lates as the majority of the sample is expected to consist of star-
orming galaxies and type 2 AGN whose continua are dominated
y stellar emission. Type 1 AGN are identified and excluded from
he final sample (see Section 3.4 ) and will be explored in future
ork (Bushi et al., in preparation). 

.2 Emission-line fitting 

or the emission line modelling in this work, we focus only on
he H β, [O iii ] λλ4959 , 5007 , H α, and [N ii ] λλ6548 , 6583 emis-
ion lines (for the high- z sample we model only H β and
O iii ] λλ4959 , 5007 as the rest fall outside the observing window).
owever, we note that WL-SLAYER is designed to work with
ny user-defined list of lines (e.g. Holden et al., in preparation).
ere, we implement MCMC sampling using the Affine Invariant
nsemble provided by the emcee Python package (D. Foreman-
ackey et al. 2013 ), with the differential evolution Markov chain
DE-MC) algorithm for updating the walker positions (C. ter
raak & J. Vrugt 2008 ). The DE-MC is used to enable efficient
ampling of the high-dimensional parameter spaces that we are
onsidering when fitting multiple emission line components si-
ultaneously. Our emission-line model consists of a number of 
aussian components ( Ng ) for each emission line and is fitted in
elocity space, with each Gaussian component having the same
elocity shift and width for all lines but a variable peak flux (i.e.
f a broad component is required for the Balmer lines, the corre-
ponding forbidden-line component would have an amplitude of 
ero). 
To ensure that the MCMC walkers quickly converged to re-
ions of maximum probability, our routine first performs a least-
quares fit of the emission-line model using the SciPy Python
ibrary (P. Virtanen et al. 2020 ), the results of which we use
s initial positions for the walkers in parameter space (with
 small scatter). Physically motivated lower and upper bounds
ere placed on the parameters of the least-squares fit: the ve-
ocity widths of the Gaussian components were required to be
ositive, and constraints on the relative fluxes in line doublets
ere set based on atomic physics ([O iii ] (5007 / 4959) = 2 . 99 ;
N ii ] (6583 / 6548) = 2 . 92 : D. E. Osterbrock & G. J. Ferland 2006 ).
he peak flux is allowed to be negative to account for the presence
f absorption lines, as well as to avoid a ‘positive bias’ effect in
he presence of noise. The same constraints were used as priors
or the MCMC sampling itself, with the addition of Gaussian
riors on velocity shift ( μ = 0 km s−1 ; σ = 400 km s−1 ) and width
 μ = 200 km s−1 ; σ = 50 km s−1 ) to ensure that walker positions
ere weighted against physically unlikely extreme values. The
alues of the Gaussian priors were selected as a result of testing
he fitting routine on DESI spectra presenting emission-lines of 
ifferent types (e.g. weak lines, strong narrow lines, Type 1 AGN),
nd result in walkers converging on reasonable velocity values
and hence avoiding anomalously large flux values arising from
tting very broad low-peak components) when there is little (or
ero) emission line flux while still being able to converge on

https://extinction.readthedocs.io/en/latest/
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5 We note that while WL-SLAYER fits the continuum globally and sub- 
tracts it across the full spectrum, the quality of the fit in the emission-line 
regions is what is critical for this analysis. 
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arge velocity widths/shifts in the case of genuinely kinematically 
xtreme emission lines. 
The log-likelihood function used in our MCMC routine was 

ln L = −1 
2 

k ∑ 

i =1 

( 

Fλ, i − Fm 

λ, i 

F err 
λ, i 

) 2 

, (1) 

here, at the velocity step i (of maximum steps k), Fλ, i is the
ux density at wavelength λ in a given DESI spectrum, Fm 

λ, i is 
he modelled flux density, and F err 

λ, i is the flux-density uncertainty 
or the DESI spectrum. In order to ensure that the MCMC walk-
rs had converged on the region of maximum likelihood and 
herefore were effectively sampling the posterior distribution, we 
alculated the autocorrelation times ( τ ) from the latter half of 
he walker chain for every parameter at 1000 step intervals, and 
topped sampling when all autocorrelation times were less than 
 per cent of the current number of steps. 
Another feature of WL-SLAYER is that it uses an iteratively 

ncreasing number of Gaussian components to model emission 
ines. We chose the first iteration to use a single Gaussian com-
onent for each emission line ( Ng = 1 ): MCMC sampling for this
odel is performed as described earlier in this section. Once the
alkers have converged, a fit with Ng + 1 components is per-
ormed, and the Bayesian Information Criterion (BIC) is calcu- 
ated following: 

IC = kln (n ) − 2ln ( ˆ L ) , (2) 

here k is the number of parameters (dimensions) of the model 
f a given iteration, n is the number of flux (or wavelength) data
oints from a given spectrum that is considered in the emission-
ine model, and ln ̂  L is the maximized value of the log-likelihood 
unction (equation 1 ). If the decrease in the value of the BIC was
reater than six (following the recommendation of A. E. Raftery 
995 ), we accepted the more complex model and continued with
urther iterations until this criterion was not met. With this ap- 
roach, we are able to simultaneously fit the profiles of different
mission lines with a statistically justified number of Gaussian 
rofiles, preventing under- and overfitting. 
An example output from this routine is shown in Fig. 2 , where

 randomly selected galaxy spectrum (solid grey line) is displayed 
longside its best-fit model (solid black line). The corresponding 
tellar-continuum (solid orange line) and emission-line compo- 
ents (dash–dotted blue line) are also presented. 

.3 Emission-line parameter calculation 

n order to produce measurements of key emission-line parame- 
ers, including the total line flux, equivalent width (EW), and full-
idth-half maximum (FWHM), we directly used the last 1000 
teps of the flattened MCMC chains. For each of these steps, we
enerated a total line profile (consisting of the final number of 
aussians determined using the BIC) using the parameter values 
xtracted from their respective flattened chains. The line flux for 
 given realization was determined by calculating the total area 
f the line profile, which would be positive for a well-detected 
mission line, close to zero for a non-detection, and negative for
n absorption line. We then used all the last 1000 realizations for
 given emission line to produce a line-flux distribution, from 

hich we took the 50th percentile as the line-flux value and 
stimated 1 σ uncertainties using the 16th and 84th percentiles. 
 similar procedure was done for the EW and FWHM measure-
ents. 
.4 Identifying Type 1 AGN 

n addition to the emission-line parameters for our catalogue, we 
ave defined a quality-control flag that identifies likely Type 1 
GN. This is useful for excluding sources in which a significant
raction of the recombination-line flux (e.g. H α, H β) does not
riginate from the same region as the forbidden lines, leading 
o contamination of crucial flux ratios that are used for source
lassification. 
For each realization drawn from the MCMC chains, we mea- 
ured the FWHM of the total line profiles for H β and [O iii ] λ5007 .
e then identified an object as a likely Type 1 AGN if the FWHM
f H β was greater than that of [O iii ] in 99 per cent (or more)
f the realizations and the FWHM of H β was greater than
000 km s−1 – these objects are flagged with flag_type1 = True 
n our catalogue. Using this flag, we identify 2664 likely Type 1
GN in our sample. In Fig. 3 , we show the H β and [O iii ] λ5007
WHM distributions of the likely Type 1 objects (solid blue con-
ours) that we identified with this flag, alongside the non-Type 1
bjects (dash–dotted red contours) that we use in the classifica- 
ion scheme. 

.5 Evaluating goodness of fit 

o assess the reliability of the spectral fits, we defined a quality-
ontrol flag that evaluates the performance of the fitting routine 
n the regions around the emission lines. 5 Following the approach 
f A25 (also used in e.g. D. J. B. Smith et al. 2012 ), we modelled the
istribution of the resulting chi-squared ( χ2 ) values (evaluated 
t ±4000 km s−1 around the Balmer lines and ±2000 km s−1 for 
he forbidden lines) with a χ2 distribution separately for the low-
 and high- z samples (independent of the number of Gaussian
omponents used). We then identified the 99th percentile of the 
est-fitted χ2 distributions, above which spectra are classified 
s having ‘bad’ fits and are excluded. Applying these thresholds
esults in a retained sample (hereafter the classification sample) 
f 251 413 sources (this includes ∼ 90 per cent of sources for the
ow- z and 93 per cent for the high- z sample). In our catalogue,
hese sources can be chosen with flag_spec = True . All pro-
essing steps leading to the final classification sample are sum- 
arized in Table 1 . 

 CLASSIFICATIONS  

o classify sources as SFGs, RQ AGN, LERGs, and HERGs, we
dopt a probabilistic spectroscopic classification method similar 
o A25. This method uses a combination of a radio-excess diag-
ostic, the BPT-N ii (hereafter BPT), a modified Mass–Excitation 
 M Ex) diagram and the [O iii ] λ5007 EW, which we discuss in
ore detail in the following sections, alongside Monte Carlo re- 
lizations to estimate the probability for a source to belong in each
f the four categories. 

.1 Identifying radio-excess galaxies 

ollowing A25, radio-excess galaxies (RXGs) are identified in this 
ork using the Lcorr H α –L144MHz diagnostic, where Lcorr H α is the dust- 
orrected H α luminosity. This relation is a proxy for the linear
MNRAS 550, 1–20 (2026)
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Figure 2. An example fit of a random galaxy spectrum using WL-SLAYER . The observed data are shown in grey, the continuum model in orange, the 
emission-line model in blue, and the total best-fitting model in black. The top panel displays the fit to the full spectrum, which is used for continuum 

subtraction, while the bottom panels focus on the H β, [O iii ] λλ4959 , 5007 , and H α + [N ii ] complexes to highlight the emission-line modelling. 

Figure 3. FWHM values for the total [O iii ] λ5007 and H β line pro- 
files measured by WL-SLAYER . The probability density function for the 
objects in our sample that are identified as likely Type 1 AGN by our 
flag_type1 flag is shown as solid blue contours, while objects not 
flagged as Type 1 AGN are shown as dashed red contours. Contours con- 
tain 10, 30, 50, 70, and 90 per cent of the total objects for each flag value. 
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Table 1. A summary of the processing steps applied to the cross-matched 
sample between the catalogue from M. J. Hardcastle et al. ( 2023 ) and DESI 
DR1. 

Processing step 
Sources 
removed 

Sources 
remaining 

LoTSS DR2 matches with DESI – 398 399 
DESI quality flags 35 073 363 326 
Consistent zs 1285 362 041 
Aperture corrections 54 309 307 732 
Sources with z ≤ 0 . 947 28 032 279 700 
Excluding Type 1 AGN 2664 277 036 
Good spectral fits 25 623 251 413 
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orrelation between star formation rate (SFR) and radio lumi-
osity found for star-forming galaxies (albeit with indication of 
ome stellar mass dependence as found in e.g. G. Gürkan et al.
018 ; D. J. B. Smith et al. 2021 ; I. Delvecchio et al. 2021 ; S. Das
t al. 2024 ; S. Shenoy et al. 2026 ) such that sources offset from
NRAS 550, 1–20 (2026)
his relation towards higher radio luminosities are considered to
ave radio emission due to AGN-related processes such as jets.
owever, as discussed in A25, the precise location of this demar-
ation line depends on factors such as aperture corrections. Since
ur approach to aperture corrections differs from that of A25, we
eed to redefine the threshold: we adopt the approach of Dr24
also used in A25), which estimates the peak of the log 10 L144MHz –
og 10 Lcorr H α distribution for all sources with a 5 σ detection in H β,
 α and radio flux using a kernel density estimation (KDE). The
eft-hand side of this KDE peak (where it is assumed that the SFGs
ominate) is then modelled with a Gaussian distribution, and
he 99th percentile of the symmetrized Gaussian is taken as the
emarcation threshold. Therefore, RXGs identified in this work
re sources for which: 

log 10 (L144MHz /WHz −1 ) > log 10 (L
corr 
H α / L�) + 15 . 00(±0 . 02) , (3) 

here 15.00 corresponds to the 99th percentile of the SFG Gaus-
ian distribution. We note that re-deriving the RX threshold using
nly sources classified as SFGs according to the BPT diagram
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Figure 4. The rest-frame U −V versus V − J (the U V J diagram) for all 
sources in our sample that satisfy the CIGALE SED-fitting goodness-of-fit 
criteria and have a 5 σ detection in H β and H α, colour-coded based on the 
50th percentile of the Balmer-decrement-derived AV distribution for that 
bin (left), as well as the spread in those values as estimated by half the 
difference between the 16th and 84th percentiles (right). The solid lines 
show the adopted divisions between star-forming and quiescent galaxies 
from A. Muzzin et al. ( 2013 ). 
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see Section 4.2 ) yields a value of 14 . 92 ± 0 . 01 . However, as non-
adio excess sources dominate our sample (which is the case 
rrespective of the demarcation line used), we choose to retain 
quation ( 3 ) as it provides a more conservative criterion for iden-
ifying radio-excess sources and is consistent with previous works 
e.g. Dr24, A25). 
This approach is straightforward for the low- z sample where 
 α lies within the DESI spectral coverage allowing us to directly 
easure LH α and calculate the extinction of the H α line ( AH α) us-
ng the Balmer decrement (see A25 for details). Beyond z > 0 . 483 ,
pplying this method becomes more challenging. Although H β

emains within the DESI spectral coverage, the lack of consistent 
igh-quality multiwavelength photometry across the full LoTSS 
R2-wide area limits our ability to derive robust extinction values 
rom SED fitting, as was done by A25. However, as part of DESI
R1, several value-added catalogues (VACs) are available, includ- 
ng the AGN Host Galaxies Physical Properties VAC (M. Siudek 
t al. 2024 ), which provides rest-frame U −V and V − J colours
or all galaxies derived with the CIGALE SED fitting code. This
nables us to use the U V J diagram (S. Wuyts et al. 2007 ; R. J.
illiams et al. 2009 ; A. Muzzin et al. 2013 ), commonly used to
istinguish between dusty star-forming and old passively evolved 
alaxies, as a way to infer the extinction for the high- z sample. 
We achieve this by binning the Balmer-derived V -band ex- 

inction ( AV ) values 6 of the low- z sample (with 5 σ detections
n H β and H α) in the rest-frame U −V and V − J colour space
sing 0.2 dex bins. For each bin containing at least 50 objects, we
ompute the 16th, 50th, and 84th percentiles of the AV distribu- 
ion; these are shown in Fig. 4 . We then assign to each source
n the high- z sample an AV corresponding to the median (50th
 This is done by calculating the colour excess as 
(B-V) = 1.97 log 10 

[ 
(H α/ H β )obs 
(H α/ H β )int 

] 
, where (H α/ H β )obs is the observed 

 α-to-H β flux ratio and (H α/ H β )int = 2 . 86 is the intrinsic ratio, 
orresponding to Case B recombination at T = 104 K and ne = 102 cm−3 . 
e then convert this to AV using the attenuation curve from D. Calzetti 
t al. ( 2000 ), AV = 4 . 05 E(B −V ) , and because we ultimately convert AV 
ack to AH α using the same attenuation curve, the assumed differential 
xtinction only affects the absolute scaling of AV in Fig. 4 . 
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t
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e

ercentile) of the bin, with an uncertainty estimated as half the
ifference between the 84th and 16th percentiles. If a source 
alls outside these bins (affecting only ∼ 10 per cent of sources),
e adopt the values from the nearest bin. This approach works
ell, as several works (e.g. N. S. Martis et al. 2016 ; J. J. Fang
t al. 2018 ) have found that the AV increases diagonally, except
or sources located in the quiescent region (as denoted by the
egion marked by the solid black line in Fig. 4 ) which are asso-
iated with low- AV values, and that this trend does not evolve
ignificantly over the redshift range considered in this work. To 
urther validate this approach, we compare the AV values as- 
igned to the high- z sample with Balmer-derived AV estimates 
btained from H γ /H β measurements in stacked high- z spectra 
ithin each U V J bin (see Section 6.2 for details of the stacking
rocedure). The stacked spectra are fitted using WL-SLAYER in 
 similar setup as discussed in Section 3 . We qualitatively recover
imilar trends; however, the combination of the relatively low 

ignal-to-noise ratio (S/N) of the Balmer lines and the increased 
ifficulty of accurately modelling the stellar continuum in the 
tacked spectra limits a more detailed quantitative assessment, 
hich we defer to future work. Nonetheless, this comparison 
rovides empirical support for applying the low- z Balmer-derived 
V assignment method to capture population-level dust trends 
cross U V J space. This technique then allows us to infer dust-
orrected H α luminosities for the high- z sample as in A25 and,
n turn, apply equation ( 3 ) to identify sources exhibiting a radio
xcess. As discussed in Section 4.4 , this technique also provides a
oute to estimating the extinction for lower z sources when the
almer lines are too weak to allow for the Balmer decrement
pproach to be used. 
We note that our radio-excess diagnostic shows a moder- 
te level of disagreement with the absolute W 3 magnitude- 
144MHz diagnostic of M. J. Hardcastle et al. ( 2025 ). Specifically,
10 per cent of sources classified as radio excess using our Lcorr H α –
144MHz diagnostic lie below the radio-excess region defined by 
he W 3 –L144MHz diagnostic of M. J. Hardcastle et al. ( 2025 ), which
as developed using the probabilistic spectroscopic classifica- 
ions of Dr24. Whilst of course some level of disagreement is
xpected between different radio excess diagnostics (as indeed 
here is not perfect agreement between samples of Seyfert galax- 
es obtained using the BPT and modified M Ex methods, for ex-
mple), further investigation reveals that the ‘discrepant’ sources 
re typically bright in W 3 (observed W 3 < 17 mag) and exhibit
ed observed W 2 −W 3 (Vega) colours ( W 2 −W 3 > 2 ), which
re largely absent from the sample used by Dr24. Taken together,
e conclude that differences between the DESI and SDSS spec- 
roscopic selection criteria, as well as the complexity of the mid-
nfrared SED (which is not fully captured by the power-law ex-
rapolation used to derive the absolute W 3 magnitude; see M. J.
ardcastle et al. 2025 for details) are playing a role here. We defer
 fuller investigation to future work, combining the strengths of 
oth photometric and spectroscopic classifications (e.g. Das et al., 
n preparation). 

.2 Identifying radiatively efficient AGN 

o identify radiatively efficient AGN, we first use the well-known 
PT diagnostic diagram (J. A. Baldwin et al. 1981 ), which uses
he emission-line ratios [O iii ] λ5007 /H β and [N ii ] λ6583 /H α

o distinguish galaxies according to their dominant ionization 
echanism. Following A25, this diagram identifies radiatively 
fficient AGN among sources without a radio excess (see Sec- 
MNRAS 550, 1–20 (2026)
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M

Figure 5. The left panel shows the BPT diagram for sources classified at > 90 per cent confidence, where the demarcation line from G. Kauffmann et al. 
( 2003b ) separates sources into SFGs (dashed blue contours) and RQ AGN (solid red contours), while the combination of the G. Kauffmann et al. ( 2003b ) 
line and the diagnostic line from R. Cid Fernandes et al. ( 2010 ) distinguishes LERGs (purple dots) from HERGs (orange dots). The contours encompass 
10, 50, and 90 per cent of the relevant population. Similarly, the right panel presents the M Ex diagram, where the separation between SFGs and RQ AGN 

is done via the demarcation line from S. Juneau et al. ( 2014 ), and the division between LERGs and HERGs is based on the M. I. Arnaudova et al. ( 2025 ) 
demarcation line. We note that the larger gap between the contours in the M Ex diagram compared to the BPT diagram reflects the greater uncertainties 
in stellar mass measurements relative to those of the [N ii ] and H α fluxes. 
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ion 4.1 ), namely classifying them as either SFGs or RQ AGN, 7 
sing the empirical demarcation line from G. Kauffmann et al.
 2003b ). Sources exhibiting a radio excess are instead separated
nto LERGs and HERGs using, in addition to the G. Kauffmann
t al. ( 2003b ) line, the division from R. Cid Fernandes et al. ( 2010 ),
hich traces the transition between low- and high-ionization
ystems in a manner consistent with the Excitation Index (EI;
. Buttiglione et al. 2010 ; P. N. Best & T. M. Heckman 2012 ),
 parameter commonly used to distinguish between these two
lasses. The location of all four classes – SFGs, RQ AGN, LERGs,
nd HERGs – in this BPT classification scheme at > 90 per cent
onfidence (see details in Section 4.4 ) are shown in the left panel
f Fig. 5 . 
At higher redshifts ( z > 0 . 483 ), where H α and [N ii ] λ6583 are
o longer observable in the optical range, we turn to the M Ex di-
gram. This diagnostic builds upon the original Mass–Excitation
iagram introduced by S. Juneau et al. ( 2011 ), S. Juneau et al.
 2014 ), in which the x-axis of the BPT diagram is replaced by stel-
ar mass. The modified version incorporates a redshift-dependent
ffset which is necessary to account for the evolution of the mass-
etallicity relation, as discussed in recent studies (e.g. A. Henry
t al. 2021 ; N. J. Cleri et al. 2023 , A25). This correction shifts the
ividing lines presented by S. Juneau et al. ( 2014 ), which allow
s to separate SFGs and RQ AGN, to higher stellar masses at
NRAS 550, 1–20 (2026)

 We note that this scheme classifies sources (without radio excess) that 
all within the BPT LINER region as RQ AGN, although previous works 
ave shown that emission in this region may not always be AGN-driven 
e.g. G. Stasińska et al. 2008 ). We adopt this classification approach to 
aintain consistency with previous spectroscopic radio-source classifica- 
ions (e.g. Dr24, A25), but provide the full set of classification probabili- 
ies, including the probabilistic locations within the diagnostic diagrams, 
llowing users to adopt alternative treatments of these sources. 
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ncreasing redshift (see A25 for details), and is defined as 

log 10 M = log 10 M − [1 − exp (−1 . 2 z)] . (4) 

ere, M refers to the stellar mass, taken from DESI’s AGN Host
alaxies Physical Properties VAC, while M denotes the modi-
ed stellar mass. To further separate the RXGs into LERGs and
ERGs, we use, in addition to the S. Juneau et al. ( 2014 ) line, the
I-based demarcation line from A25, which allows us to classify
ources with the M Ex diagram into SFGs, RQ AGN, LERGs,
nd HERGs (hereafter the M Ex scheme). The resulting M Ex
lassification scheme for sources above the 90 per cent threshold
s shown in the right panel of Fig. 5 . Note that in both the BPT and

 Ex diagrams, LERGs overlap with the ‘LINER’ AGN region
above the G. Kauffmann et al. 2003b /S. Juneau et al. 2014 line but
elow that of R. Cid Fernandes et al. 2010 /A25) and also with the
FG region. As weak emission-line AGN, LERGs can have their
mission-line properties dominated by star formation in the host
alaxy, but the radio excess reveals the presence of AGN activity. 

.3 Recovering LERGs with low-significance lines 

n addition to the BPT and M Ex diagnostics, we aim to improve
he classification of LERGs, particularly those associated with
ow signal-to-noise emission lines that may be missed by these
wo schemes. To recover such sources, we use the equivalent
idth of [O iii ] λ5007 (EW[O iii ] ). Previous studies (e.g. R. A. Laing
t al. 1994 ; C. N. Tadhunter et al. 1998 ; P. N. Best & T. M. Heckman
012 ) have shown that EW[O iii ] provides an effective separation
etween LERGs and HERGs, and this also holds for the sub-
et of sources already classified using the BPT/ M Ex diagnostics
see Fig. 6 ). The transition between LERGs and HERGs appears
round 10 Å, with the majority of LERGs having EW[O iii ] < 3 Å,
onsistent with the division proposed by R. A. Laing et al. ( 1994 ).
e therefore adopt the more stringent division from R. A. Laing
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Figure 6. The distribution of EW[O iii ] for sources classified at 
> 90 per cent confidence as LERGs and HERGs using the BPT and M Ex 
classification schemes. The vertical solid, dashed, and dotted lines denote 
the suggested divisions from R. A. Laing et al. ( 1994 ) at EW[O iii ] = 3 
Å, P. N. Best & T. M. Heckman ( 2012 ) at EW[O iii ] = 5 Å, and C. N. 
Tadhunter et al. ( 1998 ) at EW[O iii ] = 10 Å, respectively. 
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8 We apply the relaxed RX_warning_frac threshold only when select- 
ing RX candidates. For these sources, realizations with negative H α fluxes 
(i.e. low-S/N H α emission) are consistent with the expected properties of 
weak-lined LERGs. In contrast, for non-RX sources we adopt the stricter 
requirement of RX_warning_frac < 0.10 to ensure that the absence of 
a radio excess is not driven by poorly constrained H α measurements. 
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t al. ( 1994 ) to recover additional LERGs within the radio-excess
opulation. 

.4 Probabilistic classifications 

o construct the full probabilistic classification scheme, we gener- 
te 1000 Monte Carlo realizations in which we perturb the stellar
asses, emission-line fluxes, radio fluxes and the EW[O iii ] using 
heir respective uncertainties. For each realization, we apply the 
our diagnostics discussed in the previous section to derive the 
robability of each source belonging to one of the four classes for
he entire classification sample, including sources with weak or 
ndetected emission lines. 
For the RX diagnostic, we calculate the extinction values for 
ach Monte Carlo realization. However, as noted in A25, low- 
ignificance emission lines can sometimes yield negative fluxes, 
roducing unphysical Balmer-derived extinction values for the 
ow- z sample. In such cases, we use the U V J diagram in the
ame manner as for the high- z sample to assign AH α when H β,
 α, or both are negative. To track how often this procedure is
pplied and to allow users to decide whether to include these
ources we flag the fraction of realizations for which the U V J-
ased substitution is used ( flag_ AV ). Negative fluxes can also
ropagate into the derived quantities used in the diagnostics, such 
s the dust-corrected H α luminosity ( Lcorr H α ) and radio luminosity 
 L144MHz ) in the RX diagram, as well as the logarithmic line ratios
n the BPT and M Ex diagrams, resulting in undefined or extreme
alues. To address this, we apply the following conditions: (i) 
hen the numerator is positive but the denominator negative, 
e assign an unambiguously large value on the relevant axis 
n the RX, BPT, or M Ex diagram; (ii) when the numerator is
egative but the denominator positive, we assign an unambigu- 
usly small value; and (iii) when both are negative, the realization
s considered invalid, as no classification can be assigned. We 
hen again record the fraction of affected realizations as three 
arning flags ( RX_warning_frac , BPT_warning_frac , and 
 Ex_warning_frac ), allowing the end user to determine how 

o treat these cases. 
In this work, we construct the final classification using a hi-
rarchical approach. First, we apply the BPT scheme (i.e. the 
ombination of the RX and BPT diagrams) to all sources where
 α and [N ii ] λ6583 are available, adopting a high-reliability
hreshold of 90 per cent for each class. Sources for which this
PT classification falls below this threshold, or which lack H α

nd [N ii ] measurements (i.e. in the high- z sample), are then
lassified using the M Ex scheme (i.e. the RX and M Ex dia-
ram), also with a 90 per cent reliability threshold. Following 
25, we additionally require RX/BPT/ M Ex_warning_frac < 

.10, limiting cases where realizations produce negative fluxes 
o at most 10 per cent, and retain all low- z sources regardless
f the flag_ Av . Sources that remain unclassified but exhibit a
adio excess are further examined using the EW[O iii ] criterion: 
hose with more than 90 per cent of Monte Carlo realizations
aving EW[O iii ] < 3 Å ( EW_frac > 0.90) are further classified 
s LERGs. Here, we also allow cases where the H α flux can
e negative up to 50 per cent (i.e. RX_warning_frac < 0.5 )
s this behaviour is expected for weak-lined LERGs whose H α

mission may be consistent with zero within the uncertainties 
hile still remaining securely in the radio-excess regime. We 
ote that this procedure increases the number of LERGs by a
actor of ∼ 5 . Considering also the quality flags discussed in
ections 3.4 and 3.5 (i.e. sources with flag_spec set, and not
agged as Type 1 AGN by flag_type1 ), we find 68 820 SFGs,
2 288 RQ AGN, 35 210 LERGs (7765 classified via the BPT/ M Ex
chemes, 15 520 via EW[O iii ] with RX_warning_frac < 0.1, and 
1 771 via EW[O iii ] with 0 . 1 < RX_warning_frac < 0 . 5 ), 3085
ERGs, and 112 010 unclassified sources. 
We emphasize that the adopted 90 per cent reliability threshold 

s intentionally conservative and is designed to provide fiducial 
lassification. Users of this catalogue may construct alternative 
amples tailored to specific science goals, for example, by lower- 
ng the reliability threshold (e.g. to 70 per cent) or by assigning
ach source to the class with the maximum probability, rather 
han applying a hard cut. Such approaches increase complete- 
ess at the expense of reliability and can significantly reduce the
raction of unclassified sources. The large number of unclassified 
ources in this work is therefore an expected consequence of this
hoice. We can, however, further characterize these unclassified 
ources by considering whether a radio excess is present. We iden-
ify approximately 7959 sources that exhibit a radio excess at > 90
er cent (i.e. P (RX ) > 0 . 90 and RX_warning_frac < 0.50) but
annot be robustly separated into LERGs or HERGs (uncertain 
adio-excess objects or RX_Unc), even after applying the EW[O iii ] 
riterion. Similarly, there are 24 737 sources that securely do not
ave a radio excess ( P (RX ) < 0.10 and RX_warning_frac <
.10 8 for which the available diagnostics do not allow a confident
eparation between SFGs and RQ AGN (uncertain non-radio- 
xcess objects or RX _Unc) at this threshold (see also Table 2 for
 detailed breakdown of the classes across the DESI surveys). 
he remaining 79 314 unclassified sources (or Unc.) are generally 
ocated near the boundaries of the classification criteria and/or 
re at higher redshifts where the spectral S/N is lower (see Section
MNRAS 550, 1–20 (2026)
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Table 2. A breakdown of source classifications at > 90 per cent confidence across the DESI 
surveys described in Section 2.2 , including both radio-excess sources that cannot be classified as 
LERGs or HERGs (RX_Unc) and non-radio-excess sources that cannot be classified as SFGs or RQ 

AGN (RX _Unc). 

Survey SFG RQ AGN LERG HERG RX_Unc RX _Unc Unc Total 

All 68 820 32 288 35 210 3085 7959 24 737 79 314 251 413 
BGS 63 893 28 533 21 663 1246 1986 21 782 41 881 180 984 
LRG 1075 5445 18 496 1843 5738 3528 41 341 77 466 
ELG 30 19 105 29 177 161 402 923 
QSO 45 46 140 36 176 186 341 970 
MWS 41 93 94 4 7 31 82 352 
SCND 2312 1395 639 56 193 615 1494 6704 
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Figure 7. Confusion matrix comparing the spectroscopic classifica- 
tions with > 90 per cent confidence between this work (rows) and Dr24 
(columns) for the common DESI and SDSS LOFAR sources. Each cell 
represents the level of agreement based on Dr24 in percentages, where 
the number of sources in each cell is also included. The percentages in 
brackets are calculated for the subset of sources with classifications (i.e. 
not including the unclassified sources) in both works and are represented 
by the colour bar. The total number of sources in each of the Dr24 classes 
is shown at the top, with the bracketed numbers indicating the number 
of Dr24 sources with classifications in this paper. 
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 ), such that they cannot be robustly classified using the available
pectroscopic and radio diagnostics at the adopted 90 per cent
eliability threshold. Relaxing the reliability requirement from 90
o 70 per cent would reduce the number of unclassified sources
rom 79 314 to 43 289, while increasing the numbers of classified
FGs, RQ AGN, LERGs, and HERGs to 77 010, 46 498, 49 412, and
501, respectively. Future work (Das et al., in preparation) will
nvestigate the inclusion of additional information from broad-
and photometry and joint photometric-spectroscopic SED fit-
ing within a Bayesian framework, moving beyond the frequentist
onte Carlo approach adopted here. Such methods offer a natu-
al way to incorporate informative priors that may help to further
educe the unclassified fraction of sources. 
We note that the hierarchical classification adopted in this
ork results in 1242 (less than 1 per cent of the classification
ample) sources changing class between the 70 and 90 per cent
eliability thresholds. This occurs when a source has a BPT clas-
ification probability above 70 per cent but below 90 per cent, in
hich case the classification is instead determined by the M Ex
r EW[O iii ] diagnostic at the higher reliability threshold. In par-
icular, 72 sources classified as LERGs at 70 per cent threshold
re instead classified as HERGs at 90 per cent, and 28 vice versa.
imilarly, 1010 RQ AGN at the 70 per cent threshold are instead
lassified as SFGs at 90 per cent, while 132 sources change from
FGs to RQ AGN. Given the small number of affected sources,
his does not significantly impact the results presented in the
ollowing sections. Nevertheless, we note that these sources can
e identified in the released catalogue and removed if a fully self-
onsistent hierarchical classification is preferred. 

 RESULTS  

n this section, we compare the results of the classification
cheme discussed in the previous section with those obtained in
r24 using SDSS spectroscopy, and examine the selection effects
ntroduced by DESI’s targeting strategy. 

.1 Comparison with SDSS 

.1.1 Direct comparison 

o make a direct comparison with the probabilistic classification
cheme from Dr24, we identify the sources in common with the
r24 catalogue 9 and our parent sample using the LoTSS Object
NRAS 550, 1–20 (2026)

 Available from https://lofar-surveys.org/dr2_release.html 

b  

t  

i  

a  
dentifier. In doing so, we identify 29 996 common sources be-
ween DESI DR1 and SDSS, of which 26 266 are included in our
lassification sample once Type 1 AGN and ‘bad’ spectral fits are
emoved (see Sections 3.4 and 3.5 ). To construct the 90 per cent
onfidence sample from Dr24, we select sources that have > 90
er cent probability in each class in the catalogue – SFGs, RQ
GN, emission-line LERGs (sources with measured BPT emis-
ion lines), and HERGs – while also satisfying the recommended
uality conditions ( zscore < 2.5 and CLASS_z_WARNING ==
 ). This results in 5456 SFGs, 3070 RQ AGN, 2141 LERGs, and 64
ERGs, according to Dr24. 
A detailed comparison between the two schemes is shown in
ig. 7 in the form of a confusion matrix, where the results are pre-
ented as percentages, showing the level of agreement when con-
idering Dr24 classifications as the true values. It can be seen that
ost of the cases where the classifications disagree are because
ne classification scheme is able to produce a > 90 per cent clas-
ification confidence and the other is not, leading to the source
eing deemed as unclassified. To demonstrate this, we present
he subset that meets the 90 per cent threshold for both works
n brackets. When restricting the comparison to this subset, the
greement increases to ∼ 95 per cent in each class. There are a

https://lofar-surveys.org/dr2_release.html
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umber of reasons for discrepancies in whether a > 90 per cent
onfidence classification could be obtained. First of all, we adopt 
perture corrections from FastSpecFit , while Dr24 only con- 
iders sources with small optical sizes (having a half-light radius 
f R50 < 15 arcsec) and applies no aperture correction, which 
esults in a different RX demarcation line. Their selection of only 
mall optical sources can also bias the sample towards lower 
ass systems, particularly at low redshift. Secondly, we apply 
 different demarcation line than Dr24 to separate LERGs and 
ERGs in the BPT diagram, where Dr24 adopt the G. Kauffmann
t al. ( 2003b ) line, while we use the one from R. Cid Fernandes
t al. ( 2010 ) which A25 found to better follow the EI diagnostic.
n addition, we use the warning fractions to account for negative 
uxes in individual MCMC realizations, which are propagated 
nto the classification results (see Section 4.4 ). Finally, we use
dditional diagnostics such as the M Ex diagram and the EW[O iii ] , 
hich allow us to classify significantly more sources, as shown in
he fifth column. This is particularly evident for LERGs, where we
ecover nearly three times as many sources compared to Dr24 that
ould otherwise be missed. These, combined with the inherent 
andomness introduced by noise of the different spectra and the 
onte Carlo realizations used to estimate classification probabil- 

ties, which may lead to sources being just over the 90 per cent
hreshold in one data set and just below the other, explain the
nconsistencies between the two works. 

.1.2 Overall comparison 

o make an overall comparison between the two probabilistic 
lassifications, we examine the demographics of the classes based 
n the redshift, 144 MHz flux density, radio luminosity and stellar
ass, as shown in Fig. 8 . In each panel, our classifications are
hown by the solid lines, while those from Dr24 are shown by
he dashed lines. Here, for improved statistics, we use the entire
ample from Dr24 (not just the sources in common with DESI),
here applying the 90 per cent threshold and recommended flags 
s in the previous section gives us 38 704 SFGs, 18 654 RQ AGN,
2 110 LERGs, 359 HERGs, and 82 528 unclassified sources, clas-
ified according to Dr24. 
The top-left panel shows the redshift distributions, where we 
an see that our unclassified fraction is significantly smaller than 
hat of Dr24 across the overlapping redshift range. This improve- 
ent probably reflects the combined effect of using multiple 
iagnostic diagrams, robust spectral fitting techniques, and an 
mproved treatment of the Monte Carlo realizations. At higher 
, our unclassified fraction increases as our sample becomes both 
ainter and increasingly dominated by DESI’s LRGs (see Section 
.2 ). These systems are typically passive and often lack the strong
mission lines necessary for confident classification. We also ob- 
erve a higher fraction of SFGs and RQ AGN, particularly in
he 0 . 2 < z < 0 . 4 range. This partly results from the same im-
rovements that allow more sources to be classified, but may also
eflect selection effects: in this redshift regime, our sample in- 
ludes many sources from the DESI Bright Galaxy Survey (BGS), 
hich targets fainter optical and thus less massive galaxies com- 
ared to SDSS (as demonstrated by the stellar mass distribution 
f BGS sources in Fig. 9 ) that, when detected by LOFAR, are more
ikely to be associated with star formation activity (see further 
etails in Section 5.2 ). 
In the top-right panel, the flux density distribution shows that 
oth our method and that of Dr24 maintain a relatively flat un-
lassified fraction across the full range of 144 MHz fluxes, in-
icating that the ability to classify sources is mostly governed 
y the spectroscopic data quality. We do, however, observe a 
odest decrease in our unclassified fraction at the highest flux 
ensities ( S144 , MHz � 2 . 2 mJy), accompanied by a corresponding
ncrease in the fraction of sources classified as LERGs in this
ork, suggesting that our classification scheme may be more 
ffective at recovering radio-excess AGN at higher radio flux den- 
ities. This LERG fraction is significantly larger than that in Dr24,
ikely due to the inclusion of the EW[O iii ] diagnostic. We also 
dentify a larger fraction of SFGs at the lowest flux densities,
hereas above S144 , MHz � 1 . 3 mJy the SFG fraction is larger in
r24. The distributions for RQ AGN and HERGs remain broadly 
onsistent between the two works. These differences likely reflect 
 combination of classification methodology and survey selec- 
ion effects (DESI versus SDSS), rather than intrinsic physical 
ifferences. 
By contrast, the radio luminosity (bottom left) and stellar 
ass (bottom right) distributions indicate that the underlying 
hysical properties of the classified populations remain broadly 
onsistent between the two classification schemes, despite the 
ifferences seen in redshift and flux density. The SFGs dom- 
nate at L144MHz � 1024 W Hz−1 , while LERGs and HERGs be- 
ome increasingly prevalent at higher radio luminosities. Simi- 
arly, SFGs are predominantly associated with lower stellar mass 
ystems, whereas the AGN populations are mostly hosted by 
ore massive galaxies ( M∗ � 1010 M�). We do, however, iden- 
ify a larger fraction of LERGs at L144MHz � 1024 −27 W Hz−1 and 

∗ � 1011 M� compared to Dr24 which again is due to the 
dditional weak-lined LERGs identified through the EW[O iii ] 
iagnostic. 

.2 DESI selection 

s discussed in Section 2.2 , DESI consists of multiple surveys
ith distinct selection functions, which influence the popula- 
ions we classify. As shown in Table 2 , the majority of our clas-
ified sources come from the BGS and LRG samples. The BGS
argets low-redshift ( 0 < z < 0 . 6 ), relatively bright galaxies, in-
luding a mix of star-forming and passive systems, whereas the 
RG sample selects high-mass, red, passively evolving galaxies 
t higher redshift ( 0 . 4 < z < 1 . 1 ). Therefore, to explore whether
hese selection strategies impact our results, we examine the 
emographics of classifications split by the two surveys, again 
onsidering redshift, 144 MHz flux density, radio luminosity, and 
tellar mass, as shown in Fig. 9 . In each panel, BGS classifications
re represented by solid lines, and LRG classifications by dashed 
ines. 
The top-left panel shows the redshift distributions of the BGS 
nd LRG subsets. The LRG sample exhibits a persistently high 
raction of unclassified sources ( > 50 per cent ) across all red- 
hifts, reflecting the passive nature of these galaxies and the 
ack of strong emission lines required for classification. In con- 
rast, the BGS sample is largely classified at low redshift, with
he unclassified fraction increasing only beyond z � 0 . 5 , where
he number of BGS targets declines sharply. As expected, BGS 
ources are dominated by SFGs at all redshifts, whereas LRGs 
ontain very few SFGs. RQ AGN and LERGs are similarly rep-
esented in both samples. 
The top-right panel, showing the 144 MHz flux density dis- 

ribution, reveals a more pronounced decrease in the unclas- 
ified fraction towards higher flux densities, especially for the 
MNRAS 550, 1–20 (2026)
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Figure 8. The distributions of sources classified using our > 90 per cent reliability threshold (solid lines and step histograms) and those from Dr24 
(dashed lines and filled histograms) as a function of redshift (top left), 144 MHz flux density (top right), radio luminosity (bottom left), and stellar mass 
(bottom right). Each panel shows the distributions for the different classes: SFGs (blue), radio-quiet AGN (orange), LERGs (turquoise), HERGs (purple), 
and unclassified sources (black), as indicated in the legend at the top. The error bars and shaded regions accompanying each panel represent binomial 
uncertainties. 
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RG sample, accompanied by a corresponding increase in the
raction of sources classified as LERGs. This trend further sup-
orts the idea that our classification scheme is more effective
t recovering radio-excess AGN at higher radio flux densities,
articularly within the LRG population. The BGS sample seems
o be dominated by SFGs and RQ AGN at low fluxes, with LERGs
ecoming more common above S144MHz � −3 . 2 mJy. The LRG
ample, on the other hand, is dominated by LERGs across the
ntire radio flux range, with some contribution of RQ AGN at
ower radio fluxes and HERGs at S144MHz � −2 . 2 mJy. The radio
uminosity distributions in the bottom-left panel highlight the
xpected trends observed in the previous section: radio-excess
ources dominate above L144MHz = 1024 W Hz−1 , while SFGs and
Q AGN lie primarily below this threshold. Notably, the LERG
istribution in the LRG sample does not decrease strongly to-
ards low radio powers, revealing a population of weaker radio
GN. These objects also appear to be associated with lower stel-
ar masses, as can be seen in the bottom-right panel. A similar
ehaviour is observed for the RQ AGN within the LRG sample,
hich tends to reside in lower mass galaxies than those in the
GS population. 
Overall, these trends illustrate that DESI’s targeting
trategy influences the observed class distributions. These
election effects must therefore be taken into account
hen interpreting the physical properties and relative
revalence of radio source populations in the DESI-LOFAR
ample. 
NRAS 550, 1–20 (2026)

m  
 THE  PROPERTIES  OF  LERGS  AND  HERGS  

.1 Eddington-scaled accretion rates 

sing a similar classification method, A25 showed that the
ddington-scaled accretion rates of LERGs and HERGs remain
istinct up to z = 1 , contrary to some recent findings in the liter-
ture (e.g. I. H. Whittam et al. 2022 ). A25 attributed this result
o the use of photometric methods in those literature studies,
howing that spectroscopic classifications break the degeneracy.
owever, the sample of A25 was relatively small and did not
llow a detailed investigation of the spectral properties of LERGs
nd HERGs as a function of accretion rate. This is of particular
nterest as recent works (e.g. R. Kondapally et al. 2022 , 2025 )
ound evidence for some LERGs residing in lower mass, star-
orming systems that may have a different fuelling mechanism.
iven our significantly larger spectroscopic sample ( ∼ 70 × larger
han A25), we are able to examine the distribution of accretion
ates and related properties in much greater detail. 
To do this, we estimate the log Eddington-scaled accretion

ate ( λEdd ) following A25 by assuming that the total energetic
utput of the black hole includes both the bolometric radia-
ive luminosity ( Lbol ) and the jet mechanical luminosity ( Lmech ),
uch that λEdd = log 10 [(Lbol + Lmech ) /LEdd ] . Here LEdd = 1 . 3 ×
031 (MBH / M�) W is the Eddington luminosity, where MBH is the
lack hole mass, which we estimate using the stellar mass-black
ole mass relation from N. Häring & H.-W. Rix ( 2004 ). The bolo-
etric luminosity is obtained from the observed [O iii ] lumi-
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Figure 9. The influence of optical selection criteria on the sampling of the faint radio source population, illustrated by the distributions of sources 
classified above our > 90 per cent reliability threshold in the Bright Galaxy Survey (BGS; solid lines and step histograms) and the luminous red galaxy 
sample (LRG; dashed lines and filled histograms). Panel layout, line styles, and shading are the same as in Fig. 8 . 
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10 To verify that the high-accretion LERGs are not misclassified, we exam- 
ined the sample at a 99 per cent confidence threshold: 9 per cent remain 
high-accreting. Lowering the threshold (e.g. to 70 or 50 per cent) increases 
the overlap with HERGs (as observed in A25) and inflates the apparent 
high- λEdd LERG population, mainly by including otherwise uncertain 
sources. Adopting a > 90 per cent threshold therefore minimizes con- 
tamination and ensures the high-accretion tail represents a robust sub- 
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osity using Lbol = 3500 L[O iii ] (T. M. Heckman et al. 2004 ), 
here a 3 σ upper limit is used in cases where [O iii ] λ5007
s not significantly detected. The jet mechanical power is es- 
imated as Lmech = 7 . 3 × 1036 (L1 . 4GHz / 1024 W Hz −1 )0 . 7 W (K. W. 
avagnolo et al. 2010 ), where the 144 MHz luminosity is con-
erted to 1.4 GHz assuming a spectral index of α = −0 . 7 . We note
hat each of these scaling relations is characterized by substantial 
ntrinsic scatter, and that the use of [ O iii ] as a proxy for bolomet-
ic luminosity may be less reliable for LERGs (e.g. T. M. Heckman
t al. 2004 ) and may differ in low-mass systems (e.g. E. C. Moran
t al. 2014 ). Nevertheless, this framework is widely adopted in
he literature (e.g. P. N. Best & T. M. Heckman 2012 ; B. Mingo
t al. 2014 ; J. Chilufya et al. 2024 , A25) to compare LERGs and
ERGs, and our sources predominantly reside in massive host 
alaxies ( M > 1010 M�). 
The resulting λEdd distributions for LERGs and HERGs classi- 
ed with > 90 per cent confidence are presented in Fig. 10 . We
dditionally show the distributions for the separate LERG clas- 
ification methods, namely the BPT/ M Ex diagnostics and the 
W[Oiii ] -based classifications with RX_warning_frac < 0.10 
nd 0.10 < RX_warning_frac < 0.50. We note that the 
PT/ M Ex LERGs approximately represent true measurements 
f the accretion-rate distributions based on significant [O iii ] 
mission, whereas the EW[O iii ] -selected LERGs should be treated 
s upper limits. In addition, the distribution of the full sample of 
ources identified as having a radio excess at > 90 per cent confi-
ence is presented. This sample is primarily composed of securely 
lassified HERGs and LERGs, but also includes 7959 additional 
bjects (denoted RX_Unc) for which the available diagnostics do 

ot allow a confident distinction between the two classes. We find p
hat LERGs display a strong peak at low accretion rates (centred
t ∼1 per cent of the Eddington limit), while HERGs are pre-
ominantly associated with higher λEdd values, as expected (e.g. 
. N. Best & T. M. Heckman 2012 ; B. Mingo et al. 2014 , A25). The
adio-excess population follows a similar distribution to LERGs at
ow accretion rates, reflecting their greater numbers, but exhibits 
 broad tail towards higher λEdd where HERGs become more 
ommon, forming a continuous distribution between the two 
anonical accretion modes. Interestingly, the LERG distribution 
lso shows a non-negligible high- λEdd tail that extends into the 
ERG regime, which is associated with the BPT/ M Ex LERGs
nd therefore reflects direct accretion-rate measurements rather 
han upper limits. Although these high-accreting LERGs ( λEdd > 

1 . 5 , corresponding to ∼ 3 per cent of the Eddington luminosity)
epresent only a small fraction of the overall LERG population ( ∼
 per cent), their relative abundance is roughly comparable to that
f HERGs at similar accretion rates, as reflected in the fraction of 
he total radio-excess sources in the upper panel. 10 We also note
hat this behaviour is largely driven by the [ O iii ] or bolometric
uminosity, as the same trends are observed when computing the 
ddington ratio without including Lmech . 
MNRAS 550, 1–20 (2026)

opulation. 
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Figure 10. The log Eddington-scaled accretion rate distributions for 
LERGs (blue), HERGs (orange), and radio-excess sources (grey; including 
objects that cannot be confidently assigned to either class) that satisfy our 
> 90 per cent threshold. For the LERG population, the distributions are 
additionally separated by classification method: the dashed line indicates 
sources classified via the BPT/ M Ex diagnostics, while the dot–dashed ( ∗) 
and dotted ( ∗∗) lines indicate sources classified using the EW[O iii ] method 
with RX_warning_frac < 0.10 and 0.10 < RX_warning_frac < 0.50, 
respectively. The arrow indicates that the LERG accretion rates should be 
considered upper limits due to the 3 σ upper limit on the [O iii ] emission, 
while the shaded regions indicate binomial uncertainties. The number 
of sources in each class is given in the legend at the upper right; these 
numbers differ from Table 2 as not all sources have reliable stellar mass 
estimates. The upper panel shows the fraction of radio-excess sources 
classified as LERGs (blue) and HERGs (orange), with error bars again 
representing binomial uncertainties. Only bins containing at least five 
sources are included. 
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11 https://github.com/m-arnaudova/SpecStacker 
12 We note that due to the broad redshift range considered ( 0 < z < 1 ), 
not all spectra contribute to every wavelength bin, resulting in inhomo- 
geneous uncertainties across the stacked spectrum, particularly for the 
radio-excess unclassified sources. 
13 Stacked spectra, which have higher SNR and contain a mixture of stellar 
populations, are challenging to model accurately using the BC03 stellar 
population library. 
14 We note that the same features persist when restricting the analysis 
to the 0 . 2 < z < 0 . 4 range, suggesting that cosmic evolution does not 
significantly affect these results. 
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As noted in Section 5.2 , it is important to account for DESI’s
argeting strategy when interpreting these distributions. To assess
his, in Appendix A we separate the Eddington-scaled distribu-
ions into BGS and LRG subsamples. We find that the high- λEdd 
ERG tail is more prominent in the BGS population, suggesting
hat these high-accreting LERGs may preferentially reside in sys-
ems with more ongoing star formation. We also consider the
mpact of populations excluded from the main analysis. Type 1
GN are excluded because our diagnostics are primarily designed
or narrow-line systems. The broad-line emission complicates the
adio-excess classification, while the strong AGN continuum may
ias the SED-derived stellar masses used in the Eddington-scaled
ccretion-rate estimates. Nevertheless, if all Type 1 AGN were
ssumed to be radio excess and their stellar masses treated as
eliable, they would only strengthen the high-accretion tail of 
he HERG distribution, as all Type 1 AGN in our sample have
Edd > −1 . 5 (assuming the same calibrations apply). Similarly,
s discussed in Appendix B , including the large Unc population
ould primarily increase the sample size of the existing popula-
ions without qualitatively changing the main conclusions of this
ork. 
While the aforementioned DESI selection effects may influ-
nce the observed λEdd distributions, the large DESI spectroscopic
ample nevertheless provides an important opportunity to inves-
NRAS 550, 1–20 (2026)
igate the properties of the classified radio-source populations,
hich we present in the following sections. 

.2 Composite spectra as a function of λEdd 

o investigate how the spectral properties of the radio-loud pop-
lation vary with accretion rate, we use SpecStacker 11 to
onstruct median-stacked spectra in bins of λEdd . To summarize,
his stacking code shifts the spectra to the rest frame and resam-
les them onto a common wavelength grid. Next, it normalizes
he spectra at the reddest wavelength range where all spectra
ontribute, and takes the median value at each wavelength to
reate the stacked spectrum. To estimate uncertainties, Spec-
tacker uses bootstrapping, along with an additional set of 
imulations that propagate errors introduced by the redshifting
nd normalization steps (see M. I. Arnaudova et al. 2024a for
urther details). The results of this procedure are shown in Fig. 11
or LERGs (top panel) and HERGs (second panel) classified with
 90 per cent confidence, radio-excess objects that we cannot con-
dently classify into a LERG or a HERG (or radio-excess unclas-
ified; third panel), and the total radio excess population (bottom
anel) binned in increments of �λEdd = 0 . 5 dex. 12 To further
nvestigate our results, we applied WL-SLAYER in a setup similar
o that described in Section 3 to measure emission lines and place
hem on the BPT diagram (see Fig. 12 ). We consider only fits with
n acceptable continuum model ( χ2 

ν < 3 ), in order to prevent the
mission-line modelling from fitting continuum artefacts, 13 and
equire a 3 σ detection in all BPT emission lines. 
In the top panel of Fig. 11 , we can see that the LERG stacked
pectra at low λEdd show the expected behaviour for this pop-
lation: the spectra are dominated by an older stellar popula-
ion, indicated by a strong 4000 Å break and prominent Ca H &
 absorption features, with weak or absent emission lines. As
Edd increases, however, emission features begin to emerge, in
articular the Balmer lines (H δ, H γ , H β, and H α), as well as
 O ii ] λλ3726 , 3728 , [O iii ] λλ4959 , 5007 , [N ii ] λλ6548 6583, and
he [ Sii ] λλ6717 , 6731 doublet. The relative strengths of the
almer and forbidden lines indicate that these galaxies remain in
 low-ionization state, although their emission line ratios grad-
ally evolve from the LINER region towards the SFG region in
he BPT diagram, 14 as seen in Fig. 12 . The continuum shape also
hanges with increasing accretion rate, becoming progressively
luer, accompanied by a weakening of the Ca H & K absorption,
onsistent with a growing contribution from a younger stellar
opulation (cf. R. Kondapally et al. 2025 ). 
While a similar trend is seen in the HERG spectra, contrary

o the LERGs, the forbidden lines appear much stronger than
he Balmer lines (even in the lowest accretion rate stacks, the
O iii ] λ5007 and [N ii ] λ6583 emission line can be seen, while
 β and H α are absent), and are located as expected into the

https://github.com/m-arnaudova/SpecStacker


The DESI view of LoTSS DR2 15

Figure 11. The stacked spectra of LERGs (top panel), HERGs (second panel), radio-excess sources that cannot be classified at > 90 per cent confidence 
into the two classes (or RX_Unc, third panel) and the whole radio-excess population (bottom panel) shown as a function of log Eddington-scaled accretion 
rate, as indicated by the colour bar. Each stack represents the median of all spectra within a given accretion-rate bin in the rest frame, as indicated by the 
colour bar. Prominent emission lines are marked with dashed grey lines and labelled in the top panel. 
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M

Figure 12. The BPT diagram for the stacked spectra of LERGs (squares), 
HERGs (diamonds), radio-excess sources that remain unclassified (or 
RX_Unc; cross), and the total radio-excess sources (circles), colour coded 
by the log Eddington-scaled accretion rate. The diagnostic lines delineat- 
ing the SFG, LINER, and Seyfert regions are from G. Kauffmann et al. 
( 2003b ) and R. Cid Fernandes et al. ( 2010 ) and are denoted in the legend. 
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eyfert region in the BPT (see Fig. 12 ). There are also a number
f higher ionization lines such as [Ne v ] and [Ne iii ] that are
ery pronounced in the HERGs, while absent or weak for the
ERG stacks for the same accretion rate bin. Similar results were
bserved when comparing the stacked spectra of HERGs and star-
orming LERGs in R. Kondapally et al. ( 2025 ). 
The stacked spectra of the radio-excess unclassified objects

third panel) resemble those of HERGs, showing higher ioniza-
ion lines such as [Ne v ], albeit at lower strength. Their emission
ine ratios place them near the boundary between LERGs and
ERGs on the BPT diagram, consistent with their intermedi-
te spectral properties. Finally, the total radio-excess population
bottom panel) exhibits a clear transition between the LERG-
nd HERG-dominated regimes, reflecting the accretion rates at
hich each mode becomes more prevalent. At low accretion rates

 λEdd � −1 . 5 ), the stacked spectra closely resemble those of the
ERGs, where the spectra are continuum dominated. As λEdd 
ncreases, the spectra gradually shift towards HERG-like char-
cteristics, where the forbidden lines and in particular higher
onization lines become more prominent, which is clearly seen
n the BPT diagram. 
Overall, these results highlight that, within a given λEdd bin,
ERGs and HERGs remain distinct, while the emergence of 
almer lines and bluer continua in high-accreting LERGs points
o ongoing star formation, helping to explain their increased pres-
nce in the BGS sample. 

.3 High-accreting LERGs as a function of diagnostics 

iven the results of the previous section, we examined the lo-
ation of high-accreting LERGs ( λEdd > −1 . 5 ) in the diagnos-
ics introduced in Section 4 , in addition to the BPT results from
he stacked spectra shown in Fig. 12 , to characterize their prop-
rties in more detail. For the radio-excess diagnostic, we con-
ider the full sample of high-accreting LERGs, whereas for the
PT and M Ex diagrams we include only sources classified at
 90 per cent confidence in the respective diagnostics. The [ O
NRAS 550, 1–20 (2026)
ii ] EW method does not yield a significant population of high-
ccreting LERGs and is therefore excluded from this analysis. 
The results are presented in Fig. 13 , where we can see in the

eft panel that the majority of high-accreting LERGs, shown as
he colour scale, are concentrated near the radio-excess demar-
ation line, suggesting that their radio emission may be modestly
nhanced relative to their H α luminosity, potentially due to low-
ower AGN activity or contributions from intense star-formation-
riven shocks. By contrast, low-accreting LERGs ( λEdd < −1 . 5 ),
epresented by grey contours, populate a broader region of the
adio-excess plane, with sources both near the demarcation line
nd at higher radio powers for a given H α luminosity. In the
PT diagram (middle panel), high-accreting LERGs predomi-
antly occupy the BPT_SFG region, while in the M Ex diagram
right panel) they are distributed between the M Ex_SFG and

 Ex_LINER regions. This mixed behaviour may be influenced
y redshift-dependent effects, since the M Ex diagram is used
rimarily at z > 0 . 5 , or by optical selection biases (e.g. LRGs and
GS subsamples). Low-accreting LERGs, in contrast, are mostly
ound in the BPT_LINER and M Ex_LINER regions, suggesting
hat they are associated with different ionization properties. 
Taken together, these results indicate that high-accreting
ERGs may either be star-forming galaxies with a modest ra-
io excess due to shocks or recent star formation, or genuine
ERGs at lower radio powers residing in more actively star-
orming hosts. In either scenario, star-forming processes could
ontribute to the [ O iii ] emission, potentially leading to an over-
stimation of L[O iii ] associated with the AGN activity and thus
Edd . Furthermore, as previously discussed, the conversion from
[O iii ] to Lbol is subject to significant intrinsic scatter and may be
ess reliable for LERGs. If this calibration does not hold in this
egime, the inferred bolometric luminosities and consequently
he Eddington ratios may not be representative of the true accre-
ion power. Future work using independent constraints on the
ccretion power, for example from X-ray measurements, would
herefore provide a valuable cross-check. We cannot also rule out
he possibility that, if these systems are indeed LERGs, their fu-
lling mechanisms may differ from the standard hot-gas accretion
ia advection-dominated flows (ADAFs; R. Narayan & I. Yi 1994 ,
995 ) observed in typical low-accreting LERGs. These results will
e explored further by Kondapally et al. (in preparation). 

 CONCLUSIONS  

n this work, we have used the spectroscopic information from
he first data release of the DESI survey to probabilistically clas-
ify the radio source population observed by the second data
elease of the LOFAR LoTSS. Building upon the classification
ethods by Dr24 and A25, we have used a combination of radio
xcess, the BPT diagnostic, and a modified MEx ( M Ex) diagnos-
ic, alongside Monte Carlo methods to estimate the probability
f a source being an SFG, a RQ AGN, or an LERG or HERG. In
ddition, we used the [O iii ] λ5007 equivalent width to recover
ERGs associated with low-significance emission lines, signif-
cantly increasing the sample size and enabling a more com-
lete recovery of the LERG population. Applying a 90 per cent
robability threshold to this classification framework, we identify
8 820 SFGs, 32 288 RQ AGN, 35 210 LERGs, and 3085 HERGs. 
Using this high-confidence DESI-LOFAR sample: 

(i) We compared our classifications with Dr24, which are based
n SDSS spectroscopy, and found comparable results when con-
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Figure 13. The radio excess (left), BPT (middle) and M Ex diagnostic diagrams (right) for the high-accreting LERGs ( λEdd > −1 . 5 ), as denoted by the 
colour bar. The grey contours encompass 10, 50, and 90 per cent of the low-accreting LERGs. The demarcation lines are the ones used in the classification 
scheme discussed in Section 4 , and are denoted by the legend in each panel. For reference, the total number of high-accreting LERGs is 2611, while the 
total number of low-accreting LERGs is 25 688. The remaining 6911 LERGs do not have reliable stellar mass estimates and therefore lack an accretion 
rate measurement. 
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idering the sources classified by both works. However, some dis- 
repancies arise when including the unclassified fraction, result- 
ng from our use of aperture corrections, additional diagnostics 
nd the more rigorous treatment of the Monte Carlo realizations. 
(ii) We assessed the impact of DESI selection effects by com- 
aring the properties of the numerically dominant samples from 

ESI’s BGS and LRG surveys, showing that selection biases af- 
ect individual class distributions, and thus must be taken into 
ccount. 
(iii) We examined the Eddington-scaled accretion rate ( λEdd ) 
istributions up to z = 1 , confirming very distinct accretion rate
istributions for the two classes of objects where LERGs typically 
ccrete below 1 per cent of Eddington and HERGs above it with
igher statistical significance than before. 
(iv) We uncovered a high-accreting population of LERGs that 
ppear to be hosted by more strongly star-forming systems, as 
hown by the stacked spectra and their location on the diag- 
ostic diagrams. These high-accreting LERGs appear similar to 
he star-forming LERG population identified by R. Kondapally 
t al. ( 2022 ), R. Kondapally et al. ( 2025 ), despite differences in
election and classification methods. We outline several possible 
xplanations for their nature, including contamination of the [ O 

ii ] emission by star-forming processes, limitations in the L[O iii ] –
bol conversion in this regime, or a distinct fuelling mechanism 

ompared to typical low-accreting LERGs. Future multiwave- 
ength observations, particularly in the X-ray, will be essential to 
isentangle these scenarios. 

In addition to the findings reported in this paper, our catalogue 
ill be invaluable for statistical investigations of other key aspects 
f galaxy evolution. For example, we are currently undertaking 
 study of the properties of AGN-driven outflows for the differ-
nt classifications presented here (Holden et al., in preparation), 
hich is now possible thanks to the large sample size provided 
y DESI. Building on this work, the upcoming WEAVE-LOFAR 

urvey (D. J. B. Smith et al. 2016 ) will directly target LoTSS
ources, selecting solely on radio flux density and thus offering a 
ore complete and unbiased view of the radio source population. 
y reducing the optical selection biases inherent in the current 
ESI-based sample, WEAVE-LOFAR will allow robust charac- 
erization of radio sources’ physical properties, accretion modes, 
nd host galaxies across a wide range of environments. This will
pen the door to more detailed studies of high-accreting LERGs, 
nd more broadly to a deeper understanding of the interplay 
etween star formation and AGN activity and their impact on 
alaxy evolution. 
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id Fernandes R. , Stasińska G., Schlickmann M. S., Mateus A., Vale Asari
N., Schoenell W., Sodré L., 2010, MNRAS , 403, 1036 

leri N. J. et al., 2023, ApJ , 948, 112 
ondon J. J. , 1992, ARA&A , 30, 575 
ooper A. P. et al., 2023, ApJ , 947, 37 
a Cunha E. et al., 2015, ApJ , 806, 110 
as S. et al., 2024, MNRAS , 531, 977 
elvecchio I. et al., 2021, A&A , 647, A123 
ESI Collaboration , 2016a, preprint ( arXiv:1611.00036 ) 
ESI Collaboration , 2016b, preprint ( arXiv:1611.00037 ) 
ESI Collaboration , 2025, preprint ( arXiv:2503.14745 ) 
ey A. et al., 2019, AJ , 157, 168 
rake A. B. et al., 2024, MNRAS , 534, 1107 
uncan K. J. , 2022, MNRAS , 512, 3662 
scott E. L. et al., 2025, MNRAS , 536, 1166 
ang J. J. et al., 2018, ApJ , 858, 100 
itzpatrick E. L. , 1999, PASP , 111, 63 
oreman-Mackey D. , Hogg D. W., Lang D., Goodman J., 2013, PASP , 125,
306 

ürkan G. , Hardcastle M. J., Jarvis M. J., 2014, MNRAS , 438, 1149 
ürkan G. et al., 2018, MNRAS , 475, 3010 
uy J. et al., 2023, AJ , 165, 144 
ahn C. et al., 2023, AJ , 165, 253 
ardcastle M. J. , Croston J. H., 2020, New A Rev. , 88, 101539 
ardcastle M. J. et al., 2023, A&A , 678, A151 
ardcastle M. J. et al., 2025, MNRAS , 539, 1856 
äring N. , Rix H.-W., 2004, ApJ , 604, L89 
eckman T. M. , Best P. N., 2014, ARA&A , 52, 589 
eckman T. M. , Kauffmann G., Brinchmann J., Charlot S., Tremonti C.,
White S. D. M., 2004, ApJ , 613, 109 

enry A. et al., 2021, ApJ , 919, 143 
olden L. R. , Tadhunter C. N., 2025, MNRAS , 536, 1857 
olden L. R. et al., 2026, MNRAS , 545, staf2075 
ohnson B. D. , Leja J., Conroy C., Speagle J. S., 2021, ApJS , 254, 22 
uneau S. , Dickinson M., Alexander D. M., Salim S., 2011, ApJ , 736, 104 
uneau S. et al., 2014, ApJ , 788, 88 
auffmann G. et al., 2003a, MNRAS , 341, 33 
auffmann G. et al., 2003b, MNRAS , 346, 1055 
ondapally R. et al., 2021, A&A , 648, A3 
ondapally R. et al., 2022, MNRAS , 513, 3742 
ondapally R. et al., 2025, MNRAS , 536, 554 
aing R. A. , Jenkins C. R., Wall J. V., Unger S. W., 1994, in Bicknell G. V.,
Dopita M. A., Quinn P. J., eds, ASP Conf. Ser. Vol. 54, The Physics of 
Active Galaxies. Astron. Soc. Pac., San Francisco, p. 201 

eja J. , Johnson B. D., Conroy C., van Dokkum P., 2018, ApJ , 854, 62 
acfarlane C. et al., 2021, MNRAS , 506, 5888 
artis N. S. et al., 2016, ApJ , 827, L25 
ingo B. , Hardcastle M. J., Croston J. H., Dicken D., Evans D. A., Morganti
R., Tadhunter C., 2014, MNRAS , 440, 269 
olyneux S. J. , Harrison C. M., Jarvis M. E., 2019, A&A , 631, A132 
orabito L. K. et al., 2022, MNRAS , 515, 5758 
oran E. C. , Shahinyan K., Sugarman H. R., Vélez D. O., Eracleous M.,
2014, AJ , 148, 136 
oustakas J. , Buhler J., Scholte D., Dey B., Khederlarian A., 2023, Fast-
SpecFit: Fast Spectral Synthesis and Emission-line Fitting of DESI
Spectra, Astrophysics Source Code Library, record ascl:2308.005 
uzzin A. et al., 2013, ApJ , 777, 18 
yers A. D. et al., 2023, AJ , 165, 50 
arayan R. , Yi I., 1994, ApJ , 428, L13 
arayan R. , Yi I., 1995, ApJ , 452, 710 
oll S. , Burgarella D., Giovannoli E., Buat V., Marcillac D., Muñoz-Mateos
J. C., 2009, A&A , 507, 1793 

sterbrock D. E. , Ferland G. J., 2006, Astrophysics of Gaseous Nebulae
and Active Galactic Nuclei. University Science Books, California, US

anessa F. , Baldi R. D., Laor A., Padovani P., Behar E., McHardy I., 2019,
Nat. Astron. , 3, 387 

https://www.lofar-surveys.org
https://data.desi.lbl.gov
https://lofar-surveys.org/dr2_release.html
http://dx.doi.org/10.3847/1538-4365/ab929e
http://dx.doi.org/10.1093/mnras/stae233
http://dx.doi.org/10.1093/mnras/stae2235
http://dx.doi.org/10.1093/mnras/staf1347
http://dx.doi.org/10.1086/130766
http://dx.doi.org/10.1103/RevModPhys.56.255
http://dx.doi.org/10.1111/j.1365-2966.2012.20414.x
http://dx.doi.org/10.1111/j.1365-2966.2005.09283.x
http://dx.doi.org/10.1093/mnras/stad1308
http://dx.doi.org/10.1051/0004-6361/201834156
http://dx.doi.org/10.1111/j.1365-2966.2004.07881.x
http://dx.doi.org/10.1046/j.1365-8711.2003.06897.x
http://dx.doi.org/10.1051/0004-6361/200913290
http://dx.doi.org/10.3847/1538-4357/833/1/98
http://dx.doi.org/10.1086/308692
http://dx.doi.org/10.1093/mnras/stw3020
http://dx.doi.org/10.1093/mnras/stad2597
http://dx.doi.org/10.1086/381875
http://dx.doi.org/10.1093/mnras/sty2169
http://dx.doi.org/10.1088/0004-637X/720/2/1066
http://dx.doi.org/10.3847/1538-4357/acb3c2
http://dx.doi.org/10.1093/mnras/stae658
http://dx.doi.org/10.1111/j.1365-2966.2009.16185.x
http://dx.doi.org/10.3847/1538-4357/acc1e6
http://dx.doi.org/10.1146/annurev.aa.30.090192.003043
http://dx.doi.org/10.3847/1538-4357/acb3c0
http://dx.doi.org/10.1088/0004-637X/806/1/110
http://dx.doi.org/10.1093/mnras/stae1204
http://dx.doi.org/10.1051/0004-6361/202039647
http://arxiv.org/abs/1611.00036
http://arxiv.org/abs/1611.00037
http://arxiv.org/abs/2503.14745
http://dx.doi.org/10.3847/1538-3881/ab089d
http://dx.doi.org/10.1093/mnras/stae2117
http://dx.doi.org/10.1093/mnras/stac608
http://dx.doi.org/10.1093/mnras/stae2645
http://dx.doi.org/10.3847/1538-4357/aabcba
http://dx.doi.org/10.1086/316293
http://dx.doi.org/10.1086/670067
http://dx.doi.org/10.1093/mnras/stt2264
http://dx.doi.org/10.1093/mnras/sty016
http://dx.doi.org/10.3847/1538-3881/acb212
http://dx.doi.org/10.3847/1538-3881/accff8
http://dx.doi.org/10.1016/j.newar.2020.101539
http://dx.doi.org/10.1051/0004-6361/202347333
http://dx.doi.org/10.1093/mnras/staf622
http://dx.doi.org/10.1086/383567
http://dx.doi.org/10.1146/annurev-astro-081913-035722
http://dx.doi.org/10.1086/422872
http://dx.doi.org/10.3847/1538-4357/ac1105
http://dx.doi.org/10.1093/mnras/stae2661
http://dx.doi.org/10.1093/mnras/staf2075
http://dx.doi.org/10.3847/1538-4365/abef67
http://dx.doi.org/10.1088/0004-637X/736/2/104
http://dx.doi.org/10.1088/0004-637X/788/1/88
http://dx.doi.org/10.1046/j.1365-8711.2003.06291.x
http://dx.doi.org/10.1111/j.1365-2966.2003.07154.x
http://dx.doi.org/10.1051/0004-6361/202038813
http://dx.doi.org/10.1093/mnras/stac1128
http://dx.doi.org/10.1093/mnras/stae2567
http://dx.doi.org/10.3847/1538-4357/aaa8db
http://dx.doi.org/10.1093/mnras/stab1998
http://dx.doi.org/10.3847/2041-8205/827/2/L25
http://dx.doi.org/10.1093/mnras/stu263
http://dx.doi.org/10.1051/0004-6361/201936408
http://dx.doi.org/10.1093/mnras/stac2129
http://dx.doi.org/10.1088/0004-6256/148/6/136
http://dx.doi.org/10.1088/0004-637X/777/1/18
http://dx.doi.org/10.3847/1538-3881/aca5f9
http://dx.doi.org/10.1086/187381
http://dx.doi.org/10.1086/176343
http://dx.doi.org/10.1051/0004-6361/200912497
http://dx.doi.org/10.1038/s41550-019-0765-4


The DESI view of LoTSS DR2 19

P
P
R
R
R
R
S
S
S
S
S
S
S
S
S
S
S
S
S
S  

 

S
S
S
S
T

T
t
T
v
V
W
W
W  

W
W
W
Y
Y
Z
Z

A

T
E
s
L
H
o  

w
s  

s

t
e  

b
a
a  

e

Figure A1. The Eddington-scaled accretion rate distributions for LERGs 
(blue), HERGs (orange), and all radio-excess sources (grey), separated 
into the subsamples belonging to the DESI BGS (top) and LRG (bottom) 
survey selections. The arrows indicate that the LERG accretion rates 
should be considered upper limits due to the 3 σ upper limit on the 
[O iii ] emission, while the shaded regions indicate binomial uncertain- 
ties. The upper panel shows the fraction of radio-excess sources classified 
as LERGs (blue) and HERGs (orange), with error bars representing bino- 
mial uncertainties. Only bins containing at least five sources are included. 
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PPENDIX  A:  IMPACT  OF  DESI  SELECTION  

o evaluate the impact of DESI’s targeting strategy on the 
ddington-scaled accretion rates, we separate our radio-loud 
ample into the two numerically dominant surveys-BGS and 
RGs-and compute the accretion-rate distributions for LERGs, 
ERGs, and radio-excess (RX) sources following the procedure 
utlined in Section 6.1 . The results are shown in Fig. A1 , where
e show the Eddington-scaled accretion-rate distributions (with 
ource counts listed in the legends), alongside the fraction of RX
ources classified as LERGs or HERGs in each subsample. 
In both the BGS and LRG samples, we recover the charac- 

eristic dual peaks associated with LERGs and HERGs. How- 
ver, in the BGS sample the high- λEdd tail of the LERG distri-
ution is much more pronounced. This suggests that the high- 
ccreting LERGs may reside in more star-forming systems, which 
re galaxy types that the LRG selection is designed to exclude. We
xplore this further in Sections 6.2 and 6.3 . 
PPENDIX  B:  IMPACT  OF  UNCLASSIFIED  

OURCES  

s discussed in Section 4 , we have a large fraction of unclassi-
ed sources which lie close to the boundaries of our diagnostics
nd therefore cannot be confidently assigned to a given class 
t the adopted > 90 per cent reliability threshold without addi-
ional information. Nevertheless, it is informative to investigate 
he impact of excluding these systems from the final analysis. In
ig. B1 , we present the accretion-rate distributions of: (i) radio-
xcess sources that cannot be robustly separated into LERGs and 
ERGs (RX_Unc), (ii) non-radio-excess sources that cannot be 
onfidently classified as either SFGs or RQ AGN (RX _Unc), and 
iii) the remaining unclassified sources (Unc), for which even 
he presence of a radio excess cannot be determined at the 90
MNRAS 550, 1–20 (2026)

http://dx.doi.org/10.1093/mnras/stac2067
http://dx.doi.org/10.1093/mnras/stw910
http://dx.doi.org/10.2307/271063
http://dx.doi.org/10.3847/2515-5172/abc078
http://dx.doi.org/10.3847/1538-3881/acb213
http://dx.doi.org/10.3847/2515-5172/abc25a
http://dx.doi.org/10.1051/0004-6361/201833883
http://dx.doi.org/10.1051/0004-6361/202038828
http://dx.doi.org/10.1086/305772
http://dx.doi.org/10.1093/mnras/stag137
http://dx.doi.org/10.1051/0004-6361/201629313
http://dx.doi.org/10.1051/0004-6361/201833559
http://dx.doi.org/10.1051/0004-6361/202142484
http://dx.doi.org/10.1051/0004-6361/202452930
http://dx.doi.org/10.1051/0004-6361/202451761
http://dx.doi.org/10.1111/j.1365-2966.2011.18827.x
http://dx.doi.org/10.1111/j.1365-2966.2012.21930.x
http://dx.doi.org/10.48550/arXiv.1611.02706
http://dx.doi.org/10.1051/0004-6361/202039343
http://dx.doi.org/10.1051/0004-6361/201630223
http://dx.doi.org/10.1111/j.1745-3933.2008.00550.x
http://dx.doi.org/10.1093/mnras/259.3.413
http://dx.doi.org/10.1046/j.1365-8711.1998.01706.x
http://dx.doi.org/10.1051/0004-6361/202038804
http://dx.doi.org/10.1007/s11222-008-9104-9
http://dx.doi.org/10.1086/423264
http://dx.doi.org/10.1051/0004-6361/201220873
http://dx.doi.org/10.1038/s41592-019-0686-2
http://dx.doi.org/10.1093/mnras/staf1187
http://dx.doi.org/10.1093/mnras/stac2140
http://dx.doi.org/10.1088/0004-637X/691/2/1879
http://dx.doi.org/10.1051/0004-6361/201833564
http://dx.doi.org/10.1088/0004-6256/140/6/1868
http://dx.doi.org/10.1086/509708
http://dx.doi.org/10.3847/2515-5172/abc01a
http://dx.doi.org/10.1093/mnras/stae725
http://dx.doi.org/10.3847/2515-5172/abc0f4
http://dx.doi.org/10.3847/1538-3881/aca5fb


20 M. I. Arnaudova et al.

M

F  

p  

s  

e  

s  

(  

m  

p  

(  

s  

a  

o  

n  

e

p  

a  

a  

p  

s  

R  

d  

a  

i  

r  

l
 

t  

s  

r  

H  

s  

p  

s  

o  

l  

M  

i  

a  

p  

F  

l  

e  

a
1  

λ  

H  

t  

s  

a  

t  

a  

S
 

fi  

c  

m  

m  

a  

t  

r

T  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/550/3/stag1299/8732716 by :: user on 05 A
igure B1. The Eddington-scaled accretion-rate total-count (upper
anel) and normalized (lower panel) distributions for radio-excess
ources that cannot be divided into LERGs and HERGs (uncertain radio-
xcess sources, RX_Unc; red) at 90 per cent confidence, non-radio-excess
ources that cannot be confidently classified as either SFGs or RQ AGN
uncertain non-radio-excess sources, RX _Unc; dark blue), and the re-
aining unclassified sources (Unc; grey), further split into low-EW (pur-
le) and ‘likely’ AGN (magenta) subsets. The distributions of LERGs
light blue) and HERGs (orange) are also shown for reference. The corre-
ponding Poisson (upper panel) and binomial (lower panel) uncertainties
re shown as error bars and shaded regions, respectively. The number
f sources in each class is given in the legend in the upper panel; these
umbers differ from Table 2 as not all sources have reliable stellar mass
stimates. 

er cent confidence level. The figure shows both the total-count
nd normalized distributions, allowing comparison of both the
bsolute numbers and relative distribution shapes of the different
opulations. We note that 42 338 of the 251 413 sources in our
ample (corresponding to 19, 28, 21, 20, and 5 per cent of the Unc,
NRAS 550, 1–20 (2026)

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
( https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, dis
X_Unc, RX _Unc, LERG, and HERG populations, respectively)
o not have reliable stellar-mass estimates from CIGALE and
re therefore excluded from the accretion-rate analysis presented
n this work. These sources do not appear to occupy a distinct
egion of parameter space in redshift, L144 MHz , or [O iii ] λ5007
uminosity. 
We find that the overall Unc distribution is more similar to

hat of the RX _Unc population, suggesting that the fully unclas-
ified sources are likely dominated by systems without a strong
adio excess and therefore predominantly by SFG-like galaxies.
owever, if this population were associated with radio-excess
ystems, we could investigate possible subsets within the Unc
opulation. One such subset consists of systems with weak emis-
ion lines, analogous to the weak-lined LERGs discussed previ-
usly, but without requiring a radio excess. Specifically, we se-
ect sources with EW[O iii ] < 3 Å in more than 90 per cent of the
onte Carlo realizations ( EW_frac > 0.90). This criterion is sat-

sfied by approximately 50 per cent of the Unc population and the
ssociated Eddington-scaled accretion-rate distribution of this
opulation appears more LERG-like (see Fig. B1 ). In addition,
ig. 8 shows that essentially no SFGs are identified at z > 0 . 5 ,
og 10 (L144MHz /W Hz−1 ) � 24 , and log 10 (M∗/ M�) � 11 , a param-
ter space typically associated with radio AGN (e.g. J. Sabater et
l. 2019 ). This ‘likely’ AGN subset represents approximately ∼
0 per cent of the Unc population and, as can be seen in Fig. B1 , its
Edd distribution peaks near the transition between the LERG and
ERG populations ( λEdd ∼ −1 . 5 ), similar to the RX_Unc popula-
ion, but also extends to higher Eddington-scaled accretion rates,
uggesting that it comprises a mixture of sources with intermedi-
te properties and more HERG-like systems. The sources near the
ransition likely represent objects with intermediate properties,
s is also apparent from the RX_Unc stacked spectra presented in
ection 6.2 . 
Overall, this analysis suggests that excluding the fully unclassi-
ed population is unlikely to qualitatively change the main con-
lusions of this work. Instead, including these sources would pri-
arily increase the sample size of the existing populations, with
ost Unc sources appearing consistent with LERG-like systems
nd a smaller subset occupying the transition region between
he LERG and HERG populations or extending into the HERG
egime. 
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