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A B S T R A C T 

We inv estigat e the relationship betw een disc winds, radio jets, accretion rates, and black hole masses of a sample of ∼100 k 

quasars at z ≈ 2. Combining spectra from the 17th data release of the Sloan Digital Sky Survey (SDSS) with radio fluxes from 

the 2nd data release of the Low F requency ARr ay (LOFAR) Tw o-Met er Sky Surv ey (LoTSS), w e statistically charact erize a 

radio-loud and radio - quiet population using a two - component Gaussian Mixture model, and perform population matching 

in black hole mass and Eddingt on fraction. We det ermine how the fr action of r adio-loud sources changes across this 
parameter space, finding that jets are most efficiently produced in quasars with either a very massive central black hole 
( M BH 

> 10 

9 M �) or one that is rapidly accreting ( λEdd > 0 . 3 ). We also show that there are differences in the blueshift 
of the C iv λ 1549 Å line and the equivalent width of the He ii λ1640 Å line in radio loud and radio - quiet quasars that 
persist even after accounting for differences in the mass and accretion rate of the central black hole. Generally, we find 

an anticorrelation between the inferred presence of disc winds and jets, which we suggest is mediated by differences in 

the quasars’ spectral energy distributions. The latter result is shown through the close coupling between tracers of wind 

kinematics and the ionizing flux – which holds for both radio-loud and radio - quiet sources, despite differences between 

their emission line properties – and is hinted at by a different Baldwin effect in the two populations. 

Key wor ds: accr etion, accr etion discs – galaxies: active – galaxies: jets – quasars: emission lines – quasars: general – radio 

continuum: galaxies. 
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 INTRODUCTION  

uasars are some of the most e xtr eme objects in the Universe,
ith luminosities reaching up to ∼ 10 41 W ( ∼ 10 48 erg s –1 ; P.
adovani et al. 2017 ), and central supermassive black holes with
asses of up to 10 10 M � (X.-B. Wu et al. 2015 ). Originally, quasars
 ere discov ered as anomalous sources with enormous luminosi- 

ies across many frequencies, particularly in the radio, but with 

nly a point -lik e optical counterpart, morphologically similar to 
 distant star (M. Schmidt 1969 ; K. I. Kellermann et al. 1989 ).
ow ev er, despit e radio emission playing a critical role in their

riginal identification, we know now that many quasars are very 
aint or undet ect ed in the radio (A. Sandage 1965 ; M. J. Kukula
t al. 1998 ), and amongst those that do show strong emission,
any host impressive extended structure in the form of (ul- 

ra)relativistic collimated polar radio jets. Exactly the mechanism 
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r physical characteristic of a quasar that determines whether it 
ill launch a jet is y et t o be pr ecisely established. Furthermor e,
hilst it is also thought that quasars often form another type of 

nergetic outflow, wide-angled winds, how these co - exist or inter-
ct with formation of jets is not fully understood. The third crucial
art of the puzzle is how these two types of outflow connect to the
nderlying accretion physics of the quasar. 

.1 Quasar outflow physics 

her e ar e two dominant theor etical models for the launching of 
uasar jets: one that is black hole driven (R. D. Blandford & R.
. Znajek 1977 , BZ), and another that derives energy from the
ccretion disc instead (R. D. Blandford & D. G. Payne 1982 , BP).
he BZ mechanism inv olv es the extraction of rotational energy

rom the central supermassive black hole via a strong poloidal 
agnetic field with open field lines threading the event horizon 

R. Y. Talbot, M. A. Bourne & D. Sijacki 2021 ). On the other
and, in the BP process, the energy fuelling a radio jet is instead
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/by/4.0/ ), which permits unrestricted reuse, distribution, and 

http://orcid.org/0009-0001-9308-3225
http://orcid.org/0000-0002-3493-7737
http://orcid.org/0000-0003-2265-5983
http://orcid.org/0000-0001-7039-9078
http://orcid.org/0000-0001-8433-550X
http://orcid.org/0000-0002-2091-1966
http://orcid.org/0000-0002-6528-1937
mailto:charlotte.jackson@physics.ox.ac.uk
https://creativecommons.org/licenses/by/4.0/


2 C. L. Jackson et al. 

M

e  

d  

d  

t  

t  

d  

g  

d  

t  

t  

w  

o
 

t  

g  

t  

1  

m  

p  

u  

m  

fi  

1  

2
 

2  

t  

u  

b  

v  

B  

1
 

r  

e  

s  

I  

C  

m  

t  

(  

p  

p  

N

1

T  

e  

p
a  

V  

e  

r  

t  

e  

c  

s  

w  

a  

d

 

w  

a  

i  

o  

K  

e  

l  

b  

W  

(  

i  

w
 

l  

C  

‘  

s  

b  

r  

s  

B  

s  

o  

n  

H  

d  

o  

m  

E  

L  

e

p
a  

e  

i  

c  

t  

t  

e  

c  

r  

L  

A  

B  

o  

R  

r  

c  

h  

a  

l  

t  

h  

C  

R  

B  

e  

q  

o  
 xtracted fr om the accr etion disc by magnetic fields thr eading the
isc, and the jet is launched centrifugally (W. Xie et al. 2012 ). Key
ifferences between these two launching mechanisms include
he region of influence of the magnetic field (in the BP process,
he field must be distributed across a large radial extent of the
isc, whereas in BZ, it is only important at the black hole’s er-
osphere; J . F erreira, P.-O . Petrucci & Q. Garnier 2013 ); the spin
ependence of the launching (the BZ mechanism strictly r equir es
he black hole to be spinning, which is not the case for BP); and
he efficiency of jet formation (it is thought that a BZ-like process
ould result in a significantly higher efficiency than a BP-like
ne; R. S. Nemmen & A. Tchekhovskoy 2015 ). 

The BP mechanism can also be in vok ed as an explanation for
he launching of accretion disc winds in quasars. In that picture,
as is ejected by centrifugal forces along the field lines threading
he disc (M. Wardle & A. Koenigl 1993 ; A. Konigl & J. F. Kartje
994 ). This is the magnet ohy drodynamic (MHD) wind launching
echanism, and whilst there is good reason to expect that it may

lay an important role in outflows from the accretion disc, it is
nclear currently what the observational signatures of the wind
ight look like, due to their dependence on the illusive magnetic

eld configuration in the disc (e.g. R. D. Blandford & D. G. Payne
982 ; J. E. Everett & D. R. Ballantyne 2004 ; K. Fukumura et al.
018 ). 

Winds can also be launched via thermal pr essur e (S. Laha et al.
021 ). Thermally driven winds occur when X-rays produced in
he inner accretion disc irradiate the outer disc, bringing material
p to the Compton temperature, at which point it expands and
ecomes a thermally driven wind at radii where the local escape
elocity is e x ceeded by the sound speed in the material (M. C.
egelman, C. F. McKee & G. A. Shields 1983 ; D. T. Woods et al.
996 ; M. Mizumoto et al. 2019 ). 

The third commonly considered launching mechanism is
adiative line driving. The governing principle is that bound
lectrons in a plasma provide a greater-than-Thomson cross-
ection to incident light (L. B. Lucy & P. M. Solomon 1970 ; J.
. Castor, D. C. Abbott & R. I. Klein 1975 ; S. P. Owocki, S. R.
ranmer & J. M. Blondin 1994 ). Crucially, for substantial mo-
entum transfer to occur, there must be a delicate balance in

he quasar spectral energy distribution (SED). A strong driving
near -) ultra violet flux is needed to produce the r equir ed radiation
r essur e, alongside limited e xtr eme-ultraviolet (EUV) and X-ray
r oduction to pr event overionizing the gas (N. Murray et al. 1995 ;
. Higginbottom et al. 2014 ; M. J. Temple et al. 2023 ). 

.2 Observational signatures of outflows 

he tendency for quasars to emit prodigiously across the entire
lectromagnetic spectrum allows for rich analyses probing their
hysical processes (M. Elvis et al. 1994 ). In the standar d pictur e of 
 quasar (i.e. that of D. E. Osterbrock 1993 ; B. M. Peterson 1997 ;
. Beckmann & C. R. Shrader 2012 ; P. Padovani et al. 2017 , etc.),
mission of different wavelengths comes from different physical
egions. In particular, ultraviolet and optical emission is thought
o be produced primarily in the accretion disc, whereas X-rays are
mitted from the innermost region of the disc, the so - called X-ray
or ona, and infrar ed emission is pr oduced by the absorption and
ubsequent r emission fr om a dusty torus. Observ ations at r adio
av elengths can uncov er sour ces of synchr otr on emission, such

s in jets, winds or shocks, and are not subject to absorption by
ust due to their long wavelengths. 
NRAS 546, 1–22 (2026) 
Spectr oscopy can pr ovide gr eat insight into a quasar’s inner
orking through the observable properties of important emission

nd absorption lines. Outflows in the form of disc winds can be
nferred by the presence of broad absorption lines or the blueshift
f the C iv λ1549 Å emission line (D. Pr og a, J. M. Stone & T. R.
allman 2000 ; K. M. Leighly & J. R. Moore 2004 ; G. T. Richards

t al. 2011 ). C iv is a collisionally e x cited line formed in the broad-
ine region (BLR) of a quasar, which is commonly observed to
e blueshifted with respect to its expected laboratory wavelength.
hilst the exact cause of this blueshift is still under investigation

e.g. J. H. Matthews et al. 2023 ), a common assumption is that this
s a signature of outflowing mat erial, oft en int erpret ed as a disc
ind. 
There is also a strong inverse correlation between the equiva-

ent widths (EWs) of various ultraviolet emission lines, including
 iv , and the ultraviolet continuum luminosity, known as the

Baldwin effect’ (J. A. Baldwin 1977 ). G. T. Richards et al. ( 2011 )
howed that EW C iv also anticorrelates with the strength of the
lueshift of the C iv line. Unfortunately, the part of the SED
esponsible for ionizing such lines, the EUV, is generally inacces-
ible due to absorption along the line of sight (J. D. Timlin, W. N.
randt & A. Laor 2021 ). Fortunately, the He ii λ1640 Å line is a
imple, single-electr on pr ocess, pr oduced by the recombination
f He iii to He ii . It provides a relatively ‘clean’ measure of the
umber of incident photons with an energy high enough to create
e iii , which is 54.4eV and above, as the ratio of photons pro-

uced by recombination and subsequent line emission is of the
r der of unity. Ther efor e, the r elative str ength of the He ii line,
easured by its EW, is a good ‘photon counter’ for the ionizing
UV flux (W. G. Mathews & G. J. Ferland 1987 ; A. Baskin, A.
aor & F. Hamann 2013 ; A. L. Rankine et al. 2020 ; M. J. Temple
t al. 2023 ). 

Radio emission in quasars is associated with a wide range of 
rocesses, and displays the most dynamic range in luminosity of 
ll electromagnetic wavelengths, spanning from essentially non-
xist ent t o 10 30 W Hz −1 . For the v ery highest radio luminosities, it
s clear that the dominant source of radiation has its origins in jets
arrying r elativistic electr ons (A. Laor & E. Behar 2008 ), but for
hose sources at low and more int ermediat e radio luminosities,
he primary source of the emission is less clear (see F. Panessa
t al. 2019 , for a r eview). Pr evious studies have suggested that it
ould come from the X-ray corona (A. Laor & E. Behar 2008 ),
elativistic particles accelerated in shocks within outflows (N.
. Zakamska & J. E. Greene 2014 ; J. Nims, E. Quataert & C.-
. Faucher-Giguère 2015 ), star formation (J . J . Condon 1992 ; M.
onzini et al. 2015 ; P. Padovani 2016 ; D . J . Rosario et al. 2020 ),
r weak/ frustrated jets (G. V. Bicknell 2002 ; J. W. Broderick &
. P. Fender 2011 ). These processes will presumably also play a

ole luminous radio quasars, just a sub - dominant one. Histori-
ally, sources have been divided into two populations: those that
av e v ery strong radio emission originating in a high-power jet,
nd those that have not. These are often r eferr ed to as ‘radio
oud’ (RL) and ‘radio quiet’ (RQ), respectively. The existence of a
rue dichotomy in the distribution of radio properties of quasars
as been the focus of int ensiv e study for many years (e.g. J. J.
ondon et al. 1980 ; R. Moderski, M. Sikora & J. P. Lasota 1998 ;
. McLure & J. Dunlop 2001 ; M. Cirasuolo et al. 2003 ; P . P . B.
eaklini et al. 2020 ; L. Zhang, J. Fan & J. Zhu 2021 ; C. Macfarlane
t al. 2021 ), as has the question of what determines whether a
uasar will be RL or RQ. So far, there have been no properties,
utside of their radio emission, that have been identified as an
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1 Information available at https://LOFAR-surv eys.org/cut out _ api _ 
details.html. 
ccurat e predictiv e t ool of the radio loudness of an individual
uasar. 

.3 Motivation and aims of this study 

her e r emain sev eral key questions still t o be answ er ed in or der
o fully understand the outflow properties of quasars. Why do 
ome quasars launch jets, but not others? How are quasar jets
nd disc winds launched, and what is the connection between 

hese two modes of outflow? How do the outflow properties of a
uasar relate to its accretion ph ysics? Man y authors have sought
 o bett er understand the answ ers t o these questions; particularly
elevant to our work are several recent studies focusing on emis-
ion line ‘demographics’, building on the work of G. T. Richards
t al. ( 2011 ). A. L. Rankine et al. ( 2021 ) studied the connection
etween radio and outflow properties of quasars, finding differ- 
nces in the C iv and He ii emission lines of RL and RQ objects, 
et also sources with similar ultraviolet properties but strikingly 
ifferent radio emission. M. J. Temple et al. ( 2023 ) also found
opulation-level differences in emission line properties, but this 
ime focusing on the connection with accretion rate and black 

ole mass. In particular, they find a regime at high black hole
ass and accretion rate that is associated with the strongest disc
inds and softest SED, along with a prominent switch in ultra-

iolet emission line behaviour at an Eddington fraction of � 0 . 1 .
. W. Petley et al. ( 2024 ) suggest that different outflow processes
ominate in quasars as a function of C iv blueshift and EW C iv , 
hich they argue offers a pr o xy t o Eddingt on-scaled accretion

at e. They point t o high accretion rat es corresponding primarily
o disc wind-caused radio emission, and lower accretion rates 
ssociated with emission dominated by radio jets. These three 
pecific works fit within a broader landscape of literature ex- 
loring how the radio emission in quasars depends on, for ex- 
mple, C iv emission line properties (G. T. Richards et al. 2011 , 
021 ; R. M. Kratzer & G. T. Richards 2015 ; G. Calistro Rivera
t al. 2024 ), colour/dust extinction (R. L. White et al. 2003 ; L.
lindt et al. 2019 ; V. A. Fawcett et al. 2020 ; D. J. Rosario et al.
020 ; V. A. Fawcett et al. 2023 ) and the presence or absence of 
road absorption lines (J. T. Stocke et al. 1992 ; P. C. Hewett &
. B. Foltz 2003 ; L. K. Morabito et al. 2019 ; J. W. Petley et al.
022 ). 

In our w ork, w e connect these previous studies and further
nv estigat e the relationship between radio emission, accretion 

isc outflows, and fundamental properties of quasars, includ- 
ng Eddington fraction and black hole mass. The aim of this
aper is to compare observational signatures of disc winds, 
adio jets, and the accretion disc in quasars. We use a com-
ination of rest-frame ultraviolet spectroscopy with deep low 

requency radio observations across ∼100 000 optically iden- 
ified quasars, with a redshift range of 1 . 5 < z < 2 . 65 , that
iv es cov erage of the C iv , He ii , and Mg ii emission lines
ithin the Sloan Digital Sky Survey (SDSS) observational win- 
ow. In Section 2 , we present the observational data and de-
ail how our radio-loud sample is defined. Our key results are 
resented in Section 3 , and we discuss their physical conse-
uences in Section 4 . Throughout the paper, we give wavelengths 

n vacuum in units of Ångstrom, black hole masses in M �, 
nd luminosities in W Hz −1 . We assume a flat Lambda cold
ark matter ( �CDM) cosmology with H 0 = 71 km s −1 Mpc −1 . 
nergies, frequencies and wavelengths are given in the rest 

rame. 
 O B S E RVA  TIONAL  DA  T  A  AND  METHOD  

.1 Observational data 

e use the sub - sample of quasars from the SDSS DR17, described
y B. W. Lyke et al. ( 2020 ) and Abdurro’uf et al. ( 2022 ), that was
onstructed by M. J. Temple et al. ( 2023 ). In their work, they
arried out spectral reconstructions, based on the Mean-Field 

ndependent Component Analysis performed by A. L. Rankine 
t al. ( 2020 ), and extracted spectroscopic redshifts and the emis-
ion line properties of C iv , He ii , and Mg ii . 186 303 sources were
oth in the redshift range of 1 . 5 < z < 2 . 65 and met their spectral
uality criteria. See M. J. Temple et al. ( 2023 ) and A. L. Rankine
t al. ( 2020 ) for full details on the sample pr ocessing . 

Radio data for our sample are taken from the LOFAR Two-
eter Sky Survey (LoTSS) DR2, described by T. W. Shimwell et al.

 2022 ). LoTSS is a wide-area radio survey operating at 144 MHz,
ith a sensitivity of 71 μJy beam 

−1 . The second data release
rovides a catalogue of nearly 4.5 million sources at 6 arcsec
esolution, covering 27 per cent of the Northern sky, observing 
early an order of magnitude more sources than DR1. There 

s also e x cellent multiwav elength cov erage across the observing
rea of LoTSS, including significant overlap with SDSS DR17. 

To obtain a combined radio and rest -frame ultra violet cata-
ogue, w e cross-mat ch the SDSS sample from M. J. Temple et al.
 2023 ) with the value-added LoTSS DR2 source catalogue de-
cribed by M. J. Hardcastle et al. ( 2023 ), using the positions of 
he established optical counterparts of the radio sources. We first
dentified the sub - set of the quasar catalogue lying within the sky
overage of LoTSS DR2, an e x er cise which r educes the sample
rom 186 303 sources to 108 167. The sky coverage of the two
ata sets and the subsequently trimmed SDSS catalogue can be 
een in Fig. 1 . We then cross-matched the two catalogues with a
 arcsec error radius. The cross-matching resulted in 15 255 radio
et ect ed quasars, with a radio detection fraction of 15 per cent,
hich is similar to the results of A. L. Rankine et al. ( 2021 ), who

ross-matched the LoTSS DR1 sample (T. W. Shimwell et al. 2019 )
ith SDSS DR14, and found an ov erall det ection fraction of 16 per

ent. The luminosities of the quasars in our sample spans a range
f L 144 ≈ 10 24 −29 W Hz −1 . 

For the other 92 912 objects below the 5 σ LoTSS peak detection
imit, we extract a radio flux density using forced photometry. 
n previous studies, the surv ey det ection limit has been used to
roduce an upper bound on the radio luminosity of undet ect ed
ources, allowing them to be used in the radio quiet population,
or example in A. L. Rankine et al. ( 2021 ). In this w ork, w e elect
 o retriev e a flux density measur ement dir ectly fr om the LoTSS
mage to gain insight into the radio emission occurring below 

he catalogue threshold, and to confirm that these quasars are 
efinitely radio quiet by all definitions. We downloaded 30 arcsec 
adio cut-outs from the LOFAR API service, 1 centred on their 
DSS coordinates. The flux at the central pixel is extracted, and
he median flux of 500 randomly selected pixels in the cutout is
alculated as the back gr ound noise. The differ ence between the
wo is then taken as their radio flux density, which allows us to
dd the radio measurements of an additional 70 292 sources to
ur sample. The central flux density of our undet ect ed sources is
aken as a good appr o ximation for total flux as it is assumed that,
MNRAS 546, 1–22 (2026) 
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M

Figure 1. Sky coverage of the surveys used in this work. The Sloan Digital Sky Survey DR17 sub - set constructed by M. J. Temple et al. ( 2023 ) (red), 
LOFAR Tw o-Met er Sky Surv ey DR2 optical identifications catalogue (blue), and the resulting ov erlapping sample (y ellow). 
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f undet ect ed in the LoTSS DR2 catalogue, the quasars are very
ikely to be unresolved point sources in the radio image, and as
he radio image pixels are calibrated in flux/beam, it is ensured
hat, for unresolved sources, the peak flux is necessarily equal
 o the t otal flux. We v erified that the pix el flux es pr ovide a good
stimat e of the t otal flux for the faint est sources in the det ect ed
ample. 

The black hole masses of the quasars in our sample are taken
rom the M. J. Temple et al. ( 2023 ) catalogue, which used the
ingle epoch virial estimator described by R. J. McLure & M. J.
arvis ( 2002 ) and later M. Vesterg aar d & P. S. Osmer ( 2009 ), as
een in equation ( 1 ), 

 BH 

= 10 6 . 86 
(

FWHM Mg ii 

1000 km s −1 

)2 ( L 3000 

10 44 erg s −1 

)0 . 5 

M � , (1) 

here FWHM Mg ii is the full-width at half maximum of the Mg ii
ine, and L 3000 is the rest-frame monochromatic continuum lu-

inosity at 3000 Å. Mg ii is a str ong, br oad, low-ionization line;
he FWHM of which is thought to trace the viralized bulk mo-
ion of the emitting BLR. It is also known from reverberation

apping measur ements (e.g . A. Wandel, B . M. Peterson & M.
. Malkan 1999 ; S. Kaspi et al. 2000 ) that there is a generally

onstant relationship between the physical size of the BLR and
he observed UV luminosity, which R. J. McLure & M. J. Jarvis
002 demonstrated is particularly tight for L 3000 . As such, the
ombination of these two properties can offer an estimation of 
he black hole mass of a quasar, through virial arguments. To
nsure self-consist ency, w e ther efor e use L 3000 thr oughout the pa-
er, including in the calculation of bolometric luminosity, L bol =
 . 15 × L 3000 , assuming a constant bolometric correction (G. T.
ichards et al. 2006 ; Y. Shen et al. 2011 ). L 3000 has the advan-

age over monochromatic line luminosities (e.g. [ O iii ], H β) of 
ffering a more direct view of a quasar’s thermal luminosity (i.e.
he ‘big blue bump’; B. Punsly & S. Zhang 2011 ). How ev er, there
re still multiple assumptions embedded in the use of constant
NRAS 546, 1–22 (2026) 

s  
olometric correction, an overall discussion of which is given in
ection 5.1.1 of M. J. Temple et al. ( 2023 ). The Eddington fraction
s then calculated as the ratio of a source’s bolometric luminosity
o its Eddington luminosity, L bol / L Edd , herein λEdd , given by 

Edd = 

L bol 

L Edd 
= 

5 . 15 × L 3000 

1 . 26 × 10 38 
(

M BH 
M �

)
erg s −1 

. (2) 

he monochromatic radio luminosity at 144 MHz are calculated
s 

 144 = 4 πd 

2 
L S 144 MHz (1 + z) −α−1 W Hz −1 , (3) 

here d L is the luminosity distance, S 144 MHz is the flux at
44 MHz, z is the redshift, and α is the spectral index. Throughout
he paper, we use F ν ∝ να , where α is assumed to be −0 . 7 (M. J.
ukula et al. 1998 ). 

.2 Defining a ‘jetted’ population 

n the absence of high resolution very long baseline interferome-
ry imaging and subsequent morphological classification for each
f the ∼100 K objects, the identification of radio jets becomes a
ask of inference rather than direct observation. 

Standard practice for some time has been to divide quasars into
wo populations based on the ‘radio loudness’ of a source, as de-
ned by the ratio R = 

L rad 
L opt 

, which normalizes the radio luminosity
y the optical luminosity. The normalization allows for the iden-
ification of sources dominated by radio emission, rather than
eing biased towards those that are simply intrinsically brighter
t all wav elengths. How ev er, ther e ar e associated pitfalls with the
ethod. First, there is the decision of where to place a cut-off

etween ‘radio loud’ and ‘radio quiet’ populations in a distribu-
ion which, with the development of deeper and more sensitive
adio surveys such as LoTSS, has become increasingly continuous

see. Fig. 2 . Too low a division, and non-jetted sources with
trong radio emission originating from other processes, such as
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Figure 2. Distribution of quasars in L 3000 and 144 MHz radio luminosity. The colour of the points corresponds to the cluster to which the source has 
been assigned by the two - component GMM, with Cluster 1 (red) defining radio-loud and Cluster 2 (blue) defining radio - quiet sources. The shading of 
the points indicates the probability of the source being correctly assigned to its cluster, with darker colours showing less certainty. The solid black line 
shows the classical radio loudness cut at log 10 (R ) > 2 . 5 , and the dashed line indicates the 10 26 W Hz −1 radio luminosity cut. The stars show sources with 
multiple ( > 1) associated components in the LoTSS DR2 value-added catalogue. 
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tar formation, will contaminate the sample. Too high, and it risks
issing weaker jets, particularly where there is relatively strong 

ptical emission. Secondly, there is the interdependency between 

he ratio and other values that are calculated from the optical 
uminosity, such as black hole mass and Eddington fraction. As a 
esult, it is more difficult for a source to meet the threshold if it has
 higher black hole mass, based on its higher optical luminosity
t fixed Eddington fraction, see equation ( 1 ). 

One option to lift the optical luminosity dependency is to use
 purely radio luminosity-based cut, which is more reminiscent 
f early work (e.g. L. Miller, J. A. Peacock & A. R. G. Mead 1990 ;
. N. Best 2007 ). Whilst the approach may result in an overrepre-
entation of sources that are simply the most intrinsically bright 
cross all wavelengths, it should equally feature some of the more
nt ermediat e luminosity jets. How ev er, this method is not used
ften in modern studies as it does not account for any correlations
etween radio and optical luminosities (e.g. M. Balokovi ́c et al. 
012 ), and relies on a relatively arbitrary placement for the cut. 

Ideally, one would define a method to classify a jetted pop-
lation based on the distribution of sources in the optical and 

adio luminosity plane, looking for a general minimum across 
he 2D distribution, which may not be linear. Previous works 
ave sought to address this challenge, including B. H. Yue et al.
 2024 , 2025 ), who used a parametric model describing the active
alactic nucleus (AGN) and star formation contributions to a 
opulation’s radio emission in an effort to statistically disentangle 
hem. Another option, and the one we choose to use in this study,
s to use a Gaussian Mixture Model (GMM), that fits Gaussian
omponents to the overall distribution of sources, and defines 
clusters’. As such, the statistical significance of the populations 
an be ascertained, and probabilities for each source being in each 

opulation quantified – moving away from a blunt classifier based 

n a chosen cut location. 
For the purposes of this study, we choose to define a ‘radio loud’

nd ‘radio quiet’ population using each of these three methods, 
nd present the results of these classifications in Fig. 2 . We choose
o use a GMM with two components, which is motivated by the
istribution of the data and which has the benefit of producing
L and RQ analogues that are directly comparable to the use of a

adio loudness or luminosity cut. How ev er, many more Gaussians
ould in theory be fitted to the distribution, for example defining
 ‘radio int ermediat e’ clust er . Throughout this paper , we will dis-
uss the impact of these different definitions. 

We calculate the classical radio loudness parameter, R , of each
ource using the radio luminosity derived from a combination 

f the catalogue and measured radio flux densities, along with 

he spectroscopic redshifts of the quasars. We use the rest-frame 
onochromatic continuum luminosity at 3000 Å for L opt , derived 
MNRAS 546, 1–22 (2026) 
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Table 1. The number of sources classified as radio loud and radio quiet 
for each of the three characterization methods. The identification column 
shows how many sources with multiple associated components in the 
radio catalogue have been classified as radio loud per method, which we 
use as a test for success. Particularly, the GMM identifies the same num- 
ber of multicomponent objects for the fewest overall RL classifications, 
suggesting that it may be the most efficient. 

Cut used RL RQ Identified 

log 10 (R ) > 2 . 5 2383 105 784 221/231 
L 144 > 10 26 W Hz −1 2577 105 590 227/231 
GMM 2014 106 153 221/231 
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A  
rom M. J. Temple, P. C. Hewett & M. Banerji ( 2021 )’s quasar
ED model. The choice of radio loudness cut-off location depends
argely on the scientific question aiming to be answered. In this
 ork, w e seek to isolate a population of jetted quasars, so choose
 relatively strict cut of log 10 (R ) = 2 . 5 , which corresponds to a
inimum in the distribution of the L 144 and L 3000 (see Fig. 2 ).

t also depends heavily on the radio frequency used for observa-
ions, and ther efor e a spectral inde x assumption. The canonical
hreshold is log 10 (R ) = 1 at 5 GHz (K. I. Kellermann et al. 1989 ),
nd at L OFAR fr equencies, often a value of log 10 ( R ) > 2 is used.
ow ev er, it should be noted that A. L. Rankine et al. ( 2021 )
ses the SDSS i -band magnitude, which is not the same as our
 3000 measurement. Our choice of cut undoubtedly means that

etted sources ‘leak’ into the RQ population, but it is reasonable
o assume that the RL subsample is relatively clean. With the
ut applied, out of the 105 784 sources in our sample, 2383 are
lassified as RL (a global proportion of 2.20 per cent), and the
ther 105 784 as RQ (see Table 1 ). 

We also define RL and RQ populations based on the radio lumi-
osity of our sour ces, r emoving any dependence on the emission

rom the accretion disc. We use L 144 > 10 26 W Hz −1 , above which,
he radio emission is unlikely being produced by star formation
lone. A ccor ding to the relationship found by G. Calistro Rivera
t al. ( 2017 ), 

 SFR , 144MHz = SFR [ M �/ yr ] × 1 . 455 × 10 24 × 10 −q ( z ) W Hz −1 , (4) 

here q ( z ) = 1 . 77(1 + z) −0 . 22 , a radio luminosity of L 144 >

0 26 W Hz −1 w ould correspond t o a rat e on the order of 3000
 �yr −1 , which is an order of magnitude greater than found in

tudies such as D . J . E. Floyd et al. ( 2013 ) and K. Harris et al.
 2016 ). The criteria yields a global proportion of 2.38 per cent RL
ources, the highest of the three methods. The trend of increasing
 144 with L 3000 means that sources are more likely to meet the

hreshold if they have a greater bolometric luminosity. 
Finally, we employ a GMM from scikit learn (F. Pedregosa

t al. 2011 ) with two components and a tied covariance matrix,
or the sources in our sample with positive radio flux densities.
hose with negative fluxes are automatically assigned to the RQ
opulation, and are naturally included in the RQ classification of 
he other methods. Encouragingly, the two Gaussian components
hat fit to the L rad − L 3000 distribution define clusters that are
imilar to the traditional radio loudness classifications. Almost
ll objects that are defined by the GMM as being RL meet the
 144 > 10 26 W Hz −1 criteria, and 1.86 per cent of all sources are
lassified as RL. Furthermor e, we ar e also able to assign a prob-
bility of each source being in the associated clusters. We use
hese as weights instead of a binary classification in the following
nalyses, as detailed in the results. 
NRAS 546, 1–22 (2026) 
In the absence of an accessible ‘ground truth’ about which
ources have jet activity, we use the LoTSS DR2 component cata-
ogue produced by M. J. Hardcastle et al. ( 2023 ) to identify sources
ith multiple associated components, which is an indicator of ex-

 ended structure, and t est whether the three classification meth-
ds ‘recover’ these sources. How ev er, ext ended structure is not
uarant eed t o be jetted structur e, and ther e ar e most certainly
ources with jets missing from the classification. Therefore, we
oth can neither take a classification of ‘multicomponent’ as the
moking gun of a jet, nor the lack of classification as confirmation
here is no jet present; nevertheless, the exercise acts as a reason-
ble sanity check. We find 231 objects present in our sample that
ave multiple components, which are ov erplott ed on Fig. 2 . We
resent in Table 1 the recov ery rat e for each classification method,
hich is consistent across all three and shows that, in general,

ach method is successful at finding jetted sour ces. Ther e ar e four
ources with multiple components that are not recovered at all,
ut these do not show convincing signs of jet activity in their radio

mage cutouts. The GMM classifies the least number of quasars
s RL, but still recovers the same number of multicomponent
ources at the tr aditional r adio loudness cut, suggesting that the
ethod may produce the least contamination. Of objects that
eet all three radio loudness criteria, 11.4 per cent are identified

s having multiple components, whereas it is only 0.016 per cent
or sources meeting none. 1.75 per cent of objects that meet the
adio luminosity criteria but not the classical radio loudness cut
i.e. are in the high L 3000 ‘wedge’ section of Fig. 2 ) have multiple
omponents, and 0.47 per cent of those meeting the classical
adio loudness but not radio luminosity cuts (i.e. in the lower L 3000 
 edge) hav e multiple components. 
Thr oughout the r est of the paper, we pr esent the r esults fr om

he GMM-defined populations as standard, as the approach
s data-driven and agnostic to the expected populations, and

ost efficiently retrieves the multicomponent sources. Using the
MM also allows us to assign classification likelihoods to sources,

llowing us to fold uncertainty in classification into our analyses.
he r esults fr om the other two cuts are presented in Appendix
 . In summary, the overall conclusions do not change between

lassification method, although the connection between L 3000 and
lack hole mass results in the weakening of some trends when
aking a cut in L 144 alone. All sources that are classified as RL

y any method are det ect ed in the original LoTSS DR2 catalogue,
nd thus do not rely on fluxes derived from forced photometry. 

.3 Population matching 

ne of the principal aims of this paper is to understand how the
resence of a jet is linked to other outflow and accretion proper-
ies in quasars. One test is the comparison of the emission line
haracteristics of our RL/RQ populations, such as C iv blueshift,
W C iv and EW He ii . In the LoTSS DR1 sample, A. L. Rankine
t al. ( 2021 ) show that RL quasars systemically display lower C iv
lueshifts than RQ ones. How ev er, G. T. Richards et al. ( 2011 )
emonstrated that C iv blueshift increases with an increasing

uminosity. As RL sources will inherently have a lower optical
uminosity at a given radio luminosity than RQ, it is ther efor e pos-
ible that the weaker blueshifts are an artifact of the underlying
rend. Alt ernativ ely, previous w orks hav e found evidence t o sug-
est that RL quasars are generally associated with more massive
entral black holes (e.g. A. Laor 2000 ; R. J. McLure & M. J. Jarvis
004 ; R. B. Metcalf & M. Magliocchetti 2006 ; A. Chakraborty &
. Bhattacharjee 2021 ). It has also been suggested (for example,
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2 As explained in section 4.3 of A. L. Rankine et al. ( 2021 ), many of 
the small number of objects in the lower-left r egion of Fig . 4 possess 
unr eliable measur ements and hav e deliberat ely been e x cluded fr om the 
analysis. 
y M. Giustini & D. Pr og a 2019 ; J. W. Petley et al. 2024 ) that there
s a link between accretion rate and quasar jets, specifically, that a
ow er accretion rat e is expect ed in the r egime wher e jets dominate
ver winds. A connection has also been found between accretion 

ate and C iv blueshift by H. Wang et al. ( 2011 ) and J. W. Sulentic
t al. ( 2017 ), which was extended to two dimensions by M. J.
emple et al. ( 2023 ), showing that C iv blueshift is endemic only
or the most massive, highly accreting black holes. For EWs, there
s the well-known Baldwin effect that leads one to expect weaker 
 iv and He ii in the sources more luminous in the ultraviolet, 
hich is seen in M. J. Temple et al. ( 2023 ) to result in deficiencies

n these quantities for the most massive, highly accreting black 

oles also. A. L. Rankine et al. ( 2021 ) equally shows that there is
tronger overall He ii emission in RL quasars. 

Overall, it is clear that there is a complex interplay of charac-
eristics that could lead to perceived correlations between emis- 
ion line and radio properties, primarily relat ed t o differences in
lack hole mass and accretion r ate distributions, or, equiv alently, 

uminosity. Any relationships in this space need to be carefully 
xamined to ensure they are not artificially induced, nor driven 

y underlying correlations in properties unrelated to the question 

t hand. M. Stepney et al. ( 2023 ) use population matching for
heir sample of SDSS DR16 quasars at 1 . 5 < z < 4 to e xplor e
he evolution of their ultraviolet emission line properties with 

 edshift. They e xamine the dependence on ultraviolet luminosity, 
r both black hole mass and Eddington-scaled accretion rate, and 

nd that differences in C iv blueshifts between different redshift 
ins can be fully explained by different distributions in luminosi- 
ies between the populations, as these trends vanish once the 

atching has taken place. As such, for the populations in our
tudy, if ther e ar e observable tr ends or differ ences in emission
ine properties that persist after the matching, we can be sure they
re not driven by differences in the black hole masses, Eddington
raction, or L 3000 of RL and RQ quasars. 

We ther efor e match our RL and RQ populations in L 3000 and
WHM Mg ii space, as these are the fundamental observed quanti- 

ies that are used to derive the Eddington fraction and black hole
ass of the sources. The matching serves equally well to match 

hem in those quantities, too. We perform a two - dimensional (2D)
 -nearest neighbours matching procedure using the Nearest- 
eighbours function from scikit learn with k = 1 , i.e. a sin-
le RQ neighbour r eturned. N one of the RL sources are removed,
nd some of them share a nearest neighbour RQ source, resulting
n 1976 RQ and 2014 RL quasars in the matched sample. In Fig. 3 ,
e show the distribution of RL and RQ sources (as defined by

he GMM) in L 3000 and FWHM Mg ii before and after matching. To 
erify the quality of the match, we carry out a 2D Kolmogorov–
mirnov (KS) test from scipy (P. Virtanen et al. 2020 ). The orig-
nal distribution has a p-value of 10 −19 , where anything < 0.05
llows us to reject the null hypothesis that the distributions are 
rawn from the same parent population at the 95 per cent confi-
ence lev el. Aft er mat ching, the p-value is 1.0 indicating statisti-
ally similar 2D distributions. The redshift distributions of our RL 

nd RQ populations are virtually indistinguishable both before 
nd after matching. 

 R E S U LT S  

.1 Emission line properties of RL and RQ sources 

n this section, we use the matched populations of RL and RQ
uasars in various emission line spaces t o inv estigat e the differ-
nces between the outflows and accretion disc properties of these 
wo populations, decoupled from effects of black hole mass and 

ptical luminosity. 
In fig. 7 of G. T. Richards et al. ( 2011 ), they compare the

lueshift of the C iv emission line to its EW, finding that there are
o quasars with both a strong C iv line and large blueshift. They
lso find, using 1.4 GHz radio data from FIRST (Faint Images of 
he Radio Sky at Tw enty-Centimet ers, R. H. Becker, R. L. White
 D . J . Helfand 1995 ), that RL quasars do not occupy a separate
art of the parameter space to RQ quasars, although they are
ore often found at the weaker blueshift part of the regime. A

imilar plot is r epr oduced in fig . 5 of A. L. Rankine et al. ( 2021 )
sing LoTSS DR1, with the same conclusions. We now conduct 

he same e x er cise with the larger LoTSS DR2 sample in Fig. 4 ,
oth for the whole sample and then for the populations matched

n L 3000 and FWHM Mg ii . 
The overall C iv emission properties are, unsurprisingly, simi- 

ar to those found by G. T. Richards et al. ( 2011 ) and A. L. Rankine
t al. ( 2020 , 2021 ): sources can either have strong C iv emission
r strong blueshifts, but not both. 2 And whilst it is possible to
nd a RL source across the same range of C iv emission space

hat one might find a RQ quasar, they are concentrated over-
ll at lower blueshifts. Furthermore, even with the populations 
atched in L 3000 and FWHM Mg ii , RL quasars have generally 

ower C iv blueshifts than their RQ counterparts. The KS test p- 
alues for the unmatched and matched C iv blueshift distribu- 
ions are 10 −51 and 10 −11 , respectively. 

On a sour ce-by-sour ce basis, effects such as inclination, and
he impact of a constant bolometric correction and scatter in the
elationships used t o estimat e black hole mass and Eddington
raction, act to confound any potential comparisons. However, 
iven that these trends are statistically significant at a population 

evel, the result is important: given the matching pr ocedur e, dif-
erences in the emission line properties of the populations must 
e driven by some process unconnected to black hole mass or
ddington fraction. There is also a small remaining difference 

n the EW C iv of the two populations, which, given that they are
 ell-mat ched in ultraviolet luminosity, suggests that there is a

lightly different Baldwin effect in RL quasars as compared to 
Q. When unmatched, the RL and RQ populations have a one-
imensional EW C iv KS test p-value of 10 −19 , and which becomes 
 × 10 −4 when matched in L 3000 and Mg ii . In both cases, the
L and RQ populations ar e ther efor e statistically unlikely to be
rawn from the same parent distribution. 
In Fig. 5 , we plot EW versus luminosity for the two ultraviolet

ines measured for our sample, He ii and C iv . The RL and RQ
ources display a Baldwin effect in both lines, which is to say there
s a general decrease in EW with increasing luminosity, as shown
reviously in G. T. Richards et al. ( 2011 ) for their sample of SDSS
uasars with associated FIRST radio fluxes. How ev er, for both
mission lines, despite the populations being effectively matched 

n black hole mass and Eddington fraction, there is an offset
etween RL and RQ sources. For a given ultraviolet luminosity, a
L quasar will generally have a stronger He ii and C iv line than 

ts RQ counterpart. 
MNRAS 546, 1–22 (2026) 
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Figure 3. Distributions of radio loud (red points/contours) and radio quiet (blue points/contours) quasars in L 3000 and FWHM Mg ii space, for the entire 
sample (left) and then after N ear estN eighbour matching in this space (right). The RL and RQ populations are as defined by the GMM. The matching 
pr ocedur e has removed any differences in these distributions. 

Figure 4. The C iv blueshift and EW C iv distributions for radio loud (red points/contours) and radio quiet (blue points/contours) quasars, as defined 
by the GMM. Similarly to Fig. 3 , the left plot is for the entire sample, and the right shows the distribution of sources after they are matched in L 3000 and 
FWHM Mg ii . There are clearly differences in both distributions, even after effectively accounting for black hole mass and Eddington fraction. 
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To inv estigat e the root cause of differences in C iv blueshift
etween the RL and RQ populations, we carry out a three-
imensional match, now in FWHM Mg ii , L 3000 , and EW He ii , with
orresponding KS test p-values of 0.999 in each variable after
atching. As such, the two samples are equivalent in black

ole mass, Eddington fraction, and strength of ionizing SED. We
est the difference in C iv blueshifts in Fig. 6 . The distributions
NRAS 546, 1–22 (2026) 
f C iv blueshift post-matching are more similar, but still RQ
uasars have slightly higher blueshifts overall. The resulting KS
est p-value is 10 −7 , which suggests that, whilst the difference
n strength of the ionising extreme ultraviolet and/or soft X-
ay flux between RL and RQ sources is a large factor causing
he difference in disc wind speeds, it cannot explain it in its
ntirety. 
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Figure 5. Distribution of radio loud (red points/contours) and radio quiet (blue points/contours) quasars in L 3000 and the EW of ultraviolet emission 
lines, C iv (left) and He ii (right), for populations matched in L 3000 and FWHM Mg ii . The RL and RQ populations here are defined by the GMM. 

Figure 6. Distribution of C iv blueshift and EW He ii , for radio loud (red 
points/contours) and radio quiet (blue points/contours) quasars as de- 
fined by the GMM, after the populations have been matched in L 3000 , 
FWHM Mg ii , and EW He ii . The EW He ii distribution is w ell-mat ched, and 
the radio loud and quiet populations show greater similarity in C iv 

blueshift than in Fig. 4 , but the radio loud sources are still shift ed t o low er 
blueshifts, overall. 
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3 See Fig. A6 for the impact caused by a log 10 (R ) and radio luminosity cut. 
In summary, the trends are unchanged for the populations defined using 
a constant radio-loudness cut; how ev er, for the radio luminosity defined 
Ther e ar e other very clear differ ences between the RL and RQ
opulations when matched in black hole mass and Eddington 

r action, demonstr ated in Fig. 7 . The figure shows how EW C iv ,
 iv blueshift, and EW He ii vary across Eddington fraction and 

lack hole mass space for both RL and RQ sources. The difference
s again most prominent for C iv blueshift, where the ‘wedge’ 
hape of very high blueshift at the highest black hole masses and
ddington fractions found in M. J. Temple et al. ( 2023 ) is signifi-
antly weaker for RL sour ces compar ed to their RQ counterparts,
lthough there is also significantly weaker He ii emission for the 
Q sources in this region, too. There is a minor increase in the
 iv blueshift and a minor decrease in EW He ii for the most mas- 

ive, highly accreting RLs only. 
As shown by M. J. Temple et al. ( 2023 ), there is an interesting

hange in EW He ii behaviour at (λEdd ) ≈ 0 . 1 . In Fig. 7 , we show
hat the change occurs for both RL and RQ sources, albeit with
he minimum value ( EW He ii ∼ 1 Å) only reached by RQ quasars,
nd a less significant appearance in RL quasars. In the wedge
egion defined in C iv blueshift, RQ quasars show a clear deficit 
n He ii , inline with the idea that the sources with the weakest
onizing SED are able to drive the strongest disc winds. There
s a very similar distribution of EW C iv across the entire space 
or both populations, suggesting what ev er is driving the EWs
f ∼ 100 Å λEdd � 0 . 1 , v ersus the w eakest emission, ∼ 20 Å, at
Edd ≈ 0 . 1 and M BH 

> 10 9 M �, is common across both RL and RQ
ources. It is also evident that the correlations between the three
mission line properties hold true for both sub-populations: that 
s, for the highest C iv blueshifts, there is also the strongest He ii
mission line, and the weakest C iv line, and vice versa. These 
onstant correlations suggest there are enough similarities in the 
LR of RL and RQ quasars that the coupling of the He ii and C iv
mission lines is physically consistent. Equally, it is implying that 
he connection between disc winds and the underlying SED is 
onstant in both RL and RQ sources, as these emission lines act as
heir tracers, perhaps meaning that differences in one are caused 

y a different distribution of the other. 3 
MNRAS 546, 1–22 (2026) 
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Figure 7. Emission line properties for the matched samples of radio-loud (top row) and radio - quiet (bottom row) quasars in bins of black hole mass and 
Eddington fraction space. The colour scales show, from left to right, the median value of EW C iv , C iv blueshift, and EW He ii . The known anticorrelation 
between C iv blueshift and both He ii and EW C iv holds for both radio-loud and radio - quiet sources. The trend of high blueshift objects at high black 
hole masses and Eddington fractions present in radio - quiet sources is not present for radio-loud quasars. The weakest EW He ii are seen in the same 
radio - quiet sources with very large black hole masses and Eddington fractions that have high C iv blueshifts. 
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Figure 8. Radio-loud fraction as a function of Eddington fraction, in bins 
of equal number of objects is shown for each of the three methods of 
radio loud classification: traditional radio loudness cut (orange), radio 
luminosity threshold (blue), and GMM component fit (red). All three 
methods show qualitatively the same trend: an initial decrease, followed 
.2 A ccr etion pr operties of RL and RQ sour ces 

s previously mentioned, it has been suggested by M. Giustini &
. Pr og a ( 2019 ) and J. W. Petley et al. ( 2024 ) that the domi-
ant form of outflow mechanism, and thus potentially also the
ource of radio emission, may be expected to vary with increasing
ccretion r ate, tr ansitioning from being jet-dominat ed t o wind-
ominated. In this fr amework, r adio loudness decreases as a

unction of accretion rate. To test whether we observe such a
rend, we show the RL fraction of objects as a function of λEdd ,
iven by 

Lfraction = 

N RL 

N RL + N RQ 
, (5) 

here the fraction and numbers are defined within a given bin. In
ig. 8 , we utilize the probability of each object being assigned to
ach GMM cluster, in order to mitigate the effects of uncertainties
r ound bor derline sour ces. As a r esult, the RL fraction is actually

Lfraction = 

∑ 

i P RL ,i 

N RL + N RQ 
, (6) 

here the sum is over all sources in the relevant bin, and P x,i is the
robability of a source i belonging to sample x. At Eddington frac-
NRAS 546, 1–22 (2026) 

nes, there is more of a similarity between RL and RQ properties at high 
lack hole masses and Eddington fractions. A more lenient cut in this part 
f the parameter space has likely resulted to contamination from objects 
ith int ermediat e log 10 (R ) values. 

by a minimum at 10 per cent of Eddington, then a further increase to a 
maximum at around the Eddington limit. 

t  

i  

r  
ions below λEdd ∼ 0 . 1 , the fraction of RL sources decreases with
ncr easing accr etion rat e. How ev er, at λEdd = 0 . 1 the RL fraction
eaches a minimum – interestingly, the same point at which M.
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Figure 9. The fraction of objects categorized as radio loud by the GMM 

as a function of black hole mass (top) and Eddington fraction (bottom). 
Both are split into bins of equal number of objects, and each line r epr e- 
sents varying Eddington fraction (top) or black hole mass (bottom), from 

low est (blue) t o highest (green). In both cases, low and int ermediat e bins 
of one property show a sharp upturn as the other property increases, 
whereas the highest bins are relatively high throughout. 
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. Temple et al. ( 2023 ) suggest there is a fundamental change in
ither BLR or accretion disc properties. Above λEdd = 0 . 1 , the RL
raction then increases to a maximum at λEdd ≈ 1 . The peak in RL
raction implies that powerful radio emission is most efficiently 
roduced in quasars with Eddington fractions above λEdd ≈ 0 . 1 . 
t has also been verified that these trends do not vary across the
ange of redshift in our sample. 4 

The investigation of the distribution of RL fraction is expanded 

n Fig. 9 to examine its dependence on both λEdd and black hole
ass, which spans a range of 10 8 −10 M � in our sample. There

s a general increase in RL fraction with black hole mass, al-
hough the trend becomes shallower with increasing λEdd . For 
Edd < 0 . 15 , the range of RL fraction varies between only 2.2 ±
.2 and 2.8 ± 0.2 per cent, compared to 1.1 ± 0.1 and 3.3 ±
.2percnt for λEdd > 0 . 085 . The RL fraction associated with the
ighest λEdd bin is significantly greater than for the other bins for
 These tr ends ar e consistent acr oss the thr ee methods, the main differ- 
nce occurring at Eddington fractions of the order of unity, where a cut 
n radio luminosity shows a RL fraction of nearly 5.7 ± 0.2 per cent, 
ompared to the 3.2 ± 0.2 per cent for the other two methods. 

4

F  

s  

e  

m  
lack hole masses M BH 

� 10 9 . 45 M �, above which it is overtaken
y the lowest λEdd bin. 

In terms of λEdd , there is again a clear distinction between
bjects with the highest and lowest black hole masses. It is clear
hat above λEdd < 0 . 1 in Fig. 8 , the RL fraction is dominated by
he highest mass objects. In fact, in the highest black hole mass
in the RL fraction is ∼ 2 . 5 times higher than in those with in-
 ermediat e mass black holes ( M BH 

� 10 9 M �) when λEdd < 0 . 1 , at
alues of 2.7 ± 0.2 per cent versus 1.1 ± 0.1per cent, respectively.

When λEdd > 0 . 3 , RL fraction is comparable for all black hole
asses, at ≈2.7 per cent. Generally, there is an increasing RL

raction with increasing λEdd , particularly when the black hole 
ass M BH 

� 10 9 M �. At masses M BH 

� 10 9 M �, there is a high RL
raction across the entire λEdd range. 

Fig. 10 demonstrates in greater detail the origins of these 
rends, showing the 2D distribution of RL fraction across Ed- 
ington fraction and black hole mass for all three classification 

ethods. There is a high RL fraction of ∼5–10 per cent at λEdd ≥
 . 3 , and again at black hole masses of M BH 

> 10 9 . 4 M �. Intrigu-
ngly, when both of these criteria are met, the RL fraction is
ot always high; specifically, for the left and right hand panels,

he e xtr eme upper right-corner of the parameter space displays
 typical RL fraction lower than the maximum value. The ob-
erved distribution can either be interpreted as the presence of 
wo distinct regions of relatively high RL fraction, one at high
Edd and the other at high black hole mass, or alt ernativ ely that
here is some suppression of jet formation in the quasars with
he most massive, highly accreting black holes. In Section 4.2 , we
iscuss both possible int erpretations. How ev er, when w e use a
adio luminosity cut (right-hand panel of Fig. 10 ) the reduction
t high λEdd and high black hole mass vanishes, and instead, there
s a constant RL fraction of > 8 per cent wherever the λEdd > 0 . 3
r M BH 

> 10 9 . 4 M � criteria are met. Interestingly, the region of 
educed RL fraction in the GMM and radio loudness defined 

istributions corresponds remarkably well with the ‘wedge’ of 
igh C iv blueshift, defined in M. J. Temple et al. ( 2023 ) and
ig. 7 . 
Combined, Figs 9 and 10 paint a compelling picture: RL frac-

ion (and thus, inferred jet production) can be increased by a high
ccretion rate (as inferred from λEdd ) or a high black hole mass,
nd these two properties do not act in isolation, but are influenced
y each other. 

 DISCUSSION  

ere, we consider the possible physical interpretations of our 
esults and the implications of the different radio loud classifica- 
ion methods used in this paper. For the purposes of this discus-
ion, we assume that the observational tracers of jets, disc winds,
ED, and accretion rate (i.e. whether a source is radio loud, the
lueshift of its C iv emission line, the EW He ii , and λEdd , respec- 
ively) act as reasonably accurate indicators of these properties, 
t least at a population level. 

.1 Implications of different classification methods 

or the majority of our results, the main conclusions are insen-
itiv e t o the choice of RL classification method. The main differ-
nce between the samples produced by the three methods is that
any more objects are classified as RL using the radio luminosity
MNRAS 546, 1–22 (2026) 
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M

Figure 10. The distribution of average (mean) radio loud fraction in bins of black hole mass and Eddington fraction space, coloured on a log scale. The 
three panels show the results of the three different radio loud classification methods: classical radio loudness cut (left), GMM component assignment 
(middle) and radio luminosity threshold (right). The main difference here is the presence of many more radio loud sources with high black hole masses 
and Eddington fractions in the luminosity cut plot, driven by sources that are otherwise classified as radio quiet but have very high absolute radio 
luminosities. 

Figure 11. The fraction of quasars that are classified as radio loud, in 
bins of black hole mass with equal populations. The results are the same 
if the sample is binned using equal widths but different numbers. Re- 
sults using the thr ee differ ent classifications methods are shown, with 
tr aditional r adio loudness cut (or ange), r adio luminosity threshold (blue), 
and GMM component fit (red). The fraction is relatively constant for the 
radio loudness cut and the GMM until black hole masses of ∼ 10 9 . 2 M �, 
whereas the luminosity cut threshold shows a steady increase across the 
entire range of masses. 
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lassification than the other two methods, particularly for sources
hat also display a large L 3000 . 

The radio luminosity cut inherently biases the RL sample to-
ards the most massive, highly accreting systems that, by defi-
ition, will be the most luminous at L 3000 (e.g. equations 1 and
 ). These sources may also produce prodigious radio luminosity
rom other mechanisms as well as jets (see Section 1.2 for brief 
verview), meaning that luminous RQ quasars may contaminate
he RL sample. How ev er, the r esults fr om a constant luminosity
ut do also tell us something inter esting . In Fig . 2 , the upper
NRAS 546, 1–22 (2026) 
nvelope of the bulk distribution of RQ sources appears to flatten
ff at L 3000 � 10 24 W Hz −1 . At these high luminosities, a flatter cut
hould indeed be used to discriminate jet ted/non-jet ted objects,
nd many of the sources identified as RL by the luminosity cut
re valid, and the other two methods are missing a substantial
raction. The e x clusion of sour ces in this r egion could in part
xplain the ‘missing’ wedge of sources seen in Fig. 10 at high
lack hole mass/ Eddington fraction, that is filled in for the

uminosity cut defined samples. Indeed, there are examples of 
raditionally designated ‘RQ’, very massive sour ces (e.g . M BH 

≈
0 9 −10 M �) with powerful radio jets (T. Sbarrato et al. 2021 ). If 
he 2D RL fraction distribution fr om middle panel of Fig . 10 is
n fact most r epr esentative of the behaviour of AGN jet fraction,
hen there is no ‘missing’ wedge, and the situation reverts to
he simpler result: jet formation or prevalence is driven by high
ccretion rate and/or high black hole mass. There is also another
nteresting implication. For radio luminosity to no longer scale
ith optical luminosity, the source of radio luminosity (for these
owerful RL quasars, relativistic jets) cannot continue to increase
ith increasing disc size/luminosity. That is, there is a maximum

et power able to be reached by quasars, which would be governed
y an upper limit of jet launching efficiency, as suggested by C.
. C. Fernandes et al. ( 2011 ) – and some of the most massive and
ptically luminous quasars in our sample might be hitting it. 

How ev er, it is also entirely possible that the simple luminosity
ut instead causes the sample to be biased to the most optically
uminous systems, that inherently possess large radio luminosi-
ies. In Fig. 2 , it would appear that this cut does start to include
ome of sources at the upper edge of the RQ distribution, but if 
he cut were to be set any higher it would miss sources that are
lmost certainly bona fide RL quasars at the lower end of the op-
ical luminosity range. Inversely, the use of a traditional constant
adio loudness cut may have the opposite effect: at L 3000 < 10 23 

 Hz −1 , the radio emission threshold to meet even a strict cut
e.g. log 10 (R ) > 2 . 5 ) is such that it is feasible that objects with
trong winds or high star formation rates could produce enough
adio emission to be classified as RL. To be classified as RL, an
bject with a higher L 3000 (e.g. a quasar with a brighter disc)
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eeds t o hav e a radio luminosity up t o tw o orders of magnitude
righter than one with a fainter disc. Ther efor e, at at high optical

uminosities, the resulting sample from the log 10 (R ) cut could 

hus be biased towards only including the most luminous jets, 
isking losing those with more int ermediat e luminosities. Equiv- 
lently, there would be jetted objects missing from the sample 
t the highest optical luminosities, and RQ objects erroneously 
dentified as RL at the lowest. By extension, that may mean the
rue RL fraction for the most massive, accreting objects may be 
uppressed, or artificially inflated for the smallest, least accreting 
ources. These potentially ‘missing’ RL sources at the highest 
lack hole masses and Eddington fractions could contributing 
o the creation of uncertainty in the upper right hand ‘wedge’ 
ortion of Fig. 7 . 
Given all the above, it is pr efer ential to utilize a cut that re-

axes the radio luminosity requirement at high optical luminosi- 
ies, while still enforcing a high enough criteria at the lower 
nd to ensure there is minimal contamination. Fortunately, the 
MM classification naturally provides both of these things, as 

t defines two populations somewhere in-between the other two 
ethods; furthermor e, the appr oach is driven by the data and

oes not r equir e a subjective choice of threshold. However, it
hould be noted that if a Bayesian GMM algorithm is used (i.e.
ne that self-determines the number of components r equir ed to
escribe the distribution), it routinely returns models with ∼30 
omponents. The large number of components is indicative of 
he fact that the distribution of sources in radio and optical lu-

inosity is not a true dichotomy, but instead a continuous dis-
ribution. How ev er, for our analysis, w e seek a simple way t o
lassify objects into RL and RQ, and the GMM fitting method
 ould appear t o be the most reliable, unbiased way of doing

o. An additional strength of the GMM method is that it is pos-
ible t o calculat e the pr obability that a sour ce is in each clus-
 er, which allow ed us t o use these probabilities inst ead of a bi-
ary classification when calculating properties such as RL frac- 

ion (equation 6 ). Such a statistical classification is undoubtedly 
referable in situations when the RL/RQ nature of the source 

s ambiguous or the data point lies close to the boundary be-
w een populations. Returning t o the concept of a ‘missing wedge’
or the highest black hole masses and λEdd (i.e. as described in
ection 3.1 ), its ubiquity, independent of the definition of RL
bjects, suggests the feature is an intrinsic property of the dis-
ribution. 

.2 Physical implications: disc–jet coupling 

he connection between accretion rate, black hole mass, and 

adio loudness in our sample of quasars is somewhat complex. 
t is clear that quasars are most able to launch jets when they
ave M BH 

> 10 9 M � or λEdd > 0 . 3 , as shown in Figs 9 and 10 .
ow ev er, whilst there is significant uncertainty in the region with

he highest black hole masses and Eddington fractions, there is 
 entativ e evidence t o suggest that quasars with both a high black
ole mass and high λEdd are associated with a relatively lower RL

raction. We interpret the RL fraction as the relative prevalence 
f jetted quasars, or alternatively, the jet launching efficiency of 
uasars with a given set of properties. 

Ther e ar e perhaps two equiv alent w ays of considering the re-
ult: that accretion rate and black hole mass are two mutually
 x clusive r equir ements that corr espond t o tw o different jett ed
opulations, or that a high accretion rate and/or black hole mass
ontribut es t o jet launching, y et something acts t o suppress jet
ormation for the most e xtr eme sour ces. Focussing first on the
ormer, we consider how this idea fits with previous studies. 

.2.1 Black hole mass dependence 

here has been much attention paid to the connection between 

lack hole mass and radio loudness. For example, R. McLure &
. Dunlop ( 2001 ) found that a black hole mass of M BH 

> 10 9 M �
s needed to produce a powerful RL quasar, and both M. Lacy
t al. ( 2001 ) and P. N. Best et al. ( 2005 ) find a strong positive
orrelation between black hole mass and radio emission. R. J. 
cLure & M. J. Jarvis ( 2004 ) also find that RL quasars are host

 o more massiv e black holes than RQ quasars. Mor e r ecently, I.
. Whittam et al. ( 2022 ) find in AGN generally, a black hole mass

f M BH 

> 10 7 . 8 M � is needed to launch and sustain a radio jet with
echanical pow er great er than the ov er all r adiative output of the
GN, while C. Macfarlane et al. ( 2021 ) find a typical jet power

hat increases with the black hole mass in SDSS quasars. Sabater,
. et al. ( 2019 ) also find using cross-matched SDSS DR7 and LoTSS
R1 data that activity in the gener al r adio AGN population (i.e.
ot limit ed t o quasars) shows a strong positiv e correlation with
lack hole mass. The general consensus is that one might expect
o find more jetted AGNs at higher black hole masses, and our
esults support the hypothesis for quasars. 

How ev er, B. H. Yue et al. ( 2025 ) finds no connection between
et activity and black hole mass for the majority of their sample
f SDSS DR16 quasars, apart from with the top 20 per cent most
assive black holes. We too see this in our results, such as in

ig . 11 , wher e ther e is no significant increase in radio loud frac-
ion up to M BH 

≈ 10 9 . 1 M �, which is appr o ximately the 80th mass
ercentile in our sample. How ev er, the trend is not universal. The
adio luminosity defined sample instead shows a general increase 
ith black hole mass across the entire mass range. Furthermore,

s seen in Fig. 9 , the increase in RL fraction is less pronounced
or sources in the highest λEdd bin. The fact that BH mass trends
hange with Eddington fraction, and vice versa, highlights once 
gain the importance of considering them in combination when 

rying to understand the nature of quasar jet launching. To sum-
arize, it is clear that r eg ar dless of the Eddington fraction, high

lack hole masses ( M BH 

> 10 9 M �) drive a high RL fraction, con-
istent with previous findings of a black hole mass dependence on 

et launching. The inverse is also true: a high Eddington fraction
 λEdd � 0 . 1 ) is associated with a high RL fraction, independent of 
lack hole mass. 

.2.2 Ac cr etion rate dependence 

ow does the literature expect accretion rate to link to the launch-
ng of jets in quasars? M. Giustini & D. Pr og a ( 2019 ) propose that
he dominant source of radio emission in quasars changes with 

ccretion rate, initially jet dominated at very low λEdd , until a
ransition to disc wind domination within systems approaching 
heir Eddington limit. The result is supported by J. W. Petley
t al. ( 2024 ), who suggest that radio emission across the range
f Eddington fractions is generated by differ ent pr ocesses, with
isc winds at one end and jets at the other, assuming that disc
inds produce detectable radio emission. Within the range of Ed- 
ington fractions that we observe in our sample, however, we do
ot see the same effect. We do observe an anticorrelation between
adio properties and C iv blueshift, shown in the differences be- 
ween RL and RQ quasars in Fig. 4 , and the co-location of high
MNRAS 546, 1–22 (2026) 
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 iv blueshift and reduced RL fraction in Figs 7 and 10 . How ev er,
he highest RL fractions are instead associated with the highest
ddington fractions ( λEdd � 0 . 1 ), as seen in Figs 8 –10 . There are

elativ ely few er sources ov erall at high λEdd , how ev er, there is a
teeper drop - off in RQ sources than RL. That is to say, if a source
as a high Eddington fraction, it is more prone to being RL than
therwise, or, by extension, that jet launching efficiency in this
egion of the parameter space is higher. 

Then, the question becomes why might a high Eddington frac-
ion lead to a high jet launching fraction, or efficiency. It can
e r easonably e xpected that accr et ed matt er will carry magnetic
ux (M. J. Rees et al. 1982 ), which can lead to a collimation of 
atter from the disc and a subsequent massive ejection in the

orm of a jet, as described by the R. D. Blandford & D. G. Payne
 1982 ) (BP) formalism. Indeed, J. Ferreira et al. ( 2013 ) suggest that
 BP-driven jet has its power dir ectly contr olled by the source’s
ccretion rate, with higher accretion leading to greater jet power.
erhaps, then, the ‘accretion rate driven’ component of the RL
raction that we are seeing in Fig. 10 may be dominated by disc-
aunched, BP-like jets. Given that radio-loudness is a ratio and
rudely encodes the efficiency of jet production relativ e t o the
ccretion power, an increase of RL fraction with Eddington ratio
ay also r equir e an increased jet efficiency in the same direc-

ion. In a BP-driven jet, this efficiency increase could be achieved
hrough a dependence on the disc aspect ratio (J. Ferreira et al.
013 ). Alt ernativ ely, within a BZ scenario, a correlation between
et efficiency and Eddington ratio can emerge due to more effi-
ient accumulation of magnetic flux (e.g. A. Ricarte, R. Nar ay an &
 . Cur d 2023 ) or an accretion-rate dependence of BH-spin (see
lso Section 4.4 ). 

.3 Physical implications: disc wind–jet connection 

he second possible interpretation of the results in Fig. 10 is that
here is something preventing the most massive, highly accreting
uasars from consistently launching jets in an otherwise contin-
ous distribution of high RL fraction at high Eddington fractions
nd black hole mass. 

It is instructiv e t o consider the differences in emission line
roperties as shown in Fig. 7 . The most striking difference be-
w een the mat ched samples of RQ quasars and RL quasars is
learly the absence of high C iv blueshifts at high λEdd and high
lack hole mass for RL quasars (Fig. 7 ). M. J. Temple et al. ( 2023 )
ound that the most massive, highly accreting quasars typically
isplay the largest C iv blueshifts, which can be int erpret ed as
howing the strongest disc winds. The finding is consistent with
ork by A. Baskin & A. Laor ( 2005 ) and M. Giustini & D. Pr og a

 2019 ), who suggest that a high λEdd coupled with a high black
ole mass is necessary for str ong C iv blueshifts if they ar e pr o-
uced by disc winds. How ev er, in our results, the need for high
Edd and black hole mass to generate disc winds is only observed

or sources that are RQ. One key question is therefore: does the
resence of a jet inhibit disc winds, or do strong disc winds in
uasars quench jet launching? 

The existence of an anticorrelation between jets and disc winds
s something that is well documented, both in quasars and in
ther accreting systems. J. Neilsen & J. C. Lee ( 2009 ) find that,
n microquasars, winds in the accretion disc can suppress jet
ctivity by carrying away sufficient matter to halt the flow of 
ass into the jet. Related behaviour can be seen in quasars at

he population level: fig. 3 of A. L. Rankine et al. ( 2021 ), where
t shows that there is a decrease in RL fraction with increasing
NRAS 546, 1–22 (2026) 
 iv blueshift, a results supported by fig. 5 of A. L. Rankine et al.
 2021 ), G. T. Richards et al. ( 2011 ), and Fig. 4 in this paper. All
f these works point to a systemically lower C iv blueshift in RL
uasars compared to their RQ counterparts. Further suggestions
f a wind–jet anticorrelation or bimodality have been made based
n broad absorption line quasar properties (L. K. Morabito et al.
019 ; J. W. Petley et al. 2022 ) and X-ray spectroscopy of radio-loud
eyfert AGN (M. Mehdipour & E. Costantini 2019 ). 

If the accretion disc winds are in fact a result of line driving,
hen w e w ould expect t o find a strong dependence on the ionizing
ED (e.g. N . Murra y et al. 1995 ; D. Proga 2000 ; G. T. Richards
t al. 2011 ; M. Giustini & D. Pr og a 2019 ; A. L. Rankine et al.
021 ), which would presumably manifest as an (anti)correlation
etween the strength of C iv blueshift and EW He ii . Indeed, in the
 egion of Fig . 7 wher e w e observ e the highest C iv blueshifts in
Q sources, we also see the weakest EW He ii . Low EW He ii could
e indicative of a softer SED, that does not overionize the gas

n the disc and instead allows a line-driven wind to occur. The
nticorrelation between C iv blueshifts and EW He ii is not present
n the RL sources, which show a comparable EW He ii across all
Edd for black hole masses M BH 

> 10 9 M �. 
The increased ionization from the harder SED in RL sources

ikely precludes the formation of a disc wind, although there are
lso RQ sources with low C iv blueshift, so a lack of wind does
ot itself guarantee efficient jet launching. In Fig. 5 , we show that

or a given L 3000 , a RL source will generally have a larger EW He ii .
s the RL and RQ quasars are matched in L 3000 and FWHM Mg ii ,

nd thus effectively black hole mass and Eddingt on fraction, w e
nd that two otherwise equivalent quasars will have different
EDs, depending on whether or not a radio jet is present, with
L sources possessing a ‘harder’ ionizing spectrum. In Section
.4 , we discuss a possible cause. The results is consistent with
he findings of A. L. Rankine et al. ( 2021 ), who found that strong
W He ii is a necessary but not sufficient condition for a jet to be
resent in their quasar sample, and that the presence of jets and
uasar SED shape are likely to be correlated. 

.4 Black hole spin 

n the well-known spin paradigm, a key determining factor of 
hether or not a quasar will produce a jet is the spin of its central
lack hole, with jets presumably associated with higher spin. A
esulting general relativistic effect is that a quasar with a rapidly
pinning black hole will also have an inner disc that extends
loser to that black hole, which – depending on the detailed
ccretion disc and corona physics – could result in an increased
UV flux. Ther efor e, it is possible that the differences in EW He ii 
etween high mass, high accretion rate RL and RQ quasars is
 result of higher spin in those with jets (see discussion by G.
. Richards et al. 2011 ; A. L. Rankine et al. 2021 ). How ev er,
hilst the pr esence of incr eased spin for sources that possess jets

s appealing, there is no general increase in EW He ii for all RL
uasars. The appar ent decr ease in the pr obability of jet-formation

n sources with high λEdd and high black-hole mass also r equir es
urther explanation in this scenario. 

Furthermore, although the RL fraction of our sample is highest
or M BH 

> 10 9 M � and λEdd > 0 . 3 , it is at most ∼ 10 per cent. If 
apid spin and a high black hole mass and/or a high accretion rate
re necessary and sufficient conditions for efficient jet launching,
hen this behaviour would indicate that the spin values in the
uasars are generally small, or otherwise the RL fraction would
e much higher. How ev er, such a scenario goes against popu-
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ation synthesis models such as M. Volonteri et al. ( 2005 ) and
. L. Shapiro ( 2005 ), who both predict that the distributions of 
lack hole spins in accreting systems, including quasars, should 

e skewed towards maximal. Therefore, either these conditions 
re insufficient, and instead there is another factor at play (e.g. 
agnetic field configuration, A. Tchekhovskoy 2015 ), or that our 

nderstanding of black hole spin which allows predictions such 

s those made by M. Volonteri et al. ( 2005 ) and S. L. Shapiro
 2005 ) is incomplete. The reality of which of these scenarios is
orrect, if either, is beyond the scope of this paper, but is a key
ssue that still needs to be resolved. 

 CONCLUSIONS  

e have used the rich multiwavelength data created by combin- 
ng the LoTSS DR2 with the sub - set of SDSS DR17 that underwent
pectral reconstructions in M. J. Temple et al. ( 2023 ), following
he method of A. L. Rankine et al. ( 2020 ), to investigate the
onnection between disc winds, radio jets, Eddington fraction, 
nd black hole mass in quasars between 1 . 5 < z < 2 . 5 . Our main
onclusions are as follows: 

(i) We have used a GMM to divide the distribution of sources
nto ‘radio loud’ and ‘radio quiet’ classifications, which is a statis-
ically rigorous and easily r epr oducible methodology that allows 
or the incorporation of probabilities of that a source is radio
oud/radio quiet. We have compared the results of this method 

f classification to that of a traditional radio loudness or radio
uminosity cut, and have found that they are generally similar 
Figs 2 , 8 , and 10 ). 

(ii) The fraction of sources inferred to be jet ted v aries non-
inearly with Eddington fraction, increasing at low and high Ed- 
ington fractions, with a minimum at λEdd ≈ 0 . 1 and a charac-
eristic ‘U’ shape (Fig. 8 ). This is also the location at which M. J.
emple et al. ( 2023 ) suggest a change in the physics of the broad

ine region, although it is unclear if these two results are directly
onnected. The r adio-loud fr action is also gr eatest for sour ces
ith the highest Eddington fractions, λEdd ≈ 0 . 3 . 
(iii) For efficient jet launching, i.e. for a relatively large frac- 

ion of the sources to be presumed to possess a jet, quasars in
ur sample r equir e either M BH 

> 10 9 M � or λEdd > 0 . 3 (Figs 10
nd 9 ). This result is consistent with the idea that more massive
lack holes are able to generate more powerful radio emission, 
ow ev er it also hints towards an accretion-driven jet formation
echanism. We also find that the most massive, highly accreting 

uasars appear to less consistently form jets than those which are 
nly massive, or highly accr eting . 

(iv) In agreement with A. L. Rankine et al. ( 2021 ), we find that
adio loud quasars generally have weaker C iv blueshifts than ra- 
io quiet quasars, which we interpret as corresponding to weaker 
isc wind velocities. We now confirm that this result holds even 

hen accounting for black hole mass, Eddington fraction (Figs 4 
nd 7 ) and the strength of the ionizing SED (Fig. 6 ). The differ-
nce between populations is particularly clear for very massive, 
ighly accreting sources ( λEdd > 0 . 3 , M BH 

> 10 9 M �). We infer
hat there is an anticorrelation between the strength of accretion 

isc winds and the efficiency of jet launching, although weak 

ind signatures do not guarantee a high radio-loud fraction. 
(v) We find a different Baldwin effect in radio-loud and radio- 

uiet quasars, in both EW C iv and EW He ii , although it is most pro-
ounced in the latter. Thus, for a given L 3000 , black hole mass, and
ddington fraction, a radio loud quasar will have a stronger C iv
nd He ii line than its RQ counterpart, and ther efor e a ‘har der’
ED. Similar to the case for the C iv blueshifts, these differences 
r e particularly str ong for sour ces with λEdd > 0 . 3 and M BH 

>

0 9 M �. The differences in SED between the two populations 
ay be a result of the radio-loud sources having generally more

 apidly spinning centr al black holes, as per the well-known spin
aradigm. 
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quiet (blue points/contours) quasars in L 3000 and FWHM Mg ii space, for 
the entire sample (top) and then after N ear estN eighbour matching in this 
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P P E N D I X  A:  IMPACT  OF  RADIO - LOUD  

L A S S I F I C AT I O N  SCHEME  

his appendix shows versions of the plots in the body of the
aper using the other two radio-loud classification methods: the 
r aditional r adio loudness r atio cut (log( R ) > 2 . 5 ) and the use of 
 radio luminosity threshold ( L 144 > 10 26 W Hz −1 ). 

We perform the same N ear estN eighbours matching pr ocedur e
n L 3000 and FWHM Mg ii space as we did for the GMM-defined
L and RQ populations. The classical log( R ) cut has a resulting
D KS test p-value of 0.999 in the matched parameter space, 
nd the L 144 cut has a p-value of 0.998. Both of these are thus
tatistically indistinguishable, and the distributions before and 

ft er mat ching are shown in Fig. A1 for the log( R ) > 2 . 5 criteria,
nd in Fig. A2 for L 144 > 10 26 W Hz −1 . 

We show the distributions of C iv blueshift and EW C iv for the 
atched populations as defined by the log( R ) and the L 144 cuts

n Fig. A3 . It is clear that the difference in blueshift between the
L and RQ quasars is insensitiv e t o the choice of radio loudness
lassification method: in all cases, RL quasars display weaker 
lueshifts than their RQ counterparts (and, presumably, weaker 
isc winds), even when accounting for differences in black hole 
ass and Eddington fraction. The distinction in EW C iv is less 

lear, how ev er, with the resulting difference being greater for the
uminosity cut defined samples, but less for the traditional radio 
oudness method. How ev er, the resulting KS-t est p-values are
 . 30 × 10 −20 and 4 . 7 × 10 −4 r espectively, and ther efor e the null
ypothesis of the RL and RQ populations being drawn from the
ame distribution can be rejected. That means that, statistically, 
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M

Figure A2. Distributions of radio-loud (red points/contours) and radio- 
quiet (blue points/contours) quasars in L 3000 and FWHM Mg ii space, for 
the entire sample (top) and then after N ear estN eighbour matching in this 
space (bottom). The RL and RQ populations are as defined by the radio lu- 
minosity cut ( L 144 > 10 26 W Hz −1 ). As in Fig. 3 , the matching procedure 
has resulting in indistinguishable distributions in both properties for RL 

and RQ sources. 
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Figure A3. The C iv blueshift and EW C iv distributions for radio-loud 
(red points/contours) and radio - quiet (blue points/contours) quasars, for 
the radio loudness ratio cut (log 10 (R ) > 2 . 5 , top) and then radio luminos- 
ity cut ( L 144 > 10 26 W Hz −1 , right). The distributions show the popula- 
tions aft er mat ching in L 3000 and FWHM Mg ii . The trends found in Fig. 4 
are consistent across the classification methods. 
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espite the RL and RQ EW C iv distributions appearing similar for
ll three classification methods, they are formally different. 

This has implications for the Baldwin effect investigation,
hich is r epr oduced for the two alternate classification methods

n Figs A4 and A5 . Again, the conclusion that there is a slightly
ifferent Baldwin effect in RL and RQ quasars is invariant under
ur different RL classification methods. 

We r ecr eat e the inv estig ation of emission line pr operties in
lack hole mass and Eddington fraction space from Fig. 7 in
ig. A6 for the radio loudness cut and radio luminosity cut de-
NRAS 546, 1–22 (2026) 
ned populations, respectively. The main results are the same
cr oss all thr ee figur es. In all cases, ther e is an anticorr elation
etween the strength of C iv blueshift and the EW of the C iv
nd He ii lines, and RQ sources with very high black hole masses
 M BH 

> 10 9 M �) and Eddington fractions λEdd > 0 . 1 show very
trong C iv blueshifts, but the equivalent RL sources do not.
ow ev er, in the L 144 defined method, the differences between

rends in the RL and RQ sources are slightly less pronounced.
t could be inferred that the presence of sources displaying ‘RQ-
ike’ properties in the RL sample (i.e. strong C iv blueshifts at high
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Figure A4. Ultraviolet emission line EWs for radio-loud (red 
points/contours) and radio - quiet (blue points/contours) quasars 
matched in L 3000 and FWHM Mg ii , against L 3000 . This is effectively a 
test of the Baldwin effect. The plots on the top row show distribution of 
EW C iv against L 3000 , and the bottom row shows the same, but for He ii . 
The populations in this plot are defined by the use of a log 10 (R ) cut. The 
trends found in Fig. 5 are also seen in this plot, and ar e ther efor e not 
dependant on the choice of classification method. 
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and λEdd ) may be a result of contamination from non-jetted
ources that we have hypothesized maybe classified as RL as a
esult of using the method throughout the discussion of the cuts.

Finally, in Figs A7 and A8 , we r epr oduce Fig . 9 . The r esults of 
he log 10 (R ) cut are generally consistent with the results produced
y the GMM-defined populations, e x cept for the highest black
ole masses ( M BH 

> 10 9 . 36 M �) and highest Eddington fractions
 λEdd > 0 . 15 ), wher e ther e is an even gr eater decr ease in RL frac-
ion whilst the other property is high. In the L 144 > 10 26 W Hz −1 

ase, for all Eddington fraction and black hole mass bins, the frac-
ion of radio-loud sour ces incr eases with the two properties. In
he latter case, this is a result of the general increase of L 144 with
 3000 , meaning that as either black hole mass or Eddington frac-

ion incr eases, mor e sour ces meet the radio luminosity thr eshold
see equations 1 and 2 ). In the former case, it is the opposite:
or the highest black hole mass and Eddington fraction objects, a
ource must have significantly higher radio emission to compete 
ith the prodigious optical luminosity, causing a decrease in RL 

raction. 
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Figure A5. Ultraviolet emission line EWs for radio-loud (red points/contours) and radio - quiet (blue points/contours) quasars matched in L 3000 and 
FWHM Mg ii , against L 3000 . This is effectively a test of the Baldwin effect. The plots on the top row show distribution of EW C iv against L 3000 , and the 
bottom row shows the same, but for He ii . The populations in this plot are defined by the use of a L 144 cut. The trends found in Fig. 5 are also seen in 
this plot, and are therefore not dependant on the choice of classification method. 
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Figure A6. Ultraviolet emission line properties in bins of black hole mass and Eddington fraction space for the radio loudness (top) and radio luminosity 
(bottom) defined samples, that have been matched in the equivalent of black hole mass and Eddington fraction. As in Fig. 7 , the top row of each panel 
shows the average value of each property for radio loud (top row) and radio quiet (bottom row) sources. The colour scales show, from left to right, the 
aver age (median) v alue of EW C iv , C iv blueshift, and EW C iv . The trends seen in Fig . 7 ar e consistent acr oss all thr ee methods of radio loud classification. 
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Figure A7. The distribution of radio-loud fraction with increasing black 
hole mass (top panel) and Eddington fraction (bottom panel). As in Fig. 
9 , the coloured lines correspond to bins of Eddington fraction (top) and 
black hole mass (bott om), t o show the cumulative effect of the two prop- 
erties on the radio-loud fraction. This version of the plot shows the results 
for RL and RQ populations defined by a classical radio loudness ratio 
criteria. 

Figure A8. The distribution of r adio-loud fr action as a function of black 
hole mass and Eddington fraction, as in Figs 9 and A7 . This plot shows 
the results of the use of the radio luminosity cut. 
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