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A B S T R A C T 

In this work, we study a robust, Ks -band complete, spectroscopically confirmed sample of 104 unobscured (Type-1) quasars 
within the COSMOS and XMM–LSS fields of the MeerKAT International GHz Tiered Extragalactic Exploration (MIGHTEE) 
Survey, at 0 . 60 < zspec < 3 . 41. The quasars are selected via gJ Ks colour-space and, with 1.3-GHz flux-densities reaching rms 
≈ 3.0μJy beam−1 , we find a radio-loudness fraction of 5 per cent. Thanks to the deep, multiwavelength data sets that are 
available over these fields, the properties of radio-loud and radio-quiet quasars can be studied in a statistically robust way, with 

the emphasis of this work being on the active-galactic-nuclei (AGNs)-related and star-formation-related contributions to the 
total radio emission. We employ multiple star-formation-rate estimates for the analysis so that our results can be compared more 
easily with others in the literature, and find that the fraction of sources that have their radio emission dominated by the AGN 

crucially depends on the SFR estimate that is derived from the radio luminosity. When redshift dependence is not taken into 

account, a larger fraction of sources is classed as having their radio emission dominated by the AGN. When redshift dependence 
is considered, a larger fraction of our sample is tentatively classed as ‘starbursts’. We also find that the fraction of (possible) 
starbursts increases with redshift, and provide multiple suggestions for this trend. 

Key words: galaxies: active – galaxies: evolution – galaxies: high-redshift – quasars: general – galaxies: star formation – radio 

continuum: galaxies. 

1

R  

t  

w  

(  

p  

o  

e  

t  

d  

2  

2  

s  

&  

l  

e  

�

q  

a  

1  

p  

A  

C  

r  

h
 

i  

a  

1 The terms ‘radio-quiet’ and ‘radio-loud’ arise from the dichotomy initially 
thought to exist in the AGN population (Peacock, Miller & Longair 1986 ; Xu, 
Livio & Baum 1999 ). However, there are different definitions for radio loud- 
ness, historically this being a straight-forward boundary of ∼ 1024 . 5 W Hz−1 
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 I N T RO D U C T I O N  

adio observations give us an unbiased view of the Universe because
hey enable star formation and black-hole accretion to be detected,
ithout being affected by dust obscuration along the line-of-sight

e.g. Condon 1992 ; McAlpine et al. 2015 ). Both of these physical
rocesses are important for governing how galaxies form and grow
ver cosmic time (e.g. Madau et al. 1996 ; Ueda et al. 2003 ; Wolf
t al. 2003 ; Hopkins & Beacom 2006 ; Malefahlo et al. 2022 ), but
heir contributions to the total radio emission need to be carefully
isentangled through multiwavelength analyses (e.g. Simpson et al.
006 ; Smolčić et al. 2008 ; Padovani et al. 2014 ; Whittam et al.
022 ). Such techniques are proving ever-more crucial as we have
ensitive, next-generation radio telescopes – such as MeerKAT (Jonas
 MeerKAT Team 2016 ) –that are probing to ∼10μJy flux-density

evels, and so enabling firm detections (e.g. Best et al. 2023 ; Whittam
t al. 2024 ) of star-forming galaxies (e.g. Condon 1984 ) and ‘radio-
 E-mail: sarahwhite.astro@gmail.com 
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Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), whi
uiet’ active galactic nuclei (AGNs; Wilman et al. 2008 ). The latter
ccount for over 90 per cent of the AGN population (Hooper et al.
996 ) and lack the powerful radio jets that are prominent in the
opulation of ‘radio-loud’ AGN 

1 . Previous analyses of radio-quiet
GN have relied on the stacking of data (Kimball et al. 2011 ;
ondon et al. 2013 ), but individual detections are important for

obustly mapping the cosmic histories of star formation and black-
ole accretion out to high redshift (e.g. Hopkins et al. 2006 ). 
Regarding the radio-loud AGN population, several studies have

nvestigated the impact of radio jets on their host galaxies, with the
ssociated kinetic-energy generating turbulence in the surrounding
t 5 GHz (Miller, Peacock & Mead 1990 ). More common, and perhaps more 
hysically meaningful, is the ratio between radio flux-density and optical 
ux-density (Kellermann et al. 1989 ), assuming an AGN origin for both. This 
ommon definition is the one that we apply to our sample (Section 4.2 ). 
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2 They apply an [O III ] luminosity cut of L[OIII ] > 1042 . 11 ergs s−1 , which 
represents the 1.3 per cent most luminous targets once a redshift cut of 
z < 0 . 2 is applied to their parent sample of SDSS quasars (Mullaney et al. 
2013 ). 
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edium (e.g. Mukherjee et al. 2018 ) or directly impacting upon 
olecular clouds (e.g. Croft et al. 2006 ), triggering their collapse 

nd so promoting star formation (e.g. Kalfountzou et al. 2014 ). 
owever, there is also evidence of gas being dispersed by relativistic 

ets and outflows (Combes et al. 2013 ; Morganti et al. 2013 ),
utting off the fuel that would otherwise accrete onto the central 
upermassive black-hole or collapse to form stars. Furthermore, the 
ower density within the cavities generated through the interaction 
f jets with the surrounding gas (e.g. Fabian et al. 2000 ) gives them
uoyancy, and as they ‘rise’, kinetic energy is likely dissipated as heat
McNamara & Nulsen 2007 ). Through heating of the galaxy halo 
nd interstellar medium (ISM), mechanical feedback may therefore 
uppress star formation (Croton et al. 2006 ; Best 2007 ; Croston, Kraft
 Hardcastle 2007 ). It is believed that this ‘self-regulation’ through 
GN feedback can explain the observed co-evolution (Ferrarese & 

erritt 2000 ; Gebhardt et al. 2000 ; Gültekin et al. 2009 ) of the
upermassive black-hole with its host galaxy (King 2003 ; Croton 
t al. 2006 ; Silk & Mamon 2012 ). 

As for the radio-quiet AGN population, we are yet to establish
hich physical processes are taking place within these sources (see 

he review by Panessa et al. 2019 , and references therein), and
herefore the influence that these processes may have on their host
alaxies. However, a common occurrence in both (high-excitation; 
est & Heckman 2012 ) radio-loud and radio-quiet AGN is the 
resence of an accretion disc, which is producing sufficient thermal 
nergy to photoionise the surrounding gas, giving rise to the broad- 
mission-line and narrow-emission-line regions (Antonucci 1993 ; 
rry & Padovani 1995 ; Peterson 1997 ). This heating may also
arm the gas reservoir to such an extent that star formation in the
ost galaxy is suppressed, and so we need to consider feedback 
echanisms across the entire AGN population (Silk & Rees 1998 ; 
impson et al. 2006 ; White 2023 ). 
Perhaps the best-understood subset of AGN, in terms of theoretical 
odelling of efficient accretion (e.g. Shakura & Sunyaev 1973 ) onto 

he supermassive black-hole at the centre, are quasars (e.g. Lynden- 
ell 1969 ; Shen 2009 ; Down et al. 2010 ). In these sources, the

ight from the nuclear region strongly outshines the host galaxy, 
iving these sources a pointlike appearance in the optical-to-mid- 
nfrared, with luminosities that allow them to be detected out to 
igh redshift ( z > 7; e.g. Wang et al. 2021 ). In terms of the radio
mission from these sources, it was previously believed that radio- 
oud quasars and radio-quiet quasars have different origins to their 
adio emission, with the general consensus (up to approximately a 
ecade ago) being that the radio emission from the latter is dominated
y star formation (Kimball et al. 2011 ; Condon et al. 2013 ; Bonzini
t al. 2015 ). However, White et al. ( 2015 , 2017 ) were the first to
resent evidence (via data sets spanning the optical through to the 
adio) that the accretion-related activity is dominating the total radio 
mission for large samples of quasars. This finding was supported 
y studies of ‘quasar feedback’, with (for example) Zakamska & 

reene ( 2014 ) finding that the outflow velocities (measured via the
O III ] emission-line) strongly correlate with the radio luminosity of
obscured, Type-2) radio-quiet quasars, selected in the optical from 

he Sloan Digital Sky Survey (SDSS; York et al. 2000 ). 
This has been explored further by Hwang et al. ( 2018 ), who find

hat the trend observed for the z < 0 . 8 quasars studied by Zakamska
 Greene ( 2014 ) extends out towards 2 < z < 4, as seen in their

ample of extremely-red quasars (ERQs). The latter are selected via 
heir high mid-infrared–to–optical ratios (Ross et al. 2015 ; Hamann 
t al. 2017 ), and whilst this may offer insights into the impacts of
uasar evolution (e.g. Sanders et al. 1988 ; Hopkins et al. 2008 ) and
rientation (e.g. Urry & Padovani 1995 ) on the observed proper- 
ies, ERQs are less representative of the wider quasar population. 
urthermore, the analysis of the gas kinematics is not of sufficient
patial resolution to rule out the presence of small-scale radio-jets 
as opposed to the quasar-driven winds suggested by Zakamska & 

reene 2014 ). Jarvis et al. ( 2021 ) also conducted radio follow-up of
 [O III ]-luminous quasar sample 2 , at high spatial resolution ( ∼0.3–
.0 arcsec) with the Karl G. Jansky Very Large Array (JVLA). They
each a median radio-luminosity of L1 . 4 GHz = 5 . 9 × 1023 W Hz−1 

nd conclude that at least 57 per cent of the quasars have AGN-
ominated radio-emission. If small-scale radio-jets are present –
s has been observed in radio-quiet quasars via very-long baseline 
nterferometry (e.g. Blundell, Beasley & Bicknell 2003 ; Herrera Ruiz 
t al. 2016 ; Jarvis et al. 2019 ) – then the cumulative effect (via the
utput of kinetic and thermal energy) may have an impact on the
volution of the host galaxies. 

The radio-quiet population is also being well studied at 144 MHz
ith the LOw Frequency ARray (LOFAR), where the LOFAR 

wo-metre Sky Survey (LoTSS; Shimwell et al. 2019 ) allows for
he (0 < z < 5) SDSS quasars studied by Gürkan et al. ( 2019 ) to
e detected with median 144-MHz flux-density > 0 . 42 mJy. They
nd no evidence of bimodality in the radio-loudness distribution 
in agreement with e.g. Lacy et al. 2001 ), and suggest that the
hysical mechanisms giving rise to the radio emission from quasars 
namely, radio jets and star formation) must be smoothly varying 
s a function of radio-loudness. When considering a subset of 
uasars at 0 < z < 3, and seeing where they lie with respect to
he far-infrared–radio correlation (FIRC) determined by Gürkan 
t al. ( 2018 ) for star-forming galaxies detected at 150 MHz, they
onclude that the majority of the radio emission for the radio-
uiet(er) quasars is due to star formation. Furthermore, Gürkan et al.
 2018 ) find that the FIRC is dependent on the stellar mass of the
uasar host galaxy, whilst there is also a dependence on redshift,
s suggested by the evolving star-formation rates (SFRs) found for 
uasars by Macfarlane et al. ( 2021 ). The latter study indicates a
trong correlation between SFR and quasar bolometric luminosity 
hat is seen out to z ∼ 2, and is consistent with far-infrared (FIR)
tudies (Serjeant & Hatziminaoglou 2009 ; Bonfield et al. 2011 ). 

More recently, Rankine et al. ( 2021 ) studied the C IV λ1549 Å
mission-line for SDSS quasars (at 1 . 5 < z < 3 . 5) that are detected
n LoTSS (5 σ = 0 . 35 mJy; Rosario et al. 2020 ). Their sample has
ypical radio luminosities of L144 MHz ∼ 1025 W Hz−1 , and whilst 
hey consider star formation, quasar winds, and compact radio jets 
s the possible explanations for the radio emission from radio-quiet 
uasars, they are unable to rule out any particular mechanism (instead
oncluding that overlapping contributions are possible). 

There may also be a distinction in the physical mechanism that
roduces the radio emission as a function of quasar colour , which has
een explored by, for example, Klindt et al. ( 2019 ) and Fawcett et al.
 2020 ) (who combine SDSS with VLA surveys), and Rosario et al.
 2020 ) (again based on the overlap of SDSS with LoTSS). Each of
hese studies find an enhanced radio-detection fraction in the quasars 
ith redder g − i colours, which is suggested to be driven by sources
ith compact radio morphology (where small-scale jets may indicate 

he young evolutionary-phase of the quasar). Whilst simulations by 
osario et al. ( 2020 ) show that star formation may be the main origin
f the radio emission in the radio-quiet regime, this mechanism is
MNRAS 541, 3636–3663 (2025)
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Table 1. AB magnitude limits (5 σ ), measured using 2-arcsec-diameter 
apertures, for the optical and near-infrared photometry provided via the 
Hyper Suprime-Cam (HSC) Subaru Strategic Program (Aihara et al. 2018a , 
b ), UltraVISTA (McCracken et al. 2012 ), and the VIDEO survey (Jarvis 
et al. 2013 ). There is variation (up to 1.7 mag) in the magnitude limits over 
the three XMM–LSS tiles (see table 1 of Adams et al. 2020 ) and so we 
provide the conservative limits here. 

Filter Survey COSMOS XMM–LSS 
mag. limit mag. limit 

g HSC 27.2 26.4 
r HSC 26.8 26.1 
i HSC 26.6 25.4 
z HSC 25.9 24.6 
y HSC 25.5 24.1 
Y UltraVISTA 25.5 –
J UltraVISTA 25.3 –
H UltraVISTA 25.0 –
Ks UltraVISTA 24.8 –
Y VIDEO – 25.1 
J VIDEO – 24.7 
H VIDEO – 24.2 
Ks VIDEO – 23.8 
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uled out as an explanation for the enhancement in ‘red’ quasars.
owever, they do not have far-infrared data to help explore this

urther, on a source-by-source basis [unlike White et al. ( 2017 ) and
he current study]. Finally, we note that the MIGHTEE (MeerKAT
nternational GHz Tiered Extragalactic Exploration; Jarvis et al.
016 ; Heywood et al. 2022 ) unobscured, Type-1 quasars presented
n this work are more akin to the ‘blue’ quasars studied by other
roups (having ‘median’ g − i colours; Klindt et al. 2019 ), with a
ore-comparable analysis to be presented in an accompanying paper

White et al., in preparation). 

.1 Paper outline 

ur quasar sample allows us to investigate intrinsically fainter
adio emission than previous work (with median radio-luminosity,

1 . 4 GHz = 2 . 8 × 1023 W Hz−1 , at redshifts up to z = 3 . 4). This is
hanks to the unprecedented sensitivity of the MeerKAT telescope,
ith the 1.3-GHz radio data used in this work provided via the
IGHTEE survey. Whilst there are multiple avenues for exploring

he properties of these sources, in this paper we focus on determining
he level of radio emission that could be attributed to star formation,
hich requires careful consideration of how the SFR is estimated.
or example, the SFR derived via the radio–luminosity relation
f Yun, Reddy & Condon ( 2001 ) does not take redshift evolution
nto account, unlike the infrared–radio correlation (IRRC) found by
elhaize et al. ( 2017 ) for star-forming galaxies. The former relation
as used by White et al. ( 2015 ) for a sample of radio-quiet quasars

elected over the XMM–LSS field. Their analysis involved propagat-
ng observed-frame measurements (e.g. radio flux-densities) through
robability distribution functions for the photometric redshifts, in
rder to calculate rest-frame properties (e.g. radio luminosities),
hereas our sample is completely spectroscopically confirmed. 
In Section 2 , we describe the data sets used for this work, and in

ection 3 we explain how we select our sample of quasars (which
ncludes obtaining new spectroscopic redshifts). This is followed by
n-depth analysis and discussion of the origin of their radio emission
Section 4 ), with our conclusions presented in Section 5 . J2000
oordinates and AB magnitudes are used throughout this work,
nd we use a lambda cold dark matter ( � CDM) cosmology, with
0 = 70 km s−1 Mpc−1 , �m 

= 0 . 3, �� 

= 0 . 7. 

 DATA  

n this section, we describe the deep, multiwavelength data sets that
re used for the selection and analysis of sources over two fields: 

(i) The Cosmic Evolution Survey region (COSMOS; Scoville et al.
007 ), centred at 10:00:28.6, + 02:12:21.0, and covering 2.0 deg2 . 
(ii) The XMM –Newton Large Scale Structure (XMM–LSS) field

Pierre et al. 2004 ). This is centred at 02:18:00.0, −7:00:00.0, and
e consider the area over which deep near-infrared data is available,
hich covers 3.5 deg2 . 

.1 Near-infrared: (i) UltraVISTA and (ii) VIDEO 

ur near-infrared (NIR) photometry, YJHKs , is obtained using the
isible and Infrared Survey Telescope for Astronomy (VISTA;
utherland et al. 2015 ), with coverage over the COSMOS and XMM–
SS fields being provided by the UltraVISTA (McCracken et al.
012 ) and VIDEO surveys (Jarvis et al. 2013 ), respectively. We
se fluxes extracted from 2-arcsec apertures (Adams et al. 2020 )
o calculate apparent magnitudes in the AB system, with limiting
NRAS 541, 3636–3663 (2025)
agnitudes shown in Table 1 . In the Ks band, where we use the NIR
orphology to aid our quasar selection (see Section 3 ), the typical

patial resolution (full-width half maximum; FWHM) is 0.8 arcsec. 

.2 Optical: Hyper Suprime-Cam Subaru Strategic Program 

he Hyper Suprime-Cam (HSC; Miyazaki et al. 2012 , 2018 ) Subaru
trategic Program (Aihara et al. 2018a , b ) provides grizy photometry
ver the COSMOS and XMM–LSS fields through its ‘UltraDeep’
nd ‘Deep’ tiers, respectively. The magnitude limits are provided in
able 1 to help compare the depths of the optical data over the two
elds, and the high image quality of the data is signified by achieving
.65-arcsec seeing for the COSMOS field, and 0.85-arcsec seeing
or the XMM–LSS field (as measured in the i band). A part of the
mage processing for this data release was the use of artificial sources
o assess the impact of source blending on the photometry, with
ihara et al. ( 2018b ) quoting the typical uncertainty to be 0.05 mag

n magnitude and colour estimates for galaxies. 

.3 Radio: MIGHTEE 

his work is based on Data Release 1 (Hale et al. 2025 ) of ∼1.3-GHz
adio data from the MIGHTEE survey (Jarvis et al. 2016 ). This is one
f the Large Survey Projects being conducted on MeerKAT (Jonas
 MeerKAT Team 2016 ), and with 139.6 h of on-source time for

he COSMOS field (22 MeerKAT pointings, covering 4.2 deg2 ), and
97.9 h of on-source time for the XMM–LSS field (45 MeerKAT
ointings), we reach a typical thermal noise of < 2μJy beam−1 .
ike Heywood et al. ( 2022 ), Hale et al. ( 2025 ) provide two sets
f images, where different Briggs ( 1995 ) robust parameters have
een used to promote either spatial resolution ( −1.2) or sensitivity
0.0). Given that this work is concerned with the detection of ‘radio-
uiet’ quasars (RQQs), we use the deeper radio images (rms ≈
.0μJy beam−1 ; see Section 4.1 ) at the expense of spatial resolution
these images being at ∼9 arcsec), with the acknowledgement that
hese images are limited by confusion noise. With the synthesized
eam being oversampled to satisfy Nyquist’s theorem, the resulting
ixel scale is 1.1 arcsec pixel−1 . Accompanying the radio images
re the effective-frequency maps provided by Hale et al. ( 2025 ),
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ollowing Heywood et al. ( 2022 ). These take into account the
eviation of the measured frequency, associated with a single pixel, 
rom the nominal band-centre frequency – which is a result of 
ultifrequency synthesis (MFS) imaging techniques – as a function 

f position. When extracting pixel-values from the radio images 
Section 4.1 ), the effective frequency is considered and a power-law 

unction ( Sν ∝ να , with spectral index, α = −0 . 7) is applied in order
o scale all measurements to exactly 1.3 GHz. 

.4 Far-infrared: Herschel observations 

or both fields, where available, we use FIR data from the Herschel
pace Observatory (Pilbratt et al. 2010 ). These data are in two of

he Photodetector Array Camera and Spectrometer (PACS; Poglitsch 
t al. 2010 ) bands, at 100 and 160 μm, and in the three Spectral and
hotometric Imaging REceiver (SPIRE; Griffin et al. 2010 ) bands, 
t 250, 350, and 500 μm, and have corresponding beam sizes of 6.7,
1.0 arcsec and 18.1, 25.2, 36.6 arcsec (at FWHM), respectively. 
Specifically, for the COSMOS field we use ‘super-deblended’ 

IR measurements (Jin et al. 2018 ) extracted from the PACS 

volutionary Probe (PEP; Lutz et al. 2011 ), CANDELS- Herschel 
PI: M. Dickinson), and Herschel Multitiered Extragalactic Survey 
HerMES; Oliver et al. 2012 ), via the method of Liu et al. ( 2018 ).
his provides photometry with 1 σ detection limits of 1.44, 3.55 mJy
t 100, 160 μm, and 1.77, 2.68, 2.91 mJy at 250, 350, and 500 μm.
eanwhile, for the XMM–LSS field we use the ‘main’ catalogue 3 

rom the Herschel Extragalactic Legacy Project (HELP; Shirley 
t al. 2021 ), for which PACS and SPIRE flux-densities have been
xtracted using the Bayesian tool, XID + (Hurley et al. 2017 ). The
ncertainties in these measurements cease to be Gaussian where the 
rror is dominated by confusion, and the flux-density level at which 
his happens can serve as a proxy for a 1- σ detection limit. These
imits are 12.5, 17.5 mJy at 100, 160 μm, and 4.0, 4.0, 4.0 mJy at
50, 350, and 500μm. 

 SAMPLE  SELECTION  

or this first MIGHTEE paper on the investigation of the radio 
mission from radio-quiet AGN, we wish to consider the quasar 
ubset of the total AGN population, and so need to create a robust
ample that ensures high reliability (at the expense of completeness). 
he wider radio-quiet AGN population is investigated in a companion 
aper (White et al., in preparation) and considers the impact of
ifferent selection criteria on the conclusions that are drawn, as to 
hether black-hole accretion or star formation is dominating the 

adio emission from these objects. 
For the current work, we select our quasar sample based on g −

 and J − Ks colours (Maddox et al. 2008 ; their fig. 1), using a
atalogue (Adams et al. 2020 ; Bowler et al. 2020 ) 4 that combines
ata from VIDEO (Jarvis et al. 2013 ) over the XMM–LSS field,
ltraVISTA (McCracken et al. 2012 ) over the COSMOS field and 
SC (Aihara et al. 2018a , b ) over both fields. This optical/NIR-
ased selection is chosen because the J − K colour has been shown
y Maddox et al. ( 2008 ) to be very effective in selecting quasars, with
ess than 10 per cent being missed on account of dust reddening. In
ddition, as demonstrated in fig. 3 by White et al. ( 2015 ), the box-
haped region defined by −0 . 30 < ( J − Ks ) < 1 . 10, −1 . 00 < ( g −
 ) < 0 . 65 is where ‘Type 1’ (i.e. unobscured) quasars tend to occupy
 https://herschel-vos.phys.sussex.ac.uk/herschelhelp/q/cone/info 
 Released internally to the MIGHTEE collaboration. 

5

a

J Ks space. This is also the region over which the optical/NIR
olours for a ‘pure quasar’, with no host-galaxy contribution towards 
he emission (P.C. Hewett, private communication 5 ), evolve over the 
edshift range 0 < z � 3 . 0. 

In combination with the optical/NIR magnitudes – where the 
, r, J , and Ks bands were used to assess the quality of the
hotometry – we consider results from photometric template-fitting 
Adams et al. 2020 ) conducted using LEPHARE (Ilbert et al. 2006 ).
his employs a χ2 -minimization method for fitting spectral energy 
istributions (SEDs) to the multiband photometry, and for our 
ample selection we retain objects (within the gJ Ks selection region 
emarcated in Fig. 1 ) that are best modelled by one of 18 AGN
emplates (Salvato et al. 2009 , and outlined in Table 2 ), rather than
 template belonging to the stellar library (Hamuy et al. 1992 , 1994 ;
ohlin, Colina & Finley 1995 ; Pickles 1998 ; Chabrier et al. 2000 )
r the galaxy library (Bruzual & Charlot 2003 ; Polletta et al. 2007 ;
lbert et al. 2009 ). The templates were evolved to different redshifts,
, from 0.00 to 6.00 in steps of 0.04, and then in steps of 0.10 up
o a maximum of z = 9 . 00. The galaxy templates also have varying
egrees of extinction applied to them, giving rise to galaxy tracks
hat span a large portion of gJ Ks colour-colour space, as indicated
y the grey polygon in Fig. 1 . We refer the reader to section 3.1 of
dams et al. ( 2020 ) for further details of the template-fitting. 
We also have information about the morphology of the quasars in

he Ks band, via the K CLASS STAR parameter [obtained through 
unning SOURCEEXTRACTOR software (Bertin & Arnouts 1996 ) over 
he VISTA images]. We apply the criterion of K CLASS STAR > 

 . 9, to select sources with point-like morphology, and also restrict the
election to sources with Ks < 22 . 4 (following White et al. 2015 )
o ensure high reliability for this morphology metric. This results 
n 208 objects in our parent quasar sample, with a summary of the
election steps (and the number of sources that remain selected after
ach step) in Table 3 . 

.1 Existing spectroscopy in the literature 

horough checks against existing spectroscopy over the COSMOS 

nd XMM–LSS fields (Lilly et al. 2009 ; Cool et al. 2013 ; Melnyk
t al. 2013 ; Davies et al. 2015 ; White et al. 2015 ; Tie et al. 2017 ; Lyke
t al. 2020 ; Flesch 2021 , and via the COSMOS Archive) allow us to
ompile robust redshifts for 147 sources. As part of this assessment
e cross-reference redshifts from the Million Quasars (Milliquas) 
atalogue (update v7.2; Flesch 2019 , 2021 ) with redshift-quality 
ags made available via: 

(i) the G10/COSMOS region of Galaxy And Mass Assembly 
GAMA) survey (Davies et al. 2015 ), zCOSMOS Data Release DR3
2016 January; Lilly et al. 2009 ), and the PRIsm MUlti-object Survey
PRIMUS; Cool et al. 2013 ), for the COSMOS field, 

(ii) and via the Australian Dark Energy Survey (OzDES; Lid- 
an et al. 2020 ), the deep XMM–Large Scale Structure catalogue

2XLSSd; Melnyk et al. 2013 ), and (again) PRIMUS (Cool et al.
013 ), for the XMM–LSS field. 

See Appendix A for an appreciation of the different redshifts that
xist in the literature for a given quasar, and the specific values used
or this work (these being highlighted in bold in Tables A1 and A2 ).
MNRAS 541, 3636–3663 (2025)

 A refined version of the quasar template, and a link to PYTHON code, is now 

vailable in Temple, Hewett & Banerji ( 2021 ). 

https://herschel-vos.phys.sussex.ac.uk/herschelhelp/q/cone/info
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Figure 1. Quasar selection in gJ Ks colour–colour space (Section 3 ), following the work of Maddox et al. ( 2008 ) and White et al. ( 2015 ). The green, dashed line 
demarcates the selection box defined by (White et al. 2015 ), who also use grey shading to indicate the parameter space that is occupied by evolving (inactive-) 
galaxy templates with varying dust extinction (Adams et al. 2020 ). The blue, dotted line shows the evolutionary track of a ‘pure quasar’ with no host-galaxy 
contribution towards the optical/NIR colours (P.C. Hewett, private communication – see the main text.). The start of this track (i.e. where z = 0) is within the 
selection box, and blue ‘ + ’ symbols are used to indicate redshift steps of 
z = 0 . 2 towards z = 4 . 8 (beyond the plot range). For a description of the different 
AGN templates that appear in the legend, please see Table 2 . (Note that axis ranges are chosen to ease comparison with fig. 3 of White et al. 2015 ). 
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.2 New redshifts via SALT longslit spectroscopy 

e aim to collate spectroscopic redshifts for as large a sample
s possible, and maintain completeness in the Ks -band magnitude
istribution. The latter allows us to probe lower stellar-mass/black-
ole systems, and the old stellar population of quasar host-galaxies,
han is possible with a purely optically selected sample. For our
arent sample of 208 objects, we first focus on those with r <
2.3 mag to ensure that the quasar can be observed with a good
ignal-to-noise ratio during a single track on the Southern African
arge Telescope (SALT), noting the targets’ equatorial declinations.
e find that existing spectroscopic coverage (Section 3.1 ) peters out

t Ks ∼ 21.2 mag, leaving one quasar candidate with Ks < 21.0 mag
n COSMOS and three in XMM–LSS lacking optical spectra. We
herefore followed up these four quasars using SALT (proposal 2019-
-SCI-046; PI: White) – see Table B1 – which results in a final sample
f 104 quasars (Table 3 ). 
We use the pg0900 grating for longslit spectroscopy on the Robert

tobie Spectrograph (RSS), and use a slitwidth of 2 arcsec to accom-
odate the typical seeing conditions 6 . Grating angles are chosen to

djust the wavelength range and so optimize the detection of emission
ines, based on photometric redshift estimates (Adams et al. 2020 ).

e reduce the resulting spectra using the RSSMOSPipeline 7 (Hilton
t al. 2018 ), and present the spectra (from three exposures per quasar)
n Appendix B . 
NRAS 541, 3636–3663 (2025)

 For example, see fig. 3.1 of the 2022–2 SALT Call for Proposals: https: 
/pysalt.salt.ac.za/proposal calls/current/ProposalCall.html 
 https://github.com/mattyowl/RSSMOSPipeline 

c  

e
 

p  

s  
For the quasar at RA = 02:24:44.33, Dec. = −04:45:36.0, it is
nfortunate that the peak of the Lyman- α1216 line coincides with the
rst chip gap of the RSS CCD, but we can still see the redder shoulder
f the N V1240 line (Fig. B1 ). The approximate observed wavelength
or Lyman- α1216 (4275 Å), combined with the line at 5452 Å, leads
o an emission-line ratio that indicates that the latter line is C IV1549 .
rom this we calculate a redshift of z = 2 . 52. 
We take care to compare the target spectrum with the sky spectrum

hen identifying distinctive emission lines for the quasar at RA =
2:24:57.57, Dec. = −04:56:59.5. The photometric redshift ( z =
 . 72; Adams et al. 2020 ) was used to position the grating in order to
etect the C IV1549 emission line, and (indeed) the two lines labelled in
ig. B1 indicate that they belong to C III ]1909 and C IV1549 at z = 1 . 76.
Due to the quasar at RA = 02:25:08.57, Dec. = −04:25:12.8

eing observed with a less-standard grating angle, the wavelength
alibration does not perform optimally. However, the presence of a
istinctive Lyman- α1216 /N V1240 profile allows us to unambiguously
dentify emission lines and apply a calibration correction (equating
o δz = 0 . 05). In doing so, we estimate the redshift for this source to
e z = 2 . 15. 
The signal-to-noise for the quasar at RA = 09:57:58.40, Dec. =
 02:17:29.1 was lower than expected, but we can still distinguish

mission lines at 5298 and 6529 Å. A spectroscopic redshift of z =
 . 42 is therefore determined from C IV1549 and C III ]1909 . This is in
lose agreement with the photometric redshift, z = 2 . 48 (Adams
t al. 2020 ). 

In Fig. 2 , we compare the spectroscopic redshift ( zs ) to the
hotometric redshift ( zp ) for the 104 quasars that compose the final
ample. Like White et al. ( 2015 ), we follow Ilbert et al. ( 2006 )

https://pysalt.salt.ac.za/proposal_calls/current/ProposalCall.html
https://github.com/mattyowl/RSSMOSPipeline
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Table 3. A summary of the steps taken in selecting our sample of quasars, 
with the number of quasars being those that remain in selection after the 
criterion has been applied (Section 3 ). 

Selection criterion that is applied Number 

1. NIR sources with good-quality photometry 627 169 
2. Best-fit by an AGN template (Table 2 ) 57 216 
3. Within the selection-box of gJ Ks colour space (Fig. 1 ) 1262 
4. K CLASS STAR > 0 . 9 544 
5. Ks < 22 . 4 208 
6. Ensuring spectroscopic completeness (Section 3.2 ) 104 

Figure 2. A comparison of the spectroscopic redshift with the photometric 
redshift (Z QSO; Adams et al. 2020 ) for the (reduced) parent sample of 104 
quasars (Table 3 ). New redshifts from SALT are highlighted with purple 
circles. 

Figure 3. The redshift distribution for the full sample of 104 quasars (solid- 
black histogram), with the COSMOS and XMM–LSS subsets shown as blue- 
dashed and red-dotted histograms, respectively. 
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8 The public code and documentation for MAGPHYS can be found here: 
https://www.iap.fr/magphys/. 
9 This is one of the most-popular IMFs, and easily re-scaled to other IMFs, 
such as those derived by Salpeter ( 1955 ) and Kroupa ( 2001 ). 
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n defining a ‘catastrophic outlier as having | 
z| / (1 + z) > 0 . 15’,
here 
z = ( zs − zp ). For our Type-1 quasars, the percentage
f ‘catastrophic outliers’ is 26 per cent, and so we have good
ustification to proceed with the spectroscopic -redshift values (rather
han using photometric-redshift values to analyse a larger sample of
08 quasars – see criterion 5 in Table 3 ). We present the distribution
f the spectroscopic redshifts in Fig. 3 . 
NRAS 541, 3636–3663 (2025)
.3 Estimates of IR luminosities and SFRs through SED-fitting 

he combination of spectroscopic redshifts from the literature and
ALT (this work) allows us to create a final sample of 23 quasars from

he COSMOS field and 81 quasars from the XMM–LSS field. We
btain infrared luminosities and (‘infrared-derived’) SFR estimates
or the entire quasar sample by running SED3FIT software (Berta
t al. 2013 ) over the optical, near-infrared, mid-infrared, and far-
nfrared data (Appendix C ). This software is a modified version of
he MAGPHYS SED-fitting code (da Cunha et al. 2008 ), where a
usty-torus/AGN component is included, in addition to the stellar-
mission component and the dust component that is related to star
ormation. (The energy balance applied by MAGPHYS, regarding
he optical and infrared emission, assumes that the only significant
ource of dust heating is starlight.) Hence, all parameters concerning
he galaxy template are plainly taken from MAGPHYS 

8 . Like da
unha et al. ( 2008 ), Berta et al. ( 2013 ) adopt a Chabrier ( 2003 ) initial
ass function (IMF) 9 and employ stellar libraries from Bruzual
 Charlot ( 2003 ), with AGN templates taken from the libraries

f Fritz, Franceschini & Hatziminaoglou ( 2006 ) and Feltre et al.
 2012 ). 

 ANALYSI S  O F  T H E  R A D I O  EMISSION  

he next step is to investigate the radio emission from the 104
uasars in our sample, by first extracting flux-density measure-
ents from the MIGHTEE images, determining their radio lumi-

osities, and calculating estimates of the (‘radio-derived’) SFRs
ithin their host galaxies. We can then determine the fraction of

ources that have their radio emission dominated by AGN-related
rocesses. 

.1 Detection of faint radio emission 

e extract the radio pixel-values in the MIGHTEE-DR1 COSMOS
nd XMM–LSS images (Hale et al. 2025 ) – scaled via the effec-
ive frequency (see Section 2.3 )—at the positions of the quasars,
rovided by their NIR photometry (Section 2.1 ). Given the point-
ike/unresolved radio-morphology for all but one of our sources (see
elow) – i.e. smaller than, or approximately equal to, the 8.9-arcsec
ynthesized-beam – we can interpret the extracted radio pixel-value
in units of Jy beam−1 ) as the integrated flux-density (in units of
y) at 1.3 GHz, S1 . 3 GHz . The MIGHTEE images provide coverage
or all 104 of the quasars in our sample, and we present their radio
ux-densities in Fig. 4 . 
In order to estimate the level of the noise in the radio images, and

herefore assess the confidence with which we detect the low-level
adio emission from the quasars, we measure the radio flux-density
t pseudo-random positions on the sky. We do this by extracting
000 1.3-GHz flux-density measurements from annuli (of radii 24 to
6 arcsec) centred on each quasar position in the radio images, and
he resulting flux-density distribution is shown by the red, dashed-line
istogram in Fig. 4 . The angular separation for the offset positions is
hosen to be more than three times the size of the synthesised beam
n order to avoid the possibility of correlated noise, or any artefacts
hat may be associated with nearby bright sources. Through fitting

https://www.iap.fr/magphys/
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Figure 4. The distributions for radio flux-density measurements (Section 4.1 ) extracted: (i) at the positions of the quasars and corrected for confusion (solid 
blue histogram), and (ii) at pseudo-random positions in the radio map (dashed red histogram; downscaled by a factor of 2000). The latter is to assess the noise 
level (3.0 μJy beam−1 ), via a Gaussian fit (purple curve) to this distribution. Note that 99 quasars are presented in this histogram, whilst 5 quasars have a radio 
flux-density above 0.3 mJy. 
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 Gaussian profile to this distribution (where we assume symmetric 
rrors in the noise), we determine that the typical noise of the radio
aps is 3.0 μJy beam−1 . Noting that the thermal noise for these radio

bservations is 1.5–1.6 μJy beam−1 (Hale et al. 2025 ), we subtract 
his in quadrature from the total noise to estimate a confusion noise-
evel of 2.5–2.6 μJy beam−1 . 

As there is a significant level of bias in the radio images (likely
ue to confusion), we calculate the median radio flux-density at 
he pseudo-random positions per quasar . This median value is then 
ubtracted from the measured flux-density at the position of the 
uasar to give a corrected flux-density, which is presented as the blue
olid-line histogram in Fig. 4 . The error in this corrected flux-density
s calculated as the median absolute deviation of the pseudo-random 

ux-densities (again, per quasar). Considering these individual error- 
stimates, we have statistical detection of radio emission at the 
osition of the quasars, with respect to random background noise, 
t: the > 1 σ level for 97 quasars, the > 2 σ level for 93 quasars, and
he > 3 σ level for 81 quasars. The 23 sources that are not detected
t the 3 σ level are retained for the subsequent analysis (wherever the
full sample’ or ‘whole sample’ is mentioned). 

Note that the quasars at RA = (10:00:01.44; 02:18:27.29; 
2:20:01.64; 02:25:03.12; 02:25:25.68), Dec. = ( + 02:48:44.7; 
05:34:57.5; −05:22:17.1; −04:40:25.3; −04:35:09.6) have 

1 . 3 GHz = 0.67, 3.40, 10.88, 0.47, and 0.52 mJy, respectively, and 
o are beyond the plot range of Fig. 4 . The second and fourth of
hese brighter quasars have possible extended emission 10 , and so we 
ote them as candidate ‘radio-loud’ quasars. 
0 At the position of these quasars, any diffuse emission in the higher- 
ensitivity radio image (robust weighting of 0.0), appearing to connect the 
adio core with potential radio lobes, is below the detection limit of the 
igher-resolution radio-image (robust weighting of −1 . 2) that is available for 
he XMM–LSS field (Hale et al. 2025 ). 

i  

o

M

M

w  

a

.2 The radio-loudness fraction 

e calculate the radio-loudness parameter, R, that is defined by 
ellermann et al. ( 1989 ) as R = S5 GHz /S4400 Å , with both flux
ensities being in units of mJy. This definition is most-appropriate 
or our unobscured (Type-1) quasars, where the AGN is dominating 
he optical light from the source. 4400 Å is the effective observed 
avelength of the optical B band, and we calculate S4400 Å in 

ccordance with the AB magnitude system: 

B = −2 . 5 log 10 [ S4400 Å × 10−26 ] − 48 . 60 (1) 

In order to apply the above definition for radio-loudness, we 
ssume that the flux density ( Sν) of the synchrotron radiation follows
 power-law function ( Sν ∝ να , with spectral index, α = −0 . 7),
hich allows us to extrapolate our measurements at 1.3 to 5 GHz. We

lso estimate the apparent B-band magnitudes, mB , from the apparent 
-band magnitudes, mg , that are provided via HSC photometry 
Section 2.2 ). This is based upon assuming that the quasar continuum
s well described by a power-law function (with spectral-index, 
c = −0 . 5): 

B = mg + 2 . 5 αc log 10 [4400 Å / 4816 Å ] , (2) 

here 4816 Å is the effective observed wavelength of the optical g 
and. We find that five of the quasars in our sample are classified
s ‘radio loud’, with R > 10 (lying above the dashed line in Fig. 5 ),
nd so the radio-loudness fraction is ∼5 per cent. (These five quasars
nclude the two quasars that are considered ‘radio loud’ on account
f their extended radio-morphology; end of Section 4.1 .) 
We also calculate the K-corrected absolute B-band magnitudes, 
B , as follows: 

B = mB + 5 . 0 − 5 . 0 log 10 [ DL ] + 2 . 5(1 + αc ) log 10 [1 + z] (3) 

here the luminosity distance, DL , is in units of pc. These magnitudes
re presented as a function of redshift in Fig. 6 . 
MNRAS 541, 3636–3663 (2025)
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Figure 5. The distribution in 5-GHz flux-densities, and at 4400 Å in the 
optical, for the quasar sample. The dashed line demarcates the divide between 
radio-quiet sources ( R < 10) and radio-loud sources ( R > 10; circled), 
following the radio-loudness definition by Kellermann et al. ( 1989 ) (see 
Section 4.2 ). Arrows represent the quasars that are undetected at the 3 σ level 
in the radio images. Note that, due to the log–log scales that are used, the four 
quasars that have negative radio flux-densities are not shown in this plot. 

Figure 6. The K -corrected absolute B-band magnitude as a function of 
spectroscopic redshift, z. The vertical, black, dashed lines delineate the 
four redshift bins that aid later analysis (Section 4.4.2 ), and the horizontal, 
grey, dotted lines indicate the four magnitude bins applied to the sample 
(Section 4.4.3 ). With either type of binning, there are ∼26 quasars per bin, 
and triangles indicate the sources that are not detected at the 3 σ level in the 
radio images. Radio-loud quasars (see Fig. 5 ) are circled in black. 
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.3 Accretion versus star-formation contributions 

e calculate the radio luminosities (Table D1 ) of the 104 quasars,
ncluding those that have negative radio pixel-values so that they
an be included in our statistical analyses. These analyses involve
 comparison of independent star-formation rate (SFR) estimates,
here one of the estimates is derived from the radio luminosity
nder the assumption that all of the radio emission is the result of
tar formation. A mismatch between the two SFR estimates therefore
ndicates that this assumption does not hold, and the deviation from
he one-to-one relation (lower diagonal-lines in Figs 7 –8 ) can be
sed to calculate how much of the radio emission may in fact arise
rom processes connected to black-hole accretion. 
NRAS 541, 3636–3663 (2025)
For comparison with previous work in the literature (e.g. White
t al. 2015 , 2017 ), we scale the K -corrected MeerKAT radio luminosi-
ies, L1 . 3 GHz , to luminosities at frequency, ν = 1 . 4 GHz ( L1 . 4 GHz ),
gain assuming a power-law function with α = −0 . 7. This then
llows us to apply the relation of Yun et al. ( 2001 ), which was
mpirically derived for a sample of local star-forming galaxies: 

FRYun / (M� yr −1 ) = (5 . 9 ± 1 . 8) × 10−22 L1 . 4 GHz / (W Hz −1 ) (4) 

e refer to this SFR estimate as the ‘Yun-SFR’ (Table D1 ). Whilst
his does not take redshift dependence into account [like the SFR
erived via the IRRC of Delhaize et al. ( 2017 ); see equations 6 and
 ], it does allow us to compare our results more broadly, given the
ider use of the Yun et al. ( 2001 ) relation in the literature. 
For the second SFR estimate, we complete spectral fitting over all

f the available data using code developed by Jin et al. ( 2018 ), where
 two-component model describes the FIR/sub-mm emission. Noting
hat the fits are more reliable for the sources where we have FIR/sub-

m data available, we flag this through the signal-to-noise ratio,
NRFIR . For the COSMOS sources, we adopt SNRFIR values from the
atalogue of Jin et al. ( 2018 ), as described by their equation ( 2 ). Since
e do not have measurements at 850μm, 1.1 mm, nor 1.2 mm for

he XMM–LSS sources, we instead use the following approximation
for 5 bands rather than 8): 

NR 

2 
FIR = 

8 

5 
[SNR 

2 
100μm 

+ SNR 

2 
160μm 

+ SNR 

2 
250μm 

+SNR 

2 
350μm 

+ SNR 

2 
500μm 

] 

= 

8 

5 
[( S100μm 

/σ100μm 

)2 + ( S160μm 

/σ160μm 

)2 

+ ( S250μm 

/σ250μm 

)2 

+ ( S350μm 

/σ350μm 

)2 + ( S500μm 

/σ500μm 

)2 ] 

These SNRFIR aid the colour-coding of the data points in Figs 7 –
 , and also aid the assessment of the different ‘AGN-dominated’
ractions (see Table 4 ).] Across the full sample of 104 quasars, 53
er cent are detected with SNRFIR > 3 . 0. 

As Jin et al. ( 2018 ) fitted the photometry with a combination of
GN and galaxy templates, it is possible to disentangle how much

R emission is coming from the AGN, and how much IR emission is
ue to star formation in the host galaxy. The IR luminosity, LIR , is
hen calculated by integrating only the fitted galaxy -spectrum over
–1000μm in the rest-frame (having already subtracted out the AGN
ontribution to the IR emission). This luminosity is in turn converted
o an SFR estimate (which we refer to as the ‘Kennicutt–SFR’;
able D1 ) via the following equation from Kennicutt ( 1998b ): 

SFRKenn 

1M� yr −1 
= fIMF 

LIR 

2 . 2 × 1043 erg s −1 
= fIMF 

LIR 

5 . 8 × 109 L�
(5) 

here fIMF = 1 . 00 / 1 . 72. This factor allows us to scale the original
onversion (Kennicutt 1998b ) – which is based upon the Salpeter
nitial mass function (IMF; Salpeter 1955 ) – to a Chabrier IMF
Chabrier 2003 ), in line with Delhaize et al. ( 2017 ). In addition,
e note that the uncertainty in this LIR – SFRKenn calibration is
 0 . 3 
0 . 5 dex, ‘with the asymmetry reflecting the greater likelihood that the
ystematic errors tend to lead to overestimates’ (Kennicutt 1998b ). 

In Fig. 7 (a), we compare the Kennicutt–SFR estimate (derived
rom the IR emission) with the Yun-SFR (derived through the radio
mission). A dash–dotted line (the ‘one-to-one relation’) indicates
here the two SFRs equal one another, with measurement errors

n the fitted LIR and radio flux-density, S1 . 3 GHz , being propagated
hrough. For data points below this line, the Yun–SFR exceeds the
ennicutt–SFR, illustrating that not all of the radio emission from
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Figure 7. A comparison of star-formation rates (SFRs) for quasars in the COSMOS and XMM–LSS fields. The SFR estimate on the ordinate axis is derived 
through SED-fitting of the infra-red photometry (Section 2.4 ), (a) using equation ( 5 ) (Kennicutt 1998b ), or (b) using SED3FIT (Berta et al. 2013 ) [which is 
a modified version of MAGPHYS (da Cunha, Charlot & Elbaz 2008 )]. The SFR estimate on the abscissa axis is derived via equation ( 4 ) (Yun et al. 2001 ), 
assuming that all of the radio emission can be attributed to star formation. The dash–dotted line represents where the two SFR estimates are equal to each other, 
with the blue-dotted lines indicating the error associated with the Yun-SFR, and the dashed lines indicating the total error in the one-to-one relation (i.e. the 
1 σ1:1 calibration error in both the Yun-SFR and the Kennicutt–SFR/SED3FIT-SFR, shown in black, and grey dashed lines for 2 σ1:1 , 3 σ1:1 , etc.). The legend 
is the same for both panels, with data points colour-coded by the signal-to-noise ratio (SNRFIR ) for the FIR data (see Section 4.3 ), and symbols indicating the 
detection level (above or below 3 σ ) for the radio data at 1.3 GHz. 
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Figure 8. A comparison of star-formation rates (SFRs) for quasars in the COSMOS and XMM–LSS fields. The SFR estimate on the ordinate axis is derived 
through SED-fitting of the infra-red photometry (Section 2.4 ), (a) using equation ( 5 ) (Kennicutt 1998b ), or (b) using SED3FIT (Berta et al. 2013 ) [which is a 
modified version of MAGPHYS (da Cunha et al. 2008 )]. The SFR estimate on the abscissa axis assumes that all of the radio emission can be attributed to star 
formation, and so lies on the IRRC (equation 6 ) determined by Delhaize et al. ( 2017 ) at the median redshift of the sample ( z = 1 . 728). The dash-dotted line 
represents where the two SFR estimates are equal to each other, with the blue-dotted lines indicating the error associated with the Delhaize–SFR, and the dashed 
lines indicating the total error in the one-to-one relation (i.e. the 1 σ1:1 calibration error in both the Delhaize–SFR and the Kennicutt–SFR/SED3FIT-SFR, shown 
in black, and grey dashed lines for 2 σ1:1 , 3 σ1:1 , etc.). The legend is the same for both panels, with data points colour-coded by the signal-to-noise ratio (SNRFIR ) 
for the FIR data (see Section 4.3 ), and symbols indicating the detection level (above or below 3 σ ) for the radio data at 1.3 GHz. 
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Table 4. The fraction of sources in the COSMOS and XMM–LSS fields that are described as ‘AGN-dominated’ and ‘possible starbursts’, 
based upon comparing different pairs of SFR estimates (Section 4.3 , Table D1 ). The ‘median separation’ indicates the median number of 
σ1:1 below the one-to-one (1:1) relation in Figs 7 and 8 that the quasars lie (see the lower, dashed lines), where σ1:1 refers to the calibration 
error in the 1:1 relation. Therefore, negative values of ‘median separation’ indicate that a larger fraction of the quasars lie above the 1:1 
relation in Figs 7 and 8 , and so are considered to be (possible) starbursts (Sections 4.4.1 and 4.4.2 , and Appendix E ). SNRFIR is the combined 
signal-to-noise over the available IR bands (Section 4.3 ), whilst upper and lower values are presented for the ‘Whole sample’, for different 
SFR–SFR combinations. These upper and lower values (in fractions and percentages) are calculated by considering the intersection of the 
error bars with respect to the lines indicating ±1 σ1:1 away from the 1:1 relation. 

Median separation, σsep , Fraction of sources at Fraction of sources that 
with respect to the one-to-one that are AGN-dominated are possibly starbursts 
relation (Whole subset) (i.e. σsep > 1 . 0 σ1:1 (i.e. σsep > 1 . 0 σ1:1 

below the 1:1 relation) above the 1:1 relation) 

Kennicutt SFR (via SED) versus SFR via Yun et al. ( 2001 ) 
SNRFIR > 3 . 0, S1 . 3 GHz > 3 σ 0.39 σ1:1 10/45 = 22 per cent 1/45 = 2 per cent 
SNRFIR ≤ 3 . 0, S1 . 3 GHz > 3 σ 0.72 σ1:1 14/36 = 39 per cent 1/36 = 3 per cent 
SNRFIR > 3 . 0, S1 . 3 GHz < 3 σ −0.56 σ1:1 0/10 = 0 per cent 1/10 = 10 per cent 
SNRFIR ≤ 3 . 0, S1 . 3 GHz < 3 σ −0.26 σ1:1 0/13 = 0 per cent 2/13 = 15 per cent 
Whole sample 0.37 σ1:1 2431 

14 /104 = 2330 
13 % 535 

0 /104 = 534 
0 % 

SED3FIT SFR (via SED) versus SFR via Yun et al. ( 2001 ) 
SNRFIR > 3 . 0, S1 . 3 GHz > 3 σ 1.50 σ1:1 26/45 = 58 per cent 4/45 = 9 per cent 
SNRFIR ≤ 3 . 0, S1 . 3 GHz > 3 σ 1.57 σ1:1 22/36 = 61 per cent 3/36 = 8 per cent 
SNRFIR > 3 . 0, S1 . 3 GHz < 3 σ −2.17 σ1:1 1/10 = 10 per cent 6/10 = 60 per cent 
SNRFIR ≤ 3 . 0, S1 . 3 GHz < 3 σ −2.43 σ1:1 4/13 = 31 per cent 4/13 = 31 per cent 
Whole sample 1.12 σ1:1 5374 

25 /104 = 5171 
24 % 1730 

8 / 104 = 1629 
8 % 

Kennicutt SFR (via SED) versus SFR via Delhaize et al. ( 2017 ) 
SNRFIR > 3 . 0, S1 . 3 GHz > 3 σ −0.14 σ1:1 5/45 = 11 per cent 10/45 = 22 per cent 
SNRFIR ≤ 3 . 0, S1 . 3 GHz > 3 σ 0.08 σ1:1 10/36 = 28 per cent 6/36 = 17 per cent 
SNRFIR > 3 . 0, S1 . 3 GHz < 3 σ −0.99 σ1:1 0/10 = 0 per cent 7/10 = 70 per cent 
SNRFIR ≤ 3 . 0, S1 . 3 GHz < 3 σ −0.88 σ1:1 0/13 = 0 per cent 5/13 = 38 per cent 
Whole sample −0.20 σ1:1 1535 

8 /104 = 1434 
8 % 2855 

7 /104 = 2753 
7 % 

SED3FIT SFR (via SED) versus SFR via Delhaize et al. ( 2017 ) 
SNRFIR > 3 . 0, S1 . 3 GHz > 3 σ −0.40 σ1:1 9/45 = 20 per cent 15/45 = 33 per cent 
SNRFIR ≤ 3 . 0, S1 . 3 GHz > 3 σ −0.17 σ1:1 13/36 = 36 per cent 16/36 = 44 per cent 
SNRFIR > 3 . 0, S1 . 3 GHz < 3 σ −3.98 σ1:1 0/10 = 0 per cent 8/10 = 80 per cent 
SNRFIR ≤ 3 . 0, S1 . 3 GHz < 3 σ −5.08 σ1:1 1/13 = 8 per cent 6/13 = 46 per cent 
Whole sample −0.63 σ1:1 2340 

18 /104 = 2238 
17 % 4563 

30 /104 = 4361 
29 % 
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he quasars can be explained by star formation alone. That is, there
ust be another process contributing to the radio emission, which we 

nterpret as being connected to AGN activity. (Investigating the exact 
hysical mechanism, connected to black-hole accretion, is beyond 
he scope of this work, but we direct the reader to a review by Panessa
t al. 2019 .) A possible explanation for the data points that lie above
he line is that they are starbursts, with enhanced FIR emission over
imescales that are not long enough for sufficient radio emission 
associated with supernova remnants) to be produced (e.g. Cook 
t al. 2024 ). Supporting this (see Appendix E ), we note that 38 per
ent of the sample have > 1012 L� IR luminosities that are typical of
ltraluminous Infrared Galaxies (ULIRGs; Sanders & Mirabel 1996 ; 
arrah et al. 2003 ). This is unsurprising given that all of the best-
tted quasar models for our sample selection involve a combination 
f starbust/ULIRG and Type-1-quasar templates (Table 2 ). 
To explore the impact of how the IR-related SFR-estimate is 

alculated, on the SFR comparison (and therefore how much of 
he radio emission we attribute to the AGN), we also consider the
SED3FIT-SFR’ (Table D1 ) – this being the SFR output by the SED-
tting code, SED3FIT (Berta et al. 2013 , see Section 3.3 ). This code
roduces a probability distribution function for each of the fitted 
arameters, and for simplification (on account of possible asymmetry 
n this distribution) we estimate the measurement error by taking an 
verage of the separation of the 16th and 84th percentiles from the
edian (the 50th percentile). The results are again plotted against the 
un-SFR (see Fig. 7 b), leading to some data points shifting in the
ertical direction relative to their position in Fig. 7 (a). The calibration
rror in the SED3FIT-SFR is found by Pacifici et al. ( 2023 ) to be
.1 dex, and we take this into account when plotting the uncertainty
n the one-to-one relation (dashed lines in Fig. 7 b). 

Next, we use the positions of the data points in the SFR-comparison
lots to quantify how many (and what fraction of) sources have radio
mission that is ‘AGN-dominated’, i.e. where the radio-derived SFR 

xceeds the IR-derived SFR by more than 1 σ . These numbers are
resented in Table 4 , along with the fraction of sources that are
ossibly starbursts (on account of their data points lying more than
 σ above the IRRC). We see that the total fraction of sources that
re AGN-dominated (across the COSMOS and XMM–LSS fields, 
ombined) increases from 23 per cent when using the Kennicutt- 
FR, to 51 per cent when using the SED3FIT method. This is in large
art due to the more tightly constrained calibration of the IR-related
FR calculated through SED3FIT (Berta et al. 2013 ) SED-fitting 
ompared with the calibration of the Kennicutt ( 1998b ) relation.
onsidering only the quasars that are detected at the 3 σ level in both

he radio and the FIR, the AGN-dominated fraction shows a similar
ncrease, from 22 to 58 per cent. 

Meanwhile, for both combinations of IR-related SFR and (radio- 
elated) Yun-SFR, the fraction of ‘possible starbursts’ is relatively 
ow, ranging from 5 to 16 per cent (when the full sample is
onsidered). However, again the more tightly constrained SED3FIT- 
MNRAS 541, 3636–3663 (2025)
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11 The unavailability of reliable stellar-mass estimates for Type-1 quasars (due 
the strong contribution of the quasar continuum towards the optical emission) 
is the reason that we do not apply the IRRC by Delvecchio et al. ( 2021 ) for 
the current sample. 
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FRs lead to a narrower ‘range’ within which quasars can have SFRs
hat are consistent with normal star-formation (Fig. 7 b), and so more
ata points lie above the one-to-one relation than in the Kennicutt–
FR case (Fig. 7 a). 
To explore the impact (on the SFR comparison) of how the radio -

elated SFR-estimate is calculated, we consider a fourth and final
FR estimate. This time we apply the IRRC, which is a tight
orrelation that has been observed for star formation (e.g. Helou,
oifer & Rowan-Robinson 1985 ; de Jong et al. 1985 ) and arises
s a result of this process producing both infrared emission (from
he associated dust) and radio emission (from supernova remnants).
he dependence of the IRRC on redshift, z, has been determined
mpirically by Delhaize et al. ( 2017 ) as follows: 

IR ( z) = (2 . 88 ± 0 . 03) × (1 + z)( −0 . 19 ±0 . 01) (6) 

or a typical spectral-index of −0 . 7, and where: 

IR = log 10 

(
LIR / W 

3 . 75 × 1012 /Hz 

)
− log 10 [ L1 . 4 GHz / (W Hz −1 )] , (7) 

here 3 . 75 × 1012 Hz represents the central frequency over the FIR
rest-frame 42–122 μm) domain, whilst LIR refers to the full IR (rest-
rame 8–1000 μm) domain. We apply this relation by first assuming
hat each quasar lies exactly on the IRRC, and combining the result of
quation ( 6 ) with the radio luminosity in order to obtain an estimate
f the SFR via: 

FR / (M� yr −1 ) = 10−24 10qIR ( z) L1 . 4 GHz / (W Hz −1 ) (8) 

e refer to this estimate as the ‘Delhaize–SFR’ (Table D1 ) and plot
his (against the Kennicutt–SFR and SED3FIT–SFR) in Fig. 8 . For
he measurement errors in the Delhaize-SFR, we propagate through
he errors in the measured radio flux-density and redshift per quasar
Section 4.1 ). 

As before, we calculate the total fraction of sources that are AGN-
ominated (Table 4 ), this time with the Delhaize–SFR as the radio-
erived SFR estimate. The fraction ranges from 14 per cent for the
hole sample (when the IR-related SFR being compared against is

he Kennicutt–SFR) to 22 per cent (when the IR-related SFR being
ompared against is the SED3FIT-SFR)– although the large errors
nvolved means that these quantities are consistent with one another.

Considering the sources that lie more than 1 σ above the IRRC, the
ractions of possible starbursts are (for the majority of the subsets in
able 4 ) higher than the fractions that are described as being ‘AGN-
ominated’, ranging from 17 per cent to 80 per cent. This is in large
ontrast with the fractions determined for the Yun-SFR comparisons,
ignifying that the relation that is used to derive the radio-related
FR has a greater impact on the results than the relation that is
sed to derive the IR-related SFR . 

.4 Discussion of the origin of the radio emission 

.4.1 When the (radio-derived) Yun–SFR is considered 

f we consider the combination of the Yun et al. ( 2001 ) and Kennicutt
 1998b ) relations for the current sample (Table 4 ), the fraction of
GN-dominated sources is 22 per cent (for quasars detected at
NR FIR > 3 . 0 and S1 . 3 GHz > 3 σ ). For comparison, when White et al.
 2017 ) compare SFR estimates based upon the Yun et al. ( 2001 ) and
ennicutt ( 1998a , b ) relations (the latter being specific for starbursts,

ather than main-sequence star-formation), they find that the vast
ajority of the quasars have radio emission that exceeds that expected

rom star formation (see their fig. 8). In addition, the exact fraction
f radio-detected, FIR-detected quasars (that have radio emission
NRAS 541, 3636–3663 (2025)
hat is dominated by the AGN) is shown to be 92 per cent (White
t al. 2017 ) when they apply a specific IRRC (Smith et al. 2014 )
hat is of most relevance for the sample of z ∼ 1 quasars under
nvestigation. (Note that their sample is of quasars detected to depths
f ∼30.9μJy beam−1 , compared with the ∼3.0μJy beam−1 rms for
his work.) Furthermore, White et al. ( 2017 ) find little difference
n their results when employing the SFR-comparison method rather
han using the IRRC to assess the level of star-formation-related radio
mission. 

However, 92 per cent may still be a lower limit on the ‘AGN-
ominated’ fraction because, as demonstrated by Wong et al. ( 2016 )
or a sample of 92 X-ray-selected radio-quiet AGN at z < 0 . 05
see their fig. 2 and 5), sources with significant accretion-related
rocesses can have host galaxies that mimic the (far-)infrared
roperties of normal, star-forming galaxies (and so lie on the
RRC). As such, the ‘radio-excess’ technique that is used to
nvestigate the AGN-versus-SF fractions in radio-quiet quasars

ay underestimate the contribution of AGN activity towards the
otal radio-emission . 

.4.2 When the (radio-derived) Delhaize–SFR is considered 

he Delhaize–SFR values (Fig. 8 ) tend to be lower than the Yun–
FR values (Fig. 7 ), resulting in a greater number of quasars lying
bove the one-to-one relations, and therefore a smaller fraction of
ources being classed as ‘AGN dominated’ (see Table 4 ). With the
RRC by Delhaize et al. ( 2017 ; equation 6 ) being used to estimate
he SFR, instead of the relation by Yun et al. ( 2001 ; equation 4 ),
e find that the AGN-dominated fraction ranges from 11 to 20
er cent (for sources with SNR FIR > 3 . 0 and S1 . 3 GHz > 3 σ ). This
emonstrates the impact of the empirical relations that we use
s part of our analysis of the radio emission from radio-quiet
uasars, and is the purpose of this paper – i.e. to prompt the
nderlying assumptions of the community researching the origin
f faint radio-emission. Again, we suggest that our AGN-dominated
ractions may be underestimated, given the findings of Wong et al.
 2016 ) (see Section 4.4.1 ). 

As mentioned in Section 4.3 , these low ‘AGN-dominated fractions’
re accompanied by high ‘possibly starburst fractions’. This could in
art be due to the FIR luminosities being over-estimates themselves,
s a result of the low-resolution of the FIR data. This means that
nrelated FIR sources may be contributing to the FIR emission from
he quasar in question, and so ‘pushing’ the corresponding data point
bove the one-to-one relation. However, if that is the predominant
xplanation, then we would expect that the SFR comparisons
nvolving the Yun-SFR to be similarly affected. 

We suggest that the reason that we find such a difference for the
urrent work (cf. White et al. 2017 ) is that Delhaize et al. ( 2017 )
nd the IRRC to be dependent on redshift. However, the impact of
tellar mass, as found by Delvecchio et al. ( 2021 ), also needs to
e disentangled 11 . They note that at larger masses the qIR decreases
equations 6 –7 ), and so the difference in radio-derived SFRs with
espect to Yun et al. ( 2001 ) increases. However, De Zotti et al. ( 2024 )
rgue that a more-signifcant parameter than stellar mass is galaxy
ype, with starbursts tending to dominate the star-forming population
t higher redshifts (rather than low-SFR ‘normal, late-type galaxies’).
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Table 5. The fraction of sources in the COSMOS and XMM–LSS fields that are described as ‘AGN-dominated’ and ‘possible starbursts’, 
based upon comparing the SED3FIT-SFR with the Delhaize-SFR estimate, binned by redshift and absolute B-band magnitude (Section 4.4.3 ). 
The ‘median separation’ indicates the median number of σ1:1 below the one-to-one (1:1) relation in Figs 9 and 10 that the quasars lie, where 
σ1:1 refers to the calibration error in the 1:1 relation. Therefore, negative values of ‘median separation’ indicate that a larger fraction of the 
quasars lie above the 1:1 relation in Figs 9 and 10 , and so are considered to be possible starbursts (see also Section 4.4.2 and Fig. E1 ). 

Median separation, Fraction of sources at Fraction of sources that 
σsep , with respect that are AGN-dominated are possibly starbursts 

Range Median to the 1:1 relation (i.e. σsep > 1 . 0 σ1:1 (i.e. σsep > 1 . 0 σ1:1 

of the bin of the bin (Whole subset) below the 1:1 relation) above the 1:1 relation) 

0 . 600 < z ≤ 1 . 205 1.064 −0.63 σ1:1 5/25 = 20 per cent 9/25 = 36 per cent 
1 . 205 < z ≤ 1 . 700 1.513 −0.38 σ1:1 7/26 = 27 per cent 10/26 = 38 per cent 
1 . 700 < z ≤ 2 . 218 2.057 −0.22 σ1:1 5/26 = 19 per cent 8/26 = 31 per cent 
2 . 218 < z ≤ 3 . 410 2.373 −1.88 σ1:1 6/27 = 22 per cent 17/27 = 63 per cent 
−23 . 25 < MB ≤ −21 . 90 −22.98 −0.63 σ1:1 5/25 = 20 per cent 12/25 = 48 per cent 
−23 . 80 < MB ≤ −23 . 25 −23.55 −0.05 σ1:1 6/26 = 23 per cent 7/26 = 27 per cent 
−24 . 20 < MB ≤ −23 . 80 −23.97 −0.26 σ1:1 7/26 = 27 per cent 8/26 = 31 per cent 
−27 . 80 < MB ≤ −24 . 20 −24.52 −2.18 σ1:1 5/27 = 19 per cent 18/27 = 67 per cent 
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urthermore, the less-pronounced contribution of the AGN towards 
he total radio emission may be a consequence of the sensitivity of

eerKAT towards diffuse emission, which enables a greater fraction 
f the star formation in the host galaxy to be detected. Hence, further
ork on larger samples selected in the MIGHTEE fields (White et al.,

n preparation) are needed to investigate how the fraction of AGN- 
ominated sources (with respect to the total radio-emission) varies 
s a function of stellar mass, as well as redshift and radio luminosity.

.4.3 Binning by redshift and absolute optical magnitude 

or this work, given the size of the quasar sample, we first investigate
ow the AGN-dominated fraction and possible-starburst fraction 
ary across four redshift bins. (See Fig. 6 for demarcation of these
edshift bins.) This is done in order to take into account the impact of

almquist bias on the sample properties, where intrinsically more- 
uminous sources tend to be detected at higher redshifts. For each 
f these four subsets, we simplify the analysis by calculating these 
ractions for all quasars within that redshift bin (without any detection 
hresholds being applied). The results are presented in Table 5 and 
llustrated in Fig. 9 . 

For the AGN-dominated fraction, this is relatively constant across 
he redshift bins, with values ranging from 19 to 27 per cent.
urprisingly, for the third redshift bin, we see that one of the radio-

oud quasars (identified in Fig. 5 ) lies on the one-to-one relation
ather than below it, as expected. This lends further support to the
ndings of Wong et al. ( 2016 ) that the properties of quasars may
conspire’ in such a way as to mimic normal star-forming galaxies. 

More significant than the (lack of) trend in the AGN-dominated 
ractions is the sudden increase in the possible-starburst fraction 
or the highest redshift bin (going from 31–38 per cent to 63 per
ent). It is most likely that the FIR-derived SFR is being severely
verestimated at these highest redshifts, as demonstrated by SED- 
tting analyses (Symeonidis 2022 ; Symeonidis et al. 2022 ). This is
ecause, whilst it is assumed that all of the FIR emission is the
esult of star formation in the host galaxy 12 , AGN heating of
he dust becomes more significant and eventually becomes the 
ominant contribution towards the FIR emission . As suggested 
2 A reminder that our FIR luminosities have already had the AGN component 
ubtracted as a part of SED-fitting. 

u
w  

f
H  
y Symeonidis ( 2022 ), the AGN is believed to be able to heat
he dust at kpc scales, which is not taken into account for most
GN models that are used in SED-fitting. Overestimates of the FIR-
erived SFRs therefore mean that the AGN contribution towards the 
otal radio emission is underestimated , and so – particularly for the
ourth redshift bin, where the optical luminosities are the highest 
Fig. 6 ), and the disparity is more severe (Symeonidis et al. 2022 )
our ‘AGN-dominated’ fractions should be treated as lower limits 

see also Cook et al. 2024 ). Further support for this is provided by
ymeonidis & Page ( 2021 ), where the proportionality in the SFR–LIR 

elation ‘breaks down’ once the fraction of galaxies that are ‘AGN-
owered’ (albeit with respect to the IR emission) is � 0 . 35 (see their
g. 9). 
However, the trend with redshift could be the result of a

enuine increase in the typical SFR of galaxies, as would be
xpected from the evolution of the cosmic SFR density (e.g. 

adau et al. 1996 ; Malefahlo et al. 2022 ). This is supported
y the redshift-evolution (and quasar–luminosity dependence) work 
y Bonfield et al. ( 2011 ) on the host galaxies of quasars, with
IR ∝ Lθ

QSO (1 + z)ζ (where θ = 0 . 22 ± 0 . 08 and ζ = 1 . 6 ± 0 . 4).
hey also found that for the eight quasars (1 . 1 < z < 2 . 3) that had
ood FIR detections in all three SPIRE bands, the FIR luminosities
panned 6 × 1012 < LIR / L� < 2 × 1013 (cf. Appendix E ) for con-
istent grey-body dust temperatures of Td ∼30 K. Given the redshifts 
f these quasars (see e.g. De Zotti et al. 2024 ), they are likely to be
ources that exhibit both AGN and starburst activity, like our own
ample. 

Next we consider how the AGN-dominated and possible-starburst 
ractions vary with absolute optical-magnitude, MB . (Again, see Fig. 
 for demarcation of these bins.) For unobscured quasars (like the
urrent sample), the optical luminosity can be used as a proxy for
he accretion rate and, as shown by White et al. ( 2017 ), this is more
losely correlated with the accretion component of the total radio- 
uminosity than the star-formation component of the total radio- 
uminosity. However, that study was for a sample of quasars all at
 ∼ 1, whereas the optical-magnitude bins applied in the current 
ork encompass a range of redshifts per bin. 
First, we note how all of the data points appear to move in

nison towards higher SFRs with increasing MB , generally in parallel 
ith the one-to-one relation (see Fig. 10 ). This is as expected

or two SFR estimates being derived for a flux-limited sample. 
owever, the scatter in the FIR-related SFR appears to translate to the
MNRAS 541, 3636–3663 (2025)
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M

Figure 9. A comparison of the same star-formation rates (SFRs) as in Fig. 8 (b) for quasars in the COSMOS and XMM–LSS fields. The SFR estimate on the 
abscissa axis assumes that all of the radio emission can be attributed to star formation, and so lies on the IRRC (equation 6 ) determined by Delhaize et al. ( 2017 ). 
Here, the sample has been divided into four redshift bins, with each having its own calculation of the error in the Delhaize–SFR via the median redshift for that 
bin (blue-dotted lines). However, the redshift dependence is too small to be discernible in these log–log plots. The dash–dotted line represents where the two 
SFR estimates are equal to each other, and the black dashed lines indicating the total error in the one-to-one relation (i.e. the 1 σ1:1 calibration error in both the 
Delhaize–SFR and the SED3FIT–SFR). In all panels, the darker-blue data points represent the quasars detected above 3 σ in both the radio and the FIR, and the 
light-blue data points represent all of the quasars within that redshift bin. 
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ossible-starburst fraction showing no trend with optical magnitude
Table 5 ). What is notable, again, is that the possible-starburst
raction exceeds 60 per cent for the fourth bin (in this case,
27 . 80 < MB ≤ −24 . 20). This is likely due to this bin containing

he highest redshifts and therefore the highest FIR luminosities
via the Malmquist bias), and so is subject to the same breakdown
n assumption described earlier for the highest-redshift bin
Symeonidis & Page 2021 ; Symeonidis 2022 ; Symeonidis et al.
022 ). Furthermore, since the gas that fuels the accretion process is
ikely to also fuel star formation, we may expect the quasars with the
argest stellar masses to be present within this brightest-magnitude
in. As such, the IRRC relation by Delhaize et al. ( 2017 ) – derived
or normal star-forming galaxies – is most discrepant for this bin
Delvecchio et al. 2021 ), and the different effects compound in such
 way that we see the greatest separation of the data points from the
ne-to-relation, at 2.18 σ (Table 5 ) above the line. 
NRAS 541, 3636–3663 (2025)

r  
.4.4 Additional comparison with work in the literature 

eanwhile, Jarvis et al. ( 2019 ) observe 10 z < 0 . 2 obscured quasars,
ith the JVLA (at 0.25–1.0 arcsec resolution) and find extended

adio structures (i.e. evidence of radio jets) for nine of them. They
ave radio luminosities of L1 . 4 GHz = 1023 . 3 −24 . 4 W Hz−1 , whilst our
ample probes quasars at higher redshifts (Fig. 3 ) and with radio
uminosities of L1 . 4 GHz = 1021 . 4 −26 . 4 W Hz−1 (the median being
023 . 5 W Hz−1 when considering the full sample, and 1023 . 8 W Hz−1 

hen considering the quasars that are detected at a > 3 σ level in the
adio). Jarvis et al. ( 2019 ) find that their sources are significantly
ffset ( > 3 σ ) from the FIRC of Bell ( 2003 ), and the accompa-
ying integral-field spectroscopy of the warm ionized gas shows
ospatiality of distinct kinematic components with these jet/lobe
tructures. Jarvis et al. ( 2021 ) follow-up their work with a sample of
2 optically-luminous ( L[OIII ] > 1042 . 11 erg s−1 ) quasars of median
adio-luminosity, L1 . 4 GHz = 1023 . 8 W Hz−1 (also at z < 0 . 2). The



A first look at MIGHTEE quasars 3651

Figure 10. A comparison of the same star-formation rates (SFRs) as in Fig. 8 (b) for quasars in the COSMOS and XMM–LSS fields. The SFR estimate on 
the abscissa axis assumes that all of the radio emission can be attributed to star formation, and so lies on the IRRC (equation 6 ) determined by Delhaize et al. 
( 2017 ). Here, the sample has been divided into four optical-magnitude bins, and the median redshift for the whole sample is used to calculate the error in the 
Delhaize–SFR (blue dotted lines). The dash–dotted line represents where the two SFR estimates are equal to each other, with the black dashed lines indicating 
the total error in the one-to-one relation (i.e. the 1 σ1: calibration error in both the Delhaize–SFR and the SED3FIT -SFR). In all panels, the darker-blue data points 
represent the quasars detected above 3 σ in both the radio and the FIR, and the light-blue data points represent all of the quasars within that magnitude bin. 
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.3–1.0-arcsec spatial resolution of the JVLA data again reveals 
xtended radio structures for 67 per cent of the sample, noting that
0–21 per cent are classified as ‘radio loud’ via traditional methods. 
Jarvis et al. ( 2021 ) also have FIR data for 13 of the 42 quasars,

nd within this subset (which includes only one ‘radio loud’ quasar; 
ee their table 2) they find that 77 per cent of the sources have
adio emission that exceeds that expected from star formation alone. 
his is based on a threshold of qIR < 1 . 64 (Helou et al. 1985 ), and

or quasars at z = 0 . 1–0.2 (to be consistent with Jarvis et al. 2019 ,
021 ), we calculate qIR < (2 . 806 ± 0 . 010) via the IRRC of Delhaize
t al. ( 2017 ; equations 6 and 7 ). Our more-relaxed criterion
eans that our work may be exploring a more-representative 

ample of radio-quiet quasars (i.e. not restricted to the most 
ptically-luminous sources), with a higher fraction of the radio 
mission being due to star formation. This higher star-formation 
raction is in agreement with the work of Gürkan et al. ( 2019 ), who
tudied the 144 MHz radio-emission of optically selected quasars and 
pplied a low-frequency-specific FIRC to their sample. However, we 
ote that White et al. ( 2017 ) apply a similar q threshold as our-
elves ( q125 = log 10 [( L125μm 

/ (W Hz −1 )) / ( L1 . 5 GHz / (W Hz −1 ))]) of 
.65, and find that AGN-related processes account for at least 
0 per cent of the radio emission from their sample of 70
uasars at 0 . 9 < z < 1 . 0 (see their table 4). As mentioned earlier
ithin Section 4.4.1 , this monochromatic FIRC is based upon 

he work of Smith et al. ( 2014 ), who find that the relation
oes not evolve with redshift (but has a strong dust-temperature 
ependence). 
Another explanation for the smaller fraction of quasars with 

GN-dominated radio emission found in this work (14–22 per 
ent; Section 4.4.2 ) is that we are probing to a lower 1.4-GHz
adio flux-density limit ( ≈ 3.0 μJy) than the work of both White
t al. ( 2015 ) ( ≈17.5 μJy) and White et al. ( 2017 ) ( ≈30.9 μJy),
here there may be a larger contribution from star-forming 
rocesses (Wilman et al. 2008 ; Bonaldi et al. 2019 ; Gürkan et al.
MNRAS 541, 3636–3663 (2025)
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019 ; Hale et al. 2025 ). This is consistent with the interpretation by
awcett et al. ( 2020 ) of the origin of the radio emission for radio-
uiet quasars (see their section 4.1), who, in addition, find that 56
er cent of a 70-strong sample of Herschel -detected quasars have
GN-dominated radio emission (see their fig. 12). This is based
pon extrapolation of 3 GHz measurements to 1.4 GHz, following a
ypical power-law function with spectral index, α = −0 . 7. 

Meanwhile, Rosario et al. ( 2020 ) also suggest a more-significant
ontribution from star formation for lower radio luminosity sources,
nd we note that our sample includes luminosities that are ∼2 orders
f magnitude lower (at L144 MHz ∼ 4 × 1022 W Hz−1 , again scaling
ia α = −0 . 7) than their work (e.g. see their fig. 4). Furthermore,
ike Rosario et al. ( 2020 ), Rankine et al. ( 2021 ) use the first data
elease of the LOFAR (LOw-Frequency ARray) Two-metre Sky
urvey (LoTSS; Shimwell et al. 2019 ; Williams et al. 2019 ) to study

he radio properties of quasars in the SDSS DR14Q catalogue of
ˆ aris et al. ( 2018 ). Their alternative approach to simulating a SFR
istribution for their quasar sample again suggests that star formation
ould be contributing a significant fraction of the radio emission, up to
144 MHz = 1026 W Hz−1 , with their best-fitting quasar sample model

see their fig. 10) having a median SFR of ≈ 30 M� yr−1 and a mean
FR of ≈ 420 M� yr−1 . Rankine et al. ( 2021 ) also consider jets and
inds as possible mechanisms for the origin of the radio emission,
ut can only conclude that there are likely to be multiple overlapping
ontributions. 

In favour of the wind explanation, Zakamska & Greene ( 2014 )
tudy obscured, radio-quiet quasars at z < 0 . 8 and find that the
elocity width of the [O III ] λ5007 Å emission line (indicative of
utflow in the narrow-line region) is positively correlated with both
he mid-infrared luminosity (tracing the dust that is heated by the
ccretion disc) and the level of radio emission. The latter is thought
o be the result of shock fronts generated via the outflow impacting
pon the interstellar medium. These observations were extended by
wang et al. ( 2018 ) to a sample of extremely red quasars (ERQs)

t higher redshift (2 < z < 4), but the 1.3 arcsec resolution of their
.2 GHz radio data is insufficient to rule out the possibility that the
inematics could be due to compact radio jets rather than quasar-
riven winds. High-resolution ( ∼1.0 arcsec) radio-images are also
btained by Smith et al. ( 2020 ) (at 22 GHz) for 100 radio-quiet, X-
ay-selected AGN (0 . 003 < z < 0 . 049), and they detect kiloparsec-
cale radio structures for 11 of them 

13 . Aided by the CO observations
hat they have for the entire sample, they are able to infer the

olecular-gas mass of the system and estimate the energy required to
ject this gas from the galaxy. Comparing this ejection-energy with
utput-energy estimates for (i) a radiative-AGN outflow scenario,
nd (ii) a small scale radio jet scenario, they reason that the former
s the more likely explanation for the radio structures that are seen,
n order to achieve the level of suppressed star-formation that is
bserved in the host galaxies. 

.4.5 Summary 

e have explored the impact of different SFR estimates on the
nalysis of the radio emission from quasars detected in the COSMOS
nd XMM–LSS fields of MIGHTEE. We find that the relation that
s used to derive a SFR estimate through radio data has a greater
mpact than the FIR-based SFR relation (in terms of the results
hat we obtain via the ‘radio-excess’ analysis method), but note
hat the latter may be more significant for high optical-luminosity
NRAS 541, 3636–3663 (2025)

3 For interest, these 11 sources have S1 . 4 GHz ranging from 6.6 to 454.6 mJy. 

t  

d  

r  
GN (towards which quasars at higher redshifts will be biased).
ompared with previous work (e.g. White et al. 2015 , 2017 ), we
nd that a less-pronounced fraction of the radio emission can be
ttributed to accretion activity, and there is a greater prevalence of
possible) starbursts. As mentioned, this is likely a combination of the
xcellent sensitivity of MeerKAT towards star-formation activity, and
hat our sample is more representative of the wider quasar population.
owever, we caution that the low resolution of FIR data (which could
lend together the FIR emission of unrelated sources) complicates
he interpretation. 

Given that Gürkan et al. ( 2018 ), Delvecchio et al. ( 2021 ), and
cCheyne et al. ( 2022 ) find the IRRC to be strongly dependent on

tellar mass , we explore the AGN versus star-formation fractions
urther with a larger sample of MIGHTEE quasars (White et al.,
n preparation) and encourage the consideration of dust temperature
e.g. Bonfield et al. 2011 ; Smith et al. 2014 ), in addition. 

 C O N C L U S I O N S  

n this work, we study a sample of 104 unobscured (Type-1) quasars
ithin the COSMOS and XMM–LSS fields of the MIGHTEE survey

Section 2.3 ), selected via gJ Ks colour-space (Section 3 ) and reach-
ng 1.3-GHz flux-densities of rms ≈ 3.0 μJy beam−1 (Section 4.1 ).
hanks to the large, multiwavelength data sets that are available over

hese fields, the properties of radio-loud and radio-quiet quasars can
e studied in a statistically-robust way (White et al., in preparation),
ith the emphasis of this work being on the AGN-related and

tar-formation-related contributions to the total radio emission. A
tandard method for such analysis is to compare a radio-derived
FR estimate with a (F)IR-derived SFR estimate, and we employ
ultiple combinations (Table 4 ) so that our results can be compared
ore-easily with others in the literature. 

(i) Our quasar sample is spectroscopically complete to Ks =
1 . 0 mag, meaning that we can study systems that include old stellar
opulations (that may have lower levels of star formation). 
(ii) These spectroscopic redshifts were carefully compiled from

revious work (Appendix A ), and supplemented by four new red-
hifts via optical spectroscopy from the Southern African Large
elescope (Appendix B ). The final redshift range of the sample is
 . 60 < z < 3 . 41 (Fig. 3 ), with median redshift, z = 1 . 68. 
(iii) The MIGHTEE images have a thermal noise of 1.5–

.6 μJy beam−1 (Heywood et al. 2022 ; Hale et al. 2025 ), and
ased on Gaussian fitting to pseudo-random positions in the radio
aps, we determine the confusion noise to be at the level of 2.5–

.6 μJy beam−1 . Considering the total-noise estimate per quasar , we
etect 81 of the 104 quasars at the 3 σ level (Section 4.1 ). Those that
re undetected remain in the subsequent statistical analysis. 

(iv) Based upon the radio-loudness parameter defined by Keller-
ann et al. ( 1989 ), R = S5 GHz /S4400 Å , we determine a radio-

oudness fraction of 5 per cent (Section 4.2 ), which is consistent
ith other quasar samples in the literature (e.g. Rankine et al. 2021 ).
(v) The SFR–L1 . 4 GHz relation of Yun et al. ( 2001 ) is often applied

o the radio luminosity of faint radio sources (e.g. White et al. 2015 ,
017 ), under the assumption that all of the radio emission is due
o star-forming processes. Therefore, when this value exceeds the
FR estimated via FIR data (as an independent, best tracer of star
ormation), we can interpret this ‘radio excess’ as the source having
ts radio emission dominated by AGN-related processes. For quasars
hat are detected at the 3 σ level in both the radio data and the FIR
ata, we find that the fraction of sources that are AGN-dominated
anges from 22 per cent [when we apply the SFR relation of Kennicutt
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 1998b ) to the SED-fitted IR luminosities] to 58 per cent [when the
FR is instead estimated directly via SED-fitting with SED3FIT 

Berta et al. 2013 )]. Alongside this, the fraction of sources (across
he full sample) that are possible starbursts is at the level of 5–16 per
ent (Section 4.4.1 , Table 4 ). 

(vi) Delhaize et al. ( 2017 ) found the IRRC to be dependent on
edshift, and we take this into account by applying equations ( 6 ) and
 8 ) to the radio luminosity in order to estimate the expected ‘radio-
erived’ SFR. (Again, this is based on the assumption that all of the
adio emission can be explained by star formation, and so the quasar
ies directly on the IRRC.) For quasars that are detected at the 3 σ level
n both the radio data and the FIR data, we find that the fraction of
ources that are AGN-dominated ranges from 11 per cent [when the 
elhaize et al. ( 2017 ) SFR-estimate is compared with the Kennicutt

 1998b ) SFR-estimate, the latter based on SED-fitting of only the FIR
ata] to 20 per cent [when the Delhaize et al. ( 2017 ) SFR-estimate
s compared with the SED3FIT (Berta et al. 2013 ) SFR-estimate, the
atter being derived over optical-to-FIR data]. These lower fractions 
re evident from comparing Fig. 8 with Fig. 7 , where the latter has a
reater fraction of data points below the one-to-one relation (dashed 
ine). Meanwhile, the fraction of ‘possible starbursts’ is higher than 
reviously, ranging from 27 per cent to 43 per cent for the full sample
Section 4.4.2 ). 

(vii) Compared with previous work (White et al. 2015 , 2017 ), 
e find a lower fraction of the quasar sample has radio emission

hat is dominated by the AGN, which may be a combination of: (a)
he lower radio flux-density limit of the radio images, enabling 
 greater sensitivity to the lower radio luminosities associated 

ith star formation; (b) the redshift-dependence of the IRRC 

Delhaize et al. 2017 ) leading to a more-accurate radio-derived 

FR-estimate than the SFR–L1 . 4 GHz relation of Yun et al. ( 2001 ), 
nd (c) our selection resulting in a more-representative sample 
f the quasar population. 
(viii) We also calculate the AGN-dominated fraction and the 

ossible-starburst fraction across four redshift bins (Section 4.4.3 , 
able 5 ). Whilst the AGN-dominated fraction is relatively consistent 
19–27 per cent), the fraction of possible starbursts increases dramat- 
cally from 31–38 per cent to 63 per cent for the highest-redshift bin.
his is likely due to the IRRC by Delhaize et al. ( 2017 ) being derived

or normal star-forming galaxies, and so becoming less suitable for 
ssessing the level of radio emission for starburst systems, which are 
revalent at higher redshift. 
(ix) We also investigate how the fractions vary with optical 

uminosity, and find that the fraction of possible starbursts is higher 
han the fraction of AGN-dominated sources for each optical- 
uminosity bin (Section 4.4.3 , Table 5 ). This is likely due to the
arying redshifts sampled per bin, with the contribution of the AGN 

owards the IR emission becoming more significant at higher 
edshifts/FIR luminosities (Symeonidis & Page 2021 ; Symeonidis 
022 ; Symeonidis et al. 2022 ), leading to an overestimation 

f the FIR-derived SFR and therefore an underestimation of 
he AGN-dominated fraction 

14 . Since our FIR luminosities have 
lready had the AGN component subtracted, this means that the 
GN contribution towards the IR emission is actually higher than 
ccounted for in the SED-fitting. 

(x) A consequence of the higher incidence of starbursts at higher 

edshifts is that it becomes more difficult to use the ‘radio-excess’ 

4 Relatedly, we note that (for example) Ma et al. ( 2018 ) find, through 
ED-fitting, that the contribution of the AGN towards the IR emission of 
 gravitationally lensed starbust, at z ∼ 1, is ‘negligible’. 

C
a

n
T
t

ethod to determine whether or not the AGN is dominating the total
adio emission in the system. As such, methods for selecting and
nalysing AGN will need to be considered more carefully. 

In future work, we will extend the analysis of AGN-versus-SF 

ontributions to the total radio emission, as a function of stellar
ass and redshift, with a larger sample of ∼1600 sources that also

ncludes obscured (Type-2) quasars. As to the origin of the AGN-
elated radio emission in radio-quiet quasars, higher-resolution radio 
ata ( � 1 arcsec) could help to identify the presence of small-scale
adio-jets (e.g. Morabito et al. 2025 ). Where they are absent, the gas
inematics revealed by integral-field spectroscopy may still indicate 
n AGN outflow (generated via quasar winds, or relativistic jets that
emain undetected in the radio images). How the radio properties vary 
ith black-hole mass, accretion rate, and magnetic-field strength also 
arrants further investigation. 
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PPENDIX  A :  ASSESSING  EXISTING  

PECTROSCOPIC  REDSHIFTS  

e collate spectroscopic redshifts for our sample of 104 quasars (at
s < 21 . 0; Section 3.1 ) using the following catalogues: Milliquas

Flesch 2021 ), reanalysis of spectra for G10 (Davies et al. 2015 ),
RIMUS (Cool et al. 2013 ), zCOSMOS-bright (Lilly et al. 2009 ),
zDES (Lidman et al. 2020 ), and 2XLSSd (Melnyk et al. 2013 ).
NRAS 541, 3636–3663 (2025)

able A1. An overview of the redshifts considered for the 23 quasars within the 
nes, which are indicated via the G10 ‘use’ flag being set to ‘4’. The redshift used i
n the final column) encompasses the range of redshift values that are deemed to
eliable redshift value, the measurement error from that survey is quoted instead. A
COSMOS-bright, and PRIMUS), where the Milliquas catalogue includes redshif
t al. ( 2010 ), 1483 = Prescott et al. ( 2006 ), 1885 = Trump et al. ( 2007 ), 1886 = Tr

.A. Dec. Milliquas Milliquas G10 G10 
hms) (dms) z reference ‘best’ z ‘use’ flag 

9:57:58.40 + 02:17:29.1 – MQ 2 .220 4 
9:58:22.18 + 01:45:24.1 1 .964 DR16Q 1 .963 1 
9:58:26.67 + 02:28:18.1 – – 0 .411 3 
9:58:48.86 + 02:34:41.1 1 .547 DR16Q 1 .541 1 
9:59:34.82 + 02:02:49.9 2 .182 0272 2 .181 1 
9:59:44.79 + 02:40:48.8 1 .405 0272 1 .405 1 
0:00:01.44 + 02:48:44.7 0 .767 DR16Q 0 .765 1 
0:00:11.23 + 01:52:00.2 2 .411 0272 2 .415 2 
0:00:12.44 + 01:40:57.9 2 .277 1886 2 .276 1 
0:00:12.91 + 02:35:22.8 0 .699 DR16Q 0 .698 1 
0:00:14.09 + 02:28:38.6 1 .253 1483 1 .255 1 
0:00:51.92 + 01:59:19.3 2 .240 1483 2 .230 1 
0:00:55.39 + 02:34:41.4 1 .404 DR16Q 1 .402 1 
0:00:56.70 + 02:17:20.9 2 .078 0272 0 .748 3 
0:01:16.95 + 01:38:04.1 0 .748 0272 0 .299 1 
0:01:23.98 + 02:14:46.0 0 .894 1885 0 .895 1 
0:01:24.74 + 01:57:38.7 1 .173 C-COSM 1 .166 2 
0:01:28.01 + 02:18:19.2 1 .187 1885 1 .177 2 
0:01:32.81 + 01:57:59.9 1 .530 1483 1 .536 1 
0:01:41.41 + 02:00:50.9 2 .277 1885 1 .075 3 
0:01:43.04 + 01:49:31.9 2 .076 1885 1 .270 4 
0:02:08.55 + 01:45:53.6 2 .215 1885 0 .223 3 
0:02:51.85 + 01:46:09.7 2 .459 DR16Q 2 .459 1 
ue to the redshift values differing between catalogues by varying
mounts (from source to source), we summarise our decisions
hrough Tables A1 and A2 . Where there are multiple reliable redshifts
as deemed by the respective catalogues), we take the median redshift
except in the case of one COSMOS source, as explained below). 

The G10 catalogue incorporates information from zCOSMOS-
right and PRIMUS, as well as SDSS – which is redundant against
illiquas—and the VIMOS-VLT Deep Survey (VVDS; Le Fèvre

t al. 2013 ) – which provides no redshifts for our COSMOS quasars.
or the single COSMOS source where only a photometric redshift is
vailable (RA = 09:57:58.40, Dec. = + 02:17:29.1), we obtain SALT
pectroscopy (Section 3.2 ). For the quasar at RA = 10:01:16.95,
ec. = + 01:38:04.1 we note significant discrepancy between the
10 ‘best’ z value (accompanied by a ‘use’ flag of ‘1’, meaning

Reliable high resolution spectroscopic redshift – spectrum has been
isually inspected and redshift is good’; Davies et al. 2015 ) and the
COSMOS-bright z value (with a quality flag that confirms that it
s a quasar, has ‘a very secure redshift’, and that ‘the spectroscopic
nd photometric redshifts are consistent to within 0 . 08(1 + z)’; Lilly
t al. 2009 ). Also provided in the G10 catalogue is the ‘class’ (or
generation’) flag, Z GEN, which (for this source) indicates that
he newly-fitted A UTOZ redshift and the zCOSMOS-bright redshift
agree at a δz < 0 . 1 z level ( < 10 per cent error). AUTOZ redshift
sed’. This level of agreement is true for the second best-fitting
UTOZ value (AUTOZ2 = 0.745) but not for the best-fit AUTOZ
alue (AUTOZ1 = 0.299) that has been adopted. Therefore, we
roceed with the zCOSMOS-bright z value for this source, and
stimate its error to be 0 . 08(1 + 0 . 747) = 0 . 140. 
COSMOS field. All are spectroscopic redshifts except for two photometric 
n our analysis of the radio emission is shown in bold, and its error (provided 
 be reliable (via the various ‘use’/‘quality’ flags). Where there is only one 
ppendix A lists the references for the catalogues involved (Milliquas, G10, 

ts from: MQ = Flesch ( 2021 ), DR16Q = Lyke et al. ( 2020 ), 0272 = Brusa 
ump et al. ( 2009 ), and C-COSM = Marchesi et al. ( 2016 ). 

zCOSMOS- zCOSMOS-bright PRIMUS PRIMUS Error 
bright z quality z quality in z 

– – – – –
– – – – 0 .001 
0 .692 13 .5 – – 0 .135 
1 .541 13 .5 1 .539 4 0 .006 
2 .181 18 .5 2 .203 4 0 .021 
1 .405 18 .1 1 .407 4 0 .002 
– – – – 0 .002 
– – 2 .415 4 0 .004 
2 .272 18 .5 – – 0 .004 
0 .696 13 .5 – – 0 .002 
1 .255 13 .5 1 .269 3 0 .014 
2 .230 13 .5 2 .254 4 0 .014 
1 .401 13 .5 – – 0 .002 
2 .077 12 .1 – – 0 .001 
0 .747 13 .5 – – 0 .140 
0 .895 3 .5 0 .887 4 0 .002 
– – 1 .166 4 0 .007 
– – 1 .177 3 0 .010 
1 .536 13 .5 1 .537 4 0 .006 
2 .268 18 .3 – – 0 .009 
2 .084 14 .5 – – 0 .008 
2 .203 18 .5 – – 0 .012 

– – – – 0 .001 

as/article/541/4/3636/8209893 by guest on 03 August 2026
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Table A2. An overview of the spectroscopic redshifts considered for the 81 quasars within the XMM-LSS field. The redshift used in our analysis of the 
radio emission is shown in bold, and its error (provided in the final column) encompasses the range of redshift values that are deemed to be reliable (via the 
various ‘use’/‘quality’ flags). Where there is only one reliable redshift value, the measurement error from that survey is quoted instead. Appendix A lists 
the references for the catalogues involved (Milliquas, OzDES, 2XLSSd and PRIMUS), where the Milliquas catalogue includes (further to those mentioned 
in Table A1 ) redshifts from: 0646 = Garilli et al. ( 2014 ), 0650 = Gavignaud et al. ( 2006 ), 1042 = Lacy et al. ( 2013 ), 1340 = Nakos et al. ( 2009 ), 1566 = 

Rowan-Robinson et al. ( 2013 ), 1689 = Sharp et al. ( 2002 ), 1713 = Simpson et al. ( 2006 ), 1718 = Smail et al. ( 2008 ), 2032 = White et al. ( 2015 ), DR16 = 

Ahumada et al. ( 2020 ), VIPERS = Scodeggio et al. ( 2018 ), XLSS = Stalin et al. ( 2010 ), XMSS = Barcons et al. ( 2007 ), and XWAS = Esquej et al. ( 2013 ). 

R.A. Dec. Milliquas Milliquas OzDES OzDES 2XLSSd 2XLSSd PRIMUS PRIMUS Error 
(hms) (dms) z reference z quality z quality z quality in z 

02:15:24.99 −04:53:54.0 0 .713 DR16Q 0.713 4 9.999 9 0.709 4 0 .004 
02:15:43.28 −05:04:04.4 1 .602 0646 – – – – – – 0 .001 
02:16:14.40 −05:22:48.4 2 .253 DR16Q – – 9.999 9 – – 0 .001 
02:16:41.63 −04:52:26.0 1 .061 0646 1.064 4 – – 0.160 4 0 .003 
02:16:47.70 −04:16:51.7 2 .026 DR16Q 2.023 4 9.999 9 – – 0 .003 
02:16:55.32 −05:23:35.5 2 .221 DR16Q – – – – – – 0 .003 
02:17:03.86 −05:31:40.7 2 .281 1718 – – 2.290 1 – – 0 .009 
02:17:05.30 −04:23:13.6 2 .222 DR16Q 0.784 3 9.999 9 – – 0 .001 
02:17:11.99 −04:46:20.0 1 .102 1689 1.103 4 – – – – 0 .001 
02:17:30.58 −05:22:22.8 2 .477 1718 – – – – 2.502 4 0 .025 
02:17:34.97 −04:29:51.7 1 .080 DR16Q −9.999 1 1.080 1 – – 0 .001 
02:17:46.63 −04:49:50.2 2 .145 1566 – – 2.140 1 2.149 4 0 .005 
02:17:57.23 −05:02:16.4 1 .087 1042 – – 1.088 1 1.094 4 0 .006 
02:18:01.24 −04:38:19.6 1 .064 1566 – – – – 1.062 3 0 .002 
02:18:09.04 −04:47:50.0 2 .215 1566 – – 2.220 1 2.217 4 0 .003 
02:18:17.44 −04:51:12.4 1 .083 1689 1.083 4 1.081 1 – – 0 .002 
02:18:20.48 −05:04:26.4 0 .649 XMSS 0.650 4 0.650 9 0.651 4 0 .001 
02:18:24.43 −04:39:45.4 1 .312 0646 – – – – 1.303 4 0 .009 
02:18:27.29 −05:34:57.5 2 .583 1713 – – 2.579 1 2.594 4 0 .011 
02:18:30.45 −04:22:00.5 2 .371 DR16Q – – – – – – 0 .001 
02:18:45.94 −05:28:06.5 1 .570 1718 – – – – 1.570 4 0 .008 
02:19:24.30 −05:11:49.7 2 .532 1718 – – 2.540 1 2.532 4 0 .008 
02:19:49.16 −05:29:25.9 2 .031 VIPERS – – 9.999 9 – – 0 .002 
02:19:58.77 −04:52:20.0 1 .204 DR16Q – – – – 1.215 4 0 .011 
02:20:01.64 −05:22:17.1 2 .215 XLSS 2.219 4 2.220 1 – – 0 .004 
02:20:15.60 −04:48:30.2 2 .800 0646 – – – – – – 0 .002 
02:20:46.21 −04:20:38.4 2 .135 XLSS 2.129 3 2.120 1 – – 0 .009 
02:20:58.34 −04:11:49.9 3 .200 XLSS – – 3.200 3 – – 0 .001 
02:21:37.73 −04:31:24.9 1 .714 DR16Q – – – – 1.716 4 0 .002 
02:21:37.90 −05:13:36.9 1 .109 XLSS 1.110 4 – – – – 0 .001 
02:21:39.48 −04:50:04.1 2 .444 XLSS – – – – 2.431 4 0 .013 
02:22:14.49 −04:31:33.7 1 .817 DR16Q – – 9.999 9 1.807 4 0 .010 
02:22:15.99 −05:16:01.3 1 .230 XLSS – – 1.230 1 – – 0 .001 
02:22:36.10 −04:33:08.0 1 .215 XLSS – – 1.210 1 – – 0 .005 
02:22:37.89 −04:11:40.4 1 .496 DR16Q – – 9.999 9 1.490 4 0 .006 
02:22:38.60 −04:43:22.8 1 .557 XLSS – – – – – – 0 .001 
02:22:39.18 −04:41:57.8 1 .189 DR16Q – – – – – – 0 .001 
02:22:39.99 −04:39:22.9 1 .698 DR16Q – – 9.999 9 – – 0 .001 
02:22:54.40 −05:28:54.8 1 .213 DR16Q – – 9.999 9 1.215 4 0 .002 
02:22:56.45 −05:20:55.0 1 .354 XLSS 1.354 3 – – – – 0 .001 
02:23:06.05 −04:33:23.8 1 .084 1340 1.086 3 1.080 1 – – 0 .004 
02:23:09.36 −04:21:50.3 – – – – – – 2.003 4 0 .009 
02:23:19.03 −04:46:14.0 1 .982 XLSS – – 1.980 1 1.989 4 0 .007 
02:23:32.14 −04:57:39.4 0 .602 XLSS 0.602 4 1.900 1 0.602 3 0 .001 
02:23:35.05 −04:34:22.7 2 .208 XLSS – – – – – – 0 .001 
02:23:42.37 −05:22:43.8 2 .037 DR16Q – – 9.999 9 2.035 3 0 .002 
02:23:50.71 −04:27:03.7 1 .190 XLSS – – – – 1.180 4 0 .010 
02:23:55.07 −05:15:39.6 2 .408 DR16Q – – – – – – 0 .001 
02:23:55.13 −04:55:20.1 1 .529 DR16Q – – – – – – 0 .001 
02:24:01.60 −04:40:33.1 1 .180 XLSS 1.187 4 – – 1.187 4 0 .007 
02:24:13.46 −04:52:10.4 2 .489 1340 2.481 4 – – – – 0 .008 
02:24:19.75 −04:03:15.7 2 .276 XLSS – – – – – – 0 .001 
02:24:44.29 −04:19:47.8 1 .607 DR16Q – – 9.999 9 – – 0 .001 
02:24:44.33 −04:45:36.0 – – – – 9.999 9 – – –
02:24:48.69 −04:56:06.9 1 .654 DR16Q 1.648 4 – – – – 0 .006 
02:24:57.57 −04:56:59.5 – MQ – – – – – – –
02:25:03.12 −04:40:25.3 1 .741 XLSS – – 0.270 1 – – 0 .002 
02:25:08.57 −04:25:12.8 – MQ – – – – – – –
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Table A2 – continued 

R.A. Dec. Milliquas Milliquas OzDES OzDES 2XLSSd 2XLSSd PRIMUS PRIMUS Error 
(hms) (dms) z reference z quality z quality z quality in z 

02:25:25.68 −04:35:09.6 2 .166 0650 – – – – 2.168 4 0 .002 
02:25:43.53 −04:28:34.6 3 .415 XLSS 3.406 4 – – – – 0 .009 
02:25:52.16 −04:05:16.2 1 .441 2032 – – 1.438 2 – – 0 .003 
02:25:54.87 −05:13:54.4 1 .256 XWAS 1.258 3 9.999 9 – – 0 .002 
02:25:55.43 −04:39:18.3 1 .030 XLSS – – 1.030 3 – – 0 .001 
02:26:00.99 −05:06:58.2 1 .838 DR16Q – – – – – – 0 .001 
02:26:01.59 −04:59:19.0 1 .660 0646 – – – – – – 0 .001 
02:26:04.13 −04:50:20.4 2 .387 OzDES 2.373 4 – – – – 0 .014 
02:26:12.64 −04:34:01.4 2 .301 XLSS 2.305 4 – – – – 0 .004 
02:26:24.64 −04:20:02.4 2 .236 0650 2.242 4 2.236 1 2.240 4 0 .006 
02:26:33.31 −04:29:47.8 2 .147 2032 – – – – 2.148 4 0 .001 
02:26:40.79 −04:16:36.3 2 .088 DR16Q – – – – – – 0 .001 
02:26:46.98 −04:18:38.1 1 .581 0650 1.579 4 – – 1.582 4 0 .002 
02:26:52.14 −04:05:57.1 1 .430 2032 1.426 4 – – – – 0 .004 
02:26:55.57 −04:42:17.9 2 .306 0646 – – 9.999 9 – – 0 .002 
02:26:59.90 −04:44:30.6 1 .611 0650 1.610 4 1.612 9 – – 0 .001 
02:27:16.12 −04:45:39.0 0 .722 XLSS 0.721 4 0.722 1 – – 0 .001 
02:27:43.87 −05:09:52.6 2 .211 OzDES2 2.211 4 – – – – 0 .001 
02:27:46.51 −04:11:08.6 1 .652 DR16Q 1.647 4 9.999 9 – – 0 .005 
02:27:57.00 −04:01:30.8 1 .907 DR16Q – – 9.999 9 – – 0 .001 
02:28:16.46 −04:59:38.5 0 .706 OzDES 0.706 3 9.999 9 – – 0 .001 
02:28:32.81 −04:22:45.8 1 .757 DR16Q – – – – – – 0 .001 
02:28:35.93 −04:15:56.1 1 .372 DR16Q – – – – – – 0 .001 
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For the XMM–LSS source at RA = 02:17:05.30, Dec. =
04:23:13.6, we favour the DR16Q redshift, having checked the
DSS Science Archive Server (Neilsen 2008 ) and seen that multiple
mission lines are identified. The alternative redshift, from OzDES,
s based upon a single (albeit strong) spectral feature, as indicated by
he quality flag ‘3’. The 2XLSSd quality flag for the quasar at RA =
2:23:32.14, Dec. = −04:57:39.4 indicates that the redshift (1.900) is
good quality (two or more lines in the spectra)’ (Melnyk et al. 2013 ),
ut multiple surveys provide a redshift of 0.602. We err on the side of
aution and proceed with the latter redshift value. A similar scenario
ccurs for the quasar at RA = 02:25:03.12, Dec. = −04:40:25.3, with
 = 1 . 741 and z = 0 . 270 being possibilities. Checking the SDSS
cience Archive Server again allows us to determine which redshift
1.741) to use for our work. In addition, there are three XMM–LSS
uasars for which there are no spectroscopic redshifts available in
he literature, and so we observe these using the Southern African
arge Telescope (SALT) [Section 3.2 ]. 
NRAS 541, 3636–3663 (2025)
PPENDI X  B:  N E W  SPECTROSCOPI C  

EDSHI FTS  

e present new spectra from SALT for one quasar in the COSMOS
eld and three quasars in the XMM–LSS field (Fig. B1 ). These are

he sources for which the ‘Error in z’ column in Tables A1 and A2 was
eft as ‘–’. The derived redshifts, and estimates of the spectroscopic-
edshift errors, are presented in Table B1 . These errors are based
pon the median wavelength-offset for the observed sky emission-
ines, with respect to their reference values. (The photometric-
edshift errors are estimated via the 16th and 84th percentiles of
he probability distribution function associated with the photometric
edshift, as output by LEPHARE – see Section 3 .) 
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Figure B1. SALT spectra for four sources (blue lines): (i) A quasar at z = 2 . 52 (RA = 02:24:44.33, Dec. = −04:45:36.0). Template-fitting shows that a Ly α
line has unfortunately coincided with a chip gap on the CCD. (ii) A quasar at z = 1 . 76 (RA = 02:24:57.57, Dec. = −04:56:59.5). (iii) A quasar at z = 2 . 15 
(RA = 02:25:08.57, Dec. = −04:25:12.8). (iv) A quasar at z = 2 . 42 (RA = 09:57:58.40, Dec. = + 02:17:29.1). The light-blue lines provide an indication of 
the background-sky spectrum, which has been scaled using factors of: (i) 0.07, (ii) 0.07, (iii) 0.04, and (iv) 0.09, so that spectral features can be more-easily 
compared with those of the target spectrum (in order to avoid misidentifying sky emission-lines). 

Table B1. Redshifts derived from SALT longslit spectroscopy (2019-2-SCI- 
046; PI: White) for four quasars (Appendix B ). 

R.A. Dec. photo- SALT 

(hms) (dms) z z 

02:24:44.33 −04:45:36.0 2.52 ± 0.04 2.520 ± 0.008 
02:24:57.57 −04:56:59.5 1.72 ± 0.03 1.760 ± 0.001 
02:25:08.57 −04:25:12.8 1.92 ± 0.04 2.150 ± 0.011 
09:57:58.40 + 02:17:29.1 2.48 ± 0.03 2.420 ± 0.001 
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PPENDI X  C :  FITTING  WI TH  SED3FIT  

n Fig. C1 , we provide examples of the optical-through-to-FIR 

hotometry that is fitted via SED3FIT (Berta et al. 2013 ) to obtain IR
uminosities and star-formation rates (Section 3.3 ). These examples 
re chosen to give an idea of the range of fitting that results from the
ifferent constraints provided by the available FIR-data. 
MNRAS 541, 3636–3663 (2025)
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Figure C1. Examples of SED3FIT fitting (Berta et al. 2013 ) for six sources, with varying degrees of coverage in the FIR (Appendix C ). 
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PPENDIX  D :  R A D I O  LUMINOSITIES  A N D  

ULTIPLE  STA R -FORMATION  RATES  

n Table D1 (available online as Supplementary Material), we
rovide the K -corrected radio-luminosities at 1.4GHz (based upon
easurements from the MIGHTEE images; Section 4.1 ), and
NRAS 541, 3636–3663 (2025)
he SFRs that are used to assess the fraction of quasars that
ave their radio emission dominated by the AGN (Section 4.3 ).
hese fractions are presented in Table 4 and discussed in
ection 4.4 . 
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MNRAS 541, 3636–3663 (2025)
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ee Fig. E1 for validity of the suggestion (Section 4.3 ) that data
oints lying above the one-to-one relation are possibly starburst 
ystems. Such an interpretation also aligns with the evolutionary 
odel of quasars, where they exhibit rapid star-formation as a result

f undergoing gas-rich mergers (e.g. Hopkins et al. 2008 ). 

igure E1. A comparison of star-formation rates (SFRs) for quasars in the
OSMOS and XMM–LSS fields. The SFR estimate on the ordinate axis is
erived through SED-fitting of the infra-red photometry (Section 2.4 ) using
quation (3) of Kennicutt ( 1998b ), which is specifically for starbursts. The
FR estimate on the abscissa axis assumes that all of the radio emission can be
ttributed to star formation, and so lies on the IRRC (equation 6 ) determined
y Delhaize et al. ( 2017 ) at the median redshift of the sample ( z = 1 . 698).
he dash–dotted line represents where the two SFR estimates are equal to
ach other, with the blue-dotted lines indicating the error associated with the
elhaize-SFR, and the dashed lines indicating the total error in the one-to-
ne relation (i.e. the 1 σ1:1 calibration error in both the Delhaize–SFR and
he SED3FIT-SFR, shown in black, and grey dashed lines for 2 σ1:1 , 3 σ1:1 ,
tc.). The error-bars are colour-coded by the signal-to-noise ratio (SNRFIR ) 
or the FIR data (see Section 4.3 ), and symbols indicate the detection level
above or below 3 σ ) for the radio data at 1.3 GHz. The grey markers represent
uasars with IR luminosities that are typical of LIRGs ( > 1011 L�), whilst
he black markers represent quasars with IR luminosities that are typical of
LIRGs ( > 1012 L�). This ‘starbursty’ nature means that the radio emission

s a poorer tracer of star formation than in the case of normal star-forming
alaxies, due to radio emission being produced on longer time-scales than
he IR emission. 
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