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A B S T R A C T 

We use new 144 MHz observations o v er 5634 de g 

2 from the LOFAR (Low Frequenc y Array) Two-metre Sk y Surv e y (LoTSS) 
to compile the largest sample of uniformly selected, spectroscopically confirmed quasars from the 14th data release of the 
Sloan Digital Sk y Surv e y (SDSS-DR14). Using the classical definition of radio loudness, R = log ( L 1.4GHz / L i ), we identify 3697 

radio-loud (RL) and 111 132 radio-quiet (RQ) sources at 0.6 < z < 3.4. To study their properties, we develop a new rest-frame 
spectral stacking algorithm, designed with forthcoming massiv ely multiple x ed spectroscopic surv e ys in mind, and use it to 

create high signal-to-noise composite spectra of each class, matched in redshift and absolute i -band magnitude. We show that RL 

quasars have redder continuum and enhanced [O II ] emission than their RQ counterparts. These results persist when additionally 

matching in black hole mass, suggesting that this parameter is not the defining factor in making a quasi-stellar object (QSO) 
RL. We find that these features are not gradually varying as a function of radio loudness, but are maintained even when probing 

deeper into the RQ population, indicating that a clear-cut division in radio loudness is not apparent. Upon examining the star 
formation rates (SFRs) inferred from the [O II ] emission line, with the contribution from active galactic nucleus removed using 

the [Ne V ] line, we find that RL quasars have a significant excess of star formation relative to RQ quasars out to z = 1.9 at least. 
Given our findings, we suggest that RL sources either preferably reside in gas-rich systems with rapidly spinning black holes, or 
represent an earlier obscured phase of QSO evolution. 

Key words: techniques: spectroscopic – galaxies: active – quasars: general – radio continuum: galaxies. 
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 I N T RO D U C T I O N  

he most luminous manifestations of active galactic nuclei (AGNs) 
re quasi-stellar objects (QSOs), also known as quasars, whose 
olometric luminosity can reach up to 10 47–48 erg s −1 (e.g. Rakshit,
talin & Kotilainen 2020 ; Shen et al. 2020 ). About 5 per cent–
0 per cent of these optically selected sources are found to emit
trongly in the radio band, likely due to the presence of relativistic
ets (Urry & P ado vani 1995 ), while the remaining 90 per cent are
nly weak radio sources, whose emission could be purely a result
f star formation (SF, e.g. Kimball et al. 2011 ; Condon et al. 2013 ;
ellermann et al. 2016 ). This division into radio-loud (RL) and 

adio-quiet (RQ) quasars raises the question of whether these two 
ypes of objects represent physically distinct populations or different 
volutionary stages of a single one. 
 E-mail: m.i.arnaudova@gmail.com 

(  

i

2024 The Author(s). 
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ommons Attribution License ( http:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
To provide an answer to this question, studies have looked into the
istribution of the radio-loudness parameter ( R ; the ratio of radio-to-
ptical flux density or luminosity). Some claim that this distribution is
imodal (e.g. Kellermann et al. 1989 ; Ivezi ́c et al. 2002 ; White et al.
007 ), whilst others present evidence against this bimodality (e.g. 
irasuolo et al. 2003a , b ; Balokovi ́c et al. 2012 ; G ̈urkan et al. 2019 ;
acfarlane et al. 2021 ). Part of the reason for these contradictory

esults could be due to the definition of R . F or e xample, the use of
ptical and radio information leads to inhomogeneous samples as a 
esult of different selection effects. In addition, the R parameter is cal-
ulated using different bands, depending on data availability, which 
ay not give consistent results (Ivezi ́c et al. 2002 ). Finally, both the

ptical and radio emission could be contaminated by the host galaxy,
hile the radio emission could be further complicated by the jet
ower’s dependence on the environment, time, and Doppler boosting 
e.g. Liu, Jiang & Gu 2006 ; G ̈urkan et al. 2019 ; Radcliffe et al. 2021 ).

Another debated issue involves the source of radio emission 
n RQ quasars. In star-forming galaxies, the radio emission is 
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ssociated with SF through free–free emission from H II regions
nd synchrotron radiation from electrons accelerated to relativistic
peeds by supernova remnants (Condon 1992 ). This leads to the
uestion of whether SF in the host galaxy is sufficient to account for
he observed radio emission from RQ quasars. Some studies find that
F is enough (e.g. Kimball et al. 2011 ; Condon et al. 2013 ), whilst
thers argue that it must come from AGN, in the form of small-scale
ets, AGN-driven winds or disc coronal activity (e.g. Laor & Behar
008 ; Zakamska et al. 2016 ; White et al. 2015 ; Symeonidis et al.
016 ; White et al. 2017 ; Morabito et al. 2022 ). 
The nature of jet production in RL quasars is also not clear.

ollowing the work of Blandford & Znajek ( 1977 ), some propose
hat the black hole (BH) spin plays a vital role in powering radio
ets (e.g. Wilson & Colbert 1995 ; Sik ora, Staw arz & Lasota 2007 ;
chekhovsk o y, Narayan & McKinney 2010 ). Ho we ver, due to the
xtreme difficulty in measuring this quantity, it is challenging to test
his model observationally. Another potential physical parameter
nvolved in determining the jet power and thus the distinction
etween RL/RQ quasars is the BH mass. While some authors find
hat radio loudness strongly depends on BH mass (e.g. Gu, Cao &
iang 2001 ; Dunlop et al. 2003 ; McLure & Jarvis 2004 ; Best et al.
005 ; Metcalf & Magliocchetti 2006 ; Chiaberge & Marconi 2011 ),
thers have found only a weak dependence or no dependence at all
e.g. Ho 2002 ; Shankar et al. 2010 ; G ̈urkan et al. 2019 ; Macfarlane
t al. 2021 ). 

To investigate these problems, G ̈urkan et al. ( 2019 ) combined
 sample of optically selected quasars from the fourteenth data
elease of the Sloan Digital Sky Survey (SDSS DR14; P ̂ aris et al.
018 ) with radio observations from the first data release of the
OFAR (Low Frequency Array) Two-metre Sky Survey (LoTSS
R1; Shimwell et al. 2017 ) o v er the Hobby-Eberly Telescope Dark
nergy Experiment spring field (HETDEX; Hill et al. 2008 ) and the
OFAR Herschel Astrophysical Terahertz Large Area Surv e y/North
alactic field (H-ATLAS/NGP; Hardcastle et al. 2016 ). With the high

ensitivity and wide areal co v erage of LoTSS, the authors were able
o study the dependence of the radio-loudness parameter on galaxy
roperties such as redshift, bolometric luminosity, radio luminosity,
H mass, and Eddington ratio. They found that quasars exhibit a
ide continuum of radio properties, with no clear signatures of a
imodality. Given these results, the authors fa v oured the scenario
here both AGN jets and SF contribute to the radio emission in
uasars such that there is no RL/RQ dichotomy, but rather a smooth
ransition between the dominance of these two processes. 

Recently, Macfarlane et al. ( 2021 ) built upon these results by
eveloping a numerical model of the radio flux densities of quasars,
n which the radio emission of every quasar consists of two compo-
ents: AGNs (jets) and SF. This model, coupled with Monte Carlo
imulations, allowed the authors to create quasar mock samples and
ompare them with observations. Their results were found to be in
xcellent agreement with the observed radio flux distributions of
42 000 SDSS quasars as measured in LoTSS DR1 across several

edshift and absolute i -band magnitude ranges. This is consistent
ith a model in which jet production is present in all quasars with a
if ferent po wering ef ficiency such that it leads to a smooth transition
etween the RQ and RL quasar regimes. 

Our work takes a different approach by developing a spectral stack-
ng algorithm and using it with the much larger LoTSS DR2 sample.

ith its e xtensiv e co v erage of 5634 deg 2 , LoTSS DR2 provides a
uch larger observational volume, resulting in a substantial increase

f RL quasars. Employing our stacking techniques on this expanded
ata set allows us to systematically create composite spectra for
ach radio class in a given parameter regime (i.e. redshift, i -band
NRAS 528, 4547–4567 (2024) 
uminosity, and BH mass). This approach enables us to thoroughly
xplore the continuum and emission-line properties of quasars, while
lso determining the influence of key physical parameters such as BH
ass and Eddington ratio. Therefore, although radio loudness may

ot correspond to a physical property of QSOs, it can be useful for
dentifying sources with powerful jets, and high signal-to-noise (S/N)
atio spectra provide an excellent way to investigate their properties.
his stacking algorithm is designed with the upcoming WEAVE–
OFAR surv e y (Smith et al. 2016 ) in mind, which will provide over
 million spectra of LoTSS targets selected at 144 MHz. Such a tool
s necessary as a result of the surv e y’s radio selection criteria, which
roduces samples dominated by AGN and/or ongoing SF. The spectra
f such sources are rich in emission lines which allow us to robustly
etermine the redshifts, but a continuum detection is not al w ays
vailable (e.g. for faint star-forming galaxies). Stacking such sources
ogether, ho we ver, allo ws us to statistically detect the continuum
nd thus reco v er spectral features otherwise indistinguishable in
ndividual detections. Furthermore, stacking sources of different
emographics will enable us to create a large library of high-
esolution templates that will help impro v e the WEAVE–LOFAR
urv e y’s redshift estimates. 

The structure of this paper is as follows. Section 2 provides details
f the spectroscopic and radio data used in this study, along with
he methodology for the sample selection and matching process. In
ection 3 , we describe the spectral stacking technique employed for
omparing the radio classes of QSOs. Subsequently, in Sections 4
nd 5 , we create high S/N composite spectra of QSOs and investigate
otential factors contributing to the observed effects between them.
inally, Section 6 discusses possible explanations and Section 7
ummaries our main results. Throughout this work, we use vacuum
avelengths and a flat lambda-cold dark matter cosmology with �� 

 0.7, �M 

= 0.3, and H 0 = 70 km s −1 Mpc −1 . 

 DATA  

.1 Sloan Digital Sky Sur v ey 

he spectroscopic data used in this work are taken from the fourteenth
ata release of the Sloan Digital Sky Survey Quasar Catalogue
SDSS-DR14Q), which is fully described by P ̂ aris et al. ( 2018 ).
his catalogue includes all spectroscopically confirmed quasars from
DSS-I/II, SDSS-III/BOSS, and SDSS-IV/eBOSS programmes, re-
ulting in a sample of 526 356 objects o v er a region of 9376 deg 2 as
hown in Fig. 1 . 

SDSS-I/II contains 79 847 quasars with i -band absolute magni-
udes brighter than M i [ z = 2] = −22.0 o v er a wide redshift range
f 0.065 < z < 5.46. The targetting algorithm used to obtain
hese sources has been updated throughout the years and more
nformation about it is provided by Richards et al. ( 2002 ) and
chneider et al. ( 2010 ). The spectra are produced by a pair of multi-
bject spectrographs (SDSS) that have a total of 640 fibres with
n entrance diameter of 3 arcsec and an average resolving power of
λ/ λ ≈ 2000 across the vacuum wavelength range from 3800 to

200 Å. 
The spectra for SDSS-III/BOSS and SDSS-IV/eBOSS, on the

ther hand, are produced by the upgraded pair of spectrographs
sed for the Baryon Oscillation Spectroscopic Surv e y (BOSS). These
pectrographs benefit from having a total of 1000 fibres with a smaller
ntrance diameter of 2 arcsec, an extended vacuum wavelength
o v erage of 3600–10 400 Å, and a resolving power higher in the
ed channel and lower in the blue channel compared to the SDSS
Smee et al. 2013 ). These two programs use multiple target selection
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Figure 1. Sk y co v erage of SDSS-DR14Q and LoTSS DR2. The gre y re gion 
indicates all the sources from the SDSS-DR14Q catalogue, whereas the light 
blue region – those located in the LoTSS DR2 footprint, where cross-matching 
has been performed. 
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lgorithms to detect much fainter quasars ( M i [ z = 2] = −20.5) at
edshift ranges of 2.15 < z < 3.5 and 0.9 < z < 2.2, respectively (for
urther details, see Ross et al. 2012 ; Myers et al. 2015 ). As a result of
hese differences and the considerable size of 446 781 for the latter
wo programs, we use only the BOSS spectra in our analysis. 

Complementary to this SDSS-DR14Q catalogue is the value- 
dded catalogue by Rakshit et al. ( 2020 ) which includes continuum
nd line property measurements, including bolometric luminosity 
 L bol ), derived virial black hole mass ( M BH ), and Eddington ratio
 R edd ) estimates. This was done using the publicly available spectral
tting code PYQSOFIT (Guo, Shen & Wang 2018 ), which uses two

ndependent sets of eigenspectra – pure galaxy (Yip et al. 2004a ) 
nd pure quasar (Yip et al. 2004b ) – to decompose the spectrum
nto host galaxy and quasar contribution. This decomposition is 
articularly important in low-redshift quasars ( z < 0.8), where the 
tellar contribution can be significant (e.g. Yue et al. 2018 ; Shen
t al. 2019 ; Rakshit et al. 2020 ). Briefly, the continuum of the host-
ree spectrum is modelled by a combination of power law, Fe II and
almer continuum models, whereas the emission lines are fitted with 
aussian distributions. The bolometric luminosity is computed from 

 5100 ( z < 0.7), L 3000 (0.7 ≤z < 1.9), and L 1350 ( z ≥ 1.9) using the
olometric corrections from Richards et al. ( 2006 ). For the virial BH
ass multiple measurements are included in the catalogue depending 

n the availability of strong emission lines and various calibrations. 
n this work, we choose to use the ‘fiducial’ estimate calculated 
ased on the H β line ( z < 0.8) and the C IV line ( z ≥ 1.9) using
he calibrations from Vestergaard & Peterson ( 2006 ), and the Mg II
ine (0.8 ≤ z < 1.9) using the calibration from Vestergaard & Osmer
 2009 ). These measurements are also used to calculate the Eddington
uminosity and thus the Eddington ratio, which is used as a proxy for
he accretion rate. 

.2 LOFAR Two-metre Sky Survey 

he radio data used in this work are taken from the LoTSS DR2
Shimwell et al. 2022 ). This data release co v ers 5634 de g 2 of the
orthern sky (see footprint in Fig. 1 ) at a resolution of 6 arcsec
nd a median rms sensitivity of 83 μJy beam 

−1 , pro viding o v er 4
illion radio sources, the vast majority of which have never been 

etected at radio wavelengths before. In addition to the large area 
nd high sensitivity, LoTSS benefits from using the low radio central 
requency of 144 MHz which amongst other advantages reduces the 
ffects from Doppler boosting in jetted sources. 
In preparation for the upcoming WEAVE–LOFAR surv e y, Hard- 
astle et al. ( 2023 ) have created a preliminary cross-matched cata-
ogue containing 296 921 SDSS counterparts by using a combination 
f statistical methods and visual classification in a similar manner 
o Kondapally et al. ( 2021 ). To summarize, for smaller, more
ompact radio sources, the likelihood ratio method is applied (e.g. 
ichter 1975 ; De Ruiter , W illis & Arp 1977 ; Sutherland & Saunders
992 ). This statistical approach uses both colour and magnitude 
nformation as described by Williams et al. ( 2019 ) in order to
aximize the number of identifications, as well as increase the 

obustness of the cross-matching. For larger sources with extended 
adio emission, the web-based interface for visual inspection – the 
adio Galaxy Zoo: LOFAR, is needed. Here, the user can perform

dentification and association for a given radio source by making 
se of available multiwavelength images. Finally, for everything in 
etween a decision tree is used to combine the two methods. 

.3 Final sample 

tarting with a sample of 446 781 BOSS quasars from the DR14Q
atalogue, we identify those located in the LoTSS DR2 area with the
se of a Multi-Order Co v erage map as seen in Fig. 1 . This results
n 265 578 objects, out of which 33 968 are part of the LoTSS DR2
ptical cross-matched catalogue. Next, we remove spectra with bad 
late quality and a non-zero quality flag for M BH and L bol to ensure
eliability of results. Finally, to mitigate any selection bias, we use
he target selection flags to discard objects targeted by SDSS solely
ased on their radio or X-ray emission, as well as any found to have
ime variability. The final sample consists of 189 680 quasars, out of
hich 123 742 are part of the BOSS/eBOSS homogeneously selected 

CORE" sample. The CORE sample is created by using a single
arget selection algorithm, the Extreme Deconvolution (XDQSO; 
ovy et al. 2011 ), which is designed to meet science goals (such as
lustering and luminosity function measurements) which require a 
niform selection, and so is ideal for our purposes. 
To separate quasars into RL and RQ, we adopt the standard

efinition of the radio-loudness parameter ( R ): the logarithm of
he ratio of 1.4 GHz radio luminosity ( L 1.4GHz ) to optical i -band
uminosity ( L i ), where R = 1 marks the boundary (e.g. Balokovi ́c
t al. 2012 ). To calculate the k -corrected L 1.4GHz for radio-detected
SOs, we use the integrated 144 MHz flux density ( S 144MHz ) from the
oTSS DR2 catalogue, a radio spectral index of αrad = −0.7 and the
ources’ spectroscopic redshifts reported in the DR14Q catalogue. 
he same calculation is applied to the radio-undetected QSOs in 
rder to obtain a 5 σ upper limit for L 1.4GHz , where S 144MHz is taken
o be 5 times the local rms value taken directly from the LoTSS rms
aps at the coordinates of the quasars given by SDSS DR14Q. 
For the optical luminosity, we take the absolute i -band magnitude

rom the DR14Q catalogue which is k -corrected to z = 2 and use
he following conversion given by Richards et al. ( 2006 ) to obtain a
 -corrected estimate to z = 0: 

 i [ z = 0] = M i [ z = 2] + 2 . 5(1 + αopt ) log (1 + z) . (1) 

ere, z = 2 and we adopt an optical spectral index of αopt = −0.5. To
btain the i -band luminosity, we use the simple relationship between
uminosity and magnitude, where the solar luminosity (3.827 × 10 26 

) and solar i -band absolute magnitude (4.58) were used. This gives
s a total of 3697 RL and 111 132 RQ quasars. The remaining sources
re discarded as their 5 σ upper limit puts them in the RL regime,
uch that we are unable to classify them with confidence. 

The radio-loudness distribution of all sources, including a subset of 
adio detections, is presented in Fig. 2 (where we have also included a
MNRAS 528, 4547–4567 (2024) 
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M

Figure 2. The radio-loudness parameter for all sources (dark blue) and only 
radio detections (light blue). The solid black line denotes the standard division 
line for RL and RQ QSOs, whereas the dashed black lines are additional 
divisions we make to define classes as a function of R as denoted. 
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econd horizontal axis to show R in terms of the L 144MHz for compari-
on). It is evident that in both cases the conventional demarcation line
 R = 1) does not represent any particularly significant level for the
ample, ho we v er we hav e repeated the analysis considering different
alues (as denoted in Fig. 2 ) finding that our results are qualitatively
nchanged. Doing these tests gives additional advantages of further
esting whether there is a gradual change between the two populations
s found in previous studies (e.g. G ̈urkan et al. 2019 ; Macfarlane et al.
021 ), as well as a v oiding biases that may result from assuming a
ingle radio spectral index. 

.4 The matching process 

o make a robust comparison between quasar populations, we
evelop a method to create samples matched in 2D and 3D parameter
pace. For clarity, in what follows we describe the method for the RL
nd RQ population, where we create samples matched in z, M i and
, M i , M BH to use in Sections 4.1 and 4.2 . Ho we ver, it is important
o note that this method can be adapted to various other scenarios, as
emonstrated throughout this study. 
The 2D matching process involves generating a 2D histogram of

he RL QSOs, and identifying the number of RQ that fall within the
ame z and M i bin. For the one-to-one case, this entails choosing the
ame number of RQ counts as found for the RL 2D histogram, such
hat if one bin is populated by 100 RL sources then we randomly
elect only 100 RQ counterparts. Ho we ver, as our RQ sample is
onsiderably larger, we instead choose to normalize the RL 2D
istogram by the total number of RL sources, and multiply the
ormalized counts by the maximum number of RQ QSOs for which
e can say that they are drawn from the same z and M i distribution as

he RL population. This is done by employing multiple Kolmogorov–
mirnov (K-S) tests until we accept the null hypothesis that the two
amples are drawn from the same distribution if the p -value is greater
han a significance level of α = 0.05. This results in a sample of
7 532 RQ QSOs matched in z and M i to our RL sample (hereafter
he 2D matched or z − M i sample). 

Similarly, the 3D matching process to create a sample matched in
, M i , and M BH (hereafter the 3D matched or z − M i − M BH sample)
nvolves creating a normalized 3D histogram of the RL population,
nd again using multiple K-S tests to determine the maximum number
NRAS 528, 4547–4567 (2024) 
f RQ sources. The ef fecti veness of this matching procedure can be
een in Fig. 3 , where we compare the individual z, M i , and M BH 

istributions, along with contours of the 2D distributions of our 3D-
atched sample of 23 716 RQ QSOs with the whole RL and RQ

amples. 

 T H E  SPECTRAL  STAC KI NG  M E T H O D  

.1 The stacking technique 

o create high S/N composite spectra of quasars we use the
ollowing method. First, we correct for Galactic extinction in the
bserved frame by using the re-calibrated reddening data, E ( B −
 ), from Schlegel, Finkbeiner & Davis ( 1998 ), along with the Milky
ay reddening curve from Fitzpatrick ( 1999 ) for an extinction-to-

eddening ratio of R V = 3.1. 
Next, we shift the spectra to the rest frame by using the spec-

roscopic redshifts from the SDSS-DR14Q catalogue, and resample
nto a common wavelength grid, predetermined by the minimum
nd maximum values of the rest-frame wavelengths sampled, along
ith the choice of sampling input in the algorithm (e.g. 1 Å pixel −1 ).
he resampling is performed using the SPECTRES : Simple Spectral
esampling tool (Carnall 2017 ), where the old wavelength grid is
ross-matched with the new one, such that if an old wavelength
in spreads between multiple new ones, the flux density value
ssociated with it is distributed in the new grid based on the
ractional co v erage. This ensures that the flux density is conserved.
o normalize the resampled spectra, we divide through each spectrum
y its median, computed at the reddest possible end of the area where
ll spectra populate the common wavelength grid, where prominent
mission lines are masked out. Doing this ensures that the o v erall
pectral shape is preserved, in the sense that we are able to reco v er
tellar population synthesis models once the uncertainties have been
stimated and corrected for bias (see the next section for details). In
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ddition, by using the reddest possible common wavelength range, 
e minimize the effects of extinction. 
Stacking the de-redshifted, resampled, and normalized spectra is 

enerally done in the literature either by taking the weighted average, 
here the weights are given by the inverse variance of the spectra,
r by taking the median (e.g. Rowlands et al. 2012 ; Zhu et al. 2015 ;
igby et al. 2018 ; Calabr ̀o et al. 2021 ). The weighted average method

s found to produce a higher S/N composite spectrum, ho we ver, as
xplained in Calabr ̀o et al. ( 2021 ), this is the result of a bias towards
ower redshifts and/or individual spectra with higher S/N. On that 
ccount, we have chosen to build a composite spectrum by taking 
he median of all normalized flux density values that fall within a
iv en wav elength bin. To calculate the uncertainty associated with 
his stack, we use bootstrapping to randomly resample the spectra at 
ach wavelength bin, creating 1000 realizations with the same size as
he original sample. The median method is then performed for each 
ealization to estimate the flux density distribution at a given bin and
hus determine the standard deviation. 

Fig. 4 presents the result of implementing this method on a sample
f RQ quasars, where the individual spectra are shown in grey, 
nd the high-resolution stack in black. This shows how powerful 
pectral stacking really is in identifying spectral features otherwise 
ndetected in individual spectra. 

.2 The stacking corrections 

o e v aluate the performance of the stacking procedure described 
n the previous section, we create a model galaxy spectrum by 
aking use of the stellar population synthesis code from Bruzual & 

harlot ( 2003 ), along with equi v alent width measurements of nebular
mission lines taken from the value added catalogue produced by 
he Max-Planck-Institute for Astrophysics–John Hopkins University 
Brinchmann et al. 2004 ; Kauffmann et al. 2003; Tremonti et al.
004 ). This galaxy template has a broad wavelength range extending 
rom 90 Å to 160 μm, a resolving power similar to that of SDSS
cross the range from 3200 to 9500 Å and contains the main nebular
mission lines targeted by both WEAVE–LOFAR and SDSS. These 
eatures enable us to simulate mock samples of galaxy spectra based 
n SDSS characteristics across a wide range of redshifts, providing 
s with a robust way of testing the spectral stacking algorithm and
urther demonstrating its flexibility in handling different type of 
pectra (see Fig. A1 for an example of stacking spectra as a function
f BPT classes). 
Following a range of tests including continuum reco v ery at low

rightness and performance related to different sampling of spectra 
the main moti v ations for implementing it for the WEAVE–LOFAR 

urv e y), we hav e identified two implications of the stacking method.
irst of all, it is not al w ays possible for the algorithm to choose a
ormalization range without strong spectral features, which causes 
n offset at the blue end of the composite spectrum. Secondly, the
pectra are combined in the rest frame, where the normalized spectra 
o longer have the same spectral resolution as a result of the de-
edshifting process. This is not accounted for in the bootstrap method,
eaving the uncertainties underestimated. To correct for these effects, 
e include in our stacking algorithm the following procedure. 
For a given spectroscopic sample, we create a composite spectrum 

hereafter the input composite spectrum) and use it as a template to
imulate quasar spectra based on the characteristics of the original 
ample such as redshift, i -band magnitude, and inverse variance. 
ext, we stack the simulated spectra to produce a second spectrum 

hereafter the simulated composite spectrum) and obtain the residual 
n uncertainty units, which is defined as: 

input−sim 

= 

F λ, input − F λ, sim 

σλ, sim 

, (2) 

here F λ, input and F λ, sim 

are the flux density of the input and simu-
ated composite, respectively and σλ, sim 

is the bootstrap uncertainty 
or the simulated composite. Provided that the issues discussed above 
re not present, this quantity would be normally distributed with a
ean of zero and a standard deviation of one, making it the source

f our corrections. To obtain the necessary correction factors, we 
eparate χ input-sim 

into 30 wavelength slices (or less, depending on 
ixel availability) and for each one we fit a normal distribution. The
est-fitting parameters are then interpolated with a spline to produce 
avelength-dependent corrections as indicated in Fig. 5 . The best 
t of the mean is used to correct for the offset as a result of the
ormalization by subtracting a multiple of it and the uncertainty of
he simulated composite from the flux density of the input composite.
he best fit of the standard deviation, on the other hand, is used as
 multiplication factor for the uncertainty of the input composite 
pectrum, such that resolution effects are now taken into account. 

We note that this procedure does not account for dif ferent le vels
f extinction or diversity of samples. Ho we ver, spectra of QSOs
re reasonably homogeneous and the use of large statistical samples 
inned in a given parameter space is close to homogeneity. 

.3 Qualitati v e template comparison 

o compare our spectral stacking techniques with the literature, 
e create RL and RQ composites spanning the broadest possible 
av elength co v erage. Generating such templates involv es using

ources at widely different redshifts (0.5 < z < 3.5), which affects
ur method in tw o w ays. First of all, it has implications for the
hoice of sources which must be drawn from a similar z − M i space
n order to reduce the impact of the Malmquist bias. Secondly, the
tacking procedure needs to be performed on smaller redshift ranges 
s a result of the normalization process, which requires a common
avelength range free from strong spectral features. To account for 

his, we select all sources with −26 < M i < −24 and divide them
n redshift bins of size �z = 0.5 to create six composite spectra
er quasar population using the stacking algorithm and the spectral 
orrections described in Sections 3.1 and 3.2 . These stacks are then
e-scaled to the composite at the lowest redshift bin and combined
nto a single template using the inverse-variance-weighted average. 

The resulting RL and RQ composites can be seen in Fig. 6 where
hey are compared to the SDSS composite from Vanden Berk et al.
 2001 ), the X-Shooter composite from Selsing et al. ( 2016 ), the
OSS composite from Harris et al. ( 2016 ), and to a new high- z

emplate that we have constructed by applying our algorithm to the
ample of 24 radio-bright quasars (21 out of which are classified as
L) at 4.9 < z < 6.6, disco v ered by Gloudemans et al. ( 2022 ).
uilding such a template presents new challenges, since unlike 

he homogeneous eBOSS spectra used for the RL/RQ templates, 
he high- z stack requires combining heteroscedastic data obtained 
rom a range of facilities, including the Faint Object Camera and
pectrograph (Kashikawa et al. 2002 ) on the Subaru Telescope, 

he LRS2 instrument (Chonis et al. 2016 ) on the Hobby–Eberly
elescope and the Low-Resolution Imaging Spectrometer (Oke et al. 
995 ) on the Keck telescope. Specifically, and as discussed in
ection 3.2 , the simulation component of our stacking algorithm 

equires photometry with a bandpass that o v erlaps with the observed
pectrum, and given that this was unavailable for the Gloudemans 
t al. ( 2022 ) sample, we were unable to conduct the simulations
MNRAS 528, 4547–4567 (2024) 
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Figure 4. An example composite spectrum of RQ QSOs. The average spectrum is indicated by the thick black line, while the grey region indicates the individual 
normalized, resampled spectra that went in to the stack. The labelled dotted blue lines indicate prominent emission lines visible in the stacked spectrum. 

Figure 5. A diagnostic plot of an example composite spectrum of RQ QSOs. The upper panel shows the input (dark blue) and simulated (light blue) composite 
spectra, along with the number of QSOs that went into them at each rest-frame wavelength divided by the total number of QSOs (dashed green line). The second 
and third panels present the best-fitting parameters for the mean and standard deviation for each wavelength slice, while the lower panel presents the corrected 
residual in units of the propagated uncertainty. 
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nd it is therefore likely that the flux density has a normalization
ias with uncertainties systematically underestimated. Ho we ver,
reating and using such a template is beneficial as this is the
argest sample of RL quasars at z > 4.9 and its use demonstrates
he flexibility of our stacking algorithm in dealing with non-SDSS
pectra. 
NRAS 528, 4547–4567 (2024) 
Despite the difference in selection, we find qualitatively a good
greement in the continuum shape with the various templates. The
ifference observed redwards of 5000 Å amongst the composites
s likely caused by various degrees of host galaxy contamination.
he SDSS composite from Vanden Berk et al. ( 2001 ) includes

ntrinsically faint sources at low redshifts, making it subject to



The radio loudness of SDSS quasars 4553 

Figure 6. A comparison between various composite spectra as indicated by the legend, where the thick lines indicate the flux density, whereas the shaded 
area corresponds to ± the uncertainty. The upper panel presents the full-wav elength co v erage, where each composite is normalized to the RQ composite at 
3000 − 3600 Å. The lower left panel presents a zoom-in window indicating the differences bluewards of Ly α, whereas the lower right panel – the discrepancy 
abo v e 5000 Å which is likely caused by host galaxy contamination. 
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ignificant host contamination (e.g. Glikman, Helfand & White 2006 ; 
ynbo et al. 2012 ). The selection by Selsing et al. ( 2016 ), on the other
and, is chosen specifically to circumvent this problem, suggesting 
hat both the RL and RQ composite contain low levels of host galaxy
ontamination. This will be further investigated in Section 5.2 . The 
isagreement bluewards of Ly α, on the other hand, can be explained
y the different intergalactic medium (IGM) absorption corrections 
pplied (or the lack thereof). We have not made any corrections, 
nd so the intense drop in flux density for the high- z template
s expected considering the redshift range of the sample. The RL
omposite appears to agree well with the results of Vanden Berk
t al. ( 2001 ) as seen in the lower left panel of Fig. 6 , where no
GM correction is applied as well. Interestingly, the RQ composite 
ppears to be less affected by the Ly α-forest absorption as it is found
o be in better agreement with the X-shooter and BOSS composite 
here each spectrum within the composites has been individually 

orrected. 

 COM P OSITE  SPECTRA  O F  QUA S A R S  

n this section, we employ our spectral stacking techniques to 
ompare quasars as a function of radio-loudness at different redshift 
ins. In Sections 4.1 and 4.2 , we construct high S/N composite spectra
or the classically defined RL and RQ QSOs using the z − M i and
 − M i − M BH samples to establish whether there are any physical 
ifferences between them and investigate the potential influence of 
he BH mass. In Section 4.3 , we re-bin our sample into four radio-
oudness bins to investigate the presence of a bimodality among the 
SOs or a more gradual transition between these populations. 
.1 High S/N comparison of RL and RQ QSOs 

tarting with our z − M i sample, we use the spectral stacking
lgorithm described in Sections 3.1 and 3.2 to define high S/N
omposite spectra across ten redshift bins for each population. The 
edshift bins are chosen such that they are consistent with the different
edshift ranges used to calculate the ‘fiducial’ M BH from Rakshit et
l. ( 2020 ) and contain comparable numbers of RL sources. 

The resulting comparisons for all 10 redshift bins are presented 
n Fig. 7 . For each bin, we present an upper panel including the
omposite spectra representative of the RL (dark blue) and RQ 

opulation (light blue) and a lower panel indicating the residual 
n units of the propagated uncertainties (grey). We can see that there
s a consistent picture emerging across all redshift bins considered 
the RL QSOs appear to have on average a redder continuum with

otable differences in a number of prominent emission lines. 
To quantify the significance of the observed results, we perform 

he same stacking methods using only the RQ population in order to
reate Monte Carlo simulations under the null hypothesis that the RL
ample is consistent with having been randomly drawn from the RQ
ample. For each simulation, we take the full sample of RQ sources
nd randomly draw a subsample of size equal to the RL population
hereafter referred to as the RL test sample). The remaining RQ
ources are then matched in z and M i as described in Section 2.4 to
reate a RQ test sample. Finally, the stacking algorithm is applied on
he two test samples to create composite spectra across the same 10
edshift bins for which we find a ‘reduced chi-squared value’ of 

2 
ν = 

∑ N 

i= 1 
( F RL ,i −F RQ ,i ) 2 

( σ 2 
RL ,i + σ 2 

RQ ,i ) 

N 

, (3) 
MNRAS 528, 4547–4567 (2024) 
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Figure 7. A comparison between the RL and RQ population across 10 redshift bins. The upper panel of each bin presents the composite spectra of RL QSOs 
(dark blue) and RQ QSOs (light blue), whereas the lower panel indicates the residual in units of propagated uncertainty (grey). In each panel, the redshift range 
is indicated in the upper centre of the plot, while the p -values of the null hypothesis test are presented in the legend in the upper left corner. Finally, the number 
of sources and median S/N is indicated in the legend in the top right corner. 
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here N is the number of pixels in each stacked spectrum.
aving done this 1000 times, we obtain a χ2 

ν distribution
nder the null hypothesis for each redshift range. By fitting
his distribution with its parametric form, we can estimate the
robability of obtaining our observed results under the null
ypothesis. 

The results of the null hypothesis test for this 2D-matched sample
re presented in the upper left corner of each panel in Fig. 7 and
able 1 . For all redshift bins, we find p -values smaller than a
ignificance level of α = 0.05, indicating that the two samples are
ot drawn from the same parent population. 

.2 Black hole mass dependence 

s discussed in the Introduction, several studies have found the BH
ass to be a defining factor in the radio-loudness dichotomy, where
NRAS 528, 4547–4567 (2024) 
L QSOs are found to harbour BHs with M BH � 10 8 (e.g. Dunlop
t al. 2003 , McLure & Jarvis 2004 ; Chiaberge & Marconi 2011 ).
his, ho we ver, does not appear to be the case for our sample. In
ig. 8 , we present the BH mass distributions for each radio class
sing the virial BH mass estimates from Rakshit et al. ( 2020 ). We
an see that both the RL (dark blue) and RQ QSOs (light blue) are
ound to span similar M BH ranges, irrespective of the different BH
ass calibrations. In addition, the mean BH masses do not show

ny systematic trend –the RL appear more massive for the H β and
g II , but less so for the C IV calibration (cf. McLure & Jarvis 2004 ).
o we ver, to determine whether this parameter plays a role in causing

he differences observed in Fig. 7 , we re-do the stacking procedure
ith the z − M i − M BH sample, that is, including the M BH in the
rocess, even though it reduces the sample size. We note that by
atching in M i and M BH that we are also ef fecti vely controlling for

he Eddington ratio. 
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Table 1. The p -values obtained from the null hypothesis test. The columns represent the results obtained from comparing: the RL and RQ populations 
with the 2D- and 3D-matched samples, the more RL bins ( R 2 , R 3 , and R 4 ) and the radio-quietest sample ( R 1 ), and the radio-detected ( R 1D ) and the 
radio-undetected ( R 1U ) sample for the radio-quietest bin defined in Section 4.3 per a given redshift bin. 

Redshift range (RL − RQ) 2D (RL − RQ) 3D R 1 − R 2 R 1 − R 3 R 1 − R 4 R 1U − R 1D 

0.6–0.8 0.01 0.03 
5.51 × 10 −41 7.90 × 10 −15 2.26 × 10 −6 0.01 

0.8–1.1 3.39 × 10 −18 1.48 × 10 −14 

1.1–1.4 2.31 × 10 −53 3.014 × 10 −51 
4.73 × 10 −45 1.43 × 10 −18 2.16 × 10 −18 0.31 

1.4–1.7 2.83 × 10 −26 1.88 × 10 −25 

1.7–1.9 2.88 × 10 −45 3.40 × 10 −28 
2.38 × 10 −38 1.92 × 10 −23 1.37 × 10 −17 0.05 

1.9–2.1 7.43 × 10 −26 1.67 × 10 −13 

2.1–2.4 1.03 × 10 −39 5.15 × 10 −24 
6.61 × 10 −30 4.59 × 10 −29 1.25 × 10 −11 0.08 

2.4–2.7 1.45 × 10 −36 2.02 × 10 −24 

2.7–3.0 3.21 × 10 −24 6.22 × 10 −23 
0.001 3.28 × 10 −9 5.95 × 10 −5 0.86 

2.7–3.4 3.90 × 10 −16 1.38 × 10 −10 

Figure 8. The BH mass estimates provided from Rakshit et al. ( 2020 ) for the RL (dark blue) and RQ population matched in redshift and i -band magnitude 
(light blue). Each panel corresponds to the three different methods of calculation, which depend on the availability of a given emission line: the H β line (z < 0.8), 
the Mg II line (0.8 ≤z < 1.9), and the C IV line ( z ≥ 1.9). The sample means for the RL and RQ QSOs are presented in each panel as dashed dark blue and solid 
blue lines, respectively. 
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The resulting RL/RQ comparison is found to exhibit similar 
eatures as for the z − M i sample, where both the continuum and
he emission lines are found to differ between the two populations 
see Appendix A for the RL/RQ comparison with the z − M i − M BH 

ample). We use the null hypothesis test as described in the previous
ection to determine the significance of this result. Similarly to the 
 − M i sample, we are able to rule out the null hypothesis with p <
.05 for all redshift bins (see results for the 3D-matched sample in
able 1 ). Therefore, we conclude that additional information beyond 

he BH mass and accretion rate is required to explain the difference
etween the RL and RQ populations. As matching in M BH is on
verage of little consequence (except for sample size), we proceed 
ith the rest of our analysis using only the z − M i sample, since it is

bout three times larger. 

.3 Comparison as a function of radio loudness 

o investigate whether the differences observed between the RL 

nd RQ populations represent a bimodality or a transition between 
opulations, we further separate our sample into four radio-loudness 
ins as indicated in Fig. 2 . As with our previous approach, we include
 r  
adio-undetected sources only in the lowest radio-loudness bin ( R 1 )
s we cannot confidently assign the rest of the sources to the correct
 bin (i.e when the upper limits fall to the right of the demarcation

ines in Fig. 2 ). This leads to some challenges when matching in
 and M i as demonstrated by Fig. 9 , which presents the redshift-
uminosity plane. We can see that the more RL bins ( R 2 , R 3 , and R 4 )
n comparison to R 1 span a different parameter space. This means
hat we need to match to the lowest radio-loudness bin sample, unlike
efore where the matching was performed to the RL population in
rder to maximize the radio-loudest sample. As this resulted in a
ower number of sources for each radio-loudness bin, we decided 
o reduce the number of redshift bins by doubling the bin width to
aintain comparable S/N levels of the stacked spectra as before. 
The results of applying our spectral stacking algorithm and the 

ull hypothesis test on this sample division for five redshift bins
how that all RL bins exhibit statistically significant differences 
hen compared to R 1 (see results for R 1 −R 2 / R 3 / R 4 in Table 1

nd Appendix A ), providing no indication of a smooth transition
etween populations relative to the null hypothesis test. To address 
he possibility of a bias arising from our selection process, where only
adio-detected sources were included in the more RL bins, we further
MNRAS 528, 4547–4567 (2024) 
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Figure 9. The z − M i plane for the different radio-loudness bins. The lowest radio-loudness bin ( R 1 ) is shown in light blue, whereas the bins with increasing R 

are presented in dark blue throughout the three panels. 
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onducted a comparison between radio-detected ( R 1D ) and radio-
ndetected sources ( R 1U ) within the lowest radio-loudness bin ( R 1 ).
e find that we can accept the null hypothesis that the two samples

re drawn from the same parent distribution ( p ≥ 0.05) for all, apart
rom the lowest redshift bin, where p = 0.01 indicating ambiguity.
his ambiguous result, ho we ver, is not enough to explain p -values
s low as 10 −41 as found for the R 1 −R 2 comparison. Therefore, we
onclude that the exclusion of non-detections is not significantly
mpacting our findings. 

We must also consider the possible role of the host galaxy (e.g.
agliocchetti et al. 2020 ). Given our high S/N, we expect to be able

o detect starlight up to redshifts normally inaccessible to SDSS; light
rom the hosts could therefore be contributing to our results. To test
his, we examine the excess region of flux density for each pair per
iven redshift bin. Our findings indicate that the luminosity of this
egion is of order 10 9–10 L �, suggesting that the host galaxy might
ndeed play a significant role in generating the observed effects. 

Another possible explanation for the absence of a smooth transition
etween populations in terms of the hypothesis test results is that
e are searching for differences only in the average spectrum in

ach bin. Since Macfarlane et al. ( 2021 ) showed that there exists a
ignificant population of jetted QSOs even at the lowest R values, it
s possible that the differences we see are a result of an increasing
raction of jetted AGN which become numerically dominant in all but
he lowest R bin, and which therefore dominate the median stacked
pectra. This hypothesis will become testable in the future as we are
ncreasingly able to morphologically discern the presence of jets in
orthcoming wide field subarcsecond 144 MHz imaging from the
OFAR international stations. 

 SPEC TRAL  PROPERTIES  O F  R L  A N D  R Q  

UA S A R S  

n this section, we employ the PYQSOFIT spectral fitting code to
btain spectral properties from the quasar populations. In Section
.2 , we analyse the average emission-line properties of both RL and
Q quasars, as well as those categorized into different radio-loudness
ins, while in Section 5.3 , we focus on investigating the nature of the
O II ] excess found for the RL regime. 
NRAS 528, 4547–4567 (2024) 
.1 The spectral fitting pr ocedur e 

o investigate the continuum- and emission-line properties of the
omposite spectra of RL and RQ quasars, we use the PYQSOFIT

pectral fitting code in a similar manner to previous works (e.g.
hen et al. 2019 , Rakshit et al. 2020 , F a wcett et al. 2022 ), where

he continuum is fitted globally (i.e. the regions influenced by the
resence of emission lines are masked out), whereas the emission-
ine comple x es are fitted separately and locally. 

The continuum of each composite spectrum is globally modelled
y using a combination of power law, Balmer continuum, Fe II
omponent, and third-order polynomial as: 

 conti = f pl + f BC + f Fe II + f poly . (4) 

The power-law continuum component has been added to represent
he emission from the accretion disc and is defined as: 

 pl = a 0 ( λ/λ0 ) 
a 1 , (5) 

here a 0 and a 1 are the normalization and power-law slope, and λ0 

s a reference wavelength at 3000 Å. 
The Balmer continuum component represents the sum of blended,

igher-order Balmer lines that give rise to the well-known small blue
ump at λ ∼ 3000 Å. In PYQSOFIT , it is modelled by the function
iven by Grandi ( 1982 ) for the case of optically thick clouds as: 

 BC = F BE B λ( T e )(1 − e −τλ ( λ/λBE ) 
3 ) , (6) 

here λBE is the position of the Balmer edge, F BE is the flux at the
almer edge, B λ( T e ) is the Planck function at the electron temperature
 e , and τλ is the optical depth. Here, F BE , T e , and τλ are left as free
arameters as in F a wcett et al. ( 2022 ). 
The Fe II component is another essential part of modelling the

ontinuum. At UV and optical wavelengths, AGN spectra contain
umerous iron emission lines that blend together to form a pseudo-
ontinuum. If not properly subtracted, this pseudo-continuum could
ontaminate the continuum and emission-line measurements. Here,
YQSOFIT models it as: 

 Fe II = c 0 F Fe II ( λ, c 1 , c 2 ) , (7) 

here c 0 is the normalization constant, c 1 is a constant describing
he Gaussian broadening, and c 2 represents the wavelength shift
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Table 2. The emission-line fitting information. The columns are as follows: 
the name of the line comple x es, the wav elength range used for the fit, the 
emission lines present in each line complex, and the number of Gaussian 
components used for each line. 

Emission-line Wavelength Emission Number of 
complex range line Gaussian 
name ( Å) name components 

H β 4640–5100 H β broad 2 
H β narrow 1 

[O III ] (4959 Å) 1 
[O III ] (5007 Å) 1 

H γ 4200–4440 H γ broad 1 
H γ narrow 1 

O III (4363 Å) 1 
[O II ] 3650–3800 [O II ] (3728 Å) 1 
[Ne V ] 3380–3480 [Ne V ] (3426 Å) 1 
Mg II] 2700–2900 Mg II] broad 2 

Mg II] narrow 1 
C III] 1810–1970 C III] broad 2 

C III] narrow 1 
C IV 1500–1700 C IV broad 2 

C IV narrow 1 
He II (1640 Å) broad 1 
He II (1640 Å) narrow 1 
O III] (1663 Å) broad 1 

O III] (1663 Å) 
narrow 

1 

Si IV + O IV] 1290–1450 Si IV + O IV] 
Ly α 1150–1290 Ly α broad 2 

Ly α narrow 1 
N V (1240 Å) 1 

O VI 980–1100 O VI 1 
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pplied to the Fe II templates to match the data. For the UV part of
he spectrum, we use the modified UV Fe II template by Shen et al.
 2019 ) that combines the Vestergaard & Wilkes ( 2001 ) template for
est-frame wavelengths 1000–2200 Å, the Salviander et al. ( 2007 ) 
emplate for 2200–3090 Å, and the Tsuzuki et al. ( 2006 ) template for
090–3500 Å. The optical Fe II template, on the other hand, is taken
rom V ́eron-Cetty, Joly & V ́eron ( 2004 ), co v ering the rest-frame
avelengths of 3535–7534 Å. 
Finally, the third-order polynomial is used to account for the 

ending of the continuum, which is likely caused by the intrinsic
ust reddening of the population, and is defined as: 

 poly = 

i= 3 ∑ 

i= 0 

b i ( λ − λ0 ) 
i , (8) 

here b i are the model free parameters. 
After subtracting the best-fitting model of the continuum, we fit 

he emission-line spectrum in log-space. The fitting is performed 
ndividually for each emission-line complex, where all the emission 
ines contained within a single complex are fit simultaneously. The 
arrow components (FWHM < 1200 km s −1 ) are modelled by a
ingle Gaussian, where the velocity offset and line width are tied for
ach line complex. The broad emission-line profiles, ho we ver, can be
uite complex (e.g. double-peaked, with a flat top, or asymmetric) 
nd thus are not well represented by a single Gaussian. In such
ases, we use multiple Gaussian components depending on the line 
omplexity. A full list of the line complexes containing the individual 
mission lines and number of Gaussian components used in the fit is
rovided in Table 2 . 
From the best-fitting models, we can obtain emission-line fluxes 
or each line in question. The uncertainties of these measurements 
re calculated using the Monte Carlo approach embedded within 
YQSOFIT , where we choose to use 100 iterations. 

.2 Average emission-line properties 

s mentioned in Section 2.1 , PYQSOFIT contains an additional 
eature that separates a given quasar spectrum into host galaxy 
nd pure quasar contribution. Ho we ver, for this separation to be
ell represented, the continuum needs to be accurately fitted. 
nfortunately, the host and QSO continuum models implemented 

n PYQSOFIT pro v e inadequate for our objectives, as demonstrated
y poor fitting statistics (see example fit in Appendix A ). They
ppear to be strongly dependent on the details of the wavelength 
ange used, indicative of a local minimum problem. Moreo v er, these
igh χ2 

ν values have additional implications as they prevent us from 

pplying dust-e xtinction la ws to inv estigate the underlying cause of
he continuum differences observed in Section 4.1 . We are, however,
ble to obtain acceptable fits for the emission lines. To impro v e
heir goodness of fit, we use an additional localized power-law 

ontinuum component for each line complex after subtracting the 
lobally fitted continuum, following the method of F a wcett et al.
 2022 ). In addition, we perform a flux calibration before the fit to
btain non-arbitrary units. This is done by shifting each composite 
pectrum to the observed frame by using its central redshift value
 z centre ) and the SDSS i -band filter curve and the median apparent
 -band magnitude of the individual spectra to obtain a flux density in

nits of erg s −1 cm 

−2 Å
−1 

. 
Fig. 10 presents the ratio of the emission-line flux of the RL

o RQ QSOs (RL −RQ), along with the more RL to radio-quietest
in ( R 2 / R 3 / R 4 − R 1 ) for the most prominent emission lines. Across
ll considered pairs, we find that the majority of emission lines
xhibit flux ratios close to unity. Ho we ver, there is a strong excess
or RL objects in the [Ne V ] 3426 Å, [O II ] 3728 Å, and the
O III ] 4960/5008 Å (hereafter [Ne V ], [O II ], and [O III ]) emission
ines. These lines are of particular interest as [Ne V ] is used to
race extended emission-line regions (EELR: see discussion in next 
ection), whereas the [O III ] emission line is generally associated
ith the AGN bolometric luminosity (Heckman et al. 2004 ; Best &
eckman 2012 ; Kalfountzou et al. 2012 ), as it is mostly ionized by

he continuous radiation coming from the accretion disc. The [O II ]
mission line, on the other hand, is a well-known SF tracer in quasar
ost galaxies (e.g. Ho 2005 ; Kalfountzou et al. 2012 ; Matsuoka et al.
015 ) as in contrast with the [O III ], it is only weakly excited in the
arrow-line region (NLR). However, as result of the low number of
ata points for the [O III ] emission due to the available redshift range,
e focus only on [Ne V ] and [O II ] in the following section. 

.3 Star formation rates 

he [O II ] forbidden line is a prominent feature that can be easily
etected in moderate resolution spectra, making it a good SF tracer in
he absence of H α. When an AGN is present, ho we ver, this emission
ine can be severely contaminated by excitation from EELR which 
an span out to several kpc (e.g. Unger et al. 1987 ; Villar-Mart ́ın
t al. 2011 ; Husemann et al. 2014 ; Maddox 2018 ). Therefore, to
etermine whether the ele v ated le vels of [O II ] found in Section 5.2
re due to SF, we employ the AGN correction technique described in
addox ( 2018 ). Briefly, this method involv es remo ving sources from

he stacks with an [Ne V ] detection and making use of the [O II ]-to-
Ne V ] emission-line flux ratio, which in a typical AGN-dominated 
MNRAS 528, 4547–4567 (2024) 
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M

Figure 10. The emission-line flux ratio of a given pair, as indicated in the legend, as a function of redshift. Each panel represent an emission line under 
comparison as denoted in the upper right corner, which must be significantly detected ( > 3 σ ) for inclusion. The dashed line in each panel represents the line of 
equality, facilitating visual comparison of the emission-line flux ratios between the different pairs. 
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alaxy is found to be of order unity as a result of excitation from
LR. The [Ne V ] is chosen because of its wavelength proximity to

O II ] and its high ionization potential, making the effects of dust
ttenuation and star-forming regions negligible. 

As the spectral measurements provided by Rakshit et al. ( 2020 )
id not contain any information regarding [Ne V ], we used PYQSOFIT

o fit a single Gaussian in a spectral window of 150 Å centred
n the [Ne V ] central wavelength. The emission line is considered
s a non-detection if the measured emission-line flux is detected
t an S/N < 3. Although in previous sections we investigated how
he optical properties varied in bins of radio loudness, the need
o remo v e the [Ne V ] detections from the stacks (which involves
bout 20 per cent) reduces the sample size to a point that it is no
onger possible to search for evolution in both redshift and radio
oudness. Therefore, we continue the rest of the analysis with the
L and RQ populations. Ho we ver, we also create a new sample
atched in z and M i , with the division set at R = 0.2 (i.e. the

eparation between R 1 and the more RL bins), to check whether
sing a slightly different classification would yield different results.
rom the newly computed composite spectra, we obtained emission-

ine measurements for [O II ] and [Ne V ] in the same manner as before.
n [Ne V ] detection is still present in the stacks as a result of the high
/N which is sufficient to detect the contribution from the NLR.
NRAS 528, 4547–4567 (2024) 
sing these measurements and the value of [O II ]/[Ne V ] = 1.05
btained from the SDSS composite spectrum from Vanden Berk et al.
 2001 ), we are able to derive a measure of the [O II ] emission-line
ux unaffected by AGN. 
Fig. 11 shows the [O II ] derived, doubly corrected star formation

ate (SFR) against redshift obtained for the RL and RQ populations
sing the [O II ]–SFR conversion from K e wley, Geller & Jansen
 2004 ). We can see that the SFR of the RQ population is close to
ero, indicating that on average SF processes in the host galaxy of RQ
SOs are not sufficient to produce a strong [O II ] emission line. In

ontrast, the excess of [O II ] persists for the RL population even when
orrecting for contamination from EELR and NLR. The alternative
lassification ( R > 0.2) also exhibits the same trend, further indicating
hat the exact value of R is not important. Our results are consistent
ith those of Maddox ( 2018 ) who used SDSS DR7 with Faint Images
f the Radio Sky at Twenty-cm (Becker, White & Helfand 1995 ),
ut we have shown that their findings persist with higher statistical
ignificance and to a further ≈1.4 Gyr of cosmic history, closer to
he peak epoch of cosmic SFR density (Madau & Dickinson 2014 ).
his is because we benefit not only from the increased sensitivity
f LoTSS and the reduced impact of line-of-sight ef fects (relati ve to
he 1.4 GHz data), but also the extended wavelength coverage of the
OSS spectrograph (Smee et al. 2013 ). 
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Figure 11. The SFR obtained from the doubly corrected [O II ] emission-line 
flux for the RL (dark blue) and RQ population (light blue) compared against 
the SFR obtained from Maddox ( 2018 ). The black dashed line indicates an 
SFR of zero. 
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Figure 12. The [O II ] emission-line luminosity as a function of 178 MHz 
total radio luminosity for RL sources without significant [Ne V ] detections. 
The solid and dashed black lines are generated from the regression analysis 
results for the 3CRR radio sources in table 6 of Hardcastle et al. ( 2009 ), where 
the solid line indicates the regression line, whereas the dashed lines show ±3 
× the obtained scatter. 
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 DISCUSSION  

.1 Could our results be caused by starburst galaxies 
ontaminating our RL sample? 

s discussed in the Introduction, Macfarlane et al. ( 2021 ) have
hown that the radio flux density of quasars can be modelled by a
ombination of SF and radio jets. This naturally leads to the question
f whether the [O II ] excess found in Section 5.3 could be caused by
aving RQ quasars hosted by starburst galaxies in our RL sample. 
he presence of intense SF in such hosts can lead to a larger degree
f reddening (Gordon, Calzetti & Witt 1997 ), which would further
xplain the redder continuum observed in Section 4.1 . In addition, 
his scenario does not require any differences between the BH mass
nd accretion rate of the QSOs themselves (i.e. R edd ), which is in
greement with our results (see Section 4.2 ). 

To explore this possibility, we used the main-sequence relation 
rom Schreiber et al. ( 2015 ) and an offset of 0.6 dex based on the
tarburst criterion from Rodighiero et al. ( 2011 ) to obtain an SFR
alue for a typical starburst galaxy with a stellar mass of 10 11 M � at
 redshift equal to our central bin values from Fig. 11 . This resulted
n SFR values ranging from 127 to 488 M � yr −1 for the redshift
ange of 0.6 < z < 1.9. These estimates are then converted to a radio
uminosity at 150 MHz by using the mass independent SFR–L 150 MHz 

elation from Smith et al. ( 2021 ). Comparing these results to the
L sample, we find that up to 5 per cent in an y giv en redshift bin,
ould have a radio luminosity consistent with contribution from RQ 

tarbursts. Ho we ver, taking into account the large difference between 
ur doubly corrected [O II ] SFR and the values obtained here for the
tarburst galaxies, it is unlikely that the radio emission is due to such
xtreme star-forming processes. Furthermore, considering the fact 
hat we are investigating the median stacks of the populations, we 
elieve that if starburst galaxies are present in our samples they will
ot noticeably impact our results. 

.2 Could shock excitation be playing a role? 

n Section 5.3 , we have used the [Ne V ] emission line to remo v e
ontamination from EELR and correct for contribution from the 
GN NLR. Ho we ver, shocks in the interstellar medium generated 
y radio jets or AGN-driven winds could also contribute to the [O II ]
mission. To assess their potential influence, Maddox ( 2018 ) used
he MAPPINGS III shock and photoionization modelling code from 

llen et al. ( 2008 ). The author found that there is a variety of shock
onditions capable of exciting [O II ], but only high velocity shocks
 > 600 km s −1 ) are able to produce [Ne V ]. This suggests that the
oubly corrected [O II ] could still be contaminated from moderate-
elocity shocks. A pre v alence of such shocks for the RL population
ay be able to explain the apparent enhancement of SFR and their

edder appearance. 
To investigate this scenario, we explore the connection between 

O II ] emission and 178 MHz luminosity, where we use the low-
requency radio emission as a proxy for jet power. Here, we use a
adio spectral index of α = −0.7 to convert from 144 to 178 MHz,
n order to compare our results with Hardcastle, Evans & Croston
 2009 ), who have found a positive correlation for a sample of 3CRR
adio sources, which is thought to be of nuclear origin. The results
or the RL sample from Section 5.3 , which was used to calculate
he [O II ] SFRs, are presented in Fig. 12 . We can see that the [O II ]
ppears to be independent of the radio emission at any given redshift.
o we ver, there is a subset of sources that lie within the region defined
y the 3CRR sample. This indicates the presence of some AGN-
elated influence, which can be as high as 36 per cent for the lowest
edshift range (0.6 < z < 0.8), and up to 13 per cent for the highest
ange (1.7 < z < 1.9). But, as previously discussed our analysis
elies on SFR derived from the median composite spectra of the
opulations. Furthermore, the correction for the AGN NLR is not 
actored into the individual RL sources, which could potentially 
xplain the correlation observed in the 3CRR sources. Therefore, if 
hocks are present in the RL population, we believe that they alone
annot account for the observed differences between RL and RQ 

uasars. 

.3 Possible explanations 

o explain the differences between the RL and RQ populations, 
e propose two distinct models: one centred on BH spin dynamics

Blandford & Znajek 1977 ; Wilson & Colbert 1995 ; Sikora et al.
007 ) and another on the evolutionary scenario proposed for red and
MNRAS 528, 4547–4567 (2024) 
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lue quasars (e.g. Sanders, Soifer & Neugebauer 1990 ; Hopkins et al.
008 ; Alexander & Hickox 2012 ; Klindt et al. 2019 ; F a wcett et al.
020 , 2022 ). 
The first model involves a rapidly spinning BH, coupled with

 rich gas supply required for accretion and jet production (e.g.
ardcastle, Evans & Croston 2007 ; G ̈urkan et al. 2015 ). Given that

he gas needed for accretion, which leads to the radio loudness of
he source, is also essential for fuelling SF, these two processes are
nherently interconnected. Therefore, the question becomes how to
et a rapidly spinning BH and a rich gas supply to make an RL quasar.
e suggest two plausible scenarios: first, the traditional major merger

vent which results in a rapid inflow of gas and dust. This material not
nly transports angular momentum toward the central region, leading
o the rapid spin-up of the BH, but also serves as a trigger for SF.
econdly, we can consider a scenario in which RL quasars are hosted
y massive, gas-rich spiral galaxies. In this setting, a substantial
eservoir of cold gas is available, supporting continuous SF and
ccretion. Furthermore, due to the ordered rotation characteristic of
piral galaxies, it may give rise to an efficient transfer of angular
omentum onto the supermassive BH, eliminating the necessity for
erger events. 
The alternative model assumes once more a gas-rich merger

riggering an AGN, but here we focus on different stages of evolution,
ollowing, for example, Hopkins et al. ( 2008 ). The first one is a
elati vely short-li ved phase where the QSO is heavily obscured by
igh-column gas density and dust. Subsequently, the AGN generates
owerful winds and/or outflows, which disperse the obscuring mate-
ial. In our study, RL quasars could represent the former evolutionary
tage, where the redder continuum and enhanced SFR would be
xplained by the obscuring and dense material, whereas RQ quasars
ay fall into the latter (unobscured) category. Here, we do not require

ny difference in either the accretion rate or in the BH spins between
he two classes. This scheme is related to the one presented for
ed and blue QSOs discussed in previous studies (e.g. Klindt et al.
019 ; F a wcett et al. 2020 , 2022 ), where dividing the QSO population
ccording to their optical colours (rather than radio loudness) gives
 red class with a significant radio flux excess relative to the blue
lass. Ho we ver, both the red and blue QSO classes contain RL and
Q sources, and the average QSO in both classes is consistent with
eing RQ (i.e. R < 1). It is therefore clear that this association alone
annot explain our results (certainly we cannot equate the RL QSOs
ith the ‘red QSO’ class, etc). 
To make further progress on what controls the radio-loudness

f QSOs, we need more information. This could come from the
ubarcsecond 144 MHz imaging that is now becoming possible with
OFAR (and the morphological information that it can provide;
.g. Morabito et al. 2022 ), along with larger statistical samples
rom new and forthcoming facilities such as WEAVE (Dalton et al.
012 ; Jin et al. 2023 ), the Dark Energy Spectroscopic Instrument
Aghamousa et al. 2016a , b ), and the Multi-object Optical and
ear-IR spectrograph (Cirasuolo et al. 2014 ). In addition, impro v ed
H spin estimates from X-ray observatories such as the European
pace Agency’s Athena X-ray observatory (Barcons et al. 2017 )
nd NASA’s Nuclear Spectroscopic Telescope Array (Harrison et al.
010 ) will be crucial in deepening our understanding of this subject.

 SUMMARY  A N D  F U T U R E  PROSPECTS  

n this work, we have used the the LoTSS DR2 and the SDSS
R14 to create the largest, uniformly selected, spectroscopically

onfirmed sample of RL and RQ quasars. To study their spectroscopic
roperties, we hav e dev eloped a new spectral stacking code which
NRAS 528, 4547–4567 (2024) 
ccounts for a range of biases including those that arise as a result
f the redshifting process. Such a tool not only allows us to robustly
ompare quasar and galaxy populations, but also enables us to
tatistically reco v er the continuum properties of faint sources. This
ill become particularly important for radio-selected spectroscopic

urv e ys such as the WEAVE–LOFAR surv e y (Smith et al. 2016 ),
hich will generate more than one million optical spectra, with

ontinuum detections absent in a significant fraction. Using this
lgorithm to investigate the average properties of QSOs as a function
f their radio loudness, we have found the following results: 

(i) The high S/N composite spectra representative of the RL and
Q populations differ. RL QSOs are found to have on average a

edder continuum with an [O II ] emission-line excess across the
edshift range of 0.6 < z < 3.5. Such differences highlight the
mportance of creating high-resolution stacks of both populations to
mpro v e the redshift classification of future spectroscopic surv e ys. 

(ii) The RL and RQ populations are found to span similar BH
ass ranges with no systematic trend showing that the mean M BH is

igher for RL QSOs. Furthermore, using a sample matched in z, M i ,
nd M BH to make a comparison between the average spectra of RL
nd RQ QSOs is found to give similar statistically consistent results
s for a sample matched in z and M i . This suggests that neither the
H mass, nor the accretion rate are defining factors in a QSO’s radio

oudness. 
(iii) The observed differences between the RL and RQ populations

re not gradual. Comparing composite spectra as a function of radio
oudness shows that all more RL bins ( R 2 , R 3 , R 4 ) differ from the
adio quietest ( R 1 ), with features consistent with the classical RL and
Q divisions. 
(iv) These changes cannot be explained by the addition of radio-

ndetected sources, as we have found that the radio-detected and
adio-undetected quasars in R 1 are consistent with being drawn from
he same parent distribution. 

(v) We have shown that RL quasars have on average higher SFRs
han their RQ counterparts at any given redshift 0.5 < z < 1.9,
xtending this result to significantly earlier cosmic epochs than
re viously kno wn. The ele v ated le vels of [O II ] emission that we
se to infer the SFRs have been corrected for possible influence of
GN contamination (following the procedure of Maddox 2018 ) and
e have shown that our results cannot be explained by contamination

rom starburst galaxies. 

Our results show that there is no clear-cut division in radio loudness
etween RL and RQ quasars, and that the differences observed
etween them is not related to BH mass or the accretion rate. As
 result, we propose two distinct models: one requiring that RL
uasars have rapidly spinning BHs in conjunction with abundant gas
eservoirs, or are representatives of an earlier obscured phase of QSO
volution. 

With the advent of future spectroscopic surveys such as WEAVE–
OFAR, the number of RL QSOs will significantly increase. This
ill allow to us to investigate their spectral properties in greater
etail and with higher significance. With higher S/N, ho we ver, we
ill need more sophisticated theoretical models to fit the composite

pectra in order to disentangle their dust and host properties. 
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igure A1. Results of applying our spectral stacking algorithm to sources according to their location on the BPT–N II diagram. Left panel: the BPT–N II 

iagram with dividing lines indicating regions populated by SFGs (blue), Seyferts (orange), and LINERs (green) as defined relative to the Kauffmann et al. 
 2003 ) and K e wley et al. ( 2006 ) di viding lines (which are solid and dashed, respectively). Right panel: composite spectra for each class colour-coded to match 
he regions of the BPT–N II diagram. Emission lines of interest are labelled, and the legend indicates the number of spectra included in each stack. 
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Figure A2. A Monte Carlo simulation representing the comparison between RL and RQ quasars under the null hypothesis that the RL population is drawn at 
random from the RQ population. The upper panel of each bin presents the composite spectra of the RL test sample (dark blue) and the RQ test sample (light 
blue), whereas the lower panel indicates the residual in units of propagated uncertainty (grey). The p -values for each of the null hypothesis tests are presented 
in the upper left corner, while the number of sources and median S/N are indicated in the top right corner of each panel. 
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Figure A3. A high S/N comparison between the RL and RQ population matched in z, M i , and M BH . As in Fig. 7 , the upper panel of each bin presents the 
composite spectra of RL QSOs (dark blue) and RQ QSOs (light blue), whereas the lower panel indicates the residual in units of propagated uncertainty (grey). 
As for Fig. A2 , p -values for each of the null hypothesis tests are presented in the upper left corner, while the number of sources and median S/N are indicated in 
the top right corner of each panel. 
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Figure A4. A high S/N comparison between the radio quietest ( R 1 ) and more RL ( R 2 , R 3 and R 4 ) parts of the QSO population. The upper panel of each bin 
presents the composite spectra of R 1 (black), R 2 (light blue), R 3 (dark blue), and R 4 (green), whereas the lower panel indicates the residual in units of propagated 
uncertainty for each comparison. As before, the p -values for each of the null hypothesis tests are presented in the upper left corner, while the number of sources 
and median S/N are indicated in the top right corner of each panel. 
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Figure A5. An example of the spectral fitting procedure with PYQSOFIT . The top panel presents the composite spectra of the RQ population in the redshift range 
of 0.6 < z < 0.8 (black) o v erlaid with the best-fitting model (blue). The grey-shaded region show the wavelength windows used for the continuum fit. The lower 
panels show the best-fitting model of individual line comple x es (blue), along with the decomposition into broad (red) and narrow (green) line components. 
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