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A B S T R A C T 

We present the first eight months of data from our secondary target programme within the ongoing Dark Energy Spectroscopic 
Instrument (DESI) surv e y. Our programme uses a mid-infrared and optical colour selection to preferentially target dust-reddened 

quasi-stellar objects (QSOs) that would have otherwise been missed by the nominal DESI QSO selection. So far, we have 
obtained optical spectra for 3038 candidates, of which ∼70 per cent of the high-quality objects (those with robust redshifts) 
are visually confirmed to be Type 1 QSOs, consistent with the expected fraction from the main DESI QSO surv e y. By fitting a 
dust-reddened blue QSO composite to the QSO spectra, we find they are well-fitted by a normal QSO with up to A V ∼ 4 mag of 
line-of-sight dust extinction. Utilizing radio data from the LOFAR Two-metre Sky Survey (LoTSS) DR2, we identify a striking 

positive relationship between the amount of line-of-sight dust extinction towards a QSO and the radio detection fraction, that 
is not driven by radio-loud systems, redshift and/or luminosity effects. This demonstrates an intrinsic connection between dust 
reddening and the production of radio emission in QSOs, whereby the radio emission is most likely due to lo w-po wered jets or 
winds/outflows causing shocks in a dusty environment. On the basis of this evidence, we suggest that red QSOs may represent 
a transitional ‘blow-out’ phase in the evolution of QSOs, where winds and outflows evacuate the dust and gas to reveal an 

unobscured blue QSO. 

K ey words: galaxies: acti ve – galaxies: evolution – quasars: general – quasars: supermassive black holes – radio continuum: 
galaxies. 
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 I N T RO D U C T I O N  

uasi-stellar objects (QSOs), also known as quasars, are the most 
owerful class of active galactic nuclei (AGN), with extremely high 
olometric luminosities (10 45 –10 48 erg s −1 ). These high luminosities 
re now known to be due to mass accretion onto a supermassive black-
ole (SMBH; masses of 10 7 –10 9 M �). The observed correlation 
etween the masses of SMBHs at the centres of spheroidal galaxies 
nd the bulge mass of the hosting galaxy suggests an intrinsic link
etween the growth of the SMBH and the surrounding host galaxy 
Kormendy & Ho 2013 ). 

A canonical model for this growth phase invokes gas-rich major 
ergers (Sanders et al. 1988 ; Hopkins et al. 2008 ; Alexander &
ickox 2012 ) in which rapid gas inflow to the nucleus fuels a
owerful QSO, obscured in its early stages by a high column of gas
 E-mail: vick y.fa wcett@newcastle.ac.uk 
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nd dust. Through powerful winds and/or outflows, an unobscured 
typical’ blue QSO is eventually rev ealed. Howev er, it is still
nclear what type of object represents the transitional ‘blow-out’ 
tage between the obscured and unobscured QSO phase. Potential 
andidates include (1) the well-studied dust obscured ‘red QSOs’ 
e.g. White et al. 2003 ; Glikman et al. 2004 , 2007 ; Maddox et al.
008 ; Klindt et al. 2019 ), selected as broad line QSOs with red optical
r near-infrared (NIR) colours (2) ‘broad absorption line quasars’ 
BALQSOs; e.g. Weymann et al. 1991 ; Morabito et al. 2019 ; Petley
t al. 2022 ), which display broad absorption typically blueward of the
 IV emission line and (3) the rarer ‘extremely red quasars’ (ERQs;
.g. Ross et al. 2015 ; Hamann et al. 2017 ), selected to have red
ptical–mid-infrared (MIR) colours. All of these objects are thought 
o play an important role in the regulation of star formation in the
ost galaxy (otherwise known as ‘AGN feedback’; see reviews by 
eckman & Best 2014 and Harrison et al. 2018 ). 
Over recent years, a number of groups have explored whether 

ed QSOs represent a transitional blow-out phase, determining their 
ety. This is an Open Access article distributed under the terms of the 
.0/ ), which permits unrestricted reuse, distribution, and reproduction in any 
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roperties and how they relate to typical blue QSOs (Richards et al.
003 ; Glikman et al. 2004 , 2007 , 2012 , 2022 ; Georgakakis et al.
009 ; Urrutia et al. 2009 ; Banerji et al. 2012 , 2015 ; Kim & Im
018 ; Klindt et al. 2019 ; F a wcett et al. 2020 , 2021 , 2022 ; Rosario
t al. 2020 , 2021 ; Calistro Rivera et al. 2021 ; Petter et al. 2022 ;
tacey et al. 2022 ). In our recent work, we have shown that the
ajority of red QSOs from the Sloan Digital Sky Survey (SDSS;
ork et al. 2000 ), selected based on their optical g –i colour, are

ed due to line-of-sight dust extinction (Calistro Rivera et al. 2021 ;
 a wcett et al. 2022 ). Somewhat surprisingly, we found that red
SOs exhibited enhanced radio emission, compared to blue QSOs,
hich is typically compact ( < 2 kpc; Klindt et al. 2019 ; F a wcett

t al. 2020 ; Rosario et al. 2020 , 2021 ) and peaks around the radio-
uiet/radio-loud threshold (F a wcett et al. 2020 ; Rosario et al. 2020 ).
he observed differences in the radio properties of red and blue
SOs do not appear to be associated with any differences in the star

ormation (F a wcett et al. 2020 ; Calistro Riv era et al. 2021 ; Andonie
t al. 2022 ), accretion (Klindt et al. 2019 ; F a wcett et al. 2022 ), or
arge scale structure (Petter et al. 2022 ) properties between the two
opulations. On the basis of these results, a potential self-consistent
cenario that links the enhanced radio emission to the dust in red
SOs is that the radio emission is due to shocks produced by either an
utflow or a jet interacting with a higher opacity interstellar medium
ISM)/circumnuclear environment. These outflows/jets could also
otentially drive out the surrounding gas and dust (i.e. AGN feed-
ack), e ventually re vealing a typical blue QSO therefore red QSOs
re prime candidates for an intermediate stage in the evolution of
SOs. 
It is worth noting that the measured dust extinctions towards

ptically selected SDSS red QSOs are modest ( A V < 0.7 mag;
alistro Rivera et al. 2021 ; Fawcett et al. 2022 ) and they likely

epresent the tip of the iceberg of a larger, more heavily reddened
SO population. Indeed, other studies have utilized NIR photometry

n order to select more heavily reddened red QSO samples (e.g.
likman et al. 2004 , 2007 ; Banerji et al. 2015 ; Glikman et al. 2022 ),
ith measured dust extinctions up to A V ∼ 5 mag. F or e xample,
likman et al. ( 2022 ) used a WISE –2MASS colour selection to define
 sample of red QSOs with dust extinctions E ( B − V ) > 0.25 mag ( A V 

 0.8 mag). 1 Utilizing radio data from both the Faint Images of the
adio Sky at Twenty-centimeters (FIRST; Becker, White & Helfand
995 ) and the Very Large Array Sky Survey (VLASS; Gordon et al.
020 ), they found a higher radio detection fraction for their red QSOs
ompared to a blue QSO sample [ E ( B − V ) < 0.25 mag], in addition
o a higher fraction of compact radio morphologies for the red QSOs
n both radio data sets. These results are remarkably similar to our less
eddened optically selected red QSOs (Klindt et al. 2019 ; F a wcett
t al. 2020 ; Rosario et al. 2020 ). 

A limitation of our previous red QSO studies is the shallow
agnitude limit of SDSS which restricts us to the most luminous and

ptically brightest objects, with only modest amounts of extinction.
e therefore require larger , fainter , and redder samples of QSOs

o robustly test whether red QSOs represent a transitional phase in
he evolution of QSOs: the Dark Energy Spectroscopic Instrument
DESI; DESI Collaboration et al. 2016a , b ) has the capability to do
ust this. DESI has completed the first year of a five-year survey
hich aims to obtain optical spectra for ∼3 million QSOs down to
NRAS 525, 5575–5596 (2023) 

 A V = R V × E ( B − V ); where R V is the total-to-selective extinction, which 
etermines the shape of the extinction curve (Cardelli, Clayton & Mathis 
989 ). F or e xample, the Milk y Way dust e xtinction curv e has an R V = 3.1 
Fitzpatrick 1999 ). 
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 ∼ 23.2 mag (DESI Collaboration et al. 2022 ; Silber et al. 2023 ;
iller et al. in preparation). These data will be revolutionary in
SO science, pushing 1–2 mag fainter than SDSS and, consequently,

dentifying both more obscured and more typical systems (see
ection 5 of Alexander et al. 2023 for diversity in the QSO spectra).

The DESI QSO target selection consists of both an optical
olour selection and a Random Forest selection (Y ̀eche et al. 2020 ;
haussidon et al. 2023 ). 2 Like any standard optical QSO selection,
oth the Random Forest and colour selection are biased towards
ptically blue QSOs since the majority of QSOs, and therefore
he Random Forest training sets, are blue. This bias will inevitably
elect against the more ‘exotic’ and dust reddened QSO population.
n 2020 October, a call for DESI proposals for ‘secondary target’
rogrammes was announced, with the aim of utilizing spare DESI
bres and expanding the DESI science beyond the key cosmological
ims of the surv e y. Our group successfully proposed a programme
PI: V. F a wcett) which targets dust-reddened QSOs that have been
issed by the nominal DESI QSO selections, with aims to (1) push

o higher levels of dust extinction than can be identified by either the
DSS or the nominal DESI QSO selection, (2) determine whether the
nhanced radio emission found in SDSS red QSOs extends to more
eavily reddened systems, (3) explore the origin of the enhanced
adio emission found in red QSOs, and (4) explore exotic sub-
opulations of QSOs within DESI. 
In this first paper, we introduce and present the first eight months

f data from our DESI secondary target programme and explore
he connection between dust extinction and radio emission in DESI
SOs, using data from the LOFAR Two-metre Sky Survey (LoTSS)
ata Release 2 (Shimwell et al. 2022 ). In Section 2 , we describe
ur secondary target programme and in Section 3 , we describe how
ur secondary target programme extends the nominal DESI QSO
election, the methods used in this paper, and the construction of our
ombined QSO sample which is used for the scientific analyses in
his paper. In Section 4 , we present our results and in Section 5 , we
iscuss how our sample extends previous red QSO work and explore
he origin of the radio emission. Unless specified otherwise, in this
aper, we use AB magnitudes. Throughout our work, we adopt a flat
-cosmology with H 0 = 70 km s −1 Mpc −1 , �M 

= 0 . 3 and �λ = 0.7.
he data underlying the figures in this paper are available online:
ttps:// doi.org/ 10.5281/ zenodo.8147342 . 

 SECOND  A R  Y  TA R G E T  P RO G R A M M E  

n this section, we describe our secondary target selection and
he DESI data (Section 2.1 ) and spectral classification method
Section 2.2 ). 

.1 Defining our secondary target programme selection 

ur secondary target programme aims to expand the DESI QSO
olour space, utilizing MIR data from the Wide-field Infrared
urvey Explorer ( WISE ; Wright et al. 2010 ). The main goal of
his programme is to build up a statistically significant sample of
ust-reddened QSOs that may have otherwise been missed by the
ominal DESI QSO selections. Ho we ver, due to our optical colour
election (which we describe in more detail below), our programme
ill also select extremely blue QSOs. Therefore, it should be noted
 The code for the various Surv e y Validation selections are publicly available 
n GitHub: ht tps://github.com/desihub/desit arget/blob/0.51.0/py/desit arget/ 
v1/sv1 cuts.py 

https://doi.org/10.5281/zenodo.8147342
https://github.com/desihub/desitarget/blob/0.51.0/py/desitarget/sv1/sv1_cuts.py
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Figure 1. Flow chart illustrating the selection process for our DESI secondary programme (SP) sample. The DESI SP sample consists of objects that were 
specifically targeted by our secondary target programme; these must satisfy a morphology, magnitude, and WISE W 123 signal-to-noise cut, have MIR colours 
consistent with the WISE Mateos et al. ( 2012 ) AGN wedge, and pass an optical colour–colour cut (see Fig. 2 ), resulting in 3038 objects that were observed. 
Each step is described in more detail in Section 2.1 . An electronic table containing the DESI TARGETID for the full SP sample, and additionally the RA, Dec., 
redshift, spectype, and L 6μm 

for the SP sample included in the DESI Early Data Release (DESI Collaboration et al. 2023 ), is available online. For the analyses 
in this paper, we further restrict the sample to visually confirm QSOs and combine with typical DESI QSOs, as is illustrated in Fig. 4 . 

t
p  

o
a
t
i
m

p  

o  

C
p  

S
‘
a
d  

D
o
o
p  

D
e  

2  

t  

a  

t  

d
b

 

Q  

D  

c  

(  

s  

2  

d  

c  

3

a
i
s
t
S
4

o
5

I  

t  

A  

i  

p
a  

a  

n  

t
m
m
2  

i

w  

W  

w  

t  

l  

o  

S  

t  

f
o  

M  

i  

i  

l  

a
c
D  

i  

p
a  

s  

T
t

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/525/4/5575/7273139 by C
atherine Sharp user on 18 O

ctober 2023
hat, although the BITMASK 

3 assigned to the objects observed by our 
rogramme is QSO RED , the sample will include a small fraction
f optically blue QSOs, in addition to dust-reddened QSOs. For the 
nalyses in this paper, our secondary target programme is solely used 
o boost the source statistics of the rarer dust-reddened QSOs and 
n combination with a larger nominal sample of DESI QSOs, the 

ajority of which will be typical blue QSOs by selection. 
Our current sample [which we refer to as the ‘DESI secondary 

rogramme (SP) sample’] is taken from the first ∼8 months of
bservations, including all of the DESI Surv e y Validation (SV; DESI
ollaboration et al. 2023 ) data (2020 December–2021 June) and 
art of the ‘Main’ surv e y data (2021 May–2021 July). 4 The DESI
V observations are split into three different targeting campaigns: 
SV1’, ‘SV2’, and ‘SV3’; our DESI SP sample only utilizes SV1 
nd SV3 observations since no secondary targets were assigned 
uring SV2 (DESI Collaboration et al. 2023 ; Myers et al. 2023 ).
uring the SV3 phase, primary targets were prioritized for multiple 
bservations before secondary targets were scheduled in order to 
btain highly complete samples of DESI primary targets. Thus, a 
ortion of our SP sample is biased towards the colours of primary
ESI classes, particularly Luminous Red Galaxies (LRGs; Zhou 

t al. 2023 ; z < 21.7 limit in SV3) and QSOs (Chaussidon et al.
023 ; r < 23 limit in SV3). This bias will gradually diminish o v er
he course of the DESI Main surv e y, for which, our SP targets are
ssigned an observational priority at least as high as any other primary
arget (see section 5 of Schlafly et al. 2023 ). The flowchart in Fig. 1
isplays our secondary target selection process, which we describe 
elow. 
A key distinguishing component of our SP compared to the DESI

SO sample is the MIR WISE selection. We first started with the
ESI DR9 le gac y photometric catalogues (De y et al. 2019 ) 5 , which

ontain optical photometry in the g (4730 Å), r (6420 Å), and z bands
9260 Å), as well as four MIR bands (at 3.4, 4.6, 12, and 22 μm) from
tacks of WISE/NEOWISE data (Wright et al. 2010 ; Mainzer et al.
011 , 2014 ), referred to as unWISE coadds (Lang 2014 ; for more
etails see section 6 of Dey et al. 2019 ). We first used the MASKBIT
olumn in order to remo v e objects with flagged photometric errors.
 Different types of targets are assigned different bits, which can then be 
ccessed via the targeting bitmasks (e.g. DESI TARGET ). For example, 
n DESI, the QSO targets are assigned a desi mask bit 2 and our 
econdary QSO RED targets are assigned a scnd mask bit 5. Therefore, 
he targets that are solely targeted by our programme would be selected by 
CND TARGET = 32 ( ≡ 2 5 ). For more information, see Myers et al. ( 2023 ). 
 The DESI Early Data Release (EDR; DESI Collaboration et al. 2023 ) will 
nly include observations from the SV period. 
 https://www.legac ysurve y.org/

t  

T  

s  

t  

6

o
7

m
i

n our selection, we remo v e objects with a MASKBIT corresponding
o either BRIGHT (object touches the pixel of a bright star),
LLMASK G , ALLMASK R , ALLMASK Z (object touches a bad pixel

n either the g -, r -, or z-band images), BAILOUT (object touches a
ixel in a region where source fitting failed), GALAXY (object touches 
 pixel in a large galaxy), or CLUSTER (object touches a pixel in
 globular cluster). 6 These were chosen to be consistent with the
ominal DESI QSO SV target selection (Chaussidon et al. 2023 ). We
hen applied a morphology cut, requiring either point sources (‘PSF’ 

orphology) or a small relative χ2 difference between the PSF and 
ore extended morphological models (defined in Chaussidon et al. 

023 ) from the DR9 le gac y imaging (De y et al. 2019 ; Schlegel et al.
n preparation). 

To ensure we minimize non-QSO contaminants in our sample, 
e required a signal-to-noise ratio (SNR) cut of > 3 in the WISE
 1, W 2, and W 3 bands and applied the Mateos et al. ( 2012 ) ‘AGN
edge’ (a W 1–W 2 and W 2–W 3 colour–colour selection). We chose

o use the Mateos et al. ( 2012 ) wedge rather than more simple,
iberal MIR cuts (e.g. Stern et al. 2012 ; W 1–W 2 ≥ 0.8, Vega) in
rder to optimize the number of reliable QSOs observed by our
P, in addition to obtaining accurate W 3 fluxes used to calculate

he 6 μm luminosity (see Section 3.4 ). Ho we ver, this may result in
ewer sources observed which have MIR colours that lie outside 
f the AGN wedge (in particular, exotic QSOs with more extreme
IR colours or higher redshift QSOs for which the AGN wedge

s known to be less reliable). After applying the MIR cuts, we then
mposed an r -band magnitude cut of r < 23.5 mag (matching the more
iberal cut used for the SV QSO selection). We further remo v ed
ny object that falls within the region of g –r versus r–z colour–
olour space that is the predominant colour selection for nominal 
ESI QSOs ( g –r < 1.3 & r –z > −0.4 & r –z < 1.1; see Fig. 2 ),

n order to expand the DESI QSO colour space. This resulted in
redominantly red objects, although, as noted earlier, the selection 
lso includes extremely blue objects (e.g. ∼12.3 per cent of our
econdary programme QSOs have an r –z < −0.4; see Fig. 2 ).
he nominal QSO selection includes a Random Forest selection 

hat will also target QSOs outside this colour region, although 
hese objects will be rare; see Fig. 5 and Y ̀eche et al. 2020 .
he number of objects that both satisfy these criteria, and were
pecifically targeted by our programme, is 3038. 7 It is worth noting
hat if this programme continues for the full five years of the DESI
MNRAS 525, 5575–5596 (2023) 

 See https://www.legac ysurve y.org/dr9/bitmasks/ for a detailed description 
f each maskbit. 
 Note: an additional 25 objects were targeted by our programme but no longer 
eet our photometric selection criteria due to updated photometry. We do not 

nclude these 25 in the final DESI SP sample. 

https://www.legacysurvey.org/
https://www.legacysurvey.org/dr9/bitmasks/
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M

Figure 2. g –r versus r –z colour–colour distribution for our high-quality 
(VI quality ≥ 2.5) SP sample split by spectral type determined from VI; 
QSOs (Type 1: blue dots; Type 2: purple circles), galaxies (orange dots), and 
stars (green stars). The region of colour space that is predominantly occupied 
by the nominally selected DESI QSOs is highlighted; we do not target any 
object in this region but instead combine our sample with the nominal DESI 
QSOs for some of the analyses in this paper (see Section 3.1 ). It is worth 
noting that the nominal DESI QSO selection also utilizes a Random Forest 
selection that will target QSOs outside of this main colour region (see Fig. 5 ). 
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urv e y, we e xpect o v er ∼8 times this number of SP targets to be
bserved. 

.2 Spectral classification 

he DESI spectrograph co v ers an observed wavelength range of
3600–9800 Å, with a spectral resolution of ∼2000–5000 (blue to

ed). In order to measure the redshift and determine the spectral
ype (hereafter ‘spectype’) of each spectrum, DESI makes use of
hree tools. redrock 8 (Bailey et al. in preparation) is the standard
ESI spectral template-fitting code that uses a set of templates to

lassify objects into one of three broad categories: QSO, GALAXY,
nd STAR. redrock uses a Bayesian approach and selects the
est-fitting solutions based on the lowest reduced χ2 values. In
ddition to redrock , DESI also utilizes two ‘afterburner’ codes
hat are applied after redrock is run: QuasarNET 9 (Busca &
alland 2018 ), a neural network-based QSO classifier that updates

he spectype and redshift of missed high confidence QSOs, and the
g II afterburner, which is an emission-based code that updates the

pectype of a classified GALAXY to QSO if there is significant broad
g II emission present in the spectrum (see section 6.2 in Chaussidon

t al. 2023 ). We refer to the combination of these three tools as the
modified pipeline’. 

On the basis of visual inspection (VI), the modified pipeline
chieves a good redshift ( �v < 3000 km s −1 ) 10 and spectral type
urity of 99 and 94 per cent, respectively for the main QSO surv e y
see tables 8 and 9 in Alexander et al. 2023 ). Ho we ver, from a
I categorization of QSOs with incorrect redshifts and/or incorrect

pectypes from the modified pipeline, Alexander et al. ( 2023 ) showed
NRAS 525, 5575–5596 (2023) 

 https://github.com/desihub/redrock
 https://github.com/ngbusca/QuasarNET 

0 �v < 3000 km s −1 is equi v alent to a �z = | z VI − z pipeline | /(1 + z VI ) < 0.01, 
here z VI is the redshift defined from visual inspection. 

b
1

1

t
o
c

hat many were found to either have (1) a very red continuum, (2)
trong host-galaxy features, or (3) strong broad absorption features. 11 

herefore, our DESI SP sample, the majority of which hav e v ery red
ptical colours (Fig. 2 ) in addition to pushing to fainter magnitudes
han the main DESI QSO selection ( r < 23 mag), is likely to result in
he sort of objects that the DESI pipeline struggles to classify. Due to
his, we undertook complete VI of our SP sample of 3038 objects in
rder to retrieve accurate redshifts and spectypes. Our VI approach
s based on that described in section 2.2 of Alexander et al. ( 2023 )
nd is summarized below. 

Each of the 3038 objects in the SP sample are e v aluated using
he Prospect 12 visualization tool; for a detailed description of
he Prospect tool, see Lan et al. ( 2023 ). Prospect displays
he unsmoothed spectrum, along with the noise spectrum and an
ndication of where the three arms of the DESI spectrograph o v erlap.
vailable tools on the page allow the user to smooth the spectrum
nd display common absorption and emission lines. The nine best-
tting redrock template solutions are also displayed and the best
our solutions are available to o v erlay on the spectrum. The visual
ssessor is then able to manually (1) adjust and correct the redshift,
2) correct the spectype, (3) add a specific comment, (4) flag any bad
ata, and (5) assess the quality of the spectrum. Examples of specific
omments that were added include flagging Type 2 AGN, BALQSOs,
nd spectra that included two sources (i.e. those with two redshift
olutions). A quality class (VI quality) of 0 to 4 is provided by the
isual assessor for each spectrum, where 0 is the worst quality and 4
s the best quality (the specific meaning of each VI quality is detailed
n Alexander et al. 2023 ). Every spectrum is visually assessed by two
isual assessors and then the files are merged by a VI lead (D. M.
lexander for this data set), who reassesses spectra with significant
isagreements between the two assessors and then decides on the final
lassification and/or redshift. 13 The resulting spectrum is considered
high quality’ with a robust redshift and spectype if the average VI
uality class is ≥2.5 (i.e. the lowest quality spectra that are included
n our high-quality sample are those where one assessor assigns a
uality flag of 2 and the other assigns a 3). 
From visually inspecting our DESI SP sample, we found that
89 per cent (2700/3038) of the DESI spectra have high quality

VI quality ≥ 2.5) redshifts and spectypes. Out of these high-quality
bjects, we found that ∼1.6 per cent (42/2700) had two redshift
olutions; inspecting the images confirmed that there were indeed two
bjects within the same fibre, and we therefore remo v ed these objects
rom our analyses. Excluding the low-quality sources and systems
ith two objects in the same spectrum, we found that ∼70 per cent

1852/2658) of our SP sample are confirmed as Type 1 QSOs,
isplaying clear broad emission lines in their optical spectra; this
s consistent with the expected fraction of high-quality QSOs from
he main surv e y QSO targets ( ∼76 per cent; see fig. 4 in Alexander
t al. 2023 ). Additionally, ∼11 per cent (209/1852) of the QSOs were
agged as BALQSOs, displaying broad absorption blueward of C IV

e.g. Petley et al. 2022 ). We also found that ∼11 per cent (302/2658)
f the high-quality spectra are Type 2 AGN, displaying strong
Ne V ] λλ3346,3426 but no broad lines, ∼13 per cent (345/2658) are
eing developed. For more details, see Brodzeller et al. ( 2023 ). 
2 ht tps://github.com/desihub/prospect 
3 Significant disagreements include assigning different spectypes, redshifts 
hat differ by > 3000 km s −1 , and quality flags that differ by > 1. The majority 
f disagreements arise for the faintest magnitude sources that are often 
onsidered low quality, and therefore are not included in our final sample. 

https://github.com/desihub/redrock
https://github.com/ngbusca/QuasarNET
https://github.com/desihub/prospect
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Table 1. Table displaying the percentage and number of high-quality (VI 
quality ≥ 2.5) objects in our DESI SP sample, in addition to removing systems 
with two objects in the same spectra, that were classified as QSO (Type 1 and 
2), GALAXY, or STAR from the VI. Overall, we find ∼70 per cent of the 
high-quality sources are Type 1 QSOs, which is consistent with the fraction 
found from the main DESI QSO selection (see fig. 4 in Alexander et al. 2023 ). 

Spectral type Percentage of high-quality sources 

QSO (Type 1) 69.7 per cent (1852/2658) 
QSO (Type 2) 11.4 per cent (302/2658) 
GALAXY 13.0 per cent (345/2658) 
STAR 6.0 per cent (159/2658) 

Figure 3. Pie chart showing the fraction of high-quality (VI quality ≥ 2.5) 
QSO (Type 1 and 2), STAR, and GALAXY spectral classifications from the 
VI of our DESI SP sample. The number of high-quality objects for each 
spectype in our SP sample is displayed in Table 1 . 
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QSO cut:
VI-confirmed Type 1 QSOs 

QSO cut:
Modified pipeline QSOs &

ZWARN==0

LoTSS DR2 coverage
0.5<z<2.5

33,753                                            690

“Combined QSO sample”
34,293

“Nominal QSO sample”
88,101

“SP QSO sample”
1852

Secondary program (SP)
3038

Nominal program (NP)
633,054

IR cuts:
W123 SNR>3 &

Mateos+12 AGN wedge
100,014

VI_quality >= 2.5
2700

Remove duplicate QSOs 

Remove systems with 
two objects in the same 

spectrum
2658

Figure 4. Flow chart illustrating the selection process for the combined 
QSO sample. We restricted the SP sample (see Fig. 1 for sample selection) to 
high-quality (VI quality ≥ 2.5; see Section 2.2 ) objects and remo v ed systems 
with two objects in the same spectrum (i.e. two redshift solutions). We then 
selected the visually confirmed QSOs, resulting in 1852 ‘SP QSOs’. We 
selected objects that were targeted by the nominal QSO programme and then 
applied the same IR cuts used in our SP sample selection. We then selected 
QSOs based on the spectype from the modified pipeline and also applied a 
ZWARN cut to ensure the redshifts were robust. The resulting ‘nominal QSO 

sample’ consists of 88 101 QSOs. Restricting both samples to the LoTSS 
DR2 co v erage and a redshift range of 0.5 < z < 2.5, we then combined both 
QSO sub-samples, resulting in 34 293 QSOs that form the ‘combined QSO 

sample’. An electronic table containing the DESI TARGETID for the full 
combined QSO sample, and additionally the RA, Dec., redshift, spectype, 
L 6μm 

, and L 144 MHz for the combined QSO sample included in the DESI 
Early Data Release (DESI Collaboration et al. 2023 ), is available online. 
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alaxies (Fig. B1 ), and ∼6 per cent (159/2658) are stars (Fig. B2 ),
onsistent with the main DESI QSO surv e y (Ale xander et al. 2023 );
ee Table 1 and Fig. 3 . This demonstrates that the Mateos et al. ( 2012 )
GN wedge is efficient at selecting QSOs and that our programme 

s indeed targeting additional QSOs beyond the main DESI surv e y,
ather than introducing a large number of non-QSO contaminants. 

Fig. 2 displays the optical colour–colour distribution for the 
ifferent spectral classes within our secondary sample. 14 We find that 
87, ∼84, and ∼81 per cent of the QSOs, galaxies, and stars have

ed optical colours ( g –r > 1.3 mag or r –z > 1.1 mag), respectively.
he number of sources for each spectype identified from our VI is
isplayed in Table 1 . For a detailed comparison of the performance
f the modified pipeline compared to the VI results, see Appendix A .
n this paper, we focus on the QSOs in our sample (Fig. 4 ); for more
iscussion on the galaxies and stars within our DESI SP sample, see
ppendix B . 

 DATA  A N D  M E T H O D S  

n this section, we compare the properties of the QSOs selected 
y our secondary programme to those selected by the nominal 
4 Note: 66 systems were remo v ed due to imaging issues (e.g. image artefacts, 
ultiple objects in the same fibre, bright nearby stars, edge effects) that 

esulted in poor photometry in one of the bands, and therefore unrealistic 
olours. 

3

F  

o  

a  

s  
ESI QSO programmes (Section 3.1 ), our spectral stacking method 
Section 3.2 ), our dust fitting method (Section 3.3 ), the radio data
tilized in this paper (Section 3.4 ), and the construction of the
ombined QSO sample used for the main analyses in this paper
Section 3.5 ). 

.1 How does our SP extend the nominal DESI QSO selection? 

or the analyses in this paper, we focus on the broad line QSOs in
ur SP sample (excluding the 306 Type 2 AGN; see Table 1 ). We
lso require a comparison QSO sample in order to assess how our SP
ample extends the nominal DESI QSO population. We refer to the
MNRAS 525, 5575–5596 (2023) 
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Figure 5. (Top) similar to Fig. 2 , but now displaying the SP (red) and nominal 
(grey) QSO samples (see Fig. 4 ). Only ∼3 per cent (2367/88 101) of the 
nominal QSO sample lie outside the colour region indicated by the dashed 
lines; these QSOs were likely selected by the Random Forest QSO selection. 
Our SP QSO sample provides 1107 additional unique (i.e. solely targeted 
by our programme) QSOs to the nominal DESI QSO surv e y, the majority of 
which display very red colours (i.e. large g –r and/or r –z colours). (Bottom) 
WISE W 1–W 2 versus W 2–W 3 for the SP (red) and nominal (grey) QSO 

samples. 
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SOs from the nominal DESI QSO population as ‘nominal QSOs’
nd the QSOs from our SP as ‘SP QSOs’. Our selection process for
he nominal and SP QSO samples is displayed in Fig. 4 , which we
escribe below. 
To construct the nominal QSO sample, we first selected objects

hat were targeted by the nominal DESI QSO programme (bit-
ask = QSO ). We then applied the same MIR cuts that were used

o form our SP sample [Section 2.1 ; SNR > 3 in the W 123 bands
nd satisfying the Mateos et al. ( 2012 ) AGN wedge; see Fig. 5 ].
inally, we restricted the selection to objects that were classified as
SOs by the modified pipeline and apply ZWARN == 0 to ensure

he redshifts are robust. The resulting nominal QSO sample consists
f 88 101 QSOs. To construct the SP QSO sample, we selected the
isually confirmed QSOs from our SP sample (Section 2.2 ) which
ad a VI quality ≥ 2.5 (i.e. had a robust spectype and redshift) and
dditionally remo v ed the Type 2 AGN (no broad lines present) and
ystems with two objects in the same spectrum; this resulted in 1852
SOs in our SP QSO sample 
Due to re-observations, many DESI targets will obtain multiple

pectra. In these cases, for our analyses, we use spectra that coadd all
bservations of a given target. In addition to this, since the DESI SV
bservations each have distinct target selections (for more details see
yers et al. 2023 ) there may be multiple coadded spectra across the

ifferent campaigns. In these cases, we use the coadded spectrum
ith the highest squared template signal-to-noise ratio (TSNR2)
alue. The calculation of the TSNR2 value is target-class dependent,
nd so in this work, we use the TSNR2 QSO statistic. For more
etails on the TSNR2 metric, see Guy et al. ( 2023 ). 
Fig. 5 displays the optical colour–colour distribution for both

he nominal and SP QSO samples. We find that, as expected, the
ajority of the nominal QSO sample, the majority of which lie

nside the main colour space used to select DESI QSOs, with only
3 per cent (2367/88 101) of QSOs that lie outside; these QSOs were

ikely selected by the Random Forest QSO selection. Our SP QSO
ample expands the colour parameter space of DESI QSOs, with
he majority of additional QSOs displaying very red optical colours.
t is worth noting that ∼40 per cent (745/1852) of the SP QSOs
ere also targeted by the nominal QSO programme; these 745 QSOs
et both our DESI SP selection criteria and one of the nominal QSO

elections. Our DESI SP therefore provides ∼32 per cent more QSOs
hat lie outside the main region of colour space, i.e. 1107 SP QSOs
olely targeted by our programme compared to the 2367 nominal
SOs that fall outside the main colour region (see Fig. 5 ), despite
eing only ∼2 per cent the size of the nominal QSO sample. 
To understand how the 1852 DESI SP QSOs compare to the SDSS

SOs utilized in our previous studies, we first restricted the SP QSO
ample to the SDSS footprint, reducing the sample to 1312 QSOs. We
hen matched to the DR16 QSO catalogue (Lyke et al. 2020 ) using
 1 arcsec search radius; this resulted in 107 matches. Therefore,
nly 8 per cent (107/1312) of the SP QSO sample within the SDSS
ootprint have also been observed by SDSS and met the criteria
sed by Lyke et al. ( 2020 ) to be included in the SDSS DR16 QSO
atalogue. Out of the 107 sources, we found seven with a redshift
isagreement between our VI and the SDSS DR16 QSO catalogue;
dditional VI of these objects clarified that the SDSS redshifts were
ignificantly incorrect. Matching the DR16 QSO catalogue with the
ther high-quality sources from our SP sample, we found three
atches; one was classified as a galaxy and two were classified as
ype 2 AGN by our VI. We further investigate these disagreements

n Appendix C . 
Fig. 6 displays the L 6 μm 

and r -band magnitude versus redshift
istributions for the nominal and SP QSO samples. To compute the
NRAS 525, 5575–5596 (2023) 
 6 μm, we used a log-linear interpolation or extrapolation of the
uxes in the W2 and W3 bands, following the approach from Klindt
t al. ( 2019 ). The larger density of SP QSOs at r � 22.5 mag is a result
f the different target prioritization during SV3 (see Section 2.1 );
P sources that were also primary targets , i.e. QSOs (Chaussidon
t al. 2023 ), LRGs (Zhou et al. 2023 ), or Emission Line Galaxies
ELGs; Raichoor et al. 2023 ), will have had a far higher probability
f being observed than SP targets that were not also primary targets.
he selection of these primary targets impose brighter magnitude

imits than that of our SP, and therefore the targets observed during
V3 are more likely to reside at these brighter magnitudes. The
P QSOs that were also observed by SDSS are shown by the blue
iamonds. The highest redshift QSO in the SP and nominal samples
re at z = 4.4 and 4.6, respectively. On average, the SP QSOs are
1.7 mag optically fainter than the QSOs in the nominal sample,

emonstrating that our programme is pushing to QSOs with fainter
agnitudes. Applying the two-sided Kolmogoro v–Smirno v (K–S)

est to the redshift and L 6 μm 

distributions of the nominal and SP
SO samples, we cannot rule out that the two samples are drawn

rom the same parent distribution at a < 1 per cent significance level.
his also demonstrates that QSOs with fainter optical magnitudes
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Figure 6. L 6μm 

(top) and r -band magnitude (bottom) versus redshift for the 
nominal QSO (grey dots) and SP QSO (red circles) samples. The median 
values for the DESI nominal and SP QSO samples are shown by the dashed 
lines in the adjacent histograms. The 107 SP QSOs that are also identified in 
the SDSS DR16 QSO catalogue are highlighted by the blue diamonds. 
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15 We note that, even given the natural spread in the power-law slopes 
for unobscured QSOs, a QSO with an E ( B − V ) = −1 mag is physically 
impossible. We chose this lower limit to reduce boundary effects in the dust 
extinction fitting code. For the analyses in this paper, we apply at E ( B −
V ) > −0.1 mag cut to esnure we only use reliable fits. 
16 The X-shooter composites and a movie describing our basic fitting approach 
can be found online: ht tps://github.com/VFawcet t/Xshoot erComposit es 
17 ht tps://github.com/legolason/PyQSOFit 
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re not necessarily intrinsically fainter; their optical emission may 
e relatively fainter due to dust extinction (see Section 4.1 ). We utilize 
 6 μm 

as a tracer for the intrinsic QSO luminosity in Section 4.2 . 

.2 Composite construction 

o characterize the basic spectral properties of our QSO samples, 
e constructed composite spectra following the approach outlined 

n F a wcett et al. ( 2022 ); hereafter, F22. First, we trim the ends of
he spectrum from each spectral arm to remo v e noisy data. We then
orrect for Galactic extinction, using the Schlegel, Finkbeiner & 

avis ( 1998 ) map and the Fitzpatrick ( 1999 ) Milky Way extinction
aw, and shift to rest-frame wavelengths using the VI redshifts for the
P QSO sample and the redshifts obtained from the modified pipeline 
or the nominal QSO sample. Each spectrum is then rebinned to a
ommon wavelength grid with 1 Å per bin and normalized to 4500 Å.
e then take the median composite, applying a minimum threshold 

f 30 spectra per bin. 

.3 Dust extinction fitting method 

o quantify the amount of extinction present in each QSO, we fitted a
lue QSO spectral template with varying amounts of dust extinction 
o the QSO spectra following the same method as F22. We briefly
utline the approach here. 
For our blue QSO template, we used the VLT/X-shooter control 
SO composite from F22. This composite was constructed by taking 

he geometric mean of 28 blue QSOs at 1.45 < z < 1.65 (span-
ing rest-frame wavelengths 1250 < λ< 9000 Å) observed with X-
hooter (Programme ID 0101.B-0739; PI: Klindt). We chose to 
se this composite rather than constructing a blue composite from 

ESI spectra due to the broad wavelength coverage of X-shooter; 
o achieve a similar wavelength range with DESI, we would need to
se objects at different redshifts which could result in a non-physical
ontinuum shape (see appendix D in F22 for more discussion). We
hen masked the emission-line regions and smoothed the spectrum 

f the blue QSO X-shooter composite with a Gaussian filter ( σ = 3).
e fitted this unreddened template to the QSO spectra using a

east-squares minimization code, which varied the normalization 
a v oiding emission-line regions) and E ( B − V ) parameter [ranging
rom −1.0 < E ( B − V ) < 2.5 mag 15 ], using a simple power-law (PL;
 V ∝ λ−1 , R V = 4.0; F a wcett et al. 2022 ) dust extinction curve
hich was found to describe the dust in dust-reddened QSOs more

f fecti vely than the commonly used Small Magellanic Cloud (SMC;
revot et al. 1984 ) e xtinction la w (F a wcett et al. 2022 ). 16 The
easured E ( B − V ) was allowed to be ne gativ e to account for the

act that the X-shooter blue QSO composite used for the fitting will
ontain a small amount of dust and therefore some DESI QSOs will
e bluer than the composite. Ho we v er, QSOs with ne gativ e E ( B − V )
alues should be interpreted with caution; they represent the natural 
pread in the power-law slope for unobscured QSOs (e.g. Richards 
t al. 2003 ), but do not have any physical interpretation. 

In order to determine the quality of the fits, we calculated the mean
bsolute deviation (MAD = 

1 
n 

∑ | X − μ| ; where n is the sample
ize, X is difference between the model and data, and μ is the mean
f the difference). For this work, we choose a conservative cut of
AD < 4 × 10 −5 to define whether a fit is good or not. Although

his will cut down our sample substantially, it should ensure the
esults in this paper are robust (see Appendix D for a comparison of
o w dif ferent MAD cuts af fect our results). 
It has previously been noted that QSOs with low luminosities 

log L 6 μm 

� 45 erg s −1 ) and redshifts ( z � 1) can have a substantial
ontribution of light from the host galaxy (Shen et al. 2011 ; Calistro
iv era et al. 2021 ; F a wcett 2022 ). Therefore, for the QSOs at z ≤ 1,
e first fitted and subtracted a host-galaxy model from the spectrum

o a v oid potential stellar emission biasing dust extinction estimates
owards the QSO. To fit the host-galaxy component, we used the
ublicly available code PyQSOFit 17 , following the approach taken 
n F22. For each source, we first smoothed the spectra with a 10-pixel
oxcar and then globally fitted both the continuum and emission lines
f the entire spectrum. To fit the continuum, we used a power law,
almer continuum ( BC ), third-order polynomial, Fe II continuum, and 
ost-galaxy components. Following the same approach as F22, we 
hose to apply the Verner et al. ( 2009 ) Fe II template for λ> 2000 Å
obtained via pri v ate communication), combined with the Vester- 
aard & Wilkes ( 2001 ) template for λ< 2000 Å(available on https:// 
ithub.com/legolason/PyQSOFit/ blob/master/ pyqsof it/f e uv.txt), to 
ive a continuous template from 1000–12000 Å. The host galaxy 
MNRAS 525, 5575–5596 (2023) 

https://github.com/legolason/PyQSOFit/blob/master/pyqsofit/fe_uv.txt
https://github.com/VFawcett/XshooterComposites
https://github.com/legolason/PyQSOFit
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M

Figure 7. An example of a good dust extinction fit, based on the method described in Section 3.3 , for a high E ( B − V ) QSO. The blue QSO composite (from 

F22) before and after applying extinction is displayed by the blue and red lines, respectively. The DESI QSO spectrum is displayed by the grey line. The gap in 
the blue composite between λ∼ 5300–5700 Å is due to the removal of strong telluric features (see F22 for more details). Additional examples of dust extinction 
fits, including QSOs with poor fits, can be found in the online supplementary material. 
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19 It should be noted that there will be large uncertainties on the radio spectral 
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nd QSO contributions are decomposed using principal component
nalysis (PCA; Yip et al. 2004a , b ). The PCA method is based on
he assumption that the observed QSO spectrum is a combination
f two independent sets of eigenspectra taken from pure galaxy
nd pure QSO samples. We used 5 galaxy and 20 QSO PCA
omponents (following a similar approach as Rakshit, Stalin &
otilainen 2020 ), and adopted the stellar host model from Bruzual &
harlot ( 2003 ). We used this model instead of the default Yip et al.
 2004a ) model in PyQSOFit due to the wider wavelength coverage.
 host-galaxy component is only included if > 100 pixels in the
ost-galaxy template are non-ne gativ e; we note the lower resolution
f the Bruzual & Charlot ( 2003 ) compared to the Yip et al. ( 2004a )
emplate at higher redshifts may lead to fewer spectra successfully
tted by a host-galaxy template. Overall, we found that ∼10 per cent
97/948) of the SP QSO sample at z ≤ 1 could successfully be fit with
 host-galaxy component. Each of the other continuum components
s described in detail in F22. For examples of our dust fitting method,
ee Fig. 7 . 

Due to the limited wavelength range of our chosen blue composite
1250 < λ< 9000 Å), our dust extinction fitting method is less
f fecti ve for sources at z > 2.5 since this corresponds to a large
ortion of the DESI spectrum with rest-frame wavelengths < 1250 Å.
he fitting procedure is most ef fecti ve at z < 2.0, where the whole
ESI wavelength range is covered by the composite. Ho we ver, to
aximize the source statistics for our dust extinction analyses, we

nclude QSOs at 2.0 < z < 2.5 that have good fits. 

.4 Radio data 

n this work, we utilize radio data from the LOFAR Two Metre Sky
urv e y (LoTSS) Data Release 2 (LDR2; Shimwell et al. 2022 ). 18 This
urv e y co v ers 5740 square deg at 144 MHz, with a median sensitivity
f 83 μJy beam 

−1 and 6 arcsec resolution. LDR2 contains 4496 228
ources with a > 5 σ detection. At equi v alent frequencies, for sources
ith typical synchrotron spectra, LDR2 is ∼9 times deeper than
NRAS 525, 5575–5596 (2023) 

8 https:// lofar-surveys.org/ surveys.html 

s
(
t
R

he Faint Images of the Radio Sky at Twenty-centimeters (FIRST;
ecker et al. 1995 ) 1.4 GHz surv e y; this makes LDR2 ideal to analyse

he radio properties of DESI QSOs, which can have modest AGN
uminosities. 

To determine whether a QSO is ‘radio-quiet’ or ‘radio-loud’, we
dopted the same ‘radio-loudness’ parameter ( R ) as that first used in
lindt et al. ( 2019 ), and adapted for 144 MHz data in Rosario et al.

 2020 ), defined as the dimensionless quantity 

 = log 10 

L 144 MHz 

L 6 μm 

. (1) 

he L 144 MHz is calculated using the methodology described in
lexander et al. ( 2003 ), assuming a uniform radio spectral index of
= 0.7 for the K -correction. We used the rest-frame 6 μm luminosity

o define radio loudness, rather than optical luminosity which is used
n most classical definitions (e.g. Kellermann et al. 1989 ), since
 6 μm is less sensitive to e xtinction. F or e xample, ev en at the most
xtreme E ( B − V ) for an optically selected QSO [ E ( B − V ) =
 mag] at z = 1.5, the difference in L 6 μm due to loss of flux by
ust extinction at rest-frame 6 μm is ∼0.15 dex. We scaled the radio-
oud/radio-quiet threshold from 1.4 GHz ( R = −4.2) to our 144 MHz
ata by assuming a canonical spectral index of α = 0.7 ( S ν ∝ ν−α). 19 

his corresponded to a boundary at R = −4.5, which is broadly
onsistent with the classical radio-quiet/radio-loud threshold (often
efined using a 5 GHz-to-2500 Å flux ratio; Kellermann et al. 1989 ),
ut is less susceptible to obscuration from dust (see Klindt et al. 2019
or full details). 

.5 Constructing the combined QSO sample 

or the scientific analyses in this paper, we constructed a combined
SO sample, which included both our SP and nominal QSO samples
lope; for example, flatter spectral indices have been found for fainter QSOs 
e.g. Gloudemans et al. 2021 ). The value of α = 0.7 was chosen based on 
he average 144 MHz–1.4 GHz radio spectral index found for SDSS QSOs in 
osario et al. ( 2020 ). 

https://lofar-surveys.org/surveys.html
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n order to maximize the source statistics. We first restricted our 
ominal and SP QSO samples to the LDR2 surv e y area using
he Multi-Order Co v erage map (MOC) pro vided on the LOFAR
ebsite. 20 We then restricted the sample to redshifts 0.5 < z < 2.5; the

ower bound is to ensure minimal contamination from the host galaxy 
nd the upper bound is due to a limitation with our dust fitting method
see Section 3.3 ). This resulted in 690 and 33 753 QSOs in the SP
nd nominal samples, respectively. We then matched to the LDR2, 
dopting a 5 arcsec search radius which resulted in ∼19 per cent
6389/33 753) and ∼31 per cent (216/690) radio-detected QSOs in 
he nominal and SP samples, respectively (we further explore the 
adio detection fractions in Section 4.2 ). Finally, we combined both 
he restricted nominal and SP QSO samples (removing duplicate 
SOs that belong to both samples), resulting in our ‘combined QSO 

ample’ which consists of 34 293 QSOs (see Fig. 4 ). 
To estimate the fraction of false matches and objects missed due 

o radio emission extended beyond 5 arcsec, we utilized the LoTSS
R1 radio catalogue (LDR1; Shimwell et al. 2017 ), with optical 

ounterparts from Williams et al. ( 2019 ). 21 The catalogue from
illiams et al. ( 2019 ) was created using a combination of likelihood-

atio matching and visual identification, resulting in optical and/or 
R counterparts for ∼73 per cent of the LDR1 radio sources. For our
alse matching estimate, we will use the optical/IR positions of the 
DR1 sources as the ‘true’ positions. Restricting the nominal QSO 

ample to the much smaller region of LDR1 reduced the sample to
nly 3057 sources. Adopting the same 5 arcsec search radius as for
DR2, we matched this reduced sample to the radio positions in 
DR1, resulting in 645 matches. We then repeated the matching, but 

nstead adopting a 0 . ′′ 75 search radius (following Rosario et al. 2020 )
nd matching to the positions of the optical counterparts from the 
alue-added catalogue, resulting in 648 matches which represent our 
truth’ sample. From this, we were able to determine an estimate for
he fraction of false matches by exploring how many of the 645 radio
atches within 5 arcsec were not also included in our truth sample;

rom this, we found a false match fraction of ∼1 per cent (8/645).
imilarly, we were able to determine the fraction of missed matches 
y exploring how many of the truth sample were not included in
he sample of 645; from this, we found that ∼2 per cent (11/645)
f sources are missed, most likely due to radio emission extended 
eyond 5 arcsec. Although the false match fraction calculated here is
reater than that found for FIRST (using a 10 arcsec matching radius:
0.2 per cent; Klindt et al. 2019 ), which is at a comparable resolution

o LoTSS (FIRST: 5 arcsec; LoTSS: 6 arcsec), the sensitivity of
oTSS is ∼ 9 times deeper than FIRST at equi v alent frequencies,
ssuming a spectral index of α = 0.7. We would therefore expect a
igher false match fraction from LoTSS due to the higher density 
f faint sources within a given region. Additionally, our current 
stimations are limited by source statistics. Our future DESI papers 
ill benefit from the upcoming optical and IR cross-matched LDR2 

atalogue for more accurate cross-matching and also a larger DESI 
P QSO sample. 

 RESULTS  

ur results are based on the combined QSO sample (see Fig. 4 )
hat includes QSOs selected from our secondary target programme 
Section 2.1 ) and QSOs that were targeted by the nominal DESI QSO
0 https:// lofar-surveys.org/ dr2 release.html 
1 At the time of writing, the optical and IR identification catalogue for LDR2 
as not yet been publicly released. 
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t  
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I  
rogramme, restricted to the LoTSS DR2 co v erage area (to assess
adio detection fractions). In the following sections, we explore the 
ine-of-sight dust extinction towards the QSOs (Section 4.1 ) and 
he radio properties of the QSOs as a function of dust extinction
Section 4.2 ). 

.1 Quantifying the line-of-sight dust extinction 

nder the assumption that dust is the main cause of reddening
n reddened QSOs, we quantified the amount of dust extinction 
long the line of sight by fitting the spectra of the combined QSO
ample with a dust-reddened VLT/X-shooter blue QSO composite 
see Section 3.3 ). 

Overall, 58 per cent (20 031/34 293) of the combined QSO sample
pectra are well fitted (MAD < 4 × 10 −5 ; see Section 3.3 ) by the
ust-reddened composite. Fig. 7 displays the best-fitting solution for 
ne of the most extreme cases, with a measured E ( B − V ) = 1.05 mag
 A V ∼ 4 mag); for this source the Mg II emission line is completely
bscured, although broad H β is still present indicating that it is
 QSO. Inspecting the QSOs that are not well fit with a dust
 xtinction curv e, we found that the y tend to hav e bluer optical colours
median g –r = 0.26 and 0.21 mag for the QSOs with good and
ad fits, respectively), fainter optical magnitudes (median r = 20.0 
nd 20.6 mag, for the QSOs with good and bad fits, respectively),
isplay strong absorption features, and/or reside at higher redshifts 
median redshift = 1.22 and 1.83 for the QSOs with good and bad
ts, respectiv ely); as e xpected based on the lower effectiveness of
ur fitting procedure at z > 2 due to the limited wavelength range
f our chosen blue composite (see Section 3.3 ). We therefore expect
he QSOs with good fits to be slightly biased towards either the

ore luminous QSOs and/or those with higher dust extinctions. 
dditionally, from visually assessing the bluest QSOs [ E ( B −
 ) < −0.1 mag] with an MAD < 4 × 10 −5 , we found the fits to
e unreliable (i.e. the extinction of the QSO compared to the blue
omposite appears to be consistent with zero, but the measured E ( B

V ) is clearly underestimated), again highlighting the limitation 
f our fitting towards blue QSOs. However, due to the significant
ample size of the bluest QSOs, we expect this to have little effect on
ur results (see Appendix D ). For the following analyses, we restrict
o QSOs with good dust extinction fits and also with a measured
 ( B − V ) > −0.1 mag. Examples of QSOs with good and bad dust
xtinction fits can be found in the online supplementary material. 

Fig. 8 displays the distribution of dust-extinction values for the 
ombined QSO sample. The 107 SP QSOs that were additionally 
dentified in the SDSS are also highlighted. This demonstrates that 
ESI will not only accumulate a more statistically significant sample 
f reddened QSOs but also extends to QSOs with dust extinctions
e yond those observ ed by the SDSS. Fig. 9 displays the g–r versus
 – z optical colour–colour space, with the colourbar representing 
he measured E ( B − V ). We find that both the g –r and r –z colour
cale with E ( B − V ), demonstrating that optical colour is a good
roxy for dust reddening. In order to maximize the highest E ( B −
 ) end of the QSO population, future QSO selections can utilize this
orrelation between optical colour and dust extinction in order to 
elect the reddest QSOs. 

Overall, DESI can identify QSOs with dust extinctions up to E ( B −
 ) ∼ 1.0 mag ( A V ∼ 4 mag; see Fig. 7 for an example fit), comparable

o the much smaller sample of NIR-selected heavily reddened QSOs 
rom Banerji et al. ( 2015 ). This demonstrates the capability of DESI
o help bridge the gap between mildly obscured SDSS red QSOs
e.g. Richards et al. 2003 ; Klindt et al. 2019 ; F a wcett et al. 2022 ),
R-selected red QSOs (e.g. Banerji et al. 2015 ; Glikman et al. 2015 ,
MNRAS 525, 5575–5596 (2023) 

https://lofar-surveys.org/dr2_release.html
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Figure 8. E ( B − V ) distribution for the combined QSO sample (black dashed 
line) and SP QSOs that are were also observed by SDSS (hatched blue region), 
restricted to the sources with good E ( B − V ) fits. With DESI, we can now 

observe QSOs with dust extinction values up to E ( B − V ) ∼ 1 ( A V ∼ 4). 

Figure 9. g –r versus r –z for the combined QSO sample, restricted to the 
QSOs with good E ( B − V ) fits. The colourbar displays the measured E ( B 

− V ) which scales with both g –r and r–z colour. The dashed lines represent 
the optical colour selection applied in our SP. This demonstrates that optical 
colour, and our SP, is an ef fecti ve way of selecting dust-reddened QSOs. 
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022 ), and heavily obscured QSOs (e.g. Andonie et al. 2022 ). See
ection 5.1 for a more detailed comparison with previous red QSO
tudies. The measured E ( B − V ) values for the combined QSOs
ncluded in the DESI EDR can be found in the electronic table
nline. 

.2 Exploring the radio properties of dusty QSOs 

n our previous work, we identified fundamental differences in the
adio properties of red QSOs compared to typical blue QSOs based
n the shallower SDSS QSO samples (Klindt et al. 2019 ; F a wcett
t al. 2020 , 2021 ; Rosario et al. 2020 ). In this paper, we utilize the
ombined QSO sample, our spectral fitting results, and LDR2 (see
ections 3.4 and 3.5 ) in order to explore the radio detection fraction
s a function of reddening and extend our previous radio results to
ore heavily reddened QSOs. 
NRAS 525, 5575–5596 (2023) 
In Fig. 10 , we show the LDR2 radio detection fraction for the
ombined QSO sample in bins of E ( B − V ). On the basis of this
gure, it is clear that there is a strong positive correlation between

he line-of-sight dust extinction and the radio detection fraction for
ESI QSOs. This is consistent with our previous work in which we

ound that red QSOs in SDSS, selected by their g –i optical colour,
ave a higher radio detection fraction compared to typical blue QSOs
Klindt et al. 2019 ; F a wcett et al. 2020 , 2021 ; Rosario et al. 2020 ). To
est that there are no redshift or luminosity biases that are driving this
esult, we matched the QSOs within each E ( B − V ) bin in redshift
nd L 6 μm 

(using a tolerance of 0.05 and 0.2 dex for redshift and
 6 μm 

, respectively), using a 2:1 match ratio for the bluest bins to
aximize source statistics. We show the LDR2 detection fraction

or each matched bin in Fig. 10 by the grey shaded region; although
imited on source statistics, a strong positive trend is clearly still
resent, even when accounting for redshift and luminosity biases
see Appendix D for additional tests). The number of QSOs and
ssociated radio detection fractions for the full and L 6 μm 

– redshift
atched samples can be found in Table 2 . It is also worth noting

hat no radio pre-selection is incorporated in the DESI QSO target
election, in comparison to SDSS where some QSOs are selected
ased on a FIRST radio detection (our previous work addressed
his pre-selection; see section 2.2.1 in Klindt et al. 2019 ). This
esult therefore corroborates our previous SDSS red QSO results,
ut utilizing a cleaner, less biased sample and expanding to QSOs
ith even higher line-of-sight dust extinction (SDSS red QSOs span

he range 0.03 � E ( B − V ) � 0.3; Richards et al. 2003 ; Klindt et al.
019 ; F a wcett et al. 2020 ; Calistro Riv era et al. 2021 ). 
To give some basic insight on the radio properties, in Fig. 11 , we

how the L 6 μm 

versus L 144 MHz distribution for the radio-detected
ombined QSO sample in three bins of E ( B − V ), with the radio-
oud/radio-quiet threshold displayed by the dashed red line (see
ection 3.4 ); we find that 93 per cent of the radio-detected QSOs

n the combined sample are radio-quiet. Assuming a 5 σ upper limit
or the LDR2 undetected QSOs (415 μJy), we estimate a radio-quiet
raction for the o v erall combined QSO sample of ∼ 99 per cent.
herefore, the trend in radio detection fraction found in Fig. 10 is
riven by radio-quiet QSOs, consistent with our previous work. We
o not find a significant difference in the median radio-loudness
cross increasing E ( B − V ) bins [ R ∼−5.9 for each E ( B − V ) bin].
o we ver, we do find a decrease in the number of radio-loud QSOs
ith increasing E ( B − V ) ( ∼ 8, 5, and 3 per cent with increasing E ( B
V ) bin); we explore this result more in Section 5.2 . 

 DI SCUSSI ON  

e have presented the first results from our ongoing secondary target
rogramme in DESI that uses an optical and MIR colour selection
o expand the optical colour space probed by the nominal DESI
SO selection. Our programme complements the QSOs from the
ominal DESI QSO selections, which are predominantly blue, and
ushes to higher extinctions than those selected by both the SDSS
nd DESI QSO samples. Combining the QSOs from our secondary
arget programme and the nominal DESI QSOs, the key result in this
aper is the striking positive relationship between amount of line-
f-sight dust extinction and the radio detection fraction for QSOs
Fig. 10 ). This clearly demonstrates that the presence of dust (and/or
as, i.e. opacity) is an important factor for the production of radio
mission in radio-quiet QSOs. In the following sections, we discuss
ow these results complement and extend the previous red QSO
tudies, including the o v erlap between our sample and Extremely
ed Quasars (ERQs; e.g. Hamann et al. 2017 ; Section 5.1 ), and
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Figure 10. LDR2 radio-detection fraction and radio-loud ( R ≥ −4 . 5) fraction for the combined QSO sample in bins of E ( B − V ) [the fraction is calculated 
relative to the number of combined QSOs per E ( B − V ) bin], calculated using a PL extinction curve (see Section 3.3 ). The grey shaded region displays the 
L 6 μm 

–z matched bins. The error bars were calculated using the method described in Cameron ( 2011 ) and corresponds to 1 σ binomial uncertainties. There 
is a positive correlation between radio detection fraction and E ( B − V ), even when accounting for any redshift or luminosity biases, demonstrating a striking 
relationship between the radio emission and the line-of-sight dust extinction towards QSOs. We find that the radio-loud fraction is � 2 per cent across all E ( B 

− V ) bins, suggesting the correlation between radio-detection fraction and dust extinction is not due to large scale/high-luminosity radio jets. There is a small 
decrease in the radio-loud fraction out to E ( B − V ) ∼ 0.4 mag. The number of QSOs and associated radio detection and radio loud fractions can be found in 
Table 2 . 

Table 2. Table displaying the number of QSOs, radio-detection fraction, and radio-loud ( R ≥ −4 . 5) fraction in each E ( B − V ) bin from Fig. 10 , 
for the full combined QSO sample and the L 6 μm 

–z matched sample. 

E ( B − V ) Combined QSO sample (all) Combined QSO sample ( L 6μm 

–z matched) 
# QSOs Radio-detection frac. (#) Radio-loud frac. (#) # QSOs Radio-detection frac. (#) Radio-loud frac. (#) 

−0.1–0.0 7412 17.2 % (1275) 1.2 % (87) 861 18.9 % (163) 0.8 % (7) 
0.0–0.1 7720 20.1 % (1552) 1.6 % (127) 2529 20.3 % (514) 1.5 % (38) 
0.1–0.2 2725 22.7 % (618) 1.3 % (36) 843 24.4 % (206) 1.3 % (11) 
0.2–0.3 1068 29.7 % (317) 0.9 % (10) 739 27.6 % (204) 0.9 % (7) 
0.3–0.4 431 29.7 % (128) 0.2 % (1) 297 30.3 % (90) 0.3 % (1) 
0.4–1.1 329 38.0 % (125) 0.9 % (3) 297 37.0 % (110) 1.0 % (3) 
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xplore the origin of the radio emission in radio-quiet dusty QSOs 
Section 5.2 ). 

.1 A comparison to previous red and obscured QSO studies 

.1.1 SDSS red QSOs 

n our previous work, exploring SDSS selected red and blue QSOs, 
e found that the majority of the red QSOs were red due to modest

mounts of dust extinction ( E ( B − V ) � 0.2 mag; Calistro Rivera
t al. 2021 ; F22). F or e xample, utilizing VLT/X-shooter data, F22
ound that the red QSO spectra displayed the characteristic frequency 
ependent spectral turno v er at UV – optical wav elengths, indicating
hey were red due to line-of-sight dust extinction. To illustrate the
mpro v ements in the selection of dust-reddened QSOs by our DESI
rogramme, in Fig. 12 we show a comparison between the X-shooter
ed and blue composites from F22 and our combined DESI sample, in
imilar luminosity–redshift matched bins of measured E ( B − V ) as in
ig. 10 (see Section 3.3 ). First, we confirm that the DESI composites
ppear more dust reddened (i.e. a stronger UV spectral turno v er) with
ncreasing E ( B − V ), providing confidence in our dust extinction
tting method. We also find that the reddest DESI composite has
MNRAS 525, 5575–5596 (2023) 
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Figure 11. L 6μm 

versus L 144 MHz for the radio-detected combined QSO sample (see Section 4.1 ) in three bins of E ( B − V ). The division between radio-loud and 
radio-quiet sources is displayed by the dashed red line ( R = −4 . 5; see Section 3.4 ); ∼93 per cent of the radio-detected combined QSO sample are radio-quiet 
(this increases to ∼99 per cent when taking the radio-undetected QSOs into account, which are radio-quiet based on a 5 σ LDR2 upper limit). The blue stars 
indicate the median value in each E ( B − V ) bin; there is no significant change in median radio-loudness across the E ( B − V ) bins for the combined QSO sample. 
Ho we ver, we do find a significant change in the fraction of radio-detected QSOs that are radio-loud ( R ≥ −4 . 5) across the E ( B − V ) bins (indicated on the 
plot), with fewer radio-loud QSOs at higher E ( B − V ) values; we further investigate this result in Section 5.2 . 

Figure 12. Comparison of composite spectra, normalized at 4000 Å, for the combined DESI QSO sample in luminosity–redshift matched bins of E ( B − V ) 
(solid lines) to the X-shooter red and blue composites from F22 (dot-dashed black and blue lines, respectively). The F22 blue composite with the average dust 
extinction for the reddest DESI bin applied is displayed by the dotted line; this agrees very well with the reddest DESI composite. We find that the DESI 
composites appear to be more dust reddened with increasing E ( B − V ), and that the reddest composite has o v er twice the amount of average dust extinction as 
that of the F22 red composite. This again demonstrates that our DESI SP will obtain a statistically significant sample of heavily reddened QSOs that are not 
observed by SDSS. 
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 v er ∼0.15 mag more dust extinction on average compared to the
22 SDSS red composite, again demonstrating that with DESI we
an obtain a statistically significant sample of luminous heavily
eddened QSOs that are missed by the optically shallow SDSS
urv e y. 

We have also previously found that SDSS red QSOs display
nhanced radio emission compared to typical blue QSOs (Klindt
t al. 2019 ; F a wcett et al. 2020 , 2021 ; Rosario et al. 2020 ). Similarly,
NRAS 525, 5575–5596 (2023) 
likman et al. ( 2022 ) used a WISE –2MASS colour selection to define
 sample of red QSOs with dust extinctions E ( B − V ) > 0.25 mag
 A V � 0.8 mag; by this definition, the SDSS QSOs defined as ‘red’
n our previous work would be classified as ‘blue’ in the Glikman
t al. ( 2022 ) sample) and found a higher radio detection fraction for
heir more heavily reddened red QSOs compared to their blue sample
see fig. 18 therein), using both FIRST and VLASS. These results
re in agreement with Fig. 10 , where we have now extended to more
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Table 3. Comparison of previous red QSO selections and their corresponding range in E ( B − V ): the QSOs explored in this study, SDSS red QSOs (Klindt 
et al. 2019 ; F a wcett et al. 2020 ; Rosario et al. 2020 ; Calistro Rivera et al. 2021 , F22), IR-selected red QSOs (Glikman et al. 2018 ), WISE -2MASS (W2M) 
red QSOs (Glikman et al. 2022 ), heavily reddened QSOs (HRQs) (Banerji et al. 2015 ), extremely red quasars (ERQs) (Ross et al. 2015 ; Hamann et al. 2017 ), 
obscured QSOs and unobscured IR-selected red QSOs (Andonie et al. 2022 ). For a more comprehensive comparison of red and obscured QSOs, see table 2.1 
within Klindt ( 2022 ). 

Sample name Key selection E ( B − V ) # sources Reference 
[mag] 

DESI combined QSOs DESI QSO selections & Mateos et al. ( 2012 ) W 123 0.1–1.1 4553 This work 
0.25–1.1 1177 This work 

SDSS red QSOs DR7 ( g –i ) 90th percentile � 0.2 4899 Klindt et al. ( 2019 ) 
DR14 ( g –i ) 90th percentile 21 800 F a wcett et al. ( 2020 ) 

WISE red QSOs W 1 − W 2 > 0.7 & W 2 − W 3 > 2 & W 3 − W 4 > 1.9 & E ( B − V ) > 0.25 0.25–1.2 21 Glikman et al. ( 2018 ) 
W2M red QSOs 0.5 < W 1 − W 2 < 2 & 2 < W 2 − W 3 < 4.5 & E ( B − V ) > 0.25 0.25–1.2 63 Glikman et al. ( 2022 ) 
HRQs J − K > 1.6 & W 1 − W 2 > 0.85 0.5–1.5 38 Banerji et al. ( 2015 ) 
ERQs i − W 3 > 4.6 � 0.7 97 Hamann et al. ( 2017 ) 
Obscured SED fitting � 2 355 Andonie et al. ( 2022 ) 
IR red QSOs 0.05–1 223 Andonie et al. ( 2022 ) 
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xtreme red QSOs, which suggests that the radio enhancement in red 
SOs is linked to a higher amount of line-of-sight dust extinction. 
able 3 displays the number of combined QSOs with SDSS-like 
eddening [ E ( B − V ) > 0.1 mag] and the number that satisfy the
likman et al. ( 2022 ) red QSO cut [ E ( B − V ) > 0.25 mag], resulting

n 4533 and 1177 red QSOs, respectively. This demonstrates that the 
ESI surv e y will obtain a statistically significant sample of heavily

eddened QSOs. 

.1.2 Obscured QSOs 

xtending our previous red QSO work to fully obscured QSOs (e.g. 
ompton thick), Andonie et al. ( 2022 ) compared the VLA 1.4 and
 GHz radio properties of a sample of obscured and unobscured QSOs 
n the COSMOS field (by their definition, even our extreme DESI red
SOs are unobscured) and found that the obscured QSOs have higher 

adio detection fractions compared to unobscured QSOs (see fig. 14 
herein). Ho we v er, interestingly, the y found that the obscured QSOs
ave consistent radio detection fractions to red QSOs. This could 
uggest that either (1) there is a ‘saturation’ point in Fig. 10 , whereby
ncreasing the amount of line-of-sight dust extinction towards a QSO 

ill not result in a higher radio detection fraction, (2) the origin of
he radio emission is different in obscured and unobscured QSOs, or
3) the differences in the radio detection fraction are more modest at
he higher sensitivity radio data in COSMOS. Utilizing the increased 
ource statistics in future DESI data releases, we can populate the 
ighest E ( B − V ) end of Fig. 10 , testing whether the radio detection
raction increases or does indeed start to plateau, as would be the
ase in the former scenario; by the end of the five-year survey, we
xpect to add additional bins at E ( B − V ) > 0.4 in Fig. 10 . 

.1.3 Extr emely r ed QSOs 

ince our DESI study pushes to more reddened QSOs than the 
revious SDSS red QSO studies, it is interesting to investigate the 
 v erlap between our DESI red QSOs and the population of extremely
ed quasars (ERQs; see Table 3 for a comparison of the red QSO
elections discussed in this section), which are selected based on 
heir optical–MIR colours, as compared to the pure optical or NIR
election approach often used to select red QSOs (Ross et al. 2015 ;
amann et al. 2017 ). ERQs have been found to host some of the
ost po werful outflo ws identified in QSOs (e.g. Zakamska et al.
016 ; Perrotta et al. 2019 ; Lau et al. 2022 ), and therefore have
lso been suggested as a candidate transitional population in the 
volution of QSOs (see discussion in Section 5.2 ). However, due
o the depth of SDSS, previous studies have only analysed a small
ample of the most luminous ERQs. In order to assess the capability
f DESI (in particular, our SP) at selecting ERQs, we first defined
n ERQ selection based on the optical–MIR colours of the SDSS
RQ sample from Hamann et al. ( 2017 ). Hamann et al. ( 2017 )
efined an ERQ to have redshifts > 2.0, W 3 SNR > 3, and i − W 3

4.6 mag. For our ERQ classification, we based our selection on
he full Hamann et al. ( 2017 ) ERQ sample that meet the i − W 3 ≥
.6 mag selection; 141 objects. Since the DR9 photometry does not
nclude an i -band magnitude, we defined our DESI ERQ selection
ased on the z − W 3 colours, qualitatively consistent with the ERQ
election of Ross et al. ( 2015 ) and Hamann et al. ( 2017 ); we classify
 QSO as an ERQ if it has an optical–MIR colour that satisfies z −
 3 > 3.9 mag. This resulted in ∼39 per cent (714/1852) of our SP
SO sample classified as ERQs, in comparison to only ∼7 per cent

6167/88 101) for the nominal QSO sample, demonstrating that our 
P is also efficient at selecting ERQs; in future data releases, we
ill build up a statistically significant sample of these rare systems.
ur future papers will explore the dust extinction, emission-line, and 

adio properties of DESI ERQs and how they compare to the general
ed QSO population. 

.1.4 Mg II absorption line systems 

 number of studies have noted that a larger fraction of red-
ened QSOs host narrow absorption lines compared to typical 
lue QSOs (Richards et al. 2003 ; Chen et al. 2020 ; F a wcett et al.
022 ). The strongest and most distinctive of these absorption lines
s the Mg II λλ 2796, 2803 doublet, with a laboratory separation
etween the two lines of 7.1772 Å (Pickering, Thorne & Webb 
998 ). Mg II absorption that is close to the Mg II emission line
i.e. where z abs ∼ z em 

) is thought to be associated with the host
alaxy of the QSO, whereas blueshifted absorption (i.e. where 
 abs << z em 

) is thought to be due to an intervening system. Previous
tudies have found that QSOs that host associated absorption lines 
AALs) are, on average, redder, with stronger [O II ] emission, and
re more likely to be radio detected, compared to both QSOs
ith intervening absorption lines and QSOs with no absorbers 

Vanden Berk et al. 2008 ; Shen & M ́enard 2012 ; Khare et al.
MNRAS 525, 5575–5596 (2023) 
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Figure 13. (Top) LDR2 radio-detection fraction including (blue) and ex- 
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associated absorbers (green stars), intervening absorbers (magenta crosses), 
and no Mg II absorbers (grey circles) for the combined QSO sample, restricted 
to systems explored in Napolitano et al. ( 2023 ) (those included in the DESI 
EDR), as a function of E ( B − V ). Excluding the systems with Mg II absorption 
present does not affect the o v erall trend between radio detection fraction and 
E ( B − V ). The fraction of QSOs with associated Mg II absorbers increases 
with increasing E ( B − V ), which is consistent with previous work that found 
QSOs with associated Mg II absorption tend to be redder and have higher 
radio detection fractions compared to both QSOs with intervening absorbers 
and those without any absorbers. The fraction of intervening Mg II absorbers 
decreases with increasing E ( B − V ), which is likely due to the lower signal 
to noise in the reddest systems which may reduce the ef fecti veness of the 
automated spectral pipeline at detecting intervening absorbers. 
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014 ; Chen et al. 2020 ). The strength of the Mg II absorption in
ystems with AALs has also been found to correlate with the dust
xtinction and radio properties, suggesting an intrinsic nature for
he AALs (Vanden Berk et al. 2008 ; Chen et al. 2020 ). Despite
he similarities in radio properties between QSOs with AALs and
ed QSOs, the measured dust extinctions are far more modest in
he AAL QSOs, with an E ( B − V ) ∼ 0.03–0.06 mag (Chen et al.
020 ). Furthermore, Shen & M ́enard ( 2012 ) suggested that AAL
SOs may be a transitional population between heavily reddened
SOs and typical blue QSOs. In order to assess whether AAL
SOs are driving the relationship between reddening and the radio
etection fraction found in Fig. 10 and our previous SDSS work
Klindt et al. 2019 ; F a wcett et al. 2020 ; Rosario et al. 2020 ), we
xplored the properties of QSOs with Mg II absorbers in our DESI
ombined QSO sample, utilizing the catalogue from Napolitano et al.
 2023 ). 

Napolitano et al. ( 2023 ) used an autonomous spectral pipeline
o detect associated or intervening Mg II absorption through an
nitial line-fitting process and a Markov Chain Monte Carlo
MCMC) sampler. To create the Mg II absorber catalogue, they
an their detection pipeline on 83 207 DESI QSOs at 0.3 < z < 2.5
hich are part of the DESI EDR. They found 20.1 per cent

16 707/83 207) of the unique QSO spectra have Mg II ab-
orbers, with a large number that contain multiple absorption
eatures. 

Restricting the combined QSO sample to those included in the
DR significantly reduces the sample to 11 092 QSOs. Matching

o the Napolitano et al. ( 2023 ), Mg II catalogue resulted in 4924
bsorption systems in 30.7 per cent (3400/11 092) unique QSO
pectra. Of these, 16.4 per cent (808/4924) are associated, defined
y −6000 < v off < 5000 km s −1 ( v off = c × z MgII −z QSO 

1 + z QSO 
; Napolitano

t al. 2023 ), and the rest are intervening. Comparing the radio
etection fractions, we found 24.3, 13.4, and 13.4 per cent of
he AAL QSOs, intervening absorber QSOs, and QSOs without
ny absorption systems have LDR2 radio detections, respectively.
e also found the AAL QSOs are considerably redder than the

ntervening and no absorber systems, with a median E ( B − V ) ∼ 0.12,
.00, and 0.03 mag for the QSOs with associated, intervening, and
o absorbers, respectively). Since the median E ( B − V ) associated
ith the absorption feature has been found to be � 0.03 mag, this

uggests that AALs are more likely to be associated with red QSOs.
his is further shown in Fig. 13 , which displays the fraction of
ssociated and intervening Mg II absorbers as a function of E ( B −
 ); a larger fraction of associated absorbers are found in QSOs
ith higher amounts of dust extinction, consistent with previous

tudies (Shen & M ́enard 2012 ; Chen et al. 2020 ; F a wcett et al.
022 ). This suggests the Mg II absorption is associated with the
ust/gas that is also responsible for reddening the spectrum. We
ound that the fraction of QSOs with intervening absorbers decreases
ith increasing E ( B − V ); by definition, intervening absorbers will

all at the bluer end of the spectrum (relative to Mg II ), which will
ave a lower signal to noise for red QSOs due to dust extinction, and
o this could reduce the ef fecti veness of the automated pipeline at
etecting absorption features. 
Fig. 13 also displays the radio-detection fraction for the sample

ith and without both the intervening and associated absorber
ystems. We find that removing the absorber systems has little effect
n the o v erall trend with E ( B − V ), which is consistent with Fig. 10
lbeit with lower source statistics, suggesting that the amount of
ust (and/or gas, i.e. opacity) in a QSO is the most important factor
or determining whether a QSO is radio detected or not. Ho we ver,
ince QSOs with more dust are more likely to host an AAL, QSO
NRAS 525, 5575–5596 (2023) 
amples selected purely on the presence of Mg II AALs are likely
o be redder and more radio-detected compared to QSOs without
bsorbers. 

.2 Origin of the radio emission in dusty radio-quiet QSOs 

he strong relationship between the line-of-sight dust extinction and
adio detection fraction displayed in Fig. 10 demonstrates an intrinsic
ink between dust and the production of radio emission in QSOs.
o we ver, it is currently unclear what is the dominant mechanism

or the production of the radio emission. Calculating the fraction
f radio-loud ( R > −4.5; see Section 3.4 ) QSOs in the combined
ample as a function of E ( B − V ), we find that � 2 per cent of the
SOs (both radio-detected and undetected) are radio-loud across all
ins (see Fig. 10 and Table 2 ). This demonstrates that radio-loud
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SOs, typically hosting a large-scale radio jet, are not driving the 
orrelation between dust extinction and radio-detection fraction, in 
greement with our previous red QSO studies (Klindt et al. 2019 ;
 a wcett et al. 2020 ; Rosario et al. 2020 ). 
The low-frequency radio emission probed by LOFAR is dominated 

y synchrotron emission, which may be produced by star formation, 
o w-po wered/frustrated jets, and/or winds causing shocks in a dusty
ircumnuclear/ISM region (for more details on the production of 
adio emission in radio-quiet QSOs, see re vie w by Panessa et al.
019 ). To perform a detailed analysis into the origin of the radio
mission, multifrequency and/or higher spatial resolution radio 
bservations are required; our future radio study utilizing radio 
ata from the upgraded Giant Meter Radio Telescope (uGMRT; 
I: V. F a wcett), in addition to high spatial resolution e-MERLIN
ata (Rosario et al. 2021 ), aims to do just this. In the following
ection, we discuss some of the potential scenarios that could be 
riving the connection between the line-of-sight dust extinction and 
adio detection fraction in DESI QSOs. 

In our previous work exploring the properties of SDSS red QSOs, 
e found no differences in the star-formation properties between 

he red and blue QSOs. This was based on deep IR data from the
OSMOS re gion (F a wcett et al. 2020 ) and composite SEDs (Calistro
ivera et al. 2021 ). We therefore concluded that the radio emission

n SDSS red QSOs was likely driven by AGN processes such as
inds or jets. Ho we ver, gi ven that DESI pushes to redder systems,

t is unclear whether this conclusion still holds for our combined 
SO sample. In addition to comparing obscured and unobscured 
SOs in COSMOS, Andonie et al. ( 2022 ) also compared the star-

ormation properties between a blue [ E ( B − V ) < 0.05 mag] and red
0.05 < E ( B − V ) < 1.0 mag] unobscured sub-sample. They found no
ifference in the star-formation properties between the two samples, 
espite finding a significantly higher radio-detection fraction for 
he red QSOs compared to the blue QSOs. Given that the red and
lue QSOs from Andonie et al. ( 2022 ) co v er a similar E ( B − V )
ange to Fig. 10 , this suggests that star formation is not a strong
river of the relation between dust extinction and radio detection 
raction. Furthermore, Calistro Rivera et al. (in preparation) perform 

omprehensive SED fitting of red and blue QSOs in the LOFAR 

eep fields and find no difference in the star-formation properties. 
o we ver, indi vidual star formation measurements are required to 

obustly demonstrate this for our sample. Calculating the L 144 MHz 

rom star-forming galaxies with a star-formation rate of 100 M � yr −1 

equi v alent to local ultraluminous infrared galaxies; ULIRGs), based 
n the FIR-radio correlation from Calistro Rivera et al. ( 2017 ),
e find that only ∼16 per cent of the radio-detected QSOs may
ave a substantial contribution from star formation to the radio 
mission, ∼83 per cent of which are at z < 1. Therefore, the most
ikely mechanism that links the presence of dust in the QSOs to the
adio emission is either frustrated jets and/or winds causing shocks 
n a dusty circumnuclear/ISM region. 

Recent hydrodynamic simulations have predicted that radiation 
ressure on dust is an ef fecti ve way to launch outflows (e.g. Costa
t al. 2017 ). The optical and UV radiation from the accretion disc
s absorbed and re-emitted by the dust as IR radiation, transferring
omentum to the ambient gas (Ishibashi & Fabian 2015 ; Thompson 

t al. 2015 ). These AGN-driven outflows can have high velocities 
 ∼ 1000–3000 km s −1 ), extend up to tens of kpc (Cicone et al. 2015 ),
nd are likely launched along the polar axis (e.g. H ̈onig et al. 2013 ).
hen the outflow interacts with the surrounding dense ISM, they can 

ause shocks which accelerate electrons, producing radio emission 
Faucher-Gigu ̀ere & Quataert 2012 ; Zubovas & King 2012 ; Nims,
uataert & Faucher-Gigu ̀ere 2015 ). Dusty winds are therefore a 
romising mechanism for the production of radio emission in radio- 
uiet red QSOs. This is supported by a number of studies that have
bserved po werful outflo ws in red QSOs (Urrutia et al. 2009 ; Hwang
t al. 2018 ; Perrotta et al. 2019 ; Calistro Rivera et al. 2021 ; Vayner
t al. 2021 ; Stacey et al. 2022 ), although it is not al w ays clear whether
his is a result of luminosity biases (e.g. Villar Mart ́ın et al. 2020 ;
22). 
On the other hand, lo w-po wered jet-ISM interactions have also

een found to be important in radio-quiet QSOs (Jarvis et al. 2019 ;
irdhar et al. 2022 ; Murthy et al. 2022 ; Audibert et al. 2023 ). For
 xample, jet–ISM simulations hav e found that an initially collimated
adio jet can get spread into lo wer po wered jet filaments, which
an potentially drive shocks in the ISM (Wagner & Bicknell 2011 ;
icknell et al. 2018 ). A significant fraction of the jet’s energy (up

o 30 per cent; Wagner & Bicknell 2011 ) can be imparted to the
urrounding gas clouds, driving outflows. This is in agreement with 
bservational studies that find correlations between the strength 
nd/or spatial location of the ionized outflow with a young or weak
adio jet (Cresci et al. 2015 , 2023 ; Morganti et al. 2015 ; Molyneux,
arrison & Jarvis 2019 ; Venturi et al. 2021 ). The connection between

hese lo w-po wered radio jets and the expanding ionized gas bubbles
ave been shown to result in both ne gativ e and positive feedback in
he host galaxy (Gaibler et al. 2012 ; Jarvis et al. 2019 ; Girdhar et al.
022 ), demonstrating the importance for studying the radio–ISM 

nteractions in these radio-quiet systems. 
With our current data, it is difficult to distinguish between the jet

ersus wind scenarios (or whether it is some combination of both).
o we ver, in either case, the resulting effect is a jet/wind shocking

he surrounding ISM. This will likely drive out the surrounding 
as/dust in a short-lived ‘blow-out’ phase (e.g. Glikman 2017 ) that
ay e ventually re veal a typical blue QSO (Hopkins et al. 2006 ).
herefore, the relationship between dust and radio emission in QSOs 
ay be crucial to our understanding of QSO evolution. 
In future DESI papers, we will robustly compare the emission 

ine and radio properties of a statistically significant sample of 
SOs as a function of E ( B − V ), in order to understand to
hat extent, differences in the observed outflow properties and/or 

ccretion state drive the striking relationship in Fig. 10 . In addition
o our future DESI studies, we have obtained four-band radio data
bserved with the uGMRT (PI: V. F a wcett) for a sample of 20 red
nd 20 blue radio-detected QSOs with high spatial resolution e- 
ERLIN 1.4 GHz data from Rosario et al. ( 2021 ). With these data,
e can construct sensitive radio SEDs o v er 0.12–3 GHz (with the

ddition of VLASS), in order to search for spectral signatures of
adio jets (e.g. Bicknell et al. 2018 ). For example, if the QSOs
re similar to compact steep spectrum (CSS) and gigahertz-peaked 
pectrum (GPS) sources (see re vie w by O’Dea 1998 ), which are
hought to be jet dominated, then we can expect a spectral turnover
n the radio SED around ∼100 MHz and ∼1 GHz (for CSS and
PS sources, respectively). Therefore, we can explore (1) whether 

he radio SEDs of red and blue QSOs are different, and (2) if
ets are the dominant mechanism for producing radio emission in 
adio-quiet dusty QSOs. Furthermore, future Very Long Baseline 
nterferometry (VLBI) observations will be crucial to resolve and 
onfirm potential pc-scale radio jet morphologies in these sys- 
ems. 

 C O N C L U S I O N S  

n this paper, we present the first ∼8 months of our DESI secondary
arget programme that utilizes a MIR and optical selection to expand
he DESI QSO colour space, in particular to reddened QSOs. 
MNRAS 525, 5575–5596 (2023) 
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ombining our SP QSO sample with the larger nominal DESI QSO
ample, we have explored the dust extinction and radio properties.
rom our analyses, we find that 

(i) Our secondary target programme extends the nominal
ESI QSO pr ogramme to mor e extr eme optical colours, the
ajority of which ar e r ed : From visually inspecting the spectra of

he 3038 objects from our secondary target programme, we find that
89 per cent have high quality spectral and redshift classifications.
f these high quality sources, 81 per cent are QSOs (both Type 1 and
ype 2), 13 per cent are galaxies, and 6 per cent are stars (Fig. 3 ).
verall, our programme provides ∼32 per cent more QSOs that lie
utside of the main colour space compared to the nominal QSO
ample despite being ∼2 per cent of the size (Fig. 5 ), and also pushes
o fainter optical magnitudes than the nominal QSO programme
Fig. 6 ). See Sections 2 , 3.1 , and 5.1 . 

(ii) DESI is capable of detecting QSOs with up to E ( B −
 ) ∼1 mag of dust extinction: Measuring the dust extinction by
tting the spectra of the combined QSOs with a dust-reddened blue
SO composite, we find up to ∼1 mag in E ( B − V ) ( A V ∼ 4 mag;
igs 8 ), comparable to NIR-selected heavily reddened QSOs. We
lso find that optical colour strongly correlates with dust extinction,
emonstrating that optical colour is an ef fecti ve way to select dust-
eddened QSOs (Fig. 9 ). Finally, splitting the combined QSO sample
nto E ( B − V ) bins, we find that the reddest composite [ E ( B −
 ) > 0.2 mag] has o v er ∼0.15 mag more dust extinction than the
 a wcett et al. ( 2022 ) SDSS red QSO composite, again demonstrating

hat with DESI, we can push to much higher amounts of dust
xtinction than in SDSS (Fig. 12 ). See Sections 4.1 and 5.1 . 

(iii) There is a strong link between the radio detection fraction
nd amount of line-of-sight dust extinction in QSOs: Utilizing the
ombined QSO sample to maximize the source statistics, we explored
he 144 MHz radio properties of the QSOs using the LoTSS DR2
LDR2) data set. Comparing the LDR2 radio detection fraction of
he combined QSO sample as a function of E ( B − V ), we find a strong
ositive correlation (Fig. 10 ), even when accounting for any redshift
r luminosity biases, demonstrating that the amount of line-of-sight
ust extinction is closely linked to the radio emission in a QSO. We
nd that � 2 per cent of the combined QSO sample are radio-loud
Fig. 11 ), suggesting that large-scale radio-loud jets are not driving
he relation between radio-detection fraction and dust extinction.
herefore, we suggest the origin of this predominantly radio-quiet
mission is likely due to frustrated jets or outflows causing shocks in
 dust/gas rich ISM, which may driv e a way the dust in a ‘blow-out’
hase. See Sections 4.2 and 5.2 . 

We have demonstrated that DESI will observe a statistically
ignificant sample of dust-reddened QSOs, bridging the gap between
he more modest SDSS red QSOs and the heavily reddened NIR-
elected QSOs. From our results, we have shown that red QSOs are
ikely undergoing a dusty blow-out phase, in which winds and/or jets
lear out the surrounding dust and gas, eventually revealing a blue
ypical QSO. Therefore, red QSOs are important objects to study in
he context of AGN feedback and QSO evolution. In future papers,
e will use our growing DESI sample to investigate whether there

re any differences in the outflow properties of QSOs as a function
f dust extinction and to explore statistically significant sub-samples
f rare/exotic QSOs (e.g. extremely red quasars and low-ionization
road absorption line QSOs). 
NRAS 525, 5575–5596 (2023) 
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The radio and VLT/X-shooter data used in this study are publicly 
vailable in online archives. 

The data underlying the figures in this paper are available online: 
ttps:// doi.org/ 10.5281/ zenodo.8147342 . 
Electronic tables containing the DESI TARGETID for the full 

ombined QSO and SP samples can be found online. Additional 
edshift and photometric information are provided for the sources 
ncluded in the DESI Early Data Release (DESI Collaboration et al. 
023 ). 
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Table A1. Table displaying the number of high-
with two objects in the same spectrum; see Sec
GALAXY, or STAR in the modified pipeline com
that 765 of the visually identified QSOs are miss
a GALAXY or STAR). Overall, the modified pi
spectypes. 

QSO 

Modified pipeline QSO 1389 
GALAXY 753 

STAR 12 

Total 2154 (81 %)
UPPORTING  I N F O R M AT I O N  

upplementary data are available at MNRAS online. 

igure S1: Four examples of good (MAD < 4 × 10 −5 ) dust
xtinction fits, based on the method described in Section 3.3 , for
ncreasing E ( B −V ). 
igure S2: Four examples of bad (MAD > 4 × 10 −5 ) dust extinction
ts, based on the method described in Section 3.3 , for increasing
AD values. 

lease note: Oxford University Press is not responsible for the content
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PPENDI X  A :  TESTING  T H E  P E R F O R M A N C E  

F  T H E  MODI FI ED  PIPELINE  

omparing the redshifts and spectral types (‘spectypes’) for the DESI
P sample obtained from the VI to the modified pipeline, we found

hat the modified pipeline correctly identifies ∼71 per cent of all
pectypes (see T able A1 ). W e also found that > 72 per cent of our
ample are high-quality QSOs compared to ∼47 per cent classified
y the modified pipeline; this is predominantly due to the number of
eddened QSOs in our sample (see Section 2.1 and Alexander et al.
023 ) and highlights the necessity of VI to reliably classify red QSOs
n our sample. 

A comparison between the resulting high-quality VI redshifts
nd those from the modified pipeline for our DESI SP sample is
isplayed in Fig. A1 . We found ∼66 per cent (1795/2700) of all
igh-quality objects have correct redshifts ( �z = | z VI − z RR | /(1 +
 VI ) < 0.01, which corresponds to a �v ≤ 3000 km s −1 ) as measured
y the modified pipeline. In the SP QSO sample, ∼58 per cent
1076/1852) have correct redshifts from the modified pipeline. Of
he other ∼42 per cent, ∼78 per cent were also incorrectly classified
s galaxies; these systems are all assigned a redshift <1.7 by the
odified pipeline, due to the maximum redshift that the modified

ipeline can assign to a galaxy. The fraction of correct redshifts in
ur SP QSO sample is a lot lower than that found in the VI of the
quality objects (removing the 42 systems 
tion 2.2 ) that were classified as a QSO, 
pared to the VI classifications; we found 

ed by the modified pipeline (classified as 
peline correctly identifies ∼71 per cent of 

VI 
GALAXY STAR Total 

9 0 1398 (53 %) 
336 4 1093 (41 %) 

0 155 167 (6 %) 

 345 (13 %) 159 (6 %) 2658 
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Figure A1. Redshifts obtained from the modified pipeline versus the red- 
shifts obtained from VI (see Section 2.2 ); we find that ∼66 per cent of the 
high-quality objects have correct redshifts ( �v ≤ 3000 km s −1 ) as measured 
by the modified pipeline. The green and blue dashed lines highlight two 
redshift tracks caused by the modified pipeline incorrectly identifying the 
Mg II emission line as H α and [O II ] λ3727, respectiv ely. The dashed gre y 
line represents the 1:1 relation. The horizontal dotted grey line indicates the 
maximum redshift that the modified pipeline can assign to a galaxy ( z ∼ 1.7; 
QSOs do not have a redshift restriction in the modified pipeline); the cluster of 
sources around this line therefore represents QSOs misidentified as galaxies. 
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ominal DESI QSOs ( ∼99 per cent); this is again predominantly 
ue to the high number of dust-reddened QSOs in our sample, which
re substantially more likely to be miss-classified (Alexander et al. 
023 ). 
PPENDI X  B:  P O P U L AT I O N  STAC KS  

ig. B1 displays the composite of the 358 and 306 high-quality
alaxies and Type 2 AGN in our DESI SP sample (see Sec-
ion 2.1 ), following the approach outlined in Section 3.2 . The Type 2
GN display strong high ionization line emission lines, including 

Ne V ] λλ3346,3426, that implies the presence of hard radiation
rom an AGN (Mignoli et al. 2013 ). In the galaxy composite, the
mission lines are narrower compared to the Type 2 composite and
he [Ne V ] lines are faint-to-non-existent, demonstrating little-to-no 
GN activity in these objects. For a more detailed discussion of

he galaxies in DESI, see Raichoor et al. ( 2020 , 2023 ), Ruiz-Macias
t al. ( 2020 ), Zhou et al. ( 2020 , 2023 ), Hahn et al. ( 2023 ). Lan et al.
 2023 ). The broader [O III ] in the Type 2 composite compared to
he galaxy composite implies that the Type 2 AGN are more likely
o host powerful outflows; future work will investigate the emission 
ine properties of our SP sample. 

Fig. B2 displays the composite of the 164 high-quality stars in
ur DESI SP sample, split into ‘red’ ( r − z > −0.4) and ‘blue’ ( r
z < −0.4). The red stars show strong molecular features that are

ndicative of late-type cool stars (e.g. M-type), whereas the blue stars
re mainly (DA) white dwarfs due to the broad and shallow Balmer
eatures (see fig. 11 in Gentile Fusillo et al. 2018 ). 22 For a more
etailed discussion of the stars in DESI, see Prieto et al. ( 2020 ) and
ooper et al. ( 2023 ). 
MNRAS 525, 5575–5596 (2023) 
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Figure B1. Composite of 358 and 306 high-quality VI-confirmed galaxies (top) and Type 2 AGN (bottom) in our DESI SP sample (see Section 2.1 ). The main 
emission and absorption features are indicated; the prominent [Ne V ] λλ3346,3426 emission lines in the Type 2 AGN is strong evidence for AGN activity. 

Figure B2. Composite of the 164 high-quality VI-confirmed stars in our DESI SP sample (see Section 2.1 ), split into red (top; r − z > −0.4, 142 stars) and 
blue (bottom; r − z < −0.4, 22 stars). The red stars show strong molecular features, indicative of red late-type stars (e.g. M-type), whereas the blue stars are 
mainly white dwarfs, as evidenced from the broad yet shallow Balmer absorption lines. The main emission and absorption features are indicated. 
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PPENDIX  C :  SDSS  A N D  DESI  C O M PA R I S O N  

atching our SP sample to the SDSS DR16 QSO catalogue (Lyke
t al. 2020 ), we found 117 matches, of which 110 are considered
igh quality from the VI (107 are included in our SP QSO sample;
ee Section 2.1 ). For these 110 matches, we compared our VI
edshifts and spectypes to that from the SDSS DR16 catalogue.
v erall, sev en sources have significantly different redshifts in SDSS

o those obtained by the DESI VI ( �z = | z VI − z SDSS | /(1 +
NRAS 525, 5575–5596 (2023) 
 VI ) ≥ 0.05; �v > 15 000 km s −1 ), two sources were classified as
ype 2 AGN in the VI and one additional source was classified
s a galaxy in the VI, although all three had correct redshifts (see
able C1 ). For these ten sources, we performed additional VI to
onfirm the redshift and spectype; the seven sources with redshift
isagreements had clearly incorrect SDSS redshifts (including one
xtreme high redshift BALQSO; see Table C1 ). The sources that
ere VI’d as a galaxy or Type 2 AGN have weak broad emission-line

eatures. 
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Table C1. Table containing the SDSS ID, SDSS, and DESI VI redshift, and 
SDSS and DESI VI spectral type for the ten QSOs which either had a redshift 
or spectral type disagreement between the SDSS DR16 catalogue and that 
from the VI. † BALQSO. 

Redshift Spectype 
SDSS ID SDSS DESI VI SDSS DESI VI 

131 729.28 + 545 720.6 5.07 1.65 QSO QSO 

153 420.23 + 413 007.6 0.92 1.36 QSO QSO 

155 633.78 + 351 757.3 † 1.49 3.24 QSO QSO 

155 921.70 + 435 700.6 0.66 1.36 QSO QSO 

160 113.56 + 422 637.7 0.15 1.72 QSO QSO 

163 148.98 + 495 933.4 4.53 1.45 QSO QSO 

170 016.63 + 350 353.5 4.50 1.39 QSO QSO 

142 843.33 + 120 913.3 1.19 1.19 QSO GALAXY 

143 827.41 + 370 737.3 1.01 1.01 QSO QSO (Type 2) 
130 100.88 + 320 727.4 0.51 0.51 QSO QSO (Type 2) 
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Figure D1. Similar to Fig. 10 with varying MAD cuts (top), varying redshift 
cuts (middle), and using both VLA FIRST and VLASS data (bottom). Overall, 
varying the MAD cut has little effect on the shape of the correlation. We 
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PPEN D IX  D :  TESTING  T H E  R A D I O  

ETECTION  F RAC TION  PLOT  

he key result of this paper is the striking positive correlation 
etween the amount of line-of-sight dust extinction and the radio 
etection fraction (Fig. 10 ). To check the robustness of this result,
e performed three tests (1) varying the MAD cut we imposed to
efine a ‘good’ spectral fit, (2) changing the redshift cut, and (3)
xploring the 1.4 GHz FIRST and 3 GHz VLASS detection fractions
see Fig. D1 ). 

For the first test, we applied three different MAD cuts: 4 × 10 −5 

used for Fig. 10 ), 7 × 10 −5 , and 20 × 10 −5 , which were satisfied
y ∼58 per cent (20 031/34 293), ∼ 85 per cent (29 001/34 293), and
99 per cent (33 913/34 293) of the combined QSOs, respectively. 
e find that relaxing the MAD cut slightly decreases the o v erall

adio detection fraction, but does not change the shape of the trend;
his demonstrates that the choice of MAD cut does not significantly 
ffect our basic result. For the second test, we used a redshift cut of
.5 < z < 2.0 and 1.0 < z < 2.5. The first range was chosen to exclude
he highest redshift sources ( z > 2.0) that may not have such reliable
ts due to the limited rest-frame spectral co v erage of our blue QSO
omposite used in the fitting and the second range excludes the 
owest redshift sources ( z < 1.0) that may still have contribution from
he host galaxy (Section 3.3 ). We find that the o v erall trend is the
ame for both redshift ranges. 

For the last test, we matched the combined QSO sample to 
he 1.4 GHz VLA FIRST and 3 GHz VLASS 

23 surv e ys, adopting
 10 arcsec matching radius for both surv e ys which resulted in
 per cent (1001/18 816; the sample was reduced to the FIRST
urv e y area) and 2 per cent (631/34 293) matches, respectively.
his is consistent with the sensitivity of FIRST (0.15 mJy) and 
LASS (0.12 mJy); assuming a canonical spectral index of α = 0.7, 

xtrapolating the LDR2 flux values to 1.4 and 3 GHz, we expect 1079
nd 882 QSOs to be detected in FIRST and VLASS, respectively. 
e find a positive trend in the FIRST radio detection fraction as

 function of E ( B − V ) out to E ( B − V ) = 0.3 mag, after which
he source statistics are too limited to conclude anything meaningful 
Fig. D1 ). This is despite FIRST being ∼9 times less sensitive than
MNRAS 525, 5575–5596 (2023) 

3 Note: for VLASS, we utilized the ‘Host ID’ table, which contains 700 212 
ources that have relatively simple morphology for which a host has been 
dentified using a maximum likelihood ratio. This has been found to be more 
eliable than the larger ‘Component’ table. The various tables can be found 
ere: https:// cirada.ca/ vlasscatalogueql0 

find that applying a redshift cut of 0.5 < z < 2.0 or 1.0 < z < 2.5 does not 
affect the o v erall trend, although the source statistics are worse in the latter 
bin. Although limited by source statistics, the FIRST detection fraction also 
increases with increasing dust extinction [there are too few sources at E ( B 

− V ) > 0.3 mag to constrain the detection fraction]. The VLASS detection 
fraction shows a slight increase, but this is not significant due to the limited 
source statistics. Examples of dust extinction fits with a range of MAD values 
can be found in the online supplementary material. 

https://cirada.ca/vlasscatalogueql0
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Table D1. Radio detection fraction of the combined QSO table utilizing 
radio data from the LDR2, FIRST, and VLASS, adopting a matching radius 
of 5, 10, and 10 arcsec, respectively. To calculate the FIRST radio detection 
fraction the combined QSO sample was restricted to the FIRST surv e y re gion, 
reducing the sample to 18 816. 

Radio surv e y Radio detection fraction 

LDR2 6549/34 293 (19 %) 
FIRST 1001/18 816 (5 %) 
VLASS 631/34 293 (2 %) 
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oTSS, again adding to the robustness of our result. The VLASS
adio detection fraction displays a subtle increase with E ( B − V ), but
nfortunately the source statistics are too low to robustly conclude
nything. Table D1 displays the radio detection fractions of the
ombined QSO sample for LDR2, FIRST, and VLASS. 
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