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A B S T R A C T 

We have recently found fundamental differences in the radio properties of red quasars when compared to typical blue quasars. 
In this paper, we use data from the X-shooter spectrograph on the Very Large Telescope, providing spectral coverage from 

∼3000–25 000 Å, of a sample of 40 red and blue luminous quasars at 1.45 < z < 1.65 to explore the connections between the 
radio, emission-line, and accretion-disc properties. We fit various dust-e xtinction curv es to the data and find that dust reddening 

can fully explain the observed colours for the majority of the red quasars in our sample, with moderate extinctions ranging from 

A V ∼ 0.06–0.7 mag. We confront our spectra with a simple thin accretion-disc model and find this can describe the continua 
of both the blue and red quasars, once corrected for dust extinction; we also find no significant differences in the accretion 

properties. We detect ionized outflows in a number of red and blue quasars, but do not find any significant evidence that they 

are more pre v alent in the red quasar population. Overall our findings imply that the radio emission is more closely connected to 

circumnuclear/ISM opacity rather than accretion disc or outflow differences. 

Key words: accretion, accretion discs – galaxies: active – galaxies: evolution – quasars: emission lines – quasars: general. 
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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 (AGNs), with extremely high
olometric luminosities (up to 10 47–48 erg s −1 ). These high luminosi-
ies are now known to be due to mass accretion on to a supermassive
lack hole (SMBH; masses of 10 8 –10 9 M �). The majority of quasars
re blue due to an unobscured view of the SMBH accretion disc which
eaks in the ultraviolet (UV). Ho we ver, there is a significant subset
f QSOs with redder optical-infrared colours (referred to as ‘red
SOs’). Although red QSOs have been well studied in the literature

Webster et al. 1995 ; Serjeant & Rawlings 1996 ; Kim & Elvis 1999 ;
ichards et al. 2003 ; Glikman et al. 2007 ; Georgakakis et al. 2009 ;
rrutia et al. 2009 ; Banerji et al. 2012 ; Glikman et al. 2012 ; Kim &

m 2018 ; Klindt et al. 2019 ; F a wcett et al. 2020 ; Rosario et al.
020 ; Calistro Rivera et al. 2021 ; Rosario et al. 2021 ), the origin
f the red colours is still debated. The most popular explanation
s reddening due to dust extinction, which attenuates the blue light
rom the accretion disc (e.g. Webster et al. 1995 ; Glikman et al.
007 ; Klindt et al. 2019 ). Ho we ver, a red synchrotron component
r stellar contamination from the host galaxy have also been shown
o contribute significantly to the colours of QSOs in strongly radio-
oud/gamma-ray-loud and lower luminosity systems, respectively
 E-mail: victoria.fawcett@durham.ac.uk 
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e.g. Whiting, Webster & Francis 2001 ; Glikman et al. 2007 ; Shen &
iu 2012 ; Klindt et al. 2019 ; Calistro Rivera et al. 2021 ). 
To study reddening due to dust in QSOs, the two standard methods

sed are through fitting the continuum with extinction curves and
easuring the Balmer decrement (the H α to H β broad line flux

atio). F or e xtinction-curv e analyses, the e xtinction la ws of the Small
nd Large Magellanic Clouds (SMC and LMC; e.g. Prevot et al.
984 ; Clayton & Martin 1985 ) are used preferentially o v er a Milky
ay standard extinction curve (MW; e.g. Cardelli, Clayton & Mathis

989 ). The SMC/LMC laws have a weak or absent 2175 Å graphite
eature which, while prominent in the MW, has only been detected in
 minority of QSOs (Jiang et al. 2011 ; Shi et al. 2020 ). Past studies
ave found that an SMC-like extinction curve best describes the dust
xtinction in red QSOs (Richards et al. 2003 ; Hopkins et al. 2004 ;
oung, Elvis & Risaliti 2008 ; Urrutia et al. 2009 ). Ho we ver, these
nalyses are usually limited to the SMC, LMC and MW-like curves,
nd based only on optical photometry or spectroscopy o v er a narrow
avelength range. The Balmer decrement provides an alternative

onstraint on the extinction towards the QSO through measuring the
trength of different broad hydrogen emission lines (i.e. the Balmer
nd Paschen series). In previous studies, clear evidence has been
ound for larger Balmer decrements, and therefore larger amounts of
ust extinction, in red QSOs compared to typical QSOs (Glikman
t al. 2007 ; Kim & Im 2018 ). 

Ho we ver, e ven amongst the studies that fa v our dust as the cause of
he reddening, there is further debate on the location and nature of this
© 2022 The Author(s) 
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1 To select the red and control samples, we first sorted the QSOs by redshift 
and then constructed g ∗ − i ∗ distributions in contiguous bins of 1000 sources. 
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nterv ening dust. F or e xample, some studies (Wilkes et al. 2002 ; Rose
t al. 2013 ) postulate that the dust is associated with a grazing view
hrough the putative AGN ‘dusty torus’ (Antonucci 1993 ; Urry & 

 ado vani 1995 ; Netzer 2015 ; Almeida & Ricci 2017 ). An alternative
odel (often referred to as the evolutionary scenario; Sanders et al. 

988 ) identifies red QSOs as a short-lived phase in which an obscured
SO rapidly reveals itself by blowing away the surrounding shroud 
f dust in the circumnuclear regions and interstellar medium (ISM) 
hrough the action of powerful winds (Hopkins et al. 2006 , 2008 ;
lexander & Hickox 2012 ; Farrah et al. 2012 ; Glikman et al. 2012 ).
Recently, our group have found fundamental differences in the 

adio properties of red QSOs when compared to typical QSOs that 
annot be explained just by the orientation of the dusty torus (Klindt
t al. 2019 ; Rosario et al. 2020 ; F a wcett et al. 2020 , 2021 ). The key
esults from these analyses is the identification of excess compact 
adio emission in red QSOs, which arises around the radio-quiet–
adio-loud threshold (defined as the ratio of the 1.4 GHz luminosity 
o 6 μm luminosity; see Klindt et al. 2019 for details). In F a wcett et al.
 2020 ), we found that this radio excess decreases towards the extreme
adio-quiet end and appears to be driven by AGN mechanisms rather 
han star formation. In a more recent study, we have showed that this
xcess is compact even on extremely small scales (typically below 2–
 kpc; Rosario et al. 2021 ). These radio properties could be connected
o the accretion engine, depending on parameters such as black hole 

ass, accretion rate and black hole spin, or connected to larger scale
rocesses such as winds or outflows (i.e. the commonly referred to 
AGN feedback process’). Ho we ver, star formation cannot be conclu- 
ively ruled out for the low redshift/lower radio luminosity sources. 

To test whether differences in the accretion properties between 
ed and typical QSOs are driving the enhanced radio emission, 
ccurate black hole masses are required which can be then used for
 characterization of the pure accretion disc (AD) emission through 
ontinuum fits (e.g. Capellupo et al. 2015 ). There are many methods
o constrain black hole mass, the most commonly used being the 
single epoch virial mass determination’ method. These methods 
ombine a broad line full width at half-maximum (FWHM) with 
ither a continuum or broad line luminosity to obtain the black hole
ass, building on calibrations between AD luminosity and the broad 

ine re gion (BLR) size, deriv ed from rev erberation mapping studies
e.g. Kaspi et al. 2000 ; Bentz et al. 2013 ). In order to self-consistently
onstrain key accretion parameters, single-epoch spectroscopy with 
ide wav elength co v erage is required: X-shooter (Vernet et al. 2011 )

t the Very Large Telescope (VLT) offers this capability, providing 
ontinuous spectral co v erage across observ ed wav elengths ∼3000–
5 000 Å. In a series of papers (Capellupo et al. 2015 ; hereafter C15 ,
ej ́ıa-Restrepo et al. 2016 ; hereafter M16 , and Capellupo et al. 2016 ;

ereafter C16 ), X-shooter spectra was found to be very ef fecti ve at
onstraining the accretion and emission-line properties in a sample 
f z ∼ 1.5 QSOs. For example in C15 , a thin AD model was found to
rovide a good fit to the majority of their QSO X-shooter spectra. The
SOs that could not be fit with an AD model were found to either
ave modest amounts of dust ( A V ∼ 0.1–0.45 mag) or required an
dditional disc–wind component which, once implemented, provided 
 good fit to the majority of the remaining spectra. 

In this work we use new and archival X-shooter UV–NIR spectra 
or a sample of 40 red and typical QSOs at 1.45 < z < 1.65,
n order to determine whether the cause of the red colours is
onsistent with arising entirely from dust, or whether differences 
n the accretion properties could be driving both the colours and 
nhanced radio emission in red QSOs. In Section 2 , we define our
ample, describe the observations, the reduction process, and the 
odelling of the telluric absorption. In Sections 3 , 4 , and 5 , we
escribe our dust extinction, emission line, and AD model fitting 
rocedures, respectively. In Section 6.1 , we quantify the amount 
f reddening present in our red QSOs through an e xtinction-curv e
omparison and analysis of the Balmer decrements, in Section 6.2 we
xplore the emission-line properties of our sample, and in Section 6.3
e explore whether there are any differences in the AD properties
etween red and typical QSOs. In Sections 7.1 and 7.2 , we discuss
he nature of dust in red QSOs and the presence of accretion-driven
inds in red QSOs, respectively. Throughout our work we adopt a flat
 -cosmology with H 0 = 70 km s −1 Mpc −1 , �M 

= 0.3, and �� 

= 0.7.

 SAMPLE  SELECTI ON  A N D  OBSERVATIO NS  

.1 Sample selection 

ur sample is based on the Sloan Digital Sk y Surv e y (SDSS)
R7 Quasar Catalogue (Schneider et al. 2010 ) which consists of
05 783 spectroscopically confirmed quasars with luminosities of 
 I < −22.0 out to z = 5.48. We used DR7 based on work by
lindt et al. ( 2019 ), who defined a uniformly selected sample by

equiring the uniform flag ( UNIFORM TARGET = 1 ; see Shen et al.
011 ), which restricts the sample to the luminous end of the QSO
opulation that satisfy the main QSO selection algorithm (Richards 
t al. 2002 ), and removing the Faint Images of the Radio Sky at
wenty Centimeters (FIRST; Becker, White & Helfand 1995 ) pre- 
elected sources. We will hereafter refer to sources using a shorthand
ersion of the SDSS identifier; e.g. SDSSJ160808.12 + 120702.4 is 
hortened to 1608 + 1207. 

We require mid-infrared (MIR) counterparts from the Wide-Field 
nfrared Surv e y Explorer ( WISE ; Wright et al. 2010 ), an all-sk y
urv e y which provides photometry in four bands (3.4, 4.6, 12, and
2 μm). It has been shown that MIR emission, arising from the hot
ust heated by high-energy radiation from the accretion disc, is a
seful, e xtinction-insensitiv e discriminant of QSOs (e.g. Lacy et al.
005 ; Stern et al. 2005 ; Stern et al. 2012 ; Assef et al. 2013 ), as well
s a measure of their intrinsic luminosity; for example the commonly
sed rest-frame 6 μm luminosity ( L 6 μm 

). We used the NASA/IPAC
uery engine to match SDSS DR7 QSOs to the All-Sky WISE Source
atalogue (ALL- WISE ) adopting a 2 . ′′ 7 search radius, which ensures
 95.5 per cent positional certainty (Lake et al. 2011 ), and required a
etection with a signal-to-noise ratio (SNR) of greater than 2 in the
ISE W1 , W2 , and W3 bands in order to derive an accurate estimation

f L 6 μm 

. To compute the L 6 μm 

we used a log-linear interpolation or
xtrapolation of the fluxes in the W2 and W3 bands. 

In this paper, we aim to extend our understanding of the funda-
ental differences between red and typical QSOs. To distinguish 

etween these two populations, we follow the approach adopted 
n our previous papers (e.g. Klindt et al. 2019 ). We select the red
SO sample as the top 10 per cent of the redshift-dependent g ∗ −

 

∗ distribution. Importantly, we then select a ‘control’ sample in a
onsistent way to the red QSOs, as the median 50 per cent of the
 

∗ − i ∗ distribution, in order to identify a set of typical QSOs that
e can reliably compare to within our analyses 1 (see Klindt et al.
019 for more details). From this colour-selected sample, we then 
argeted a sub-sample of red QSOs (rQSOs) and control QSOs 
cQSOs), matched in redshift and L 6 μm 

to be observed with VLT/ X-
hooter . We chose our redshift range and observing strategy based
n the approach taken in C15 (Program ID 088.B-1034). C15 used
MNRAS 513, 1254–1274 (2022) 
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Table 1. Observation and sample details for our rQSO, cQSO, and excluded QSO samples, including the 15 cQSOs from C15 . The columns from 

left to right display the: (1) shortened source name utilized in this paper, (2) QSO sub-sample (rQSO, cQSO, and QSO); the three sources labelled 
as QSO are excluded from our main analyses (see Section 2.1 ), (3) date of observations (those prior to 2013 are from Capellupo et al. ( 2015 ), while 
those post 2017 are new dedicated observations presented here), (4) and (5) RA and Dec. as defined in the optical SDSS DR7 catalogue, (6) redshift 
obtained from SDSS DR7, (7) redshift defined via visual inspection, based on the observ ed wav elength of H α, (8) the optical SDSS g ∗ − i ∗ colour, (9) 
rest-frame 1.4 GHz FIRST radio luminosity (upper limits indicated by ∗) calculated assuming a radio spectral slope of α = −0 . 7, and (10) rest-frame 
6 μm luminosity calculated using a log-linear interpolation or extrapolation of the fluxes in the W2 and W3 bands. 

Name Sample Date observed RA Dec. z SDSS z VI ( g ∗ − i ∗) log L 1 . 4 GHz log L 6 μm 

(mag) (W Hz −1 ) (erg s −1 ) 

1020 + 1101 rQSO 16-Apr-2018 10 20 01.58 + 11 01 24.8 1.550 1.550 0.60 25.7 46.0 
1049 + 1157 a rQSO 18-May-2018 10 49 44.52 + 11 57 58.9 1.544 1.542 1.20 25.0 45.9 
1358 + 1145 rQSO 20-Jun-2018 13 58 09.49 + 11 45 57.6 1.484 1.482 0.67 24.9 ∗ 45.9 
1429 −0112 rQSO 12-May-2018 14 29 48.67 −01 12 52.2 1.499 1.502 1.15 27.8 46.1 
1442 + 1426 b rQSO 16-Apr-2018 14 42 04.77 + 14 26 37.6 1.642 1.648 0.81 25.0 ∗ 46.0 
1523 + 0452 b rQSO 16-Apr-2018 15 23 35.99 + 04 52 35.5 1.587 1.590 0.77 24.9 ∗ 45.8 
1608 + 1207 rQSO 19-May-2018 16 08 08.13 + 12 07 02.4 1.464 1.466 0.62 24.9 ∗ 45.7 
1616 + 0931 rQSO 18-May-2018 16 16 39.57 + 09 31 17.1 1.466 1.467 1.20 25.7 45.7 
1639 + 1135 a rQSO 16-Apr-2018 16 39 24.03 + 11 35 48.1 1.571 1.576 1.03 26.0 45.9 
2133 + 1043 rQSO 15-Jun-2018 21 33 44.27 + 10 43 16.9 1.533 1.543 0.83 25.0 45.9 
2223 + 1258 rQSO 15-Jun-2018 22 23 57.70 + 12 58 26.7 1.489 1.496 0.80 24.9 ∗ 46.4 
2241 −1006 rQSO 15-Jun-2018 22 41 01.44 −10 06 50.4 1.498 1.502 0.59 24.9 ∗ 46.0 

0043 + 0114 c cQSO 26-Nov-2011 00 43 15.08 + 01 14 45.6 1.563 1.569 0.24 24.9 ∗ 46.0 
0152 −0839 c cQSO 10-Aug-2012 01 52 01.24 −08 39 58.1 1.572 1.577 0.33 24.9 ∗ 46.0 
0155 −1023 c cQSO 24-Oct-2011 01 55 04.73 −10 23 28.3 1.546 1.577 0.28 24.9 ∗ 46.2 
0213 −0036 c cQSO 12-Sep-2012 02 13 10.33 −00 36 20.3 1.560 1.559 0.38 24.9 ∗ 45.4 
0223 −0007 c cQSO 25-Nov-2011 02 23 21.38 −00 07 33.8 1.534 1.540 0.38 24.9 ∗ 45.6 
0303 + 0027 c cQSO 21-Oct-2011 03 03 42.78 + 00 27 00.5 1.646 1.650 0.25 25.0 ∗ 46.2 
0341 −0037 c ,a cQSO 17-Dec-2011 03 41 56.07 −00 37 06.3 1.553 1.556 0.33 24.9 ∗ 45.5 
0404 −0446 c ,a cQSO 23-Nov-2011 04 04 14.13 −04 46 49.8 1.547 1.558 0.26 24.9 ∗ 45.7 
0842 + 0151 c cQSO 18-Dec-2011 08 42 40.63 + 01 51 34.1 1.493 1.492 0.25 24.9 ∗ 45.9 
0927 + 0004 c cQSO 23-Feb-2012 09 27 15.49 + 00 04 01.0 1.485 1.486 0.23 24.9 ∗ 45.5 
0934 + 0005 c cQSO 01-Mar-2012 09 34 11.14 + 00 05 19.7 1.534 1.541 0.32 24.9 ∗ 45.9 
0941 + 0443 c cQSO 19-Mar-2012 09 41 26.49 + 04 43 28.7 1.571 1.566 0.34 24.9 ∗ 45.6 
1001 + 1015 cQSO 16-Apr-2018 10 01 57.73 + 10 15 49.7 1.532 1.530 0.41 27.5 45.8 
1002 + 0331 c , a cQSO 22-May-2012 10 02 48.15 + 03 31 55.9 1.481 1.483 0.38 24.9 ∗ 46.0 
1013 + 0245 c cQSO 16-May-2012 10 13 25.49 + 02 45 21.4 1.564 1.582 0.37 24.9 ∗ 45.2 
1028 + 1456 cQSO 16-Apr-2018 10 28 23.58 + 14 56 48.9 1.633 1.628 0.23 25.6 45.2 
1158 −0322 c , a cQSO 15-Apr-2012 11 58 41.37 −03 22 39.9 1.573 1.580 0.34 24.9 ∗ 46.2 
1352 + 1302 cQSO 20-Jun-2018 13 52 18.23 + 13 02 41.7 1.601 1.601 0.38 25.4 46.0 
1357 −0307 cQSO 12-May-2018 13 57 55.07 −03 07 24.4 1.555 1.582 0.25 25.2 46.1 
1358 + 1410 a cQSO 15-May-2018 13 58 04.10 + 14 10 59.7 1.543 1.540 0.35 25.8 45.6 
1428 + 1001 cQSO 20-Jun-2018 14 28 53.08 + 10 01 17.8 1.499 1.599 0.30 26.7 45.6 
1502 + 1016 cQSO 20-Jun-2018 15 02 26.47 + 10 16 11.0 1.629 1.623 0.26 26.6 45.4 
1513 + 1011 d cQSO 11-Aug-2018 15 13 29.29 + 10 11 05.5 1.547 1.547 0.38 26.5 45.8 
1521 −0156 cQSO 12-May-2018 15 21 00.75 −01 56 37.5 1.574 1.574 0.38 24.9 ∗ 45.7 
1539 + 0534 cQSO 10-Aug-2018 15 39 05.20 + 05 34 38.4 1.511 1.507 0.24 27.0 45.7 
1540 + 1155 cQSO 10-Aug-2018 15 40 49.09 + 11 55 32.5 1.472 1.471 0.20 25.9 45.5 
1552 + 0939 cQSO 19-May-2018 15 52 27.71 + 09 39 02.9 1.538 1.538 0.25 26.8 45.4 
1618 + 1305 cQSO 19-May-2018 16 18 55.70 + 13 05 05.3 1.525 1.525 0.21 26.2 45.6 

2109 + 0045 a QSO 13-May-2018 21 09 03.71 + 00 45 55.3 1.501 1.501 0.49 26.1 45.7 
2229 −0832 e QSO 09-Jul-2018 22 29 40.09 −08 32 54.5 1.560 1.559 0.63 28.0 46.6 
2239 + 1222 QSO 16-Jun-2018 22 39 31.96 + 12 22 24.4 1.482 1.482 0.52 26.5 46.3 

a C IV absorption identified. 
b Poor seeing. 
c QSOs from C15 . 
d Offset between VIS and NIR. 
e Fermi -detected. 
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-shooter to observe 30 typical QSOs in a redshift range of 1.45 < z

 1.65, which was chosen to ensure that the H α and the H β–[O III ]
omplex lay in the H band and J band, respectively. In addition to
ur own dedicated observations (see Section 2.2 ), we included 15
SOs from the C15 sample that were matched in L 6 μm 

and g ∗ −
 

∗ colour to our cQSO sample, and also satisfy our uniform flag and
ISE constraints; these cQSOs from C15 are flagged in Table 1 . The
NRAS 513, 1254–1274 (2022) 
QSOs from the C15 sample are also indicated in Fig. 1 , but hereafter
ill be referred to as part of the full cQSO sample. 
Due to scheduling restrictions, only 54 per cent of our dedicated

bservations were completed: the observed targets were left with a
 6 μm 

bias (see Fig. 1 ). In the rele v ant analyses (Section 6.3 ) we repeat
ur comparisons using a statistically limited luminosity-matched
ub-sample in order to account for this bias. For the matching, we
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Figure 1. The optical g ∗ − i ∗ colour (top) and L 6 μm 

(bottom) versus redshift 
distributions for our full rQSO (red stars) and cQSO (cyan stars) samples; 
the cQSOs included from C15 are outlined in black. The three QSOs that are 
excluded from our main analysis are shown as grey squares and the Fermi - 
detected source is annotated. The DR7 QSOs from our parent sample are 
shown in grey. In the top plot, the lower and upper g ∗ − i ∗ boundaries for our 
rQSO and cQSO selections, calculated from the DR7 QSO parent, sample 
are shown by the dashed red and cyan curves, respectively (see Section 2.1 ). 
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Figure 2. The L 6 μm 

versus L 1.4 GHz luminosity density distributions of our 
rQSOs and cQSOs. Upper limits for radio-undetected sources are displayed 
as arrows; see Fig. 1 for the colour and symbol definitions. The radio-quiet 
threshold is shown as a dashed line, defined as a mechanical-to-radiative 
power of 0.1 per cent ( R = −4.2). None of the cQSOs included from C15 
are radio-detected in FIRST. 
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sed an L 6 μm 

tolerance of 0.2 dex, following a similar approach to
lindt et al. ( 2019 ) (see section 2.3.2 therein). Within our sample
e found that a mistake in the amount of Galactic extinction was
riginally applied to two rQSOs (2109 + 0045 and 2239 + 1222)
hich, when corrected, mo v ed the sources out of our g ∗ − i ∗ rQSO

hreshold. We do not consider these two sources in our main analyses
nd they will be referred to as ‘QSO’ within the tables to distinguish
hem from the cQSOs and rQSOs. 

The g ∗ − i ∗ colours and L 6 μm 

versus redshift for our full sample
re shown in Fig. 1 (top and bottom panel, respectively). The 
adio-detected sources, and upper limits for the radio-undetected 
ources, are displayed in Fig. 2 ; the dashed line indicates the radio-
uiet threshold, defined here as the mechanical-to-radiati ve po wer of
.1 per cent. This corresponds to R = −4.2, where R is the ‘radio-
oudness’ parameter defined as the dimensionless quantity: 

 = log 10 
L 1 . 4 GHz 

L 6 μm 

. (1) 

e calculated L 1.4 GHz assuming a uniform radio spectral slope of α = 

0 . 7, following a similar approach to Alexander et al. ( 2003 ). 2 This
s different from the canonical definition for radio-loudness, which 
s defined as a ratio of the 5 GHz radio luminosity to 4400 Å optical
uminosity (Kellermann et al. 1994 ); we do not use this definition
ince optical luminosities are heavily affected by dust extinction for 
 We define the radio spectral index α as f ν ∝ ν−α . 

w
1  

t  
he rQSOs. Our defined radio-quiet threshold of R = −4 . 2 is roughly
onsistent to the classical definition (see Klindt et al. 2019 for more
etails). In both figures, the QSOs excluded from further analyses 
re displayed as grey squares. 

Within our dedicated observed sample, we chose to include both 
IRST radio-detected and undetected rQSOs and cQSOs in order 

o test whether the accretion and extinction properties are related 
o the radio properties. Our sample includes a flat-spectrum rQSO 

2229 −0832) which is also the only source in our sample that is
etected in the fourth Fermi Large Area Telescope catalog (4FGL; 
bdollahi et al. 2020 ). It is extremely radio-bright ( F 1 . 4 GHz , int =
 . 03 Jy) and has the largest radio luminosity in our sample; see
ig. 2 and Table 1 . The Fermi detection suggests that the radio
mission is relativistically beamed; also indicated by its flat spectrum.
ur spectral analysis of 2229 −0832 showed that the UV–near- 

R emission is likely dominated by non-thermal processes (see 
ppendix A for a more detailed discussion), which we also confirm

rom our radio–optical analysis, following the method from Klindt 
t al. 2019 (see Appendix A therein). Due to the extreme nature
f this source, we hav e e xcluded it from our analyses (indicated as
 Fermi -detected’ in Figs 1 and 2 ). 

.2 Obser v ations 

ur main analyses are based on observations obtained with the X-
hooter instrument on the VLT (Vernet et al. 2011 ), which provides
road spectral co v erage from ∼ 3000 to 25 000 Å by observing
hree wavelength ranges simultaneously: the UV-blue (UVB), visible 
VIS), and near-infrared (NIR). At the redshift of our sample, this
orresponds to rest wavelengths of ∼1200–9800 Å. 

Dedicated observations for this project were carried out in nodding 
ode (nodding length 5 arcsec) between April and August 2018 

Program ID 0101.B-0739(A); PI: Klindt). We adopted slit widths 
f 1 . ′′ 6, 1 . ′′ 5, and 1 . ′′ 2 in the UVB, VIS, and NIR arms, respectively,
orresponding to a resolving power of 3300, 5400, and 4300. For the
righter sources in our sample ( J -band magnitude < 17.6 mag AB)
e used 900-s exposures, and for the fainter targets we used 1200–
400-s e xposures. F or the majority of the sources, observations were
aken under conditions where the seeing was ≤1 . ′′ 6 and airmass ≤1.5.
MNRAS 513, 1254–1274 (2022) 
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Table 2. Wavelength windows used in molecfit for telluric absorption 
corrections in the VIS and NIR arms. The main molecule responsible for the 
absorption features in each window is displayed. Windows were expanded 
slightly for low SNR sources in order to optimize the correction. 

Arm λmin ( μm) λmax ( μm) Main molecule 

VIS 0.686 0.696 O 2 

VIS 0.725 0.730 O 2 

VIS 0.759 0.769 O 2 

VIS 0.930 0.950 H 2 O 

NIR 1.120 1.130 H 2 O 

NIR 1.460 1.470 H 2 O 

NIR 1.800 1.820 H 2 O 

NIR 1.960 1.970 CO 2 

NIR 2.010 2.025 CO 2 

NIR 2.350 2.360 CH 4 
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o we ver, for two objects the seeing was highly variable throughout
he night, reaching 1 . ′′ 8–1 . ′′ 9 at times: these QSOs are identified in
able 1 . From visually inspecting the data for these two sources,
e found no issues with the spectra that could arise from poor

eeing during observations. Telluric standard stars were not provided
y the observatory following the specification change from P101:
nstead, the ESO software tool molecfit was used to fit and correct
elluric lines (see Section 2.3 ). To obtain the flux-calibrated spectra,
pectrophotometric standards were taken once a night. 

The full sample, including both our dedicated observations and
he sub-sample from C15 , consists of 12 rQSOs (6 radio-detected)
nd 28 cQSOs (12 radio-detected). We provide an overview of the
bservations for the full sample (including the three excluded QSOs)
n Table 1 . 

.3 Data reduction 

e reduced the X-shooter data from our dedicated program using
ersion 2.9.1 of the ESO X-shooter pipeline (Modigliani et al.
010 ) within the ESO Reflex environment (Freudling et al.
013 ). Data for each spectrographic arm were reduced individually,
dopting the nodding mode setting in the pipeline. This provides
n automated workflow, in which detector bias and dark current
re subtracted followed by a wavelength and flux calibration, to
roduce the flux-calibrated 1D spectra. In nodding mode, a sequence
f science frames at different nodding positions are combined into
n image sequence, and then the pairs of combined frames are
ubtracted. Sky subtraction is carried out by taking the difference of
he images from nodding position A and B. Due to a gradient in one of
he four raw VIS images for the cQSO 1552 + 0939, we were unable
o ef fecti v ely subtract the sk y from the o v erall source spectrum. F or
his source we therefore carried out the reduction in the VIS arm
xcluding the pair of raw frames corresponding to this gradient. 

In the majority of our sources there is good agreement in the
ux for the o v erlapping re gions of the spectra from the three arms.
o we ver, in one case (cQSO 1513 + 1011) there was a clear offset
etween the visible and NIR spectra output by the pipeline due to an
ssue with the flux calibration of the standard star. For this source we
sed the publicly available reduced data for the NIR arm from the
SO archive, which we found to be consistent with the o v erlapping

egion of our VIS reduced spectrum. 
To further test the validity of our flux calibration, we calculated

ynthetic g- , r -, and i -band photometry by applying the SDSS
hotometric filters to our X-shooter spectra, and compared these
ata to both the SDSS DR7 and Pan-STARRS1 (PS1; Chambers
NRAS 513, 1254–1274 (2022) 
t al. 2016 ) photometry (adopting a similar method to Selsing et al.
016 ). We found that there was a small amount of scatter between all
hree samples, with an average standard deviation in the photometric
ffsets of ∼0.24 mag; consistent with the predicted variation due
o QSO variability (0.26 mag; MacLeod et al. 2012 ). We did find a
mall mean offset of ∼−0.15 mag between our synthetic photometry
ompared to both SDSS and PS1 which is not wavelength dependent.
his suggests that some flux is lost from the X-shooter spectra which

s likely due to extended emission beyond the QSO point source. 
Ground-based observations suffer from atmospheric absorption

predominantly by H 2 O , O 2 , CO 2 , and CH 4 ), which is particularly
rominent in the NIR waveband. After running the X-shooter
ipeline, we corrected the spectra for telluric absorption using a set of
eature-free continuum windows (see Table 2 ; some windows were
xpanded for a fe w lo w SNR sources). This was achieved through
he ESO software tool molecfit 3 (Kausch et al. 2015 ; Smette et al.
015 ), which is based on synthetic modelling of the Earth’s atmo-
phere. The model spectra are generated by the radiative transfer code
ine-by-Line Radiative Transfer Model (LBLRTM), which takes
n atmospheric profile created using local atmospheric information
odelled from Global Data Assimilation System (GDAS 

4 ) data and
eteorological measurements from ESO Meteo Monitor (EMM 

5 ).
or all sources, the correction in the NIR arm did not remo v e all
eatures, and so the regions heavily affected by absorption were
asked in our final analyses. 
For the C15 sources, we used reduced and telluric-corrected

pectra obtained via pri v ate communication with the authors. We
ebinned all the spectra to a consistent wavelength sampling and
asked the same spectral regions in all of the QSOs. 
Finally, we corrected all of the spectra for Galactic extinction using

he Schlegel, Finkbeiner & Davis ( 1998 ) map and the Fitzpatrick
 1999 ) Milky Way extinction law. One cQSO (1521 −0156) had an
 xtreme lev el of Galactic e xtinction ( A V = 0.54 mag) and so for this
ource we masked the region around the 2175 Å feature, in order
o minimize the uncertainties this introduced to our extinction and
pectral fitting analyses (see Sections 3 and 4 , respectively). The final
pectra for the rQSOs, cQSOs, and QSOs are shown in figs 1, 2, and
 of the online Supplementary material, respectively. 

 DUST-EXTI NCTI ON  MEASUREMENTS  

s previously mentioned, one rQSO (2229 −0832) is Fermi -detected
nd has the largest radio luminosity in our sample; due to the
xtreme nature of the source, we exclude it from our analyses. In
ppendix A , we conclude that this source is most likely reddened by
 synchrotron component. Exploring whether the reddening for any
f our other rQSOs can be explained with a synchrotron component,
e find this to be the case only for 2229 −0832. Moreo v er, in
 a wcett et al. (in preparation) we explore DR14 rQSO composites

n bins of redshift and L 6 μm 

, and find that sources with z > 1
nd log L 6 μm 

> 45 . 0 erg s −1 (consistent with our X-shooter sample)
isplay little to no host-galaxy absorption features (e.g. the Calcium
 + K lines), and even the composite from the lowest redshift

nd luminosity bin, in which we see strong host-galaxy features,
equires an additional dust-reddening component in order to explain
he continuum emission [consistent with the broad-band spectral
nergy distribution (SED) analysis from Calistro Rivera et al. 2021 ].

http://www.eso.org/sci/software/pipelines/skytools/
http://www.ready.noaa.gov/gdas1.php
http://www.ls.eso.org/lasilla/dimm/
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Figure 3. Comparison of the five different extinction curves used in the 
e xtinction-curv e analysis; an SMC law (Richards et al. 2003 ; yellow), a MW 

law (Cardelli, Clayton & Mathis 1989 ), a simple power law (PL; purple), a 
flat ‘gre y’ la w (Czern y et al. 2004 ; green), and a steeper la w (Zafar et al. 2015 ; 
black). The different extinction curves correspond to variations in the dust 
grain composition and size. Only the MW curve displays the characteristic 
2175 Å bump produced by graphite. A comparison of how these different 
e xtinction la ws af fect the QSO continuum is sho wn in Fig. D2 . 
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onsequently, we expect the red colours of our X-shooter rQSOs to 
e predominantly due to dust extinction, as suggested by previous 
iterature (e.g. Glikman et al. 2007 ; Klindt et al. 2019 ). Under
his assumption, we predict the loss of flux at the rest-frame UV–
IS end of the spectrum to be frequency dependent, as seen in
SO dust-e xtinction curv es. Modelling the dust e xtinction in QSOs
ia the fitting of extinction curves has been undertaken in many 
re vious studies. Ho we ver, these analyses are usually only based on
ptical photometry or spectroscopy o v er a narrow wavelength range, 
hich will not necessarily provide reliable measurements; the wide 
av elength co v erage of X-shooter can be used to robustly determine
hether the red colours in the rQSO population are consistent 
ith dust extinction. We adopt two methods widely utilized in 

he literature: fitting e xtinction curv es to the continuum emission
nd measuring the Balmer decrement using the broad H α and H β

mission-line fluxes. 6 

We e xplored fiv e different forms of e xtinction la ws in this work:
n SMC law (Richards et al. 2003 ; R V = 2.74), 7 a MW law (Cardelli
t al. 1989 ; R V = 3.1), a simple power-law (PL; A V ∝ λ−1 , R V = 4.0
hosen to give consistent A V values compared to the other curves), 
 flat ‘gre y’ la w (Czern y et al. 2004 ; R V ∼ 2.0) and a steeper la w
Zafar et al. 2015 ; R V = 2.2); a comparison of these extinction
urves is displayed in Fig. 3 . Only the MW-type curve displays
he characteristic 2175- Å feature expected from small carbonaceous 
rains present in our Galaxy. A steep extinction curve implies that 
he dust is predominately composed of smaller grains, which could 
e intrinsic or may be due to the destruction of larger grains by the
 The narrow lines are also sensitive to reddening but on larger scales than the 
ucleus. We use the broad lines to assess the reddening along the line of sight 
o the accretion disc and BLR. 
 R V ≡ A V / E ( B − V ): Cardelli et al. ( 1989 ) 

o
a
r  

(  

0  

d

ntense AGN radiation field (Zafar et al. 2015 ). A flatter extinction
urve therefore implies the dust is composed of larger grains that
ither formed far our from the central region, or are produced in
n outflowing wind that escapes the central region quick enough to
 v oid the destruction of larger grains (Czerny et al. 2004 ; Gallerani
t al. 2010 ). 

To quantify the amount of dust extinction present in each source,
e constructed a composite spectrum of our cQSOs which was then
t to both the rQSOs and cQSOs using a least-squares minimization
ode, which varied the normalization (fixed at the NIR end) and E ( B

V ) parameters for each of the five different extinction curves. To
reate the composites, the Galactic extinction-corrected spectra were 
rst shifted to rest-frame wavelengths (using z VI ; see Section 4.1 )
nd then adjusted to a common wavelength grid. The composite 
as then created by taking the geometric mean across all spectra;

he geometric mean was used rather than the median or arithmetic
ean since it preserves the spectral shape, extinction law, and mean

xtinction of the composite (see appendix in Reichard et al. 2003 ). A
omparison of our cQSO and rQSO composites is shown in Fig. 4 and
 more detailed comparison of our cQSO composite to other QSO
emplates from the literature can be found in Appendix D . For the
 xtinction-curv e analysis, we then masked the emission-line regions 
nd smoothed the spectrum of the cQSO composite with a Gaussian
lter ( σ = 3) to produce our unreddened QSO model. It should be
oted that some of the cQSOs will also contain modest amounts
f extinction, which will therefore be incorporated into the cQSO 

omposite. Ho we v er, we e xpect the e xtinction towards the cQSOs
o be modest; indeed, splitting the cQSO composite into the bluest
nd reddest 50 per cent of sources, we estimate a spread in extinction
alues of E ( B − V ) ∼ 0.013 mag ( A V ∼ 0.04 mag; consistent to the
esults found from fitting broad-band SEDs for statistical samples in 
alistro Rivera et al. 2021 ). 
The Balmer decrement provides a constraint on the amount of 

ust extinction along our line-of-sight towards the BLR, compared 
o the e xtinction-curv e analysis which constrains the amount of dust
xtinction in the continuum region. Ho we ver, due to the expected
roximity of the accretion disc and BLR for the standard QSO
odel, to first order we would expect very similar levels of line-

f-sight extinction. To calculate the dust extinction from the Balmer 
ecrement, we used the equation from Calzetti, Kinney & Storchi- 
ergmann ( 1994 ): 

( B − V ) = 

1 . 086 

k(H β) − k(H α) 
ln 

(
[H α/ H β] measured 

[H α/ H β] intrinsic 

)
, (2) 

here k( λ) is the extinction curve e v aluated at λ: in our calculation,
e used a simple PL extinction curve which gives k(H α) = 3 . 35 and
(H β) = 4 . 53. The observed Balmer decrement [H α/H β] measured 

epresents the broad H α to H β flux ratio, obtained from the
mission-line fitting (see Section 4 ). The intrinsic Balmer decrement 
H α/H β] intrinsic is usually set to the theoretical ‘Case B’ value of
.88 (Osterbrock 1989 ). Ho we ver, this v alue is not representati ve
f the typical broad line Balmer decrement in unreddened QSOs; 
or example, the Balmer decrement of our cQSO composite is 
.40 (consistent with the average or composite Balmer decrement 
rom Dong et al. 2007 ; Glikman et al. 2007 ; Shen et al. 2011 ). In
rder for our Balmer reddening measurements to be consistent with 
ur continuum-based reddening estimates (see Section 6.1.1 ), we 
dopted the Balmer decrement of our cQSO composite as the intrinsic 
atio, taking a similar approach to section 5.2 within Glikman et al.
 2007 ). From equation ( 2 ), a BLR dust extinction of E ( B − V ) =
.2 mag, for the same measured H α flux, would correspond to a
rop in the H β flux of around ∼20 per cent. 
MNRAS 513, 1254–1274 (2022) 
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Figure 4. The geometric mean spectral composites for our rQSO and cQSO samples, normalized at 6000 Å. The frequency dependent deviation of the rQSO 

composite with respect to the cQSO composite is consistent with that expected for dust extinction. On the basis of our continuum fitting approach we find that 
the rQSO has an average dust extinction of E ( B − V ) ∼ 0.11 mags ( A V ∼ 0.34 mag) which is indicated by the dotted black line; this agrees remarkably well 
with the rQSO composite, although there is some deviation in the C IV emission-line profile. The shaded regions correspond to the windows used to define 
the continuum level in the emission-line fitting (see Section 4.2 ) and the dashed vertical lines indicate the major emission lines. An electronic table of both 
composites is available through CDS. 
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 SPECTRAL  FITTING  

o characterize the continuum and emission-line properties of our
SO sample, we fitted the X-shooter spectra using the publicly

vailable multicomponent fitting code PYQSOFIT 8 (Guo, Shen &
ang 2018a ). A detailed description of the code can be found in
uo et al. ( 2018b ) and Shen et al. ( 2019 ). In this section, we describe
ur approach to fitting the continuum emission (Section 4.1 ) and the
mission lines (Section 4.2 ). 

.1 Continuum fitting: global approach 

or each source, we first smoothed the spectra with a 10 pixel box-
ar 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), and Fe II continuum components, providing
ur own redshifts based on the H α broad line. Since all our sources
re at a redshift z > 1.16, PYQSOFIT does not include a host-galaxy
omponent; our sample is also luminous, and so we expect the effect
f the host galaxy on the QSO spectra to be minimal (Calistro Rivera
t al. 2021 ; F a wcett et al. in preparation; see Section 3 ). 

The power-law continuum ( f PL ) is defined as 

 PL ( λ) = a 0 ( λ/λ0 ) 
a 1 , (3) 

here λ0 = 3000 Å is the reference wavelength. The parameters a 0 
nd a 1 are the normalization and power-law slope, respectively. 

The BC ( f BC ; Dietrich et al. 2002 ) is defined as 

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

3 
)

, (4) 

here F BE is the normalized flux density, B λ( T e ) is the Planck
unction at the electron temperature T e and τλ is the optical depth
t the Balmer edge λBE = 3646 Å. Here, F BE , T e , and τλ are free
arameters. 
The Fe II model ( f Fe ii ) is defined as 

 Fe II ( λ) = b 0 F Fe II ( λ, b 1 , b 2 ) , (5) 
NRAS 513, 1254–1274 (2022) 

 ht tps://github.com/legolason/PyQSOFit 9
here b 0 , b 1 , and b 2 are the normalization, Gaussian FWHM used
o convolve the Fe II template F Fe II , and the wavelength shift applied
o the Fe II template, respectiv ely. PYQSOFIT pro vides two Fe II
emplates: a UV component that combines the Vestergaard & Wilkes
 2001 ) template for rest wavelengths 1000–2200 Å, the Salviander
t al. ( 2007 ) template for 2200–3090 Å, and the Tsuzuki et al. ( 2006 )
emplate for 3090–3500 Å, and an optical component that uses the
oroson & Green ( 1992 ) template for 3686–7484 Å. We chose to ap-
ly the Verner et al. ( 2009 ) Fe II template for λ > 2000 Å, combined
ith the Vestergaard & Wilkes ( 2001 ) template for λ < 2000 Å, to
ive a continuous template from 1000–12 000 Å. We preferentially
hose the Verner et al. ( 2009 ) template for λ > 2000 Å rather than
he default templates provided in PYQSOFIT , since in the X-shooter
pectra the NIR arm has a lower SNR than the UVB–VIS, and so
ying the NIR Fe II template to the UVB–VIS Fe II template ensures
 more physical Fe II model for the entire spectrum. 

For the QSOs with a measured dust extinction of E ( B − V ) >
.03 mag, 9 we also include a third-order polynomial to account for
he intrinsic dust extinction, defined as 

 poly ( λ) = 

3 ∑ 

i= 1 

c i ( λ − λ0 ) 
i , (6) 

here c i are the polynomial coefficients. 
We set ‘rej abs = True’, which remo v es an y outliers falling below

 σ of the continuum for wavelengths < 3500 Å to reduce the effect
f absorption lines biasing the fitting. 
From fitting the spectra, we found small disagreements between

he SDSS redshift and the redshift inferred based on the observed
avelength of H α. The corrections were modest (average �z ∼
.004) with the most extreme correction of �z = 0.0275 applied
o cQSO 1357 −0307. Both the SDSS redshift ( z SDSS ) and amended
edshift ( z VI ) are shown in Table 1 . Throughout the rest of the paper
e use the z VI values. 
 This includes all of the rQSOs and 8 of the cQSOs (see Table 3 ). 
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10 Since these are luminous QSOs we expect any contamination to the broad 
H α emission line from star formation to be negligible. 
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.2 Emission-line fitting: local continuum approach 

o fit the emission lines we first subtracted from the spectra the
e II and BC models based on the global fit, before re-fitting the
mission lines using small, localized power-law continuum windows 
see shaded region in Fig. 4 ). The emission lines were modelled
sing Gaussian components: 1 Gaussian for the narrow lines and 3 
aussians (1 narrow and 2 broad) for the broad lines. A local fitting

pproach for the emission lines was adopted, rather than a global 
pproach, in order to reduce the systematic residuals from the telluric 
orrection which can affect the performance of the global continuum 

ts. In M16 , they compared both approaches and found that using a
ocal continuum leads to a very small, but systematic, overestimation 
f the continuum emission, which will consequently lead to an 
nderestimation of the FWHM. Depending on the emission line, 
e adopted additional constraints in the fitting process as described 
elow. 
For selected emission lines ([O III ] λλ4959,5007, H β, 

N II ] λλ6549,6585, and [S II ] λλ6718,6732) we tied either the
ux ratio, line width, or both (following a similar approach to 
hang et al. 2007 ; see table 4 therein). The two [O III ] λλ4959,5007
mission lines were first fitted using a core and a wing component
or each line; the fluxes of the core components were tied to
he theoretical 1:3 ratio, respectively, and the FWHM of the wing 
omponents were limited to < 2000 km s −1 (similar to that in Calistro
ivera et al. 2021 ). The widths for all of the other narrow emission

ines were set to the fitted [O III ] λ5007 FWHM, if available, or
ere otherwise limited to < 1200 km s −1 . The maximum velocity
ffset for the narrow lines from the systemic redshift is also 
imited to 500 km s −1 . Within the H α complex, the flux of the
S II ] λλ6718,6732 lines were fixed to a 1:1 ratio, and the flux ratio
f the [N II ] λ6549 and [N II ] λ6585 lines were set at 1:3, respectively.
he H α line was freely fit with three Gaussians to represent the
road and narrow emission-line components. The H β emission line 
as then fitted using H α as a template, fixing the peak and widths
f the two broad components to be the same as that of H α. This
pproach was required due to the low signal to noise of the H β

ine in ∼28 per cent of the sources. For the broad emission lines,
e limited the FWHM range between 1000 and 20 000 km s −1 . We

lso allowed velocity offsets of up to 1000 km s −1 for all broad lines
part from C IV , for which we allowed offsets of up to 4000 km s −1 

o accommodate for blueshifts associated with potential outflows 
Rankine et al. 2020 ). Our chosen offsets and line width limits are
ased on previous literature (Trakhtenbrot & Netzer 2012 ; Guo 
t al. 2018b ). As a further check, after fitting the lines we visually
nspected each spectral fit to verify that our approach provided a 
ood characterization of the emission lines and did not miss any 
omponents with broader emission or larger velocity offsets. 

The uncertainties in the spectral quantities were estimated using a 
onte Carlo approach within the least-squares fitting code kmpfit , 

sing 50 iterations. An example of our continuum and emission-line 
tting is show in Fig. 5 . 

 ACCRETION-DISC  FITTING  A N D  BLACK  

O L E  MASS  MEASUREMENTS  

o assess whether rQSOs and cQSOs have different accretion 
roperties (e.g. as may be predicted if the rQSOs are an earlier
lack hole growth phase), we compared the X-shooter spectra to 
tandard AD models. For this purpose, we adopted a geometrically 
hin, radiative AD model from Slone & Netzer ( 2012 ), and fit these

odels to the individual spectra of both the rQSOs and cQSOs, 
orrecting for dust extinction. Three parameters completely describe 
hese models: black hole mass (6 . 3 < M BH < 10 . 3 log[M �]), black
ole spin ( −1.0 < a < 0.998) and mass accretion rate ( −3 . 0 < Ṁ <

 . 0 log M � yr −1 ); these limits are based on standard QSO models and
re similar to that used in C15 . 

To reduce the number of free parameters in the model, we can
onstrain M BH using the viral relation from single-epoch spectra (as 
one in e.g. C15 ). In our work, we use the FWHM of the broad H α

ine to calculate M BH , since this is less affected by dust extinction
han the more widely used Mg II line, consistent with previous red
SO black hole mass estimates. 10 We adopted the M BH calibration 

rom Shen & Liu ( 2012 ): 

og 

(
M BH , vir 

M �

)
= a + b log 

(
L 

10 44 erg s −1 

)
+ c log 

(
FWHM 

km s −1 

)
, (7) 

here a = 1.390, b = 0.555, and c = 1.873 for FWHM H α and L 5100 .
e also estimated M BH from the Mg II emission line for completeness

nd to provide a consistent comparison to the M BH values estimated
y C16 , using a = 1.816, b = 0.584, and c = 1.712 for FWHM Mg II 

nd L 3000 . 
To fit the AD model and determine the best-fitting parameters 

e used the Python χ2 minimization code lmfit , 11 adopting a 
east-squares algorithm. We set M BH to the values obtained from this
pproximation and allowed this to vary within the errors. We ran
he fitting twice: first fixing the value of A V to the non-ne gativ e best-
tting values obtained from our dust-extinction fitting (see Sections 3 
nd 6.1.1 ), and then allowing this to vary as a free parameter in order
o test whether a dust component is required in order to produce the
est fits for the rQSOs. In both cases, the mass accretion rate and
lack hole spin were left as free parameters. 

 RESULTS  

sing our X-shooter spectra for 12 rQSOs and 28 cQSOs at 1.45 < z

 1.65, we have fitted the continuum and emission-line components 
ith physically moti v ated models (see Sections 3 –5 ) to constrain a

ange of key parameters; in the following sections we present our
esults. 

.1 Quantifying the level of dust extinction in red quasars 

.1.1 Continuum reddening: extinction-curve comparison 

nder the assumption that dust is the main cause of reddening in the
QSOs (see Section 3 ), we quantified the amount of dust extinction
long the line of sight by fitting the QSOs with a dust-reddened
QSO composite, adopting five different extinction curves: SMC, 
W, PL, steep, and flat (see Fig. 3 ). We also investigated whether

here was a preference between the five different extinction curves, 
hich would provide an insight into the nature of the dust; i.e. the

ize and location of the dust grains. We varied the normalization
nd amount of dust extinction applied to our cQSO composite using
ach of the fiv e e xtinction-curv e models, and then fit this to our QSO
pectra using a least-squares minimization code. The best-fitting E ( B

V ) constraints and the corresponding reduced χ2 ( χ2 
r ) values are

isplayed in Table 3 ; we note that the E ( B − V ) values were derived
ith respect to the cQSO composite which will contain some amount
MNRAS 513, 1254–1274 (2022) 
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Figure 5. An example of our continuum and emission-line best-fitting solutions for a single rQSO. In the top panel, the BC, Fe II , and total continuum are 
shown in orange, cyan, and blue lines, respectively. The SDSS wavelength coverage for the same source is shown in shaded magenta for comparison. In the 
bottom panels from left to right are the C IV , C III ], Mg II , H β-[O III ], and H α emission-line fits: the narrow Gaussian components are shown in green and the 
broad ( > 1200 km s −1 ) components are shown in red. The total line profile is displayed in blue. 
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f dust extinction, although this is generally negligible (see section 3
nd Calistro Rivera et al. 2021 ). A movie that demonstrates how
ncreasing amounts of dust extinction affects the shape of the cQSO
omposite in comparison to the rQSO spectra is shown in fig. 8 of
he online Supplementary material. 

Ov erall, for an y giv en QSO, the E ( B − V ) values obtained from
he fiv e curv es are in good agreement; the standard deviation in
he maximum difference between the best-fitting E ( B − V ) values
btained from five extinction curves is ∼0.014 mag. We define a fit
o be good if the χ2 

r value is both within the range 0 . 9 < χ2 
r < 3

nd within 0.3 of the χ2 
r value for the best-fitting extinction curve

the E ( B − V ) and χ2 
r values for the good-fitting e xtinction curv es

re highlighted in bold in Table 3 ]. By this definition, only one
f the rQSOs (2241 −1006) could not be well fitted using any of
he curves. The poorly fitted rQSO is on the borderline of our
QSO definition and potentially has additional extinction due to an
ntervening absorber. The other rQSOs are well fitted by at least
ne of the extinction curves, which suggests that their red colours
an be fully explained by dust e xtinction. F or the rQSOs, we find
xtinction values in the range of E ( B − V ) ∼0.02–0.23 mag ( A V 

0.06–0.7 mag; with the additional uncertainty of E ( B − V ) ∼
.013 mag introduced from our cQSO composite; see Section 3 ),
onsistent with Richards et al. ( 2003 ) and fig. 4 within Klindt et al.
 2019 ). We find that many of the rQSOs have good fits from more
han one extinction curve, preventing us from identifying a clear
est-fitting extinction curve. Ho we ver, our analyses do allow us to
ule out certain e xtinction curv es; we find that for all but one rQSO,
t is possible to robustly rule out both the MW and flat extinction
urves. 12 This suggests that the characteristic 2175 Å bump is rare
n reddened QSOs, in agreement with previous studies (e.g. Zafar
NRAS 513, 1254–1274 (2022) 

2 It should be noted that we do not see a strong 2175 Å bump in this source. 

i  

i  
t al. 2015 ; Temple, Hewett & Banerji 2021 ). The sharper rise of
he PL, SMC, and steep extinction curves suggests that the dust is
omposed of smaller grains, formed within the vicinity of the SMBH
here nuclear activity destroys the larger grains (Li & Draine 2001 ;
afar et al. 2015 ; see Section 7.1 for a more detailed discussion).
o we ver, a larger sample of rQSOs with well-constrained E ( B − V )
easurements is required to place robust constraints on the nature

f the dust grains. Due to the lack of dust (by definition), it is not
ossible to distinguish between different extinction curves for the
QSOs. Excluding the poorly fitted sources, we find that there is a
trong correlation between � ( g ∗ − i ∗) and dust extinction (see Fig. 6 )
hich shows our method of selecting dust-reddened rQSOs is robust.
e use the E ( B − V ) values obtained from the best-fitted extinction

urve per source for further analyses. 
In our sample, 4 rQSOs and 3 cQSOs display narrow Mg II

bsorption features within their spectra, with z abs < z em 

indicating
 potential intervening non-associated absorber. For these sources
here may be an additional extinction component associated with
he absorbing system along the line of sight, and so the intrinsic
SO extinction could be slightly lower than that measured from our
 xtinction-curv e analysis; these sources are indicated within Table 3 .

Fitting a dust-reddened cQSO composite to our rQSO composite
see Fig. 4 ), we find that it is consistent with an average dust
xtinction of E ( B − V ) = 0.106 ± 0.001 mag, again indicating that
ur rQSO sample is only moderately reddened. This is consistent
ith Calistro Rivera et al. ( 2021 ), who find a median value of
( B − V ) = 0 . 12 + 0 . 21 

−0 . 08 mag for a sample of ∼1000 SDSS red QSOs,
btained from broad-band SED fitting. Interestingly, the emission-
ine profiles of the dust-reddened cQSO composite are similar to that
n the rQSO composite, apart from C IV which is more suppressed
n the rQSO composite. This difference in the C IV profile could be
ntrinsic, linked to the higher incidence of both broad and narrow

art/stac945_f5.eps
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Table 3. Table of the best-fitting dust-extinction parameters and the corresponding reduced χ2 ( χ2 
r ) obtained from fitting the SMC, MW, PL, flat, and steep 

e xtinction curv es to our rQSOs and cQSOs. Ov erall, the E ( B − V ) v alues found for the five dif ferent curv es are v ery similar. F or each rQSO, the E ( B − V ) and 
χ2 

r values of all extinction curves both within 0 . 9 < χ2 
r < 3 and 0.3 of the best-fitting χ2 

r value are highlighted in bold. It is worth noting that there will be 
additional uncertainties introduced by the spread of extinction values within our composite ( E ( B − V ) ∼ 0.013 mag) that would need to be taken into account in 
order to convert to a fully unobscured QSO (see Section 3 ). The reddening estimated from the Balmer decrements are shown for comparison. 

SMC MW PL Flat Steep H α/H β

Name Sample E ( B − V ) χ2 
r E ( B − V ) χ2 

r E ( B − V ) χ2 
r E ( B − V ) χ2 

r E ( B − V ) χ2 
r E ( B − V ) 

1020 + 1101 a rQSO 0.05 ± 0.001 1 .29 0.05 ± 0.001 1 .47 0.02 ± 0.00 1 .82 0.03 ± 0.001 1 .00 0.06 ± 0.0003 1.81 0.96 ± 0.01 
1049 + 1157 rQSO 0.20 ± 0.001 1 .96 0.22 ± 0.002 1 .31 0.17 ± 0.001 0 .92 0.19 ± 0.002 1 .73 0.16 ± 0.001 0.93 1.24 ± 0.01 
1358 + 1145 a rQSO 0.06 ± 0.001 1 .99 0.06 ± 0.001 2 .35 0.04 ± 0.001 2 .30 0.06 ± 0.001 2 .39 0.05 ± 0.0003 2.05 0.51 ± 0.08 
1429 −0112 rQSO 0.19 ± 0.001 1 .47 0.19 ± 0.001 1 .77 0.18 ± 0.001 1 .04 0.17 ± 0.001 2 .13 0.17 ± 0.001 1.10 0.36 ± 0.01 
1442 + 1426 rQSO 0.13 ± 0.001 1 .29 0.16 ± 0.002 1 .08 0.17 ± 0.001 1 .20 0.10 ± 0.001 0 .81 0.12 ± 0.001 0.99 0.78 ± 0.05 
1523 + 0452 rQSO 0.10 ± 0.001 1 .33 0.14 ± 0.002 2 .17 0.12 ± 0.001 0 .95 0.11 ± 0.002 1 .90 0.10 ± 0.001 0.90 0.31 ± 0.02 
1608 + 1207 rQSO 0.07 ± 0.001 1 .12 0.07 ± 0.001 1 .99 0.05 ± 0.001 1 .61 0.07 ± 0.001 1 .73 0.05 ± 0.001 1.54 −0.10 ± 0.01 
1616 + 0931 a rQSO 0.23 ± 0.001 1 .75 0.26 ± 0.001 2 .83 0.23 ± 0.001 1 .14 0.25 ± 0.001 2 .19 0.21 ± 0.001 1.07 0.23 ± 0.01 
1639 + 1135 rQSO 0.07 ± 0.001 2 .99 0.03 ± 0.002 7 .18 0.05 ± 0.001 2 .99 0.06 ± 0.001 4 .97 0.06 ± 0.001 2.36 0.71 ± 0.01 
2133 + 1043 a rQSO 0.09 ± 0.001 1 .91 0.09 ± 0.001 3 .02 0.08 ± 0.001 1 .92 0.08 ± 0.001 2 .92 0.08 ± 0.001 1.92 0.46 ± 0.04 
2223 + 1258 rQSO 0.08 ± 0.001 2 .93 0.07 ± 0.001 4 .37 0.07 ± 0.001 2 .92 0.06 ± 0.001 4 .84 0.06 ± 0.001 2.98 0.003 ± 0.01 
2241 −1006 a rQSO 0.03 ± 0.001 10 .00 0.02 ± 0.001 11 .63 0.02 ± 0.001 9 .39 0.02 ± 0.001 11 .55 0.02 ± 0.001 9.14 0.01 ± 0.01 

0043 + 0114 a cQSO −0.08 ± 0.001 1 .72 −0.01 ± 0.0005 1 .08 −0.01 ± 0.0003 0 .95 −0.02 ± 0.0005 0 .96 −0.01 ± 0.0001 0.96 0.25 ± 0.01 
0152 −0839 cQSO −0.01 ± 0.001 3 .03 −0.02 ± 0.001 1 .86 −0.01 ± 0.0002 1 .00 −0.02 ± 0.0005 1 .11 −0.02 ± 0.0003 1.84 0.24 ± 0.01 
0155 −1023 cQSO −0.06 ± 0.002 10 .25 −0.02 ± 0.0002 1 .78 −0.02 ± 0.0003 1 .84 −0.02 ± 0.0004 1 .72 −0.02 ± 0.0003 1.67 0.13 ± 0.06 
0213 −0036 cQSO 0.02 ± 0.001 1 .07 0.04 ± 0.001 0 .32 0.02 ± 0.0004 0 .35 0.02 ± 0.001 0 .31 0.02 ± 0.0004 0.37 0.26 ± 0.02 
0223 −0007 a cQSO −0.02 ± 0.001 1 .05 −0.04 ± 0.001 1 .48 −0.02 ± 0.0004 0 .96 −0.03 ± 0.001 1 .03 −0.02 ± 0.0004 0.92 0.22 ± 0.02 
0303 + 0027 cQSO −0.09 ± 0.0003 4 .53 −0.02 ± 0.0004 1 .03 −0.01 ± 0.0001 1 .31 −0.02 ± 0.0004 1 .17 −0.01 ± 0.0002 1.34 −0.27 ± 0.004 
0341 −0037 cQSO 0.02 ± 0.001 1 .27 0.03 ± 0.001 1 .08 −0.03 ± 0.001 0 .96 −0.01 ± 0.001 0 .92 0.02 ± 0.0005 0.93 0.24 ± 0.03 
0404 −0446 a cQSO −0.06 ± 0.002 8 .91 −0.03 ± 0.003 2 .57 −0.01 ± 0.001 4 .98 −0.02 ± 0.0004 4 .53 −0.01 ± 0.001 4.85 1.08 ± 0.08 
0842 + 0151 cQSO −0.09 ± 0.004 9 .07 −0.02 ± 0.0004 1 .32 −0.02 ± 0.0004 1 .31 −0.03 ± 0.0005 1 .09 −0.02 ± 0.0003 1.34 −0.11 ± 0.01 
0927 + 0004 cQSO 0.02 ± 0.001 1 .34 −0.01 ± 0.001 0 .92 −0.02 ± 0.001 0 .96 0.02 ± 0.001 1 .66 0.02 ± 0.0004 1.96 −0.02 ± 0.02 
0934 + 0005 cQSO 0.02 ± 0.0002 1 .12 0.02 ± 0.001 1 .67 0.003 ± 0.0004 1 .09 0.001 ± 0.001 1 .14 0.004 ± 0.0003 0.99 0.11 ± 0.04 
0941 + 0443 cQSO −0.01 ± 0.0004 1 .89 −0.004 ± 0.0004 1 .17 −0.16 ± 0.0003 1 .01 −0.01 ± 0.0004 0 .91 −0.01 ± 0.0003 0.95 0.14 ± 0.01 
1001 + 1015 cQSO 0.03 ± 0.0004 1 .12 −0.03 ± 0.001 1 .74 0.04 ± 0.0003 1 .02 −0.03 ± 0.001 1 .46 0.003 ± 0.0002 0.92 0.19 ± 0.01 
1002 + 0331 cQSO 0.02 ± 0.001 1 .41 0.04 ± 0.001 1 .17 0.03 ± 0.0004 1 .17 0.02 ± 0.0007 1 .63 0.03 ± 0.0003 1.18 0.02 ± 0.04 
1013 + 0245 cQSO 0.11 ± 0.003 1 .91 0.13 ± 0.002 1 .45 0.09 ± 0.002 1 .90 0.12 ± 0.002 0 .91 0.11 ± 0.002 1.76 0.33 ± 0.04 
1028 + 1456 cQSO 0.008 ± 0.001 1 .59 0.08 ± 0.001 1 .25 0.06 ± 0.001 1 .45 0.008 ± 0.002 1 .99 0.06 ± 0.001 1.52 0.04 ± 0.02 
1158 −0322 a cQSO 0.02 ± 0.001 1 .89 0.02 ± 0.001 1 .89 0.01 ± 0.0005 1 .91 0.005 ± 0.001 2 .33 0.01 ± 0.0004 1.91 0.06 ± 0.01 
1352 + 1302 cQSO 0.002 ± 0.0004 1 .66 0.01 ± 0.0005 1 .35 0.01 ± 0.0004 1 .83 0.003 ± 0.001 1 .65 −0.004 ± 0.0003 1.78 0.19 ± 0.01 
1357 −0307 cQSO −0.008 ± 0.001 1 .42 0.04 ± 0.001 1 .08 0.03 ± 0.001 0 .97 0.004 ± 0.001 0 .93 0.03 ± 0.001 0.92 0.52 ± 0.01 
1358 + 1410 cQSO 0.04 ± 0.001 1 .17 0.04 ± 0.0002 0 .91 0.01 ± 0.001 1 .18 0.03 ± 0.001 1 .19 0.03 ± 0.0005 0.93 0.13 ± 0.004 
1428 + 1001 a cQSO 0.02 ± 0.001 1 .64 0.06 ± 0.001 1 .63 0.05 ± 0.001 1 .87 0.07 ± 0.001 1 .70 0.05 ± 0.001 1.80 0.22 ± 0.02 
1502 + 1016 cQSO 0.02 ± 0.0003 1 .06 0.02 ± 0.001 1 .37 0.01 ± 0.0004 0 .94 0.03 ± 0.001 1 .10 0.01 ± 0.001 0.97 0.17 ± 0.02 
1513 + 1011 cQSO −0.01 ± 0.0003 23 .8 −0.03 ± 0.001 1 .84 −0.01 ± 0.0003 1 .42 −0.03 ± 0.0002 1 .35 −0.01 ± 0.0004 1.47 0.48 ± 0.02 
1521 −0156 cQSO −0.07 ± 0.001 19 .43 −0.06 ± 0.0002 4 .34 −0.03 ± 0.001 11 .24 −0.02 ± 0.001 4 .62 −0.03 ± 0.001 4.67 −0.04 ± 0.01 
1539 + 0534 cQSO −0.005 ± 0.01 8 .94 −0.05 ± 0.001 1 .16 −0.03 ± 0.0005 1 .67 −0.06 ± 0.001 1 .57 −0.04 ± 0.0005 1.76 0.08 ± 0.05 
1540 + 1155 cQSO −0.01 ± 0.001 1 .83 −0.03 ± 0.0005 1 .08 −0.03 ± 0.0004 1 .17 −0.03 ± 0.001 1 .52 −0.03 ± 0.0004 1.36 −0.13 ± 0.05 
1552 + 0939 cQSO 0.08 ± 0.001 1 .30 0.09 ± 0.001 1 .03 0.07 ± 0.001 1 .18 0.10 ± 0.001 1 .01 0.04 ± 0.001 1.48 0.29 ± 0.04 
1618 + 1305 cQSO −0.07 ± 0.001 1 .47 0.003 ± 0.001 1 .29 0.005 ± 0.001 1 .21 0.009 ± 0.001 1 .24 −0.004 ± 0.001 1.56 0.12 ± 0.05 
a Associated Mg II absorption. 

Figure 6. � ( g ∗ − i ∗) versus the E ( B − V ) values obtained from the best- 
fitting extinction curves for the rQSOs (red) and cQSOs (cyan) (see Table 3 ). 
Faded points indicate poor fits ( χ2 

r > 3 or χ2 
r < 0 . 9). There is a clear 

relationship between optical colour and dust reddening. 
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bsorption lines in the rQSO sample (see Section 7.2 for a more
etailed discussion), or a result of our small rQSO sample. The
otential differences in the C IV emission line between rQSOs and
QSOs will be explored using a much larger sample in our future
R14 spectroscopic study (F a wcett et al. in preparation). 

.1.2 Broad line reddening: Balmer decrements 

sing the measured broad H α and H β emission-line fluxes, we 
alculated the Balmer decrements for each rQSO and cQSO (see 
ection 3 ). A comparison of the E ( B − V ) values calculated from the
ontinuum fitting with those calculated from the measured Balmer 
ecrements is shown in Fig. 7 . The heavily reddened FIRST-2MASS
F2M) QSOs from Glikman et al. ( 2007 ) are shown for comparison
n addition to the expected intrinsic scatter within the DR7 QSO
almer decrements from Shen et al. ( 2011 ). The rQSOs display,
n average, larger H α/H β ratios, including a significantly larger 
raction of upper limits that indicate the H β line was too weak to fit
5/12: 42 per cent of the rQSOs, compared to just 3/28: 11 per cent
MNRAS 513, 1254–1274 (2022) 
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Figure 7. A comparison between the broad H α/H β flux ratio and the best-fitting dust e xtinction deriv ed from the continuum for the rQSOs (red) and cQSOs 
(cyan). The solid black line represents the theoretical ‘Case B’ (2.88), the solid cyan line represents the Balmer decrement of the cQSO composite (3.40) and 
the dashed grey line represents the median Balmer decrement in SDSS DR7 (3.47; Shen et al. 2011 ). The shaded region displays the expected scatter within 
the DR7 QSO population ( ∼2; Shen et al. 2011 ). Faded points with arrows represent upper limits due to low SNR or undetected broad H β. The black circles 
indicate the heavily reddened F2M QSOs from Glikman et al. ( 2007 ). The inset shows a zoom in of the region containing the QSOs from our study. 
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f the cQSOs), consistent with a larger amounts of dust extinction
long the line of sight towards the BLR. Excluding the upper limits,
he majority of the cQSOs and rQSOs lie within the intrinsic Balmer
ecrement scatter as a function of E ( B − V ). Ho we ver, at the higher
xtinction values ( E ( B − V ) > 0.55 mag) probed by the F2M sample,
here is a discrepancy between the reddening derived from the
ontinuum and that from the Balmer decrements, which could be
ue to poor H β fits in noisy spectra, an intrinsically steep spectrum
r a difference in the BLR–AD geometry between moderately and
eavily reddened QSOs (Glikman et al. 2007 ; Kim & Im 2018 ). In
uture work (F a wcett et al. in preparation) we will have the improved
ource statistics from our dedicated program using the Dark Energy
pectroscopic Instrument (DESI; DESI Collaboration 2016 ), to push

o more dust-reddened systems than those observed with SDSS and
est whether there are any differences between the continuum and
LR dust reddening at higher E ( B − V ) values. 

.2 Continuum and emission-line properties 

rom our spectral fitting (see Section 4 ), we calculated the continuum
uminosities, corrected for the continuum-measured dust extinction
sing the best-fitting E ( B − V ) values, at rest-frame 1350, 3000,
100, and 6200 Å, in addition to the emission-line properties for C IV ,
 III ], Mg II , H β, [O III ] λ5007, and H α. The emission-line fitting
arameters can be found in the table included in the supplementary
aterial. To assess the quality of our spectral fitting, we compared

he Mg II FWHM and luminosity to that from the Rakshit, Stalin &
otilainen ( 2020 ) catalogue, which contains spectral properties for
NRAS 513, 1254–1274 (2022) 
he SDSS DR14 QSOs, using PYQSOFIT to estimate the continuum
nd major emission-line properties. We find a median offset of
1392 km s −1 and 0.25 dex for the FWHM and luminosity measure-
ents of the rQSOs, respectively, and −941 km s −1 and 0.01 dex for

he FWHM and luminosity measurements of the cQSOs, respectively.
he larger difference in the luminosity measurements for the rQSOs

s a consequence of the lack of dust-extinction correction applied in
he Rakshit et al. ( 2020 ) catalogue; therefore, the luminosities for
ust-reddened QSOs will be underestimated. 
A comparison between the extinction-corrected 5100 Å luminosity

 L 5100 ) and the extinction-corrected H α line luminosity and L 6 μm 

is
isplayed in Fig. 8 . Both the H α and L 6 μm 

luminosities show a strong
orrelation with L 5100 , with the best-fitting power law displayed as
ashed and dotted lines. After correcting for extinction, the rQSOs
ave luminosities within the scatter of the cQSOs for the same L 5100 .
o we ver, the rQSOs are clearly biased towards higher luminosities

s a result of our incomplete observations (see Section 2.2 ), which we
ccount for in the following analyses by comparing results obtained
ith the full sample to those obtained using the statistically limited
 6 μm 

-matched sub-samples (see Section 2.1 ). 
Fig. 9 shows a comparison between the M BH from Rakshit et al.

 2020 ), calculated from the Mg II line, compared to the M BH estimated
n this work, calculated from the Mg II and H α broad line FWHM
nd continuum luminosities using the relations from Shen & Liu
 2012 ) (see Section 5 ). In both plots, we have calculated our M BH 

alues from dust-extinction corrected luminosities using the best-
tting A V values (see Section 6.1 ); this will have a greater effect
n the Mg II estimation compared to H α, since shorter wavelengths

art/stac945_f7.eps
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Figure 8. Extinction-corrected L 5100 versus broad H α line luminosity 
(circles) and L 6 μm 

(crosses) for the rQSOs (red) and cQSOs (cyan). The 
best-fitting lines are shown as dashed and dotted lines. After correcting for 
e xtinction, the rQSOs hav e luminosities within the scatter of the cQSOs, 
for the same L 5100 ; ho we ver, the rQSOs are clearly biased towards higher 
luminosities. 
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re more affected by dust extinction than longer wavelengths. 13 We 
pplied the same level of dust-extinction correction for the Rakshit 
t al. ( 2020 ) M BH values, to those applied for each of our sources. In
ig. 9 , the squares and crosses display the median M BH calculated
rom our X-shooter emission line Mg II (left) and H α (right) fits, with
nd without a dust-extinction correction, respectively. A comparison 
etween the Mg II - and H α-derived M BH from our X-shooter data is
isplayed in Fig. B1 . 
The median extinction-corrected M BH for the rQSOs and cQSOs 

re found to be 9.24 ± 0.17 and 9.12 ± 0.05 log M � calculated
rom the H α line, and 9.24 ± 0.15 and 9.23 ± 0.09 log M �
alculated from the Mg II line, respectively. The median M BH of
he rQSOs and cQSOs estimated from both of these estimations 
re consistent within 1 σ uncertainties; this is in agreement with 
he black hole masses reported by Calistro Rivera et al. ( 2021 ),
ho found median values of ∼9 log M � for both the rQSOs and

QSOs. Further to this, after matching in L 6 μm 

luminosity ( M BH :
.05 ± 0.26 and 9.12 ± 0.10 log M � for the rQSOs and cQSOs,
espectively) there appears to be no significant differences between 
he black hole masses of rQSOs and cQSOs. It should be noted that
ndividual estimates of M BH calculated via the virial approach will 
ave an intrinsic scatter due to uncertainties on the inclination angle 
nd geometry of the BLR (see Yong, Webster & King 2016 for a
ore detailed discussion), and also between different estimators (see 
hen & Liu 2012 for a more detailed discussion). This effect should
e minimal when av eraging o v er large samples, but due to our small
amples this could be affecting the median black hole mass estimates. 

.3 Accr etion-disc pr operties 

ollowing Section 5 , we fitted a thin AD model to the spectra, fixing
 V to the best-fitting values from our e xtinction-curv e analysis (see
ection 6.1.1 ), in order to compute the mass accretion rate, black hole
pin, and Eddington ratio parameters (see Fig. 10 for an example of
he best-fitting AD model to a rQSO). For 83 per cent (10/12) of the
3 The largest correction applied to a Mg II -derived M BH due to extinction was 
0.4 dex. 

r  

p  

o  

e  
QSOs and 86 per cent (24/28) of the cQSOs, the thin AD model
rovided a good fit to the QSO continuum ( χ2 

r < 5); the best-fitting
arameters and χ2 

r values are displayed in Table 4 . Since both the
ajority of the rQSOs and cQSOs are well fitted with a thin AD
odel, this suggests that there are no significant differences between 

he accretion discs of cQSOs and rQSOs, once the effects of dust
xtinction are taken into account. We also refitted the thin AD models
o the spectra, this time leaving A V as a free parameter, and found
onsistent levels of dust extinction for the majority of the rQSOs. For
 few moderately dust-reddened sources we found AD solutions not 
equiring dust, but o v erall we obtained consistent AD parameters to
hose found adopting a fixed A V (see Fig. 11 for a comparison of the
˙
 , with and without fixing A V in the AD fitting). This also suggests

hat dust-reddening is a consistent explanation for the red colours in
he rQSOs, even if differences in accretion processes are considered. 
t is worth noting that we did not include an additional disc-wind
omponent in our model, which has been found to affect the shape of
SO spectra in a similar way to dust-reddening ( C15 ); more complex
D models will be tested in a future, larger X-shooter study. We find
ood agreement to C16 between our best-fitting AD parameters for 
he C15 cQSOs (see Appendix C for a more detailed discussion). 

We find no significant differences in the accretion rate or black
ole spin for our rQSOs compared to the cQSOs (see Table 5 for the
edian AD properties). The best-fitting black hole spin values span 

he whole range ( −1 to 0.998), with an average value of −0.15 ± 0.47
nd 0.46 ± 0.23 for the rQSOs and cQSOs, respectively. If differences 
n the post-merger spin evolution of black-holes were responsible 
or the radio excess in rQSOs (Garofalo & Bishop 2020 ), then
e might expect systematic differences between the black hole 

pin distributions of the two samples. Ho we ver, in the luminosity-
atched samples we find the two black hole spin distributions to be

onsistent; applying the two-sided Kolmogoro v–Smirno v (K–S) test 
his is statistically not significant ( p -value = 0.88). The median mass
ccretion rates are 0.70 ± 0.07 and 0.45 ± 0.14 log [M �yr −1 ] for the
QSOs and cQSOs, respectively; these differences are statistically 
ignificant ( p -value = 0.09), but after matching the two samples in
 6 μm 

the distributions are consistent ( p -value = 0.42), with average
alues of 0.74 ± 0.17 and 0.81 ± 0.09 log [M �yr −1 ] for the rQSOs
nd cQSOs, respectively. Splitting out the radio-detected QSOs 
ithin our samples we explored whether there were any differences 

n accretion properties between the radio-detected and undetected 
ources (see Table 5 ). Significant differences would support previous 
tudies that suggest radio-loud quasars have higher black hole spin 
alues as per the ‘spin paradigm’, whereby relativistic jets can be
ormed from the rotational energy of the spinning SMBH (Wilson &
olbert 1995 ; Schulze et al. 2017 ). Ho we ver, we do not find any

ignificant differences, although our sample is too small to draw 

obust conclusions. 
Fig. 12 shows the distribution of M BH as a function of Eddington

atio. There are small, tentative ( p -value = 0.04) differences in the
ddington ratios, with rQSOs displaying on average lower Eddington 

atios compared to cQSOs (median values of −0.95 ± 0.10 and 
0.68 ± 0.04 for the rQSOs and cQSOs, respecti vely); tentati ve

ifferences remain after matching in L 6 μm 

( p -value = 0.03), although
he sample size is now very small (7 rQSOs and 7 cQSOs). This is
ontrary to what was found in previous red QSO studies (e.g. Urrutia
t al. 2012 ; Banerji et al. 2015 ; Kim et al. 2015 ; Kim & Im 2018 ;
lotted on Fig. 12 ) who claim that red QSOs have higher Eddington
atios compared to typical QSOs which could be evidence for a
hase of rapid black hole gro wth. Ho we ver, the radio properties of
ur samples are not representative of the o v erall QSO population; for
 xample, we hav e man y more radio-loud cQSOs compared to rQSOs.
MNRAS 513, 1254–1274 (2022) 
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Figure 9. Black-hole mass estimates for the rQSOs (red stars) and cQSOs (cyan stars) taken from Rakshit et al. ( 2020 ) (calculated from the Mg II broad line) 
compared to those calculated in this work, based on the Mg II broad line (left) and H α broad line (right) using equation ( 7 ). The X-shooter black hole masses 
have been corrected for dust extinction using the best-fitting values from Section 6.1 ; the Rakshit et al. ( 2020 ) black hole masses have been corrected using the 
same correction factor applied to our X-shooter estimates. The darker red and cyan square markers correspond to the median values where correcting for dust 
extinction and the magenta and blue crosses correspond to the median values without any correction for dust extinction, for the rQSOs and cQSOs, respectively. 
The dashed line represents the 1:1 relation, the y errors are taken from the Rakshit et al. ( 2020 ) catalogue and the x errors are estimated from MC resampling. A 

comparison of the extinction-corrected black hole masses calculated from the Mg II and H α line from the X-shooter data is shown in Fig. B1 . 

Figure 10. An example of the best-fitting AD model for one rQSO. The de-reddened spectrum is shown in grey. The solid magenta curve gives the best-fitted 
AD model solution to the original spectrum, and the dashed magenta line gives the best-fitted model to the de-reddened spectrum. Note: the upturn in the 
spectrum at λ < 1500 Å with respect to the AD model is due to the Ly α emission line. 
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t should also be noted that no difference in M BH or Eddington
atio (inferred from the FWHM of broad emission lines) between
DSS selected rQSOs and cQSOs was found in our previous studies
Klindt et al. 2019 ; Calistro Rivera et al. 2021 ), using the Shen & Liu
 2012 ) and Rakshit et al. ( 2020 ) samples, respectively . Consequently ,
 larger X-shooter sample with fewer biases is required to robustly
est whether there are significant differences in the Eddington ratio
etween rQSOs and cQSOs. 

 DISCUSSION  

e have used the X-shooter spectra of a sample of 40 red and
lue/typical QSOs at 1.45 < z < 1.65, in order to constrain their
ine and continuum-emission, dust-extinction, and AD properties.
rom these data we can assess whether the enhanced radio emission
NRAS 513, 1254–1274 (2022) 
e have previously found in red QSOs are due to differences in the
ccreting engine or outflow properties. 

From fitting a dust-reddened cQSO composite to our QSO
amples (see Section 6.1.1 ), we find that the red colours in 11/12
 ∼92 per cent) of our rQSOs can be fully explained by dust, and
ule out both the MW and flat extinction curves for all but one of
he rQSOs. The amount of dust reddening in our rQSO sample is

odest, with E ( B − V ) values ranging from ∼0.02–0.23 mag ( A V 

0.06–0.7 mag; see T able 3 ). W e also find a strong correlation
etween � ( g ∗ − i ∗) and E ( B − V ) which suggests our method of
electing dust-reddened QSOs is robust (see Fig. 6 ). On the basis
f our emission-line fitting approach, we also measured the broad
 α/H β Balmer decrements and find on average good agreement
ithin the intrinsic scatter for the rQSOs and cQSOs as a function
f E ( B − V ). We also find higher Balmer decrements, including
pper limits, for the rQSOs compared to the cQSOs which indicates

art/stac945_f9.eps
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Table 4. Table of the best-fitting AD parameters and virial black hole mass estimates for our rQSOs and cQSOs (see Section 5 ). Columns 
from left to right display the: (1) shortened source name utilized in this paper, (2) QSO sub-sample (rQSO or cQSO), (3) virial black hole 
mass (M BH ) estimate using the broad H α line (see Section 5 ), (4) black hole spin ( a ), (5) mass-accretion rate ( Ṁ ), (6) radiative efficiency 
( η), (6) bolometric luminosity ( L bol ), (7) Eddington ratio ( λedd ), defined as L Edd / L bol , and (8) the reduced χ2 of the fit ( χ2 

r ). The errors 
correspond to 1 σ standard errors. 

Name Sample M BH a Ṁ η L bol log λedd χ2 
r 

log (M �) log (M � yr −1 ) log (erg s −1 ) 

1020 + 1101 rQSO 9.53 ± 0.01 0.86 ± 0.19 0.28 ± 0.22 0.321 46.5 ± 0.22 −1.08 ± 0.31 1.76 
1049 + 1157 rQSO 9.70 ± 0.02 0.82 ± 0.13 0.07 ± 0.16 0.321 46.3 ± 0.16 −1.46 ± 0.16 1.47 
1358 + 1145 rQSO 9.51 ± 0.03 0.60 ± 3.71 0.62 ± 1.54 0.321 46.9 ± 1.54 −0.73 ± 2.20 3.66 
1429 −0112 rQSO 9.05 ± 0.01 −1.00 ± 6.63 0.83 ± 0.93 0.045 46.2 ± 0.93 −0.93 ± 0.93 2.02 
1442 + 1426 rQSO 8.56 ± 0.02 −0.64 ± 4.46 1.00 ± 0.79 0.052 46.5 ± 0.79 −0.21 ± 1.11 1.16 
1523 + 0452 rQSO 8.52 ± 0.02 −1.00 ± 4.09 0.73 ± 0.64 0.045 46.1 ± 0.64 −0.50 ± 1.69 4.31 
1608 + 1207 rQSO 9.12 ± 0.01 −1.00 ± 1.61 0.65 ± 0.23 0.045 46.1 ± 0.23 −1.18 ± 0.23 2.01 
1616 + 0931 rQSO 9.29 ± 0.005 0.20 ± 10.18 0.66 ± 3.39 0.104 46.4 ± 3.38 −0.96 ± 5.05 1.54 
1639 + 1135 rQSO 9.71 ± 0.01 0.63 ± 0.13 0.63 ± 0.07 0.321 46.9 ± 0.07 −0.92 ± 0.12 3.68 
2133 + 1043 rQSO 9.09 ± 0.03 −1.00 ± 12.38 0.76 ± 0.19 0.045 46.2 ± 0.19 −1.04 ± 0.27 4.00 
2223 + 1258 rQSO 9.23 ± 0.01 0.35 ± 0.22 1.00 ± 0.08 0.122 46.8 ± 0.08 −0.50 ± 0.12 8.88 
2241 −1006 rQSO 9.47 ± 0.01 −0.50 ± 2.97 0.99 ± 0.59 0.054 46.5 ± 0.59 −1.09 ± 0.81 11.90 

0043 + 0114 cQSO 9.02 ± 0.01 −0.31 ± 0.59 1.00 ± 0.12 0.061 46.5 ± 0.12 −0.59 ± 0.15 2.03 
0152 −0839 cQSO 9.11 ± 0.01 0.43 ± 0.52 0.60 ± 0.18 0.165 46.5 ± 0.18 −0.68 ± 0.27 1.91 
0155 −1023 cQSO 9.30 ± 0.02 0.70 ± 0.19 0.85 ± 0.11 0.321 47.1 ± 0.11 −0.28 ± 0.16 2.79 
0213 −0036 cQSO 8.69 ± 0.01 −0.91 ± 3.11 0.35 ± 0.45 0.045 45.8 ± 0.45 −1.02 ± 0.45 1.29 
0223 −0007 cQSO 8.82 ± 0.02 0.10 ± 2.91 0.31 ± 0.80 0.091 46.0 ± 0.80 −0.88 ± 1.23 2.02 
0303 + 0027 cQSO 9.41 ± 0.01 0.69 ± 0.83 0.80 ± 0.50 0.321 47.1 ± 0.50 −0.45 ± 0.51 3.65 
0341 −0037 cQSO 8.71 ± 0.01 −1.00 ± 2.18 0.44 ± 0.32 0.045 45.8 ± 0.32 −0.98 ± 0.70 1.67 
0404 −0446 cQSO 8.33 ± 0.03 0.00 ± 2.11 0.75 ± 0.53 0.075 46.4 ± 0.53 −0.09 ± 0.76 36.00 
0842 + 0151 cQSO 9.28 ± 0.04 0.48 ± 3.93 0.72 ± 1.46 0.156 46.7 ± 1.46 −0.67 ± 1.62 3.94 
0927 + 0004 cQSO 9.19 ± 0.01 0.93 ± 0.03 −0.34 ± 0.11 0.321 45.9 ± 0.11 −1.38 ± 0.18 1.98 
0934 + 0005 cQSO 8.78 ± 0.01 −1.00 ± 0.11 0.78 ± 0.02 0.045 46.2 ± 0.02 −0.70 ± 0.02 6.43 
0941 + 0443 cQSO 9.32 ± 0.01 0.76 ± 0.42 0.40 ± 0.27 0.321 46.7 ± 0.27 −0.75 ± 0.40 2.93 
1001 + 1015 cQSO 9.23 ± 0.01 0.73 ± 0.36 0.31 ± 0.23 0.321 46.6 ± 0.23 −0.75 ± 0.25 2.25 
1002 + 0331 cQSO 9.02 ± 0.004 −0.41 ± 11.09 1.00 ± 2.15 0.057 46.5 ± 2.14 −0.62 ± 2.15 2.19 
1013 + 0245 cQSO 8.85 ± 0.60 −0.10 ± 8.41 0.19 ± 2.04 0.075 45.8 ± 2.04 −0.98 ± 2.48 1.84 
1028 + 1456 cQSO 9.10 ± 0.05 0.90 ± 0.47 0.23 ± 0.48 0.321 46.5 ± 0.48 −0.69 ± 0.71 1.47 
1158 −0322 cQSO 9.39 ± 0.01 0.51 ± 0.76 0.80 ± 0.41 0.321 47.1 ± 0.41 −0.43 ± 0.42 4.16 
1352 + 1302 cQSO 9.16 ± 0.01 0.18 ± 0.27 1.00 ± 0.08 0.091 46.7 ± 0.08 −0.56 ± 0.08 4.00 
1357 −0307 cQSO 8.93 ± 0.03 0.32 ± 3.93 0.53 ± 0.29 0.122 46.4 ± 0.29 −0.64 ± 0.42 1.96 
1358 + 1410 cQSO 8.44 ± 0.01 −1.00 ± 0.33 0.91 ± 0.06 0.045 46.3 ± 0.06 −0.23 ± 0.06 6.79 
1428 + 1001 cQSO 9.22 ± 0.02 0.97 ± 0.04 0.13 ± 0.22 0.321 46.4 ± 0.22 −0.91 ± 0.22 1.73 
1502 + 1016 cQSO 9.17 ± 0.02 0.81 ± 0.20 0.20 ± 0.25 0.321 46.5 ± 0.25 −0.83 ± 0.26 1.68 
1513 + 1011 cQSO 9.86 ± 0.11 0.97 ± 0.002 0.24 ± 0.005 0.321 46.5 ± 0.005 −1.56 ± 0.01 3.70 
1521 −0156 cQSO 9.12 ± 0.01 −0.73 ± 3.17 0.89 ± 0.52 0.049 46.3 ± 0.52 −0.89 ± 0.78 7.61 
1539 + 0534 cQSO 9.15 ± 0.07 0.83 ± 0.31 0.40 ± 0.33 0.321 46.7 ± 0.33 −0.52 ± 0.43 4.79 
1540 + 1155 cQSO 9.24 ± 0.05 0.76 ± 1.71 0.36 ± 1.35 0.321 46.6 ± 1.35 −0.68 ± 1.36 2.40 
1552 + 0939 cQSO 9.22 ± 0.01 1.00 ± 0.12 −0.13 ± 0.53 0.321 46.1 ± 0.53 −1.18 ± 0.56 1.44 
1618 + 1305 cQSO 9.03 ± 0.04 0.10 ± 1.52 0.47 ± 0.41 0.091 46.2 ± 0.41 −0.98 ± 0.58 3.74 
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igher levels of dust along the line of sight towards the BLR (see
ection 6.1.2 ). 
Using the black hole masses calculated from the broad H α

mission (Section 6.2 ) and the dust-extinction measurements from 

ur e xtinction-curv e fitting (Section 6.1.1 ), we fitted a simple thin
D model to our rQSOs and cQSOs to test whether thin disc
odels adequately explain the nature of the accretion-disc emission 

n these QSOs (see Section 6.3 ). We find good fits for 83 per cent
10/12) of the rQSOs and 86 per cent (24/28) of the cQSOs, with no
ignificant differences in the black hole spin, mass accretion rate or
lack hole mass parameters when accounting for luminosity. We find 
entati ve e vidence that rQSOs have lower Eddington ratios compared 
o cQSOs (see Table 5 ); this difference remains after matching in
 6 μm 

, although we are extremely limited in source statistics (only 
 rQSOs and 7 cQSOs are matched in L 6 μm 

). Leaving A V as a free
arameter we also reco v er consistent lev els of dust e xtinction to our
ontinuum measurements, and find similar accretion properties to 
hose obtained using a fixed A V (see Fig. 11 ). This also suggests that
he red colours in rQSOs are fully consistent with modest levels of
ust obscuration of an otherwise normal QSO. 
On the basis of our analyses using X-shooter spectra the only

ignificant differences between rQSOs and cQSOs appears to be 
he presence of larger amounts of dust along the line of sight
owards the rQSOs. One scenario that can connect this dust to the
undamental differences in the radio properties between rQSOs and 
QSOs is winds and outflows interacting with a dust and gas rich
SM/circumnuclear environment. Therefore, in the following sub- 
ections we focus on constraining the location and composition of 
he dust and search for differences in the presence and properties of
utflows between our rQSO and cQSO samples. 
MNRAS 513, 1254–1274 (2022) 
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Figure 11. Best-fitting mass accretion rate obtained from the AD model 
without fixing A V versus that obtained with fixing A V to the best-fitting ex- 
tinction values from our e xtinction-curv e analysis (see Section 6.1 ). Overall, 
we find similar mass accretion rate values obtained from both fitting methods. 

Table 5. Table of the median AD properties for our rQSO, cQSO, L 6 μm 

- 
matched, radio-detected (rad det), and radio-undetected (rad undet) samples. 
See Table 4 for a description of the column names. 

M BH λEdd a Ṁ 

log (M �) log log (M �yr −1 ) 

rQSO 9.24 ± 0.17 −0.95 ± 0.10 −0.15 ± 0.47 0.70 ± 0.07 
cQSO 9.12 ± 0.05 −0.68 ± 0.04 0.46 ± 0.23 0.45 ± 0.14 
rQSO L 6 μm 9.05 ± 0.26 −0.96 ± 0.19 −0.64 ± 0.61 0.74 ± 0.17 
cQSO L 6 μm 9.12 ± 0.10 −0.67 ± 0.03 −0.45 ± 0.47 0.81 ± 0.09 
rQSO rad det 9.40 ± 0.21 −1.00 ± 0.07 0.42 ± 0.55 0.64 ± 0.19 
cQSO rad det 9.17 ± 0.03 −0.60 ± 0.23 0.75 ± 0.16 0.37 ± 0.06 
rQSO rad undet 9.16 ± 0.28 −0.61 ± 0.21 −0.57 ± 0.38 0.86 ± 0.13 
cQSO rad undet 8.99 ± 0.13 −0.69 ± 0.06 0.05 ± 0.29 0.73 ± 0.12 
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.1 The nature of dust in red QSOs 

he shape of a dust-extinction law, determined by the total-to-
electiv e e xtinction R V (where R V ≡ A V / E ( B − V ); Cardelli et al.
989 ), is primarily due to the composition of the dust and distribution
f grain sizes. In general, a lower value of R V corresponds to a
teeper extinction curve and smaller dust grains, and vice versa.
onsequently, we can potentially learn about the physical properties
f the dust by identifying the best-fitting dust-extinction laws, which
re defined by different values of R V , for each of the QSOs. Typically,
tudies have used an SMC-like extinction curve ( R V = 2.74) to
xplain dust reddening in QSOs, although the ef fecti veness of this
or describing the dust in all QSOs has been debated. For example,
zerny et al. ( 2004 ) construct a QSO extinction curve based on the
lue and red composite spectra from Richards et al. ( 2003 ) and find
 flatter ‘grey’ curve that deviates from an SMC-like curve at shorter
avelengths, which has also been found in other studies (Gaskell

t al. 2004 ; Gaskell & Benker 2007 ; Mehdipour & Costantini 2018 ;
emple, Hewett & Banerji 2021 ). They found their derived grey
 xtinction curv e is best described by dust containing no graphite,
ith a fairly large grain size of > 0 . 016 μm, and suggested that this

ack of graphite might support a scenario where the dust is formed
n an outflowing wind (e.g. Elvis, Marengo & Karovska 2002 ). On
he other hand, Zafar et al. ( 2015 ) analysed high extinction QSOs for
hich the SMC law could not provide a good fit, deriving an average
 xtinction curv e that is steeper than the SMC law, with a best-fitting
NRAS 513, 1254–1274 (2022) 
alue of R V = 2.2 ± 0.2. They suggest that the steepness of this curve
mplies a lack of large dust grains, which may have been destroyed
y the activity of the AGN. 
Across the o v erall rQSO sample, we do not find a significant

reference for one extinction curve over another (see Section 6.1.1
nd Fig. 6 ); ho we ver, we rule out the flat and MW extinction curve for
ll but one rQSO. This could imply that rQSOs have dust composed
f smaller grains, described by a steeper curve, suggesting a higher
evel of nuclear activity or that the dust is formed within the vicinity
f the central nucleus (Zafar et al. 2015 ). This is consistent with
revious work which have found the characteristic 2175 Å bump
expected from small carbonaceous grains present in our Galaxy)
bsent in rQSOs (Richards et al. 2003 ; Czerny et al. 2004 ; Zafar
t al. 2015 ; Temple et al. 2021 ). This result is also in agreement
ith Willott ( 2005 ), who claim that flatter extinction curves are
riven by redshift selection effects incorporated in composites that
re constructed from large QSO samples. Therefore, distinguishing
etween different extinction curves requires the analysis of individual
pectra or composites constructed o v er a narrow redshift range. 

We can also potentially gain insight into the dust composition
rom empirically determining the value of R V in each spectrum. To
o this, we normalize the spectra relative to the observed-frame flux
f the QSOs in the WISE W1 band (3.4 μm), and then calculate A V 

nd E ( B − V ) in order to determine R V ≡ A V / E ( B − V ). The W1 band
s likely dominated by thermal emission from dust grains at z = 1.5
e.g. Stern et al. 2012 ; Assef et al. 2013 ), and therefore normalizing
he spectra relative to this band can allow us to estimate the intrinsic
 V and E ( B − V ) directly from the spectra. From our analysis we do
ot find a significant difference in the R V value between the rQSOs
nd cQSOs, although we do find tentati ve e vidence for relatively low
 V values ( ∼2) for the rQSOs. These low R V values are equivalent

o a steeper dust-extinction curve, consistent with the results from
ur e xtinction-curv e analysis. Ho we ver, we are restricted to moderate
evels of A V due to the shallowness of SDSS, as well as a small number
f sources. Our future study analysing the dust-extinction properties
f DESI rQSOs, which will push to much more extinguished systems
han those identified in the SDSS, will robustly constrain the nature
f dust in rQSOs. 

.2 Accretion-dri v en winds in red QSOs? 

verall, we find no significant differences in the accretion proper-
ies between rQSOs and cQSOs, and therefore we consider other

echanisms that could be driving the differences in the radio
mission. One possibility is that rQSOs have more prominent winds
nd outflows than cQSOs, which could lead to enhanced radio
mission via interactions and shocks with the ISM gas. We can
earch for the signatures of outflows by analysing the emission-line
rofiles: strong line asymmetries in the C IV broad line or very high
elocity dispersions in the forbidden lines (e.g. [O III ] λ5007) are
lear indicators of powerful ionized outflows (Carniani et al. 2015 ;
akamska et al. 2016 ; Rankine et al. 2020 ; Calistro Rivera et al.
021 ; Jarvis et al. 2021 ). 
In Calistro Rivera et al. ( 2021 ), they found a higher incidence of

igh velocity C IV blueshifts ( > 1000 km s −1 ) in rQSOs, compared to
ypical QSOs, for a statistical sample of ∼1800 QSOs using the DR14
atalogue (Rakshit et al. 2020 ). From measuring the C IV blueshifts
f our sample, we find tentati ve e vidence for larger blueshifts in the
QSOs compared to the cQSOs; 50 per cent (6/12) of rQSOs display
 C IV blueshift with v > 1000 km s −1 , compared to 29 per cent (8/28)
f the cQSOs. Ho we ver, after matching in L 6 μm 

, this difference is
ot significant ( p -value = 0.43), and analysing a larger luminosity-

art/stac945_f11.eps
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Figure 12. Black-hole mass versus Eddington ratio for our rQSOs (red stars) and cQSOs (cyan stars) explored in this paper. The black hole masses are 
determined from a virial relation utilizing the broad H α and the Eddington ratios are derived from fitting a thin AD model to our rQSO and cQSO spectra. 
Overplotted are the F2M QSOs (black circles) using the values from Urrutia et al. ( 2012 ), Kim et al. ( 2015 ), Kim & Im ( 2018 ), and the heavily reddened QSOs 
from Banerji et al. ( 2012 , 2015 ) (maroon squares); both of these samples fa v our higher Eddington ratios, albeit with very different selections. Our parent SDSS 
DR7 uniformly selected cQSOs are plotted in grey. The corresponding black hole mass and Eddington ratio distributions for our rQSOs, cQSOs, and the SDSS 
DR7 sample are shown in the adjacent histograms as a solid red, solid cyan, and dashed grey lines, respectively. The uncertainties for our rQSO and cQSO 

samples are calculated using MCMC. The error bars for the F2M QSOs are taken from Urrutia et al. ( 2012 ) and correspond to 0.1 dex estimates. Banerji et al. 
( 2015 ) do not provide uncertainties for the Eddington ratios and so we assume a 0.1 dex estimate. 
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atched sample obtained from Rankine et al. ( 2020 ), we also do not
nd a difference (F a wcett et al. in preparation). 
The [O III ] λ5007 emission line traces outflows on larger scales

outside of the BLR), compared to UV emission-line tracers. Fitting 
he [O III ] λ5007 emission line with a core (narrow) and wing (broad)
omponent, Calistro Rivera et al. ( 2021 ) found evidence for larger
WHMs in the wing components of a sample of SDSS red QSOs
ompared to typical QSOs, at z < 1 with L 6 μm 

> 44 . 5 ergs −1 ,
uggesting that outflows are more prevalent within the red QSO 

opulation. In our X-shooter sample, the [O III ] λ5007 emission line
s only detected in 82 per cent and 46 per cent of the rQSOs and
QSOs, respectiv ely, and so an y analyses using this line will be
imited. Overall, we find evidence for broad [O III ] λ5007 profiles
n both the red and control sample; ho we ver, we do not find any
ignificant differences in the FWHM of either the [O III ] λ5007 core
r wing components ( p -values = 0.96 and 0.97 for the [O III ] λ5007
ore and wing FWHM, respectively). We find tentative evidence for 
arger blueshifts in the [O III ] λ5007 wing components of rQSOs;
2 per cent (5/12) of rQSOs display an [O III ] λ5007 wing with a
lueshift of v > 400 km s −1 compared to 21 per cent (6/28) of the
QSOs. Ho we ver, matching in L 6 μm 

this difference is not significant
 p -value = 0.32), although there are too few sources for this to be
onclusive. The lack of any significant differences in the [O III ] λ5007
ine could be due to a number of factors such as the small number
f sources or low number of [O III ] λ5007 detections in our sample.
he [O III ] λ5007 and C IV profiles and fits for the cQSOs and rQSOs
re shown in Figs 4, 5, 6, and 7 of the Supplementary material. A
uture larger X-shooter sample is required to robustly tie down any
ifferences in the outflow properties between rQSOs and cQSOs. 
In Alexander et al. (in preparation) we find a link between

QSOs and Low-ionization Broad Absorption Line QSOs (LoBALs; 
ALQSOs that display additional low-ionization species such as 
g II and Al III , e.g. Trump et al. 2006 ); LoBALs tend to have

edder optical colours on average and have enhanced radio emission 
ompared to nonBALs (also identified in other studies, e.g. Morabito 
t al. 2019 ). Ho we v er, after remo ving the BALQSOs from the parent
QSO sample there is still a radio enhancement compared to the
ypical QSOs, suggesting that the presence of dust is more crucial
o the fundamental differences in the radio properties of rQSOs than
he presence of a BAL wind (Alexander et al. in prep ). This, together
ith the lack of evidence for stronger winds in rQSOs, could suggest

hat the radio emission in rQSOs is more closely related to circum-
uclear/ISM opacity rather than outflow power. For example, the 
adio emission could be produced via shocks (causing synchrotron 
mission) between the wind/outflow and the circumnuclear/ISM gas 
nd dust (e.g. Liu et al. 2014 ; Zakamska et al. 2016 ). 
MNRAS 513, 1254–1274 (2022) 

art/stac945_f12.eps


1270 V. A. Fawcett et al. 

M

8

W  

u  

t  

o

 

e  

a  

r  

E  

n  

c  

c  

h  

t  

t
 

e  

d  

t  

o  

m  

p  

i  

c  

fi  

s  

t  

c  

o
 

e  

w  

t  

p  

n  

F  

w  

f  

S

 

t  

f  

r  

r  

r  

p  

o
 

s  

X  

r  

s  

(  

w  

∼  

w  

b
r  

p  

e  

c  

a

9

S  

s  

l  

a  

t
 

f  

t  

i  

t  

i  

d  

c
 

r  

fl  

fi  

s  

1  

w  

s  

C
 

r  

fl  

fi  

s  

i  

n
 

c  

l  

H  

(  

i  

e

 

i
a  

m  

F  

A  

C  

S

A

W  

c  

S  

c  

t  

g  

t  

F  

(  

M  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/1/1254/6567867 by IN
AF Trieste (O

sservatorio Astronom
ico di Trieste) user on 29 August 2022
 C O N C L U S I O N S  

e have studied a sample of rQSOs and cQSOs at 1.45 < z < 1.65
sing wide-band X-shooter optical–NIR spectra in order to measure
he dust-extinction, emission, and accretion-disc properties. From
ur analyses we find that: 

(i) The colours of red QSOs are fully consistent with dust
xtinction (see Fig. 6 and 7 ): From our extinction-curve fitting
nalysis, we find that the optical colours in the majority (11/12) of our
QSOs are consistent with dust, with moderate amounts of extinction
 ( B − V ) ∼ 0.02–0.23 mag ( A V ∼ 0.06–0.7 mag). Exploring the
ature of the dust in rQSOs, we rule out the flat and MW extinction
urves and find similarly good fits for both the steep and PL extinction
urves. Analysing the Balmer decrements we find that the rQSOs
ave larger Balmer decrements, including the upper limits, compared
o the cQSOs; this is evidence for more dust along the line of sight
o the BLR in the rQSOs (see Sections 6.1.1 , 6.1.2 and 7.1 ). 

(ii) Ther e ar e no significant differ ences in the accr etion pr op-
rties of red and typical (control) QSOs after correcting for
ust extinction (see Table 5 and Fig. 12 ): We find that a simple

hin accretion disc can describe the accretion engine of 83 per cent
f the rQSOs and 86 per cent of the cQSOs. Refitting the AD
odels with A V as a free parameter, we reco v er consistent accretion

arameters and find similar levels of dust extinction to those found
n the e xtinction-curv e analysis, for the majority of the QSOs. After
orrecting for any bias in luminosity between the two samples, we
nd no significant differences in the accretion properties of rQSOs
uch as black hole spin, mass accretion rate or black hole mass. We
entati vely find lo wer Eddington ratios in the rQSOs compared to the
QSOs, but a larger unbiased sample is required to robustly confirm
r refute this result (see Sections 6.2 and 6.3 ). 
(iii) Ther e ar e no significant differ ences in the outflow pr op-

rties of red and typical QSOs: From fitting the emission lines,
e find a larger fraction of rQSOs display strong blueshifts in both

he C IV ( v > 1000 km s −1 ) and [O III ] λ5007 wing ( v > 400 km s −1 )
rofiles, although these differences are not significant. We also find
o significant differences between rQSOs and cQSOs in terms of the
WHM of either the core or wing [O III ] λ5007 component, although
e are limited by the small number of [O III ] λ5007 detections. Our

uture large SDSS DR14 study will more robustly test these results.
ee Section 7.2 . 

Our results suggest that the main difference between red and
ypical QSOs is the presence of dust rather than significant dif-
erences in the accretion or outflow properties. On the basis of these
esults, a potential self-consistent scenario that links the enhanced
adio emission to the dust in red QSOs is a more dust and gas-
ich environment, in which the radio emission is due to shocks
roduced by either an outflow or a jet interacting with a higher
pacity ISM/circumnuclear environment in the red QSOs. 
This paper demonstrates the capability and quality of X-shooter

pectra in determining the nature of red QSOs, and future larger
-shooter samples will robustly tie down and refine many of these

esults. Our future work will also utilize the Dark Energy Spectro-
copic Instrument (DESI; DESI Collaboration 2016 ) optical spectra
observ ed wav elength of 360–980 nm) of ∼2–3 million quasars,
hich will push to much fainter and more obscured systems ( A V up to
2–3 mag) than those targeted in the SDSS. This sample, combined
ith NIR spectroscopic follow-up, can potentially provide us with
oth with the impressive source statistics and the broader range in A V 

equired to robustly constrain many of the results presented in this
aper. These data will also provide the potential to measure differ-
nces in the dust composition with increasing A V and to, ultimately,
NRAS 513, 1254–1274 (2022) 
onclusively determine the connection between the presence of dust
nd the enhanced compact radio emission in red QSOs. 

 SUPPLEMENTA RY  MATERI AL  

upplementary figs 1 and 2: Finalized spectra for rQSO and cQSO
amples, respectively. The name, sample, whether a source is radio-
oud (RL) or radio-quiet (RQ), and the radio morphology is displayed
t the top right of each spectrum. The dashed grey lines correspond
o the major emission lines, labelled in the top panel. 

Supplementary fig. 3: Finalized spectra for the QSOs excluded
rom our analyses (see Section 2.1 in the paper); 2229 −0832 is
he Fermi-detected source and 2109 + 0045 and 2239 + 1222 had an
ncorrect level of Galactic extinction originally applied that mo v es
hem out of our rQSO threshold. The name, sample, whether a source
s radio-loud (RL) or radio-quiet (RQ), and the radio morphology is
isplayed at the top right of each spectrum. The dashed grey lines
orrespond to the major emission lines, labeled in the top panel. 

Supplementary figs 4 and 5: C IV profiles for the cQSOs and
QSOs, respectively. The y -axis is scaled to 1.4 times the maximum
ux. The red and green lines indicate the narrow and broad Gaussian
ts, respectively, and the blue line shows the o v erall fit profile. The
ource name and rest wavelength of C IV is also displayed. The rQSO
049 + 1157 shows a strong BAL feature blueward of the C IV peak
hich will have an effect on the quality of the fit; after removing this

ource from our sample, we still do not find any differences in the
 IV blueshift between the rQSOs and cQSOs (see Section 7.2 ). 
Supplementary figs 6 and 7: H β–[O III ] profiles for the cQSOs and

QSOs, respectively. The y -axis is scaled to 1.3 times the maximum
ux. The red and green lines indicate the narrow core and broad wing
ts, respectively, and the blue line shows the o v erall fit profile. The
ource name and whether it is radio-quiet (RQ) or radio-loud (RL)
s also displayed. Significant [O III ] detections are indicated by a star
ext to the source name. 
Supplementary fig. 8: A movie demonstrating our basic extinction

urve fitting approach. The cQSO composite is displayed by the cyan
ine and the 12 rQSO spectra are displayed in red, all normalized to
 α. The cQSO composite with increasing amounts of dust extinction

as indicated in the bottom right) is displayed in grey. From this it
s clear that the spectral shape of a dust-reddened cQSO can fully
xplain the shape of the spectra for the majority of our rQSOs. 

Table S1. Emission-line properties for the cQSOs and rQSOs. 
Supplementary table 1: The FWHM and extinction-corrected

ntegrated line luminosities for the broad C IV , C III , Mg II , H β

nd H α and core [O III ] λ5007 emission lines, obtained from the
ulti-component fitting (see Section 4 ). There are no errors on the
WHM of H β since they are tied to the FWHM of H α in our fitting.
n example of the fitting is shown in Fig. 5 . The H β–[O III ] and
 IV emission-line profiles for the cQSOs and rQSOs are shown in
upplementary figs. 4, 5, 6 and 7 of the online material. 
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PPENDI X  A :  2 2 2 9 - 0 8 3 2 :  A  

Y N C H R  OTR  O N - D O M I NAT E D  R E D  Q S O ?  

he QSO 2229-0832 is the most radio bright QSO in our sample,
s well as being the only Fermi -detected source (see Section 2.1 ).
rom fitting a dust-reddened cQSO composite to this source, we
nd that none of the dust-e xtinction curv es pro vide a good fit; this
ould suggest that other factors are dominating the red colours,
uch as synchrotron emission. In a previous study, we explored
hether synchrotron emission can explain the optical colours in
 sample of SDSS DR7 rQSOs (Klindt et al. 2019 ). To do this,
e fitted a synchrotron emission model to the radio-optical data of
FGL J0045.2 −3704 to generate a synchrotron-dominated template
see appendix A in Klindt et al. 2019 , and Klindt et al. 2017 for
ore details). This template was then scaled from the 1.4-GHz flux

f the QSO sample to estimate the expected i -band flux from a
ynchrotron component, comparing to that from the DR7 catalogue.
nly ∼8 per cent of the radio-detected rQSOs were found to have
ptical colours that were potentially contaminated by synchrotron
mission. Following this approach, we find that the predicted i -band
agnitude estimated from a synchrotron component is comparable

 < 0.36 mag difference) to the SDSS i -band magnitude for 2229-
832, suggesting that a synchrotron component may be dominant in
his source. For the other sources in our sample, the predicted i -band
agnitude estimated from a synchrotron component are inconsistent

 > 0.5 mag difference) with the SDSS i -band magnitude. 
One clear signature of synchrotron emission is the characteristic

ouble-bump structure in the SED, usually found in Flat Spectrum
adio Quasars (FSRQs) and BL Lacertae Objects (BL Lacs). The

owest energy bump is due to synchrotron emission in the radio–X-
ay and the higher energy bump is due to a synchrotron self-Compton
echanism in the X-ray–gamma-rays. Therefore finding a gamma-

ay counterpart in addition to a double-bumped SED in a QSO is
 good indicator of a dominant synchrotron component. The QSO
229-0832 displays two clear bumps in the SED which is further
vidence that the red colours of this source are likely dominated by
ynchrotron emission rather than dust. 

PPENDI X  B:  B L AC K - H O L E  MASS  

O M PA R I S O N  

ig. B1 displays the extinction-corrected black hole masses calcu-
ated using the broad Mg II versus H α from our X-shooter spectra.
he squares show the median values for the rQSOs and cQSOs

corrected for dust extinction); the median rQSO black hole mass
stimated from the two emission lines is in good agreement, but the
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Figure B1. The extinction-corrected black hole masses calculated from the 
Mg II line versus the H α line for our X-shooter spectra. See Fig. 9 for a 
description of the data, markers, and colours plotted. 
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edian cQSO H α black hole mass is slightly lower than that from
he Mg II emission line. This difference could be due to small number
tatistics or the intrinsic scatter between different black hole mass 
stimators (Shen & Liu 2012 ). 

PPENDIX  C :  C O M PA R I S O N  TO  C 1 5  

n this section, we compare some of the emission-line and black hole
roperties for the 15 C15 cQSOs calculated in this work to those
rom C16 and M16 . 

In Fig. C1 (left) we compare M BH calculated from the H α broad
ine (using relations from Shen & Liu 2012 ; see Section 5 ) to those
btained from AD fitting in C16 . Overall, we find good agreement
etween the two methods. Fig. C1 (middle) shows a comparison 
f the mass accretion rate obtained from our accretion-disc fitting 
see Section 5 ), compared to that in C16 . Fig. C1 (right) shows a
omparison of the total H α emission line luminosities (not corrected 
igure C1. M BH (left), mass accretion rate (middle), and H α emission line lumin
qui v alent parameters obtained for the same sample by C16 and M16 . 
or dust extinction) based on our emission line fitting (see Section 4 ),
ompared to that from M16 . 

PPENDI X  D :  C O N T RO L  COMPOSI TE  

O M PA R I S O N  

ur measured continuum extinction values are calculated with 
espect to our cQSO composite, under the assumption that this is
 good representation of the typical QSO population. To test this
ssumption, we compared our cQSO composite to existing QSO 

emplates: Vanden Berk et al. ( 2001 ) (hereafter V01 ) and Selsing
t al. ( 2016 ) (hereafter S16 ). 

V01 is the most widely used QSO template in the literature. It is
omposed of o v er 2200 SDSS spectra that span a redshift range of
.044 < z < 4.789. Due to the large range in redshifts of the QSOs that
omprise this composite and the narrow wavelength range covered 
y SDSS, a variety of different types of systems will be contributing
o the composite at different wav elengths. F or e xample, the lowest
edshift QSOs, which will be more host-galaxy dominated, will be 
redominantly contributing towards the reddest end of the composite, 
hereas the highest redshift QSOs, and therefore the more luminous 
y selection biases, will be contributing predominantly towards the 
luest end. S16 , on the other hand, use only seven QSOs in a
edshift range of 1 < z < 2, observed by X-shooter , to construct
heir composite. This has the advantage of the broader wavelength 
ange of X-shooter , combined with a narrower range in redshift,
hich will result in similar types of systems contributing at all
avelengths. Ho we ver, the se ven QSOs are chosen to be very
right ( r < 17 mag), and therefore may not be representative of
he o v erall QSO population. Our X-shooter sample consists of 28
nd 12 luminous (16 < r < 18 mag) cQSOs and rQSOs. 

Fig. D1 displays the comparison between our cQSO composite, 
nd those from V01 and S16 , all normalized to 1450 Å. Below
4000 Å, the three composites are fairly similar. Abo v e 4000 Å,

he V01 template flattens out compared to both S16 and our
omposites; this is expected due to the strong host-galaxy contami- 
ation from the low-redshift QSOs included in the V01 template. 
he S16 composite appears to be redder relative to our cQSO
omposite. Comparing the g ∗ − i ∗ colours of the seven X-shooter 
MNRAS 513, 1254–1274 (2022) 

osities (right) obtained from this work for the C15 cQSOs, compared to the 

torio Astronom
ico di Trieste) user on 29 August 2022

art/stac945_fb1.eps
art/stac945_fc1.eps


1274 V. A. Fawcett et al. 

M

Q  

c  

o  

t  

i  

c  

t  

s

F
V
d

F
E
c

T

SOs included in the S16 composite to our red and control QSO
olour selections, we find that six have colours consistent with
ur cQSOs and one is slightly redder (although not red enough
o be selected as an rQSO); this could be driving the differences
NRAS 513, 1254–1274 (2022) 

igure D1. Comparison of our cQSO composite (cyan; see Section 3 ) to that in V0
01 composite flattens out due to host-galaxy contamination by low redshift QSO
ue to a difference in colour in the underlying sample, a difference in luminosities,

igure D2. Comparison of how the five different extinction laws used in this study
 ( B − V ) = 0.11 mag. The rQSO composite is also displayed (solid red curve); red
omposite. The dashed grey lines correspond to the major emission lines. 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
n the composite. Equally, the low source statistics in both of the
omposites, the difference in luminosities between the samples, or
he level of host-galaxy contamination could also be affecting the
hape. 
1 (black) and S16 (blue). All three composite are similar until ∼4000 Å; the 
s. The S16 composite is slightly redder than our composite, which could be 
 greater host-galaxy contribution or just small number variations. 

 affect the continuum shape of the cQSO composite (solid c yan curv e) with 
dening the cQSO composite with a simple PL gives the best fit to the rQSO 
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