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ABSTRACT

We present the first rest-frame UV population study of 17 heavily reddened, high-
luminosity (E(B-V)qso 2 0.5; Lpol > 10%%ergs™!) broad-line quasars at 1.5 < z <
2.7. We combine the first year of deep, optical, ground-based observations from the
Dark Energy Survey (DES) with the near infrared VISTA Hemisphere Survey (VHS)
and UKIDSS Large Area Survey (ULAS) data, from which the reddened quasars
were initially identified. We demonstrate that the significant dust reddening towards
the quasar in our sample allows host galaxy emission to be detected at the rest-
frame UV wavelengths probed by the DES photometry. By exploiting this reddening
effect, we disentangle the quasar emission from that of the host galaxy via spectral
energy distribution (SED) fitting. We find evidence for a relatively unobscured, star-
forming host galaxy in at least ten quasars, with a further three quasars exhibiting
emission consistent with either star formation or scattered light. From the rest-frame
UV emission, we derive instantaneous, dust-corrected star formation rates (SFRs) in
the range 25 < SFRyv < 365 Mgyr~!, with an average SFRyyv = 130 + 95 Mgyr—1.
We find a broad correlation between SFRyy and the bolometric quasar luminosity.
Overall, our results show evidence for coeval star formation and black hole accretion
occurring in luminous, reddened quasars at the peak epoch of galaxy formation.

Key words: quasars: general — galaxies: evolution — galaxies: star formation — galax-
ies: high redshift — galaxies: active — ultraviolet: galaxies

1 INTRODUCTION nearby galaxies, tight correlations have been observed be-
tween the central black hole mass (Mgu) and several prop-
erties of the galactic bulge e.g. bulge mass, Mpuige (Magor-
rian et al. 1998), bulge luminosity, Louge (Faber & Jackson
1976), the stellar velocity dispersion, o, and the stellar mass,
M, (Kormendy & Ho 2013). Furthermore, black hole (BH)
accretion and star formation both appear to peak at z ~2
* Fomail: cfw36@ast.cam.ac.uk (e.g. Aird et al. 2015; Madau & Dickinson 2014), indicat-

Active galactic nuclei (AGN) are thought to govern many
fundamental processes within galaxies, from the quenching
of their star formation to their morphological evolution. In
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ing a likely link between star formation and AGN activity
in galaxies. Some galaxy formation scenarios postulate that
the same gas supply can fuel both star formation and ac-
cretion onto the BH in massive galaxies (e.g. Hopkins et al.
2008; Narayanan et al. 2010). Sanders et al. (1988), for ex-
ample, suggest that the most luminous systems evolve from
merger-driven starbursts to UV-luminous quasars, appear-
ing heavily obscured during the transition phase, when rem-
nant dust from the decaying starburst is being cleared out of
the galaxy. Studying the connection between dust obscura-
tion, BH accretion and star formation in the most luminous
quasars is therefore an important test of such galaxy evolu-
tion models.

Actively accreting super-massive black holes (SMBHs),
or quasars, typically outshine their host galaxies by several
orders of magnitude, particularly at rest-frame ultraviolet
(UV) wavelengths, where the quasar continuum peaks. For
this reason, quasar host galaxy studies in the rest-frame UV
and optical require highly spatially-resolved images to sepa-
rate light from the host galaxy from that of the quasar. This
limitation means such studies have largely been confined to
low redshifts (z < 1), where good spatial resolution is much
easier to achieve (e.g. Dunlop et al. 2003; Matsuoka et al.
2015). At these low redshifts, host galaxy emission has been
separated from that of the AGN via both image (e.g. Jahnke
et al. 2004; Sanchez et al. 2014) and spectral decomposition
(e.g. Vanden Berk et al. 2006; Matsuoka et al. 2015), with
these studies finding a strong correlation between Mgy and
Myulge. However there appears to be no correlation between
the quasar accretion rate and star formation rate (SFR) of
the host at these low redshifts (e.g. Urrutia et al. 2012).

At higher redshifts (z~2) - the epoch at which BH
activity peaks - a handful of studies have used high-
resolution spaced-based imaging from the Hubble Space
Telescope (HST) to spatially isolate the host galaxy emis-
sion, although these studies have largely targeted moderate-
luminosity quasars (Lpol,qso ~10%%~*ergs™!), where emis-
sion from the galaxy makes up a significant fraction of the
flux in the rest-frame UV/ optical (e.g. Jahnke et al. 2004).
In these moderate-luminosity quasars, Jahnke et al. (2004)
find no dependence of the SFR on the quasar luminosity,
deriving SFRs ~6Mgyr~! (prior to dust correction) across
their entire quasar sample. To analyse the hosts of more
luminous quasars, studies have primarily relied on observa-
tions at longer wavelengths in the far infra-red (FIR) to
millimetre regime, where the host galaxy emission peaks
(e.g. Priddey et al. 2003; Harris et al. 2016). Unlike their
low-redshift and lower-luminosity counterparts, the SFRs of
high-luminosity quasars at z 2 2 have been shown to cor-
relate with Lyoi,qso, with several studies finding more lu-
minous quasars to reside in more actively star-forming hosts
(e.g. Coppin et al. 2008; Hatziminaoglou et al. 2010; Rosario
et al. 2013; Delvecchio et al. 2015; Xu et al. 2015; Harris et al.
2016).

Several studies have also attempted to probe these lu-
minous, high-redshift quasar hosts in the rest-frame optical
to near infra-red (NIR), making use of emission at rest-frame
wavelengths of ~1um, where the fraction of galaxy-to-quasar
emission is larger than in the rest-frame UV (e.g. Ridgway
et al. 2001; Kukula et al. 2001). Even in this wavelength
regime, however, these studies have typically required high-
resolution space-based imaging from HST in order to ac-

curately subtract the quasar point spread function (PSF)
from the galaxy emission - a problem which remains chal-
lenging (e.g. Mechtley et al. 2016). The majority of these
studies find an enhanced merger fraction in populations of
high-luminosity quasars, although this conclusion remains
disputed (e.g. Villforth et al. 2016).

An alternative approach to observing quasar hosts at
optical/ NIR wavelengths is to exploit dust obscuration to-
wards the quasar line-of-sight, which can heavily redden
the quasar continuum and enhance the fractional flux con-
tribution of the galaxy at these wavelengths (e.g. Urrutia
et al. 2008, 2012; Glikman et al. 2015; Fan et al. 2016).
This approach has also been used to study quasar hosts in
the rest-frame UV, but the rare nature of these heavily-
reddened quasars has limited high-redshift studies to indi-
vidual objects (e.g. Cai et al. 2014). These high-redshift,
dust-obscured quasars may provide key insights into the con-
nection between quasars and their hosts, with Sanders et al.
(1988) suggesting that a connection between Lyo1,gso and
SFR may be more prominent among these dusty systems
than among un-obscured quasars.

This paper presents the first rest-frame UV popula-
tion study of luminous (Lyo1,qso >10%%ergs ™) heavily dust-
reddened quasars at 1.5 < z < 2.7, selected from the work
of Banerji et al. (2012, 2015). The heavy dust reddening
in our sample (E(B — V) ~ 0.5 - 2.0) means the quasar
light is obscured in the rest-frame UV, potentially exposing
emission from the host galaxy at these wavelengths. How-
ever, at 1.5 < z < 2.7 even the most UV-bright star-forming
galaxies with SFR > 100 Mg yr~! require deep imaging to be
detected, in part due to the effects of surface brightness dim-
ming (e.g. Reddy et al. 2008, 2012). With the current gen-
eration of optical imaging surveys, such as Hyper Suprime-
Cam, VST-KiDS and the Dark Energy Survey (DES), deep,
ground-based imaging of these systems is now possible over
wide fields (>1000deg?) for the first time. In this work, we
make use of data from the first year of DES observations
(Drlica-Wagner et al. 2017).

The paper is structured as follows. Section 2 outlines the
sample of dust-reddened quasars to be considered. Section 3
details the methods used to fit spectral energy distributions
(SEDs) to the photometry, with the results of the fitting
given in Section 4. Section 5 compares our results with in-
dependent studies of these quasars and our key findings are
summarised in Section 6. Throughout this work, we assume
a flat ACDM cosmology with Hyp = 70 km g7t Mpc_l7 Qs
= 0.3 and Q2 = 0.7. All quoted magnitudes are based on
the AB system, which is the native magnitude system for
DES. In the case of the UKIDSS and VISTA, the following
Vega to AB conversions have been applied:

Jukipss,aB = JUKIDSS, Vega+0.938;
Hukipss,ap = Hukipss, vega+1.379;
Kukipss,aB = Kukipss,vega+1.900;
JvisTa,AB = JVvISTA,Vega+0.937;
Hvista,aB = HvisTA,vega+1.384;
Ksvista,aB = KsvisTa,vega+1.839.

2 DATA

The reddened quasars at redshifts 1.5 < z < 2.7 outlined in
Banerji et al. (2012, 2015) form the basis of our investigation.

MNRAS 000, 1-18 (2018)
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The sample selection criteria and the new imaging data are
described below.

2.1 NIR Selection of Luminous Reddened Quasars

Red quasar candidates were identified using NIR imaging
from wide-field surveys such as the UKIDSS Large Area Sur-
vey (ULAS) and VISTA Hemisphere Survey (VHS), as de-
tailed in Banerji et al. (2012, 2015). Objects that appeared
as point-sources in the K-band, with K ap < 18.4', formed
the flux-limited base sample. Targets were further required
to possess extremely red NIR colours, (J-K)ap > 1.5 (cor-
responding to an E(B-V) 2 0.5 at z ~ 2). A point-source
restriction was also applied to ensure that the K-band light
is dominated by an unresolved object, therefore excluding
galaxies and isolating high-redshift, NIR-luminous quasars.
Of the 66 targets selected in this manner, 61 were suc-
cessfully followed up with either SINFONI VLT or Gemini-
GNIRS observations(Banerji et al. 2012, 2013, 2015). 38 of
these were spectroscopically-confirmed to be Type-1 broad-
line (BL) quasars at 1.5 < z < 2.7 and form the parent
spectroscopic sample of heavily reddened quasars for this
paper. With extinction-corrected bolometric luminosities of
Lbol,qso ~10%ergs™! and Mpn ~10°71% Mg (Banerji et al.
2015), these quasars are among the most luminous and mas-
sive accreting SMBHs known at this epoch.

Detecting even the most luminous, star-forming quasar
host galaxies at z ~ 2 requires deep optical imaging data.
The most UV-luminous, star-forming galaxies at z ~2 cur-
rently known have typical r-band magnitudes fainter than
~22 (AB) (e.g. Reddy et al. 2008). These magnitudes lie
below the flux limit of wide-field optical imaging surveys
such as the Sloan Digital Sky Survey (SDSS), which, un-
til recently was the deepest optical imaging survey available
over the > 1000 deg® area overlapping the VHS and ULAS
survey footprints.

2.2 Reddened Quasars in the Dark Energy Survey
(DES)

We make use of new deep optical photometry for the red-
dened quasars from observations conducted as part of the
Dark Energy Survey (DES). DES is a wide-field survey,
imaging 5000 deg? of the southern celestial hemisphere in
the grizY-bands (Frieman et al. 2013; Flaugher et al. 2015;
Abbott et al. 2016). The 5-year survey began in 2013 and
uses the 570 Megapixel DECam on the 4m Blanco telescope
at the Cerro Tololo Inter-American Observatory (CTIO).
DES is among the deepest wide-field surveys currently in
operation and will eventually reach depths of i < 24.0 (100;
AB) for extended sources.

Here, we primarily make use of observations conducted
during the first year of DES operations (2013 Aug - 2014
Feb) corresponding to the Year 1 Annual 1 (Y1A1) internal
data release (Diehl et al. 2014). Sixteen of the 38 reddened
quasars in our spectroscopic sample overlap with the DES
Y1A1 footprint, which covers ~1800 deg?. The 100 limiting

1 Magnitudes were calculated within a 1arcsecond radius aper-
ture (apermag3) and include an aperture correction appropriate
for point sources.
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Table 1. The effective wavelengths (Aeg) and 100 limiting mag-
nitudes reached by the Y1A1 data in a 2 arcsec diameter aperture.

Filter  Acps (A) Magnitude Limit

(100; AB)
g 4824 23.4
T 6432 23.2
% 7806 22.5
z 9179 21.8
Y 9883 20.1

magnitudes reached by the Y1A1 data in a 2 arcsec aperture
are summarised in Table 1 for each of the DES bands.

For a single quasar, ULASJ1002+0137, in the COS-
MOS field, we also make use of DECam observations con-
ducted as part of the Science Verification. This data goes
considerably deeper than the Y1Al data, reaching an i-
band magnitude limit of 25.1 in a 2arcsec aperture (100;
AB). We note however, that the optical magnitudes of
ULASJ1002+0137 are such that it would also be detected
with the Y1A1 depths, had this region been part of the Y1A1
footprint. The sample considered in this work therefore con-
sists of 17 spectroscopically-confirmed reddened quasars at
1.5 < z < 2.7, shown to be representative of the parent sam-
ple of 38 reddened quasars in terms of redshift, luminosity
and BH mass. The DECam grizY band observations for the
sample are summarised in Table 2, with the corresponding
gri-band colour composite images given in Fig. 1.

At redshifts 1.5 < z < 2.7, the DES filters trace emis-
sion at rest-frame UV wavelengths (Aress ~1300 - 3800 A)
We use the DES MAG_AUTO SExtractor magnitudes for our
sources, which have been shown to perform best in SED-
fitting of galaxies with the DES data (e.g. Sdnchez et al.
2014). The MAG_AUTO magnitudes are preferred to the DES
model magnitudes as the model magnitudes assume an ex-
ponential disk model, which may not be appropriate for our
high-redshift galaxies. We note however, that differences be-
tween the model and MAG_AUTO magnitudes are typically
small and our choice of magnitudes therefore does not af-
fect the main conclusions of this study. The MAG_AUTO
magnitudes do however underestimate the fluxes of point
sources, as no aperture correction is applied. Indeed, Reed
et al. (2017) find that for point sources in DES Y1A1l, the
MAG_AUTO values are systematically fainter by ~0.1 mag
compared to the MAG_PSF values. Although our quasars are
mostly extended in the DES griz-bands, they are often unre-
solved in the DES Y-band, where the MAG_AUTO values are
~0.1 mags fainter than the MAG_PSF values. Once again, we
find these magnitude variations to have a negligible effect
on the results of this study. The DES MAG_AUTO magni-
tudes for all 17 sources are presented in Table 3. All pho-
tometry has been corrected for any spatial non-uniformity in
the global calibration and for the effects of Galactic extinc-
tion using the stellar locus regression technique described in
Drlica-Wagner et al. (2017). Sixteen of the 17 quasars in our
sample are detected at > 100 in at least one of the gri DES
bands.

The DES MAG_AUTO values presented in Table 3 appear
to over-estimate the g-band flux compared to those found via
the SED fitting in Banerji et al. (2012, 2015) (g9qso,sED).
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Table 2. Summary of the reddened quasar sample considered in this work. Mpy and z are derived from the VLT spectral follow-up
observations presented in Banerji et al. (2012, 2015). Values of Lyo1,gso have been calculated based on the results of this paper.

Name RA DEC z logio(Lbol,qso/erg s™! (Le))  logio(Mpu/Mp)
ULASJ0016-0038 4.0025 -0.6498 2.194 46.54 (12.95) 9.3
ULASJ1002+0137  150.5470 1.6185 1.595 46.51 (12.92) 10.1
VHSJ2024-5623 306.1074 -56.3898  2.282 46.63 (13.05) 9.8
VHSJ2028-5740 307.2092 -57.6681 2.121 47.66 (14.08) 10.1
VHSJ2100-5820 315.1403 -58.3354  2.360 47.08 (13.50) 9.1
VHSJ2115-5913 318.8817 -59.2188  2.115 47.49 (13.91) 9.3
ULASJ2200+0056 330.1036 0.9346  2.541 47.34 (13.76) 9.2
VHSJ2220-5618 335.1398 -56.3106  2.220 47.87 (14.28) 9.9
ULASJ2224-0015 336.0392 -0.2566  2.223 46.87 (13.28) 8.9
VHSJ2227-5203 336.9491 -52.0582  2.656 46.87 (13.29) 10.0
VHSJ2235-5750 338.9331 -57.8371 2.246 47.13 (13.55) 10.1
VHSJ2256-4800 344.1443  -48.0088  2.250 47.43 (13.85) 10.1
VHSJ2257-4700 344.2589  -47.0156  2.156 46.60 (13.02) 9.5
VHSJ2306-5447 346.5010 -54.7882  2.372 46.90 (13.32) 10.0
ULASJ2315+0143  348.9842 1.7307  2.560 48.06 (14.48) 8.8
VHSJ2332-5240 353.0387 -52.6780  2.450 46.78 (13.19) 9.5
VHSJ2355-0011 358.9394 -0.1893 2.531 47.34 (13.75) 10.1

Table 3. DES MAG_AUTO magnitudes for the reddened quasar sample. All magnitudes are on the AB system and have been corrected
for the Stellar Locus Regression (SLR) offsets in the g,7,7 and z-bands. gqso,sep denotes the predicted g-band magnitude, based on the

SED fits to the NIR photometry alone (Banerji et al. 2012, 2015).

Name 9QSO,SED Jauto 9dQSO,SED - Gauto Tauto tauto Zauto Yauto
ULASJ0016-0038 24.36 23.16 +0.08 1.20 21.80 +£0.04  21.19 £0.04 - 20.43 +0.10
ULASJ1002+0137 28.14 23.55 +0.05 4.59 23.01 £0.03  22.14 £0.02 21.36 £0.02 21.06 +0.04
VHSJ2024-5623 25.34 24.81 +0.37 0.53 23.68 £0.16  22.34 £0.07 21.63 £0.07 21.69 +0.23
VHSJ2028-5740 29.19 24.15 +0.24 5.04 23.32 £0.12  22.45 £0.08 21.61 +£0.08 21.37 +0.26
VHSJ2100-5820 26.95 25.37 +0.49 1.58 24.51 £0.39  23.56 £0.21  22.17 +£0.13  22.37 +0.68
VHSJ2115-5913 27.61 22.52 +0.05 5.09 22.28 £0.08  21.90 £0.09 21.14 +£0.11  21.37 +0.50
ULASJ2200+0056 23.70 22.03 +0.03 1.67 21.36 £0.02  20.71 £0.02 19.90 £0.01  19.60 +0.04
VHSJ2220-5618 24.99 23.24 +0.06 1.75 22.63 £0.06  21.72 £0.04 20.53 +£0.03  20.04 +0.05
ULASJ2224-0015 24.78 23.65 +0.10 1.13 22.82 +£0.06  21.77 £0.04  20.89 +£0.03  21.03 +0.11
VHSJ2227-5203 28.59 23.88 +0.16 4.71 23.22 +0.08 22.45 +0.05 21.35 +0.05 21.56 +0.18
VHSJ2235-5750 24.44 23.20 +0.09 1.24 22.71 £0.07  21.82 £0.05 21.05 +£0.04  20.74 +0.09
VHSJ2256-4800 24.27 22.76 +0.07 1.51 22.55 +0.05 22.20 +0.08 21.32 +0.05 20.90 +0.15
VHSJ2257-4700 25.88 25.57 +0.46 0.31 23.83 £0.14  22.48 £0.07 21.57 £0.07 21.43 +0.26
VHSJ2306-5447 25.87 24.07 +£0.12 1.80 23.90 +0.16 22.66 +0.08 21.69 +0.06 21.75 +0.34
ULASJ2315+0143 30.55 22.70 +£0.08 7.85 22.46 +£0.10  22.47 £0.20 21.94 4+0.19 -
VHSJ2332-5240 25.78 23.49 +0.10 2.29 23.49 +0.14 23.01 +£0.15 22.27 +0.14 22.54 +0.82
VHSJ2355-0011 25.98 22.43 +0.03 3.55 22.51 £0.06 22.18 £0.06 21.64 +£0.06  21.41 +0.19

Assuming the reddening towards the quasar sight line cal-
culated from modelling the NIR photometry (Banerji et al.
2012, 2015), we derive g-band magnitudes >1.0 mag fainter
than the DES MAG_AUTO magnitudes in 15 of the 17 quasars.
This suggests that the DECam images are detecting some
source of excess emission in the rest-frame UV that cannot
be accounted for by a reddened quasar template.

To quantify whether the excess emission in the g-band
photometry (Table 3) extends beyond the local PSF, we
use the MODEST star-galaxy classifier (Drlica-Wagner et al.
2017), based on the SPREAD_MODEL quantity from SExtrac-
tor. SPREAD_MODEL is defined to be a normalised linear dis-
criminant between the best-fit local PSF-model and a more
extended, exponential disk model convolved with the PSF
(Desai et al. 2012). The MODEST classifier takes account
both of the value of SPREAD_MODEL and its associated er-

ror in each band. MODEST has been optimised for the selec-
tion of a high-purity galaxy sample in DES by comparing
to classifications from both deep space-based (HST) and
high-quality ground-based (CFHTLens) surveys. The con-
tamination rate from stars is estimated to be < 5 per cent
for i < 22.5 (Drlica-Wagner et al. 2017). MODEST classifi-
cations for the full sample are given in Table 4, where a
MODEST classification of 0 denotes an unphysical PSF fit
(likely star) while 1 indicates a high-confidence galaxy, 2 in-
dicates a high-confidence star and 3 denotes an ambiguous
classification. A detailed morphological analysis is beyond
the scope of this paper. Instead, we simply seek to discrimi-
nate between point-like sources and extended images, which
could indicate the detection of the host galaxy.

Ten of the 17 reddened quasars in our sample are mor-
phologically classified as high-confidence galaxies in the DES

MNRAS 000, 1-18 (2018)
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Figure 1. Composite DES colour images, g (blue), r (green), i (red), for the quasar sample.

g-band, with a further two having an ambiguous classifica-
tion and therefore also consistent with being spatially ex-
tended. This number of high-confidence galaxies increases
to 12 in the r-band, representing 70% of our sample. Even
in the redder DES bands, 9 (7) of the quasars are classified
as being extended beyond the local PSF in the i- (z-)bands.
Quasar emission is spatially unresolved, yet the MODEST
classifications in Table 4 indicate a significant fraction of our
quasar sample to be spatially resolved in the DES ground-
based imaging. Moreover, this fraction of extended sources
increases at bluer wavelengths. Investigating the reason for

MNRAS 000, 1-18 (2018)

the spatial extension and the excess rest-frame UV emission
seen from these quasars in the DES data forms the central
aim of the paper.

3 SPECTRAL ENERGY DISTRIBUTION
(SED) FITTING

To characterise the nature of the rest-frame UV emission
seen in the DECam images, we fit SED models to the DES
grizY and the ULAS/VHS NIR JHK photometry for each
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Table 4. MODEST star-galaxy classifiers for the quasar sample, where 0 = unphysical PSF fit (likely star), 1 = high confidence galaxy, 2

= high confidence star and 3 = ambiguous.

Name MODESTg

MODESTy

MODEST; MODEST,

ULASJ0016-0038
ULASJ10024-0137
VHSJ2024-5623
VHSJ2028-5740
VHSJ2100-5820
VHSJ2115-5913
ULASJ2200+0056
VHSJ2220-5618
ULASJ2224-0015
VHSJ2227-5203
VHSJ2235-5750
VHSJ2256-4800
VHSJ2257-4700
VHSJ2306-5447
ULASJ2315+0143
VHSJ2332-5240
VHSJ2355-0011

W = O NWORDNRF R = = =N

= = W R NN RN e N
= O = WWH WK RN R = F W N
NN WNWWONHNWR WWW

source. We thus determine a model SED spanning rest-
frame UV through optical wavelengths (approximately 1400-
7000 A) for each of the reddened quasars in our sample. In
cases where the photometric errors are < 10 per cent of the
observed flux, an error floor of 10 per cent is applied prior to
the SED-fitting to mitigate against the effect of any system-
atic uncertainties in the photometry and quasar variability
(Section 4.3.2). This floor has been selected to represent the
scatter in unreddened quasar SEDs over the rest-frame wave-
length interval 1200—10000 A . Although the parametric
quasar model used in this work (Section 3.1) is found empir-
ically to reproduce the broad-band colours (ugrizY JHK) of
unreddened quasars > (Schneider et al. 2010), not all quasar
SEDs look exactly the same, rather there appears to be a
scatter ~ 10 per cent. The effectiveness of the parametric
model at reproducing the broad-band quasar colours is not
expected to improve among reddened populations and so
we apply this scatter as a floor on the photometric errors to
avoid large contributions to the x? values (Section 3.3).

3.1 Quasar Model

We make use of a refined version of the quasar model de-
scribed in Maddox et al. (2008), which has been used in a
number of studies including Hewett et al. (2006) and Mad-
dox et al. (2012). The continuum in the rest-frame UV is
represented by two power-laws, f(v) o< v¥, where a = 0.424
at A < 2340A and o = —0.167 at A > 2340A. To ac-
count for the reddening of the quasar, we apply an extinction
curve, which has been determined empirically using quasars
in the seventh data release of the Sloan Digital Sky Survey
(SDSS DRYT) and is very similar in form to that presented
by Gallerani et al. (2010). Whilst there is no 2200 A feature
in the extinction curve, the amount of extinction at wave-
lengths < 2500 A is somewhat less than that derived from

2 The quasar model reproduces broad-band quasar colours to o ~
0.1 mag, based on quasars at 0.2 < z < 4.0 with m; < 19.1 from
the SDSS DR7 quasar catalogue

the Small Magellanic Cloud (SMC) (Pei 1992). We note,
however, that due to the significant reddening of the quasars
in our sample (E(B—V) > 0.5), the extinction of the quasar
light in the rest-frame UV is so great that the exact form of
the extinction curve is not important. The results presented
in this paper would be essentially identical if an SMC-like
extinction curve were used.

The above quasar model also incorporates UV and op-
tical emission lines and Fell multiplets based on the Large
Bright Quasar Survey (LBQS) composite of Francis et al.
(1991). In general the strengths of the emission lines do not
significantly affect the quasar broad-band colours except in
the case of H-a, which has a higher equivalent width rela-
tive to the other lines. We therefore adjust the H-a equiv-
alent width in the quasar model for each reddened quasar
to match that measured from the NIR spectra in Banerji
et al. (2012, 2015). Hence, all reddening estimates for the
quasars presented in this paper account for the effect of the
Ha emission line on the observed colours.

3.2 Host Galaxy Model

A key aim of this study is to investigate whether the emis-
sion observed in the rest-frame UV is consistent with that of
a star-forming host. Given the limited photometry tracing
the rest-frame UV emission, we are unable to solve for all
properties of the galaxy in the fitting. Instead, we consider
a single star-forming galaxy SED template from Bruzual &
Charlot (2003) with a constant star formation history (SFH)
to model the host galaxy emission. The galaxy model is at-
tenuated using a two-component Charlot & Fall (2000) dust
model, with 7v = 1.0 (corresponding to an E(B — V)gal ~
0.35) affecting the young stellar populations, which is con-
sistent with the level of dust extinction seen in local star-
forming galaxies. In cases where we see a significant devi-
ation of the rest-frame UV-slope as traced by our g and
r-band photometry, from that in the default host galaxy
model, we also consider galaxy models with 7v = 0.2 and 7v
= 5.0, representing bluer and redder rest-frame UV colours

MNRAS 000, 1-18 (2018)
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respectively (Bruzual & Charlot 2003). We note however,
that the rest-frame UV slope in the host galaxy model is
sensitive to both the dust content (7v) and the SFH. Due
to the limited photometry tracing the rest-frame UV and
the degenerate nature of these two parameters, we cannot
derive meaningful estimates for both 7v and the SFH, so
we are limited to these discrete scenarios. In all cases, we
assume a Chabrier (2003) initial mass function (IMF) and
solar metallicity.

3.3 Fitting Method

We fit the combined optical+NIR photometry of the indi-
vidual quasars using combinations of the models described
above, in order to investigate the source of the excess rest-
frame UV emission. In particular, we consider three scenar-
ios: (i) the rest-frame UV flux arises from resonantly scat-
tered Lyman-a emission, (ii) the excess emission is scattered
continuum light from the central quasar, and (iii) we are see-
ing UV emission due to star formation in the quasar host
galaxy. Although in reality, the rest-frame UV emission is
likely due to some combination of the above, the limited
DES photometry means we are unable to simultaneously
solve for a mix of multiple scenarios. Instead, we seek only
to determine the dominant source in each case. To quantify
the likelihood of each scenario, we make use of x? statistics,
calculating the reduced 2 for each quasar in the sample,
ie.

Fonot,i ai)’
hot,i — 4'mod,i
a3 (B Tioar* 0

3

where a X?ed ~ 1 indicates a good fit. Fpnot and Fmoa de-
note the photometric and model fluxes respectively. N is the
number of degrees of freedom (with N = Ngata—Nparam) and
o denotes the photometric errors, floored at 10 per cent. In
order to obtain full posterior distributions for all free param-
eters and marginalise over nuisance parameters, we employ
a Markov Chain Monte-Carlo (MCMC) method (Metropo-
lis et al. 1953; Hastings 1970; Foreman-Mackey et al. 2013)
to explore the parameter space. Throughout the fitting we
assume flat priors across the entire parameter space.

4 RESULTS

This section presents the results of fitting different combi-
nations of the above models to the combined optical+NIR
photometry. We initially consider only a reddened quasar
template, but later consider three possible sources of the
rest-frame UV emission - (i) resonantly-scattered Lyman-
a, (i) scattered quasar continuum and (iii) a relatively un-
obscured star-forming host galaxy.

4.1 Quasar Only SED-Fits

We begin by modelling the photometry with a reddened
quasar template, setting the only free parameter - the quasar
dust reddening (E(B — V)qso) - to lie in the range 0.3
< E(B — V)qso < 5.0. Four quasars are found to be
well-fit by this model - VHSJ2024-5623, VHSJ2100-5820,
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Table 5. E(B — V)qso values for the four quasars returning
X?ed,QSO < 2.5. Dust extinction values derived by fitting the NIR
photometry (Banerji et al. 2012, 2015) (E(B—V)qso,B) are given
for reference.

Name E(B—-V)gso E(B-V)qso,B
ULASJ0016-0038 0.43 0.5
VHSJ2024-5623 0.58 0.6
VHSJ2100-5820 0.81 0.8
VHSJ2257-4700 0.67 0.7

VHSJ2257-4700 and ULASJ0016-0038, returning a X?ed,QSO
< 2.5 and residuals (Fimod — Fphot) < 20 across all bands.
The fitted templates for each of these four quasars, along
with their associated residuals, are presented in Fig. 2.

The derived values of E(B —V)qso for each of the four
quasars in Fig. 2 are presented in Table 5, with all four
quasars returning an E(B — V)qso consistent to within 0.1
of those presented in Banerji et al. (2012, 2015) (hereafter
denoted E(B—V)qso,B)- Although values of E(B—V)qso,B
were derived using only the NIR JHK-band photome-
try, our fitting provides little evidence for additional rest-
frame UV emission in the DES Y1A1 photometry of these
quasars. Despite the MODEST classifier characterising two
of these sources (VHSJ2024-5623 and VHSJ2100-5820) as
high-confidence galaxies in the DES g and r-bands, we find
that a reddened quasar SED is sufficient to fit the photomet-
ric data in both cases. Any extended emission in these galax-
ies is therefore faint and difficult to disentangle from the
quasar emission via SED modelling. As such, we find these
four quasars to be well characterised by a reddened-quasar
template alone and therefore exclude them from the remain-
der of our analysis. Conversely, the remaining 13 quasars in
the sample return XEed,QSO > 5 when fitted in the above
manner, indicating that some additional component is re-
quired in the model to account for the observed rest-frame
UV flux.

4.2 Scattered Light
4.2.1 Scattered Lyman-alpha Emission

One possible explanation for the rest-frame UV flux in
the 13 remaining quasars is Lyman-a emission, which
can appear spatially extended due to resonant scatter-
ing by the surrounding material. We immediately rule
out this possibility for seven of the quasars in our sam-
ple, as the Lyman-a emission falls outside the wavelength
range of the DES g-band®. We model the remaining six
quasars - ULASJ2200+0056, VHSJ2227-5203, VHSJ2306-
5447, ULASJ23154+0143, VHSJ2332-5240 and VHSJ2355-
0011 - with a two-component model consisting of a reddened
quasar template and a Lyman-a emission line. As in the
quasar-only fitting (Section 4.1), E(B — V)qso is set to lie

3 Lyman-a lies at 1216 A in the rest-frame, which corresponds to
3155-4446A in the observed frame over the full redshift range of
our sample. Thus the Lyman-« line only affects the DES g-band
fluxes in our SED fits for all the quasars.
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Figure 2. Upper panels: Best-fit quasar SEDs for ULASJ0016-0038 (a), VHSJ2024-5623 (b), VHSJ2100-5820 (c), VHSJ2257-4700 (d) for
which Xfed qso < 2.5. Black points show the grizY DES and JHK VHS/ULAS photometry. Lower panels: The error-weighted residuals

for each fit.

in the range 0.3 < E(B —V)qso < 5.0, while the fraction of
scattered Lyman-a can take values 0 < fiyo < 1, where fiyq
= 1 represents the complete scattering of Lyman-a photons.

Fitting this model returns Xged,lya > 2.5 for four of the
six quasars listed above, indicating that scattered Lyman-«
emission cannot accurately reproduce the rest-frame UV flux
observed in these systems. Although both ULASJ2200+0056
and VHSJ2306-5447 return X?ed,lya ~2, we note that ex-
cess rest-frame UV emission relative to the reddened quasar
model is detected in multiple bands in ULASJ2200+0056,
further ruling out the scattered Lyman-a scenario for this
quasar. From this, we conclude VHSJ2306-5447 to be the
only quasar for which the rest-frame UV flux may arise solely
from Lyman-a emission. The best fit SED of this scenario
for VHSJ2306-5447 in shown in Fig. 3. For the remaining 12
quasars, we require some other mechanism to characterise
the observed emission in the rest-frame UV.

4.2.2  Scattered Quasar Continuum Light

It is also possible that some fraction of the rest-frame UV
quasar continuum light is being scattered into our line of
sight by the surrounding dust. The extent of this scattering
is assumed to be wavelength-independent and is modelled
with two quasar templates, one of which is completely un-
obscured to represent the scattered continuum. The dust
reddening of the obscured quasar and the fraction of scat-
tered continuum form the two free parameters in the fitting,
taking values 0.3 < E(B — V)qso < 5.0 and 0 < fgso <
1 respectively, where an fqso = 1 represents the complete
scattering of the quasar continuum. This model generally
appears to provide a good fit to the photometry, finding
a scattering fraction ~0.2 per cent across all sources and
returning a Xfed,cont < 2.5 in 10 of the 13 quasars, with
only three quasars - VHSJ2028-5740, VHSJ2227-5203 and
VHSJ2256-4800 - returning Xred cont > 2-5.
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Figure 3. Best-fit model (black) for VHSJ2306-5447 with indi-
vidual Lyman-a (blue) and reddened quasar (pink) components
overlaid.

The MODEST classifier show evidence for spatially ex-
tended emission in all but two (ULASJ2200+0056 and
ULASJ2224-0015) of the quasars well-fit by this model (Sec-
tion 2). Obied et al. (2016) show that giant ’scattering cones’
of free electrons and dust can scatter the quasar continuum
out to ~ 10kpc, resulting in extended regions with narrow
line emission and indeed integral field spectroscopy of lu-
minous, obscured quasars have shown narrow-line regions
extended over scales of ~20-30 kpc (Liu et al. 2013). The
NIR spectra of our reddened quasar sample (Banerji et al.
2012, 2015) however, show emission from narrow line regions
to be weak, thus ruling out the presence of such a scattering
cone. Considering the small fraction of quasar light being
scattered in our sample (~0.2 per cent), it is also possible
that extended emission arises from scattering within the in-
terstellar medium (ISM) (e.g. Young et al. 2009). We note
however, that in an ionised ISM with a conventional dust-
to-gas ratio, scattering by dust has been shown to domi-
nate over free-electron scattering by a factor ~10 in the UV
(Weingartner & Draine 2001; Draine 2003). Draine (2003)
have shown this dust scattering to be strongly biased to-
wards forward scattering, meaning the single scattering of
the quasar continuum is unlikely to scatter into the line
of sight when considering Type-1 quasars, such as those in
our sample. Furthermore, if a small fraction of this emission
were to be scattered into our line of sight, we would expect
a much bluer quasar spectrum than the fitted unobscured
quasar SED, as the scattering efficiency rapidly increases
at shorter wavelengths. We find no evidence to suggest a
bluer quasar template would better fit the gri DES pho-
tometry of our sample and hence conclude this scenario to
be unlikely. Although we cannot rule out the scattered light
scenario in explaining the UV excess in ULASJ2200+0056
or ULASJ2224-0015, where we see no evidence for extended
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emission, we likely require an alternative explanation for the
remainder of our quasar sample.

The above SED model used to test for the scattered
quasar continuum could also represent a system with two
AGN (e.g. following a merger event) in which only one is
significantly obscured by dust. We quickly rule out the pos-
sibility of clustered quasars, as their typical angular sepa-
rations (2.9 < 0 < 7.7 arcsec Eftekharzadeh et al. (2017))
exceed the ~1 arcsec angular resolution of DES; yet we see
no evidence for a second quasar in the DES images (Fig. 1).
Thus, if our systems were to contain two quasars they would
need to be at small physical separations, but have very dif-
ferent line-of-sight extinctions. Based on our fitting results,
the second quasar would also need to have Lyoi,qso ~ 500
times (~7 magnitudes) fainter that the primary (reddened)
quasar and although there are very few constraints on the
number densities of such low-luminosity AGN, the combi-
nation of properties required for this explanation to hold
makes the scenario somewhat implausible.

4.3 Host Galaxy Emission

Finally, we explore the possibility of the rest-frame UV
flux arising from a relatively un-obscured star-forming host
galaxy modelled by the galaxy templates outlined in Sec-
tion 3, assuming a constant SFH. Although the real SFH
of the galaxy is likely to consist of bursts of star forma-
tion, alongside phases of quiescence and steady formation,
we later demonstrate this assumption of a constant SFH to
provide a good description of the rest-frame UV photometry
for the vast majority of our sample.

Throughout the fitting we consider three free parame-
ters - E(B —V)qso, the formation redshift, z¢, and the nor-
malisation of the galaxy template, fga1 - set to take values 0.3
< E(B-V)qgso <5.0,3 <z5 <10and 0 < fga < 1 respec-
tively, where an fza1 = 1 denotes a galaxy flux equal to that
of the quasar template in the rest-frame UV (~ 900-3000A)
prior to any quasar dust reddening. We note that the value
of fgal is primarily constrained by the DES photometry trac-
ing the rest-frame UV emission and therefore directly traces
the UV flux from young stars. Although we are unable to
constrain the total mass of the host galaxy, we use the mass
of the fitted galaxy template*, assuming a constant SFH and
a normalisation, fsa1, to derive instantaneous SFRs based on
the rest-frame UV flux. In this way, fsa1 can be directly con-
verted to an instantaneous SFR (SFRuv, r,—1.0). Figure 4
illustrates parameter solutions derived from the MCMC fit-
ting routine for a typical quasar - VHSJ2235-5750 - where
this conversion from fga1 to SFRuv,r,=1.0 has been made
(solutions for all 17 quasars can be found in Fig. Al).

For every quasar in our sample, we recover well-
constrained solutions for both FE(B — V)gso and
SFRuv,~,=1.0, despite being unable to constrain the age of
the system. This indicates that the inferred SFRuv, +,=1.0
is independent from z;. We therefore remove z; as a free
parameter in the fitting, choosing instead to adopt a fixed
value of zy = 6 and solve for the two remaining parameters.
The resulting SED fits are presented in the upper panels of
Fig. 5. The lower panels of Fig. 5 show the residuals of the

4 Masses we calculated using EzGal (www.baryons.org)
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Figure 4. 1D and 2D posterior distributions from the MCMC fit-
ting for VHSJ2235-5750 - a representative quasar from the sam-
ple. Shaded regions in the 2D distributions denote 1,2 and 3o
parameter uncertainties in the fitting. The SFR and associated
uncertainties (prior to dust corrections) are based on a galaxy
template with 7y = 1.0 and have been converted from the nor-
malisation of the galaxy template (fga1) in the fitting. Histograms
illustrate the relative 1D probability distributions of each param-
eter.

fit, which are found to be small in all bands, typically return-
ing (Fphot — Fimoa) < 20. For nine of the 13 quasars in Fig. 5
we derive Xfed’GALJrQSO < 2.5, indicating the rest-frame UV
flux in these objects is well fit by a galaxy template with
7v = 1.0. Even in the remaining four quasars for which we
derive XfedyGALJrQSO > 2.5, we recover a much better fit
than with a reddened quasar template alone (Section 4.1),
finding (X7ea,qso - Xred,caLt+qso) > 9 for 11 quasars and
(Xred,Q80 - Xred,GAL+qQso) > 3 for the remaining two. This
shows that the addition of a host galaxy component to the
model significantly improves the goodness of fit for all 13
quasars.

Table 6 presents instantaneous SFRs derived from the
UV flux of the fitted galaxy SEDs in Fig. 5, where we have
assumed 7v = 1.0 and z5 = 6.0. SFRs are given both before
(SFRuv,r,=1.0) and after (SFRyv) dust correction has been
applied to the galaxy template. We note that although the
Charlot & Fall (2000) extinction curve used to correct for
the dust is age-dependent, the assumptions made about zy
have a minimal effect on the resulting SFRs, changing the
SFR by + 5-10 per cent for a change in zy 4+ 1.0. These
variations lie below the 1o parameter uncertainties derived
from the MCMC fitting, also given in Table 6, and so we
do not discuss them further. For the four quasars that were
well-fit by a single reddened-quasar SED (Section 4.1), we
derive upper limits on their SFRs by repeating the above
host galaxy fitting for these objects.

We also present the E(B — V)qso values calculated in
the fitting in Table 6, together with those from Banerji et al.
(2012, 2015) (E(B—V)qso,B), who fit the JH K photometry
with a reddened quasar model and an Sb galaxy template
to model the quasar host. The introduction of the DES pho-
tometry in our study allows both the SED and luminosity
of the host galaxy to be better constrained. With the ad-
dition of this grizy photometry, we expect to derive higher
values of E(B — V)qso than E(B — V)qso,s for objects
in which we see prominent galaxy emission, as this emis-
sion is likely to contribute to the J-band (~ 3800A ) and
therefore reduce the relative fraction of quasar flux in this
band. We show this to be true for eight of the 13 quasars
in the sample, typically finding E(B — V)qso to be ~ 0.1 -
0.3 larger than E(B — V)qso,s- The reddest quasar in our
sample - ULASJ2315+40143 - returns an E(B — V)qso ~
0.7 larger than E(B — V)qso,B, although the uncertainty
on this value is much larger than for the rest of the sample.
A further three quasars - VHSJ-2028-5740, VHSJ2115-5913
and ULASJ22004-0056 - return an E(B — V)qso consistent
with E(B — V)qso,B to within 0.1, with the remaining two
quasars - ULASJ10024-0137 and VHSJ2227-5203 - return-
ing an E(B—V)qso ~ 0.2 - 0.3 lower than F(B —V)qgso,s.
We note that the J-band photometry is not available for
ULASJ1002+0137 (Fig. 5(a)), meaning E(B — V)qso,s has
been constrained from only the H and K-band photome-
try. From Fig. 5(a), we find that these two bands indicate a
steeper rest-frame NIR slope than is implied when the DES
photometry is included in the fit, meaning a model based
on just the H and K-band data would likely overestimate
the quasar reddening. Similarly, the J-band photometry in
VHSJ2227-5203 lies below our fitted SED model (Fig. 5(g)),
indicating that a higher reddening would be derived without
the inclusion of the grizY photometry. We therefore find no
direct conflict between the results of Banerji et al. (2012,
2015) and the results of this paper.

4.83.1 UV Slope of the Galaxy SED

In general, the galaxy model with a constant-SFH and 7v
= 1.0 provides a good fit to our reddened quasar sample.
This is demonstrated in Fig. 5, where we present the me-
dian average fitting residuals (mdata - Mmode1) for each band.
Four quasars however - VHSJ2028-5740, VHSJ2227-5203,
VHSJ2256-4800 and VHSJ2355-0011 - return X?ed,GAL+QSO
> 2.5 when this default host galaxy model is assumed. We
consider VHSJ2227-5203 further in Section 4.3.2, but for
the remaining three objects we find the g-band photometry
to lie below the fitted SED in VHSJ2028-5740 (Fig. 5(b))
and above the fitted SED in VHSJ2256-4800 (Fig. 5(i))
and VHSJ2355-0011 (Fig. 5(m)), indicating that a galaxy
model with 7v = 1.0 cannot reproduce the slope of the rest-
frame UV flux in these systems. We find that significantly
improved Xreq carniqso values (~1-2) can be obtained by
adopting a galaxy model with 7 = 5.0 for VHSJ2028-5740
and 7v = 0.2 for VHSJ2256-4800 and VHSJ2355-0011. We
note however, that the effect of this dust extinction on the
rest-frame UV slope is highly degenerate with that caused
by changes in the SFH, meaning a similar improvement in
X?ed,GAL+QSO may also be obtained by adjusting the SFH.
The exact SFRs derived from the SED-fitting are therefore
dependent on both the adopted SFH and dust content of the
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Figure 5. Upper panels: Best fit models (black) for the 13 reddened quasars with individual galaxy (blue) and quasar (pink) components
overlaid. Black points show the grizY DES and JHK VHS/ULAS photometry. Grey shaded regions illustrate 1o uncertainty about the
best-fit model solution. Lower panels: Residuals for all photometric bands, scaled to the photometric errors (floored at 10 per cent).
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Figure 4 — continued

host galaxies, the constraints of which lie beyond the scope
of this work given the limited DES photometry. Neverthe-
less, the detection of rest-frame UV emission consistent with
star formation in the sample is robust.

4.3.2  Quasar Variability

In addition to the assumed SFH and dust content of the
host galaxy, quasar variability may also contribute to the
large X?ed,G AL+qso Vvalues. The observations from DES and
VHS/ULAS were taken about three years apart, correspond-
ing to approximately a year in the rest-frame of our quasars.
Over such time scales, luminous quasars have been shown
to vary by < 0.1mag in the rest-frame optical (e.g. Van-
den Berk et al. 2004; De Vries et al. 2005; MacLeod et al.
2012). Even accounting for the small amplitude of this vari-
ability, systematic offsets between the DES and VHS/ULAS
photometry are not evident for the sample as a whole. We
consider the possibility however, that individual quasars in
our sample may exhibit variability with larger amplitudes

and for VHSJ2227-5203 (XZea.carL+qso > 2.5), we find the
JH K-band photometry to appear several tenths of a mag-
nitude fainter than that extrapolated from the grizY pho-
tometry. To test whether variability could explain the poor
fit of VHSJ2227-5203, the fitting routine is re-run, having
increased the JHK magnitudes by 0.2mag - the magni-
tude offset required to align the DES and VHS photome-
try. However, the fit of this adjusted photometry returned
X?ed,GAL+QSO ~ 5, meaning that an offset between the DES
and VHS photometry due to quasar variability, cannot ac-
count for the large X?ed,GAL+QSO in VHSJ2227-5203. We
therefore conclude that photometric quasar variability does
not play a significant role in our sample of reddened quasars
and therefore does not affect the conclusions of this paper.

5 DISCUSSION

We have found evidence for an excess of rest-frame UV emis-
sion, relative to a reddened quasar SED, in 13 of the 17
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Table 6. UV-derived SFRs prior to dust correction (SFRyv,r,—1.0) and corrected for a 7v = 1.0 (SFRyv). E(B — V)qso (assuming z
= 6) and E(B —V)qso,B (Banerji et al. 2012, 2015) are also presented. Quoted errors denote the 1o uncertainties on the best-fit model,
found by sampling the SEDs fitted during the MCMC routine. Upper limits on the SFR are given to a 68.27 per cent confidence (10).

Name SFRyuv,r=1.0 SFRuv E(B—-V)qso E(B-V)qso,B
(Meyr—) (Meyr—)
ULASJ0016-0038 <25 < 55 0.48 £+ 0.03 0.5
ULASJ1002+4-0137 10£5 25+ 5 0.83 £ 0.04 1.0
VHSJ2024-5623 <10 < 20 0.61 £+ 0.03 0.6
VHSJ2028-5740 25+ 5 50 + 10 112 T304 1.2
VHSJ2100-5820 <10 < 20 0.84 £+ 0.03 0.8
VHSJ2115-5913 70 T8 160 + 30 1.08 T9-07 1.0
ULASJ22004-0056 160 + 20 375 £ 50 0.58 £+ 0.03 0.5
VHSJ2220-5618 40 £ 5 95 £ 10 0.94 + 0.02 0.8
ULASJ2224-0015 25+5 60 £5 0.72 + 0.03 0.6
VHSJ2227-5203 35+ 5 85 T1o 0.63 + 0.04 0.9
VHSJ2235-5750 40+ 5 95 + 10 0.74 £+ 0.03 0.6
VHSJ2256-4800 60 + 5 135 + 15 0.93 13-03 0.6
VHSJ2257-4700 <5 <10 0.69 15-92 0.7
VHSJ2306-5447 20+ 5 45+ 5 0.81 £ 0.03 0.7
ULASJ231540143 100 182 230 7399 1.78 7922 1.1
VHSJ2332-5240 35+ 5 85+ 715 0.79 £ 0.05 0.6
VHSJ2355-0011 95 + 15 225 + 35 0.90 £ 0.05 0.7
Furthermore, we have found two quasars - VHSJ2306-5447
and ULASJ2224-0015 - to exhibit rest-frame UV emission
consistent with either star formation or scattered light and
06/ have derived instantaneous SFRs across the entire quasar
sample, based upon their rest-frame UV flux. The follow-
0.4¢ ing section compares our results to a range of independent
studies and outlines connections between the properties of
E 0.2 these luminous, high-redshift, reddened quasars and their
e + + host galaxies.
NN o] S e SV OO . ) ) .
T T
E o2 5.1 Comparison to other SFR Estimates for
Heavily Reddened Quasars
o 5.1.1 Ha SFRs
—06¢ Fifteen of the reddened quasars in our sample overlap with
those in Alaghband-Zadeh et al. (2016), who look for narrow

1000 2000 3000 4000 5000 6000 7000 8000 9000
Restframe Wavelength (A)

Figure 5. Magnitude differences between the fitted SED and the
DES grizY photometry, assuming a galaxy template with 7v =
1.0. Dark points denote the median average in each filter with
error bars showing the median absolute deviation of the data
points in each passband.

quasars considered in this paper. For each quasar in our
sample, we have explored three possible sources of this emis-
sion - resonantly scattered Lyman-«a emission, scattered light
from the quasar continuum and a relatively un-obscured star
forming host, demonstrating the rest-frame UV emission to
be consistent with star formation in at least 11 quasars.

MNRAS 000, 1-18 (2018)

Ha emission that could be associated with star formation in
the NIR spectra. Narrow Ha emission is detected in nine
of the 15 quasars in their sample, from which Alaghband-
Zadeh et al. (2016) derive extinction-corrected SFRs assum-
ing a Calzetti dust extinction law (Calzetti et al. 2000) and
a dust attenuation towards the star-forming regions equal
to that towards the quasar continuum. In our analysis, one
of these nine quasars - VHSJ2100-5820 - does not show an
excess of rest-frame UV emission relative to that expected
from a reddened quasar and so is not considered further in
our comparisons to Ha-derived SFRs. Similarly, we do not
include the six quasars with no evidence of narrow Ha emis-
sion, for which Alaghband-Zadeh et al. (2016) derive only
upper limits on the SFR, assuming the star-forming regions
to be located within the PSF of the SINFONI data (FWHM
~0.5-0.8 arcsec). As we clearly see evidence for rest-frame
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Table 7. SFRy, for the eight quasars overlapping our host galaxy
sample, for which Alaghband-Zadeh et al. (2016) detect narrow
Ha emission. SFRs have been corrected for dust, assuming an
E(B — V) = 0.35 to be consistent with the level of dust used in
our galaxy template (7v ~1.0).

Name SFRua (Meyr™1)
ULASJ1002+4-0137 10 +£5
VHSJ2028-5740 110 £10
VHSJ2115-5913 45 £5
ULASJ22004-0056 350 £15
ULASJ2224-0015 45 +5
VHSJ2235-5750 85 £10
VHSJ2332-5240 70 £10
VHSJ2355-0011 130 £15

UV emission on larger scales than this across our sample,
the Ha SFR limits for these six quasars are not directly
comparable to our work. We therefore only compare our UV-
derived SFRs with the Ha SFRs for the eight quasars out-
lined in Table 7, where the Ha SFRs have been re-derived,
correcting for 7v = 1.0, as has been assumed for our galaxy
template. Fig. 6 shows the comparison between these two
measures of SFR.

Fig. 6 indicates the two measures of star formation to
be broadly correlated, although values of SFRuv appear sys-
tematically higher than SFRu. by a factor of ~1.1-4. This
lack of a one-to-one correspondence between the two SFR
measures is expected however, as several assumptions have
been made regarding the quasar host galaxy and the dust at-
tenuation affecting both the UV- and Ha-emitting regions.
We also note that Alaghband-Zadeh et al. (2016) restrict
their search for narrow Ha emission to ~0.5-0.8 arcsec re-
gions (corresponding to the size of the PSF in their obser-
vations), meaning their study is not sensitive to extended
emission on larger scales. Given that the rest-frame UV
emission in our sample typically extends =1 arcsec, we ex-
pect the SFRs we derive from the spatially-integrated UV
flux to generally be higher than those measured from Ha by
Alaghband-Zadeh et al. (2016), which is exactly what we see
in Fig. 6

5.1.2 Herschel and ALMA SFRs

Several of the reddened quasars in our sample have also
been detected in the far infra-red and millimetre wave-
lengths, suggesting significant levels of dust-obscured star
formation in these sources (Banerji et al. 2014, 2017) ex-
ceeding 1000Mg yr~'. Recently, Banerji et al. (2017) stud-
ied four reddened quasars with ALMA, finding ubiquitous
evidence for large reservoirs of molecular gas and star for-
mation in all four systems. One of these four quasars -
ULASJ23154-0143 - overlaps with our sample, and shows
resolved CO(3-2) emission elongated in the same direction
as the rest-frame UV emission seen in Fig. 1(p). The ALMA-
derived SFR for this source is 61004400 Moyr~! and whilst
this is significantly larger than the 230Mgyr ™' UV-derived
SFR inferred from the DES observations, we note that the
ALMA SFR is derived from a single photometric data point

10°
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Figure 6. Comparison of SFRyy to SFRu, (Alaghband-Zadeh
et al. 2016). Error bars show the 1o uncertainties on the calcu-
lated SFRs in each case.

at ¥=103GHz tracing the Rayleigh-Jeans tail of the dust
SED, and could be over-estimated for a number of reasons.
Specifically, Banerji et al. (2017) assume no significant con-
tribution from radio synchrotron emission to the millime-
ter continuum emission, and the dust heating is assumed
to be entirely dominated by the star-forming host, without
any contribution from the quasar itself. Nevertheless, given
the significant amount of dust emission seen by ALMA, it is
plausible that the rest-frame UV emission in the DES grizY
bands is only tracing a small fraction of the total star for-
mation in this galaxy.

5.2 Comparison to Hot Dust-Obscured Galaxies
(HotDOGs)

Hot Dust Obscured Galaxies (HotDOGs) are a related class
of heavily obscured AGN selected using data from the Wide-
Field Infra-red Survey Explorer (WISE). They have simi-
lar intrinsic AGN luminosities to our reddened quasars but
much higher levels of dust obscuration towards the quasar
sight-line (Eisenhardt et al. 2012). Assef et al. (2015) re-
cently presented evidence for excess rest-frame UV emis-
sion in several HotDOGs and conducted a detailed multi-
wavelength investigation of one particular source - W0204-
0506 - at z = 2.1. In their investigation, Assef et al. (2015)
consider scattered AGN light, a second AGN and a star-
forming host galaxy as possible sources of the UV emission
seen in W0204-0506, concluding scattered light from the
AGN to be the most plausible scenario. One reason Assef
et al. (2015) give for this conclusion is the unprecedented
level of un-obscured star formation required to reproduce
the UV flux observed in W0204-0506.

To compare W0204-0506 with the reddened quasars
in our sample, we fit the photometry for this source with
our constant SFH host galaxy template using the SED- fit-
ting method outlined in Section 3. From this, we derive a
dust-corrected SFR~5200Mgyr~! for W0204-0506, consis-
tent with the ~5500Mgyr~" derived by Assef et al. (2015).
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This SFR > 5000Mgyr ! is extreme compared to the mod-
erate SFRs we derive from the rest-frame UV flux of our
reddened quasars (~130Mgyr~!), although as discussed in
Section 5.1.2, this does not preclude a much higher level
of obscured star formation in our sources. Nevertheless, the
blue excess WISE HotDOGs appear clearly distinct in terms
of their properties from the reddened quasar sample consid-
ered in this work and hence likely have different mechanisms
responsible for the emission in the rest-frame UV.

5.3 Is SFR correlated with Quasar Luminosity?

We now explore whether the instantaneous SFRs we derive
for the reddened quasar sample are correlated with the bolo-
metric quasar luminosity, Lyoi,qso. Lbol,qso is calculated
from the extinction-corrected rest-frame flux at 51001&7 us-
ing a bolometric correction factor of seven (Vestergaard &
Peterson 2006). The values of Lyol,gso we derive are con-
sistent with those presented in Banerji et al. (2012, 2015),
with only small variations due to the inclusion of the DES
photometry in our fitting. SFRyv is plotted as a function
of Lyol,qso in Fig. 7, where we see a positive correlation
between these two quantities. From Fig. 7 we find a Spear-
man’s correlation coefficient of r ~ 0.6 with a p-value, a =
0.03, i.e. we detect a positive correlation to a 97 per cent
confidence level. Although SFRyv and Lyo,qso have both
been corrected for dust extinction, we note that the apparent
correlation in Fig. 7 is not due to this correction, as different
corrections have been applied to the quasar and the galaxy
individually (E(B-V)gar.=0.35, while E(B-V)gso ~0.5-2.0,
as solved for in the fitting). We also note that the observed
correlation in Fig. 7 is not caused by the simultaneous fitting
of the galaxy and quasar components in the model, as each
of these components is constrained by different photometry.
The galaxy SED for example, is primarily constrained by
the gri DES photometry, whilst the JHK VISTA/ ULAS
photometry is used to constrain the quasar SED, meaning
the two components are essentially decoupled.

The correlation we observe between SFRyyv and
Lyol,qso in our reddened quasars (Fig. 7) is consistent with
the work of Harris et al. (2016), who find the SFRs of type-
1 quasar host galaxies at 2 < z < 3 to increase with AGN
luminosity up to some limiting rate. Shao et al. (2010) and
Netzer (2009) find a similar trend among high luminosity
AGN (Lpo > 10*ergs™), but find no such dependency in
lower luminosity systems - a result confirmed by indepen-
dent studies of moderate-luminosity AGN (e.g. Jahnke et al.
2004). Furthermore, Urrutia et al. (2012) find no correlation
between SFR and AGN accretion among reddened quasars
at low redshift (0.4 < z < 1), suggesting that the trend in
Fig. 7 may only appear for the most luminous quasars at
high redshift.

Although we find some evidence for a relationship be-
tween Lpol,gso and SFRyv in our sample, we highlight that
this paper only accounts for the un-obscured, instantaneous
star formation rate, based upon the rest-frame UV emission
observed in a relatively small sample of 13 reddened quasars
and that a number of assumptions have been made regard-
ing the host galaxy properties. Assembling larger samples
of such measurements as well as measuring the total, rather
than un-obscured, SFRs from SCUBA-2 and ALMA obser-
vations will help corroborate whether there is indeed a cor-
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Figure 7. SFRyv as a function of the dust-corrected Lyo1,qso-
Error bars denote 1o uncertainties on SFRyv.

relation between star formation rate and quasar luminosity
in reddened quasars.

6 CONCLUSIONS

We have presented the first rest-frame UV observations
for a population of 17 luminous, heavily dust-reddened (
Lbot,@so > 10%6ergs 1, E(B — V)gso ~ 0.8) broad-line
quasars at 1.5 < z < 2.7, making use of DES Year 1 opti-
cal photometry along with NIR observations from VHS and
ULAS. Our main conclusions can be summarised as follows:

i) We detected an excess of rest-frame UV emission rela-
tive to that expected from a reddened quasar template alone
in 13 of the 17 sources in our sample. Via SED fitting, we
modelled three potential sources of this excess rest-frame
UV emission in the reddened quasar sample - resonantly-
scattered Lyman-a, scattered light from the quasar contin-
uum and a star-forming host galaxy. In at least ten quasars,
we found the rest-frame UV emission to be consistent with
the detection of a relatively un-obscured, star forming host
galaxy, with a further three quasars showing emission that
could be consistent with either star formation or scattered
light.

ii) We estimated the instantaneous SFRs for the quasar
host galaxies in the sample based on their rest-frame UV
emission, deriving extinction-corrected star formation rates
of 25 < SFRuyv < 365 Meyr~!, with a mean average SFRuv
= 130 + 95 Mpyr~*. We note, however, that the SFRs pre-
sented in this paper account only for the relatively unob-
scured component of star formation and therefore do not
preclude much higher rates of obscured star formation in
these systems. In fact, we see evidence for a much higher
obscured SFR in ULASJ23154+0143 based on recent ALMA
observations and cannot rule out a similar trend in the re-
mainder of our sample. The unobscured SFRs presented in
this paper are found to be broadly consistent with those
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derived independently from Ha observations using Integral
Field Spectroscopy.

iii) We have found evidence for a correlation between
the rest-frame UV-derived, dust-corrected star formation
rates and the bolometric luminosity of the quasar at the high
quasar luminosities probed by our sample. This is consistent
with similar trends observed for high-luminosity populations
of unobscured quasars.

Overall, we have demonstrated that quasar emission can
be disentangled from its host galaxy, even in the most lu-
minous systems, by exploiting dust obscuration towards the
quasar. For the first time, populations of these intrinsically-
luminous, dusty quasars can now be studied in the rest-
frame UV at high redshift thanks to deep, wide-field ob-
servations from large imaging surveys like DES. Our anal-
ysis has shown that several of the hosts of these reddened
quasars are spatially resolved in the DES imaging tracing
rest-frame UV wavelengths. This paves the way for future
high-resolution imaging and detailed morphological studies
of these quasar host galaxies.

ACKNOWLEDGEMENTS

CFW thanks the Science and Technology Facilities Council
(STFC) for the award of a studentship. MB acknowledges
support from STFC via an Ernest Rutherford Fellowship.
PCH acknowledges support from the STFC via a Consoli-
dated Grant to the Institute of Astronomy, Cambridge.

Funding for the DES Projects has been provided by
the U.S. Department of Energy, the U.S. National Sci-
ence Foundation, the Ministry of Science and Education of
Spain, the Science and Technology Facilities Council of the
United Kingdom, the Higher Education Funding Council for
England, the National Center for Supercomputing Applica-
tions at the University of Illinois at Urbana-Champaign, the
Kavli Institute of Cosmological Physics at the University
of Chicago, the Center for Cosmology and Astro-Particle
Physics at the Ohio State University,the Mitchell Institute
for Fundamental Physics and Astronomy at Texas A&M
University, Financiadora de Estudos e Projetos, Fundagao
Carlos Chagas Filho de Amparo & Pesquisa do Estado do Rio
de Janeiro, Conselho Nacional de Desenvolvimento Cienti-
fico e Tecnolégico and the Ministério da Ciéncia, Tecnologia
e Inovagao, the Deutsche Forschungsgemeinschaft and the
Collaborating Institutions in the Dark Energy Survey.

The Collaborating Institutions are Argonne National
Laboratory, the University of California at Santa Cruz,
the University of Cambridge, Centro de Investigaciones
Energéticas, Medioambientales y Tecnolégicas-Madrid, the
University of Chicago, University College London, the DES-
Brazil Consortium, the University of Edinburgh, the Ei-
dgendssische Technische Hochschule (ETH) Ziirich, Fermi
National Accelerator Laboratory, the University of Illi-
nois at Urbana-Champaign, the Institut de Ciéncies de
IEspai (IEEC/CSIC), the Institut de Fisica d’Altes Ener-
gies, Lawrence Berkeley National Laboratory, the Ludwig-
Maximilians Universitdt Miinchen and the associated Ex-
cellence Cluster Universe, the University of Michigan, the
National Optical Astronomy Observatory, the University of
Nottingham, The Ohio State University, the University of
Pennsylvania, the University of Portsmouth, SLAC National

Accelerator Laboratory, Stanford University, the University
of Sussex, Texas A&M University, and the OzDES Member-
ship Consortium.

The DES data management system is supported by the
National Science Foundation under Grant Number AST-
1138766. The DES participants from Spanish institutions
are partially supported by MINECO under grants AYA2015-
71825, ESP2015-88861, FPA2015-68048, SEV-2012-0234,
SEV-2012-0249, and MDM-2015-0509, some of which in-
clude ERDF funds from the European Union. IFAE is par-
tially funded by the CERCA program of the Generalitat de
Catalunya.

REFERENCES

Abbott T., et al., 2016, Monthly Notices of the Royal Astronom-
ical Society, 460, 1270

Aird J., Coil A. L., Georgakakis A., Nandra K., Barro G., Pérez-
Gonzélez P. G., 2015, Monthly Notices of the Royal Astro-
nomical Society, 451, 1892

Alaghband-Zadeh S., Banerji M., Hewett P. C., McMahon R. G.,
2016, Monthly Notices of the Royal Astronomical Society, 459,
999

Assef R. J., et al., 2015, The Astrophysical Journal, 804, 27

Banerji M., McMahon R. G., Hewett P. C., Alaghband-Zadeh S.,
Gonzalez-Solares E., Venemans B. P., Hawthorn M. J., 2012,
Monthly Notices of the Royal Astronomical Society, 427, 2275

Banerji M., McMahon R. G., Hewett P. C., Gonzalez-Solares E.,
Koposov S. E., 2013, Monthly Notices of the Royal Astronom-
ical Society: Letters, 429, L.55

Banerji M., Fabian A., McMahon R., 2014, Monthly Notices of
the Royal Astronomical Society: Letters, 439, L51

Banerji M., Alaghband-Zadeh S., Hewett P. C., McMahon R. G.,
2015, Monthly Notices of the Royal Astronomical Society, 447,
3368

Banerji M., Carilli C., Jones G., Wagg J., McMahon R., Hewett
P., Alaghband-Zadeh S., Feruglio C., 2017, Monthly Notices
of the Royal Astronomical Society, 465, 4390

Bruzual G., Charlot S., 2003, Monthly Notices of the Royal As-
tronomical Society, 344, 1000

Cai Z., et al., 2014, The Astrophysical Journal, 793, 139

Calzetti D., Armus L., Bohlin R. C., Kinney A. L., Koornneef J.,
Storchi-Bergmann T., 2000, The Astrophysical Journal, 533,
682

Chabrier G., 2003, The Astrophysical Journal Letters, 586, L.133

Charlot S., Fall S. M., 2000, The Astrophysical Journal, 539, 718

Coppin K., et al., 2008, Monthly Notices of the Royal Astronom-
ical Society, 389, 45

De Vries W., Becker R., White R., Loomis C., 2005, The Astro-
nomical Journal, 129, 615

Delvecchio I., et al., 2015, Monthly Notices of the Royal Astro-
nomical Society, 449, 373

Desai S., et al., 2012, The Astrophysical Journal, 757, 83

Diehl H., et al., 2014, Technical report, The dark energy survey
and operations: year 1. Fermi National Accelerator Labora-
tory (FNAL), Batavia, IL

Draine B., 2003, The Astrophysical Journal, 598, 1026

Drlica-Wagner A., et al., 2017, arXiv preprint arXiv:1708.01531

Dunlop J., McLure R., Kukula M., Baum S., O’Dea C., Hughes
D., 2003, Monthly Notices of the Royal Astronomical Society,
340, 1095

Eftekharzadeh S., Myers A., Hennawi J., Djorgovski S., Richards
G., Mahabal A.; Graham M., 2017, Monthly Notices of the
Royal Astronomical Society, 468, 77

Eisenhardt P. R., et al., 2012, The Astrophysical Journal, 755,
173

MNRAS 000, 1-18 (2018)



UV-Luminous Star-Forming Hosts of Reddened Quasars 17

Faber S., Jackson R. E., 1976, The Astrophysical Journal, 204,
668

Fan L., et al., 2016, The Astrophysical Journal Letters, 822, .32

Flaugher B., et al., 2015, The Astronomical Journal, 150, 150

Foreman-Mackey D., Hogg D. W., Lang D., Goodman J., 2013,
Publications of the Astronomical Society of the Pacific, 125,
306

Francis P. J., Hewett P. C., Foltz C. B., Chaffee F. H., Weymann
R. J., Morris S. L., 1991, The Astrophysical Journal, 373, 465

Frieman J., Collaboration D. E. S.; et al., 2013, in American As-
tronomical Society Meeting Abstracts# 221.

Gallerani S., et al., 2010, Astronomy & Astrophysics, 523, A85

Glikman E., Simmons B., Mailly M., Schawinski K., Urry C.,
Lacy M., 2015, The Astrophysical Journal, 806, 218

Harris K., et al., 2016, Monthly Notices of the Royal Astronomical
Society, 457, 4179

Hastings W. K., 1970, Biometrika, 57, 97

Hatziminaoglou E., et al., 2010, Astronomy & Astrophysics, 518,
L33

Hewett P. C., Warren S. J., Leggett S. K., Hodgkin S. T., 2006,
Monthly Notices of the Royal Astronomical Society, 367, 454

Hopkins P. F., Hernquist L., Cox T. J., Keres D., 2008, The As-
trophysical Journal Supplement Series, 175, 356

Jahnke K., Kuhlbrodt B., Wisotzki L., 2004, Monthly Notices of
the Royal Astronomical Society, 352, 399

Kormendy J., Ho L. C., 2013, Annual Review of Astronomy and
Astrophysics, 51, 511

Kukula M. J., Dunlop J. S., McLure R. J., Miller L., Percival
W. J., Baum S. A., O’Dea C. P., 2001, Monthly Notices of
the Royal Astronomical Society, 326, 1533

Liu G., Zakamska N. L., Greene J. E., Nesvadba N. P., Liu X.,
2013, Monthly Notices of the Royal Astronomical Society, 430,
2327

MacLeod C. L., et al., 2012, The Astrophysical Journal, 753, 106

Madau P., Dickinson M., 2014, Annual Review of Astronomy and
Astrophysics, 52, 415

Maddox N., Hewett P. C., Warren S., Croom S., 2008, Monthly
Notices of the Royal Astronomical Society, 386, 1605

Maddox N., Hewett P. C., Péroux C., Nestor D. B., Wisotzki
L., 2012, Monthly Notices of the Royal Astronomical Society,
424, 2876

Magorrian J., et al., 1998, The Astronomical Journal, 115, 2285

Matsuoka Y., et al., 2015, The Astrophysical Journal, 811, 91

Mechtley M., et al., 2016, The Astrophysical Journal, 830, 156

Metropolis N., Rosenbluth A. W., Rosenbluth M. N., Teller A. H.,
Teller E., 1953, The journal of chemical physics, 21, 1087

Narayanan D., Hayward C. C., Cox T. J., Hernquist L., Jonsson
P., Younger J. D., Groves B., 2010, Monthly Notices of the
Royal Astronomical Society, 401, 1613

Netzer H., 2009, Monthly Notices of the Royal Astronomical So-
ciety, 399, 1907

Obied G., Zakamska N. L., Wylezalek D., Liu G., 2016, Monthly
Notices of the Royal Astronomical Society, 456, 2861

Pei Y. C., 1992, The Astrophysical Journal, 395, 130

Priddey R. S., Isaak K. G., McMahon R. G., Omont A., 2003,
Monthly Notices of the Royal Astronomical Society, 339, 1183

Reddy N. A., Steidel C. C., Pettini M., Adelberger K. L., Shap-
ley A. E., Erb D. K., Dickinson M., 2008, The Astrophysical
Journal Supplement Series, 175, 48

Reddy N. A., Pettini M., Steidel C. C., Shapley A. E., Erb D. K.,
Law D. R., 2012, The Astrophysical Journal, 754, 25

Reed S., et al., 2017, arXiv preprint arXiv:1701.04852

Ridgway S. E., Heckman T. M., Calzetti D., Lehnert M., 2001,
The Astrophysical Journal, 550, 122

Rosario D., et al., 2013, Astronomy & Astrophysics, 560, A72

Sénchez C., et al., 2014, Monthly Notices of the Royal Astronom-
ical Society, 445, 1482

Sanders D., Soifer B., Elias J., Madore B., Matthews K., Neuge-

MNRAS 000, 1-18 (2018)

bauer G., Scoville N.; 1988, The Astrophysical Journal, 325,
74

Schneider D. P.; et al., 2010, The Astronomical Journal, 139, 2360

Shao L., et al., 2010, Astronomy & Astrophysics, 518, L26

Urrutia T., Lacy M., Becker R. H., 2008, The Astrophysical Jour-
nal, 674, 80

Urrutia T., Lacy M., Spoon H., Glikman E., Petric A., Schulz B.,
2012, The Astrophysical Journal, 757, 125

Vanden Berk D. E., et al., 2004, The Astrophysical Journal, 601,
692

Vanden Berk D. E. V., et al., 2006, The Astronomical Journal,
131, 84

Vestergaard M., Peterson B. M., 2006, The Astrophysical Journal,
641, 689

Villforth C., et al., 2016, Monthly Notices of the Royal Astronom-
ical Society, p. stw3037

Weingartner J. C., Draine B., 2001, The Astrophysical Journal,
548, 296

Xu L., Rieke G. H., Egami E., Haines C., Pereira M., Smith G.,
2015, The Astrophysical Journal, 808, 159

Young S., Axon D., Robinson A., Capetti A., 2009, The Astro-
physical Journal Letters, 698, L121

AFFILIATIONS

Hnstitute of Astronomy, University of Cambridge, Madingley
Road, Cambridge, CB30HA, UK

2Kavli Institute for Cosmology, University of Cambridge, Mad-
ingley Road, Cambridge, CB30HA, UK

3Department of Astronomy, University of Illinois at Urbana-
Champaign, Urbana, IL 61801, USA

4National Center for Supercomputing Applications, University
of Illinois at Urbana-Champaign, Urbana, IL 61801, USA
5Department of Physics & Astronomy, University College
London, Gower Street, London, WC1E 6BT, UK

SDepartment of Physics and Electronics, Rhodes University, PO
Box 94, Grahamstown, 6140, South Africa

7CNRS, UMR 7095, Institut d’Astrophysique de Paris, F-75014,
Paris, France

8Sorbonne Universités, UPMC Univ Paris 06, UMR 7095,
Institut d’Astrophysique de Paris, F-75014, Paris, France
9Fermi National Accelerator Laboratory, P. O. Box 500, Batavia,
IL 60510, USA

0Tnstitute of Cosmology & Gravitation, University of
Portsmouth, Portsmouth, PO1 3FX, UK

HTaboratério Interinstitucional de e-Astronomia - LIneA, Rua
Gal. José Cristino 77, Rio de Janeiro, RJ - 20921-400, Brazil
120bservatério Nacional, Rua Gal. José Cristino 77, Rio de
Janeiro, RJ - 20921-400, Brazil

13Department of Astronomy, University of Illinois, 1002 W.
Green Street, Urbana, IL 61801, USA

4 National Center for Supercomputing Applications, 1205 West
Clark St., Urbana, IL 61801, USA

5Institut de Fisica d’Altes Energies (IFAE), The Barcelona
Institute of Science and Technology, Campus UAB, 08193
Bellaterra (Barcelona) Spain

16Kavli Institute for Particle Astrophysics & Cosmology, P. O.
Box 2450, Stanford University, Stanford, CA 94305, USA
"Department of Physics and Astronomy, University of Pennsyl-
vania, Philadelphia, PA 19104, USA

18George P. and Cynthia Woods Mitchell Institute for Funda-
mental Physics and Astronomy, and Department of Physics and
Astronomy, Texas A&M University, College Station, TX 77843,



18  C. F. Wethers, M. Banerji, P. C. Hewett et al.

USA

9Department of Physics, IIT Hyderabad, Kandi, Telangana
502285, India

20Tnstitut de Ciéncies de I’Espai, IEEC-CSIC, Campus UAB,
Carrer de Can Magrans, s/n, 08193 Bellaterra, Barcelona, Spain
21Kavli Institute for Cosmological Physics, University of Chicago,
Chicago, IL 60637, USA

2Instituto de Fisica Teorica UAM/CSIC, Universidad Au-
tonoma de Madrid, 28049 Madrid, Spain

23Department of Astronomy, University of Michigan, Ann Arbor,
MI 48109, USA

24Department of Physics, University of Michigan, Ann Arbor,
MI 48109, USA

25SLLAC National Accelerator Laboratory, Menlo Park, CA
94025, USA

26Center for Cosmology and Astro-Particle Physics, The Ohio
State University, Columbus, OH 43210, USA

2"Department of Physics, The Ohio State University, Columbus,
OH 43210, USA

28 Astronomy Department, University of Washington, Box
351580, Seattle, WA 98195, USA

29Cerro Tololo Inter-American Observatory, National Optical
Astronomy Observatory, Casilla 603, La Serena, Chile

30Santa Cruz Institute for Particle Physics, Santa Cruz, CA
95064, USA

31 Australian Astronomical Observatory, North Ryde, NSW 2113,
Australia

32 Argonne National Laboratory, 9700 South Cass Avenue,
Lemont, IL 60439, USA

33Departamento de Fisica Matemética, Instituto de Fisica,
Universidade de Sdao Paulo, CP 66318, Sdo Paulo, SP, 05314-970,
Brazil

34Department of Astronomy, The Ohio State University, Colum-
bus, OH 43210, USA

35Institucié Catalana de Recerca i Estudis Avancats, E-08010
Barcelona, Spain

36 Jet Propulsion Laboratory, California Institute of Technology,
4800 Oak Grove Dr., Pasadena, CA 91109, USA

37Department of Physics and Astronomy, Pevensey Building,
University of Sussex, Brighton, BN1 9QH, UK

38Centro de Investigaciones Energéticas, Medioambientales y
Tecnolégicas (CIEMAT), Madrid, Spain

39School of Physics and Astronomy, University of Southampton,
Southampton, SO17 1BJ, UK

4OTnstituto de Fisica Gleb Wataghin, Universidade Estadual de
Campinas, 13083-859, Campinas, SP, Brazil

41Computer Science and Mathematics Division, Oak Ridge
National Laboratory, Oak Ridge, TN 37831

APPENDIX A: MCMC FITTING

This paper has been typeset from a TEX/IATEX file prepared by
the author.

MNRAS 000, 1-18 (2018)



UV-Luminous Star-Forming Hosts of Reddened Quasars 19

|

SFRyv,—10(Moyr™)

SFRyy—10(Moyr™)
o w b &

080
g 10 S 075
S oo Lo
> > 065
o o8 @ 060
Wy W oss5
050
IR ez« 9 O 9O P H ® l RN » 5 5 hz\ 29 0 9 9 o O ‘ IR IR @z'\ 29 o 6 © o } SEEES0S
! SFRuvr—10(Moyr) E(B-V)gso ) SFRyy—10(Moyr™)  E(B-V)gso f SFRyy-10(Moyr™) E(B-V)gs0
(a) ULASJ0016-0038 (b) ULASJ1002+40137 (c) VHSJ2024-5623

o

SFRyv,-10(Moyr™)

on s o o5 R &

SFRyy—10(Moyr™)
3532888

©

N\

EB-V)aso
o o o
5

<

T h 9 64 80 0690 PPSH © P S Y ¥ R EEEEEE IR SN I R ORI e RO RN Y
z . z - z
! SFRuv—10o(Mayr™)  E(B-V)gso ' SFRyy,—1o(Moyr™)  E(B-V)gso ' SFRyy,—10(Moyr™) E(B-Vgso
(d) VHSJ2028-5740 (e) VHSJ2100-5820 (f) VHSJ2115-5913
PPN T N g | ’_ru‘—"')ﬁ’w L]
T 2o T e T,
> > 55} > >
50 30
\E,c 200 \E,o o ?s -
T 7 40 T
150 535 20
5 = 30 5 s
E 100 E 25 E
) ) [}
0.70. 1.00 0.70
go.ss 2095 . %065
< 060 < 0% S
o 055 m 085 = 0.60
I 050 o 080 o 055
0.45 075 050
IR «az/« 2o P P PRI LLS IR ez« R T ;;@,pbi ] FELSSS IR @Z'\ B ﬁg},, L LN
SFRyy, 1 o(Moyr™)  E(B-V)gso ’ SFRuv—10Meyr™)  E(B-V)gso ! SFRuv—10oMayr™)  E(B-V) g0
(g) ULASJ2200+0056 (h) VHSJ2220-5618 (i) ULASJ2224-0015

Figure A1l. 1D and 2D posterior distributions from the MCMC fitting. Shaded regions in the 2D distributions denote 1,2 and 3o
parameter uncertainties in the fitting. SFRyv -, =1.0 and associated uncertainties (prior to dust corrections) are based on a galaxy
template with 7v = 1.0 and have been converted from the normalisation of the galaxy template (fza1) in the fitting. Histograms illustrate
the relative 1D probability distributions for each parameter.
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Figure Al — continued
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