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ABSTRACT
We present ALMA observations of cold dust and molecular gas in four high-luminosity, heavily
reddened (AV � 2.5�6 mag) type 1 quasars at z � 2.5 with virial MBH � 1010 M�, to test
whether dusty, massive quasars represent the evolutionary link between submillimetre-bright
galaxies and unobscured quasars. All four quasars are detected in both the dust continuum and
in the 12CO(3-2) line. The mean dust mass is 6 × 108 M� assuming a typical high-redshift
quasar spectral energy distribution (T = 41 K, � = 1.95 or T = 47 K, � = 1.6). The implied star
formation rates are very high � �1000 M� yr�1 in all cases. Gas masses estimated from the
CO line luminosities cover �1�5× 1010(�CO/0.8)M� and the gas depletion time-scales are
very short � �5�20 Myr. A range of gas-to-dust ratios is observed in the sample. We resolve
the molecular gas in one quasar � ULASJ2315+0143 (z = 2.561) � which shows a strong
velocity gradient over �20 kpc. The velocity �eld is consistent with a rotationally supported
gas disc but other scenarios, e.g. mergers, cannot be ruled out at the current resolution of
these data. In another quasar � ULASJ1234+0907 (z = 2.503) � we detected molecular line
emission from two millimetre-bright galaxies within 200 kpc of the quasar, suggesting that
this quasar resides in a signi�cant overdensity. The high detection rate of both cold dust and
molecular gas in these sources, suggests that reddened quasars could correspond to an early
phase in massive galaxy formation associated with large gas reservoirs and signi�cant star
formation.

Key words: galaxies: evolution � galaxies: formation � galaxies: high-redshift � galaxies: star-
burst.

1 INTRODUCTION

Since the discovery of the correlation between the stellar bulge
mass in galaxies and the mass of their supermassive black holes
(Magorrian et al. 1998; Kormendy & Ho 2013), it is now widely
acknowledged that these central supermassive black holes play an
important role in governing the formation and evolution of their host
galaxies. In our current picture of galaxy formation, galaxies and
their supermassive black holes co-evolve. Molecular gas and the
dusty interstellar medium (ISM) in galaxies act as the fuel for both
star formation and black hole accretion. Therefore, studying the
distribution of dust and gas in star-forming galaxies with actively

� E-mail: mbanerji@ast.cam.ac.uk

accreting supermassive black holes can help shed light on the exact
physical processes that are driving coevolution.

Both star formation and black hole accretion activity in the Uni-
verse peak at z � 2�3 (e.g. Madau, Pozzetti & Dickinson 1998;
Richards et al. 2006) and this represents the key epoch in the Uni-
verse�s history at which to study the feeding and feedback processes
in galaxies and quasars that are the main drivers of coevolution. Over
the last two decades, surveys starting with the SCUBA bolometer
on the James Clerk Maxwell Telescope (JCMT) and, more recently,
using the Herschel space satellite, have led to the discovery of large
populations of far-infrared (FIR) and submillimetre-bright star-
burst galaxies (SMGs) at the main epoch of galaxy formation (e.g.
Smail, Ivison & Blain 1997; Blain et al. 1999; Casey, Narayanan &
Cooray 2014). Molecular gas detections are now being assembled
for many tens to hundreds of such galaxies (e.g. Greve et al. 2005;
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Tacconi et al. 2006; Bothwell et al. 2013; Genzel et al. 2015). Several
studies of molecular gas in z > 2 galaxies have also taken advantage
of gravitational lensing to amplify the molecular line signal (e.g.
Coppin et al. 2007; Danielson et al. 2011; Aravena et al. 2016).
While clearly an advantage for probing intrinsically fainter galax-
ies, differential magni�cation between the different dust and gas
components can make interpretations regarding their actual spatial
distribution complicated in such lensed systems.

Quasars, on account of being among the brightest extragalac-
tic sources in our Universe, were some of the �rst sources to be
observed in molecular gas (e.g. Barvainis et al. 1997; Solomon &
Vanden Bout 2005). Using the compilations of extragalactic sources
with CO detections in Carilli & Walter (2013) and Heywood et al.
(2013), we �nd there are a total of 89 quasars that have been de-
tected in CO all the way from the local Universe out to the highest
redshifts of z > 6. Many of the recent efforts have focused on z > 4
quasars (e.g. Carilli et al. 2002; Walter et al. 2004; Wang et al. 2010)
and, as a consequence, the numbers of quasars with CO detections
at the peak epoch of galaxy formation (1.5 < z < 3.0) is consid-
erably smaller � <20 quasars. Many of the quasars that have been
observed in molecular gas at these epochs are gravitationally lensed
systems (e.g. Riechers et al. 2011b; Sharon et al. 2016). Excluding
these lensed systems and focusing only on unlensed quasars where
spatially mapping the gas and dust distributions is considerably eas-
ier, there are only 13 quasars at 1.5 < z < 3.0 with CO detections
(Willott, Mart·�nez-Sansigre & Rawlings 2007; Coppin et al. 2008;
Schumacher et al. 2012; Simpson et al. 2012). Detecting molecular
gas in even a small number of unlensed quasars at these redshifts,
to synchronously study the fuelling of star formation and black
hole accretion at the epoch when both are at their peak, is therefore
valuable.

Most searches for molecular gas in quasars have started from
samples of ultraviolet (UV) luminous quasars (e.g. Hewett, Foltz
& Chaffee 1995; Engels et al. 1998; Schneider et al. 2010) that
were already known to be FIR/millimetre bright (Omont et al. 2003;
Priddey et al. 2003; Stevens et al. 2005). The studies by Priddey et al.
(2003) and Omont et al. (2003) �nd that only 9 out of 53 UV lumi-
nous quasars at z � 2 (i.e. 17 per cent) are detected at 850 µm down
to 3� �ux density limits of �7�9 mJy and 9 out of 26 UV luminous
quasars at z � 2 (i.e. 35 per cent) are detected at 1.2 mm down to 3�
�ux density limits of �1.8�4 mJy. In the galaxy formation scenario
�rst advocated by Sanders et al. (1988) and now commonly adopted
in galaxy formation models (e.g. Hopkins et al. 2008; Narayanan
et al. 2010), the most highly star-forming galaxies at high redshift
e.g. the SMGs, will eventually evolve into UV luminous quasars.
The relatively small fraction of FIR/mm-bright quasars argues for
a quick transition between the two populations and recent studies
suggest that the transition phase could be as short lived as �1 Myr
(Simpson et al. 2012). In such a picture of galaxy formation, tran-
sition populations of hybrid SMG-quasars should exist and a larger
fraction of these transition quasars should be FIR bright, gas-rich
systems compared to the UV luminous quasars. Molecular gas ob-
servations of SMGs and UV luminous quasars have also revealed
some differences between the two populations. While SMGs ap-
pear to have substantial amounts of low excitation gas (Riechers
et al. 2011a; Bothwell et al. 2013), this does not seem to be the case
in quasars (Riechers et al. 2011b) which could therefore represent
a later evolutionary stage when the extended gas reservoirs in the
galaxy have been signi�cantly depleted. Once again, if transition
objects between these two populations do exist, their gas fractions
might be expected to be intermediate between the SMGs and UV
luminous quasars.

Searches for these so-called transition galaxies have often fo-
cused on obscured AGN populations with different selection meth-
ods picking out AGN and quasars with a wide variety of dust ex-
tinctions and luminosities (e.g. Urrutia, Lacy & Becker 2008; Brusa
et al. 2010; Banerji et al. 2012, 2013, 2015a; Eisenhardt et al. 2012;
Glikman et al. 2012; Tsai et al. 2015). While in principle, any or
all of these populations could represent the missing evolutionary
link between star-forming galaxies and optical quasars, in practice,
further multiwavelength observations are necessary to establish that
these obscured quasars are indeed distinct in terms of their physical
properties from matched control samples of unobscured quasars.
Our searches for obscured quasars have been focused at the high-
est luminosities and at the peak epoch of galaxy formation at z =
2�3 with colour cuts deliberately chosen to isolate high-luminosity
quasars with the same levels of dust extinction as seen in SMGs
at similar redshifts. To date, we have spectroscopically con�rmed
a new sample of almost 60 heavily reddened, luminous broad-line
quasars with a median AV � 2.5 mag (cf. AV � 2.9 – 0.5 for
SMGs; Takata et al. 2006). We have already found evidence that
a higher fraction of our reddened quasars are actively star form-
ing relative to optical quasars (Banerji, Fabian & McMahon 2014;
Alaghband-Zadeh et al. 2016) consistent with these being transi-
tion objects seen as they are both rapidly forming stars and rapidly
growing their black holes. Our reddened quasars are also among the
most luminous quasars known at these epochs with recent results
suggesting that their space density actually exceeds that of unob-
scured, UV luminous quasars at the highest luminosities (Banerji
et al. 2015a). The bolometric luminosities are �1047 erg s�1 and
black hole masses are 109�1010 M� inferred from the broad H�
emission lines in the NIR spectra, consistent with the most lumi-
nous quasars found in optical surveys such as the Sloan Digital Sky
Survey (SDSS).

In order to determine whether the reddened broad-line quasars are
indeed a transition population between SMGs and optical quasars,
direct comparison of their molecular gas and ISM properties to
both SMGs and optical quasars is now necessary. Here, we dis-
cuss the �rst ALMA observations of four heavily reddened quasars
from Banerji et al. (2012) and Banerji et al. (2015a) (B12 and B15,
hereafter). Our new data are supplemented with two more detec-
tions of the 12CO(3-2) line in two quasars from our B12 parent
sample (Feruglio et al. 2014; Brusa et al. 2015) to give a sample
of six heavily reddened quasars with molecular gas measurements.
In Section 2, we present the ALMA observations of the four new
quasars. Section 3 discusses both the dust continuum and 12CO(3-
2) line properties of the quasars and presents physical properties
of the quasar host galaxies including star formation rates, dust and
molecular gas masses. In Section 4, we attempt to put our results in
context with previous observations of molecular gas in both high-
redshift SMGs and optical quasars to determine whether the dust
and gas properties of the reddened quasars are in fact intermediate
between the two. Throughout this paper, we assume a �at �CDM
cosmology with h0 = 0.7, �M = 0.3, �� = 0.7.

2 DATA

2.1 Sample selection and the ALMA observations

In this work, we make use of the ALMA data obtained as part of
the Cycle 3 project 2015.1.01247.S (PI:Banerji). The aim is to de-
tect, for the �rst time, the molecular gas reservoirs in four heavily
reddened quasars from B12 and B15 via the 12CO(3-2) emission
line. We refer readers to B12, B15 and Banerji et al. (2013) for
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Table 1. Summary of the properties � K-band magnitudes, redshifts, line-of-sight extinctions, AGN luminosities and black hole masses
� for the four reddened quasars observed with ALMA. The properties have been derived from NIR photometry and spectroscopy and
presented in B12 and B15.

ULASJ0123+1525 ULASJ1234+0907 VHSJ2101�5943 ULASJ2315+0143

R.A. (J2000) 01:23:12.52 12:34:27.52 21:01:19.46 23:15:56.23
Dec (J2000) +15:25:22.7 +09:07:54.2 �59:43:44.8 +01:43:50.4
KAB 18.59 18.05 16.68 18.38
zH� 2.629 2.503 2.313 2.560
Aa

V 4.0 6.0 2.5 3.4
log10(L6µm / erg s�1) 47.3 46.8 46.9 47.0
log10(MBH / M�) 9.7 10.4 10.5 10.1

Note. aAV = RV × E(B � V) = 3.1 × E(B � V).

Table 2. Details of the ALMA observations for the four reddened quasars presented in this work.

ULASJ0123+1525 ULASJ1234+0907 VHSJ2101�5943 ULASJ2315+0143

Date completed 2016-01-10 2015-12-26 2016-01-21 2016-01-07
Exposure time / s 3629 1058 4052 3145
Number of antennae 46 34 48 47
Beam size (line) / arcsec 3.0 × 2.5 3.2 × 2.6 3.6 × 2.5 2.9 × 2.2
Observed frequencies / GHz 95.286, 94.286 98.714, 97.714 104.375, 103.267 97.134, 96.134

107.286, 106.286 86.714, 85.714 92.375, 91.375 109.134, 108.134
Channel RMS / mJy per beama 0.13 0.21 0.13 0.11
Continuum RMS / µJy per beam 16 20 11 15
Continuum �ux density / µJy per beam 98 – 16 67 – 21 41 – 12 259 – 17
zCO 2.6297 – 0.0012 2.5026 – 0.0012 2.3113 – 0.0034 2.5614 – 0.0028
12CO(3-2) line intensity / Jy km s�1 1.40 – 0.08 0.97 – 0.18 0.46 – 0.03 0.91 – 0.05

Note. aMedian RMS over 15.6 MHz channels.

details of the parent sample of reddened (AV � 1.5) broad emis-
sion line quasars from which our targets are drawn. Three of the
four quasars selected for ALMA observations � ULASJ0123+1525,
ULASJ1234+0907 and ULASJ2315+0143 � correspond to three
of the reddest quasars in our sample with inferred dust extinc-
tions towards the quasar continuum of AV = 4.0, 6.0 and 3.4 mag,
respectively. Assuming the extinction is connected to star forma-
tion in the quasar host galaxy as discussed extensively in B12 and
B15, these broad-line quasars would be the best candidates for
highly star-forming gas-rich hosts. The fourth quasar in this paper �
VHSJ2101-5943 � represents a quasar with average extinction (AV
= 2.5 mag) in our sample. As such, it can be taken to be represen-
tative of the gas and dust properties of the larger sample of heavily
reddened broad-line quasars. We searched for radio counterparts
to these quasars in the VLA-FIRST, NVSS and SUMSS radio cat-
alogues and did not �nd any matches within 10 arcsec. The H�
derived redshifts, AGN luminosities (at rest-frame 6µm) and black
hole masses for these quasars can be seen in Table 1.

We emphasize that apart from ULASJ1234+0907, which was de-
tected in the Herschel PACS and SPIRE bands (Banerji et al. 2014),
none of the other three targets were known a priori to be FIR
or millimetre bright. This is in contrast to the targeting strategies
for detecting molecular gas in UV luminous, unobscured quasars
where only UV luminous quasars already known to be FIR bright
have typically been observed in molecular gas. As discussed in B12
and Banerji et al. (2014), it is unlikely that our reddened quasars
are lensed. Optical and near-infrared J-band images of our quasars
demonstrate that the reddened quasars are extremely faint or com-
pletely invisible at these wavelengths and, given the depths of these
imaging data, a lensing galaxy should have been visible out to
z > 1.

Observations were conducted between 2015 December and 2016
January and, as a detection experiment, made use of the most

compact con�guration available in Cycle 3 which corresponds to
the lowest angular resolution (�2�3 arcsec). The number of useable
antennas increased over the duration of the observations resulting in
increased sensitivity for observations conducted at a later date. The
correlator was con�gured to four dual polarization bands of 2 GHz
(1.875 GHz effective) bandwidth each, providing a channel width
of �15.6 MHz. The basebands were set up such that the 12CO(3-2)
emission line is positioned in the �rst band with the other three
bands providing a measurement of the dust continuum at observed
wavelengths of �3 mm. The central frequencies of the four bands
for each quasar, together with other details of the observations, can
be found in Table 2.

2.2 Data reduction

The ALMA data were calibrated using the ALMA pipeline in the
Common Astronomy Software Applications package, CASA (v4.5.1�
4.5.2) by executing the appropriate ALMA calibration scripts cor-
responding to the release data of the observations. Time dependent
amplitude and phase variations were calibrated using nearby quasars
and radio galaxies. Flux calibrations made use of observations of
Uranus and Neptune. The typical calibration uncertainties are of
the order of 10�20 per cent. The beam sizes as well as the root
mean square (RMS) sensitivity of both the 12CO(3-2) (median over
15.6 MHz channels) and the dust continuum observations can be
seen in Table 2. Dust continuum images were produced for each
quasar from the calibrated visibilities, by combining the line free
channels from the three continuum spectral windows in multifre-
quency synthesis mode using the CASA task clean and a natural
weighting scheme to maximize the sensitivity. These same chan-
nels were also used to produce a UV plane model of the continuum
emission which was then subtracted from the �rst spectral window
containing the line using the CASA task uvcontsub. The continuum
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subtracted line visibilities were then imaged using clean, once again
employing a natural weighting scheme in order to produce the �nal
line cubes. Finally, both the continuum images and line cubes were
corrected for the primary beam response.

The spectral pro�le in the data cubes is a convolution of the
intrinsic spectrum with a spectral resolution function. By default,
the ALMA pipeline calibration performs Hanning smoothing of the
data cubes resulting in a spectral resolution of 2 × the channel
spacing. We have corrected for this effective reduction in resolution
in all the spectral �ts presented in this paper, although the effect is
small. We have detected the dust continuum as well as the 12CO(3-
2) line in all four quasars (Figs 2 and 3) and the dust continuum �ux
densities, CO line intensities and CO derived redshifts are presented
in Table 2.

3 RESULTS AND ANALYSIS

3.1 Dust continuum: dust masses, FIR luminosities and star
formation rates

The dust continuum detections at observed frame wavelengths of
�2.9�3.5 mm (rest frame �800�900µm), suggest that there is a
signi�cant amount of cold dust in all four quasar host galaxies. The
dust continuum emission is unresolved in all cases. The ALMA con-
tinuum detections probe the Rayleigh�Jeans tail of the dust spectral
energy distribution (SED) for these quasars, where the emission
from the dust is expected to be optically thin. Under these assump-
tions dust masses can be calculated from the single photometric
ALMA data point, S�obs after assuming a typical dust temperature,
Td and dust emissivity index, � as follows:

Mdust =
DL

2

1 + z
×

S�obs

	�restB(�rest, Td)
(1)

where the mass absorption coef�cient of the dust:

	�rest = 	0(�/�0)� (2)

DL is the luminosity distance and B(�rest, Td) is the Planck function.
We assume 	0 = 0.045 m2 kg�1 at �0 = 250 GHz (Greve et al. 2012).
The uncertainty in the dust mass therefore depends primarily on the
uncertainty in the dust temperature. In order to estimate the dust
temperature, Td, and emissivity index, � that is most appropriate for
our quasars, we begin by using the fact that for one of our quasars,
ULASJ1234+0907, we already have a complete sampling of the
FIR SED from Herschel observations (Banerji et al. 2014). The
Herschel data trace rest-frame wavelengths of �70�140 µm in this
quasar where the optically thin assumption tends to break down.
We therefore �t a modi�ed single temperature grey body to the
Herschel observations combined with the ALMA 3-mm continuum
detection assuming the emission is optically thick. The best-�tting
SED has parameters: Td = 31 – 4 K and � = 2.5 – 0.3.

Previous investigations of the dust SEDs of high-redshift quasars
have found Td = 47 K and � = 1.6 (Beelen et al. 2006;
Wang et al. 2008) or Td = 41 K and � = 1.95 (Priddey &
McMahon 2001). In Fig. 1, we show all three assumptions for
single temperature grey bodies overlaid on the photometry for
ULASJ1234+0907. As we shall see in Section 3.4.1, the Herschel
�uxes for ULASJ1234+0907 could be boosted by the presence
of other millimetre-bright galaxies within the Herschel beam and
the dust temperature and emissivity index derived from �tting the
Herschel + ALMA data may therefore not be accurate. Through-
out this paper, we will attempt to relate our measurements to the

Figure 1. Herschel SPIRE photometry at observed wavelengths of 250,
350 and 500 µm together with the ALMA 3-mm continuum photometry
for ULASJ1234+0907 (z = 2.503). The best-�tting power law + single
temperature grey body �t to these data points is also shown (see Banerji
et al. 2014). We also plot three different single temperature, optically thick
grey bodies with T = 31 K, � = 2.5 (best �t), T = 41 K, � = 1.95 (Priddey
& McMahon 2001) and T = 47 K, � = 1.6 (Beelen et al. 2006; Wang
et al. 2008). In Section 3.4.1, we show that the Herschel �uxes are likely
contaminated by other galaxies within the Herschel beam. The latter two
SEDs have therefore been used in the paper to calculate FIR luminosities,
star formation rates and dust masses for all the reddened quasars in our
sample.

measured dust properties of other high-redshift quasars. To be con-
sistent with these previous works, from hereon we therefore choose
to adopt the average of two commonly used assumptions for the dust
SED of high-redshift quasars: (i) Td = 47 K, � = 1.6 and (ii) Td =
41 K, � = 1.95. The dust masses in Table 3 therefore correspond to
dust temperatures of 41�47 K.

Under the same assumptions for the dust SED, we can also calcu-
late the FIR luminosities and star formation rates by simply scaling
the optically thick single temperature grey bodies to match the dust
continuum detections at �3 mm. The FIR luminosity here is de�ned
between 40 and 300 µm and we use the Kennicutt & Evans (2012)
relation to convert this FIR luminosity to a star formation rate:

SFR/M�yr�1 = 3.89 × 10�44 × LFIR/ergs�1 (3)

Once again, these values can be found in Table 3 and correspond
to the average of the Td = 47 K, � = 1.6 and Td = 41 K, � =
1.95 grey bodies. These assumptions should be kept in mind when
interpreting the physical properties of the quasar host galaxies.

3.2 12CO(3-2) line luminosities and molecular gas masses

All four quasars are also detected in the 12CO(3-2) line. Most of
these quasars were not previously known to be millimetre bright and
were identi�ed for follow-up observations based purely on their
near-infrared colours and implied dust extinctions. This strongly
suggests that the near-infrared selection is successfully identifying
broad-line quasars in gas-rich, highly star-forming host galaxies at
z � 2�3.

Line maps extracted over the full-width at half-maximum
(FWHM) velocity interval centred on the line can be seen in
Fig. 2 together with the corresponding CO spectra in Fig. 3. We
checked by �tting a two-dimensional (2-D) Gaussian to the line
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Figure 2. 12CO(3-2) (left) and dust continuum (right) maps for all four quasars in our sample. Contours start at –1.5� and are shown in intervals of 1.5� . Solid
contours denote regions of positive �ux while dashed contours denote regions of negative �ux. The star marks the position of the quasar from the near-infrared
observations. The beam size is indicated in the bottom left corner of the map.
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Gas-rich starbursts in reddened quasars 4395

Figure 3. 12CO(3-2) spectra for all four quasars in our sample. The error bars denote the 1� uncertainties on the measured �ux. The spectra are Hanning
smoothed straight out of the ALMA pipeline. Dashed lines show the best-�tting Gaussian pro�le �t to these data. In the case of ULASJ0123+1525, two
Gaussians have been used to �t the data. The velocities are relative to the H� redshifts from B12 and B15 and the vertical dashed line marks zero velocity.

maps that the centroid of the CO line emission was always within
0.5�1 arcsec of the centroid of the quasar emission as measured
from the near-infrared images in B12 and B15. The largest off-
set is seen in ULASJ2315+0143 where the peak CO emission lies
1 arcsec from the quasar emission. ULASJ2315+0143 is spatially
resolved in our data and is discussed further below in Sections 3.3
and 3.4.2. All CO line properties quoted for ULASJ2315+0143
correspond to those derived from the spatially integrated spectrum
of this source.

Our observations of the dust continuum as well as the CO(3-
2) line reveal a range in the CO(3-2)-to-FIR luminosities in the
sample. While ULASJ0123+1525 has LFIR/LCO(3-2) = 2.5 × 105,
in ULASJ2315+0143 this ratio is 2.2 × 106 � i.e. almost an order
of magnitude larger. Seen another way, the CO equivalent widths
in the sample also cover a large range from �3.5 × 103 km s�1 in
ULASJ2315+0143 to �1.4 × 104 km s�1 in ULASJ0123+1525.
For ULIRG type systems, the CO(3-2) line typically comprises
�25 per cent of the �850 µm �ux within an �3 × 104 km s�1

bandwidth which corresponds to an equivalent width of the CO(3-
2) line of �1 × 104 km s�1 (Seaquist et al. 2004). The range in
CO-to-FIR luminosities and equivalent widths seen in our reddened
quasars may indicate a range in ISM properties in the sample and
further observations of other molecular lines and CO transitions
would help constrain the excitation conditions of the gas in these
systems.

The dust and gas detections also allow us to calculate molecular
gas masses in two different ways. Recently, there have been several
studies in the literature advocating the use of dust masses as a proxy
for the gas mass assuming a metallicity-dependent gas-to-dust ratio
(e.g. Scoville et al. 2014). By assuming a gas-to-dust ratio of 91–60
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from observations of nearby galaxies (Sandstrom et al. 2013), we
can convert the dust masses in Table 3 to gas masses and, using
the CO line luminosity, we can therefore estimate the CO-to-H2
conversion factor, �CO. These values can be seen in Table 3 and we
�nd that a range of �CO values are derived for the sample all the
way from �0.7 M� (K km s�1 pc2)�1 appropriate for nuclear star-
bursts and quasars to �3 (K km s�1 pc2)�1 in ULASJ2315+0143,
appropriate for disc-like galaxies like our own Milky Way as well
as high-redshift star-forming discs. It is interesting to note that
ULASJ2315+0143 is also the source with the most extended gas
emission. However, we caution that these values are highly depen-
dent on the assumptions made regarding the dust SED of the quasars
in Section 3.1.

Gas masses can also be estimated directly from the CO line
luminosities which are also given in Table 3. We assume an ex-
citation ratio between the 12CO(3-2) and 12CO(1-0) line of r32/10
= 0.8 which is intermediate between the typical values for SMGs
and optical quasars from Carilli & Walter (2013) and consistent
with our interpretation that reddened quasars are transitioning from
an SMG-like to an optical quasar-like phase. The corresponding
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