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ABSTRACT

Recent studies have suggested that red quasars are a phase in quasar evolution when feedback from black hole accretion evacuates
obscuring gas from the nucleus of the host galaxy. Here, we report a direct link between dust-reddening and molecular outflows
in quasars at z ~ 2.5. By examining the dynamics of warm molecular gas in the inner region of galaxies, we find evidence for
outflows with velocities 500-1000 kms~! and timescales of ~ 0.1 Myr that are due to ongoing quasar energy output. We infer
outflows only in systems where quasar radiation pressure on dust in the vicinity of the black hole is sufficiently large to expel their
obscuring gas column densities. This result is in agreement with theoretical models that predict radiative feedback regulates gas
in the nuclear regions of galaxies and is a major driving mechanism of galactic-scale outflows of cold gas. Our findings suggest
that radiative quasar feedback ejects star-forming gas from within nascent stellar bulges at velocities comparable to those seen
on larger scales, and that molecules survive in outflows even from the most luminous quasars.
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1 INTRODUCTION

State-of-the-art cosmological simulations and semi-analytic models
of galaxy evolution invoke strong feedback from active galactic nuclei
(AGN) in order to explain the observed properties of massive galax-
ies across cosmic time (Di Matteo et al. 2005; Somerville & Davé
2015; Schaye et al. 2015; Weinberger et al. 2017; Dubois et al. 2021).
The injection of energy and momentum into the galactic interstellar
medium (ISM) and circumgalactic medium by quasar winds and/or
radio jets are predicted to regulate star formation in massive galaxies
(Fabian 2012). This feedback is also thought to produce the observed
scaling relations (King 2005; Costa et al. 2014) between galaxy prop-
erties (e.g. Ferrarese & Merritt 2000) which already established by
cosmic noon (z ~ 2 — 3; Forster Schreiber & Wuyts 2020). However,
the physical channels allowing energy and momentum released on
sub-pc-scales to affect gas on galactic scales remain largely uncon-
strained from both theoretical and observational perspectives (Harri-
son 2017; Harrison et al. 2018, for review). In particular, the question
of whether AGN feedback operates predominantly via bulk ejection
of the ISM or via prevention of cooling in the halo remains open.
The answer to this question has profound implications on the nature
of galaxy quenching and the ability of supermassive black holes to
regulate their growth.
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The most energetic class of AGN are quasars. Type 1 quasars
are characterised by broad ionic or Balmer emission lines (FWHM
> 1000km s™). The majority of known quasars have unobscured
optical continuum emission, although a subset (20-30 percent; Glik-
man et al. 2018b) have been identified with reddened optical/infrared
spectra. The nature of these reddened quasars has been a topic of de-
bate for at least 20 years (Webster et al. 1995). One might assume that
they could fit into a scheme of AGN unification (Antonucci 1993;
Urry & Padovani 1995) where the apparent quasar reddening is sim-
ply an effect of viewing angle, and broad line emission is observed but
partially obscured by dust in the surrounding torus. However, many
studies have found distinct properties of reddened quasars, indicat-
ing that they are intrinsically different from their bluer counterparts.
Reddened quasars have significantly enhanced compact radio emis-
sion (Klindt et al. 2019; Rosario et al. 2020; Fawcett et al. 2020),
which may be linked to shocks from winds rather than the nucleus
(Hwang et al. 2018; Rosario et al. 2021). Reddened quasars are also
linked with higher-velocity outflows of ionised gas (Urrutia et al.
2009; Perrotta et al. 2019; Temple et al. 2019; Vayner et al. 2021;
Calistro Rivera et al. 2021; Monadi & Bird 2022), may have a differ-
ent luminosity function (Banerji et al. 2015) and may have a higher
incidence of mergers (Glikman et al. 2015; Zakamska et al. 2019).
Furthermore, Calistro Rivera et al. (2021) found no difference in
torus column density in a large systematic study of the broad-band
spectral energy distributions (SED) of red and blue quasars in SDSS.
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Altogether, this evidence strongly disfavours orientation as the pri-
mary explanation for reddening. The rarity of reddened quasars and
the high incidence of outflows has led many studies to propose that
they are caught in a short-lived ‘blow-out’ phase in their evolution
where rapid black hole accretion creates strong AGN feedback but
has not yet cleared the nucleus of gas and dust (e.g. Glikman et al.
2012; Banerji et al. 2015; Calistro Rivera et al. 2021; Vayner et al.
2021).

An abundance of dust is conducive to strong quasar feedback. By
enhancing the absorption cross section to UV and optical AGN ra-
diation, the dusty ISM can, in principle, be driven out by radiation
pressure, thereby reducing the supply of gas for star formation in the
inner region of the galaxy (Fabian et al. 2008, 2009; Raimundo et al.
2010; Ishibashi et al. 2018) and resulting in correlations between
galaxy bulge properties and black hole mass in agreement with ob-
servations (Fabian 1999). Radiation pressure on dust is predicted to
operate and launch outflows at galactic scales on 100pc — 1kpc scales
directly, as demonstrated by recent radiation-hydrodynamic simula-
tions (Bieri et al. 2017; Costa et al. 2018a,b). It may also launch
fast winds from galactic torus scales (~ pc) (Roth et al. 2012), which
shock-heat and generate hot, over-pressurised bubbles at larger scales
(Costa et al. 2020). Alternatively, ultra-fast winds with speeds ~ 0.1¢
can be driven out directly from accretion discs, though not via cou-
pling to dust (which is expected to sublimate at those scales) but
via radiation pressure on UV lines (e.g. Nomura & Ohsuga 2017) or
magnetically (e.g. Fukumura et al. 2018).

From an observational perspective, unobscured Type 1 quasars are
ubiquitously associated with outflows of ionised gas (e.g. Liu et al.
2013; Rupke et al. 2017). However, the fuel for star formation is in
the molecular phase, so observations of outflows of molecular gas
can directly trace the impact of AGN feedback on the star forma-
tion. With the advent of the Atacama Large (sub-)Millimetre Array
(ALMA), much attention has been payed to the search for molecu-
lar outflows from quasar host galaxies at high redshift. Most studies
have focused on low-excitation CO emission or [CII], which probe
the extent of the gas reservoir (e.g. Sharon et al. 2016; Neeleman
et al. 2021), but evidence for widespread molecular outflows at high
redshift (z > 1) or higher AGN luminosities (> 1046 ergs s~y is lack-
ing. Some have found evidence for massive outflows of cold gas from
quasar hosts on scales 10s—100s kpc (Bischetti et al. 2019; Cicone
et al. 2021), although this does not appear to be ubiquitous (Novak
et al. 2020) and may be difficult to disentangle from bulk gas in the
galaxy, mergers/companions and star-formation-driven outflows. It
has been suggested that molecular gas is destroyed in the most en-
ergetic systems such that only ionised outflows are observed (Fiore
etal. 2017).

To test this hypothesis, we have studied a sample of sixteen Type 1
quasar hosts at z > 1 with carbon-monoxide (CO) molecular line
measurements at rotational level transition Jyp > 7. These lines
probe warm, dense gas in the inner part of the galaxy (< 1 kpc;
Stacey et al. 2021) that may be heated by the AGN radiation field
(WeiB} et al. 2007; van der Werf et al. 2010; Carniani et al. 2019).
Here, we find distinct properties of high-J CO lines for red quasars
that we attribute to outflow dynamics. In Section 2 we present the
sample selection and introduce our new observations. In Section 3,
we explain the SED modelling and lens modelling of the lensed
quasar systems. In Section 4 discuss the evidence for molecular out-
flows and the possible scenarios that might explain the differences in
CO properties. In Section 5, we discuss the quasar feedback mech-
anisms that could power the molecular outflows. In Section 6, we
consider the implications for our results for galaxy and quasar evo-
lution, and discuss avenues for future work. Throughout, we assume
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the Planck Collaboration et al. (2016) flat ACDM cosmology with
Ho=67.8kms™! Mpc™!, Qu = 0.31 and Q4 = 0.69.

2 OBSERVATIONS

For our analysis, we searched the literature and the ALMA archive
for observations of Type 1 quasars in J > 7 CO lines. All these ob-
servations have sub-arcsecond angular resolution to account for any
companions that may contaminate our measurements. Most of these
quasars are strongly-lensed and were discovered in optical/infrared
surveys.

2.1 ALMA observations

In addition to CO, [CI] and [CII] measurements obtained from the
literature, we present new ALMA data for several objects. These ob-
servations are summarised in Table 1. Where we observe the CO (7—
6) lines we also observe the [CI] (2-1) line simultaneously. Each data
set was calibrated and reduced using the ALMA pipeline in CASA
(McMullin et al. 2007). The calibrated data were inspected to confirm
the quality of the pipeline calibration. We self-calibrated the data for
SDSS J1330+1810 using the continuum-only spectral windows with
a single solution interval for each antenna in both amplitude and
phase. For MG J0414+0534, we performed phase calibration with a
solution interval of 240 seconds.

We created a clean image cube of the spectral window containing
the line emission with natural weighting of the visibilities (images
are shown in Fig. A1l of the Appendix) and extracted a spectrum in
an aperture around the lens. The line profiles (presented here and in
the literature) do not show asymmetries that would indicate that their
shapes are strongly affected by differential magnification (Fig. 1).
J1042+1641 is a possible exception, although this may be explained
by the signal-to-noise ratio of the data.

To measure the line width, we fit the line profiles with a sin-
gle Gaussian, taking into account the noise in each channel. For
MG J0414+0534, the CO (7-6) line is so broad that it is blended with
the [CI] (2-1) line. We fit Gaussians to both lines simultaneously with
the systemic redshift fixed to the value found for the molecular gas
(Barvainis et al. 1998; Stacey et al. 2020). For SDSS J1330+1810,
part of the [CI] line falls outside the spectral window. For these
two cases, the integrated line luminosity is estimated from the fitted
Gaussian profile rather than directly from the image. The line profiles
and Gaussian fits for these ALMA observations are shown in Fig. 1.

2.2 NOEMA observations

We present new data from the WideX correlator on the Northern
Extended Millimetre Array (NOEMA) of CO (3-2) line emission
from MG J0414+0534. Data calibration, flagging for data quality,
and imaging were carried out using the IRAM GILDAS package
(Guilloteau & Lucas 2000). The standard calibration pipeline was
lightly modified to compensate for poor weather, low elevation ob-
servations, and source brightness. The modifications include relaxing
data flagging conditions (with some manual flagging as necessary),
applying a separate phase correction based on water vapour radiome-
ter observations over a longer scan period, and self-calibration using
the line-free channels of MG J0414+0534. Due to the high signal-to-
noise ratio of the observations, self-calibration required two model
regions: an elliptical Gaussian and a point source, corresponding
to the South-East image pair and Northern image, respectively, as
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Table 1. New ALMA and NOEMA observations presented in this work. We give the project code, the synthesised beam FWHM (®pear,) used to extract the line
profile and continuum flux density, the continuum frequency (Vcont), the continuum flux density (S,,) and the integrated line intensity (/jine) based on a Gaussian
fit to the line profile(s). T denotes cases where we have applied a uv taper to the data weights to improve surface brightness sensitivity. *For these cases, the line

intensity is approximated from the Gaussian fit to the line profile (see Section 2).

Project Name Line(s) Opeam Veont Sy Line
(arcsec) (GHz) (mly) (Jykm s7h
S17BV MG J0414+0534 CO(3-2) 7.8%x2.7 96 34.8+0.5 3.1+04*
2018.1.01008.S MG J0414+0534 CO (7-6); [CI] (2-1) 0.3 x0.37 236 10.1+0.4 7.8 3.7*
2019.1.00948.S  SDSSJ1330+1810 CO(7-6); [CI](2-1) 0.5x 0.4 342 6.3+0.2 3.5+0.2;3.9*
2019.1.00964.S DESJ0408-5354  CO(7-6); [CI](2-1) 1.2x1.17 247 3.0+04 49+0.7,33+0.5
J1042+1641 CO(10-9) 0.9x0.7 256 2.0+0.3 4.0+£0.7
DES J0408—5354 SDSS J1330+1810 J10424-1641
25} CO (7-6) & ' ' ' sk ]
sof 1@ JF CO (10-9) ]
& 10F = Z 2F ]
() 5F 3 T 1k 1
M 1|k = <
5o Lkl WL i E PR Ny :
&= | E & 'I
—5F 1k 1
|
_10 3 1 1 1 1 1 1 _2 3 1 1 1 1 ]
—2000 —1000 0 1000 —500 0 500 —2000 —1000 0 1000
Velocity (LSR; km/s) Velocity (LSR; km/s) Velocity (LSR; km/s)
MG J04144-0534 MG J0414+40534
6 E oF 1
CO (7-6) 5 CO (3-2)
CI(2-1)

Flux density (mJy)
V)

o.ﬁl'IT

2}

ullll |\‘|~!

—3000 —2000 —1000

0 1000 2000

Velocity (LSR, km/s)

Flux density (mJy)

—1000 0 1000
Velocity (LSR; km/s)

Figure 1. Line profiles for the new ALMA and NOEMA data presented in this work. The spatially-integrated line profiles (solid grey) and Gaussian fits to
the CO and [CI] (2-1) line emission (red). Noise in the adjacent spectral window is shown in light grey unfilled bars for the noisier spectra. For all except
MG J0414+0534 (bottom row), the systemic redshift is based on optical spectroscopy so a velocity offset in the CO is most likely because the ionic/Balmer lines

trace out-flowing gas.

seen in prior higher angular resolution images of this gravitationally
lensed system.

To create a continuum-free image cube, we performed contin-
uum subtraction in Fourier space using standard GILDAS routines.
Due to substantial side lobes in the synthesised (dirty) beam caused
by the low-elevation/short-duration observations, we used a custom
beam fitting script to determine the size of the central peak for the
clean beam. The spatially integrated line profile was extracted in the
same method as for the ALMA observations and the line width and
integrated line flux was measured by fitting a single Gaussian.

3 MODEL FITTING

3.1 Lens modelling

Reconstruction of lensed emission may be performed assuming para-
metric sources (Spilker et al. 2016) or pixellated sources (Stacey et al.
2021), depending on the science goal and data quality. We choose a
parametric source as we are interested in extracting a measure of the
intrinsic source size and the data quality is generally not sufficient to
allow for more freedom in the source surface brightness distribution.

We perform lens modelling for ALMA data using the software
VISILENS (Spilker et al. 2016) that fits the visibility data directly to
avoid errors introduced by deconvolution and sparse coverage of the
Fourier plane. The model parameters are inferred using a Markov

MNRAS 000, 1-16 (2022)
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Figure 2. Comparison of CO line profiles for MG J0414+0534. While the
CO (7-6) and [CI](2-1) lines are blended, the CO (7-6) is similar to the
CO (11-10) while both are clearly broader than the CO (3-2). This suggests
that the CO (7-6) and CO (11-10) both probe different dynamics than the
CO (3-2). The systemic redshifts of these lines are all consistent.

chain Monte Carlo method. We adopt fiducial lens models from the
literature consisting of a singular isothermal ellipsoid and external
shear, and in some cases an additional singular isothermal sphere for
a companion galaxy. We model the source as a Gaussian or several
Gaussians. The details of the fits to the continuum and integrated
line emission are given in Table B1 of the Appendix. Images of the
maximum a-posteriori lens models are shown in Figs. A2-A11 of
the Appendix.

For MG J0414+0534, approximately half of the continuum emis-
sion at 350 GHz is due to synchrotron emission from the AGN
(Stacey & McKean 2018). This complicates the lens modelling as
the compact emission is thought to be affected by dark matter struc-
ture (Stacey & McKean 2018). We attempt to overcome this by mak-
ing a deconvolved image with superuniform weighting (0.1 arcsec
resolution) where the compact, high-brightness-temperature emis-
sion dominates the signal. We subtracted these CLEAN components
from the visibility data such that the remaining emission is assumed
to be only the dust continuum. This is not a perfect decomposition
of the source emission mechanisms, but sufficient to estimate the
magnification of the dust.

3.2 AGN luminosity, extinction and black hole masses

We use AGNFiTTER (Calistro Rivera et al. 2016) to fit the broad-
band SED of each quasar and host galaxy. This software includes
accretion disc, torus, host galaxy and starburst templates (Calistro
Rivera et al. 2016, 2021). The accretion disc component is reddened
by an SMC extinction dust law (Prevot et al. 1984) parameterised
by rest-frame Ep_y . We compile photometry from all-sky surveys,
where available, or from the literature.

We assume a minimum uncertainty of 10 percent on photometric
measurements to allow for source variability, microlensing-induced
variability and systematic calibration offsets. Although the photom-
etry will be blended with light from the lensing galaxy, the quasar
point-source emission strongly dominates the emission. This is evi-
dent from the available ultra-violet-infrared imaging with the Hubble
Space Telescope (e.g. Kochanek et al. 1999). The host galaxy emis-
sion can be fit in only a few cases, for most only accretion disc and
torus components are constrained. We find some minor underfitting
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which may be due to intrinsic reddening of the empirical templates
(e.g. RXJ0911+0551) or microlensing of the lensed quasar emission.

Following Calistro Riveraetal. (2021), we calculate the bolometric
AGN luminosity (Lagn) by integrating the quasar accretion disc
model (‘big blue bump’) in the range 0.05-1 pm with an additive
correction of 0.3 dex to account for X-ray emission not included in
the model fit, i.e.

log LagN = log Lg.05-1um + 0.3 — log tgso, (1

where pigso is the quasar magnification. We assume black hole mass
(Mpp) estimates from the literature that were derived using the virial
method. For consistency, we adopt the same quasar lensing magnifi-
cation used for the black hole mass to infer the intrinsic bolometric
AGN luminosity. For SDSS J1330+1810, the ionic or Balmer line
widths have not been reported, so we infer a lower limit the black
hole mass from the AGN bolometric luminosity assuming Eddington-
limited accretion.

Plots of the IR-UV SED fitting is shown in Fig. A12 of the Ap-
pendix.

3.3 Star formation rates

Where possible, we obtain far-infrared luminosities from the litera-
ture. While AGNFITTER includes templates to fit the host galaxy dust
emission, these models are empirically derived from low-redshift
starbursts and may not be appropriate for high-redshift quasar hosts.
Indeed, we found that the far-infrared—mm spectra are often poorly
fit by these templates. Instead, we adopt far-infrared luminosities
taken from the literature, most of which were calculated with mod-
ified black-body models, where the effective dust temperature and
dust emissivity may be free parameters. Where there is insufficient
photometry to fit a dust model, we assume an optically-thin modified
black-body with the median effective dust temperature and emissivity
found for a large sample of quasar hosts (Stacey et al. 2018). While
the effective dust temperature may be quite different depending on
the choice of model, the integrated luminosity will be similar as it is
constrained by the photometry.

We convert far-infrared luminosity (40-120 pm) to total infrared
luminosity (8-1000 pm) using the colour-correction factor (Dale
et al. 2001) of 1.91 and to a dust-obscured SFR using a standard
calibration (Kennicutt 1998) assuming a Salpeter initial mass func-
tion. While it has been proposed that the SFRs of AGN-starbursts
may be overestimated due to an unconstrained contribution from
AGN-heated dust, radiative transfer modelling of far-infrared lines
from the most star-forming objects in the sample still support the
existence of high star formation rate densities in combination with
AGN heating (van der Werf et al. 2011; Li et al. 2020; Wang et al.
2019; Uzgil et al. 2016).

The intrinsic SFR for some of the lensed sources have previously
been inferred from lens modelling of ALMA observations of sub-mm
dust emission (Stacey et al. 2021). For APM 08279+5255, we adopt
the CO magnification factor from lens modelling in the literature to
infer a SFR from the uncorrected measurement (Riechers et al. 2009).
All values and references are given in Table B2 of the Appendix.

Note that the sub-mm magnification is not the same as the quasar
magnification, as these will be lensed differently depending on the
size and location of the emitting region. We did not check for con-
sistency between the lens models used to obtain black hole masses
and those used to obtain the SFR, but these two properties are not
directly compared here.
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Figure 3. Comparison of CO line widths of the sample with reddening and various galaxy properties. a: Jyp > 7 CO line width against SFR (lensing-corrected).
b: CO line width against Mpy (lensing-corrected). ¢: FWHM of the physical size?of the CO emission (aco, i.e. twice the effective radius) against CO velocity
line width. Twice the effective radius is often assumed to calculate dynamical mass of a disc (Forster Schreiber et al. 2018; Neeleman et al. 2021). The grey
curves show a Keplerian rotation curve for a 10°-3 Mg black hole (the black hole masses of the two red quasars shown in this figure) and a rotation curve
with peak velocity 500 kms~! and transition radius of 500 pc adopted from fast-rotating massive galaxies at z ~ 4.5 (Fraternali et al. 2021), both inclined at
45 deg. d: The difference between the line width of the high-J CO line and the line width of a bulk gas tracer ([CII], CO (3-2) or [CI]). The circles identify the
sources that are lensed. The colour scale indicates quasar extinction (Eg—_v). The red quasars inhabit a different parameter space than the blue quasars across all
indicators, while the blue quasars follow expected trends with dynamical mass and/or stellar feedback.

4 EVIDENCE FOR MOLECULAR OUTFLOWS

Details of the line properties, SFR, Mgy, EB-v, L0.05-1um, adopted
quasar magnifications and literature references for the sample of
quasars is presented in Table B2 of the Appendix. The sample probes
2, 3 and 4 orders of magnitude in SFR, black hole mass and AGN
luminosity, respectively.

The sample consists of a range of CO rotational transitions,
Jup = 7-11. Previous studies of CO lines from quasar hosts have
found generally consistent line widths for these high-excitation CO
transitions relative to mid-J and low-J CO lines (Weil} et al. 2007;
Li et al. 2020), although their kinematics have not yet been system-
atically studied at high redshift so little is previously known about
their typical dynamics. We compare the CO (7—6) and CO (11-10)2
line widths for MG J0414+0534 and find comparably large values
of ~ 1000kms~'. As shown in Fig. 2, these lines are significantly
broader than the CO (3-2) line from the same system, suggesting that
the CO (7-6) and CO (11-10) both probe dynamics that are different
from the CO (3-2).

For the blue quasars, we find positive correlations between CO line
width and SFR (p = 0.002) and between CO line width and black

2 1f a system is modelling by multiple Gaussian sources, the size is a flux-
weighted average
2 The CO (11-10) line is used for MG J0414+0534 in all plots

hole mass (p = 0.03) with the Pearson correlation test. Such cor-
relations can be explained by well-understood physical phenomena.
The correlation with SFR (Fig. 3a) could reflect increased turbu-
lence due to radiative stellar winds or supernovae: gas dispersion
of up to 100kms™! can be induced by stellar feedback in regions
of Eddington-limited star formation (Narayanan & Krumholz 2014;
Hung et al. 2019) (note that if the SFRs are overestimated due to a
contribution from AGN-heating (Kirkpatrick et al. 2015), the induced
turbulence may be lower). Alternatively, it may reflect the relation-
ship between SFR and dynamical mass. The correlation between line
width and black hole mass (Fig. 3b) may reflect a larger dynamical
mass as expected from canonical scaling relations between black hole
mass and stellar mass (Ferrarese & Merritt 2000). These are expected
correlations found for [CII] in quasar host galaxies (Neeleman et al.
2021), although these correlations have not been previously investi-
gated for high-excitation CO lines. The red quasars do not follow the
correlations observed by the blue quasars and there appears to be no
significant correlation between SFR or black hole mass and redden-
ing (p = 0.45 and p = 0.24, respectively, for the whole sample) in
agreement with previous work (Calistro Rivera et al. 2021), although
the red quasars in the sample have larger black holes on average.

In Fig. 3c, we compare the resolved size of the high-J CO line
emission to the line width to determine whether these velocities
could be produced by the dynamical mass of the galaxy. We find that
the size of the emission from the blue quasars is ~ 1 kpc, consistent

MNRAS 000, 1-16 (2022)
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with gas that could be from within a massive disc. For the two red
quasars with resolved high-J CO line emission, the sizes of = 70 pc
would suggest an unfeasibly large enclosed mass of ~ 1019 M. This
could be reconciled for J1042+1641 if the CO emission was from a
Keplerian disc seen edge-on, although this is not consistent with the
Gaussian shape of the line profile.

We also compare the high-excitation CO with [CII], CO (3-2) or
[CI] line profiles to further test whether the line is associated with
the bulk gas dynamics. [CII], CO (3-2), [CI] (1-0) and [CI] (2-1)
trace the bulk of gas at lower temperatures and densities, so they are
expected to probe a galaxy at larger disc radii (i.e. maximum circular
velocity; e.g. Banerji et al. 2021; Fraternali et al. 2021). Fig. 3d
shows the CO line width compared to the difference between the CO
line width and the line width of a bulk gas tracer3, for the sources
with such measurements. The difference is around zero or less for
the blue quasars, so these lines could both relate to gas in the host
galaxy. However, two out of three red quasars have CO line widths
larger than their bulk gas line widths. This is not a clean test of the
high-J CO dynamics as the kinematics and physical conditions of
[CII], CO(3-2) and [CI] (2-1) lines are not systematically studied
for quasar hosts (in particular, [CI] (2-1) may also be produced by
cosmic ray excitation of molecular gas by AGN radiation), but larger
velocities of high-J CO lines is difficult to explain from a radiative
transfer perspective if they are co-spatial.

Both the lack of relationship with SFR and the compact size of
the CO emission that is coincident with the quasar disfavour these
being star-formation-driven outflows, and are contrary to findings
of outflows from high-redshift star-forming galaxies (Ginolfi et al.
2020). Furthermore, if the broad high-J CO lines are driven by intense
star formation, we should also expect to see outflows from blue
quasars which are hosted in galaxies with Eddington-limited star
formation rate densities, which we do not.

In summary, we conclude that quasar-driven outflows are the most
likely explanation for the high-J CO linewidths of red quasars based
on the following of evidence:

(1) the lack of relationship with star formation rate;
(i1) the lack of relationship with black hole mass (stellar mass);

(iii) the larger velocities than lines that commonly probe the bulk
of the gas in the galaxy for 2/3 red quasars; and

(iv) the sizes of the line emission for the two red quasars where the
high-J CO can be resolved that imply an unfeasibly large dynamical
mass.

Using an orthogonal distance regression, we fit a linear relationship
between CO line width and SFR for the blue quasars, as this shows a
statistically significant correlation and the contribution of outflows to
the lines tracing the bulk gas for individual red quasars is unknown.
Assuming the line profiles have contributions from both outflows and
host galaxy that can be described by Gaussians of equal height, we
estimate line-of-sight outflow velocities of 500-1000km s~!. These
velocities may be intrinsically larger depending on the geometry of
the outflows. More accurate estimates of the outflow velocities will
require detailed follow-up observations.

As we show in Figs. 4 and 5, there is no indication that the red
quasars in our sample have larger AGN luminosities or larger Ed-
dington ratios than the blue quasars, consistent with previous work
by Calistro Rivera et al. (2021) but in contrast to Kim et al. (2015).

3 Our order of preference is [CII], CO (3-2) and [CI] (2-1), based on the
relative prevalence of previous studies of the dynamics of the lines.
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Figure 4. Reddening against bolometric AGN luminosity (lensing-corrected)
coloured by high-J CO line width. The opposing y-axis shows the corre-
sponding column density (Genzel et al. 2013). Circles identify sources that
are lensed.

5 OUTFLOW DRIVING MECHANISM
5.1 Radiation pressure

Recent radiation-hydrodynamic simulations (Bieri et al. 2017; Costa
et al. 2018a,b) predict that radiation pressure operates and launches
outflows from < 1 kpc scales, thereby reducing the supply of gas for
star formation in the inner region of the galaxy. This blow-out phase
is likely short-lived because outflows propagate on a characteristic
timescale of

-1
fou ~ 1 (Rou/kpe) (vou/1000kms™) " Myr, @)

For this reason, we expect quasars to be below the effective Eddington
limit unless their host galaxies are experiencing a powerful outflow.
This limit creates a ‘forbidden zone’ on the column density (Ny) —
Eddington ratio (Agqq) plane in the regime where the dust is optically
thick to ultra-violet radiation which can approximated by

Agdd/oT

Ny ~ >
I - 2% Apdd

(3)
where o1 is the Thompson cross-section, « is the electron scattering
opacity and «R is the dust opacity (Ishibashi et al. 2018). Previous
studies (Fabian et al. 2009; Ishibashi et al. 2018) have defined lower
limits for the forbidden zone of 102!-°-1022 cm™2 where column
densities could be associated with diffuse cold gas in the galaxy:
we have adopted the more conservative assumption of 1022 cm™2,
although the choice does not affect our interpretation.

We convert the Eg_vy from our SED fitting to a gas column density
using the relationship found for a z = 1.5 star-forming galaxy by
Genzel et al. (2013), assuming that the molecular gas column density
is a good approximation for the total gas column density. Our SED
fitting uncertainties suggest we cannot constrain Eg_y at values
below 0.01, so adopt this as an upper limit for the equivalent column
density. As shown in Figs. 5 and 6, all four red quasars lie in the
forbidden zone, suggesting that radiation pressure is responsible for
these outflows. In contrast, the blue quasars populate a region of the
parameter space where the nucleus is unobscured suggesting that
they have already driven out their surrounding gas, consistent with
the lack of a high velocity molecular gas component.

Two red quasars in our sample have measured sizes of their CO



Swift/BAT AGN
24 | F2M quasars T 103
@ lensed
A not lensed
23 F n —~
A T
Z -0 £
20 =
9 22F . o
O
[©)
21 F ? i
102
20 1 1 1 1 1
-3 —2 -1 0 1
log AEdd

Figure 5. Quasar sample relative to the forbidden zone where radiation pres-
sure on dust is sufficient to expel the obscuring column density. The shaded
region identifies the ‘forbidden zone’ where quasars are expected to be in
a short-lived blow-out phase (Ishibashi et al. 2018). The red quasars are in
the forbidden zone where radiation pressure on dust can drive out the ob-
scuring gas, indicating that radiation pressure is responsible for the outflows.
Coloured symbols indicate the objects in this work, coloured according to
their J/ > 7 CO line width. Boxes identify the objects in our sample with
UV/X-ray ultra-fast outflows or broad absorption lines (Chartas 2000). The
stars show quasars from F2M surveys (0.1 < Ep_y < 2.5; Glikman et al.
2012) where Ny is inferred from Ep_y (filled stars) or X-ray spectra (open
stars) (Glikman 2017). The dots are X-ray detected AGN in the Swift/BAT
sample (Ricci et al. 2017), where Ny is inferred from X-ray spectra.

emission from lens modelling in this work (Figs. A5 and A8). From
Eq. 2 and the estimated outflow contribution, we estimate an outflow
timescale of ~ 0.1 Myr for MG J0414+0534 and J1042+1641. This
is within the expected timescale of a radiatively-driven blow-out
(Ishibashi et al. 2017, 2018).

5.2 Testing an energy-driven scenario

Fig. 5 supports the scenario that radiation pressure drives the ob-
served outflows. However, outflows may also be ‘energy-driven’
by high-velocity winds produced near the accretion disc (King
2010; Faucher-Giguere & Quataert 2012; Costa et al. 2014, 2020).
Ultra-fast outflows have been detected in X-ray spectra of high-
redshift quasars (Chartas et al. 2021) including the red quasar
MG J0414+0534, which contains an ultra-fast outflow with velocity
0.3¢ (Dadina et al. 2018) that could potentially power the observed
molecular outflow. The kinematics of the wind is a key factor to
discriminate between the two scenarios: the momentum flux for an
energy-driven outflow is expected to be

v L
UFO LAGN , (4)
Vout c

Pout ~

where voyue and vygg are the velocities of the molecular outflow and
ultra-fast outflow, respectively (Costa et al. 2018b). For the inferred
Lagn = 10472 ergss™!, we predict an energy-driven mass outflow
rate (M = p/vou) of ~ 10 Mg yr~! for the gas probed by the
CO (11-10). Adopting a simple spherical model for the molecular
outflow with radius of 70 pc and velocity 1000kms~!, the implied
outflow timescale is ~ 0.07 Myr and thus the total outflowing mass is
~ 1019 Mg. The CO (1-0) line is commonly used to probe the bulk

Red quasars blow out molecular gas 7

molecular gas mass in galaxies in the high-redshift Universe, assum-
ing a CO-to-H, conversion factor: adopting the 30~ upper limit for
the non-detection of CO (1-0) (Sharon et al. 2016), a typical (Greve
et al. 2014) conversion factor of 0.8 K kms™! pc2 and magnification
factor of 10 (Stacey et al. 2018), we estimate the molecular gas mass
in the host galaxy is < 10%-> Mg*. Therefore, for an energy-driven
wind model, the gas in the outflow from MG J0414+0534 would
be more than twice as massive as the molecular gas in the disc: an
unlikely scenario given the high SFR (Table B2) and the massive
molecular gas reservoirs of quasar hosts that are similar to normal
starbursts (Riechers 2011; Riechers et al. 2011; Sharon et al. 2016).
This disfavours an energy-driven scenario for this object, requiring
that an accretion disc wind must couple very inefficiently with the
ISM in order to produce the outflow we observe.

In Fig. 5, we identify the quasars in our sample where ultra-fast
outflows or broad absorption lines have been detected in UV or X-ray
spectra. Three out of four quasars that have such features do not show
evidence for high-velocity molecular gas, suggesting that radiation
pressure on dust is a better predictor of the presence of molecular
outflows.

6 CONCLUSIONS

It has frequently been suggested that strong quasar reddening is re-
lated to a transitional ‘blow-out’ phase in which quasars evacuate the
obscuring gas in the nuclear region (e.g. Glikman et al. 2012; Glik-
man 2017; Banerji et al. 2012; Calistro Rivera et al. 2021). Here, we
find evidence for a direct connection between quasar dust-obscuration
and molecular outflows. This phenomenon is predicted by theoret-
ical models of radiation pressure on dust and is in agreement with
observational evidence for fundamentally different properties of red
quasars. Our results indicate that a radiatively-driven blow-out could
be a viable mechanism to produce the rapid quenching of star forma-
tion (Belli et al. 2021; Williams et al. 2021) and depleted molecular
gas reservoirs (Whitaker et al. 2021) recently observed in quiescent
galaxies at cosmic noon.

In addition, we introduce a new approach to identifying molecular
outflows through high-excitation CO lines. Previously, much sought-
after cold outflows have typically been identified from offsets from
the systemic velocity (which is often ill-defined for quasars) and
broad wings of [CII] lines (which may be atomic or ionised gas),
while we find neither here. The dearth of detection of cold outflows
has led to speculation that molecules are destroyed in more energetic
systems such that the outflowing gas is primarily ionised (Fiore et al.
2017). Our results show that molecules can survive in outflows, even
from the brightest quasars (Lagn > 1048 ergss~!). These outflows
have velocities comparable to the maximum outflow velocities of
jonised gas for quasars with Lygn ~ 10%7-10*8 ergss™! (Fiore
et al. 2017). This suggests that the molecular outflow velocities are
maintained as the outflow expands out of the galaxy (~ 10 kpc)
where the cold outflow may either stall or be destroyed, transitioning
to a purely ionised phase, as predicted by radiation-hydrodynamical
simulations (Costa et al. 2018a,b).

Future investigations will involve other gas tracers to determine the
multi-phase properties of gas in these outflows. Such data could be
used to estimate the outflow mass, which requires an understanding
of the physical conditions of the outflowing gas. Additionally, the

4 Note that this would be a factor of 2 lower if we assume the dust magnifi-
cation in Table B1
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Figure 6. Quasar sample relative to the forbidden zone where radiation pres-
sure on dust is sufficient to expel the obscuring column density. Same as
Fig. 5 but with the colours indicating the estimated outflow contribution (see
Section 4).

CO emission has been resolved for all of the lensed quasar systems
in the data reported here and for most of the sample (Stacey &
McKean 2018; Stacey et al. 2021): by taking advantage of lensing
magnification, gravitational lens modelling (e.g. Stacey et al. 2021;
Rizzo et al. 2021) of higher quality data could allow us to reconstruct
the CO emission and diagnose the outflow kinetics.

Although the difference in reddening and CO line width is striking,
our work here involves only four quasars with Eg_y > 0.1. Future
work would particularly benefit from a systematic study of a larger
sample to follow the evolution of quasars via the relationship between
CO velocity, quasar obscuration, Eddington ratio and star formation
rate. Such studies will be important to constrain the life-cycles of
AGN and their role in shaping the evolution of massive galaxies.
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Figure Al. ALMA imaging for the new data presented in this work. a—d: the sub-mm continuum emission with contours of the velocity-integrated CO line
emission in signal-to-noise intervals of -3, 3, 3\5, 6, 6V72.. etc. The synthesised beam is shown by the ellipse in the lower-left corner. e, f: the same for the [CI]
line emission.

Table B1. Summary of lens modelling in this work, using visiLExs (Hezaveh et al. 2013; Spilker et al. 2016). We give the marginalised posteriors from the
MCMC of the major axis (a), axis ratio (g), magnification (u) for each Gaussian source component. The lens model parameters are kept fixed except the position
of the lens, to account for any astrometric offsets. ¥ After removal of synchrotron emission, see text for details.

Name Data ay aj q1 )7 ap ar q2 o Lens model
(arcsec) (kpc) (arcsec) (kpc) reference
MG J0414+0534  continuum® 0.019 +0.001 0.16 +0.01 =1 29.6+0.3 0.189+0.005 1.56+0.04 =1 15.4 +£0.2 Stacey et al. (2020)
CO(11-10) 0.009 +0.002 0.07 +0.02 =1 42+5 - - - -
DESJ0408-5354  continuum  0.30 +0.07 2.5+0.6 =1 10+ 1 0.14 £ 0.09 1.2+0.8 =1 +4 Agnello et al. (2017)
CO (7-6) 0.21 £ 0.02 1.8+0.2 0.4+0.1 18«1 0.46 + 0.04 3.8+0.3 =1 5.1+0.6
[CI](2-1) 0.31+0.02 26+0.2 04+0.1 14+1 - - - -
J1042+1641 continuum  0.008 = 0.002 0.07 £ 0.02 =1 49 +7 - - - - Glikman et al. (2018a)
CO(10-9) 0.008 +=0.001 0.07 +0.01 =1 43+1 - - - -
SDSSJ1330+1810 continuum 0.014 £ 0.003 0.12 +0.02 =1 26+ 1 0.46£0.02 4.0+0.2 0.48+0.03 6.8+0.3 Shajibetal. (2019)
CO(7-6) 0.014+0.001 0.12+0.01 =1 24 +1 0.44 +0.05 38+04 0.7+0.1 5.6+0.3
[CI](2-1) 0.014 £0.001 0.12+0.01 =1 23+1 0.34 +0.05 29+04 0.8+0.1 8.4+0.8
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Figure A2. Lens modelling of DES J0408—-5354 continuum. a—c: The dirty image of the data, dirty image of the model (with the same colour-scale as the data)
and residual image. The contours are in signal-to-noise intervals of -3, 3, 3V2,6,6V2.. etc. d: The lens model (grey; log-scale) and lensing caustics (red). e
The source (grey; log-scale) and caustics (red). The scale is in arcsec relative to the phase centre of the observation.
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Figure A4. Lens modelling of DES J0408—-5354 [CI] (2-1). Labels as in Fig. A2.
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05 1
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Figure A5. Lens modelling of MG J0414+0534 continuum. Labels as in Fig. A2. The synchrotron emission has been removed from the continuum (see text for
explanation).

Figure A8. Lens modelling of J1042+1641 CO (10-9). Labels as in Fig. A2.
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Figure A11. Lens modelling of SDSSJ1330+1810 CI(2-1). Labels as in Fig. A2.
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Figure A12. SED fits for the quasar sample. We use AGNFitter (Calistro Rivera et al. 2016) to fit broad-band SEDs from the ultra-violet to mid-infrared. The red
curve is a solid fill between 16th to 86th percentiles of the models from the MCMC analysis. The blue curve shows the quasar models without dust attenuation.
The grey dashed line is the rest-frame frequency of Lyman-a; photometric measurements at or above this frequency are ignored because they are affected by
absorption by the intergalactic medium.
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