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Abstract

We present Atacama Large Millimeter/submillimeter Array (ALMA) observations of six radio-loud quasar host
galaxies at z= 1.4–2.3. We combine the kiloparsec-scale resolution ALMA observations with high spatial
resolution adaptive optics integral field spectrograph data of the ionized gas. We detect molecular gas emission in
five quasar host galaxies and resolve the molecular interstellar medium using the CO (3–2) or CO (4–3) rotational
transitions. Clumpy molecular outflows are detected in four quasar host galaxies and a merger system 21 kpc away
from one quasar. Between the ionized and cold molecular gas phases, the majority of the outflowing mass is in a
molecular phase, while for three out of four detected multiphase gas outflows, the majority of the kinetic
luminosity and momentum flux is in the ionized phase. Combining the energetics of the multiphase outflows, we
find that their driving mechanism is consistent with energy-conserving shocks produced by the impact of the
quasar jets with the gas in the galaxy. By assessing the molecular gas mass to the dynamics of the outflows, we
estimate a molecular gas depletion timescale of a few megayears. The gas outflow rates exceed the star formation
rates, suggesting that quasar feedback is a major mechanism of gas depletion at the present time. The coupling
efficiency between the kinetic luminosity of the outflows and the bolometric luminosity of the quasar of 0.1%–1%
is consistent with theoretical predictions. Studying multiphase gas outflows at high redshift is important for
quantifying the impact of negative feedback in shaping the evolution of massive galaxies.

Unified Astronomy Thesaurus concepts: Quasars (1319); Molecular gas (1073); AGN host galaxies (2017);
Supermassive black holes (1663); CO line emission (262)

1. Introduction

In the local universe, there is a noticeable dearth of baryons
within massive (MDM> 1012.5Me) galactic halos (Benson et al.
2003; Croton et al. 2006). Feedback from supermassive black
holes (SMBHs) is commonly invoked to explain the missing
baryons within the massive halos. Similarly, the tight correlation
between the mass of a galaxy’s SMBH and the total mass of the
bulge and galaxy (Magorrian et al. 1998; Gebhardt et al. 2000)
suggests that galaxies and SMBHs have evolved together. How
SMBHs and galaxies coevolve and regulate their mutual growth
is an outstanding problem in modern astrophysics. Theoretical
work suggests that the strong correlation between the mass of the
SMBH and the velocity dispersion of the bulge (M•–σ) may be
achieved through quenching of star formation by powerful
outflows driven once the galaxies reside on theM•–σ relationship
(Hopkins et al. 2006; Zubovas & King 2012, 2014).

The feedback that regulates the overall growth of a galaxy is
expected to be most important when both the galaxies and the
SMBHs are experiencing the majority of their growth (Choi
et al. 2012; Zubovas & King 2012; Barai et al. 2018; Costa
et al. 2018). Given that both quasar activity and star formation
peak in normal galaxies at cosmic noon (1.5< z< 3), studying
in detail the nature of outflows from quasars and starbursts at
these redshifts will provide important clues about the nature of
feedback during this important epoch.

Feedback can manifest itself in the form of galaxy-scale winds
that expel gas from the galaxy. Moreover, winds can drive shocks
and turbulence and prolong the time necessary for gas to cool,

collapse, and form stars. To date, most of the outflows studied in
the distant (z> 1) universe have focused on optical emission lines
that trace the warm ionized phase of outflows with typical
densities ne∼ 100–1000 cm−3 and temperatures T= 104 K. At
the epoch of peak quasar activity z∼ 2–3, the bright emission
lines, such as [O III] λ5007Å, Hα, and Hβ, are redshifted into
near-infrared bands, where they can be resolved spatially and
spectrally. Using near-infrared spectroscopy, several authors have
studied quasar-driven ionized winds on galaxy-wide scales both in
radio-loud quasars (with powerful jets) and in radio-quiet quasars
(Nesvadba et al. 2008; Cano-Díaz et al. 2012; Carniani et al.
2015; Vayner et al. 2017, 2021a; Kakkad et al. 2020).
Recent theoretical and observational works have suggested that

the energy and momentum in galaxy outflows are shared between
multiple phases of the gas. These gas phases span a wide range of
densities and temperatures, from the dense cold molecular and
neutral gas (T∼ 10–300 K) to the diffuse hot postshock medium
(T> 107 K; Crichton et al. 2016; Hall et al. 2019). There have been
several studies of multiphase outflows in distant quasars focusing
on individual systems (Vayner et al. 2017; Brusa et al. 2018;
Herrera-Camus et al. 2019) and studying the cold molecular and
ionized gas phase in galactic outflows. It is unknown which phase
of the outflow is responsible for the bulk of the momentum and
mass of these multiphase outflows, and it may well be a function of
the conditions in the host galaxies. Theoretical work suggests that
the molecular gas clouds may be disrupted and entrained by the
outflow (Scannapieco & Brüggen 2015), or, instead, molecules
may form within the outflowing gas (Richings & Faucher-
Giguère 2018). Observations of nearby galaxies suggest that the
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cold molecular gas phase (50–100 K) may be the dynamically
dominant phase of quasar winds (Alatalo et al. 2011; Aalto et al.
2012; Feruglio et al. 2013; Morganti et al. 2013; Cicone et al. 2014;
Sun et al. 2014; Fiore et al. 2017; Veilleux et al. 2017). The warm
(T∼ 500 K)molecular gas phase may also be important and carry a
significant fraction of the momentum in a galactic outflow
(Richings & Faucher-Giguère 2018). In nearby galaxies, Spitzer
observations of the warm molecular H2 gas (T∼ 500 K) have
found a significant amount of gas mass in galactic outflows (Dasyra
et al. 2014; Beirão et al. 2015; Riffel et al. 2020).

Because cold molecular gas is the fuel for star formation, the
fate of the molecular gas phase is the key link in understanding
the impact of quasar feedback on star formation. Since outflows
are invariably multiphase, understanding the relationship
between molecular and atomic gas in outflows is crucial for
accurately estimating the energetics of feedback and the fate of
the interstellar medium (ISM). Statistical studies are lacking, as
the study of multi–gas phase outflows in the distant universe is
still in its infancy. A recent attempt at comparing the molecular
gas properties of galaxies with powerful (Lbol= 1045−47

erg s−1) active galactic nuclei (AGNs) to star-forming galaxies
with similar stellar mass have found that the AGNs reside in
galaxies with lower molecular gas masses, hinting at the
potential effects of feedback from outflows or radiation
(Bischetti et al. 2021; Circosta et al. 2021).

To address both the molecular gas reservoir and the
measurement of cold molecular gas in galactic outflows
requires kiloparsec-scale spatial resolution observations that
have the right sensitivity to detect the molecular gas or place
stringent limits. The lowest energy transition of the H2

molecule is the rotational quadrupole transitions that require
gas temperatures >100 K to excite; hence, H2 is invisible in the
cold molecular gas phase. The next most abundant molecule in
molecular clouds is carbon monoxide (CO), which has a weak
permanent dipole moment with the near-ground rotational
transitions having small excitation energies, enabling one to
trace colder molecular gas (5.5–55 K). In this paper, we present
Atacama Large Millimeter/submillimeter Array (ALMA)
observations of the cold molecular gas traced through rotational
transitions of CO in six radio-loud quasars at z= 1.439–2.323
with known powerful ionized gas outflows. We present
observations, data reduction, and emission line analysis in
Section 2. We describe how we search for molecular outflows
and calculate their energetics in Section 3. We discuss
individual objects in Section 4. We compare the entire sample
and discuss potential sources that drive the multiphase gas
outflows and the dominant source of molecular gas depletion in
Section 5. We summarize our conclusions in Section 6. We use
an H0= 67.8 km s−1 Mpc−1, Ωm= 0.308, ΩΛ= 0.692 cosmol-
ogy throughout this paper.

2. Observations, Data Reduction, and Line Fitting

A leading goal of the ALMA observational program was to
detect molecular gas outflows in quasars with powerful ionized
outflows that were previously detected via optical emission line
(e.g., [O III], Hα) kinematics using integral field spectroscopy
observations with adaptive optics (Vayner et al. 2021b, 2021c).
All sources selected within this study display ionized gas
outflows on kiloparsec scales, with outflow rates in the range of
50–1000 Me yr−1, velocities >500 km s−1 with momentum
fluxes >1035 dyne, and coupling efficiencies between the
kinetic luminosity of the outflow and the bolometric luminosity

of the quasar >0.05%. Given the similarities between the field
of view and angular resolution of the Keck/OSIRIS and
ALMA observations, we are able to study molecular gas
outflows on similar spatial and dynamical timescales.
ALMA band 4 observations were conducted in cycle 5 in the

C43-5 configuration with a typical angular resolution of 0 4
and a maximum recoverable scale of 4″–5 5, corresponding to
rough physical scales of 3 and 34–43 kpc, respectively. One
1.875 GHz spectral window was tuned to the redshifted
frequency of the CO (3–2) or CO (4–3) emission line with
an effective velocity bandwidth of 4000 km s−1, while an
additional three bands were tuned to the nearby continuum.
Data reduction was performed using Common Astronomy

Software Applications (CASA; McMullin et al. 2007) version
5.1.2-4. The ALMA automated pipeline was used to create the
measurement sets (MSs) for each observing block, which were
then combined into a single MS for each source. We performed
phase self-calibration for 4C 05.84 and 7C 1354+2552, while
for 3C 318 and 4C 09.17, we performed both phase and
amplitude self-calibration. For each source, the band 4 quasar
continuum was used as a self-calibration model using the
CASA task clean. Given the similarity between the archival
Very Large Array (VLA) images of the jets in these systems,
we believe that the majority of the continuum in our sources
comes from the synchrotron emission of the quasar core/jets.
While there is extended continuum emission for each source,
the majority of the flux is associated with the unresolved core
emission from the quasar, making the modeling of the
continuum relatively simple for self-calibration. We image
the continuum with Briggs weighting using a robust value of
0.5 and a pixel size set to one-fourth of the beam’s FWHM. In
this work, we also include our pilot observations of 3C 298
conducted in cycles 2 and 3 (Vayner et al. 2017) with ALMA
band 4. We achieve a signal-to-noise ratio (S/N) of
600–25,000 for the peak continuum flux. The continuum
S/N improved by a factor of 1.2–5 from phase-only self-
calibration; in the case of 4C 09.17 after amplitude self-
calibration, the rms further improved by a factor of 1.5, while
for 3C 318, we did not see a significant improvement in the rms
after amplitude calibration.
We performed continuum subtraction using the CASA task

uvcontsub by fitting a first-order polynomial to the line-free
emission channels of the spectral window with the CO
emission. We then subtracted the best-fit continuum model
from the full spectral window.
We imaged the cube using clean with a robust value of 1.5 to

help improve detection of fainter and more diffuse emission,
resulting in a larger beam than the continuum imaging. We
used a spectral pixel size of either 16, 34, or 66 km s−1,
depending on the S/N of the CO emission. We used a value of
0 05 for the spatial pixel size. For all sources except 4C 09.17,
we used a wide circular aperture centered on the quasar for the
cleaning mask with a radius of one-fourth the primary beam
size. For 4C 09.17, the CO emission was detected in individual
16 km s−1 channels in the first cleaning cycle, and a tight mask
was designed for each channel encompassing the CO (4–3)
emission.
To search for extended emission, we construct an S/N map

for each channel in the data cube. An S/N map is made by first
computing a standard deviation in a large aperture away from
the phase center, followed by dividing the flux per spaxel by
the standard deviation. The S/N maps are constructed from
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data cubes that were not corrected for the primary beam’s
response. For any spaxel containing emission with a peak
S/N� 4 beam–1, we fit the emission line in neighboring
spaxels that lie in the beam with a Gaussian-plus-constant
continuum model using the least-squares fitting routine curvefit
within SciPy. We create a zeroth-moment (flux) map by
integrating the emission line in each spaxel with a successful
emission line fit over the fitted Gaussian model and a first-
moment map by computing the line centroid’s Doppler shift
relative to the redshift of the quasar host galaxy. The integrated
intensity maps are all optimally extracted, with a varying
window for integrating the CO emission line based on the
velocity offset and dispersion. We construct a second-moment
map using the fit’s velocity dispersion from the Gaussian
model. All moment maps are constructed from data cubes that
were corrected for the primary beam’s response. Figure 1
showcases the integrated CO (3–2) or CO (4–3) maps for
sources with detected extended emission.

Here we use the quasar redshifts that are reported from
Keck/OSIRIS observations (Vayner et al. 2021b), where they
were derived from the centroid of the spatially unresolved
(<1.5 kpc) [O III] or Hα emission lines, effectively originating
from the narrow-line region of the quasar. The [O III] and Hα
redshifts agree within the centroiding uncertainty. For 3C 298,
the redshift derived from the molecular gas disk traced through

CO (3–2) is within 50 km s−1 of the redshift derived from the
quasar emission (Vayner et al. 2017).

3. Dynamics of the Molecular Gas

3.1. Systemic Molecular Gas

For each source, we search for emission at the systemic
redshift of the quasar host galaxy. Narrow CO line emission is
found in the host galaxies of 4C 09.17A, 4C 09.17B, 3C 298,
and 7C 1354+2552. The narrow CO emission in 3C 298
resembles a rotating disk that we modeled in Vayner et al.
(2017). The narrow emitting gas in the other systems does not
show a smooth velocity gradient that would be indicative of a
rotating galactic disk.
We compute the emission line luminosity using the

following equation:

( )
( )L S v

D

z
3.25 10

1
K km s pc , 1L

CO
7

CO

2

3
obs
2

1 2

n
¢ = ´ D

+
-

where νobs is the observed CO transition frequency, DL is the
luminosity distance, and SCOΔv is the line-integrated flux in
units of Jy km s−1. We convert the observed CO transition
luminosity into CO (1–0) luminosity (L ( )CO 1 0¢ - ) by assuming
that the low-J CO transitions are thermalized and optically
thick, so – – –L L LCO 4 3 CO 3 2 CO 1 0¢ = ¢ = ¢ . Using the ratios

Figure 1. ALMA band 4 observations of the sources within our sample. We present ALMA band 4 integrated intensity maps of CO emission. In contours, we present
the ALMA band 4 continuum emission that is dominated by synchrotron emission from the quasar jets. The contours stretch from peak fluxes of 0.013, 0.0037, 0.2,
0.003, 0.045, and 0.002 Jy beam−1 down to 2σ sensitivity in linear steps, from top left to bottom right. The ellipse in the bottom left corner of each map represents the
beam of the emission line data. The star in the center represents the quasar’s location, and the bar represents 1″. The maps are at at a position angle of 0°, where north
is oriented up; the only exception is 3C 298, which is at a position angle of 103° east of north.
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( –r L LJ JJ1 CO 1 CO 1 0= ¢ ¢ - ) from Carilli & Walter (2013) with
r31=0.97 and r41= 0.87 did not significantly change our
results. Furthermore, in 3C 298, we found that the molecular
gas is consistent with being thermalized and optically thick
(Vayner et al. 2017). These physical conditions are consistent
with what is found for Mrk 231 (Feruglio et al. 2015). Finally,
we convert the –LCO 1 0¢ line luminosity into molecular gas mass
using the CO-to-H2 conversion factor: αCO with units of
(K km s−1pc2)−1. For sources where we do not detect any
narrow CO emission at the systemic redshift, we place a limit
on the molecular gas mass over an aperture equal to the beam
size for an emission line with a velocity FWHM of 250 km s−1.
The molecular gas mass limits can be linearly scaled with a

different αCO value. For sources with detected molecular gas at
the quasar’s systemic redshift, we compute the radius of the
molecular gas region, which allows us to measure the gas surface
density. All radii are computed using a curve-of-growth method.
Effective radii refer to a region that encloses 50% of the flux,
while “maximum” extent refers to a size scale that encloses 90%
of the flux. In all cases, narrow emission at the systemic redshift
of the quasar is spatially resolved by our observations. We
deconvolve the size of the beam from all radius measurements.
For sources with no detected CO emission, we use the molecular
gas mass limit and the beam of the observations as a proxy for
the radius. Values associated with the molecular gas at the
systemic redshift are summarized in Table 3.

Table 3
Properties of Molecular Gas at the Systemic Redshift of Each Quasar

Source SνΔV MH2 R Vσ Σmolecular SFR
Jy km s−1 × 109 Me kpc km s−1 Me pc−2 Me yr−1

4C 09.17 A-RL 0.29 ± 0.03 3 ± 0.3 2.8 158.0 ± 14 137 ± 13 6
4C 09.17 B-RQ 0.88 ± 0.09 10 ± 1 1.1 143.5 ± 12 2357 ± 235 56
7C 1354 0.028 ± 0.003 0.3 ± 0.1 2.0 44.10 ± 11 23 ± 2 1
3C 298 0.63 ± 0.07 6.6 ± 1 1.6 42.35 ± 12.8 820 ± 10 24
3C 318 <0.05 <0.6 L L L L
4C 22.44 <0.05 <1 L L L L
4C 05.84 <0.07 <0.8 L L L L

Note. Here SνΔV is the spatially and line-integrated CO flux; MH2 is the mass of gas at the systemic redshift of each galaxy, assuming an αCO of 0.8; R is the radius of
the region; Vσ is the velocity dispersion; and SFR is the expected star formation rate based on the currently available molecular gas reservoir based on the KS law.

Table 1
Summary of ALMA Observations

Object Date Central Frequency Continuum Beama Continuum Sensitivity Line Beam Line Sensitivity Channel width
(GHz) (mJy) (mJy) (km s−1)

7C 1354 2018 Jan 8–24 153.364 0 48 × 0 36 0.0069 0 59 × 0 47 0.08 34.0
4C 22.44 2017 Dec 17–30 135.55 0 39 × 0 35 0.0068 0 408 × 0 366 0.083 66.0
4C 05.84 2018 Jan 5–16 138.87 0 41 × 0 30 0.0075 0 438 × 0 54 0.134 33.0
4C 09.17 2017 Dec 25 148.24 0 32 × 0 23 0.0139 0 39 × 0 34 0.130 15.8

2018 Jan 8
3C 318 2014 Jul 6 134.34 0 25 × 0 18 0.0095 0 454 × 0 320 0.107 66.66
3C 298 2016 Sep 9 141.85 0 25 × 0 18 0.046 0 39 × 0 30 0.22 34.0

Note.
a From continuum images integrated over all frequencies and cleaned with a robust = 0.5 parameter.

Table 2
Sample Properties

Name R.A. Decl. za Lbol L178 MHz MBH

J2000 J2000 (1046 erg s−1) (1044 erg s−1) (Me)

4C 09.17 04:48:21.74 +09:50:51.46 2.1170 2.88 ± 0.14 2.6 9.11
7C 1354+2552 13:57:06.54 +25:37:24.49 2.0068 2.75 ± 0.11 1.4 9.86
3C 298 14:19:08.18 +06:28:34.76 1.439b 7.80 ± 0.30 12 9.51
3C 318 15:20:05.48 +20:16:05.49 1.5723 0.79 ± 0.04 4.0 9.30
4C 22.44 17:09:55.01 +22:36:55.66 1.5492 0.491 ± 0.019 0.6 9.64
4C 05.84 22:25:14.70 +05:27:09.06 2.320 20.3 ± 1.00 4.5 9.75

Notes.
a Redshift relative to narrow-line region emission of the quasar, derived from 5007 Å [O III] emission.
b Redshift derived from host galaxy CO (3–2) emission (Vayner et al. 2017).
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3.2. Observed Molecular Outflows

Ionized gas outflows typically show a peak emission line offset
>300 km s−1 from the quasar redshift measured from the narrow
emission line region, with a velocity dispersion >250–300 km s−1

over the outflow region for the sources within our sample (Vayner
et al. 2021b). Based on these observed velocities of the ionized
gas outflows, we define the criteria for a molecular outflow to be
any molecular gas that has a peak emission line offset relative to
the redshift of the quasar host galaxy |v|> 300 km s−1 or a spaxel
with a velocity dispersion greater than 250 km s−1. The selected
outflow criteria are typical of molecular outflows found in nearby
galaxies (Fluetsch et al. 2019). Using these criteria, we detect
molecular gas outflows in four quasars in the ALMA sample. For
3C 318 and 4C 05.84, we select outflows based on both broad
(σ> 250 km s−1) and offset (|v|> 500 km s−1) emission; for 4C
09.17, we select outflows based on broad (σ> 300 km s−1)
emission. We include the molecular gas outflow in 3C 298 that
was previously detected in Vayner et al. (2017) based on broad
CO (3–2) and CO (5–4) emission. For each source, we extract a
spectrum by integrating over all spaxels satisfying these outflow
criteria. We present the extent of the molecular outflows along
with the spectra in Figures 2–5.

We potentially may be missing dense outflowing gas moving
at slower speeds, since our high-velocity criteria are based on
atomic gas observations, which may lead us to underestimate
the total molecular gas in the outflow for the 4C 09.17 and 3C
298 systems where we detect CO emission moving at speeds
<300 km s−1. Observations of denser molecular gas tracers,
such as CS or HCN, could provide a more complete picture of
the outflow.

We calculate the molecular gas mass in the outflows based
on flux associated with the broad or highly offset emission line
component. We use an αCO value of 0.8 Me ( )K kms pc1 2 1- -

for consistency with other works at low and high redshift
(Fluetsch et al. 2019; Herrera-Camus et al. 2019); this value is
commonly adopted for the molecular gas in the ISM of nearby
ultraluminous infrared galaxies (Bolatto et al. 2013). However,
in some well-studied molecular outflows in nearby galaxies, the
conversion factor can be much higher, αCO∼ 2 (Cicone et al.
2018), so we may be conservative with our mass estimates.

We compute the molecular gas outflow rate using

( )M
M v

R
. 2H

H out

out
2

2=

We select this equation because the molecular gas outflows
in 3C 318, 4C 05.84, and 4C 09.17 A-RL are seen as a single
high-velocity offset component that spans either blue- or
redshifted velocities. The molecular gas outflows in 4C 09.17B
and 3C 298 may be closer in geometry to a filled wide-angle
cone, since they span a broader velocity range. In these two
sources, the estimates obtained from Equation (2) should be
multiplied by a factor of 3 if the outflows are closer to a filled
cone. Here Rout is the extent of the outflow, where 90% of the
flux associated with the outflow emission accumulates. The
velocity is computed as ∣ ∣v v FWHM 2rout = + , where ∣ ∣vr and
FWHM are the radial velocity and FWHM in units of
kilometers per second of the emission relative to the systemic
redshift of the emission associated with the outflow component.

In addition to the outflow rates, we also compute the
momentum flux of the outflow using

( )P M v 3H H out2 2= ´ 

and the kinetic luminosity

( )E M v
1

2
. 4H H out

2
2 2= ´ ´ 

The CO line luminosity used to compute the molecular gas
mass along with the spatial extent, velocity, outflow rate, and
energetics are summarized for each source in Table 4.

4. Individual Objects

In this section, we outline the known properties of each
quasar within our sample, focusing on their radio jet
morphology, far-infrared properties, and morphologies; the
extent of the ionized gas outflows; and a description of what we
detect with our ALMA band 4 observations.

4.1. 3C 318 (z= 1.5734)

Object 3C 318 is a luminous radio-loud quasar at z= 1.5734.
The radio jet is double-sided, stretching in the southwest and
northeast, with a bright core emission associated with the quasar’s
optical emission location. Within our ALMA continuum observa-
tions, we only detect the jet’s southwest component. The northeast
component of the jet blends with the bright unresolved core.
Object 3C 318 has been detected with the Herschel Space
Telescope and is known to be a bright far-infrared emitting source
(Podigachoski et al. 2015). Resolved band 7 ALMA observations
of the dust emission reveal a ringlike structure on kiloparsec scales
centered on the quasar (Barthel & Versteeg 2019).
With Keck/OSIRIS, we detected ionized gas emission in

nebular emission lines [O III] 5007Å, Hα, [N II] 6585Å, and
[S II] 6717, 6731Å with an extent of 4 kpc (Vayner et al.
2021b). We detected an ionized outflow extending in the
southwest and northeast directions with a maximum extent of
3.2 kpc.
Object 3C 318 was known to have molecular emission

detected at the CO (2–1) transition with the Plateau de Bure
Interferometer (PdBI; Willott et al. 2007). The CO (2–1)
emission was known to be blueshifted by 400 km s−1 and
spatially offset from the quasar continuum by 2 4 to the west
and 0 5 to the north with considerable uncertainty due to a
coarse beam of 8 05× 4 32.
Our ALMA band 4 observations reveal an extended CO

(3–2) emission with one component offset 1.7 kpc to the west
and a second component offset 17 kpc toward the south. The
emission is divided between two regions that have widths of 4
and 8 kpc that show similar highly blueshifted emission relative
to the quasar. The spatially integrated emission is blueshifted
(−936.0 km s−1) and relatively broad with an FWHM of
534 km s−1. The spectrum and integrated intensity map of the
detected CO emission are shown in Figure 2. It is likely that the
ALMA and PdBI observations trace the same molecular gas
components. However, the differences in the beams, maximum
recoverable scales, and S/Ns play a role in the observed line
shift and integrated line flux. Object 3C 318 has also been
observed with the VLA targeting the CO (1–0) transition
(Heywood et al. 2013). Emission associated with the CO (1–0)
emission line at the velocity offset of the PdBI observations
was found 0 33 north of the quasar continuum. We do not
detect any CO (3–2) emission at that location. Using typical
ratios between the CO (1–0) and CO (3–2) line luminosity, we
would have expected to detect this component at an S/N of
100, integrated over an emission line equivalent with a velocity
dispersion of 250 km s−1.

5

The Astrophysical Journal, 923:59 (17pp), 2021 December 10 Vayner et al.



Table 4
Multiphase Outflow Properties

Source SνΔV MH2
Rout Vout VFWHM dM/dtH2

Mionized dM/dtionized PH2
 Pionized

P

P
outflow

quasar




Jy km s−1 × 109 Me kpc km s−1 km s−1 Me yr−1 × 109 Me Me yr−1 1035 dyne 1035 dyne

4C 05.84 0.1 ± 0.03 1.4 ± 0.2 8.6 653 ± 30 382.2 ± 47.4 110 ± 12 0.4 ± 0.3 870 ± 600 4.4 ± 0.6 40 ± 30 0.7 ± 0.4
3C 318 0.25 ± 0.03 3 ± 0.3 20.2 1132 ± 44 528.7 ± 67.4 168 ± 18 0.32 ± 0.2 220 ± 150 12 ± 2 10 ± 7 8 ± 3
3C 298 0.3 ± 0.03 3 ± 0.3 1.6 394 ± 64 624.0 ± 49.0 780 ± 150 0.6 ± 0.3 750 ± 400 20 ± 7 77 ± 40 4 ± 2
4C 09.17 A 0.11 ± 0.01 1.3 ± 0.1 2.8 852 ± 77 439.1 ± 122.6 400 ± 50 0.05 ± 0.02 50 ± 20 21 ± 4 2.1 ± 1 2.4 ± 0.5
4C 09.17 B 2.3 ± 0.2 27 ± 3 4.9 456 ± 26 870.6 ± 47.2 2500 ± 300 L L 73 ± 11 L L

Note. Here SνΔV is the spatially and line-integrated CO flux associated with the molecular outflow, Rout is the radial extent of the outflow, Vout is the velocity of the outflow, dM/dtH2 and dM/dtionized are the molecular
and ionized outflow rates, PH2

 is the momentum flux of the molecular outflow (assuming αCO = 0.8), Pionized is the momentum flux of the ionized outflow using the dM/dtHα outflow rate from Vayner et al. (2021c), and
P

P
outflow

quasar


 is the ratio of the momentum flux of the outflow to the momentum flux of the quasar accretion disk (Lbol/c) using a sum of the ionized and molecular outflow momenta flux.
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The separation between the two high-velocity clumps
roughly matches the maximum recoverable scale of the
interferometric observations. We have attempted to recover
the more diffuse emission between the two clumps by
smoothing the data in the UV plane with a Gaussian kernel
using the uvtaper option within tclean in CASA. Using a uv-
taper parameter of 0 5 and 1″ on the sky, the fainter emission
between the two clumps seen in Figure 2 is below the noise in
the uv-tapered data. The total integrated flux from the CO (3–2)
emission is within 10% of the original data, within the
statistical noise of the observations; hence, no additional
“diffuse” emission was recovered. A loss of baselines resulted
in an increase in noise with larger uv-taper parameters.
Observations in a more compact ALMA configuration are
necessary to detect the more diffuse emission.

ALMA’s higher angular resolution and sensitivity lead us to
speculate that the molecular gas emission in 3C 318 is associated
with a molecular outflow rather than a merging system. This is
supported by more accurate redshift measurement from the
narrow-line region, allowing us to do better kinematics and
dynamics measurement of the molecular gas emission. The Dark
Energy Survey (Abbott et al. 2021) shows no apparent optical
detection of a companion galaxy down to an r-band magnitude of
24 at a significance of 10σ. Infrared observations with Spitzer and
archival ALMA band 7 observations do not show any evidence for
a galaxy at the spatial locations of the highly blueshifted CO (3–2)
emission (Barthel & Versteeg 2019). There may be a possibility
that high-velocity emission is associated with an obscured galaxy
near the 3C 318 quasar host galaxy. In recent years, there have
been several galaxies detected with ALMA that have faint or no
counterparts in very deep optical imaging and are referred to as
“optically dark ALMA galaxies” (Williams et al. 2019; Zhou et al.
2020). These galaxies show high far-infrared luminosities and are
characterized as dusty star-forming galaxies at high redshift
(z> 2). Such galaxies are typically relatively massive, with stellar
masses of 1010.2–11.5Me, and contain a substantial amount of
molecular gas. If the emission in 3C 318 is associated with such a
galaxy, then the associated dust continuum emission would have
been easily detectable in the ALMA band 7 observations.

We divide the molecular gas mass by the area of the emitting
region using the effective radius as the scale size. Using the
Milky Way’s hydrogen column density–V-band extinction
relationship (Güver & Özel 2009), we convert the column
density into a V-band extinction value for the molecular gas
traced by CO. We measure an Av value in the CO gas of 1–4
mag, which is a factor of 100 lower than that found in the dusty
star-forming galaxies. Furthermore, we use the molecular gas
mass of individual clumps and convert them into expected dust
continuum emission in band 7 based on the relationship between
ISM mass and dust emission of Scoville et al. (2017). The
expected continuum flux density is 0.017 mJy beam−1, which
would be undetected in the band 7 observations with a sensitivity
of 0.0297 mJy beam−1. We assume that the clumps have the
same surface brightness profile in both bands and the dust and
molecular gas emissions. Based on these calculations, the clumps
are unlikely to be associated with typical dust-obscured galaxies
at this redshift. The band 4 continuum is not optimal for detecting
the dust continuum at this redshift, since the dust emission is
expected to be fainter at the longer wavelength of the Rayleigh–
Jeans tail. Another possibility is that the emission may be
associated with a tidal tail feature. However, the FWHM of
534 km s−1 and an offset of −936.0 km s−1 relative to the
redshift of the quasar are both larger than what would be
expected for a tidal feature. Based on morphological identifica-
tion of the tidal tail from Hubble Space Telescope imaging and
Keck/OSIRIS observations, in two other systems, we found that
the velocity dispersion in both the ionized and molecular gas
mass is ∼150 km s−1 with velocity offsets of −250 km s−1

(Vayner et al. 2021b).
Combining rest-frame optical and submillimeter observations,

we find that the ionized and molecular gas outflows in 3C 318
show different morphologies, spatial extents, and kinematics. The
molecular gas outflow is far more extended, with a maximum
distance of 21 kpc from the quasar, while the ionized outflow
shows a maximum extent of only 3.2 kpc. The molecular outflow is
also faster moving with blueshifted velocities up to −1200 km s−1.
In contrast, the ionized gas outflow has a velocity of 703 km s−1

with a biconical morphology that is both blue- and redshifted

Figure 2. ALMA band 4 observations of 3C 318. On the left, we show an optimally extracted intensity map of the molecular outflow in the 3C 318 system, detected in
the CO (3–2) line. The white contours outline the molecular outflow region. On the right, we show a spectrum integrated over the entire molecular outflow region
shown in the white contours, along with a fit to the CO (3–2) emission line. The systemic redshift of the quasar host galaxy is at 0 km s−1. The ellipse in the lower left
corner of the left panel shows the beam of our ALMA band 4 observations. We detect no molecular CO (3–2) emission at the systemic redshift.
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relative to the quasar in the southwest and northeast directions. We
find no evidence for CO (3–2) emission at the quasar’s systemic
redshift associated with narrow emission. We place a limit on the
molecular gas reservoir at the quasar’s location over an aperture
matching the size of the beam of <0.7× 109Me at 2σ confidence.

The extent of the molecular outflow is similar to the cold gas
outflow detected in z= 6.4 quasar SDSS J1148+5251 through
the 158 μm [C II] emission line (Cicone et al. 2015). The
morphology and kinematics of the molecular outflow in 3C
318 are also similar to the outflow recently detected in
zC400528 (Herrera-Camus et al. 2019) through CO (3–2)
observations, where they saw an extended emission entirely
redshifted from the galaxy with a relatively collimated
morphology similar to the case of 3C 318. The clumpy
morphology and high velocity of the outflowing molecular gas
are also similar to recent molecular outflows detected in PDS
456 (Bischetti et al. 2019) and the lensed quasar HS 0810
+2554 (Chartas et al. 2020).

4.2. 4C 09.17 (z= 2.117)

Object 4C 09.17 is a radio-loud quasar at z= 2.117. A one-
sided jet extends toward the southwest, with a bright core
emission associated with the quasar’s optical emission location.
The system is also bright at far-infrared wavelengths
(Podigachoski et al. 2015).

With Keck/OSIRIS, we detected ionized gas emission in
nebular emission lines [O III] 5007Å, Hα, and [N II]
6585Å (Vayner et al. 2021b). We found an ionized gas outflow
extending toward the east with a maximum extent of 6 kpc.

We detect broad, blueshifted emission resembling a
molecular gas outflow in the host galaxy of the radio-loud
quasar 4C 09.17. From here on, we refer to this object as 4C
09.17 A-RL. We also detect a very broad component in the
merging radio-quiet galaxy toward the northeast; from here on,
we refer to this object as 4C 09.17 B-RQ. This galaxy is also
detected in K-band imaging of Armus et al. (1997), with a red
optical to near-IR continuum color. In 4C 09.17 B-RQ, we
detect very faint narrow [O III] emission in Keck/OSIRIS, and
the ionized outflow is undetected. Object 4C 09.17 B-RQ also
contains a narrower emission line component in CO (4–3) at a
similar redshift to the narrow [O III] emission, which we use to
calculate its redshift. The velocity offset between 4C 09.17
A-RL and 4C 09.17 B-RQ is −593 km s−1. The majority of the
narrow CO emission line flux is found concentrated in 4C
09.17 B-RQ within a 1 kpc radius region. The majority of the
dust continuum detected at far-infrared wavelengths with the
Herschel Space Telescope is likely associated with this galaxy.
Object 4C 09.17B-RQ is highly obscured; the narrow CO
emission component yields a line-integrated gas column
density of 3.4× 1024 cm−2 computed by dividing the mole-
cular gas mass by the area of the emitting region. Using the
Milky Way’s hydrogen column density–V-band extinction
relationship (Güver & Özel 2009), we find a V-band extinction
of 150 mag. The narrow CO emission is likely at the center of
the merging galaxy because it roughly corresponds to the K-
band continuum’s peak location.

For the galaxies detected to the southwest and northwest of
the quasar in Armus et al. (1997) and Lehnert et al. (1999), we
detect narrow CO (4–3) emission near their optical locations.
We do not detect any high-velocity or broad molecular gas
associated with these two systems. The detection of three
galaxies found within 20 kpc of the quasar host galaxy from

both ALMA and Keck/OSIRIS observations makes the 4C
09.17 system likely a proto–group environment at z ∼ 2.11.
We find that the molecular gas outflow in 4C 09.17 A-RL is

more compact than the ionized gas outflow. The ionized and
molecular gas outflows show similar blueshifted velocities and
velocity dispersion. The maximum extent of the molecular gas
outflow is 2.8 kpc, while the ionized outflow extends to 6 kpc.
We find that both the ionized and molecular outflow in this
system are not along the path of the radio jet but extend in the
same eastern direction. Similar results have recently been found
for a subset of nearby galaxies, where outflows appear to
expand perpendicular to the path of the jet (Venturi et al. 2021).
In 4C 09.17 B-RQ, the molecular outflow extends 4.9 kpc

from the narrow CO emission line component. The extent of
the molecular outflow in 4C 09.17 B-RQ roughly matches the
maximum extent of the K-band stellar continuum; hence, the
molecular outflow is occurring on galactic scales in this galaxy.
Extinction within the outflowing gas can potentially prevent
ionization by quasar photons and prevent the observer from
detecting recombination photons. Spectra of the distinct regions
detected in this system are shown in Figure 3.

4.3. 4C 22.44 (z= 1.5492)

Object 4C 22.44 is a radio-loud quasar at z= 1.5492. The
radio jet in this system extends along the east–west direction
with a length of 7″ and a bright core emission associated with
the quasar’s optical emission location. With Keck/OSIRIS, we
detected extended ionized gas in the [O III], Hα, and [N II]
emission lines with an extent of 2 kpc. An ionized gas outflow
is detected on a spatial scale of <1 kpc. We detect no emission
in the CO (3–2) line with ALMA. We place a limit on the CO
(3–2) line luminosity of 0.08 Jy km s−1 for an aperture
matching the beam with a line velocity dispersion of
250 km s−1, which converts to a molecular gas mass limit of
<1× 109Me.

4.4. 4C 05.84 (z= 2.323)

Object 4C 05.84 is a radio-loud quasar at z= 2.323. The one-
sided radio jet in this system extends toward the southwest with a
maximum extent of 12 kpc. There is a bright radio core
component associated with the quasar’s optical emission location.
With Keck/OSIRIS observations, we detected extended ionized

gas on an 8 kpc scale in the [O III], Hα, and [N II] emission lines
(Vayner et al. 2021c). We detected a biconical ionized outflow
extending along the northeast and southwest directions.
In our ALMA band 4 observations, we detect extended CO

(4–3) emission that is offset in the western direction consisting
of multiple clumps. The individual clump components and the
spatially integrated emission are highly blueshifted relative to
the quasar’s systemic redshift. This emission is not associated
with any known galactic component. The spectrum and
integrated intensity map of the detected CO emission are
shown in Figure 4.
The ionized and molecular gas outflows in this system are on

similar scales. The ionized outflow extending toward the
southwest direction shows a similar blueshifted velocity offset
as the molecular outflow. The ionized outflow detected on a
spatial scale of <1 kpc is similarly blueshifted to the more
extended ionized and molecular outflow. The ionized outflow
appears to be more turbulent, with a larger velocity dispersion
than the molecular outflow. We find no evidence for CO (4–3)
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emission at the quasar’s systemic redshift associated with narrow
emission. We place a limit on the molecular gas reservoir mass of
<0.8× 109Me at the quasar’s location with an aperture the size of
the beam and using a velocity dispersion of 250 km s−1.

4.5. 3C 298 (z= 1.439)

Object 3C 298 is a radio-loud quasar at z= 1.439. The jets in
the system extend in the east–west direction, with a length of about
16 kpc and a bright core emission associated with the quasar’s
optical emission location. The system is bright at far-infrared

wavelengths. ALMA band 7 observations have revealed that the
dust emission mostly comes from a kiloparsec-scale region
centered on the quasar (Barthel et al. 2018).
With Keck/OSIRIS, we detected extended ionized gas emission

(Vayner et al. 2021b) on scales up to 20 kpc from the quasar. A
biconical ionized outflow is detected with a maximum extent of
3 kpc from the quasar along the jet’s path. The redshifted cone is
associated with the western jet component, while the blueshifted
cone is associated with the eastern jet component. We also detected
an ionized gas outflow in the merging system 8 kpc from the
quasar.

Figure 3. ALMA band 4 observations of 4C 09.17. On the left, we show an optimally extracted intensity map of CO emission in the 4C 09.17 system, which is a
merger system with molecular outflows detected in both galaxies. The teal contours outline the molecular outflow in the radio-quiet galaxies 4C 09.17 B, while the
purple contours outline the molecular outflow detected in the host galaxy of the radio-loud quasar 4C 09.17. On the right, we show the spectra extracted over the
respective outflow regions along with the Gaussian fit model. Dashed lines represent the individual Gaussian components of the emission line fit, while the solid black
line represents the sum of all components and a zeroth-order polynomial fit to any residual continuum. Component 1 (C1) in 4C 09.17 B is the fit to the narrow
emission at the systemic redshift of the merging galaxy, which has a velocity offset of about 593 km s−1 relative to 4C 09.17A, while C2 is the gas in the outflow. For
4C 09.17 A, C1 corresponds to the outflow gas, while C2 is the narrow gas at the systemic redshift of the quasar host galaxy. The systemic redshift of the quasar host
galaxy is at 0 km s−1. The ellipse in the lower left corner of the left panel shows the beam of our ALMA band 4 observations.

Figure 4. ALMA band 4 observations of 4C 05.84. On the left, we show an optimally extracted intensity map of the molecular outflow in the 4C 05.84 system,
detected in the CO (4–3) line. The white contours outline the molecular outflow region. On the right, we show a spectrum integrated over the entire molecular outflow
region, along with a fit to the CO (4–3) emission line. The systemic redshift of the quasar host galaxy is at 0 km s−1. The ellipse in the lower left corner of the left
panel shows the beam of our ALMA band 4 observations. We detect no molecular CO (4–3) emission at the systemic redshift.
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In the ALMA band 4 observations, we detect a molecular
gas emission in two distinct components, one centered on the
quasar with a radius of 2.1 kpc and a second 21 kpc from the
quasar, offset by −250 km s−1. The component near the quasar
shows both broad and narrow emission. The narrow emission is
associated with a galactic disk (Vayner et al. 2017), while the
broad component is associated with the outflow. The outflow
emanates from the molecular disk centered on the quasar with a
maximum extent of 1.6 kpc. The majority of the molecular gas
in the outflow is on the blueshifted side of the disk and extends
in the direction of the jet’s western component. The ionized
outflow is more extended than the molecular outflow, has a
faster velocity, and appears to be more turbulent with a larger
velocity dispersion.

4.6. 7C 1354+2552 (z= 2.0064)

Object 7C 1354+2552 is a radio-loud quasar at z= 2.0064.
The system contains two jets that are perpendicular to each
other. The east–west jet has a length of about 24 kpc, while the
north–south jet has a length of 86 kpc. Only the east–west jet is
detected in the continuum in our ALMA observations due to
limited sensitivity to low surface brightness emission on scales
of >6″.

Using the Keck/OSIRIS observations, we detected extended
emission in the nebular emission lines [O III] and Hα on scales
of 4–6 kpc. An ionized outflow is detected on a spatial scale
of <1 kpc.

In the ALMA band 4 observations, we detect molecular gas
emission toward the northeast. The narrow emission line
resides near the quasar’s systemic redshift. We do not detect
any broad emission from a turbulent molecular gas outflow. We
detect no highly offset emission consistent with our outflow
criteria; hence, there is no evidence for a cold molecular gas

outflow in this system at our observations’ sensitivity. Spectra
of the distinct region detected in this system are shown in
Figure 6. The detected emission may be associated with a
merging galaxy. With the large (8 kpc) separation from the
quasar and the fact that the motion of the gas does not appear to
follow the kinematics of the galactic disk on the eastern side
(Vayner et al. 2021b), there is a possibility that this emission is
associated with a merging galaxy.

5. Discussion

5.1. What Is Driving the Outflows?

Several powerful mechanisms can drive galactic-scale outflows.
Quasars can reside in galaxies with powerful star formation activity
(Duras et al. 2017; Aird et al. 2019; Bischetti et al. 2021; Circosta
et al. 2021), especially at redshifts near the peak of the star
formation activity. Star formation can result in powerful galactic
winds (Rupke 2018). Radio-loud quasars that are optically
luminous can drive galactic outflows by both jets (Wagner et al.
2012; Mukherjee et al. 2016) and radiation pressure (Murray et al.
1995; Faucher-Giguère & Quataert 2012; Zubovas & King 2012;
Costa et al. 2018) from the accretion disk. In this section, we
explore the primary mechanisms that are capable of driving the
multiphase galactic outflows. We combine the momentum flux and
kinetic luminosities from the cold molecular and ionized gas
phases to look at both the total impact of galactic winds on the
quasar host galaxies and what mechanism may be responsible for
driving the entirety of the outflowing gas in each system.
To understand the main driving mechanism of galactic

outflows, we compare the momentum flux of the outflow
(Poutflow ) to the momentum input from the quasar accretion disk
(Pquasar ) and the momentum deposition from stellar feed-
back (PSNe ).

Figure 5. ALMA band 4 observations of 3C 298. On the left, we show an optimally extracted intensity map of CO emission in the 3C 298 system, detected in our
2017 study of this object (Vayner et al. 2017). The purple contours outline the molecular outflow region, the white contours outline the total emission from the
molecular disk, and the teal contours outline a star-forming/tidal tail feature. On the right, we show a spectrum integrated over each distinct region along with a fit to
the CO (3–2) emission line. Dashed lines represent the individual Gaussian components of the emission line fit, while the solid black line represents the sum of all
components and a zeroth-order polynomial fit to any residual continuum. The systemic redshift of the quasar host galaxy is at 0 km s−1. The ellipse in the lower left
corner of the left panel represents the beam of the ALMA band 4 observations.
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5.2. Stellar Feedback as Potential Driver of Galactic Outflows

To explore whether star formation activity can drive the
galactic-scale outflows, we compare the momentum deposition
from supernova explosions, based on the star formation rate, to
the energetics of the multiphase gas outflow. To compute the
energy deposition from supernovae, we use the results of recent
simulations by Kim & Ostriker (2015) and Martizzi et al.
(2015), which predict the momentum deposition per unit of
solar mass formed. We assume that one supernova explodes for
every 100 Me of stars. We assume an electron density of 100
cm−3 in the ISM with solar metallicity:
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For sources with resolved rest-frame far-infrared observa-
tions (3C 318 and 3C 298), we use the far-infrared luminosity
and convert that into a star formation rate based on work by
Barthel et al. (2018) and Barthel & Versteeg (2019). The total
infrared (8–1000 μm) derived star formation rates of 3C 298
and 3C 318 are 930 and 580 Me yr−1, derived using the
Kennicutt (1998) calibration (Podigachoski et al. 2015).
Infrared-derived star formation rates have high uncertainties,
since it is not clear what fraction of the far-infrared emission
comes from dust heating from massive stars and quasar heating
on kiloparsec scales (Symeonidis 2017; Symeonidis & Page
2021). In radio-loud objects, synchrotron emission from the jets
and the core of the quasar can also contribute to the far-infrared
and millimeter emission. In Podigachoski et al. (2015), a
correction for synchrotron emission was only applied to the
850 μm flux of a handful of objects, including 3C 298, which is
part of our study. We therefore use the infrared-derived star
formation rates as an upper limit on the actual star formation
rates. The total infrared star formation rates are presented in
Table 5.

Another tracer of recent star formation comes from recombina-
tion lines of hydrogen. In Table 5, we present the star formation
rates derived from the Hα line luminosity using the Kennicutt
(1998) calibration. The Hα-derived star formation rates are derived
from integrated Hα emission at the systemic redshift of the quasar
host galaxy. The Hα- and total infrared–derived star formation
rates show a significant discrepancy, with the far-infrared star
formation rates being almost an order of magnitude higher. The
discrepancy between these inferred star formation rates may be due
to several things: dust extinction, different tracers of the star
formation history, contamination of the far-infrared emission from
quasar processes, or a large difference between the resolution of
the Herschel Space Telescope and Keck/OSIRIS observations.
Indeed, the far-infrared-derived star formation rate in 4C 09.17 can
be attributed to several galaxies falling within the Herschel Space
Telescope point-spread function leading to contamination of the
far-infrared emission. The merging galaxy 4C 09.17 B-RQ
contains a higher molecular gas surface density, hence the larger
fraction of the star formation rate among the galaxies. Contribu-
tions from nearby galaxies can also affect the far-infrared-derived

Figure 6. ALMA band 4 observations of 7C 1354+2552. On the left, we show an optimally extracted intensity map of the molecular gas in the 7C 1354+2552
system, detected in the CO (4–3) line. The gas is narrow and consistent with gravitational motion. Yellow contours outline the CO emitting region toward the
northwest that is slightly redshifted; the spectrum associated with it is shown on the right. The systemic redshift of the quasar host galaxy is at 0 km s−1. The ellipse in
the lower left corner of the left panel represents the beam of the ALMA band 4 observations.

Table 5
Star Formation Rates Based on Hα Emission Line (Vayner et al. 2021b),

Infrared Observations (Podigachoski et al. 2015), and Expected Star Formation
Rate Using the Molecular Gas Surface Density Based on the KS Law

Name SFR (Hα) SFR (Total IR) SFR (KS)
Me yr−1 Me yr−1 Me yr−1

4C 09.17 A-RL 9 ± 1 1330a 6
7C 1354+2552 29 ± 3 L 1
3C 298 22 ± 2 930 24
3C 318 88 ± 9 580 L
4C 22.44 32 ± 3 L L
4C 05.84 11 ± 1 <540 L

Note.
a Star formation rate likely contaminated by a merging galaxy.
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flux for 3C 298 and 3C 318, but we do not see such a strong
overdensity compared to 4C 09.17. Recent observations with
ALMA of a high-redshift (z= 4.4) and luminous quasar have
revealed multiple sources falling within 17 kpc of the quasar
(Bischetti et al. 2018) that all contribute to the far-infrared emission
detected with the Herschel Space Telescope for this system.

We find that stellar processes can deposit a momentum flux
of 7.5–10,000× 1033 dyne, comparable to momentum fluxes of
the multiphase outflows. However, since these estimates rely
on the maximum momentum flux from supernovae and the
maximum star formation rates, it is unlikely that star formation
alone drives the outflows in these systems.

5.3. Quasar as Potential Driver of Galactic Outflows

The photon momentum fluxes of 1035–37 dyne and bolometric
luminosities of 1046–47 erg s−1 for these quasars indicate that they
have sufficient energy and momentum to drive the observed
multiphase gas outflows. To test which quasar mechanism is the
primary driver of the observed galactic-scale outflows, we compare
Poutflow to Pquasar and the location and extent of the quasar jets.

High (>2) P

P
outflow

quasar


 on scales >1 kpc are generally attributed to

energy-conserving outflows, where a radiatively driven nuclear
wind (Faucher-Giguère & Quataert 2012) or a jet (Mukherjee et al.
2016; Wagner et al. 2012) drives a hot shock (T> 107 K) in the
ISM that does not cool efficiently, maintaining nearly all of the
kinetic energy provided to it. The swept-up material is shocked and
able to cool to produce a multiphase outflow medium (Faucher-
Giguère & Quataert 2012; Faucher-Giguère et al. 2012; Zubovas
& King 2012) and may explain the presence of molecular gas
moving at fast outflow velocities. To decipher whether the
galactic-scale wind is ultimately powered by a jet or radiation, we
need to compare the location and extent of the quasar jet to the

outflow and search for evidence of a fast, radiatively driven wind
in the X-ray and UV spectra of the quasar.
High (>2) P

P
outflow

quasar


 on scales <1 kpc can be attributed to

outflows driven by radiation pressure in a high column density
environment, where the “momentum boost” is provided by
photons scattering multiple times off dust grains as they are
driving the outflow (Thompson et al. 2015). Detecting and
resolving the hot shocked gas produced by the jet or the
radiatively driven nuclear wind would be helpful in under-
standing what is driving the outflow. The shocked hot gas can
be detected through the Sunyaev–Zel’dovich effect (Chatterjee
& Kosowsky 2007) and has recently been found in the host
galaxy of a luminous quasar at z= 1.71 (Lacy et al. 2019).
Additionally, it was detected by stacking analyses of luminous
quasars from the Atacama Cosmology Telescope, Herschel
Space Telescope, and VLA observations (Hall et al. 2019).
Low (=1) P

P
outflow

quasar


 on scales >1 kpc can be attributed to outflows

driven by a radiative shock produced where the shocked gas can
cool efficiently, and kinetic energy is radiated away. Outflows
driven through radiation pressure in a low column density
environment can also produce an observed P

P
outflow

quasar


 =1.

To compare the energetics of the winds of our sample with
other massive galaxies with AGNs, we collated data on
molecular and ionized outflows in galaxies at 1< z< 3. We
recomputed the ionized outflow rates, luminosities, and
momentum fluxes using a consistent prescription; details can
be found in Vayner et al. (2021c). To differentiate AGN
outflow mechanisms, we compare the momentum flux of the
outflow against the photon momentum flux from the accretion
disk, as well as the kinetic luminosity of the outflow against the
bolometric luminosity of the quasar (Figure 7). In Figure 7, we
overlay theoretical predictions of the expected P

P
outflow

quasar


 value based

Figure 7. Comparison of the momentum flux (left) and kinetic luminosity (right) of the outflow to the momentum flux of the accretion disk and the quasar’s

bolometric luminosity. On the left, we plot lines of constant P

P
outflow

quasar


 ; points above the 2:1 line represent outflows that are likely driven by an energy-conserving shock

on kiloparsec scales or radiation pressure on small (<1 kpc) scales. On the right, we plot lines of constant coupling efficiency between the outflow’s kinetic luminosity
and the quasar’s bolometric luminosity. Blue circles and squares represent molecular outflows detected through CO emission and OH absorption, respectively. Red
circles represent ionized outflows at cosmic noon, recomputed in the exact same manner in Vayner et al. (2021c). Black stars are the ionized outflows of the parent
sample for this study. Blue stars are molecular outflows derived in this study through CO emission, and orange stars are the energetics from the total (molecular +
ionized) momentum flux and kinetic luminosity. Combining the energetics of the multiphase outflows indicates that they are likely driven by an energy-conserving
shock and have coupling efficiencies between 0.1% and 1%.
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on energy-conserving outflows, radiative shock driving, and
radiation pressure (Faucher-Giguère et al. 2012; Zubovas &
King 2012, 2014). Minimum coupling efficiency between the
quasar bolometric luminosity and outflow kinetic luminosity is
prescribed in theoretical simulations when outflows directly
impact the star-forming properties of the host galaxy. Based on
theoretical models, minimum coupling efficiencies are pre-
sented in Figure 7 (Hopkins & Elvis 2010; Choi et al. 2012;
Costa et al. 2018). We present the molecular outflows and the
total energetics from the multiphase outflow in Figure 7. After

combining the ionized and molecular outflows’ energetics, the
outflows exhibit P

P
outflow

quasar


 >1 on kiloparsec scales. An energy-

conserving shock is responsible for driving the outflow for 3C
318, 4C 09.17 A, and 3C 298. For 4C 05.84, it is still possible
for an energy-conserving shock to drive the outflow; however,
radiation pressure or a radiative shock model is still able to
explain the observed P

P
outflow

quasar


 . We overlay the location of the

ionized and molecular outflows in Figure 8 to highlight the
extent and morphologies of the multiphase gas outflows.

Figure 8.We present the comparison between the ionized outflow and the molecular gas distribution, extent, and morphology in sources where we detect a multiphase
gas outflow. In the background, we show the line-integrated CO intensity tracing the cold molecular gas. Violet contours outline the location of the molecular outflows
in the quasar host galaxies, and the teal contour in the 4C 09.17 system represents the molecular outflow in the merging galaxy. The white contours show the ionized
outflow traced through the [O III] 5007 Å emission line for all systems except 4C 05.84, where it is traced with Hα. The white star represents the quasar’s location,
while the bar to the right of each source represents 1″.
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5.4. The Nature of the Multiphase Outflows

For 3C 318, 4C 05.84, and 4C 09.17 A, compared to the
ionized outflowing gas, the molecular gas shows a smaller
velocity range single component that spans only blueshifted
emission from −200 to −1200 km s−1. The morphology of the
outflowing molecular gas is much clumpier and more confined
compared to the ionized outflows. The ionized outflows span a
broader range of velocities and fill a larger volume, likely
residing in a wide-angle cone. The high-velocity and clumpy
molecular outflows are unexpected, appearing to be out of
pressure equilibrium with their surroundings at the larger
separations observed in 3C 318 and 4C 05.84. Recently, high-
velocity and clumpy outflows have also been detected in one
low-redshift radio-quiet quasar and a higher-redshift lensed
quasar appearing to have similar velocity offset, dispersion, and
morphology to 3C 318, 4C 05.84, and 4C 09.17A (Bischetti
et al. 2019; Chartas et al. 2020). There is no consensus on the
observed spatial morphology and velocity structure of high-
redshift molecular outflows in luminous quasars due to the
small number of detections. The velocity dispersions and
offsets for 3C 318, 4C 05.84, and 4C 09.17 A are consistent
with molecular outflows detected through OH absorption
(Veilleux et al. 2013), which have been hypothesized to have
a thin shell geometry. For 3C 298 and 4C 09.17 B, the
molecular outflows show a broader velocity range, which likely
indicates that these molecular outflows are more volume-filling,
similar to the ionized outflows. In case these outflows are
indeed filled cones, their outflow rates and energetics will scale
by a factor of 3. We are unable to fully rule out a shell
geometry for these outflows. It would require higher angular
resolution observations to distinguish if they reside in a shell or
a filled cone/sphere. The velocities of the molecular and
ionized outflows are consistent with recent theoretical predic-
tions by Richings et al. (2021) for multiphase gas outflows
driven by a quasar.

The energy-conserving shocks responsible for the galactic-
scale outflows are powered either by radiatively driven outflow
or through shock heating of the gas by the radio jet. In 3C 298
and 3C 318, the jet’s path is consistent with both the ionized
and molecular outflows, while in 4C 05.84, the jet is only
consistent with the path of the ionized outflow; however, the
size of the jet is still consistent with the extent of both the
ionized and molecular gas outflows. In 4C 09.17, the jet is not
consistent with either the molecular or ionized outflow path.
The lack of correlation between the jet and the galactic
outflows does not indicate that the jet could not have driven the
outflow. At later stages in their evolution, the hot bubble
cocoons shocked by the jet could be relatively spherical and
volume-filling relative to the thin jet that we observe at radio
wavelengths (Wagner et al. 2012; Mukherjee et al. 2016). The
lack of path correlation between the multiple phases of the
outflow, the general asymmetry, and spatial differences in
ionized and molecular outflow can be caused by the nonuni-
form cooling properties of the galactic outflow, subject to gas
and dust extinction and the surface brightness sensitivity of our
observations. Some nearby galaxies show fast-moving outflows
that are not correlated with the axis of the jet (Venturi et al.
2021) but rather are found to expand perpendicular to the jet’s
path. None of the quasars appear to show evidence for a broad
absorption line wind, based on their rest-frame UV spectra
from the Sloan Digital Sky Survey (Pâris et al. 2018). The
X-ray observations are either missing or too shallow to search

for radiatively driven nuclear winds in Fe absorption lines.
Future space-based X-ray telescopes with larger effective
apertures and higher spectral resolving power will be crucial to
search for ultrafast outflows and compare their energetics with
the galactic-scale winds to decipher whether the jet or quasar
disk winds are the primary driver.
At the current evolutionary stage of the quasar host galaxies

in our study, the dominant outflow component, in terms of
mass, is the molecular gas. In fact, for sources with both a
molecular outflow and a molecular gas reservoir at the systemic
redshift, between 20% and 60% of the cold molecular gas
reservoir is in the galactic outflow. For sources with no
detected molecular reservoir at the systemic redshift, we are
catching these systems when the majority of the cold molecular
gas is in an outflow. This suggests that we are observing these
systems at a phase where the quasar is responsible for removing
a significant fraction of the gas in these galaxies and therefore
may be directly responsible for removing the fuel for
subsequent star formation, in turn impacting the stellar growth
of these galaxies.
For the galactic outflows in 3C 298 and 4C 05.84, we find

that most of the momentum flux is in the ionized gas phase. For
3C 318, the ionized outflow can have higher energetics within
the errors that are dominated by the measurement of the
electron density. For 4C 09.17 A, the molecular outflow has the
higher energetics. In 4C 09.17 B, we do not detect an ionized
outflow, likely due to obscuration effects, since we measure a
high concentration of molecular gas with a high AV value near
the center of the galaxy, and the 4C 09.17 B galaxy also has a
red V–K color of >5.35. Hence, it is unclear how the energetics
are distributed between the ionized and molecular gas phases of
the outflow. For most of our objects, the distribution in
energetics is consistent with recent theoretical predictions by
Richings et al. (2021). The coupling efficiency between the
multiphase outflow and the bolometric luminosity of the quasar
is consistent with theoretical predictions by Hopkins & Elvis
(2010), Choi et al. (2012), and Costa et al. (2018), where a
minimum of 0.1%–0.5% of the quasar’s bolometric luminosity
is expected to transfer into the kinetic luminosity of the outflow
for it to impact star formation processes.

5.5. Missing Mass in Galactic Outflows

We do not have any measurement of the neutral atomic gas
mass in the outflow. Yet the neutral atomic phase likely exists
within each outflow, since we observe ionized emission
through the optical [O III] and Hα lines. Theoretical work by
Dempsey & Zakamska (2018) suggests that in the absence of a
substantial amount of neutral gas, the [O III] transition would
not be present, and most of the gas would be overionized (e.g.,
into [O IV]). At the same time, theoretical work by Richings &
Faucher-Giguère (2018) has shown that a substantial amount of
the molecular gas in an outflow is expected to be in the warmer
molecular gas phase, with temperatures on the order of 400 K.
The CO transitions that trace the molecular gas reservoir within
our study are only capable of tracing the cold molecular gas
phase at temperatures of 40–70 K. The actual total momentum
flux ratios are still likely lower limits, so energy-conserving
outflows driven through a quasar mechanism are the most
likely scenario for explaining the driving mechanism behind
these galactic-scale outflows. Future observations with the
MIRI instrument on board the James Webb Space Telescope
will trace the warm molecular gas phase through the rest-frame
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mid-infrared rotational transitions of hydrogen. Observations
with future 30 m class telescopes will be able to probe the
neutral gas phase through the Na D, [O I] 6300Å lines.
Furthermore, the Square Kilometre Array will enable us to
directly probe the neutral gas phase through the 21 cm
hydrogen line.

5.6. Molecular Gas Depletion Time Scales

In this section, we explore the molecular gas depletion
timescale in the galaxies within our sample. The molecular gas
depletion timescale is defined as tdepletion,SFR=Mmolecular/SFR.
We will also compare the star formation depletion scale to the
outflow depletion scale defined in a similar manner:
t M Mdepletion,outflow molecular outflow=  . We compare the depletion
timescale of the molecular gas due to star formation and from
both the ionized and molecular gas outflows. In all cases, we
find a molecular gas depletion timescale of <31 Myr, with
tdepletion,outflow having the shorter timescale. The infrared-
derived star formation rates are 2 orders of magnitude too
high to be supported by the current molecular surface gas
density, suggesting that the IR emission is likely contaminated
by the quasar. While the maximum derived star formation rate
from the total infrared emission can be comparable to the
multiphase gas outflow rates, at the present time, star formation
rates expected from the Kennicutt–Schmidt (KS) law are 2
orders of magnitude smaller. The gas depletion timescale due
to the KS-derived star formation rates is about 2 orders of
magnitude higher than the depletion timescale due to outflows.
Due to the expected low star formation rate from the low
molecular gas surface density, in the next few megayears, the
depletion timescale will be dominated by the galactic-scale
outflows. The depletion timescales from each source for the
systems in our survey are presented in Table 6. Not only are we
catching these systems when a substantial fraction of the gas is
in an outflow state, the rate of molecular gas depletion is
dominated by the quasar-driven outflows.

In the last several years, there have been many molecular gas
observations in massive galaxies near cosmic noon. We can
compare the depletion timescales that we observe within our
systems to those that do not have powerful quasars. We
compare the expected depletion timescale due to star formation
for an average galaxy in our stellar mass range to the observed

depletion timescale due to the outflows. Tacconi et al. (2018)
measured the depletion timescale for galaxies at an extensive
range of redshifts and stellar masses. The dynamical mass
(Vayner et al. 2021b) of the galaxies within our sample range
from 1010.5–11.5Me, with star formation rates of 30–1330 Me
yr−1. This places them on the massive end of the galaxy
luminosity function and the galaxy main sequence (MS) at
z= 2 that relates the star formation rate of a galaxy to its stellar
mass. For galaxies with a mass in the range of 1010.5−11.5 Me,
the expected depletion timescale is around 700–800Myr for
galaxies on the star formation MS at z∼ 2. The range in the
molecular gas depletion timescale for galaxies in the mass
range of 1010.5−11.5 Me is 0.3–3.5 Gyr. Our systems appear to
show a depletion timescale of the molecular reservoir that is
least 100 times faster, indicating that powerful quasars can play
a role in having shorter depletion times compared to star
formation in a typical massive galaxy. While the Hα-derived
star formation rates place the sample quasar hosts on or below
the star-forming MS at z∼ 2, the much larger far-IR-derived
star formation rates place them well above the MS. We
therefore estimate a range of depletion times in Table 6
covering the range of estimated star formation rates for each
source.
The rapid depletion timescales of the cold molecular gas

reservoir and the present amount of molecular gas have a
profound implication for the evolution of these galaxies from
cosmic noon to the present day. From the Keck/OSIRIS
observations, we learned that these galaxies are offset from the
local M•–σ and M•–M* relationships (Vayner et al. 2021b),
indicating that the galaxies are undermassive for the mass of
their SMBHs. We estimated that they require a continuous
stellar mass growth of approximately 100 Me yr−1 between
z= 2 and 0 to land on the local scaling relations. For each
system, we have computed the molecular gas at the systemic
redshift of the quasar within the radius where the dynamical
masses are calculated in Vayner et al. (2021b). We find a
molecular gas mass in the range of 0.3–10× 109 Me, while in
systems without detection of CO emission at the systemic
redshift, we have placed limits of <1× 109Me. None of the
systems have the molecular gas mass necessary to increase
their stellar mass to bring them close to the local scaling
relations between the SMBH mass and the stellar mass of the
galaxy.
Furthermore, the majority of the molecular gas is in the

galactic outflows, rather than in the host galaxy; hence, the
overall stellar mass is still not going to increase by a substantial
amount through star formation. This study further indicates that
a large, fresh new reservoir of gas is necessary to accrete from
the circumgalactic medium to replenish the fuel necessary for
future star formation, and/or a large number of mergers is
expected between z= 2 and 0 (Burke & Collins 2013; Cooke
et al. 2019). Our results further indicate that strong quasar
feedback occurs before galaxies assemble onto the local scaling
relations.

6. Conclusions

We have conducted a study of the molecular gas properties
in six radio-loud quasar host galaxies at 1.4< z< 2.3 through
ALMA band 4 observation of the CO (3–2) and CO (4–3)
rotational transitions at subarcsecond resolution. The survey
aimed to study the molecular gas morphologies and kinematics
to address the energetics and evolution of these massive

Table 6
Measured Depletion Timescales Based on the Star Formation Activity and

Multiphase Outflows in Our Sample

Source tdepletion,SFR tdepletion,outflow tdepletion,KS tdepletion,MS

Myr Myr Myr Myr

4C 09.17 A-RL 6 ± 1 500 ± 50 700
4C 09.17 B-RQ 4 ± 1 178 ± 18 700
7C 1354 10 ± 4 6 ± 3 300 ± 100 700
3C 298 7 ± 1 4 ± 1 275 ± 40 700
3C 318 <1 <1.7 ± 0.6 800
4C 22.44 <31 ± 3 <3 ± 2 800
4C 05.84 <1.5 <0.8 ± 0.5 700

Note. Here tdepletion,SFR is the depletion timescale of the current molecular
reservoir using the highest star formation rate observed, tdepletion,outflow is the
depletion timescale due to the outflows, tdepletion,KS is the depletion timescale
based on the KS law for the observed molecular gas surface density, and
tdepletion,MS is the expected depletion timescale for a galaxy at the measured
stellar mass on the galaxy main sequence.
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galaxies. We resolve the molecular gas reservoirs in five
galaxies and detect molecular outflows in four systems.
Coupling these observations with high spatial resolution
observations with Keck/OSIRIS, we are able to study the
ionized and molecular gas to gauge the impact of quasar
activity on the star formation properties of the host galaxies.

1. We detect CO emission on kiloparsec scales in five out of
six quasar host galaxies (Burke & Collins 2013; Cooke
et al. 2019).

2. We detect high-velocity clumps in 3C 318, 4C 09.17A,
and 4C 05.84 offset up to −1200 km s−1, while in 3C 298
and 4C 09.17B, we detect broad CO emission lines. We
interpret these spectral features as molecular outflows.
We derive outflow rates of 168–2500Me yr−1; combin-
ing the energetics of the ionized to the molecular gas
outflows, we find that the dominant outflow mechanism is
through an energy-conserving shock from the quasar jets.

3. We find the outflowing gas to be predominantly in the
molecular gas phase, while the momentum flux and
kinetic luminosity reside in the ionized gas phase for
three out of four multi–gas phase outflows.

4. While the maximum star formation rate from the total
infrared luminosity shows a similar depletion timescale to
the outflows, due to a much lower molecular gas surface
density than expected, the outflow depletion timescales
are at least 50 times faster. The depletion timescale
compared to the expected value for an average galaxy on
the galaxy star formation MS at the stellar mass of our
survey is about 100 times faster.

5. A substantial accretion of fresh gas from the circumga-
lactic medium and/or stellar growth through dry mergers
is necessary for these galaxies to achieve the expected
mass based on their central SMBH mass using local
scaling relations. The current molecular gas reservoir is
insufficient to provide a significant amount of fuel for star
formation.

6. In the 4C 09.17 system, we find a molecular gas outflow
in its quasar host galaxy, as well as a nearby dust-
obscured galaxy, indicating evidence for feedback
occurring well before the coalescence phase of this
merger system.
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