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Abstract

We present the host-galaxy molecular gas properties of a sample of 213 nearby (0.01<z<0.05) hard-X-ray-
selected active galactic nucleus (AGN) galaxies, drawn from the 70-month catalog of Swift’s Burst Alert Telescope
(BAT), with 200 new CO(2–1) line measurements obtained with the James Clerk Maxwell Telescope and the
Atacama Pathfinder Experiment telescope. We find that AGN in massive galaxies ( >M Mlog 10.5*( ) ) tend to
have more molecular gas and higher gas fractions than inactive galaxies matched in stellar mass. When matched in
star formation, we find AGN galaxies show no difference from inactive galaxies, with no evidence that AGN
feedback affects the molecular gas. The higher molecular gas content is related to AGN galaxies hosting a
population of gas-rich early types with an order of magnitude more molecular gas and a smaller fraction of
quenched, passive galaxies (∼5% versus 49%) compared to inactive galaxies. The likelihood of a given galaxy
hosting an AGN (Lbol>1044 erg s−1 ) increases by ∼10–100 between a molecular gas mass of 108.7Me and
1010.2Me. AGN galaxies with a higher Eddington ratio (log(L/LEdd) > −1.3) tend to have higher molecular gas
masses and gas fractions. The log(NH/ cm

−2 )> 23.4) of AGN galaxies with higher column densities are
associated with lower depletion timescales and may prefer hosts with more gas centrally concentrated in the bulge
that may be more prone to quenching than galaxy-wide molecular gas. The significant average link of host-galaxy
molecular gas supply to supermassive black hole (SMBH) growth may naturally lead to the general correlations
found between SMBHs and their host galaxies, such as the correlations between SMBH mass and bulge properties,
and the redshift evolution of star formation and SMBH growth.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); AGN host galaxies (2017); Molecular gas
(1073); Surveys (1671); X-ray active galactic nuclei (2035); Survival analysis (1905); Submillimeter astronomy
(1647); High energy astrophysics (739); Seyfert galaxies (1447); Catalogs (205)
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1. Introduction

The study of cold molecular gas and its properties in galaxies
hosting active galactic nuclei (AGNs) is crucial for under-
standing the growth of supermassive black holes (SMBHs) and
how they affect their host galaxies. There appears to be an
evolutionary link between the merger of gas-rich spirals,
ultraluminous infrared (IR) galaxies, and luminous quasars
(e.g., Sanders et al. 1988; Hopkins et al. 2008; Veilleux et al.
2009). However, our understanding of this evolution and AGN
fueling is biased by the IR preselection, as most CO surveys
have focused on far-IR (FIR) bright AGN (Rigopoulou et al.
1997; Monje et al. 2011; Kirkpatrick et al. 2019) to ensure a
large number of detections.

Early studies surveyed optically selected Seyferts in the
accessible 12CO J=1–0 transition30 (Heckman et al. 1989;
Maiolino & Rieke 1995). Some surveys have focused on
X-ray-selected FIR-bright AGN (Yamada 1994; Monje et al.
2011). Some of these studies found that obscured AGN that
lack broad Balmer lines (i.e., Seyfert 2 AGN) have increased
IR emission from their disk, suggesting the nuclear toroidal
structure hypothesized to obscure the broad-line region in type
2 Seyferts (e.g., Antonucci 1993). However, other studies have
found no difference (Maiolino et al. 1997).

Several observational studies have found that AGN host
galaxies appear to lie in the “green valley” on the color–
magnitude diagram, in between actively star-forming galaxies
in the blue cloud and passively evolving galaxies on the red
sequence (Silverman et al. 2008; Georgakakis et al. 2009;
Schawinski et al. 2015). The lower star formation rates (SFRs)
associated with the green valley AGN galaxies are attributed to
AGN feedback where any reservoir of gas is either heated and/
or expelled or simply not accreted (Schawinski et al. 2009;
Pović et al. 2012; Cimatti et al. 2013; Mahoro et al. 2017).
Recent interferometric observations, particularly with ALMA
(see e.g., Combes 2018 for a review), have found many
examples of molecular outflows in both low- and high-redshift
AGN galaxies (e.g., Feruglio et al. 2010; Dasyra & Combes
2012; Brusa et al. 2018; Cicone et al. 2018; Alonso-Herrero
et al. 2019; Bischetti et al. 2019; Fluetsch et al. 2019), though
there are large uncertainties in the gas mass and other properties
due to the assumptions and the limited samples considered.
Thus, studying molecular gas in AGN hosts can provide a
direct observational test for the presence or destruction of the
molecular gas reservoir.

With the current sensitivity of large, single-dish millimeter-
wavelength telescopes, larger (N>50) surveys directed
toward unbiased samples of star-forming galaxies and AGN
galaxies (i.e., not FIR biased) are now possible. For nearby
galaxies with extended structure, single-dish observations are
better able to recover total extended CO emission than
interferometers. Such surveys have included low-mass galaxies
(ALLSMOG; Bothwell et al. 2014; Cicone et al. 2017) and
late-type galaxies belonging to the HerschelReference Survey
(HRS; Boselli et al. 2014). The IRAM 30 m CO Legacy
Database for the GALEX Arecibo SDSS Survey (COLD
GASS; Saintonge et al. 2011a, 2011b; Kauffmann et al. 2012)
with 350 galaxies was one of the first large CO studies in the
nearby universe whose sample was purely limited by stellar
mass ( >M Mlog 10*( ) ). The survey was further extend to
532 galaxies in xCOLD GASS (Saintonge et al. 2017). The

survey has been used to trace the abundance of molecular gas
in galaxies as a function of their mass, color, and morphology
to understand the mechanisms that contribute to galaxy growth
and quenching. The COLD GASS surveys were based on
IRAM 30m measurements and complementary Atacama
Pathfinder Experiment (APEX) CO(2–1) observations, includ-
ing both CO(1–0) and CO(2–1) line fluxes and offset pointings.
This provides a robust CO luminosity function for inactive
galaxies, well-calibrated CO(2–1)/CO(1–0) excitation correc-
tions, and scaling relations between gas fraction ( fH2

), depletion
timescales [tdep(H2)≡MH2/SFR], specific star formation rates
(sSFR≡SFR/M*), and global galaxy properties. Thus
xCOLD GASS serves as an ideal reference comparison sample
for studies of AGN host galaxies.
There are a handful of Seyferts in the xCOLD GASS sample,

many of which appear to have large molecular gas reservoirs,
but the statistics are too poor to understand the link to AGN
host galaxies in detail. A study of (molecular and atomic) gas
based on dust masses inferred from the FIR-submillimeter
spectral energy distribution (SED) fitting of stacked samples of
AGN galaxies at z<1 found both higher gas mass and higher
gas fractions in AGN hosts (Vito et al. 2014). Conversely,
several small studies of powerful, distant AGN (N=3–15,
z=1–3) hosts have found lower molecular gas fractions and
depletion timescales (Fiore et al. 2017; Kakkad et al. 2017;
Perna et al. 2018). A dedicated AGN galaxy survey, with
comparatively large numbers (N>200) to xCOLD GASS, is
therefore needed to understand the average molecular gas and
depletion timescales in nearby AGN galaxies.
The Burst Alert Telescope (BAT; Barthelmy et al. 2005) on

board the Neil Gehrels Swift Observatory (Gehrels et al. 2004)
has opened up a fundamentally new way to identify and study
accreting SMBHs, as ultrahard X-rays (>15 keV) can penetrate
gas and dust to directly probe the central engine of the AGN.
Ultrahard X-rays are therefore less biased by host-galaxy
properties, which can strongly affect optical and IR techniques
for finding AGN (e.g., Mateos et al. 2012; Ichikawa et al.
2017). In addition, the ultrahard X-rays are less affected by
obscuration of the AGN, provided the material is thin to
Compton scattering (i.e., log(NH/ cm

−2 ) 24; e.g., Ricci et al.
2015; Koss et al. 2016). The AGN detected with BAT are
mainly nearby (〈z〉=0.035), which allows observers to obtain
high signal-to-noise ratio (S/N) ancillary data for a large subset
of these systems. Thus, studying BAT AGN galaxies allows for
a high level of completeness, avoiding previously present
biases related to FIR selection.
Previous studies have found that the morphologies and star

formation characteristics of the host galaxies of ultrahard-X-
ray-selected AGN galaxies differ significantly from inactive
galaxies and from optically selected AGN galaxies. Ultrahard-
X-ray-selected AGN appear to be predominantly hosted by
rare, massive spirals or mergers (Koss et al. 2010, 2011a). At
high stellar masses ( >M Mlog 10.5*( ) ) these AGN are
∼10–100 times more likely to be in spiral hosts than inactive
galaxies or optically selected AGN, which are hosted almost
exclusively in red ellipticals. BAT AGN galaxies are
significantly more FIR luminous than inactive galaxies or
optical Seyferts at the same redshift (0.01<z<0.05), as the
majority of BAT AGN (54%) galaxies are detected with Akari at
90 μm, compared to only 4% of optically selected AGN galaxies
(i.e., emission-line selection) and only 5% of inactive galaxies
in the Sloan Digital Sky Survey (SDSS; Koss et al. 2011a).30 Hereafter, we simply refer to 12CO as CO.
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Further studies based on SED modeling, constructed from WISE,
HerschelPACS, and SPIRE data, have shown that most of the
FIR emission (>50%) at 70 μm originates from star formation for
most of the sources (e.g., 76%, Shimizu et al. 2017). The link with
star formation also indirectly suggests that AGN activity may be
driven by the stochastic accretion of cold gas that should be more
prominent among late-type systems (Hopkins & Hernquist 2006).
However, a more direct test would be to measure the amount of
molecular gas in these systems. This sample is therefore excellent
for understanding the link between molecular gas and AGN
fueling.

In this study, we focus on a sample of nearby BAT AGN
galaxies (0.01<z<0.05) to test whether the total host-galaxy
molecular gas is more prominent among luminous AGN and
whether this is a key part of their triggering mechanism. High-
quality multiwavelength data and associated products for the
BAT AGN and their hosts are now available through the BAT
Spectroscopic Survey (BASS; Koss et al. 2017),31 including
black hole mass measurements, X-ray modeling (Ricci et al.
2017) to measure the intrinsic AGN bolometric luminosity and
line-of-sight obscuration, and extensive continuum modeling of
the FIR emission from Herschel(Meléndez et al. 2014;
Mushotzky et al. 2014; Shimizu et al. 2016, 2017). In this
paper, we present the CO(2–1) observations of 213 BAT AGN
galaxies to study the relationship between black hole growth
and host-galaxy molecular gas. Throughout this work, we
adopt ΩM=0.3, ΩΛ=0.7, and H0=70 km s−1 Mpc−1.

2. Survey Description, Samples, and Data Reduction

2.1. AGN Sample

Our AGN parent sample consists of 836 ultrahard-X-ray-
selected (14–195 keV) AGN included in the 70-month Swift-
BATall-sky catalog (Baumgartner et al. 2013). Of these,
we focused on 348 un-beamed AGN with low Galactic

extinction [E(B−V )<0.5] and in a redshift range of
0.01<z<0.05. Sources outside of the Galactic plane
(b>10°) were given higher priority, but in seven cases,
sources with low Galactic extinction within the Galactic
plane were observed. The lower redshift bound was chosen
so that a single pointing would recover most of the CO flux
from the host galaxy (see relevant angular scales below),
while the higher redshift bound was chosen to guarantee a
high detection rate within a reasonable integration time. The
results for the complementary sample of z<0.01 BAT AGN
galaxies are presented in Rosario et al. (2018). In total, 200
AGN galaxies were newly observed—165 with the Atacama
Pathfinder Experiment (APEX) and 35 with the James Clerk
Maxwell Telescope (JCMT)—while 13 were obtained from
the literature. Figure 1 gives an overview of the sky
distribution of the 213/348 (61%) observed and the 135/
348 (39%) unobserved AGN galaxies between 0.01<z<
0.05. A further study of BAT AGN galaxies in the northern
hemisphere (δ>0°), based on the IRAM 30 m telescope,
will appear in a future publication (T. Shimizu et al. 2021, in
preparation). An ALMA campaign on 32 BAT AGN galaxies
in CO (2–1) has also recently been completed (T. Izumi et al.
2021, in preparation).

2.1.1. APEX Observations

APEX 12 m antenna observations were taken for 165 AGN
galaxies, comprised of multiple 400 s long integration frames,
with a 100″ throw between the ON and OFF beam. The
program totalled 254 hr with 2288 400 s long scans, taken over
67 days between 2016 March and 2017 September. Observing
conditions had precipitable water vapor (PWV) ranging from
0.4 to 4.5 mm with a median of 1.5 mm. The observing
programs involved were mainly an ESO Large program (PI M.
Koss, ∼150 hr), a follow-up ESO program (PI B. Trakthenbrot,
∼50 hr), and Chilean time (PI E. Treister, ∼75 hr). In addition
to our own programs, we also reduced data from archival
programs for six BAT AGN galaxies, of which only the

Figure 1. Overview of the AGN galaxies drawn from the 70-month Swift-BATall-sky catalog relevant for our molecular gas observations (shown in equatorial
coordinates and a Mollweide projection). Sources with CO(2–1) observations available either through our APEX or JCMT campaigns, or from the literature, are
shown with blue, red, and black circles, respectively. Unobserved sources, mainly in the northern hemisphere, are shown as gray triangles. The Galactic plane is
indicated by the light line.

31 http://www.bass-survey.com
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spectrum of IC 5063 was already published (Morganti et al.
2013).

We observed the CO(2–1) transition (νrest= 230.538 GHz)
using the Swedish Heterodyne Facility Instrument (SHFI;
Vassilev et al. 2008) with the eXtended Fast Fourier Transform
Spectrometer (XFFTS) backend (213–275 GHz), tuned to the
source-specific redshifted CO line frequencies. At the observed
frequencies (∼220–229 GHz), the APEX effective primary
beam size is 26 3–27 5 half power beamwidth (HPBW),
corresponding to scales between 6 and 27 kpc at the distances
of our sources. Observations were terminated either after (1) a
5σ line detection was reached, (2) ∼3 hr of observations
(including overheads; i.e., 40 minutes on-source), or (3) a
sensitivity of 1 mK rms in the antenna temperature scale (TA*)
(corrected for atmospheric attenuation, the forward efficiency,
and signal band gain) in a 50 km s−1 channel was reached
(whichever criterion came first).

The data were reduced using CLASS, a package of the
GILDAS32 programming language. Each 400 s long scan was
examined by hand, and they were rejected when they had
baseline ripples that clearly did not originate from astronomical
sources, or when they showed strong artifacts at the edge of the
spectral range (±1000 km s−1). On average, about 10% of the
individual scans of each target were discarded, and in extreme
cases, up to 50% of the frames. Flux densities were derived
assuming a constant conversion factor of 39 Jy beam−1 K−1 for
the APEX telescope.33

2.1.2. JCMT Observations

JCMT observations of the CO(2–1) molecular line were taken
for 35 AGN galaxies, between 2011 February and 2013 April.
Archival data for one additional galaxy were also reduced (NGC
6240). We used the A3 (211–279 GHz) receiver with the ACSIS
spectrometer with a beam size of 20 4 HPBW. Each galaxy was
initially observed for 30 minutes. For weak detections, additional
observations were obtained, but totalling no more than 2 hr per
target. The individual scans for each target were first-order
baseline-subtracted and then coadded. The narrow spectral
coverage of the ACSIS (∼1300 km s−1 ) does not cover enough
line-free regions to enable an estimation of the spectral noise, and
therefore we added a 10% error to the uncertainty on the line
fluxes to account for any spectral baselining uncertainties (e.g.,
Rosario et al. 2018). The RxA3 observations took place in weather
band 5 (τ225 GHz=0.20–0.32). Flux densities were derived
assuming a constant conversion factor of 28 Jy beam−1 K−1

(i.e., an aperture efficiency of 0.55).

2.1.3. Literature Measurements

We incorporate 13 literature CO line measurements of AGN
galaxies from our parent BAT AGN sample, which we did not
reobserve (see Table 2). This includes two CO(2–1) observa-
tions from the 15 m Swedish ESO Sub-millimeter Telescope
(SEST; HPBW=23″ at 230 GHz) published in Strong et al.
(2004), two from the JCMT published in Papadopoulos et al.
(2012), and five from the Caltech Submillimeter Observatory
(CSO; HPBW=32″) published in Monje et al. (2011).
Finally, we also include four AGN galaxies from IRAM that
were previously published (Bertram et al. 2007), but we use the

CO(1–0) line (HPBW=22″) to avoid the smaller beamwidth
associated with the CO(2–1) line.

3. Measurements

The principal analysis steps following the data reduction
involve integrated measurements of the CO(2–1) line for each
AGN galaxy in our sample, as well as line measurements using
simple (Gaussian) profile fitting, to derive CO line properties.
These spectral measurements are performed consistently for all
200 AGN galaxy observed with either APEX or JCMT. For the
13 literature measurements, we have only applied beam
corrections to the integrated measurements (see Section 3.4).
The new CO measurements are complemented with the rich
collection of ancillary data available for our BAT AGN through
BASS (Section 3.3). We finally describe the sample of inactive
galaxies we use for comparison (Section 3.5).

3.1. Integrated Measurements

We measure the velocity-integrated line flux SCO (in units of
Jy km s−1) from the reduced spectra by summing the signal
within a spectral range defined by hand, following the
technique in xCOLD GASS (Saintonge et al. 2017). If the
CO(2–1) line is undetected or very weak, the window is set to a
width of 300 km s−1 to estimate uniform upper limits. The CO
line luminosities are then calculated following the relation

n¢ = ´ +- -
- -L S D z3.25 10 1 , 1LCO 2 1

7
CO 1 0 obs

2 2 3( ) ( )( ) ( )

as given in Solomon et al. (1997), where the line luminosity
¢L CO (in K km s−1) is derived from the velocity-integrated line

flux, SCOΔv (in Jy km s−1) and the luminosity distance, DL (in
Mpc). The error on the line flux is defined as the rms noise
achieved around the CO(2–1) line, in spectral channels with
width D =-w 50ch

1 km s−1, and WCO is the width of the
CO(2–1) line in km s−1. The detection threshold is set to
S/N=3. We provide three examples of CO line detections
and nondetections in Figures 2 and 3, respectively. For 15
sources characterized by particularly narrow CO emission, we
produced a higher resolution spectrum to optimize the profile fit
using either 5, 10, or 20 km/s binning. The complete sample of
CO line measurements is found in the online figure set
associated with Figure 2.

3.2. Line Fitting

We have additionally measured the line widths (W50CO21)
and systemic velocities using Gaussian profile fitting for the
detected sources, following the same approach as used in the
xCOLD GASS studies (Tiley et al. 2016). Each reduced
spectrum is first fit with a single Gaussian through Monte
Carlo minimization, using the SHERPAPython package in
CIAO4.11. As discussed in Tiley et al. (2016), a symmetric
Gaussian double-peak function may be more appropriate for
higher S/N spectra, as it minimizes potential biases as a
function of S/N, inclination (apparent width), and rotation
velocity (intrinsic width). We therefore also fit each spectrum
with a Gaussian double-peak function (a parabolic function
surrounded by two equidistant and identical half-Gaussians
forming the low- and high-velocity edges of the profile),
which reduces to a single Gaussian in the limit where
the half-width of the central parabola is zero. We report
the results obtained from the fitting method that provides the

32 http://www.iram.fr/IRAMFR/GILDAS
33 http://www.apex-telescope.org/telescope/efficiency/
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lowest cn
2∣ ∣ (where cn

2 is the χ2 of the fit divided by the
degrees of freedom). We show three examples of line fits in
Figure 4. We find good agreement between profile fitting and
integrated measures (see Appendix D).

3.3. Ancillary AGN and Host Galaxy Properties from BASS

We complement the new CO measurements with various
galaxy and AGN physical properties, drawn from BASS (Koss
et al. 2017)—a large effort to collect optical and X-ray spectra

Figure 2. Examples of CO(2–1) detections for three of our BAT AGN galaxies. Left: Pan-STARRS ¢ ´ ¢1 1 gri color cutouts of the three AGN galaxies, with the beam
size of the CO observations marked in orange. Right: CO(2–1) spectra of the same BAT AGN galaxy. The spectra are centered at the position of the CO(2–1) line.
Solid red lines mark the central velocity of the optical redshift of each AGN or H I of the host galaxy which was set at the central velocity (cz), while the dashed blue
lines indicate the velocity range within which we have integrated the CO(2–1) line fluxes. The three AGN galaxies shown here illustrate CO signal-to-noise ratios
typical of the top quartile, median, and bottom quartile of the sample of 151 detections (from top to bottom; S/N=14.5,8.0, and 5.0, respectively). The figure set
including all detections and nondetections (200 images and all associated CO(2–1) spectra) is available in the online version of this paper.

(The complete figure set (200 images) is available.)
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(Ricci et al. 2017) and various other measurements for Swift-
BATAGN, in order to assess black hole masses, accretion rates,
and bolometric luminosity estimates for an unbiased local AGN
sample. Optical spectra can be accessed through the BASS
website.34 We incorporate products from both Data Releases 1
(DR1) and 2 (DR2); DR1 is currently publicly available, while

DR2 will be published in the near future (M. Koss et al. 2021, in
preparation). For all the BAT AGN galaxies in our sample, we use
the following key parameters (see Appendix B for a further
discussion of the uncertainties in parameter estimation), listed in
Table 1 or in associated BASS publications:

1. BAT ID: Catalog ID in the BAT survey.35

Figure 3. Similar to Figure 2, but for nondetections of the CO(2–1) line, for 3 of our BAT AGN galaxies. Here, the examples also illustrate the typical S/N in the top
quartile, median, and bottom quartile among the 63 AGN galaxies with CO nondetections (S/N=2, 0.5, and −0.4, respectively).

34 http://www.bass-survey.com 35 https://swift.gsfc.nasa.gov/results/bs70mon/
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2. αJ2000 and δJ2000: Right ascension and decl. of the
optical/IR counterpart of the BAT AGN, in decimal
degrees, based on WISE positions.

3. AGN typeand redshift: Measurements from BASS/
DR1 (Koss et al. 2017) and DR2 (K. Oh et al. 2021, in
preparation), when available. The redshift is based on
optical emission-line fitting (mainly of lO 5007III[ ] ).
While the emission-line redshifts may have an offset from
the systemic host velocities (Rojas et al. 2020), they
provide a rough estimate of the likely CO centroid.

4. rk20fe: The isophotal radius at a surface brightness of
20 mag arcsec−2 in the K band, taken from the 2MASS
extended source catalog (Jarrett et al. 2000).

5. Inclination angle: Galaxy inclination angle based
on r-band optical imaging from the SDSS, Kitt Peak
(Koss et al. 2011a), or from the 2MASS extended source
catalog (Jarrett et al. 2000). In order to determine the
inclination from the observed ratio of the semiminor to
semimajor axes of the galaxy, we use the prescription of
Davis et al. (2011) for both early- and late-type galaxies.

6. Morphology: Morphological classification from
Galaxy Zoo (Lintott et al. 2008), when available,
followed by the Third Reference Catalog of Bright
Galaxies (RC3, de Vaucouleurs et al. 1995), and finally
visual inspection following the approach of Koss et al.
(2011a), which is based on optical imaging. Values can
be “elliptical,” “spiral,” or “uncertain.” See Appendix A
for a further discussion of the uncertainty in morphology
measures.

7. Stellar mass: Stellar masses of the BAT AGN host
galaxies. We combined near-IR data from 2MASS, which
is more sensitive to stellar emission, with mid-IR data
from the AllWISE catalog (Wright et al. 2010), which is
more sensitive to AGN emission (i.e., reprocessed by the
circumnuclear dusty gas). See Powell et al. (2018) for a
further description of these measurements.

8. Star formation rate: The majority (80%, 171/213)
of SFR estimates were derived from the Herschel-based
study of BAT AGN galaxies by Shimizu et al. (2017),
which measured the total IR (8–1000 μm) luminosities by
decomposing the IR SEDs into AGN- and galaxy-related
components using WISE(3.4, 4.6, 12, and 22 μm),
HerschelPACS (70 and 160 μm) and SPIRE (250, 350,
and 500 μm) imaging. A subset of 19% (40/213) AGN
galaxies were not part of this Herschelimaging

publication. For these we adopt the results of Ichikawa
et al. (2019), who performed a similar IR SED
decomposition but included any available WISE, Akari,
IRAS, and Herschelmeasurements. While both studies
have similar values, we preferentially use the Herschel-
based measurements of Shimizu et al. (2017) to avoid the
much larger PSF of the IRASdata compared to the CO.
Ultimately, 15/213 (7%) of the SED estimates are only
upper limits because no FIR detection (>60 μm) was
found. Additionally, 3/213 (1%) sources lie within 10° of
the Galactic plane and were not part of either study. See
Appendix B for a further discussion about the uncertain-
ties and offsets in SFR measurements.

9. Offset from the main sequence of star
formation: A correlation between stellar mass and
SFR has been found for galaxies in the local and distant
universe (see review in, e.g., Tacconi et al. 2020). The
offset, Δ(MS), is defined as the difference on a
logarithmic scale between the observed SFR of a galaxy
and its expected SFR in relation to the main sequence
(MS) from Renzini & Peng (2015). A value of
Δ(MS)=1 would indicate that a galaxy is elevated
above the expected value of SFR on the MS by a factor of
10, while Δ(MS)=−1 indicates a factor of 10 lower
than expected.

3.4. Beam Corrections

Beam corrections are needed because the lowest redshift
galaxies (z∼0.01–0.02) with the largest angular sizes may
have more flux extending outside of the beam that goes
unmeasured compared to more distant sources (z∼0.04–0.05)
with smaller angular sizes, where most or all of the CO(2–1)
flux is likely recovered.
For each galaxy we estimate an aperture correction

separately using a model of the gas distribution and either
Herschel/PACS imaging (Lamperti et al. 2019) or the galaxy
diameter from the K-band effective radius (see Saintonge et al.
2011b, 2017, for more details on this technique). For the
majority of the sample (81%, 179/213), we use Herschel/
PACS imaging. We assume that the CO luminosity is traced by
the PACS 160 μm Herschelemission (FWHM=12″) from
Meléndez et al. (2014). We use the PACS 160 μm images
because the longer wavelength is less likely to be contaminated
by AGN emission, which can still contribute to a significant

Figure 4. CO(2–1) line profile fits to detected BAT AGN galaxies for the same sources shown in Figure 2, representing the top quartile, median, and bottom quartile
of S/N among our detected sample. BAT AGN galaxy IDs 260 (left) and 262 (right) are best fit with a Gaussian double-peak function (a parabolic function
surrounded by two equidistant and identical half-Gaussians forming the low- and high-velocity edges of the profile), while BAT AGN galaxy ID608 (center) is best fit
with a single Gaussian. The vertical red lines indicate the central velocity of the CO(2–1) line.
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fraction of the 70 μm emission (e.g., Shimizu et al. 2017;
Ichikawa et al. 2019).

We first measure the total infrared 160 μm emission of the
galaxy within a radius large enough to include the entire
galaxy. Then we take the ratio between the flux from the map
multiplied by the CO(2–1) Gaussian beam sensitivity function
and the total IR flux, and we use this value to extrapolate the
total CO(2–1) flux.

The images that we used to trace the distribution of the FIR
emission are not maps of the “true” distribution, but instead are
maps of the “true” distribution convolved with the PSF of
PACS (12″). Therefore an additional correction is needed.

To correct for the effect of the PACS PSF smearing, we use a
simulated galaxy gas profile, following the procedure described
in Saintonge et al. (2011b). For each galaxy, we create a model
galaxy simulating a molecular gas disk following an exponen-
tial profile, with a scale length equivalent to its half-light
radius. Then the profile is tilted according to the inclination of
the galaxy, and we measure the amount of flux that would be
observed from this model galaxy, using an aperture corresp-
onding to the size of the beam. We multiply the IR image by a
2D Gaussian centered on the galaxy center and with FWHM
equal to the beam size to mimic the effect of the beam
sensitivity of the telescope that took the CO observations. By
taking the ratio of these two measurements, we estimate how
much the flux changes due to the effect of the FIR PSF
smearing. We perform this 160 μm based correction on 69%
(148/213) of images. For an additional 7% (15/213), we use
the 70 μm surface brightness because the 160 μm was a
nondetection.

In cases where the PACS imaging resulted in a nondetection,
or where no PACS imaging exist (51/213, or 24%), we directly
use the simulated galaxy gas profile discussed above as
described in the COLD GASS and xCOLD GASS papers
(Saintonge et al. 2011b, 2017) and solely use the K-band

galaxy diameter (D=2×rk20fe) and inclination to estimate
the correction factor. Further discussion of the beam correc-
tions is presented in Appendix C.

3.5. Inactive Galaxy Comparison Sample

As the properties of (molecular) gas in galaxies are known to
be related to stellar mass and morphology (e.g., Saintonge et al.
2011b; Young et al. 2011), it is critical that our analysis of the
BAT AGN galaxies is done in comparison to a large, unbiased
control sample of inactive galaxies spanning a similar range in
stellar mass.
The IRAM 30 m xCOLD GASS sample (Saintonge et al.

2017) comprises 532 galaxies from two large IRAM programs,
with measurements and analyses of molecular gas across a
large range of stellar masses [i.e., < <M M9 log 11.5*( ) ],
and over the same redshift range as our sample of BAT AGN
galaxies (i.e., 0.01<z<0.05).
The xCOLD GASS sample is primarily composed of IRAM

measurements, meaning that CO(1–0), with a HPBW of ≈22″,
is a good match to our APEX (HPBW=27″) and JCMT
(HPBW=20″) CO(2–1) data, even though a different line is
used to probe the molecular gas. The xCOLD GASS sample
also contains 28 galaxies with APEX(2–1) measurements, and
the authors found that the APEX CO(2–1) to IRAM CO(1–0)
luminosity ratio for velocity-integrated measurements is
r21=0.79±0.03, based on robust measurements of both
lines, with no systematic variations across the sample proper-
ties (e.g., SFR, sSFR, or fH2

). The range typically varies
between ∼0.6 and 1.0 in nearby galaxies (Leroy et al. 2009).
We adopt this r21 conversion factor to convert our AGN galaxy
measurements from CO(2–1) into CO(1–0) before converting
into molecular gas. Further analysis of the line ratio will be
discussed in T. Shimizu et al. (2021, in preparation), who

Table 1
Multiwavelength Properties of the BAT AGN Galaxy Sample

ID Galaxy αJ2000 δJ2000 AGN Type zspec rk20fe Incl Morph log M* SFR Δ(MS)
(deg) (deg) (″) (deg) (log Me) (Me yr−1)

3 NGC7811 0.6101 3.35191 Sy1.5 0.033 14.8 41 spiral 10.64 4.68 0.45
17 ESO112-6 7.68262 −59.00721 Sy2 0.0325 15.5 61 spiral 10.56 7.17 0.66
28 NGC235A 10.72004 −23.54104 Sy1.9 0.0158 17.5 38 spiral 10.9 8.05 0.61
44 ESO195-IG021 15.14568 −47.86772 Sy2 0.037 10.3 66 uncertain 10.95 9.48 0.68
50 ESO243-G026 16.40833 −47.07168 Sy2 0.0168 34.8 78 spiral 10.39 2.21 0.21
58 NGC424 17.86516 −38.08345 Sy1.9 0.0163 35.1 83 spiral 10.49 4.72 0.5
62 IC1657 18.52921 −32.65088 Sy2 0.0262 46.6 80 spiral 10.62 3.1 0.27
63 NGC454E 18.60391 −55.39704 Sy2 0.0164 35.2 77 uncertain 10.45 1.57 0.04
72 NGC526A 20.97654 −35.06544 Sy1.9 0.0169 13.9 57 elliptical 10.48 2.23 0.18
77 Mrk359 21.88548 19.17883 Sy1.5 0.0136 16.6 52 spiral 10.5 3.23 0.33
79 CGCG459-058 22.10183 16.45932 Sy2 0.0179 13.2 77 spiral 10.83 11.6 0.79
81 ESO244-IG030 22.46323 −42.32645 Sy2 0.0294 21.4 78 uncertain 10.66 6.25 0.57
83 ESO353-G009 22.96001 −33.11929 Sy2 0.0173 24.3 57 uncertain 10.68 6.13 0.55
95 ESO354-G004 27.92441 −36.18782 Sy1 0.0202 16.5 40 spiral 10.94 3.45 0.24
96 MCG-01-05-047 28.20432 −3.44684 Sy2 0.0249 66.7 89 spiral 10.88 11.65 0.78
101 UGC01479 30.07939 24.47383 Sy2 0.0129 39.1 80 spiral 10.6 3.22 0.3
102 NGC788 30.27691 −6.81588 Sy2 0.0127 37.6 42 elliptical 10.89 1.74 -0.04
114 ESO197-G027 32.71889 −49.69852 Sy2 0.0267 18.5 82 uncertain 11.04 15.65 0.88
116 Mrk 590 33.63984 −0.76672 Sy1.5 0.0289 27.3 41 uncertain 11.2 6.08 0.45
128 MCG+4-6-43 36.72751 23.79966 Sy1 0.0333 13.2 44 spiral 10.8 <1.35 <−0.12

Note. A detailed description of this table’s contents is given in Section 3.3.

(This table is available in its entirety in machine-readable form.)
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reobserved 56 BAT AGN galaxies from our APEX and JCMT
sample using IRAM in both CO(1–0) and CO(2–1).

For the purposes of our study, we excluded 164 galaxies
with low stellar masses <M Mlog 10*[ ( ) ], which are only
rarely present in our BAT AGN galaxy sample. We further
ensured that the xCOLD GASS comparison sample does not
include any AGN. First, no BAT AGN galaxies were present in
xCOLD GASS, likely due to their low space density. Second,
we used the SDSS nebular emission-line measurements from
the OSSY database (Oh et al. 2011) to test for AGN activity
based on strong line diagnostics for the entire xCOLD GASS
sample. We identified 14 optically selected AGN based on the

bO HIII[ ] versus aN HII[ ] diagnostics of Kewley et al.
(2006). We then also checked against the SDSS-based catalog
of broad Hα line emitters compiled by Oh et al. (2015), but no
galaxies were found to be part of this catalog. We finally
checked the Veron-Cetty Catalog of Quasars and AGN (Veron-
Cetty & Veron 2010) and found that three xCOLD GASS
sources were reported as hosting AGN. We also removed four
radio-loud AGN galaxies (Best & Heckman 2012). In the
process of reviewing the xCOLD GASS sample, we also
realized that for three galaxies, the SDSS spectroscopic
pipeline inaccurately targeted a spiral arm or other feature
and that the nucleus of the galaxy is more than 5″ away. We
have excluded these galaxies also because their photometry and
measurements are unreliable (ID=20790, 36169, and 31592).
The final xCOLD GASS inactive galaxy comparison sample
thus holds 344 inactive galaxies.

Throughout this analysis and for both samples, we adopt a
Milky Way-like conversion factor from CO luminosity to H2

mass of αCO=4.3 M*(K km s−1 pc2)−1 (see e.g., Bolatto
et al. 2013 for a review). Studies of nearby galaxies with
kiloparsec-scale resolutions have found that αCO is generally
flat with galactocentric radius, with average values of 3.1±0.3
for nearby galaxies. While ULIRG-type galaxies are thought to
have lower αCO values (e.g., αCO∼1 Me/(K km s−1 pc2);
Narayanan et al. 2012), none of these sources are part of either
sample. Given that the stellar mass–metallicity relation is rather
flat over the average stellar mass that we study (log M*/Me >
10.0, Yates et al. 2012) and the difficulty of measuring
metallicity in AGN hosts using emission lines because of
contamination, we prefer this simple approach rather than
invoking metallicity-dependent gradients and conversion factors
(e.g., Accurso et al. 2017).

The median beam correction for all the BAT AGN galaxies
is 1.33, which is higher by 16% than the xCOLD GASS survey
(1.15), mainly driven by the lower redshift (〈z〉=0.026 versus
〈z〉=0.036), and higher stellar masses of the galaxies in the
AGN galaxy sample. This is somewhat by design as the
redshift range (z=0.026–0.05) was selected to ensure that the
whole galaxy was in the IRAM beam for the most massive
galaxies (log M*/Me> 10.0) in xCOLD GASS. We verified
that the results presented throughout the rest of the present
study are not significantly affected by inadequate aperture
corrections by confirming that the distributions of key
quantities and/or relations between them do not depend on
galaxy redshift (or distance).

3.6. CO Catalog Description

We provide the full catalog of CO(2–1) measurements and
key derived quantities for all 213 BAT AGN galaxies in our
sample. A summary of possible trends between the CO

detection fraction and various AGN galaxy properties is
provided in Figure 5.
The catalog includes the following quantities, included in

Table 2:

1. BAT ID: Unique ID in the Swift-BAT 70-month catalog
(see footnote 35).

2. Telescopeand HPBW: The telescope used for the CO
observation—either JCMT or APEX for our own
observations, or for the archival data, along with the
associated beam size.

3. FlagCO21: A detection flag for the CO(2–1) line, with
“1” indicating a detection, and “0” indicating a
nondetection. When the line is not detected, the tabulated
line luminosities and molecular gas masses (see below)
are 3σ upper limits.

4. σCO21: rms noise achieved around the CO(1-0) line, in
spectral channels with width Δwch=50 km s−1. The
quoted rms is at 50 km s−1 even for spectra with finer
binning.

5. Beam-correction factor: Beam aperture correc-
tion, derived either through simulations following the
approach developed for the COLD GASS sample
(Saintonge et al. 2011b), or by assuming the CO
luminosity is traced by the 160 μm emission observed
by Herschel/PACS (FWHM= 12″), as reported by
Meléndez et al. (2014).

6. ¢CO21,corrL : Total CO(2–1) line luminosity, calculated
from ¢LCO21,obs and the aperture correction. The error
includes the measurement uncertainty, a 10% flux
calibration error, and the 15% uncertainty on the aperture
correction (Saintonge et al. 2011b)—all combined in
quadrature. If the source is undetected in CO
(FlagCO21=0 in Col. 3), then the tabulated value
corresponds to a 3σ upper limit.

7. Mlog H2: Total molecular gas mass, including the helium
contribution, calculated from the integrated CO(2–1) line
luminosity assuming a conversion of 0.79 from CO(2–1)
to CO(1–0), and assuming a Milky Way-like conversion
factor of αCO=4.3 M* (K km s−1 pc2)−1 (Bolatto et al.
2013). If the source is undetected in CO (FlagCO21=0
in Col. 3), then the tabulated value corresponds to a 3σ
upper limit.

8. tdep(H2): The gas-depletion timescale (tdep(H2)≡MH2/
SFR). A small number (8%, 16/207) of AGN galaxies
have no measurements (denoted as “K”) because they lack
robust SFR measurements. Most of these (14/16) were not
observed within the Herschelprogram, and thus have less
sensitive SFR upper limits, or they lie close to the Galactic
plane where no measurements were performed (12%, 2/16).
Most are also undetected in molecular gas (75%, 12/16). As
they have upper limits on SFR and molecular gas, a gas-
depletion timescale, which is the ratio of the two, cannot be
estimated.

9. Protype: CO line measured with either a single- or
double-peak Gaussian profile (as indicated by W50type;
Tiley et al. 2016).

10. ¢Lpro,corr:Total CO(2–1) line luminosity, calculated from
the profile fit ¢Lpro,corr with an aperture correction.

11. W50, zCO: FWHM of the line from the profile fit in
km s−1, the associated error, and redshift from the central
velocity. The tabulated errors correspond to 1σ.
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The full BAT AGN galaxy CO catalog, including all CO
spectra, SDSS and PS1 images, and galaxy and ancillary AGN
observations from BASS will be available at the BASS website
(http://www.bass-survey.com).

4. Results

Here we compare the molecular gas properties we measure
in our sample of BAT AGN galaxies with those of the inactive
galaxies studied within the xCOLD GASS survey. We further
search for links between the molecular gas content of our BAT

AGN galaxies and their basic AGN-related properties, such as
their intrinsic X-ray luminosity ( -L2 10 keV

in ) and Eddington ratio
(L/LEdd≡Lbol/LEdd). For the purposes of this analysis, we
have excluded six BAT AGN that are hosted in galaxies with
particularly low stellar mass compared with the overall sample
( <M Mlog 10.0;*( ) see Figure 5). A comparison of low
stellar mass BAT AGN galaxies with inactive galaxies, at
z<0.01, can be found in Rosario et al. (2018). Our final BAT
AGN galaxy sample thus totals 207 AGN galaxies
with >M Mlog 10.0*( ) .

Figure 5. Stacked bar chart distributions of the sample of BAT AGN galaxies, with CO detections (blue) and nondetections (gray) as functions of redshift, host-galaxy
stellar mass, SFR, sSFR, intrinsic X-ray luminosity, and Eddington ratio. In nearly all cases, except at low star formation rates (SFR < 1 Me yr−1), the majority of the
sample is detected.
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Table 2
Catalog of CO(2–1) Measurements

ID Tele. HPBW Flag σ Caper S/Ninte ¢L inte,corr Mlog H2 tdep(H2) Protype ¢Lpro,corr S/Npro W50 zCO
(″) (mK) Factor (108 K km s−1 pc2) ( Mlog ) (log yr) (108 K km s−1 pc2) ( km s−1 ) ( km s−1 )

3 APEX 27 1 1.8 1.05 5.5 3 9.11 8.44 1 3 3.2 74±21 7659±10
17 APEX 27 1 0.9 1.04 11 7.7 9.52 8.66 2 8.1 10.4 561±158 8614±55
28 APEX 27 1 1.7 1.31 14.4 11.7 9.7 8.79 2 11.4 12.5 461±94 6604±42
44 APEX 27 1 1.3 1.21 7.4 25.2 10.03 9.05 2 23 9.2 469±123 14363±56
50 APEX 27 1 1.1 1.16 7 2.9 9.1 8.75 2 4.8 11.9 559±160 5737±51
58 APEX 27 1 0.8 1.51 6 0.7 8.5 7.83 1 0.6 6.2 499±237 3408±79
62 APEX 27 1 2 1.78 16.3 5.7 9.39 8.9 2 4.7 7.8 304±59 3572±26
63 APEX 27 1 0.8 1.17 7 0.9 8.61 8.41 1 0.5 5.7 158±135 3634±18
72 APEX 27 1 0.7 1.19 4.3 1 8.63 8.28 1 1.7 8 601±252 5748±83
77 APEX 27 1 2.1 1.3 8.4 4 9.24 8.73 1 4 5.8 86±23 5075±7
79 APEX 27 1 1.1 1.02 10.7 14.6 9.79 8.73 2 14.9 10.2 522±121 11416±52
81 APEX 27 1 1.3 1.35 13.2 9.6 9.61 8.82 2 10.2 9.9 381±120 7707±42
83 APEX 27 1 4.4 1.11 12.8 10.3 9.64 8.86 1 11.1 9.9 268±56 4934±23
95 APEX 27 1 1 1.06 6.8 5.9 9.41 8.87 2 6.2 8.4 409±166 10033±54
96 APEX 27 1 2.9 2.19 8.4 12.8 9.74 8.67 1 10.5 7.9 281±83 5006±32
101 APEX 27 1 2.1 1.21 9.2 4.8 9.32 8.81 1 5.3 10.2 323±62 4903±31
102 APEX 27 1 0.5 2.88 5.9 1 8.66 8.41 1 0.4 2.2 42±35 4170±9
114 APEX 27 1 0.9 1.42 12.4 26.4 10.05 8.86 2 24.5 8.8 533±115 14295±60
116 APEX 27 1 1.3 1.52 11.2 8.4 9.56 8.77 2 10.1 8.4 252±44 7926±19
128 APEX 27 1 1.2 1.04 4.7 3.4 9.16 ... 1 3 3 48±54 10069±7

Note. A detailed description of this table’s contents is given in Section 3.6.

(This table is available in its entirety in machine-readable form.)
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As our sample includes a significant number of CO
nondetections, and thus upper limits on a few key derived
quantities (CO luminosities and molecular gas mass), our
analyses of distributions and correlations rely on a survival
analysis. Specifically, we have used the Kaplan–Meier (KM)
distribution to perform a survival analysis using the software
lifelines Python package version 0.25.4 (Davidson-Pilon
et al. 2020). In what follows, we test for statistically significant
differences using the KM estimator, which is similar to the
standard Kolmogorov–Smirnov test, but allows for left-
censoring (i.e., upper limits). We adopt a 5% threshold
probability when evaluating the significance of a difference
from the null hypothesis between samples (i.e., p<0.05) and
use this test to compare all sample differences. In order to
ensure that the sample tests are not sensitive to the specific
upper limit level, we reran significance tests assuming the
upper limits were larger or smaller by 30%, and noted any
differences when they occurred.

4.1. Molecular Gas Content—Comparison to Inactive Galaxies

As shown in Figure 6, our sample of BAT AGN galaxies
strongly skews toward higher stellar masses compared to the
xCOLD GASS sample of inactive galaxies =M Mlog *[ ( )

10.75 0.02 versus = M Mlog 10.58 0.02*( ) , respec-
tively]. Importantly, considering the regime where most BAT
AGN galaxies reside ( >M Mlog 10.5*( ) ), the median mole-
cular gas mass and molecular gas fraction are systematically higher
in BAT AGN galaxies than in the inactive galaxies at fixed stellar
mass (p<0.001; right panels of Figure 6). Additionally, the BAT
AGN galaxies typically lie on the MS of star-forming galaxies
compared to inactive galaxies in xCOLDGASS, which lie below it
for the majority of the sample (p<0.001, >M Mlog 10.2*( ) ).

In Figure 7 we present the molecular gas content of the BAT
AGN galaxies and the xCOLD GASS inactive galaxies in the
context of other star formation properties. The AGN galaxies
clearly occupy a region of elevated star formation (both in
terms of SFR and sSFR). In particular, passive galaxies—i.e.,
those with < --log sSFR yr 111( ) —are a distinct minority
among our BAT AGN galaxies (2%–7%, due to upper limits),
whereas they comprise roughly half of the inactive galaxies
(49%). Over the limited range of SFRs where the two samples
overlap ( < <-M0.2 log SFR yr 0.71( ) ), the amount of
molecular gas is not significantly different between the inactive
galaxies and AGN galaxies. The gas fractions at a given sSFR
are lower for AGN galaxies than for inactive galaxies
(p=0.004), however. The gas-depletion timescales
[tdep(H2)≡MH2/SFR] for AGN galaxies are not significantly
different.

In Figure 8 we show the molecular gas and gas fraction
timescales, and the depletion timescale with offset from the MS
as defined by Renzini & Peng (2015). The BAT AGN tend to
largely lie on this MS. The xCOLDGASS inactive galaxies
have a much larger fraction of galaxies significantly below the
MS consistent with their lower average SFR. Over the limited
range in which the two samples overlap in offset from the MS
(−0.5<Δ(MS)<0.5), the AGN galaxies have lower gas
fractions (p<0.01), but not significantly different molecular
gas masses or depletion timescales.

4.1.1. Galaxy Molecular Gas Luminosity Function

Another way to study how important molecular gas is to AGN
activity is to compare the number of AGN galaxies with a given
molecular gas mass for a given volume to the number of inactive
galaxies. We do this by comparing the CO luminosity function
from xCOLD GASS (see Figure 2, Fletcher et al. 2020), which
was constructed to measure the molecular gas of all galaxies of a
given stellar mass ( >M Mlog 9.0*( ) . The mass function was
then created by normalizing to match the stellar mass function of
local galaxies, and thus be representative of local galaxies. The
BAT AGN galaxy sample is then a subset of this local galaxy
sample for all galaxies hosting an AGN above a certain X-ray
luminosity across the sky. As the BAT sample is flux limited, we
use theVmax correction method following Ananna et al. (2020) to
estimate the correction factor for each BAT AGN galaxy based
on the observability of its intrinsic X-ray flux within the volume
studied (0.01<z<0.05) and the sensitivity of BAT across the
sky (Baumgartner et al. 2013). We focus on the 144 more
luminous AGN galaxies ( -L2 10 keV

in >1042.8 erg s−1 or
Lbol>1044 erg s−1 ) in the sample where the survey sensitivity
can detect sources in the majority of the volume surveyed and the
Vmax corrections are less uncertain. We also correct for the
unobserved BAT AGN galaxies (39%) and the volume near the
Galactic plane that was excluded (b<10°).
The likelihood of a given galaxy hosting a luminous AGN

clearly increases with gas mass (Figure 9), but the absolute
fraction maxes out at 1%–10% even among the most gas-rich
sources. Presumably, key factors such as the gas distribution,
stochasticity, and ability to lose angular momentum play
essential roles.

4.1.2. Morphological Comparison

We next consider the molecular gas properties of the BAT
AGN hosts and the xCOLD GASS inactive galaxies as a
function of their morphologies (spiral, elliptical, and “uncer-
tain”), as shown in Figure 10. For reference, we provide
example images of elliptical, uncertain, and spiral host
morphologies in Appendix A.
Among spiral galaxies, the molecular gas masses and gas

fractions are similar for both AGN galaxies and inactive galaxies,
except at the highest stellar mass bins ( >M Mlog 10.8*( ) ),
where AGN hosts have significantly more molecular gas
(p=0.001). For galaxies of uncertain morphologies, the differ-
ence between AGN and inactive galaxies extends across all stellar
masses (p<0.001), although the offset is not as large as the
ellipticals. On the other hand, the difference in molecular gas
content of BAT AGN ellipticals and xCOLD GASS ellipticals is
profound across all stellar masses studied (p<0.001). Roughly
half (51%, 21/41) of the BAT AGN galaxies with elliptical
morphology hosts contain significant molecular gas mass
reservoirs >M Mlog 9H2[ ( ) ], compared to almost no gas-rich
ellipticals in the xCOLD GASS inactive sample (4%, 3/81).
Both the median molecular gas mass =M Mlog H2[ ( )
+8.910.17

0.44 versus <M Mlog 8.4H2( ) ] and the gas fraction
= - +flog 1.71H 0.38

0.24
2

[ versus = <flog 2.71H2
] are significantly

higher for elliptical hosts of AGN than for inactive ellipticals
(p<0.001), while the gas-depletion timescales tlog Hdep 2[ ( ( )

= +yr 8.880.12
0.15) versus <tlog H yr 8.5dep 2( ( ) ) ] appear to be

lower for inactive galaxies (p=0.001), although we find this
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result is not significant when the upper limits are increased
by 30%.

Finally, we note that if stricter criteria were used for
“uncertain,” the general trends would remain with small
differences. The offset in molecular gas properties would be
more significant for AGN galaxies in spirals compared to

inactive galaxies. Conversely, the size of the offset would be
somewhat smaller for AGN galaxies in ellipticals.

4.2. Molecular Gas Content—Links to AGN Galaxy Properties

Here we examine the molecular gas properties of our BAT
AGN galaxy sample as a function of various AGN- and

Figure 6. Comparison of molecular gas content, SFR, and stellar mass between BAT AGN hosts and xCOLD GASS inactive galaxies. The top panels show molecular
gas masses vs. stellar masses, and the middle panels show molecular gas mass fractions (MH2/M*) vs. stellar masses. The bottom panels show the SFR vs. stellar
masses. The solid line represents the MS of star-forming galaxies as determined by Renzini & Peng (2015), and the dashed lines indicate the 0.4σ scatter around this
line. Due to the significant uncertainty at high stellar masses ( >M Mlog 10.5*( ) ), we have plotted additional MS lines (Shimizu et al. 2015; Saintonge et al. 2016).
The left panels show the individual data points, and the right panels show the data binned in stellar mass. For presentation purposes, in the left panels individual upper
limits are shown at the 1σ level, while detections are limited to those with >3σ. In the right panels, the bin sizes were constructed to have equal numbers of sources in
each bin. Error bars on the plotted median values are equivalent to 1σ and calculated based on a bootstrap procedure with 100 realizations. Upper limits on binned data
are shown when more than half of the individual data points within that bin are themselves upper limits.
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Figure 7. Links between molecular gas content and star formation in BAT AGN galaxies and xCOLD GASS inactive galaxies. The symbols are identical to those of
Figure 6, as is the binning procedure used to produce the right column of panels. From top to bottom, we present (1) molecular gas masses vs. SFRs, (2) molecular gas
fractions vs. specific SFRs (sSFR≡SFR/M*), (3) molecular gas-depletion timescales ( ºt MH SFRdep 2 H2( ) ) vs. stellar mass, and (4) depletion timescales vs. sSFRs.
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SMBH-related properties, such as optical AGN classification,
intrinsic X-ray luminosity, black hole mass, Eddington ratio,
and line-of-sight column density. A summary of the median
parameters and confidence limits from the survival analysis for
these parameters can be found in Table 3.

4.2.1. Optical AGN Classification

We use the public BASS/DR1 and proprietary DR2 optical
spectroscopy available for our AGN to determine their optical,
spectroscopic AGN classification. We classify sources that
have both broad Hα and Hβ emission lines as Seyfert 1 s. This
includes sources that are often referred to as Type 1.0, 1.5, 1.8
etc. Sources with broad Hα but only narrow Hβ are classified
as Seyfert 1.9 s, and finally, Seyfert 2 s have only narrow
Balmer lines. Our BAT AGN sample breaks down as 40%
(83/207) Seyfert 1 s, 16% (34/207) Seyfert 1.9 s, and 43%
(90/207) Seyfert 2 s.

Figure 11 shows the distributions of molecular gas mass,
molecular gas mass fraction, the associated depletion time-
scales, SFRs, sSFRs, and offset from the MS. Overall, the
distributions are similar. However, we do find the depletion
timescales of Sy 2 galaxies are on average lower than Sy 1
galaxies (p=0.002).

4.2.2. Line-of-sight Column Density and Molecular Gas

We next investigate the possible links between two
completely independent probes of the (cold) gas content in
our BAT AGN galaxies, which in principle originate from very
different scales: the line-of-sight column density, NH—as
determined from detailed spectral modeling of the X-ray SEDs
(Ricci et al. 2017), and the new molecular gas measurements.
In Figure 12 we plot NH versus molecular gas mass, gas

fraction, and depletion timescales both for individual (left
panels) and binned (right panels) sources.
There are no significant trends between NH and molecular

gas mass. However, similar to the Seyfert 2 sample, a shorter
depletion timescale is found for the absorbed systems
(p=0.001), which is most pronounced in the most absorbed
systems (log(NH/ cm

−2 )> 23.4).

4.2.3. Intrinsic X-Ray Luminosity, Black Hole Mass, and Eddington
Ratio

We next examine possible links between the molecular
gas content of the BAT AGN hosts and key properties of
the SMBHs that power their central engines. For this, we use
measurements of intrinsic X-ray luminosities ( -L2 10 keV

in ; see
Ricci et al. 2017), black hole mass (MBH), and Eddington ratio

Figure 8. Distribution of offsets from the MS for AGN hosts and inactive galaxies (upper left). The offset, Δ(MS), is defined as the difference on a logarithmic scale
between the observed SFR of a galaxy and its expected SFR in relation to the MS from Renzini & Peng (2015). Links between molecular gas (upper right), gas
fraction (bottom left), and depletion timescales (bottom right) in BAT AGN galaxies and xCOLD GASS inactive galaxies as compared to offset from the MS. The
symbols and binning procedure are identical to those in the right column of Figure 6.
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(L/LEdd; both from Koss et al. 2017), available through the
BASS project.

In Figure 13 we plot -L2 10 keV
in versus the molecular gas

mass, gas fraction, and depletion timescale. While there
appears to be a slight increase in total molecular gas mass
with X-ray luminosity, it is not statistically significant
(p=0.10) when comparing the higher luminosity half of our
AGN to the lower luminosity half (above and below log
( -L2 10 keV

in /erg s−1)=43.2, respectively). One area with a
significant correlation is between the stellar mass and increased

-L2 10 keV
in (p=0.001, see Table 3).
Figure 14 shows the molecular gas properties compared to

MBH. No significant trends are found in any of the properties
(molecular gas mass, gas fraction, or depletion timescale, SFR,
sSFR, Δ(MS)). There is a significant trend between stellar
mass and increased black hole mass, as expected (p<0.001).

Finally, Figure 15 shows the molecular gas properties
compared to L/LEdd. The hosts of the highest Eddington ratio
AGN (log L/LEdd>−0.16) have molecular gas masses that are
significantly higher (p=0.037) than hosts with the lowest
Eddington ratio AGN, based on survival analysis. Similarly,
the highest Eddington ratio AGN have significantly higher

(p=0.042) gas fractions than the lowest L/LEdd ones. The gas
depletion timescales, SFR, sSFR, Δ(MS), and stellar mass
show no statistically significant trends with Eddington ratio.

5. Discussion

Our results generally support the idea that rapidly growing,
radiatively efficient AGN are fueled by a significant supply of
cold gas, but this difference is concentrated in early and uncertain
morphological types and more pronounced at higher stellar
masses. These AGN host galaxies that are starkly different with
higher gas fractions and SFRs than the population of quenched
massive elliptical galaxies with undetectable star formation and
molecular gas (- < < --12 log sSFR yr 11;1( ) Saintonge et al.
2017). There are also trends that support the idea that higher gas
fractions increase the average normalized black hole growth rate
(L/LEdd).

36

5.1. Links to Coevolution and Stochastic Accretion

The global Eddington ratio and gas fraction correlation, as
well as the increased likelihood of a galaxy with high molecular
gas to host a luminous AGN, may be tracing an important part
of SMBH and host-galaxy coevolution. High gas content may
lead naturally to general correlations found in the SMBH and
host (e.g., the correlations between SMBH mass and bulge
properties; Kormendy & Ho 2013) and the similarity between
the redshift evolution of star formation and SMBH growth (see
the review of Heckman & Best 2014).
The correlations found between the Eddington ratio and

both the total molecular gas mass and gas fraction (over
the entire host galaxy) suggest that substantial cold gas may be
concentrated in the nucleus of the galaxy. There is some
evidence for this from HerschelFIR imaging of AGN hosts
(Mushotzky et al. 2014; Lutz et al. 2018), which showed that a
significant fraction of Herschel/PACS emission originates
from compact sources, with typical scales of <2 kpc. However,
high-sensitivity interferometric observations of the central
cores of AGN host galaxies are critical to confirm this scenario.
Several ALMA campaigns are currently trying to pursue this
challenging goal, including our own BASS-focused effort
(T. Izumi et al. 2021, in preparation), but the samples are still
rather small (<40 AGN hosts). These high-resolution studies,
which can overcome some of the huge difference in scales
between the entire AGN galaxy studied here and the small
scales of ultimate accretion are critical.
While statistically significant global trends and/or correla-

tions (p=0.001−0.04) are found in the large sample studied
here (N=207), it is crucial to stress that there is significant
variation between individual AGN hosts, most likely driven by
the stochasticity of both SMBH fuelling and the emergent
AGN emission, and the galaxy-scale star formation processes
(e.g.,Hickox et al. 2014; Schawinski et al. 2015; Caplar &
Tacchella 2019; Wang & Lilly 2019). This is similar to the
result that when averaging over the full star-forming galaxy
population, the average SMBH growth is correlated with SFR
(e.g., Mullaney et al. 2012; Chen et al. 2013; Jones et al. 2019),
as it is in the host galaxies of BAT AGN (Shimizu et al. 2017),
although this correlation may be mainly linked to the host-
galaxy stellar mass relation rather than star formation (Yang
et al. 2017, 2018).

Figure 9. Top: The H2 mass function for xCOLD GASS (see Figure 2, Fletcher
et al. 2020) compared to galaxies hosting a BAT AGN ( -L2 10 keV

in >
1041.8 erg s−1 or Lbol>1044 erg s−1 ). Error bars are based on Poisson
statistics and include the number of nondetections in the lower limits. Only
intervals with at least five sources per bin and with the majority detected are
plotted. A red line indicates the best-fit Schechter function for xCOLD GASS.
Bottom: the likelihood of a galaxy of a given molecular mass hosting an AGN,
based on dividing the H2 mass functions. The highest H2 mass point (at

=M Mlog 10.23H2( ) ) is based on an extrapolation of the best-fit Schechter
function because of the limited numbers of sources in xCOLD GASS.

36 Or, alternatively, that higher gas fractions are linked to shorter SMBH
growth timescales, which scale inversely with L/LEdd.
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Figure 10. Links between molecular gas content and galaxy morphology for the BAT AGN galaxies and the xCOLD GASS inactive galaxy sample. Top left panel:
distributions of galaxy morphology. For each sample and morphology class, gray bars indicate sources with CO(2–1) upper limits. The other panels show the median
molecular gas mass and gas fraction vs. stellar mass for both AGN hosts and xCOLD GASS inactive galaxies, with either spiral, uncertain, or elliptical morphologies
(second, third, and bottom row, respectively). Upper limits are shown when more than half the sample is upper limits. Note that more than half of all inactive galaxies
with elliptical or uncertain morphologies have no robust CO detections.
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The ability to assess differences in star formation properties
and offset from the MS complicated by systematic biases in
measuring the SFR using different techniques in high stellar mass
passive galaxies and AGN (and see Appendix B) and how
“passive galaxies” are defined. However, the BAT AGN do have
on average a higher fraction of massive spirals, bluer colors, more
mergers, and more LIRGs (e.g., Koss et al. 2011a, 2013) than
inactive galaxies, consistent with their higher molecular gas
masses than inactive galaxies and typically higher SFRs than
xCOLD GASS. We note that a previous study found that the
BAT AGN predominantly lie below the MS of star-forming
galaxies (but still well above passive galaxies; Shimizu et al.
2015) based on the Herschelobservations, although we show that
the BAT AGN galaxies are typically within the scatter of the MS.
This is because there is significant difficulty establishing the low-
reshift MS at high stellar masses ( >M Mlog 10.3*( ) ), such as
studied here, in that there is potentially a flattening as well as
increased scatter at high stellar masses (e.g., Popesso et al.
2019a, 2019b). Furthermore, the rarity of high-mass galaxies
( >M Mlog 11*( ) ) also contributes to this difficulty. This issue

will be further explored in a subsequent publication (T. Shimizu
et al. 2021, in preparation).

5.2. AGN Feedback

Given the significant connection between gas-rich AGN host
galaxies and black hole growth, the next question is to what
extent AGN are able to suppress star formation activity
throughout the host galaxy, or the infall of more (cold) gas onto
the host. There is no significant evidence that the most
luminous X-ray AGN galaxies have depletion timescales that
are significantly shorter than lower luminosity AGN galaxies.
This suggests that these AGN are not the primary drivers of
quenching or evolution in the M*–SFR plane. This could be
because the measured “instantaneous” luminosities are weakly
related due to the much longer timescales on which average
stochastic accretion occurs. Large samples with hundreds of
sources, such as the one studied here, combined with studies of
the AGN history on longer timescales (e.g., Sartori et al. 2018),
are crucial to overcome AGN variability and understand the
role of AGN outbursts and feedback. Finally, high-sensitivity

Table 3
Summary of Median Parameters for Molecular Gas and Host Galaxy Parameters of AGN Galaxies

Mlog H2 M Mlog H2  log tdep(H2) log SFR log sSFR Δ(MS) log Må

log (Me) log (yr) log (Me yr−1) log(yr−1) log(Me)

AGN Type
Sy 1 +9.350.08

0.18 - +1.470.07
0.04 +9.020.05

0.06 +0.330.11
0.14 - +10.450.07

0.10 - +0.190.12
0.09 +10.800.03

0.07

Sy 1.9 +9.370.07
0.43 - +1.260.22

0.06 +8.980.15
0.04 +0.540.15

0.25 - +10.250.10
0.22 +0.000.18

0.16 +10.790.08
0.09

Sy 2 +9.360.12
0.13 - +1.420.23

0.08 +8.880.07
0.05 +0.400.16

0.11 - +10.320.13
0.12 - +0.080.19

0.10 +10.750.07
0.03

p<0.05 p = 0.002

log(NH/ cm
−2 )

<20.3 +9.310.13
0.21 - +1.530.11

0.07 +9.050.09
0.06 +0.300.11

0.16 - +10.470.11
0.09 - +0.240.10

0.12 +10.800.04
0.11

20.3−22.5 +9.500.15
0.17 - +1.430.03

0.11 +9.020.04
0.02 +0.390.14

0.10 - +10.390.06
0.15 - +0.150.13

0.15 +10.790.04
0.08

22.5−23.4 +9.350.10
0.16 - +1.370.07

0.11 +8.940.09
0.05 +0.340.21

0.21 - +10.210.12
0.09 - +0.070.11

0.17 +10.640.05
0.07

>23.4 +9.320.16
0.28 - +1.590.12

0.25 +8.730.07
0.11 +0.530.18

0.16 - +10.270.25
0.15 - +0.060.21

0.20 +10.810.04
0.07

p<0.05 p<0.001 p=0.034

log( -L2 10 keV
in /erg s−1)

<42.8 +9.280.07
0.15 - +1.440.08

0.13 +8.990.05
0.05 +0.280.13

0.19 - +10.320.14
0.12 - +0.180.10

0.20 +10.600.06
0.08

42.8−43.2 +9.340.20
0.19 - +1.490.08

0.11 +8.930.09
0.05 +0.340.21

0.13 - +10.400.16
0.12 - +0.190.17

0.10 +10.750.06
0.07

43.2−43.4 +9.500.15
0.20 - +1.340.23

0.13 +8.960.12
0.19 +0.550.19

0.15 - +10.180.17
0.07 - +0.030.10

0.16 +10.780.02
0.11

>43.4 +9.480.21
0.18 - +1.470.12

0.04 +8.880.22
0.14 +0.430.12

0.20 - +10.440.08
0.15 - +0.180.12

0.17 +10.880.05
0.11

p<0.05 p=0.001

log(L/LEdd)
<−2 +9.290.05

0.13 - +1.520.11
0.19 +8.990.05

0.01 +0.400.27
0.11 - +10.350.22

0.16 - +0.140.19
0.20 +10.780.08

0.09

−2 to −1.6 +9.350.10
0.13 - +1.480.20

0.04 +8.940.03
0.10 +0.370.17

0.12 - +10.420.09
0.13 - +0.200.11

0.11 +10.800.05
0.08

−1.6 to −1.1 +9.500.23
0.20 - +1.400.13

0.15 +9.020.14
0.06 +0.350.11

0.18 - +10.350.17
0.13 - +0.120.18

0.07 +10.810.07
0.07

>−1.1 +9.560.22
0.10 - +1.430.02

0.11 +8.880.08
0.07 +0.500.16

0.18 - +10.170.16
0.12 +0.070.22

0.09 +10.740.14
0.04

p<0.05 p=0.037 p=0.042

log (MBH/Le)
<7.4 +9.290.18

0.24 - +1.430.04
0.14 +8.910.11

0.05 +0.330.09
0.16 - +10.230.15

0.12 - +0.090.10
0.24 +10.550.10

0.12

7.4−7.8 +9.450.20
0.18 - +1.370.10

0.14 +9.000.03
0.08 +0.240.09

0.27 - +10.300.10
0.15 - +0.090.15

0.14 +10.680.03
0.08

7.8−8.1 +9.350.05
0.16 - +1.530.30

0.08 +8.980.14
0.05 +0.340.12

0.25 - +10.520.15
0.12 - +0.280.12

0.13 +10.880.08
0.02

>8.1 +9.420.15
0.25 - +1.470.21

0.13 +8.930.12
0.06 +0.550.15

0.08 - +10.350.22
0.15 - +0.060.21

0.11 +10.910.03
0.04

p<0.05 p<0.001

Note.Summary of median values for AGN host galaxies and the 1σ confidence limits based on a survival analysis using the KM estimator and the LIFELINES survival
analysis package. A two sample survival analysis in time test is run between the two populations split in half between the highest and lowest values.
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interferometric observations of the central cores of AGN host
galaxies would also test whether signs of AGN feedback are
present.

5.3. Gas-rich Ellipticals

The large amounts of molecular gas we find in BAT AGN
that are hosted in elliptical galaxies is quite surprising and
significant. Examples of some of the most gas-rich ellipticals in
the BAT AGN galaxy sample are shown in Figure 16. We
caution that some of these galaxies may be better classified as
early types, as it is difficult to distinguish between true
ellipticals and face-on lenticular hosts without deeper, higher
quality imaging (e.g., from HST; see Appendix A)—as has
been noted with Galaxy Zoo classifications (e.g., S0-SAs,
Lintott et al. 2008). Importantly, ellipticals with significant
molecular gas mass ( >M Mlog 9H2( ) ) are quite rare among
inactive galaxies. Of the 81 inactive massive ( >M Mlog *( )
10.2) ellipticals from xCOLD GASS, only 4% (3/81) have a
significant amount of molecular gas. Similarly, the fraction of
early-type galaxies with ( >M Mlog 9H2( ) ) within the
ATLAS3D sample is even lower, about 1% (3/260; Young
et al. 2011).

In contrast, the majority (51%, or 21/41) of the elliptical hosts
of BAT AGN are comparatively gas-rich (i.e., meeting the

>M Mlog 9H2( ) criterion). Interestingly, the ATLAS3D survey
found a significant trend between the molecular gas content and
stellar specific angular momentum. Combined with our finding of

a high fraction of gas-rich ellipticals among BAT AGN hosts, this
may suggest that the amount of galaxy angular momentum may
be coupled to SMBH growth via stochastic accretion.
Given the lack of gas-rich early types among inactive galaxies,

our results suggest that the many gas-rich early-type galaxies host
luminous AGN. This is further supported by the most gas-rich
early-type galaxy in xCOLD GASS (ID 3819) being excluded
from the study due to hosting an AGN. Additionally, there is
strong evidence that at least 2/3 early-type gas-rich galaxies in
ATLAS3D host AGN based on radio data (Nyland et al. 2016).
Further study is required to test this, however, because of the
difference in volumes surveyed, and the rarity of both gas-rich
early-type galaxies and of luminous AGN.37

One obvious source of the additional gas in the massive
galaxies is from mergers, which have already been shown to be
significantly more common in BAT AGN hosts (e.g., Koss
et al. 2010, 2011b, 2018). One might also expect an increase in
the molecular-to-atomic gas ratio as measured from H I during
the merger. The relatively high gas fractions of BAT AGN
galaxies may explain the enhanced occurrence rate of dual
AGN (Koss et al. 2012, 2018), which exceeds predictions from
(low-redshift) simulations (Rosas-Guevara et al. 2016). As a
specific example, looking at eight gas-rich BAT AGN galaxies
with uncertain morphologies (Figure 17), 38% (3/8) are close

Figure 11.Molecular gas properties for different optical AGN galaxy subclasses. Distributions of molecular gas mass (upper left), gas fraction (upper right), depletion
timescale (lower left), and sSFR (lower right), color-coded by the optical AGN classification. Sources that have both broad Hα and Hβ (red) are considered Sy 1 (e.g.,
type 1.0, 1.5, 1.8 etc.), sources with broad Hα but only narrow Hβ are Sy 1.9 (green), and finally, Sy 2 have only narrow Balmer lines. Lines represent kernel density
estimates for the distributions. Seyfert 1.9 s are found to have higher gas fractions; otherwise, the distributions are statistically indistinguishable.

37 The BAT AGN survey probed a volume of about 2×107 Mpc3, which is
about 173 times larger than the ATLAS3D volume (Cappellari et al. 2011).
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mergers with separations between galaxy nuclei smaller than
3.5 kpc (Koss et al. 2018), whereas the rate among inactive
galaxies for similarly close mergers is lower than 1%.

These observations may be able to measure the importance
of externally acquired gas (e.g., from mergers and cold
accretion). This was already clearly demonstrated in some
inactive early-type galaxies (e.g., in the ATLAS3D sample;
Davis et al. 2011), as the specific angular momentum of the gas
is dramatically different from that of the stars. Early efforts
studying dozens of the nearest BAT AGN galaxies are
currently underway with ALMA (T. Izumi et al. 2021, in

preparation), in H I with the Australia Telescope Compact
Array (I. Wong et al. 2021, in preparation), and for hundreds of
BAT AGN galaxies with the Jansky Very Large Array (Smith
et al. 2020).

5.4. AGN Obscuration

The finding that higher column density AGN galaxies
(log(NH/ cm

−2 )> 23.4) and Seyfert 2 AGN galaxies are
associated with lower depletion timescales suggests a connec-
tion to the gaseous environment of the nucleus. The higher

Figure 12. Links between molecular gas properties and the X-ray line-of-sight column density. The different panels show the molecular gas mass (top), molecular gas
fraction (center), and depletion timescale (bottom). Fifty-two AGN have a column density consistent with a lower limit (NH=1020 cm−2). The scales of the median
plots (right column) are smaller than those of the individual measurements (left column) to better highlight the subtle trends seen (or not seen).
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column density AGN are also associated with higher sSFR.
Obscured AGN may prefer hosts with more molecular gas
centrally concentrated in the bulge associated with the torus
that may be more prone to quenching than galaxy-wide
molecular gas. The relationship between X-ray line-of-sight
column density, the amount of molecular gas, stellar mass, and
the inclination angle of the galaxies will likely allow one to
further understand the galaxy-scale distribution of dusty,
molecular gas, star formation, and the associated galaxy-scale
obscuration (B. Strittmatter et al. 2021, in preparation). When
also combined with higher resolution data, the closer (lower
redshift) subset of the BAT AGN galaxies sample may provide a

unique ability to measure the amount of extended (0.1−1 kpc)
molecular gas. This in turn will provide a template for
interpreting the typical contribution of galaxy-scale contribution
to the X-ray obscuration in distant AGN that is observed in deep
surveys. At high redshift, the gas fractions are generally higher
(Vito et al. 2014), and galaxy-scale obscuration is likely much
more important for these surveys.

6. Summary and Conclusions

We reported observations of the 12CO(2-1) emission line for
213 ultrahard-X-ray-selected AGN galaxies drawn from the
Swift/BAT 70-month catalog. These data, obtained through

Figure 13. Molecular gas mass, gas fraction, and depletion timescale compared to the intrinsic X-ray luminosity (top, middle, and bottom panels, respectively).
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large allocations of APEX and JCMT observing time, allowed
us to reliably measure several key properties of the molecular
gas in the hosts of these powerful AGN, including molecular
gas mass and mass fraction, and depletion timescales. These
were compared to similar measurements for a large comparison
sample of inactive galaxies, drawn from the xCOLD GASS
survey. Our analysis demonstrates that large (N>200)
samples of AGN galaxies with high-quality multiwavelength
data and well-defined control samples are essential to under-
stand the possible links between significant black hole growth

and the host-galaxy-scale molecular gas content. Our main
findings are listed below.

1. AGN in massive galaxies ( >M Mlog 10.5*( ) ) tend to
have more molecular gas and higher gas mass fractions
than inactive galaxies matched in stellar mass
(p<0.001). The higher molecular gas content is related
to AGN galaxies hosting a population of gas-rich early
types with an order of magnitude more molecular gas, a
smaller fraction of quenched, passive galaxies (∼5%

Figure 14. Molecular gas mass, gas fraction, and depletion timescale compared to the black hole mass (top, middle, and bottom panel, respectively). As in other
figures, we show both individual measurements (left column of panels) and medians within bins (right panels). For presentation purposes, the scales of the median
plots (right column) are smaller than in the left column to show sample differences.
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versus 49%), and a larger fraction of AGN galaxies on the
MS of star formation compared to inactive galaxies.

2. When matched in star formation, specific star formation,
or offset from the MS of star formation, AGN galaxies
are similar to inactive galaxies with respect to molecular
gas and depletion timescales. There is no evidence that
AGN feedback affects the host-galaxy cold molecu-
lar gas.

3. The probability of hosting an AGN ( -L2 10 keV
in >

1041.8 erg s−1 or Lbol>1044 erg s−1 ) is correlated with
the total molecular gas and increases by a factor of
∼10–100 between a molecular gas mass of 108.7Me and
1010.2Me.

4. The hosts of AGN accreting at higher Eddington
ratios have, on average, higher molecular gas masses
(p=0.037) and gas fractions (p=0.042).

Figure 15. Molecular gas mass, gas fraction, and depletion timescale compared to the Eddington ratio (top, middle, and bottom panel respectively). As in other
figures, we show both individual measurements (left column of panels) and medians within bins (right panels). There is a general increase in molecular gas mass and
gas fraction with increasing L/LEdd, while there is no trend with gas-depletion timescale. For presentation purposes, the scales of the median plots (right column) are
smaller than in the left column to show sample differences.
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5. When matched by stellar mass and morphology, early-type
AGN hosts show much higher molecular gas mass and gas
fractions, by more than an order of magnitude, than inactive
galaxies (e.g., = M Mlog 9.58 0.07H2( ) for AGN
galaxies versus 8.36±0.08 for inactive galaxies). This is
related to the fact that the AGN galaxy sample lacks a
significant number of massive and passive galaxies
( < --log sSFR yr 111( ) ), which are common among the
inactive ellipticals. AGN host galaxies are also more likely
to be on the MS. Among spirals and uncertain morphol-
ogies, the difference in molecular gas content is significant
for only the highest stellar masses ( >M Mlog 10.5*( ) ).

6. Higher column density AGN galaxies (log(NH/ cm
−2 )

> 23.4) and Seyfert 2 AGN galaxies are associated with
shorter depletion timescales. Obscured AGN may prefer
hosts with more molecular gas centrally concentrated in
the bulge that may be more prone to quenching than
galaxy-wide molecular gas.

These results suggest that molecular gas has a critical role to
play in black hole growth. Ultimately, a combination of
interferometric CO observations (e.g., with ALMA or
NOEMA), H I observations, and measurements of stellar
dynamics from optical/near-IR integral-field spectroscopy at
scales of hundreds of parsecs are critical to further interpret the
excess of molecular gas in powerful AGN galaxies, and
understand its role in fuelling SMBHs, and perhaps the way in
which this SMBH growth may affect the host.
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Appendix A
Morphological Classification

Here we discuss issues related to morphological classifica-
tion using ground-based data even for nearby galaxies.
Examples of galaxy morphologies from the sample for
elliptical morphologies can be found in Figure 16, for uncertain
morphologies in Figure 17, and for spiral morphologies in
Figure 18.
We primarly investigate the elliptical classification because

the excess of molecular gas among AGN galaxies compared
to inactives was most significant. Galaxy Zoo morphologies,
which are used in both samples, are known to include some
of the S0-Sa continuum (Lintott et al. 2008). There is also a
bias in comparing between samples that the tendency is that
a fainter, higher redshift galaxy will be more likely classified
as an elliptical due to the difficulty of identifying faint
spiral arms.
Our study contains 34% (73/213) of galaxies with only DSS

images in the southern hemisphere (δ<−30°) which may, due
to their poorer quality imaging, have some bias to elliptical
morphologies. Of these, 19% (14/73) have elliptical morphol-
ogies. However, we do not find that these galaxies with DSS
imaging have a significantly higher fraction of ellipticals than
the majority with SDSS or PS1 imaging, where the fraction is
20% (28/140), suggesting that this is not a significant issue.
We then focus our study on the 13 BAT AGN galaxies with

the most molecular gas ( >M Mlog H2( ) 9.5), which is higher
than any of the elliptical galaxies either from xCOLD GASS or
the ATLAS sample. First, we use Hyperleda to study whether
morphological classifications from other publications are
consistent with ours. We find that of the 13 BAT AGN
galaxies, 9 are classified as elliptical, 3 as S0, and 1 as SA.
Lower surface brightness features such as spiral disks can be

found with higher quality imaging such as from the HST (e.g.,
Ellis et al. 2000), as well as features such as nuclear spirals
(e.g., Martini & Pogge 1999; Martini et al. 2003a, 2003b),
which are only resolved with high spatial resolution imaging.
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Figure 16. Pan-STARRS ¢ ´ ¢1 1 example gri images of the BAT AGN sample for galaxies classified as elliptical with some of the highest molecular gas masses. The
galaxies are sorted from largest (upper left, ID=760, =Mlog 10.27H2 Me) to smallest (bottom right, ID=102, =Mlog 9.53H2 Me) in molecular gas content from
left to right and top to bottom. All of these galaxies have more molecular gas than any of the 81 inactive massive (log M*>10.2 Me) ellipticals from xCOLD GASS.
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We found that 4/13 sources have optical HST imaging. Of
these, 1 was classified as an elliptical (Mrk 509), 2 as an SA
(Fairall 49 and ESO 323-77), and finally, 1 as a peculiar/SB
system due to a nuclear spiral (Ark 120) based on previous
studies (Malkan et al. 1998; Bentz et al. 2009).

Among the xCOLD GASS inactive elliptical sample, there
are eight detections with much lower molecular gas masses
( =M Mlog 8.5 9.3H2( ) – ). Four are reported as elliptical in

Hyperleda, and four as S0-SAs. No optical HST images exist
for the sample.
In summary, we find that the elliptical sample with gas

detections includes a significant fraction of lenticular systems
in both BAT AGN galaxies and the inactive galaxies. Further
large studies of morphology with the HST would be necessary
to investigate how common weak spiral arms or nuclear spirals
are in these systems.

Figure 17. Pan-STARRS ¢ ´ ¢1 1 example gri images of the BAT AGN sample for galaxies classified as uncertain with some of the highest molecular gas masses. The
galaxies are sorted from largest (upper left, ID = 841, =M Mlog 10.76H2( ) ) to smallest (bottom right, ID = 342, =M Mlog 10.01H2( ) ) in molecular gas content
from left to right and top to bottom. All galaxies in the top row have more molecular gas than any of the 105 inactive massive ( >M Mlog 10.2H2( ) ) uncertain galaxy
morphologies from xCOLD GASS.
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Appendix B
Uncertainty in Derived Parameters for Inactive Galaxies

and AGN Galaxies

The derived parameters (stellar mass, gas-depletion time-
scales, etc.) for inactive and AGN host galaxies require a few
assumptions because some of the parameters are derived
differently because of the difficulty dealing with AGN
contamination of the multiwavelength emission. The stellar
masses are both computed using SED fitting, but there is some
uncertainty in the AGN emission. In general, the results in this
paper are more significant than the likely scatter or possible
offsets, however.

First, for the stellar mass measurements, 18 BAT AGN
overlap with the Max Planck Institute for Astrophysics/Johns
Hopkins University (MPA/JHU) catalog, which was used for
xCOLD GASS stellar mass measurements. The agreement in
stellar masses for these AGN is good, with the BAT AGN
stellar masses somewhat lower than those in the catalog
(log(M*/Me)=−0.07±0.15).

Second, we have assumed the CO (2-1) can be reliably
converted into the CO(1-0) assuming a conversion of
0.79±0.03, which was derived from xCOLD GASS. For
the CO(2-1), Lamperti et al. (2017) examined the CO(3-2) and
CO(1-0) for these AGN galaxies compared to xCOLD GASS
inactive galaxies and found no significant offset, so we would
not expect an offset in CO(2-1). Shangguan et al. (2019)

studied a sample of 15 Palomar-Green quasars and found no
offset in CO (2-1) to CO (1-0) either.
One area where there may be systematic offsets is the

derivation of SFR and hence depletion timescales that are
derived from the SED fitting of the IR (Shimizu et al. 2017;
Ichikawa et al. 2019). There is also some uncertainty in the
level to which the AGN contaminates the FIR emission that
was used to estimate the SFR after SED fitting to remove the
AGN contribution (e.g., Shimizu et al. 2017; Ichikawa et al.
2019), particularly in studies of luminous systems, which might
affect depletion timescales. In xCOLD GASS, the SFR
estimates are from an average of near-UV, optical, and mid-
IR fitting (Janowiecki et al. 2017) as well as from the MPA/
JHU catalog from optical measurements. For the purpose of
this study, we used the SED fitting SFR measurements from
xCOLD GASS to better match the Herschel-based SED fits.
For emission-line galaxies, the SFRs of xCOLD GASS where
found be in very good agreement with H-alpha (0.2 dex scatter
with 0.01 offset across three orders of mag), which has been
shown to be in good agreement with the FIR emission, but with
some scatter consistent with previous studies (see e.g.,
Kennicutt & Evans 2012, for review).
In order to better understand the offsets, we crossmatched

the BAT AGN galaxies with measurements from either the
MPA/JHU catalog or GALEX–SDSS–WISELegacy Catalog
version 2 (GSWLC-2; Salim et al. 2018). GSWLC-2

Figure 18. Pan-STARRS ¢ ´ ¢1 1 example gri images of the BAT AGN sample for galaxies classified as spiral with some of the highest molecular gas masses. The
galaxies are sorted from largest (upper left, ID=205, =M Mlog 10.11H2( ) ) to smallest (bottom right, ID=588, =M Mlog 9.93H2( ) ) in molecular gas content
from left to right and top to bottom.
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determines SFRs from joint UV+optical+mid-IR SED fitting
along with CIGALE (Noll et al. 2009). Because only a small
number of BAT AGN galaxies are in the SDSS footprint, we
used the full sample of BAT AGN galaxies (e.g., including
those unobserved, as shown in Figure 1), limited to BAT AGN
where the SFR was detected rather than a limit. This left us
with a sample of 32 BAT AGN galaxies with overlapping SFR
measurements for the same AGN galaxies (Figure 19).

We found that the Herschelderived SED SFRs in our
studies were typically significantly higher, with the median
offset and 1σ confidence as +0.280.22

0.18 dex for GSWLC-2 and
+0.450.07

0.08 dex for the MPA/JHU, respectively. The SFR
offsets are consistent with previous studies of AGN and
massive galaxies when measured with Herschel(e.g., see
Figure 12, Rosario et al. 2016). The AGN galaxies with the
highest offsets tended to be those near the LIRG boundary,
with some of the highest IR luminosities in the local universe
in the sky, indicating that some of this offset might be in
systems with much obscured star formation. If the evolved
stars significantly contribute to the dust heating measured in
the FIR, causing an overestimate of the IR-based SFR, we
might expect a correlation with stellar mass, which we do not
find. Finally, we do not see any correlation in the offsets with
AGN X-ray luminosity, which we might expect if the AGN
contribution to the IR were incorrectly subtracted.

In xCOLD GASS the SFR estimates which we directly
compare to are from Janowiecki et al. (2017), which itself is
somewhat above the MPA/JHU (Δ(SFR)=0.28) and
GSWLC-2 (Δ(SFR)=0.21 dex), so it is possible that some
of these offsets between AGN galaxies and xCOLD GASS
cancel each other. In summary, systematic offsets in SFR
measurements between AGN and inactive galaxies and FIR
versus UV-optical-mid-IR may limit our ability to measure
small differences (≈0.3 dex) in gas-depletion times, star
formation properties, and offset from the MS. In the current
sample, the evidence suggests that the Herschel-based
measurements may better capture obscured star formation,
however.

These issues will be further explored in a subsequent paper
studying the combined results from this paper and a large
IRAM program (N=129 BAT AGN galaxies), which has the
benefit of both a larger sample size and an overlap for 56 of the
AGN galaxies from the APEX and JCMT data presented here
(T. Shimizu et al. 2021, in preparation). This paper will
perform a full UV-optical-mid-IR fitting.

Appendix C
Beam-correction Methods

We have used somewhat different beam-correction methods
for the AGN and inactive galaxies. Because the galaxies have
not been mapped in CO beyond the primary beam, the critical
issue is what other imaging wavelength best represents the CO
scale lengths to provide the most accurate correction. As
discussed in the text, the xCOLD GASS sample used a
combination of simulations and the g-band surface brightness.
The BAT AGN galaxy sample primarily used PACS 160 μm
surface brightness, but when these were not available, it used
the ¢K -band surface brightness.
The effect of using different imaging for the correction of

the CO beam is still little understood, although the literature
suggests that FIR (e.g., 70 μm or 160 μm) tracers are most
effective. Leroy et al. (2008) found that in spirals, the star
formation efficiency (SFE=SFR/MH2) based on H2 is
nearly constant at 800 pc resolutions, compared to 3.6 μm
data. However, when the interstellar medium is predomi-
nantly H I, the SFE drops with a smaller scale length. A
further study by Schruba et al. (2011) used IRAM to study
CO emission in 33 nearby spirals down to very low
intensities. They found a tight linear relationship between
24 μm and 70 μm that does not show any notable break
between regions that are dominated by molecular gas or H I.
The correlation was much weaker and the scatter much larger
for the far-UV and Hα emission. Corbelli et al. (2012) found
that the CO (1–0) flux correlates tightly and linearly with FIR
fluxes observed by Herschel, especially with the emission at
160, 250, and 350 μm. Bourne et al. (2013) found that the
correlation between CO (3–2) is strongest at 100 μm,
compared to longer or shorter Herschelwavelengths, but
that CO (2–1) may be more closely related to colder dust at
longer wavelengths. Casasola et al. (2017) studied 18 face-on
spiral galaxies and fit the surface-brightness profiles, finding
that the scale lengths at 160 μm are somewhat smaller than at
3.6 μm (0.9) and the 70 μm is smaller still than the 3.6 μm
(0.84). The total H2 scale length from CO is found on
somewhat smaller scales than the 70 μm (0.85), 160 μm
(0.77), and 0.5 μm, which is similar to the g-band central
wavelength used for xCOLD GASS (0.65).
The median beam correction for all the BAT AGN galaxies is

1.33, which is higher by 16% than the xCOLD GASS survey
(1.15), although the BAT AGN galaxies are at lower redshifts
and higher stellar masses, so some offset is naturally expected.
The average K-band effective radius (Rk20) for the BAT AGN

Figure 19. Comparison between the SFR derived measurements for the same BAT AGN galaxies using different studies. The offset, Δ(SFR), is defined as the
difference on a logarithmic scale between the measured SFR between studies. The left panel shows the Δ(SFR) as compared to the SFR, with a dashed line indicating
the boundary with LIRGs. The middle panel shows the offset with stellar mass. Finally, the right panel shows the offset with AGN X-ray luminosity.
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galaxy sample is 21 7, and for xCOLD GASS, it is 15 7,
indicating the BAT AGN host galaxies are on average 38% larger
on the sky than the xCOLD GASS comparison sample. The ratio
of effective radius to HPBW is on average 0.86 for BAT AGN
host galaxies and 0.71 for xCOLD GASS inactives, indicating
the BAT AGN galaxies are on average 20% larger than the beam
size. We then compare the ratio of the beam correction between
BAT AGN and inactive galaxies based on the average ratio of the
beam correction to K-band effective radius (Rk20) because
presumably, a larger galaxy would have a larger beam correction.
We find the BAT AGN galaxy beam correction per arcsecond
effective radius is on average slightly lower (0.0698± 0.002)
than in inactive galaxies (0.0724± 0.001).

Appendix D
Measuring CO Using Integrated Emission versus Profile

Fitting

In the catalog we have provided measurements by integrat-
ing the line flux, so that we can robustly compare with xCOLD
GASS using the exact same measurement techniques. For
upper limits in the AGN galaxy sample, we have also assumed
the exact same width (300 km s−1 ) as xCOLDGASS, which
matches the median width of the detected BAT sample well
(W50 =295 km s−1).

We have also provided catalog measurements using profile
fitting with Gaussians, although they are not used in the sample
analysis. In Figure 20 we provide a comparison of the flux of
the integrated fitting method compared to the line fitting
methods for detected sources. There is good agreement with the
mean ratio between the fluxes of 1.05±0.10 of the integrated
flux to the flux from profile fitting with Gaussians.

Eleven sources are detected using integrated measurements
with an S/N between 3.1 and 5.9, but they are nondetections
when a profile fit is used (S/N<3). One source, ID=586 is
at S/N=1.6 with a profile fit, and the remaining sources are
between S/N=2.2–2.7. Of these, 6/11 were reobserved with
IRAM (T. Shimizu et al. 2021, in preparation), and all six were
confirmed detections (S/N=3.4–18.1).

The line profiles and a comparison with IRAM observations
will be further studied in T. Shimizu et al. (2021, in
preparation), with a large number of northern hemisphere
BAT AGN galaxies, ensuring the higher sensitivity required for
this type of analysis.
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