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ABSTRACT

We present neutral atomic hydrogen (HI) imaging observations of 22 Hi-rich (My; 2 10°7 M), hard X-ray-selected local Seyferts
to explore how cool gas is supplied to active galactic nuclei (AGN) hosts. The sample predominantly resides in group-like, gas-
rich environments. About 80% (18/22) of the galaxies have HI-detected neighbors, 61% (11/18) of which clearly exhibit strong
lopsidedness, one-sided gas tails, and/or gas structures connecting to nearby companion galaxies, suggesting gas exchange histories.
We examine the HI size-mass relation and star formation properties of these HI-rich AGN hosts, finding no systematic deviations
from known scaling relations. In most cases, our samples are the most massive systems within their respective groups, implying that
our sample is more likely to acquire gas rather than lose it. Interestingly, galaxies with more extended HI disks show stronger AGN
activity. Considering that extended HI is often associated with external processes, this finding suggests that environmentally accreted
gas — through galaxy interactions and gas exchange with neighboring systems — may have played a role in supplying additional
fuel to the AGNs in our sample. Notably, the HI extent—AGN activity correlation becomes even tighter for those AGN hosts whose
neighboring galaxies are gas poor or lack HI, further supporting externally supplied gas as a fuel source.
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1. Introduction

Current models of galaxy evolution suggest that the quenching
of star formation can be regulated by the accretion-driven growth
of supermassive black holes (SMBHs; e.g., Croton et al. 2006;
Vogelsberger et al. 2014; Schaye et al. 2015). To understand the
relationship between active galactic nuclei (AGNs) and star for-
mation, and hence galaxy evolution, it is essential to examine
the cold gas, particularly the atomic hydrogen (HI) gas reservoir
(~10*~10*K), as it supplies the material for molecular clouds
and stars (e.g., Leroy et al. 2008; Bigiel et al. 2010). In particu-
lar, the properties of HI gas in AGN hosts can provide valuable
insights into gas accretion and removal mechanisms, serving as
a sensitive tracer of interactions between other galaxies and their
surroundings.

Gas inflows in the form of cold gas accretion from
the circumnuclear environment are needed to activate an
SMBH. Luminous AGNs require large amounts of gas to be
rapidly funneled toward the SMBH, whereas low-luminosity
AGNSs can sustain activity through stellar mass loss (e.g.,
Storchi-Bergmann & Schnorr-Miiller 2019). Intriguingly, obser-
vational studies of X-ray-selected AGNs, which typically tar-
get more luminous AGNs in a relatively unbiased manner,
find that they preferentially populate denser environments (e.g.,
Koss et al. 2010; Starikova et al. 2011; Cappelluti et al. 2012;
Powell et al. 2018). This trend underscores the importance of
investigating the surroundings of AGN hosts to better understand
how they are supplied with gas fuel.

HI gas can be an important probe not only of the molecular
gas reservoir, and hence star formation, but also of how galax-
ies interact with their environments. Its typically large extent
and low density make it vulnerable to the surroundings, leav-
ing useful footprints (e.g., HI bridges, tidal tails) to study inter-
action histories that are not visible at other wavelengths (e.g.,
Hibbard & Gorkom 1996; Zuo et al. 2022; Tillman et al. 2023).
In addition, HI absorption can be a direct tracer of cold gas
inflows and outflows near AGNs (e.g., Morganti et al. 2013;
Woo et al. 2016; Allison et al. 2019; Baek et al. 2022). It has
been shown that the distribution of HI-absorbing gas is closely
correlated with the distribution of soft X-ray absorbing media
(Moss et al. 2017). However, absorption studies are limited to
relatively cold gas components only along a limited line of sight
to background continuum sources that are generally compact or
unresolved, and thus imaging HI emission is essential to obtain
more complete pictures.

Due to the high cost of imaging with interferometers, pre-
vious HI studies of relatively large AGN samples have often
relied on single-dish radio telescopes. However, the connection
of HI gas to the AGN host galaxies from single-dish observa-
tions or stacking experiments remains inconclusive. Some stud-
ies find similar HI gas fractions as non-AGN samples (e.g.,
Fabello et al. 2011; Geréb et al. 2015; Bradford et al. 2018;
Ellison et al. 2019). In contrast, some find increased HI fractions
(e.g., Ho et al. 2008; Berg et al. 2018). Integrated HI mass mea-
surements or gas fractions alone, therefore, seem insufficient to
probe how HI gas is accreted or removed from galaxies. A com-
prehensive HI mapping study is therefore crucial for linking the
AGN and HI gas, i.e., how the cold gas is fed to and removed
from the host galaxies.

There have been some efforts to image AGN hosts in HI.
For example, Haan et al. (2008) compared the resolved HI prop-
erties of Seyfert galaxies with those of low-ionization nuclear
emission-line regions (LINERs), finding that companions and/or
disturbed features in the outer HI disk are not rare regardless of
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the AGN type. Kuo et al. (2008) also found that most of their
AGN samples show tidally disturbed HI gas morphologies com-
pared to a control sample (Tang et al. 2008). They also found
that the majority (~78%) of AGN hosts have neighboring galax-
ies within a projected distance of <100 kpc.

To systematically investigate the various gas fueling mech-
anisms associated with AGN hosts, we have initiated an HI
imaging study of approximately 100 hard X-ray-selected AGNs
detected in atomic hydrogen as part of the BASS survey. To
achieve this, we have compiled archival data and conducted our
observations of targets lacking HI images or requiring deeper
imaging.

The mapping of HI in a hard X-ray-selected sample has
not been made before collectively. The hard X-ray selection is
an important distinction from previous studies because hard X-
ray emission yields a more complete census including obscured
AGNSs, which can be linked to gas-rich or early merger phases
(Blecha et al. 2018; Kim et al. 2021). While soft X-rays origi-
nate from the vicinity of the accretion disk, the hard X-ray emis-
sion is emitted from a region much closer to the central black
hole (Petrucci et al. 2013). The strength of interferometric HI
observations is the ability for HI to trace potential interactions
with an AGN host’s local environment. Therefore, while previ-
ous studies of gas and AGN have been able to connect the AGN
state to the star formation fuel that is the gas (e.g., Koss et al.
2021), thus far, the connection between environment interactions
and quasar activity is still an open area of investigation.

One of the key questions we aim to address with the hard
X-ray-selected AGN sample is how frequently their host galax-
ies experience externally driven gas accretion, and whether such
large-scale processes have any impact on the central AGN activ-
ity. This study therefore focuses on the 22 most HI-rich sys-
tems within the ~100 BASS-HI galaxies, as these are the cases
most likely to show evidence of recent or ongoing gas accre-
tion. Although the sample size in this paper happens to be
comparable to previous HI mapping surveys (e.g., Kuo et al.
2008; Haan et al. 2008), our hard X-ray—selected sample ben-
efits from comprehensive AGN-related measurements, allowing
us to examine how galaxy-scale properties relate to those of the
central AGNs. The HI data for the full sample are currently being
processed and will be presented in a separate paper, enabling a
more statistically robust analysis of the HI properties of X-ray—
selected AGN hosts.

The structure of this paper is as follows: In Section 2,
we introduce the selected sample, followed by a description
of the observational parameters and data reduction procedures.
In Section 3, we describe the HI characteristics of individual
galaxies, how Hi-related quantities are derived, and investigate
various global properties and scaling relations such as the HI
such as the HI size-mass relation and star formation properties.
In Section 4, we discuss their local environments and the AGN
feeding mechanisms of our sample. Finally, we present our con-
clusions in Section 5. Throughout this paper, we adopt the cos-
mological parameters of Hy = 70kms~' Mpc™!, Q) = 0.3,
and Qp = 0.7.

2. Observations and data reduction
2.1. The sample

Our sample was selected from the Swift/BAT AGN Spec-
troscopic Survey (BASS'; Koss et al. 2017; Ricci et al. 2017;

! https://www.bass-survey.com/
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Table 1. BASS DR2 information for this study.

BAT ID Galaxy Name Alternative Name  Type z Dist  log Mgy log Ly log Ngr  log Ag4q
Mpe) (M) log(ergs™)  (em™?)

33 NGC262 Mrk348 Syl.9 0.01467 63.5 6.80 44.73 23.12 -0.25
64 NGC452 UGC820 Sy2  0.01690 73.3 8.16 43.68 22.46 -2.65
83 ES0353-G009 MCG-6-4-43 Sy2 0.01639 71.1 7.96 43.82 23.90 -2.32
96 MCG-01-05-047 Sy2 0.01673 72.6 7.89 44.02 23.23 -2.04
129 NGC931 Mrk1040 Syl  0.01631  70.7 7.41 44.41 21.09 -1.18
133 NGC973 UGC2048 Sy2  0.01566 67.9 8.48 44.08 22.49 -2.58
310 UGC3374 MCG+08-11-011 Syl  0.02015  87.7 6.61 44.93 20.46 0.15
382 Mrk79 UGC3973 Syl  0.02211 96.3 7.61 44.54 20.00 -1.25
385 UGC3995B MCG+5-19-1 Sy2  0.01590 69.0 7.97 43.92 23.92 -2.22
400 IC486 UGC4155 Syl.9 0.02655 116.0 8.05 44.53 22.06 -1.70
451 1C2461 UGC4943 Sy2  0.00754  58.9 7.20 43.76 22.78 -1.62
484 NGC3079 UGC5387 Sy2  0.00350 20.6 6.38 43.60 24.56 -0.95
654 NGC4939 MCG-2-33-104 Sy2  0.01054 42.1 7.75 43.61 23.29 -2.31
665 NGC5033 UGC8307 Syl.9 0.00276  19.1 7.75 42.22 20.00 -3.70
687 7102-048 CGCG102-048 Sy2  0.02696 117.9 8.23 44.46 23.60 -1.95
733 NGC5674 UGC9369 Syl.9 0.02477 108.1 7.81 44.21 22.84 -1.77
766 NGC5899 UGC9789 Sy2  0.00860 45.1 7.96 43.56 23.03 -2.58
828 NGC6232 UGC10537 Sy2  0.01489  64.5 7.35 44.10 24.35 —1.43
1162 UGC12138 MCG+01-57-016 Syl  0.02494 108.8 7.08 44.21 20.00 -1.04
1184 NGC7479 UGC12343 Sy2  0.00710  36.8 7.58 4341 24.16 -2.35
1198 NGC7682 UGC12622 Sy2  0.01706  74.0 7.84 44.41 24.27 —-1.61
1202 UGCI12741 CGCG497-048 Sy2  0.01799  78.1 7.62 44.19 23.82 -1.61

Notes. The BAT ID, AGN Type, redshift, distance, black hole mass, bolometric luminosity, hydrogen column density, and Eddington ratios are
cited from the BASS (Ricci et al. 2017; Koss et al. 2022a). The most common catalog ID and alternative names are shown in Columns 2 and 3.

Oh et al. 2018; Koss et al. 2022b). BASS is a hard X-ray (14—
195 keV) all-sky survey that includes the brightest X-ray AGNS,
followed up by optical spectroscopy via ground telescopes. The
hard X-ray emission at E > 10keV is less affected by star for-
mation contamination as well as dust and gas obscuration, pro-
viding a relatively unbiased AGN sample in the local universe.
The follow-up observations provide various measurements of the
central SMBH properties, making BASS-selected AGNs ideal
laboratories for probing the link between the host galaxy and
AGNs.

We begin with the BASS DR2 parent sample (Koss et al.
2022a), restricting to nearby (D < 120Mpc or z < 0.0275)
galaxies to optimize for both angular resolution and sensitiv-
ity using the C-configuration of the Karl G. Jansky Very Large
Array (VLA)?, which leaves 259 targets among the BASS DR2
sample of 858. We chose galaxies that were previously detected
via single-dish observations to ensure the targets have sufficient
HI gas to be resolved with reasonable observing time. For this,
we selected targets with reliable single-dish measurements based
on the Extragalactic Distance Database (EDD?, Courtois et al.
2009), the Arecibo Legacy Fast ALFA Survey (ALFALFA*,
Haynes et al. 2018), and Springob et al. (2005), making the
BASS-HI sample for which we have been collecting the spa-
tially resolved HI data. These ~100 targets are not biased toward
any particular X-ray luminosity or stellar mass bins within the
distance-limited BASS sample (D < 120Mpc), and are quite
uniformly distributed with Lyy =~ 104128—-10**% ergs~!, Mpy ~
1034109 M, and M, ~ 10”¥7—-10""13 M. A more complete
census of the BASS-HI sample will be presented and discussed

2 https://public.nrao.edu/telescopes/vla/
3 https://edd.ifa.hawaii.edu
4 https://egg.astro.cornell.edu/index.php/

in greater detail in our forthcoming catalog paper (Kim et al., in
prep.).

For this study, in which we particularly aim to specifically
target the cases undergoing gas accretion, we selected 22 galax-
ies that are HI-richer for a given stellar mass by 5o than the
xGASS sample (Catinella et al. 2018), a stellar-mass selected
HI single-dish survey (see Figure 1). These 22 targets have HI
masses, for a given stellar mass, comparable to those of HI-rich
xGASS galaxies, and such HI-massive systems are found at sim-
ilar frequencies in both samples.

The general properties of the sample, including AGN prop-
erties adopted from BASS DR2 such as BH masses, bolometric
luminosities, and Eddington ratios (Koss et al. 2022a), are sum-
marized in Table 1. The BH masses were measured either from
the velocity dispersion or broad lines (see Mejia-Restrepo et al.
2022; Kossetal. 2022c, for further details). The bolomet-
ric luminosity was calculated from the hard X-ray luminosity
(14-150keV) by applying a correction factor (see Koss et al.
2022b, for further details). We also adopted the BASS stel-
lar masses, which have been estimated by the Spectral Energy
Distribution (SED) decomposition fitting. Details are described
in Powell et al. (2018) (see also Bir et al. 2019). The intrin-
sic X-ray luminosity of our sample obtained from Ricci et al.
(2017), Ly_ipkev, ranges from 10%08°-10%7 ergs~!, classify-
ing our sample as low- to moderate-luminosity X-ray-selected
AGNSs>. Our sample encompasses a range of distances in the
local universe (20 < D (Mpc) < 120), hydrogen column density
measured from X-ray spectra (1020 < Ny (cm™) < 10%*5),
and bolometric luminosities (10*2?2 < Ly, (erg/s) < 10%73),

> The classification is adopted from Mountrichas & Georgakakis
(2012).
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Fig. 1. HI gas mass fraction of the sample as a function of stellar
mass. The red diamonds show our sample with BAT IDs, and the pur-
ple squares show the binned mean gas fraction of the entire BASS-HI-
detected sample from single-dish measurements. The black dot points
are the XGASS sample (Catinella et al. 2018), and the black squares
and the grey shaded regions represent the binned mean value and the
5o scatter of the same sample, respectively.

thereby representing HI-rich Seyfert galaxies in the local
universe.

2.2. Observations

To spatially resolve HI gas with a sufficient number of synthe-
sized beams, we conducted VLA C-configuration observations
(VLA/20A-123, PI: A. Chung). To detect diffuse H1 gas within
a reasonable amount of observational time (e.g., on-source time
of ~1 h), we aimed to reach a 1o HI column density sensitivity
of Nigp = 2% 10" cm™2 over a 10km s™! channel per synthesized
beam of a few tens of arcseconds, offering an optimal balance
between spatial resolution and sensitivity. More recently, to bet-
ter probe the HI gas in the target and its surroundings with deeper
sensitivity, we also conducted VLA D-configuration observa-
tions (VLA/23B-079, PI: J. Kim), achieving a 300 HI column
density sensitivity of Ny ~ 5x10'® cm™ over a 10 km s~! chan-
nel per beam. This deeper sensitivity allows us to detect more
diffuse HI gas around the targets. Additionally, we used archival
data of sufficient sensitivity (e.g., Ng ~ 10'°72° cm™2) and res-
olution (e.g., ~20”), primarily utilizing the VLA data. Finally,
we added two galaxies from other facilities: one case from the
Hi-rich BASS sample observed with the Australia Telescope
Compact Array (ATCA) as part of our southern hemisphere sur-
vey (ATCA/C3311, PI: O. 1. Wong), and one case found in the
archive of the Giant Metrewave Radio Telescope (GMRT). For
both cases, the visibilities were reprocessed as the VLA data and
included in our analysis.

In addition to our own VLA D-configuration data, we
incorporated archival VLA D observations where available,
aiming to investigate the surrounding gas environment while
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maintaining sufficient spatial resolution for detailed anal-
ysis of each target. The observational details are given
in Table 2.

2.3. Data reduction

We used Common Astronomy Software Application® (CASA
v.6.5.4; McMullin et al. 2007; The CASA Team et al. 2022)
to reduce our spectral line observation. We utilized the VLA
pipeline to calibrate the data for VLA observational projects
20A-123 and 23B-079, while manually calibrating the archive
data observed before 2010 and the GMRT data. For the ATCA
data, we used the Miriad v.4.3.87 (Sault et al. 1995) for the
calibration and the CASA for imaging.

The general calibration process was followed to apply phase
correction, antenna delays, and band-pass corrections using
the following tasks: setjy, gencal, bandpass, gaincal,
fluxscale, and applycal. Since the HI spectral line resides
in the L-band (1-2 GHz), the observations are affected by signif-
icant radio frequency interference (RFI). We removed RFI using
flagdata, tfcrop, and rflag.

After calibration, the continuum was subtracted using the
task uvcontsub, with first-order polynomial fitting from the
line-free channels. Then, we imaged our data to spectral
line cubes using CASA task tclean, with various weight-
ing schemes. In most cases, natural weighting was used to
recover the outermost diffuse gas distributions fully. Finally,
for the coherence, all data cubes were smoothed to a width of
~20kms~!, providing a good compromise between the signal-
to-noise ratio and the study of kinematics, except for one case
for which the initial channel resolution was adopted. NGC 262,
which is nearly a face-on system with an HI line width less than
100kms~!, was imaged to a cube at a 10kms~! to ensure suffi-
cient spectral resolution.

The mean 1o HI column density sensitivities are Ny =
1.12 + 0.62 and 1.74 + 2.23 x 10" cm™2, for the VLA C and
D combined final cube in our observations and archival data
respectively, and the median column density sensitivity of the
entire set is Ny = 8.05 x 108 cm 2.

3. Results
3.1. HI morphologies and kinematics

Integrated intensity and velocity maps were produced by tak-
ing the Oth and the intensity-weighted 1st moments of the cube,
respectively, along the velocity axis. The moment maps were
produced by taking moments of the data cubes along the fre-
quency axis using the Astronomical Image Processing System®
(AIPS; Greisen 1990, 2003) task MOMNT. During mask creation
in MOMNT, we applied Gaussian smoothing in the spatial direction
and Hanning smoothing in the frequency direction to maximize
the signal-to-noise ratio. We typically adopted a cutoff value of
1.5-2.5 times the rms.

The results of four galaxies are presented in Figure 2 and the
rest of the sample are presented in Fig. A.l in the Appendix A.
On the left of each panel, we show color images mainly from
the Dark Energy Camera Legacy Survey (DECaLS), using the
stretch settings described in Parra Tello et al. (2025). When the

% https://casa.nrao.edu/
7 https://www.atnf.csiro.au/computing/software/miriad/
8 https://www.aips.nrao.edu
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Table 2. Overview of the observations.

BAT ID Telescope Project Code Obs. Year/Month O cube Chan. Width Synthesized Beam (PA)
(mJybeam™!)  (kms™!)  (arcsec x arcsec) (deg)

33 VLA* AH417(C), AH372(D) Nov90, Nov89 0.28 10.3 49.5 x 44.3 (+46.8)
64 VLA* 20A-123%, 23B-079" Mar20, Nov23 0.52 20.0 40.7 x 36.1 (+81.8)
83 ATCA C3311¢ Augl9 1.14 20.0 221.7 x 84.1 (+1.2)
96 VLA* 20A-123%, 23B-079" Mar20, Oct23 1.43 20.0 49.8 x 33.7 (+16.0)
129 VLA* AL516(D) Oct81, Jul0O 0.60 20.6 59.6 x 52.8 (+72.9)
133 GMRT 20_034 Augll 0.81 27.5 27.5 x 17.3 (+23.6)
310 VLA 23B-079° Nov23 0.64 20.0 71.7 X 55.7 (—66.0)
382 VLA* 20A-123¢, 23B-079° Feb20, Nov23 0.46 20.0 38.5 x 36.0 (+84.6)
385 VLA AL516(D) Aug00 1.23 20.6 102.8 x 50.5 (—68.1)
400 VLA* 20A-123¢, 23B-079° Feb20, Oct23 0.45 20.0 32.5 x22.5 (—65.5)
451 VLA AG645(D) Feb03 0.91 20.6 65.1 x 56.5 (-82.1)
484 WSRT Shafi et al. (2015) Jan04 0.12 16.5 32.9%x29.1 (+4.3)
654 VLA 16A-269(C) Marl6 0.41 20.0 22.5 x 15.4 (+6.5)
665 VLA* AW701(C), AP270(D)  Aug93, Dec93 0.42 20.6 33.4 x 31.3 (+70.8)
687 VLA* 20A-123¢, 23B-079° Apr20, Nov23 0.46 20.0 22.4 x 17.7 (-35.3)
733 VLA* 20A-123%,23B-079>  May20, Nov23 0.95 20.0 44.2 x 32.7 (+36.5)
766 VLA 23B-079° Nov23 0.60 20.0 53.5 x 50.0 (-26.3)
828 VLA* 20A-123¢, 23B-079° May20, Oct23 0.48 20.0 43.0 x 27.4 (-38.2)
1162 VLA* 20A-123%, 23B-079" Mar20, Nov23 0.47 20.0 42.3 x 29.5 (+48.1)
1184 VLA*  14B-396(C), AE175(D) Novl4, Junl0 0.39 20.0 39.9 x 30.7 (+5.5)
1198 VLA* AL542(C), AL516(D) Sep01, Jul00O 0.37 20.6 35.1 x32.1(-1.4)
1202 VLA* 20A-123¢, 23B-079° Mar20, Jan24 0.50 20.0 35.0 x 32.4 (-80.1)

Notes. The observational information of our sample for the VLA and ATCA observations, and collected archival data, including the GMRT.
The channel width is smoothed to ~20kms™!, except NGC 262 and NGC 3079 for which the initial channel resolutions were used. Our own
observations are footnoted —  PI: Aeree Chung , ® PI: Jeein Kim , © PI: O. Ivy Wong , ® C- and D-configuration data combined.

DECaLS images are not available, we show the Panoramic Sur-
vey Telescope & Rapid Response System (Pan-STARRS)® col-
ored images. The optical reference of each panel is shown on the
bottom left. The center of each panel presents HI moment-0 con-
tours overlaid on r-band images from the Digitized Sky Survey
(DSS-1)'°. On the right, the HI moment-1 (velocity field) maps
are displayed. Most of the galaxies are shown with a larger field
of view compared to the optical image, to show their surrounding
environments.

When available, we combined the VLA C-and D-
configuration to optimize the balance between spatial resolution
and sensitivity, resulting in a synthesized beam of approximately
~30-40". For the ATCA data, we used only the inner five array
elements to avoid excessively elongated beam shapes, yielding
a beam size of 221.70” x 84.13”. For the GMRT data, we
smoothed the beam to ~20” to maximize flux recovery.

Our sample is generally located in a group-like gas-rich envi-
ronment, as shown in Figure 2 and Fig. A.1 (discussed in more
detail in Section 4.1). More than half of the sample (~80%; 18
out of 22) have gas-rich companions, mainly with an optical
counterpart.

3.2. Measured Hi properties of the sample

The HI flux is measured as below:

S Jykms™'] = ZFy,; X AV, (1)

% https://www2.ifa.hawaii.edu/research/Pan-STARRS.
shtml
10 https://irsa.ipac.caltech.edu/data/DSS/overview.html

where Fy is the integrated flux density of one channel in Jy, and
AV is the velocity separation between each channel in kms™!.
The uncertainty in the total flux is estimated as follows:

o5, Dykms™] = \[S(ou)? X AV,

where oyy; is the RMS in each channel in units of Jy, account-
ing for the number of beams included in the flux measure-
ment (=0 cupe X VNpeam)- The HI mass is calculated as below
(Horellou et al. 2001):

(@)

3

where Dy is the distance in Mpc from Table 1 and Sy is the
integrated HI flux in Jykms~'. The uncertainty in HI mass is

measured as below:
2 2
O-DMPC ) " (O—SHI )
Dyipe SH

For the distance uncertainty op,,, we adopt the mode
value from the extragalactic distance survey (Cosmic Flow-3;
Tully et al. 2016), which is 20% for the distance within 120 Mpc.
The typical extragalactic distance uncertainty varies depending
on the methodology (e.g., a few % of calibrated the tip of the red
giant branch (TRGB); Freedman et al. 2019; up to ~20% for the
Tully-Fisher relation; Tully et al. 2016), and we adopt the most
conservative value in this work.

The linewidths, w,o and wsg, are measured at 20% and 50%
of the peak fluxes on each side of the global line profiles. We
adopt the velocity resolution of each cube as the uncertainty for

My [Mo] = 2.356 X 10° Dy, S,

O My [Ma] = My X \/2 X ( @
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Fig. 2. Images of the first four galaxies. The rest of the samples are presented in the Appendix A. (Left) The optical color image. The angular
and physical scale bar is shown on the bottom right of each panel. (Center) The integrated HI intensity contours overlaid on the DSS-1 image.
The synthesized beam is shown on the upper left of each panel. The contour levels are (the lowest contour level in cm~2 which is presented at
the bottom) X 2", where n = 0, 1, 2, 3, and so on. Various contour colors are used to reveal the inner stellar structure clearly, and they are not
associated with specific column densities. The scale bar shows 50, 100, or 150kpc at the given distances of each galaxy. (Right) The moment 1
(velocity field) map. The central velocity is listed at the bottom and indicated by a thick line. In the approaching/receding side (blue/red) of the
disk, velocities are indicated with solid/dashed lines, with a separation of 40kms™!, except for NGC 262, ES0353-G009, and NGC 6232, for
which are separated by 15kms~'. The colorbar on the top of the panel is in the unit of kms~!. The names of Hi-detected neighbor(s) are noted in

blue.

w0, ws0, and vgys. The systemic HI velocity (vgys) is determined — Observations (3D-Barolo!!; Di Teodoro & Fraternali 2015). We
by averaging the low and high velocity limits used to define w,y performed 3D-Barolo fitting on the full HI cubes containing both
and wsp. signal and noise. To improve computational efficiency, we used

We derive surface density profiles by fitting 3D tilted-ring

models using the 3D-Based Analysis of Rotating Object viaLine !! https://editeodoro.github.io/Bbarolo/
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Table 3. Measured HI properties.

BAT ID Usys W w50 Dy SHi log My Neighbors1 HI char?
(kms™") (kms™") (kms™')  (arcmin) (Jykms™) (M)

33 4469.3 95.4 66.7  2.60+0.06 19.51+0.17 10.27+0% 2/11 T/C

64 4886.8  491.8 4550  1.90+0.08 10.76+0.29  10.13*09% 1/1 L

83 4856.6 140.7 79.4 10.67+0.37  10.10739% 1/14

96 49355  599.7 5215 1.84+0.09 15.19+0.31 10.28+0% 3b /7 C

129 4910.7  466.1 4245  3.15+0.07 41.70£0.37 10.69+0% 5/28 C

133 4801.3  608.1 5785  1.95+0.04 7.27+0.79  9.90%0% 1/24

310 6008.1 321.1 285.0 1.93+0.14 8.75+030  10.2070% 17 /-

382 6512.7 196.2 1656  130+0.12 432+0.18  9.98+0% 30 /4 L

385 4672.8 4433 4121  146+022  579+047  9.81*0% 2/4 C

400 7809.8 4194 3055  1.12+0.10 527+022  10.22%0% 3/14 T

451 22395  379.6 3472 1.83+0.14 876+0.28  9.8570% -2 L

484« 11142 4712 4328  593+0.02 11573+0.21 10.060% 7¢ /14 C

654 3079.1 4557 4372 375+£002 31.92+0.81 10.12+0% -/8

665 880.4 456.2 4239  742+0.02 21499+120 10.27-3% 4/41

687 7960.5  538.6 91.2  1.35+0.06 4.04+025 10.12+0% 1/5 T/L

733 7299.4 2712 2369 1.10+£0.14 570+0.34  10.2070% -/9

766 2593.5 4949 4658  1.84+0.12 938+030  9.6570% 1/3

828 4402.0 154.2 136.5 1.74+0.08 1047+0.26 10.01*0% 3/-

1162 73487 2223 1449  1.01+0.14 497+0.19  10.14%0% 3% /6

1184 2368.0 3784 3483 3.21+0.04 4346+048 10.1470% —/4

1198 50327  236.7 2013 1.93+0.07 14.99+0.38 10.29+0% 3/14 C

1202 51484 4132 3740  1.56+0.09 8.41+029  10.08+0% 301 C

Notes. Velocities are provided in radio definitions. The vy, represents the systematic velocity of the cube, which was measured by averaging ws
and wso. The wyy and wsy are the line widths that were measured at 20% and 50% of the peak fluxes on each side of the line profiles. The HI
size Dy is measured at g = 1 M, pc~2. The integrated HI flux Sy were converted to HI mass My by Equation (3). The distances were adopted
from the BASS DR2 survey (Koss et al. 2022a). ' (Left): The number of Hi-detected neighbors within a projected radius of ~450kpc and a
velocity range of £300kms~! around each of our sample galaxies is shown. (Right): The number of neighboring objects identified via SIMBAD
(Wenger et al. 2000) within a 1 Mpc radius and +500 kms~! velocity range around each target galaxy is listed. ® HI characteristics: “T” indicates
the presence of one-sided HI gas extent in moment maps; “C” denotes spatial and/or kinematical gas connections; “L” refers to the lopsidedness
of HI line profiles. See Section 3.2 for further details.  HI absorption detected. ® A gas cloud with no optical counterpart was detected. © See

Table 2 in Shafi et al. (2015) for details.

mask cubes — containing the location of HI emission identified
by the 2nd version of the Source Finding Algorithm (SoFiA-2'2;
Westmeier et al. 2021) — to guide the fitting process. For each
galaxy, the fitting was performed in several steps as follows.
First, we applied 3D-Barolo to the inner disk, where the rota-
tion is fairly axisymmetric and regular. Initial guesses for the
galactic center (XPOS, YPOS), position angle (PA), and incli-
nation (INC) were taken from SoFiA, while the systemic veloc-
ity and rotational velocity (VSYS and VROT) were estimated
from the HI linewidths. The ring width (RADSEP) was set to
approximately one quarter to one third of the synthesized beam,
following the principle of Nyquist sampling but avoiding over-
sampling. In this step, XPOS, YPOS, and VSYS were left free so
that their optimized values could be determined by the centroid
of the fitting process. After fixing XPOS, YPOS, and VSYS to
the values obtained in the first step, we then ran 3D-Barolo on

12 https://gitlab.com/SoFiA-Admin/SoFiA-2

the entire disk, allowing VROT, PA, and INC to vary as a func-
tion of radius and yielding a corresponding density profile.

The HI extent Dy is measured at the radii where the
azimuthally averaged HI surface density Xy drops to 1 Mg pc™2.
If there is more than one radius that meets this criterion (e.g., in
the case where an HI hole or dip is present), the outermost radius
is taken. The measurement uncertainty of Dy represents the
width of the ring for the ellipse fitting, which is approximately
1/4 to 1/3 of the synthesized beam size. This width is chosen to
prevent undersampling following the Nyquist sampling theorem.
BAT ID 83, the only case observed using the ATCA among the
sample of this work, was omitted from Dy; measurement since
the map is only marginally resolved with ~2-3 beams.

Dy measured this way often does not well represent the true
extent of HI in those cases where the HI distribution is signifi-
cantly asymmetric and/or there is more diffuse HI gas with a large
extent. Therefore we also define Dy ex, the largest extent that can
be measured in projection at Ny = 5 X 10'” cm™2, which is deep
enough to reveal tidally disturbed features and also ensure high
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Fig. 3. HI mass and size scaling relation. The green dots represent ~500
nearby galaxies analyzed by Wang et al. (2016). The solid black line
shows the best fit of Wang et al. (2016)’s sample, and grey colors show
its 30~ and 60 scatters. The errorbars of Dy and My measurements
are plotted. The red diamonds represent the sample for this study. Most
of our targets follow the scaling relation within a 30 scatter and are
clustered in the high My—Dy; regime. The objects that deviate most
significantly from the rest of our sample are labeled with their BAT IDs.

signal-to-noise (SNR 2 3) for C- and D-configuration combined
data (e.g., Hibbard et al. 2001). In Section 4, Dy ¢x Will be further
probed along with some AGN and star-forming properties of the
host. We adopt the mean of the major and the minor synthesized
beam as the uncertainty of Dy ex.

The measured HI properties are listed in Table 3. To better
characterize the environments, we also provide the number of
neighboring galaxies and their HI characteristics. The number
of Hi-detected neighbors in each cube is defined as the galax-
ies located within a projected radius of ~450kpc and within
+300kms™! of the systemic velocity of each target. In addi-
tion, we queried SIMBAD'? to identify optically known neigh-
boring systems within 1 Mpc and within +500 km s~!. For three
targets — BAT IDs 33, 400, and 687 — we identified one-sided
HI extensions, denoted as “T” in Table 3. These features appear
as tail-like structures extending preferentially in one direction
compared to the optical disk (Figs. 2 and A.1), and they show no
connection to neighboring galaxies. We also denote as “C” the
cases where a gas connection is present. These include systems
exhibiting a common large-scale HI envelope or an HI bridge in
the spatial distribution (Figs. 2 and A.l), or in velocity space
(Fig. C.1). Finally, galaxies with an asymmetry parameter E
(=10(1 — f), where f is the flux ratio of the two horns of the
HI line profile; Bournaud et al. 2005), exceeding 2, were labeled
as “L” in Table 3. Bournaud et al. (2005) find that two thirds of
field spirals have E > 1, whereas only one quarter show rela-
tively high lopsidedness with E > 2.

On average, we recover approximately 20% more HI emis-
sion compared to previous single-dish observations. This result

13 http://simbad.cds.unistra.fr/simbad/
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is not surprising, given that our targets are relatively nearby and
exhibit extended HI distributions, often larger than the beam size
of single-dish telescopes. In some cases, the single-dish mea-
surements may have been contaminated by neighboring galaxies,
leading to an overestimation of the HI mass originally attributed
to our targets. Nevertheless, even in such cases, our targets
remain the dominant HI sources in their environments, and their
classification as HI-rich still holds.

There are two cases (BAT IDs 385 and 766) for which our
interferometric observations did not fully recover the single-dish
fluxes. For BAT 385, the array data may miss some emission,
with discrepancies of up to ~0.2dex compared to the single-
dish measurements. In the case of BAT 766, the total HI flux
within the GBT beam agrees with the VLA measurement; how-
ever, once spatially resolved, the galaxy itself appears to con-
tain less HI than inferred from the single-dish data, likely due
to contamination from a nearby companion. Nevertheless, both
galaxies still have at least the average HI mass expected for their
stellar masses when compared with the xGASS sample. More
importantly, they remain the HI-richest galaxies in their respec-
tive local environments, and we therefore include them in our
analysis.

3.3. Hi size-mass relation

Figure 3 shows the BASS-HI-rich galaxies on the HI size-mass
(Dyr — Myy) scaling relation. This relation is one of the tight-
est scaling relations known, with a scatter o ~ 0.06 dex, which
does not change much with the gas fraction or the luminosity of
galaxies (Wang et al. 2016). As shown in Figure 3, the majority
of our galaxies follow the scaling relation within 3¢ scatter.

That is, the global integrated HI mass and flux of most of our
sample are comparable to those of other normal (inactive) galax-
ies, with similar extents of gas distribution (see Figure 3). This
is consistent with previous single-dish HI studies of AGN sam-
ples. For example, Ho et al. (2008) have shown that for Sb and
later type spirals, the integrated HI gas content is generally simi-
lar between Type 1 Seyfert galaxies and non-AGN galaxies, and
there are no significant differences in their integrated HI proper-
ties (e.g., the Tully-Fisher relation). This relationship appears to
hold between the HI size, measured at 1 M, pc‘z, and the total
HI mass for the sample of Hi-rich AGN hosts.

3.4. Star-forming properties of the sample

Star formation rates (SFRs) for BASS AGNs have been
reported by Ichikawa et al. (2019; see also Shimizu et al. 2015;
Ichikawa et al. 2017), who used infrared SED modeling to dis-
tinguish the AGN and star formation contribution of the galaxy.
The SFR of individual galaxies has been measured from the
decomposed star-forming component. Since the SED fitting is
dominated by the host-galaxy template, the uncertainty in the
SFR is primarily driven by the uncertainty in the FIR flux den-
sity. Therefore, we adopt the measurement errors in the FIR flux
densities at 70, 90, and 160 um as the uncertainties on the SFR.
For targets for which the FIR-flux measurement errors are not
available, we conservatively assume a 10% error, slightly larger
than the typical uncertainties. For BAT 33 and BAT 64, which
were not included in the study of Ichikawa et al. (2019), we
adopted SFR values from Leroy et al. (2019).

Figure 4 shows the relation between the specific SFR
(sSFR = SFR/M) and stellar mass for our sample overlaid
on the MPA-JHU catalog (Brinchmann et al. 2004). The back-
ground contours represent 2D histograms of MPA-JHU galaxies,
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Fig. 4. Global star formation properties of the sample. The black solid
line shows the scaling relation from Renzini & Peng (2015) with 30
scatter (shaded area). The background data (greyscale) is from the
MPA-JHU catalog (Brinchmann et al. 2004), where the contours rep-
resent 2D histograms corresponding to approximately 30, 100, 300,
500, 700, 800, and 841 thousand galaxies. The purple points represent
all the BASS galaxies in which the star formation rate was measured
(Ichikawa et al. 2019). The red diamonds represent our sample, with
BAT IDs.

which correspond to ~30, 100, 300, 500, 700, 800, and 841 thou-
sand galaxies, respectively. The solid black line indicates the
star-forming main sequence modeled by Renzini & Peng (2015)
and the shaded area represents a 30 scatter. The red diamonds
represent our galaxies. A few outliers are clearly noticeable.
Two galaxies, BAT 33 (NGC 262) and BAT 1198 (NGC 7682),
deviate from the scaling relation toward higher sSFR, whereas
BAT 687 (Z 102-048) exhibits a lower sSFR than expected
for its stellar mass. The latter case shows a stretched, one-
sided HI feature with no optical counterpart, which may suggest
recent gas accretion possibly related to tidal interactions. Such
gas exchange with neighboring systems could have perturbed
the star-forming gas, potentially contributing to its low star-
formation efficiency. Meanwhile, BAT 33 and BAT 1198 may
have already undergone tidal interactions, given their proximity
to neighboring galaxies, which could have triggered enhanced
star formation. The remaining galaxies are located along the star-
forming main sequence, within the expected scatter. This indi-
cates that our galaxies are globally star-forming and not in the
phase of quenching.

4. Discussion
4.1. Cool gas supply of the AGN hosts

Extended gas tails and bridges can be indications of ongoing or
past tidal interactions. As mentioned, 12 galaxies among our
sample show lopsidedness, one-sided tails, or connected gas
bridges, likely due to tidal interactions with their companions.
Six galaxies (BAT IDs 33, 96, 129, 385, 1198, and 1202) are
the most evident cases as seen by the common gas envelope

with their neighbors. The high frequency of tidal interactions
in our Seyfert sample is consistent with previous HI studies. For
instance, Kuo et al. (2008, see also Haan et al. 2008) found that a
significant fraction (~94%) of local Seyfert galaxies show signs
of tidal disturbances when compared with a control sample of
inactive galaxies (Tang et al. 2008), among which only 3 out of
20 (~15%) exhibit disturbed HI morphology.

In addition, 18 out of 22 sample galaxies (~80%) have neigh-
bors that are also detected in HI. In comparison, the xGASS
group catalog (Yang et al. 2007; Catinella et al. 2018) for stel-
lar masses matched galaxies to our sample (10'%37 < M, /M, <
10'14) finds ~67% to be in the group environment, among
which ~31% is in the group center. Considering that not all the
members of XGASS groups are detected in HI, our selected sub-
sample shows a high probability of finding neighbors in the same
stellar mass range.

Intriguingly, our targets are the most massive systems in their
respective groups in the majority of our sample. This makes our
AGN sample likely the host of gas accretion if there were any
matter exchange among the members. In Figure 5, our AGN
hosts and their neighbors are shown in relation to the atomic
gas fraction and stellar mass of galaxies. If our galaxies have
acquired gas from their neighbors, then at least one of the neigh-
boring systems would be expected to contain less HI than pre-
dicted from its stellar mass, or even to fall below the HI detec-
tion limit. Accordingly, we divide Figure 5 into four panels: (a)
systems in which all neighbors lie below the expected HI gas-
fraction relation; (b) systems with a mix of gas-poor and gas-
rich neighbors; (c) systems in which all neighbors are gas-rich;
and (d) systems with no HI-detected neighbors. Even in case (d),
each system still has at least one optical neighbor, suggesting
that these companions likely contain less HI than expected.

For neighboring galaxies, which lack stellar mass measure-
ments, we derive their stellar masses coherently by converting
2MASS K;-band magnitudes using the scaling relation from
Kodama & Bower (2003). In Figure 5, although more precise
BASS measurements are used for our target host galaxies, the
comparison remains valid because the subsamples are divided
based on the stellar mass of the neighboring galaxies. For HI1
masses, we utilize primary beam corrected moment 0 maps
to integrate the flux density and convert to HI masses using
Equation (3). For three neighboring galaxies that are caught on
the edge of the primary beam (Z 504-097, AGC 123012, and
AGC 123016; all in BAT 129 group), we adopted reliable HI
flux from HYPERLEDA'“. For all neighbors in the NGC 3079
system (BAT ID 484), we adopted the HI masses from Table 2
of Shafi et al. (2015).

In Figure 5, our targets are generally found at the high end
of HI mass for a given stellar mass, naturally due to our selec-
tion criteria. This is also consistent with what Starikova et al.
(2011) have shown, i.e., that Chandra/Bottes X-ray AGNs are
predominantly located at the centers of dark matter halos, and do
not reside as satellites. Interestingly, 13 cases are in groups that
include at least one neighbor that is gas-poor or severely gas-
deficient for a given stellar mass, even after the primary beam
correction (see Panels (a) and (b) in Figure 5).

However, in 5 cases, all neighboring galaxies are found to
be gas-rich as their hosts (see Panel (c) of Figure 5). Among
these 5 systems, three (BAT IDs 64, 83, and 310) have relatively
undisturbed HI morphologies, with projected distances to their
neighbors of approximately 100 kpc or more. Notably, none of
the neighboring galaxies show significant disturbances in their

4 http://atlas.obs-hp. fr/hyperleda/
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Fig. 5. Hi-to-stellar mass fraction vs. stellar mass for our targets (red diamonds) and their neighbors (blue circles). Panel (a) shows a subsample in
which all HI-detected neighbors are gas poor for their given stellar mass. Panel (b) shows galaxies in which both gas-poor and gas-rich neighbors
are observed. Panel (c) shows the cases with only gas-rich neighbors. Panel (d) shows the hosts with no other neighbors with HI detected in their
surroundings. HI clouds detected in our observations but not visible in the 2MASS K;-band are shown as triangles. The upper limit on their stellar
mass was estimated by converting the 2MASS K;-band surface brightness limit using the scaling relation from Kodama & Bower (2003), yielding
a limit of 10582 M,,. The solid black line represents the scaling relation from the Hi-selected spiral sample in the HI Parkes All-Sky Survey Catalog
(HICAT; Meyer et al. 2004; Parkash et al. 2018), with the gray shaded area indicating the 1o scatter. Background green points show HICAT data;
blue points represent Nangay data (van Driel et al. 2016); and black squares indicate binned mean values from the XGASS sample (Catinella et al.
2018), as in Figure 1. Except for group (c), other host galaxies are likely to have acquired gas from their neighbors.

HI distributions. While we cannot completely rule out the possi-
bility that these systems have exchanged gas through their out-
ermost gas disks, they are likely in an early stage of interaction,
having experienced no more than a single encounter. In contrast,
BAT 1198 and 1202 show more complex cases. Both targets have
one HI-rich neighbor located ~150kpc away, and are sharing
HI envelope with a small nearby galaxy. These two cases also
clearly share gas in velocity space (see Figs. A.1 and C.1), rather
than representing mere superpositions or projection effects. In
particular, in the case of BAT 1202, the kinematically distinct gas
clump to the west appears to have an optically unidentified stel-
lar counterpart and is inferred to be supplying gas as it merges
with BAT 1202.

Finally, Panel (d) of Figure 5 shows the samples with no HI-
detected neighbors. This does not necessarily imply that these
examples are located in completely isolated environments or that
they have had no interactions with other galaxies. This subsam-
ple shows between a few and up to nine nearby objects that
may be neighbors, within a 1 Mpc radius and a velocity range
of +£500kms™!.
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Even if our AGN hosts have recently gained cool gas from
their surroundings, whether the accreted gas will indeed help
to activate the central AGN is still questionable. With the scale
we are probing in this study, it is hard to make any direct link
between the externally driven gas and the AGN activity. Intrigu-
ingly, however, among our 22 galaxies, we find that the more
luminous samples show more extended HI gas morphologies.
This suggests that the gas budget from outside may indeed not
be irrelevant to the AGN activity, which will be discussed in the
following section.

4.2. Hi and black hole properties

Figure 6 shows two AGN-related parameters (Lpol, Agdq), and
two host galaxy-related parameters (SFR and M.,), as a function
of diffuse HI gas extent. The galaxies are colored by their hard
X-ray luminosity (Li4-195kev). As described in Sect. 3.2, here
we simply measure the largest, projected extent in the sky at the
HI column density that is low enough to present the true gas
extent but sufficiently high to be reliable (Ng; = 5 X 10" cm™2).
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To robustly measure the extent of diffuse gas around individ-
ual galaxies, we used only the data combined with the D-array
and with a signal-to-noise ratio greater than 3 at the Ny = 5 X
10" cm~2 level. As a result, BAT 484 is excluded from the analy-
sis. We omitted BAT 96 and BAT 1198, which share a large-scale
gas envelope with their neighbors at the Ny; = 5 x 10" cm™2
level, and hence hard to measure the extent of individual
galaxies.

Intriguingly, more luminous galaxies, both bolometrically
and in hard X-rays, tend to show large HI extents. These lumi-
nous systems also have relatively high Eddington ratios, which
indicates an active accretion phase. The Spearman rank corre-
lation coefficient for Lo and Lis—j95key On Dyyexi/Dos s 0.461,
with a p-value of 0.073. Agqq has a Spearman coefficient of 0.568
with a p-value of 0.022. M, shows a Spearman coefficient of
—0.518 with a p-value of 0.040. None of the other relations
(SFR, and Nyy) has a coefficient higher than 0.5. The correlation
coefficients are the same for Ly and Li4-195xev Since the Spear-
man coeflicients consider only the ranking of the given data.

Interestingly, when we exclude cases where only HI-rich
neighboring galaxies are present, the correlation becomes more
robust (see Figure D.1). The Spearman rank correlation coeffi-
cient between Ly, and Dy exi /D25 increases to 0.710, with a p-
value of 0.007. The strongest correlation is found for Agqq, with
a Spearman coefficient of 0.824 and a p-value of 0.001, indi-
cating a statistically significant relationship between Agqq and
Dupext/Dos. The correlation with M, remains negative, with a
Spearman coefficient of —0.407, indicating an inverse relation-
ship with a p-value of 0.168.

It is remarkable that processes occurring on galactic outskirts
or intergalactic scales of several kpc appear to be connected to
activity in the central regions on sub-pc scales. This link there-
fore warrants further detailed investigation and should indeed be
tested using the full sample. Nevertheless, when considering the
overall properties of our subsample, our best plausible interpre-
tation is as follows.

The observed correlation between the extent of diffuse HI
and Aggq could arise if gas accretion — particularly driven by
tidal interactions with nearby galaxies for these targets — has
been transported to the central regions, thereby fueling the AGN.
The fact that this correlation becomes tighter once group (c) sys-
tems, which are likely in an early stage of group interaction, are
excluded (left panel of Fig. D.1) supports the plausibility of this
interpretation. However, given the large difference in physical
scales involved for gas components spanning tens to hundreds
of kpc to flow inward to sub-pc scales, the dissipation of angular
momentum is indispensable.

While a more detailed investigation of the funneling pro-
cess is planned as future work, we find that galaxy-scale struc-
tures known to play an important role in channeling gas toward
the center are quite common in our sample. In the remainder
of this section, we therefore review the structures thought to
facilitate inward gas transport and examine illustrative examples
from our sample. The first proposed mechanism is galactic-scale
structures such as bars or spiral arms (e.g., Maiolino et al. 2000;
Oh et al. 2012; Chown et al. 2019). Such galactic structures in
the disk can facilitate the transfer of angular momentum, aid-
ing the inflow of gas into the central region (e.g., Audibert et al.
2019; Yu et al. 2022). Intriguing galactic structures are indeed
observed in some of our samples; seven galaxies (BAT IDs 310,
382, 400, 484, 733, 1184, and 1198) exhibit stellar bars, while
four others (BAT IDs 33, 63, 129, and 654) show strong opti-
cal spiral structures. Among the edge-on galaxies, some targets
(e.g., BAT IDs 129 and 484) display non-regularly rotating HI

components, possibly due to streaming motions driven by large-
scale gaseous bars (e.g., Combes et al. 2014).

Alternatively, externally driven forces may help to funnel
the gas to the central region. Tidal torque is generally known
to increase the angular momentum of galaxies (e.g., Peebles
1969; Ryden 1988). However, tidal instability also may lead to
the formation of a galactic bar (e.g., Lokas et al. 2016), which
then transports gas inwards as demonstrated by simulations (e.g.,
Blumenthal & Barnes 2018).

Major merging can also disturb the gas kinematics, lead-
ing to the loss of angular momentum and driving the medium
to fall into the SMBH (e.g., Springel et al. 2005; Hopkins et al.
2008; Koss et al. 2010; Gaspari et al. 2013; Ellison et al. 2019;
Secrest et al. 2020). Based on their relatively unperturbed stel-
lar disks, however, none of our targets seems to be undergoing
major merging, even though the majority of our sample is found
with neighboring galaxies. Furthermore, our targets are not par-
ticularly the hosts of severely obscured AGNs based on Ny from
X-ray spectra, indicating that they are indeed not in the mid-
dle of a merging event (Ricci et al. 2021). Our sample is also
moderately luminous in X-ray (Lx ~ 10**ergs™!), unlike
merging systems which can often be more luminous in X-ray
(e.g., Treister et al. 2012; Glikman et al. 2015; Hong et al. 2015;
Kim et al. 2021).

As an alternative externally driven impact, Poggianti et al.
(2017) suggested that ram pressure stripping by intracluster
medium (ICM), with thermal instabilities and turbulent motions,
is capable of funneling the gas towards the galaxy center. They
argued that this process can help gas accretion onto the central
BH and trigger the activity. But none of our sample resides in
dense environments like galaxy clusters, implying that the ICM
is unlikely to play any role in our targets.

Based on all these, our galaxies are likely the cases where
cool gas might have flowed in from the surroundings, particu-
larly through tidal interactions with neighbors, as argued in Sect.
4.1. Then it could have been funneled into the central region by
galactic bars and/or strong spiral arms, reaching the central black
hole. Koss et al. (2011) also support this, finding higher fractions
of massive spirals with well-developed arms and mergers (see
also Koss et al. 2018, who identify an excess of kpc scale merg-
ers in many obscured AGNs) among BAT AGN hosts compared
to the comparison sample of inactive galaxies. Likewise, a recent
analysis of >1000 BAT AGN hosts (Parra Tello et al. 2025) finds
an elevated incidence of bars and disturbed optical morphologies
compared to control galaxies, which also supports how galactic
structures could aid gas funneled into the central AGN.

It is also important to understand how accreted gas entering
the center of the host galaxy transforms into a denser form of
gas. Among our sample of 22, however, single-dish CO data are
available for only nine targets from Koss et al. (2021), and no
clear trends in molecular gas are observed among those galaxies.
To better understand the link between large-scale gas supply and
AGN activity, resolved molecular gas properties will have to be
studied for our large HI sample of AGN hosts.

5. Conclusions and future work

We have probed the resolved HI gas properties of 22 BASS hard
X-ray-selected AGN hosts. The sample is a good representative
of Hi-rich Seyfert galaxies (low- to moderate-luminosity X-ray-
selected AGNs) in the Local Universe. Apart from one common
feature — a large HI gas reservoir — the targets display a range of
characteristics, including differences in stellar morphology and
star formation activity.
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Fig. 6. Bolometric luminosity (L), Eddington ratio (Agqgq), star for-
mation rate (SFR), and stellar mass (M.) as a function of the relative
extent of HI gas including low-density gas (Dpyex) to stellar disk (Dos).
Lyo; and Agqq are adopted from BASS DR2 (Koss et al. 2022a). Each
galaxy is colored by the hard X-ray luminosity adopted from Ricci et al.
(2017). On each panel, the Spearman rank correlation (S) and the Pear-
son correlation (P) coefficient, and a p-value between each axis are
shown at the bottom. There is a marginal, linear correlation between Ly,
and the HI extent in the sense that galaxies with a relatively larger H1
disk compared to the stellar disk are more luminous. This also applies
to the Eddington ratio, whereas the relative size of HI does not seem to
be related to SFR. M., appears to show a marginal negative correlation
with Dyyexi/Das, which is naturally expected, as Dy ey is normalized
by D25.

Our Hi-rich AGN hosts exhibit various properties in atomic
gas morphology and kinematics. Some galaxies show hints of
tidal interactions with their surroundings, such as extended HI
tails or common gas envelopes. This indicates that our HI-rich
AGN hosts are primarily located in an environment where gas
exchange with neighbors can occur relatively easily. This is also
consistent with the previous finding that X-ray AGNs are prefer-
entially found in group environments. In particular, the majority
of our targets are the most massive systems in their respective
groups, making our sample likely to gain gas rather than to be
gas donors.

We find that the extent of diffuse atomic gas correlates
with the bolometric/X-ray luminosities and the Eddington ratio.
Given that the extended, diffuse HI gas can be a footprint of the
gas accretion from the surroundings, our finding suggests that
the externally driven gas may be a key gas supply in HI-rich, low-
to moderate-luminosity X-ray-selected AGN hosts. This relation
must be further probed with a larger sample, for which statisti-
cally reliable conclusions can be drawn.

Although we find that the surrounding environment could be
a source of gas supply for these particular Hi-rich AGN hosts,
some of the galaxies are located in relatively isolated environ-
ments. Therefore, it is necessary to examine cases with more
diverse HI masses, as not all AGN hosts potentially have gas
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donors nearby. Despite some hints for the link between possibly
externally driven cool gas and AGN activity, further details of
how the accreted gas is transferred to the center, turning on the
central AGN, are still an open question. To tackle this, multi-
wavelength studies on various scales will be essential, which is
one of the key goals of the BASS project.

Lastly, we are currently analyzing HI gas and radio contin-
uum data of ~100 hard X-ray-selected BASS AGN hosts. Soon,
we hope to provide more insights on the role of neutral hydro-
gen in star formation as well as AGN activity with a large sample
spanning a broader range of properties.
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Appendix A: HI moments maps for the rest of the samples
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Fig. A.1. continued.
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Appendix B: Nearby companions sharing H1 gas envelopes
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Fig. B.1. DECaLS r-band images of redshift-confirmed close galaxy companions sharing common HI gas envelopes with our targets. The HI
contours are identical to those presented in Figures 2 and A.1. The red lines mark the locations of the position—velocity diagram (PVD) cuts
displayed in Figure C.1. NGC 262 and its companion LEDA 212600 are considered to form an interacting but largely undisturbed system (e.g.,
Simkin et al. 1987; Antén et al. 2002), with a projected separation of 22 kpc (Koss et al. 2010). NGC 931 and LEDA 212995 constitute a pair with
a projected separation of ~ 6 kpc (Koss et al. 2012). Although the spatial resolution of the HI beam is insufficient to fully resolve the system, the
PVD reveals a gas component distinct from the main HI disk (see Figure C.1). UGC 3995A and UGC 3995B are a close interacting galaxy pair

separated by ~ 50km s

likely in an early stage of interaction (e.g., Marziani et al. 1999).

in radial velocity (Holwerda & Keel 2013). However, the absence of strong tidal distortions suggests that the system is

A268, page 17 of 19



Kim, J., et al.: A&A, 708, A268 (2026)

Appendix C: Hi Position-Velocity Diagrams

Figure C.1 presents HI position—velocity diagrams (PVDs) for four galaxies in order to more clearly illustrate possible gas connec-
tions with neighboring systems. The PVD cut positions are displayed in Figure B.1 and were selected to best reveal kinematic HI
connections with neighboring galaxies. For MCG-01-05-047, the PVD slice was aligned along the major axis of the target galaxy.
For NGC 7682, the PVD slice was chosen to pass through the centers of both NGC 7682 and its companion NGC 7679. For each
target, the optical center of the host galaxy is adopted as the center of the PVD slice. The systemic velocity (vsys) in Table 3 and the
reference position is marked as a white cross in Figure C.1.

Neighboring galaxy positions are projected onto the PVD slice and measured as offsets from the slice center. In the case of
MCG-01-05-047 system, the velocities of the two known neighboring galaxies, LEDA 1071790 and LEDA 1071479, are taken
from Spekkens et al. (2005) and Jones et al. (2009), respectively. In one case where no optical counterpart is known, the velocity of
the HI gas component measured at the optical center is adopted instead. For the remaining systems, the velocities of the neighboring
galaxies LEDA 212995, UGC 3995A, and NGC 7679 are adopted from Amram et al. (1992), Marziani et al. (1999), and Buson et al.
(2006), respectively. Velocities reported in the optical definition are converted to the radio velocity. The resulting positions are
marked as cyan crosses on the PVDs in Figure C.1.
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Fig. C.1. H1 PVDs for BAT IDs 96, 129, 385, and 1198. The outer contour levels are [-10-, 107], where negative lines are shown in dotted red lines.
The inner contour levels are 2" X o, where n=2,3,4, and so on, with the 20" or 3¢ level indicated by a thick contour in each plot. The velocities
and projected offsets of neighboring galaxies, derived as described in the text, are overlaid as colored crosses in each panel. In MCG-01-05-047,
a diffuse HI envelope appears to connect the galaxy with its two neighbors, both spatially and in the receding velocity field. For NGC 931, a
gas component deviating from the main disk kinematics is present in the approaching-velocity channels. Although its precise location cannot be
resolved with the current HI beam, it is likely a signature of external gas inflow (see also Figure 19 of Kuo et al. 2008). In the case of UGC 3995,
the HI PVD shows three peaks. The components are not spatially resolved because the two galaxies form a tight pair (see Figure B.1). However, as
shown in Figure 34 of Kuo et al. 2008, one gas disk appears in the approaching channels while the other becomes visible in the receding channels.
Finally, NGC 7682 and NGC 7679 clearly share a common HI envelope that spans a velocity range of ~150 km s™! (see Figure 4 of Kuo et al.
2008, for a channel map).
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Appendix D: H1 extent correlation in subsamples
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Fig. D.1. Same as Figure 6 divided into subsamples. (left) Group I: Subgroup with at least one gas-poor neighbors, or neighbor(s) with no HI.
(Panel (a), (b), and (d) in Figure 5). (right) Group II: Subsample with only gas-rich neighbors (Panel (c) in Figure 5). Group I systems are showing
tighter correlation of Bolometric luminosity (L), Eddington ratio (1ggq) as a function of the relative extent of HI gas including low-density gas
(Duyrex) to stellar disk (Dys). Hence, Group I systems are more likely to have exchanged gas with their surroundings, compared to the Group II
shown in the right panel, where these systems are likely in an earlier phase of group interaction.
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