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and Sérsic index(see, e.g., the review by Kormendy & Ho2013,
and references therein). These scaling relations strongly support a
picture in which SMBHs and their host galaxies“coevolve,” in
the sense that the growth histories of the two components are
physically interlinked, perhaps through some form of SMBH-
related feedback mechanism(see, e.g., the review by Fabian2012,
and references therein).

Observationally, the tightest and perhaps most robust link
between SMBHs and their hosts is theMBH–� * scaling relation
(e.g.,< 0.5 dex; Marsden et al.2020). Calibrating this relation
has relied on a rather modest number(e.g.,N = 145; Sahu et al.
2019a, 2019b) of direct MBH measurements with varying
precision from stellar or gas dynamics, kinematics of mega-
masers, proper motion, or recent direct-imaging techniques.
The spatially resolved measurements of stellar and/ or gas
dynamics comprise the majority of these measurements and
typically require very high spatial resolutions that are possible
only for the nearest galaxies(e.g., McConnell & Ma2013).
Encouragingly, the high resolution offered by the Atacama
Large Millimeter/ submillimeter Array(ALMA ) is increasingly
being used to this end for nearby galaxies, tracking the
dynamics of the circumnuclear gas dynamics as it is strongly
affected by the SMBH gravitational� eld (e.g., Cohn et al.
2021). Other direct measurements, such as using H2O
megamasers, are only possible for a small number of galaxies
with favorable alignments(Greene et al.2016).

Using these direct measurements, various studies have
suggested systematic environmental differences or possible
selection biases in theMBH–� * relation in elliptical(typically
higher mass) and spiral(typically lower mass) morphological
galaxy types, barred galaxies, and pseudobulges(e.g., Graham
2008; Greene et al.2016; Shankar et al.2017). Other studies
have suggested variations of� * due to spectral regions probing
different stellar populations(e.g., Riffel et al.2015). Notwith-
standing these limitations and possible biases, theMBH–� *
relation has been found to extend unbroken down toMBH �
105 Me (although with increasing scatter; e.g., Greene et al.
2020) and seems to be the most fundamental relation between
SMBHs and their host galaxies(e.g., van den Bosch et al.
2015; Shankar et al.2019). This, in turn, makes it useful for
inferring MBH in much larger samples of galaxies.

Active galactic nuclei(AGN) provide the best tracer of
SMBH accretion throughout cosmic time. Although technically
challenging in the presence of(optical) AGN contamination
(e.g., Greene & Ho2006), velocity dispersion measurements
have been obtained for various AGN populations, including
unobscured broad-line AGN(type 1 AGN, hereafter Sy 1) to
calibrate so-called“virial” MBH estimators(e.g., Grier et al.
2013; Woo et al.2013); AGN in dwarf galaxies, which probe
the low-mass end of the“coevolutionary” picture(e.g., Martin-
Navarro & Mezcua2018; Baldassare et al.2020); and obscured
narrow-line AGN(type 2, hereafter Sy 2 sources; e.g., Garcia-
Rissmann et al.2005). Among the many ways to survey the
AGN population, hard X-rays(> 2 keV) provide the most
complete census for distant, strongly accreting AGN(see, e.g.,
Brandt & Hasinger2005), as a large fraction—indeed, the
majority—of the AGN population is obscured(see the review
by, e.g., Hickox & Alexander2018). Ultrahard X-ray emission
(> 10 keV) provides an even more complete tracer of the
radiation from obscured AGN(i.e., an equivalent neutral
hydrogen absorbing column,NH > 1022cm� 2), probing into
the Compton-thick(CT) regime (i.e., NH > 1024cm� 2; see,

e.g., Ricci et al.2015; Koss et al.2016a). Ultimately, studying
the stellar velocity dispersion of a large sample of nearby
ultrahard X-ray–selected AGN is crucial to get good constraints
on � * in obscured AGN and thus the SMBH mass distribution
among this population and serves as a critical nearby bench-
mark for high-redshift AGN, where host galaxy velocity
dispersions are dif� cult to measure.

Despite the importance of central(e.g., �kpc) velocity
dispersions for inferringMBH in obscured AGN, relatively few
large studies(i.e.,> 100 systems) have been performed, mostly
within the context of large-scale surveys of galaxies such as the
Sloan Digital Sky Survey(SDSS; e.g., Greene & Ho2005;
Thomas et al.2013). Compared to obscured(narrow-line) AGN
selected via strong line ratio diagnostics from the SDSS(e.g.,
O 5007III[ ] �M / H� versus N 6583II[ ] �M / H� ; Baldwin et al.
1981; Veilleux & Osterbrock1987; Kewley et al. 2001),
ultrahard X-ray–selected AGN are sometimes missed due to
being in signi� cantly more dusty host galaxies(e.g., Koss et al.
2017) with higher star formation rates(e.g., Koss et al.
2013, 2021). Thus, surveying the velocity dispersions of
ultrahard X-ray–selected AGN host galaxies offers an impor-
tant complement to optical surveys.

The goal of the BAT AGN Spectroscopic Survey29 (BASS)
is to generate the largest available optical spectroscopic data set
for the sample of Swift/ BAT ultrahard X-ray(14–195 keV)
detected AGN. As part of this effort, the� rst data release
(DR1) of BASS(Koss et al.2017) used mostly archival optical
spectra for 641 AGN from the 70 month BAT catalog
(Baumgartner et al.2013) to derive central velocity dispersions
for 202 AGN. The DR1 found that BAT AGN tend to have
larger central velocity dispersions than SDSS-selected, narrow-
line Sy 2 AGN. Notably, almost all of the DR1 observations
were obtained with smaller(1.5–2.5 m) telescopes spread
across various surveys and other past studies, each using
bespoke reduction routines, leading to substantial inhomogene-
ity in quality and parameter constraints. Importantly, many
BASS DR1 spectra also had spectral resolutions that were too
low (R< 1000) to robustly measure the stellar velocity
dispersion in low-mass AGN(MBH � 107 Me ).

In this paper, part of the BASS DR2 Special Issue, we
greatly improve upon the DR1 results by presenting and
analyzing targeted observations of central velocity dispersions
for a nearly complete sample of AGN(�95%) drawn from the
70 month BAT catalog with higher spectral resolution and
signal-to-noise ratios(S/ Ns). We focus on a complete sample
of Sy 1.9 and Sy 2, where these measurements can be made in
the absence of signi� cant AGN contamination based on a large
number of new, high-quality spectra. A more detailed study of
the nearest(z< 0.01) 19 local luminous AGN within the 70
month Swift/ BAT catalog is provided in Caglar et al.(2020).
Another complementary DR2 study(T. Caglar et al. 2022, in
preparation) will focus on the velocity dispersions of the broad-
line Sy 1 AGN(with broad H� , e.g., FWHM> 1000 km s� 1)
in the same parent sample.

An overview of the BASS DR2 spectroscopic sample used in
this work is provided in Koss et al.(2022a), while full details of
the 858 AGN, including revised counterparts, classi� cations,
observations, and reductions, are in Koss et al.(2022b). Broad
emission line measurements for the BASS DR2 sample are
presented in Mejía-Restrepo et al.(2022), while narrow-line

29 https:// www.bass-survey.com/
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measurements are presented in Oh et al.(2022). Ananna et al.
(2022) used the highly complete set of BASS DR2 measure-
ments to derive the intrinsic X-ray luminosity function, black
hole (BH) mass function, and Eddington ratio distribution
function for both obscured and unobscured low-redshift AGN,
relying on the� * measurements presented here(for narrow-line
systems). Completing the DR2 Special Issue, the details of the
DR2 near-infrared(NIR) spectroscopy are provided in den
Brok et al.(2022), with an investigation of NIR coronal lines.
The NIR emission from broad-line regions and associated virial
SMBH mass estimates are studied in Ricci et al.(2022).
Finally, Pfei� e et al. (2022) investigated the relationship
between mid-IR colors and X-ray column density.

Throughout this work, we adoptΩM = 0.3, ΩΛ = 0.7, and
H0 = 70 km s� 1 Mpc� 1. To determine the extinction due to
Milky Way foreground dust, we use the maps of Schlegel et al.
(1998) and the extinction law derived by Cardelli et al.(1989).
For consistency with the BASS DR1(Koss et al.2017), we
de� ne Sy 1 as AGN with broad H� line emission, Sy 1.9 as
having narrow H� and broad H� , and Sy 2 AGN as having
both narrow H� and narrow H� (this latter category includes
small numbers of LINERs and AGN in star formation–
dominated galaxies).

2. AGN Spectroscopic Sample and Data

The goal of the BASS DR2 is to provide a complete sample
of SMBH mass estimates and multiwavelength ancillary
measurements using targeted observations for all AGN in the
70 month Swift/ BAT survey. The optical spectroscopy
component focuses on either broad emission lines(mostly
Balmer lines) or (host galaxy) stellar velocity dispersion
measurements to obtain SMBH estimates while also covering
the broadest possible spectral range(i.e., within the accessible
visual range, 3200–10000 Å) for emission line measurements
for the entire catalog of 858 AGN. We discuss the obscured
AGN sample along with some aspects of the parent optical
spectra sample below and refer the reader to the DR2 overview
(Koss et al.2022a) and the detailed catalog paper(Koss et al.
2022b) for more details.

2.1. AGN Sample

The AGN sample starts with the 858 AGN listed in the 70
month BAT catalog that comprise the BASS DR2(Koss et al.
2022b). As stellar velocity dispersions are dif� cult (or
impossible) to measure when the spectrum is dominated by
AGN continuum emission, we excluded from our sample 106
beamed and/ or lensed AGN and 359 AGN with broad H�
based on the classi� cations from Mejía-Restrepo et al.(2022),
as these have broad line–based mass estimates. A separate
investigation of velocity dispersions in a subset of BASS DR2
Sy1 systems was carried out by T. Caglar et al.(2022, in
preparation), where special care is taken to tackle the AGN
contamination. This leaves 393 Sy 1.9 and Sy 2 AGN from the
parent DR2 sample of 858 AGN(i.e., 46%, 393/ 858). For
potential dual AGN in the sample(e.g., Koss et al.
2011b, 2012, 2015, 2016b), each AGN is only included in
the sample if X-ray detected and bright enough to be detected
individually by Swift/ BAT. From this parent sample of 393
obscured DR2 AGN, we were able to successfully measure� *
in 359 AGN.

The velocity measurements described below were also
carried out successfully on 125 additional obscured AGN from
the deeper 105 month Swift/ BAT all-sky survey(e.g., Oh et al.
2018) collected as part of the ongoing BASS efforts. As
counterpart identi� cation is still ongoing for the 105 month
sample, we stress that this sample is neither complete nor� nal
and does not represent a� ux- or volume-complete subset of the
deeper BAT data. Thus, we omit this additional bonus sample
when discussing completeness measurements. So the� nal
obscured AGN sample totals 484 from 359 DR2 and 125 bonus
105 month AGN.

2.2. Sample of Spectra

Our sample starts from 960 BASS spectra of the Sy 1.9 and
Sy 2 AGN from the 70 month AGN catalog(for a review, see
Koss et al.2022b) and additional obscured AGN from the
deeper 105 month. The majority of the spectra(67%, 651/ 960)
are newly obtained from the Very Large Telescope(VLT)
using the X-Shooter instrument, a multiwavelength(3000–
25000 Å) echelle spectrograph(Vernet et al.2011), or from the
DoubleSpec(DBSP) instrument mounted on the 200 inch
telescope at Palomar Observatory. The VLT/ X-Shooter
consists of three spectroscopic arms covering the ultraviolet
blue (UVB; 3000–5595 Å), visual (VIS; 5595–10240 Å), and
NIR (10240–24800 Å). The spectra also include signi� cant
new data sets from the Southern Astrophysical Research
(SOAR) telescope using the Goodman High Throughput
Spectrograph(Clemens et al.2004). Finally, legacy SDSS
spectra are used when available, as well as smaller contribu-
tions from other telescopes.

Importantly for the construction of the sample and data set
used in the present work, we note that repeated observations of
these AGN were carried out if either the S/ N over the spectral
features relevant for the detailed measurements and/ or the
spectral resolution was too low to robustly measure the stellar
absorption features(i.e.,Δ� * > 20 km s� 1). Speci� cally, high
spectral resolution observations(i.e., � inst � 25 km s� 1), even
if over a limited spectral range, were pursued primarily for
obscured AGN(Sy 1.9 and Sy 2), for which stellar velocity
measurements provide the only way to estimate BH masses.
Additional repeated observations of spectra were also some-
times attempted to improve the accuracy of� * for lower-
quality measurements(10 km s� 1 < Δ� * < 20 km s� 1).

Outside of the SDSS sample, which was in both the DR1 and
DR2, almost all of the DR1 spectra were reobserved with larger
telescopes at much higher quality and spectral resolution, so we
do not include them in this analysis. We do, however, include a
sample of 21 high-quality spectra from the DR1 from Gemini.
For sample completeness, we also include a single DR1
spectrum of M81, a very bright and nearby galaxy, which was
not part of the DR2 release due to instrumental issues. After
including these samples, only 35 spectra remain with
acceptable velocity dispersions(Δ� * < 20 km s� 1) from the
DR1, all of which were reobserved in the DR2, so we do not
remeasure the remaining DR1 spectra in this release.

Throughout the text, due to the frequent duplications of
AGN spectra from different telescopes and from the same
telescope using a higher-resolution setup, we use the
nomenclature“best” to refer to the spectra with the lowest
velocity dispersion error in kilometers per second in either the
3880–5550 Å region or the 8350–8730 Å � tting region. In
other words, for an individual AGN, we compare theΔ� * of
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all of the measurements from all of the spectra, and the best
spectrum is the one that has the single lowest measurement
error in a single region. We also include unique“secondary”
spectra of the same AGN observed with a different telescope or
instrumental setting, which have the second-lowest errors of
any spectra, to enable a robust comparison between measure-
ments to better understand issues like apertures, stellar libraries,
instrumental issues, different� tting regions, etc., but we do not
include these spectra for further scienti� c analysis in the paper.
We exclude additional“ tertiary” or even“quaternary” BASS
spectra of 30 AGN of even worse quality to avoid biasing the
results.

From the sample of 960 BASS spectra(and 22 DR1 spectra)
of the 484 Sy 1.9 and Sy 2 AGN, we excluded 340 due to low-
quality measurements or duplications. In total, 265 were
excluded due to large errors in measurement(Δ� * > 20
km s� 1), 45 due to velocity dispersions close to or below
the instrumental resolution, and 30 due to tertiary or quaternary
quality measurements. This leaves 484 best-� t spectra(and
158 secondary spectra).

A full summary of the best and secondary spectra and
instrumental setups used speci� cally for velocity dispersion
measurements is provided in Table1. A summary of the
redshift distribution, slit size in kiloparsecs, and instrumental
resolutions is provided in Figure1. Further details of
instrumental settings, reductions, and observing conditions
are provided in Koss et al.(2022b). In brief, the data reduction
and analysis of DR2 spectra used here maintain the uniform
approach described in the initial DR1 paper(Koss et al.2017).
All new spectra are processed using the standard tasks for
cosmic-ray removal, 1 day spectral extraction, wavelength, and
� ux calibrations in either IRAF or the ESO/ Reflex

environment for the VLT instruments. The spectra are� ux
calibrated using standard stars, which were typically observed
two to three times per night. The spectra are corrected for
Galactic reddening. Finally, a telluric absorption correction is
applied to the spectra with the softwaremolecfit (i.e., for
the 8350–8730 Å region). The instrumental resolution and line-
spread function for each spectral setup were measured using the
best estimate from telluric features(i.e., for the 8350–8730 Å
region) when possible or Galactic stars observed as close in
time as possible(i.e., for the 3880–5550 Å region, where strong
telluric features are not present).

3. Velocity Dispersion Measurements

Here we provide an overview of the technique we use to
measure stellar velocity dispersions(� * ) for the AGN hosts in
our sample. We discuss the speci� cs of the� tting regions and
template library, the� tting technique and software, and masked
regions.

3.1. Wavelength Regions and X-Shooter Spectral Library

In the BASS DR1, we used stellar population synthesis
models from the Miles Indo-U.S. Catalog library of stellar
spectra(Vazdekis et al.2012) with a spectral resolution of
2.51 Å FWHM(R� 2000) and� tted the 3900–7000 Å range to
measure the velocity dispersion using the CaII H and K� 3969,
3934, theG band(at � 4300 Å), and Mg Ib � 5183, 5172, 5167
triplet absorption lines. We also used the 8350–8730 Å region
to measure the CaII � 8498, 8542, 8662 triplet(hereafter CaT).
For BASS DR2, many sources were studied at much higher
spectral resolutions(i.e., R� 5000; particularly with VLT/ X-
Shooter); therefore, an updated library was needed to exploit

Table 1
Summary of BASS Spectra Used

Telescope Instrument Nbest Nsec. � range(Å) Slit Width (arcsec) R5000 R8500

(1) (2) (3) (4) (5) (6) (7) (8)

VLT X-Shooter 163 21 2990–10200 1.5 3850 6000
Palomara DBSP 101 61 3150–10500 1.5 1220 1730

51 11 3970–5499/ 8050–9600 2 2170 4720
APO SDSS 91 2 3830–9180 3 1760 2490
SOAR Goodman 53 27 7900–9070 1.2 L 4720

1 10 4560–8690 1.2 890 L
1 4 5280–7900 1.2 1450 L

Keck LRIS/ DEIMOS 6 3 3200–10280 1 1280 1810
Magellan MagE 6 1 3300–10010 1 3850b L
VLT MUSE 6 0 4800–9300 2c 1850 3150
VLT FORS2 1 0 3400–6100 2 830 L

Geminid GMOS 3 18 4000–7000 1 1050 L
Perkinse Deveny 1 0 3900–7500 2 920 L

Total 484 158

Notes. The columns are as follows.(1) Telescope.(2) Instrument used.(3), (4) Whether the spectra were included in the best measurement or a secondary
measurement.(5)–(8) The wavelength range, slit width, and resolving power at 5000 and 8500 Å, respectively. These represent typical values for this setup and may
differ by small factors for a small number of spectra. In some cases, larger or smaller slit widths(e.g., 1 5 vs. 2″) were used, resulting in different resolutions. HereR
is given at 5000 and 8500 Å, depending on the spectral range. See Koss et al.(2022b) for a detailed list of instrument setups.
a There were two spectral setups used for Palomar, one at lower resolution for general observations of AGN and another in higher-resolution mode for velocity
dispersions.
b The CaT region was not measured in Magellan/ MagE spectra due to strong instrumental fringing.
c A 2″ diameter central aperture was extracted from the VLT/ MUSE observation, except for NGC 6240, a close dual AGN where a 1″ aperture was used for each
AGN.
d These Gemini spectra were used from the BASS DR1 because of their typically high S/ N but are not part of the DR2.
e This BASS DR1 spectrum was used because the bright galaxy M81 was not part of the DR2 due to instrumental issues with sky subtraction.
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integral� eld units, assisted by adaptive optics(AO; e.g., VLT/
MUSE or Keck/ OSIRIS) or submillimeter interferometers
(e.g., ALMA or NOEMA), could be considered.

In these dynamical models, to detect the in� uence of the BH,
the region within which the BH gravity dominates over that of the
host must be spatially resolved. Thesize of this region, referred to
as the SOI, is commonly given by *r GMSOI BH

2�T= - . Given a
distance, D, the apparent size projected on the sky is

	 SOI= rSOID
� 1. This simple prescription is derived assuming

virialized, spherically symmetric, and isotropic gas motion in the
target galaxy nucleus(see, e.g., van den Bosch et al.2015).
Plugging in ourMBH� � * relation(see Equation(1)) and rescaling
to a size in parsecs results in

*r 33 pc
200 km s

. 2SOI 1

2.38
⎛
⎝

⎞
⎠

( )�T
=

-

As an example, an SMBH withMBH = 108 Me (or � * = 155
km s� 1) would haverSOI= 18 pc, and at the median redshift
of the BASS AGN(z= 0.03), it would have	 SOI= 0 03.

We use this de� nition to determine whether resolving the SOI is
feasible for any given galaxy. There can be signi� cant additional
challenges to obtaining measurements for dynamical modeling
(e.g., stellar mass-to-light ratios and/ or nonaxisymmetric struc-
tures). This is combined with instrumental and observational
challenges, such as the requirement of AO instruments to have a
bright nearby tip-tilt star and the limited spectral range in theK
band (� 2 
 m) for CO-bandhead observations of redshifted
sources. Given all of these challenges, our following attempt to
illustrate potential sources for follow-up observations should be
considered as a� rst step to identify initial candidates.

The calculatedrSOI (in parsecs) for our sample of BASS AGN
with quality � * measurements are shown in Figure14. Clearly,
there is a large number of candidate AGN that could possibly be
resolved using direct measurements. Existing facilities could
resolve the stellar dynamics in 128/ 484 of our sources(27%, or
128� 17= 111 where such measurements do not yet exist). For
gas dynamics, the picture may be even more positive, given the
higher resolution that can be achieved with submillimeter
interferometers. Speci� cally, a resolution of 003, achievable
with ALMA over much of the sky(e.g., � < 25°), could
potentially provide directMBH measurements for 325/ 484 of
our obscured AGN(68%, or 325� 18= 307 with no prior
measurements). We note that gas dynamical measurements
require Keplerian motions for arelatively large reservoir of
circumnuclear gas, as well as high-resolution optical imaging
(with the Hubble Space Telescope; FWHM= 0 08) to estimate

Figure 12. Comparison of the BASS AGN to the velocity dispersions of the HETMGS survey(van den Bosch et al.2015), which was designed to select the most
massive BHs(and highest velocity dispersions) at all redshifts that could be dynamically resolved. For both samples, the redshift range is limited to 0.02< z< 0.04 to
avoid the low-mass galaxies at low redshifts in HETMGS that can be resolved.

Figure 13.Comparison of the inferredMBH mass estimate from� * compared
to direct measurements using megamaser compilations(Greene et al.2016), as
well as stellar(Neumayer2010; Medling et al.2011; Walsh et al.2012) and gas
dynamics(Tadhunter et al.2003; Capetti et al.2005; Wold et al. 2006)
measurements. Error bars inMBH inferred from� * have been set to 0.5 dex
based on past comparisons with direct measurements(e.g., 0.44 dex; Gultekin
et al.2009).
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the contribution of stellar mass in the region near the SMBH.
However, the most recent of these gas dynamical measurements
have been done at similar spatial scales(e.g.,	 SOI= 0 07; Smith
et al. 2021) and with gas detections in the inner regions of
similarly small regions near the SMBH(e.g.,rSOI= 13 pc; Davis
et al. 2017). The best available ALMA resolution will also
increase again in late 2022, thanks to the high-frequency, long-
baseline capabilities in the highest bands(e.g.,� 0 01).

Increasing the sample size inMBH–� * to better understand
the relation is a critical goal within BASS, as it is sensitive to
the strongest accreting SMBHs in the nearby universe,
where there may be more gas available for direct imaging
measurements. A number of these ALMA programs to enlarge
the sample of high spatial resolution observations among
BASS AGN are just beginning or already ongoing. For gas
dynamical measurements, an ALMA program to obtain
CO(2–1) measurements at� 100 pc resolution for 33 nearby
and luminous AGN was recently completed, with additional
programs ongoing, and generally, more than 100 BASS AGN
now have ALMA observations at CO(2–1) regardless of
resolution. Additionally, single-dish observations to measure
whether the AGN lie in galaxies that are suf� ciently gas-rich
to facilitate high-resolution molecular gas observations have
been carried out with APEX(Koss et al.2021) for 213 nearby
AGN (0.01< z< 0.05), although naturally higher resolutions
will be needed to con� rm the presence of suf� cient gas in the
inner regions of these galaxies.

6. Summary

We present new measurements of central stellar velocity
dispersions for 484 Sy 1.9 and Sy 2 luminous AGN drawn from
the BASS DR2. We have developed a set of high-resolution
spectral templates(R = 10,000) from the VLT/ X-Shooter
library to take advantage of the very high spectral resolutions of
many of the spectra we used(R; 5000, � inst= 25 km s� 1).
This constitutes the largest study of X-ray-selected obscured
AGN with velocity dispersion measurements and includes 956
independent measurements of the spectral regions relevant for
the CaII H and K� 3969, 3934 and Mg I� 5175(3880–5550 Å)
and CaT(8350–8730 Å) absorption features from 642 spectra.
Our measurements span a wide range,� * = 40–360 km s� 1,
corresponding to 4–5 orders of magnitude in SMBH mass
(MBH � 105.5� 9.6 Me ). Combined with the wide range in
bolometric luminosity probed by the BAT all-sky survey
(Lbol � 1042–46 erg s� 1), we can explore an unprecedentedly
broad range in Eddington ratios,L/ LEdd� 10� 5 to 2. Thus, this
BASS DR2 Sy 1.9/ Sy 2 sample represents a signi� cant
advance with a nearly complete census of velocity dispersions
of hard X-ray–selected obscured AGN in the local universe
(z< 0.2), covering 99% of nearby AGN(z< 0.1) and 82% at
higher redshifts(0.1< z< 0.6; outside the Galactic plane).

Using this large survey of central stellar velocity dispersions,
we draw the following insights.

1. With a sample of 956 velocity dispersion measurements
with signi� cant duplications and two spectral regions
(3880–5550 and CaT), we � nd that there is no signi� cant
offset between the two regions. However, there is a larger
intrinsic scatter than expected(e.g., 8–18 km s� 1 MAD)
based on� tting errors due to the presence of outliers(e.g.,
14–28 km s� 1 rms). This leads to additional uncertain-
ties in the scatter of the inferred SMBH measurements of
0.11–0.21 dex in MAD or 0.2–0.4 dex in rms.

2. The obscured BASS AGN occupy a unique space with
their velocity dispersion properties, having much higher
velocity dispersions(i.e., 150 versus 100 km s� 1) than
the more numerous, optically selected narrow-line AGN
(i.e., drawn from the SDSS) but not having a signi� cant
population of the highest velocity dispersions(i.e.,
> 250 km s� 1) of the nearby universe.

3. Despite having suf� cient spectral resolution to resolve
very small BHs, we do not� nd a signi� cant population of
low-redshift, low-MBH (� 106 Me ), super-Eddington
sources among BAT ultrahard X-ray–selected AGN.

4. Based on preliminary estimates of the SOI for the
SMBHs in our sample, existing facilities can obtain direct
MBH measurements using stellar and gas dynamics for a
considerably larger number of AGN than what is
currently available.

To summarize, the BASS DR2 catalog of stellar velocity
dispersion measurements and the implied BH masses provide
an extremely useful resource for studies of the low-redshift
population of actively accreting SMBHs and their host
galaxies.

We thank Vivian Baldassare and Amy Reines for their
assistance with dwarf AGN masses. We acknowledge support
from NASA through ADAP award NNH16CT03C(M.K.); the
Israel Science Foundation through grant No. 1849/ 19 (B.T.);

Figure 14. Estimated SOI(rSOI) in parsecs for obscured AGN in this sample
based on the velocity dispersion measurements. The dashed lines indicate the
ability to detect the dynamical in� uence of the SMBH, assuming the
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Appendix A
Emission Lines Masked

A list of the masked emission lines is given in Table6.

Table 6
Emission Lines Masked inpPXF Host Galaxy Fitting

Emission Line Wavelength(Å)

H8 + He I 3889.1
[Ne III ] 3967.41
[S II] 4071.24
H� 4101.76
Fe V[ ] 4229
H� 4340.47
[O III ] 4363.21
HeII 4686
H� 4861.33
[O III ] 4958.92
[O III ] 5006.84
N I[ ] 5200

Mask for Weaker Lines

He I 4026
Ar IV[ ] 4712
Ar IV[ ] 4740
Fe VI[ ] 5146
Fe VII[ ] 5159
Fe VIII[ ] 5176
Ca V[ ] 5309
Fe VI[ ] 5485
Cl III[ ] 5518
Cl III[ ] 5538
O I 8446
Cl II[ ] 8578.7
Fe II[ ] 8617
Pa 12 8750
Pa 11 8863
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Appendix B
Excluded Templates from Hierarchical Clustering

Examples of excluded templates from clustering are
provided in Figure15.

Figure 15.Examples of excluded X-Shooter templates from the hierarchical clustering analysis. Left: UVB templates that were excluded due to emission line features.
Left middle: UVB templates that were excluded because of low S/ N or because they were only found in one spectrum. The numbers on the left and right sides of the
� gure indicate the number of spectra the features were found in in the clustering analysis. Right middle and right: Examples of excluded X-Shooter VIS templates
from hierarchical clustering analysis.
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Appendix C
Secondary Velocity Dispersion Measurements

Here we provide secondary measurements in Table7.

Table 7
Secondary Spectral Measurements

BAT ID Galaxy DR2 Type Tele./ Inst. Res. Blue Res. Red Mask z3880–5550 Å � 3880–5550 Å zCaT � CaT

(Å) (Å) (km s� 1) (km s� 1) (km s� 1) (km s� 1)

13 LEDA 136991 Sy 2 Palomar/ DBSP 4.1 4.9 n 3827± 11 107± 15
17 ESO 112-6 Sy 2 VLT/ X-Shooter 1.3 1.4 n 8897± 10 150± 13
28 NGC 235A Sy 1.9 Gemini/ GMOS 4.8 L n 6869± 5 188± 6
50 ESO 243-26 Sy 2 SOAR/ GMAN 2.7 L w 5968± 4 85± 6
53 UM 85 Sy 2 Palomar/ DBSP 4.1 4.9 w 12,536± 10 187± 10 12,516± 11 145± 15
57 3C 33 Sy 2 Palomar/ DBSP 2.3 1.8 n 18,302± 14 222± 11
63 NGC 454E Sy 2 SOAR/ GMAN 2.7 L w 3730± 2 95± 3
70 MCG+ 8-3-18 Sy 2 Palomar/ DBSP 4.8 6.5 w 6351± 10 147± 15
72 NGC 526A Sy 1.9 SOAR/ GMAN 2.7 L w 5789± 4 153± 4
81 ESO 244-30 Sy 2 SOAR/ GMAN 2.7 L w 7878± 6 100± 6
83 ESO 353-9 Sy 2 SOAR/ GMAN 2.7 L w 5077± 2 126± 4
84 NGC 612 Sy 2 SOAR/ GMAN 2.7 L w 9137± 12 336± 20
87 ESO 297-18 Sy 2 SOAR/ GMAN 2.7 L w 7864± 8 141± 9
88 LEDA 138434 Sy 1.9 Palomar/ DBSP 4.1 4.9 n 22,206± 13 123± 18
92 LEDA 1656658 Sy 1.9 Palomar/ DBSP 4.1 4.9 n 21,281± 18 209± 19
96 MCG-1-5-47 Sy 2 Palomar/ DBSP 4.8 3.4 n 5662± 9 85± 12
101 UGC 01479 Sy 2 Palomar/ DBSP 4.1 4.9 n 5029± 6 142± 9
112 Arp 318 Sy 2 APO/ SDSS 3.0 L n 3963± 2 182± 3 3971± 3 168± 4
123 VII Zw 232 Sy 2 Palomar/ DBSP 4.8 6.5 n 18,937± 16 206± 17
140 NGC 1052 Sy 2 Gemini/ GMOS 4.8 L n 1560± 3 218± 4
145 2MFGC 02171 Sy 2 Palomar/ DBSP 4.8 6.5 n 10,720± 11 131± 15
149 LEDA 89928 Sy 2 Palomar/ DBSP 2.3 1.8 n 17,803± 17 170± 20 17,767± 14 256± 14
151 LEDA 166445 Sy 2 Palomar/ DBSP 4.1 4.9 n 4690± 8 160± 12
153 NGC 1125 Sy 2 Palomar/ DBSP 4.1 4.9 n 3435± 9 103± 12 3334± 5 127± 5

Note. Column descriptions are the same as in Table2.

(This table is available in its entirety in machine-readable form.)
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Appendix D
Comparison of the DR1 and DR2 Velocity Dispersions

In comparing with the DR1, we limit our sample to only the
sources withΔ� * < 20 km s� 1, whereas the DR1 included� ts
up to 50 km s� 1 to better understand any systematic offsets.
Outside of the SDSS sample and a small number of Palomar/
DBSP and Gemini/ GMOS spectra that are included in this
study, we note that nearly all of the DR1 sources were
reobserved as part of the higher spectral resolution DR2 survey.
This limits the sample to 29 Sy 1.9 and 89 Sy 2 galaxies that
were measured in both the DR1 and the current sample.
Overall, we� nd that there is a median offset in the DR1 of 9.6
and 6.6 km s� 1 for Sy 1.9 and Sy 2, respectively(e.g.,
|� DR1 � � best|). These offsets correspond to median offsets of
0.11 and 0.08 dex for Sy 1.9 and Sy 2 in measured SMBH,
respectively (or a median of 0.09 dex for the combined
sample). This systematic difference is relatively small com-
pared to the expected typical systematic error(e.g., 0.3–0.5
dex), so we do not expect it to affect any speci� c DR1 studies
that were based on the entire sample. However, there are
outliers in speci� c samples and the Sy 1.9 tend to show
increased offsets.

A useful test of the effect of the new templates, changed
� tting regions, and updatedpPXF software applied is provided
in the overlapping spectra in the SDSS. There are 46 Sy 2 and
17 Sy 1.9 overlapping within the DR1 and DR2. A comparison
of the velocity dispersion measurements from the DR1 and

DR2 for the SDSS samples is shown in Figure16. The DR1� t
the entire 3900–7000 Å region for the SDSS spectra, whereas
the DR2 was limited to 3880–5550 Å. There is a systematic
shift in both Sy 2 and Sy 1.9, with the velocity dispersion
measurements being somewhat larger in the DR1 than the DR2
and Sy 1.9 showing larger offsets and scatter. Some of the
larger scatter is likely from the fact that Sy 1.9 has larger
typical measurement errors than Sy 2(e.g., for the DR1, the
median 1� error is 10 and 6 km s� 1, respectively). Among
Sy 2, the median offset(|� DR1 � � best|) is 4.0 km s� 1. Among
Sy 1.9, the median offset is larger at 14 km s� 1.

We then expand our comparison of our current work to the
other DR1 samples that are not in the current study. This
includes spectra taken from the Perkins 1.8 m telescope and
DeVeny Spectrograph at the Lowell Observatory and the CTIO
1.5 m RC spectrograph, as well as archival optical spectra
obtained as part of the� nal data release for the 6dF Galaxy
Survey(Jones et al.2009). There are six systems observed with
other telescopes that were signi� cant outliers (e.g.,
> 30 km s� 1 beyond 1� error bars) between the DR1 and
DR2, which includes four Sy 1.9 and two Sy 2. The outliers
showed differences in velocity dispersion between 38 and
85 km s� 1 corresponding to offsets in SMBH mass of 0.2–0.6
dex. All of the six outliers were at higher redshifts(z> 0.059)
and had high AGN luminosities(Lbol > 1045 erg s� 1) and larger
errors(12–20 km s� 1) than typical of the sample. The Sy 1.9
outliers all show evidence of extremely broad lines that were
not properly masked in the original DR1� tting procedure,

Figure 16.Comparison between different velocity dispersion measurements. In all panels, Sy 1.9(with broad H� ) is shown with red triangles, and Sy 2 is shown with
blue circles. Error bars(at 1� ) are shown in gray. A solid black line indicates the one-to-one relation, with dashed gray lines indicating offsets of 30 km s� 1. Top left:
comparison between the velocity dispersion measurements from the SDSS for the DR1 and DR2 for DR1 measurements withΔ� * < 20 km s� 1. Top right:
comparison between the velocity dispersion measurements from other DR1 samples and the current best measurements. Bottom: comparison between the velocity
dispersion measurements from the KP DR1 samples where there is a signi� cant fraction of outliers.
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which excluded regions of 3200 km s� 1 around H� . Three of
the systems show double-peaked and/ or asymmetric broad
lines (ID 522, 715, and 817), which are rare in the BAT
sample. The� nal system(ID = 785) shows a very broad line
(H� FWHM = 7800 km s� 1). The two outlier Sy 2 systems
are likewise unique, with the presence of strong out� ows or
double-peaked narrow emission lines. Recent, optical integral
� eld spectroscopy with the Gemini North Telescope(Couto
et al. 2020) for 4C+ 29.30 (BAT ID = 426) indicated a large
southern knot 1″ south of the nucleus(and hence in the 3″
SDSS � ber), which also presents high velocity dispersions
(� 250 km s� 1) attributed to an out� ow. The other Sy 2 outlier,
SDSS J000911.58–003654.7 (BAT ID = 7), shows double-
peaked narrow emission lines and� ve nearby galaxies within
30″ at similar redshift(< 500 km s� 1), indicative of a galaxy
group.

Finally, we examine a DR1 sample from the 2.1 m telescope
at the Kitt Peak(KP) national observatory with the GoldCam
spectrograph. It is clear that the KP sample speci� cally shows
> 30 km s� 1 outliers for the majority of the sample. The
outliers all appear above 200 km s� 1, so a possible reason is a
signi� cant underestimation of the instrumental resolution. The
median offset is 55 km s� 1, corresponding to 0.41 dex in
SMBH mass.

In summary, while the median systematic offset with the
DR1 is small(e.g., 9.6 and 6.6 km s� 1 for Sy 1.9 and Sy 2,
respectively), there is a population of outliers that bias the
distributions. We� nd that Sy 1.9 shows larger systematic
offsets in the DR1, likely due to AGN contamination. This is
seen in the outliers tending to have very broad lines and be
double-peaked sources. As the AGN broad H� and continuum
emission scales with the hard X-ray emission(e.g., Mejía-
Restrepo et al.2022), the host galaxy absorption features are
likely diluted in these systems, leading to erroneously large
measurements compared to the DR2 measurements, which did
not � t the H� region. The small offset among Sy 2 is puzzling
but may be related to the lower spectral resolution of the DR1
sample. Finally, with the higher-quality observations, we can
see that the KP sample has large systematic errors and should
not be used. As the DR2 observations presented here are of
much higher S/ N and spectral resolution, they should be used
in place of these measurements.

Appendix E
Velocity Dispersion Failures in the DR2

A list of the AGN for which we were unable to measure
velocity dispersions is provided in Table8.
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Table 8
DR2 Velocity Dispersion Failures

BAT ID Counterpart Reason AV DR2 Type z Best Spectra
(mag)

(1) (2) (3) (4) (5) (6) (7)

5 2MASX J00040192+ 7019185 GalExt 2.67 Sy 1.9 0.0957 Palomar/ DBSP
18 2MASX J00331831+ 6127433 GalExt 3.72 Sy 1.9 0.1042 Palomar/ DBSP
119 2MASS J02162672+ 5125251 GalExt 0.59 Sy 2 0.4223 Palomar/ DBSP
172 2MASX J03181899+ 6829322 GalExt 2.29 Sy 1.9 0.0906 Palomar/ DBSP
173 NGC 1275 Emission 0.5 Sy 1.9 0.0168 Palomar/ DBSP
249 LEDA 1797736 GalExt 3.5 Sy 2 0.061 Palomar/ DBSP
285 2MASX J05325752+ 1345092 GalExt 2.51 Sy 1.9 0.024 VLT/ X-Shooter
315 IRAS 05581+ 0006 GalExt 2.26 Sy 1.9 0.1144 Magellan/ MagE
360 2MASX J07091407–3601216 GalExt 2.2 Sy 2 0.1107 VLT/ X-Shooter
367 1RXS J072352.4–080623 GalExt 0.93 Sy 1.9 0.1449 Palomar/ DBSP
372 1RXS J072720.8–240629 GalExt 3.1 Sy 1.9 0.1219 VLT/ X-Shooter
381 3C 184.1 lowSN 0.09 Sy 1.9 0.1183 Palomar/ DBSP
433 SWIFT J085429.35–082428.6 lowSN 0.09 Sy 2 0.1884 VLT/ X-Shooter
441 2MASX J09023729–4813339 GalExt 5.18 Sy 2 0.0392 VLT/ X-Shooter
476 CXO J095220.1–623234 GalExt 0.93 Sy 1.9 0.2521 VLT/ X-Shooter
494 SDSS J102103.08–023642.6 lowSN 0.12 Sy 2 0.2936 VLT/ X-Shooter
505 SDSS J103315.71+ 525217.8 lowSN 0.06 Sy 2 0.1404 Palomar/ DBSP
516 2MASS J10445192–6025115 GalExt 9.55 Sy 2 0.047 Nospec
533 2MASX J11140245+ 2023140 lowSN 0.06 Sy 2 0.0271 Palomar/ DBSP
639 2MASX J12475784–5829599 GalExt 1.86 Sy 2 0.0276 VLT/ X-Shooter
661 2MASX J13103701–5626551 GalExt 1.98 Sy 2 0.1142 VLT/ X-Shooter
692 4U 1344-60 GalExt 9.02 Sy 1.9 0.0128 VLT/ X-Shooter
703 Mrk 463E Emission 0.09 Sy 1.9 0.0501 Palomar/ DBSP
745 2MASX J14545815+ 8554589 lowSN 0.53 Sy 2 0.112 Palomar/ DBSP
747 LEDA 3085605 GalExt 2.54 Sy 2 0.0187 VLT/ X-Shooter
896 1RXS J173728.0–290759 GalExt 7.1 Sy 1.9 0.0218 VLT/ X-Shooter
929 2MASS J17485512–3254521 GalExt 5.24 Sy 1.9 0.0207 Nospec
976 CXO J182557.5–071022 GalExt 6.14 Sy 2 0.037 VLT/ X-Shooter
1073 2MASX J20183871+ 4041003 GalExt 10.6 Sy 2 0.0145 Palomar/ DBSP
1075 1RXS J202400.8–024527 lowSN 0.22 Sy 1.9 0.1375 VLT/ X-Shooter
1096 SWIFT J210001.06+ 430209.6 GalExt 4.09 Sy 2 0.066 Palomar/ DBSP
1110 4C+ 50.55 GalExt 7.53 Sy 1.9 0.0154 Palomar/ DBSP
1191 2MASX J23203662+ 6430452 GalExt 5.15 Sy 1.9 0.0729 Palomar/ DBSP
1207 CXO J235221.9+ 584531 GalExt 3.97 Sy 2 0.1629 Palomar/ DBSP

Note.The columns are as follows.(1) Catalog ID from BAT survey.(2) Host galaxy.(3) Reason for failure. GalExt= failure due to being within the Galactic plane
and having high optical extinction, lowSN= low S/ N typically becausez > 0.1, Emission= Galaxy spectra was dominated by strong and broad emission lines that
contaminated the absorption lines, Nospec= no suitable high-resolution spectra were available due to the very high levels of extinction.(4) Visual extinction due to
Milky Way foreground dust using the maps of Schlegel et al.(1998) and the extinction law derived by Cardelli et al.(1989). (5) AGN type based on optical
spectroscopy including Sy 1.9(narrow H� and broad H� ) and Sy 2(narrow H� and H� ) from Koss et al.(2022b). (6) Redshift based on emission lines from Koss
et al. (2022b). (7) Best available spectra in the DR2 based on telescope diameter and spectral resolution.
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