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Abstract

We present two independent measurements of stellar velocity dispersions (σå) from the Ca II H+K λ3969,
3934 and Mg I b λ 5183, 5172, 5167 region (3880–5550Å) and the calcium triplet region (8350–8750Å) for 173
hard X-ray-selected Type 1 active galactic nuclei (AGNs; z� 0.08) from the 105 month Swift-BAT catalog. We
construct one of the largest samples of local Type 1 AGNs that have both single-epoch virial black hole mass
(MBH) estimates and σå measurements obtained from high spectral resolution data, allowing us to test the usage of
such methods for supermassive black hole studies. We find that the two independent σå measurements are highly
consistent with each other, with an average offset of only 0.002± 0.001 dex. Comparing MBH estimates based on
broad emission lines and stellar velocity dispersion measurements, we find that the former is systematically lower
by ≈0.12 dex. Consequently, Eddington ratios estimated through broad-line MBH determinations are similarly
biased (but in the opposite way). We argue that the discrepancy is driven by extinction in the broad-line region. We
also find an anticorrelation between the offset from the MBH–σå relation and the Eddington ratio. Our sample of
Type 1 AGNs shows a shallower MBH–σå relation (with a power-law exponent of ≈3.5) compared with that of
inactive galaxies (with a power-law exponent of ≈4.5), confirming earlier results obtained from smaller samples.

Unified Astronomy Thesaurus concepts: Supermassive black holes (1663); X-ray surveys (1824); AGN host
galaxies (2017); X-ray active galactic nuclei (2035); Active galaxies (17); Galaxies (573); Galaxy bulges (578)

Supporting material: figure set, machine-readable tables

1. Introduction

Supermassive black holes (SMBHs), residing in the centers
of massive galaxies, are commonly thought to coevolve with
their host galaxies, as demonstrated by the present-day
correlations between SMBH mass (MBH) and several host
properties (e.g., Kormendy & Ho 2013; McConnell & Ma 2013;
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Saglia et al. 2016), such as the stellar velocity dispersion (σå)
(Ferrarese & Merritt 2000; Gebhardt et al. 2000; Merritt &
Ferrarese 2001; Tremaine et al. 2002; Gültekin et al. 2009),
bulge luminosity (Kormendy & Richstone 1995; Marconi &
Hunt 2003), and bulge mass (Magorrian et al. 1998; Häring &
Rix 2004). Additionally, correlations with the bulge’s average
spherical density, half-mass–radius (e.g., Saglia et al. 2016), and
dark matter halos (e.g., Ferrarese 2002; Baes et al. 2003; Bandara
et al. 2009; Volonteri et al. 2011; Sabra et al. 2015; Marasco
et al. 2021; Powell et al. 2022), have been proposed. Of these,
the MBH–σå relation is still the tightest relation among them
(with an intrinsic scatter of ∼0.3 dex; e.g., Gültekin et al. 2009;
Saglia et al. 2016; van den Bosch 2016).

The observed close relations between MBH and host
properties strongly support a coevolutionary scenario, where
some form of feedback exerted by actively accreting SMBHs
(i.e., active galactic nuclei (AGNs)) affects the host galaxy
growth. Indeed, specific feedback models have been shown to
be related to the shape of the MBH–σå relation, and in
particular, its exponent, β (where MBH sµ b

 ), with β; 4
attributed to momentum-driven feedback and β; 5 attributed
to energy-driven feedback (Silk & Rees 1998; King 2003,
respectively). Observationally, the details and impact of AGN
feedback, as well as the slope β are not yet settled. Kormendy
& Ho (2013, hereafter KH13) find β= 4.38 using spatially
resolved gas and stellar kinematics for elliptical and classical
bulge hosting local galaxies. However, (McConnell &
Ma 2013, hereafter MM13) report an β= 5.64 using MBH

estimates from spatially resolved dynamics in a sample of local
early- and late-type galaxies (including brightest cluster
galaxies). Both these samples and indeed most samples used
for such studies, are dominated by inactive galaxies with the
presence of just a few low-luminosity AGNs. Finally, van den
Bosch (2016) reports a β= 5.35 using a sample of galaxies in
which SMBH masses are compiled using four different
methods: gas dynamics, stellar dynamics, reverberation map-
ping, and mega-masers.

Recent studies have suggested whether SMBH-host relations
may depend on a variety of factors, including host morphology.
Specifically, early- versus late-type galaxies (e.g., Gültekin
et al. 2009; McConnell & Ma 2013), pseudo- versus real bulges
(e.g., Greene et al. 2010; Kormendy & Ho 2013; Ho & Kim
2014), and barred versus unbarred galaxies (e.g., Graham 2008;
Hu 2008; Graham & Li 2009; Hartmann et al. 2014) have all
been discussed as possible influencing factors. Additionally,
Xiao et al. (2011) found a small offset caused by the disk
inclination. Interestingly, some studies have shown a β≈ 3 for
galaxies with pseudo-bulges (e.g., Greene et al. 2010; Ho &
Kim 2014). However, pseudo-bulge hosting galaxies are found
to have an order of magnitude lower black hole masses relative
to elliptical bulge hosting galaxies (e.g., Greene et al. 2010; Ho
& Kim 2014), and thus, reside significantly below the MBH–σå
relation of inactive galaxies, and they also show a larger scatter
at the lower-mass end.

For actively accreting SMBHs (i.e., AGNs) the primary
approach for MBH determination is the reverberation mapping
(RM) of broad emission lines (e.g., Blandford & McKee 1982;
Peterson 1993; Onken & Peterson 2002; Bentz et al. 2006b;
Denney et al. 2006; Bentz et al. 2009a, 2009b; Denney et al.
2010; Bentz et al. 2016; Villafaña et al. 2022). Despite several
dedicated campaigns in recent years, the number of reliable
MBH determinations remains limited to ≈90 systems (see the

RM black hole mass archive; Bentz & Katz 2015). Several
recent and ongoing RM campaigns aim to significantly increase
the number of RM-based MBH measurements, such as OzDES-
RM (Yuan et al. 2015), the Sloan Digital Sky Survey (SDSS)-
RM (Shen et al. 2015, 2016), and SDSS-V (Kollmeier et al.
2017).
The so-called single-epoch (SE) MBH estimation method

provides a potential solution to estimate MBH for the much
larger spectroscopic data sets of Type 1 AGNs, including
luminous quasars that can be traced to z 7. The method uses
the width of the broad emission lines (either FWHM or
standard deviation σ) as a proxy for the virialized broad-line-
region (BLR) gas velocities and the AGN continuum
luminosity as a probe of the BLR radius. The latter is based
on relatively tight correlations between BLR size and AGN
continuum luminosity in various spectral bands (e.g., Koratkar
& Gaskell 1991; Kaspi et al. 2000, 2005; Bentz et al. 2006a,
2009b; Zajaček et al. 2020). Since the BLR geometry and
(detailed) radiative physics are not entirely known (per source),
the SE method adopts an order-of-unity scaling factor to yield
MBH. Crucially, this scaling factor called the virial factor ( f ) is
typically derived by assuming that AGNs follow the same
MBH–σå relation as the one determined for inactive galaxies.
Indeed, the systematic uncertainty of MBH estimates derived
using the SE method can reach 0.4 dex (Pancoast et al. 2014;
Ricci et al. 2017c; Caglar et al. 2020), mostly due to the
intrinsic scatter in the MBH–σå relation.
An average virial factor of fFWHM≈ 1 is reported with an

uncertainty of 0.15 dex by calibrating RM-based MBH

estimations to various versions of the MBH–σå relation (e.g.,
Onken et al. 2004; Park et al. 2012; Grier et al. 2013; Woo
et al. 2013, 2015; Grier et al. 2017). Several studies have
investigated in detail the MBH–σå relation for AGNs by
combining RM-based virial MBH determinations and host σå
measurements (e.g., Nelson et al. 2004; Onken et al. 2004;
Woo et al. 2010; Graham et al. 2011; Park et al. 2012; Woo
et al. 2013, 2015; Batiste et al. 2017; Bennert et al. 2021).
Generally, the slope of the MBH–σå relation for RM AGNs is
found to be shallower than that of inactive galaxies (β 4; e.g.,
Woo et al. 2013, 2015; Bennert et al. 2021), but the
discrepancy between the two relations is often attributed to
unreliable σå measurements in AGN-dominated spectra of
Type 1 AGNs, as well as due to sample selection bias (e.g.,
Greene & Ho 2006; Lauer et al. 2007; Shen 2013; Shankar
et al. 2016). Interestingly, Caglar et al. (2020, hereafter C20)
have proposed that some part of the discrepancy might be
caused by extinction in the BLR, which was also claimed by
Mejía-Restrepo et al. (2022) and Ricci et al. (2022). Hence, the
discrepancies between the MBH–σå relations of active and
inactive galaxies may reflect real, though yet unclear,
astrophysical differences between these populations. Clearly,
detailed analyses of large and highly complete AGN samples
and inactive galaxies are needed to address the origin of such
discrepancies.
In this work, we present stellar velocity dispersion measure-

ments for a sample of broad-line, Type 1 AGNs drawn from the
second data release of the Swift/BAT AGN Spectroscopic Survey
(BASS DR231; Koss et al. 2022a). BASS is a highly complete
survey of ultra-hard X-ray-selected AGNs, mainly in the local
universe. The ultra-hard X-ray selection (14–195 keV) allows

31 www.bass-survey.com
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us to overcome biases related to (circumnuclear) obscuration
(e.g., Ricci et al. 2015, 2017a), host properties, etc., thus,
potentially circumventing some of the challenges faced by
previous studies. We aim to study the MBH–σå relation for our
sample and compare our results with the MBH–σå relation for
inactive galaxies. We additionally investigate a potential
discrepancy between two black hole mass estimates obtained
from the SE method versus the ones from the MBH–σå relation.
Throughout this paper, we define this discrepancy as the offset
from the MBH–σå relation as follows: MlogBH BH,BLRD º –

Mlog BH,s. Finally, we aim to understand how such discrepan-
cies may depend on several key AGN properties. This paper is
organized as follows. In Section 2, we introduce the BASS-
based AGN sample and archival data. In Section 3, we describe
our analysis methodology, while in Section 4 we present and
discuss our main results. We conclude with a summary of our
key findings in Section 5. Throughout this paper, we assume a
standard flat Lambda cold dark matter cosmology, with H0

= 70 km s−1 Mpc−1, ΩM= 0.3, and ΩΛ= 0.7.

2. BASS Sample and Archival Data

The 70 month data release of Swift-BAT hard X-ray
(14–195 keV) all-sky survey (Baumgartner et al. 2013) consists
of 858 AGNs. BASS aims to obtain optical spectroscopy for
BAT-selected AGNs. Specifically, BASS DR2 includes optical
spectra for essentially all 70 month BAT catalog AGNs, except
for six highly extincted sources located at Galactic latitudes
|b|< 10°. We also use BASS-led spectroscopy of AGNs drawn
from the 105 month BAT survey (Oh et al. 2018). Although
this effort is not yet complete and does not represent a flux-
limited sample, the spectra in hand allow us to probe fainter
sources, extending the range in SMBH mass and/or Eddington
ratio under study.

The targeted optical spectroscopy pursued by BASS
typically covers a wide spectral range (3000–10,000Å), in
order to study both AGN-dominated broad and narrow
emission lines (e.g., Mejía-Restrepo et al. 2022; Oh et al.
2022; Ricci et al. 2022) and host galaxy properties (e.g., Koss
et al. 2022b; Powell et al. 2022). Key technical aspects of the
spectra used for our work are provided in Section 3.1, where
we detail our spectral measurements. We stress that the ultra-
hard X-ray Swift-BAT survey allows us to detect AGNs with a
wide range of neutral hydrogen absorbing columns, ranging
from unabsorbed ( Nlog cm 20.0H

2 =-( ) ) to Compton-thick
( Nlog cm 24.0H

2 >-( ) ) sources. Indeed, the BASS sample
was shown to be less biased compared to other surveys with
respect to obscuration (e.g., Ricci et al. 2015; Koss et al. 2016;
Ricci et al. 2022), star formation (e.g., Shimizu et al. 2015;
Ichikawa et al. 2017, 2019), and host molecular gas content
(Koss et al. 2021). More detailed information about BASS DR2
can be found in the main BASS DR2 overview and catalog
papers (Koss et al. 2022a, 2022c).

2.1. Our Sample

The BASS DR2 sample comprises 858 AGNs: 359 of which
are classified as Type 1 sources, 393 Type 2 (including Seyfert
1.9 sources), and 106 beamed and/or lensed AGNs (see Koss
et al. 2022a, 2022c, for more details). Importantly for this
work, we note that the velocity dispersion measurements for
the obscured AGNs in BASS DR2 (Seyfert 1.9 and 2 AGNs)
are presented in Koss et al. (2022b). Here we focus only on

Type 1 AGNs with redshifts z� 0.08, where the redshift
threshold is chosen in order to avoid telluric absorption across
the calcium triplet (CaT) absorption complex. Furthermore, we
excluded 40 Type 1 AGN spectra observed with low-resolution
spectral setups (R< 1000), where σå measurements would be
unreliable. Our final sample thus consists of a total of
240 AGNs, of which 185 are from the 70 month BAT catalog
and 55 are a bonus sample from the 105 month catalog.

2.2. BASS Archival Data

2.2.1. X-Ray Data

We adopted hydrogen column density measurements (NH)
and intrinsic (absorption-corrected) X-ray luminosity measure-
ments, and related uncertainties (90% confidence intervals)
directly from Ricci et al. (2017b) for the 70 month Swift-BAT
sources in our sample. These are obtained by fitting the X-ray
spectra with a variety of models, including an absorbed cutoff
power-law component, an unobscured reflection component,
and another cutoff power-law component for scattering. We
note that there are no NH or intrinsic X-ray luminosity
determinations available for the bonus sample of AGNs from
the 105 month Swift-BAT catalog.

2.2.2. Black Hole Masses

We adopt broad-line-based SE (virial) black hole mass
estimates for our sample of AGNs from the respective BASS
DR2 catalog of Mejía-Restrepo et al. (2022). That study
performed a detailed spectral decomposition and emission line
fitting procedure, following Trakhtenbrot & Netzer (2012) and
Mejía-Restrepo et al. (2016). In Mejía-Restrepo et al. (2022),
MBH is calculated using the prescriptions calibrated by Greene
& Ho (2005) for Hα and Trakhtenbrot & Netzer (2012) for Hβ,
and using the FWHM of the emission lines and a virial factor of
f= 1. The latter choice results in a somewhat revised MBH

prescription (i.e., compared with the one presented in Greene &
Ho 2005), of the form

M
L

M2.67 10
10 erg s

FWHM

10 km s
,

1

BH
6 H

42 1

0.55
H

3 1

2.06

⎜ ⎟
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

= ´ ´ a a
- -

( )



where the Hα related quantities reflect only the broad emission
component. A detailed explanation of the fitting procedure and
this MBH prescription, as well as a complete catalog of the best-
fitting parameters, can be found in Mejía-Restrepo et al. (2022).
Here, we note that Mejía-Restrepo et al. (2022) only corrected
their MBH estimates for the Galactic extinction, but in this
work, we will even further correct their MBH estimates for the
BLR extinction, which will be described in Section 3.2.

3. Analysis and Methods

3.1. Stellar Velocity Dispersion Measurements

We measure host galaxy stellar velocity dispersion for our
sample of Type 1 AGNs using the penalized pixel-fitting
procedure (pPXF; Cappellari & Emsellem 2004; Cappellari
2017). The pPXF routine applies the Gauss–Hermite para-
meterization for the line-of-sight velocity distribution in pixel
space. By using pPXF, the continuum can be matched using
additive polynomials, whereas bad pixels and/or emission lines
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can be masked from the spectra. Finally, pPXF makes initial
guesses for σå by broadening the stellar templates. During this
procedure, several parameters are being fit simultaneously,
including the systemic velocity (V ), the velocity dispersion (σ),
and a series of Hermite polynomials, h3 ... hm.

In our study, we performed the pPXF method allowing the
following parameters as free: the systemic velocity (V ), the
velocity dispersion (σ), and two Hermite polynomials (h3 and
h4). We supplemented pPXF with a grid of stellar spectral
templates based on VLT/X-shooter observations (Chen et al.
2014; Gonneau et al. 2020) using the velocity scale ratio of 2,
which corresponds to the templates at twice the resolution of
the observed spectra. The X-shooter Spectral Library we used
contains 830 stellar spectra of 683 stars covering the
wavelength range of 3500–24,800Å with an average instru-
mental resolution of 0.51Å for the bluer spectral regions of
interest (3800–5500Å) and 0.78Å for the red spectral region
(8300–8800Å). However, our sample of galaxies is observed
by various instruments with a variety of spectral resolutions
ranging from 2.0–6.0Å (3800–5500Å).32

Therefore, the template spectra were convolved with a
relative line-spread function. We masked several prominent,
mostly AGN-dominated emission lines that are present in our
spectral regions of interest (Hβ,γ, δ,ò, [Ne III] λ 3968, [O III λλ
4959,5007], O I λ8446, and Fe II λ8616), as well as bad pixels
(if these exist), to increase the robustness of our σå

measurements. To mask broad emission components, we
additionally applied a mask function with a range of width
2000–3500 km s−1, which is appropriate for the BLR-related
widths of our broad-line AGNs. We performed pPXF fitting
adopting additive (between degree= 2–8) and multiplicative
(mdegree= 0–1) polynomials to develop the best match
between the composite stellar population and the galaxy
spectrum. We finally selected the best-fit result with the least
possible degree of polynomials. To estimate the uncertainties
associated with σå measurements, we used the suggested
residuals bootstrapping procedure (Cappellari 2022). Briefly,
for each AGN, we resample the residuals of the initial σå fit to
generate 100 mock spectra to perform 100 additional fits,
resulting in a distribution of σå measurements as well as
uncertainties in the distribution of the weights. The same
bootstrapping approach was also used by Koss et al. (2022b)
for DR2 type 2 (Seyfert 1.9 and 2) AGNs.
In Table 1, we present the resulting σå measurements from

the spectral region covering Ca H+K and Mg I, and/or the CaT
features (henceforth σblue and σred, respectively) for our sample
of AGNs. Additionally, the pPXF model fits are shown in
Appendix A (Figure 7(a), (b)). Three experienced coauthors (T.
C., L.B., and M.K.) have visually inspected the spectral fits and
assigned a quality flag for each spectral region of each AGN: 0
for good quality fits, 1 for acceptable fits, 2 for unaccepted fits,
and 9 for failed fits (see Table 2). For most sources, we were
able to fit both the blue part and the red part of the spectra to
obtain independent σå measurements. For the SOAR spectra,
we only fit the CaT features region since the instrumental setup
only covers that spectral region. Here, we note that, for some of

Table 1
Stellar Velocity Dispersions and Key Derived Properties of Our AGNs

BAT ID Galaxy Name σblue flagB σred flagR AV log Eddl log Edd,corrl M Instrument
(km s−1) (km s−1) (mag) (Me yr−1)

1 2 3 4 5 6 7 8 9 10 11

3 NGC7811 88 ± 14 0 91 ± 8 0 0.131 −0.924 −0.943 0.022 Palomar/DBSP

34 UGC524 156 ± 5 0 157 ± 4 0 1.586 −0.853 −1.146 0.043 Palomar/DBSP

43 Mrk352 97 ± 6 0 95 ± 8 0 0.207 −1.582 −1.621 0.021 Palomar/DBSP

45 LEDA 1075692 195 ± 7 0 196 ± 6 0 2.668 −1.081 −1.564 0.139 VLT/X-Shooter

51 RBS149 K 9 134 ± 28 2 0 −0.939 −0.939 0.168 Palomar/DBSP

52 HE0103-3447 K 9 182 ± 21 2 0 −1.404 −1.404 0.155 VLT/X-Shooter

60 Mrk 975 K 9 149 ± 9 1 0.146 −1.127 −1.152 0.112 Keck/LRIS

61 Mrk1152 168 ± 7 0 170 ± 5 0 1.78 −1.07 −1.39 0.221 Palomar/DBSP

73 Fairall9 K 9 219 ± 14 1 0 −1.138 −1.138 0.336 VLT/X-Shooter

77 Mrk359 90 ± 15 2 101 ± 10 2 0 −0.372 −0.372 0.012 VLT/X-Shooter

Notes. We list the columns in this table as follows. (1) Catalog ID from the 105 month SWIFT-BAT survey. (2) Host galaxy. (3) Stellar velocity dispersion
measurement from the Ca II H+K λ3969, 3934 & Mg I b λ 5183, 5172, 5167 region (3880–5550 Å). (4) The quality flag for σblue fit. (5) Stellar velocity dispersion
measurement from the Calcium Triplet region (CaT, 8350–8750 Å). (6) Quality flag for σred fit. (7) Dust extinction in the BLR. (8) The extinction-uncorrected
Eddington ratio. (9) The extinction-corrected Eddington ratio. (10) Accretion rate. (11) The instrument used for the observation. (A portion of the table is shown here
for visual guidance and the entire table can be found in machine-readable form.)

(This table is available in its entirety in machine-readable form.)

32 We also have spectral data from low-resolution observation setups
(R < 1000), which are not taken into consideration for σå measurements (see
Koss et al. 2022c).
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our AGNs, we have multiple spectra obtained with different
instruments. In Appendix B, we show a comparison of σå
measurements from the different instruments.

3.2. Extinction in the BLR

In virial, SE MBH estimators, either monochromatic or line
luminosity (e.g., λLλ [5100Å] or LHα) are used as a probe of
the BLR radius. These prescriptions are fundamentally based
on RM studies, in which the targets are assumed to be
unobscured Type 1 AGNs. However, in the presence of dust
extinction along the line of sight, a correction should be applied
to the observed line luminosities. In previous work, C20
demonstrated that applying extinction correction reduces

BHD by ∼0.3–0.4 dex for their sample of 10 Type 1 and 3
Type 2 AGNs. Here, we remind readers that BHD
corresponds to the difference in MBH between the SE
measurements and the σå based measurements.

In Section 4.4.1, we discuss the importance of extinction
correction for the BLR-based estimates of MBH. We use
intrinsic ultra-hard X-ray luminosities to obtain extinction-
corrected Hα luminosities in the BLR, assuming that the BLR
extinction of Hα emission is purely due to attenuation by dust
(Shimizu et al. 2018):

L Llog 1.117 log 6.61 erg s , 2H
corr

14 150 keV
int 1= ´ -a

-( ) ( )–

where L14 150 keV
int

– is the intrinsic X-ray luminosity integrated
over the 14–150 keV energy range and LH

corr
a is the intrinsic

(i.e., extinction-corrected) broad Hα luminosity. Here, we note
that we adopt the updated L Llog log14 150 keV H- a– correlation
parameters (T. Shimizu, private communication) and that this
correction introduces an additional systematic uncertainty of
∼0.2 dex to the associated MBH estimates (i.e., through
Equation (1)).

However, since we do not have intrinsic ultra-hard X-ray
luminosities in the 14–150 keV energy band ( Llog erg s14 150 keV

int 1-( )– )
for our bonus sample of 55 AGNs, we will use the observed
ultra-hard X-ray luminosities in the 14–195 keV energy band

( Llog erg s14 195 keV
obs 1-( )– ) as alternatives for Llog 14 150 keV

int( –
erg s 1- ) estimates (see Appendix C).

Next, we used the observed and corrected Hα luminosities to
estimate the level of optical extinction (AHα) for each source. This
is done by deriving the extinction, in magnitudes, affecting Hα,

A L L2.5 log log mag, 3H H
corr

H
obs= ´ -a a a( ) ( )

and then deriving the extinction at any wavelength λ following
the empirically determined extinction law of Wild et al. (2011):
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This extinction law is particularly appropriate for AGNs with
a large dust reservoir (e.g., Wild et al. 2011; Schnorr-Müller
et al. 2016). Here, we note that deriving the extinction in the
BLR cannot be done by simple Balmer decrement method (i.e.,
Hα/Hβ), as the photoionization models predict a wide range of
theoretical BLR line ratios for AGNs depending on their BLR
conditions (Schnorr-Müller et al. 2016). Finally, we correct the
MBH estimates reported by Mejía-Restrepo et al. (2022) for the
BLR extinction (see Appendix D for a discussion of the
difference between extinction-corrected/uncorrected estimates).

3.3. Eddington Ratio and Accretion Rates

In order to estimate the Eddington ratios (log Eddl ), we follow
the same approach used in BASS DR1 (Koss et al. 2017). First,
we convert the intrinsic, absorption-corrected hard X-ray
luminosities (L2 10 keV

int
- ) to bolometric luminosities (Lbol) using

a universal bolometric correction, that is L L20bol 2 10 keV
int= ´ - .

Although this simple bolometric correction may carry significant
uncertainties (i.e., 20 10

60» -
+ ) and likely depends on various AGN

properties (see, e.g., Marconi et al. 2004; Vasudevan et al. 2009),
we note that it was shown to be fairly constant for low-
luminosity AGNs ( Llog erg s 45;2 10 keV

1
-

-( )  see, e.g., the

Table 2
Stellar Velocity Dispersions Failures

BAT ID Galaxy Name Reason z E(B–V ) Lbol Seyfert Type Instrument
(mag) (erg s−1 )

1 2 3 4 5 6 7 8

6 Mrk335 AGN 0.0259 0.0354 44.29 Sy 1.2 Palomar/DBSP
22 Z535-12 AGN 0.0476 0.0666 44.84 Sy 1.2 Palomar/DBSP
36 Mrk1148 AGN 0.064 0.057 45.35 Sy 1.5 Palomar/DBSP
78 MCG-3-4-72 AGN 0.0429 0.0188 44.84 Sy 1 Palomar/DBSP
113 LEDA138501 AGN 0.0497 0.1628 45.42 Sy 1 Palomar/DBSP
122 2MASXJ02223523+2508143 Resolution 0.0616 0.08 45.05 Sy 1 Palomar/DBSP
130 Mrk1044 AGN 0.0173 0.0334 43.81 Sy 1 VLT/X-Shooter
143 Rhs15 Low S/N 0.0697 0.0662 44.98 Sy 1 Palomar/DBSP
147 Q0241+622 AGN 0.0447 0.7427 45.54 Sy 1.2 Palomar/DBSP
161 2MASXJ02593756+4417180 Resolution 0.0313 0.2206 44.39 Sy 1 Palomar/DBSP

Notes. Column descriptions: (1) Catalog ID from the SWIFT-BAT survey, (2) host galaxy, (3) reason for failure. AGN: spectra were dominated by AGN emission
lines contaminating the absorption lines, low signal-to-noise ratio (S/N). Resolution: no suitable high-resolution spectra were available, and GalExt: high Galactic
extinction. (4) Redshift. (5) Interstellar reddening. (6) The bolometric AGN luminosity. (7) AGN type based on optical spectroscopy. (8) Best available spectra from
DR2. See Koss et al. (2022c) and Mejía-Restrepo et al. (2022) for more details on redshift and Seyfert types. (A portion of the table is shown here for visual guidance
and the entire table can be found in machine-readable form.)

(This table is available in its entirety in machine-readable form.)
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study of Duras et al. (2020), which relies on the Swift-BAT
AGN sample). Therefore, the fact that the majority of our sample
is dominated by such low-luminosity AGNs further justifies the
use of a universal bolometric correction.

The Eddington luminosities (LEdd) of our sources are
calculated as LEdd= 1.26× 1038MBH/Me, which is appro-
priate for pure hydrogen gas. Finally, the Eddington ratios are
calculated following L Llog Edd bol Eddl º . We emphasize that
the large uncertainty in LBol (∼0.3–0.6 dex) and MBH

(∼0.4 dex) contributes to the (systematic) uncertainty of the
Eddington ratio, which is likely �0.7 dex in total (e.g., Bian &
Zhao 2003; Marinucci et al. 2012). We also estimate the
physical accretion rates (M ) that power the AGNs in our
sample, through M L cbol

2h= ( ) , assuming a standard radia-
tive efficiency of η= 0.1.

4. Results and Discussion

In this work, we measured σå of broad-line Type 1 AGNs from
the BASS DR2 sample. In the top-left panel of Figure 1, we
present an overview of our sample of AGNs for successful (173)
and failed (68) σå fit results. The majority of σå measurements are
obtained from the CaT spectral region (167 successful and 74
failed fits), but whenever available, we provide the resulting σå

measurements from the CaH+K and Mg I absorption lines (113
successful and 116 failed fits). There are also 12 missing fits (see
the top-right panel of Figure 1). For eight of these (BAT IDs: 184,
301, 558, 607, 631, 680, 1046, 1142) we adopt σå measurements
from the LLAMA study by C20. The remaining five cases lack the
appropriate spectral coverage due to the BASS observational setup
available at the time of writing.
In what follows, we discuss the issues related to sample (in)

completeness; present a comparison between the σblue and σred
measurements, explore the systematic uncertainties caused by
aperture size, and show a direct comparison between our σå
measurements and those available from other surveys. We then
use BASS archival data to address the possible reasons for the
offset from the MBH–σå relation by looking into trends with
key parameters such as BLR extinction, redshift, intrinsic
X-ray luminosity, and Eddington ratio. Finally, we present the
resulting MBH–σå relation for our sample of Type 1 AGNs.

4.1. Stellar Velocity Dispersion Measurements

4.1.1. Sample (In)completeness

Thanks to the high-resolution observations with instruments
such as VLT/X-shooter, SOAR/Goodman, and Palomar/DBSP,

Figure 1. Top left: the bolometric AGN luminosities vs. redshift for our sample of AGNs. We show AGNs with successful σå fits with filled circles, while those with
failed σå fits are shown with open circles. Top right: distributions of failed σblue (based on the region covering the Ca H+K and Mg I absorption lines) and σred (based
on the region that covers the CaT absorption lines) measurements are separated by failure reason. Bottom left: distributions of successful velocity dispersion fit results.
Bottom right: distributions of measurement errors for successful velocity dispersion measurements. Blue histograms represent σblue, whereas red histograms represent
σred. The vertical blue and red lines correspond to the median values for σblue and σred, respectively.
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our sample is free of biases caused by insufficient spectral
resolution. The spectral setups used for this work provide an
instrumental resolution of σinst= 19–27 km s−1, which allows us
to measure σå of intermediate SMBH hosting AGNs (MBH < 106

Me). A limited number of our AGNs have been observed with
lower spectral resolution setups, as mentioned in Section 3.1, but
we emphasize that the low-resolution were not used in σå
measurements in order to avoid possible biases caused by
resolution insufficiency.

We remind the reader that we fit a total number of 240 Type
1 AGN spectra for two distinct spectral regions (3880–5500Å
and 8350–8730Å, whenever possible). These fits yield
independent σå measurements based on the Ca H+K andMg I
features, and on the CaT features, respectively. We refer to
these independent σå measurements as σblue and σred (again,
respectively).

Table 1 lists the resulting σå measurements from both
spectral regions together with the corresponding quality flags.
We obtained at least one σå measurement for 173 AGNs with
small uncertainties. We had 67 failed attempts (see Table 2).
For the 173 successful fits, we flag 128 σå measurements as
good, 35 as acceptable, and 10 as unaccepted fits (quality flags
0, 1, and 2, respectively). We additionally fit 48 duplicate
spectra observed with other instruments, yielding 28 successful
and 20 failed fits. The top-right panel of Figure 1 presents the
main reasons for failed σå measurements, including strong
AGN emission features (∼64% of the failed fits); insufficient
signal-to-noise ratio (∼16%); insufficient spectral resolution
(∼14%); and high Galactic extinction (∼6%). In addition to
these, we also compare our successful and failed σå measure-
ments with various AGN properties in Appendix E. See
Appendix E for further discussion.

In the bottom panel of Figure 1, we present the distributions
of σå measurements and their corresponding errors. Looking at
the two types of σå measurements, our σred measurements are
in the range of 73� σred� 278 km s−1, with a median of
145±7 km s−1, while the σblue measurements are in the range
of 82� σblue� 272 km s−1 with a median of 143± 7 km s−1.
We compare σred and σblue, for the AGNs for which both types
of measurements are available, in the left panel of Figure 2.
Clearly, the two types of measurements are in excellent
agreement, as is supported by a Spearman correlation test

(ρ= 0.98± 0.01, p= 0.01).33 The average offset between
the two types of σå measurements is small log redsá -( )
log 0.002 0.001blues ñ = ( ) dex, and the scatter around the
1:1 relation is 0.027 dex. This small level of scatter is probably
explained by the somewhat different stellar populations that
dominate the absorption features in these spectral regions (see,
e.g., Riffel et al. 2015).

4.1.2. Comparison with Other Measurements

We compare our best σå measurements with literature
measurements from the HyperLeda σå catalog (Paturel et al.
2003), which contains a total of nearly of 40,000 σå
measurements for more than 29,000 objects. We find a total
of 39 σå measurements, drawn from nine studies (Terlevich
et al. 1990; Nelson & Whittle 1995; Oliva et al. 1995, 1999;
Wegner et al. 2003; Garcia-Rissmann et al. 2005; Greene &
Ho 2006; Ho et al. 2009; Cappellari et al. 2013). In the right
panel of Figure 2, we present a comparison between our best σå
measurements and the corresponding measurements from
HyperLeda. The difference in median between our σå
measurements and those of HyperLeda is ∼0.006 dex, which
could be caused by aperture differences. Interestingly, our σå
measurement uncertainties (a median value of 7 km s−1) are
typically lower than those reported in HyperLeda (a median
value of 13 km s−1). Here, we note that we define the best σå
measurements using two conditions: (1) the ones with better fit
quality among σblue and σred fits and (2) the ones with the
smallest uncertainty in σå.

4.2. MBH–σå Relation of BAT Type 1 AGNs

Our sample and measurements enable one of the largest
investigations of the MBH–σå relation for Type 1 AGNs. We fit
our logs and Mlog BH measurements with a linear relation
using the bivariate correlated errors and the intrinsic scatter
method, which takes into account the measurement errors in
both variables (i.e., X and Y axes; Akritas & Bershady 1996;

Figure 2. Left: comparison between σblue and σred measurements. The blue dashed line represents the difference in both measurements. The red dashed lines represent
1:1 lines in both panels. Right: comparison between our best-fitting σå results vs. the σå results in the literature.

33 Throughout this paper, p-values (p) are given in three different thresholds
(0.01, 0.05, and 0.1. However, we note that these threshold values are
represented as upper and lower limits; therefore, the values can be much larger
or smaller than reported threshold values. We also note that the Monte Carlo-
based bootstrapping method is used to estimate the uncertainty in the Spearman
rank correlation coefficient (Curran 2014).
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Nemmen et al. 2012). The linear regression was performed
using the Y/X method, where the slope and intercept can vary.
To fit the MBH–σå relation, we use a single power-law function
as expressed in the following equation:

M Mlog log , 5BH
0

⎜ ⎟
⎛
⎝

⎞
⎠

a b
s
s

= + ( ) ( )/ 

where α is the intercept, β is the slope and σ0 is the
normalization coefficient of 200 km s−1. We then performed
the linear regression fits for four different data sets, as follows:
(1) all our AGNs, without extinction corrections (154 sources;
DS1 hereafter); (2) AGNs with negligible extinction, AV= 0
mag (45 sources; DS2 hereafter); (3) AGNs with limited
extinction, AV< 1 mag (99 sources; DS3 hereafter); and (4) all
AGNs with extinction corrections (154 sources; DS4 hereafter).
In Figure 11, we present the resulting MBH–σå relations for
each of our data sets, while Table 3 lists the best-fit intercepts
(α), slopes (β), and intrinsic scatters (ò) derived for each of
these data sets.

Looking into our best-fit fitting parameters, we note a few
key results. First, the slope of DS1 (2.95± 0.41) is shallower
than the slopes found for the other data sets (DS2: 3.21± 0.66,
DS3: 3.44± 0.48, and DS4: 3.09± 0.39). This result again
implies that the BLR extinction might be somewhat responsible
for flattening the slope. However, we cannot statistically confirm
this, since uncertainties in the slopes are quite large for our data
sets. Second, the range of slopes derived for our BASS sample,
2.54� β� 3.92 is consistent with what is found in previous
studies. Specifically, our results are consistent with those
presented by C20, which reports a slope of β= 3.38± 0.65,
an intercept of α= 8.14± 0.20 and an intrinsic scatter of
ò= 0.32± 0.06 for the LLAMA sample. Our slopes are also
consistent with the slope reported by Woo et al. (2013) for a
sample with RM measurements (3.46± 0.61). On the other
hand, the slope of 4.38± 0.29 reported by KH13 is not
consistent with the slopes of our data sets. Moreover, none of
the slopes we derive is consistent with the steep slope of
5.64± 0.32 reported by MM13 (which included bright central
cluster galaxies). The more recent study by Bennert et al. (2021)
reported a slope of 3.89± 0.53 for 29 RM AGNs and a slope of
4.55± 0.29 for 51 inactive galaxies. Compared with these, our
results for the BASS AGNs are consistent with the RM AGN
sample of Bennert et al. (2021) slope (within uncertainties) but
are inconsistent with the slope found for inactive galaxies. Thus,
our analysis strengthens the evidence that AGNs show a
shallower MBH–σå relation compared to inactive galaxies.
In Figure 3, we present the best-fitting MBH–σå relations for

the DS1 and DS4 data sets (along with the corresponding ±2σ
confidence ranges (also see Appendix F). Additionally, we
compare our results with other MBH–σå relations reported
by KH13 and MM13. A significant fraction of AGNs is found
to be below the canonical MBH–σå relation reported by KH13.
This discrepancy appears to increase as the extinction in broad-
line regions (BLRs) increases, which is discussed further in
Section 4.4.1. The presence of shallower slopes and large

Table 3
MBH–σå Relation Results for Our Data Sets

Subsamplea Number α β ò

All (no corr) 154 7.87 ± 0.07 2.95 ± 0.41 0.24 ± 0.05
AV = 0 45 8.12 ± 0.10 3.21 ± 0.66 0.38 ± 0.06
AV < 1 99 8.05 ± 0.09 3.44 ± 0.48 0.25 ± 0.04
AV (corrected) 154 8.04 ± 0.07 3.09 ±0.39 0.33 ± 0.06

Note.
a As suggested by C20, NGC 7213 is removed from the data sets due to its
unreliable MBH measurement since this galaxy hosts a low-ionization nuclear
emission line region.

Figure 3. The MBH–σå relation of 154 Type 1 AGNs for both extinction-uncorrected and -corrected data sets. The red and black dotted lines represent the resulting
MBH–σå fits for the DS1 and DS4 subsamples, respectively. We show the median uncertainty in σå and MBH as a black plus sign for visual aid.
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scatter in the low-mass end of the MBH–σå relation can be seen
from the figure; therefore, this further pushes us to discuss the
fundamental differences between AGNs and inactive galaxy
samples causing this discrepancy.

4.3. Understanding the Differences between AGNs and Inactive
Galaxies

We have demonstrated that our sample of Type 1 AGNs
shows significantly shallower MBH–σå slopes relative to the
canonical relation determined for inactive galaxies. This may
be driven by multiple effects, related both to (host) galaxy
evolution and BLR structure, as discussed below.

First, one can postulate that AGNs must follow the same
MBH–σå relation as inactive galaxies, in which case the observed
discrepancy may be attributed to variations in the BLR geometry
(Onken et al. 2004). We recall that efforts to obtain an average f
factor have been limited to only a few dozen AGNs with a
relatively narrow range of MBH and log Eddl .

Moreover, some studies suggest that the BLR geometry (i.e.,
as encoded in the f factor) may depend on some fundamental
BH properties, including both observed trends between f and
FWHM, MBH and/or log Eddl (e.g., Storchi-Bergmann et al.
2017; Mejía-Restrepo et al. 2018a, and references therein), and
disk-wind models that anticipate such trends (e.g., Proga &
Kallman 2004).

Second, since MBH is estimated by different methods for
AGNs and inactive galaxies, different selection effects and
biases may affect these two kinds of samples. As discussed by
Bernardi et al. (2007); Shankar et al. (2016), a resolution-
dependent bias affects dynamical MBH determinations in
inactive galaxies, which does not affect AGNs.34 On the other
hand, the RM AGN samples based on which the best MBH

measurements are obtained, and the SE method is based, may
also be biased. In particular, most RM efforts have been
focused on low-redshift, low-to-medium luminosity AGNs,
where sufficient variability can be expected and where
emission line time lags can be more robustly monitored (but
see exceptions in, e.g., Lira et al. 2018). In addition to the
challenge of measuring σå, and thus inferring the MBH scaling
( f ) in such luminous sources (e.g., Grier et al. 2013), it is also
possible that such AGNs may not be representative of highly
luminous AGNs like those probed by BASS or by high-redshift
surveys (see detailed discussion of luminosity-related biases in,
e.g., Shen et al. 2008). These difficulties add to other issues
concerning which broad emission line, and which line profile
measurement, best probe the virialized BLR motion (e.g., see
Peterson et al. 2004; Collin et al. 2006; Dalla Bontà et al.
2020), how to inter-calibrate SE prescriptions based on various
emission lines (e.g., Shen & Liu 2012; Park et al. 2017; Mejía-
Restrepo et al. 2018a, 2018b; Dalla Bontà et al. 2020), as well
as BLR extinction (as shown in this paper).

Third, significant differences in the kind of SMBHs probed
through our AGN sample and the literature inactive galaxy
sample, as reflected in their different MBH distributions, might
also play a role in the slope discrepancy. The extinction-
uncorrected MBH estimates for our AGN sample cover the
range of M M5 log 8.9BH( )  , with a median value of
≈7.5. However, an important fraction of the inactive galaxy
sample (35% of the total KH13 sample) consists of SMBHs

with M Mlog 9BH >( ) . On the other hand, 31 of our AGNs
(20%) are found to have M Mlog 7BH( )  , compared with
only two such SMBHs (4%) among the KH13 sample of
inactive galaxies (see Bennert et al. 2021, for more details).
Thus, the high-mass regime is significantly overrepresented by
the inactive galaxies sample with σå measurements (or,
alternatively, underrepresented in our AGN sample; see
Ananna et al. (2022) for a detailed census of MBH distributions
among BAT AGNs). The lack of σå measurements in the
high-MBH regime might flatten the slope of the relation for
AGN samples, whereas it might result in a steeper relation for
inactive galaxy samples if those lack low-MBH systems. The
latter may reflect, again, known biases in our current ability to
measure σå in inactive galaxies in the local Universe (see
above).
The differences in MBH distributions between the active and

inactive galaxy samples could also reflect deeper differences in
the evolutionary paths experienced by the two galaxy
populations. In this context, we note that the majority of
elliptical, inactive galaxies (or those with classical bulges) are
thought to be the result of a previous major merger (see, e.g.,
Kormendy & Kennicutt 2004; Kormendy & Ho 2013), while
disk-dominated galaxies, or galaxies with pseudo-bulges and/
or bars, are thought to be dominated by secular evolution. Such
galaxies typically host lower-mass SMBHs, and were shown to
present significantly larger scatter, and shallower slopes, for
their MBH–σå relations (e.g., Graham 2008; Hu 2008; Greene
et al. 2010; Ho & Kim 2014). Combined with our findings, it is
thus possible that our AGN hosting galaxies tend to be disk
dominated, or to have pseudo-bulges (and/or bars), and to
mark evolutionary paths that are different than those of large
elliptical (or bulge-dominated) galaxies (see Koss et al. 2011
for additional evidence for disk dominance among BAT-
selected AGNs).
Finally, we note two more subtle issues when considering

the MBH–σå relations of active and inactive galaxies. From a
theoretical perspective, the growth of SMBHs and of the bulges
that host them does not have to be perfectly synchronized (e.g.,
Ho 2005; Kim et al. 2006; Volonteri 2012; Ricarte et al. 2019),
which will introduce additional scatter in the MBH–σå relation.
Specifically for our findings, as we are focusing on rather
powerful AGNs, the SMBHs are experiencing a significant
growth episode, which might not be echoed by a corresponding
σå increase, thus leading to an expectation for the systems to
grow toward the canonical MBH–σå relation (in the near cosmic
future; see also Section 4.4.4). From a practical perspective,
host galaxy disk contamination can increase the observed σå by
up to ≈25% (due to orientation and/or rotation; see, e.g., Kang
et al. (2013), Bellovary et al. (2014), Eun et al. (2017),
and C20). In addition, as suggested by Debattista et al. (2013),
the compression of bulge caused by the disk formation might
introduce an increase of 10% in σå. Therefore, the increased σå
might cause additional offsets in the MBH–σå relation for
galaxies hosting disks.

4.4. Offset from the MBH–σå Relation

4.4.1. Extinction in the BLR

Next, we look into the BLR extinction, as can be determined
from the suppression of broad Hα line emission for any given
ultra-hard X-ray luminosity. Assuming such suppression is
caused entirely by dust extinction, and that the gas-to-dust ratio

34 See also van den Bosch et al. (2015) for further discussion of possible biases
regarding inactive galaxies.
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is similar to that of the Milky Way, i.e., yielding
NH/AV= 1.79–2.69× 1021 cm−2 (Predehl & Schmitt 1995;
Nowak et al. 2012), we expect a maximum NH threshold of
≈1022.3 cm−2 for Type 1 AGNs (i.e., excluding Sy 1.9s with
broad Hα emission lines) for discriminating X-ray absorbed
and unabsorbed sources as described by Burtscher et al. (2016).
We note that there are only 10 absorbed AGNs in our sample
(see the top-left panel of Figure 4). The median Nlog cmH

2-( )
values for our AGNs with successful and failed σå fits are 20.0
and 20.15, respectively. The majority of our NH estimates
cluster around Nlog cm 20.0H

2 =-( ) . This value is the upper
limit due to Galactic extinction placed by Ricci et al. (2017b)
for completely unobscured sources, since lower intrinsic NH

values cannot easily be determined. We also stress that we have
no Compton-thick sources ( Nlog cm 24H

2 >-[ ] ) in our
sample.

We can thus use the Llog erg s14 150 keV
int 1-( )– as a probe of the

extinction-corrected broad Hα luminosities (LH
corr
a ). In the top-

right panel of Figure 4, we report the distribution of
Llog erg s14 150 keV

int 1-( )– for AGNs with successful and failed
σå fits resulting in the median values are 43.61 and 43.99,
respectively. The difference between the observed and intrinsic
Hα luminosities, accordingly, gives us the X-ray-derived Hα

extinction (AHα) for the BLR (see Equations (2) and (3)). We
note that applying such conversion introduces an average
uncertainty of 0.4 dex in LHα estimations (Shimizu et al. 2018).
The bottom-left panel of Figure 4 shows the distribution of AV

derived through our approach, which has median and mean AV

(see Equation (4) for the conversion between AV and AHα)
values of 0.44 and 0.84 mag, respectively. Importantly, a
significant fraction (66%) of our AGNs has AV< 1 mag. We
also stress that there are only 22 AGN with AV> 2 mag. We
note that extinction correction has a very large uncertainty for
highly extincted sources, and thus should be used with great
caution. Finally, we suggest using near-infrared broad emission
lines for such extreme cases (Ricci et al. 2022).
In the bottom-right panel of Figure 4, we present the offset of

our AGNs from the canonical MBH–σå relation of KH13, which
was defined as M MlogBH BH,BLR BH,D º s ( ) in the introduc-
tion, versus the BLR extinction estimates. We plot these for
both the extinction-uncorrected and extinction-corrected data sets.
Despite the significant scatter in this parameter space diagram, we
find a statistically significant anticorrelation, as supported by a
formal Spearman correlation test (ρ=−0.38± 0.07, p= 0.01)
showing that the extinction in the BLR plays a role in the offset.
Applying the extinction correction reduces BHD to some extent,
but BHD persists across all extinction regimes (see binned data

Figure 4. The distribution of hydrogen column density (top left), hard X-ray luminosity (top right) and the extinction in the BLR (bottom left). The red columns
represent the presented parameter’s distribution for AGNs with successful σå fits, whereas the gray ones represent the ones with failed σå fits. Median values are
presented as red and gray dashed vertical lines, respectively. Bottom right: the offset from the MBH–σå relation vs. the extinction in the BLR for our sample of AGNs.
The medians (together with the bin edges and the standard error on the median) are presented for three bins with equal numbers of data points.
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points in Figure 4). This result is a confirmation of the findings
by C20, which used a significantly smaller sample of Swift-BAT
detected AGNs with a redshift cutoff of z< 0.01 and an ultra-hard
X-ray luminosity cutoff of Llog erg s 42.514 195 keV

1-( )–  .
We emphasize that applying the (uncertain) extinction

correction may introduce significant additional uncertainty to
MBH estimates (through its dependence on LHα), for two
reasons. First, the extinction corrections themselves are some-
what uncertain. Second, the potential flux variability between
the BAT X-ray measurements and the optical spectroscopy can
cause an overcorrection by up to ∼1 dex for some sources. To
demonstrate the scope and challenges of the extinction
corrections, we consider the individual case of NGC 1365
(BAT 184). The observed broad Hα luminosity for this source
is Llog erg s 39.37H

obs 1 =a
-( ) and the extinction we derive is

AHα= 3.40 mag, yielding an extinction-corrected line lumin-
osity of Llog erg s 40.73H

corr 1 =a
-( ) , i.e., an upward correction

of 1.36 dex. Correspondingly, the extinction-corrected MBH

differs from the raw MBH estimate (i.e., Equation (1)) by 0.75
dex. Here, we note that NGC 1365 is a well-known changing
look AGN (e.g., Risaliti et al. 2000, 2009; Walton et al. 2014;
Mondal et al. 2022; Ricci & Trakhtenbrot 2022; Temple et al.
2022); therefore, the variability can be somewhat responsible
for this discrepancy for such sources.

As shown throughout this paper, we claim that the extinction
in the BLR can cause considerable underestimation of MBH for
highly obscured AGNs unless it is taken into account. This
result is also shown by C20 and recent BASS studies (Mejía-
Restrepo et al. 2022; Ricci et al. 2022). However, applying
extinction correction increases the noise in data. Therefore, as
proposed by Ricci et al. (2022), we encourage measuring black
hole masses using near-infrared broad emission lines, which are
expected to be less affected by dust extinction.

4.4.2. Redshift and Intrinsic X-Ray Luminosity

In Figure 5, we present a direct comparison between BHD
and both z (left panel) and Llog erg s14 150 keV

int 1-( )– (right
panel), for both extinction-corrected and uncorrected measure-
ments. We see trends of increasing BHD with both increasing
redshift and luminosity, regardless of the extinction correction.
For the trend with redshift, a Spearman test results in
correlation coefficients of ρ= 0.33± 0.03 and 0.36± 0.04
for the extinction-uncorrected and extinction-corrected data,
respectively (with p= 0.01 for both cases). For the trend with

X-ray luminosity, the corresponding correlations are
ρ= 0.32± 0.03 and 0.38± 0.04 (with p= 0.01 for both
cases). Although each of these trends is statistically significant,
they are very likely interleaved given the flux-limited nature of
the BAT survey. There are two-sided biases here: (1) as redshift
increases, the chance of detecting lower luminosity sources by
X-ray instruments decreases, (2) the number of X-ray bright
AGNs are limited in the nearby universe (e.g., Davies et al.
2015; Caglar & Hudaverdi 2017). In fact, LHβ, L5100, and LHα
are strongly correlated with zlog 1 +( ) (ρ= 0.51± 0.03,
0.54± 0.03, and 0.66± 0.02, respectively,) which indicates a
strong redshift-luminosity selection bias. We also point out that
some contribution to this trend might come from projection
effects caused by the limitation of instrumental aperture sizes
since the MBH–σå relation is assumed to hold at effective radii
(see the discussion in Appendix G). The MBH estimates from
the BLR are not affected by such limitations, since BLR gas
resides at sub-parsec scales.

4.4.3. Impact of the MBH−σ* Relation Used

The slope of the MBH–σå relation may be indicative of the
physics behind the AGN-driven feedback mechanism. Speci-
fically, MBH∝ σ4 corresponds to momentum-driven feedback
while MBH∝ σ5 corresponds to energy-driven feedback (e.g.,
Silk & Rees 1998; King 2003). Previous efforts to determine a
(universal)MBH–σå relation yielded a wide range of slopes, i.e.,
β; 3.7–5.6 for inactive galaxies (e.g., Ferrarese &
Merritt 2000; Gebhardt et al. 2000; Tremaine et al. 2002;
Gültekin et al. 2009; Beifiori et al. 2012; Batiste et al. 2017)
and β; 3.4–4.0 for AGNs (e.g., Woo et al. 2013, 2015).
Although most of these studies report a tight relation, with an
intrinsic scatter of �0.3 dex, the uncertainties on the slope
typically exceed Δβ; 0.3. AGN samples tend to show both
larger uncertainties (due to their smaller size) and flatter slopes
(see also, Shen et al. (2015). Adopting different MBH–σå
relations naturally results in additional differences in MBH,
ranging from ∼0.35 dex for a fiducial σå= 150 km s−1 to over
0.8 dex for the lower and higher ends of the σå (or MBH)
distribution.
In the left panel of Figure 6, we plot MBH estimates for our

BASS sample obtained from three different scaling relations
(C20; KH13, and MM13) versus the corresponding BHD
(the difference between the extinction-corrected MBH estimates
versus the ones from the adopted MBH− σå relation). We note

Figure 5. Left: comparison between BHD and redshift. Right: comparison between the offset from the MBH–σå relation and hard X-ray luminosity. The medians
(together with the bin edges and the standard error on the median) are presented for three bins with equal numbers of data points.
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that these three calibrations were derived using different
samples of different types of galaxies: the KH13 relation is
based on elliptical and classical bulge galaxies, whereas
the MM13 sample consists of early and late-type galaxies, as
well as BCGs. On the other hand, the C20 sample consists of
luminous, hard X-ray-selected local Type 1 AGNs. It appears
that black hole masses obtained using the MBH−σ relation
reported by C20 are relatively closer to the zero-point (with a
median offset of 0.03± 0.04 dex) compared to the ones
reported by KH13 (with a median offset of −0.24± 0.05 dex)
and MM13 (with a median offset of 0.11± 0.05 dex). Using
our sample of AGNs, we report that the scaling relation
by KH13 shows a tendency to overestimate black hole masses,
whereas the scaling relation by MM13 tends to underestimate
black hole masses. On the other hand, the C20 version of the
MBH−σ relation provides a better description of the BASS data
set. This result indicates that AGNs might be following a
different MBH–σå relation.

4.4.4. The Eddington Ratio and Accretion Rates

In this section, we investigate whether BHD is correlated with
the Eddington ratio. We first note that the extinction-uncorrected
Eddington ratio estimates for our sample are in the range of

2.10 log 0.21Eddl- < < , with a median value of log Eddl 
1- . Only two sources have log 0Eddl > (NGC 1365 and

PKS0521-36); however, both have high BLR extinction (AV>
3.5 mag), and thus their MBH are underestimated, and accordingly,
their log Eddl are overestimated. If we exclude high-AV
sources (with AV> 1 mag), we only have five AGNs
exceeding log 0.5Eddl > - . (Mrk 359, Mrk 382, Mrk 783,
2MASXJ08551746-2854218, and 2MASXJ21344509-2725557).
After applying the BLR extinction correction, the extinction-
corrected Eddington ratio estimates are in the range of

2.43 log 0.37Edd,corrl- < < - , with a median log Edd,corrl =
1.16- .
In the right panel of Figure 6, we plot BHD versus the

log Eddl , including both extinction-corrected and uncorrected
sets of estimates (affecting both axes). The BLR extinction
correction causes the MBH estimates to increase, and the
log Eddl estimates to accordingly decrease, by ∼0.1 dex
(on average). However, for AGNs with high levels of BLR
extinction (AV> 2 mag), the raw log Eddl can be overestimated

by ∼0.4 dex. For the most extreme case in our sample, NGC
1365 (BAT ID 184; AV= 4.1 mag) the change in log Eddl is
0.75 dex. To investigate trends in this parameter space, we first
divide the data points into two bins in Eddington ratio, low and
high, with equal numbers of data points in each. We see that the
median log Eddl values show a decreasing trend for both
extinction-corrected and uncorrected estimates. This trend is
then also confirmed through a formal Spearman correlation test
(for all extinction-corrected data points), which results in
ρ=−0.37± 0.05 (p= 0.01).
We now discuss the possibility of whether AGNs in the

nearby universe are growing toward the MBH–σå relation. To
understand this, we first estimate the physical accretion rates of
our AGNs, assuming L Mcbol

2h=  and a universal radiative
efficiency η= 0.1. The resulting accretion rates are in the
range of M M10 1.4 yr4 1- -   with a median of M=

M0.085 yr 1-
 . Most of our Type 1 BASS AGNs are thus

growing with low accretion rates and at sub-Eddington levels.
Here, if we assume that the offset of our sources from the
canonical MBH–σå relation is explained by the ongoing growth
of SMBHs destined to catch up with their host galaxies, we can
actually estimate the required duration of the active accretion
(i.e., AGN) phase for achieving this. For our BASS-based
sample, the median MBH is ∼107.5Me and the average BHD
is 0.3 dex, which for the scenario we consider here would
imply the SMBHs have to grow by a factor of ∼2, or by
∼107.5Me in mass. Given the aforementioned median
accretion rate of 0.085Me y−1, this yields an SMBH growth
time (AGN phase) of ∼108.5 yr (i.e., ∼0.4 Gyr) is needed for
eliminating the offset between BH mass estimates from
MBH,BLR and MBH,M s- 

. On one hand, this rough estimate for
the AGN lifetime is consistent with that is implied from the
integrated accretion density of distant AGNs by previous works
(107–9 yr; i.e., the Soltan argument; Soltan 1982; Martini &
Weinberg 2001; Marconi et al. 2004). On the other hand, more
recent evidence for the episodic nature of AGN accretion, with
luminous episodes lasting as little as ∼105 yr (or even less; see,
e.g., Schawinski et al. 2015; Shen 2021, and references
therein), means that closing the BH mass gap through persistent
growth at the observed (low) accretion rates is very unlikely.
Of course, SMBHs are expected to undergo a wide range of
accretion rates, from sub-Eddington to super-Eddington levels,

Figure 6. Comparison between the adopted MBH–σå relation as an estimator of MBH (left). The BHD vs. Eddington ratio (right). The medians (together with the bin
edges and the standard error on the median) are presented for two bins with equal numbers of data points.
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during the AGN life cycle, therefore potentially expediting the
process.

4.5. Correlation Matrices of the Observable Parameters

In the preceding sections, we have directly addressed several
potential correlations between BHD , which by itself is
derived from the AGN luminosity, broad-line width, and σå
and key AGN properties. Our analysis revealed some
statistically significant trends and refuted others, while facing
several observational biases. This motivates us to assess more
systematically which basic observables and derived quantities
are correlated with each other.

To this end, we compute the correlation matrix for the
following quantities: σå zlog 1 +( ), FWHMHβ, LHβ, MBH,Hβ,
FWHMHα, LHα, MBH,Hα, NH, AV, Lbol, λEdd, and BHD . Here,
we note that all quantities mentioned in the previous sentence
are used with their raw observed values and no extinction
correction was applied to them. In Table 4 (in Appendix H), we
present the correlation matrix computed using the Spearman
rank-order correlation test. We use three different colors to
indicate the significance of the correlation (or lack thereof):
black and blue numbers represent significant correlations, with
p= 0.01 and <0.05, respectively, while red numbers represent
null results (i.e., lack of a significant correlation), with p? 0.1.
For example, both the FWHMHα and MBH,Hα pair of
parameters, or the LHβ and LHα pair, show strong correlations
(ρ= 0.79± 0.02 and 0.85± 0.01, respectively; both with
p= 0.01). These example results are not surprising given that
the parameters in both comparisons are, by definition, closely
interlinked.

The BLR extinction (AV) shows a statistically significant
(p= 0.01) anticorrelation with LHβ, L5100, LHα, and BHD
(with ρ=−0.49± 0.03, −0.43± 0.03, −0.50± 0.03, and
−0.38± 0.07, respectively), while on the other hand showing
a significant correlation with log Eddl (ρ= 0.42± 0.05,
p= 0.01). We also see that many properties are correlated
with redshift, including LHβ, L5100, LHα, Lbol and BHD
(ρ = 0.51± 0.03, 0.54± 0.03, 0.66± 0.02, 0.83± 0.05, and
0.33± 0.03 respectively; all with p= 0.01). As discussed
above, the correlations between redshift and the various
luminosities are a manifestation of the flux-limited nature of
our parent sample from the survey. We can finally also see the
anticorrelation between BHD and both λEdd and AV, which
was also discussed above. In Appendix I, we present the
principal component analysis (PCA) results in order to identify
the main parameters driving the variance in our data sets (see
Table 5).

5. Conclusion

We presented a study of stellar velocity dispersions (σå) in
the host galaxies of a large sample of broad-line (Type 1), ultra-
hard X-ray selected low-redshift AGNs. Our z� 0.08 AGNs
are drawn from the flux-limited 105month Swift-BAT catalog,
and our analysis relies on optical spectroscopy obtained as part of
the BASS project. We provide new measurements of σå,
obtained for both the CaT and the Ca H+K+Mg I spectral
complexes, for a total number of 173 AGNs. This work is one of
the largest σå investigations for Type 1 AGNs. Using the broad
emission line measurements and derived MBH estimates made
available through BASS/DR2 (Mejía-Restrepo et al. 2022), we

compare our results with the established MBH–σå relations. Our
main findings are as follows:

1. The average offset between σblue and σred measurements
is essentially negligible, at 0.002± 0.001 dex, and this
shows that these two distinct spectral regimes provide
highly consistent σå measurements.

2. We fit new MBH–σå relations using various data sets
based on our sample and measurements. The slopes we
find are significantly shallower than those reported in the
literature for inactive galaxies. This result agrees with,
and strengthens, the conclusion of previous studies of
broad-line, low-redshift AGNs. Using an appropriate,
AGN-based MBH–σå relation for SE prescriptions may
thus be advisable.

3. We show that BLR extinction plays an important role in
SE or virial MBH estimates, in that it causes the
underestimation of MBH and—consequentially—the
overestimation of the Eddington ratios (log Eddl ).

4. We have looked into differences between SE and
σå-based MBH estimates, BHD , where the latter are
based on the canonical MBH–σå relation of KH13. We
found that BHD shows statistically significant correla-
tions with both redshift and luminosity; however, these
trends are likely driven by the nature of the survey and
are mutually degenerate.

5. After applying the extinction correction to MBH measure-
ments, we find Eddington ratios in the range of

2.43 log 0.37Edd,corrl- < < - . In addition, the resulting
physical accretion rates (ranging M10 1.404-   Me
yr−1) suggest that our broad-line BASS AGNs are
growing at sub-Eddington levels.

The implications of our analysis are not yet fully understood,
and further research is necessary to gain a clearer under-
standing of all biases and discrepancies between AGN and
inactive galaxy samples. We specifically foresee further
observations with high-resolution instruments, aboard the
Hubble Space Telescope and/or JWST, to directly probe
how different types of host galaxy morphology might affect our
interpretation of the MBH–σå relations for powerful AGNs.
Additionally, more black hole mass measurements using near-
infrared spectroscopy could help reduce the effects caused by
dust, which can significantly interfere with our current
understanding of AGN populations and of their relationship
with their host properties (as we have demonstrated here). The
results presented in this work thus aim to serve as a reference
point for forthcoming, more detailed studies of the MBH–σå
relation.
While the large size and high completeness of the sample

used for our analysis present significant progress in studying
the MBH–σå relation, and extinction effects, in low-redshift
AGNs, it also highlights areas where more progress in terms of
the census of low-redshift AGNs and their hosts is direly
needed. Specifically, new and upcoming X-ray missions, such
as the extended Roentgen Survey with an Imaging Telescope
Array on board the Spectrum-Roentgen-Gamma (Predehl et al.
2021), Advanced Telescope for High Energy Astrophysics
(Nandra et al. 2013), and the Advanced X-ray Imaging Satellite
(Mushotzky 2018), will greatly improve our ability to construct
yet larger, more complete AGN samples at high redshift for
which homogeneous and robust spectral analysis can be
obtained, to deduce key properties both in the X-ray and also
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in optical regimes thanks to spectroscopic surveys such as
SDSS-V (Kollmeier et al. 2017; Almeida et al. 2023) or the 4 m
Multi-Object Spectroscopic Telescope (de Jong et al. 2016).
This will further help to break any outstanding degeneracies
between AGN luminosities, BH masses, accretion rates and
states, and host galaxy types and properties.
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Appendix A
pPXF Fit Results

In Figure 7(a), we present three examples of successful
spectral fits, yielding robust measurements of σblue (left
column) and σred (right column). We also show three examples
of failed spectral fits in Figure 7(b) (again, for both σblue and
σred). In both cases, the examples shown are representative of
our spectral setups and fitting results.

14

The Astrophysical Journal, 956:60 (22pp), 2023 October 10 Caglar et al.



Figure 7. (a) Examples of the successful σblue (left panels) and σred (right panels) fitting plots for SDSS, VLT/X-shooter, and Palomar/Double Spectrograph data
(from top to bottom). (b) Examples of the failed σblue (left panels) and σred (right panels) fitting plots for Palomar/Double Spectrograph, VLT/X-shooter, and SDSS
data (from top to bottom). The complete figure set (539 images) of successful and failed sources is available in the online journal.

(The complete figure set (539 images) is available.)
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Appendix B
Comparison of σå Measurements from Different

Instruments in Our Survey

For a small subset of AGNs in our sample, where more than
one optical spectrum is available, we were able to obtain (at
least) two independent measurements of σå from the same

spectral region. In Figure 8, we present a pair-wise comparison
of these duplicate σå measurements. We find that our duplicate
σå measurements, obtained with different instruments, are
highly consistent with each other, for both σblue and σred
measurements (i.e., both spectral regimes considered here).
There is only one significant outlier from the 1:1 line in

Figure 7. (Continued.)
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between the σblue measurements and two significant outliers for
σred measurements. The first outlier is BAT 197 (HE 0351
+0240) which shows ≈0.1 dex difference in σred measure-
ments, whereas its σblue measurements are essentially indis-
tinguishable from each other (a difference of order 0.01 dex).
The second outlier is BAT 562 (NGC 3822), which shows an
offset of 0.09 dex in σblue and 0.11 dex in σred measurements.
Such differences between σå measurements may be caused by
systematic uncertainties in some cases, including varying
observational conditions, instrumental resolutions and/or
aperture sizes, and the detailed spectral features of the
templates used, in the spectral regions of choice. Such
systematic uncertainties can be as large as the statistical
uncertainties obtained from the pPXF resampling approach. A
detailed explanation of the systematic uncertainties is given by
Koss et al. (2022b). At any rate, Figure 8 demonstrates the
robustness of our methodology and—given the potential
uncertainties and caveats—is an encouraging result.

Appendix C
Conversion between Llog erg s14 150 keV

int 1-( )–
and Llog erg s14 195 keV

obs 1-( )–

To measure Llog erg s14 150 keV
int 1-( )– for our bonus sample of

55 AGNs, we first fit an orthogonal linear fit between
Llog erg s14 150 keV

int 1-( )– and Llog erg s14 195 keV
obs 1-( )– for our

sample of AGNs from the BAT 70month catalog. Correspond-
ingly, the resulting fit is found as follows:

L Llog 10 log 10

0.06 0.01 erg s . C1

obs
14 150 keV
int 44

14 195 keV
44

1

=

-  -

( ) ( )
( )

– –

The resulting intrinsic scatter (ò) of 0.09± 0.03 dex allows us
to perform such a conversion confidently. Here, we note that
we normalized the X-ray luminosities with the value of 1044

and also fixed the slope to 1 in order to avoid the correlation
between the slope and intercept. In Figure 9, we present the
conversation together with fitting results.

Appendix D
Comparison of Extinction-corrected and Uncorrected

Black Hole Masses

Here, we note that the extinction in the BLR becomes
somewhat important beyond AV; 1. However, we stress that
the majority of our sample (108 out of 165) have AV< 1. We
also stress that the median difference between extinction-
uncorrected and extinction-corrected MBH is found to be 0.088
dex for our sample of AGNs. In only 32 cases, the difference
exceeds 0.3 dex, and only six of them exceed 0.5 dex
difference.

Appendix E
The Success Rate of σå Measurements and Various AGN

Properties

In Figure 10, we present the distributions of several key
properties for our AGN sample, split into successful and failed
σå measurements, and for both σblue and σred measurements.
We can see that the chance of obtaining successful σå fittings
decreases with increasing redshift (top panels) and/or with

Figure 8. Left: comparison of σå measurements between the instruments used in this study for the 3880–5500 Å region. Right: same as the bottom-left figure, but for
the 8350–8750 Å region. The red dashed lines represent the 1:1 lines for visual aid.

Figure 9. The fitting results for the conversion between
Llog erg s14 150 keV

int 1
-

-( ) and Llog erg s14 195 keV
obs 1
-

-( ).
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Figure 10. The distributions of successful vs. failed σå measurements with various AGN properties, for both σblue (left column) and σred (right column). From top to
bottom, we show distributions of redshift z, optical continuum luminosity L5100, ultra-hard X-ray luminosity LX,14−195 keV, and Seyfert subtype.
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increasing luminosity (either optical or ultra-hard X-rays;
second and third-row panels, respectively). The latter could be
caused by either stronger continuum emission or broad-line
emission, both of which may dilute the stellar features. This
might be considered a bias as the failed velocity dispersion
objects tend to be the more luminous AGNs. Finally, we see no
significant link between our ability to measure σå and the
Seyfert subtypes (bottom panels of Figure 10).

Appendix F
The MBH–σå Relation for Various Data Sets

In Figure 11, we present the four different data sets
considered for our BASS-based MBH–σå relations, and the
corresponding best fits. The data sets are: all sources, with
extinction-uncorrected measurements (DS1); sources with no
signs of extinction (AV= 0; DS2); sources with some, but not
extreme, extinction (AV< 1; DS3); and all sources, but using
extinction-corrected measurements (DS4). The resulting fits are
shown with±2σ confidence bands. Here, we remind the reader

that NGC 7213 was excluded from our data sets due to the
unreliable MBH measurement.

Appendix G
Galaxy Morphology and Aperture Corrections

Various spectral observables and derived parameters for
galaxy centers are known to depend on the aperture used during
observations (e.g., Jorgensen et al. 1995; Mehlert et al. 2003;
Cappellari et al. 2006; Falcón-Barroso et al. 2017). This is
particularly relevant for our work since galaxies generally have
radial gradients in σå and in radial velocity. To investigate the
importance of aperture effects and corrections for our analysis,
we parameterize the σå gradient as a power law, that is,

r

r
, G1

ap

e

ap

e

⎜ ⎟
⎛
⎝

⎞
⎠

s
s

=
a

( )

where α is the slope of the gradient, re is the effective radius,
rap is the aperture radius adopted in our spectroscopic
observations, σap is the σå we measure from these observations
(at rap), and σe is the stellar velocity dispersion at re.

Figure 11. The MBH–σå relation of for different subsamples in our sample: DS1 (top left), DS2 (top right), DS3 (bottom right), and DS4 (bottom right). The fitting
parameters are as follows: α is the intercept, β is the slope and ò is the intrinsic scatter of the MBH–σå relation. We show the median uncertainty in σå and MBH as a
black plus sign for visual aid.
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A further complication arises from the finding that the
slopes of such σå gradients depend on the galaxy morphol-
ogies (and stellar masses for spiral galaxies, Falcón-Barroso
et al. 2017). To incorporate this dependence, we collected the
morphological classifications available for our sample
galaxies from the literature (de Vaucouleurs et al. 1995;
Vitores et al. 1996; Paturel et al. 2003; Deo et al. 2006; Nair
& Abraham 2010; de Lapparent et al. 2011; Lintott et al.
2011), and divide them into two categories, essentially split
into early-type (E-like) and late-type (S-like) objects.
Considering the average stellar masses of BAT AGN hosts
( M Mlog 10.28 0.4;= ( ) Koss et al. 2011), we adopt
α=−0.055 for early-type (E+L) galaxies and α= 0.077 for
late-type (S), following (Falcón-Barroso et al. 2017). Finally,
we collected K-band effective radii from the Two Micron All
Sky Survey (Skrutskie et al. 2006) to compute the correction
factor mentioned above.

In Figure 12, we demonstrate a direct comparison between
the σå measurements obtained from our observations (i.e.,
instrumental apertures) and those expected at the effective radii.
We find an average offset of −0.020± 0.003 dex between σe
and σap for E-like galaxies, and 0.042± 0.005 dex for S-like
galaxies. The median relative error for our σå measurements
(≈0.02 dex; see Section 4.1.1) is thus comparable to the offset
caused by aperture effects. Aperture effects are thus unlikely to
lead to large systematic errors in σå, but they should be
considered as part of the total σå error budget.

Appendix H
Spearman Rank-order Correlation Results

In Table 4, we present the results of the Spearman rank-order
correlation tests we have conducted to look for links between
various properties and parameters. The table is presented with
color codes of p-values for visual aid.

Figure 12. Left: comparison between the σå measurements obtained from our instruments’ aperture sizes and effective radii. The black horizontal line represents the
median uncertainty in σå, whereas the black dotted line represents 1:1 line. Right: the normalized σå profiles integrated within elliptical apertures with increasing
semimajor radius.

Table 4
Spearman Rank-order Correlation Results

σå (1 + z) FWHMHβ LHβ L5100 MBH,Hβ FWHMHα LHα MBH,Hα NH Lbol log Eddl AV BHD

σå 1 0.36 0.51 0.27 0.31 0.55 0.48 0.33 0.51 −0.12 0.47 −0.21 0.09 −0.28
zlog 1 +( ) 0.36 1 0.24 0.51 0.54 0.48 0.27 0.66 0.57 −0.01 0.83 0.06 0.01 0.33

FWHMHβ 0.51 0.24 1 −0.01 0.09 0.78 0.68 0.03 0.48 −0.02 0.24 −0.43 0.26 0.08
LHβ 0.27 0.51 −0.01 1 0.88 0.56 0.24 0.85 0.64 −0.06 0.6 −0.24 −0.49 0.42
L5100 0.31 0.54 0.09 0.88 1 0.59 0.23 0.78 0.59 −0.07 0.55 −0.22 −0.43 0.33
MBH,Hβ 0.55 0.48 0.78 0.56 0.59 1 0.68 0.52 0.78 −0.1 0.53 −0.49 −0.09 0.31
FWHMHα 0.48 0.27 0.68 0.24 0.23 0.68 1 0.23 0.79 −0.04 0.34 −0.72 0.09 0.39
LHα 0.33 0.66 0.03 0.85 0.78 0.52 0.23 1 0.74 −0.04 0.76 −0.18 −0.5 0.46
MBH,Hα 0.51 0.57 0.48 0.64 0.59 0.78 0.79 0.74 1 −0.05 0.66 −0.59 −0.29 0.55
NH −0.12 −0.01 −0.02 −0.06 −0.07 −0.1 −0.04 −0.04 −0.05 1 0.01 0.09 0.05 0
AV 0.47 0.83 0.24 0.6 0.55 0.53 0.34 0.76 0.66 0.01 1 0.09 0.06 0.27
Lbol −0.21 0.06 −0.43 −0.24 −0.22 −0.49 −0.72 −0.18 −0.59 0.09 0.09 1 0.42 −0.47
log Eddl 0.09 0.01 0.26 −0.49 −0.43 −0.09 0.09 −0.5 −0.29 0.05 0.06 0.42 1 −0.38

BHD −0.28 0.33 0.08 0.42 0.33 0.31 0.39 0.46 0.55 0 0.27 −0.47 −0.38 1

Note. The table is presented with a color code of ρ values for visual aid. Black, blue, and red colors correspond to p-value �0.01, p-value �0.05, and p-value >0.05,
respectively.
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Appendix I
PCA

To identify the main parameters that are driving the variance
in our data set, we conduct a PCA focusing on the observable
parameters as follows: σå, zlog 1 +( ), FWHMHα, Llog Ha, AV,
and Lbol. Interestingly, the first three eigenvectors (EV 1, and
EV 2) explain the 83.3% variance in the data set. The most
dominant one is the first eigenvector, which explains the 48.6%
variance. The remaining three eigenvectors explain 8.5%,
6.1%, and 2.1% variances, respectively. By inspecting the
correlations of these eigenvectors with the selected variables
(see Table 5), we find that the first and second eigenvectors are
mostly driven by the anticorrelation between AV and LHα
indicating an obscuration effect in the observed LHα, in
agreement with previous works (C20; Mejía-Restrepo et al.
2022; Ricci et al. 2022). The correlations between z, luminosity
(Lbol), and σå mostly drive the third eigenvector. This traces the
selection bias resulting from the flux-limited nature of the
sample, which favors the detection of high luminosity and high
σå objects at higher redshifts. The remaining eigenvectors only
explain the 16.7% variance of the data set, and there are at least
four dominant parameters, which lay the responsibility for each
eigenvector. This indicates a significant scatter in the measured
properties suggesting that different parameters than the first,
second, and third eigenvectors are the main drivers of the
remaining eigenvectors.
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