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Abstract

We present the stellar dynamical (SD) mass of the central black hole in the nearby Seyfert galaxy MCG–06-30-15
using the Schwarzschild orbit-superposition method implemented in the open-source code FORSTAND. We
obtained spatially resolved K-band nuclear stellar spectra for this galaxy with SINFONI on the Very Large
Telescope. We extracted the bulk stellar kinematics using Gauss–Hermite (GH) parameterization of the line-of-
sight velocity distributions. A multicomponent surface-brightness profile of the galaxy was determined from
a Hubble Space Telescope medium-band V image. Our best-fit models indicate a black hole mass of
MBH = (4.4 ± 1.4) × 107M⊙ and a stellar mass-to-light ratio of M/L = (3.0 ± 0.3)M⊙/L⊙, within 1σ confidence
intervals. Our constraint on MBH agrees with an upper limit on the mass from stellar dynamics based on the Jeans
anisotropic modeling method, but is ∼10 times larger than the reported mass from reverberation mapping (RM).
However, our best-fit MBH may be systematically biased high due to the counterrotating disk in the nucleus of
MCG–06-30-15 and the inability of the GH parameterization to fully describe such a complicated set of stellar
kinematics. In addition, a dynamical MBH value depends heavily on the assumed source distance, which is not yet
accurately constrained for this galaxy. MCG–06-30-15 is only the fourth galaxy in which we can compare MBH

from SD modeling with that from RM. A direct comparison of MBH allows us to identify and investigate the
possible sources of bias associated with different mass measurement techniques, which may influence our
understanding of black hole and galaxy coevolution across cosmological timescales.

Unified Astronomy Thesaurus concepts: Seyfert galaxies (1447); Stellar dynamics (1596); AGN host galaxies
(2017); Supermassive black holes (1663)
Materials only available in the online version of record: data behind figure

1. Introduction

Supermassive black holes (SMBHs), with masses ranging
from approximately 106M⊙ to 10

10M⊙, are found in the centers
of massive galaxies. Black holes can be characterized by just
three properties—mass, spin, and charge—whereas only mass
and spin can be measured (although note the recent attempts to
constrain charge by S. G. Ghosh & M. Afrin 2023). Therefore,
black hole mass (MBH) is a fundamental property that must be
well constrained to accurately understand a black hole.
Furthermore, the mass of a black hole determines the impact
it may have on the surrounding environment: the nearby gas
and its companion(s) in the case of a stellar-mass black hole
(e.g., F. Valsecchi et al. 2010), and the host galaxy and
circumgalactic environment in the case of a central SMBH
(e.g., D. M. Crenshaw & S. B. Kraemer 2012). Measurements
of the masses of SMBH have also been found to correlate
with a multitude of host-galaxy parameters such as lumin-
osity, bulge stellar velocity dispersion, and bulge mass (e.g.,
J. Kormendy & D. Richstone 1995; J. Magorrian et al. 1998;

L. Ferrarese & D. Merritt 2000; K. Gebhardt et al. 2000a;
A. C. Fabian 2012; J. Kormendy & L. C. Ho 2013;
M. C. Bentz & E. Manne-Nicholas 2018), which has been
interpreted to mean that galaxies and their central black holes
coevolve.
To date, the most robust measurement of black hole mass

has been made possible for Sagittarius A* (Sgr A*) at the
center of our own Galaxy by monitoring the individual stellar
motions around it (R. Genzel et al. 2000; A. M. Ghez et al.
2000; GRAVITY Collaboration et al. 2022). Although the size
of the sphere of influence and the mass of the SMBHs at the
centers of other galaxies are comparable to or larger than that
of Sgr A*, their vast distances make it impossible to resolve
individual stars and measure their orbital velocities.
For central black holes in galaxies outside of our own,

different approaches are necessary to measure MBH. Some
of the most widely accepted methods involve reverbe-
ration mapping (RM)—measuring light echoes in photoio-
nized gas when the black hole is accreting matter (e.g.,
B. M. Peterson 1993)—and dynamical modeling—studying
the spatially resolved kinematics of different tracers such as
warm/cold gas, stars, or even water masers around the black
hole (e.g., R. P. van der Marel et al. 1998).
Reverberation mapping (R. D. Blandford & C. F. McKee 1982;

K. Horne et al. 1991; B. M. Peterson 1993; E. M. Cackett et al.
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2021) is the most commonMBH measurement technique for Type
1 active galactic nuclei (AGN), and is the basis for large numbers
of AGN MBH estimates. RM can determine the structure and
kinematics of the broad-line region (BLR) by measuring the time
delay between variations in the continuum emission, which is
produced by the accretion disk, and variations in the line emission
from the BLR. The BLR gas is photoionized by the ionizing
continuum, and at recombination it emits spectral lines that we
view as being broadened by the Doppler motions of the gas.
Variability that occurs in the continuum flux (due to disk
instabilities and/or fluctuating accretion rates) is reprocessed and
echoed as variability of the flux from the BLR. One can measure
the time delay between the variability features in the disk radiation
and the response in the broad emission lines through spectro-
photometric monitoring. This time delay is caused by the light-
crossing time, and is therefore related to the characteristic size, of
the BLR. When the time delay is combined with the BLR gas
velocity, the mass of the black hole may be constrained.
Since RM does not rely on spatial resolution but uses

temporal resolution instead, this technique can be used to study
both distant and nearby AGN. With very high-quality
spectrophotometric monitoring data, velocity-resolved RM
(M. C. Bentz et al. 2010; A. Pancoast et al. 2014b; C. J. Grier
et al. 2017; M. S. Brotherton et al. 2020; M. C. Bentz et al.
2023a) may be carried out. Measuring the time delays as a
function of the line-of-sight velocity across a broad emission
line allows the kinematics and geometry of the BLR to be
constrained, thus avoiding several assumptions and providing
a direct and more accurate measurement of MBH.
On the other hand, most other MBH measurement techniques

require excellent spatial resolution. Water maser emission, for
example, serves as an excellent probe of warm gas
(D. A. Neufeld et al. 1994) very close (0.1–1 pc) to the
SMBH for nearby (z� 0.06) AGN (M. J. Rosenthal &
I. Zaw 2020). By fitting Keplerian curves to the positions
and velocities of the water maser emission in some systems,
such as NGC 4258, the geometry and dynamics of gas in a thin
circumnuclear disk may be constrained, thus providing a
measure of MBH (M. Miyoshi et al. 1995; J. R. Herrnstein
et al. 2005; E. M. L. Humphreys et al. 2013; J. E. Greene et al.
2016). However, there are not a large number of objects with
observable maser emission (F. Panessa et al. 2020). Addition-
ally, nearly edge-on orientation of water masers in the
accretion disk is a necessary condition to measure the
mass of the central black hole, so the technique is only
suitable for Type 2 AGN (e.g., J. S. Zhang et al. 2006, 2010;
L. J. Greenhill et al. 2008; P. Castangia et al. 2019).
In gas dynamical (GD) modeling, several properties of the

nuclear gas in a galaxy, such as the geometry and inclination
(e.g., F. Macchetto et al. 1997; M. den Brok et al. 2015), are
deduced by spatially resolving the kinematics via observations
of line emission arising from the gas. Modeling of these
constraints on the gas arrangement and dynamics allows the
central black hole mass to be determined. Cold gas usually
serves as a better probe for mass measurements as it is found to
be less turbulent (e.g., A. J. Barth et al. 2016). In the case of
warm or ionized gas, which is more ubiquitous around AGN,
non-gravitational perturbations (e.g., G. A. V. Kleijn et al.
2006) and dust obscuration (e.g., B. García-Lorenzo et al.
2015) introduce additional challenges.
Stars, however, are not subject to turbulence. Stellar

dynamical (SD) modeling measures MBH by constructing

dynamical models of the bulk motions of the stars in a galactic
nucleus (e.g., J. Kormendy & D. Richstone 1995; R. P. van der
Marel et al. 1998; R. P. Saglia et al. 2016). The dynamical
models are fit to the observed line-of-sight velocity distribu-
tions (LOSVDs) of the stars and the surface-brightness profile
of the galaxy’s stellar light. The stellar LOSVDs, which are
obtained from spatially resolved spectroscopy, describe the
bulk stellar kinematics as a function of spatial position. An
accurate measurement of the distance to the galaxy is required
to convert angular measurements into physical scales in the
galaxy. In addition to an accurate distance measurement, the
galaxy must also be fairly nearby so that the black hole sphere
of influence (the region where the gravitational effect of the
SMBH dominates over the gravity of stellar mass) is spatially
resolved or nearly resolved (R. I. Davies et al. 2006;
K. Gültekin et al. 2011). Gas dynamical modeling is also
subject to this constraint, and so GD and SD modeling have
only been applied to galaxies in the local neighborhood
(D ≲ 100 Mpc). We note that resolving the sphere of influence
is also necessary in the case of the water maser technique, but
radio arrays can reach higher spatial resolutions even at
slightly larger source distances.
All of these black hole mass measurement techniques rely

on several assumptions, and so comparing the results from
multiple mass measurement techniques is necessary to reach
better accuracy and precision. Our Galaxy is one of the few
cases where two or more methods have been applied to
measure MBH (Event Horizon Telescope Collaboration et al.
2019; R. Genzel et al. 2000; A. M. Ghez et al. 2000;
GRAVITY Collaboration et al. 2022). Additionally, the central
black hole mass in M87 has been measured by SD modeling
(K. Gebhardt et al. 2011; E. R. Liepold et al. 2023) and
modeling of Event Horizon Telescope (EHT) observations
(Event Horizon Telescope Collaboration et al. 2019). Their
derived masses agree with each other, but are somewhat higher
than the mass obtained from GD modeling (J. L. Walsh et al.
2013). The disagreement likely arises from the assumption of a
pure Keplerian gas disk for M87 in the GD modeling analysis,
where the black hole mass predicted by including non-
Keplerian orbits (B. Jeter et al. 2019) would be similar to the
other masses reported for this black hole.
There have been only a few comparisons of the masses from

SD modeling and RM. Part of the reason is that the central
AGN emits radiation that is necessary for implementing the
RM method, but serves as a source of noise for SD modeling.
Additionally, active galaxies in the local Universe are rare, and
the fact that they are primarily hosted in late-type galaxies
makes them challenging to model. NGC 4151 (M. C. Bentz
et al. 2006; C. A. Onken et al. 2014; G. De Rosa et al. 2018;
C. A. Roberts et al. 2021; M. C. Bentz et al. 2022), NGC 3227
(R. I. Davies et al. 2006; K. D. Denney et al. 2010; G. De Rosa
et al. 2018; M. C. Bentz et al. 2023a), and NGC 5273
(M. C. Bentz et al. 2014; K. A. Merrell et al. 2023) are the only
three galaxies that have published comparisons of MBH

measurements based on RM and SD modeling. While the
masses derived from the two different methods are in
agreement with each other for NGC 4151 and NGC 5273,
the RM mass in the case of NGC 3227 was 4–5 times smaller
than that from SD and GD until M. C. Bentz et al. (2023a)
reported a new MBH from velocity-resolved RM.
MCG–06-30-15 is a nearby (z = 0.00775; C. Boisson et al.

2002), bright Seyfert 1 galaxy. The first broad Fe Kα emission
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line with a relativistically redshifted tail was detected in this
source (Y. Tanaka et al. 1995) and provided direct evidence of
the presence of a spinning SMBH. Since then, this AGN has
been extensively studied due to its rapid X-ray variability (e.g.,
P. Arévalo et al. 2005; I. M. McHardy et al. 2005;
C.-Y. Chiang & A. C. Fabian 2011; D. Emmanoulopoulos
et al. 2011; A. Marinucci et al. 2014; E. Kara et al. 2014).
I. M. McHardy et al. (2005) performed long-term X-ray
analysis at 0.1–10 keV and found a break frequency of

×+8 103
10 5 Hz in the power spectral density of the source.

By assuming a linear relation between MBH and the break
frequency for a sample of AGN with reverberation masses,
they estimated = ×+M M2.9 10BH 1.6

1.8 6 for MCG–06-30-15.
The first direct measurement of MBH was reported by
M. C. Bentz et al. (2016) using RM, finding MBH =
(1.6 ± 0.4) × 106M⊙. S. I. Raimundo et al. (2013)
constrained MBH using SD modeling based on the Jeans
anisotropic modeling method (M. Cappellari 2008), finding an
upper limit of MBH� 6 × 107M⊙. The spatial resolution of the
stellar kinematics was too low to provide a stronger constraint.
In this paper, we report the highest-spatial-resolution observa-
tions of the nuclear stellar kinematics in MCG–06-30-15 to
date. We describe the results of our work in applying SD
modeling using the M. Schwarzschild (1979) orbit-super-
position method, and we compare our results to the mass
measurement derived from RM.
The content of this paper is presented as follows. In

Section 2, we describe the observations that were acquired to
constrain the spatially resolved stellar kinematics. Section 3
describes the kinematic analysis, while in Section 4 we present
the details of the galaxy photometric constraints. Section 5
focuses on the dynamical modeling using FORSTAND
(E. Vasiliev & M. Valluri 2020). In Section 6, we present
our results, while in Section 7 we discuss the interpretations
and also compare ourMBH with the previously determined RM
mass. Finally, we summarize our findings in Section 8.

2. Observations

MCG–06-30-15 is a Seyfert 1 galaxy at coordinates
α = 13h35m53.s70 and = °34 17 43 .9. The redshift of the
galaxy is z = 0.00775. The estimated distance to the galaxy is
D = 25.5 ± 3.5 Mpc (R. B. Tully et al. 2013) based on the
average distances of two galaxies in the same group as MCG–
06-30-15.
Observations of MCG–06-30-15 (PI: Bentz) were obtained

with the SINFONI integral field spectrograph (F. Eisenhauer
et al. 2003; H. Bonnet et al. 2004) on UT3 of the Very Large
Telescope at the European Southern Observatory. The K
grating and 100 mas pix–1 configuration were employed,
giving a resolving power R ≈ 4000 over the wavelength
range 1.95–2.45 μm and a field of view (FOV) of ×3 .0 3 .0
with an effective spatial sampling of ×0 .05 0 .05. The
observations were acquired in natural guide star mode, with
the AGN serving as the guide “star,” and with the instrument
rotated to an on-sky position angle (PA) of −30°. Over the
course of seven nights between 2019 March and June, 46
observations were completed. Typical exposure times were
300 s, and observations were generally collected in groups of
six with a standard star observed immediately after.
The raw data were reduced with the EsoReflex (W. Freudling

et al. 2013) SINFONI pipeline v.3.3.0. The pipeline carries out
dark correction, flat-fielding, wavelength calibration, spatial

calibration, and rebuilds each individual observation as a data
cube. The individual cubes were then corrected for telluric
absorption. This process involved extracting a spectrum from
one cube using a radius of 10 spaxels centered on the AGN,
fitting the telluric absorption in the extracted spectrum with
Molecfit (W. Kausch et al. 2015; A. Smette et al. 2015), and
then correcting the cube, spaxel by spaxel, for telluric
absorption using the IRAF task telluric and the template
derived with Molecfit. After correcting for telluric absorp-
tion, each cube was shifted in velocity space to account for
differences in the heliocentric velocity at the time of the
observation. We rejected six observations that were taken under
poor observing conditions, leaving us with 40 observations.
Finally, the cubes were aligned and combined with v.0.9 of the
PyFu package,9 producing a final combined cube with an
effective on-source exposure time of 3.33 hr.
An image of the point-spread function (PSF) was created

from the data cube. We began by taking several image slices
from the continuum and several image slices from the wings of
the broad emission line Brγ (rest wavelength = 2.166 μm). We
combined the image slices representing the broad-line
emission and the slices representing the continuum separately,
and then subtracted the continuum image from the broad-line
image to isolate the spatially unresolved broad-line emission,
which represents the PSF. We characterized this PSF using
GALFIT (C. Y. Peng et al. 2002, 2010), an algorithm that can
fit the surface-brightness profiles of astronomical images with
different functions. Table 1 lists the parameters describing our
best-fit model of the PSF, which has three concentric and
circular Gaussian profiles with different widths and weights.

3. Kinematics

With the fully reduced data cube, we began the kinematic
analysis using penalized pixel-fitting (pPXF; M. Cappellari &
E. Emsellem 2004).10 This software allows one to fit an input
spectrum using a collection of stellar spectra. For our case,
model galaxy spectra are constructed using combinations of
stellar spectral templates from the Gemini North Near-infrared
Integral Field Spectrograph (NIFS) K-band libraries (V1.5 and
V2.0; C. Winge et al. 2009), convolved with Gauss–Hermite
(GH) approximations for the LOSVDs. The best-fit model
spectra are found by minimizing the χ2 between model and
observed galaxy spectra. To fit a spectrum, pPXF requires a
noise spectrum along with the actual galaxy data. The
reduction pipeline of SINFONI does not produce any error
spectra itself, hence synthetic noise spectra were created by

Table 1
Point-spread Function Model

Component Flux Contribution Width (σ)

(weight) (arcsec) (pc)

1 0.12 0.04 4.9
2 0.37 0.09 11.1
3 0.51 0.24 29.5

Note. The relative flux contribution (weight) and Gaussian widths of the three
components of the PSF of our SINFONI data cube. The spatial scales of the
components are calculated assuming a distance D = 25.5 Mpc to the galaxy.

9 http://drforum.gemini.edu/topic/pyfu-datacube-mosaicking-package/
10 https://users.physics.ox.ac.uk/~cappellari/
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combining the inverse of a telluric spectrum and the Poisson
noise from the data in quadrature, to approximate the two most
significant error sources: the background noise and the shot
noise.
We also incorporated the Voronoi binning technique

(M. Cappellari & Y. Copin 2003) to improve the signal-to-
noise ratio (S/N), especially near the edges of the FOV where
the galaxy surface brightness decreases substantially. In this
adaptive binning scheme, adjacent bins near the edge of the
FOV are added together to increase the S/N while, close to the
center, individual spaxels are assigned to their own bins. Thus,
the spatial resolution is preserved in the region near the
black hole.
To create the binning pattern, we divided the FOV in four

quadrants where the kinematic major and minor axes act as the
two axes of symmetry. The kinematic major axis is the line
representing the maximum rotation of the galaxy, and the line
perpendicular to it is the kinematic minor axis. Using the
method of D. Krajnović et al. (2006) and the stellar line-of-
sight velocities gleaned from the pPXF modeling, we
determined the kinematic PA in MCG–06-30-15 to be
74°.5 ± 24°.8 counterclockwise, relative to the y-axis of the
SINFONI observations. Since the detector was rotated –30°
from north when the observations were collected, the PA
relative to north on the sky is 104°.5 ± 24°.8.
Symmetrizing the kinematics across the FOV is preferable

for axisymmetric dynamical models. To carry out the
symmetrizing, we determined the Voronoi binning in one of
the quadrants, and reflected the same pattern into the three
remaining quadrants.
The spectra associated with the spaxels within a single bin

were coadded before fitting with pPXF. During the spectral
fitting, we employed a point-symmetric technique where the
spectra from two symmetric bins on each side of the kinematic
minor axis are fitted by pPXF simultaneously. This improves
the S/N and also ensures that the stars on either side of the
kinematic minor axis have the same speeds but move in
opposite directions. Initial pPXF fits for all bins were
compared, and the model spectrum corresponding to the bin
with the lowest χ2 was selected as the “optimal template.” This
optimal template was then used to fit the data in all of the other
bins. Selecting a single optimal template ensures that the
stellar population remains constant in the FOV; loosening this
assumption would allow the representative stellar population
to potentially change sharply from spaxel to spaxel in an
unphysical way. Moreover, a fixed template ensures there are
no differences from bin to bin because of stars with different
metallicities, for example, contributing to the template and
affecting the line-shape measurements. Our best-fit template
comprises five stars with spectral types G8II, K2III, M5III, and
M3III (with two of this latter type).
The wavelength range for the spectral fits extends from 2.19

to 2.42 μm as our goal was primarily to fit the strong CO
absorption band heads near 2.29 μm, mostly found in the
atmospheres of cool giant stars, while avoiding the strong
emission lines from the AGN. Some of the bins in the FOV
contain spectra affected by noise spikes between 2.371 and
2.373 μm. We masked out these pixels in all the bins before
fitting them. An example of a spectral fit is shown in Figure 1,
where the black and red lines denote the data and the template
fit, respectively, the green dots show the residuals after fitting

the data with the best-fit template, and the blue lines represent
masked pixels.
The shapes of the CO absorption bands provide constraints

on the LOSVDs of the stars. In pPXF, the LOSVDs are
parameterized as a series of GH polynomials of up to 6th order
(O. E. Gerhard 1993; R. P. van der Marel & M. Franx 1993).
The first two moments (h1 and h2) of the GH polynomial are
set to zero in the pPXF algorithm by default. Instead, the mean
stellar velocity (v) and velocity dispersion (σ) are determined
and reported along with the higher-order GH moments
(h3 − h6). The odd moments (h3 and h5) of the GH
parameterization represent the degree of asymmetry of the fit
from a pure Gaussian profile, similar to skewness, whereas the
even moments (h4 and h6) represent the symmetric differences,
similar to kurtosis.
The spectral fits can also be improved in pPXF by changing

the degree of additive or multiplicative Legendre polynomials.
Additive polynomials reduce discrepancies from the template
mismatch and background subtraction, whereas multipli-
cative polynomials help reduce the effects of reddening
and calibration errors. As advocated in Section 2.4 of
M. Cappellari et al. (2009), the use of additive polynomials
is also beneficial for an accurate extraction of kinematics in the
presence of AGN emission. In our case, we adopted additive
and multiplicative polynomials of orders 2 and 3, respectively,
after testing several values and finding these were the smallest
polynomial orders needed to minimize low-frequency mis-
matches in the continuum shape between the templates and the
observations. The penalty term in pPXF penalizes the fit for
noisy spaxels by forcing higher-order (n� 3) moments of the
GH polynomials to be close to zero, while retaining the higher-
order moments in fits for spaxels with low noise. We tested
penalty values from 0 to 0.5 in steps of 0.1, and based on these
tests we adopted a penalty value of 0.3 in our best-fit model.
Our final kinematic maps from pPXF are shown in Figure 2.

The maps are rotated to show the maximum velocity along the
horizontal axis. Three of the central bins, shown in white in
Figure 2, were severely affected by the AGN light. These bins
were discarded because the LOSVDs from them were not
reliable for dynamical modeling.

4. Photometry

While the spatially resolved spectra provide constraints on
the kinematics, photometric analysis is required to constrain
the luminosity distribution of the galaxy, or the surface-
brightness profile. In addition, reconstructing the 3D stellar
mass distribution also requires initial estimates of the mass-to-
light ratio as well as the inclination of the galaxy to our line of
sight.

4.1. Surface-brightness Decomposition

We used GALFIT (C. Y. Peng et al. 2002, 2010) to build a
multicomponent surface-brightness profile for MCG–06-30-
15. Based on Hubble Space Telescope (HST) Wide Field
Camera 3 (WFC3) imaging through the F547M filter from
M. C. Bentz et al. (2016), our model for MCG–06-30-15
consists of three components for the galaxy: a bulge, disk, and
faint, round extended component encompassing the disk and
the bulge. The AGN was fit with a model PSF derived from the
Starfit algorithm (T. S. Hamilton 2014), and a gradient for
the sky background was included. The best-fit parameters for
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each galaxy component are listed in Table 2: integrated
apparent magnitude in the V band (mV), effective radius (Re),
Sérsic index (n), axis ratio (qobs), and position angle (PA). We
adopted an offset of V − F547M = −0.0259 mag for the color
correction and a value of AV = 0.165 mag to account for the
dust extinction in our Galaxy along the line of sight
(D. J. Schlegel et al. 1998; E. F. Schlafly & D. P. Finkbeiner
2011). These corrections are included in the magnitudes
reported in Table 2. During the fitting, the PAs and the centers
were tied together for all the components of the galaxy as a
requirement for our dynamical modeling code. The reported
PA (−32°.2) is measured from the Y-axis of the image, which
was rotated by −32.84° from the north. Therefore, the
photometric PA for the galaxy disk is ≃−65°, or 115°
(180 + (−65)°). The dust lane near the center of MCG–06-30-
15 was masked out before modeling the surface-brightness
profile.

4.2. Mass-to-light Ratio

The stellar mass-to-light ratio (M/L, or ϒ) of a galaxy indicates
the mass present in the galaxy from luminous stars. We estimated
the stellar M/L of the galaxy from its color using Table 1 of
E. F. Bell & R. S. de Jong (2001). After carefully removing the
AGN contribution from the HST/WFC3 F547M image (Figure 3;
M. C. Bentz et al. 2016) and from a K-band image from the Vista
Hemisphere Survey (R. G. McMahon et al. 2013), we determined
V − K = 3.1 ± 0.2 mag for the galaxy, and estimate the V-band
M/L ratio, ϒV,V−K = (4 ± 1)M⊙/L⊙.

4.3. Galaxy Inclination

The inclination angle is an important component for
accurately modeling the galaxy because images only provide
a 2D projection of the 3D galaxy. The inclination angle also
determines the component of the velocity vector that is visible
along our line of sight. The projected shape of the disk of
the galaxy may be modeled using concentric ellipses. The
inclination angle to our line of sight can be estimated from the

apparent major-to-minor axis ratio of the disk:

( ) ( )=i
q q

q
cos

1
, 1d d

d

obs 2
0,

2

0,
2

0.5

as shown by E. P. Hubble (1925). In Equation (1), /=q b ad
obs

is the observed disk axis ratio and q0,d, or the global flattening
parameter, is the axis ratio of a perfectly edge-on disk galaxy.
Following R. B. Tully & M. J. Pierce (2000), we adopt
q0,d = 0.2, but explore the consequences of varying this
parameter in Section 5.2. The best-fit disk axis ratio from the
surface-brightness fitting gives =q 0.41d

obs for MCG–06-30-
15 (see Table 2), which corresponds to an inclination angle of
69° between the disk of the galaxy and our line of sight.

5. Dynamical Modeling

To construct the SD models, we used FORSTAND
(E. Vasiliev & M. Valluri 2020), publicly available within
the AGAMA11 library (E. Vasiliev 2019). This code imple-
ments the M. Schwarzschild (1979) orbit-superposition
method to create dynamical models. For each model, first a
deprojected 3D stellar density profile is determined from a
surface-brightness fit derived from an image. Then the routine
computes the corresponding gravitational potential including
other input parameters, e.g., mass-to-light ratio (ϒ), contrib-
ution of dark matter (DM) halo, initial guess for MBH, etc. An
orbit library is constructed with 20,000 random stellar orbits,
integrated within each trial of gravitational potential. The code
then determines a weighted superposition of orbits to match
the observed kinematic constraints and records the goodness of
fit for the model. The best models are characterized by
minimizing the χ2 statistic.
We summarize below the important inputs for the models as

two separate groups: (1) nonvarying inputs, where a single
value is adopted for all model runs, and (2) varying

Figure 1. The spectral fit from pPXF for a selected bin at about 1″ from the center. Data are shown in black, overplotted with the best-fit template in red, and the
residuals (data minus model) are shown in green. Plotted on the X-axis are the pixel values corresponding to observed wavelengths from 2.19 to 2.42 μm, while on
the Y-axis the corresponding fluxes normalized by the median value are shown. A noise spike appears at the wavelength associated with the blue line in several bins,
and those pixels have been masked out during the fitting of all the spectra. The CO (2–0) absorption bands are the primary features we fitted to constrain the stellar
LOSVDs.

11 https://github.com/GalacticDynamics-Oxford/Agama
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parameters, where different potential values are explored in the
model runs.

5.1. Nonvarying (Single-value) Inputs

1. Kinematic constraints. The observed kinematics as
described in Section 3 determine the number of degrees

of freedom or kinematic constraints for the models, and
constrain the total mass. Since pPXF employs a point-
symmetric fitting to extract the LOSVDs of the stars, we
only used half of the kinematics to construct the models.
The number of kinematic constraints is determined by
multiplying the number of GH moments in the LOSVDs
(here, six) by the number of independently fitted Voronoi
bins, which is half of all the bins (99 in this case) minus
the number of fitted parameters (here, two: MBH and M/
L). Our data set for MCG–06-30-15 contains 582
kinematic constraints.

2. Surface-brightness profile. Based on the results from
GALFIT described in Section 4.2, the surface-brightness
profile for MCG–06-30-15 consists of three components:
an ellipsoidal bulge, a flat disk, and a faint outer
spheroidal component. The integrated magnitude in V
(mV), effective radius (Re), Sérsic index (n), axis ratio
(qobs), and position angle (PA) for each component are
tabulated in Table 2. The surface-brightness profile
parameterizes the flux contribution from each component
of the galaxy as a function of location in the galaxy,
which estimates the stellar mass profile for the dynamical
models when combined with the stellar M/L.

3. Distance. The distance to the galaxy is required to
convert angular sizes to physical sizes. If v is the
measured velocity within distance r from the black hole,
then the black hole mass MBH is related to r by the
following expression:

( )M
v r

G
, 2BH

2

where G is the gravitational constant. We measure
angular sizes on the sky, which are directly proportional
to physical sizes modulo the assumed distance D.
Therefore, a galaxy that is more distant than assumed
would have a larger black hole mass than reported by the
models. For MCG–06-30-15, we adopted a distance of
D = 25.5 ± 3.5 Mpc (R. B. Tully et al. 2013), which is
so far the best estimate but is not very reliable (see
Section 7 for additional discussion of the distance).
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Figure 2. Kinematic maps derived from pPXF for the inner 3″ × 3″ (370 pc × 370 pc) of MCG–06-30-15 based on data we collected with SINFONI. The panels
show the velocity (v), velocity dispersion (σ), and higher-order (h3–h6) moments of the GH polynomials for the data. The maps are rotated so that the kinematic
major axis is parallel to the X-axis. The redshifts and blueshifts from the rotation of the nuclear stars are clearly visible in the velocity map. As shown in the color
bars, red and blue correspond to higher and lower values, respectively. The higher-order GH moments (h4 − h6) use the same color scaling as h3. The three white
bins close to the center were severely affected by the AGN emission, and were masked out during the modeling.
(The data used to create this figure are available in the online article.)

Table 2
GALFIT Parameters for Surface Brightness

Components mV Re n qobs PA
(mag) (arcsec) (deg)

Bulge 15.62 1.16 2.00 0.69 −32.20
Disk 13.78 7.76 0.93 0.41 −32.20
Stellar halo 14.36 10.74 1.19 0.78 −32.20

Note. The photometric components of the galaxy and their parameters: V-band
integrated magnitude (mV), effective radius (Re), Sérsic index (n), axis ratio
(qobs), and position angle (PA) measured from the Y-axis of the image,
respectively. All components were required to have the same PA for
dynamical modeling.

Figure 3. HST/WFC3 F547M (medium-band V ) image of MCG–06-30-15
(M. C. Bentz et al. 2016). The scale for 10″ is shown. The dust lane in the
galaxy disk was masked before fitting the surface-brightness profile.
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4. Point-spread function. The PSF convolved with the
LOSVDs corrects for the effect of the finite spatial
resolution of the spectrograph, in this case SINFONI.
FORSTAND requires two pieces of information to
describe the PSF: the width and flux contribution(s) of
either a single Gaussian or several Gaussian components
summed together. In the latter case, the flux contributions
should sum up to 1. We used the PSF model reported in
Table 1 as our input.

5. Number of orbits. We integrated 20,000 random stellar
orbits within the gravitational potential for our different
model runs. To obtain the best fit for the kinematic data,
the ratio of the number of orbits to the number of
kinematic constraints should be ≳5 (M. Valluri et al.
2004). In case of a low number of orbits, the models may
be overconstrained and yield unreliable results for the
free parameters.

5.2. Varying Parameters

1. Stellar mass-to-light ratio. We estimated an initial value
for the stellar M/L based on the observed color of the
galaxy (discussed in Section 4.2), and found the V-band
mass-to-light ratio ϒV,V−K = 4 ± 1M⊙/L⊙. The code
adopts this initial value of M/L for each model, and
constructs more models by varying the initial M/L in
steps of 20.05 (or another value selected by the user).

2. Black hole mass (MBH). We started with MBH values
from 0 to 5 × 107M⊙ in steps of ΔMBH = 2.5 × 106M⊙
as inputs. This choice allowed us to optimize the
computational time required to scan a large range of
possible mass values. Every MBH input is used to
generate a list of models for all possible M/L values. In
other words, a grid of models in the MBH versus M/L
space is created by varying the initial ϒ by a multi-
plicative factor of 20.05, and at the same time multiplying
the inputMBH by the corresponding ϒ. The best value for
MBH is determined from the χ2 surface that is generated
from the grid of models. Examination of our initial
results suggested that a finer grid of MBH values was not
necessary.

3. Flattening of galaxy components: disk (qd), bulge (qb),
stellar halo (qs). We explored a range of values for the
flattening of the different components of the galaxy. The
photometric analysis from GALFIT for MCG–06-30-15
has three different components: one flat disk-like
component, one slightly spheroidal bulge, and a faint,
round extended structure around the disk and the bulge,
which we refer to as the “stellar halo” below. We note
that the disk flattening value (qd) can be computed using
the observed axis ratio (qd

obs ) from GALFIT and
Equation (1). Instead, we treated qd as a free parameter,
and estimated the inclination from it. Similarly, we
examined a range of flattening values for the bulge and
the stellar halo instead of just using the GALFIT axes
ratios to effectively explore the consequences of possible
uncertainties in these values. We constructed models for
disk flattening (qd) of 0.1, 0.2, and 0.3. Each of these qd
values was used in the construction of models with
different flattening for the bulge and the stellar halo,
where qb and qs were explored over the range 0.2–1.0
with steps of 0.1.

4. Dark matter halo. The DM halo is the most massive
component of a galaxy, but its potential dominates over
the baryons, primarily in the outer parts of a galaxy (e.g.,
V. C. Rubin et al. 1962; V. C. Rubin et al. 1978), which
we do not model due to the limited radial range of our
kinematic data. FORSTAND allows users to set the
rotational velocity (VDM) and scale radius (rDM) of the
DM halo to explore the impact on the modeling results
from different assumptions about the DM halo proper-
ties. We tested models with and without the presence of a
DM halo. For the models including DM, we used the
Navarro–Frenk–White profile (J. F. Navarro et al. 1996)
with a scale radius of rDM = 180″ (22.5 kpc) and DM
halo circular velocity =V 100 km sDM

1. This value
of DM halo circular velocity is similar to what has been
found for Milky Way–like galaxies (N. G. de Isídio et al.
2024). We estimated rDM using the stellar mass–halo
mass relation of P. Behroozi et al. (2019) and the halo
mass–concentration relation of A. A. Dutton &
A. V. Macciò (2014).

5. Random seed. The random seed parameter in FOR-
STAND is responsible for setting the initial conditions for
the generated orbit library. We explored different seed
values to test different randomized initial conditions for
our best-fit model. We note that the results reported here
are not significantly affected by changing the seed value,
indicating our modeling results are robust and stable.

6. Results

Since the models are dependent on a large number of
parameters, as discussed above, we determined the best-fit
models by systematically changing the parameters one by one.
Our free parameters are black hole mass (MBH), stellar mass-
to-light ratio (M/L), flattening of the bulge, disk, and stellar
halo (qb, qd, and qs, respectively), and DM halo contribution.
We first explored different shapes for the galaxy by varying

the flattening of the components in the absence of a DM halo.
A grid of the constructed models is shown in Figure 4. The
figure shows a comparison of Δχ2 = 2

min
2 as a function

of MBH on the horizontal axis and stellar mass-to-light ratio on
the vertical axis. Each panel represents a single galaxy shape,
and the gray dots denote the models that were generated. The
dashed contours and blue density profiles in each panel
represent the 1σ, 2σ, 3σ, … confidence levels of Δχ2 for the
two parameters, MBH and M/L, and the orange curves show
the Δχ2 as a function of MBH marginalized over mass-to-light
ratio. The bulge flattening (qb) is kept constant along the rows
and varies down the columns, while the stellar halo flattening
(qs) is held fixed along the columns and changes across the
rows. The disk flattening is kept constant for all the panels at
qd = 0.2, which is a common value measured from edge-on
disk galaxies (e.g., E. P. Hubble 1925; R. B. Tully &
M. J. Pierce 2000; S. J. Kautsch et al. 2006), though we also
explored these combinations of parameters for qd = 0.1 and
qd = 0.3. The difference in lowest χ2 values is statistically
insignificant for several of the models in the middle rows of
Figure 4 with qb = [0.6–0.7] and qs = [0.7–1.0], and for
qb = 0.5 with a round halo, qs = [0.9–1.0]. In the following
discussion, we refer to these as our best-fit models. The range
for χ2 minima in these best-fit models is between 441 and 446,
while the reduced χ2 values range between 0.76–0.77.
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In Figure 5, we condense the above 4D grid of best-fit
models into 2D contours ofΔχ2 as functions ofMBH andM/L,
as well as 1D profiles in each of these parameters. These
values are obtained by marginalizing over the nuisance
parameters qb and qs. Namely, first we interpolate the χ2
values onto a regular grid in the 4D space (MBH, M/L, qb, qs),
using either radial basis function or Gaussian process
regression interpolators (the results are very similar); then
we convert these values into likelihoods ( )/=L exp 22 and
integrate them over the nuisance dimensions; and finally we
convert likelihoods back into χ2 values. Because the locations

of the minima of χ2 vary across panels in Figure 4 but their
absolute values are quite similar, the marginalized 2D profile
has the shape of a rather flat trough, and the marginalized 1D
curves have flat-bottomed profiles. The n–σ confidence
intervals on each parameter are obtained from these 1D
profiles asΔχ2 = n2. Specifically, the 1σ (68%) range forMBH

is [3.0–5.8] × 107M⊙ and for M/L is [2.7–3.3]M⊙/L⊙.
Because the contours are not parabolic, the 3σ (99.7%)
intervals are less than 3 times broader than the 1σ intervals.
From the best-fit models, we selected the model with

qb = 0.6 and qs = 0.8 as our “fiducial model”—a
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Figure 4. Comparison of ( )2 2
min
2 as a function ofMBH andM/L for dynamical models with different galactic geometries. The dashed contour lines along

with the blue density profiles indicate the 1σ, 2σ, 3σ,… confidence levels of 2D Δχ2 at 2.3, 6.2, 11.8,…, etc. The orange lines show the Δχ2 value as a function of
MBH marginalized over M/L. The intrinsic flattening of the bulge (qb) varies down the columns and is fixed across the rows, whereas the intrinsic flattening of the
stellar halo (qs) varies across the rows and is constant down the columns. The intrinsic flattening of the disk (qd) is held fixed at 0.2 for all of the panels. The models
with the lowest χ2 are found in the third and fourth rows with qb = [0.6–0.7] and qs = [0.7–1.0], and in the second row with qb = 0.5 and qs = [0.9–1.0].
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representative model that we use to demonstrate how the
results change when we adjust one parameter or another. In
Figure 6, we show the observed kinematics as well as the
kinematics of the fiducial model and the kinematic residuals
between them. The residuals are defined as data minus model,
normalized by the observed errors (εobs) in the GH moments.
Figure 7 shows how the results from the dynamical models

depend on other parameters. In the top panel of Figure 7, we
show the dependency of MBH on the distance to the galaxy. As
discussed in Section 5, our models show that MBH scales
linearly with the distance, yielding smaller MBH if the host
galaxy is nearer, and larger MBH if the galaxy is farther than
assumed here.
We also explored different values for the disk flattening qd,

where the disk flattening relates directly to the inclination
angle at which we are viewing the galaxy. A comparison
between different disk flattening values is presented in the
middle row of Figure 7. The Δχ2 value increases for models
with qd = 0.1, but models with qd = 0.3 have lower Δχ2
values. However, the best-fit MBH and M/L values do not
change significantly for different disk flattening values.
We also tested the effect of DM in our models, and found

that the results are nearly identical when DM is included or
excluded. A comparison of models including and excluding
the effect of a DM halo is shown in the bottom row of
Figure 7, and we see negligible difference. The FOV (3″ ≈
370 pc) of our data cube is small enough that the stellar
kinematics seem to be largely unaffected by the DM halo.

7. Discussion

7.1. Mass-to-light Ratio

Based on the galaxy color, we initially estimated a V-band
mass-to-light ratio of M/L = (4 ± 1)M⊙/L⊙. Inferring the
M/L from the color of a galaxy is not always precise as it
depends on many factors such as the star formation history,

metallicity, etc. (H. Haghi et al. 2017). Nevertheless, our best-
fit models from FORSTAND agree with this simple estimate,
finding that the V-band M/L is (3.0 ± 0.3)M⊙/L⊙.
We note that the surface-brightness profile of MCG–06-30-

15 is affected by a dense dust lane in the disk, which is nearly
edge-on. For the surface-brightness modeling, our approach
was to use a medium-V HST image (M. C. Bentz et al. 2016)
and to carefully mask the pixels affected by dust. We explored
the use of an H-band HST image for creating the surface-
brightness parameterization, but we found that while the dust
extinction was lessened, it was not entirely absent. Further-
more, the central region, where the gravity from the SMBH
dominates, is not as well resolved in the H band as it is in the V
band due to the 3 times poorer spatial resolution. Ideally, one
should create a dust profile to accurately account for the
extinction. However, B. D. Boizelle et al. (2019) have argued
that the creation of a spatially resolved stellar surface-
brightness profile that is corrected for dust would require
realistic radiative transfer modeling (e.g., P. Camps &
M. Baes 2015) that incorporates the effects of scattering and
extinction in the disk, and possible additional light contrib-
ution from the central AGN or star formation. Such an exercise
is beyond the scope of this paper.
If the dust extinction has been underestimated, then the

amount of light included in the stellar surface-brightness
profile will be underestimated. However, the amount of mass
is set by the kinematics, which are not affected by dust
extinction, so we would expect our best-fit models to
overestimate M/L if the dust extinction is underestimated.
As a verification check, we compared our best-fit M/L
with ∼3500 galaxies in the MaNGA DynPop catalog
(K. Zhu et al. 2023), each having a total stellar mass similar
to MCG–06-30-15 ( /M Mlog star ≈ 10). Our best-fit M/L of
(3.0 ± 0.3)M⊙/L⊙ is consistent with the typical 1σ range of
dynamical M/L values for galaxies in this mass regime.

7.2. Black Hole Mass

From our best-fit models, the black hole mass for MCG–06-
30-15 is MBH = (4.4 ± 1.4) × 107M⊙. This SD mass is at
least a factor of 10 greater than the reported MBH from RM of
the AGN (M. C. Bentz et al. 2016). However, there are a
variety of issues that could affect either the SD mass that we
present here or the RM mass.
On the RM side, the reported mass is based on a measured

time delay and velocity width for the broad Hβ emission line,
coupled with the adoption of a population-average scale factor.
This scale factor is, on average, of the right magnitude for RM
of local Seyferts, but may be inaccurate by a factor of ≲10 for
any specific galaxy. The value adopted by M. C. Bentz et al.
(2016) for MCG–06-30-15 is 〈f〉 = 4.3 ± 1.1 (C. J. Grier
et al. 2013). Assuming that most of the AGN-to-AGN
difference in scale factor is due to their random inclination
angles on the sky, a scale factor of 〈f〉 = 4.3 corresponds to a
typical AGN inclination angle of ∼29°. If the AGN in MCG–
06-30-15 is actually viewed at a more face-on inclination (i ≲
20°), then the black hole mass would be underestimated.
Misalignments between large-scale galaxy inclination and
AGN inclination are common, with a notable example being
IC 4329A, with a broad-line AGN at an intermediate
inclination hosted by an edge-on galaxy (M. C. Bentz et al.
2023b).
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Figure 5. 1D and 2D profiles of Δχ2 in the MBH and M/L parameter space,
marginalized over qb and qs (the other two parameters shown in Figure 4), as
explained in the text. Blue contours have the same meaning as in the previous
figure, while red and green curves show the marginalized 1D profiles for MBH

and M/L, respectively. Dark and light dashed lines show the 1σ and 3σ
confidence intervals on each of these two parameters.
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Modeling of velocity-resolved RM data allows the kine-
matics and the geometry (including the inclination) of the BLR
to be constrained, and thus provides a direct constraint on MBH

without the need to adopt a population-average scale factor
(E. M. Cackett et al. 2021). Comparisons of MBH values from
simple RM analysis and from velocity-resolved modeling
show that the differences are generally within the typical factor
of 2–3 uncertainty that is often quoted for RM masses, except
in the cases of the most face-on AGN, where the differences
may be as high as a factor of ∼10 (A. Pancoast et al. 2014b;
L. Villafaña et al. 2023). While velocity-resolved modeling of
the data presented by M. C. Bentz et al. (2016) provides only
weak constraints, the results prefer a low black hole mass,

= ×+M M1.9 10BH 1.2
5.7 6 , and a moderate BLR inclination of

= +i 40.0 20.7
29.5 deg (see the Appendix). Modeling of the broad

Fe Kα line also finds a moderate inclination (i = 33 ± 3 deg)
for the accretion disk (A. Marinucci et al. 2014). Thus, there is
currently no likely candidate for the source of the discrepancy
in the black hole masses from the reverberation side. A new
RM campaign targeting MCG–06-30-15 (PI: Bentz) was
carried out in 2024, and the observations are expected to
enable a more thorough velocity-resolved reverberation
analysis that will facilitate a stronger investigation into the
assumptions inherent in the reverberation method.
There are potential issues on the SD modeling side, as well.

Our best-fitMBH from SD modeling depends on the inclination
angle of the galaxy disk. The surface-brightness profile
indicates an inclination of 69° for MCG–06-30-15. However,
recovering the inclination angle from a 2D image of the galaxy
always leaves room for uncertainty. We explored models with
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counterrotating disk in the galaxy.
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different inclination angles, the results of which are shown in
the middle row of Figure 7. It should be noted that the orbit-
superposition method intrinsically prefers edge-on systems,
yielding better fits for larger assumed inclination angles (see
Section 5.3 in J. Thomas et al. 2007; M. Lipka &
J. Thomas 2021). We note that qd = 0.3 (i = 73°) yields a
lower χ2 than qd = 0.2 (i = 69°; our fiducial model). However,
disk galaxies with a qd ≈ 0.3 are rare (J. Favaro et al. 2025).
We also note that, while the minimum χ2 value changes, the
best-fit values for MBH do not change significantly for models
with higher inclination angles. Thus, the uncertainty in the
inclination angle has only a small effect on the dynamicalMBH

constraint.
The mathematical parameterization of the stellar kinematics

is also a potential matter of concern. We note that h4 is
systematically less negative in our models than in the data (see
Figure 6). The low h4 values in our data could be related to
double-peaked velocity profiles: a line profile with negative h4

has a flatter center and a more rectangular overall shape. While
an infinite series of GH polynomials could fit any line shape,
the limited S/N of astronomical spectra necessitates the use of
a truncated series to avoid fitting the observational noise. With
only a limited number of higher-order GH polynomial terms
included, a double-peaked line profile may be approximated by
a single-peaked shape with negative h4. This is a potential
cause for concern in MCG–06-30-15 because S. I. Raimundo
et al. (2013, 2017) found a counterrotating disk within the
central ∼4″ × 4″. The FOV of our data is small enough that
the main rotational signature seen in the kinematics is the
counterrotating stellar population. But since the galaxy is
highly inclined, the LOSVDs from most of the bins would
include kinematic contributions from the larger-scale galactic
disk, which is rotating in the opposite direction. We also note
the h4 values are most negative at radii that are just larger than
those associated with the maximum redshift/blueshift signa-
tures of the counterrotating disk, near the edges of our small
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FOV. Therefore, in the case of MCG–06-30-15, the negative
h4 could indicate that we are seeing kinematics from these
nested and oppositely rotating disks in many of the bins.
Models with lower MBH are mostly ruled out by large
deviations in h4 between the data and the model. Hence, if
strongly negative h4 values are a poor description of the actual
LOSVDs, i.e., if GH parameterization is not the most
appropriate choice for the kinematics in this system, or if the
values of h4 returned by pPXF suffer from some unknown
systematics (see, e.g., Section 3 in K. Mehrgan et al. 2023 for
discussion), then this issue would bias our measured SD mass
toward higher black hole masses. This limitation in the
parameterization of the LOSVDs may be largely responsible
for the discrepancy between the RM and SD masses measured
for MCG–06-30-15. Finally, we also note that a negative h4
can indicate the presence of a bar in the galaxy. J. S. Brown
et al. (2013) have shown that, in the case of barred galaxies,
MBH may be overestimated when the bar is not modeled.
An exploration of the magnitude of the effect of the GH

parameterization on the final MBH constraints is beyond the
scope of this paper, but future studies that examine other
parameterization choices will shed additional light on this
issue. An alternative method is to use the histograms or, more
generally, B-spline basis sets (D. Merritt 1997; K. Gebhardt
et al. 2000b; J. Falcón-Barroso & M. Martig 2021; K. Mehrgan
et al. 2023; D. Gasymov & I. Katkov 2024) for LOSVDs, but
in that case finding an optimized smoothing factor is important
because oversmoothing will return a pure Gaussian function.
Moreover, in this case, the errors in different velocity moments
are not independent, and their full correlation matrix should
ideally be incorporated into the models. Another potential
technique was explored by R. C. W. Houghton et al. (2006),
who used “eigen-velocity profiles” to represent the non-
Gaussian LOSVDs in NGC 1399, which has a decoupled core.
However, it remains to be seen if this technique could be used
for modeling galaxies like MCG–06-30-15.
To constrain the larger-scale stellar kinematics, and have a

better understanding of the wider-field stellar population and
the DM halo, it is generally recommended to also include
kinematic measurements from a larger FOV. S. I. Raimundo
et al. (2017) obtained H- and K-band spectroscopic data from
SINFONI covering the central 8″ × 8″ to investigate the AGN
fueling in MCG–06-30-15. They found MBH� 6 × 107M⊙
using the Jeans anisotropic modeling method, which is
consistent with our measurement of the black hole mass using
the Schwarzschild orbit-superposition method. We explored
the possibility of including these wider-FOV observations in
our modeling. However, due to the limited S/N of the data set,
we were not able to construct models that provided a reliable
constraint for MBH, and ultimately we did not include these
data in our analysis.
Lastly, the MBH constraints from our modeling also linearly

depend on the distance to the galaxy. Unfortunately, no
reliable distance to MCG–06-30-15 has been ascertained to
date. Based on the Extragalactic Distance Database (EDD)12
by R. B. Tully et al. (2009), the average distance to the galaxy
group of MCG–06-30-15 is 25.5 ± 3.5 Mpc (R. B. Tully
et al. 2013), which is the value we adopt in this work.
However, only two out of five members in this group of
galaxies have their distances measured from methods other

than their redshift, and the distances are D = 18 Mpc and
D = 38 Mpc. This large range of potential distances for MCG–
06-30-15 changes our models quite significantly, and thereby
our constraint on MBH. The first row in Figure 7 shows how
the black hole mass and the M/L values depend on the
assumed distance to the galaxy. The dynamicalMBH is directly
proportional to the distance to the source, while the mass-to-
light ratio is inversely proportional. While the distance is
currently not well constrained, a much smaller distance would
be required to completely account for the discrepancy between
the SD mass we present here and the RM mass. The
uncertainty on the distance could reasonably be expected to
impact the MBH measurement by up to a factor of ∼2.
Additionally, we note that RM is based on light-travel time,
which constrains physical distances rather than angular
distances, and therefore does not depend on the adoption of
a specific value for the distance to the source.
Efforts to more accurately constrain the distance to this

galaxy are underway. The redshift, z = 0.00775 (with
corresponding luminosity distance DL = 32.5 Mpc) is too
low to provide a reliable distance using Hubble’s law because
the recession velocity of this galaxy may be strongly affected
by gravitational interactions with its neighbors (R. B. Tully
et al. 2008, 2013). There is no major star-forming region in
MCG–06-30-15, making it a poor candidate for a Cepheid-
based distance measurement. It is also not likely to be within
the distance limit (D� 20 Mpc; S. Sakai et al. 1996;
W. L. Freedman et al. 2019) for the tip of the red giant
branch method. The strong dust lane also eliminates the
possibility of using the surface-brightness fluctuations techni-
que (J. L. Tonry et al. 1997).
One technique that may be appropriate for measuring an

accurate distance to MCG–06-30-15 is the R. B. Tully &
J. R. Fisher (1977) technique. J. H. Robinson et al. (2019)
detected a tentative H I 21 cm signal at the 3σ level using the
100 m Green Bank Telescope (GBT), but the S/N was too low
to constrain a distance. We are following up with deeper GBT
spectroscopy of this galaxy to better characterize the integrated
H I 21 cm emission from the galaxy with the intent of
determining a stronger distance constraint for MCG–06-30-
15, and therefore a more accurate black hole mass.
In conclusion, we identified a few different sources that may

contribute to the discrepancy of MBH in MCG–06-30-15 from
RM and SD modeling. It is not yet clear if any one of these
factors alone is sufficient to overcome the overall discrepancy
between the two mass measurement methods, and the
magnitude of the effect has not been quantified for all of
these factors. A more accurate distance may shift the
dynamical mass by up to 50%, whereas the uncertainty from
the inclination angle has only a modest effect. However, the
magnitude of the effect on the black hole mass resulting from a
poor parameterization of the underlying stellar kinematics,
which we suspect could be an issue for this galaxy, has not yet
been investigated. Further work is necessary to accurately
quantify the relative contributions from these different sources
of uncertainty and potentially resolve the discrepancy in the
black hole mass measurements for this galaxy.

8. Summary

We present the first black hole mass from SD modeling in
MCG–06-30-15 using the Schwarzschild orbit-superposition
technique. For this work, we acquired the highest-resolution12 EDD can be accessed at https://edd.ifa.hawaii.edu.
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adaptive-optics-assisted, spatially resolved K-band spectroscopy
of this galaxy using SINFONI on the VLT. The stellar
kinematics were derived by fitting the CO absorption bands in
the spectra, and the LOSVDs were parameterized by GH
polynomials. A three-component surface-brightness profile of
the galaxy was derived by fitting a HST medium-band V image.
We used the open-source code FORSTAND to construct
dynamical models that allowed the investigation of different
shapes for the components of the galaxy. We constructed and
compared dynamical models exploring a range of values for
different parameters, i.e., stellar M/L, distance, flattening of
galaxy components, etc. From the best-fit models, we
determined the black hole mass MBH = (4.4 ± 1.4) × 107M⊙
and a V-band M/L = (3.0 ± 0.3)M⊙/L⊙ for MCG–06-30-15
within 1σ confidence level. This MBH constraint for MCG–06-
30-15 is consistent with the upper limit suggested by S. I. Rai-
mundo et al. (2017). However, our measurement of MBH is at
least a factor of 10 greater than the reported black hole mass
from RM (M. C. Bentz et al. 2016).
The discrepancy between the masses from these two

different methods may partially arise from the uncertainty in
the distance to the galaxy. Furthermore, the dynamical mass is
potentially biased high because of the presence of a counter-
rotating disk in MCG–06-30-15, which may not be well
described by the typical method of parameterizing stellar
kinematics with GH polynomials. Future efforts to more
accurately extract the LOSVDs from the spectra using
different mathematical parameterizations will help assess the
magnitude of this effect on the reported mass. A more reliable
distance measurement and upcoming velocity-resolved RM
analysis for MCG–06-30-15 will also help to shed light on the
differences in the reported masses for this galaxy.
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Appendix
Velocity-resolved Reverberation Mapping Analysis

Forward modeling of the velocity-resolved reverberation
response in spectroscopic monitoring data is one method for
providing a more accurate reverberation-based mass. This
method is analogous to dynamical modeling of stellar or gas
kinematics, relying on a framework of self-consistent models
working in time delay and velocity space to explore possible
geometries and kinematics of the broad-line emitting gas that
is deep within the potential well of an actively accreting
SMBH. Velocity-resolved modeling of RM data directly
constrains MBH along with the detailed BLR motions and
structure, thus avoiding the adoption of a scale factor.
Following the procedures outlined in detail by M. C. Bentz

et al. (2021, 2023a), we used the velocity-resolved modeling
code CARAMEL (A. Pancoast et al. 2011, 2014a) to investigate
the potential for the existing RM data for MCG–06-30-15 to
provide additional insight into the details of the BLR, and thus
the black hole mass. The models were able to recover the
typical time delay— = +6.63mean 2.41

2.10 days compared to
5.3 ± 1.8 days as reported by M. C. Bentz et al. (2016)—
but the limited time duration of the monitoring campaign and
relatively low amplitude of variations in the data set resulted in
only modest constraints for many other parameters.
In Figure 8, we show the posterior probability distributions

forMBH, τmean, and the BLR inclination, θi. We note that, even
with the modest constraints available, the models disfavor
black hole masses ≳107M⊙ as well as broad-line inclina-
tions ≲15°.
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Figure 8. Posterior probability distributions for several parameters of the
velocity-resolved reverberation models: MBH, mean time delay τmean, and
BLR inclination to our line of sight θi.

13

The Astrophysical Journal, 993:11 (15pp), 2025 November 1 Das et al.



ORCID iDs

Nabanita Dasaa https://orcid.org/0000-0002-6870-6144
Misty C. Bentzaa https://orcid.org/0000-0002-2816-5398
Eugene Vasilievaa https://orcid.org/0000-0002-5038-9267
Monica Valluriaa https://orcid.org/0000-0002-6257-2341
Christopher A. Onkenaa https://orcid.org/0000-0003-
0017-349X
Sandra. I. Raimundoaa https://orcid.org/0000-0002-
6248-398X
Marianne Vestergaardaa https://orcid.org/0000-0001-
9191-9837

References

Arévalo, P., Papadakis, I., Kuhlbrodt, B., & Brinkmann, W. 2005, A&A,
430, 435

Barth, A. J., Boizelle, B. D., Darling, J., et al. 2016, ApJL, 822, L28
Behroozi, P., Wechsler, R. H., Hearin, A. P., & Conroy, C. 2019, MNRAS,
488, 3143

Bell, E. F., & de Jong, R. S. 2001, ApJ, 550, 212
Bentz, M. C., Cackett, E. M., Crenshaw, D. M., et al. 2016, ApJ, 830, 136
Bentz, M. C., Denney, K. D., Cackett, E. M., et al. 2006, ApJ, 651, 775
Bentz, M. C., Horne, K., Barth, A. J., et al. 2010, ApJL, 720, L46
Bentz, M. C., Horenstein, D., Bazhaw, C., et al. 2014, ApJ, 796, 8
Bentz, M. C., & Manne-Nicholas, E. 2018, ApJ, 864, 146
Bentz, M. C., Markham, M., Rosborough, S., et al. 2023a, ApJ, 959, 25
Bentz, M. C., Onken, C. A., Street, R., & Valluri, M. 2023b, ApJ, 944, 29
Bentz, M. C., Williams, P. R., Street, R., et al. 2021, ApJ, 920, 112
Bentz, M. C., Williams, P. R., & Treu, T. 2022, ApJ, 934, 168
Blandford, R. D., & McKee, C. F. 1982, ApJ, 255, 419
Boisson, C., Coupé, S., Cuby, J. G., Joly, M., & Ward, M. J. 2002, A&A,
396, 489

Boizelle, B. D., Barth, A. J., Walsh, J. L., et al. 2019, ApJ, 881, 10
Bonnet, H., Abuter, R., Baker, A., et al. 2004, Msngr, 117, 17
Brotherton, M. S., Du, P., Xiao, M., et al. 2020, ApJ, 905, 77
Brown, J. S., Valluri, M., Shen, J., & Debattista, V. P. 2013, ApJ, 778, 151
Cackett, E. M., Bentz, M. C., & Kara, E. 2021, iSci, 24, 102557
Camps, P., & Baes, M. 2015, A&C, 9, 20
Cappellari, M. 2008, MNRAS, 390, 71
Cappellari, M. 2017, MNRAS, 466, 798
Cappellari, M., & Copin, Y. 2003, MNRAS, 342, 345
Cappellari, M., & Emsellem, E. 2004, PASP, 116, 138
Cappellari, M., Neumayer, N., Reunanen, J., et al. 2009, MNRAS, 394, 660
Castangia, P., Surcis, G., Tarchi, A., et al. 2019, A&A, 629, A25
Chiang, C.-Y., & Fabian, A. C. 2011, MNRAS, 414, 2345
Crenshaw, D. M., & Kraemer, S. B. 2012, ApJ, 753, 75
Davies, R. I., Thomas, J., Genzel, R., et al. 2006, ApJ, 646, 754
de Isídio, N. G., Menéndez-Delmestre, K., Gonçalves, T. S., et al. 2024, ApJ,
971, 69

De Rosa, G., Fausnaugh, M. M., Grier, C. J., et al. 2018, ApJ, 866, 133
den Brok, M., Seth, A. C., Barth, A. J., et al. 2015, ApJ, 809, 101
Denney, K. D., Peterson, B. M., Pogge, R. W., et al. 2010, ApJ, 721, 715
Dutton, A. A., & Macciò, A. V. 2014, MNRAS, 441, 3359
Eisenhauer, F., Abuter, R., Bickert, K., et al. 2003, Proc. SPIE, 4841, 1548
Emmanoulopoulos, D., McHardy, I. M., & Papadakis, I. E. 2011, MNRAS,
416, L94

Event Horizon Telescope Collaboration, Akiyama, K., Alberdi, A., et al. 2019,
ApJL, 875, L6

Fabian, A. C. 2012, ARA&A, 50, 455
Falcón-Barroso, J., & Martig, M. 2021, A&A, 646, A31
Favaro, J., Courteau, S., Comerón, S., & Stone, C. 2025, ApJ, 978, 63
Ferrarese, L., & Merritt, D. 2000, ApJL, 539, L9
Freedman, W. L., Madore, B. F., Hatt, D., et al. 2019, ApJ, 882, 34
Freudling, W., Romaniello, M., Bramich, D. M., et al. 2013, A&A, 559, A96
García-Lorenzo, B., Márquez, I., Barrera-Ballesteros, J. K., et al. 2015, A&A,
573, A59

Gasymov, D., & Katkov, I. 2024, in ASP Conf. Ser. 535, Astromical Data
Analysis Software and Systems XXXI, ed. B. V. Hugo, R. Van Rooyen, &
O. M. Smirnov (San Francisco, CA: ASP), 279

Gebhardt, K., Adams, J., Richstone, D., et al. 2011, ApJ, 729, 119
Gebhardt, K., Bender, R., Bower, G., et al. 2000a, ApJL, 539, L13
Gebhardt, K., Richstone, D., Kormendy, J., et al. 2000b, AJ, 119, 1157

Genzel, R., Pichon, C., Eckart, A., Gerhard, O. E., & Ott, T. 2000, MNRAS,
317, 348

Gerhard, O. E. 1993, MNRAS, 265, 213
Ghez, A. M., Morris, M., Becklin, E. E., Tanner, A., & Kremenek, T. 2000,
Natur, 407, 349

Ghosh, S. G., & Afrin, M. 2023, ApJ, 944, 174
GRAVITY Collaboration, Abuter, R., Aimar, N., et al. 2022, A&A, 657, L12
Greene, J. E., Seth, A., Kim, M., et al. 2016, ApJL, 826, L32
Greenhill, L. J., Tilak, A., & Madejski, G. 2008, ApJL, 686, L13
Grier, C. J., Martini, P., Watson, L. C., et al. 2013, ApJ, 773, 90
Grier, C. J., Pancoast, A., Barth, A. J., et al. 2017, ApJ, 849, 146
Gültekin, K., Tremaine, S., Loeb, A., & Richstone, D. O. 2011, ApJ,
738, 17

Haghi, H., Khalaj, P., Zonoozi, A. H., & Kroupa, P. 2017, ApJ, 839, 60
Hamilton, T. S. 2014, AAS Meeting, 223, 145.02
Herrnstein, J. R., Moran, J. M., Greenhill, L. J., & Trotter, A. S. 2005, ApJ,
629, 719

Horne, K., Welsh, W. F., & Peterson, B. M. 1991, ApJL, 367, L5
Houghton, R. C. W., Magorrian, J., Sarzi, M., et al. 2006, MNRAS, 367, 2
Hubble, E. P. 1925, Obs, 48, 139
Humphreys, E. M. L., Reid, M. J., Moran, J. M., Greenhill, L. J., &
Argon, A. L. 2013, ApJ, 775, 13

Jeter, B., Broderick, A. E., & McNamara, B. R. 2019, ApJ, 882, 82
Kara, E., Fabian, A. C., Marinucci, A., et al. 2014, MNRAS, 445, 56
Kausch, W., Noll, S., Smette, A., et al. 2015, A&A, 576, A78
Kautsch, S. J., Grebel, E. K., Barazza, F. D., & Gallagher, J. S. 2006, A&A,
445, 765

Kleijn, G. A. V., van der Marel, R. P., & Noel-Storr, J. 2006, AJ, 131, 1961
Kormendy, J., & Ho, L. C. 2013, ARA&A, 51, 511
Kormendy, J., & Richstone, D. 1995, ARA&A, 33, 581
Krajnović, D., Cappellari, M., de Zeeuw, P. T., & Copin, Y. 2006, MNRAS,
366, 787

Liepold, E. R., Ma, C.-P., & Walsh, J. L. 2023, ApJL, 945, L35
Lipka, M., & Thomas, J. 2021, MNRAS, 504, 4599
Macchetto, F., Marconi, A., Axon, D. J., et al. 1997, ApJ, 489, 579
Magorrian, J., Tremaine, S., Richstone, D., et al. 1998, AJ, 115, 2285
Marinucci, A., Matt, G., Miniutti, G., et al. 2014, ApJ, 787, 83
McHardy, I. M., Gunn, K. F., Uttley, P., & Goad, M. R. 2005, MNRAS,
359, 1469

McMahon, R. G., Banerji, M., Gonzalez, E., et al. 2013, Msngr, 154, 35
Mehrgan, K., Thomas, J., Saglia, R., Parikh, T., & Bender, R. 2023, ApJ,
948, 79

Merrell, K. A., Vasiliev, E., Bentz, M. C., Valluri, M., & Onken, C. A. 2023,
ApJ, 949, 13

Merritt, D. 1997, AJ, 114, 228
Miyoshi, M., Moran, J., Herrnstein, J., et al. 1995, Natur, 373, 127
Navarro, J. F., Frenk, C. S., & White, S. D. M. 1996, ApJ, 462, 563
Neufeld, D. A., Maloney, P. R., & Conger, S. 1994, ApJL, 436, L127
Onken, C. A., Valluri, M., Brown, J. S., et al. 2014, ApJ, 791, 37
Pancoast, A., Brewer, B. J., & Treu, T. 2011, ApJ, 730, 139
Pancoast, A., Brewer, B. J., & Treu, T. 2014a, MNRAS, 445, 3055
Pancoast, A., Brewer, B. J., Treu, T., et al. 2014b, MNRAS, 445, 3073
Panessa, F., Castangia, P., Malizia, A., et al. 2020, A&A, 641, A162
Peng, C. Y., Ho, L. C., Impey, C. D., & Rix, H.-W. 2002, AJ, 124, 266
Peng, C. Y., Ho, L. C., Impey, C. D., & Rix, H.-W. 2010, AJ, 139, 2097
Peterson, B. M. 1993, PASP, 105, 247
Raimundo, S. I., Davies, R. I., Canning, R. E. A., et al. 2017, MNRAS,
464, 4227

Raimundo, S. I., Davies, R. I., Gandhi, P., et al. 2013, MNRAS, 431, 2294
Roberts, C. A., Bentz, M. C., Vasiliev, E., Valluri, M., & Onken, C. A. 2021,
ApJ, 916, 25

Robinson, J. H., Bentz, M. C., Johnson, M. C., Courtois, H. M., &
Ou-Yang, B. 2019, ApJ, 880, 68

Rosenthal, M. J., & Zaw, I. 2020, MNRAS, 499, 1233
Rubin, V. C., Burley, J., Kiasatpoor, A., et al. 1962, AJ, 67, 491
Rubin, V. C., Ford, Jr., W. K., Thonnard, N., et al. 1978, ApJL, 225, L107
Saglia, R. P., Opitsch, M., Erwin, P., et al. 2016, ApJ, 818, 47
Sakai, S., Madore, B. F., & Freedman, W. L. 1996, ApJ, 461, 713
Schlafly, E. F., & Finkbeiner, D. P. 2011, ApJ, 737, 103
Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ, 500, 525
Schwarzschild, M. 1979, ApJ, 232, 236
Smette, A., Sana, H., Noll, S., et al. 2015, A&A, 576, A77
Tanaka, Y., Nandra, K., Fabian, A. C., et al. 1995, Natur, 375, 659
Thomas, J., Saglia, R. P., Bender, R., et al. 2007, MNRAS, 382, 657
Tonry, J. L., Blakeslee, J. P., Ajhar, E. A., & Dressler, A. 1997, ApJ, 475, 399
Tully, R. B., Courtois, H. M., Dolphin, A. E., et al. 2013, AJ, 146, 86

14

The Astrophysical Journal, 993:11 (15pp), 2025 November 1 Das et al.

https://orcid.org/0000-0002-6870-6144
https://orcid.org/0000-0002-2816-5398
https://orcid.org/0000-0002-5038-9267
https://orcid.org/0000-0002-6257-2341
https://orcid.org/0000-0003-0017-349X
https://orcid.org/0000-0003-0017-349X
https://orcid.org/0000-0002-6248-398X
https://orcid.org/0000-0002-6248-398X
https://orcid.org/0000-0001-9191-9837
https://orcid.org/0000-0001-9191-9837
https://doi.org/10.1051/0004-6361:20041801
https://ui.adsabs.harvard.edu/abs/2005A&A...430..435A/abstract
https://ui.adsabs.harvard.edu/abs/2005A&A...430..435A/abstract
https://doi.org/10.3847/2041-8205/822/2/L28
https://ui.adsabs.harvard.edu/abs/2016ApJ...822L..28B/abstract
https://doi.org/10.1093/mnras/stz1182
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.3143B/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.3143B/abstract
https://doi.org/10.1086/319728
https://ui.adsabs.harvard.edu/abs/2001ApJ...550..212B/abstract
https://doi.org/10.3847/0004-637X/830/2/136
https://ui.adsabs.harvard.edu/abs/2016ApJ...830..136B/abstract
https://doi.org/10.1086/507417
https://ui.adsabs.harvard.edu/abs/2006ApJ...651..775B/abstract
https://doi.org/10.1088/2041-8205/720/1/L46
https://ui.adsabs.harvard.edu/abs/2010ApJ...720L..46B/abstract
https://doi.org/10.1088/0004-637X/796/1/8
https://ui.adsabs.harvard.edu/abs/2014ApJ...796....8B/abstract
https://doi.org/10.3847/1538-4357/aad808
https://ui.adsabs.harvard.edu/abs/2018ApJ...864..146B/abstract
https://doi.org/10.3847/1538-4357/ad08b8
https://ui.adsabs.harvard.edu/abs/2023ApJ...959...25B/abstract
https://doi.org/10.3847/1538-4357/acab62
https://ui.adsabs.harvard.edu/abs/2023ApJ...944...29B/abstract
https://doi.org/10.3847/1538-4357/ac19af
https://ui.adsabs.harvard.edu/abs/2021ApJ...920..112B/abstract
https://doi.org/10.3847/1538-4357/ac7c0a
https://ui.adsabs.harvard.edu/abs/2022ApJ...934..168B/abstract
https://doi.org/10.1086/159843
https://ui.adsabs.harvard.edu/abs/1982ApJ...255..419B/abstract
https://doi.org/10.1051/0004-6361:20021449
https://ui.adsabs.harvard.edu/abs/2002A&A...396..489B/abstract
https://ui.adsabs.harvard.edu/abs/2002A&A...396..489B/abstract
https://doi.org/10.3847/1538-4357/ab2a0a
https://ui.adsabs.harvard.edu/abs/2019ApJ...881...10B/abstract
https://ui.adsabs.harvard.edu/abs/2004Msngr.117...17B/abstract
https://doi.org/10.3847/1538-4357/abc2d2
https://ui.adsabs.harvard.edu/abs/2020ApJ...905...77B/abstract
https://doi.org/10.1088/0004-637X/778/2/151
https://ui.adsabs.harvard.edu/abs/2013ApJ...778..151B/abstract
https://doi.org/10.1016/j.isci.2021.102557
https://ui.adsabs.harvard.edu/abs/2021iSci...24j2557C/abstract
https://doi.org/10.1016/j.ascom.2014.10.004
https://ui.adsabs.harvard.edu/abs/2015A&C.....9...20C/abstract
https://doi.org/10.1111/j.1365-2966.2008.13754.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.390...71C/abstract
https://doi.org/10.1093/mnras/stw3020
https://ui.adsabs.harvard.edu/abs/2017MNRAS.466..798C/abstract
https://doi.org/10.1046/j.1365-8711.2003.06541.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.342..345C/abstract
https://doi.org/10.1086/381875
https://ui.adsabs.harvard.edu/abs/2004PASP..116..138C/abstract
https://doi.org/10.1111/j.1365-2966.2008.14377.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.394..660C/abstract
https://doi.org/10.1051/0004-6361/201935421
https://ui.adsabs.harvard.edu/abs/2019A&A...629A..25C/abstract
https://doi.org/10.1111/j.1365-2966.2011.18553.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.414.2345C/abstract
https://doi.org/10.1088/0004-637X/753/1/75
https://ui.adsabs.harvard.edu/abs/2012ApJ...753...75C/abstract
https://doi.org/10.1086/504963
https://ui.adsabs.harvard.edu/abs/2006ApJ...646..754D/abstract
https://doi.org/10.3847/1538-4357/ad53c8
https://ui.adsabs.harvard.edu/abs/2024ApJ...971...69D/abstract
https://ui.adsabs.harvard.edu/abs/2024ApJ...971...69D/abstract
https://doi.org/10.3847/1538-4357/aadd11
https://ui.adsabs.harvard.edu/abs/2018ApJ...866..133D/abstract
https://doi.org/10.1088/0004-637X/809/1/101
https://ui.adsabs.harvard.edu/abs/2015ApJ...809..101D/abstract
https://doi.org/10.1088/0004-637X/721/1/715
https://ui.adsabs.harvard.edu/abs/2010ApJ...721..715D/abstract
https://doi.org/10.1093/mnras/stu742
https://ui.adsabs.harvard.edu/abs/2014MNRAS.441.3359D/abstract
https://doi.org/10.1117/12.459468
https://ui.adsabs.harvard.edu/abs/2003SPIE.4841.1548E/abstract
https://doi.org/10.1111/j.1745-3933.2011.01106.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.416L..94E/abstract
https://ui.adsabs.harvard.edu/abs/2011MNRAS.416L..94E/abstract
https://doi.org/10.3847/2041-8213/ab1141
https://ui.adsabs.harvard.edu/abs/2019ApJ...875L...6E/abstract
https://doi.org/10.1146/annurev-astro-081811-125521
https://ui.adsabs.harvard.edu/abs/2012ARA&A..50..455F/abstract
https://doi.org/10.1051/0004-6361/202039624
https://ui.adsabs.harvard.edu/abs/2021A&A...646A..31F/abstract
https://doi.org/10.3847/1538-4357/ad932e
https://ui.adsabs.harvard.edu/abs/2025ApJ...978...63F/abstract
https://doi.org/10.1086/312838
https://ui.adsabs.harvard.edu/abs/2000ApJ...539L...9F/abstract
https://doi.org/10.3847/1538-4357/ab2f73
https://ui.adsabs.harvard.edu/abs/2019ApJ...882...34F/abstract
https://doi.org/10.1051/0004-6361/201322494
https://ui.adsabs.harvard.edu/abs/2013A&A...559A..96F/abstract
https://doi.org/10.1051/0004-6361/201423485
https://ui.adsabs.harvard.edu/abs/2015A&A...573A..59G/abstract
https://ui.adsabs.harvard.edu/abs/2015A&A...573A..59G/abstract
https://ui.adsabs.harvard.edu/abs/2024ASPC..535..279G/abstract
https://doi.org/10.1088/0004-637X/729/2/119
https://ui.adsabs.harvard.edu/abs/2011ApJ...729..119G/abstract
https://doi.org/10.1086/312840
https://ui.adsabs.harvard.edu/abs/2000ApJ...539L..13G/abstract
https://doi.org/10.1086/301240
https://ui.adsabs.harvard.edu/abs/2000AJ....119.1157G/abstract
https://doi.org/10.1046/j.1365-8711.2000.03582.x
https://ui.adsabs.harvard.edu/abs/2000MNRAS.317..348G/abstract
https://ui.adsabs.harvard.edu/abs/2000MNRAS.317..348G/abstract
https://doi.org/10.1093/mnras/265.1.213
https://ui.adsabs.harvard.edu/abs/1993MNRAS.265..213G/abstract
https://doi.org/10.1038/407349a
https://ui.adsabs.harvard.edu/abs/2000Natur.407..349G/abstract
https://doi.org/10.3847/1538-4357/acb695
https://ui.adsabs.harvard.edu/abs/2023ApJ...944..174G/abstract
https://doi.org/10.1051/0004-6361/202142465
https://ui.adsabs.harvard.edu/abs/2022A&A...657L..12G/abstract
https://doi.org/10.3847/2041-8205/826/2/L32
https://ui.adsabs.harvard.edu/abs/2016ApJ...826L..32G/abstract
https://doi.org/10.1086/592782
https://ui.adsabs.harvard.edu/abs/2008ApJ...686L..13G/abstract
https://doi.org/10.1088/0004-637X/773/2/90
https://ui.adsabs.harvard.edu/abs/2013ApJ...773...90G/abstract
https://doi.org/10.3847/1538-4357/aa901b
https://ui.adsabs.harvard.edu/abs/2017ApJ...849..146G/abstract
https://doi.org/10.1088/0004-637X/738/1/17
https://ui.adsabs.harvard.edu/abs/2022A&A...657L..12G/abstract
https://ui.adsabs.harvard.edu/abs/2022A&A...657L..12G/abstract
https://doi.org/10.3847/1538-4357/aa6719
https://ui.adsabs.harvard.edu/abs/2017ApJ...839...60H/abstract
https://ui.adsabs.harvard.edu/abs/2014AAS...22314502H/abstract
https://doi.org/10.1086/431421
https://ui.adsabs.harvard.edu/abs/2005ApJ...629..719H/abstract
https://ui.adsabs.harvard.edu/abs/2005ApJ...629..719H/abstract
https://doi.org/10.1086/185919
https://ui.adsabs.harvard.edu/abs/1991ApJ...367L...5H/abstract
https://doi.org/10.1111/j.1365-2966.2005.09713.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.367....2H/abstract
https://ui.adsabs.harvard.edu/abs/1925Obs....48..139H/abstract
https://doi.org/10.1088/0004-637X/775/1/13
https://ui.adsabs.harvard.edu/abs/2013ApJ...775...13H/abstract
https://doi.org/10.3847/1538-4357/ab3221
https://ui.adsabs.harvard.edu/abs/2019ApJ...882...82J/abstract
https://doi.org/10.1093/mnras/stu1750
https://ui.adsabs.harvard.edu/abs/2014MNRAS.445...56K/abstract
https://doi.org/10.1051/0004-6361/201423909
https://ui.adsabs.harvard.edu/abs/2015A&A...576A..78K/abstract
https://doi.org/10.1051/0004-6361:20053981
https://ui.adsabs.harvard.edu/abs/2006A&A...445..765K/abstract
https://ui.adsabs.harvard.edu/abs/2006A&A...445..765K/abstract
https://doi.org/10.1086/500973
https://ui.adsabs.harvard.edu/abs/2006AJ....131.1961V/abstract
https://doi.org/10.1146/annurev-astro-082708-101811
https://ui.adsabs.harvard.edu/abs/2013ARA&A..51..511K/abstract
https://doi.org/10.1146/annurev.aa.33.090195.003053
https://ui.adsabs.harvard.edu/abs/1995ARA&A..33..581K/abstract
https://doi.org/10.1111/j.1365-2966.2005.09902.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.366..787K/abstract
https://ui.adsabs.harvard.edu/abs/2006MNRAS.366..787K/abstract
https://doi.org/10.3847/2041-8213/acbbcf
https://ui.adsabs.harvard.edu/abs/2023ApJ...945L..35L/abstract
https://doi.org/10.1093/mnras/stab1092
https://ui.adsabs.harvard.edu/abs/2021MNRAS.504.4599L/abstract
https://doi.org/10.1086/304823
https://ui.adsabs.harvard.edu/abs/1997ApJ...489..579M/abstract
https://doi.org/10.1086/300353
https://ui.adsabs.harvard.edu/abs/1998AJ....115.2285M/abstract
https://doi.org/10.1088/0004-637X/787/1/83
https://ui.adsabs.harvard.edu/abs/2014ApJ...787...83M/abstract
https://doi.org/10.1111/j.1365-2966.2005.08992.x
https://ui.adsabs.harvard.edu/abs/2005MNRAS.359.1469M/abstract
https://ui.adsabs.harvard.edu/abs/2005MNRAS.359.1469M/abstract
https://ui.adsabs.harvard.edu/abs/2013Msngr.154...35M/abstract
https://doi.org/10.3847/1538-4357/acbf2e
https://ui.adsabs.harvard.edu/abs/2023ApJ...948...79M/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...948...79M/abstract
https://doi.org/10.3847/1538-4357/acc4bc
https://ui.adsabs.harvard.edu/abs/2023ApJ...949...13M/abstract
https://doi.org/10.1086/118467
https://ui.adsabs.harvard.edu/abs/1997AJ....114..228M/abstract
https://doi.org/10.1038/373127a0
https://ui.adsabs.harvard.edu/abs/1995Natur.373..127M/abstract
https://doi.org/10.1086/177173
https://ui.adsabs.harvard.edu/abs/1996ApJ...462..563N/abstract
https://doi.org/10.1086/187649
https://ui.adsabs.harvard.edu/abs/1994ApJ...436L.127N/abstract
https://doi.org/10.1088/0004-637X/791/1/37
https://ui.adsabs.harvard.edu/abs/2014ApJ...791...37O/abstract
https://doi.org/10.1088/0004-637X/730/2/139
https://ui.adsabs.harvard.edu/abs/2011ApJ...730..139P/abstract
https://doi.org/10.1093/mnras/stu1809
https://ui.adsabs.harvard.edu/abs/2014MNRAS.445.3055P/abstract
https://doi.org/10.1093/mnras/stu1419
https://ui.adsabs.harvard.edu/abs/2014MNRAS.445.3073P/abstract
https://doi.org/10.1051/0004-6361/201937407
https://ui.adsabs.harvard.edu/abs/2020A&A...641A.162P/abstract
https://doi.org/10.1086/340952
https://ui.adsabs.harvard.edu/abs/2002AJ....124..266P/abstract
https://doi.org/10.1088/0004-6256/139/6/2097
https://ui.adsabs.harvard.edu/abs/2010AJ....139.2097P/abstract
https://doi.org/10.1086/133140
https://ui.adsabs.harvard.edu/abs/1993PASP..105..247P/abstract
https://doi.org/10.1093/mnras/stw2635
https://ui.adsabs.harvard.edu/abs/2017MNRAS.464.4227R/abstract
https://ui.adsabs.harvard.edu/abs/2017MNRAS.464.4227R/abstract
https://doi.org/10.1093/mnras/stt327
https://ui.adsabs.harvard.edu/abs/2013MNRAS.431.2294R/abstract
https://doi.org/10.3847/1538-4357/ac05b6
https://ui.adsabs.harvard.edu/abs/2021ApJ...916...25R/abstract
https://doi.org/10.3847/1538-4357/ab29f9
https://ui.adsabs.harvard.edu/abs/2019ApJ...880...68R/abstract
https://doi.org/10.1093/mnras/staa2730
https://ui.adsabs.harvard.edu/abs/2020MNRAS.499.1233R/abstract
https://doi.org/10.1086/108758
https://ui.adsabs.harvard.edu/abs/1962AJ.....67..491R/abstract
https://doi.org/10.1086/182804
https://ui.adsabs.harvard.edu/abs/1978ApJ...225L.107R/abstract
https://doi.org/10.3847/0004-637X/818/1/47
https://ui.adsabs.harvard.edu/abs/2016ApJ...818...47S/abstract
https://doi.org/10.1086/177096
https://ui.adsabs.harvard.edu/abs/1996ApJ...461..713S/abstract
https://doi.org/10.1088/0004-637X/737/2/103
https://ui.adsabs.harvard.edu/abs/2011ApJ...737..103S/abstract
https://doi.org/10.1086/305772
https://ui.adsabs.harvard.edu/abs/1998ApJ...500..525S/abstract
https://doi.org/10.1086/157282
https://ui.adsabs.harvard.edu/abs/1979ApJ...232..236S/abstract
https://doi.org/10.1051/0004-6361/201423932
https://ui.adsabs.harvard.edu/abs/2015A&A...576A..77S/abstract
https://doi.org/10.1038/375659a0
https://ui.adsabs.harvard.edu/abs/1995Natur.375..659T/abstract
https://doi.org/10.1111/j.1365-2966.2007.12434.x
https://ui.adsabs.harvard.edu/abs/2007MNRAS.382..657T/abstract
https://doi.org/10.1086/303576
https://ui.adsabs.harvard.edu/abs/1997ApJ...475..399T/abstract
https://doi.org/10.1088/0004-6256/146/4/86
https://ui.adsabs.harvard.edu/abs/2013AJ....146...86T/abstract


Tully, R. B., & Fisher, J. R. 1977, A&A, 54, 661
Tully, R. B., & Pierce, M. J. 2000, ApJ, 533, 744
Tully, R. B., Rizzi, L., Shaya, E. J., et al. 2009, AJ, 138, 323
Tully, R. B., Shaya, E. J., Karachentsev, I. D., et al. 2008, ApJ, 676, 184
Valluri, M., Merritt, D., & Emsellem, E. 2004, ApJ, 602, 66
Valsecchi, F., Glebbeek, E., Farr, W. M.,, et al. 2010, in AIP Conf. Ser. 1314,
Int. Conf. on Binaries: In Celebration of Ron Webbink’s 65th Birthday, ed.
V. Kalogera & M. van der Sluys (Melville, NY: AIP), 285

van der Marel, R. P., Cretton, N., de Zeeuw, P. T., & Rix, H.-W. 1998, ApJ,
493, 613

van der Marel, R. P., & Franx, M. 1993, ApJ, 407, 525
Vasiliev, E. 2019, MNRAS, 482, 1525
Vasiliev, E., & Valluri, M. 2020, ApJ, 889, 39
Villafaña, L., Williams, P. R., Treu, T., et al. 2023, ApJ, 948, 95
Walsh, J. L., Barth, A. J., Ho, L. C., & Sarzi, M. 2013, ApJ, 770, 86
Winge, C., Riffel, R. A., & Storchi-Bergmann, T. 2009, ApJS, 185, 186
Zhang, J. S., Henkel, C., Guo, Q., Wang, H. G., & Fan, J. H. 2010, ApJ,
708, 1528

Zhang, J. S., Henkel, C., Kadler, M., et al. 2006, A&A, 450, 933
Zhu, K., Lu, S., Cappellari, M., et al. 2023, MNRAS, 522, 6326

15

The Astrophysical Journal, 993:11 (15pp), 2025 November 1 Das et al.

https://ui.adsabs.harvard.edu/abs/1977A&A....54..661T/abstract
https://doi.org/10.1086/308700
https://ui.adsabs.harvard.edu/abs/2000ApJ...533..744T/abstract
https://doi.org/10.1088/0004-6256/138/2/323
https://ui.adsabs.harvard.edu/abs/2009AJ....138..323T/abstract
https://doi.org/10.1086/527428
https://ui.adsabs.harvard.edu/abs/2008ApJ...676..184T/abstract
https://doi.org/10.1086/380896
https://ui.adsabs.harvard.edu/abs/2004ApJ...602...66V/abstract
https://ui.adsabs.harvard.edu/abs/2010AIPC.1314..285V/abstract
https://doi.org/10.1086/305147
https://ui.adsabs.harvard.edu/abs/1998ApJ...493..613V/abstract
https://ui.adsabs.harvard.edu/abs/1998ApJ...493..613V/abstract
https://doi.org/10.1086/172534
https://ui.adsabs.harvard.edu/abs/1993ApJ...407..525V/abstract
https://doi.org/10.1093/mnras/sty2672
https://ui.adsabs.harvard.edu/abs/2019MNRAS.482.1525V/abstract
https://doi.org/10.3847/1538-4357/ab5fe0
https://ui.adsabs.harvard.edu/abs/2020ApJ...889...39V/abstract
https://doi.org/10.3847/1538-4357/accc84
https://ui.adsabs.harvard.edu/abs/2023ApJ...948...95V/abstract
https://doi.org/10.1088/0004-637X/770/2/86
https://ui.adsabs.harvard.edu/abs/2013ApJ...770...86W/abstract
https://doi.org/10.1088/0067-0049/185/1/186
https://ui.adsabs.harvard.edu/abs/2009ApJS..185..186W/abstract
https://doi.org/10.1088/0004-637X/708/2/1528
https://ui.adsabs.harvard.edu/abs/2010ApJ...708.1528Z/abstract
https://ui.adsabs.harvard.edu/abs/2010ApJ...708.1528Z/abstract
https://doi.org/10.1051/0004-6361:20054138
https://ui.adsabs.harvard.edu/abs/2006A&A...450..933Z/abstract
https://doi.org/10.1093/mnras/stad1299
https://ui.adsabs.harvard.edu/abs/2023MNRAS.522.6326Z/abstract

	1. Introduction
	2. Observations
	3. Kinematics
	4. Photometry
	4.1. Surface-brightness Decomposition
	4.2. Mass-to-light Ratio
	4.3. Galaxy Inclination

	5. Dynamical Modeling
	5.1. Nonvarying (Single-value) Inputs
	5.2. Varying Parameters

	6. Results
	7. Discussion
	7.1. Mass-to-light Ratio
	7.2. Black Hole Mass

	8. Summary
	Author Contributions
	Appendix. Velocity-resolved Reverberation Mapping Analysis
	References



