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1010, makes H15\—along with NGC 4889—the galaxy hosting the most massive

SMBHSs known in the local Universe. Both SMBHSs lie signi cantly above the mean Mgy—o scaling relation.
Repeating the orbit modeling with the axisymmetrized version of TriOS produces worse ts to the KCWI
kinematics and increases Mgy to (2.55+ 0.20) x 10*® M., which is still signi cantly below the
Mgy = (4.0% 0.8) x 10 M., reported in a prior axisymmetric study of H15A.
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1. Introduction

The central light pro les of stars in massive elliptical galaxies
have attened cores that differ signi cantly from the cuspy
centers of less massive elliptical galaxies and bulges of disk
galaxies. These stellar cores are a de ning feature of the most
massive elliptical galaxies (e.g., T. R. Lauer et al. 1995, 2005;
S. M. Faber et al. 1997), indicating a signi cant de cit of stars
relative to a standard Sérsic pro le. A possible mechanism for

attening the inner stellar distribution is three-body gravitational
scattering that repeatedly slingshots stars passing close to a black
hole binary to larger radii (e.g., M. C. Begelman et al. 1980;
J. Kormendy & R. Bender 2009; J. Thomas et al. 2014).

The stellar core size of a massive elliptical galaxy is correlated
with the mass of its central supermassive black hole (SMBH),
Mgn, and is a more robust estimator of Mgy for these galaxies
than the stellar velocity dispersion, o (e.g., T. R. Lauer et al.
2007; S. P. Rusli et al. 2013; J. Thomas et al. 2016). The Mgy—o
relation followed by lower-mass SMBHSs in bulge-dominated
galaxies (L. Ferrarese & D. Merritt 2000; K. Gebhardt et al.
2000) exhibits large scatter at o > 270 kms®* (e.g., T. R. Lauer
et al. 2007; N. J. McConnell & C.-P. Ma 2013; J. Kormendy &
R. Bender 2009), suggesting different evolutionary paths for the
most massive galaxies and their central SMBHSs. The stellar core
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size, on the other hand, correlates with Mgy to the highest
masses. Furthermore, the stellar core radius is also found to be
tightly correlated with the radius of the SMBH's gravitational
sphere of in uence (SOIl), rso), the location at which the
enclosed stellar mass equals Mgy: the best- t relation is
consistent with the two radii being equal, with a small intrinsic
scatter of 0.17 dex (J. Thomas et al. 2016).

In this paper, we study Holmberg 15A (H15A), a massive
elliptical galaxy rst cataloged in E. Holmberg (1937). H15A is
the brightest cluster galaxy (BCG) at the center of A85 at a
redshift of z= 0.0555. It is in the collection of 116 BCGs of
nearby Abell clusters in the two-color photometric study of
J. G. Hoessel et al. (1980). When the surface brightness pro les
of these galaxies are parameterized by a modi ed Hubble form,
I(R) I./(1 R%/R?), HI15A is found to have the largest
physical core radius of R.= 6.2 kpc (corrected to our adopted
Ho; J. G. Hoessel 1980). H15A is therefore a potential host for
an enormous SMBH and has been reported to harbor one with
Mgn = (4.0+ 0.8) x 10'° M, (K. Mehrgan et al. 2019).

Subsequent studies, however, have reported con icting core
sizes when a variety of functional forms is used to approximate
the surface brightness pro le of H15A. O. Ldpez-Cruz et al.
(2014) t the Nuker form (T. R. Lauer et al. 1995) to R-band
photometry from the Kitt Peak National Observatory and r-
band photometry from the Canada—France—Hawaii Telescope
(CFHT). For both data sets, they nd the core size to be well
parameterized by a radius of r, = 4.57 kpc (at which the local
logarithmic slope of the surface brightness is S1/2) and
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suggest that H15A is the host of a candidate SMBH with mass
as largeas 3 x 10™ M.. P. Bon ni et al. (2015), on the other
hand, nd the same CFHT light pro le to be well t by a Sérsic
pro le of a low-index n plus an exponential outer component
without the need for a core parameter. Using Gemini Multi
Object Spectrograph (GMOS) imaging data in better seeing
conditions, J. P. Madrid & C. J. Donzelli (2016) nd a similar
value of r,= 5.02kpc as O. Lopez-Cruz et al. (2014) for the
Nuker form, but a double Sérsic form provides a better overall

t. K. Mehrgan et al. (2019) nd r,= 4.11+ 0.11kpc from
their photometric data. When they instead t a three-component
model including a central core-Sérsic component, this comp-
onent has an index of n 1 and a break radius of r,= 2.8 kpc.

The core size debate in the literature aside, another indication of
the presence of an ultramassive SMBH at the center of H15A
comes from its exceptionally low central surface brightness and
stellar density. The surface brightness of H15A (see Section 3)
varies slowly in the central few arcseconds, with pn, 20.1 mag
arcsec™? between a radius of 0.5 and 2 . In comparison, the host
galaxies of two ultramassive SMBHs in the local Universe, both
with Mgy = (1.7-2) x 10 M, from stellar dynamical measure-
ments, have a central surface brightness of s, = 17.6 mag arcsec>?
(NGC 4889; N. J. McConnell et al. 2011) and = 17.8 mag
arcsec>? (NGC 1600; J. Thomas et al. 2016). In physical units, the
stellar surface density is = (1500-2000) L., pc>* at a radius of
1 kpc for NGC 1600 and NGC 4889, while it is 2= 320 L. pc>?
for H15A.

The low central surface brightness of H15A makes it
extremely challenging to obtain the high signal-to-noise ratio
(S/ N) spectroscopic data required to study its central SMBH.
To this end, we have conducted extensive spectroscopic
observations of H15A using the Keck Cosmic Web Imager
(KCWI) on the Keck Il Telescope in ve observational runs
from 2018 to 2021. The exquisite sensitivity of this instrument
enables us to coadd spectra for 313 contiguous spatial bins over
a 100 x 100 eld of view (FOV) of H15A. The central
8.25x 20 FOV is covered nely by 97 spatial bins with S/ N
above 130; the rest of the FOV is covered by 216 bins with
S/N  60. The full shape of the line-of-sight stellar velocity
distribution (LOSVD) is measured for each spectrum. Using
the resulting 2500 kinematic moments as constraints, we
perform triaxial Schwarzschild orbit modeling with the TriOS
code (M. E. Quenneville et al. 2022) to simultaneously
determine the black hole mass, the stellar mass-to-light ratio,
the dark matter halo mass, and the 3D intrinsic shape of H15A.

The Keck observations, KCWI data reduction, and stellar
kinematic measurements are described in Section 2. Photo-
metric properties of H15A based on archival data are presented
in Section 3. We summarize the triaxial orbit modeling method
and galaxy parameter search algorithm in Section 4.1, present
the best- t galaxy parameters in Section 4.2, and discuss the
scaling relations of Mgy and host galaxy properties in
Section 4.3. In Section 5, we perform detailed comparisons
with the prior dynamical study of the HI5A SMBH using the
Multi Unit Spectroscopic Explorer (MUSE) on the Very Large
Telescope (K. Mehrgan et al. 2019).

H15A's redshift, z= 0.0555, corresponds to an angular
diameter distance of 222.3 Mpc for a at ACDM cosmology
with Ho= 70 kms®*Mpc>! and Q= 0.31. An angular size
of 1 spans a physical size of 1.078 kpc at this distance.
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2. Stellar Kinematics from Keck KCWI Observations
2.1. KCWI Observations

We observed H15A using the KCWI (P. Morrissey et al.
2018) on the Keck Il Telescope in 2018 November, 2019
November, 2020 November, 2021 September, and 2021
November. We used the BL grating of the integral eld
spectrograph with a central wavelength of 4600 A to
achieve the widest spectral coverage, about 3600-5600 A
(3410-5305 A in H15A's rest frame). This spectral region
contains numerous stellar absorption features including Ca H
and K, the G band, Hg, and the Mg I b triplet region.

During the 2018 November run, we used the small slicer of
KCWI to observe the central region of H15A. This con gura-
tion has an FOV of 8.25 2§ with'0.34 g 0.30 spatial
pixels. Seven exposures totaling 150 minutes were taken at
slightly dithered positions. Three sky exposures totaling
30 minutes were also taken following an object-sky—object
pattern. The slicer was oriented with the 20 axis lying along
the photometric major axis at a position angle (PA) of S34°.
The atmospheric seeing was 0.60, as measured by the
differential image motion monitor at the nearby CFHT.

During the other four observing runs, we used the large slicer
of KCWI to achieve a wide spatial coverage. The FOV is 4
times larger in this con guration, covering 33 x 20 , with
1.38 g 0.730 spatial pixels. We used a mosaic of 29 exposures
with 10 pointings to cover 100 ( 108 kpc) along both the
photometric major and minor axes and 85 ( 92kpc)
midway between those axes. This total exposure time is
574 minutes. An additional 18 sky exposures totaling
180 minutes were taken. The seeing measurements for the
large slicer observations were similar, between 0.57 and 0.70.

Only data taken in good observing conditions are used in the
following analysis. The total exposure times for the science and
sky frames of these data are 12.1 hr and 3.5 hr, respectively.

2.2. KCWI Data Reduction

We perform the initial round of data processing using the
KCWI Data Extraction and Reduction Pipeline (KCWI-DRP;
P. Morrissey et al. 2018). This pipeline performs overscan and
bias removal, cosmic-ray rejection, dark and scattered-light
subtraction, discovery of the geometric distortion and wave-
length solution, at- elding, correction for vignetting and the
illumination pattern, sky subtraction, and the generation of 3D
data cubes. After these steps, the cubes are corrected for
differential atmospheric correction and ux calibrated by use of
a standard star.

We perform a series of additional customized reduction steps
to properly handle sky subtraction and science frame mosaics.
Similar procedures are used and described in our KCWI study
of M87 (E. R. Liepold et al. 2023). The exposures are corrected
for a small number of cosmic rays that are improperly removed
by the KCWI-DRP. We then construct a series of representa-
tive sky spectra by performing a principal component analysis
(PCA) on all available sky spectra. These PCA components are
included as additional additive components in the spectral

tting in Section 2.3 to correct for residual contributions from
the sky that persist after the coarse sky subtraction performed in
KCWI-DRP. Finally, the science frames are mosaicked onto a
common 0.15 q0.17 q0.5A grid for the small slicer
exposures and a common 0.3 q 1.4 q 1A grid for the large
slicer exposures.
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Figure 1. Ten representative sky-subtracted KCWI spectra (black curves) of H15A from spatial bins at increasing distance from the galaxy's center (0.4 to 31 from
top to bottom). The inner six spectra are from the KCWI small slicer; the outer four are from the large slicer. Each spectrum is obtained from coadding spectra from
individual KCWI spaxels to meet an S/ N threshold. Our observations provide a total of 313 coadded spectra for stellar orbit modeling: 97 spectra with S/ N = 130 per
0.5 A from the small slicer and 216 spectra with S/ N = 60 per A from the large slicer. For each spectrum, the stellar templates broadened by the best- t LOSVD (red
curves) provide a close match. Four emission lines and two sky lines (vertical blue bands) are masked out and excluded from the spectral tting.

Both spatial and spectral masking are applied to the data
cube. Several regions within the spatial mosaic are contami-
nated by compact foreground objects. To mask these regions,
we collapse the data cubes spectrally, locate regions with
substantially higher ux than their surroundings, and then
iteratively mask the brightest pixels in the region until the
contaminant is fully removed. The emission lines present in the
central 3 are masked out: Hy (4340 A) Hp (4861 A) [O 1]
(5007 A) and [N 1] (5200 A) Two highly variable sky lines are
also masked out: 4861 A H@3 (4605 A in H15A's rest frame) and
5200 A [N 1] (4926 A rest).

We determine the line-spread function (LSF) using FeAr arc
lamp exposures obtained during instrument calibration before
each night of observations. For each slicer, we perform
simultaneous ts to the arc lamp spectra around 31 known
spectral lines between 4500 and 5000 A. The small slicer's LSF
is well approximated as a Gaussian with an FWHM of 1.35 A
in our spectral window. We nd the large slicer's LSF to be
distinctly non-Gaussian; instead, it is well characterized as the
convolution of a top-hat function with a half-width of 2. 55 A
and a Gaussian function with FWHM 1.46 A (see Appendix A
of E. R. Liepold et al. 2023).

2.3. Stellar Spectra and Kinematics

We measure the LOSVDs from the shapes of the absorption
features in the KCWI spectra. To obtain spectra of uniformly
high S/ N for this measurement, we construct a set of spatial
bins for each slicer using the Voronoi binning scheme
(M. Cappellari & Y. Copin 2003) and coadd the spectra from

individual spaxels within each bin. For the small slicer data, the
target S/N is 130 per 0.5 A spectral pixel, resulting in 97
spatial bins. For the large slicer, a target of SN 60 per 1.0 A
spectral pixel results in 216 bins outside the spatial region
covered by the small slicer observations. These target S/ N
values are chosen so that the innermost several bins are
comparable in size to the seeing conditions, and the areas of
individual bins increase relatively smoothly from the central
region of the galaxy covered by the small slicer to the outer
region covered by the large slicer. Ten representative spectra at
increasing distances from the galaxy center are displayed in
Figure 1.

We use pPXF (M. Cappellari 2017) to determine the
LOSVD from the coadded spectrum for each spatial bin. The
LOSVD is characterized as a Gauss—Hermite series, and the
coef cients of the rst eight terms in the series, V, o, hs, ...,
and hg, are parameters in the t. A multiplicative polynomial of
order 7 is used to model the continuum shape of each spectrum.
The rst 10 most signi cant PCA sky components are used as
additional additive terms whose weights are chosen during

tting. For the stellar templates, we use a set of 671 “clean”
Indo-US stellar spectra (F. Valdes et al. 2004) that have well-
determined spectral types listed in their Table 2. The spectral
resolution of the Indo-US stellar templates is 1.35 A FWHM,
which happens to be the same as that of the KCWI small slicer,
so no adjustment is needed during spectral tting of the small
slicer data. For the KCWI large slicer data, each stellar template
spectrum is rst broadened to match the large slicer's LSF (see
Section 2.2) and then used to measure the LOSVDs.
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Figure 2. Maps of the rst four Gauss—Hermite moments, V, o, hg, and h, (left to right), of the stellar LOSVDs of H15A as measured for 313 spatial bins from the
Keck KCWI spectra. The top row displays the zoomed-in central 20 x 8 region covered by the KCWI small slicer; the bottom row displays the 60 x 60 region

from the small and large slicer mosaics. North is up and east is left.

Maps of the rst four moments of the LOSVDs of H15A are
presented in Figure 2. The map of the lowest moment, the line-
of-sight velocity, shows coherent red and blue sides with a
velocity difference of 20kms>%. To further quantify the
kinematic axis and amplitude, we model the velocity eld with
VR, 2 Vi(R)cos| 2 o(R)] 2nd determine the velocity
amplitude, V1(R), and the PA of the kinematic axis, ©y(R), using
groups of bins at different distances R from the center of the
galaxy (E. R. Liepold et al. 2023). The resulting pro les are
plotted in Figure 3. Within R 10, there is a very low-
amplitude rotation of up to V 7kms>%; the PA of the
kinematic axis (de ned as the PA where the velocity is
maximized) in this central region is consistent with the
photometric major axis with PAjne0 = S$34°. Between R 9
and 18 , no coherent rotation is detected in our data, hence
the undetermined kinematic PA. From R 20 to the outer
reach of our data at R 45, the velocity amplitude rises to

20kms>! and the kinematic PA exhibits a signi cant
twist, reaching PA,= 28°% 7° and resulting in a large
kinematic misalignment from the photometric major axis:
U |PAGS PAphotol  62°. We have performed alternative  ts
to the velocity map using kinemetry (D. Krajnovi et al. 2006)
and found similar behavior in the amplitude and phase pro les.

Axisymmetric models by construction produce aligned
kinematic and photometric axes and therefore cannot account
for the observed kinematic misalignment of H15. Kinematic
misalignment is a common feature in massive early-type

galaxies. In a study of the stellar kinematics of 90 galaxies in
the MASSIVE survey (C.-P. Ma et al. 2014), I. Ene et al.
(2018) nd 76% of the sample to be slow or nonrotators with a
spin parameter A< 0.2. Among the slow rotators with
measurable kinematic axes, 57% have misaligned kinematic
axes nearly evenly distributed between ¥ = 15° and 90°. The
presence of a signi cant kinematic misalignment in the slowly
rotating H15A is thus consistent with expectations.

The radial pro les of the eight kinematic moments are
presented in Figure 9 of Appendix A. A detailed comparison of
the velocity dispersion measurements with those found by
K. Mehrgan et al. (2019) is given in Section 5.1. The central
8.25 2§ of the'innermost science frames observed with the
large slicer overlap with the FOV of the small slicer. Since the
smaller slicer data have better angular and spatial resolution,
we do not include the (redundant) large slicer data in this
overlapping region in the following analysis. We have
examined that the stellar kinematics from the two slicers in
this common region are consistent with each other.

3. Photometric Properties

To characterize the stellar light distribution of H15A, we use
archival observations from GMOS on the Gemini South
telescope (Pl: Madrid; J. P. Madrid & C. J. Donzelli 2016).
The instrument was operating in its imaging mode with the

Iter r_G0326(similar to Sloan Digital Sky Survey, SDSS, r
and referred to as r below). Two exposures of 200s were
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Figure 3. Misalignment between the kinematic and photometric axes of H15A.
We model the KCWI velocity eld with V(R, 2 W (R)cos| 2 o(R)]2
and measure the amplitude V;(R) (upper panel) and phase ©q(R) (lower panel)
of the rotation pattern. The phase © determines the PA of the kinematic axis,
PAyin, Which varies with increasing radius and reaches PAy;, = 28° beyond
20 , leading to a misalignment of 62° from the photometric major and minor
axes (red dotted lines). Between 9 and 18 , the measured amplitude is
consistent with 0: V; = 1.32 £ 0.95 km s>* (gray).

obtained with an effective pixel scale of 0.16 pixel™ and a
seeing of 0.56. We only use data from the central GMOS CCD
chip to ensure that the background sky is uniform. This results
ina282 x 159 eld centered on H15A with the long axis of
the eld aligned with north. We perform spatial masking to
exclude contaminants and companion objects. The companion
galaxy located 75 to the northwest of the center of H15A has
been modeled and subtracted from the image before performing
the primary tting of H15A.

We perform isophotal ts (R. I. Jedrzejewski 1987) using the
ellipse algorithm implemented in the photutils Python package
(L. Bradley et al. 2024) to measure the photometric properties of
H15A. As Figure 4 shows, the isophotes are nearly round at the
center but atten signi cantly with radius, where the ellipticity
increases from 0<0.05 within 1 to 0= 0.38 at 100 (bottom
panel). In the central region, the round isophotes lead to large
uncertainty in the photometric PA. Beyond 3 , the photometric
PA is essentially constant with PApne = S34°+ 2° to the
outermost isophotes at 100 (red dotted curve in lower panel of
Figure 3).

The luminosity density of H15A is used to construct the
stellar gravitational potential in orbit modeling in Section 4.1. It
is obtained from deprojection of the surface brightness
parameterized by a multi-Gaussian expansion (MGE). Details
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Figure 4. Photometry of H15A. (Top) Gemini image of the central
150 x 150 region and representative isophotes (dashed red curves). (Middle)
Surface brightness pro le along the semimajor axis of H15A. The MGE model
t to the data is marked with a dashed curve. A color of V.. r &5 is
assumed to convert the observed r band to the V band. For comparison, two
cored massive elliptical galaxies known to harbor ultramassive SMBHs are
shown: NGC 1600 (green) and NGC 4889 (orange). The central surface
brightness of H15A is more than 2 mag fainter. (Bottom) The isophotes of
H15A are nearly round within the central few arcseconds but atten
signi cantly to 0 ~ 0.4 at 100 . The dashed curve denotes the ellipticity of
the MGE model.

of the MGE determination, including corrections made to
remove unphysically large central luminosity densities and
unphysically at outer ellipticity, are discussed in Appendix C.



THE ASTROPHYSICAL JOURNAL, 980:58 (14pp), 2025 February 10

The MGE ts to the surface brightness and ellipticity pro les
are plotted as dashed curves in the lower two panels of
Figure 4.

Integration of the MGE t yields a total Iummosrty of
Ly,a 6.0 10"L.gnther band,or Lx = 3.8x 10 L in
the V band, assuming V.. r &5 for a 13 Gyr stellar
population (L. O. V. Edwards et al. 2016; A. Vazdekis et al.
2016). We determine the half-light (effective) radius of H15A
tobe R, 3574 38.1kpc.

4. Mass and Shape Determinations
4.1. Triaxial Orbit Models

We use the TriOS code (M. E. Quenneville et al. 2022) to
construct triaxial Schwarzschild orbit superposition models of
H15A. Our recent study based on 25 sets of simulated galaxy
kinematics indicates that this code—when combined with our
parameter sampling and inference schemes—can robustly
recover the input galaxy mass and shape parameters
(J. Pilawa et al. 2024).

A galaxy model in TriOS consists of multiple mass
components including a central black hole of mass Mgy, a
stellar component described by the deprojected surface bright-
ness of H15A and a stellar mass-to-light ratio M /L, and a dark
matter halo. We choose to parameterize the dark matter halo
with a generalized mass density pro le from J. F. Navarro et al.
(1996): p(r)  po(r/r) "L r/r) 3, where rg is the scale
radius and ~ is the central logarithmic slope. We set v= 0 so
that the dark matter halo has a nite central density, po, and a

attened density pro le in the inner region in resemblance to
H15A's stellar distribution. Our data are more sensitive to the
total enclosed dark matter mass than individual halo para-
meters, so we X rg= 150 kpc and let pg be a free parameter
(see discussion in Section 4.2). For ease of interpretation, we
report the halo properties in terms of its mass enclosed within
50 kpc (the outer reach of the KCWI data) denoted by Msy,
which is linearly proportional to po.

In addition to the mass parameters, a triaxial galaxy model
requires three angles, 6, ¢, and v, to relate the intrinsic and
projected coordinate systems and specify the deprojection of
the light distribution. Alternatively, three dimensionless shape
parameters, T, T, and Tyin, can be used, which are related to
the angles by Equation (8) in M. E. Quenneville et al. (2022).
This triplet of shape parameters is convenient to use during the
parameter search as it maps all valid deprojections into a unit
cube and reduces the degeneracy among the three parameters.
The deprojection can also be speci ed by a set of three axis
ratios: ratio of the middle-to-long principal axis lengths, p= b/
a; ratio of the short-to-long principal axis lengths, g= ¢/ a; and
ratio of projected and intrinsic axis lengths, u  a /a,awhich
represents a compression scale factor. Each deprojected
component of the MGE is allowed its own p, g, and u in
order to account for the radially varying ellipticity in the H15A
photometry (bottom panel of Figure 4). When reporting the
best- t axis ratios below, we use the values computed from a
luminosity-weighted average of the spatially varying axis ratios
across the galaxy.

We perform model selection by searching through a large
suite of galaxy models in the 6D parameter space described by
the mass parameters MBH,M/L Mso, and the three shape
parameters. For each galaxy model, a pair of libraries of stellar
orbits sampling the phase space are integrated, and their
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contributions to the stellar LOSVDs and light distribution are
calculated. A linear combination of the orbits in the libraries
with nonnegative weights is found that best represents the
observed stellar kinematic moments and light distribution. A
goodness-of- t measure based on the log likelihood is then
calculated for this model. To perform model selection and
parameter inference, we iteratively approximate the log-
likelihood landscape using Gaussian process regression and
then populate the high-likelihood region with additional
models. The dynamic nested sampler dynesty (J. S. Speagle
2020) is used to produce Bayesian posteriors for each log-
likelihood surface and a uniform prior on each parameter.

Further details of the procedures used here for triaxial orbit
modeling and parameter inference can be found in our studies
of other massive galaxies (e.g., J. D. Pilawa et al. 2022;
M. E. Quenneville et al. 2022; E. R. Liepold et al. 2023).
Similar to those studies, we use the rst eight Gauss—Hermite
moments to parameterize the stellar LOSVDs but also constrain
the next four terms in the series, hg—hy5, to be zero so as to
reduce possible nonphysical behaviors in the LOSVDs (see
Section 7.1 of E. R. Liepold et al. 2020).

4.2. Besfit Galaxy Parameters

To determine the mass and shape parameters of H15A, we
begin with a preliminary round of parameter search, during
which we compute stellar orbits for 15,000 TriOS galaxy
models to coarsely sample a wide range in each of the six
parameters as well as the second halo parameter rs. This step
enables us to broadly map out the goodness-of- t landscape
and ensure suf cient coverage in the parameter space. After
this initial survey, we compute another 23,000 galaxy models
to construct the 6D landscape in higher delity. The resulting
corner plot of the posterior distributions is displayed in
Figure 5, and the model parameters are summarized in
Table 1. A comparison between the X of individual models
and our inferred posterior dlstrrbutron is shown in Appendix B.

The best- t model has y?= 1410 and reproduces the
observed stellar kinematics well, as illustrated in Figure 9.
The six-parameter model has 2504 kinematic constraints, so a
simplistic estimate of the reduced y® would yield 1410/
(2504 S 6) = 0.57. In reality, however, the number of degrees
of freedom (DOF) is often dif cult or impossible to compute,
in particular for nonlinear models such as here (e.g., R. Andrae
et al. 2010). This issue was examined in some detail in our
analysis of NGC 2693 (J. D. Pilawa et al. 2022; J. Pilawa et al.
2024), where we estimated the number of “generalized” DOFs
(J. Ye 1998; M. Lipka & J. Thomas 2021) for the best- tting
model to be Npor  200. Given that a total of 654 kinematic
constraints were available for that galaxy, we would
expect the inferred reduced x? to be raised by (654 S 6)/
(654 S 200) = 1.43 compared to the naive case of Npor = 6.
Similarly for H15A, we expect the reduced x? to also be larger
when a similar estimate of the effective Npor is used.

The SMBH mass of H15A is well constrained by our data:
Mgy (216 323 10©M,. This SMBHj is comparable in
mass to that of NGC 4889, the BCG of the Coma cluster
(N. J. McConnell et al. 2011, 2012). It is is also the most
massive black hole in the local Universe that has been
modeled with a triaxial stellar component. The Mgy
reported here, however, is nearly a factor of 2 lower than
Mgy = (4.0 + 0.80) x 10%° M., obtained from axisymmetric
orbit modeling of MUSE data in K. Mehrgan et al. (2019). We
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Figure 5. Posterior distributions of the six galaxy parameters in our triaxial
Schwarzschild models of H15A: black hole mass Mgy, stellar mass-to-light
ratio M*/L, 5 dark matter mass enclosed within 50 kpc Msg, and luminosity-
averaged axis ratios p, g, and u. The purple shaded regions mark the 68%, 95%,
and 99.7% con dence levels; the corresponding con dence levels in each 1D
distribution are indicated by vertical dotted lines. The listed uncertainties are
68% intervals for the mass parameters and 99.7% intervals for the axis ratios.

Table 1
Triaxial Orbit Modeling Results for the Mass and Shape Parameters of H15A

Inferred Value
(2.16 ¢ q10%°
4.80 938
7.61 0%
(2.89 011) q 1012
(256 33} q10%2

H15A Galaxy Parameter (units)

Black hole mass Mgy (M)
M*/L, (Mo L)

M/Ly (Mo/Le)

Total stellar mass Mx (M)
Dark matter (<50 kpc) Msq (M..)
Middle-to-long axis ratio p 0.89 + 0.04
Short-to-long axis ratio g 0.645 3%
Apparent-to-intrinsic long axis ratio u >0.999
Triaxiality T 0.35 + 0.03

Note. The listed uncertainties are 68% intervals for all quantities except the
axis ratios, which are 99.7% intervals.

have performed numerous tests and comparisons in an attempt
to understand the difference and will discuss the results in
Section 5.2.

The stellar mass-to-light ratio of H15A is also well
constrained: M*/L,, 4.80 338 M./L., corresponding to
M*/Ly, 761323 M./L, (for a color conversion of
V. r &@5). This is consistent with the mean value of
M/L =50+ 1.2 M./ L., (within the effective radius) inferred
from stellar population synthesis modeling of 41 local early-type
galaxies in the MASSIVE survey (M. Gu et al. 2022). Using the
total luminosity determined in Section 3, we nd the total stellar
mass of H15A to be M,  (2.89 §13) 102 M..

q
With these parameters, the gravitational SOI of the SMBH

has a radius of rgg, =
is de ned as Mx(<rsgo;) = Mgy and rgo =

3.22+ 0.15kpc= 2.99 * 0.15 when it
431+0.22kpc= 4
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.00+ 0.20 when the alternative de nition of M«(<rso)) = 2
Mgy is used.

The enclosed dark matter mass (within 50 kpc) is reasonably
constrained by our data: Msy (256 0%) 102 M.,
corresponding to a central dark matter density of
po (9.4 33 10° M, kpc 3. qAs noted in Section 4.1,
we have set the halo scale radius to rs= 150 kpc. This choice is
motivated by the ndings from our initial coarse 7D parameter
search that includes rg the range of rs<50kpc is strongly
disfavored (with x? at least 50 above the minimum). In a suite
of subsequent test models in which rgis xed to 25 kpc, we nd
that the elevated x> are mainly due to the models’ under-
predictions of the kinematic moments o, hs, and hg beyond
about 20 kpc, leading to  30% lower dark matter halo mass
than the best- t model listed in Table 1. Dark matter halos with
small rg therefore appear to be too centrally concentrated to
account for the observed kinematics. On the other hand, when
rs is allowed to be larger than 50 kpc (the outer reach of our
data), the density pro le of the halo within 50 kpc is essentially

at and does not depend strongly on the choice of rs. For these
halos, the kinematic data are insensitive to rs and mainly
constrain the central dark matter density po or, equivalently, the
enclosed dark matter Msq, as illustrated in Figure 5.

The 3D intrinsic shape of H15A is constrained to be strongly
triaxial and quite attened, with a (luminosity-weighted) short-
to-long intrinsic axis ratio of g= 0.65. This low value of q is
commensurate with the attened 2D isophotes of H15A
(Figure 4), where the apparent minor-to-major axis ratio on
the sky, ¢ a b/aa la ¢, is 0.75 at 10kpc and 0.6 at
100 kpc. The tight correlation between q and p in Figure 5
indicates that the triaxiality parameter, T= (1S p?)/ (1S o),
is well constrained. Indeed, we nd T= 0.35+ 0.03 (i.e,, an
oblate ellipsoid), strongly ruling out both oblate axisymmetric
(T=0) and prolate axisymmetric (T= 1) shapes. This strong
rejection of axisymmetry is consistent with the observed
kinematic misalignment discussed in Section 2.3, as axisym-
metric models cannot produce kinematic misalignment due to
symmetry.

We recall that the axis ratios obey the inequality
g <uga<p<u<l (M. E. Quenneville et al. 2022). The
preferred values of g and u are therefore both near their
maximal allowed values (u=1 and g wug). This limit
corresponds to orientating H15A's short and long axes on the
sky plane and viewing it along the middle axis. This orientation
corresponds to a nearly edge-on orientation for both short- and
long-axis loop orbits. Overall, we nd the inferred mass
parameters not to change signi cantly as the viewing angles are
moved away from the best- t values. In a test in which the
angles are xed to > 15° (>50) away from the preferred range
but the other parameters are allowed to vary, we nd the best- t
Mgy to decrease by only 10%.

The stellar orbits in the best- t triaxial model are mildly
anisotropic. Using the standard anisotropy parameter,
6 1 o2/c? where o, and oy are the intrinsic stellar
velocity dispersion in the radial and tangential directions,
respectively, we nd the orbits to be somewhat more tangential
(6 S 0.25and o/ o, 1.12) in the central region and radial
(B 0.25and o/ o, 0.87) at larger radii. This transition from
tangentially favored to radially favored orbital structure is
similar to the trends seen in other massive cored galaxies with
ultramassive SMBHs such as NGC4889 and NGC 1600
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(Figure 4) and has been speculated and reported to harbor an
unusually massive central SMBH. We coadd thousands of
spectra from individual KCWI spaxels to form high-S/ N
spectra for 313 contiguous spatial bins of H15 (Figure 1). From
each spectrum, we measure the full shape of the stellar LOSVD
using eight Gauss—Hermite moments. The pronounced mis-
alignment between the photometric and kinematic axes of
H15A (Figure 3) indicates that the standard assumption of
axisymmetry must be relaxed. We instead perform full-scale
triaxial Schwarzschild orbit modeling using the KCWI stellar
kinematics to simultaneously constrain the mass and shape
parameters of H15A.

Our results indicate that H15A hosts one of the two most
massive SMBHs known in the local Universe and has an
intrinsically triaxial stellar halo. The stellar mass-to-light ratio
is consistent with expectations from stellar population synthesis
models of massive early-type galaxies, and the total stellar
mass is among the largest known from dynamical methods.
H15A is a 3o outlier in the Mgy—o relation, but it lies within
the 1o uncertainties in the Mgy—Mpuiges Mgn—Tp, and rsoi—rp
relations. At the highest masses, T. R. Lauer et al. (2007) show
that galaxy velocity dispersions and luminosities predict
inconsistent Mgy when the canonical Mgy—o and Mgy—L
relations are used. Since galaxy o tends to saturate as galaxies
merge (e.g., M. Boylan-Kolchin et al. 2006), they suggest
galaxy light (or mass) as a better Mgy indicator and advocate
direct dynamical measurements of Mgy in the most massive
galaxies. We have done such and have shown that H15A is an
example of local massive galaxies for which its velocity
dispersion is a much poorer indicator of its dynamically
measured Mgy than its stellar mass or core radius.

The low surface brightness at the centers of massive
elliptical galaxies has been a main challenge in ongoing efforts
searching for ultramassive SMBHs of several billion solar
masses and beyond. This work has demonstrated the capability
of discovering these SMBHs afforded by sensitive integral eld
units on 10m class ground-based telescopes such as
Keck's KCWI.
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Appendix A
Kinematics of the Best-fit Model of H15

Radial pro les of the stellar kinematics used in the orbit
modeling in this work and the best- t model's reproduction of
those kinematics are shown in Figure 9.
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Figure 9. Radial pro les of the eight Gauss—Hermite moments of the stellar LOSVD for each of the 313 spatial bins of H15A. The black bars denote the values
measured from KCWI stellar spectra, while red dots denote the values from the best- tting triaxial TriOS model. The models produce point-symmetric stellar
kinematics, so the data (black bars) shown here have been point-symmetrized for ease of comparison.

Appendix B
x? Surface and Marginalized Posterior Distribution

Figure 10 shows our posterior distribution against the
distribution of x? versus the assumed black hole mass for the
individual models in our analysis. Several prior works have
used these sorts of distributions to determine their reported
parameter values and uncertainties (e.g., K. Gebhardt et al.
2011; J. L. Walsh et al. 2016). While this type of analysis is
reasonably accurate for low-dimensional searches with roughly
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Gaussian posteriors, it becomes increasingly inexact as the
dimensionality rises and the posteriors deviate from Gaussian.
In this high-dimensional space with non-Gaussian posteriors
(see Figure 5), the marginalized posterior need not perfectly
trace the lower contour of models in the Xz-versus-MBH space,
though the two should still have an approximate correspon-
dence. We nd that the distributions of the individual x? values
are broadly consistent with the center and width of our
posterior for each parameter.
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Figure 10. The marginalized posterior distribution from triaxial Schwarzschild
models of H15A (top), the log marginalized posterior (purple; lower), and the
2 from individual TriOS models (black dots) as a function of black hole mass.
The marginalized posterior distribution is produced by modeling the x? surface
over the 6D parameter space, then performing dynamic nested sampling of that
surrogate function.

Appendix C
MGE Fits

We parameterize the surface brightness of H15A using the
nge t routine (M. Cappellari 2017). The image is represented
by seven Gaussian components, each with its own width o ,
axis ratio ¢ , and central surface brightness | but sharing a
common center and a xed PA of S34°. The ts reproduce the
observations well, with residuals of less than 10% for sectors
within 100 of the center. The parameters for these components
are listed in Table 2. The MGE is in the GMOS r_G0326band
(similar to SDSS r), and the surface brightness has been
corrected for cosmological dimming and galactic extinc-
tion (A, 5 0.086).

The smallests allowed in the MGE t is 0..96. As
previously discussed in E. R. Liepold et al. (2020), we nd
that some con gurations of the nmge t tting routine produce
centrally peaked deprojected light distributions. This occurs
because the width of the innermost component of the t is
poorly constrained below the scale of the PSF. On the other
hand, after deprojection, the central luminosity density scales
with vy r 4/ (where X is the central surface brightness).
We nd that often 0 < oas is Selected by the t, resulting in
exceptionally large and unconstrained central densities. We

nd that placing a constraint on the tthato a 0. 96 balances
the quality of the t to the centermost pixels and the shape of
the deprojected light pro le.

The selected axis ratios of the individual components
roughly trace the ellipticity of the light pro le described in
Section 3, withg a 1 ¢ 1.000 for the innermost comp-
onent and ¢ a 0.516 for the outermost component with
o a 140 . In preliminary ts, the best- t MGE model
contained two components of disparate attening at large
radii: one with o a 140 ahd ¢ a 0.25 and one with
o a 84. 3with ¢ a 1.00. In comparison, the isophotal shape
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Table 2
MGE Parameters for the Surface Brightness of H15A after the Modi cations
Described in Appendix C

I [Lo,r4pc?] o, garcsec] @

59.447 0.960 1.000
130.89 3.053 0.998
116.98 6.723 0.725
104.73 11.44 0.795
28.947 23.32 0.669
8.7178 45.59 0.627
2.1461 140.0 0.516

Note. For each of the seven 2D Gaussian components, the rst column lists the
central surface brightness density, the middle column lists the dispersion of the
Gaussian, and the last column lists the axis ratio, where primed variables
denote projected quantities. The surface brightness has been corrected for
cosmological dimming and galactic extinction (A, 0.086 mag). We use
4.65 in the AB magnitude system.

me,ra

based on our ellipse t to the Gemini imaging data (see
Section 3)isqg a1 ¢ 0.62 in this range of radii. While
this set of parameters reproduced the observed data, the
extreme attening of that outermost component substantially
restricts the deprojectability of the MGE. To resolve this issue,
we instead compute the contribution to the MGE model from
the outermost four components and then re t that contribution
with only three components. The resulting t yields similar
residuals to the data as the original t, and ¢ varies smoothly
with radius as seen in Table 2.
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