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Abstract

We present 0722 resolution CO(2-1) observations of the circumnuclear gas disk in the local compact galaxy NGC
384 with the Atacama Large Millimeter/submillimeter Array (ALMA). While the majority of the disk displays
regular rotation with projected velocities rising to 370 kms ', the inner ~0”5 exhibits a kinematic twist. We
develop warped disk gas-dynamical models to account for this twist, fit those models to the ALMA data cube, and
find a stellar mass-to-light ratio in the H band of M/Ly = 1.34 +0.01 [1o statistical] £0.02 [systematic] M, /L
and a supermassive black hole (BH) mass (Mgy) of Mgy =(7.267033[ 10 statistical]™33 [systematic]) x 103 M,
In contrast to most previous dynamical Mgy measurements in local compact galaxies, which typically found over-
massive BHs compared to the local BH mass—bulge luminosity and BH mass—bulge mass relations, NGC 384 lies
within the scatter of those scaling relations. NGC 384 and other local compact galaxies are likely relics of z ~ 2 red
nuggets, and over-massive BHs in these relics indicate BH growth may conclude before the host galaxy stars have
finished assembly. Our NGC 384 results may challenge this evolutionary picture, suggesting there may be
increased scatter in the scaling relations than previously thought. However, this scatter could be inflated by
systematic differences between stellar- and gas-dynamical measurement methods, motivating direct comparisons
between the methods for NGC 384 and the other compact galaxies in the sample.

Unified Astronomy Thesaurus concepts: Supermassive black holes (1663); Molecular gas (1073); Millimeter
astronomy (1061); Submillimeter astronomy (1647); Galaxy kinematics (602); Early-type galaxies (429);
Astronomy data modeling (1859); Galaxy circumnuclear disk (581); Scaling relations (2031); Extragalactic

astronomy (506)

1. Introduction

Dynamical supermassive black hole (BH) detections have been
made in over 100 nearby galaxies, with stellar dynamics
accounting for the vast majority of these measurements
(R. P. Saglia et al. 2016). In recent years, the advent of the
Atacama Large Millimeter/submillimeter Array (ALMA), with its
improved angular resolution and sensitivity compared to previous
millimeter/submillimeter observatories, has led to a significant
increase in molecular gas-dynamical BH mass (Mpy) measure-
ments in the literature (e.g., A. J. Barth et al. 2016; T. A. Davis
et al. 2017; B. D. Boizelle et al. 2019, 2021; H. Nagai et al. 2019;
E. V. North et al. 2019; J. H. Cohn et al. 2021, 2023; M. D. Smith
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et al. 2021; D. D. Nguyen et al. 2022; K. M. Kabasares et al.
2022, 2024; 1. Ruffa et al. 2023; P. Dominiak et al.
2024a, 2024b). The cold molecular gas detected with ALMA is
a more reliable tracer of the gravitational potential around BHs
than warm H, molecular gas or ionized gas, which often display
more turbulent motion (e.g., R. P. van der Marel & F. C. van den
Bosch 1998; A. J. Barth et al. 2001; R. J. Wilman et al. 2005;
N. Neumayer et al. 2007; A. C. Seth et al. 2010; J. L. Walsh et al.
2010, 2013; J. Scharwachter et al. 2013).

Via these dynamical measurements, BH masses have been
found to correlate with large-scale properties of their host
galaxies, including stellar velocity dispersion (o), bulge mass
(Myy), and bulge luminosity (Lyy; €.g., J. Kormendy & D. Rich-
stone 1995; K. Gebhardt et al. 2000; L. Ferrarese & D. Merr-
itt 2000; A. Marconi & L. K. Hunt 2003; K. Giiltekin et al. 2009;
J. Kormendy & L. C. Ho 2013), indicating BHs and their hosts
co-evolve. However, this BH—host galaxy coevolution is not well
understood, in part because the galaxies in which dynamical Mgy
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measurements have been made are not fully representative of the
population of galaxies in the Universe. Furthermore, dynamical
Mgy measurements are not generally possible beyond the local
Universe, complicating attempts to study the cosmic evolution of
the BH scaling relations.

Here, we study the circumnuclear molecular gas disk in
NGC 384 with ALMA. NGC 384 is a member of a sample of
local, massive, and compact early-type galaxies (ETGs) found
through the Hobby—Eberly Telescope Massive Galaxy Survey
(R. C. E. van den Bosch et al. 2015). A. Yildirim et al. (2017)
studied the sample’s stellar kinematics and photometric
properties. These galaxies have large stellar velocity disper-
sions (A. Yildirim et al. 2017), indicating they likely have large
BHs; Mpy <6 x 10° M.; J. Kormendy & L. C. Ho (2013);
R. P. Saglia et al. (2016), populating the poorly sampled high-
mass end of the scaling relations. They are also massive; stellar
masses M, ~5.5 x 10'° — 3.8 x 10" M, and compact; effec-
tive radii r. ~ 0.7 — 3.1 kpc, falling on the redshift (z) ~ 2 size
—mass relation, despite lying at distances within ~100 Mpc,
ie., at z~0 (A. Yildirim et al. 2017). These systems are fast
rotators with cushy surface brightness profiles, flattened, disk-
like shapes, and no evidence in their stellar orbital distributions
for major mergers since z ~ 2 (A. Yidirim et al. 2017). They
exhibit uniform, old stellar ages (=10 Gyr) over several
effective radii (I. Martin-Navarro et al. 2015b; A. Ferré-Mateu
et al. 2017; A. Yildirim et al. 2017) and elevated fractions of
red globular clusters (M. A. Beasley et al. 2018; J. Kang &
M. G. Lee 2021). Individual objects in the sample have also
been shown to have highly concentrated dark matter halos
(D. A. Buote & A. J. Barth 2018, 2019).

These local compact galaxies are very different from the
brightest cluster galaxies and giant ETGs in the local Universe
that typically host the highest-mass BHs. The latter, more
typical massive ETGs are commonly thought to evolve from
quiescent red nugget galaxies observed at z~ 2, growing
through accretion and minor/intermediate dry mergers without
significant BH growth (e.g., P. G. van Dokkum et al. 2010;
M. Hilz et al. 2013). In contrast, local compact galaxies like
NGC 384 are likely passively evolved relics of the red nugget
galaxies (I. Trujillo et al. 2014; A. Yildirim et al. 2017). Thus,
if the passively evolved relics of red nugget galaxies tend to
host overmassive BHs, the BHs of common massive local
ellipticals may have finished growing by z ~ 2 (e.g., A. Ferré-
-Mateu et al. 2015).

Aside from these relic galaxies, most of our knowledge of
BH—host galaxy coevolution at high z stems from single epoch
active galactic nucleus (AGN) measurements (e.g., T. Izumi
et al. 2019; A. Pensabene et al. 2020; R. L. Larson et al. 2023;
R. Maiolino et al. 2023; A. Bogdan et al. 2024). In particular,
recent single epoch Mgy determinations from AGN have
pointed to BHs that are overmassive at high z compared to the
local scaling relations (F. Pacucci et al. 2023). However, there
is a systematic factor of two uncertainty in the local
reverberation mapping Mpy measurements to which single
epoch measurements are anchored (Y. Shen et al. 2023), and
single epoch BH masses can be further overestimated by
~0.3dex when the diversity of quasar properties is not
accounted for (G. Fonseca Alvarez et al. 2020). As such,
complementary methods to study high-z BH growth are
required. The local compact relic galaxy sample thus presents
a remarkable alternative view into the history of the BH scaling
relations.

Cohn et al.

BH mass measurements already exist for five galaxies in this
sample, including three using stellar dynamics and two using
molecular gas dynamics from ALMA. The measurements from
stellar dynamics (in NGC 1277, NGC 1271, and Mrk 1216;
R. C. E. van den Bosch et al. 2012; E. Emsellem 2013;
J. L. Walsh et al. 2015, 2016, 2017; A. Yildirim et al. 2015;
A. W. Graham et al. 2016; D. Krajnovi¢ et al. 2018) find BH
masses consistent with the Mgy—o, relation but overmassive
compared to the Mgy—Ly, and Mgy—My, relations by an
order of magnitude, even when conservatively using the total
stellar luminosities and total stellar masses of the galaxies,
rather than their uncertain bulge values (e.g., A. W. Graham
et al. 2016; G. A. D. Savorgnan & A. W. Graham 2016).
J. Scharwachter et al. (2016) observed molecular gas in NGC
1277 with the IRAM Plateau de Bare Interferometer, finding an
Mgy consistent with stellar-dynamical studies, albeit with
significant uncertainties due to limited angular resolution. At
much higher angular resolution, one ALMA measurement
(PGC 11179; J. H. Cohn et al. 2023) echoed the behavior of the
overmassive stellar-dynamical results, but the other (UGC
2698; J. H. Cohn et al. 2021) was consistent with all three
relations. However, UGC 2698 may have undergone some
stellar growth since z ~ 2 (A. Yildirim et al. 2017), evolving it
toward the local BH scaling relations.

Although these results could be explained by greater than
expected intrinsic scatter in the scaling relations rather than
systematically different growth histories, the apparent scatter
may be inflated due to a possible systematic offset between
stellar- and molecular gas-dynamical measurement methods
(J. H. Cohn et al. 2021). Thus, to decipher whether the local
compact galaxies truly display evidence for BHs finishing their
growth before their host galaxy finishes assembling stars, we
require more BH mass measurements in the sample and direct
comparisons between stellar- and gas-dynamical results for
individual objects.

In this work, we measure the BH mass in NGC 384 with
molecular gas dynamics, accounting for a kinematic twist in the
gas disk. We adopt an angular diameter distance of 55 Mpc to
NGC 384, where 267 pc spans 1”7, using a ACDM cosmology with
Hy="73km st Mpc_l, Qr=0.31, and 2, =0.69. We use the
Virgo + Great Attractor + Shapley Supercluster infall model
(J. R. Mould et al. 2000) for the Hubble flow distance in the
NASA /IPAC Extragalactic Database.'* We note that E. V. North
et al. (2019) made an Mgy measurement in NGC 383, which is
in the same group as NGC 384, and assumed a distance of
66.6 Mpc to NGC 383 in the process. The BH mass in our
models scales linearly with the assumed distance to NGC 384.

The composition of the paper is presented below. In
Section 2, we discuss the Hubble Space Telescope (HST)
and ALMA observations of NGC 384. In Section 3, we
describe our dynamical model, warped disk methodology, and
parameter optimization. We present our model results in
Section 4. In Section 5, we discuss our resolution of the BH
gravitational sphere of influence (SOI), compare the BH in
NGC 384 to the scaling relations, and discuss the impact of our
results on our understanding of the scaling relations and BH
—host galaxy growth. Finally, we present our conclusions in
Section 6.

14 https:/ /ned.ipac.caltech.edu/
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Figure 1. (Left) Contours of the HST F160W (H-band) image (black) with contours of the fiducial model’s dust-masked MGE overlaid (red). (Middle, top) Central 5”
of the HST H-band image. (Right, top) Central 5” of the HST F814W (I-band) image, which shows a dust disk to the southwest of the nucleus. (Middle, bottom)
Central 5” of the HST H-band contours (black) and the dust-masked MGE (red), with gray shading showing the region that was masked during the MGE fit. The
asymmetry in the H-band contours in the dust-masked region points to dust attenuation, and the lack of asymmetry in the red contours indicates the dust-masked MGE
accounts for this attenuation. (Right, bottom) ALMA CO(2-1) emission (blue) with HST I — H contours (black) overlaid, showing that the CO(2—1) emission and dust
disk are cospatial and approximately the same size (~4"2 in diameter). The ellipse in the lower left of the panel corresponds to the ALMA synthesized beam.

2. Observations

Confident Mgy measurements with molecular gas arise from
observations resolving circumnuclear gas extending within or
near the BH SOI. Additionally, the host galaxy’s stellar light
profile must be characterized to measure the contribution of
stars to the gravitational potential on small scales. We therefore
obtain HST Wide Field Camera 3 (WFC3) observations, as
described in Section 2.1. We detail our ALMA observations in
Section 2.2.

2.1. HST Observations

Program GO-13050 (PI: van den Bosch) observed NGC 384
with HST WFC3 in the IR/F160W (H-band) and UVIS/
F814W (I-band) filters on 2013 June 6.'° The H-band
observations included three dithered full-array exposures, with
four dithered short subarray exposures. These subarray
exposures avoid saturating the nucleus while better sampling
the point-spread function (PSF). These images were processed
in A. Yildinim et al. (2017) using the calwf3 pipeline and
distortion corrected, cleaned, and combined using Astro-
Drizzle (S. Gonzaga et al. 2012). Ultimately, the H-band
image has an exposure time of 1354.5s, a pixel scale of
0706 pixelfl, and a field of view of 2/7 x 2/6.

Three dithered full-array exposures were also taken in the /
band. The final I-band image, which has an exposure time of
482.0s, is drizzled to the same scale as the H-band image and
degraded to match the H-band image’s resolution, so we can

15 Based on observations made with the NASA /ESA HST, obtained from the
data archive at the Space Telescope Science Institute, which is operated by the
Association of Universities for Research in Astronomy, Inc., under NASA
contract NAS5-26555. The observations are associated with program No.
13050.

construct / — H maps to characterize the dust disk in NGC 384.
These images are shown in Figure 1.

Dust is not clearly visible in the H-band image, but the I-band
image shows a ~4”2 diameter circumnuclear dust disk or ring-
like structure. The median / — H color is 1.7 mag, measured just
beyond the disk region. The maximum color excess Al — H),
which we find ~0”7 to the southwest of the nucleus, is ~0.6 mag.
We use Vega-relative magnitudes throughout this work.

2.1.1. Galaxy Surface Brightness Models

In order to parameterize the stellar surface brightness profile
of NGC 384, we fit two-dimensional (2D) multi-Gaussian
expansions (MGEs) to the H-band image. MGEs are capable of
accurately reproducing the stellar surface brightness profiles of
ETGs (E. Emsellem et al. 1994; M. Cappellari 2002). We
complete an initial fit with a 2D regularized MGE (M. Cappe-
llari 2002) and use that result as the initial guess for a 2D MGE
fit in GALFIT (C. Y. Peng et al. 2010). Gaussian position
angles and centers are constrained to be identical for all
components in GALFIT. The PSF, which comes from Tiny
Tim (J. Krist & R. Hook 2004) and is drizzled and dithered
identically to the image, is accounted for in the fit.

First, we fit an MGE to the H-band image, masking out
foreground stars, other galaxies, and artifacts in the image. This
MGE is referred to as the “original MGE” throughout this
paper. The original MGE has 10 components, with projected
dispersions ¢’ ranging from 0”042 to 517459, projected axis
ratios ¢’ between 0.581 and 1.000, and a PA of 1362732 east of
north. The MGE is a good fit, with typical residuals of <5%.

Next, we follow J. H. Cohn et al. (2021) and J. H. Cohn et al.
(2023) in building an MGE with the dustiest portions of the H-
band image masked out. We start with a conservative color cut
of I — H=2.05 and fit an MGE to the resultant masked image
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Table 1
Dust-masked MGE Parameters

’

j log,(Irr,)) (Lo pe2) o (arcsec) q;

(e8] 2) 3) 4)

1 5.690 0.047 1.000
2 5.072 0.222 0.717
3 4.563 0.459 0.851
4 4.196 1.032 0.705
5 3.590 2.204 0.666
6 3.254 5.165 0.581
7 2.603 8.675 0.618
8 1.893 14.679 0.974
9 1.003 43.543 1.000
10 0.977 44.858 1.000

Note. MGE parameters fit to the dust-masked HST H-band image of NGC 384
with GALFIT. The MGE component is listed in column (1). The central
surface brightness of each component, given in column (2), is calculated with
an absolute solar H-band magnitude of 3.37 mag (C. N. A. Willmer 2018) and
a Galactic extinction (E. F. Schlafly & D. P. Finkbeiner 2011) toward NGC 384
of A = 0.032 mag. The projected dispersion along the major axis and the axis
ratio for each component are given in columns (3) and (4), respectively.
Projected quantities are listed with primes. All components have a PA of
1367212 east of north.

in GALFIT. Then, we expand the mask to cover pixels with the
greatest residuals near the nucleus and fit an MGE using this
expanded mask. We repeat this process iteratively until the
residuals near the nucleus are <5%. The final mask and
resultant MGE are called the “dust mask” and the “dust-masked
MGE” throughout this paper. We list the best-fit parameters of
the dust-masked MGE in Table 1 and compare the dust-masked
MGE and H-band image in Figure 1. In Figure 2, we show the
surface brightness profiles calculated along the minor axis
within the inner ~3” for the H-band image, the original MGE,
and the dust-masked MGE. The inner ~0”2 of the galaxy
appears mostly dust-free.

Finally, we approximate a dust-corrected MGE by adjusting
the H-band image before fitting in GALFIT. This method is
described in more detail in J. H. Cohn et al. (2023), but we
summarize the process here. First, we follow S. Viaene et al.
(2017) and B. D. Boizelle et al. (2019) in assuming that the
galaxy is oblate axisymmetric and that the dust lies in a thin
disk in the galaxy inclined at the same angle as both the gas and
the galaxy’s stellar component. We use an inclination of 57.°3
from initial flat disk dynamical model results (see Section 4.2)
to deproject the MGE, then calculate the fraction of light that
originates behind versus in front of the dust disk at each pixel,
taking the light originating behind the disk to be obscured with
a simple screen extinction. The model color excess at each
pixel is calculated as a function of intrinsic dust extinction, Ay,
using Equations (1) and (2) from B. D. Boizelle et al. (2019).
To convert from Ay to Ay and A;, we take the standard Galactic
Ry=3.1 extinction curve (G. H. Rieke & M. J. Lebof-
sky 1985). Following J. H. Cohn et al. (2023), we do not
attempt a full pixel-by-pixel correction. The median A inside
the dust-masked region is 0.4 mag, with a small standard
deviation of 0.1 mag, and we correct the H-band image within
the dust-masked region by this median value.

We then use GALFIT to fit a 2D Nuker model (S. M. Faber
et al. 1997) to the central 5” x 5 of the dust-masked H-band

Cohn et al.

image, again accounting for the PSF. The Nuker model consists
of a double power-law with an inner slope ~y, outer slope [,
sharpness of transition «, and break radius between the slopes
r,. The fit converges to a=0.43, §=2.86, v=0.00, and
r, = 0791 (~243 pc). We refit this Nuker model to the 0.4 mag-
adjusted H-band image in GALFIT, holding [ and r; fixed,
resulting in y=0.02 and o = 0.44. Next, we replace the dust-
masked region of the H-band image with the corresponding
pixel values of the best-fit Nuker model, creating a dust-
corrected image with a light distribution that varies smoothly.
We fit a final MGE to this dust-corrected image in GALFIT
and refer to this resultant MGE as the “dust-corrected MGE”
throughout this paper. The dust-corrected MGE consists of 10
Gaussians, with ¢’ ranging between 07047 and 457015, ¢’
between 0.581 and 1.000, a PA of 136°218 east of north, and
residuals <3%. The major- and minor-axis surface brightness
profiles of the dust-corrected MGE closely track those of the
dust-masked MGE and are thus not included in Figure 2. The
MGE:s we construct in this work follow a similar profile to the
MGE presented for NGC 384 in A. Yildirim et al. (2017).
Following J. H. Cohn et al. (2021) and J. H. Cohn et al. (2023),
we use the dust-masked MGE in the fiducial model and use the
other two MGEs to assess the impact of our treatment of dust
on the inferred Mpy.

2.2. ALMA Observations

We obtained ALMA band 6 observations of NGC 384 on
2016 October 13 through Program 2016.1.01010.S (PI: Walsh)
in Cycle 4. The observations consisted of a single pointing with
one spectral window centered at 227.325 GHz, the redshifted
frequency of the 230.538 GHz '*CO(2-1) emission line, along
with two spectral windows centered on a continuum with
average frequencies of 229.288 and 243.015GHz. The
observations were taken in the C40—6 configuration with
minimum (maximum) baselines of 16.7 m (3100 m) and a total
on-source exposure time of 27.3 minutes. Although dust is
detected in the spectral windows centered on the continuum,
this work focuses on the CO emission.

We processed the data with Common Astronomy Software
Applications (CASA) version 4.7.2, employing a TCLEAN
deconvolution with Briggs weighting (r=0.5; D. S. Briggs
1995). We used the line-free channels to perform uv-plane
continuum subtraction. The resultant synthesized beam full
width at half-maximum (FWHM) is 0”30 (0716) along the
major (minor) axis, for a geometric mean of 0722, or 59.0 pc.
The beam PA is 16717 east of north. Fluxes were calibrated
using the ALMA standard quasar J225341608 for flux
calibration, leading to a 10% uncertainty in the absolute flux
calibration at this frequency (E. Fomalont et al. 2014).

Ultimately, the data cube has 124 frequency channels with
widths of 15.07 MHz, corresponding to ~19.88kms™' at the
redshifted CO(2-1) frequency. We detect CO emission in
channels 43 through 78, corresponding to recessional velocities
of cz=73880.0 —4575.7kms"". The data cube’s pixel scale is
0”04 pixel "'. Emission-free regions have root mean square
(rms) noise at the 0.3 mJy beam ! channel ! level.

2.2.1. Properties of the CO(2—1) Emission

Spatially resolved zeroth (integrated CO(2—1) emission), first
(projected line-of-sight velocity, vi.s), and second (projected
line-of-sight velocity dispersion, o,s) moment maps of the
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Figure 2. Central surface brightness profiles as a function of projected radius
along the minor axis. Profiles are shown for the H-band image (black circles),
original MGE (blue triangles), and fiducial dust-masked MGE (pink pluses). As
shown in Figure 1, the dust is located to the southwest of the nucleus along the
minor axis. The impact of the dust is visible as the difference between the
surface brightness profiles in this figure at radii of ~0”6—1".

ALMA observations of NGC 384 are displayed in Figure 3.
During construction, we interactively mask pixels without
discernible CO emission, and the final maps are shown within
the elliptical fitting region used in dynamical modeling (chosen
to encompass almost all the emission in the disk, while
minimizing the inclusion of noise; see Section 3). To calculate
the uncertainty in the first moment, we perform a 1000 iteration
Monte Carlo simulation. In each iteration, we perturb the data
cube, drawing each pixel from a Gaussian centered on the
observed pixel value with a width given by the rms noise
calculated in the given channel. Then, we construct the first
moment map from that new data cube. The standard deviation
of the resultant 1000 moment maps is taken as the moment map
uncertainty in each pixel.

The CO emission is cospatial with the NGC 384 dust disk, as
seen in Figure 1. The emission also displays a bright knot near
the center and a dearth of flux both northwest and southeast of
the knot. The first moment map shows that the northwest side
of the disk is redshifted and the southeast side is blueshifted,
with line-of-sight velocities peaking at ~+350 km s~ '. There is
also a kinematic twist in the first moment map, which we
account for in the modeling in Section 3.1. The second moment
map peaks at 201 kms~', northeast of the disk center. At the
disk center, the velocity dispersion reaches ~120 kms ™', and it
drops to ~20kms ™' at a projected radius of ~175.

We extract flux densities along the major axis of the data
cube with an extraction width equal to the geometric mean of
the ALMA beam to construct position—velocity diagrams
(PVDs). For the major axis, we use an angle of 132°8,
measured east of north to the blueshifted side of the disk,
corresponding to the best-fit flat disk model disk PA (see
Section 4.2). Due to the kinematic twist near the nucleus, the
central region of the PVD primarily contains features that are
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along the minor kinematic axis. The observed PVD is shown in
Figure 4.

The total CO@R-1) flux is 7.20+0.06 (stat)£0.72
(sys)Jy km s, with systematic uncertainties stemming from the
flux calibration. We estimate the CO(2-1) luminosity, LC,O(Z—I)’
from the observed flux following C. L. Carilli & F. Walter (2013).
In order to convert this value to a CO(1-0) luminosity (Lc/o(l —o)h
we assume Ryy = Lo 1)/Léoa o) = 0.7 (T. E. Lavezzi et al.
1999). We then convert this luminosity to an H, mass, usin%
the conversion factor aco = Mu,/L'coq—o) = 3.1 Mg pc™
(Kkms ™! (K. M. Sandstrom et al. 2013), and a total gas
mass using the helium-to-hydrogen mass ratio fyg = 0.36, such
that My,s = My, (1 + f;z). We find a total gas mass of
(7.91 £ 0.07 [stat] £ 0.79 [sys]) x 107 M., which is on the same
order of magnitude as the gas masses found in other ETGs with
CO emission (e.g., B. D. Boizelle et al. 2017; 1. Ruffa et al.
2019, 2023). We likely underestimated the total systematic
uncertainties in the gas mass, as we used an aco calibrated for
spiral galaxy disks, which may be different from ETG disks.

3. Dynamical Modeling

We use a molecular gas-dynamical modeling code devel-
oped and tested in previous work (J. H. Cohn et al.
2021, 2023).'® Following the example of our past work
(e.g., A. J. Barth et al. 2016; B. D. Boizelle et al. 2019;
J. H. Cohn et al. 2021, 2023; K. M. Kabasares et al. 2022), we
assume the molecular gas follows circular orbits in a thin disk.
We calculate the circular velocity (v.) relative to the systematic
velocity (vsys) as a function of disk radius, based on the
enclosed BH and stellar mass. We treat the gas mass as
negligible, although this assumption is tested in Section 4.2. To
calculate the enclosed stellar mass, we multiply the stellar light
distribution by the stellar mass-to-light ratio (M/Ly) and
deproject the dust-masked MGE, assuming an oblate axisym-
metric shape with inclination angle (i) matching that of the flat
gas disk. We generate the circular velocities on a grid
oversampled relative to the ALMA data cube by a factor of
s =6 and converted to v,s using the gas disk i and position
angle (I).

We build intrinsic line profiles along the observed ALMA
data cube’s frequency axis, with a channel spacing of
15.07 MHz. The line profiles are assumed to be Gaussian,
centered on v, at each subsampled point, with a width (o)
that we take to be constant (o) throughout the disk. The line
profiles are weighted by the intrinsic CO flux map, which we
estimate with a 10-iteration deconvolution of the zeroth
moment map from the ALMA beam using the lucy task
(W. H. Richardson 1972; L. B. Lucy 1974) from scikit-
image (S. van der Walt et al. 2014). The flux in each pixel is
divided evenly among the s x s subsampled pixels. A scale
factor of order unity, fy, accounts for normalization mis-
matches between the observed and modeled line profiles.
Model line profiles are then summed back to the original pixel
scale of the ALMA data cube, and each frequency slice of the
model is convolved with the ALMA synthesized beam. The
model and data cubes are then downsampled in bins of 4 x 4
spatial pixels to mitigate correlated noise (A. J. Barth et al.
2016).

16 Although this code is not currently published, anyone who wishes to
reproduce our results may contact the corresponding author for the code.
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Figure 3. Zeroth (top row), first (middle row), and second (bottom row) moment maps of NGC 384 built from the ALMA data (left column) and best-fit fiducial model
(middle column) within the fiducial elliptical fitting region. The uncertainty in the first moment map (upper right) and first moment map residual (data—model)
normalized by the uncertainty (lower right) are also displayed. The moment maps are constructed on the original ALMA pixel scale of 0”04 pixel ' and linearly
mapped to their respective scale bars, with each moment’s data and model using the same scale. These maps are not used in the fit, as models are fit directly to the data
cube (Section 3). The first moment map shows that the CO disk displays a kinematic twist in the inner ~0”5.

Finally, the model and data are compared directly within an
elliptical fitting region that includes nearly all of the CO
emission in each channel while omitting excess noise. The fitting
region contains 43 velocity channels, corresponding to
[Vios — Vsys| <430kms~', with a projected semimajor axis of
R = 1”5, an axis ratio g =0.54, and a position angle
T'oy = 13228 east of north. Ultimately, in the fiducial model (see
Sections 3.1.2 and 4), the fitting region contains 6493 data points
with 6481 degrees of freedom.'’

We adopt a likelihood of L o< exp(—x?2/2), taking

X =2 — my)? / 02) where d; are the downsampled data
pomts m; the downsampled model points, and o; the noise in
channel j, calculated as the standard deviation of an emission-

Fully accounting for the non-independence of adjacent 4 x 4 pixel groups
that are separated by less than a full synthesized beam (see, e.g., Sectlon 4.2)
would translate to fewer degrees of freedom and hlgher estimates of x Such a
change would not affect which dynamical model is judged to be best ﬁttmg or
alter the reality that systematic uncertainties dominate over statistical
uncertainties in this case (Section 4.2). We therefore defer consideration of
this subtlety to a future paper.

free area of the downsampled data. We optimize the free
parameters [Mgy, M/Ly, i, I', vgys, 0o, the BH location (xo, yo),
and fp] with dynesty (J. S. Speagle 2020), a nested sampling
code. Flat priors are sampled for each parameter uniformly in
linear space, except for Mgy, which is sampled uniformly in
logarithmic space. The 68% and 99.7% confidence intervals of
the parameter posterior distributions are reported as 1o and 30
uncertainties. See J. H. Cohn et al. (2021) for more model
details.

3.1. Warped Disk

As shown in the first moment map in Figure 3, the inner
~0”5 of the disk appears to display a twist. We find that a flat
disk model must be oversimplified, as it is incapable of
reproducing this kinematic twist. Therefore, we implement
multiple methods to account for the twist, allowing i and I" to
vary with radius. The resultant model retains circular orbits for
the gas, but adjacent orbits are no longer required to exist in the
same plane, thus creating a warped disk.
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Figure 4. PVDs extracted from the observed data cube (top) and best-fit
fiducial model cube (bottom) for NGC 384. The best-fit systemic velocity (see
Table 2) has been subtracted from the line-of-sight velocities displayed here.
The extraction path for the PVDs is along the disk major axis (PA = 13278 east
of north, based on the flat disk model in Section 4.2), with a width set by the
geometric mean of the synthesized beam (0”22). Both panels are linearly
mapped according to the color bar. As a result of the kinematic twist, the
central region of the PVD highlights features of the minor kinematic axis. Our
dynamical models are fit directly to the data cube, so these PVDs are not used
in the fit.

3.1.1. Tilted Ring Model

We first implement a set of variable inclinations and position
angles to model the warped disk, preserving the thin disk
assumption, following a similar approach to the concentric
tilted ring model developed in B. D. Boizelle et al. (2019).
Here, we choose an integer number N of radial nodes within the
fitting region at which I',, and i, are free parameters. We create
continuous I'(r) and i(r) profiles by interpolating I' and i
linearly between these nodes, then extending i(r) and I'(r) from
the innermost node to r =0, and from the outermost node to
R In order to calculate the initial disk radii 7, initial I" and i
are required, so we use the best-fit I' and i from a flat disk
model (see Section 4.2). A new warped disk radius R grid is
then calculated from i(r) and I'(r), and the rest of the model is
generated as described in Section 3 on this grid. This approach
avoids potential interpolation concerns when applying tilted
ring models to more moderately warped disks.

Given the relatively low signal-to-noise ratio of the NGC
384 observations compared to the data in B. D. Boizelle et al.
(2019), we test the simplest case, using two nodes evenly
spaced over the fiducial fitting ellipse. With a free i and T" at
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each of these two nodes, this model includes four new free
parameters, which are fit simultaneously with the other model
parameters. We test the exact choice of node location in
Section 4.2 below, finding that results for the model with two
nodes are robust and consistent, although the tilted ring I' is
incapable of replicating the central twist in the data.

3.1.2. Parameterized Warped Disk

The tilted ring model constructed for NGC 384 is stable in
the case with two nodes, but a tilted ring model with only two
nodes is incapable of producing the rapid I' warp seen at the
center of the first moment map (see Figure 3). We attempt to
construct tilted ring models with N > 3 to account for this warp,
but due to the low signal to noise of the data and the increasing
number of free parameters, these models do not exhibit
consistent behavior or provide robust parameter solutions. As
such, we develop a new warped disk model using a functional
form to allow greater radial changes in the I" and i parameters,
without drastically increasing the number of free parameters in
the model.

First, we test a model allowing i and I to vary linearly across
the entire disk, which we refer to as the “linear twist” model. In
this model, there are two free i and two free I" parameters, one
each at the disk center and one each at the disk edge. As with
the tilted ring model, calculating the disk radii r requires an
initial { and I', for which we use the best-fit flat disk model’s i
and I'. The resultant linear i(r) and I'(r) functions are used to
construct a new grid of disk radii R, on which we build the rest
of the model, as detailed in Section 3. As with the tilted ring
model above, this model includes four new free parameters. As
discussed in Section 4.2, i is well described with a linear fit, but
we find that a linear I is unable to account for the relatively flat
I" at large radii combined with the strong central twist.

As such, we adopt an exponential function, I'(r) =
Iy + Liexp(—r/rr), to allow T' to warp more strongly at the
center. However, we continue to keep the inclination linear in
this model, with iy free at the disk center and i; free at the disk
edge. There are five free parameters in this model: iy, i1, o, I'y,
and rp. Comparison of this parameterized warped disk
modeling method showed very similar results for NGC 384
to the tilted ring modeling method presented by B. D. Boizelle
et al. (2019), with agreement typically within a couple of
kilometers per second and only reaching 10—20kms ™" in the
innermost couple beam areas. Finally, we also test a
parameterized warped disk model that uses an exponential
function for both inclination and position angle. This more
complex model returns an i(r) that is consistent with a linear
function, so we move forward with the parameterization using
an exponential I'(r) and linear i(r) in our fiducial model.

4. Modeling Results

Below, we discuss the results of our dynamical modeling of
the disk in NGC 384. The fiducial warped disk model, with i
and I' parameterized as linear and exponential functions,
respectively, captures the kinematic twist seen in the moment
map and yields a significantly improved x* and reduced x>
(Xi) over the flat disk, tilted ring, and linear twist models.

4.1. Fiducial Model Results

The best-fit parameters for the fiducial model of NGC 384
are listed in Table 2 and posterior distributions of the free
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Table 2

Modeling Results
Parameter Median lo 30 Prior Range
(1 () (3) @) (%)
Mgy [10% M) 7.26 Mt 3 0.32 — 10.00
M/Ly M. /L) 1.34 00 00 0.50 — 3.00
io [°] 52.6 +0.4 o 0.0 — 89.9
i [°] 59.8 +0.3 o8 0.0 — 89.9
o [°] 134.1 +0.3 02 120.0 — 150.0
I [ —157.8 1233 s —270.0 — 0.0
7 [pel 55.6 42 el 0.0 — 5000.0
Veys [kms™'] 4240.8 +0.4 3 4200.0 — 4300.0
0 [kms™'] 102 +0.5 +1.5 0.0 — 30.0
xo "] —-0.023 +0.003 +0.010 —0.187 — 0.133
yo [ —0.003 MMy oo —0.168 — 0.152
fo 1.00 +0.01 +0.04 0.50 — 1.50

Note. Best-fit fiducial model results. Free parameters are listed in column (1).
Median values of each parameter’s posterior distribution are shown in column
(2). Statistical 1o and 30 uncertainties are given in columns (3) and (4),
respectively. Prior ranges are shown in column (5). The position angle Iy is
measured east of north to the major axis on the blueshifted side of the disk,
while the exponential coefficient I'; is measured such that positive values
represent a counterclockwise shift. The (xy, yo) coordinates of the BH are given
relative to R.A. = 01"07™25%0181 and decl. = 4+32°17/33.”7798 (J2000), the
maximum of the continuum emission. Positive x, values correspond to shifts
eastward and positive yo values to shifts northward.

parameters are displayed in Figure 5. From the best-fit model,
we construct moment maps and PVDs, which are shown on the
original ALMA 0704 pixel ' scale in Figures 3 and 4,
respectively. The uncertainty and residual maps of the first
moment are also shown in Figure 3. In the Appendix, we
compare the fiducial model and observed line profiles on the
downsampled pixel scale over the full fitting ellipse. The
parameterized warped disk i and I' profiles are shown in
Figure 6, reflecting strong constraints on a linear twist in the
inclination and a significant central twist in the position angle.

We find Mgy = (7.267043[7135]) x 108 M., (1o [30] uncer-
tainties), with y> = 7511.1 and Xi = 1.159. We also determine
M/Ly=134+0.01[ £0.03]M/L. Using a ~12—13.5 Gyr
stellar age and a metallicity ~0.05 dex above solar, which
match the age and metallicity derived for NGC 384 in A. Yil-
dirim et al. (2017), simple stellar population models (A. Vaz-
dekis et al. 2010) suggest a similar, albeit slightly lower,
M/Ly~12M./L. for a P. Kroupa (2001) initial mass
function (IMF). Our results are thus consistent with more
bottom-heavy IMFs seen at the centers of massive ETGs (e.g.,
I. Martin-Navarro et al. 2015a, 2015b; F. La Barbera et al.
2019; K. Mehrgan et al. 2024).

4.2. Systematic Uncertainties

To accurately characterize the uncertainty in the BH mass,
we must also account for the choices we made when
constructing our models and how they affect Mgy (e.g.,
B. D. Boizelle et al. 2019; J. H. Cohn et al. 2021; K. M. Kab-
asares et al. 2022; J. H. Cohn et al. 2023). Below, we describe
the impact of various modeling assumptions on Mpy and M/ Ly
and characterize the systematic uncertainties implied by their
departures from the fiducial model. The overall systematic
uncertainties on Mgy and M/Ly include terms (summed in
quadrature) for all alternative models that we judge to provide
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acceptable fits to the data. To decide whether a given model is
“acceptable” in this context, we primarily consider the
Bayesian information criterion (BIC) =k log(N) — 2log(L),
where k = the number of free parameters, N = the number of
data points, and L =the maximum likelihood. We exclude
models that have ABIC >+10 (where ABIC = test model BIC
—fiducial model BIC), indicating the fiducial model is
significantly favored (A. R. Liddle 2007). Therefore, the
models that we include in our systematic uncertainty calcula-
tions are reasonable models that sufficiently reproduce the data.
For example, we test a model with Mgy fixed to 0, which
produces a 7% increase in M/Ly from the fiducial model.
However, this model is ruled out with ABIC = +66.4
compared to the fiducial model, so we exclude it from our
systematic uncertainty calculations.

Warped disk. As discussed in Section 3.1, in addition to the
fiducial warped disk model, we test a tilted ring model to
account for the kinematic twist in the CO disk. Using the tilted
ring model with two i and I' nodes evenly spaced over the
fitting region at r=0”5 and r=1", we find iy=54%4,
ii=57.°8, I'y=122.°6, and Ty =133.5. As shown in
Figure 6, this i profile is consistent with the fiducial warped
disk model. The tilted ring I'(r) is also consistent with the
fiducial model for r > 0”5, disagreeing only at the innermost
radii where the tilted ring I' is held constant. In this model,
Mgy decreases 47.0% and M/Ly increases 3.9% from the
fiducial values, with an increased Xi of 1.178. We test a variety
of node locations for the rings, ranging the inner node from
0”715 to 0”6 and the outer node from 0”79 to 1”. In all cases, the
model produces i and I' profiles consistent with the tilted ring
model with evenly spaced nodes.

Additionally, we consider a linear twist model, the warped
disk model in which both i and I" are linearly interpolated from
the disk center all the way to the disk edge. The resultant i
profile is consistent with the fiducial warped disk model, while
the I' profile is relatively flat, dominated by the I" at larger radii
and failing to account for the changing I' at the center (see
Figure 6). The Mgy in this model increases 20.3% and M/Ly
decreases 1.8% from the fiducial model, and Xlz, increases
to 1.169.

We also test a flat disk model, with a single i and I value
across the full disk, ignoring the observed kinematic twist. This
flat disk model has i =57.°3 and T" = 132.°8, consistent with
the fiducial warped disk model results for radii =200 pc
(20”75). The flat disk model yields a 73.2% lower Mgy
relative to the fiducial model, a 6.3% increase in M/Ly, and a
much worse X12/ = 1.195.

The fiducial model is strongly preferred over all of the above
models, with ABIC=+112 for the tilted ring model,
ABIC = +53 for the linear twist model, and ABIC = +211
for the flat disk model. Thus, we exclude all of these other disk
structure models from our systematic uncertainty calculations
as they are very strongly disfavored.

Dust extinction. We adopt the dust-masked MGE from
Section 2.1.1 when fitting the fiducial dynamical model. Here,
we test the use of the original MGE, which ignores the presence
of dust, and the dust-corrected MGE, which assumes
Ap=04mag to the southwest of the nucleus. The dust-
corrected MGE produces a 8positive shift to the inferred BH
mass, with Mgy = 7.33 x 10° M, (1.0% larger than the fiducial
Mgy) and a consistent M/Ly of 1.34 M, /L. This model has
ABIC = —7.2 compared to the fiducial model, indicating a
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Figure 5. One-dimensional (1D; top edge) and 2D posteriors of fiducial model parameters for NGC 384. The 2D panels display 1o, 20, and 3¢ contours. In the 1D
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Figure 6. Inclination (i; left) and position angle (I'; right) profiles for the best-
fit fiducial warped disk (blue solid line), tilted ring (red dashed line), linear
twist (green dashed—dotted line), and flat disk (black dotted line) models,
plotted as a function of the input radius r over the extent of the disk. Shaded
regions correspond to 1o confidence intervals. The i(r) for the fiducial warped
disk model is consistent with the i(r) profiles of the tilted ring and the linear
twist models, while I'(r) for the fiducial warped disk model shows a significant,
well-constrained twist at the center. At radii >200 pc (=075, outside of the
central twist), the fiducial warped disk I'(r) agrees with the flat disk model.

better fit to the data. The original MGE produces a negative
shift to Mgy, with Mgy = 7.04 x 108 M, (3.0% lower than the
fiducial Mpy) and M/Ly = 1.37 M, /L. However, the original
MGE model is a significantly worse fit than the fiducial model,
with ABIC = +44.2, so we exclude it from the systematic
uncertainty calculations.

Radial motion. The kinematic twist near the center of the
first moment map in NGC 384 could also reflect the radial
flows of the molecular gas. Following J. H. Cohn et al. (2021)
and J. H. Cohn et al. (2023), we employ two toy models to
determine whether the data favor any radial motion. The first
model introduces a radially constant velocity term (v,,q), which
is projected into the line of sight and summed with v;,;. We find
Viad = 13.3 £8.4kms™! (30 uncertainties), consistent with a
low-velocity outflow. Mgy decreases by 3.1% and M/Ly
decreases by 0.9%. The v, model produces the best fit of all of
our models, with Xi = 1.156, for a ABIC compared to the
fiducial model of —13.2.

In the second model, we use the dimensionless, radially
varying term ~ (B. Jeter et al. 2019), which is multiplied by v,
projected onto the line of sight, and summed with v, This
model also favors a small outflow, with x =0.03 +0.02 30
uncertainties). From this best-fit x, the median radial velocity in
the disk is 9.0kms™', consistent with the best-fit v,,q found
above. The best-fit Mgy decreases by 2.9% from the fiducial
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model and M/Ly decreases by 0.9%, with ABIC compared to
the fiducial model of —12.0.

Gas mass. Here, we test a model accounting for the
molecular gas mass. The radial CO surface brightness is
measured within elliptical annuli on the zeroth moment map
and used to calculate projected mass surface densities. We then
calculate circular velocities due to the gas mass (V¢ g,s) in the
galaxy midplane by integrating following J. Binney & S. Tre-
maine (2008), assuming a thin disk. The resultant v, g, is
summed in quadrature with v, due to stars and the BH. This
model produces a 1.1% increase in Mgy and a 0.8% decrease in
M/Ly, fully consistent with the fiducial model’s Mgy and
M/Ly within uncertainties. The maximum disk Vegas 1S
~33 km sfl, ~8% of the maximum circular velocity due to
stars. This model has Xi = 1.158, with ABIC = —6.5.

Turbulent velocity dispersion. In addition to the radially
constant oy, used in our fiducial model, we test an exponential
Owurb(R) = 09 + o1 exp(—R/R,) as a function of the warped
disk radius. This model converges to o= 10.1kms '
(consistent with the fiducial model), R, = 22.6 pc (0”085), and
o1 =221.4km s, although the 30 confidence interval on oy
extends over the full 0-500 kms ™" prior range. In this model,
Mgy decreases by 6.1% and M/Ly increases by 0.4%.
However, ABIC =+10.9 compared to the fiducial model,
indicating the exponential oy, is significantly disfavored, so
we exclude it from the systematic uncertainty calculations.

Oversampling factor. It is possible for both ionized (e.g.,
A. J. Barth et al. 2001) and molecular (e.g., B. D. Boizelle et al.
2019) gas-dynamical Mgy measurements to depend on the
pixel oversampling factor s. In addition to the fiducial s = 6, we
test s=1, 2, 3, 4, and 8. The greatest positive (negative)
change to Mgy is +0.5% (—10.0%) with s =8 (s=1). The
greatest positive (negative) change to M/Ly is +0.4% (<
—0.1%) with s =1 (s =8). In all of these models, the ABIC
compared to the fiducial model is small, ranging from —2.9
(s=2)to +2.1 (s=1).

Intrinsic flux map. Here, we examine how the number of
Lucy—Richardson deconvolution iterations on the CO flux map
affect our results. The fiducial model utilizes 10 iterations, and
we also test five and 15. The five-iteration model produces a
0.3% increase in Mgy and a 0.1% increase in M/Ly. The 15-
iteration model produces a 1.2% decrease in Mgy and an
identical M/Ly. The five-iteration model has ABIC = —5.4
compared to the fiducial model and the 15-iteration model has
ABIC = +9.1, just within our threshold to include the model in
the systematic uncertainty calculations.

Downsampling factor. In the fiducial model, pixels are
downsampled in groups of 4 x 4 to mitigate correlated noise.
The synthesized ALMA beam size is 07161 x 07302
(4.0 x 7.6 pixels), and it has a position angle of 16°17 east of
north, such that the major axis of the beam is mostly aligned
with the observed y-axis. Therefore, we test a downsampling
factor of 4 x 8 spatial pixels. We find that Mgy decreases by
5.0% and M/Ly increases by 1.2%. However, the change in
pixel binning means this test and the fiducial model have
different data, and a direct BIC comparison between these
models is not possible. Nevertheless, this model is a
significantly worse fit than the fiducial model, with
Xi = 1.188. This is worse than the Xi of almost every model
that we have excluded by BIC comparisons, so we also exclude
this model from the final systematic uncertainty calculations.
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Fitting ellipse. Here, we vary the semimajor axis of the
fitting ellipse, testing Rg = 173 and 177. Fitting regions
larger than 1”7 would include many noisy pixels outside of the
CO disk. The model with R = 1”3 produces a 6.0% increase
in Mpy and a 1.2% increase in M/Ly. In contrast, the R = 1.”
7 model finds Mgy increases by 4.5% and M/Ly decreases by
1.0%. As changing R means including or excluding different
data, direct BIC comparisons are again not possible. Both
models are somewhat worse fits than the fiducial model, with
x> = 1.163 for Ry =1."3, and x> = 1.164 for R = 1."7.
However, these Xi values are comparable to those of models
included by BIC comparisons, so we include them in our
systematic uncertainty calculations.

Final error budget. We calculate the positive and negative
systematic (sys) uncertainties on Mpy and M/Ly; by summing the
respective changes in quadrature from all of the tested models with
acceptable BIC and XIZ, values. The greatest positive and negative
shifts to Mgy are +4.5% and —10.0%, and come from the
R = 1."7 model and oversampling s =1 model, respectively.
The greatest positive and negative shifts to M/Ly are +1.2% and
—1.5% from the R = 1.”3 and 177 models, respectively. Thus,
the BH mass is Mgy =(7.267 543 [stat, 16] 1139 [stat, 301 1033
[sys]) x 10° M., and the M/Ly is M/Ly=1.34+0.01 [stat, 1o]
+0.03 [stat, 30] +0.02 [sys] M /L.

5. Discussion

Our work, which reports the first dynamical Mgy measure-
ment for NGC 384, means the number of molecular gas-
dynamical Mpy determinations for local compact galaxies now
equals the number of stellar-dynamical measurements in the
sample. We discuss the BH SOI in Section 5.1, compare NGC
384 and the other relic galaxies with dynamical Mpy
measurements to the local BH—host galaxy scaling relations in
Section 5.2, and discuss the significance of our results with
respect to the coevolution of BHs and galaxies in Section 5.3.

5.1. The BH Sphere of Influence and Comparisons to the
Literature

The BH SOI, defined here as the radius at which the enclosed
stellar mass is equal to Mgy, is rsor=0712 (31 pc) for our
fiducial model. If we instead estimate the BH SOI as r, = GMgy
/0% and take o, =221 kms ™' (A. Yildirim et al. 2017), we find
1y = 0724 (64 pc). To quantify how well the data resolve the BH
SOI, we compare the SOI to the geometric mean of the ALMA
beam (Opwinvg = 0722) via £ = 2rsor/0rwrm (S. P. Rusli et al.
2013). Using rsoy and 7y, we find §=1.1 and 2.2, respectively.
These results are comparable to many other ALMA dynamical
Mgy measurements, which often have £ ~ 1-2 (e.g., A. J. Barth
et al. 2016; K. Onishi et al. 2017; T. A. Davis et al. 2017, 2018;
M. D. Smith et al. 2019, 2021; D. D. Nguyen et al. 2020;
J. H. Cohn et al. 2021, 2023; K. M. Kabasares et al. 2022, 2024;
I. Ruffa et al. 2023).

In NGC 384, the 10 statistical uncertainties in Mgy are at the
~6%—7% level, while the statistical uncertainties in Mgy for
UGC 2698 and PGC 11179 are at the 2%—3% level (J. H. Cohn
et al. 2021, 2023). The total systematic uncertainties on Mgy in
NGC 384 remain larger at the level of ~8%-14%. These
results continue to demonstrate that accounting for the
systematic uncertainties in molecular gas-dynamical modeling
is critical for accurately characterizing the confidence in the
measured Mgy.
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Figure 7. The Mpy—o, (left), Mgy— Ly, (middle), and Mpy—My, (right) relationships (J. Kormendy & L. C. Ho 2013; N. J. McConnell & C.-P. Ma 2013; R. Lisker
et al. 2014; R. P. Saglia et al. 2016; G. A. D. Savorgnan et al. 2016; R. C. E. van den Bosch 2016), with shaded regions indicating their intrinsic scatter. The local
compact relic galaxies with ALMA-based molecular gas-dynamical Mgy determinations (J. H. Cohn et al. 2021, 2023), including NGC 384 (this work), are shown
with blue diamonds. Red-filled squares indicate stellar-dynamical Mgy measurements from adaptive optics-assisted integral field spectroscopy (J. L. Walsh
etal. 2015, 2016, 2017). The relic galaxies are plotted with their total luminosities and masses on the Mgy— Ly, and Mgy—My,, relations, making them upper limits on
bulge values. PGC 11179, Mrk 1216, NGC 1271, and NGC 1277 are positive outliers from Mpy—Ly,y and Mgy—My,;, but NGC 384 and UGC 2698 are consistent

within the intrinsic scatter of all three relations.

5.2. Comparing the Compact Relic Galaxies to the Local BH
Scaling Relations

In Figure 7, we compare our measurement of Mgy in NGC 384
to the BH scaling relations. For the Mgy—o, relation, we use the
stellar velocity dispersion of NGC 384 measured within a circular
aperture at the galaxy half-light radius, o, =221+ 6kms™'
(A. Yildirim et al. 2017). For the Mpy— Ly, relation, we calculate
the total H-band luminosity from the dust-masked MGE, finding
Ly =6.13 x 10'° L., then convert to L using an absolute H-band
(K-band) solar magnitude of 3.37 (3.27)mag (C. N. A. Will-
mer 2018) and H — K= 0.2 mag from Simple Stellar Population
(SSP) models (A. Vazdekis et al. 2010). We find
Lxk=16.72 x 1010L®. To calculate the total stellar mass, we
multiply Ly by the bestfit fiducial M/Ly, finding
M, =822 x10"°M_. The other local compact galaxies with
stellar-dynamical (NGC 1271, NGC 1277, and Mrk 1216;
J. L. Walsh et al. 2015, 2016, 2017) and molecular gas-dynamical
(UGC 2698 and PGC 11179; J. H. Cohn et al. 2021, 2023) Mgy
measurements are also shown in Figure 7, using the host properties
listed in J. H. Cohn et al. (2021) and J. H. Cohn et al. (2023).
Given debates on the bulge properties of the local compact
galaxies (A. W. Graham et al. 2016; G. A. D. Savorgnan &
A. W. Graham 2016), we use the total galaxy luminosity and
stellar mass as upper bounds on bulge values when displaying
these objects in Figure 7. Total uncertainties are calculated for all
of the BH masses in the figure by summing the systematic and the
1o statistical uncertainties in quadrature. Unlike the majority of the
local compact galaxies, NGC 384 lies within the scatter of all three
scaling relations.

Compared to the Mpy—Ly, relation of J. Kormendy &
L. C. Ho (2013) and the Mgg—My,,; and Mgy—o, relations of
R. P. Saglia et al. (2016), the Mgy we measure for NGC 384 is
a factor of 2.2, 2.2, and 1.9x above the expected value,
respectively. This result places the measurement within the
upper end of the scatter of each relation, in contrast to the five
previously measured BH masses in the local compact galaxy
sample, which lie an average of 6.3, 7.4, and 2.0x above the
expected scaling relation values for the Mgy—Liu, Msu—Mopuis
and Mgy—o, relations, respectively.
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Next, we quantify how offset the BH masses in the local
compact galaxy sample as a whole are from the local scaling
relations using a Monte Carlo simulation. For each of the six
objects with Mgy measurements to date, we draw one value
from a normal distribution centered on the scaling relation-
predicted Mgy with a width equal to the relation intrinsic
scatter, and one from a distribution centered on the measured
Mgy with a width given by the total measurement uncertainties.
In each iteration, there are thus six scaling relation BH masses
and six dynamical BH masses. We repeat this process 10,000
times and find that the median Mgy from the six dynamical BH
masses is above the median Mgy from the six scaling relation-
predicted BH masses 100.0%, 99.9%, and 91.5% of the time
(over the 10,000 iterations), for the Mgy—Ly,(J. Kormendy &
L. C. Ho 2013), Mgy—My,, and Mgy—o,(R. P. Saglia et al.
2016) relations, respectively. Moreover, the median offset
between the two distributions is 2.1 x 10° M, 2.0 x 10° M,
and 1.2 x 10° M., for the Mgy—Luui, Mgn—Mpui, and My—o,
relations, respectively.

These results still hold when we consider only the three
ALMA measurements, in which case the median of the
dynamically measured distribution is above the scaling
relation-predicted distribution for Mgy—Lyy, Mpu—Mpa, and
Mgy—o, in 97.2%, 95.2%, and 88.2% of the iterations,
respectively. We caution that these comparisons are prelimin-
ary, as only six out of the sample of 15 local compact relic
galaxies have dynamical Mgy measurements so far.

Comparing to the P. Zhu et al. (2021) BH mass—core mass
scaling relation, and using the total stellar mass as the core
mass, our Mgy for NGC 384 is a factor of 1.02 above the
predicted Mgy, consistent with the relation. Likewise, the other
five dynamical Mgy measurements in the relic sample are
consistent with the P. Zhu et al. (2021) relation within its
scatter. This relation is constructed for classical bulges and the
cores of elliptical galaxies, which are likely descendants of red
nugget galaxies at z ~ 2.

5.3. BH and Host Galaxy Coevolution

NGC 384 is a member of a sample of compact galaxies that
are local analogs and likely relics of z~2 red nuggets
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(A. Yildirim et al. 2017). It is a fast rotator with a disky shape,
uniform old (~10 Gyr) stellar population, super-solar stellar
metallicity, and an elevated central surface density that falls off
steeply at large radii (A. Yildirim et al. 2017). NGC 384 also
has a red population of globular clusters (J. Kang &
M. G. Lee 2021) and a small effective radius (1.5 kpc; A. Yil-
dinm et al. 2017) for its stellar mass (8.22 x 10'°M..),
consistent with the mass—size relation at z ~ 2 (A. van der Wel
et al. 2014). These properties, typical of the local compact
galaxy sample, are also consistent with z ~ 2 red nuggets and
the cores of giant ellipticals (e.g., I. Trujillo et al. 2014;
A. Ferré-Mateu et al. 2015, 2017; I. Martin-Navarro et al.
2015b; A. Yildirim et al. 2017), which tend to host the most
massive BHs in the local Universe.

Furthermore, z ~ 2 red nuggets are thought to seed the cores
of massive local ellipticals whose growth through dry mergers
increases bulge stellar mass and luminosity without signifi-
cantly feeding the BH (e.g., T. Naab et al. 2009; L. Oser et al.
2010; P. G. van Dokkum et al. 2010). NGC 384 and the other
local compact galaxies are thus likely passively evolved relics
of z~2 red nuggets that failed to undergo such mergers
(A. Yildirim et al. 2017). Such relics of red nuggets have also
been observed in cosmological simulations (S. Wellons et al.
2016). Although some of the local compact galaxies are
isolated, most are located in group or cluster environments
(A. Yildirim et al. 2017), and NGC 384 is a member of Arp 331
(also known as the Pisces Cloud), a galaxy group in Pisces
(G. de Vaucouleurs et al. 1976). Nevertheless, the local
compact galaxies have regular isophotes and no evidence of
tidal interactions, indicating they likely have not formed
through the stripping of outer layers.

Finding overmassive BHs in most or all passively evolved
relics of z ~ 2 red nuggets would suggest that BHs in massive
ETGs tend to finish growing prior to the stars in the Galaxy's
outskirts. Most red nugget galaxies would then have to undergo
sufficiently many dry mergers between z ~ 2 and the present
day for their stellar masses and luminosities to catch up to the
local Mgy—Ly, and Mgy—M,,; relations. We note that the
sample’s closer agreement to Mgy—o, despite positive offsets
from Mgy—Ly, and Mgy—My, is unsurprising due to the fact
that the Faber—Jackson relation levels off for power-law ETGs
(T. R. Lauer et al. 2007). Moreover, C. Matt et al. (2023)
showed there is a difference in the predicted number density of
high-mass BHs (Mgy > 10° M..)) at 1 <z < 3 based on whether
they assume Mpy—My, versus Mgy—o,. The fact that the local
red nugget relic sample is more closely aligned with Mgy—o,
may indicate that the local Mgy—o, relation is a more accurate
representation of high-mass BHs at 1 <z <3 than the local
Mpgy—M,,,; relation.

Although previous work found evidence for overmassive
BHs in relic galaxies (e.g., A. Ferré-Mateu et al. 2015;
J. L. Walsh et al. 2015, 2016, 2017; J. H. Cohn et al. 2023), the
local compact galaxies NGC 384 and UGC 2698 challenge this
interpretation due to their consistency with the local BH scaling
relations. However, UGC 2698 may be a less pristine relic
(A. Yildinm et al. 2017) and thus could represent an
intermediate step between the z~2 and z~0 BH scaling
relations (J. H. Cohn et al. 2021). NGC 384, on the other hand,
is a more typical local compact galaxy, showing no indication
of any substantial growth since z ~2 (A. Yildirim et al. 2017).
Therefore, our gas-dynamical result could suggest that not all
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BHs in z ~ 2 red nuggets were overmassive compared to the
local scaling relations.

In this case, the properties of the local compact galaxies
could be explained by much greater intrinsic scatter at the high-
mass end of the scaling relations than has previously been
estimated. However, the apparent scatter could also be inflated
by systematic differences in stellar- and gas-dynamical
measurement methods. Such systematics remain poorly under-
stood, as there are currently only a handful of objects of any
kind with Mgy measurements from both stellar- and ALMA-
based gas dynamics. Nevertheless, in three of those cases, the
stellar-dynamical measurement is a factor of ~2x larger than
the gas-dynamical measurement (D. Krajnovié¢ et al. 2009;
S. P. Rusli et al. 2011, 2013; A. Schulze & K. Gebhardt 2011;
A. J. Barth et al. 2016; T. A. Davis et al. 2017; B. D. Boizelle
et al. 2019; M. D. Smith et al. 2019; P. Dominiak et al. 2024b;
T. K. Waters et al. 2024). Stellar-dynamical Mgy measure-
ments for NGC 384, UGC 2698, and PGC 11179 may result in
higher Mgy values that are more significant outliers from the
scaling relations. We note that there are five galaxies with dust
disks in the relic sample that are excellent targets for additional
molecular gas-dynamical Mgy measurements but as yet have
no ALMA observations. Directly cross-checking these ALMA-
based measurements with stellar dynamics, as well as obtaining
stellar- and molecular gas-dynamical Mgy measurements for
additional local compact galaxies, is crucial for accurately
characterizing the scatter of the scaling relations and determin-
ing what implications the sample has for BH—host galaxy
coevolution.

6. Conclusions

We have observed CO(2-1) emission from the circum-
nuclear gas disk in the local compact relic galaxy NGC 384 at
0”22 resolution with ALMA. We measure spatially resolved
kinematics of the gas disk, identifying a significant kinematic
twist in the first moment map. Therefore, we fit a dynamical
model accounting for this twist, such that the disk inclination
varies linearly with radius and the position angle varies
exponentially with radius. We test a variety of additional
dynamical models, finding Mgy =(7.26"043 [lo stat] 933
[sys]) x 10° M., and stellar M/Ly=1.34+0.01 [lo stat]
+0.02 [sys]M./L.. The BH SOI is resolved by the data
(& =2rsor/0pwrm ~1—2), and we find that the total systematic
uncertainties are a factor of ~2x larger than the statistical
uncertainties, indicating systematics are vital to consider for
molecular gas-dynamical Mgy measurements. Obtaining higher
signal-to-noise CO imaging would enable more detailed gas-
dynamical modeling, likely shrinking measurement uncertain-
ties. We find NGC 384 lies within the upper end of the scatter
of all three BH—host galaxy scaling relations.

NGC 384 is a likely relic of a z~2 red nugget, with an
evolutionary history distinct from those of typical local massive
ETGs (A. Yildinm et al. 2017). However, its location relative
to the BH scaling relations is different from the overmassive
BHs found in other local compact relic galaxies studied thus far
(J. L. Walsh et al. 2015, 2016, 2017), including one (PGC
11179) measured with molecular gas (J. H. Cohn et al. 2023).
Unlike UGC 2698, which is also consistent with all three
scaling relations within their scatter (J. H. Cohn et al. 2021),
NGC 384 shows no evidence of any mergers or growth since
z~ 2. These properties call into question previous evolutionary
interpretations of the overmassive BHs in local compact relic
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galaxies, which had suggested those BHs might have grown
prior to the growth of stars in the galaxy outskirts.

Our result may instead be evidence that there is greater
intrinsic scatter than previously thought, due to a diversity of
growth histories in the high-mass end of the scaling relations.
Another alternative is that z ~ 2 galaxies may follow a much
steeper Mpy— Ly, relation than locally. However, the dearth of
direct comparisons between molecular gas-dynamical Mgy
measurements and stellar-dynamical determinations calls into
question whether this scatter may result partly from a
systematic offset between the two methods. Obtaining stellar-
dynamical My measurements to compare to the molecular gas
dynamics, as well as making Mgy measurements for the
remainder of the local compact relic galaxies, is required to
determine whether the sample truly contains overmassive BHs.
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Appendix
Line Profiles

The model is fit to the data cube on the downsampled pixel
scale within the fitting ellipse, as discussed in Section 3, with
X~ calculated from the model and observed line profiles at each
pixel. The fiducial model and data cube line profiles for every
downsampled pixel in the ellipse are plotted in Figure 8.
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Figure 8. Observed (black) and best-fit fiducial model (blue) line profiles in the fitting ellipse, on the downsampled pixel scale, with noise per channel shown in gray.
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good fit to the observations across the gas disk.
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