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ABSTRACT

Supermassive black hole (SMBH) masses can be measured using molecular gas kinematics. Here we present high-angular-
resolution (0.12 arcsec or ~ 11 pc) Atacama Large Millimeter/submillimeter Array observations of the 2CO(2-1) line
emission of the early-type galaxy NGC 1387. The observations reveal a face-on, regularly rotating central molecular gas
disc with a diameter of &~ 18 arcsec (= 1.7 kpc) and a central depression slightly larger than the SMBH sphere of influence.
We forward model the CO data cube in a Bayesian framework with the KINEMATIC MOLECULAR SIMULATION code,
and use Hubble Space Telescope data to constrain the stellar gravitational potential contribution to the molecular gas
kinematics. We infer an SMBH mass of 1.10% 7! [stat, 30 ] "33 [sys] x 10® M and an F160W-filter stellar mass-to-light ratio

—-1.09

of 0.901) 33 [stat, 30170 3e[sys] Mo /Lo risow- This SMBH mass is consistent with the SMBH mass-stellar velocity dispersion

relation.

Key words: galaxies: elliptical and lenticular, cD - galaxies: individual: NGC 1387 - galaxies: ISM - galaxies: kinematics

and dynamics - galaxies: nuclei.

1 INTRODUCTION

Despite contributing very small fractions of the total galaxy
masses and having very limited spatial extents, it is now recog-
nized that central supermassive black holes (SMBHs) have major
impacts on the galaxies they lie within. Observational efforts over
the last 30 yr have indeed established that SMBH mass correlates
with many host galaxy properties, suggesting co-evolution (e.g.
K. Gebhardt et al. 2000; N. J. McConnell & C.-P. Ma 2013; R. C. E.
Bosch 2016). Nonetheless, the growth of both SMBHs and galax-
ies and their self-regulating relationship are poorly understood
(e.g. C. M. Harrison et al. 2018; M. D’Onofrio, P. Marziani & C.
Chiosi 2021).

A key issue to better understand SMBH mass-host galaxy cor-
relations is the accuracy of the SMBH masses. While many easily
observed galactic properties can serve as indirect proxies of an
SMBH’s mass, an accurate measurement of the mass can only be
obtained by directly probing and modelling the kinematics of the
material orbiting the SMBH (e.g. J. Kormendy & L. C. Ho 2013).

* E-mail: pandora.dominiak@physics.ox.ac.uk (PD);
martin.bureau@physics.ox.ac.uk (MB)
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Traditionally, integrated stellar populations (e.g. M. Cappellari
et al. 2009; D. Krajnovic¢ et al. 2009; N. J. McConnell et al. 2012),
ionized gas (e.g. L. Ferrarese, H. C. Ford & W. Jaffe 1996; R. P.
Marel & F. C. Bosch 1998) and megamasers (e.g. C. Y. Kuo et al.
2011; F. Gao et al. 2017; D. W. Pesce et al. 2020) have been used as
kinematic tracers.

Over the past decade, the unprecedented resolution and sen-
sitivity of the Atacama Large Millimeter/submillimeter Array
(ALMA) has also allowed to probe the kinematics of molecular
gas within the spheres of influence (SoI) of SMBHs, thus leading
to a new method of SMBH mass determination (T. A. Davis et al.
2013b). Carbon monoxide (CO) has proven itself to be an excel-
lent kinematic tracer, present in the nuclear regions of both early-
and late-type galaxies and unattenuated by dust (I. Ruffa & T. A.
Davis 2024).

In this work, we apply the CO dynamical modelling method
to estimate the mass of the SMBH at the centre of the galaxy
NGC 1387, the data for which were obtained as a part of the mm-
Wave Interferometric Survey of Dark Object Masses (WISDOM)
project. Thus far, the SMBH masses of 11 galaxies have been
measured as a part of the WISDOM project. The method was first
tested using two early-type galaxies (ETGs) and Combined Array
for Research in Millimeter Astronomy data (T. A. Davis et al.
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Figure 1. Unsharp-masked HST Wide Field Camera 3 F160W-filter (H-band) image of NGC 1387 (left), overlaid with the 12CO(2-1) integrated intensity
contours (cyan) from our high-resolution ALMA data cube (right). Note that the unsharp masking has removed the smooth outer galaxy light and instead

highlights the face-on nuclear disc and bar of the galaxy.

2013b; K. Onishi et al. 2017). Subsequent WISDOM work used
high-resolution ALMA observations, typically of the 2CO(2-1)
line, to measure the SMBH masses of a further nine galaxies: eight
typical ETGs (T. A. Davis et al. 2017a, b; E. V. North et al. 2019;
M. D. Smith et al. 2019, 2021; 1. Ruffa et al. 2023; P. Dominiak
et al. 2025; H. Zhang et al. 2025a, b), one dwarf ETG (T. A. Davis
et al. 2020), and one luminous infrared galaxy with an active
galactic nucleus (F. Lelli et al. 2022). Other groups have presented
molecular-gas SMBH mass measurements using analogous meth-
ods in 13 other ETGs (A. J. Barth et al. 2016; B. D. Boizelle et al.
2019; H. Nagai et al. 2019; I. Ruffa et al. 2019; B. D. Boizelle et al.
2021; J. H. Cohn et al. 2021; K. M. Kabasares et al. 2022; D. D.
Nguyen et al. 2022; P. Dominiak et al. 2024; K. M. Kabasares et al.
2024), 2 red nugget relic galaxies (J. H. Cohn et al. 2023, 2024),
and 3 late-type galaxies (K. Onishi et al. 2015; D. D. Nguyen et al.
2020; D. D. Nguyen et al. 2021).

This paper is structured as follows. In Section 2 we summarize
the main properties of the target. A detailed overview of other
properties of NGC 1387 is presented in F.-H. Liang et al. (2026),
a parallel paper released as a part of the WISDOM project that
investigates giant molecular clouds in NGC 1387. In Section 3
we present the ALMA data and their reduction, the creation and
properties of a high-resolution CO data cube and the continuum
emission. We describe the dynamical modelling of the molecular
gas in Section 4, where we also present our results. We discuss
these results in Section 5 and summarize and conclude in Section
6.

2 NGC 1387

NGC 1387 is a barred lenticular (SBO) galaxy located at
03h36m57506, —35°30'23"79 (J2000.0) within the Fornax Cluster.
It is located at an angular distance of ~ 19 arcmin (=~ 107 kpc) to
the west of NGC 1399 (N. R. Napolitano et al. 2022), the central
galaxy of the Fornax Cluster. Throughout this paper we adopt a
distance of 19.3 + 0.8 Mpc, calculated using surface brightness
fluctuations (J. P. Blakeslee et al. 2009). At this distance, 1 arcsec
corresponds to ~ 94 pc.

NGC 1387 has a total stellar mass of 4.70 x 10'° M, derived
using an i-band absolute magnitude of —21.81 and a stellar
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mass-to-light ratio (M/L) in the i-band M/L; = 1.31 My /Lg; (E.
Todice et al. 2019). Hubble Space Telescope (HST) optical images
reveal a prominent central bulge, a weak bar and a face-on dust
disc extending ~ 18 arcsec (= 1.7 kpc) in diameter along the
major axis, with modest and flocculent dust (see Fig. 1).

NGC 1387 does not have an existing SMBH mass measurement
in the literature, but an estimate can be obtained using the re-
lationship between SMBH mass and stellar velocity dispersion
within one effective (i.e. half-light) radius (Mpg—o. relation) of R.
C. E. Bosch (2016). Adopting 0. = 170.271%2 km s~ (G. Wegner
et al. 2003), an SMBH mass of ~ 9% x 107 M, is expected. The
radius of the sphere of influence (Rgo1) of an SMBH quantifies
the spatial scale over which the gravitational potential of the
SMBH is dominant. One way it can be estimated is by using
Rso1 = GMpn /o2, where G is the gravitational constant, yielding
Rso1 & 12 pc (= 0.13 arcsec) for NGC 1387.

3 ALMA OBSERVATIONS

The 2CO(2-1) emission line of NGC 1387 was observed with
ALMA in band 6 using both the 12-m array and the 7-m Atacama
Compact Array (ACA) as a part of projects 2016.1.00437.S (PI:
Davis) and 2016.2.00053.S (PI: Liu), respectively. The 12-m array
data are comprised of three tracks taken on 2016 November 4,
2016 December 21 and 2017 September 7 for a total of 20 min
on source. The baselines range from 15 m to 7.5 km, yielding a
maximum recoverable scale (MRS) of 5.9 arcsec (= 0.6 kpc). The
field of view (FoV) is 24.4 arcsec (~ 2.3 kpc). The ACA data are
comprised of one track taken on 2017 July 28 for a total of 17 min
on source. The baselines range from 9 to 45 m, yielding an MRS
of 28.4 arcsec (=~ 2.7 kpc). The FoV is 41.8 arcsec (& 3.9 kpc). The
properties of the observations are summarized in Table 1.

Each of the four observing tracks had a total of four spectral
windows, one of which was centred on the redshifted frequency
of the 2CO(2-1) line (rest frequency v, = 230.5380 GHz). For
the three 12-m array tracks, this spectral window had a band-
width of 1.875 GHz (~ 2440 km s~!) subdivided into 3840 chan-
nels of width &~ 488 kHz (&~ 0.64 km s™!). For the ACA track this
spectral window had a bandwidth of 2.0 GHz (= 2600 km s71)
subdivided into 2048 channels of width ~ 977 kHz (~ 1.27 km



Table 1. ALMA observations properties.

SMBH of NGC 1387 3

Track Date Array Baseline range ~ On-source time MRS FoV Calibration
(s) (arcsec, pc)  (arcsec, kpc)

@ @) 3 (C)) (5) (6) (7 ®

uid A002 Xc44eb5 X2eb5d 07.09.2017 12-m 41 m-7.5 km 726 1.1, 103 244,23 Pipeline

uid_A002_ Xba26cb X492 04.11.2016 12-m 19 m-1.1 km 242 3.1, 291 24.4,2.3 Pipeline

uid A002 Xbbfdf3 X1224 21.12.2016 12-m 15-492 m 242 5.9, 555 244,23 Pipeline

uid_A002_ Xc2bb44 X2142 28.07.2017 7-m 9-45 m 1028 28.4, 2670 41.8,3.9 Pipeline

Notes. Columns: (1) Track ID. (2) Observation date. (3) ALMA array. (4) Minimum and maximum baseline length. (5) Total on-source integration time.
(6) Maximum recoverable scale, i.e. the largest angular scale that can be recovered with the given array configuration. (7) Field of view, i.e. the primary

beam full width at half-maximum. (8) Calibration method.
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Figure 2. Central region (0.18 arcsec x 0.18 arcsec) of the NGC 1387
1.25 mm continuum image. Contours are evenly spaced between the peak
intensity of 1.20 £ 0.03 mJy beam~! and 3 times the RMS noise. The
synthesized beam is shown in the bottom-left corner as a black open
ellipse.

s71). The remaining spectral windows for both the 12-m array
and the ACA tracks had a bandwidth of 2.0 GHz (~ 2600 km s 1)
subdivided into 128 channels of width &~ 16 MHz (*~ 20 km s~ !).
These were used to map the continuum emission.

The data were reduced using the COMMON ASTRONOMY
SOFTWARE APPLICATIONS (CASA) package version 4.7.2 (J. P.
McMullin et al. 2007) and the standard ALMA pipeline. The fol-
lowing imaging steps were carried out using CASA version 6.4.3.

3.1 Continuum emission

An image of the continuum emission of NGC 1387 was created
using the (u, v) components from all four tracks and cleaned with
the CAsA task tclean. The line-free channels of the line spectral
windows as well as the continuum spectral windows were used,
resulting in a central frequency of 239.4 GHz (1.25 mm). We
adopted the multi-frequency synthesis mode, Briggs weighting
with a robust parameter of 0.5 and cleaned the image to a thresh-
old of 3 times the root-mean-square (RMS) noise of 0.03 mly
beam~!. We detect a small central source of continuum emission
with an integrated flux density of 1.23 £+ 0.06 mJy and a peak
intensity of 1.20 + 0.03 mJy beam~!. This continuum flux density
is similar to, but inconsistent with, a previous measurement by
J. S. Elford et al. (2023) of 1.00 £ 0.05 mJy. A Gaussian fit using
the CASA task imfit confirms that the deconvolved source size is

Table 2. NGC 1387 continuum image and detected continuum point
source properties.

Image property Value

Spatial extent (pix) 1000 x 1000
Spatial extent (arcsec) 20 x 20

Spatial extent (kpc) 1.9 x 1.9

Pixel scale (arcsec pix~1) 0.02

Pixel scale (pc pix~1) 1.9

RMS noise (mJy beam™!) 0.03
Synthesized beam (arcsec) 0.09 x 0.06
Synthesized beam (pc) 8x6

Source property Value

Right ascension (J2000.0) 03"36™5750335 + 0°0001
Declination (J2000.0) —35°30/237682 + 07001
Integrated flux (mJy) 1.23 £ 0.06

consistent with a point (i.e. an unresolved) source. The contin-
uum image is shown in Fig. 2 and its properties and that of the
detected source are summarized in Table 2.

3.2 Line emission

The CO(2-1) line was similarly imaged using the (u, v) compo-
nents from all four tracks to create a data cube with high angular
resolution. We fitted the same spectral windows used to image
the continuum with a fit order of 0, and this fit was subtracted
from the uv-plane data using the CASA task uvcontsub. These
continuum-subtracted uv data were then imaged and cleaned
using the cube mode of the CASA task tclean. The regions con-
taining emission were cleaned to a threshold equal to 1.5 times
the RMS noise of channels free of any emission in the dirty (i.e.
not yet cleaned) data cube. For the imaging we used a kinematic
local-standard-of-rest velocity reference frame and Briggs weight-
ing with a robust parameter of 0.8. The conventional robust pa-
rameter of 0.5 yielded very poor signal-to-noise ratios in regions
of emission, whereas a parameter of 1.0 yielded a synthesized
beam size that did not sufficiently sample the predicted Sol. A
robust parameter of 0.8 represents a trade-off between the two.
We adopted a channel width of 10 km s7!, again selected to
achieve angular (and thus spatial) and velocity resolutions effec-
tively probing the predicted SMBH Sol while providing adequate
sensitivity. The resulting data cube has a synthesized beam of 0.13
arcsec x 0.10 arcsec (A 12 x 10 pc?) with an RMS noise of 0.65
mJy beam~! channel™!. Its properties are summarized in Table 3.

We used the masked-moment technique of T. M. Dame (2011),
implemented in a modified version of the PYMAKEPLOTS

MNRAS 548, 1-13 (2026)



4 P Dominiak et al.

Table 3. CO data cube properties.

Data cube Image property Value
Spatial extent (pix) 1000 x 1000
Spatial extent (arcsec) 30.0 x 30.0
Spatial extent (kpc) 2.8x28
Pixel scale (arcsec pix~1) 0.03

High-resolution Pixel scale (pc pix~!) 2.8
Velocity range (km s™1) 1100-1400
Channel width (km s~1) 10
RMS noise (mJy beam~! channel 1) 0.65
Number of constraints 347,024
Synthesized beam (arcsec) 0.13 x 0.10
Synthesized beam (pc) 12 x 10
Spatial extent (pix) 300 x 300
Spatial extent (arcsec) 30.0 x 30.0
Spatial extent (kpc) 2.8x28
Pixel scale (arcsec pix~!) 0.1

Low-resolution Pixel scale (pc pix~!) 9.4
Velocity range (km s~1) 1100-1400
Channel width (km s™1) 10
RMS noise (mJy beam ! channel~!) 0.80
Number of constraints 188,777
Synthesized beam (arcsec) 0.42 x 0.35
Synthesized beam (pc) 39 x 33

package!, to create the zeroth (integrated-intensity), first
(intensity-weighted mean line-of-sight velocity) and second
(intensity-weighted line-of-sight velocity dispersion) moment
maps. The primary beam-uncorrected data cube was smoothed
with a three-dimensional (3D) Gaussian kernel whose full width
at half-maximum (FWHM) in each spatial direction is equal to 3
times the FWHM of the major axis of the synthesized beam, and
whose FWHM in the velocity direction is equal to the channel
width. All pixels above a clipping threshold equal to 2.5 times
the RMS noise (measured in the unsmoothed primary beam-
uncorrected data cube) were selected, creating a mask. This mask
was then applied to the unsmoothed primary beam-corrected
data cube to create the moment maps. The kinematic major-axis
position-velocity diagram (PVD) was constructed by taking a
10-pixel wide cut through the masked data cube along a position
angle (PA) of 24225, determined using PAFIT.> The resulting
moment maps and PVD are shown in Fig. 3.

In NGC 1387 we detect a disc of flocculent, regularly rotating
molecular gas approximately 18 arcsec (= 1.7 kpc) in diameter,
coincident with the central dust disc of the galaxy (see Fig. 1).
We also detect a small central depression ~ 0.2 arcsec (& 19 pc)
in radius. This depression is similar in extent to the predicted
Rso1, and thus prevents the innermost parts of the gravitational
potential from being probed robustly. This is likely the reason why
no clear Keplerian rise of the velocities is present within Rger. A
SMBH mass measurement is nevertheless still possible in NGC
1387, as the dynamical impact of the SMBH can be traced up to
~ 2 times the formal Sol given a robust stellar mass model (T.
A. Davis 2014). The total flux of NGC 1387 was calculated to be
255+ 3 Jy km s7! in F.-H. Liang et al. (2026), the companion
paper to this work. This is the appropriate total flux to use in any
follow-up studies, as it has been corrected using the procedure

https://github.com/TimothyADavis/pymakeplots
2https://pypi.org/project/pafit/
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described in S. Jorsater & G. A. van Moorsel (1995) and represents
the integrated flux at an infinite cleaning depth.

4 DYNAMICAL MODELLING

4.1 Modelling method

Dynamical modelling of our data was carried out by fitting
a model data cube to the observed molecular gas distribution
and kinematics using KINEMATIC MOLECULAR SIMULATION
(KINMS; T. A. Davis et al. 2013a).3 This method of SMBH mass
determination has been used in all other SMBH mass determi-
nations in the WISDOM series (e.g. T. A. Davis et al. 2017a; L.
Ruffa et al. 2023; P. Dominiak et al. 2025). The KINMS method
requires a circular velocity curve derived from the stellar light dis-
tribution and models of the mass-to-light ratio and the molecular
gas distribution. These are then used in creating a model of the
molecular gas disc as a collection of point particles, whose line-
of-sight projections are calculated to create a model data cube.
The instrumental effects are reproduced by spatially convolving
this model data cube with the Gaussian synthesized beam, and
spatially and spectrally binning it into pixels identical to those of
the real data cube.

The KINMS model and ALMA data cubes are then compared
in a Bayesian way using the general Gibbs sampler with adap-
tive stepping GASTIMATOR.* At first, the Markov chain Monte
Carlo (MCMC) algorithm explores the parameter space of all the
free parameters of our model. To efficiently explore regions of
low probability density and adequately sample regions of high
probability density, the step size between each fit can be adjusted
until the chain converges. Approximately 10 per cent of the total
number of steps are dedicated to this initial burn-in phase aimed

3https://kinms.space
“https://github.com/TimothyADavis/GAStimator
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Figure 3. 2CO(2-1) data products of NGC 1387 derived from our ALMA high-resolution data cube. Top-left: Zeroth-moment (integrated-intensity)
map. Top-right: First-moment (intensity-weighted mean line-of-sight velocity) map. The dashed black line shows the kinematic major axis. Bottom-
left: Second-moment (intensity-weighted line-of-sight velocity dispersion) map. The synthesized beam is shown in the bottom-left corner of each map
as a black filled ellipse. Bottom-right: Kinematic major-axis position-velocity diagram. An error bar is shown in the bottom-left corner, showing the size
of the synthesized beam along the kinematic major axis and the channel width.

at identifying the convergent chain. The step size distribution is
fixed once the MCMC has converged and the algorithm contin-
ues to sample the parameter space, producing the final posterior
probability distribution.

The parameter space is constrained by a set of prior probability
distributions which are typically uniform and thus maximally
ignorant. Certain priors are manually defined to ensure a finite
converging time while others are allowed to cover their entire
possible range (e.g. a 360° position angle range). Given these max-
imally ignorant priors and Gaussian uncertainties on the data
cube pixels, the posterior probability distribution of any model is
proportional to the log-likelihood function In P < —0.5x2, where
x?2 is defined in the usual manner. The models are fit to a very
large number of data points in the 3D data cube, resulting in
unrealistically small formal (i.e. statistical) uncertainties. How-
ever, the dominant sources of uncertainties are in fact systematic,
such as our assumption of a perfectly flat axisymmetric disc or
our density deprojection. Systematic uncertainties cannot be sta-
tistically quantified and require numerical experiments to gauge
their impacts (see Section 5.2). However, R. C. E. Bosch & G.
Ven (2009) proposed a heuristic method to address systematic
uncertainties by assuming their contribution is similar to that

of rescaled statistical uncertainties. M. Mitzkus, M. Cappellari &
C. J. Walcher (2017) first applied this idea in a Bayesian context,
where it involves rescaling the uncertainties of the data cube by
a factor of (2N)*2°, where N is the number of constraints (i.e.
the number of pixels with detected emission, as defined by the
mask in Section 3 and listed in Table 3). Although not rigorously
justified, this method has been adopted in several WISDOM pa-
pers and has been shown to yield sensible uncertainties consis-
tent with those derived using a bootstrap approach to systematic
effects in M. D. Smith et al. (2019).

We implement GASTIMATOR and KINMS using the Python
wrapper KINMS_FITTER®, which provides a simple interface be-
tween the two and an easily accessible integrated library of sur-
face brightness radial profiles.

4.2 Stellar potential

To accurately estimate the SMBH mass from the molecular gas
kinematics, we need to quantify the stellar mass contribution to

Shttps://github.com/TimothyADavis/KinMS_fitter
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the kinematics. We thus parametrize the intrinsic (i.e. ‘decon-
volved’) stellar light distribution using a multi-Gaussian expan-
sion (MGE) model (E. Emsellem, G. Monnet & R. Bacon 1994; M.
Cappellari 2002) of an HST Wide Field Camera 3 (WFC3) F160W-
filter (H-band) image. We selected the longest wavelength HST
image available to minimize dust extinction.

In more detail, the MGE procedure works by parametrizing
the two-dimensional (2D) projection of the intrinsic 3D stellar
light distribution as a sum of 2D Gaussians, each with a central
surface brightness I’, a width ¢’ and an axial ratio q'. These Gaus-
sian components are first convolved with the spatial point spread
function (PSF) of the F160W-filter (generated using TINYTIM; J.
E. Krist, R. N. Hook & F. Stoehr 2011), itself parametrized using a
circularized MGE (see table 6 of P. Dominiak et al. 2024), to repro-
duce instrumental effects, before being compared and fit to the
HST image using the MGEFIT® (M. Cappellari 2002) algorithm.
The surface brightnesses of the Gaussian components can then be
converted to luminosity surface densities using the AB magnitude
system with a Solar absolute magnitude of 4.60 mag (C. N. A.
Willmer 2018) and a zero-point of 25.94 mag (K. C. Sahu, J. An-
derson & S. Baggett 2021). We adopt a Galactic extinction of 0.006
mag (E. F. Schlafly & D. P. Finkbeiner 2011) from the NASA/IPAC
Extragalactic Database to correct for interstellar reddening.

Our MGE modelling relies on the assumption of axisymmetry,
however NGC 1387 has a non-axisymmetric bar feature. MGE
modelling can still be employed despite this, as the dominant
disc is axisymmetric and the bar can be treated as a first-order
perturbation of an otherwise axisymmetric system. In such a
case, a standard procedure is to fit a single Gaussian axial ratio
in the outer regions of the galaxy (far away from the bar) and
to fix the axial ratios of all the Gaussians to this, even across
the barred region (see N. Scott et al. 2009 for further details).
Although this method may produce a poorer fit within the barred
region, it provides a much better axisymmetric approximation of
the gravitational potential of the disc, for use in our axisymmetric
models. If we were to incorrectly interpret the bar as a nearly
edge-on axisymmetric disc embedded into a spherical spheroid,
and fit its detailed surface brightness, the deprojected intrinsic
density would completely misrepresent the true density distri-
bution. In any case, this approximation has little impact on our
model, as the gas disc we model is limited to the central regions,
where the influence of the bar is small. The roundness of the
outer isophotes makes it difficult to constrain the (photometric)
PA of the disc line of nodes, so we determine the (kinematic)
PA from the molecular gas data using PAFIT. We then orient the
MGE along this kinematic PA of 242?5. For NGC 1387, we derive
an axial ratio of 0.98 by inspecting the outer regions of the HST
image and assuming an infinitely thin disc.

The parameters of the (‘deconvolved’) best-fitting Gaussians
(i.e. those Gaussians best representing the 2D projection of the
intrinsic 3D stellar light distribution, without instrumental ef-
fects) are listed in Table 4 in physical units. The fit is shown in
Fig. 4 overlaid on the data. There is rather uniform dust extinction
across the entire extent of the galaxy, so we have opted not to
mask any part of the disc. The fit is superficially poor in the barred
region of the galaxy (see the left panel of Fig. 4), but the resulting
MGE model is clearly an excellent fit at small radii (see the right
panel of Fig. 4), the most important region to constrain the SMBH
mass, as well as the outermost radii unaffected by the bar.

Shttps://pypi.org/project/mgefit/
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Table 4. Parameters of the (deconvolved) best-fitting MGE

components.

10g () log (%c ) q
(€Y) ) 3)
5.068 ~0.937 0.98
4.900 —0.579 0.98
4.617 —0.208 0.98
4.456 0.233 0.98
4.006 0.607 0.98
3.463 0.849 0.98
2.748 1.214 0.98
2.414 1.725 0.98

Notes. MGE Gaussian components: (1) central surface
brightness; (2) standard deviation; (3) axial ratio.

Alongside the free model parameters of inclination i, constant
stellar M/L and SMBH mass, we input our 2D MGE luminosity
surface density model into the mge vcirc routine of the JEANS
ANISOTROPIC MODELLING Python package (JAMPY’; M. Cap-
pellari 2020) to calculate the circular velocity curve. Here, using
the inclination i, our 2D MGE luminosity surface density model
is analytically deprojected into a 3D luminosity volume density
distribution. The deprojection inferring the intrinsic density from
the observed surface brightness is mathematically non-unique
and the degeneracy becomes particularly severe at low inclina-
tion (G. B. Rybicki 1987), as in our case. The MGE formalism
(M. Cappellari 2002) provides one possible deprojection that is
consistent with the observed surface brightness and, in this case,
has a constant axial ratio. However, the deprojection is only de-
fined if cos?i < q/2 for all Gaussians, so that the flattest Gaussian
of an MGE model dictates the minimum possible inclination for
which an MGE model can be used in a dynamical model. As all
of our Gaussians have a fixed axial ratio ¢' = 0.98, the minimum
inclination for which we are able to deproject is i = 11.5°, which
is sufficient for our purposes. The resulting 3D luminosity volume
density distribution is then converted into a 3D mass volume
density distribution by simply multiplying each MGE component
by the constant stellar M/L, that is also a free parameter of our
model. This stellar mass model and our SMBH mass are then used
to calculate the associated circular velocity curve, which is input
into KINMS.

4.3 Molecular gas distribution

To create the model data cube, KINMS also requires a model of the
observed gas distribution. For this, we can use the observed but
deconvolved molecular gas emission. We implement this using
the custom-made KINMS plugin SKYSAMPLER®, described by M.
D. Smith et al. (2019). SKYSAMPLER first obtains the kinematics-
independent intrinsic distribution of the gas by integrating the
point source model (i.e. the clean components yielded by the
CASA task tclean) of the gas distribution along the velocity
axis. This distribution is then sampled with 5 x 10° particles.
Assuming a certain position angle and inclination of the galaxy,
the particle positions generated by SKYSAMPLER can then be
deprojected into their intrinsic positions in the galaxy plane using
the KINMS_FITTER task transformClouds.

"https://pypi.org/project/jampy/
8https://github.com/Mark-D-Smith/KinMS-skySampler
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Figure 4. HST WFC3 F160W-filter (H-band) image of NGC 1387 (black contours), overlaid with our best-fitting MGE model (red contours). Left: Full
extent of the galaxy, showing the galaxy bulge, bar and extended stellar disc. Right: Central region only.

4.4 Low-resolution cube and inclination prior

When using SKYSAMPLER, the inclination of the galaxy remained
poorly constrained (£5° uncertainty), most likely due to the face-
on orientation of the galaxy and the sparsity of gas in the outer
regions of the disc. As SKYSAMPLER models the gas distribu-
tion as an array of cloudlets rather than a cohesive and contin-
uous disc, it effectively removes constraints that arise from the
disc geometry. Instead, only the observed particle velocities are
left, which are largely degenerate with the inclination. As such,
SKYSAMPLER is known to struggle to constrain the inclination.
Nevertheless, due to the flocculence of the molecular gas, us-
ing SKYSAMPLER is the only way we can reliably reproduce the
surface brightness of NGC 1387 (an analytic surface brightness
distribution would have too many parameters).

We overcome this problem by creating a second, lower-
resolution data cube. The same continuum-subtracted uv data
as for the high-resolution cube were imaged and cleaned in an
analogous manner, but this time using Briggs weighting with
a robust parameter of 2.0, corresponding to natural weighting
and providing a decreased angular resolution but increased sen-
sitivity. Additionally, we used the uvtaper option to apply an
FWHM taper of 600 kilolambda (~ 780 m), to further degrade
the angular and thus spatial resolution (to ~ 3 times that of our
high-resolution data cube) and improve the sensitivity of the data
cube. As with the high-resolution data cube, we adopt a channel
width of 10 km s™!. The resulting data cube has a synthesized
beam of 0.42 arcsec x 0.35 arcsec (~ 39 x 33 pc?) with an RMS
noise of 0.80 mJy beam~! channel™?, and its properties are also
summarized in Table 3. Moment maps were again created, using
the same method as described in Section 3.2, but in this case
the Gaussian kernel’s FWHM in each spatial direction was equal
to the FWHM of the major axis of the synthesized beam. The
mask was obtained by clipping the smoothed primary beam-
uncorrected data cube to a threshold of 5 times its RMS noise.
The resulting zeroth-moment map is shown in Fig. 5.

First, by degrading the angular resolution, we ensure higher
signal-to-noise ratios in emission regions, particularly in the
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Figure 5. 12CO(2-1) zeroth-moment (integrated-intensity) map of NGC
1387 derived from our ALMA low-resolution data cube. The synthesized
beam is shown in the bottom-left corner as a black open ellipse.

outer parts of the disc, making the determination of the bound-
aries of the molecular gas disc much easier. Second, due to the
lower resolution, the molecular gas disc appears smoother and
more regular, allowing to model it assuming an infinitely thin
axisymmetric disc with an exponential radial surface brightness
profile. This eliminates the need to use SKYSAMPLER in this step,
allowing us to use this lower-resolution cube to more reliably
constrain the inclination prior to fitting the high-resolution cube.
Due to the small central depression in both the higher- and lower-
resolution data cubes, we also allowed for the possibility of an
inner truncation in the radial surface brightness profile. The
molecular gas distribution is thus parametrized by

0 R < Rhole

I(R) {e—R/RO R > Rigle ’ €y

where R is the galactocentric radius, R, the exponential scale
length and Rpge the truncation radius, the latter two being free
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Figure 6. Corner plot of NGC 1387, showing the covariance between i
and M/L from the first modelling step. Each data point is a realization of
our model, colour-coded to show the relative log-likelihood of that real-
ization, with white data points most likely and blue data points least likely.
Coloured points show models with A x2(< +/2N of the best-fitting model;
grey data points show all remaining models. The histograms show the 1D
marginalized posterior probability distribution of each model parameter,
where the black solid line marks the median and the two black dashed
lines the 68 per cent confidence interval. The kernel density estimation of
the inclination posterior probability distribution is shown as a solid blue
line.

parameters of our model. As NGC 1387 appears to have a depres-
sion rather than an outright hole, if we were modelling the SMBH
mass in this manner it might be more appropriate to consider
models with a partially filled inner region. However, this profile
is only used for the purpose of modelling the low-resolution cube
to obtain an inclination prior. It is therefore not essential to ac-
curately reproduce the innermost region of the galaxy. Instead,
it is more important to accurately model the whole extent of
the molecular gas disc. The exact choice of innermost profile is
therefore unlikely to affect the inclination (prior) determination.

We thus create a KINMS model in the standard manner, using
the stellar potential described in Section 4.2 and the molecular
gas distribution described above. This model has a total of 11 free
parameters: SMBH mass (Mgy), spatially constant stellar mass-
to-light ratio (M/L), molecular gas disc scale length (Ry), trunca-
tion radius (Rpele), integrated flux density and spatially constant
velocity dispersion (og,s), as well as the ‘nuisance’ parameters de-
scribing the disc geometry position angle, inclination (i), systemic
velocity (Viys) and centre position (offsets in right ascension and
declination from the image phase centre). The priors of all the
parameters are uniform, apart from that of the SMBH mass which
is uniform in the logarithm due to its large dynamic range.

As a part of the MCMC chain, every free parameter of our
model undergoes a marginalization process. Fig. 6 shows the
probability distributions of i against M/L. Each data point is
colour-coded by the log-likelihood of that model, with white
data points indicating the highest likelihood and blue data points
the lowest. Additionally, one-dimensional (1D) marginalizations,
represented as histograms, show the posterior probability distri-
butions of the two parameters. The convergence of the chain is
indicated by the fact that both histograms have a well-defined
large central peak which tapers out towards the edges.
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The MCMC chain in that first stage modelling had 200 000
steps, yielding a best-fitting inclination i = 13.6°193. Fig. 6 re-
veals a very strong degeneracy between i and M/L, but this is to be
expected given the small inclination. For a dynamical mass mea-
surement based on rotational velocities, the enclosed mass My
is related to the rotation velocity v,,; and thus the observed veloc-
ity Vobs a8 Miot(R) o V2 (R)R o< V2, (R)R/ sin® i oc sin™? i, and sin
varies rapidly at small inclinations (see M. D. Smith et al. 2019 for
further discussion of this issue). Nevertheless, the MCMC chain
of this initial stage of modelling converges without issue and the
posterior probability distribution of the SMBH mass is Gaussian
in shape, already strongly suggesting the presence of a central
SMBH.

To model the high-resolution data cube with SKYSAMPLER,
we adopt the posterior probability distribution of the inclination
(obtained from our modelling of the low-resolution data cube
without SKYSAMPLER) as a prior. As the inclination posterior
probability distribution is comprised of a collection of discrete
points, in practice we adopt a smooth approximation of that dis-
tribution as the prior. In other works that implement this method
(e.g. H. Zhang et al. 2025b), this was achieved by fitting a para-
metric function to the posterior probability distribution, normally
a Gaussian. However, in the case of NGC 1387, the inclination
posterior probability distribution cannot be easily approximated
using a parametric function, as it has an irregular shape with
three smaller peaks around a central dominant one (see Fig. 6).
We therefore instead choose to use a kernel density estimation
(KDE), whereby the histogram is smoothed by placing a Gaus-
sian kernel at each data point in the posterior distribution. The
kernels are then summed to create a continuous function, which
is normalized so that the area under the curve is equal to 1,
to be used as the prior. To achieve this, we used the neigh-
bors.KernelDensity task, part of the SCIKIT-LEARN library,
with a kernel width of 0.07, which provides sufficient smoothing
of the histogram data but does not erase the overall shape of the
posterior probability distribution. The kernel density estimation
is overlaid on the inclination posterior probability distribution in
Fig. 6.

4.5 Results

Ourfinal results are generated by comparing the high-resolution
data cube described in Section 3.2 to a KINMS model created
using the stellar potential described in Section 4.2 and SKYSAM-
PLER, together with the inclination prior derived in Section 4.4.
This model has a total of seven free parameters: SMBH mass,
spatially constant stellar mass-to-light ratio, molecular gas disc
integrated flux density and spatially constant molecular gas ve-
locity dispersion, and the nuisance parameters position angle,
inclination and systemic velocity. We have opted to fix the centre
position to that of the detected continuum emission, as the latter
is consistent with the kinematic centre determined in the previ-
ous modelling step (low-resolution data cube) and the reduction
of the model dimensionality leads to a decrease in the comput-
ing time. Additionally, given the presence of the central depres-
sion in the molecular gas and the associated lack of constraints
from the disc geometry, SKYSAMPLER struggled to accurately
determine the kinematic centre. The SMBH mass prior is again
uniform in the logarithm, the inclination prior is set by the pre-
vious low-resolution data cube modelling (see Section 4.4), and
all remaining parameters again have uniform priors. The model
parameters and their priors (i.e. search ranges), best-fitting values



Table 5. Best-fitting model parameters and associated uncertainties.

SMBH of NGC 1387

Parameter Prior Best fit 1o uncertainty 30 uncertainty
Mass model

log(Mg/Mo) 7 . 11 8.04 —0.23,40.18 —0.87, +0.41
Stellar M/Lri16ow (Me/Lo. F16ow) 0.0 — 5.0 0.90 —0.14, +0.16 —0.35, 4-0.44
Molecular gas disc

Velocity dispersion (km s~1) 0.0 — 50.0 6.0 +0.3 —0.8,+0.9
Integrated intensity (Jy km s~1) 0 — 300 264 +9 —26, 425
Nuisance parameters

Inclination (deg) 11.5 — 20.0 14.2 —1.1,+1.3 —2.6, +4.1
Position angle (deg) 0.0 — 359.9 243.9 +0.3 -1.0,+0.9
Systemic velocity (km s~1) 1100 — 1400 1267.2 +0.3 —0.7,4+0.8

Note. The centre position is fixed to that of the unresolved continuum source, 03‘136“‘57_50335, —35°30'23"682 (J2000.0).
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Figure 7. As Fig. 6, but for selected (primarily non-nuisance) model parameters from the second and final modelling step.

and 1o (68.3 percent) and 30 (99.7 percent) uncertainties are

listed in Table 5.

The final MCMC chain in this second stage of our mod-
elling had 150000 steps. Fig. 7 shows the posterior probability

distribution of each non-nuisance model parameter and the in-
clination against all other parameters. It unequivocally shows
that there is a massive dark object at the centre of NGC 1387,
with a best-fitting mass of 1.1073:21 x 108 My, where here and
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Figure 8. Inner part (radii R < 5.0 arcsec) of the observed kinematic major-axis PVD of NGC 1387 (orange scale with black contours), overlaid with the
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of the synthesized beam along the kinematic major axis and the channel width. The need for a central dark mass to fully account for the gas kinematics

at all radii is clear.

Table 6. Goodness-of-fit statistics of the models

discussed.

Model X2q
@® )
Model with no SMBH 1.134
Model with best-fitting SMBH 1.117
Model with over-massive SMBH 1.125
Model with dust correction 1.116
Model with linearly varying M/L 1.108

throughout the uncertainties are stated at the 3o (99.7 per cent)
confidence level. The best-fitting M/L in the F160W-filter is
0.90704% Mo /Lo risow- As expected due to the face-on nature of
the galaxy, Fig. 7 shows a very strong degeneracy between M/L
and inclination and a weaker degeneracy between Mgy and incli-
nation. Fig. 7 also reveals a positive correlation between Mgy and
M/L (see also M. D. Smith et al. 2019), as the effects of inclination
are sufficiently strong in this face-on system to overwhelm the
usual degeneracy arising from the conservation of total dynami-
cal mass.

The quality of our best-fitting model can be judged by overlay-
ing it over the kinematic major-axis PVD, as done in the central
panel of Fig. 8. For comparison, we also generate and overlay two
other models, one with no SMBH (left panel of Fig. 8) and one
with an overly massive SMBH (by &~ 30 more massive than the
best-fitting SMBH; right panel of Fig. 8), allowing all parameters
other than the SMBH mass to vary. As expected, the model with
no SMBH tries to compensate for the lack of a central SMBH by
adopting a higher M/L to account for the high rotation velocities
at small radii. However, the model with no SMBH is not able to
fully account for the central velocities in an adequate manner and
provides a poor fit in those central regions. Also due to the higher
M/L, the fit is noticeably poorer at larger radii. It would also
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be typically expected that the best-fitting model with an overly
massive SMBH would be forced towards a smaller M/L, however
in this case the effect is opposite. As shown by Fig. 7, a higher Mgy
tends towards a lower inclination which in turn is correlated with
a higher M/L. This is exactly what happens in the model with
an overly massive SMBH which drives the best-fitting inclination
down to i = 12.1° which in turn results in a higher M/L than
that of our best-fitting model. However, due to the overly massive
SMBH, the model over-shoots the central velocities despite the
lower inclination, resulting again in a very poor fit.

We can also quantify the goodness-of-fit of each model in a
more rigorous statistical manner. We do so by looking at the
reduced x? (x2,) statistic of each model. Indeed, the x? statistic
is most often used to compare models against data, but we can
also use it in a heuristic way to measure the relative fit quality of
model against model. The model with the best-fitting SMBH has
%24 = 1.117, whereas the no SMBH model has x2, = 1.134 (see
Table 6). While the difference between these two models is osten-
sibly small with Ax2, = 0.017, the expected standard deviation
of the x2, distribution is \/2/N = 0.0024 for the N = 347, 024
pixels of our high-resolution cube. This indicates that the x2, dif-
ference measured significantly exceeds the random fluctuations
expected from the x2, statistic, and in turn that we can reliably
differentiate between those two models (R. Andrae, T. Schulze-
Hartung & P. Melchior 2010). It is thus clear that the model with
a non-zero SMBH mass is quantitatively preferred.

5 DISCUSSION

5.1 Best-fitting mass model

Fig. 9 shows the cumulative mass distribution of NGC 1387. Us-
ing the standard approximation of an SMBH Sol (see Section 2)
and the best-fitting SMBH mass yields Rso; ~ 16 pc (& 0.17 arc-
sec). One can also assess the impact of an SMBH by considering
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Figure 9. Cumulative mass function of NGC 1387, showing the relative
contributions of the SMBH (black dotted line) and stars (magenta dashed
line) to the total enclosed mass (black solid line). The three vertical black
lines indicate the physical extent of the synthesized beam (Rpeam ), the
usually defined radius of the SMBH sphere of influence (Rsor; adopting
0e = 170.2 km s~! and our best-fitting SMBH mass) and the approximate
radius of the central hole (Rpoe) Which is in this case the same as the
radius of equal mass contribution (Reg).

the radius at which the enclosed stellar mass is equal to that of
the SMBH. Fig. 9 shows this radius of equal mass contribution
to be Req &~ 19 pc (& 0.20 arcsec), slightly larger than Rg,. While
our observations of NGC 1387 have a fairly high angular and thus
spatial resolution, spatially resolving the SMBH Sol by a factor
of two, the smallest scale probed is restricted by the presence of
the central hole, which is greater than the size of the synthesized
beam. We estimate the radius of this hole by eye to be =~ 0.2
arcsec (~ 19 pc) and have shown it as such in Fig. 9. We have
chosen not to report the truncation radius obtained from the
modelling of the our lower-resolution data cube (see Section 4.4),
as the synthesized beam of that data cube is larger than the hole
and thus does not provide a reliable measure of the hole size.
Nevertheless, since the innermost radius probed (the radius of
the hole Ry,e) is approximately the same as the radius of equal
mass contribution, we can conclude that we do in fact measure
the effects of the SMBH directly. At this innermost radius, ~ 49
per cent of the enclosed mass is due to the SMBH.

As outlined in Section 1, accurate determinations of SMBH
masses aim to elucidate the processes that govern host galaxy-
SMBH co-evolution. We thus compare our best-fitting NGC 1387
SMBH mass measurement to the Mgy-o. relation of R. C. E.
Bosch (2016) in Fig. 10, revealing that our best-fitting SMBH mass
is in very good agreement with the relation.

5.2 Systematic uncertainties

As discussed in Section 4, we have rescaled our statistical un-
certainties to approximately account for systematic uncertainties.
However, these systematic uncertainties can also be quantified
through the creation of models with alternative assumptions and
the comparison of those models against our fiducial (i.e. best-
fitting) model (the one presented in Section 4.5).

A major source of uncertainty is the dust present in the HST
image used to create the MGE model. The issue of dust correction
has increasingly been considered in the field of molecular-gas
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Figure 10. Black hole mass-stellar velocity dispersion relation obtained
using stellar kinematic, ionized-gas kinematic, maser kinematic and ac-
tive galactic nucleus reverberation mapping measurements (grey data
points), as reported by R. C. E. Bosch (2016). Blue data points show
measurements obtained using molecular gas kinematics by the WISDOM
survey, while red data points show measurements obtained using molecu-
lar gas kinematics by other groups. The NGC 1387 measurement from this
paper is shown as a black data point. Error bars denote 1o uncertainties.
The solid black line shows the best-fitting relation of R. C. E. Bosch (2016),
while dashed and dotted grey lines show the 1o and 3o scatter of the
relation, respectively.

SMBH mass determinations (e.g. B. D. Boizelle et al. 2019, 2021;
J. H. Cohn et al. 2024) and in some cases it has been shown to
affect the determined SMBH mass by =~ 30 per cent (J. H. Cohn
et al. 2021). Due to the face-on nature of NGC 1387 and its rather
uniform dust distribution, we are unable to manually mask the
dust. We can instead deal with the effects of dust by performing
a dust correction. For this we use a WFC3 F110W-filter (J-band)
image alongside the F160W-filter (H-band) image. We first con-
vert the images to units of magnitude in the Vega system and
subtract the F160W-filter image from the F110W-filter image to
calculate the observed J — H colour of every pixel. We then ex-
amine the outskirts of this image, away from the dustiest regions,
to estimate the intrinsic J — H colour of the galaxy, (J — H)int =
0.75. Subtracting this from the observed colour map generates
an excess colour map E(J — H) = (J — H)ops — (J — H)ine With a
typical colour excess of 0.12 mag peaking at 0.22 mag. This is
then converted into an H-band extinction Ay map by dividing
it by the ratio of the total extinctions obtained from the standard
Galactic extinction curve with a total-to-selective extinction ratio
Ry = 3.1(E. L. Fitzpatrick 1999), leading to an average Ay of 0.14
mag with a peak of 0.26 mag. This extinction map is then applied
to the original F160W-filter image to correct the dust. Lastly, this
dust-corrected image is used to generate a new MGE model as
in Section 4.2, and in turn a new dynamical model. This leads
to a best-fitting SMBH mass of 1.91775 x 10® My, and a best-
fitting M/L of 0.86702% My /Lo risow, representing a 74 per cent
increase of the SMBH mass and a 5 per cent decrease of the M/L
compared to our fiducial model. Despite this 74 per cent increase,
the dust-corrected MGE model best-fitting SMBH mass is still
consistent with our fiducial SMBH mass within the 3¢ statistical
uncertainties reported in Table 5. In fact, x2; = 1.116 for the
model with the dust-corrected MGE, suggesting that the dust
correction only marginally improves the overall fit of our model.

MNRAS 548, 1-13 (2026)



12  P. Dominiak et al.

Table 7. Best-fitting parameters and associated uncertainties of models
with different fixed MGE axial ratios.

q log(Mgn/Mg) M/Lrigow Mo/Lo,F160w)
Best fit 30 uncertainty Best fit 30 uncertainty
0.94 8.02 —0.84, +0.37 0.90 —0.36, +0.38
0.96 8.06 —0.85, +0.36 0.86 —0.24, 4+0.39
0.98 8.04 —0.87, +0.41 0.90 —0.35, +0.44
1.00 8.06 —0.94, +0.43 0.92 —0.33,4+0.43

Note. The ¢’ = 0.98 model is the fiducial best-fitting model adopted in this
paper.

Another source of potential systematic uncertainty is the as-
sumed axial ratio of the MGE Gaussians. The presence of a bar
and the subsequently poor fit of the MGE over it renders us
unable to use standard statistical measures like x> when deter-
mining the axial ratio. The adopted g’ = 0.98 was determined by
eye and as such is somewhat uncertain. To investigate the effect of
our choice of fixed axial ratio on the final best-fitting parameters,
we generated a series of best-fitting dynamical models whose
MGE models had different fixed axial ratios in the range 0.94 <
q’ < 1.00. The upper boundary of this range simply represents
a perfectly circular MGE, while the lower boundary represents
the lowest g’ that still yields a good fit by eye. In all these cases
the MGE models were oriented along the same kinematic PA
of 242°5. The best-fitting parameters of these models are listed
in Table 7. All the models are statistically consistent with one
another and the differences between the SMBH masses and M/L
of these models and those of our fiducial model are significantly
smaller than the 3o statistical uncertainties reported on our fidu-
cial model.

An additional source of systematic uncertainty stems from our
assumptions about the M/L radial profile. While it is typically
reasonable to assume that M/L is constant across galaxies, we can
nevertheless create models with alternative M/L profiles to assess
the effects this might have on the SMBH mass. In particular, there
is a bright central ring of ionized-gas emission in NGC 1387, sug-
gesting star-forming regions (E. Iodice et al. 2019). We thus tested
alinearly varying M/L radial profile. We implemented this by cre-
ating a circular velocity curve assuming M/L = 1 Mg /Lg r160w,
and then scaling these velocities by the square root of the M/L
profile. Keeping all other parameters as before, a model with a
radially linearly varying M/L yields a best-fitting SMBH mass of
4.371L5 x 107 M, a 61 per cent decrease compared to our fiducial
model, but nevertheless consistent with it within the 3¢ statis-
tical uncertainties reported in Table 5. The best-fitting M/L is
(M/Lrisow) / (Mo /Lo preow) = 0.837028 — 0.027392 (R/arcsec), a
decrease of 8 percent in the very centre. While this result is
consistent with our fiducial model within even 1o statistical un-
certainties, it is somewhat unexpected, as due to conservation of
total dynamical mass a smaller SMBH would imply a larger M/L
whereas this M/L is smaller than that of our fiducial model. How-
ever, this result can be explained by the best-fitting inclination
of 15.6°%27  an increase of 10 per cent compared to our fiducial
model. Looking at Fig. 7 an inclination change of 10 per cent
should lead to a change in M/L consistent with the above result.
The model with a linearly varying M/L has x2, = 1.108, which is
an improvement compared to the model with a constant M/L and
the model with a dust-corrected MGE. This could suggest that the
dust correction does not adequately correct the innermost parts
of the surface brightness distribution, and a linearly varying M/L
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better captures the true stellar mass surface density profile of the
galaxy.

Taking these tests together, it is clear that the systematic
variations of the SMBH mass are similar to, albeit slightly
larger than, the statistical uncertainties reported in Table 5, with
1.1073 73 stat, 30 ] 22>[sys] x 10° Mg, while the systematic vari-
ations of the M/L are in line with the statistical uncertainties,
with 0.90703¢[stat, 30 ]t03¢[sys] Mo /Lo risow- For each parame-
ter we adopt the maximum upper bound and minimum lower
bound obtained among all model variants, therefore representing
the largest deviations from the fiducial model permitted by the
explored systematic tests.

Aside from direct assumptions we make in our model, an im-
portant source of systematic error is the adopted galaxy distance.
This is largely dependent on the distance-measurement method
used, with numerical action methods presenting discrepancies
of a factor of 2 (K. B. W. McQuinn et al. 2021), while Cepheid
and tip of the red giant branch distance indicators can routinely
yield uncertainties of < 5 percent (A. G. Riess et al. 2024). The
distance used in this paper was determined using surface bright-
ness fluctuations, which typically yield distances accurate to &~ 5
percent (M. Cantiello & J. P. Blakeslee 2023), consistent with
the stated uncertainties on the NGC 1387 distance measurement.
As is standard practice, however, we do not include the distance
uncertainty in our final uncertainty budget, as our fiducial mass
can be trivially (linearly) scaled to any other adopted distance.

6 CONCLUSIONS

High-angular-resolution ALMA 2CO(2-1) observations of the
ETG NGC 1387 were obtained, mapping its nearly face-on reg-
ularly rotating molecular gas disc. The stellar mass distribu-
tion was estimated using an MGE model of an HST image
and a spatially constant M/L. The molecular gas distribution
and kinematics were then forward modelled using KINMS and
an MCMC framework, yielding a best-fitting SMBH mass of
1.107} 72 stat, 30 ]7203[sys] x 10° Mg, and a stellar F160W-filter
M/L of 0.90754¢[stat, 30 ]703¢[sys] Mo/Lo rieow- This inferred
SMBH mass is in good agreement with the Mpy-o. relation of
R. C. E. Bosch (2016).
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