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ABSTRACT

We estimate the mass of the intermediate-mass black hole at the heart of the dwarf elliptical galaxy NGC 404 using Atacama
Large Millimetre/submillimetre Array (ALMA) observations of the molecular interstellar medium at an unprecedented linear
resolution of ~0.5 pc, in combination with existing stellar kinematic information. These ALMA observations reveal a central
disc/torus of molecular gas clearly rotating around the black hole. This disc is surrounded by a morphologically and kinematically
complex flocculent distribution of molecular clouds, that we resolve in detail. Continuum emission is detected from the central
parts of NGC 404, likely arising from the Rayleigh—Jeans tail of emission from dust around the nucleus, and potentially from
dusty massive star-forming clumps at discrete locations in the disc. Several dynamical measurements of the black hole mass
in this system have been made in the past, but they do not agree. We show here that both the observed molecular gas and
stellar kinematics independently require a &5 x 10° My, black hole once we include the contribution of the molecular gas to
the potential. Our best estimate comes from the high-resolution molecular gas kinematics, suggesting the black hole mass of
this system is 5.5*_"3‘:11g x 10° Mg, (at the 99 per cent confidence level), in good agreement with our revised stellar kinematic
measurement and broadly consistent with extrapolations from the black hole mass—velocity dispersion and black hole mass—
bulge mass relations. This highlights the need to accurately determine the mass and distribution of each dynamically important
component around intermediate-mass black holes when attempting to estimate their masses.
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1 INTRODUCTION

Supermassive black holes (SMBHs) are ubiquitous at the centres
of massive galaxies. Over the past few decades the masses of
these SMBHs have been carefully measured using stellar and gas
dynamical methods (see e.g. the review by Kormendy & Ho 2013).
These measurements reveal that SMBH masses scale with many
properties of their host galaxies. However, much less is known about
the presence of black holes (BHs) in dwarf galaxies, let alone whether
they obey the scaling relations observed at higher masses (e.g. Greene
2012).

Given the difficulty of growing SMBHSs from stellar mass BHs
(even when accreting for a Hubble time), it is thought that massive
BHs must instead grow from more massive seeds (e.g. Madau &
Rees 2001; Volonteri, Haardt & Madau 2003; Greene, Strader &
Ho 2019; Inayoshi, Visbal & Haiman 2020). The exact processes
that form these seeds, and the seeds’ intrinsic mass distribution,
are currently unknown. Measurements of the masses of central
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BHs in dwarf galaxies can constrain these important, but very
poorly understood processes. While in massive galaxies the memory
of the original BH has long since been erased, dwarf galaxies
experience far less merging or accretion. The mass distribution,
occupation fraction, and scaling relations of the intermediate-mass
black holes (IMBHs) in dwarf galaxies today can thus help constrain
seeding mechanisms (e.g. Volonteri 2012; Ricarte & Natarajan
2018).

Some dwarf galaxies with stellar masses ~10° M, appear not
to host a central BH. In the Local Group, Gebhardt et al. (2001)
published an upper limit of just 1500 M, for the mass of a putative
BH in the low-mass spiral galaxy M33, while in the dwarf elliptical
galaxy NGC 205 any central BH has a mass below ~10*Mg
(Valluri et al. 2005; Nguyen et al. 2019). The four closest dwarf
galaxies outside the Local Group known to host a central BH
are NGC 404, NGC 4395, NGC 5102, and NGC 5206 and all have
published dynamical BH mass estimates (Seth et al. 2010; den Brok
et al. 2015; Nguyen et al. 2017, 2018, 2019). However, weighing
these BHs is at the edge of what is feasible with state-of-the-art
adaptive optics observations. Thus, dynamical measurements of BH
masses in dwarf galaxies (expected to have BH masses <10° M)
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do not extend much beyond the Local Group, limiting detection of
these BHs to the small subset of objects that are actively accreting
(e.g. Greene, Ho & Barth 2008; Reines, Greene & Geha 2013; Miller
et al. 2015).

In this paper we report on sub-parsec resolution Atacama Large
Millimeter/submillimeter Array (ALMA) molecular gas observa-
tions of the dwarf elliptical galaxy NGC 404. This object has a total
stellar mass of ~1.2 x 10° My, (Seth et al. 2010), hosts a large-scale
low-surface brightness region of star formation (coincident with a
large-scale H1 ring) and a disc/ring of dust closer to its centre, both
likely accreted during a recent (minor) merger (del Rio, Brinks &
Cepa 2004; Thilker et al. 2010). NGC 404 also hosts an accreting BH
(see e.g. Nyland et al. 2017). Limits on the mass of this BH have been
estimated (Seth et al. 2010; Nguyen et al. 2017) both from modelling
of the stellar kinematics (yielding Mgy < 1.5 x 10°Mg), and
using the kinematics of a rotating disc of hot (2300 K) molecular
hydrogen at its centre (suggesting Mgy < 2 x 10° Mg). The best-
fitting measurements from these papers do not agree particularly well,
perhaps because the hot-H, gas has significant non-circular motions.
However, we also know that this object has a substantial mass of
molecular gas at its centre (%9 x 10%Mgy; Taylor, Petitpas & del
Rio 2015), that may contribute significantly to the galaxy potential
and thus bias the existing BH mass measurements. Depending on the
range of radii where the gas is dynamically important, this could lead
to either an over- or underestimate of the BH mass. Here we probe the
distribution of the cold CO(2-1) emitting molecular gas in NGC 404
at sub-parsec scales with ALMA. With these data (which reach higher
spatial and spectral resolution than all previous observations) we
not only obtain an independent estimate of the BH mass using the
kinematics of the cold molecular material (e.g. Davis et al. 2013b),
but can also improve our stellar kinematic estimates of the BH mass
in this object.

In Section 2 we discuss the ALMA data this paper is based on.
In Section 3 we incorporate the molecular gas distribution into our
stellar kinematic models, and derive a new constraint on the BH mass
of NGC 404. In Section 4 we model the kinematics of the molecular
gas itself and obtain an independent estimate of the BH mass. We
discuss our results in Section 5 before concluding in Section 6. We
assume a distance of 3.06 £ 0.37 Mpc to NGC 404 (derived using
the tip of the red giant branch method; Karachentsev et al. 2002),

yielding a physical scale of 14.8 pc arcsec ™.

2 ALMA DATA

The '>CO(2-1) line in NGC 404 was observed with an extended
ALMA configuration twice on 2015 October 31, as part of pro-
gramme 2015.1.00597.S. These data, which detected the central disc
in this object, were presented in Nyland et al. (2017). In this work we
include three additional ALMA tracks. The first, taken with extended
baselines on 2015 September 5 did not pass initial quality assurance
due to the lack of a suitable amplitude calibrator, but upon further
inspection was found to be usable. Two additional lower resolution
tracks were obtained on 2018 June 16 and September 3 as part of
project 2017.1.00572.S.

In each of these observations an 1850 MHz correlator window
was placed over the ?CO(2-1) line, yielding a continuous velocity
coverage of ~2000 km s~! with a raw channel width of ~0.6 kms~!,
sufficient to properly cover and sample the line. Three additional
2 GHz-wide low-resolution correlator windows were simultaneously
used to probe continuum emission.

The raw ALMA data were calibrated using manual calibration
scripts in the Common Astronomy Software Applica-
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tions (CASA) package. Phase and bandpass calibration were per-
formed using the quasars J2253+4-1608, J0237+2848, J0112+3522,
and JO112+3208, while flux calibration was performed using quasar
J0238+-1636.

We used the CASA package to combine and image the visibility
files of the different tracks. For each of the data cubes discussed
below, continuum emission was detected, and subtracted in the uv-
plane using the CASA task UVCONTSUB. These continuum subtracted
data were then imaged in order to produce a 3D RA-Dec-velocity data
cube (with velocities determined with respect to the rest frequency of
the '2CO(2-1) line). This dirty cube was cleaned in regions of source
emission (identified interactively) to a threshold equal to twice the
root-mean square (RMS) noise of the dirty channels. Our source is
very extended at the spatial resolution of our observations, and thus
we used a multiscale clean algorithm (Rau & Cornwell 2011) with
cleaning scales optimized for point sources, and emission with a
characteristic scale 3, 6, and 9 times the synthesized beam. The clean
components found from this analysis were then added back and re-
convolved using a Gaussian beam of full-width-at-half-maximum
(FWHM) equal to that of the dirty beam. The resulting cube was
then corrected for the primary beam response.

In this work we make use of two different sets of CO(2-1) data
products. The first high-resolution data set, which we use for our
kinematic modelling, was produced from the three long baseline
tracks only, imaged using Briggs weighting (robust parameter 0.5).
This yields a synthesized beam of 0."051 x 0."026 at a position angle
of —10° (a mean physical resolution of 0.54 pc) and an RMS noise
of 0.79 mJy beam~! channel ™. This data set allows us to image the
central disc at the highest spatial resolution possible, but it does not
recover all the flux. The second combined data set was produced from
all available ALMA tracks, imaged using Briggs weighting (robust
parameter 0.1). This yields a synthesized beam of 0."078 x 0."037 at
a position angle of 21° (a mean physical resolution of 0.8 pc), and an
RMS noise of 0.61 mJy beam ™! channel~'. This combination allows
us to retrieve almost all the flux from this object (see below), but
at a slight penalty to spatial resolution. We use this data set when
discussing the morphology of the gas. Both data sets use a channel
width of 2kms~" and pixels of 0."015 x 0."015.

2.1 Line emission

We clearly detect CO(2-1) line emission in NGC 404. In our com-
bined data set we find an integrated line flux of 161 & 16Jykms™!
within the inner 8" x 8" (2120 pc?). This error is dominated by the
~10 per cent flux calibration uncertainties. The high-resolution data
set resolves out 74 per cent of this emission, which is why we only
use it for kinematic modelling.

Taylor et al. (2015) presented a low-resolution map of CO(1-0) in
this source, and combining their observed flux density with our own
suggests a CO(2-1)/CO(1-0) ratio in beam temperature units of ~0.6,
within the range found in normal spiral galaxies (e.g. Leroy et al.
2009). To check if we are likely to be resolving out flux even in our
combined data set, we reduced the ALMA Compact Array (ACA)
data available for this source from project 2017.1.00907.S. The gas
in NGC404 is barely resolved by the ACA, and this data should
thus provide a good measurement of the total flux. We derive a total
CO(2-1) flux of 174 + 17Jykms~! from these data, in agreement
with the estimate from our combined data set. This suggests that
we are not resolving out significant flux in our combined data set,
despite its extremely high spatial resolution.

Zeroth (integrated intensity), first (mean light-of-sight velocity),
and second (line-of-sight velocity dispersion) moment maps of the
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Figure 1. Zeroth moment (integrated intensity) map of the 2CO(2-1) emission in NGC 404, created from our combined data set using the masked-moment
technique described in Section 2. The synthesized beam (0."078 x 0."037 or ~0.8 pc?) is shown as an extremely small purple ellipse at the bottom left-hand
corner of the figure. Our ~0.8 pc resolution data reveal the complex morphology of the gas in the centre of this gas-rich dwarf elliptical galaxy.

detected line emission were created from the combined datacube
using a masked moment technique (see Dame 2011). These moments
are presented in Figs 1 and 2. Fig. 3 shows moment zero contours
overplotted on Hubble Space Telescope (HST) images of the stellar
light (in the F336W filter), and ionized gas (Ha~+[N1I] emission
from HST narrow-band imaging) of NGC 404. These HST images
were calibrated astrometrically by Nguyen et al. (2017) and the
ALMA data are overlaid using their native astrometric solution
based on the known position of the phase-calibrator sources. A
major-axis position-velocity diagram (PVD) was extracted from
the same data cube with a position angle of 37° (the best-fitting
position angle determined for the central disc of molecular gas,
see Section 4) and a width of 5 pixels and is shown in Fig. 4.
Coordinates in these plots are shown relative to the phase centre
of the ALMA data, International Celestial Reference System (ICRS)
position 01"09™27.°001, +35°43'04."942.

The morphology of the molecular gas in NGC 404 is complex.
A clearly rotating central disc/torus structure is present within
the central ~5pc, at the same location as the hot-H, disc (Seth
et al. 2010). A zoomed view of the central region of the galaxy,
highlighting this disc, is shown in Fig. 5. The position of the apparent
kinematic centre of this disc coincides with the peak of the spatially
resolved nuclear radio continuum source (possibly associated with
a confined jet; Nyland et al. 2017), suggesting the disc is rotating
around the central accreting BH. It is the kinematics of this central
material that we will concentrate on to determine the black hole mass
(Section 4). The emission outside this region is dominated by a ring-
like structure containing multiple highly resolved molecular clouds
and filaments, that correspond to dust features seen in absorption in

the HST images (Fig. 3). The morphology and kinematics of these
clouds will be discussed in detail in Section 5.1 and Liu et al. (in
preparation).

2.2 Continuum emission

We imaged the continuum emission of NGC 404 at a mean frequency
of 237 GHz using the line free region of all spectral windows from all
observed tracks. We used a multiscale clean algorithm, as discussed
above, and additionally tapered the data in the uv-plane (yielding a
synthesized beam of 0."67 x 0."46 or 9.9 x 6.8 pc) to maximize our
sensitivity to diffuse, extended emission. The resulting continuum
image has an RMS noise of 17 uJy beam™!. Continuum emission
was detected from four different positions in NGC 404. Fig. 6 shows
the inner three sources as blue contours, overplotted on the CO(2-1)
combined moment zero map. The final source is located well to the
north, outside the CO(2-1) detection region. The centroid positions
and integrated fluxes of these four emission regions are tabulated in
Table 1. We return to the nature of these sources in Section 5.2.

3 STELLAR KINEMATIC MODELLING

Limits on the mass of the BH in NGC 404 were estimated in the past
(Seth et al. 2010; Nguyen et al. 2017) using both stellar kinematics
and gaseous tracers (hot-H, lines in the near-infrared). As discussed
above, while the limits from these measurements overlap, the best-
fitting BH masses do not agree, and it has been posited that this
is because the hot-H, gas is kinematically disturbed. However, the
previous kinematic measurements included a model of the stellar
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Figure 2. First and second moment (mean line-of-sight velocity and velocity dispersion) maps of the '>CO(2-1) emission in NGC 404, created from our
combined data set using the masked-moment technique described in Section 2. The synthesized beam (O.” 078 x 0."037 or ~0.8 pc?) is shown as an extremely
small purple ellipse at the bottom left of each panel. In the left-hand panel, the velocity is shown relative to the systemic velocity of NGC 404, here assumed to
be —53kms~!. The gas in NGC 404 is rotating, at least in the centre, but becomes kinematically complex in the outer parts.
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Figure 3. Left-hand panel: Unsharp-masked HST Wide Field Camera 3 (WFC3) F336W image of a 180 pc x 180 pc region around the nucleus of NGC 404,
revealing a clear central dust disc/ring. Centre-left-hand panel: As before, but overlaid with blue '2CO(2-1) integrated intensity contours from our combined
ALMA data set. The synthesized beam (0."078 x 0."037 or ~0.8 pc?) is shown as a (very small) purple ellipse at the bottom left of the panel. The molecular
gas disc coincides well with the dust structures seen in absorption. Centre-right-hand panel: Narrow-band HST image (F656N-F547M) of the H «+[N11] lines
in NGC 404. Right-hand panel: As before, but overplotted with blue '2CO(2-1) contours as in the central panel. Strong ionized-gas line emission is present in
the centre and further out, where it fills some of the gaps in the molecular gas/dust ring.

mass in this object, but did not take into account the mass of the
molecular gas component. As we show in Fig. 1, molecular gas is
present in significant quantities in the vicinity of the BH in this object,
and could thus affect measurements of the BH mass. If the gas were
concentrated primarily around the BH then clearly this would lead
to an overestimate of the BH mass (e.g. Medling et al. 2019), as the
molecular gas mass would be wrongly ascribed to the central point
mass. If, on the other hand, the gas were distributed more widely,
but not following the stellar mass distribution, the stellar kinematic
models would then be forced to assign a higher mass-to-light ratio to
the stellar component to account for this unseen mass. In some cases
this could cause the models to underestimate the BH mass.

To assess the impact of the molecular material on the stellar
kinematic BH mass measurement in NGC 404 we re-run the stellar
kinematic modelling procedure of Nguyen et al. (2017), now taking
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into account the gravitational potential of the molecular gas. To do
this we create a multi-Gaussian expansion (MGE; Emsellem et al.
1994; Cappellari 2002) model of the molecular material, using the
python MGEFIT package to fit the molecular gas surface density map.'
The resulting MGE is tabulated in Table 2. This model does not
include the flocculent substructure of this system, but allows us to
quantify the contribution to the potential of an ideal axisymmetric
version of this observed molecular gas disc. We have assumed that the
mass of any H1 present around the nucleus of NGC 404 is negligible.
This seems reasonable, given that the molecular gas in the centre
of this object has a much higher surface density (~10000 Mg, pc—2)
than usually found for H1 (that typically saturates at ~10 M pc?),
and that HT1 observations of this object reveal a central hole (del

! Available from https://pypi.org/project/mgefit/
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Figure 4. Position—velocity diagram of the '>?CO(2-1) emission in NGC 404
from our combined data set, extracted along the kinematic major axis of
the central disc-like emission (37°; see Section 4) with a slit of 5 pixels in
width. We do not show the synthesized beam (0."078 x 0."037 or ~0.8 pc?)
or velocity channel width (2kms~") explicitly in this plot, as they are very
small compared to the ranges plotted. A clear signature of enhanced rotation
is visible around the nuclear star cluster/putative IMBH, while the line-of-
sight velocity of the gas is low in the outer parts, where the disc warps to
become approximately face on.

Rio et al. 2004). The mass of hot-H, emitting molecular gas in the
nucleus of this galaxy is similarly not included, but as it has a total
mass of <1Mg (Seth et al. 2010) it is dynamically unimportant. We
are thus able to estimate the total gas mass from the molecular gas
data alone, using the CO(2-1)/CO(1-0) ratio as calculated above and a
Galactic CO-to-H, conversion factor of 3 x 10%° cm™2 (Kkms~!)~!
(Dickman, Snell & Schloerb 1986). We use a Galactic CO-to-H,
conversion factor for NGC 404, as despite its low stellar mass it has
approximately solar metallicity (Bresolin 2013). We discuss further
the impact of this assumption in Section 4.5.

This model of the gas potential was then included with the stellar
mass model of this system, along with an unknown BH mass.
We use here the MGE model of the stellar mass distribution from
Nguyen et al. (2017), constructed from HST images of the nucleus,
using mass-to-light ratios calculated on a pixel-by-pixel basis from
multiband colours (that should also correct for stellar population
gradients and dust obscuration). We note that the lowest inclination
allowed by this model of the stellar potential is 16.°5. Using this
combined mass model we performed a fit to the observed stellar
kinematics using the Jeans anisotropic modelling (JAM) code of
Cappellari (2008), relying on an axisymmetric solution of the Jeans
equations incorporating orbital anisotropy. Full details of the fitting
procedure can be found in Nguyen et al. (2017, 2019). The free
parameters of this fit are the BH mass, orbital anisotropy, inclination
of the system, and stellar mass normalization factor I' (where I' =
1 corresponds to the mass derived from stellar population fitting in
Nguyen et al. 2017 assuming a Chabrier 2003 initial mass function;
IMF). These parameters were given flat priors (or flat in log space
for the BH mass) and were allowed to vary within reasonable ranges
(listed in Table 3).

Fig. 7 shows a visualization of the multidimensional parameter
space explored by our fit to the stellar kinematic data. In the top panel
of each column, a 1D histogram shows the marginalized posterior
distribution of that given parameter, with the median and 68 per cent
(1o) confidence interval indicated by vertical black dashed lines. In
the panels below, the greyscale regions show the 2D marginalizations

ALMA reveals an IMBH in NGC 404 4065

of the fitted parameters, based on 3 million iterations. While the
inclination of the system is at the lower bound allowed by the MGE
model, the BH mass and stellar mass normalization factor I' are
well constrained (see Table 3). We find that the best-fitting BH mass
of NGC 404 is 5.173% x 10° Mg, and the stellar mass normalization
factoris I' = 0.61 % 0.11 (at the 68 per cent confidence level). This
best-fitting JAM model is the median of the full posterior distribution,
that has a reduced-chi® 2, = 1.23 over 920 degrees of freedom
(Nguyen et al. 2017).

To better illustrate that our new JAM-stellar dynamical model fits
the data with the aid of the additional molecular gas component, Fig. 8
shows the 1D radial profile of the RMS observed velocity (Vi) (as
presented in Nguyen et al. 2017) versus our JAM predictions for
axisymmetric mass models with different BH masses. While none
of the models provide a perfect match to the data, BHs with Mpy <
10° Mg, and > 10° M, are unable to fit the data from the inner parts
of NGC 404 (R<0."5 or 7.4 pc).

This best-fitting BH mass is significantly higher than that previ-
ously derived from the same data, while the stellar mass normaliza-
tion factor is significantly lower (Nguyen et al. 2017 found a 3o upper
limit on the black hole mass of 1.5 x 10° M, and I' = 0.89700%).
This difference is not driven by the presence of molecular gas around
the BH itself, but rather by the increasing contribution of molecular
gas to the potential at larger radii (>2 pc). We show this graphically
in Fig. 9, plotting the cumulative mass within NGC 404 as a function
of radius. The stellar and molecular gas contributions to the total
mass budget are shown as red and blue solid lines, respectively.
The stellar contribution has been estimated from our best-fitting
JAM model parameters. The molecular gas contribution has been
calculated in two independent ways, the first from our MGE model
of the gas surface density (blue dashed line), the second from the
clean components of the ALMA data (as discussed in Section 4.1;
blue solid line). These estimates differ slightly but are very similar
in shape and normalization. While the molecular material does not
dominate the potential at any radius, it does provide a significant
contribution towards the outer edge of the central molecular gas
disc/torus (contributing 16 per cent of the luminous mass within
0."25). Ataround 1 arcsec (the edge of the field of view of the Gemini
data used to measure the stellar kinematics), this contribution grows
to &35 per cent. The median contribution of the molecular gas within
this field of view is 26 per cent. The contribution of the molecular gas
to the gravitational potential peaks at 80 per cent at ~4 arcsec in the
large-scale molecular ring, before decreasing outside this. As shown
by the red dashed line, if one were to ignore the presence of this
molecular gas, then I' = 0.89 for the stellar component (as found by
Nguyen et al. 2017) would match well the total mass profile. When
one includes the potential of the molecular gas a much lower stellar
mass normalization factor (I' = 0.61) is required. This lower stellar
mass normalization decreases the amount of stellar mass present in
the very central regions around the BH in our model, and thus a larger
BH is required to fit the kinematics.

4 MOLECULAR GAS KINEMATIC MODELLING

In the preceeding section we used our extremely high-resolution
map of the molecular gas in NGC 404 to include its contribution to
the gravitational potential in our stellar kinematic modelling. This
allowed us to obtain a new estimate of the BH mass in this low-mass
galaxy. However, our ALMA observations can reveal more about
the BH in this system. High-resolution molecular gas observations
have been increasingly used in recent years to directly constrain BH
masses (Davis et al. 2013b; Onishi et al. 2015; Barth et al. 2016a,b;
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Figure 5. As for Figs 1 and 2, but for the central 28x 2.8 (~42 x 42 pc) of NGC 404 only. The rotating gas in the central disc of NGC 404 can clearly be
seen, along with a molecular gas one-armed spiral or arm connecting this disc to the ring present at large radii.
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Figure 6. ALMA 237 GHz continuum emission (blue contours) overlaid on
an integrated intensity map of the CO(2-1) emission in NGC 404 (orange).
The continuum is imaged with a synthesized beam of 0."67 x 0.”46 (or
~9.9 x 6.8pc) as shown in blue in the bottom-left-hand corner, while the
0."078 x 0."037 (or ~0.8 pc?) synthesized beam of the underlying CO(2-1)
map is shown in black. An extended central continuum source is detected
coincident with the molecular material, along with several point-like sources
further out in the molecular ring. A fourth source is detected well outside the
area shown in this figure.
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Davis et al. 2017, 2018; Onishi et al. 2017; Boizelle et al. 2019;
Combes et al. 2019; Nagai et al. 2019; North et al. 2019; Smith et al.
2019; Nguyen et al. 2020). In this section, we employ this technique
to obtain an independent measurement of the mass of the IMBH in
NGC 404.

To do this we concentrate on the molecular gas disc/torus within a
radius of 0."25 (or 223.7 pc) from the centre of NGC 404. We create
a dynamical model of the molecular gas in this disc, including the
gravitational influence of the stars and molecular gas along with that
of the black hole. We use a forward modelling approach to compare
the observed data cube with our model, and thus derive the best-fitting
BH mass (and molecular gas disc parameters).

To achieve this we use the Kinematic Molecular Simulation
(KINMS?) mm-wave observation simulation tool of Davis et al.
(2013a), coupled to the Markov Chain Monte Carlo (MCMC) code
KINMS_MCMC3. This tool allows input guesses for the true gas
distribution and kinematics and, assuming the gas is in circular
rotation, produces a simulated data cube that can be compared to
the observed data cube (taking into account the effects of beam-
smearing, spatial and velocity binning, disc thickness, gas velocity
dispersion, etc.). This tool has been applied to estimate BH masses
in various other works (Davis et al. 2017, 2018; Onishi et al. 2017;
North et al. 2019; Smith et al. 2019; Nguyen et al. 2020), each
of which has iteratively improved the technique. We highlight the
important aspects of this fitting procedure below.

Zhttps://github.com/Timothy ADavis/KinMS
3https:/github.com/Timothy ADavis/KinMS_MCMC
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Table 1. Continuum sources detected towards NGC 404 at 237 GHz.

ALMA reveals an IMBH in NGC404 4067

Description Label RA Dec Ang. size Physical size Flux density
(hh:mm:ss.sss) (O:/:N) (pcz) (mJy)
Centre + arm A 01:09:26.999 +35:43:05.02 155 x 0.9 23 x 13 0.38 +0.02
East B 01:09:27.175 +35:43:05.17 <0."7 <10 x 10 0.09 £ 0.02
South-west c 01:09:26.886 +35:43:03.93 <07 <10 x 10 0.09 £ 0.02
North D 01:09:27.133 +35:43:14.81 <0."7 <10 x 10 0.20 & 0.02

Table 2. MGE fit to the molecular gas distri-
bution in NGC 404.

EHZ o q
Mg pc’z) (arcsec)

13304.7 0.082 1.00
168.6 0.091 1.00
1409.4 0.380 1.00
975.9 2.187 1.00
38.2 4.492 1.00

Note. For each fitted component of the MGE,
Column 1 lists its central molecular gas sur-
face density, Column 2 its standard deviation
(width), and Column 3 its axial ratio. All
quantities are intrinsic (i.e. deconvolved).

Table 3. JAM model best-fitting parameters and statistical uncertainties.

Parameters Range Best fit 1o Error 30 Error
(68 %) (99 %)

()] (@) 3 “ ()

logio(Mpn/Mgp)z 27 571  —0.28,4+0.25 —0.91, +0.59

B —1— +1 048  —0.10,4+0.07 —0.32, +0.18

i(°) 16.5—90.0 16.73 —0.09,+0.21 —0.13, +0.60

r 0.1— 1.7 0.61  —0.11,40.11 —0.30, +0.30

Note. Columns 1 and 2 list the fitted model parameters, and their search
ranges. The priors are uniform in linear space (except that of Mgy which
is uniform in logarithmic space). Columns 3, 4, and 5 show the best-fitting
value of each model parameter and its uncertainties at 1o and 3o confidence
levels.

4.1 Gas distribution

One of the inputs of KINMS is an arbitrarily parametrized gas surface
brightness distribution. In most of the previous papers using this
technique, an axisymmetric molecular gas distribution was assumed
and fit to the data cube. As the molecular gas distribution in NGC 404
is clearly not axisymmetric we here utilize a different approach,
making amodel of the gas distribution based on the clean components
generated when cleaning our observational data. This allows us to
remove the uncertainty (and possible issues with model mismatch)
caused by fitting the morphology of the gas distribution, as it is
reproduced well by construction. We use the publicly available
SKYSAMPLER* python code of Smith et al. (2019), that samples
the observed clean components with an arbitrary number of point
sources (10° in this case). These point sources have a uniform
brightness, so more are generated in locations with bright molecular
gas emission. These point sources can be deprojected at each step
of our MCMC sampling algorithm to accurately reproduce the gas
distribution observed at any proposed position angle and inclination.

“https://github.com/Mark-D-Smith/KinMS-skySampler

Each point source can then be assigned a velocity based upon our
kinematic model, described below.

4.2 Mass model

The molecular gas in galaxies moves in response to the total
gravitational potential of the galaxy, that includes the mass of both
luminous (stars, gas) and dark (IMBH, dark matter) components.
As above we use a mass model of NGC404 to account for the
contribution of luminous matter, and infer the mass of any dark
object present. We include a BH in the model as a simple point mass
at the kinematic centre of the galaxy.

To take into account the distribution of the stars in NGC 404,
we again use the MGE model of the stellar mass distribution from
Nguyen et al. (2017), as above. We fix the inclination used to de-
project this mass distribution to that found in Section 3, although
we note that the MGE model at the relevant radii is approximately
spherical, so our results are insensitive to this choice. While in
principle this model should already well describe the stellar mass, as
before we include a mass normalization factor (I") that can account
for any systematic change in e.g the assumed IMF, star-formation,
and chemical-enrichment histories of the stellar populations. In
Section 3 we found I'=0.61 + 0.11 provides the best fit to the
observed stellar kinematics. This mass normalization parameter is
free in our molecular gas kinematic model, but we use this earlier
determination as a prior to constrain our fit.

We note that this model does not formally include dark matter, as
it is expected to be dynamically unimportant in the inner few parsecs
of this galaxy, given its relatively high stellar surface density (e.g.
Lelli et al. 2016). If dark matter were significant, its effect would
simply be subsumed into the mass normalization factor (unless it has
a density distribution markedly different from that of the stars).

In most massive galaxies, the stellar mass completely dominates.
In NGC 404, however, we have shown above (Fig. 9) that the mass of
the molecular material also matters, so we include it when calculating
the circular velocity of the system. The molecular gas gravitational
potential is calculated from a symmetrized version of our SKYSAM-
PLER cloudlets, assuming they lie in a thin but warped disc (we discuss
the impact of this thin disc assumption in Section 4.5). The potential
arising from this gas distribution is calculated using the Interactive
Data Language (IDL) POTENTIAL_NEWTON routine,’ taking into
account its full 3D distribution, and assuming each cloudlet has an
equal fraction of the total gas mass. Within a radius of ~0."25 (3.7 pc)
from the centre of NGC 404 (the region included in our kinematic
model) the total molecular gas mass is (2.5 +0.3) x 10’ Mg, (where
the uncertainty in this quantity is dominated by the flux calibration).
We note that if instead of using this cloudlet based method we had
used the MGE model of the molecular gas potential derived in Section
3, our results would not have changed (see also Fig. 9).

SFrom Jeremy Bailin’s IDL Utilities http:/simulated-galaxies.ua.edu/jbiu/
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Figure 7. Multidimensional parameter space posterior distributions calculated for our JAM stellar-dynamical model of NGC 404. Top panels in the diagonal
are marginalized 1D histograms, each showing the distribution of the corresponding column parameter. The median value and 68 per cent (10) confidence levels
are indicated with black dashed vertical lines. In the panels below, the three contours show the 2D marginalizations of the fitted parameters at the 1o, 20, and

30 confidence levels.

4.3 Gas kinematics

As Fig. 2 shows, the position angle and inclination of the gas disc
in NGC 404 are clearly not radially constant (as also discussed by
other authors, e.g. del Rio et al. 2004), although they do seem ap-
proximately fixed inside the very compact molecular gas disc/torus.
We thus fit the data in the central ~3 pc of this source assuming a
thin disc with radially constant but free inclination/position angle.
Outside of this radius, where the molecular gas is concentrated
in an arm-like feature, the gas distribution warps, continuously
changing both its inclination and position angle (PA) with radius,
before become flat again in the molecular (pseudo-)ring (R =15 pc).
Fitting our large-scale data following the procedure outlined below
yields i =9.°3 and PA = 1° for the outer parts of this object,
in agreement with the values derived by del Rio et al. (2004)
for the (even larger scale) H1 ring. The simple model that we
adopt thus includes the following features (listed as a function of
radius); a flat disc of radially constant but free inclination and PA

MNRAS 496, 4061-4078 (2020)

within the inner 3 pc, a warped component between 3 and 15 pc
(where the inclination and PA change linearly with radius), and a
further un-warped disc at >15pc with parameters fixed to those
found above (i =9.°3 and PA = 1°). We note that in order to
estimate the BH mass in this system we confine our kinematic model
to galactocentric radii <0."25 (23.7pc), and as such the warped
material has very little effect on the fit. Using a simple single un-
warped disc model does not result in a significant change in any
of the derived parameters, although it does slightly increase their
uncertainties.

We also include a parameter for the internal velocity dispersion
of the gas, that is assumed to be spatially constant. We note that our
treatment of the velocity dispersion is not fully self-consistent (i.e.
we do not solve Jeans’ equations but simply add a Gaussian scatter
to our velocities). Given the low velocity dispersion in molecular gas
clouds this is not expected to significantly influence our results, but
we discuss this issue further in Section 4.5.
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Figure 8. 1D radial profile of the RMS velocity Vins versus our JAM
prediction for axisymmetric mass models with different BH masses as listed
in the legend. All models are fixed to the best-fitting anisotropy parameter
(B =0.5), mass scaling factor (I' = 0.61), and inclination angle (i = 16.7°).
The data are binned radially in bins of width 0.05 arcsec (or 0.7 pc). Our
best-fitting model clearly favours an IMBH of mass (2.7-9.0)x 10°> M.
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Figure 9. Enclosed mass of NGC404 as a function of radius from our
kinematic modelling (purple solid line). The contribution to the total mass
from stars (with our best fitting I' = 0.61) is plotted as the red solid line,
that from molecular gas as the blue lines (where the solid blue line shows the
estimate from our SKYSAMPLER model, and the dashed blue line our MGE
model estimate) and that from the black hole as the black dashed line. The
red dashed line shows the stellar contribution with I' = 0.89 (as found by
Nguyen et al. 2017), that would provide a good fit to the total mass enclosed
if one did not know about the presence of molecular gas (that contributes
significantly to the enclosed mass, especially at larger radii).

In this work we assume that the molecular gas is in circular motion,
and hence that the gas rotation velocity varies only radially. Warps
like that discussed above are likely to induce some non-circular
motions, that could affect our dynamical measurements. We do not
expect this to be important in the (apparently) un-warped central
molecular gas torus/disc around the BH, but we can search for such
signatures using the residuals around our best-fitting model (see
Section 4.5).

ALMA reveals an IMBH in NGC404 4069

4.4 Bayesian analysis

As mentioned above, we use a Bayesian analysis technique to
identify the best model and estimate uncertainties. This allows us
to obtain samples drawn from the posterior distributions of each
model parameter. Each parameter has a prior, that we typically set
as a box-car over a reasonable parameter range (an assumption of
maximal ignorance). The prior on the black hole mass is flat in
log-space, with the mass allowed to vary between loglo(ﬁ—‘g{) =4.0
and 6.9. For the mass normalization factor (I') we use a Gaussian
prior based on the measurement from Section 3. We constrain the
inclination angle with a Gaussian prior around the best fit found in
previous work, i = 37 £ 3° (Nguyen et al. 2017). The kinematic
centre of the galaxy is constrained to lie within +1 arcsec of the
optical galaxy centre position. The systemic velocity is allowed to
vary by £20kms~! from that found by optical analyses. Details of
all the priors are listed in Table 4.

Our MCMC procedure generates a model data cube and compares
it to our observed data using a simple log-likelihood (£):

_ 2 n
L@ ==+ <H P(a,-)> , M
i=0

where 2 is the classical x? statistic, P(g;) is the prior probability of
free parameter a;, and n is the number of free-parameters in the fit.

As discussed in detail in Smith et al. (2019), because our ALMA
data are noisy, the x 2 statistic has an additional uncertainty associated
with it, following the chi-squared distribution (Andrae 2010). This
distribution has a variance of 2(N — I), where N is the number of
constraints and / the number of inferred parameters. For our data
N, the number of unmasked pixels (see Section 2.1), is very large
(N = 12112), so the variance becomes ~2N. Systematic effects can
produce variations of x? of the order of its variance (van den Bosch
& van de Ven 2009), and ignoring this effect yields unrealistically
small uncertainties. To mitigate this effect van den Bosch & van
de Ven (2009) proposed to increase the lo confidence interval
to Ax2 = +/2N. To achieve the same effect within our Bayesian
MCMC approach we need to scale the log-likelihood, as done by
Mitzkus, Cappellari & Walcher (2017). This is achieved here by
increasing the input errors (i.e. the assumed noise in the cube) by
(2N)'* (in our case, with N = 12112, this equates to increasing
the RMS by a factor of 12.47). This approach appears to yield
physically credible formal uncertainties in the inferred parameters,
whereas otherwise these uncertainties are unrealistically small. This
correction does not account for the correlations between spaxels
induced by the beam of the interferometer. These correlations can be
accounted for using a covariance matrix (as in e.g. Davis et al. 2017),
but this is computationally intensive and the effect is small compared
to the variance correction applied above. Hence we neglect it
here.

We utilize an MCMC method with Gibbs sampling and adaptive
stepping to explore the parameter space. The algorithm runs until
convergence is achieved, and then the best chain is run (with a fixed
step size) for 300,000 steps (with a 10 per cent burn-in) to produce
our final posterior probability distribution. For each model parameter
the probability surfaces are then marginalized over to produce a best-
fitting value (the median of the marginalized posterior samples) and
associated 68 per cent and 99 per cent confidence levels (CLs).
Fig. 10 shows the 1D and 2D marginalizations of the free parameters
included in the fit. Quantitative descriptions of the likelihoods of
all parameters are presented in Table 4. Most of our parameters are
independent of each other, but we do find some degeneracies. As
expected, the IMBH mass is degenerate with the mass-normalization

MNRAS 496, 4061-4078 (2020)

0202 4990}20 Z| U0 1saNB Aq 0950/85/190¥/7/96¥/2I01HE/SEIuW/WOod"dNo"dlWapeo.//:Sdjy WOy papeojumod



4070

T. A. Davis et al.

Table 4. Best-fitting model parameters and statistical uncertainties.

Parameter Prior Best fit lo error (68 %) 30 error (99 %)
) (2) 3) “) (5)
Galaxy parameters:

IMBH mass (logo Mg/Mo) 4.0 Lniform, 6.9 5.74 —0.07, +0.11 —0.51, + 0.24
Mass normalization factor (I') N(nu=0.61,0=0.11) 0.66 —0.07, 4+ 0.05 —0.19, 4+ 0.16
Inclination (°) N(pu=37,0=3) 37.1 — 0.46, 4+ 0.57 — 1.76, 4+ 1.61
Position angle (°) 10 Lniform, 70 37.2 —29, 424 —8.30, + 7.81
Gas velocity dispersion (o; kms™1) 0.0 Lniform, 20.0 12.9 ~ 409 —27,436
Nuisance parameters:

Centre X offset (arcsec) —-1.0 miform, 1.0 0.0 +0.01 +0.02
Centre Y offset (arcsec) —1.0 m 1.0 0.0 +0.01 +0.02
Centre velocity offset (kms~") -20.0 Lniform, 20.0 ~05 —12,415 38,441

Note. Column 1 lists the fitted model parameters, while Column 2 lists the prior for each. N(u, o) indicates a Gaussian prior with a given mean (x) and standard
deviation (o). Where the prior is listed as uniform, this is uniform in linear space (or in logarithmic space for the IMBH mass only). The posterior distribution of
each parameter is quantified in the third to fifth columns (see also Fig. 3). The X, Y, and velocity offset nuisance parameters are defined relative to the International
Celestial Reference System (ICRS) position 0109™27.5001, +35°43'04."942, and the systemic (barycentric) velocity of the galaxy Vpay=—53 km s7L
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Figure 10. Visualization of the multidimensional parameter space explored by our molecular gas kinematic fit to the observed data of NGC 404 within
galactocentric radii <0."25 (=37 pe). In the top panel of each column a 1D histogram shows the marginalized posterior distribution of that given parameter, with
the 68 per cent (10) confidence interval shaded in pale grey. In the panels below, the coloured regions show the 2D marginalizations of those fitted parameters.
Each point is a realization of our model, colour-coded to show the relative log-likelihood of that realization, with white points the most likely. The black points
have A x? values outside the 99 per cent confidence interval. See Table 4 for a quantitative description of the likelihoods of all fitting parameters.
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factor I" and the inclination (as is always the case in any BH mass fit).
The nuisance parameters (the kinematic centre of the galaxy within
the cube) are also slightly correlated. Despite these degeneracies
almost all these parameters remain constrained by these molecular
gas data alone, and any additional scatter introduced is included when
marginalizing to obtain our final uncertainties.

We clearly detect the presence of a dark object in the centre of
NGC 404, with a mass of 557534 x 10° M, (at the 99 per cent CL).
Our best-fitting model provides a good fit to the data, as shown by
Figs 11 and 12 that respectively show position—velocity diagrams and
velocity fields extracted from our best-fitting model and compared
with the observed data. As shown by Fig. 11, a model without an
IMBH cannot provide a good fit to our data, nor can a BH of mass
> 10% Mg, Fig. 12 shows that the best-fitting model reproduces the
observed velocity field well, leaving only low-level velocity residuals
that are not spatially correlated.

4.5 Uncertainties

In this section we briefly touch upon the main uncertainties that could
affect the IMBH mass derived in this work.

First, given that we do not resolve the Keplerian increase of the
circular velocity around the BH (see Fig. 11), our mass measurement
is crucially dependent on the stellar mass model and its mass normal-
ization factor (I"), that together with the molecular gas itself set the
contribution of luminous matter to the observed gas kinematics. This
model was constructed from multiband HST images, and carefully
fitted pixel-by-pixel by Nguyen et al. (2017) to correct for stellar
population gradients and dust obscuration. The mass normalization
factor used here is that which provided the best fit to the stellar
kinematics in Section 3 (and we incorporate the uncertainty of this
measurement into our prior). Despite this, if the model were to be
substantially biased, it would clearly have an effect on our derived
BH mass. For instance, we can completely remove the need for an
IMBH in NGC404 if I > 1.15. Using the molecular gas data alone
with a flat prior on I' shows that, while possible, such a value is not
the most likely with Ax? & 5 (implying it deviates from the best fit
by 2 20). This same I" would, however, be a 4.30 deviation from
that found using stellar kinematics. The combination of these two
data sets is thus crucial to allow us to accurately constrain the BH
mass in NGC 404.

Secondly, the velocity dispersion (and the resulting vertical ex-
tension of the gas disc/torus) provides several additional sources of
uncertainty. The first of these arises because we have assumed that
the velocity dispersion is constant as a function of radius. If instead
the velocity dispersion were to change substantially, it could bias our
best-fitting BH mass. To test this we re-ran our best-fitting model,
allowing for a linear gradient in velocity dispersion. The best-fitting
velocity dispersion gradient was consistent with zero, suggesting
that a constant velocity dispersion within the nuclear molecular gas
disc is reasonable. In addition, our models do not take into account
the additional dynamical support of the molecular gas due to its
velocity dispersion. Due to the relatively low total rotation velocity
(V) of NGC404, this ‘asymmetric drift’ correction is likely to be
more important than in other systems with molecular gas BH mass
measurements. We estimate the magnitude of this effect using the
formalism described in Section 6.5 of Coccato et al. (2006). We
assume that the random motions in the gas disc are nearly equal
in the radial (o) and vertical (o ,) directions, while the ratio of the
velocity dispersion in the radial and azimuthal directions (o,/0 ) can
be calculated under the epicyclic approximation, which is valid as
long as o, < V. In our best-fitting model |V| is always >58 kms~!

ALMA reveals an IMBH in NGC404 4071
in the central disc of NGC 404 (the presence of the IMBH prevents
the velocity decreasing further), and thus V/o 2 5 everywhere. This
method can thus at least provide an approximate treatment of the
asymmetric drift. Given these assumptions, we can use equation (12)
of Coccato et al. (2006) to calculate the asymmetric drift correction,
that is then < 5 per cent everywhere within the central disc of
NGC 404. We thus conclude that asymmetric drift uncertainties are
small compared to the other error sources, even in this low-mass
object.

A related uncertainty arises from the assumption that the molecular
material in the disc/torus of this object is distributed in a geomet-
rically thin disc. If this material were instead to be geometrically
thick this could bias the BH mass we estimate. To investigate this
possibility we ran a further fitting procedure where the thickness of
the disc was allowed to vary. Specifically the density as a function
of height above the disc falls off following a Gaussian distribution,
with the scale-height (the standard deviation of the Gaussian) left
as a free parameter. A full description of this process is given in
Appendix A. Assuming the molecular gas disc/torus in the central
parts of this object is geometrically thick does not change the best-
fitting BH mass in a statistically significant way (i.e the best-fitting
BH mass is consistent with that found in Section 4.4 within the
uncertainties). We are, however, able to set a 1o limit to the Gaussian
scale-height in the vertical direction of z,<1.3 pc, and thus a limit
to the geometric thickness of this molecular disc/torus at its outer
edge (r=0."25 or 3.7pc) of zu/r < 0.35. This result is consistent
with simple theoretical expectations (see Appendix A). As such we
conclude that the geometric thickness of the molecular disc/torus at
the centre of NGC404 is small, and not significantly biasing our
derived BH mass.

Thirdly, we assume that the molecular gas in the central disc of
NGC 404 is moving on circular orbits. This assumption is violated in
the ~2300 K molecular gas probed by H, ro-vibrational lines (Seth
et al. 2010; Nguyen et al. 2017), but we do not find evidence of
significant non-circular motions in the cold gas from our ALMA
observations. Our best-fitting model with purely circular motions
provides a good fit to the data, as shown in Fig. 12. The residuals
around the best fit have a low amplitude and no obvious spatial
structure. Any low level non-circular motions that may be present
are thus unlikely to have significantly affected our BH measurement.

Fourthly, as shown above, we know that the molecular gas mass
contributes non-negligibly to the total mass of NGC404 at the
radii we study, and thus our BH mass estimate depends on the
assumed CO-to-H, conversion factor (aco). Here we have assumed
the molecular gas has a standard, Galactic «co. This is motivated by
the high metallicity of this object (*0.8 Z, in its outer parts, and thus
presumably more metal rich in its centre; Bresolin 2013). However,
if the true aco of NGC 404 were to be significantly different, or vary
radially, it could bias our BH mass estimate. Luckily, however, the
two methods to estimate the BH mass we use here (stellar and gas
kinematics) respond quite differently to the presence of the molecular
gas mass. Our molecular gas kinematic analysis assumes the material
moves in circular orbits, and thus the motion of any given parcel of gas
is primarily sensitive to (and primarily constrain) the mass enclosed
within its orbit. Given that the majority of the molecular material
is located at large radii, this makes our molecular gas measurement
fairly insensitive to aco (the molecular gas in the central disc is
essentially a massless kinematic tracer). Indeed, allowing oo to vary
overalargerange (0.1 <aco < 10 Mg (Kkm s~ pc?)~!)in our fitting
procedure does not significantly affect the best-fitting BH mass. The
stellar kinematic modelling, on the other hand, is conducted over
a large field of view (and stellar orbits explore a larger range of
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Figure 11. Position—velocity diagram extracted from the observed NGC 404 data cube (orange), overplotted with position-velocity data taken from our KINMS
models (blue contours). Our spatial and velocity resolutions are shown as an error bar in the bottom-left corner of each plot. The central panel shows our
best-fitting model with a 5.5 x 10° Mg IMBH, while the left-hand and right-hand panels show the same model with no BH, and with an SMBH (Mpy =
1.2 x 10° Mg), respectively. Clearly our best-fitting model provides a much better fit to the data.
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Figure 12. Left-hand and centre panels: Moment one maps of the CO(2-1) emission of the central disc (<0.N 25 or ~3.7 pc) of NGC 404, extracted from our
observed data cube (left-hand panel) and best-fitting model data cube (central panel). The synthesized beam (0.”051 % 0./026 or 0.54 pcz) is shown in the
bottom-left-hand corner of the left-hand panel. Right-hand panel: Residuals between the data and best-fitting model. The residuals are small (with a standard
deviation of ~7 kms~!) and do not show any obvious spatial correlation, suggesting our fit is good and no significant non-circular motion is present in the cold

molecular gas disc.

radii), making it much more sensitive to the assumed oco. Allowing
a changing oo in that analysis alters the derived BH mass by an
order of magnitude. The fact that the two analyses agree well on the
central BH mass when using a Galactic aco thus suggests that this
is a reasonable assumption for NGC 404.

Finally, all BH mass estimates are systematically affected by the
distance (D) they assume to their target galaxy (with MpyoD).
For NGC 404 we use a tip of the red giant branch distance from
Karachentsev et al. (2002), that has an uncertainty of 12 per cent.
Here then, as with all other BH mass measurements, the distance-
related systematic uncertainty on the BH mass is significant.

5 DISCUSSION

5.1 Gas morphology

The morphology of the molecular gas in NGC 404 is complex. As
discussed in detail above, a central disc/torus of CO(2-1) emission
is present, which peaks at a radius of about 0.'16 (2.3pc), and
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extends our to 0."25 (3.7 pc). The disc itself is rotating around the
IMBH, but is surrounded by kinematically distinct lopsided emission
that appears connected to an arm-like feature. This arm joins to an
incomplete (pseudo)-ring of emission, with a radius of 2.7 (40 pc),
that corresponds well to dust features identified in absorption against
the stellar continuum in Fig. 3. Scattered molecular clouds exist
beyond this radius, whose filamentary distribution mirrors that seen
in HT1 at much larger radii (del Rio et al. 2004).

The H a+[N 11] emission detected by HST anticorrelates with the
presence of molecular gas (right-hand panel of Fig. 3), appearing to
fill in many of the missing portions of this molecular (pseudo)-ring.
This may be due to extinction in the dense molecular gas preventing
detection of optical line emission where they are coincident, to star-
formation feedback dissociating/removing gas in some parts of the
ring, or to temporal stochasticity in the star-formation process at
these small spatial scales.

Interestingly the Milky Way’s central molecular zone (CMZ) also
hosts a lopsided ‘ring’ of molecular emission with star formation
concentrated on one side (e.g. Molinari et al. 2011). NGC 404 could
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thus host an interesting analogue to the CMZ that we are able to study
face on. We do note, however, that some of the H « near the centre of
NGC 404 may be due to an ionization cone around the active galactic
nucleus (AGN; Nyland et al. 2017) or a recent supernova remnant
(Boehle et al. 2018). Disentangling the true mechanism ionizing the
gas would require high spatial resolution observations of other nebula
lines and is beyond the scope of this work.

The kinematics of the arm and ring features outside of the nuclear
disc are complex. As shown in the first moment map in Fig. 2,
the kinematic position angle appears to significantly change at radii
>0."7 (>10pc), and the red/blue-shifts of the individual molecular
clouds detected around the ring do not vary smoothly with position.
This may be because we are seeing a truly chaotic distribution of
clouds that do not lie in a settled disc. Alternatively, this outer
material could be significantly more face-on than the disc around
the galaxy nucleus (i.e. an inclination warp is present, as suggested
by our kinematic modelling in Section 4), and thus the line-of-
sight velocities we measure could be dominated by out-of-plane
motions. The dynamical time at a radius of ~2."7 (40 pc), where
the incomplete (pseudo)-ring of emission lies, is ~5.8 Myr so in a
flattened axisymmetric potential the warped disc we observe would
be expected to relax quickly. The fact that we observe it suggests
again that the potential of NGC404 is approximately spherical at
these radii.

The arm-like feature that extends between the outer (pseudo)-
ring and the central disc of molecular emission appears to link the
two, and it may be funnelling gas from the outer regions inwards
(potentially fuelling the AGN). Our maps provide evidence that the
arm hosts strong streaming motions, as the second moment (shown
in Figs 2 and 5) reveals large line-widths along it. The fact that
this arm-like feature is not symmetric could be because gas inflow
is mainly stochastic, or it may point to a recent disturbance in the
system.

The properties of the individual molecular clouds observed here
will be discussed further in a future work (Liu et al., in preparation).

5.2 Continuum emission

As discussed above, and shown in Fig. 6, we detect spatially resolved
1 mm (237 GHz) continuum emission from the centre of NGC 404,
and some additional point sources.

The central resolved source (labelled A in Fig. 6) is coincident
with the molecular gas disc and arm at the core of NGC 404. Given
its morphology, tracing the one-armed spiral connecting the central
molecular disc to the (pseudo-)ring at larger radii, we consider
it unlikely that this emission is from a background source. This
emission was not detected in the previous ALMA observations
presented in Nyland et al. (2017); it may have been resolved out. This
feature has two distinct flux density maxima, one around the nucleus
of the galaxy (coincident with the small radio jet identified over a
range of radio frequencies; e.g. Nyland et al. 2017) and one at the
base of the one-armed spiral feature. We note that this central source
is detected in a higher resolution naturally weighted continuum map
made without uv-tapering from our combined data set (at a resolution
of 0."15 x 0."13). At this resolution only the brightest areas around
the nucleus, and the feature around the base of the arm are detected.

Various physical mechanisms could be causing this extended
continuum emission. The centrally concentrated flux around the
black hole overlaps with hot dust emission (2950 K) observed in the
near-infrared (Seth et al. 2010; Dumont et al. 2020), the extended H «
source visible in Fig. 3, and the small radio jet. We consider it likely
that the majority of this emission is from the Rayleigh—Jeans tail of
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the dust continuum, as its flux is far higher than the pure-synchrotron
extrapolation of the jet spectral energy distribution (Nyland et al.
2017), but we cannot rule out the presence of a very flat-spectrum
radio core.

The second continuum maximum at the base of the molecular
‘arm’ could again contain contributions from several possible phys-
ical mechanisms. This is a location where one might expect shock
heating to be important, as the gas flows inward along this arm
towards the centre. Indeed, Fig. 2 shows an elevated molecular gas
velocity dispersion along this feature. C- or J-shocks in the molecular
medium can lead to continuum emission, and if the material flowing
into the shock moves fast enough, or is very dense, the predicted
continuum flux density can match that found for this source (e.g.
McKee & Hollenbach 1987). Such shocks should, however, be even
brighter at 15 GHz, but this feature was not detected in the Ku-band
data of Nyland et al. (2017). We thus conclude that this extended
continuum feature is again likely dominated by dust continuum
emission, with possible small contributions from synchrotron in the
jet region and hydrodynamic shocks along the arm.

Three other continuum sources are significantly detected in our
continuum image. One (labelled B in Fig. 6) lies to the east,
overlapping with a ~1."3 (20pc) long molecular filament, while
another (labelled C in Fig. 6) lies to the south-west, at the base of
a filamentary spur of molecular emission. The final source (labelled
D in Fig. 6) is located well to the north, away from the regions with
detected molecular gas. Once again, it is not clear what powers
the emission in these sources. They are associated neither with
radio emission at 15 GHz, nor significant H« emission. While H «
emission can easily be hidden due to dust, the lack of radio emission
suggests that the emission is not free—free from H1 regions nor
synchrotron from supernova remnants.

Another possibility is that these three sources are the most extreme
star-forming clumps/cores in NGC 404, that stand out from the
diffuse dust background that may be resolved out. If their continuum
luminosities are due to Rayleigh—Jeans emission from dust, then
assuming a temperature of 50 K and a canonical gas-to-dust ratio of
100, we find that the total masses of the clumps would be at least
6 x 10* My, making them similar to the most massive clumps/cores
in the Milky Way (Urquhart et al. 2018). Additional continuum data
at higher frequencies would be required to confirm this hypothesis.

The remaining possibility is that some/all of these continuum
sources are background galaxies. Based on the model of Cai et al.
(2013), and given our sensitivity, we would expect to detect ~3-4
high-z sources in our primary beam at 3¢ significance. As such, this
is a viable explanation of these emission features, but the fact that
3/4 of these sources are clustered in the inner 4 arcsec x 4 arcsec
is suspicious. Deeper and/or higher frequency observations will be
needed to definitively understand the diverse continuum emission
from NGC 404.

5.3 Intermediate-mass black hole

Our modelling reveals the presence of a dark object in NGC 404, of a
mass of &5 x 10° M, this from both stellar kinematic and molecular
gas kinematic modelling. The radius of the sphere-of-influence of this
BH (Rso1) can be calculated using the standard equation

Rsor = ——, (2

where G is the gravitational constant and o, the stellar velocity
dispersion. In NGC 404 this equates to 0.1 (or ~<1.4pc). This
Rsor 1s of similar size to the point-spread function of our op-
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tical data (20."12), and is well resolved by our high-resolution
molecular gas data with a synthesized beam of 0."051 x 0."026
(or ~0.54pc?).

Crucially, to bring our stellar and molecular gas measurements into
agreement we needed to include the contribution of the molecular
gas to the gravitational potential of this object. While the molecular
material does not dominate the potential at any radius, it does
provide a significant contribution towards the outer edge of the
central molecular disc (see Fig. 9). Including its effect decreases
the derived mass mismatch factor (I"), and increases the black hole
mass required compared to the analysis in Nguyen et al. (2017),
bringing these two measurements into agreement. It also brings the
stellar kinematic measurement into better agreement with the hot-H,
kinematic measurement of Nguyen et al. (2017). This highlights the
need to accurately determine the mass and distribution of molecular
material around intermediate-mass BHs when attempting to measure
their mass, even when using stellar kinematics.

In Fig. 13 we show our measurement of the BH mass in NGC 404
as a blue data point on the Mpy—o . relations of van den Bosch (2016),
Greene et al. (2019), and on the Mpy—bulge mass (My,,.) relation of
McConnell & Ma (2013). We highlight other measurements using
the molecular gas technique with red data points. Bulge masses for
objects with molecular gas estimated BH masses are taken from
McConnell & Ma (2013), Krajnovic¢ et al. (2013), Salo et al. (2015),
and Savorgnan & Graham (2016), while velocity dispersions are as
quoted in the mass measurement papers. The mass of the IMBH
in NGC 404 agrees reasonably well with the extrapolations of the
relations presented in these works, being slightly above the Mpy—
0. and slightly below the Mpy—Mypyg. relation. Obtaining more
measurements of low-mass BHs is clearly crucial to better anchor
these relations.

5.4 Stellar mass normalization

Our kinematic modelling uses a model of the stellar mass of NGC 404
created from HST photometry using pixel-by-pixel colour to mass-
to-light ratio relations, carefully normalized using stellar population
estimates of the mass-to-light ratios based on Space Telescope
Imaging Spectrograph (STIS) spectra assuming a Chabrier (2003)
IME. As such, this model should provide an excellent measurement
of the stellar contribution to the potential.

Here we also included in the fit a stellar mass normalization factor,
that should be approximately unity assuming no systematic effect is
present. However, as shown above, our stellar kinematic modelling
requires a significantly lower stellar mass normalization (I" =~ 0.6).
This suggests the stellar population is significantly less massive than
expected assuming a Chabrier (2003) IMF.

The cause of this change is difficult to establish. One possibility
is that the IMF of NGC 404 is significantly lighter than assumed.
Significant variations have been observed in the IMFs of massive
early-type galaxies (see e.g. van Dokkum & Conroy 2010; Cappellari
et al. 2012; Martin-Navarro et al. 2015), and the extrapolations of
at least some of the trends reported in the literature would support
the idea of a lower IMF normalization in this dwarf elliptical galaxy.
For instance, some authors (e.g. Cappellari et al. 2012) suggest that
the velocity dispersion of an ETG is the best predictor of its IMF.
Fig. 14 shows the IMF measurements from that work (as tabulated
in Cappellari et al. 2013b) and those of Davis & McDermid (2017)
and Nguyen et al. (2019), plotted against stellar velocity dispersions
measured within the same apertures. Shown in blue is our estimate of
the IMF mismatch parameter opr in NGC 404, which is our stellar
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mass normalization factor I re-normalized to a Salpeter (1955)
IMF via apvp = 0.58 I' (where this proportionality constant comes
from ratio of the integral of these IMFs). While the apyr values
derived here (and those of Nguyen et al. 2019) are only valid for
the nuclear star clusters of their parent galaxy (rather than for the
entire galaxy), our measurement for NGC 404 is consistent with the
extrapolation of the best-fitting relation of Cappellari et al. (2012,
2013a). Interestingly, NGC 404 has a high metallicity and thus, if
real, the low stellar-mass normalization of NGC 404 would be less
consistent with metallicity—IMF relations (e.g. from Martin-Navarro
etal. 2015). This suggests that further work on the IMF properties of
dwarf elliptical galaxies could help shed light on the drivers of IMF
variations in the early-type galaxy population (see e.g. Mentz et al.
2016).

Having said that, a changing IMF is not the only possible
explanation of our low derived I". Another possibility is that the star
formation history (SFH) of NGC 404 has not been correctly estimated
by Nguyen et al. (2017), who used a non-parametric approach fitting
combinations of models with ages of 1, 10, 50, 100, 300, 600, 1000,
2500, 5000, 10000, and 13 000 Myr. The low I" obtained here could
be explained if the best SFH fit has too many old stars (or not
enough young stars). Nguyen et al. (2017) found an unusual stellar
population in the nucleus, with a dominant 1 Gyr old population. This
is an age where asymptotic giant branch stars contribute significantly
to the luminosity, and it is possible these are not accurately modelled
(which could result in a mis-estimation of the SFH). We note that in
the nuclear star clusters of three other galaxies studied by Nguyen
et al. (2019) (and shown in orange in Fig. 14) without significant
molecular gas (and thus star formation), the I" values are all consistent
with a Chabrier IMF, albeit with relatively large uncertainties. Yet
another possibility is that we have overestimated the mass of gas
present in the nucleus of NGC404 (e.g. by assuming an incorrect
aco). Despite the differing sensitivities of our stellar and gas BH
mass measurement to this quantity (see Section 4.5), this possibility
cannot be ruled out using our current data alone. We therefore suggest
that the low I" value should be treated with caution.

6 CONCLUSIONS

In this work we presented observations of the molecular ISM in
the dwarf elliptical galaxy NGC 404 at an unprecedented linear
resolution of ~0.5 pc. We used these observations, in conjunction
with Gemini observations of the stellar kinematics, to estimate the
mass of the intermediate-mass black hole at the heart of this object.

Our ALMA observations revealed a central disc/torus of molecular
gas which peaks in surface density at a radius of ~0."16 (2.3 pc)
and has an exponential scale-height smaller than 1.3 pc. This disc is
inclined to the line of sight and is clearly rotating around the IMBH. It
is surrounded by a kinematically distinct lopsided arm/spiral feature,
connecting to a nearly face-on incomplete (pseudo)-ring of emission
with a radius of 2."7 (=40 pc). Scattered molecular clouds also exist
beyond this radius.

Continuum emission is detected from the central parts of NGC 404
(tracing the central disc and lopsided arm) and from several other
locations at larger radii. The extended central continuum source is
likely dominated by dust continuum emission, with possible small
contributions from synchrotron emission from the small jet in the
centre, and hydrodynamic shocks along the arm. The outer sources
could be the most extreme molecular star-forming clumps in this
object or an overdensity of background galaxies.

By combining the molecular gas data with constraints on galaxy
parameters from stellar kinematic modelling we were able to con-
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Figure 13. Left-hand panel: Mpy—o . relation (grey data points and black dashed line) from the compilation of van den Bosch (2016). We show the BH mass
measured for NGC 404 here as a large blue data point, and highlight other measurements using the molecular gas technique with red data points (Davis et al.
2013b; Onishi et al. 2015; Barth et al. 2016a,b; Davis et al. 2017, 2018; Onishi et al. 2017; Boizelle et al. 2019; Combes et al. 2019; Nagai et al. 2019; North
et al. 2019; Smith et al. 2019; Nguyen et al. 2020). In yellow we show the BH masses of low-mass galaxies measured in Nguyen et al. (2019). We also show
the best fitting relation (for all galaxies, including upper limits in the IMBH regime) from Greene et al. (2019) as a purple dot-dashed line. Right-hand panel:
Mp—Mpuige relation from the compilation of McConnell & Ma (2013) (black dashed line) and Scott, Graham & Schombert (2013) (purple dot-dashed line).
Symbols are as in the left figure. Bulge masses for objects with molecular gas-estimated BH masses are taken from McConnell & Ma (2013), Krajnovi¢ et al.
(2013), Salo et al. (2015), and Savorgnan & Graham (2016). In both panels, our measurement of the BH mass of NGC 404 is reasonably consistent with the

best-fitting relation(s).
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Figure 14. The IMF mismatch parameter (epvr) plotted against the stellar
velocity dispersion (o) measured within the same aperture. Our measurement
in NGC 404 is shown in blue, while measurements from Cappellari et al.
(2012), Davis & McDermid (2017), and Nguyen et al. (2019) are shown in
grey, red, and orange, respectively. Also shown are solid coloured lines that
denote the avp parameter of a heavy, Salpeter, Kroupa, and Chabrier IMF.
A black dot-dashed line denotes the best fit correlation of Cappellari et al.
(2012, 2013a), and the grey shaded region around it denotes the reported
scatter around that relation of 0.12 dex. Our estimate of the IMF mismatch
in NGC 404 is marginally consistent with the extrapolation of the best-fitting
relation.

strain the mass of the IMBH in NGC 404 using two independent
techniques. We showed here that, once we include the contribution
of the molecular gas to the gravitational potential, the observed
stellar kinematics require a black hole mass of 5.1:1(‘5 x 105 Mg
(at the 99 per cent CL). We were also able to estimate the mass of
the IMBH in NGC 404 directly from the molecular gas kinematics,
utilizing a forward modelling approach in a Bayesian framework

to fit the observed data cube. We again clearly detect the presence
of a dark object, with a mass of 5.5754 x 10° Mg (again at the
99 per cent CL), in good agreement with our stellar kinematic
measurement. In both cases the BH mass inferred is larger than
that previously estimated using the stellar kinematics alone. This
is because the molecular material in this object contributes non-
negligibly to the potential, systematically biasing the determination
of the BH mass. This highlights the need to accurately determine
the mass and distribution of all dynamically important compo-
nents around low-mass BH’s when attempting to measure their
mass.

Our derived black hole mass for NGC 404 is broadly consistent
with extrapolations from the Mpy—o, and Mpy—Myy. relations.
Drawing strong conclusions about the distribution of IMBH masses
and how they correlate with galaxy properties will, however, require
larger samples. ALMA is poised to contribute significantly to this,
both through providing maps of the dynamically important molecular
material, and by directly tracing its rotation around the black holes
themselves.
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APPENDIX A: MOLECULAR GAS KINEMATIC
FITTING INCLUDING DISC THICKNESS

As discussed in Section 4.5 we are able to adapt our fitting procedure
to study the effect of the assumed thickness of the molecular gas
disc/torus in the centre of NGC 404. We add a free parameter for the
disc thickness (denoted zj,) to the model described in Section 4, which
we assume is radially constant. The molecular ‘cloudlets’ that make
up our SKYSAMPLER model are given randomly allocated offsets in
the z-direction drawn from a Gaussian distribution centred around
zero, and with a standard deviation of z,. This 3D distribution of
gas cloudlets is then input to the KINMS simulation routines, which
calculate the potential of the resulting molecular gas distribution, and
create mock observations which can be directly compared to the data
as part of our MCMC fitting procedure.

The results of this analysis are shown in Fig. A1l. We obtain an
upper limit on the scale-height zj, itself, constraining z, < 1.3 pc at
the 1o confidence level. While the BH mass we derive does have a
dependence on zj, (with thicker discs requiring a larger best-fitting
BH mass), this change is not significant within the uncertainties. We
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Figure Al. Results of kinematic fitting to the molecular gas in NGC 404, as Fig. 10, but including the effect of disc thickness (zn). Assuming the molecular
gas disc/torus in the central parts of this object (with a radius r = 3.7 pc) is geometrically thick does not change our best-fitting BH mass significantly. We are,

however, able to set a 1o limit to the vertical scale-height of z;,<1.3 pc.

thus do not expect the thickness of the molecular torus in this object
to be significantly affecting the main results of this paper.

The limit we derive for the molecular scale-height in NGC 404 is
fully consistent with expectations from simple theoretical models.
Following Shu (1992), the vertical gas density profile in a non-self-
gravitating gas disc rotating in a spherically symmetric potential will
have a Gaussian form at any radius r (consistent with the assumption
made for the vertical distribution in our modelling), where the scale
height z;, is given by

=2 (U—) r, (A1)

Ve

where o, is the gas velocity dispersion in the vertical direction and
Vg is the component of the velocity in the azimuthal direction. As
described above V,/o, 2 5 everywhere in the central regions of
NGC 404, and thus at the outer edge of the molecular disc/torus we
would predict z;, < 0.8 pc, consistent with our derived upper limit.

Alternatively one can consider the case of a disc dominated by its
own self-gravity, where the vertical scale height is given by

0,2

_ % A2
2 7G T (A2)

where X, is the gas surface density (Spitzer 1942). Inputting
the measured values of these quantities for NGC404 (X
~10000Mg pc~2, 0. = 12.9kms™!) gives an estimate of z;, =
1.2 pc, again consistent with our derived upper limit. We note that
the vertical gas density distribution in this case should have a sech?(z)
form, and thus this scale-height is not directly comparable with that
derived above. Their similarity does, however, suggest our upper
limit to the scale-height of the disc/torus in NGC 404 is reasonable.
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