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A B S T R A C T 

The co-evolution of galaxies and supermassive black holes (SMBHs) underpins our understanding of galaxy ev olution, b ut 
different methods to measure SMBH masses have only infrequently been cross-checked. We attempt to identify targets to cross- 
check two of the most accurate methods, megamaser, and cold molecular gas dynamics. Three promising galaxies are selected 

from all those with e xisting me gamaser SMBH mass measurements. We present Atacama Large Millimeter/sub-millimeter Array 

(ALMA) 12 CO (2–1) and 230-GHz continuum observations with angular resolutions of ≈0 . ′′ 5. Every galaxy has an extended 

rotating molecular gas disc and 230-GHz continuum source(s), but all also hav e irre gularities and/or non-axisymmetric features: 
NGC 1194 is highly inclined and has disturbed and lopsided central 12 CO (2–1) emission; NGC 3393 has a nuclear disc with 

fairly regular but patchy 

12 CO (2–1) emission with little gas near the kinematic major axis, faint emission in the very centre, 
and two brighter structures reminiscent of a nuclear ring and/or spiral; NGC 5765B has a strong bar and very bright 12 CO 

(2–1) emission concentrated along two bisymmetric offset dust lanes and two bisymmetric nuclear spiral arms. 12 CO (2–1) 
and 

12 CO (3–2) observations with the James Clerk Maxwell Telescope are compared with the ALMA observations. Because of 
the disturbed gas kinematics and the impractically long integration times required for higher angular resolution observations, 
none of the three galaxies is suitable for a future SMBH mass measurement. None the less, increasing the number of molecular 
gas observations of megamaser galaxies is valuable, and the ubiquitous disturbances suggest a link between large-scale gas 
properties and the existence of megamasers. 

Key words: masers – galaxies: individual: NGC 1194, NGC 3393, NGC 5765B – galaxies: ISM – galaxies: kinematics and 

dynamics – galaxies: nuclei. 
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 I N T RO D U C T I O N  

ver the past few decades, tight empirical scaling relations have 
uggested that supermassive black holes (SMBHs) in galaxy centres 
o-evolve with their host galaxies across cosmic time (see e.g. 
ormendy & Ho 2013 ; D’Onofrio, Marziani & Chiosi 2021 for

e vie ws). The tightest correlation is between SMBH mass and stellar
elocity dispersion ( M BH –σ � relation; e.g. Ferrarese & Merritt 2000 ; 
ebhardt et al. 2000 ; Beifiori et al. 2012 ; van den Bosch 2016 ).
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umerous studies have probed potential SMBH and host galaxy 
elf-regulating growth mechanisms through feedback from active 
alactic nuclei (AGN; see e.g. Alexander & Hickox 2012 for a
e vie w). Understanding SMBH properties (mass, growth history, 
eedback, etc.) is thus critical to our understanding of galaxy 
volution. 

These scaling relations are ho we ver built from no more than ≈160
MBHs with reliable direct (i.e. dynamical) mass measurements. 
oreo v er, these come from a variety of measurement methods such

s stellar dynamics, ionized-gas dynamics, megamaser (hereafter 
maser’ for short) dynamics and more recently cold molecular gas 
ynamics, each with different limitations and potential biases. In 
articular, most methods are only applicable to certain galaxy types, 
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1 Hereafter, we omit the carbon atomic mass number and refer to the 12 CO 

isotope simply as CO. 
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o that only a few of the measurements have been cross-checked
see Walsh et al. 2013 for an earlier summary). These include: (i)
stars versus ionized gas’ in IC 1459 (Cappellari et al. 2002 ), NGC
379 (Shapiro et al. 2006 ), Centaurus A (Neumayer et al. 2007 ;
appellari et al. 2009 ), NGC 3998 (Walsh et al. 2012 ), NGC 4335

Verdoes Kleijn et al. 2002 ) and M81 (Devereux et al. 2003 ); (ii)
stars versus ionized gas versus direct imaging’ in M87 (Gebhardt &
homas 2009 ; Gebhardt et al. 2011 ; Walsh et al. 2013 ; Event Horizon
elescope Collaboration et al. 2019 ; Jeter, Broderick & McNamara
019 ; Jeter & Broderick 2021 ; Broderick et al. 2022 ; Liepold, Ma &
alsh 2023 ; Simon, Cappellari & Hartke 2024 ); (iii) ‘stars versus

onized gas versus reverberation mapping’ in NGC 3227 and NGC
151 (Davies et al. 2006 ; Onken et al. 2007 ; Hicks & Malkan 2008 );
iv) ‘stars versus masers’ in NGC 4258 (Siopis et al. 2009 ; Drehmer
t al. 2015 ); (v) ‘ionized gas versus masers’ in NGC 4258 (Pastorini
t al. 2007 ); and (vi) ‘stars versus proper motions’ in the Milky
ay (Sagittarius A ∗; Feldmeier-Krause et al. 2017 ). Many of these

ross-checking attempts were ho we ver af fected by disturbed ionized-
as kinematics and/or other issues, and thus were not particularly
ecisive. 
Across these methods, maser dynamics is generally regarded as

roviding the most accurate and precise SMBH mass measurements,
s it measures, with high accuracy, the gas kinematics close to
he SMBHs, yielding a typical mass uncertainty of � 10 per cent
ominated by the galaxy distance (e.g. Herrnstein et al. 2005 ). This
ethod spatially resolves the Keplerian rotation of the parsec-scale

iscs in which the masers are located, within the spheres of influence
SoIs) of the SMBHs. Maser galaxies are ho we ver, rare, requiring
dge-on masing discs and thus a particular type of nuclear activity
ostly present in late-type disc galaxies (i.e. a Seyfert 2 AGN),
ith a narrow range of SMBH masses ( ∼10 7 M �). None the less,
aser measurements offer valuable benchmarks for cross-checks

and potentially cross-calibration) with other methods, as stressed in
any works (e.g. van den Bosch et al. 2016 ). Ho we ver, maser SMBH
ass measurements seem to systematically lie below (i.e. at smaller
MBH masses than) the M BH –σ � relation, even when controlling for
orphological type (e.g. Greene et al. 2016 ), and therefore may not

ollow the general trend defined by all other measurements. This may
eveal intrinsic scatter in the M BH –σ � relation, but it may also arise
rom systematic effects across the different methods. Cross-checks
f individual SMBH measurements is thus imperative. 
Due to the high angular resolutions afforded by current
m/submm interferometers, cold molecular gas (particularly CO)

ynamics has recently been used to weigh SMBHs. Following
he first measurement in NGC 4526 (Davis et al. 2013 ), new

easurements mostly using the exquisite sensitivity and angular
esolution of the Atacama Large Millmeter/sub-millimeter Array
ALMA) have been made by the millimetre-Wave Interferometric
urv e y of Dark Object Masses (WISDOM; Davis et al. 2017 ; Onishi
t al. 2017 ; Davis et al. 2018 ; North et al. 2019 ; Smith et al. 2019 ;
avis et al. 2020 ; Smith et al. 2021 ; Lelli et al. 2022 ; Ruffa et al.
023 ) and others (e.g. Onishi et al. 2015 ; Barth et al. 2016 ; Boizelle
t al. 2019 ; Nagai et al. 2019 ; Ruffa et al. 2019b ; Nguyen et al. 2020 ;
oizelle et al. 2021 ; Cohn et al. 2021 ; Nguyen et al. 2021 ; Kabasares
t al. 2022 ; Nguyen et al. 2022 ). Many of these observations probe
O emission on the same spatial scales as those probed by masers,
nd the latest in fact does better (Zhang et al., in preparation). This
ethod has only weak biases toward particular galaxy types and

s conceptually very simple, mainly constrained by the size of each
MBH SoI and the existence of a central regularly rotating molecular
NRAS 527, 9343–9358 (2024) 
as disc. Given its increasing popularity, cross-checking CO and
aser (as well as other methods) SMBH dynamical measurements

s highly desirable. 
This paper thus aims to identify promising targets for future CO

MBH mass measurements (utilising higher resolution follow-up
bservations), from galaxies with existing maser measurements.
imultaneously, this paper reveals the molecular gas properties of
everal maser host galaxies at ∼100 pc scale, essential to probe the
old interstellar medium (ISM) conditions required for masing. In
ection 2 , we present a compilation of existing maser SMBH mass
easurements and the three targets selected here for further study.

n Section 3 , we describe new intermediate-resolution ALMA as
ell as James Clerk Maxwell Telescope (JCMT) observations of the
olecular gas and mm-continuum emission of those three galaxies,

long with standard data products. The potential for SMBH mass
easurements using CO observations at higher angular resolutions

s discussed in Section 4 . We discuss the link between molecular
as disc properties and maser emission with an enlarged sample in
ection 5 . Finally, we summarize and conclude in Section 6 . 

 TA R G E T S  

.1 Candidate selection 

o cross-check cold molecular gas and maser dynamical SMBH
ass measurements, we must first identify galaxies with existing
aser measurements that also appear promising for molecular gas
easurements. We use the compilation of SMBH mass measure-
ents of van den Bosch ( 2016 ) as our starting point, including all
aser measurements in their Tables 2 and 3. We update the galaxy

istances when better determinations are no w av ailable, including
hose from maser monitoring programmes (NGC 6264, NGC 6323,
GC 5765B, and UGC 3789), part of the Megamaser Cosmology
roject (MCP; see Braatz et al. 2009 and Table 1 ), and adjust

he SMBH masses accordingly ( M BH ∝ D for all dynamical mass
easurements, where D is the galaxy distance). We remo v e NGC

386, as there is no refereed source for its SMBH mass and its
2 CO (1–0) 1 has already been imaged with ALMA by Ramakrishnan
t al. ( 2019 ) and Zabel et al. ( 2019 ). We also correct the SMBH
ass of IC 2560 quoted in van den Bosch ( 2016 ; log ( M BH /M �) =

.64 ± 0.05) back to the original mass reported by Yamauchi et al.
 2012 ; log ( M BH /M �) = 6.54 ± 0.06). This megamaser parent sample
s summarized in Table 1 . 

We then apply the following selection criteria to retain the best
old molecular gas measurement candidates. Whether each galaxy
ulfils each criterion is listed in Table 1 . 

(i) SMBH SoI angular radius θSoI ≡ R SoI / D > 0 . ′′ 01, where the
MBH SoI physical radius R SoI ≡ G M BH /σ

2 
� , so that the SoI can

e spatially resolved using ALMA’s longest baselines at CO (2–1)
band 6). 

(ii) Hubble Space Telescope ( HST ) imaging (available for all
alaxies) showing a regular central dust disc, suggesting a central
olecular gas disc in ordered rotation. 
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Table 1. Predicted SMBH SoIs and selection criteria of maser galaxies. 

Galaxy Distance log ( M BH /M �) σ� R SoI θSoI SoI Dust Dec. References 
(Mpc) (km s −1 ) (pc) (mas) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

Circinus 2 . 8 ± 0 . 5 6.06 ± 0.07 158 ± 18 0 . 20 ± 0 . 06 15 ± 5 � � � (1) 
ESO 558–009 108 ± 6 7.23 ± 0.03 170 ± 20 2 . 5 ± 0 . 6 4 . 9 ± 1 . 2 - � � (2) 
IC 1481 79 ± 6 7.11 ± 0.13 95 ± 27 6 . 1 ± 3 . 9 16 ± 10 � – � (3) 
IC 2560 31 ± 13 6.54 ± 0.06 141 ± 10 0 . 90 ± 0 . 18 6 . 0 ± 2 . 8 – – � (4) 
J0437 + 2456 65 ± 4 6.46 ± 0.05 110 ± 13 1 . 03 ± 0 . 27 3 . 3 ± 0 . 9 – – – (2) 
Mrk1029 121 ± 7 6.28 ± 0.12 132 ± 15 0 . 47 ± 0 . 17 0 . 8 ± 0 . 3 – – � (2) 
NGC 1068 16 ± 9 6.95 ± 0.02 151 ± 7 1 . 67 ± 0 . 17 22 ± 13 � – � (5) 
NGC 1194 58 ± 6 7.85 ± 0.02 148 ± 24 14 ± 5 50 ± 17 � � � (6) 
NGC 1320 34 . 2 ± 1 . 9 6.74 ± 0.21 141 ± 16 1 . 2 ± 0 . 7 7 ± 4 – – � (2) 
NGC 2273 29 . 5 ± 1 . 9 6.93 ± 0.02 145 ± 17 1 . 8 ± 0 . 4 12 . 3 ± 3 . 0 � � – (6) 
NGC 2960 67 ± 7 7.03 ± 0.02 151 ± 7 2 . 01 ± 0 . 21 6 . 2 ± 0 . 9 – � � (6) 
NGC 3079 15 . 9 ± 1 . 2 6.36 ± 0.09 145 ± 7 0 . 47 ± 0 . 11 6 . 1 ± 1 . 5 – � – (7) 
NGC 3393 49 ± 8 7 . 3 ± 0 . 4 148 ± 10 3 . 6 ± 2 . 5 15 ± 11 � � � (3), (8) 
NGC 4258 7 . 3 ± 0 . 5 7.58 ± 0.03 115 ± 11 12 . 4 ± 2 . 4 351 ± 73 � – – (9), (10) 
NGC 4388 16 . 5 ± 1 . 6 6.86 ± 0.01 107 ± 7 2 . 7 ± 0 . 4 34 ± 6 � – � (6) 
NGC 4945 3 . 58 ± 0 . 22 6.13 ± 0.18 135 ± 6 0 . 32 ± 0 . 14 18 ± 8 � – � (10), (11) 
NGC 5495 96 ± 5 7.04 ± 0.08 166 ± 19 1 . 7 ± 0 . 5 3 . 7 ± 1 . 1 – – � (2) 
NGC 5765B 112 ± 5 7.61 ± 0.04 158 ± 18 7 . 0 ± 1 . 7 13 ± 3 � � � (12) 
NGC 6264 144 ± 19 7.49 ± 0.06 158 ± 15 5 . 3 ± 1 . 2 7 . 6 ± 2 . 0 – � – (13) 
NGC 6323 107 ± 36 6.97 ± 0.14 158 ± 26 1 . 6 ± 0 . 7 3 . 1 ± 1 . 7 – – – (14) 
UGC 3789 50 ± 5 7.06 ± 0.05 107 ± 12 4 . 3 ± 1 . 1 18 ± 5 � – – (15) 
UGC 6093 152 ± 15 7.41 ± 0.03 155 ± 18 4 . 6 ± 1 . 1 6 . 3 ± 1 . 6 – – � (16) 

Notes . Column 1: galaxy name. Column 2: distance. Column 3: maser-derived SMBH mass. Column 4: stellar velocity dispersion measured within 
one ef fecti ve radius, using a v ariety of methods (v an den Bosch 2016 ). Columns 5 and 6: SMBH SoI physical radius and angular radius. Columns 7–9: 
selection criterion fulfillment. Column 10: maser SMBH mass measurement references: (1) Greenhill et al. ( 2003 ), (2) Gao et al. ( 2017 ), (3) Hur ́e 
et al. ( 2011 ), (4) Yamauchi et al. ( 2012 ), (5) Lodato & Bertin ( 2003 ), (6) Kuo et al. ( 2011 ), (7) Yamauchi et al. ( 2004 ), (8) Kondratko, Greenhill & 

Moran ( 2008 ), (9) Herrnstein et al. ( 2005 ), (10) Kormendy & Ho ( 2013 ), (11) Greenhill, Moran & Herrnstein ( 1997 ), (12) Gao et al. ( 2016 ), (13) Kuo 
et al. ( 2013 ), (14) Kuo et al. ( 2015 ), (15) Reid et al. ( 2013 ) and (16) Zhao et al. ( 2018 ). We note that the maser emission in some galaxies may be 
dominated or contaminated by non-disc maser sources, such as masers in outflows/jets; see Pesce et al. ( 2015 ) for a clean subset with pure disc-maser 
galaxies and Keplerian rotation. 
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(iii) Declination −66 ◦ < δ < + 20 ◦, to ensure a fairly round ALMA
ynthesized beam and minimize shadowing. 2 

The only galaxies to satisfy all these requirements are Circinus, 
GC 1194, NGC 3393, and NGC 5765B. Cold molecular gas in 
ircinus has already been observed with ALMA at high angular 

esolution ( ≈0 . ′′ 2) and it is reported to have a disturbed velocity field
Izumi et al. 2018 ; Tristram et al. 2022 ). This galaxy is therefore not
uited to cold gas dynamical modelling to derive a SMBH mass, and
t is not considered further in this paper. The basic properties of the
ther three galaxies, for which we obtained and present new ALMA 

ata here, are listed in T able 2 . W e also discuss each galaxy in more
etails below. 

.2 NGC 1194 

GC 1194 is a lenticular galaxy harbouring a Seyfert 2 AGN (Oh
t al. 2018 ), for which we adopt a distance D = 58 ± 6 Mpc.
his distance was estimated from NGC 1194’s Local Group-centric 

edshift (Karachentsev & Makarov 1996 ) by Kormendy & Ho 
 2013 ) and Saglia et al. ( 2016 ) assuming a cosmology derived from
he Wilkinson Microwave Anisotropy Probe ( WMAP ) 5-year data 
Komatsu et al. 2009 ). NGC 1194 was first reported to harbour
 2 O megamasers by Greenhill, Tilak & Madejski ( 2008 ) and is
 We note that even if we relax this criterion to −90 ◦ < = 

δ < = 

+ 47 ◦, to reach 
he absolute declination limit of ALMA, the final sample of galaxies meeting 
ll of our selection criteria does not change. 

3

t
r

art of the MCP. It has a relatively large maser disc with an inner
adius of 0.51 pc and an outer radius of 1.33 pc. It hosts the most
assi ve SMBH deri ved using the maser method to date, M BH =

7.1 ± 0.3) × 10 7 M � at our adopted distance abo v e (K uo et al. 2011 ).
he maser disc has an inclination i ≈ 85 ◦ with a kinematic position
ngle 3 PA kin = 337 ◦, while the galaxy’s o v erall inclination is ≈50 ◦

ith a morphological position angle PA mor = 145 ◦, as determined
rom an r -band image from the Sloan Digital Sk y Surv e y (SDSS;
delman-McCarthy et al. 2008 ). No warp is detected in the maser
isc. 
Previous studies have reported atomic hydrogen out to a galac- 

ocentric radius of ≈120 ′′ ( ≈4 kpc; Sun et al. 2013 ) and patchy
arm molecular hydrogen on a scale of 1 . ′′ 6 (450 pc), limited by

he telescope field of view (FoV; Greene et al. 2014 ). Ionized gas
as been detected through K -band emission lines (e.g. Br γ , [Si VI ],
nd [Ca VIII ]) at the galaxy centre by Greene et al. ( 2014 ) and
hrough the [O III ] optical emission line o v er a slightly more extended
egion (700 × 470 pc 2 ; Schmitt et al. 2003 ). Koss et al. ( 2021 )
id not detect cold molecular gas using the Atacama Pathfinder 
xperiment, with a CO (2–1) 3 σ upper limit of 2 × 10 7 K km s −1 pc 2 

9 Jy km s −1 ), consistent with (i.e. larger than) our detected flux
eported in Section 3.3.1 . 
MNRAS 527, 9343–9358 (2024) 

 The kinematic (morphological) position angle is measured from north 
hrough east until the largest receding velocity (photometric major axis) is 
eached. 
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.3 NGC 3393 

GC 3393 is an SBa galaxy (de Vaucouleurs et al. 1991 ) at an adopted
istance D = 49 ± 8 Mpc. This distance was again estimated from
he Local Group-centric redshift (Karachentsev & Makarov 1996 )
y Kormendy & Ho ( 2013 ) and Saglia et al. ( 2016 ), assuming the
osmology derived from WMAP 5-year data (Komatsu et al. 2009 ).
GC 3393 has a large-scale stellar bar ( PA mor ≈ 160 ◦), extended radio

ets (e.g. Cooke et al. 2000 ) and a Seyfert 2 nucleus (Baumgartner
t al. 2013 ). A nuclear bar ( PA mor ≈ 145 ◦) has also been posited
e.g. L ̈asker et al. 2016 ). The presence of two compact X-ray sources
eparated by ≈130 pc suggests there are two SMBHs in the nuclear
e gion (F abbiano et al. 2011 ), but these may be due to noise (Koss
t al. 2015 ), and subsequent radio, near-infrared, optical, UV, and
ard X-ray observations are all consistent with a single point source
Imanishi & Saito 2014 ; Koss et al. 2015 ). 

H 2 O me gamasers were disco v ered using the National Aeronautics
nd Space Administration (NASA) Deep Space Network (Kondratko
t al. 2006 ), and mapped with very long baseline interferometry
VLBI) to infer a central SMBH mass M BH = (3.0 ± 0.2) × 10 7 M �
t our adopted distance abo v e (Kondratko et al. 2008 ). With the
ame data set, Hur ́e et al. ( 2011 ) inferred a different SMBH mass
f M BH = 0.58 × 10 7 M � (at our adopted distance abo v e) using
ifferent dynamical modelling. We therefore adopt the mean of these
wo measurements for the NGC 3393 SMBH mass, and half the
ifference as the uncertainty, as done by Kormendy & Ho ( 2013 ).
he maser disc is large, with an outer radius of 1.5 pc, and was
ssumed to be edge-on with a tentative warp and PA kin ≈ 326 ◦,
erpendicular to both the kiloparsec-scale radio jet and the axis of
he narrow-line region (see Kondratko et al. 2008 and references
herein). The o v erall inclination of the galaxy is i = 44 ◦ with PA mor 

160 ◦, as determined from a Two Micron All Sky Survey (2MASS)
 s -band image (Skrutskie et al. 2006 ). 
CO (2–1) emission was recently mapped with ALMA by Finlez

t al. ( 2018 ). They presented two sets of maps with different imaging
arameters, one with a 0 . ′′ 56 synthesized beam 

4 and 2.5 km s −1 

hannels, the other with a 0 . ′′ 68 synthesized beam and 10 km s −1 

hannels. Very little CO (2–1) emission is detected in the very centre,
hich they attribute to either molecular gas destruction by the jet or
igh molecular gas densities/temperatures not detected in the J =
–1 CO transition (see e.g. Mukherjee et al. 2018a , b ; Ruffa et al.
022 ). Our ne w observ ations slightly impro v e the angular resolution
nd sensitivity of these observations (see Table 3 ). Finlez et al. ( 2018 )
lso provided a sophisticated analysis of the ionized-gas kinematics,
xploiting abundant optical emission lines. In addition to a regularly
otating component, there are a jet-driven outflow along the jet axis
nd an equatorial outflow perpendicular to it. Reynolds et al. ( 2022 )
eported an extended H I disc with a diameter of 226 arcsec (54 kpc)
nd a total mass of 6.4 × 10 9 M � (scaled to our adopted distance
bo v e). 

.4 NGC 5765B 

GC 5765B is an Sab galaxy (Pjanka et al. 2017 ) with a Seyfert 2
ucleus (Toba et al. 2014 ). It has a close companion, NGC 5765A,
t an angular separation of 22 . ′′ 5 ( ≈12 kpc at our adopted distance
elow), be yond the F oV of our ALMA and JCMT observations. HST
maging reveals a bar, two rings (at radii of 1 . ′′ 5 and 3 . ′′ 5), and spiral
eatures between these rings. Beyond the outer ring, the galaxy is
erturbed by interaction with its companion (Pjanka et al. 2017 ). 
NRAS 527, 9343–9358 (2024) 

 Beam sizes quoted in this paper are all full-widths at half-maxima, FWHM. 5
Central megamasers were detected with the Green Bank Telescope
s part of the MCP and were monitored for o v er two years, yielding
n angular diameter distance D = 112 ± 5 Mpc (adopted here; Pesce
t al. 2020 ) and a SMBH mass M BH = (4.0 ± 0.4) × 10 7 M � (at
his adopted distance; Gao et al. 2016 ). The maser disc ( ≈1.2 pc in
adius) warps o v er an inclination range of i = 94 . ◦5 at the centre to i =
3 . ◦3 at the edge and o v er a kinetic position angle range of PA kin =
46 . ◦7 at the centre to PA kin = 139 . ◦8 at the edge, as determined
hrough dynamical modelling (Gao et al. 2016 ). The o v erall galaxy
nclination is i = 26 ◦ with PA mor = 10 ◦, as determined from a 2MASS
 s -band image (Skrutskie et al. 2006 ). 
Shirazi & Brinchmann ( 2012 ) studied the ionized gas of

GC5765B using an optical spectrum from SDSS. They reported
trong nebular He II emission lines dominated by the AGN (i.e.
ithout Wolf–Rayet features), along with other emission lines. The
recibo Le gac y F ast Arecibo L -band Feed Array surv e y (Haynes

t al. 2018 ) derived a neutral hydrogen content of (6.3 ± 0.7) ×
0 9 M � (at our adopted distance abo v e). Davis et al. ( 2022 ) presented
n ALMA CO (2–1) map and reported a total mass of (1.2 ± 0.1) ×
0 10 M � (at our adopted distance abo v e). 

 OBSERVATI ONS  

.1 ALMA obser v ations 

bservations of the CO (2–1) line of our three target galaxies were
arried out with ALMA as part of programme 2016.1.01553.S (PI:
ureau) on 2016 October 24, 2017 May 2, 2017 May 3, and 2017
ay 15. For NGC 3393, we combine another track from ALMA

rogramme 2015.1.00086.S (PI: Nagar) obtained on 2016 May 3. 
For all our observations, the ALMA correlator was configured

ith one spectral window centred on the redshifted frequency of
he CO (2–1) line (rest frequency νrest = 230.538 GHz.), with a
andwidth of 1.875 GHz (2438 km s −1 at z = 0) and 488-kHz
hannels (0.63 km s −1 at z = 0). The remaining three spectral
indows were used to observe the continuum, if any, each with
 bandwidth of 2 GHz and 15.625-MHz channels. The additional
rack for NGC 3393 also had one spectral window centred on CO
2–1), with an additional spectral-line window centred on CS (5–4)
nd two continuum spectral windows. Details of this track can be
ound in Finlez et al. ( 2018 ). The FoV of the ALMA 12-m array, i.e.
he FWHM of the ALMA 12-m antenna primary beam, is ≈25 arcsec
 ≈7.0, 6.0, and 15 kpc for NGC 1194, NGC 3393, and NGC 5765B,
espectively) at the observed frequencies of CO (2–1). This FoV
nly extends to 1.1 R e in NGC 1194 ( H -band combined with K -
and; L ̈asker et al. 2016 ), 1.3 R e in NGC 3393 ( H -band combined
ith I -band; L ̈asker et al. 2016 ) and 1.8 R e in NGC 5765B ( K s -band;
avis et al. 2022 ), where R e is the ef fecti ve (i.e. half-light) radius.
he ALMA FoV therefore co v ers the whole galaxy disc only in NGC
765B, with more limited co v erage in NGC 1194 and NGC 3393 (see
ig. 1 ) 
The baseline ranges of the observations of NGC 1194, NGC

393, and NGC 5765B were 19–1808, 15–1100, and 15–1124 m,
espectively. The corresponding maximum recoverable scales were
 . ′′ 7 (0.86 kpc), 5 . ′′ 1 (1.2 kpc), and 3 . ′′ 5 (2.1 kpc), respectively. The data
ere calibrated using the standard ALMA pipeline, either through

he European ALMA Regional Centre Calibrated Measurement
et (CalMS) service or by locally running Common Astron-
my Software Applications 5 ( CASA ; CASA Team et al.
 Available from https:// casa.nrao.edu/ . 
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Figure 1. Optical images of our three target galaxies. In each panel, the ALMA CO (2–1) emission is o v erlaid as contours (except the upper-right-hand panel) 
and the ALMA primary beam is shown as a blue dashed circle. The bottom ro w panels sho w zoom-in images. Left column: NGC 1194. Upper panel: SDSS 
r -band image of the whole galaxy. Lower panel: HST Wide-field Camera 3 (WFC3) F 438 W (blue), F 814 W (green), and F 160 W (red) composite of the central 
region. Middle column: NGC 3393. Upper panel: Digitized Sk y Surv e y-2 red-band image of the whole galaxy. Lower panel: HST /WFC3 F 336 W (blue), F 814 W 

(green), and F 160 W (red) composite of the central region. Right column: NGC 5765B (in the bottom-left corner of each panel) and its companion NGC 5765A. 
Upper panel: HST /WFC3 F 814 W image. Lower panel: unsharp-masked HST /WFC3 F 814 W image. 
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of sight, explaining the difference of spatial coverage between the second- 
moment map and other moment maps. 
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022 ). CASA version 4.7 was used to calibrate the three tracks of
016.1.01553.S and version 4.6 for the track of 2015.1.00086.S. 
or NGC 3393, the ALMA observations of Finlez et al. ( 2018 ) were
ombined with our higher-angular resolution observations to impro v e 
he uv -plane co v erage and sensitivity (see Table 3 ). For both the line
ata cubes and the continuum images, the combined data impro v e
he angular resolution (in one dimension) by ≈25 per cent compared 
o Finlez et al. ( 2018 ). The following imaging steps all used CASA
ersion 6.4.4. 

First, for each galaxy, continuum emission was subtracted from 

he visibility data using linear fits and the CASA task uvcontsub .
o produce data cubes with high sensitivity, we binned the channels 

o 10 km s −1 and used Briggs weighting with a robust parameter of
.0 (close to natural weighting). The data cubes were then cleaned 
o a depth of 1.5 times the root-mean-square (RMS) noise of the
ine-free channels using the task tclean with the MultiScale 
lgorithm (Cornwell 2008 ) in the interactive mode and using a 
anually-defined three-dimensional mask. We note that varying 

hese parameters does not significantly change any result of this 
aper. A primary beam correction was then applied to the line data
ubes. 

Moment maps were generated using a smooth-masking technique 
e.g. Simon et al. 2024 ; Liang et al., in preparation). A smoothed
ata cube (without primary-beam correction) was first generated 
y spatially convolving every channel with a two-dimensional (2D) 
quare uniform kernel of side length equal to the synthesized beam
idth. As the channels are already binned to a width of 10 km s −1 ,
e did not smooth further spectrally. We then constructed a mask
y first selecting all pixels of the smoothed data cube abo v e a giv en
ux density threshold (1.5 RMS) and then excluding pixels outside 
f the mask manually defined during cleaning. Finally, the mask was
djusted channel by channel by (i) filling ‘holes’ of unselected pixels
ith areas smaller than two synthesized beams and (ii) removing 

islands’ of selected pixels with areas smaller than one synthesized 
eam (both achieved using the Python package scikit-image ; 6 

an der Walt et al. 2014 ). This mask was then used to select the pixels
f the original unsmoothed primary beam-corrected data cube that 
re used for the moment analysis. 

The zeroth-moment (integrated flux), first-moment (intensity- 
eighted mean velocity), and second-moment 7 (intensity-weighted 
elocity dispersion) maps of NGC 1194, NGC 3393, and NGC 

765B are shown in the top rows of Figs 2 , 3 , and 4 , respectively.
MNRAS 527, 9343–9358 (2024) 
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he same mask was used to create the integrated spectrum (and to
alculate the integrated flux) and the kinematic majoraxis position- 
elocity diagram (PVD) of each galaxy, shown in the bottom-left and 
ottom-centre panel of each figure, respectively. As each channel 
as a different 2D masked region and spaxels near each other are
trongly correlated, we applied the following procedure to estimate 
he uncertainty of the spatially integrated flux of each channel. For
ach line channel, we applied its 2D mask to every line-free channel
f the data cube, calculated the sum of the flux densities of each of
hose line-free channels and adopted the RMS (around the mean) of
hese sums as the uncertainty of the integrated flux of the original
ine channel. Standard error propagation rules 8 were then used to 
alculate the uncertainty of the flux integrated over all channels (and 
n turn of the total molecular gas mass). Each PVD was generated
y adopting a 2 arcsec-wide mock slit along the kinematic major 
xis, determined from a fit to the first-moment map using the pafit
oftware 9 (Krajnovi ́c et al. 2006 ), except for NGC 3393 for which a
ough kinematic major axis position angle was estimated by visual 
nspection due to the scarcity of gas along it. We used the astrometry
rom the existing VLBI observations to define the centre of each 
alaxy (see Table 2 ). 

For each galaxy, a continuum image was also produced from all 
pectral windows using only line-free channels. With the tclean 
ask in the multifrequency synthesis mode, we again adopted Briggs 
eighting with a robust parameter of 2.0 and cleaned to a depth of
.5 times the RMS noise of the dirty image (measured in emission-
ree regions) in the interactive mode and using a manually-defined 
D mask. The primary beam correction was then applied to the 
ontinuum images. 

The final angular resolution, sensitivity, and other characteristics 
f each data product are listed in Table 3 . 

.2 JCMT obser v ations 

ingle-dish CO (2–1) observations of NGC 1194, NGC 3393, and 
GC5765B were obtained with the JCMT on 2016 October 18–23, 

s part of Programme M16BP068 (PI: Gao), aiming to estimate the 
re v alence and abundance of molecular gas in the 15 disc galaxies
nown to harbour megamasers at the time and another 15 galaxies 
sed as a control sample (Gao et al., in preparation). Follow-up CO
3–2) observations of NGC 3393 and NGC 5765B were carried out 
n 2017 July 6, 2017 December 5, 2018 January 22, 2018 January
9, and 2018 December 24, as part of Programme M17BP056 (PI:
ao). 
The JCMT has a 15-m diameter antenna and therefore beams (i.e. 

oVs) of 17 . ′′ 4 and 11 . ′′ 6 at the rest frequency of CO (2–1) and of
O (3–2), respectively, both of which are smaller than the ALMA 

rimary beam in this work. Table 4 lists the basic properties of
he JCMT observations, while the CO (2–1) and CO (3–2) JCMT
eams are shown in Figs 2 –4 as black solid and black dashed circles,
espectiv ely, o v erlaid on the zeroth-moment maps. 

For the CO (2–1) observations, the RxA receiver was used with 
ual sidebands, with the Auto Correlation Spectral Imaging System 

ACSIS) correlator configured to have a bandwidth of 1 GHz and 
hannels of 1 MHz ( ≈1.3 km s −1 at z = 0). The observations were
onducted in standard position-switching mode with a total on- 
ource integration time of ≈30 min per target. For the CO (3–
 Given the raw spectral resolution and the binned channel width, we safely 
ssume no covariance between adjacent channels. 
 Available from https:// pypi.org/ project/ pafit/ . 

w  

a
m  

1

) observations, the 16-pixel Heterodyne Array Receiver Program 

HARP) was used, with the ACSIS correlator configured to have 
 bandwidth of 1 GHz and channels of 0.488 MHz ( ≈0.4 km s −1 at
 = 0). The observations were conducted in beam-switching mode to
chieve a better spectral baseline, with a total on-source integration 
ime of ≈1 h per target. 

For both CO (2–1) and CO (3–2) data reduction, the standard
RAC data reduction pipeline (ORAC-DR; Jenness & Economou 
015 ) was used within the Starlink software package 10 (Currie 
t al. 2014 ). The spectra were first rebinned to channels of 10 km s −1 

o match our ALMA data. A linear baseline fit to line-free channels
as then subtracted from each spectrum, to remo v e an y continuum

mission and non-flat baseline. The spectra were then converted 
o a flux density scale S v = 15 . 6 T � A /ηA , where T � A is the antenna
emperature and ηA = 0.52 is the JCMT antenna efficiency at both
requencies. The resulting spectra of NGC 1194, NGC 3393, and 
GC 5765B are shown in the bottom-left-hand panels of Figs 2 , 3,

nd 4 , respectively. 
The integrated flux of each spectrum was obtained by integrating 

 v er the velocity range with clear emission (or a range estimated from
he ALMA data in the case of NGC 1194, which is a non-detection),
s listed in Table 4 , while the integrated flux uncertainty is estimated
sing 

= 	v σchan 

√ 

N line 

(
1 + 

N line 

N noise 

)
, (1) 

here 	v is the channel width (10 km s −1 ), σ chan the noise per
hannel listed in Table 4 , N line the number of channels used for the
ntegration, and N noise the number of channels used to estimate the
oise (see Young et al. 2011 ). As for the ALMA data, the molecular
as mass of each galaxy was then calculated from the CO (2–
) line by assuming a CO (2–1)/CO (1–0) line ratio R 21 of unity
in brightness temperature units) and a CO-to-molecule conversion 
actor αCO = 4.3 M � pc −2 (K km s −1 ) −1 (Bolatto, Wolfire & Leroy
013 ), including the contribution of heavy elements, yielding 

M mol 

M �
= 

2 . 63 × 10 3 

1 + z helio 

(
F CO(2-1) 
Jy km s −1 

) (
D 

Mpc 

)2 

, (2) 

here F CO (2–1) is the intregrated CO (2–1) flux density. 

.3 NGC 1194 

.3.1 Molecular gas 

he moment maps, PVD, and integrated spectrum of NGC 1194 
hown in Fig. 2 suggest an edge-on, disturbed and lopsided central
olecular gas disc well aligned with the maser disc. There are two

arge molecular gas concentrations, one extending north-west from 

he centre, the other farther out and disconnected to the south-east.
omparison to the SDSS r -band image in the upper-left-hand panel
f Fig. 1 reveals the concentrations to be roughly aligned with the
alaxy morphological major axis, while the composite HST image 
 F 438 W , F 814 W, and F 160 W filters) in the lower-left-hand panel of
ig. 1 shows the molecular gas to be associated primarily with a
eak irregular dust lane crossing the galaxy centre (with PA mor ≈
60 ◦), while a much more prominent dust lane (offset to the south-
est with PA mor ≈ 145 ◦) that seems to define part of a dust ring is

pparently devoid of CO emission. This morphology and the first- 
oment map suggest the molecular gas to be part of an irregular
MNRAS 527, 9343–9358 (2024) 

0 Available from https:// starlink.eao.hawaii.edu/ starlink . 
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Table 2. Properties of our target galaxies. 

Galaxy Right ascension Declination z 1 helio Hubble type Nuclear activity 
(J2000) (J2000) 

NGC 1194 03 h 03 m 49 . s 10870 2 −01 ◦06 ′ 13 . ′′ 4720 2 0.01363 S0- 3 Sy2 4 

NGC 3393 10 h 48 m 23 . s 4659 5 −25 ◦09 ′ 43 . ′′ 477 5 0.01251 SBa 6 Sy2 4, 7 

NGC 5765B 14 h 50 m 51 . s 51884 8 + 05 ◦06 ′ 52 . ′′ 2501 8 0.02754 Sab 9 Sy2 10 

Notes . (1) Heliocentric redshifts are taken from Albareti et al. ( 2017 ) for NGC 1194 and NGC 5765B and from Pesce 
et al. ( 2015 ) for NGC 3393. (2) Average position of the masers at the systemic velocity of the galaxy (see Tables 1 
and 3 of Kuo et al. 2011 ). (3) Nair & Abraham ( 2010 ). (4) Oh et al. ( 2018 ). (5) Average position of the masers at 
the systemic velocity of the galaxy (see Section 4 of Kondratko et al. 2008 ). (6) de Vaucouleurs et al. ( 1991 ). (7) 
Baumgartner et al. ( 2013 ). (8) Best-fitting dynamical centre (see Table 7 of Gao et al. 2016 ). (9) Pjanka et al. ( 2017 ). 
(10) Toba et al. ( 2014 ). 

s  

a  

m  

d  

s  

d  

c  

w  

e  

g  

e  

m  

2  

o  

r  

 

i  

a  

A  

o  

T  

m  

o  

a  

i  

p  

u  

f  

g  

A  

c  

r  

c  

g

3

T  

r  

N  

w  

s  

b  

a  

t  

m  

a

3

3

T  

s  

d  

f  

i  

f  

t  

n  

v
2  

P  

(  

a  

t  

s  

k  

p  

T  

a  

a  

m  

g  

b  

a  

(
 

(  

i  

d  

A  

f  

t  

1  

b  

g  

i  

(  

≈  

b  

a  

g
 

o  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/3/9343/7453651 by U
niversity of C

ardiff - Journal of Biochem
isty Trial user on 08 M

arch 2024
tructure embedded within a roughly edge-on rotating disc, itself
ligned with the large-scale galaxy disc. Unsurprisingly, the second-
oment map reveals irregular velocity dispersions. The velocity

ispersions are highest in the centre, but this may be due to beam
mearing. They decrease to 10–20 km s −1 at the extremities of the
istribution, typically associated with dynamically cold gas, and are
omparable to the velocity dispersions of discs reported in other
orks (e.g. Davis et al. 2018 ; Smith et al. 2019 ; Lelli et al. 2022 ; Lu

t al. 2022 ). Overall, our observations suggest a disturbed molecular
as distribution in a non-equilibrium state, possibly caused by an
arlier (minor) merger event, an hypothesis supported by the twisted
orphological position angle at large radii (see fig. 11 of L ̈asker et al.

016 ) as well as the existence of a detached H I cloud to the north-west
f the main galaxy disc (Sun et al. 2013 ). Despite this, the maximum
otation velocity matches well that measured in H I (Sun et al. 2013 ).

As shown in the bottom-left-hand panel of Fig. 2 , NGC 1194
s not detected in our JCMT CO (2–1) observations, that have
 sensitivity of only 83 mJy per channel (while our synthesized
LMA integrated spectrum has a sensitivity of 1.3 mJy per channel
n average, both based on the same channel width of 10 km s −1 ).
he ALMA integrated flux of 6.1 ± 0.1 Jy km s −1 yields a total
olecular gas mass of (5.3 ± 0.1) × 10 7 M �. Here and for the

ther two galaxies, the uncertainties quoted on the integrated flux
nd associated integrated mass are exclusively due to the noise
n the integrated spectrum (see Section 3.1 ). They do not include
otential systematic errors such as the ALMA flux calibration
ncertainty (typically ≈10 per cent), CO-to-molecule conversion
actor uncertainty (typically ≈30 per cent; Bolatto et al. 2013 ),
alaxy distance uncertainty (typically ≈10 per cent), etc. As the
LMA and JCMT FoVs only encompass ≈1 R e around the galaxy

entre, we have no information on the molecular gas beyond that
egion, and both the integrated flux and the associated integrated mass
alculated here are likely lower limits of those quantities for the entire
alaxy. 

.3.2 230-GHz continuum emission 

he continuum map shown in the bottom-right-hand panel of Fig. 2
eveals a single compact 230-GHz continuum source at the centre of
GC 1194, most likely associated with the AGN. Fitting this source
ith a 2D Gaussian, using the CASA task imfit reveals it to be

lightly spatially resolved (i.e. slightly larger than the synthesized
eam). Its position and flux density derived from the Gaussian fit
re listed in Table 5 . This position is marginally consistent with
hat derived from maser astrometry (see Table 2 ). Another tentative

ore diffuse source is located ≈2 . ′′ 4 south-west of the centre, with
n integrated flux of ≈0.55 mJy. 
NRAS 527, 9343–9358 (2024) 
.4 NGC 3393 

.4.1 Molecular gas 

he moments maps, PVD, and integrated spectra of NGC 3393
hown in Fig. 3 suggest a fairly regular but patchy molecular gas
istribution, with little gas near the kinematic major axis and only
aint diffuse gas in the very centre. There are two brighter structures
n the central region, one south-east of the centre ( ≈1 . ′′ 5 or 360 pc
rom the centre), the other to the north-west ( ≈3 . ′′ 3 or 790 pc from
he centre), whose morphologies are reminiscent of (part of) a
uclear ring and/or spiral. These are also associated with increased
elocity dispersions (40–60 km s −1 ) that are otherwise ordinary (10–
0 km s −1 ). The velocity field is fairly regular on large scales, with
A kin ≈ 45 ◦, although a kinematic twist is present in the outer parts
most easily seen as a clear kink in the zero-velocity curve) and there
re many small-scale disturbances. Finlez et al. ( 2018 ) discussed
he observed CO (2–1) kinematics in great detail, along with the
tellar and ionized-gas kinematics. To explain both the large-scale
inematics and that near the two brighter sources, they proposed a
erturbation model driven by both a large-scale bar and a nuclear bar.
he molecular gas detected at the largest radii ( ≈10 arcsec) forms
n annulus or ring-like structure, that may be associated with spiral
rms observed in the UV (see the lower-middle panel of Fig. 1 ), and
ay thus trace recent star formation. Finally, the lack of molecular

as along the kinematic major axis may be due to photo-ionization
y the AGN/jets detected in continuum emission (see below), that
re perpendicular to the accretion disc traced by maser emission
magenta lines in Fig. 3 ). 

As shown in the bottom-left-hand panel of Fig. 3 , our JCMT CO
2–1) spectrum is in good agreement with our synthesized ALMA
ntegrated spectrum at velocities above 3650 km s −1 , but the two
iffer at smaller velocities, with much lower JCMT fluxes. The
LMA first-moment map indicates that this could be accounted

or if the JCMT had a pointing offset. Independent of this, despite
he fact that our ALMA data do not have baselines shorter than
5 m, ALMA generally reco v ers more flux than the JCMT, likely
ecause of the smaller FoV of the latter and the extended molecular
as distribution. The integrated flux of our ALMA CO (2–1) cube
s 81.8 ± 0.4 Jy km s −1 , yielding a total molecular gas mass of
5.14 ± 0.02) × 10 8 M �. As the ALMA FoV only encompasses
1.3 R e and the molecular gas clearly extends to the FoV’s edge,

oth the integrated flux and the associated integrated mass should
gain be considered lower limits of those quantities for the entire
alaxy. 

Our CO (3–2) JCMT spectrum is also in good agreement with
ur synthesized ALMA integrated CO (2–1) spectrum at velocities
bo v e 3720 km s −1 , but it again shows a significant flux deficit at
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Table 3. Properties of our ALMA CO (2–1) and 230-GHz continuum 

observations. NGC 3393 includes the properties of Finlez et al.’s ( 2018 ) 
observations for reference. 

Galaxy Property Value 

NGC 1194: Baseline range (m) 19–1808 

Maximum reco v erable scale (arcsec) 2.7 

On-source time (min.) 19.75 

Pixel scale (arcsec pix −1 ) 0.05 

CO channel width (km s −1 ) 10 

CO synthesized beam (arcsec) 0.30 × 0.23 

CO synthesized beam (pc) 84 × 65 

CO RMS noise (mJy beam 

−1 chan −1 ) 0.41 

CO integrated flux 1 (Jy km s −1 ) 6.1 ± 0.1 

Integrated molecular gas mass 2 (M �) (5.3 ± 0.1) × 10 7 

Cont. rest-frame frequency (GHz) 232.1 

Cont. synthesized beam (arcsec) 0.31 × 0.22 

Cont. synthesized beam (pc) 87 × 62 

Cont. RMS noise (mJy beam 

−1 ) 0.020 

NGC 3393: 3 Baseline range (m) 15–1100 

Maximum reco v erable scale (arcsec) 5.1 

On-source time of (min.) 49.07 

Pixel scale (arcsec pix −1 ) 0.1 

CO channel width (km s −1 ) 10 

CO synthesized beam (arcsec) 0.56 × 0.45 

CO synthesized beam (pc) 136 × 107 

CO RMS noise (mJy beam 

−1 chan −1 ) 0.37 

CO integrated flux 1 (Jy km s −1 ) 81.8 ± 0.4 

Integrated molecular gas mass 2 (M �) (5.14 ± 0.02) × 10 8 

Cont. rest-frame frequency (GHz) 238.7 

Cont. synthesized beam (arcsec) 0.58 × 0.47 

Cont. synthesized beam (pc) 138 × 112 

Cont. RMS noise (mJy beam 

−1 ) 0.017 

NGC 3393: 4 Baseline range (m) 15–629 

Maximum reco v erable scale (arcsec) 5.3 

On-source time (min.) 28.33 

CO channel width (km s −1 ) 10 

CO synthesized beam (arcsec) 0.73 × 0.62 

CO synthesized beam (pc) 174 × 148 

CO RMS noise (mJy beam 

−1 chan −1 ) 0.45 

Cont. rest-frame frequency (GHz) 239.6 

Cont. synthesized beam (arcsec) 0.71 × 0.61 

Cont. synthesized beam (pc) 169 × 146 

Cont. RMS noise (mJy beam 

−1 ) 0.023 

NGC 5765B: Baseline range (m) 15–1124 

Maximum reco v erable scale (arcsec) 3.5 

On-source time (min.) 22.25 

Pixel scale (arcsec pix −1 ) 0.06 

CO channel width (km s −1 ) 10 

CO synthesized beam (arcsec) 0.47 × 0.28 

CO synthesized beam (pc) 257 × 153 

CO RMS noise (mJy beam 

−1 chan −1 ) 0.48 

CO integrated flux 1 (Jy km s −1 ) 216.2 ± 0.4 

Integrated molecular gas mass 2 (M �) (6.94 ± 0.01) × 10 9 

Cont. rest-frame frequency (GHz) 232.5 

Cont. synthesized beam (arcsec) 0.47 × 0.28 

Cont. synthesized beam (pc) 257 × 153 

Cont. RMS noise (mJy beam 

−1 ) 0.028 

Notes . 1 The CO inte grated flux es and associated inte grated molecular gas masses are 

measured within the ALMA FoV only, and thus likely do not cover the full molecular 

gas extent of NGC 1194 and NGC 3393. 
2 A CO (2–1)/CO (1–0) line ratio of unity (in brightness temperature units) and a CO- 

to-molecule conversion factor of 4.3 M � pc −2 (K km s −1 ) −1 are assumed to infer the 

molecular gas masses, that include the contribution of heavy elements. 
3 All the quantities listed in this segment are measured after combining the observations 

from programmes 2016.1.01553.S and 2015.1.00086.S. 
4 All the quantities listed in this segment are taken from Finlez et al. ( 2018 ). 

Table 4. Properties of our JCMT CO (2–1) and CO (3–2) observations. 

Galaxy Property Value 

NGC 1194 Velocity range (km s −1 ) 3800–4300 
CO (2–1) RMS noise (mJy) 83 

CO (2–1) int. flux (Jy km s −1 ) < 17.8 
M mol (M �) < 1.55 × 10 8 

NGC 3393 Velocity range (km s −1 ) 3580–3900 
CO (2–1) RMS noise (mJy) 131 

CO (2–1) int. flux (Jy km s −1 ) 43 ± 10 
M mol (M �) (2.7 ± 0.6) × 10 8 

CO (3–2) RMS noise (mJy) 71 
CO (3–2) int. flux (Jy km s −1 ) 52 ± 5 

JCMT CO (2–1)/CO (3–2) (K/K) 1.8 ± 0.5 

NGC 5765B Velocity range (km s −1 ) 7750–8400 
CO (2–1) RMS noise (mJy) 115 

CO (2–1) int. flux (Jy km s −1 ) 186 ± 16 
M mol (M �) (6.0 ± 0.5) × 10 9 

CO (3–2) RMS noise (mJy) 67 
CO (3–2) int. flux (Jy km s −1 ) 207 ± 14 

JCMT CO (2–1)/CO (3–2) (K/K) 2.02 ± 0.22 

Note . The inte grated CO flux es and associated inte grated molecular gas 
masses and CO line ratios are only measured within the JCMT FoVs, that 
do not necessarily co v er the full extent of the galaxies’ molecular gas. The 
RMS noises were measured using a channel width of 10 km s −1 . 

Table 5. Properties of compact 230-GHz sources within the fields of 
view of our observations. 

Galaxy Property Value 

NGC 1194 R.A. (J2000) 03 h 03 m 49 . s 109 
Dec. (J2000) −1 ◦06 ′ 13 . ′′ 48 
Flux (mJy) 1.73 ± 0.04 

NGC 3393 (nucleus) R.A. (J2000) 10 h 48 m 23 . s 47 
Dec. (J2000) −25 ◦09 ′ 43 . ′′ 5 
Flux (mJy) 0.40 ± 0.04 

Spectral index −0.18 ± 0.03 
NGC 3393 (SW) R.A. (J2000) 10 h 48 m 23 . s 40 

Dec. (J2000) −25 ◦09 ′ 44 . ′′ 1 
Flux (mJy) 0.60 ± 0.04 

Spectral index −0.8 ± 0.3 

NGC 5765B (nucleus) R.A. (J2000) 14 h 50 m 51 . s 52 
Dec. (J2000) + 5 ◦06 ′ 52 . ′′ 2 
Flux (mJy) 0.71 ± 0.08 

NGC 5765B (SW) RA (J2000) 14 h 50 m 51 . s 50 
Dec. (J2000) + 5 ◦06 ′ 51 . ′′ 9 
Flux (mJy) 0.28 ± 0.08 

Notes . Source positions and inte grated flux es were measured using 
Gaussian fits. The spectral indices of NGC 3393 were measured by 
cross-identifying the sources with Very Large Array observations by 
Koss et al. ( 2015 ) and fitting power laws of the form S ∝ να to the 
spectral energy distributions, where S is the integrated flux density, ν
the frequency and α the spectral index. 
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ower velocities. This could again be explained by a pointing offset.
he integrated JCMT CO (3–2) flux of 52 ± 5 Jy km s −1 is thus both
ighly unreliable and likely a lower limit. 

.4.2 230-GHz continuum emission 

he 230-GHz continuum map shown in the bottom-right-hand panel 
f Fig. 3 reveals two compact sources, one at the galaxy centre,
onsistent with the VLBI maser location, that we will refer to as the
MNRAS 527, 9343–9358 (2024) 
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Figure 5. Radio – millimetre integrated continuum flux densities and power- 
law fits of the nuclear source (red) and south-west compact source (blue) 
detected in NGC 3393. The 8.4- and 4.9-GHz measurements are from Koss 
et al. ( 2015 ). 
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uclear source, the other offset by ≈1 . ′′ 0 or ≈240 pc south-west of
he nucleus. Both sources are marginally spatially resolved, and the
outh-west source is ≈50 per cent brighter than the nuclear source.
here is also faint fuzzy emission north-east of the nucleus. 
Based on X-ray emission, Fabbiano et al. ( 2011 ) reported a pair

f SMBH/AGN separated by 150 pc (0 . ′′ 6), much smaller than the
eparation of ≈240 pc between the two 230-GHz compact sources
iscussed abo v e. Comparing the positions of the two X-ray sources
n fig. 1 of Fabbiano et al. ( 2011 ), they appear to both be located in the
mission tail of our nuclear source, both f ar aw ay from the south-west
ompact source. Therefore, our two compact sources are unlikely to
e Fabbiano et al.’s ( 2011 ) claimed dual SMBH/AGN. We also note
hat while Finlez et al. ( 2018 ) also disfa v oured a SMBH/A GN pair ,
hey misreported the location of the claimed second source in their
g. 4 and section 4.3 which, according to fig. 1a of Fabbiano et al.
 2011 ), should be north-east of the peak of the Very Large Array’s
VLA) 8.4-GHz central source. 

The nuclear source o v erlaps with component A disco v ered by
oss et al. ( 2015 ; also reported by Finlez et al. 2018 ) using VLA 8.4-
nd 4.9-GHz continuum observations, while the south-west compact
ource partially o v erlaps with their component B. A third source
orth-east of the centre was also reported by both Koss et al. ( 2015 )
s their component C and by Finlez et al. ( 2018 ). By carefully
hecking the spatial extent of component C, we conclude that the
uzzy emission detected here north-east of the nucleus also o v erlaps
ith it. 
These three sources (nuclear source, south-west compact source,

nd north-east fuzzy emission) can be attributed to the central AGN
nd (intrinsically) symmetric jets on both sides of it. The south-west
ompact source is associated with the approaching jet and is thus
ignificantly brighter than the north-east fuzzy emission (associated
ith the receding jet) due to Doppler-boosting (Koss et al. 2015 ).
he integrated fluxes of the two compact sources are reported in
able 5 , again derived using 2D Gaussian fits carried out with the
ASA task imfit . Combining our measurements with those of Koss
t al. ( 2015 ) at 8.4 and 4.9 GHz, we fit power laws of the form S ∝ να

o the spectral energy distributions, where S is the integrated flux
ensity, ν the frequency and α the spectral index, and estimate that
he nuclear source has a spectral index α = −0.18 ± 0.03 while
he south-west compact source (i.e. the approaching jet) has α =

0.8 ± 0.3 (see Fig. 5 ). These spectral indices are within the range
f spectral indices of other nuclei and jets (e.g. Hovatta et al. 2014 ),
nd are consistent with self-absorbed optically thick synchrotron
mission in the nucleus and optically thin synchrotron emission in
he jet (see e.g. Ruffa et al. 2019a , 2022 ). We note, ho we ver, that we
ave neither matched our resolution to that of the VLA observations
or applied a 15 σ cut as done by Koss et al. ( 2015 ). These could lead
o a bias in the spectral indices estimated. 

.5 NGC 5765B 

.5.1 Molecular gas 

he CO (2–1) emission of NGC 5765B is very strong. The moment
aps shown in Fig. 4 show the typical morphology and dynamics

f a barred disc galaxy, with emission particularly strong along two
isymmetric dust lanes (parallel to but offset from the optical bar;
ee the right column of Fig. 1 ) as well as two bisymmetric nuclear
piral arms. The velocity field in turn shows a very strong kinematic
wist beyond the dust lanes and thus the bar (most easily seen as a
lear kink in the zero-v elocity curv e), and a milder kinematic twist in
he centre within the nuclear spiral. We note that the sudden velocity
NRAS 527, 9343–9358 (2024) 
umps detected in the PVD within ≈2 arcsec on either side of the
alaxy centre are not the signatures of Keplerian rotation around
 putative SMBH, but rather arise from the bar and the twisted
elocity map. As expected, the velocity dispersion map shows broad
ine-widths ( σ � 40 km s −1 ) due to beam smearing along the offset
ust lanes, which are probably tracing bisymmetric shocks along the
eading edges of the bar (see e.g. Athanassoula 1992 ; Athanassoula &
eaton 2006 ; Kim & Stone 2012 ), and in the very centre, that may
lso harbour gas with intrinsically high turbulence due to AGN and/or
tar-formation feedback. There are also mildly increased line-widths
lightly beyond the end of the dust lanes (slightly leading). The gas
lsewhere is dynamically cold ( σ < 20 km s −1 ) and follows a regular
otation pattern. We do nevertheless note a slight excess of molecular
as in the northern half of the galaxy, which may be related to the
ravitational interaction with NGC 5765B’s companion galaxy NGC
765A. Another galaxy with a very similar barred morphology has
ecently been studied at much higher spatial resolution (24 pc) as
art of the WISDOM project (NGC 5806; Choi et al. 2023 ). 
As shown in the bottom-left panel of Fig. 4 , our JCMT CO (2–1)

pectrum (integrated flux density 186 ± 16 Jy km s −1 , corresponding
o an integrated molecular gas mass of (6.0 ± 0.5) × 10 9 M �) is in
ood agreement with our synthesized ALMA integrated spectrum
216.2 ± 0.4 Jy km s −1 and (6.94 ± 0.01) × 10 9 M �). The slight
ifference is likely due to the primary beam of the JCMT being
lightly smaller than the total extent of the molecular gas detected
ith ALMA. Due to the relatively large distance of this galaxy, the
LMA primary beam reaches ≈1.8 R e , well beyond the total extent
f the molecular gas detected, so all the molecular gas of NGC 5765B
as probably been detected. The JCMT CO (3–2) spectrum is very
imilar to the CO (2–1) spectrum, the small differences probably
eflecting minor excitation and/or distribution differences. 

.5.2 230-GHz continuum emission 

he 230-GHz continuum map shown in the bottom-right-hand panel
f Fig. 4 reveals one bright nuclear compact source (taking the VLBI
ource as the galaxy centre), a fainter compact source ≈0 . ′′ 4 ( ≈200 pc)
o the south-west of the centre and fuzzy extended emission to the
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orth-west of the centre. Considering their locations, compactness, 
nd relative orientation (perpendicular to the maser disc), the two 
ompact sources are likely due to the AGN (the off-centre source 
erhaps tracing a young jet). The fuzzy emission to the north-west 
artially o v erlaps with high surface brightness and/or high velocity 
ispersion regions in the zeroth- and second-moment maps. It may 
e dust emission, but nothing is detected on the opposite side of the
alaxy despite a bisymmetric molecular gas distribution. Multiband 
adio observations should constrain the spectral indices and therefore 
elp reveal the origin of these sources. 

 POTENTIAL  F O R  SMBH  MASS  

E ASUREMENTS  

ased on the detailed descriptions of the previous section, we now 

iscuss the potential of each galaxy for a SMBH mass measurement 
sing CO kinematics and future higher angular resolution ALMA 

bservations ( ∼0 . ′′ 01). 
NGC 1194 has a narrow, lopsided, and disturbed molecular 

as distribution (see Section 3.3 ) that would prevent any robust
ynamical modelling. In any case, it has very little molecular gas 
see Fig. 2 ), and the faintness of the CO (2–1) emission would result
n impractically long exposure times with any synthesized beam 

uch smaller than the current one. For a quantitative estimate, we 
ake the brightest pixel across the central synthesized beam and all 
hannels of the current data cube (with a flux of 2.95 mJy beam 

−1 

t 4030 km s −1 ), assume a homogeneous molecular gas distribution
ithin it and adopt a smaller synthesized beam of 0 . ′′ 045 required

o marginally spatially resolve the predicted angular radius of the 
MBH SoI ( θSoI = 0 . ′′ 050; see Table 1 ). Requiring a signal-to-noise
atio S / N = 5 per synthesized beam and 10 km s −1 channels, we
stimate using the ALMA Observing Tool (OT) that the observations 
ould require a total observing time of ≈70 days. 
Another uncertainty of course is that while the gas kinematics 

s consistent with a regular rotating disc at the current angular 
esolution, it is possible that at higher angular resolutions the very 
entre (at the scale of the SMBH SoI) would be disturbed or have
 much lower CO surface brightness (e.g. a central hole), as is the
ase in several galaxies (e.g. Davis et al. 2018 ; Smith et al. 2019 ;
uffa et al. 2023 ). This concern of course applies to all galaxies,

hose discussed here and others. 
NGC 3393 has a fairly regular molecular gas distribution and 

inematics at large spatial scales (see Section 3.4 ), but there are
any substructures and kinematic disturbances at small scales, and 
inlez et al. ( 2018 ) required both a large-scale bar and a nuclear bar

o model the kinematics. Such kinematic complexity would make it 
xtremely difficult to robustly infer a SMBH mass through dynamical 
odelling. This difficulty would be compounded by the faintness of 

he CO (2–1) emission in the very centre and the lack of gas along
he kinematic major axis (see Fig. 3 ), the regions that best constrain
he SMBH mass. In any case, for a central peak intensity of 2.38 mJy
eam 

−1 at 3630 km s −1 , and requiring the smallest synthesized beam
urrently provided by ALMA (0 . ′′ 02) to attempt to spatially resolve 
he predicted R SoI ( θSoI = 0 . ′′ 013; see Table 1 ), estimating the required
LMA observation time as abo v e results in a total of ≈100 years. 
The molecular gas distribution and kinematics of NGC 5765B are 

ypical of those of barred disc galaxies (see Section 3.5 ). While this
 ould mak e it challenging to model the large-scale kinematics, with

ufficient spatial resolution it may be possible to model what appears 
o be a decoupled central disc (within the nuclear spiral and inner
inematic twist). The high velocity dispersions in the very centre 
re consistent with such a fast rotating disc. Ho we ver, while having
elatively bright CO (2–1) emission, with a peak central intensity of
7.4 mJy beam 

−1 at 8190 km s −1 , the small angular scale required to
esolve the predicted R SoI ( θSoI = 0 . ′′ 013; see Table 1 ) leads to an
mpossible integration time. Indeed, requiring a synthesized beam of 
 . ′′ 02 (the smallest currently available) and estimating the required 
LMA observation time as abo v e results in a total of ≈80 days. 
Overall, because primarily of the impossibly long observation 

imes required, and to a lesser extent the disturbed gas kinematics,
one of our three target is ultimately suitable for a SMBH mass
easurement using ALMA. Of course, we have assumed here that 
O is the most abundant cold molecular gas tracer in these three
alaxies, and that observing CO (2–1) yields the best balance between 
 / N and angular resolution, but we cannot rule out the possibility that
nother cold molecular gas tracer (e.g. higher CO transition or higher- 
ensity tracer) might be better suited to measure the SMBH masses
n these galaxies. 

Apart from the intrinsic faintness of CO (2–1) in NGC 1194 and
GC 3393, the long observation times are primarily driven by the

xtremely small θSoI required, as the observation time-scales with the 
e gativ e fourth power of θSoI at a given surface brightness. In turn,
he small θSoI have primarily two causes. First, the maser method 

ostly probes low-mass SMBHs ( M BH ∼ 10 7 M �, lower than most
uccessful SMBH mass measurements using cold molecular gas), 
ielding small R SoI . Second, because of the scarcity of masers, maser-
osting galaxies are on average rather distant, much farther than most
alaxies with existing SMBH mass measurements (the few nearby 
otential targets considered in Section 2.1 did not satisfy the other
election criteria), yielding small θSoI . To successfully cross-check 
he maser and cold molecular dynamics methods, maser-hosting 
alaxies that are both nearby and hav e re gular dust/molecular gas
istributions are required. 

 L I N K S  BETWEEN  DISC  PROPERTIES  A N D  

ASER  EMI SSI ON  

he current ALMA observations can help unco v er the relationship
etween the (central) molecular gas discs and masers. For example, 
ll three galaxies studied here have a somewhat disturbed and/or 
lumpy molecular gas disc with a central mass concentration and 
ikely non-circular motions. 

To impro v e the number statistics and probe these trends further,
e searched the literature for other published CO interferometric 
bservations (i.e. moment maps) of galaxies in our parent sample of
aser-hosting galaxies (Table 1 ). In addition to the aforementioned 
GC 1386 and Circinus in Section 2.1 (and the three galaxies pre-

ented in this paper), there are publications concerning the galaxies 
GC 1068, NGC 2273, NGC 4388, and NGC 4945. All except NGC
273 show features similar to those of the three galaxies presented
n this paper. The CO (2–1) molecular gas in NGC 1386 has regular
otation on large scales (within ≈1 kpc in radius) but the centre
 ≈220 pc in radius) is kinematically decoupled at a spatial resolution
f 36 pc, leading to significant residuals from axisymmetric models 
Ramakrishnan et al. 2019 ). Other kinematic kinks caused by the bar
an also be seen in the CO (1–0) data presented by Zabel et al. ( 2019 ).
hese features resemble those of NGC 5765B. The molecular gas in

he Circinus Galaxy consists of nuclear spiral arms (within ≈40 pc
n radius) and a circumnuclear disc ( ≈10 pc in radius), the latter
howing a highly distorted velocity field at a spatial resolution of
 pc (Izumi et al. 2018 ; Tristram et al. 2022 ). NGC 1068 has a ring-
haped deficit of molecular gas ( ≈130 pc outer diameter) surrounding 
 CO-rich nucleus, and it shows strong distortions (at a resolution
f 6 pc) in its velocity field both outside (i.e. beyond a radius of
MNRAS 527, 9343–9358 (2024) 
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200 pc) and within (i.e. within a radius of ≈15 pc) the ring-shaped
eficit, presumably caused by AGN outflows (Garc ́ıa-Burillo et al.
019 ). The CO (2–1) kinematics in the central ≈500 pc in radius
f NGC 2273 is almost perfectly regular at a spatial resolution of
0 × 72 pc 2 , although the CO (2–1) distribution is similar to that of
GC 5765B, sho wing e vidence of a molecular gas-rich nuclear spiral

Dom ́ınguez-Fern ́andez et al. 2020 ). NGC 4388 has a molecular gas
epression in the central ≈20 pc in radius as well as prominent kpc-
cale molecular gas outflows, the latter causing significant kinematic
isturbances (at 12-pc resolution) in the nucleus (i.e. within a radius
f ≈40 pc; Dom ́ınguez-Fern ́andez et al. 2020 ; Garc ́ıa-Burillo et al.
021 ). In NGC 4945, prominent outflows and bar-driven inflows
f molecular gas are traced by CO (3–2) (Bolatto et al. 2021 ) and
ultiple dense-gas tracers (Henkel et al. 2018 ). The gas kinematics is

ighly disturbed within a radius of ≈250 pc at a resolution of 40 pc
see e.g. fig. 8 of Henkel et al. 2018 ), although a nuclear disc of
50 pc radius may be regularly rotating (see e.g. fig. 12 of Henkel

t al. 2018 ). 
Of the nine maser galaxies with spatially resolved CO observations

iscussed abo v e, almost all hav e morphological irre gularities and/or
inematic disturbances and/or inflo ws/outflo ws, the only exception
eing NGC 2273 (that nevertheless shows potential bar-driven
as inflows). Although this sample is neither fully representative
or sufficiently large, the observations do suggest an emerging
orrelation between the properties of the central molecular gas disc
nd the existence of masers. It may be that a disturbed gas disc
nd/or gas inflows at kiloparsec scale is necessary to form a very
ense molecular gas concentration at parsec scale, in turn triggering
aser emission. Alternatively, it may be that AGN with masers are

ikely to cause irregularities in the gas discs, potentially through
nteractions between jets and the ISM. 

As masers mostly reside in Seyfert 2 AGN, to understand whether
his emerging trend is e xclusiv e to maser galaxies or is more generally
ssociated with the whole Seyfert 2 galaxy population, we searched
he literature for other (non-maser-hosting) Seyfert 2 galaxies with
ublished interferometric observations of cold molecular gas. Stuber
t al. ( 2021 ) reported a frequency of 53 per cent of outflows in
 sample of 19 AGN (mainly type 2), as part of the Physics at
igh Angular resolution in Nearby Galaxies (PHANGS) project.
o we v er, the y did not discuss other non-circular motions. Alonso-
errero et al. ( 2020 ) presented the zeroth-moment maps of 18 Seyfert
alaxies (including 10 Seyfert 2) in their fig. 1. The sample was
elected to have published mid-infrared spectral observations. All
hese galaxies have some morphological irregularities, such as non-
xisymmetric gas distributions, off-centred peaks, holes/gaps and/or
uclear rings/spirals. This suggests that molecular gas irregularities
re pre v alent in the entire Seyfert 2 population. Ne vertheless, the
ample is still small in size, with unexplored potential biases, and
ritically the cold gas kinematics has not yet been explored. 

Among publications with velocity maps available, all (non-maser-
osting) Seyfert 2 galaxies have features similar to those described in
his work, e.g. Mrk 1066, NGC 7465 (Dom ́ınguez-Fern ́andez et al.
020 ), NGC 4968, and NGC 4845 (Bewketu Belete et al. 2021 ).
o we ver, the samples are even smaller in size and/or do not aim to
e representative of all Seyfert 2 galaxies. Most publications concern
 single object and aim to report non-circular motions in the first
lace. 
Therefore, it is difficult to draw any statistical conclusion about

o w pre v alent irregular kinematic features are in (non-maser-hosting)
eyfert 2 galaxies, to contrast with the maser sample discussed in this
ection. In addition, the non-detection of masers in Seyfert 2 galaxies
ay well be due to inclination effects rather than the non-existence
NRAS 527, 9343–9358 (2024) 
f masers. Thus, physical differences between maser-hosting and
on-maser-hosting Seyfert 2 galaxies will be difficult to establish
ithout large and carefully-constructed samples of both. 
All in all, while the abo v e discussion is inconclusive, further

nvestigation of the trend reported is warranted and desirable. 

 SUMMARY  A N D  C O N C L U S I O N S  

ur primary goal was to identify galaxies with existing megamaser
MBH mass measurements that are also promising targets for
uture measurements using high-angular-resolution ( ∼0 . ′′ 01) ALMA
olecular-gas observations, to cross-check the two methods. Con-

idering all galaxies with a megamaser SMBH mass measurement,
hree promising galaxies were identified (NGC 1194, NGC 3393
nd NGC 5765B) and new ALMA intermediate angular resolution
 ≈0 . ′′ 5) and JCMT single-dish observations were obtained. The main
esults are as follows. 

(i) NGC 1194 has an edge-on, disturbed and lopsided central CO
2–1) distribution dominated by two large components that appear
ssociated with an irregular dust lane crossing the galaxy centre.
he 230-GHz continuum emission is dominated by a single compact
uclear source. 

(ii) NGC 3393 has fairly regular but patchy CO (2–1) emission,
ith little gas near the kinematic major axis and only faint diffuse

mission in the very centre. There are also two brighter structures
n the central region that are reminiscent of (part of) a nuclear
ing and/or spiral. The velocity field has kinematic twists typical of
doubly) barred disc galaxies. The 230-GHz continuum emission is
ominated by two compact sources. Combined with radio continuum
ux densities from the literature, these reveal spectral indices typical
f AGN/jets. 
(iii) NGC 5765B has very bright CO (2–1) emission exhibiting

he typical morphology and dynamics of a barred disc galaxy,
ith emission concentrated along two bisymmetric offset dust lanes

probably tracing shocks) and two bisymmetric nuclear spiral arms,
ith associated kinematic twists in the velocity field and large

ine-widths probably due to the shocks. The 230-GHz continuum
mission is dominatedby a compact nuclear source and extended
iffuse emission on one side of the nucleus. 

Overall, partially because of the disturbed molecular gas kinemat-
cs, but primarily because of the extremely long observation times
equired, none of the three galaxies is promising for a future SMBH
ass measurement using molecular gas. These difficulties directly

rise from the properties of maser-hosting galaxies: (i) frequent co-
xistence of masers and disturbed CO kinematics, as discussed in
ection 5 ; (ii) relati vely lo w SMBH masses ( ∼10 7 M �), yielding
mall R SoI ; and (iii) scarcity of masers, yielding typically large galaxy
istances and thus small θSoI . 
Apart from our three target galaxies, other candidates could emerge

f the parent sample of maser-hosting galaxies were enlarged and/or
he selection criteria used in this paper were moderately relaxed.
n particular, by observing (different molecular lines) at higher
requencies, the criterion of resolving the putative SMBH SoI with
 0 . ′′ 01 synthesized beam could be relaxed (although the observing
imes required are likely to remain impractically long). In practice,
he order-of-magnitude estimate of a SMBH SoI adopted in this paper
see Section 2.1 ) is also often smaller than actual measurements (e.g.
oon 2017 ). 
None the less, the new CO observations presented in this paper

ave significantly added to the rather small number of spatially-
esolved molecular gas studies of maser-hosting galaxies. A detailed
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orphological and kinematical examination of our three targets, as 
ell as six other maser-hosting galaxies with analogous observations 

rom the literature, has revealed a potential correlation between 
olecular gas disturbances and/or inflo ws/outflo ws and the existence 

f maser emission. 
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