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A B S T R A C T 

We use high-resolution data from the millimetre-Wave Interferometric Survey of Dark Object Masses (WISDOM) project to 

investigate the connection between circumnuclear gas reservoirs and nuclear activity in a sample of nearby galaxies. Our sample 
spans a wide range of nuclear activity types including radio galaxies, Seyfert galaxies, low-luminosity active galactic nuclei 
(AGN) and inactive galaxies. We use measurements of nuclear millimetre continuum emission along with other archival tracers 
of AGN accretion/activity to investigate previous claims that at, circumnuclear scales ( < 100 pc), these should correlate with the 
mass of the cold molecular gas. We find that the molecular gas mass does not correlate with any tracer of nuclear activity. This 
suggests the level of nuclear activity cannot solely be regulated by the amount of cold gas around the supermassive black hole 
(SMBH). This indicates that AGN fuelling, that drives gas from the large-scale galaxy to the nuclear regions, is not a ubiquitous 
process and may vary between AGN type, with time-scale variations likely to be very important. By studying the structure of the 
central molecular gas reservoirs, we find our galaxies have a range of nuclear molecular gas concentrations. This could indicate 
that some of our galaxies may have had their circumnuclear regions impacted by AGN feedback, even though they currently 

have low nuclear activity . Alternatively , the nuclear molecular gas concentrations in our galaxies could instead be set by secular 
processes. 

Key words: galaxies: ISM – galaxies: active – galaxies: nuclei. 
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 I N T RO D U C T I O N  

t has been established that a supermassive black hole (SMBH) exists
t the centre of almost all massive galaxies ( M ∗ � 10 9 . 5 M �). A
arge number of studies have shown that tight correlations exist 
etween the masses of such SMBHs and the properties of their 
ost galaxies (such as the bulge mass: e.g. Magorrian et al. 1998 ;
arconi & Hunt 2003 and velocity dispersion: e.g. Ferrarese & 

erritt 2000 ; Tremaine et al. 2002 ; G ̈ultekin et al. 2009 ), suggesting
 self-regulated co-evolution between them (see e.g. Kormendy & 

o 2013 for a re vie w). There is evidence that active galactic nuclei
AGN) and the associated energetic output can play a crucial role 
n setting up and maintaining SMBH-host galaxy co-evolution, as 
t can change the physical conditions of the surrounding interstellar 
edium (ISM) and/or expel it from the nuclear regions (e.g. Bower 
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t al. 2006 ; Croton et al. 2006 ; King & Pounds 2015 ; Harrison 2017 ;
organti 2017 ). The many details of these processes, ho we ver, are

till poorly understood. 
In the local universe ( z < 0.1), the AGN population can be

eparated into two main (non-e xclusiv e) groups, differentiated by 
he mode of dominant energetic output: radiative and kinetic (e.g. 
eckman & Best 2014 ). In the former the accretion occurs at
igh rates ( � 1 per cent of the Eddington limit) through optically
hick and geometrically thin discs (Shakura & Sunyaev 1973 ). This

ode is radiati vely ef ficient, so the dominant energy output is from
he conversion of the potential energy of the matter accreted onto
ach SMBH into electromagnetic radiation. Kinetic-mode AGN 

nstead produce little radiation and channel the bulk of the energy
enerated from the accretion process into collimated outflows of non- 
hermal plasma (i.e. radio jets). In these objects the geometrically thin 
ccretion disc is absent or truncated at some inner radii and likely
eplaced by geometrically thick, optically thin advection-dominated 
ccretion flows (i.e. ADAFs; Narayan & Yi 1995 ), whereby the
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1 The SOI is the region where the gravitational potential of the SMBH 

dominates o v er that of the host galaxy and is defined as 

R SOI ≡ GM BH /σ
2 
∗ , (1) 

where M BH is the mass of the SMBH, σ ∗ is the stellar velocity dispersion 
of the host bulge and G is the gravitational constant. 
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aterial is accreted onto the SMBH at low rates ( �1 per cent of
he Eddington limit). 

Nearby radiative-mode AGN with weak or no radio jet emission
ave historically been called Seyfert galaxies. These objects possess
ll the characteristics of the ‘conventional’ AGN described in the
ramework of the standard unified model (e.g. Antonucci 1993 ;
rry & P ado vani 1995 ), and are typically hosted by late-Hubble

ype galaxies (e.g. Martini et al. 2003 ). AGN producing strong kinetic
eedback are instead typically identified as radio galaxies (RGs) and

based on their optical spectra – can be divided into two main
lasses (e.g. Best & Heckman 2012 ): high-excitation radio galaxies
HERGs) and low-excitation radio galaxies (LERGs). The former
how strong high-ionization (Seyfert-like) emission lines in their op-
ical spectra, produce both radiative and kinetic AGN feedback, and
re typically hosted by massive ( M � � 10 9 . 5 M �) early-type galaxies
ETGs). LERGs show no or weak, LINER (low-ionization nuclear
mission-line region)-like emission lines in their optical spectra,
roduce almost e xclusiv ely kinetic feedback, and are typically found
n very massive ( M � � 10 11 M �) ETGs. Understanding the source of
MBH fuelling in the AGN populations introduced earlier is crucial

o putting constraints on the physical processes driving and regulating
he SMBH-host galaxy co-evolution. Up to now, however, a general
icture for the fuelling of active SMBHs in the local universe is still
issing. 
The central regions of Seyfert galaxies have been often observed

o be dominated by cold atomic and molecular gas (e.g. Combes et al.
013 ; Garc ́ıa-Burillo et al. 2014 ), suggesting a potential connection
ith their nuclear activities. The finding by Izumi, Kawakatu &
ohno ( 2016 ) of a positive correlation between the mass of ≈100 pc-

cale circumnuclear discs (CNDs) of dense molecular gas and
he black hole mass-accretion rate in nearby Seyferts seems to
upport this hypothesis. More recently, Garc ́ıa-Burillo et al. ( 2021 )
lso found that nuclear activity in these objects can cause deficits
n their circumnuclear molecular gas reservoirs, with a ne gativ e
rend between nuclear 2–10 keV X-ray luminosity and the central
as concentration. In both cases, ho we ver, the studies have been
onducted on small samples of about 10 AGN of the same type.
hese samples also span relatively small ranges of AGN luminosities
 L 2–10 keV ∼ 10 41 –10 44 erg s −1 ) and host galaxy properties (almost
 xclusiv ely barred spirals). It is therefore currently not clear whether
r not the inferred cold gas–nuclear activity connection would hold
 v er a broader population of active galaxies. 
Alternatively, a long-established scenario suggests that the

ERG/LERG dichotomy may be a consequence of different sources
or the accreting gas. In this framework, HERGs are fuelled at
elatively high rates by cold gas acquired from merging or collisions
ith gas-rich galaxies (e.g. Best & Heckman 2012 ). LERGs are

nstead powered by the accretion of hot gas from the intergalactic
edium (IGM) through Bondi spherical accretion (Bondi 1952 ;
ardcastle, Evans & Croston 2007 ). This hypothesis was initially

upported by studies finding a correlation between jet power and
ondi accretion rate in LERGs (e.g Allen et al. 2006 ; Hardcastle
t al. 2007 ; Balmaverde, Baldi & Capetti 2008 ). Over the past
ecade, ho we ver, strong e vidence has been acquired that cold gas
an also play a role in fuelling LERGs, as large masses of cold gas
nd dust have been often observed at the centres of these objects
i.e. M H 2 ∼ 10 7 − 10 10 M �; Oca ̃ na Flaquer et al. 2010 ; Prandoni
t al. 2010 ; North et al. 2019 ; Ruffa et al. 2019a , b , 2020 ). The
otal molecular gas mass of a sample of nearby ETGs (most of which
re LERG hosts) have also been observed to weakly correlate with
he AGN jet power, providing further evidence that there could be
 close connection between the two (Babyk et al. 2019 ). Models
NRAS 528, 319–336 (2024) 
or cold gas SMBH fuelling in typical LERG hosts have been also
eveloped and imply that the observed cold gas reservoirs originate
rom cooling of the hot X-ray emitting surrounding haloes, either
irectly and smoothly (e.g. Negri et al. 2014 ) or after chaotic cooling
as predicted in chaotic cold accretion models, CCA; e.g. King &
ringle 2007 ; Wada, Papadopoulos & Spaans 2009 ; Nayakshin,
ower & King 2012 ; Gaspari, Ruszkowski & Oh 2013 ; Gaspari,
righenti & Temi 2015 ; King & Nixon 2015 ; Gaspari, Temi &
righenti 2017 ). Gro wing observ ational e vidence provide support to

his picture, at least for LERGs located in high-density environments
i.e. in rich groups and clusters). The importance of (chaotic) hot gas
ooling in more isolated LERGs is still not clear (e.g. Ruffa et al.
019b , 2022 ; Maccagni et al. 2023 ). 
In general, both theoretical studies (e.g. Shlosman, Frank &

egelman 1989 ) and numerical simulations (e.g. Pizzolato & Soker
005 , 2010 ; Wagner, Bicknell & Umemura 2012 ; McNamara et al.
016 ) have shown that cold gas can play a fundamental role in
uelling nearby AGN (both radiative and kinetic mode), with Ward
t al. ( 2022 ) finding that AGN are preferentially located in galaxies
ith high-molecular gas fractions. A corresponding comprehensive
bservational picture, however, is still missing. 
The mm-Wave Interferometric Survey of Dark Object Masses

WISDOM) project is exploiting high-resolution CO observations
rom the Atacama Large Millimeter/submillimeter Array (ALMA)
ith the primary aim of measuring SMBH masses in a morpho-

ogically diverse sample of nearby galaxies (e.g. Davis et al. 2017 ;
nishi et al. 2017 ; Davis et al. 2018 ; North et al. 2019 ; Smith et al.
019 ; North et al. 2021 ; Smith et al. 2021a , b ; Lelli et al. 2022 ;
uffa et al. 2023b ). In this paper, we use WISDOM data with a

ypical spatial resolution of ∼20–30 pc to look for a connection
etween the circumnuclear molecular gas reservoirs observed with
LMA and the SMBH fuelling across a sample with a wide range
f nuclear activities (from low/high-luminosity Seyferts to LERGs).
ur main aim is to explore the scenarios described abo v e, testing

he cold gas-SMBH fuelling correlations and the scales o v er which
t persists. 

This paper is organized as follows. In Section 2 , we describe the
ample and the multiwavelength observations used for our analysis.
e describe the adopted methodology in 3 . We present our results

n Section 4 and discuss them in Section 5 , before summarizing and
oncluding in Section 6 . 

 OBSERVATI ONS  

.1 WISDOM sample 

ISDOM ALMA data (with a typical resolution of ≈0 . ′′ 1 or 30 pc)
ere originally collected with the intent of measuring SMBH masses.
he main selection criterion for WISDOM galaxies was thus to
ave the SMBH sphere of influence (SOI) 1 spatially resolvable with
LMA. Therefore, our sample of galaxies is fairly heterogeneous,

ontaining both nearly quenched ETGs and star-forming spirals with
 range of nuclear activities. In particular, here we study data of
5 WISDOM objects, spanning stellar masses M � from 10 9.1 to
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Table 1. Physical parameters of the galaxies sample. 

Galaxy Distance Jet Galaxy type AGN type log( M � / M �) Mass Ref log(SFR/M � yr −1 ) Project code Reference 
(Mpc) 

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

FRL49 85.7 No E-S0 Seyfert 2 10.30 L22 0.78 b Lelli et al. ( 2022 ) 
FRL1146 136.7 Yes Sc Seyfert 1 11.32 M K s – a, b This work 
MRK567 140.6 No Sc – 11.26 C17 1.30 a, b Davis et al. ( 2022 ) 
NGC0383 66.6 Yes E-S0 LERG 11.82 MASSIVE 0.00 c, d, e North et al. ( 2019 ) 
NGC0404 3.0 No E-S0 LINER 9.10 S10 −3.04 f Davis et al. ( 2020 ) 
NGC0449 66.3 No SBa Seyfert 2 10.07 z0MGS 1.19 c, d Davis et al. ( 2022 ) 
NGC0524 23.3 No S0-a – 11.40 z0MGS −0.56 e, g, h Smith et al. ( 2019 ) 
NGC0612 130.4 Yes S0-a LINER 11.76 M K s 0.85 b, j Ruffa et al. ( 2023b ) 
NGC0708 58.3 Yes E LERG 11.75 MASSIVE −0.29 e, h, i North et al. ( 2021 ) 
NGC1194 53.2 No S0-a Seyfert 2 10.64 z0MGS −1.74 j This work 
NGC1387 19.9 No E-S0 LINER 10.67 z0MGS −0.68 d, e Boyce, in preparation 
NGC1574 19.3 No E-S0 – 10.79 z0MGS −0.91 c, e Ruffa et al. ( 2023b ) 
NGC2110 35.6 No E-S0 – 10.41 M K s −1.41 2 c, k This work 
NGC3169 18.7 Yes Sa Seyfert 1 10.84 z0MGS 0.29 e, i Davis et al. ( 2022 ) 
NGC3351 10.0 Yes Sb LERG 10.28 z0MGS −1.29 2 e, n This work 
NGC3368 18.0 Yes Sab LERG 10.67 z0MGS −0.29 k Davis et al. ( 2022 ) 
NGC3607 22.2 No E-S0 – 11.34 A3D −0.54 e, i Davis et al. ( 2022 ) 
NGC3862 92.5 Yes E LERG 11.68 MASSIVE −0.63 2 a, e, i, l This work 
NGC4061 94.1 Yes E – 11.54 MASSIVE −0.71 a, e, i, l Davis et al. ( 2022 ) 
NGC4261 31.9 Yes E LINER 10.80 M K s −1.93 2 a, l Ruffa et al. ( 2023b ) 
NGC4429 16.5 No S0-a – 11.17 A3D −0.84 e, n Davis et al. ( 2018 ) 
NGC4435 16.5 No S0 – 10.69 A3D −0.84 e, i Davis et al. ( 2022 ) 
NGC4438 16.5 No Sa LINER 10.75 z0MGS −0.3 e, i Davis et al. ( 2022 ) 
NGC4501 14.0 Yes Sb Seyfert 2 11.00 z0MGS 0.43 e, g Davis et al. ( 2022 ) 
NGC4697 11.4 No E – 11.07 A3D −1.08 i Davis et al. ( 2017 ) 
NGC4826 7.4 No SABa Seyfert 1 10.20 z0MGS −0.71 e, n Davis et al. ( 2022 ) 
NGC5064 34.0 No Sb – 10.93 z0MGS 0.11 e, g Davis et al. ( 2022 ) 
NGC5765b 114.0 No SABb Seyfert 2 11.21 M K s 1.43 j Davis et al. ( 2022 ) 
NGC5806 21.4 Yes Sb Seyfert 2 10.57 z0MGS −0.03 d, e Davis et al. ( 2022 ) 
NGC5995 107.5 No SABa Seyfert 2 11.41 M K s – b This work 
NGC6753 42.0 No Sb – 10.78 z0MGS 0.32 e, g Davis et al. ( 2022 ) 
NGC6958 30.6 No E – 10.76 z0MGS −0.58 e, g Thater, in preparation 
NGC7052 51.6 Yes E LERG 

1 11.75 MASSIVE −0.07 a, l Smith et al. ( 2021a ) 
NGC7172 33.9 No Sa Seyfert 2 10.76 z0MGS 0.38 m Davis et al. ( 2022 ) 
PGC043387 95.8 No E – 11.12 M K s −0.48 i This work 

Notes: (1) Galaxy name, (2) galaxy distance in Mpc, (3) whether a resolved radio jet is present in radio observations of the g alaxy, (4) g alaxy morphological 
type, (5) AGN type or HERG/LERG classification (determined using classification from fig. 2 of Best & Heckman 2012 ). The radio AGN classification 
of NGC7052 was taken from Gleisinger et al. ( 2020 ). (6) Galaxy stellar mass, (7) the reference for the stellar mass: L22 refers Lelli et al. ( 2022 ), 
C17 refers to Cook et al. ( 2017 ), S10 refers to Seth et al. ( 2010 ), A3D refers to Cappellari et al. ( 2013 ), MASSIVE refers to Veale et al. ( 2017 ), and 
z0MGS to Leroy et al. ( 2019 ). M K s refers to masses estimated from the galaxies K s -band magnitude using equation ( 2 ) of Cappellari ( 2013 ). (8) The star 
formation rate (SFR) of the galaxy. The uncertainties on the SFRs are 0.2 dex for all sources except NGC0404, NGC1194, and PGC043387 which have 
uncertainties of 0.22, 0.87, and 0.22 de x, respectiv ely. 2 represents galaxies where the SFR was estimated in this work. (9) ALMA Project codes of each source, 
where a: 2016.2.00046.S, b: 2017.1.00904.S, c: 2015.1.00419.S, d: 2016.1.00437.S, e: 2016.2.00053.S, f: 2017.1.00572.S, g: 2015.1.00466.S, h: 2017.1.00391.S, 
i: 2015.1.00598.S, j: 2016.1.01553.S, k: 2016.1.00839.S, l: 2018.1.00397.S, m: 2019.1.00363.S, and n: 2013.1.00493. (10) Reference where the ALMA data were 
initially presented. 
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0 11 . 8 M �, and 1.4 GHz radio luminosities L 1.4 GHz from ≈ 10 34 to
10 41 ergs s −1 . The sample galaxies and their basic parameters 

re listed in Table 1 . The AGN properties of our sample sources
re discussed in detail further, and comparisons of these with other 
iterature samples are presented in subsection 4.1 . 

.2 ALMA obser v ations and data reduction 

hirty-two sample objects were observed in 12 CO(2-1) and 230 GHz 
ontinuum using ALMA Band 6, while three (NGC3351, NGC4429, 
GC4826) have Band 7 12 CO(3-2) and 345 GHz continuum ob- 

erv ations. The ALMA observ ations used in this w ork were tak en
etween 2013 and 2020 as part of a large number of projects (see
able 1 ). For each target we used multiple ALMA observations 
ith multiple array configurations. This enabled us to reach high- 
ngular resolution, while ensuring adequate UV-plane co v erage and 
 xcellent flux reco v ery. The spectral configuration al w ays consisted
f four spectral windows (SPWs), one centred on the redshifted 
requency of the 12 CO line (rest frequency 230.5 GHz for the 2–1
ransition, 345.8 GHz for 3–2). The other three SPWs were used to
bserve the continuum. ALMA data were reduced using the Common 
stronomy Software Applications ( CASA ) pipeline (McMullin et al. 
007 ) version appropriate for each data set. A standard calibration
trategy was adopted for every observation. A single-bright object 
typically a quasar) was used as both flux and bandpass calibrator,
hile a second bright object was used as a phase calibrator. More
etails on the data-reduction process can be found in Davis et al.
 2022 ). 
MNRAS 528, 319–336 (2024) 
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.2.1 Line imaging 

n this work we make use of the CO data cubes presented in Davis
t al. ( 2022 ), or used the same cleaning methods described therein
or consistency. The final cleaned cubes have synthesized beam sizes
anging from 0 ′′ .054 to 0 ′′ .659, corresponding to spatial scales from
.8 to 291 pc, and noise levels ranging from 0.19 to 3.70 mJy beam 

−1 .
ince we are interested only in the gas reservoirs on scales � 100 pc
i.e. those rele v ant for the SMBH accretion process), we restrict our
nalysis to the sub-sample of 29 WISDOM galaxies whose ALMA
ata cubes satisfy such spatial resolution requirement. 

.3 Ancillary data 

e gathered a variety of ancillary data to assess the level of nuclear
ctivity in our targets and test its connection with the cold gas
eservoirs observed with ALMA. For each source, we thus retrieved
–10 keV X-ray, 1.4 GHz radio continuum and optical [O III ] λ5007
uminosities from the NASA Extragalactic Data base (NED) 2 or other
iterature sources. 

All the ancillary observations used in this work are listed in
ppendix Table A1 . In the following, we briefly describe each set of

ncillary data and caveats around their use. 

.3.1 X-ray data 

e retrieved the nuclear 2–10 keV X-ray luminosities ( L X , 2–10 ) of the
ajority of our sources from Bi, Feng & Ho ( 2020 ), who presented
 catalogue of nearby galaxies observed with Chandra . Ten sample
alaxies are not included in this catalogue 3 , thus their X-ray data
as gathered from NED and comes from a variety of satellites,

hat is, R ̈ontgensatellit ( ROSAT ), Einstein , Advanced Satellite for
osmology and Astrophysics ( ASCA ), XMM –Newton , and Chandra

see Appendix Table A1 ). For 4 (NGC3351, NGC3862, NGC4429,
nd NGC4826) out of these 10 galaxies, 2–10 keV luminosities
ere not available, thus we scaled the available measurement (0.2–
 keV for NGC3351 and NGC4429, 0.3–8 keV for NGC3862 and
GC4826) to the 2–10 keV energy band using a power law with an

ndex −0.8 (corresponding to the mean reported by Reeves & Turner
000 ). Eight sample galaxies do not have any X-ray data available. 
Thanks to the exquisite Chandra resolution ( ≈0.5 ′′ on-axis) and

he efforts by the authors to remo v e as much contamination as
ossible, the nuclear 2–10 keV luminosities from Bi et al. ( 2020 )
re expected to trace only emission from the unresolved AGN core
although some negligible contamination from unresolved nuclear
-ray sources may still occur). In the other 10 cases, the spatial

esolution of the available X-ray observations does not allow to
istinguish between nuclear AGN emission and other types of contri-
ution on larger galaxy scales, thus possible sources of contamination
eed to be considered. This includes emission from the diffuse hot
tmospheres in and around galaxies (i.e. the circumgalactic medium,
GM). This low surface brightness emission, ho we ver, usually

equires very deep X-ray observations to be detected, and is typically
ominant in the softer (0.3–2 keV) energy range. As such, we expect
GM contamination to be minimal even in low resolution 2–10 keV
-ray data. A relatively larger contribution from the CGM may still
NRAS 528, 319–336 (2024) 

 https:// ned.ipac.caltech.edu/ 
 FRL49, FRL1146, NGC0449, NGC0524, NGC1194, NGC3351, NGC3368, 
GC3862, NGC4429, and NGC4826. 

t

e present in faint X-ray sources and in the four cases in which the
–10 keV luminosities was extrapolated from lower energy bands. 
Stellar X-ray binaries are another potential source of contami-

ation. The K -band luminosity has been demonstrated to correlate
ith the luminosity of low-mass X-ray binaries (LMXB). We thus
se the K s -band flux to estimate the contribution of LMXB to
he 2–10 keV emission using the relations from Kim & Fabbiano
 2004 ) and Boroson, Kim & Fabbiano ( 2011 ). We find that in
 of the 10 galaxies for which Chandra data was not available
rom Bi et al. ( 2020 ) the contributions from LMXBs is minimal
 < 5 per cent). In the other seven galaxies (NGC0449, NGC0524,
GC3351, NGC3368, NGC3862, NGC4429, and NGC4826) the

ontribution expected from up to 43 per cent. To estimate the potential
ontamination from high-mass X-ray binaries (HMXB) we used the
elation between SFR and X-ray luminosity from Grimm, Gilfanov &
unyaev ( 2003 ). In this case, we find three galaxies have minimal
ontributions ( < 5 per cent), six (NGC0449, NGC0524, NGC3368,
GC3351, NGC4429, and NGC4826) have larger contributions
p to 73 per cent, and one (FRL1146) where we do not have
nformation on the SFRs so we could not calculate the contributions
rom HMXB. We therefore assume that the 2–10 keV luminosity
f most of our targets is dominated by AGN emission from the
ore. In few individual sources, however, it is possible that we
lightly o v erestimate the AGN luminosity due to the aforementioned
ncertainties. 

.3.2 Radio data 

e used 1.4 GHz radio observations to probe the type of nuclear
ctivity, and the presence of radio jets in our sources. The data used
n this work are mostly from the Very Large Array sky surveys,
uch as the Faint Images of the Radio Sky at Twenty-Centimeters
FIRST; Becker, White & Helfand 1994 ), and the NRAO VLA
k y Surv e y (NVSS; Condon et al. 1998 ). The spatial resolution of

hese surv e ys is typically very poor (e.g. 45 ′′ for the NVSS). While
his does not allow us to resolve nuclear radio structures, it does
nsures that no radio emission is resolved out and that any associated
arge-scale radio jet is detected. For the one source (NGC1574)
or which 1.4 GHz observations were not available, we scaled the
vailable 5 GHz radio data to 1.4 GHz using a power law with a
pectral index α = −0.8 (for S ∝ να), as typical for optically
hin radio jet emission (e.g. Komissarov & Gubanov 1994 ; Laing
 Bridle 2013 ). 
It is possible that some of the radio emission detected in our

argets is contaminated by star formation within the galaxy (e.g. from
upernova remnants). To quantify such putative contribution, we
athered the SFRs of our sample sources from Davis et al. ( 2022 ),
hen available, as before. For the six sample galaxies not included

n that work, we estimated the SFRs adopting the following relation

FR = 

M H 2 

τ
, (2) 

where M H 2 is the total molecular gas mass withing the galaxy
calculated as described in subsection 3.1 ), and τ is the depletion
ime, assumed to be 2 Gyr (e.g Leroy et al. 2008 ). We then estimated
he expected 1.4 GHz radio luminosity due to star formation using
he following relation (Murphy et al. 2011 ) (

SFR ν

M �yr −1 

)
= 10 −27 

[ 

2 . 18 

(
T e 

10 4 K 

)0 . 45 ( ν

GHz 

)−0 . 1 
+ 15 . 1 

( ν

GHz 

)αNT ]−1 (
L ν

erg s −1 Hz −1 

)
, (3) 

https://ned.ipac.caltech.edu/
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hich can be re-arranged to (
L ν

erg s −1 Hz −1 

)
= 10 27 

(
SFR ν

M �yr −1 

)[ 

2 . 18 

(
T e 

10 4 K 

)0 . 45 

( ν

GHz 

)−0 . 1 
+ 15 . 1 

( ν

GHz 

)αNT ]
, (4) 

here ν is the observed frequency, T e is the electron temperature, 
nd αNT is the non-thermal spectral index. We assumed T e = 

0 4 K (Murphy et al. 2011 ) and α = −0.8 (Murphy et al. 2011 ).
he relation combines thermal radio emission (calculated from the 

onizing photon production rate) and non-thermal radio emission 
rom supernovae, both of which are related directly to the SFR. 

From the ratio between the total radio luminosity and that expected 
rom star formation, log 10 ( L 1.4 GHz / L 1.4G Hz, SF ), we calculate what we
all the radio excess factor ( E 1.4 ). In galaxies with E 1.4 significantly
arger than zero, the detected radio emission cannot be explained by 
tar formation, and thus likely arises from nuclear activity. The radio 
xcess factor for each galaxy is tabulated in Appendix Table A1 . 

.3.3 Optical line data 

O III ] λ5007 is typically the strongest emission line in optical spectra
f AGN and arises from gas in the narrow-line regions (NLRs) that
as been photo-ionized by the AGN radiation. It is then usually 
onsidered as a good proxy of the AGN bolometric luminosity (e.g. 
eckman & Best 2014 ). [O III ] has also the advantage to be a more
biquitous tracer of nuclear activity than the 2–10 keV luminosity, 
s it is observed in both kinetic- and radiative-mode AGN and 
oes not suffer of any obscuration from the dusty torus (present 
n typical Seyfert-like objects). We therefore collected [O III ] λ5007 
uminosities from a variety of instruments/surv e ys, such as the double
pectrograph at the Hale Telescope (Ho, Filippenko & Sargent 1995 ), 
l Leoncito Astronomical Complex (CASLEO; Bonatto & Pastoriza 
997 ; Rodr ́ıguez-Ardila, Pastoriza & Donzelli 2000 ), the DOLORES
Device Optimized for the LOw RESolution) spectrograph at Galileo 
ational Telescope (TNG; Buttiglione et al. 2009 ), Sloan Digital Sky 
urv e y (SDSS; Zhu et al. 2011 ), MPG/ESO telescope (Tadhunter
t al. 1993 ), the spectrograph on the Shane Telescope at Lick
bservatory (De Robertis & Osterbrock 1986 ; Crawford et al. 1999 ),

nd the CTIO Telescope (Moustakas et al. 2010 ). We note that the
O III ] λ5007 line may be contaminated by star formation or old stars,
r be affected by extinction arising within the host galaxy. However, 
tar formation is only expected to contribute significantly in higher 
edshift galaxies (whereas it should be negligible in nearby objects 
uch as our sample sources; Suzuki et al. 2016 ). Where available,
e additionally gathered H β, [N II ] λ6583, and H α luminosities.
hese are useful to calculate the [O III ]/H β and [N II ]/H α ratios
hich we can use to construct the BPT diagrams of our objects,

nd thus asses their dominant excitation mechanism (e.g. Baldwin, 
hillips & Terlevich 1981 ; Kewley et al. 2006 ). Eighteen of our
ample galaxies have all the lines required to construct a BPT
iagram, showing that 5 sources fall in the AGN-dominated region 
FRL49, NGC0612, NGC1194, NGC2110, NGC5765b), 4 in the 
INER region (NGC3368, NGC3862, NGC5995, NGC6753), 8 in 

he composite region (NGC1387, NGC3351, NGC4061, NGC4261, 
GC4826, NGC5064, NGC7172, PGC043387), and 1 (MRK567) 

n the SF-dominated region. The log([O III ]/H β) ratios for 9 other
alaxies (FRL1146, NGC0404, NGC0524, NGC3169, NGC3607, 
GC4429, NGC4435, NGC4438, NGC4501) have values ranging 

rom –0.44 to 0.71. Depending on their unknown log([N II ]/H α)
atios, they could thus be placed in the star formation, composite,
INER regions or AGN regions. 

.3.4 ALMA nuclear continuum emission 

e gathered the ALMA nuclear continuum luminosities from Ruffa 
t al. ( 2023a ), with the mm-continuum flux which have been
easured from the innermost beam at the position of the AGN in the
LMA continuum map of each galaxy. 

.3.5 Accretion tracer correlations 

he correlations between the nuclear mm luminosity, X-ray lumi- 
osity, [O III ] luminosity and excess radio factor are shown in Fig. 1 ,
ith the correlation coefficients and p-values listed in Table 3 . This
gure shows that the four tracers of activity mostly correlate with
ach other despite different contaminants, suggesting we are tracing 
uclear activity rather then larger-scale emission. This also shows 
hat, even though some of the galaxies in our sample are not formally
lassified as AGN, low level nuclear activity seems to be present. 

.3.6 Stellar masses 

he stellar masses of the majority of our sample galaxies were
aken from Davis et al. ( 2022 ), who in turn collected them from the
TLAS 

3D (Cappellari et al. 2013 ) and MASSIVE (Veale et al. 2017 )
urv e ys, and the z = 0 Multiwavelength Galaxy Synthesiz (z0MGS)
roject (Leroy et al. 2019 ). The stellar masses for MRK 567 and
GC 0404 were taken from Cook et al. ( 2017 ) and Seth et al. ( 2010 ),

espectively. Where stellar-mass measurements were not available 
n the literature, we estimated them from the K s -band magnitudes
easured in the extended source catalogue of the 2 micron All-
k y Surv e y (2MASS; Jarrett et al. 2003 ). We used equation 2 of
appellari ( 2013 ), with no correction for the emission from the AGN

as this should be small at these frequencies in our low luminosity
ources) 

og 10 M ∗ ≈ 10 . 58 − 0 . 44 × ( M K s 
+ 23) , (5) 

here M ∗ is the stellar mass and M K s 
is the K s -band magnitude. 

 M E T H O D O L O G Y  A N D  D E R I V E D  

UANTI TI ES  

n this work, we search for correlations between circumnuclear 
olecular gas reservoirs and SMBH fuelling across a sample of 

alaxies with a range of nuclear activities. This requires us to assess
oth the amount of molecular gas present in the circumnuclear 
egions, and its structure. Furthermore, we need to constrain the 
MBH accretion rate in our sources, and the type of nuclear activity.
urther we describe the methodology we adopted to determine these 
uantities. 

.1 Molecular gas masses 

e adopt the following relation to estimate the molecular hydrogen 
as masses ( M H 2 ) of our galaxies within different apertures (Bolatto,
olfire & Leroy 2013 ): 

 H 2 = 2 m H 
λ2 

2 k 
X CO D 

2 
L R 

∫ 
S ν dV , (6) 
MNRAS 528, 319–336 (2024) 

B 
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M

Figure 1. Correlations between the nuclear mm continuum luminosity, excess 1.4 GHz f actor, 2–10 k eV luminosity and the [O III ] luminosity. The Spearman 
rank coefficients and p -value of these correlations are listed in Table 3 . 
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here m H is the mass of the hydrogen atom, λ is the rest wavelength
f the observed molecular transition, k B is the Boltzmann constant,
 CO is the CO-to-H 2 conversion factor, D L is the luminosity distance,
 ≡ T b, ref / T b, CO(1-0) is the line intensity ratio (i.e. the ratio between

he ground state and the observed CO line brightness temperature),
nd 

∫ 
S v dV is the integrated flux density of the CO(1-0) line, with

nits matching those of X CO . This was estimated by integrating the
pectrum of the observed CO transition within a given aperture over
ll the velocity channels of the line. Equation ( 6 ) can be simplified
o (

M H 2 

M �

)
= 7847 J −2 

upper X CO , 2 ×10 20 R 

(
D L 

Mpc 

)2 ( ∫ 
S v dV 

Jy kms −1 

)
, (7) 

here J upper is the upper state rotational quantum num-
er of the observed transition (here J upper is 2 or 3) and
 CO , 2 ×10 20 = 

X CO 
2 ×10 20 cm 

−2 (K km s −1 ) −1 . As most of our galaxies are
assive and metal rich, we assume a Milky Way like CO-to-H 2 
NRAS 528, 319–336 (2024) 
onversion factor of 3 × 10 20 cm 

−2 (K km s −1 ) −1 (Strong et al. 1988 ).
e also assume the line ratios to be T b, CO(2-1) / T b, CO(1-0) = 0.7 and
 b, CO(3-2) / T b, CO(1-0) = 0.3 (see e.g. Leroy et al. 2022 ). For sample
alaxies observed with ALMA at adequate spatial resolutions, we
stimated the molecular gas mass within three different elliptical
pertures of radii 100, 75, and 50 pc. We additionally measure the
olecular gas mass in a elliptical aperture with a radius of 200 pc

o measure the nuclear molecular gas concentration. The resulting
 H 2 are listed in Table 2 . As mentioned earlier, the molecular gas
asses were all calculated with a fixed X CO factor. We note, ho we ver,

hat the CO-to-H 2 conversion factors in galaxy centres may vary
Sandstrom et al. 2013 ), adding uncertainty at a ∼0.3 dex level.
o aid comparisons with different X CO prescriptions, we provide

he CO integrated flux densities measured within the different
pertures in Appendix Table A3 . We assume an additional 10
er cent error on our molecular gas masses due to ALMA calibration
ncertainties. 
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Table 2. Circumnuclear masses for different region sizes and millimetre spectral indices for our sources. 

Galaxy log 
(

M H 2 
M �

)
	 log M H 2 log 

(
M H 2 
M �

)
	 log M H 2 log 

(
M H 2 
M �

)
	 log M H 2 log 

(
M H 2 
M �

)
	 log M H 2 S ν, mm 

σS ν, mm 

(200 pc) (100 pc) (75 pc) (50 pc) 
(dex) (dex) (dex) (dex) (mJy) (mJy) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

FRL49 8.34 0.04 7.87 0.04 – – – – 0.93 0.038 
FRL1146 – – – – – – – – 0.47 0.0272 
MRK567 8.90 0.04 8.52 0.04 – – – – < 0.11 0.0354 
NGC0383 8.15 0.04 7.71 0.04 7.48 0.04 7.08 0.04 63 0.101 
NGC0404 6.18 0.04 6.18 0.04 6.17 0.04 6.14 0.04 0.38 0.012 
NGC0449 – – – – – – – – 0.60 0.0246 
NGC0524 7.42 0.04 6.93 0.05 6.75 0.04 6.47 0.04 5.7 0.023 
NGC0612 8.20 0.04 7.62 0.04 7.50 0.04 7.35 0.05 25 0.06 
NGC0708 8.12 0.04 7.66 0.04 7.47 0.04 7.13 0.05 1.3 0.0165 
NGC1194 7.48 0.04 7.13 0.04 6.95 0.05 – – 1.6 0.0286 
NGC1387 7.66 0.04 7.05 0.04 6.80 0.04 6.43 0.04 1.0 0.0535 
NGC1574 6.79 0.04 6.74 0.04 6.66 0.04 6.40 0.04 3.3 0.033 
NGC2110 7.35 0.04 6.77 0.04 – – – – 21 0.453 
NGC3169 8.26 0.04 7.80 0.04 7.60 0.04 – – 3.4 0.107 
NGC3351 7.66 0.04 7.39 0.04 7.16 0.04 6.91 0.04 < 0.45 0.148 
NGC3368 8.36 0.04 7.87 0.04 7.68 0.05 7.42 0.04 < 0.56 0.202 
NGC3607 7.89 0.04 7.51 0.04 7.33 0.04 – – 2.7 0.164 
NGC3862 – – – – – – – – 64 1.43 
NGC4061 7.65 0.04 7.10 0.04 6.90 0.04 – – 2.4 0.18 
NGC4261 7.32 0.04 7.29 0.04 7.21 0.04 7.02 0.04 220 1.53 
NGC4429 7.31 0.04 6.64 0.04 6.38 0.04 5.88 0.04 1.1 0.0853 
NGC4435 7.61 0.04 7.25 0.04 7.05 0.05 6.78 0.04 0.73 0.0246 
NGC4438 8.19 0.04 7.78 0.04 7.58 0.04 7.24 0.04 0.52 0.126 
NGC4501 8.06 0.04 7.72 0.04 7.52 0.05 7.22 0.04 1.4 0.0789 
NGC4697 6.02 0.04 5.93 0.04 5.83 0.04 5.61 0.04 0.48 0.0444 
NGC4826 7.66 0.04 7.55 0.04 7.25 0.04 7.60 0.04 0.38 0.0746 
NGC5064 8.13 0.04 7.67 0.04 7.41 0.04 7.10 0.04 0.28 0.0259 
NGC5765b 8.41 0.04 – – – – – – 0.328 0.0616 
NGC5806 7.57 0.04 7.16 0.04 7.02 0.04 6.77 0.05 < 0.14 0.0473 
NGC5995 – – – – – – – – 0.99 0.0331 
NGC6753 8.63 0.04 8.16 0.05 7.94 0.04 7.62 0.04 < 0.14 0.0447 
NGC6958 7.70 0.04 7.17 0.04 6.96 0.04 6.61 0.04 11 0.0569 
NGC7052 7.75 0.04 7.39 0.04 7.17 0.04 6.79 0.04 18 0.0823 
NGC7172 8.36 0.04 7.48 0.04 7.14 0.04 6.74 0.04 8.4 0.32 
PGC043387 – – – – – – – – < 0.31 0.104 

Notes: (1) Galaxy name. (2) Mass measured within a elliptical aperture of 200 pc radius, with its uncertainty in (3). (4) −(9) Follow the same pattern, for 100, 
75, and 50 pc apertures. (10) Nuclear mm continuum flux derived from all our ALMA data (fluxes measured separately from the lower and upper sidebands in 
Appendix Table A ), (11) Nuclear mm continuum flux uncertainty. 
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To assess the structure of the molecular gas at the centre of
ach sample galaxy, following Garc ́ıa-Burillo et al. ( 2021 ), we also
alculated the molecular concentration parameter 


 

50pc 
H 2 


 

200pc 
H 2 

= 16 

( 

M 

50pc 
H 2 

M 

200pc 
H 2 

) 

, (8) 

here 
 

x pc 
H 2 

and M 

x pc 
H 2 

are the molecular gas surface-density and mass,
espectively, within a elliptical aperture of radius x pc. We assumed 

hat the gas lies within a flat disc so 
 

x pc 
H 2 

= 

M 

x pc 
H 2 

πx 2 
. 

.2 Accretion rates 

o estimate the SMBH accretion rates in each source, we use the
ollowing relation (Alexander & Hickox 2012 ) (

Ṁ BH 

M � yr −1 

)
= 0 . 15 

(
0 . 1 

η

)(
L Bol 

10 45 ergs s −1 

)
, (9) 
here L Bol is the AGN bolometric luminosity and η is the mass–
nergy conversion efficiency factor, typically assumed to be 0.1 (e.g. 
arconi et al. 2004 ). 
We follow two prescriptions to estimate the AGN bolometric 

uminosities. The 2–10 keV X-ray luminosity is generally considered 
 good proxy of the AGN bolometric luminosity in radiative-mode 
GN (e.g. Ho 2008 ), as X-ray emission in these sources is expected

o come from the corona abo v e the accretion disc. In this case, the
olometric luminosity can be calculated by inverting the bolometric 
orrection relation of Marconi et al. ( 2004 ): 

og 10 

(
L Bol 

L 2 −10 keV 

)
= 1 . 54 + 0 . 24 L + 0 . 012 L 

2 − 0 . 0015 L 

3 , (10) 

here L ≡ log 10 

(
L Bol 
L �

)
− 12. 

In kinetic-mode AGN, the accretion disc is expected to be absent
nd the 2–10 keV emission may instead arise from inverse-Compton 
pscattering of non-thermal photons from the radio jet (e.g. Blundell 
t al. 2006 ). For this reason, we additionally used the [O III ] λ5007
uminosity as a proxy of L Bol , adopting the bolometric correction
MNRAS 528, 319–336 (2024) 
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 bol / L [OIII] ≈ 3500 (Heckman et al. 2004 ), to ensure both types
f AGN are co v ered. [O III ] λ5007 is a more ubiquitous tracer of
uclear activity as it is usually the brightest emission-line in optical
pectra of AGN and is less contaminated than other emission lines.
s illustrated in Table 1 , a clear AGN classification is missing

or some of our sample galaxies (13/35), whereas the majority of
hem consist on a mix of radiative- and kinetic-mode AGN. For
ach source, we thus calculate L bol using both the 2–10 keV and
O III ] λ5007 luminosity as tracers. We show the relation between
hese two derived bolometric luminosities in Appendix Fig. A1 .

e note there is reasonably large scatter in the two measures of
olometric luminosity. This is likely due to the mix of radiative-
nd kinetic-mode objects in our sample, with the X-ray emission
ot being a good proxy for the bolometric luminosity of the latter
see earlier). The accretion rates and associated errors for both
rescriptions are presented in Table A2 . 

 RESULTS  A N D  ANALYSIS  

.1 Properties of WISDOM AGN 

s discussed earlier, in this work we aim to investigate previous
laims that at circumnuclear scales ( < 100 pc) accretion rate tracers
orrelate with the mass and structure of the cold molecular gas
ass. As illustrated in Table 1 , our sample consists on systems
ith a diverse range of nuclear activities. In order to further place

he WISDOM galaxies in context with previous studies, in Fig.
 we illustrate the main properties of the AGN in our sample
i.e. bolometric luminosity, black hole mass, Eddington ratio 4 , central
elocity dispersion, and jet power), compared with those from the
orks of Izumi et al. ( 2016 ), Babyk et al. ( 2019 ), and Garc ́ıa-Burillo

t al. ( 2021 ), with the medians for the samples used and the KS
est p -values between the sample are shown in Appendix Table A4 .
n this work we calculated the jet power using the same method as
abyk et al. ( 2019 ). We calculated the radio power using the relation

 ν0 = 4 πD 

2 
L (1 + z) α−1 S ν0 ν0 . (11) 

his was then used to calculate the jet power using this relation from
avagnolo et al. ( 2010 ) 

og P cav = 0 . 75 log P 1 . 4 + 1 . 91 . (12) 

t is clear from Fig. 2 that the bolometric luminosities of our AGN are
onsistent with those of the samples studied by Izumi et al. ( 2016 )
nd Garc ́ıa-Burillo et al. ( 2021 ), and we probe a range of radio jet
owers similar to that of the sources analysed by Babyk et al. ( 2019 ).
lternatively, the SMBH masses of the AGN in our sample are larger
on average – than those probed in such previous studies, and thus

heir Eddington ratios are slightly lower (at least when compared
ith the work of Izumi et al. 2016 ). 
More generally, Fig. 2 shows that there is o v erlap between the
ain properties of the AGN in our sample and those in the previous

eference studies, with the WISDOM objects being also clearly
omplementary to such works. In the following subsection, we will
urther discuss potential differences and if/how these may affect our
NRAS 528, 319–336 (2024) 

esults. 

 The Eddington ratio is a measure of the level of nuclear activity and is 
efined as λEdd = L bol / L Edd , where L bol is the AGN bolometric luminosity 
nd L Edd = 1.26 × 10 38 M BH erg s −1 is the Eddington luminosity. 

[  

a  

(  

s
 

a  
.2 AGN luminosity–molecular gas mass correlations 

n Figs 3 –5 we show the obtained circumnuclear H 2 masses plotted
gainst excess 1.4 GHz continuum, 2–10 keV X-ray and nuclear
m-continuum luminosity , respectively . To check for the statistical

ignificance of such relations, we carried out a Spearman rank
nalysis, where we consider relations with p -values � 0.05 as
tatistically significant. The resulting Spearman rank coefficients and
 -values are presented in Table 3 

.2.1 Excess radio luminosity–molecular mass correlation 

e show in Fig. 3 the correlation between molecular gas mass
n sub-kiloparsec scales and excess radio emission. There is no
trong correlation between these quantities, as indicated by Spearman
ank analysis (reported in the first row of Table 3 ). The correlation
oefficient is 0.32 for the 100 pc radius aperture, and increases to 0.35
or the 75 pc and 0.56 for the 50 pc radius aperture, with p -values
f 0.12, 0.11, and 0.01, respectively. We note that, based on these
esults, a mild correlation may be present at the 50 pc scale. Ho we ver,
e checked that this is driven by galaxies that are dominated by star

ormation. When these objects are excluded, the Spearman rank
oefficient becomes –0.07, with a p -value of 0.82, thus finding no
vidence for any correlation. 

.2.2 X-ray luminosity–molecular gas mass correlation 

e show in Fig. 4 the relation between the molecular gas mass on
ub-kiloparsec scales and 2–10 keV X-ray luminosity. Also in this
ase, there is no significant correlation between the two quantities
ithin any aperture size, as supported by the Spearman rank analysis

reported in the second row of Table 3 ). The correlation coefficients
re 0.31 with a p -value of 0.16 for the case of the molecular gas
ass calculated within a 100 pc radius aperture, 0.29 with a p -value

f 0.21 for the 75 pc radius aperture, and 0.29 with a p -value of 0.26
or the 50 pc radius aperture. 

.2.3 mm continuum luminosity–molecular gas mass correlation 

he nuclear millimetre continuum luminosity is another proxy of the
uclear activity. Indeed, excess mm luminosity has been observed
n AGN-hosting galaxies, with the excess being attributed to the
GN itself (e.g. Behar et al. 2015 ; Doi & Inoue 2016 ; Behar et al.
018 ; Wu, Feng & Fan 2018 ; Kawamuro et al. 2022 ). We show in
ig. 5 the total nuclear millimetre luminosity (calculated on scales
 200 pc) against the molecular gas mass on sub-kiloparsec scales,

gain finding no correlation between the two. The lack of correlation
s supported by the Spearman rank analysis (reported in the third
ow of Table 3 ). The correlation coefficients are 0.002, 0.14 and 0.11
ith p -values 0.99, 0.55, and 0.66 for the 100, 75, and 50 pc regions,

espectively. 

.3 Accretion rate–mass correlation 

n Figs 6 and 7 we investigate relations between the molecular gas
ass and AGN accretion rate, as calculated using the 2–10 keV and

O III ] line luminosity proxies. Also in this case, we do not find
ny clear correlation. The corresponding Spearman rank analysis
reported in the fourth and fifth rows of Table 3 ) mostly confirms this
cenario. 

For accretion rates calculated using the 2–10 keV luminosity
s a proxy, a Spearman rank correlation coefficient of 0.31 with
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Figure 2. Distribution of AGN bolometric luminosity (top left), black hole mass M BH (top right), Eddington ratio λEdd (middle left), velocity dispersion (middle 
right), and jet power (bottom) of the WISDOM sample. These are compared with the properties of the AGN from the works of Izumi et al. ( 2016 ), Babyk et al. 
( 2019 ), and Garc ́ıa-Burillo et al. ( 2021 ) which are discussed further in the text. The horizontal lines represent the median of each distribution. 
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 p -value of 0.16 is obtained for the 100 pc radius aperture.
or the 75 and 50 pc regions, the Spearman rank coefficients 
re 0.29 and 0.29, respectively, with associated p -values of 0.21 
nd 0.26. 

For accretion rates calculated using the [O III ] line luminosity as a
roxy, the Spearman rank coefficients are 0.27, 0.38, and 0.53 with 
-values of 0.26, 0.13, and 0.05 for the 100, 75, and 50 pc regions,
especti vely. These v alues imply that – as the aperture size decreases
a mildly significant correlation seems to be present. Whether this is

eal or coincidental due to the reduced number of data points should
e investigated further. 
(

 DI SCUSSI ON  

.1 AGN activity and the circumnuclear molecular gas 

s described earlier, we do not find any strong correlation between
he masses of molecular gas in the nuclear regions of our diverse
ample galaxies and their AGN activities, as traced in a variety of
ays. This is despite multiple authors reporting such correlations 
hen studying specific AGN-selected samples of galaxies (e.g Izumi 

t al. 2016 ; Babyk et al. 2019 ; Koss et al. 2021 ). Our galaxies were not
elected to be AGN, but do co v er similar ranges of AGN properties
see Fig. 2 ). 
MNRAS 528, 319–336 (2024) 
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M

Figure 3. Molecular gas mass within an aperture of a given radius (100, 75, and 50 pc, as indicated by the x -axis labels) v ersus e xcess 1.4 GHz radio continuum 

fraction (after the contribution from star formation has been remo v ed). 

Figure 4. As Fig. 3 , but for the 2–10 keV X-ray luminosity. 

Figure 5. As Fig. 3 , but for the nuclear mm-continuum luminosity. Grey triangles are used for the upper limits (calculated as three times the rms noise level) 
of galaxies undetected in the mm continuum. 
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Table 3. Spearman rank coefficients and p -values. 

Mass–luminosity correlations 

log ( M H 2 , 100pc / M �) log ( M H 2 , 75pc / M �) log ( M H 2 , 50pc / M �) 
(1) (2) (3) 

Coefficient p -value Coefficient p -value Coefficient p -value 
log( E 1.4 ) 0.32 0.12 0.35 0.11 0.56 0.01 
log( L X, 2–10 ) 0.31 0.16 0.29 0.21 0.29 0.26 
log( L mm 

) 0.002 0.99 0.14 0.55 0.11 0.66 
log( Ṁ acc , X −ray ) 0.31 0.16 0.29 0.21 0.29 0.26 
log( Ṁ acc , [OIII] ) 0.27 0.26 0.38 0.13 0.53 0.05 

Luminosity–luminosity correlations 

Coefficient p -value 
(4) 

L mm 

− L X, 2–10 0.76 3.37E-6 
L mm 

− E 1.4 0.57 0.008 
E 1.4 − L X, 2–10 0.16 0.56 
L [O III ] − L X, 2–10 0.78 2.27E-5 
L [O III ] − E 1.4 0.15 0.60 
L [O III ] − L mm 

0.52 0.01 

Notes: (1) Spearman rank correlation coefficients and p -value for the 100 pc radius aperture, (2) and (3) 
same quantities for the 75 and 50 pc radius apertures. (4) Lists the Spearman rank correlation coefficients and 
p -values between the luminosities studied. 

Figure 6. As Fig. 3 , but for the X-ray-traced accretion rate. 

Figure 7. As Fig. 3 , but for the [O III ]-traced accretion rate. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/1/319/7504749 by guest on 18 M
arch 2024



330 J. S. Elford et al . 

M

 

g  

S  

n  

r  

b  

s  

l  

w  

l  

e  

h  

s  

o  

d  

f

5

A  

a  

m  

l  

T  

R
1  

o  

o  

fi  

t  

b  

(  

o  

o  

m  

t  

t  

s  

f
 

p  

g  

(  

o  

a
 

r  

B  

e  

a  

G  

c  

s  

w  

s  

b
 

m  

g  

w  

(  

o
 

i  

C  

u  

b  

S  

(  

v  

t
 

c  

i  

H  

a  

e  

o  

d
 

o  

o  

A  

C  

c  

c  

r  

p  

f  

p  

c  

r
 

g  

s  

i  

c  

l  

o  

r  

t

5

B  

g  

E  

s  

a  

e  

t  

g  

l  

i  

s  

c  

d  

g  

p  

r  

m  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/1/319/7504749 by guest on 18 M
arch 2024
Our results suggests that the level of nuclear activity in a given
alaxy cannot purely depend on the amount of cold gas around its
MBH. This supports recent work by Molina et al. ( 2023 ), where
o correlation between the CO(2-1) and AGN luminosity has been
eported. In this work, Molina et al. ( 2023 ) looked at the correlations
etween the cold molecular gas mass and AGN properties in a
ample of radiative-mode AGN at z � 0.5, using the 5100 Å AGN
uminosity as analogy for the AGN bolometric luminosity. In this
ay, they initially find a weak correlation between CO(2-1) and AGN

uminosity, but this then disappears when correcting for the cosmic
volution of the molecular gas content in galaxies. This also clearly
ighlights that the mechanism(s) driving gas from the wider galaxy
cales to the nuclear regions are likely to be different in different types
f AGN, and that time-scale variations may be important. Further we
iscuss each of our tracers, and the conclusions that can be drawn
rom the differences between our results and others in literature. 

.1.1 X-ray emission 

s described in subsections 4.2.2 and 4.3 (and illustrated in Figs 4
nd 6 , respectively), there is no correlation between the cold
olecular gas masses in the circumnuclear regions and the X-ray

uminosities/X-ray derived accretion rates of our sample galaxies.
hese results are consistent with those found in other recent works.
osario et al. ( 2018 ) looked at the relationship between the 2–
0 keV X-ray luminosity and the CO(2-1) brightness in a sample
f Seyfert galaxies with X-ray luminosities that fall within the range
f those studied in our work ( ≈10 41.5 –≈ 10 43 . 5 erg s −1 ). The authors
nd no correlation between the two quantities, and ascribe that to

he differences between the spatial scale probed by the single-dish
eam and and that of the SMBH accretion disc. Garc ́ıa-Burillo et al.
 2021 ) also studied the correlation between the molecular gas mass
n kpc scales (0.4–1.2 kpc) and the X-ray luminosity in a sample
f nearby Seyferts with similar L X , 2 − 10 ) ( ≈10 39 –≈ 10 44 erg s −1 ) and
olecular gas masses ( ≈10 6.5 –≈10 9.5 M �) to the objects studied in

his work, finding again no correlation between the two quantities. In
his case, the lack of correlation is explained by the different spatial
cales and time-scales involved with the last steps of the SMBH
uelling process and the kiloparsec-scales molecular gas reservoirs. 

These results are in contrast to Izumi et al. ( 2016 ), who reported a
ositive correlation between the dense ( n H 2 � 10 4 −5 cm 

−3 ) molecular
as mass at ≈100 pc scales and the X-ray traced accretion rates
calculated using the same methods adopted here) onto the SMBHs
f a small sample of 10 nearby Seyfert galaxies. This was interpreted
s supporting the role of CNDs in the AGN fuelling process. 

Differences between their results and ours may arise for several
easons. First, as also discussed in Rosario et al. ( 2018 ) and Garc ́ıa-
urillo et al. ( 2021 ) it is believed that in radiative-mode AGN X-ray
mission traces recently accreted material, as in these cases X-rays
re expected to be produced very close to the central SMBH (e.g.
aleev, Rosner & Vaiana 1979 ). In this scenario, X-ray emission

an be highly time v ariable. Ho we ver, it would take dynamical time-
cales of several hundred thousand years for the gas at the scales
e are investigating to fall onto the SMBHs. This difference in time-

cales and spatial scales could explain why we do not find correlation
etween the circumnuclear gas mass and the X-ray luminosity. 

Izumi et al. ( 2016 ) also investigated the correlation between dense
olecular gas mass of the CND and accretion rate only in ten Seyfert

alaxies, whereas we consider a > 3 times larger sample of galaxies
ith a varied range of nuclear activities (see Fig. 2 ) and AGN types
NRAS 528, 319–336 (2024) 
see Table 1 ). Ho we ver, e ven when considering only the Seyferts in
ur sample, our results remain unchanged. 
Furthermore, the correlation reported by Izumi et al. ( 2016 )

nvolves the dense ( n H 2 � 10 4 −5 cm 

−3 ) molecular gas mass of the
NDs, estimated using the HCN molecule as tracer. Here we instead
se the total molecular gas mass on circumnuclear scales, which has
een estimated via CO emission. Ho we ver, we still cannot make the
eyfert galaxies in our sample follow the correlation of Izumi et al.
 2016 ) without requiring extremely low dense-gas fractions that also
ary wildly between galaxies, a behaviour currently not observed in
hese kind of objects (e.g. Jim ́enez-Donaire et al. 2019 ). 

We also note that the lack of correlation may be also ascribed to
ontamination from other (unresolved) sources of X-ray luminosity
n the galaxies, such as stellar X-ray binaries (see subsection 2.3.1 ).
o we ver, e ven when restricting our analysis only to sources observed

t high-spatial resolution with Chandra (i.e. where the nuclear
mission from the AGN can be spatially isolated), we still do not
bserv e an y correlation. This suggests that contamination is not
riving our results. 
Another more speculative possibility that could explain the lack

f correlation is that different mechanisms usually give rise to the
bserved X-ray emission in different AGN types. In radiative-mode
GN such as Seyferts, X-rays are typically produced by inverse-
ompton upscattering of photons from the accretion disc by the
orona (Ciotti & Ostriker 1997 ). Whilst, in kinetic-mode AGN,
lassic accretion discs are either not present or truncated at inner
adii (see Section 1 ), and X-ray emission likely arises from other
rocesses, such as Compton upscattering of non-thermal photons
rom the radio jets (e.g. Blundell et al. 2006 ). These two emission
rocesses may not correlate directly or may differ in how they
orrelate with the cold molecular gas mass of the circumnuclear
egions. 

Finally another more speculative possibility is that the Seyfert
alaxies observed by Izumi et al. ( 2016 ) may have been caught in a
pecial phase with bright HCN emission, possibly suggesting a bias
n the sample selection. Such bright HCN emission may be more
ommon in Seyferts with sizeable dense molecular gas reservoirs,
eading also to higher accretion rates than most of those probed by
ur sample. Further investigation of diverse galaxy samples in central
egions < 50 pc in radius and using denser gas tracers will allow us
o confirm/discard this hypothesis. 

.1.2 Radio emission 

abyk et al. ( 2019 ) reported a correlation between the molecular
as mass up to kpc scales and jet power in a sample of nearby
TGs, most of which are LERGs. We wanted to expand this
tudy probing the gas mass down to circumnuclear scales and in
 more diverse sample of galaxies. If the results reported by Babyk
t al. ( 2019 ) held at circumnuclear scales, we would have expected
o observe at least some correlation between the circumnuclear
as masses of our sample galaxies and the excess 1.4 GHz radio
uminosities (as P jet ∝ L 1.4 ; e.g. Cavagnolo et al. 2010 ). As discussed
n subsection 4.2.1 and illustrated in Fig. 3 , we do not find any
ign of such correlation in this work. This could be explained if the
orrelation reported by Babyk et al. ( 2019 ) does not have anything to
o with the SMBH fuelling, but instead arise because more massive
alaxies tend to have more massive SMBHs, thus producing higher-
ower radio jets (Liu, Jiang & Gu 2006 ). Babyk et al. ( 2019 ) also
eport a link between the hot X-ray-emitting diffuse gas and the
olecular gas content in their sample galaxies. This correlation is
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Figure 8. 2–10 keV X-ray luminosity versus nuclear molecular gas concen- 
tration. Blue data points are for the sample analysed in this work, red data 
points are from Garc ́ıa-Burillo et al. ( 2021 ). The galaxies in our sample do 
not obey the trend reported in such previous work. This suggests that either 
the impact of AGN feedback is still detectable in a galaxy when it has gone 
into a lower activity phase, or the structure of the nuclear molecular gas is 
not determined by AGN processes. 
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xplained by the cooling of hot gas which is turned into molecular gas
n the galaxy. This cooling of hot gas may then be connected to the
adio power in these galaxies and would explain why we do not find
 correlation at circumnuclear scales. We note that a result similar
o that of Babyk et al. ( 2019 ) has been recently reported by Fujita
t al. ( 2023a ) and Fujita et al. ( 2023b ), who studied the correlation
etween the jet power estimated from X-ray cavities ( P cav ) and the
olecular gas mass within 500 pc in a sample of massive elliptical

alaxies. This difference is results could be explained by the sample 
tudied by these tw o w orks. In these w orks they study 9 and 13 objects
espectively which is significantly smaller then the 35 objects used 
n our work. They also look for correlations e xclusiv ely in elliptical
alaxies compared to diverse range of galaxies and activities types 
tudy in our work. 

Overall, the lack of correlation between the circumnuclear molec- 
lar gas mass and radio emission in our sample may suggest that
ets are not directly powered by accretion from circumnuclear gas 
eservoirs, or that such correlation only exists over very long time- 
cales. As discussed earlier, the dynamical times at the spatial scales 
robed here are still long compared to most AGN lifetime estimates. 
hile radio jets can extend on large scales (and thus allow us to

verage AGN activity over longer time-scales than direct tracers 
uch as X-ray emission), this time-scale mismatch may be too large 
o lead to any strong correlation. 

.1.3 Optical line emission 

s described in subsection 2.3.3 , we estimated the accretion rate in
ur sources using also the [O III ] line emission as a tracer, finding
gain no correlation with the molecular gas mass in the circumnuclear 
egions (see subsection 4.3 and Fig. 7 ). One could ascribe this lack of
orrelation to contamination from other sources of [O III ] emission on
arger scales (e.g. [O III ] can also be a tracer of star-forming regions).
his kind of contamination, ho we ver, has been found to be rele v ant
nly in higher redshift galaxies (e.g. Suzuki et al. 2016 ), and should
herefore be minimal in nearby galaxies like our sample sources. 

This result provides support to the hypotheses formulated earlier 
hat either the level of nuclear activity in a given galaxy does not
 xclusiv ely depend on the amount of cold gas around the central
MBH, or temporal variations in the accretion rate wash out any 
orrelation. These results also support the idea that AGN fuelling 
echanisms are not ubiquitous and different processes may be at 

lay in different AGN types. 

.2 Nuclear activity and structure of the molecular gas 
eser v oir 

or a sample of nearby Seyfert galaxies, Garc ́ıa-Burillo et al. ( 2021 )
eported that AGN luminosity (traced by 2–10 keV X-ray emission) 
orrelates strongly with the structure of the molecular ISM (traced 
y CO) in the central 200 pc. This could be due to AGN feedback
mpacting the cold molecular gas reservoirs at these scales, and 
riving the molecular gas away from (and/or heating/destroying it 
n) the centres of the galaxies. 

As discussed in – for example Davis et al. ( 2018 ), some of the
ISDOM sample galaxies have central molecular gas holes, and 

o it is possible the same mechanism is occurring here. We test
his in Fig. 8 , where we plot the 2–10 keV X-ray luminosity against
olecular gas concentration (as defined in Section 2 ) for both our

ample and that of Garc ́ıa-Burillo et al. ( 2021 ). Our galaxies span a
ange of X-ray luminosities and molecular gas concentrations similar 
o those of Garc ́ıa-Burillo et al. ( 2021 ), but do not seem to follow the
ame correlation. 

The lack of any correlation in our galaxy sample, which spans a
ide range of AGN types and L bol (10 41 − 10 46 erg s −1 ) and does

nclude a significant number of Seyferts (albeit not selected to be
specially active), suggests two possibilities: 

(i) The central structure of the molecular gas in galaxies is set by
ecular (non AGN-driven) process(es). The correlation of Garc ́ıa- 
urillo et al. ( 2021 ) could then arise if these processes correlate with

he SMBH-mass (or another variable SMBH-mass correlates with, 
uch as spheroid mass/velocity dispersion), and thus the maximum 

GN power possible. Some putative processes that could cause 
uclear holes in the cold gas distributions (such as shear; see Davis
t al. 2018 ) could naturally follow such a scaling. 

(ii) The central structure of the molecular gas in our galaxies has
een impacted by AGN feedback, but the black hole is now in a phase
f lower activity. If this was the case, a galaxy would be expected
o obey the Garc ́ıa-Burillo et al. ( 2021 ) correlation until its AGN
pisode dies off, then decrease in X-ray luminosity while presenting 
ts feedback-affected molecular gas structure for some time, before 
urther inflows reset the cycle. 

Comparing the WISDOM sample to the galaxies studied in Garc ́ıa- 
urillo et al. ( 2021 ), it seems that secular processes are the more

ikely scenario. Our sample contains more early-type hosts, but 
ther galaxy and AGN properties are similar. It is unclear why
he SMBH and its energy output (set on sub-parsec scales) would
are about the large-scale galaxy properties, thus implying that 
he central molecular gas concentration is set by secular processes 
ather than by the nuclear acti vity. Alternati vely, the parameter
pace explored in Garc ́ıa-Burillo et al. ( 2021 ) could represent the
urno v er point between secular processes and AGN feedback, with
he turno v er happening at X-ray luminosities around 10 42 erg s −1 .
ur points would then fit this model with the sample AGN with
-ray luminosities lower than 10 42 erg s −1 and a range of molecular
as concentrations set by secular processes. The few galaxies in 
ur sample with X-ray luminosities higher than 10 42 erg s −1 instead
ollow the relation found in Garc ́ıa-Burillo et al. ( 2021 ). Determining
MNRAS 528, 319–336 (2024) 
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hich of these possibilities is at work in our sample galaxies is
nteresting, but will require further observations and simulations of
olecular gas at the centres of active galaxies of all luminosities.
his will be explored further in future works. 

 C O N C L U S I O N S  

e have searched for correlations between the cold molecular gas
asses on the circumnuclear regions of a sample of 35 nearby

alaxies and AGN activity tracers at radio, X-ray, optical, and sub-
m wavelengths. We find that the molecular gas masses of our

ample sources, measured within a range of elliptical apertures with
adii from 50 to 100 pc, do not correlate with any of the adopted
racers. 

The sample analysed in this study includes galaxies with a range
f nuclear activities and global properties, and we are unable to
eproduce any of the results found for other AGN-specific sub-
amples. This suggests the level of nuclear activity in a given galaxy
annot purely be due the amount of cold gas fuel reservoir around
he central SMBH. The fuelling mechanism of active galaxies is
ot ubiquitous and may vary between AGN types, and time-scale
ariations are likely very important. 

We also probed the molecular concentration of the circumnuclear
as discs in our sample galaxies to assess whether they had been
mpacted by AGN feedback. There is no evidence of a relation
etween structure on circumnuclear scales and current accretion
ate, in contrast to results found for some nearby Seyfert galaxies
elected to be in an active phase and despite our objects spanning
he same range in circumnuclear properties. This could indicate that
hese galaxies were previously in a more active phase that impacted
he circumnuclear gas, or that these molecular concentrations arise
aturally within circumnuclear gas discs and are not related to AGN
rocesses. 
Further observations and theoretical studies are clearly needed to
ake further progress to determine the link between circumnuclear

as reservoirs and nuclear activity. For instance, dense gas may be
etter linked to the direct reservoirs for accretion, and expanded
ample sizes may help to o v ercome time-scale issues. 
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Figure A1. L Bol derived from X-ray versus L Bol derived from [O III ]. 

Table A1. Emission data. 

Galaxy L 1.4 	 L 1.4 E 1.4 	 E 1.4 L X, 2-10 	 L X, 2-10 X-ray Source L mm 	 L mm log 10 

(
L [OIII] 
erg s −1 

)
log 10 

(
	L [OIII] 
erg s −1 

)
K s 	 K s 

(erg s −1 ) (erg s −1 ) (erg s −1 ) (erg s −1 ) (erg s −1 ) (erg s −1 ) (mag) (mag) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 

FRL49 9.06E + 38 9.06E + 37 0.90 0.205 1.85E + 43 1.85E + 42 Chandra 1.92E + 39 7.85E + 37 42.39 0.04 9.8 0.0100 
FRL1146 – – – – 2.58E + 43 2.58E + 42 XMM 2.44E + 39 1.41E + 38 40.24 0.07 11 0.00800 
MRK567 7.48E + 38 7.91E + 37 0.29 0.205 – – – 5.84E + 38 – – – 11 0.0450 
NGC0383 3.59E + 40 3.59E + 39 3.3 0.205 3.31E + 40 3.31E + 39 Chandra 7.86E + 40 1.26E + 38 39.46 0.04 10 0.00700 
NGC0404 5.36E + 34 6.99E + 33 0.49 0.227 1.58E + 37 1.58E + 36 Chandra 9.76E + 35 3.08E + 34 37.69 0.04 10 0.00700 
NGC0449 5.55E + 38 5.78E + 37 0.27 0.205 3.78E + 40 3.78E + 39 XMM 7.47E + 38 3.05E + 37 41.50 0.04 12 0.0230 
NGC0524 2.80E + 36 4.61E + 35 −0.27 0.212 3.59E + 38 3.59E + 37 Chandra 8.81E + 38 3.56E + 36 37.55 0.04 10 0.0730 
NGC0612 1.46E + 41 1.47E + 40 3.0 0.205 7.76E + 41 7.76E + 40 Chandra 1.19E + 41 2.84E + 38 40.03 0.04 9.9 0.0990 
NGC0708 3.72E + 38 3.72E + 37 1.6 0.205 2.45E + 39 2.45E + 38 Chandra 1.27E + 39 1.58E + 37 39.10 0.04 12 0.0600 
NGC1194 1.18E + 37 1.18E + 36 1.5 0.871 3.50E + 41 3.50E + 40 XMM 1.23E + 39 2.22E + 37 40.03 0.04 11 0.0320 
NGC1387 2.64E + 36 4.22E + 35 −0.18 0.212 2.14E + 39 2.14E + 38 Chandra 1.17E + 38 6.03E + 36 – – 10 0.111 
NGC1574 – – – – – – – 3.52E + 38 3.50E + 36 – – 10 0.0980 
NGC2110 6.34E + 38 6.76E + 37 – – 5.13E + 42 5.13E + 41 Chandra 7.72E + 39 1.64E + 38 40.41 0.04 10 0.0580 
NGC3169 5.43E + 37 5.43E + 36 0.16 0.205 3.39E + 41 3.39E + 40 Chandra 3.42E + 38 1.07E + 37 39.46 0.04 10 0.0920 
NGC3351 7.08E + 36 7.08E + 35 – – 5.46E + 38 5.67E + 37 ROSAT 1.81E + 37 – 37.28 0.15 9.0 0.0150 
NGC3368 1.52E + 37 1.52E + 36 0.19 0.205 1.98E + 39 1.98E + 38 ASCA 5.40E + 37 – 38.85 0.04 9.5 0.0680 
NGC3607 5.67E + 36 6.57E + 35 0.010 0.206 1.45E + 39 1.45E + 38 Chandra 3.79E + 38 2.31E + 37 39.48 0.04 9.5 0.0420 
NGC3862 8.13E + 40 8.13E + 39 – – 3.92E + 41 3.92E + 40 Chandra 1.52E + 41 3.43E + 39 39.20 0.04 11 0.0370 
NGC4061 5.70E + 39 5.70E + 38 3.2 0.205 – – – 5.98E + 39 4.46E + 38 – – 11 0.0400 
NGC4261 3.74E + 40 4.12E + 39 – – 1.17E + 41 1.17E + 40 Chandra 6.28E + 40 4.43E + 38 39.60 0.04 9.0 0.0150 
NGC4429 4.59E + 34 2.30E + 35 −1.8 2.18 1.31E + 39 1.31E + 38 Einstein 1.23E + 38 9.42E + 36 38.69 0.04 10 0.0650 
NGC4435 2.72E + 36 2.72E + 36 −0.010 0.478 2.95E + 39 2.95E + 38 Chandra 5.69E + 37 1.92E + 36 39.02 0.04 10 0.0590 
NGC4438 2.87E + 37 2.87E + 36 0.48 0.205 1.20E + 39 1.20E + 38 Chandra 4.08E + 37 9.81E + 36 39.69 0.04 8.8 0.0150 
NGC4501 9.05E + 37 9.05E + 36 0.25 0.205 1.23E + 40 1.23E + 39 Chandra 8.01E + 37 4.39E + 36 39.31 0.04 9.0 0.0150 
NGC4697 1.30E + 35 1.08E + 35 −1.1 0.413 3.31E + 38 3.31E + 37 Chandra 1.79E + 37 1.65E + 36 – – 9.7 0.0660 
NGC4826 9.30E + 36 9.03E + 35 0.40 0.204 9.23E + 37 2.05E + 37 Chandra 8.27E + 36 1.64E + 36 39.03 0.04 8.0 0.0150 
NGC5064 1.93E + 38 1.93E + 37 0.89 0.205 – – – 9.19E + 37 8.53E + 36 – – 11 0.0730 
NGC5765b 5.03E + 38 5.03E + 37 −0.010 0.205 5.37E + 40 5.37E + 39 Chandra 1.15E + 39 2.17E + 38 – – 10.9 0.0700 
NGC5806 1.17E + 37 1.17E + 36 −0.18 0.205 – – – 1.85E + 37 – – – 11 0.0730 
NGC5995 5.91E + 38 6.36E + 37 – – 2.45E + 43 2.45E + 42 Chandra 3.22E + 39 1.07E + 38 – – 10 0.0390 
NGC6753 3.23E + 38 3.53E + 37 0.91 0.205 – – – 6.73E + 37 – – – 11 0.0990 
NGC6958 2.34E + 37 2.81E + 36 0.67 0.207 – – – 2.92E + 39 1.51E + 37 – – 10 0.0600 
NGC7052 9.21E + 38 9.30E + 37 1.8 0.205 1.05E + 40 1.05E + 39 Chandra 1.35E + 40 6.23E + 37 39.44 0.04 11 0.0420 
NGC7172 7.20E + 37 7.66E + 36 0.20 0.205 1.00E + 43 1.00E + 42 Chandra 2.74E + 39 1.04E + 38 – – 10 0.0560 
PGC043387 - – – – – – – 8.02E + 38 – – – 10.7 0.0110 

Notes: (1) Galaxy name, (2) 1.4 GHz luminosity, (3) 1.4 GHz luminosity uncertainty, (4) excess radio fraction, (5) excess radio fraction uncertainty , (6) 2–10 keV X-ray luminosity , (7) (2–10) keV X-ray luminosity 
uncertainty, (8) the telescope used for the X-ray observation, (9) nuclear mm luminosity, (10) nuclear mm luminosity uncertainty, (11) [O III ] luminosity, (12) [O III ] luminosity uncertainty, (13) K s -band magnitude, 
(14) K s -band magnitude uncertainty. 
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Table A2. Derived quantities. 

Galaxy Ṁ X −ray , acc 	 Ṁ X −ray , acc Ṁ [OIII] , acc 	 Ṁ [OIII] , acc 

(M � yr −1 ) (M � yr −1 ) (M � yr −1 ) (M � yr −1 ) 
(1) (2) (3) (4) (5) 

FRL49 5.70E-02 5.70E-03 1.29E + 00 1.19E-01 
FRL1146 8.70E-02 8.70E-03 9.12E-03 1.47E-03 
MRK567 – – – –
NGC0383 3.55E-05 3.55E-06 1.51E-03 1.39E-04 
NGC0404 2.50E-08 2.50E-09 2.57E-05 2.37E-06 
NGC0449 4.10E-05 4.10E-06 1.66E-01 1.53E-02 
NGC0524 3.98E-07 3.98E-08 1.86E-05 1.72E-06 
NGC0612 1.19E-03 1.19E-04 5.63E-03 5.18E-04 
NGC0708 2.48E-06 2.48E-07 6.61E-04 6.09E-05 
NGC1194 4.77E-04 4.77E-05 5.63E-03 5.18E-04 
NGC1387 2.17E-06 2.17E-07 – –
NGC1574 – – – –
NGC2110 1.15E-2 1.15E-3 1.91E-02 1.76E-03 
NGC3169 4.60E-04 4.60E-05 1.51E-03 1.39E-04 
NGC3351 5.88E-07 6.10E-08 1.00E-05 3.46E-06 
NGC3368 2.01E-06 2.01E-07 3.72E-04 3.42E-05 
NGC3607 1.49E-06 1.49E-07 1.59E-03 1.46E-04 
NGC3862 5.43E-04 5.43E-05 8.32E-04 7.67E-05 
NGC4061 – – – –
NGC4261 1.39E-04 1.39E-05 2.09E-03 1.93E-04 
NGC4429 1.34E-06 1.34E-07 2.57E-04 2.37E-05 
NGC4435 2.98E-06 2.98E-07 5.50E-04 5.06E-05 
NGC4438 1.24E-06 1.24E-07 2.57E-03 2.37E-04 
NGC4501 1.26E-05 1.26E-06 1.07E-03 9.87E-05 
NGC4697 3.68E-07 3.68E-08 – –
NGC4826 1.16E-07 2.56E-08 5.63E-04 5.18E-05 
NGC5064 – – – –
NGC5765b 5.96E-05 5.96E-06 – –
NGC5806 – – – –
NGC5995 8.14E-02 8.14E-03 – –
NGC6753 – – – –
NGC6958 – – – –
NGC7052 1.07E-05 1.07E-6 1.45E-03 1.33E-04 
NGC7172 2.63E-02 2.63E-03 – –
PGC043387 – – – –

Notes: (1) Galaxy name. (2) X-ray-traced accretion rate. (3) X-ray-traced accretion rate 
uncertainty. (4) [O III ]-traced accretion rate. (5) [O III ]-traced accretion rate uncertainty. 
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Table A3. CO integrated intensity data. 

Galaxy I CO 	 I CO I CO 	 I CO I CO 	 I CO I CO 	 I CO 

(200 pc) (100 pc) (75 pc) (50 pc) 
(Jy km s −1 ) (Jy km s −1 ) (Jy km s −1 ) (Jy km s −1 ) (Jy km s −1 ) (Jy km s −1 ) (Jy km s −1 ) (Jy km s −1 ) 

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

FRL49 7.75 0.78 2.39 0.24 – – – –
FRL1146 – – – – – – – –
MRK567 9.58 0.96 3.98 0.4 – – – –
NGC0383 7.60 0.76 2.74 0.27 1.6 0.16 0.64 0.06 
NGC0404 39.62 3.96 39.73 3.97 39.07 3.91 36.14 3.61 
NGC0449 – – – – – – – –
NGC0524 11.64 1.16 3.77 0.38 2.48 0.25 1.29 0.13 
NGC0612 2.22 0.22 0.58 0.06 0.44 0.05 0.32 0.04 
NGC0708 9.24 0.92 3.18 0.32 2.05 0.21 0.95 0.1 
NGC1194 2.58 0.26 1.13 0.11 0.76 0.08 – –
NGC1387 27.95 2.80 6.8 0.68 3.78 0.38 1.62 0.16 
NGC1574 3.98 0.40 3.53 0.35 2.89 0.29 1.6 0.16 
NGC2110 4.62 0.46 1.21 0.12 – – – –
NGC3169 125.84 12.58 43.18 4.32 26.99 2.7 – –
NGC3351 104.99 10.50 55.74 5.57 32.78 3.28 18.57 1.86 
NGC3368 170.74 17.07 54.79 5.48 35.54 3.55 19.23 1.92 
NGC3607 37.39 3.74 15.56 1.56 10.37 1.04 – –
NGC3862 – – – – – – – –
NGC4061 1.21 0.12 0.34 0.03 0.21 0.02 – –
NGC4261 5.91 0.59 5.49 0.55 4.59 0.46 2.98 0.3 
NGC4429 17.38 1.74 3.64 0.36 2 0.2 0.64 0.06 
NGC4435 35.67 3.57 15.68 1.57 9.91 0.99 5.28 0.53 
NGC4438 134.20 13.42 52.63 5.26 32.86 3.29 15.26 1.53 
NGC4501 137.79 13.78 63.66 6.37 40.61 4.06 20.26 2.03 
NGC4697 1.90 0.19 1.55 0.16 1.23 0.12 0.74 0.07 
NGC4826 276.92 27.69 193.02 19.3 148.73 14.87 74.96 7.5 
NGC5064 27.91 2.79 9.7 0.97 5.27 0.53 2.58 0.26 
NGC5765b 4.70 0.47 – – – – – –
NGC5806 19.20 1.92 7.53 0.75 5.46 0.55 3.09 0.31 
NGC5995 – – – – – – – –
NGC6753 57.58 5.76 19.66 1.97 11.8 1.18 5.65 0.56 
NGC6958 12.76 1.28 3.76 0.38 2.3 0.23 1.03 0.11 
NGC7052 5.06 0.51 2.2 0.22 1.33 0.13 0.55 0.06 
NGC7172 47.03 4.70 6.19 0.62 2.85 0.29 1.14 0.11 
PGC043387 – – – – – – – –

Notes: (1) Galaxy name. (2) 200 pc radius aperture integrated CO intensity. (3) 200 pc aperture CO intensity uncertainty. (4) −(9) Follows the same trend for the 100, 75, 
and 50 pc radius apertures. 

Table A4. Median and KS test p -values for the samples used in this work. 

Median values for samples 

This work Garcia-Burillo + 21 Izumi + 16 Babyk + 19 
log L bol (erg s −1 ) 43.2 43.0 43.3 –
log M BH (M �) 8.04 7.09 7.38 –
log ( λedd ) −2.57 −2.20 −2.17 –
log P jet (erg s −1 ) 42.3 – – 42.3 

KS test 
Samples p -values 

This work-GB + 21 (L bol ) 0.015 
This work-Izumi + 16 (L bol ) 0.001 
This work-GB + 21 (M BH ) 0.0003 

This work-Izumi + 16 (M BH ) 7.27 × 10 −5 

This work-GB + 21 ( λedd ) 0.03 
This work-Izumi + 16 ( λedd ) 0.003 
This work-Babyk + 19 (P jet ) 0.53 
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