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A B S T R A C T 

The relation between nuclear star clusters (NSCs) and the growth of the central supermassive black holes (SMBHs), as well as 
their connection to the properties of the host galaxies, is crucial for understanding the evolution of galaxies. Recent observations 
hav e rev ealed that about 10 per cent of nucleated galaxies host hybrid nuclei, consisting of both NSCs and accreting SMBHs 
that po wer acti ve galactic nuclei (AGNs). Moti v ated by the potential of the recently published multiwavelength data sets from 

LeMMINGs surv e y, here we present the most thorough inv estigation to date of the incidence of hybrid nuclei in a large sample of 
100 nearby nucleated galaxies (10 E, 25 S0, 63 S, and 2 Irr), co v ering a wide range in stellar mass ( M ∗, gal ∼ 10 

8 . 7 − 10 

12 M �). 
We identify the nuclei and derive their properties by performing detailed 1D and 2D multicomponent decompositions of the 
optical and near-infrared HST stellar light distributions of the galaxies using S ́ersic and core-S ́ersic models. Our AGN diagnostics 
are based on homogeneously derived nuclear 1.5 GHz e-MERLIN radio, Chandra X-ray (0.3–10 keV), and optical emission-line 
data. We determine the nucleation fraction ( f nuc ) as the relative incidence of nuclei across the LeMMINGs HST sample and find 

f nuc = 100/149 ( = 67 ± 7 per cent), confirming previous work, with a peak value of 49 / 56 ( = 88 ± 13 per cent) at bulge masses 
M ∗, bulge ∼ 10 

9 . 4 − 10 

10 . 8 M �. We identify 30 nucleated LeMMINGs galaxies that are optically active, radio-detected, and X-ray 

luminous ( L X 

> 10 

39 erg s −1 ). This indicates that our nucleated sample has a lower limit ∼ 30 per cent occupancy of hybrid 

nuclei, which is a function of M ∗, bulge and M ∗, gal . We find that hybrid nuclei have a number density of (1 . 5 ± 0 . 4) × 10 

−5 Mpc −3 , 
are more common at M ∗, gal ∼ 10 

10 . 6 − 10 

11 . 8 M � and occur, at least, three times more frequently than previously reported. 

Key words: galaxies: elliptical and lenticular, cD – galaxies: fundamental parameters – galaxies: nuclei – galaxies: photometry –
galaxies: structure – radio continuum: galaxies. 
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 I N T RO D U C T I O N  

entral massive objects appear to be ubiquitous at the centres of
alaxies, and may be a supermassive black hole (SMBH, with mass
 BH ∼ 10 5 − 10 10 M �), a dense stellar nucleus or a combination of

oth. All nearby galaxies with stellar masses ( M ∗, gal ) abo v e 10 10 M �
re thought to host a SMBH at their centre (Magorrian et al. 1998 ;
ichstone et al. 1998 ; Ferrarese & Ford 2005 ; Kormendy & Ho 2013 ;
raham 2016 ). Conversely, at the lower stellar masses ( M ∗, gal ∼
0 8 − 10 10 M �) evidence for dynamically identified SMBHs is 
carce and nuclear star clusters (NSCs) are routinely observed. NSCs 
re compact, typically having half-light radii of a few parsecs and 
tellar masses in the range M ∗, NSC ∼ 10 5 − 10 8 M � (e.g. B ̈oker et al.
004 ; C ̂ ot ́e et al. 2006 ). Hubble Space Telescope (HST) observations
av e rev ealed that as much as ∼80 per cent of galaxies of low
nd intermediate stellar masses host a dense stellar nucleus at their 
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entres (Phillips et al. 1996 ; B ̈oker et al. 2002 ; Graham & Guzm ́an
003 ; B ̈oker et al. 2004 ; Scarlata et al. 2004 ; C ̂ ot ́e et al. 2006 ;
alcells, Graham & Peletier 2007 ; Georgiev & B ̈oker 2014 ). We
se the term ‘nucleated’ when referring to galaxies that possess 
uclei, which are bright and compact optical sources at or near
he galaxies’ photocenters (C ̂ ot ́e et al. 2006 ; Dullo & Graham
012 ; Dullo, Mart ́ınez-Lombilla & Knapen 2016 ). The fraction of
ucleated galaxies has been reported to increase systematically with 
alaxy stellar mass, reaching a peak at M ∗, gal ∼ 10 9 . 5 M � before
ecreasing at higher galaxy masses (e.g. den Brok et al. 2014 ;
 ́anchez-Janssen et al. 2019 ; Neumayer, Seth & B ̈ok er 2020 ; Ho yer
t al. 2021 ; Zanatta et al. 2021 ; Rom ́an et al. 2023 ). 

SMBH and NSC masses have been shown independently to 
cale with several host galaxy properties, including luminosity, 
tellar mass, and central velocity dispersion (e.g. Carollo et al. 
997 ; Carollo, Stiavelli & Mack 1998 ; Ferrarese et al. 2006b ;
eumayer et al. 2020 , references therein). The coexistence of NSCs

nd SMBHs powering the AGN may therefore suggest that their 
ormation is coupled and they grow concurrently regulated by the 
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ame physical process (Seth et al. 2008 ; Antonini, Barausse & Silk
015 ). Theoretical models predict NSCs promote the formation and
rowth of intermediate-mass BHs (IMBHs) and SMBHs (Gnedin,
striker & Tremaine 2014 ; Antonini et al. 2015 ; Stone, K ̈upper &
striker 2017 ; Kroupa et al. 2020 ; Askar, Davies & Church 2021 ;
aldassare et al. 2022 ) and facilitate accretion on to the central
MBH by funnelling gas towards the innermost regions (Naiman
t al. 2015 ). 

An outstanding question is how commonly accreting SMBHs
owering AGN and dense stellar nuclei coexist at the centre of
alaxies, and whether this occurrence is connected to the mass of
he host galaxy. It has been suggested (e.g. Ferrarese et al. 2006b ;

ehner & Harris 2006 ), in general, massive galaxies only contain
on-stellar nuclei (SMBHs) whereas low mass galaxies contain
ompact stellar nuclei. In fact only ∼ 20 per cent of core-S ́ersic
alaxies, which are massive ( M ∗, gal � 10 11 M �) with depleted stellar
ores, host stellar nuclei (C ̂ ot ́e et al. 2006 ; Dullo & Graham 2012 ;
urner et al. 2012 ; Dullo & Graham 2013 , 2014 ; den Brok et al.
014 ; Dullo, Graham & Knapen 2017 ; Spengler et al. 2017 ; Dullo
019 ). Bekki & Graham ( 2010 ), Antonini et al. ( 2015 ), and Antonini,
ieles & Gualandris ( 2019 ) hypothesized that the low incidence of
SCs in core-S ́ersic galaxies is due to their tidal destruction post
ynamical heating by coalescing binary SMBHs during gas-poor
alaxy mergers. 

Ho we ver, an increasing number of galaxies, including the Milky
ay, are found to host nuclei consisting of both a stellar nucleus and

n AGN or a quiescent SMBH (e.g. Gonz ́alez Delgado et al. 2008 ;
eth et al. 2008 ; Graham & Spitler 2009 ; Gallo et al. 2010 ; Leigh,
 ̈oker & Knigge 2012 ; Neumayer & Walcher 2012 ; Kormendy &
o 2013 ; Georgiev & B ̈oker 2014 ; Antonini et al. 2015 ; Foord

t al. 2017 ; Nguyen et al. 2018 ). The Milky Way itself contains
 SMBH of mass ∼ 4 × 10 6 M � (Ghez et al. 1998 ; Gillessen
t al. 2009 ; Event Horizon Telescope Collaboration 2022 ) and a
SC with a mass ∼ (2 . 1 − 4 . 2) × 10 7 M � (Feldmeier et al. 2014 ;
ch ̈odel et al. 2014 ; Neumayer et al. 2020 ). While the current

echnological limitations hinder dynamical BH mass measurements
t lower masses (Greene & Ho 2004 ; Reines et al. 2011 ), the mass
ange for hosting hybrid (NSC + AGN) nuclei also include low-mass
alaxies (e.g. Nguyen et al. 2018 ; Yang et al. 2023 ). AGNs have
een increasingly disco v ered in these systems, primarily with X-ray
bservations, albeit at a low AGN fraction rate of ∼ 1 − 5 per cent
e.g. Gallo et al. 2010 ; Sartori et al. 2015 ; Mezcua et al. 2018 ;
enny et al. 2018 ; Birchall, Watson & Aird 2020 ; Dullo et al. 2023a ,
 ). A well-kno wn lo w-mass ( M ∗, gal ∼ 3 . 4 × 10 7 M �; Graham &
pitler 2009 ) galaxy which hosts a hybrid nucleus is NGC 4395
Filippenko & Sargent 1989 ; Filippenko & Ho 2003 ; den Brok et al.
015 ; Nandi et al. 2023 ). It is a bulgeless SA(s)m with a type 1
eyfert nucleus. Other low-mass, hybrid nuclei host candidates are
ox 52, a dwarf elliptical galaxy (e.g. Barth et al. 2004 ; Thornton
t al. 2008 ), and the dwarf disc galaxy RGG 118 (Baldassare et al.
017 ). 
Both NSCs and AGN emit radiation across the entire electro-
agnetic spectrum from radio to X-ray. Radio emission in NSCs

s predominately driven by thermal stellar processes (e.g. Smith
t al. 2020 ), whereas active SMBHs are associated with non-thermal
rocesses driven by disc/corona winds or (sub-)relativistic jets
Panessa et al. 2019 ). Distinguishing between a spatially resolved,
pure’ NSC, a ‘pure’ AGN (unresolv ed), and an y combination of the
wo in optical images is challenging. Nev ertheless, the y can all be
ncluded in a sample of ‘nucleated’ galaxies constructed from HST
maging. To differentiate them and determine the distinct origin of
heir nuclear emission, multiband diagnostics are necessary. 
NRAS 532, 4729–4751 (2024) 
Previous studies have reported that the fraction of hybrid nuclei
n (nucleated) galaxies is ∼10 per cent (e.g. Seth et al. 2008 ;
allo et al. 2010 ; Foord et al. 2017 ). The useful work by Seth

t al. ( 2008 ) investigated the presence of AGN in a sample of
76 previously reported galaxies with NSCs using radio, X-ray,
nd optical spectroscopic observations. Of their 75 galaxies with
vailable optical spectral data, seven (10 per cent) host an optical
GN, whereas an additional 11 (15 per cent) exhibit composite, i.e.
GN-(star formation)-like emission. To detect radio emission, they
sed the very large array (VLA) Faint Images of the Radio Sky
t Twenty cm (FIRST; Becker, White & Helfand 1995 ) at 1.4 GHz,
ith a sensitivity limit of 1.0 mJy and resolution of 5 arcsec. While 13
alaxies had radio detections within 30 arcsec of the NSCs, none of
hem were found to host AGN. Using heterogeneous X-ray data from
handra , ROSAT , and XMM–Newton X-ray data, they identified
2 X-ray sources associated with their NSCs, and concluded 4/22
ources were likely AGN. Gallo et al. ( 2010 ) examined the AGN
ctivity in 100 early-type Virgo galaxies (C ̂ ot ́e et al. 2006 ) using
handra observations, finding a hybrid nucleus fraction of 0.3–
 per cent for M ∗, gal < 10 11 M �. Antonini et al. ( 2015 ) used semi-
nalytical models and found that the fraction of galaxies with a
ybrid nucleus increases from ∼5 per cent at M ∗, gal ∼ 10 9 M � to
0 per cent at M ∗, gal ∼ 10 12 M �. Recently, Foord et al. ( 2017 ) used
handra X-ray observations and found that ∼11.2 per cent of their

ample of 98 galaxies with NSCs harbour hybrid nuclei. 
The Le gac y e-MERLIN Multiband Imaging of Nearby Galaxies

urv e y (LeMMINGs; Beswick et al. 2014 ; Baldi et al. 2018 , 2021a ,
 ) aims to investigate the underlying physical mechanisms that
rive nuclear emission in galaxies by combining high resolution
bservations from radio ( e-MERLIN), through optical ( Hubble
pace Telescope, HST ) to X-ray ( Chandra ). In this work, we use the
esults from our 1D and 2D multicomponent HST imaging analysis
o accurately identify the nuclei in LeMMINGs galaxies and derive
heir properties (Dullo et al. 2023b ). For a robust characterization
f the coexistence of NSCs and AGN, our AGN diagnostics rely on
omogeneously obtained 1.5 GHz e-MERLIN radio observations of
uclei with a sub-mJy sensitivity and resolution of ∼0.15 arcsec, as
ell as nuclear Chandra X-ray and optical emission-line data from
eMMINGs (Baldi et al. 2018 , 2021a ; Williams et al. 2022 ). The
ample co v ers a wide range in stellar mass, morphology, and nuclear
ctivity, which are crucial to establish the scaling relations between
he mass and luminosity of the nuclei and their radio and X-ray
uminosities. 

This study constitutes the most comprehensive multiwavelength
nvestigation to date of the connection between NSCs and AGN in
earby galaxies. The paper is organized as follows. Section 2 provides
 description of the radio and optical emission-line data and discusses
he 1D and 2D multicomponent decompositions with HST imaging
hat were used to characterize the nuclei. In Section 3 , we present the
elation between nucleation fraction and several properties, including
he luminosity, stellar mass of the host galaxy and its bulge, and
ubble type. Also discussed in this section is the co-existence of
SCs and AGN in LeMMINGs galaxies. Section 4 presents scaling

elations between the mass/luminosity of nuclei and their radio
nd X-ray luminosities and discusses the implications. Finally, we
ummarize in Section 5 . There are four appendices at the end of this
aper (Appendices A1 –A4 ). Our 2D decompositions and comparison
ith previous fits in the literature are given in Appendices A1 and
2 , respectively. The global and central properties of the sample
alaxies are given in Appendix A3 , while Appendix A4 provides a
omparison between our censored ( ASURV ) and uncensored ( BCES

isector) regression fits for the full sample of nuclei. 
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Table 1. Multiwavelength data. 

Data N 

Parent sample/this work 
(1) (2) 

1.5 GHz e-MERLIN radio data [1r] 280/100 
Optical spectral classification [1r] 280/100 
Chandra X-ray (0.3–10 keV) data [2r] 213/84 
HST 1D data [3r] 173/173 
HST 2D nucleated galaxy data [3r] 42/42 
HST 2D nucleated galaxy data (this work) 58/58 

Note . (1): multiwav elength data used in this work. (2): number of galaxies ( N ) 
in the parent sample and in the subsample used in this work. The sample in this 
study consists of 100 nucleated galaxies. Of this, 42 had 2D decompositions 
of their HST images in Dullo et al. ( 2023b ), while for the remaining 58, 
we performed 2D decompositions of the HST images here. References. 1r 
= Baldi et al. ( 2018 , 2021a , b ); 2r = Williams et al. ( 2022 ); 3r = Dullo et al. 
( 2023b ). 
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1 The term ‘bulge’ is traditionally associated with the spheroidal component 
of disc galaxies but it is used here to refer to the underlying host spheroid in 
case of elliptical galaxies and the bulge for S0, spiral, and irregular galaxies. 
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Throughout this paper, we use H 0 = 70 km s −1 Mpc −1 , �m 

 0.3, and �� 

= 0.7 (e.g. Freedman et al. 2019 ), an average of the
lanck 2018 Cosmology H 0 = 67.4 ± 0.5 km s −1 Mpc −1 (Planck 
ollaboration VI 2020 ) and the LMC H 0 = 74.22 ± 1.82 km s −1 

pc −1 (Riess et al. 2019 ). All magnitudes are in the Vega system,
nless specified otherwise. 

 DATA  

n what follows, we will describe the optical, radio, and X-ray data
hich are used in the paper to study nucleation in LeMMINGs
alaxies. Except for 58 per cent of the 2D decompositions of the
ST images discussed here, all other data used in this work are
ublished elsewhere (Baldi et al. 2018 , 2021a , b ; Williams et al.
022 ; Dullo et al. 2023b ). 

.1 Radio, X-ray data, and optical spectral classification 

he LeMMINGs (Beswick et al. 2014 ; Baldi et al. 2018 , 2021a ,
 ; Williams et al. 2023 ) is a surv e y of 280 nearby galaxies, abo v e
eclination δ > + 20 ◦, see Tables 1 and 2 . The sample is a subset
f the magnitude-limited ( B T ≤ 12 . 5 mag and declinations δ > 0 ◦)
alomar spectroscopic sample of 486 bright, nearby galaxies (Ho, 
ilippenko & Sargent 1995 , 1997a ), which in turn were drawn from

he Revised Shapley-Ames Catalogue of Bright Galaxies (Sandage & 

ammann 1981 ) and the Second Reference Catalogue of Bright 
alaxies (de Vaucouleurs, de Vaucouleurs & Corwin 1976 ). The 
eMMINGs declination cutoff is implemented to ensure optimal 

adio visibility co v erage for the e-MERLIN array. The primary 
oal of the surv e y is to provide the deepest high-resolution radio
ontinuum study of the local Universe at a sub-mJy sensitivity of ∼
.08 mJy beam 

−1 and an angular resolution of ∼ 0.15 arcsec. The 
.5 GHz radio continuum of the 280 galaxies were observed with 
-MERLIN for a total of 810 h (Baldi et al. 2018 , 2021a ). The radio
etection and radio core luminosities for our sample are tabulated in 
able A2 . 
Williams et al. ( 2022 ) analysed Chandra X-ray observations of the

uclei of a sample of 213 LeMMINGs galaxies. Of the 100 nucleated
eMMINGs galaxies targeted in this study, 84 hav e Chandr a X-ray
ata. With an angular resolution of 0.5 arcsec and a flux limit of
.65 × 10 −14 erg s −1 cm 

−2 at 0.3–10 keV, the authors detected X-
ay emission in 150/213 galaxies, coincident within 2 arcsec of the 
ptical nucleus. 
We use the optical spectral classes from Baldi et al. ( 2018 , 2021a ),
ho presented updated spectral classifications using emission-line 

atios taken mainly from Ho, Filippenko & Sargent ( 1997a , see
lso Filippenko & Sargent 1985 ; Ho et al. 1995 , 1997a ; Ho et al.
997b ; Ho et al. 1997c ). Baldi et al. ( 2018 , 2021a ) also used new
mission-line ratio data from recent observations to refine the spectral 
lassification for some sample galaxies. They applied the emission 
ine diagnostic diagrams by K e wley et al. ( 2006 ) and Buttiglione
t al. ( 2010 ). Baldi et al. ( 2018 , 2021a ) categorized the galaxies with
uclear emission lines as Seyfert, LINER, and H II galaxies, whereas
eMMINGs galaxies that lack nuclear emission lines were referred 

o us ‘absorption line galaxies (ALGs)’. 
In this paper, the galaxies referred to as ‘optically active’ (i.e.

GN) are LINERs and Seyferts, while those referred to as ‘radio
GN’ are, following Baldi et al. ( 2018 ), jetted objects with radio
orphologies B (‘one-sided jet’), C (‘triple’), and D (‘doubled- 

obed’) as well as radio detected LINERs and Seyferts lacking 
etected jets with e-MERLIN at 1.5 GHz. 

.2 Sample selection and identification of nuclei with HST 

ne of the aims of this paper is a detailed investigation of the
tructural properties of photometrically distinct nuclei observed in 
he broad-band HST images of nearby galaxies, paying particular 
ttention to NSCs and AGN (see Table 1 ). We define nuclei as distinct
entral light excesses with respect to the inward extrapolation of 
uter S ́ersic or core-S ́ersic models which are fitted to the underlying
ulge 1 profiles or to the outer disc profiles for bulgeless galaxies
e.g. C ̂ ot ́e et al. 2006 ; Dullo & Graham 2012 ; Turner et al. 2012 ;
ullo et al. 2016 ; Dullo et al. 2019 ). NSCs are compact with half-

ight radii ( R e , nuc ) as small as a few parsecs (e.g. B ̈oker et al.
004 ; C ̂ ot ́e et al. 2006 ) and for the most extended ones R e , nuc ∼ 1
rcsec (e.g. Turner et al. 2012 ). The identification of nuclei depends
trongly on the resolution of the imaging used, high-resolution 
ST data being most suitable. At the mean distance of our nearby

ample galaxies ( D ∼ 22 Mpc), the HST (ACS, WFPC2, WFC3,
nd NICMOS) angular resolution of 0.05–0.1 arcsec corresponds to 

5 −10 pc. Identification of a nucleus and robust measurements 
f its luminosity/stellar mass and ef fecti ve radius also requires
etailed photometric decomposition of the host galaxy’s stellar light 
istribution. It is essential to account for the effects of the PSF
o reliably separate the central light excess from the rest of the
alaxy. In Dullo et al. ( 2023b ), we revealed that the bulge mass
an be significantly o v erestimated when galaxy components such as
ars, rings, and spirals are not included in the fits. This implies that
estricting fits to bulge–disc profiles can yield inaccurate structural 
arameters for the nuclei. 
Dullo et al. ( 2023b ) used HST (ACS, WFPC2, WFC3, and

ICMOS) images and extracted surface brightness profiles for 
73 LeMMINGs galaxies (23 E, 42 S0, 102 S, and 6 Irr), see
able 1 . In that study, we performed accurate, 1D multicomponent
ecompositions of the surface brightness profiles co v ering a large
adial extent of R � 80 − 100 arcsec ( � 2 R e , bulge ), fitting up to
ix galaxy components (i.e. bulge, disc, partially depleted core, 
uclei, bar, spiral arm, and stellar halo and ring), simultaneously, 
sing S ́ersic model (S ́ersic 1963 , 1968 ) R 

1 /n and core-S ́ersic model
Graham et al. 2003 ; Trujillo et al. 2004 ; Ferrarese et al. 2006a ; Baldi
MNRAS 532, 4729–4751 (2024) 
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M

Table 2. Optical and radio properties. 

Galaxies Number (per centage) Radio-detected fraction 
(full HST sample/nucleated) (full HST sample/nucleated) 

(1) (2) (3) 

E 23 (13.2 per cent)/10 (10 per cent) 11/23 (47.8 per cent)/3/10 (30.0 per cent) 
S0 42 (24.3 per cent)/25 (25 per cent) 25/42 (59.5 per cent)/15/25 (60.0 per cent) 
S 102 (59.0 per cent)/63 (63 per cent) 47/102 (46.0 per cent)/32/63 (50.8 per cent) 
Irr 6 (3.5 per cent)/2 (2 per cent) 2/6 (33.3 per cent)/0/2 (0.0 per cent) 
Seyfert 10 (5.8 per cent)/9 (9 per cent) 8/10 (80.0 per cent)/7/9 (77.8 per cent) 
ALG 23 (13.3 per cent)/9 (9 per cent) 5/23 (21.7 per cent)/1/9 (11.1 per cent) 
LINER 71 (41 per cent)/48 (48 per cent) 49/71 (69.0 per cent)/30/48 (62.5 per cent) 
H II 69 (39.9 per cent)/34 (34 per cent) 21/69 (30.4 per cent)/12/34 (35.3 per cent) 
Total 173 (100 per cent)/100 (100 per cent) 83/173 (48.0 per cent)/50/100 (50.0 per cent) 

Note. The sample galaxies are first separated based on the galaxy morphological and optical spectral classes (1–2) and 
then further divided based on their radio detection (3), see Section 2.1 . The term ‘full HST sample’ refers to the sample 
of 173 LeMMINGs galaxies with HST data (Dullo et al. 2023b ), see Table 1 . 
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t al. 2010 ; Dullo & Graham 2012 ; Dullo 2019 ). To decompose
 galaxy light profile in 1D, we convolved the individual fitted
omponents with a Gaussian point-spread function (PSF) in 2D. 

We note that the parent LeMMINGs sample of 280 galaxies
onstitute all the Palomar galaxies (Ho et al. 1995 , 1997a ) with
> 20 ◦. As the Palomar sample is statistically complete, it implies

hat the parent LeMMINGs sample is also statistically complete.
s shown by Dullo et al. ( 2023b , see their figs 1 and 3 and the
iscussion in Section 2), the HST sample of 173 LeMMINGs galaxies
s representative of the parent LeMMINGs sample of 280 galaxies,
nd therefore is not expected to be biased in terms of nucleation and
uclear activity (see Tables 1 and 2 ). 
The 1D decompositions presented in Dullo et al. ( 2023b ) identified

ucleation in 124/173 galaxies. In that analysis, we revealed that a
wo-parameter Gaussian function (i.e. a special case of the S ́ersic
odel when n = 0 . 5) describes the light profile of 94/124 nuclei,
hile we fit a three-parameter S ́ersic model with 0 . 4 � n � 2 . 5 and a
edian n ∼ 0 . 7 ± 0 . 6 to describe the light profiles for the remaining

0 nuclei. From this initial sample of 124 nuclei, we have excluded
4 that do not allow reliable determination of the NSC structural
arameters because their central source is either too large or too small,
ee Section 2.4 for further discussion. In what follows, we focus
rimarily on the remaining sample of 100 ( = 124 −24) nucleated
eMMINGs galaxies (10 E, 25 S0, 62 S, and 3 Irr). 
As mentioned abo v e, the identification of the 100 nuclei is based

n detailed 1D and 2D decompositions of the host galaxies’ stellar
ight distributions from the broad-band HST data (Table 1 ). To
lassify the nuclei as either dense star clusters, ‘pure’ AGN, or
 combination of both, we use multiwavelength AGN diagnostics
hat rely on homogeneously derived, nuclear 1.5 GHz e-MERLIN
adio, Chandra X-ray (0.3–10 keV), and optical emission-line data
Section 3 ). 

.3 1D and 2D multicomponent decomposition 

ig. 1 shows the 1D multicomponent decompositions of the major-
xis surface brightness profiles for a dozen nucleated LeMMINGs
 alaxies. The g alaxies were selected to be representativ e e xamples
or the 100 nucleated galaxies in terms of morphology and number
f fitted galaxy structural components. Of these 12 galaxies, images
f NGC 147, NGC 221, NGC 959, and NGC 2500 were obtained
ith HST in the WFPC2 F814W filter, whereas those for NGC 3756,
GC 3982, NGC 4750, NGC 4800, and NGC 6951 were obtained
ith the HST ACS F814W filter. For the remaining three objects,
NRAS 532, 4729–4751 (2024) 
e used HST data from the WFPC2 in the following filters: F547M
NGC 3884), F791W (NGC 4151), and F606W (NGC 4449). 

Dullo et al. ( 2023b ) performed 2D decompositions of the HST
mages for 65/173 galaxies (Table 1 ). These 2D fits had the same type
nd number of galaxy structural components as the corresponding
D fits. The 2D model images were convolved with a Moffat PSF
enerated using the IMFIT task MAKEIMAGE . Our findings suggested
hat detailed 1D and 2D decompositions yield strong agreements,
egardless of the galaxy morphology under consideration. Of the
00 sample nucleated galaxies (Tables 1 and A2 and Section 2.4 ), 42
ad 2D decompositions in Dullo et al. ( 2023b ). Here, we follow their
tting methodology and perform 2D decompositions of the HST

mages for the remaining 58 nucleated galaxies using IMFIT V.1.8
Erwin 2015 ), see T able A2 . W e note that of the 12 representative
alaxies shown in Fig. 1 , eight are among these 58 galaxies newly
tted in 2D, while the remaining four (NGC 959, NGC 3756, NGC
884, and NGC 4449) had their 2D fits published in Dullo et al.
 2023b ). 

Fig. 2 compares the 1D and 2D properties of the nuclei including
he (a) central and ef fecti ve surface brightnesses, i.e. μ0 , nuc and μe , nuc ,
especti vely, (b) ef fecti ve radii, R e , nuc and (c) S ́ersic indices, n nuc .

e note that the μe , nuc and n nuc values are only for the 21/100
alaxies whose nuclei were fitted with a S ́ersic model. As in Dullo
t al. ( 2023b ), we find strong agreement between the 1D and 2D
ts, where the μ0 , nuc / μe , nuc , R e , nuc , and n nuc values from the two
ethods are within the 1 σ error ranges for 89, 87, and 62 per cent

f the cases. For 97, 92, and 76 per cent of the cases, the 1D versus
D measurements of μ0 , nuc / μe , nuc , R e , nuc , and n nuc , respectively, are
ithin 2 σ of perfect agreement. Marginal discrepancies between 1D

nd 2D measurements are expected, as these two methods inherently
iffer from each other. We follow Turner et al. ( 2012 ) and Dullo et al.
 2023b ) and adopt the results from our 1D decompositions in this
ork. In Appendix A2 , we compare our data, fitting methods, and

ample with those from the literature, to e xplain impro v ements and
iscrepancies when they exist. 
Apparent magnitudes of the nuclei are determined by integrating

he best-fitting S ́ersic and Gaussian profiles to R = ∞ . We applied
oreground Galactic extinction corrections to the magnitudes using
he reddening values from Schlafly & Finkbeiner ( 2011 ). For S0,
piral, and irregular galaxies, we additionally correct for internal
ust attenuation using equations from Driver et al. ( 2008 ). We
pplied the same amount of internal dust correction to the nuclei and
heir host bulge. The internal dust corrections, the transformation
f magnitudes from various HST filters into V -band magnitudes are
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Figure 1. 1D multicomponent decompositions of the major-axis surface brightness profiles for a dozen nucleated LeMMINGs galaxies, selected as representative 
examples from the 100 nucleated galaxies in our sample (Table A2 ; Dullo et al. 2023b ). The residual profiles along with the rms residual ( � ) for each fit are 
shown. While the images for NGC 147, NGC 221, NGC 959, and NGC 2500 were observed with HST in the WFPC2 F814W filter, those for NGC 3756, NGC 

3982, NGC 4750, NGC 4800, and NGC 6951 were obtained with the HST ACS F814W filter. For the remaining three the HST images are from the WFPC2 
and obtained in the following filters: NGC 3884 (F547M), NGC 4151 (WF791W), and NGC 4449 (F606W). The magnitudes are given in the Vega magnitude 
system. We fitted the nuclei typically with a two-parameter Gaussian model (dash-dot-dot-dot purple curve), while for some galaxies, the nuclei were described 
using a S ́ersic model (dash-dotted purple curve). The dashed red (S ́ersic) curves represent the bulges, while the dotted blue curve shows the large-scale discs 
which we modelled with an exponential function. Galaxy components such as bars and small-scale discs, rings, spirals, and lenses are described by S ́ersic 
models (i.e. dash-dotted orange and green curves). Large-scale ring and spiral arm (‘Sarm’) components were fitted with three-parameter Gaussian ring models 
(dash-dotted black curv e). F or NGC 2500, the galaxy’s spiral-arm was described using a S ́ersic model (‘SSarm’). The complete fits (solid orange curves) match 
the observed galaxy profiles with a median rms residual � ∼ 0.065 mag arcsec −2 . We fit up to six model components which are summed up to a full model 
with up to 16 free parameters. 
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iscussed in Dullo et al. ( 2023b , their section 3.3). After correcting
he nuclei magnitudes for dust, they were converted to stellar 

asses. 
Table A2 presents the nucleus, bulge, and galaxy structural data for

he 100 nucleated galaxies. We note that the full HST sample co v ers
 v er six orders of magnitude in bulge stellar mass and contains all
ubble types from E to Im (Hubble 1926 ; de Vaucouleurs 1959 ),
ables 1 , 2 , and A2 . Of the 100 nuclei, three are hosted by bulgeless,

ate-type galaxies (NGC 3077, NGC 4656, and NGC 5112). Table A3 
resents the nucleus, bulge, and galaxy structural data for the 24
xcluded LeMMINGs galaxies with nuclei. 

.4 Excluded nuclei 

s previously noted, we use 1D and 2D decompositions and exclude
4 out of 124 nuclei in the sample, see Tables A2 and A3 . B ̈oker
t al. ( 2004 ) reported a median half-light ef fecti ve radius of 3.5 pc for
heir sample of 39 NSCs (see also Seth et al. 2006 ). C ̂ ot ́e et al. ( 2006 )
MNRAS 532, 4729–4751 (2024) 
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Figure 2. 2D versus 1D structural properties of nuclei from our multicomponent decompositions of the HST images for sample galaxies (Section 2.2 , Table A2 ). 
Of the 100 nuclei in the sample, 79 were described using a Gaussian model (blue crosses), whereas the remaining 21 were fitted with a S ́ersic model (green 
boxes). Comparison of 1D and 2D (a) central surface brightnesses of the nuclei ( μ0 , nuc ) or surface brightnesses of the nuclei at the ef fecti ve radii R e ( μe , nuc ), (b) 
major-axis ef fecti ve radii of the nuclei ( R e , nuc ), and (c) S ́ersic indices of the nuclei ( n nuc ). The dash-dotted lines are the one-to-one relations, while the dotted 
lines show the 1 σ uncertainties. 
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eported half-light radii for NSCs which are R e , nuc ∼ 1 − 50 pc (see
lso B ̈oker et al. 2004 ), later work found NSCs with R e , nuc ∼ 1 −
0 pc and stellar masses M ∗, nuc ∼ 10 5 − 10 9 M � (Turner et al. 2012 ;
en Brok et al. 2014 ; Georgiev et al. 2016 ). 

Of the 24 excluded nuclei, 13 nuclei were too large for a NSC
 + AGN), with extended half-light radii of R e , nuc � 80 pc. In contrast,
/24 nuclei have sizes R e , nuc < 1 pc, whereas the remaining 2/24
uclei have low stellar masses of M ∗, nuc < 10 5 M �. The hosts of the
wo low-mass nuclei (IC 2574 and NGC 5204) are optically inactive,
ith no detectable nuclear radio emission at 1.5 GHz by e-MERLIN

see Table A3 ). This suggests that these nuclei are not AGN, instead
hey may be globular clusters (e.g. C ̂ ot ́e et al. 2006 ). Among the
/24 nuclei where the structural analysis gives R e , nuc < 1 pc, one
alaxy, NGC 3031, hosts a resolved nucleus ( R e , nuc ∼ 0.14 arcsec

0 . 43 pc). The remaining eight were unresolved in the HST images
 R e , nuc << 0.05 arcsec). For these eight galaxies we report upper-
imit values of R e , nuc = 0 . 05 arcsec (Table A3 ) given the resolution
imit in the HST images. 

We consider the possibility that the nine nuclei with R e , nuc <

 pc are ‘pure’ AGN. Only three of them are hosted by optically
ctive galaxies (NGC 3031, i.e. M81, NGC 3642, and NGC 5273).
or NGC 3642 ( M ∗, nuc ∼ 1 . 3 × 10 7 M �) and NGC 5273 ( M ∗, nuc ∼
 . 6 × 10 7 M �), the nuclei, having ef fecti ve radii of R e , nuc ∼ 0.002
rcsec ∼ 0 . 15 pc, are unresolved and deep within the HST PSF. As
uch, their structural properties are less secure, making it difficult to
etermine whether they are AGN and/or (bright) undersized NSCs.
n the other hand, NGC 3031, which is detected both in the radio

Baldi et al. 2018 , 2021a ; L R , core , 1 . 5GHz ∼ 3 . 2 × 10 35 erg s −1 ) and X-
ay (Williams et al. 2022 ; L X ∼ 1 . 6 × 10 39 erg s −1 ), hosts a compact
ucleus with R e , nuc ∼ 0.14 arcsec ∼ 0 . 43 pc and M ∗, nuc ∼ 1 . 1 ×
0 6 M �. Our results from the multiband analyses seem to indicate
he presence of a genuine compact AGN in NGC 3031. We defer
he analysis of the two low-mass nuclei and the nine nuclei with
 e , nuc < 1 pc to a future work and exclude them from our current

ample. 
Lastly, we explore the possibility that some nuclei in our final

ample may be due to inner stellar discs. These inner discs tend to be
ore massive and extended compared to NSCs/AGN (e.g. Balcells

t al. 2007 ; Dullo & Graham 2012 ). Fig. 3 compares the distribution
f our major-axis ef fecti ve radii for the nuclei with the distributions of
ircular ef fecti ve radii of nuclei from the literature (C ̂ ot ́e et al. 2006 ;
eorgiev et al. 2016 ). While nine nuclei in the final sample have
NRAS 532, 4729–4751 (2024) 
asses M ∗, nuc ∼ 10 9 − 10 10 M �, we classify them as NSCs/AGN
ather than extended inner discs because their ef fecti ve radii are
 e , nuc ∼ 10 − 70 pc, with a mean value of ∼ 38.5 pc, and they have

ow ellipticities ranging from 0.09 to 0.3, with a mean value of ∼ 0.19
see Fig. 3 , Table A2 ). Furthermore, Georgiev et al. ( 2016 ) reported
uclei stellar masses of M ∗, nuc ∼ 10 5 − 10 9 M �. The median stellar
ass for their 228 host galaxies with nuclei is M ∗, gal ∼ 4 × 10 9 M �,

pproximately an order of magnitude smaller than the median stellar
ass for our sample galaxies ( M ∗, gal ∼ 5 . 3 × 10 10 M �). Given

hat the stellar masses of the nuclei scale with the host galaxy
tellar masses (e.g. Georgiev et al. 2016 ; Pechetti et al. 2020 ;
oyer et al. 2023 ; Dullo, in preparation), the nine nuclei in our

ample with M ∗, nuc ∼ 10 9 − 10 10 M � are expected (see Turner et al.
012 ). Finally, we note that the 100 nuclei in this study (Table A2 )
hould not be confused with the extra central light components that
ere identified in S ́ersic elliptical galaxies using hydrodynamical
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Figure 4. Distributions of M V , bulge , M V , gal , M ∗, bulge , M ∗, gal , and morphology for nucleated (blue histograms) and non-nucleated galaxies (orange histograms) 
in our sample of 149 galaxies with HST data. Our analysis excludes 24 galaxies with central light e xcesses, as e xplained in the text. Note that, including these 
24 galaxies in the analysis does not significantly alter the observed trends. 

Table 3. Galaxy property intervals. 

Range Galaxies Range Galaxies Range Galaxies 
per bin per bin per bin 

(1) (2) (1) (2) (1) (2) 

−M V , bulge log M ∗, bulge Hubble type 
7.0–14.5 18 < 9.0 40 –5.0–(–4.0) 23 
14.5–16.0 13 9.0–10.0 25 –3.6–0.5 34 
16.0–18.0 21 10.0–10.5 24 0.6–4.0 43 
18.0–19.0 13 10.5–11.0 27 4.0–7.0 39 
19.0–20.0 28 11.0–11.5 22 7.0–9.0 10 
20.0–21.0 27 11.5–12.5 11 – –
21.0–24.0 29 – – – –

−M V , gal log M ∗, gal 

15.7–17.0 11 8.0–9.0 14 – –
17.0–19.0 20 9.0–10.0 29 – –
19.0–20.0 17 10.0–10.5 17 – –
20.0–21.0 42 10.5–11.0 31 – –
21.0–22.0 36 11.0–11.5 38 – –
22.0–24.0 23 11.5–12.5 20 – –

Note. In order to calculate the nucleation fraction ( f nuc ), we split the sample 
into five to seven M V , bulge , M V , gal , M ∗, bulge , M ∗, gal , and Hubble type bins. 
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imulations (Hopkins et al. 2009 , their fig. 45), see also Kormendy &
o ( 2013 ). These latter components typically have an extended 
rofile with an ef fecti ve radius of 100–500 pc. 

 RESULTS  

.1 Nucleation fraction as a function of luminosity, stellar 
ass, and Hubble type 

o investigate the relation between nucleation and host galaxy 
roperties, in Fig. 4 we show the distributions of bulge absolute 
agnitude ( M V , bulge ), galaxy absolute magnitude ( M V , gal ), bulge 

tellar mass ( M ∗, bulge ), galaxy stellar mass ( M ∗, gal ), and Hubble type
or the 100 nucleated (blue histograms) and 49( = 173 −24 − 100)
on-nucleated (orange histograms) LeMMINGs galaxies. We define 
he nucleation fraction f nuc as the ratio between the number of
ucleated galaxies and the total number of galaxies in the bin under
onsideration (Table 3 ). When calculating f nuc , we did not take into
ccount the 24 excluded LeMMINGs galaxies (Section 2.4 ). We 
alculate f nuc for each bin of the absolute magnitude, stellar mass,
nd Hubble type distributions (see Table 3 ). In Fig. 5 , we plot f nuc 
gainst the mean M V , bulge , M V , gal , M ∗, bulge , M ∗, gal , and Hubble type
alues for each bin (Table 3 ). We find that f nuc is a strong function
f M V , bulge , M V , gal , M ∗, bulge , and M ∗, gal (Figs 5 a–d). 
The nucleation fraction peaks at intermediate stellar mass and 

uminosity ranges, declining at faint and bright end of the luminosity
unction. Over the full absolute magnitude/mass range (Fig. 4 ), the
ucleation fraction is f nuc = 100/149 ( = 67 ± 7 per cent). Note that
he errors quoted in this section are Poisson errors. If we treat the 24
xcluded galaxies (Section 2.4 ) as non-nucleated then f nuc = 100/173
 = 58 ± 6 per cent) for the full LeMMINGs HST sample. The
ucleation fraction has a peak value of 49 / 56 ( = 88 ± 13 per cent),
hich occurs at bulge masses M ∗, bulge ∼ 10 9 . 4 − 10 10 . 8 M � (Fig. 5 ).
e find that the trends of the nucleation fraction with the stellar
ass and absolute magnitude of the host galaxy are reminiscent of

he trends with those of the bulge. 
The nucleation fraction across the LeMMINGs sample agrees 

ery well with those reported in previous studies (typically f nuc ∼
0 − 80 per cent), which are summarized in Table A1 (Carollo et al.
997 ; Carollo et al. 1998 ; Ravindranath et al. 2001 ; Stiavelli et al.
001 ; B ̈oker et al. 2002 ; Carollo et al. 2002 ; Balcells et al. 2003 ;
raham & Guzm ́an 2003 ; Lotz, Miller & Ferguson 2004 ; Grant

t al. 2005 ; Lauer et al. 2005 ; C ̂ ot ́e et al. 2006 ; Balcells et al. 2007 ;
urner et al. 2012 ; den Brok et al. 2014 ; S ́anchez-Janssen et al.
019 ; Seth, Neumayer & B ̈oker 2020 ; Hoyer et al. 2021 ; Zanatta
t al. 2021 ; Su et al. 2022 ). Ho we ver, from visual inspections of
round-based images of dwarf galaxies located in low-to-moderate 
ensity environments, Poulain et al. ( 2021 ) reported a relatively low
ucleation frequency of f nuc ∼ 23 per cent. In comparison, Stiavelli 
t al. ( 2001 ) reported f nuc ∼ 56 per cent for dwarf ellipticals (dEs) in
he Virgo and Fornax Clusters and Leo group. Similarly, Graham &
uzm ́an ( 2003 ) and den Brok et al. ( 2014 ) reported f nuc ∼ 87 and
0 per cent for dwarf galaxies in the Coma Cluster, respectively,
hereas Grant et al. ( 2005 ) found f nuc ∼ 61 per cent for dEs in the
irgo cluster. 
We find that nuclei are less common in core-S ́ersic galaxies,

hich instead exhibit a partially depleted core (Dullo & Graham 

014 ; Dullo et al. 2017 ; Dullo et al. 2018 ; Dullo 2019 ). This is in
greement with Bekki & Graham ( 2010 ) and Antonini et al. ( 2015 )
ho suggested that coalescing SMBH binaries with individual mass 
f M BH � 10 8 M � can heat and lower central stellar density, thus
ully destroying the central NSC in core-S ́ersic galaxies during 
as-poor mergers. We have identified two nucleated core-S ́ersic 
alaxies (NGC 3193 and NGC 4278) out of the 20 core-S ́ersic
MNRAS 532, 4729–4751 (2024) 
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Figure 5. Nucleation fraction ( f nuc ) as a function of (a) bulge V -band absolute magnitude M V , bulge , (b) total V -band absolute galaxy magnitude M V , gal , (c) 
bulge stellar mass M ∗, bulge , (d) galaxy stellar mass M ∗, gal , and (e) morphology. A representative error bar is shown at the bottom left of each panel. 

Table 4. Types of nuclei. 

Nuclei Note Sample Radio X-ray 
jetted data/detected 

(1) (2) (3) (4) (5) 

NSC inactive (optical) 43 0 34/21 
radio-detected (30 per cent) – – –

Hybrid AGN (optical) 57 13 50/47 
radio-detected (65 per cent) – – –

Note . We hav e classified the 100 nuclei in the sample into NSCs (43 per cent) 
and hybrid nuclei (57 per cent). 
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alaxies in LeMMINGs, i.e. f nuc = 10 ± 7 per cent. Combining our
eMMINGs data with the core-S ́ersic data from our past work

Dullo & Graham 2014 ; Dullo 2019 ; Dullo et al. 2023b ) yields
 slightly higher nucleation fraction of 10 / 51(20 ± 6 per cent, see
lso C ̂ ot ́e et al. ( 2006 ), Dullo & Graham ( 2012 ), Turner et al.
 2012 ), den Brok et al. ( 2014 ), Spengler et al. ( 2017 ), and Dullo
 2019 ). Conversely, nuclei are commonplace in S ́ersic galaxies
 f nuc = 98 / 129 = 76 ± 8 per cent). 

When separated by the Hubble type, we find that the nucleation
ractions for elliptical (Hubble T < −4), S0 ( −4 ≤ T < 1), and S
1 ≤ T < 9) galaxies are 10 / 23 ( = 44 ± 14 per cent), 25 / 34 ( =
4 ± 15 per cent), and 63 / 87 ( = 72 ± 9 per cent), respectively.
ucleation was detected in 2 / 5 ( = 40 ± 28 per cent) of Irr galaxies,
ut this figure is not conclusive due to the small number statistics
e.g. Neumayer et al. 2020 ; Seth et al. 2020 ; Hoyer et al. 2021 ). 

.2 Characterization of nuclei 

he sample under investigation consists of 100 nucleated galaxies.
sing optical emission-line data, the nuclear activities of the galaxies
ere classified as either ‘inactive’, ALG + H II for 43 galaxies or

activ e’, Se yfert + LINER, for 57 galaxies (Baldi et al. 2018 , 2021a ),
ee also Section 2.1 and Tables 2 and 4 . We checked for the presence
f radio jets in the sample ALGs and H II galaxies from weakly active
MBHs. None of the ALGs and H II galaxies host radio jets that can
e detected with e-MERLIN at 1.5 GHz. 

.2.1 NSCs 

e classify the nuclei detected in the 43 inactive (i.e. 9 ALG + 34
 II ) galaxies as ‘pure’ NSCs, where the bulk of the central light

xcess in the optical or near-IR brightness profiles of the galaxies is of
tellar origin (Tables 2 and 4 ). Our e-MERLIN observations detected
NRAS 532, 4729–4751 (2024) 

i  
uclear radio emission in thirteen of these 43 NSCs (30 per cent).
e consider the possibility that the nuclei in the nine ALGs could be

owered by non-stellar emission of low-level AGN. The nine ALGs
ll have M ∗, bulge < 10 11 M � and include three dwarf satellites of
31, the Andromeda Galaxy (NGC 147, NGC 205, and NGC 221,

.g. Ibata et al. 2013 ). All, except for one of them (NGC 2634),
ack radio detection with e-MERLIN at 1.5 GHz. Consequently,
e cannot conclude that the nuclei in the 9 ALGs are mainly
ue to AGN. Note that high-sensitivity (sub-mJy) radio continuum
bservations with e-MERLIN enable detection of low-luminosity
GN at scales of a few tens of parsecs. Of the 43 ‘pure’ NSC hosts

n the sample, 34 hav e Chandr a X-ray data from LeMMINGs and
e find 21/34 ( ∼ 62 per cent) are X-ray detected. The majority of

hese X-ray detected nuclei (13/21) have luminosities L X � 10 39 erg
 

−1 , possibly indicating that the X-ray emission originate mainly
rom ULXs/XRBs (Williams et al. 2022 ). The eight remaining
uclei (i.e. 2 ALG + 6 H II ) have L X > 10 39 erg s −1 . While only
0 per cent of these bright nuclear X-ray sources have been radio
etected with e-MERLIN, generating their core X-ray emission
ay require non-thermal sources such as a weak AGN as well as

ontributions from ULXs and XRBs. None the less, we classify
ll the 43 nuclei as ‘pure’ NSCs, in line with their optical spectral
lassifications. 

.2.2 Hybrid nuclei 

e classify the nuclei identified in the 57 optically active, nucleated
alaxies as ‘hybrid = NSC + AGN’ (Table 4 ). Of these 57 hybrid
uclei, 50 hav e Chandr a X-ray data available from LeMMINGs
Williams et al. 2022 ), see Table 4 . A vast majority of these sources
47/50) are X-ray detected, with 81 per cent of the X-ray detected,
ucleated sources having X-ray luminosities L X � 10 39 erg s −1 . We
lso find a high radio-detection fraction for these active nucleated
osts, 37/57 (65 per cent). There are only three active galaxies with
uclei in the sample lacking detectable, nuclear radio, and X-ray
mission (NGC 3486, NGC 4150, and NGC 4274, see Baldi et al.
021a , b ; Williams et al. 2022 ). 
We extend our efforts to investigate hybrid nuclei within our

ample that may have most of their optical/near-IR flux originating
rom the AGN, thus exhibiting behaviour closely resembling that
f ‘pure’ AGN. Our moti v ation partly arises from the observation
f massive (core-S ́ersic) galaxies ( M ∗, bulge � 10 11 M �), hosting
assive SMBHs ( M BH � 10 8 M �). These galaxies are less likely

o contain NSCs, which are believed to be tidally disrupted by the
nspiralling massive SMBH binary that form during galaxy mergers
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Figure 6. The trend between the fraction of hybrid (NSC + AGN) nuclei and 
the bulge and galaxy stellar mass (solid curves). The trends of optical and 
radio AGN fractions with M ∗, bulge and M ∗, gal (dash-dotted and dotted curves, 
respectively) are taken from Dullo et al. ( 2023a ) and shown here for com- 
parison. The identification of radio and optical AGN is based on the nuclear 
radio continuum emission and optical emission-line data (Section 2.1 ). The 
trend of all types of nuclei with M ∗, bulge and M ∗, gal (see Fig. 5 ) is also shown 
for comparison. We note that the fraction f for all types of nuclei is derived 
as the ratio between the number of nucleated galaxies and the total number of 
galaxies under consideration (Section 3.1 ). The fraction of galaxies hosting 
hybrid nuclei increases with M ∗, bulge and M ∗, gal , peaking at intermediate 
masses ( M ∗, bulge /M ∗, gal ∼ 10 10 . 0 − 10 11 . 4 M �/10 10 . 6 − 10 11 . 8 M �) before 
decreasing at higher stellar masses. Representative error bars are shown at 
the bottom of the panels. 
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Antonini et al. 2015 ; Antonini et al. 2019 ). Additionally, all our
ucleated galaxies with M ∗, bulge � 10 11 M � are active. 
Therefore, we focus on radio-detected core-S ́ersic galaxies host- 

ng hybrid nuclei, suggesting that a significant fraction of the 
ptical/near-IR flux in these nuclei is likely generated by the AGN. 
t should be noted that the low-luminosity AGN in massive nearby 
alaxies do not al w ays manifest themselves as detectable nuclei in
he broad-band HST data (Lauer et al. 2005 ; Dullo & Graham 2012 ;
ullo 2019 ). There are a total of 11 optically active core-S ́ersic
alaxies in LeMMINGs sample (Dullo et al. 2023a ). Out of these,
/11 are radio detected (Baldi et al. 2018 , 2021a ) and 10/11 are X-
ay detected (Williams et al. 2022 ). Ho we ver, only 2 (18 per cent) of
hese active core-S ́ersic galaxies (NGC 3193 and NGC 4278) exhibit 
uclei in our analysis of the galaxies’ broad-band HST imaging data 
see Table A2 ). Furthermore, the sizes of NGC 3193 and NGC 4278
uclei, with R e , nuc ∼ 63 and 5 pc, respectively, do not guarantee 
hat they are compact point sources (AGN) with sizes smaller than 
ny plausible NSCs. We therefore argue that all the optical/near-IR 

ux for our core-S ́ersic nuclei, seen in the broad-band HST images,
annot be explained solely by the low-luminosity AGN. In some 
ases, AGN alone can account for the nuclei observed in certain 
ore-S ́ersic galaxies, such as M87 (e.g. Ravindranath et al. 2001 ;
errarese et al. 2006b ; Prieto et al. 2016 ; Dullo 2019 ). 

.2.3 Hybrid nuclei demography 

ig. 6 shows the incidence of hybrid (NSC + AGN) nuclei, optical
nd radio AGN, and all nuclei as a function of bulge stellar mass
 M ∗, bulge ) and galaxy stellar mass ( M ∗, gal ). We define the hybrid nuclei
raction as the ratio between the number of galaxies hosting a hybrid
ucleus and the total number of galaxies under consideration (i.e. 
49 galaxies; see Section 3.1 ). While nuclei are defined as distinct
entral light excesses with respect to the inward extrapolation of 
uter S ́ersic or core-S ́ersic profiles (Section 2.2 ), we note that the
dentification of radio and optical AGN relies on the nuclear radio
ontinuum emission and optical emission-line data (Section 2.1 ). 

The fraction of galaxies hosting hybrid nuclei increases with 
ncreasing M ∗, bulge and M ∗, gal , peaking at intermediate masses 
 M ∗, bulge /M ∗, gal ∼ 10 10 . 0 − 10 11 . 4 M �/10 10 . 6 − 10 11 . 8 M �) before
eclining at higher stellar masses. We find that low mass galaxies
ith M ∗, gal � 10 10 . 6 M � show comparable frequencies of hybrid 
uclei and optical AGN. Ho we v er, abo v e this mass (i.e. M ∗, gal �
0 10 . 6 M �) galaxies are more likely to sho w e vidence of AGN
ctivity rather than hosting hybrid nuclei. 

As noted in the introduction, Seth et al. ( 2008 ) used radio, X-ray,
nd optical spectroscopic observations and from the optical spectra, 
hey reported that 10 per cent of their sample galaxies with NSCs
ost both AGN and nuclear star clusters. Using Chandra X-ray 
bservations for a sample of 98 (47 late-types and 51 early-types)
alaxies with NSCs, Foord et al. ( 2017 ) reported that ∼11.2 per cent
arbour hybrid nuclei (see also Gallo et al. 2010 ). All the nuclei in our
ample of nucleated galaxies with an optical AGN are classified as
ybrid nuclei. Ho we ver, we determine the lo wer limit for the fraction
f hybrid nuclei in the nucleated sample by adopting a criterion that
equires the use of a multiband signature, which combines radio, 
-ray, and optical spectra data. Our criterion is more stringent than

hose used by Seth et al. ( 2008 ) and Foord et al. ( 2017 ). We identify 30
ucleated LeMMINGs hosts that are optically active, radio detected, 
nd X-ray luminous ( L X > 10 39 erg s −1 ). Relying solely on optical
nd X-ray AGN diagnostics, we find that 39 nucleated LeMMINGs 
alaxies are optically active and X-ray luminous ( L X > 10 39 erg
 

−1 ). We do not suggest that the sources with L X < 10 39 erg s −1 are
nactive. Instead, a high X-ray core luminosity ( L X > 10 39 erg s −1 )
ikely indicate the presence of a low-luminosity A GN (W illiams et al.
022 ). 
To summarize, our observations suggest that at least 30 per cent

f the nucleated LeMMINGs galaxies harbour a hybrid nucleus 
ontaining both an NSC and AGN and they exhibit a wide range in
orphology (ellipticals to late-type spirals, Sc) and in stellar mass, 
 ∗, bulge ( M ∗, gal ) ∼ 10 8 − 10 11 . 8 (10 9 − 10 12 M �). While the hosts of

9 of the 30 hybrid nuclei mentioned abo v e are within 78 Mpc,
he host galaxy of the remaining hybrid nucleus is at 107 Mpc.
xcluding this furthest galaxy, we measure a number density of 

1 . 5 ± 0 . 4) × 10 −5 Mpc −3 for the sample of 29 galaxies. 
The hybrid nucleus fraction we measured is at least a factor of

hree higher than that previously reported (e.g. Seth et al. 2008 ;
oord et al. 2017 ). As mentioned in the introduction, these previous
orks relied on a literature compilation of nuclei identified in 
ST imaging data. In contrast, we performed detailed 1D and 
D decompositions of the host galaxy HST data to identify the
uclei. Also, our AGN diagnostics capitalize on homogeneously 
erived, high-quality e-MERLIN radio, Chandra X-ray, and optical 
mission line data. Furthermore, with regards to the co-existence 
f NSCs and SMBHs, both active and inactive, our sample of
00 nucleated galaxies includes 40 galaxies with measured SMBH 

asses. These 40 SMBH masses are determined using gas dynamics, 
tellar dynamics, me gamasers, or rev erberation mapping (Dullo et al.
023b ). 

.2.4 Do NSCs enhance AGN activity? 

aving established the AGN fraction in NSCs (i.e. in our nucleated
alaxies), we examine here whether it is different in non-nucleated 
alaxies. Naiman et al. ( 2015 ) reported that the presence of NSCs
MNRAS 532, 4729–4751 (2024) 
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Figure 7. Radio scaling relations for our sample of 100 nucleated galaxies. Left panels: the 1.5 GHz radio core luminosity from e-MERLIN ( L R , core ), Table A2 , 
is plotted as a function of (a) the nucleus’ stellar mass ( M ∗, nuc ) and (b) V -band absolute magnitude ( M V , nuc ), colour-coded by nucleus types. Right panels: 
the radio scaling relations by separating the galaxies based on their spectral classes. To allow better comparison with earlier studies on AGN, we converted 
the nuclei absolute magnitudes into V -band nuclei luminosities ( L V , nuc ) in units of solar luminosity (L V , �) such that L V , nuc = (L V , �)10 (0 . 4) (M 

V , �−M V , nuc ) , 
where M V , � = 4 . 81 (Willmer 2018 ) and L V , � = 4 . 4 × 10 32 erg s −1 (O’Shaughnessy et al. 2012 ). The nuclei that are not radio-detected with e-MERLIN at 
1.5 GHz, and thus have 3 σ upper limit L R , core v alues, are sho wn by downward arrows. The dashed, solid, and dash-dotted lines are BCES bisector regressions 
for the active g alaxies (i.e. h ybrid nuclei, red circles), inactive galaxies (i.e. NSCs, blue circles), and all nuclei, respectively. A typical error bar associated with 
the data points is shown at the bottom of each panel. 
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an facilitate the fuelling of the embedded SMBHs, by funnelling
as towards the innermost regions, during galaxy mergers. Ho we ver,
onz ́alez Delgado et al. ( 2008 ) did not find a trend between
ucleation and optical emission-line types. Foord et al. ( 2017 ) also
rgued that NSCs do not enhance accretion-powered emission from
he central SMBH. Here, we use the optical, X-ray, and radio data
rom LeMMINGs and re-investigate the issue. When not controlling
or bulge/galaxy mass and comparing our nucleated and the full
ST sample (Dullo et al. 2023b ), we find a slight increase in the
eyfert and LINER fractions and a slight decrease in ALG and H II

ractions for our sample containing only nucleated galaxies. The
ptical emission-line class breakdown for the 100 nucleated galaxies
s Seyferts (9 ± 3 per cent), ALGs (9 ± 3 per cent), LINERs (48

7 per cent), and H II galaxies (34 ± 6 per cent). In comparison,
he full LeMMINGs galaxies 2 with HST data (see Sections 2.4 and
.1 ) consists of Seyferts (6 ± 2 per cent), ALGs (12 ± 3 per cent),
INERs (42 ± 5 per cent), and H II galaxies (40 ± 5 per cent). 
Our nucleated sample also has a slightly higher radiodetection rate

han the full HST sample, but the two samples are indistinguishable
n terms of X-ray-detection rate. The radiodetection fraction for the
00 nucleated LeMMINGs galaxies is 50 ± 7 per cent, compared
o 45 ± 5 per cent for LeMMINGs galaxies with HST data. We find
-ray detection fractions of 81 ± 10 and 78 ± 7 for the 84 nucleated
eMMINGs galaxies with X-ray data available and the LeMMINGs
ST sample, respectively . Intriguingly , while ALG and LINER hosts

onstitute 87 per cent of the massive ( M ∗, bulge � 10 11 M �) objects
n our sample of 149 galaxies, none (0/7) of the massive ALGs
ontains an NSC, whereas 14/24 (58 per cent) of massive LINERs
re nucleated. 

In general, our findings lend further support to the suggestion
y Naiman et al. ( 2015 ) that NSCs may enhance accretion on to
he central SMBH, by channelling gas towards the innermost regions
NRAS 532, 4729–4751 (2024) 

 For comparison the parent LeMMINGs sample of 280 galaxies contains 
.4 per cent Seyferts, 10.0 per cent ALGs, 33.6 per cent LINERs, and 
0.0 per cent H II . 

F  

a  

o  

c  
see also Chang et al. 2007 ). Ho we ver, the trends of AGN activity and
adio detection for the nucleated and full HST samples are associated
ith large uncertainties assuming Poissonian errors. 

 R A D I O  A N D  X - R AY  SCALI NG  R E L AT I O N S  

O R  N U C L E I  

n Dullo et al. ( 2023a ), we showed that active and inactive
uclei hosts follow considerably different radio core luminosity
 L R , core )–M ∗, bulge , L R , core − M V , bulge , and L R , core –σ correlations, with
urno v ers at M ∗, bulge ∼ 10 9 . 8 ±0 . 3 M �, M V , bulge ∼ −18 . 5 ± 0 . 3 mag,
nd σ ∼ 85 ± 5 km s −1 . The turno v ers signify a shift from AGN-
ominated nuclear radio emission in more massive bulges to stellar-
riven emission in low-mass bulges. Similarly, Saikia, K ̈ording &
alcke ( 2015 ) and Baldi et al. ( 2021b ) reported broken relations
etween L R , core and the optical [O III ] λ5007 Å luminosity ( L [ O i i i ] )
nd M BH for local galaxies. They found that below a threshold mass
f M BH ∼ 10 6 . 5 M � the nuclear radio emission is predominantly
ssociated with stellar processes, whereas AGN-driven sources are
ound to be dominant at higher masses. On the other hand, Williams
t al. ( 2022 ) found that optically active and inactive LeMMINGs
alaxies together form single L X − M BH and L X − L [ O i i i ] relations
cross the entire galaxy mass and luminosity ranges. Building on
hese earlier works, we investigate whether the mass or luminosity
f the nucleus, derived from broad-band optical and near-IR HST
mages, correlates with the radio and X-ray core luminosities. We
lso examine how these relations vary depending on the nuclear
ctivity of their hosts. 

.1 L R , core − M ∗, nuc and L R , core − M V , nuc 

ig. 7 shows relations between L R , core and nucleus mass ( M ∗, nuc )
nd absolute V -band nucleus magnitude ( M V , nuc ) for our sample
f 100 nucleated LeMMINGs galaxies. The data points are colour-
oded based on the three classes of nucleus introduced in Section 3.2
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Table 5. Scaling relations between radio and X-ray core luminosities and the mass and luminosity of nuclei. 

Relation BCES bisector fit r s /P - value r p /P - value δhoriz Sample 
(dex) 

Hybrid nuclei (NSC + AGN; acti v e galaxies) 

L R , core − M ∗, nuc log 
(

L R , core 
erg s −1 

)
= (1 . 30 ± 0 . 23) log 

(
M ∗, nuc 

6.3 ×10 7 M �

)
+ (35 . 40 ± 0 . 17) 0.46/3 . 86 × 10 −4 0.49/1 . 42 × 10 −4 0.92 57 

L R , core − M V , nuc log 
(

L R , core 
erg s −1 

)
= ( −0 . 59 ± 0 . 12) 

(
M V , nuc + 13 . 9 

) + (35 . 73 ± 0 . 17) −0 . 46 / 4 . 11 × 10 −4 −0 . 50 / 7 . 75 × 10 −5 – 57 

L X − M ∗, nuc log 
(

L X 
erg s −1 

)
= (1 . 44 ± 0 . 18) log 

(
M ∗, nuc 

1.6 ×10 8 M �

)
+ (39 . 98 ± 0 . 16) 0.52/1 . 25 × 10 −4 0.59/6 . 70 × 10 −6 0.80 50 

L X − M V , nuc log 
(

L X 
erg s −1 

)
= ( −0 . 68 ± 0 . 09) 

(
M V , nuc + 14 . 0 

) + (39 . 90 ± 0 . 22) −0.40/3 . 66 × 10 −3 −0.51/1 . 40 × 10 −4 – 50 

NSCs (inacti v e galaxies) 

L R , core − M ∗, nuc log 
(

L R , core 
erg s −1 

)
= (1 . 02 ± 0 . 16) log 

(
M ∗, nuc 

1.6 ×10 7 M �

)
+ (34 . 96 ± 0 . 22) 0.60/2 . 09 × 10 −5 0.56/9 . 63 × 10 −5 0.94 43 

L R , core − M V , nuc log 
(

L R , core 
erg s −1 

)
= ( −0 . 37 ± 0 . 09) 

(
M V , nuc + 13 . 1 

) + (35 . 23 ± 0 . 16) −0.55/1 . 26 × 10 −4 −0.58/4 . 53 × 10 −5 – 43 

L X − M ∗, nuc log 
(

L X 
erg s −1 

)
= (1 . 28 ± 0 . 24) log 

(
M ∗, nuc 

1.6 ×10 7 M �

)
+ (38 . 61 ± 0 . 19) 0.53/1 . 36 × 10 −3 0.48/3 . 80 × 10 −3 0.84 34 

L X − M V , nuc log 
(

L X 
erg s −1 

)
= ( −0 . 63 ± 0 . 12) 

(
M V , nuc + 12 . 0 

) + (38 . 37 ± 0 . 22) −0.60/2 . 06 × 10 −4 −0 . 47 / 4 . 35 × 10 −3 – 34 

Note. 1.5 GHz radio core luminosity from e-MERLIN ( L R , core ) and (0.3–10 keV) Chandra X-ray core luminosity ( L X ) as a function of nucleus stellar mass 
( M ∗, nuc ) and nucleus absolute magnitude ( M V , nuc ). We present our BCES bisector regression fits to the galaxy data, the Spearman and Pearson correlation 
coefficients ( r s and r p , respectively) and the corresponding serendipitous correlation probabilities. The horizontal rms scatter in the log M ∗, nuc direction is 
denoted with δhoriz . 
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Figs 7 (a) and (b)]. We also divided the sample based on optical
mission-line classifications (Baldi et al. 2018 , 2021a ) and trans-
ormed the nuclei absolute magnitudes into V -band nuclei luminosi- 
ies ( L V , nuc ) in units of solar luminosity (L V , �) for better comparison
ith earlier studies on AGN (e.g. Baldi et al. 2010 ), Figs 7 (c) and 7 (d).

n doing so, we use the equation L V , nuc = (L V , �)10 (0 . 4) (M 

V , �−M V , nuc ) ,
here M V , � = 4 . 81 (Willmer 2018 ) and L V , � = 4 . 4 × 10 32 erg s −1 

O’Shaughnessy, Kopparapu & Belczynski 2012 ). 
We fit the BCES bisector regressions to the ( L R , core , M ∗, nuc ) and

 L R , core , M V , nuc ) data sets. The BCES method allows for errors in the
tted variables to be taken into account. The implementation of the 
CES routine (Akritas & Bershady 1996 ) here is adapted from the

YTHON module by Nemmen et al. ( 2012 ). While the results from
he BCES bisector regressions are presented throughout this paper, 
e find good agreement between the BCES bisector and orthogonal 

egression fits. The slopes and intercepts from the two methods are 
onsistent within the 1 σ uncertainties. We present the key radio 
caling relations in Table 5 . 

Furthermore, half of our sample have L R , core upper limits, where 
he sources do not have a detectable nuclear radio emission with e-

ERLIN at 1.5 GHz. We therefore performed a statistical censored 
nalysis with the ASURV software package (Feigelson & Nelson 1985 ; 
sobe, Feigelson & Nelson 1986 ), which accounts for upper limits
see Appendix A4 ). We find that the slopes and intercepts of the
 R , core − M ∗, nuc and L R , core − M V , nuc relations from the censored 
nd uncensored analyses agree within the quoted errors (Table 5 and 
ppendix A4 ). Ho we ver, we note that the intercepts of the censored

elations from the ASURV fits have large errors. 
We find that L R , core correlates well with M ∗, nuc and M V , nuc (see also

almaverde & Capetti 2006 ; Balmaverde, Capetti & Grandi 2006 ; 
aldi et al. 2010 ). We measure the Spearman and Pearson correlation
oefficients ( r s and r p ) to quantify the strength of the correlations.
or the L R , core − M ∗, nuc relations, we find r s /r p ∼ 0 . 59 / 0 . 60 and a
ery low probability P of the null hypothesis ( ∼ 10 −11 − 10 −10 ),
ee Table 5 . Similarly, the L R , core − M V , nuc relations are such that
r s / − r p ∼0 . 55 / 0 . 59 and P ∼ 10 −10 − 10 −9 . We also derived the

orizontal rms scatters in the log M ∗, nuc direction, finding δhoriz ∼
 . 92 − 0 . 96 dex. NSCs and hybrid nuclei follow L R , core − L V , nuc 
nd L R , core − M ∗, nuc relations with comparable level of scatter and 
trength. 

Separating the sample into NSCs and hybrid nuclei (i.e. dividing 
he full sample into active and inactive) and running the BCES
egressions yields relations where the slopes and intercepts for the 
wo nuclei types are consistent with each other within the 1 σ errors.
hese relations also agree, within the errors, with those for the

ull sample (Table 5 and Appendix A4 ). For the full sample, the
CES bisector regression fits yield near-linear L R , core − M ∗, nuc and 
 R , core − L V , nuc relations, see Appendix A4 . 
Ho we ver, for nucleated galaxies of the same radio core lu-
inosities, NSC tend to be less massive/luminous than hybrid 

uclei (Fig. 7 ). There is also a tendency in the L R , core − M ∗, nuc ,
 R , core − M V , nuc relations where the slopes for the hybrid nuclei are

lightly steeper than those for the NSCs. This is reminiscent of the
orresponding trend observed in the other L R , core scaling relations 
i.e. L R , core − M ∗, bulge , L R , core − M V , bulge , L R , core –σ , L R , core − M BH ,
nd L R , core − L [ O i i i ] ) presented in Saikia et al. ( 2018 ), Baldi et al.
 2021b ), and Dullo et al. ( 2023a ). While our regression analysis
hows that NSCs and hybrid nuclei follow common relations within 
he errors in the L R , core − M ∗, nuc , L R , core − M V , nuc diagrams, we
elieve this apparent unity of NSCs and hybrid nuclei is artificial
nd driven by the relatively low incidence of nucleation in low-mass,
ate-type galaxies, and massive early-type galaxies (Figs 4 –8 and 
ection 3.1 ). These galaxies consequently have low representation 

n Fig. 7 , which is also evident in Fig. 8 , which displays the
ocation of the 100 nucleated LeMMINGs galaxies and the remaining 
3 LeMMINGs/ HST galaxies which did not meet our criteria for
aving a nucleus (Section 2.4 ). If large numbers of low-mass, late-
ype galaxies are included in the sample, we suspect that hybrid
uclei, similar to active bulges, define L R , core scaling relations with 
lopes that are steeper than those for the NSCs (inactive galaxies).
ote that Fig. 8 is a modified version of the L R , core − M ∗, bulge ,
 R , core − M V , bulge diagrams from Dullo et al. ( 2023a , their fig. 8).
he dashed and solid lines (Fig. 8 ) are the ordinary least-squares

OLS) bisector regressions for the optically active (AGN) galaxies 
LINER and Seyfert) and optically inactive galaxies (H II and ALG),
espectively. 
MNRAS 532, 4729–4751 (2024) 
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Figure 8. 1.5 GHz radio core luminosity from e-MERLIN ( L R , core ) is 
plotted against (a) bulge stellar mass ( M ∗, bulge ) and (b) absolute V -band 
bulge magnitude ( M V , bulge ) for our full sample of 173 galaxies with HST 
data. The plot is similar to that in Dullo et al. ( 2023a , their fig. 8), but 
here we separated the sample into nucleated galaxies (circles) and non- 
nucleated galaxies (pentagons) to highlight the importance non-nucleated 
galaxies, which are missing in Fig. 7 , in defining the broken L R , core –M ∗, bulge , 
L R , core − M V , bulge relations. The dashed line is our OLS bisector regression 
fit to the active (optical AGN) galaxies (LINERs and Seyferts), while the 
solid line is the OLS bisector fit to inactive galaxies (H II s and absorption line 
galaxies, ALGs). A typical error bar associated with the data points is shown 
at the bottom of each panel. 
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.2 L X − M ∗, nuc and L X − M V , nuc 

n Fig. 9 , we plot the (0.3 −10 keV) X-ray core luminosity ( L X )
gainst M ∗, nuc and M V , nuc for our sample of the 84 nucleated galaxies
ith available Chandra X-ray data (Williams et al. 2022 ). Akin to
ig. 7 , we show two plots where the galaxies are separated based
n nucleus types and optical emission-line classifications (Fig. 9 ).
sing our ( L X , M ∗, nuc ) and ( L X , M V , nuc ) data set, we perform BCES

e gressions to deriv e the L X − M ∗, nuc and L X − L V , nuc relations for
SCs and hybrid nuclei separately (Table 5 ). We also fit BCES
isector regressions to derive L X − M ∗, nuc and L X − M V , nuc relations
or the full sample of 84 nucleated galaxies with X-ray data (see
ppendix A4 ). We find that the values of the slopes and intercepts

or the NSCs and hybrid nuclei and combined sample are consistent
ith each other within the 1 σ errors. Out of the 84 nucleated sources,
6 have L X upper limits. Overall, the slopes and intercepts for our
 X scaling relations from the censored ASURV regressions and non-
ensored BCES regressions are in fair agreement (Table 5 ). 

The Spearman and Pearson correlation coefficients and the cor-
esponding P values for the L X − M ∗, nuc relations are r s ∼ 0 . 52 −
 . 63, r p ∼ 0 . 50 − 0 . 65, and P ∼ 10 −11 − 10 −4 . The L X − M V , nuc 

elations are such that −r s ∼0 . 50 − 0 . 59, −r p ∼ 0 . 51 − 0 . 58, and
 ∼ 10 −9 − 10 −7 . For the L X − M ∗, nuc and L X − M V , nuc relations,

he horizontal rms scatters in the log M ∗, nuc direction are δhoriz ∼
 . 80 − 0 . 86 dex. 
Our analysis shows that NSCs and hybrid nuclei unite to define

ingle unbroken L X − M ∗, nuc and L X − M V , nuc correlations with
 v erlapping uncertainties. This is in agreement with Williams et al.
 2022 ) who found that optically active and inactive LeMMINGs
alaxies together form single L X − M BH and L X − L [ O i i i ] relations
cross the entire galaxy mass and luminosity ranges. 
NRAS 532, 4729–4751 (2024) 
Finally, we investigate whether nuclei are more strongly correlated
ith L X or L R , core , and find that M ∗, nuc and M V , nuc are similarly

orrelated with both L X and L R , core . Ho we ver, nuclei are more closely
ssociated with L X than L R , core , with respect to the rms scatters in
he log M ∗, nuc direction ( δhoriz ), as the L X relations have δhoriz ∼
 . 80 − 0 . 83 dex, which is smaller than those for the L R , core relations
 δhoriz ∼ 0 . 92 − 0 . 96 dex), see Table 5 and Appendix A4 . 

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

he e-MERLIN le gac y surv e y (LeMMINGs, Beswick et al. 2014 )
s the deepest, high-resolution radio continuum surv e y of a statis-
ically complete, sample of 280 nearby galaxies with e-MERLIN
t 1.25 −1.75 and 5 GHz. We have presented a study of the co-
xistence of nuclear star clusters (NSCs) and AGN in 100 nearby,
ucleated LeMMINGs galaxies, including 10 elliptical, 25 lenticular,
3 spiral, and 2 irregular galaxies. In Dullo et al. ( 2023b ), we studied
hotometric and structural properties of nearby galaxies by selecting
ll LeMMINGs galaxies with reliable HST imaging data, yielding a
ubsample of 173 galaxies, which were shown to be representative
f the parent LeMMINGs sample. To identify the nuclei, we used
igh-resolution optical and near-infrared HST images and performed
ccurate 1D and 2D multicomponent decompositions of the stellar
ight distributions of the 173 LeMMINGs galaxies (into bulges,
iscs, depleted core, AGN, nuclear star clusters, bars, spiral arms,
ings, and stellar haloes) using S ́ersic and core-S ́ersic models. From
his analysis, we identified 100 nucleated galaxies that fulfilled our
riteria for hosting a dense star cluster, a ‘pure’ AGN or a combination
f both (Section 2.4 ). We have derived luminosities, stellar masses,
nd half-light radii for the nuclei. 

Our detailed multicomponent decompositions of 65 LT + 35 ET
alaxies are impro v ements o v er the past literature, particularly, since
ast studies often fitted a two-component, nucleus + bulge model to
he light distributions nucleated galaxies. Furthermore, there are only
 few published photometric and structural studies on the nuclei of
ate-type galaxies with HST (B ̈oker et al. 2002 ; Carollo et al. 2002 ;
eorgiev & B ̈oker 2014 ; Dullo et al. 2023b ), see Table 4 . Other

mpro v ements include our AGN diagnostics, where we combine
he HST decomposition data with homogeneously derived, nuclear
.5 GHz e-MERLIN radio, Chandra X-ray (0.3–10 keV) and optical
mission-line data from LeMMINGs (Baldi et al. 2018 , 2021a , b ;
illiams et al. 2022 ). The multiwavelength data used in this work

pan wide ranges in galaxy stellar mass and nuclear radio and X-ray
uminosities: M ∗, gal ∼ 10 8 . 7 − 10 12 M �, L R , core ∼ 10 32 − 10 40 erg
 

−1 , and L X ∼ 10 35 − 10 43 erg s −1 . To our knowledge, this work
epresents the most comprehensive multiwavelength investigation to
ate of the connection between NSCs and AGN in nearby galaxies. 
Our principal conclusions are: 

(i) We define the nucleation fraction ( f nuc ) as the relative incidence
f nuclei in the sample under consideration. Among the sample
f LeMMINGs galaxies with HST data and excluding the 24
uestionable galaxies (see Section 2.4 ), we find f nuc = 100/149 ( = 67
7 per cent), in agreement with previous reports. When we treat the

4 excluded galaxies as non-nucleated then f nuc = 100/173 ( = 58 ±
 per cent) for the full LeMMINGs HST sample. We also find that f nuc 

ncreases with increasing M ∗, bulge and M ∗, gal , peaking at bulge masses
 ∗, bulge ∼ 10 9 . 4 − 10 10 . 8 M � ( f nuc = 49 / 56 = 88 ± 13 per cent),

efore decreasing at higher stellar masses. Core-S ́ersic galaxies
xhibit a low incidence of nucleation, f nuc = (10–20) ± 6 per cent.
his figure supports the widely accepted hypothesis of core-S ́ersic
alaxy formation, where coalescing binary SMBHs not only scour
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Figure 9. Similar to Fig. 7 , but shown here are the correlations between the (0.3 −10 keV) X-ray core luminosity ( L X ) and M ∗, nuc and M V , nuc /L V , nuc for the 
84 nucleated galaxies in our sample with available Chandra X-ray data. Representative error bars are shown at the bottom of the panels. 
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he cores but also tidally disrupt any NSCs. In contrast, S ́ersic
alaxies show a much higher nucleation frequency ( f nuc = 98 / 129 =
6 ± 8 per cent). 
(ii) We classify 43 nuclei in the sample as ‘pure’ NSCs, which are

ptically inactive. We argue that the bulk of the central light excesses
n the optical or near-IR brightness profiles of these nuclei are of
tellar origin. In contrast, 57 nuclei are optically active and classified 
s ‘hybrid’ (NSC + AGN). We suggest that the optical or near-IR flux
f such nuclei likely results from contributions of both stellar and 
on-stellar emissions. 
(iii) In order to determine the lower limit for the hybrid nucleus 

raction in our sample, we employ AGN diagnostics that utilize a 
ultiband signature. This method combines homogeneously derived, 

igh fidelity e-MERLIN radio, Chandra X-ray, and optical emission- 
ine data. We identify 30 nucleated galaxies in our nucleated 
ample that are optically active, radio detected, and X-ray luminous 
 L X > 10 39 erg s −1 ). We conclude that our sample has a lower
imit frequency for hybrid nuclei of ∼ 30 per cent. This figure is
t least a factor of three higher than that previously reported (e.g.
eth et al. 2008 ; Foord et al. 2017 ). These previous works are based
n a literature compilation of nuclei identified in HST imaging data. 
n contrast, our nuclei are identified uniformly using detailed 1D and 
D decompositions of the host galaxy HST data and multiwavelength 
ata sets from LeMMINGs. We measure a lower limit number density
f (1 . 5 ± 0 . 4) × 10 −5 Mpc −3 for hybrid nuclei. The fraction of galax-
es hosting hybrid nuclei increases with M ∗, bulge and M ∗, gal , peaking 
t intermediate masses ( M ∗, bulge /M ∗, gal ∼ 10 10 . 0 − 10 11 . 4 M �/10 10 . 6 

10 11 . 8 M �), before declining at higher stellar masses. For our HST
ample of 149 galaxies, comprising both nucleated and non-nucleated 
ypes, we find that low mass galaxies with M ∗, gal � 10 10 . 6 M � exhibit
 similar occurrence of hybrid nuclei and optical AGN activity. 
o we v er, abo v e this mass (i.e. M ∗, gal � 10 10 . 6 M �) galaxies are
ore likely to exhibit evidence of optical and radio AGN activities 

ather than hosting hybrid nuclei. 
(iv) Comparing our nucleated and the full LeMMINGs HST 

ample and not controlling for bulge/galaxy mass, we find a slight
ncrease in the Seyfert and LINER fractions and a slight decrease 
n ALG and H II fractions for our sample containing only nucleated
alaxies. Our nucleated sample also has a slightly higher radiode- 
ection rate than our full HST sample, but the two samples are
tatistically indistinguishable in terms of X-ray detection rate. Our 
o  
ndings suggest that NSCs may enhance accretion on to the central
MBH, by funnelling gas towards the innermost regions (e.g. Naiman 
t al. 2015 ). Nevertheless, we caution that further investigation using
 larger sample of galaxies is needed to draw firm conclusions, given
he large Poisson errors associated with these trends. 

(v) Scaling relations involving carefully acquired 
asses/luminosities of nuclei, observed in the broad-band 

ptical and near-IR HST images, and the radio and X-ray core
uminosities are provided in Section 4 . Our investigation of radio
ore luminosities suggests that NSCs and hybrid nuclei follow 

ommon relations in the L R , core − M ∗, nuc , L R , core − M V , nuc diagrams. 
o we ver, we suspect that the apparent unity among all types of
uclei in L R , core scaling diagrams might be driven by the relatively
ow incidence of nucleation in low-mass late-type galaxies and 

assive early-type galaxies (Figs 4 –8 and Section 3.1 ). Once large
umbers of low-mass late-type galaxies are included, we argue 
hat hybrid nuclei, akin to active bulges, define L R , core scaling 
elations with slopes steeper than those for the ‘pure’ NSCs (inactive
alaxies). Furthermore, our analysis reveals that NSCs and hybrid 
uclei collecti vely follo w single unbroken (log-linear) L X − M ∗, nuc 

nd L X − M V , nuc relations. 
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PPENDI X  A  

1 2D Decomposition 

ig. A1 displays the HST images and the residual images from the
D multicomponent decompositions for the dozen representative 
ucleated galaxies whose 1D profiles are shown in Fig. 1 . The
esidual images are generated after subtracting the best-fitting IMFIT 

odel images from the galaxies’ HST images. 

2 Literature comparison 

o identify the 100 nuclei in this work, we have decomposed
he full extent of the HST stellar light distributions of the 173
23 E, 42 S0, 102 S, and 6 Irr) galaxies (Table 1 ), and, when
ecessary, fitted galaxy components beyond our multicomponent, 
ulge + disc + nucleus model (Figs 1 , A1 and see also Dullo et al.
023b ). Table A1 presents previous studies of nucleation in nearby
 D � 100 Mpc) galaxies, the pertaining data, the adopted galaxy
tting method, and sample size. Given the common presence of 
tructural components such as bars, discs, and rings in nearby 
alaxies, employing a multicomponent galaxy decomposition that 
 xtends be yond the traditional bulge + disc profiles is essential. It
nables us to properly investigate the scaling relations between nuclei 
nd host bulge properties and SMBH masses. 

Previous studies which performed multicomponent decompo- 
itions for photometric and structural analysis of nuclei include 
alcells et al. ( 2003 , 2007 ), Turner et al. ( 2012 ), Spengler et al.
 2017 ), Su et al. ( 2022 ), and Rom ́an et al. ( 2023 ). Ho we ver, our
tudy of nuclei in 35 early-type and 65 late-type galaxies with HST
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Figure A1. HST images and the corresponding residual images from our 2D multicomponent decompositions with IMFIT for the sample of 12 LeMMINGs 
galaxies shown in Fig. 1 . The HST instruments and filters used for imaging the galaxies are as in Fig. 1 (see Section 2.3 ). The 2D fits have the same type 
and number of galaxy structural components as the corresponding 1D modelling (Fig. 1 ). We find good agreement between the 1D and 2D fits for the sample 
galaxies. The green scale bar is 10 arcsec in length. 
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M

Table A4. Radio and X-ray scaling relations for nuclei obtained using censored ASURV and uncensored BCES bisector regressions. 

Relation ASURV fit r s /P - value r p /P - value δhoriz Sample 

Censored analysis 

L R , core − M ∗, nuc log 
(

L R , core 
erg s −1 

)
= (1 . 25 ± 0 . 22) log 

(
M ∗, nuc 

5 ×10 7 M �
)

+ (34 . 60 ± 0 . 88) – – – 100 

L R , core − M V , nuc log 
(

L R , core 
erg s −1 

)
= ( −0 . 53 ± 0 . 17) 

(
M V , nuc + 13 . 2 

) + (34 . 66 ± 0 . 76) – – – 100 

L X − M ∗, nuc log 
(

L X 
erg s −1 

)
= (1 . 09 ± 0 . 16) log 

(
M ∗, nuc 

4 ×10 7 M �
)

+ (39 . 09 ± 0 . 28) – – – 84 

L X − M V , nuc log 
(

L X 
erg s −1 

)
= ( −0 . 48 ± 0 . 10) 

(
M V , nuc + 13 . 2 

) + (39 . 22 ± 0 . 20) – – – 84 

Uncensored analysis 
Relation BCES bisector fit r s /P - value r p /P - value δhoriz Sample 

(dex) 

L R , core − M ∗, nuc log 
(

L R , core 
erg s −1 

)
= (1 . 15 ± 0 . 22) log 

(
M ∗, nuc 

5 ×10 7 M �
)

+ (35 . 40 ± 0 . 10) 0.60/6 . 7 × 10 −11 0.59/1 . 5 × 10 −10 0.96 100 

L R , core − M V , nuc log 
(

L R , core 
erg s −1 

)
= ( −0 . 49 ± 0 . 07) 

(
M V , nuc + 13 . 2 

) + (35 . 41 ± 0 . 55) −0.55/2 . 6 × 10 −9 −0.60/1 . 2 × 10 −10 – 100 

L X − M ∗, nuc log 
(

L X 
erg s −1 

)
= (1 . 36 ± 0 . 16) log 

(
M ∗, nuc 

4 ×10 7 M �
)

+ (39 . 16 ± 0 . 60) 0.63/1 . 4 × 10 −10 0.65/1 . 6 × 10 −11 0.83 84 

L X − M V , nuc log 
(

L X 
erg s −1 

)
= ( −0 . 66 ± 0 . 07) 

(
M V , nuc + 13 . 2 

) + (39 . 30 ± 0 . 28) −0.53/2 . 06 × 10 −7 −0.58/5 . 24 × 10 −9 – 84 

Note. Radio and X-ray scaling relations are based on the full sample of nuclei, without separating NSCs and hybrid nuclei. 1.5 GHz radio core luminosity 
from e-MERLIN ( L R , core ) and (0.3–10 keV) Chandra X-ray core luminosity ( L X ) as a function of nucleus stellar mass ( M ∗, nuc ) and nucleus absolute 
magnitude ( M V , nuc ). We performed the censored linear regressions using ASURV to account for upper limits. We present our BCES bisector regression fits to 
the galaxy data, the Spearman and Pearson correlation coefficients ( r s and r p , respectively), and the corresponding serendipitous correlation probabilities. 
The horizontal rms scatter in the log M ∗, nuc direction is denoted with δhoriz . 
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f galaxies to date (see Table A1 ). 
A common approach for describing the stellar light distribution in

ucleated galaxies is to limit the fit to a two-component model that
escribes the nucleus and the underlying galaxy (e.g. Pechetti et al.
020 ; Poulain et al. 2021 ; Zanatta et al. 2021 ; Hoyer et al. 2023 ).
everal studies modelled nucleated dwarf galaxies using a PSF (i.e.
aussian) nucleus + S ́ersic bulge model (Graham & Guzm ́an 2003 ;
rant et al. 2005 ; den Brok et al. 2014 ; Poulain et al. 2021 ; Zanatta

t al. 2021 ). Carollo et al. ( 1997 ) and Carollo et al. ( 1998 ) fitted the
uclei in spiral galaxies with a PSF model. To separate the nuclei,
hese latter studies described underlying galaxy light with Gaussian
ings and also attempted modelling the galaxy light in 2D, which
as then subtracted from the galaxy images. Ravindranath et al.

 2001 ) performed PSF nucleus + Nuker bulge model fits to the HST
mages of their early-type galaxies. Stiavelli et al. ( 2001 ) and Lauer
t al. ( 2005 ) excluded the nuclei and performed Nuker model (Lauer
t al. 1995 ) fits to the host galaxy HST profiles. Stiavelli et al. ( 2001 )
lso fitted R 

1 / 4 , exponential, and S ́ersic models to the bugle profiles.
 ̈oker et al. ( 2002 ) fitted the light profiles of their late-type spiral
alaxies with a Nuker (nucleus + bulge) model. We note that Carollo
t al. ( 1998 ), Ravindranath et al. ( 2001 ), Stiavelli et al. ( 2001 ), B ̈oker
t al. ( 2002 ), Carollo et al. ( 2002 ), and Lauer et al. ( 2005 ) used inner
0 arcsec HST images or light profiles to model the stellar light
istributions of their galaxies. C ̂ ot ́e et al. ( 2006 ) fitted King models
o the nuclei and S ́ersic or core-S ́ersic models to the bulges of their
arly-type galaxies. 

Recently, Georgiev & B ̈oker ( 2014 ) and Georgiev et al. ( 2016 )
dentified the nuclei in their spiral galaxy sample through visual
nspection of the galaxies’ HST images. To derive effective radii and
uminosities for the nuclei, they used the ISHAPE task in BAOLAB

Larsen 1999 ) and fitted King profiles (King 1962 , 1966 ) to the
uclei, restricting the fitted radial range typical to 0.5 arcsec.
 ́anchez-Janssen et al. ( 2019 ) and Ferrarese et al. ( 2020 ) modelled the
round-based data of their nucleated galaxies using a S ́ersic nucleus
NRAS 532, 4729–4751 (2024) 
 S ́ersic bulge model. Hoyer et al. ( 2021 , 2023 ) fitted a S ́ersic
odel to the nuclei and a flat background model to the underlying

ight distributions of their galaxies. 

3 Data tables 

able A2 presents central and global properties for our sample
f 100 nucleated galaxies, which includes distance, morphological
lassification, plus luminosities, stellar masses, and ef fecti ve radii
f the nuclei. Additionally, the table provides bulge and galaxy
agnitudes and stellar masses, as well as radio and X-ray core

uminosities. Table A3 is similar to Table A2 but presents properties
or our sample of 24 nucleated LeMMINGs galaxies excluded from
ur analysis. Of the 24 excluded nuclei, 13 nuclei, with extended half-
ight radii of R e , nuc � 80 pc, were too large for a NSC ( + AGN). In
ontrast, 9/24 nuclei have sizes R e , nuc < 1 pc based on our structural
ecomposition, whereas the remaining 2/24 nuclei have low stellar
asses of M ∗, nuc < 10 5 M �. 

4 Additional relations for nuclei 

able A4 presents radio and X-ray scaling relations for nuclei derived
y fitting censored linear regressions using ASURV to account for
pper limits and to help illustrate the good agreement between our
ensored ( ASURV ) and uncensored ( BCES bisector) regression fits.
he radio and X-ray scaling relations here are derived from the full
ample of nuclei, without making a distinction between NSCs and
ybrid nuclei, whereas in Section 4 , NSCs and hybrid nuclei were
tted separately. 
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