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A B S T R A C T 

Multiwavelength studies indicate that nuclear activity and bulge properties are closely related, but the details remain unclear. To 

study this further, we combine Hubble Space Telescope bulge structural and photometric properties with 1.5 GHz, e -MERLIN 

nuclear radio continuum data from the LeMMINGs surv e y for a large sample of 173 ‘active’ galaxies (LINERs and Seyferts) 
and ‘inactive’ galaxies (H II s and absorption line galaxies, ALGs). Dividing our sample into active and inactiv e, the y define 
distinct (radio core luminosity)–(bulge mass), L R , core − M ∗, bulge , relations, with a mass turno v er at M ∗, bulge ∼ 10 

9 . 8 ±0 . 3 M �
(supermassive blackhole mass M BH 

∼ 10 

6 . 8 ±0 . 3 M � ), which marks the transition from AGN-dominated nuclear radio emission 

in more massive bulges to that mainly driven by stellar processes in low-mass bulges. None of our 10/173 bulge-less galaxies host 
an AGN. The AGN fraction increases with increasing M ∗, bulge such that f optical AGN 

∝ M 

0 . 24 ±0 . 06 
∗, bulge and f radio AGN 

∝ M 

0 . 24 ±0 . 05 
∗, bulge . 

Between M ∗, bulge ∼ 10 

8 . 5 and 10 

11 . 3 M � , f optical AGN 

steadily rises from 15 ± 4 to 80 ± 5 per cent. We find that at fixed bulge mass, 
the radio loudness, nuclear radio activity, and the (optical and radio) AGN fraction exhibit no dependence on environment. Radio- 
loud hosts preferentially possess an early-type morphology than radio-quiet hosts, the two types are ho we ver indistinguishable 
in terms of bulge S ́ersic index and ellipticity, while results on the bulge inner logarithmic profile slope are inconclusive. We 
finally discuss the importance of bulge mass in determining the AGN triggering processes, including potential implications for 
the nuclear radio emission in nearby galaxies. 

K ey words: galaxies: acti ve – galaxies: elliptical and lenticular, cD – galaxies: nuclei – galaxies: photometry – galaxies: struc- 
ture – radio continuum: galaxies. 
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 I N T RO D U C T I O N  

ll present-day massive galaxies host a supermassive blackhole
SMBH) at their centre (Magorrian et al. 1998 ; Richstone et al. 1998 ;
errarese & Ford 2005 ). Theoretical models predict that feedback
 E-mail: bdullo@ucm.es 

1

o

Pub
rom an accreting SMBH (i.e. active galactic nucleus, AGN), through
echanisms such as radiation pressure or radio jets (e.g. Heckman
 Best 2014 ), injects energy and momentum, which heat or expel

he surrounding gas and suppress star formation in the galaxy bulge 1 
 Traditionally the term ‘bulge’ is associated with the spheroidal component 
f disc galaxies but it is used here to refer to the underlying host spheroid in 
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omponent (Silk & Rees 1998 ; Croton et al. 2006 ; Hopkins et al.
006 ; King & Pounds 2015 ; Weinberger et al. 2017 ). This AGN
elf-regulated mechanism, where the gas removal by the feedback 
huts off the AGN itself, leads to the concurrent growth of the SMBH
nd its host bulge and thus naturally explains the tight correlations 
bserved between SMBH mass ( M BH ) and the velocity dispersion
f bulges (Ferrarese & Merritt 2000 ; Gebhardt et al. 2000 ) and the
uminosity and stellar and dynamical masses of bulges (Kormendy 
 Richstone 1995 ; Magorrian et al. 1998 ; McLure & Dunlop 2002 ;
arconi & Hunt 2003 ; H ̈aring & Rix 2004 ). AGN feedback is also

elieved to rapidly drive galaxy colour evolution from blue to red 
e.g. Cattaneo et al. 2006 ; Faber et al. 2007 ; Schawinski et al. 2010 ;
ullo et al. 2020 ). While the evolution of the SMBH and its host bulge

ppear intertwined (e.g. Silk & Rees 1998 ; Kauffmann & Haehnelt 
000 ), the details of the regulatory role of the AGN in building up
he bulge stellar mass and in shaping the stellar distributions of local
ulges are unclear. 

Models of galaxy formation based on � cold dark matter ( � CDM)
redict that massive local bulges have assembled hierarchically 
hrough galaxy mergers (e.g. Toomre & Toomre 1972 ; White & Rees
978 ; Blumenthal et al. 1984 ; White & Frenk 1991 ). Gravitational
orques from the mergers convert discs into bulges and funnel large 
mounts of gas into galaxy centres (Hernquist 1989 ; Barnes & 

ernquist 1991 , 1996 ). This process is hypothesized to result in
rowth of the SMBH, AGN activity, and nuclear starburst events, 
nd thus a centrally concentrated bulge. On the other hand, low mass
ulges, which are commonly associated with spiral and irregular 
alaxies, may be consequences of dissipational collapse of accreted 
as within dark matter haloes (Fall & Efstathiou 1980 ). This initial
ssembly is accompanied by redistribution of their disc material 
hrough secular evolution (e.g. Kormendy 1982 , 1993 ), which feeds 
he central SMBH and triggers AGN activity (e.g. Shlosman, Frank 
 Begelman 1989 ; Knapen et al. 1995 ; Hopkins & Quataert 2011 ;
alloway et al. 2015 ; Lin et al. 2020 ; Angl ́es-Alc ́azar et al. 2021 ). 
Galaxy mergers, episodes of vigorous star formation, and SMBH 

rowth are thought to be common at higher redshift ( z ∼ 2.0 ± 0.5;
 ̈orster Schreiber et al. 2014 ; Madau & Dickinson 2014 ). The scaled-
own analogies of these processes which are observed in nearby 
alaxies may hold crucial clues into the build up of the bulge’s
tellar mass and AGN triggering mechanisms: i.e. gas-rich or gas- 
oor mergers (e.g. Urrutia, Lacy & Becker 2008 ; Gao et al. 2020 ) and
ecular evolution (e.g. Cisternas et al. 2011 ; Kormendy & Ho 2013 ).
earby galaxies commonly possess low-luminosity A GN (LLA GN), 
efined to have H α luminosity L H α � 10 40 erg s −1 (Ho, Filippenko &
argent 1997a , b, c ). These are weaker than the powerful AGN which
anifest themselves as bright Seyfert galaxies (Seyfert 1943 ) and 

uasars (Merloni & Heinz 2008 ). LLAGN include low-luminosity 
eyferts and Low-Ionization Nuclear Emission Line regions (LIN- 
Rs; Heckman 1980 ), which generally display AGN-driven nuclear 
ctivity (Ferland & Netzer 1983 ), but the latter could be powered
y shocks (Dopita & Sutherland 1995 ) and photoionization from hot 
tars (Sarzi et al. 2010 ; Singh et al. 2013 ). Aside from LINERs and
eyferts, galaxies may either harbour H II nuclei or be an absorption-

ine galaxy (ALG). H II nuclei are swamped with star formation 
vents, which dominate the nuclear ionization processes, whereas 
he ALG nuclei lack distinctive emission lines, none the less both 
pectral classes may contain LLAGN nuclei in the form of a weakly
ccreting SMBH (Ho 2008 ; Heckman & Best 2014 ). While LLAGN
ase of elliptical galaxies and the spheroidal component for lenticular galaxies 
S0s), spiral, and irregular galaxies. 

c
t  

g  

S  
epresent the most common type of AGN in the local Universe (Filho,
arthel & Ho 2006 ; Ho 2008 ), they have largely been o v erlooked in
revious radio studies due in part to the weak radio emission from
he SMBHs, which is particularly true for those hosted by late-type
alaxies. Radio continuum emission provides a dust extinction-free 
onstraint on the star formation and AGN activity in LLAGNs (e.g.
lvestad & Ho 2001b ; Nagar, Falcke & Wilson 2005 ; Nyland et al.
016 ; Baldi et al. 2018 ; Saikia et al. 2018 ). 
In this work, our primary objective is to utilize multiwavelength 

bservations, optimized for studying relations between the AGN, 
ost bulge properties and environment, for a comprehensive view of 
he different evolution scenarios for the host galaxies. How well we
nderstand the feedback from the AGN and supernova explosions 
nd stellar winds (e.g. Kaviraj et al. 2011 ) and the lo w-le vel SMBH
ccretion activities in nearby galaxies (and by extension LLAGNs) 
epends on how far down the radio and optical luminosity function
he data trace (e.g. Heckman & Best 2014 ; Baldi et al. 2021b ).
bservations indicate that AGN feedback is a strong function of the
ulge mass and morphology for nearby galaxies (e.g. Kauffmann 
t al. 2003a ; Best et al. 2005 ; Kauffmann, Heckman & Best 2008 ;
eckman & Best 2014 ). Radio AGNs are commonly associated with
assive early-type galaxies, while they are relatively rare in less 
assive late-type galaxies (Sandage 1965 ; Sadler et al. 1995 ; Nagar

t al. 2002 ; Dunlop et al. 2003 ; Nagar et al. 2005 ; Bari ̌si ́c et al.
017 ; Baldi et al. 2018 , 2021a , b ). Saikia, K ̈ording & Falcke ( 2015 )
nd Baldi et al. ( 2021b ) constructed a scaling relation between the
ptical [O III ] and radio emission for local galaxies, and revealed
istinct radio production mechanisms for the different optical classes 
nd SMBH masses; AGN-driven sources dominate above M BH ∼
0 6 . 5 M �, whereas below this nominal M BH threshold the nuclear
adio emission is predominantly from stellar processes associated 
ith non-jetted H II galaxies. 

.1 Bulge structure, environment, and AGN activity 

ast observational studies typically tie radio loudness to the presence 
f two types of early-type bulges, namely ‘core-S ́ersic’ and ‘S ́ersic’
e.g. Faber et al. 1997 ; Graham et al. 2003 ; Dullo & Graham 2013 ,
014 ; Dullo 2019 ; Dullo et al. 2019 ), with structurally distinct central
egions (e.g. Capetti & Balmaverde 2005 ; de Ruiter et al. 2005 ;
almaverde & Capetti 2006 ; Capetti & Balmaverde 2007 ; Kormendy
t al. 2009 ; Baldi et al. 2010 ; Richings, Uttley & K ̈ording 2011 ; Dullo
t al. 2018 ). Separating core-S ́ersic and S ́ersic galaxies in the radio
caling relations is important, as depleted cores are thought to be
arved out by binary SMBHs during the violent ‘dry’ phase of the
alaxy assembly (Begelman, Blandford & Rees 1980 ; Ebisuzaki, 
akino & Okumura 1991 ; Rantala et al. 2018 ; Nasim et al. 2020 ;
osopoulou, Greene & Ma 2021 ; Nasim et al. 2021 ) and the AGN

eedback is posited to play a role in the central structural dichotomy
f early-type galaxies (e.g. Hopkins et al. 2009a , b ). Furthermore,
bservations on the link between environment and AGN show heating 
y episodic radio AGN which injects jets from central galaxies into
he intracluster medium. This can act to quench a cooling flow in
alaxy groups and clusters (McNamara et al. 2009 ; McNamara, 
ohanizadegan & Nulsen 2011 ; Fabian 2012 ), reconciling well with

he ubiquity of depleted cores in massive galaxies residing in such
nvironments (Laine et al. 2003 ; Dullo 2019 ). 

Whether AGN activity is environmentally driven is, however, 
urrently under debate. Tidal interactions and mergers of galaxies can 
rigger the onset of nuclear activity and/or enhance it by funnelling
as to innermost regions of galaxies and subsequently onto the central
MBH (e.g. Sanders et al. 1988 ; Hernquist 1989 ; Barnes & Hernquist
MNRAS 522, 3412–3438 (2023) 
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Table 1. Multiwavelength data. 

Data N 

(parent sample/this work) 
(1) (2) 

1.5 GHz e -MERLIN radio data [1r] 280/173 
Optical spectral classification [1r] 280/173 
HST data [2r] 173/173 
GALEX UV band and Spitzer 3.6 μm data [3r] 1931/140 

Note . Col (1): multiwav elength data used in this work. Col (2): number of 
galaxies ( N ) in the parent sample and in the subsample used in this work. 
References. 1r = Baldi et al. ( 2018 , 2021a , b ); 2r = Dullo et al. ( 2023 ); 3r = 

Bouquin et al. ( 2018 ). 
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991 ; Shlosman 1994 ). In the nearby Universe, the incidence of
GN has been reported to increase with the local density of the
ost galaxy (Kauffmann et al. 2004 ), while others reported a high
ncidence of AGN in lower density environments (Sabater, Best &
rgudo-Fern ́andez 2013 ; Mishra & Dai 2020 ) or a lack of significant

nvironmental dependence for the AGN (Miller et al. 2003 ; Pimbblet
t al. 2013 ; Amiri, Tavasoli & De Zotti 2019 ; Man et al. 2019 ). For
urther evidence in fa v our of the ‘AGN-density’ relation see Best et al.
 2007 ); Mandelbaum et al. ( 2009 ); Gendre et al. ( 2013 ); Sabater et al.
 2013 ); Miraghaei & Best ( 2017 ); Sabater et al. ( 2019 ). 

In this work, we combine the results from an HST imaging
nalysis with 1.5 GHz e -MERLIN radio data, allowing for a
omogenous study of the link between nuclear activity and host
ulge properties and environment in a representative sample of 173
ctive and inactive nearby galaxies. The sample covers a wide range
n bulge mass, nuclear activity , morphology , and environment. The
e gac y e -MERLIN Multi-band Imaging of Nearby Galaxies Surv e y

LeMMINGs; Beswick et al. 2014 ; Baldi et al. 2021a , b ; Williams
t al. 2022 ) is designed to exploit synergies from a large sample
f high-resolution, multiwavelength data ( e -MERLIN radio, HST :
ptical plus IR and Chandra : X-ray). As part of LeMMINGs, we
ave recently published e -MERLIN 1.5 GHz observations of all
80 galaxies abo v e declination, δ > + 20 ◦ from the Palomar bright
pectroscopic sample of nearby galaxies (Baldi et al. 2018 , 2021a , b ).
n Williams et al. ( 2022 ), we presented the Chandra X-ray properties
or the nuclei of a statistically complete sample of 213 LeMMINGs
alaxies. Spitzer and Herschel data for the full sample of LeMMINGs
alaxies are currently being analysed (Bendo et al., in preparation).
igh-resolution optical and near-infrared observations are desirable

o derive accurate central and global galaxy structural proprieties. In
ullo et al. ( 2023 ), we performed multicomponent decompositions
f optical/near-IR surface brightness profiles from HST , separating
ulges, discs, bars, spiral-arm, and nuclear components. 

The structure of this paper is as follows. In Section 2 , we
escribe the LeMMINGs sample and the associated radio and
ptical emission-line data, the bulge properties characterized, and
uantified using HST imaging data and the ancillary ( GALEX UV
nd Spitzer 3.6 μm) data used in the paper. In Section 3 , we examine
ow nuclear radio emissions separated based on optical emission-
ine types relate to bulge properties and environment. Section 4
resents scaling relations between the radio core luminosity and
ost bulge properties. Section 5 discusses our results in the context
f models of galaxy formation and evolution to provide insights
nto the AGN triggering processes and their implications for the
uclear radio activity . Finally , in Section 6 we summarize our main
esults and conclude. There are two appendices. Appendix A1 gives
etails of our local density calculations, as a measure of the galaxy
nvironment. The global and central properties of the sample galaxies
re presented in Appendix A2 . 

We use H 0 = 70 km s −1 Mpc −1 , �m = 0.3, and �� 

= 0.7 (e.g.
reedman et al. 2019 ), which is the average of the Planck 2018
osmology H 0 = 67.4 ± 0.5 km s −1 Mpc −1 (Planck Collaboration
I 2020 ) and the LMC H 0 = 74.22 ± 1.82 km s −1 Mpc −1 (Riess

t al. 2019 ). While GALEX UV and Spitzer 3.6 μm data are in AB
agnitude system, other quoted magnitudes in the paper are in the
ega system, unless specified otherwise. 

 DATA  

ll the data used in this work are published elsewhere (Baldi et al.
018 , 2021a , b ; Bouquin et al. 2018 ; Dullo et al. 2023 ; see Table 1 ).
NRAS 522, 3412–3438 (2023) 
.1 The LeMMINGs 

n this work, we use a sample drawn from the full LeMMINGs
Beswick et al. 2014 ; Baldi et al. 2018 , 2021a , b ) sample of 280
earby galaxies, which in turn is a subset of the magnitude-limited
 B T ≤ 12.5 mag and declinations δ > 0 ◦) Palomar spectroscopic
ample of 486 bright galaxies (Ho, Filippenko & Sargent 1995 ,
997a ). By design, all LeMMINGs galaxies have δ > + 20 ◦, ensuring
eliable radio visibility co v erage for the e -MERLIN array. The
eMMINGs capitalizes on the sub-mJy sensitivity ( σ ∼ 0.08 mJy
eam 

−1 ) and high angular resolution ( ∼0 . ′′ 15) radio continuum
bservations of the full LeMMINGs sample taken with e -MERLIN
t 1.5 GHz for a total of 810 h (Baldi et al. 2018 , 2021a ). This le gac y
urv e y constitutes the deepest high-resolution radio study of the local
niverse and aims to investigate AGN accretion and star formation

vents for a large sample of nearby galaxies. The full LeMMINGs
ample, which encompasses all the Palomar galaxies with δ > 20 ◦,
s statistically complete akin to its parent Palomar sample. 

Full details of the goals, radio data reduction technique, radio
etection, and flux measurements of the LeMMINGs can be found
n Baldi et al. ( 2018 , 2021a ). Here, we use the radio core properties
f the LeMMINGs galaxies including radio detection, sub-kpc radio
tructures, and radio core luminosities which span six orders of
agnitude ( L R, core ∼ 10 34 − 10 40 erg s −1 ) (Baldi et al. 2018 , 2021a ),

s listed in Tables 2 and A1 . For the sub-kpc radio structures, we adopt
he classification scheme used in Baldi et al. ( 2018 ) namely class A
 core/core jet, class B = one-sided jet, class C = triple sources,

lass D = doubled-lobed, and class E = jet + complex shapes. 
Our optical spectral classifications are taken from Baldi et al.

 2018 , 2021a ). In their spectroscopic study of the nuclear ionization
echanisms of the Palomar galaxies, Ho et al. ( 1997a , their table 5)

pplied optical emission-line ratios along with spectral classification
riteria to divide the sample into Seyferts, LINERs, H II , and
ransition galaxies. In order to revise the spectral classification for

he LeMMINGs galaxies, Baldi et al. ( 2018 , 2021a ) used emission-
ine ratios taken mainly from Ho et al. ( 1997a , see also Filippenko
 Sargent 1985 ; Ho et al. 1995 , 1997a , b , c ) and applied the

mission-categorized diagnostic diagrams by K e wley et al. ( 2006 )
nd Buttiglione et al. ( 2010 ), see Dullo et al. ( 2023 ). In this
evised classification adopted here, the LeMMINGs galaxies with
mission lines were categorized as Seyfert, LINER, and H II galaxies,
hereas those which lack emission lines were dubbed ‘absorption-

ine galaxies (ALGs)’, see Table A1 . 

.2 Sample and detailed structural analysis with HST 

ur sample consists of 173 LeMMINGs galaxies (23 Es, 42 S0s,
02 Ss, and 6 Irrs), for which we were able to obtain decent HST
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Table 2. LeMMINGs optical and radio properties. 

Galaxies Number Undetected core-S ́ersic 
(our/full sample) (our/full sample) (our sample) 

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

E 23 (13.2 per cent)/26(9.3 per cent) 52.2 per cent/50.0 per cent 65.2 per cent 
S0 42 (24.3 per cent)/55(19.6 per cent) 40.5 per cent/41.8 per cent 11.9 per cent 
S 102 (59.0 per cent)/189(67.1 per cent) 54.0 per cent/60.3 per cent 0 per cent 
Irr 6 (3.5 per cent)/10(3.6 per cent) 66.7 per cent/70.0 per cent 0 per cent 

Seyfert 10 (5.8 per cent)/18 (6.4 per cent) 20.0 per cent/27.8 per cent 0 per cent 
ALG 23 (13.3 per cent)/28 (10.0 per cent) 78.3 per cent/75.0 per cent 34.5 per cent 
LINER 71 (41 per cent)/94 (33.6 per cent) 30.1 per cent/38.3 per cent 15.5 per cent 
H II 69 (39.9 per cent)/140 (50.0 per cent) 67.6 per cent/66.4 per cent 1.7 per cent 

Total 173 (100 per cent)/280 (100 per cent) 52.0 per cent/56.1 per cent 20/173 (11.6 per cent) 

Note. The sample galaxies are first separated based on the galaxy morphological and optical spectral classes (cols (1) 
and (2)) and then further divided based on their radio non-detection and core-S ́ersic type central structure (cols (3) and 
(4)). The term ‘full sample’ refers to the total LeMMINGs sample of 280 galaxies, whereas the term ‘our sample’ refers 
to the sub-sample of 173 LeMMINGs galaxies studied in this paper. 
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maging in the Hubble Le gac y Archiv e (HLA 

2 ) at the start of this
roject (Dullo et al. 2023 , their table 1). The aim of this paper is
o investigate how the nuclear activity depends on bulge structural 
roperties utilizing sub-arcsec resolution ( ∼5–10 pc at the mean 
istance for our sample of ∼22 Mpc) optical and radio properties 
erived from HST and 1.5 GHz e -MERLIN radio observations. 
o achieve this, the bulge must first be isolated from the rest
f the galaxy through detailed photometric decompositions. Dullo 
t al. ( 2023 ) used HST (ACS, WFPC2, WFC3, and NICMOS)
maging to extract surface brightness profiles which co v er a large
adial extent of R � 80 − 100 arcsec ( � 2 R e , bulge ). This enabled
ur fitted galaxy models to accurately constrain the shape of the 
tellar light distributions associated with the bulges and the outer 
tellar galaxy components including bars, discs, rings, haloes, and 
piral arms. 

We performed accurate, multicomponent decompositions of the 
urface brightness profiles and fitted up to six galaxy components 
i.e. bulge, disc, partially depleted core, AGN, nuclear star cluster 
NSC), bar, spiral arm, and stellar halo and ring), simultaneously, 
sing S ́ersic and core-S ́ersic models. The galaxy decompositions 
onstitute the largest, most detailed structural analysis of nearby 
alaxies with HST to date. Uncertainties on the fitted bulge and 
ther galaxy parameters were derived by decomposing simulated 
urface brightness profiles generated via a Monte Carlo (MC) 
echnique. The bulge and galaxy structural data used here ( M V, bulge ,
 V, glxy , M ∗, bulge , M ∗, glxy , εbulge , B 4 , bulge and γ , Tables 2 and A1 ) are

abulated in Dullo et al. ( 2023 , T ables A1 –A4). W e note that the
ample co v ers o v er six orders of magnitude in bulge stellar mass
6 � log M ∗, bulge � 12 . 5) and contains all Hubble types from Im to
 (Hubble 1926 ; de Vaucouleurs 1959 ). 
In order to study the scaling relations between the radio core 

uminosity and the optical properties of galaxies, it is crucial to 
xamine the parameter space coverage afforded by our sample 
f 173 LeMMINGs galaxies. Moti v ated by this, in Dullo et al.
 2023 , Section 2) we revealed that our sample, despite being
tatistically incomplete, is representative of the statistically complete, 
ull LeMMINGs sample. We went on to show that the entire 
anges of radio core luminosity and galaxy luminosity probed 
 ht tps://hla.st sci.edu. 

B

I  

l  

b  
y the full LeMMINGs sample are also well traced by our 
ample. 

.3 GALEX NUV, FUV band, and Spitzer 3.6 μm data 

GN-driven feedback is postulated to be one of the main mechanisms 
or the cessation of star formation in galaxies (Silk & Rees 1998 ;
roton et al. 2006 ; King & Pounds 2015 ). The investigation of
GN activity therefore benefits from locating active and inactive 
eMMINGs hosts on colour −colour and colour −mass diagrams. 
e make use of the Bouquin et al. ( 2018 ) UV and Spitzer 3.6 μm
agnitudes to construct colour–mass diagrams for 140 LeMMINGs 

alaxies (see Section 3.5 ). Bouquin et al. ( 2018 ) published total
ALEX NUV , FUV , and Spitzer 3.6 μm asymptotic, AB magnitudes

or 1931 nearby galaxies. There are 140 (85) galaxies in common
etween their sample and the full (our HST ) sample of 280 (173)
eMMINGs galaxies. Following Bouquin et al. ( 2018 , their equa-

ions 1–3), we separate these 140 o v erlapping LeMMINGs galaxies
nto ‘red sequence’ (RS), ‘blue sequence’ (BS), and ‘green valley’ 
GV) based on the (FUV–NUV) −(NUV − [3.6]) colour–colour 
iagram (see Table A1 ). The FUV and Spitzer 3.6 μm magnitudes
ere corrected for Galactic extinction but no internal dust attenuation 

orrection was applied (Bouquin et al. 2018 ). 
For the 55( = 140 − 85) galaxies which are in the full LeMMINGs

ample but not in our HST sample, we compute 3.6 μm bulge stellar
asses ( M bulge, 3.6 ) to create the colour–mass diagram (Section 3.5 ).
o do so, we first calculate total galaxy stellar masses using the 3.6
m asymptotic AB magnitudes (Bouquin et al. 2018 ), distances from
ED, AB absolute magnitude for the Sun from Willmer ( 2018 ) of 6.0

nd a 3.6 μm mass-to-light ratio of 0.6 (Meidt et al. 2014 ). The total
alaxy masses were then converted into bulge stellar masses using the 
quations listed in Dullo et al. ( 2023 , their table 5). Because we did
ot separate the bulge component using photometric decompositions 
he errors on M bulge, 3.6 are large, typically of ∼60 per cent. 

 N U C L E A R  R A D I O  EMISSION,  O P T I C A L  LINE  

MISSIONS,  A N D  T H E  C O N N E C T I O N  WITH  

U LG E  PROPERTIES  A N D  E N V I RO N M E N T  

n this section, we examine how the nuclear, radio, and emission-
ine properties for the LeMMINGs sample (Baldi et al. 2018 , 2021a ,
 ) vary as a function of host bulge properties and environment. We
MNRAS 522, 3412–3438 (2023) 
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Table 3. Scaling relations between radio core luminosity and galaxy properties. 

Relation OLS bisector fit r s / P -value r p / P -value Sample 

Acti v e galaxies (LINERs + Seyferts) 

L R, core −
M ∗, bulge 

log 
(

L R , core 
erg s −1 

)
= (1 . 42 ± 0 . 18) log 

(
M ∗, bulge 

5 × 10 10 M �

)
+ (36.22 ± 0.15) 0.56/4.5 × 10 −8 0.54/2.5 × 10 −7 81 

L R , core −
M V , bulge 

log 
(

L R , core 
erg s −1 

)
= ( −0 . 74 ± 0 . 09) 

(
M V , bulge + 20 . 5 

) + (36.43 ± 0.16) −0.53/3.06 × 10 −7 

−0.53/2.95 × 10 −7 
81 

L R, core − σ log 
(

L R , core 
erg s −1 

)
= (4 . 85 ± 0 . 58) log 

(
σ

170 km s −1 

)
+ (36.27 ± 0.11) 0.72/7.9 × 10 −19 0.66/2.8 × 10 −15 112 

Inacti v e galaxies (ALG + H II ) 

L R, core −
M ∗, bulge 

log 
(

L R , core 
erg s −1 

)
= (0 . 68 ± 0 . 08) log 

(
M ∗, bulge 

2 × 10 9 M �

)
+ (34.92 ± 0.10) 0.73/7.1 × 10 −15 0.64/6.4 × 10 −11 82 

L R, core −
M V, bulge 

log 
(

L R , core 
erg s −1 

)
= ( −0 . 35 ± 0 . 05) 

(
M V , bulge + 18 . 5 

) + (35.21 ± 0.08) −0.70/3.3 × 10 −13 

−0.64/1.1 × 10 −10 
82 

L R, core − σ log 
(

L R , core 
erg s −1 

)
= (3 . 06 ± 0 . 23) log 

(
σ

65 km s −1 

)
+ (34.91 ± 0.07) 0.58/7.9 × 10 −16 0.56/1.2 × 10 −14 164 

All galaxies 

L R, core − M BH log 
(

L R , core 
erg s −1 

)
= (1 . 45 ± 0 . 20) log 

(
M BH 

3 × 10 7 M �

)
+ (35.80 ± 0.19) 0.52/2.6 × 10 −5 0.57/2.3 × 10 −6 59 

L R, core − σ log 
(

L R , core 
erg s −1 

)
= (3 . 61 ± 0 . 24) log 

(
σ

100 km s −1 

)
+ (35.46 ± 0.06) 0.65/7.2 × 10 −35 0.64/2.9 × 10 −33 276 

Censored analysis 

Relation Linear regression from ASURV r s / P -value r p / P -value Sample 

Acti v e galaxies (LINERs + Seyferts) 

L R, core −
M ∗, bulge 

log 
(

L R , core 
erg s −1 

)
= (1 . 19 ± 0 . 22) log 

(
M ∗, bulge 

5 × 10 10 M �

)
+ (35.9 ± 1.8) – – 81 

L R , core −
M V , bulge 

log 
(

L R , core 
erg s −1 

)
= ( −0 . 53 ± 0 . 12) 

(
M V , bulge + 20 . 5 

) + (36.0 ± 1.7) – – 81 

L R, core − σ log 
(

L R , core 
erg s −1 

)
= (5 . 10 ± 0 . 60) log 

(
σ

170 km s −1 

)
+ (35.9 ± 0.9) – – 112 

Inacti v e galaxies (ALG + H II ) 

L R, core −
M ∗, bulge 

log 
(

L R , core 
erg s −1 

)
= (0 . 74 ± 0 . 16) log 

(
M ∗, bulge 

2 × 10 9 M �

)
+ (33.7 ± 1.6) – – 82 

L R , core −
M V , bulge 

log 
(

L R , core 
erg s −1 

)
= ( −0 . 36 ± 0 . 08) 

(
M V , bulge + 18 . 5 

) + (34.0 ± 1.6) – – 82 

L R, core − σ log 
(

L R , core 
erg s −1 

)
= (2 . 70 ± 0 . 48) log 

(
σ

65 km s −1 

)
+ (33.9 ± 0.8) – – 164 

All galaxies 

L R, core − σ log 
(

L R , core 
erg s −1 

)
= (3 . 97 ± 0 . 34) log 

(
σ

100 km s −1 

)
+ (34.7 ± 0.6) – – 276 

Note. Radio core luminosity ( L R core ) as a function of bulge stellar mass ( M ∗, bulge ), absolute magnitude ( M V, bulge ), central velocity dispersion ( σ ) and measured 
blackhole mass ( M BH ) for active and inactive galaxies. The different columns represent: the OLS bisector fits to the data, the Spearman and Pearson correlation 
coefficients ( r s and r p , respectively) and the associated probabilities for a serendipitous correlation. We also show censored linear regressions using ASURV , 
accounting for upper limits, see Section 4.1 for details. 
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ake use of sets of bulge structural properties o v er large stellar
ass and morphology 3 ranges obtained from accurate modelling of
ST surface brightness profiles for a sample of 173 LeMMINGs
alaxies. While the study of the dependence of bulge structural
roperties on galaxy properties such as morphology is not new (e.g.
aurikainen, Salo & Buta 2005 ; Graham & Worley 2008 ; Kormendy
 Bender 2012 ; Salo et al. 2015 ; M ́endez-Abreu et al. 2017 ), a robust

haracterization of galaxy structures using homogeneously measured
igh-resolution optical and radio data for a large sample of galaxies
NRAS 522, 3412–3438 (2023) 

 To analyse the galaxies properties, we divided the sample into two morpho- 
ogical classes, early-type galaxies (Es and S0s) and late-type galaxies (Ss 
nd Irrs). 

(  

1  

g  

d  

f  
as not possible to date. In particular, our analysis focuses on the
ulge component as it is known to correlate better with the mass of
he SMBH and other central galaxy properties than the galaxy disc
t large radius. 

.1 The relations between radio detection, radio morphology, 
nd bulge properties 

ig. 1 shows the relation between the S ́ersic index and bulge mass
 n − M ∗, bulge ) colour-coded by galaxy radio morphology. Of the
73 sample galaxies, we detect radio emission � 0 . 2 mJy from 83
alaxies (filled circles) with e -MERLIN at 1.5 GHz. This gives a
etection rate of 48 per cent, in fair agreement with that from the
ull sample (44 per cent). Of the 83 galaxies, five (NGC 3034,
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Figure 1. Dependence of radio morphological class (Baldi et al. 2018 ) on 
the S ́ersic index ( n ) and the stellar mass of the bulge ( M ∗, bulge ), see Table A1 . 
Filled circles show the galaxies in our sample that are radio detected with 
e -MERLIN at 1.5 GHz, whereas open circles are for undetected galaxies. The 
radio morphological types of B (‘one-sided jet’), C (‘triple’), and D (‘doubled- 
lobed’) are indicative of the presence of a jet (see the text for details). While 
radio detection and presence of jets strongly depend on both n and M ∗, bulge , 
the latter is a better predictor. Core-S ́ersic galaxies (enclosed in blue squares) 
can assume morphologies A, B, C, D and unI, and 7/20 (35 per cent) of them 

are undetected with e -MERLIN at 1.5 GHz. 
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GC 3838, NGC 4242, NGC 5273, and NGC 5907) are radio- 
etected but core-unidentified; they have low S ́ersic indices ( n � 3),
aint bulge magnitudes ( M V , bulge � −18 . 9 mag), and low stellar
ulge masses ( M ∗, bulge � 10 10 M �). The remaining 90 undetected
ources are denoted by open circles. The radio detection fraction 
ncreases with bulge mass, n and bulge-to-total flux ratio ( B / T ).
t M ∗, bulge � 10 11 M �, this fraction is 77 per cent, but it declines

o 24 per cent for M ∗, bulge < 10 10 M �. For M ∗, bulge � 10 11 M � the
ean values of n and B / T are n = 4.00 ± 1.50, B / T = 0.79 ± 0.24,
hile we measure mean values of n = 1.52 ± 1.06, B / T =
.10 ± 0.10 for M ∗, bulge < 10 10 M �. Large M ∗, bulge and high n values
o we ver are not strictly associated with radio detection at e -MERLIN
ensiti vity. Most massi ve undetected sources are ALGs, the second 
ost common type being LINERs. 
The radio morphological types of B (‘one-sided jet’), C (‘triple’), 

nd D (‘doubled-lobed’) are indicative of the presence of a radio jet
Baldi et al. 2018 ). It is evident that radio jetted sources are among the
ore massive galaxies with a mass range of M ∗, bulge ∼ 3 . 0 × 10 9 −
 . 2 × 10 12 M � and a median mass of log M ∗, bulge / M � = 10 . 8 ±
 . 6. Radio morphology type A (‘core/core-jet’) galaxies tend to be
assive 4 (i.e. a median mass of log M ∗, bulge /M � = 10 . 7 ± 1 . 0) but

hey trace a wide range of n ( ∼1–13) and mass ( M ∗, bulge ∼ 10 7 −
 × 10 12 M �). While radio morphology types A and E (Baldi et al.
018 ) do not guarantee a jet with e -MERLIN at 1.5 GHz, the most
assive ‘core/core-jet’ galaxies are probably jetted (see Table A1 ). 
ore-S ́ersic galaxies (enclosed in blue squares) can assume all radio 
 Note that o v er the mass range of M ∗, bulge ∼ 3 . 0 × 10 9 − 3 . 2 × 10 12 M �
raced by our jetted galaxies, we find a median mass for type A galaxies of 
og M ∗, bulge /M � = 10 . 9 ± 0 . 7. 

i  

c  

f

‘

orphologies except E, and 7/20 (35 per cent) of them are undetected
ith e -MERLIN at 1.5 GHz. 

.2 The incidence of optical (emission-line) and radio AGN as a 
unction of stellar mass, luminosity, and Hubble type 

he moti v ation here is to see how the AGN fraction varies with the
ost galaxy photometric properties. Due to the high radio detection 
nd radio jet incidence for more massive bulges (Section 3.1 ), a
orrelation is expected also between the AGN fraction and the bulge
ass, bulge magnitude, and other related galaxy properties. Fig. 2 

hows the distributions of bulge luminosity ( M V , bulge ), total galaxy
uminosity ( M V , glxy ), bulge stellar mass ( M ∗, bulge ), galaxy stellar mass
 M ∗, glxy ), and Hubble type for A GN and non-A GN hosts. Galaxies
ith LINERs and Seyferts nuclei are active and simply referred to

s ‘optical AGN’ (orange curve), while ALGs and H II , which are
onsidered inactive, constitute the non-AGN subsample. Galaxies 
hich are dubbed as ‘radio AGN’ (green curve) are limited to

hose with radio morphologies B (‘one-sided jet’), C (‘triple’) and 
 (‘doubled-lobed’) and radio detected LINERs and Seyferts, see 
 able A1 . W e note that the bulk (87 per cent) of the sample galaxies
ith radio morphologies B, C, and D are radio detected LINERs and
eyferts. All the ‘Radio AGN’ galaxies in the sample have AGN-

ike spectral emission except for three inactive galaxies (NGC 3348, 
GC 3665, and NGC 4217). 
Having defined the AGN fraction as the ratio between the number

f galaxies with an AGN and the total number of galaxies under
onsideration, there is strong evidence for correlation between 
he optical AGN fraction and bulge stellar mass and luminosity 
Fig. 2 ). Using the symmetrical ordinary least-squares (OLS) bisector
egression (Feigelson & Babu 1992 ), we find the fraction of optical
GN galaxies is such that f optical AGN ∝ M 

0 . 24 ±0 . 06 
∗, bulge and f optical AGN ∝

 

0 . 30 ±0 . 05 
∗, glxy . The majority of optical AGN (80 per cent) and radio
GN (90 per cent) hosts have bulges more massive than M bulge ∼
0 10 M � ( M glxy ∼ 10 10 . 5 M �) and brighter than M V , bulge ∼ −18 . 2
ag ( M V , glxy ∼ −20 . 0 mag) (see Fig. 2 ). From a bulge magnitude of
15.5 to −18 mag, the optical AGN fraction increases dramatically 

rom 22 ± 5 to 50 ± 4 per cent, before rising gently to 77 ± 3
er cent from M V , bulge ∼ −18 to −22.5 mag. Between bulge mass
f M ∗, bulge ∼ 10 8 . 5 and 10 11 . 3 M �, the optical AGN fraction steadily
ises from 15 ± 4 to 80 ± 5 per cent. In general, the trend of the optical
GN fraction for the bulge mirrors that of the host galaxy. We note

hat of the 32 galaxies in the sample having M ∗, glxy � 5 × 10 9 M �
nd thus defined to be low-mass by Penny et al. ( 2018 ) only three
NGC 404, NGC 1058, and NGC 3982) host an active AGN, yielding
n optical AGN fraction for this low-mass domain of 9.4 per cent,
hich is comparable to the 10 per cent reported by Penny et al. ( 2018 ,

ee also Kaviraj, Martin & Silk 2019 ; Mezcua, Suh & Ci v ano 2019 )
t the same stellar mass range. 

As with the optical AGN fraction, the ‘radio AGN’ fraction appears 
o be a function of stellar mass and luminosity. The fraction of radio
GN galaxies is such that f radio AGN ∝ M 

0 . 24 ±0 . 05 
∗, bulge and f radio AGN ∝

 

0 . 41 ±0 . 06 
∗, glxy . From a bulge magnitude of −17 to −19.5 mag, the ‘radio
GN’ fraction increases strongly from 17 ± 5 to 50 ± 4 per cent and

hen rising gently to 60 ± 5 per cent from M V , bulge ∼ −19 . 5 to −23.0
ag. From M ∗, bulge ∼ 10 10 to 10 11 . 7 M �, the ‘radio AGN’ fraction

ncreases from of 32 ± 7 to 68 ± 5 per cent, whereas when M ∗, glxy is
onsidered o v er a similar mass range the ‘radio AGN’ fraction rises
rom 3 ± 3 to 25 ± 5 per cent. 

We also checked the ‘radio AGN’ fraction by restricting the 
radio AGN’ subsample to contain only jetted galaxies with radio 
MNRAS 522, 3412–3438 (2023) 

art/stad1122_f1.eps


3418 B. T. Dullo et al. 

M

Figure 2. The relations between the AGN fraction and host galaxy properties. Top row: (a) AGN fraction as a function of bulge luminosity M V , bulge , (b) total 
galaxy luminosity M V , glxy , (c) bulge stellar mass M ∗, bulge , (d) galaxy stellar mass M ∗, glxy , and (e) morphology. Bottom row: distributions of M V , bulge , M V , glxy , 
M ∗, bulge , M ∗, glxy , and morphology for AGN and non-AGN hosts. The galaxies referred here to as ‘optical AGN’ (orange curve) are LINERs and Seyferts and 
those referred to as ‘radio AGN’ (green curve) are jetted objects with radio morphologies B (‘one-sided jet’), C (‘triple’), and D (‘doubled-lobed’) and radio 
detected LINERs and Seyferts. 
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orphologies B, C, and D. We find that the ‘jetted’ radio AGN
raction is a function of stellar mass and luminosity such that
 jetted radio AGN ∝ M 

0 . 17 ±0 . 05 
∗, bulge and f jetted radio AGN ∝ M 

0 . 18 ±0 . 06 
∗, glxy . From

 ∗, bulge ∼ 10 10 to 10 11 . 3 M �, the jetted radio AGN fraction increases
rom 10 ± 5 to 30 ± 5 per cent, while for M ∗, glxy considered o v er a
imilar mass range the jetted radio AGN fraction rises from 3 ± 3 to
5 ± 5 per cent. Owing to the low number statistics associated with
he jetted radio AGN galaxies, we remind the need for caution when
nterpreting the aforementioned results. Furthermore, the quoted
etted radio AGN fractions are probably a lower limit, since massive
alaxies with radio morphologies A and E might host a radio jet and
nactive galaxies might have a weak AGN cloaked at their centres. 

Although the trend of increasing radio AGN activity with in-
reasing stellar mass has been previously reported (e.g. Kauffmann
t al. 2003a ; Best et al. 2005 ; Kauffmann et al. 2008 ; Heckman
 Best 2014 ), our relation ( f radio AGN ∝ M 

0 . 41 ±0 . 06 
∗, glxy ) is significantly

hallower than the (radio-loud AGN fraction)–(galaxy stellar mass)
elation found by Best et al. ( 2005 , f Radio −loud AGN ∝ M 

2 . 5 
∗, glxy ). The

iscrepancy between the slopes from our work and Best et al. ( 2005 )
ay be due to the higher sensitivity and higher angular resolution of

ur e -MERLIN radio data which allow for the identification of jetted,
adio-quiet AGN. Note that the bulk of the outflows of ionized matter
n a jet can be either relati vistic, gi ving rise to a radio-loud AGN, or
ub-relativistic, resulting in a radio-quiet AGN. Also shown in Fig. 2
re trends with optical morphological classes; we notice a variation
n the AGN fraction across the Hubble sequence: 47.8 per cent of
lliptical galaxies, 64.3 per cent of S0s, and 42.2 per cent of spiral
alaxies (75 per cent of Sa, 54.6 per cent of Sb, and 20.5 per cent
c) are optical AGN. 
NRAS 522, 3412–3438 (2023) 

t

.3 Dependence of nuclear radio emission and AGN fraction on
nvironment 

here are conflicting reports in the literature about the role of
alaxy environment in triggering AGN activities and nuclear radio
missions (e.g. Man et al. 2019 ). This moti v ates us to investigate the
nvironmental dependence of nuclear activities for the LeMMINGs
alaxies. We apply two methods to measure the galaxy environments:
ocal densities based on the nearest neighbour method and dark

atter halo mass. Measures of the environment based on the nearest
eighbours method are shown to approximate well the internal
roperties of the dark matter halo (Muldrew et al. 2012 ). For
ach galaxy in the sample, we derive local surface densities ( ρ)
nd luminosity surface densities ( ν) inside a cylinder containing
he 3rd and 10th nearest neighbours with M B � −18 . 0 mag and
 velocity cut of � V hel < 300 km s −1 (denoted by ρ3 , ν3 and
10 , ν10 , respectively, see Table A1 , also Cappellari et al. 2011 ).
 detailed discussion of the deri v ations of these environmental
easures and their comparison with those from Cappellari et al.

 2011 ) are available online. Given the strong correlations we find
etween ρ and ν (Spearman’s correlation coefficient r s ∼ 0.93 − 0.96,
 ∼ 0), throughout this paper we only consider the luminosity surface
ensities ν10 and ν3 (see Table A1 ). We determine that the typical
ncertainty on log ν10 and log ν3 is 0.60 dex. 
For the halo mass ( M halo ), we follow Veale et al. ( 2017b ) and

se the halo mass based on the projected mass estimator (Heisler,
remaine & Bahcall 1985 ) from the Crook et al. ( 2007 ) high density
ontrast (HDC) group catalogue which provides halo mass estimates
uantified based on the two different methods for groups with at least
hree members (see Table A1 ). 
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Figure 3. Radio core luminosity for our sample of 173 galaxies ( L R, core ) plotted as a function of B -band luminosity surface density inside a cylinder enclosing 
the 10th nearest galaxy neighbour ν10 (a), B -band luminosity surface density for a cylinder containing three nearest neighbour ν3 (b), and halo mass M halo (c). 
The blue curve indicates the median L R, core values for the corresponding local density and halo mass bins. The error bars show the 1 σ error on the measurements. 
Overall there is a mild tendency of the median L R, core values to increase with ν10 and ν3 but no relation of L R, core with halo mass. Ho we v er, remo ving the six 
outlying sample data points with high ν3 ( > 10 12 L �, B Mpc −2 ) and low ν3 ( < 10 8 L �, B Mpc −2 ), the mild tendency disappears and the correlations between 
L R, core and ν become very weak and no correlation is seen between L R, core and M halo : Spearman’s correlation coefficients and probabilities for the full sample 
are (a) ρ ∼ 0.13, P ∼ 0.0924, (b) ρ ∼ 0.20, P ∼ 0.01231, and (c) ρ ∼ −0.07, P ∼ 0.3811. 
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.3.1 Radio core luminosity against local environment density and 
alo mass 

e examine here whether the radio core luminosities ( L R, core ) for
ur sample galaxies correlate with the local environment measures 
nd halo masses. Fig. 3 shows L R, core plotted against (i) the B -
and luminosity surface density inside a cylinder enclosing the 10th 
earest neighbour ν10 , (ii) the same density but now inside a cylinder
ncluding the 3rd nearest neighbour ν3 , and (iii) the halo mass M halo .
ote that a galaxy that inhabits a dense region, i.e. a galaxy located

lose to its neighbours, has high values of ν3 and ν10 . Overall, we find
he median radio core luminosities for our sample appear to increase 
lightly as a function of ν, but our galaxies reside in all environments,
egardless of their radio core luminosities. 

There is a weak correlation between L R, core and ν10 ( r s ∼ 0.24, P
0.0013), a marginally significant correlation between L R, core and 

3 ( r s ∼ 0.30, P ∼ 9 × 10 −5 ) and no correlation between L R, core 

nd M halo ( r s ∼ −0.01, P ∼ 0.8879). Excluding the six outlying 
ample data points, i.e. three with high ν3 ( > 10 12 L �,B Mpc −2 )
nd three low ν3 ( < 10 8 L �, B Mpc −2 ), see the middle panel, which
eem to be driving the relations in Figs 3 (a) and (b), we rerun the
nalysis, finding only weak correlations between L R, core and ν ( r s 

0.13 − 0.20, P ∼ 0.01231 − 0.0924). For L R, core and M halo the 
elation is consistent with the null hypothesis of no correlation ( r s ∼
0.07, P ∼ 0.3811). 

.3.2 (Radio detection)-density and AGN-density relations in bins 
f fixed bulge stellar mass 

he incidence of radio activity and AGN are strong functions of bulge 
ass M bulge (Figs 1 and 2 ). Studies have also shown that bulge stellar
ass depends on the host galaxy environment, with large numbers 

f massive, early-type (non-star forming) galaxies preferentially in 
igher density local environments (Dressler 1984 ; G ́omez et al. 2003 ;
auffmann et al. 2003b , 2004 ; Baldry et al. 2006 ; Peng et al. 2010 ),
ee also Appendix A1. As such (radio detection)-density and AGN- 
ensity relations may be driven by M bulge . Therefore in Fig. 4 we
eparate our sample into three (high-, intermediate-, and low-bulge) 
ass bins and examine how the radio detection, optical, and radio
GN fractions vary as a function of environment as measured by
10 , ν3 , and M halo . Within each fixed M bulge bin, we find no obvious
ependence of the radio detection and AGN fraction on environment 
cross the sample, regardless of the method we apply to define galaxy
nvironment. For most of the cases in Fig. 4 , the radio detection and
both optical and radio) AGN fraction remain unchanged o v er the
ve (four) orders of magnitude in ν10 and ν3 ( M halo ) probed by our
ample. In general, the environments of the active galaxies in the
ample are indistinguishable from those of inactive ones. Our results 
re in agreement with some past work (Miller et al. 2003 ; Pimbblet
t al. 2013 ; Amiri et al. 2019 ; Man et al. 2019 ), albeit see conflicting
laims in the literature (e.g. Kauffmann et al. 2004 ). 

.4 Radio loudness 

n order to gain further insight into the nuclear radio emissions in
ur galaxies, we divide them into radio-loud (RL) and radio-quiet 
RQ) galaxies. Following Baldi et al. ( 2021b ), in Dullo et al. ( 2023 )
e classified galaxies as RL when log ( L core /L [O iii ] ) > −2 and log

 M BH / M �) > 7.7. This yielded 155 RQ and 18 RL galaxies in our
ample; 17 of the 18 RL galaxies are LINERs and one is a (jetted)
 II galaxy NGC 3665 (Table A1 ). 
In Fig. 5 , we present comparisons of the distributions of the

roperties of RQ and RL galaxies: S ́ersic index ( n ), ellipticity,
sophote shape parameter B 4 , ne gativ e, inner logarithmic slope
 γ ), Hubble type, ν10 , ν3 , and M halo . We run several two-sample
olmogoro v–Smirno v (KS) tests on the cumulative distributions of 

he RQ and RL data sets. When compared to RQ galaxies, we find
hat RL galaxies tend to posses an early-type morphology and inhabit
 denser environment as defined by ν3 . For the Hubble type and ν3 ,
e can reject the null hypothesis that the RQ and RL data sets
MNRAS 522, 3412–3438 (2023) 
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Figure 4. Radio detection, optical emission-line AGN and radio AGN fractions ( f (Radio detection) , f (Optical AGN) , and f (Radio AGN(Jetted)) , respectively) are plotted 
as a function of luminosity surface densities ( ν10 and ν3 ) and halo mass M halo colour-coded by three (high-, intermediate-, and low-)bulge mass ( M ∗, bulge ) bins. 
The error bars denote the Poisson errors. Within each M ∗, bulge bin considered, the radio detection and optical AGN fractions vary only mildly with ν10 , ν3 , and 
M halo . The only notable exception is the decrease in f (Jetted) with increasing ν3 for the massive bin (bottom row, middle panel). 

Figure 5. Properties of radio-quiet (RQ, blue curve) and radio-loud (RL, orange curve) sample galaxies. We show the distributions of the S ́ersic index ( n ), 
ellipticity, isophote shape parameter B 4 , ne gativ e, inner logarithmic slope ( γ ), Hubble type, luminosity surface densities within cylinders enclosing the 10th and 
3rd nearest neighbours ( ν10 and ν3 ) and halo mass ( M halo ). We run two-sample Kolmogoro v–Smirno v (KS) tests on the cumulative distributions of the RQ and 
RL data sets and show the corresponding P -values. For the galaxies’ Hubble type and ν3 , we can reject the null hypothesis that the RQ and RL data sets are drawn 
from the same distributions as the P -values are < 0.05. While the comparison of the γ distributions for RQ and RL galaxies yields a borderline case with P ∼ 0.05, 
the null hypothesis cannot be rejected ( P > 0.05) when KS tests are performed on the remaining properties of RQ and RL galaxies ( n , ellipticity, B 4 , ν3 , and M halo ). 
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Figure 6. (FUV–[3.6]) galaxy colour versus bulge mass relation for 140 LeMMINGs galaxies that are in common with the sample of 1931 nearby galaxies 
from Bouquin et al. ( 2018 ), who published GALEX NUV, FUV, and Spitzer 3.6 μm asymptotic galaxy magnitudes. We divide the sample based on their optical 
spectral class (active: 12 Seyferts + 28 LINERs + 2 jetted H II galaxies, panels (a) and (b) and inactive: 2 ALGs plus 76 H II galaxies, panels (c) and (d)) and on 
morphology (27 early-type and 113 late-type). Of the 140 galaxies, 85 are in our sample and have accurate bulge mass measurements used here (Table A1 ). The 
bulge masses for the remaining 55 galaxies have been computed from the 3.6 μm magnitudes (Bouquin et al. 2018 ) and are not well constrained, see the text for 
further detail (Section 2.3 ). Red-sequence (RS), blue-sequence (BS), and green valley (GV) galaxies are shown in red, light-blue, and green contours which trace 
the GALEX /S 4 G results from the sample of 1931 (early- and late-type) galaxies, after converting the galaxies’ 3.6 μm magnitudes (Bouquin et al. 2018 ) into bulge 
masses using the equations in Dullo et al. ( 2023 , their table 5), Section 2.3 . The vertical lines delineate the low-, intermediate-, and high-(bulge mass) boundaries 
that we adopted in this work (see Section 5.3 ). Filled stars, triangles, and diamonds denote the Seyfert, LINER, and H II galaxies, while the filled ‘x’ symbols 
represent ALGs. ‘Jetted’ radio AGN hosts and core-S ́ersic galaxies are enclosed in magenta squares and open blue circles, respectively. In general, the hosts of 
active galaxies (a and b) typically have FUV–[3.6] colours > 4.0, and lie above the blue, star-forming main sequence defined by inactive, star forming galaxies (d). 
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re drawn from the same distributions at P -values of < 0.05. The
 v aluation of the γ distributions for RQ and RL galaxies with P ∼
.05 is a borderline case, although there is a mild tendency for RL
alaxies to have shallower inner slopes than RQ galaxies. Having 
erformed KS tests on the remaining galaxy properties, we cannot 
eject the null hypothesis that the RQ and RL galaxies are drawn from
dentical distributions in n , ellipticity, B 4 , ν10 , and M halo ( P -values

0.10 − 0.54). 
Note that the only significant trend between nuclear activity and 

nvironment from our work is the tendency for RL galaxies to have
igh values of ν3 , thus they preferentially reside in the highest local
ensities, ho we ver other environmental measures ( ν10 and M halo )
o not corroborate the trend (see Fig. 5 ). Also, we have not ruled
ut whether the bulge mass is driving the trend between radio 
oudness and ν3 . In summary, our results again suggest AGN and 
adio loudness are not environmentally driven and thus agree with 
hat we found in Sections 3.3.1 and 3.3.2 . 

.5 Acti v e and inacti v e galaxies across the (FUV–[3.6])–M ∗, bulge 

lane 

n a continued effort to better examine the relationship between AGN 

ctivity and bulge growth, in Fig. 6 we show the (FUV–[3.6]) galaxy
olour, which is a good proxy for the global star-formation per unit
alaxy stellar mass (Bouquin et al. 2018 ; Dullo et al. 2020 ), against
ulge stellar mass ( M bulge ) (e.g. Baldry et al. 2004 ; Schawinski et al.
014 ) for 140 LeMMINGs galaxies, 85 of which are in our sample
Table A1 , see Section 2.3 ). We divide the sample based on their
ptical spectral class and morphology (27 early-type and 113 late- 
ype). Also shown in Fig. 6 are red, light-blue, and green contours
hich trace the GALEX /S 

4 G red-sequence (RS), blue-sequence (BS), 
nd green valley (GV) defined by the sample of 1931 galaxies of
ouquin et al. ( 2018 ). We find that the vast majority of active
arly-type galaxies lie on the RS, while the remaining ones, with 
ntermediate-mass bulges, appear on the GV (Fig. 6 a). These results
uggest that the star formation in massive bulges was quenched by
he AGN feedback on short time-scales ( �τ � 1 Gyr; Bower, Lucey
 Ellis 1992 ; Thomas, Greggio & Bender 1999 ; Wake et al. 2006 ).
ctive late-type galaxies reside preferentially in the red end of the
lue sequence and they appear to define a transitioning sequence, 
here the bulges become more massive and redder as they march
radually on the RS (see also Faber et al. 2007 ; Westoby, Mundell
 Baldry 2007 ; Schawinski et al. 2010 ; Vulcani et al. 2015 ; Belfiore

t al. 2018 ). There is a caveat here. Fig. 6 plots integrated galaxy
olours, while we actually seek to examine the bulge-SMBH co- 
volution. In the case of disc galaxies, the use of galaxy colours
ikely bias the bulge colours bluewards, therefore most active late- 
ype bulges would actually lie on the GV (Fig. 6 ). 

Overall, the hosts of active galaxies (Figs 6 a and b), typically have
UV–[3.6] colours > 4.0, and sit abo v e the blue, star-forming main
equence defined by inactive, star forming galaxies (Fig. 6 d). We also
nd that radio-loud LINERs lie on the RS. The ‘jetted’ radio AGN
osts (Figs 6 a and b) are predominantly (85 per cent) BS galaxies,
o-spatial with the massive GV hosts or lie on the red end of the BS.
hese support the notion that AGN feedback shuts off or suppresses
tar formation in galaxies. We also find that all the three core-S ́ersic
alaxies in the subsample (Fig. 6 , blue circles) are located on the red
ontour, this is expected since massive bulges are thought to form
ia gas-poor major merger events involving massive SMBHs. 
The key question as to whether the AGN feedback and suppression

f star formation in bulges are strictly coincidental is still being
ebated (e.g. Davies et al. 2007 ). Tackling this issue and addressing
he time-scale of the AGN and its duty cycle (e.g. Shabala et al. 2008 ;
chawinski et al. 2015 ) is beyond the scope of this paper. For low-
ass galaxies in clusters and groups the effects of the (weak) AGN

nd/or stellar feedback events may be limited to the central regions
nd thus less efficient in quenching the galaxies globally. Instead, 
or such galaxies, quenching is likely and maybe largely driven by
MNRAS 522, 3412–3438 (2023) 
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Figure 7. Correlations between the e -MERLIN 1.5 GHz radio core luminosity ( L R, core ) and bulge stellar mass ( M ∗, bulge ) and absolute V -band bulge magnitude 
( M V , bulge ) for our sample of 173 galaxies, separated by spectral classes. Filled circles show the galaxies in our sample that are radio-detected with e -MERLIN at 
1.5 GHz, whereas open circles are for the undetected sources. Our L R, core values for the undetected sources are 3 σ upper limits. The dashed and solid lines are 
OLS bisector regressions for the active galaxies (Seyferts (dark-green circles) and LINERs (pink circles)) and inactive galaxies (ALGs (green circles) and H II s 
(light-blue circles)), respectively. NGC 147, NGC 205, and NGC 221, which are all ALGs and dwarf satellites of the Andromeda Galaxy, deviate significantly 
from the relations defined by inactive galaxies. A typical error bar associated with the data points is shown at the bottom of each panel. 
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nvironmental processes such as ram pressure stripping (Gunn &
ott 1972 ), g alaxy–g alaxy harassment (Moore et al. 1996 ), and/or

trangulation (Larson, Tinsley & Caldwell 1980 ; Peng, Maiolino &
ochrane 2015 ). 

.6 Nuclear radio activity and kinematic morphology 

n Dullo et al. ( 2023 ), we use a sample of 30 early-type galaxies in
ommon with the ATLAS 

3D sample (Emsellem et al. 2011 ) consisting
f 4 slow rotators (SRs) and 26 fast rotators (FRs) to investigate
he link between kinematics, central structure, and nuclear radio
etection. The low number statistics in that work prohibited us from
rawing conclusions, therefore we expand our sample here to 48
arly-type galaxies (11 SRs + 37 FRs) by adding 8 galaxies that
re in common between us and Veale et al. ( 2017b ) plus 10 galaxies
rom the full LeMMINGs sample with no HST data (thus excluded
n Dullo et al. 2023 ) that are in common with Emsellem et al. ( 2011 ).
f the 48 early-type galaxies, 38 (10 SRs + 28 FRs) have HST data

nd these are thus classified as S ́ersic and core-S ́ersic galaxies; we
nd 9 out of 10 (90 per cent) SRs are core-S ́ersic galaxies, whereas
3/28 (82 per cent) FRs are S ́ersic galaxies. It is apparent that the
ast majority of SRs and FRs are core-S ́ersic and S ́ersic galaxies,
espectively, consistent with the work of Krajnovi ́c et al. ( 2013 );
eale et al. ( 2017a ). The results can be naturally reconciled under

he scenario that SRs are largely a consequence of experiencing
redominantly gas-poor (‘dry’) mergers, whereas FRs are associated
ith wet mergers and gas-rich processes. For the 48 o v erlapping

arly-type galaxies (Emsellem et al. 2011 ; Veale et al. 2017b ), we find
NRAS 522, 3412–3438 (2023) 
hat, while SRs have a slightly higher radio detection rate than FRs,
he radio detection fraction for the two kinematic classes are broadly
onsistent within the errors: 19/37 FRs (0.51 ± 0.15) and 7/11 SRs
0.64 ± 0.31) are radio detected with e -MERLIN at 1.5 GHz. 

 SCALI NG  R E L AT I O N S  BETWEEN  R A D I O  

O R E  LUMI NOSI TY  A N D  BU LG E  PROPERTIES  

ulge prominence, a high bulge S ́ersic index, and a large bulge
ass are preferentially associated with nuclear radio activity (see
ection 3.1 , Dullo et al. 2023 ). Scaling relations between the central
alaxy properties (such as bulge mass, bulge luminosity, SMBH
ass, and velocity dispersion) and the radio luminosity provide

nsight into the origin of nuclear radio emissions and they can help
onstrain galaxy formation models (Ulvestad & Ho 2001a ; Nagar
t al. 2002 ; Filho et al. 2004 ; Nagar et al. 2005 ; Heckman & Best
014 ; Baldi et al. 2018 ; Panessa et al. 2019 ; Baldi et al. 2021a ,
 ). Taking advantage of the bulge masses and luminosities of LeM-
INGs galaxies, accurately measured through our multicomponent

ecompositions, we inv estigate sev eral radio core luminosity L R, core 

caling relations. These are displayed in Figs 7 , 8 , 9 , 10 , and 11 . 

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

igs 7 and 8 show the relation between the radio core luminosity
 L R, core ) and the bulge’s stellar mass M ∗, bulge and absolute V -band
agnitude M V , bulge , colour-coded based on the optical emission-line

lass. Separating the sample into active (Seyferts, LINERs, and two

art/stad1122_f7.eps
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Figure 8. Similar to Fig. 7 but now showing the spectral classes together. 

Figure 9. The radio core luminosity ( L R, core ) as a function of the SMBH 

mass ( M BH ) for all 59 LeMMINGs galaxies with measured M BH . The dashed- 
dotted line is the OLS bisector regression fit to the data. A typical error bar 
associated with the data points is shown at the bottom. 
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etted H II ) and inactive (ALGs and H II ) galaxies, we fit each type
eparately, and find strong correlations between L R, core and M ∗, bulge 

nd M V , bulge . Note that the sample spans more than six orders of
agnitude in stellar mass and o v er a dozen in absolute magnitude.
he OLS bisector regressions that we fit to the ( L R , core , M ∗, bulge )
nd ( L R , core , M V , bulge ) data set reveal that the L R , core − M ∗, bulge and
 R , core − L V , bulge relations are not log-linear but instead active and 

nacti ve galaxies follo w two distinct relations with markedly different 
lopes. The OLS bisector regression of our active galaxies yields 
 R , core ∝ M 

1 . 42 ±0 . 18 
∗, bulge and L R , core ∝ L 

1 . 85 ±0 . 23 
V , bulge , while we see substantial

attening of the trend for inactive galaxies L R , core ∝ M 

0 . 68 ±0 . 08 
∗, bulge 

nd L R , core ∝ L 

0 . 88 ±0 . 13 
V , bulge . Note that our regression analyses did not

ake into account (accurately measured) errors on L R, core and bulge 
roprieties, therefore we opted for a symmetrical bisector regression, 
ather than an OLS(X | Y) or OLS(Y | X) regression. The results of
he regression fits are presented in Table 3 . The transition from an
nactive (i.e. star-formation driven) to an active optical AGN seems to 
ccur at M ∗, bulge ∼ 10 9 . 8 ±0 . 3 M � and M V , bulge ∼ −18 . 5 ± 0 . 3 mag.
o assess the strength of the correlations, we use the Spearman
nd Pearson correlation coefficients ( r s , r p , see Table 3 ). For the
 R , core − M ∗, bulge relations we find r s ∼ 0.56 − 0.73 and r p ∼
.54 − 0.64 and the pertaining P -values for a null hypothesis that
wo sets of data are uncorrelated are very low ( P ∼ 10 −14 − 10 −7 ).
he tight L R , core − M V , bulge relations are such that - r s ∼ 0 . 53 − 0 . 70
nd - r p ∼ 0.53 − 64 and P ∼ 10 −13 − 10 −7 . 

Given that 52 per cent of our sample do not have radio emission
etected with e -MERLIN at 1.5 GHz and that our L R, core values for
uch undetected sources are upper limits, we performed a statistical 
ensored analysis of the L R , core − M ∗, bulge and L R , core − M V , bulge 

elations using the ASURV package (Feigelson & Nelson 1985 ; Isobe,
eigelson & Nelson 1986 ) accounting for upper limits. The slopes
rom the censored and uncensored analyses are consistent within 
he errors ( L R , core ∝ M 

1 . 19 ±0 . 22 
∗, bulge and L R , core ∝ L 

1 . 33 ±0 . 30 
V , bulge , for active

alaxies, censored; L R , core ∝ M 

0 . 74 ±0 . 17 
∗, bulge and L R , core ∝ L 

0 . 85 ±0 . 20 
V , bulge , for

nactive galaxies, censored). The slopes of the L R , core − M ∗, bulge 

nd L R , core − L V , bulge relations for active and inactive galaxies are 
if ferent, irrespecti ve of the applied statistical method. There are
o we ver marked discrepancies between intercepts of the relations 
rom the censored and uncensored analyses, in which the former 
ntercepts have large errors and are markedly offset towards lower 
alues. Despite the high level scatter at the low radio core luminosity
nd, the undetected radio sources which are mostly H II galaxies
ppear to be simply luminosity scaled-down versions of the radio 
etected inacti ve galaxies. Ho we ver, three dwarf satellites of M31,
he Andromeda Galaxy (NGC 147, NGC 205, and NGC 221, e.g.
bata et al. 2013 ), which are all ALGs at a distance of 0.8 Mpc with
 R, core upper limits (Baldi et al. 2018 , 2021a ), deviate notably from

he inactive L R , core − M ∗, bulge and L R , core − L V , bulge relations. With 
he assumption that all ALGs follow the inactive L R , core − M ∗, bulge 

nd L R , core − L V , bulge relations, a plausible interpretation is that the 
ery low L R, core upper limit values of these low mass galaxies arise
rom an observational bias associated with their close proximity 
o us, which allowed very low L R, core values to be measured. An
lternative interpretation for the lack of radio emission may be that
he gravitational interaction of these three satellites with M31 has 
tripped them of their gas (see e.g. Putman et al. 2021 ), subsequently
uenching star formation in the galaxies. 

.2 L R, core − M BH 

and L R, core − σ

e next examine the correlations between the radio core luminosity 
nd the SMBH mass ( M BH ) for those 59 LeMMINGs galaxies with
easured M BH (van den Bosch 2016 ; Nguyen et al. 2019 , see
able A1 ), and the central stellar velocity dispersion ( σ ) for all
76 LeMMINGs galaxies with σ available from Ho et al. ( 2009 ); see
igs 9 , 10 , see Table A1 . To measure the central velocity dispersions,
o et al. ( 2009 ) used long-slit optical spectra placed across the
ucleus of their galaxies with a rectangular aperture of size 2 arcsec

4 arcsec (Ho et al. 1995 ). The measured SMBH masses are based
n the methods of gas dynamics, stellar dynamics, and megamasers, 
xcept for three galaxies (NGC 3516, NGC 5273, and NGC 5548)
ith reverberation mapping SMBH masses. 
The L R, core − M BH relation is regarded as a good diagnostic to

eparate star-forming and AGN galaxies (e.g. Nagar et al. 2002 ;
aldi et al. 2018 ; Saikia et al. 2018 ). Brighter and more massive
alaxies which host massive BHs are associated with radio emission 
rom the AGN as reflected by the trend of increasing AGN fraction
ith SMBH mass, whereas at low luminosities/masses the radio 
MNRAS 522, 3412–3438 (2023) 

art/stad1122_f8.eps
art/stad1122_f9.eps


3424 B. T. Dullo et al. 

M

Figure 10. The radio core luminosity ( L R, core ) as a function of the central stellar velocity dispersion ( σ ) for all 276 LeMMINGs galaxies with σ available from 

Ho et al. ( 2009 ). Symbolic representations are as in Fig. 7 . The dashed, solid, and dashed-dotted lines are OLS bisector fits for the acti ve, inacti ve, and full 
sample of galaxies under consideration. NGC 1275 falls outside the range radio core luminosity shown here. A typical error bar associated with the data points 
is shown at the bottom of each panel. 

Figure 11. Similar to Fig. 10 but now showing the spectral classes together 
for ease of comparison. A typical error bar is shown at the bottom right. 
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mission is primarily due to star formation. The 59 SMBH masses,
lthough securely measured, are fairly high. With only 12/59 SMBHs
ess massive than M BH ∼ 10 6 . 5 M �, the presence of two distinct
elations for active and inactive galaxies is not evident from the
 R, core − M BH diagram (Fig. 9 ), therefore we have not sought to
eparate the galaxies into these two groups. In Baldi et al. ( 2018 ,
021a ) we reported ‘broken’ scaling relations involving L core and
 BH with distinct slopes which correspond to non-jetted star-forming

 ∼ L core ∝ M 

0 . 61 
BH ) and active galaxies ( ∼ L core ∝ M 

1 . 65 
BH ), the break

ccurring at M BH ∼ 10 6 . 5 M �; the bulk (221/280) of the Baldi et al.
NRAS 522, 3412–3438 (2023) 
 2018 , 2021a ) galaxies had their SMBH masses predicted using the
 − σ relation. In Fig. 9 we refrain from using SMBH masses

redicted with well-known SMBH scaling rations (e.g. M BH − σ ,
 BH − L bulge , and M BH − M ∗, bulge ) because departures from a single

ower-law relation between M BH and host galaxy properties have
een reported to exist particularly at the low- and high-mass ends
e.g. Greene, Ho & Barth 2008 ; McConnell & Ma 2013 ; Bower et al.
017 ; Mart ́ın-Navarro & Mezcua 2018 ; Dullo, Gil de Paz & Knapen
021 ). We find that the OLS bisector fit gives the relation between
 R, core and M BH as L R , core ∝ M 

1 . 45 ±0 . 20 
BH ( r s / P ∼ 0.52/2.6 × 10 −5 and

 p ∼ 0.57/2.3 × 10 −6 ), Table 3 . 
In the L R, core − σ diagram (Figs 10 , 11 ), H II galaxies, galaxies

ith LINER, Seyferts nuclei, and ALGs cleanly separate into two
equences. F or a giv en radio core luminosity, H II galaxies seem to
ossess lower central velocity dispersions than LINERs, Seyferts,
nd ALGs. We note that H II galaxies are likely to contain a low-
ispersion disc component which may reduce the measured σ values.
o we ver, Ho et al. ( 2009 ) measured σ using the spectra of the

entral regions of the galaxies typically dominated by the bulge.
urthermore, Marsden et al. ( 2022 ) reported weak dependence of σ
n disc component. On the other hand, we find ALGs do not deviate
rom the best-fitting inactive L R, core − σ relation defined by the
 II + ALG subsample, but they reside almost exclusively under this

elation. 
We therefore fit OLS bisector regressions first by splitting the

ample into active and inactive galaxies and then using the sam-
le of 276 LeMMINGs galaxies. The OLS fits yield the rela-
ions between L R, core and σ such that L R, core ∝ σ 4.85 ± 0.58 ( r s / P ∼
.72/7.9 × 10 −19 and r p ∼ 0.66/2.8 × 10 −15 ), L R, core ∝ σ 3.06 ± 0.23 

 r s / P ∼ 0.59/7.9 × 10 −16 and r p ∼ 0.56/1.2 × 10 −14 )
nd L R, core ∝ σ 3.61 ± 0.24 ( r s / P ∼ 0.65/7.2 × 10 −35 and r p ∼
.64/2.9 × 10 −33 ) for acti ve, inacti ve, and combined sample galaxies,
espectively (Table 3 ). Our censored L R, core − σ relations are
 R, core ∝ σ 5.10 ± 0.60 , L R, core ∝ σ 2.75 ± 0.48 , and L R, core ∝ σ 3.97 ± 0.34 for ac-

i ve, inacti ve, and combined sample galaxies, respectively (Table 3 ).
s noted abo v e, while the slopes from the censored and uncensored

nalyses agree within the errors, the intercepts of the relations are

art/stad1122_f10.eps
art/stad1122_f11.eps
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ifferent. The transition from a steep L R, core − σ relation for optical 
GN galaxies to the less steep, inactive L R, core − σ relation happens 
t σ ∼ 85 ± 5 km s −1 . 

Figs 7 , 9 , and 10 reveal an outstanding outlier NGC 1275. This
INER galaxy is 2.5–3.8 dex (in the log L R, core direction) above the
 R , core − M ∗, bulge , L R , core − L V , bulge , L R, core − σ , and L R, core − M BH 

est-fitting lines. Given that NGC 1275 is offset upward in several 
 R, core scaling diagrams, the most fa v oured interpretation is that the
adio core luminosity is higher than expected. We note the level of
catter pertaining to the L R, core scaling relations of 0.80–1.0 dex (in
he log L R, core direction). For comparison, the typical uncertainly on 
og L R, core is ∼1 dex. 

 DISCUSSION  

.1 Is the L R, core − M BH 

relation broken? 

e have shown previously unreported breaks in the slopes of 
he observed L R , core − M ∗, bulge , L R , core − M V , bulge , and L R, core −

relations when the sample includes active and inactive galaxies 
Sections 4.1 , 4.2 , and Table 3 ). The slopes of these L R, core scaling
elations for galaxies whose radio emission is dominated by AGN 

re steeper than those for star formation dominated galaxies, with the 
reaks occurring at M ∗, bulge ∼ 10 9 . 8 ±0 . 3 M �, M V , bulge ∼ −18 . 5 ± 0 . 3
ag, and σ ∼ 85 ± 5 km s −1 . We have interpreted the broken
 R, core scaling relations as being due to differences in the origin of
uclear radio emissions for AGN and star forming galaxies (Fiore 
t al. 2017 ; Baldi et al. 2018 , 2021a , b ). Our moti v ation here is
wofold: (i) examine if the single (log-linear) L R, core − M BH relation 
Fig. 9 ) is internally consistent with other L R, core scaling relations 
nd (ii) examine if it holds for all galaxies. As noted abo v e, Baldi
t al. ( 2021b ) reported a break in the L R, core − M BH relation at
 BH ∼ 10 6 . 5 M � for the full sample of 280 LeMMINGs galaxies, 

nalogous to the aforementioned breaks (Sections 4.1 and 4.2 ); in that 
ork the SMBH mass for 221 LeMMINGs galaxies were predicted 

rom the M BH − σ relation (Tremaine et al. 2002 ). Combining 
ur single (log-linear) L R, core − M BH relation constructed using 
9 measured M BH with the L R , core − M ∗, bulge , L R , core − L V , bulge , and
 R, core − σ relations (Table 3 ), we find the mass, luminosity, and 
elocity dispersion turnovers given above (that marks the transition 
rom star formation to AGN) correspond to an SMBH mass of
 BH ∼ 10 6 . 8 ±0 . 3 M �. This suggests that breaks in the different L R, core 

caling relations are related and that the break we identified in the
 R, core − M BH relation (Baldi et al. 2021b ) may be a consequence of
 broken L R, core − σ relation. As such a single L R, core − M BH relation 
an hold o v er the entire radio core luminosity range, although our
esults do not preclude a broken L R, core − M BH relation. To ascertain 
he universality of the L R, core − M BH relation more directly measured 
MBHs for our sample with M BH � 10 6 . 5 M � are needed. 

.2 The influence of environment on AGN activity and the 
mportance of bulge mass 

ur results have revealed no evidence for environmental effects on 
he AGN activity. Across a small range in bulge mass, we find no
ignificant dependence of the radio core luminosity, radio loudness, 
uclear radio activity, or AGN fraction (both optical and radio) on 
nvironmental metrics and halo mass (Fig. 4 ). Our work is consistent
ith a growing body of literature (Laurikainen & Salo 1995 ; Carter

t al. 2001 ; Miller et al. 2003 ; Knapen 2004 ; von der Linden et al.
010 ; Pimbblet et al. 2013 ; Amiri et al. 2019 ; Man et al. 2019 ;
ishra, Dai & Guerras 2021 ), and the results fa v our a scenario
n which the AGN activity is largely bulge mass dependent (see
ection 5.3 ; also Miller et al. 2003 ; Bluck et al. 2014 ; Magliocchetti
t al. 2020 ). We recall that radio loudness, the radio detection
raction, and the fraction of galaxies hosting optical (emission-line) 
 GN and/or radio A GN are strong functions of the bulge stellar
ass and luminosity, M ∗, bulge , M V , bulge (see Sections 3.2 −3.6 ; also
unlop et al. 2003 ; Best et al. 2005 ; Pimbblet et al. 2013 ). We
ave also shown that the radio core luminosity scales strongly with
 ∗, bulge and M V , bulge . These observed relations are ascribed here 

o a formation scenario in which bulges and their SMBHs evolve
ogether in lockstep (e.g. Ho 2002 ; Nagar et al. 2002 ; Nagar et al.
005 ; Heckman & Best 2014 ). Galaxies with more massive bulges
arbour massive SMBHs efficient at generating strong AGN-driven 
utflows and radio emissions, which consequently blow away gas 
nd produce lower star formation efficiencies (e.g. Silk & Rees 1998 ;
roton et al. 2006 ; Hopkins et al. 2006 ; Lagos, Cora & Padilla 2008 ).
he very deep central potential in the bulges of massive galaxies also
elp retain the hot X-ray-emitting interstellar medium (ISM) that is 
eing kept hot by the energy from the radio jet (e.g. Tabor & Binney
993 ; McNamara & Nulsen 2007 ; Cattaneo et al. 2009 ; Kormendy
t al. 2009 ; Fabian 2012 ; Heckman & Best 2014 ). In contrast, low-
ass bulges with a shallow potential well likely undergo a weak
GN activity and stellar feedback (Silk 2005 ). Finally, we note that

he so-called morphology–density relation (Dressler 1980 ) is such 
hat elliptical and early-type disc galaxies, apart from hosting more 
o werful AGN, li ve in denser environments. Therefore this relation
ould give rise to an apparent link between the AGN and host galaxy
nvironment. 

.3 Implications for host galaxy formation mechanisms 

e now discuss the observed connections between the stellar mass, 
ptical spectral line and radio continuum emission, and the potential 
mplications for the formation of core-S ́ersic, S ́ersic, Seyfert, LINER
nd H II galaxies, and ALGs. We focus on the bulge mass M ∗, bulge 

hich is a powerful predictor of galaxy properties such as Hubble
ype, n , B / T , σ , and M BH . 

.3.1 Core-S ́ersic galaxies 

ore-S ́ersic galaxies have depleted cores (Graham et al. 2003 ;
rujillo et al. 2004 ; Ferrarese et al. 2006 ; Kormendy et al. 2009 ;
ullo & Graham 2012 , 2013 ; Rusli et al. 2013 ; Dullo & Graham
014 ; Dullo, Graham & Knapen 2017 ; Dullo 2019 ; Krajnovi ́c
t al. 2020 ) and are thought to be built up through one or more
uccessive ‘dry’ (gas-poor) mergers involving SMBHs (Begelman 
t al. 1980 ; Ebisuzaki et al. 1991 ; Faber et al. 1997 ; Milosavljevi ́c
 Merritt 2001 ; Merritt 2006 ). The y hav e high radio luminosities

 L R, core � 10 35 erg s −1 ) and represent 11.6 per cent (20/173) of
ur sample. They are massive ( M ∗, bulge � 10 11 M �) and bulge-
ominated early-type galaxies hosting either LINER- or ALG-type 
uclear emission, although one exception which has an H II nucleus
s the S0 NGC 3665. Most (65 per cent) of the core-S ́ersic galaxies in
he sample are radio-detected. In Dullo et al. ( 2023 ) we revealed that
ore-S ́ersic galaxies tend to be systematically radio-loud and round 
 ε = 0.21 ± 0.08). They also show a tendency to have ‘boxy’ distorted
r pure elliptical (i.e. neutral) isophotes ( B 4 = ( − 0.007 ± 0.08) ×
0 −2 ), confirming past work (e.g. Sandage 1965 ; Hummel, Kotanyi &
kers 1983 ; Disney, Sparks & Wall 1984 ; Wrobel & Heeschen 1991 ;
adler et al. 1995 ; Faber et al. 1997 ; Capetti & Balmaverde 2005 ;
almaverde & Capetti 2006 ; Richings et al. 2011 ; Dullo & Graham
MNRAS 522, 3412–3438 (2023) 
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015 ; Dullo et al. 2018 ). Our results here also confirm that most
90 per cent) slow-rotators are core-S ́ersic galaxies (see Krajnovi ́c
t al. 2013 ; Veale et al. 2017a ). 

Despite both core-S ́ersic LINERs and ALGs having large bulge
asses, high bulge luminosities, high n values ( � 4) and similar inner

rofile slopes ( γ � 0 . 3) and B 4 values, there is a significant difference
n the radio detection fraction for the two types, i.e. 9/11 (82 per cent)
nd 3/8 (38 per cent), respectively. We attribute these results as being
ssociated with the level of gas accretion onto the SMBH (or lack
hereof). In light of the HST structural analysis and radio emission
nalysis, we postulate that core-S ́ersic galaxies with LINER nuclei
ikely involve fuelling gas for the AGN (in hot accretion mode, e.g.
est et al. 2007 ; Cattaneo et al. 2009 ; Gendre et al. 2013 ) and some

o w-le vel, residual star formation (see Fig. 6 ), whereas the growth
f core-S ́ersic ALGs (most of which are ellipticals and thus do not
ave a supply of cold gas) may largely involve a simple addition of
tars and little gas (e.g. Faber et al. 1997 ; Hopkins et al. 2009b ).
he cooling of hot gas and/or accretion of a gas-rich satellite are
echanisms through which massive early-type galaxies and brightest

luster galaxies (BCGs) can acquire cold gas, allowing for episodes
f lo w-le vel star formation (e.g. Salom ́e & Combes 2003 ; O’Dea
t al. 2008 ; Kaviraj 2010 ; Young et al. 2011 ; Russell et al. 2014 ;
mith & Edge 2017 ). An alternative interpretation compatible with

he lack of nuclear activity in massive ALGs is an intermittent gas
ccretion of the AGN that leads to short-lived AGN episodes, namely
he recurrence scenario (e.g. Schawinski et al. 2015 ; Morganti 2017 ).

For core-S ́ersic LINER galaxies, the stronger AGN feedback from
heir massive SMBHs can generate high nuclear radio emission,
 xplaining why the y trace the high-mass end of the steeper L R, core 

caling relations, in contrast to core-S ́ersic ALGs which lie below
heir LINER counterparts on the inactive relations. In Dullo et al.
 2020 ) we have demonstrated such core-S ́ersic galaxies are red but
ot strictly dead (see de La Rosa et al. 2011 ; Davis et al. 2019 ).
ith UV fluxes being detectable by GALEX (Fig. 6 ), core-S ́ersic

INER galaxies fall on the high-mass end of the tight (SMBH
ass)-(UV −[3.6] colour) red sequence which is populated by older

ulges with more massive SMBHs. Within the core-S ́ersic LINER
alaxy formation scenario, any residual star formation has to be
ept at low level by the AGN feedback, otherwise a substantial late-
ime gas inflow and subsequent starburst events would regenerate a
 ́ersic galaxy after having replenished any pre-existing depleted core
coured by binary SMBHs. Radio jets are invoked to inject energy
s an additional source of heating to prevent the hot X-ray gas from
ooling and to maintain radio-mode feedback episodes (e.g. Best
t al. 2006 ; Croton et al. 2006 ; McNamara & Nulsen 2007 ; Sijacki
t al. 2007 ; Somerville et al. 2008 ; Cattaneo et al. 2009 ; McNamara
t al. 2009 , 2011 ; Fabian 2012 ; Heckman & Best 2014 ; Venturi
t al. 2021 ) in the most massive early-type galaxies and BCGs which
eside in groups and clusters (e.g. O’Dea et al. 2008 ; Russell et al.
014 ; Smith & Edge 2017 ; Russell et al. 2019 ). Of the 20 core-
 ́ersic galaxies in our sample, four (20 per cent) indeed display clear
vidence for such radio jets. 

.3.2 S ́ersic galaxies 

 ́ersic galaxies make up ∼88 per cent (153/173) of our sample.
hey are core-less and span a wide range in radio luminosities
 L R, core ∼ 10 32 − 10 40 erg s −1 ). S ́ersic bulges exhibit a large γ range,
rom 0.01 to 0.70, and the vast majority ( ∼87 per cent) of them have
 ∗, bulge � 10 11 M �. They are associated with all optical emission

lasses and have a radio detection fraction (46 per cent) lower than
heir core-S ́ersic counterparts (65 per cent), unsurprising given that
NRAS 522, 3412–3438 (2023) 
adio detection increases with increasing bulge stellar mass. The
raction of S ́ersic galaxies that are jetted is ∼12 per cent, lower than
hat for core-S ́ersic galaxies (20 per cent). All but one of the Seyferts
nd H II hosts are S ́ersic galaxies; the only exception, NGC 3665, is
entioned abo v e. S ́ersic bulges grow primarily via gas-rich processes

gas-rich mergers and secular evolution), accompanied by cold gas
issipation and starbursts in the nuclear region (Faber et al. 1997 ;
opkins et al. 2009a ). Their stellar populations are formed o v er a pro-

racted period of time (Thomas et al. 2005 ; Tolstoy, Hill & Tosi 2009 ;
homas et al. 2010 ; de La Rosa et al. 2011 ; McDermid et al. 2015 ).

.3.3 Seyferts 

ll ten Seyferts in the sample are S ́ersic galaxies and o v erall hav e
ntermediate-mass bulges (10 10 − 10 11 M �) which are similar to
hose for the S ́ersic ALGs and intermediate-mass S ́ersic LINERs.
ver this mass range, 88 per cent of Seyferts and 75 per cent
f S ́ersic LINER galaxies have radio detections, in contrast with
he low detection rate found for ALGs (9 per cent). Having their
 ∗, bulge , M V , bulge , and σ correlated well with L R, core , Seyfert galaxies

nite with LINERs to jointly define the active L R , core − M ∗, bulge ,
 R , core − M V , bulge , and L R, core − σ sequences. These results suggest
n AGN origin for the radio emission in Seyfert galaxies. The key
ifference between Seyferts and intermediate-mass S ́ersic LINERs
s their Hubble type; most (70 per cent) Seyferts are spiral galaxies,
hile the latter bifurcate into 57 per cent spirals and 43 per cent S0s.
ur observations suggest that, in their late evolution, Seyfert bulges
robably have undergone major, gas-rich mergers, and possibly gas-
ich accretion events (e.g. Hopkins & Hernquist 2009 ; Hopkins et al.
009a ; Shankar et al. 2012 ), which are gentler than the very violent
ajor merger events that core-S ́ersic and massive S ́ersic galaxies

re formed (e.g. Naab, Khochfar & Burkert 2006 ; Hopkins et al.
009b ). Hopkins & Hernquist ( 2006 , 2009 ) suggested the accretion
f cold gas stochastically onto a central SMBH for fuelling low
ass ( M ∗, bulge � 10 10 M � and M BH � 10 7 M �) Seyferts. The same

old accretion mode may account for our intermediate-mass Seyfert
alaxies (Hopkins & Hernquist 2006 ). In Dullo et al. ( 2020 ) we
ighlighted that early- and late-type galaxies define a red and blue
SMBH mass)-colour sequence, attributed to two distinct channels
f SMBH growth for the two Hubble types (e.g. Chen et al. 2020 ).
ithin this picture, the formation and SMBH growth of Seyfert

alaxies, most of which are late-type galaxies, are likely to involve a
igher level of nuclear activity than their LINER counterparts due to
he increased gas availability for enhanced feeding of their SMBHs.
his is also evident from their high radio detection rate. 

.3.4 Absorption line galaxies 

LGs are commonly regarded to lack nuclear activity (Baldi et al.
018 , and references therein). While a full understanding of their
ature is lacking, the inactivity in some ALGs can be due to a
trong, internal dust obscuration that diminishes a weakly active
MBH (Goulding & Alexander 2009 ; Aalto et al. 2015 ). Of the
3 ALGs in the sample, eight are core-S ́ersic galaxies and the
emaining 15 are S ́ersic galaxies. As noted in Section 5.3.1 , our
ore-S ́ersic ALGs have large bulge masses ( M ∗, bulge � 10 11 M �).
his implies massive SMBHs ( M BH � 5 × 10 8 M �), considering

he mutual growth of SMBHs and galaxies, i.e. the M BH − M ∗, bulge 

orrelation (e.g. McLure & Dunlop 2002 ) but core-S ́ersic ALGs
ppear to have low radio detection rates (38 per cent) for their
arge bulge and SMBH masses. S ́ersic ALGs consist of low

ass, local dwarfs ( M ∗, bulge � 10 10 M �), and intermediate mass
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 M ∗, bulge ∼ 10 10 − 10 11 M �) lenticular and elliptical galaxies. To-
ether with H II bulges, not only do the ALG bulges define the inactive
 R, core − M ∗, bulge , L R, core − M V , bulge , and L R, core − σ sequences, but 

hey also typically populate the high mass end of the relations. Note
hat all 23 ALGs are early-type galaxies, the bulk (13/23) of which
re elliptical galaxies. They appear to have lower radio emission 
han Seyferts and LINERs o v er the same M ∗, bulge , M V , bulge , and σ
anges. Therefore, it seems reasonable to posit a gas-poor formation 
rigin for ALGs, gas dissipation being less important for them than 
or any other emission line class. One ALG (NGC 3348) clearly 
xhibits a radio jet suggestive of an active AGN, conflicting with the
ptical emission-line classification. ALG bulges, when treated as a 
hole, their early-type morphology and the position on the L R, core 

caling relations points to wards gro wth being dominated by gas-
oor processes. For the massive and intermediate-mass ALGs, our 
bservations fa v our gas-poor mergers as the formation path, which 
tarv e the massiv e SMBHs and giv e rise to very weak AGN accretion
ctivity (Baldi et al. 2018 , 2021a , b ), whereas for the low mass ALGs,
nvironmental processes such as tidal stripping (Gunn & Gott 1972 ) 
ould account for the removal of gas from the galaxy (Ricotti &
nedin 2005 ) explaining the low nuclear radio emissions from the 

ow mass BHs. As noted abo v e, massiv e ALGs may be due to an
ntermittent gas accretion of the AGN. 

.3.5 LINERs 

INERs are among the most massive galaxies in the sample. They 
ave high incidence of radio detection and brighter radio core 
uminosities. They split nearly evenly between early-type (51 per 
ent) and late-type (49 per cent) morphologies and show a large 
ange in mass. As noted abo v e, the y unite with Se yfert galaxies and
ointly follow the active L R, core scaling relations. Of the 71 LINERs
n our sample, 12 are core-S ́ersic galaxies ( M ∗, bulge � 10 11 M �), 14

assive S ́ersic galaxies ( M ∗, bulge � 10 11 M �), 31 intermediate-mass
 ́ersic galaxies ( M ∗, bulge ∼ 10 10 − 10 11 M �), and 15 low-mass S ́ersic
alaxies ( M ∗, bulge � 10 10 M �). As discussed abo v e, the properties
f the core-S ́ersic LINER galaxies are reproduced by gas-poor 
ajor merger events that involve lo w-le vel, residual star formation, 

nd gas fuelling for the AGN. We find radio-loud LINERs, which 
re known to behave like radio galaxies (e.g. Baldi et al. 2018 ,
021a , b ), typically sit on the red-sequence in the (FUV–[3.6])–
 ∗, bulge plane. Massive S ́ersic LINERs and core-S ́ersic LINERs 

how similar M ∗, bulge , L R, core , σ and radio detection fractions, and 
he S ́ersic index values for the two types agree within the errors
 n Massive Ser LINER = 3 . 22 ± 0 . 84, n coreSer LINER = 4 . 23 ± 1 . 22). Fur-
hermore, the former are hosted mainly by S0s (40 per cent) and
piral galaxies (43 per cent), while the latter are largely associated 
ith elliptical galaxies (82 per cent). Although our analysis supports 
 dissipative major merger scenario as a formation path for S ́ersic
INERs with massive bulges (Faber et al. 1997 ; Hopkins et al.
009a ), an alternative mechanism is the rejuvenation of a core-S ́ersic
alaxy by recent nuclear star formation which erases the depleted 
ore (e.g. Thomas et al. 2010 ; Chauke et al. 2019 ). 

Our results indicate that intermediate-mass S ́ersic LINERs which 
xhibit similarities with Seyfert galaxies are a lower mass extension 
f the S ́ersic LINERs populating the massive end. Collectively, our 
bservations are well reconciled with predominantly AGN-driven 
adio emission for LINER galaxies with intermediate-to-massive 
ulges. Low-mass LINER and H II galaxies appear indistinguishable 
n terms of L R, core , n , and Hubble type, although the former show
lightly higher radio detection fraction (40 ± 19 per cent) than 
he latter (21 ± 7 per cent) within the errors. Consequently, the
ormation of low-mass, LINER bulges, akin to their H II analogues,
ikely involves non-merger mechanisms, e.g. secular processes driven 
y non-axisymmetric stellar structures (e.g. Schawinski et al. 2011 ; 
immons et al. 2013 ). 

.3.6 H II galaxies 

f the 69 H II galaxies in the sample, 68 are S ́ersic, the only core-
 ́ersic H II galaxy is NGC 3665. The majority (80 per cent) of

he H II galaxies have low-mass bulges ( M ∗, bulge � 10 10 M �). The
emaining 20 per cent possess intermediate-mass bulges ( M ∗, bulge ∼
0 10 − 10 11 M �), except for one galaxy (NGC 3665) whose bulge
s extremely massive ( M ∗, bulge ∼ 10 12 . 5 M �). In fact, NGC 3665
nd NGC 4217 are the two H II galaxies in our sample having a
lear ‘jet-like’ radio structure, while for another two H II galaxies
ith intermediate masses (NGC 2782, and NGC 3504) their jet 
orphology is less secure. As expected, all our bulge-less galaxies 

arbour H II nuclei. The low-mass H II galaxies (98 per cent of
hich are late-type galaxies) exhibit a low radio detection fraction 
f 12/55 (21.8 per cent), compared with a higher detection fraction
f 10/15 (64 per cent) for the higher mass bin (which consists of
9 per cent late-types and 21 per cent early-types). H II galaxies
nd ALGs are described jointly by the inactive L R, core − M ∗, bulge ,
 R, core − M V , bulge and L R, core − σ correlations, although upper limit 
 R, core values are used for 67.6 per cent of the H II galaxies. Despite
oth being categorized as inactive, ALGs and H II galaxies have a
rucial distinction: ALGs are associated with gas-poor processes and 
eakly active (or fully switched off) AGN, while the H II galaxies,
articularly at the low-mass end, which likely contain high molecular 
as fractions, are consistent with their nuclear radio emission being 
enerated mainly by star formation (Baldi et al. 2018 , 2021a , b ). 
Intermediate-mass H II bulges appear indistinguishable from 

imilar-mass Seyfert and LINER bulges in terms of radio detection 
raction, L R, core , M V , bulge , n , and location on the L R, core scaling
iagrams, but the former contain slightly more late-type galaxies 
85 ± 35 per cent) than the latter two (70 ± 40 per cent and
7 ± 17 per cent, respectively). At intermediate masses, the growth of
 II bulges might be dominated by gas-rich major merger events, but

t is unclear whether the nuclear radio emission has an AGN or a star
ormation origin. For the low-mass H II galaxies, the high-level of star
ormation is generally the main source of energy for the nuclear radio
mission, dominating o v er the lo w-mass BH acti vity (e.g. Angl ́es-
lc ́azar et al. 2017 ). For such galaxies, the bulge growth scenario

s through secular evolution (e.g. Kormendy 1993 ; Kormendy & 

ennicutt 2004 ; Kormendy & Ho 2013 ), where gravitational torques
nduced by non-axisymmetric stellar structures such as bars and 
pirals drive the rearrangement of disc material by channeling it from
he large-scale disc into the nuclear region (Shlosman et al. 1989 ;
thanassoula 1992 ; Knapen et al. 1995 ; Englmaier & Shlosman
000 ; Garc ́ıa-Burillo et al. 2005 ; Angl ́es-Alc ́azar et al. 2021 ), fuelling
tar formation at the centre and slowly feeding the low mass BH,
 BH ∼ 10 4 − 10 6 M � (Greene et al. 2010 ; Jiang, Greene & Ho 2011 ;

chawinski et al. 2011 ; Kocevski et al. 2012 ; Simmons et al. 2013 ).
ndeed, 41 (59 per cent) of our H II galaxies are classified as barred
n the Third Reference Catalogue, RC3 (de Vaucouleurs et al. 1991 ).

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

he main goal of this work has been to investigate the nuclear
ctivity in 173 LeMMINGs galaxies (23 Es, 42 S0s, 102 Ss, and
MNRAS 522, 3412–3438 (2023) 
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 Irrs) both in the optical and radio at sub-arcsec resolutions, and
n so doing highlight the role of the bulge in dictating the AGN
ctivity and star formation events in nearby galaxies. Given that most
eMMINGs galaxies are low-luminosity AGN, we use our 1.5 GHz,
igh-sensitivity and high angular resolution e -MERLIN radio ob-
ervations (Baldi et al. 2018 , 2021a , b ). These allowed for accurate
dentification of the AGN, singling out any potential contamination
rom star formation. This is coupled with accurate photometric
nd structural parameters, luminosities, and stellar masses for the
ulge components and the full galaxies, which we determined from
etailed, multicomponent decompositions of high-resolution HST
urface brightness profiles, fitting simultaneously up to six galaxy
omponents, e.g. bulges, discs, depleted core, AGN, nuclear star
lusters, bars, spiral arms, rings, and stellar haloes (Dullo et al.
023 ). These complementary LeMMINGs studies provided bulge
tellar masses and radio core luminosities that span wide ranges of
 ∗, bulge ∼ 10 6 − 10 12 . 5 M � and L R , core ∼ 10 32 − 10 40 erg s −1 . They

epresent, to date, the most comprehensi ve radio and optical vie w
f the connection between galactic nuclei and bulges in the nearby
niv erse. We hav e also quantified the galaxy environment using

wo approaches: halo mass and local luminosity surface densities
easured within the 3rd and 10th nearest neighbour of the target

alaxy ( ν3 and ν10 ). There are 140 galaxies in common between the
ull LeMMINGs and GALEX /S 

4 G (Bouquin et al. 2018 ) samples.
e first separate these o v erlapping galaxies into red sequence, blue

equence, and green valley objects using the GALEX /S 

4 G colour–
olour diagrams (Bouquin et al. 2018 ) and then located them on the
FUV–[3.6])–M ∗, bulge diagrams. 

We find the following: 

(1) The radio detection fraction increases with bulge mass M ∗, bulge 

nd S ́ersic index n . At M ∗, bulge � 10 11 M �, the radio detection frac-
ion is 77 per cent, declining to 24 per cent for M ∗, bulge < 10 10 M �.
adio-jetted sources are hosted by the more massive galaxies o v er a
ass range of M ∗, bulge ∼ 3 . 0 × 10 9 − 3 . 2 × 10 12 M � and a median
ass of M ∗, bulge ∼ 6 . 0 × 10 10 M �. 
(2) We confirm that the fraction of galaxies harbouring emission-

ine AGN and/or radio AGN is a strong function of M ∗, bulge and
 V , bulge , although the correlations are less constrained for the radio
GN. The majority of AGN (80 per cent) and radio AGN (90 per cent)
osts have M bulge � 10 10 M � ( M glxy � 10 10 . 5 M �). None of our 10
ulge-less galaxies host an AGN. The fraction of AGN galaxies is
uch that f optical , AGN ∝ M 

0 . 24 ±0 . 06 
∗, bulge and f optical , AGN ∝ M 

0 . 30 ±0 . 05 
∗, glxy . The

adio AGN fraction scales as f radio AGN ∝ M 

0 . 24 ±0 . 05 
∗, bulge and f radio AGN ∝

 

0 . 41 ±0 . 06 
∗, glxy , markedly different from that reported for the host of

adio-loud galaxies by Best et al. ( 2005 , f radio loud ∝ M 

2 . 5 
∗, glxy ). For

ow-mass galaxies ( M ∗, glxy � 5 × 10 9 M �), we find an AGN fraction
f 9.4 per cent in agreement with the 10 per cent reported by Penny
t al. ( 2018 ). 

(3) Overall, there are only weak correlations between the radio
ore luminosity ( L R, core ) and luminosity surface density ( ν) ( r s ∼
.13 − 0.20, P ∼ 0.01231 − 0.0924). The relation between L R, core 

nd halo mass ( M halo ) is consistent with the null hypothesis of no
orrelation ( r s ∼ −0.07, P ∼ 0.3811). While the median radio core
uminosities for our sample appear to increase slightly as a function of
, our galaxies reside in all environments, regardless of their L R, core .
(4) At fixed bulge mass, our results are compatible with no

ignificant dependence of the radio core luminosity, radio loudness,
uclear radio activity, and AGN (both optical and radio) fraction on
nvironmental metrics (i.e. including halo mass). 

(5) Compared to RQ hosts, RL hosts preferentially possess an
arly-type morphology and inhabit a denser environment as defined
NRAS 522, 3412–3438 (2023) 
y ν3 . While there is a mild tendency for RL galaxies to have
hallower inner logarithmic slopes ( γ ) than RQ galaxies, the KS
est on the γ distributions for RQ and RL galaxies with P ∼ 0.05
s a borderline case. Having performed KS tests on the data sets for
alaxy properties n , ellipticity, B 4 , ν10 , and M halo , the null hypothesis
hat the RQ and RL galaxies are drawn from identical distributions
annot be rejected ( P -values ∼0.10 − 0.54). 

(6) L R, core scales with M ∗, bulge , L V , bulge , σ , and M BH . We find hith-
rto unreported breaks in the L R , core − M ∗, bulge , L R , core − L V , bulge ,
nd L R, core − σ relations for data sets including upper limits.
hese turno v ers, which separate AGN and star formation dominated

adio emissions occur at M ∗, bulge ∼ 10 9 . 8 ±0 . 3 M � and M V , bulge =
18 . 5 ± 0 . 3 mag, σ = 85 ± 5 km s −1 and M BH = 10 6 . 8 ±0 . 3 M �.
eparating the sample into active (LINERs + Seyferts) and inactive
ALG + H II ) galaxies, an OLS regression analysis yields a relation
 R , core ∝ M 

1 . 42 ±0 . 18 
∗, bulge for active galaxies with a slope that is double that

or the inactive galaxies L R , core ∝ M 

0 . 68 ±0 . 08 
∗, bulge . This trend of steeping

lope for the AGN galaxies is echoed in the L R , core − L V , bulge and
 R, core − σ relations. Whether a single log–linear L R, core − M BH 

elation holds o v er the entire radio core luminosity range is unclear. 
(7) The hosts of active galaxies in general sit abo v e the blue

equence defined by inactive, star-forming galaxies. Similarly, the
jetted’ radio AGN hosts are predominantly (85 per cent) blue
equence galaxies; co-spatial with the massive green valley hosts
r lie on the red end of the blue sequence. These results reinforce the
otion that AGN feedback shuts off or suppresses star formation in
alaxies. 

(8) Core-S ́ersic galaxies, which represent ∼12 per cent (20/173) of
ur sample, have high radio luminosities ( L R , core � 10 35 erg s −1 ) and
re, in general, bulge-dominated early-type galaxies hosting either a
INER- or an ALG-type nuclear emission. We conclude that core-
 ́ersic galaxies with LINER nuclei likely in volve A GN fuelling in
ot gas accretion mode and some low level, residual star formation,
hereas the growth of core-S ́ersic ALGs may largely involve simple

ddition of stars and little gas. On the other hand, S ́ersic galaxies,
hich have L R , core ∼ 10 32 − 10 40 erg s −1 , are associated with all
ptical emission classes. 
(9) All Seyferts are S ́ersic galaxies, typically having intermediate
ass bulges (10 10 − 10 11 M �). Our observations suggest that Seyfert

ulge formation and SMBH growth are likely to involve higher level
f nuclear activity than their LINER analogues due to increased gas
vailability. LINERs are among the most massive galaxies in the
ample having the highest incidence of radio detection and brightest
adio core luminosities. ALGs have lower radio emissions than
eyferts and LINERs over the same M ∗, bulge , M V , bulge , and σ ranges.
ur observations suggest gas-poor formation origin for ALGs. The
ast majority (80 per cent) of the H II galaxies have low mass bulges
 M ∗, bulge � 10 10 M �) and a plausible scenario is that such bulges
row in a secular fashion where non-axisymmetric stellar structures
uel star formation at the centre, slowly feeding their SMBHs. All 10
ulge-less galaxies in the sample harbour H II nuclei. 
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e employ four local density estimators based on the nearest 
eighbour method as measures of the galaxy environment ( ρ10 , ρ3 ,
10 , and ν3 , see e.g. Cappellari et al. 2011 ; Muldrew et al. 2012 ;
eale et al. 2017b ). We choose the number of nearest neighbours to
e N gal = 3 and 10 which generally are suitable to probe different
cales of the galaxy local environment at the distances of our sample
Muldrew et al. 2012 ). 

The mathematical expression for the local surface density of a 
alaxy ρ10 is 

10 = 

N gal 

πR 

2 
10 

, (A1) 
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M

Figure A2. Correlations between luminosity surface density ( ν) and surface 
density ( ρ) for our sample. 

Figure A3. (a) Comparison of our local surface density values with those 
from the ATLAS 3D (Cappellari et al. 2011 ) for 91 o v erlapping galaxies. The 
solid line shows a one-to-one relation. (b) Our B -band luminosity surface 
density values are plotted as a function of the ATLAS 3D K-band luminosity 
surface density values. The dashed line is the least-squares fit to the luminosity 
surface density data ( ν10 , ATLAS 3D ∝ ν0 . 9 

10 , ours ). 

Figure A4. Morphology–density relation. The fraction of elliptical (circles), 
S0 (triangles), and spiral + Irr galaxies (diamonds) plotted against our B -band 
luminosity surface density ν10 for 205 ( = 173 + 32) nearby galaxies (Dullo & 

Graham 2014 ; Dullo 2019 , plus this work). 
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efines a cylinder that encloses the nearest N gal ( = 10) neighbours. We
se a B -band magnitude cut of M B � −18 . 0 mag for the neighbours,
hich are selected to be within a v elocity c ylinder of ±300 km
 

−1 around the target galaxy (i.e. a relative heliocentric velocity
 V hel, target − V hel, neighbour | < 300 km s −1 , see Cappellari et al. 2011 ,
heir Section 3.1). We note that N gal does not include the target galaxy.

The surface density ρ3 is similar to ρ10 but the former is defined
y a cylinder containing three nearest neighbours with M B � −18 . 0
ag and a velocity cut of � V hel < 300 km s −1 and it can be written

s 

3 = 

N gal 

πR 

2 
3 

, (A2) 

here R 3 is the radius centred on the target galaxy enclosing the third
earest neighbour. 
The quantity ν10 is the luminosity surface density of a galaxy

nside a cylinder containing its 10 nearest neighbours and it can be
ritten as 

10 = 

∑ 10 
i= 1 10 −0 . 4( M i,B −M �,B 

) 

πR 

2 
10 

, (A3) 

here the B -band solar luminosity is M �, B = 5.44 mag (Willmer
018 ). The index i runs from 1 to 10, indicating the 10 nearest
eighbours of the target galaxy and R 10 is defined in the same manner
s in ρ10 (equation A1 ). Similarly, the luminosity surface density ν3 

s defined as 

3 = 

∑ 3 
i= 1 10 −0 . 4( M i,B −M �,B 

) 

πR 

2 
3 

, (A4) 

here R 3 is defined as in ρ3 (equation A2 ). 
The B -band absolute magnitudes of the galaxies are from Hy-

erleda (Makarov et al. 2014 ). We use NED for an automated
earch of the nearest neighbours around a target galaxy and for
btaining their radial velocities. NED represents the most current
nd comprehensive assimilation of extragalactic objects and their
adial velocities. That is, it offers the most complete available data
o define the environment of a galaxy using its radial velocity and
he radial velocities of other galaxies typically observed along and
round that same line of sight. The maximum search radius for
 nearest neighbour allowed by NED is 10 Mpc. The luminosity
urface densities ν10 and ν3 are listed in see Table A1 . 

Fig. A1 plots the distribution of the values of ρ10 , ρ3 , ν10 , and ν3 

see Table A1 ) for our sample of 173 galaxies. We note that for the
ample galaxies at distances D � 5 Mpc (23/173) our values of ρ10 ,
3 , ν10 , and ν3 are upper limits. These local galaxy density estimates
pan roughly five orders of magnitude, suitable to test the influence
f the local environment of galaxies on their evolution. 
Fig. A2 explores which local density method results in a better
easurement of the galaxy environment by comparing our values of

he surface density ρ and luminosity surface density ν for a given
umber of neighbours. We find strong correlations between the two
ocal density estimators ρ and ν (Spearman’s correlation coefficient
 s ∼ 0.93 − −0.96, P ∼ 10 −99 − 10 −78 ), revealing that they provide
 comparable measure of the galaxy environment. 

We next compare our ρ10 , ρ3 , ν10 , and ν3 values with those from
appellari et al. ( 2011 , their tables 2 and 3) who tabulated local
alaxy density estimates for the ATLAS 

3D parent sample of 871
earby galaxies in the ATLAS 

3D volume with M K ≤ −21.5 mag
rawn from the Two Micron All Sky Survey (2MASS; Skrutskie
t al. 2006 ). Comparing the data, we find that their K -band magnitude
ut of M K ≤ −21.5 mag approximately corresponds to our B -
and magnitude cut of M B � −18 . 0 mag. There are 91 galaxies

art/stad1122_fA2.eps
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n common between our sample and the ATLAS 

3D parent sample.
ig. A3 (a) shows how their values of ρ10 compare with ours.
lthough the agreement is good for the bulk (75 per cent) of the
 v erlapping galaxies, our ρ10 values are larger by more than a factor
f 2 for the remaining 25 per cent. We attribute this discrepancy
o differences in the data base and filter (used to identify the
earest neighbours and measure their magnitudes) adopted by us
nd Cappellari et al. ( 2011 ). On average we have identified more
eighbours o v er a giv en projected radius than Cappellari et al. ( 2011 ).
s such, their median value of R 10 = 3.8 Mpc is larger than ours R 10 

2.9 Mpc. While we do not find a one-to-one relation between the
10 values from the two studies, Fig. A3 (b) reveals a tight correlation
etween the K -band luminosity surface density ν10 (Cappellari et al.
011 ) and our B -band ν10 for the 91 o v erlapping galaxies ( r s ∼ 0.83,
 ∼ 10 −25 ). 
Finally, because galaxy morphology is well known to depend on

he local environmental density through the so-called morphology–
ensity relation (Dressler 1980 ), we go on and check if we can
eco v er this relation. Having expanded our sample of galaxies by
dding is 32 massive elliptical galaxies from Dullo & Graham ( 2014 );
ullo ( 2019 ), in Fig. A4 we display the fraction of elliptical, S0
NRAS 522, 3412–3438 (2023) 
nd spiral + Irr galaxies as a function of ν10 for 205 ( = 173 + 32)
earby galaxies. We reproduce the traditional morphology–density
elation reasonably well, see Cappellari et al. ( 2011 , their fig. 9),
lthough we caution that our sample, which is representative of
he statistically complete full LeMMINGs sample, suffers from
ncompleteness (see Dullo et al. 2023 ). The trend in Fig. A4 is that
he fraction of late-type (spiral + Irr) galaxies declines with increasing
ocal environmental density, and correspondingly the early-type
E + S0) fraction increases. 

AT  A  T  ABLES  

able A1 provides global and central properties of the sample
alaxies including distance, morphological classification, velocity
ispersion, bulge, and galaxy stellar masses, optical and radio
uminosities, ellipticity, isophote shape parameter and logarithmic
lope of the inner light profiles of our sample galaxies. 
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