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ABSTRACT

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 survey for a large sample of 173 ‘active’ galaxies (LINERs and Seyferts)
and ‘inactive’ galaxies (H1Is and absorption line galaxies, ALGs). Dividing our sample into active and inactive, they define
distinct (radio core luminosity)—(bulge mass), Lr core — M puige » T€lations, with a mass turnover at M, pyige ™~ 109'8i0'3M@
(supermassive blackhole mass Mgy ~ 106'8i0'3M® ), 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, pyige Such that fopicalagn & M,?;ﬁjjﬁ;g-% and fiadio AGN X Mfﬁﬁéeo'os
Between M, puge ~ 1037 and 10" M@y, foprical aon 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 however indistinguishable
in terms of bulge Sérsic 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.

Key words: galaxies: active — galaxies: elliptical and lenticular, cD — galaxies: nuclei—galaxies: photometry —galaxies: struc-
ture —radio continuum: galaxies.

from an accreting SMBH (i.e. active galactic nucleus, AGN), through
mechanisms such as radiation pressure or radio jets (e.g. Heckman
All present-day massive galaxies host a supermassive blackhole & Best 2014), injects energy and momentum, which heat or expel
(SMBH) at their centre (Magorrian et al. 1998; Richstone et al. 1998; the surrounding gas and suppress star formation in the galaxy bulge'
Ferrarese & Ford 2005). Theoretical models predict that feedback

1 INTRODUCTION

I Traditionally the term ‘bulge’ is associated with the spheroidal component
* E-mail: bdullo@ucm.es of disc galaxies but it is used here to refer to the underlying host spheroid in

© 2023 The Author(s)
Published by Oxford University Press on behalf of Royal Astronomical Society

€20z A\ G| uo Jasn aliyseoueT [enua) 10 AlsIeAun AQ £2062 1 2/Z 1L YE/S/ZZS/211e/seluw/woo dno olwapeoae//:sdiy Woll papeojumMo(]


http://orcid.org/0000-0002-4140-0110
http://orcid.org/0000-0002-1824-0411
http://orcid.org/0000-0001-7361-0246
http://orcid.org/0000-0003-3189-9998
http://orcid.org/0000-0001-6150-2854
http://orcid.org/0000-0003-3594-0214
http://orcid.org/0000-0003-2024-3862
http://orcid.org/0000-0001-7673-4340
mailto:bdullo@ucm.es

component (Silk & Rees 1998; Croton et al. 2006; Hopkins et al.
2006; King & Pounds 2015; Weinberger et al. 2017). This AGN
self-regulated mechanism, where the gas removal by the feedback
shuts off the AGN itself, leads to the concurrent growth of the SMBH
and its host bulge and thus naturally explains the tight correlations
observed between SMBH mass (Mpy) and the velocity dispersion
of bulges (Ferrarese & Merritt 2000; Gebhardt et al. 2000) and the
luminosity and stellar and dynamical masses of bulges (Kormendy
& Richstone 1995; Magorrian et al. 1998; McLure & Dunlop 2002;
Marconi & Hunt 2003; Héring & Rix 2004). AGN feedback is also
believed to rapidly drive galaxy colour evolution from blue to red
(e.g. Cattaneo et al. 2006; Faber et al. 2007; Schawinski et al. 2010;
Dullo etal. 2020). While the evolution of the SMBH and its host bulge
appear intertwined (e.g. Silk & Rees 1998; Kauffmann & Haehnelt
2000), the details of the regulatory role of the AGN in building up
the bulge stellar mass and in shaping the stellar distributions of local
bulges are unclear.

Models of galaxy formation based on A cold dark matter (ACDM)
predict that massive local bulges have assembled hierarchically
through galaxy mergers (e.g. Toomre & Toomre 1972; White & Rees
1978; Blumenthal et al. 1984; White & Frenk 1991). Gravitational
torques from the mergers convert discs into bulges and funnel large
amounts of gas into galaxy centres (Hernquist 1989; Barnes &
Hernquist 1991, 1996). This process is hypothesized to result in
growth of the SMBH, AGN activity, and nuclear starburst events,
and thus a centrally concentrated bulge. On the other hand, low mass
bulges, which are commonly associated with spiral and irregular
galaxies, may be consequences of dissipational collapse of accreted
gas within dark matter haloes (Fall & Efstathiou 1980). This initial
assembly is accompanied by redistribution of their disc material
through secular evolution (e.g. Kormendy 1982, 1993), which feeds
the central SMBH and triggers AGN activity (e.g. Shlosman, Frank
& Begelman 1989; Knapen et al. 1995; Hopkins & Quataert 2011;
Galloway et al. 2015; Lin et al. 2020; Anglés-Alcazar et al. 2021).

Galaxy mergers, episodes of vigorous star formation, and SMBH
growth are thought to be common at higher redshift (z ~ 2.0 £ 0.5;
Forster Schreiber et al. 2014; Madau & Dickinson 2014). The scaled-
down analogies of these processes which are observed in nearby
galaxies may hold crucial clues into the build up of the bulge’s
stellar mass and AGN triggering mechanisms: i.e. gas-rich or gas-
poor mergers (e.g. Urrutia, Lacy & Becker 2008; Gao et al. 2020) and
secular evolution (e.g. Cisternas et al. 2011; Kormendy & Ho 2013).
Nearby galaxies commonly possess low-luminosity AGN (LLAGN),
defined to have H o luminosity Ly, < 10* ergs~! (Ho, Filippenko &
Sargent 1997a, b, c). These are weaker than the powerful AGN which
manifest themselves as bright Seyfert galaxies (Seyfert 1943) and
quasars (Merloni & Heinz 2008). LLAGN include low-luminosity
Seyferts and Low-Ionization Nuclear Emission Line regions (LIN-
ERs; Heckman 1980), which generally display AGN-driven nuclear
activity (Ferland & Netzer 1983), but the latter could be powered
by shocks (Dopita & Sutherland 1995) and photoionization from hot
stars (Sarzi et al. 2010; Singh et al. 2013). Aside from LINERs and
Seyferts, galaxies may either harbour H IT nuclei or be an absorption-
line galaxy (ALG). HIl nuclei are swamped with star formation
events, which dominate the nuclear ionization processes, whereas
the ALG nuclei lack distinctive emission lines, none the less both
spectral classes may contain LLAGN nuclei in the form of a weakly
accreting SMBH (Ho 2008; Heckman & Best 2014). While LLAGN

case of elliptical galaxies and the spheroidal component for lenticular galaxies
(SO0s), spiral, and irregular galaxies.
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represent the most common type of AGN in the local Universe (Filho,
Barthel & Ho 2006; Ho 2008), they have largely been overlooked in
previous radio studies due in part to the weak radio emission from
the SMBHs, which is particularly true for those hosted by late-type
galaxies. Radio continuum emission provides a dust extinction-free
constraint on the star formation and AGN activity in LLAGNSs (e.g.
Ulvestad & Ho 2001b; Nagar, Falcke & Wilson 2005; Nyland et al.
2016; Baldi et al. 2018; Saikia et al. 2018).

In this work, our primary objective is to utilize multiwavelength
observations, optimized for studying relations between the AGN,
host bulge properties and environment, for a comprehensive view of
the different evolution scenarios for the host galaxies. How well we
understand the feedback from the AGN and supernova explosions
and stellar winds (e.g. Kaviraj et al. 2011) and the low-level SMBH
accretion activities in nearby galaxies (and by extension LLAGN5)
depends on how far down the radio and optical luminosity function
the data trace (e.g. Heckman & Best 2014; Baldi et al. 2021b).
Observations indicate that AGN feedback is a strong function of the
bulge mass and morphology for nearby galaxies (e.g. Kauffmann
et al. 2003a; Best et al. 2005; Kauffmann, Heckman & Best 2008;
Heckman & Best 2014). Radio AGNs are commonly associated with
massive early-type galaxies, while they are relatively rare in less
massive late-type galaxies (Sandage 1965; Sadler et al. 1995; Nagar
et al. 2002; Dunlop et al. 2003; Nagar et al. 2005; Barisi¢ et al.
2017; Baldi et al. 2018, 2021a, b). Saikia, Kording & Falcke (2015)
and Baldi et al. (2021b) constructed a scaling relation between the
optical [O111] and radio emission for local galaxies, and revealed
distinct radio production mechanisms for the different optical classes
and SMBH masses; AGN-driven sources dominate above Mgy ~
106'5M@, whereas below this nominal Mgy threshold the nuclear
radio emission is predominantly from stellar processes associated
with non-jetted H1I galaxies.

1.1 Bulge structure, environment, and AGN activity

Past observational studies typically tie radio loudness to the presence
of two types of early-type bulges, namely ‘core-Sérsic’ and ‘Sérsic’
(e.g. Faber et al. 1997; Graham et al. 2003; Dullo & Graham 2013,
2014; Dullo 2019; Dullo et al. 2019), with structurally distinct central
regions (e.g. Capetti & Balmaverde 2005; de Ruiter et al. 2005;
Balmaverde & Capetti 2006; Capetti & Balmaverde 2007; Kormendy
etal. 2009; Baldi et al. 2010; Richings, Uttley & Kording 2011; Dullo
et al. 2018). Separating core-Sérsic and Sérsic galaxies in the radio
scaling relations is important, as depleted cores are thought to be
carved out by binary SMBHs during the violent ‘dry’ phase of the
galaxy assembly (Begelman, Blandford & Rees 1980; Ebisuzaki,
Makino & Okumura 1991; Rantala et al. 2018; Nasim et al. 2020;
Dosopoulou, Greene & Ma 2021; Nasim et al. 2021) and the AGN
feedback is posited to play a role in the central structural dichotomy
of early-type galaxies (e.g. Hopkins et al. 2009a, b). Furthermore,
observations on the link between environment and AGN show heating
by episodic radio AGN which injects jets from central galaxies into
the intracluster medium. This can act to quench a cooling flow in
galaxy groups and clusters (McNamara et al. 2009; McNamara,
Rohanizadegan & Nulsen 2011; Fabian 2012), reconciling well with
the ubiquity of depleted cores in massive galaxies residing in such
environments (Laine et al. 2003; Dullo 2019).

Whether AGN activity is environmentally driven is, however,
currently under debate. Tidal interactions and mergers of galaxies can
trigger the onset of nuclear activity and/or enhance it by funnelling
gas to innermost regions of galaxies and subsequently onto the central
SMBH (e.g. Sanders et al. 1988; Hernquist 1989; Barnes & Hernquist
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1991; Shlosman 1994). In the nearby Universe, the incidence of
AGN has been reported to increase with the local density of the
host galaxy (Kauffmann et al. 2004), while others reported a high
incidence of AGN in lower density environments (Sabater, Best &
Argudo-Ferndndez 2013; Mishra & Dai 2020) or a lack of significant
environmental dependence for the AGN (Miller et al. 2003; Pimbblet
et al. 2013; Amiri, Tavasoli & De Zotti 2019; Man et al. 2019). For
further evidence in favour 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
analysis with 1.5 GHz e-MERLIN radio data, allowing for a
homogenous study of the link between nuclear activity and host
bulge properties and environment in a representative sample of 173
active and inactive nearby galaxies. The sample covers a wide range
in bulge mass, nuclear activity, morphology, and environment. The
Legacy e-MERLIN Multi-band Imaging of Nearby Galaxies Survey
(LeMMINGs; Beswick et al. 2014; Baldi et al. 2021a, b; Williams
et al. 2022) is designed to exploit synergies from a large sample
of high-resolution, multiwavelength data (e-MERLIN radio, HST:
optical plus IR and Chandra: X-ray). As part of LeMMINGs, we
have recently published e-MERLIN 1.5 GHz observations of all
280 galaxies above declination, § > +20° from the Palomar bright
spectroscopic sample of nearby galaxies (Baldi et al. 2018, 2021a, b).
In Williams et al. (2022), we presented the Chandra X-ray properties
for the nuclei of a statistically complete sample of 213 LeMMINGs
galaxies. Spitzer and Herschel data for the full sample of LeMMINGs
galaxies are currently being analysed (Bendo et al., in preparation).
High-resolution optical and near-infrared observations are desirable
to derive accurate central and global galaxy structural proprieties. In
Dullo et al. (2023), we performed multicomponent decompositions
of optical/near-IR surface brightness profiles from HST, separating
bulges, discs, bars, spiral-arm, and nuclear components.

The structure of this paper is as follows. In Section 2, we
describe the LeMMINGs sample and the associated radio and
optical emission-line data, the bulge properties characterized, and
quantified using HST imaging data and the ancillary (GALEX UV
and Spitzer 3.6 um) data used in the paper. In Section 3, we examine
how nuclear radio emissions separated based on optical emission-
line types relate to bulge properties and environment. Section 4
presents scaling relations between the radio core luminosity and
host bulge properties. Section 5 discusses our results in the context
of models of galaxy formation and evolution to provide insights
into the AGN triggering processes and their implications for the
nuclear radio activity. Finally, in Section 6 we summarize our main
results and conclude. There are two appendices. Appendix Al gives
details of our local density calculations, as a measure of the galaxy
environment. The global and central properties of the sample galaxies
are presented in Appendix A2.

We use Hy = 70 km s™' Mpc™', @,, = 0.3, and Q, = 0.7 (e.g.
Freedman et al. 2019), which is the average of the Planck 2018
Cosmology Hy = 67.4 & 0.5 km s~! Mpc~! (Planck Collaboration
VI 2020) and the LMC Hy = 74.22 + 1.82 km s~! Mpc~! (Riess
et al. 2019). While GALEX UV and Spitzer 3.6 um data are in AB
magnitude system, other quoted magnitudes in the paper are in the
Vega system, unless specified otherwise.

2 DATA

All the data used in this work are published elsewhere (Baldi et al.
2018, 2021a, b; Bouquin et al. 2018; Dullo et al. 2023; see Table 1).
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Table 1. Multiwavelength data.

Data N
(parent sample/this work)

(1) )

1.5 GHz e-MERLIN radio datal"] 280/173
Optical spectral classification!'™! 280/173
HST datal? 173/173
GALEX UV band and Spitzer 3.6 um datal®"! 1931/140

Note. Col (1): multiwavelength 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).

2.1 The LeMMINGs

In this work, we use a sample drawn from the full LeMMINGs
(Beswick et al. 2014; Baldi et al. 2018, 2021a, b) sample of 280
nearby galaxies, which in turn is a subset of the magnitude-limited
(Br < 12.5 mag and declinations § > 0°) Palomar spectroscopic
sample of 486 bright galaxies (Ho, Filippenko & Sargent 1995,
1997a). By design, all LeMMINGs galaxies have § > +20°, ensuring
reliable radio visibility coverage for the e-MERLIN array. The
LeMMINGs capitalizes on the sub-mJy sensitivity (o ~ 0.08 mJy
beam™') and high angular resolution (~0715) radio continuum
observations of the full LeMMINGSs sample taken with e-MERLIN
at 1.5 GHz for a total of 810 h (Baldi et al. 2018, 2021a). This legacy
survey constitutes the deepest high-resolution radio study of the local
Universe and aims to investigate AGN accretion and star formation
events for a large sample of nearby galaxies. The full LeMMINGs
sample, which encompasses all the Palomar galaxies with § > 20°,
is statistically complete akin to its parent Palomar sample.

Full details of the goals, radio data reduction technique, radio
detection, and flux measurements of the LeMMINGs can be found
in Baldi et al. (2018, 2021a). Here, we use the radio core properties
of the LeMMINGs galaxies including radio detection, sub-kpc radio
structures, and radio core luminosities which span six orders of
magnitude (Lg_core ~ 103 — 10 erg s~!) (Baldi et al. 2018, 2021a),
as listed in Tables 2 and A 1. For the sub-kpc radio structures, we adopt
the classification scheme used in Baldi et al. (2018) namely class A
= core/core jet, class B = one-sided jet, class C = triple sources,
class 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
mechanisms of the Palomar galaxies, Ho et al. (1997a, their table 5)
applied optical emission-line ratios along with spectral classification
criteria to divide the sample into Seyferts, LINERs, H1, and
Transition galaxies. In order to revise the spectral classification for
the LeMMINGs galaxies, Baldi et al. (2018, 2021a) used emission-
line ratios taken mainly from Ho et al. (1997a, see also Filippenko
& Sargent 1985; Ho et al. 1995, 1997a, b, c¢) and applied the
emission-categorized diagnostic diagrams by Kewley et al. (2006)
and Buttiglione et al. (2010), see Dullo et al. (2023). In this
revised classification adopted here, the LeMMINGs galaxies with
emission lines were categorized as Seyfert, LINER, and H 11 galaxies,
whereas those which lack emission lines were dubbed ‘absorption-
line galaxies (ALGs)’, see Table Al.

2.2 Sample and detailed structural analysis with HST

Our sample consists of 173 LeMMINGs galaxies (23 Es, 42 SOs,
102 Ss, and 6 Irrs), for which we were able to obtain decent HST
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Galaxies Number Undetected core-Sérsic
(our/full sample) (our/full sample) (our sample)
1) ) (3) “
E 23 (13.2 per cent)/26(9.3 per cent) 52.2 per cent/50.0 per cent 65.2 per cent
SO 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
HII 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-Sérsic 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.

imaging in the Hubble Legacy Archive (HLA?) at the start of this
project (Dullo et al. 2023, their table 1). The aim of this paper is
to investigate how the nuclear activity depends on bulge structural
properties utilizing sub-arcsec resolution (~5-10 pc at the mean
distance for our sample of ~22 Mpc) optical and radio properties
derived from HST and 1.5 GHz e-MERLIN radio observations.
To achieve this, the bulge must first be isolated from the rest
of the galaxy through detailed photometric decompositions. Dullo
et al. (2023) used HST (ACS, WFPC2, WFC3, and NICMOS)
imaging to extract surface brightness profiles which cover a large
radial extent of R 2 80 — 100arcsec (2 2R. puige). This enabled
our fitted galaxy models to accurately constrain the shape of the
stellar light distributions associated with the bulges and the outer
stellar galaxy components including bars, discs, rings, haloes, and
spiral arms.

We performed accurate, multicomponent decompositions of the
surface 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,
using Sérsic and core-Sérsic models. The galaxy decompositions
constitute the largest, most detailed structural analysis of nearby
galaxies with HST to date. Uncertainties on the fitted bulge and
other galaxy parameters were derived by decomposing simulated
surface brightness profiles generated via a Monte Carlo (MC)
technique. The bulge and galaxy structural data used here (Mvy, puige,
MV, glxy» M*, bulge» M*, glxys €bulges B4,bulge and Y Tables 2 and Al) are
tabulated in Dullo et al. (2023, Tables A1-A4). We note that the
sample covers over six orders of magnitude in bulge stellar mass
(6 S log M, huige < 12.5) and contains all Hubble types from Im to
E (Hubble 1926; de Vaucouleurs 1959).

In order to study the scaling relations between the radio core
luminosity and the optical properties of galaxies, it is crucial to
examine the parameter space coverage afforded by our sample
of 173 LeMMINGs galaxies. Motivated by this, in Dullo et al.
(2023, Section 2) we revealed that our sample, despite being
statistically incomplete, is representative of the statistically complete,
full LeMMINGs sample. We went on to show that the entire
ranges of radio core luminosity and galaxy luminosity probed

Zhttps://hla.stsci.edu.

by the full LeMMINGs sample are also well traced by our
sample.

2.3 GALEX NUYV, FUV band, and Spitzer 3.6 pm data

AGN-driven feedback is postulated to be one of the main mechanisms
for the cessation of star formation in galaxies (Silk & Rees 1998;
Croton et al. 2006; King & Pounds 2015). The investigation of
AGN activity therefore benefits from locating active and inactive
LeMMINGs hosts on colour—colour and colour—mass diagrams.
We make use of the Bouquin et al. (2018) UV and Spitzer 3.6 pm
magnitudes to construct colour—mass diagrams for 140 LeMMINGs
galaxies (see Section 3.5). Bouquin et al. (2018) published total
GALEX NUYV, FUV, and Spitzer 3.6 pm asymptotic, AB magnitudes
for 1931 nearby galaxies. There are 140 (85) galaxies in common
between their sample and the full (our HST) sample of 280 (173)
LeMMINGs galaxies. Following Bouquin et al. (2018, their equa-
tions 1-3), we separate these 140 overlapping LeMMINGs galaxies
into ‘red sequence’ (RS), ‘blue sequence’ (BS), and ‘green valley’
(GV) based on the (FUV-NUV)—(NUV — [3.6]) colour—colour
diagram (see Table A1). The FUV and Spitzer 3.6 pm magnitudes
were corrected for Galactic extinction but no internal dust attenuation
correction was applied (Bouquin et al. 2018).

For the 55(=140 — 85) galaxies which are in the full LeMMINGs
sample but not in our HST sample, we compute 3.6 um bulge stellar
masses (Mpuge, 3.6) to create the colour-mass diagram (Section 3.5).
To do so, we first calculate total galaxy stellar masses using the 3.6
pm asymptotic AB magnitudes (Bouquin et al. 2018), distances from
NED, AB absolute magnitude for the Sun from Willmer (2018) of 6.0
and a 3.6 pm mass-to-light ratio of 0.6 (Meidt et al. 2014). The total
galaxy masses were then converted into bulge stellar masses using the
equations listed in Dullo et al. (2023, their table 5). Because we did
not separate the bulge component using photometric decompositions
the errors on My, 3.6 are large, typically of ~60 per cent.

3 NUCLEAR RADIO EMISSION, OPTICAL LINE
EMISSIONS, AND THE CONNECTION WITH
BULGE PROPERTIES AND ENVIRONMENT

In this section, we examine how the nuclear, radio, and emission-
line properties for the LeMMINGs sample (Baldi et al. 2018, 2021a,
b) vary as a function of host bulge properties and environment. We
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Table 3. Scaling relations between radio core luminosity and galaxy properties.

Relation OLS bisector fit rs/P-value rp/P-value Sample
Active galaxies (LINERs+ Seyferts)
LR, core — log (;‘;S,l) = (1.42 £ 0.18)log (sz‘jﬁ) +(36.22 £0.15) 0.56/4.5 x 1078 0.54/2.5 x 1077 81
M*, bulge ©
LR core — log (:rj;“jf) = (—0.74 £ 0.09) (My puige +20.5) + (36.43 £0.16) —0.53/3.06 x 1077 81
My buige i} —0.53/2.95 x 1077
LR, core — O log (:r;,l) = (4.85 £ 0.58)log (m) +(36.27 £0.11) 0.72/7.9 x 1071° 0.66/2.8 x 10713 112
Inactive galaxies (ALG+ H1n)
LR, core — log (j‘;ﬁ) = (0.68 £ 0.08)log (%ﬁ) +(34.92 £0.10) 0.73/7.1 x 10~1 0.64/6.4 x 1071 82
M*, bulge ©
LR, core — log (jgs_,) = (—0.35£0.05) (My puige + 18.5) + (35.21 £ 0.08) —0.70/3.3 x 1013 82
MV, bulge —0.64/1.1 x 10710
LR, core — O log (:r];s—l) = (3.06 £ 0.23)log (m) +(34.91 +0.07) 0.58/7.9 x 1010 0.56/1.2 x 10~ 164
All galaxies
LR, core — MpH log (:r';—,l) = (1.45 £ 0.20)log (ﬁ) +(35.80 +0.19) 0.52/2.6 x 1073 0.57/2.3 x 107° 59
‘ 0
LR core — & log ( fgs_,) — (3.61 + 0.24)log (m) + (35.46 + 0.06) 0.65/72 x 10- 0.64/2.9 x 10~ 276
Censored analysis
Relation Linear regression from ASURV rs/P-value rp/P-value Sample
Active galaxies (LINERs+ Seyferts)
LR core — o, (LR) =(1.19 £ 0.22)log | M=t ) 4 (359 4+ 1.8) - - 81
R, core 2 erg s 1T — & . g 5 x IOIOMQ : :

M*, bulge
LR core — log (822 ) = (~0.53 £ 0.12) (Myuige +20.5) +(36.0 % 1.7) - - 81
MV,bulge

LR core | __
LR core — & log (erg cor ) = (5.10 % 0.60)log (MT) +(359 £0.9) - - 12

Inactive galaxies (ALG+ H11)

LRAcore — M*.bul_s
LR core — log ( = S,1> = (0.74 + 0.16)log (m) + (337 £ 16) - - 82
M*, bulge
LR core — log (f‘;s,l) = (=0.36 £ 0.08) (My puige + 18.5) + (34.0 £ 1.6) - - 82
MV.bulge

LR,ccre —
LR core — 0 log (erg cor ) — (270 £ 0.48)log (m) +(339 £0.8) - - 164

All galaxies

LR core | __

LR core — 0 log (e ) — (3.97 + 0.34)log (M’T) +(34.7 £0.6) - - 276

Note. Radio core luminosity (LR, ) as a function of bulge stellar mass (M, buige ), absolute magnitude (My, puige), central velocity dispersion (o) and measured
blackhole mass (Mgy) for active and inactive galaxies. The different columns represent: the OLS bisector fits to the data, the Spearman and Pearson correlation
coefficients (r5 and ry, 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.

make use of sets of bulge structural properties over large stellar
mass and morphology® ranges obtained from accurate modelling of
HST surface brightness profiles for a sample of 173 LeMMINGs
galaxies. While the study of the dependence of bulge structural
properties on galaxy properties such as morphology is not new (e.g.
Laurikainen, Salo & Buta 2005; Graham & Worley 2008; Kormendy
& Bender 2012; Salo et al. 2015; Méndez-Abreu et al. 2017), a robust
characterization of galaxy structures using homogeneously measured
high-resolution optical and radio data for a large sample of galaxies

3To analyse the galaxies properties, we divided the sample into two morpho-
logical classes, early-type galaxies (Es and SOs) and late-type galaxies (Ss
and Irrs).
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was not possible to date. In particular, our analysis focuses on the
bulge component as it is known to correlate better with the mass of
the SMBH and other central galaxy properties than the galaxy disc
at large radius.

3.1 The relations between radio detection, radio morphology,
and bulge properties

Fig. 1 shows the relation between the Sérsic index and bulge mass
(n — M, puge) colour-coded by galaxy radio morphology. Of the
173 sample galaxies, we detect radio emission = 0.2 mJy from 83
galaxies (filled circles) with e-MERLIN at 1.5 GHz. This gives a
detection rate of 48 per cent, in fair agreement with that from the
full 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 Sérsic index (n) and the stellar mass of the bulge (M puige), see Table Al.
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 bulges
the latter is a better predictor. Core-Sérsic galaxies (enclosed in blue squares)
can assume morphologies A, B, C, D and unl, and 7/20 (35 per cent) of them
are undetected with e-MERLIN at 1.5 GHz.

NGC 3838, NGC 4242, NGC 5273, and NGC 5907) are radio-
detected but core-unidentified; they have low Sérsic indices (n < 3),
faint bulge magnitudes (My puige > —18.9 mag), and low stellar
bulge masses (M, puige S lO'OM@). The remaining 90 undetected
sources are denoted by open circles. The radio detection fraction
increases with bulge mass, n and bulge-to-total flux ratio (B/T).
At M, puige 2 IO“MQ, this fraction is 77 per cent, but it declines
to 24 per cent for M, puge < IOIOM@. For M, buige 2 IO”M@ the
mean values of n and B/T are n = 4.00 = 1.50, B/T = 0.79 + 0.24,
while we measure mean values of n = 1.52 £+ 1.06, B/T =
0.10 % 0.10 for M., puiee < 10'°My. Large M., puie and high n values
however are not strictly associated with radio detection at e-MERLIN
sensitivity. Most massive undetected sources are ALGs, the second
most common type being LINERs.

The radio morphological types of B (‘one-sided jet’), C (‘triple’),
and D (‘doubled-lobed’) are indicative of the presence of a radio jet
(Baldi etal. 2018). Itis evident that radio jetted sources are among the
more massive galaxies with a mass range of M, puge ~ 3.0 X 10° —
3.2 x 10‘2M@ and a median mass of log M, pug./M@ = 10.8 £
0.6. Radio morphology type A (‘core/core-jet’) galaxies tend to be
massive* (i.e. a median mass of log M puige/ M = 10.7 £ 1.0) but
they trace a wide range of n (~1-13) and mass (M, puge ~ 107 —
3 x 10"”M). While radio morphology types A and E (Baldi et al.
2018) do not guarantee a jet with e-MERLIN at 1.5 GHz, the most
massive ‘core/core-jet’ galaxies are probably jetted (see Table Al).
Core-Sérsic galaxies (enclosed in blue squares) can assume all radio

4Note that over the mass range of M puige ~ 3.0 X 10 — 3.2 x 10'2M@
traced by our jetted galaxies, we find a median mass for type A galaxies of
log My puige/ M@ = 10.9 £0.7.
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morphologies except E, and 7/20 (35 per cent) of them are undetected
with e-MERLIN at 1.5 GHz.

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

The motivation here is to see how the AGN fraction varies with the
host galaxy photometric properties. Due to the high radio detection
and radio jet incidence for more massive bulges (Section 3.1), a
correlation is expected also between the AGN fraction and the bulge
mass, bulge magnitude, and other related galaxy properties. Fig. 2
shows the distributions of bulge luminosity (My pulg), total galaxy
luminosity (My gixy), bulge stellar mass (M, puige ), galaxy stellar mass
(M, gixy), and Hubble type for AGN and non-AGN hosts. Galaxies
with LINERs and Seyferts nuclei are active and simply referred to
as ‘optical AGN’ (orange curve), while ALGs and H11, which are
considered inactive, constitute the non-AGN subsample. Galaxies
which are dubbed as ‘radio AGN’ (green curve) are limited to
those with radio morphologies B (‘one-sided jet’), C (‘triple’) and
D (‘doubled-lobed’) and radio detected LINERs and Seyferts, see
Table A1. We note that the bulk (87 per cent) of the sample galaxies
with radio morphologies B, C, and D are radio detected LINERs and
Seyferts. All the ‘Radio AGN’ galaxies in the sample have AGN-
like spectral emission except for three inactive galaxies (NGC 3348,
NGC 3665, and NGC 4217).

Having defined the AGN fraction as the ratio between the number
of galaxies with an AGN and the total number of galaxies under
consideration, there is strong evidence for correlation between
the optical AGN fraction and bulge stellar mass and luminosity
(Fig. 2). Using the symmetrical ordinary least-squares (OLS) bisector
regression (Feigelson & Babu 1992), we find the fraction of optical

e 0.2440.06 .
AGN galaxies is such that fopicaagn M, ige a0 foptical AGN X
M 0:300.05

calyy - The majority of optical AGN (80 per cent) and radio
AGN (90 per cent) hosts have bulges more massive than Myyge ~
10'°°M@ (Mgixy ~ 10'"°M@) and brighter than My pyge ~ —18.2
mag (My gxy ~ —20.0 mag) (see Fig. 2). From a bulge magnitude of
—15.5 to —18 mag, the optical AGN fraction increases dramatically
from 22 + 5 to 50 £ 4 per cent, before rising gently to 77 + 3
per cent from My pye. ~ —18 to —22.5 mag. Between bulge mass
of M., puge ~ 1083 and 10'"'3My), the optical AGN fraction steadily
rises from 15 =4 to 80 £ 5 per cent. In general, the trend of the optical
AGN fraction for the bulge mirrors that of the host galaxy. We note
that of the 32 galaxies in the sample having M, gy < 5 x 10°Mg
and 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
an optical AGN fraction for this low-mass domain of 9.4 per cent,
which is comparable to the 10 per cent reported by Penny et al. (2018,
see also Kaviraj, Martin & Silk 2019; Mezcua, Suh & Civano 2019)
at the same stellar mass range.

As with the optical AGN fraction, the ‘radio AGN’ fraction appears
to be a function of stellar mass and luminosity. The fraction of radio

AGN galaxies is such that fiagio_aoN X Mfﬁﬁggos and fragio.AGN OX
04120.06

caly - Fromabulge magnitude of —17 to —19.5 mag, the ‘radio
AGN’ fraction increases strongly from 17 & 5 to 50 &+ 4 per cent and
thenrising gently to 60 & 5 per cent from My pyg ~ —19.5t0 —23.0
mag. From M, puge ~ 10'° to 10"""M, the ‘radio AGN’ fraction
increases from of 32 4= 7 to 68 & 5 per cent, whereas when M, g is
considered over a similar mass range the ‘radio AGN’ fraction rises
from 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)
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Figure 2. The relations between the AGN fraction and host galaxy properties. Top row: (a) AGN fraction as a function of bulge luminosity My puige, (b) total
galaxy luminosity My gxy, () bulge stellar mass My puige, (d) galaxy stellar mass M gixy, and (€) morphology. Bottom row: distributions of My puige, Mv gixy-
M bulges My gixy, 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.

morphologies B, C, and D. We find that the ‘jetted’ radio AGN
fraction is a function of stellar mass and luminosity such that
Sietted_radio.AGN X M| S éﬁg % and Sietted_radio AGN X M, f ;]%0 . From
M, puige ~ 10'%to 10" 3M@, the jetted radio AGN fraction increases
from 10 £ 5 to 30 £ 5 per cent, while for M, 4, considered over a
similar mass range the jetted radio AGN fraction rises from 3 =+ 3 to
25 £ 5 per cent. Owing to the low number statistics associated with
the jetted radio AGN galaxies, we remind the need for caution when
interpreting the aforementioned results. Furthermore, the quoted
jetted radio AGN fractions are probably a lower limit, since massive
galaxies with radio morphologies A and E might host a radio jet and
inactive galaxies might have a weak AGN cloaked at their centres.

Although the trend of increasing radio AGN activity with in-
creasing stellar mass has been previously reported (e.g. Kauffmann
et al. 2003a; Best et al. 2005; Kauffmann et al. 2008; Heckman
& Best 2014), our relation ( fradio.aGN X MS 311;0 6y is significantly
shallower than the (radio-loud AGN fraction)—(galaxy stellar mass)
relation found by Best et al. (2005, fradio—loud.AGN X M* alxy ). The
discrepancy between the slopes from our work and Best et al. (2005)
may be due to the higher sensitivity and higher angular resolution of
our e-MERLIN radio data which allow for the identification of jetted,
radio-quiet AGN. Note that the bulk of the outflows of ionized matter
in a jet can be either relativistic, giving rise to a radio-loud AGN, or
sub-relativistic, resulting in a radio-quiet AGN. Also shown in Fig. 2
are trends with optical morphological classes; we notice a variation
in the AGN fraction across the Hubble sequence: 47.8 per cent of
elliptical galaxies, 64.3 per cent of SOs, and 42.2 per cent of spiral
galaxies (75 per cent of Sa, 54.6 per cent of Sb, and 20.5 per cent
Sc) are optical AGN.

MNRAS 522, 3412-3438 (2023)

3.3 Dependence of nuclear radio emission and AGN fraction on
environment

There are conflicting reports in the literature about the role of
galaxy environment in triggering AGN activities and nuclear radio
emissions (e.g. Man et al. 2019). This motivates us to investigate the
environmental dependence of nuclear activities for the LeMMINGs
galaxies. We apply two methods to measure the galaxy environments:
local densities based on the nearest neighbour method and dark
matter halo mass. Measures of the environment based on the nearest
neighbours method are shown to approximate well the internal
properties of the dark matter halo (Muldrew et al. 2012). For
each galaxy in the sample, we derive local surface densities (p)
and luminosity surface densities (v) inside a cylinder containing
the 3rd and 10th nearest neighbours with Mz < —18.0 mag and
a velocity cut of AV < 300 km s~ (denoted by p3, v3 and
P10, Vio, respectively, see Table Al, also Cappellari et al. 2011).
A detailed discussion of the derivations of these environmental
measures and their comparison with those from Cappellari et al.
(2011) are available online. Given the strong correlations we find
between p and v (Spearman’s correlation coefficient r; ~ 0.93 — 0.96,
P ~0), throughout this paper we only consider the luminosity surface
densities v}y and v; (see Table Al). We determine that the typical
uncertainty on log vyo and log vs is 0.60 dex.

For the halo mass (My,,), we follow Veale et al. (2017b) and
use the halo mass based on the projected mass estimator (Heisler,
Tremaine & Bahcall 1985) from the Crook et al. (2007) high density
contrast (HDC) group catalogue which provides halo mass estimates
quantified based on the two different methods for groups with at least
three members (see Table Al).
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Figure 3. Radio core luminosity for our sample of 173 galaxies (LR, core) plotted as a function of B-band luminosity surface density inside a cylinder enclosing
the 10th nearest galaxy neighbour v¢ (a), B-band luminosity surface density for a cylinder containing three nearest neighbour v3 (b), and halo mass Mpajo ().
The blue curve indicates the median LR core Values for the corresponding local density and halo mass bins. The error bars show the 1o error on the measurements.
Overall there is a mild tendency of the median L core Values to increase with vjg and v3 but no relation of Lg, core With halo mass. However, removing the six
outlying sample data points with high v3 (> 10'?Lg g Mpc™2) and low v3 (< 108Lg, 3 Mpc™2), the mild tendency disappears and the correlations between
LR, core and v become very weak and no correlation is seen between LR, core and Mhpyjo: Spearman’s correlation coefficients and probabilities for the full sample
are (a) p ~ 0.13, P ~ 0.0924, (b) p ~ 0.20, P ~ 0.01231, and (c) p ~ —0.07, P ~ 0.3811.

3.3.1 Radio core luminosity against local environment density and
halo mass

We examine here whether the radio core luminosities (Lg, core) fOr
our sample galaxies correlate with the local environment measures
and halo masses. Fig. 3 shows Ly coe plotted against (i) the B-
band luminosity surface density inside a cylinder enclosing the 10th
nearest neighbour v, (ii) the same density but now inside a cylinder
including the 3rd nearest neighbour v3, and (iii) the halo mass Mj,jo.
Note that a galaxy that inhabits a dense region, i.e. a galaxy located
close to its neighbours, has high values of v; and v. Overall, we find
the median radio core luminosities for our sample appear to increase
slightly as a function of v, but our galaxies reside in all environments,
regardless of their radio core luminosities.

There is a weak correlation between Ly, core and vyg (ry ~ 0.24, P
~ 0.0013), a marginally significant correlation between Ly, core and
v3 (ry ~ 0.30, P ~ 9 x 107°) and no correlation between LR, core
and My, (ry ~ —0.01, P ~ 0.8879). Excluding the six outlying
sample data points, i.e. three with high v3 (> 10"2L¢g 5 Mpc™2)
and three low v3 (< 103Lg, 3 Mpc™2), see the middle panel, which
seem to be driving the relations in Figs 3(a) and (b), we rerun the
analysis, finding only weak correlations between Lg core and v (7
~ 0.13 — 0.20, P ~ 0.01231 — 0.0924). For Lg, core and M, the
relation is consistent with the null hypothesis of no correlation (r; ~
—0.07, P ~ 0.3811).

3.3.2 (Radio detection)-density and AGN-density relations in bins
of fixed bulge stellar mass

The incidence of radio activity and AGN are strong functions of bulge
mass Mg (Figs 1 and 2). Studies have also shown that bulge stellar
mass depends on the host galaxy environment, with large numbers
of massive, early-type (non-star forming) galaxies preferentially in
higher density local environments (Dressler 1984; Gémez et al. 2003;
Kauffmann et al. 2003b, 2004; Baldry et al. 2006; Peng et al. 2010),

see also Appendix Al. As such (radio detection)-density and AGN-
density relations may be driven by M. Therefore in Fig. 4 we
separate our sample into three (high-, intermediate-, and low-bulge)
mass bins and examine how the radio detection, optical, and radio
AGN fractions vary as a function of environment as measured by
V10, V3, and Mpy,. Within each fixed Mpyg. bin, we find no obvious
dependence of the radio detection and AGN fraction on environment
across the sample, regardless of the method we apply to define galaxy
environment. For most of the cases in Fig. 4, the radio detection and
(both optical and radio) AGN fraction remain unchanged over the
five (four) orders of magnitude in viy and v3 (Mp,10) probed by our
sample. In general, the environments of the active galaxies in the
sample are indistinguishable from those of inactive ones. Our results
are in agreement with some past work (Miller et al. 2003; Pimbblet
et al. 2013; Amiri et al. 2019; Man et al. 2019), albeit see conflicting
claims in the literature (e.g. Kauffmann et al. 2004).

3.4 Radio loudness

In order to gain further insight into the nuclear radio emissions in
our galaxies, we divide them into radio-loud (RL) and radio-quiet
(RQ) galaxies. Following Baldi et al. (2021b), in Dullo et al. (2023)
we classified galaxies as RL when log (Lcore/Lioii]) > —2 and log
(Mgu/M@) > 7.7. This yielded 155 RQ and 18 RL galaxies in our
sample; 17 of the 18 RL galaxies are LINERs and one is a (jetted)
H 11 galaxy NGC 3665 (Table Al).

In Fig. 5, we present comparisons of the distributions of the
properties of RQ and RL galaxies: Sérsic index (n), ellipticity,
isophote shape parameter B,, negative, inner logarithmic slope
(y), Hubble type, vig, v3, and Mp,,. We run several two-sample
Kolmogorov—Smirnov (KS) tests on the cumulative distributions of
the RQ and RL data sets. When compared to RQ galaxies, we find
that RL galaxies tend to posses an early-type morphology and inhabit
a denser environment as defined by vs. For the Hubble type and v,
we can reject the null hypothesis that the RQ and RL data sets
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Figure 4. Radio detection, optical emission-line AGN and radio AGN fractions ( f(Radio detection)s f(Optical AGN)> and f(Radio AGN(Jetted))> T€spectively) are plotted
as a function of luminosity surface densities (v1o and v3) and halo mass Mha, colour-coded by three (high-, intermediate-, and low-)bulge mass (M, puige) bins.
The error bars denote the Poisson errors. Within each M, puige bin considered, the radio detection and optical AGN fractions vary only mildly with vy, v3, and
Mhalo- The only notable exception is the decrease in f{jeteq) With increasing v3 for the massive bin (bottom row, middle panel).
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Figure 5. Properties of radio-quiet (RQ, blue curve) and radio-loud (RL, orange curve) sample galaxies. We show the distributions of the Sérsic index (n),
ellipticity, isophote shape parameter By, negative, inner logarithmic slope (), Hubble type, luminosity surface densities within cylinders enclosing the 10th and
3rd nearest neighbours (vg and v3) and halo mass (Mha1o). We run two-sample Kolmogorov—Smirnov (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 v3, 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 y 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, By, v3, and Mpalo)-
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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, FUYV, and Spitzer 3.6 pm asymptotic galaxy magnitudes. We divide the sample based on their optical
spectral class (active: 12 Seyferts + 28 LINERs + 2 jetted H 11 galaxies, panels (a) and (b) and inactive: 2 ALGs plus 76 H1I 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 pum 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*G results from the sample of 1931 (early- and late-type) galaxies, after converting the galaxies’ 3.6 pm 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 H1I galaxies, while the filled ‘X’ symbols
represent ALGs. ‘Jetted’ radio AGN hosts and core-Sérsic 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).

are drawn from the same distributions at P-values of <0.05. The intermediate-mass bulges, appear on the GV (Fig. 6a). These results
evaluation of the y distributions for RQ and RL galaxies with P ~ suggest that the star formation in massive bulges was quenched by
0.05 is a borderline case, although there is a mild tendency for RL the AGN feedback on short time-scales (At < 1 Gyr; Bower, Lucey
galaxies to have shallower inner slopes than RQ galaxies. Having & Ellis 1992; Thomas, Greggio & Bender 1999; Wake et al. 2000).

performed KS tests on the remaining galaxy properties, we cannot Active late-type galaxies reside preferentially in the red end of the
reject the null hypothesis that the RQ and RL galaxies are drawn from blue sequence and they appear to define a transitioning sequence,
identical distributions in n, ellipticity, By, vi9, and My, (P-values where the bulges become more massive and redder as they march
~0.10 — 0.54). gradually on the RS (see also Faber et al. 2007; Westoby, Mundell
Note that the only significant trend between nuclear activity and & Baldry 2007; Schawinski et al. 2010; Vulcani et al. 2015; Belfiore
environment from our work is the tendency for RL galaxies to have et al. 2018). There is a caveat here. Fig. 6 plots integrated galaxy
high values of vs, thus they preferentially reside in the highest local colours, while we actually seek to examine the bulge-SMBH co-
densities, however other environmental measures (viy and Mp,,) evolution. In the case of disc galaxies, the use of galaxy colours
do not corroborate the trend (see Fig. 5). Also, we have not ruled likely bias the bulge colours bluewards, therefore most active late-
out whether the bulge mass is driving the trend between radio type bulges would actually lie on the GV (Fig. 6).
loudness and vs. In summary, our results again suggest AGN and Overall, the hosts of active galaxies (Figs 6a and b), typically have
radio loudness are not environmentally driven and thus agree with FUV-[3.6] colours > 4.0, and sit above the blue, star-forming main
what we found in Sections 3.3.1 and 3.3.2. sequence defined by inactive, star forming galaxies (Fig. 6d). We also

find that radio-loud LINERSs lie on the RS. The ‘jetted’ radio AGN

hosts (Figs 6 a and b) are predominantly (85 per cent) BS galaxies,
3.5 Active and inactive galaxies across the (FUV-[3.6])-M., yuige co-spatial with the mass