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ABSTRACT

We present 5 GHz e-MERLIN radio images at 50 mas resolution of the nuclear regions of the Legacy e-MERLIN Multi-band
Imaging of Nearby Galaxies survey (LeMMINGs): the deepest statistically complete radio-band survey of the local Universe
(<120 Mpc), consisting of 280 galaxies spanning all morphological and nuclear types. We detect nuclear radio emission
above a median 50 threshold of 0.33 mJy beam~! in 68/280 sources (24 per cent), with core luminosities 10*°~10*- erg s L.
The radio emission is attributed to active galactic nuclei (AGNs), circumnuclear star formation, or — in the case of NGC
3690 - a tidal disruption event. The brightest radio nuclei, with brightness temperatures > 10° K, reside in optically ‘active’
galaxies — LINERs and Seyferts. The detection rate for ‘inactive’ systems (H 11 and absorption-line galaxies), which may host
low-luminosity AGNs (LLAGNS), is 8 per cent. Most detections (78 per cent) are compact (<10 pc), while the remaining
22 per cent show extended jet-like features (up to 380 pc). Compared to 1.5 GHz LeMMINGs data, the 5 GHz observations’
superior resolution and spatial filtering resolve out large-scale structures, isolating genuine nuclear emission. Our results
suggest that LLAGNSs are the primary manifestation of black-hole activity in the local Universe in the form of compact
jets and cores, with a preference for early-type hosts. The two LeMMINGs campaigns show that up to 30 per cent of the
local galaxy population host a radio-active nucleus, highlighting the necessity of high-resolution high-sensitivity imaging
for uncovering nuclear emission at the lowest luminosities.
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optical or X-ray measurements may be below detection thresh-

1 INTRODUCTION
olds.

A growing body of evidence suggests that a supermassive black
hole (SMBH) resides in the centre of nearly all galaxies (e.g. see
reviews by J. Magorrian et al. 1998; A. King & K. Pounds 2015).
Active SMBHs - known as ‘active galactic nuclei’ (AGNs) - play a
significant role in galaxy evolution due to kinetic feedback from
their powerful jets, which regulate galaxy-scale star formation
(SF) (e.g. T. M. Heckman & P. N. Best 2014; M. J. Hardcastle &
J. H. Croston 2020; D. M. Alexander et al. 2025). These jets are
often observed at centimeter wavelengths, where the emission is
unattenuated by the interstellar medium and local absorption of
the AGNs. Radio emission is a key diagnostic of accretion on to an
active SMBH, particularly at low accretion rates where traditional
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In the nearby Universe, many of the SMBHs have low accretion
rates and are labelled as ‘low-luminosity AGNs’ (LLAGNSs; see
e.g. L. C. Ho 2008, for a review), commonly defined as having
H o luminosities Ly, < 10%° erg s~ (L. C. Ho, A. V. Filippenko &
W. L. W. Sargent 1997a) or Lx_ry > 10*? erg s~ (A. Ptak 2001).
LLAGNSs are most likely powered by a radiatively inefficient ac-
cretion flow (see e.g. R. Narayan, R. Mahadevan & E. Quataert
1998; L. C. Ho 1999; A. Doi et al. 2005) at significantly sub-
Eddington rates (e.g. H. Awaki et al. 2001; L. C. Ho 2008; G. Kauff-
mann & T. M. Heckman 2009; A. Schulze & L. Wisotzki 2010; Y.
N. Istomin & H. Sol 2011; J. A. Ferndndez-Ontiveros, X. Lopez-
Lopez & A. Prieto 2023) resulting in low-level broad-band emis-
sion (F. Panessa et al. 2007; L. C. Ho 2008; L. C. Ho et al. 2009), in
contrast to the efficient discs that power traditional (Seyfert-like)
AGNSs and quasars (e.g. S. W. Davis & A. Laor 2011).
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Despite being unaffected by absorption along the line of sight,
radio emission in LLAGNS can be very weak at GHz frequencies
(less than a few mJy) (e.g. P. Saikia, E. Kérding & S. Dibi 2018a),
contributing minimally to the overall bolometric luminosity and
necessitating high-sensitivity observations. As such, they are of-
ten ‘radio-quiet’, defined as having a ratio between the 4400 A
optical and 6 cm radio emission less than 10 (K. I. Kellermann
et al. 1989). The radio emission in radio-quiet AGNs can be at-
tributed to a multitude of processes (see F. Panessa et al. 2019, for
areview), including relativistic or sub-relativistic jets (P. Padovani
2016; R. Blandford, D. Meier & A. Readhead 2019; P. Kharb et al.
2024), circum-nuclear SF (J. J. Condon 1992), an outflowing mag-
netic corona (A. Laor & E. Behar 2008), or disc winds (N. L.
Zakamska & J. E. Greene 2014). Fortunately, Very Long Baseline
Interferometry (VLBI) is capable of resolving the radio emission
in the nuclear regions of galaxies from SF and the other processes
(e.g. H. Falcke et al. 2000; X. Yan & R.-S. Lu 2024; P. Saikia et al.
2025). Sub-kiloparsec-scale jets with a compact high brightness
temperature core (Tz > 107 K) are a key signature of an LLAGN
(L. K. Morabito et al. 2022; X. Cheng et al. 2025). Kiloparsec-scale
radio jets have been found in ‘active’ galaxies such as Seyferts and
low-ionization nuclear emission-line regions (LINERs) (e.g. H.
Falcke et al. 2000; M. E. Filho, P. D. Barthel & L. C. Ho 2002a; J. F.
Gallimore et al. 2006; C. G. Mundell et al. 2009; F. Panessa & M.
Giroletti 2013; V. Singh et al. 2015), but fewer studies have focused
on the ‘inactive’ galaxies like absorption line galaxies (ALGs) and
H 11 galaxies, which show no evidence for photoionization from
an AGN in their optical spectra. Some ‘inactive’ galaxies may also
harbour a weakly accreting active SMBH with sub-kiloparsec-
scale jets that could be detected by high-quality sub-arcsecond-
resolution radio observations.

Carrying out an unbiased census of accretion of SMBHs at the
lowest accretion rates is of utmost importance as they represent
the most common type of AGNs in the local Universe (A. Ptak
2001; N. M. Nagar et al. 2002; M. E. Filho, P. D. Barthel & L. C.
Ho 2006; L. C. Ho 2008; P. Saikia et al. 2018a). To perform such a
study, we have utilized the best-selected sample of nearby galax-
ies, the Palomar bright spectroscopic sample of nearby galax-
ies (A. V. Filippenko & W. L. W. Sargent 1985; L. C. Ho, A. V.
Filippenko & W. L. Sargent 1995; L. C. Ho et al. 1997a, b, c,
2003, 2009, hereafter referred to as the ‘Palomar sample’), as the
parent sample of our study. The Palomar sample contains 486
Northern galaxies and is statistically complete to a brightness
limit of By > 12.5mag. It includes all galaxy morphologies: early-
and late-type galaxies (ETGs and LTGs), and all optical nuclear
classes: Seyferts, LINERs, ALGs, and HII galaxies. The high-
quality optical spectra from Palomar have been used to probe
multiwavelength correlations of predominantly ‘active’ nuclei
to discover radio emission associated with them using various
radio interferometers: Karl G Jansky Very Large Array (VLA;
~arcsecond resolution, M. E. Filho, P. D. Barthel & L. C. Ho 2000;
N. M. Nagar et al. 2000, 2002 ; L. C. Ho & J. S. Ulvestad 2001; N. M.
Nagar, A. S. Wilson & H. Falcke 2001; M. E. Filho et al. 2002a; N.
M. Nagar, H. Falcke & A. S. Wilson 2005; P. Kharb et al. 2012; B.
Balmaverde & A. Capetti 2013; P. Saikia et al. 2018a; E. Chiaraluce
et al. 2019), MERLIN/e-MERLIN (~100 mas resolution, M. E.
Filho et al. 2006; M. Krips et al. 2007), and Very Long Baseline
Array (VLBA)/European VLBI Network (EVN) (~10 mas resolu-
tion, H. Falcke et al. 2000; J. S. Ulvestad & L. C. Ho 2001b; N. M.
Nagar et al. 2002, 2005; J. M. Anderson, J. S. Ulvestad & L. C. Ho
2004; M. E. Filho et al. 2004; M. Krips et al. 2007; P. Kharb et al.
2012; F. Panessa & M. Giroletti 2013; X. Cheng et al. 2025).
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1.1 The LeMMINGSs sample

The Legacy e-MERLIN Multi-band Imaging of Nearby Galaxies
Survey (LeMMINGs; R. Beswick et al. 2014) has produced
a statistically complete sub-arcsecond-resolution and sub-mlJy-
sensitivity census at 1.5 GHz of nearby galaxies selected from the
Palomar sample, unbiased to other indicators of activity (R. D.
Baldi et al. 2018, 2021a, b). As e-MERLIN is a radio interferom-
eter based in the United Kingdom with six antennas used for
this survey (Mark 2 ‘Mk2’, Knockin ‘Kn’, Defford ‘De’, Pickmere
‘Pi’, Darnhall ‘Da’, and Cambridge ‘Cm’), a declination limit of
8 > 20° on the Palomar sample was imposed to avoid highly el-
liptical synthesized beams. This selection reduces the number of
objects to 280 (out of the 486 sources in the Palomar sample) but
improves the radio imaging fidelity and crucially does not bias
the statistical completeness of the sample. The sample consists
of 140 H1I galaxies, 18 Seyferts, 28 ALG, and 94 LINERs, by
nuclear AGN type and 15 irregular, 189 spiral, 51 lenticular, and
25 elliptical galaxies, by Hubble type.

LeMMINGs comprises two tiers: the ‘shallow’ and the ‘deep’
survey. The ‘deep’ tier focuses on individual interesting Palomar
objects (see e.g. T. W. B. Muxlow et al. 2010; J. Westcott et al.
2017; D. R. A. Williams et al. 2017, 2019, 2020; B. T. Dullo et al.
2018; H. Rampadarath et al. 2018). Instead, the ‘shallow’ tier uses
shorter observations of the 280 Palomar galaxies with multiwave-
length follow-up. The radio observations at 1.5 GHz at 200 mas
resolution have already been published (R. D. Baldi et al. 2018,
2021a, b). In so doing, we re-classified each of the galaxies into
Seyferts, LINERs, ALGs, and H 11 galaxies based on updated Bald-
win, Phillips, Terlevich diagrams (J. A. Baldwin, M. M. Phillips
& R. Terlevich 1981) using the diagnostic tools described in L. J.
Kewley et al. (2006) and S. Buttiglione et al. (2010) as part of the
1.5 GHz ‘shallow’ sample release (R. D. Baldi et al. 2018, 2021a).
‘We have also compiled multiwavelength data of matching reso-
lution in the X-ray band with Chandra (D. R. A. Williams et al.
2022, Pahari et al. in preparation) and optical with Hubble (B. T.
Dullo et al. 2023a, b, 2024). These additional data provide further
indicators of nuclear activity, and the multiwavelength empirical
correlations (see R. D. Baldi et al. 2021b) can help to understand
the complex nature of the nuclear region in a statistically relevant
sized sample of LLAGNS.

1.2 The need for 5 GHz observations of the LeMMINGs
sample

The 1.5GHz e-MERLIN images have an average synthesized
beam of 200 mas, compared to the 50 mas beam size in the 5 GHz
observations presented here, probing linear scales that are four
times smaller. At the median distance of the LeMMINGs sample,
20 Mpc, the angular scale is ~100 pc arcsec™!, corresponding to
linear sizes of 5 pc at the resolution of our 5 GHz e-MERLIN beam
size. The higher resolution used in the 5 GHz data should result
in a relatively ‘clean’ sample of compact nuclear radio emission
attributed solely to AGN activity, unaffected by other processes
(diffuse SF, large-scale jets/outflows), which are expected to be
resolved out.

A second observing band also provides a two-point spectral-
index measurement. The radio spectrum, «, is defined as S, o v¥.
For a flat radio spectrum, « ~0, a steep radio spectrum « <0,
and an ‘inverted’ radio spectrum « >0. Radio emission from the
compact radio nuclei associated with LLAGNs often has a flat
or inverted spectrum (e.g. N. M. Nagar et al. 2002), whereas the
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radio spectrum of jets is expected to be steeper due synchrotron
ageing of electrons (see e.g. L. C. Ho 2008). Thus, a compact flat-
spectrum radio source with high brightness temperature provides
conclusive proof of an (LL)AGN.

In this manuscript we present the 5 GHz data release of the
nuclear regions of all 280 LeMMINGs galaxies in order to com-
pare with the 1.5 GHz data. This work represents the 5 GHz data
release of the LeMMINGs sample and as such we focus solely on
the radio image quality of the nuclear regions of these galaxies.
Future work will include optical and X-ray information to per-
form a multiwavelength study of the nuclear regions, as well as
presenting a full wide-field catalogue of all sources in the 1.5and
5GHz images to study off-nuclear radio emission. This paper
is structured as follows: in Section 2, we describe the 5 GHz e-
MERLIN observations, reduction, and imaging procedures. In
Section 3, we show the results from the survey. In Section 4, we
discuss these results in comparison with the 1.5 GHz data and
finally, in Section 5 we summarize our results and present our
conclusions.

2 OBSERVATIONS AND DATA REDUCTION

2.1 Optical positions of the LeMMINGSs survey galaxies

Before discussing the 5 GHz e-MERLIN radio data, we first pro-
vide updated optical positions for all the sources in the sample.
Previously in the 1.5 GHz sample, we obtained the best optical po-
sitions of all LeMMINGs sources based on the NASA Extragalac-
tic Database (NED)! or the Simbad online data base? (M. Wenger
et al. 2000). Since the data release of the 1.5 GHz LeMMINGs data
(R. D. Baldi et al. 2018, 2021a), optical positions of many galaxies
have been significantly improved by the Gaia satellite (Gaia Col-
laboration 2016; J. Salgado et al. 2017; Gaia Collaboration 2018),
resulting in high-precision positions of many of the LeMMINGs
sample.

The positions of high-resolution radio VLBI data have been
shown to have little disagreement with Gaia positions. For exam-
ple, L. Petrov & Y. Y. Kovalev (2017) found that only 6 per cent
of sources had a VLBI-Gaia offset above a 99 per cent confidence
level (the median position offset in their sample was 2.2 mas),
although they showed that genuine offsets can exist. For the cases
where the VLBI and Gaia positions are significantly offset from
one another, the disagreement can be attributed to the detection
of a radio jet that is brighter than the core (see e.g. A. V. Popkov
et al. 2025). In nearby galaxies, the agreement between Gaia and
catalogued NED/Simbad source positions is within the quoted
uncertainties for more than 80 per cent of targets, but when
galaxies are considered on their own, removing the stars, quasars,
white dwarfs, and binary stars from the analysis, this figure falls
slightly (J. Hales & P. Barmby 2024). The reason for the difference
between the NED/Simbad literature and Gaia source positions
is found to be due to a mismatch in classifications, for example,
galaxies classified by Gaia as stars, or stars classified by Gaia as
quasars (J. Hales & P. Barmby 2024). Furthermore, foreground
objects can also cause a misidentification of a nearby galaxy (P.
Barmby 2023). Therefore, one must not rely on the Gaia positions,
but also compare with literature positions of nearby galaxies to
pinpoint a nuclear region in which to search for radio emission.

Lhttps://ned.ipac.caltech.edu/
2https://simbad.u-strasbg.fr/simbad/sim-fbasic
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When querying the Gaia data base® for the LeMMINGs galax-
ies, 68/280 (24 per cent) of the positions are identical to the best
positions provided by NED or Simbad. 205/280 (73 per cent) agree
to within less than an arcsecond. A recent VLBI study of a sub-
sample of LeMMINGs galaxies (X. Cheng et al. 2025) has shown
that detected low-luminosity AGNs with high brightness temper-
atures are found within 1 arcsec (<100 pc on the sky) of the Gaia
optical position. Similarly, Karl G Jansky VLA observations of the
Palomar sample identified radio cores at a resolution of ~ 1 to 2
arcsec (M. E. Filho et al. 2000; N. M. Nagar et al. 2002, 2005). Of
the 75 galaxies that do not agree to within 1 arcsec of the Gaia
position, there is no obvious pattern in which sources tend to
be mismatched when considering their optical nuclear class or
galaxy type. In terms of optical classifications, 45/140 H 11 galax-
ies (32 per cent), 5/18 Seyferts (28 per cent), 8/28 ALGs (29 per
cent), and 17/94 LINERs (18 per cent) have Gaia optical positions
that are discrepant with those in Simbad by more than 1 arcsec.
With regards to the morphological galaxy types, the positions of
four irregular galaxies (15, 27 per cent), 56 spirals (189, 30 per
cent), four lenticulars (51, 8 per cent), and 11 ellipticals (25, 44
per cent) are discrepant by more than 1 arcsec.

In the 1.5 GHz data release, we classified sources as identified
if significant radio emission associated with the ‘radio core’ of
an AGN was found within 1.5-arcsec of the galaxy centre from
the best optical positions available from the literature (R. D. Baldi
et al. 2018, 2021a). This larger radius was used because of the
worse astrometry and positional accuracy of order ~ 1 to 2 arcsec
of the Two Mass All Sky Survey data,* which was available for
the source positions. As the e-MERLIN astrometry is tied to the
International Celestial Reference Frame and correct to 10 mas
accuracy, the positional accuracy is dominated by the optical/IR
data. Thus, the offset of 1.5-arcsec was used as a conservative
maximum offset in which to search for radio cores to pinpoint
the active SMBH.

Using 1.5-arcsec as the radius for searching for radio emission,
in total 224/280 galaxies have Gaia optical positions that agree
with those found on Simbad/NED and therefore we use the Gaia
position to centre our images (see Section 2.4). For the other 56
sources, we use the position obtained from Simbad/NED to centre
our images. However, noting that significant offsets between Gaia
and Simbad/NED can exist, we also checked for radio emission at
the position of the Gaia optical centre for all sources with signif-
icant discrepancy between the Gaia and Simbad/NED positions.
In total, we detect radio emission within 1.5-arcsec of the Gaia
optical centre in 60 sources, with the remaining eight detected
sources being within 1.5-arcsec of the Simbad/NED position. We
further discuss the impact of this position choice in Sections 3.1
and 4.2.

2.2 5 GHz LeMMINGSs observations

Observations of the LeMMINGs sample centred at 5.07 GHz (C
band) took place between 2018 December and 2019 September.
Additional observations of sources that were missed or provided
poor data quality in the original observing runs were obtained in
a further observation in 2020 November. In all observations, six
of the seven e-MERLIN antennas were available for observations,
with the Lovell not taking part. In some observations, various

3https://gaia.ari.uni-heidelberg.de/singlesource.html.
“https://old.ipac.caltech.edu/2mass/releases/second/doc/sec6™7f.html
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Table 1. Observing log of the 5GHz e-MERLIN data presented in this
work. The data quality flag is as follows: ‘++’ = good, ‘+’ = adequate.
A ‘good’ data set is defined as one where all six antennas are available
for the observation throughout most of the run, whereas ‘adequate’ data
sets are those where one or more antennas drop out for more than half an
observing run. The data sets denoted with a ‘{’ are those which are two
shorter observing runs that have been combined and calibrated together.

LeM Block Obs. date Antennas Data quality
LEMTEST 2018-12-06 Mk2KnDePiDaCm + +
LEMO02 2019-08-21 Mk2KnDePiDaCm ++
LEMO03 2018-12-10 Mk2KnDePiDaCm + +
LEMO04 2018-12-09 Mk2KnDePiDaCm ++
LEMO5 2019-08-13 ¥  Mk2KnDePiDaCm + 4+
LEMO06 2019-08-23 Mk2KnDePiDaCm ++
LEMO07 2019-07-09 KnDePiDaCm +
LEMO8 2018-12-03 Mk2KnDePiDaCm ++
LEMO09 2019-08-30 Mk2KnDePiDaCm +
LEM10 2019-08-12 Mk2KnDePiDaCm ++
LEM11 2019-08-25 Mk2KnDePiDaCm + +
LEM12 2019-08-24 Mk2KnDePiDaCm ++
LEM13 2019-08-15 Mk2KnDePiDaCm + +
LEM14 2019-07-18 Mk2KnDePiDaCm ++
LEM15 2019-07-19 Mk2KnDePiCm +
LEM16 2018-12-08 Mk2KnDePiDaCm + +
LEM17 2019-08-09 ¥  Mk2KnDePiDaCm +
LEM18 2019-07-19 Mk2KnDePiCm +
LEM19 2019-08-04 Mk2KnDePiCm +
LEM20 2019-08-02 Mk2KnDePiDaCm + +
LEM21 2019-08-22 Mk2KnDePiDaCm ++
LEM?22 2019-08-03 Mk2KnDePiDaCm + +
LEM23 2019-08-15 Mk2KnDePiDaCm ++
LEM?24 2019-08-24 ¥  Mk2KnDePiDaCm + +
LEM25 2019-08-25 Mk2KnDePiDaCm ++
LEM26 2018-12-05 Mk2KnDePiDaCm + +
LEM27 2019-08-04 Mk2KnDePiCm +
LEM28 2019-08-22 Mk2KnDePiDaCm + +
LEMmisc 2020-10-16 Mk2KnDePiDaCm ++

technical issues with individual antennas may have prevented
them from observing for parts of the observing runs, but we
ensure that the data are of similar minimum quality. We give a
subjective indication of data quality for each data set in Table 1,
and an indication of the image quality for each source in Table 2.

The 280 objects were grouped into 28 observing blocks by their
separation on the sky to reduce telescope slewing time. We used
the standard e-MERLIN ‘C band’: a single band of 512MHz in
width between 4.82 and 5.33 GHz. Four spectral windows across
the band were used, each with 512 channels of 0.25 MHz resolu-
tion, prior to averaging. Each target field was observed for ~50
min in total using a ‘snap-shot’ imaging mode, whereby each
field was visited once per hour for 8 h. This fills up a larger
portion of the uv-plane and provides a more circular synthesized
beam and thus increase imaging fidelity. Each object had a nearby
unresolved and bright phase calibrator, which was observed for 2
min either side of 6-min scans on the target. The flux calibrator
(3C286) and band pass calibrator (0Q208) fields were observed
at the beginning or end of each observing block. In some cases,
LeMMINGs blocks were split in two for scheduling efficiency or
due to problems with the array which reduced observing time
on previous imaging runs. These runs were combined into one
observation to obtain a sensitivity level commensurate with the
other data sets. This strategy was similar to that used for the
1.5 GHz sample.

MNRAS 548, 1-22 (2026)

Table 2. First five lines of the table of basic properties of the 5 GHz radio sample presented in this paper. The full table can be found in the online supplementary material. The columns correspond to
(1) galaxy name; (2) source name used in scheduling and for retrieving images; (3) J2000.0 right ascension; (4) J2000.0 declination; (5) distance in Mpc; (6) LeMMINGs observing block. Note that any

block denoted with an asterisk was re-observed as part of the miscellaneous LeMMINGs block; (7) image quality, with quality rating: ‘++ = good, ‘4’ = adequate; (8) r.m.s. noise level in uJy beam™!; (9)

core, ‘B’

multiple/complex set of components; (13) optical nuclear class, from the classification of (R. D. Baldi et al. 2018, 2021a). Note that ‘LINER’

has been shortened to ‘LIN.” and ‘Seyfert’ to ‘Sey.’; (14) Galaxy morphological type from the classification of (R. D. Baldi et al. 2018, 2021a): Spiral (Sp), Lenticular (Len.), Elliptical (El.), and Irregular (Irr.);

(15) log 5 GHz radio luminosity. Sources with a preceding ‘<’ denotes a 50 upper limit.

‘U’; (12) morphology of the 5 GHz data. ‘A’

‘D’, undetected

synthesized beam size in arcseconds; (10) synthesized beam size position angle in degrees; (11) detection at 1.5 GHz: detected

5

single/one-sided jet/extension, ‘C’ = double-sided jets, ‘E
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2.3 Datareduction and calibration

The 5GHz e-MERLIN data were calibrated with version 5.6.2
of the COMMON ASTRONOMY SOFTWARE APPLICATIONS CASA
package (J. P. McMullin et al. 2007) using version 1.1.19 of the
e-MERLIN CASA Pipeline (eMCP, J. Moldon 2021). The same
pipeline was used in the second 1.5 GHz release of LeMMINGs
data (R. D. Baldi et al. 2021a). The eMCP? runs in two sections:
pre-processing and calibration. The pre-processing step loads the
data into CASA measurement set format, performs preliminary
data flagging, including observatory correlator flags, a priori flag-
ging on known areas of radio frequency interference (RFI) in
the data. Automated flagging of RFI with AOFLAGGER (A. R.
Offringa, J. J. van de Gronde & J. B. T. M. Roerdink 2012) is
disabled for the 5 GHz data as the RFI environment is generally
much cleaner at 5 GHz. Post flagging, the data are averaged to a 4-
s integration time, and by a factor of 4 in frequency, so that there
are 128 channels per spectral window. The flag version state is
then saved in preparation for the calibration procedures.

The calibration section employs standard radio calibration
techniques, starting with the inclusion of a manual flag file that
can be added by the user, then performing an initial band pass and
delay calibration. A flux model of the flux calibrator 3C286, which
is slightly resolved on e-MERLIN baselines, is used to perform
flux calibration. The radio spectral index across the band for all
calibrator fields it then computed. Using this new band pass infor-
mation, the previous bandpass, phase, and amplitude calibration
steps are repeated to correct for this spectral index across the
band. These calibrations are applied to the data and a final round
of automated flagging using tfcrop in CASA is performed on
the target fields to remove any low-level RFI. Calibration plots are
produced and stored in the eMCP weblog for further inspection.
Basic, preliminary images of the target and phase calibrator fields
are produced. Phase calibrator and target fields are split into their
own measurement sets, though averaged further down, so that
quick images can be made by the user.

2.4 Imaging and self-calibration

We constructed a semi-automated imaging pipeline to remove
any additional RFI in the calibrated data and perform self-
calibration of the data, using bright sources in the primary beam.
This additional work to self-calibrate using nearby bright sources
is desirable for the following reasons: (i) many of the sources
in this survey are likely to be faint (<1 mlJy), but a bright (=1
mlJy) in-beam source, when present, could provide a good can-
didate for self-calibration to improve the overall data quality of
the object we are interested in; (ii) a catalogue of sources de-
tected within the larger primary beam will be the subject of a
future LeMMINGs paper; (iii) the legacy value of having created
high-resolution wide-field radio images of 280 nearby galaxies for
future users; iv) many of the galaxy nuclei are not at the beam
pointing centre due to previous inaccurate catalogues used for
the original positions of the sources. On this final point, we show
a histogram of the observation pointing positions relative to the
optical centres of the LeMMINGs galaxies in Fig. 1. In most cases,
the optical positions agree with the e-MERLIN pointing centres
to within 1 arcmin, which is inside the ~7-arcmin [full width at

SFull descriptions of the calibration steps performed by the eMCP can
be found on the online github pages: https://github.com/e-MERLIN/
eMERLIN_CASA_pipeline
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Figure 1. The distribution of optical position offsets relative to the e-
MERLIN observation pointing positions for all 280 sources in the sample.
Four sources are further than 1-armin away from the central pointing,
with only NGC 5055 (>3-arcmin away) being re-processed in a specific
way to ameliorate the problems of smearing (see Section 2.4). The vertical
dashed line is the median offset of the sample, which is 7.5 arcsec.

half-maximum (FWHM)] at 5 GHz primary beam for e-MERLIN
without the Lovell telescope. However, for four of sources, this is
not the case: NGC 4169 (1.06 arcmin), NGC 3600 (1.20 arcmin),
and NGC 5395 (1.82 arcmin), and NGC 5055 (3.74 arcmin). For
NGC 5055, as the source position is significantly offset from the
pointing centre, we re-processed the data for this source on its
own, phase rotating the data at full frequency and time resolu-
tion to the correct position of NGC 5055, to help with the self-
calibration of the source. To minimize the effects of the non-
central pointing, we also performed a primary beam correction.
We used a combination of the imaging routines in WSCLEAN
(A.R. Offringa et al. 2014; A. R. Offringa & O. Smirnov 2017) and
CASA to create full-resolution self-calibrated and primary-beam-
corrected images of all 280 sources. To perform this task, we first
image the entire seven arcmin e-MERLIN primary beam with
WSCLEAN at low resolution (one pixel per synthesized beam) with
uniform weighting in order to find the bright compact sources
>1mly in the image that may be suitable for self-calibration.
Using the rudimentary cAsa source finding algorithm,® we pro-
duced an outlier field file of these bright sources. This file was
used in CASA to perform standard imaging and self-calibration
procedures on smaller cut-out images to reduce computing re-
sources. For NGC 3034, we used a list of known compact radio
sources above 1 mJy from D. M. Fenech et al. (2008) to perform
the self-calibration. First, we performed five rounds of phase
self-calibration, reducing the solution interval down to 180 s. In
seven cases (NGC 3031, NGC 3516, NGC 315, NGC 4138, NGC
4151, NGC 1167, and NGC 1275), a source in the beam (or the
target itself) was bright enough to perform additional rounds
of self-calibration down to 24 s in phase, and apply an ‘ampli-
tude + phase’ self-calibration correction. In other cases where
the source(s) in the field were not brighter than 1 mJy (NGC 783,
NGC 5055, NGC 4274, NGC 3884, NGC 4369, NGC 3190, NGC
4102, NGC 3838, NGC 3945, NGC 4648, NGC 2985, IC 520, IC
356, NGC 2500, NGC 2964, NGC 2683, NGC 5033), we performed
three phase-only self-calibration loops to a solution interval of
360 s. If we found no sources in the widefield low-resolution
image, we did not perform self-calibration. In total, we were able

See the FINDSOURCES task here: https://casadocs.readthedocs.io/en/
stable/api/tt/casatools.image.html

MNRAS 548, 1-22 (2026)
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Figure 2. Central 2.5x2.5 arcsec? of the 5 GHz radio image of NGC 4203
as an example of the LeMMINGs 5GHz data, made using APLPY (T.
Robitaille & E. Bressert 2012). See online supplementary material for all
the images. The false colour background image ranges from 0 to 5mlJy
beam ™!, with the colour bar shown at the top. The contour levels are set at
the image r.m.s. (in this case 77 WJy beam 1) multiplied by —3, 3, 5 (black
contours) and 10, 50, 100, 250 (light blue contours). Negative contours
are dashed. The light blue plus represents the Gaia DR3 optical position,
where available (Section 2.1). The pink circle denotes the average 1.5 GHz
synthesized beam positioned at the 1.5 GHz ‘core’ position. The synthe-
sized beam is shown in the bottom left corner of the image.

to self-calibrate 70/280 fields, improving the sensitivity levels in
these images.

After self-calibration, we imaged each field with WSCLEAN,
and we produced a final Nyquist sampled image (0.008 arcsec
pixel size) of the central 4-arcmin x 4-arcmin with Briggs weight-
ing (D. S. Briggs 1995) with robust = 0.5. We used a bespoke
WSCLEAN container that includes the e-MERLIN primary beam
models to produce the final images to correct for the primary
beam. We also used a slight Gaussian taper (-taper-gaussian
0.04 arcsec) with WSCLEAN to help circularize the beam
without degrading the noise level significantly. For NGC 4151 and
NGC 315 we were unable to use this parameter without making
the synthesized beam significantly larger (>100 mas). In order
to compare the radio emission on scales similar to that in the
1.5GHz data release, we made further tapered images with a
Gaussian taper of 0.1 arcsec, which resulted in an average beam
size of 140 mas.

We also made smaller ‘cut-out’ images of the central part of
each galaxy for both the full-resolution and tapered images cen-
tred at the best optical position (see Section 2.1). We present these
images in the online supplementary material, but an example
of full-resolution image of NGC4203 is shown in Fig. 2. The
figures were made using APLPY (T. Robitaille & E. Bressert 2012)
and show a 2.5x2.5 arcsec? section centred on the nucleus. We
also made larger images and found extended large-scale jets in
several cases (see Section 4.3.1), and can be found in the online
supplementary material. Overall the data and image quality in
the majority of fields are objectively good. We deemed that 236,
38, and 8 have, respectively, ‘good’, ‘adequate’, and ‘poor’ quality
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images. As a consequence, we obtain a median r.m.s. noise level
of our 5GHz images of 66 wJy beam™! at 5 GHz. This compares
favourably to the median noise of 83 pJy beam =1 for the 1.5 GHz
sample (see Fig. 3) (R. D. Baldi et al. 2021a). The 5 GHz noise
level is an order of magnitude improvement over similar high-
resolution radio surveys of the Palomar survey (e.g. N. M. Nagar
et al. 2002).

2.5 Parameter extraction

We used CASA to extract source parameters from the final images
of all sources. We estimated the noise using the task imstat in
an off-source region near to the optical centre of the galaxy. We
used the task imfit to extract flux densities, sizes, and positions
of detected radio components. In sources where multiple radio
components were separated within 1-beam width of each other
(NGC 1167, NGC 2273, NGC 2655, NGC 3348, NGC 4151, and
NGC 4589), we fitted the brightest component first to find the
position and flux density, which we hereafter designate as the
‘core’. We then fitted the other components with a fixed synthe-
sized beam size to extract their parameters, by also fixing the flux
and position of the main bright component. This enabled us to
derive reliable intensity values for fainter radio sources. Where a
source is not detected in the tapered image but is detected in the
full-resolution image (or vice versa), we give a 5¢ upper limit for
that component. If a source is confused with another source in the
tapered image, we do not give a low-resolution flux for that com-
ponent. Instead, it is included as part of the brighter component
of the two. From the fitted flux densities of 0Q208 in all observing
runs, we estimated a 5 per cent flux calibration uncertainty in our
data, which we include in quadrature to our flux uncertainties
derived from the source fitting. The flux densities for all detected
sources are shown in Table 3 (A machine readable version of the
full table can be found in the online supplementary material.).
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Table 4. Radio morphological classification breakdown of the LeMMINGs sample as a function of optical nuclear type and number of detections.
The sample is divided into morphological radio (core/core-jet, one-sided jet, triple, double-lobed source, and complex source) and spectroscopic optical
classes (LINER, ALG, Seyfert, H 11 galaxies) based on their radio detection, core-identification or non-detection. The numbers in parentheses represent

the 1.5 GHz sample values (R. D. Baldi et al. 2021a).

AGN type
Radio class LINER ALG Seyfert Hu Total
A (core) 35(37) 2(3) 6(6) 10 (18) 53 (64)
B (extension) 7(2) 1(0) 2(1) 0(2) 10 (5)
C (triple) 2(13) 0(2) 1(3) 1(4) 4(22)
D (2-lobe) 0(3) 0(0) 0(1) 0(0) 0(4)
E (complex) 0(1) 0(0) 0(1) 109) 1(11)
Total Gdentified) 44 (56) 3(5) 9(12) 12(33) 68 (106)
unidentified 0(2) 0(2) 0(1) 0(14) 0(19)
Total getected) 44 (58) 3(7) 9(13) 12 (47) 68 (125)
undetected 50 (36) 25(21) 9(5) 128 (93) 212 (155)
Total 94 (94) 28 (28) 18 (18) 140 (140) 280 (280)
3 RESULTS resolution and uv-tapered images, listed in the online supplemen-

3.1 Radio images and source parameters

We aim to find the compact radio sources associated with the
centres of nearby galaxies where SMBHs could reside, and of-
ten circum-nuclear SF is found as well (B. T. Dullo et al. 2024).
Therefore, we have searched the optical position of the centre of
each galaxy for significant radio emission above a 50 level of the
local r.m.s. sensitivity of each source. In contrast, for the 1.5 GHz
data we preferred a less conservative approach by providing a 3o
detection threshold for tentative identifications (R. D. Baldi et al.
2021a). In this work we choose the higher threshold to provide
more certain detections. For example, other e-MERLIN legacy
surveys such as e-MERGE used thresholds such as 4.80 to reduce
the contamination by false detections (T. W. B. Muxlow et al.
2020). This sets the median detection threshold for the 5 GHz
LeMMINGs data set is 0.33 mJy beam ™.

In the 1.5GHz LeMMINGs sample (R. D. Baldi et al. 2018,
2021a), we calculated that one random source would be detected
above a 3¢ level (0.25 mJy) within a 3.7 and 2.6 arcsec circular
error radii, when comparing with the deep XMM-Newton/ROSAT
data (N. Seymour, I. M. McHardy & K. F. Gunn 2004) and the e-
MERLIN SuperCLASS survey (R. A. Battye et al. 2020), respec-
tively. Analogously, based on the source count distribution at
5GHz from the ATLAS 5.5 GHz survey of the extended Chandra
Deep Field South (M. T. Huynh et al. 2015, 3.5 arcsec resolution
over an area 0.34 deg?), we find that when observing 280 galaxies,
statistically at most one unrelated radio source falls within a ra-
dius of ~4.3 arcsec of the optical source. Furthermore, the prob-
ability of a detection at the optical position in our radio images is
given by the error function (e.g. see section 3.1 of E. Kérding, E.
Colbert & H. Falcke 2005). We calculate that the likelihood of a
50 detection within 1.5 arcsec of the optical position is 0.05 per
cent. These analyses all validate our choice to use a 1.5 arcsec
search radius for finding nuclear radio emission at 1.5 and 5 GHz
associated with the optical centre of the galaxy.

We detected significant radio emission above a 5¢ local r.m.s.
and within 1.5 arcsec of the optical galaxy centre for 68/280
targets. For these sources we also derive the peak and total
flux densities, positions, and deconvolved beam sizes in the full-

MNRAS 548, 1-22 (2026)

tary material. We list the contour levels for each of the images in
the online supplementary material. We use the proximity to the
1.5 GHz radio core (and to the optical centre) together with the
radio properties (peak intensity and compactness) to determine,
among multiple detected components, which one is the nuclear
radio core associated with the SMBH. For the remaining 212
sources, no significant nuclear emission was detected in either
the full-resolution or tapered images. We list image r.m.s. noise
values for these non-detections in Table 2.

In the 1.5 GHz LeMMINGSs data, the detected radio sources
were split into different morphological classes based on the ap-
pearance of additional nuclear radio emission. Here, we classified
the radio morphologies of the 68 detected (identified) sources into
five different regimes: compact ‘core’ sources (A), one-sided jets
(B), triple sources (C), double-lobed (D), and complex sources (E).
We refer the reader to R. D. Baldi et al. (2018) for a description of
these classes and examples. We analogously classify our sources
and find that no sources are consistent with the ‘double-lobed’
morphology. In total, we detect 52 ‘core’ morphology sources
(A), 10 with one-sided jets (B), four triple sources (C), and one
complex source (E) and list the break down by optical nuclear
type in Table 4. For all additional radio components found in the
detected sources, we list their parameters in Table 3.

The 5GHz data, being of higher angular resolution, are sen-
sitive to smaller scale structures than the 1.5 GHz data (R. D.
Baldi et al. 2018, 2021a) or the previous VLA observations of the
Palomar galaxy sample (e.g. M. E. Filho et al. 2000; L. C. Ho & J.
S. Ulvestad 2001; N. M. Nagar et al. 2002, 2005). In addition, jet
emission not associated with the core, SF regions, and supernova
(SN) remnants all tend to have optically thin spectra, which re-
duces the chance of detection at 5 GHz (see also Section 4.2 for
a discussion). For this reason, we would expect to detect fewer
extended structures in our 5 GHz images when compared to the
1.5GHz images. In the 1.5 GHz data, a total of 40/106 (38 per
cent) detected sources were found to have radio morphologies
B/C/DJE, i.e. elongation not directly associated with the unre-
solved ‘core’ (Table 4). Instead, in the 5 GHz sample presented
here, we only find 15/68 (22 per cent) sources, which show the
presence of additional structure. NGG 2782 is the only source
with a ring-like complex (E) radio morphology, and a possible SF
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nature. The remaining 14 B/C-classified detected sources show
extended structures and additional components and are referred
henceforth as the ‘jetted’ galaxies.” But the origin of this extended
emission still needs more investigation. These have radio sizes
ranging from 5 to 380 parsec (Table 3) and are discussed indi-
vidually in Section 4.3. The detected unresolved (A) sources, and
most of the additional components in the ‘jetted’ galaxies have
approximately the same size as the e-MERLIN synthesized beam,
of the order of ~10 parsec, on average.

3.1.1 Identified sources

All nuclei are detected in the full-resolution images except for
NGC 5194, where we detect the core in the tapered image. All
the images can be found in the online supplementary material.
The median core peak intensity of the detected sources is 1.5 mJy
beam™!, but the sample ranges from 0.31 mJy beam™ (NGC
3735) to 25.3Jy beam™! (NGC 1275). For the sources labelled as
compact ‘core’ sources (A), the radio peak intensity and the flux
density agree to within a factor of <2, with the exceptions being
NGC 5194, NGC 6946, and NGC 3729, where the core is slightly
resolved in all cases, but no clear jet components are detected. For
all the ‘jetted’ sources, the total flux and peak intensities agree to
within a factor of 3, with the exception being NGC 4151, which
we discuss further in Section 4.3.

In the 1.5 GHz sample we classified 19 sources detected within
the innermost 0.73 arcmin x 0.73 arcmin region but not coin-
ciding with the central optical position as ‘unidentified’ (R. D.
Baldi et al. 2021a). We prefer to discuss the off-nuclear sources
in a further work and present only the nuclear-detected sources
in this work. However, we note that one source, NGC 3690, is part
of an interacting system also called Arp 299. The detected source
at 5 GHz corresponds to the component Arp 299-B (see R. D.
Baldi et al. 2021a for a discussion), which is the location of a tidal
disruption event (S. Mattila et al. 2018). Due to this nature, it was
classified as ‘unidentified’ in the 1.5 GHz sample but we include it
in this work to provide a complete census of nuclear detections.
In this work, it is detected at a peak intensity of 2.7940.24 mJy
beam~! on 2019 August 03.

3.1.2 Undetected sources

Of the 280 galaxies, 212 were undetected (76 per cent), and no
additional sources were found within the central 1.5x1.5 arcsec?
region that we searched for radio emission. Information about the
image r.m.s. noise levels of these undetected sources can be found
in Table 2. We note that the lack of a detection does not necessar-
ily preclude a weakly emitting AGN. The 50 detection threshold
used in this work (0.33 mJy beam™1) is higher than the 30 de-
tection threshold (0.25 mJy beam ') used in the 1.5 GHz sample,
thus requiring objects close to the 1.5 GHz detection threshold to
have radio spectral index (F, ~ v*) « 2 0.23. For compact radio-
emitting LLAGNS or SF, the radio spectrum is expected from flat
(« = 0) to steep (optically thin emission, « ~ —0.7, e.g. H. Falcke
et al. 2000), depending on whether the emission originates from a

"The 14 sources that show evidence of jetted structures (B/C class) are
NGC 1167 (B), NGC 2273 (B), NGC 2639 (B), NGC 2683 (B), NGC 2655
(C), NGC 2841 (B), NGC 3348 (B), NGC 3504 (C), NGC 3516 (B), NGC
4036 (B), NGC 4151 (C), NGC 4589 (C), NGC 4736 (B), and NGC 6703
(B).
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Figure 4. Radio core peak intensity (panel a) and luminosity (panel
b), using the peak of the brightest component plotted as a function of
distance (Mpc) for the full sample. The dashed lines represent the 5¢ flux
density limit of the 5 GHz survey (0.33 mJy beam™1).

synchrotron self-absorbed compact radio ‘core’ or the associated
jets, or extended SF. While a detailed comparison between the
1.5and 5 GHz data will be discussed in a forthcoming work, we
briefly discuss this effect more in Sections 4.2.3 and 4.4.

3.2 Radio brightness

We detect compact radio emission from the nuclei of 68 nearby
galaxies as part of this 5GHz data release of the LeMMINGs
survey with peak intensities > 0.33 mJy beam~! (see Fig. 4). The
observations achieve a 50 mas resolution, consistent with a linear
scale of 5 pc at the 20 Mpc median distance of the sample. We
detect radio sources up to a distance of 90 Mpc of all nuclear AGN
types. Only two sources are more distant and not detected. Six
sources have peak intensities in excess of 100 mJy beam™! and
a further nine sources are between 10 and 100 mJy beam™!,
These 15 ‘bright’ sources are dominated by LINERSs: all sources
above 7.5 mJy are LINERs (see Fig. 4, top plot). 28 of the detected
sources in our sample have peak intensities up to 1 mJy beam 1,
showing that over a third of these sources would not have been
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detected in other similar observations of the Palomar sample with
poorer sensitivity (e.g. the 50 threshold of the VLA data in N. M.
Nagar et al. 2002, is 1 mJy beam™1).

The core radio luminosities® span from 10% to 10" erg s~
(~ 103 to 10*? W Hz™!), with a median value of 7.1x10%
erg s71, an order of magnitude higher than the 1.5 GHz median
luminosity of 5.8x10% erg s~1. This difference between the two
surveys can be explained by the higher detection threshold used
in the 5 GHz data set presented here,” and the far lower number
of detected radio sources in the 5 GHz data. The observed radio
luminosity range is about an order of magnitude lower than that
obtained with previous VLA (N. M. Nagar et al. 2002) and MER-
LIN (M. E. Filho et al. 2006) studies of the Palomar sample. The
larger sample, the higher resolution, and higher sensitivity of our
1.5- and 5-GHz LeMMINGs survey promotes this study as one
of the deepest statistically complete campaigns of nuclear radio
activity performed in the local Universe.

Similar to the 1.5 GHz sample, we calculated the brightness
temperature (Tg) of each of the detected sources. Using the 50 de-
tection threshold of 0.33 mJy beam~! and the typical e-MERLIN
synthesized beam of 50 mas, we calculate T = 6.5x10° K, far be-
low the threshold of ~ 10°K commonly used to discriminate non-
thermal AGNs from free—free (bremsstrahlung) emission (J. J.
Condon 1992), though care must be taken as radio SN and young
SN remnants can also reach up to ~ 10’K (e.g. A. Brunthaler
et al. 2009). For many compact components the intrinsic sizes are
not reliably resolved at 50 mas. As such, the deconvolved sizes
reported by imfit should be interpreted as model-fit estimates
(often serving as upper limits) rather than robust fully resolved
dimensions. If a value of 15mas - a value reported by CASA for
some of the most compact sources - is used instead, to achieve
a brightness temperature of > 10° K, a flux density of 0.5mlJy
beam~! is required. There are 55 sources that meet this thresh-
old. Furthermore, if one uses a more conservative thermal/non-
thermal Tg separation > 10° K as we did in the 1.5 GHz sample,
then a flux density of 5mly is required. There are 22 sources
above this limit, similar to the 21 sources detected above this limit
at 1.5 GHz. All are LINER-type nuclei except for the H 11 galaxies
NGC 3504 and NGC 3665. Both of these sources have been previ-
ously studied: NGC 3504 appears extended in VLBI images (A.
T. Deller & E. Middelberg 2014) and may have a weak LINER
nucleus (A. Alonso-Herrero et al. 2000), whereas NGC 3665 is
also classified as a Fanaroff-Riley type-1 radio galaxy because of
the 3 kpc-scale jets that are seen with the VLA (P. Parma et al.
1986).

The detected, unidentified, and undetected galaxies are sum-
marized as a function of optical nuclear type and radio morphol-
ogy for both the 1.5 and 5 GHz samples in Table 4. Our detection
rates for all types are lower than in the 1.5 GHz campaign. In
particular, the detection fraction for ‘inactive’ H 11 galaxies and
ALGs has fallen from 38/168 (1.5GHz) to 15/168 (5GHz). In
contrast, the detection rate for the ‘active’ Seyferts and LINERs
has fallen less drastically from 68/112 to 53/112.

Fig. 5 shows the 5 GHz luminosity distributions of the sample

1

8To convert the luminosities presented here in erg s~! to monochromatic
luminosities (W Hz™!), a value 16.7 must be subtracted from the loga-
rithm of the luminosities.

°Including only the 75 sources above a 50 detection threshold in the
1.5GHz data set, their median 1.5-GHz luminosity would be 6.3x103
erg s—1, similar to the median 5-GHz radio luminosity of the sample.
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Figure 5. The 5GHz radio luminosity distribution (erg s~') from the
observations presented in this work per panel a: optical nuclear class
and panel b: host morphological type. The radio core luminosity and
the total radio luminosity distributions are outlined by the solid-line and
the dashed-line histograms, respectively. The ‘Undetected’ plot in panel a
shows the 50 upper limit radio luminosity distribution for the undetected
sources. No irregular galaxies are detected and core-identified.

for both the peak radio core and total integrated radio lumi-
nosities, split by optical nuclear class (upper panels) and galaxy
morphology type (lower panels). We compute uncensored and
censored mean values' of the detected cores by AGN type. The

10The uncensored mean is calculated using only detected sources,
whereas the censored mean accounts for non-detections (upper limits)

920z aunp g} uo 1sanb Aq 6£//258/Z£SPRIS/Z/81S/8]101B/SBIUW/WOD dNO"dIWSpEI.//:SdNY WO} POPEOJUMO(]



‘active’ galaxies have the largest censored mean!! values of Leore =
2.5x10% erg s7! for LINERs and Ly = 4.2x10% erg s~ for
Seyferts. These values are similar to those found for the 1.5 GHz
sample (R. D. Baldi et al. 2018, 2021a, b). In contrast, the large
number of non-detections in the ‘inactive’ galaxies results in
their censored mean values to be two orders of magnitude lower
when compared to the 1.5 GHz sample: Leore = 2.6x10% erg s}
for H1I galaxies and Leye = 3.0x10%% erg s™! for ALGs. We also
compute the mean values for the detected sources alone and
found that detected Seyferts have the lowest mean luminosity
Leore = 2.6x10% erg s™!, LINERs are clearly more luminous
(mean Leye = 1.6x10%7 erg s71), but their uncensored average
is biased by the two sources > 10* erg s~!. The detected H11
galaxies have a similar mean to the Seyferts (Lcore = 3.5x10¢ erg
s71), and the detected ALGs are brighter (mean: Leoe = 1.0x10%7
ergs™h).

In terms of Hubble types, spirals make up the majority of
detected sources but the smallest detection fraction due to the
large number of spirals in the sample (33/189, 17 per cent). Only
NGC 3690 is detected of the irregular galaxies, with a total LTG
fraction of 16 per cent. In contrast, the ETGs have much higher
detection fractions (34/76, 45 per cent): lenticulars are often de-
tected (24/51, 47 per cent) as are ellipticals (10/25, 40 per cent).
In contrast to the 1.5 GHz sample where radio emission was de-
tected in 33 per cent of spirals and 23 per cent of irregulars, the
LTG detection fraction has fallen considerably, whereas the ETG
detection fraction has only fallen from 51 per cent to 45 per cent.
In general the ellipticals and lenticulars have the highest lumi-
nosities in the range 10364419 and 1037-3%3 erg s~!, respectively,
with a censored mean luminosity of ETGs of 1.7x10* erg s7!.
Spirals are detected at lower luminosities in the range 1033-3%6
erg s—1, and the LTG censored mean luminosity is 6.6x103 erg
s7L

4 DISCUSSION

The LeMMINGs sample is the deepest radio survey of the Palo-
mar sample of nearby galaxies, down to ~ 10** erg s7! (~ 10'7
W Hz™!) at sub-arcsecond resolution, and the first to take an
unbiased look at all galaxy morphological types for nuclear radio
emission that may be associated with an LLAGN or SF. We de-
tected radio nuclei within 1.5 arcsec of the Gaia or best optical
position from the literature in 106/280 galaxies in the 1.5 GHz
sample above a 30 detection limit of 0.24 mJy beam~?, and here
we identify radio emission 68/280 galaxies at 5 GHz, above a 50
detection limit of 0.33 mJy beam~!. We now discuss our findings,
first comparing to previous radio surveys of the Palomar sample,
then concentrating on the effect that using the Gaia positions
has on the detections, discussing the differences between the
1.5and 5 GHz samples, the detection - or lack thereof - of jets
and evidence of SF in the sample and finally suggesting what is
required for future surveys to ensure a better census of nuclear
activity of the local Universe.

using survival analysis to provide a more representative statistical average
of the entire population.

HThe censored averages were computed using the ASURV package (M.
Lavalley, T. Isobe & E. Feigelson 1992).
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4.1 Comparison with previous radio studies of the
Palomar sample

Multiple radio studies have been based on the Palomar sample
at different resolutions (see Section 1). Many of these studies fo-
cused on the ‘active’ galaxies such as LINERs or Seyferts, whereas
the LeMMINGs sample is unbiased to the presence of an active
SMBH. A complete analysis of all ~200 ‘active’ galaxies in the
Palomar sample (N. M. Nagar et al. 2005), using data from the
VLA and VLBA in the literature concluded that >50 per cent of
all LINERs and Seyferts have a central accreting SMBH (see also
H. Falcke et al. 2000; M. E. Filho et al. 2000; N. M. Nagar et al.
2000, 2001, 2002; L. C. Ho & J. S. Ulvestad 2001; J. S. Ulvestad &
L. C.Ho 2001a; J. M. Anderson et al. 2004; M. E. Filho et al. 2004;
P. Saikia et al. 2018b). N. M. Nagar et al. (2005) found that 38/39
(97 per cent) of sources with 15GHz VLA flux densities >2.7
mlJy had sub-parsec-scale jets and high brightness temperature
cores (T > 107 K) when observed with the VLBA, indicating that
they are genuine AGN. However, those with 15 GHz VLA flux
densities <2.7 mJy were not observed with VLBA and could also
host genuine active SMBHs.

In our 1.5 GHz survey, compact radio cores were detected in
56/94 (60 per cent) of LINERs and 12/18 (67 per cent) of Seyferts.
Here, our detection fractions are reduced to 44/94 (47 per cent)
and 9/18 (50 per cent) for LINERSs and Seyferts, respectively. LIN-
ERs show more extended radio structures than Seyferts, suggest-
ing a higher capability of launching more collimated and more
relativistic jets (e.g. R. Narayan & J. E. McClintock 2008; R. S.
Nemmen, T. Storchi-Bergmann & M. Eracleous 2014; V. Singh
et al. 2015; R. D. Baldi et al. 2021b). These values for the ‘active’
galaxies are consistent with the detection rates of high-resolution
VLBA cores in previous Palomar-selected radio surveys (N. M.
Nagar et al. 2005), but slightly less than the VLA studies (L. C.
Ho 2008), suggesting that our intermediate-resolution observa-
tions between the VLA and VLBA have resolved out some of
the sources. Nevertheless, the LINERs still typically have the
brightest radio cores, and many of them have brightness temper-
atures Tz > 10° K at VLBI resolution (N. M. Nagar et al. 2005;
F. Panessa & M. Giroletti 2013), or show evidence for parsec or
kpc-scale jets. Therefore, it is likely that all the detected LINERs
host true LLAGNS . As for the undetected LINERs, they may also
hide LLAGNs but deep VLBI surveys have not been able to detect
radio emission: NGC 1058 and NGC 2685 (F. Panessa et al. 2007)
and NGC 404 (Z. Paragi et al. 2014). In these cases the SMBHs
may not be actively accreting, although deeper VLBI observa-
tions could still reveal radio emission for many of our undetected
LINERs.

As for the detected Seyferts, they have lower average lumi-
nosity than LINERs by a factor ~6 and are generally associated
with compact radio cores in both the 1.5and 5GHz samples.
The brightness temperatures for these detected Seyferts lie in the
range (0.6—0.8) x 10* K, so a higher resolution is needed to con-
firm an LLAGN. Fortunately, this has already been done with the
VLBA/EVN, with detections reported for all our detected Seyferts
(H. Falcke et al. 2000; N. M. Nagar et al. 2005; F. Panessa & M.
Giroletti 2013), except for NGC 5194 (P. Bontempi et al. 2012;
X. Cheng et al. 2025), with high brightness temperature Ty >
10° K. Furthermore, non-detected Seyferts in our sample have
also been detected in deeper VLBI observations, e.g. NGC 4051
(M. Giroletti & F. Panessa 2009) and NGC 4395 (J. Yang et al.
2022), though some remain notoriously elusive even at the 100
wly level (e.g. NGC 3185 and NGC 3941, see P. Bontempi et al.
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2012). The evidence overwhelmingly suggests that Seyferts are
unequivocally accreting SMBHs, able to launch sub-relativistic
jets or outflows (e.g. E. Middelberg et al. 2004; J. S. Ulvestad, R. R.
J. Antonucci & R. Barvainis 2005), and that they can be associated
with non-thermal radio-emitting nuclei.

Of the LeMMINGs galaxies, 60 per cent are classified as ‘in-
active’: either H 11 galaxies (140/280) or ALGs (28/280). Previous
VLA observations of a statistically complete sample of 40 H1x
galaxies detected no compact radio emission consistent with ac-
tive SMBHs (J. S. Ulvestad & L. C. Ho 2002). Consequently these
sources were excluded from future samples (e.g. N. M. Nagar et al.
2005). In our 5GHz sample, we detected 12 H 11 galaxies (9 per
cent)and 3/28 ALGs (11 per cent) with an identified nuclear radio
core. The detection fraction in the ‘inactive’ galaxies has dropped
by 23 per cent when compared to the 1.5 GHz sample. The fall
in detection rate at 5GHz of these ‘inactive’ galaxies is driven
by the H1I galaxies and suggests that some of the 1.5GHz H11
galaxy detections may have been contaminated with non-AGN
processes. All 15 of the sources detected below the 50 thresh-
old (0.42 mJy beam™!) in the 1.5 GHz images are undetected at
5 GHz, potentially showing that they are spurious detections (R.
D. Baldi et al. 2021a), although we cannot rule out steep spectra
in these sources which would make them undetectable above this
sensitivity limit (see also Section 4.4). For the 12 detected sources
at 5GHz, nine have higher resolution VLBA/VLBI data. NGC
2782, NGC 3245, NGC 3504, and NGC 3665 have high brightness
temperature cores (T > 10° K) and are probably LLAGNs (M.
Krips et al. 2007; E. Liuzzo et al. 2009; A. T. Deller & E. Middel-
berg 2014; X. Cheng et al. 2025). NGC 3690 is a tidal disruption
event (S. Mattila et al. 2005). The diagnosis on the remaining
four sources is uncertain, as their brightness temperatures are
compatible with being caused by SN remnants (NGC 2146 and
NGC 4102, A. Tarchi et al. 2000; X. Cheng et al. 2025) or they are
not detected with VLBI (NGC 4041 and NGC 6946, X. Cheng et al.
2025). NGC 3504 may also host a weak LINER-type nucleus (A.
Alonso-Herrero et al. 2000), which adds additional uncertainty to
the true number of LLAGNs that may be present in H IT galaxies.
Using our data and the literature, we can only be reasonably
confident that 4/140 H 11 galaxies hide an LLAGN, with a possible
inclusion of the other two detected H 11 galaxies. This would lead
to an LLAGN detection fraction in H1I galaxies from 3—4 per
cent. Deeper VLBI studies and ancillary multiband information
are still needed to confirm the presence of active SMBHs in these
systems.

In contrast to the HII galaxies, 60 per cent of the ALGs de-
tected at 1.5 GHz remained detected at 5 GHz, although this still
corresponds to a small fraction of the number of ALGs in the
overall sample (3/28, 11 per cent). The three detected ALGs in
our 5GHz sample (NGC 507, NGC 2300, and NGC 3348) were
also recently detected using VLBI (X. Cheng et al. 2025) with
high brightness temperature cores (T3 > 105°K) and thus these
are all plausible AGN candidates, though further work is required
to rule out other non-thermal emission mechanisms. In the pre-
vious LeMMINGs work, we found that ALGs in ellipticals have
characteristics indistinguishable from LINERs (R. D. Baldi et al.
2021b; D. R. A. Williams et al. 2022) and their lack of optical de-
tections may make them similar to those found in local radio-loud
AGNs (R. D. Baldi & A. Capetti 2010; T. M. Heckman & P. N. Best
2014). However, their peak intensities in our 5 GHz sample are ~1
mly beam~! with luminosities in the range (0.2—3.2) x 10" erg
s~1. Deeper observations of ALGs are required to fully understand
the nature of nuclear radio emission in these objects and rule out
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stellar processes (S. Paudel & S.-J. Yoon 2020; A. Capetti et al.
2022; G. Stasinska et al. 2025).

The high radio detection of nuclei within the LeMMINGsS sur-
vey highlights a significant prevalence of accretion-powered sys-
tems across various host galaxy types. Considering the 1.5and
5 GHz data sets together, we identify a total of 79 radio-detected
nuclei (with signatures of SMBH activity or jets) within the
sample of 280 galaxies. This census is primarily composed of
58 LINERs - consisting of 56 previously identified at 1.5GHz
plus an additional two detected at 5 GHz — alongside 12 Seyfert
galaxies, seven jetted HII galaxies, and two jetted ALGs. This
result indicates that a approximately one-third of the galaxies
(79/280, ETGs in particular) in the local Universe hosts an active
SMBH, capable of producing significant radio emission with flux
densities exceeding ~0.3 mJy. This higher detection fraction of
radio LLAGNSs in our LeMMINGs campaign than previous radio
surveys (~10 and ~20 per cent with FIRST and LOFAR surveys
with mJy sensitivities for z~ 0.1-0.3, e.g. P. N. Best et al. 2005;
R. D. Baldi et al. 2010; J. Sabater et al. 2019) emphasizes that
high-resolution sensitive radio imaging is essential in detecting
pc-scale emission at the faintest levels.

4.2 Positional core offsets among optical, 1.5 and 5 GHz
data

In Fig. 6 we show the offset between the 1.5 GHz positions (R. D.
Baldi et al. 2018, 2021a) and the Gaia position (on the x-axis) and
the 5 GHz position (on the y-axis), split by the optical nuclear type
(top plot) and the galaxy morphological type (bottom plot). We
also mark the 1.5 arcsec search region from the 1.5 GHz data for
radio emission as a vertical dashed line and the e-MERLIN syn-
thesized beam size at 1.5 GHz (0.2 arcsec) as a horizontal dashed
line. Detected sources to the right of the vertical line (NGC 507,
NGC 2146, NGC 2300, NGC 2655, NGC 3665, NGC 4278, NGC
5194, and NGC 5866) are those that the Gaia position disagrees
with the detected radio position by more than 1.5 arcsec due to the
Simbad position being used. There are also 10 sources (NGC 147,
NGC 1560, UGC 4028, NGC 2832, NGC 7080, NGC 3448, NGC
3898, NGC 4100, NGC 4217, NGC 4244) with larger Gaia offset
that are not detected at 5 GHz. These offsets between Gaia and
the radio data could be caused by misidentification of the optical
galaxy core due to a foreground star. For example, in the case of
NGC 2655 (see further discussion of the radio morphology of this
source in Section 4.3.1), the Gaia position appears to align with a
star that is not related to NGC 2655. For all sources where there
was a large discrepancy between the Simbad and Gaia positions,
we made radio images at both positions and found no additional
radio sources, indicating that we have likely not missed any radio-
emitting nuclei in the sample.

The top plot in Fig. 6 does not show a relation between the
nuclear types and the number of detected sources with a Gaia
positional offset of >1.5 arcsec. However, of the 18 sources in
this region, nine (50 per cent) are H1I galaxies and only two of
these are detected in the 5 GHz data (NGC 2146 and NGC 3665).
Furthermore, many (7/9) of these H1I galaxies are spirals, all
highly inclined or edge-on, which may explain why the Gaia
position and the optical positions used in the 1.5 GHz data set
are discrepant. In the bottom plot of Fig. 6, half (4/8, NGC 507,
NGC 2655, NGC 3665, and NGC 5866) of the detected sources on
the right-hand side of the plot are lenticular galaxies. Several of
these host known LLAGNS, i.e. NGC 2655, NGC 3665, may have
had galaxy mergers in the past (e.g. T. B. Rochais, B. Rothberg &
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Figure 6. Positional offsets in arcseconds between the detected 1.5 GHz
LeMMINGs sources and the Gaia optical position on the x-axis, and
between the detected 5 GHz LeMMINGs sources and the 1.5 GHz LeM-
MINGsS positions of those sources on the y-axis. The detected sources are
split by colour and shape shown in the legend of each plot. The sources
that are undetected in the 5 GHz data - but detected in the 1.5 GHz data
- are shown at the bottom of each plot as stars, at a y-axis value of
0.002 arcsec. The top plot shows the sources by optical nuclear classes,
whereas the bottom plot separates them by galaxy morphological types.
The vertical dashed line refers to an offset distance of 1.5 arcsec, i.e. the
search region used in the 1.5 GHz data for nuclear radio emission. The
horizontal dashed line is plotted at an offset of 0.2 arcsec, i.e. the average
e-MERLIN synthesized beam size of the 1.5GHz data. The position of
NGC 507 is marked in both plots, with the arrow indicating the change
in position of this plot once taking into account the new 1.5 GHz data
reduction position of this source, i.e. it moves below the horizontal line
(see Section 4.2).
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O. Kuhn 2016), which may point to a possible offset between the
active SMBH and the galaxy centre. Yet, the low number of data
points does not allow statistical confidence in this assertion.

4.2.1 Radio detections between the 5 and 1.5 GHz data

Around half of the 1.5 GHz detections (125/280) are not de-
tected in the 5 GHz data (68/280). Where sources were detected
at 1.5GHz and not at 5 GHz (57 sources), we also searched the
region around the 1.5 GHz position for significant radio emission.
As expected, we did not detect any radio emission in these sources
as the majority of the LeMMINGs sources (244/280, 80 per cent)
the Gaia optical positions agree with the optical position used in
the 1.5 GHz campaign: this indicates that the radio detections are
independent of our choice of optical position.

Most of the sources have matched 1.5- and 5-GHz radio posi-
tions, with typical differences consistent with the beam of the 1.5
GHz images, 0.2 arcsec (symbols falling below the horizontal line
in Fig. 6). The median positional offset between the two samples
is <30 mas, when the discrepant sources are removed. This close
consistency is expected, as flat-spectrum radio cores of LLAGNs
could show small frequency-based offset due to jet/outflow/SF
resolved structures shifting the core position (e.g. R. W. Porcas
2009). The self-calibration procedure could potentially also shift
the positions but only by a fraction of the synthesized beam. As
an example, NGC 1167 shows a core with an extension to the
south-east in the 1.5GHz image, but the exact position in the
5GHz image is ~0.18-arcsec along this jet direction away from
the 1.5 GHz core position.

Seven sources with offsets larger than the 1.5-GHz e-MERLIN
beam size, e.g. those that fall above the horizontal line in Fig. 6
(NGC 507, NGC 2841, NGC 4041, NGC 4102, NGC 4736, NGC
6946, and NGC 7217), have optical positions that do not fall
within the 5 GHz beam area either. Overlays of the 1.5and 5 GHz
data for these seven sources are presented in the online supple-
mentary material. For these sources except NGC 507, the radio
emission in the 1.5 GHz data shows extended and complex mor-
phology (see NGC 6946 as an example in Fig. 7). All are hosted
in a spiral galaxy. The difficulty of identifying the core position
in such entangled radio structures, between a putative jet and SF
components, corroborates the need for multiband observations
of galactic nuclei to pinpoint the genuine position of the central
SMBHs.

For NGC 507, a re-analysis of the 1.5 GHz data'? shows that
the previously reported position is incorrect. Following this re-
analysis, the 1.5 and 5 GHz positions agree with one another (see
Fig. 8). The new radio position also agrees with the Simbad posi-
tion for this source to within ~0.5 arcsec. This change is reflected
in Fig. 6 with an arrow, showing the new position on this plot,
reconciling the two radio positions of this source in our data sets.

4.2.2 Sources detected at 5 GHz but not at 1.5 GHz

In two cases we detect a source at 5 GHz that was undetected
at 1.5GHz: NGC 3642 and NGC 4138. We note that the Gaia
position and literature position disagree by <0.3 arcsec for both

12This work is part of a re-analysis of the 1.5 GHz LeMMINGs campaign,
which is currently underway using CASA and the same self-calibration
method as described in Section 2.4.
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Figure 7. Image of NGC 6946 using 1.5and 5 GHz e-MERLIN data. The
false colour background image is the 1.5 GHz image presented in R. D.
Baldi et al. (2018) with magenta contours representing the —3c, 30, 50,
90, 16 o with 1o equal to 57 wy beam™!. The black contours represent
the 5 GHz detection of NGC 6946 discussed in this work, with the con-
tours used: —3, 3, 5,9 x image r.m.s. sensitivity, which is 69 Wy beam™1!.
Negative contours are dashed. The cyan ‘x’ denotes the Gaia position of
NGC 6946, the magenta ‘+’ shows the 1.5 GHz source position, and the
black ‘ 4’ shows the 5 GHz source position from this work. The complex
nature of the nuclear region renders the AGN position ambiguous.

these sources, indicating that the lack of 1.5 GHz detection is not
driven by the previous choice of optical position.

NGC 3642 is a LINER spiral galaxy, which has a peak intensity
of 0.554:0.06 mJy beam™! in our 5GHz data, but a 30 upper
limit of 0.261 mJy beam™! in the 1.5 GHz data. The only previ-
ous VLA survey to detect this source was conducted at 15 GHz
and matches closely our 1.5 GHz resolution (0.15-0.2 arcsec, P.
Saikia et al. 2018b). The source peak intensity at 15 GHz was
0.784-0.01 mJy beam~! and the positions of the 5and 15GHz
data agree. If the source has not varied between observations,
then the radio spectral index is slightly inverted: @ = 0.32, which
would suggest a detection of ~0.35 mJy may have been possible
at 1.5 GHz. The inverted radio spectral index could be due to
free-free/synchrotron absorption in the nuclear region, though
X-ray spectral fits suggest absorption in addition to the Galactic
absorbing column is not required (D. R. A. Williams et al. 2022).
The origin of such an inverted spectrum could be a sign of a
new born radio jet, like in gigahertz peaked spectrum sources
(e.g. Y. V. Sotnikova et al. 2019). Since the observations are not
simultaneous, caution must be taken to first rule out a transient
or variable nature of its nuclear emission (e.g. P. Padovani 2016;
C.P. O’Dea & D. J. Saikia 2021; Y. Chen et al. 2025).

NGC 4138 is a LINER lenticular galaxy, which was detected in
our 5 GHz data at 0.53+0.03 mJy beam™!, but was undetected at
1.5GHz at a 30 threshold of 0.375 mJy beam™!. It was detected
at a peak intensity of 1.5 mJy beam™! by N. M. Nagar et al.
(2005) at 15GHz. Interestingly, this source is also detected in
VLBI observations at 5 GHz at 0.74 mJy and 1.5 GHz at 1.0 mJy
(P. Bontempi et al. 2012), indicating a radio spectrum « ~ —0.3.
A second fainter component was also detected in the VLBI im-
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Figure 8. Image of NGC 507 using 1.5and 5 GHz e-MERLIN data. The
false colour background image is the 1.5 GHz image presented in R. D.
Baldi et al. (2018) with magenta contours representing the —3o, 30, 5 o
with 1o equal to 57 uJy beam™!. The blue contours represent the same
contour scheme used in R. D. Baldi et al. (2018): 0.34x (-1, 1, 1.5, 2,
2.5)mJy beam~!. The black contours represent the 5 GHz detection of
NGC 507 discussed in this work, with the contours used: —3, 3, 5, 9 x
image r.m.s. sensitivity, which is 82 wJy beam™!. The red contours (—3, 3,
5,9, 16 x image r.m.s. sensitivity, which is 93 (Jy beam~!) show the re-
processed LeMMINGs 1.5 GHz data, using the same technique outlined
in this work. Negative contours are dashed. The difference in position
between the previous analysis and new analysis leads to the vertical drop
in Fig. 6. The cyan ‘x’ denotes the Simbad position of NGC 507. The
magenta ‘+’ shows the 1.5 GHz source position and the black ‘ +’ shows
the 5 GHz source position from this work.

ages to the west of the core. Possible nuclear variability (in X-
ray, L. Herndndez-Garcia et al. 2017, see also Section 4.4) and
the resolved-out structures at different resolutions could accom-
modate the non-detection of this source in our shallow 1.5 GHz
image.

4.2.3 Radio spectral indices between the 1.5 and 5 GHz data

The radio spectral index can be a useful tool in discriminating
between radio emission mechanisms in radio-quiet/loud AGNs
(F. Panessa et al. 2019; M. Zajacek et al. 2019). Fig. 9 displays the
non-simultaneous radio spectral index distribution per AGN type
for all sources except NGC 3690 detected in the 5 GHz tapered-
resolution e-MERLIN data, approximately matched in beam size
with the 1.5 GHz data presented in R. D. Baldi et al. (2018, 2021a)
(~0.2 arcsec). NGC 3690 is removed due to the known variable
nature of the source. We use the total flux measurements of the
core component in both images. If either observation resulted in
an upper limit, we discount the source to ensure reliable spectral
index measurements. We find a range of radio spectral index
values from +1.5 (NGC 3079) to —1.3 (NGC 1167). The average
radio spectra per class are « = 0.13 (LINERs), —0.01 (Seyferts),
0.18 (H1 galaxies), and 0.17 (ALGs). Given that many of the
5GHz objects are compact, and show approximately flat radio
spectra between these two bands, we suggest that most sources
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Figure 9. Radio spectral index o by AGN type from detections in both
the 1.5 GHz full-resolution data and 5 GHz tapered resolution data (see
Section 4.2.3 for details). The bin width is 0.25 for all subplots. A better
analysis of o will be subject of a future work.

detected in both samples must be compact radio cores associated
with an LLAGN. Previous observations of the Palomar sample
have shown an analogous broad range of spectral indices in the
range —1 < o < 41 (N. M. Nagar et al. 2001, 2002, 2005; J. S.
Ulvestad & L. C. Ho 2001a).

Itis plausible that different mechanisms are responsible for the
larger range in these spectral index values, with positive values
potentially due to an advection-dominated accretion flow (H.
Falcke et al. 2001), young radio activity from the nucleus, and
low-frequency absorption (C. P. O’Dea & D. J. Saikia 2021). The
negative values could arise from contaminating jet emission. A
good example of the latter issue is NGC 4151 (see Section 4.3.1)
where the flux density of the AGN core at full-resolution at 5 GHz
is one-tenth of the nearby first jetted component, but they are
unresolvable in the tapered resolution 5 GHz image. In addition,
intrinsic source variability could bias the radio spectrum but we
cannot account for that with these data.

A more detailed analysis is required to match the uv-coverage
of the images between the 1.5and 5 GHz images and ensure the
synthesized beams are identical. This issue may account why
NGC 1167, which has large-scale radio jet emission, has such
a steep radio spectrum as the tapered 5 GHz image has a syn-
thesized beam of 0.11 arcsec x 0.07 arcsec, whereas the 1.5 GHz
image has a synthesized beam of 0.2 arcsec x 0.2 arcsec. Such
an analysis, with each galaxy being matched exactly in uv-range
and synthesized beam, will be performed in a forthcoming work
to ensure a more precise comparison between the data sets and
provide a more reliable spectral index measurement.
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4.3 The presence of jets in the 5 GHz LeMMINGs sample

One of the key benefits in observing at 5 GHz is the higher resolu-
tion (50 mas) achieved when compared to the 1.5 GHz (150 mas)
observations, which probes four times larger linear scales. The
improved resolution and increased uv-filtering at higher frequen-
cies resolve-out the extended radio emission, providing a more ac-
curate description of the nuclear activity, without contamination
from the jets, or from non-AGN-related processes like SF.

Of the 106 detected sources in the 1.5 GHz sample, we classi-
fied 64 as core/core-jet, with the rest (42) having either a one-
sided jet, triple, double-lobed or complete jet structure, i.e. 60
per cent of the sources had an unambiguous unresolved core.
In the 5 GHz sample, we identify nuclear radio emission in 68
targets and 15 of those show jetted structures (15/68, 22 per cent).
The lower fraction of observed jet structures in the 5 GHz sample
confirms that the higher frequency data have been successful in
isolating nuclear emission, albeit with far fewer detections: 38
per cent at 1.5 GHz compared to 22 per cent at 5 GHz. For the
15 sources with resolved structures, most show only an extension
to one side (10/15, 67 per cent) enabling an unambiguous core
detection and parameter extraction. The difficulty in extracting a
core flux density for the triple and complex structures is alleviated
by the improved resolution. Thus, the sample is relatively ‘clean’
in terms of providing bona-fide core detections, which is espe-
cially important when comparing radio emission to other tracers
of activity, such as optical or X-ray emission.

The 5 GHz data can be used to clearly identify the radio ‘cores’
of sources even those with detected jet emission. An excellent ex-
ample is NGC 2639, which has shown episodic AGN activity with
a re-oriented jet (V. V. Rao et al. 2023). Our 5 GHz images probe
the ~100 pc intermediate scales between the 360 pc scale east—
west jet observed in VLA 5 GHz data (beam size ~0.4 arcsec) and
the 3 parsec-scale jet at PA = 130° observed by the VLBA with a
resolution of ~7 mas (see fig. 2 of V. V. Rao et al. 2023). Our 5-GHz
e-MERLIN observation detected three significant (> 50) compo-
nents aligned east-west with the brightest component aligning
to within 40 mas of the brightest component in the VLBA data.
We also resolved the protrusion to the south-east of the brightest
component, which is clearly observed in the VLBA images.

Some compact sources labelled with the compact ‘A” morphol-
ogy or the identified cores in extended structures may hide pc-
scale jets. In fact, we know this is the case in several of the
brighter sources above 100 mJy beam™!, which all have jets at
VLBI resolution: NGC 1167 (S. Murthy et al. 2019), NGC 315 (J.
Park et al. 2021), NGC 1275 (G. Giovannini et al. 2018; G. F.
Paraschos et al. 2022), NGC 3079 (J. A. Irwin & E. R. Seaquist
1988), NGC 3998 (X. Yan, L. Cui & L. C. Ho 2025), and NGC 4278
(G. Giovannini, M. Giroletti & G. B. Taylor 2004). There are also
examples of VLBI detections of resolved jet structures in some of
the fainter objects, such as NGC 2146 and NGC 3884, which show
additional components when observed with the EVN (X. Cheng
et al. 2025).

4.3.1 Large-scale jets

We do not detect the extended jets at 5 GHz in the brightest radio
AGNs, which are known to display large-scale jetted structures,
see e.g. NGC 315 (J. Park et al. 2021), NGC 1275 (M. L. Gendron-
Marsolais et al. 2021), NGC 3079 (E. Middelberg et al. 2007; B.
Sebastian et al. 2019), NGC 3998, and NGC 4278 (J. M. Wrobel &
D. S. Heeschen 1984). This may be due in part to the uv-filtering of
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Figure 10. Images of NGC4151 in panel a: LeMMINGs e-MERLIN
5GHz data presented here (r.m.s. sensitivity 235 uJy beam™!), panel b:
deep 5 GHz e-MERLIN data obtained in 2018 (r.m.s. sensitivity 30 pJy
beam™!, D. R. A. Williams et al. 2017). In both images, the black and cyan
contours are plotted identically in the LeMMINGs and deep data: black
contours plotted at 235 x (—3, 3, 5) ;Jy beam™! and cyan contours at 235
x (10, 50, 100) uJy beam™!. In the deep image, additional blue contours
are plotted 30x (-3, 3, 5, 10) Wy beam~!. Negative contours are dashed.
The synthesized beam of each image is shown in the bottom left-hand
corner of the image.

the 5 GHz data as the largest angular scale probed by e-MERLIN
is &1 arcsec.!® The ‘snap-shot’ imaging mode used in this study
provides a spread-out but sparsely sampled uv-coverage, which
circularizes the synthesized beam, but is not sufficient for detect-
ing faint structures, or providing high dynamic range images.

To illustrate this point further, we use the example of the
archetypical Seyfert galaxy NGC 4151 (M. E. Kaiser et al. 2000).
It has a bi-polar jet structure at 5 GHz with ‘deep’ e-MERLIN ob-
servations obtained a year prior to the LeMMINGs observations
presented in this work (D. R. A. Williams et al. 2020). We plot both
the LeMMINGs and ‘deep’ data in Fig. 10. The ‘deep’ data show
several additional components extended over 3.5 arcsec in length.
Our 5-GHz data only display three components extended over
0.75-arcsec near the optical centre of the galaxy. The snapshot
strategy adopted for the LeMMINGs campaign led to partial uv
coverage and reduced sensitivity to the large-scale extent of the
sources, particularly at 5 GHz.

However, two sources (NGC 3516 and NGC 4036) show larger
scale jets further away than the central cut out regions. NGC 3516

3The largest angular scale is calculated by using the shortest 12 km
baseline of e-MERLIN from Mk2 to Pickmere.
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is a Seyfert galaxy with a known jet (T. Miyaji, A. S. Wilson &
1. Perez-Fournon 1992; S. Ghosh et al. 2025) extending to the
north and gradually bending eastwards, with a full extent of ~20
arcsec (~3.5kpc) in VLA data at 5 and 1.5 GHz (T. Miyaji et al.
1992). In particular component ‘B, which lies 2.14 arcsec (~
410 pc) almost directly north of the core before the jet is deflected
eastwards, is detected in our tapered radio images. It has a peak
flux of 0.61£0.04 mJy, which is in good agreement with the value
0.64+0.1 mJy obtained by T. Miyaji et al. (1992). They estimated a
size of this component of 1.0x0.6 arcsec?, which may explain the
detection only in the tapered images with a 140 mas resolution.

NGC 4036 is a LINER-type nucleus with an extended east-west
jet over 5 arcsec (500 pc) at 1.5 GHz (R. D. Baldi et al. 2021a). The
core is fainter than the western component in the 1.5 GHz image
at 0.90£0.08 and 2.440.1 mJy. In our 5GHz data, the core is
coincident with the Gaia optical position and in good agreement
with the VLBI positions presented in X. Cheng et al. (2025). We
record a similar flux density to the 1.5 GHz data set (0.7640.05
mlJy) indicating a flat radio spectrum, whereas the western jet
component has more than halved in flux density to 0.6840.05
mJy compared to the 1.5 GHz data. Despite having a higher flux
density than the ‘core’, the western component is clearly part of
the jet and has an angular source size of 69x31 mas®. The total
extent in our 5 GHz data is 2.07 arcsec = 207 pc. At the resolution
and sensitivity of these observations, individual components out-
side of the central cutout regions are rare, but they are detectable
if the emission from large-scale jets is in a compact region that the
e-MERLIN array is sensitive too, i.e. deconvolved sizes of order
the e-MERLIN beam.

There are four sources with triple structures: NGC 2655,
NGC3504, the aforementioned NGC 4151, and NGC 4589. We
discuss NGC 3504 in the context of the jetted” HII galaxies in
Section 4.3.2. We observe similar radio structures in NGC 2655
and NGC 4589, namely a bright core with multiple radio com-
ponents either side of the core. At lower-resolution, the radio
images show a triple structure centred on the core component.
Both are in ETGs and are LINER-type nuclei residing at similar
distances (24.4 and 30 Mpc), resulting in similar angular scales
in both sources. NGC 2655 has a complicated ‘S-shaped’ struc-
ture at 1.5GHz and we only see the central linear component
in this 5 GHz data set (see example overlay in Fig. 11, whereas
NGC 4589 appears as a single core with a one-sided extension
in the 1.5 GHz data. Interestingly, NGC 2655 was not detected
in the VLBA sample of N. M. Nagar et al. (2002) to a limit of
0.76 mJy beam™! at ~5 mas resolution, but it is detected in more
recent VLBA observations at 5GHz at 0.8040.08 mJy beam™!
(X. Cheng et al. 2025). We detect its core with peak intensity
11.114:0.61 mJy beam ™! indicating significant flux is resolved out
between these two resolutions. On the other hand, NGC 4589
is detected in the VLBI study of N. M. Nagar et al. (2005), but
with a much reduced peak intensity: 6.0 mJy beam~! compared
t0 17.61+0.88 mJy beam ™! in our e-MERLIN data.

Another aspect that is common between these two triple
sources NGC 4589 and NGC 2655 is their high column densities
derived from X-ray observations. NGC 4589 is listed as a poten-
tial Compton Thick AGN candidate (e.g. the nuclear absorption
nug > 1.5 x 10** cm™2, see O. Gonzélez-Martin et al. 2015) and
NGC 2655 has an ng ~ 4 x 102 cm™2 (X. Zhao et al. 2021) from
high-quality NuSTAR data. Conversely, the vast majority (>70
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Figure 11. Similar to Fig. 7 and 8, but showing the overlay of the 5 GHz
images in this work on top of the 1.5 GHz images from R. D. Baldi et al.
(2018) for the jetted’ galaxy NGC 2655. The rectangular square in panel a:
shows the zoomed-in region shown in panel b:. The background 1.5 GHz
full-resolution image has magenta contours of —30, 30, 50, 90, 160, 250,
360, 490, 640, 810, 1000, 1210, 1440, 1690, 1960 with 1o equal to 120
wJy beam™!. The white contours represent the 5 GHz data presented in
this work at —30, 30, 50, 90, 160, 250, 360, 490, 640 with 1o equal
to 165 Wy beam™!. Negative contours are dashed. The cyan ‘x’ marks
the Simbad position for this galaxy, the magenta ‘+’ shows the 1.5 GHz
position, and the white ‘ 4+’ denotes the 5 GHz position.

per cent'*) of the LeMMINGs sample have ny <« 10?2 cm~2 (D.
R. A. Williams et al. 2022), though finding bona fide AGN is
difficult and future NuSTAR data are required to confirm highly
obscured nuclei. Other LeMMINGs sources with resolved radio
structures and high X-ray absorption values are NGC 2273 (M.
Brightman et al. 2017), which shows a westward protrusion in its
full-resolution image; NGC 2639, which shows a bright (21 mJy)
core component with a one-sided jet (O. Gonzalez-Martin et al.
2015). NGC 2273, NGC 2639, and NGC 2655 all show very com-
plex morphologies in the 1.5 GHz sample, with the 5 GHz data
resolving out diffuse larger scale structures. In addition, NGC
4102 is also heavily obscured (C. Ricci et al. 2015; S. Marchesi et al.
2018) and has a significantly offset 5 GHz position to the 1.5 GHz
structure, potentially pointing to different emission processes re-
sponsible at different scales. High-resolution radio interferomet-
ric techniques represent a suitable tool to enable an unobscured
view of the active SMBHs in some of these obscured LLAGNS.

14The X-ray LeMMINGs campaign includes a declination-limited sub-
sample of the full LeMMINGs survey, so only a lower limit is given.
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4.3.2 Star formation and ‘jetted’ H II galaxies

In the 1.5 GHz survey, seven HII galaxies were labelled as ‘jet-
ted’, and showed characteristics similar to other LLAGNSs in the
multiwavelength diagnostic plots (R. D. Baldi et al. 2018, 2021a,
b): NGC 972, NGC 3665, UGC 3828, NGC 7798, UGC 4028, NGC
2782, and NGC 3504. Out of these seven, three (NGC 2782, NGC
3504, and NGC 3665) are detected in the 5GHz data, but they
show a variety of morphologies. As noted in Section 4.1, all three
of these detected sources were already detected with VLBA/VLBI
(M. Krips et al. 2007; E. Liuzzo et al. 2009; A. T. Deller & E.
Middelberg 2014) and are possibly LLAGNs. However, a non-
AGN origin cannot be completely ruled out because their bright-
ness temperatures are up to 10° K. In particular, S. Jogee, J. D. P.
Kenney & B. J. Smith (1998) argued that the alignment between
the radio and the optical emission lines in NGC 2782 is consistent
with a starburst-driven outflow. Although the triple structure of
NGC 3504 at 5GHz and of NGC 3665 at 1.5 GHz are more sug-
gestive of a jetted system launched from an active SMBH. Thus,
the detected ‘jetted” HII galaxies at 5 GHz most likely harbour
an active SMBH. A forthcoming study with optical, X-ray, and
emission-line data will provide a more conclusive result.

Of the four jetted H 11 galaxies undetected in our 5 GHz data, all
bar NGC 7798 had detections below a 50 confidence threshold in
the 1.5 GHz data. Different scenarios are possible: their 1.5-GHz
detections were spurious or they have been resolved out by the
uv-tapering properties of the higher resolution data. Deeper radio
follow-up observations are needed to explore their nature.

The detected H1I galaxies with a compact core morphology
(A) could in principle host SF. An SF-driven outflow could ex-
plain the ring-like emission in the full-resolution image of NGC
2782. Thermal emission from ultra-compact H1I regions could
contribute more at this frequency than at 1.5 GHz, although the
sensitivity level is too poor to detect HII regions even in the
nearest galaxies. For example, the brightest H1I region (source
name 42.20+59.1) in the nearby starburst galaxy M82 (NGC3034)
(T. W. B. Muxlow et al. 1994; D. M. Fenech et al. 2008) is not
detected in the widefield images in this work. Thus, in the same
vein as the 1.5 GHz study, we calculate the range of SN rates
for these galaxies, assuming that the emission is non-thermal,
by using the formula in J. J. Condon (1992), modified to 5 GHz:
Lragio/(5 x 10%8 erg s™) = 6.3 x (vsn/yr~!). Excluding the radio-
loud source NGC 3665 and the high brightness temperature ob-
tained from VLBI for NGC 2146, the range of the SN rates for the
remaining seven ‘A’ morphology H1I galaxies is 3.2 x107> -2.0
x1073 yr~! in a region ~15 pc around the core. As noted in R. D.
Baldi et al. (2018), these SN rates are similar to those in M82 for
the entire galaxy. Therefore, in our 5-GHz survey, there is no clear
evidence of an extreme SN factory based on the radio properties,
but some nuclei could be dominated by free—free emission from
intense SF (R. C. Kennicutt & N. J. Evans 2012).

4.4 Are there missing LLAGNSs at 5 GHz?

It is evident that the e-MERLIN data presented in this work
preferentially detect compact (~50 mas scale) radio emission,
although our median sensitivity (66 uJy beam™') is a factor 3
better than previous radio surveys of the Palomar galaxies (e.g.
N. M. Nagar et al. 2005). In this section we consider whether we
have missed any AGN-dominated sources by not using ‘deeper’
observations.
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First, the spectral index may have a significant impact on
whether sources are detectable in our 5 GHz data. As noted pre-
viously, LLAGNSs generally have flat (« ~0) or steep (« ~ —0.7)
radio spectral indices in the 1—10 GHz regime (e.g. H. Falcke et al.
2000; N. M. Nagar et al. 2002; E. Chiaraluce et al. 2019). The VLA
FRAMEX project studied the radio spectra of nearby active galax-
ies (B. Dorland et al. 2020), and reported a mean spectral index
of —0.69 for the 12 detected sources out of their volume-limited
sample of 25 sources (A. J. Sargent et al. 2025), many of which
have significant overlap with the Palomar sample. Assuming that
the reported mean « is characteristic of our LeMMINGs sources
(although see Section 4.2.3 for a preliminary spectral index anal-
ysis which shows the radio cores are consistent with & = 0), then
on average a source would need to be >0.75 mJy beam™~! in the
1.5 GHz data to be detected in our 5 GHz images. Only 53 sources
were detected above 0.75 mJy beam™! in the 1.5 GHz data (R.
D. Baldi et al. 2018, 2021a). Furthermore, if a 50 threshold had
been used in the 1.5 GHz data set, then only 75 sources would
have been detected. Therefore, our detection of 68 sources in
the 5 GHz sample is in line with expectations when compared to
the 1.5 GHz data. To improve the sensitivity to a point where all
sources detected at 3¢ in the 1.5 GHz sample could have been
detected in the 5 GHz sample assuming a radio spectral index
of « = —0.69, a moderate improvement in sensitivity to 33 uJy
beam™! (corresponding to four times longer observations) would
be needed. Equivalently, adding the Lovell telescope to these ob-
servations would have the same result, but as shown in Fig. 10,
the improved uv-coverage of longer observations provides better
imaging fidelity compared to deeper ‘snap-shot’ images.

Source variability could also lead to a non-detection in our
survey. Seyferts are known to vary over the course of years to
decades (e.g. see C. G. Mundell et al. 2009; F. Panessa et al. 2019; P.
Kharb et al. 2026). For example, NGC 3718 has been studied with
MERLIN and e-MERLIN previously, with total flux densities of
6.1+0.1 mJy at 5 GHz (data obtained 2002/2003, M. Krips et al.
2007), 8.85+0.07 mJy (August 2011, K. Markakis et al. 2015), and
10.4840.53 mJy (LeMMINGs 5 GHz, 2019 August), indicating its
long-term flux increase of up to 40 per cent. The aforementioned
NGC 4151 has also been shown to have varied by up to 50 per cent
over the last 20 yr, but the most likely scenario is the continued
interaction between the jet and extended emission-line region in
this object, as opposed to AGN variability (D. R. A. Williams et
al. 2020). Variable cores have been also detected in LINERs (M. E.
Filho et al. 2002b): we detect NGC 1961 and NGC 7217 at flux den-
sities of 0.8640.073 and 0.524+0.04 mJy, respectively. Both were
detected in 5GHz MERLIN observations in 2002/2003 at flux
densities of 1.240.3 and 5.0+0.5 mJy (K. Markakis et al. 2015),
respectively, although the origin of this large intensity drop, cor-
responding to an 8.9¢ decrease over ~16 yr, is unclear. When
considering the 1.5 GHz e-MERLIN data, variability may also lead
to a non-detection between the two epochs, as the 1.5 GHz data
were observed between 2014 and 2019, whereas the 5 GHz data
were observed in 2018-2020.

Finally, some sources may simply be too faint to be detectable
without significantly more sensitive observations. For example,
the Seyfert galaxy NGC 4051 has a triple structure and is clearly
detected in our 1.5GHz images (R. D. Baldi et al. 2018) with
a core peak intensity of 0.38 mJy beam~!. At VLBI resolutions
it is also detected, with a core flux density of 0.2 mlJy at 5 GHz
(M. Giroletti & F. Panessa 2009), below the 5 GHz e-MERLIN
50 detection threshold here. In this case, the aforementioned
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factor 4 increase in observing time would likely have led to the
detection of this source. Sources with relic AGN activity or low-
level emission from SF could similarly be affected as the source
becomes too faint and too diffuse to detect at 5 GHz. For example,
the LeMMINGs ‘deep’ sources NGC 6217 and IC 10 revealed radio
emission on several arcsecond scales, but both required high (<10
wJy beam™!) sensitivities and excellent uv-coverage to detect the
resolved features in these galaxy nuclei (J. Westcott et al. 2017; D.
R. A. Williams et al. 2019). Clearly, high-sensitivity images with
more complete uv-coverage are required to detect the faintest
radio emission at the galaxy centre to unveil a weakly accreting
SMBH.

5 CONCLUSIONS

We present the 5 GHz data release of the LeMMINGsS: a statisti-
cally complete census of nuclear activity of 280 nearby galaxies
brighter than Br < 12.5 mag, selected from the original Palomar
sample (A. V. Filippenko & W. L. W. Sargent 1985; L. C. Ho et al.
1995, 1997a, b, c, 2003, 2009), with a declination of § > 20° for
radio imaging fidelity. The survey consists of radio continuum
observations of all types of optical nuclei and galaxy types. This
work provides a crucial second frequency band to the 1.5 GHz
data already published (R. D. Baldi et al. 2018, 2021a, b) to help
diagnose the emission mechanisms responsible for the nuclear
properties of these galaxies. We focus on the new 5 GHz radio
data, providing 50 mas resolution images of the entire sample
down to a median sensitivity of 66 uJy beam~! and a 5o detection
threshold of 0.33 mJy beam™!. This sensitivity represents a factor
of 3 improvement when compared to previous investigations of
the Palomar sample (M. E. Filho et al. 2000; N. M. Nagar et al.
2002; N. M. Nagar et al. 2005). We also provide tapered images at
a resolution of 0.14 arcsec, matched to the 1.5 GHz LeMMINGs
campaign.

In total, we detect nuclear radio emission within 1.5-arcsec of
either the Gaia or Simbad optical positions in 68/280 galaxies,
consistent with previous radio studies of the Palomar sample (N.
M. Nagar et al. 2005; L. C. Ho 2008). We use a search radius of 1.5
arcsec around the Gaia position (224/280 galaxies), if it agreed
with the archival position of the galaxy nucleus, or the Simbad
position if they were discrepant. In most cases, we detect radio
emission within 1.5 arcsec of the Gaia position, but in eight cases
the Simbad position was used to locate the nuclear region. The
comparison to the Gaia positions shows that the Gaia optical co-
ordinates can be useful for searching for nuclear radio emission.
Care must be taken when using the Gaia positions for edge-on
galaxies or lenticular galaxies, where the positions appear to be
more offset than in other galaxy types, possibly due to misidentifi-
cation of the bright nuclear region. Considering the 1.5 and 5 GHz
samples together as one, we find a total of 79 radio-detected
nuclei with signatures of radio AGN activity within the sample of
280 galaxies. This value implies that approximately 30 per cent of
galaxies in the local Universe host a SMBH capable of detectable
radio emission at ~100 s pJy levels.

One galaxy (NGC 5194) was only detected in tapered images.
Two galaxies (NGC 3642 and NGC 4138) were not detected in the
1.5 GHz LeMMINGs sample, which may be due to nuclear vari-
ability or possibly inverted radio spectra. In most cases (58/65),
the 5 GHz nuclear radio emission agrees to within 0.2 arcsec with
the 1.5GHz LeMMINGs positions, but in a handful of cases a
shift greater than 0.2 arcsec is observed, mostly due to unresolved
radio components in the 1.5 GHz images or misidentification of
the radio nucleus from the lower resolution 1.5 GHz data.
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The median luminosity of the detected sources in the sample
is 3.6x10% erg s! (7.2x10'° W Hz™!, the deepest sub-arcsec 5-
GHz survey of the Palomar galaxies), though the censored mean
luminosities for all classes are lower than this value, due to the
large number of non-detections in the sample. The galaxies most
commonly detected in the radio are the ‘active’ galaxies, i.e. the
Seyferts and LINERs (53/112, 47 per cent). The radio detected
galaxies mostly reside in early-type galaxies (40 per cent), with
LINERs and Seyferts dominating both the detection fraction and
the highluminosity tail. Many of these sources appear to be gen-
uine LLAGN, as shown by their high brightness temperatures
(Tg > 10°K) in VLBI observations (N. M. Nagar et al. 2005; M.
Krips et al. 2007; E. Liuzzo et al. 2009; F. Panessa & M. Giroletti
2013; A. T. Deller & E. Middelberg 2014; X. Cheng et al. 2025).
In contrast, the ‘inactive’ galaxies (ALGs and H 11 galaxies) have
much lower detection rates (14/168, 8 per cent) and generally at
much lower luminosities. Although the detected ALGs in ellipti-
cals have similar properties to those of LINERs in support of our
previous LeMMINGs studies of ALGs (R. D. Baldi et al. 2021a;
D. R. A. Williams et al. 2022), the H1I galaxies are a mixed bag
with nuclear radio emission that could be attributed to SF, SN
remnants, or LLAGN (e.g. A. Tarchi et al. 2000; X. Cheng et al.
2025). We estimate that 3—4 per cent of H 11 galaxies may host an
active SMBH.

We classify the sources into different radio morphological
types, with most (52/68) sources showing a compact core compo-
nent (radio morphology type ‘A’), and the rest (15/68) showing
evidence for extended emission other than a radio core (radio
morphology type ‘B’, ‘C’, or ‘E’), possibly related to a jet. We detect
radio structures between 5 and 380 pc in size in these ‘jetted’
sources. The low percentage of ‘jetted’ sources (22 per cent) in
the 5 GHz data is in contrast with the 38 per cent of sources with
‘jetted’ morphologies at 1.5 GHz. We find that the ‘jetted’ radio
structures are observed less frequently in the 5 GHz LeMMINGs
data than in the 1.5 GHz data for a number of reasons: (i) the
higher resolution of the 5 GHz data resolves out the jets in some
cases; (ii) the ‘shallow’ observations are not sensitive enough
to detect the fainter jets arising from optically thin synchrotron
emission; and/or (iii) low dynamic range prevents from imaging
thejets in bright AGNs such asin NGC 315 and NGC 1275. In con-
clusion, with a heterogeneous interferometer such as e-MERLIN,
we estimate that a factor of 4 increase in observing time above
the observations in this work (equivalent to sensitivities <33 pJy
beam~!) with excellent uv-coverage is desired to detect jets in
nearby galaxies. This would also ensure detections of known
LLAGNSs and allow the search for low-level radio emission from
non-AGN-driven processes.

Collectively, our results support the view that LLAGNS repre-
sent the most common mode of SMBH activity in nearby galaxies
at sub-arcsecond scales. We find that the physical drivers of radio
emission diverge based on host morphology: in early-type galax-
ies, the high detection rates, elevated luminosities in LINERs
and Seyferts, and the predominance of compact (<10 pc) cores
at 5GHz identify LLAGNs as the primary central engines. In
contrast, the comparatively low detection rates in H11 and ALG
systems suggest that non-AGN processes dominate the nuclear
radio emission in many late-type galaxies, with only a small sub-
set of H1I galaxies harbouring bona fide LLAGNs. These findings
highlight the necessity of high-resolution sensitive radio obser-
vations to disentangle genuine nuclear activity from SF processes
at pc scales and to obtain an unbiased census of low-luminosity
SMBH accretion in the local Universe.
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