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ABSTRACT

We present the second data release of high-resolution (<0.2 arcsec) 1.5-GHz radio images of 177 nearby galaxies from the
Palomar sample, observed with the e-MERLIN array, as part of the Legacy e-MERLIN Multi-band Imaging of Nearby Galaxies
Sample (LeMMINGs) survey. Together with the 103 targets of the first LeMMINGs data release, this represents a complete
sample of 280 local active (LINER and Seyfert) and inactive galaxies (H1I galaxies and absorption line galaxies, ALG). This
large program is the deepest radio survey of the local Universe, >10'¢ W Hz™!, regardless of the host and nuclear type: we
detect radio emission >0.25 mJy beam ™' for 125/280 galaxies (44.6 per cent) with sizes of typically <100 pc. Of those 125, 106
targets show a core which coincides within 1.2 arcsec with the optical nucleus. Although we observed mostly cores, around one
third of the detected galaxies features jetted morphologies. The detected radio core luminosities of the sample range between
~10** and 10 erg s~!. LINERs and Seyferts are the most luminous sources, whereas HI galaxies are the least. LINERs show
FR I-like core-brightened radio structures while Seyferts reveal the highest fraction of symmetric morphologies. The majority
of H1I galaxies have single radio core or complex extended structures, which probably conceal a nuclear starburst and/or a
weak active nucleus (seven of them show clear jets). ALGs, which are typically found in evolved ellipticals, although the least

numerous, exhibit on average the most luminous radio structures, similar to LINERs.

Key words: galaxies: active — galaxies: jet— galaxies: nuclei — galaxies: star formation —radio continuum: galaxies.

1 INTRODUCTION

Observational studies support the idea of co-evolution of supermas-
sive black holes (SMBHs) and their host galaxies (e.g. Heckman &
Best 2014). For example, the empirical scaling relationships between
black hole mass (Mpgy) and both stellar velocity dispersion and host
bulge luminosity (e.g. Ferrarese & Merritt 2000; Gebhardt et al.
2000; Tremaine et al. 2002) are indications of a coupled growth of
the SMBH and its host galaxy. These relationships provide some
of the most basic constraints on models of SMBH and galaxy
formation and evolution (e.g. Menci et al. 2004). However, these
observational constraints are poorly known (e.g. Graham & Scott
2013; Shankar, Weinberg & Miralda-Escudé 2013; Shankar et al.
2016, G135, and references therein), particularly at low Mgy, for
which dynamical mass measurements become increasingly more
challenging (Peterson 2014). This uncertainty at low masses prevents
us from properly calibrating the scaling relations and the prescrip-
tions for SMBH-galaxy growth used in semi-analytical and numerical
models (Shankar et al. 2012; Barausse et al. 2017).

* E-mail: ranieri.baldi @inaf.it
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The agreement between the accreted mass function as extracted
from continuity equation arguments for Mgy and nuclear luminosity
distribution, and the local BH mass function derived from local
scaling relations, strongly suggest that all local massive galaxies
have undergone at least one major episode of active galactic nuclei
(AGN) in their past (e.g. Soltan 1982). It also supports the view
that the vast majority of local galaxies host a central SMBH (e.g.
Aller & Richstone 2002; Marconi et al. 2004; Shankar et al.
2004). The detection of AGN activity at the centre of galaxies is
considered sufficient evidence to confirm the existence of a SMBH.
The Eddington ratio' distribution of local galaxies has been measured
to be extremely broad, mostly sub-Eddington, extending down to
very low Eddington rates (~107°, e.g. Kauffmann & Heckman 2009;
Schulze & Wisotzki 2010). A large portion of low-mass BHs hosted
in low-mass galaxies are thus expected, and indeed observed, to
be among the faintest luminosity AGN, with the lowest accretion
rates and Eddington ratios, and extremely weak nuclear outputs

I'The Eddington ratio is defined as the ratio between the bolometric luminosity
of the AGN (precisely, the disc luminosity, or a proxy) and the Eddington
luminosity.
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(e.g. Ho 1999, 2008; Panessa et al. 2007). These low-luminosity
AGN (LLAGN) are traditionally defined as having H « luminosities
<10* erg s~! (Ho, Filippenko & Sargent 1997). They numerically
dominate the local Universe (Nagar et al. 2002; Filho, Barthel &
Ho 2006; Saikia et al. 2018) and include the two main classes of
active galaxies, LINERs, and Seyferts, distinguished by their optical
emission lines (Heckman 1980). While Seyfert galaxies show clear
multiband signatures of BH activity (i.e. broad emission lines, hard
X-ray spectra, Maoz 2007; Ho 2008), the physical origin of the
central engine in LINERs has been debated: stellar or non-stellar
nature (SMBH, shocks, or hot stars; see Ho, Filippenko & Sargent
1993 for a review)? The common interpretation is that a radiatively
efficient accretion disc appears to reconcile with the high-energy
properties of Seyferts, while LINERs, which are typically fainter, are
possibly powered by a radiatively inefficient accretion disc (Kewley
et al. 2006; Maoz 2007; Ho 2008; Heckman & Best 2014).

However, our view of the nuclear activity in the local Universe is
partial and biased towards massive, bright, and unobscured galaxies.
In turn, detailed and complete studies of the low-brightness and
low-mass active galaxy populations in the local Universe are still
sparse. Optically weak or inactive galaxies can hide quiescent/low-
accreting SMBHs, which are missed in the current local BH census.
In fact, even star-forming galaxies, although energetically dominated
by dusty H1I regions, and extremely enshrouded objects with high
column densities can hide a compact object at their centres, which
could reveal weak signatures of activity in optical, infrared and X-ray
bands (e.g. Reines, Greene & Geha 2013; Reines et al. 2016; Chen
etal. 2017; Marleau etal. 2017; Girichidis et al. 2020). In addition, the
BH activity is an episodic event: galaxies can go through periods of
nuclear inactivity within their duty cycle, where their optical output
is basically turned off and the SMBH becomes quiescent (e.g Woltjer
1959; Marconi et al. 2004; Morganti 2017).

The best method to overcome this bias towards bright and massive
galaxies is through radio observations which by virtue of not being
obscured by intervening material allow the very centres of galaxies
to be viewed in a less biased way (despite opacity problems in
the radio band, such as synchrotron self-absorption and free—free
absorption). Radio observations consent to investigate a wide range
of astrophysical phenomena, from those related to the formation,
evolution, and death of stars (e.g. supernovae, SN), to accretion on
to SMBHs. In case of stellar processes, thermal and non-thermal
radiation is produced by stellar ejecta (e.g. SN remnants, SNR)
and photoionization; in active SMBHs a plethora of radio-emitting
mechanisms can compete (see Panessa et al. 2019 for a review): jets
(Padovani 2016; Blandford, Meier & Readhead 2019), disc winds
(Zakamska & Greene 2014), or outflowing magnetically active coro-
nae (Laor & Behar 2008). Radio observations provide the best single
diagnostic to separate star formation (SF) and AGN components (e.g.
morphology, luminosity, and brightness temperature).

Long-baseline radio arrays are suitable for detecting the low-
level nuclear output of the LLAGN. These observatories, applied
to nearby galaxies, provide the pc-scale resolution which is required
to isolate the low-brightness nuclear emission, comparable to that
of Sgr Ax, from more diffuse emission of the host galaxy. Because
of its long, UK-wide baselines, and large bandwidth e-MERLIN,
is among the best radio arrays to detect compact structures, e.g.
AGN cores, nuclear starburst, and jets, in galaxies in the nearby
Universe. A deep radio study of a complete sample of LLAGN at
milli-arcsecond resolution and ply sensitivity with e-MERLIN array
has the potential to create a census of the constituent components of
galaxies at unprecedented depth and at pc-scale linear resolution.
This is the objective of the Legacy e-MERLIN Multiband Imaging
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of Nearby Galaxies Sample (LeMMINGs?) survey (Beswick et al.
2014). To reduce bias against optically active AGN as present in
previous studies, we chose as our target the magnitude-limited
sample of nearby galaxy selected by Ho et al. (1997), which is
commonly known as the ‘Palomar sample’. This sample has a median
distance of ~20 Mpc and is statistically complete with no radio
imposed constraint or bias. This sample is by far the most widely
observed, across a range of wavelength regimes (Spitzer, Herschel,
HST, and with complete Chandra and VLA coverage). It includes all
optical spectral classes (LINER, Seyfert, star forming, and optically
inactive galaxies) and morphological host types (early- and late-
type galaxies), encompassing a wide range of BH masses (from
intermediate BH up to the most massive BHs of the local Universe,
10*-10° M) and accretion rates (~107°~10""! in Eddington units;
Connolly et al. 2016).

Observations at L band (1.5 GHz) of the first 103 galaxies of the
LeMMINGs project were presented in the first data release by Baldi
et al. (2018) (Paper I hereafter). One of the results reported there was
the detection of pc-scale jetted structure in inactive galaxies down, to
Mgy ~ 10° My, suggesting that a (weakly) active SMBH is present
at the centre of local galaxies regardless of their optical class. Here,
we complete the full LeMMINGs sample presenting the images of
the remaining 177 galaxies at 1.5 GHz and proceed to study the
survey from both data releases combined. Basic results on the radio
properties of this population of nearby galaxies are discussed in this
work.

This paper is organized as follows. In Section 2, we present
the LeMMINGs project and sample, and the updated optical clas-
sification of the sub-sample of 177 galaxies. The observations
and calibration of the radio data are explained in Section 3. The
identification of the radio cores and the general radio properties of
the sub-sample are presented in Section 4. We discuss the results and
implications of the radio emission for the entire LeMMINGs survey
(280 galaxies) in Section 5 and draw our conclusions in Section 6.

2 THE PALOMAR SAMPLE AND THE
LEMMINGS SURVEY

2.1 Sample selection

The sample of this survey is a sub-set of the Revised Shapley-Ames
Catalog of Bright Galaxies and the Second Reference Catalogue
of Bright Galaxies (§ > 0° and By < 12.5, de Vaucouleurs, de
Vaucouleurs & Corwin 1976; Sandage & Tammann 1981), which
was originally observed by Ho, Filippenko & Sargent (1995) with
the Hale 5-m telescope at the Palomar Observatory (Filippenko &
Sargent 1985) to carry out a deep spectroscopic campaign. Ho et al.
extracted the optical emission lines (H g, [O11], [O1], [N1], He,
[S1] doublet) from their spectra and used the emission line ratios
to classify them as H11, Seyfert, LINER, or Transition galaxy (see
Section 2.2 for the updated classification).

The galaxies for which the active SMBH is the main photoionizing
source are Seyferts and LINERs, which represent the ~11 and
~19 percent of the Palomar sample, respectively. The inactive
galaxies are the H 11 galaxies (~42 per cent of the Palomar sample)
where star-forming regions populated by massive young stars mainly
photoionize the surrounding gas, and the absorption line galaxies
(ALG, ~14 per cent) which are optically inactive galaxies. The latter
shows no obvious emission lines and are typically in early-type
galaxies. Ho et al. (1993) introduced a further class which they named

Zhttp://www.e-merlin.ac.uk/legacy/projects/lemmings.html
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Figure 1. Diagnostic diagrams based on optical spectra (named BPT, Baldwin, Phillips & Terlevich 1981): log([O 111]/H 8) versus (a) log([NuJ/Hew), (b)
log([Sul/Ha), (c) versus log([O1]/He), and (d) line ratios index (the averaged line ratios, see the definition in Paper I). The data-points represent the 122
galaxies with emission line data taken from Ho et al. (1997) (the remaining 55 sources were classified based on data from the recent literature; see Table 1). In
the first three panels, the solid lines separating H I galaxies, LINER, and Seyferts are taken from Kewley et al. (2006). The dashed lines between Seyferts and
LINERs in the four panels separate the two classes according to the scheme introduced by Buttiglione et al. (2010). In panel (a), the sources between the solid
and the dot—dashed lines were classified as transition galaxies by Ho et al. (1997), which we re-classify as LINER or H1I galaxies based on the other diagrams
(’b’ and ‘c’). We mark LINERs as blue triangles, Seyferts as red diamonds, and H 11 galaxies as orange squares. Several galaxies have different classifications
with respect to those from Ho et al. (1997) because of the updated diagnostic diagrams (see Table 1).

transition galaxies (~14 per cent). These are sources with composite
characteristics of both LINER and H 11 galaxies and are based on a
single diagnostic diagram (of [O111]/H B versus [N II]/H «; diagram
‘a’ in Fig. 1).

The LeMMINGs survey focuses on a sub-sample of the original
Palomar catalogue, namely on those galaxies with declination > 20°
(280 targets), to ensure good visibility (or uv-plane) coverage, and
accessibility to the e-MERLIN array over a wide hour-angle range.
The survey was designed to carry out shallow observations at 1.5 and
5 GHz without the largest e-MERLIN antenna, the Lovell telescope.
In addition, several galaxies were observed to greater depth as part of
LeMMING:s (i.e. with the Lovell telescope included): M 82 (Muxlow
et al. 2010), IC 10 (Westcott et al. 2017), NGC 4151 (Williams
et al. 2017), NGC 5322 (Dullo et al. 2018), M 51b (NGC 5195,
Rampadarath et al. 2018), and NGC 6217 (Williams et al. 2019).

In Paper I, a resolution of 150 mas resulted in the detection of 1.5-
GHz radio emission at pc scales, reaching a sensitivity of ~75 ply
beam™!. We detected 46 per cent (47/103) of the targets observed,’
measuring radio dimensions typically <100 pc and radio luminosities
in the range ~10%*—10*" erg s~!. Here, in analogy to Paper I, we report

3Based on a more detailed analysis of NGC 147, which was the least luminous
detected radio source of the sample in Paper I, we have decided to remove
this target from the group of detected galaxies (see Section 5 for details).

our observations of the remaining 177 Palomar galaxies at 1.5 GHz,
listed in Table 1.

2.2 Revised optical classification

Whereas Seyferts display high ionization lines which are indicative
of photoionization by an active nucleus, the typical emission line
ratios of LINERSs can be reproduced either by AGN photoionization,
collisional excitation by shocks, photoionization by post-AGB stars,
or by combined starburst and merger-driven shock (Allen et al.
2008; Sarzi et al. 2010; Capetti & Baldi 2011; Singh et al. 2013;
Rich, Kewley & Dopita 2014). In addition, the transition galaxies
are not a well-defined class, being a mixture of photoionization
by SF and a weak AGN. Therefore, a secure and net separation
between the different classes is necessary for a better and well-refined
physical interpretation of each class. For this purpose, in analogy to
what we performed in the first data release (Paper I), we revise the
optical classifications carried out by Ho et al. (1997) by using the
state-of-the-art spectroscopic diagnostic diagrams based on criteria
introduced by Kewley et al. (2006) and Buttiglione et al. (2010).
The former used SDSS emission-line galaxies and BPT diagrams
(Baldwin et al. 1981) to classify mostly radio-quiet AGN galaxies,
whereas the latter used optical spectra of radio galaxies from the
Revised Third Cambridge Catalogue (3CR; Bennett 1962, i.e. only

MNRAS 500, 4749-4767 (2021)
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Ho97
H
ALG
ALG

2

Hubble
type
SAc

SAB(rs)cd
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SA(rs)c

D
Mpc
68.1

6
10.7
10.5

9.1

Dec.
+ 37 2028.7

+315256.8
+ 3858 09.1
+405221.3
+390347.7

RA
02 01 06.61
023627.82
0239 17.03
02 4024.01
02 43 30.01

Table 1. Optical and radio properties of the sample.

Name
NGC 783
1C 239
NGC 1003
NGC 1023
NGC 1058

MNRAS 500, 4749-4767 (2021)

Note. Column description: (1) source name; (2) and (3) RA and Dec. position (J2000.0) from NED; (4) distance (Mpc) from Ho et al. (1997); (5) morphological galaxy type given from RC3 (de Vaucouleurs et al.

Absorption line galaxy. The number attached to the class designates

Transition object, and ALG

Seyfert, L=LINER, T =

HI, S
> and ‘2" for uncertain and highly uncertain classification, respectively. Two classes are given for some ambiguous cases; (7) revised optical spectroscopic

1991); (6) optical spectroscopic classification taken from Ho et al. (1997): H

the AGN type (1 or 2); quality ratings are given by

moderate; (10) restoring
detected and core identified;

good; ‘m’ =

very good; ‘4’ =

classification. See the notes for the classification based on the literature; (8) LeMMINGSs observation block; (9) raw data and calibration quality: ‘++’

beam size in arcsec? in full resolution map; (11) PA angle (degree) in full resolution map; (12) rms in full resolution map in pJy beam™!; (13) radio detection status of the source: ‘I’

‘U’ = undetected; ‘unl’ = detected but core unidentified; ‘I4+unl’ = detected and core identified with additional unknown source(s) in the field; (14) radio morphological class: A = core/core—jet; B = one-sided

doubled-lobed ; E = jet + complex (see Section 4.2); (15)- and 16) logarithm of the radio core and total luminosities (erg s~1). To convert the radio luminosities from erg s~! to monochromatic

luminosities (W Hz~!) at 1.5 GHz, an amount +16.18 should be subtracted from log Leore and Lior. The full table is available online. Notes: a Keel (1983); b van den Bosch et al. (2015) ¢; Moustakas & Kennicutt
(2006) d; Florido et al. (2012); e Buttiglione et al. (2010); f Gavazzi et al. (2013); g Heckman (1980); 2 Balmaverde & Capetti (2013); i SDSS; j Gavazzi et al. (2018); k Cazzoli et al. (2018); [ Shields et al. (2007);

m Nyland et al. (2016); n Serra et al. (2008); 0 Wegner et al. (2003); p Pismis et al. (2001); ¢ Kennicutt (1992); r Lira et al. (2007); s Baldi & Capetti (2009); ¢ Garcia-Lorenzo et al. (2015).

jet; C = triple; D

radio-loud AGN) obtained with the Telescopio Nazionale Galileo.
Ho et al. scheme marginally differ in the separation of Seyferts and
LINERs from those used by Kewley et al. (2006) and Buttiglione
et al. (2010): Seyferts by Ho et al. (1997) with log([O 11]/H g8) > 0.5
are now reclassified as LINERs. We also used the ‘line ratios index’
introduced by Buttiglione et al. (2010) as the average of three low
ionization line ratios for a more robust separation between LINERs
and Seyferts. Furthermore, we opt for removing the transition galaxy
class, by classifying the given galaxy either as LINER or H1I galaxy
based on the other diagnostic diagrams (‘b’ and ‘c’ diagrams in
Fig. 1). Finally, each target is classified as H11, LINER, or Seyfert
based on at least two diagnostic diagrams in case the third criterion
disagrees with the other two (see Paper I for more details).

Of the 177 galaxies, 122 exhibit at least four detected emission
lines (i.e. having line uncertainties smaller than 50 percent in Ho
et al. 1997), which is enough to ensure a reliable classification in the
BPT diagrams (Fig. 1). The remaining 55 sources are classified based
on recent spectra taken from the literature (see notes in Table 1). The
revision of their classification based on optical spectra resulted in a fi-
nal sample of 89 H 11 galaxies, 60 LINERs, 14 Seyferts, and 14 ALGs.

When considering galaxy morphological type, most of the
sources are late-type galaxies (LTGs, spiral, and irregular galaxies
~71 per cent), with a smaller fraction of early-type galaxies (ETGs,
ellipticals, and lenticulars). LINERs and ALGs are typically in
ETGs, Seyferts have both early- and late-type morphologies and H 11
galaxies are mostly late-type systems (see Section 5 for more details).

3 OBSERVATIONS AND DATA REDUCTION

Detailed information on the e-MERLIN 1.5-GHz observations can
be found in Paper I. The sub-sample presented in this work was
observed from 2017 March to 2019 March, divided into observing
blocks of typically 10 targets, grouped based on their right ascensions
to minimize the slewing of the seven telescopes.

The observing strategy was identical to that used for the galaxies
in Paper I: it consisted in following the target and the phase calibrator
in at least six visits (cycles) to maximize uv-coverage given allocated
time. A target-phase calibrator cycle usually lasted ~10 min, with
~3 min on the phase calibrator and ~7 min on the target. The phase
calibrators were selected from the VLBA calibrator lists (Beasley
et al. 2002) and/or form the latest RFC catalogue,* chosen for being
unresolved on e-MERLIN baseline scales. The bandpass calibrator
(0OQ 208) and the flux calibrator (3C 286) were typically observed
for several minutes each. In this work, we present the data from 17
scheduling blocks which include the 177 Palomar galaxies presented
here (Table 1).

3.1 Data calibration and imaging with CASA

In a change from Paper I, where the data reduction was carried out
using the AIPS’ software package, here the data have been calibrated
with CASA (McMullin et al. 2007), the Common Astronomy Software
Applications package. This change was prompted by the release of
the e-MERLIN CASA pipeline® at around the time the observations
presented in this paper were conducted. In Section 3.2, we will
present the differences between the two software packages.

4 Available from http://astrogeo.org.

SAIPS, the Astronomical Image Processing Software (Greisen 2003), is free
software available from the NRAO.
®https://github.com/e-merlin/eMERLIN_CASA _pipeline/.
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The CASA pipeline converts *fitsidi’ format observation files
into CASA measurement sets (*MS’); next it performs a priori
flagging such as removing the first minutes of data when antennas
are not yet all tracking a source, flagging the edges of the observing
band and spectral windows, and applying any observatory flags.

The 512MHz wide L band suffers substantial radio frequency
interference (RFI) due to a variety of sources, such as modems,
satellites, mobile phones, and radars. Hence, to achieve the highest
sensitivity possible, RFI must be removed from the outset. The
CASA pipeline uses the AOFLAGGER software (Offringa, van de
Gronde & Roerdink 2012) which calculates a limiting threshold
based on the raw data, above which any instances of RFI are
automatically flagged and subsequently removed from the data-set.
To remove any low-level RFI (the target observations are expected
to be intrinsically faint) we further inspect the data with CASA task
‘plotms’, plotting the amplitude and phase of the visibilities as
a function of time and channel/frequency to detect any amplitude
spikes, dropouts, or intervals with null phase. We have estimated
that the flagged data represents typically ~15-20 percent of the
raw data.

The data are subsequently averaged down in frequency by a factor
of four to reduce the data volume and improve calibration speed
without losing any significant information that might affect our
scientific objectives. The pipeline then allows any additional manual
flags to be added by the user, before proceeding with calibrating the
data as follows. First, the flux for the primary calibrator 3C 286 is set
using a model by ‘setjy’. This is followed by delay and phase-
only calibration with the task *gaincal’ using a solution interval
of ~10s. Next is amplitude and phase calibration with a solution
interval of 2-3 min in amplitude and phase. An initial bandpass
response table was created to account for the changes of sensitivity
across the band with the task ‘bandpass’. At this point further
automatic identification and removal of data outliers in the time—
frequency plane indicating RFIs is done with the task *flagdata’
(with *tfcrop’ mode). The flux density scale of 3C 286 is then
bootstrapped to the secondary calibrator and target sources using
‘fluxscale’, taking into account that 3C 286 is slightly resolved
by the longest e-MERLIN baselines. A final bandpass table is then
recalculated using the spectral information obtained from the previ-
ous step. Final phase and amplitude solutions were recalculated after
the bandpass correction. The phase solutions are usually delimited
within £20° independent of baseline, while the amplitude solutions
show typical variations within a range of 10-20 per cent. The phase
and amplitude solution tables are then applied to the data. A final
step of flagging the data using ‘*flagdata’ (‘tfcrop’ mode)
is run as part of the pipeline to remove any RFI from the target
fields. The solutions from the amplitude and phase calibration and
the bandpass table were applied to the data to assess the data quality
with ‘possm’. Diagnostic plots are produced and uploaded to a
‘weblog’ which allows for checking the quality of the calibration by
showing such plots as the per-antenna flagging percentage at each
step, calibration tables at each step and images of the calibrators and
targets. These plots were inspected for any signs of remaining RFI
or poor solutions in the calibration tables, with the option of running
the pipeline again with manually input flags post averaging, with the
aim of removing any subsections of the data that are of poor quality.
After inspection of the diagnostic plots and manual excision of RFI
in the target fields, the latter were ‘split’” from the now calibrated
measurement set to create a single-source data file which is more
manageable for the data imaging stage. In conclusion, the entire
procedure achieved a maximum of 20 percent calibration error in
L band.
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Imaging of the e-MERLIN data (Stokes 1) was also performed
within the CASA environment, using the task ‘tclean’ on the
‘split’, calibrated data sets as described above. This task includes the
possibility of using the *‘mtmfs’ deconvolver mode, which allows
to reconstruct images from visibilities using a multiterm (multiscale)
multifrequency approach (Rau & Cornwell 2011). After Fourier
transforming the visibilities into an image, the latter is then ‘cleaned’,
essentially deconvolved quasi simultaneously at a small number
of characteristic scales, taking into account the no-null frequency
dependence of the emission in the different subbands.” We used
three different scales: the smallest scale size is recommended to be
0 (point source), the second the size of the synthesized beam and
the third 3-5 times the synthesized beam. Since the nominal beam
size of the e-MERLIN L-band observations is 150 mas, we used a
cell size of 50 mas and we set the corresponding scales array to
[0, 3, 10] pixels. The images were produced with natural baseline
weighting, mapping a field of 1024 x 1024 pixels (~0.85 arcmin x
~0.85 arcmin, i.e. 0.73 arcmin? which corresponds to an area of
~11.6 kpc? at the median distance of the sample).

For the targets with flux densities higher than 5 mJy, we carried out
a few rounds of self-calibration in phase and a final one in phase and
amplitude, using 1-2 min integration times and using a 3¢ minimum
threshold for valid solutions. This procedure had the effect of in-
creasing the signal to noise of the final maps and reducing the scatter
in phase and gain solutions. Bright sources in the fields were mapped
in parallel with the targets by using separate, small fields centred
on their location, thus reducing the level of their sidelobes and their
contribution to the effective noise floor for the fields on the targets.

Several images were created with different resolutions to ex-
plore the presence of diffuse low-brightness radio emission and to
possibly detect a target in case of no detection in full resolution.
Lower resolution maps were obtained using different values of the
‘uvtaper’ parameter in ‘tclean’. This parameter specifies
the width of the Gaussian function in the uv-plane to down-weight
the contribution by the longer baselines. We chose values ranging
between 300 and 750 kA. The narrower the Gaussian, the less weight
is given to the longer baselines and hence the lower the resolution
of the resulting maps. A value of 300 kX corresponds to a beam size
typically 3—4 times larger (i.e. 0.45-0.6 arcsec) than that reached
at full resolution. Furthermore, the angular resolution of the images
strongly depends on the uv-plane coverage, hence the inclusion of the
data from all seven antennas. Extreme data flagging can consequently
result in degradation of the resolution. The range of restoring beam
sizes is between 0.12 and 0.50 arcsec at full resolution.

Fig. 2 (the full sets of figures for identified and unidentified
sources will be as online supplementary data) present the full and
low-resolution (uv-tapered) maps of the detected sources. For each
detected galaxy we present one or two uv-tapered images chosen
among those obtained with the highest ‘uvtaper’ parameters
(typically 750-500 kX) judged to be the best for illustrating the
radio structure. The radio images have a large dynamic range which
highlights their quality. For a small fraction of sources (in blocks
08 and 12), the image quality is modest, usually due to an antenna
‘drop-out’, but still adequate for the purposes of our survey (see
Table 1).

To analyse the source parameters in the radio maps, we used
‘imfit’, partofthe CASA ‘viewer’, which fits two-dimensional

7We used 2 Taylor coefficients in the spectral model, which then corresponds
to a spectrum defined by a straight line with a slope at the reference frequency
of 1.5 GHz. The spectral image has not been considered in this work.
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Figure 2. e-MERLIN 1.5-GHz radio maps of the detected and core-identified galaxies. For each galaxy two panels are shown. The upper panel depicts the
full-resolution map, while the lower panel shows the low-resolution map obtained with a uv-tapered scale written in the panel (in ki), all on a same physical
scale. For four galaxies (NGC 3516, NGC 4036, NGC 5322, and NGC 5548) a third radio map is presented corresponding to a lower resolution map (see the
scale and map parameters in Table 4). The restoring beam is presented as a filled ellipse at one of the corners of each of the maps. The contour levels of the maps
are presented in Table 4. The x marks indicate the optical galaxy centre taken from NED, while the 4+ symbol marks the radio core position, if identified. In the
upper panels, the optical (LINER, Seyfert, H1I, and ALG) and radio (A, B, C, D, E, see Section 4.2 for description) classifications of the sources are reported.
The full sets of figures are available online.
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Gaussians to an intensity distribution on a region selected interac-
tively on the map, providing the position, the deconvolved size, peak
flux density, integrated flux density, and position angle (PA) of the
source (all listed in Tables 2 and 3). Whilst this procedure is valid
for compact or slightly resolved components, a simple technique
to estimate the total brightness of an extended component is by
interactively marking the region around the irregular shape of the
source. Similarly, we estimate the rms noise of the maps by selecting
a region around the target free from any significant emitting source.
The maps show a range in effective rms noise of between ~30
and 250 ply beam™!. The higher values indicate we are for the
brighter sources limited by the dynamic range of the data. An extreme
example is the brightest source NGC 1275 in our sample with an
integrated flux density of 47.1Jy and an effective rms noise of 156
mJy beam ™!, or a dynamic range of about 300:1 (Table 4).

3.2 AIPS versus CASA

Since this Legacy Survey has been processed with two techniques
based on AIPS and CASA softwares, a comparison of the data
calibration and results between the two procedures is needed. Here,
we report the main differences and crucial similarities between
Paper I and this work:

(i) Data calibrated and imaged via both CASA and AIPS (Paper I)
were averaged in frequency and/or time by the same amount
(averaged to 0.5-MHz channels and 2-s integrations) prior calibration
procedures.

(i) Both *SERPENT’, the auto-flagging code (Peck & Fenech
2013) written in ParselTongue (Kettenis et al. 2006) used in Paper I,
and AOFLAGGER are based on similar algorithms to assess the data
quality and flag any instances of RFI. However, the updated version
AOFLAGGER is more efficient than the SERPENT routine, because
scripts searching for low-level RFIs have been optimized.

(iii) In Paper I, the calibration procedures began with a fit to
the delay offsets among the distant antennas using the AIPS task
‘FRING'. Only recently a fringe fitting procedure became available
in CASA, a PYTHON-based global fringe fitter (task ‘fringefit’,
van Bemmel et al. 2019) developed specifically for long-baseline
interferometers. The e-MERLIN CASA pipeline implements a sim-
plified antenna-based delay correction. Moreover, since e-MERLIN
utilizes a single central clock, unlike VLBI arrays, no additional rate
correction is essentially required.

(iv) Each spectral window was used for amplitude and phase
calibration, apart from their edge channels which are noisier. In
Paper I, we used the central 80 per cent of channels as recommended
by the e-MERLIN cookbook, but the CASA pipeline uses the inner
90 per cent.

(v) The data published in Paper I underwent several rounds of
phase-only self-calibration on the phase calibrators plus a final
round of self-calibration in phase and amplitude. The e-MERLIN
CASA pipeline performs a self-calibration on the calibrators, but it
defaults to a point source model assumption rather than iteratively
creating maps as in AIPS. In the classical assumption of a phase
calibrator structure being dominated by a compact point source, the
two routines are essentially the same.

(vi) In the imaging technique, the AIPS task ‘imagr’ uses
the Hogbom clean method (Hogbom 1974), which amounts to a
brute force deconvolution by subtracting the brightest points in the
map until it reaches a simply noisy map. Instead the deconvolution
used by ‘tclean’ with ‘mtmfs’ mode offers multifrequency
synthesis of the wide-band data. AIPS task ‘imagr’ also offers
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Table 2. Properties of the detected and core-identified sources.
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Table 4. Radio contour levels.

LeMMINGs — I1. Second data release 4757

Name Full resolution Low resolution

Beam PA Levels ki Beam PA Levels
NGC 1161 0.18 x 0.12 55.8 0.20 x (—1,1,2,4,8,13) 500 0.34 x 0.18 —39.9 0.50 x (—1,1,2,4,5.5)
NGC 1167 0.20 x 0.20 0 15 x (-1, 1, 2.5, 5, 10, 20, 30) 500 0.40 x 0.40 0 8 x (—1,1,2,5, 10, 20, 40, 70)
NGC 1186 0.18 x 0.12 52.3 0.15 x (=1, 1,2) 750 0.35 x 0.19 —43.4 0.15 x (-1, 1,2,3)
NGC 1275 1.00 x 0.33 —41.6 600 x (—1,1,2,4,8,16) 750 1.20 x 0.39 —41.0 1000 x (—1,1,2,4,8)
1C 342 0.33 x 0.20 —-57.3 0.6 x (—1,1,14,2) 500 0.43 x 0.35 —29.5 0.5 x (—1,1,1.3,2,3)

Note. Column description: (1) source name; (2) FWHM of the elliptical Gaussian restoring beam in arcsec? of the full-resolution maps (Fig. 2); (3) PA of the
restoring beam (degree) of the full-resolution maps; (4) radio contour levels (mJy beam™") of the full-resolution maps; (5) uvtaper scale parameter in kA of the
low-resolution radio maps (the full sets of figures is in the online supplementary data); (6) FWHM of the elliptical Gaussian restoring beam in arcsec? of the
low-resolution maps; (7) PA of the restoring beam (degree) of the low-resolution maps; (8) radio contour levels (mJy beam™") of the low-resolution maps. The
* tag identifies the secondary radio source detected in the field of the main target. The full table is available online.
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Figure 3. The effective rms noise distribution of the data (103 targets)
presented in Paper I calibrated and imaged with AIPS (solid black line) and the
data presented here (177 targets) calibrated and imaged with CASA (dashed
red line). The result of a KS test is that the two distributions are not drawn
from different parent populations at a confidence level greater than 95. Four
targets with effective rms higher than 300 (Jy beam~! are from images that
are dynamic range limited and not plotted.

terms of flux densities and detected emission regions, with minor
differences which are still within the absolute flux calibration error
of <20 percent.

4 RESULTS

4.1 Radio maps and source parameters

As one of the key goals of the LeMMINGs Survey is to study of the
1.5-GHz emission ascribed to the central SMBH, we examine the
innermost region of the galaxy in the full-resolution and uv-tapered
images near the optical/infrared identification of the supposed nu-
cleus. Practically, we search for significant radio emission, i.e. we
detect a source component if its flux density is above 3¢ of the local
noise in analogy to Paper 1.8 In the cases of diffuse low-level emission
and no detection, we extract a 3o upper-limit to the core flux density
at full resolution. Moreover, note that the larger beams of the uv-
tapered maps could cause the appearance of additional components
not present at full resolution due to increased signal-to-noise ratio.

8We are aware that 3¢ limit might include spurious detections for particularly
weak sources.
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Figure 4. Radio maps (with natural weighting) of NGC 5194 for a com-
parison between the calibration and imaging performed with AIPS (left-hand
panels, taken from Paper I) and with CASA (right-hand panels). The upper
panels are at full resolution, the medium panels at 750 kA (the boxes represent
the regions depicted in the upper panels at full resolution) and the lower ones
at 500 kA with matched restoring beams. The rms noise of the CASA maps
are 68 Wy beam™!, while those of the AIPS maps are 78 pJy beam™'. The
contour levels are 3 x rms x N, where N=[—1, 1,2,4],[—1, 1, 2, 3, 6], and
[—1,1,2,2.5,3.3,5, 8], respectively, for the three sets of panels from the top
to the bottom.

The median rms noise of the final naturally weighted full-
resolution images is 84 uJy beam~!, with a median ratio between
the peak flux density and the rms noise of five. We detected radio
emission for 78 out of the 177 targets with flux densities =0.25
mly. For such sources, we also derive the flux densities of their

MNRAS 500, 4749-4767 (2021)
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4758 R. D. Baldi et al.

counterparts in the uv-tapered maps. The source parameters (e.g.
peak/integrated flux, deconvolved major/minor axes, position) for
the detected sources are listed in Tables 2 and 3. The contour levels
and the restoring beam parameters are listed in Table 4. For the
remaining 99 objects, no significant radio emission (>3 x rms level)
was detected in the imaged fields, neither at full nor at low resolution.

The morphology of the detected radio structures is varied,
ranging from pc-scale unresolved cores to jetted to extended and
complex shapes. The lower resolution images generally reveal a
more extended morphology than the full-resolution images. The
radio structures vary in size from 150 mas at the smallest scale for
unresolved sources to up to 17 arcsec for sources like NGC 5548
(~6 kpc). With a mean size for the radio st