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ABSTRACT

We studied the properties and the origin of the radio emission in the most luminous, early-type galaxies (ETGs) in the nearby
Universe (MK ≤ −25, recession velocity ≤7500 km s−1), as seen by the 150 MHz Low-Frequency ARray (LOFAR) observations.
LOFAR images are available for 188 of these giant ETGs (gETGs), and 146 (78%) of them are detected above a typical luminosity
of ∼1021 W Hz−1. They show a large spread in power, reaching up to ∼1026 W Hz−1. We confirm a positive link between the stellar
luminosity of gETGs and their median radio power, the detection rate, and the fraction of extended sources. About two-thirds (91) of
the detected gETGs are unresolved, with sizes .4 kpc, confirming the prevalence of compact radio sources in local sources. Forty-six
gETGs show extended emission on scales ranging from 4 to 340 kpc, at least 80% of which have a FR I class morphology. Based on
the morphology and spectral index of the extended sources, ∼30% of them might be remnant or restarted sources, but further studies
are needed to confirm this. Optical spectroscopy (available for 44 gETGs) indicates that for seven gETGs the nuclear gas is ionized
by young stars suggesting a contribution to their radio emission from star forming regions. Their radio luminosities correspond to a
star formation rate (SFR) in the range 0.1−8 M� yr−1 and a median specific SFR of 0.8× 10−12 yr−1. The gas flowing toward the center
of gETGs can accrete onto the supermassive black hole but also stall at larger radii and form new stars, an indication that feedback
does not completely quench star formation. The most luminous gETGs (25 galaxies with MK < −25.8) are all detected at 150 MHz;
however, they are not all currently turned on: at least four of them are remnant sources and at least one is likely powered by star
formation.

Key words. galaxies: active – galaxies: elliptical and lenticular, cD – galaxies: jets

1. Introduction

Feedback from active galactic nuclei (AGNs) is an important
ingredient in the evolution of galaxies. For example, the trans-
fer of energy and matter from relativistic jets to the external
medium, the so-called radio mode feedback (e.g., Fabian 2012),
is thought to be able to quench star formation and produce the
exponential cut-off at the bright end of the galaxy luminosity
function (Croton et al. 2006). Exploring the properties and the
origin of the radio emission in the most massive galaxies is an
essential step to understanding how this process operates. In par-
ticular, it is necessary to separate sources in which the radio
emission is produced by an AGN from those powered by star
formation in order to study their morphology and to explore their
duty-cycle.

The study of the radio emission in early-type galaxies
(ETGs) has been the subject of many studies in the past
(e.g., Ekers & Ekers 1973; Colla et al. 1975; Fanti et al. 1978;
Sadler et al. 1989; Wrobel 1991; Wrobel & Heeschen 1991).

The general conclusions have been the large fraction of ETGs
associated with radio sources, the positive dependence of radio
power with the luminosity of the host, and the large spread of
radio luminosity at a given host mass.

A significant issue for these studies is the ability to sepa-
rate radio emission produced by AGN and star forming regions,
a process that becomes dominant at low power (Condon et al.
2002). This is best obtained from the optical spectra of these
sources and the large area surveys obtained in the last decades
provided us with required information on both the radio and the
optical.

Best et al. (2005a) studied a sample of 2215 radio-loud AGN
with 0.03 < z < 0.3 obtained by combining data from the
Faint Images of the Radio Sky at Twenty centimeters survey
(FIRST, Becker et al. 1995; Helfand et al. 2015), the National
Radio Astronomy Observatory Very Large Array Sky Survey
(NVSS, Condon et al. 1998), and spectra of galaxies included
in the main galaxy spectroscopic sample of the Sloan Digi-
tal Survey (SDSS, York et al. 2000). They confirmed the link
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between radio source prevalence and host luminosity derived
from previous studies: the integral radio luminosity function is
well described with a broken power law whose normalization
grows with the stellar mass as M2.5

∗ and the AGN fraction is as
high as 30% in the most massive galaxies.

Mauch & Sadler (2007) identified 7824 radio sources in the
NVSS in the six-degree Field Galaxy Survey (Jones et al. 2004)
associated with galaxies brighter than K = 12.75 mag, spanning
the 0.003 < z < 0.3 range. They separated radio sources powered
by star formation and AGNs and found that radio-loud AGNs are
preferentially hosted by the most massive galaxies.

Shabala et al. (2008) found, by combining SDSS, FIRST,
and NVSS data, that the length of the active phase has a strong
dependence on the host mass. The active phase length is con-
nected with the gas cooling rate, suggesting the quiescent phase
is due to fuel depletion.

The analysis of a heterogeneous set of radio measurements
of an optically selected sample led Brown et al. (2011) to the
conclusion that all ETGs with an absolute magnitude MK <
−25.5 have radio flux densities greater than zero. The analysis
of the Low-Frequency ARray (LOFAR) DR1 images of galax-
ies included in the main galaxy spectroscopic sample of the
Sloan Digital Survey (SDSS) led Sabater et al. (2019) to the
conclusion that all galaxies with a mass M > 1011 M� dis-
play radio-AGN activity with a power >1021 W Hz−1, that is,
they are always switched on. A similar result was found by
Grossová et al. (2022) from their study of 42 nearby and X-ray-
bright, early-type galaxies, all of them being detected at radio
frequencies.

In order to explore the radio emission in the most mas-
sive ETGs as seen by the LOFAR surveys in greater detail, we
selected a complete volume-limited sample (recession velocity
v < 7500 km s−1) of bright galaxies based on infrared surveys,
which were less subjected to internal and Galactic absorption.
The resulting sample is sufficiently large to obtain robust statis-
tical results, and, thanks to the depth of the LOFAR data, it is
possible to reach unprecedented low levels of radio luminosity.
With respect to previous studies, we also investigated the radio
morphology, an important clue for the nature of RGs, which,
thanks to the proximity of these sources can be studied in detail
(the scale of the most distant sources is ∼1 kpc per arcsecond).
In addition, we probed the radio spectra by comparing the data at
150 MHz with those of the publicly available surveys at 1.4 GHz.

The paper is organized as follows. In Sect. 2, we describe
the sample of the selected sources and the available radio obser-
vations with LOFAR and from surveys at 1.4 GHz. In Sect. 3,
we present the main results, including a description of the radio
morphology and spectral shape of the sources of the sample. The
information available from optical spectroscopy is described in
Sect. 4. In Sect. 5, we discuss the results, which we then sum-
marize in Sect. 6 and draw our conclusions.

2. Sample selection and the LOFAR observations

The LOFAR Two-metre Sky Survey (LoTSS, Shimwell et al.
2017) will cover the whole northern sky with 3168 pointings
of at least eight hours of dwell time each in the frequency range
between 120 and 168 MHz. The LoTSS first data release (DR1;
Shimwell et al. 2019) presented the results obtained from obser-
vations of 424 square degrees in the HETDEX Spring Field.
The final release images were obtained by combining the images
from individual pointings of the survey, producing mosaics cov-
ering the region of interest at a 6′′ resolution and with a median
noise of 71 µJy beam−1. The flux density scale was adjusted to

ensure consistency with previous surveys (see Hardcastle et al.
2016 for further details). The second LoTSS data release (DR2)
will consist of two contiguous fields at high Galactic latitude
centered around 0 h and 13 h and covering approximatively 5700
square degrees (Shimwell et al., in prep.). The DR2 provides
fully calibrated mosaics at a resolution of ∼6′′, catalogs, and
pipeline products. With respect to the DR1, the DR2 products
were obtained with an upgraded pipeline (Tasse et al. 2021).
LOFAR images can also be obtained from individual LoTSS
pointings, outside the DR2 area.

We selected the galaxies included in the 2MASS Redshift
Survey (Huchra et al. 2012) requiring a declination Dec> 0◦,
a Hubble type T ≤ −1, a total absolute magnitude MK ≤

−25, and a recession velocity (corrected for the effects of the
Virgo Cluster, the Great Attractor, and the Shapley Superclus-
ter, Mould et al. 2000) v ≤ 7500 km s−1, corresponding to a dis-
tance of .100 Mpc. As of 31 May 2021, LOFAR observations
are available for 188 out of 489 selected galaxies, 111 covered by
the DR2 and 77 obtained from individual LoTSS survey point-
ings (we refer to these as “S” images).

We estimated the rms of each image in various regions, usu-
ally centered 45′ away from the source of interest. For the galax-
ies falling into the DR2 the median rms is 90 µJy beam−1, while
this is 200 µJy beam−1 for the “S” images. The higher noise of
the “S” images is due to the fact that they are single pointings
and they do not benefit from the combination of adjacent point-
ings in the mosaicking process.

The flux density of the sources included in the DR2 is avail-
able from the internally released catalog, while for the sources
included in the “S” group we measured their flux density from
the LOFAR images after correction for the preliminary scaling
factor. The flux density errors are dominated by the uncertain-
ties in the absolute calibration and are typically ∼10%. Several
galaxies in the DR2 area have large scale and complex radio
structures, not always fully included in the catalog measurement.
For these objects, we measured the flux densities on the sky area
including the whole source emission within the 3σ contour. We
obtained a detection at >5σ significance for 146 (78%) of the
sources of the sample.

The measurements at 1.4 GHz were obtained from the Faint
Images of the Radio Sky at Twenty centimeters survey (FIRST,
Becker et al. 1995; Helfand et al. 2015) and the National Radio
Astronomy Observatory Very Large Array Sky Survey (NVSS,
Condon et al. 1998). Eighty-six galaxies are included in the
FIRST area and 40 of them are detected by this survey hav-
ing adopted a search radius of 3′′. For the undetected sources,
we estimated upper limits at five times the local noise, typically
∼0.14 mJy beam−1. For the 102 galaxies outside the FIRST area,
we collected the NVSS measurements with a search radius of
5′′; 37 of these sources have an NVSS detection, while for the
remaining 65 we generally adopted a limit of 2 mJy. For the
extended galaxies, we measured the FIRST flux densities on
the same region used for the LOFAR images. In some cases,
the LOFAR radio structures have large angular sizes (exceed-
ing ∼1′) and their counterparts at higher frequencies might be
resolved out in the FIRST images, due to the poor coverage of
the shortest baselines. For these objects, we obtained their flux
densities integrating the NVSS images. We followed the same
method to estimate the flux density upper limits in the few cases
of extended sources not detected by the NVSS.

The list of giant early-type galaxies (gETGs) covered by
LOFAR images is presented in Table A.1, where we list their
main properties; that is, name, coordinates, recession velocity,
absolute K-band magnitude, a code that indicates the origin of

A93, page 2 of 22



A. Capetti et al.: The LOFAR view of giant, early-type galaxies: Radio emission from active nuclei and star formation

Fig. 1. Distributions of absolute K-band magnitude (left) and recession velocity (right) of the 188 sources of the sample.

the image (“DR2” = within the DR2 area, “S” = individual sur-
vey’s pointing), the local rms of the LOFAR image, the flux
density at 150 MHz, and the size of the central component of
the 150 MHz source. For the extended sources, we also give the
largest angular size at the 3σ level and a morphological descrip-
tion, the luminosity at 150 MHz, the 1.4 GHz flux density (from
either FIRST or NVSS), and the spectral index between these
frequencies1.

3. Results

The distributions in redshift and absolute K-band magnitude (see
Fig. 1) show the expected peaks close to the thresholds of the
sample selection. The median recession velocity is 6200 km s−1,
and the host galaxies have a median magnitude of MK = −25.3
and cover a range of a factor of ∼5 in near-infrared luminos-
ity. Using the relation between the dynamical mass and K-band
absolute magnitude, log M∗ = 10.58−0.44× (MKs + 23) (derived
by Cappellari 2013 from a sample of ETGs with −21.5 < MK <
−26), and the corresponding stellar masses of our sample are in
the 2.9 × 1011−1.5 × 1012 M� range (median ∼4 × 1011 M�).

The distribution of luminosity at 150 MHz for the sources
of the sample (Fig. 2) shows a large spread in power, from
.1021 W Hz−1 to ∼1026 W Hz−1. Forty-two sources of the sam-
ple are not detected by the LOFAR observations at a 5σ flux
density limit ranging from 0.4 to 7.4 mJy, with a median value of
1.0 mJy. The corresponding limits to the radio luminosity range
from 1.6 × 1020 to 4.8 × 1021 W Hz−1, with a median value of
1.1 × 1021 W Hz−1.

3.1. Radio morphologies of gETGs

We defined the 46 sources in which the 3σ radio contour extends
to a radius of at least 15′′, about twice the beam FWHM, as
extended objects. The extended sources cover a large range of
luminosities (1021 . L150 . 1026 W Hz−1) and represent the
majority (82%) of the objects with L150 > 1023 W Hz−1 (see
Fig. 2).

Three examples of their radio images are presented in
Fig. 3 and all are collected in Fig. B.1. The sizes of their
radio structures (measured as the largest distance at which the
radio emission is detected above the 3σ limit) range from
∼4 to ∼340 kpc. A clear positive trend between radio power

1 Spectral indices α are defined as Fν ∝ ν
−α.

Fig. 2. Distribution of 150 MHz luminosity of the gETGs sample. The
blue histogram represents the contribution of the 46 extended sources,
the dominant population at high luminosities, while the red dotted his-
togram corresponds to the upper limits of the undetected sources.

and size is present (see Fig. 4), with a behavior consistent
with that found for other samples of radio-galaxies (such as
the B2 and 3C, e.g., de Ruiter et al. 1990 and more recent
samples, e.g., Hardcastle et al. 2019). Most of these extended
radio sources (34, ∼76%) have a morphology clearly indicat-
ing the presence of jets, usually with an edge-darkened mor-
phology typical of Fanaroff & Riley (1974) FR I class (well
defined in 30 cases), with only one example of an FR II
(NGC 2892). A few more sources are barely resolved but sug-
gest the presence of a jet structure. Several gETGs show a
complex morphology, in at least two cases (namely, NGC 3842
and UGC 12482) presenting a central edge brightened structure
and large diffuse tails, suggestive of restarted activity. In two
objects (NGC 0687 and NGC 2672) the radio emission, extend-
ing over ∼40′′ (∼15 kpc) and ∼105′′ (∼30 kpc), respectively, is
diffuse and lacks of any well defined radio core. For three gETGs
(namely IC 5180, UGC 10097, and NGC 2789) the inspection of
the low-resolution (∼25′′ × 25′′, rms∼ 250 µJy beam−1) LOFAR
images (see Fig. 5) reveals the presence of low-brightness
lobes not (or barely) visible in the full resolution images. The
radio morphology of the gETGs is indicated in Table A.1. In
Appendix B, we also give a brief description of the most inter-
esting or complex cases.
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Fig. 3. Three examples of LOFAR images at 150 MHz with extended emission superposed to the optical images from Pan-STARRS. Images of all
extended sources are shown in the Appendix B. The lowest contour is drawn at three times the local rms, as reported in Table A.1. The following
contours increase with a common ratio of 2.

Fig. 4. Radio power at 150 MHz versus the largest angular size of the
46 extended sources. A positive trend between radio power and size is
present, with behavior consistent with that found for other samples of
radio galaxies.

For all detected sources in the DR2 area we retrieved from
the internally released catalog the estimate of their major axis
length Rmaj, obtained using Gaussian fitting as described in
Shimwell et al. (2019), while for those observed in single point-
ings we measured this parameter by fitting a 2D Gaussian to the
central portion of the images. These sizes, reported in Table A.1,
refer effectively to the central component of the radio source;
while it can be considered as a robust size estimate for the
compact sources, it should be treated with caution for the more
extended ones.

In Fig. 6, we show the distribution of Rmaj against their flux
density. There is a good correspondence between the sources
classified as extended based on the manual size measure and
those showing Rmaj > 15′′ in the catalog based on the automatic
fitting. There are, however, some exceptions; in particular, there
are nine objects not included in the list of the extended sources
but with a manually measured size &15′′. We mark them with
red circles in Fig. 6 and as P* in Table A.1. Inspection of their
images (see Figs. 7 and B.2) shows that at least two of them
(namely NGC 1508 and NGC 2493) are possibly jetted sources,
while at least another two (namely NGC 0750 and NGC 7722)
are diffuse sources, similar to NGC 0687 but of even lower sur-
face brightness.

However, most of the radio sources associated with the
gETGs are compact. Out of the 146 detected objects, more than
60% of the sources has a major axis .10′′, corresponding to a
size of .4 kpc.

3.2. Spectral properties of gETGs

In Fig. 8, we compare the LOFAR luminosity with the spectral
index between 150 MHz and 1.4 GHz. As already mentioned,
the measurements at 1.4 GHz were obtained when available, and
reliable, from the FIRST otherwise from the NVSS. All sources
detected at 1.4 GHz are also detected in the LOFAR images.

The point-like objects show a large spread in their spectral
slopes, −0.4 < α1400

150 < 1.2, but the range could be even larger
considering the large fraction of lower limits. Only one compact
source detected at both frequencies, NGC 4555, has a spectral
index of >1 (α1400

150 = 1.24).
Most extended sources have α1400

150 in the 0.5−1 range, which
is typical of sources with active jets, but there are a few
notable exceptions. Seven of them show a very steep spectral
slope (α1400

150 > 1.2, namely NGC 0080, NGC 0507, NGC 0687,
NGC 0910, NGC 2672, NGC 2832, and NGC 3842), only three
of them being detected (NGC 0507, NGC 2672, and NGC 3842)
by the surveys at 1.4 GHz. NGC 507 is already reported to be a
remnant source by Murgia et al. (2011). All of them are charac-
terized by rather weak cores, surrounded large-scale emission,
often showing a diffuse structure. On the opposite extreme, there
is NGC 3894 showing an inverted spectrum, α1400

150 = −0.18: this
source has two symmetric faint jets and one bright core, which
dominates the flux density of the source and drives its integrated
spectral shape in this frequency range.

3.3. Radio and near-infrared host luminosity

In Fig. 9, we compare the near infrared and radio luminosity
of the gETGs. By splitting the sample into three bins, 0.5 mag
wide (that is, separated by a factor of ∼1.6 in luminosity), we
find that the median radio luminosity increases by a factor of
∼3 in each subsequent bin of host luminosity with a depen-
dence of L150 ∼ L2.4

K , in good agreement with previous estimates
(Best et al. 2005b). Nonetheless, the spread in L150 within each
bin is extremely large, reaching six orders of magnitude for the
galaxies of intermediate values of LK . The fraction of detected
sources also increases with LK : all gETGs with MK < −26.0
(and actually down to MK = −25.8) are detected in the LOFAR
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Fig. 5. Low-resolution images of the three extended sources showing large-scale low-brightness structures, not (or barely) visible in the full-
resolution images. From left to right: NGC 2789, UGC 10097, and IC 5180.

Fig. 6. Major axis length of the central component, obtained through
Gaussian fitting, versus flux density. The extended sources are marked
as empty blue squares, the black dots are those with a full width at half
maximum (FWHM) <15′′. The empty red circles are the low-brightness
objects, that is, ones whose 3σ level contours do not reach a radius of
15′′ but whose FWHM exceeds 15′′.

images, only five (that is, ∼9%) are undetected in the bin −25.5 <
MK < −26.0, while the fraction of undetected sources increases
to ∼35% for the least luminous galaxies. Similarly, the fraction
of gETGs with extended radio structures decreases with decreas-
ing infrared luminosity from ∼45% to ∼34%, and, finally, to
∼18% for the same three bins as above. The connection between
L150 and LK is present also considering the extended and point-
like (or undetected) sources separately.

3.4. The fractional radio luminosity function

Figure 10 reports the fraction of gETGs in which we detected a
radio source with a power larger than a given threshold. This
function is fully determined for log L150 > 21.6 (where f =
55%), the luminosity where we encounter the first upper limit.
Below this value, the presence of undetected sources produces
two branches, representing the lower and upper envelope of the
true distribution. For values log L150 > 21.15, however, they dif-
fer by less than 5% (71% and 76%, respectively).

This analysis can be extended to even lower radio lumi-
nosities by taking advantage of the stacking technique (e.g.,
White et al. 2007). By performing a median filtering of the
images of the 42 undetected sources, we obtain a source with
a flux of 0.55 mJy at a 8σ significance. By stacking in the

luminosities domain we estimate a median power of 5.1 ×
1020 W Hz−1 corresponding to the 89th percentile for the whole
sample2. The small offset between the upper envelope of the
luminosity distribution from the results of the stacking is rather
small (∼5%), indicating that at least half of the undetected
sources have luminosities very close to the detection threshold.

The dependence of the radio luminosity on the host mass
can be clearly seen by splitting the sample into two bins of mag-
nitude, considering separately the galaxies more luminous than
MK < −25.8 (see Fig. 11). The shape of the luminosity functions
for the two groups (whose median magnitudes are MK < −25.97
and MK < −25.25, respectively) are quite similar, but with an
offset of a factor 20 in radio luminosity or, looking from an
orthogonal perspective, the more massive hosts are ∼3 times
more likely to have a radio luminosity above a given threshold.

4. Optical spectroscopic properties of gETGs

The spectroscopic diagnostic diagrams are commonly used to
constrain the gas ionization mechanism (e.g., Heckman 1980;
Baldwin et al. 1981; Veilleux & Osterbrock 1987; Kewley et al.
2006) by measuring ratios of selected emission lines. From the
main sample of galaxies with spectra available from the SDSS,
Data Release 7 (DR7), we used the MPA-JHU DR7 release of
spectral measurements3, to obtain fluxes of the diagnostic optical
emission lines. SDSS spectra are available for 44 of the gETGs
of our sample. However, only in a minority of these spectra it
is possible to measure a sufficient number of emission lines,
adopting a conservative threshold of a 5σ detection, to locate
the gETGs in the diagnostic diagrams (see Fig. 12). In Table 1,
we list the key diagnostic line ratios and the Hα luminosity, in
units of solar luminosity.

Eleven gETGs fall, in the [O III]/Hβ versus [N II]/Hα dia-
gram, into the AGN region, while seven of them are located
into the region of “composite galaxies”. None of the gETGs are
located in the Seyfert region. For three sources, the limits on
the line ratios do not allow us to derive a secure classification.
The study presented by Brinchmann et al. (2004) indicates that
in 70% of the composite galaxies the AGN contribution accounts
for less than 20% of the Hα luminosity, a fraction that rarely
exceeds 50%. We consider these seven gETGs as star forming

2 The median luminosity refers to the subsample of 42 upper limits,
that is, to the 21st most luminous source among them, to be compared
to the full sample size of 188 objects.
3 Available at http://www.mpa-garching.mpg.de/SDSS/DR7/
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Fig. 7. Three examples of LOFAR images at 150 MHz of galaxies not classified as extended sources (that is, whose 3σ level contours do not reach
a radius of 15′′ but whose FWHM, measured by fitting a 2D Gaussian to the central portion of the images, exceeds 15′′. The radio contours are
superposed to the optical images from Pan-STARRS.

Fig. 8. Radio spectral index between 150 MHz and 1.4 GHz defined as
Fν ∝ ν−α versus source luminosity at 150 MHz. The green circles are
the lower limits derived for the five extended sources not detected at
1.4 GHz. The remaining extended sources in the LOFAR images are
marked with blue squares, while the black dots are the unresolved ones.
The smaller red dots represent lower limits due to the lack of a detection
at 1.4 GHz.

(SF) candidates for which the radio emission may be associ-
ated with star-formation. The dominance of star formation to
the gas ionization is confirmed based on their [S II]/Hα ratios,
while [O I]/Hα ratio can be measured only in one source. These
galaxies span the luminosity range −25.0 < MK < −25.8 with a
median value of MK = −25.4, similar to the median value of the
whole gETGs sample.

Alternative explanations for the origin of ionized gas in
massive galaxies, often located at the center of groups or
cluster of galaxies, have been proposed and include weak
shocks (e.g., Sparks et al. 1989), ionization due to cooling of
the hot intra-cluster medium (Voit et al. 1994), thermal con-
duction (McDonald et al. 2010), and reconnection diffusion
(Fabian et al. 2011). The location in the diagnostic diagrams of
the ionized gas filaments measured by McDonald et al. (2012) is
reported as the dashed purple regions in Fig. 12, and it is gener-
ally inconsistent with the line ratios measured in the SF candi-
dates, further supporting our conclusion that the gas ionization
in these sources is due to young stars.

The seven SF candidates are all detected by LOFAR.
They display different radio morphologies: two (NGC 2918
and NGC 3837) are compact sources, with measured sizes
of 8.0′′ and 10.6′′, respectively (deconvolved sizes ∼3 kpc),

Fig. 9. Comparison between absolute K-band magnitude and the lumi-
nosity at 150 MHz. The gETGs show a positive link between the stellar
luminosity and median radio power but with a very large spread. The
blue squares are the extended sources, the black circles the unresolved
ones, and the small gray dots are the undetected objects. The dashed his-
togram represents the median radio luminosity in three bins of absolute
magnitude.

three (NGC 3805, NGC 3919, and NGC 5525) are diffuse, low-
brightness sources with sizes between 6 and 10 kpc (see Fig. 7),
while UGC 07115 is an extended (∼300 kpc) edge-darkened
source. The last SF candidate, NGC 2789, is a compact radio
source (∼6 kpc) associated with a pair of large-scale (∼800 kpc),
low-brightness diffuse lobes, detached from the central compo-
nent (see Fig. 5). From the point of view of the radio spectra,
four SF candidates are detected at 1.4 GHz, with α1400

150 ranging
from 0.22 to 0.88, consistent with the low-frequency radio slope
of star forming galaxies (α = 0.59, Klein et al. 2018), while the
lower limits for those undetected at 1.4 GHz are in the 0.03−0.51
range.

By adopting the relation from Gürkan et al. (2018), the radio
luminosities at 150 MHz of the star forming candidates can
be translated into a star formation rate (SFR). By excluding
UGC 07115, whose radio emission is dominated by a large-scale
structure powered by jets, we obtain a range between 0.1 and
0.5 M� yr−1, with the exception of NGC 2789, for which this esti-
mate is ∼8 M� yr−1. These values compare favorably with those
derived by Brinchmann et al. (2004) based on the analysis of their
SDSS spectra, with an SFR in the 0.05−4 M� yr−1 range.

The origin of the radio emission of the gETGs with a LINER
spectrum (or unclassified) on the left side of Fig. 13 is uncertain,
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Fig. 10. Fraction of galaxies that host a radio source above a given lumi-
nosity limit. The blue curve corresponds to the detected sources, the red
curve includes the upper limits and represents the upper envelope of the
distribution. The black dot represents the result of the stacking of the 42
undetected galaxies. The black dashed line is a power law with a slope
of 0.34. The green dashed line is instead the fit obtained by Best et al.
(2005b). The inset shows a zoomed-in look at the lowest luminosities.

Fig. 11. Same as Fig. 10, but splitting the sample into two bins of host
luminosity. The black represents the most massive gETGs (K < −25.8),
the blue curve corresponds to the less massive gETGs detected with
LOFAR, while the red curve includes the upper limits and represents
the upper envelope of the distribution for the less massive gETGs.

because they can be at least in part powered by a low-luminosity
AGN. Consequently, we can only derive upper limits to their star
formation rates, .0.2−1.2 M� yr−1. For the gETGs not detected
by LOFAR, the SFR limits are in the .0.1−0.3 M� yr−1 range.

These results suggest that star formation might be the domi-
nant mechanism for the radio emission in a significant fraction (6
out 44; that is,∼14%) of gETGs. This conclusion is also supported
by the diffuse radio morphology observed in three of them.

A different approach to separate radio sources powered by
star formation and by an AGN is based on the ratio between Hα
and radio luminosity, see Fig. 13. The dividing line is based on
the empirical relation derived by Best & Heckman (2012), repre-
senting a rather conservative boundary to recognize radio AGNs.
We scaled this relation to 150 MHz luminosities by adopting the
mean slope of the low-frequency spectrum of star forming galax-
ies (α = 0.59, Klein et al. 2018). Nine gETGs, not detected by
LOFAR and in the Hα line, cannot be located in this diagram.
UGC 07115, the SF candidate with the large-scale radio struc-
ture, is located to the right of the boundary between SF- and
AGN-powered sources (by considering only its core emission,

log L150 = 22.85, this galaxy falls on the boundary between SF
and AGN). The remaining six SF candidates are in the region
populated by star forming galaxies, providing further support
to the conclusion that their line emission is associated with the
presence of young stars. It must also be noted that the measure-
ments of the Hα luminosity refer only to the region covered by
the SDSS fiber (3′′ of diameter, ∼1.5 kpc) and are likely to under-
estimate the total line luminosity of the galaxy.

The presence of sources with a LINER spectrum falling
into the region of star forming galaxies in this diagram
is, at first sight, puzzling. However, Capetti & Baldi (2011)
and Cid Fernandes et al. (2011) have shown that, following
earlier analysis (e.g., Trinchieri & di Serego Alighieri 1991;
Binette et al. 1994), the LINERs region in the diagnostic dia-
gram is actually mainly populated by objects in which the ioniz-
ing radiation is produced by old stars, such as post-asymptotic
giant branch stars and white dwarves. Capetti & Baldi (2011)
noted that in massive quiescent ETGs, the [O III] line EW is
strongly clustered around 0.75 Å, while genuine AGNs are asso-
ciated with larger EW values. The six gETGs located on the left
side of the dividing line in Fig. 13 have EW values between 0.5
and 1.0 Å. They are consistent with their being sources in which
the ionizing field is dominated by their old stellar population
rather than by young stars.

We conclude that at very low levels of luminosity, the com-
parison between radio and line emission does not provide a
robust tool to understand the origin of radio emission due to
the possible contribution to the line emission from different pro-
cesses, which is not related to star formation and active nuclei.

5. Discussion

5.1. The radio morphology of gETGs

The morphology of radio sources powered by an AGN is deter-
mined by the interplay of its age, environment, and jet properties.
The analysis presented provides us with an unbiased census of
the radio morphology of the most massive early-type galaxies
in the local Universe, exploring a complete sample selected only
on the basis of their stellar luminosity and regardless of the radio
properties.

The size distribution of the radio sources associated with
the gETGs shows that 91 (62% of the detected sources) are
compact (with a size limit of ∼4 kpc), nine are “diffuse”, and
46 are extended; within the latter class, 17 (12%) have an
L.A.S. between 10 and 30 kpc, eight (5%) extend to 60 kpc,
4 (3%) to 100 kpc, and finally 15 (10%) gETGs have a size
exceeding 100 kpc. In Baldi et al. (2019), we found that in
the Best & Heckman (2012) sample of radio AGNs selected
at 1.4 GHz, 63% are the compact FR 0s, 23% have an L.A.S.
between 10 and 30 kpc, 13% have 30<L.A.S.< 60 kpc, and only
one source reaches 70 kpc. The lack of very extended sources
among those considered by Baldi et al. (2019) is due to the com-
bination of the higher depth of the LOFAR images with respect
to the FIRST ones (particularly important for the extended steep
spectrum structures) and to the fact that structures larger than
∼1′ might be resolved out due to the lack of short baselines in
the uv coverage of the FIRST data (Helfand et al. 2015).

The main result is that the majority of the radio sources asso-
ciated with gETGs have a size smaller than ∼4 kpc. As already
discussed by Baldi et al. (2018, 2019), the large fraction of com-
pact radio sources rules out the possibility that these are all
young sources that will evolve into more extended radio galax-
ies. In fact, by assuming a constant expansion speed, the relative
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Fig. 12. Optical spectroscopic diagnostic diagrams for gETGs with available SDSS spectra adopting a conservative threshold of S/N > 5 for
the lines detection. The solid lines are from Kewley et al. (2006) and separate star forming galaxies, LINER, and Seyfert; in the first panel, the
region between the two curves is populated by the composite galaxies. The blue circles (red squares) represent gETGs located within the region
populated by the composite galaxies (LINERs). A black symbol corresponds to a source of uncertain classification. The green contours represent
the iso-densities of all DR7 emission line galaxies. Purple dashed regions mark the location of ionized gas filaments in galaxy clusters as measured
by McDonald et al. (2012).

space densities of radio sources are expected to be proportional
to the range of sizes covered by each class, contrarily to our find-
ings of a large fraction of compact sources. This argument relies
on the assumption that the source luminosity does not undergo a
temporal evolution. It is well known that the luminosity of pow-
erful RGs decreases with time (e.g., Maciel & Alexander 2014).
However, for the low-power RGs the evolution is likely to pro-
duce an increase in their radio luminosity due to the develop-
ment of an extended structure. Thus, the size distribution of the
radio sources in gETGs cannot be ascribed solely to an effect
of age, but, most likely, compact and extended radio sources
differ in their jet properties. Baldi et al. (2019) suggested that
the compact sources are characterized by a lower jet Lorentz
factor, an interpretation supported by proper motion studies
(Cheng et al. 2021), related to a lower spin of the central black
hole.

We now discuss how these sources compare with the com-
pact FR 0s radio galaxies selected by Baldi et al. (2018) and
forming the FR0CAT sample. FR0CAT objects were selected
from the sample of radio AGNs (Best & Heckman 2012) impos-
ing a redshift z < 0.05, a flux density >5 mJy, a limit to their
sizes of 5 kpc, and requiring an optical spectral classification
as low-excitation galaxies (LEGs). The size and optical spec-
tral requirements (at least for those with available spectra) are
met by the point-like gETGs. From the point of view of the
radio spectral shape, the compact radio sources in gETGs show a
range of slopes similar to that observed in FR0CAT
(Capetti et al. 2020).

The contribution of compact sources to the overall popula-
tion of radio galaxies is similar in the two studies (60% and 63%,
respectively); by removing the contamination of sources pow-
ered by star forming regions, the fraction of compact gETGs
is reduced to ∼48%. The resulting slightly lower contribution

of compact fraction in gETGs is probably accounted for, noting
that (1) as shown above, compact sources are more common in
less luminous hosts, and (2) the host luminosity of the FR0CAT
sources is lower than those of the gETG, with only half of them
having MK < −25.

The luminosity of the compact radio sources associated with
the gETGs is generally lower than the range covered by FR 0s
(∼1022−1024 W Hz−1). This is due to the combination of two
effects: the smaller median distance of the gETGs and the lower
flux threshold reached by the LOFAR images. Considering the
increasing fraction of compact radio sources for lower stellar
luminosities, we expect that they represent an even more domi-
nant population in less massive hosts. These results indicate that
the FR 0s population selected from the FIRST images is just the
tip of the iceberg of a much larger population of compact radio
galaxies.

Considering the extended sources, at least 80% of them have
a jetted, and usually FR I-class, morphology. This is expected
based on their radio luminosities, which are below separation
between the two FR classes, ∼2×1026 W Hz−1 (Fanaroff & Riley
1974). Only a minority show a complex radio structure in several
cases suggestive of restarted activity.

5.2. Restarted and remnant sources

The analysis of a complete sample of giant early-type galaxies,
selected only on the basis of their stellar luminosity, can be used
to explore the duty cycle of their nuclear activity. In particular, by
combining spectral and morphological information it is possible
to look for remnant and restarted radio sources (RRSs).

From the point of view of the radio morphology, among
the 46 extended sources, there are eight galaxies (NGC 2789,
NGC 3665, NGC 3842, UGC 10097, IC 5180, NGC7436B,
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Table 1. Optical emission line properties from the SDSS spectra.

Name [O III]/Hβ [N II]/Hα [S II]/Hα [O I]/Hα L150 LHα Class Radio morph.

NGC 2492 >−0.29 – – – 21.39 <4.40 P
IC 2393 – – – – <20.76 <4.78
UGC 04767 – – – – 22.47 <4.71 FRI
NGC 2759 >−0.34 −0.23± 0.10 <−0.04 <−0.33 21.32 5.19 P
NGC 2783 0.19± 0.05 0.23± 0.03 0.04± 0.04 −0.53± 0.07 22.78 5.54 LINER E ?
NGC 2789 −0.31± 0.04 −0.19± 0.01 −0.63± 0.02 −1.38± 0.07 23.01 6.30 SF E ?
UGC 04972 >−0.05 0.11± 0.08 <−0.01 <−0.13 23.77 5.06 LINER FRI
UGC 04974 −0.11± 0.10 – – – <20.71 <4.71
NGC 2918 −0.05± 0.08 −0.19± 0.05 <−0.19 <−0.60 20.96 5.39 SF P
NGC 3158 <0.19 <−0.42 <−0.03 <−0.15 22.58 5.25 FRI
NGC 3615 – – – – 21.57 <4.89 P
NGC 3710 >−0.24 – – – <21.55 <4.53
NGC 3713 <0.29 – – – <21.15 4.69
NGC 3805 −0.27± 0.06 −0.21± 0.03 <−0.48 <−0.72 21.89 5.63 SF P*
NGC 3816 – – – – <21.16 <4.56
NGC 3837 −0.31± 0.07 −0.14± 0.03 <−0.41 <−0.65 21.49 5.56 SF P
NGC 3842 <0.13 – – – 23.99 <4.76 E ?
NGC 3862 −0.19± 0.04 0.16± 0.02 −0.26± 0.04 −0.86± 0.08 25.71 5.61 LINER FRI
NGC 3886 <0.15 – – – <20.94 <4.89
NGC 3919 −0.18± 0.07 −0.09± 0.05 −0.42± 0.09 <−0.50 21.63 5.56 SF P*
NGC 3937 >−0.22 – – – 21.68 <5.05 P
NGC 3971 >−0.04 0.15± 0.06 <0.14 <−0.28 21.26 5.06 LINER P
NGC 4065 0.03± 0.09 – – – 22.43 <4.67 P
UGC 07115 −0.27± 0.05 −0.19± 0.03 −0.38± 0.04 <−0.69 24.46 5.58 SF FRI
UGC 07132 >0.02 −0.16± 0.07 <−0.06 <−0.39 21.74 5.44 P
NGC 4213 −0.02± 0.09 <−0.50 <0.03 <−0.12 21.73 5.11 P
NGC 4229 >0.03 0.20± 0.07 <0.18 <−0.17 20.77 4.98 LINER P
IC 0780 <0.10 <−0.68 <0.10 – 22.69 5.00 FRI
NGC 4555 −0.02± 0.12 – – – 22.59 <4.84 P
NGC 4583 0.20± 0.05 0.11± 0.03 −0.08± 0.05 <−0.55 21.57 5.14 LINER P
NGC 4715 – – – – <20.93 <4.55
NGC 4841A >−0.22 – – – 21.45 <4.79 P
NGC 4886 – – – – 21.87 <4.05 P
NGC 4952 −0.02± 0.12 – – – 20.86 4.99 P
NGC 4957 – – – – <20.80 <4.82
NGC 4978 −0.04± 0.07 – – – 21.44 5.02 P
IC 0885 0.11± 0.10 −0.00± 0.10 <0.06 <−0.21 <21.57 5.11 LINER
NGC 5127 0.26± 0.07 0.19± 0.04 −0.11± 0.06 <−0.39 24.80 4.93 LINER FRI
NGC 5141 0.35± 0.05 0.22± 0.03 −0.19± 0.06 <−0.44 24.53 5.29 LINER FRII
NGC 5322 – – – – 22.62 3.90 FRI
NGC 5513 – – – – <21.19 <4.41
NGC 5525 −0.35± 0.09 −0.10± 0.05 <−0.25 <−0.51 21.36 5.01 SF P*
IC 1153 0.18± 0.06 0.15± 0.04 −0.22± 0.07 <−0.38 21.73 5.24 LINER P
NGC 7722 0.18± 0.07 0.06± 0.03 −0.26± 0.05 <−0.55 21.66 4.92 LINER P*

Notes. Column description: (1) Name, (2)–(5) emission line ratios, (6) radio luminosity at 150 MHz (in W Hz−1), (7) Hα line luminosity in solar
luminosities, (8) spectral classification, and (9) radio morphology.

UGC 12482, and MCG+05-10-007; see Brienza et al. 2021 for
a detailed study of this source) in which a bright, small-scale
structure is accompanied by large-scale diffuse emission. These
gETGs can be considered as possible restarted sources with the
structures observed on different scales (and of different surface
brightnesses) being produced by subsequent phases of activity.
In addition, as discussed in Sect. 3.2, there are seven extended
sources with an overall radio spectral index of α1400

150 > 1.2,
often showing a diffuse radio emission and (with the exception

of NGC 3842 as discussed) lacking a prominent central compo-
nent. These are likely galaxies in which the jets have switched
of,f and the integrated spectrum of the lobes is therefore under-
going strong radiative losses (Pacholczyk 1970). By combining
these two groups, the overall fraction of candidate RRSs reaches
∼7% of all gETGs and ∼28% of those with extended emission.

Remnant and restarted sources has been the subject of sev-
eral studies, spurred in particular by the advent of the deep low
frequency images provided by LOFAR. Brienza et al. (2017) and
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Fig. 13. Comparison of radio and Hα luminosities for the gETGs with
available SDSS spectra. The diagonal line marks the empirical separa-
tion derived by Best & Heckman (2012) between sources in which the
radio emission is dominated by star forming regions (to the left) from
those in which it is powered by an AGN (to the right). The blue circles
correspond to the sources located in the region of star forming galax-
ies in Fig. 12, the red squares are those located in the LINERs region,
the gray ones are those for which no optical spectral classification is
possible, the gray downward pointing triangles are upper limits.

Jurlin et al. (2020, 2021) study the properties of 158 extended
radio sources in the Lockman Hole and by combining several
indicators (e.g., core prominence, low-surface brightness of the
extended emission, and steep spectrum of the central region) find
a fraction between 13% and 15% of candidate restarted radio
galaxies and 7% of remnant radio galaxies. Quici et al. (2021)
explored 104 radio sources in the GAMA 23 field with data cov-
ering the frequency range 0.1−9 GHz; by adopting a morpho-
logical criterion based on the absence of a radio core, they found
ten candidate remnant sources, three of them also have a steep
spectrum and a diffuse radio morphology. Mahatma et al. (2018)
used the core-detection method and found 9% of remnants in
the Herschel-ATLAS field. Morganti et al. (2021) combined the
images at 1.4 GHz produced by Apertif with those from LOFAR
in an area within the Lockman Hole. Based on the spectral index
maps, they found 7% (3/46) of restarted sources and 9% (4/46)
remnants. The precise number of RRSs clearly depends on the
defining criterion and on the sample selection; but, overall, all
these works point to an RRS fraction of ∼10−20%.

The fraction of remnant and restarted sources among the
gETGs with extended radio structure appears to be larger, ∼30%,
although this is somewhat uncertain due to the small number
statistics. The presence, at the low radio luminosity probed in
these very nearby sources of radio emission powered by star for-
mation does not affect this fraction, because none of the SF can-
didates is included in the RRSs list. A more likely possibility
is that gETGs are often found in very dense environments. The
high density of the external medium slows the adiabatic expan-
sion of the radio source, increasing the time over which the rem-
nant emission can be detected (Murgia et al. 2011).

Considering instead the gETGs associated with compact
radio sources, we clearly lack any morphological information,
and the data on their radio spectral index is generally very lim-
ited. Only one of those detected at both frequencies, NGC 4555,
has a steep spectrum (α1400

150 = 1.24), suggesting that the observed
compact emission might be originated by compact jets which
have switched off and are now in the process of fading away. For
many of them, we are only able to set a lower limit to their spec-

tral slope but these limits never require a steep spectrum. Based
on these data, we are unable to draw any conclusion on their duty
cycles, which must await deeper high-frequency radio observa-
tions. We note, however, that no source among the 66 compact
sources in the FR0CAT sample with available LOFAR observa-
tions has a spectral index larger than 1 (Capetti et al. 2020). This
suggests that remnants among the compact sources are rare, pos-
sibly due to a shorter duration of this phase of their life cycle.

5.3. The fractional radio luminosity function of gETGs

The fractional radio luminosity function of gETGs is well
described by a power-law with an index of 0.34 ± 0.02 in the
3× 1021 < L150 < 3× 1024 W Hz−1 range, and it then steepens at
higher luminosities. This behavior is consistent with the results
of Best et al. (2005b) (they found an index of 0.35 ± 0.03) up to
a luminosity of ∼2 × 1023 W Hz−1, while for higher power we
found a substantial excess of sources. Albeit within the limited
statistical significance of our curve at the highest luminosities
(only 10 sources have L150 > 3×1024 W Hz−1), it appears that the
transition to a steeper slope occurs at a power higher by a factor
of ∼10 than that derived by Best et al. (2005b) This is expected
considering the link between host mass and radio power com-
bined with our selection of the more luminous ETGs; that is, our
sample is biased in favor of galaxies with a larger radio power.

We also found sources in which the radio emission is likely
powered by star formation. Leaving aside the UGC 07115, the
SF source with an FR I morphology, five of the SF candidates
have 1021 < L150 < 1022 W Hz−1, and only one has L150 ∼

1023 W Hz−1. Taking into account the fraction of gETGs for
which SDSS spectra are available (44/188, about one quarter of
the whole sample), the contribution of SF to the luminosity func-
tion at low power may be substantial.

5.4. Star formation in gETGs

As described in Sect. 4, we found seven gETGs whose opti-
cal spectral properties suggest that the main source of gas ion-
ization is due to the presence of young stars. In at least three
cases, the diffuse morphology of their radio emission supports
this interpretation. The detection of gas ionized by young stars in
two gETGs characterized by large scale radio emission (namely,
UGC 7115 and NGC 2789) indicates that star formation can co-
exist with an active nucleus.

The mass of the six SF candidates (leaving aside the
extended FR I radio source) are in the 2.9 × 1011−6.6 × 1011 M�
range. The corresponding values for the sSFR are 0.2−10 ×
10−12 yr−1 with a median value of 0.8 × 10−12 yr−1. The median
values of the upper limits to the sSFR for the gETGs located in
the star forming region in Fig. 13 and for the nine galaxies not
detected by LOFAR are .0.6× 10−12 yr−1 and .0.4× 10−12 yr−1,
respectively.

Salvador-Rusiñol et al. (2020) found that star formation
is ubiquitous in massive early-type galaxies with a redshift
of 0.35−0.6, confirming previous claims from Vazdekis et al.
(2016). They selected the above redshift range (corresponding to
a look back time of ∼4−6 Gyr) motivated by the need to include
the key UV absorption index strengths in the optical spectra.
The estimate of the fraction of stars formed in the last 2 Gyr is
∼0.5%, corresponding to a specific star formation rate (sSFR) of
∼2.6× 10−12 yr−1, only slightly higher than measured in the can-
didate SF gETGs at low redshift of our sample. This implies that
star formation is a common process in elliptical galaxies over a
large range of time across their evolution.
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5.5. Comparison with previous studies.

Several studies, already cited in the introduction, indicate
that massive ETGs are all associated with a radio source
(Brown et al. 2011; Sabater et al. 2019; Grossová et al. 2022),
suggesting that their active nuclei are always switched on. Our
results confirm this observational evidence because the 25 galax-
ies in the present sample more luminous than MK = −25.8
are all detected in the LOFAR images. However, the additional
information derived from their morphology, spectral indices, and
optical spectra that we used for our analysis indicate that four of
them are remnant sources and at least one is likely powered by
star formation, but this fraction could be higher considering the
limited coverage of the optical spectral data of our sample. The
detection of a radio source does not necessarily imply that the
active nucleus is currently active.

A significant difference with respect to the study in
Grossová et al. (2022) is related to the radio morphology; these
authors found that 67% of their galaxies are associated with
extended radio sources, a higher fraction than obtained in our
sample (24%). This discrepancy is reduced by considering the
different criterion adopted for the definition of extended sources:
in our analysis, we considered extended sources to be those in
which the 3σ radio contour extends to a radius of at least 15′′,
∼6 kpc at the median distance of the sample; (Grossová et al.
2022), thanks to the higher spatial resolution of their radio
images, considered all sources with a size exceeding twice the
beam size as extended, which is typically ∼2′′. To perform an
appropriate comparison, we must include in the list of extended
sources in the Grossová et al. (2022) sample only those of the
“D” (diffuse) and “J/L” (jet/lobe) classes, excluding the com-
pact sources (defined as objects with a size smaller than 5 kpc)
for a total of 16/42 (38%) galaxies.

The residual difference in the fraction of extended sources
might be related to the selection criteria of the sample, because
Grossová et al. (2022) only considered X-ray bright sources.
More specifically, they adopted a threshold of the X-ray luminos-
ity within a radius of <10 kpc (but excluding the nuclear source)
measured by Lakhchaura et al. (2018) in the 0.5−7.0 keV band
of 1040 erg s−1. Dunn et al. (2010) found a positive trend between
the radio and X-ray luminosities; the selection of X-ray-bright
galaxies biases the sample toward higher radio power and, con-
sequently, to a higher fraction of extended sources, consider-
ing the link between radio luminosity and size discussed in
Sect. 3.

6. Summary and conclusions

We explored the radio properties of the most massive early type
galaxies (gETGs) in the local Universe by selecting 489 sources
with an absolute magnitude of MK ≤ −25 and a recession veloc-
ity of v ≤ 7500 km s−1. LOFAR observations at 150 MHz are
available for 188 of them and 146 gETGs are detected above
a median threshold of ∼1 mJy. They span a very large range
in radio power (from ∼1021 to ∼1026 W Hz−1) and sizes (from
unresolved objects, i.e., smaller than ∼4 kpc, to ∼340 kpc). We
confirm the positive link between the median stellar luminosity
of the host and the radio power. A positive connection of LK
with the fraction of extended galaxies is also found. The RLF of
gETGs is in agreement with previous findings, being described
by a power-law over a large range of L150 and with a steepen-
ing for the most luminous sources. We also found that the most
luminous gETGs (25 galaxies with MK < −25.8) are all detected
at 150 MHz, but they are not all currently active: at least four of

them are remnant sources, and at least one is likely powered by
star formation.

However, the luminosity function only describes a statisti-
cal trend; while we found, in line with several previous studies,
a very large spread (∼5 orders of magnitude) of radio luminos-
ity at any given galaxy’s mass. The analysis of the morphology
of sources associated with the gETGs reveals that a connection
between the size of radio source and its luminosity is present,
the less luminous objects being usually associated with com-
pact sources, with size limits of only a few kpc. We argued that
compact and extended radio sources differ in their jet proper-
ties, the compact ones possibly being produced by slower jets.
When compact and extended sources are considered separately,
the spread in radio power is reduced, but it is still quite large.
Other factors, such as accretion rate, environment, and the source
age, must play a role.

Most sources (62%) are unresolved with a limit to their
extension of ∼4 kpc, confirming previous results showing that
compact radio sources represent the dominant population of
radio galaxies at low luminosities. The study of gETGs indi-
cates that the class of FR 0 sources, selected at higher flux den-
sities and higher frequencies, represents just the tip of the ice-
berg of a much larger population of compact sources. The high
relative fraction of compact sources cannot be ascribed to their
youth, but it is more likely related to different jet properties
between extended and compact sources; for example, the latter
class being characterized by a lower jet Lorentz factor.

Within the gETGs, there are 46 extended sources, with sizes
ranging from ∼4 to ∼340 kpc. At least 3/4 of the extended
sources have a morphology clearly indicating that they are pow-
ered by jets, and most of them are edge-darkened FR I sources,
as expected considering their radio luminosity.

Among the extended sources, we found sources whose radio
morphology, a large-scale diffuse emission accompanied to a
bright small-scale structure, suggests that they are restarted
AGNs. In addition, there are galaxies with a steep radio spec-
tral slope (α1400

150 > 1.2), an indication that these are remnant
sources. The fraction of remnant/restarted sources represents
∼30% of those with extended radio emission. This fraction,
although somewhat uncertain due to the small number of statis-
tics, is higher than what was found in other studies. However,
we stress that the criteria used by the various authors to include
an object in the RRS class differ significantly, and we must be
cautious in drawing strong conclusions. It is possible that the
environment plays a major role by slowing the expansion of the
relativistic plasma. In order to explore the nature of the candi-
date RRSs among the gETGs in more detail, dedicated studies at
different radio frequencies are required. In particular, the (gen-
eral) non-detection at 1.4 GHz prevents us from measuring their
spectral index distribution and deriving information concerning
their ages and evolution.

The combination of deep, low-frequency radio observations
and optical spectra enabled us to isolate a subpopulation of
gETGs in which the radio emission is likely powered by star
formation. This is suggested by both the optical emission line
ratios and by their diffuse radio morphology. The sSFR in these
sources is quite low, ∼10−12 yr−1, similarly to the estimates based
on studies of optical absorption lines of elliptical galaxies at
z ∼ 0.35−0.6. The star formation in ETGs detected at higher
redshift is also present in, at least, a subset of the local galaxies
at a comparable level. This implies that the gas flowing toward
the center of these galaxies in part accretes onto the supermas-
sive black hole, powering the AGN, but it can also stall at larger
radii and form new stars. Clearly, such a level of star formation
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does not have a significant impact on the evolution of the host
but it is an indication that AGN feedback does not completely
quench star formation.
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Appendix A: Properties of the sample

Table A.1. Properties of the sample.

Name R.A. DEC. v MK Image rms F150 Morph. Rmaj L.A.S. L150 F1.4 α1400
150

NGC0057 3.8787 17.3284 5339 -25.81 DR2 0.16 10.5 P 12.7 ± 0.8 21.88 — > 0.74
NGC0068 4.5771 30.0718 5647 -25.01 DR2 0.10 2.2 P 10.3 ± 2.1 21.25 — > 0.04
NGC0071 4.5982 30.0632 6588 -25.40 DR2 0.09 53.0 Compl. 14.4 ± 1.0 90 (40) 23.10 a

NGC0076 4.9075 29.9339 7205 -25.07 DR2 0.08 51.1 P 8.1 ± 0.1 22.83 104.0N -0.32
NGC0080 5.2952 22.3572 5592 -25.66 DR2 0.09 101.0 Compl. 9.7 ± 1.3 280 (106) 22.91 <4.6N > 1.38
NGC0083 5.3433 22.4336 6109 -25.49 DR2 0.10 10.9 P 8.3 ± 0.2 22.02 — > 0.76
NGC0128 7.3127 2.8640 4153 -25.41 S 1.41 <7.1 < 21.50 <0.5
NGC0194 9.8268 3.0375 5105 -25.17 S 0.39 <2.0 < 21.12 <0.6
NGC0315 14.4538 30.3524 4844 -26.32 DR2 0.14 5880.0 FRI 74.0 ± 0.1 790 (260) 24.55 1590.0N 0.59
NGC0379 16.8154 32.5204 5464 -25.15 DR2 0.14 11.6 P 7.6 ± 0.3 21.95 — > 0.79
NGC0383 16.8540 32.4126 4996 -25.86 DR2 0.16 19000.0 FRI 120.1 ± 1.9 630 (215) 25.08 4430.0N 0.65
NGC0393 17.1540 39.6443 6000 -25.50 DR2 0.09 6.3 P 7.2 ± 0.1 21.76 — > 0.51
NGC0410 17.7453 33.1520 5187 -26.04 DR2 0.10 48.1 P 11.1 ± 0.1 22.52 5.8N 0.95
NGC0467 19.7922 3.3008 5308 -25.45 S 0.36 <1.8 < 21.11 <0.6
NGC0499 20.7978 33.4601 4312 -25.29 DR2 0.20 7.3 P 11.2 ± 0.9 21.54 — > 0.58
NGC0507 20.9164 33.2561 4831 -25.97 DR2 0.21 1680.0 FRI 52.5 ± 0.1 150 (49) 24.00 98.8N 1.27
NGC0524 21.1988 9.5388 2403 -25.60 S 0.29 13.2 Diff. 15.8 ± 2.3 50 (8) 21.29 3.5N 0.59
NGC0533 21.3808 1.7590 5385 -26.07 S 0.29 106.0 P 11.3 ± 0.2 22.90 20.5 0.73
NGC0529 21.4179 34.7130 4726 -25.11 DR2 0.14 1.1 P 7.3 ± 1.3 20.81 — > -0.25
NGC0679 27.4324 35.7856 4942 -25.18 DR2 0.11 2.8 P 7.6 ± 0.5 21.24 — > 0.15
NGC0687 27.6385 36.3708 4984 -25.10 DR2 0.08 30.9 Diff. 49.9 ± 3.6 40 (13) 22.29 — > 1.23
UGC01308 27.7134 36.2758 5062 -25.13 DR2 0.08 102.0 FRI 6.7 ± 0.1 180 (62) 22.83 20.2N 0.72
UGC01332 28.0755 48.0878 6687 -25.55 S 0.09 8.6 P 10.7 ± 0.1 22.00 — > 0.66
NGC0708 28.1936 36.1518 4754 -25.67 DR2 0.11 662.0 FRI 38.9 ± 0.2 188 (61) 23.58 65.7N 1.03
NGC0712 28.2852 36.8199 5218 -25.02 DR2 0.09 3.5 P 9.1 ± 1.9 21.39 — > 0.25
IC0171 28.7925 35.2819 5240 -25.56 DR2 0.08 1.2 P 8.6 ± 1.3 20.94 — > -0.22
UGC01389 28.8778 47.9550 7026 -25.50 S 0.09 1.9 P 8.7 ± 1.3 21.38 — > -0.02
UGC01418 29.2375 40.3414 5307 -25.10 DR2 0.08 13.8 P 10.3 ± 0.2 22.00 — > 0.86
NGC0750 29.3864 33.2093 5049 -25.80 DR2 0.08 7.6 P* 37.6 ± 5.7 21.70 — > 0.60
NGC0759 29.4597 36.3431 4570 -25.02 DR2 0.09 65.6 P 7.8 ± 0.0 22.55 15.1N 0.66
NGC0777 30.0622 31.4294 4891 -25.92 DR2 0.11 47.3 FRI 9.8 ± 0.1 54 (18) 22.46 7.0N 0.85
NGC0890 35.5042 33.2661 3889 -25.56 DR2 0.08 <0.4 < 20.16 —
UGC01841 35.8041 42.9878 6476 -25.65 DR2 0.46 39000.0 FRI 216.4 ± 0.1 690 (304) 25.62 5960.0N 0.84
NGC0910 36.3616 41.8243 5114 -25.19 DR2 0.10 83.2 Compl. 7.8 ± 0.3 180 (63) 22.75 <5.7N > 1.20
UGC01930 37.1251 51.4464 4877 -25.01 S 0.28 <1.4 < 20.94 —
NGC0940 37.3646 31.6409 5667 -25.27 DR2 0.09 14.4 P 12.4 ± 0.4 22.08 — > 0.88
NGC0978A 38.6957 32.8462 4631 -25.08 DR2 0.09 3.1 P 8.5 ± 0.6 21.23 — > 0.20
NGC1004 39.4242 1.9753 6271 -25.05 S 0.25 1090.0 FRI 15.2 ± 0.1 480 (205) 24.04 200.0N 0.76
NGC1016 39.5815 2.1193 6453 -26.31 S 0.25 29.5 P 10.0 ± 0.2 22.50 3.6 0.94
NGC1044 40.2757 8.7380 6157 -25.12 S 0.31 4330.0 FRI 74.4 ± 0.1 600 (247) 24.62 1300.0N 0.54
NGC1060 40.8127 32.4250 5061 -26.22 DR2 0.13 39.9 FRI 19.1 ± 0.2 45 (15) 22.42 9.2N 0.66
NGC1066 40.9579 32.4749 4242 -25.15 DR2 0.12 <0.6 < 20.46 —
UGC02249 41.8490 45.5316 7174 -25.15 S 0.20 <1.0 < 21.12 —
UGC02309 42.4148 21.2079 6083 -25.08 S 0.27 <1.3 < 21.10 —
NGC1129 43.6141 41.5796 5102 -26.17 S 0.09 10.4 P 7.3 ± 0.1 21.84 — > 0.74
NGC1167 45.4265 35.2056 4835 -25.67 S 0.15 4890.0 P 6.5 ± 0.1 24.47 1840.0N 0.44
NGC1175 46.1348 42.3393 5428 -25.30 S 0.17 0.6 P 4.8 ± 3.7 20.68 — > -0.52
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Table A.1. continued.

Name R.A. DEC. v MK Image rms F150 Morph. Rmaj L.A.S. L150 F1.4 α1400
150

UGC02528 46.4796 41.5920 6180 -25.16 S 0.25 <1.3 < 21.09 —
NGC1226 47.7723 35.3868 6012 -25.58 S 0.19 6.7 P 8.0 ± 0.3 21.79 — > 0.54
WISE0322+09 50.5608 9.5682 6948 -25.07 S 0.18 31.1 P 9.6 ± 0.1 22.59 35.0N -0.05
CGCG416-007 50.8640 8.9124 6909 -25.05 S 0.16 <0.8 < 20.99 —
WISE0348+33 57.0032 33.1116 4146 -25.22 S 0.25 <1.2 < 20.74 —
UGC02902 59.2879 34.1609 5454 -25.28 S 0.17 1.8 P 11.2 ± 0.9 21.13 — > -0.05
NGC1508 61.4486 25.4084 7001 -25.36 S 0.98 14.1 P* 17.3 ± 0.6 22.25 2.4N 0.79
MCG+05-10-007 61.6572 30.3762 5273 -25.56 S 0.18 814.0 FRI 77.5 ± 0.1 185 (64) 23.76 108.0N 0.91
IC0359 63.1181 27.7019 3978 -25.62 S 0.37 10.3 P 10.6 ± 0.1 21.62 3.4N 0.50
NGC1539 64.7582 26.8275 5442 -25.10 S 0.22 15.8 P 6.6 ± 0.1 22.08 2.4N 0.85
NGC1587 67.6664 0.6617 3613 -25.13 S 0.55 376.0 P 7.3 ± 0.3 23.10 132.0N 0.47
NGC1671 72.3918 0.2528 6204 -25.35 S 0.30 5.1 P 21.71 — > 0.42
NGC2256 101.8082 74.2365 5418 -25.87 S 0.10 15.4 P 9.3 ± 0.1 22.07 — > 0.92
NGC2274 101.8224 33.5672 5153 -25.74 S 0.17 6.1 P 10.8 ± 0.4 21.62 — > 0.50
NGC2258 101.9425 74.4818 4257 -25.79 S 0.10 31.9 P 7.0 ± 0.1 22.17 9.7N 0.53
UGC03894 113.2695 65.0791 7019 -25.71 S 0.12 8.5 P 7.3 ± 0.5 22.03 5.2N 0.22
IC2196 113.5406 31.4058 4897 -25.05 DR2 0.14 4.1 P 8.9 ± 0.7 21.40 <0.7 > 0.79
CGCG286-070 117.5346 55.3841 6598 -25.15 DR2 0.13 687.0 FRI? 16.0 ± 0.1 35 (15) 23.88 207.0 0.54
UGC04051 117.8235 50.1794 6427 -25.06 S 0.10 3.7 P 8.0 ± 0.9 21.59 <0.7 > 0.74
UGC04052 117.8281 50.2355 6897 -25.45 S 0.10 <0.5 < 20.78 <0.7
CGCG310-022 118.5444 55.4953 7483 -25.38 DR2 0.07 1.3 P 8.1 ± 0.8 21.28 <0.7 > 0.26
NGC2475 119.5018 52.8618 5764 -25.29 DR2 0.19 21.1 P 7.1 ± 0.0 22.25 5.9 0.57
NGC2492 119.8738 27.0264 6947 -25.45 DR2 0.08 2.0 P 7.3 ± 0.5 21.39 <0.7 > 0.47
NGC2493 120.0986 39.8304 4124 -25.09 DR2 0.09 7.6 P* 21.7 ± 2.8 21.52 <0.7 > 1.05
UGC04420 127.2956 63.3379 7107 -25.23 DR2 0.05 1.2 P 9.1 ± 1.0 21.20 <1.2 > 0.03
NGC2639 130.9087 50.2055 3619 -25.23 DR2 0.07 495.0 P 8.6 ± 0.0 23.22 107.0 0.68
IC2393 131.7049 28.1713 6567 -25.01 DR2 0.10 <0.5 < 20.76 <0.7
NGC2672 132.3412 19.0750 4628 -25.81 S 0.11 134.0 Diff. 48.0 ± 5.2 105 (30) 22.87 4.6N 1.51
NGC2693 134.2469 51.3474 5205 -25.81 DR2 0.06 54.1 FRI 14.7 ± 0.1 165 (57) 22.58 5.9 0.99
NGC2749 136.3389 18.3131 4503 -25.18 S 0.18 214.0 P 6.9 ± 0.1 23.05 63.2 0.55
UGC04767 136.4386 36.3546 7491 -25.21 DR2 0.08 20.6 FRI 14.1 ± 0.3 38 (19) 22.47 4.6 0.67
UGC04775 136.9115 66.5747 7134 -25.24 DR2 0.06 <0.3 < 20.61 —
NGC2759 137.1553 37.6216 7209 -25.33 DR2 0.09 1.6 P 9.7 ± 1.3 21.32 <1.7 > -0.03
NGC2783 138.4145 29.9928 7037 -25.75 DR2 0.10 47.5 E ? 12.4 ± 0.1 32 (15) 22.78 25.6 0.28
NGC2789 138.7485 29.7303 6639 -25.10 DR2 0.09 91.3 E ? 14.4 ± 0.1 43 (18) 23.01 15.2 0.80
NGC2832 139.9453 33.7498 7237 -26.43 DR2 0.09 15.3 FRI? 26.1 ± 1.1 45 (22) 22.31 <0.7 > 1.37
UGC04972 140.4645 33.4019 7366 -25.06 DR2 0.10 425.0 FRI 32.5 ± 0.1 140 (70) 23.77 132.0 0.52
UGC04974 140.5431 33.8486 7314 -25.05 DR2 0.07 <0.4 < 20.71 <0.7
NGC2892 143.2205 67.6174 7077 -25.75 DR2 0.07 801.0 FRI 53.9 ± 0.1 105 (50) 24.01 229.0N 0.56
NGC2918 143.9334 31.7054 7158 -25.54 DR2 0.07 0.7 P 8.0 ± 1.3 20.96 <0.6 > 0.03
NGC3158 153.4604 38.7649 7346 -26.37 DR2 0.09 27.5 FRI 27.1 ± 1.1 63 (31) 22.58 3.1N 0.98
NGC3222 155.6437 19.8871 6017 -25.11 S 0.10 <0.5 < 20.68 <0.7
NGC3234 156.2472 28.0239 6827 -25.00 DR2 0.14 28.2 P 8.5 ± 0.1 22.53 13.8 0.32
NGC3598 168.7986 17.2627 6658 -25.39 S 0.25 <1.2 < 21.15 <0.7
NGC3615 169.5277 23.3973 7178 -25.66 S 0.13 2.8 P 10.2 ± 1.2 21.56 2.1 0.13
NGC3665 171.1818 38.7628 2566 -25.20 DR2 0.07 512.0 FRI 38.6 ± 0.1 315 (55) 22.94 131.0N 0.61
NGC3710 172.7789 22.7680 7005 -25.03 S 0.57 <2.8 < 21.55 <0.7
NGC3713 172.9251 28.1536 7483 -25.25 DR2 0.20 <1.0 < 21.15 <0.7
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Table A.1. continued.

Name R.A. DEC. v MK Image rms F150 Morph. Rmaj L.A.S. L150 F1.4 α1400
150

NGC3805 175.1736 20.3430 7163 -25.81 S 0.27 7.8 P* 20.4 ± 0.6 22.01 3.6 0.35
NGC3816 175.4502 20.1036 6306 -25.24 S 0.28 <1.4 < 21.16 <0.7
NGC3837 175.9851 19.8946 6672 -25.00 S 0.20 2.6 P 10.6 ± 0.3 21.48 <1.2 > 0.37
NGC3842 176.0090 19.9498 6857 -25.93 S 0.26 1030.0 E ? 50.9 ± 0.1 340 (158) 24.09 13.1 1.95
NGC3862 176.2708 19.6063 7053 -25.59 S 0.83 39600.0 FRI 64.2 ± 0.2 460 (221) 25.70 5320.0N 0.90
NGC3886 176.7733 19.8372 6442 -25.16 S 0.16 <0.8 < 20.94 <0.8
NGC3894 177.2099 59.4156 3653 -25.10 DR2 0.06 319.0 FRI 10.5 ± 0.0 67 (16) 23.04 472.0 -0.18
NGC3919 177.6730 20.0151 6744 -25.19 S 0.13 2.5 P* 20.7 ± 0.8 21.46 1.4 0.26
UGC06846 178.1530 23.5825 7377 -25.06 S 0.15 <0.7 < 21.01 <0.7
NGC3937 178.1776 20.6313 7214 -25.71 S 0.16 3.8 P 9.9 ± 1.2 21.71 4.2 -0.04
NGC3940 178.1935 20.9893 6967 -25.30 S 0.15 <0.8 < 20.97 <0.7
NGC3971 178.9017 29.9959 7258 -25.10 DR2 0.08 1.3 P 9.2 ± 1.5 21.26 <0.7 > 0.31
NGC4008 179.5710 28.1925 4151 -25.10 DR2 0.12 38.2 P 8.8 ± 0.1 22.23 8.8 0.66
NGC4065 181.0257 20.2351 6888 -25.34 S 0.76 21.1 P 10.1 ± 3.4 22.41 5.1 0.63
UGC07115 182.0232 25.2373 7323 -25.05 S 0.14 2570.0 FRI 27.6 ± 0.1 670 (335) 24.55 629.0N 0.63
NGC4125 182.0251 65.1741 7323 -25.28 DR2 0.05 9.2 P 10.5 ± 0.4 22.10 — > 0.68
UGC07132 182.2909 31.5695 7318 -25.17 S 0.11 4.1 P 8.9 ± 0.8 21.75 2.6 0.21
NGC4213 183.9064 23.9819 7299 -25.55 S 0.17 4.2 P 9.3 ± 0.7 21.76 <0.7 > 0.79
NGC4227 184.1404 33.5220 6975 -25.54 DR2 0.08 2.1 P 10.5 ± 1.2 21.41 <0.7 > 0.49
NGC4229 184.1616 33.5609 7226 -25.01 DR2 0.09 0.4 P 8.1 ± 1.5 20.77 <0.7 > -0.22
IC0780 184.9932 25.7717 7310 -25.07 S 0.16 33.6 FRI 16.0 ± 0.4 38 (19) 22.66 12.8 0.43
NGC4335 185.7579 58.4446 5049 -25.26 DR2 0.07 645.0 FRI 63.5 ± 0.1 530 (182) 23.63 1630.0N -0.41
NGC4555 188.9216 26.5230 7251 -25.97 S 0.10 31.3 P 8.7 ± 0.3 22.63 2.0 1.24
NGC4583 189.5189 33.4589 7458 -25.22 DR2 0.06 2.6 P 8.0 ± 0.3 21.57 0.9 0.48
M60 190.9167 11.5526 1013 -25.13 S 0.27 99.3 FRI 9.3 ± 0.9 65 (4) 21.42 29.9N 0.54
NGC4673 191.3945 27.0608 7424 -25.32 DR2 0.11 3.4 P 8.0 ± 0.5 21.68 <0.7 > 0.72
NGC4715 192.4911 27.8223 7463 -25.13 DR2 0.12 <0.6 < 20.93 <0.7
NGC4816 194.0506 27.7455 7491 -25.49 DR2 0.09 0.4 P 7.0 ± 0.7 20.80 <0.8 > -0.25
NGC4841A 194.3832 28.4769 7350 -25.94 DR2 0.09 2.0 P 12.4 ± 1.9 21.45 <0.7 > 0.46
NGC4886 195.0338 27.9770 7076 -26.67 DR2 0.08 5.7 P 8.8 ± 0.2 21.87 <0.8 > 0.87
NGC4914 195.1789 37.3153 5216 -25.77 DR2 0.07 <0.3 < 20.37 <0.7
NGC4952 196.2433 29.1223 6551 -25.16 DR2 0.07 0.7 P 6.7 ± 0.9 20.86 <0.5 > 0.13
NGC4957 196.3015 27.5698 7492 -25.22 DR2 0.09 <0.4 < 20.80 <0.7
NGC4978 196.9606 18.4155 7091 -25.13 S 0.16 2.2 P 6.9 ± 1.6 21.46 1.3 0.24
IC0858 198.7164 17.2267 7494 -25.29 S 0.24 <1.2 < 21.24 <0.7
IC0885 200.6287 21.3164 7461 -25.13 S 0.52 <2.6 < 21.57 <0.7
NGC5127 200.9375 31.5658 5450 -25.15 DR2 0.18 8200.0 FRI 39.1 ± 5.1 660 (245) 24.80 1980.0N 0.64
NGC5141 201.2144 36.3785 5777 -25.00 DR2 0.08 3920.0 FRII 34.5 ± 0.1 67 (26) 24.53 822.0 0.70
NGC5322 207.3133 60.1904 2285 -25.47 DR2 0.07 312.0 FRI 34.2 ± 0.1 170 (26) 22.62 57.6 0.76
NGC5332 208.0331 16.9698 7365 -25.33 S 0.15 1.7 P 7.2 ± 3.9 21.37 <0.7 > 0.38
NGC5444 210.8506 35.1321 4536 -25.28 DR2 0.12 <0.6 < 20.49 <0.7
NGC5490 212.4888 17.5455 5501 -25.62 S 0.46 3270.0 FRI 24.9 ± 0.1 430 (161) 24.40 786.0N 0.64
NGC5513 213.2860 20.4163 5633 -25.21 S 0.38 <1.9 < 21.19 <0.7
NGC5525 213.9135 14.2826 6213 -25.36 S 0.16 2.7 P* 16.3 ± 1.4 21.43 <0.7 > 0.58
NGC5557 214.6071 36.4936 3802 -25.65 DR2 0.09 <0.4 < 20.20 <0.7
NGC5784 223.5686 42.5578 5917 -25.42 DR2 0.06 23.8 P 12.9 ± 0.1 22.33 4.5 0.75
IC4562 233.9875 43.4932 6188 -25.26 DR2 0.06 5.8 P 9.2 ± 0.2 21.76 2.8 0.32
NGC5982 234.6658 59.3559 3494 -25.40 DR2 0.06 4.6 P 10.6 ± 0.5 21.16 <0.7 > 0.84
UGC10097 238.9303 47.8673 6453 -25.50 DR2 0.06 120.0 FRI 26.4 ± 0.1 64 (56) 23.11 41.2 0.48
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Table A.1. continued.

Name R.A. DEC. v MK Image rms F150 Morph. Rmaj L.A.S. L150 F1.4 α1400
150

IC1153 239.2625 48.1684 6408 -25.19 DR2 0.06 5.1 P 8.1 ± 0.2 21.73 2.3 0.36
IC1211 244.2164 53.0060 6073 -25.07 DR2 0.11 <0.6 < 20.72 <0.7
NGC6125 244.7981 57.9841 5268 -25.31 DR2 0.06 2.6 P 8.0 ± 0.3 21.27 <0.7 > 0.58
NGC6364 261.1139 29.3902 7371 -25.44 DR2 0.11 2.0 P 7.2 ± 0.5 21.45 — > 0.01
NGC6375 262.3411 16.2068 6704 -25.59 S 0.65 <3.3 < 21.57 —
UGC10918 264.3892 11.1217 7016 -25.81 S 0.54 136.0 P 7.9 ± 0.2 23.23 85.1N 0.21
NGC6515 269.3549 50.7281 7228 -25.29 S 0.11 1.5 P 10.6 ± 2.0 21.29 — > -0.14
NGC6524 269.8113 45.8871 6108 -25.07 DR2 0.08 147.0 E ? 14.1 ± 0.0 38 (15) 23.15 32.5N 0.68
NGC6575 272.7395 31.1162 7422 -25.64 DR2 0.19 18.4 P 6.8 ± 0.1 22.42 14.6N 0.10
NGC6619 274.7314 23.6556 5503 -25.48 S 0.31 <1.5 < 21.08 —
NGC6623 274.9286 23.7096 5307 -25.28 S 0.27 <1.3 < 20.98 —
NGC6628 275.5913 23.4785 4910 -25.02 S 0.29 16.1 P* 22.4 ± 0.4 22.00 7.7N 0.33
NGC6688 280.1672 36.2896 5858 -25.64 DR2 0.28 <1.4 < 21.08 3.2N

NGC6702 281.7399 45.7057 5102 -25.22 DR2 0.62 <3.1 < 21.31 —
UGC11465 295.4255 50.6325 7364 -25.96 S 0.20 13100.0 FRI 50.1 ± 0.1 480 (241) 25.26 3090.0N 0.65
UGC11892 330.9670 35.9906 5727 -25.12 DR2 0.10 5.3 P 8.5 ± 0.3 21.65 — > 0.44
IC5180 332.8001 38.9273 6059 -25.20 S 0.29 502.0 FRI 10.9 ± 0.1 580 (232) 23.67 a

UGC11950 333.1315 38.6828 6227 -25.61 S 0.28 12.7 P 9.6 ± 0.1 22.10 — > 0.83
NGC7242 333.9146 37.2987 5822 -26.37 S 0.13 6.5 P 9.4 ± 1.0 21.75 — > 0.53
NGC7248 334.2190 40.5046 4493 -25.03 DR2 0.17 0.9 P 7.8 ± 4.2 20.65 — > -0.37
NGC7265 335.6145 36.2098 5159 -25.74 DR2 0.12 2.1 P 9.1 ± 1.1 21.16 — > 0.03
NGC7274 336.0462 36.1259 6174 -25.58 DR2 0.11 19.4 E ? 15.2 ± 0.3 35 (14) 22.28 3.1N 0.82
NGC7315 338.8821 34.8035 6341 -25.14 DR2 0.11 <0.6 < 20.76 —
NGC7318 338.9913 33.9656 6232 -25.56 DR2 0.12 2.2 P 11.3 ± 2.3 21.34 — > 0.04
NGC7330 339.2341 38.5481 5369 -25.34 DR2 0.78 <3.9 < 21.46 —
NGC7335 339.3307 34.4479 6341 -25.63 DR2 0.12 16.4 P 9.0 ± 0.2 22.23 — > 0.94
UGC12179 341.2664 33.9962 7000 -25.25 DR2 0.09 3.5 P 7.0 ± 0.3 21.64 — > 0.25
NGC7386 342.5089 11.6987 7289 -25.75 S 0.79 156.0 P 9.5 ± 0.1 23.33 44.9 0.56
UGC12214 342.7540 31.3749 6607 -25.06 DR2 0.09 0.9 P 8.2 ± 1.3 21.02 — > -0.34
UGC12242 343.6063 32.4517 6755 -25.15 DR2 0.09 5.4 P 10.8 ± 0.6 21.80 — > 0.45
NGC7426 344.0119 36.3614 5351 -25.70 DR2 0.13 6.9 P 8.1 ± 0.3 21.70 6.0N 0.06
NGC7436B 344.4897 26.1500 7341 -26.18 DR2 0.14 106.0 E ? 8.3 ± 0.4 145 (72) 23.17 26.2N 0.63
NGC7512 348.0872 31.1256 7016 -25.10 DR2 0.08 0.4 P 16.0 ± 7.7 20.72 — > -0.70
UGC12444 348.6223 31.5489 6321 -25.09 DR2 0.09 <0.4 < 20.64 —
NGC7539 348.6227 23.6848 6014 -25.19 DR2 0.20 <1.0 < 20.96 —
NGC7550 348.8170 18.9614 5054 -25.48 DR2 0.12 30.0 P 7.5 ± 0.1 22.29 44.9N -0.18
UGC12482 349.3906 29.0194 6921 -25.35 DR2 0.18 1250.0 Compl. 48.6 ± 1.5 400 (189) 24.19 239.0N 0.74
NGC7660 351.4528 27.0299 5657 -25.17 DR2 0.09 <0.5 < 20.57 —
NGC7680 352.1462 32.4157 5116 -25.34 DR2 0.09 1.8 P 8.6 ± 0.9 21.08 — > -0.05
NGC7681 352.2287 17.3096 6773 -25.78 DR2 0.12 6.6 P* 19.5 ± 1.9 21.89 — > 0.54
NGC7722 354.6717 15.9548 4004 -25.04 DR2 0.16 11.1 P* 19.2 ± 0.3 21.66 4.7N 0.38
NGC7777 358.3021 28.2834 6898 -25.33 DR2 0.10 2.7 P 7.6 ± 0.4 21.52 — > 0.14
UGC12839 358.6239 28.3089 6930 -25.16 DR2 0.10 1.6 P 9.1 ± 1.2 21.29 — > -0.11
NGC7785 358.8293 5.9158 3768 -25.28 S 0.36 316.0 Compl. 50.1 ± 9.2 100 (25) 23.06 32.6N 1.02

Notes. Column description: (1) name; (2 and 3) right ascension and declination; (4) recession velocity (km s−1); (5) K band absolute magnitude; (6)
image type; (7) r.m.s. noise of the LOFAR image (mJy beam−1); (8) flux density at 150 MHz from LOFAR (mJy); (9) morphological description
(P=point-like, P*=sources in which the 3σ level isophote does not reach a radius of 15′′, but with a size & 15′′) (10) size of the central component in
the LOFAR images; (11) largest angular size in arcseconds (and kpc) for the extended sources; (12) luminosity at 150 MHz (W Hz−1); (13) 1.4 GHz
flux density (mJy) from FIRST, or, from NVSS when the FIRST measurement is not available, or not reliable (a “N” indicates a measurement from
NVSS images, while a “—” represents a source undetected in the NVSS at a typical limit of 2 mJy); (14) radio spectral index between 150 MHz
and 1.4 GHz. a: sources for which the flux density at 1.4 GHz can not be obtained because they are not covered (or resolved out in the FIRST
images) and contaminated by a nearby source in the NVSS images.
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Appendix B: Images and notes on the radio
morphology of the extended and diffuse
sources

In this appendix, we show the images of all the extended and
diffuse sources and a brief description of the most interesting or
complex cases.

Here, we present the images and a description of the proper-
ties of the individual sources with extended emission and report
their classification as in Table A.1. We also briefly describe the
nine objects not included in the list of the extended sources (as
they do not reach a size of 15′′ at the 3σ level) but with a mea-
sured size & 15′′ (the “diffuse” sources).
NGC 0071 (complex). The radio emission to the north is asso-
ciated with a nearby spiral galaxy and, to a lesser extent, with a
smaller nearby elliptical. Diffuse, low-brightness emission to the
east is also present. This source is not covered by FIRST, and in
the NVSS it is confused with the nearby galaxies. No spectral
index information can be obtained.
NGC 0080 (complex). The source is elongated in the NS direc-
tion on small scales, but the more extended structure is oriented
along an EW axis. On the west side, the emission bends sharply
toward the south. This source is not detected at 1.4 GHz, result-
ing in a very steep spectral index (α1400

150 > 1.76).
NGC 0687 (diffuse). This radio source is diffuse, and it lacks a
central compact source. It is not detected at 1.4 GHz, resulting in
a steep spectral index (α1400

150 > 1.23).
NGC 0777 (FRI). The source is dominated by a bright compact
core, from which emerge two small-scale (18 kpc of total extent)
jets.
NGC 0910 (complex). Two elongated features emerge from a
compact central source. However, these are rather diffuse and do
not appear to be collimated jets. The overall spectral index is
very steep (α1400

150 > 1.67).
CGCG 286-070 (FRI?). The emission peak is located at the cen-
ter of the source, suggesting an FR I morphology; yet, the small
angular size makes this classification uncertain.
NGC 2672 (Diffuse). Diffuse, ring-like structure with a diameter
of ∼ 30 kpc.
NGC 2783 (Ext. ?). The asymmetry of the source suggests a
core-jet morphology, but the small angular size makes any clas-
sification uncertain.
NGC 2789 (Ext. ?). The central component of this source is
elongated in the NS direction, but the small angular size makes
any classification uncertain. However, two low brightness lobes
are visible in the low-resolution LOFAR image: the total size of
the source exceeds 700 kpc.
NGC 2832 (FRI?). The compact radio source on the SW side
is associated with a nearby galaxy. This source is elongated in
the NS direction, suggesting an FR I morphology; yet, the small
angular size makes this classification uncertain. This source
is not detected at 1.4 GHz, resulting in a steep spectral index
(α1400

150 > 1.37).
NGC 3665 (FRI). This galaxy presents two opposite large-scale
jets (55 kpc in total extent), for an overall FR I morphology.
However, close to the nucleus (∼ 3 kpc) two bright knots of

higher surface brightness are seen, possibly indicating a restarted
source.
NGC 3842 (complex). Two radio tails extend over ∼ 160 kpc.
However, the central regions are dominated by a small-scale, H-
shaped structure, ∼ 15 kpc wide, reminiscent of the morphol-
ogy seen in 3C 171 (Neff et al. 1995). The steep spectral index
(α1400

150 = 1.85) might indicate that this is a restarted source and
the tails are remnants of a previous phase of activity.
NGC 3894 (FRI). The source is dominated by a bright compact
core, from which emerge two small-scale (16 kpc of total extent)
jets. The overall spectral shape is flat (α1400

150 = −0.18), in line
with its high core dominance.
M 60 (FRI). Small-scale (∼ 4 kpc in length) FR I.
NGC 5141 (FRII). The only gETG of the sample associated
with a radio source of FR II morphology. In the radio-host lumi-
nosity diagram of Ledlow & Owen (1996), this source is located
close to the boundary between FR Is and FR IIs.
UGC 10097 (FRI). In addition to the central FR I structure,
the low-resolution LOFAR images show two large-scale diffuse
lobes, reaching a radius of ∼ 200′′ (∼500 kpc).
NGC 6524 (Ext. ?). The angular size of this source is too small
to explore its morphology.
IC 5180 (FRI). In addition to the central FR I structure, the low
resolution LOFAR images show two large-scale diffuse lobes.
NGC 7274 (Ext. ?). The angular size of this source is too small
to explore its morphology.
UGC 12482 (Complex). The central region shows the presence
of a triple source, extending for ∼30 kpc, while long symmetric
tails reach a distance of ∼90 kpc, suggesting that this might be
a restarted source and that the tails are remnants of a previous
phase of activity.

Notes on the sources not classified as extended but with sizes
larger than 15′′:
NGC 0750 (Diffuse). The radio emission is diffuse and it extends
to include a southern companion galaxy.
NGC 1508 (FRI?). This source is elongated in the NE-SW
direction, suggesting an FR I morphology; however, the small
angular size makes this classification uncertain.
NGC 2493 (FRI?). This source is elongated in the NE-SW
direction, suggesting an FR I morphology; however, the small
angular size makes this classification uncertain. The spectral
index is rather steep (α1400

150 > 1.05).
NGC 3805 (Diffuse). The radio emission is diffuse and it extends
mostly on the southern side of the host.
NGC 3919 (Ext. ?). The radio emission is slightly elongated in
the NS direction, but the small angular size makes this classifi-
cation uncertain.
NGC 5525 (Ext. ?). The radio emission is slightly elongated in
the NS direction, but the small angular size makes this classifi-
cation uncertain.
NGC 6628 (Ext. ?). Radio source elongated in the EW direction,
approximately aligned with the optical axis.
NGC 7681 (Ext. ?). The emission peak is located at the host’s
center, with diffuse emission extending toward the west.
NGC 7722 (Diffuse). Diffuse radio emission cospatial with the
optical emission.
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Fig. B.1. LOFAR images at 150 MHz of the 46 galaxies showing extended emission. The lowest contour is drawn at three times the local r.m.s.,
as reported in Table A.1. The radio contours are superposed to the optical images from Pan-STARRS.
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Fig. B.1. continued.
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Fig. B.1. continued.
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Fig. B.1. continued.
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Fig. B.2. LOFAR images at 150 MHz of the nine galaxies not classified as extended sources (that is, whose 3σ level contours do not reach a radius
of 15′′ but whose FWHM, measured by fitting a 2D Gaussian to the central portion of the images, exceeds 15′′.
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