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Abstract

Many massive early-type galaxies host central radio sources and hot X-ray atmospheres indicating the presence of
radio-mechanical active galactic nucleus (AGN) feedback. The duty cycle and detailed physics of the radio-mode
AGN feedback is still a matter of debate. To address these questions, we present 1–2 GHz Karl G. Jansky Very
Large Array radio observations of a sample of the 42 nearest optically and X-ray brightest early-type galaxies. We
detect radio emission in 41/42 galaxies. However, the galaxy without a radio source, NGC 499, has recently been
detected at lower frequencies by the Low-Frequency Array. Furthermore, 27/42 galaxies in our sample host
extended radio structures and 34/42 sources show environmental interactions in the form of X-ray cavities. We
find a significant correlation between the radio flux density and the largest linear size of the radio emission and
between the radio power and the luminosity of the central X-ray point source. The central radio spectral indices of
the galaxies span a wide range of values, with the majority of the systems having steep spectra and the rest flat
spectra. These results are consistent with AGN activity, where the central radio sources are mostly switched on,
thus the duty cycle is very high. Seven out of 14 galaxies with pointlike radio emission (Fanaroff–Riley Class 0;
FR 0) also show X-ray cavities indicating that, despite the lack of extended radio structures at 1–2 GHz, these
AGNs do launch jets capable of inflating lobes and cavities.

Unified Astronomy Thesaurus concepts: High energy astrophysics (739); Active galactic nuclei (16); Early-type
galaxies (429)

1. Introduction

The radio-mechanical feedback mode is thought to play a
dominant role in the evolution of massive early-type galaxies,
which host hot (107 K) X-ray-emitting atmospheres. In the
absence of balancing heating, the atmospheric gas should cool
radiatively and form stars, building much larger and bluer
galaxies than are seen. X-ray studies with Chandra and XMM-
Newton as well as radio observations have shown that in these
galaxies jet-inflated radio lobes displace the hot gas, creating
“cavities” in the X-ray-emitting plasma (e.g., Fabian et al.
2003) and driving weak shocks and turbulence that heat the
surrounding medium essentially isotropically (for a recent
review, see Werner et al. 2019). This feedback mode appears to
be maintaining a remarkably long-lived, delicate balance
between heating and cooling in the hot X-ray-emitting
atmospheres of these systems (McNamara & Nulsen 2007).

Burns (1990) showed that as much as 70% of the central
dominant galaxies (CDGs) in clusters are radio loud. Later,
Mittal et al. (2009) found that all strong cool cores host a
central radio source, and Sun (2009) argued that all central
brightest cluster and group galaxies with a radio-emitting active
galactic nucleus (AGN) are located in cool cores. Kolokythas
et al. (2018) used the Giant Metrewave Radio Telescope
(GMRT) to study the Complete Local-volume Groups Sample
(CLoGS), consisting of 53 local galaxy groups, at 235MHz
and 610MHz, and also found a high radio-detection rate of
87%. These results showed that the duty cycle of AGNs in
clusters and groups with short cooling times must be high.
Moreover, the duty cycle for the X-ray cavities in clusters of
galaxies of around 70% was found, although lower-mass
systems like groups and giant elliptical galaxies also showed
lower duty cycles (between 30%–50%) (Dunn et al. 2005;
Dunn & Fabian 2006; Nulsen et al. 2009; Dong et al. 2010;
Bîrzan et al. 2012, 2020). The ability to detect cavities depends
on a number of factors including their location, size, age, the
level of disturbance of the surrounding halo, the depth of the
observation, and the instrument used, so estimates are likely
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subject to bias and perhaps systematically underestimated as
one goes from the brightest clusters to fainter systems.

Results for the duty cycle in a population of massive galaxies
are, however, somewhat less clear. Best et al. (2005) studied
galaxies in the redshift range of 0.03< z< 0.1 and found that
the fraction of galaxies with a radio-loud AGN increased with
the stellar mass of the galaxy, reaching a maximum fraction of
30%–40%. For a volume-limited sample of very local (up to
15Mpc) infrared luminous galaxies, Goulding & Alexander
(2009) found that only 27% of the galaxies host an AGN. Other
studies found a higher fraction. The K-band absolute
magnitude-limited (MK<−24) sample of 396 early-type
galaxies (Brown et al. 2011) showed the presence of radio-
continuum emission for all sources in the NRAO Very Large
Array Sky Survey (NVSS) data combined with the single-dish
data from the Green Bank Telescope and Parkes Radio
Telescope survey (PKS). Sabater et al. (2019) used observa-
tions at lower frequencies (120–168MHz) from the Low-
Frequency ARray’s (LOFAR’s) Two-Meter Sky Survey to
investigate sources up to redshift 0.3 and confirmed previous
findings of the high rate of radio source detection in the central
region of massive galaxies.

A different approach was taken by Dunn et al. (2010), who
focused on a volume-limited study of the 18 nearest (d< 100
Mpc) optically and X-ray brightest early-type galaxies.
Compared to other studies, their selection criteria also included
X-ray luminosity, ensuring that the investigated galaxies really
inhabit massive halos. Remarkably, their study revealed that
nuclear radio emission is present in 17 out of the observed 18
galaxies. Furthermore, at least 10 of the galaxies with observed
central radio emission also exhibited obvious spatially
extended jets in the Very Large Array (VLA) images. The
authors concluded that the results present a severe challenge for
models in which radio jets are considered a relatively rare and
sporadic phenomenon (e.g., Binney & Tabor 1995; Kaiser &
Binney 2003) and the active “radio-mode” feedback most
likely represents the default state for large elliptical galaxies.

Here, we extend the Dunn et al. (2010) study to the 42
optically and X-ray brightest, nearest (d< 100 Mpc) early-type
galaxies, with decl. greater than −40° (to ensure coverage by
the VLA) to observe their radio properties, investigate the duty
cycles, and search for correlations between the radio plasma
and their hot atmospheres, as well as emission-line nebulae.
Our sample includes both galaxies at the centers of groups and
clusters and field ellipticals with their own hot X-ray-emitting
atmosphere. Our focus on the nearest systems, as well as the
relatively long baseline of the VLA A configuration (35 km),
ensures a good sensitivity and spatial resolution.

The sections in this paper are arranged as follows. The
selection criteria for our sample are stated in Section 2. The
radio morphology categories used in the paper are described in
Section 3 and followed by Section 4, which presents the
observations and data reduction for radio (Section 4.1) and
X-ray (Section 4.2) data. The main results from the radio data
reduction are summarized in Section 5 and Table 1 followed by
the radio-detection rates (Section 5.1) and the X-ray cavity and
central X-ray point-source rates (Section 5.3), the multi-
frequency correlations (Section 5.4, Table 2), and values of
the central spectral indices (Section 5.5, Table 3). These results
are discussed in Section 6. In Section 7, we conclude with a
summary of the results.

The observed radio morphologies and relevant multi-
frequency data for every source are described in Appendix A.
The Chandra X-ray data overlaid by radio contours obtained in
multiple VLA configurations at 1–2 GHz are presented in
Appendix B, for both point-source-like (Table B1 and B2) and
extended (Figures B3–B6) radio morphologies. Appendix C
includes Table C1 with information about the VLA radio
observations and Table C2 with multifrequency information of
the multiphase gas in the galaxies in our sample. Finally,
Appendix D includes Table D1 with additional sources
excluded from the main sample.
Throughout the paper, the spectral indices, α, are defined by

flux density, Sν∝ να, and radio powers as p=n nP D S4 l
2 .13 The

distances were determined through the redshift-independent
surface-brightness fluctuation method due to the proximity of
the sources in our sample (see Table 1). The following
cosmological parameters were used in this paper: H0=
67.8 km s−1 Mpc−1 (Planck Collaboration et al. 2016),
ΩM= 0.308 and ΩΛ= 0.692.

2. Sample Selection

We base our study on the extended sample of the nearest
X-ray and optically brightest massive early-type galaxies
discussed in Dunn et al. (2010). Their parent sample is the
catalog of Beuing et al. (1999), which contains 530 elliptical
and elliptical/lenticular galaxies brighter than the total Johnson
B-band magnitude of BT= 13.5 and has a 90% completeness.
Beuing et al. (1999) also provide X-ray luminosities or upper
limits for 293 galaxies, based on ROSAT All-Sky Survey
(RASS) data. These measurements were updated by O’Sullivan
et al. (2001), who also used data from ROSAT pointed
observations.
An extensive Chandra X-ray study of this sample was

performed by Lakhchaura et al. (2018), who slightly modified
the selection criteria and increased its completeness. Our paper
is a radio counterpart to the X-ray study of Lakhchaura et al.
(2018). Our final selection criteria combine the criteria of Dunn
et al. (2010) and Lakhchaura et al. (2018) and are as follows:

1. Lower limit of the X-ray luminosity within 10 kpc from
the center of galaxy: LX> 1040 erg s−1 in the 0.5–
7 keV band.

2. Upper limit of the optical absolute magnitudes: BT<−20
(total Johnson B-band magnitudes).

3. Volume restriction: all sources are within the distance of
100Mpc.

4. Decl. cut: decl.>−40° to ensure radio coverage with
the VLA.

We note that while the X-ray luminosities of O’Sullivan et al.
(2001) were total luminosities, which also included the
contribution from point sources, such as the central AGN and
X-ray binaries, our X-ray luminosities based on the measure-
ments of Lakhchaura et al. (2018) only refer to the hot X-ray-
emitting atmospheres within 10 kpc14 from the center of the
galaxy. Additionally, the intrinsic 2–10 keV central X-ray
point-source luminosities were estimated from the power-law
components of the spectral models for a subsample of galaxies,

13 The K correction was not applied given the redshift distribution of sources
in our sample.
14 According to Goulding et al. (2016) most of our galaxies have their
effective radius, Re, up to 10 kpc from the core.
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Table 1
Radio Imaging Results for the Sample of 42 Early-type Galaxies in Several VLA Configurations

Source Config Distance Scale Radio Extent Beam PA Speak ± eSpeak S1.5 GHz ± eS1.5 GHz P1.5 GHz ± e P1.5 GHz Rms Noise
Name VLA (Mpc) (kpc/″) Class (kpc) (″ × ″) (deg) (Jy beam–1) (Jy) (W Hz–1) (Jy beam–1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

3C 449 A 72.5L# 0.352 J/L 36.6 1.9 × 1.4 78.2 ( ) ´ -1.46 0.06 10 2 ( ) ´ -2.55 0.10 10 1 ( ) ´1.60 0.06 1023 1.0 × 10−4

3C 449 C 72.5L# 0.352 J/L 446.7 13.2 × 11.7 5.5 ( ) ´ -1.16 0.05 10 1 ( ) ´3.13 0.12 100 ( ) ´1.97 0.08 1024 1.1 × 10−4

IC1860 A 95.75L 0.465 PS L 3.0 × 1.2 8.9 ( ) ´ -1.28 0.05 10 2 ( ) ´ -1.30 0.06 10 2 ( ) ´1.43 0.06 1022 1.0 × 10−4

IC 4296 A 47.31L 0.230 J/L 108.1 4.0 × 3.3 −12.5 ( ) ´ -2.20 0.09 10 1 ( ) ´3.84 0.15 100 ( ) ´1.03 0.04 1024 6.0 × 10−5

IC 4296 D 47.31L 0.230 J/L 437.0 84.3 × 22.6 −7.7 ( ) ´ -5.31 0.21 10 1 ( ) ´8.56 0.34 100 ( ) ´2.29 0.09 1024 1.8 × 10−4

NGC 57 A 77.15L 0.375 PS L 1.8 × 1.0 70.1 ( ) ´ -3.26 0.13 10 4 ( ) ´ -5.41 0.29 10 4 ( ) ´3.85 0.21 1020 1.0 × 10−5

NGC 315 A 56.01L 0.272 J/L 13.4 1.6 × 1.4 66.4 ( ) ´ -4.40 0.18 10 4 ( ) ´ -3.39 0.37 10 2 ( ) ´1.27 0.14 1022 8.9 × 10−5

NGC 315 B 56.01L 0.272 J/L 154.2 4.2 × 3.7 82.0 ( ) ´ -4.61 0.18 10 1 ( ) ´1.27 0.05 100 ( ) ´4.77 0.19 1023 4.9 × 10−5

NGC 315 C 56.01L 0.272 J/L 326.1 13.4 × 11.8 −13.2 ( ) ´ -4.62 0.18 10 1 ( ) ´2.04 0.08 100 ( ) ´7.66 0.31 1023 7.3 × 10−5

NGC 410 A 66.0L 0.320 PS L 3.1 × 1.2 66.6 ( ) ´ -4.62 0.18 10 3 ( ) ´ -4.95 0.21 10 3 ( ) ´2.58 0.11 1021 2.8 × 10−5

NGC 499 A 60.74L 0.295 NS L 1.4 × 1.2 −61.5 L L L 1.2 × 10−4

NGC 507 A 59.83L 0.290 D 13.2 2.7 × 1.1 67.9 ( ) ´ -1.70 0.07 10 3 ( ) ´ -7.20 0.40 10 3 ( ) ´3.08 0.17 1021 2.8 × 10−5

NGC 507 C 59.83L 0.290 D† 36.0 13.6 × 12.7 62.8 ( ) ´ -8.92 0.36 10 3 ( ) ´ -1.00 0.04 10 1 ( ) ´4.28 0.17 1022 7.8 × 10−5

NGC 533 A 61.58L 0.299 C† 1.1 1.2 × 1.1 −62.3 ( ) ´ -1.02 0.04 10 2 ( ) ´ -2.41 0.10 10 2 ( ) ´1.09 0.04 1022 1.9 × 10−5

NGC 533 B 61.58L 0.299 C 2.8 4.8 × 3.7 −12.5 ( ) ´ -4.26 0.17 10 1 ( ) ´ -6.95 0.30 10 1 ( ) ´3.15 0.13 1023 4.4 × 10−3

NGC 708 AB 64.19L 0.312 D† 15.0 3.9 × 3.1 89.6 ( ) ´ -1.42 0.06 10 2 ( ) ´ -6.49 0.31 10 2 ( ) ´3.20 0.15 1022 3.0 × 10−4

NGC 708 C 64.19L 0.312 D† 38.6 8.3 × 5.0 −72.7 ( ) ´ -1.29 0.05 10 2 ( ) ´ -4.49 0.18 10 2 ( ) ´2.21 0.09 1022 9.3 × 10−6

NGC 741 A 64.39L 0.313 D† 16.1 2.8 × 1.4 50.9 ( ) ´ -1.38 0.06 10 2 ( ) ´ -1.64 0.07 10 1 ( ) ´8.14 0.33 1022 6.2 × 10−5

NGC 741 C 64.39L 0.313 C† 137.7 15.8 × 14.1 0.2 ( ) ´ -6.80 0.27 10 2 ( ) ´ -9.12 0.37 10 1 ( ) ´4.52 0.18 1023 7.0 × 10−4

NGC 777 A 58.08L 0.282 C 1.6 1.5 × 1.0 73.7 ( ) ´ -2.67 0.11 10 3 ( ) ´ -5.82 0.24 10 3 ( ) ´2.35 0.10 1021 2.1 × 10−5

NGC 777 C 58.08L 0.282 NS L 3.2 × 3.0 30.4 L L L 6.5 × 10−4

NGC 1132 C 87.9L 0.427 PS L 16.9 × 15.1 −7.4 ( ) ´ -4.26 0.17 10 3 ( ) ´ -4.28 0.28 10 3 ( ) ´3.96 0.26 1021 1.4 × 10−4

NGC 1316 BA 21.0B 0.102 J/L 11.8 4.5 × 3.5 29.9 ( ) ´ -9.15 0.37 10 2 ( ) ´ -2.62 0.10 10 1 ( ) ´1.38 0.06 1022 8.5 × 10−5

NGC 1316 CD 21.0B 0.102 D 257.7 60.3 × 34.4 −28.5 ( ) ´ -2.04 0.08 10 1 ( ) ´3.30 0.18 101 ( ) ´1.74 0.09 1024 4.7 × 10−2

NGC 1399 A 20.09B 0.098 J/L 22.5 3.9 × 2.6 13.6 ( ) ´ -1.63 0.07 10 2 ( ) ´ -2.72 0.11 10 1 ( ) ´1.31 0.05 1022 2.5 × 10−5

NGC 1404 A 20.02B 0.097 PS L 3.9 × 2.6 13.6 ( ) ´ -2.04 0.08 10 4 ( ) ´ -2.15 0.32 10 4 ( ) ´1.03 0.15 1019 2.5 × 10−5

NGC 1404 CD 20.02B 0.097 NS L 47.8 × 42.8 25.4 L L L 3.6 × 10−5

NGC 1407 A 23.27L 0.113 D 4.0 2.1 × 1.1 36.1 ( ) ´ -1.26 0.05 10 2 ( ) ´ -5.87 0.24 10 2 ( ) ´3.80 0.15 1021 2.4 × 10−5

NGC 1407 B 23.27L 0.113 D 6.0 5.1 × 2.7 −10.7 ( ) ´ -2.24 0.09 10 2 ( ) ´ -7.12 0.29 10 2 ( ) ´4.61 0.18 1021 1.4 × 10−5

NGC 1407 C 23.27L 0.113 D 7.1 15.7 × 8.4 −3.0 ( ) ´ -3.86 0.15 10 2 ( ) ´ -7.60 0.30 10 2 ( ) ´4.92 0.20 1021 2.5 × 10−5

NGC 1550 A 67.30L 0.327 C† 10.1 1.8 × 1.0 56.3 ( ) ´ -8.52 0.34 10 4 ( ) ´ -2.35 0.13 10 3 ( ) ´1.27 0.07 1021 2.1 × 10−5

NGC 1550 C 67.30L 0.327 D† 36.2 17.3 × 15.3 −11.9 ( ) ´ -3.13 0.12 10 3 ( ) ´ -1.70 0.11 10 2 ( ) ´9.21 0.60 1021 2.3 × 10−4

NGC 1600 A 45.77L 0.222 D† 4.0 1.5 × 1.3 −3.5 ( ) ´ -3.72 0.15 10 3 ( ) ´ -3.81 0.15 10 2 ( ) ´9.55 0.38 1021 1.1 × 10−5

NGC 2300 A 41.45L 0.201 PS L 1.7 × 1.0 89.4 ( ) ´ -1.67 0.07 10 3 ( ) ´ -1.70 0.08 10 3 ( ) ´3.49 0.16 1020 2.1 × 10−5

NGC 2300 D 41.45L 0.201 PS L 66.4 × 36.8 15.2 ( ) ´ -2.32 0.09 10 3 ( ) ´ -1.99 0.19 10 3 ( ) ´4.09 0.40 1020 1.4 × 10−4

NGC 3091 A 48.32L 0.235 PS L 1.9 × 0.9 −24.3 ( ) ´ -7.53 0.30 10 4 ( ) ´ -7.39 0.51 10 4 ( ) ´2.06 0.14 1020 2.8 × 10−5

NGC 3923 A 20.97L 0.102 PS L 2.2 × 0.8 5.0 ( ) ´ -3.76 0.15 10 4 ( ) ´ -4.90 0.40 10 4 ( ) ´2.58 0.21 1019 2.3 × 10−5

NGC 3923 CD 20.97L 0.102 NS L 40.7 × 32.1 −88.2 L L L 7.9 × 10−5

NGC 4073 A 60.08L 0.292 PS L 1.5 × 1.1 −51.5 ( ) ´ -7.23 0.29 10 4 ( ) ´ -7.15 0.43 10 4 ( ) ´3.09 0.19 1020 2.0 × 10−5

NGC 4125 D 21.41L 0.104 PS L 44.0 × 34.2 17.7 L L L 6.7 × 10−4

NGC 4261 A 29.0M 0.141 J/L 7.9 1.4 × 1.3 −22.9 ( ) ´ -1.13 0.05 10 2 ( ) ´ -1.72 0.07 10 2 ( ) ´1.73 0.07 1021 8.2 × 10−6

NGC 4261 C 29.0M 0.141 J/L 55.5 18.8 × 13.5 51.8 ( ) ´ -2.11 0.08 10 1 ( ) ´ -1.27 0.05 10 1 ( ) ´1.28 0.05 1022 1.4 × 10−3

NGC 4374 A 18.5B 0.090 J/L 4.3 1.5 × 1.3 47.6 ( ) ´ -1.18 0.05 10 1 ( ) ´ -4.78 0.23 10 1 ( ) ´1.96 0.09 1022 2.0 × 10−3

NGC 4374 B 18.5B 0.090 J/L 13.3 4.6 × 4.4 −4.5 ( ) ´ -1.30 0.05 10 1 ( ) ´4.18 0.17 100 ( ) ´1.71 0.07 1023 1.4 × 10−3

NGC 4374 C 18.5B 0.090 J/L 18.7 38.8 × 32.4 −45.2 ( ) ´1.28 0.05 100 ( ) ´5.94 0.24 100 ( ) ´2.43 0.10 1023 5.8 × 10−3

NGC 4406 A 17.9B 0.087 PS L 1.1 × 1.0 −1.4 ( ) ´ -3.57 0.14 10 4 ( ) ´ -2.77 0.53 10 4 ( ) ´1.06 0.20 1019 4.5 × 10−5

NGC 4406 D 17.9B 0.087 NS L 45.0 × 43.2 −6.0 L L L 2.610−4

NGC 4472 A 16.7B 0.081 C† 2.6 1.4 × 1.0 −72.7 ( ) ´ -2.79 0.11 10 2 ( ) ´ -1.20 0.05 10 1 ( ) ´4.00 0.16 1021 2.2 × 10−5

NGC 4472 C 16.7B 0.081 D† 12.4 16.2 × 13.8 −32.6 ( ) ´ -1.21 0.05 10 1 ( ) ´ -2.28 0.09 10 1 ( ) ´7.61 0.31 1021 3.1 × 10−4

NGC 4486 A 16.7B 0.081 J/L 4.4 1.4 × 1.2 49.1 ( ) ´3.31 0.13 100 ( ) ´2.03 0.09 101 ( ) ´6.77 0.29 1023 2.8 × 10−2

NGC 4486 B 16.7B 0.081 D† 9.7 6.5 × 3.6 −51.1 ( ) ´8.14 0.33 100 ( ) ´1.23 0.05 102 ( ) ´4.10 0.16 1024 1.3 × 10−2
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Table 1
(Continued)

Source Config Distance Scale Radio Extent Beam PA Speak ± eSpeak S1.5 GHz ± eS1.5 GHz P1.5 GHz ± e P1.5 GHz Rms Noise
Name VLA (Mpc) (kpc/″) Class (kpc) (″ × ″) (deg) (Jy beam–1) (Jy) (W Hz–1) (Jy beam–1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

NGC 4486 C 16.7B 0.081 D† 46.5 13.4 × 12.2 0.8 ( ) ´2.03 0.08 101 ( ) ´1.52 0.06 102 ( ) ´5.07 0.20 1024 1.8 × 10−2

NGC 4552 A 16.0B 0.078 PS L 1.4 × 1.1 13.6 ( ) ´ -5.89 0.24 10 2 ( ) ´ -5.97 0.25 10 2 ( ) ´1.83 0.08 1021 2.7 × 10−4

NGC 4552 C 16.0B 0.078 C† 7.8 11.4 × 10.4 −26.5 ( ) ´ -1.09 0.04 10 1 ( ) ´ -1.65 0.07 10 1 ( ) ´5.05 0.21 1021 2.6 × 10−4

NGC 4636 A 15.96L 0.077 C 2.9 2.7 × 1.6 −74.7 ( ) ´ -7.84 0.31 10 3 ( ) ´ -5.95 0.24 10 2 ( ) ´1.81 0.07 1021 4.4 × 10−6

NGC 4636 C 15.96L 0.077 C 3.7 13.8 × 10.7 116.7 ( ) ´ -2.99 0.12 10 2 ( ) ´ -6.91 0.28 10 2 ( ) ´2.11 0.08 1021 7.4 × 10−5

NGC 4649 A 16.5B 0.080 C 0.3 1.4 × 1.3 −8.5 ( ) ´ -9.68 0.39 10 3 ( ) ´ -1.44 0.06 10 2 ( ) ´4.69 0.19 1020 2.2 × 10−5

NGC 4649 D 16.5B 0.080 D† 6.4 11.5 × 9.1 −6.8 ( ) ´ -2.02 0.08 10 2 ( ) ´ -2.83 0.11 10 2 ( ) ´9.22 0.37 1020 4.2 × 10−5

NGC 4696 A 37.48L 0.182 D† 7.9 5.0 × 1.0 8.5 ( ) ´ -2.42 0.10 10 1 ( ) ´2.80 0.11 100 ( ) ´4.71 0.19 1023 3.8 × 10−4

NGC 4696 BC 37.48L 0.182 D† 10.9 31.3 × 10.1 −34.6 ( ) ´ -1.36 0.05 10 1 ( ) ´ -2.43 0.10 10 1 ( ) ´4.08 0.16 1022 4.5 × 10−5

NGC 4778 A B 59.29L# 0.288 PS L 6.7 × 5.6 −41.5 ( ) ´ -5.57 0.22 10 3 ( ) ´ -5.15 0.53 10 3 ( ) ´2.17 0.22 1021 3.5 × 10−4

NGC 4778 C 59.29L# 0.288 PS L 18.1 × 11.5 −2.0 ( ) ´ -3.81 0.15 10 3 ( ) ´ -3.95 0.73 10 3 ( ) ´1.66 0.31 1021 4.4 × 10−4

NGC 4782 A 48.63L 0.236 J/L 30.2 0.5 × 0.4 −177.1 ( ) ´ -7.55 0.30 10 2 ( ) ´1.24 0.05 100 ( ) ´3.51 0.14 1023 3.6 × 10−5

NGC 4782 BA 48.63L 0.236 D† 55.9 5.8 × 3.9 16.0 ( ) ´ -7.48 0.30 10 2 ( ) ´5.43 0.22 100 ( ) ´1.54 0.06 1024 2.7 × 10−4

NGC 4936 A 31.36L 0.152 PS L 3.3 × 1.2 12.9 ( ) ´ -3.33 0.13 10 3 ( ) ´ -3.34 0.14 10 3 ( ) ´3.93 0.17 1020 2.6 × 10−5

NGC 5044 A 35.75L 0.174 C† 1.4 2.1 × 1.3 −17.6 ( ) ´ -2.72 0.11 10 2 ( ) ´ -2.95 0.12 10 2 ( ) ´4.51 0.18 1021 3.0 × 10−5

NGC 5044 BA 35.75L 0.174 D† 23.1 5.3 × 3.6 −54.2 ( ) ´ -2.78 0.11 10 2 ( ) ´ -3.25 0.13 10 2 ( ) ´4.97 0.20 1021 2.7 × 10−5

NGC 5044 D 35.75L 0.174 D 24.3 62.1 × 37.2 2.1 ( ) ´ -3.34 0.13 10 2 ( ) ´ -3.40 0.14 10 2 ( ) ´5.20 0.21 1021 1.7 × 10−4

NGC 5129 A 86.85L 0.422 C† 4.0 2.3 × 1.6 −5.5 ( ) ´ -5.50 0.22 10 3 ( ) ´ -5.05 0.21 10 3 ( ) ´4.56 0.19 1021 3.0 × 10−5

NGC 5419 A 50.87L 0.247 D 6.1 3.7 × 1.1 16.4 ( ) ´ -3.84 0.15 10 3 ( ) ´ -2.11 0.08 10 2 ( ) ´6.53 0.26 1021 2.3 × 10−6

NGC 5419 B 50.87L 0.247 D 13.5 10.7 × 3.8 0.6 ( ) ´ -1.24 0.05 10 1 ( ) ´ -3.23 0.13 10 1 ( ) ´1.00 0.04 1023 2.5 × 10−4

NGC 5419 CD 50.87L 0.247 D 181.8 33.6 × 28.3 19.8 ( ) ´ -2.97 0.12 10 1 ( ) ´ -5.54 0.22 10 1 ( ) ´1.72 0.07 1023 1.3 × 10−4

NGC 5813 A B 29.23L 0.142 D 2.7 5.3 × 4.5 −33.3 ( ) ´ -4.04 0.16 10 3 ( ) ´ -7.66 0.36 10 3 ( ) ´7.83 0.37 1020 6.9 × 10−5

NGC 5813 B 29.23L 0.142 D 4.1 6.2 × 4.7 −21.9 ( ) ´ -3.60 0.14 10 3 ( ) ´ -5.34 0.38 10 3 ( ) ´5.46 0.38 1020 1.7 × 10−4

NGC 5813 D 29.23L 0.142 D 19.5 45.2 × 36.5 20.2 ( ) ´ -1.27 0.05 10 2 ( ) ´ -1.46 0.06 10 2 ( ) ´1.49 0.06 1021 6.5 × 10−5

NGC 5846 A 27.13L 0.132 C 4.2 1.5 × 1.3 8.3 ( ) ´ -9.25 0.37 10 3 ( ) ´ -2.07 0.09 10 2 ( ) ´1.82 0.08 1021 2.6 × 10−5

NGC 5846 B 27.13L 0.132 C 2.7 8.0 × 5.7 −20.3 ( ) ´ -1.02 0.04 10 2 ( ) ´ -1.57 0.09 10 2 ( ) ´1.38 0.08 1021 2.2 × 10−4

NGC 5846 CD 27.13L 0.132 D 19.4 58.7 × 25.6 −61.7 ( ) ´ -1.82 0.07 10 2 ( ) ´ -2.00 0.10 10 2 ( ) ´1.76 0.08 1021 3.0 × 10−4

NGC 7619 A 50.53L 0.245 C 2.2 2.2 × 1.1 58.8 ( ) ´ -1.20 0.05 10 2 ( ) ´ -1.91 0.08 10 2 ( ) ´5.84 0.24 1021 2.8 × 10−5

NGC 7619 C 50.53L 0.245 PS 104.2 15.6 × 15.2 −47.0 ( ) ´ -2.1 0.1 10 2 ( ) ´ -2.5 0.1 10 2 ( ) ´7.64 0.34 1021 2.4 × 10−4

Note. The columns are listed as follows: (1) 3C, IC, and NGC source names; (2) VLA configuration; (3) luminosity distance mostly derived from surface-brightness fluctuations, a redshift-independent method (see
Note); (4) the linear scale in kiloparsecs per arcseconds; (5) the radio morphology classification (Figure 1 and Section 3); (6) the largest linear extent in kiloparsecs; (7) the restoring beam from the CASA clean
algorithm in arcseconds and corresponding (8) position angle; (9) the peak intensity in janskys per beam of the radio source in the total-intensity image in the Lband (the frequency range between 1–2 GHz, centered at
1.5 GHz); (10) the integrated total flux density in jansky in the L band; (11) the total radio power in watts per hertz; (12) the rms noise (σrms) values of each total-intensity image in janskys per beam. Details of each
observation can be found in Table C1. (1) sources marked with “

*
” are our new VLA A observations obtained within the project 15A-305; (3) distances marked with # are based on redshift measurements (references:

L: Lakhchaura et al. 2018; B: Blakeslee et al. 2009; M: Mieske et al. 2005); (5) radio morphological categories: J/L: jets/lobes; D: diffuse and D†: diffuse with signs of jet-/lobe-like morphology; C: compact and C†

with signs of small-scale jet-/lobe-like morphology; PS: point-source-like radio emission; NS: no radio source detected.
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for which central X-ray point-source emission was detected
(Lakhchaura et al. 2018).

Given these selection criteria, our volume-limited sample of
the X-ray and optically brightest nearby early-type galaxies (41
giant elliptical galaxies and one lenticular) has a high level of
completeness. There are six sources which meet our volume
and X-ray/optical brightness criteria, but have no dedicated
VLA L-band observations or sufficient Chandra data. Further-
more, for an additional two sources, IC 310 and NGC 4203, the
X-ray emission is strongly dominated by the central point
source and the contribution of the X-ray atmosphere cannot be
determined reliably (see Appendix D and Table D1). The small
incompleteness will not significantly affect our conclusions.
NVSS total-intensity maps, which were less sensitive than the
dedicated observations presented in our work, reveal emission

from a central radio source at 1.4 GHz in the majority of
nonincluded galaxies (five out of eight galaxies).
The main goal of our study is to extend the radio sample of

Dunn et al. (2010) to the 42 nearest X-ray and optically
brightest galaxies with the highest-resolution VLA A config-
uration data in the L-band spanning the frequency range
1–2 GHz and centered at ∼1.5 GHz.
We obtained new VLA A observations for 18 giant elliptical

galaxies (proposal ID: 15A-305, P.I.: N. Werner) to comple-
ment the available archival radio data for the entire sample.15

The highest-resolution array configuration was chosen to match
the resolution of images from the Chandra X-ray observatory.
Moreover, to be sensitive not only to the fine structure of the
central region but also to more diffuse and extended radio
emission, we decided to complement the high-resolution VLA
A configuration data with data from the more compact C and D
VLA configurations.

3. Radio Morphology Categories

We define four categories of radio sources (see Figure 1)
depending on the total extent of radio emission: point sources,
compact sources, diffuse sources, and sources with prominent
jets and lobes. In some cases, the compact and diffuse sources
reveal small-/large-scale jets and lobes, which we classify as a
subcategory of the compact (e.g., NGC 5129) or diffuse (e.g.,
NGC 741) sources with jets/lobes.
The point-source category (PS) is defined for those sources

with an extent smaller than twice the restoring beam size of
their total-intensity VLA map. Galaxies with radio emission
larger than this threshold are indeed labeled as extended. In
addition, compact sources (C) are defined when showing a total
extent smaller than 5 kpc. On the other hand, diffuse (D)
sources are those classified as having their radio emission
extending to more than 5 kpc from the nucleus with a rather
dispersed morphology, without well-defined large-scale jets/
lobes. Lastly, for the sources in the category of prominent jets/

Table 2
The linmix Correlation Coefficients between the Radio Power at 1.5 GHz and the Properties of the Ambient Hot and Warm Gas and the Mass of the Central

Supermassive Black Hole

Investigated Spearman Pearson linmix
Relations Fitted points r p-value r p-value ρ α β

P1.5 GHz versus

LXray All 0.06 0.71 0.06 0.71 -
+0.06 0.16

0.17 40.9 ± 1.2 0.02 ± 0.06

Nuc/extHα −0.12 0.62 −0.10 0.66 - -
+0.10 0.20

0.20 42.1 ± 2.0 −0.4 ± 0.9

No Hα 0.19 0.046 0.33 0.19 -
+0.32 0.26

0.22 38.5 ± 2.4 0.1 ± 0.11

LXray_AGN All 0.71 <0.004 0.71 <0.004 -
+0.68 0.21

0.14 31.9 ± 2.9 0.4 ± 0.13

K10 kpc All 0.03 0.37 0.02 0.34 -
+0.34 0.16

0.14 0.7 ± 0.4 0.04 ± 0.02

t cool All 0.29 0.06 0.31 0.05 -
+0.17 0.15

0.17 −0.7 ± 0.6 0.04 ± 0.03

Pjet All 0.05 0.83 0.22 0.33 -
+0.33 0.27

0.23 39.4 ± 2.4 0.13 ± 0.1

LHα+[N II] All −0.23 0.34 −0.31 0.19 - -
+0.30 0.22

0.24 −0.1 ± 0.1 42.3 ± 2.0

MBH All 0.07 0.75 0.02 0.93 -
+0.01 0.22

0.22 9.1 ± 2.1 0.01 ± 0.09

Nuc/extHα 0.41 0.16 0.39 0.18 -
+0.38 0.31

0.25 5.8 ± 2.8 0.1 ± 0.1

No Hα −0.37 0.29 −0.18 0.62 - -
+0.16 0.38

0.35 11.4 ± 5.4 −0.1 ± 0.3

S1.5 GHz versus LLS All 0.64 <0.0002 0.64 <0.0003 -
+0.63 0.14

0.11 1.62 ± 0.1 0.4 ± 0.1

Note. The corresponding parameters of the fit are as follows: the Spearman correlation coefficient and Pearson correlation coefficient and the corresponding p-values,
the linmix correlation coefficient (ρ), the log normalisation (α) and the power-law index (β).

Table 3
The Mean Values of the Spectral Indices and Corresponding

Uncertainties Determined from the Central Region with
Diameter of 0.7 kpc for a Subset of Our Early-type Galaxies

Source Spectral Index

IC 4296 0.224 ± 0.005
NGC 57 −0.934 ± 0.014
NGC 410 −0.698 ± 0.055
NGC 507 −0.289 ± 0.058
NGC 533 −0.978 ± 0.068
NGC 777 −0.757 ± 0.080
NGC 1404 −2.554 ± 0.621
NGC 1407 −0.727 ± 0.025
NGC 1550 −1.628 ± 0.387
NGC 2300 −0.954 ± 0.004
NGC 3091 −1.259 ± 0.227
NGC 3923 −2.074 ± 0.851
NGC 4073 −0.647 ± 0.053
NGC 4472 −0.548 ± 0.228
NGC 4936 0.491 ± 0.042
NGC 5129 −0.506 ± 0.006
NGC 5419 0.342 ± 0.002
NGC 7619 −0.614 ± 0.014

15 Unfortunately, NGC 1521 was missed while proposing the new VLA
observations.
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lobes (J/L), the radio jets and lobes are the most prominent
features (e.g., IC 4296), and well collimated and narrow (i.e.,
with opening angles less than a few tenths of degrees),
extending more than 5 kpc from their radio core.

4. Observations and Data Reduction

4.1. VLA Radio Observations and Analysis

We reduce and analyze VLA data obtained both before
(historical VLA data) and after the major upgrade in 2011 (Karl
G. Jansky VLA/EVLA data; Perley et al. (2009, 2011)).

The major data size difference is in the increased bandwidth
of the observations due to the upgrade to the Wideband
Interferometer Digital ARchitecture (WIDAR) correlator sys-
tem. The older historical data consisted of only one or two
spectral windows with tens of channels with a channel width of
100–1000 kHz, whereas the Karl G. Jansky VLA data have
tens of spectral windows with up to hundreds of channels with
a channel width of 3000 kHz, which makes the size of the data
set significantly larger. This affects our approach to the
calibration methods we used for the two different data sets.
For the Karl G. Jansky VLA data (∼20–100 GB), we used the
more effective pipeline calibration method, and in the case of
historical data a manual calibration approach was chosen,
following the “Jupiter continuum calibration tutorial” available
on the VLA NRAO website.16

4.1.1. Historical VLA Data

The preupgrade or historical VLA data sets were analyzed
for 33 galaxies in multiple configurations (details are given in
Table C1) and observed for a large fraction of sources in our
sample (i.e., more than ∼80%) in two spectral windows
between 1.4–1.7 GHz. The important calibration steps for the
historical data sets can be summarized as follows. The first step
is to flag the imported data according to the suggestions from

the NRAO observation log17 (if available), then we run
tfcrop (time–frequency crop), the automatic flagging algo-
rithm. The flux density for the corresponding VLA primary flux
calibrators (Table C1) is set from a model (Perley &
Butler 2013) with the CASA task setjy. Since there are only
one or two single-channel spectral windows for most of the
preupgrade historical data, we do not need to solve for the
antenna delays and do bandpass calibration. The next step is to
determine the solution of the total gains for the flux-density
calibrator and, finally, apply those gain solutions to the target.

4.1.2. Karl G. Jansky VLA Data

The new Karl G. Jansky VLA observations at 1–2 GHz
presented here include 20 sources in A configuration from our
project (ID: 15A-305, P.I.: Werner) and 10 archival observa-
tions in various VLA configurations (Table C1). The details of
the data reduction and imaging were described in our recent
paper on the giant elliptical galaxy IC 4296 (Grossová et al.
2019).
A similar approach is used to calibrate18 and image all

sources from the 2015 project. The corresponding flux-density
calibrators for each observation are listed in Table C1.
The imaging was performed with the MultiTerm Multi-

Frequency synthesis (MTMFS) clean algorithm (Rau &
Cornwell 2011) with the briggs (robust=0) weighting
scheme (Briggs 1995). The second-order Taylor polynomial
(nterms=2; McMullin et al. 2007) was used to account for
the spectral behavior of the sources. The various spatial scales
of radio emission require an individual approach to each source
with different combinations of weightings, gridders, convol-
vers, and UV-tapers. When the dynamic range of the total-
intensity images reaches high enough values,19 a few cycles of
phase and possibly one cycle of amplitude and phase self-
calibration are performed.

Figure 1. Examples of radio morphology categories. The lowest level of the red/cyan/white (configuration A/B/C or D) radio contours corresponds to 5× rms noise
(σrms) in the image and the subsequent contours increase by a factor of 2. The corresponding rms noise and restoring beam size of the elliptical Gaussian for each
source can be found in Table 1. The black cross depicts the position of the radio center of the galaxy.

16 https://casaguides.nrao.edu/index.php/Jupiter:_continuum_polarization_
calibration

17 http://www.vla.nrao.edu/cgi-bin/oplogs.cgi
18

CASA pipeline v1.3.11 and CASA (v4.7.2.; McMullin et al. 2007).
19 We consider the dynamic range high enough when the ratio of the peak
intensity to the rms noise of the image is about 100.
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An example of the final total-intensity map is presented for
the giant elliptical galaxy NGC 4472 in Figure 2.

4.1.3. Total Flux Densities and Uncertainties

The final total flux densities centered at 1.5 GHz (S1.5GHz) for
each source are derived using the imstat CASA task. It is
worth noting that, for sources in the sample observed only in A
or B configuration, the final flux density might be lower than
the “true” total flux density, because of the missing short
baselines. On the other hand, we are mainly interested in
central cores, where the flux density values are not affected by
the missing short baselines.

The corresponding measurement uncertainties for the flux
densities (ΔS1.5 GHz) are determined as follows (e.g., Klein
et al. 2003; Rajpurohit et al. 2018):

( · )

( · ) ( · ) ( )s

D = + +

= +

S S S S S

S S npts A , 1

1.5GHz 1.5 GHz cal
2

n
2

z
2

1.5GHz cal
2

rms beam
2

where Scal is the specific calibration uncertainty, which is about
4% for VLA observations (Perley & Butler 2013). Sn, the noise
uncertainty, is defined as the off-source rms noise (σrms) of the
image multiplied by the square-root of the number of points
(npts) in pixels per area, which covers the entire radio emission
of the source divided by the beam area (Abeam) in pixels. The
term Sz accounts for a possibly wrong zero level, but may be
neglected for interferometric observations (Klein et al. 2003).

The rms noise values were determined from four circular off-
source regions in the image using casaviewer, and the
median was taken as the final σrms. The CASA tool for image
analysis, ia.beamarea, gives an area that is covered by the
beam, or Abeam, in pixels. Finally, we create a polygonal region
enclosing the source’s entire radio emission and save it into a
CASA region file with the extension “.crtf”. The CASA task
imstat with a parameter region=’*.crtf’ is used to
determine the integrated flux density at 1.5 GHz (S1.5GHz) and

the number of points (npts) or pixels within that specific region
of the source emission.
The value of the peak intensity at 1.5 GHz (Speak) and the

corresponding uncertainties are determined accordingly.

4.1.4. Spectral Index Maps

To investigate the most-recent activity of the AGN in our
sample, we produce in-band spectral index maps from our 15A-
305 VLA A configuration project for 18 giant elliptical
galaxies. Each observation contains 16 spectral windows
spanning the frequency range between 1–2 GHz.
We adopted two different approaches to estimate the spectral

index. First, we used the MTMFS deconvolution algorithm in
the TCLEAN CASA task. It produces two Taylor coefficient
images: tt0 as an equivalent of a Stokes I image, thus
containing the information on the emission at a reference
frequency, and tt1 as a Taylor expansion term. The spectral
index, α, is then defined as α= tt1/tt0. The final output of the
spectral index map is stored in the CASA product file, “.alpha.
image.tt0” with the corresponding measurement uncertainty
values saved in the CASA product, “.alpha.image.alpha.error.
tt0”. To focus only on the emission above 5× σrms, we applied
this threshold value through the task widebandpbcor to the
final “alpha image” and with a parameter calcalpha we
recalculated the spectral index map. In the casaviewer, a
circular region for each source with the diameter of 0.7 kpc is
defined to investigate the spectral index at the same physical
scale in all 18 galaxies. The size of the central region (0.7 kpc)
was chosen to be applicable to all of our sources taking into
account the different distances. This region was then used to
extract the mean spectral index values from the threshold-
adjusted CASA “alpha images”.
For our second approach, we estimated the spectral index

fitting flux densities measured in the central regions as
described in the following. We split the 12 spectral windows20

into four chunks and “cleaned” them separately with specific
reference frequencies (1.1, 1.3, 1.7 and 1.9 GHz). Then, we
smoothed the image chunks with the CASA task imsmooth to
gain the same restoring beam size (resolution). Lastly, in
casaviewer, we extracted the flux densities from a circle of
0.7 kpc diameter centered at the radio core (consistent with the
peak of radio intensity or the point from which the symmetrical
jets/lobes are streaming out and are confirmed by the position
of the center listed in the literature or NASA/IPAC
Extragalactic Database (NED)21) and calculated the spectral
indices as a slope of the log-log fit with the extracted flux
densities on the y-axis and the corresponding frequencies on
the x-axis.
A comparison between the two methods adopted to estimate

the spectral index is shown in Figure 3 for the case of
NGC 4472; the results appear in good agreement.
However, the latter method is simpler, because the spectral

index maps (“alpha images”) are automatically created during
the TCLEAN task with the parameter nterms=2. For further
analysis of spectral indices, we concentrate only on this
approach.

Figure 2. Example of the calibrated, final total-intensity image of the giant
elliptical galaxy NGC 4472 in the upgraded VLA A configuration data
observed in 2015. The red contour levels are created at [1, 2, 4, 8, 16,
K] × 5 σrms up to peak intensity at 1.5 GHz (Speak). The rms noise and peak
intensity values are 22 μJy beam−1 and ( ) ´ -2.79 0.11 10 Jy2 (Table 1).
The red ellipse in the white box represents the restoring beam of the final
image. The black cross shows the position of the radio center of the giant
elliptical galaxy.

20 The 12 spectral windows were left after flagging the original 16 spectral
windows.
21 https://ned.ipac.caltech.edu/
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4.2. X-Ray Chandra Observations and Analysis

We use archival Chandra Advanced CCD Imaging Spectro-
meter (ACIS) observations first reported and described in
Lakhchaura et al. (2018).

The archival Chandra observations were processed using the
standard CIAO (v4.13; Fruscione et al. 2006) procedures and
most-recent calibration files (CALDB 4.9.4). For galaxies
observed multiple times, the individual observations were
reprojected and merged. Most galaxies were observed in the
VFAINT mode using the ACIS-S chip; however, for a couple
of galaxies we combined the ACIS-S and ACIS-I observations,
and for some of the galaxies there were only ACIS-I
observations available.

The observations were deflared using the lc_clean
algorithm within the deflare routine. The images were
generated from the merged observations using the fluximage
procedure with a binsize of 1 pixel (0.492 arcseconds). The
images were background subtracted using blanksky back-
ground files, which were scaled to match the observations in the
9–12 keV band, and exposure corrected using the corresponding
exposure maps. The point sources were found using the
wavdetect tool, inspected visually and filled with a mean-
surrounding surface brightness using the dmfilth procedure
(CIAO 4.13).

The two-dimensional surface brightness distribution of each
image obtained by this procedure was modeled using a

projected version (Ettori & Fabian 2000) of a classical beta
model (Cavaliere & Fusco-Femiano 1976). The fitting was
performed in the SHERPA (v4.13; Freeman et al. 2001)
package using the Cash statistics (Cash 1979) and Monte Carlo
optimization method. The fitted models were subtracted from
the original images and the resulting residual images were used
for further analysis. Individual X-ray cavities were searched by
eye using residual images, and their reliability was checked
using the Poisson statistics to be at least 4σ under the
surrounding background. The detection of these cavities is
further supported by a novel machine-learning method (a.k.a
CADET; T. Plšek et al. 2021, in preparation).

5. Results

Here, we report the results of radio observations for a sample
of 42 early-type galaxies (41 giant elliptical galaxies and one
lenticular galaxy). Our sample contains the most optically and
X-ray luminous early-type galaxies within the luminosity
distance of ∼100Mpc at a decl. that is accessible by the VLA
(for more details, see Section 2). All details are reported in
Table 1.

5.1. Multiscale Radio Emission

5.1.1. Central Radio Emission

Our results show a high radio core22 detection rate of 98%
(41/42) for the early-type galaxies in our sample within the
frequency range between 1–2 GHz, centered at 1.5 GHz
(Table 1).
For the remaining galaxy, NGC 499, no central radio

emission was detected in the available VLA observations in
the L band (1–2 GHz). However, an archival single-dish
Arecibo observation at 2.38 GHz (Dressel & Condon 1978),
an observation by the NVSS survey at 1.4 GHz (Brown et al.
2011, although only with a 2σ detection) and, most recently, a
low-frequency observation with the LOFAR (Bîrzan et al.
2020) detected a faint nuclear pointlike radio source in the
center of NGC 499. Thus, due to the previously confirmed
presence of radio emission from NGC 499 in the above-
mentioned studies, the detection rate in our sample could be
considered to be 100%.
The nondetection of the radio emission from NGC 499 in the

highest-resolution VLA A configuration data could be due to the
shallow observations with a resulting rms noise of∼12.0× 10−5

Jy beam−1, which is twice the sensitivity limit for our faintest-
detected radio source in our sample: NGC 4406 (Table 1).
Observations with LOFAR at ∼150MHz detected a radio core
with a total integrated flux density of 0.046± 0.009 Jy.
Assuming a spectral index of about −0.7, we estimate that
NGC 499 would have a radio source with a total flux density of
0.009 Jy at 1.5 GHz, which is still above the threshold of the
archival VLA A observation, potentially indicating a steeper
spectrum. We note that the much higher flux density of 0.26 Jy
reported by Condon & Broderick (1988) at 1.4 GHz frequency
does not agree with all other available radio measurements.

5.1.2. Extended Radio Emission

For 67% (28/42) of the galaxies in our sample, we detect a
diffuse, extended morphology.

Figure 3. Example of determining the spectral index for NGC 4472 from a red
circle with a diameter of 0.7 kpc. Top: the CASA output “alpha image” and its
corresponding uncertainty values. In CASAVIEWER, we extracted the mean
spectral index of (−0.55 ± 0.05). Bottom: the manual fitting of four frequency
chunks and their corresponding flux densities gives a final spectral index value
for NGC 4472 of −0.64, which is comparable with the mean spectral index
from the CASA “alpha image”.

22 A radio core is a pointlike radio emission within twice the beam size located
at the center of a host galaxy.
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It is worth noting that we present only a lower limit for the
number of galaxies with extended radio emission. Due to our
main interest in detecting the radio cores, the highest-resolution
A configuration data are prioritized. Sensitivity to the diffuse,
extended emission was sacrificed at the expense of the higher
resolution of the fine structures in the central region. The more
compact configuration observations (C or D) are missing for a
fraction of sources (11 sources out of 42) in our sample.

5.2. Radio Morphology

The morphology of the radio emission at 1–2 GHz varies
widely within our sample of early-type galaxies.

On the one hand, the total-intensity radio maps reveal well-
collimated, large-scale radio jets and lobes extending up to
hundreds of kiloparsecs (e.g., NGC 315, Figure B3(c)) or
small-scale jets residing within a few kiloparsecs from the radio
nucleus (e.g., NGC 5129, Figure B5(h)). On the other hand, we
also observe many galaxies where the jets and lobes are
disturbed by the influence of the surrounding hot gas or
interaction with other galaxies: narrow- or wide-angle tails
(e.g., NGC 507, Figure B3(d); and IC 4296, Figure B3(b)), tails
tracing the path of the interaction with another galaxy (e.g.,
NGC 741, Figure B3(g)), S-shaped radio emission (e.g.,
NGC 1316, Figure B4(a)), diffuse morphology with no clear
jets or lobes (e.g., NGC 1407, Figure B4(c)), and relic-like,
large-scale diffuse emission (e.g., NGC 5419, Figure B6(a)). A
more detailed definition of our categories is given in Section 3.

For IC 4296 (Figure B3(b)), NGC 57 (Figure B1(b)),
NGC 533 (Figure B3(e)), NGC 1550 (Figure B4(d)), NGC
4261 (Figure B4(f)), NGC 4374 (Figure B4(g)), NGC 4472
(Figure B4(h)), NGC 4552 (Figure B5(b)), NGC 5129
(Figure B5(h)), and NGC 5419 (Figure B6(a)), we found
new, previously unobserved and undescribed radio morph-
ology at the high resolution of about 1″–2″ in the frequency
range of 1–2 GHz (red contours in Figures B3–B6).

Details of radio morphologies together with relevant
information on the multifrequency data for each source
individually are given in Appendix A.

5.3. Comparison with X-Ray Data

5.3.1. X-ray Cavity Rate

The hot X-ray-emitting atmospheres embedded in galaxies
are closely related to the activity of their central radio-emitting
AGN (e.g., McNamara et al. 2005; Werner et al. 2019).

In our sample, we compared Chandra X-ray images with the
total-intensity radio images searching for signatures of
interaction as X-ray cavities. We reported also all known
X-ray cavities from the literature.

We also detected X-ray cavities for seven sources with only
pointlike radio morphology and for NGC 499 (Panagoulia et al.
2014; Kim et al. 2019). The cavities in NGC 1132 and
NGC 4778 that host pointlike radio sources were previously
detected by Dong et al. (2010) and Morita et al. (2006).
Additionally, T. Plšek et al. (2021, in preparation) found
potential cavities for another five pointlike radio sources:
NGC 2300, NGC 3091, NGC 3923, NGC 4073, NGC 4125
(see Discussion 6.5.2 for more details).

In our sample we can summarize that 34 out of 42 (81%)
early-type galaxies show detectable X-ray cavities in their hot
X-ray atmospheres.

5.3.2. Central X-ray Point-source Rate

In the parent X-ray study, Lakhchaura et al. (2018) found
nuclear X-ray point sources for 32% of early-type galaxies (16
out of 49 in their study), from which 14 X-ray point sources are
relevant to our study.
It is worth noting that while radio emission is detected in

98(–100)% of the sources from our sample, only about 33%
(14/42) of the systems also host a detectable central X-ray
point source.

5.4. Multifrequency Correlations

We investigate the correlations and trends between the radio
power at ∼1.5 GHz (P1.5GHz) and the X-ray luminosity within
10 kpc from the center of the galaxy (Figure 4; top), the
luminosity of the central X-ray point source or AGN (Figure 4;
bottom), entropy and cooling time of the hot X-ray-emitting
gas (Figure 5; top and bottom, respectively), the power of the
jet estimated from X-ray cavities (Figure 6; top), the luminosity
of Hα+[N II] nebulae (Figure 6; middle), the mass of the
central supermassive black hole (Figure 6; bottom), and the
largest linear size of the radio emission (Figure 7). Moreover,
the flux-density distribution for pointlike and extended radio
sources is presented in Figure 8.
The details of the Hα+[N II] nebulae emission extent and

other information about multiphase gas is given in Table C2.
The Spearman and Pearson correlation coefficients are used

to derive the trends between two investigated quantities without
accounting for the measurement uncertainties. Moreover, a
Bayesian approach to linear regression, taking into account the
corresponding measurement uncertainties for both the x and y
variables, as well as the upper limits, was used within the
linmix package23 (Kelly 2007).
The statistical significance of the trends is represented by the

probability derived from the null hypothesis test (i.e., the p-
value).
Significant trends, with a Spearman and Pearson correlation

factor of 0.71 and corresponding p-value of 0.004, are obtained
when comparing the radio power with the luminosity of the
central X-ray point source (Figure 4; bottom) and the radio flux
density with the largest linear size of the detected radio
emission (Figure 7).
Negligible correlations are found when comparing the radio

power with the jet power required to inflate the cavities; the
luminosity of the X-ray atmosphere (Figure 4; top), and the
luminosity of the warm ionized nebulae, traced by Hα+[N II]
line emission (Figure 6; middle), the mass of the supermassive
black hole (Figure 6; bottom) as well as various thermo-
dynamical properties of the X-ray-emitting hot gas such as
entropy (Figure 5; top) and cooling time (Figure 5; bottom)
(Lakhchaura et al. 2018).

5.5. Nuclear Spectral Indices

To estimate the age of the radio-emitting plasma in the
innermost central regions (within 0.7 kpc radius of the radio
core) of the early-type galaxies, we determined in-band spectral
indices for 18 out of 42 galaxies observed with the upgraded
VLA A configuration. The description of the approach we used
to determine the spectral indices for the subsample of our
galaxies can be found in Section 4.1.4.

23 https://github.com/jmeyers314/linmix
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The final central spectral indices are presented in Table 3 and
Figure 9. Interestingly, about one-third of our sources have
inverted or flat radio spectra (α�−0.5), while the majority
showed steep spectral indices (α<−0.5). This result is
consistent with a scenario where some of the sources were
recently active, while, for some, the spectral shape is in
agreement with synchrotron cooling.

6. Discussion

6.1. High Detection Rate

The early-type galaxies in our sample show a very high radio-
detection rate at frequencies between 1–2GHz. For 41 out of the
sample of 42 galaxies, we detected at least pointlike emission in
the central region. A significant fraction, 27/42 galaxies, shows
extended radio emission from jets and lobes. For 26 out of these
42 galaxies, the presence of X-ray cavities was detected.
Moreover, X-ray cavities were also detected for eight sources
without jets/lobes. Altogether, 34 sources show signatures of
interaction with the X-ray-emitting medium. This suggests that
most of these systems are operating in radio-mechanical or
maintenance-mode AGN feedback.

Figure 4. Top: relation between radio power at ∼1.5 GHz (P1.5GHz) versus the
X-ray luminosity (LXray) within 10 kpc from the center of the galaxy shows no
correlation. Bottom: significant correlation (Spearman and Pearson coefficient
of 0.71 with p-value of 0.004) is seen when we compare the radio power at
∼1.5 GHz (P1.5GHz) with the luminosity of the central X-ray point sources
(LXray_AGN) (Lakhchaura et al. 2018) detected only in a subset of our main
sample of early-type galaxies. Error bars on the radio power are mostly smaller
than the plotted symbol size. The correlation coefficients and corresponding p-
values are given in Table 2. The black line represents the linear fit of the
distribution, while the shaded area shows the 1σ confidence region for the
correlation.

Figure 5. The radio power (P1.5GHz) plotted against the entropy (top) and
cooling time (bottom) of the hot X-ray-emitting gas measured within
r < 10 kpc shows no correlation. Error bars on the radio power are mostly
smaller than the plotted symbol size.
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Figure 6. Top: no correlation is found between the radio power (P1.5 GHz) and
the jet power (Pjet; top), the Hα + [N II] luminosity ( [ ]+L ;H Nalpha II middle) as
well as the supermassive black hole mass (MBH; bottom). The nuclear
(nucHα), extended (extHα), undetected (noHα) and unknown (unkHα) Hα +
[N mathscII] emission are distinguished. The correlation coefficients and
corresponding p-values are given in Table 2. Error bars on the radio power are
mostly smaller than the plotted symbol size.

Figure 7. The total flux density at 1.5 GHz (S1.5 GHz) is plotted against the
largest linear size (LLS) of the radio source. A positive correlation with a
linmix correlation coefficient of -

+0.67 0.09
0.08 is determined. The brighter the

radio source, the larger its linear extent. The correlation coefficients and
corresponding p-values are given in Table 2. The black line represents the
linear fit of the distribution, while the shaded area shows the 68% confidence
region for the correlation.

Figure 8. Total integrated radio flux-density histogram with two morpholo-
gically different categories: point sources and extended sources. The fainter
sources fall into the point sources category, whereas the brighter galaxies are
the extended ones.

Figure 9. Radio spectral indices for a subset of our sample. Approximately,
three-quarters of the sources have steep spectra (α > −0.5) and the rest have
flat and inverted radio spectra (α � −0.5). The vertical blue dashed line
indicates the spectral index of −0.5.

11

The Astrophysical Journal Supplement Series, 258:30 (40pp), 2022 February Grossová et al.



Our high detection rate of radio sources appears to be
consistent with previous findings (e.g., Dunn et al. 2010;
Brown et al. 2011; Sabater et al. 2019). At first glance, these
results indicate a very high AGN duty cycle. It is, however,
worth noting that the detected extended radio emission most
likely does not always represent the current state of AGN
activity and is often a remnant from a previous cycle.

6.2. Origin of Radio Emission

The 14 sources with pointlike radio emission are potential
FR 0 sources (Baldi et al. 2015), however, some of them could
also belong among young or aged radio sources, or
alternatively, they can be linked to star formation (Con-
don 1992; Lacki & Thompson 2013). To investigate whether
the origin of the observed radio emission is solely related to
AGN activity or could also be linked to star formation, we
follow the analysis of Kolokythas et al. (2018). We determine
the far-ultraviolet (FUV) fluxes of the galaxies with point-
source-like radio emission using the Galaxy Evolution Explorer
(GALEX) Survey GR6 catalog24 to estimate the star-formation
rate (SFR) (Bell 2003), from which we determine the expected
radio power (Salim et al. 2007). If the expected radio power
from the FUV-estimated SFR is at least half of the observed
radio power, star formation could potentially be the dominant
radio-emission mechanism.

Our analysis shows that for 5 out of the 14 galaxies with
pointlike radio morphology, namely NGC 1404, NGC 3091,
NGC 3923, NGC 4073 and NGC 4406, star formation could
dominate the observed radio emission (see Table 4). However,
three out of five sources where the radio emission could
potentially be dominated by star-formation activity also host
ghost cavities, indicating that radio-mode AGN activity is also
present in these galaxies (see Section 6.5.2). Importantly, 7/14
pointlike galaxies display cavities, indicating that despite the
lack of extended radio structures at 1–2 GHz, these galaxies
host a radio AGN capable of inflating lobes and cavities. The
two galaxies that lack observable signatures of radio-mode
AGN feedback are NGC 1404 and NGC 4406, which are
falling through and being stripped by the intracluster medium
(ICM) of the Fornax and Virgo clusters, respectively. X-ray
cavities were also previously detected for FR 0 in the brightest
cluster galaxy of the galaxy cluster Abell 795 by Ubertosi et al.
(2021).

Using FUV fluxes as an indicator of star formation,
Kolokythas et al. (2018) found that for 5 of the 26 galaxies
in their high-richness subsample of the CLoGS, star formation
could have a significant contribution to the radio emission.

6.3. AGN Duty Cycle

To study the duty cycle of radio-mode AGN activity in more
detail, we estimate the spectral indices in the nuclear regions
for a subsample of our early-type galaxies (Table 3). The
distribution of the central spectral indices could help us place
better constraints on the duty cycle of the AGN.

From in-band VLA analysis of the mean spectral indices of
the radio emission within 0.7 kpc from the central region, we
determined that approximately one-third of the sources have a
relatively flat (α�−0.5) spectral index. The rest of the
galaxies have steep spectra. This result indicates that the age of

the radio-emitting plasma in the centers of these galaxies spans
a range of values, and while the radio-mode AGN activity is
variable, it has a relatively high duty cycle.
This analysis could also motivate a more in-depth invest-

igation of the nuclear activity of these AGN. For example,
higher-resolution very-long-baseline interferometry (VLBI)
observations would offer a closer look at the central regions
and their most recent states of activity. From our sample, an
example is provided by the recently active source NGC 5044,
where Schellenberger et al. (2020) confirm ongoing jet activity
using the VLBA and summarize the presence of multiple
generations of X-ray cavities.
Another example in the sample is NGC 1407, where we see

a small-scale young jet in the core (Giacintucci et al. 2012). A
recent study of NGC 1316 (Maccagni et al. 2021) using the
upgraded Karoo Array Telescope (MeerKAT), as well as VLA
and Atacama Large Millimeter/submillimeter Array (ALMA)
data, found a highly variable central radio source in the last
three cycles of its activity. One cycle, forming large diffuse
radio lobes, could have started around 20Myr ago. The second
cycle started possibly around 3Myr ago, forming a flattened
S-shaped structure. The current activity appears to be
1Myr old.

6.4. Correlations with Radio Power

We investigated the possible correlations between the radio
power and the X-ray luminosity of the hot halo as well as the
central point source, the thermodynamical properties of the hot
gas, the Hα+[N II] luminosity, and the jet power calculated
from the X-ray cavities and between the radio flux density and
the largest linear size of the radio emission (Table 2 and
Figures 4–7).
We see a significant correlation with a Spearman and

Pearson coefficient of 0.64 with p-value of 0.004 between the
total radio flux density and the largest linear size of the radio
emission. The larger the total extent of the radio emission, the
more powerful the source is (Singal 1993; Lara et al. 2001;
Shabala & Godfrey 2013; Tang et al. 2020). While the
distances of our sources span a factor of 6, the radio fluxes span
four orders of magnitude. The range of radio power is thus too
large to be accounted for by the more powerful sources being
more distant.
Similarly, a significant correlation with a Spearman and

Pearson coefficient of 0.71 with p-value of 0.004 is found
between the radio power and the X-ray luminosity of the
central X-ray point source.25 The correlation is consistent with
a scenario where the X-ray emission comes from an unresolved
X-ray jet or the base of the jet.
The relation between the luminosity of the hot X-ray

atmospheres within 10 kpc radius from the central region and
the radio power at 1.5 GHz shows no correlation. The lack of
trends could, at first glance, appear surprising. It is worth
noting that the lack of any trend detected here could be affected
by the limited range of X-ray luminosities in the innermost
regions up to a radius of 10 kpc spanning over approximately
one order of magnitude in comparison with a large span of
radio power values (∼six orders of magnitude; Figure 4; left).
Moreover, for a stable continuous accretion of the hot

24 https://galex.stsci.edu/GR6/?page=mastform

25 To take into account biasing due to the same Dl
2 dependence, we compared

the X-ray luminosity of the atmosphere (LXray) within a 10 kpc radius from the
core with the radio flux (S1.5 GHz) instead of the radio power (P1.5 GHz),
resulting in a slightly lower correlation coefficient of 0.61 and p-value of 0.01.
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atmospheric gas, at a given black hole mass, one would expect
higher accretion rates and thus more powerful jets for lower
entropies and shorter cooling times. However, the gas with
typical cooling times seen in early-type galaxies is expected to
be thermally unstable (e.g., Fabian & Nulsen 1977; Nul-
sen 1986). Assuming that the ambient medium cools and forms
dense clouds with very small volume-filling fractions that fall
toward the central black hole, the accretion rate can for short
moments rise by orders of magnitude, triggering a feedback
response (Gaspari et al. 2013; Voit et al. 2015; McNamara et al.
2016). Since the infall of dense clouds with a range of masses
is essentially chaotic, the power of a given triggered outburst
can also have a range of values. Thus, we are not expecting any
trend between the thermodynamic properties of the atmo-
spheric gas and the observed radio emission.

The radio power showed no correlation with the radio power
and the jet power computed using X-ray cavities (Lakhchaura
et al. 2018, and references therein), and Hα+[N II] luminosity
(Lakhchaura et al. 2018), and the mass of the central
supermassive black hole.26

The Hα+[N II]-emitting gas represents only a fraction of the
cold/warm gas mass in the centers of these galaxies, and the

observed nebulae are not necessarily located in the vicinity of
the supermassive black hole. Therefore, the lack of correlation
is not entirely surprising. Results of the statistical analysis are
consistent with previous ones found in the literature (Fran-
ceschini et al. 1998; Liu et al. 2006). Weak correlations with
CO-emitting cold molecular gas have previously been observed
by Babyk et al. (2019).

6.5. Interaction with the X-Ray Gas

6.5.1. Widening Radio Jets

One of the signatures of the interaction between the radio
plasma and the hot X-ray gas could be seen in the widening of
the jets after they pierce through the relatively dense galactic
atmosphere.
The radio contours in 3C 449, NGC 315, NGC 4261 and

IC 429627 by, e.g., Killeen & Bicknell (1988) and Grossová
et al. (2019) (Figure 10) widen significantly at about 10–20 kpc
as the relativistic plasma in jets is released from the higher-
pressure environment of the hot X-ray gas. In other words, if
the ambient gas pressure drops below a certain value, then the
jets can widen significantly.
The widening and corresponding brightening of the jets

could be connected to the lower ambient ICM pressure and

Table 4
The Star-formation Contribution to the Radio Emission in the Case of Early-type Galaxies with Point-source Radio Morphologies

Source FUVflux
a SFRFUV P _1.5GHz exp 50% of P1.5GHz_obs

Name (μJy) (10−2 Me yr−1) (W Hz−1) (W Hz−1)
(1) (2) (3) (4) (5)

IC1860 ( )60.3 6.3 ( )7.10 0.70 ( ) ´1.29 0.13 1020 ( ) ´7.13 0.33 1021

NGC 57 ( )94.5 7.2 ( )7.30 0.60 ( ) ´1.32 0.10 1020 ( ) ´1.93 0.10 1020

NGC 410 ( )77.8 9.3 ( )4.40 0.50 ( ) ´7.92 0.90 1019 ( ) ´1.29 0.05 1021

NGC 410 ( )97.6 2.7 ( )5.49 0.15 ( ) ´9.95 0.28 1019 ( ) ´1.29 0.05 1021

NGC 1132 ( )59.7 9.4 ( )6.00 0.90 ( ) ´1.08 0.17 1020 ( ) ´1.98 0.13 1021

NGC 1404 ( )550.1 27.2 ( )2.85 0.14 ( ) ´5.16 0.26 1019 ( ) ´5.20 0.80 1018

NGC 1404 ( )702.9 1.5 ( )3.64 0.01 ( ) ´6.60 0.01 1019 ( ) ´5.20 0.80 1018

NGC 1404 ( )778.2 3.9 ( )4.03 0.02 ( ) ´7.30 0.04 1019 ( ) ´5.20 0.80 1018

NGC 1404 ( )732.3 5.7 ( )3.79 0.03 ( ) ´6.90 0.06 1019 ( ) ´5.20 0.80 1018

NGC 2300 ( )150.8 6.7 ( )3.35 0.2 ( ) ´6.07 0.27 1019 ( ) ´2.05 0.20 1020

NGC 2300 ( )163.0 4.2 ( )3.62 0.01 ( ) ´6.56 0.17 1019 ( ) ´2.05 0.20 1020

NGC 3091 ( )186.4 3.4 ( )5.62 0.1 ( ) ´1.02 0.02 1020 ( ) ´7.60 0.40 1019

NGC 3091 ( )163.5 4.2 ( )4.93 0.34 ( ) ´8.90 0.60 1019 ( ) ´7.60 0.40 1019

NGC 3923 ( )438.4 6.1 ( )2.49 0.03 ( ) ´4.51 0.06 1019 ( ) ´1.29 0.11 1019

NGC 3923 ( )357.5 21.5 ( )2.03 0.12 ( ) ´3.68 0.22 1019 ( ) ´1.29 0.11 1019

NGC 4073 ( )191.0 3.9 ( )8.91 0.18 ( ) ´1.61 0.03 1020 ( ) ´1.54 0.09 1020

NGC 4073 ( )130.0 10.2 ( )6.1 0.05 ( ) ´1.10 0.09 1020 ( ) ´1.54 0.09 1020

NGC 4125 ( )206.80 16.6 ( )1.22 0.10 ( ) ´2.22 0.18 1019 ( ) ´2.36 0.11 1019

NGC 4406 ( )1004.0 9.0 ( )4.16 0.04 ( ) ´7.53 0.07 1019 ( ) ´5.30 1.00 1018

NGC 4406 ( )1029.6 12.6 ( )4.26 0.05 ( ) ´7.72 0.09 1019 ( ) ´5.30 1.00 1018

NGC 4406 ( )800.7 17.2 ( )3.32 0.07 ( ) ´6.01 0.13 1019 ( ) ´5.30 1.00 1018

NGC 4936 ( )70.0 9.2 ( )0.89 0.12 ( ) ´1.61 0.21 1019 ( ) ´1.96 0.08 1020

NGC 7619 ( )81.2 6.6 ( )2.31 0.22 ( ) ´4.20 0.40 1019 ( ) ´3.82 0.15 1021

NGC 7619 ( )95.4 3.3 ( )2.31 0.11 ( ) ´4.18 0.20 1019 ( ) ´3.82 0.15 1021

NGC 7619 ( )81.6 7.0 ( )2.31 0.23 ( ) ´4.20 0.40 1019 ( ) ´3.82 0.15 1021

Notes. The columns are as follows: (1) the source name; (2) the far-ultraviolet flux from the GALEX-DR5 (GR5) catalog (Bianchi et al. 2011); (3) the estimated star-
formation rate (SFR) according to the relation of Bell (2003); (4) the expected radio power from the SFR (Salim et al. 2007); (5) the half value of the radio power; if
the expected power is greater than 1/2 of the observed power, star formation dominates.
a Multiple measurements of the FUV flux were found in the catalog for some sources.

26 The supermassive black hole masses were adapted from Kormendy & Ho
(2013) and Saglia et al. (2016) using direct measurements from Lauer et al.
(2007) and Makarov et al. (2014), who derived the masses from the MBH − σ
scaling relations taken from Lakhchaura et al. (2018). 27 The mechanism was described for IC 4296.
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possibly to additional thermal energy from the interaction of
the radio and X-ray plasma, which will increase the pressure of
the radio jet, causing it to expand (e.g., Gizani & Leahy 1999).

6.5.2. Ghost X-Ray Cavities

Evidence for the past interaction between the radio and
X-ray plasma, in the form of “ghost” cavities,28 was also
observed in the giant elliptical galaxy NGC 499 (Panagoulia
et al. 2014; Kim et al. 2019), which is the only galaxy in our
sample with a nondetection of a radio source at 1–2 GHz
(Section 5.1.1) using our VLA data. Similarly, X-ray cavities
have been observed in seven galaxies with only a central point
source in radio. Those previously known are NGC 1132 (Dong
et al. 2010) and NGC 4778 (Morita et al. 2006). Additionally,
T. Plšek et al. (2021, in preparation) found potential cavities for
another five sources: NGC 2300, NGC 3091, NGC 3923,
NGC 4073, and NGC 4125.

The lack of radio emission filling the volume of X-ray
cavities is most likely due to the old, aged plasma present in
lobes. Assuming the lobes rose and expanded at the sound
speed cs≈ 500 km s−1 of 1 keV gas, then the radio plasma in
the ghost cavities has aged at timescales∼ 10Myr and are thus
barely visible at the observed radio frequencies unless other
mechanisms occur.

6.5.3. Possible X-Ray Tail

We observe an X-ray tail in the so-called cross-cone region
between the jets (yellow circles in the images of IC 4296 and
3C 449; Figure 11) due to the relative motion of the

intracluster/group medium and the centrally located jetted
galaxy in a system that experiences ICM sloshing. With a large
opening angle of the jets and the presence of potential “warm”

spots, the galaxies can be categorised as Wide-angled Tail
(WAT) galaxies (e.g., Owen & Rudnick 1976; O’Donoghue
et al. 1990; Leahy 1993; Missaglia et al. 2019).

6.6. Offset Radio Sources

In some cases, the radio emission is observed to be offset
from the optical/X-ray emission of the host galaxy. Several
mechanisms can be responsible for such misalignment. One
possibility is that the offset radio emission might belong to a
merging galaxy where only one nucleus is active (a so-called
“offset AGN”; Steinborn et al. 2016) or to a recoiled black hole
kicked out of the system at large velocities (ranging from
hundreds to thousands of kilometers per second) when the
central black holes of merging galaxies coalesce.
To date, there have been tens of observed candidates for such

black holes ejected by gravitational wave recoil (also supported
by simulations, e.g., Campanelli et al. 2007; Blecha et al.
2016, 2013; Chiaberge et al. 2017; Condon et al. 2017;
Komossa 2012). The broad-line region can be carried away by
the recoiling black hole and the AGN can continue to be active
(e.g., Komossa 2012). Moreover, due to previously published
candidates for an offset black hole within our sample, namely
NGC 4486 and NGC 5813, we investigate this mechanism for
three more potential candidates: NGC 3923, NGC 5129 and
NGC 4125.

6.6.1. Small Offsets: NGC 3923, NGC 4486, NGC 5846, NGC 5129

Multifrequency studies were carried out to search for such
recoiling black holes (Lena et al. 2014; Barrows et al. 2016;

Figure 10. Widening of the radio contours visible for 3C 449, IC 4296, NGC 315 and NGC 4261. The radio contour levels are drawn at 5 × rms noise, increasing by
factors of 2 up to the peak intensity. The rms noise and peak intensity values can be found in Table 1. The black cross depicts the radio center of the galaxy.

28 In some systems the relativistic radio-emitting plasma filling the cavities has
aged and stopped producing detectable 1–2 GHz radio emission, giving rise to
“ghost” cavities.
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Skipper & Browne 2018; Ward et al. 2021). Even in the cases
of the giant elliptical galaxies M 87 (NGC 4486) and
NGC 5846, a parsec-scale displacement of the supermassive
black hole from the center of the host galaxy was observed and
ascribed to the recoil mechanism (Batcheldor et al. 2010; Lena
et al. 2014). Although, the apparent supermassive black hole
offset in M 87 could be just due to the variation of the flux, as
suggested by López-Navas & Prieto (2018).

In our analysis, we present a previously unpublished
candidate for the radio/X-ray offset from the optical core of
1 2 (0.5 kpc), which may be the result of a displaced
supermassive black hole from the central potential of the host
giant elliptical galaxy NGC 5129. In addition, we confirm the
previous findings for NGC 4486 and NGC 5846, where we also
find small offsets of the central radio emission relative to the
optical/X-ray emission. Moreover, we found a previously
unpublished small offset of 0.21 kpc for the radio emission in
the central regions of NGC 3923.

All small-scale offsets are shown in Figure 12.

6.6.2. Intriguing Radio Lobe Emission in NGC 4125

The most intriguing is the offset radio emission located 46″
(4 kpc) from the radio core of NGC 4125 (Figure 13; top). The
unusual position of the radio emission has been previously
reported by Krajnović & Jaffe (2002), who claimed that due to
the missing optical counterpart, it is probably a background
source. However, our analysis, where we estimated how distant
a potential background source would need to be if its optical

counterpart is not seen by the Panoramic Survey Telescope and
Rapid Response System (Pan-STARRS),29 showed that it is
quite unlikely that the observed radio emission is connected to
a background source.
Our analysis takes into account the limiting apparent

magnitude of the Pan-STARRS survey of 23 mag. We derived
that a galaxy similar to M 87, with an absolute magnitude of
−21.5, would need to be at least at a luminosity distance of
∼6300Mpc (corresponding to a redshift of 0.95) to be missed
by the optical survey. At this luminosity distance, the potential
background radio source would have a size of ∼1Mpc
(assuming a linear-scale 8 kpc arcsec–1) and large radio power
of 10× 1025W Hz–1, corresponding to twice the power of the
giant radio halo in the cluster merger “El Gordo” (Lindner et al.
2014) at the redshift of z= 0.87.
Moreover, we examined the archival data from the TIFR

GMRT Sky Survey (TGSS) at 148MHz and Westerbork
Synthesis Radio Telescope (WSRT) data at 1.4 GHz and
created a spectral index map between these two frequencies
(Figure 13; bottom). We found a flat spectral index at the
position of the radio/X-ray/optical core of NGC 4125 and
steeper spectral indices in a clear double morphology of the
radio emission resembling a FR II radio galaxy, which would
potentially disfavor the recoiled black hole scenario. A
“kicked-out” black hole, which recoils and moves with a high
velocity relative to the galaxy, would be expected to form
narrow tail structures along its path (Blecha et al. 2011),
whereas we observe an apparently untouched radio emission
from potential hotspots (especially in the northwestern side).
The analysis of the X-ray Chandra data reveals possible

X-ray cavities (T. Plšek et al. 2021, in preparation) perpend-
icular to the core of NGC 4125, thus they do not correspond to
the offset radio emission in the form of radio lobes. Burke-
Spolaor et al. (2017) found a similar offset radio source in the
central dominant galaxy (CDG) of the galaxy cluster
Abell 2261 with a missing optical and X-ray counterpart
(Gültekin et al. 2021). Interestingly, the radio morphology of
the emission resembles the one in NGC 4125 with its pear-like
shape.
Further analysis needs to be carried out to investigate the

origin and source of this unusual double-lobe radio emission.

6.7. Fanaroff–Riley Class II Radio Sources?

Most of the early-type galaxies in our sample are low-power
Fanaroff–Riley Class I (FR I; Capetti et al. 2017a) radio
sources. Although two giant ellipticals, NGC 533 and
NGC 1600, show morphological similarities to Fanaroff–Riley
Class II (FR II; Capetti et al. 2017b) radio sources, they still
have low power, which is more typical for FR Is (see
Section 6.7).

6.7.1. NGC 533

The radio morphology of NGC 533 (Figure 14; top) was
observed within our 15A-305 project in the VLA A config-
uration and has a resolved central region and two inflated,
almost symmetric small-scale spherical radio jets/lobes with a
possible hot spot in the western lobe. We suggest that this
source resembles the radio morphology of FR II radio galaxies
based on visual comparison with sources in the FR II FIRST

Figure 11. The Chandra X-ray images smoothed to enhance the X-ray tail
enclosed by the radio jets of 3C 449 (top) and IC 4296 (bottom). The black
cross indicates the position of the radio center of the galaxy and yellow circles
show the cross-cone region between the jets with the X-ray tail.

29 https://panstarrs.stsci.edu/
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Catalog (FRIICAT; Capetti et al. 2017b). Further analysis of
the in-band spectral index map revealed a flattening of the
spectral index at the position of the radio lobes, especially in
the region west of the radio core visible in Figure 14 (bottom
left). Potentially, due to its small physical size (less than
30 kpc), it could fall into the category of Compact Double
Radio galaxies (COMP2CAT; Jimenez-Gallardo et al. 2019).
NGC 533 could resemble the compact radio source
J132031.47-012718.5 (Figure 14; bottom right).

6.7.2. NGC 1600

The radio emission of the giant elliptical galaxy NGC 1600
was previously published by Birkinshaw & Davies (1985),
where they used VLA C configuration data at 4.885 GHz. They
defined the source as a double radio source (in other words,
FR II) and stated that the galaxy’s core is located close to the
northern radio lobe-like feature. The higher-resolution VLA A
configuration data at 1.4 GHz shows more clearly the jet/lobe
morphology and potential hotspots.

Additionally, we suggest that the radio morphology in
NGC 1600 at both frequencies resembles the radio morphology
of the source J1423+2501, identified as an FR II radio source
in the FRIICAT catalog (Capetti et al. 2017b) with an
unidentified radio core (Figure 15).

7. Summary and Conclusions

Here, we summarize the results of our statistical study of a
large sample of optically and X-ray brightest nearby early-type
galaxies. Our main goal was to study the radio properties of the

AGN residing inside these galaxies. The final results are as
follows:

1. A large volume-, optical- and X-ray luminosity-limited
sample of 42 early-type galaxies observed with multiple
configurations of the VLA reveals the presence of a radio
source in almost all galaxies. Our radio source detection
rate is as high as 41/42 (98%), with the remaining source
detected in archival single-dish observations (Dressel &
Condon 1978; Condon & Broderick 1988), reported in
the NVSS survey (Brown et al. 2011), and at low
frequencies using the LOFAR (Bîrzan et al. 2020). The
radio emission has an extended morphology in at least
67% (28 out of 42) of sample galaxies. Thirty-four
sources out of 42 (81%) display a decrease in the X-ray
surface brightness due to the hot gas being displaced out
by jets, creating X-ray cavities in the hot atmosphere.

2. Significant correlations are found between the radio
power and the luminosity of the central X-ray point
source, and between the radio flux density and the largest
linear size of the emission. On the other hand, no
correlation was found between the radio power and the
luminosity of the X-ray atmospheres, the mass of the
supermassive black hole, the cooling time or the entropy
of the hot gas, or the luminosity of the Hα+[N II] line
emission.

3. The central spectral indices show a large variety, with
approximately one-third of the sources having relatively
flat spectra, indicating the presence of fresh relativistic
particles injected by the AGN, which could mean that the

Figure 12. Chandra images with overlaid black X-ray contours and a black “X” to mark the central X-ray brightness peak. The innermost X-ray contour is drawn by
estimating the peak of the average count value of the Chandra image with the DS9 (Joye & Mandel 2003) projection region tool. The subsequent contour levels
are decreasing as a power of 2. The brown cross shows the core of the radio emission from VLA A configuration data, and the blue cross represents the position of the
optical center from Pan-STARRS in each image (estimated from the innermost optical contour). The offset of the observed radio core emission with respect to the
central peak of the optical emission is shown by cyan lines. Small offsets (within 0.5 kpc) are seen for NGC 3923, NGC 4486, NGC 5129 and NGC 5846.
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AGN has been switched on recently. The majority of our
sources have steep spectra, indicating that the relativistic
plasma has undergone significant aging in the nuclear
regions of the host galaxies since the last major cycle of
AGN activity.

4. On the one hand, the analysis of FUV fluxes suggests that
the observed radio emission at 1.5 GHz for five of 14

low-power early-type galaxies with pointlike radio
morphologies could be dominated by star formation. On
the other hand, we also observe ghost cavities in three of
those five galaxies, suggesting the interaction of radio
lobes inflated by the AGN with the hot X-ray atmo-
spheres and, thus, the presence of radio-mechanical AGN
feedback.

Figure 13. Top: VLA D configuration total-intensity image of NGC 4125 with overlaid radio isophots in white. The contours in cyan and black represent the emission
from the TGSS at 148 MHz and WSRT at 1.4 GHz, respectively. In all cases the contour levels are at [1, 2, 4, 8, 16, K] × 5 · σrms. The corresponding rms noise
levels (σrms) for the VLA D configuration, TGSS and WSRT data is 67 μJy, 1.7 mJy and 60 μJy, respectively. The restoring beam (resolution) for each observation
can be found in the bottom-right corner of the image in the white box. The optical (Hubble Space Telescope) center of the galaxy is shown as a green cross and is
consistent with the X-ray center (Chandra; a yellow cross) and the radio center, most prominent in the WSRT image at 1.4 GHz. Bottom: the spectral index map
between 148 MHz (TGSS) and 1.4 GHz (WSRT).
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5. Importantly, for four (potentially five) sources, we found
an offset between the radio emission and the optical
center of the galaxy, which could be due to a merger.
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Figure 14. Top: the total-intensity image of NGC 533 in VLA A configuration at 1–2 GHz. Bottom left: its corresponding in-band spectral index map with
measurement uncertainties produced by the multiterm “cleaning” algorithm in CASA. Bottom right: the morphological structure of NGC 533 is similar to the structure
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Figure 15. Left: the total-intensity image of NGC 1600 in VLA A configuration at 1–2 GHz has a morphology resembling the (right) FR II radio source J1423+2501
from the FRIICAT catalog (Capetti et al. 2017b).
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Appendix A
Individual Sources

A detailed description of the radio-emission morphologies of
each source in our sample and additional relevant information
on the multifrequency emission are given in the following
sections. An asterisk (“*”) after the name of the source indicates
that it was observed as part of our VLA A configuration project
(ID: 15A-305, P.I.: Werner) from 2015.

A.1. 3C 449

The low-power FR I radio source 3C 449 is the CDG of the
1.5 keV group/cluster Zwicky 2231.2+ 3732 at a luminosity
distance of ∼76Mpc. The radio emission extends out to almost
500 kpc (Perley et al. 1979; Andernach et al. 1992; Feretti et al.
1999) in the form of relativistic (up to ∼3.3 kpc) and
well-collimated (up to ∼16.7 kpc) radio jets terminating in
large diffuse radio lobes with a slight bend to the west
(Figure B3(a)).

Associated X-ray emission from the hot gas and its
interaction with the radio source has been studied by Hardcastle
et al. (1998), Croston et al. (2003), and Lal et al. (2013). The
X-ray cavities were observed coincident with the inner
southern radio jet, and the Chandra X-ray Observatory detected
cold fronts that likely originate from sloshing of the hot gas,
which could also contribute to the bending of the radio jets.
Hubble Space Telescope (HST) observations revealed

a 600 pc dusty disk, the orientation of which is not perpend-
icular to the orientation of the radio jet axis (Feretti et al. 1999;
Tremblay et al. 2006). The CO(1–0) transition line, as a tracer
of molecular gas, was detected by Ocaña Flaquer et al. (2010).
The study of SOAR data revealed Hα+[N II] line emission
within the innermost 2 kpc from the core (Lakhchaura et al.
2018).

A.2. IC 1860

IC 1860 is the CDG of the 1.3 keV group IC 1860
(Abell S301; Abell et al. 1989).
The observed radio emission in the VLA A configuration has

the form of a pointlike30 radio source slightly elongated in the
northeastern and southwestern directions(Figure B1(a)).
The XMM-Newton and Chandra data were analyzed by

Gastaldello et al. (2013), who found sharp surface brightness
discontinuities (cold fronts) that they interpreted as evidence
for sloshing, which could be a result of a minor merger with the
spiral galaxy IC 1859 (this is also consistent with numerical
simulations for relaxed clusters; Ascasibar &Markevitch 2006).
Moreover, their radio observations at lower frequencies with
the GMRT revealed a steep-spectrum diffuse radio emission
enclosed by these cold fronts.

A.3. IC 4296*

IC 4296 is a giant elliptical galaxy and the CDG of
Abell 3565.
The radio emission identified with the radio source

PKS 1333-33 extends well beyond the host galaxy IC 4296.
Our VLA A and D configuration data (Figure B3(b)) show an
unresolved central radio source and extended radio emission in
the form of two well-collimated (within the first ∼10 kpc from
the core) radio jets expanding up to ∼150 kpc on both sides
with many knots and wiggles and terminating in large radio
lobes with a radius of ∼60–80 kpc. IC 4296 and its radio
source (in VLA C configuration) was extensively studied by
Kileen et. al (1986a, 1986) and Killeen & Bicknell (1988).
The X-ray emission from this giant elliptical galaxy was

described by Pellegrini et al. (2003). Moreover, our analysis of
the archival XMM-Newton data revealed an X-ray cavity
associated with the northwestern radio lobe (Grossová et al.
2019). More in-depth X-ray spectral analyses of the thermo-
dynamical profiles show an unusually low central entropy and
cooling time.
The presence of cooling gas in the form of warm Hα+[N II]

(at kiloparsec scale) (Lakhchaura et al. 2018), molecular
CO(2–1) emission (at 100 pc scale) (Boizelle et al. 2017; Ruffa
et al. 2019) and a warped dust disk (at <1 pc scale) (Schmitt
et al. 2002) has been revealed in the central region.
More details of the potential unbalanced cooling in the

nucleus and the relationship between the radio, X-ray, and

30 Pointlike morphology was found by Dunn et al. (2010) using observations
at 1.4 GHz from 2007.
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optical emission for IC 4296 is summarized in our paper
(Grossová et al. 2019).

A.4. NGC 57*

NGC 57 is another giant elliptical galaxy from our proposal
VLA A configuration data and identified as an isolated
elliptical galaxy (Smith et al. 2004; O’Sullivan et al. 2007).

Our high-resolution VLA A configuration total-intensity
image (Figure B1(b)) reveals, for the first time, a pointlike
radio morphology previously unseen in the TIFR GMRT Sky
Survey (TGSS), the NRAO VLA Sky Survey (NVSS) or in the
study by O’Sullivan et al. (2007). No dusty features (Goullaud
et al. 2018) or warm gas (Lakhchaura et al. 2018) were found in
this galaxy.

A.5. NGC 315

NGC 315 is well-known giant elliptical galaxy classified as a
FR I radio source (Fanaroff & Riley 1974), which resides in the
central region of the NGC 315 (WBL 22) group.

The radio emission has been thoroughly studied at various
radio frequencies by many research groups (Bridle et al. 1979;
Willis et al. 1981; Klein et al. 1994; Mack et al. 1997; Laing
et al. 2006; Worrall et al. 2007; Giacintucci et al. 2011, and
references therein) and has the form of relatively symmetric
radio jets with several wiggles and knots, which are inflating
wiggles and knots, and which extend almost 200 kpc. The
southeast jet is inflating a radio lobe, while the northwest jet
undergoes an apparent 180 degree bend and forms an extended
plume (Figure B3(c)). Chen et al. (2012) investigated the
kinematic and spatial properties of the close galaxy members of
NGC 315 and found a low-density ambient X-ray gas
environment, which could be the reason why the radio jet
can expand to such a large distance from the core.

The X-ray analysis revealed a strong X-ray jet, which traces
the radio synchrotron emission and extends up to about
∼10 kpc (Worrall et al. 2003, 2007; Donato et al. 2004;
Figure B3(c)).

The optical emission is represented by a dusty disk
perpendicular to the direction of the jets and a few dust
patches (Capetti et al. 2000). Moreover, at the position of the
HST dust patches, Morganti et al. (2009) found two H I
absorption components. The cold molecular gas, traced by
CO(1–0) line emission, was found with the IRAM telescope
(Ocaña Flaquer et al. 2010). Moreover, Boizelle et al. (2021)
detected a sub-kpc CO disk. The warmer nebulae, traced by a
Hα+[N II] line, was observed by Ho et al. (1997), but not
confirmed in the more recent study as presented in Lakhchaura
et al. (2018), combing narrowband imaging with long-slit
spectroscopic observations with SOAR.

A.6. NGC 410*

Another galaxy from our VLA A configuration project is a
giant elliptical, NGC 410 (Figure B1(c)), which is the CDG of
the LGG 18 group (Kolokythas et al. 2018).

The radio emission with a point-source-like morphology was
previously observed with the VLA at various frequencies
(Condon et al. 1998; Filho et al. 2002). A more recent study by
Kolokythas et al. (2018) at lower frequencies (610MHz) with
the GMRT found a small extension of the radio emission to the
northeast with a total extent ∼10 kpc.

González-Martín et al. (2009) claimed no point-source
detection in the X-ray hard band (4.5–8.0 keV) with XMM-
Newton (together with other evidence from the optical, UV and
radio bands) and therefore classified NGC 410 as a galaxy
without an AGN. The X-ray halo emission was detected in the
0.5–7 keV band with Chandra (Lakhchaura et al. 2018).
A recent study with SOAR data, as summarized by

Lakhchaura et al. (2018), revealed Hα+[N II] line emission
within the innermost 2 kpc from the core.

A.7. NGC 499

NGC 499 is the only one galaxy in our sample of 42 early-
type sources without radio emission (Figure B1(d)) observed in
the nucleus or in the extended diffuse region.
A faint radio source was observed within the 1.4 GHz NVSS

survey (Condon et al. 1998) with a flux density of 0.7 mJy at
2 σrms (Brown et al. 2011), which is well above the sensitivity
limit of our VLA observations (for more details, see
Section 5.1.1).
NGC 499 is a CDG of the NGC 499 group, which is a part of

the Pisces cluster (Kim & Fabbiano 1995). Paolillo et al. (2003)
have shown that the NGC 499 group is in the process of
merging with the NGC 507 group (Appendix A.8).
The luminosity of the X-ray halo is relatively high

(∼ 2.3 · 1042 erg s−1; Dunn et al. 2010; Lakhchaura et al.
2018). Moreover, the Chandra image shows possible ghost
cavities at about ∼10–15 kpc to the north and south of the
nucleus, a sign of a previous AGN activity (Panagoulia et al.
2014; Kim et al. 2019).
Lakhchaura et al. (2018) present a detection of a centrally

located warm nebular emission.

A.8. NGC 507*

NGC 507 is the CDG of the NGC 507 group, which belongs
to the Pisces cluster. As mentioned in the previous section, the
NGC 507 group is likely to be merging with the NGC 499
group (Appendix A.7).
The large-scale diffuse radio emission from a low-power

FR I radio source B2 0120+ 33 (Parma et al. 1986) has a shape
resembling a letter “Γ” formed by two radio lobes with
diameters of ∼40 and ∼20 kpc (Dunn et al. 2010; Murgia et al.
2011). Interestingly, this emission has a very steep radio
spectrum, possibly due to “fossil” radio material from previous
AGN activity (Murgia et al. 2011).
The central part of the brighter western lobe was resolved

also by our high-resolution A configuration data (Figure B3(d))
and coincides with a Chandra X-ray cavity at ∼7 kpc to the
southwest of the galaxy core (Dong et al. 2010).
Further, the eastern radio lobe is bending to the south with its

edge tracing a Chandra X-ray cold front (Fabbiano et al. 2002;
Kraft et al. 2004), a result of sloshing. The disturbed
morphology could be due to the ongoing merger with
NGC 499 as studied and simulated by Ascasibar & Markevitch
(2006). A different scenario is proposed by Kraft et al. (2004):
the sharp-edged X-ray surface brightness profile could be
entrained ICM material from the expanding eastern radio lobe.
XMM-Newton data also confirms the observed discontinuity

(Fabbiano et al. 2002).
No warm (Lakhchaura et al. 2018) and cold gas was found

inside of this giant elliptical galaxy.
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A.9. NGC 533*

NGC 533 is the CDG of the NGC 533 group of galaxies.
The new high-resolution A configuration data observed

within our project 15A-305 revealed a central bow-tie-shaped
radio emission with a total extent of ∼5 kpc (Figure B3(e)),
which resembles the radio morphology of FR II radio sources
(see Discussion 6.7).

NGC 533 is one of the two galaxies in our sample (besides
NGC 708; Appendix A.10) which shows signatures of being a
young radio galaxy (O’Dea 1998): a compact morphology of
the radio emission within the host galaxy without extended
features, cavities in X-rays as a sign of small-scale interaction
of the radio and X-ray plasma, a double morphology of the
radio emission.

In comparison with the central X-ray emission, previously
studied using Chandra X-ray images by Dunn et al. (2010) and
Shin et al. (2016), we suggest that the radio lobes visible in the
red contours in Figure B3(e) could correspond to the presence
of the northeastern and especially southwestern X-ray cavity.

The optical analysis presented in Ferrari et al. (1999), Temi
et al. (2007a), and Lakhchaura et al. (2018) showed co-spatial
Hα+[N II] emission coincident with a filamentary dust
distribution.

A.10. NGC 708

The giant elliptical galaxy NGC 708 is a CDG of the cooling
flow cluster Abell 262. Parma et al. (1986) and Blanton et al.
(2004) defined this galaxy as a low-power FR I radio source.

VLA archival data in the A and C configurations
(Figure B3(f)), also studied by Parma et al. (1986), Blanton
et al. (2004), and Clarke et al. (2009), reveal a diffuse two-
sided radio lobe-like emission with a total extent of ∼40 kpc
from the central radio source B2 0149+ 35.

The radio emission from NGC 708, like NGC 533 (see
Appendix A.9), resembles the emission of a young radio galaxy
(O’Dea 1998) due to its confinement within 10 kpc of the host
galaxy without extended emission, interaction with the inner
X-ray gas in the form of cavities (Blanton et al. 2004; Clarke
et al. 2009; Panagoulia et al. 2014), double radio morphology,
and presence of the optical emission line [O III] (Liuzzo et al.
2013).

The X-ray emission shows surface-brightness dips, which
could be signatures of cavities on both sides (especially on the
eastern side of the core) consistent with the expanding diffuse
radio emission (Blanton et al. 2004; Clarke et al. 2009). The
X-ray analysis shows that the enthalpy of the radio lobes is not
sufficient to balance radiative losses from the ICM, suggesting
that NGC 708 may have shut down or be in a low-power phase
of activity. This is also supported by the nondetection of radio
emission on smaller scales with VLBI (Liuzzo et al. 2010).

A search for multiphase gas in NGC 708 was performed by
Sahu et al. (2016). A molecular CO gas disk, with a total extent
of ∼3 kpc, was discovered with ALMA by Braine & Dupraz
(1994) and in more detail studied also by Russell et al. (2019),
Olivares et al. (2019), and North et al. (2021). The peak of the
molecular gas emission coincides with the AGN core and is
perpendicular to the projected orientation of the radio jets. The
cool gas is also surrounded by dust lanes in the nuclear region
(Sahu et al. 2016; Kulkarni et al. 2014).

The extended (∼13 kpc) warm nebula traced by Hα+[N II]
emission (Lakhchaura et al. 2018) is also consistent with the

Chandra X-ray surface brightness peaks, which suggests that at
least part of the hot X-ray gas is cooling at even larger distances
from the core (Blanton et al. 2004).

A.11. NGC 741

NGC 741 is the CDG in the group holding the same name.
The radio structure, first studied by Venkatesan et al. (1994)

and Birkinshaw & Davies (1985), was probably formed by the
close passage of the second-brightest galaxy in the group, the
head–tail radio galaxy NGC 742 with the same redshift as
NGC 741 (Schellenberger et al. 2017).
Our analysis, using a new high-resolution A configuration

total-intensity image, confirms the radio emission in the form of
a bridge connecting NGC 471 and NGC 742 and a prominent
bent radio tail (to the southwest) in the C configuration total-
intensity image (Figure B3(g)).
X-ray analysis by Jetha et al. (2008) and Schellenberger et al.

(2017) has shown several generations of X-ray cavities.
The warm gas was found in the nuclear regions of NGC 741

by Macchetto et al. (1996), but more recent narrowband and
long-slit spectroscopic SOAR observations are disfavoring
their findings (Lakhchaura et al. 2018). Dust is missing in this
giant elliptical galaxy (Verdoes Kleijn & de Zeeuw 2005).

A.12. NGC 777*

Compact radio emission is detected in our new VLA A
configuration total-intensity image with a resolution of
∼1.5 arcsec for NGC 777 (Figure B3(h)), the giant elliptical
galaxy and the CDG of LGG 42 group. This compact
morphology was also detected by Kolokythas et al. (2018)
with the GMRT.
Additionally, we also imaged the archival VLA C config-

uration data, where no radio emission was detected at the
angular resolution of ∼3.2″, possibly due to the flux density
being very close to the sensitivity limit of the VLA
observations (see Section 5.1.1).
The X-ray-emitting halo has an almost undisturbed morph-

ology (∼40 kpc across) with a quite high luminosity
of∼ 4 · 1042 erg s−1 (when compared to the rest of the galaxies
in the sample Lakhchaura et al. 2018). The X-ray surface
brightness depressions were detected in the hot atmosphere of
NGC 777 by Panagoulia et al. (2014).
Lakhchaura et al. (2018) reports a nondetection of any trace

of warm ionized nebulae.

A.13. NGC 1132

NGC 1132 is a giant elliptical, which resides inside the well-
known fossil group NGC 1132.
Radio emission from the archival VLA C configuration data

(Figure B1(e)) shows a point-source morphology from the
unresolved central source.
The outer contour level (5× σrms; see Table 1) coincides

with the possible shock front in the X-rays noticed by Kim
et al. (2018) and could be connected to the merging history of
NGC 1132 as suggested by Mulchaey & Zabludoff (1999) (and
predicted by the simulations of Barnes 1989 and Governato
et al. 1991). Moreover, Dong et al. (2010) found an X-ray
cavity at a distance of 4 kpc south of the host galaxy’s center,
which is consistent with the potential set of cavities detected in
the southern regions by T. Plšek et al. (2021, in preparation).
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No emission from warm gas was detected for this source
(Lakhchaura et al. 2018).

A.14. NGC 1316

The giant elliptical galaxy NGC 1316 hosts a well-known
strong radio source, Fornax A, located at the outskirts of the
Fornax cluster.

Radio emission in the higher-resolution BA configuration
image extends from the northwest to southeast in the form of an
oblong letter “S” and represents the most recent of its AGN
outbursts with the southeastern extension also visible in the C
configuration image (Figure B4(a)); both previously published
(Fomalont et al. 1989; Maccagni et al. 2020, 2021).

Several generations of X-ray cavities are visible in the
XMM-Newton and Chandra images (Lanz et al. 2010).

The S-shaped jet morphology together with the disturbed
morphology of the multiphase gas (Morokuma-Matsui et al.
2019; Lakhchaura et al. 2018) and dust (Duah Asabere et al.
2014) support the fact that NGC 1316 is in the process of
merging into the Fornax cluster (Appendix A.15).

A.15. NGC 1399*

The radio emission of NGC 1399, the CDG of the Fornax
cluster, has a two-sided extended radio morphology in the form
of two well-collimated radio jets terminating in two mildly
diffuse radio lobes (Figure B4(b)). Similar morphological
features were previously discussed in Shurkin et al. (2008) and
Dunn et al. (2010).

Moreover, Paolillo et al. (2002), Shurkin et al. (2008), and
Panagoulia et al. (2014) found signatures of the interaction
between the AGN and the hot gas, in the form of X-ray
cavities, with bright rims coincident with the outer edges of
both radio lobes.

Even though the presence of CO(2–1) line emission was
confirmed by Prandoni et al. (2010), no dust features were
found in the core of NGC 1399. Moreover, Werner et al. (2014)
showed that the central regions of this galaxy lack [C II] line
emission.

A.16. NGC 1404*

The giant elliptical NGC 1404, also part of our new A
configuration VLA observation, is another member of the
Fornax cluster. Machacek et al. (2005) suggested that
NGC 1404 is falling toward the center of the Fornax cluster,
where NGC 1399 (Appendix A.15) resides.

Our new VLA A configuration data (Figure B1(f)) at high
sensitivity with the rms noise of the total-intensity image
reaching 25 μJy per beam revealed a faint (flux density of
210 μJy per beam) central radio source, thus supporting the
previous findings of Dunn et al. (2010), where the detection
was very close to the sensitivity limit. Moreover, the central
radio source was also detected in VLBI observations, which
can be found in the archive of Leonid Petrov31. On the other
hand, a more compact archival VLA CD configuration
observation did not detect radio emission, maybe due to a
lower flux density than the sensitivity limit (see Section 5.1.1).

There are no signatures of ongoing AGN–gas interactions in
this system, as supported by a quite smooth circumnuclear
morphology of the hot X-ray halo (Machacek et al. 2005; Dunn

et al. 2010). Cold (Werner et al. 2014) and warm (Lakhchaura
et al. 2018) gas is missing in this galaxy.

A.17. NGC 1407*

Another object within our sample with a newly observed
VLA A configuration data is NGC 1407. This giant elliptical
galaxy is located inside in the dynamically relaxed NGC 1407
(Eridanus A) group, part of the Eridanus supergroup.
The radio emission from the new A configuration data does

not show a very distinctive radio point source in the nucleus
(Figure B4(c)). More prominent is the diffuse morphology with
asymmetric radio jet-like structures, extending especially to the
east, as seen also in the archival VLA B and C configuration
data (Giacintucci et al. 2012).
From multiband and multifrequency study (Giacintucci et al.

2012), reoccurring activity of the AGN has been suggested,
similar to that found for another fossil giant elliptical galaxy in
our sample, NGC 5044 (Appendix A.37).
Only an upper limit on the flux density of CO(1–0) emission

is found for NGC 1407 (Babyk et al. 2019).

A.18. NGC 1550*

NGC 1550 is the CDG of the group of galaxies having the
same name.
The radio emission observed within our new high-resolution

A configuration observation revealed asymmetric small-scale
jets with a physical extent of ∼4 kpc. At the lowest contour
level created at 5× σrms, we find a small hotspot-like feature at
the distance of 6 kpc. This feature seems not to be the extension
of the jet and is located within the diffuse lobe-like emission
visible in the compact archival C configuration total-intensity
image (Figure B4(d)); previously published by Dunn et al.
(2010).
The lower-frequency GMRT study supports the presence of

the diffuse lobe-like morphology (Kolokythas et al. 2018).
They also found that the inward-bended eastern jet seems to be
aligned with the potential hotspot feature seen in the VLA A
configuration contours (Figure B4(d)). Kolokythas et al.
(2020), in their recent radio and X-ray study, found a sign of
sloshing of the ambient IGM around NGC 1550, previously
known as relaxed. They present arc-shaped cold fronts together
with a potential X-ray cavity (supported by the findings of
Panagoulia et al. 2014) coincident with the position of the
radio lobe.
Neither molecular gas nor cold dusty features have not yet

been observed, and Lakhchaura et al. (2018) presents
nondetection of warm ionized nebulae for this giant elliptical
galaxy.

A.19. NGC 1600

NGC 1600 is a relatively isolated CDG of the NGC 1600
group of galaxies (Smith et al. 2008).
The radio emission was previously published by Birkinshaw

& Davies (1985) at 4.85 GHz with VLA in C configuration and
shows a potential double radio source without a clearly defined
radio core. The higher-resolution A configuration data at
1.4 GHz (Figure B4(e)) shows in more detail the radio jets/
lobes features and potential hotspots, which could resemble the
morphology of a FR II radio source (see Discussion 6.7.2).
The X-ray emission from the Chandra X-ray image shows a

diffuse structure, which seems to show two surface brightness31 http://astrogeo.org/cgi-bin/imdb_get_source.csh?source=J0338-3527
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depressions at the positions of the two radio lobe structures,
previously studied by Sivakoff et al. (2004).

Moreover, they found excess emission in the X-rays, which
more or less coincides with the Hα+[N II] emission (Singh
et al. 1995; Lakhchaura et al. 2018) of the ionized gas
(extending up to ∼30 arcsec from the core) and dust (extending
up to ∼10 arcsec from the core; Ferrari et al. 1999).

The signatures of properties similar to the “fossil group”
were for NGC 1600 identified by Santos et al. (2007) and Smith
et al. (2008).

A.20. NGC 2300*

The radio emission from our new VLA A configuration data
for NGC 2300, the central dominant galaxy of the NGC 2300
group, shows a pointlike morphology (Figure B1(g)). The
archival VLA D configuration data reveals radio point-source
emission, as well (Figure B1(g)).

NGC2300 is known to undergo tidal interactions with a late-
type active star-forming galaxy NGC 2276 (Wolter et al. 2015).
T. Plšek et al. (2021, in preparation) detected potential “ghost”
X-ray cavities in NGC 2300.

The optical study of the HST and SOAR data, done by
Xilouris et al. (2004), showed that there is no detection of dust
or warm ionized nebulae (Lakhchaura et al. 2018) inside
NGC 2300.

A.21. NGC 3091*

NGC 3091 is a part of our VLA high-resolution project from
2015 and is the CDG of a poor Hickson Compact Group
(HCG 42; Hickson 1982; Colbert et al. 2001).

The radio morphology, seen in the highest-resolution ∼2″
VLA A configuration data (Figure B1(h)), is represented by a
faint point-source-like radio emission in the center of the
galaxy. The AB configuration data with ∼14″ resolution at the
same frequency (1.4 GHz) reveals no detection, perhaps
because of a lower flux-density limit of our VLA observation
(see Section 5.1.1).

Even though radio emission has a pointlike morphology, T.
Plšek et al. (2021, in preparation) detected potential “ghost”
cavities in the X-ray hot atmosphere.

In the analysis of the optical and NIR morphology, no H I,
dust features (Colbert et al. 2001) or warm gas (Lakhchaura
et al. 2018) have been detected in the central regions of
NGC 3091.

A.22. NGC 3923*

The biggest early-type galaxy, NGC 3923, located in the
optical group (LGG 255) with only a galaxy-scale X-ray halo
has an oval-shaped radio morphology in our new VLA A
configuration data (Figure B2(a)), while the archival C and CD
configuration data show no radio emission. This source was
observed in the 5 GHz survey done by Disney & Wall (1977).

Chandra data have shown potential X-ray surface brightness
decrements in the form of “ghost” cavities without corresp-
onding radio emission from radio jets and lobes in this giant
elliptical galaxy (T. Plšek et al. 2021, in preparation).

NGC 3923 is a famous shelled32 giant elliptical with dusty
filamentary features and Hα emission in the central region

(Bílek et al. 2016; Miller et al. 2017). Further, Lakhchaura et al.
(2018) reported nondetection of warm gas in the core.

A.23. NGC 4073*

The giant elliptical NGC 4073 is a dominant member of the
poor cluster MKW 4 and shows a point-source-like radio
morphology in our new high-resolution VLA A configuration
observation (Figure B2(b)). A weak detection of the central
radio source has been reported by Hogan (2014) with VLA in
the C band (4–8 GHz).
The X-ray emission was studied by O’Sullivan et al. (2003),

who found a 1.7 keV halo within the relaxed system. Moreover,
T. Plšek et al. (2021, in preparation) found potential “ghost”
cavities in the X-ray atmosphere. Warm emission-line nebula
was not detected in this source (Lakhchaura et al. 2018).

A.24. NGC 4125

NGC 4125 is a luminous giant elliptical galaxy residing in
the NGC 4125 group (alternatively called LGG 266).
The radio emission (Figure B2(c)), detected in the archival D

configuration data has a diffuse morphology with an extension
to the northeast, corresponding to a pointlike radio source
visible in the archival 1.4 GHz Westerbork Synthesis Radio
Telescope (WSRT) observations. Its more prominent structure
has a form of inflated radio lobes, which are offset by 4 kpc
(46″) in projection with respect to the radio, optical, and X-ray
core of NGC 4125. This offset was also noticed in the NVSS
data at 1.4 GHz by Rupen et al. in their online notes33 about
VLA H I data of early-type galaxies and by Krajnović & Jaffe
(2002) in the VLA C configuration observations at 8.3 GHz. In
both studies, only the central regions of the offset radio lobes
were detected. The radio core corresponding to the X-ray and
optical center of NGC 4125 was missing and is only clearly
visible in the WSRT images. Moreover, due to the missing
optical counterpart of the extended radio lobe-like emission,
Krajnović & Jaffe (2002) defined NGC 4125 as a background
source (see Discussion 6.6.2 for a possible explanation of this
unusual emission).
González-Martín et al. (2006) studied NGC 4125 as a part of

the X-ray study of LINER galaxies and identified a centrally
located hard X-ray point-source-like emission, which is a sign
of ongoing AGN activity. The extended cold emission from the
large amount of dust (Kulkarni et al. 2014), [C II] and [N II] has
been observed, but no CO,34 H I (Welch et al. 2010; Wilson
et al. 2013) or Hα+[N II] emission (Lakhchaura et al. 2018).
This could be explained by a merger-triggered star-formation
outburst providing heated gas and dust to the surrounding
medium of the galaxy.

A.25. NGC 4261

NGC 4261 is the optical counterpart to the radio source
3C 270 (Birkinshaw & Davies 1985), which is a very-well-
known FR I radio source inside the Virgo cluster (W cloud;
Garcia 1993) with well-defined radio jets and large radio lobes
piercing through the atmosphere of the host galaxy and
extending beyond from the core (Figure B4(f)).

32 NGC 3923 has between 22 and 42 shells, the largest number of shells
observed in the elliptical galaxy.

33 https://www.cv.nrao.edu/~jhibbard/HIinEs/HIinE.html
34 Wiklind et al. (1995) claimed detection of CO(1–0) line, which was not
confirmed by Welch et al. (2010).

23

The Astrophysical Journal Supplement Series, 258:30 (40pp), 2022 February Grossová et al.

https://www.cv.nrao.edu/~jhibbard/HIinEs/HIinE.html


A detailed study, combining data from the GMRT and VLA,
as well as comparing the radio emission with the X-ray
emission of the hot gas, was published by Kolokythas et al.
(2015) and O’Sullivan et al. (2011).

From the X-ray point of view, NGC 4261 has an extended
X-ray halo (Davis et al. 1995) with features showing
interaction with the radio source in the form of X-ray cavities
(Croston et al. 2008; O’Sullivan et al. 2011). On small scales,
X-ray jets are present, corresponding to the innermost
collimated radio jets (Gliozzi et al. 2003; Zezas et al. 2005;
Worrall et al. 2010).

On the parsec scale, Jaffe & McNamara (1994) and Ferrarese
et al. (1996) found a warped dusty disk with the rotational axis
perpendicular to the direction of the radio jets streaming out of
the nuclear region and extending up to ∼100 pc from the core.
The presence of atomic and molecular gas from H I and CO
(2–1) was detected too. Moreover, a sub-kpc CO disk was
recently detected by Boizelle et al. (2021).

Very similar morphology and multiband features are
observed for the giant elliptical galaxy IC 4296
(Appendix A.3), which has, however, ∼6× larger radio lobes
that leads to ∼30× larger total energy output supplies for the
inflation of those radio lobes (Grossová et al. 2019; Frisbie
et al. 2020).

A.26. NGC 4374

Messier 84 or NGC 4374 is a giant elliptical galaxy
in the Virgo A group, which is a part of the Virgo
cluster together with NGC 4406 (Appendix A.27), NGC 4486
(Appendix A.29), and NGC 4552 (Appendix A.30).

The radio emission in the archival B configuration data
(Figure B4(g)) shows well-defined and, in the central regions,
well-collimated jets terminating in diffuse plum-like lobes (first
published by Laing & Bridle 1987) with the northern lobe
brighter than the southern and bent to the east. VLA D
configuration data reveal pear-like diffuse emission extending
beyond the B configuration data. Moreover, the VLBA data
analyzed by Ly et al. (2004) revealed a jet-like extension in the
direction consistent with the northern radio jet from the VLA.

The extended radio lobe emission is filling the region of the
drops in the surface X-ray brightness, the X-ray cavities
(Finoguenov et al. 2001), and extending far beyond the host
galaxy (Devereux et al. 2010).

The nuclear region in NGC 4374 revealed a small ionized
gas disk (Bower et al. 1997), faint circumnuclear CO(2–1)
absorption and emission together with an asymmetric dust lane
(Verdoes Kleijn et al. 1999; Boizelle et al. 2017). All features
are perpendicular to the innermost radio jets.

A.27. NGC 4406*

NGC 4406, known as M 86, is located in the Virgo cluster
and is flying in the direction toward us. Our new VLA A
configuration data at 1.5 GHz (Figure B2(d)) reveal a faint,
pointlike radio emission in the center of this giant elliptical.
Similarly, Dunn et al. (2010) found pointlike radio emission in
the nuclear region at higher frequencies at around 4.9 GHz in
the C configuration data. On the other hand, complementary
archival data in VLA D configuration at 1.4 GHz have not
detected any radio emission from the core, possibly due to the
high noise level of the observation (for more details see
Table 1).

NGC 4406 is the second X-ray brightest giant elliptical in the
Virgo cluster (after M 87) and its negative radial velocity
suggests a supersonic movement through the ICM. This could
create the observed X-ray features (plume and tail) by ram
pressure stripping (Forman et al. 1979; Randall et al. 2008;
Ehlert et al. 2013; Kim et al. 2019).
Signs of possible galaxy–galaxy interactions are observed in

the distribution of the atomic gas and dust (Smith et al. 2012)
as well as the Hα features connected to the neighboring spiral
galaxy NGC 4438 (Kenney et al. 2008; Lakhchaura et al.
2018).

A.28. NGC 4472*

NGC 4472, or M 49, is an early-type elliptical and CDG of
the M 49 group falling from the south into the Virgo cluster and
it is possibly in the second turn around the cluster center (Su
et al. 2019).
NGC 4472 was observed in our 2015 project in the VLA A

configuration (Figure B4(h)). Additionally, we also reduced
archival VLA C configuration data (Condon & Broder-
ick 1988). The high angular resolution of the A configuration
total-intensity image (Figure B4(h) contours) showed the radio
emission from the innermost central region in the form of an
elongated amorphous feature with the extended tail to the west
and a small sign of radio emission to the northeast.
On the other hand, using the more compact C configuration

array, an extended radio emission with a total extent of
∼10 kpc is seen (Ekers & Kotanyi 1978). The central regions in
the C configuration image are consistent with the radio features
in the A configuration. Additional extended lobe-like structures
are observed to the east and west of the nucleus.
The eastern lobe is consistent with a decrement in the X-ray

surface brightness, one of the X-ray cavities observed in this
source (for more details see, e.g., Biller et al. 2004; Kraft et al.
2011; Panagoulia et al. 2014; Su et al. 2019). Warm gas is
missing in the central or extended regions of this giant elliptical
galaxy (Lakhchaura et al. 2018).

A.29. NGC 4486

NGC 4486, or Messier 87, is the central dominant galaxy
of the Virgo cluster. Here, we summarize the results
obtained from the archival A, B, and C configuration data
(Figure B5(a)).
The bright radio core, 3C 274, was detected along with its

innermost radio jet, which is coincident with the X-ray
emission of the jet (Marshall et al. 2002). On the opposite
side of the core, an elongated lobe-like emission is visible and
coincides with an X-ray cavity (Young et al. 2002; Forman
et al. 2005, 2007). The archival C configuration VLA map,
which is more sensitive to extended structures, presents a
western tail extending up to ∼10 kpc from the nucleus.
However, we note that at 300MHz the entire structure of
NGC 4486 is far more extended (up to 80 kpc, e.g., Owen et al.
2000).
The presence of multiphase gas in the form of cold molecular

CO clouds (e.g., Simionescu et al. 2018), cool [C II] (Werner
et al. 2014), nuclear ionized gas (Arp 1967; Macchetto et al.
1996), as well as extended warm ionized Hα+[N II] nebulae
(Lakhchaura et al. 2018) has been reported.
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A.30. NGC 4552

The radio emission from the giant elliptical NGC 4552, or
M89, which resides inside of the subgroup A of the Virgo
cluster, is presented in Figure B5(b).

The red contours show the innermost radio pointlike
emission from the archival high-resolution VLA A configura-
tion. More recent (Project ID: 16A-275) previously unpub-
lished C configuration data revealed a more diffuse butterfly-
like emission extending on both sides to about 0.8 kpc.

The relativistic plasma from the jet-like emission is clearly
interacting with the hot X-ray-emitting gas and forming on both
sides X-ray cavities. Machacek et al. (2006) and Allen et al.
(2006) analyzed the Chandra X-ray data and found two bright
rings surrounding the two cavities to the north and south, which
are perpendicular to the radio structures seen in the VLA
images. Moreover, Machacek et al. (2006) also found
signatures of ram pressure stripping of hot gas as the galaxy
moves through the ICM of the Virgo cluster (see also Kraft
et al. 2017).

Ferrari et al. (1999) has shown that the emission from the
ionized gas extends up to 10″, whereas the dust absorption is
very weak. The warm ionized gas, traced by Hα+[N II], has
not been confirmed in a more recent study described in
Lakhchaura et al. (2018).

A.31. NGC 4636

NGC 4636 is a central early-type galaxy within a poor group
in the far outskirts of the Virgo cluster. VLA A configuration
images, as presented in Figure B5(c), have been previously
published and discussed by Dunn et al. (2010). The additional
archival C configuration VLA data from 2017 revealed a more
diffuse, but still quite compact and weak radio jet-like emission
with a total extent of ∼3.5 kpc. Although the majority of
detected radio emission in VLA is consistent with the radio
emission at lower frequencies (235 and 610MHz) with GMRT
observed by Giacintucci et al. (2011), they also found a more
extended northeastern radio lobe, which is coincident with the
observed X-ray (northeastern) cavity (Stanger & War-
wick 1986; Jones et al. 2002; Allen et al. 2006; Baldi et al.
2009; Panagoulia et al. 2014). The southwest radio lobes are
filled only partially with relativistic plasma.

There have been reports of very weak CO(2–1) emission
(indicating a cloud of cold molecular gas; Temi et al. 2018),
[CII] emission and warm ionized Hα+[NII] nebulae (Werner
et al. 2014), as well as dusty features (Temi et al. 2003).

A.32. NGC 4649

The giant elliptical galaxy NGC 4649, or M60, is the third
most luminous galaxy in the Virgo Cluster. Archival VLA data
obtained in the A configuration reveal pointlike emission from
a weak central radio source in NGC 4649.

Using D configuration data, Shurkin et al. (2008) and Dunn
et al. (2010) found radio lobes filling the innermost X-ray
cavities.

Sharp edges seen in the X-ray images are spatially coincident
with the radio emission detected in the D configuration
(Figure B5(d)). The X-ray properties of the hot gas are
discussed in more depth by Shurkin et al. (2008), Dunn et al.
(2010), Paggi (2014), Wood et al. (2017) and Kim et al.
(2020).

Molecular gas, traced by CO(1–0) emission, was detected by
Sage & Wrobel (1989). However, Young et al. (2002) failed to
confirm their findings with the observations from IRAM and
provide only upper limits on CO flux. The galaxy does not
show the presence of warmer gas traced by Hα+[NII]
emission.

A.33. NGC 4696

Figure B5(e) reveals a radio emission in NGC 4696, the
CDG of Abell 3526 (Centaurus cluster) from archival VLA
observations obtained in the A and BC configurations.
A thorough study of the radio properties was performed by

Taylor et al. (2002) and our total-intensity image of VLA A
configuration data is consistent with their results, where the
radio emission shows a bright nuclear source, radio jets and
lobes with the western lobe bending toward east.
The interaction with the hot X-ray atmosphere is clearly

present, as the radio plasma pushed out the hot gas and created
cavities (Taylor et al. 2006; Panagoulia et al. 2014; Sanders
et al. 2016). Interestingly, González-Martín et al. (2006) found
only a diffuse morphology without a clear pointlike emission in
the hard X-ray bands as a sign of a central star-bursting
activity. They also noted that the X-rays could be just obscured
by the dust and gas. The ongoing AGN activity is supported by
our VLA A configuration data together with the VLBA
observation of a small-scale one-sided jet detected by Taylor
et al. (2006).
The cold extended molecular gas and warm ionized gas and

dust were discussed in the recent publication by Olivares et al.
(2019) and references therein. Moreover, Mittal et al. (2011)
observed a cooling [C II] line in the central region.

A.34. NGC 4778

NGC 4778 or NGC 4761 is the only one lenticular (S0)
galaxy in our sample and the CDG of a bright compact group,
HCG 62 (Hickson 1982). It is in the process of merging with its
companion NGC 4776 (or NGC 4759; Spavone et al. 2006). A
small point-source-like central radio emission is observed in
both archival VLA A- (Vrtilek et al. 2002) and D configuration
total-intensity images (Figure B2(e)).
Moreover, looking at the lower radio frequencies with

GMRT, Gitti et al. (2010) found the expected radio lobes,
coincident with the observed X-ray cavities (Morita et al. 2006;
Panagoulia et al. 2014) and Giacintucci et al. (2011) detected a
possible second outer set of radio lobes.
The Hα emission in NGC 4778 was detected and studied by

Valluri & Anupama (1996).

A.35. NGC 4782

The radio source known as 3C 278 is hosted by the giant
elliptical galaxy NGC 4782 in the center of the group
LGG 316.
Radio emission, shown in the archival high-resolution A

configuration image (Figure B5(f)), is rather peculiar as already
noted by Borne & Colina (1996) and Machacek et al. (2006).
The radio jets emanating from the core are at first invisible due
to the high relativistic velocities. After ∼2 kpc the eastern side
of the jet is tilted to the north, whereas the western side
continues in a straight line up to 15 kpc, where it bents to the
north as well. When using a more compact B configuration, a
more diffuse radio emission is observed, which not only traces
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the peculiar bend of the jets but also fills the space between and
around the jet structure.

The X-ray images reveal an interaction with the neighbor
NGC 4783, which could be responsible for the observed bend
of the jet. Moreover, X-ray cavities have been observed at the
position of both radio lobes (Borne & Colina 1996; Machacek
et al. 2006).

A nuclear (within 2 kpc from the core) warm ionized nebula
was detected with SOAR (Lakhchaura et al. 2018), otherwise
no cool gas or dust was found in this giant elliptical galaxy.

A.36. NGC 4936*

The radio emission from the giant elliptical galaxy
NGC 4936 in our new VLA A configuration total-intensity
image (Figure B2(f)), shows a pointlike radio emission from
the nucleus.

Macchetto et al. (1996) studied the warm ionized gas and
found Hα+[N II] emission concentrated in a small disk similar
to NGC 4872 (Appendix A.35). The neutral gas, in the form of
a double-peaked H I line profile, was observed for this giant
elliptical by Reid et al. (1994, and references therein), together
with strong emission from N II, S II and O I in the core of
NGC 4936.

A.37. NGC 5044

NGC 5044 is the central dominant galaxy of the X-ray bright
group NGC 5044, which is well known for its large cold gas
reservoir.

Archival radio observations in the A, BnA and D
configurations of the VLA presented in Figure B5(g) reveal
emission from the central radio source with small-scale jets
pointing to northeast and southwest (partly visible in the
images analyzed by Dunn et al. 2010). The previously
unobserved indications for diffuse jet-like emission extending
to about 6 kpc from the core in the east–west direction are seen
in VLA B configuration contours. More diffuse oval-shaped
radio emission extending up to ∼20 kpc is seen in the D
configuration.

NGC 5044 has undergone (at least) three AGN outbursts.
Gastaldello et al. (2009), David et al. (2011), Giacintucci et al.
(2011), David et al. (2017), and Schellenberger et al. (2020)
presented GMRT and Chandra data, which revealed that the
radio emission is consistent with the presence of the innermost
southern X-ray cavity. They also found a second pair of more
extended (up to ∼10 kpc) ghost X-ray cavities, which suggest
another episode of an AGN outburst in NGC 5044. The last, the
third, and most-recent activity is traced in the most-recent study
(Schellenberger et al. 2021), where they also show the presence
of small-scale radio jets seen in VLBI data.

Sloshing features are also observed at further distances from
the center caused by the accretion of a less-massive group
(Gastaldello et al. 2009).

The filamentary morphology of the Hα+[N II] ionized
nebulae extends up to 6 kpc (Ferrari et al. 1999), whereas the
corresponding dust emission extends to only 1.3 kpc (Temi
et al. 2007a, 2007b), similar to NGC 4472 (Appendix A.28).

Studies done by David et al. (2014), Temi et al. (2018), and
Schellenberger et al. (2020) showed that CO-emitting mole-
cular gas clouds within ∼10 kpc from the core coincide well
with the presence of strong emission from the warm ionized gas
(Hα filaments), the hot X-ray-emitting gas, the innermost X-ray

cavities (Schellenberger et al. 2021) and the cold dust features
in the central regions of NGC 5044 as well as [C II] line
emission (Werner et al. 2014). Moreover, two CO absorption
features were also detected within 5 pc from the core
(Schellenberger et al. 2021).

A.38. NGC 5129*

NGC 5129 is a radio-quiet giant elliptical and the dominant
galaxy of a small group.
Our new A configuration data (Figure B5(h)) revealed a

bright radio core with small-scale radio jets extending to about
2 kpc to the northwest and southeast from the core. We
categorized this source as a compact radio source with radio
jets. We find that the radio emission is offset by ∼1.2 arcsec
from the X-ray and optical core of the galaxy. The pointlike
radio emission in NGC 5129 was previously observed by the
NVSS survey (Condon et al. 1998).
The hot X-ray gas in the Chandra images has a disturbed

morphology, which is not aligned with the direction of the
radio jets. The X-ray gas properties were previously studied by
Bharadwaj et al. (2014).
Warm ionized gas extending up to 2 kpc from the core was

detected (Lakhchaura et al. 2018).

A.39. NGC 5419*

NGC 5419 is the CDG of the poor cluster A753, which hosts
the radio source PKS B1400-33.
Our new A configuration VLA observations revealed

extended radio emission in the core of the galaxy. Archival
VLA CD configuration data (Figure B6(a); Goss et al. 1987)
show a more extended emission, which forms an L-shaped
radio tail to the south extending to about 35 kpc and a second
prominent diffuse 120 kpc in diameter steep-spectrum radio
relic. This is a unusual feature for a poor cluster (previously
observed by Subrahmanyan et al. 2003).
From the multifrequency data analysis, Subrahmanyan et al.

(2003) suggests that this diffuse extended emission could be
the remnant plasma of a radio lobe (although no parent optical
source has been identified) injected into the poor cluster.
X-ray images showed that the hot gas coincides with the

central radio emission of NGC 5419 (Balmaverde &
Capetti 2006).

A.40. NGC 5813

NGC 5813 resides in the NGC 5846 group, where
NGC 5846 (Appendix A.41) is the brightest central galaxy.
Archival data in the VLA A, B, and C configurations at

∼1.4 GHz (Randall et al. 2011) revealed signatures of AGN
activity in radio images, when compared with the Chandra
X-ray images (Randall et al. 2015; Figure B6(b)). The
position of the central radio core is consistent with the X-ray
brightness peak and the radio lobe-like emission corresponds
well with the innermost X-ray cavities, especially the
northern part of the inner region (Randall et al. 2011;
Panagoulia et al. 2014). Additionally, the compact C
configuration data reveal more diffuse emission with small
ripples to the northeast and southwest, but without a clear
interaction with a second pair of more extended X-ray
cavities (Randall et al. 2015). The radio emission filling the
second generation of cavities is found at lower frequencies
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with LOFAR (Bîrzan et al. 2020) and GMRT (Giacintucci
et al. 2011).

The ionized gas shows a filamentary morphology and is
coincident with dust emission (Ferrari et al. 1999). The ionised
gas appears to be located in the wake of the rising AGN-
inflated bubbles (Randall et al. 2011). Cooling lines of [C II],
[N II], and O I and warm nebulae were observed, too (Werner
et al. 2014; Lakhchaura et al. 2018).

A.41. NGC 5846

NGC 5846 is a giant elliptical galaxy and a CDG of the
massive group holding the same name.

The innermost central region hosts a radio core surrounded
by a more diffuse radio emission (Figure B6(c)), which also
appears to fill the innermost X-ray cavities (Trinchieri &
Goudfrooij 2002; Dunn et al. 2010; Machacek et al. 2011;
Panagoulia et al. 2014). The extended and diffuse emission,
with a total extent of ∼12 kpc, is traced by the contours of the
archival CnD configuration image. The results of the presented
VLA data were previously published in Machacek et al.
(2011).
The X-ray image analysis revealed multiple signatures of

sloshing in NGC 5846 (Machacek et al. 2011), although
without a distinctive X-ray core in the central regions
(Trinchieri & Goudfrooij 2002; Satyapal et al. 2005;
González-Martín et al. 2006).

The ionized and molecular plasma coincides with the
disturbed nuclear X-ray emission, [C II] line emission and
cold, dusty features in the central regions of NGC 5846
(Macchetto et al. 1996; Caon et al. 2000; Trinchieri &
Goudfrooij 2002; Temi et al. 2007b, 2009; Mathews et al.
2013; Werner et al. 2014; Lakhchaura et al. 2018).

A.42. NGC 7619*

The giant elliptical galaxy NGC 7619 is the CDG of the
Pegasus I group.
Our new VLA data in the A configuration have revealed a

central radio source with a small extension to the east of the
core (Figure B2(g)), consistent with previously observed
pointlike morphology in the archival VLA C configuration
data. This findings are consistent with the emission in NVSS
(Condon et al. 1998) and with GMRT observations at lower
frequencies (at 610MHz) by Giacintucci et al. (2011).
The X-ray image analysis revealed a ram-pressure-stripped

tail (to the southwest of the nuclear region) as a result of
NGC 7619 falling toward the center of the Pegasus cluster and
interacting with the companion NGC 7626 with radio jets/
lobes morphology (Randall et al. 2009) located 415″ (102 kpc)
from NGC 7619.
The study of ionized gas performed by Macchetto et al.

(1996) showed a circumnuclear emission with an additional
extended tail from the northeast to southwest, although the
subsequent long-slit spectroscopy and narrowband imaging
observations with SOAR did not confirm the previous findings
of Hα+[N II] emission (Lakhchaura et al. 2018). CO line
emission was detected by Temi et al. (2007a) for this giant
elliptical galaxy.

Appendix B
X-Ray and Radio Images

Appendix B shows the X-ray emission observed with
Chandra overlaid by the radio emission centered at 1.5 GHz
and observed with VLA in multiple configurations. Images are
divided between pointlike radio sources (Figures B1 and B2)
and extended radio sources (Figures B3–B6)
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Figure B1. The Chandra-smoothed (with a 2″ Gaussian kernel) images overlaid by 1.5 GHz VLA A, AB/B, and C/D configuration contours in the red, cyan and
white, respectively. In all cases, the contours are created at 5 × σrms and increase by the power of 2 up to the peak intensity. The center of the galaxy is represented by
a black “+” sign. Rms noise (σrms) and peak intensity values are given in Table 1.
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Figure B2. The X-ray Chandra-smoothed (with a 2″ Gaussian kernel) images overlaid by 1.5 GHz VLA A, AB/B, and C/D configuration contours in the red, cyan
and white, respectively. In all cases, the contours are created at 5 × σrms and increase by the power of 2 up to the peak intensity. The center of the galaxy is
represented by a black “+” sign. Rms noise (σrms) and peak intensity values are given in Table 1.
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Figure B3. The X-ray Chandra-smoothed (with a 2″ Gaussian kernel) images overlaid by 1.5 GHz VLA A, AB/B, and C/D configuration contours in the red, cyan
and white, respectively. In all cases, the contours are created at 5 × σrms and increase by the power of 2 up to the peak intensity. The center of the galaxy is
represented by a black “+” sign. Rms noise (σrms) and peak intensity values are given in Table 1.
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Figure B4. The X-ray Chandra-smoothed (with a 2″ Gaussian kernel) images overlaid by 1.5 GHz VLA A, AB/B, and C/D configuration contours in the red, cyan
and white, respectively. In all cases, the contours are created at 5 × σrms and increase by the power of 2 up to the peak intensity. The center of the galaxy is
represented by a black “+” sign. The Rms noise and peak intensity values are given in Table 1.
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Figure B5. The X-ray Chandra-smoothed (with a 2″ Gaussian kernel) images overlaid by 1.5 GHz VLA A, AB/B, and C/D configuration contours in the red, cyan
and white, respectively. In all cases, the contours are created at 5 × σrms and increase by the power of 2 up to the peak intensity. The center of the galaxy is
represented by a black “+” sign. The Rms noise and peak intensity values are given in Table 1.
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Figure B6. The X-ray Chandra-smoothed (with a 2″ Gaussian kernel) images overlaid by 1.5 GHz VLA A, AB/B, and C/D configuration contours in the red, cyan
and white, respectively. In all cases, the contours are created at 5 × σrms and increase by the power of 2 up to the peak intensity. The center of the galaxy is
represented by a black “+” sign. The Rms noise and peak intensity values can be found in Table 1.
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Appendix C
Tables

Appendix C includes the main table with information about
VLA observations for massive early-type galaxies in the
sample (Table C1) and the multifrequency information of the
multiphase gas in our sample (Table C2).

Table C1
The Main VLA Observational Information about the Early-type Galaxies in

Our Sample between 1–2 GHz

Source Config Project Date Flux
Name VLA Code (year-month-day) Calibrator
(1) (2) (3) (4) (5)

3C 449 A AB920 1999-Jul-18 3C 84
3C 449 C AM0740 2002-Dec-21 3C 84
IC 1860 A AG0748 2009-Jun-19 3C 84
IC 4296a A 15A-305 2015-Jul-11 3C 286
IC 4296 D 18A-317 2018-Oct-26 3C 286
NGC 57a A 15A-305 2015-Jul-03 3C 48
NGC 315 A AM670/AB920 1999-Jul-18/2000-

Dec-04
3C 286

NGC 315 B AL538 2001-Mar-10 3C 286
NGC 315 C AL538 2001-Jul-17 3C 48
NGC 410a A 15A-305 2015-Jun-28 3C 48
NGC 499 A AG748 2007-Jun-09/14 3C 84
NGC 507a A 15A-305 2015-Jun-19 3C 48
NGC 507 C AC0785 2005-Aug-17 3C 84
NGC 533a A 15A-305 2015-Jun-27 3C 48
NGC 533 B AC0849 2006-Sep-02/04/10 3C 84
NGC 708 AB AC470 1987-Nov-06 3C 84
NGC 708 C 13A-131 2013-Aug-18 3C 286
NGC 741 A AB920 1999-Jul-18 3C 84
NGC 741 C 13A-387 2013-Jul-26 3C 48
NGC 777a A 15A-305 2015-Jun-21 3C 48
NGC 777 C AC0488 1997-Sep-18 3C 286
NGC 1132 C AC0488 1997-Sep-18 3C 286
NGC 1316 BA AH787 2002-May-31/Jun-01 3C 84
NGC 1316 CD AW0110 1985-Nov-03 3C 48
NGC 1399a A 15A-305 2015-Jun-20 3C 138
NGC 1404a A 15A-305 2015-Jun-20 3C 138
NGC 1404 CD AT0285/6 2003-Jan-31/Feb-01 3C 84
NGC 1407a A 15A-305 2015-Jun-28 3C 138
NGC 1407 B 12A-139 2012-Jun-10 3C 147
NGC 1407 C 12A-139 2012-Apr-22 3C 147
NGC 1550a A 15A-305 2015-Jun-24 3C 138
NGC 1550 C AC0488 1997-Sep-18 3C 286
NGC 1600 A AB0289 1984-Dec-15 3C 48
NGC 2300a A 15A-305 2015-Jun-18 3C 147
NGC 2300 D AS0552 1995-Mar-27 3C 48
NGC 3091a A 15A-305 2015-Jun-19 3C 286
NGC 3091 AB AM0344 1991-Dec-15 3C 286
NGC 3923a A 15A-305 2015-Jul-01 3C 286
NGC 3923 C AW0110 1984-Jun-10 3C 286
NGC 4073a A 15A-305 2015-Jun-24 3C 286

Table C1
(Continued)

Source Config Project Date Flux
Name VLA Code (year-month-day) Calibrator
(1) (2) (3) (4) (5)

NGC 4125 D 14B-396 2015-Oct-17 3C 286
NGC 4261 A AL0693 2007-Jun-08/09 3C 286
NGC 4261 C AL0693 2008-May-24/25 3C 286
NGC 4374a A BH210 2015-Jul-17 3C 286
NGC 4374 B BW0003 1994-Aug-04 3C 286
NGC 4374 C 14A-468 2014-Dec-24 3C 286
NGC 4406a A 15A-305 2015-Jul-02 3C 286
NGC 4406 D AS623 1997-Nov-29 3C 286
NGC 4472a A 15A-305 2015-Jun-27 3C 286
NGC 4472 C AB0412 1986-Nov-26 3C 286
NGC 4486 A AB0920 1999-Jul-18 3C 286
NGC 4486 B 16A-245 2016-Sep-17 3C 286
NGC 4486 C AO0149 2000-May-15 3C 286
NGC 4552 A AC301 1991-Aug-24 3C 286
NGC 4552 C 16A-275 2016-Apr-04 3C 286
NGC 4636 A AF389 2002-Mar-12 3C 286
NGC 4636 C 17A-073 2017-May-25 3C 286
NGC 4649 A AC301 1991-Aug-24 3C 48
NGC 4649 D 17A-073 2017-Jun-01 3C 286
NGC 4696 A AT211 1998-Apr-23 3C 286
NGC 4696 BC AB623 1992-Feb-06 3C 286
NGC 4778 AB AL0227 1990-Jul-09 3C 286
NGC 4778 C AB1150 2005-Jul-30/31 3C 286
NGC 4782 A AC0104 1984-Dec-26 3C 286
NGC 4782 BA AL0227 1990-Jul-09 3C 286
NGC 4936a A 15A-305 2015-Jun-20 3C 295
NGC 5044 A AD294 1992-Nov-27 3C 286
NGC 5044 BA 15A-243 2015-May-25 3C 286
NGC 5044 D 11B-093 2011-Dec-03 3C 286
NGC 5129a A 15A-305 2015-Jun-30 3C 286
NGC 5419a A 15A-305 2015-Jun-18 3C 295
NGC 5419 B AE31 1984-Feb-26 3C 286
NGC 5419 CD AE31 1984-Jul-07/8 3C 286
NGC 5813 A AF188 1990-Apr-19 3C 48
NGC 5813 B AW202 1988-Jan-30 3C 286
NGC 5813 C AC0488 1997-Sep-17 3C 286
NGC 5846 A AF389 2002-Mar-12 3C 286
NGC 5846 B AW0202 1988-Jan-30 3C 286
NGC 5846 CD AM0197 1987-Feb-24 3C 48
NGC 7619a A 15A-305 2015-Jul-05 3C 48
NGC 7619 C AC0488 1997-Sep-17 3C 286

Notes. The columns are ordered as follows: (1) the source name; (2) the VLA
configuration; (3) the NRAO VLA archive project code; (4) the date (year-
month-day; some sources have been observed during multiple days or within
multiple VLA projects); (5) the VLA flux-density calibrators from the NRAO
VLA archive: details can be found at https://science.nrao.edu/facilities/vla/
observing/callist.
a Our new VLA A observations within project 15A-305.
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Table C2
The Multifrequency Information of the Gas in Our Sample of Early-type Galaxies

Source Radio X-Rays Dust/Extend Atomic Gas Molecular Gas
Name VLA/GMRT/LOFAR Chandra/XMM-Newton HST/Spitzer SOAR ALMA/IRAM
(1) (2) (3) (4) (5) (6)

3C 449 FR IFan74 inCavHar98;Cro03, CFsLal13 dustyDiskFer99;Tre06 unkHaLak18 CO(1–0)Leo01

IC 1860 PSDun10 CFsGas07;Gas13 L nucHaLak18 L
IC 4296 FR I/FR IIGro19 outCavGro19 dustyDiskSchm02;Boi17 extHaLak18 CO(2–1)Boi17;Ruf19

NGC 57 PSGro compact noDustGou18 noHaLak18 L
NGC 315 FR ICap02 XjetWor03;Don04 dustyDiskVer99;Cap00;Boi21 unkHaLak18 CO(1–0)Fla10/(2-1)Boi21

NGC 410 PSCon98 compactLak18 noDustTan9 nucHaLak18 uppCO(1–0)/(2-1)O’Sul18

NGC 499 NSDun10/PSBir20 gCav(inPls/outPan24b;Kim19) L nucHaLak18 L
NGC 507 FR ICap02,Par86 inCavDon10;Pls; CFFab02;Kra04 noDustTem07 noHaLak18 L
NGC 533 FR II?/young?Gro inCavDun10 dustTem07 extHaLak18 L
NGC 708 FR IPar86,Bla04/young?Gro inCavBla04;Pan14b centDustSah16 extHaLak18 CO(1–0)Fla10/(2-1)Oli19,Nor21

NGC 741 radioTailSche17,Ven94 inSche17/outCavJet08 noDustVer05 noHaLak18 noCOWik95

NGC 777 compactBha14;Kol18 pos-CavPan14b lowDustPah04 noHaLak18 uppCO(1-0/2-1)O’Sul15

NGC 1132 PSKim18 gCavDon10;Pls dustLanesAla12 noHaLak18 noCODav16

NGC 1316 FR IFom89;Mac20a in/out(g)-CavLan10 dustSchw80;Gri99;Dua14 extHaLak18 CO(1–0)Sag93/CO(2–1)Hor01

NGC 1399 FR IDun10;Shu08 inCavPan14b dustTem07/noDustDok95,Pra10 noHaLak18 CO(2–1)Pra10

NGC 1404 PSDun10;Gro CFsMach05;Su17 dustTem07 noHaLak18 L
NGC 1407 disturbedGia12 disturbedFor06 dustKul14;Tem07 noHaLak18 uppCO(1–0)Bab19

NGC 1550 disturbedDun10;Kol18 CavPan14b CFsKol20 L noHaLak18 uppCO(1–0)/(2-1)O’Sul18

NGC 1600 FR II?Bir85;Gro inCavSiv04 dustFerr99 noHaLak18 L
NGC 2300 PSGro pot-gCavPls noDustXil04 noHaLak18 L
NGC 3091 PSGro pot-gCavPls noDustCol01 noHaLak18 L
NGC 3923 PSDis77;Gro pot-gCavPls filDustPen86,Bil16 noHaLak18 L
NGC 4073 PSHog14;Gro pot-gCavPls L noHaLak18 L
NGC 4125 PSKra02;Gro pot-gCavPls dustVer05;Tem07;Kul14 noHaLak18 noCO(1–0)Wel10/CO(2–1)Wel10

NGC 4261 FR IKol15;O’Sul11 XjetGli03;Wor10; outCavCro08;O’Sul11 dustyDisk nucHaLak18 uppCO(1–0)O’Sul18 /CO(2–1)/(3-2)Boi21

NGC 4374 FR ILai87 outCavFin01,Dev10 dustLanesVer99;Boi17 nucHaLak18 CO(1–0)/(2-1)Fla10,Boi17

NGC 4406 PSDun10;Gro X-ray tail/plumeFor79;Kim19 dustSmi12 extHaKen08;Lak18 noCOWik95;You11

NGC 4472 FR ICon88;Gro inCavBil04;Su19 dustTem07 noHaLak18 CO(1–0)/(2-1)Huch88,Huch99

NGC 4486 FR IFan74 in/outCavYou02;For05;For07; XjetMar02 dustyDisk extHaLak18 CO(1–0)Fla10/(2-1)Sim18;Oli19

NGC 4552 FR IFil04;Gro outCavMach06;All06 , CFMach06;Kra17 dustTem07;Kul14 extHaBos21 uppCO(1–0)/(2-1)Com07

NGC 4636 FR IDun10;Gia11 inCavSta86;Bal09 dustTem07 nucHaLak18 uppCO(1–0)O’Sul18 /CO(2–1)O’Sul18;Tem18

NGC 4649 FR I?Shu08;Dun10 CavShu08;Dun10 dustKul14;Tem07 noHaLak18 CO(1–0)Sag89;You11

NGC 4696 FR ITay02 inCavTay06;San16 filDustTem07;Fab16 extHaLak18 CO(1–0)Bab19,Oli19/(2-1)Fab16
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Table C2
(Continued)

Source Radio X-Rays Dust/Extend Atomic Gas Molecular Gas
Name VLA/GMRT/LOFAR Chandra/XMM-Newton HST/Spitzer SOAR ALMA/IRAM
(1) (2) (3) (4) (5) (6)

NGC 4778 PSVrt02;Gro gCavMor06,Pan14b L nucHaLak18 L
NGC 4782 FR IBor96;Mach06 in/outCavBor96;Mach06 L nucHaLak18 L
NGC 4936 PSBha14;Gro disturbedBha14;Lak18 extHaLak18 L
NGC 5044 jetsDun10;Sche20a in/outCavGas09;Sche20a; CFsGas09 dustTem07 extHaLak18 CO(2–1)Lau14;Dav14;Tem18

NGC 5129 jetsCon98;Bha14;Gro disturbedBha14 L nucHaLak18 L
NGC 5419 relic-likeGos87;Sub03 centralBal06 L noHaLak18 L
NGC 5813 jetsRan11;Ran15 in/outCavRan11 dustTem07 extHaLak18 uppCO(1–0)/(2-1)O’Sul18

NGC 5846 disturbedDun10;Bir20 in/outCavTri02;All06, CFMach11 dustTem07 nucHaLak18 CO(1–0)O’Sul18 /(2-1)O’Sul18;Tem18

NGC 7619 PSCon98;Gia11 RPS tailsRan09 dustTem07 noHaLak18 L

Note. The column order is as follows: (1) the 3C, NGC, IC source name; (2) radio morphology from VLA in the L band at 1–2 GHz (centered at 1.5 GHz), LOFAR or GMRT; (3) X-ray morphology from Chandra at
0.5–7 keV within the innermost ∼10 kpc or XMM-Newton; (4) optical and infrared morphology of the dust and corresponding diameter of the dusty disk from HST or Spitzer; (5) atomic gas observed from SOAR
through the presence of a warm ionized nebulae Hα+[N II]; (6) molecular gas in form of molecular CO lines observed from ALMA and IRAM. (2) The Fanaroff–Riley (FR; Fanaroff & Riley 1974) radio morphology
classification: FR I: edge darkened; FR II: edge brightened; FR II?: potential FR II radio source; PS: point-source radio morphology (< twice the beam size; unresolved source); NS: no radio source; young: young radio
source. References column (2): Bir85: Birkinshaw & Davies (1985); Bir20: Bir̂zan et al. (2020); Bha14: Bharadwaj et al. (2014); Bla04: Blanton et al. (2004); Bor96: Borne & Colina (1996); Cap02: Capetti et al. (2002);
Con88L Condon & Broderick (1988); Con98: Condon et al. (1998); Dun10: Dunn et al. (2010); Dis77: Disney & Wall (1977); Fan74: Fanaroff & Riley (1974); Fil04: Filho et al. (2004); Fom89: Fomalont et al. (1989);
Gia12: Giacintucci et al. (2012); Gia11: Giacintucci et al. (2011); Gos87: Goss et al. (1987); Gro: (submitted); Hog14: Hogan (2014); Kim18: Kim et al. (2018); Kol15: Kolokythas et al. (2015); Kol18: Kolokythas et al.
(2018); Kra02: Krajnović & Jaffe (2002); Lai87: Laing & Bridle (1987); Mac20a: Maccagni et al. (2020); Mach06: Machacek et al. (2006); O’Sul11: O’Sullivan et al. (2011); Par86: Parma et al. (1986); Ran11: Randall
et al. (2011); Ran15: Randall et al. (2015); Sche17: Schellenberger et al. (2017); Sche20a: Schellenberger et al. (2020); Shu08: Shurkin et al. (2008); Sub03: Subrahmanyan et al. (2003); Tay02: Taylor et al. (2002);
Ven94: Venkatesan et al. (1994); Vrt02: Vrtilek et al. (2002); (3) “inCav”: inner cavities, corresponding to innermost jets/lobes and located within innermost 5 kpc; “outCav”: outer cavities, corresponding to outer jets/
cavities; “gCav”: ghost cavities, no radio counterpart; “pot-()Cav”: potential cavities; “CF”: cold fronts as a sign of sloshing; “compact”: smooth compact morphology of the hot X-ray atmosphere within the host galaxy
(up to 10 kpc from the center); “RPS tail”: ram-pressure-stripped tail. References column (3): All06: Allen et al. (2006); Bal09: Baldi et al. (2009); Bal06: Balmaverde & Capetti (2006); Bha14: Bharadwaj et al. (2014);
Bil04; Biller et al. (2004); Bla04: Blanton et al. (2004); Bor96: Borne & Colina (1996); Cro03: Croston et al. (2003); Cro08: Croston et al. (2008); Dev10: Devereux et al. (2010); Don10: Dong et al. (2010); Dun10:
Dunn et al. (2010); Fab02: Fabbiano et al. (2002); Fin01: Finoguenov et al. (2001); For79: Forman et al. (1979); For05: Forman et al. (2005); For07: Forman et al. (2007); For06: Forbes et al. (2006); Gas07: Gastaldello
et al. (2007); Gas09: Gastaldello et al. (2009); Gas13: Gastaldello et al. (2013); Gli03: Gliozzi et al. (2003); Gro19: Grossová et al. (2019); Har98: Hardcastle et al. (1998); Jet08: Jetha et al. (2008); Kol20: Kolokythas
et al. (2020); Kra04: Kraft et al. (2004); Kra17: Kraft et al. (2017); Kim19: Kim et al. (2019); Lal13: Lal et al. (2013); Lak18: Lakhchaura et al. (2018); Lan10: Lanz et al. (2010); Mach05: Machacek et al. (2005);
Mach06: Machacek et al. (2006); Mar02: Marshall et al. (2002); Mor06: Morita et al. (2006); Pan14b: Panagoulia et al. (2014); Pls: T. Plšek et al. (2021, in preparation); Ran09: Randall et al. (2009); Ran11: Randall
et al. (2011); San16: Sanders et al. (2016); Sche17: Schellenberger et al. (2017); Sche20: Schellenberger et al. (2020); Shu08: Shurkin et al. (2008); Siv04: Sivakoff et al. (2004); Sta86: Stanger & Warwick (1986); Su17:
Su et al. (2017); Su19: Su et al. (2019); Tay06: Taylor et al. (2006); Tri02: Trinchieri & Goudfrooij (2002); Wor10: Worrall et al. (2010); You02: Young et al. (2002). (4) “dustyDisk”: morphology of dust in form of
disk; “noDust”: no dust observed; “centDust”: centrally located dust; “dustLanes”: dust in form of lanes; “filDust”: filamentary dust. References column (4): Ala12: Alamo-Martínez et al. (2012); Bil16: Bílek et al.
(2016); Boi17: Boizelle et al. (2017); Cap00: Capetti et al. (2000); Dua14: Duah Asabere et al. (2014); Kim19: Kim et al. (2019); Col01: Colbert et al. (2001); Kul14: Kulkarni et al. (2014); Fab16: Fabian et al. (2016);
Fer99: Feretti et al. (1999); Ferr99: Ferrari et al. (1999); Gou18: Goullaud et al. (2018); Gri99: Grillmair et al. (1999); O’Sul18: O’Sullivan et al. (2018); Pah04: Pahre et al. (2004); Pen86: Pence (1986); Schm02:
Schmitt et al. (2002); Smi12: Smith et al. (2012); Schw80: Schweizer (1980); Tan9: Tang et al. (2009); Tem07: Temi et al. (2007a); Tre06: Tremblay et al. (2006); Sah16: Sahu et al. (2016); Ver99: Verdoes Kleijn et al.
(1999); Ver05: Verdoes Kleijn & de Zeeuw (2005); Xil04: Xilouris et al. (2004). (5) “noHa”: no detection of Hα+[N II] emission in the narrowband imaging and confirming long-slit spectroscopic observation;
“unkHa”: the detection could not be confirmed; “extHa”: Hα+[N II] is extending to � 2 kpc; “nucHa”: nuclear Hα+[N II] line emission, the extent is smaller than 2 kpc. Reference column (5): Bos21: Boselli et al.
(2021); Ken08: Kenney et al. (2008); Lak18: Lakhchaura et al. (2018). (6) “noCO”: no dectected CO line emission; “uppCO(..)”: upper limit on the CO line emission. References column (6): Bab19: Babyk et al. (2019);
Boi17: Boizelle et al. (2017); Boi21: Boizelle et al. (2021); Com07: Combes et al. (2007); Dav14: David et al. (2014); Dav16: Davis et al. (2016); Fab16: Fabian et al. (2016); Fla10: Ocaña Flaquer et al. (2010); Hor01:
Horellou et al. (2001); Huch88: Huchtmeier et al. (1988); Lau14: David et al. (2014); Leo01: Leon et al. (2001); Nor21: North et al. (2021); O’Sul15: O’Sullivan et al. (2015); O’Sul18: O’Sullivan et al. (2018); Oli19:
Olivares et al. (2019); Pra10: Prandoni et al. (2010); Ruf19: Ruffa et al. (2019); Sag89: Sage & Wrobel (1989); Sag93: Sage & Galletta (1993); Sim18: Simionescu et al. (2018); Tem18: Temi et al. (2018); You11:
Young et al. (2011); Wik95: Wiklind et al. (1995); Wel10: Welch et al. (2010); (all) “...”: not investigated yet.
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Appendix D
Additional Sources

Additionally, we provide a list of giant elliptical galaxies that
are omitted from our main sample. The reason for each
omission is given in Table D1 and varies from missing radio
VLA data in the frequency range of 1–2 GHz or insufficient/
missing archival Chandra data due to strong dominance by the
central X-ray point source, thus obscuring the extended
emission from the hot X-ray atmosphere. Moreover,
Table D1 also contains the VLA observational details together
with information about the properties of the observed radio
emission from the VLA in the frequency range between
1–2 GHz. This information might be used as a foundation for
future proposals.
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Table D1
The List of Early-type Galaxies Omitted from the Main Sample

Source Config. VLA Project Code VLA Obs. Date S1.5 GHz± eS1.5 GHz Rms Exclusion Reason
Name VLA /Survey (year-month-day) (mJy) (mJy)
(1) (2) (3) (4) (5) (6) (7)

IC2006 CD NVSS 1993-Sep-20 L 0.47 No archival VLA at 1–2 GHz
and insufficient Chandra (4.55 ks)

IC310* A 15A-305 2015-Jun-23 330 ± 13 0.03 Dominant X-ray point source
IC310 C AB0412 1986-Dec-05 460 ± 20 1.8 Dominant X-ray point source
NGC 1521 CD NVSS 1993-Sep-20 L# 0.47 No archival VLA at 1–2 GHz
NGC 2329* A 15A-305 2015-Jun-20 220 ± 9 0.014 Insufficient Chandra (2.86 ks)
NGC 2329 C AB0476 1988-Apr-14 650 ± 27 0.6 Insufficient Chandra (2.86 ks)
NGC 2340* A 15A-305 2015-Jun-19 2.00 ± 0.08 0.002 Insufficient Chandra (1.92 ks)
NGC 4203* A 15A-305 2015-Jul-03 7.8 ± 0.3 0.027 Dominant X-ray point source
NGC 4203 D AB0506 1988-Jul-13 L 2.8 Dominant X-ray point source
NGC 5090 A AG0454 1995-Jul-23 350 ± 25 4.5 No Chandra
NGC 5090 BC AS0225 1985-Jul-07/08 3300 ± 130 0.67 No Chandra
NGC 5328 CD NVSS 1993-Sep-20 L 0.47 No archival VLA at 1–2 GHz

and insufficient Chandra (2.6 ks)

Note. The columns are as follows: (1) the source name; “*”: sources observed within our project 15A-305; (2) the VLA configuration; (3) the NRAO VLA archive
project code. Missing VLA archival data were supplemented by the NRAO VLA Sky Survey (NVSS) data; (4) the observation date (year-month-day); (5) the VLA
total flux flux density of the image; “...”: nondetection of radio emission at 1.5 GHz and “#”: a weak radio source with an integrated flux density of 2.0 mJy detected
at the lower threshold of 4 × σrms; (6) the rms noise value of the image; (7) the reason for the exclusion of a certain source from the main sample.
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