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ABSTRACT

Context. Most active galactic nuclei (AGNs) are radio quiet (RQ), with radio emission that may arise from star-formation activity, AGN-driven
winds, weak jets, and coronal activity. Disentangling these mechanisms is challenging and requires detailed multi-wavelength investigations, but
it is crucial for quantifying AGN feedback in galaxy evolution.

Aims. We present a detailed radio investigation of 22 X-ray-selected AGNs in the Supermassive Black Hole Winds in X-Rays (SUBWAYS)
sample (Lyo =~ 10%97463 erg/s, z=10.1-0.5), selected to systematically search for ultra-fast outflows (UFOs). The UFOs are detected in ~30% of
the targets, with measured velocities and kinetic luminosities, making the sample particularly well-suited for investigating the role and signatures
of multi-scale outflows at different frequencies.

Methods. We built the radio spectral energy distribution of the sources complementing our proprietary data, collected with the JVLA at 1.5 and
6 GHz, with images from LoTSS (145 MHz) and other publicly available radio surveys between 150 and 1400 MHz. We investigated the role
and occurrence of the aforementioned mechanisms, with particular interest in outflows and their possible relation to UFOs. To achieve this, we
combined information on spectral indices, luminosities, and morphologies of radio emission with properties derived in other wavebands, such as
the star formation rate, the X-ray luminosity, the Eddington ratio, or the UFO kinetic luminosity.

Results. All sources are detected and are mostly consistent with RQ AGNs. For ~80% of the sources, the data suggest the presence of an
outflow (wind or weak jet). Interestingly, our results indicate that AGNs with UFOs tend to have larger radio extension and a steep radio spectrum
consistent with outflows. Moreover, the radio emission of the six UFO hosts is consistent with predictions from wind-driven shock models, possibly
indicating a direct connection between the two phases. Alternatively, this may simply reflect physical conditions that favour the production of both
phenomena.

Key words. instrumentation: interferometers — methods: observational — ISM: jets and outflows — galaxies: active — galaxies: evolution —
radio continuum: galaxies

1. Introduction Legr, = 10°727 W/Hz), the majority falls into the radio quiet
(RQ; Legu, = 10*'723 W/Hz) category, where the origin of
radio emission is still debated. In RQ AGNs, radio emission can
arise from a plethora of processes, possibly overlapping, includ-
ing AGN-driven winds, weak jets, coronal activity, and star-
formation activity (see Padovani 2017; Panessa et al. 2019 for
extensive reviews). Disentangling these mechanisms and under-
standing how the energy they release couples with the ISM is
challenging and requires detailed spectral and morphological
analysis. However, obtaining observational constraints is crucial
for modelling AGN feedback and galaxy evolution.

The AGN-driven winds are indeed detected in any gas
phase, at different ionisation states, velocities, and distances
from the inner SMBH. These range from sub-relativistic
(0.1-0.25 ¢), highly ionised, ultra-fast outflows (UFOs), arising
at few gravitational radii (e.g. Chartas et al. 2002; Tombesi et al.
2010; Pounds 2014; Tombesi et al. 2015; Matzeu et al. 2023;
Gianolli et al. 2024), down to the slower (~500—2000 kmy/s) out-
flows detected on kpc scales, in the atomic and molecular gas
phases (e.g. Zakamska & Greene 2014; Morganti et al. 2016,
and see Cicone et al. 2018 for a review). In luminous RQ AGNs,
* Corresponding author: elisa.amenta2@unibo.it it has been proposed that the shocks generated by radiatively

Accretion onto supermassive black holes (SMBHs) can light
up the nuclear regions of galaxies, giving rise to the so-called
active galactic nuclei (AGNs), which are among the most
energetic objects in the Universe (see Kormendy & Ho 2013
and Alexander et al. 2025 for reviews). Active galactic nuclei
have been shown to inject significant amounts of energy and
momentum into their surroundings from parsec to Mpc scales.
This occurs via multiple channels, including direct radiation
(e.g. Ciotti et al. 2010), jets of relativistic plasma (e.g. Fabian
2012), and massive multi-phase gas winds (e.g. Crenshaw et al.
2003). In particular, through the interaction with the inter-
stellar medium (ISM), powerful AGN-driven outflows, in the
form of winds or jets, have proven to be capable of repro-
ducing the scaling relations between SMBH mass and galaxy
properties (Cattaneo et al. 1999; Kauffmann & Haehnelt 2000;
King & Pounds 2015; Kingetal. 2005; Gasparietal. 2020;
King & Pounds 2015; Fabian 2012). While synchrotron emis-
sion from powerful relativistic jets dominates the radio luminos-
ity only in a minority of AGNs, classified as radio loud (RL,
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Fig. 1. Bolometric luminosity as a function of redshift. The grey con-
tours highlight the AGNs of Yamada et al. (2024a, Y24), the red ones
are the data from Laor & Behar (2008, LB08), and those in purple
the data from Panessa & Giroletti (2013, PG13). We choose LB08 and
PG13 as a comparison for the study of the X-ray-radio luminosity cor-
relation. Then we plot the objects in the SUBWAYS sample (blue empty
dots) and a comparison sample from Tombesi et al. (2010, T10, black
empty diamonds). UFO hosts are marked by stars and triangles in SUB-
WAYS and T10 respectively.

driven winds can accelerate electrons, producing synchrotron
radio emission on scales larger than 100 pc with vL, ~ 107>
Lagn (Zakamska & Greene 2014; Nims et al. 2015). However,
how the different wind phases are connected to each other is still
poorly understood.

Recent observations also showed that low-luminosity (log
Piscu, < 10°* W/Hz) galaxy-scale radio jets, which
are much more common than their high-power counterparts
(Mauch & Sadler 2007, Sabater et al. 2019; Venturi et al. 2021;
Speranza et al. 2022; Murthy et al. 2022; Cresci et al. 2023;
Ulivi et al. 2024), remain trapped in the ISM for longer, affect-
ing the surrounding medium over a large volume (e.g. Bicknell
1994; Jarvis et al. 2019; Mukherjee 2025). Such low-power jets
can still account for the radio emission observed in RQ AGNs.
However, AGN winds and jets can coexist (e.g. Tombesi et al.
2012; Mestici et al. 2024), making it complicated to understand
their potential causal connection. In addition, recent work dis-
cusses the possibility that UFOs can accelerate ultra-high-energy
cosmic rays. If such associations are confirmed, they would pro-
vide further motivation to test whether X-ray UFOs correlate
with extended non-thermal radio emission (Karwin et al. 2023;
Ehlert et al. 2025).

The current literature providing a detailed investigation of
the radio emission in UFO hosts has been largely limited to
single-object analyses or archival studies (e. g. Falcke et al.
1998; Tombesi et al. 2010, Tombesi et al. 2012; Tombesi et al.
2014; Morganti 2017; Giroletti et al. 2017; Wang et al. 2021;
Longinotti et al. 2023; Maksym et al. 2023; Zanchettin et al.
2023; Yamada et al. 2024b).

In this paper we present the analysis of new Jansky Very
Large Array (JVLA) observations, obtained at 1.5 and 6 GHz
of 22 quasars belonging to the Supermassive Black Holes Winds
in X-rays (SUBWAYS) sample. By combining JVLA data with
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radio observations from additional surveys, together with the
wealth of multi-wavelength data available for the SUBWAYS
sample, we investigate the origin of the radio emission (star
formation, coronae, or outflows) and characterise the contribu-
tion of AGN-driven outflows', with particular emphasis on UFO
hosts. This work constitutes the first systematic analysis that
exploits dedicated follow-up observations for a sample of RQ
AGNSs with detected UFOs.

This paper is organised as follows: in Sect. 2 and 3 we
describe the sample and how the data have been collected and
reduced; in Sect. 4 and 5 we discuss the results and consider
the potential origins of the radio emission, investigating how the
radio properties of the sample relate to those derived in other
wavebands. In Sect. 6 we draw our conclusions.

Throughout this work, a standard Lambda cold dark matter
(ACDM) cosmology has been adopted, with Hy = 71 kms™!
Mpc’l, Qp =0.73, and Q,, = 0.27. The uncertainties are always
reported at 1o.

2. The sample

SUBWAYS was born with the aim of increasing the number
of known UFO hosts with multi-wavelength observations. The
whole project is based on a large XMM-Newton campaign (~1.5
Ms of observing time in 2019-2020; Brusa et al. 2022) of a sam-
ple of 17 (plus five collected from the XMM archive with com-
parable spectral quality) X-ray selected AGNs (mostly Type 1
quasar (QSO), with log(Mpy/My) = 7.46 — 9.22 and —1.92 <
logAdgqq < 0.35), chosen at redshift z=0.1-0.5 and with bolo-
metric luminosity Ly, =~ 10*97463 erg/s. In Table 1 we list
the 22 sources belonging to SUBWAYS with their basic prop-
erties. Sources with a UFO detection in the confidence interval
>99% are placed above the horizontal line. The unprecedented
quality reached by XMM-Newton spectra allowed a detailed
investigation of under-explored ranges of redshift and luminos-
ity in UFO studies. From the main analysis of the XMM-Newton
observations, Matzeu et al. (2023, Paper I) reported, in seven of
the 22 AGNs (~30%), significant detection of absorption lines
corresponding to high column density, highly ionised iron with
outflow velocities in the range —0.3 < voy/c < —0.05, con-
sistent with the expectations for UFOs. Complementary UV
imaging data have been obtained with Hubble Space Tele-
scope (HST; PI: G. Kriss), but no counterpart for the UFO was
found (Mehdipour et al. 2023, Paper II). These results could be
attributed either to an excessively high ionisation state or to a low
covering fraction of the UV-emitting source. Moreover, correla-
tions of SUBWAYS UFO parameters with X-ray luminosity are
found to be much stronger than those with the UV luminosity
(Gianolli et al. 2024, Paper III), suggesting that the innermost
regions of the AGNs are more significantly involved than the
accretion disk in powering sub-relativistic winds. In fact, though
for four objects with UFO detection thermal pressure could in
theory launch the outflow, it cannot explain the outflow veloc-
ity of UFOs, suggesting that a combination of magnetically and
radiatively driven processes is needed (see Fig. 11b of Paper II).

Figure 1 shows the bolometric luminosity (Lpo) redshift
plane of the SUBWAYS sample in the context of literature
samples of detected X-ray outflows: the one compiled by
Yamada et al. (2024a, Y24), which includes 132 AGNs at z=0-
4, and encompasses 93 UFO hosts known so far (including
the SUBWAYS sample) and the one from Tombesi et al. (2010,

! Throughout the paper, when we do not distinguish between winds
and jets we refer to them more generally as outflows.
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Table 1. General parameters of the sources in the SUBWAYS sample.

ID Target Name R.A. Dec. z D; log Ly, logLly jokev log Mgy log Agqq Uout
J2000 J2000 (Gpc) (erg/s) (erg/s) (M) ()

1 2 (3) 4) (5) (©) (7) (3) ) (10) (11)

5 PG0804+761 08:10:58.60 +76:02:43.00 0.100 0.46 4527 44.46+0.01 8.31f8:83 -1.07 0.13+0.01

6 PG0947+396 09:50:48.42 +39:26:50.64 0.205 1.01 4589 44.37+0.01 8.681’8:?3 -1.24 0.31’:8:83

11 2MASXJ1051+35 10:51:44.24 +35:39:30.76 0.159 0.76 44.88 43.70+0.01 8.40f8:g8 -1.92 0.24 +£0.01

10 PG1114+445 11:17:06.40 +44:13:33.31 0.144 0.68 45.87 44.09+0.01 8.59f8:88 -1.26 0.07 +£0.02

22 PG1202+281 12:04:42.12 +27:54:12.11 0.165 0.79 46.30 44.40+0.01 8.614_’8:(1)3 -0.45 0.11+0.01

18 LBQS1338-0038 13:41:13.94 —00:53:14.97 0.237 1.19 4527 44.52+0.01 7.74f8:8§ -0.52 0.15+0.02

2 MASXJ1653+23 16:53:15.06 +23:49:42.96 0.103 0.48 45.37 43.80+0.01 6.98f8:28 0.35 0.11’:8:8%

9 PGO0052+251 00:54:52.10 +25:25:37.99 0.154 0.74 45.72 44.61+0.01 8.41f8:83 -0.83

7  2MASXJ0220-07 02:20:14.58 —07:28:59.23 0.213 1.06 46.33 44.21+0.01 8.871’838 -1.89

8 WISEJ0537-02  05:37:56.30 —02:45:13.27 0.110 0.51 44.86 43.69+0.01 7.73f8:gg -0.60

12 PG0953+414 09:56:52.40 +41:15:22.00 0.234 1.17 46.33 44.60+0.01 8.24f8:88 -0.05

3 PG1307+085 13:09:47.00 +08:19:48.22 0.154 0.74 4486 44.31+0.01 7.90f8:}% -1.18

4  PGI1352+183 13:54:35.72 +18:05:18.05 0.151 0.72 46.26 43.89+0.01 8.424_’8:(1)3 -0.30

13 2MASXJ1402+26 14:02:51.19 +26:31:17.63 0.188 0.92 45.44 <44.23 <855 -1.21

15 PG1402+261 14:05:16.21 +25:55:34.13 0.164 0.79 46.34 44.03+0.01 7.94f8:?g -0.99

17 PG1416-129 14:19:03.82 —13:10:44.78 0.129 0.59 45.74 44.17+0.01 8.12f82?g 0.00

14 PG1425+267 14:27:35.61 +26:32:14.63 0.364 195 46.06 44.82+0.01 9.22fg:§8 -1.30

19 PG1427+480 14:29:43.10 +47:47:26.02 0.221 1.10 45.82 <44.20 <8.09 -041

16 PG1435-067 14:38:16.10 —06:58:21.00 0.129 0.59 45.51 43.68+0.01 7.77f8:?g -0.40

20 SDSSJ1444+06  14:44:14.67 +06:33:06.77 0.208 1.02 45.34 44.47+0.01 8.331’8:28 -0.94

21 HB891529+050  15:32:28.79 +04:53:58.46 0.218 1.08 45.17 44.22+0.01 7.46f8:§8 -1.47

1  PG1626+554 16:27:56.10 +55:22:32.02 0.133 0.63 46.02 44.08+0.01 8.54f8:‘1)g -0.66

Notes. Column 1: Reference label. Column 2: Target name. Column 3 and 4: Coordinates. Column 5: Redshift. Column 6: Luminosity distance.
Column 7: Bolometric luminosity. Column 8: X-ray luminosity (derived from XMM-Newton analysis, Paper I). Column 9: SMBH mass in units of
solar masses. Column 10: Eddington ratio (Paper I). Column 11: Outflow velocity in units of ¢ (Paper III) for the UFO detected with confidence
interval >99% (Paper I). The UFO subsample is shown before the horizontal line.

T10, included in Y24 as well), which represents the low-redshift
(z £ 0.1) comparison sample used in Paper III and, for consis-
tency, also adopted in this work. The red and purple contours
instead show the location in the Ly, — z plane of the samples of
Laor & Behar (2008) and Panessa & Giroletti (2013), which we
chose as a comparison for the study of the correlation of X-ray
and radio luminosity.

3. Data
3.1. JVLA data reduction

We made dedicated observations of the sample with the JVLA
interferometer between August 2020, May 2023 (PI: F. Panessa),
and January 2026 (PI: E. Amenta) in B configuration (b, ~
0.21 km, bpax ~ 11.1 km). This set-up has, for the purposes of
this work, the right trade-off in terms of maximum and min-
imum baseline length, providing indeed both good resolution
and good sensitivity, necessary for a meaningful morphological
analysis.

The data were collected using the L- and C-band receivers
(1.5 and 6 GHz respectively), with 30 minute and 5 minute
observations of each target, respectively. Taking into account a
50% overhead for each observing block, which includes tele-
scope initial set-up, phase and amplitude calibration, and slew-

ing between sources, the total observing time is equal to 18.5
observing hours in the L band and 2.88 in the C band. The pre-
dicted resolution is 4.3” at 1.5 GHz and 1” at 6 GHz, with 1”
being ~2 — 4 kpc at the redshift of our sources.

For all observing blocks, we downloaded the datasets cali-
brated by the observatory pipeline?, then checked the goodness
of automatic calibration and, if necessary, improved target flag-
ging with AOFlagger? (Offringa 2010).

The imaging was performed with the Common Astronomy
Software Applications package (The CASA Team 2022 CASA
6.6.3.22 version) task tclean, weighting the visibilities with
the Briggs scheme (Briggs 1995), with weighting parameter as
listed in Table A.1. We based the flux-density scale on measure-
ments of VLA primary amplitude calibrators by Perley & Butler
(2013). Whenever the noise displayed a non-uniform pattern,
before attempting the self-calibration, we tried imaging the data
withw-stacking clean (WSClean)’ (Offringa et al. 2014) and
this often improved the results. The images produced with this
software are labelled” in Table A.1. This was not sufficient for

2 VLA CASA Calibration Pipeline 5.6.2.
3 AOFlagger documentation

4 CASA documentation

5 WSC version 3.1
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two of the targets, PG1425+267 and HB891529+050, for which
we performed one round of phase self-calibration within CASA.

All parameters relative to the final images are listed in
Table A.1. The typical resolutions are 6, sgu, ~ 4”/5 and O g, ~
1”7, with a median noise equal to o, = 0.02 mJy beam™' and
0.012 mJy beam™" at 1.5 and 6 GHz respectively.

3.2. Complementary data

To investigate the morphology of the sources at different fre-
quencies and their broadband radio spectral shape, we com-
bined the aforementioned JVLA 1.5 and 6 GHz simultaneous
data with the LOw Frequency ARray Two-metre Sky Survey
(LoTSS; Shimwell et al. 2017; Shimwell et al. 2022) data. The
aim of LoTSS is to survey the whole northern sky at 145 MHz with
a resolution of ~6”, comparable to that of the proprietary data,
and a sensitivity ~0.10 mJy beam~'. There are LoTSS mosaics
available for 18 of 22 targets (the remaining four are too far south
to be observed with LOFAR); in particular, 11 of the mosaics
are currently released within the LoTSS collaboration in DR3
(Shimwell et al. 2026).

To further sample the 145 MHz-6 GHz frequency range and
test temporal variability, we also considered images from other
surveys, which we list here together with their main properties:

— TGSS (TIFR Giant Metrewave Radio Telescope) at about
150 MHz (ADR1; Intema et al. 2017)° with a 2" resolution and
a median noise of 3.5 mJy beam™! (Intema et al. 2017). We rely
on TGSS for the four sources located too far south to fall into
the LoTSS footprint.

— RACS - low Data Release 1 (Rapid ASKAP Continuum
Survey DR1) images at 888 MHz have a common resolution
of 25”, with a uniform sensitivity of about 0.25 mJy beam™!
(McConnell et al. 2020; Hale et al. 2021). The RACS cutouts are
available for 15 targets.

— FIRST (Faint Images of the Radio Sky at Twenty-cm)
Survey is a survey done with VLA in B configuration at 1.4
GHz, with a 5” resolution and median noise of 0.15 mJy beam™!
(Becker et al. 1995). Among the objects belonging to the SUB-
WAYS sample, four are not covered by FIRST.

— VLASS (Very Large Array Sky Survey) is conducted by
the VLA in B configuration, with multi-epoch observations at
3 GHz, separated by approximately 32 months. Observations
are available for three epochs, with a sensitivity ~0.16 mJy
beam™! and a resolution ~2.4” (Lacy et al. 2016; Lacy et al.
2020; Gordon et al. 2021). Cutouts of the three epochs are avail-
able for all objects, but, unless otherwise specified, we refer only
to the third because it is the most recent one.

A more in-depth discussion of the use of these data can be
found in the following section. The final images are displayed in
Appendix B with L-band white contours superimposed on the C-
band colours. The green contours belong to the LoTSS images.

4. Results
4.1. Detection rates and morphologies

All sources (22/22, 100%) are detected at 1.5 and 6 GHz, and
17/18 (~94%) are detected at 150 MHz. Due to the worse resolu-
tion and/or sensitivity, in the remaining complementary data the
fraction of detected objects decreases resulting in 11/15 (~73%),
13/18 (~72%) and 13/22 (~59%) at 888 MHz, 1.4, and 3 GHz,
respectively. This shows the importance and need for dedicated
observations for such faint objects.

6 ADRI
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A compact emitting region, spatially coincident with the
optical centre of the AGN, is detected for all of the sources
at both 1.5 and 6 GHz, with a signal-to-noise ratio larger or
equal to 6 in all cases (see Appendix A). An exception is the
1.5 GHz image of PG1352+183, where the emission is detected
at 30,5 only (see Appendix B). For the four targets not covered
by LoTSS we derive upper limits from TGSS (Col. 3 of Table 3,
more comments in Sect. 4.5).

We provide a morphological classification of the sources by
comparing the highest (6 GHz) frequency proprietary images
and the lowest (145 MHz) frequency LoTSS one, which may
be sensitive to different components. To do so, for individual
components, we fit a Gaussian within the 30, contours in
CASAviewer at both frequencies. A deconvolved value is given
by gaussfit, to which the algorithm already associated uncer-
tainty. If the source is found to be resolved, this approach pro-
vides the least instrumentally biased measurements, which is
important for compact emitting regions, as in the case (of the
majority) of this sample.

With this approach 11/22 (50%) sources are classified as
unresolved at all frequencies. In these cases, we associate with
their extension an upper limit given by the major axis of the
restoring beam. Only one source (PG1427+480), appears to be
unresolved at 1.5 GHz (L band) and 6 GHz (C band), but shows
extensions at 150 MHz, thus we classify it overall as resolved
(Fig. 3). Moreover, at a distance ~1.4" in the north-east direction
of PG1427+480, some very faint extended emission is detected
in the LoTSS image. In Fig. 3 we plot in green the contours of
the low resolution LoTSS image (20 x 20”") where the detection
of such features reaches 90 ,,,. There is no clear morpholog-
ical connection with the target nuclear emission, and overlays
with the optical/IR surveys reveal some background objects in
the same region. However, there is no clear optical/IR identifica-
tion, leaving open the possibility that the emission is associated
with PG1427+480.

All objects with an angular size larger than the beam major
axis are resolved and classified as extended. In all the targets
that belong to this class, the compact central emitting source is
surrounded by extended emission. Among these, three sources
(PG0804+761, 2MASXJ1653+23, and PG1425+267) exhibit
multiple components (Fig. 2), where some features are well dis-
tinguished from the compact central structure, unambiguously
extended for several arcseconds, and are not associated with
neighbouring sources (see also Appendix B). We measure the
maximum extension of these three targets with the ruler tool in
CASAviewer, taking as a reference the 307, contours.

At both 1.5 and 6 GHz 10/22 (~45%) targets belong
to the class of extended sources, with three of them being
multi-components (~14% of the total sample). In LoTSS
images 11 objects are resolved with the same number (3) of
multi-components seen by JVLA. The results are summarised
in Table 2.

We also note that there are two targets that show adjacent
radio emission, namely PG0947+396 and PG(0953+414 (see
Appendix B). However, further multi-wavelength investigation
reveals that the emission is unrelated to the targets but is instead
associated with an edge-on spiral galaxy in the first case, and a
blazar, SDSSJ095651+411558 at z ~ 0.6, in the second.

4.2. Flux densities

For unresolved sources, we extracted the integrated flux densi-
ties within the 30, contours from the images at their original
resolution, at all frequencies, using the task imstat.
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Fig. 2. Images of the ‘multi-component’ sources. Colours at 6 GHz with o,,,; - [-3, 3, 6, 12,24, 48, 96] contours at 1.5 GHz (white) and 145 MHz
(green). The beams are shown in the bottom-left corner of each panel. Labels A, B, and C mark distinct radio components: A denotes the nuclear
(core) component spatially coincident with the optical AGN position, while B and C denote spatially-separated extranuclear components (i.e.
features that are not coincident with the optical/IR nucleus and that extend beyond the host’s optical light profile) likely related to AGN outflows.

Table 2. Morphologies and sizes of the targets from JVLA (6 GHz) and LoTSS images.

JVLA (6 GHz) LoTSS

Target name Morphology Angular size Linear size = Morphology Angular size  Linear size
(arcsec) (kpc) (arcsec) (kpc)

(D 2 3) ) S (6) @)
PG0804+761 Extended 21.36 £ 0.53 40.58 +1.00 Extended 22.00+0.60 41.80+1.10
PG0947+396 Unresolved <1.26 <4.28 Unresolved <593 <20.16
2MASXJ1051+35 Extended 0.46 + 0.06 1.29 +0.17 Extended 3.11 +£0.08 8.70 +£ 0.20
PG1114+445 Extended 1.04 £0.13 2.60 +£0.32 Extended 494 +0.78 2235+1.95
PG1202+281 Extended 0.39 £ 0.06 1.12 £0.17 Extended 30+03 8.7+0.9
LBQS1338-0038 Extended 0.70 £ 0.20 2.66 +£0.76 Extended 6.87+0.76 26.10+2.90
2MASXJ1653+23 Extended 23.20 + 0.37 44.08 +0.70 Extended 24.00 +£0.60 45.60=+1.10
PG0052+251 Extended 1.19 £ 0.05 321 £0.14 Extended 424 +047 11.40+1.10
2MASXJ0220-07 Unresolved <1.05 <3.66 - - -
WISEJ0537-02 Unresolved <0.90 <1.80 - - -
PG0953+414 Unresolved <1.04 <3.85 Unresolved <6.16 <22.79
PG1307+085 Extended 1.99 +0.43 537 +1.16 Extended 13.00 £3.00 35.10+8.10
PG1352+183 Unresolved <0.94 <2.44 Unresolved - -
2MASXJ1402+26  Unresolved <1.38 <4.42 Unresolved <5.96 <19.07
PG1402+261 Unresolved <2.59 <7.25 Unresolved <6.06 <16.97
PG1416-129 Unresolved <0.87 <2.00 - - -
PG1425+267 Extended 242 + 0.34 1235+ 1.70 Extended 245 + 0.60 1250 £ 3
PG1427+480 Unresolved <0.84 <3.02 Extended 1041 £2.14 37.48 +7.70
PG1435-067 Unresolved <1.23 <2.83 - - -
SDSSJ1444+06 Unresolved <0.87 <2.96 Unresolved <9.16 <31.14
HB891529+050 Extended 0.57 £0.02 1.99 + 0.07 Extended 410+£0.26 14.35+0.91
PG1626+554 Unresolved <0.87 <2.09 Unresolved <5.71 <13.07

Notes. Column 1: Target name. Columns 2—4: Morphological classification, deconvolved angular size, and linear size from JVLA. Columns 5-7:
Same parameters from LoTSS. The UFO subsample is shown before the horizontal line.

For extended sources instead, we first match the image reso-
lution of the proprietary data to derive consistent measurements
that can be used to compute spectral indices reliably between
145 MHz and 1.5 GHz and between 1.5 and 6 GHz. We note
that all sources, even when resolved, except for PG1425+267,
have sizes smaller than the largest C-band angular scale recover-
able by the instrument (29”"), ensuring no flux loss. Hence, only
for PG1425+267 we set a cut in baseline length during imaging
(bmin ~ 25851), so that all data are sensitive to the same scales
of emission at both frequencies (see Table A.1).

For all the extended targets, we first created new images at
6 GHz with a natural weighting, then smoothed the outcomes
with the task imsmooth to match the beam at 1.5 GHz. The final
images at 6 GHz have 0sgu, ~ 4" — 5", for the targets labelled
with { in Table A.1. The flux densities are then measured from
these images following the 30, contours. The same approach
is used to extract flux densities from complementary surveys.
We note that the resolution of the archival images from FIRST
and VLASS is similar enough to LoTSS and the proprietary data
to allow for a qualitative comparison. Lastly, despite the much
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Table 3. Integrated flux densities used in this work and their associated uncertainties.

Target name TGSS LoTSS RACS FIRST JVLAL VLASS JVLA C
150 MHz 145 MHz 888 MHz 1.4 GHz 1.5 GHz 3 GHz 6 GHz
(mJy) (mly) (mly) (mly) (mly) (mly) (mly)
PG0804+761 - 125+1.9 - - 231 +0.06 0.87+0.13 0.89+0.19
PG0804+761 (A) - 56+1.1 - - 1.9+03 - 0.89 +£0.19
PG0804+761 (B) - 3.0+£0.5 - - 0.29 +£0.03 - -
PG0804+761 (C) - 1.00 £0.18 - - 0.11 £0.03 - -
PG0947+396 - 0.59 +£0.11 - <0.44 0.13 +0.04 <0.38 0.099 +0.015
2MASXJ1051+35 - 16 +2 - 11.3+0.7 11.2+0.6 70+04 44+02
PG1114+445 - 3.1+0.6 - 042 +0.15 0.81+0.04 0.14+0.13 0.32+0.03
PG1202+281 - 4.6+0.7 23+03 0.65+0.15 1.2+06 085+0.13 0.62+0.03
LBQS1338-0038 - 22+4 98 +1.1 4.8 +0.5 56+0.3 29+0.2 236 +0.17
2MASXJ1653+23 - 42+ 6 99+14 7.0+0.6 8.20+0.14 3.8+0.3 27+04
2MASXJ1653+23 (A) - 32+6 - - 73+04 - 2.53+£0.13
2MASXJ1653+23 (B) - 22+04 - - 0.37 £0.03 - 0.06 +0.01
2MASXJ1653+23 (C) - 34+£0.5 - - 0.53 +£0.03 - 0.07 £0.01
PG0052+251 - 8+1 21+03 - 1.61 £0.09 0.73+0.13 0.89 +0.08
2MASXJ0220-07 <7.8 - 03+03 339+17 149+0.08 1.10+x0.16 1.22+0.06
WISEJ0537-02 <17.7 - <2.16 - 0.41 +£0.04 <0.49 0.22 +£0.02
PG0953+414 - 1.02+0.16 - <0.42 0.31+0.02 0.07+0.13 0.210+0.016
PG1307+085 - 24+04 06+04 022+0.15 0.59+0.04 <0.45 0.300 = 0.019
PG1352+183 - <0.25 <1.02 <0.45 0.07 +£0.03 <0.41 0.089 +0.014
2MASXJ1402+26 - 0.55+0.11 <0.81 <0.47 0.35 +£0.03 <0.36 0.170 £ 0.016
PG1402+261 - 28+04 1.1+£02 044 +0.15 1.04+0.06 041+0.12 042+0.02
PG1416-129 <26.4 - 0.30+0.18 - 2.12+0.09 1.00+0.15 1.41+0.08
PG1425+267 (total) - 2770 +£ 1001 366 =22 210+ 19 286 + 4 311 =399 72+ 14
PG1425+267 (core) - 131 £ 20 65+4 42 +2 292 +1.5 24212 27314
PG1427+480 - 0.45 +£0.09 - 0.30 £0.15 0.162 +£0.017 <0.39 0.120 = 0.012
PG1435-067 <11.7 - 0.1+03 036+0.15 0.19+0.03 <0.42 0.11 £0.02
SDSSJ1444+06 - 0.7+09 <1.56 <0.45 0.35 +0.02 <0.47 0.230 +0.018
HB891529+050 - 41 +6 149+13 11.5+0.7 11.4+£0.6 50+0.5 4.8 +0.3
PG1626+554 - 0.88 £0.15 - <0.44 0.23 +0.03 <0.4 0.166 = 0.013

Notes. Column 1: Target name. Columns 2-8: Integrated flux densities from TGSS (150 MHz), LoTSS (145 MHz), RACS (888 MHz), FIRST
(1.4 GHz), JVLA L-band (1.5 GHz), VLASS (3 GHz), and JVLA C-band (6 GHz). The UFO subsample is shown before the horizontal line.

worse resolution, RACS data can be useful in reconstructing the
overall SED (spectral energy distribution) shape. Further discus-
sion on this can be found in Sect. 4.5.

The uncertainty associated with the integrated flux density
F, is computed as

OF, = \/(6FV . Fv)2 + (<0'rms>v . aneams)za €))

where 6F, is the fraction of uncertainty associated with the
flux density calibration, dependent on instrument and frequency,
(O rms)y 18 the average noise at frequency v, and npeams the area
encompassed by the source in the beam unit. We used the stan-
dard JVLA flux density scale calibration uncertainty (5%) for the
proprietary data, FIRST and VLASS, while for LoTSS images
we used the standard flux density calibration uncertainty for the
DR2 6, = 15%. For RACS images we assumed a flux den-
sity scale calibration uncertainty of 5%. All measurements are
reported in Table 3. The tabulated VLASS flux density is mea-
sured from the third and most recent epoch.
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To compute the oF, of unresolved objects, fpeams 18 equal to
unity, while in all the other cases it is the area used for measure-
ment in units of beam. Whenever the target is undetected upper
limits are derived as 30 ;.

4.3. Spectral indices

To study the radio spectral shape, we computed the slopes of the
spectra between 145 MHz and 1.5 GHz («!¥ ) and between 1.5

1500 1500
and 6 GHz (aggp)-

The spectral index is computed as

_ln(FVZ/Fvl)

= here F, o v % 2
ag In(ra/v) where oV 2)
with associated uncertainty
1 TFy, 2 TFy, 2
ap = + , 3
o In(va/vy) \/< F,, ) (FVz ) )
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PG1427+480 - Unresolved/Extended

0.00007 0.00008 0.00009 0.00010 0.00011

127=43.2 kpe

1ot d3)
14:29:40

Fig. 3. Image of PG1427+480, showing the extended emission detected
in the north-east direction of the target, which is located in the
lower-right region of the image. Colours at 6 GHz with o -
[-3,3,6,12,24,48,96] contours at 1.5 GHz (white) and 145 MHz (6”in
green, 20”in cyan). The beams are shown in the bottom-left corner of
the panel. The black cross marks the optical position of the AGN.

where v; and v, are, respectively, the lower and higher frequency
between which the spectral slope is computed.

In the left panel of Fig. 4, we show the distribution of the
spectral index; more specifically, the filled histogram represents
the distribution of the values computed between 1.5 and 6 GHz,
while the barred one represents the distribution between 145
MHz and 1.5 GHz. The upper limits are shown in grey. We note
that the values of a0 derive from simultaneous observations,
thus they constitute a robust view of the spectral slope at those
frequencies, avoiding potential artificial steepening and/or flat-
tening due to strong variability.

The spectral index of the nuclear and extranuclear com-
ponents of 2MASXJ1653+23 and PG0804+761 are reported
separately in Table 4. Overall the spectral index distributions
span from 0.15 up to 0.68 at lower frequencies, and from —0.17
up to 0.99 at higher ones, with median values 0.57 + 0.05 and
0.45 + 0.08 for a]2 and a0 respectively, computed taking
into account the upper limits through a Kaplan-Maier (KM)
survival analysis’.

4.4. Radio luminosities and radio loudness

We calculate the characteristic monochromatic radio powers at
145 MHz, 1.5, and 6 GHz, using the following expression

L, =4xDi(1 + ) VF,, “4)

where F), is the flux density, D;, the luminosity distance at red-
shift z (see Table 1), and ay the radio spectral index, which is
substituted with a}g‘go when computing Lj4smuz, While a'éggg is
preferred for estimating both L; sy, and L¢gy,. An uncertainty

is associated according to the following

or, = 4nDA(1 + )@ D \/(Fyln(l + D00 + 0 (5)

7 The Kaplan-Meier estimator is a non-parametric method adapted to

estimate the cumulative distribution function (CDF) for data containing
non-detects (left-censored data). The median survival time is estimated
as the point where the CDF drops to 0.5.

The values are reported in Table 4 and shown in the his-
tograms in the middle panel of Fig. 4. The characteristic
spectral luminosities range between 22.60 < logLissmu, <
27.06 W/Hz at the lowest frequency, and between 21.63 <
logLegu, < 25.51 W/Hz at the highest, with median values
23.28, 22.70, 22.43 W/Hz at 145 MHz, 1.5 GHz, and 6 GHz,
respectively.

In addition, taking into account the entire radio emis-
sion, we compute the radio loudness parameter Ry =
log (Lgr(6cm)/Lx(2 — 10keV)) (Terashima & Wilson 2003)
and report the values in Table 5. Assuming Ry = -4.5
as the transition between the RQ and RL regime, following
Terashima & Wilson (2003), we find that RQ AGNs tend to
dominate the sample, while RL AGNs represent only a small
fraction (six out of 22). However, the sample overall spans the
region around the traditional boundary value (red line in Fig. 4,
right). This supports the growing difficulty in setting a well-
defined difference between RQ and RL AGNs, since the prob-
ability distribution of Ry typically does not show strong signs of
bi-modality (e.g. La Franca et al. 2010).

4.5. Radio spectral energy distributions (SED)

To investigate the broad band SED we combined the values
reported in Sect. 4.2 with measurements from TGSS, RACS,
FIRST, and VLASS (see Appendix B). We plotted as blue dots
the data used for computing the spectral indices (the ones from
LoTSS and the proprietary data) and connected them with a
solid line when representing actual detections. The grey dots
represent all the remaining archival data from RACS, FIRST,
and VLASS. In case no LoTSS mosaics are available, we
add the TGSS upper limit as a grey dot at 145 MHz. The
VLASS flux densities, as mentioned above, are from epoch 3,
unless they show significant offset with respect to the com-
puted e;j00; in such cases, we also plot all available epochs as
crosses.

We stress that the newly added flux densities are derived
from images with resolutions similar to the proprietary data, with
the exception of RACS (25”"). However, we verified from high-
resolution images at both frequencies higher and lower than that
of RACS that a 25” does not encompass unwanted extended
emission from nearby sources. We also verify that the images are
sensitive to the maximum source spatial scale. We also report in
the legend of each SED in Appendix B the computed values of
a'};‘go and aéggg, and when consistent with each other within the
uncertainties, we fit all the SED points with a single power-law
of index ay;;. For PG0804+761 and 2MASXJ1653+23 we also
show the SED of each component separately (labelled as A, B,
and C in Fig. 2).

The flux densities are integrated, at all frequencies, on the
whole extension of the targets, including as a consequence all
the extended features and the resolved components, so that the
physical interpretation of the spectral signatures presented in
the following section takes into account the potential superpo-
sition of different contributions from different regions. More-
over, only the proprietary data are simultaneous; therefore,
we cannot exclude that variability may affect some of our
conclusions.

Indeed, in some objects, variability is suggested by the
observed discrepancy between the flux densities measured
between FIRST and JVLA proprietary data (e.g. PG1427+480
and PG1435-067 with FIRST measurements being a factor of
~3.3 and ~2.8 higher, respectively; see Appendix B). In such
cases, as a further test, we plot all three VLASS epochs.
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Fig. 4. Left: Spectral index distribution of the sample. The filled histogram represents the values computed between 1.5 and 6 GHz, while the
barred one those computed between 145 MHz and 1.5 GHz. Middle: Histogram comparing the total radio luminosities of the sample. Blue: 145
MHz. Violet: 1.5 GHz. Green: 6 GHz. The upper limits at 145 MHz have been excluded. Right: Radio loudness parameter distribution of the
sample. The convention followed is Ry = log (Lg(6 cm)/Lx(2—10KeV)) (Terashima & Wilson 2003). The filled histogram represents the values
of Ry computed for the UFO hosts, and the barred histogram those derived for the non-UFO hosts. The vertical red line marks the —4.5 limit set by
Terashima & Wilson (2003). RQ AGNs tend to dominate the sample, while RL. AGNs represent only a small fraction, specifically 6/21 with the

original limit Ry = —4.5.

5. Discussion

In this section, we investigate the main mechanisms at the ori-
gin of the radio emission and integrate our results into the rele-
vant scientific framework. We note that, in more than one case,
the SED are best interpreted by a superposition of different pro-
cesses. However, here we aim at distinguishing the dominant one
rather than doing an SED fitting decomposition. In the follow-
ing, we focus mainly on the general view; for details on single
objects we refer to Appendix B.

5.1. Morphology and linear sizes

The morphology and linear size are powerful tools to distinguish
the origin of the radio emission: coronal emission coming from
sub-pc scales is expected to be compact and unresolved, and star-
forming regions can extend up to the same scales as the host
galaxy. Only outflows are capable of going beyond the stellar
body of the host. We convert the angular sizes (see Cols. 3 and 6
of Table 2) into linear ones (Cols. 4 and 7).

While for unresolved targets the highest resolution of the
JVLA at 6 GHz constrains the sizes to linear scales <1 kpc,
all ten targets resolved at all frequencies — six of which have
UFOs - display clear extensions on scales ranging from 11 kpc
to 1250 kpc (Col. 4 of Table 2). These extensions suggest that
diffuse star formation (SF) and winds and/or jets are present
(Behar et al. 2015; Panessa et al. 2019; Kawamuro et al. 2022;
del Palacio et al. 2025; Ricci et al. 2023), although an unre-
solved coronal component cannot be ruled out (e.g. Chen et al.
2024).

Interestingly, among these, a giant radio quasar (GRQ; e.g.
Dabhade et al. 2020, KuZzmicz & Jamrozy 2021), PG1425+267,
is identified. In the original selection, RL AGNs with promi-
nent jets were excluded on purpose; however, the quality of the
archival information on PG1425+267 was evidently insufficient
to classify it as such. An in-depth discussion on the properties of
PG1425+267 is beyond the aims of this work.

Both the other two multi-component sources,
2MASXJ1653+23 (which is a  well-studied AGN;
Villar-Martin et al. 2017) and PGO0804+761 host a UFO
(with voy =~ 0.128c¢ and 0.108c, respectively, Table 1), and show
resolved extranuclear components separated by 45.6 + 1.1 kpc
and 41.81 + 1.1 kpc, respectively (Table 2).
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Interestingly, all but one of the seven UFO hosts
(PG0947+396) are resolved, suggesting that the radio emis-
sion is related to shocks driven by a large-scale outflow,
potentially linked to the nuclear wind. A similar connection
between extended radio emission and X-ray outflow has been
proposed for other RQ objects such as Mrk 34 (Falcke et al.
1998; Maksym et al. 2023), IRAS17020+4544 (Longinotti et al.
2023), and NGC 2992 (Zanchettin et al. 2023). Although with
the present sample size the result should be considered tenta-
tive®, the higher incidence of extended radio morphologies in
AGNs hosting a UFO (UFO subsample) with respect to those
that do not (non-UFO subsample), suggests a physical connec-
tion between extended radio emission and X-ray winds, and
favours a scenario in which only a subset of AGNs launch pow-
erful outflows (Tombesi et al. 2010; Tombesi et al. 2012; Paper
I; Paper II).

To quantify this, we verified that, using the most represen-
tative sizes, measured at 6 GHz for the unresolved objects and
at 145 MHz for the resolved ones, the median physical size of
the radio emission measured for the UFO subsample (the filled
histogram in Fig. 5) is higher (12.35 + 5 kpc) with respect to that
of the non-UFO one (2.96 + 1 kpc, barred histogram in Fig. 5).
However, a log-rank test yields a p-value of ~0.52, indicating
that there is no significant difference between the two distribu-
tions. Again, larger statistics are needed to confirm or reject this
tentative result. Similarly, the two subsamples do not show any
clear bimodality in Ry, with median values equal to —5.11 and
—5.35 for the UFO and non-UFO subsamples, respectively, and
the p-value p ~ 0.44.

By locating the sample in a radio luminosity-linear size (P—
D) diagram, as shown in Fig. 5, it is immediately noticeable
that SUBWAYS (blue dots) occupies a region wide enough to
encompass at least four different classes of objects: classical
RQ quasars (RQQ, yellow), low-ionisation nuclear emission-line
region galaxies (LINERs; Singh et al. 2013) & Seyferts (brown;
Seyfert 1943), low-power Fanaroff-Riley Is (FRI, dark green;
Fanaroff & Riley 1974) and Fanaroft-Riley O (FRO, orange;
Baldi et al. 2016). The only point located in the region occu-
pied by Fanaroff-Riley IIs (FRII; Fanaroff & Riley 1974) is the

8 A two-sided Fisher exact test on the 2x2 contingency table
([6,1],[4,11]) yields p ~ 0.020 (the association is marginally signif-
icant at the ~2% level).
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Table 4. Spectral indices and radio luminosities of the targets.

Target name z a}‘s‘go aéggg aéggg - aiggo log L145 MHz log L1'5 GHz log L6 GHz
(WHz ™) (WHz™) (WHz™)
@ @) 3) “ &) (0) ) ®)
PG0804+761 0.100 0.72+0.07 0.69+0.16 -0.02+0.17 23.49+0.07 22.76+0.01 22.34+0.09
PG0804+761 (A) 0.100 0.48 £0.07 0.56 +£0.05
PG0804+761 (B) 0.100 0.99 +0.10 >0.87
PG0804+761 (C) 0.100 094 £0.14 >0.80
PG0947+396 0.205 065+0.15 02+03 -045+029 2283+0.08 22.14+0.15 22.02+0.06
2MASXJ1051+35 0.159 0.15+0.07 0.68=+0.05 052+0.08 23.99+0.07 23.87=+0.03 23.46=x0.02
PG1114+445 0.144 058 +£0.09 0.66=+0.08 0.08+0.11 23.22+0.09 22.64+0.02 22.24+0.04
PG1202+281 0.165 058+022 05+04 -0.1+04  23.50+0.07 229+0.2 22.63 +0.03
LBQS1338-0038 0.237 059+0.08 0.62+0.06 0.03+0.10 2454+0.07 2394+0.03 23.57=+0.03
2MASXJ1653+23 0.103 0.70£0.07 0.81=+0.11 0.17+0.13 24.04 +0.07 23.34+0.01 22.85+0.06
2MASXJ1653+23 (A) 0.103 0.62+0.07 1.03+£0.05
2MASXJ1653+23 (B) 0.103 0.88 £0.10 1.0+ 0.2
2MASXJ1653+23 (C) 0.103 0.89+£0.09 1.24+0.18
PG0052+251 0.154 0.68+£0.07 043+0.08 -025+0.11 23.70+0.07 2299+0.03 22.73 +0.04
2MASXJ0220-07 0.213 <0.71 0.14+0.05 -0.56 +0.17 - 23.23 £+0.03 23.14 +0.02
WISEJ0537-02 0.110 <1.61 045+0.10 -1.16+0.19 - 22.08 +0.05 21.81+0.04
PG0953+414 0.234 051+007 028=+0.07 -023+0.10 23.18+0.07 22.64+0.03 2247 +0.03
PG1307+085 0.154 0.60+£0.07 049+0.07 0.03+0.10 23.16+0.07 22.55+0.03 22.26+0.02
PG1352+183 0.151 <0.54 -02+03 -1.64+041 - 21.6 £0.2  21.67 £0.06
2MASXJ1402+26 0.188 0.19+£0.09 0.52+0.09 024+0.13 22.68+0.09 2251+0.04 22.20=0.04
PG1402+261 0.164 042 +0.07 0.65=+0.05 025+0.09 2328+0.07 22.86+0.03 2247 +0.02
PG1416-129 0.129 <1.08 029+0.05 -0.78 £0.16 - 2291 +£0.02 2273 +£0.02
PG1425+267 (total) 0.364 1.0+£04 099 +0.14 0.05+0.22 27.1+04  26.11 £0.02 25.51 +£0.07
PG1425+267 (core) 0.364  0.64+£0.07 0.05 + 0.05
PG1427+480 0.221 044 +0.10 0.22+0.10 -022+0.14 2276+0.09 22.30+0.05 22.17+0.04
PG1435-067 0.129 <1.77 0.39+0.17 -1.38+0.24 - 21.86 £+ 0.08 21.63 + 0.07
SDSSJ1444+06 0.208 030+05 030+0.07 -0.16+0.13 229+0.5 2258+0.03 22.40+0.03
HB89 1529+050 0.218 055+0.07 0.62+0.06 0.01+0.09 2472+0.07 24.17+0.03 23.79 +£0.02
PG1626+554 0.133 057+0.09 024+0.11 -034+0.14 22.60+0.07 21.99+0.06 21.85+0.03

Notes. Spectral indices of the single extranuclear components of multi-component sources are reported as well. Column 1: Target name. Column
2: Redshift. Columns 3—4: Spectral index between 145 MHz and 1.5 GHz and between 1.5 and 6 GHz, respectively. Column 5: Spectral curvature.
Columns 6-8: Logarithmic radio luminosities at 145 MHz, 1.5 GHz, and 6 GHz. The UFO subsample is shown before the horizontal line.

GRQ PG1425+267, which represents a clear outlier. The sam-
ple shows how an X-ray selection picks up a variety of radio-
emitting AGNs; therefore, we expect a non-homogeneous clas-
sification of the mechanisms responsible for the radio emis-
sion. This variety is consistent with the radio intermediate (e.g.
Falcke et al. 1996; Yuan et al. 2008) values of Ry in SUBWAYS.
Interestingly, the points straddle the line between resolved and
unresolved compact sources (vertical dashed black line) for
telescopes with arcsecond resolving powers (e.g. Baldi 2023).
Sub-arcsecond resolution observations may reveal compact jet
structures or unresolved winds (Baldi et al. 2015; Baldi 2023;
Chen et al. 2024).

5.2. Radio spectral characteristics

Using the present observations, spanning the 145 MHz — 6 GHz
interval, we compare the SED slopes in the 145 MHz-1.5 GHz
and 1.5-6 GHz ranges (see Table 4) plotting them in Fig. 6 (left,
also called colour-colour plot). To further quantify these spec-
tral behaviours, we also compute the spectral curvature (SPC),
defined here as the difference between the 1.5-6 GHz and 145
MHz-1.5 GHz spectral indices (00 — @) %5,: Col. 5 of Table 4).
In the left panel of Fig. 6, horizontal and vertical lines at 0 and
0.5 define the region where flat spectra are, while we classify

as steep slopes above 0.5 and as inverted those below 0 (e.g.
Panessa et al. 2022). If the value of SPC is null, the spectrum
can be fitted by a single power law across the entire available
frequency range, and the points are located along the bisector.
Those located below exhibit instead a high frequency curvature
and a positive SPC, consistent with spectral ageing of optically
thin plasma. The SEDs of the objects above the bisector flatten
towards higher frequencies (negative SPC), suggesting a com-
bination of steep and flat components. If the upper limits and
uncertainties are properly considered, all but one of the unre-
solved targets (PG1402+261) fall in the region where the spec-
tral slope is flat in both regimes, indicative of single or multiple
self-absorbed components consistent with either a corona or self-
absorbed jet. In contrast, the resolved ones are all either steep or
curved. This trend, coupled with the considerations on the sizes
of Sect. 5.1, and the UFO detection in six of the resolved targets,
suggests that compact and unresolved ones tend to exhibit a flat
spectrum, typical of nuclear dense regions, whilst, coherently
with the elongation of extended targets, star-formation activity
or an outflow must be responsible for a steep or curved spec-
trum. This can be further quantified with a KM survival anal-
ysis, which shows that the UFO subsample has a median SPC
around 0.11, while it is -0.07 for the other targets. However, also
in this case if a log-rank test is performed, the p-value p ~ 0.15
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Fig. 5. Radio power at 1.4 GHz versus lin-
ear size plot (P-D diagram) for different types

median UFO = 4.09
median NO UFO = 3.47
UFO

NO UFO

UFO upper limits

NO UFO upper limits

of RL and RQ AGNs, adapted from Baldi
(2023). Points show individual objects and
coloured contours represent a smoothed esti-
mator of source density. The different cate-
gories of source shown are: CSO (compact
symmetric objects), GPS (GHz-peaked spec-
trum sources), CSS (compact steep spectrum

sources), FRI, FRII, RQ quasars, Seyferts and
’/ LINERS, and FROs. The vertical dashed line

roughly marks the separation between resolved

compact at arcsec-resolution resolved

26 -

log L1.4GHZ [\N/HZ]

and unresolved compact sources based on
arcsecond angular resolution. The blue dots
represent how SUBWAYS AGNs overlap to
LINERS & Seyferts, FRIs, FROs and RQQ.
PG1425+267 is a strong outlier, falling on the
FRIIs region. Such variety is consistent with the
sample being selected based on its X-ray prop-
erties. In the upper panel we show the linear
size distribution of the sample, with the UFO-
subsample (filled histogram) separated from the
; non-UFO one (barred histogram). The median
physical size measured for the UFO subsam-
ple is higher (12.35 = 5 kpc) with respect
to the non-UFO one (2.96 + 1 kpc), poten-
tially supporting multi-phase outflow models
(e.g. Crenshaw et al. 2003). Medians are com-
puted taking into account the upper limits
through KM survival analysis. Catalogue refer-
ences: LINERS & Seyferts (Baldi et al. 2018),
FRO (Baldietal. 2019; Cheng & An 2018);
RQQ (Jarvis et al. 2021); GPS (Liu et al. 2007);
CSS (Kunert-Bajraszewska et al. 2010); CSO

5y L |
ZUO

Color - Color (integrated)

6 (An & Baan 2012); FRI (Dabhade et al. 2020;
Jimenez-Gallardo et al. 2019); FRII (Lao et al.
2024; Fanti et al. 1987).

Fig. 6. Left: radio colour-colour plots with the
1.5-6 GHz versus 145 MHz — 1.5 GHz spec-
tral slopes. The yellow dots are the resolved
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objects while the blue ones are the unresolved
ones. Dots are substituted with stars for UFO
hosts. Upper limits are plotted with an arrow.
Right: Histogram showing the distribution of
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for the UFO (filled) and NO UFO subsam-
ples (barred). The SEDs of the UFO subsam-
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tently with the observed larger median exten-
sion, supporting the hypothesis that nuclear out-
flows evolve into large-scale winds, resulting in
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is insufficient to state whether the UFO subsample belongs to a
different distribution.

5.3. SFR contribution to radio emission

First of all, we verify whether SF can be considered the main
mechanism for the production of radio emission. We derive the
SFR from the 1.4 GHz luminosity following Condon (1992),
and taking care of extrapolating the 1.5 GHz luminosity to 1.4
GHz using the spectral indices @) listed in Table 4. For the

000
sources exhibiting multiple components we exclude the extranu-
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1500 _ 145
Q5000 - X1500

1 elongated radio morphologies and radio SEDs
dominated by extended optically thin emitting
regions.

clear ones, whose morphology clearly suggests an origin not
attributable to the AGN host galaxy. The results are in Table 5
(Col. 3).

In the same table (Col. 4) we list the SFR values either
based on near-infrared spectra and far-infrared photometry
(Zhang et al. 2016), or derived from Wide-field Infrared Survey
Explorer (WISE; Wright et al. 2010) flux densities (using Eq. 5
of Cluver et al. 2017). The latter are labelled with.

Radio versus infrared (IR) values are plotted in Fig. 7. Five
targets exceed the 30~ uncertainty region, implying that different
processes beyond SF are required to explain their radio emission
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Table 5. Combined properties of the sample, including radio loudness parameters.

Target Label logSFRz logSFR logLsgh, Ry log Ly ; log Lexpen  10g Lexpmom 108 VL obs
(Me/yr)  (Mg/yr) (ergs™ Hz™") (ergs™) (ergs™)  (ergs™) (ergs™)

(1) (2 (3) “4) 5) (6) (7 (8) ) (10)
PG0804+761 5 1.31+0.02 -0.09 2929+0.10 -53=+0.10 <46.21 <412 <393 +1.0 39.12 +0.09
PG0947+396 6 079+0.14 139 29.00+0.07 -55+007 46.16+045 41.2+0.2 392+1.0 38.80+0.06
2MASXJ1051+35 11 251 +0.02 1.00 3041+002 -3.6+0.02 4653+035 41.6+02 39.6+1.0 40.24 +0.02
PG1114+445 10 1.28+0.02 0.60 29.19+0.04 -52+0.04 4526+036 403 +0.2 383+1.0 39.02+0.04
PG1202+281 22 1.6+0.2 1.11 22.40+0.03 -4.99 +0.03 <45.39 <404 <384 39.41 +£0.03
LBQS1338-0038 18 259+002 1.86 3052+0.03 —43+0.03 4598+0.66 41.0+£0.2 39.0+1.0 40.34 +0.03
2MASXJ1653+23 2 193 +0.02 193 29.79+0.07 -43+0.07 4498 +0.62 40.0+0.2 38.0+1.0 39.63 +0.06
PG0052+251 9 1.64+£0.02 1.05 29.70+0.04 -52+0.04 - - - 39.51 +£0.03
2MASXJ0220-07 7 1.89+0.02 1.21 30.13 £0.02 —4.4+0.02 - - - 39.92 +0.02
WISEJ0537-02 8 0.73+0.04 022 2878+0.04 -52+0.04 - - - 38.59 + 0.04
PG0953+414 12 1.29+0.03 129 2945+0.03 -54+0.03 - - - 39.25 +£0.03
PG1307+085 3 1.20+0.03 0.66 29.22+0.03 -54+0.03 - - - 39.03 +£0.02
PG1352+183 4 023+£0.19 -0.01 28.68+0.07 -5.5=+0.07 - - - 38.45 £ 0.06
2MASXJ1402+26 13 1.16 £0.04 1.07 29.16+0.04 -54+0.04 - - - 38.98 + 0.04
PG1402+261 15 151003 147 2942+0.02 -49=+0.02 - - - 39.25 +£0.02
PG1416-129 17 156+0.02 0.03 29.71 £0.03 —4.8+0.03 - - - 39.52 +0.02
PG1425+267 14 3.66+003 1.78 3244 +0.08 -2.7=+0.08 - - - 42.29 + 0.07
PG1427+480 19 096005 1.10 29.15+0.04 -53=+0.04 - - - 38.95 £ 0.04
PG1435-067 16 051+0.07 025 28.60+0.08 -54+0.08 - - - 38.41 + 0.07
SDSSJ1444+06 20 1.23+0.03 1.89 2938+0.03 -54+0.03 - - - 39.18 +£0.03
HB891529+050 21 281002 1.86 30.74+0.03 -3.8+0.03 - - - 40.57 = 0.02
PG1626+554 1 0.65+0.06 -0.09 2883+0.03 -55=+0.03 - - - 38.63 +£0.03

Notes. Column (1): Target name. Column (2): Reference label as reported in the figures. Column (3): Logarithm of the star-formation rate derived
from core radio luminosity (following Condon 1992). Column (4): Literature values for the logarithm of the star-formation rate derived from IR
data in Zhang et al. (2016), or computed from WISE flux densities following Cluver et al. (2017) for objects marked with (*). Column (5): Radio
luminosity at 5 GHz extrapolated from the measured 6 GHz (core) luminosity. Column (6): Radio loudness parameter Ry. Column (7): Logarithm

of the wind kinetic luminosity from Paper III. Column (8): Logarithm

of the radio luminosity expected from wind shocks according to Eq. (6),

energy-conserving case. Column (9): Same as (8), momentum-conserving case. Column (10): Logarithm of the observed 6 GHz radio luminosity.

The UFO subsample is shown before the horizontal line.

(e.g. White et al. 2017). In all other cases, the targets sit within
30 of the relation. Despite this, either the radio emission exten-
sion, larger than the host galaxy as observed in optical images
(see Appendix B), or the flat SED led us to exclude SF as
main responsible for the radio emission. Only PG1402+261 and
2MASXJ1402+26 are unresolved (see Appendix B) and exhibit
values of a0 consistent with being dominated by an opti-
cally thin component (@ ~ 0.6) at GHz frequencies, making
SF a viable source for the production of most radio emission.
The overall observed trend suggests that some contribution from
nuclear SF cannot be ruled out, though not dominating the emis-
sion, and consequently, the SED shape. This confirms the chal-
lenges in identifying the origin of radio emission in RQQ and
emphasises the importance of employing complementary indi-
cators.

5.4. X-ray — radio luminosity correlation

In works by Panessa et al. (2007), Laor & Behar (2008), and
Panessa & Giroletti (2013), it has been observed that the 5 GHz
radio luminosity and the 2-10 KeV X-ray one in RQ AGNs
follow the empirical relation Lg/Lxy ~ 107 (Laor & Behar
2008), which is remarkably similar to the Giidel-Benz relation
observed for coronally active stars (Guedel & Benz 1993). The
latter is considered suggestive of a magnetically heated corona:
magnetic reconnection releases energy, with a nearly constant

fraction converted into heat (seen as X-ray emission) and parti-
cle acceleration (seen as synchrotron radio emission).

To test this scenario, we extrapolate the 6 GHz radio lumi-
nosities to 5 GHz, using as a0 those reported in Table 4. In
Fig. 8, we plot the 5 GHz radio luminosity against the X-ray one
derived in Paper I, and the empirical relation Lg/Ly ~ 107
(dashed black line, with associated 1,2,30 uncertainties). For the
three objects that exhibit extranuclear components, we consider
only the luminosity of the nuclear one (A in Fig. 2).

First, it is possible to appreciate that the six objects exceed-
ing the 30 uncertainty region are coherently catalogued as RL
according to Terashima & Wilson (2003). Specifically, the frac-
tion of UFO hosts deviating from the relation is 3/7, much larger
than that of non-UFO hosts (3/15). This supports the interpre-
tation that in AGNs with nuclear winds shocks from winds or
small jets dominate radio emission at 5 GHz, and can signif-
icantly increase Ly relative to Ly (e.g. Zakamska et al. 2016;
Mancuso et al. 2017; Richards et al. 2021; Baldi et al. 2022).

All the remaining objects closely follow the relation. How-
ever, as already mentioned in Sect. 5.1, current models indicate
that corona-dominated emission, which is confined to sub-
pc scales, should appear unresolved at arcsecond resolution
and exhibit a self-absorbed radio spectrum at GHz frequen-
cies, with spectral indices ag < 0.2 (Raginski & Laor 2016;
del Palacio et al. 2025). Only PG0947+396 and PG1352+183
(surrounded by red diamonds in Fig. 8) match these predictions
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Fig. 7. logSFR derived from the radio luminosity following Condon
(1992) against literature values of logSFR derived from IR diagnos-
tics (Zhang et al. 2016). The blue shaded region represents the 1o,
20, 30 uncertainty on the relation. Some targets, labelled with (*) in
Table 5, are not studied in Zhang et al. (2016), thus their SFR has
been computed from WISE flux densities according to the computations
of Cluver et al. (2017). Numbers refer to single targets as in Table 5.
Apart from five targets exceeding the 30~ uncertainty region, SUBWAYS
AGNs follow the relation quite well. However, only PG1402+261 (15)
and 2MASXJ1402+26 (13) exhibit SEDs consistent with being domi-
nated by SF.

and are therefore good candidates for hosting corona-dominated
radio emission.

In conclusion, similarly to the discussion related to SF in
Sect. 5.3, although the Giidel-Benz relation seems to hold for
RQQ almost independently on their spectral shape, a more
detailed analysis using complementary diagnostics reveals that
the origin of the radio emission cannot be uniquely attributed to
coronal processes, highlighting the importance of a careful and
multi-approach analysis.

In general, indeed, coronal emission can be more efficiently
traced at millimeter wavelengths (100 s GHz), where the mil-
limeter excess eventually dominates and an unbiased and direct
view of the corona is possible (Behar et al. 2015; Panessa et al.
2019; Kawamuro et al. 2022; Ricci et al. 2023; del Palacio et al.
2025). Therefore, our current results would be strengthened by
a future analysis of the millimeter emission, which could pro-
vide proper evidence for a significant coronal contribution to the
overall emission.

5.5. Expected radio emission from winds

Based on the results presented so far, while for two sources
the radio emission could be explained with SF and for other
two with the corona, for all the other objects all the diagnos-
tics suggest the culprit should be an outflow, either in the form
of wind or low-power jet. The observational signatures for the
two mechanisms are very similar (i.e. steep GHz spectrum and
extended emission), making it particularly complicated to disen-
tangle (Wang et al. 2023) unless higher resolution observations
are available.

Focusing on the UFO subsample, in this section we explore
the interesting possibility that the observed radio emission
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Fig. 8. Correlation between X-ray and radio luminosity. The dashed
black line is the relationship found by Laor & Behar (2008) and the grey
regions represent the 1o, 207, 30~ uncertainty. The AGNs where the bulk
of radio emission is due to SF are highlighted with orange squares while
those where the emission is connected to the corona are surrounded by
a red diamond. The dashed red line is the Ry=-4.5 traditional threshold
between RL and RQ AGNs (Terashima & Wilson 2003). Six RL objects
exceed the 30 uncertainty region, but all other SUBWAYS targets fol-
low the Lg/Lx ~ 107> relation. PG0947+396 (6) and PG1352+183 (4)
(red diamonds in the left panel), are unresolved and satisfy the expec-
tations for a corona-dominated spectrum at GHz frequencies. The over-
all trend confirms that RQQ follow the Giidel-Benz relation almost
independently on their radio spectral shape (e.g. Laor & Behar 2008;
Panessa & Giroletti 2013).

originates from large-scale winds, which are the galactic-scale
continuation of the X-ray nuclear outflows (King & Pounds
2015; Zubovas & Nardini  2020; Longinotti etal. 2023;
Zanchettin et al. 2023). We attempt a connection between
the kinetic luminosity of the nuclear winds to the properties of
the radio emission, assuming that we observe radio synchrotron
rising where the nuclear wind shocks the ISM.

As noted in Sect. 5.1, all UFO hosts except PG0947+396
are extended over tens of kpc and show steep SEDs, consistent
with large-scale outflows and possibly supporting multi-phase
wind models. In order to place more quantitative constraints, we
follow Nims et al. (2015). Starting from the energy conserving
wind model of Faucher-Giguere & Quataert (2012), the authors
propose an estimate for the expected radio luminosity at a fre-
quency v > Ve (defined as the frequency after which vL,
becomes flat)

Liexp = vLy ~ 107 £ Lpox erg/s, (6)

Lk,o
O.OSLAGN)
where &_, is the energy conversion efficiency in units of 1072,
Lagn the AGN bolometric luminosity, and L, the kinetic lumi-
nosity of the radio wind. Under energy-conserving assump-
tions, we obtain Lgex, substituting Ly, with the value of the
X-ray wind (Lg;) derived for the SUBWAYS UFO subsam-
ple (Paper III). In Col. 9 of Table 5 we report for each UFO
host the 5% efficiency estimates, with symmetric uncertainty
computed as the distance from the 1% and 10% efficiency
values, which is a reasonable efficiency range reported in the
literature (e.g. Zubovas & King 2012; King & Pounds 2015;
Zubovas & Nardini 2020). In Fig. 9 the blue stars represent the
comparison between such values and the observed 6 GHz radio
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luminosity for the UFO subsample (computed on the whole
extension of the targets). However, it is unlikely for the winds
to maintain the same kinetic luminosity from UFO scales to kpc
ones, where some energy dissipation should occur. For this rea-
son, the blue stars should be interpreted as upper limits.

In order to find lower limits as well, we also con-
sider the momentum-conserving scenario (following, e.g.
Faucher-Giguere & Quataert 2012 and Zubovas & King 2012).
In this case, the kinetic luminosity of the radio outflow L, dif-
fers from Ly ; and can be estimated by comparing the momen-
tum rate of the inner and outer wind: P; = P,. We get
Lio = Lg; - (v,/vi). The ratio between the typical veloc-
ity of a large-scale wind (ionised, HI or cold molecular)
of ~500-2000 km/s (Zakamska & Greene 2014;Morganti et al.
2016; Fiore et al. 2017; Bischetti et al. 2019) and that of a UFO
(0.1 — 0.25¢ Chartas et al. 2002; Tombesi et al. 2012; Paper I) is
around 0.01. Therefore, the radio wind roughly preserves only
1% of the nuclear wind power. The results are reported in Col. 9
of Table 5 and are plotted as red stars in Fig. 9.

The observed radio luminosity of our sample is included
between the upper and lower limits, coherently with recent
observations of multi-phase outflows on single sources (e.g.
Tozzi et al. 2021; Bonanomi et al. 2023; Zanchettin et al. 2023;
Longinotti et al. 2023, Baldini et al. 2024) that suggest reality
actually lies in between the two limiting cases. Therefore, our
result is consistent with radio emission being dominated by out-
flows. In particular, in terms of radio and X-ray properties, our
UFO hosts share interesting similarities with IRAS17020+4544
(Longinotti et al. 2023) and NGC 2992 (Zanchettin et al. 2023),
both hosting a multi-phase outflow. Moreover, the work by
Villar-Martin et al. (2017) on 2MASXJ1653+23, strongly sup-
ports an outflow-related scenario.

Following the same procedure described above, we use the
Ly values derived in Paper III for the local RQ AGNs belonging
to Tombesi et al. (2010) sample to compute the expected radio
luminosity. The observed radio luminosity of this set of AGNs is
the result of extrapolations based on NASA/IPAC Extragalactic
Database (NED) archival data’. In Fig. 9 we plot the upper limits
as light grey diamonds and the lower limits as dark grey ones.
Once again, with the exception of two cases, the one-to-one line
is encompassed by the two threshold values, thus, a reasoning
similar to that used for our sample applies here. With an orange
triangle, we represent the median values for the sample of 568
luminous obscured QSO studied by Zakamska & Greene (2014,
Z14). The authors derive L; through a detailed analysis of gas
kinematics and not from the UFO parameters, thus substituting
its value in Eq. (6) we get a direct estimate of how much kinetic
energy is converted into radiation.

In general, further modelling is needed to fully explain
the complex interplay between the outflow and the ISM.
We note that large-scale (~kpc) radio outflows develop on
~Myr timescales, much longer than the typical lifetimes of
nuclear UFOs (Zubovas & King 2012; King & Pounds 2015;
Zubovas & Nardini 2020). This mismatch implies that, if the
radio outflow represents the large-scale extension of a nuclear
wind, it is more likely associated with a past episode of nuclear
activity of comparable intensity, rather than with the currently
observed UFO. Alternatively, the observed coexistence of the
two outflows may simply reflect physical conditions that favour
the production of both phenomena.

To conclude, the above exercise shows that the bulk of radio
emission in UFO hosts is consistent with being driven by an

° https://ned.ipac.caltech.edu
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Fig. 9. Expected radio luminosity versus observed one at 6 GHz for the
SUBWAYS UFO subsample (M23, blue and red stars) and the com-
parison samples from Tombesi et al. (2010, T10, grey diamonds) and
Zakamska & Greene (2014, Z14, orange empty triangle). For the latter
only the median values are plotted. Ly, is computed as from Eq. 6
with L, from Paper III in both the energy-conserving (blue stars and
light grey diamonds) and momentum-conserving (red stars and dark
grey diamonds) scenario. The observed radio luminosity of our sam-
ple is included between upper and lower limits and is coherent with
recent observations of multi-phase outflows (e.g. Zanchettin et al. 2023;
Longinotti et al. 2023). The hypothesis of outflow-driven radio emis-
sion is further supported by the extended radio morphology and the
steep radio spectral indices of UFO hosts.

evolution of the nuclear wind. In addition we note that within
our UFO subsample we detect steep-spectrum features extend-
ing beyond the stellar body of the galaxy, matching with out-
flow expectations. Although all previous observations fit well
within a wind scenario, we stress that we cannot rule out the
jet scenario based on this analysis. Higher resolution imaging
and an estimate of the polarisation fraction may help to dis-
tinguish between the two (Wang et al. 2023; Chen et al. 2023;
Meenakshi et al. 2024; Chen et al. 2024).

6. Summary and conclusions

We have analysed radio data of the AGNs in the SUBWAYS
sample (z=0.1-0.5, Lyo; = 10*97463 erg/s) and investigated the
origin of their radio emission, with a focus on radio-UFO con-
nection, exploiting the availability of a unique combination of
multi-band observations, as for RQQ the most likely origins con-
sidered are star-formation activity, AGN corona, wind, or jets.
The radio proprietary data, simultaneously collected with JVLA
at 1.5 and 6 GHz, have been complemented with archival images
from LoTSS at 145 MHz, and from additional radio surveys
(GMRT, RACS, FIRST, and VLASS) to cover a larger frequency
range.

Below we summarise our most important results:

— The detection rate in the proprietary data is 100%. This
decreases to 94% in LoTSS and even lower values in the other
archival data, due to sensitivity limitations.

— The derived radio luminosities (with median values
23.28, 22.70, 22.43 W/Hz at 145 MHz, 1.5 GHz, and 6 GHz
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respectively; see Fig. 4), together with the radio loudness param-
eter computed by exploiting the available X-ray data, suggest
that the sources can be classified as RQ or intermediate.

— The morphological classifications based on JVLA 6-GHz
and LoTSS images are consistent, revealing twelve unresolved
sources and ten resolved ones. For the unresolved sources, the
upper limits of the emission extension range from ~1 kpc to
<10 kpc, therefore winds or low-power jets at sub-kpc and/or
kpc scales, if present, could not be resolved. The resolved
sources have linear sizes from ~10 kpc to 1000s kpc. One
source, PG1425+267, is a Giant Radio QSO, extending for more
than 1000 kpc (Fig. 2). This previously unidentified object is
a serendipitous discovery of this work, which may be worth a
detailed investigation in the future (see also Fig. 5).

— The radio SEDs, the radio colour-colour plots, and the
spectral curvature (Fig. 4, left and middle) highlight a variety of
spectral shapes, from simple power-laws, suggestive of an opti-
cally thin emitting plasma, to inverted and broken spectra, indi-
cating the presence of an optically thick component dominating
either at lower or higher frequencies (see Fig. 6). This is a hint
of different mechanisms at the origin of the radio emission.

— Interestingly, six out of the seven UFO hosts show
extended radio emission with steep spectra, consistent with out-
flowing optically thin plasma. While more robust conclusions
require larger statistics and in-depth analysis, this may hint at
a connection between the two phases, or simply reflect a more
suitable environment for producing both phenomena.

— For all sources, we tested whether the observed radio
emission is consistent with SF through the radio-IR correlation
(Fig. 7). Similarly, we placed our targets in the Lg — Lx plane
to verify their location with respect to the Giidel-Benz relation
(Lg/Lx ~ 1073; Fig. 8).

Overall, by combining the information from the correlations
with the spectral and morphological properties, we find that only
in two sources the radio emission may be dominated by SF and
in the other two by the corona. With the currently available data,
a dominant radio emission mechanism can be identified in just
four sources (18%), highlighting the difficulty of analysing radio
emission in RQQs, and underscoring the importance of employ-
ing complementary diagnostics.

— For all the rest it is likely that an outflow, either in the form
of wind or jet, is mainly responsible for the radio emission. In
particular, for the seven QSO showing UFOs we computed both
upper (energy-conserving) and lower (momentum-conserving)
limits for the expected wind radio emission. The observed radio
luminosities of our sample lie between the upper and lower pre-
dicted limits, suggesting that winds might be a viable mechanism
for explaining radio emission (Fig. 9). However, because of the
huge degeneracy between the observables, we do not exclude the
compact jet scenario.

Future perspectives

To further explore and confirm the results presented in this work,
it would be interesting to verify the presence and properties
of outflows in other gas phases and test their relation to the
observed radio outflows and UFO. As an example, a uniform
analysis of the already available optical SDSS spectra would
allow us to test whether or not outflows as traced by [OIII] are
detected (e.g. Zakamska & Greene 2014).

Also higher resolution observations of unresolved objects
could give stronger constraints on their linear sizes, while for
the resolved ones with flux densities of the order of mJy (e.g.
with JVLA A configuration, e-MERLIN, and VLBI), those may
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reveal collimated sub-kpc-scale structures, helping to distinguish
jets from winds, as noted in Panessa & Giroletti (2013) and
Patil et al. (2020). Furthermore, the nuclear radio emission, mea-
sured from sub-arcsecond resolution observations, is expected
to better correlate with the X-ray one, further supporting the
corona scenario in some cases (Chen et al. 2024 ). We stress that
future observations at 100300 GHz with ALMA will be of great
importance for more robust estimates of the corona contribution,
not only to investigate spectral shapes (because of the lower fre-
quencies sampled by our data a flat spectrum may be hidden) but
also correlated mm-X-ray variability.

Finally, both the Next Generation VLA (ngVLA) and
Square Kilometer Array (SKA), offering sub-arcsecond resolu-
tion (down to mas with ngVLA) and unprecedented sensitivi-
ties, will open new avenues for studying compact objects, even
at higher redshift, providing the ideal opportunity to extend this
kind of radio analysis to larger samples of sources hosting UFOs.

Data availability

Data associated with this article, including supplementary fig-
ures (e.g. the full SEDs and radio images), are available in
the Zenodo repository, under the Creative Commons License,
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Appendix A: Tables

Table A.1. Imaging parameters.

Target Name Freq. Restoring Beam (O rms) Dyn. Range Robust UV Taper
(GHz) (arcsec, arcsec, deg) (mJy beam™') b/
(1) 2 3 4) (5 (6) @)
PG0804+761 1.5 5.28,3.13, 58.56 0.025 70 0.5 /
6.07  5.29,2.63,56.55 0.019 42 2 /
PG0947+396 1.5 5.28,3.34,-87.17 0.019 9 0.5 /
6.0"  5.52,3.47,-86.34 0.014 10 2 /
2MASXJ1051+35* 1.5 5.33,3.49, -81.18 0.018 633 0.5 /
6.0*  5.65,3.71,-81.37 0.022 182 2 /
PG1114+445 1.5 4.78,3.57, 86.45 0.017 29 0.5 /
6.07  4.94,3.56,81.79 0.019 10 2 /
PG1202+281 1.5 4.56, 3.73,75.17 0.018 73 0.5 /
6.0 4.76, 4.00, 74.25 0.011 57 2 /
LBQS1338-0038* 1.5 5.75,3.71, -39.67 0.016 340 0.5 /
6.07  5.99,3.85,-39.53 0.068 25 2 /
2MASXJ1653+237 1.5 3.56, 3.08, 78.78 0.021 290 0.5 /
6.0 3.71, 3.24,78.36 0.018 82 2 /
PG1307+085 1.5 4.22,4.00, -29.88 0.025 24 0.5 /
6.0 1.15, 1.06, -48.83 0.012 23 0.5 /
PG1352+183 1.5 3.94,3.72,81.14 0.031 5 0.5 /
6.0 1.09, 1.03, 83.09 0.013 8 0.5 /
PG0052+251 1.5 3.70, 3.54, 6.26 0.018 75 0.5 /
6.07  3.93,3.73,2.45 0.039 15 2 /
2MASXJ0220-07* 1.5 3.72,2.95,-11.75 0.021 72 0.5 /
6.00  4.12,3.17,-11.40 0.014 86 2 /
WISEJ0537-02* 1.5 4.89, 3.64, -32.96 0.023 20 0.5 /
6.0 1.48,0.95, -31.29 0.012 17 0.5 /
PG0953+414 1.5 4.70, 3.53, 88.78 0.015 23 0.5 /
6.0"  4.89,3.65,-89.02 0.012 17 2 /
2MASXJ1402+26 1.5 6.05, 3.74, -69.52 0.018 23 0.5 /
6.0 1.70, 1.00, -70.95 0.013 14 0.5 /
PG1402+261 1.5 3.57,2.60, 85.26 0.020 53 0.5 /
6.0 1.35, 1.00, -76.51 0.012 33 0.5 /
PG1416-129 1.5 7.81, 3.64, -34.05 0.023 85 0.5 /
6.0 8.09, 3.76, -34.14 0.029 36 2 /
PG1425+267* 1.5 3.16,2.61,77.13 0.022 1327 -0.5 bmin ~ 2585
6.0T  3.44,2091, 83.78 0.014 1950 2 /
PG1427+480 1.5 4.05, 3.60, 46.64 0.015 15 0.5 /
6.0 1.11,0.92, 46.61 0.010 14 0.5 /
PG1435-067* 1.5 5.99,5.99, 0.0 0.028 19 0.5 /
6.0 1.57,0.97, -30.61 0.019 7 0.5 /
SDSSJ1444+06* 1.5 4.13, 3.48, -24.60 0.017 24 0.5 /
6.0 1.18,0.96, -11.17 0.014 15 0.5 /
HB891529+050* 1.5 4.40, 4.40, 0.0 0.018 555 0.5 /
6.0°"  6.79, 4.56, -6.49 0.079 40 2 /
PG1626+554 1.5 3.58, 2.81, -50.3 0.024 12 0.5 /
6.0 1.10, 0.87, -43.72 0.010 19 0.5 /

Notes. Column 1: target name. Column 2: central observing frequency. Column 3: restoring beam major axis, minor axis and position angle.
Column 4: mean rms noise. Column 5: image dynamic range. Column 6: robust Briggs weighting. Column 7: minimum baseline. Below the
reported value the baselines have been removed. (*) Images obtained with WSClean. (1) Images that have been smoothed. The UFO subsample is
shown before the horizontal line.
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