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ABSTRACT

The origin of the radio emission in active galactic nuclei (AGN) is still debated. Multiple physical mechanisms can contribute to the
spectrum at these frequencies, including relativistic jets, the jet base, outflows, star formation, and synchrotron emission from the hot
corona. Recently, new extreme radio variability has been observed in the class of low-mass/high-Eddington AGN known as narrow-
line Seyfert 1 (NLS1) galaxies, suggesting that another, more exotic mechanism may also play a role, especially at frequencies above
10 GHz. To investigate this relatively unexplored area of the radio spectrum, we observed a sample of 50 NLS1s with the Karl G.
Jansky Very Large Array (JVLA), and 20 of them were observed twice. In this sample, 24 sources were not detected, while the others
are typically characterized by a steep spectrum that can be modeled with a power law. We also identified two new candidate jetted
NLS1s, including a high-frequency peaker, which is an extremely young relativistic jet. We found no significant variability in the
sources observed twice. We conclude that the radio spectrum of NLS1s is typically dominated by optically thin emission, likely from
low-power outflows, or by circumnuclear star formation, with a limited contribution from relativistic jets. Further studies at different
spatial scales and at other wavelengths are necessary to fully constrain the origin of the radio emission in this class of active galaxies.
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1. Introduction

In the last decades, the physical properties of active galactic
nuclei (AGN) with faint radio emission have been the subject
of a long-standing debate (Panessa et al. 2019). The origin of
this debate, however, lies in the ill-defined parameter called
radio-loudness (RL, Kellermann et al. 1989), which classifies
AGN as radio-loud or radio-quiet. Initially, it was defined as
the ratio between the radio flux density at 5 GHz and the opti-
cal B-band magnitude, but several alternative versions based on
the same concept have been used in the literature (Ganci et al.
2019; Gloudemans et al. 2021). Usually, sources whose RL> 10
are considered radio-loud and are associated with the presence
of powerful relativistic jets; otherwise, they are radio-quiet, with
unclear origin of the radio emission (e.g., weaker jets, star forma-
tion, coronal emission, White et al. 2015). While in some cases
this parameter can provide a rough idea of the physical proper-
ties of AGN, multiple lines of observational evidence show that
sources do not follow this simple bimodality (e.g., Arsenov et al.
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2025). Several years ago, it was already noted that this param-
eter is strongly dependent on the way it is measured, since a
different aperture on resolved objects could cause a source to go
from radio-quiet to radio-loud (Ho & Peng 2001). However, the
strongest arguments against the use of radio loudness come from
a particular class of AGN, that of narrow-line Seyfert 1 (NLS1)
galaxies (Berton & Järvelä 2021).

NLS1s were classified by Osterbrock & Pogge (1985), and
are identified based on the optical spectrum: the full-width at
half maximum (FWHM) of their broad Hβ emission line is
<2000 km s−1 (Goodrich 1989), and their [O III] emission is weak
compared to the broad Hβ (S ([O III])/S (Hβ)< 3). They often
exhibit strong Fe II emission, although this is not always the
case (Pogge 2011; Cracco et al. 2016). The narrow FWHM(Hβ)
is typically interpreted as a sign of low rotational velocity around
a low-mass black hole (106–108 M�, Peterson 2011; Komossa
2018), often leading to high Eddington ratios (Boroson & Green
1992; Sulentic et al. 2000; Marziani et al. 2001, 2018, 2025;
Panda et al. 2019). These properties, and the prevalence of spi-
ral galaxies among their hosts (Järvelä et al. 2018; Berton et al.
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2019; Olguín-Iglesias et al. 2020; Varglund et al. 2022, 2023;
Vietri et al. 2022), have led to the conclusion that they are AGN
in an early stage of their evolution (Mathur 2000; Berton et al.
2017; Fraix-Burnet et al. 2017), possibly experiencing one of
their first activity cycles and therefore the low-redshift analogs
of type 1 AGN observed in the early Universe (Maiolino et al.
2025; Berton et al. 2025). Interestingly, often NLS1s do not obey
the radio-loudness dichotomy. In some sources, the star formation
is so strong that they can appear radio-loud even without harbor-
ing a relativistic jet (Caccianiga et al. 2015). In other cases, their
relativistic jets are rather faint compared to the optical, thus lead-
ing to a radio-quiet classification (Vietri et al. 2022; Wang et al.
2025). Finally, their radio emission can be dramatically vari-
able, leading to a different classification based on the observa-
tion epoch and frequency (Lähteenmäki et al. 2018; Berton et al.
2020; Järvelä et al. 2021, 2024).

The discovery of these extreme flares at 37 GHz came
from the Metsähovi Radio Observatory (MRO), when a sam-
ple of NLS1s with previously absent or weak radio emission,
selected either based on their spectral energy distribution
(SED) or large-scale environment (Järvelä et al. 2017), were
detected at Jy-level flux densities regardless of their selection
criteria (Lähteenmäki et al. 2018). The interpretation of this
phenomenon is difficult, since the timescale of the flares is
unprecedentedly short (Järvelä et al. 2024), and these objects do
not seem to share any distinguishing property, but appear as
regular NLS1s, perhaps with higher than usual Eddington ratio
(Romano et al. 2023; Crepaldi et al. 2025). Currently, the only
known sources of this kind have been identified by their flaring
activity at 37 GHz and, more sparsely, at 15 GHz with the Owens
Valley Radio Observatory (OVRO). However, given the rela-
tively high detection limit of MRO and the low number of OVRO
detections, it is possible that many remain hidden within the
general NLS1 population. For this reason, we adopted a differ-
ent approach by studying a sample of southern NLS1s, selected
by Chen et al. (2018), at high radio frequencies (10-35 GHz) to
investigate the properties of the radio emission in these objects
with the Karl G. Jansky Very Large Array (JVLA).

This work belongs to a larger framework of studies, called
NOCTURNE1, which stands for Narrow-line Seyfert 1 galax-
ies Over Cosmic Time: Unification, Reclassification, Nature,
and Evolution. NOCTURNE is a panchromatic collabora-
tion that aims to exploit the entire electromagnetic spectrum
to understand several aspects of NLS1s better. This study
continues the exploration of the radio properties of NLS1s,
which until a decade ago were almost completely unexplored
(with a few exceptions, e.g. see, Moran 2000; Komossa et al.
2006; Yuan et al. 2008). The radio detection fraction of NLS1s
depends on frequency, with the number of detections increas-
ing toward lower radio frequencies due to the increasing con-
tribution from star formation. Approximately 8% of NLS1s
are detected at 1.4 GHz in the Faint Images of the Radio Sky
at Twenty-Centimeters (FIRST) survey (Varglund et al. 2025),
with an rms of 1 mJy. Their emission is typically dominated
by star formation, that appears as a steep-spectrum patchy emis-
sion and is often detected in nearby objects. At times, they also
show a non-negligible contribution coming from the nucleus,
for example, from the jet base or the corona (Berton et al.
2018; Chen et al. 2020, 2022; Järvelä et al. 2022). However, in
a few cases relativistic jets are present, mostly observed at
small angles (i.e., blazar-like, Abdo et al. 2009; Foschini 2011;
Foschini et al. 2015; Angelakis et al. 2015; Jose et al. 2024;
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Shao et al. 2025) and showing superluminal motion (Lister et al.
2016; Lister 2018), but in some cases also seen at large angles
(Richards & Lister 2015; Congiu et al. 2017, 2020; Vietri et al.
2022; Chen et al. 2024; Umayal et al. 2025). All of these stud-
ies, however, were mostly focused on the low-frequency part of
the radio spectrum. The coverage above >10 GHz is instead still
sparse, and mostly dedicated to the gamma-ray emitting NLS1s
(Angelakis et al. 2015; Lister et al. 2016; Shao et al. 2025). Our
study includes sources without any preselection, allowing us to
filling this gap in our knowledge, and to better constrain the spec-
trum shape in this spectral range.

The paper is organized as follows. In Sect. 2, we present
our sample, the observations, and describe the data analysis. In
Sect. 3, we present our results, describing the radio morphology
and spectral properties of our sources. In Sect. 4, we discuss our
findings, and in Sect. 5 we draw our conclusions. Throughout the
paper, we adopt a standard ΛCDM cosmology, with a Hubble
constant H0 = 70 km s−1 Mpc−1, and ΩΛ = 0.73 (Komatsu et al.
2011).

2. Observations and data analysis

Currently, all of the known sources showing extreme flares
are NLS1s. Since we have no way to know in advance which
sources have the best chance of being detected, our strategy was
to blindly observe NLS1s to study their spectral index above
15 GHz, i.e. OVRO already proved the detectability of some
sources. In principle, the flaring NLS1s could show an inverted
or flat spectrum in this spectral region. All the sources were
derived from the sample selected by Chen et al. (2018). These
sources, selected based on their optical spectra obtained by the 6
degree-field galaxy survey (6dFGS) are all in the Southern hemi-
sphere, and have z < 0.45. We selected only those sources with
−30◦ < Dec < 0◦. Such sky positioning was chosen to maximize
the chances for follow-up observations at all wavelengths, which
is currently very unfavorable since all of the known objects
have rather high declination (>34◦). Furthermore, some of these
sources were already observed at 5 GHz with the JVLA in C con-
figuration by Chen et al. (2020). Of the original sample of 192
objects, 87 meet our declination criterion. Out of those, 50 were
observed with the JVLA, and 20 of them were observed twice,
to maximize the chances of finding large-amplitude variability.
The full sample is reported in Table A.1.

The sources were observed in C configuration, which was
also used by Chen et al. (2020). We observed them in three dif-
ferent bands, Ku, K, Ka, centered at 15, 22, and 33 GHz, respec-
tively (project VLA/22B-034, PI Berton). The observation dates
for each source are reported in the Table A.2. The nominal on-
source time in each band was 2 minutes. The total bandwidth
was 6 GHz in Ku and 8 GHz in K and Ka, each band divided
into 128 MHz subbands, each consisting of 64 2 MHz channels.
Each interval of right ascension was calibrated in flux and band-
pass with a suitable source, and we used a different bright source
as the complex gain calibrator for each one of the targets. The
expected thermal noise were ∼15, 28, and 30 µJy beam−1 at 15,
22, and 33 GHz, respectively. These levels were reached or sur-
passed in most cases. We used the pre-processed science-ready
data products (SRDP) provided in the National Radio Astron-
omy Observatory (NRAO) archive. The data were calibrated
using the VLA Imaging Pipeline 2023.1.0.124, and we pro-
cessed them using the Common Astronomy Software Applica-
tions (CASA) version 6.5.2.26. The data were manually checked
by NRAO to produce the SRDP measurement set. We did not
perform any additional flagging. We split the data for our sources
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Fig. 1. Radio map of J0452-2953 at 15 GHz. The map rms isσ = 17 µJy,
the contours are at [−3, 3, 6, 12, 24]×σ.

Fig. 2. Radio map of J0622-2317 at 15 GHz. The map rms isσ = 12 µJy,
the contours are at [−3, 3, 6]×σ.

from each measurement set, averaging over time (10 s) and fre-
quency, to average 64 channels to a single output channel per
spectral window. To create the radio maps, we used the CLEAN
algorithm. To properly sample the beam, we adopted a cell size
of 0.15′′, 0.10′′, and 0.07′′at 15, 22, and 33 GHz, respectively. In
no case was self-calibration necessary. All images are limited by
noise, not by dynamic range. The final maps are not included in
the paper, but they are available online. The measurements were
performed by fitting the source with a two-dimensional Gaussian
function. A single Gaussian was enough in all cases but three
(see Sect. 3.1).

We considered a source detected only when it showed at least
two contours in our maps, that is, when the flux density is >6 ×
rms. Out of the 50 sources we observed, 24 were not detected
at any frequency. We report the upper limit on their flux den-
sity as 6 × rms in Table A.3. The remaining 26 sources, instead,
were detected at least in one band. Their flux densities, derived
from fitting with a single Gaussian, are reported in Table A.2,
while their luminosities are shown in Table A.5. To fully char-
acterize their radio spectrum, we retrieved archival data from
various surveys, that is the FIRST survey (Becker et al. 1995),

Fig. 3. Radio map of J1032-2707 at 15 GHz. The map rms isσ = 22 µJy,
the contours are at [−3, 3, 6, 12, 18]×σ.

the National Radio Astronomy Observatory (NRAO) Very Large
Array (VLA) Sky Survey (NVSS, Condon et al. 1998), the Very
Large Array Sky Survey (VLASS, Lacy et al. 2020), the Rapid
Australian Square Kilometre Array Pathfinder (ASKAP) Contin-
uum Survey (RACS, McConnell et al. 2020), the Tata Institute
of Fundamental Research (TIFR) Giant Metrewave Radio Tele-
scope (GMRT) Sky Survey (TGSS, Intema et al. 2017), the Aus-
tralia Telescope 20 GHz Survey (AT20G, Murphy et al. 2010),
and finally from LOw Frequency ARray (LOFAR) Two-metre
Sky Survey (LoTSS) (Shimwell et al. 2017). For VLASS, we
used both Epoch 1 and Epoch 2 data. Following Varglund et al.
(2025), to find our sources, we ran a coordinate comparison with
a tolerance radius of 15′′. All sources within this window we fur-
ther checked to study whether or not there were multiple sources
within the search region. For VLASS, there were some sources
that were detected twice in the same epoch; for these, we have
kept the source with the quality flag two, as this is the preferred
detection based on the user guide2. All the additional archival
measurements are reported in Table A.4.

For each source with at least one new JVLA detection, we
used all the available data to model the spectrum with a power
law and a log parabola, that is a line and parabola in the log–
log plane. From a physical point of view, these fits allow us to
test the presence of some curvature in the spectra, which may
indicate synchrotron self-absorption (SSA) taking place at low
frequencies. The fit with a power law provides a spectral index,
defined as S ν ∝ ν

αν . For the parabola, defined in the log-log plane
as f (log ν) = a log ν2 + b log ν + c, we forced the a coefficient
to be negative, otherwise the model would diverge at low fre-
quency. In some cases, the a coefficient is consistent with zero,
showing that the linear model is already sufficient to reproduce
the data. When the two models produced significantly different
results, we performed an F test to compare them and determine
whether adding one order to the fitting function improves the fit.
The results are reported in Table 2.

3. Results

3.1. Radio morphology

At the frequencies of our observations, all of the sources but
three appear point-like, with no signs of extended emission. The

2 https://cirada.ca/vlasscatalogueql0
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Table 1. Multi-epoch measurements of sources with extended morphology.

Source MJD Fc
Ku Fe

Ku Fc
K Fe

K Fc
Ka Fe

Ka αc
ν αe

ν

J0452-2953 59872 1193±53 223±32 692±118 164±42 321±91 345±115 −1.54±0.33 0.26±0.43
J0452-2953 59882 1194±54 95±29 511±60 362±63 376±83 289±100 −1.78±0.22 1.54±0.58
J1032-2707 59862 423±45 645±60 306±91 403±114 <240 <240 −0.85±0.82 −1.23±0.78

Notes. Columns: (1) Source name; (2) modified Julian date (MJD) of the observation; (3) integrated flux of the core component at 15 GHz (µJy);
(4) integrated flux of the extended emission at 15 GHz (µJy); (5) integrated flux of the core component at 22 GHz (µJy); (6) integrated flux of
the extended emission at 22 GHz (µJy); (7) integrated flux of the core component at 33 GHz (µJy); (8) integrated flux of the extended emission at
33 GHz (µJy); (9) spectral index of the core component; (10) spectral index of the extended emission.

exceptions are J0452-2953, J0622-2317, and J1032-2707, which
show signs of extended morphology, shown in Figs. 1, 2, 3.

In J0452-2953, we can see elongated emission ∼23◦ in the
south-east direction, which extends for ∼3′′, that is ∼13 kpc in
projected size. The same feature is visible at 22 and 33 GHz.
For this reason, we decided to fit the source with two Gaussians,
the first one representing the core, and the second the one-
sided extended emission. We did the same for all the frequen-
cies, and for both observing epochs (MJD 59872 and 59882).
The results are reported in Table 1. The observations were
taken ten days apart, and the integrated flux of the core and
its spectral index remain constant over this interval. The steep-
ness of the emission in the core may indicate that it originates
from star formation in the nucleus, although it is possible that
nuclear outflows are partially responsible for this emission. It
is worth noting that the optical image of the galaxy, shown in
Fig. 4, appears to be significantly elongated. Indeed, at a closer
inspection, the galaxy shows two emission peaks 1.95′′ apart in
the Pan-STARRS image (8.4 kpc assuming that they are at the
same distance), likely indicating that it is an interacting system.
The radio emission seems to be associated with the south-east
component.

The extended flux instead seemingly shows some fast vari-
ability, especially at 15 and 22 GHz, and an inverted spec-
trum. Given the faintness of the emission, it is possible that the
variability is only due to a non-perfect 2D fitting of the compo-
nent, as it is highly unlikely to observe fast variability on a kpc-
scale emission. Regarding the inverted spectrum, it may suggest
the extended emission could originate in relativistic jets interact-
ing with the interstellar medium (ISM), where the electrons are
re-accelerated by this interaction. A similar behavior has already
been observed in a couple more jetted NLS1s (Järvelä et al.
2022; Vietri et al. 2022), and can in principle affect also the opti-
cal emission lines (Hon et al. 2023; Dalla Barba et al. 2025). It
is worth noting that the axis of the radio emission and that of
the two nuclei are closely aligned, suggesting a possible connec-
tion between the two phenomena, although we cannot rule out
that this is merely a projection effect. Deeper observations are
needed to reach more precise conclusions on the nature of this
object.

The source J0622-2317 was observed on MJD 59898 and
59899, but it was detected only at 15 GHz on the first date.
The morphology is extended in the South direction for ∼6.5′′
(∼4.8 kpc), and it also shows significant diffuse emission which
cannot be fitted with two Gaussian components. The source
was already observed by Chen et al. (2020), who only found a
point-like compact morphology at 5 GHz with the JVLA. Such a
spread-out morphology may originate from star formation. The
spiral morphology of the host, shown in Fig. 5, is also support-
ing this hypothesis, as star formation activity could be ongoing
both in the nucleus and in the spiral arms. Its integrated lumi-

nosity, calculated on the 3σ contour of the map, is rather low at
log L = 37.95 ± 0.06 erg s−1, and it also supports the star forma-
tion origin of the radio.

Finally, we analyzed J1032-2707, whose 15-GHz map is
shown in Fig. 3. The source was observed twice, on MJD 59862
and MJD 59903. In the first observation, the object clearly shows
a double component at 15 GHz, as it does at 22 GHz, while at
33 GHz it was not detected. The emission at 15 GHz is extended
for ∼5.2′′ (∼7.1 kpc of projected size) approximately 33◦ North-
East of the core. The two-point spectral index for the compo-
nent corresponding to the optical nucleus is −0.85± 0.82, while
the other component has a spectral index of −1.23± 0.78. Both
were calculated using the integrated flux of the two Gaussian
components. On the second observation, unfortunately, the beam
is aligned almost exactly with the extended emission, and it
is therefore preventing us from separating the two components
and calculating two separate spectral indexes. It is worth not-
ing that the extended emission is, at both frequencies, brighter
than the core, with integrated luminosity at 15 GHz of log L =
39.08 ± 0.05 erg s−1, compared to 38.89± 0.05 erg s−1 for the
core. Its spectral index is rather steep, and it is not clear if this
emission corresponds to a relativistic jet, or if it is due to intense
star formation, although the latter seems exceedingly bright at
these frequencies.

3.2. Spectral shape

Out of 26 objects, three do not have enough data to properly fit
their spectrum. J0413-0050 was detected only at two frequen-
cies. We calculate that its two-point spectral index of the peak
flux density of this source is −0.42± 0.13, that is between a flat-
and a steep-spectrum source (threshold −0.5, see Foschini et al.
2015). J2244-1822 and J2358-1029 have only been detected at
15 GHz by the JVLA, suggesting that their spectral index is
negative.

In four cases, the spectrum can be better reproduced with
a log parabola. As previously mentioned, this could potentially
suggest the presence of a curvature, which in turn could indi-
cate some form of absorption, possibly SSA, at low frequencies.
This feature could indicate the presence of a young relativistic
jet, whose spectra indeed are peaked (Fanti et al. 1995). We tried
to extrapolate the position of the peak in the spectrum. Two of
them peak in the MHz range, while the other two peak in the kHz
range. However, it is worth noting that only in one source, J0447-
0508, the peak position is relatively well constrained, while for
the others, the uncertainty is large. Let us assume that the spec-
tral peak is related to the jet size, as described in Eq. (4) of
O’Dea (1998). If this is the case, the sources peaking in the kHz
range would have a jet of Mpc scale, which is not seen at any
frequency or scale. Only in the case of J0447-0508 the peak
frequency would correspond to a jet possibly confined within
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the host galaxy, ∼2.97 kpc. However, the scale for this source is
0.846 kpc/′′. The corresponding linear size for a 90◦ inclination
would be 3.5′′ on the sky, but it could be smaller if the jet had a
lower inclination. No sign of extended emission is visible in our
maps. Therefore, either there is a jet with a rather small incli-
nation, but we would then start seeing effects from relativistic
beaming such as significant variability. Otherwise, the spectral
curvature, if at all there, does not seem to imply that a jet is
present.

One source is particularly interesting, J0239-1118. The
source was detected by Chen et al. (2020) at 5 GHz, showing no
particular features, but the high frequency observations revealed
a strongly inverted spectrum, with αν = 0.28 ± 0.04. The peak
of the emission is therefore at higher frequencies, and due to
the lack of data, we could not constrain its position. In princi-
ple, an inverted spectrum at high frequency can originate from
free–free absorption (FFA, Condon 1992). However, its spec-
tral index in this case is expected to be much more inverted
than what we observe, and on average, more inverted than SSA.
Therefore, we suggest that this source is a high-frequency peaker
(HFP, Orienti 2009), that is, a newborn relativistic jet growing
quickly.

Another object in the sample, J0203-1247, has a spec-
tral index of −0.35 ± 0.05, consistent with a classification as
a flat-spectrum object. Its luminosity at 5 GHz was already
calculated by Chen et al. (2020), who reported a value of
1.3 × 1038 erg s−1. This is much lower compared to the typi-
cal value of jetted NLS1s (Berton et al. 2018), therefore, the
origin of this emission in this case may reside in a non-
relativistic outflow produced by the nucleus, and not a relativistic
jet.

Finally, the remaining 18 objects all show a negative slope,
with values ranging between −0.5 and −0.94. These numbers,
along with their point-like morphology in all of our observations,
are all consistent with optically thin synchrotron emission. Its
origin could be a jet, as is likely in J0452-2953, or from outflows,
a jet base, or star formation.

3.3. Radio luminosity

We calculated the radio luminosity from the flux densities
reported in Table A.2, following

Lν = 4πD2
L S νobs (1 + z)−(α+1) , (1)

where DL is the luminosity distance, z the source’s redshift,
and α is the spectral index, defined as S ν ∝ να. The spec-
tral index was calculated directly on the data using the nearest
frequency point. When this was not possible, for example, for
upper limits, we used α = −1. We report all the luminosities
in Table A.5, available online. In Berton et al. (2018), all the
sources which most likely harbor a relativistic jet had a luminos-
ity larger than 1040 erg s−1 at 5 GHz. Assuming the typical spec-
tral index of synchrotron radiation, i.e. −0.7, this corresponds
to a logarithmic luminosity of 39.67, 39.56, and 39.44 at 15,
22, and 33 GHz, respectively. Six of our sources exceed these
thresholds in at least one frequency. This could suggest the pres-
ence of jets in these sources, but it is not so straightforward
since strong star formation can also reach similar luminosities
(Caccianiga et al. 2015). Finally, we checked for significant vari-
ability among sources with multiple observations. However, we
did not find anything above 3σ, only some marginal differences
at most within 2σ.

4. Discussion

4.1. The high frequency spectrum of NLS1s

In most sources, the main contribution to the radio emission
probably comes from the active nucleus itself, that is, the syn-
chrotron emission produced by non-relativistic outflows, or per-
haps by the intense circumnuclear star formation that is often
seen in NLS1s (Sani et al. 2010; Winkel et al. 2022, 2023). In
principle, radio emission can also be produced by the accre-
tion disk corona, but that typically produces a flat spectrum that
we do not observe here (Raginski & Laor 2016). The accretion
disk itself could be contributing to the radio spectrum by means
of synchrotron or free-free emission (Abramowicz & Fragile
2013). Free–free emission, in particular, could be detectable at
high radio frequency, with a characteristic slope of αν = 0.1
(Condon 1992). However, our spectral indexes are typically
steeper than that, and are more indicative of synchrotron emis-
sion. Furthermore, the peak of the accretion disk usually falls
in the ultraviolet band (e.g., Czerny & Elvis 1987; Panda et al.
2018; Ferland et al. 2020; Garnica et al. 2025), so if the disk
contribution is present in our observations it is probably rather
small. Other potential sources of steep-spectrum radio emission
are a jet base (e.g., Giroletti & Panessa 2009), failed relativis-
tic jets (Ghisellini et al. 2004), or fully developed small-scale
relativistic jets seen at large angles. However, when we com-
pare their luminosity to the sources studied by Berton et al.
(2018), our objects are within the typical range of nonjet-
ted sources, although we cannot completely rule out the pres-
ence of relativistic jets in them. For example, in J1032-2707
the luminosity is rather low, around 1039 erg s−1, but its mor-
phology shown in Fig. 3 is reminiscent of a core-jet system.
It is possible that this extended emission is a non-relativistic
outflow, but only additional observations could confirm this
scenario.

It is also worth noting that in our sources we do not
see the so-called high-frequency excess (HFE) observed by
Antonucci & Barvainis (1988) and Barvainis et al. (1996). With
early VLA observations, they showed that several radio-quiet
quasars or luminous Seyfert galaxies showed a steep spectrum
at low frequencies (below 10 GHz), that turned flat or inverted
above this frequency. Some objects showed an excess at even
higher frequency (95 GHz), suggesting that the corona is respon-
sible for this emission (Behar et al. 2015), although this point is
still debated (Doi & Inoue 2016). A similar behavior was also
observed in low-luminosity AGN, and in that case, the nature of
the inverted spectrum was attributed to an advection-dominated
accretion flow (Doi et al. 2005). Interestingly, some of the
sources studied by Behar et al. (2015) are well-known NLS1s
(Ark 564, Mrk 766, and also NGC 5506, the first obscured NLS1
ever discovered Nagar et al. 2002). This suggests the presence
of diverse properties within the NLS1 class, which remain to be
understood.

Finally, these radio spectra do not seem to be strongly vari-
able, which is also consistent with the outflow scenario. In
particular, we do not observe any sign of the extreme vari-
ability detected by MRO at 37 GHz and by OVRO at 15 GHz
(Lähteenmäki et al. 2018; Järvelä et al. 2024). However, it is
worth noting that the timescale for this new type of variabil-
ity could be shorter than the cadence between our observations.
Already in Järvelä et al. (2024) they found that the e-folding
time of these flares can be as fast as one day, but more recent
observations indicate that it could be even shorter (Crepaldi
et al., in prep., Järvelä et al., in prep.). Therefore, it is not
very surprising that the JVLA did not catch any of these flaring
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Fig. 4. In red the contours of J0452-2953 as in Fig. 1, overlapped with
the i-band image of its host galaxy extracted from Pan-STARRS.

events. With our current knowledge, only dedicated monitoring
at high frequency could find new examples of this intriguing
phenomenon.

4.2. Potential new jetted NLS1s

It is evident from our work and that of many others (Berton et al.
2018; Chen et al. 2020, 2022, 2023; Järvelä et al. 2022) that
identifying the nature of the radio emission in NLS1s is
extremely challenging. Spectral indexes and morphology pro-
vide some indication, but do not paint the whole picture.
Multiwavelength and multiscale observations are necessary to
give more precise indications on the nature of these sources.
It is also worth noting that our data, taken at 15, 22, and
33 GHz with the JVLA C configuration, can only study rela-
tively small spatial scales, i.e. a few kpc. Some recent studies
showed that some relativistic jets in NLS1 can have a very large
size (Rakshit et al. 2018; Vietri et al. 2022; Chen et al. 2024),
and can therefore be resolved out at the spatial resolution we
are currently observing (Umayal et al. 2025). This, however,
should not be the case for our objects, since the low-frequency
points do not show any flux excess suggestive of extended
emission.

However, with this work, we likely identified two new jet-
ted NLS1s, J0239-1118, and J0452-2953. The latter is the most
luminous source in our sample, with an integrated luminosity at
33 GHz of ∼5 × 1040 erg s−1, comparable to that of other known
jetted NLS1s (Berton et al. 2018). It also shows an elongated
emission that extends for 13 kpc in projected size toward south-
east with an inverted spectrum. We attribute these properties to
a possible relativistic jet interacting with the ISM. As shown
in Fig. 4, the radio emission seems almost entirely confined
within the host galaxy, so jet/ISM interaction is definitely pos-
sible, although this alignment may be coincidental and due just
to projection effects. Other possible explanations for the inverted
spectrum are forms of absorption, FFA or SSA, but they appear
less likely at such a distance from the nuclear region. If the emis-
sion is due to a relativistic jet, considering its projected size
as a lower limit and assuming a propagation velocity of ∼0.5c

Fig. 5. In red the contours of J0622-2317 as in Fig. 2, overlapped with
the i-band image of its host galaxy extracted from Pan-STARRS.

(Giroletti & Polatidis 2009), its age should be >7.8 × 104 years,
within the typical range for NLS1s (Czerny et al. 2009).

As for J0239-1118, as we already mentioned, it could be
an HFP. These objects belong to the larger class of peaked
sources (PS, O’Dea & Saikia 2021), which is a mixed bag of
different objects sharing one common observational property,
that is, a peaked radio spectrum. The peak is due to significant
SSA toward lower frequencies, which indicates that PS are typ-
ically small-scale relativistic jets still confined within their host
galaxy. The PS class includes a number of frustrated jets that are
not powerful enough to escape their host. At the same time, it
also includes genuinely young sources such as compact steep-
spectrum sources (CSS), gigahertz-peaked sources (GPS), and
HFPs, in which the small size of the jet corresponds to young
age. Since there is an anticorrelation between the jet age and the
peak frequency (O’Dea & Baum 1997), HFPs are the youngest
among all jets, so young that their spectra evolve quickly on an
observable timescale. We therefore expect to observe significant
variability in J0239-1118 within the next few years, which will
allow us to constrain the peak position and confirm its nature as
a young relativistic jet.

The presence of such a young jet in an NLS1 should not
come as a surprise. The first suggestion of a connection between
NLS1s and PS came already in the early 2000s, when some
authors noted that a jetted NLS1 presented a peaked spectrum
(Oshlack et al. 2001; Schulz et al. 2016). In the following years,
it was suggested that some PSs, in particular the class of low-
luminosity compact sources (Kunert-Bajraszewska et al. 2010)
may be part of the parent population of gamma-ray NLS1s, since
their radio luminosity functions (Berton et al. 2016) and host
galaxy properties (Vietri et al. 2024) match each other. Find-
ing an HFP in an NLS1 strengthens this view, proving once
again that part of the parent population of gamma-ray emit-
ting NLS1s can indeed be found among PS (Berton et al. 2017;
Berton & Järvelä 2021).

Sources like this may be relatively common at high redshift.
Indeed, to form the massive seeds that we observe in the early
Universe (Inayoshi et al. 2020), relativistic jets can be instru-
mental in draining angular momentum and allowing for super-
Eddington accretion (e.g., Volonteri et al. 2021). Recently, one
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Table 2. Parameters of linear and parabolic best fit for sources.

Short name Slope αν Parabola peak χl χp F p-value Preferred model

J0000-0541 −0.94±0.04 (681±533) kHz 169.09 38.70 1.27×10−2 Log parabola
J0022-1039 −0.88±0.07 * 2163.65 − − Power law
J0203-1247 −0.35±0.05 * 42.93 − − Power law
J0212-0201 −0.68±0.06 − 0.81 − − Power law
J0213-0551 −0.47±0.04 − 0.41 − − Power law
J0230-0859 −0.75±0.03 * 100.07 − − Power law
J0239-1118 +0.28±0.04 − 45.03 − − Power law
J0400-2500 −0.91±0.10 (250±183) MHz 1003.23 528.83 1.27×10−1 Power law
J0413-0050 Not enough points
J0422-1854 −0.87±0.05 (18±17) MHz 472.39 173.13 2.10×10−2 Log parabola
J0436-1022 −0.77±0.04 * 15303.97 − − Power law
J0447-0508 −0.75±0.06 (304±105) MHz 1496.13 161.35 5.19×10−4 Log parabola
J0452-2953 −1.05±0.10 * 1657.67 − − Power law
J0549-2425 −0.80±0.03 (707±576) KHz 235.97 25.21 6.27×10−4 Log parabola
J0622-2317 −1.29±0.13 − 55.83 − − Power law
J0820-1741 −0.84±0.13 − 16.64 − − Power law
J0842-0349 −0.79±0.04 − 0.36 − − Power law
J0846-1214 −0.90±0.02 (3.16±2.24) Hz 18362.57 7549.26 7.21×10−2 Power law
J0849-2351 −0.81±0.05 * 56.06 − − Power law
J0850-0318 −0.74±0.09 * 495.52 − − Power law
J1032-2707 −0.94±0.07 * 623.56 − − Power law
J1044-1826 −0.82±0.02 * 56.83 − − Power law
J1147-2145 −0.87±0.05 (6.97±2.53) MHz 185.45 58.96 7.71×10−2 Power law
J2021-2235 −0.88±0.07 * 2163.65 − − Power law
J2244-1822 Not enough points
J2358-1029 Not enough points

Notes. Columns: (1) Source name; (2) slope of the linear fit, that is spectral index αν; (3) peak of the parabolic fit. The “*” symbol indicates that the
log parabola coefficients are consistent with a power law, the “–” indicates that the fit did not converge due to too few points; (4) chi-squared of the
linear fit; (5) chi-squared of the parabolic fit; (6) p-value of the F test, (7) preferred model based on F test. We fix the threshold at p-value<5×10−2.

blazar was identified at the epoch of reionization (Bañados et al.
2025), implying that a number of parent population sources
should exist. Assuming that these objects look like J0239-1118,
we can extrapolate the expected flux density at 3.0 GHz, where,
for example, VLASS is currently observing. Assuming a spec-
tral index of αν = 0.28, and extrapolating at z = 6, the flux
density would be 1.96 µJy, which is well below the detection
limit of any present-day survey. This estimate shows why only
a handful of misaligned jets have been identified at the epoch
of reionization (Bañados et al. 2021; Endsley et al. 2023). How-
ever, these sources could become detectable with future instru-
mentation such as the Square Kilometre Array (SKA).

Last, it is worth mentioning the source J2021-2235, a.k.a.
IRAS 20181-2244. This NLS1 is hosted by a late-type galaxy
interacting with a satellite (Berton et al. 2019), and it was iden-
tified as a jetted object by Komossa et al. (2006). Based on its
infrared emission, it seems to have a remarkably high star for-
mation of 300 M� yr−1, which is responsible for a very signif-
icant fraction of its radio emission (Caccianiga et al. 2015). Its
relativistic jet appears unresolved in our data as it was at 5 GHz
(Chen et al. 2020), implying that it is either resolved out, gen-
uinely very small, or it has a small projected size due to a low
inclination. It is worth noting that J2021-2235 is the second most
luminous source in our sample (∼4 × 1040 erg s−1 integrated at
15 GHz), and this suggests that the jet contribution plays a sig-
nificant role also at these frequencies, possibly due to some lim-
ited contribution of relativistic beaming if the viewing angle is
small.

5. Conclusions

In this paper, we report on our new JVLA observations of a sam-
ple of 50 NLS1s at 15, 22, and 33 GHz. Approximately half
of the sources, 26, were detected at least at one frequency. We
studied their radio properties by adding available data from the
literature. Their spectrum is almost always steep and can be
reproduced by a power law. The emission possibly originates in
radiation pressure-driven non-relativistic outflows or, less likely,
in circumnuclear star formation. The origin of these seemingly
common outflows may lie in the strong radiation pressure pro-
duced by the high accretion typical of NLS1s. A couple of
sources may harbor small-scale relativistic jets, and one in par-
ticular may be a high-frequency peaker. It is possible that more
relativistic jets are present, but we cannot confirm their presence
with the available data. These results confirm the complexity and
diverse nature of the NLS1 class. Additional multiwavelength
studies are necessary to fully characterize these sources, and
understand their role in the AGN life cycle.

Data availability

Tables A.3, A.4, and A.5 are available at the CDS via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/708/A46.
All the radio maps not shown in the paper are available at
zenodo. The raw data are publicly available from the NRAO
archive.
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Appendix A: Tables

Table A.1. Sample of NLS1s observed with the JVLA.

Short name 6dFGS Name R.A. (J2000) Dec. (J2000) z Scale
J0000-0541 6dFGS gJ000040.3-054101 00 00 40.27 −05 41 01.0 0.093 1.733
J0015-1509 6dFGS gJ001521.6-150951 00 15 21.63 −15 09 51.0 0.078 1.478
J0021-2050 6dFGS gJ002121.6-205018 00 21 21.55 −20 50 17.6 0.183 3.088
J0022-1039 6dFGS gJ002249.2-103956 00 22 49.16 −10 39 55.8 0.414 5.535
J0030-2028 6dFGS gJ003000.5-202856 00 30 00.52 −20 28 56.2 0.289 4.368
J0043-1655 6dFGS gJ004324.9-165557 00 43 24.91 −16 55 57.1 0.330 4.787
J0200-0845 6dFGS gJ020039.1-084555 02 00 39.12 −08 45 55.0 0.432 5.678
J0203-1247 6dFGS gJ020349.0-124717 02 03 49.03 −12 47 16.8 0.052 1.015
J0212-0201 6dFGS gJ021201.5-020154 02 12 01.47 −02 01 53.8 0.437 5.716
J0212-0737 6dFGS gJ021218.2-073720 02 12 18.33 −07 37 19.8 0.173 2.951
J0213-0551 6dFGS gJ021355.0-055121 02 13 55.16 −05 51 21.3 0.139 2.460
J0230-0859 6dFGS gJ023005.5-085953 02 30 05.52 −08 59 53.3 0.016 0.326
J0239-1118 6dFGS gJ023956.2-111813 02 39 56.15 −11 18 13.0 0.203 3.353
J0400-2500 6dFGS gJ040024.4-250044 04 00 24.40 −25 00 44.3 0.097 1.799
J0413-0050 6dFGS gJ041307.1-005017 04 13 07.05 −00 50 16.6 0.040 0.792
J0420-0530 6dFGS gJ042021.7-053054 04 20 21.74 −05 30 54.4 0.199 3.301
J0422-1854 6dFGS gJ042256.6-185442 04 22 56.56 −18 54 42.3 0.064 1.232
J0435-1643 6dFGS gJ043526.5-164346 04 35 26.50 −16 43 46.0 0.098 1.816
J0436-1022 6dFGS gJ043622.3-102234 04 36 22.24 −10 22 33.8 0.035 0.697
J0447-0403 6dFGS gJ044739.0-040330 04 47 39.02 −04 03 29.7 0.081 1.530
J0447-0508 6dFGS gJ044720.7-050814 04 47 20.73 −05 08 14.1 0.044 0.867
J0452-2953 6dFGS gJ045230.1-295335 04 52 30.10 −29 53 35.3 0.285 4.325
J0455-1456 6dFGS gJ045557.5-145641 04 55 57.52 −14 56 41.2 0.136 2.415
J0549-2425 6dFGS gJ054914.9-242552 05 41 58.03 −37 38 37.1 0.224 3.619
J0622-2317 6dFGS gJ062233.5-231742 06 22 33.53 −23 17 41.7 0.037 0.735
J0820-1741 6dFGS gJ082003.1-174151 08 20 03.10 −17 41 50.9 0.073 1.391
J0842-0349 6dFGS gJ084219.1-034931 08 42 19.11 −03 49 31.4 0.357 5.042
J0845-0732 6dFGS gJ084510.2-073205 08 45 10.25 −07 32 05.2 0.103 1.897
J0846-1214 6dFGS gJ084628.7-121409 08 46 28.67 −12 14 09.3 0.107 1.962
J0849-2351 6dFGS gJ084951.7-235125 08 49 51.67 −23 51 25.0 0.127 2.278
J0850-0318 6dFGS gJ085028.0-031817 08 50 27.96 −03 18 16.7 0.162 2.796
J1014-0418 6dFGS gJ101420.7-041841 10 14 20.68 −04 18 40.3 0.058 1.125
J1015-1652 6dFGS gJ101503.2-165214 10 15 03.20 −16 52 14.0 0.432 5.678
J1032-1609 6dFGS gJ103214.1-161000 10 32 14.13 −16 09 59.7 0.052 1.015
J1032-2707 6dFGS gJ103257.0-270730 10 32 57.04 −27 07 30.3 0.071 1.356
J1044-1826 6dFGS gJ104448.7-182653 10 44 48.72 −18 26 53.2 0.113 2.059
J1057-0805 6dFGS gJ105719.5-080541 10 57 19.45 −08 05 40.5 0.221 3.582
J1147-2145 6dFGS gJ114738.9-214508 11 47 38.87 −21 45 07.7 0.219 3.557
J2021-2235 6dFGS gJ202104.4-223518 20 21 04.38 −22 35 18.3 0.185 3.115
J2115-1417 6dFGS gJ211524.9-141706 21 15 24.88 −14 17 05.7 0.271 4.171
J2136-0116 6dFGS gJ213632.0-011626 21 36 32.02 −01 16 26.1 0.273 4.193
J2137-1112 6dFGS gJ213748.0-111204 21 37 47.95 −11 12 03.6 0.113 2.059
J2143-2958 6dFGS gJ214306.1-295817 21 43 06.10 −29 58 16.0 0.120 2.169
J2155-1210 6dFGS gJ215526.7-121032 21 55 26.74 −12 10 31.7 0.086 1.615
J2207-2824 6dFGS gJ220755.6-282406 22 07 55.62 −28 24 06.2 0.178 3.020
J2229-1401 6dFGS gJ222903.5-140106 22 29 03.51 −14 01 06.2 0.236 3.766
J2244-1822 6dFGS gJ224458.2-182250 22 44 58.19 −18 22 49.5 0.198 3.288
J2250-1152 6dFGS gJ225014.1-115201 22 50 14.06 −11 52 00.8 0.118 2.138
J2311-2022 6dFGS gJ231103.4-202221 23 11 03.36 −20 22 20.6 0.121 2.185
J2358-1028 6dFGS gJ235808.5-102843 23 58 08.46 −10 28 43.1 0.167 2.867

Notes. Columns: (1) Short name of the source, used throughout the paper; (2) Name of the source in the 6dFGS catalog; (3) right ascension; (4)
declination; (5) redshift; (6) spatial scale (kpc/").
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Table A.2. Measurements for all the sources detected at least at one frequency in one epoch.

Name MJD rms (Ku) Sp (Ku) Si (Ku) rms (K) Sp (K) Si (K) rms (Ka) Sp (Ka) Si (Ka)
J0000-0541 59904 15 377±24 568±46 18 207±16 492±48 25 172±16 158±24
J0022-1039 59904 15 170±19 278±47 17 108±10 129±20 25 <150
J0203-1247 59863 17 250±20 276±33 27 141±15 156±27 35 227±23 323±51
J0203-1247 59902 13 209±15 294±29 19 182±15 203±26 25 170±12 185±20
J0212-0201 59863 18 111±8 79±11 31 <186 40 <240
J0212-0201 59902 13 98±9 94±15 22 <132 25 <150
J0213-0551 59863 15 95±11 95±19 30 <180 35 <210
J0213-0551 59902 15 104±11 130±21 22 <132 25 <150
J0230-0859 59863 19 512±31 593±46 30 409±30 598±60 39 261±29 382±61
J0230-0859 59902 15 473±26 552±36 22 290±22 450±45 25 251±21 290±37
J0239-1118 59863 17 405±25 456±37 27 550±43 555±67 39 667±46 719±71
J0239-1118 59902 15 398±23 368±27 25 443±37 547±68 27 578±42 620±67
J0400-2500 59872 20 416±25 501±41 35 254±22 390±52 40 <240
J0400-2500 59882 15 350±22 465±39 30 188±19 300±44 35 <210
J0413-0050 59872 13 <78 19 <114 25 <150
J0413-0050 59882 15 89±12 111±25 * * * 60 <360
J0422-1854 59872 14 359±21 449±34 19 251±25 356±52 30 210±20 183±33
J0422-1854 59882 14 374±23 440±38 25 287±24 304±43 31 <186
J0436-1022 59872 15 1707±87 1883±102 21 1177±61 1344±76 34 883±56 1050±89
J0436-1022 59882 18 1691±86 1830±97 27 1250±70 1351±92 36 1031±60 1178±84
J0447-0508 59872 27 1291±71 1612±101 20 822±48 1104±77 32 565±47 808±94
J0447-0508 59882 22 1405±75 1604±96 26 963±58 1237±94 36 572±45 672±79
J0452-2953 59872 17 722±43 1456±103 30 305±55 843±77 39 240±49 461±78
J0452-2953 59882 17 656±40 1296±91 26 394±69 757±188 36 277±32 384±77
J0549-2425 59898 15 593±31 648±38 20 450±27 491±39 30 366±27 382±41
J0549-2425 59899 15 593±32 685±44 20 414±30 492±51 30 332±24 400±43
J0622-2317 59898 12 83±12 189±26 17 <102 30 <180
J0622-2317 59899 15 <90 17 <102 30 <180
J0820-1741 59883 15 126±15 213±37 22 <132 33 <198
J0820-1741 59904 17 169±14 219±29 22 139±17 202±40 32 <192
J0842-0349 59883 17 117±14 252±40 30 <180 30 <180
J0842-0349 59904 15 108±14 186±36 25 <150 32 <192
J0846-1214 59883 21 2051±111 2090±132 27 1381±78 1486±103 30 785±51 1039±89
J0846-1214 59904 15 2099±112 2148±109 22 1402±74 1499±89 30 899±51 992±71
J0849-2351 59883 16 343±21 414±34 25 165±23 273±57 35 <210
J0849-2351 59904 16 354±21 457±37 21 191±17 257±37 31 200±21 307±50
J0850-0318 59883 17 166±12 173±21 25 <150 35 <210
J0850-0318 59904 15 168±14 264±31 20 <120 30 <180
J1032-2707 59862 22 453±35 1047±81 35 243±28 473±65 40 <240
J1032-2707 59903 15 585±33 1031±70 22 340±23 663±55 30 243±20 249±37
J1044-1826 59862 20 704±40 680±49 33 461±30 493±43 37 306±36 406±79
J1044-1826 59903 15 638±33 636±36 22 407±26 387±36 30 280±24 205±32
J1147-2145 59903 15 703±36 712±41 22 440±29 445±43 25 269±27 323±52
J2021-2235 59900 15 2653±133 2818±145 35 1543±91 1790±134 32 961±65 1160±109
J2244-1822 59884 15 122±16 158±33 25 <150 30 <180
J2358-1028 59884 15 97±11 83±19 25 <150 30 <180

Notes. Columns: (1) Source name; (2) modified Julian date (MJD) of the observation; (3) rms of the map at 15 GHz; (4) peak flux density at
15 GHz (µJy beam−1); (5) integrated flux density at 15 GHz (µJy); (6) rms of the map at 22 GHz; (7) peak flux density at 22 GHz (µJy beam−1); (8)
integrated flux density at 22 GHz (µJy); (9) rms of the map at 33 GHz; (10) peak flux density at 33 GHz (µJy beam−1); (11) integrated flux density
at 33 GHz (µJy). The * sign indicates a technical problem with the 22 GHz observations of J0413-0050, where no data were taken.
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Appendix B: Radio maps

In the following section, we include the radio maps of the
sources that show some sign of extended emission, and the over-
lap between the 15 GHz image and the Pan-STARRS i-band
image. For J0452-2953, the map at 15 GHz observed on MJD
59872 is shown in Fig. 1, while its host galaxy in Fig. 4. For
J1032-2707, the map at 15 GHz observed on MJD 59862 is
shown in Fig. 3.

Fig. B.1. Radio map of J0452-2953 at 15 GHz, observed on MJD 59882.
The map rms is σ = 17µJy, the contours are at [-3, 3, 6, 12, 24]×σ.

Fig. B.2. Radio map of J0452-2953 at 22 GHz, observed on MJD 59872.
The map rms is σ = 30µJy, the contours are at [-3, 3, 6, 12]×σ.

Fig. B.3. Radio map of J0452-2953 at 22 GHz, observed on MJD 59882.
The map rms is σ = 26µJy, the contours are at [-3, 3, 6, 12]×σ.

Fig. B.4. Radio map of J0452-2953 at 33 GHz. The map rms is σ =
39µJy, the contours are at [-3, 3, 6]×σ.

Fig. B.5. Radio map of J0452-2953 at 33 GHz. The map rms is σ =
36µJy, the contours are at [-3, 3, 6]×σ.
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Fig. B.6. Radio map of J1032-2707 at 15 GHz, observed on MJD 59903.
The map rms is σ = 15µJy, the contours are at [-3, 3, 6, 12, 24]×σ.

Fig. B.7. Radio map of J1032-2707 at 22 GHz, observed on MJD 59862.
The map rms is σ = 35µJy, the contours are at [-3, 3, 6]×σ.

Fig. B.8. Radio map of J1032-2707 at 22 GHz, observed on MJD 59903.
The map rms is σ = 22µJy, the contours are at [-3, 3, 6, 12]×σ.

Fig. B.9. Radio map of J1032-2707 at 33 GHz, observed on MJD 59903.
The map rms is σ = 30µJy, the contours are at [-3, 3, 6]×σ.

Fig. B.10. In red the contours of J1032-2707 as in Fig. 3, overlapped
with the i-band image of its host galaxy extracted from Pan-STARRS.
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Appendix C: Radio spectra

All the radio spectra of the sources detected in at least one time
at 15, 22, or 33 GHz with the JVLA. The symbols are as follows.
The empty points indicate a flux density (left y axis), while solid
points indicate integrated fluxes (right y axis). The red solid line
shows the fit with a power law, while the blue dashed line is the
fit with a log parabola. The empty triangles represent upper lim-
its, calculated as three times the level of the noise in the images,
and they are reported only for our new JVLA observations.
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Fig. C.1. Spectrum of J0000-0541. Symbols as described in the text.
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Fig. C.2. Spectrum of J0022-1039. Symbols as described in the text.
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Fig. C.3. Spectrum of J0203-1247. Symbols as described in the text.
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Fig. C.4. Spectrum of J0212-0201. Symbols as described in the text.
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Fig. C.5. Spectrum of J0213-0551. Symbols as described in the text.
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Fig. C.6. Spectrum of J0230-0859. Symbols as described in the text.
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Fig. C.7. Spectrum of J0239-1118. Symbols as described in the text.
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Fig. C.8. Spectrum of J0400-2500. Symbols as described in the text.
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Fig. C.9. Spectrum of J0413-0050. Symbols as described in the text.
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Fig. C.10. Spectrum of J0422-1854. Symbols as described in the text.
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Fig. C.11. Spectrum of J0436-1022. Symbols as described in the text.
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Fig. C.12. Spectrum of J0447-0508. Symbols as described in the text.
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Fig. C.13. Spectrum of J0452-2953. Symbols as described in the text.
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Fig. C.14. Spectrum of J0549-2425. Symbols as described in the text.
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Fig. C.15. Spectrum of J0622-2317. Symbols as described in the text.
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Fig. C.16. Spectrum of J0820-1741. Symbols as described in the text.
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Fig. C.17. Spectrum of J0842-0349. Symbols as described in the text.

A46, page 16 of 18



Berton, M., et al.: A&A, 708, A46 (2026)

100 101

log( ) [GHz]

103

104

105

lo
g(

F
) [

Jy
 b

ea
m

1 ]

J0846-1214
power law
log parabola
S(150 MHz) TGSS
S(887.5 MHz) RACS
S(1.4 GHz) NVSS
S(3 GHz) VLASS
S(5 GHz) VLA
S(15 GHz) VLA
S(22 GHz) VLA
S(33 GHz) VLA

103

104

105

log(S
) [

Jy]

Fig. C.18. Spectrum of J0846-1214. Symbols as described in the text.
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Fig. C.19. Spectrum of J0849-2351. Symbols as described in the text.
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Fig. C.20. Spectrum of J0850-0318. Symbols as described in the text.
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Fig. C.21. Spectrum of J1032-2707. Symbols as described in the text.
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Fig. C.22. Spectrum of J1044-1826. Symbols as described in the text.
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Fig. C.23. Spectrum of J1147-2145. Symbols as described in the text.
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Fig. C.24. Spectrum of J2021-2235. Symbols as described in the text.
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Fig. C.25. Spectrum of J2244-1822. Symbols as described in the text.
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Fig. C.26. Spectrum of J2358-1029. Symbols as described in the text.
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