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ABSTRACT

Context. The long-standing question concerning jetted subgalactic-size (JSS) radio sources is whether they will evolve into large
radio galaxies, die before escaping the host galaxy, or remain indefinitely confined to their compact size.

Aims. Our main goal is to propose a scenario that explains the relative number of JSS radio sources and their general properties.
Methods. We studied the parsec-scale radio morphology of a complete sample of 21 objects using Very Long Baseline Array (VLBA)
observations at various frequencies and analyzed the morphological characteristics of their optical hosts.

Results. Many of these radio sources exhibit radio morphologies consistent with transverse motions of their bright edges and are
found in dynamically disturbed galaxies. VLBA images suggest the possible presence of large-angle, short-period precessing jets,
and an orbital motion of the radio-loud active galactic nucleus (AGN) in a dual or binary system. The majority of JSS radio sources
appear to be in systems in different stages of their merging evolution.

Conclusions. We propose a scenario where rapid jet redirection, through precession or orbital motion, prevents the jet from penetrating
the interstellar medium (ISM) sufficiently to escape the host galaxy. Most JSS radio sources remain compact due to their occurrence

in merging galaxies.

Key words. techniques: high angular resolution — techniques: interferometric — galaxies: active — galaxies: interactions —

galaxies: jets — radio continuum: galaxies

1. Introduction

A significant fraction of extragalactic radio sources (10-30%,
depending on the flux density limit and observing frequency
of the radio surveys) are intrinsically compact, with projected
sizes smaller than those of their host galaxy. The simplest expla-
nation for their compactness is that they represent the initial
phase of radio activity in the active galactic nucleus (AGN)
phenomenon and will eventually evolve into classical Fanaroff-
Riley (FR) radio sources (Fanaroff & Riley 1974). However,
if we assume that radio sources grow at a steady speed for
most of their lifetime, their number is too large to support the
“youth scenario”, unless we invoke a strong luminosity evolu-
tion (Fanti et al. 1995; O’Dea & Baum 1997).

The alternative “frustration” scenario suggests that these
radio sources are confined within the inner regions of the host
galaxy by a dense interstellar medium (ISM) for an extended
or even indefinite time (van Breugel et al. 1984). However, the
existence of such a dense environment has remained elusive
(Fanti et al. 2000; Siemiginowska et al. 2005; Vink et al. 2000).
Even when an interaction between jets and the ISM is observed,
the amount of gas appears insufficient to confine the radio source

* Corresponding author; carlo.stanghellini@inaf.it

indefinitely (Morganti et al. 2004; Labiano et al. 2005, 2006;
Morganti et al. 2013; Schulz et al. 2021).

The “short-lived” scenario is another alternative, proposing
that most of these AGNs will cease radio activity before
they can expand beyond the host galaxy (Readhead et al.
1994; Reynolds & Begelman 1997; Czerny etal. 20009;
Orienti & Dallacasa 2020; Kiehlmannetal. 2024b,a). In
particular, it has been suggested that the majority of Compact
Symmetric Objects (CSOs) are transient objects formed by a
tidal disruption event of giant stars. These events involve an
energy budget sufficient to turn on the radio source only for
a very short time (Kiehlmann et al. 2024a,b; Readhead et al.
2024; Sullivan et al. 2024).

Given the intrinsically small size of these radio sources,
the emitting region undergoes synchrotron self-absorption. This
generates a distinctive peak in the radio spectrum, which pro-
vides an effective tool for their selection (Gopal-Krishna et al.
1983; O’Dea 1998; Snellen et al. 2000). Alternatively, the spec-
tral peak may be caused by free-free absorption from ionized
gas in front of the emitting region (e.g. Bicknell et al. 1997;
Tingay et al. 2015). A combination of both effects has been
found in some objects (e.g. Orienti & Dallacasa 2008).

Historically, different names and acronyms have been used
depending on where the radio peak occurred. Compact Steep
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Spectrum (CSS) radio sources have been selected from low-
frequency surveys as having a steep radio spectrum and a size
smaller than 20 kpc (Fantietal. 1990, 1995). GHz Peaked
Spectrum (GPS) radio sources have been selected based on
their convex radio spectrum peaking around 1 GHz, and gen-
erally have sizes not exceeding ~1 kpc (O’Deaetal. 1991;
O’Dea & Baum 1997; Stanghellini et al. 1998). High Frequency
Peakers (HFP) extend the GPS class to radio sources peaking
around or above 5 GHz, with even smaller sizes (Dallacasa et al.
2000; Stanghellini et al. 2009a). GPS radio sources and HFPs
are included in the class of Peaked Sources (PS) in the extended
review by O’Dea & Saikia (2021). CSOs with a linear size (LS)
< 1 kpc, and middle-sized symmetric objects (MSOs) with 1 kpc
< LS <20 kpc, largely overlap with GPS and CSS radio sources,
but are selected according to their radio structure rather than
their spectral properties (Wilkinson et al. 1994; Readhead et al.
1996a,b).

Each of these selection criteria has its own limitations. Sam-
ples selected solely on the basis of spectral properties have been
found to include a significant fraction of blazars, which con-
taminate the sample of intrinsically compact sources, exhibit-
ing core-jet morphology and/or significant radio variability
(Stanghellini 2003; Torniainen et al. 2005; Orienti et al. 2007,
2010a; Orienti & Dallacasa 2008). Although it is true that some
genuine compact sources may have the jet aligned with the line
of sight, their spectra should generally be flat. The convex spec-
tral shape seen in blazars is likely produced by a dominant com-
ponent in a relativistic beamed jet. Although these blazars are
interesting objects themselves, they constitute a distinct popu-
lation from genuine compact radio galaxies. Conversely, CSOs
might exclude objects that lack clear two-sided structures for
various reasons, but still belong to the same class of jetted radio
sources embedded within their host galaxy.

To define a homogeneous class that includes all of the above
categories based on the intrinsic property of interest, we intro-
duce the class of jetted subgalactic-size (JSS) radio sources,
meaning radio-loud AGNs with an intrinsic size of the radio
emission that does not extend outside the host galaxy. Thus, the
class of JSS radio sources includes all CSO/MSOs and CSS/PS
sources, with the exclusion of contaminating blazars.

JSS radio sources may have jets, lobes, hot spots, and cores,
similar to large FR radio galaxies, but on a smaller scale. Not all
of these components are necessarily visible, and central cores, in
particular, appear rather elusive. The morphology is often irreg-
ular and the two sides of the radio source may differ signifi-
cantly in size and brightness (Saikia et al. 2003; Rossetti et al.
2008; Dallacasa et al. 2013; Morganti & Oosterloo 2018). These
sources are weakly polarized, with fractional polarization
increasing and Rotation Measure (RM) decreasing with size
(Stanghellini et al. 1998, 2001; Cotton et al. 2003; Fanti et al.
2004; Rossetti et al. 2008). The irregular morphology and depo-
larization suggest that the radio source is embedded in an ion-
ized and inhomogeneous environment, which becomes clumpier
toward the center of the galaxy. Faint and diffuse radio emis-
sion is occasionally detected on arcsecond to arcminute scales
(Baum et al. 1990; Marecki et al. 2003; Stanghellini et al. 2005;
Pushkarev & Kovalev 2012) and is often interpreted as relic
emission from past AGN activity.

The optical hosts of JSS radio sources are generally galax-
ies, whereas the great majority of quasars found in samples of
PS sources are contaminating objects that appear bright and
compact due to beaming and projection effects (Stanghellini
2003). JSS radio sources have been detected in X-rays only
with the advent of sensitive X-ray telescopes. It is not clear
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whether the X-ray emission is of thermal origin (attributed to hot
shocked gas or gas falling into the accretion disk) or of nonther-
mal origin (synchrotron or inverse Compton scattering) coming
from the base of the jet (Ostorero et al. 2010; O’Dea et al. 2017;
Sobolewska et al. 2019). Recent works, including y-ray studies,
suggest the presence of high-energy emission of nonthermal ori-
gin, possibly associated with the jet and/or lobes (Principe et al.
2021; Sobolewska et al. 2023; Bronzini et al. 2024).

In this work, we present a radio morphological study at par-
sec scale for a complete sample of JSS radio sources, with addi-
tional considerations on the morphology of their optical hosts.
We also propose a novel scenario to explain the compactness
and the excess number of JSS radio sources.

Throughout this paper, we assume the following cosmolog-
ical parameters: Hy = 70 km s Mpc‘l, Qu =0.27,and Q) =
0.73, in a flat Universe. Reported values from the literature have
been adjusted, if necessary, to align with this cosmology. The

spectral index « is defined as S(v) oc v™7.

2. The sample

Many samples of JSS radio sources have been derived from var-
ious radio surveys, as listed in O’Dea & Saikia (2021). In this
paper, we focus on the 1 Jy complete sample of GPS radio
sources selected by Stanghellini et al. (1998), to define a com-
plete sample of JSS radio sources. In subsequent papers, we will
expand the size range to include both larger and smaller scales,
incorporating sources selected from current samples of CSS and
HFP radio sources.

As noted in the previous section, samples based on spec-
tral properties may include contaminating blazars. Therefore,
we refined the original 1 Jy sample, retaining only objects that
exhibit emission on both sides of a putative center of activity,
which may appear as a flat-spectrum compact component or be
undetected due to sensitivity limitations.

The final complete sample of genuine JSS radio sources,
listed in Table 1, consists of 21 radio sources with a flux den-
sity S > 1 Jy at 5 GHz, declination § > —25°, galactic latitude
|b] > 10°, a radio spectrum peaking between 0.4 and 6 GHz,
and a spectral index above the turnover frequency @ > 0.5. The
selected radio sources are optically identified with galaxies, with
a few exceptions.

3. The data

3.1. Very Long Baseline Array (VLBA) observations and
archival data

The radio morphologies of the objects in our sample, with
angular sizes ranging from a few to a few hundred mas
(e.g. Stanghellini et al. 1997, 1999, 2001), are best studied in
detail using very long baseline interferometry (VLBI) tech-
niques. We performed VLBA observations of 14 out of the
21 JSS radio sources in the sample (projects BS085 on
27 Mar., 30 Apr.,, 13 May, and 9 Jun. 2001, and BOO030
on 23 Mar. and 27 Apr. 2008). To complete the morpho-
logical study of the entire sample, we supplemented our
observations with reprocessed archival data for the remaining
sources.

Observations from projects BS085 and BOO030 are high-
lighted in bold in Table 1. Although VLBI information is
already available for many objects in the literature, we chose
to present images for all objects in our complete sample, as
additional important details are revealed in both proprietary and
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Table 1. Overview of the sample of JSS radio sources.

Source J2000 Alt. name id m zZ Scale Size LsGuz Prec./Orb. Merger
(pc/mas)  (pc)  (10°°W/Hz) markers marker

0019-000 J002225.42+001456.2 4C+00.02 G 184r 0.306 4.55 360 3.6 CTo D
0108+388 J011137.32+390628.1 G 220r 0.669 17.11 55 25 LST
0316+162 J031857.80+162832.7 CTA21 G 236r 0907 7.94 2800 132 . el
0428+205 J043103.76+203734.3 DA138 G 193r 0219 3.56 1000 3.0 LAT D
0500+019 J050321.20+020304.7 G 21.0i 0585 6.68 95 26 S d
0710+439 J071338.16+434917.2 G 204r 0518 6.29 200 15 LAT, D
0941-080  J094336.94-081930.8 G 179r 0228 3.67 350 1.7 LAT, D
10314567 J103507.04+562846.8 G 202r 0459 5.88 470 9.4 LTy D
1117+146 J112027.81+142055.0 4C+1441 G 20.1R 0.363 5.10 500 4.3 e .
1245-197  J124823.90-195918.6 Q 205V 1275 854 1500 212 ATy d
13234321 J132616.51+315409.5 4C+3244 G 192r 0369 5.15 450 9.9 LAT D
1345+125 J134733.36+121724.2 4C+12.50 G 15.5r  0.122 2.20 280 1.2 LS D
1358+624  J140028.65+621038.6 4C+62.22 G 19.8r 0429 5.65 480 11 LAT, D
1404+286 1140700.39+282714.7 0Q208 G 146r 0.077 1.46 12 0.41 LTg D
1518+047 J152114.42+043021.7 4C+04.51 G 22.6r 1296 8.56 1400 140 . el
1607+268 J160913.32+264129.0  CTD93 G 204r 0473 5098 360 16 To d
2008-068 J201114.21-064403.5 G 2091 0547 647 200 15 Ty d
2128+048 J213032.88+050217.5 G 233r 099 8.14 400 93 LCTs d
2210+016 J221237.97+015251.3 4C+01.69 G 21.7r 1.126 8.37 800 77 LCT
2342+821 J234403.77+822640.4 Q 20.Ir 0.735 17.39 1300 31 e e
2352+495 J235509.46+495008.3 G 184R 0.238 3.79 340 2.3 LSAT, D

Notes. Columns are: source name (radio sources observed with projects BS085 and BOO030 are in bold), source name in J2000 coordinates,
alternative name, optical identification, optical magnitude, redshift, scale, size, luminosity at 5 GHz in the rest frame, precession/orbital markers
from radio images, and merger marker from optical images (see Sect. 4.1). For optical magnitudes, capital letters indicate the Johnson/Cousin
photometric system, while lowercase letters indicate the Gunn photometric system.

reprocessed archival data. In a few cases, we concatenated data
from different projects to improve the UV-coverage, as variabil-
ity in flux density and structure is negligible. In Table 2 we list
the archival VLBA data considered in this work.

Calibration of the VLBA data has been carried out using the
Astronomical Image Processing System (AIPS; Greisen 1990)
following standard procedures. The calibrated visibilities were
then exported to the DIFMAP software package (Shepherd
1997) for self-calibration and imaging. The final images were
imported back into AIPS for data analysis and to produce the
figures shown in Appendix A (Figs. A.1 to A.21).

Table B.1 in Appendix B lists the flux densities calculated
by using the IMSTAT task in AIPS, except for some compact
components, where the flux densities were derived using the
MODELFIT task in DIFMAP. This approach was used to bet-
ter isolate their contribution from the surrounding diffuse emis-
sion. Flux density errors for all components listed in Table B.1
are dominated by calibration uncertainties and are conservatively
estimated at 10%, excluding the systematic contribution of miss-
ing extended flux density due to unsampled spatial frequencies.
The limitations in UV-coverage and image sensitivity prevented
the creation of reliable spectral index maps. Consequently, the
spectral index was calculated only for compact components or
by integrating the flux density over isolated extended compo-
nents. Even so, high-frequency images often fail to recover the
full flux density of extended structures, leading to an artificially
steepened spectrum. Despite this, Table B.1 includes the spec-
tral index between the two highest available frequencies, which
should be regarded as rough estimates and, for extended struc-
tures, upper limits. These values may still prove useful for identi-
fying components with flatter spectral indices, potentially linked
to a radio core.

3.2. Optical images

We collected images of the optical hosts of our radio sources to
review their optical morphology and intergalactic environment.
We selected the best available images from various datasets,
including the Sloan Digital Sky Survey (SDSS; Abdurro’uf et al.
2022), the Pan-STARRS survey (Chambers etal. 2016), and
reprocessed observations from the Nordic Optical Telescope
(NOT) as reported by Stanghellini et al. (1993). When stack-
ing images from different filters enhanced detail, we used the
resulting composite images. The optical images, along with their
corresponding radio band images, are presented in Appendix A
(Figs. A.1 to A.21). We used GALFIT software (Peng et al.
2002) to model the light profiles of the ten brightest host galax-
ies, which have sufficient signal-to-noise ratios. The effective
radius (R,) and the Sérsic index (n) of the components model-
ing the light distribution are listed in Table 3 and discussed in
Sect. 5.1.

4. Results
4.1. Recurrent patterns in radio morphology

The JSS radio sources studied in this work exhibit a variety of
morphologies. Although each object has its unique characteris-
tics, which we will detail in the notes on individual sources, we
recognize several distinctive features. Following the approach in
Krause et al. (2019), we look for signatures that indicate the pos-
sible presence of a precessing radio jet and/or, in our case, the
possible occurrence of an orbital motion of the radio AGN. We
consider five morphological markers in the radio (the first two
in common with Krause et al. 2019) and one in the optical, as
follows:
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Table 2. Additional VLBA archive projects.

Source y Project Epoch
(GHz)
01084388 15.36 BT030 03 Feb. 1997
0316+162 0.609 BVO014 23 Oct. 1995
229  UF001 12 Aug. 2017
498 BG239 14 Feb. 2016
04284205 0.332 BWO067 02 Aug. 2003
229 BG219 23 Jan. 2015
0941-080 1.41 BMI185 26 Apr. 2003
229 UG002 08 Apr. 2018
830 BMI185 26 Apr. 2003
1031+567 141 BMI185 26 Apr. 2003
495 BMI185 26 Apr. 2003
” BB131 16 Dec. 2000
830 BMI85 26 Apr. 2003
1117+146  2.27  BKO095 10 Sep. 2002
13234321 1.67 BMI125 08 Jul. 2000
830 BMI125 08 Jul. 2000
454 BMI125 08 Jul. 2000
1536 BK068 04 Mar. 2001
1358+624 0.611 BMI102 27 Jun. 1998
1.41  BMI102 27 Jun. 1998
498 UZ001 14 May 2017
2222 UZ001 14 May 2017
1404+286 1.460 BHI104 09 Jan. 2003
16074268 1.63 BWI138 22 Jan. 2022
230 BNO0O25 25 Oct. 2003
499 BNO025 25 Oct. 2003
8.42 BN025 25 Oct. 2003
21284048 230 BF071 31 Jan. 2002
2342+821 1.29  GP021 23 Feb. 1999
228 BP222 01 Sep. 2018
2352+495 141 BMI85 26 Apr. 2003
228 BA064 17 Jan. 2003

Notes. Columns are: source name, observing frequency, project code,
and epoch of observation.

(C) — Presence of a curved jet.

(S) — Overall appearance characterized by an S-shaped mor-
phology.

(T) — Presence of a significant transverse extension of
the radio lobe, i.e. significant low-surface-brightness emission
extending from the hot spot to one side perpendicular to the
radio source axis. When there is clear evidence that this emission
extends in opposite directions with respect to the radio source
axis (displaying radial symmetry), we denote this as Ty. Con-
versely, when the emission extends from the hot spot in the same
direction with respect to the radio source axis (displaying axial
symmetry), we denote it as Ts.

(A) — Presence of an arc-like component in the emission
around the hot spot or extending from it.

(L) — A ratio <2 between the length and the “width” of the
radio source, based on the image with the highest sensitivity to
extended emission. Precessing jets are expected to make radio
emission more extended perpendicular to the jet axis, compared
to radio sources with straight jets. The length is the distance
between the hot spots when these are present, or the maximum
extension of radio emission, while the width is the maximum
extension of the radio emission perpendicular to the source axis.
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Table 3. Modeling optical hosts using GALFIT.

Source Band Type R, n Resid.
0019-000 r Sér. 147 1.1 8%
” 36" 1.6
” 1.5 14
0428+205 i Sér.  8.6” 6.8 12%
144 4// 02
point ... .
0710+439 i Sér. 43”7 73 17%
" 2.1 19
" 1.1 20
0941-080 r Sér.  3.17 03 11%
” 0.7 1.5
" 0.77 9.8
1031+567 r Sér. 1.5 04 7%
point ... e
1323+321 i Sér. 247 12 12%
” 06" 12
1323+321 i Sér. 09" 14  20%
1345+125 r Sér. 09”7 2.1 9%
144 0.9l/ 2
" 397 04
" 4.1”7 0.8
1358+624 r Sér. 287 0.04 6%
44 0.6// 1
1404+286 i Sér.  2.8”7 09 11%
" 3.8 0.2
" 39 1.3
point ... e
2352+495 i Sér. 11”7 11 7%
" 34" 0.1
2352+495 i Sér.  8.6” 9 9%

Notes. Columns are: source name, optical band, component type (Sér-
sic or point-like), effective radius R, in arcseconds, Sérsic index n,
and maximum residual percentage after model subtraction. Both single-
component and multi-component models are listed if residuals do not
significantly improve. See Sect. 4.2 for details on each object.

(D) — Disturbed morphology of the host galaxy. When the
optical host is faint but still shows hints of an irregular shape or
disturbed morphology, we denote it with a lowercase d.

The last two columns of Table 1 indicate the presence of
these morphological markers in our sample, with 17 objects
showing two or more of these signatures and four objects show-
ing none.

4.2. Notes on individual sources

In the following, for each object, we provide relevant informa-
tion from the literature and a description of our findings. In
images, tables, and text, isolated regions and components are
labeled with letter designations. Unless otherwise indicated, the
basic information reported is drawn from the NASA/IPAC Extra-
galactic Database (NED)!.

0019-000: There is little information in the literature on the
parsec-scale morphology of this source. Fey et al. (2002) present
images at 2.3 and 8.7 GHz, showing a structure resembling a
core-jet morphology. However, our VLBA images at L, C, X

! ned.ipac.caltech.edu


https://ned.ipac.caltech.edu/

Stanghellini, C., et al.: A&A, 695, A179 (2025)

radio bands reveal a more complex morphology. The northern
component is extended and has a steep spectrum, indicating that
it is unlikely to be the core. We identify the two brightest com-
ponents at the edges of the radio structure as the hot spots.
A curved, interrupted trail of emission connects these brighter
components, with additional emission extending transversely to
the jet axis in L band. The most likely explanation is that projec-
tion effects distort a double morphology. There is no evidence
of a compact and flat spectrum component that could be identi-
fied as the core. The optical host appears as a double-interacting
galaxy with a few much weaker objects within a distance of 20
arcseconds. The light profile of the host galaxy is best modeled
with two Sérsic profiles for the brighter component and one for
the weaker component (Table 3).

0108+388: The radio morphology comprises two curved and
knotty jets that terminate at two hot spots. At 5 and 8.3 GHz,
extended emission widening toward the northwest is detected.
Taylor et al. (1996) identify an inverted spectrum component at
the center of the radio emission as the core. However, this com-
ponent is not clearly distinguishable in our images, possibly
due to variability. Polatidis & Conway (2003) report a separation
speed of 0.26¢ between the two hot spots. The optical host is a
faint galaxy, with a similarly weak object located 20 arcseconds
away. Notably, the arcsecond-scale radio emission previously
detected near the compact radio source (Baum et al. 1990) coin-
cides with this optical object, challenging its direct association
with the compact radio source, as also noted by KuZzmicz et al.
(2017). Other unresolved bright objects in the optical field are
likely foreground stars.

0316+162: The radio morphology exhibits an asymmetric
double radio source, characterized by high flux density and arm-
length ratios between the two sides. The images reveal a faint,
rather amorphous southern part, while the northern part resem-
bles a jet termination. Dallacasa et al. (2021) present a global
VLBI image at 327 MHz, which is consistent with our 609 MHz
image. Dallacasa et al. (2013) identified the Ce3 component in
our images as the core. However, Frey & Titov (2021) revised
this identification, suggesting that the Cel component that we
detect at 5 GHz, but not at lower frequencies, might be the
core. The lack of detection below 5 GHz in our images indi-
cates variability or a highly inverted spectrum, consistent with
their findings. The optical host is a faint galaxy surrounded by
other objects within a 10 arcsecond distance.

0428+205: Based on high-frequency radio images or con-
sidering only the brightest components at lower frequencies,
this object would resemble the previous one (0316+162) with
two sides showing very different flux densities. Indeed, our
reprocessed archive image at 1.2 GHz reveals an arc of faint
emission extending eastward from the northern hot spot/lobe
and an emission extending westward from the southern hot
spot, following an arc before turning east. This is corroborated
by the 332 MHz image, where the lateral emission is much
brighter. The 1.7 GHz image presented by Dallacasa et al. (1995)
already shows some hints of the faint lateral emission. The high-
frequency images show the southern side in detail with a jet-like
morphology terminating in a hot spot. Dallacasa et al. (2013)
proposed component Cel as the source core based on the flat
spectral index found between their 1.7 and 5 GHz VLBI data.
The host galaxy exhibits optical emission extending from the
center toward the southeast and then northeast, enclosed within
a roughly triangular-shaped envelope. Some fainter objects are
located within a 10-arcsecond distance. The light profile of the
host galaxy is best modeled with two Sérsic profiles and one

unresolved component, which is possibly associated with the
presence of an optical AGN (Table 3).

0500+019: Our VLBA image at 8.42 GHz clearly shows
an S-shaped emission, which confirms the morphology pre-
sented by Stanghellini et al. (1997, 2001). At higher fre-
quencies, the faint southern part is gradually resolved out.
Pushkarev & Kovalev (2012) present an image at 2.3 GHz show-
ing fainter emission extending west on the northern side, and
extending east on the southern side. The optical host is a slightly
elongated object surrounded by many other objects within a dis-
tance of 20 arcseconds.

0710+439: The radio morphology consists of two hot spots
and a central jet. Taylor et al. (1996) propose the southern tip of
the central jet-like feature as the core. The images at low fre-
quency show faint extended emission following an arc toward
the west from the northern hot spot and toward the east from the
southern hot spot. A hint of this lateral emission is already seen
in an image presented by Fey et al. (1996). An expansion speed
of the hot spots of 0.43c is detected by Polatidis & Conway
(2003). The optical host has an irregular, roughly triangular
shape. Several distinct components are present within the same
galactic envelope or in close proximity to it. The model listed in
Table 3 includes only the three Sérsic components located within
the common galactic envelope.

0941-080: The radio morphology consists of two main com-
ponents with an arc shape. The emission extending from the
southern component toward the center of activity can be sepa-
rated in an additional compact component in the 8.3 GHz image.
The optical host is a galaxy with a double nucleus, with the radio
AGN associated with the northern one. The light profile of the
host galaxy is best modeled with three Sérsic profiles (Table 3).

1031+567: The radio morphology consists of two bright hot
spots, a compact central component, and significantly extended
emission that elongates laterally and in opposite directions rel-
ative to the two hot spots. The size of the lateral emission is
comparable to the distance between the hot spots. A hint of this
emission was already observed in an image at 2.3 GHz presented
by Sokolovsky et al. (2011). Taylor et al. (1996) identified com-
ponent C as the possible core, although doubts arise due to its
steep spectral index, which is also confirmed by our estimate.
Polatidis & Conway (2003) report a relative proper motion of
the two hot spots of 0.27¢. This is a striking example of a source
with an aligned morphology seen at high frequency, where only
the brightest and recently active regions are visible, but show-
ing much more complexity when sensitive observations at low
frequency allow the detection of fainter emission. The optical
host is a faint, slightly resolved object with a couple of other
objects at a distance of 15 arcseconds. The closest unresolved
bright object is likely a foreground star. Modeling the light pro-
file of the host galaxy requires a point-like component, poten-
tially associated with an optical AGN contribution, in addition
to a Sérsic component (Table 3).

1117+146: The radio morphology shows a double struc-
ture with two bright hot spots at the outer edges and jet/lobes
extending toward the center of activity. Sanghera et al. (1995)
presented a global VLBI image at 1.6 GHz that is fully consis-
tent with our images. Bondi et al. (1998) presented a MERLIN
image at 23 GHz, showing a central component that is not seen
at lower frequencies, which they identify as the core. Despite the
high sensitivity of our 5 GHz image, we do not detect that com-
pact component, implying that it is heavily self-absorbed and/or
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significantly variable in flux density, confirming its identifica-
tion with the radio core. This radio source is the only one of our
sample that shows a clear scaled-down FR II morphology. The
optical host is a galaxy with a couple of fainter objects within
10 arcseconds.

1245-197: Sokolovsky et al. (2011) presented images of this
radio source at 2.3 and 8.4 GHz, showing a morphology simi-
lar to a double/triple radio source. Our high-sensitivity images
reveal a different morphology. The overall structure, seen in
our 1.7 GHz image, consists of two separated regions of radio
emission aligned in the E-W direction, 150 mas apart, with the
eastern one being six times brighter. At higher frequencies, the
western side is partially resolved out, while the eastern part dis-
plays an arc-like substructure with a brighter component at one
end and a trail of emission extending north before bending east.
Despite the identification of the optical host with a quasar, the
PanSTARRS image shows a faint object with a rather triangu-
lar shape. Other weakly resolved sources, likely galaxies, are
present within a distance of 15 arcseconds.

1323+321: The radio morphology consists of two hot spots
prominent in the images at the highest frequencies, with jet-like
structures extending back toward the center of activity. At lower
frequencies, we observe extended emission broadening trans-
versely to the hot spot positions, reaching a size almost com-
parable to the distance between the two hot spots. This extended
lateral emission is already visible in an image at 2.3 GHz pre-
sented by Fey et al. (1996). Tremblay et al. (2016) identify a flat
spectrum core coincident with component C in our images. The
spectral index of the core calculated from our images is not reli-
able due to its faintness. Kellermann et al. (2004) find no evi-
dence of relative proper motion of the two hot spots. The optical
host is a galaxy surrounded by small objects within a distance
of ~10 arcseconds, with a diffuse trail extending from south to
east and then to north. The light profile of the host galaxy is best
modeled with two Sérsic profiles. Despite the presence of faint
extended emission, an acceptable fit can also be achieved with
a single Sérsic profile characterized by a relatively low Sérsic
index (Table 3).

1345+125: The radio morphology consists of a bright, heav-
ily bent southern jet terminating in a hot spot and surrounded
by a lobe. A much fainter northern lobe is also present. The
radio core is associated with component C (Stanghellini et al.
2001; Xiang et al. 2002; Lister et al. 2003). Lister et al. (2003)
estimate a jet speed close to the core of 0.84c¢ and a viewing
angle of 64°. Morganti et al. (2013) find a fast outflow of cold
gas (HI) associated with the southern hot spot. Stanghellini et al.
(2005) report the detection of faint emission at the arcsecond
scale, considered as a relic of the past radio activity of the AGN.
The optical host is an ultraluminous infrared galaxy showing a
double nucleus, an irregular shape, trails, and tails, which are
clear signatures of an ongoing merger. Stanghellini et al. (1993)
associate the radio source with the western nucleus, a conclu-
sion confirmed by Axon et al. (2000) using HST observations.
Scoville et al. (2000) discuss infrared observations, finding that
the western nucleus is unresolved and significantly redder
than the eastern nucleus, which appears extended. Emonts et al.
(2016) present detailed optical images and conclude that a major,
possibly multiple, merger event is ongoing. Given the complex
optical morphology of this interacting system, several Sérsic
profiles are required to model the host galaxy. Table 3 lists the
four Sérsic profiles that account for the brighter part of the opti-
cal emission.

A179, page 6 of 35

1358+624: The radio morphology consists of a knotty and
bright jet on the southeast side terminating in a hot spot, with
fainter extended emission further along the jet direction and
south of the hot spot. The northwest side has a hot spot with
additional emission that extends northward, broadens, and then
bends to the east. The compact component C has an inverted
spectrum and is identified as the core, which confirms earlier
works by Taylor et al. (1996) and Dallacasa et al. (2013). The
host galaxy has a boxy morphology with a hint of a transverse
band of optical absorption. Another object with a slightly elon-
gated morphology is located 5 arcseconds to the north. The light
profile of the host galaxy is best modeled with two Sérsic profiles
(Table 3).

1404+286: The radio morphology consists of a brighter east-
ern component and a much fainter western component. The east-
ern component exhibits a substructure with transverse emission
relative to the radio source axis and additional emission extend-
ing toward the center. The western side consists of two simi-
lar components. We identify the brightest eastern and western
components as the two hot spots of a double source. There is a
hint of emission between the two hot spots. Wu et al. (2013) also
report faint components between the hot spots, not always visi-
ble at different epochs, and a separation speed of 0.134¢ for the
two hot spots, along with evidence of sideways motions. Very
faint emission is detected ~30 mas west of the main structure
at 1.7 GHz. The size of the radio source reported in Table 1
does not include this faint emission. The optical host is identi-
fied as a broad-line radio galaxy with a disk morphology and
a trail of emission bending from north to east. There are two
additional components within the common envelope; the east-
ern one is unresolved and possibly associated with a foreground
star. The light profile of the host galaxy, excluding the unre-
solved object east of the optical core, is best modeled using
three Sérsic profiles along with an additional unresolved com-
ponent, which may be linked to the presence of an optical AGN
(Table 3).

1518+047: The radio morphology consists of two bright
hot spots, with additional emission extending outward from the
northern hot spot and toward the center from the southern hot
spot. Orienti et al. (2010b) report no evidence of new electron
injection in the hot spots, suggesting that this object is a dying
radio source. The optical host is a faint galaxy surrounded by
objects of similar magnitude within 10 arcseconds.

1607+268: The radio morphology consists of a double struc-
ture, with diffuse emission extending southward from the north-
ern hot spot, then bending to the west. The southern side shows a
jet terminating in a hot spot with additional emission elongating
laterally toward the east. The optical host is a faint and roughly
triangular object with a couple of objects within 10 arcseconds.

2008-068: The radio morphology consists of a brighter
northern hot spot and a fainter southern one. Additional radio
emission extends from the two hot spots at an angle of approxi-
mately 45° relative to the radio source axis. A compact compo-
nent is present at the center of the structure, with a flatter spectral
index compared to the other components, but it is still too steep
to confidently identify it as the core. The optical host is a faint
object with an irregular double structure.

2128+048: The radio morphology is similar to that of the
previous object, and consists of a brighter northern hot spot
and a fainter southern one. Again, emission extends from the
two hot spots at an angle of approximately 45° relative to the
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radio source axis and then bends toward the center of the radio
source. There are also a couple of compact components between
the hot spots, none of which has a flat spectrum, and a bent
jet connecting the northern compact component to the north-
ern hot spot. The radio morphology of this source was investi-
gated by Stanghellini et al. (1997) at 5 GHz, showing a struc-
ture similar to our images, and by Dallacasa et al. (1998), where
the strongest components are visible at a lower angular resolu-
tion. The optical host has a double morphology with two weak
components at a distance of 5 arcseconds, with the radio source
coincident with the peak of the northern optical emission.

2210+016: The radio morphology is quite complex. A com-
pact yet resolved component, probably a hot spot, is located at
the western edge of the radio source. A jet extends eastward
from the center of the radio source and then broadens toward
the southeast. The optical host is a very faint object.

2342+821: The radio structure consists of three main com-
ponents. The westernmost component features a bright hot
spot surrounded by lobe emission. Each of the other two
fainter components, located at the center and the eastern edge,
exhibits a double substructure. The image at 327 MHz presented
by Dallacasa et al. (2021) shows additional extended emission
between components E and Ce. The optical host is identified as
a quasar. Some faint objects are present within 10 arcseconds.

2352+495: The radio morphology consists of two bright hot
spots. Extended emission laterally elongates from the southern
hot spot, while it follows an arc from the northern hot spot. From
the bright central component, there is emission extending north-
ward, and a long curved jet connects the center to the southern
hot spot. Taylor et al. (1996) identify component C in our images
as the core, which we confirm based on its compactness and flat
spectral index. Polatidis & Conway (2003) estimate a separation
speed of 0.17¢ for the two hot spots. The central region observed
by Taylor et al. (2000) shows a complex structure in which five
components have velocities ranging from 0.27¢ to 0.76¢. The
optical host is a galaxy with an irregular, somewhat triangular
shape with hints of diffuse emission around the main structure
and several objects within 10 arcseconds. The light profile of the
host galaxy is best modeled using two Sérsic profiles. A satisfac-
tory fit, with slightly higher residuals, can also be achieved using
a single Sérsic profile with a high Sérsic index (Table 3).

5. Discussion
5.1. Radio and optical morphology

Seventeen of the 21 objects in our sample exhibit signatures
consistent with jet precession or relative motion between the
AGN and the ISM, while four show no such evidence. There-
fore, less than 20% show an aligned morphology. This fraction
might be even lower, as these objects could be reclassified if
additional extended emission is detected at lower frequencies or
with more sensitive observations, including better UV-coverage,
as was the case for 0428+205 and 0710+439. The presence of an
S-shaped morphology in CSOs has previously been discussed
by Taylor et al. (1996) as indicative of ongoing jet precession.
This phenomenon was studied in more detail in 2352+495 by
Readhead et al. (1996b) who, however, favored a young age for
this radio source. In our sample, only half a dozen objects show
either a core or a core candidate, confirming that flat-spectrum
cores are mostly undetected in JSS radio sources at the frequen-
cies and sensitivities of the currently available observations.
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Fig. 1. Projected linear size distribution. The top panel shows the dis-
tribution for radio sources with jet redirection signatures. The bottom
panel shows the distribution for radio sources with no signatures of jet
redirection.
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Fig. 2. Luminosity at 5-GHz rest frame. Circles indicate objects with jet

redirection signatures, while squares indicate objects with no jet redi-
rection signatures.

Despite the limited statistics, we observe a clear difference
in the (projected) linear size between sources with and without
indications of jet redirection. The former are more compact, usu-
ally < 1 kpc (Fig. 1), with no evident difference in the luminos-
ity distribution, as shown in Fig. 2. The 5 GHz luminosity pre-
sented in Table 1 and Fig. 2 was calculated using the total 5 GHz
flux density and the high-frequency spectral index reported by
Stanghellini et al. (1998).

Among the 17 objects exhibiting signatures of jet redirection,
ten have host galaxies observed with S/N > 50, allowing for a
detailed examination of their features. None of these ten galaxies
is a typical elliptical galaxy. All of them exhibit disturbed optical
morphologies and have nearby fainter objects within a few arc-
seconds. Five of these galaxies show double nuclei or multiple
compact components within the same optical envelope. Others
show varying degrees of morphological disturbances (tails, arms,
boxy/triangular shapes), indicative of current or recent mergers
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(e.g., Pawlik et al. 2016). In particular, the light profiles of these
ten brightest host galaxies are best modeled using multiple Sér-
sic components (Table 3). Even in the few cases where a single
Sérsic component provides an acceptable fit, the Sérsic index
significantly deviates from 4 (corresponding to a de Vaucouleurs
profile, typically indicative of a passive elliptical galaxy or a
fully relaxed merger). It should be noted that none of the com-
ponents exhibits a Sérsic index close to 4. The presence of two
or more light profiles with (i) intermediate Sérsic indices and (ii)
different effective radii — one confined to the brightest central
region and the other extending to the outer parts of the host — is
consistent with predictions from hydrodynamical simulations of
merger remnants (Hopkins et al. 2008, 2009).

Indeed, it is well established that GPS radio galaxies reside
in optically disturbed or merging systems (O’Dea & Saikia
2021, and references therein). In a relevant recent study,
Meusinger & Mhaskey (2024) found a significantly higher frac-
tion of mergers (~60%) in their sample of PSS-CSOs (a large
sample including CSOs and Peaked Spectrum Sources, the lat-
ter comprising HFP, GPS, and CSS sources) compared to their
control sample of large radio galaxies (~15%). Our results are
consistent with their findings, but deeper and multi-band obser-
vations are required for full confirmation. Based on the fractions
of mergers in their samples, Meusinger & Mhaskey (2024) also
concluded that only half of the peaked sources are expected to
evolve into large radio galaxies.

5.2. A novel interpretation

The morphology observed in most JSS radio sources is naturally
explained by a jet precessing rapidly at a large angle (i.e. >10°),
with the faint emission trail transverse to the hot spot indicating
the past position of the hot spot. The presence of arc segments,
clearly visible in some objects (i.e. 0941-080, 1245-197), fur-
ther supports the hypothesis of a precessing jet. In the case of
radio sources with transverse lobes that extend on the same side
(Ts marker), the dominant effect might be the motion of the
black hole through the ISM.

Based on the radio and optical morphologies described
above, we propose a scenario in which radio sources originat-
ing in galaxies undergoing a merging phase may remain con-
fined (frustrated) within the galaxy core due to jet redirec-
tion driven by a combination of jet precession and the orbital
motion of the AGN producing the jet. Our scenario is illus-
trated in Fig. 3, in the idealized case of jet-precession-driven
morphology only (Figs. 3a, 3b, 3c, and 3d) or orbital-motion-
driven morphology only (Fig. 3e). In actual cases, both mecha-
nisms may contribute, with one potentially dominating over the
other.

In a merging system, large regions of gas might be in rel-
ative motion with respect to the general gravitational potential
well, contributing to the relative motion between the hot spots
and the environment. The dynamically active gas and its inho-
mogeneous distribution in a merging system can lead to complex
radio morphologies, characterized by significant differences in
size, shape, and brightness between the two opposite sides of the
radio source relative to their central origin.

The morphology seen in our images suggests that the hot
spot, in its lateral motion, traverses a path comparable to the
size of the radio source. Consequently, a jet that continuously
changes the direction and location of its terminal shock cannot
efficiently push the gas forward and expand rapidly outward. In
the following, we will critically discuss our scenario based on
observational evidence.
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5.3. Proper and transverse motions

Several objects have measured proper motions of the hot spots
expanding outwards (Polatidis & Conway 2003; Gugliucci et al.
2005; An & Baan 2012), suggesting that contrary to our hypoth-
esis, at least for those sources, the youth scenario is the
most likely explanation. O’Dea & Saikia (2021) list 42 objects
with measured proper motions, including nine with only an
upper limit (excluding proper motions of inner knots). Six of
these objects are part of our sample: 0108+388, 0710+439,
1031+567, 1404+286, 1607+268, and 2352+495. Regarding
14044286, Wu et al. (2013) report a complex relative motion
of the hot spots, including a transverse component. Similarly,
Polatidis & Conway (2003) report an unusual side motion for
0108+388 and 10314567, which they attribute to the “dentist’s
drill effect” (Scheuer 1982). Cassaro (2020) tentatively finds an
oscillation in the distance between the two hot spots over time
for 1031+567. Furthermore, a revised analysis of the proper
motion of 2352+495 suggests a transverse relative displacement
of the hot spots (Stanghellini et al. in prep.). It appears that
most objects with detected proper motions may need a revision
focused on a more precise measurement of the lateral displace-
ments of the jet terminations.

Transverse motions, or more precisely, transverse displace-
ments of the termination of the jet (in our precessing scenario,
the hot spot does not actually have dynamic motion), have also
been detected in some JSS radio sources not included in our sam-
ple. Stanghellini et al. (2009b) report transverse displacement
for three JSS radio sources and suggest jet precession as the
cause. An et al. (2012) confirm the transverse displacement in
one of the objects mentioned above and find more evidence in
two additional cases.

In our scenario, when jet precession is the dominant cause
of the changing direction of the jet, we may expect displacement
vector components both transverse to and along the jet axis due
to projection effects (Figs. 3a,b,c). Therefore, the proper motions
reported in literature, even when confirmed, are not inconsis-
tent with our scenario (Fig. 3b). Indeed, we should expect some
sources to appear to be shrinking (Fig. 3c), and some examples
have been reported. An et al. (2012) find a decreasing distance
with time in one object they observed (JO017+5312), although
the classification of this object as a JSS radio source is uncer-
tain. Another intriguing example of a shrinking radio source is
PKS 1155+251 (Tremblay et al. 2008; Yang et al. 2017). How-
ever, in this case, the contraction cannot be explained solely by
precession and it likely requires, within our scenario, a com-
bination of precession and the orbital motion of the AGN in a
dual black hole system. A larger number of JSS radio sources
with measured proper motions/displacements are needed to con-
duct a statistically robust study and place solid constraints on our
hypothesis.

5.4. Jet precession at different scales

Lobe asymmetries, trails in different directions, curved jets, and
S-shaped jets are often seen in large radio galaxies, with the most
likely explanation being a precessing jet. Krause et al. (2019)
found strong evidence for jet precession in three-quarters of their
studied sample of FR II radio galaxies. Therefore, the presence
of a precessing jet alone is not sufficient to keep the radio source
small.

Precessing jets in large radio galaxies have recently been
modeled by Nolting et al. (2023), who found that different pre-
cession parameters significantly change the size of a radio galaxy
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(d) (e)

Fig. 3. Jet redirection scenario. Top row: Jet precession alone determines the observed morphology, with transverse (a), expansion (b), or contrac-
tion (c) motions on the plane of the sky resulting from geometric and projection effects. Bottom row: Panel (d) represents the case of a precessing
jet with a period shorter than (or comparable to) the travel time of the jet from the core to the hot spot. In panel (e) the orbital motion of the
radio-loud AGN alone determines the observed morphology (see Sect. 5.2 for details). The image is not to scale and is for illustrative purposes
only [Illustration by Luca Jerrert Rossi].

at a given time. In particular, jets precessing at a large angle can The precession period may be even more important in influ-
significantly slow down the overall growth of the radio source. encing the size of the radio source. 3D hydrodynamical simu-
Thus, the precession angle is an important parameter in deter- lations by Horton et al. (2020) show that a shorter precession
mining the growth and expansion of the radio source, with pre- period causes the radio source to grow at a slower rate. The arc
cession at large angles keeping the radio source more compact.  features and lobe extensions seen in the simulated images (Fig.
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2 in Horton et al. 2020) are similar to the arc features and trans-
verse lobes observed in our images.

Krause et al. (2019) estimate that the jet precession period in
their sample of 3CR radio galaxies is between 10°~107 yr. The
best case of measured transverse motion in JSS radio sources
is J1335+5844, detected by Stanghellini et al. (2009b) and con-
firmed by Anetal. (2012). The transverse displacement esti-
mated using the values in Table 1 in An et al. (2012) corresponds
to a projected angular velocity for the jet axis of 4.2(x1.2)
arcminutes per year (0.008 mas/yr for the hot spot displacement,
assuming symmetrical behavior of the two hot spots), resulting
in a period of <2 x 103 yr, assuming a cone of 45° for the preces-
sion. Similar precessing periods may be estimated with even less
accuracy for the other few objects showing transverse motions,
e.g. J0706+4647 and J1823+7938 in Stanghellini et al. (2009b).
With the caveat of high uncertainty and low statistics, it seems
that the precession period of the jet axis in a JSS radio source is
10?73 times shorter than in FR II radio sources.

We investigate whether such a short period is possible.
Krause et al. (2019) discussed the possible causes of preces-
sion. Geodetic precession predicts a precession period much
longer than what is consistent with our scenario. Geode-
tic precession would require an unrealistic distance between
the black holes to allow for a 10* year period, as it would
place the binary supermassive black hole (SMBH) in the
gravitational-wave regime, leading to fast coalescence. On the
other hand, precession induced by an irregular or warped accre-
tion disk would last for only one period and quickly disap-
pear. Lobanov & Roland (2005) predict a precession period of
a few 107 years in the case of 3C345, with the precession
caused by the orbital motion of the secondary on the accre-
tion disk of the active black hole. Therefore, there is at least
one physical mechanism capable of explaining the precession
period that we see in JSS radio sources. However, determining
the actual cause of the jet precession is beyond the scope of this
paper.

In our scenario, radio sources may be kept compact when
the precession angle is large and the precession period is short.
The comparison between the time required for the relativistic
plasma to travel from the core to the hot spot and the preces-
sion period determines the observed morphology of the jets.
If the travel time is much shorter than the precession period,
the jets appear straight; otherwise, they will appear S-shaped
(Krause et al. 2019).

5.5. Binary supermassive black holes and their orbital motion

As an intermediate phase of the merging process, pairs of
SMBHs are expected to form. Following the nomenclature of
De Rosa et al. (2019), we refer to systems where the two active
SMBHs are separated by more than 1 pc as dual AGN, while
those with separations <1 pc are classified as binary AGN sys-
tems.

Following a galaxy merger, the orbital periods of surviving
binary black holes are in the range 10~10° yr (Yu 2002). Interest-
ingly, this range aligns with the estimated radiative age of elec-
trons in the lobes of JSS radio sources (e.g. Murgia 2003), which
corresponds to the age of the oldest observed radio emission,
although the radio source itself may be older.

Chen et al. (2020) find that the coalescence timescales of
binary black holes are in the range 103-10'2yr. This implies
that if a radio source cannot expand due to the presence of a
dual/binary black hole, it may remain compact for a duration
comparable to the lifetime of a large extragalactic radio source,
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or even indefinitely. This potentially explains the relatively high
number of JSS radio sources.

The orbital motion of a dual or binary black hole may be
another factor contributing to the small size of the radio source,
as the relative motion of the black hole and the ISM may lead
the terminal shock of the jet to continuously shift the impact
direction. A morphology showing transverse lobes or trails on
the same side of the radio source axis may be the case where this
phenomenon dominates (Fig. 3e). Such a phenomenon, observed
on a smaller scale, is similar to the narrow-angle tail (NAT) radio
galaxies seen in galaxy clusters. The long tails, a characteristic of
NATsS, are absent in this case because of the shorter path length
and faster radiative losses caused by the stronger magnetic fields
(see also Sect. 5.6).

Bansal et al. (2017) calculated the orbital period of the dual
black hole system in the CSO 0402+379 to be 3 x 10* years.
Remarkably, this orbital motion period is of the same order, or
within an order of magnitude, as the precession periods in JSS
radio sources discussed above. Therefore, it is not surprising that
they may produce similar effects on the morphology.

Deane et al. (2014) confirmed that J1502+1115 is a triple
SMBH system with a distance of 140 pc for the closest pair,
which is 20 times the separation between black holes in the
system studied by Bansal et al. (2017). They also revealed an
S-shaped radio emission centered on that pair, extending for
~10 kpc, and attributed to jet precession. This size is larger than
that of the objects in our sample, but still within the host galaxy.
The latter case supports the connection between dual black holes
and radio compactness, thus justifying the extension of our study
to larger JSS radio sources.

5.6. Radiative ages and old radio emission

Murgia (2003) estimated the radiative age of the radio source
1323+321. Although the purpose of that study is the compari-
son between radiative and dynamical ages under the assumption
that the radio source expands along the jet axes, it is notewor-
thy that the figures and plots (Fig. 4 in Murgia 2003) show that
the radiative age also increases along the transverse trail of the
southern hot spot. This could be due to aging of the backflow
from the hot spot, as seen in many extended radio galaxies, but
it could also indicate that the hot spot was previously located
there. Considering a displacement of the hot spot of 10 mas in
2000 years, the jet would be precessing with a projected angular
velocity of 0.3 arcminute/yr, consistent with the few estimated
angular velocities (Sect. 5.4).

As to the other objects in our sample, we lack sufficient
and/or reliable multifrequency data with matched UV-coverage.
This matched UV-coverage is necessary to achieve compara-
ble angular resolution and sensitivity to extended emission,
which would allow us to estimate the radiative age along the
trails/lobes.

If a radio source spends a long time in the central part of the
host galaxy with its precessing jet, there should be residual emis-
sion forming a halo or cocoon around the active regions. With
magnetic fields of a few to several tens of mG (Orienti 2016), the
break frequency would shift below 100 MHz in a few thousands
years, making the halo generally undetectable in much older
radio sources at typical observing frequencies. Occasionally, this
diffuse emission can be observed, as in the case of the lowest
redshift object in our sample, 1404+286, where faint emission
at mas scale beyond the double structure has been reported and
confirmed (Wu et al. 2013). Recent EVN+eMERLIN observa-
tions have detected even more diffuse emission around the dou-
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ble structure, consistent with our scenario (Stanghellini et al. in
prep.).

6. Conclusions

We performed a morphological study of a sample of JSS radio
sources, and found that the radio structure often shows signa-
tures of precessing jets at large angles or in motion with respect
to the ISM, and the optical hosts often appear as merging sys-
tems. We suggest that JSS radio galaxies consist of a mixed pop-
ulation, with a minority of aligned sources likely to evolve into
FR I/II radio galaxies. However, most exhibit complex mor-
phologies and may host a rapidly precessing jet and/or an AGN
moving relative to the ISM, either due to orbital motion in a
binary system or the dynamic motion of gas during a merger.
These effects may keep them confined within the inner regions
of their host galaxies, making them “frustrated” radio sources.

We propose a scenario in which most JSS radio sources
reside in merging systems hosting dual or binary black holes and
remain at parsec scales for an extended time due to continuous
jet redirection. Asymmetries in size and flux density may arise
from a combination of factors, including moderate relativistic
beaming, an inhomogeneous ISM distribution, the orbital motion
of the active SMBH, and the relative motion of the hot spots with
respect to the ISM.

The possibility that a fraction of JSS radio sources are short-
lived objects is not inconsistent with our scenario. In a galaxy
merger, the environment surrounding the SMBH may be dynam-
ically heavily disturbed, and the reservoir of accreting material
(gas or stars) may vary greatly over time, with short episodes of
activity and the radio source possibly switching on and off.

We presented several pieces of evidence supporting the
hypothesis that a significant fraction, potentially even the major-
ity, of radio sources confined to the inner regions of their host
galaxy may remain in this phase for an extended time due to the
rapid redirection of their jets. Further observations, refined anal-
ysis, and specific modeling, including numerical simulations, are
required to confirm that our scenario is both valid and physi-
cally consistent. On the other hand, the evidence collected so
far makes this scenario worthy of further investigation, which
is currently underway. If our scenario is correct, we expect to
find more examples of transverse motions and more evidence of
old emissions tracing the path of the precessing jet. JSS radio
sources may be the objects to focus on and look for in the hunt
for binary black holes.
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Appendix A: Images of the radio sources and their optical hosts
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Fig. A.1. Radio source 0019-000: VLBA images at 1.67, 4.99, and 8.42 GHz. The bottom right panel shows the optical image from NOT, created
by stacking the r and i bands. Here, and in the following radio and optical images, the first contour is set at three times the rms noise level, with
contour levels progressing geometrically (-3, 3, 6, 12, 24, 48, etc.). Optical units are arbitrary. A cross in the optical image marks the radio position.
The NOT observations are described in Stanghellini et al. (1993).
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Fig. A.2. Radio source 0108+388: VLBA images at 4.89, 8.30, and 15.36 GHz. The bottom right panel shows the optical image from Pan-STARRS,
stacking of i and z bands, superimposed on radio emission in grayscale (VLA: project AS637 at 1.36 GHz; grayscale units are in mJy/beam).
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Fig. A.3. Radio source 0316+162: VLBA images at 0.609, 2.29, and 4.98 GHz. The bottom right panel shows the optical image from Pan-STARSS,

stacking of i and z bands.
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Fig. A.4. Radio source 0428+205: VLBA images at 0.333, 1.16, 2.29, 4.99, and 8.42 GHz. The bottom right panel shows the optical image from

SDSS, stacking of r and i bands.
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Fig. A.5. Radio source 0500+019: VLBA images at 8.42, 15.37, and 22.23 GHz. The bottom right panel shows the optical image from Pan-
STARSS, i band.
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Fig. A.6. Radio source 0710+439: VLBA images at 1.64, 4.89, and 8.30 GHz. The bottom right panel shows the optical image from Pan-STARSS,
stacking of i and z bands.
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Fig. A.7. Radio source 0941-080: VLBA images at 1.41, 2.29, and 8.30 GHz. The bottom right panel shows the optical image from NOT, r band.
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Fig. A.8. Radio source 1031+567: VLBA images at 1.41, 4.95, and 8.30 GHz. The bottom right panel shows the optical image from NOT, r band.
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Fig. A.10. Radio source 1245-196: VLBA images at 1.67, 4.99, and 8.42 GHz. To better highlight the details, the eastern and western sides are
shown separately at 4.99 GHz (middle panels) and 8.42 GHz (bottom panels). The top right panel shows the optical image from Pan-STARRS,
stacking of r and i bands.
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Fig. A.11. Radio source 1323+321: VLBA images at 1.67, 4.54, 8.30, and 15.4 GHz. The bottom panel shows the optical image from NOT, i band.
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Fig. A.12. Radio source 1345+125: VLBA images at 1.67, 8.42, and 15.36 GHz. The bottom right panel shows the optical image from NOT, r
band.
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Fig. A.13. Radio source 1358+624: VLBA images at 0.611, 1.41, 4.98, and 22.22 GHz. The bottom panel shows the optical image from NOT, r
band.
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Fig. A.14. Radio source 1404+286: VLBA images at 1.67, 8.42, and 15.36 GHz. The bottom right panel shows the optical image from NOT,
stacking of r and i bands.
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Fig. A.15. Radio source 1518+047: VLBA images 1.67, 4.99, and 8.42 GHz. The bottom right panel shows the optical image from Pan-STARRS,
stacking of r and i bands.
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Fig. A.16. Radio source 1607+268: VLBA images at 1.63, 2.30, 4.99, and 8.42 GHz. The bottom right panel shows the optical image from NOT,
i band.
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Fig. A.17. Radio source 2008-068: VLBA images at 4.99, 8.42, and 15.36 GHz. The bottom right panel shows the optical image from NOT, i

band.
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Fig. A.19. Radio source 2210+016: VLBA images at 1.67, 4.99, and 8.42 GHz. The bottom right panel shows the optical image from SDSS,
stacking of r and i bands.
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Fig. A.21. Radio source 2352+495: VLBA images at 1.41, 2.29, 4.89, and 8.30 GHz. The bottom panel shows the optical image from Pan-STARSS,
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Appendix B: Flux densities of components

Table B.1. Flux densities of components at different radio bands.

SOllI'CC COIIlp SP SL SS SC SX SU SK ah,-gh SVLBA/SVLA
(mJy) (mlJy) (mlJy) (mJy) (ml]y) (mly) (mly)

0019-000  v(GHz) 1.67 4.99 8.42

N 1677 634 367 1.0

S 715 231 122 1.2

tot 2392 865 489 1.1 0.93
0108+388  v(GHz) 4589 8.30 15.36

E 766 586 271 1.3

Ce X X 15.1

\%% 496 326 85.3 2.2

tot 1262 912 371 1.5 0.98
0316+162  v(GHz) (609 229 4.98

N 7934 4232 1995 1.0

Cel X X 36.3

Ce2 X X 6.8

Ce3 130 33.9 9.6 1.6

S 1475 X X

tot 9539 4266 2048 0.9 1
0428+205 WGHz) ¢332 1.16 229 4.99 8.42

N 1105 327 118 46.1 X

Cel X X 40.4 26.5 16.9 09

Ce2 X X 119 99.4 61.1 1.2

S 1365 2184 2909 1574 907 .

tot 2470 2511 3186 1746 985 1.1 0.93
0500+019  v(GHz) 8.42 15.36 2223

N 452 244 192 0.7

Cel 679 517 565 -0.2

Ce2 234 179 184 -0.1

S 140 50.9 31.5 1.3

tot 1505 991 973 0.1 1
0710+439  v(GHz) 1.64 4.89 8.30

N 1280 770 436 1.1

Ce 434 579 389 0.8

S 225 177 82.5 1.4

tot 1939 1526 908 1.0 0.99
0941-080  v(GHz) 1.41 229 8.30

NwW 1269 792 156 1.3

SE 1149 744 165 1.2

tot 2418 1536 321 1.2 0.92
1031+567  v(GHz) 1.41 495 8.30

NE 1072 472 323 0.7

C X 4.6 2.93 0.9

SW 772 607 401 0.8

tot 1844 1084 727 0.8 1
11174146  v(GHz) 227 4.99

Nw 653 355 0.8

SE 845 450 0.8

tot 1498 805 0.8 0.89
1245-197  v(GHz) 1.67 4.99 8.42

\%% 578 84.2 40.7 1.4

E 3284 1521 821 1.2

tot 3862 1605 862 1.2 0.83

Notes. Exact frequency is indicated for each dataset, as it may vary within the same band for different projects. The spectral index is calculated
using the two highest available frequencies. The ratio between VLBA and VLA flux densities was determined at the lower listed frequency,
interpolating the VLA flux density from Stanghellini et al. (1998) to match the exact VLBA frequency. An (x) indicates that the component is not
detected at this frequency, while (") indicates that the flux density of this component is included in the component indicated above. Flux density
errors are discussed in Sect. 3.1.
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SOUI'CC COIIlp SP SL SS SC SX SU SK a'/u'gh SVLBA/SVLA
(mJy) (mlJy) (mJy) (mJy) (ml]y) (mly) (mly)

1323+321  v(GHz) 1.67 454 8.30 15.36

NwW 2152 1310 601 435 0.5

C X 16.7 7.3 9.7 -0.5

SE 1625 844 310 191 0.8

tot 3777 2171 918 636 0.6 0.86
1345+125  v(GHz) 1.67 8.42 15.36

N 95.2 36.7 24.8 0.7

C 213 292 220 0.5

S 4264 734 360 1.2

tot 4572 1063 605 09 0.94
1358+624  v(GHz) o611 141 4.98 222

E 3597 2813 983 142 1.3

C X X 20.1 329 -0.3

\%% 2290 1560 346 43.8 1.4

tot 5887 4373 1349 219 1.2 0.99
1404+286  v(GHz) 1.46 8.42 15.36

E 829 1815 1005 1.0

\%% " 146 57.6 1.6

Ce X X 3.7

D 29.0 X X

tot 858 1961 1066 1.0 0.99
1518+047  v(GHz) 1.67 4.99 8.42

N 1969 392 138 2.0

S 1335 479 192 1.8

tot 3304 871 330 1.9 0.95
1607+268  v(GHz) 1.63 230 4.99 8.42

N 2401 1846 879 478 1.2

S 1841 1524 682 327 1.4

tot 4242 3370 1561 805 1.3 0.96
2008-068  v(GHz) 499 8.42 15.36

N 1089 687 366 1.1

Ce 12.4 9.9 6.7 0.7

S 132 68.3 26.9 1.6

tot 1233 765 400 1.1 0.94
21284048  v(GHz) 230 8.42 15.36

N 2272 1034 431 1.5

Ce 15 16 7 1.4

S 319 67 16 2.4

tot 2606 1117 454 1.5 0.83
2210+016  v(GHz) 1.67 4.99 8.42

w 731 222 114 1.3

E 1268 540 251 1.5

tot 1999 762 365 1.4 0.81
23424821 v(GHz) 1.29 228

\%% 3193 1944 0.9

Ce 182 117 0.8

E 95 53 1.0

tot 3470 2114 0.9 0.87
23524495  v(GHz) 1.41 229 4.89 8.30

N 600 397 188 115 09

S 667 451 206 113 1.1

Ce 1172 998 874 702 0.4

C " 20 30 32 -0.1

tot 2439 1866 1298 962 0.6 0.95
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