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ABSTRACT

We studied bent radio sources within X-ray galaxy groups in the COSMOS and XMM-LSS fields. The radio data were obtained from the MeerKAT
International GHz Tiered Extragalactic Explorations data release 1 (MIGHTEE-DR1) at 1.2-1.3 GHz, with angular resolutions of 8.9” and 5”,
and median noise levels of rmsy.q ~= 3.5 and 5.5 wJy/beam. Bent radio active galactic nuclei (AGN) were identified through visual inspection.
Our analysis included 19 bent radio AGN in the COSMOS field and 17 in the XMM-LSS field that lie within X-ray galaxy groups (2 x 1013 <
Moy /Mo < 3% 10'%). We investigated the relationship between their bending angle (BA) — the angle formed by the jets or lobes of two-sided radio
sources associated with AGN — and the properties of their host galaxies and large-scale environment probed by the X-ray galaxy groups. Our key
findings are: (a) In the XMM-LSS field, we observed a strong correlation between the linear projected size of the bent AGN, the group halo mass,
and the projected distance from the group centre. This trend, consistent with previous studies, was not detected in the COSMOS sample. (b) The
BA is a function of environmental density, with the type of medium playing a significant role. Additionally, at z < 0.5 we found a higher number
of bent sources (BA < 160°) compared to higher redshifts (z ~ 1), by a factor of >1.5. This trend aligns with magneto-hydrodynamic simulations,
which suggest that denser environments and longer interaction times at lower redshifts contribute to this effect. A comparison with the literature
suggests that jet bending in galaxy groups within the redshift range 0.1 < z < 1.2 is primarily driven by ram pressure exerted on the jets, which
occurs during quiescent phases of AGN activity. This study underscores the role of environmental interactions in shaping the morphology of radio

AGN within galaxy groups, providing insights into the interplay between large-scale structure and AGN physics.
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1. Introduction

Active galactic nuclei (AGN) in the radio come in many shapes
and sizes. These puzzling astrophysical phenomena are related
to large-scale structure and galaxy growth and evolution, while
their shapes often reveal hints about their interaction with
the large-scale environment. (e.g. Prestage & Peacock 1988;
Smolcic et al. 2017a; Croston et al. 2019). Their jets, ejected in
opposite directions from their supermassive black holes, inter-
act with their surrounding environment, which can cause the
jets to deviate from an expected straight morphology. New
radio surveys add to the complexity of radio structures (e.g.
Hurley-Walker et al. 2017; White et al. 2020a,b; Sejake et al.
2023), as higher resolutions and sensitivities reveal detailed jet
structures as well as faint emission that previously eluded obser-
vation (e.g. Delhaize et al. 2021; Mahatma et al. 2023). Both
radio AGN and star-forming galaxies (SFGs) emit non-thermal
synchrotron radiation in the radio (e.g. Miley 1980; Condon
1992; Padovani et al. 2017; Klein et al. 2018), albeit as a result
of different physical processes. Nevertheless, the radio signa-
tures of AGN and SFGs can often get tangled up and become
indistinguishable without the use of ancillary multi-wavelength
observations. Separating the radio AGN and SFG populations
in radio continuum surveys is a difficult task as surveys probe
deeper populations of the radio sky (e.g. White et al. 2015, 2017,
Smolci¢ et al. 2017a; Giirkan et al. 2018; Vardoulaki et al. 2019,
2021a; Mingo et al. 2019; Whittam et al. 2022). As this study
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investigates the jet distortion of extended radio AGN, and their
deviation from a straight radio structure, we rely on the distinct
jet features to select our samples from visual inspection.

Jet distortion is a complex phenomenon, as jets are observed
from parsec to megaparsec scales and evolve over millions of
years (Turner & Shabala 2015). Studies suggest jet distortion
has a complex explanation and several causes. These include
the jets’ movement through the intergalactic medium (IGM;
e.g. Begelman et al. 1979; Owen & Rudnick 1976; Garon et al.
2019), buoyancy forces (e.g. Sakelliou et al. 1996; Smolci¢ et al.
2007), precession of jets (e.g. Taylor et al. 1990; Caproni et al.
2017), gravitational interaction of companion galaxies (e.g.
Perley et al. 1979; Begelman et al. 1984), or jets passing through
an area with significant pressure gradients (e.g. Best et al. 1997).

Past studies that have investigated jet bending in relation to
the large-scale environment have mainly employed surveys like
FIRST (beam size: 5”, rms: 150 wJy/beam, Becker et al. 1995)
or LoTSS (beam size: 6”, rms: 83 pwJy/beam, Shimwell et al.
2019, 2022), which cover large areas at the expense of sensi-
tivity, resulting in samples consisting of millions of radio galax-
ies. Identifying bent radio AGN in large surveys and studying
them in relation to their large-scale environment is not a triv-
ial task. A plethora of good-quality multi-wavelength data is
required for such studies. Garon et al. (2019) studied the bending
angle (BA) of 4304 radio galaxies, selected from FIRST, in opti-
cally selected galaxy clusters with masses' ranging from Msgy =

1 M;g =is the mass of a cluster or group at a virial radius of 500 times

the critical density of the Universe.
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5% 10" Mg to 3 x 10'> M. They find that, statistically, the more
the sources are bent, the closer they are to their cluster centre.
Additionally, sources are more bent in more massive clusters,
which is related to higher intracluster medium (ICM) pressures
and galaxies moving through the ICM with higher velocities,
which promotes jet bending due to ram pressure. Bent sources
not located in known clusters are found in statistically overdense
regions. Mingo et al. (2019) find that the 459 bent radio galaxies
obtained from the LoTSS surveys have a significantly higher rate
of cluster association than their total sample of 5805 extended
radio sources. While Garon et al. (2019) and Mingo et al. (2019)
are limited to cluster redshifts up to 0.8 and 0.4, respectively,
Golden-Marx et al. (2021) find 36 bent radio sources, selected
from FIRST, in clusters up to redshift 2.2. They find that more
bent sources tend to reside in richer clusters, which further
supports that bent sources are found in the dense medium of
massive clusters, even at higher redshifts. Additionally, in the
LoTSS DR2 sample, Golden-Marx et al. (2023) find that nar-
rower sources lie inside clusters, which implies environmental
differences in the populations of bent radio AGN. Simulations
of galaxies in cluster environments also give insights into the
relationship between jet morphology and cluster environments.
In particular, Mguda et al. (2015) investigated the likelihood of
finding radio galaxies bent due to ram pressure in clusters of
galaxies. They find that with increasing halo mass, the number
of galaxies bent due to ram pressures increases, but since more
massive clusters are rarer than less massive clusters, approxi-
mately the same number of galaxies bent due to ram pressure
are found at halo masses above and below My, = 3 X 10'* M.
Mguda et al. (2015) find that bent radio sources are found out to
distances of 1.5 Mpc for clusters with halo masses of Mg, >
10" M, from their cluster centre, whereas the bent sources in
clusters with halo masses of 103 Mg < Mpao < 10* M, are
most likely found within 400 kpc of their cluster centre.

This study investigates a different parameter space, extend-
ing the halo mass range of galaxy groups or clusters to lower
halo masses (4 X 10'> Mg < Mg < 3 X 10'*My). We choose
two extragalactic fields, COSMOS and XMM-LSS, to study
the radio population and produce samples of extended radio
galaxies. This contrasts with studies like those of Garon et al.
(2019) and Mingo et al. (2019), who rely on citizen science
projects like the Radio Galaxy Zoo or automated source detec-
tion pipelines to obtain large samples. Choosing to study well-
known fields allows us to utilise deep radio surveys like the
3GHz VLA-COSMOS project (Smolci¢ et al. 2017b) with a
sensitivity of 2.3 wJy/beam and the ~1.2-1.3 GHz MeerKAT
International GHz Tiered Extragalactic Explorations (MIGH-
TEE) survey (Jarvis et al. 2016; Heywood et al. 2022; Hale et al.
2025) at roughly 2 ulJy/beam. Furthermore, legacy fields like
COSMOS are well studied across the electromagnetic spec-
trum, which allows for comprehensive source characterisation
and direct comparisons to past and future studies. One such study
is from Vardoulaki et al. (2021a,b), who previously investigated
the population of bent radio sources in COSMOS with 3 GHz
VLA observations with sub-arcsecond resolution (0”/75). Each
source was classified based on the scheme by Fanaroff & Riley
(1974) as being an edge-darkened FRI-type source, an edge-
brightened FRII-type source, or a hybrid FRI/FRII, where one
side is edge-darkened and the other edge-brightened. They
investigated the relations of bent radio sources to their host
properties, FR-type, the large-scale environment probed by the
density fields and cosmic-web probes in COSMOS (Scoville
et al. 2013; Darvish Sarvestani 2015; Darvish et al. 2017), and
the group environments obtained from X-ray galaxy groups in
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COSMOS with halo masses Msgy = 5 x 1012 Mg to 2 x 10'* Mg
(Gozaliasl et al. 2019). They also compared the BA to magneto-
hydrodynamical simulations of radio sources in clusters from
Vazza et al. (2021). While Vardoulaki et al. (2021b) found no
strong correlations between jet bending and the large-scale envi-
ronment, FR-type, or host properties, they found indications that
FRI type radio sources are found in filaments. Differences to
other studies of bent radio sources (e.g. Garon et al. 2019) are
attributed to either a low sample size or the different parameter
space of the studies. Comparisons of Vardoulaki et al. (2021b)
to the simulations of Vazza et al. (2021) indicate that sources are
more bent at lower redshifts, which may be attributed to a denser
ambient medium at lower redshifts.

In this paper, we further investigate the jet bending of
extended radio AGN in the COSMOS and XMM-LSS fields with
the first data release of the MIGHTEE radio survey (Hale et al.
2025). This study is complementary to past studies and expands
the investigation of the BA of radio AGN to higher redshift (up
to z ~ 3.5) and lower halo mass (~101371%3 M,). In Sect. 2,
we present the sample creation process and all relevant multi-
wavelength observations utilised in this work. The methods are
given in Sect. 3. The analysis and discussion of our data are pre-
sented in Sects. 4, 5, and 6. Section 5 discusses the results in
the context of past and current literature, focusing on sources in
galaxy group environments. In Sect. 6, we estimate the expected
temperature of the intergalactic medium required to explain the
BA and peculiar velocity of the radio host. We present our
conclusions in Sect. 7. Throughout this work, we adopt a flat
ACDM cosmology, using Hy = 70kms~! Mpc™!, Q,, = 0.3, and
Qp =0.7.

2. Sample selection
2.1. MIGHTEE

The MeerKAT International Gigahertz Tiered Extragalactic
Explorations (MIGHTEE, Jarvis etal. 2016; Heywood et al.
2022; Hale et al. 2025) is a galaxy evolution survey currently
underway, conducted by the MeerKAT radio telescope in South
Africa (Jonas & Team 2016). With ~1000 hours of observing
time, the survey aims to image 20 deg? over four extragalactic
fields: The European Large Area ISO Survey South 1 (ELAIS-
S1), the Extended Chandra Deep Field South (E-CDFS), and the
fields that are the focus of this work: XMM-LSS and COSMOS.
The survey aims for a depth of ~2 py/beam at ~1.2—1.3 GHz>.
This work uses the data release DR1 (henceforth MIGHTEE-
DR1 Hale et al. 2025), providing a sky coverage of ~14.4 deg®
in XMM-LSS and ~4.2 deg® in COSMOS.

Both radio mosaics from the MIGHTEE-DRI1 have been pri-
mary beam-corrected and were imaged with two different vis-
ibility weighting schemes, resulting in two versions of radio
maps for each field. The first version has a lower resolution
than the second but is more sensitive. The second version down-
weights the short baselines resulting in a higher resolution but
decreases the sensitivity of the data. The resulting radio maps
have a resolution of 8.9” with a measured sensitivity (median
rms) of ~3.5 uJy/beam, and a resolution of ~5” with a sensitiv-
ity of ~6 wly/beam. In detail, the median rms for the XMM-LSS
field is 5.1 (3.2) WJy/beam for the 5 (8.9”") mosaic, while for
the COSMOS mosaic is 5.6 (3.5) wWy/beam. For the rest of this
study, we distinguish the different versions by their resolutions.
For more information on data reduction, we refer the reader to

2 We note that the frequency varies across the mosaics.
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the related publications (Jarvis et al. 2016; Heywood et al. 2022;
Hale et al. 2025).

We identified 306 extended radio structures in XMM-LSS,
and 254 extended radio structures in COSMOS after visual
inspection of the MIGHTEE-DR1 mosaics. Although auto-
mated radio source identification methods have become suf-
ficient in identifying simple radio structures (e.g. PyBDSF
Mohan & Rafferty 2015; Polsterer et al. 2019), even the more
sophisticated automatic algorithms fail in identifying complex
radio structures (e.g. Vardoulaki et al. 2021a; Boyce et al. 2023).
Additionally, although automatic algorithms such as PINK
(Galvin et al. 2020) are very useful in identifying radio struc-
tures, matching to the host galaxy and classifying sources, they
need a good training sample that depend on resolution and sen-
sitivity (e.g. Vardoulaki et al. 2021a). Since our project depends
on the good identification of radio structures in the MIGHTEE
mosaics and of their associated hosts, and since there was no
extended source catalogue for MIGHTEE-DRI1 at the beginning
of the project and during the time the analysis took place, we
chose the traditional way of visual inspection.

Below, we describe the process of cleaning up these sam-
ples to include only two-sided radio AGN, for which we could
securely measure their BA (see Sect. 3.3). For this reason, we
used a large variety of multi-wavelength data. To the best of our
ability, these samples of bent radio AGN include all sources for
which we could securely measure the BA. The final samples,
relevant to this analysis, contain extended radio AGN within
the X-ray galaxy groups in the COSMOS and XMM-LSS fields
(Table 2). The radio properties of the final sample are presented
in the appendix (Tables B.1 and B.2; available via CDS).

2.2. Multi-wavelength data
2.2.1. VLA-COSMOS

For the COSMOS field, we utilise observations from the Very
Large Array (VLA), which provide both excellent resolution
and sensitivity, to improve the source characterisation in the
COSMOS sample. The VLA-COSMOS 1.4 GHz Large Project
(Schinnerer et al. 2007), was performed using the VLA and
consists of 23 pointings covering the 2 deg® of the COSMOS
field with a total observing time of 275 hours. The mean sen-
sitivity reaches 10.5 ywJy/beam (15 wJy/beam) in the central
deg? (2deg?), which is 2-3 times worse than the MIGHTEE-
DRI, but the VLA data have much higher angular resolution
than MIGHTEE-DR1. The beam size of the VLA mosaic is
14”7 x1.5".

The VLA-COSMOS 3 GHz Large Project (Smolcic et al.
2017b) covers a sky area of 2.6 deg® with 64 pointings, fully cov-
ering the central 2 deg” of the COSMOS field, and expanding the
area to 2.6 deg”. It reaches a median rms of 2.3 pJy/beam at the
centre of the field and a sub-arcsecond resolution of 0”775, allow-
ing us to study the sub-structures in high resolution and helping
us to disentangle sources.

2.2.2. GMRT 610 MHz

In rare cases, we used the 610 MHz GMRT observations for
the XMM-LSS sample to get a better understanding of the
sources morphologies. The GMRT 610 MHz radio continuum
survey (Smolci¢ et al. 2018) was conducted by the Giant Metre-
wave Radio Telescope at 50 cm wavelength, covering 25 deg®
over the XXL Northern field (XXL-North). The survey com-
bined previous observations done with the GMRT at 610 MHz,

covering an area of 12.66deg®> within XXL-North, which
also includes XMM-LSS (Tasse et al. 2007). For the area that
encloses XMM-LSS, Smolcic¢ et al. (2018) reports a median
rms of 200 pJy/beam, improving from the reported rms of
300 yJy/beam from Tasse et al. (2007). The synthesised beam
size of the final mosaic is 6.5” X 6.5”.

2.2.3. VLASS

Because it was not always possible to determine the core region
of the radio sources from the MIGHTEE data alone, we also
used high frequency, high resolution data from the 3 GHz Very
Large Array Sky Survey (Lacy et al. 2020, VLASS), if neces-
sary. VLASS is an all-sky radio survey that covers the entire sky
observable by VLA north of a declination of —40 deg, covering
completely both the XMM-LSS and COSMOS fields. The sur-
vey aims to cover an area of 33 885 deg” with an angular reso-
lution of 275 down to noise levels of 70 WJy/beam by 2024. For
this study, we use the Epoch 1 Quick Look images (Gordon et al.
2020) provided by the Canadian Initiative for Radio Astron-
omy Data Analysis (CIRADA?), offering radio cutouts with an
rms ~ 0.12 mJy/beam (see Table 1).

2.2.4. HSC-SSP

The Hyper Suprime-Cam Subaru Strategic Program (Aihara
et al. 2018, HSC-SSP) provides deep optical data for both
COSMOS and XMM-LSS with multi-band (g, r, i, z, y plus four
narrow-band filters) imaging. The survey was carried out by
the wide-field camera HSC on the 8.2 m Subaru telescope. The
data is three-layered (wide, deep, ultradeep), covering an area
and de;z)th of about 1200deg® (r ~ 26), 27deg? (r ~ 27) and
3.5deg” (r ~ 28), respectively. For this work, we utilise the
optical wide i-band images from the third public data release
(Aihara et al. 2022, PDR3), as well as the photometric redshift
catalogue computed from their data from the second public data
release (Nishizawa et al. 2020, PDR2) to look for host positions
and photometric redshifts for the XMM-LSS sample.

2.2.5. COSM0OS2020

COSMOS2020 (Weaver et al. 2022) is the latest release of the
photometric catalogue for the Cosmic Evolution Survey, build-
ing on the previous releases by Capak et al. (2007), Ilbert et al.
(2008, 2013), Muzzin et al. (2013) and Laigle et al. (2016). The
catalogue contains source detection with multi-wavelength pho-
tometry for over 1.7 million sources, providing two independent
photometric redshift estimates (LePhare: Arnouts et al. 2002;
Ilbert et al. 2006, EAZY: Brammer et al. 2008) for all sources.
For i < 21 objects, the photometric redshift accuracy is better
than 1%, while the fainter objects 25 < i < 27 reach a preci-
sion level of 5%. Where available, we used the COSMOS2020
data to determine the host position and photometric redshifts
(Weaver et al. 2022) for the COSMOS sample in this work.

2.2.6. WISE

WISE 3.4 um images (Wright et al. 2010) were first used to
assign preliminary host positions for the XMM-LSS sample
before using the higher resolved and deeper HSC-SSP images,
and for the host positions for COSMOS sources positioned at the
edge of the MIGHTEE-DR1 mosaic, where there is no cover-
age from COSMOS2020. Since WISE W1 is close to mid-IR, it

3 http://cutouts.cirada.ca/
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Table 1. Radio data used in this work.

Survey Central Frequency Sensitivity Beam Size Field Reference
MIGHTEE-DR1 1.2-1.3GHz 3.5 ply/beam 8.9” x8.9” COSMOS Hale et al. (2025)
MIGHTEE-DRI1 1.2-1.3GHz 3.2 Wly/beam 8.9” x8.9” XMM-LSS Hale et al. (2025)
MIGHTEE-DRI1 1.2-1.3GHz 5.6 Wly/beam 52" x5.2" COSMOS Hale et al. (2025)
MIGHTEE-DRI1 1.2-1.3GHz 5.1 Wy/beam 5" x5" XMM-LSS Hale et al. (2025)
VLASS Epoch 1 3GHz 0.12mJy/beam  2.5”x2.5”  XMM-LSS&COSMOS Lacy et al. (2020)
3GHz VLA 3GHz 2.3 wly/beam  0.75” x0.75" COSMOS Smolci¢ et al. (2017b)
1.4GHz VLA 1.4 GHz 15 wly/beam 147 x1.5” COSMOS Schinnerer et al. (2010)
GMRT 610 MHz 610 MHz 200 pwJy/beam 6.5” X 6.5” XMM-LSS Smolcié et al. (2018)

samples a different galaxy population than HSC-SSP (mentioned
below), which both use versions of grizy passbands. Therefore,
WISE images are still useful for finding fainter galaxies that can-
not be observed in the optical passbands of HSC-SSP.

2.3. Fields
2.3.1. XMM-LSS

For the 306 identified extended sources in XMM-LSS, over-
lays from both MIGHTEE resolutions were produced with back-
ground images of WISE W1 and HSC-SSP wide i-band to look
for the host positions, using the VLASS and GMRT radio data
when necessary (see Sect. 2.2). For 282 of the 306 sources in
XMM-LSS, we could assign a host position (92%).

2.3.2. COSMOS

For COSMOS, we also used the 1.4 GHz and 3 GHz VLA data,
when available, to aid in the search for the correct host. The sam-
ple of extended radio sources from the 3 GHz VLA data in COS-
MOS from Vardoulaki et al. (2021a) was used as a reference for
the COSMOS sample in this work. We note that MeerKAT is
sensitive to extended diffuse emission, due to the short baselines
in its core, while the VLA resolves out some extended emis-
sion, causing extended sources to be missed (often only the com-
pact parts are detected). Because of the difference in sensitivity
and coverage of the MIGHTEE COSMOS data, visual inspec-
tion of the MIGHTEE data still yielded many extended radio
sources that were previously not at the 3 GHz data. We found 20
extended sources with jets from diffuse emission in MIGHTEE
that are either not detected by the VLA or are at the noise level of
the 3 GHz survey. In some cases, the extended sources found in
MIGHTEE could be seen in the 3 GHz data by going below the
30 noise level. This was a useful tool for the source characteri-
sation in the COSMOS sample, as the 3 GHz data at 10 showed
peaked emission along the jets and hotspots in the lobes, which
is hidden in the noise. On the other hand, out of the 108 extended
radio sources with a BA presented in Vardoulaki et al. (2021a),
48 (44%) are not found in our sample from visual inspection
of the MIGHTEE data. This is because the resolution of the
MIGHTEE-DRI1 data is insufficient to resolve the jet structures
and substructures of radio sources <20”. At redshift 1, the 5”
beam size of MIGHTEE corresponds to ~40 kpc, while the 0775
beam of 3 GHz VLA resolves ~6 kpc. For a redshift of 2, these
beam sizes correspond to =42 kpc and =6.3 kpc, respectively.
By using the multi-wavelength data (optical, infrared and
radio), as well as visual inspection, we were able to assign a
host position for 193 out of 254 radio sources in the COSMOS
field (76%). In COSMOS, many extended radio structures turned
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out to be blended point-like sources when analysed with multi-
wavelength data, thus resulting in a lower host association per-
centage when compared to the XMM-LSS sample.

2.4. Redshifts

For both the XMM-LSS and COSMOS samples, we use
spectroscopic redshifts provided by the HSC-SSP PDR3 data
access website*, which offers a collection of public spectro-
scopic redshift surveys. The spectroscopic redshifts surveys are
from PRIMUS (Coil etal. 2011; Cool etal. 2013), VIPERS
(Garilli et al. 2014), SDSS (Alam et al. 2015; Ahumada et al.
2020), UDSz (Bradshaw etal. 2013; McLure et al. 2013),
GAMA (Liske et al. 2015), 6dFGRS (Jones et al. 2009), VVDS
(Le Fevre et al.  2013), VANDELS (Pentericci et al. 2018),
DEIMOS-10k (Hasinger et al. 2018), 2dFGRS (Colless et al.
2003), zCOSMOS (Lilly et al. 2009), 3D-HST (Skelton et al.
2014; Momcheva et al. 2016), FMOS (Silverman et al. 2015),
WiggleZ (Drinkwater et al. 2010), DEEP2 (Newman et al.
2013), DEEP3 (Cooper et al. 2011), C3R3 (Masters et al. 2017,
2019) and LEGA-C (Straatman et al. 2018). In addition, we
use the spectroscopic redshifts from the IMACS survey
(Kelson et al. 2014) in COSMOS. We also utilise the near
position search from the NASA/IPAC Extragalactic Database’
(NED) for a handful of sources to obtain a spectroscopic red-
shift value. Spectroscopic redshifts are available for 47% of the
XMM-LSS sample (89 out of 189 sources) and for 34% of the
COSMOS sample (39 out of 116 sources).

For photometric redshifts in XMM-LSS, we use the Mizuki
photometric redshift wide catalogue from the HSC-SSP second
public data release Nishizawa et al. (2020), which uses template
fitting with Bayesian priors on physical properties of galaxies to
compute the most probable redshift, and which completely cov-
ers the area of XMM-LSS in the MIGHTEE-DRI1. Only objects
that have been observed with at least three bands are included in
the catalogue and we only consider redshifts that have a reduced
X% < 5 from the best-fit model (Nishizawa et al. 2020). We have
investigated the photometric redshift catalogue of Hatfield et al.
(2022) and compared to the Mizuki photometric redshifts. We
find that the redshifts agree within the errors in most cases
(>95%). Inside galaxy groups, which is important for this study,
there is no difference.

For COSMOS, we use the photometric redshifts from COS-
MOS2020 computed with LePhare (Weaver et al. 2022), if
secure spectroscopic redshift were not available. We note that
the quality of the photometric redshifts outside the region that is

4 https://hsc-release.mtk.nao.ac.jp/doc/index.php/
catalog-of-spectroscopic-redshifts__pdr3
> https://ned.ipac.caltech.edu/
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Table 2. Sample size overview.

Sample XMM-LSS COSMOS
From visual inspection 306 254
With host 282 193
With bending angle 217 142
With redshift 189 116
Within X-ray coverage 183 76
Inside X-ray Galaxy Groups 17 19

Notes. The succeeding line is always a sub-sample of the preceding line.
The last line presents the final sample used in this analysis.

covered by UltraVISTA is worse compared to the inner region
of the field. Because the sources from outside the UltraVISTA
region are missing the YJHK| bands and are only selected from
i and z bands, we expect to lose redshift accuracy as the optical
rest-frame emission from galaxies gets redshifted into the near-
IR range not visible in i and z bands at higher redshifts.

By comparing the values of photometric and spectroscopic
redshifts available from the photometric catalogues, we calcu-
late the median accuracy of the photometric redshifts for both
samples: the photometric redshift accuracy for COSMOS® is
(zs—zp)/ (1 +z4) = 0.007, and for XMM-LSS (z, —z,,)/(1 +z,) =
0.018. The photometric precision of the COSMOS2020 cata-
logue is 1% at i ~ 20AB and 4% at i ~ 26AB (Weaver et al.
2022). For the XMM-LSS HSC-SSP photometric redshift cata-
logue the photometric accuracy is ~3% (Nishizawa et al. 2020).

2.5. Final sample used in the analysis

For the upcoming analysis of bent radio sources in Sect. 4, we
reduced our samples to only include sources where it is possi-
ble to measure a BA, given the MIGHTEE-DRI1 data at hand.
We excluded sources without a host association, which we need
for assigning the BA. The initial number of sources was reduced
from 306 to 282 for XMM-LSS, and from 254 to 193 for COS-
MOS. We only include radio sources with two-sided jets or lobes
where measuring the BA is possible. For the rest of the anal-
ysis, we only take into account these sub-samples of objects
for which we can securely measure their BAs; that is, including
only two-sided radio AGN for which the BA could be measured
reliably. The final sample for XMM-LSS includes 217 sources,
189 (87%) of which have redshift available. The final sample
for COSMOS includes 142 sources, 116 (82%) of which have
redshift available (see Table 2).

We then cross-matched our radio samples with the X-ray
galaxy groups in the XMM-LSS and COSMOS fields. As a
proxy of the environment, we took the X-ray galaxy groups’
mass and temperature (see Sect. 4.2).

For the COSMOS field, we used X-ray galaxy groups iden-
tified by XMM-Newton and Chandra in the 0.5-2keV band
(Gozaliasl et al. 2019, and in prep.), which provides coverage for
the central ~2.3 deg” of the MIGHTEE-DR1 COSMOS mosaic
with robust group identification up to a redshift of ~2. The X-ray
galaxy group catalogue features 322 groups with group masses
My ranging from 4 x 10> My, to 3 X 10'* M, obtained with
the X-ray luminosity Ly halo mass, Ly — My scaling rela-
tion (Leauthaud et al. 2009). Similarly, the mean group tem-
perature, T, was calculated with the Ly — T scaling relation

6 This value agrees with the photometric redshift accuracy reported in
Laigle et al. (2016).

(Finoguenov et al. 2007). The X-ray flux limit for the 0.5-2 keV
bandis 3 x 107 ergs™! cm™2 57!

To determine which galaxies in the COSMOS sample are X-
ray galaxy group members, we searched for all sources that are
located within the virial radius 7 of the galaxy groups in COS-
MOS. This radius defines a sphere with an interior mean gas den-
sity 200 times the critical density of the Universe at the redshift
of the group. We then checked if the redshift of the radio galaxy,
Zgalaxy» from our sample is at the same redshift range as the red-
shift of the galaxy group, zgroup, given by the redshift accuracy of
the COSMOS sample: Az = (Zgalaxy = Zgroup)/ (1 + Zgroup) < 0.007.
Finally, we cross-matched the right ascensions and declinations
of all host galaxies that fulfil » < ryy and Az < 0.007 with
the right ascensions and declinations of the known group mem-
bers within 1”. From this procedure, we find that, out of the 76
radio sources of the COSMOS sample that are inside the XMM-
Newton and Chandra coverage, 19 are X-ray galaxy group mem-
bers (25%).

For the XMM-LSS sample, we utilised XMM-Newton data
from the 0.5-2keV band that covers roughly the northern two
thirds of the MIGHTEE-DR1 XMM-LSS mosaic. We analysed
all XMM-Newton observations in overlap with the radio data that
became public prior to 2023. We used XMMSAS’ version 21.0.0
for the initial data reduction. For the XMM data screening, we
followed the prescription outlined in Finoguenov et al. (2007)
on data screening and background evaluation, with updates
described in Bielby et al. (2010). To detect and study faint
extended sources, we first removed the flux produced by the
point sources, following Finoguenov et al. (2009). We detected
the extended emission in the 0.5-2keV mosaic image using
the wavelet scales from 0.5 to 2 arcminutes. To identify X-ray
galaxy groups, the redMaPPer pipeline (Rykoff et al. 2014) was
employed (grey circles in Fig. 1) and was run in scanmode (e.g.
as in Ider Chitham et al. 2020; Kluge et al. 2024). It utilised the
photometric data from the 10th Data Release of the DECam
Legacy Survey (DECaLS, Dey et al. 2019) and version 8 of the
red-sequence Matched-filter Probabilistic Percolation cluster-
finding algorithm code (redMaPPer, Rykoff et al. 2014). In con-
trast to the COSMOS field, which offers excellent spectropho-
tometric coverage, the quality of the photometric redshifts from
DECaLS is insufficient to ensure robust group identification. We
therefore visually confirmed which radio sources in the XMM-
LSS field are located within the extended X-ray emission from
the 0.5-2keV XMM-Newton data (e.g. the right panel of Fig. 1)
and calculated rough group properties using the redshifts of the
host galaxies in our sample.

We performed a 2D spatial match between the locations of
the radio sources in XMM-LSS and the X-ray extended data
from XMM-Newton (green triangles in Fig. 1) and find that 79
out of the 183 (43%) radio sources of our BA sample lie within
the X-ray coverage. By matching also in redshift space, using
the extended X-ray sources from the redMaPPer pipeline, we
find that 17 out of 183 radio sources (9%) lie inside X-ray
galaxy groups (blue stars in Fig. 1). We note that, for a radio
source to be considered an X-ray galaxy group member, the
redshift of the host galaxy must lie within the redshift range
of the extended X-ray source calculated from the redMaPPer
pipeline, given by the redshift accuracy of the XMM-LSS sam-
ple: Az = (Zgalaxy - ZredMaPPer)/(1 + ZredMaPPer) < 0.018. Addition-
ally, we excluded all group members associated with a group
with richness A < 10.

7 https://www.cosmos.esa.int/web/xmm-newton/sas
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Fig. 1. Left: X-ray galaxy group masses, My, as a function of redshift in XMM-LSS, calculated with redMaPPer (grey circles), calculated with
the redshift of sources in the XMM-LSS sample that visually coincide with the 0.5-2keV extended X-ray emission (green triangles, 2D Match)
and from cross-matching the X-ray galaxy groups from the ‘2D Match’ to the ones from redMaPPer, given Az < 0.018 (blue stars, 3D Match).
Right: Example of a radio galaxy spatially coinciding with extended X-ray emission. The background is the SDSS i-band data, overlaid with
MIGHTEE 8.9” radio data at 30~ (cyan contours) and 0.5-2keV extended X-ray emission (white contours). A scale of 100 arcsec in length is
shown on the bottom right. This corresponds to 267 kpc at the redshift of the source 178, z = 1.54.

The halo masses, Mqq., for the 17 members in the XMM-
LSS sample range from 5 x 10'* M, to 2 x 10'* M. The group
with the lowest flux is found at 4 x 10" ergs™! cm™2s~!. Red-
shifts range from 0.34 to 0.7. The properties of the X-ray galaxy
group of XMM-LSS and COSMOS are shown in Fig. 2 and dis-
cussed further in Sect. 5. We note that objects inside the X-ray
coverage that are not members of galaxy groups might lie in
mass halos below <1.5(1 + z) x 10" M, (for z > 1), not probed
by our current X-ray data (see Gozaliasl et al. 2019).

3. Methods
3.1. Largest angular size

To obtain the values for the largest angular size for each source in
our samples, we added the angular distances between the edges
of the 30 contours of the 5 MIGHTEE data and the host posi-
tion. For sources that have no clear lobe structure or no host
information, we used the distance from edge to edge of the 30
contours. We chose the 5 MeerKAT map over the 8.9” one, for
more accurate measurements and to reduce blending effects.

Using the 5 MIGHTEE data for angular size determination
comes at the cost of potentially missing diffuse emission picked
up by the more sensitive 8.9 data. We find that on average the
difference in angular size between the same objects of the two
radio maps is ~8", close to the 8.9 MIGHTEE beam size, sug-
gesting that the difference is related to the beam. Thus, we are
confident in using the angular size measurements from the 5”
map for our analysis.

3.2. The bending angle

Building on previous studies (e.g. Silversteinetal. 2017,
Vardoulaki et al. 2021a,b; Garon et al. 2019; Golden-Marx et al.
2021), we used the BA, defined as the angle between the jets or
lobes of two-sided radio sources, to study the distortion of the
jet structure in relation to their large-scale environment. The BA
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thus provides a quantitative way to measure the deviation from a
straight line.

A completely straight source corresponds to a BA of 180°,
while bent sources have an angle < 180°. We do not distinguish
between upward and downward bending in the projected plane to
the observer. Thus, the BA is a positive definite quantity between
0° and 180°, where radio sources are more bent the closer the BA
is to 0°.

We measure the BA of each source in two ways: the first
method, which we call the peak flux method, measures the angle
between the vectors that originate in the host position and go to
the peak flux in each jet, choosing the brightest pixel as the end-
point. We defined the peak flux as the hotspot in lobe structures,
which is typically seen in FRII-type sources, or as the peak sur-
face brightnesses, which are typically close to the centre in FRI-
type jets. The second method, called the edge method, measures
the angle between the two vectors going from the host position
to the end of each 30 contour, where the pixel that maximises
the length of each vector is chosen at the 30~ contour. The quan-
titative differences between the two methods are presented in
Sect. 4. In the following section, we discuss the usefulness and
limitations of the BA methods as well as qualitative differences
between the two methods of obtaining the BA.

3.3. The efficacy of the bending angle

We first want to address the limitations of using the BA,
described in Sect. 3.2, as a method of investigating the distor-
tion of jetted radio AGN. Similarly to the angular size, the mea-
surement of the BA is affected by projection effects. Because we
can only see radio sources as 2D projections on the sky, we can-
not accurately account for the true shape the radio source has
in 3D space. For example, a galaxy with a large BA seen from
earth could be seen as having a small BA for an observer from
another direction as the projected distance and angle between
the jets change. This has nothing to do with the intrinsic or
extrinsic properties of the radio source, but is purely geometrical,
limited by the line of sight of the observer. An argument can be
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Fig. 2. Normalised count of the 19 extended radio AGN inside X-ray
galaxy groups found in COSMOS (Gozaliasl et al. 2019, and in prep.)
and the 17 galaxy groups in XMM-LSS associated with extended radio
AGN and presented in Sect. 4.2. Top: Group masses My in M. The
bin size is 0.25 X log,,(M200/Mo). Bottom: Group temperatures, kT, in
kilo-electronvolts. The bin size is 0.25 keV.

made that in an isotropic Universe, the error of the BA due to
projection effects will average out over a large enough sample.
An important consequence of this is that the BA is better suited
for statistical analysis over large samples rather than a source-
by-source approach. For this reason, we refrain from making
strong statements about the most bent sources of our samples in
our analysis and mostly distinguish between straight or slightly
bent sources (BA > 160°) and moderately or very bent sources
(BA <160°) in our statistics. The very bent sources (BA < 100°)
are discussed in more detail in the appendix. The value of 160°
was chosen to allow for comparisons with the literature (see
Sect. 5).

Another source of uncertainty from geometrical arguments
is that positional errors of the peak surface brightness (or edge
position) that is used to determine the BA will result in bigger
errors for the BA the closer the peak surface brightness (or edge

position) is to the core. This is a concern for radio galaxies with
small angular sizes, where small positional changes will result
in larger changes in the BA. We therefore investigate the rela-
tion of size and BA. While the sources larger than 1 Mpc in our
samples are typically not bent below 130°, we find no correla-
tions between BA and angular or linear size. We should note that
large sources (>1 Mpc) are rare, and consequently there are very
few in our samples that cover small sky areas. Nevertheless, we
do not observe a correlation between linear projected size and
BA.

As we showed in Sect. 2, the characterisation of extended
radio sources can be highly dependent on the radio survey’s res-
olution, sensitivity, and frequency. For this reason, we measured
the BA both from edges to radio core (edge method) and peak
fluxes to radio core (peak flux method) for each source where
possible. Using the edge method allows for the inclusion of more
diffuse emission from FRI-type sources, which are subject to
interaction with the environment. While sources with a typical
FRII morphology will not show much difference between the
two methods of obtaining the BA, FRI sources can show a stark
difference between the two methods. This is because FRI sources
have their peak surface brightness closer to the radio core, while
their extended, diffuse emission can be subjected to deformation
due to environmental effects. An advantage of measuring the BA
with the peak flux method is that we expect it to be less affected
by the selection effects related to observed frequency, sensitivity,
and angular resolution of the survey, since the positions of the
peak surface brightness should not change greatly over different
radio datasets, in the case of well-defined radio jets. Neverthe-
less, for surveys with sub-arcsecond resolution, like the 3 GHz-
COSMOS (Smolci¢ et al. 2017b) or LOFAR-VLBI observations
(Sweijen et al. 2022), changes in the peak surface brightness
are observed between ~6” and sub-arcsecond resolutions. We
note that with the edge method we should expect differences
between low frequency and high frequency observations, with
the former probing more extended and diffuse emission. Differ-
ent telescope baselines will also have an effect on this. The BAs
measured from the two methods follow the same distribution
for both fields, suggesting that the BA is statistically consistent
between the two methods. The medians of the absolute devia-
tions between the angles of the peak flux method and the edge
method are 5° and 6° for XMM-LSS and COSMOS, respec-
tively.

4. Analysis and results of observational XMM-LSS
and COSMOS MIGHTEE data

4.1. Bending angles

For sources where we can measure the BA with both methods,
we calculated ABA = (BApeakpiux — BAggge)/(1 + BAggee) and
found ABA < 0.01 for 20% for all sources, ABA < 0.1 for
~84% of sources in XMM-LSS, as well as ABA < 0.1 for ~78%
of sources in COSMOS. The median values for the objects with
BAs from the two methods are listed in Tables 3 and 4. The scat-
ter of the median is given by the 16th and 84th percentile. We
note that the number of objects in Tables 3 and 4 differ because
it was not possible to use both methods of BA measurement on
all objects (e.g. lack of prominent peak flux for the peak flux
method measurement).

The median values from Tables 3 and 4 show that the BAs
from the two methods yield similar median and scatter val-
ues. A Kolmogorov-Smirnov test (K-S test) with a significance
level of 0.05 confirms that the BAs from the two methods come
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Table 3. Median BAs from the peak flux method.

Sample N Bending angle (deg)
Median?‘ggz Min Max
XMM-LSS 214 168.0}12:‘]) 55 180
COSMOS 112 168.0}1?:% 46 180
Combined 326 168.0}12:8 46 180

Notes. Here, we present all sources that we could measure a BA, includ-
ing those outside X-ray galaxy groups.

Table 4. Median BAs from the edge method.

Sample N Bending angle (deg)
Median¥}? Min Max
XMM-LSS 217 168.0]180 16 180
COSMOS 142 166.0};;:8 45 180
Combined 359 167.5};3:8 16 180

Notes. Here, we present all sources that we could measure a BA, includ-
ing those outside X-ray galaxy groups.

Table 5. Degree of bending for sources in the XMM-LSS and COSMOS
samples.

XMM-LSS COSMOS

N Medianifggz N Medianﬁggg;
Straight/slightly bent | 139 174.0]77:0 88 174.0180
(BA > 160°) (~64%) (~57%)
Moderately bent 71 144.01359 54 147.0}339
(100° <BA <160°) | (~33%) (~38%)
Very bent 7 83.0979 6 63.00¢
(BA<100°) (~3%) (~4%)

Notes. Here, we present all sources that we could measure a BA, includ-
ing those outside X-ray galaxy groups.

from the same distribution for both samples (XMM-LSS: K-S
statistic = 0.1, p-value = 0.25; COSMOS: K-S statistic = 0.09, p-
value = 0.77). In Table 5, we show the number of sources in each
sample that are straight or slightly bent (BA > 160°), moderately
bent (100° < BA <160°), and very bent (BA < 100°), as well as
their median BA values. We find that for both samples well over
50% of sources are straight or slightly bent, with only a few very
bent sources in each sample. For the rest of this work, we use the
BAs obtained from the edge method unless stated otherwise.

4.2. Bending angle versus large-scale environment

To investigate the relation between the BA and the large-scale
environment, we cross-correlated the sources in our sample to
the X-ray galaxy groups (see Sect. 2.5) to find relations between
the BA and group properties, such as group mass and temper-
ature, and to understand the role the large-scale environment
probed by galaxy groups plays in shaping the radio structure of
extended radio AGN. We constrained the radio-source sample to
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the same area coverage as the X-ray observations, which cover
~2.3 deg? in COSMOS and ~7 deg® in XMM-LSS.

We find a trend with redshift for objects that are members
of X-ray galaxy groups; that is, a larger number of bent sources
(BA <160°) at lower redshifts. We applied a halo mass cut of
log,o(M200/Mw) > 13.5, to probe the same group population at
all redshifts (see Vardoulaki et al. 2023), and found that in the
COSMOS sample at z < 0.5 we have (BA) = 141° + 39° (five
objects), while at z > 0.5 the (BA) = 154° + 16° (two sources).
For XMM-LSS, at z < 0.5, we have (BA) = 95°+49° (7 objects),
while at z > 0.5 the (BA) = 130° + 8° (two sources). In the fol-
lowing, we discuss separately the bent sources in COSMOS and
XMM-LSS. Accounting for very bent sources (<100°), these are
located at z < 0.5 in both samples. Only source 252 in COSMOS
is below the halo mass cut, while the other very bent source in
COSMOS (source 247) and the two in XMM-LSS (sources 1
and 200) are above the cut.

4.2.1. Group members in COSMOS

We find 19 (25%) bent sources inside X-ray galaxy groups and
57 outside (see Table 2). For the 19 sources in the COSMOS
sample that are inside X-ray groups, we find that the median BA
(with the 16th and 84th percentile) is 156.0;7)- degrees, while
the median BA for the 57 sources that are not considered group
members and are in the same area coverage as XMM-Newton and
Chandra is 168.0]]7 degrees.

In the top panel of Fig. 3, we plot the BA for radio sources
in the COSMOS X-ray galaxy groups in relation to host stel-
lar mass as red pentagons. The stellar mass was obtained from
Gozaliasl et al. (2019). We do not see a correlation between BA
and stellar mass for the COSMOS X-ray galaxy group mem-
bers, although bent and very bent sources have M, > 10! M.
Brightest group galaxies (BGGs) are highlighted by filled-out
symbols. The 17 out of the 19 members from our sample tend
to occupy the high stellar mass end at their respective redshift.
This is expected since radio AGN are more likely to be hosted
by more massive galaxies (e.g. Magliocchetti 2022). We note
that objects 221 and 225 in COSMOS do not have a stellar mass
measurement based on the currently available data.

In the middle panel of Fig. 3, we plot the BAs of the mem-
bers of the X-ray groups in COSMOS against the corresponding
halo mass, expressed in terms of Mgy, which is the mass of the
group inside the virial radius r,gy. We see no clear trend between
group mass and the BA, possibly due to the low sample size
of 19 objects. Also, we do not observe a significant difference
between the BAs of BGGs and non-BGGs.

The bottom panel in Fig. 3 shows the BA as a function of
the mean group temperature, k7, in kilo-electronvolts. We find
no strong correlation between the BA and k7. Very bent sources
show low temperatures, while there is a lack of very bent sources
at higher temperatures. The Spearman test between BA and tem-
perature gives only a correlation coefficient of ry = 0.19 with
a p-value of 0.44. This corresponds to a weak to no correlation
with no evidence to reject the null hypothesis, suggesting that
the correlation is not physical.

We also see that there is no source in COSMOS, for which
we could robustly measure a BA, located in a galaxy group
beyond a redshift of 1.2. This is likely because of the low num-
bers of high redshift sources in our sample and the low number
of high redshift X-ray galaxy groups. We acknowledge the small
sample sizes for some subsets (e.g. high-redshift or very bent
sources in galaxy groups). Expanding the dataset to additional
fields (e.g. ELAIS-S1) or wider sky areas (assuming a wealth
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Fig. 3. Bending angle in degrees as a function of the stellar mass, M,
(top), of the X-ray galaxy group mass, Mgy (middle), and of the X-ray
galaxy group temperature, k7, in kilo-electronvolts (bottom). In all pan-
els, red pentagons denote COSMOS objects and filled blue stars denote
XMM-LSS objects. In the COSMOS sample, BGGs are shown as filled
symbols. For the XMM-LSS sample, the BGG information is not avail-
able at the time of writing due to the different methods the X-ray groups
were defined (see Sect. 2.5). The dashed line at 180° indicates a straight
source.

of multi-wavelength observations) could address this limitation,
but this is out of the scope of the current work. Nevertheless, lit-
erature studies, show that bent sources in clusters exist at high
redshifts. For example, the study of Golden-Marx et al. (2021)
in an area of 300 degz, finds 36 bent radio sources in clusters
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Fig. 4. Bending angle in degrees of radio sources in X-ray galaxy groups
as a function of distance to the group centre in units of r,go for the COS-
MOS field. We distinguish between the core region (0 < r/ryp < 0.1),
the inner region (0.1 < r/ryp0 < 1) and the outer region (1 < r/ryy <
10) of the groups. The black lines and error bars show the median and
standard median error of the BAs in the regions. The redshift of the radio
sources is shown with a colour bar. The dashed line at 180° indicates a
straight source.

up to z ~ 2.2. Furthermore, Hale et al. (2018) suggest that AGN
could occupy less massive groups at z > 1, which require high
sensitivity X-ray observations (also see Vardoulaki et al. 2023,
for further discussion).

To investigate the relation between BA and distance from
the X-ray group centre in the COSMOS field, we plot in Fig. 4
the BAs against the projected distance r of the radio sources
to the group centre, normalised by the virial radius rpg9. The
core region typically covers the range of 0 < r/ryo < 0.1
(e.g. Navarro et al. 1995, 1997; Navarro 1996). The range 0.1 <
r/roo < 1 is deemed the inner region of the X-ray galaxy group.
We also include all sources out to r/rpp < 10 (and Az + 0.007)
from the centre, named the outer region. We do not consider
these galaxies as group members, because they lie beyond the
virial radius of 7,99 and were also not assigned a membership
based on the studies of Gozaliasl et al. (2019). The reason we
include them in this plot is to investigate trends in the periph-
ery of the X-ray galaxy groups. We find that the two most bent
sources in the COSMOS sample are located in the core region
of their corresponding X-ray galaxy group. We also find that
the BA moderately correlates with distance to the group cen-
tre, with strong evidence to reject the null hypothesis (Spearman
test: ry = 0.4, p-value = 0.01). Similarly, we find that the redshift
for sources in galaxy groups both moderately correlate with the
BA (r; = 0.55, p-value =0.02) and distance to the group centre
(ry = 0.46, p-value =0.0003).

To look for emerging trends in the relatively low sample
size of X-ray galaxy group members, we split the 19 sources
into two sub-samples of sources that are straight or slightly bent
(BA > 160°) and moderately or very bent sources (BA <160°).
In Table 6, we compile the median values of the group proper-
ties for straight versus bent radio sources in groups.

We report that 12 out of 19 (63%) sources in groups in the
COSMOS field have a BA <160°. For these sources, we observe
lower median values for X-ray group redshift, halo mass and
mean group temperature, as well as a smaller distance to the
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Table 6. Median X-ray group properties and percentiles for straight (BA > 160 deg) and bent (BA <160 deg) group members in the COSMOS

sample.

BA N Median® %
(deg) BA/deg z logio(Mapo/Me)  r/rao0  kT/keV  Nga

. . . . 6 ;
>160 7 171.01731  0.44090 13.81}3% 0.19952 1.2815  20.0%
<160 12 1345165 034041 13561397 01404 088174 225117

Notes. BA is the bending angle in degrees; z the redshift; Mg is the mass of the galaxy group in M; r is the distance from the X-ray galaxy
group centre normalised to ry; kT is the temperature of the group in kilo-electronvolts; and N,y is the number of galaxies that are members of

the X-ray galaxy group.

group centre, but only within the scatter values of the medi-
ans. There is no clear divide between the properties of bent
and straight sources in groups; however, there is a large over-
lap in the distributions of the two samples. The median num-
ber of group members with M, > 10° M, for straight and bent
sources are comparable, with the number of galaxies that are
members of the groups being Ny = 20.0?? for straight sources

and Ny = 22.55'7 for bent sources.

4.2.2. Group members in XMM-LSS

For the XMM-LSS field, we obtain 17 (10%) sources inside X-
ray galaxy groups and 149 outside X-ray galaxy groups. For
the 17 sources in the XMM-LSS sample that are inside X-ray
groups, we find that the median BA is 140.0;7-3 degrees, while
the median BA for sources that are not considered group mem-
bers and that are also covered by XMM-Newton is 169.0]780
degrees.

In Fig. 3, we show the BA as a function of stellar (top panel)
and halo mass (middle panel), where XMM-LSS sources are
plotted as filled blue stars. We note that sources 5, 60 and 84
do not have a stellar mass measurement based on the currently
available data. We see that the two most bent sources in XMM-
LSS are associated with more massive groups (Mag > 10'* M,)
and with massive hosts (M, > 10'!' M) while the other sources
do not show any trend between BA and group or stellar mass. We
note that most sources, barring two (sources 49 and 57), are asso-
ciated with massive hosts (M, > 10'! M), similar to COSMOS,
which has three group members below 10'! M. We note that the
halo mass parameter space is different from that of the COSMOS
field, with the latter probing halo masses below 1036 M,

The bottom panel in Fig. 3 shows the BA in XMM-LSS
as a function of the mean group temperature, k7, in kilo-
electronvolts. We find no strong correlation between the BA and
kT . Very bent sources show high temperatures, contrary to what
is seen from the COSMOS sources. We discuss this further in
Sect. 6 and in the appendix.

In Fig. 5, we show the BA as a function of distance to the
group centre in units of rypy. Similarly to Fig. 4, we distinguish
between the core and inner region of the X-ray group, but do
not include sources beyond 7, due to the poorer photomet-
ric data available for XMM-LSS, compared to COSMOS (see
Sect. 2.5). This means we could not define in a similar manner,
and robustly, the sources at the outer region of galaxy groups in
XMM-LSS, as we did in COSMOS. We find that the median BA

of group members of the core region is BAyeq = 124.0{3% and

BAmeg = 159.0§7%! for members of the inner region. In contrast
to the COSMOS group members, the two most bent sources in

XMM-LSS are located in the ‘inner region’ rather than the core
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Fig. 5. Bending angle in degrees of radio sources in X-ray galaxy groups
as a function of distance to the group centre in units of 7, for the
XMM-LSS field. We distinguish between the core region (0 < r/ryp <
0.1) and the inner region (0.1 < r/ryo < 1) of the groups. The black
lines and error bars show the median and standard median error of the
BAs in the regions. The redshift of the radio sources is shown with a
colour bar. The dashed line at 180° indicates a straight source.

region of groups. We note that the two very bent sources are
narrow-angle tail (NAT) sources, and probably in-falling to the
group centre. We discuss these further in the appendix.

In Table 7, we show the median group properties for sources
in XMM-LSS that are straight or slightly bent (BA > 160°) and
for bent sources (BA <160°). We see that 11 out of 17 group
members have a BA <160°. We find only slight differences
between the median redshift, halo mass and mean group tem-
perature for straight and bent radio sources, with overlapping
distributions. The median distance to the group centre for bent
sources is 0.15 /159, which is smaller by a factor of two than
the value for straight and slightly bent sources.

In Table 8, we compile the median BAs for the group mem-
bers in the core and inner regions of X-ray galaxy groups and
also compare the BAs of all group members to the radio sources
that are not considered X-ray group members (field sources). For
both fields, we find that sources located in the core region are
more bent (22% more bent in XMM-LSS and 4% more bent in
COSMOS) than the sources in the inner region of galaxy groups.
Similarly, group members are more bent (17% more bent in
XMM-LSS and 7% more bent in COSMOS) than the sources
located in the field. The two most bent sources in each sample
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Table 7. Median X-ray group properties and percentiles for straight (BA > 160 deg) and bent (BA <160 deg) group members in the XMM-LSS

sample.

BA N Median® %

(deg) BA/deg z logio(Ma00/Mo) /100 kT/keV
S160 6 1730134 039081 13961405 030037 1.638
<160 11 122.01L6  0.350%3 13.99142 0.15043  1.66773

Notes. BA is the bending angle in degrees; z the redshift; M, is the mass of the galaxy group in M,; r is the distance from the X-ray galaxy group
centre normalised to ryg9; kT is the temperature of the group in kilo-electronvolts; and Ny, is the number of radio sources.

Table 8. Bending angles for group and field sources in the same area
coverage.

Field N Bending angle (deg)
Median?égz Min Max
Core region (0 < r/ryp < 0.1)
XMM-LSS 4 1240[3% 107 144
COSMOS 8 149.51%:3 45 176
Inner region (0.1 < r/ryp < 1)
XMM-LSS 13 159.05" 16 177
COSMOS 11 156.01%:3 101 172
Group Members
XMM-LSS 17 140'01(7)4213 16 177
COSMOS 19 156.0}?;:; 45 176
Field Sources
XMM-LSS 149 169.0%12:8 83 180
COSMOS 57 1 68.0113:(8) 102 180

are located in galaxy groups. These four sources in particular
will be further discussed in the appendix.

5. Discussion

5.1. Radio size and luminosity of X-ray galaxy group
members

We investigated relations between the physical properties of X-
ray galaxy group members in XMM-LSS and COSMOS. The
sky coverage of MIGHTEE-DRI observations is 14.4 deg® for
XMM-LSS and 4.2deg®> for COSMOS. From our total sam-
ples — that is, all sources within the DR1 mosaics for which
we measured the BA — we obtain 15.07 sources/deg? for XMM-
LSS and 33.81sources/deg? in COSMOS. Our results sug-
gest that COSMOS is a more densely populated field than
XMM-LSS. Literature studies of bent radio AGN, and in par-
ticular the study of Golden-Marx et al. (2019), who targeted
clusters of galaxies selected from the VLA FIRST radio sur-
vey (Helfand et al. 2015; Becker et al. 1995, beam size: 5", rms:
~150 wWly/beam) and the study of Wing & Blanton (2011), indi-
cates an expected number of bent double sources (BA < 160°) of
the order of 646 in 300 deg?, or 2.12 sources/deg?. The increased

source count per square degree in our samples is attributed to
the high sensitivity of the MIGHTEE survey, the inclusion of
sources with BA > 160° and the larger redshift range (0.01 <
z < 3.2). If we constrain our samples to bent group mem-
bers (BA<160°) in the redshift range of Golden-Marx et al.
(2021) of 035 < z < 22, we get 0.71sources/deg® in
XMM-LSS and 1.74 sources/deg? in COSMOS, compared to the
0.12 sources/deg? Golden-Marx et al. (2021) find from the sam-
ple of 36 high-z bent sources in clusters.

Golden-Marx et al. (2021) investigate the parameter space
36 < BA(deg) < 160, linear size of ~120-600 arcsec,
1027 < Liscu/[WHz™'l < 10¥7. Other studies, such
as that of Garonetal. (2019), find 988 bent radio sources
(BA <160°) in 10575 deg? below redshift z < 0.8, which gives
~0.1 sources/deg®. Garon et al. (2019) investigate the parame-
ter space 0.02 < z < 0.8, 0.2 < BA(deg) < 180 (values
changed to match our conversion), angular size 0.2—1.3 arcmin,
and Ly, = 2 X 10¥ WHz™!, while they probe clusters with
masses Mspo > 5 x 10'* M. We attribute the discrepancy in
the findings to the different parameter space probed. Restrict-
ing our sample to z < 0.8 yields ~1 sources/deg’ for XMM-
LSS, and ~4 sources/deg? for COSMOS. Finally, Mingo et al.
(2019) identify 459 bent-tailed in LoTSS below redshift z <
0.4, covering 424 deg?, which gives ~1 source/deg®. Consider-
ing only sources within clusters and their match fraction of
~50%, Mingo et al. (2019) find 0.54 bent-tailed sources/degz,
reportedly WATs and NATs, including core-jet sources. A direct
comparison to our sample is not possible. The interesting result
is that in COSMOS we find a larger number of bent sources
per square degree than in other fields and studies. COSMOS is
known to have several overdensities in the redshift range covered
by our study (see Scoville et al. 2013). We discuss this point fur-
ther down.

We further investigate the reason we do not find bent radio
AGN above z = 1.2 in our samples of group members.
Golden-Marx et al. (2021) find a total of nine bent, double-lobed
radio galaxies above z = 1.2 in clusters in 300 deg?, which cor-
responds to 0.03 bent double sources/deg” for z > 1.2. From
this, we should expect to find 0.43 bent double sources/deg? in
XMM-LSS and 0.13 bent double sources/deg? in COSMOS for
z > 1.2. From this comparison, we conclude that bent radio AGN
at z > 1.2 are rare and that large sky coverage is required to find
them.

By comparing the linear projected size and radio luminos-
ity of the COSMOS and XMM-LSS X-ray galaxy group mem-
bers, we find a moderate correlation between those quantities,
where r; = 0.46, p-value =0.05 for COSMOS and ry; = 0.44,
p-value = 0.08 for XMM-LSS. This also corresponds to a mod-
erate correlation between radio luminosity and linear size, but
with weaker evidence to reject the null hypothesis, likely owing
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to the smaller sample size. If we compare the whole COSMOS
and XMM-LSS samples, the correlation between linear size and
luminosity is stronger for galaxy group members than for the
whole sample. Our results agree with the literature and the mod-
erate correlation found by Golden-Marx et al. (2021).

We note that except for a giant radio galaxy (GRG) that we
find in COSMOS (Source 178; see also Delhaize et al. 2021),
the bent sources in groups and clusters have radio sizes between
100-800kpc®. The GRG in COSMOS recently reported in
Charlton et al. (2025) is located at the north edge of the coverage
of the DR1 mosaic and missing half the jet structure towards the
north, and thus does not fulfil our criteria for the measurement
of the BA; that is, two-sided radio structures. Malarecki et al.
(2015) report that hosts of GRGs are usually found in envi-
ronments of higher galaxy density, similar to group environ-
ments. However, we note that out of the 11 GRGs (2 sources
in COSMOS and 9 sources in XMM-LSS), we find in our sam-
ples inside the X-ray coverage, only Source 178 in COSMOS
is inside a group environment (Mo ~ 2 X 10'3 My). Recently,
Neronov et al. (2024) explored the reason why GRGs such as
Porphyrion with a size of 7 Mpc, grow so large. They argue that
such systems can expand inside filaments and their jets trace a
very high-energy gamma-ray beam emitted by AGN.

Interestingly, sources larger than 500 kpc, which are mem-
bers of X-ray galaxy groups, are less bent by ~25% on average
compared to sources smaller than that. While there is no statis-
tically significant correlation between BA and size, we note that
we find a moderate correlation with strong evidence to reject
the null hypothesis between the distance from the group centre
and linear size for the XMM-LSS group members (r; = 0.60,
p-value = 0.01; see the bottom panel of Fig. 6). This could indi-
cate that, as the ICM density increases towards the centre of
the group, the expansion of radio jets is hindered. Moravec et al.
(2019, 2020) find such a relationship between radio size and dis-
tance from cluster centres from observations and the self-similar
jet model from Falle (1991), arguing that the radio size depends
on jet power, the lifetime of the source, and the density of the
surrounding medium:

3 1/(5-a)
t .
D= c(&) ,
o

with D the size of the radio source, ¢ a dimensionless constant
encompassing the adiabatic index of the surrounding gas and the
opening angle of the jets, Qje the jet power, p the density of
the environment, and ¢ the lifetime of the source. p is typically
modelled by a radial profile of the form p = por~®, where r is
the distance from the source.

Under the assumption of no strong radial density gradients
on jet scales, @ becomes 0 and p only depends on the distance
to the cluster centre. However, as is seen in the top panel of
Fig. 6, no correlation between distance from the group cen-
tre and radio size is found for our COSMOS group members.
Golden-Marx et al. (2021) also find no agreement with the rela-
tionship of Moravec et al. (2019), suggesting that the relation-
ship between size and distance from group/cluster centre is not
straightforward. We further discuss Eq. (1) by estimating Qje
and picMm in Sect. 5.4.

6]

5.2. X-ray galaxy group properties

While we can compare the intrinsic host properties of the mem-
bers of X-ray galaxy groups, it is not trivial to compare the group

8 We define GRGs as sources with a linear projected size > 1 Mpc.
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Fig. 6. Projected linear size, D, of group members in kiloparsecs as a
function of projected distance from the group centre in kiloparsecs. The
BA of the radio sources are shown by a colour scale. Top: COSMOS
group members. Bottom: XMM-LSS group members.

properties from X-ray galaxy groups found for COSMOS and
XMM-LSS. In addition to the differences in spectrophotometric
data quality available for the fields (see Sect. 2.5), the surveys we
utilise for the COSMOS groups (see Gozaliasl et al. 2019, and
in prep.) have a lower flux limit than the survey conducted for
XMM-LSS (see Gozaliasl et al. 2014), resulting in lower halo
mass and temperature ranges in COSMOS.

Since we have a robust catalogue of 322 X-ray galaxy groups
available for COSMOS (Gozaliasl et al. 2019, and in prep.), we
can compare the ranges of all galaxy groups in COSMOS to
the 17 groups in XMM-LSS that host bent radio sources of our
samples, which we show in Fig. 2. While this comparison can-
not show the differences in distribution for all galaxy groups of
the two fields, we can confirm that the COSMOS groups are
distributed at lower halo masses and temperatures compared to
those in XMM-LSS which host bent radio sources, owing to the
difference in flux limit.

In a relaxed group, the gas density will increase as the dis-
tance to the group centre decreases (e.g. Ascasibar et al. 2003).
Thus, jet bending due to the movement of a radio galaxy through
the group medium will be more pronounced for galaxies that
are in closer proximity to the group centre. This is shown in
the study of Garon et al. (2019), who investigated 4304 radio
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galaxies in optically selected galaxy clusters, and find that the jet
bending becomes less severe the further the galaxy is from the
cluster core. In our study, we see, on average, a similar behaviour
(except for the two NATs in XMM-LSS). As we summarise
in Table 8, we find that the median BA for sources located in
X-ray galaxy groups is lower than for the sources we do not con-
sider group members, with the lowest median BAs found in the
core region (r/ro0 < 0.1) of the groups. The scatter of these
values is large, ranging from 30° to 80° between the 16th and
84th percentiles, and straight or slightly bent objects (BA > 160°)
are also found in X-ray galaxy groups. A K-S test between the
BAs for group members and field sources shows that the BA
distribution is different between members of the field and of
groups, (K-S statistic =0.53, p-value =0.02 in XMM-LSS and
K-S statistic =0.42, p-value =0.07 in COSMOS), though this is
limited by the small number of group members. Even so, for
both the XMM-LSS and COSMOS sample we find that ~64%
of all group members have a BA <160°, while only ~34% of all
field sources have a BA < 160°.

As Table 8 shows, we still find sources with BAs down to
83° in the field. A reasonable question would be why we find
bent sources at all if they are not located in a dense group
or cluster environment. The reason can be attributed to the
sensitivity of the current X-ray observations. In particular, for
COSMOS, we can only detect X-ray galaxy groups with halo
masses 1.5 (1 + z) x 10> My (Vardoulaki et al. 2019). Addi-
tionally, a good photometric catalogue plays an important role
in the robust membership assignment of the galaxies in groups.
As we have discussed in Sect. 2.5, the method of identifying
galaxies as members of a group in XMM-LSS only allows us to
assign a secure membership to 17 bent radio AGN. Thus, bent
sources that are not members of groups can be used as trac-
ers for groups and clusters (e.g. Hintzen 1984; Blanton et al.
2000; Smolci¢ et al. 2007; Mingo et al. 2019; Vardoulaki et al.
2019). Another reason could be that a radio galaxy interacted
with a group in the past and now is located outside the virial
radius of the group (e.g. Wetzel et al. 2014). Bent sources like
WATS can also be located in filaments of the cosmic web (e.g.
Edwards et al. 2010; Garon et al. 2019; Vardoulaki et al. 2021b;
Morris et al. 2022) instead.

Ignoring the very bent sources located in the X-ray galaxy
groups (BA <100°), which are discussed in more detail in the
appendix, we find no trend between BA and group halo mass or
temperature for either the COSMOS or the XMM-LSS samples
(see Figs. 3, 4 and 5). We again compare this to the large sample
of 4304 bent radio galaxies located in optically selected galaxy
clusters (Garon et al. 2019), who find that more bent sources are
located in more massive clusters with higher ICM pressures. One
of the reasons we might not obtain this trend is because our sam-
ple size of group members is too small to find any significant cor-
relations. Another explanation is the different parameter space
of Garon et al. (2019), who examine sources in galaxy clusters
ranging from Msgy = 5 X 10" M, to 30 x 10'* My, while the
galaxy groups that host the bent sources of our samples have
halo masses Msgy = 2 X 10 Mg, to 1 x 10'* M, in COSMOS
and Msgp = 4x10'3 M, to 2x10'* My in XMM-LSS. The galaxy
group masses Mygg from the X-ray galaxy groups are converted
to Msgg using the COLOSSUS code (Diemer 2018, COsmology,
halLO and large-Scale StrUcture toolS). The halo mass of groups
and clusters is related to the dispersion velocities of their mem-
bers (e.g. Saro et al. 2013), so we expect galaxies to move faster
through the ICM in more massive groups or clusters. Similarly,
scaling relations between dispersion velocities of galaxies and
group temperature show that statistically, hotter group environ-

ments are indicative of members that move through the ICM with
high velocities (e.g. Lubin & Bahcall 1993).

As we discuss in the upcoming section, the halo mass is cor-
related to the ICM pressure of the group or cluster. Both higher
galaxy velocities through the ICM and higher ICM pressures
should promote jet bending through ram pressure that is exerted
on the jets (Begelman et al. 1979). At first glance, it is therefore
unexpected to find no correlation between BA and halo mass or
temperature. This begs the question if the halo masses and tem-
peratures we observe in XMM-LSS and COSMOS are too small
to cause ram pressure-induced jet bending. Mguda et al. (2015)
find from simulations that radio sources bent due to ram pressure
are equally found in halo masses above and below 10'*> M, but
that this comes from the fact that the lower mass clusters far
outnumber higher mass clusters. In other words, more massive
clusters are more likely to host bent sources due to ram pres-
sure, but are rare, while less massive clusters are less likely to
host bent sources due to ram pressure, but are not rare. Since
all of the X-ray galaxy groups in our study have masses below
10'*3 My, we are disproportionately affected by the small sam-
ple size of groups. However, studies have shown that the differ-
ence in properties of clusters and groups is not a simple matter
of up- or downscaling (e.g. Sanderson et al. 2003; Borgani et al.
2004; Gaspari et al. 2011). The heating due to feedback from
AGN (see Fabian 2012, for a review) has a bigger impact on
the smaller halos of groups, resulting in a steeper Ly — T scal-
ing relation than for clusters (e.g. Helsdon & Ponman 2000;
Magliocchetti 2022). This is connected to a flattening in the
gas density profile in groups with temperatures below 3—4 keV
(Ponman et al. 1999), which applies to the groups that host the
bent sources of our samples. This can be related to the results of
Smolcié et al. (2011) and Vardoulaki et al. (2023), which show
that sources remain active inside galaxy groups compared to the
field. In more massive clusters, the effects of heating from feed-
back will be less severe than for groups. This makes a direct
comparison to massive cluster environments difficult. We there-
fore investigated the relation of jet bending and ram pressure
more directly.

5.3. Ram pressure as a reason for jet bending in galaxy
groups

As was discussed above, we expect jets to bend in group envi-
ronments because of the ram pressure the ICM exerts on the jets
as they move through the dense group medium (Begelman et al.
1979; Jones & Owen 1979). This pressure is expressed as Py, =
PICM Uéav where prcym is the density of the ICM and vy, is the
relative velocity between the galaxy and the ICM gas particles
(Jones & Owen 1979). The curvature of the jets in relation to the
ram pressure can be expressed by:

2

PIcMUgy

— & 2
A R @)

where p; and v; are the gas density and velocity of the jet parti-
cles, h is the scale height — that is, the radius of the jet — and R is
the radius of the jet curvature (Begelman et al. 1979).
Assuming that the groups are approximately virialised,
meaning the groups are in dynamical equilibrium, we can use
Picm as a proxy for Py, (e.g. Garon et al. 2019). To estimate
Picm, we adopted the formula from Arnaud et al. (2010), which
uses simulations from Nagai et al. (2007) and observations of 33
local clusters observed by XMM-Newton to calculate a universal
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Fig. 7. Picym calculated from Eq. (3) for the X-ray galaxy group mem-
bers of the COSMOS (red pentagons) and XMM-LSS (blue stars) sam-
ple as a function of the BA. The source IDs for very bent sources are
annotated. The dashed line at 180° in both plots indicates a straight
source.

galaxy cluster pressure profile:

ZE)
3 x 10 M,

x P(d)keV ecm™, 3)

2/3+ap+a)(d)
Piem(d) = 1.65 x 102 E(2)*? x ( )

where d = ﬁ, E@®@ = Qu(l + 2)° + Qa, Msqp is the group
mass within rsy, z is the redshift and P(d) the generalised
NFW model adopted from Nagai et al. (2007). ap and a/(d)
are fit parameters adopted from Arnaud et al. (2010). While the
universal pressure profile accounts for halo mass and redshift
evolution, the model from Arnaud et al. (2010) is based on local
clusters assuming self-similar evolution for higher redshifts,
which might not be strictly applicable to the galaxy groups we
probe, though Hernandez-Lang et al. (2023) show that universal
pressure profiles work well up to redshifts of z ~ 1.

Figure 7 shows the Pcy calculated from Eq. (3) for the
X-ray galaxy group members of the COSMOS and XMM-LSS
sample, presented in Sect. 4.2, as a function of the BA. As was
expected, we find that sources in the core region (r/ryg < 0.1)
are in higher pressure environments than sources of the inner
region (0.1 < r/rg < 1). For COSMOS, we do not observe
a correlation between the BA and the ICM pressure. For the
XMM-LSS sample, there is no correlation between BA and ICM
pressure (ry = —0.35, p-value=0.16). A negative correlation
between BA and pressure would be expected as it corresponds
to smaller BAs at higher pressures.

We find that for group environments where Picvy >
103 keVem™3, we observe a lower median BA compared to
lower pressures. For Picy > 1073 keV cm ™3, the median BAs are
BAned = 139.021;‘24'8 and BAyeq = 133.0}8?3 for the COSMOS
and XMM-LSS X-ray galaxy group members, respectively. For

Picm < 107 keV em ™2, the median BAs are BApeq = 157.0{$38

and BAcq = 170.0}?;‘% for COSMOS and XMM-LSS, respec-

tively. This is consistent with the findings of Garon et al. (2019),
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who estimate that P.,y,, for which we use Picm as a proxy, has
to be at least of order magnitude 1073 keV cm™ to induce jet
bending. This threshold is based on an AGN triggering model
from Marshall et al. (2018), who compare simulations of galax-
ies moving through cluster environments to observational data.
For the less massive galaxy groups, such as those used in this
work, the semi-analytic model of Marshall et al. (2018) predicts
that, given the same velocities, galaxies must be closer to the
galaxy group centre compared to galaxy clusters to be in the
regime of P, induced AGN triggering. The AGN that are trig-
gered in groups from Marshall et al. (2018) are typically found
in the range 0 < r < 1ry, with ry;, the virial radius of the galaxy
group, which is in line with our definition of group member-
ship up to the virial radius 1r590. Even though our limited sam-
ple size of X-ray galaxy group members does not show any sig-
nificant correlation between BA and Picym, we can confirm that
Picm ~ 1073 keV ecm™ works well as a threshold for ram pres-
sure induced jet bending. We find 11 bent group members in
both samples (58% in COSMOS and 65% in XMM-LSS) to be
at Piem > 1073 keVem™. This includes all WATSs we find in
groups in COSMOS and XMM-LSS, which are expected to be
predominantly bent by ram pressure (e.g. Smolci¢ et al. 2007,
O’Dea & Baum 2023). We note an outlier, source 200 in the
XMM-LSS sample, which is a NAT but is estimated to be at
an ICM pressure of 2 x 107 keV cm™. A possible explanation
for this is discussed in Appendix A, but we mention here that
Picm as a proxy for Pr,y is based on the assumption that the
groups are relaxed, which might not be the case for all groups
(Gozaliasl et al. 2020).

Furthermore, Marshall et al. (2018) find that higher redshift
galaxy clusters (z ~ 1) are less constrained on the distance to
the cluster centre (0.5 < r/ry;; < 2) when it comes to AGN
activity triggered by ram pressure. This means that for galaxy
groups at higher redshift (z ~ 1), sources bent due to ram
pressure are found further away from the galaxy group centre
compared to low redshift galaxy groups (Marshall et al. 2018).
This is consistent with our results shown in the bottom panel
of Figs. 4 and 5, where the bent X-ray galaxy group mem-
bers show a moderate correlation between redshift and distance
from the galaxy group centre (Spearman test for COSMOS sam-
ple: ry = 0.46, p-value =0.003; XMM-LSS sample: r; = 0.63,
p-value = 0.007). Denser cluster environments at lower redshifts
fit into the accepted picture of hierarchical structure formation,
shown here also for group environments.

A study by Mguda et al. (2015) looks into simulations of
radio sources in cluster environments that are bent due to ram
pressure. They investigate the fraction of radio galaxies that
surpass the ram pressure threshold for jet bending, derived
from Eq. (2) with values from Freeland & Wilcots (2011).
They find that for low-mass clusters, which Mguda et al. (2015)
define as logjo(Mhao/Mp) < 14.5, radio sources bent due
to ram pressure are most likely found within 400kpc from
the cluster centre. Bent sources in clusters with halo masses
14.0 <logio(Mpao/ Mg) < 14.5 are likely found within 800 kpc
from the cluster centre.

Figure 8 shows that this relationship between group mass and
projected distance from the group centre is in good agreement
with the sources of our samples located in X-ray galaxy groups,
where bent and very bent sources are found up to 400 kpc from
the group centre in both COSMOS and XMM-LSS. The sources
that are located beyond 400 kpc from the group centre are only
found in halo masses log;o(Mzpp/Mg) > 13.9. We demon-
strate that the jet bending of the sources in the X-ray galaxy
groups in COSMOS and XMM-LSS is well explained by ram
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COSMOS. Bottom: XMM-LSS.

pressure that is exerted on jets for the halo masses in the range
Mgy = 2 x 1083 M, to 2.2 x 10'* M. The lack of correlation
between halo mass and BA for group members can be due to
the small sample size, as finding bent sources in galaxy groups
could be rare, as is indicated by the number of WATs we find:
for COSMOS X-ray galaxy group members, we have robustly
identified 2 WAT's with BA <100° (~0.9 WATs/degz) and none
in the X-ray galaxy group members of XMM-LSS (where
for BA<160° we have ~1.3 WATs/deg? in COSMOS and
~0.6 WATs/deg? in XMM-LSS in galaxy groups). Mingo et al.
(2019) find ~0.22 WATs/deg? in galaxy clusters from coverage
of 424 degz, selected from LoTSS (Shimwell et al. 2017, 2019),
highlighting that large area coverage is required to create large
samples of bent radio sources.

5.4. Relating jet size, ICM density, and jet power

We expect that a radio source in a large cluster will experience
a more or less homogeneous ICM density between the host and

200
= Y Yoo TTTT T
175 PY » x& K x o, .
l @ Ps * % P
—~ 150 N
2 * * *
T 1251 °
o *e
0 o * *
2
B 75
c
&
50 P L
25 1 * * Different PICM
* @ Comparable picy
0 1 2 3 4 5 6

"'2(1(1/ D

Fig. 9. Bending angle in degrees as a function of r,y of the galaxy
groups over the radio size, D, of the bent group member in the group.
The COSMOS group members are pentagons and the XMM-LSS group
members are stars. If the ICM density at the end-points of the jets are
within a factor of 5 pjcy at the host, the symbols are purple; if they are
outside a factor of 5pjcm at the host, they are green. The dashed line
indicates a straight source.

the jets, as the radio source itself is small compared to the size of
the cluster (e.g. Garon et al. 2019). Conversely, in small galaxy
groups, where the radio size can be comparable to the group size,
the ICM density could be significantly higher or lower at the
jets compared to the host. To investigate this phenomenon in our
sample of group members, we divide the values of Pjcy from
Eq. (3) by the mean group temperature to obtain the expected
ICM density picm at the host position and the end-points of both
jets for each source. We then sub-divide all group members into
sources where the ICM density at the end-points of the jets is
within or outside a factor of 5picym at the host. This arbitrary
threshold is chosen to generate two roughly equally sized sub-
samples of sources where pjcm is comparable at the jets and the
host and where pjcum is different between the jets and the host.

Figure 9 shows the BAs of the group members in XMM-LSS
and COSMOS as a function of ryg of the galaxy groups over
the radio size D of the bent group member. The sub-populations
described above are highlighted with different colours. The sub-
sample of group members where the ICM density of the jets is
within a factor of 5 pjcm at the host is overwhelmingly found at
ry00/D > 3, where the virial radius ryg is larger than the radio
source itself and a more homogeneous ICM around the source
is expected. Conversely, at ry00/D < 3 we find the population of
sources where the ICM density of the jets is outside a factor of
5 from picMm at the host. Here, the group size and radio size are
comparable and the ICM density gradient is apparent along the
radio source.

While we can confirm that the ICM density varies between
the jets and the host depending on how comparable the radio
size is to the group size, we find no correlation with the BA. A
K-S test shows that the BAs from the two populations in Fig. 9
come from the same parent distribution (K-S statistic =0.35, p-
value = 0.57). This means that the difference between the two
populations is most likely driven by the jet size, as pjcm from
Eq. (3) is a function of distance from the group centre, and
longer jets will therefore experience larger density gradients than
shorter jets.

We combine the results regarding the intrinsic properties
of our samples, namely size and luminosity, and the extrinsic
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Fig. 10. Radio size, D, in kiloparsecs as a function of the jet power, Qje,
over the mean ICM density, pjcy, for the group members of COSMOS
(pentagons) and XMM-LSS (stars). The projected distance to the group
centre in in kiloparsecs, normalised to ryy, is given by a colour scale.
We plot dashed lines at constant 7 from Eq. (1) of Falle (1991), with val-
ues from Blundell & Rawlings (1999); Qj., is normalised with the aver-
age p;cy of our samples. Solid lines denote the relation between size of
the radio source and jet power, normalised with the median environmen-
tal density (10 g/cm™) from the MHD simulations of Vazza et al.
(2023). We note the minimum Qj.; value used in the simulation is
3 x 10" erg/s, corresponding to X-axis values of 5 x 10* erg/s/cm™,
thus a simple extrapolation to lower values should be done with caution.

medium of galaxy groups, given by the ICM density. As is
discussed in Sect. 5.1, Eq. (1) suggests that the size of our
sources should be dependent on the jet power, the density of
the surrounding medium and the lifetime of the source. We have
not performed an in-depth analysis to obtain the sources’ life-
times, but we estimate the other quantities: for each group mem-
ber, we estimate the jet power Qje; from the radio luminosity”
at 1.4 GHz by employing Eq. (4) from Smol¢i¢ et al. (2017a),
loglijet(Ll.4 GHz) = 0.86]0g10L1,4GHZ +14.08 + 1.510g10fw, with
fw = 4, an uncertainty parameter. To account for the ICM den-
sity gradients our sources experience, we take the mean ICM
density value p;y at the host and the end points of each jet, as
was described above.

From Fig. 10, we can confirm that the radio size, D, increases
with larger Qje/Prconm- as Eq. (1) suggests, with two notable out-
liers in the COSMOS sample (Source 178 and 245). Qiet/picym 18
larger for sources further away from the group centre, indicating
that more powerful jets and/or a less dense medium results in
larger jet sizes. A Spearman test between D and Qje/picy gives
a moderate correlation for the XMM-LSS group members (r; =
0.50, p-value =0.04). This correlation is weaker and not robust
for the COSMOS group members (r; = 0.26, p-value =0.29).
We note that the two outliers are the BGG of their group and
are found in groups with halo masses Myy < 10'33 My, the
two least massive galaxy groups that host the bent sources of
our samples. Both of these sources are found at r,00/D < 1
(see Fig. 9); that is, where the radio size is larger than the virial
radius of the galaxy group. For these sources, the assumption
of a homogeneous ICM density around the source is not ful-
filled. The sources’ lifetimes are also not accounted for by our
study, which could have a large impact on the jet power and size
(Hardcastle et al. 2019), contributing to the scatter observed in
Fig. 10. We therefore compare to models and simulations: we

9 We assume the convention S, o v* for the radio spectral index.

A178, page 16 of 24

use Eq. (1) from the model of Falle (1991) with characteristic
values taken from Blundell & Rawlings (1999) to calculate the
radio size at constant ¢ over varying jet power (where p = 2x 10°
m™3, @ = 1.5, ¢ = 3.5). The theoretical lines from Eq. (1) have
been normalised by the median ICM density of our samples for
the appropriate scaling of the X axis in Fig. 10. We also show
the tracks of the average D — Qje, relation obtained by fitting the
evolution, at 4 different epochs, of five resimulations of radio
sources at the centre of a small galaxy cluster from Vazza et al.
(2023), who investigated the role of a varying jet power (Qjet
ranging from 3 x 108 erg/s to 1.5 x 10® erg/s) on the over-
all circulation of electrons injected by the central radio galaxy.
The fits from Vazza et al. (2023) have been normalised by the
expected ICM density calculated from the median environmen-
tal density along the jet propagation (~1072° g/cm™) from the
MHD simulations of Vazza et al. (2023). To estimate the density
of the medium the jets are expanding into, we use Eq. (2), where
we take /R = 0.05 as an upper limit (Begelman et al. 1979)
and (vj/vea)® ~ (10/3)%, estimated from the average galaxy
velocity of our group members (see Sect. 6) and average jet
velocities from Vazza et al. (2023). This gives an average picm
of ~6 x 1073 cm™ for the simulated sources in the centres of
small clusters, which is consistent with what we find for group
members in the core region of galaxy groups. We stress that
Vazza et al. (2023) are simulating evolving sources and environ-
ments, where the moving ICM becomes a dominant factor after
a few tens of Myr, causing the D — Qjei/pycy lines to deviate
from analytical models. After + > 500 Myr, the fitting formula
give the average distance from the cluster centre of cosmic rays
injected by jets, even if by that time they have become entirely
undetectable in the radio band. While the D — Qjet/picy rela-
tions from Eq. (1) with values from Blundell & Rawlings (1999)
are derived from broad assumptions, we are in good agreement
with Pinjarkar et al. (2023), who found that the spectral ages
of 28 extended radio sources in XMM-LSS (all of which are
part of our XMM-LSS sample) are mostly found between 1 and
10 Myr. While we found no good agreement with the relation of
Moravec et al. (2019) between radio size and distance from the
group centre for the COSMOS group members (see Fig. 8), we
show that, taking into account the ICM density at a given dis-
tance from the group centre, the group members of our samples
grow with larger Qjei/picy- Scatter is introduced by projection
effects, the sources’ lifetimes and the fact the ICM density gra-
dients are not negligible on the scales of the jets in small galaxy
groups. In Sect. 6 and Appendix A we discuss the different types
of environments our sources might be interacting with. The theo-
retical model discussed here is most likely too simplistic to probe
the diversity of these environments.

6. Estimating ICM temperature from jet bending

In the previous sections, we investigated the jet bending due to
the movement of the radio AGN through the ambient medium
(see Eq. (2)). We further explore this picture to include a strong
magnetic field from a radio AGN that is injected into the ambient
plasma by the jet, being subsequently shaped by the bulk motion
of the ambient medium. New jet particles, accelerated from the
central black hole, will experience a change in the direction of
the magnetic field and will follow the path dictated by the mag-
netic field as this interacts with the surrounding medium. The BA
then indicates the motion of the particles frozen to the magnetic
field. Mendygral et al. (2012) used MHD simulations to show
that even in a relaxed galaxy cluster, the bulk motion of the ICM
significantly distorts jets and lobes injected by multiple AGN
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Fig. 11. Schematic of a supersonic radio galaxy moving with velocity v
through a medium with sound speed a. The Mach angle, y, is equal to
BA/2.

bursts. Cosmological ENZO-MHD simulations from Vazza et al.
(2021) of two radio-jet AGN inside clusters atz = 0.5and z = 1,
and the analysis of them by Vardoulaki et al. (2021b), suggest
that sources at lower redshifts, which also lie in hotter and denser
environments, are more bent. Additionally, these have had more
opportunities for jet interaction with the IGM and a bigger vol-
ume to expand into.

We estimated the ambient temperature that is expected in
order to explain the jet bending relative to a given angle, and
from there we tested whether the ratio of expected temperature
and the mean group temperature deviates from a typical radial
profile expected for galaxy groups. We utilised the known rela-
tion between the Mach number, M, and the angle, i, which dis-
turbances of supersonic flows produce with respect to the flow
velocity, v:

. 1 a

sin(u) = M- “)
where u is the Mach angle and a is the speed of sound of a given
medium (see for e.g. Springel & Farrar 2007; Massey et al.
2011, for discussion on supersonic flows). In our framework,
the radio source moves with velocity v through a medium with
sound speed a, where the Mach angle of the jets is then given
by 4 = BA/2, with BA being the bending angle we assign to the
source (see Fig. 11). A straight source with BA = 180° will result
in a Mach number of M = 1, whereas severely bent sources with
BA =40° will result in a Mach number of M =~ 3. Shocks are
created from the bulk motion of the medium.

From the ideal gas law, we can also estimate the temperature,
T, of a given medium from the sound speed, a:

vkT
a=4—,
m

where we use y = 5/3 as the adiabatic index of the ICM, k as
the Boltzmann constant, and m = 1.66 x 102’ kg as the mass of
ionised hydrogen. By combining Egs. (4) and (5), we can esti-
mate the expected temperature of the medium with which the
jets of a source at a given velocity are interacting:

&)

2 2

2
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To obtain the velocity values of the sources, we calcu-
lated the velocity difference for sources in the COSMOS sam-
ple, where robust spectroscopic redshifts are available within
107,99 from the group centre, given by the relative difference
between the spectroscopic redshifts of the galaxy and the group,

Av = Be—teowl o ¢, with ¢ the speed of light. Due to the lack
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Fig. 12. Ratio of the expected temperature from Eq. (6) over the mean
group temperature as a function of distance from the group centre for
COSMOS sources within 10ry and Av/ogisp < 2.7. We show the uni-
versal galaxy cluster temperature profile of Loken et al. (2002), given
by T/Ty = 1.3(1 + 1.5¢/ry00)""°. The dashed line shows the distance
corresponding to the virial radius o from the group centre. The IDs of
some sources are annotated. The BA of the sources is given by a colour
scale.

of robust spectroscopic group redshifts, we omit the XMM-LSS
group members here. To reduce the inclusion of interlopers, we
restricted the sample to sources where Av/ogisp < 2.7 (follow-
ing Mamon et al. 2013), with o ;s the velocity dispersion of the
galaxy group that has been scaled by the radial velocity disper-
sion profile, adopted from More et al. (2009).

Figure 12 shows the ratio of the expected temperature from
Eq. (6) over the mean group temperature as a function of dis-
tance from the group centre for COSMOS sources within 107,
and Av/ogisp < 2.7. Under the assumption that the jet bend-
ing is caused by the galaxy moving across the group medium,
one would expect the sources to follow a typical temperature
profile of groups and clusters, here shown by the universal
galaxy cluster temperature profile of Loken et al. (2002), given
by T/To = 1.3(1 + 1.5¢/ry0)""*. Compared to Loken et al.
(2002), the profile we calculate for the COSMOS sources within
ry00 shows a steeper temperature gradient, while this is not seen
for the three sources outside r,09. We cannot assign these sources
securely to groups, thus we cannot rule out the possibility that
their Av, and therefore Texpecied Values are overestimated. On the
other hand, the steep negative temperature gradient observed
for sources within rygp could be evidence that the jet bend-
ing of these sources is a result of interactions with large-scale
structures such as the medium of superclusters or the warm-hot
intergalactic medium (WHIM), which would be at lower tem-
peratures than the group medium. Typical temperatures for the
WHIM are in the range 10°-107 K (see Zhao et al. 2025, and
references therein). The WHIM’s influence on the thermal prop-
erties of galaxy clusters is supported by both observations and
simulations (see Popping & Braun 2007, and references therein),
though it is one of several factors contributing to the complex
temperature profiles observed in these massive structures.

As we previously mentioned, Source 252, which strongly
deviates from the expected temperature profile, is part of a
formation process of a large galaxy cluster, where material
is accreted from the filaments of superclusters (Smolci¢ et al.
2007), further supporting that the media of large-scale struc-
tures can play a crucial role in shaping the jets of radio
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sources, which could also explain the jet bending we observe
for Source 247 (see Appendix A). Additionally, in their
work on simulating radio jet distortion in cluster mergers,
Dominguez-Fernandez et al. (2024) discuss the creation of WAT
sources as part of the early evolution of the jet and cluster
merger, only forming if the burst precedes the first core passage.
They note that the distortion of the radio jets is primarily influ-
enced by bulk motions rather than the presence of substructure,
and WAT-type radio AGN arise regardless of the merger’s mass
ratio, but depend on the jet’s initial burst timing and the position
of the minor cluster. In contrast, the straight Source 182 seen in
Fig. 12, which is the BGG of its group, is moving slowly rela-
tive to its group (Av ~ 50 km/s), thus resulting in a low Texpected
estimation from Eq. (6). Since jet bending is a complex phe-
nomenon that is not explained by a single mechanism, this sce-
nario will not explain all sources in our sample. However, the
action of the temperature profile is evident as defining the upper
limit of the BAs. Stronger bending is left unaccounted since it
can be the result of the projection effects which can only reduce
the observed BAs but cannot increase it.

7. Conclusions

In this work, we have investigated the bent radio sources located
in the COSMOS and XMM-LSS fields, selected from visual
inspection of the MIGHTEE-DRI1 radio survey at ~1.2—1.3 GHz
with beam sizes of 8.9” and ~5”, and median central rms
of ~3.2-3.5 wWly/beam and ~5.1-5.6 pJy/beam, respectively. We
found 217 objects in XMM-LSS and 142 objects in COSMOS
where we could robustly measure the BA; that is, the angle
formed between the jets or lobes of a two-sided source. From
these, we studied the bent radio AGN that lie within X-ray
galaxy groups, 17 sources in XMM-LSS and 19 sources in COS-
MOS. The latter lie within groups with halo masses of 2x 103 <
Myoo. /Mg < 3x10'%. We thus investigated the relations between
the BA and the large-scale environment probed by the X-ray
galaxy groups. We compared two methods of obtaining the BA
and further compared them to studies with other methodologies
and radio data of different frequencies, sensitivities, and resolu-
tion to confirm that the BA is a good method of characterising
jet bending. We summarise our findings in the following:

1. There is an indication that a larger number of bent
sources (BA <160°) are found at lower redshifts, in partic-
ular for objects inside X-ray galaxy groups and for halo
masses > 1033 M, bar the small number statistics. This
trend of BA with redshift persists for COSMOS and for
XMM-LSS sources when we apply a halo mass cut.
Furthermore, we find only very bent sources (BA < 100°) at
z < 1 and only straight or slightly bent sources (BA > 160°)
atz > 1.5. We speculate that lower-redshift radio galaxies are
statistically more bent, as they have had more time for inter-
actions with the environment. The latter is supported by the
study of Vardoulaki et al. (2021b) of MHD simulated radio
sources at z = 0.5 and z = 1 using the COSMOS bent radio
AGN.

2. From comparisons with simulations (Mguda et al. 2015;
Marshall et al. 2018), we find that the jet bending of the
sources in the X-ray galaxy groups in COSMOS and XMM-
LSS can be explained by ram pressure that is exerted on jets
for the halo masses in the range My = 2 X 103 M, to
2.2 x 10" M. No correlation between BA and halo mass or
group temperature is found for our samples, either because
finding bent sources in these halo mass ranges is rare or
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because interactions with superclusters play a dominant role
in the jet bending.

3. We found a strong correlation between the BA and the
projected distance from the X-ray galaxy group centre in
the XMM-LSS field. This relation is seen in some stud-
ies in literature (Moravec et al. 2019), but not in others
(Golden-Marx et al. 2021), and is also not seen in the COS-
MOS field, where we observe a large scatter. The relation-
ship between BA and distance from the group centre is not
straightforward. One of the parameters in play is the halo
mass of the galaxy groups or clusters, but the type of IGM or
ICM medium also plays an important role in jet bending.

4. We estimated the expected temperature of the medium that
the jets are interacting with from the BA. For COSMOS
group members, we find a steeper temperature profile than
one would expect from galaxy groups, suggesting that the
sources are interacting with the colder medium of super-
clusters or the WHIM. While the role of the WHIM in
influencing jet bending is an intriguing possibility supported
by environmental conditions and indirect evidence, direct
observational confirmation remains elusive, warranting fur-
ther investigation.

5. We found jets to be ~25% less bent for sources larger
than 500 kpc in X-ray galaxy groups compared to smaller
sources, which is attributed to denser group environments
that hinder jet expansion and promote ram pressure-induced
jet bending. Less powerful sources in dense group environ-
ments are smaller compared to more powerful sources in less
dense group environments. Out of 11 giant radio galaxies
(2 sources in COSMOS and 9 sources in XMM-LSS) in the
X-ray coverage of our samples, only 1 is found inside a group
environment with a halo mass of Mgy ~ 2 X 10" M, Inci-
dentally, this is the largest source in the COSMOS sample.

6. The median BA for members of X-ray galaxy groups

is smaller (COSMOS: 156.0;]}1deg; XMM-LSS:

140.0!722 deg) than for objects in the field (COSMOS:

1048
168.0{779 deg; XMM-LSS: 169.0]760 deg). Likewise, we

find that sources located in the core region (r/ryo < 0.1)

are more bent (COSMOS: 149.5!574 deg; XMM-LSS:

124.0{3% deg) than the sources in the inner region
0.1 < rfrpgy < 1) of galaxy groups (COSMOS:
156.0{550 deg;  XMM-LSS: 159.05/%" deg). The differ-
ences are larger for the XMM-LSS group members, either
due to small-number statistics or because the COSMOS
groups are selected from lower group halo masses and
temperatures. Larger samples of bent sources in galaxy
groups are needed for statistically robust results. We propose
that the bent sources of our samples can be used as tracers
for galaxy groups below the X-ray detection limit (with
fluxes below ~3 x 10719 ergs™! cm™2s~! and masses below
~1.5(1 +z) x 10" My, (Vardoulaki et al. 2019) or outside the
X-ray coverage.

7. The very bent sources of our samples (BA <100°) show no
intrinsic differences to the rest of our samples. In galaxy
groups, we find two very bent WATs (BA <55°) in COS-
MOS and two very bent NATs (BA <25°) in XMM-LSS.
The two WATSs are dominant group members (the brightest
and second brightest group galaxy) in groups with lower halo
masses and temperatures than the two NATSs, which are far-
ther away from the group centre (infalling). This indicates
that the groups of the two WAT's are not relaxed and that the
two NATSs are moving at high velocities through the ICM.

Although the BA is a good approximation for studying the dis-

tortion of the radio structure of two-sided radio AGN, one of the
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biggest limitations of the BA is the projection of radio jets on
the sky, as bending from projection effects is disconnected from
physical properties of the radio galaxy and its environment. One
can model the projection of jets assuming the viewing angle with
respect to the line of sight (e.g. Sawant et al. 2022). This can be
useful for investigating individual sources but is not a feasible
approach for large samples. Neural networks show promising
results for deprojection tasks (e.g. Balakrishnan et al. 2019) and
could be used in the future to correct the projection effects of
radio jets. Nevertheless, deprojecting all sources of our samples
is not trivial, and is out of the scope of this paper.

We have demonstrated the necessity of small sample stud-
ies in deep fields, with state-of-the-art multi-wavelength datasets
to investigate the populations of bent radio AGN, their proper-
ties, host stellar masses, and large-scale environments. As radio
astronomy is evolving and going all-sky, studies like these are
crucial for training machine learning algorithms to identify bent
radio AGN and investigate their relations with their large-scale
environments.

Data availability

Full Tables B.1 and B.2 are only available in electronic form
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(130.79.128.5) or via https://cdsarc.cds.unistra. fr/
viz-bin/cat/J/A+A/695/A178.
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Table A.1. Properties of the very bent sources located in X-ray galaxy
groups.

Source BA (deg) logio(Mapo/Mg) kT (keV) r/ro  Piem (keV em™)
XMM-LSS Source 1 23 14.34 2.95 0.15 421%x1073
XMM-LSS Source 200 16 14.29 2.77 0.56 2.13x 1074
COSMOS Source 247 52 13.6 0.9 0.07 1.79x 1073
COSMOS Source 252 45 13.34 0.66 0.08 1.11x 1073

Appendix A: Very Bent Sources
A.1. Very bent sources in X-ray galaxy groups

In Table A.1, we compare the X-ray galaxy group proper-
ties for the four very bent sources discussed above. We find that
the two NATs in XMM-LSS are in different X-ray galaxy group
environments compared to the two WATs in COSMOS: While
the two NATs in XMM-LSS are located in more massive groups
(Mg ~ 10'%3M,) at higher temperatures (kT ~ 2.8keV) and
are part of the inner region of groups (0.1 < r/ry < 1),
the two WATs in COSMOS are found in less massive groups
(Mg = 10'3°My) at lower temperatures (kT < 1keV) and are
in the core region of their groups (r/ryp0 < 0.1). As we men-
tioned in Sect. 5, the X-ray galaxy groups in the COSMOS probe
lower halo masses and group temperatures compared to XMM-
LSS. This most likely plays a role in the question of why we
do not observe sources with group properties like Source 1 and
Source 200 from the XMM-LSS sample in COSMOS. Figure 2
shows that the very bent sources in groups are at the lower end of
the group temperatures and halo masses for the bent sources in
COSMOS groups, where there is little to no overlap to mass and
temperature ranges of the XMM-LSS groups. In other words, the
WATSs in COSMOS and the NATs in XMM-LSS probe different
parameter space and the reasons for the bent jets could differ,
whereas in the NATSs the rapid infall can be the cause of severe
bending of the jets.

This may explain why we find different group environments
for the very bent sources between the COSMOS and XMM-LSS
sample, but not why we find very bent sources under such dif-
ferent environmental conditions. Under the assumption that the
bending for the two NATs in XMM-LSS is driven by the ram
pressure exerted on the jets as the galaxy moves through the ICM
(O’Dea & Owen 1985), the environments we find for Source 1
and Source 200 from the XMM-LSS sample are well suited to
explain the bending, since high temperatures statistically corre-
spond higher velocities of the galaxies that move through the
ICM (Girardi et al. 1996). Out of the four very bent sources in
our samples in galaxy groups, Source 200 in XMM-LSS is the
furthest away from the X-ray group centre (r/ryo = 0.56, ~
600 kpc). To induce the jet bending the ICM pressure should be
higher, which would indicate that the source could be closer to
the centre than calculated here. But if one assumes a flattening
of the gas density (e.g. Ponman et al. 1999) and thus of the ICM
profile, in the mass range we are probing, this would not play
a significant role. Since the ram pressure exerted on a galaxy
by the ICM scales with the square of the galaxy’s velocity and
only linearly with the ICM density (Pram = picm véal), this could
explain the observed bending. This further supports the NAT
classification of Source 200, as NATSs are typically moving with
high velocities through the ICM and are found at larger distances
from the core region of groups and clusters (Owen & Rudnick
1976).
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The two very bent sources in COSMOS are WATSs, which
are also believed to be predominantly shaped by ram pressure
we observe for NATS (e.g. Smolci¢ et al. 2007; O’Dea & Baum
2023). WATs are usually found near the group or cluster cen-
tre (Hardcastle & Sakelliou 2004), as they tend to be the dom-
inant galaxy of the group. This is consistent with our results
for distance to the group centre, as is seen in Table A.1. One
would expect WAT's not to be located in cool cores of galaxy
groups (O’Donoghue et al. 1993), but the low group tempera-
tures we observe for Source 247 and Source 252 are not nec-
essarily indicative of the group’s core temperature, because we
only have access to the mean group temperatures obtained from
scaling relations. Indeed, more disturbed AGN are found in cool
cores (O’Dea & Baum 2023). Smolc¢ic et al. (2007) found that
Source 252 is located in a merging group environment, where
the velocities needed to explain the observed bending due to ram
pressure (and buoyancy forces, dominating at the jet-tail transi-
tion) are induced by the merging event of three galaxy groups
that will result in a massive galaxy cluster. In such a dynam-
ical scenario, the measured temperature of the group environ-
ment does not reflect the final state after the merger, while the
velocities already do. While Smol¢i¢ et al. (2007) give concrete
evidence for this scenario for Source 252, we do not find merger
candidates for Source 247 from the galaxy groups in COSMOS.
Since this group is located near the edge of the X-ray coverage
in COSMOS, it could be possible that Source 247 is also part of
a group merger event not probed by the current X-ray data cov-
erage. In the following section we estimate the expected temper-
ature one would expect from the jet bending as opposed to the
mean group temperature we looked at so far.

Appendix B: Sample properties

In Tables B.1 and B.2, we present the properties of the bent
AGN within X-ray galaxy groups in the XMM-LSS and the
COSMOS fields, respectively. These include the radio and host
galaxy coordinates, redshift (spectroscopic of photometric), the
largest angular size and the linear project size, the BA, flux den-
sity and radio luminosity at 1.4 GHz, as well as classification
tags based on their radio structure.
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