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ABSTRACT

We report the discovery of two tailed radio galaxies in the COSMOS field, associated with a massive, dynamically unrelaxed galaxy
group detected in X-rays at z = 0.349. One of them is a wide-angle tail (WAT) galaxy, supporting the role of WATS as tracers of
dynamically young groups and clusters. Our multiwavelength analysis combines VLA radio data, HST-ACS imaging, COSM0S2020
photometric redshifts, COSMOS2015 photometry, the newest compilation of spectroscopic redshifts in COSMOS, and X-ray obser-
vations from Chandra and XMM-Newton. We used these data to study the tailed radio galaxies, their host galaxies, and the group
environment. Both radio galaxies are hosted by massive (log,,(M./My) = 11.88+0.03 and log,,(M../My) = 11.49+0.06), red, ellipti-
cal galaxies with extended stellar halos, as revealed by a color, magnitude, and stellar mass analysis combined with GALFIT modeling
and surface-brightness profiles. One corresponds to the brightest group galaxy (BGG), while the other is the second-brightest. A dif-
fuse intragroup medium (IGM) is characterized by its irregular shape and the analysis of the X-ray spectra of the group core reveals
high temperature (Tx = 2.4 + 0.6 keV) and an electron density of (8.2 + 0.3) x 10~*cm™. A galaxy overdensity associated with the
group was detected via Voronoi tessellation, using COSMOS2020 CLASSIC photometric redshifts, displaying an irregular morphol-
ogy, along with evidence of substructure. Assuming the jet bending results from interaction with the IGM, we find a high relative
velocity between the BGG and the IGM (vgga/iom 2 540 kmy/s), primarily due to bulk gas motion. Our findings indicate a dynamically
young system in the early stages of assembly via group-group merging.
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1. Introduction

Galaxies tend to form gravitationally bound structures such as
galaxy groups or clusters, which present the building blocks of
the large-scale structure in the Universe. The dynamics of groups
and clusters and mergers between them are therefore directly
connected to the growth of cosmic structures, in agreement with
the cold dark matter (CDM) cosmological model. Clusters and
groups found in a virialized (dynamically relaxed) state have
a regularly shaped, spherically symmetric, galaxy distribution
exhibiting a central concentration. Non-relaxed galaxy groups
and clusters, which are likely a result of recent merger processes,
are often characterized by irregular distribution of galaxies and
of the intragroup or intracluster medium (IGM or ICM). Non-
regular systems are ideal for studying galaxy dynamics and inter-
action and can provide insight into gravitational interactions on
large scales.

Best et al. (2005) showed that radio loud active galactic
nuclei (AGNs) prefer to reside in dense environments commonly
known as groups and clusters. Radio galaxies are often found
to be hosted by the brightest cluster or group galaxy (BCG or
BGG), which is typically a massive elliptical galaxy (Best et al.
2007; Croft et al. 2007). In regular clusters or groups, the BCG
or BGG is usually found at the bottom of the gravitational poten-
tial well dominating the system’s dynamics. Hence, small pecu-
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liar velocities relative to the cluster or group mean are expected
and observed for these galaxies in relaxed systems; for instance,
a line-of-sight (LoS) Av < 150km/s for relaxed, poor clusters
or massive groups (Beers et al. 1995; Oegerle & Hill 2001). Val-
ues consistent with the above were also found in the more recent
study of BCG peculiar velocities in the local universe (for reg-
ular systems, if extended to the group regime) by Lauer et al.
(2014). However, the situation is different in unrelaxed systems,
where larger peculiar velocities are observed and are related to
the existence of galaxy substructures (Bird 1994). Wide-angle
tail (WAT) galaxies are a class of radio galaxies that have their
jets bent at a large angle forming a C shape, while in narrow-
angle tail (NAT) galaxies, jets are bent much more sharply,
creating a U shape (Miley et al. 1972; Rudnick & Owen 1976).
Both WATs and NATs are commonly found in galaxy groups
and clusters and have previously been suggested as indicators
of dynamic systems (Smolci¢ et al. 2007; Oklopcic et al. 2010;
Douglass et al. 2011; Dasadia et al. 2016). The most plausible
explanation for the observed radio jet bending is that it emerges
from their interaction with the ICM or IGM (Begelman et al.
1979). This requires a high velocity of their host galaxy with
respect to the medium, which can be achieved in non-regular
systems or, alternatively, a high medium density would be
required.

The system analyzed here is a galaxy group at z = 0.349,
which was previously detected in the Cosmic Evolution Survey
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(COSMOS, Scoville et al. 2007)" field in X-ray (Gozaliasl et al.
2019). A total of seven radio sources have been found within
this galaxy group; two of them, hereafter labeled 10913 and 44
based on their 3 GHz catalog ID (Smolci¢ et al. 2017a), corre-
spond to tailed radio galaxies (see below for details). The other
five, labeled 4092, 1549, 10366, 633, and 527, are point-like
sources (see Table A.l for details). In Fig. 1. we show a multi-
wavelength RGB — X-ray — radio composite image of the system
(see caption for details).

In this paper (hereafter, Paper I) we present a multiwave-
length analysis of the system, focusing on the environment. In
Section 2, we introduce the data, in Section 3, we focus on
X-ray properties of the system, and in Section 4, we describe
our optical and near-infrared (NIR) analysis of the environ-
ment. In Section 5, we analyze the radio galaxies and their
hosts. A discussion is presented in Section 6, along with a short
summary in Section 7. Throughout this paper, we use Hy =
69.32kmMpc‘1 s7L, Qp = 0.2865, and Q, = 0.7135. We define
the radio spectral index as positive, assuming F, oc v™¢,

2. Data

To analyze the system, we used data from the COSMOS
(Scoville et al. 2007) field at different wavelengths, including
radio, optical/NIR, and X-ray data.

2.1. Radio data

We used the VLA-COSMOS 3GHz Large Project data
(Smolcic et al. 2017a). The 3 GHz continuum mosaic (hereafter,
the 3 GHz map) was constructed from the total of 384 h of VLA
observations toward the entire 2 deg? COSMOS field, yielding
a 0.75” resolution, and an average of 2.3 pJy/beam in terms of
the root mean square (rms) noise. We also used the associated
rms noise map, radio source catalog, and multiwavelength coun-
terpart catalog (Smolcic¢ et al. 2017b, hereafter VLA 3 GHz cat-
alog).

2.2. Optical/NIR imaging data

We used imaging data observed through the F814W broad-
band filter with the Wide Field Channel (WFC) detector of the
Advanced Camera for Surveys (ACS) mounted on the Hubble
Space Telescope (HST). A large portion of the COSMOS field
(1.6 degz) was covered with 583 orbits of HST observations
in two observing cycles from 2003 to 2005 (Koekemoer et al.
2007). We used both unrotated tiles and the final rotated mosaic
(north up, Koekemoer et al. 2007; Massey et al. 2010). We also
used Subaru i-, r-, and g-band imaging data (Capak et al. 2008).

2.3. Optical/NIR photometry and photometric redshifts

We used photometric redshifts from the COSM0OS2020 CLAS-
SIC catalog (Weaver et al. 2022, hereafter CLASSIC). The
source detection and multiwavelength photometry were per-
formed including the imaging data collected in the COSMOS
field since the last public catalog (Laigle et al. 2016). It gathers
multiwavelength photometry data from different surveys, rang-
ing from the NIR (%150 nm) to near-ultraviolet (NUV, ~8 um)
(for more details, see Table I in Weaver et al. 2022). We used
photometric redshifts derived by Weaver et al. (2022) using
the above-described data, employing LePhare code (Ilbert et al.

I https://cosmos.astro.caltech.edu/page/astronomers
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2006). The CLASSIC LePhare photometric redshift precision o
is 0.008 for sources with Hyper Supreme-Cam (HSC) i-band
magnitudes i < 22.5 and better than 0.015, 0.024, and 0.044
fori < 24,i < 25, and i < 27, respectively (see Fig. 13 in
Weaver et al. 2022). The value of o was calculated from the
differences between the photometric and the spectroscopic red-
shifts, Az, of sources within a given i magnitude range, according
to Weaver et al. (2022):

|Az — median(Az)| ) M

o =148 x median(
I+ Zspec)

Apart from the photometric redshifts from CLASSIC, we also
used the less numerous, but more reliable spectroscopic redshifts
from the most recent COSMOS spectroscopic redshift catalog
(Khostovan et al. 2025). This catalog represents a public spec-
troscopic COSMOS archive, gathering known spectroscopic red-
shifts in the COSMOS field, originating from different surveys.
We used only secure spectroscopic redshifts (quality flag 3 or 4)
that were also flagged as PUBLIC.

We further used optical photometry data from the COS-
MOS2015 catalog (Laigle et al. 2016, hereafter COSMOS2015),
namely, Subaru Supreme-Cam (SC): B, r, and i* broad
band magnitudes originating from measurements presented by
Taniguchi et al. (2007), given that the photometry for our bright-
est source (the main host galaxy) is not available in the CLAS-
SIC catalog. The source detection algorithm used in CLASSIC
performs poorly in the vicinity of masked regions and our bright-
est source of interest lies on the edge of one such region. For
more details about masked regions and the source detection algo-
rithm used in CLASSIC, we refer to Weaver et al. (2022). The
photometry of COSMOS2015 is highly consistent with the one
from CLASSIC (see Appendix C in Weaver et al. 2022).

2.4. X-ray data

We used the combined Chandra and XMM-Newton 0.5-2keV
data of our group and the X-ray group catalog of Gozaliasl et al.
(2019) (also see references therein). These authors used all
the available X-ray observations performed by the Chandra
(Weisskopf et al. 2000) and XMM-Newton (Jansen et al. 2001)
observatories to search for galaxy clusters and groups in the
COSMOS 2 deg? field. In total, they identified 247 X-ray groups
down to an X-ray flux limit of 3 x 107'% ergcm=2s~!. The mass
and redshift ranges of the groups and clusters are Mg, =
8x10'2-3x 10'* My, and z = 0.08—1.53, respectively (for more
details see Gozaliasl et al. (2019) and references therein). We
also use 0.5-7keV EPIC-pn data from the XMM-Newton wide
field survey of the COSMOS field (Hasinger et al. 2007). Fur-
thermore, we used the Chandra COSMOS-Legacy Survey cat-
alog of X-ray point sources (Civano et al. 2016). They detected
4016 X-ray point-like sources based on the data from a combined
4.6 Ms Chandra program on the 2.2 deg® of the COSMOS field.
We also used the corresponding catalog of optical and infrared
(IR) counterparts (Marchesi et al. 2016), containing a counter-
part and photometric redshift for ~97% of 4016 X-ray sources.
The latter are found using LePhare (Ilbert et al. 2006), assum-
ing specific priors and template libraries, chosen on the basis of
the X-ray flux and other morphological and photometric parame-
ters of the detected sources. Marchesi et al. (2016) also provided
spectroscopic redshifts for 54% of them. We found no signifi-
cant increase in the number of publicly available, reliable spec-
troscopic redshifts when cross-matching with the new catalog of
spectroscopic redshifts in the COSMOS (Khostovan et al. 2025).


https://cosmos.astro.caltech.edu/page/astronomers

Vulié, P, et al.: A&A, 704, A337 (2025)

Dec (J2000)

10"00™36° 30
RA (J2000)

& Kaija Virolainen

24° 18°

Fig. 1. Multiwavelength view of our massive galaxy group in the COSMOS field. The background is an RGB composite created from Subaru i-,
-, and g-band observations (Capak et al. 2008), revealing the optical galaxy distribution. The magenta overlay indicates extended X-ray emission
from the intragroup medium, derived from wavelet-filtered 0.5-2keV data from Chandra and XMM-Newton (see Gozaliasl et al. 2019), tracing
diffuse hot gas on scales of 16—-256 arcsec. The blue structures highlight the radio emission from the radio galaxies 10913 (WAT, the brightest
group galaxy) and 44 (tailed, the second brightest group galaxy), tracing radio jets launched from their central engines. The emission is based
on the 3 GHz map from the VLA-COSMOS 3 GHz Large Project (Smol¢i¢ et al. 2017a). Together, the image captures the interaction between
galaxies, the radio AGNSs, and the surrounding hot plasma in a galaxy group at a redshift of z = 0.349.

3. X-ray properties
3.1. The galaxy group

Gozaliasl et al. (2019) reported an X-ray detection of our
galaxy group of interest. We adopted the basic group proper-
ties determined by Gozaliasl et al. (2019), listed in Table A.2 in
Appendix A. This group was also one of 10 COSMOS galaxy
groups studied by Kettula et al. (2013). Their work included both
X-ray and weak lensing analysis to calibrate the scaling rela-
tion between X-ray spectroscopic temperature and weak lens-
ing mass in the group mass regime. Group and cluster masses
are commonly found from thermal X-ray emission under the
assumption of hydrostatic equilibrium (scaling relations), how-
ever, gravitational lensing enables a direct measurement of their
masses regardless of dynamical state. Given our group is sus-
pected to be a non-relaxed system, we adopted the weak lensing
mass estimated by Kettula et al. (2013) and listed their esti-
mates of My, Msgp, and Tx (from X-ray spectra) in Table A.2.
Values from the two different studies presented in Table A.2
have been re-scaled to the cosmology we use in this paper
(if needed). The two sets of (Tx, Mjgy) values are consistent
within the reported uncertainties. The group seems to be very
luminous, massive, and hot, namely, Lx is =750%, Myq is
~320%, and Tx is ~130% above the median values for the con-
trol sample, consisting of X-ray detected galaxy groups in the

COSMOS field in the redshift bin [0.1,0.5] (using the data of
Gozaliasl et al. 2019).

3.2. Galaxy group: Analysis of the IGM

To analyze the properties of the IGM, we use 0.5-7.0keV
energy band of XMM-Newton EPIC-pn data from a single point-
ing (OBSID 0203361101, Hasinger et al. 2007). The spectrum
was extracted for the group core, using a circle of radius 1.225’
(corresponding to ~367 kpc), encompassing the location of both
radio galaxies: 10913 and 44. The spectral fitting was performed
using the absorbed APEC model in XSPEC, with the Galactic
hydrogen column density fixed to Ny = 1.8 x 10?° cm~2 and the
metal abundance fixed to 0.2 solar relative to Anders & Grevesse
(1989). Errors on fitted parameters are quoted at the 68% confi-
dence level (107). The best-fit temperature is Tx = 2.4 + 0.6 keV.
Assuming N, = 1.2 N,,, we estimated the electron density to be
ne = (8.2 £ 0.3) x 10~* cm™ from the normalization of APEC.
X statistics is used for minimization with at least 30 counts
per bin in source or background spectrum, which was taken
from the same observation. The fit yielded a reduced chi-square
x? of ~1.0, indicating a statistically acceptable result and the
results are consistent with the values reported by Kettula et al.
(2013), who used a slightly different extraction region to study
the scaling relations. The extended emission is morphologically
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irregular: elongated in the north-south direction in the group
core, aligned with the orientation of the jets of the WAT galaxy
10913, and transitioning to an east—west elongation beyond the
core. The results of this section are further discussed in the con-
text of the group’s dynamics in Section 6.2.

3.3. X-ray point sources within the galaxy group

We checked the catalog of optical/IR counterparts of Chandra
point sources (Marchesi et al. 2016; see Section 2.4) for all X-
ray point sources within the detected galaxy group. We con-
fined our search to a circular area in the plane of the sky with
radius Rygo (Table A.2), and we only kept the sources with pho-
tometric redshift in the range z € [z — 30°(1 +2),Z + 30(1 + 2)],
where o = 0.03 is the corresponding photometric redshift error
(Marchesi et al. 2016). The central value of z = 0.349 is the
galaxy group’s redshift (see Table A.2 here, and Gozaliasl et al.
2019).

We found five X-ray point sources within our group, listed
in Table A.3 in Appendix A and sorted with their X-ray
flux (flux_f) in descending order. The first source corresponds
to tailed galaxy 44, and the third to WAT galaxy 10913,
within 3" search radius. The second-brightest X-ray source,
lid_183, matches radio source 528 (ID from 3 GHz catalog, see
Table A.1), initially not included among the radio sources within
the group according to the search criteria presented in Section 5.
However, as described there in more details, this source most
probably also belongs to our system of interest. The other two
have no counterpart in radio sources within the group.

4. Optical properties of the environment
4.1. Voronoi tessellation analysis
4.1.1. Method

We here analyze the spatial distribution of optical/NIR sources
from the CLASSIC catalog (Weaver et al. 2022, Section 2.2)
within the 10" x 10’ neighborhood of the radio sources in the
plane of the sky. The sources extracted and used in the anal-
ysis are mostly classified as galaxies in the CLASSIC catalog
(Ip_type =0) and a small portion of them are classified as X-
ray sources (Ip_type =2). Given that in CLASSIC there are no
reliable photometric redshifts for X-ray sources, the latter are
only included in the analysis if there is available photometric
redshift from the catalog of optical/IR counterparts of Chan-
dra point sources (Marchesi et al. 2016; see Section 2.4). We
set the center of this 10’ X 10" area to correspond to the cen-
ter of the galaxy group detected in X-ray (see Table A.2 and
Gozaliasl et al. 2019). This group is at the approximately same
redshift as the radio sources (z ~ 0.35). We limited our anal-
ysis to galaxies in non-masked areas (FLAG_COMBINED=0,
see Weaver et al. 2022) with an HSC i band magnitude lower
than 24. It is worth noting that no significant qualitative differ-
ence appears in the final results if we include fainter sources
(i < 25). We only consider sources with photometric redshifts
in the range z € [z — 30(1 + 2),Z + 30(1 + 7)], where for galax-
ies o = 0.015 is the corresponding photometric redshift error
derived taking into account the magnitude limit set above (see
Section 2.2 and/or Weaver et al. 2022 for details), and for X-
ray sources o = (.03 is the photometric redshift error from
Marchesi et al. (2016). We took z = 0.349, corresponding to the
group redshift (Gozaliasl et al. 2019). We emphasize that, due to
the large photometric redshift uncertainty (compared to the pre-
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Fig. 2. Cumulative distribution functions of the source (galaxy) density
scaled with the mean value of source density (for a given sample) for
100 simulated background samples (red curves). Vertical black lines
represent the mean density thresholds at P = 0.7, P = 0.8, and P = 0.9
based on 100 simulations.

cision of coordinates in the plane of the sky) the physical spatial
dimension of the above redshift range is much larger than the
one corresponding to the extent of the sample in the plane of the
sky. This broad redshift range is necessary to ensure a good level
of completeness for the potential group members sample.

We performed a 2D Voronoi tessellation (VT) on the above
presented 10’ x 10’ galaxy sample, using the Voronoi mod-
ule from scipy.spatial subpackage in Python. VT is a non-
parametric method which divides the (Ra, Dec) plane into
smaller cells, each assigned to a single galaxy, that contain all
spatial points closer to that particular galaxy than to any other
galaxy in the plane. By construction, cell areas are lower in the
regions of increased galaxy density. Each cell can be assigned
with a local source density value that corresponds to the inverse
of the cell’s area,

@

where i € [1,N], and N is a total number of cells, namely,
galaxies in the sample. Due to its non-parametric nature, this
method is not only sensitive to symmetric, but it can also
detect elongated and irregular structures, as demonstrated by
Ebeling & Wiedenmann (1993), who developed a VT-based
method to detect X-ray sources as overdensities of photons fol-
lowing the Poisson distribution. Ramella et al. (1999) used this
method to detect galaxy clusters as overdensities of galaxies fol-
lowing the same distribution in space. Here, this method enables
us to quantitatively describe and compare local source densi-
ties in different parts of the plane, and therefore, to possibly
identify one or more over-dense regions that may correspond
to the galaxy group (previously detected in X-ray) and (or) its
substructures.

To avoid boundary effects, we only worked with cells which
have all vertices within 10’ X 10’ region of interest. To extract
the cells with increased source density in the 10" x 10" envi-
ronment, we first determined the density threshold pg, above
which we consider the galaxies as located in overdense regions
(0i > pw)- To find this threshold, we started by assuming that
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the background galaxies are distributed randomly in space. We
performed 100 simulations, generating a large sample of galax-
ies in each one, namely, randomly generating galaxy Ra and
Dec coordinates while assuming a uniform probability den-
sity function. The number of these sources per unit of non-
masked area in the simulation is set to the value calculated
for the entire COSMOS field within the above given red-
shift and magnitude range. For each of these 100 samples,
we performed VT, calculated cell source densities and cre-
ated the corresponding cumulative distribution function (CDF),
expressed as

F(p/p)=P'/p<p/p) A3)

where p is the mean value of source density for a given sam-
ple of galaxies. These are shown in Fig. 2. From the CDFs, we
found the density threshold that we used in the further analy-
sis as p/p, for which P(p’/p < p/p) = 0.8 (i.e.,, which is
larger than 80% of the density values from the sample). We
also determined the density thresholds larger than 70% and
90% of density values from the sample. The mean threshold
values originating from 100 simulations and the correspond-
ing standard deviations for P = 0.7, P = 0.8, and P = 0.9
are: p/p = 1.03 +£0.02, p/p = 1.27 £ 0.02, and p/p =
1.73 + 0.02, respectively. Finally, we filtered the Voronoi cells
by their local source density, taking into account the thresholds
determined.

4.1.2. Results

The results of the VT analysis, described in detail in the pre-
vious section, are shown in Fig. 3. The cells passing through
different of the three filters are represented by different col-
ors. As expected from the existence of a galaxy group previ-
ously detected in X-ray, a central overdensity is noticeable in
the resulting image. It seems to be mostly formed by the galax-
ies, that is, cells with the local source density higher than 90%.
We note that the optical counterpart of radio galaxy 10913 is
missing from all three samples. This is due to the fact that it is
not present in the CLASSIC catalog (before any filtering; see
Section 2.2 for details). On the contrary, the counterpart source
of the radio galaxy 44 is present in CLASSIC and it is not located
within a masked area; however, its Voronoi cell does not pass any
of the above density criteria since this source is on the edge of
the overdense structure detected in Fig. 3. Therefore, we find
it is associated with lower local source density. Nevertheless,
it is reasonable to expect these two sources to belong to the
detected central overdensity since radio galaxies are regularly
found hosted by galaxy groups or clusters. For this reason, we
added by hand these two sources to the sample of group candi-
dates at 80% which makes the total count of 76 sources (74 from
the results of VT and 2 added by hand). This is the sample of
probable group members which we use in the further analysis
(for creating color-magnitude and color-stellar mass diagrams).
The described sample also includes the optical counterparts of
radio sources 4092, 1549, and 10366, which fulfill the highest
(4092 and 10366) and the second highest (1549) density criteria
set above. The counterpart of radio source 633 is found near the
eastern edge of the overdensity and does not pass any of the den-
sity criteria. This, combined with its spectroscopic redshift (see
Table A.1), suggests 633 may belong to a different galaxy struc-
ture at lower redshifts. The counterpart of 528 is in masked area
and therefore it was not possible to determine the local galaxy
density around this source. In Fig. 3, the counterparts of the
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45'36" 1

4424" |

43124

42'0" 4

DEC

40'48"{

39/36" 4

P(p'/p < = pIp) = 0.7
m P(p'/B< = plp) = 0.8
mm P(p'/p < =plp)=0.9
Y¢ SCi* band brightest galaxies
QO Counterparts of RS

3824”4

37'12"4

360" \
10h0™M53° 485 435 385 345 205 245 195 145  10° 5°
RA

Fig. 3. Results of our Voronoi tesselation analysis: Colored cells are left
after filtering according to the pre-calculated source density thresholds
(0.7, 0.8, and 0.9 in different colors; see Section 4.1 for details). Black
dots are galaxies with the local source density higher than 80% of the
density values from the total sample, and together with the hosts of radio
galaxies 10913 and 44 (manually added, see the text for details) form a
sample of probable group members. Host galaxies of the 7 radio sources
are shown as open gray circles. 10913, 44, and 4092 correspond to the
first, second, and third brightest galaxies of the group, respectively, in
the SC i* band (white stars).

radio sources are marked with dark-gray circles and we highlight
(white stars) the three brightest sources in SC i* band based on
the analysis of Section 4.2. We note that all three of them cor-
respond to the optical counterparts of radio sources, from the
first to the third brightest: 10913 (WAT), 44 (tailed), and 4092.
Inspecting Fig. 3, we notice that the hosts of both radio galax-
ies, 10913 (WAT, BGG) and 44 (tailed, the second brightest), are
located at the periphery of the group-related overdensity, which
is consistent with the scenario of a non-virialized galaxy group.
However, we note that 10913 lies at the very edge of a masked
region.

We find weak signs of substructuring within the detected
overdensity, with a few arguably dense accumulations around
radio sources 4092, 10366, and 1549. An exception is an
extremely dense, elongated accumulation of galaxies in the
far eastern part of the group-related overdensity. It is possible
that this accumulation is related with another galaxy structure
(group) around radio source 633, also found far east in the VT
diagram; however, at lower spectroscopic redshift (z ~ 0.3, as
already discussed above). We also detected a small structure
in the south, detached from the large group-related overden-
sity and consisting of only two galaxies. These are unlikely to
be the group members, given the lack of the observed IGM X-
ray emission in this region (see Fig. 1). It is also possible they
are still infalling into the group’s gravitational potential. How-
ever, if they belonged to the group, this would imply there may
be other members hidden behind the large masked region in
the south, right below the detected group overdensity. We note
that, in general, the conclusions in this section may be influ-
enced by the possible presence of additional member galax-
ies obscured by the masked regions (shown in light-gray color
in Fig. 3).
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Fig. 4. Panel A: CMD for 76 probable group members. Triangles repre-
sent the 23 most probable members with high-confidence spectroscopic
redshifts in a narrow range [0.335, 0.365] centered on the group’s red-
shift (see panel B, shown as an inset of panel A). Galaxies are separated
in blue and red according to color-determination scheme explained in
Section 4.2.2. Panel C: 76 probable group galaxies’ bimodal distribu-
tion in color compared to the one of the large COSMOS-0.35 sam-
ple. Dot-dashed vertical lines indicate the inflection points of the two
distributions.

4.2. Color-magnitude diagram

We created a color-apparent magnitude diagram (CMD) to
examine the properties of stellar population in 76 galaxies con-
sidered as probable group members (as defined in Section 4.1.2).

4.2.1. Galaxy sample and photometry

The CMD sample consists of 76 probable group members (see
Section 4.1.2). We use Subaru SC B, r, and i* broad band appar-
ent magnitudes (Taniguchi et al. 2007; also see Section 2.3 for
details). We chose the apparent (rather than the absolute) mag-
nitudes to avoid introducing additional uncertainties. The B — r
vs. it CMD is shown in panel A of Fig. 4. The contours shown
in the background visualize the probability density function in
2D color-magnitude plane for the entire 2 deg> COSMOS field,
in the same redshift bin considered here (COSMOS-0.35 sample
hereafter). Different levels here correspond to iso-proportions of
the density; for instance, the contour at 0.3 means that 30% of the
distribution lies below it (in the area outside of it). In addition,
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by cross-matching the sample of probable group members with
the catalog of spectroscopic redshifts (Khostovan et al. 2025),
we find that 26 (out of 76, *35%) sources have a high-confidence
spectroscopic counterpart (Qy = 3 or Oy = 4). Among these 26
sources, 23 fall within a narrow range (0.335 < spec_z < 0.365)
around the group’s X-ray center 7 = 0.349 and, thus, they are
considered the most probable group members. The width of this
range is set to match the one of the distribution of high quality
(Qf = 3 or Oy = 4) spectroscopic redshifts from the 10" x 10’
region of interest forming a (group-related) peak at z =~ 0.35
(see panel B, shown as an inset of panel A in Fig. 4). The
23 most probable group members and other probable members
are marked in the CMD with triangles and circles, respectively
(panel A of Fig. 4).

4.2.2. Identifying the red sequence

Probable group members are bimodally distributed in the
color-magnitude space, as it is generally expected for galax-
ies (Strateva et al. 2001). A large share of red galaxies, how-
ever, is expected among them, considering that elliptical (early
type) galaxies predominantly reside in denser regions of the
universe; namely, there is a large fraction of early type galax-
ies in groups and clusters (Dressler 1980). Moreover, these
galaxies are expected to form a long, nearly horizontal struc-
ture in the CMD, namely, the red sequence (Baum 1959;
Visvanathan & Sandage 1977). To investigate this, we separate
the old, red, bright galaxies from younger, blue, and less bright
galaxies. As a reference for comparison we used the COSMOS-
0.35 sample described above. By inspecting the bimodal distri-
bution of the latter in color, we find that it can be modeled with
the sum of two Gaussian functions (blue and red lines and gray
dashed line for their sum in panel C of Fig. 5). The same can
be applied to the bimodal distribution in color of the probable
group members sample consisting of 76 sources (black dashed
line, panel C of Fig. 5). We find no galaxies between the two
inflection points limyqy, limpen (vertical black dot-dashed lines
in panel C of Fig. 5), corresponding to the two distributions, and
thus we select red and blue galaxies based on the B —r > limp;g
and B — r < limy,,, criteria, respectively. As expected, by com-
paring the color histograms and the corresponding Gaussian
sum functions (panel C in Fig. 5), the probable group mem-
bers sample has a larger fraction of red galaxies compared to
the COSMOS-0.35 sample. These red galaxies form a struc-
ture resembling a red sequence. The three brightest (from the
first to the third) sources in the CMD are the optical coun-
terparts of radio sources 10913 (WAT), 44 (tailed) and 4092,
respectively.

4.3. Color-stellar mass diagram

We create a color-stellar mass diagram (CSMD) for the sample
of 76 galaxies that are probable group members. Here, we used
B — r color indices (photometry of Taniguchi et al. 2007) and
stellar masses calculated by fitting a spectral energy distribution
(SED) of each galaxy in the sample. We used the MAGPHYS
SED-fitting tool (da Cunha et al. 2008), which is designed to
reproduce a variety of galaxy SEDs, from weakly star-forming
to starbursting galaxies. It relies on the energy balance between
the dust-absorbed stellar continuum (from Bruzual & Charlot
2003), and the reprocessed dust emission at IR wavelengths
(from Charlot & Fall 2000). Stellar mass estimates are given in
Chabrier (2003) initial mass function (IMF) and their typical 1o
uncertainty is of the order of 0.1 dex. The CSMD is shown in
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Fig. 5. CSMD for 76 probable group members. Stellar masses are calcu-
lated as explained in Section 4.3. The first and the second most massive
galaxies correspond to the hosts of radio galaxies 10913 (WAT) and 44
(tailed), respectively. Markers and colors follow the scheme described
in the caption of Fig. 4.

Table 1. Flux densities and monochromatic luminosities at 3 GHz for
radio sources: 10913 (WAT, BBG), 44, 4092, 1549, 10366, 633, and
528.

Source F5gp, [mly] a™ Liu, [102*WHz ™1
10913 30%  0.78%0.10 11.9716

44 28710 0.56+0.16 1,004

4092  0.028 £ 0.003 0.73 +£0.35 0.011 £+ 0.002
1549  0.071 £0.004 0.73 +£0.35 0.028 +0.003
10366 0.011 +0.002 0.73 + 0.35 0.005 + 0.001
633 0.121 £ 0.007 0.73 £0.35 0.035 + 0.004
528 0.152 +0.008 0.73 +=0.35 0.061 + 0.007

Notes. *)Spectral index as calculated in Paper II (Vuli¢ et al., in prep.)
based on radio flux densities at 5 different frequencies from 325 MHz
to 3 GHz (for radio galaxies 10913 and 44) and assumed 0.73 + 0.35 for
point sources (see Section 5.2 for details), corresponding to the average
value found for the full 3 GHz population (Smolci¢ et al. 2017a).

Fig. 5. The two most massive group galaxies correspond to the
two brightest in the same order, namely, hosts of WAT radio
galaxy 10913 (log,,(M./My) = 11.88 + 0.03) and tailed radio
galaxy 44 (log,,(M./My) = 11.49 + 0.06).

5. Radio sources and their host galaxies
5.1. Radio sources within the group

We found five radio sources within the group by cross-matching
(within 1" radius) our CLASSIC VT input sample of galaxies
(see Section 4.1), confined to Ry (see Table A.2) with the VLA
3 GHz catalog (Smol¢i¢ et al. 2017b). This method is limited to
finding only the radio sources within the group which have a
non-masked optical/NIR counterpart. As previously explained in
Section 2.3, our WAT radio galaxy 10913 has no counterpart in
the CLASSIC; however, it is reasonable to expect it within the
group. Moreover, the systematic search for X-ray point sources
within the group (Section 3.3) reveals a source within Ry, with
a spectroscopic redshift z = 0.345, also active in radio, but with-
out CLASSIC optical/NIR counterpart due to the same reasons
as for radio galaxy 10913 — contamination by a bright foreground

star. Therefore, we add these two manually to the sample of
radio sources within the group, which yields a total of seven
(see Table A.1 in Appendix A). Two of these seven are tailed
radio galaxies (10913 and 44) and the remainder point-like radio
sources.

5.2. Radio morphology and luminosities

In Figs. 6 and 7, we present cutouts from the 3 GHz radio map
(Smolci¢ et al. 2017a), with the corresponding radio contours
(left) and the contours overlaid over the HST F814W mosaic
cutout (Koekemoer et al. 2007, right) for the two tailed radio
galaxies, 10913 and 44, respectively. Contour levels follow log-
arithmic scale in terms of o, the average local rms noise calcu-
lated by averaging values at different pixels in the corresponding
rms noise map cutout. Radio contours indicate 10913 is an FRII
source (Fanaroff & Riley 1974), and 44 is an FRI. Radio galaxy
44 shows only one detected jet (tail), suggesting that it is most
probably a head-tail (HT) radio galaxy, possibly a NAT galaxy,
where resolution (~4 kpc at the group’s redshift) is insufficient
to resolve the two bent jets. This and other scenarios are further
discussed in Section 6.1.3. Throughout the paper, we refer to it
simply as a tailed radio galaxy. We calculate radio luminosities
L3 u, at 3 GHz for all seven radio sources using the following
expression,

47TF3GHZD%.
(1 + Z)l—a

“

Lygh, =

Here, z is the spectroscopic redshift (Table A.1), Dy is the lumi-
nosity distance calculated using z, and « is the radio spectral
index. For radio galaxies 10913 and 44, we derived a from
radio data at five frequencies (from 325 MHz to 3 GHz) as a part
of a detailed radio analysis presented in Paper II (Vuli¢ et al.,
in prep.). For point sources, we adopted @ = 0.73+0.35, the aver-
age spectral index for the full 3 GHz population (Smolcic et al.
2017a), since they were detected with low signal-to-noise ratios
(S/N'<3) at all frequencies available to us (except at 3 GHz),
preventing a reliable individual spectral index calculation. The
3 GHz flux density F3gpz, and its associated error were adopted
from the VLA 3 GHz catalog (Smol¢i¢ et al. 2017a) for point
sources. For the two radio galaxies, we recalculated the flux den-
sities in a consistent way and estimated their errors. We note
that for the 3 GHz catalog, BLOBCAT was used to derive the
flux densities of single-component sources such as 44, while
flux densities of multi-component sources, such as 10913, were
derived manually without errors. We found F3gy, using the
3 GHz continuum map (Smolci¢ et al. 2017a), integrating over
pixels with flux densities above 30, and dividing the sum with
the beam size in pixels. Here, o is the local rms noise for a given
source. To estimate uncertainties, we repeat this at 20 and 40
thresholds, and use deviations from the 30~ value as the upper
and lower flux density errors, respectively. Although this method
may overestimate the errors, we use it to account not only for
calibration uncertainties, but also for potential ambiguities aris-
ing from the multiple flux density threshold options that must be
selected in the analysis. Our measurements are consistent with
catalog values for 10913 and marginally consistent for 44 (for
comparison see Fig. B.1 in Appendix B). The luminosity errors
were calculated by propagating errors of flux density and spec-
tral index. The resulting flux densities and luminosities are listed
in Table 1.
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Fig. 6. Left: Radio image of WAT radio galaxy 10913 — cutout from 3 GHz map (Smol¢i¢ et al. 2017a). Resolution is 0.75”, and the average local
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map scale is from —40 to 100. Right: 3 GHz radio contours overlaid on the HST ACS F814W image (host galaxy in optical, Koekemoer et al.
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Fig. 7. Left: Radio image of tailed radio galaxy 44 — cutout from 3 GHz map (Smol¢i¢ et al. 2017a), shown with radio contours following log,
scale (see description of Fig. 6 for details on contour levels). Resolution is 0.75”, and the average local rms noise o = 2.53 unJy/beam. The map
scale is from —40 to 100 Right: 3 GHz radio contours overlaid on the HST ACS F814W image (host galaxy in optical, Koekemoer et al. 2007).

5.3. GALFIT analysis of light profiles of host galaxies

To describe the light profiles of tailed radio galaxies’ hosts, we fit
2D models to the F814W HST-WFC-ACS optical/NIR imaging
data (Koekemoer et al. 2007), using GALFIT (Peng et al. 2010).
We also performed this analysis for the host galaxy of radio
source 4092, motivated by its high brightness at these wave-
lengths (see Table A.1, as well as the results of Section 4.2)
and a high local galaxy density in its vicinity (see the results
of VT, Section 4.1.2). Here, we outline this analysis and present
the main results. For full details, see Appendix C.

We first extracted and prepared galaxy cutouts (see
Appendix C.1 for details) from HST-ACS-WFC F814W unro-
tated tiles (Koekemoer etal. 2007) and generated a corre-
sponding point-spread function (PSF) image for GALFIT
(Appendix C.2) using TinyTim (Krist et al. 2011). To model the
light profiles of galaxies with GALFIT as accurately as possible,
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for each galaxy, we adopted a case-specific model, taking into
account the prior knowledge derived from the multiwavelength
analysis presented in this study. We then estimated the initial
parameters of that model through a close visual inspection of
cutouts (see Appendices C.3—C.5).

Our GALFIT analysis yields that the host of the WAT 10913
(the BGG of the group) is a giant elliptical galaxy. It is best fit-
ted with a Sérsic+PSF model (where PSF accounts for the AGN
in the center), while simultaneously modeling the sky back-
ground, and another nearby source with another Sérsic model
(Appendix C.3). The best-fit Sérsic index for this galaxy is
n = 3.825 + 0.006 and the effective radius, R, ~ 15kpc, with
the residual images revealing signs of an extended halo. Such
a result is expected, as WATS typically correspond to BCGs or
BGGs, which are often D or ¢D type galaxies (Burns 1981).

The host of the tailed radio galaxy 44, according to the best-
fit model (Sérsic+sky), is also a giant elliptical with an extended
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halo found in the residual, with Sérsic parameters: n = 4.84 +
0.01, R, ~ 8.8kpc. This is consistent with its high stellar mass
and brightness (see CMD and CSMD in Sections 4.2 and 4.3).
The host of radio source 4092 has a close companion. We
modeled both simultaneously (Sérsic+Sérsic+sky), and found
the host of 4092 has a significant residual, notably in the form
of spiral arms. We interpret this as evidence of a spiral structure
induced in an originally elliptical galaxy via gravitational inter-
action with the companion (see Appendix C.5 for more details).

5.4. Surface brightness profiles of host galaxies

We used the Python Photutils package (Bradley et al.
2025) to fit elliptical isophotes to HST-ACS F814W cutouts
(Koekemoer et al. 2007) of host galaxies of radio galaxies 10913
and 44 to create the corresponding surface brightness profiles
(SBPs). The fitting algorithm is the implementation of the iter-
ative method introduced by Jedrzejewski (1987), built to ana-
lyze elliptical systems. Therefore, we do not apply this method
to the host galaxy of the point-like radio source 4092, given
the GALFIT residual implies a non-elliptical and asymmetric
geometry (see previous section). The process of isophote fit-
ting is described in detail in Appendix D. The commonly used
analytical form of Sérsic profile is given in terms of equiva-
lent radius, R. Therefore, from the results of the isophote fit, we
created equivalent circular profiles p(R). Here, u is in units of
mag/arcsec’, magnitudes are in the Space Telescope (ST) mag-
nitude system (defined to assign zero color to sources with con-
stant flux per unit wavelength, and used in HST photometry
packages), and R is in kiloparsecs (kpc). For each galaxy, we
plot its SBP u(R), and fit Sérsic model to the data points (see
Fig. 8). The Sérsic profile is given as

o
IR =1, - eb((’T) _1), Q)

where [ is the intensity, R, the half-light radius, /, the intensity
at R,, n is the Sérsic index, and b, depends on n according to

1 N 4 N 46 N 131 _ 2194697
3 405n 25515n% 1148175n3 30690717750 n*
(6)

The above expression (Equation (5)) converted from an intensity
to a surface brightness profile becomes

25 R\ln
R) = o+ = b, - ([ —1),
HIR) = o+ 3762 ((Re)

b,=2n

(N

where y is surface brightness in units mag/arcsec?, and yy is the
surface brightness at R,, which corresponds to

po = 2.5 -1og,o (I,) + ZP + 2.5 - log, (PS?), (8)

where ZP is the photometric zero point, and PS is the plate
scale of the data. We fit the model given by Equation (7) to
the data and vary the three parameters ug, R., and n. We also
fit de Vaucouleurs model, a special case of Sérsic model (Equa-
tion (7) for n = 4), describing the radial distribution of surface
brightness for elliptical galaxies. The results are presented in
Fig. 8. For both galaxies, the best-fit Sérsic model follows the
de Vaucouleurs model very well except for larger radii, where
we detect an excess of light. Based on this, and after a close
inspection of the galaxy cutouts and GALFIT residual in DS9
(Smithsonian Astrophysical Observatory 2000), we propose that

both galaxies have extended halos which start to dominate at
R ~ 6kpc (10913), and R ~ 2.8 kpc (44). Therefore, we also per-
form a halo-truncated data fit, namely, a Sérsic model fit to the
data points up to these radii. This results in the following best-fit
parameters: n = 4.7 £ 0.6 and R, = 13.8 = 3.6 kpc for 10913,
and n = 4.8 04, and R, = 5.5 = 0.7kpc for 44. These val-
ues are in good agreement with the results of the GALFIT anal-
ysis, with the largest relative difference found to be ~38% for
R, for the host of radio galaxy 44. Any disagreement in results
most probably originates from the differences in methods used.
Unlike in an isophote fitting, in GALFIT analysis, the cutouts are
convolved with a pregenerated PSF, additional nearby sources
are simultaneously fitted away, instead of being masked and a
minor difference may originate from the fact that any possible
sky background is taken into account. In general, 2D GALFIT
analysis is superior compared to 1D SBP fitting. However, dis-
regarding the aforementioned differences, the results agree that
both host galaxies have a steep inner region and a very extended
outer wing with an excess of light compared to a standard ellip-
tical galaxy’s profile. The joint results of these two conducted
analyses reveal that both host galaxies are giant ellipticals with
extended halos.

6. Discussion

In Section 6.1, we investigate the group’s dynamical state using
information on radio galaxies’ morphology. In Section 6.2, we
discuss the combined results of the multiwavelength analysis
presented in this paper, placing them in the context of the group’s
dynamical state.

6.1. Group dynamics from radio morphology
6.1.1. Jet bending: Interaction with the medium

The jet bending observed in WATSs near their core is believed
to emerge due to the ram pressure exerted on the jets while the
galaxy is moving at high velocity relative to the IGM (or ICM)
of its host group (or cluster, Begelman et al. 1979). This velocity
can be estimated from hydrodynamical models of jet bending.
The jets can be described as a relativistic flow of plasma (see
O’Dea & Baum 2023 and references therein) obeying the rela-
tivistic and time-independent Euler’s equation for an ideal fluid
(Begelman et al. 1979; O’Dea 1985), expressed as

2
ij§72 - PIGMUgal/IGM (9)
R ho

where p; and v; are the jet density and bulk velocity, respec-
tively, R is the jet’s radius of curvature, and / the scale height,
y = (1-B*7"2is the Lorentz factor, where 8 = v;/c, pigm is the
IGM density, and vg,j16Mm is the host galaxy’s velocity relative
to the IGM. The equation can be understood as describing the
equilibrium between the ram pressure and the centrifugal force
generated by the jet as it undergoes curvature. In the next section,
we estimate the velocity relative to the IGM of the BGG, which
is the host of WAT galaxy 10913. Given the tailed radio mor-
phology (i.e., the unresolved jets) of the other radio galaxy, 44,
we are unable to estimate the true radius of curvature R and to
apply the above described approach in this case.

6.1.2. Group dynamics from the bending of WAT 10913

In case of WAT radio galaxy 10913, we observe the bending
of jets close to the radio core. We used Equation (9) to place
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Fig. 8. Surface brightness profiles from elliptical isophotal fits for hosts
of radio galaxies 10913 (top panel) and 44 (bottom panel). In both pan-
els, the best-fit Sérsic model, fit to Halo-truncated data within R ~ 6 kpc
(for 10913) and R ~ 2.8 kpc (for 44) is shown as a solid black line, with
best-fit parameters reported in the legend. It closely follows the de Vau-
couleurs profile (dashed red line). The Sérsic fit on the full dataset is
shown as a solid gray line. The upper x-axis represents the correspond-
ing radius R in pixels, and the y-axis is the ST magnitude per arcsec?.

constraints on the velocity of its host galaxy (BGG) with respect
to the IGM. To apply this model, which relies on non-projected
quantities, we first analyzed the orientation of this radio galaxy.
We place constraints on the two rotation angles (® € [0°,45°]
and ¢ € [32°,53°], see Appendix E for details on angle defini-
tions and visualization), which tilt the WAT radio structure out
of the plane of the sky and introduce LoS component, thereby
affecting how we observe it. This allows us to estimate the true
(non-projected) radius of curvature, R. We did not correct the
measured scale height parameter, 5, for projection effects as its
impact on the final result is minor relative to the uncertainties
associated with the other parameters. Both parameters R and &
were estimated at the bending point, which we assumed to cor-
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respond to the location of a hotspot found along the northern jet
slightly away from the core (see panel h in Fig. E.1). We esti-
mated a scale height, & ~ 6.5kpc, and a range for projection-
corrected radius of curvature from R ~ 77kpc (for ® = 0,
¢ = 32°)to R ~ 109kpc (for @ = 45°, ¢ = 53°). Jetha et al.
(2006) reported bulk jet velocities in WATs between 0.3 ¢ and
0.7 c. Given that we observe hotspots in the lobes of 10913 and
assuming these are jet-termination shocks, the velocity should
be larger or equal to the internal sound speed for a relativistic
plasma ~0.58 ¢ (Jetha et al. 2006). Therefore, we assumed a pos-
sible range of bulk jet velocities from 0.58 ¢ to 0.7 c. We used
the density of the IGM based on X-ray observations (Section 3).
As the jet density, pj, is not well constrained, we expressed
UBGG/igM as a function of it, assuming a range of jet densities
from 10*pigm to 102pigm, Which is widely used in hydro-
dynamical simulations (Rossi et al. 2004). The dependence is
shown in the top panel of Fig. 9. The gray shaded region rep-
resents the range of possible solutions, the width of which is
affected by uncertainties in radio morphology parameters (pro-
jection effects), v; and p;. For the lowest possible jet density and
bulk velocity (p; = 10~*p16M, v ; = 0.58 ¢), and the largest pos-
sible curvature radius (R ~ 109kpc), we find vpgg/igm to be
~540 km/s. We note that for any change in the above parameters
and within the possible ranges, this value would further increase,
namely vggg/iom 2 540 kmy/s.

The high relative velocity vggg/igm found is in agreement
with the requirements of the jet bending theory. We compare
this velocity with the BGG’s peculiar velocity. We find the
LoS component of the latter v]é‘éSG ~ 97km/s (in the direction
away from the group’s center) from the difference between the
spectroscopic redshift of the BGG zj;. and the center of the
Gaussian distribution of high-confidence spectroscopic redshifts
for 23 most probable group members g = 0.3486 + 0.0005
(see Section 4.2.1 for details about this sample), using v5oy. =
c(Zpeg —H)/(1+p) (Davis & Scrimgeour 2014). The distribution
of members’ LoS peculiar velocities, calculated using the above
formula, and the corresponding Gaussian fit is shown in the bot-
tom panel of Fig. 9, where the blue and red dot-dashed lines rep-
resent the Gaussian center and vLB‘(’]SG, respectively. The latter fit
was performed with the Gaussian center fixed at 0, correspond-
ing to the expected value in the group’s rest frame. The number
of histogram bins used for the Gaussian fit was determined with
the auto option in Python, which automatically finds the optimal
bin number for a given dataset as the maximum of the Sturges
and Freedman-Diaconis bin choice. We ruled out selection bias
by comparing the normalized distribution of spectroscopic red-
shifts with the one of photometric redshifts, and with the com-
plete sample which includes both types. All distributions match,
implying we can safely assume the spectroscopic sample accu-
rately represents the LoS motions of the group galaxies. Using
constraints we placed on the rotation angle ¢, we estimate the
full length and the direction of the BGG peculiar velocity vector,
namely, vggg is between ~114 km/s (for ¢ = 32°) and ~160 km/s
(for ¢ = 53°), in the direction towards the west and away from
the observer tilted at the corresponding angle ¢ from the plane
of the sky. In determining the full direction of vggg, the other
rotation angle ® is of no importance (see the angle definition in
Appendix E), and the third angle of rotation of the WAT struc-
ture, namely, the one in the plane of sky was set to O (i.e., the
peculiar velocity component in the plane of the sky is purely
towards the west). The latter is a reasonable value based on the
observations of the radio structure (see Fig. 6 in Section 5 and
panel g of Fig. E.1), and any potential small deviations from it

do not affect the above derived velocities vjoy; and vpGg.
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The low peculiar velocity is consistent with what is
commonly observed in relaxed systems (Beersetal. 1995;
Oegerle & Hill 2001; Lauer et al. 2014). However, such a result
yields a large difference between the BGG peculiar velocity and
its velocity with respect to the IGM derived above. This implies
the large relative velocity we find is mostly due the rapid bulk
motion of the IGM itself (i.e., vigm = 380 kmy/s) in the direction
opposite to the peculiar movement of the BGG, suggesting an
early-stage group merger scenario.

6.1.3. Radio Galaxy 44: Origin of the tailed morphology

The radio morphology of galaxy 44 implies two possible sce-
narios. It could be this is a radio galaxy inclined at a very large
angle ® with respect to the plane of the sky. Then, the galaxy
would experience a strong relativistic beaming effect, diminish-
ing the flux of the receding jet, keeping it under the detection
limit. However, this scenario is less plausible, since relativistic
beaming is generally expected to be weak in FRI sources, where
jets are launched at relativistic velocities, but become subrela-
tivistic a few kpc away from the core (Laing & Bridle 2002a,b).

Alternatively, this might be a HT galaxy (extreme and unre-
solved case of a NAT), requiring very large velocities with
respect to the IGM (=10% kmy/s, Miley et al. 1972), and/or a
very dense IGM at the galaxy’s location. We find the latter,
namely, the electron density for the group’s core (encompass-
ing the galaxy’s location) in Section 3. The estimated value,
ne = (8.2 +0.3) x 107*cm™3, lies at the lower end of the range
typically reported in the literature. The characteristic values for
cluster cores are generally around ~1073 cm™ (Haarsma et al.
2010; Bohringer et al. 2016), with cool cores in massive clusters
reaching densities of ~1072 to 10~' cm™ (Hudson et al. 2010),
and poor clusters, galaxy groups, and dynamically young sys-
tems often exhibiting lower densities, on the order of ~10~%cm-
(Bulbul et al. 2024). Therefore, it is not likely a high IGM den-
sity would be responsible for extreme jet bending in our galaxy.

Multiple studies of NATs (and HTs) in groups and clusters
have uncovered high LoS peculiar (and full) velocities for their
hosts; namely, vros ~ 500—-3700 km/s (Sebastian et al. 2017 in a
study of seven NATSs; Bruno et al. 2024; Bushi et al. 2025). They
generally find velocities to be on the same order (or a few times
larger) as the corresponding LoS cluster dispersions. Here, we
find 011521844 ~ 443 km/s (Fig. 9). This is about two-thirds of the
LoS dispersion found from the Gaussian fit (Fig. 9) for our mas-
sive group, o = 647 + 92km/s, and it differs somewhat from
the above expectation for NATs. A very large plane of the sky
peculiar velocity or a fast bulk IGM motion are still plausible
explanations; however, given the lack of information on the true
3D peculiar velocity, we have not been able to investigate this
further. Based on the above, it seems to be more likely that radio
galaxy 44 is an unresolved NAT, that is, a HT galaxy. Higher
resolution radio imaging would be required to confirm this
interpretation and resolve its detailed morphology. To avoid any
overinterpretation, we have referred to radio galaxy 44 through-
out this paper simply as a tailed radio galaxy.

6.2. Evidence for an unrelaxed galaxy group

The combined results of the above presented multiwavelength
study imply this group is an unrelaxed system — possibly a
merger of smaller structures (subgroups) of galaxies. We find an
asymmetric, irregular distribution of the IGM, typical of unre-
laxed systems (Bird 1994), and our analysis of the X-ray spectra
reveals a high temperature of the medium of 2.4 + 0.6keV and
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Fig. 9. Top: Velocity of the BGG — host of WAT radio galaxy 10913,
relative to the IGM as a function of the jet density in cm™3. The light-
grey region denotes the range of possible values and solid curves rep-
resent limiting cases: R = 77kpc, v; = 0.7¢ (red), and R = 109 kpc,
v; = 0.58c (blue). Vertical dashed lines indicate jet density bounds:
Pjmin = 10~*pigm and p jmax = 10~%pigm. In the lower right, the nar-
row range around p;ni, is enlarged, revealing the minimum vggg/iGm
for the two limiting cases (red and blue color). Bottom: LoS peculiar
velocities (redshifts) of the hosts of radio galaxies 10913 (BGG) and 44
compared to the (group) center of the Gaussian fit to 23 high confidence
group members (see text for details).

an electron density of (8.2 + 0.3) x 10~ cm™. This temperature
is consistent with the values of Kettula et al. (2013), who also
model the X-ray spectra, and is higher (albeit only marginally)
than the value found from Lx—Tx scaling by Gozaliasl et al.
(2019). The group is very massive, with Mpoy from Lx—Mog
scaling (Gozaliasl et al. 2019) ~320% above the median for X-
ray detected galaxy groups in the redshift bin [0.1,0.5] in the
COSMOS field, and weak lensing Moy = 0.89+9:30 x 10'* M,
(Kettula et al. 2013).

We found seven radio sources within the group. Two of them
are tailed radio galaxies, with one of them WAT radio galaxy
(10913) and the other one tailed radio galaxy (44). WAT (and
bent) radio morphology itself is indicative of unrelaxed systems
(Smol¢i¢ et al. 2007; Oklopci¢ et al. 2010). We find both radio
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galaxies are hosted by giant, bright, massive elliptical galaxies
with extended halos, with the host of 10913 corresponding to
the BGG, and most massive galaxy, and the host of 44 the second
brightest, and second most massive.

Our VT analysis detected a group-related overdensity of
galaxies in this area, and the follow-up color-magnitude anal-
ysis revealed the domination of red galaxies among them, typ-
ical for galaxy groups and clusters (Dressler 1980). For a viri-
alized group, a regularly shaped overdensity would be expected
with the BGG in the centre, dominating the dynamics, however,
the overdensity we detect is irregular, and both the BGG and
the second brightest galaxy seem to be misplaced from its cen-
ter suggesting a non-virialized system. Bird (1994) showed that
large peculiar velocity is strongly correlated with the existence
of substructure in galaxy clusters. We find weak signs of galaxy
substructuring (subgrouping) in our system, where the detected
subgroups are found around each of the point radio sources:
4092, 10366, and 1549. An exception to the weak substructur-
ing is a very dense, elongated accumulation of galaxies found in
the far east of the group-related overdensity. The relatively weak
presence of substructure agrees with the low value we find for
peculiar velocity of the BGG ~114—160 km/s. The conclusions
about the shape of the detected overdensity and the absence of
strong substructuring are possibly affected by the lack of data,
namely, galaxies with valid photometric redshifts in masked
regions and generally a lack of reliable spectroscopic redshifts.
The latter could have also affected the calculated peculiar veloc-
ity. Nevertheless, based on all of the above arguments, we sug-
gest this system could be a merger of two (or more) smaller (less
massive) galaxy structures, possibly individual groups. This sce-
nario is further supported by our finding of a large velocity of
the BGG relative to the IGM: vgggigm 2 540 km/s. This, com-
bined with the low peculiar velocity we find, implies a large
velocity of the IGM: vigm = 380kmy/s, namely, the WAT bend-
ing in 10913 mostly originates from the movement of the IGM
itself. Such a result suggests the potential group merger is in an
early state.

The aforementioned accumulations of galaxies around radio
sources 4092, 10366, and 1549, could possibly correspond to
small sub-groups. If this is the case, it is possible these may
be infalling into the gravitational potential of the larger struc-
ture dominated by the host of WAT galaxy 10913. The host
of radio source 633 lies outside the VT detected group-related
overdensity. Combined with its spectroscopic redshift, this sug-
gests association with a separate galaxy structure at lower red-
shift (z = 0.3). Given the increased galaxy density around radio
source 4092, it is not surprising that we have found its host
galaxy in a close gravitational interaction with a companion,
thereby serving as an example of a galaxy merger within a galaxy
group merger.

7. Summary

In this work, we performed a multiwavelength study of a massive
galaxy group in the COSMOS field at redshift z = 0.349. The
key findings are summarized below.

1. Irregularly shaped diffuse X-ray emission from the IGM was
detected with a high temperature Tx = 2.4+0.6 keV and den-
sity ., = (8.2+0.3) x 10™*cm™3. The group is very massive,
luminous, and hot compared to other groups in the COSMOS
at these redshifts.

2. A total of seven radio sources were found within the galaxy
group. Two of them are tailed radio galaxies, both hosted by
giant ellipticals with extended halos. One is a WAT, corre-
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sponding to the BGG, which is the most massive, and the
other one is tailed radio galaxy that is the second-brightest
and the second most massive group galaxy.

3. The VT analysis revealed an irregularly shaped group-related
overdensity of optical galaxies. Radio galaxies’ hosts are
found on the outskirts of this overdensity. The low LoS pecu-
liar velocity found for the BGG is consistent with the absence
of strong substructuring detected in the galaxy distribution,
except for a few minor accumulations, possibly small indi-
vidual groups merging with the one around the main WAT
and an extremely dense, elongated substructure in the far east
of the group.

4. We found the high velocity of the BGG relative to the IGM,
>540km/s, mainly originating from the bulk IGM move-
ment. The combined results suggest the system is unre-
laxed, that is, a possible early-stage galaxy group merger.
The results are consistent with WATs serving as an indica-
tion of galaxy clustering and suggesting dynamically young
systems.

In conclusion, our analysis reveals a massive, dynamically young
galaxy group in the early stages of assembly, where the inter-
action between the galaxies and the IGM gives rise to tailed
radio morphologies. The study confirms that WATSs can serve
as effective tracers of the dynamical processes shaping galaxy
groups and clusters. Future deep, high-resolution multiwave-
length observations, combined with detailed hydrodynamical
modeling, would be crucial to constrain the underlying physi-
cal mechanisms and to further investigate this system, as well as
the general link between tailed morphology and the dynamical
properties (and growth) of galaxy assemblies.
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Appendix A: Radio and X-ray sources within the group and its properties

Table A.1. Radio sources found within the group, presented together with their multiwavelength properties (counterparts within 3” radius) available

in the literature (see notes below).

10913 44 4092 1549 10366 633 528
Ra 150.1179 150.1104 150.1461 150.1080 150.1386 150.1602 150.1235
Dec 2.6843 2.7083 2.6985 2.6955 2.7030 2.6993 2.6717
Spectroscopic
R edshift’ 0.3491 0.3506 0.3505 0.3492 0.354 0.3044 0.345

Radio properties (Detected / Flux density [mJy] / Multi)

YES/ YES/ YES/ YES/ YES/ YES/ YES/

3 GHz (VLA) 32.09/ 23+0.1/ 0.028 +0.003 /| 0.071 £ 0.004 /| 0.011 +£0.002 /| 0.121 £ 0.007 /| 0.152 +0.008 /
1 0 0 0 0 0 0
Xray properties (Detected / Full X-ray (2-10keV) Flux* [erg/s/cmzj)
Chandra 2016) [YES/3.15x10°P[YES/46x10°5]  NOo/- | NOo/- [ NO/- [ NO/- [YES/393x10°D
Photometric properties of optical counterparts

CLASSIC ID - 1358068 1352485 1346601 1351402 1353634 -
HSC i mag Aper2 - 19.322 £ 0.001 | 19.690 +0.002 | 19.944 + 0.002 | 21.764 + 0.004 | 19.815 + 0.002 -
COSMOS2015 ID 901584 923481 921175 920711 925241 923235 902831
SC i* mag Aper2 18.826 + 0.002 19.391 £ 0.003 | 19.742 +£0.004 | 19.991 £ 0.003 | 21.83 +0.01 | 19.883 £0.004 | 19.922 +0.004
ACS F814W mag 17.310 = 0.001 18.350 £ 0.001 | 19.330 +0.001 | 19.360 + 0.001 | 21.310 + 0.007 | 18.990 + 0.002 | 19.050 + 0.002

Notes. First two, 10913 and 44, are tailed radio galaxies. The radio data were adopted from the source catalog at 3 GHz (Smol¢i¢ et al. 2017b),
X-ray properties are from Chandra catalog of point sources (Civano et al. 2016), and optical/NIR photometry data from CLASSIC (Weaver et al.
2022) and COSMOS2015 (Laigle et al. 2016) multiwavelength photometry catalogs. HSC i band magnitudes were adopted from CLASSIC, and
SC i* and HST-ACS-F814W magnitudes from COSMOS2015 catalog. Only selected (relevant) properties are presented here, and for the others
one should refer to the corresponding catalogs. Errors are provided when available.

MFrom Khostovan et al. (2025).

™ For details on X-ray detections (full/soft/hard) see the analysis of X-ray point sources within the group, Table A.3.

Table A.2. Properties of the galaxy group adopted from the literature (see notes below).

COSMOS X-Ray group catalog (Gozaliasl et al. 2019)
Dec | Redshift | Rypo? [ Maoo® [Mo] Lx© [erg/s]
2.69252| 0.349 168 [(9.6+0.3)x 1073 | (1.63 + 0.08) x 10%
Study of Kettula et al. (2013)
Weak lensing analysis
Mao0? [10™Mo]
08903

ID
10237

Ra
150.11756

Tx? [keV]
1.68 + 0.04

—

X-ray analysis
Tx¢ [keV]
|
2275

Msoo” [107Mo]
061

Notes. Properties are taken from the COSMOS X-ray group catalog (Gozaliasl et al. 2019) and the results of Kettula et al. (2013). For details on
the derivation of the presented parameters, see the corresponding papers. Presented values are rescaled to the cosmology we use in this paper (if
needed).

@Group’s radius where the internal density of halo is 200 times the critical density of the universe

®Group’s total mass within Ry from Ly — Mg scaling

©Total rest-frame X-ray luminosity (0.1 — 2.5 keV) within Rs

@IGM temperature from Ly — Ty scaling

©IGM temperature from modeling X-ray spectra

'Weak lensing group’s mass within Rsq, centered on X-ray peak

@Weak lensing group’s mass within R,y centered on X-ray peak

Table A.3. Chandra-detected X-ray point sources within the galaxy group (Section 3.3) sorted by full 0.5-10keV X-ray flux in descending order.

flux_f (0.5-10keV) flux_s (0.5-2 keV) flux_h (2-10keV)

b Ra Dec 10715 [erg/s/cmz] 10716 [erg/s/cmz] 10715 [erg/s/cmz]
1id_2045 150.110667 2.708574 4.6 14.4 \
lid_183 150.123608 2.671742 3.93 6.67 3.73
lid_182 150.117955 2.684619 3.15 9.47 2.11
lid_3144 150.15028 2.691248 2.26 \ 2.32
lid_3137 150.11982 2.709775 2.15 \ 3.37

Notes. The first and the third X-ray sources correspond to the tailed radio galaxies 44 and 10913 (WAT), respectively. The second one corresponds
to point radio source 528, also found within the group.
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Appendix B: Flux density comparison

We compared the 3 GHz flux densities calculated for the two
radio galaxies 10913 and 44 in Section 5.2 with the catalog val-
ues (Smolcié et al. 2017a). The flux densities are consistent for
10913 and marginally so for 44, as shown in Fig. B.1.

led
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Fig. B.1. Comparison of 3 GHz radio flux densities calculated in this
paper for the two tailed radio galaxies 10913 and 44 (Section 5.2) and
flux densities from VLA 3 GHz catalog (Smolci¢ et al. 2017a).

Appendix C: GALFIT analysis of host galaxies of
radio sources

C.1. Preparing galaxy cutouts

We extracted the galaxy images from the HST-ACS-WFC unro-
tated tiles observed in the F814W band (Koekemoer et al. 2007,
also see Section 2.2 of this paper). We choose the unrotated tiles
over the mosaic to simplify the PSF matching procedure given
the tiles are in the default unrotated frame of the ACS-WEFC
CCDs. For each galaxy, the corresponding cutout is centered
at the galaxy’s RA and DEC coordinates (wrt. Table A.1). The
cutout dimensions were chosen to cover all the galaxy’s light, as
well as a portion of the sky, while trying to exclude additional
sources. However, neighboring objects remain in certain cases,
as further truncation would have removed significant portions of
the galaxy’s light. Dealing with the remaining objects when per-
forming GALFIT analysis is described in more detail for individ-
ual cases (if applicable) in Sections C.3 to C.5. In each cutout,
we multiply the pixel values by the EXPTIME adopted from the
corresponding header (EXPTIME=4056 s for all cutouts) to con-
vert to analog-to-digital units (ADUs, electrons in this case), as
required by GALFIT (Peng et al. 2010) to generate the sigma
image internally.

C.2. Preparing a PSF image

For an accurate modeling of a light distribution of a galaxy,
GALFIT needs a PSF image describing the two-dimensional dis-
tribution of light in the telescope focal plane for an astronomi-
cal point source. GALFIT convolves the cutout (or each of its
parts if the convolution kernel size is smaller than the image
itself) with the PSF image before fitting. Here we set the ker-
nel size to (125 pix, 125 pix) which is smaller than the cutout
size for all three galaxies. The TinyTim tool (Krist et al. 2011) is
used to generate the PSF image in three steps: tinyl, tiny2, and

Table C.1. Input parameters for tinyl (TinyTim) to create the PSF
image for the GALFIT analysis.

Parameter Value
Camera ACS - Wide Field Channel
Detector chip (1 or 2) 2
Position on the detector [pixels] 2073, 1035

Filter 814

Form of an object spectrum M3V
PSF diameter ["] 0.242 (0.095” FWHM PSF cut at 30)
Secondary mirror despace [microns] | -3 (as in Hoffmann & Anderson 2017)

Notes. The value of secondary mirror despace was set to the typical
value according to Hoffmann & Anderson (2017).

tiny3. In tiny 1, we input details about the camera, detector, filter,
and PSF expectations. These parameters remain the same for all
galaxies (see Table C.1). Tiny1 produces a parameter file, which
tiny2 uses to create the PSF function. Since ACS data are signif-
icantly distorted, tiny3 integrates the PSF onto a distorted pixel
grid. Without additional sampling, the PSF would have the ACS-
WEC default plate scale of (dx,dy) = (0.050,0.050)" /pixel,
while the processed data (Koekemoer etal. 2007) have a
(dx,dy) = (0.030,0.030)"/pixel scale. To properly match
GALFIT’s requirements, we generate a 5x oversampled PSF
(plate scale (dx,dy) = (0.010,0.010) " /pixel) using SUB =5
in tiny3. The PSF Fine-Sampling Factor in GALFIT is then
set to 3.

C.3. 10913: Model, initial parameters, and results

We model the host galaxy of radio galaxy 10913 with Sérsic
profile plus a PSF in the center for the corresponding AGN.
This combined model was shown to be the best fit for the
most of X-ray detected AGN host galaxies in the COSMOS
field (Dewsnap et al. 2023). There is an additional nearby opti-
cal source in the cutout which is not detected in the ACS I-
band Photometry Catalog of optical sources (Leauthaud et al.
2007), most probably due to the combination of its low bright-
ness and proximity to the optical counterpart of radio galaxy
10913. Masking this source would result in removing a large
portion of our galaxy’s light as well. Therefore, we simultane-
ously fit this source with another Sérsic profile. We mask all
other additional sources. We also let GALFIT to simultaneously
fit the sky background. This combined Sérsic+PSF+Sérsic+sky
model has proved to be very successful in fitting away the light in
the cutout with the reduced x? value of ~ 0.7. The initial param-
eters of the model were estimated through a close inspection
of the sources in DS9 (Smithsonian Astrophysical Observatory
2000). GALFIT finds the Sérsic index value of the host
galaxy n = 3.825 + 0.006, and the effective radius R, =
102.8 + 0.3 pix, corresponding to R, ~ 15kpc (using spec-
troscopic redshift). The full list of the GALFIT output model
parameters can be found in Table C.2. The resulting GAL-
FIT cube (initial, model, and residual image) is shown in
Fig. C.1.

C.4. 44: Model, initial parameters and results

In case of the host galaxy of radio galaxy 44 we model its
light using a single Sérsic profile. We also attempt to include
a central PSF to account for the AGN, however, this two-
component model fails to converge. The initial parameters of
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Fig. C.1. GALFIT analysis results for the host galaxy of radio galaxy 10913 (initial, model, and residual images). The initial and model images
are shown in log,, scale, while the residual image is in linear scale. The model is Sérsic+PSF+Sérsic (for another source)+Sky. GALFIT finds
Sérsic index and the effective radius of the host galaxy to be n = 3.825 + 0.006 and R, = 102.8 + 0.3 pix (= 15 kpc). Black polygons represent the

masked areas.
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Fig. C.2. GALFIT analysis results for the host galaxy of radio galaxy 44. The model is Sérsic+Sky, with best-fit Sérsic parameters n = 4.84 +0.01

and R, = 59.3 + 0.3 pix (= 8.8 kpc). Image scales and markings are the same as in Fig. C.1.
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Fig. C.3. GALFIT analysis results for the host galaxy of radio source 4092. The model is Sérsic+Sérsic (for another source) +Sky. The residual
image reveals a spiral-like structure (see C.5). Image scales and markings are the same as in Fig. C.1.

the Sérsic model are estimated by inspecting the galaxy in
DS9. We also include the Sky component. All additional opti-
cal sources in the image were masked. The Sérsic+Sky model
gives a good fit with the reduced x? value of ~ 0.78. GAL-
FIT finds the Sérsic index value and the effective radius of the
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host galaxy to be n = 4.84 + 0.01 and R, = 59.3 + 0.3 pix
(= 8.8kpc, using spectroscopic redshift). The full list of the
GALFIT output model parameters is in Table C.3, and the result-
ing GALFIT cube (initial, model, and residual image) is shown
in Fig. C.2.
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Table C.2. Best-fit (output) parameters for all components of Sér-
sic+PSF+Sérsic+Sky model used in GALFIT analysis of the host
galaxy of WAT radio galaxy 10913.

Host galaxy (1% Sérsic component)

Parameter Value

Position (x,y) [pix] (345.308 + 0.005 341.562 +0.004)

Integrated magnitude [mag] —29.966 + 0.002

Effective radius R, [pix] 102.8 £ 0.3

Sérsic index n 3.825 + 0.006

Axis ratio (b/a) 0.7274 + 0.0004

Position angle [deg] -50.02 £ 0.07

Central AGN (PSF component)

Parameter Value

Position (x,y) [pix] (339.58 £0.02, 342.52 +0.02)

Total magnitude [mag] -22.25+0.02
Additional source (2" Sérsic component)

Parameter Value

Position (x,y) [pix]
Integrated magnitude [mag]

(335.373 £0.008, 284.697 + 0.009)
—-26.211 + 0.003

Effective radius R, [pix] 7.56 +£0.03
Sérsic index n 1.759 + 0.009
Axis ratio (b/a) 0.801 = 0.002
Position angle [deg] 144+ 0.5
Sky background (Sky component)
Parameter Value
Sky background at center of fitting 3.15+0.03

region [ADU]
Sky gradient in x [ADU/pix]
Sky gradient in y [ADU/pix]

(-1.5+0.1)x 1073
(0.1 £0.1)x 1073

C.5. 4092: Model, initial parameters, and results

We attempt to model the host of radio source 4092 with a Sér-
sic model. Given this source was not detected in X-ray (3.3),
in this case, we do not include a PSF (AGN) component
in the fit. We do, however, include another Sérsic profile to
account for the light from an additional nearby source, and we
simultaneously fit the sky. The additional source is a galaxy
listed in the ACS I-band Photometry Catalog of optical sources
(Leauthaud et al. 2007). This source has no counterpart in the
new catalog of spectroscopic redshifts (Khostovan et al. 2025),
however, we find a high-confidence (Q = 4) spectroscopic red-
shift (M. Salvato, priv. comm.) to be spec_z =0.35289. This
value closely matches the spectroscopic redshift of the host of
4092 (Table A.1). All other sources in the cutout were masked.
The reduced x? value of the fit is ~ 1.35. The resulting GALFIT
cube is shown in Fig. C.3 and the full list of the GALFIT output
model parameters is in Table C.4. The results of fitting point
to the conclusion that this Sérsic+Sérsic+Sky model fails to
describe the light distribution in this case. Inspecting the residual
image in Fig. C.3, we find that while the additional source is rela-
tively well described with a single Sérsic model, there are bright
structures present around the host galaxy of radio source 4092,
which cannot be fitted away with a Sérsic profile. We suspect
these may be either the spiral arms or a ring-like structure. Given
our galaxy has a companion (the neighboring galaxy described
above) the first case seems to be more likely. Namely, the grav-
itational interaction with the close companion can drive density
waves in the galaxy causing orbits’ distortion and resulting in
2 arms spiral structure (Lin & Shu 1964; Kormendy & Norman
1979). Moreover, asymmetry is noticeable in the residual image
with the excess of light on one edge of the galaxy and scarcity
on the opposite side. We believe this asymmetry is also related

Table C.3. Best-fit (output) parameters for all components of Sér-
sic+Sky model used in GALFIT analysis of the host galaxy of tailed
radio galaxy 44.

Host galaxy (Sérsic component)

Parameter Value

Position (x,y) [pix] (253.974 + 0.004 252.488 + 0.005)

Integrated magnitude [mag] —29.006 + 0.003

Effective radius R, [pix] 589+0.3

Sérsic index n 4.82 +0.01

Axis ratio (b/a) 0.8303 + 0.0008

Position angle [deg] 8.8+0.2
Sky background (Sky component)

Parameter Value

Sky background at center of fitting 2.28 +0.03

region [ADU]

Sky gradient in x [ADU/pix] B+2)x10™*

Sky gradient in y [ADU/pix] (3.8+0.1)x 1073

Table C.4. Best-fit (output) parameters for all components of Sér-
sic+Sérsic+Sky model used in GALFIT analysis of the host galaxy of
radio source 4092.

Host galaxy (1% Sérsic component)

Parameter Value

Position (x,y) [pix]
Integrated magnitude [mag]

(169.369 + 0.008 164.334 + 0.008)
—28.170 + 0.008

Effective radius R, [pix] 49.0£0.6
Sérsic index n 4.62 +£0.03
Axis ratio (b/a) 0.838 + 0.002
Position angle [deg] -23.7+04

Additional source (2™ Sérsic component)

Parameter Value
Position (x,y) [pix] (179.014 £ 0.006, 189.512 +0.007)
Integrated magnitude [mag] —26.576 +0.003
Effective radius R, [pix] 6.95+0.03
Sérsic index n 2.52+£0.01
Axis ratio (b/a) 0.806 + 0.003
Position angle [deg] -322+0.5
Sky background (Sky component)
Parameter Value
Sky background at center of fitting region -1.69 + 0.06

[ADU]
Sky gradient in x [ADU/pix]
Sky gradient in y [ADU/pix]

(~1.13 £0.03) x 1072
(1.58 +0.03) x 1072

to gravitational interaction with the close companion, that is, is
a consequence of a potential galaxy merger.

C.6. GALFIT output parameters: full lists

The results of fitting different models to the galaxy light distri-
bution data for hosts of the three radio sources are presented in
the above sections. Here we provide a full list of parameter val-
ues resulting from different fits in Tables C.2, C.3, and C.4 for
hosts of 10913, 44, and 4092, respectively. The fitting was per-
formed using GALFIT in the pixel space, and the resulting posi-
tions and lengths are presented in pixels. The plate scale of the
data used is 0.03”/pixel and the image was convolved with the
0.095” full width at half maximum (FWHM) PSF image prior
to fitting. Integrated magnitude is as defined in Equation (5)
of GALFIT User’s manual®, where ST magnitude system zero
point (PHOTZPT=-21.1) was used.

2 https://users.obs.carnegiescience.edu/peng/work/
galfit/README.pdf
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Appendix D: SBPs of hosts of radio galaxies 10913
and 44: Elliptical isophote fits

To generate SBPs, elliptical isophotes were fitted to the HST-
ACS F814W images (Koekemoer et al. 2007) of the hosts of
radio galaxies 10913 and 44 using the Python-based Photutils
package (Bradley et al. 2025). In both cases, sources other than
the galaxy itself were masked prior to fitting, and the fitting was
restricted to avoid the central PSF-size region (assuming PSF
FWHM=0.095"). The latter was done to exclude any potential
AGN flux from the fit. As input, the algorithm requires geomet-
ric parameters of an initial ellipse, used to begin the numeri-
cal fitting procedure to find isophotes at different semi-major
axis lengths a. It is important the provided center of the initial
ellipse is highly accurate since the algorithm itself has no way
to determine a galaxy’s center. Therefore, for the central coor-
dinates we use the output of GALFIT analysis (see Tables C.2
and C.3 in appendix C, cutout sizes used here are the same as
in GALFIT analysis). By closely inspecting the galaxy cutout
in DS9 (Smithsonian Astrophysical Observatory 2000) we find
the other geometric parameters for the initial ellipse (a, ellip-
ticity, and the angle). Busko (1996) showed that for the method
of Jedrzejewski (1987), the precision of isophote fitting depends
on the local radial gradient relative error. They find that gradi-
ent errors larger than 50% significantly decrease the accuracy of
fit and can result in underestimated errors for isophote geometry
parameters. Here, we conservatively set the maximum accept-
able relative error in the local radial intensity gradient to 10%
(maxgerr=0.1). We choose the geometric growing mode for the a
parameter with the step value 0.08. The algorithm works in pixel
space and since the initial cutouts are provided in units of elec-
tron counts it calculates the surface brightness (corresponding to
the mean intensity along an elliptical isophote) in electrons/pixel
for each isophote, taking into account, namely, correcting for the
area of masked regions (for details see Jedrzejewski 1987). We
convert the values of surface brightness to mag/arcsec?, where
magnitudes are in ST system, using information on sensitiv-
ity, photometric zero point and plate scale of the imaging data.
We also calculate the corresponding surface brightness errors
in mag/arcsec’ from the errors originating directly from the
isophote fit via error propagation. The commonly used analyt-
ical form of Sérsic profile is given in terms of equivalent radius
R. Therefore, we create equivalent circular profile by converting
the semi-major axis lengths of fitted isophotes to radius using
R =a- V1 — e, where e is isophote’s ellipticity, and we convert
the units from pixels to kpc, using the galaxy’s spectroscopic
redshift (see Table A.1).

Appendix E: Rotation angles and projection of
radio galaxy 10913

We analyze the rotation angles of WAT radio galaxy 10913 to
estimate the projection effects and correct for them in the anal-
ysis of radio jet bending (6.1.2). The geometry of the rotation
problem is shown in Fig. E.1, where the plane of the sky is
spanned by x and y axes, and z axis points towards the observer,
namely, coincides with the LoS.

We first consider an ideal case, where WAT radio structure
lies entirely in the plane of the sky (x-y plane) as shown in panel
aof Fig. E.1. In this case, no projection effects take place and the
geometry of the jets, namely, the radius of curvature, R, (radius
of the osculating circle at the bending point) can be directly
extracted from observations.
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There are three angles of rotation, each around one of the
three axes, which can affect how we see the radio structure. Only
two of these three rotations introduce the LoS component, that
is, projection effects, here defined as: ® - measuring the rota-
tion of the radio structure around x-axis in the counterclockwise
direction starting from the x-y plane (visualized in panel b of
Fig. E.1), and ¢ - rotation around y-axis in the counterclock-
wise direction starting from the x-y plane (visualized in panel c
of Fig. E.1). The third angle of rotation is around z axis in the
counterclockwise direction starting from the x-z plane, that is,
this rotation happens entirely in the plane of the sky. From radio
image, we find this angle is approximately O.

Both rotations (® and ¢) change the plane of the sky projec-
tion of the radio structure, namely, R, thereby only preserving the
length of components which lie along the corresponding rotation
axes as shown in panels e (for ®) and f (for ¢) in Fig. E.1. The
rotations combined transform the (non-projected) osculating cir-
cle fitting the curvature at the bending point into a new projected
shape: an ellipse (see panel d in Fig. E.1). Extracting measures of
this ellipse along x and y axes, and combining them with basic ®
angle constraints originating directly from observations, allows
us to place constraints on the other angle ¢ and non-projected
value of R.

In this particular case, namely, for WAT radio galaxy 10913
we measure the projected values of radius R at the bending point
along x and y axes: R\ ~ 65kpc and R) ~ 77kpc as shown in
panel g of Fig. E.1 (red ellipse). The projected (observed) loca-
tion of the bending point (labeled as P’ in panel g) is set to corre-
spond to a hotspot found along the northern jet very close to the
central core (labeled as A). From the geometry of the problem as
described above:

R,
R=— (E.1)
cos

For this particular radio galaxy we know ® € [0°,45°] because
we observe both jets and lobes clear, and the bottom jet and lobe
seem to be experiencing relativistic boosting. This yields R € [~
77, ~ 109] kpc. In the x direction,

R,
cos¢

R= (E.2)

This, combined with the above expression E.1, gives us a con-
straint on the angle ¢,

7
cosp = R—fcos@.
y

(E.3)

Using the measured projected values of R and ® € [0°,45°], we
find ¢ € [~ 32°, ~ 53°], where the first value corresponds to the
case when ©® = 0° and for the second one ® = 45°. No matter the
symmetry of the cos function, we reject negative solutions for ¢
because, in combination with the allowed ©® range, they cannot
produce the observed radio morphology, but rather the opposite
one (symmetric with respect to x-axis). These constraints on the
value of R, ® and ¢ are then used in the jet bending analysis and
calculation of the galaxy’s peculiar velocity, and its velocity with
respect to the IGM as described in Section 6.1.2.
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Fig. E.1. Tllustration of projection effects due to WAT orientation (rotation). In panels a - f the geometry of the problem is visualized and explained
step by step (follow the text of Appendix E), and in panel g the projection is analyzed for the real case - radio galaxy 10913. In all panels x-y
plane corresponds to the plane of the sky, and z axis aligns with the LoS (pointing towards the observer). Markings A, P, C and R denote the radio
core, the bending point, the center and the radius of the osculating circle at the bending point, respectively. P* and C” are the projected locations
of P and C after rotation. Panel a: WAT lies entirely in the plane of the sky, R - radius of the osculating circle at the bending point, P, can be
extracted directly from the observations; Panel b: WAT rotated by angle ® around x-axis (tilted from the plane of the sky); gray indicates original
jet position and osculating circle; Panel c: WAT rotated by angle ¢ around y-axis; Panel d: WAT rotated by ® (x) and ¢ (y), projected osculating
circle transformed into an ellipse; Panels e and f: Effect of ® (e) and ¢ (f) rotations on x and y components of the projected R; Panel g: Observed
radio morphology of WAT 10913, measuring projected x and y components of R.
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