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ABSTRACT

The radio jets of radio galaxies in galaxy clusters are often bent due to the ram pressure of the intracluster medium. Most studies
of bent radio tails initially identified tailed sources and then attempted to characterise their environments. In this paper we take an
alternative approach, by starting with a well-defined sample of galaxy clusters and subsequently identifying tailed radio sources in
these known environments. Our sample consists of 81 galaxy clusters from the Planck ESZ cluster sample. We present a catalogue
of 127 extended cluster radio sources, including brightest cluster galaxies, obtained by visually inspecting Karl G. Jansky Very Large
Array (1–2 GHz) observations. We have determined the bending angle of 109 well-structured sources, and classified them accordingly:
84 narrow-angle tailed sources (NATs), 16 wide-angle tailed sources (WATs), and 9 non-bent radio sources (i.e. with bending angles
of less than 15◦). We find a negative correlation between the bending angle and the distance to the cluster centre (impact radius), and
we observe that NATs generally have smaller impact radii than the regular galaxy population and WATs. We present a phase-space
diagram of tailed radio galaxy velocities and impact radii and find that NATs have a significant excess in the high-velocity and low-
impact radius region of phase space, indicating they undergo the largest amount of ram pressure bending. We compared the results
from our sample with those for jellyfish galaxies, and suggest that the mechanism responsible for bending the radio tails is similar
to the stripping of gas in jellyfish galaxies, although tailed radio galaxies are more concentrated in the centre of the phase space.
Finally, we find that NATs and WATs have the same occurrence ratio in merging and relaxed clusters. However, their distribution in
the phase-space is significantly different. We report an excess of NATs in the high-velocity and low-impact-radius phase-space region
in merging clusters, and an excess of NATs in relaxed clusters in the low-velocity and low-impact-radius region.
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1. Introduction

Radio sources associated with cluster galaxies often have ‘bent-
tail’ morphologies and sizes of up to ∼1 Mpc at low frequen-
cies (e.g. Wilber et al. 2019; Srivastava & Singal 2020). These
extended tails are frequently observed to have non-linear struc-
tures. Interaction of the cluster radio sources with the intracluster
medium (ICM) is believed to be responsible for the observed
bending (e.g. Rudnick & Owen 1976; Begelman et al. 1979;
Jones & Owen 1979; Jones et al. 2017). Bent radio sources are
unique diagnostic tools for studying galaxy clusters. Because
of their large sizes, these sources provide information about
the nuclear activity history of the host galaxies over hun-
dreds of millions of years. The tails are postulated to be
trails that trace the path of the host galaxy within the cluster,
bent and buffeted by ram pressure exerted by the ICM (e.g.
Miley et al. 1972; Owen & Rudnick 1976). The first of these
tailed radio galaxies were discovered in galaxy clusters such as
the Perseus, Coma, and 3C129 (Ryle & Windram 1968; Willson
1970; MacDonald et al. 1968).

Tailed radio sources have historically been divided into two
classes (Miley 1980): wide-angle tailed radio galaxies (WATs)
and narrow-angle tailed radio galaxies (NATs). WATs (NATs)
? Corresponding author: s_vdjagt@hotmail.com

are generally defined as having bending angles smaller (larger)
than 90 degrees when defining the bending angle as the devi-
ation from a linear source (e.g. Garon et al. 2019). At times,
sources are bent extremely enough that the tails blend together.
In low-resolution observations, these tailed radio galaxies seem
to only have one radio jet. However, very high-resolution obser-
vations often show these objects to have two-sided jets (e.g.
Terni de Gregory et al. 2017; Gendron-Marsolais et al. 2020;
Rudnick 2021).

Tailed radio sources are frequently found inside dense envi-
ronments and are significantly more bent closer to the cluster
centre, where the surrounding gas is denser (Mingo et al. 2019;
Garon et al. 2019). de Vos et al. (2021) find that NATs up to 7
r500 from the cluster centre are generally on radially inbound
orbits, where r500 is the radius covering the volume of the cluster
in which the mean density is 500 times the critical density of the
Universe. It has been suggested that tailed radio sources have
higher velocities than other galaxies in the cluster (Miley et al.
1972), and this has been investigated for small samples of tailed
radio galaxies (e.g. Miley et al. 1972; Ulrich 1978). Merging
galaxy clusters often have a more turbulent ICM than relaxed
clusters, and therefore the dynamical state of the galaxy clus-
ter might also affect the tailed radio galaxies. It has been sug-
gested, based on smaller samples, that WATs are a by-product
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of the merging of galaxy clusters and form with the merging
of clusters (Pinkney et al. 1994; Loken et al. 1995; Gomez et al.
1997a,b; Sakelliou & Merrifield 2000). NATs are also proposed
to be associated with merging galaxy clusters (Bliton et al.
1998). Bliton et al. (1998) studied a sample of 15 galaxy clusters
with 23 NATs and found that NATs prefer dynamical complex
systems.

To study how bent radio sources are influenced by the ICM
and how they can be used as tracers of cluster properties, reliable
samples of these objects need to be constructed. Previous studies
have either used catalogues of bent radio sources to investigate
whether the radio sources can be associated with nearby clusters
(e.g. Garon et al. 2019; de Vos et al. 2021; Bhukta et al. 2022) or
they have used tailed radio sources to find galaxy clusters (e.g.
O’Brien et al. 2016; Paterno-Mahler et al. 2017). These studies
often use a combination of photometric and spectroscopic red-
shifts to identify clusters. A problem with these approaches is
that there is still quite a large uncertainty in redshift and the false
cluster association rate may be substantial, particularly in lower-
mass clusters.

In this study we took a different approach, by starting
from a well-defined and mass-limited sample of X-ray-defined
Planck clusters (Planck Collaboration VIII 2011) and investigat-
ing tailed radio sources inside these clusters. We used our sample
to investigate how the properties of tailed radio galaxies relate to
the properties of their host clusters. Properties such as the mass,
redshift, and dynamical state for this sample of Planck clus-
ters are well known from Planck and Chandra observations (see
Section 2.1). The dynamical states from Chandra X-ray obser-
vations enable us to study the relation between the dynamical
state of the cluster and the tailed radio galaxies further. Addi-
tionally, for a subset of clusters in our sample, we have accu-
rate spectroscopic redshifts available for cluster members, which
allow us to analyse the distribution of tails in the radial velocity-
projected radial distance phase space. We also compared the
tailed radio galaxies with the general cluster population and jel-
lyfish galaxies. Jellyfish galaxies are star-forming galaxies in
galaxy clusters with displaced gas due to ram pressure stripping
(e.g. Boselli et al. 2022). They are usually characterized by high
velocity orbits, so that the ram pressure from the ICM is strong
enough to remove their interstellar medium (ISM; Biviano et al.
2024). Jellyfish galaxies sometimes show radio continuum tails.
These radio tails are not from active galactic nuclei (AGNs) but
from cosmic rays from star formation that is displaced from the
disc of the galaxy (e.g. Vollmer et al. 2004; Chen et al. 2020;
Roberts et al. 2021a; Ignesti et al. 2022, 2023).

In Section 2 we present our data and describe our method for
selecting and determining cluster membership and classifying
the tailed radio sources. In Section 3 we show the distribution in
phase space for tailed radio galaxies and compare it with other
cluster galaxies and jellyfish galaxies. We also investigate the
occurrence of tailed radio galaxies as a function of their host
cluster’s dynamical state. In Section 4 we discuss the results. Our
conclusions are presented in Section 5. Throughout this study
we use a flat Λ cold dark matter cosmology with ΩM = 0.3,
ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1.

2. Data, selection, and classification

2.1. Data

The cluster sample we used in this work is presented
in Osinga et al. (2022). The full sample consists of 124
clusters with redshifts z < 0.35 and declination > −40◦,

selected from the Planck Sunyaev-Zeldovich (SZ) catalogues:
the Planck Early Sunyaev-Zeldovich clusters (Planck-ESZ;
Planck Collaboration VIII 2011), the Planck catalogue of
Sunyaev-Zeldovich sources (PSZ1; Planck Collaboration XXIX
2014) and the second Planck catalogue of Sunyaev-Zeldovich
sources (PSZ2; Planck Collaboration XXVII 2016). High-
quality X-ray information is available for 93 out of 124 clus-
ters from The Chandra Planck Legacy Program for Massive
Clusters of Galaxies1. These observations have a minimum of
10 000 source counts per cluster and comprise one of the largest
matched SZ plus X-ray samples with a well-known selection
function.

These clusters have been observed by the Karl G. Jansky
Very Large Array (VLA; VLA project code 15A-270
Osinga et al. 2022). The VLA observations are L-band (1–2
GHz) observations, have a resolution of approximately 3′′, a
sensitivity of 20–30 µJy/beam for most fields, and a primary
beam full width at half maximum (FWHM) of 0.5 degrees at
1.5 GHz. Because of the fixed angular size of the primary beam,
this means that radio sources can be found out to larger radii
in higher-redshift clusters. For clusters with redshift z > 0.05
(z > 0.10) the radio image radius (FWHM) is >r500 (>2r500) (cf.
Fig. A.1 in Osinga et al. 2025). Thus, to make sure we have an
unbiased sampling as a function of radius, we only used clus-
ters at z > 0.1 and sources at radii r < 2r500. This results in a
final sample of 81 clusters, out of which 62 have Chandra data
available.

To link the tailed radio sources to their host galaxies,
Osinga et al. (2022) predominantly used the Legacy Imaging
Surveys (Dey et al. 2019). This is an optical imaging survey
that mapped 14 000 square degrees of the northern sky in the
g, r, and z optical bands. Because the Legacy survey does not
cover the full sample, the Panoramic Survey Telescope and
Rapid Response System (Pan-STARRS) imaging survey Pan-
STARRS1 (PS1; Chambers et al. 2016) was also used. PS1 cov-
ers the northern sky above a declination of −30 degrees in the g,
r, i, z, and y optical bands. To confirm cluster membership and
determine accurate velocities, Osinga et al. (2022) used several
redshift surveys. Spectroscopic redshifts were taken from the
NASA/IPAC Extragalactic Database (NED) and the Sloan Digi-
tal Sky Survey (SDSS; York et al. 2000). We sourced additional
spectroscopic redshifts from the Hectospec Cluster Survey of
SZ-selected clusters (HeCS-SZ; Rines et al. 2016). For sources
where spectroscopic redshifts were unavailable, we used photo-
metric redshifts from SDSS (Beck et al. 2016), the Legacy Sur-
vey (Duncan 2022), and Pan-STARRS (Tarrío & Zarattini 2020).
Further details on the source association and redshift determina-
tion are given in Osinga et al. (2022).

Finally, accurate cluster centre coordinates and dynam-
ical states were determined from Chandra X-ray obser-
vations presented by Andrade-Santos et al. (2017) and
Andrade-Santos et al. (2021). If available, we followed
Andrade-Santos et al. (2017) to determine the cluster dynamical
state (i.e. whether a cluster is merging or relaxed).

To determine the cluster centre coordinates for clus-
ters that are not covered by the X-ray observations from
Andrade-Santos et al. (2021), we took their PSZ2 SZ-derived
coordinates (Planck Collaboration XXVII 2016) as the centre,
which have a median offset of 0.9 arcminutes for clusters where
both observations are available. The physical offset between
the Planck and Chandra central coordinates for these clusters

1 https://hea-www.cfa.harvard.edu/CHANDRA_PLANCK_
CLUSTERS/
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Table 1. Overview of the number of spectroscopic and photometric red-
shifts used for the cluster membership determination.

Sample NAT WAT Non bent N.A.a Total

NED 48 9 5 12 74
SDSS-spec 1 1 0 2 4
Legacy-phot 9 1 1 1 12
PS-phot 26 5 3 3 37
Total 84 16 9 18 127

Notes. 27 out of 84 NATs and 6 out of 18 WATs also have a HeCS-SZ
spectroscopic redshift. aN.A. refers to the extended radio sources for
which no bending angle determination was possible.

ranges from 15 kpc to 621 kpc, with a median offset of 190 kpc.
We excluded clusters where the dynamical state is not avail-
able from analyses regarding differences between dynamical
states.

2.2. Selection

We identified 127 extended radio sources as cluster members in
81 clusters with z > 0.1 within 2r500 of the cluster centre. We
defined a source as being ‘extended’ if the largest angular size
is larger than 5 times the restoring beam (15′′). This threshold
was set to generally be able to trace the morphology of the radio
emission beyond the disc of the host galaxy and identify the
orientation of the outflow with respect to the host galaxy (e.g.
Osinga et al. 2020). We note that because of this angular size
cut, we preferentially selected larger sources at higher redshifts,
though these are still moderate sizes for typical radio galaxies
(i.e. &30 kpc at z = 0.1 and &75 kpc at z = 0.35). We find
no systematic trends in terms of the classification of the source
(e.g. WAT/NAT/non-bent) as a function of redshift. To ascertain
whether a radio source is a cluster member its redshift (zgalaxy)
was compared with the redshift of the galaxy cluster (zcluster) as
follows:

|∆z − σ| >
zgalaxy − zcluster

1 + zgalaxy
, (1)

where σ is the 1 sigma (68%) uncertainty of the redshift
estimate and we adopted the threshold ∆z = 0.04, c∆z =
11 991 km/s. This threshold is also used in the WHL catalogue
(Wen & Han 2015) to determine cluster membership and used
in the Garon et al. (2019) study of radio tails. Sources without
a redshift estimate were excluded as they are likely background
sources. Similarly, radio sources that do not have optically visi-
ble host galaxy were treated as background sources and not clus-
ter members, as all galaxy clusters lie at low redshifts (z < 0.35).
In Table 1 we give an overview of the redshifts used for the clus-
ter membership determination.

2.3. Classification

To determine the size and bending angle of the extended radio
sources, we followed the method from Garon et al. (2019). A
rectangular-shaped box was fitted around the edges of the 3σ
contours of the radio galaxy, exemplified in Figure 1. The diag-
onal of the bounding box was taken as the largest angular size
and the bending angles of the extended radio sources were cal-
culated from the brightest spots in both lobes and the position of
the optical counterpart, as shown in Figure 1.

Fig. 1. Example of how bending angle and size are measured. The black
‘+’ shows the location of the optical counterpart, and the white ‘+’
shows the location of the highest radio intensities in the lobes. The white
lines connect the location with the optical counterparts with the highest
intensities, which are used to calculate the bending angle θ. The dashed
lines show the fitted box around the edges of the 3σ contours used to
calculate the size of the source.

We classified tailed radio galaxies into WATs and NATs
based on a commonly used threshold bending angle of 90◦ (e.g.
O’Dea & Owen 1985; Mingo et al. 2019)2. Sources with a bend-
ing angle of more than 90◦ were classified as NATs, and sources
with a bending angle between 15◦ and 90◦ were classified as
WATs. The minimum bending angle of 15◦ was set to separate
WATs from non-bent double-lobed sources.

Most of the extended sources have clear collimated jets,
but some, particularly brightest cluster galaxies, show diffuse
emission with no clear structure. We did not include any clus-
ter galaxies without clear boundaries or linear jets. Some bent
sources do not show two separate lobes, tails or jets in our obser-
vations, in which case we defined the bending angle as 180◦
and classified the sources as NATs. This results in a final sam-
ple of 109 sources with bending angles, of which 84 are NATs,
16 are WATs, and 9 are non-bent sources. Out of the 84 NATs,
65 have tails that are blended together and 19 are radio galax-
ies where both tails are still visible. To check the robustness of
the classification in this work, we also performed our analysis
with slightly different bending angle thresholds. We changed the
bending angle threshold to separate NATs and WATs to 80◦ and
100◦, and changed the bending angle to separate WATs and non-
bent sources to 5◦ and 25◦. No significant differences are found
in our results.

3. Results

3.1. Distance to the cluster centre

There is evidence that tailed radio galaxies are more bent
when they are located closer to the cluster centre (Mingo et al.
2019; Garon et al. 2019). This bending could be related to
the increased ram pressure exerted on the galaxy by a denser

2 We note that Mingo et al. (2019) defined the bending angle as the
opening angle between the two tails, while we defined the bending angle
according to Figure 1. However, the thresholds are essentially the same.
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Fig. 2. Distances from the cluster centre for NATs and WATs, nor-
malised by the r500. The dashed lines show the median values of the
distribution and the error bars give the 1σ statistical uncertainty on the
median. The counts for each histogram are such that the area under the
histogram integrates to 1. As a reference, the distribution of the galaxies
in HeCS-SZ (Rines et al. 2016) is given with the grey histogram.

intergalactic medium near the cluster centre or due to the
fact that at the pericentre of their orbits, in the cluster cen-
tre, the tailed radio galaxies are moving at the highest veloc-
ity, and thus are subjected to the maximum ram pressure
(Begelman et al. 1979; Jones & Owen 1979). To investigate this
relation, we calculated the projected distance between the host
optical counterpart and the coordinates of the cluster centre
given by Chandra X-ray observations (Andrade-Santos et al.
2021), or PSZ2 (Planck Collaboration XXVII 2016) if Chandra
data were unavailable. The distribution of the projected distances
of WATs and NATs normalised by the cluster R500 is illustrated
in Figure 2. For reference, the typical cluster galaxy population is
also shown (in grey) for galaxies from the HeCS-SZ (Rines et al.
2016). The median values in Figure 2 show that the distribu-
tion of NATs is more concentrated towards the centre of the
cluster than all the galaxies (>5σ below WATs). A two-sample
Kolmogorov-Smirnov test (KS-test) to compare the NATs to
the general cluster population indeed confirms that NATs are
drawn from different populations than the non-tailed galaxies
(p < 0.001). Furthermore, the KS-test shows that NATs form
a different population than the WATs (p = 0.001). The KS-test
confirms that NATs are intrinsically located closer to the cluster
centre than the general population of galaxies and WATs.

The fact that NATs are located closer to the cluster centres
than WATs and the general population of galaxies suggests that
galaxies closer to the cluster centre are more bent. In Figure 3,
we show the bending angle as a function of distance from the
centre. Here, we only plot the radio galaxies for which both tails
are resolved and the bending angle could be determined accu-
rately. We find a decrease in median bending angle as a function
of the distance in Figure 3. This indicates that there is a negative
correlation between the bending angle of tailed radio galaxies
and their distance from the cluster centre. Correlation tests show
a significant negative correlation, with Pearson r = −0.41 (p =
0.006) and with Spearman r = −0.36 (p = 0.02).

Fig. 3. Tailed radio galaxy bending angle plotted against distance from
the cluster centre, normalised by r500. The grey markers show the
individual tailed radio galaxies. Tailed radio galaxies above (below)
the dashed line at 90◦ are classified as NATs (WATs). The red line
shows the running median. To calculate the running median, we fol-
lowed Lamee et al. (2016) and calculated the running median in bins of
N = 20 galaxies. The blue shaded area displays the 1σ statistical uncer-
tainty on the running median, calculated as |M−[p16, p84]|/

√
N, where

M is the running median and p16 and p84 are the 16 and 84 percentiles.

3.2. Phase space of tailed radio galaxies

To study the orbital history of galaxies in the cluster, phase-
space diagrams are commonly used (e.g. Rhee et al. 2017;
Roberts et al. 2021a). We combined our results for the distances
of tailed radio galaxies from the cluster centres with their veloc-
ities in a phase-space diagram in Figure 4a. Additionally, we
compared the tailed radio galaxies in our sample with the jel-
lyfish galaxies from Roberts et al. (2021a). Since Roberts et al.
(2021a) report projected radii in terms of r/r180, we converted
these radii to r/r500 using a conversion factor of 1.57, which
assumes a Navarro-Frenk-White profile for the dark matter halo
with a concentration parameter c = 5 (Pierpaoli et al. 2003). We
note that the sample from Roberts et al. (2021a) is cut off at r180.
However, because the excess in a region of phase space is calcu-
lated as a ratio (cf. Eq. (2)), this simply lowers the sample size
but does not bias the excess calculation. The main caveat of the
phase-space analysis is that both the velocity and distance are
lower limits of their real values. The physical intracluster veloc-
ities of the galaxies were taken to be their redshift offsets from
that of their host cluster. We used spectroscopic redshifts from
the HeCS-SZ (Rines et al. 2016) and obtained physical veloci-
ties for galaxies in 24 of the 81 galaxy clusters in this study.

We analysed the resultant phase-space diagram in Figure 4a,
adopting the method from Roberts et al. (2021a), who analysed
the phase-space diagram for jellyfish galaxies in four differ-
ent quadrants of cluster phase space. The lines r/r500 = 1 and
c|∆ z|/σcluster = 1.5 divide the phase space in four quadrants,
where c|∆ z|/σcluster = 1.5 is the velocity offset to the cluster
velocity normalised by the cluster dispersion from the HeCS-SZ
(Rines et al. 2016). The number of NATs, WATs, and galaxies
in the HeCS-SZ for each quadrant are shown in Table 2. From
the number of galaxies in Table 2 and Equation (2), the excess is
calculated as

η =

NQi
Tails,DS

NTails,DS

/
NQi

HeCS−S Z,DS

NHeCS−S Z,DS

 , (2)
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Table 2. Galaxy distribution in phase-space regions for all clusters in the HeCS-SZ sample.

Region NQi
NAT NQi

WAT NQi
jellyfish NQi

HeCS−S Z ηQi
NAT ηQi

WAT ηQi
jellyfish

1 0 0 6 172 0.00+0.76
−0.00 0.00+2.85

−0.00 1.19+0.66
−0.33

2 5 1 28 367 1.63+0.85
−0.47 1.47+2.06

−0.56 2.60+0.46
−0.40

3 19 3 45 1488 1.53+0.16
−0.22 1.09+0.38

−0.38 1.03+0.11
−0.11

4 3 2 16 1211 0.30+0.24
−0.09 0.89+0.57

−0.34 0.45+0.12
−0.09

Total 27 6 95 3238

Fig. 4. Cluster phase-space diagram, showing excess for tailed radio galaxies. We show NATs and WATs in blue and orange, respectively. Panel (a):
Phase-space diagram showing WATs, NATs, and jellyfish galaxies. In the background, the numbers of galaxies from HeCS-SZ (Rines et al. 2016)
are given as a reference. The dashed lines show the difference between the four different phase-space regions. Panel (b)–(d): Excess for NATs,
WATs, and jellyfish galaxies as defined in Equation (2). The dashed line represents no excess. The error bars are the 1σ statistical uncertainty
following Roberts et al. (2021a).

where η is the tailed radio galaxy excess and NHeCS−S Z,DS and
NTails,DS are the total numbers of galaxies selected from the
HeCS-SZ sample and the total number of tailed radio galax-
ies for a given dynamical state DS in the sample, respectively.
NQi

Tails,DS and NQi
HeCS−S Z,DS are the total number of tailed radio

galaxies and galaxies in the HeCS-SZ sample for each quadrant.
A value of η > 1 means that there is an excess and a value of
η < 1 means that there is a deficit in the number of tails in a
phase-space region.

In Figure 4b–d and Table 2 we show the excess for NATs,
WATs, and the jellyfish galaxies from Roberts et al. (2021a). It
is clear from the uncertainties in Figure 4c that there are not
enough WATs to draw significant conclusions. Thus, hereafterwe
only discuss NATs. In phase-space region 1 (high velocity and
large distance), we do not observe any NATs. Phase-space region
2 (high velocity and small distance), shows a hint of an excess in
NATs (ηNAT,2 = 1.63+0.85

−0.47). In phase-space region 3 (low velocity
and small distance), the region with the most galaxies in the sam-
ple, we find a significant excess of NATs (ηNAT,3 = 1.53+0.16

−0.22).
Finally, phase-space region 4 (low velocity and large distance),
shows a significant deficit in NATs ηNAT,4 = 0.30+0.24

−0.09.

In summary, comparing the NATs with the general cluster
population, we find that the most distinguishing phase-space
property of NATs is that they live closer to the cluster centre
than the other galaxies in the cluster. We find that the NATs
(c|∆z|/σcluster = 0.71 ± 0.11) do not have velocities that differ
significantly from the general cluster population (c|∆z|/σcluster =
0.79±0.01). Overall we conclude that NATs are located in a dif-
ferent part of the phase space than the general cluster population,
with similar velocities to the general population, but generally
closer to the cluster centre, where the gas density and the effects
of ram pressure are largest.

In Figure 4 and Table 2 we compare the NATs with jelly-
fish galaxies. In phase-space region 1, no NATs are observed,
while the jellyfish galaxies are consistent with the cluster popu-
lation (ηjellyfish,1 = 1.19+0.66

−0.33). Phase-space region 2 shows similar
results for NATs and jellyfish galaxies (ηjellyfish,2 = 2.60+0.46

−0.40).
In contrast, phase-space region 3 shows differences between
the populations of NATs and jellyfish galaxies. NATs show an
excess in this phase-space region, while jellyfish galaxies are
consistent with the cluster population (ηjellyfish,3 = 1.03+0.11

−0.11).
In phase-space region 4, we find a deficit for both NATs and
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Fig. 5. Histogram of the orientation angles for NATs and WATs. The
orientation angle of 0◦ is outbound and 180◦ is inbound. The dashed
lines show the median values of the orientation angles, and the shaded
region gives the 1σ statistical uncertainty on the median. The counts for
each histogram are normalised such that the area under each histogram
integrates to 1.

jellyfish galaxies (ηjellyfish,4 = 0.45+0.12
−0.09). In summary, NATs live

in a phase space that is more similar to jellyfish galaxies than to
the general cluster population, but with the notable difference in
phase-space regions 1 and 3.

3.3. Orientation of tailed radio galaxies

Tailed radio galaxies up to 7r500 have been found to be predom-
inantly on radially inbound orbits (de Vos et al. 2021). In this
work, we determined the orientation of the tailed radio sources
with respect to the cluster centre using the full sample of 100
NATs and WATs from Table 1. We defined the orientation angle
of the tailed radio source as the angle between the line from
the cluster centre to the tailed radio galaxy host and the line
from the galaxy host to the middle of both radio lobes. Thus,
an orientation angle of 0◦ is outbound and an angle of 180◦
is inbound.

In Figure 5 we show the orientation angles for NATs and
WATs. We find no significant preference for an orientation for
both NATs and WATs. A KS-test between the orientation of
tailed radio galaxies and a uniform distribution shows that there
is no significant difference between the distributions of orien-
tation for NATs (p = 0.146) and WATs (p = 0.076). This result
does not support the findings of de Vos et al. (2021), which how-
ever considered a sample of tailed radio galaxies extending at
larger distances than what is done here. Following Rhee et al.
(2017), galaxies closer to the cluster centre could be past their
first pericentre on a trajectory that is not a radially inbound orbit
anymore. Hence, galaxies closer to the cluster centre have a less
preferred orientation than galaxies further away from the cluster
centre.

3.4. Dynamical state

It is been suggested that merging galaxy clusters host more
tailed radio galaxies than relaxed clusters, as merging clus-
ters have larger systematic gas motions (Sakelliou & Merrifield
1999; Morris et al. 2022). From X-ray data, the dynamical states
of 62 clusters in this study are known (Andrade-Santos et al.
2017; Morris et al. 2022). To determine if a galaxy cluster

Table 3. Average number of WATs or NATs for a galaxy cluster.

WAT NAT

Full Sample (81 clusters) 0.20 ± 0.05 1.04 ± 0.11
Relaxed (19 clusters) 0.11 ± 0.07 1.26 ± 0.26
Merging (44 clusters) 0.20 ± 0.07 1.18 ± 0.16

is merging or relaxed we used the concentration parameter
between 0.15r500 and r500 (CS B) and the break value of 0.4 from
Andrade-Santos et al. (2017). The concentration parameter is

CS B =

∑
(< 0.15r500)∑

(< r500)
, (3)

where
∑

(< r) is the integrated projected X-ray emissivity within
a circle of radius r (Andrade-Santos et al. 2017).

In Table 3 we list the average number of WATs and NATs
for relaxed and merging galaxy clusters. We find no significant
differences in the total number of WATs and NATs between
the full sample of 81 clusters, the sample of 19 relaxed clus-
ters, and the sample of 44 merging clusters. This is unlike the
findings of Bliton et al. (1998), where they state that NATs are
located in dynamically complex systems by preference. Com-
parably, the fact that the average number of WATs is similar
in relaxed and merging clusters is not in line with the findings
from Pinkney et al. (1994), Loken et al. (1995), Gomez et al.
(1997a,b), and Sakelliou & Merrifield (2000) who suggest that
WATs are a by-product of merging galaxy clusters. We find that
the results do not significantly differ when using other dynamical
parameters than CS B, as defined in Andrade-Santos et al. (2017),
and conclude that we find no significant evidence for WATs or
NATs to occur preferentially in clusters with specific dynamical
states.

We display the excess of galaxies in phase space for merg-
ing and relaxed clusters in Figure B.1 and Table B.1. For WATs
we cannot make decisive conclusions because of the low num-
ber of WATs in this sample. However, we find an excess of
NATs in phase-space region 2 (high velocity and small dis-
tance) for NATs in merging clusters (ηNAT,merging,2 = 2.19+1.17

−0.69),
while there is a hint of a deficit for NATs in relaxed clusters
(ηNAT,relaxed,2 = 0.00+0.87

−0.00). In phase-space region 3 (low veloc-
ity and small distance), we find an excess of NATs in relaxed
clusters (ηNAT,relaxed,3 = 2.22+0.08

−0.35), while the excess of NATs in
merging clusters is consistent with the general cluster population
in merging clusters (ηNAT,merging,3 = 1.18+0.23

−0.26). In phase-space
region 4 (low velocity and large distance), we find a deficit for
NATs in both merging (ηNAT,merging,4 = 0.51+0.36

−0.17) and relaxed
(ηNAT,relaxed,4 = 0.00+0.27

−0.00) clusters. In summary, the phase-space
region showing the strongest excess in NATs seems to be depen-
dent on the merging state of the clusters. Although the average
number of NATs and WATs is consistent between merging and
relaxed clusters, merging clusters show the strongest excess of
NATs in phase-space region 3, while relaxed clusters show the
strongest excess in phase-space region 2.

4. Discussion

4.1. Phase space of tailed radio galaxies

Earlier work suggests that extended radio sources evolve as they
fall into the cluster (e.g. Miley et al. 1972; Owen & Rudnick
1976). We observe that tailed radio galaxies with large bending
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angles generally live closer towards the cluster centre than tailed
radio galaxies with small bending angles, as shown in Figure 2.
Additionally, we find a negative correlation between the bending
angle and the distance from the cluster centre, as presented in
Figure 3. Our results are in line with results from previous stud-
ies (e.g. Garon et al. 2019; de Vos et al. 2021), which show that
the tails are more bent when they are located closer to the cluster
centre.

Ram pressure is related to the density of the cluster gas and
the velocity of the radio source following

Pram ∝ ρgasv2, (4)

where Pram is the ram pressure, ρgas is the density of the ICM
and v is the relative velocity of the host galaxy (Begelman et al.
1979; Jones & Owen 1979). The density of the cluster gas is
dependent on the distance from the cluster centre. Gas closer
to the cluster centre is denser. Therefore, radio galaxies closer
to the cluster centre generally live in denser environments. The
results in this work support that the bending angle of tailed
radio galaxies is linked to the ram pressure that is exerted on
the galaxy as it moves through the ICM (Begelman et al. 1979;
Jones & Owen 1979).

Previous studies were able to show the relation between
the bending angle and the distance from the cluster centre for
larger samples (Garon et al. 2019; de Vos et al. 2021). However,
the relation between the bending angle and the velocity offset
from the cluster has only been investigated for smaller sam-
ples. Miley et al. (1972) investigated tailed radio galaxies in the
Coma, Perseus, and the 3C129 clusters. They suggested that the
morphology of some of the tailed radio galaxies in these clus-
ters via ram pressure stripping can be explained due to their high
radial velocity offsets with respect to the cluster. Ulrich (1978)
found similar results for 4 clusters of galaxies. In this work, we
establish a better view of the relation between the bending of
radio galaxies and ram pressure by showing the phase space of
tailed radio galaxies in Figure 4.

Due to low number counts, the phase-sapce results for WATs
are inconclusive. We find an excess in phase-space regions 2
(high velocity and small distance) and 3 (low velocity and small
distance) for NATs. No NATs were detected in region 1 (high
velocity and large distance). Following Equation (4), the regions
of phase space from most to least ram pressure in Figure 4 are
phase-space region 2, 3, 1, and 4. This suggests that the highly
bent NATs live in dense environments with the most ram pres-
sure and do not necessarily have higher velocities than other
cluster members.

Comparing the results of NATs in phase space with those of
the general cluster population clearly shows the influence of ram
pressure on the bending angle of tailed radio galaxies. Figure 1
in Rhee et al. (2017) shows a typical trajectory of a galaxy that
is falling into a galaxy cluster. Following this typical trajectory,
we suggest a plausible scenario for the evolution of the bend-
ing angle of a tailed radio galaxy. This evolutionary trajectory
of tailed radio galaxies within galaxy clusters can be outlined
as follows: Initially, the radio galaxy starts as a non-bent dou-
ble lobe or FRI plume in phase-space region 4 (low velocity and
large distance). As the galaxy falls into the gravitational well
of the cluster, the galaxy moves more to phase-space regions 2
and 3, and the lobes gradually bend, forming a NAT morphol-
ogy. This bending process intensifies as the galaxy approaches
closer to the cluster centre, leading to the formation of a NAT
in phase-space region 2. Subsequently, as the galaxy settles in
the cluster in phase-space region 3, both its velocity and bend-
ing angle diminish. The excess of NATs in the high velocity and

small distance region found in Figure 4 is in line with the expec-
tations from earlier studies (e.g. Miley et al. 1972). Combined
with the negative correlation we find for bending angle and dis-
tance (Figure 4), this supports the idea that the bending angle is
linked to the ram pressure.

4.2. Comparison with jellyfish galaxies

Jellyfish galaxies are another phenomenon where galaxies in
clusters are affected by ram pressure (Gunn & Gott 1972;
Balogh et al. 2000; Fumagalli et al. 2014; Poggianti et al. 2016).
The ram pressure strips the ISM as the galaxy travels through the
ICM. This leads to gas tails. There is evidence of these observed
gas tails from radio regimes to X-ray (e.g. Poggianti et al. 2019).
We compared, in Section 3.2, our results to a sample of jel-
lyfish galaxies from lower-redshift clusters (z < 0.05) from
Roberts et al. (2021a).

We find, that jellyfish galaxies and tails are located in simi-
lar parts of the phase space, but with the notable difference that
tails show an excess close to the cluster centre (phase-space
region 3) while jellyfish galaxies show an excess away from
the cluster centre (phase-space region 1) where no tailed radio
galaxies were found. The absence of NATs and WATs in phase-
space region 1, characterised by high velocity and large distance
from the cluster centre, could be because the density at these
large distances is not high enough to significantly cause bend-
ing. Although this is not necessarily supported by de Vos et al.
(2021) who found tails out to large distances, a crucial difference
is that this study was limited to radii up to 2r500. It seems likely
that the absence of tailed radio galaxies is simply due to the
relatively small sample size in this region. Considering that the
total number of galaxies inhabiting this region is already low, i.e.
only ∼4.6% of the cluster galaxies live in this region, the uncer-
tainty is too large. Over all regions of phase space, NATs and
WATs respectively constitute only ∼0.6% and ∼0.3% of the total
galaxy population. Conservatively applying this scaling to region
1, we would expect at most two NATs and one WAT in phase-
space region 1. Additionally, the radio luminosity of the lobes
is correlated with the density of the environment surrounding
the galaxy (Hardcastle & Krause 2013). This also makes (tailed)
radio galaxies in phase-space region 1 intrinsically more difficult
to observe. As these numbers of NATs and WATs are small, we
conclude that a larger sample of tailed radio galaxies is needed
to make definite conclusions about the absence of tailed radio
galaxies in phase-space region 1.

In contrast, the non-detection of an excess of jellyfish galax-
ies in phase-space region 3, where a significant excess of tailed
radio galaxies can be found can be explained by the difference
between the two classes of sources. The jellyfish galaxy tail orig-
inates from ram pressure stripping of the ISM in star-forming
galaxies. As jellyfish galaxies fall inside the cluster, the avail-
able material depletes, and as the galaxies settle in the cluster
most of the gas is stripped off already. Jellyfish galaxies tend to
be skewed to larger velocity offsets, this is consistent with them
being on their first infall towards the cluster centre (Smith et al.
2022). The star formation of galaxies in clusters is quenched
relatively quickly and therefore jellyfish galaxies do not sur-
vive much beyond their first pericentric passage (Roberts et al.
2021a,b). On the contrary, in radio galaxies, the tail originates
from the AGN, which undergoes a series of active cycles that
can last for ∼107 yr (e.g. Morganti 2017). Tailed radio galax-
ies lose their material with time as well because the AGNs is
fuelled by the galaxy gas reservoir. Moreover, tailed radio galax-
ies lose their gas reservoirs due to ram pressure, but while there is
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evidence that the fraction of AGN decreases as they fall towards
the centre of clusters (e.g. Pimbblet et al. 2013; Mishra & Dai
2020; Koulouridis et al. 2024), it is clear from our results that
tailed radio galaxies can sustain a supply of material that is being
ejected from the host galaxy, while in jellyfish galaxies this sup-
ply is depleted more quickly. Roberts et al. (2021a,b) report that
most of the jellyfish tails are directed in the opposite direction to
the centre, thus suggesting that the jellyfish galaxies get stripped
during the first infall. In Figure 5, we show that tailed radio
galaxies do not have a preferential orientation, suggesting that
tailed radio galaxies can survive the first infall. Therefore, it is
possible to have a radio galaxy that has been a long-time clus-
ter member but that still shows a tail. This is consistent with the
radio galaxies being more concentrated towards the core of the
phase space.

4.3. Cluster properties

Earlier studies suggested that tailed radio galaxies might form
due to the merging of galaxy clusters (e.g. Bliton et al. 1998;
Sakelliou & Merrifield 2000). However, Table 3 shows that there
is no significant difference in the average number of WATs and
NATs in merged and relaxed clusters. This result is consis-
tent with the findings in Lourenço et al. (2023). Lourenço et al.
(2023) studied galaxies undergoing ram pressure stripping in 52
galaxy clusters. They found no clear correlation between ram
pressure stripping and the cluster dynamical state. This supports
that both tailed radio galaxies and jellyfish galaxies are defined
by ram pressure.

Interestingly, Figure B.1 also shows that the excess of NATs
in phase-space region 2 (high velocity and small distance) can
be mainly attributed to an excess in merging clusters, while
the excess of NATs in phase-space region 3 (low velocity and
distance) is mainly caused by the sample of relaxed clusters.
Furthermore, we do not find any NATs or WATs from relaxed
clusters outside of phase-space region 3. Based on the findings
in Figure B.1, we cautiously propose the following hypothe-
sis. After falling into the cluster, the tailed radio galaxies settle
according to the track shown in Rhee et al. (2017, Fig. 1) towards
the centre of the cluster (phase-space region 3). For relaxed clus-
ters, the tailed radio galaxies remain there, but in merging galaxy
clusters the galaxies get stirred up by the merger. This pushes
them towards higher velocity regions of the phase space with
respect to the cluster centre (phase-space region 2). The radio
galaxies will eventually follow a similar track again as the cluster
relaxes, and they travel to the lower-velocity and large-distance
regions (phase-space region 4), back-splashing, and eventually
settling again in the cluster centre. However, this would also
mean that the other galaxies in the cluster should follow a sim-
ilar path. Therefore, the excess of NATs should not change for
merging clusters unless there is some mechanism preferentially
stirring up galaxies with bent radio jets. This would result in
different orientations of NATs in merging and relaxed clusters.
However, we checked the orientation angle by splitting on clus-
ter dynamical state and did not observe a significant difference
between the orientation of NATs in merging and relaxed clus-
ters. It is possible that a larger sample of tailed radio galaxies is
required to confirm this theory.

We note that X-ray clusters samples are biased towards
relaxed clusters (e.g. Pesce et al. 1990; Eckert et al. 2011), while
the SZ-selected sample from Planck used in this work are
more representative of the distribution of the dynamical states
of the general cluster population (Andrade-Santos et al. 2017;
Rossetti et al. 2017). However, there are more factors that could

lead to biases in the results in Table 3 than cluster dynami-
cal state alone. To check whether the host clusters have similar
properties for merging and relaxed clusters, we plotted the red-
shift and mass distributions for the merging and relaxed galaxy
clusters (see Fig. B.2). The median redshift for both relaxed
(zrelaxed = 0.206 ± 0.015) and merging clusters (zmerging =
0.210±0.011) is not significantly different. The median mass for
merging clusters (Mmerging = (6.300 ± 0.280)×1014M�) is lower
than for relaxed clusters (Mrelaxed = (7.578 ± 0.264)×1014 M�).
However, based on a two-sample KS-test on mass and redshift
between merging and relaxed clusters we find that there is no
significant difference between the population of merging and
relaxed clusters in mass (p = 0.22) and redshift (p = 0.39).
Therefore, we conclude that, although the occurrence of WATs
and NATs does not seem to depend on dynamical state, the
phase-space distribution of WATs and NATs might be linked
to the dynamical state of the host clusters, although a larger
sample is needed to confirm whether the cluster mass is not a
confounding variable. This hints at a possibly interesting effect
between the bending of tails and the host cluster dynamical
state.

In this work, we started from a well-defined and mass-
limited sample of X-ray-detected Planck clusters at low red-
shifts (z < 0.35). These clusters are relatively massive (M500 >
4×1014 M�, see Fig. B.2) and might thus not be representative of
the typical environment of tailed radio galaxies. A recent study
by Lao et al. (2025) identified 4876 tailed radio galaxies in the
FIRST survey, of which 3087 were closely associated with clus-
ters. However, they found that the mean mass of the host clusters
is 1.5 × 1014 M�, with only 6% of tailed radio galaxies found in
clusters above a mass of 3.2×1014 M�. Additionally, a lower fre-
quency of jellyfish galaxies and weaker ram pressure stripping
of these galaxies are reported in lower-mass groups of galaxies
(Roberts et al. 2021b).

Finally, we emphasise that this study was limited to radio
galaxies relatively close to the cluster centre (r/r500 < 2.0),
while there is evidence that tailed radio galaxies are also influ-
enced by clusters at much larger distances (e.g. de Vos et al.
2021).

4.4. Future work

This work focused on the effect of the cluster dynamical state
and phase space of host galaxies on the bending angle of tailed
radio sources. While we find that the position in phase space is
most important for the amount of radio source bending, in some
cases, the ICM magnetic field also has a large impact on the
bending of radio jets (e.g. Chibueze et al. 2021). Numerical sim-
ulations show that the magnetic fields also have an impact on the
bending of the radio jets (Gan et al. 2017; Massaglia et al. 2019,
2022). It would be interesting to investigate to what extent the
cluster or host galaxy magnetic fields play a role in the bending
of tailed radio galaxies (Pratley et al. 2013; Müller et al. 2021).
This will be investigated in a future paper, as polarisation infor-
mation is available for these sources (Osinga et al. 2022).

Another extension of this study would be to probe lower-
mass clusters and the presence of NATs and WATs at higher
redshifts. This could provide important information on the
build-up and evolution of the ICM. In addition, combining all-
sky galaxy cluster and group catalogues from X-ray surveys such
as eROSITA (Bulbul et al. 2024) with large area radio surveys
such as LOFAR (Shimwell et al. 2017, 2019, 2022), VLASS
(Lacy et al. 2020), or EMU (Norris et al. 2011, 2021) can pro-
vide orders of magnitude larger samples in the near future.
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5. Conclusions

In this work we identified 127 extended radio sources from
VLA observations of 81 galaxy clusters. Among these, we found
84 NATs and 16 WATs, and 9 non-bent radio galaxies, classi-
fying the sources based on their bending angle. For a subset
of sources present in the HECS-SZ catalogue, we calculated
the velocity offsets from the cluster centre, and the dynamical
states were available for 62 clusters using Chandra observa-
tions from Andrade-Santos et al. (2017). The conclusions of this
work are:
1. NATs are located closer to the cluster core than the regular

galaxies and WATs within a galaxy cluster, with a median
radius >5σ below WATs and the regular galaxies. This is in
line with results from studies that selected tails and subse-
quently classified their environment (e.g. Mingo et al. 2019;
Garon et al. 2019).

2. There is a significant negative correlation between the bend-
ing angle and the distance from the cluster centre, i.e. radio
galaxies are systematically bent more extremely closer to
the centre of the cluster. Pearson and Spearman correlation
tests give r = −0.41 (p = 0.006) and r = −0.36 (p = 0.02),
respectively.

3. NATs show a slight excess in the high-velocity and low-
distance region and a significant excess in the low-velocity
and low-distance phase-space region (ηNAT,2 = 1.63+0.85

−0.47 and
ηNAT,3 = 1.53+0.16

−0.22).
4. NATs behave more similarly in phase space to jellyfish

galaxies than the general cluster population. We find a
(slight) excess of NATs in phase-space regions 2 (high veloc-
ity and small distance) and 3 (low velocity and small dis-
tance), while Roberts et al. (2021a) find an excess of jellyfish
galaxies only in phase-space region 2 (ηjellyfish,2 = 2.60+0.46

−0.40).
This suggests that ram pressure plays a key role in both
the stripping of gas and the bending of radio tails. Jelly-
fish galaxies being quenched on their first infall into the
cluster could be an explanation for the lack of excess in
phase-space region 3, an effect that does not impact NATs as
strongly.

5. WATs and NATs have the same occurrence ratios in merg-
ing and relaxed clusters. However, they are distributed dif-
ferently in phase space for clusters of different merger
states. In merging clusters NATs have the largest excess in
phase-space region 2 (ηNAT,merging,2 = 2.19+1.17

−0.69), while for
relaxed clusters this is phase-space region 3 ηNAT,relaxed,3 =
2.22+0.08

−0.35. We do not observe any tailed radio galaxies in
relaxed clusters outside of phase-space region 3, while
they are found in other phase-space regions in merging
clusters.
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Appendix A: Full source catalogue

Table A.1. First 10 rows of the catalogue of the 127 extend radio sources that were detected in this work.

RA [deg] Dec. [deg] z BA [deg] r/r500 θ[deg] PLCKESZ BCG c|∆z|/σv
357.9846 -26.064 0.23 135.4 0.61 162.45 G034.03-76.59 no -
354.4175 0.278 0.27 180.0 0.21 73.68 G087.03-57.37 no 1.71
336.5093 17.3797 0.1 180.0 0.03 66.46 G080.38-33.20 no 0.18
336.5046 17.3943 0.11 119.17 0.13 21.86 G080.38-33.20 no 1.34
330.214 21.112 0.75 180.0 1.07 140.15 G077.90-26.64 no 0.59
328.4035 17.6955 0.25 - 0.0 - G073.96-27.82 yes -
323.8578 -0.9625 0.32 46.3 1.46 176.9 G053.44-36.26 no -
323.8503 -0.9974 0.33 - 1.02 - G053.44-36.26 no -
323.8282 1.4242 0.23 18.42 0.08 55.36 G055.97-34.88 yes -
323.8143 1.4122 0.27 180.0 0.25 69.16 G055.97-34.88 no -

Notes. The full table is available in electronic form at the CDS. BA and θ give respectively the bending angle and the orientation angle to the
cluster centre of the extended radio source. r/r500 is the projected radius to the cluster centre and c|∆z|/σv gives the galaxy velocity normalised by
the cluster galaxy velocity dispersion.
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Appendix B: Results by dynamical state

Fig. B.1. Cluster phase-space diagram, showing excess for tailed radio galaxies in merging and relaxed clusters. We show NATs and WATs in
orange and blue markers, respectively, and tailed radio galaxies in relaxed and merging clusters with respectively diamonds and squares. Panel
(a): Phase-space diagram showing WATs and NATs. In the background, the numbers of galaxies from HeCS-SZ (Rines et al. 2016) are given as
a reference. The dashed lines show the difference between the four different phase-space regions. Panels (b) and (c): Excess for NATs and WATs
as defined in Equation 2. The dashed line represents no excess. For every phase-space region, the left marker shows the excess for tailed radio
galaxies in relaxed clusters and the right the excess for tailed radio galaxies in merging clusters. The error bars are the 1σ statistical uncertainty
following Roberts et al. (2021a).

Table B.1. Galaxy distribution in phase-space regions for all merging and relaxed clusters in the HeCS-SZ sample.

Region NQi
NAT,relaxed NQi

NAT,merging NQi
WAT,relaxed NQi

WAT,merging ηQi
NAT,relaxed ηQi

NAT,merging ηQi
WAT,relaxed ηQi

WAT,merging

1 0 0 0 0 0.00+1.41
−0.00 0.00+1.51

−0.00 0.00+6.20
−0.00 0.00+4.75

−0.00

2 0 4 0 1 0.00+0.87
−0.00 2.19+1.17

−0.69 0.00+3.85
−0.00 2.19+2.41

−0.92

3 9 9 1 1 2.22+0.08
−0.35 1.18+0.23

−0.26 2.22+0.20
−1.34 0.52+0.58

−0.22

4 0 3 0 2 0.00+0.27
−0.00 0.51+0.36

−0.17 0.00+1.20
−0.00 1.37+0.56

−0.56

Total 9 16 0 4

Fig. B.2. Distributions of the (a) cluster mass and (b) redshift for merging and relaxed galaxy clusters.
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