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ABSTRACT

Aims. The origin of the morphological dichotomy between Fanaroftf-Riley Class I (FRI) and Class II (FRII) radio galaxies has long
been debated. In this study, we investigate whether the cluster-scale environment plays a significant role in shaping the morphology
of FRIs and FRIIs.

Methods. Using the new morphologically classified catalogue from the second data release of the LOFAR Two-metre Sky Survey
(LoTSS DR2), we construct two samples at z < 0.4: a volume-limited sample with Li44 > 4 x 10% WHz ! and a paired sample in
which each FRII is matched to the nearest FRI in luminosity and redshift. We cross-match these samples with a recent galaxy cluster
catalogue based on the DESI Legacy Imaging Survey. A galaxy is considered associated with a cluster with Msgy > 0.47 x 10'* My, if
the redshift difference between the galaxy and the cluster centre is below 0.01, and the projected distance between the two is smaller
than 2R500.

Results. In the volume-limited sample, 48.6* i:g% of FRIs and 30.63:;% of FRIIs are associated with clusters. In the paired sample,
45.63:{% of FRIs and 32.63:2% of FRIIs are associated with clusters. This difference in cluster match fractions between FRIs and
FRIIs in both samples becomes more pronounced at higher radio luminosities (Lj44mu, > 10%° W Hz™! ). In the volume-limited sample,
55.61’3::% of luminous FRIs and 19.0’:2:2% of luminous FRIIs are associated with clusters. In the paired sample, S0.0fg:g% of luminous
FRIs and 6.73"3% of luminous FRIIs are associated with clusters. Nevertheless, those FRIs and FRIIs that are associated with clusters
show similar properties. In particular, the distributions of radio luminosity and stellar mass as functions of cluster richness and Msy
are similar for FRIs and FRIIs. The radial density profiles of cluster-associated FRIs and FRIIs both peak at 0.5 X Rsyy and decline
beyond Rsqy, showing very similar spatial distributions within clusters. Furthermore, in the volume-limited sample, 74.8‘:%% of
cluster-associated FRIs and 61.9fj:‘6‘% of cluster-associated FRIIs are identified as brightest cluster galaxies (BCGs). In the paired
sample, 78.1’:2:8% of cluster-associated FRIs and 65.9%2% of cluster-associated FRIIs are identified as BCGs. The median properties
of these FRI-BCGs and FRII-BCGs, as well as those of their host clusters, do not show significant differences.

Conclusions. Compared to FRIs, FRIIs are less frequently found in galaxy clusters, particularly at high radio luminosities. This
pattern may be explained by the jet disruption scenario, in which the dense gas in galaxy clusters can slow down or disturb radio jets,
making it more difficult for powerful FRII structures to form or remain stable. However, when FRIs and FRIIs do reside in clusters,
they appear to inhabit similar environments in terms of richness, mass, and radial position. These findings suggest that, while the
cluster-scale environment may influence the cluster match fraction, the morphological distinction between FRIs and FRIIs is unlikely
to be primarily driven by cluster-scale properties alone. Improved estimates of cluster richness and mass will help to further clarify
the extent to which the cluster environment influences the radio morphology of FRIs and FRIIs.
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1. Introduction

Fanaroff-Riley Class I (FRI) and Class II (FRII) radio galax-
ies, first classified by Fanaroff & Riley (1974), represent two
distinct morphological categories of radio galaxies. The FRIs
exhibit core-brightened jets that dissipate into diffuse plumes,
while the FRIIs display edge-brightened lobes terminating at the
hotspots. Fanaroff & Riley (1974) also identified a luminosity

* Corresponding authors: tpan@strw.leidenuniv.nl,;
yfu@strw.leidenuniv.nl

break between the two classes: FRIIs tend to have radio lumi-
nosities above ~10%¢ W Hz™! at 144 MHz, whereas FRIs gener-
ally lie below this threshold.

For decades, the origin of the structural dichotomy between
FRIs and FRIIs has been a subject of active investigation. The
morphological differences cannot be attributed solely to the
properties of the central engine, as this fails to explain why
jets with the same power can develop different morphologies
(Hardcastle & Croston 2020; Mingo et al. 2019). Some models
suggest the difference is due to the interplay between the jet and
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its environment. The edge-brightened FRII radio galaxies are
thought to have jets that remain relativistic throughout, termi-
nating in an internal shock visible as a hotspot, while the centre-
brightened FRIs are known to have initially relativistic jets that
decelerate on kiloparsec scales (Bicknell 1995; Laing & Bridle
2002; Tchekhovskoy & Bromberg 2016; Laing & Bridle 2014;
Kaiser & Best 2007; Perucho & Marti 2007). This jet disrup-
tion model provides a physical explanation of how jets with the
same power can develop different structures: in low-density envi-
ronments, jets remain relativistic and well collimated, whereas
in denser environments they decelerate, entrain the interstel-
lar medium (ISM), and expand into turbulent FRI plumes.
Ledlow & Owen (1996) found that the FRI and FRII break
radio luminosity increases with the increasing optical luminos-
ity of the host galaxy. They found that many FRIs are seen at
radio powers equivalent to those of FRIIs, but in host galaxies
that are one to two magnitudes brighter. This observation sug-
gests that the density of the host galaxy’s ISM is a key fac-
tor in shaping radio jet morphology, as brighter galaxies are
assumed to have a denser ISM. However, this result was based
on strongly flux-limited samples, in which FRIs and FRIIs dif-
fered substantially in redshift and environment, introducing seri-
ous selection biases. As a result, several studies have questioned
whether this relation holds across the full radio galaxy popu-
lation (e.g. Best 2009; Lin et al. 2010; Wing & Blanton 2011;
Singal & Rajpurohit 2014; Capetti et al. 2017; Shabala 2018;
Clews et al. 2025).

Further studies have extended the investigation on FRIs and
FRIIs to cluster-scale environments. Some works have found that
FRIs tend to reside in richer galaxy clusters than FRIIs at low
to intermediate redshifts (e.g. Zirbel 1997; Gendre et al. 2013;
Chiaberge et al. 2009; Castignani et al. 2014; Magliocchetti
2022). Some recent works, however, have suggested that the
cluster-scale environments of FRIs and FRIIs may not differ
as significantly as was previously thought (e.g. Massaro et al.
2019, 2020). One possible reason for the inconsistent conclu-
sions is the selection bias of previous samples. Many earlier
studies relied on small, bright samples from surveys such as the
Revised Third Cambridge Catalogue (3CR; Smith et al. 1976)
and the VLA Faint Images of the Radio Sky at Twenty cen-
timeters (FIRST) Survey (Becker et al. 1994), which are biased
towards luminous sources and under-represent low-luminosity
FRIIs. These objects, known as ‘FRII-Lows’, are radio galax-
ies presenting an FRII morphology but with radio luminosities
below L4 < 10%° W Hz™! (Mingo et al. 2019, 2022). FRII-
Lows were largely overlooked in early studies due to selec-
tion effects, but are now recognised as critical for understanding
the full evolutionary path of radio galaxies. In addition, many
environmental studies lacked homogeneous morphological clas-
sification or robust environmental diagnostics, especially on
megaparsec scales.

To revisit whether the cluster-scale environment influences
the morphology of FR radio galaxies, we combine two newly
available datasets in this work: the FRI and FRII sample from
the LOFAR Two-Metre Sky Survey Data Release Two (LoTSS
DR2; Shimwell et al. 2022), as classified by Clews et al. (2025),
and the galaxy cluster catalogue from Wen & Han (2024). The
sample from Clews et al. (2025) includes 2354 FRIs and 3590
FRIIs identified via visual inspection and machine learning. The
Wen & Han (2024) catalogue, based on DESI Legacy Surveys
DR9 and DR10, provides positions, redshifts, richness, and mass
estimates for 1.58 million galaxy clusters. By cross-matching
the two datasets, we enable an accurate comparison of the envi-
ronments surrounding FRIs and FRIIs. Specifically, we measure
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cluster match fractions, radial offsets, and richness distributions,
while controlling for redshift and radio luminosity.

Importantly, our sample includes a large number of FRII-
Lows, enabling the first statistical study of their cluster-scale
environments. This allows us to investigate whether low-
luminosity FRIIs differ from their high-luminosity counterparts,
whether FRIIs preferentially reside in rich clusters, and to what
extent the FR morphological divide is shaped by environment
versus intrinsic active galactic nucleus (AGN) properties.

This paper is structured as follows. Section 2 describes
the selection of FRI and FRII samples and the cross-matching
procedure used to identify their associations with galaxy clus-
ters. Section 3 presents the results on cluster match frac-
tions and compares the environmental properties of FRIs and
FRIIs. Section 4 discusses the implications of the observed
environmental similarities for understanding the FRI and
FRII dichotomy. Section 5 summarises our main conclusions.
Throughout this paper, we adopt a flat A cold dark matter cos-
mology with Hy = 70 km s™! Mpc™! and Qy = 0.3.

2. Samples and method
2.1. FRI and FRIl samples

The data used in this work are based on the LOFAR Two-Metre
Sky Survey (LoTSS), a high-resolution, low-frequency radio
survey conducted with the LOFAR telescope (Shimwell et al.
2017). Its second data release (LoTSS-DR2; Shimwell et al.
2022) covers 27% of the northern sky, providing images with
a median root-mean-square (rms) noise of 83 uJy/beam at a
resolution of 6”. Approximately 15% of the detected sources
have been identified as AGNs (Hardcastle et al. 2025). Build-
ing on this AGN catalogue, Clews et al. (2025) applied a newly
developed automated classification method based on ridgelines
(Barkus et al. 2022), further refined through visual inspection.
This approach resulted in a high-quality sample of radio galax-
ies, including 2354 FRI and 3590 FRIIs.

Figure 1 presents the redshift distributions of the FRI and
FRII samples within the redshift range z < 1. The two pop-
ulations show broadly different redshift trends: FRIs are most
commonly found at lower redshifts than FRIIs, most likely
due to the difficulty of detecting fainter sources at high red-
shift (Clews et al. 2025). The number of FRIs declines beyond
z = 0.4, while FRIIs become increasingly dominant at higher
redshifts. To mitigate the increasing selection bias caused by flux
limits at higher redshifts, we defined a volume-limited sample
by selecting sources with z < 0.4 and 144 MHz radio luminosity
(Lias > 4 x 10%* W Hz™!) based on the radio luminosity-redshift
(L—z) diagram (see Fig. 2). Within this selected range, the sam-
ple consists of 767 FRIs and 369 FRIIs. Among them, 532 FRIs
have spectroscopic and 162 FRIIs have spectroscopic redshifts.

To further reduce the biases arising from differing redshift
and luminosity distributions between FRI and FRII sources, we
constructed a paired sample at z < 0.4 by identifying FRI-FRII
pairs with the closest redshift and luminosity on the p—z dia-
gram. This results in 261 pairs, as is illustrated in Fig. 3. Among
them, 177 FRIs and 122 FRIIs have spectroscopic redshifts. This
paired sample ensures nearly identical redshift and luminosity
distributions for FRIs and FRIIs (Fig. 3), enabling a cleaner
investigation into the intrinsic physical differences between these
two classes of radio sources. To ensure that the paired sam-
ple provides a fair comparison between FRIs and FRIIs, we
tested whether the two subsamples have similar distributions
in redshift and radio luminosity, both globally and within the
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Fig. 1. Normalised redshift distribution of FRIs and FRIIs in the redshift
range 0 < z < 1. Each histogram is normalised to the unit area by
dividing the bin counts by the total number of sources and the bin width.

luminosity bins used in Fig. 3. For the full paired sample (261
FRI and FRII pairs), a two-sample Kolmogorov—Smirnov test
yields D = 0.019 with p > 0.99 for both redshift and lumi-
nosity, indicating no evidence of a mismatch between the paired
subsamples. We repeated the same test within each luminosity
bin and again found no significant differences between the FRI
and FRII redshift or luminosity distributions (all p > 0.87 for
redshift and all p > 0.97 for luminosity). Finally, we assessed
the stability of the pairing against finite-sample fluctuations by
regenerating the paired sample 2000 times and repeating the
tests; the resulting p value distributions remain consistently high
(median p = 0.9997 for redshift and p = 0.998 for luminos-
ity). These tests indicate that the pairing procedure is unlikely
to introduce a significant systematic bias in redshift or luminos-
ity, enabling a reliable comparison of the environments of FRIs
and FRIIs.

In summary, we define two complementary samples at z <
0.4 to robustly compare FRIs and FRIIs. To minimise observa-
tional biases while ensuring reliable statistics, a volume-limited
sample with strict redshift and luminosity cuts are used. This
allows us to retain the most luminous FRIIs, which are com-
plemented by a paired sample that matches FRIs and FRIIs in
both redshift and luminosity. The paired method ensures that
the two populations are directly comparable, which allows for
a more reliable investigation into their intrinsic properties and
local environmental dependences.

2.2. Galaxy cluster sample

To investigate the cluster-scale environments of FRI and FRII
radio galaxies, we adopted the galaxy cluster catalogue com-
piled by Wen & Han (2024, hereafter W24). The W24 cata-
logue is constructed based on the DESI Legacy Imaging Surveys
(Dey et al. 2019) and incorporates available spectroscopic red-
shifts. These spectroscopic redshifts are primarily drawn from
the Two Micron All-Sky Survey (2ZMASS) Redshift Survey
(Huchra et al. 2012), the SDSS DR17 (Abdurro’uf et al. 2022),
and the early data release of DESI (DESI Collaboration 2024).
Galaxy clusters in W24 are identified by detecting overdensities
in the stellar mass distribution of galaxies within redshift slices
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Fig. 2. Distributions of radio luminosity at 144 MHz and redshift (z) for
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a complete, volume-limited sample of radio sources.
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Fig. 3. Distribution of radio luminosity at 144 MHz and redshift (z)
for FRIs (red circles) and FRIIs (blue crosses) in the redshift range
0 < z < 0.4. The open black circles and black crosses denote the
paired FRI and FRII subsamples, respectively. The marginal kernel den-
sity estimates (KDEs) along the top and right axes illustrate the one-
dimensional distributions of the paired subsamples in redshift and radio
luminosity. The paired FRIs and FRIIs are well matched in both prop-
erties, enabling unbiased comparisons of their environments.

centred on pre-selected massive galaxies. In total, the catalogue
contains 1.58 million galaxy clusters.

The W24 catalogue provides a widely used optical cluster
sample and shows good consistency with X-ray and Sunyaev—
Zeldovich (SZ) selected cluster catalogues. For clusters with
halo masses of Msgy > 0.47 x 10'* M,, it recovers over 95% of
SZ-selected clusters from Planck (Planck Collaboration XXVII
2016) and about 90% of X-ray selected clusters from ROSAT
and eROSITA surveys (Klein et al. 2023; Bulbul et al. 2022;
Liu et al. 2022). Within the redshift range z < 0.4, approximately
59,000 clusters lie within the LoTSS-DR2 footprint. Among
these, 62% have spectroscopic redshifts, while the remainder
have photometric redshifts with a typical uncertainty of 0.013.
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As with any photometric cluster catalogues, W24 is also
subject to residual systematics, including incompleteness and
contamination, which are not fully quantified. In this work, we
assume that these effects primarily impact the absolute number
of cluster associations, while having a limited impact on the rel-
ative comparison between FRI and FRII populations.

2.3. Cross-matching FRIs and FRIls with the galaxy cluster
catalogue

To systematically characterise the cluster-scale environments of
FRI and FRII radio galaxies, we cross-matched our radio galaxy
samples with the W24 galaxy cluster catalogue. Following a sim-
ilar approach to Pan et al. (2025), an FRI or FRII is considered to
be associated with a galaxy cluster if the following two criteria
are both satisfied:

1. The redshift difference, Az, between the FRI or FRII and
the galaxy cluster is below 0.01. This threshold is justified
by the fact that most of the FRIs, FRIIs, and clusters have
accurate spectroscopic redshifts, and the typical uncertainty
in photometric redshifts is also of the order of 0.01. To ver-
ified that our adopted redshift tolerance (Az < 0.01) does
not introduce a significant number of chance associations, we
computed the empirical Az distribution for all radio galaxy-
cluster matches. The offsets are extremely small: the median
Azis 4.3x1073, the 95th percentile is 0.0074, and 86% (92%)
lie within Az < 0.003 (Az < 0.005). Only a select number
of matches approach the Az = 0.01 boundary. This confirms
that the adopted tolerance is not driving the match statistics.
As FRIs and FRIIs are matched under identical criteria, any
residual uncertainty affects both classes equally and cannot
generate the differential trends observed in this work.

2. The projected distance, AD, between the FRI or FRII and
the cluster centre is required to be smaller than 2Rsyy. For
this matching radius, we define the association boundary
using Rsgo values provided by W24. Rs is defined as the
radius within which the average density of the cluster is 500
times the critical density of the Universe, while Ry fol-
lows the same definition but at 200 times the critical den-
sity. Typically, Ryqo is approximately 1.5 to 2 times Rsg and
is often adopted as the boundary of a galaxy cluster (see
e.g. Morandi et al. 2015; Mirakhor & Walker 2020). To con-
servatively capture all plausible associations between radio
galaxies and clusters, we adopted a matching radius of 2Rsq.
We note that the Rsgo values provided in W24 are derived
from a photometric cluster-finding algorithm and therefore
may carry redshift-dependent systematics. In this work, Rsoo
is used only as an operational, catalogue-consistent aperture
for defining cluster association, rather than as a mass proxy.
We do not adopt a radio galaxy-based radius because our
aim is to probe the cluster-scale environment, and radio and
host sizes are intrinsic source properties that can differ sys-
tematically between FRIs and FRIIs. Because our analysis
is differential (FRIs versus FRIIs) and restricted to the same
redshift range (and to matched redshift distributions in the
paired sample), any residual systematic uncertainty in Rsgq
affects both classes similarly and does not influence our com-
parative conclusions.

To test whether our matching procedure introduces any system-
atic or class-dependent bias between FRIs and FRIIs, we con-
structed 50 mock catalogues for each class. The mock samples
contain the same numbers of sources as the volume-limited sam-
ple (N = 767 for FRIs and N = 369 for FRIIs), while preserving
the redshift and L4 distributions of each class. We then ran-
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domised the sky positions within the region 180° < RA < 210°
and 30° < Dec < 60°, covered by the W24 cluster catalogue,
and applied exactly the same matching criteria as for the real
samples; namely, Az < 0.01 and AD < 2Rs.

Only a very small fraction of the mock sources are matched
to W24 clusters. The mean mock match fractions are nearly iden-
tical for the two classes, with (fgrr) = 0.021 and (fgrir) = 0.020,
which indicates that the matching procedure is unlikely to intro-
duce a preferential association of either FRIs or FRIIs with
clusters. Since the mock tests were performed in a relatively
compact sky region, corresponding to a higher surface density of
random sources than in the real samples, these values should be
regarded as conservative upper limits on the chance-coincidence
fraction. The substantially higher match fractions measured for
the real radio galaxies are therefore unlikely to be driven by ran-
dom associations.

3. Results

We now investigate the environments of FRI and FRII radio
galaxies using their associations with galaxy clusters from the
W24 catalogue. Our analysis begins by quantifying the frac-
tion of FRIs and FRIIs matched to clusters, and how this frac-
tion varies with radio luminosity, stellar mass, and host galaxy
brightness. We then examine whether the spatial positions of
these sources within clusters and the properties of the clusters
themselves differ between the two classes. Finally, we assess the
likelihood that FRIs and FRIIs serve as brightest cluster galax-
ies (BCGs), and how this role correlates with their host galaxy
properties.

3.1. The cluster match fractions and their dependence on
source properties

We first quantified the fraction of FRIs and FRIIs that are asso-
ciated with galaxy clusters in the W24 catalogue. In total, 373
FRIs and 113 FRIIs in the volume-limited sample, and 119 FRIs
and 85 FRIIs in the paired sample, have a cluster counterpart.
Table 1 summarises the cluster match fractions within 2Rsgg. All
error bars throughout this work are 68% Jeffreys binomial con-
fidence intervals (Jeffreys 1946). For an observed cluster match
fraction, f = k/n, we adopt the Jeffreys posterior
p(f | k,n) c Beta(k + 1/2, n —k+1/2), 1)
where k is the number of galaxies that are matched to clusters,
and n is the total number of galaxies. In both samples, approxi-
mately half of the FRIs but only about one third of the FRIIs are
found in clusters.

To evaluate the statistical significance of this overall dif-
ference, we followed the Bayesian framework of Rickel et al.
(2025). Using the Jeffreys posterior distributions of the observed
match fractions, we computed the posterior probability that the
FRI cluster match fraction exceeds that of FRIIs. For the full
sample, this probability exceeds 99.9%, corresponding to a one-
tailed Gaussian significance above 3¢ This indicates a statisti-
cally significant difference between the cluster match fractions
of FRIs and FRIIs within the adopted W24-based matching
framework. The list of ten examples of FRIs and FRIIs and their
associated clusters is provided in Table A.1.

We next examined whether this difference depends on red-
shift. Figure 4 shows the cluster match fraction as a function of
144 MHz luminosity in four redshift bins. Within each bin, FRIs
exhibit a higher cluster match fraction than FRIIs, and neither
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Table 1. Match fraction with W24 of FRI/FRII within 2R5q.

Volume-limit sample
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Fig. 4. Cluster match fraction as a function of radio luminosity in four
redshift bins in the volume-limited sample. Error bars show 68% Jef-
freys intervals. The FRI-FRII separation is present in every redshift
interval, demonstrating that the global luminosity-environment relation
is not driven by redshift-dependent incompleteness in W24.

population shows a monotonic dependence on redshift. Hence,
the difference of match fractions between FRI and FRII does not
depend on redshift.

We present the match fraction as a function of luminosity
for both the volume-limited and paired samples in Fig. 5. In the
volume-limited sample, FRIs consistently show higher cluster
match fractions than FRIIs at all luminosities. In the paired sam-
ple, this difference decreases below 10%° W Hz™!, but luminous
FRIIs (>10%° W Hz™") still show the lowest match fractions. The
posterior probability that luminous FRIs have a higher match
fraction than luminous FRIIs is 99.96% in the volume-limited
sample and 99.7% in the paired sample, corresponding to one-
tailed Gaussian significances of 3.350 and 2.720, respectively.
Therefore, the difference remains statistically significant in the
high-luminosity regime within the adopted W24-based match-
ing framework.

We further investigated whether the match fraction is related
to the stellar mass of the host galaxies (given by the catalogue of
Clews et al. 2025), as shown in Fig. 6. For both FRIs and FRIIs,
sources with higher stellar masses tend to have higher match
fractions. This trend is consistent across both samples. In both
cases, when the stellar mass exceeds 10! M, the match frac-
tions of FRIs and FRIIs reach up to approximately 50%. Specif-
ically, in the volume-limited sample, the fractions are 56.4*31%
for FRIs and 52.0*33% for FRIls, while in the paired sample

they are 55.032% and 52.0”_’3:2%, respectively.

We then examined whether the match fraction correlates with
the host galaxy’s K-band magnitude, which is commonly used
as a proxy for stellar mass (Konishi et al. 2011; Mingo et al.

2022; Clews et al. 2025), as shown in Fig. 7. For both FRIs and
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Fig. 5. Comparison of the cluster match fraction and radio luminos-
ity for FRIs and FRIIs within 2R5y: volume-limited sample (a), paired
sample (b).

FRIIs, sources with brighter host galaxies tend to have higher
match fractions. This trend is consistent across both samples.
For the paired sample, the match fractions of FRIs and FRIIs are
more similar across different host galaxy brightness levels com-
pared to those in the volume-limited sample.

3.2. Relations between FRI and FRII properties and the
properties of their associated clusters

We investigated possible dependences of the properties of FRIs
and FRIIs on their positions within galaxy clusters. Figure 8
shows radio luminosity as a function of projected distance from
the cluster centre (normalised by Rsg) for FRIs and FRIIs asso-
ciated with clusters. The top and bottom panels correspond to
the volume-limited and paired samples, respectively. Similarly,
Fig. 9 shows stellar mass as a function of projected cluster-
centric distance for the same sources. In both Figs. 8 and 9, sev-
eral sources lie very close to the cluster centres (D < 10 kpc).
We identify these sources as the BCGs, since their projected
distances from the cluster centres are smaller than the typical
size of a BCG (approximately 20 kpc), and no other galaxies
are detected within 100 kpc of the cluster centres. However, we
find no significant correlation between radio luminosity or stellar
mass and the projected distance to the cluster centre.

A326, page 5 of 11



Pan, T, et al.: A&A, 710, A326 (2026)

1.0
c FRIs associated with W24
o FRIls associated with W24
= 0.81
@]}
@©
j -
Y—
e 06‘
@]
-+
@©
€ 0.41
—
Q
@
= 0.2
(U]

0.0 :

10.2 11.2 12.2
|Og]_() M, /Mo
(a)

1.0
c paired FRIs associated with W24
o paired FRIls associated with W24
= 0.81
@}
©
j -
Y
< 0.61 .
[@] |
4+
@©
£ 0.41
—
Q
@
= 0.21
(@]

0.0 :

10.2 11.2 12.2
log10 M. / Mg
(b)

Fig. 6. Relationship between the cluster match fraction and stellar mass
for FRIs and FRIIs within 2Rs¢ in volume limit sample (top panel) and
paired sample (bottom panel).

We also investigated whether these radio galaxy properties
correlate with the richness of the host clusters. Figure 10 shows
the radio luminosity of the galaxies versus the richness of the
host clusters, and Fig. 11 shows the stellar mass versus the clus-
ter richness. For both volume-limited and paired samples, most
FRIs and FRIIs are found in clusters with richness between 10
and 30. The distributions for the FRIs and FRIIs are broadly sim-
ilar, and no significant trends or differences are observed.

Overall, our results indicate no significant dependence of
FRI or FRII properties on their positions within clusters or on
global cluster characteristics such as richness. This conclusion
holds for both volume-limited and paired samples.

3.3. Radial distributions of FRI and FRII surface densities in
clusters

Previous studies have shown that both FRI and FRII can
reside near the centres of galaxy clusters and are often
BCGs (Pedlar et al. 1990). At lower redshifts, FRIs tend to
be more centrally concentrated than FRIIs within clusters
(Vardoulaki et al. 2021). To further investigate this trend, we
computed the projected surface number density profiles of FRIs
and FRIIs within their associated galaxy clusters. The density in
each radial bin was calculated from the cluster centre as the num-
ber of sources within a given annulus divided by the area of that
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galaxy K; magnitude for FRIs and FRIIs within 2Rs¢ in the volume-
limited sample (top panel) and paired sample (bottom panel).

annulus and is expressed per square megaparsec. The resulting
radial distributions are shown in Fig. 12.

Overall, regardless of the sample considered, the highest
densities for both FRIs and FRIIs are at around 0.5 X Rsq, with
average source densities exceeding 2 Mpc~2. However, when the
distance from the cluster centre exceeds Rsgo, the densities of
both FRIs and FRIlIs decrease and gradually stabilise. We do
not find any significant difference in the density distributions
between FRIs and FRIIs.

3.4. Roles of FRI and FRIl in clusters

Next, we examined whether FRIs and FRIIs are equally likely to
serve as the BCGs, defined as radio sources located within 10 kpc
of the cluster centre. In the volume-limited sample, 74.8*33% of
FRIs are identified as BCGs, compared to 61 .9’:3:‘6‘% of FRIIs. The
same trend is seen in the paired sample, where the BCG fractions
are 78.133% for FRIs and 65.9t‘5‘:g% for FRIIs. The Bayesian
posterior probability that FRIs are more likely than FRIIs to be
BCGs corresponds to a one-tailed significance of 2.60 for the
volume-limited sample and 1.90 for the paired sample, indicat-
ing modest but consistent differences across both samples. These
results suggest that FRIs are more likely than FRIIs to occupy the
central positions of galaxy clusters. We further compare the phys-
ical properties of BCG-hosted FRIs and FRIIs, as summarised
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Fig. 8. Relationship between the luminosity and distance to cluster cen-
tre for FRIs and FRIIs within 2Rs in the volume-limited sample (top
panel) and paired sample (bottom panel).

in Table 2. Table 2 provides the median values for key physi-
cal parameters: radio luminosity (log;,(L144)), host galaxy stellar
mass (log,o(M./My)), radio source physical size, cluster rich-
ness, cluster halo mass (M5q), and the stellar mass of the second
brightest cluster galaxy (log,y(M2/Ms)). Our analysis shows
that there are no substantial differences between the two classes
once they are both BCGs.

Finally, we examined how the likelihood of a radio galaxy
being the BCG varies with the host galaxy’s rest-frame K;-band
magnitude, as shown in Fig. 13. For both FRIs and FRIIs, the
BCG fraction decreases towards fainter host galaxies. The BCG
fraction is defined as the fraction of a given population that
are BCGs, compared to those that are not BCGs but are still
cluster members. In the volume-limited sample, the posterior
probability that FRIs have a higher BCG fraction than FRIIs
is 93.2% at K; = -25 (equivalent to 1.50° one-tailed signifi-
cance), and increases to 95.6% at K; = —23 (1.70). For the
paired sample, the corresponding probabilities are 69.1% and
69.9%, or approximately 0.50 in both bins. While FRIs consis-
tently show a slightly higher BCG fraction than FRIIs, the differ-
ence remains modest and roughly constant across all bins. This
trend is observed in both the volume-limited and paired samples.

4. Discussion

One of the key results of our study is that FRI galaxies are
more likely to reside in clusters than FRIIs. This difference is
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Fig. 9. Relationship between the mass and distance to cluster centre for
FRIs and FRIIs within 2Rsyy in volume limit sample (top panel) and
paired sample (bottom panel).

especially pronounced among high-radio-luminosity FRIIs (see
Fig. 5), where only about 19.0*3/% in the volume-limit sample

(6.72:3% for the paired sample) are found to be cluster mem-
bers. In other words, at low redshift, powerful FRIIs are more
commonly located in the field or in poor group environments,
whereas a substantial fraction of FRIs inhabit galaxy clusters.
This trend is consistent with the jet disruption model, which pro-
poses that in a dense intracluster medium, surrounding gas can
decelerate even relatively powerful jets through drag and turbu-
lence, slowing them to subsonic speeds. This deceleration results
in the formation of plume-like structures rather than narrow, col-
limated jets ending in bright hotspots, thereby favouring an FRI
morphology (e.g. Bicknell 1994; Laing & Bridle 2002). In con-
trast, FRII jets tend to remain well collimated over large scales
and are therefore more frequently found in less dense environ-
ments. Among the FRII-Lows, the cluster association fraction
remains lower than that of FRI sources at comparable luminosi-
ties, although the difference is less pronounced. This may also
reflect the jet disruption framework: FRII-Lows might inhabit
lower-density inner environments, allowing their weaker jets to
remain stable and maintain an FRII morphology.

We also find that the cluster association fraction increases
with host stellar mass and K;-band brightness for both FRIs
and FRIIs. This is a general result that holds for the whole
galaxy population, independent of radio emission: more massive
or optically luminous galaxies are preferentially found in denser
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Table 2. Median properties of FRI and FRII BCGs in the volume-limited and paired samples.

Sample Class log;o(Lias [W Hz™') log,o(M./My) Size [kpc] Cluster Richness M5y [10™ M) log,o(My2/Mo)
Volume-limited FRI 25.16 +0.03 11.60 £ 0.01 292.5+6.7 19.6 £ 0.8 0.90 = 0.04 10.19 £ 0.01
FRII 25.34 +£0.07 11.59 £0.04 2943 +25.0 242 +1.6 1.10 £ 0.07 10.16 £ 0.02
Paired FRI 25.19 £ 0.06 11.56 £+ 0.03 265.8 +8.7 20.1 £ 1.5 0.92 +0.06 10.19 = 0.02
FRII 25.16 £ 0.06 11.56 £ 0.02 309.0 +27.9 21.7+1.9 0.99 +0.08 10.16 £ 0.02
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Fig. 10. Relationship between the radio luminosity and richness of the
matched cluster for FRIs and FRIIs within 2Rs¢ in volume limit sample
(top panel) and paired sample (bottom panel).

environments (Muldrew et al. 2012; Vardoulaki et al. 2021). In
our case, FRIs and FRIIs both follow this well-established trend,
and we do not find significant differences between the two radio
morphological classes. Therefore, the lower cluster match frac-
tion of FRIIs compared to FRIs cannot be attributed to host stel-
lar mass.

To further assess environmental influence, we compared the
richness of the associated clusters for FRIs and FRIIs. We found
no significant differences between the two classes in either
parameter across both samples. This result contrasts with some
earlier studies suggesting that FRIs are more likely to reside in
richer clusters (e.g. Wing & Blanton 2011; Gendre et al. 2013),
but those studies typically focused on high-luminosity FRIIs
and lacked luminosity control. Our findings suggest that, when
matched in radio luminosity, the cluster-scale environment is not
the primary driver of FR morphology. The cluster richness val-

A326, page 8 of 11

Fig. 11. Relationship between the stellar mass and richness of the
matched cluster for FRIs and FRIIs within 2R5q in volume limit sample
(top panel) and paired sample (bottom panel).

ues in W24 are algorithm-dependent quantities that may carry
redshift-dependent systematics and are not accompanied by for-
mal uncertainty estimates. In this paper, we therefore employ
richness only as a relative indicator of the local galaxy den-
sity, rather than as an absolute mass proxy. Because our conclu-
sions are based on a differential comparison between FRIs and
FRIIs within the same redshift range (and within the redshift-
matched paired sample), any residual systematic uncertainty in
Rsoo should largely cancel out and does not change our compar-
ative conclusions.

Moreover, despite the marked difference in overall clus-
ter match fractions, the spatial distributions of FRIs and FRIIs
within clusters are similar. Both classes show peak source den-
sities around 0.5 X Rsgy, with declining densities beyond Rsgg.
This consistency suggests that although FRIIs are less frequently
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Fig. 12. Relationship between the densities and distance to cluster cen-
tres for FRIs and FRIIs within 2 X Rsy in volume limit sample (top
panel) and paired sample (bottom panel).

found in clusters overall, those that do reside in clusters occupy
similar radial locations to FRIs.

Finally, we compared the BCGs among the two classes. We
found no significant differences in the richness or Msyy of the
clusters hosting FRI-BCGs and FRII-BCGs, particularly within
the paired sample where host properties are matched. This sug-
gests that once a radio galaxy resides at the centre of a cluster,
its FR morphology is not strongly linked to cluster-scale envi-
ronments (Wan & Daly 1996).

In summary, although FRIs are more frequently found in
galaxy clusters than FRIIs, our results show that on megaparsec
scales both classes exhibit similar environmental characteristics
when matched in local conditions. These findings do not rule out
the jet disruption scenario, but suggest that the cluster-scale envi-
ronment alone does not determine the observed morphological
dichotomy. This is in agreement with de Jong et al. (2024), who
found for FRIs and FRIIs a similar trend for the space density
evolution as a function of redshift for different radio luminosity
bins, even though overall cluster-scale environmental conditions
evolve with redshift. However, they caution that their results are
limited by residual selection biases, which become more pro-
nounced at higher redshifts.

The results of this work are based on the adopted W24-based
matching framework. Systematic effects, including incomplete-
ness and contamination in photometric cluster catalogues, may
influence the absolute values of the cluster match fractions. Our

(b)
Fig. 13. Relationship between the BCG fraction and the host-galaxy
K, magnitude for FRIs and FRIIs within 2Rsyy. The BCG fraction is
defined as the fraction of a given population that are BCGs, compared
to those that are not BCGs but are still cluster members. The top panel
shows the volume-limited sample, while the bottom panel shows the
paired sample.

main result, however, is the relative environmental difference
between FRIs and FRIIs under a common cluster selection and
matching procedure. We tested the stability of the observed dif-
ferences by repeating the analysis in narrow redshift intervals
and by using mock catalogues to estimate the level of chance
associations. These tests are consistent with the observed higher
cluster match fraction of FRIs, as well as the luminosity- and
stellar-mass-dependent trends discussed above, within the cur-
rent statistical uncertainties. Looking ahead, deeper and more
homogeneous spectroscopic coverage from ongoing and future
surveys such as DESI (DESI Collaboration 2024) and WEAVE-
LOFAR (Smith et al. 2016) will provide more accurate cluster
redshifts and mass estimates, enabling more precise assessments
of the large-scale environments of FRI and FRII radio galaxies.
Such data will be crucial for further disentangling the interplay
between radio morphology and environment.

5. Conclusion

In this work, we have constructed a volume-limited sample and a
redshift- and luminosity-matched paired sample of FRI and FRII
radio galaxies from LoTSS DR2 at z < 0.4, and investigated
their cluster-scale environments through cross-matching with an
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optical galaxy cluster catalogue based on the DESI Legacy

Imaging Survey. Our main findings are:

1. Cluster association is more common among FRIs than
among FRIIs. In the volume-limited sample, 48.6 + 1.8%
of FRIs and 30.6"33% of FRIIs are associated with clus-
ters. In the paired sample, the cluster association fractions
are 45.6 + 3.1% for FRIs and 32.6*39% for FRIIs.

2. Only 6.733% of luminous (L4 > 102 WHz™!) FRIIs
are located in clusters in the volume-limited sample, and
19.0*37% in the paired sample, suggesting that powerful
FRIIs are preferentially found in the field or poor groups.

3. The distributions of cluster richness and M5, as functions
of radio luminosity and stellar mass are similar for FRIs and
FRIIs.

4. The radial density distributions of FRIs and FRIIs within
clusters are nearly identical, with both peaking near 0.5 x
Rs00.

Our results lead to two main conclusions. First, FRIs are more

frequently found in galaxy clusters than FRIIs, which supports

the scenario that dense environments promote jet disruption and
favour the development of FRI morphology. Second, when both

FRIs and FRIIs reside within clusters, their environmental prop-

erties, such as cluster richness, M5, and radial distribution, are

largely similar. This implies that the cluster-scale cluster envi-
ronment is unlikely to be the primary driver of the FR morpho-
logical dichotomy.

While our results are consistent with some expectations
of jet disruption models, particularly the similarity in cluster
environments between FRIs and FRIIs, they do not provide
strong evidence regarding the role of the cluster-scale environ-
ment in shaping radio morphology. Several limitations should
be acknowledged. Our cluster associations rely on projected dis-
tances and may not fully reflect the substructure or dynamical
state, and both cluster richness and M5y, are relatively coarse
proxies that do not capture the detailed gas conditions relevant
to jet propagation. A more complete and homogeneous environ-
mental characterisation is needed. This will be facilitated by the
forthcoming richness catalogue from Croston et al. (in prepa-
ration), which covers over 240000 LoTSS DR2 radio sources
using DESI Legacy photometry and is calibrated against X-ray,
SZ, and halo abundance data. The catalogue is expected to pro-
vide improved estimates of the halo-scale environment and sup-
port more precise assessments of environmental dependence in
radio-loud AGNs. Future studies incorporating direct X-ray and
SZ observations will be essential to probe the thermodynamic
state of the surrounding gas, particularly on galaxy-group scales.
Extending this analysis to higher redshifts, and combining it
with deep spectroscopic and high-resolution radio imaging, will
be key to disentangling the interplay between environment and
intrinsic physical drivers of radio galaxy morphology.

Data availability

The full Table A.l1 is available at the CDS via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/710/A326.
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Appendix A: Examples FRI/FRII radio galaxies and their associated clusters

Table A.1 lists five FRI and five FRII radio galaxies together with their associated W24 clusters. The columns give the Equatorial
coordinates, redshift, and radio luminosity of the radio galaxies; the cluster name, Equatorial coordinates, and redshift of the matched
W24 clusters; and the projected distance to the cluster centre. The ‘Sample’ column indicates whether a source belongs to the

volume-limited sample (with value ‘volume’), the paired sample (with value ‘paired’), or both (with value ‘both’).

Table A.1. Examples of the properties of FRI and FRII radio galaxies that are associated with W24 clusters.

Type Agal Ogal Zgal log,o Li4s Cluster name @ Ol Zel Dy Sample
@) ) (WHzs™) @) ) (kpe)
FRI 2.0461 26.0352 0.1960 24.97 J000808.3+260313 2.0345 26.0536 0.2008  281.83  volume
FRI 27131  19.4908 0.3761 25.37 JOO01051.1+192927 27129  19.4908 0.3761 0.32 both
FRI 2.9325 18.0642 0.1687 24.79 J001144.7+180410 2.9362 18.0695 0.1687 0.04 volume
FRI 3.3368 31.9422 0.2737 25.47 J001320.9+315638 3.3370  31.9438 0.2767 0.05 both
FRI 42119 244920 0.3582 25.20 J001650.3+242927 42096 24.4910 0.3582 0.61 both
FRII 1.3485 19.1416 0.3058 25.35 J000523.0+190831 1.3457 19.1420 0.3072 0.08 volume
FRII 2.6395 29.5644 0.3259 25.03 J001038.0+293714 2.6585 29.6204 0.3270 1003.68 both
FRII  3.0107 27.1788 0.3235 25.21 WH-J001203.0+271038  3.0124  27.1771 0.3235 5.49 both
FRII 7.2787 29.8241 0.3453 25.53 J002906.9+294930 7.2789  29.8251 0.3453 0.12 both
FRII  8.6093 22.0531 0.3488 26.02 J003426.4+220305 8.6099 22.0514 0.3492 0.14 volume
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