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ABSTRACT

Aims. The orientation-based unification scheme of radio-loud active galactic nuclei (AGNs) asserts that radio galaxies and quasars are
essentially the same type of object, but viewed from different angles. To test this unification model, we compared the environments of
radio galaxies and quasars, which would reveal similar properties when an accurate model is utilized.
Methods. Using the second data release of the LOFAR Two-metre Sky Survey (LoTSS DR2), we constructed a sample of 26 577 radio
galaxies and 2028 quasars at 0.08 < z < 0.4. For radio galaxies with optical spectra, we further classified them as 3631 low-excitation
radio galaxies (LERGs) and 1143 high-excitation radio galaxies (HERGs). We crossmatched these samples with two galaxy cluster
catalogs from the Sloan Digital Sky Survey (SDSS).
Results. We find that 17.1 ± 0.2% of the radio galaxies and 4.1 ± 0.4% of the quasars are associated with galaxy clusters. Luminous
quasars are very rare in clusters, while 18.7 ± 0.7% LERGs and 15.2 ± 1.1% HERGs reside in clusters. We also note that in radio
galaxies, both HERGs and LERGs tend to reside in the centers of clusters, while quasars do not show a strong preference for their
positions in clusters.
Conclusions. This study shows that local quasars and radio galaxies exist in different environments, challenging the orientation-based
unification model. This means that factors other than orientation may play an important role in distinguishing radio galaxies from
quasars. The future WEAVE-LOFAR survey will offer high-quality spectroscopic data for a large number of radio sources and allow
for a more comprehensive exploration of the environments of radio galaxies and quasars.
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1. Introduction

According to the orientation-based unified model of radio-
loud active galactic nuclei (AGNs), quasars and radio galaxies
are essentially the same radio sources, differing only in their
appearance based on the observer’s line of sight (Barthel 1989;
Antonucci & Miller 1985; Cimatti et al. 1993; Urry & Padovani
1995; Gopal-Krishna 1995). This unified model asserts that both
radio galaxies and radio-loud quasars have a supermassive black
hole, an accretion disk, a broad line region (BLR), a dusty torus,
a narrow line region (NLR), and radio jets. When the observer’s
line of sight falls within the opening angle of the torus, the
nucleus continuum and BLR are unobscured, and the source is
seen as a quasar with broad emission lines. When the observer’s
line of sight passes through the dusty torus, the nucleus contin-
uum and BLR are obscured, and the source is seen as a radio
galaxy with narrow emission lines.

One prediction of the orientation-based unification scheme is
that radio galaxies have larger projected linear sizes in radio than
quasars do. Several studies have obtained results that are consis-
tent with this prediction, demonstrating that the linear sizes of
radio galaxies are (on average) larger than those of quasars (e.g.,
Barthel 1989; Singal 2014; Morabito et al. 2017).

The orientation-based unified model also predicts that radio
galaxies and quasars should have similar environments. How-
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ever, differences have been observed between the environ-
ments of radio galaxies and those of quasars. For example,
radio galaxies are typically found in massive, elliptical galax-
ies (see e.g., Kauffmann et al. 2003; Hickox et al. 2009), while
quasars are found in a wider range of galaxy types, including
spiral, elliptical, and merging galaxies (see e.g., Dunlop et al.
2003; Bahcall et al. 1997; McLure et al. 1999; Kellermann et al.
2016). In addition, radio galaxies are more likely to live in higher
density environments than quasars from the cluster scale to the
super-cluster scale, as revealed by clustering and luminosity-
density field analyses (Donoso et al. 2010; Lietzen et al. 2011).
One possible explanation is that radio galaxies and quasars might
have been formed in dark matter halos of different masses.

Harvanek et al. (2001) compared the environments of 66
radio galaxies and 14 quasars and found that radio galaxies
are much more likely to be located in galaxy clusters, as com-
pared to quasars. However, their results were questioned by
Hardcastle (2004) due to the inclusion of low-excitation radio
galaxies (LERGs) in the radio galaxy sample. The subtype of
radio galaxies known as LERGs exhibit weak or absent emission
lines and are thought to be powered by the “hot-mode” accre-
tion, where hot gas is accreted via radiatively inefficient flows
(e.g., Narayan & Yi 1994; Ho 2008; Best & Heckman 2012). As
a result, LERGs are typically found in high-density environ-
ments (e.g., galaxy clusters), where the hot gas suppresses their
accretion efficiency. In contrast, high-excitation radio galax-
ies (HERGs), with strong optical emission lines, are powered
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by “cold-mode” accretion, where the cold gas is accreted effi-
ciently through a radiatively efficient thin disk (Hardcastle et al.
2007; Best & Heckman 2012; Thomas & Davé 2022). There-
fore, when studying the environments of radio galaxies, it is
essential to account for these different subclasses, as they are
typically found in distinct environments.

In previous studies, samples of radio galaxies and quasars
typically came from small low-frequency catalogs, such as
the Third Cambridge Catalogue (3C; Edge et al. 1959; Bennett
1962) and the Seventh Cambridge Redshift Survey (7C;
Lacy et al. 1999; Grimes et al. 2004). These studies have also
utilized high-frequency surveys like the NRAO VLA Sky Survey
(NVSS; Condon et al. 1998), which are generally less sensitive
to diffuse emission.

To overcome these limitations, we chose to utilize data
from the Low-Frequency Array (LOFAR; van Haarlem et al.
2013), which operates at frequencies between 10 and 240 MHz.
We have systematically investigated the environments of radio
galaxies and quasars by selecting highly complete samples
of both classes from the LOFAR Two-Metre Sky Survey
(LoTSS; Shimwell et al. 2017). LoTSS has a significant advan-
tage in selecting quasars and radio galaxies in an orientation-
independent manner thanks to the fact that the low-frequency
observations preferentially detect extended emission (see, e.g.,
Capetti et al. 2020), whose morphologies are not strongly related
to the orientations of the galaxies.

We use the optically identified catalog of LoTSS DR2
(Hardcastle et al. 2023) to select our sources, which allows
for reliable statistical studies to be undertaken. We primarily
followed the selection procedures outlined by Hardcastle et al.
(2019) to construct samples of radio galaxies and quasars and
further classify the radio galaxies with emission-line data into
LERGs and HERGs. By crossmatching the radio galaxy and
quasar samples with catalogs of galaxy clusters, we obtained the
fractions of radio galaxies and quasars that are associated with
clusters. These fractions, as well as the distances between radio
galaxies and quasars and the cluster centers, enable us to carry
out quantitative comparisons of the environments of radio galax-
ies and quasars.

The structure of this paper is as follows. Section 2 describes
the selection procedures of radio galaxies and quasars and the
crossmatch method for identifying their associations with galaxy
clusters. Section 3 shows the results of significantly different
environments of radio galaxies and quasars, as revealed by the
fractions of radio galaxies and quasars associated with clus-
ters. Section 4 discusses the possible reason for the environ-
mental differences between radio galaxies and quasars. Through-
out the paper, we assume a flat ΛCDM cosmology with H0 =
70 km s−1 Mpc−1 and ΩM = 0.3.

2. Samples and method

2.1. The radio catalog

The LOFAR Two-Metre Sky Survey (LoTSS; Shimwell et al.
2017) is a high-angular-resolution survey conducted by LOFAR,
aimed at mapping the entire northern hemisphere within the
frequency range of 120 to 168 MHz. The second data release
of LoTSS (LoTSS-DR2; Shimwell et al. 2022) covers 27% of
the northern sky and is divided into two regions centered at
12h45m00s +44◦30′00′′ and 01h00m00s +28◦00′00′′, spanning
4178 and 1457 square degrees, respectively. The LoTSS-DR2
images have a median rms noise of 83 µJy/beam at a resolu-
tion of 6′′. The catalog comprises 4 396 228 sources. For 85%

(4 167 359) of the LoTSS-DR2 sources, Hardcastle et al. (2023,
hereafter H23) have provided their optical counterparts from
the DESI Legacy Imaging Survey (Dey et al. 2019) and mid-
IR counterparts from unWISE (Schlafly et al. 2019). The radio
galaxies and quasars used in this work are selected from the H23
sample (Section 2.3).

2.2. Galaxy cluster catalogs

We aim to use galaxy cluster catalogs to probe whether the envi-
ronments of radio galaxies and quasars are different. We follow
Croston et al. (2019) who used two cluster catalogs both derived
from Sloan Digital Sky Survey Data Release 8 (SDSS DR8;
Aihara et al. 2011). These two catalogs are: the RedMaPPer cat-
alog Rykoff et al. (2014, referred to as R14), and the galaxy clus-
ter catalog by Wen et al. (2012, referred to as W12). R14 covers
the redshift range of 0 < z < 0.944 and has over 25 000 clusters
selected through a red-sequence finding method, among which
approximately 4000 clusters are within the LoTSS DR2 foot-
print. W12 covers a redshift range of 0.05 < z < 0.78 and has
more than 130 000 clusters. These clusters are selected with an
iterative approach that combines photometric redshift selection
with a friends-of-friends (FoF) method. Among all W12 clus-
ters, around 9600 are within the LoTSS DR2 area. R14 and
W12 have comparatively well-calibrated richness estimators λ
and RL∗ , with W12 extending to a lower richness than R14.
Following Croston et al. (2019), we impose a redshift range of
0.08 < z < 0.4, resulting in approximately 2600 clusters in R14
and 8000 clusters in W12 within the LoTSS DR2 area. The rea-
son for setting this redshift range is that R14 is >85% complete
above λ = 30 and >95% above λ = 40 at 0.08 < z < 0.4, while
W12 is >95% complete up to z = 0.42.

For a detailed discussion of these completeness properties,
we refer the reader to Croston et al. (2019). In this redshift range,
the M200 of W12 clusters are >3.9 × 1014 M� and the M200 of
R14 clusters are >1.07×1014 M�. Both catalogs are >95% com-
plete for M200 > 1014 M�. In Section 3.1, we demonstrate that
the W12 catalog exhibits higher completeness compared to R14.
Therefore, our primary findings have been derived from W12.

2.3. Samples of radio galaxies and quasars

To build samples of radio galaxies and quasars from H23, we
apply a flux threshold of >1.1 mJy, at which the LoTSS DR2
is more than 95% complete (Shimwell et al. 2022), resulting in
1 776 977 radio sources in the H23 catalog. We then impose a
redshift range of 0.08 < z < 0.4 based on the completeness
of clusters described in Section 2.2 and obtain 281 552 radio
sources. Within this redshift range, 1010 sources in H23 have
already been identified as quasars by crossmatching the LoTSS
DR2 catalog with the 16th data release of the SDSS quasar cata-
log (DR16Q; Lyke et al. 2020).

To increase the sample size of the LoTSS quasars, we fur-
ther select quasars from CatNorth (Fu et al. 2024), an improved
Gaia DR3 (Gaia Collaboration 2021) quasar candidate cat-
alog (Gaia Collaboration 2023) with more than 1.5 million
sources in the 3π sky built with data from Gaia, Pan-STARRS1
(Chambers et al. 2016), and CatWISE2020 (Marocco et al.
2021). CatNorth provides photometric redshifts (zph), which
have a much lower fraction of outliers than the original Gaia red-
shifts (zGaia). Nevertheless, when the two redshifts estimates are
close (e.g., ∆z/(1 + zGaia) < 0.02, where ∆z = |zph − zGaia|), zGaia
has higher precision than zph because the former is measured
from the low-resolution spectroscopy of Gaia. Figure 1 shows
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Fig. 1. Histogram of |zph − zGaia|/(1 + zGaia). Black vertical line marks
|zph − zGaia|/(1 + zGaia) = 0.02.

the histogram of ∆z/(1+ zGaia). We applied ∆z/(1+ zGaia) < 0.02
and 0.08 < zGaia < 0.4 (based on the completeness of cluster cat-
alogs) and obtain 22 719 quasars in CatNorth with precise Gaia
redshifts. We then crossmatched them with the 1 776 977 radio
sources above the flux threshold of 1.1 mJy in the H23 catalog
using a 1.5-arcsec matching radius and obtain 1018 quasars that
are not in DR16Q. In total, we obtain 2028 quasars, with 1010
having SDSS redshifts and others having Gaia redshifts.

To create a sample of radio galaxies, we first exclude sources
identified as quasars from above. We then exclude sources with
Ks-band absolute magnitude MKs < −17 or MKs > −33,
which would indicate unreliable redshift values (Hardcastle et al.
2019). This leaves us with 262 857 radio sources. This popu-
lation comprises both radio galaxies and star-forming galaxies
(SFGs). We then applied various diagnostic methods suggested
by Sabater et al. (2019) to distinguish SFGs from radio AGNs:
1. The BPT diagram (Baldwin et al. 1981; Kauffmann et al.

2003; Kewley et al. 2006). Sources are classified as SFGs
if they satisfy the condition log ([O iii]/Hβ) > 1.3 +
0.61(log ([N ii]/Hα) − 0.05). Sources that do not meet this
condition are classified as radio AGNs.

2. The D4000 versus L144 MHz/M∗ plane (Best et al. 2005). D4000

is the strength of 4000 Å break in the spectrum of a galaxy and
L144 MHz/M∗ is the ratio of the radio luminosity to stellar mass.
Sources are classified as SFGs if they are below the second line
reported in Figure 1 of Sabater et al. (2019). Sources that do
not meet this condition are classified as radio AGNs.

3. The LHα versus L144 MHz plane. Sources are classified
as SFGs if they satisfy the condition log(LHα/L∗) >
log(L144 MHz) − 16.9. Sources that do not meet this condition
are classified as radio AGNs.

4. The WISE W2–W3 colour cut (Wright et al. 2010;
Mateos et al. 2012; Gürkan et al. 2014; Herpich et al. 2016).
Sources are classified as SFGs if they satisfy the condi-
tion W2–W3> 0.8 (AB) or, equivalently, W2–W3> 2.635 in
Vega magnitude. Sources that do not meet this condition are
classified as radio AGNs.

Diagnostic 1−3 require measurements of the optical spectra of
galaxies. To get this information, we crossmatched the 262 857
radio sources with the MPA-JHU catalog of galaxy proper-
ties1 (Brinchmann et al. 2004), which is derived from the opti-
cal spectra of the SDSS DR8. There are 45 198 radio sources
with optical counterparts in this catalog. Diagnostic 4 requires
WISE data from the H23 catalog. We imposed magnitude error

1 https://www.sdss4.org/dr17/spectro/galaxy_mpajhu/
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Fig. 2. WISE colour–colour diagram of the 37 363 spectral sources from
MPA-JHU catalog. Green dots, orange dots, and purple dots represent
SFGs, radio galaxies, and luminous radio sources (L > 1025 W Hz−1),
respectively. The blue contour lines represent the density distribution of
quasars.

limits of less than 0.2 for W1 and W2, and less than 0.7
for W3 (corresponding to signal-to-noise ratios, S/N values,
of 5 and 3, respectively). This selection yields 37 363 radio
sources with emission-line data and unWISE colours. Follow-
ing the combination method of the above four diagnostics in
Sabater et al. (2019), we identify 27 980 SFGs among the 37 363
radio sources, leaving 9383 sources classified as radio galaxies.

For the 217 659 radio sources that are not in the MPA-
JHU catalog (and therefore lack emission-line data), we deter-
mined their classes using WISE colours and radio luminosity.
We retained 185 476 radio sources with available and accurate
WISE colours (same magnitude error limits of less than 0.2 for
W1 and W2, and less than 0.7 for W3). Since we have already
classified the spectral samples as radio galaxies and SFGs using
emission-line data, we can map the 37 363 sources on the WISE
colour-colour plot in Figure 2 to define the loci of radio galaxies
and SFGs. We note that SFGs are redder than radio galaxies in
both W1–W2 and W2–W3 axes.

In addition, SFGs generally exhibit lower radio luminosi-
ties compared to radio galaxies. The radio emission of the SFGs
is primarily from regions associated with star formation, such
as supernova remnants (SNRs) and HII regions (Sabater et al.
2019), and is less energetic than AGN jets and lobes. Most SFGs
have L144 MHz < 1025 W Hz−1, and radio sources with luminosi-
ties higher than 1025 W Hz−1 are more likely to be radio galax-
ies (see e.g., Gürkan et al. 2018; Hardcastle et al. 2019). We plot
the luminous radio sources (L144 MHz > 1025 W Hz−1) as purple
dots in Figure 2, which are more likely to be radio galaxies than
SFGs. However, 7% of these luminous sources overlap with the
region occupied by SFGs (W2–W3> 0.8). We used the luminos-
ity criteria provided by Hardcastle et al. (2019) to avoid classify-
ing luminous radio sources as SFGs. We classify sources as radio
galaxies if they meet any of the following conditions: (1) they are
outside the SFG region (W2–W3< 0.8); (2) they are within the
SFG region and satisfy L144 MHz > 1025 W Hz−1 & MKs > −25;
or (3) they are within the SFG region and satisfy MKs < −25 and
log10(L144 MHz) > 25.3− 0.06(25 + Ms). Following this selection
process, a total of 17 194 radio galaxies were identified.

Combining 9383 radio galaxies identified using emission-
line data with 17 194 radio galaxies selected with WISE colours
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Fig. 3. Rest-frame radio luminosity versus redshift of the selected radio
galaxies and quasars. The density distribution of radio galaxies is shown
as red contours, and quasars are shown as blue dots. The top and right
panels feature the marginal density distributions of redshifts and radio
luminosities for radio galaxies (red) and quasars (blue), respectively.

and radio luminosity, we obtained a total of 26 577 radio galax-
ies. Figure 3 presents the rest-frame 144 MHz radio luminosity
versus redshift for the 26 577 radio galaxies and 2028 quasars.
Despite subtle differences, the radio galaxy and quasar samples
are well-matched in both redshift and radio luminosity distribu-
tions. The median radio luminosity of radio galaxy sample is
5.2 × 1023 W Hz−1, while the median radio luminosity of quasar
sample is 5.6 × 1023 W Hz−1.

To enable a more detailed comparison between radio galax-
ies and quasars, we further classified the 9383 radio galaxies
with emission-line data into HERGs and LERGs. Many stud-
ies have used emission line diagnostics to distinguish these
two classes (e.g., Kewley et al. 2006; Buttiglione et al. 2010;
Cid Fernandes et al. 2010; Best & Heckman 2012). In particular,
Buttiglione et al. (2010) defined the Excitation Index (EI) using
emission line flux ratios as:

EI = log
(

[O iii]
Hβ

)
−

1
3

[
log

(
[N ii]
Hα

)
+ log

(
[S ii]
Hα

)
+ log

(
[O i]
Hα

)]
.

Radio galaxies with EI ≥ 0.95 are classified as HERGs, while
those with EI < 0.95 are classified as LERGs. More recently,
Drake et al. (2024) developed a classification scheme that calcu-
lates the probability of different classes using the BPT diagram
and Monte Carlo simulations, yielding highly reliable subclasses
of radio galaxies while leaving some objects unclassified. To
provide large samples of both HERGs and LERGs, we adopted
the criteria on EI to classify the two subclasses.

Using EI calculated from the MPA-JHU catalog, we identify
1143 HERGs and 3631 LERGs. The HERG and LERG samples
do not account for all 9383 radio galaxies with emission lines
because only those sources with valid emission line measure-
ments ([O iii], Hβ, Hα, [S ii], [N ii], and [O i]) could be clas-
sified. In total, we provide three samples: the full sample of
all 26 577 radio galaxies, along with the 1143 HERG sample
and the 3631 LERG sample. Combined with the quasar sample,
these samples enable a robust comparison between radio galax-
ies and quasars across different environments. Figure 4 shows
the schematic flowchart of the sample selection process.

2.4. Crossmatching radio galaxies and quasars with the
galaxy cluster catalogs

With the samples of radio galaxies and quasars established, we
now proceed to examine their environmental properties by cross-
matching them with the galaxy cluster catalogs. As suggested
by Croston et al. (2019), an individual radio galaxy or quasar is
considered to be associated with a galaxy cluster if the follow-
ing criteria are satisfied: (i) the redshift difference ∆z between
the galaxy and quasar and the cluster is less than 0.01; and (ii)
the projected distance ∆D between the radio galaxy and quasar
and the cluster is less than a matching radius of around 1 Mpc,
for instance. We adopted these criteria, but used a larger match-
ing radius of 2 Mpc, as quasars in clusters are often found in
the outer regions at low redshifts. (Coldwell & Lambas 2006;
Lietzen et al. 2009). We further justify the choice of the 2-Mpc
radius below.

The W12 catalog includes a measure of radius, r200, for each
cluster. Defined as the radius within which the average density is
200 times larger than the critical density of the Universe, r200 is
taken here as the boundary of a galaxy cluster. More than 40%
of clusters in W12 within 0.08 < z < 0.4 have an r200 larger than
1 Mpc, indicating that a radius of 1 Mpc does not cover the out-
skirts of many clusters. Due to the lack of radius information in
R14, we extended the matching radius to a fixed 2 Mpc (99% of
clusters in W12 with r200 < 2 Mpc) to ensure a fair comparison
between the two cluster catalogs.

The thresholds of ∆D < 2 Mpc and ∆z < 0.01 are specif-
ically designed for these two catalogs. The photometric uncer-
tainties for these catalogs are approximately ∆z ∼ 0.014 (W12)
and ∆z ∼ 0.006 (R14), making the two criteria above suitable
for our project. However, if future research focuses on explor-
ing AGNs in lower-halo-mass clusters, the ∆D and ∆z thresh-
olds may need to be adjusted to reflect the characteristics of such
clusters.

3. Results

Following the description of how we assembled the samples of
radio galaxies, LERGs, HERGs, and quasars, then matched them
with galaxy clusters within the defined search radius, in this
section, we compare the trends seen in the match fractions for
radio galaxies and quasars. We also consider their projected dis-
tances from the centers of associated clusters.

3.1. The cluster match fractions of radio galaxies and
quasars

We present in Table 1 the numbers and fractions of radio galax-
ies and quasars associated with R14/W12 clusters within a 2-
Mpc radius, namely, match numbers and match fractions. Given
the significant difference in the number of the full radio galaxy
sample compared to quasar+HERG+ LERG samples, we focus
primarily on the association fractions. As shown in Table 1, the
cluster match fraction of all radio galaxies is more than twice
that of quasars, for both R14 and W12 catalogs.

The cluster match fractions of LERGs and HERGs are also
significantly higher than those for quasars. In particular, the
match fraction of LERGs is more than four times higher than that
of quasars. The higher match fractions with W12 in comparison
to those with R14 also indicate higher completeness of W12.
While we find that the results from W12 and R14 are consistent,
we mainly present those based on W12 hereafter for conciseness
and clarity.
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Fig. 4. Flowchart showing the selection
of samples of radio galaxies and quasars
from H23. For those radio galaxies with
spectral data but insufficient for clas-
sification and for those without spec-
tral data, we refer to them as unclassi-
fied radio galaxies. These unclassified
radio galaxies, along with HERGs and
LERGs, make up our full radio galaxy
sample.

Table 1. Match fraction with R14/W12 of quasars/radio galaxies within 2-Mpc.

Quasars All RGs LERGs HERGs

R14 37 (1.8 ± 0.3%) 1616 (6.1% ± 0.1%) 175 (4.8 ± 0.3%) 48 (4.1 ± 0.6%)
W12 84 (4.1 ± 0.4%) 4552 (17.1% ± 0.2%) 680 (18.7 ± 0.7%) 174 (15.2 ± 1.1%)

We further investigate whether the match fractions depend on
the 144 MHz radio luminosity. Figure 5 illustrates the relation-
ship between the W12 cluster match fraction and the 144 MHz
radio luminosity within a 2 Mpc radius. Panel a displays the
match fractions for all radio galaxies, unclassified radio galax-
ies, and quasars within this radius. We include the cluster match
fractions of unclassified radio galaxies, which show a trend sim-
ilar to that of the full radio galaxy sample. This indicates that
there is no fundamental difference between the classified sam-
ples (HERGs and LERGs) and the unclassified ones. Therefore,
in the subsequent discussion, we focus only on the classified
samples (HERGs and LERGs) and the full sample. As shown
in panel a, the cluster match fraction for all radio galaxies is,
on average, three times that of quasars. The match fraction
for all radio galaxies steadily increases with rising radio lumi-
nosity, although it experiences a slight decline at high lumi-

nosities (L > 1026 W Hz−1). Overall, high-luminosity radio
galaxies exhibit a higher cluster match fraction compared to
low-luminosity ones. In contrast, for quasars, there is a down-
ward trend in match fraction as radio luminosity increases,
with high-luminosity quasars showing a match fraction of only
2.3 ± 2.3%.

Panel b illustrates the relationship between LERGs and
quasars within search radii of 2 Mpc. On average, LERGs have
a match fraction that is over four times that of quasars. Panel b
shows that the match fraction for LERGs increases with radio
luminosity, reaching up to 47 ± 12% at higher luminosities.
Panel c illustrates the relationship between HERGs and quasars
within 2 Mpc. HERGs exhibit a higher match fraction than
quasars. The match fraction trend for HERGs is similar to that
of the full radio galaxy sample, showing a slight increase with
rising radio luminosity below 1025 W Hz−1. However, due to the
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Fig. 5. Relationship between the cluster match fraction and radio luminosity for radio galaxies and quasars within 2 Mpc. Panel a depicts the match
fraction for all radio galaxies and quasars, with the orange dashed line representing the cluster match fraction for unclassified radio galaxies. Panel
b shows the match fraction for LERGs and quasars and (c) is for HERGs and quasars. The blue lines in each panel represent the same quasar
cluster match fraction but appear different due to the varying comparison groups. All error bars are calculated based on Poissonian distribution.

small HERG sample size and large error bars, the trend at the
high-luminosity end is less clear.

Considering all panels in Figure 5, the match fractions of
radio galaxies and their subclasses (LERGs and HERGs) consis-
tently exceed those of quasars across all radio luminosity bins.
Among these, LERGs exhibit the highest match fraction, while
HERGs show a similar trend to the overall radio galaxy sample.
Notably, the trends of all radio galaxies, LERGs, and HERGs all
differ from those of quasars.

3.2. The projected distance of radio galaxies/quasars to the
center of galaxy clusters

While the cluster match fractions within a fixed radius indicate
significant differences between the environment of radio galax-
ies and that of quasars, their average number density profiles
as a function of the projected distance to the centers of clusters
can further probe the possible environmental preferences of each
class of objects.

In Figure 6, we show the distribution of projected distances
from the three radio galaxy samples and quasars to the centers
of their associated clusters. Panel a clearly shows that, regard-
less of the choice of W12 or R14, most radio galaxies are within
100 kpc from the cluster centers. The median projected distance
of radio galaxies and their associated W12 clusters is 337 kpc
(336 kpc for R14). Panel b shows that quasars show no clear pref-
erence for locations within clusters. At a distance of 1 Mpc, the
number of quasars drops to the lowest. The median projected dis-
tance of quasars and their associated W12 clusters is 1.12 Mpc
(1.02 Mpc for R14). The trend shown in panel c is similar to that
of radio galaxies in panel a, with the largest number of LERGs
associated with both R14 and W12 found within the 100 kpc
range. The median projected distance of LERGs and their asso-
ciated W12 clusters is 566 kpc (567 kpc for R14). Panel d shows
that for HERGs associated with W12, the greatest number is also
found within the central 100 kpc. However, for R14, due to the
overall lower match numbers, there is no clear trend. The median
projected distance of HERGs and their associated W12 clusters
is 745 kpc (602 kpc for R14).

Considering all panels in Figure 6, radio galaxies and their
subclasses (LERGs and HERGs) show median distances to their
associated galaxy clusters that are consistently smaller than
those of quasars. Although HERGs show less clear distribution
trends due to fewer matched samples, the distance distribution
trends of radio galaxies, LERGs, and HERGs all differ notably
from those of quasars.

4. Discussion

We examine the large-scale environments of 26 577 radio galax-
ies (1143 HERGs and 3631 LERGs) and 2028 quasars selected
from the LoTSS DR2 optical catalog by crossmatching with
SDSS group and cluster catalogs. The number of radio galax-
ies in our sample is about 13 times that of quasars. This could be
due to the timescales over which quasars remain in their highly
luminous state being shorter than the lifetimes of radio galax-
ies, which would have longer-lived radio emissions. In addition,
some quasars are radio-quiet and would not be included in our
quasar counts. These two reasons lead to a smaller number of
radio-loud quasars compared to radio galaxies.

4.1. The environmental properties of radio galaxies and
quasars

We find that within a 2 Mpc matching radius, 17.1 ± 0.2%
(6.1 ± 0.1%) of radio galaxies and 4.1 ± 0.3% (1.8 ± 0.3%)
of quasars are associated with clusters in the W12 (R14) cata-
logs. This is a more than twofold difference, which shows that
radio galaxies have a significantly higher probability of residing
in clusters than quasars. Both LERGs and HERGs show higher
cluster match fractions compared to quasars. This reinforces the
conclusion that radio galaxies are more likely to be found in
clusters than quasars. Additionally, we find that LERGs have
a higher match fraction than HERGs, suggesting that LERGs
are more likely to be associated with clusters, consistent with
the findings from Best & Heckman (2012). The match fractions
for both quasars and radio galaxies in W12 are approximately
three times those in R14, which is mainly attributable to the
higher completeness of W12. Nevertheless, the overall trend in
the match fraction for radio galaxies and quasars remains similar
across both catalogs, irrespective of their completeness levels.

When considering the variation of the match fraction with
radio luminosity, we find that the cluster match fractions for all
radio galaxies, LERGs, and HERGs in each luminosity bin are
consistently higher than those for quasars; namely, at the same
radio luminosity, quasars are less likely to be located in clusters.
The match fractions for three radio galaxy samples increase with
rising radio luminosity in the lower luminosity range, while the
match fraction of quasars decreases with rising radio luminos-
ity; namely, luminous quasars are rare in clusters, while radio
galaxies are not. We find that most radio galaxies and LERGs
are close to the centers of galaxy clusters, whereas HERGs and
quasars do not exhibit a clear positional preference.
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Fig. 6. Distribution of projected distances
from radio galaxies/quasars to the centers
of clusters. Most radio galaxies are in the
very center of clusters. The y-axis of panel
a has been cropped to make the distribu-
tion at large distances clearer. The number
of radio galaxies located in the 0−0.1 Mpc
range is 1882.

4.2. Main indications

Our main finding shows that radio galaxies are more likely to
reside within clusters than quasars, contradicting the expecta-
tions of orientation-based unification. This difference is reflected
in the properties of their host galaxies. Radio galaxies are typ-
ically hosted by massive elliptical galaxies with supermassive
black holes (Best et al. 2005), while the host galaxies of quasars
can be spirals. Red elliptical galaxies are more commonly found
in dense environments than blue spiral galaxies (Dressler et al.
1997; Lee et al. 2010). This pattern aligns with the evolution
model by Croton et al. (2006), which suggests that radio galax-
ies may represent “radio mode” feedback, while quasars repre-
sent “quasar mode” feedback. According to this model, material
accreting onto the central supermassive black hole in radio
galaxies originates from gas inflow in the hot halo, which is
abundantly available in such gas-rich environments as galaxy
clusters (see e.g., Prestage & Peacock 1988; Hill & Lilly 1991;
Worrall & Birkinshaw 2000; Massaro et al. 2020; Croston et al.
2019). Studies based on 3CRR and NVSS samples are in line
with this finding, showing that radio galaxies are usually located
in denser environments, with LERGs tending to reside in denser
environments than HERGs (see e.g., Best & Heckman 2012;
Massaro et al. 2020). Our results confirm the findings of these
studies. Conversely, quasars are more likely to be found in
moderate environments with halo masses ranging from 1012

to 1013 M�, which facilitate gas-rich mergers and interactions
that are the primary triggering mechanisms for quasar activ-
ity (Kauffmann & Haehnelt 2000; Canalizo & Stockton 2001;
Breiding et al. 2024).

5. Conclusions

We present the largest available samples of LoTSS-DR2 radio
galaxies and quasars at 0.08 < z < 0.4 to test if the two

classes of objects live in similar environments. The quasars are
selected from the SDSS DR16Q and CatNorth catalogs, which
provide reliable spectroscopic information from SDSS and Gaia.
The radio galaxies are selected using optical emission line data
and infrared WISE colours to minimize the contamination from
SFGs. The radio galaxy and quasar samples are well-matched in
redshift and luminosity, ensuring a robust comparison between
the two samples. To further compare the environments of dif-
ferent types of radio galaxies with those of quasars, we cate-
gorized the radio galaxies with emission-line data into LERGs
and HERGs. The difference between the environment of radio
galaxies and their subclasses (LERGs and HERGs) and that of
quasars challenges the orientation-based unification scheme. We
find that:
1. The match fractions associated with clusters of radio galax-

ies (17.1±0.2%), LERGs (18.7±0.7%), and HERGs (15.2±
1.1%) are higher than that of quasars (4.1 ± 0.4%).

2. Only 2.3 ± 2.3% luminous quasars are in clusters.
3. In general, most radio galaxies are located near cluster cen-

ters while quasars do not show a strong preference for their
positions in clusters.

The environmental differences between radio galaxies and
quasars are not in line with the unified model, but these differ-
ences may suggest the model’s limitations or indicate the need
for further adjustments.

In this study, all W12 and R14 clusters with redshifts
in the range of 0.08 < z< 0.4 have masses M200 > 1014 M�,
indicating that our results are related to massive clusters.
Future studies could compare the similarities and differences
between radio galaxies and quasars in moderate environments
using number counts of galaxies (see e.g., Strand et al. 2008;
Lietzen et al. 2009). In addition, the future WEAVE-LOFAR
survey (Smith et al. 2016) will combine high-quality spectro-
scopic data from WEAVE with LOFAR’s sensitive radio obser-
vations to address key gaps in the understanding of radio
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galaxies and quasars. WEAVE’s precise redshift measurements
will enable a detailed mapping of radio sources in three-
dimensional space, essential for studying their distribution and
relationships with cosmic structures. Additionally, the spectral
data will reveal physical properties such as metallicity, ioniza-
tion states, star formation rates, and AGN characteristics, clari-
fying the connection between radio emission, host galaxies, and
environments. By linking LOFAR radio jet observations to inter-
galactic medium conditions, WEAVE-LOFAR will help explain
how environments are linked to the evolution of these systems,
offering a comprehensive framework for future studies.

Data availability

The catalog is available at the CDS via anonymous ftp to
cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/695/A69
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