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ABSTRACT

Context. It is well established that shock waves in the intracluster medium launched by galaxy cluster mergers can produce syn-
chrotron emission, which is visible to us at radio frequencies as radio relics. However, the particle acceleration mechanism producing
these relics is still not fully understood. It is also unclear how relics relate to radio halos, which trace merger-induced turbulence in
the intracluster medium.

Aims. We aim to perform the first statistical analysis of radio relics in a mass-selected sample of galaxy clusters, using homogeneous
observations.

Methods. We analysed all relics observed by the Low Frequency Array Two Metre Sky Survey Data Release 2 (LoTSS DR2) at
144 MHz, hosted by galaxy clusters in the second Planck catalogue of SZ sources (PSZ2). We measured and compared the relic prop-
erties in a uniform, unbiased way. In particular, we developed a method to describe the characteristic downstream width in a statistical
manner. Additionally, we searched for differences between radio relic-hosting clusters with and without radio halos.

Results. We find that, in our sample, ~10% of galaxy clusters host at least one radio relic. We confirm previous findings, at higher
frequencies, of a correlation between the relic-cluster centre distance and the longest linear size, as well as the radio relic power and
cluster mass. However, our findings suggest that we are still missing a population of low-power relics. We also find that relics are
wider than theoretically expected, even with optimistic downstream conditions. Finally, we do not find evidence of a single property

that separates relic-hosting clusters with and without radio halos.

Key words. galaxies: clusters: general — galaxies: clusters: intracluster medium — radiation mechanisms: non-thermal —

radiation mechanisms: thermal — catalogs

1. Introduction

Mergers of galaxy clusters generate shock waves that propagate
through the intracluster medium (ICM). Since the characterisa-
tion of a cluster shock by Markevitch et al. (2002) with Chandra,
many more have been found using measurements of the X-ray
surface brightness, entropy, and temperature profiles of cluster
outskirts (e.g., Ogrean & Briiggen 2013; Shimwell et al. 2015;
Eckertet al. 2016; Akamatsuetal. 2017; Urdampilleta et al.

* FITS images in Figs. A.1 and A.2 are 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/
680/A31

2018). The connection between radio relics (RRs) and merger
shocks has been well-established by a number of shocks
detected in X-rays, as ICM density and temperature disconti-
nuities, at the location of a RR (e.g., Finoguenov et al. 2010;
Bourdin et al. 2013; Akamatsu & Kawahara 2013; Botteon et al.
2016a,b). There is also clear evidence of the relation between
RRs and galaxy cluster merger events from both weak lens-
ing studies (e.g., Jee et al. 2016; Finner et al. 2017) and opti-
cal spectroscopy (e.g., Golovich et al. 2019). Not all RRs have
a known associated shock, though this is likely the result of dif-
ficulties in shock detection from the low X-ray counts in cluster
outskirts, where relics are typically located (Vazza et al. 2012;
Ogrean et al. 2013). Fermi-I, diffusive shock acceleration (DSA)
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is typically adopted to explain the generation of RRs from
cluster shocks (EnBlin et al. 1998). In DSA, charged particles
are accelerated to relativistic energies by scattering upstream
and downstream off magnetic inhomogeneities (Fermi 1949;
Blandford & Eichler 1987). Due to the presence of cluster-
scale magnetic fields, they emit synchrotron emission, which is
observable as diffuse, roughly arc-like RRs (also known as clus-
ter radio shocks, see Brunetti & Jones 2014; van Weeren et al.
2019, for reviews). The power-law energy spectrum of cosmic-
ray electrons (CRes) produced by DSA generates a radio bright-
ness profile in line with observations (e.g., Hoeft & Briiggen
2007; Kangetal. 2012). Additionally, relics are typically
observed to have high polarisation fractions (220%—60%),
matching expectations of magnetic field alignment along the
shock surface (EnfBlinetal. 1998). However, DSA from the
thermal pool cannot entirely explain the properties of RRs.
A study by Botteon et al. (2020a) found that acceleration of
CRes from the thermal pool via DSA, in such weak shocks
(M < 3), is in most cases insufficient to explain the acceler-
ation efficiencies required to produce the luminosity of relics.
Re-acceleration of a pre-existing population of mildly relativistic
CRes could relieve some of this tension (e.g., Markevitch et al.
2005; Kang & Ryu 2011; Pinzke et al. 2013). There is morpho-
logical and spectral evidence that the tails of radio galaxies can
provide seed electrons that are re-accelerated by shocks (e.g.,
Bonafede et al. 2014; van Weeren et al. 2017; Di Gennaro et al.
2018). For example, van Weeren et al. (2017) found that the RR
in Abell 3411-3412 is connected to the tail of a cluster-member
radio galaxy. Moreover, the energy spectrum steepens along the
tail, consistent with radiative losses, and subsequently flattens
again at the inner boundary of the RR, implying re-acceleration.
There are, however, still relatively few relics for which there is
evidence of a connection/re-acceleration in general.

In addition to giant shock waves, galaxy cluster mergers gen-
erate turbulence in the ICM. This turbulence cascades down to
smaller scales and can (re-)accelerate CRes and produce radio
synchrotron emission, in the form of a radio halo (RH, see
Brunetti & Jones 2014, for a review). These RHs are typically
located in the cluster centre and follow the morphology of the
X-ray-emitting gas. Numerous statistical studies of RHs have
been performed and have shown a correlation between the RH
power and its host cluster mass (e.g., Basu 2012; Cassano et al.
2013; van Weeren et al. 2021; Cuciti et al. 2021), as well as
with the X-ray luminosity (e.g., Liang et al. 2000; Brunetti et al.
2009). In contrast, there have been relatively few statistical stud-
ies of RRs. Such investigations of relic properties are more chal-
lenging than for RHs due to a number of observational con-
straints. For example, the lower abundance of RRs (in ~5% of
clusters, Kale et al. 2015), compared to that of RHs (in ~40%
of clusters, e.g., Cuciti et al. 2021), and the typical location in
the cluster periphery, where X-ray counts are low, make such
studies challenging. Additionally, an unbiased measurement of
the properties of relics is difficult, due to projection effects
and their irregular morphologies. In the first statistical study
of RRs, van Weeren et al. (2009) compiled all of those discov-
ered (26 individual RRs) at that time from the literature. They
discovered a correlation between the longest linear size (LLS)
of a relic and its distance from the cluster centre. This finding
was corroborated by de Gasperin et al. (2014; hereafter FdG14)
and was found at low significance by Bonafede et al. (2012),
who both restricted their analysis to only double radio relics
(dRRs), that is to say pairs of diametrically opposed relics in the
same cluster. The advantage of using dRRs is that the merger
axis is relatively well-known and approximately on the plane
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of the sky (van Weeren et al. 2011; Golovich et al. 2019), min-
imising projection effects. FdG14 also reported a correlation
between host-cluster mass and RR power at 1.4 GHz, that is to
say that more powerful relics are typically located in higher-
mass clusters. However, simulations by Nuza et al. (2017) and
Briiggen & Vazza (2020) suggest that we are missing a signif-
icant number of low-power relics, likely only detectable at low
frequencies, and that the cluster mass provides a maximum radio
power a relic can reach, rather than directly determining its
power. The advent of sensitive, all-sky surveys at low radio fre-
quencies will enable discovery of these low-power relics, if such
a population exists.

In this paper we present the first statistical study of
RRs at I50MHz and their connection to RHs, using
galaxy clusters covered by both the Planck PSZ2 catalogue
(Planck Collaboration XXVII 2016) and the Low Frequency
Array (LOFAR) Two Metre Sky Survey Data Release 2 (LoTSS
DR2, Shimwell et al. 2022). Wherever possible, this was sup-
plemented with archival Chandra and XMM-Newton data, to
determine the X-ray properties of the sample clusters, which are
described fully in Zhang et al. (2023). The biggest advantage of
using such a sample is that it allows us to study RRs observed by
the same telescope, and therefore approximately the same uv-
coverage, observing frequency and sensitivity to compact and
diffuse emission. Additionally, the observations were calibrated
and the images produced in a uniform manner (see Tasse et al.
2021; Shimwell et al. 2022). The use of the PSZ2 catalogue
allows us to produce a mass-selected sample, ensuring that our
results are representative of those RRs observable at the sensi-
tivity of LOFAR. This paper is the sixth in a series of papers'
utilising the LoTSS DR2 — PSZ2 cluster sample to explore the
properties of diffuse radio emission in the ICM. Botteon et al.
(2022) describes the sample in detail, the methods and data used
and the source classification. The occurrence and scaling rela-
tions of all RHs in this sample are presented in Cassano et al.
(2023) and Cuciti et al. (2023), respectively, whilst upper limits
on RH power in clusters with no detected diffuse emission are
in Bruno et al. (2023). An analysis of the X-ray properties of the
sample is presented in Zhang et al. (2023). See also Hoang et al.
(2022) for analysis of diffuse radio emission within LoTSS DR2
in non-PSZ2 clusters.

The paper is structured as follows. Section 2 describes the
sample of relics and how we measured their properties. In Sect. 3
we present our results. In Sects. 4 and 5 we discuss our results
and conclude. We adopt a fiducial ACDM cosmology with Q, =
0.7, Qn = 0.3, and Hy = 70km s~ Mpc~'. All errors are at 1o,
unless otherwise stated.

2. The sample

We provide here a summary of the sample of relics used in this
paper, its composition and the measurement of relic properties.
For a full description of the cluster sample, including the data
calibration, imaging procedure, and radio source classification,
we refer the reader to Botteon et al. (2022).

2.1. Relics In LoTSS DR2

Of the 1653 galaxy clusters contained in the Planck PSZ2 cat-
alogue (Planck Collaboration XXVII 2016), 309 lie within the
LoTSS DR?2 footprint (Shimwell et al. 2022). The LoTSS DR2
data were reprocessed to produce 144 MHz radio images, at

' https://lofar-surveys.org/planck_dr2.html
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various resolutions, for each cluster (Botteon et al. 2022). The
radio images were then visually inspected for evidence of diffuse
emission not associated with an AGN. Elongated (300 kpc) dif-
fuse emission with a sharp radio edge, lying outside the bulk of
X-ray emission, in the cluster outskirts, was classified as a RR.
Of those, relics diametrically opposed to another relic on the
opposite side of its cluster were defined as dRRs. Some clus-
ters host more than one RR, but do not fit this criterion and
were therefore classified as multiple radio relics (mRRs). We
use archival Chandra and XMM-Newton data to determine the
cluster X-ray properties. The data are processed and used to
produce images, smoothed to 30 kpc at the cluster redshift (see
Botteon et al. 2022, for further details). A full analysis of the
X-ray properties of the LoTSS DR2 — PSZ2 sample will follow
in Zhang et al. (2023). For clusters with no Chandra or XMM-
Newton observation, the emission was classified as a candidate
radio relic (cRR), since it is not possible to define the location
of the diffuse emission with respect to the ICM. In this case, the
position of the radio emission with respect to the cluster optical
overdensity was used. The resulting sample consists of 26 relic-
hosting clusters, of which 20 have accompanying X-ray obser-
vations. Of the 35 individual relics residing in these clusters,
12 were defined as dRRs, 5 as mRRs and 6 as cRRs. The rest
(12) were defined as RRs. There are no double, or multiple, can-
didate radio relics. For an image gallery of all RRs in our sam-
ple, and, where possible, their location with respect to the ICM
X-ray emission, see Appendix A. Images and tables are taken
from Botteon et al. (2022) and can be found at full resolution on
the project website.

Radio halos in the LoTSS DR2 — PSZ2 sample were clas-
sified by Botteon et al. (2022). They were defined as extended
radio sources occupying the same region as either the bulk
ICM X-ray emission (RHs) or an overdensity of optical galaxies
(cRHs). Of the 26 relic-hosting clusters, 12 also host a radio halo
(11 RHs and 1 cRH). For some radio objects, originally classi-
fied as RHs, the low signal-to-noise ratio did not allow fitting of
the model used to estimate RH flux (denoted RH*s/cRH*s, see
Botteon et al. 2022, for more detail). We treated clusters which
host such RH*s/cRH*s as hosting a RH, though there is only
1 relic-hosting cluster for which this is the case (PSZ2 G116.50-
44 .47, classified as RH*).

Figure 1 shows the mass distribution of all clusters in
the LoTSS DR2 - PSZ2 sample, as a function of red-
shift, where the mass is Msy from the PSZ2 catalogue
(Planck Collaboration XXVII 2016). Clusters which host at least
one RR are shown as red points. PSZ2 G107.10+65.32 is com-
prised of two sub-clusters, each undergoing its own merger
(Abell 1758, Botteon et al. 2020b). We have plotted this clus-
ter separately, as a red star, since only the S sub-cluster hosts a
RR, but, since the resolution of Planck is not sufficient to sep-
arate the two sources, the mass given in the PSZ2 catalogue
is likely from a combination of the two sub-clusters. The blue
dashed line shows the mass at which Planck is 50% complete, as
a function of redshift. This line comes from converting the selec-
tion function from the Planck archive from SZ signal — cluster
size to mass — redshift (Planck Collaboration XXVII 2016) and
taking the boundary at which the probability of detecting a clus-
ter is 50%. The only relic-hosting cluster which lies below this
line is PSZ2 G069.39+68.05. Throughout this paper, we con-
sider only clusters lying above this line as our representative
cluster sample and restrict our analysis to only these clusters.
However, since there is only one relic-hosting cluster below the

2 https://lofar-surveys.org/planck_dr2.html
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Fig. 1. Cluster M5y mass vs. redshift for all clusters in the LoTSS DR2
—PSZ2 sample. Red circles denote clusters which host at least one RR.
Black circles denote all other clusters in the LoTSS DR2 — PSZ2 sample
(Botteon et al. 2022). PSZ2 G107.104+65.32 S is plotted as a red star,
since the mass reported in the PSZ2 catalogue likely comes from both
sub-clusters, PSZ2 G107.10+65.32 N and PSZ2 G107.10+65.32 S. The
50% PSZ2 completeness line is shown in blue.

line (PSZ2 G069.39+68.05) and one for which we cannot be cer-
tain (PSZ2 G107.10+65.32), we plot these two relics whenever
possible and label them accordingly, despite their absence from
our analysis.

2.2. Relic measurements

All measurements used in this paper are presented in
Botteon et al. (2022; Table A.4). For completeness, we describe
the procedures used below.

Radio relics, owing to their often complex morphologies,
do not lend themselves well to parametric model-fitting pro-
cedures, such as those used for RHs (Boxelaar et al. 2021).
Connections of relics to radio galaxies, or even RHs, makes
automatically separating relic from non-relic emission very chal-
lenging. Therefore, to best enable fair comparison of relic prop-
erties, we adopted a hybrid approach to their measurement. For
each relic we manually defined a region which best covers it,
whilst avoiding non-relic emission, by visually inspecting the
radio and X-ray images. In general, we uniformly computed the
properties of each relic from the 50 kpc-taper, compact-source-
subtracted image of each cluster, where we defined relic emis-
sion as emission above 20, within the pre-defined region.
Oms 18 the rms noise of the image. A few relics required
slightly different treatment. The relics PSZ2 G089.52+62.34
N2 (Abell 1904), PSZ2 G091.79-27.00, PSZ2 G113.91-37.01 S,
PSZ2 G166.62+42.13 E (Abell 746), and PSZ2 G205.90+73.76
N/S are not fully visible in the 50 kpc-taper images. We there-
fore chose to use the 100 kpc-taper images instead. Additionally,
visual inspection of the model used to subtract compact sources
in images of PSZ2G190.61+66.46 revealed that it included
some relic emission. Since there are no compact sources within
the relic, we chose to use the 50kpc-taper image without
compact-source subtraction for this relic.

Figure 2 shows a reference image of PSZ2 G121.03+57.02,
demonstrating the measurement of relic properties, as detailed
below. The left panel shows the location of the relic, outside the
bulk of ICM X-ray emission. The right panel shows a zoom-in of
the relic from the 50 kpc-taper LOFAR image. The region used
for this relic and the >20 s contours are shown as white and
black lines, respectively.
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Fig. 2. Reference images of the relic in PSZ2 G121.03+57.02. The white region shows the region used to compute the properties of the relic.
Black lines show the 207, X [1,2,4,...] contours from the 50 kpc-taper, compact-source-subtracted LOFAR image from Botteon et al. (2022).
Left: Chandra X-ray image. The cyan line scales the distance between the relic position and the cluster centre, as defined in Sect. 2.2. Right:
zoom-in of the 50-kpc-taper, compact-source-subtracted LOFAR, centred on the relic. The green line shows the LLS of the relic. Two example
lines used to measure the relic width are shown in cyan. The black cross is where we define the relic coordinate.

Since the LOFAR images are at a nominal frequency of
144 MHz, we computed the relic flux and power at 150 MHz,
assuming @ = —1, where « is the spectral index (S, o v*). The
spectral index of RRs is typically in the range -1 < a@ < —1.5
(e.g., Feretti et al. 2012, FdG14). Since the frequency conversion
is small and the clusters in our sample are relatively nearby, the
choice of « in this range is somewhat arbitrary. If we instead
choose @ = —1.5, corresponding to a steep-spectrum RR, the
k-corrected 150 MHz RR power is <10% greater, in most cases.
Since the k-correction factor for a source with spectral index
a = —1 is zero, we did not need to k-correct our luminosities.
The errors take into account a combination of the error from the
rms noise and a 10% calibration error (Shimwell et al. 2022). We
also included an error to account for residuals from the compact-
source subtraction process. We split the images into four groups,
based on their total discrete-source flux density, S giscrete; and
assigned an appropriate fractional error which increases with
S giscrete (see Botteon et al. 2022).

The LLS was calculated as the distance between the two pix-
els with maximum separation which were defined as part of the
relic emission. Since the synthesised beam is the smallest angu-
lar scale across which we can trust the flux, the error in the LLS
corresponds to one beam width. We used the same approach for
all other distance measurements presented in this paper. We note
that this can be considered a lower limit of the LLS, since we
are limited by how much of the RR is detected. The LLS of
PSZ2 G121.03+57.02 is shown in Fig. 2 as a green line.

Due to the often complex relic morphologies, the measure-
ment of the relic extent downstream of the shock front, or relic
width, is strongly dependent on the location at which it is mea-
sured. This makes it extremely difficult to measure a single width
value in a consistent way which is fair for all relics in our sample.
We therefore took a statistical approach, by measuring the width
at many positions along the relic. In the case of a shock propa-
gating outwards, the LLS should be oriented approximately per-
pendicular to the direction of propagation, that is perpendicular
to the upstream — downstream direction. This orientation was
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verified by eye, though we do not account for any curvature
of the relic. We could therefore, at each pixel along the LLS,
draw a line perpendicular to the LLS and calculate the maximum
distance between relic pixels which lie on it. The blue lines in
Fig. 2 (right) show two example lines used to calculate the width
of the relic in PSZ2 G121.03+57.02. We then took the median
of all values measured as the characteristic relic width and one
standard deviation as its error. We chose to take the median as
our characteristic width because it minimises the effect of small
width measurements at the relic edges and areas with abnormally
large widths. As with the LLS, the width measurements we made
are lower limits, since the entire downstream extent of the RRs
may be too faint to detect.

Without a direct detection of a shock front, it is not neces-
sarily clear where the shock front producing a RR is located.
There is still debate over the nature of the bright filaments
often observed in RRs. However, a detailed, high-resolution
study of the relics in Abell 3667 by de Gasperin et al. (2022)
suggests that the filaments trace regions of shock accelera-
tion. Recent simulations support the scenario that the bright-
est RR regions correspond to the highest Mach numbers (e.g.,
Dominguez-Fernandez et al. 2021; Wittor et al. 2021). We there-
fore took the flux-weighted centre of the brightest 10% of relic
pixels as the location of the RR. The coordinate calculated for
PSZ2 G121.03+57.02 is shown as a black cross in Fig. 2 (right).
We subsequently used this point to calculate the distance to the
cluster centre, Drr-., Where we considered the X-ray centroid
of a cluster, measured within Rsg, its centre (shown as black
crosses in Fig. A.2) and to other relics, Drr-grr, for dRRs. We
note that, since the cRRs in our sample are those without accom-
panying X-ray images (see Sect. 2.1), we do not measure Drg-—.
for any cRRs. We included an additional error in these distance
measurements to account for possible projection effects. The
merger axes of dRR-hosting clusters are expected to lie on, or
close to, the plane of the sky (van Weeren et al. 2011). We there-
fore set this additional error as the distance corresponding to a
10° offset. For all other relics, we use an offset of 30°.
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3. Results

In this section, we report our results on the statistical proper-
ties of RRs and their host clusters. In general, throughout the
figures, cRRs are denoted by triangular data points, dRRs by
plusses, and all other relics, including mRRs, by circles. This
notation extends to graphs with one data point per cluster, that
is to say that clusters which host dRRs are plotted as a plus,
etc.. Additionally, though not included in all graphs, data points
with surrounding red circles denote clusters which also host an
RH/cRH. Due to the ambiguity in PSZ2 G069.39+68.05 (below
50% Planck completeness, see Fig. 1) and PSZ2 G107.10+65.32
(double cluster, see Sect. 2.1 for more details), whenever possi-
ble, we label the points as ‘069’ and ‘107’ respectively, if they
are included. We did not include these relics at all when plotting
histograms, since they are not easily labelled. Since we did not
include them when assessing the presence of a correlation, we
also excluded them from the corresponding plots.

3.1. X-ray morphological disturbance

The dynamical state of the clusters in our sample is assessed
using the 30 kpc-smoothed Chandra and XMM-Newton images.
With these we are able to calculate the cluster concentration
parameter (Santos et al. 2008),

_ F(r < Reore)

= , 1

F(r <Ryp) M
where F is the X-ray flux, R.o. the aperture of the core region
and Ry, the outer aperture, and centroid shift (Mohr et al. 1993;
Poole et al. 2006),

1 —\2 i 1
N1 Z (Ai - A) R_ap, )

where N, is the number of apertures, A; the centroid of the ith
aperture, and A the average centroid. Reore and R, were set fol-
lowing the convention of Cassano et al. (2010), that is 100 kpc
and 500 kpc, respectively.

In Fig. 3 we plot the cluster concentration parameter, ¢
against the centroid shift, w, for all clusters in the LoTSS DR2
— PSZ2 sample above the Planck 50% completeness line. The
values, and corresponding errors, for all clusters are given in
Botteon et al. (2022) and Zhang et al. (2023).

The plot shows the ¢ and w parameters with their correspond-
ing errors. We note that the combination of Chandra and XMM-
Newton measurements and corresponding uncertainties, where
available, gives rise to large errors in clusters where the two
instruments disagree significantly. This is likely caused by differ-
ences in PSF and X-ray count rate between the two instruments.
In general, however, there is good agreement of the concentra-
tion parameter and centroid shift between the two instruments
(see Zhang et al. 2023, for a full discussion). However, there are
no relic-hosting clusters which have large discrepancies between
their Chandra-derived and XMM-Newton-derived morphologi-
cal parameters. There is no clear bi-modal distribution represent-
ing disturbed and relaxed clusters, but, in general, clusters with
smaller ¢ and larger w are more dynamically disturbed. Relic-
hosting clusters are shown in red, with all other clusters in black.
We see that relic-hosting clusters primarily reside in the bottom
right corner of the plot, corresponding to the most disturbed sys-
tems. Interestingly, the least disturbed cluster in the RR sample,
PSZ2 G205.90+73.76, hosts both a RH and a dRR pair.
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Fig. 3. Concentration parameter, ¢ vs. centroid shift, w for all clusters
with X-ray observations above the Planck 50% completeness line in
the DR2 sample. Relic-hosting clusters are denoted by red points. All
other clusters are black. PSZ2 G107.10+65.32 is labelled, with the label
directly above the data point.

Cuciti et al. (2023) define a quantity, ‘disturbance’, using
the ¢ and w values of the clusters in our sample. This quantity
has no physical meaning, but is useful to compare ‘disturbed’
and ‘relaxed’ clusters, since larger values correspond to more
dynamically disturbed clusters. For clarity, we summarise its
calculation here. We first normalised the values of ¢ and w, to
account for the different ranges covered by each, with

log(#;) — min(log())
max(log(P)) — min(log(P))’

Prorm = (3)

where P represents either ¢ or w. We then fit a line of the form
log o(cnorm) = mlog;o(Wnorm) + g to the cporm and wyorm data
for all clusters with accompanying X-ray observations in the full
LoTSS DR2 — PSZ2 sample. We derived the projected position
of each cluster along this line and assumed that the cluster with
X-ray disturbance = 0 is the first along the line starting from the
top left corner of the plot. The disturbance of the other clusters
was calculated as the distance along the same line from the clus-
ter with disturbance = 0. We note that this quantity is similar to
the relaxation score, R, calculated by Zhang et al. (2023). Both
quantities combine the two morphological parameters we have,
¢ and w, into one, which describes the dynamical state of a clus-
ter. The two quantities approximately anti-correlate, that is to say
that lower R is associated with higher values of disturbance. In
our analysis, we chose to use the disturbance, since we remain
consistent with the disturbance values for the RHs in the LoTSS
DR2 — PSZ2 sample from Cuciti et al. (2023) and Cuciti et al.
(2021). This disturbance represents the same information as the
disturbance calculated by Cuciti et al. (2021), that is the loga-
rithmic distance from the bisector of the median ¢ and w values
from Cassano et al. (2010) (¢ = 0.2, w = 0.012). The advantage
of our method is that it does not rely on the somewhat arbitrary
bisector slope and median ¢ and w values. In Fig. 4 we plot the
cluster disturbance distribution for all clusters above the Planck
50% completeness line in the LoTSS DR2 — PSZ2 sample with
¢ and w measurements. The disturbance of all clusters is shown
in grey, with all clusters hosting a RR in red. The clusters which
host both a RR and a RH are shown by hatched black bars. As
seen in the ¢ — w plot, relic-hosting clusters are among the most
disturbed in our sample. There is no obvious difference between
the disturbances of relic-hosting clusters which also host a RH
and those that do not.
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0.0 0.5 1.0 1.5
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Fig. 4. Histogram of cluster disturbances. The grey bars show the dis-
tribution of all clusters above the Planck 50% completeness line in
the LoTSS DR2 — PSZ2 sample with ¢ and w measurements. The
red bars show the distribution of all clusters which host a RR and
the hatched bars show the clusters which host both a RR and RH.
PSZ2 G107.10+65.32 is excluded entirely.

Table 1. Spearman rank correlation coefficient p-values for RR power —
cluster mass, RR power — LLS, LLS — distance from cluster centre and
LLS — distance from cluster centre as a fraction of Rsyy correlations.

Correlation p-value

cRRs excluded cRRs included
Pisomuz — Msoo 0.003 0.003
Pisomuz — LLS 0.261 0.029
LLS — Dggr_. 0.002 -
LLS — Drr—¢/Rs00 <0.001 -

Notes. The p-value is calculated separately with and without candi-
date relics included. There is no p-value including cRRs in the LLS
— DRrgr_¢, nor the LLS — Dgg_./Rs0 correlation, since the distance from
the cluster centre is computed using the cluster X-ray centroid. We note
that PSZ2 G069.39+68.05 and PSZ2 G107.10+65.32 are not included
in either sub-sample.

3.2. Radio relic scaling relations

For each of the relations reported in the following subsections,
we calculated Spearman’s rank correlation coefficient and report
its associated p-value. We assessed the presence of a correlation
both including and excluding cRRs. PSZ2 G069.39+68.05 and
PSZ2 G107.10+65.32 were excluded in both cases. The p-values
for the correlations in the following subsections are reported
in Table 1. We considered the null hypothesis to be rejected if
p < 0.05, where the null hypothesis we are testing is that the
variables X and Y are not correlated.

If the null hypothesis was rejected, we fit our data, using
BCES linear regression methods (Akritas & Bershady 1996), to
the equation log,,(X) = Blog;,(¥) + A. This was done sepa-
rately, both including and excluding the cRRs in our sample. We
then calculated the 95% confidence interval of our line of best
fit as

Ay o s |[S iz Yy
o N-2

i=0

“

[1 (X = X
NI (X = X)) |

where Y,, = BX; + A and X,, = Y X;/N for each observed X;.
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3.2.1. Radio power — cluster mass

Figure 5 shows the 150 MHz radio power of each relic in our
sample against the host cluster mass (Msgg, from Planck). The
cluster redshift is shown on the colour bar. More massive relic-
hosting clusters tend to be found at higher redshifts, due to the
Planck cluster selection function (see Fig. 1). Low-mass clus-
ters in our sample host only low-power RRs. Relics in more
massive clusters span a larger range in radio power, but tend to
host more powerful RRs than low-mass clusters. To quantify the
scatter in the power distribution of RRs residing in high-mass
(>5.2x 10 M, where 5.2 x 10'* M, is the median cluster mass
in our sample) and low-mass clusters (<5.2 x 10'* M), we cal-
culate the coeflicient of variance for each sub-sample. The coef-
ficient of variance, defined as ¢, = o/u, where o is the standard
deviation and u the mean, allows us to compare the scatter in two
sub-samples with very different mean values. We find that in the
high-mass bin, ¢, = 1.5 and in the low-mass bin ¢, = 0.9.

We find a positive correlation between the relic power and
cluster mass (p = 0.003, both with, and without, cRRs). Table 2
shows the best-fit gradient (B) and y-intercept (A) values for the
different fitting methods used, for the sample with and without
cRRs included.

In Fig. 6 we plot the lines of best fit with (cyan dashed line)
and without (black solid line) cRRs, from the orthogonal fit. The
confidence interval, calculated using Eq. (4), is shown by the
grey shaded region. We choose to plot the orthogonal-fit line,
that is to say the line that minimises the orthogonal distances, as
this is the same method used by FdG14 to compute their lines of
best fit and enables fair comparison of the two relic studies. Their
line of best fit is plotted as a dashed red line. For consistency, we
plot the orthogonal-fit line for all other correlations in this paper.

The FdG14 sample selection is considerably different to
ours. Their sample is comprised of all dRRs known at the time, in
addition to the “elongated” relics of Feretti et al. (2012; 41 indi-
vidual RRs, of which 30 are part of a dRR pair). The dRR-
cluster sample of FdG14 contains only two clusters included
in our sample, PSZ2 G071.21+28.86 (MACS J1752.0+4440)
and PSZ2 G165.46+66.15 (Abell 1240). Additionally, PSZ2
G048.10+57.16 (Abell 2061) is also contained in the sample of
Feretti et al. (2012). The cosmology used to calculate distances
and luminosities (flat ACDM, Hy = 71kms™! Mpc~!, Q, =
0.27) and the frequency (1.4 GHz) are both different to our sam-
ple. The cluster masses are also the M5 values given by Planck,
though from the PSZ1 catalogue (Planck Collaboration XXIX
2014). The line, and corresponding red data points, were taken
at a frequency of 1.4 GHz, so must be converted to 150 MHz, for
comparison with our dataset. We do this using two slightly differ-
ent approaches, shown in the top and bottom sections of Fig. 6.
The first method (top) is to assume a constant spectral index,
a = —1, for all relics and scale the full FAG14 dataset and the line
of best fit to 150 MHz uniformly. The advantage of using a con-
stant spectral index to scale the FdG14 sample data is that we can
also scale the line of best fit by the same factor, thereby allowing
direct comparison of the slopes measured at both frequencies.
We keep the original cosmology of the FdG14 data, since it was
used to derive the line of best fit. Though the cosmology used
for our dataset is slightly different to that used for FdG14, the
results are almost identical (see Appendix B). Radio relics typi-
cally have spectral indices in the range —1 < @ < —1.5. Choosing
the flattest spectrum in this range allows the closest comparison
of the two samples, since even with this flatter spectral index, the
RRs in our sample are, on average, less powerful. In this case, the
slope of the line of best fit we obtain does not overlap with that
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Fig. 5. Mass distribution of our RR sam-
ple. Top: as a histogram. The hatched
bars show the distribution for only clusters
which also host a RH. PSZ2 G069.39+68.05
and PSZ2 G107.10+65.32 are both excluded.

Cluster Mass (M)

Bottom: relic power vs. cluster mass with
redshift on the colour bar. Triangles denote
candidate relics and plusses those relics
which are part of a double relic pair. All
other relics are plotted as circles. Red

10Il5

circles surround relics in clusters which
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of FdG14 (Bon = 5.19+1.20 vs. Brge = 2.83+0.39). The second
rescaling method (bottom) is to use only the relics with measured
spectral index in FdG14 and scale each relic power by its actual
spectral index. Since, in this case, the line of best fit reported by
FdG14 does not fit the rescaled data, we then recomputed the
line of best fit (orthogonal method) ourselves. We obtained best-
fit parameters of Bggg = 5.99 + 1.58 and Aggg = —62.85 £ 23.38
for the rescaled FdG14 data. We do not include any of our sam-
ple in the fitting procedure. In this case, the gradient of the line
is within the errors of the line calculated for our sample. Qual-
itatively, we see that our dataset contains more low-mass clus-
ters and more low-power relics in relatively high-mass systems,
though it does not contain clusters as massive as in FdG14.

3.2.2. Radio power — LLS

We did not find a correlation between the power of RRs and
their LLS, with cRRs excluded, that is to say we found that the
null hypothesis could not be rejected (p = 0.261). However,
when we included cRRs, we found that the null hypothesis was
rejected (p = 0.029). Table 3 shows the best-fit gradient (B) and
y-intercept (A) values for the different fitting methods used. Since
the null hypothesis was only rejected when cRRs were included,
we only calculated the best-fit parameters, A and B, for the entire
sample. In Fig. 7 we plot the power against the relic LLS. The line

also host a RH. PSZ2 G069.39+68.05 and
PSZ2 G107.10+65.32 are labelled, with the
labels above and right of the data points.

0.5

of best fit (orthogonal fit) is plotted as a dotted cyan line and its
corresponding confidence interval the grey shaded region.

3.2.3. Longest linear size — cluster centre distance

We find that there is a positive correlation between the LLS of a
relic and its distance from the cluster centre, Drr—., (p = 0.002)
and its distance as a fraction of the cluster Rsypy (p < 0.001),
that is to say larger relics are preferentially found further from
the cluster centre. Table 4 shows the best-fit gradient (B) and
y-intercept (A) values for the different fitting methods used. The
slopes of both correlations are within errors for all fitting meth-
ods. We did not compute the Spearman rank correlation coeffi-
cient and perform fitting including cRRs, since we do not have
any Dgrgr-. or Rsop measurements (see Sect. 2.2).

In Fig. 8 we plot the LLS of our relic sample against their
projected distance from the cluster centre and as a fraction of
the cluster Rsoy. The solid black line shows the orthogonal fit
to our data, with its corresponding 95% confidence interval
shown as the grey shaded region. The dashed red line shows
the LLS — Dgg_. correlation of FAG14 (B = 1.34 + 0.38 and
A = —-1.04 £ 1.16) for comparison. Both the gradients and
intercepts of the regression lines for each sample are within the
errors of each other. There is no LLS — Dgrgr-./R509 correlation
in FdG14 against which to compare. The colour bar denotes the
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Table 2. Radio relic power — cluster mass line of best-fit parameters for
different fitting methods.

Fit method cRRs excluded cRRs included

B A B A
YIX 224+044 -792+646 230+045 -8.94 + 6.59
XY 545+1.25 -55.00+1832 6.11+1.35 -64.70+19.93
Bisector 322+0.14 -2237+205 340+0.15 -25.04+2.13
Orthogonal 5.19 +1.20 -51.27+17.60 5.84+1.32 -60.84 +19.39

Notes. The parameters are calculated separately with and without
candidate relics included. We note that PSZ2G069.39+68.05 and
PSZ2 G107.10+65.32 are not included in either sub-sample.
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Cluster Mass (M)

Fig. 6. Relic power vs. cluster mass with regression lines. Triangles
denote candidate relics and plusses those relics which are part of a
double relic pair. The black (solid) and cyan (dot-dash) lines are the
orthogonal least squares regression lines for the relics in the DR2 sam-
ple. Black is if no candidate relics are included, with its correspond-
ing confidence interval shaded, and cyan is if they are. Red points are
the RRs from FdG14, with their corresponding regression line in red
(orthogonal fit). Both PSZ2 G069.39+68.05 and PSZ2 G107.10+65.32
are excluded, since they are not used to calculate the regression lines.
Top: FdG14 relic powers and regression line scaled to 150 MHz assum-
ing @ = —1 for all relics. We note that the cosmologies used to calculate
powers are slightly different between this sample data and the FdG14
data. See Fig. B.1. Bottom: FdG14 powers scaled to 150 MHz using the
actual spectral indices of each relic. Relics with no spectral information
in FdG14 are excluded. The regression line (orthogonal fit) is recom-
puted on the scaled data.

median relic width. We see, qualitatively, that larger relics typ-
ically have larger widths. It should however be noted that the
errors on the width measurements are large, since we assigned
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Table 3. Radio relic power — LLS line of best fit parameters for different
fitting methods.

Fit method B A

Y|IX 1.23+£046 21.19+1.36
XY 828 +4.10 0.112+12.32
Bisector 236+0.19 17.82+0.58
Orthogonal 7.60 +3.80 2.15+11.42

Notes. The values quoted are only for cRRs included, since the null
hypothesis was only rejected with their inclusion. PSZ2 G069.39+68.05
and PSZ2 G107.10+65.32 are not included.
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Fig. 7. Radio relic power vs. LLS. The host cluster redshift is on
the colour bar. Triangles denote candidate relics and plusses those
relics which are part of a double relic pair. All other relics are plot-
ted as circles. Red circles surround relics in clusters which also host
a RH. The dotted cyan line is the regression line (orthogonal fit) for
our sample, including cRRs, with its corresponding confidence inter-
val shaded. We note that there is no line of best fit excluding cRRs,
since the null hypothesis could not be rejected in this case. Both
PSZ2 G069.39+68.05 and PSZ2 G107.10+65.32 are excluded.

Table 4. Radio relic LLS — cluster-centre distance and LLS — cluster-
centre distance as a fraction of Rsq line of best fit parameters for differ-
ent fitting methods.

Fit method LLS — Drr-¢ LLS — Drr-¢/Rs00
B A B A
YIX 093+021 0.14+0.64 089+021 297+0.03
XY 1.88+0.38 -2.76+1.16 196+0.37 2.95=+0.04
Bisector 1.30+£0.13 -1.00+0.38 1.29+0.16 2.96+0.03
Orthogonal 1.49+0.27 -1.55+0.82 150+0.35 2.96=+0.03
Notes. PSZ2G069.39+68.05 and PSZ2G107.10+65.32 are not

included.

the standard deviation of the width distribution measured as the
error (see Sect. 2.2). For this reason, we did not perform a Spear-
man rank correlation coefficient test for any relic properties with
the downstream width.

3.3. Relic — cluster centre distance

Figure 9 (top) shows the distribution of the projected RR-cluster
centre distances, with a dashed (red) reference line at 800 kpc.
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Fig. 8. Radio relic LLS as a function of its projected distance to the clus-
ter centre. Top: LLS vs. cluster centre distance. The relic width is plotted
on the colour bar. Plusses denote relics which are part of a double relic
pair. All other relics are plotted as circles. Red circles surround relics in
clusters which also host a RH. PSZ2 G107.10+65.32 is excluded. The
black line is the regression line (orthogonal fit) for our sample, with its
corresponding confidence interval shaded. The dashed red line is the
regression line from FdG14. We note that there are no candidates, since
the cluster centre is found from X-ray observations Bottom: same for
the cluster centre distance as a fraction of the cluster Rsy. There is no
corresponding FdG14 correlation against which to compare.

1.0
DgR - c/Rs00

The bottom panel shows the distribution as a fraction of Rsy.
The hatched bars show the distribution only for RH-hosting
clusters. The solid and dashed black lines correspond to the
median distances for all relics with Drr_. measurements (except
PSZ2 G107.10+65.32) and just those which also host a RH,
respectively. The medians are very similar, in both cases and,
in general, the distances of relics in RH-hosting clusters follow
the distribution of the full sample relatively well. For simplic-
ity, we exclude PSZ2 G107.10+65.32 from both plots entirely.
PSZ2 G069.39+68.05 is automatically excluded, since it is a
cRR-hosting cluster, and therefore has no Dgg-. or Rsy mea-
surements. Excluding PSZ2 G107.10+65.32, 25/28 = 89 + 19%
of the relics in our sample are >800kpc from the cluster cen-
tre. For the sub-sample of RR-hosting clusters which also host
a RH, this is 14/15 = 93 = 19%. One relic, in PSZ2 G091.79-
27.00, is located 2.5 Mpc from its cluster centre, which is much
further than for the other relics in our sample. 20/28 = 71+ 17%
of relics lie within the range 0.75 < Dgrr-./Rs00 < 1.5. For
RH-clusters in our sample, this becomes 14/15 = 93 + 19%.
The relics PSZ2 G089.52+62.34 N2 and PSZ2 G091.79-27.00
are located >2Rs5go from their cluster centres.
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Fig. 9. Distribution of projected RR distances from their host-cluster
centres. Top: histogram of the RR — cluster centre distances, Dgrg-.. The
red dashed line is at 800 kpc. Bottom: histogram of the RR — cluster
centre distances as a fraction of the cluster Rsyy. The hatched bars in
both plots show the distribution for only relics in RH-hosting clusters.
The solid and dashed black lines correspond to the median distances for
all relics and just those which also host a RH, respectively. We note that
PSZ2 G107.10+65.32 is excluded for both histograms and the median
calculations.

4. Discussion
4.1. Occurrence of RRs

Radio relics are relatively uncommon phenomena. Previous
studies have found that ~5% of galaxy clusters host a RR (at
610/235 MHz, Kale et al. 2015). To calculate the RR occurrence
at 150 MHz, we considered only clusters above the Planck 50%
completeness line, except PSZ2 G107.10+65.32, since we do not
know the mass of the relic-hosting, S subcluster (see Sect. 2.1).
273 of the 309 clusters in the full LoTSS DR2 — PSZ2 sample
have adequate image quality to assess the presence of diffuse
radio emission (see Botteon et al. 2022, for further details). Of
these, 194 lie above the Planck 50% completeness line (exclud-
ing PSZ2 G107.10+65.32). In our sample, 19/194=10 + 6% of
galaxy clusters host at least one RR. If we also include all cRRs,
we get that 24/194=12 + 7% of clusters host at least one RR.
We note that this is a soft lower limit at the sensitivity of LoTSS
DR2, since there may be relics which are too faint to be detected
with our observations. There are 42 clusters in the LoTSS DR2
— PSZ2 sample which contain diffuse radio emission of uncer-
tain origin (classified as U in Botteon et al. 2022), but no RR or
cRR classification. 33 of these lie above the Planck 50% com-
pleteness line. It is possible that some of these clusters also host
RRs. However, it is unlikely that this would change our results

A31, page 9 of 27



Jones, A, et al.: A&A 680, A31 (2023)

meaningfully, as, from visual inspection, a significant fraction of
these appear to have a morphology more similar to RHs.

We assessed the effect of cluster mass on RR occurrence by
splitting our sample into two mass bins: high (>5.2 x 10'* M)
and low (<5.2 x 10'* M), where 5.2 x 10'* M, is the median
mass of our sample. We find that 10/89 = 11 + 7% of high-
mass clusters host at least one RR, which becomes 13/89 =
15 + 8% when cRRs are included. For low-mass clusters, these
occurrences are 9/105 = 9 + 6% and 12/105 = 11 + 7%.
The occurrences at high and low mass are within errors, sug-
gesting that there is no dependence of the occurrence on the
cluster mass, unlike for RHs (e.g., Cassano & Brunetti 2005;
Cuciti et al. 2015, 2021).

Radio relics typically have steep spectra (-1.0 =2 a =
—-1.5, e.g.,, FdG14, Feretti et al. 2012). The increase in relic
occurrence at LOFAR frequencies, as compared to higher fre-
quencies, is therefore unsurprising. Nuza et al. (2012) used the
MARENOSTRUM UNIVERSE cosmological simulation to estimate
the expected number of RRs that LOFAR would discover. By
normalising the number of relics above a certain radio flux
against the number of RRs observed at that point at 1.4 GHz,
they predicted that LOFAR would discover ~2500 new relics,
in ~50% of galaxy clusters. Even including cRRs and the relics
in clusters below the Planck 50% completeness line, our sam-
ple contains only 35 RRs. If we extrapolate the number of relics
detected in LoTSS DR2 to the entire northern sky, that is the area
that will be covered upon the completion of LoTSS, we expect to
observe 109 + 58 RRs in the 835 PSZ2 detections that lie above
0° declination (see Botteon et al. 2022).

The absolute number of RRs observed is dependent on the
underlying sample of galaxy clusters. The number of RRs pre-
dicted by Nuzaetal. (2012) was not calculated using PSZ2
galaxy clusters, but rather on the X-ray NORAS+REFLEX sam-
ple. Additionally, Nuza et al. (2012) predicted that >50% of
the relics detected by LOFAR would reside in clusters with
z > 0.5. In the entire LoTSS DR2 — PSZ2 sample, only 46
clusters lie at such high redshift, and, of those, only 2 (includ-
ing PSZ2 G069.39+68.05) host a RR. However, whilst not a
complete study of all non-PSZ2 clusters covered by the LoTSS
DR?2 area, the results of Hoang et al. (2022) do not suggest that
we are missing a large number of RRs because of our restric-
tion to only PSZ2 clusters. Also, the fraction of clusters pre-
dicted to host RRs detectable by LOFAR is much greater than
in our sample (~50% vs. 10%). Therefore, unless the fraction
of relic-hosting clusters varies significantly between the PSZ2
and NORAS+REFLEX samples, the number of relics able to
be detected by LOFAR is significantly less than predicted by
simulations.

One key assumption that governs the number of RRs observ-
able is the efficiency of CRe acceleration by the shock. If the real
acceleration efficiency is much lower than that assumed in sim-
ulations, the number of observable RRs will be overestimated,
since the relic power is dependent on the efficiency (dP(v)/dv
&, where &, is the fraction of kinetic energy dissipated at the
shock, Hoeft & Briiggen 2007). Using the same cosmological
simulation as Nuza et al. (2012), Araya-Melo et al. (2012) found
that an acceleration efficiency of only & = 0.0005, that is to say
a factor of ten lower than that assumed by Nuza et al. (2012),
was sufficient to reproduce the NRAO VLA Sky Survey (NVSS)
RR luminosity function.

An alternative cause of the discrepancy between simulations
and the observed number of RRs could be the assumption of
shock acceleration of electrons to relativistic energies from the
thermal pool (standard DSA). Numerous studies have suggested
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that re-acceleration of a pre-existing population of relativistic
electrons is required to produce the observed brightness of RRs
(e.g., Kang & Ryu 2011; Kang et al. 2012; Botteon et al. 2020a).
Such a scenario relies on the existence of populations of mildly
energetic electrons in the ICM available to be re-accelerated.
The tails of radio galaxies could provide such a population,
as has been suggested for Abell 3411-3412 (van Weeren et al.
2017). Another potential source is fossil plasma energised by
ICM motions (e.g., de Gasperin et al. 2017; Mandal et al. 2020).
Their ultra-steep spectra make such sources challenging to
observe, so it is unclear how ubiquitous such populations are.
If re-acceleration of relativistic electrons, instead of accelera-
tion from the thermal pool, is required in some or all cases,
many fewer RRs will be observed than predicted by simulations
assuming standard DSA. This is because, in this scenario, only
those shocks which cross a population of relativistic electrons
will produce a RR.

4.2. Radio power of relics

In their statistical study of RRs, FAG14 found a positive cor-
relation between the radio power of relics at 1.4 GHz and the
mass of the host cluster, similar to that found for giant RHs (e.g.,
Basu 2012; Cassano et al. 2013; Cuciti et al. 2021). The physi-
cal explanation is that RRs are driven by shock waves caused
by galaxy cluster mergers, for which the energy budget is set by
the total mass of the merging clusters. The total energy released
by a merger between two clusters of mass M and virial radius
Ry, o« M3 is E o« M?*/R,;;. Assuming that the Kinetic energy
dissipated at the shock is a fixed fraction of the total energy,
and that it scales with the RR power, P, the power should scale
like P oc E/tcross, Where feoss 18 the sound crossing time of the
cluster and is related to the sound speed at the shock through
teross = Ryir/cs. X-ray studies show that cluster temperature, T,
scales with M?/3 (e.g., Pratt et al. 2009; Lovisari et al. 2020) and,
since it also scales with ¢2, we would expect the radio power of
relics to be related to the cluster mass by P oc M>/3.

For the first time, we show that the P—M correlation extends
to frequencies below 200 MHz (see Sect. 3.2.1). However, we
find that the relation is much steeper than that predicted by our
simple estimate based on the total energy budget of the infalling
mass, independent of the fitting method used (see Table 2). This
could suggest that the assumption that a constant fraction of the
total energy is dissipated at the shocks does not hold. Alterna-
tively, it could suggest a dependence of the shock magnetic field
or particle acceleration efficiency on the cluster mass. Addition-
ally, observational bias may contribute to the measured slope
of the P—M relation. We assess this effect in more detail in
Sect. 4.2.1.

We also find a different mass dependency than that found
by FdG14, who found that Py 4gn; M?804 whereas we find
Pisomu, o< M>212 using the same fitting procedure (orthog-
onal least squares). Figure 6 (top) shows the two correlations
plotted on top of each other, with all data points and the cor-
relation scaled to 150 MHz using a constant spectral index of
a = —1. Radio relics typically have spectral indices in the range
—-1.0 > @ > —1.5 (e.g., FdG14, Feretti et al. 2012). Even using
the flattest spectrum within this range, we see that the majority of
the relics in our sample lie below the correlation of FdG14. This
is unsurprising, since RRs have relatively steep spectra. This,
combined with the increased sensitivity of LOFAR and low oper-
ating frequencies, makes detection of low-power RRs easier. For
a large number of relics in the FdG14 sample, spectral informa-
tion is available. We therefore took all relics for which this is the
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Fig. 10. Average relic surface brightness vs. redshift. The colour of
the points shows the relic LLS. Triangles denote candidate relics and
plusses those relics which are part of a double relic pair. All other
relics are plotted as circles. Red circles surround relics in clusters which
also host a RH. PSZ2 G069.39+68.05 and PSZ2 G107.10+65.32 are
labelled, with the labels below and right of the data points. The dotted
black line is at 20759 kpc, Where ospipe = 0.216 mJy beam™! is the average
rms noise of the 50 kpc-tapered images in our sample.

case, calculated the expected power at 150 MHz and recomputed
the line of best fit on our re-scaled data (orthogonal fit). We note
that this approach assumes no spectral curvature. The presence
of which would cause the radio power at 150 MHz to be overes-
timated. The most detailed study of the integrated spectrum of
a relic to-date however shows that the spectrum is straight (e.g.,
Rajpurohit et al. 2020). The re-scaled data, and its correspond-
ing line of best fit, are plotted in Fig. 6 (bottom), along with
the same line of best fit for the LoTSS DR2 — PSZ2 sample as
before. We find that the lines of best fit are now remarkably sim-
ilar, despite the greater number of low-power relics in our sam-
ple. These results suggest that taking the spectral index of each
relic into account can entirely compensate for the discrepancy
between the mass-dependence of each line of best fit.

4.2.1. Low-power RRs

If there exists a population of lower-power relics, especially
at high redshifts, where most massive clusters are found, we
may be unable to detect them. The power-mass correlation we
measure would, in this case, be biased towards higher-power
relics, since we only observe low-power RRs in nearby, low-
mass clusters. Unlike for RHs, we do not have a robust method
for determining upper limits for RRs in clusters defined as
non-RR-hosting (e.g., Bonafede et al. 2017; Bruno et al. 2023).
Instead, we must rely on simpler estimates from the typical
noise of our observations. Figure 10 shows the surface bright-
ness averaged across each relic as a function of cluster redshift.
The black dashed line shows the approximate detection limit of
our observations, given by two times the average rms noise of
the 50 kpc-tapered images in our sample (0sokpc). Many of the
higher-redshift relics lie just above the estimated detection limit.

We also assess this bias by estimating the radio power
required for a RR to be observable, as a function of redshift.
To do this we calculated the power of a box with dimensions
of the minimum (~300 kpc x 100 kpc) relic LLS and widths of
our sample and average surface brightness equal to 20750kpc (as
above), for a 50 kpc beam. This is shown as a red dot-dashed line
in Fig. 11. Since we kept the beam at a fixed physical size, inde-
pendent of redshift, the relic flux is constant. The least powerful,
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Fig. 11. Relic power vs. cluster redshift. The colour of the points
shows the cluster mass. Plusses denote relics which are part of a dou-
ble relic pair. All other relics are plotted as circles. Red circles sur-
round relics in clusters which also host a RH. The black (dashed)
and red (dot-dashed) lines show the estimated detection limit for the
median (~1100 kpc % 200 kpc) and minimum (~300 kpc x 100 kpc) relic
LLSs and widths of our sample, respectively. PSZ2 G069.39+68.05 and
PSZ2 G107.10+65.32 are labelled, with the labels directly below the
data points.

high-z relics in our sample lie close to the 300 kpcx 100 kpc line.
Since the smallest relic (PSZ2 G089.52+62.34 N1, both smallest
LLS and width) is considerably smaller than the other relics in
our sample (see Fig. 8), we also calculated the same sensitivity
limit for the average relic. The box dimensions were, in this case,
the median LLS and width values of our sample (~1100 kpc and
200 kpc). This is plotted as a dashed black line in Fig. 11. A few
relics lie between the two sensitivity lines, but most lie above
the median line. As in FdG14, we find that the faintest relics
we observe are at the detection limit of our observations. This
implies that the missing low-power relic population might just
be a selection effect.

Additionally, the least powerful relics are found only
in nearby clusters. Of the 7 relics with radio powers
<3x 10**WHz ™' (PSZ2 G080.16+57.65, PSZ2 G086.58+73.11,
PSZ2 G089.52+62.34 N2, PSZ2 G089.52+62.34 N1, PSZ2
G099.48+55.60 S, PSZ2 G144.99-24.64, PSZ2 G166.62+42.13
E), all are located at z < 0.25. This is unsurprising, since, for
a given power, the flux observed decreases with distance. How-
ever, since in our sample more massive clusters are generally
located at higher redshifts (see Fig. 1), this effectively places an
approximate lower limit on the power detectable with LOFAR
at a given cluster mass. If we take the approximate sensitiv-
ity limit calculated for an average relic in our sample (Fig. 11,
black dashed line), we would expect that a relic with radio power
3 x 10** WHz"! would be too faint to be observable in LoTSS
DR2 if it were located z > 0.27. Comparing the masses of the
clusters in our sample located above and below this redshift, we
find that the median mass above (6.2x10'* M, from 14 clusters)
is much greater than below (3.7 x 10'* Mg, from 12 clusters).
This implies that if such a population of low-power RRs also
exists at high redshift, and therefore mass, we would be unable
to detect them.

Studies focussing on the properties of large samples of sim-
ulated RRs (e.g., Nuza et al. 2017; Briiggen & Vazza 2020) sug-
gest that there is a large number of low-power RRs, especially
in low-mass clusters. The low-mass systems in our sample are
among the least massive clusters known to host RRs, with only
the relics in Abell 168 being hosted by a lower-mass cluster
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(Mspo = 1.2 x 10'* M, from the X-ray mass — luminosity corre-
lation, Piffaretti et al. 2011; Dwarakanath et al. 2018) than PSZ2
G089.52+62.34 (Mspp = 1.8 x 10'* M) in our sample. LOFAR
has allowed for the discovery of relics in low-mass clusters, such
as in PSZ2 G145.92-12.53 (Mspy = 1.9 x 10'* M, from PSZ2,
Botteon et al. 2021). In fact, of the 11 clusters <5 x 10'* M, in
our sample, the RRs in nine of them were discovered for the
first time with LOFAR, or in combination with another instru-
ment. The low-mass end of our sample is nonetheless sparsely
populated. Our results suggest that we could well be missing a
number of low-power RRs, especially in low-mass clusters. This
would appear to weaken the finding of a correlation between
cluster mass and the power of a RR and may suggest that, in con-
trast to RHs, the merging mass is not a direct driver of the relic
power, as suggested by Nuza et al. (2017). However, it should be
noted that the discrepancy between observed and simulated relic
counts (see Sect. 4.1) cast doubt on the existence of a large pop-
ulation of undetected relics and suggest that cosmological simu-
lations are unable to fully produce the observed RR population
properties. Indeed, this would support the idea that the cluster
mass sets an approximate upper limit on the power of a relic, but
additional factors drive the differences in observed brightness.
For example, the particle acceleration efficiency is a function
of the underlying shock Mach number (Hoeft & Briiggen 2007)
and could therefore drive differences in RR power. Additionally,
if relics are produced by re-acceleration of mildly relativistic fos-
sil electrons, the properties of the electron population would also
affect the power of the relic.

4.2.2. On the scatter in the power-mass correlation

Cuciti et al. (2021) found that the scatter in the P50Mmuz — Ms00
for giant RHs can be, at least in part, explained by the morpho-
logical cluster disturbance. Radio halos that lie above the corre-
lation tend to be found in more disturbed clusters. We investigate
whether this can also explain the scatter for the Pisomu; — Ms00
correlation for relics. We calculated the error in the distance
from the correlation with bootstrapping methods. We assigned
the cluster mass and radio power of each relic a random number
drawn from a Gaussian distribution with mean of the measured
value and standard deviation the corresponding errors. We then
re-fitted the data with an orthogonal fit and measured the dis-
tance of each point from the new correlation. This was repeated
1000 times and we use the standard deviation of the distance
measurements as the random error. The total error is from a com-
bination of this error and the power error of each relic.

In Fig. 12 (top) we plot the logarithmic distance, along the
P1somu; axis, of a RR from the Pisomu, — Ms00 correlation for
all relics (orthogonal fit) against the cluster disturbance (see
Sect. 3.1). As the lines of best fit including, and excluding,
cRRs (see Table 2) are so similar, we use the line of best fit
including cRRs. We do not find a correlation between the dis-
turbance and the distance from the correlation. In Fig. 12 (bot-
tom) we plot the distance from the same correlation against the
relic LLS. Smaller relics tend to lie below the Pisomuz — Msoo
correlation and larger relics above. This finding is expected,
since for a given surface brightness, a larger relic should be
more powerful. The correlation found between the RR power
and the LLS supports this (see Sect. 3.2.2), although this cor-
relation is only found when cRRs are included. The small-
est relic (PSZ2 G089.52+62.34 N1) is an outlier, in that it is
a very small relic (~300kpc) which lies well above the cor-
relation. This relic is connected, at least in projection, to an
AGN (see van Weeren et al. 2021, for more details), which could
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Fig. 12. Logarithmic distance from P-M correlation (along Pjsomu,
axis, Fig. 6) vs. LLS (top), disturbance (bottom). The distance is calcu-
lated from the orthogonal fit on all relics (except PSZ2 G069.39+68.05,
PSZ2G107.10+65.32; see Table 2). PSZ2G069.39+68.05, PSZ2
G107.10+65.32 are excluded from the plots.

have had an effect on the relic’s brightness. Such an effect has
been observed in other relics, such as PSZ2 G096.88+24.18
(Jones et al. 2021). However, PSZ2 G089.52+62.34 is also a
low-mass cluster, where we observe very few relics and there-
fore the correlation is poorly constrained.

4.3. Downstream relic width

The downstream width of a RR is set by the radiative lifetime
of the CRes producing the relic. In the case of DSA, electrons
at a shock front in the ICM are (re-)accelerated to relativistic
energies. However, as the shock propagates through the ICM,
in the absence of another acceleration mechanism, the electrons
left behind the shock lose energy through inverse Compton (IC)
and synchrotron emission until they become too faint to observe.
For some relics, there is evidence that the downstream width
is too large to be fully explained in this scenario. By estimat-
ing the expected width of a relic, given synchrotron and IC
losses, Kang et al. (2017) found a discrepancy of a factor of ~2
in the Toothbrush relic at 610 MHz. The effect is particularly
pronounced at low radio frequencies however. Performing simi-
lar estimations, de Gasperin et al. (2020) found that the width of
the relic was ~4 times larger than predicted at 58 MHz. A similar
discrepancy was found for the Sausage relic (Kang 2016) and in
Abell 3667 (de Gasperin et al. 2022).

For the first time, we systematically measure the downstream
widths of relics, by calculating the width at many points along
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the relic to produce a distribution of widths (see Sect. 2.2).
Figure 13 shows the medians of the measured relic width dis-
tributions as a function of redshift. The error bars correspond
to the standard deviation of the width distributions. To compare
our width measurements against theoretical expectations, we
use Kang et al. (2017, Eq. (1)), who estimated the characteristic
downstream width behind a spherical shock at a given frequency,
due to IC and synchrotron losses. The width is then given by

). 0- [Vobs(l +2)

1
Udown 2
103 kms™' ’ )

Al = 120kpc( 0.61 Giiz

where ugown 1S the downstream shock speed, vqps is the observing
frequency, and Q depends on the downstream magnetic field,
Bown, as

(UG |(Baown\
Qs{z e (©)
Bdown + BCMB w
where Beyp = 3.24(1 + 2)?uG is the equivalent magnetic

field strength of the cosmic microwave background (CMB).
Since we do not have information on the downstream mag-
netic field strength, we assumed the magnetic field strength

which minimises radiative losses, that iS Bgown = Bcms/ V3.
The theoretical widths we calculated therefore correspond to the
maximum expected width. The expected width is also strongly
dependent on the downstream flow speed, #gown, Which depends
on the shock Mach number, M, and upstream sound speed,
Csup- Cs,up 18 then related to the downstream sound speed, ¢ down,

SM? -1 243
by ¢sdown/Csup = \/ oM JM + ). We estimated tgown,

16M? i
using Ugown = cs,up%, and ¢ down ~ 1480 kms™! (10T_8d1<) / . By
assuming a number of reasonable M, and downstream temper-
atures, T4, we could therefore estimate the maximum expected
relic width. The resulting expected widths are plotted in Fig. 13.
The maximum downstream speed reached with these parameters
is ~10° kms™". Only PSZ2 G089.52+62.34 N1, the smallest relic
in our sample, lies completely below the uppermost line. The
widest relic (PSZ2 G166.62+42.13 W, median width ~700 kpc)
would require ugown ~ 5000 kms~! to agree with the prediction.
Clearly, the width of RRs is greater than expectations in
almost all cases, for our sample. In most cases, even optimistic
assumptions of the downstream temperature and Mach number
are insufficient to explain the median values of our calculated
width distributions. One possible solution to this is that down-
stream turbulence further accelerates the relic-producing CRes,
extending their radiative lifetime (e.g., Fujita et al. 2016). Evi-
dence of turbulence in the downstream regions of relics has been
discovered in some clusters. For example, Kale et al. (2012)
and Jones et al. (2021) found patchy polarised emission in the
Abell 3376 and PSZ2 G096.88+24.18 relics, respectively, which
they each attributed to turbulence. Di Gennaro et al. (2021) per-
formed an extensive analysis of the polarisation structure in
the Sausage relic using RM-synthesis. They found that the
observed depolarisation could be explained by a turbulent mag-
netic field strength of By, ~ 5.6 uG. Simulations of the Sausage
and Toothbrush relics, by Kang (2016) and Kang et al. (2017)
respectively, found that they could be explained by shock re-
acceleration of fossil electrons with post-shock turbulence. It is
not clear if this can explain the systematic offset between the
expected and observed relic widths, since the downstream region
of only a few relics show indications of turbulence. Another pos-
sibility is that, in general, the shock is broken and complex in

shape, so multiple shocks can travel one after the other, artifi-
cially expanding the post-shock region. This is a proposed sce-
nario to explain the filaments in Abell 3667 (de Gasperin et al.
2022), and many other RRs show a complex, filamentary
sub-structure (e.g., George et al. 2015; Di Gennaro et al. 2018;
Rajpurohit et al. 2022).

4.4. Radio halos in relic-hosting clusters

The connection between galaxy cluster mergers and both RRs
and giant RHs is well-established. It is however unclear why,
in addition to clusters which host both RR(s) and RH(s), there
are numerous clusters which only host one or the other. In a
study of dRR-hosting clusters, Bonafede et al. (2017) investi-
gated the differences between clusters with and without RHs.
In their work, they found no relation between the merger mass
ratio and the presence of RHs. However, they did find a possible
relation with the time since merger, though the statistics were too
low to be conclusive.

In our sample, only 6 clusters host dRRs and, of these, 3 also
host a giant RH. The statistics are therefore much too low to
limit our analysis to only dRRs. If the difference between RH-
hosting and RR-hosting clusters is evolutionary, that is to say
that they are produced at different times over the course of a
merger, we might expect that there is a characteristic time since
merger when RHs are produced. MHD simulations of two clus-
ters by Donnert et al. (2013) support this scenario. They found
that the power of the RHs produced evolved throughout the
merger from radio-quiet during the infall phase, to radio-loud
as turbulence is driven throughout much of the cluster volume
and finally decays to become radio-quiet again. Using the dis-
tance between a relic and the cluster centre as a proxy for the
time since merger, we can investigate such an effect. In Fig. 9
we plot histograms of the distance of the relics to the cluster
centre and the distance as a fraction of the cluster Rsyy. The
black, hatched bars show those relics which are in RH-hosting
clusters. There is no clear distinction in the relic distance, nor
as a fraction of cluster Rsqy, between clusters with and without
RHs. The distribution of relics in RH-hosting clusters is simi-
lar to those without, though at the most extreme distances none
of the clusters also host a RH. The statistics are low, but this is
similar to the results of Bonafede et al. (2017), where clusters
with a giant RH occupied the centre of the time-since-merger
distribution. They suggested that, in early mergers, turbulence
has not had enough time to cascade down to scales at which
particles can be (re-)accelerated and, in late mergers, the CRes
producing RHs may have already become too faint to observe,
due to IC and synchrotron losses. Relics on the other hand, due
to continued shock acceleration, would be able to stay visible
for longer. Though this assumes that the shock passage lasts
longer than the timescale of turbulence able to produce RHs. In
their study on the observed fraction of RHs in merging galaxy
clusters, Cassano et al. (2016) found that the absence of RHs in
some merging clusters could be explained by an RH-lifetime of
~(0.7-0.8)Tmerger, Where Tierger i the merger timescale. If RRs
have longer lifetimes, this may go some way to explaining the
difference between RH-hosting and RR-hosting clusters, though
this would not explain why many clusters are observed with RHs
but not RRs. Cassano et al. (2016) also found evidence that RHs
may instead be produced only in larger mass ratio merger events.
If RR generation has a different dependence on the mass ratio,
this could also contribute to the discrepancy we observe. Unfor-
tunately, we do not have data on the merging mass ratio for our
sample and are therefore unable to investigate the effect.
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Another possibility is that the difference between the two
populations is due to the merging state. Turbulence is injected
into the ICM directly by the merger. Minor mergers may there-
fore be unable to inject enough turbulence into the ICM to
produce visible RHs (Cassano & Brunetti 2005). If this were
the case, we might expect that clusters with both relics and
halos are more morphologically disturbed than those with only
relics. From Figs. 3 (bottom) and 4 we see however that clus-
ters with both populate the same regions as those with only
relics. Furthermore, the least morphologically disturbed cluster
(PSZ2 G205.90+73.76) hosts a dRR and a RH.

In almost all plots we include red circles to denote clus-
ters hosting both a RH and relic(s), and see no clear distinction
between the two populations in any, except in the Pjs50muz — Ms00
plot (Fig. 5). In this plot, we see a clear split in the number of
halos in relic-hosting clusters between low-mass and high-mass
clusters. The histogram in Fig. 5 shows the mass distribution of
clusters in our sample. The hatched bars show the distribution
for only clusters which also host a RH. Of the 19 clusters which
host at least one relic, 11/19 = 58 + 15% also host a RH. Includ-
ing cRRs, this becomes 11/24 = 46 + 14%, as no cRR-hosting
cluster also hosts a cRH?. The number of RH increases sharply
with cluster mass. The fraction of relic-hosting clusters below
the median cluster mass, 5.2x 10 M, which also host an RH, is
3/9 = 33+ 12%, of which none are below 3.5 x 10'* M, though
there are only 4 such clusters in our sample. Above 5.2x10'* M,
the fraction rises to 8/10 = 80 + 18%. If we include cRRs, these
become 3/12 =25 + 10% and 8/12 = 67 + 16%, respectively.

It is already well-established that the occurrence of RHs
drops significantly as cluster mass decreases (Cuciti et al. 2015,
2021). Our results suggest that the difference between the
two populations of merging galaxy clusters could be explained
by the mass-dependence of RH occurrence (see Cassano et al.
2023). However, since the cluster redshift also plays a sig-
nificant role in RH occurrence, full comparison of the occur-

3 PSZ2 G069.39+68.05 hosts a cRH, but we exclude it from occur-
rence calculations.
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shock properties. PSZ2 G069.39+68.05
and PSZ2 G107.10+65.32 are labelled,
with the labels above and left of the data
points.

rence in relic-hosting clusters to all clusters in the LoTSS
DR2 — PSZ2 sample requires restricting analysis to a rela-
tively small redshift range. Due to the low numbers of RRs,
and the correlation of the cluster mass with redshift (Fig. 1),
even the most-populated redshift bin of Cassano et al. (2023)
does not allow for statistical analysis. Larger surveys, with
greater numbers of observed relics, will be required to test if
the cluster mass can explain the differences between merging
cluster populations. We expect that the number of RHs and
relics in PSZ2 clusters should more than double by the com-
pletion of LoTSS (see Botteon et al. 2022), which should allow
greater constraints to be set on the connection between RHs and
relics.

4.5. Location and size of relics

Radio relics are typically found in cluster outskirts. Vazza et al.
(2012) found that this could be explained by the increase in
kinetic energy dissipated at the shocks with radius and the
fact that relics propagating in the line of sight should be both
rare and faint. In their study of simulated relics, they found
that most should be located >800 kpc from the cluster centre.
For reference, we plot a line at 800 kpc in Fig. 9 (top), which
shows the distribution of our relic — cluster centre distances.
In line with expectations, most (25/28 = 89 + 19%, excluding
PSZ2 G107.10+65.32) relics are located beyond this projected
distance from the cluster centre, and none below 450 kpc. Addi-
tionally, only a few relics lie at very large distances from the
cluster centre, in line with Vazza et al. (2012), who showed that
the kinetic flux through a shock peaks around ~1 Mpc and sub-
sequently decreases towards larger radii. When plotted instead
as a fraction of the cluster Rsgo (Fig. 9, bottom), we see a similar
picture, that is to say that all relics lie >0.5Rsq from the cluster
centre, and more than half lie >Rsyy (15/28). This is in line with
simulations by Zhang et al. (2019), who argued that the steep
gas density profiles in cluster outskirts >Rsgo create a “habit-
able zone” for long-lived, runaway merger shocks. The selection



Jones, A, et al.: A&A 680, A31 (2023)

criteria used to define relics likely plays a role in the lack of
relics at small radii. Since relics were classified as such by their
location outside the bulk of ICM emission, our results may be
biased towards larger cluster centre distances. However, relics
located near the cluster centre are rare (e.g., Bonafede et al.
2012; Feretti et al. 2012, FdG14).

As in previous statistical studies of relics (van Weeren et al.
2009; Bonafede et al. 2012, FdG14), we find that relics further
from their cluster centre are typically larger, that is to say that
they have a larger LLS (see Fig. 8). We also find that a larger
LLS tends to be associated with a larger downstream width.
This suggests that shock surfaces expand as they propagate into
lower-density environments. For comparison, we also plot the
LLS-Dgr-. correlation of FdG14. We find that the slopes are
very similar, despite the large difference in observing frequency.
This shows that the LLS does not change much as we move to
lower frequencies, which we might expect, since the line joining
the most distant relic regions typically lies parallel to the shock
front.

5. Conclusions

In this paper we have presented the first statistical sample of RRs
observed at 150 MHz, systematically measuring the relic prop-
erties in a uniform manner. We used the LoTSS DR2 — PSZ2
sample of galaxy clusters (Botteon et al. 2022). Where available,
archival X-ray data has been utilised to aid in source classifica-
tion and cluster property measurements (full anaylsis of the sam-
ple in X-rays will follow in Zhang et al. 2023). Our main results
are as follows:

— We find that RRs are relatively rare phenomena, even when
moving to low frequencies. In the LoTSS DR2 — PSZ2 sam-
ple, ~10% of clusters host at least one relic. This is greater
than at higher frequencies, however it is nonetheless much
lower than predicted by simulations.

— We confirm the relationship between RRs and merging
galaxy clusters. Radio relic-hosting clusters are among the
most dynamically disturbed in the LoTSS DR2 — PSZ2
sample.

— We have revisited previous correlations of RR properties. We
find a positive correlation between the RR power and the
cluster mass (p = 0.003). We do however find evidence that
cluster mass actually sets an upper limit on the power of a
relic, rather than being a direct driver. We find a correlation
between relic power and its LLS, though only when cRRs
are included (p = 0.029). We also find a correlation between
relic LLS and its radial distance from the cluster (p = 0.002)
and as a fraction of cluster Rsoyp (p < 0.001), that is to say
that relics located further from the cluster centre tend to be
larger.

— We have developed methods to measure the properties of
a relic in a systematic and homogeneous way. In particu-
lar, we have introduced a statistical method of defining the
relic downstream width as the median of the distribution
of widths measured along the relic’s extent. Using this, we
have shown that, even given optimistic downstream shock
properties, the width of RRs in almost all cases is too large
to be explained by only synchrotron and inverse Compton
losses.

— We have compared the properties of the relic-hosting clusters
in our sample which do, and do not, also host a RH. We do
not find any evidence for the two populations being at differ-
ent evolutionary stages, nor differences in the merging state
of the host cluster. We find that the change in halo occur-

rence as a function of mass and redshift could go some way
to explaining the discrepancy, but the sample is too small for
conclusive evidence.

— We find that most relics lie in the cluster outskirts. ~90%
of relics lie >800 kpc from their cluster centre, in line with
cosmological simulations. All relics lie >0.5Rsoy and more
than half lie above Rsq.

The low occurrence of RRs means that large samples are neces-
sary to understand their statistical properties. Extrapolating from
LoTSS DR2 to the full LoTSS survey, the number of detected
relics in Planck PSZ2 clusters is expected to more than double
(Botteon et al. 2022). This work will therefore be expanded in
future, improving the constraints we can set on RR properties.
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Appendix A: Radio relic image gallery

Fig. A.1 shows LOFAR 50 kpc-taper, discrete source-subtracted
images of all RRs in the LoTSS DR2 - PSZ2 galaxy cluster sam-
ple. The images are taken from Botteon et al. (2022) and are also
available on the project website*. All images are centred on the
PSZ2 cluster coordinates, except PSZ2 G165.46+66.15 which is
centred on the X-ray centroid. The RRs in PSZ2 G089.52+62.34,
PSZ2 G091.79-27.00, and PSZ2 G165.46+66.15 were not fully
covered by the images, so we have re-imaged these clusters. The
black circle denotes the cluster Rsqg, centred on the PSZ2 coordi-
nates. Each image includes a 1 Mpc scalebar and information on
the cluster mass, redshift, and image rms. The blue ellipse shows

4 https://lofar-surveys.org/planck_dr2.html

the image beam size. White crosses denote the coordinates used
as the relic positions (see Sec. 2.2).

Fig. A.2 shows the same radio images as white contours,
overlaid on Chandra/XMM-Newton X-ray images. The instru-
ment used is shown in the image title. The radio contours are
spaced by factor of 2, starting at 20 ,,,;. PSZ2 G089.52+62.34,
PSZ2 G091.79-27.00, and PSZ2 G165.46+66.15 are again re-
imaged. The Rsqo, centred on the PSZ2 coordinates, is shown
as a white circle. The position of the X-ray centroids, used as the
cluster centres in our analysis, are denoted by black crosses. We
note that, for PSZ2 G107.10+65.32, only the X-ray centroid of
the S subcluster is plotted. All other information is as in Fig. A.1.
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Fig. A.1. LOFAR 50kpc-taper, discrete source-subtracted images of the RRs in the LoTSS DR2 - PSZ2 sample, from Botteon et al. (2022).
The images and Rsgy (black circles) are centred on the PSZ2 coordinate. The image of PSZ2 G165.46+66.15 is centred on the X-ray centroid.
PSZ2 G089.52+62.34, PSZ2 G091.79-27.00, and PSZ2 G165.46+66.15 have been re-imaged. A scalebar, denoting 1 Mpc, is shown in black. The
beam is shown in the bottom-left corner, and the mass (Msq, in units of 10'*M,), redshift (z), and image noise (rms, in units of mJy beam™!) are
reported in the top-left corner. White crosses mark the location of the relics, as used throughout the paper (see Sec. 2.2 for a description of their
calculation).
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Fig. A.1. continued.
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Fig. A.2. Chandra/XMM-Newton images of the relic-hosting clusters in our sample. The white contours show the corresponding radio images
(Fig. A.1) spaced by a factor of 2, starting at 20-,,,,;. Black crosses mark the position of the X-ray centroid. We note that, for PSZ2 G107.10+65.32,
only the X-ray centroid of the S subcluster is plotted. All other information is as in Fig. A.1.
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Appendix B: Comparison with FdG14 powers

In Fig. 6 we compare the power vs. mass scaling relations of
the relics in this sample (150 MHz) and those used by FdG14
(1.4 GHz). To make a completely fair comparison, the cosmol-
ogy used to calculate the relic powers should be the same. In
Fig. B.1 we reproduce Fig. 6 (top) with the relic powers from
our sample recomputed with the same cosmology as FdG14
(ACDM cosmology with Q = 0.73, Q,, = 0.27, and Hy = 71
kms~! Mpc™!), since the scaling relation in FdG14 was calcu-
lated with this cosmology. The slope and intercept (orthogo-
nal fit) of the line of best fit for the recomputed powers are
B =584+131and A =-60.74 + 19.27.

1027

102

107 4

P1somnz(WHz™1)

102 4

10‘15
Cluster Mass (M)

Fig. B.1. Same as Fig. 6 (top) but the relic powers from the DR2 sample
have been recomputed using the cosmology used by FdG14.

Appendix C: Fitting methods

The slope and intercept obtained when fitting a regression line
depends on the fitting method (see Tab. 2. In this paper we report
the parameters for four different methods: orthogonal; Y|X; X|Y
and the bisector of Y|X and X|Y. In Fig. C.1 we show the regres-
sion line (confirmed relics only) for each fitting method.
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Fig. C.1. Relic power vs. cluster mass for confirmed relics only. The
regression lines are shown for all four fitting methods.
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