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ABSTRACT

Modern radio telescopes are revolutionising our understanding of non-thermal phenomena in galaxy clusters, collecting large samples of extended
sources with unprecedented sensitivity and angular resolution. In this work, we present novel MeerKAT observations for a sample of 21 galaxy
clusters that are part of the CHEX-MATE project. These systems were selected based on their high mass and displaying signs of dynamical
activity. Thanks to the high-quality data at hand, we were able to detect extended radio emission in every target considered. We report two new
halos, one new relic, and two new candidate relics. We also confirm a previous candidate halo and two candidate relics. After investigating the
scaling relations with the cluster properties, we confirmed the presence of a radio halo power-mass correlation and relate it to a higher radio halo
emissivity in more massive clusters. For radio relics, we highlight the MeerKAT capabilities to significantly extend the depth of radio observations
to a new, unexplored field of low-radio power sources (510> W Hz™! at 1.28 GHz). Thanks to such high-sensitivity data, we have found that the
radio relic power can be characterised by a wide range of values for a given cluster mass and relic size. Ultimately, we discuss how current radio
observations, in combination with large radio surveys, are increasingly capable of testing numerical simulation predictions and coming close to

performing direct comparisons with their data, enabling new insights on the evolution of radio relics.
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1. Introduction

Galaxy clusters allow us to study a wide range of processes, from
structure formation and cosmology to particle re-acceleration
processes and radiative mechanisms. They are the end product
of hierarchical accretion in the Universe, composed mainly of
dark matter forming deep potential wells (10'#~!5 M,,). Baryons
account for only ~20% of the total cluster mass and they are
mostly in the form of a diffuse plasma called the intra-cluster
medium (ICM; e.g. Voit 2005). This gas is accreted during the
cluster formation process and it is virialised at 10’~® K by strong
shocks. ICM properties can be studied through observations
in the X-rays, thanks to its thermal bremsstrahlung emission,
and/or in the microwave, exploiting the Sunyaev-Zel’dovich
(SZ) effect between the hot plasma and CMB photons (e.g.
Bohringer & Werner 2010; Mroczkowski et al. 2019). Along-
side thermal plasma studies, analyses in the radio band enable
us to explore a complementary cluster medium, known as the
non-thermal component. In fact, while X-ray data offer valuable
information on the well-studied virialised cluster matter, radio
observations trace cosmic ray electrons (CRes) and magnetic
fields within the cluster extension, for which physical constraints
are more challenging to derive.

At present, it has been well established that within the clus-
ter environment, many sources of radio synchrotron emission
are present (see e.g. van Weeren et al. 2019, for an observa-
tional review). Giant radio halos are among the most puzzling
and extended cases of such emission. They are megaparsec-scale
sources characterised by a steep spectral index (@ < —1, where

* Corresponding author: marco.balboni@inaf.it

S, o v¥), permeating the cluster volume and mainly found in
massive merging clusters. Historically, two main mechanisms
for the production of radio halos have been proposed, namely,
either a hadronic or a turbulent origin (see Brunetti & Jones
2014 for a review). In the former, CRes form as secondary par-
ticles during collisions between Cosmic ray protons and thermal
protons, while in the latter, CRes are produced via the re-
acceleration of pre-existing, relativistic electrons in the ICM
operated by merger-induced turbulence. In recent years, sev-
eral observational results have been found to stand in contrast
to pure hadronic model predictions (e.g. Thierbach et al. 2003;
Cassano et al. 2010; Brunetti et al. 2017; Osinga et al. 2024)
and, nowadays, a significant effort is being made to constrain
the role of turbulence for the radio halo production.

During the structure formation process, galaxy clusters expe-
rience the accretion of sub-clusters and groups through mergers,
which release up to ~10% ergs in the ICM in a cluster crossing
time (~Gyr, Tormen et al. 2004). This energy is mainly dissi-
pated as gas heating through shocks, enhancing the ICM thermal
bremsstrahlung emission in the X-rays. A small fraction of this
energy can be channelled into turbulence that re-accelerates rela-
tivistic electrons via a Fermi-II like mechanism, producing syn-
chrotron emission (Brunetti et al. 2001; Petrosian 2001). Since
this process is driven by gravity, the quantity that sets the ini-
tial energy budget is the cluster mass. Therefore, we expect that
more massive clusters to host the most powerful radio halos
(emitting up to GHz frequencies), whereas less massive systems
(i.e. which have experienced less energetic mergers) will give
rise to less luminous halos (e.g. Cassano et al. 2006). Turbulent
re-acceleration models can reproduce the general properties of
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radio halos, such as the number and redshift distribution, and
their expected flux density (Cassano et al. 2023). It also provides
a natural explanation for two of the most important observational
properties of radio halos, namely, the observed radio power-
mass relation and the halo merger connection (e.g. Cassano et al.
2010; Cuciti et al. 2023). Indeed, these two findings, which have
been possible thanks to X-ray and SZ studies of clusters, have
been crucial to constrain the role of galaxy cluster mergers in the
formation of radio halos (e.g. Cassano et al. 2006; Venturi et al.
2008; Basu 2012). However, the details of such a process are not
yet fully understood (especially with respect to the precise tur-
bulent re-acceleration mechanism occurring). More systematic
studies on the halo properties, such as their radio spectra, are
required to shed light on this topic.

Alongside the formation of radio halos, a small fraction of
the merger shock energy is also spent to accelerate electrons at
relativistic energies through diffusive shock acceleration (DSA),
where charged particles gain energy by being scattered back and
forth across the shock front (e.g. Brunetti & Jones 2014). Due to
the presence of magnetic fields within the ICM, the formed CRes
emit via a synchrotron process in the radio band, illuminating
the shock front as a diffuse, arc-like structure called radio relic.
The DSA model predictions have indeed been confirmed by
observations, finding these sources to display power-law radio
spectra and observing a high (~20-60%) polarisation fraction
caused by the alignment of magnetic field lines over the relic
surface (see e.g. van Weeren et al. 2019, and references therein).
However, some discrepancies were found between the observed
and expected properties of radio relics. For instance, the DSA
of thermal electrons in the ICM is severely challenged by the
typical low ($3) Mach numbers of cluster shocks. Indeed, the
high luminosities observed in many radio relics generally imply
unphysically high acceleration efficiencies (Botteon et al. 2020).
To overcome this efficiency issue, it has been proposed that
relics are generated by the re-acceleration of relativistic elec-
trons already present in the ICM (e.g. Markevitch et al. 2005;
Macario et al. 2011; Kang & Ryu 2011; Pinzke et al. 2013).
Alternatively, modifications of the standard DSA mechanism
could also be invoked to explain the observations (Kang 2018;
Zimbardo & Perri 2018).

Thanks to the modern radio facilities (e.g. LOFAR,
van Haarlem et al. 2013, MeerKAT, Jonas & MeerKAT Team
2016; Camilo 2018, ASKAP, Hotanetal. 2021, uGMRT,
Gupta et al. 2017, JVLA, Perley et al. 2011, MWA, Tingay et al.
2013), a new era for the study of diffuse radio sources is taking
place, in terms of sensitivity, frequency coverage and angular
resolution. These capabilities are proving a new picture of radio
sources and improving our understanding of the non-trivial dis-
tribution of CRes and magnetic fields within the cluster environ-
ment.

In this paper, we present MeerKAT L-band (~1.28 GHz)
observations of a sample of massive galaxy clusters taken from
the Cluster HEritage project with XMM-Newton — Mass Assem-
bly and Thermodynamics at the Endpoint of structure formation
(CHEX-MATE, CHEX-MATE Collaboration 2021). We focus
on the radio halos and relics within the considered systems,
characterising their radio emission properties and integrating
radio data with deep and homogeneous X-ray observations from
XMM-Newton, which provide information on the cluster dynam-
ical activity. First, we present our new MeerKAT observations to
demonstrate the quality of the data and report new radio detec-
tions. Next, we use our novel results to perform statistical analy-
ses of radio halo clusters and to expand upon previous literature
studies.
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The paper is organised as follows. In Sect. 2, we present the
cluster sample and the data reduction process. In Sect. 3, we
present new MeerKAT observations of CHEX-MATE clusters
and briefly describe each object. In Sects. 4.1 and 4.2, we report
and discuss the results of halo and relic analyses and perform a
comparison with recent literature works. In Sect. 5, we conclude
and summarise our results. Throughout the paper we assume a
flat, ACDM Universe cosmology with Hy = 70 km/s/Mpc and
Qno =0.3.

2. Sample observations and data reduction
2.1. CHEX-MATE

The CHEX-MATE project (CHEX-MATE Collaboration 2021)
is a three mega-second XMM-Newton Multi-Year Heritage Pro-
gramme to obtain X-ray observations of a minimally biased,
signal-to-noise limited sample of 118 galaxy clusters detected
by Planck through the Sunyaev-Zeldovich effect. The program
aims to study the ultimate products of structure formation in
time and mass, using a census of the most recent objects to
have formed (Tier-1: 0.05 < z < 0.2; Mspy > 2 x 10 M),
together with a sample of the highest mass objects in the Uni-
verse (Tier-2: z < 0.6; Mspy > 7.25 x 10'* My)!. The project
acquired uniform depth X-ray exposures that ensure a detailed
mapping of the X-ray emission in the cluster volume, making it
the best choice for a systematic and statistical analysis of the
thermodynamic properties of the cluster population. A major
objective of the CHEX-MATE collaboration is to ensure a mul-
tiwavelength (from radio to optical) coverage of the cluster sam-
ple (e.g. Sereno et al. 2025; Pizzuti et al. 2025) and to carry out
numerical simulations. In this respect, we present homogeneous
MeerKAT radio observations of CHEX-MATE clusters, high-
lighting the importance of sample studies performed with the
new radio facilities and the capabilities of forthcoming radio
observations of the CHEX-MATE objects.

In the next section, we describe the data reduction and
calibration for the radio data as it is the main focus of this
work. However, we will also exploit X-ray information of each
cluster using XMM-Newton images in the 0.7—1.2keV to per-
form a comparison between the two bands. The X-ray data
reduction is extensively described in Bartalucci et al. (2023) and
Rossetti et al. (2024). We refer to the cited works for more infor-
mation on how such X-ray images are obtained.

We also exploited the systematic investigations made on
the CHEX-MATE sample by Campitiello et al. (2022, hereafter
C22), who focused on the X-ray morphological cluster classifi-
cation. In fact, the analyses on the cluster morphological state are
of crucial importance in the determination of the cluster dynami-
cal state and in the characterisation of the diffuse radio emission.

2.2. Sample description

The considered objects are all part of the CHEX-MATE Tier-2
sub-sample and, by construction, they are all massive clusters
spanning a relatively wide redshift range: 0.15 < z < 0.43 with
Mo between 7.86 X 10" Mg < Msgg < 13.74% 10 M. Specif-
ically, we selected targets at 6 < 0°, allowing for longer (~7.5 h)
tracking in the sky and an optimal uv-coverage by the MeerKAT

' As explained in CHEX-MATE Collaboration (2021), the cluster
Mg estimates are those derived by the MMFE3 Planck cluster catalogue
(Melin et al. 2006; Planck Collaboration XXVII 2016), and Msy, o
SOOp(,Rgoo with p. as the critical density and Rsq as the radius within
which the average cluster density is 500 p,.
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Fig. 1. Visual comparison of the whole CHEX-MATE sample and the
studied cluster sample. Top: Mass-redshift distribution of the CHEX-
MATE clusters (grey) with highlighted in red the targets considered in
this work, alongside Tier-1 (0.05 < z < 0.2; Msgy > 2 X 10" M) and
Tier-2 (z < 0.6; Msp > 7.25 x 10'* M) sub-samples. Bottom: Same
comparison as the top panel, but for the ¢ — w plane. The dynamical
classification is taken from C22, with up (down) triangles indicating
objects with ¢ > 0° (<0°), while the two dashed lines are the median
value of the ¢ and w parameters of CHEX-MATE.

telescope. Here, we considered all the MeerKAT observations of
the southern CHEX-MATE clusters available to date. In total,
22 targets have L-band MeerKAT coverage, out of 36 CHEX-
MATE objects at 6 < 0°.

To obtain the final sample, we combined the pub-
licly available MeerKAT Galaxy Cluster Legacy Survey data
(MGCLS; Knowles etal. 2022) with single-target observa-
tions obtained via dedicated proposals (see Sect. 2.3). Specif-
ically, there were ten CHEX-MATE clusters presented in the
MGCLS, of which we include nine here (i.e. removing one,
PSZ2G106.87-83.23, due to poor image quality). We note that
two targets in our dataset, namely, PSZ2G172.98-53.55 and
PSZ2G262.27-35.38, were also part of the MGCLS, but we
elect to present our deeper data here, thanks to an improved cal-
ibration strategy (see Sect. 2.4). For these two targets, we report
the results found by the MGCLS and discuss the findings of our
observations.

In the top panel of Fig. 1, we display the distribution of the
CHEX-MATE sample in the mass-redshift plane, highlighting
the targets considered in this work. By construction, our sub-
sample comprises massive and dynamically disturbed clusters of
the CHEX-MATE sample. In addition, the latter is naturally less
biased towards relaxed objects as it is an SZ-selected sample.
Therefore, we expect to find a high fraction of these systems to
display radio halos and relics, which originate as a consequence
of cluster dynamical activities. In this respect, our sample it is
not meant to be representative of the cluster population and can-
not be used to derive the fraction of radio sources in clusters.
Instead, our aim is to use it to study the connection between the
radio diffuse emission and the cluster dynamical activity and to
discover new radio sources. In the bottom panel of Fig. 1, we
show the ¢ — w plot of the whole CHEX-MATE sample (using
the values from C22), where c is the concentration parameter
(Santos et al. 2008) and w is the centroid shift (O’Hara et al.
2006; Poole et al. 2006). We note how our targets are prefer-
entially found in the lower right quadrant of the ¢ — w figure.
However, some of them are also found in the relaxed part of the
plot. This suggests a minor disturbance of the systems, though
it is possible, as in the case of PSZ2G313.33-17.11 (one of the
two objects classified as the most relaxed in the CHEX-MATE
sample by C22), that projection effects are affecting the X-ray
morphological classification. General data on the targets anal-
ysed are presented in Table C.1.

2.3. Observations

The MeerKAT data used here comprise both the public prod-
ucts of the MGCLS and proprietary observations. We refer
to Knowles et al. (2022) for a detailed description of MGCLS
observations. MeerKAT data for the remaining 12 clusters,
instead, were collected through dedicated proposals in Cycles
3 and 4 (P.I1.: M. Balboni, PIDs: SCI-20220822-MB-01 and SCI-
20230907-MB-02). The first proposal focused on clusters known
to host a radio halo and the second targeted the most dynamically
perturbed objects among the ones left unobserved (with a mor-
phological parameter of M >0, defined by C22). The requested
observations were carried out to ensure the same depth as the
ones of the MCGLS, in the same band (950-1600 MHz) and
with same time and frequency resolution (8seconds and 4K
channels), allowing for a consistent comparison of their non-
thermal properties. We ensured at least 5.5 h of on-source time
for each target in order to reach a noise level of ~10 wJy beam™!
at 15-20" (see Table 1). The observing schedules were organ-
ised according to standard MeerKAT practice, with a continu-
ous target tracking of 30 min, followed by 2 min of secondary
calibrator observations. The phase calibrator was set to be the
closest to the target, with a typical angular separation below
13°. The primary calibrator was observed every three hours, with
bandpass solutions and the absolute flux scale obtained using the
model of either J0408—6545 or J1939-6342 provided by Hugo
(2021). For these datasets, we do not present the polarisation
results in this work, as it will be given in forthcoming works
aimed to study the magnetised properties of galaxy clusters.

2.4. MeerKAT data reduction

The following calibration and imaging process was carried
out only for the data collected by our dedicated observations.
Instead, for those targets observed by the MGCLS, we used the
low-resolution images at 15” that were made publicly available
by Knowles et al. (2022).

A143, page 3 of 20
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Table 1. Summary of the new radio observations used here.

Name PID Taper Beam ORMS Diffuse sources
@ ("x"”)  (uJybeam™!)
PS72G008.31-64.74  SCI-20230907-MB-02 219 22x22 12.6 Sg-}{:R
PS72G056.93-55.08 SCI-20220822-MB-01 174 18 x 18 11.6 1515:
PSZ2G172.98-53.55 SCI-20230907-MB-02  38.9 40x40 40.8 RH
PSZ2G225.93-19.99  SCI-20230907-MB-02 8.9 9%9 4.6 RH'
PS72G239.27-26.01  SCI-20220822-MB-01 8.9 11 x 10 53 RH
RH
PSZ2G243.15-73.84  SCI-20230907-MB-02 9.2 10 x 10 3.7 RR-W/N
cRR-Ef
RH
PS72G262.27-35.38  SCI-20230907-MB-02 227 23 x23 11.0 RR-S*
RR-N + Tailed RG'
il
PSZ2G277.76-51.74  SCI-20230907-MB-02  25.0 25x25 12.6 CI;I;
RH
PSZ2G278.58+39.16  SCI-20220822-MB-01 1.1 12x12 8.5 RR
Elongation'
RH
PS72G286.98+32.90 SCI-20220822-MB-01 9.6 10 x 10 3.9 RR-NW-SE
PS7Z2G313.33+61.13  SCI-20220822-MB-01 162 17x 16 9.9 RH
PS72G346.61+35.06 SCI-20220822-MB-01 139 14x 14 7.2 1513

Notes. (1) Cluster name; (2) MeerKAT project ID; (3)-(5) properties of the source-subtracted, low-resolution images used to study the cluster
diffuse emission, namely the Gaussian taper size applied, image resolution, and orms; (6) classification of the detected diffuse sources as radio
halo (RH), radio relic (RR and candidate cRR), or radio galaxy (RG), while { indicates whether this source was first reported here and = if it was

previously indicated as a candidate.

The data processing consists of two steps: we first exploited
and applied the calibration solutions obtained by the SARAO
Science Data Processor (SDP)? and then we performed further
self-calibration cycles via facetselfcal (van Weeren et al.
2021), broadly following the steps detailed in Botteon et al.
(2024). In particular, we started by applying the Science
Data Processor “default calibration” to our data using the
mvftoms.py script of the katdal® package. In this way, we
obtained a calibrated measurement set for the target visibili-
ties, corrected for delay, bandpass, and gain calibration (Hugo
2021). We also compressed the data using Dysco (Offringa
2016) and averaged the visibilities by a factor of two both in
time and frequency. We performed the self-calibration proce-
dure through the facetselfcal algorithm (van Weeren et al.
2021). It uses DP3 (van Diepen et al. 2018; Dijkema et al. 2023)
and WSClean (Offringa et al. 2014) for calibration and imag-
ing, respectively. We typically performed four self-calibration
cycles (two phase-only and two phase and amplitude) on the
full MeerKAT field of view (FoV). Then, to speed up the subse-
quent steps, we adopted the extraction and self-calibration tech-
nique described in van Weeren et al. (2021). First, we subtracted
all the sources outside a box region (typically 0.4°, which was
found to be a good compromise between having enough flux in
the region and FoV reduction) containing the target. Then, we
performed four other self-calibration cycles on the subtracted
dataset, following the previous calibration strategy scheme. For

2 https://skaafrica.atlassian.net/wiki/spaces/ESDKB/
pages/338723406/SDP+pipelines+overview
3 https://archive.sarao.ac.za
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PSZ2G278.58439.16 (Abell 1300) and PSZ2G286.98+32.90,
after the extraction step, additional cycles of direction-dependent
(DD) calibration were required due to residual artefacts of
bright sources. We carried out these DD self-calibrations using
facetselfcal every time, dividing the sky into four or five
facets and performing two phase-only and two phase+amplitude
cycles of calibrations.

The imaging was done with WSClean v3.4 (Offringa et al.
2014) and with a specific focus on the extended emission. We
first created an image with a uv cut corresponding to a physi-
cal size of 250 kpc at the cluster redshift to obtain a model for
the compact sources. Then we subtracted such a model from the
visibility, obtaining a source-subtracted dataset. Then, we pro-
duced low-resolution images using the Briggs (1995) weighting
scheme with robust=-0.5 and applying a Gaussian uv taper
in the visibility plane equivalent approximately to 50 kpc at the
cluster redshift. For those objects showing a faint radio halo
emission, we applied a taper equivalent to 100 kpc at the cluster
redshift to increase the sensitivity to the diffuse emission. More
details on the final images obtained are reported in Table 1.

In this work, the errors on the image flux densities take into
account both the statistical and systematic uncertainty. To derive
the latter, we exploited the data provided by the Rapid ASKAP
Continuum Survey (RACS) at 1.37 GHz (McConnell et al. 2020;
Duchesne et al. 2024a). We compared the flux density values for
the bright, compact sources present in our final images that were
detected by the RACS observations. We rescaled our flux values,
assuming a fiducial @ = —0.7 (Knowles et al. 2022), and found
an average agreement within 6%. Therefore, we considered a


https://skaafrica.atlassian.net/wiki/spaces/ESDKB/pages/338723406/SDP+pipelines+overview
https://skaafrica.atlassian.net/wiki/spaces/ESDKB/pages/338723406/SDP+pipelines+overview
https://archive.sarao.ac.za
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PSZ2G008.31-64.74

PSZ2G286.98+32.90

177°50" ' 3 ' 197°55'

228°51"

Fig. 2. Radio (red with white contours) and X-ray (blue) overlays of the diffuse emission in the galaxy clusters covered by our new MeerKAT

observations. We also report the cluster Rsy, with a dashed white line.

systematic flux uncertainty of 6% for our data. Additionally,
we performed a visual inspection checking for contaminating
sources, both compact and extended. We searched for resid-
ual source emission due to poor subtraction, such as the emis-
sion from tailed active galactic nuclei (AGNs), and we also

searched for very low (high) surface brightness regions clearly
not associated with the radio halo emission (e.g. diffuse emission
detached from the central halo, revived fossil plasma or cluster’s
sub-components). The detected contaminated regions were then
masked out from the final image. The results of the described

A143, page 5 of 20
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-34°42' .31-64. ]

DEC
Jy/beam

Fig. 3. MeerKAT image of PSZ2G008.31-04.74. Top: Radio emission
above 30Rrwms after the source subtraction of discrete sources (at 22"
resolution and ogps = 12.6 Wy beam™') and with an inset showing the
high-resolution (~7"") map for the radio galaxy complex. X-ray contours
are overlayed in black, starting at 2 x 1075 cts/s and spaced by a factor
of 2. Bottom: Spectral index map considering only the signal above
3orys in the two bands used to derive a, with overlayed the contours
of the radio emission of the left image. Spectral index uncertainty maps
are shown in Fig. A.1.

data reduction are presented in Fig. 2, where we show both the
radio and X-ray data for the new MeerKAT observations pre-
sented in this work.

3. Sample overview and results on individual
clusters

In the following, we briefly present each target observed by
our new dedicated observations and discuss the results obtained
using the data reduction procedure described in Sect. 2. We high-
light the newly discovered sources (see Table 1), compare the
radio information with X-ray data, and (when required to clas-
sify the detected radio emission) present the derived spectral
maps, computed by producing four in-band images of the whole
950-1570 MHz bandwidth and applying a inner uv cut of 2004.
We do not further exploit the in-band spectral index maps in this
work, as a dedicated analysis on the radio and X-ray spectral
properties for this cluster sample will be made in a forthcoming
work (Balboni et al., in prep.).

The radio images are obtained as described in Sect. 2.4
(unless otherwise specified). We computed radio spectral index
maps using lower resolution images, typically obtained applying
a Gaussian uv taper equivalent to 100 or 150 kpc at the clus-
ter redshift. Uncertainty maps for all spectral index maps shown
in this paper are provided in Appendix A, whereas we report
MGCLS images in Appendix B.

A143, page 6 of 20

-9°30'+
33
g
Q
o ]
2
104
39't .
IMEc
42IJE Il Il Il Il =
340°54' 51' 48' 45'
IS 2 | PP8
ﬂ&%’ . 9 \
@ o | rs,
¢ Q\ | o, o ¥
0 % to.rs
N Bl

Fig. 4. Same as Fig. 3 but for PSZ2G056.93-55.08 (at 18" resolution
and orys = 11.6 uJy beam™), showing the spectral index map of the
region B and C (at ~7”") and for the relic in the west. The spectral index
uncertainty maps are shown in Fig. A.2.
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Fig. 5. Same as Fig. 3, but for PSZ2G172.98-53.55 (at 40” resolution
and orys = 40.8 uJy beam™).

PSZ2G008.31-64.74 (AC114n, Fig. 3). This is a dynamically
active cluster, as demonstrated in prior X-ray and optical studies
(De Filippis et al. 2004; Sereno et al. 2010; Lovisari et al. 2024).
The X-ray emission is elongated in the south-east to north-west
(SE-NW) direction, with two surface brightness discontinuities
detected by De Filippis et al. (2004). Duchesne et al. (2024b)
reported central diffuse emission, which they classified as a can-
didate halo. Our source-subtracted images clearly reveal central
diffuse radio emission that is well aligned with the thermal emis-
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sion (Fig. 3), allowing for its classification as a radio halo. We
also detected the relic in the south-east (SE) region reported by
Duchesne et al. (2024b), which shows a clear spectral steepen-
ing towards the cluster centre (Fig. 3). Furthermore, we recov-
ered the elongated radio emission in the NW part of the cluster
that Duchesne et al. (2024b) classified as a radio relic. Thanks
to the MeerKAT high-resolution images and the spectral index
imaging, we argue that it is caused by a complex of radio galaxy
tails that extend up to ~1 Mpc in size.

PSZ2G056.93-55.08 (MACSJ2243.3—0935, Fig. 4). This
system is found at the centre of the supercluster SCL2243-0935
(Schirmer et al. 2011) and its dynamical state has been probed
at different wavelengths (Ebeling et al. 2010; Mann & Ebeling
2012; Wen & Han 2013). It has been classified as a disturbed
object with an elongated X-ray emission; however, this emis-
sion is misaligned with the merger axis suggested by the galaxy
projected distribution. Its radio emission has been investigated
by Cantwell et al. (2016) and Parekh et al. (2017), who detected
the central halo emission and the brightest part of the other dif-
fuse sources, two of which were classified as complex of radio
galaxies (labelled as B and C in Fig. 4, following Cantwell et al.
2016). Cantwell et al. (2016) also discussed the possibility of
the most western source being a candidate radio relic originat-
ing from the infalling material. We recovered all those sources at
high significance, in addition to new diffuse emission. In par-
ticular, we find the halo emission to display an elongation in
the (east-west) EW direction, well aligned with the X-ray emis-
sion, which shows an asymmetric morphology. We also report a
connection with the central part of source B, which, however, is
likely to come from the superimposition of background sources,
as pointed out by Cantwell et al. (2016). Our spectral index maps
confirm the presence of radio galaxy emission of sources B and
C, with a steepening of the spectrum moving away from the
emission peak. Thanks to the spectral information, we can def-
initely classify the elongated Western source as a radio relic.
However, unlike what was proposed by Cantwell et al. (2016),
the spectral steepening shows an inward direction, which is con-
sistent with a merger shock.

PSZ2G172.98-53.55 (A370, Fig. 5). This cluster has been
well studied in the optical band as it was the first object for
which a gravitational arc was observed (Soucail et al. 1987).
Its X-ray emission is elongated in the north-south (NS) direc-
tion and it has been studied in detail through Chandra obser-
vations by Botteon et al. (2018). They found two instances of
surface brightness discontinuity whose nature is still uncer-
tain. Subsequently, Xie et al. (2020) studied the radio emission
coming from this object with uGMRT and JVLA, finding a
very faint diffuse emission, which they classified as a radio
halo. More recently, Knowles et al. (2022) and Duchesne et al.
(2024b) detected an extended central radio source which was
classified as a candidate radio halo. Using our low-resolution
observations, we detected a diffuse source that can be labelled as
aradio halo and which is brighter in the southern part of the clus-
ter (Fig. 5). To recover this diffuse emission, we had to degrade
the resolution by applying a Gaussian kernel of 200kpc at the
cluster redshift. This emission appears to fill a large portion of
the cluster, particularly in the southern part.

PSZ2G225.93-19.99 (MACSJ0600.1-2008, Fig. 6).
PSZ2G225.93-19.99 is the fourth most perturbed object of

CHEX-MATE. Given its high SZ mass (Msoy ~ 105 M), it was
included in the REionisation LensIng Cluster Survey (RELICS,
Coe et al. 2019), which suggested a complex mass distribution.
More recently, Furtak et al. (2024) performed a detail lensing
analysis of this cluster, finding an extended structure to the
north-east and, exploiting XMM-Newton data, measuring a
cooler temperature in the X-ray peak (south-west) region than
the eastern part of the system. Hee, we present the first radio
image of this cluster, where diffuse radio halo emission is
detected at high significance (Fig. 6). Interestingly, there is a
clear offset between the bulk of the radio emission and the X-ray
peak.

PSZ2G239.27-26.01 (MACSJ0553.4-334, Fig. 7). Optical
and X-ray data of this cluster suggest that this is a dynamically
active cluster observed in a post-core passage. However, despite
agreeing on the ongoing merger process in this system, differ-
ent studies have reported contrasting merger scenarios, debat-
ing whether it is occurring along the line of sight or on the
plane of the sky (Mann & Ebeling 2012; Ebeling et al. 2017,
Botteon et al. 2018). Dedicated X-ray studies by Pandge et al.
(2017) and Botteon et al. (2018) found a series of cold fronts
and shock fronts depicting a complicated merger scenario, with
the primary activity seen in the EW direction, but with the accre-
tion of sub-clusters in other directions given the presence of an
extend X-ray tail in the NE. On the radio side, Bonafede et al.
(2012, and subsequently Wilber et al. 2020) reported the pres-
ence of a radio halo emission but no radio relic emission, despite
the high mass of the system. Additionally, Botteon et al. (2018)
highlighted how the boundary of the radio halo seems to be con-
fined by the Eastern shock observed in the X-rays. Here, we
also detect the radio halo, which appears bright in our image
and which promptly follows the X-ray emission, supporting the
idea of a confined non-thermal plasma (Fig. 7). We note how the
brightest radio regions are co-spatial with the two X-ray peaks.

PSZ2G243.15-73.84 (MACSJ0159.0-3412, Fig. 8). No ded-
icated studies were carried out on this target. However, differ-
ent X-ray works on large samples have classified it as disturbed
(Yuan & Han 2020) or, in the case of a non-binary classification,
C22 has labelled this object as ‘mixed’. The pilot study of the
MERGHERS project (Knowles et al. 2021) discovered a radio
halo and two radio relics in this system using shallow MeerKAT
L-band observations. With our deeper observations, using the
spectral radio maps, we can clearly identify the steepening of
both relic sources and we are also able to detect a new elon-
gated structure in the east, at ~1 Mpc from the halo (Fig. 8).
Given its elongation, size, position, and absence of a connection
with radio galaxies, we classified this new detection as a candi-
date relic. This source adds to the number of detection of faint
and distant relics made with MeerKAT (e.g. Knowles et al. 2022;
Botteon et al. 2024).

The overall distribution of the X-ray emission suggests a
large scale extension in the EW direction is consistent with the
two relics (one of which is found in our study). In addition, we
note a NS extension in the X-ray image on smaller scales, which
is consistent with the presence of a second merger and might
explain the detection of a relic in the north.

PSZ2G262.27-35.38 (AS0520, Fig. 9). No detailed stud-
ies were conducted on PSZ2G262.27-35.38 (also named ACO
S520). C22 classified this object as disturbed, placing it in the
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first quartile of the most dynamically disturbed CHEX-MATE
objects. Indeed, it shows a complex and elongated X-ray mor-
phology, with a misalignment between the centroid and the X-
ray peak. In the radio band, Knowles et al. (2022) identified the
central halo, the complex northern source as a radio relic and
the southern diffuse emission as a candidate relic. We confirm
the halo detection and definitively classify the southern emission
as a relic from the spectral map (Fig. 9). We also detected dif-
fuse emission connecting the halo and the southern relic, with no
X-ray counterpart. Regarding the northern source, we argue that
particular care must be taken in classifying it. In fact, the mis-
alignment with the main elongation axis of the cluster and the
complex spectral properties make it appear different from a clas-
sical relic. As a possible explanation, we propose that the emis-
sion consists of a combination of two sources. In particular, in
the high-resolution map (top right panel of Fig. 9), it is possible
to identify an arc-like structure in the lower part of this source
oriented in the NS direction (as the other relic), which displays a
mild spectral steepening towards the cluster centre (middle right
panel of Fig. 9). The emission in the upper part, instead, could
be associated with a tailed radio galaxy crossing the relic region.
Arguing in favour of this scenario, we also note how the radio
relic emission identified here displays a rather uniform emission
across its extension, while the one from the radio galaxy shows
the typical dimming moving away from the peak.

PSZ2G277.76-51.74 (Fig. 10). C22 classified this clus-
ter as a disturbed system. In the radio, Martinez Aviles et al.
(2018) investigated its emission with the Australia Telescope
Compact Array (ATCA) with two sets of images, the first
between 1.1-3.1 GHz at 5” resolution and the second between
1.63-2.13 GHz tapered to 35" resolution, without detecting any
diffuse radio emission.

Here, we apply a larger uv-taper when imaging, correspond-
ing to a physical size of 150 kpc at the cluster redshift, in order
to clearly detect the fainter SE diffuse emission. We discovered
a large scale halo source, which nicely follows the thermal X-
ray emission (Fig. 10). We detected an elongated structure that
we classified as a radio relic given its location in the cluster out-
skirts, the elongated shape of ~Mpc size and, more importantly,
since it is not associated with any compact source or radio galaxy
emission. A high-resolution view of this source is shown in the
inset panel of Fig. 10, displaying the thin and elongated structure
of this source, consistent with that of a radio relic. However, its
spectral index trend is not consistent with being a relic, therefore,
we classify it as a candidate radio relic.

PSZ2G278.58+39.16 (A1300, Fig. 11). It was first sur-
veyed in the X-ray band during the ROSAT All Sky Survey
(Pierre et al. 1994) and subsequently analysed by Lemonon et al.
(1997) and Pierre et al. (1997) in both the optical and X-ray.
They found evidence of sub-structures in the thermal emission
and suggested that this object is in a post-merging phase with a
cluster of similar mass. Further optical and X-ray XMM-Newton
analyses by Ziparo et al. (2012) detected the presence of fila-
mentary structure in the north, suggesting an ongoing accretion
of a group of galaxies. They estimated the elapsed time since
the merger of the two cluster progenitors to be ~3 Gyr ago. In
the radio, the cluster hosts a giant radio halo and a relic located
in the south-west (SW) region (Reid et al. 1999; Venturi et al.
2013; Terni de Gregory et al. 2021). Our MeerKAT observa-
tions recovered a more extended radio emission than previously
observed, allowing us to obtain a resolved spectral index map for
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the relic (Fig. 11). In particular, we find an extension of the non-
thermal component in the northern part, as well as a connection
between the radio halo and the relic. We also detect a peculiar
elongated emission extending south from the relic region, not
associated with compact sources.

PSZ2G286.98+32.90 (Fig. 12). It is the most massive of the
whole CHEX-MATE sample, with Msoy ~ 1.4 x 10'° M. Given
its high mass, it has been used in strong and weak lensing anal-
yses, which detected multiple sub-structures and determined it
to be a massive, merging cluster (Finner et al. 2017; Zitrin et al.
2017; D’ Addona et al. 2024). Recently Gitti et al. (2025) anal-
ysed the central X-ray emission of this target in detail by means
of deep Chandra observations. They found a cold front and a
shock in the NW direction and argued that this object has expe-
rienced past dynamical activities that heated the cluster cool
core. This view is further supported by radio features found by
Bagchi et al. (2011) and Bonafede et al. (2014), who detected
a giant radio halo with two relics and filamentary structures
within their extension. The MeerKAT high-quality data are capa-
ble of recovering at high significance all the known features
and to discover new diffuse structures toward the cluster out-
skirts (Fig. 12). In particular, we observed a number of filamen-
tary structures beyond the NW relic that were recently associ-
ated with a large scale contribution of the diffuse halo emission
(Salunkhe et al. 2025; Rajpurohit et al. 2025).

PSZ2G313.33—-17.11 (A1689, Fig. 13). This object has been
widely studied in several lensing and X-ray analyses. In fact, its
high mass and round shape allow for a good modelling of the
gravitational lensing effects (e.g. Limousin et al. 2007) and rep-
resent an ideal case for measuring the cluster hydrostatic mass
(e.g. Tchernin et al. 2015). It has been shown that lensing and X-
ray mass estimates are in agreement when considering a triaxial
extension of the system (Morandi et al. 2011), which seems to be
elongated along the line of sight (Peng et al. 2009; Sereno et al.
2013; Kim et al. 2024; Chappuis et al. 2025). The most likely
scenario is that the cluster is experiencing a merger along the
line of sight, also showing three aligned groups of galaxies
(Girardi et al. 1997). In the radio, Vacca et al. (2011) detected a
radio halo at 1.2 GHz with the VLA, supporting the merger sce-
nario. With MeerKAT, we detect larger radio emission, which
fills the whole northern extension of the thermal emission and
shows a peak emission close to the X-ray one (Fig. 13). We
also note that the overall extension of the radio halo towards the
NE agrees well with the orientation found by Vacca et al. (2011)
and points to the position of the optical sub-structures identified
by Girardi et al. (1997). The western diffuse spot is the residual
emission from a tailed radio galaxy after the subtraction.

PSZ2G346.61+35.06 (RXCJ1514.9-1523, Fig. 14). This is
the third most dynamically disturbed CHEX-MATE cluster and
it displays a low X-ray luminosity (Bohringer et al. 2004). This
object has been studied by Giacintucci et al. (2011), who pointed
out the presence of Mpc-scale radio emission, which is fully co-
spatial with the thermal one. In our MeerKAT data, we detected
an additional, elongated, diffuse source in the SW, which, given
the size, shape, distance from the cluster centre and its alignment
with the X-ray elongation, we classified as a radio relic (Fig. 14).
However, we cannot firmly claim its nature using the in-band
spectral index map, which displays a patchy distribution of the
source with no particular trend visible.
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Fig. 6. Same as Fig. 5 but for PSZ2G225.93—-19.99 (at 9” resolution
and ogys = 4.6 uJy beam™).
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Fig. 7. Same as Fig. 5 but for PSZ2G239.27-26.01 (at 11” resolution
and ogys = 5.3 Wy beam™).

4. Radio properties of the halos and relics

In the following, we perform a systematic analysis of the non-
thermal emission of the sources presented in Sect. 3 and Table 1,
comparing our data with the literature results and discussing the
implications of our findings.

Thanks to new MeerKAT observations, we were able to
detect and classify several (new) radio sources. We detected two
new radio halos and one relic. We also classified one radio halo
and two radio relics previously labelled as candidates.

4.1. Radio halos

We detect radio halo emission in every target of the sample,
regardless of the cluster redshift. This suggests that when study-
ing clusters in this high mass range and with such sensitive
observations, radio halos can be found in the majority of the
systems. This is in line with the results obtained by Cuciti et al.
(2021), who reported a high fraction of halos in high-mass
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Fig. 8. Same as Fig. 3 but for PSZ2G243.15-73.84 (at 10” resolu-
tion and orys = 3.7 wlybeam™!), showing the spectral index map of
the three detected radio relics. The spectral index uncertainty maps are
shown in Fig. A.3.

and high-redshift systems, and by Di Gennaro et al. (2021), who
detected powerful radio halos at z > 0.6.

A number of studies have investigated the presence of scal-
ing relations between cluster properties and radio halo power
(Liang et al. 2000; Cassano et al. 2006; Basu 2012; Kale et al.
2015; Balboni et al. 2025). The most important is certainly the
relation between the radio halo power (Pgy) and the cluster
mass (Cassano et al. 2007, 2010, 2013; van Weeren et al. 2021;
Cuciti et al. 2021; Duchesne et al. 2021; George et al. 2021;
Cuciti et al. 2023). In fact, it directly points to an underlying
physical relation among the two quantities, which is expected
in the turbulent re-acceleration scenario for radio halo formation
(e.g. Cassano et al. 2007, 2023). The detection of several radio
halo sources in our sample allows us to explore the Pry — M50
correlation for CHEX-MATE targets observed with MeerKAT.
To do so, we took the MMF3 cluster mass estimates from
the Planck catalogue and measured the radio halo power using
the Halo-Flux Density CAlculator (Halo-FDCA, Boxelaar et al.
2021) package. Halo-FDCA allows us to fit the 2D surface
brightness emission of the radio halo through an exponential
model with different shapes. We chose the rotated elliptical one
to recover possible halo elongations, expressed as

r 2 r 2
10) = Iy exp| - (r_l) +(r—z) , (1)

where r| and r; are the e-folding radii along the two, rotated (by
an angle 6 on the plane of the sky) axis of the ellipse, r, and r,
(see Boxelaar et al. 2021 for further details). As commonly done
in the literature (e.g. Murgia et al. 2009; Botteon et al. 2022;
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Fig. 9. Same as Fig. 3, but for PSZ2G262.27-35.38 (at 23” resolution
and orys = 11uJybeam™), showing the spectral index maps of the
source in the north (also highlighted by the high-resolution inset) and
the relic in the south. The spectral index uncertainty maps are shown in
Fig. A4.

Duchesne et al. 2024b), the derived integrated radio flux den-
sity and power are obtained by analytically integrating the best-
fit exponential model up to three times the e-folding radii. To
limit the contamination from point sources, in the 15" resolu-
tion images of the MGCLS, we adopted the approach used by
Botteon et al. (2023). Specifically, we manually masked point
sources falling within the halo extension and replaced the pix-
els in the selected regions with values interpolated from neigh-
bouring pixels. As also discussed by Botteon et al. (2023), this
approach works well for small discrete sources, whereas for
extended ones, it creates large artefacts which were masked out
from the subsequent analyses (see Appendix B). In Table C.2,
we list the best-fit results of the halo exponential fit.

In Fig. 15, we present the Pry — Msyy relation for the
CHEX-MATE sub-sample considered (coloured squares) and
compare it with literature results (black points). Specifically,
we report the Pry — Msyy relation obtained at 150 MHz by
Cuciti et al. (2023) for a large sample of Planck clusters cov-
ered by the LOFAR Two-mete Sky Survey 2nd Data Release
(LoTSS DR2, Botteon et al. 2022). The authors analysed 61
radio halos detected by the LoTSS DR2 (Shimwell et al. 2022),
which lie above the 50% completeness line of the Planck sam-
ple (Planck Collaboration XXVII 2016)*. To perform such a
comparison, we extrapolated the flux obtained at 150 MHz to
the 1.28 GHz of our MeerKAT observations. We used a sin-
gle spectral index value of 1.3 for all the clusters and we

4 We note that the LoTSS DR2 masses are taken from Planck measure-
ments as the ones of our clusters. The only difference is that Cuciti et al.
(2023) used the masses obtained by combining different techniques,
while CHEX-MATE relies on those estimated using the MMF3 algo-
rithm. The differences between the two estimates have no impact on the
analyses conducted here (<5-10%).

A143, page 10 of 20

Fig. 10. Same as Fig. 5, but for PSZ2G277.76—51.74 (at 25" resolution
and orys = 12.6 uJy beam™).
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Fig. 11. Same as Fig. 3 but for PSZ2G278.58+39.16 (at 12" resolution
and orys = 8.5wJybeam™"), showing the (rotated) spectral index map
of the relic in the south-west. Spectral index uncertainty maps are shown
in Fig. A.S.

accounted (within the errors) for a variation of @ between 1.1
and 1.5 (as usually observed in halos; e.g. Feretti et al. 2012;
van Weeren et al. 2019).

As expected, we find that the clusters in our sample show
a positive correlation between Pgy and Msgy, with a Spearman
correlation coefficient g ~ 0.57 (p-value ~ 0.01). Figure 15 also
shows the clear mass selection of our targets when compared
with a more complete sample. We also report two best-fit regres-
sion lines of the Pgy — Mo relation found by Cuciti et al. (2021,
at 1.4 GHz) and Cuciti et al. (2023, at 150 MHz), using the LIRA
Bayesian regression method (Sereno 2016). We rescaled the
best-fit lines using @ = 1.3. We see how our cluster sample fits
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Fig. 12. Same as Fig. 3, but for PSZ2G286.98+32.90 (at 10" resolution
and orys = 3.9 Wy beam™"), showing the spectral index map of the two
relics in the NW and SE. The spectral index uncertainty maps are shown
in Fig. A.6.
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Fig. 13. Same as Fig. 5, but for PSZ2G313.33+61.13 (at 17" resolution
and orys = 9.9 Wy beam™).

rather well in the high-mass range of the Pgy — MSsoo found at low
frequencies, both in terms of global scatter and relation slope.
Assuming an ellipsoidal volume for the entire radio halo
emission, with semi-axes 3r; and 3r,, we can divide Pgy by the
halo volume to calculate the average radio emissivity of each tar-
get ((erp)). As for the radio power, we observe a trend between
the mass and (egy) with r¢ ~ 0.48 (p-value ~0.03; Fig. 16).
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Fig. 14. Same as Fig. 3, but for PSZ2G346.61+35.06 (at 14” resolution
and ogys = 7.2wJybeam™), showing the spectral index map of the
relic in the south-west. The spectral index uncertainty maps are shown
in Fig. A.7.

We also report no relation between the radio halo size and the
cluster mass (rs ~ —0.08 with p-value ~ 0.72). Although caution
must be taken to exclude correlations with the mass when work-
ing on such a limited mass range, this result suggests that (egy)
is the physical quantity responsible for the Pry — M5 correla-
tion. This is consistent with models in which radio halos trace
turbulent regions in the ICM driven by mergers, where the syn-
chrotron emissivity, originating from the energy cascade across
multiple spatial scales, depends on the turbulent injection rate
that scales with the cluster mass (e.g. Cassano & Brunetti 2005;
Gaspari et al. 2014). We also note that evidence for the radio
emissivity being the driver of the Pgyy — M5 correlation has also
been pointed out at lower frequencies by Balboni et al. (2025)
for LoTSS DR2 targets.

4.2. Radio relics

As for the halos, radio relic have also been found to display scal-
ing relations with the cluster properties. Correlations between
the relic power and the cluster mass or the relic size and its
distance from the cluster centre have indeed been observed in
several cases (e.g. van Weeren et al. 2009; Feretti et al. 2012;
Bonafede et al. 2012; de Gasperin et al. 2014; Jones et al. 2023;
Stroe et al. 2025). Alongside the observational results, numer-
ical studies were conducted on several aspects of radio relics,
such as their occurrence in clusters or the presence of correlation
among quantities (e.g. Bruggen et al. 2003; Vazza et al. 2012;
Nuza et al. 2017; Briiggen & Vazza 2020).

In our sample, we detected 20 radio relics and candi-
date radio relics, with clusters hosting one or more of these
sources. We derived the relic characteristic quantities following
Jones et al. (2023). The radio relic total power (Pgg) is com-
puted as Pgg = 475,D7(1 + 2)*"!, where D, is the luminosity
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Fig. 15. Radio power-mass relation, at 1.28 GHz, for the targets con-
sidered in this work (errorbars fall within point size) including also
the literature results from Cuciti et al. (2021) at GHz frequencies and
Cuciti et al. (2023) at low frequencies, alongside the best-fit regression
lines they obtained. CHEX-MATE clusters are colour-coded by their M
parameter, which is a proxy for the cluster dynamical state (C22).
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Fig. 16. Average radio halo emissivity-mass relation, at 1.28 GHz, of
the considered clusters, colour-coded by the M parameter.

distance, S, the flux coming from a region encompassing the
relic emission above 30rums. and « is assumed to be 1.15. Moti-
vated by the increasing complexity of the relic morphology when
observed at high resolution, to derive the relic position, we com-
puted the flux-weighted position average of the brightest 10%
relic pixels and used this value as the relic centre (see Jones et al.
2023). This was the position considered to derive the distance
from the cluster centre (D.._gg), assuming the peak of the X-
ray emission from the ICM for the latter. Given the possible
presence of projection effects, this measurement must be con-
sidered a lower limit of such a distance. Following Jones et al.
(2023), we assumed that the offset between the real cluster-relic
distance and the observed one is at most 30°, and considered
this value as an upper limit of D,._gg. Eventually, we derived
D..-grr as the mean value lying between the upper and lower
limits, which are then taken as upper and lower error estimates,
respectively. The last quantity we measured was the largest lin-
ear size (LLS) of the radio relics. This was simply computed
as the maximum distance between two pixels above the 30rums
level within the relic extension. The error associated to the LLS
is set to one beam width. A summary of all the derived quanti-
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Fig. 17. Radio relic power — mass relation of our sample at 1.28 GHz
(squares with red circles for candidate relics) compared with litera-
ture results. The black points represent relics from the LoTSS-DR2
described in Jones et al. (2023), while the red square and the red star
represent the relics in A168 (Dwarakanath et al. 2018) and A754 (error
bars fall below point size; Botteon et al. 2024). The best-fit relations
by both observations (Jones et al. 2023; Stroe et al. 2025, dashed lines)
and simulations (Lee et al. 2024, dotted lines) are also reported. The
coloured bars indicate the detection thresholds for each of our observa-
tions where we detected relic emission as explained in the main text.

ties is listed in Table C.3. We then investigated possible corre-
lations among the derived quantities as previously found in the
literature.

4.2.1. Relic power-mass relation

In Fig. 17, we present the Prg — Msgo relation of our sample
(including both candidates and confirmed radio relics) and the
results presented by Jones et al. (2023) using LoTSS DR?2 data.
Following on the procedure described in Sect. 4.1, we rescaled
the LoTSS DR2 relic luminosities at 150 MHz to 1.28 GHz,
assuming an @ = 1.15 and accounting for a variation of it
between 1 and 1.3 within the errors. We also report three dif-
ferent regression lines for the Prgr — Msoo relation of radio
relics, from both observational and numerical simulation stud-
ies. Specifically, on the observational side, we considered the
work made by Jones et al. (2023) and Stroe et al. (2025), using
the BCES orthogonal regression method (Akritas & Bershady
1996). The former, used deep, low-frequency observations
obtained by the LoTSS DR2 for a large sample of clusters
and performed a systematic study of the radio relics found
in those systems. The latter, instead, updated the lists of all
the double radio relic systems known so far and studied their
scaling properties. On the simulation side, we reported the
best-fit Prr — Mg relation found by Lee et al. (2024), who
presented an overview of a large number of radio relics in
massive cluster mergers identified in the new TNG-Cluster
simulation.

We did not find any signs of correlation between Pgg and
Msg in our clusters, possibly due to the limited mass range
explored.

When compared to other samples, our targets span a wide
range of the relic radio powers, indicating how the high sensi-
tivity of MeerKAT is capable of recovering faint diffuse sources.
The ability to recover faint relic emissions will be a key fea-
ture for the understanding of these sources with the current and
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Fig. 18. Relic LLS as a function of D.._gg, both rescaled for the cluster
Rs00, and colour-coded by Pgg/P ;. Squares are the targets presented in
this work (red circles indicate candidate radio relics) while circles are
taken from Jones et al. (2023).

next generation of radio telescopes. In fact, numerical simula-
tions predict the presence of a large number of low-power radio
relics in both high and low-mass systems (Briiggen & Vazza
2020; Lee et al. 2024), with the mass of the hosting cluster being
related only to the maximum power of a relic source (Nuza et al.
2017; Jones et al. 2023; Lee et al. 2024). Simulations show that
the relic radio power is also affected by other factors such as the
merger phase, the mass ratio, and the cluster’s dynamical his-
tory. This is aptly explained by Lee et al. (2024), who exploited
numerical simulations to show how a plethora of radio relic pow-
ers can originate in high-mass systems, depending on where and
when the cluster merger occurs. However, it is also important to
notice that particle acceleration at weak Mach number shocks
(<2) is poorly understood (e.g. Guo et al. 2014) and that the
number of faint radio relics may be over-predicted by numerical
simulations. Therefore, it is crucial to obtain deep radio observa-
tions of (massive) galaxy clusters to probe the presence of faint
radio relics.

Jones et al. (2023) showed how low-frequency observations
are capable of detecting new faint radio relics, especially for
low-mass and nearby clusters. Here, using MeerKAT observa-
tions, we are starting to explore an analogous range of low-power
radio relics but at higher frequencies in massive clusters. This
is better expressed by the detection thresholds of the observa-
tions used here and shown in Fig. 17 with coloured bars. Fol-
lowing Jones et al. (2023), we computed these limits by consid-
ering the power emitted by a region of size 300 kpc x 100 kpc,
for the lower limit, and 1000 kpc x 100 kpc, for the upper limit,
and assuming an average surface brightness of twice the image
noise level (20 rms). We see how the detection thresholds extend
even below 103 WHz !, a region where simulations are pre-
dicting a large number of radio relics even at high masses
(e.g. Nuzaet al. 2017; Lee et al. 2024). In this respect, we note
that despite the wide range of Pgrg detected, in the consid-
ered clusters, we did not recover a significant fraction of radio
relics with Prz < 10** WHz !, As a reference, we report
two low-power radio relics observed at GHz frequencies by
Dwarakanath et al. (2018, A168) and Botteon et al. (2024, Abell
754) after rescaling the emissions to our 1.28 GHz observing

frequency using their spectral index. Both sources are amongst
the faintest relics observed so far and their detections have
been possible thanks to deep MeerKAT and VLA observa-
tions at GHz frequencies. From Fig. 17, we can see how,
in the lower redshift regime, our MeerKAT L-band observa-
tions would be entirely capable of recovering both GHz emis-
sions. Noticeably, the two radio relics could also be detected
in most of the higher redshift cluster observations when con-
sidering the lower-sensitivity detection limits. Hence, current
MeerKAT observations are opening a new window of analy-
ses for the radio relic at GHz frequencies, allowing us to detect
the faint end of these sources and test numerical simulation
predictions.

Additionally, the detection of low-power radio relics will also
enable to test DSA models for radio relic production. Given the
low Mach numbers of shock waves in clusters, such a mecha-
nism usually requires an unphysically high particle acceleration
efficiency to match the observed radio relic luminosities. In the
case of faint radio relics, instead, it is possible to find reasonable
conditions in which these models reproduce the observed radio
luminosities. In addition, it would also be possible to derive con-
straints on the shock acceleration efficiency and magnetic fields
(e.g. Locatelli et al. 2020; Rajpurohit et al. 2024; Botteon et al.
2024).

4.2.2. LLS D, ._gr relation

In Fig. 18, we report the LLS-D,._gg relation for our radio relics
and candidate radio relics (red circles), including the measure-
ments made by Jones et al. (2023). Following the formalism of
Lee et al. (2024), we removed the mass dependence by rescaling
LLS and D.._gg for Rsypy. We then focused only on the impact
of the timing of the merger on the luminosity of the relics by
rescaling the latter for the best-fit value of the Pgg— M5 relation
found by Stroe et al. (2025, Pgg/P fir, Where P, oc MZ;\)). Apart
from the outlier PSZ2G286.98+32.90-NW seen in the top-left
part of the plot, the relics presented here using MeerKAT obser-
vations (squares), display a weak (rg ~ 0.4) correlation in the
LLS-D..-gr plane, with a scatter that increases at higher D ._gg,
mainly due to candidate relic sources. Lee et al. (2024) high-
lighted that when studying a large number of simulated relics,
such a relation is hardly found and that it is possible to identify
a dependence on the Pgg/Py; in the LLS-D.._gg plane. Specifi-
cally, for a given LLS, relics with high (low) D.._gg present low
(high) values of Pgr/Py;;. In addition, they show how this trend
becomes more evident considering smaller LLS. When looking
for such a trend in Fig. 18, we do not recover any unambiguous
correlations among the involved quantities. However, we do note
how low values of Pgg/Pi; are mostly observed for high D.c_gg;
however, when considering lower D.._gg, higher values of such
ratio are also present (see also Fig. 12 of Lee et al. 2024).

These findings, considered from another perspective, show
that for a given LLS the radio relic power can vary by almost two
orders of magnitude depending on the relic distance. The relic
position can be seen as a proxy of the relic evolutionary stage, as
these sources would evolve once the merger happens. In particu-
lar, the relic is expected to be faint when the shock forms close to
the cluster centre. Then, it progressively increases its luminosity
moving toward the outskirts of the system, peaking at ~1 Mpc,
and fading at the periphery of the cluster (e.g. Skillman et al.
2011; Vazza et al. 2012). Hence, despite still being a qualitative
comparison, the trend suggested by Prg/Py;; in Fig. 18 aligns
with the idea that the measured radio power also depends on the
phase of the relic evolution, which may be trace by D, ._gg.
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5. Summary and conclusions

In this work, we present MeerKAT L-band observations for a
sample of galaxy clusters in the southern sky, combining archival
and proprietary data. These targets are part of the CHEX-MATE
sample (CHEX-MATE Collaboration 2021), which provides
deep X-ray observations of the thermal counterpart. Given their
high mass and (mostly) disturbed dynamical state, they are all
deemed as ideal candidates to host diffuse radio sources. Thanks
also to the new calibration strategy presented in Botteon et al.
(2024), the depth reached in the radio images has enabled the
detection of extended radio emission in all of the considered tar-
gets.

We performed a systematic study of the detected halos and
relics, comparing our results with literature works and numeri-
cal simulations, and highlighting how current and forthcoming
radio surveys will improve our view of non-thermal cluster phe-
nomena. Our results can be summarised as follows:

— The new MeerKAT observations of massive and dynami-
cally active CHEX-MATE clusters have largely satisfied the
goal of detecting (faint) diffuse radio sources in the consid-
ered redshift range. This further probes the issue of how X-
ray morphological parameters can be exploited to search for
radio diffuse emission in unobserved objects. We report five
new sources among relics and halos, alongside a few new
sources associated with radio galaxies. Remarkably, all of
the studied clusters exhibited the presence of diffuse radio
emission, highlighting the role of cluster mass and dynamics
in producing this type of emission (see Table 1).

— In this work, we considered 21 radio halos, 2 of which have
been classified for the first time. The sample allowed us to
study the well-known scaling relation between the radio halo
power and the cluster mass. We found a strong correlation
between Pry and M5, in line with the scenario that cluster
mergers are responsible for halo emission. In addition, the
Pri — Msq relation of our sample is in good agreement with
the results obtained by Cuciti et al. (2023), who explored a
wider range of masses.

— We investigated possible scaling relations between the halo
average emissivity or the cluster size with the mass. We
reported a positive egy — Msgp relation (rg ~ 0.48). This
result suggests how, in the considered high-mass range, the
ery is the real driver of the Pgry — Msoo relation, leaving
no role for Ry. Future studies on broader samples will shed
light on this and establish whether it is a general property or
whether it depends on cluster-specific characteristics.

— We report 20 radio relics and candidate radio relics, 3 of
which are classified here for the first time. We show how,
thanks to high-sensitivity MeerKAT observations, it is now
possible to explore a low-surface brightness population of
radio relics and carrying out new tests for DSA models.

— We investigated scaling relations for relic sources. We did
not find a Prg — Msgp relation in the limited mass range
explored. However, the selected mass range of our sample
allowed us to highlight the variety of Pgg that can be found
in systems with similar masses when the study is no longer
limited by the sensitivity.

— Finally, we have reproduced the work carried out by
Lee et al. (2024) for simulated relics on our sample, search-
ing for possible dependences of Prg/Pfi; on D or LLS.
Once the possible mass dependences were removed from the
LLS and D.._gg, no distinct correlation between D,z or
LLS with Pgg/Pjyi; has been found. However, we found that
Prg can vary by almost two orders of magnitude for a given
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relic size, while also depending on its relative position to the
cluster centre. This suggests a dependence of Pgg on the evo-
lutionary stage of the relic, traced by D,._gg, Which can be
investigated in analyses that combine observations and sim-
ulations, in a similar way to what is proposed in Sect. 4.2.2.
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Appendix A: Spectral index uncertainty maps

In the following, we report the uncertainty maps for all the
spectral index maps showed in Sect. 3 following their order of
appearance.

Fig. A.7. Spectral index uncertainty maps for Fig. 14.

Appendix C: Tables

0.4

0.2

0.1

Fig. A.4. Spectral index uncertainty maps for Fig. 9.

Appendix B: MGCLS images

Here, we report the images used in the paper to derive the radio
halos and radio relics properties of the nine MGCLS clusters,
once PSZ2G106.87-83.23 has been removed due to residual cal-
ibration artefacts.
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Fig. B.1. L-band image of MGCLS clusters considered with discrete sources within the cluster extension replaced by interpolated values.
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Table C.1. General information about the presented clusters.

Name Z Rs00 M50 Ysz c w (><10‘1) M
(arcmin)  (10¥My) (1073 arcmin™?)

PSZ2G008.31-64.74 031 451 7.42+039 45+0.81 0217092 0.191002 (.82
PSZ2G008.94-81.22" 031  4.87 8.99f8?§6 4.1 £0.55 o.19t8388 0.53j8?84 1.06
PSZ2G056.93-55.08  0.45  3.70 9.49j83{§ 3.13+0.51 0.17t818{ 0.25j8?8§ 0.67
PSZ2G106.87-83.23" 029  4.81 7.73t8325 2.54 +0.39 0.34t838§ 0.09j8381 -0.65
PSZ2G159.91-73.50° 021  6.63 8.46j8f2§ 6.98 + 0.94 o.31f3f83 0.19t8f83 0.17
PSZ2G172.98-53.55 037  3.91 7.37f§§;‘ 3.25+0.85 0.23j8;8j 0.09ﬁ8;8§ 0.36
PSZ2G205.93-39.46" 044 398 1154703 3.65+0.52 0.38t8-84 0.06t§-8; -0.47
PSZ2G208.80-30.67F 025  5.40 7.26+0% 2.51+06 o.15f3f83 0.7?’{9 1.43
PSZ2G225.93-19.99 044  3.82 9.79%32 3.77 £ 0.65 0.24%% o.ssﬁ’ﬁ” 1.49
PSZ2G239.27-26.01 043  3.71 8.77+044 339£0.54 0240 037092 034
PSZ2G243.15-73.84 041  3.75 8.09j8-‘4*§ 2.53 £ 043 0.16j§;8? 0.2270%2 039
PSZ2G259.98-63.437 028  4.87 7.45j8f§3 311044 044700 0067001 078
PSZ2G262.27-3538 030  4.98 8.76j8;§‘71 53 +047 o.14j§;83 0.35j§;§§ 0.97
PSZ2G263.68-22.557  0.16  7.89 7.96j§;§ 785+ 1.0 0.4170%  0.1#001 055
PSZ2G266.04-21.25" 030 558 12477027 653+0.53 o.27t8-8§ 0.137002 002
PSZ2G277.76-51.74 044  3.65 8.65j0;§23 3.28+0.44 0.14t8f82 0 37j8f88 1.05
PSZ2G278.58+39.16 031  4.73 8.29f§-4§ 373 +0.6 0.32t8;8% o.37j8;‘}? 0.70
PSZ2G286.98+32.90 039  4.65 13747037 8.33£0.77 0.22j3-83 0.17j8-0l 0.51
PSZ2G313.33+61.13  0.18  7.42 8.77+0:34 6.13 + 0.81 0.55t§18jt 0 042j%~%§i -1.35
PSZ2G31388-17.110 0.5 837 786703  861+1.02 0.57007 0 034f§1§g)2 -1.09
PSZ2G346.61+35.06 022  6.20 8.41f§?§§ 7.25+1.13 o.14t0~34 0.6703 1.51
PSZ2G349.46-59.957 035 477  11360%  479+048 044700 00514001 7]

-0.34 —0.03 -0.014

Notes. The ones marked with { are those belonging to the MGCLS sample.
References. (1) cluster name (the ones with the § are part of the MGCLS); (2) redshift; (3) Rsoo; (4) Msgo; (5) SZ signal; (6) concentration; (7)
centroid shift; (8) level of dynamical disturbance as estimated by the M morphological parameters from C22.

Table C.2. Best-fit values of the elliptical exponential model for each radio halo considered.

Name Pry (10%*WHz™ ") Iy (ulyarcsec™®)  ry (kpc) ra (kpc) SN 42

PS72G008.31-64.74 7.06 +£0.48 0.23 +0.01 1003 £59 376 £25 304 0.96
PS72G008.94-81.22 16.35 + 1.06 2.80 +£0.09 293 + 12 246 + 10 41.8 0.54
PS72G056.93-55.08 10.24 + 0.65 0.83 +£0.02 364 +£23 270 £ 21 51.0 1.53
PS72G159.91-73.50 1.96 +0.35 0.55 +0.30 306 £ 115 205 +58 6.0 2.09
PS72G172.98-53.55 2.63 +£0.21 0.46 £ 0.04 278 £ 46 204 + 44 19.0 0.59
PS72G205.93-39.46 11.02 + 0.95 1.67 £0.15 310 £ 29 172 £ 19 16.1  0.53
PS72G208.80-30.67 1.97 £ 0.68 038 +1.45 349 +£249 226 + 145 3.0 2.13
PS72G225.93-19.99 12.98 + 0.78 2.30 +£0.02 264 + 10 177 10 148.2 3.07
PS72G239.27-26.01 7.83+£0.48 1.33 +£0.02 273 £ 11 181 +10 108.0 1.32
PSZ72G243.15-73.84 3.87 +0.25 0.57 +£0.02 315+20 193+ 11 41.1  3.81
PS72G259.98-63.43 9.49 + 0.65 6.12 +£0.30 158 +9 131 +9 30.9 0.59
PS72G262.27-35.38 5.28 +0.35 0.27 £0.01 731 + 37 340 + 22 37.1 1.01
PS72G263.68-22.55 9.66 +0.72 1.30 + 0.07 598 +43 251 + 14 22,5 0.70
PS72G266.04-21.25 25.46 £ 1.60 5.72 £0.15 304 £ 11 187 £ 8 520 0.84
PS7Z2G277.76-51.74 6.25+0.44 0.28 +0.02 440 + 31 409 + 33 272 094
PS72G278.58+39.16 13.55 +0.82 4.74 +0.04 200 = 10 177+10 183.0 2.80
PS72G286.98+32.90 28.35+1.71 2.36 +£0.02 389 +7 203 +7 177.8 1.57
PS72G313.33+61.13 221 +0.13 1.40 +£0.02 204 + 10 146 +10 1023 0.83
PS72G313.88-17.11 2.95+0.28 1.54 £ 0.12 265 + 31 153 £ 16 13.8 0.28
PS72G346.61+35.06 3.37+0.21 0.34 +£0.01 419+ 12 3903 +13 61.0 0.90
PSZ72G349.46-59.95 3.81+0.27 1.44 +0.08 190 + 12 151 £ 11 27.0 048

References. (1) cluster name; (2) total radio halo power at 1.28 GHz; (3) radio halo central surface brightness; (4-5) e-folding radii; (6) signal-to-
noise ratio of the emission; (7) reduced chi-square of the fit.
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Table C.3. Radio relics properties derived as described in Sect. 4.2.

Notes. Objects marked with * are the candidate radio relics.

Name Pgr (10*WHz") LLS (kpc)  Dcc—rr (kpc)
PSZ2G008.31-64.74 3.36 +0.20 1562 + 101 1906 + 137
PSZ2G008.94-81.22 0.74 £ 0.04 1051 + 68 1079 £ 77
PSZ2G008.94-81.22 5.41+£0.32 1441 + 68 1768 + 127
PSZ2G056.93-55.08 1.51 +£0.09 666 + 103 2065 + 148
PSZ2G205.93-39.46* 1.68 £ 0.10 1172 +86 3047 + 219
PSZ2G205.93-39.46* 0.72 + 0.05 382 + 86 2767 = 199
PSZ2G208.80-30.67 3.13+£0.19 1264 + 58 1233 + 89
PS7Z2G243.15-73.84 15.06 = 0.90 1097 + 55 1229 + 88
PSZ2G243.15-73.84% 0.88 + 0.05 767 £55 2236 + 161
PSZ2G243.15-73.84 3.33+0.20 562 + 55 844 + 61
PSZ2G259.98-63.43* 0.34 +£0.02 283 + 64 1608 + 115
PSZ2G259.98-63.43 0.68 £ 0.04 600 + 64 2228 + 160
PSZ2G262.27-35.38 1.67 £ 0.10 1079 = 53 1934 + 139
PS72G262.27-35.38 12.35 +0.74 1550 + 53 2073 + 149
PS72G266.04-21.25 2397 +1.44 1006 + 66 1562 + 112
PSZ2G277.76-51.74* 0.43 +0.03 925 + 143 3970 + 285
PSZ2G278.58+39.16 7.33 +£0.44 586 + 54 616 + 44
PSZ2G286.98+32.90 14.97 £ 0.90 1827 + 53 3184 + 229
PSZ2G286.98+32.90 2947 £ 1.77 2012 + 53 529 + 38

References. (1) cluster name; (2) radio relic power at 1.28 GHz; (3) LLS; (4)D.._gg-
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