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ABSTRACT

We present a multiband study of the diffuse emission in the galaxy cluster A3558, located in the core of the Shapley Supercluster.
Using new MeerKAT (Meer Karoo Array Telescope) ultra-high-frequency (UHF) Band and uGMRT (Upgraded Giant Metrewave
Radio Telescope) Band-3 observations, and published MeerKAT L-band and ASKAP (Australian Square Kilometre Array
Pathfinder) 887 MHz data, we perform a detailed analysis of the diffuse emission in the cluster centre. We complement with
XMM-Newton X-ray information for a thorough study of the connection between the thermal and non-thermal properties
of the cluster. We find that the diffuse radio emission in the cluster centre is more extended than published earlier, with a
previously undetected extension spanning 100 kpc towards the north beyond the innermost cold front, increasing the total size
of the emission to 550 kpc, and shows a clear spatial correlation with the X-ray features. The overall radio spectrum is steep
(ajgga%}{; = 1.18 £ 0.10), with local fluctuations which show several connections with the X-ray surface brightness, cold fronts,
and residual emission. The point-to-point correlation between the radio and X-ray surface brightness is sublinear, and steepens
with increasing frequency. We discuss the classification of the diffuse emission considering its overall properties, those of the
intracluster medium, and the existing scaling laws between the radio and X-ray quantities in galaxy clusters. We conclude that
it is a mini-halo, powered by turbulent (re)-acceleration induced by sloshing motions within the cluster region delimited by the
cold fronts, and it supports the picture of a known minor merger between A3558 and the group SC 1327-312 with mass ratio 5:1.

Key words: radiation mechanisms: general —turbulence — galaxies: clusters: general — galaxies: clusters: individual: A3558 —
galaxies: clusters: intracluster medium —radio continuum: general.

1 INTRODUCTION

Superclusters are the most massive gravitationally bound structures
in the Universe (M ~ 10'® My). They form by hierarchical gravita-
tional collapse from initial density perturbations (e.g. Einasto et al.
2003a, b). They contain clusters and groups over a wide range
of masses, from the most massive clusters (~ 10" Mg) to small
groups (~ 10" M), as well as much less dense regions connecting
them (filaments). During the collapse phase, superclusters are host
to a broad range of dynamical processes, from the relatively rare
major merger events involving massive clusters (i.e. > 6 x 10 Mg)
with mass ratios close to unity, to the much more common but
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less energetic minor merger events where the accreted mass is
that of a group or small subcluster with mass ratios well below
M, : My ~1:4 (e.g. Cassano et al. 2016; Dolag et al. 2023, and
references therein).

The gravitational energy released in the cluster volume during ma-
jor and minor mergers leaves important signatures in the properties of
the hot (T~ 107 — 108 K) intracluster gas which permeates galaxy
clusters, such as shocks and cold fronts (Markevitch & Vikhlinin
2007), and affects their non-thermal properties (Brunetti & Jones
2014). The close connection between the properties of the radio
emission in galaxy clusters and their dynamical state is now an
established result (Cassano et al. 2010; Cuciti et al. 2021). In partic-
ular, merger activity and accretion processes induce turbulence and
shocks. This energy then cascades down to the microphysical level to
produce particle (re)-acceleration and magnetic field amplification,
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causing Mpc-scale synchrotron steep-spectrum! radio sources of
~ ulyarcsec™2 surface brightness at GHz frequencies. These are
giant radio haloes and relics. The reader is referred to van Weeren
et al. (2019) for an observational overview, and Brunetti & Jones
(2014) for a theoretical review. On a slightly smaller scale, mainly
restricted to the central regions of the cluster (up to a few hundred
kpc or 0.2Rs,> Giacintucci et al. 2017), radio mini-haloes are found
mainly in dynamically relaxed systems hosting cool cores, where no
major merger event has occurred (e.g. Mazzotta & Giacintucci 2008).
Their origins are still under debate, but the preferred mechanism
is turbulent re-acceleration induced by gas sloshing and/or active
galactic nucleus (AGN) feedback processes (ZuHone et al. 2013;
Richard-Laferriere et al. 2020; Riseley et al. 2022). However, a
possible alternative is due to a continuous injection of cosmic ray
electrons (CRe) produced during hadronic collisions between cosmic
ray protons (CRp) and thermal protons (ZuHone et al. 2015, and
references therein).

The observed correlations between the global properties of the
radio, X-ray emission, and cluster mass (e.g. Buote 2001; Cassano,
Brunetti & Setti 2006; Brunetti et al. 2008; Venturi et al. 2008;
Cassano et al. 2013; Kale et al. 2015a; Giacintucci et al. 2019;
Cuciti et al. 2021) as well as the spatial connection between the
thermal properties of the X-ray gas (extent, brightness, temperature,
and other thermodynamic quantities) and the radio emission (extent,
brightness, and spectral index, e.g. Govoni et al. 2001b; Giacintucci
et al. 2005; Riseley et al. 2023) are a further indication that the
accretion processes are the common origin for the features observed
in the radio and X-ray bands.

Until recently, our studies of cluster mergers and their observable
footprints in the radio band have been limited to intermediate-
to high-mass systems (see Cuciti et al. 2021, 2023, for a recent
statistical investigation). This is simply due to the steep relation
between the cluster mass (or X-ray luminosity) and the radio power
for radio haloes (Cuciti et al. 2021), relics (Jones et al. 2023),
and mini-haloes (Giacintucci et al. 2019). However, the improved
sensitivity at high angular resolutions of the current generation of
radio astronomical facilities, namely the LOw Frequency ARray
(van Haarlem et al. 2013), the Australian Square Kilometre Array
Pathfinder (ASKAP, Hotan et al. 2021), the Meer Karoo Array
Telescope (MeerKAT, Jonas & MeerKAT Team 2016), and the
Upgraded Giant Metrewave Radio Telescope (uGMRT, Gupta et al.
2017), have paved the way to the exploration of new parameter spaces
and revealed new phenomena that have been inaccessible thus far. A
couple of remarkable examples are the giant radio haloes detected
beyond the previously well-known mini-haloes in A2142 (Venturi
etal. 2017; Bruno et al. 2023) and in the Perseus cluster (van Weeren
etal. 2024). These show the complexity of merging processes and the
limitations of our sharp classifications of the radio emission. Further
examples are the faint radio bridges of emission connecting galaxy
clusters and groups, such as the Shapley bridge (Venturi et al. 2022),
that in the Coma cluster (Bonafede et al. 2021), A1758N-S (Botteon
et al. 2020) and the A399-401 pair (Govoni et al. 2019; Pignataro
et al. 2024).

The focus of this paper is the diffuse radio emission at the centre
of the massive cluster Abell 3558 (hereafter A3558). This cluster is
located in the core region of the Shapley Supercluster (hereinafter

®_ where v is the

ISpectral index, «, typically ~ 1.3 for flux density § oc v
observing frequency.
2Rs0 is the radius that encloses a mean overdensity of 500 with respect to

the critical density at the cluster redshift.
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SSc), the most massive supercluster in the local Universe (Einasto
et al. 2003a, M, = 5 x 10" h™' My) at a mean redshift of (z) ~
0.048. The SSc includes high- to intermediate-mass clusters as well
as small groups and filaments in different dynamical stages over a
12x30 deg? region (Proust et al. 2006; Quintana et al. 2020), and
is the perfect environment to study the effects of major and minor
mergers from the supercluster/intercluster scale all the way down to
that of individual galaxies.

MeerKAT L-band and ASKAP 887 MHz radio observations of
the SSc led to the detection of diffuse emission both on the cluster
scale in A3562 (Giacintucci et al. 2022, and references therein) and
A3558, and on the intercluster scale with the detection of a radio
bridge connecting A3562 and SC1329-313 which is coincident
with the X-ray emission detected by XMM-Newton (Venturi et al.
2022). The multiband coverage suggests that the core of the SSc
is undergoing minor merger events (see for instance, Bardelli et al.
2002; Finoguenov et al. 2004; Giacintucci et al. 2022; Venturi et al.
2022, for a discussion on the region between A3562 and SC 1329-
313).

To further explore the ongoing dynamics of the SSc, here we
present a detailed study of the diffuse radio emission at the centre
of A3558 using deep observations carried out with MeerKAT UHF-
band (816 MHz) and uGMRT Band-3 (400 MHz), complemented
by the MeerKAT L-band (1283 MHz) and ASKAP (887 MHz)
data reported in Venturi et al. (2022). The paper is organized
as follows: Section 2 briefly describes the A3558 environment;
Section 3 describes the radio and XMM-Newton data reductions;
in Section 4, we present the radio and X-ray images; in Section 5,
we report our global and local radio analysis; in Section 6, we derive
the radio/X-ray correlations; in Section 7, we classify the nature
of the diffuse emission and discuss its origin in the framework of
the ongoing minor merger in the SSc; and finally in Section 8, we
summarize our results and provide future prospects.

Throughout the paper, we assume a Lambda-cold dark matter
cosmology, with Hy = 70 km s~ and 2y = 0.3. At the average
redshift of the SSc core, (z) = 0.048 and 1 arcsec = 0.928 kpc. We
adopt the spectral index convention of § o v™¢.

2 THE GALAXY CLUSTER A3558

A3558 has been extensively observed in the X-ray, optical, and
radio bands. It lies at the centre of a chain of three clusters
and two groups, from west to east: A3556-A3558-SC 1327-312-
SC 1329-313-A3562). This nearly east—west continuous structure
of interacting and merging clusters (e.g. Merluzzi et al. 2015; Haines
et al. 2018) spans ~ 3° on the sky and is permeated by low surface
brightness X-ray gas (Ettori, Fabian & White 1997; Finoguenov et al.
2004; Planck Collaboration XVI 2014a; Merluzzi et al. 2016).
A3558 itself has redshift z = 0.0474 with dynamical mass Mgy, =
14.8 + 1.4 x 10" My (Higuchi et al. 2020), a bolometric X-ray
luminosity of L' ~ 7x10* ergs~! (de Filippis, Schindler & Erben
2005) and average recession velocity (Vy) = 14500 & 45 kms™!
(Haines et al. 2018). The brightest cluster galaxy (BCG) and X-ray
peak are coincident but offset from the Sunyaev—Zeldovich (SZ)
centre (Planck Collaboration XXIX 2014b) by ~16 arcsec (15 kpc).
Rossetti et al. (2007) studied the thermal properties of A 3558
in detail using deep XMM-Newton data. They found that the
intracluster medium (ICM) has mixed characteristics: a peaked
metal abundance and brightness distribution typical of relaxed cool-
core clusters and an asymmetric temperature distribution typical of
merging clusters. Furthermore, they found a sharp discontinuity in
brightness, temperature, and density at 113 arcsec (105 kpc) NW of
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the cluster centre, which they attribute to a cold front. This cold
front is moving NW and is believed to be driven by core oscillations
or sloshing caused by past interactions, possibly with the group
SC 1327-312, which lies ~22 arcmin (1.2 Mpc) south-east of A3558
with a mass ratio ~ 1 : 5. This minor merger would have mildly
disturbed the cluster gravitational potential well but was likely not
strong enough to destroy its structure. The sloshing oscillations likely
caused the core’s dense gas to shift and form the current cold front,
and hydrodynamic processes have formed a tail of low-entropy, high-
pressure, metal-rich cool-core gas extending behind it. Mirakhor et al.
(2023), using similar analyses, showed that A3558 hosts two large-
scale cold fronts in an outwardly spiralling pattern, one at 9.7 arcmin
(~540 kpc) SE and the other 20.7 arcmin (~1.2 Mpc) NW from
the surface brightness peak. These cold fronts highlight the dynamic
nature of the cluster ICM and suggest gas sloshing throughout the
cluster volume.

The A3558 complex was also included in a comprehensive
optical/near-infrared survey of the entire SSc, namely the Shapley
Supercluster Survey (ShaSS, Merluzzi et al. 2015, 2016; Haines
et al. 2018). In particular, to study the impact of cluster-scale mass
assembly on galaxy evolution, through optical (ugri bands) with
the European Southern Observatory Very Large Telescope (ESO-
VLT) Survey Telescope, a weak-lensing map of the cluster core was
derived, finding that the dark matter distribution is slightly offset with
respect to the X-ray emission and optical galaxy density, attesting to
the complex dynamical state of the core of the SSc (Merluzzi et al.
2015).

Regarding the radio regime, the galaxy population of A3558 has
been studied by Venturi et al. (2000) via an Australia Telescope
Compact Array (ATCA) 22 cm survey. They find that the radio source
counts are consistent with the background field despite the higher
optical density. Thereafter, Giacintucci et al. (2004) and Miller (2005)
via Very Large Array (VLA) 21 cm observations found that the radio
luminosity function for early-type galaxies is lower than expected and
that the cluster lacks significant radio-detected star-forming galaxies,
implying that its dense environment and past merger events may have
quenched star formation, but also enhanced AGN activity in its most
massive galaxies. Di Gennaro et al. (2018) studied the BCGs and
tailed radio galaxies of the clusters in the SSc using GMRT 235, 325,
and 610 MHz and the VLA 8.46 GHz, along with data from the TIFR
GMRT Sky Survey at 150 MHz, the Sydney University Molonglo Sky
Survey at 843 MHz, and ATCA at 1380, 1400, 2380, and 4790 MHz.
They find that the BCG in A3558 is a faint compact source with a
concave spectrum that is relatively steep, suggesting that this source
has already aged and will not evolve beyond its present size (which
we measure to be ~24 arcsec or 22 kpc). However, significant large-
scale diffuse emission in A3558 has only been detected with the
current generation of radio interferometers, namely MeerKAT and
ASKAP (Venturi et al. 2022). Fig. 1 shows the central environment
of A3558 with an optical DESI Legacy Survey DR10 (Dey et al.
2019) grz-band image, with the XMM-Newton 0.7-1.2 keV image
overlaid in blue and the MeerKAT UHF-band image in red.

3 DATA REDUCTION

We used a combination of new and previously published data to study
the diffuse radio emission in A3558. We made use of the MeerKAT
L-band visibilities from Venturi et al. (2022), which we reprocessed,
and their final ASKAP 887 MHz image. Table 1 summarizes the
observation details of the new data. The reader is referred to Venturi
et al. (2022) for the observational details of the MeerKAT L-band and
ASKAP 887 MHz data. Details of the reduction of each data set are
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Figure 1. Composite image of the A3558 environment. The background is
an RGB image of the Dark Energy Spectroscopic Instrument (DEST) Legacy
Survey DR10 in the g, r, z bands. Overlaid in blue is the X-ray XMM—-Newton
0.7-1.2 keV image and in red the Native MeerKAT UHF-band radio image
at an angular resolution of ~13 arcsec. The BCG is labelled with its redshift.
The SZ cluster peak is indicated by a black cross.

Table 1. Observation details of the new data used in this study.

MeerKAT UHF

RA, Dec. (J2000) 13h27m54.8s, —31°29'32.0”
On-source integration 9h

Frequency range 544-1088 MHz
Central frequency 816 MHz

Number of channels 4096
Observation date 31 March-01 April 2022

uGMRT Band-3

RA, Dec. (J2000) 13h27m58.0s, —31°30'30.5”
On-source integration 55h

Frequency range 300-500 MHz
Central frequency 400 MHz

Number of channels 8192
Observation date 06 June 2022

as follows. The reader is referred to Venturi et al. (2022) for details
of the ASKAP reduction. Since we did not reprocess the ASKAP
data, and point source subtraction was performed in the image plane,
we adopt a conservative fluxscale uncertainty of 20 per cent for all
measurements on this data. We also note that all data have pointing
centres on or very near the cluster BCG so primary beam correction
was not necessary.

3.1 MeerKAT

The unpublished MeerKAT data used here were downloaded from
the South African Radio Astronomy Observatory (SARAO) archive
(Schedule Block: 20220329-0020) and were observed as part of the
observatory’s UHF-band science verification program. The observa-
tions were conducted on the night of 2022 March 31, totalling nine
hours on-target in UHF band — at a central frequency 816 MHz with
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Table 2. Properties of the new images used in this study.

Telescope Av v Type Robust UV-range Taper Noise Beam
(MHz) (MHz) (kr) (arcsec) (nly beam~' ) (arcsec x arcsec,®)
uGMRT 300-500 400 Native 0 - - 29.4 9.6x6.0, 173
HR 0 > 8.4 - 26.3 7.7x4.7,2
SRC-SUB 0.5 - 23 95.0 30x30, 0.0
MeerKAT 544-1088 816 Native 0 - - 14.5 13.4x12.2,99
HR —1.5 > 8.4 - 18.5 6.6x6.4, 44
SRC-SUB 0 0.2-18.3 23 32.0 30x30
MeerKAT 856-1712 1283 Native 0 - - 5.7 7.9x%7.0, 171
HR 0 > 8.4 - 6.9 6.9x6.2, 22
SRC-SUB 0 0.2-18.3 26.5 17.0 30x30

Notes. Native refers to the final self-calibrated images, HR refers to the high-resolution images from which point sources were modelled, and SRC-SUB
refers to the compact source subtracted images. All SRC-SUB images were convolved with a Gaussian kernel to achieve the reported circular beam

size.

544 MHz total bandwidth — with full wide-band 4096 channelization
and full Stokes at an 8-s dump rate. The standard MeerKAT
continuum observation strategy was implemented, with J 1939-6342
as the primary calibrator and J 1311-2216 as the secondary calibrator,
respectively.

We used the CARACal pipeline (J6zsa et al. 2020) to automate
the transfer calibration process for both the L- and UHF-band
data. Within this pipeline, the standard CASA flagdata task and
Tricolour? (Hugo et al. 2022) were used to flag the data before
calibration. Thereafter, calibration solutions were derived from the
primary calibrator against its known local sky model. This was
repeated after mild automated flagging. The bandpass corrections
were applied to the secondary on-the-fly while its solutions were
derived and scaled to the primary’s flux density scale. The primary
bandpass solutions and the secondary delay and flux-scaled gain
solutions were applied to the target data, which were then frequency-
averaged over four channels to save on storage and processing time.
Finally, the cross-calibrated target data were flagged similarly to the
calibrator data.

Self-calibration was automated using the PYTHON3 scripting
framework Stimela2 (Smirnov et al. 2025), which allowed for
greater flexibility than the current CARACal self-calibration work-
flow. We used the calibration software QUARTICAL (Kenyon et al.
2025) to derive direction-independent solutions. For imaging, we
used WSCLEAN V2.10 toimage at robust 0 and multiscale cleaning
with eight sub-bands each in both observing bands. The UHF-band
cross-calibrated target field showed a large background diffraction
pattern of smoothly varying positive and negative excess noise all
throughout the primary beam, most likely due to persistent low-
level radio frequency interference (RFI) on the shortest baselines.
The L-band data had a similar pattern but was much less severe.
We used breizorro* to make a deep mask of the field and
then re-imaged with this mask to ensure no artefacts were carried
into self-calibration. QUARTICAL read these skymodels and derived
and applied direction-independent delay (K) and complex diagonal
gain (G) solutions simultaneously. For both bands, the K-term was
solved per integration over the entire bandwidth and the G-term was
conservatively solved every three minutes in four equal sub-bands.
After much experimentation, we found that to eliminate the large-
scale diffraction patterns, we needed to enable inside QUARTICAL a

3Flagging strategy: https://github.com/caracal-pipeline/caracal/blob/master/
caracal/data/meerkat_files/gorbachev.yaml.
“https://github.com/ratt-ru/breizorro
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small inner uv-cut (all data > 50 m in UHF band and > 150 m in L
band) and per baseline MAD (median absolute deviation) flagging.
Some low-level fluctuations remained in both bands but did not affect
our science goals.

The final self-calibrated (Native in Table 2) UHF-band images
have alocal noise of 14.5 1Jy beam™! at aresolution of (13.4 arcsec x
12.2 arcsec, 99°), and the L-band images have noise 5.7 uJy beam™!
at a resolution of (7.9 arcsec x 7.0 arcsec, 171°).

The MeerKAT L and UHF bands have an overlapping frequency
range from 856-1088 MHz. To estimate the flux scale uncertainty in
the UHF band, we re-imaged the final calibrated L and UHF target
fields within the frequency range 890-910 MHz (central frequency
of 900 MHz). Then, PYBDSF (Mohan & Rafferty 2015) was used to
identify and measure point source flux densities within the primary
beam across the two data sets. We calculated the mean percentage
difference between the two data sets to be 810 percent and thus
conservatively adopted a 10 percent flux scale uncertainty on the
UHF data.

3.2 uGMRT

The uGMRT Band-3 data (300-500 MHz, with 400 MHz as central
frequency) were part of a survey covering the core of the SSc with
five pointings (proposal ID: 42_019, see Merluzzi et al. 2024). The
observations were conducted on 2022 June 5 for a total time of seven
hours, including times on the calibrators (i.e. 3C286 and J 1311—
222 as primary and secondary calibrators, respectively). Data were
recorded in 8192 frequency channels, with an 8-s dump rate in full
Stokes mode.

We processed the data using the Source Peeling and Atmospheric
Modeling (SPAM, Intema 2014) software. Since both narrow- and
wide-band correlators were used, we first reduced the narrow-band
data and then the wide-band data, using the narrow-band image as
a sky model. The wide-band data were split into six sub-bands of
33.3 MHz bandwidth each. These were calibrated independently
and then imaged together using WSCLEAN V2.10 at the common
frequency of 400 MHz. The final wide-band image has a noise of
29.4 pJybeam™! at a resolution of (9.6 arcsec x 6.0 arcsec, 173°).
Final systematic uncertainties due to residual amplitude errors are
set to 8 per cent (Chandra, Ray & Bhatnagar 2004).

3.3 Compact source subtraction

The diffuse emission in A3558 hosts many compact sources, a few of
moderate flux, and many more fainter. They all need to be removed
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Figure 2. A3558 optical/radio overlay. The RGB map is the same DESI
image from Fig. 1. The magenta contours show our HR (as listed in Table 2)
MeerKAT L-band 1283 MHz emission at a 6.9 arcsec x 6.2 arcsec, 21.6°
resolution (shown in the top-left corner) with noise 6.9Jy beam™!, starting
at 30 and increasing by a factor of two. The cyan contours show the low-
resolution point source subtracted (SRC-SUB in Table 2) MeerKAT L-band
1283 MHz diffuse emission studied in this work at a 30 arcsec resolution
(bottom left) with o = 17uJybeam™', starting at 30 and increasing by a
factor of two. The dashed white contours show the -30 level at both high and
low resolutions. The cluster BCG is labelled along with a powerful embedded
source, J 1327-3129a.

to study the intrinsic properties of the diffuse emission in detail.
Compact source subtraction was performed in the visibility plane
for all data sets except for the ASKAP data, which was originally
conducted in the image plane. We wanted to match the subtraction
between MeerKAT L and UHF bands as closely as possible. To
this end, we ensured that the compact emission of the two data
sets was modelled at a similar resolution by reimaging the L-band
data at robust 0 and the UHF-band data at robust -1.5,
which gave high-resolution (HR) images of ~7 arcsec for the point
source models of both data sets. In addition, to ensure no extended
emission was modelled, the UV-coverage in both bands was limited
to the range >8.4 kA, which corresponded to the expected restoring
beam of the residuals, i.e. 30 arcsec. In other words, only structures
smaller than 30 arcsec were imaged in both bands. We experimented
with different UV-cuts, and all resulted in consistent distributions
of the final diffuse emission. The same imaging philosophy of self-
calibration was implemented, i.e. derive a deep manual mask from
an automasked initial imaging run and then restart the imaging
with the manual mask. In this way, only the masked emission was
subtracted. We used a common mask to ensure subtraction was
consistent between bands. Fig. 2 shows the compact and diffuse radio
emission as magenta and cyan contours, respectively, all overlaid on
an optical image. All magenta contours within the diffuse region
were subtracted and are listed in Table E1. After subtraction, the
residuals were reimaged at robust 0 with three sub-bands over
the UV-range = [0.2-18.3] kA with various visibility Gaussian tapers
to reach a resolution close to 30 arcsec. Image-plane convolution was
performed to reach an exact 30 arcsec beam size. The noise at this
resolution, estimated as the root mean square of the local residual
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map, was measured to be 32 and 17 uJy beam ™' for UHF and L bands,
respectively.

A negative hole just west of the BCG is seen in the MeerKAT L-
band image, as can be seen in Fig. 2. This hole is also seen in Venturi
et al. (2022) and is due to the over-subtraction of a strong embedded
source, J 1327-3129a, which has residual calibration artefacts —
indeed, all compact sources with residual artefacts show imper-
fect subtraction. Direction-dependent calibration with DDFacet and
kilIMS (following Trehaeven et al. 2023) was performed to try to
eliminate these artefacts and thereby improve source subtraction.
Only a marginal improvement of the artefacts was achieved, and
ultimately, this negative hole persisted after subtraction. We masked
this region out of all analyses presented in the following sections.

The uGMRT subtraction was performed similarly to MeerKAT L
band, i.e. at robust 0 and an inner UV-cut of >8.4 k. Its own HR
mask was made, and after subtraction, the residuals were re-imaged
at robust 0, but over the full UV-range to make the detection
comparable to that of MeerKAT. We found that using a similar
UV-range as the MeerKAT data after subtraction (0.2-18.3 ki)
reduced the significance of the detection and reduced the recovered
flux from the diffuse emission by approximately 40 per cent. Thus,
we did not use a UV-cut when imaging the uGMRT residuals.
Again, we used a combination of visibility- and image-plane Gaus-
sian tapers to reach a final resolution of 30arcsec. The noise at
this resolution is 95uJy beam™!. The final point source subtracted
multifrequency-synthesis (MFS) continuum images are shown in
Fig. 3.

3.4 XMM-Newton

We analysed the archival XMM-Newton observations of A3558,
focusing mainly on the central pointing of Obs. ID 0107260101,
which was observed on 2022 January 21 for 45 ks, using the Scientific
Analysis System (SAS) version 19.1. For the data reduction and
imaging analysis, we followed the detailed procedures in Ghirardini
et al. (2019). Briefly, we reprocessed the observations with the
emchain and epchain tools to ensure the latest calibration available
and performed standard pattern and flag filtering. We removed time
intervals affected by flares with the mos-filter and pn-filter tools,
resulting in a clean exposure of 43 ks (MOS1), 42 ks (MOS2), and
37 ks (pn). For each detector, we extracted source images, exposure
maps and particle background images in the energy range [0.7 — 1.2]
keV, which is shown to maximize the source/background ratio, using
the ESAS mos-spectra and pn-spectra ESAS tools (see Snowden et al.
2008, for a description of the background model used in these tools).
We combined images of individual detectors into European Photon
Imaging Camera (EPIC) images and exposure maps which are used
in our analysis (Fig. 4). We detected and masked out point sources
as described in Ghirardini et al. (2019).

Concerning the thermodynamic maps shown in the bottom panels
of Fig. 4, we relied on the results presented in Rossetti et al. (2007).
Briefly, we applied an adaptive binning algorithm based on Voronoi
tessellation (Cappellari & Copin 2003) to ensure a constant signal-
to-noise ratio (S/N) throughout the images. In each bin, we fit the
count rates in five energy bands to derive the temperature 7 and
normalization K and combine them to derive the pseudo-pressure
and pseudo-entropy quantities as:

K\ 12 K\
P=T <7) _7 (7) : )
N, N,

where N, is the number of pixels in each bin.
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Figure 4. X-ray maps with UHF-band contours overlaid (same as Fig. 3, middle) and the cold front outlined. Top left: surface brightness. Top middle: GGM
— filled circles are masked point sources. Top right: fractional residual brightness — filled circles are masked point sources. Bottom left: temperature. Bottom

middle: pseudo-pressure. Bottom right: pseudo-entropy.
4 CONTINUUM IMAGES AND ANALYSIS

4.1 Radio

Fig. 3 shows the point source subtracted radio surface brightness
continuum maps used in this work. They are convolved to a 30 arcsec
beam size to recover as much of the diffuse emission as possible and
are centred on the location of the BCG. The diffuse emission of
interest is detected in all data sets — having a morphology similar
to that shown in Venturi et al. (2022), i.e. elliptical and generally
following the X-ray surface brightness distribution, which itself is
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shown in the top-left panel of Fig. 4 and described in the next section.
A faint extension to the north is recovered in the MeerKAT data, and
just barely seen in the uGMRT counterpart, which was not seen in
Venturi et al. (2022). This extension increases the projected largest
linear size (LLS) to ~ 550 kpc.

We measured the radio flux density within the 3o contour at each
frequency and calculate the uncertainty as

2
AS = \/ @ S? + (0 Nowam )+ 020 @)
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Table 3. Flux density measurements of the A3558 diffuse emission for this
work.

v (MHz) Array Flux density (mJy)
400 uGMRT (Band-3) 54.8545.87
635 MeerKAT (UHF band) 30.35+3.38
816 MeerKAT (UHF band) 25.9242.99
887 ASKAP 26.05+5.21
997 MeerKAT (UHF band) 19.074+2.42
998 MeerKAT (L band) 17.45+1.93
1283 MeerKAT (L band) 13.24+1.56
1569 MeerKAT (L band) 11.32+1.40

where o, is the percentage calibration uncertainty, S is the measured
radio flux density, o is the local noise given in the caption of Fig. 3,
Nbpeam 1s the number of beams contained within the 3¢ region and,

N

Gsleb = Z (Is X A’bcam,s)2 ) (3)

s=1

is the subtraction uncertainty. Here, I is the mean residual surface
brightness of the diffuse emission within the sth source region, and
Nbpeam, s 1S the number of beams within that region. The flux density for
the uGMRT and ASKAP MFS images and three equal sub-bands in
each MeerKAT band are given in Table 3. The sub-bands are chosen
to highlight the overlap between the UHF and L bands at 1 GHz.
The ASKAP and L-band flux densities used here are consistent with
those presented in Venturi et al. (2022).

4.2 X-ray

The images of the thermal quantities of A3558 as derived from XMM
EPIC are shown in Fig. 4. The thermal plasma in A3558 has been
shown to have three cold fronts indicating gas sloshing throughout
the cluster volume (Rossetti et al. 2007; Mirakhor et al. 2023). In
particular, the innermost cold front, at 113 arcsec (105 kpc) northwest
of the central density peak, lies within the diffuse radio emission.
To highlight this innermost cold front and its spatial coincidence
with the diffuse radio emission, we show in the middle-top panel of
Fig. 4 the adaptive Gaussian gradient method (GGM, Sanders et al.
2022) image of the X-ray surface brightness. The intensity of this
image traces the spatial gradient in surface brightness and is used
to detect edge features such as cold fronts or shocks. The adaptive
implementation of this method uses a multiscale approach to ensure a
minimum S/N ratio (we used the default setting of S/N = 32) in each
smoothing kernel, resulting in sharp, fine details being preserved in
bright regions and smoother, noise-suppressed gradients in fainter
regions. We find that the peak of this GGM map indeed coincides
with the location of the innermost, northwest, cold front.

To highlight the sloshing features often associated with cold fronts,
we used the PYPROFFIT package (Eckert et al. 2020) to model the
thermal plasma as an elliptical double-8 distribution. The observed
surface brightness was then divided by the best-fitting model to
extract the underlying sloshing features. The image showing this
ratio (top-right panel of Fig. 4) traces local under/overdensities of
the thermal ICM and reveals the classic spiral signatures of gas
sloshing. The best-fitting parameters are given in Table 4, including
the single B-value used for both components, the two core radii in
arcminutes, the ratio between the two normalizations, the logarithm
of the normalization of the first model, and the logarithm of the X-
ray background. We note that the inner beta core radius is just larger
than the radius of the northern cold front stated in Rossetti et al.
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Table 4. Best-fitting parameters of the X-ray PYPROFFIT double 8 model,’
parametrized by a single S value, the two core radii (arcminutes), the ratio
between the two components, the logarithm of the first normalization, and
the logarithm of the X-ray background.

:B Fel re2
1.0840.08 2.13+0.13 9.1+0.5
Ratio Norm Bkg
0.40+0.01 —1.334+0.01 —3.0640.05

(2007), showing that this feature does indeed trace the cold front.
The bottom row of Fig. 4 also shows the X-ray temperature, pseudo-
pressure, and pseudo-entropy maps from Rossetti et al. (2007). The
radio contours are overlaid onto these X-ray maps and suggest a
clear connection between the thermal and non-thermal emissions.
For example, the orientation of the radio and X-ray surface brightness
and thermodynamic quantities are similar, suggesting that they are
both manifestations of ICM processes. Furthermore, the brightest
radio emission is confined within the cold front, with a low surface
brightness extension to the north in a hot, X-ray deficient region
of high pressure and high entropy. The analysis and interpretation
of such features and the connection between the thermal and non-
thermal emission are presented and discussed in the following
sections.

5 ANALYSIS OF THE DIFFUSE RADIO
EMISSION

In this section, we present a detailed analysis of the radio properties
of the diffuse emission in A3558, including radial profiles and
spectral properties. To this aim we use our highest fidelity MeerKAT
UHF- and L-band point source subtracted images (Fig. 3, middle and
right-hand panels) to make radial profiles of the diffuse emission, and
the sub-band images of these data sets for an integrated spectrum,
spectral index, and curvature maps of the diffuse emission.

5.1 Radio radial profiles

Fig. 5 shows the radial profiles for the MeerKAT UHF- and L-band
diffuse emission in two conic sections along the orientation axis. To
properly cover the northern and southern extension of the diffuse
emission, the northern section is drawn between 30-120° from the
horizontal, and the southern section from 200-290°. The annuli all
have a radius equal to the size of the restored beam (30 arcsec),
making the measurements independent. For simplicity, we mask
out the main contaminating point sources, which may still have
some residual compact emission. Then, the surface brightness and
uncertainties are calculated similarly to the flux densities, but each
is divided by the annulus area. At first glance, the shapes of the
profiles are fairly consistent across direction and frequency, but a few
differences are hinted at. Specifically, in the north in the UHF band,
a slight increase in brightness is seen in the first annulus. Thereafter,
the southern profile experiences a slightly higher brightness in the
radius range 75-200 arcsec (70-185 kpc). Subsequently, the northern
extension is seen as a surplus of emission compared to the southern
profile at > 250 arcsec (>230 kpc) in both bands.

Shttps://pyproffit.readthedocs.io/en/latest/pyproffit. html#pyproffit. models.
DoubleBeta
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Figure 5. A3558 UHF- and L-band surface brightness profiles. Left: same as Fig. 3 (middle), but with sectors overlaid showing the sampling of the radial profiles
in the north and south directions. Some obvious residual compact sources are masked out. Middle: UHF-band profiles. Right: L-band profiles. The measurements
in the northern sector are coloured red and the southern sector blue. Shaded regions show the 1o uncertainties on the surface brightness measurements. The
dashed (and dash—dotted) lines show the best-fitting exponential profiles for each component, and the vertical shaded regions show the best-fitting e-folding
radii. The vertical dashed line shows the cold front position from Rossetti et al. (2007). The horizontal dashed lines show the noise levels.

Table 5. Best-fitting parameters for radio surface brightness radial profiles.

UHF band]| L band
North Comp 1 ) Te Iy Te
0.444-0.04 158+10 0.3440.01 121+4
North Comp 2 ) Te - -
0.554+0.14 21+7 - -
South Comp 1 Iy Te Iy Te
0.6410.02 129+4 0.3740.01 127+4

Notes. Iy has units of pJy arcsec™2 and r, of arcseconds.

To formally characterise the profiles, we fit a single exponential in
the conic sections following Murgia et al. (2009) of the form

In(r) = I exp(—}), @)

where I, is the peak surface brightness and r, the e-folding radius.
We use the scipy.optimize.curve_fit function to perform the fit, and
Table 5 gives the best-fitting parameters. These parameters depend
slightly on the choice of sample profile but generally agree within
the stated uncertainties. All profiles can be characterized by a single
exponential within the observational uncertainties, except for that in
the UHF band in the north. Here, the surplus of emission mentioned
above allows us to constrain a two-component exponential, where
the second component characterizes the core region. Local deviations
from the best-fit may be real enhancements/decrements of the diffuse
emission or attributed to residual contamination from embedded
compact sources. We cannot constrain whether the northern exten-
sion constitutes a second (or third) component due to the sensitivity
limits of our images. Indeed, it may just be the brightest part of a
larger, more coherent component. Deep low-frequency observations
are required to constrain whether multiple components are present at
large radii.

5.2 Spectral properties

The spectral index, «, is key for probing the mechanisms responsible
for the origin of the diffuse emission. By analysing the spectral index,
one can estimate the energy distribution and particle (re)-acceleration
mechanisms of the CRe responsible for the non-thermal emission,
and the average magnetic field strength of the ICM (Brunetti &
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Figure 6. A3558 integrated spectrum. Squares and crosses show the
MeerKAT UHF- and L-band data points, respectively. The circles show
uGMRT at 400 MHz and ASKAP at 887 MHz.

Jones 2014). For example, steepening of the spectral index at higher
frequencies in the form of a break in the energy spectrum suggests
radiative cooling dominates over (re)-acceleration at high energies,
typical of turbulent (re)-acceleration models (Brunetti & Jones
2014). With high-quality radio data from ~400 to ~1500 MHz, we
characterize the spectral nature of A3558 over a ~1 GHz frequency
range.

5.2.1 Integrated spectrum

The flux densities of the diffuse emission at the uGMRT and ASKAP
central frequencies and three sub-bands in each of the MeerKAT
bands are given in Table 3. We fitted a single power law to the
spectrum using the scipy.optimize.curve_fit function and took the
uncertainties as the square root of the diagonal terms of the covariance
matrix. The resulting integrated spectrum is shown in Fig. 6. We
find an integrated spectral index of aj30aMi? = 1.18 4 0.10. This
is significantly flatter than the ultrasteep spectrum (USS) given in
Venturi et al. (2022) of agiami® = 2.3 +0.4. However, such a
spectral index is reproduced in this work if only the ASKAP and
MeerKAT data are fitted. Hence, we suggest that the USS is caused
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Figure 7. A3558 spectral index map and radial profile. Left: spectral index map at 30 arcsec resolution with UHF-band contours overlaid. Middle: same as left,
but at 60 arcsec. Right: radial profile similar to Fig. 5 for the 60 arcsec resolution spectral index map where blue is the northern sector and red is the southern
sector. Light blue shows the profile for the northern sector in the 30 arcsec resolution spectral index map and highlights the strip of flatter spectrum.

by the ASKAP measurements being biased to higher flux densities
by inaccurate point source subtraction. With our spectral index, we
determine a radio power of Pj 4gn, = 6.8 £0.9 x 102 WHz .
We also measure the BCG flux density over a similar frequency
range as above. These are listed in Table Al, resulting in a spectral
index of aj$33MH2 — 1.04 4 0.06, shown in Fig. A1, and radio power
Piacu, = 2.57 £0.26 x 10?2 WHz ™!, consistent with Di Gennaro

et al. (2018)

5.2.2 Spectral index map

The resolved spectral index map between the six MeerKAT sub-
bands at 30 and 60 arcsec resolution are shown in Fig. 7, with the
associated uncertainty maps in Fig. B1. The MeerKAT bands have
consistent UV-ranges, i.e. same UV-cuts and comparable coverage
of the UV-plane, and point source subtraction, leading to the highest
fidelity spectral index map. The map is made by fitting the same
power law as above, again with scipy.optimize.curve_fit function, but
now on a pixel-by-pixel basis. This results in a spectral distribution
that is generally consistent with the integrated spectrum but with
several defining spatial features. In the 30 arcsec map, a clear spiral-
shaped strip of flatter spectrum, a few beams in length and one beam
across, is seen just north of the BCG. Unfortunately, a contaminating
point source (J1327—-3129a, see Fig. 2) is positioned at this location,
obscuring the westernmost part of the strip. Further out, in the
60 arcsec map, a strip of steeper spectrum is seen. We interpret these
features in the context of gas sloshing and particle (re)-acceleration
to connect the energetics of the non-thermal ICM to the dynamics
of the thermal plasma and discuss the origin of the radio diffuse
emission in Section 7.3.

The right-hand panel of Fig. 7 shows radial profiles along the
orientation of the diffuse emission using similar annuli to Fig. 5.
The annuli are again one beam in radius corresponding to the 30 and
60 arcsec maps, respectively. On large scales, in the 60 arcsec map,
the northern region exhibits significant radial steepening, starting
from o ~ 1.2 inside the cold front, and increasing consistently until
apeak at ~ 275 arcsec (255 kpc) with & ~ 1.7 and dips thereafter to
a ~ 1.4. In the southern part of the cluster, the spectrum stays fairly
constant at @ ~ 1.2 until ~ 150 arcsec (140 kpc) and then gradually
flattens thereafter to o ~ 1.0. We also plot the northern profile from
the 30 arcsec map, which highlights the strip of flat spectrum on small
scales inside the cold front. Finally, the 30 arcsec profile in the south
is consistent with the 60 arcsec counterpart and so is not shown.

5.2.3 Spectral curvature

Spectral curvature is the change in spectral index across frequency
and can be used to identify regions with different (re)-energization
processes (e.g. Brunetti & Jones 2014; Raja et al. 2024). The spectral
curvature map is produced using two independent spectral index
maps, the UHF and L in-band spectral index maps, where the curva-
ture is defined as o, — aunE, OF Agqe i’ — Ctesi .. Here, a positive
curvature indicates spectral steepening, a classic signature of electron
ageing, which is expected also in the turbulent re-acceleration
scenario. Fig. 8 shows the curvature map and associated uncertainty
maps. Since the two individual spectral maps are independent of each
other, the curvature uncertainty is derived as the simple propagation
of errors from the two in-band maps. The same annuli as before are
used to derive the radial profile. Although the uncertainties are large,
we can still discern some unique behaviour. In the south, the curvature
remains fairly uniform at negative or no curvature until ~ 150 arcsec
(140 kpc), suggesting a consistent and uniform energy injection, and
then gradually increases to positive (i.e. spectral steepening). The
north also starts at negative curvature but increases immediately,
becoming positive at ~ 200 arcsec (185 kpc) and staying constant
throughout the northern extension. This suggests electron ageing in
the northern and southern extensions compared to the central region
of the diffuse emission.

6 CORRELATIONS BETWEEN THE
NON-THERMAL AND THERMAL EMISSION

Studying the relationship between the thermal and non-thermal
emissions provides valuable insight into the overall dynamics of the
environment and how the energy injected during merger activities
affects the different components of the ICM.

6.1 Radial profiles

We compare the radial profiles of the spectral index map to the X-
ray GGM and residual maps to showcase trends that directly link
changes in the thermal emission with the energetics of the non-
thermal emission. Fig. 9 highlights the spatial coincidence between
the spectral index and the X-ray GGM and residual maps. We show
radial profiles of o against the X-Ray GGM and residual surface
brightness in the same annuli as Fig. 5. The X-ray GGM profiles have
been normalized to match the spectral index for ease of comparison.
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Figure 8. A3558 spectral curvature map and radial profile at 60 arcsec. Left: curvature map. Middle: uncertainty map. Right: radial profile.
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Figure 9. A3558 spectral index profiles against X-ray GGM and residual surface brightness maps. Left: spectral index map from Fig. 7 with a green contour
overlaid at « = 1.2. The white contours show the X-ray GGM peak region, and the cyan dashed ellipse the position of the X-ray cold front. The black contour
shows the unity level of the X-ray residual map, with regions less than unity to the south and greater than unity to the north. Middle: plot comparing the spectral
index (blue) to the X-ray GGM (red) and residual (green) profiles in the north. Right: same as middle, but for the southern region.

The region of flatter spectrum just north of the BCG mentioned in
Section 5.2.2 is coincident with the peak region of the X-ray GGM
map. The spectrum then steepens across the cold front and peaks
at ~ 275 arcsec (~255 kpc), as mentioned in Section 5.2.2, while
the GGM and X-ray residual surface brightness decreases. In fact,
the Pearson and Spearman correlation coefficients for the spectral
index versus X-ray GGM in the north are —0.8 and —0.6, and for
spectral index versus residual X-ray surface brightness are —0.8 and
—0.9, respectively, clearly indicating a strong negative correlation.
On one hand, these relations directly link the processes responsible
for the thermal cold front and the (re)-energization of the non-thermal
component. On the other hand, they link the local underdensity due
to gas sloshing to the ageing of the synchrotron-emitting electrons.
Regarding the southern region, the relations are not quite as obvious.
Here, the radio spectrum stays uniform until the e-folding radius,
while the X-ray GGM decreases and the X-ray residual increases.
Thereafter, the spectrum becomes flatter while the GGM stays fairly
uniform and the X-ray residual continues to increase. This suggests
opposite trends between the X-ray GGM and residual quantities.
Indeed, the Pearson and Spearman coefficients for the spectral index
versus X-ray residual are both —0.9, and spectral index versus GGM
are both 0.5 (with p-values of 0.3). The latter reiterates the connection
between the local over-density of gas sloshing to (re)-energization,
while the exceptional trend in the south against the X-ray GGM and
its positive correlation with large p-value highlights the complexity
of the region and is interpreted as the (re)-energization caused by gas
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sloshing dominating over ageing in this direction thereby flattening
the radio spectrum instead of steepening it.

6.2 Point-to-point analysis: Surface brightness

It is a common tool to study the thermal/non-thermal interplay in
galaxy clusters with diffuse emissions via point-to-point analyses —
for example, see Ignesti et al. (2020), Rajpurohit et al. (2021), Riseley
et al. (2024), Hoang et al. (2025), and references therein. The two
types of emissions are generally related as Iz oc IX (Govoni et al.
2001a). This correlation probes the relative spatial distributions of the
thermal and non-thermal components, where a slope k£ > 1 indicates
that the non-thermal emission has a narrower distribution than the
thermal emission. Conversely, a sublinear k < 1 indicates a broader
non-thermal distribution, supporting a scenario where cosmic ray
particles are accelerated and transported by turbulence generated on
large scales.

We use the uGMRT Band-3, MeerKAT UHF band, ASKAP
887 MHz, and MeerKAT L-band images to investigate how various
quantities in these two regimes correlate spatially and spectrally.
The analysis is automated with The Point-to-point TRend EXtractor
(PT-REX, Ignesti 2022), using CASA (CASA Team et al. 2022)
to measure the surface brightnesses and LinMix (Kelly 2007) to
perform the fitting. We chose LinMix because it uses a Bayesian
statistical approach to account for the errors in the measurements
and the intrinsic scatter of the linear regression. First, we mask out
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Figure 10. A3558 Ir/Ix correlation analysis. Top: X-ray surface brightness
map shown in Fig. 4 with UHF contours overlaid. The mesh grid shows
the sampling distribution for the surface brightness point-to-point analyses,
where black squares show the region inside the cold front, red the region
outside the cold front, and yellow the northern extension. The white circles
are masked point sources. Middle and bottom: correlation planes for the
various data sets. The data points are colour-coded to match the cells in the
colour map. The best-fitting slope using all data points in each plane is given
in green with the shaded region the 1o uncertainty. The horizontal line shows
the noise level.

the positions of all contaminating radio and X-ray sources in all
bands. We then generate a grid of square cells over the 30 MeerKAT
detection regions, where each cell is the size of the radio beam
in area — see Fig. 10. The same grid is used in all radio bands to
study how the measured correlations change across frequency. Three
distinct regions are identified to be able to study localized trends, i.e.
inwards/outwards from the cold front, and the northern extension.
For consistency, we use the same grid of cells for all studies except
otherwise stated. The measurements are fit to a power-law relation
in log—log space, i.e.

log(Ig) = A + klog(Ix), (5)

where £ is the slope of the correlation. Since LinMix models the data
as a mixture of Gaussian distributions, we use three Gaussians as a
prior during fitting to correspond with our distinct regions identified.

The peculiar mini-halo in A3558 2751

We present results for the radio surface brightness compared
to the X-ray surface brightness, temperature, pseudo-pressure and
pseudo-entropy. The radio and X-ray surface brightness of each cell
and the associated uncertainties are calculated as in Ignesti (2022).
The other quantities and their uncertainties are taken as the mean
in each cell corresponding to the nominal and uncertainty maps,
respectively. The Iz /Ix plane for each frequency is shown in Fig.
10. Here, our identified regions clearly trace the intensity of the
diffuse emission, with the region inside the cold front being the most
intense (black points), then the region outside (red), and lastly, the
northern extension (yellow). The average slope across frequency is
(k) =0.62 £0.1. Such a sublinear correlation is typical for giant
haloes where the preferred mechanism of (re)-energization is that of
turbulent re-acceleration (e.g. Brunetti & Jones 2014; Weeren et al.
2019; Bruno et al. 2021, and references therein). We note, however,
that the mini-halo-like component at the centre of A 2142 also shows
a sublinear slope (Riseley et al. 2024).

The remaining planes are shown in Appendix D. The best-
fitting parameters are summarized in Table 6 along with their
Pearson and Spearman coefficients. All are constrained except for
uGMRT/temperature, and all show strong correlations, except for
weak temperature relations. We note that the strong correlations with
pseudo-pressure and pseudo-entropy are likely driven by the strong
dependence of these quantities on the X-ray surface brightness as in
equation (1).

Interestingly, if we ignore the ASKAP measurements, which is our
lowest fidelity image and was not reprocessed, the correlation slopes
exhibit a completely monotonic relationship with frequency as seen
inFig. 11, with aslope of 0.34 £ 0.11 in log-linear space. This trend is
most likely due to the (intrinsically negative) slope of the synchrotron
spectrum. The northern extension seems to manifest trends that are
different from the remaining area in the surface brightness, pseudo-
pressure, and possibly pseudo-entropy correlations, most obvious
in the MeerKAT planes (the right-hand side panels of Fig. 10, and
Figs D2 and D3). To investigate the local trend in each of the three
regions identified, independent fits of the separate regions show that
inside and outside the cold front have consistent slopes, which are
consistent with the overall slope. However, the northern extension
is generally much flatter than the average, possibly even negative,
depending on where the boundary is drawn. If the northern extension
isignored, the remaining regions exhibit a combined fit that is slightly
steeper but still remains sublinear and monotonic with frequency.
The corresponding slopes in this case are k = 0.78 £ 0.12, 0.86 £
0.05, 0.69 £ 0.06, 0.94 £ 0.05 at 400, 816, 887, and 1283 MHz,
respectively.

Recent works (e.g. Bruno et al. 2023; Balboni et al. 2024) have
presented the radial trend of k by taking:

_ Alog Ig)

K= Niog )’

(6)
where A(log I) is the difference in logarithm of the surface bright-
nesses of two consecutive annuli. Such analysis reveals which type
of emission is changing more/less rapidly at a particular distance
throughout the cluster volume. We use the same sectors as before,
but now spaced by 60 arcsec to increase S/N. For clarity, in Fig.
12, we show these profiles only for the MeerKAT UHF- and L-band
data, as these have the highest S/N. The profiles start sublinear, being
consistent with the aggregate value from the point-to-point analyses,
suggesting that the X-ray emission is more peaked (the gradient is
higher) than the radio around the cluster centre. Thereafter, the south
becomes superlinear and remains as such, suggesting that beyond the
centre, the radio emission changes more rapidly than the X-ray. Note
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Table 6. Best-fitting parameter results for the radio surface brightness (/g) point-to-point analyses against X-ray surface brightness (/y), X-ray temperature

(X1), X-ray pseudo-pressure (X ), and X-ray pseudo-entropy (X;). The Pearson and Spearman coefficients (r,, ry) are also given.

Correlation v (MHz) k A rp s Correlation v (MHz) k A rp rs
Ix 400 0.58+0.05 —3.374+0.23  0.76  0.80 Xr 400 —7.43£1796 —0.64+13.66 —022  —0.26
816 0.64+0.04 —3.414+0.18 0.84 0.84 816 —11.374£5.74 2.00+4.35 -036 —042
887 0.46+0.04 —4.15+£0.19  0.65 0.69 887 —7.97+£3.75  —043+£2.84 -033  —-037
1283 0.754+0.04 —3.11+0.19  0.88 0.89 1283 —13.724+5.78 3.524+4.39 -039  —045
Correlation v (MHz) k A rp s Correlation v (MHz) k A rp Ts
X, 400 1.384+0.10 —3.924+0.17 0.79 0.83 X 400 —1.41+0.14  —2.88+0.34  —-0.71 —0.73
816 1.4140.09 —4.21+0.15 0.83 0.83 816 —1.6240.11 —2.734+0.27 —0.81 —0.79
887 1.04£0.09 —4.70+£0.16  0.70 0.72 887 —1.25+0.11 —3.47+£026  —-0.70  —0.71
1283 1.68+0.09 —4.00+0.15  0.87 0.88 1283 —1.93+0.12  —2.23+0.29  —0.85 —0.85
0.8 MeerKAT 816 MHz
—— Slope: 0.34 + 0,11 Radius [kpc]
4 UGMRT and MeerkKAT 0 50 100 150 200 250 300
0.7[ t ASKAP —e— North
30 —e— South
~ 0.6 25
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Figure 11. A 3558 Ig/Ix slope versus frequency. The correlation slopes
from Fig. 10 are plotted against frequency. The ASKAP 887 MHz data point 0:5
. . . . 0 50 100 150 200 250 300 350
is shown below the correlation and excluded from linear fitting. Radius [arcsec]
MeerKAT 1283 MHz
Radius [kpc]
the slight dip around r ~ 200 arcsec (185 kpc), suggesting a slightly v =1 2000 420 A0 S0 N
shallower gradient in the radio at this location. On the other hand, 3.5 —*— North
the north remains sublinear up until the X-ray cold front and then 56 B o
proceeds with a similar behaviour to the south, i.e. an increase to '
linear/superlinear with a drop around r ~ 200 arcsec. The weighted 25
mean k-values in the northern direction for UHF and L bands are 0.77
x~ 2.0

=+ 0.06 and 0.80 = 0.06, respectively, and in the south are 1.16 £
0.10 and 1.18 % 0.09, respectively. These opposing trends illustrate
the complex brightness profiles of both the radio and X-ray diffuse
emissions, highlighting that a constant k-value does not accurately
represent the entire extent.

6.3 Point-to-point analysis: spectral index

We also perform the same analyses as above for the radio spectral
index map, but now in log-linear space as

o = A+ klog(ly). @)

Similar to the X-ray quantities, the measurement of the spectral index
and its associated uncertainty are taken as the mean of each cell in the
nominal and uncertainty maps, respectively. We find that the spectral
index distribution at 30 arcsec resolution does not correlate with any
of the X-ray surface brightness or thermodynamic maps. The only
quantity here that gives a constrained fit is against the X-ray GGM
map — where the GGM measurements were taken as the mean and
standard deviation of each cell. This correlation is expected given the
relations shown in Fig. 9. Due to the reduced area of significance, we
have about half the data points of the surface brightness analysis, but
still enough to make the comparisons statistically meaningful. The
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Figure 12. A3558 k-correlation as a function of radius for the MeerKAT
UHF- and L-band data. The green horizontal line shows the best-fitting k-
values found in Fig. 10. The black horizontal dashed line shows the unity level,
and the vertical dashed line shows the radius of the northwestern cold front.

fit is shown in Fig. 13, with k = —0.28 £0.12, A = 0.62 £ 0.25,
and correlation coefficients of r, = —0.45 and r;, = —0.50. We also
used PT-REX’s Markov Chain Monte Carlo algorithm to verify this
result, shifting the sampling grid by a random number of pixels each
iteration, finding a consistent fit. This mild anticorrelation, similar to
the radial profile in Section 6.1, suggests a direct link between the
thermal ICM processes responsible for the X-ray cold front traced
by the GGM map and the local (re)-energization of the non-thermal
component.
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Figure 13. A3558 a/IgGM correlation. Top: 30 arcsec resolution spectral
index map with a subset of the mesh grid from Fig. 10 overlaid. A green
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7 DISCUSSION

Our detailed analysis of the diffuse emission in A3558 clearly shows
the difficulty in its classification and highlights the complexity of
the interplay between the thermal and non-thermal components in
galaxy clusters. The results can be summarized as follows:

(i) the diffuse emission is very faint with a radio power of
Piacu, = 6.84+£0.9 x 102 WHz™!, an LLS of ~550 kpc and
spectral index ajo0aMH” = 1.18 £ 0.10;

(ii) the northern and southern regions have some properties in
common and some unique properties: both roughly follow an
exponential radial profile (a double in the north at UHF and a single
elsewhere) with local deviations and both have positive spectral
curvature at their ends; however, the north is extended with a steeper
spectrum and is dominated by radio emission, while the south is
truncated with a flatter spectrum and dominated by X-ray emission;

(iii) the spectral index of the diffuse emission is generally anti-
correlated with the X-ray GGM and residual maps, in particular, a
strip of flatter spectrum in the north is coincident with the peak of
the X-ray GGM map and just inside the cold front;

(iv) the slope of the Ig—Ix correlation is sublinear, steepening
linearly with observing frequency, and so do the correlations with re-
spect to the other thermodynamic quantities. The radial trend starts as
sublinear and then increases to linear/superlinear in the outer regions.

The peculiar mini-halo in A3558 2753
Here, we discuss the results in the broader context of the formation
of the diffuse emission and the merger history of the cluster. We try
to (1) classify the diffuse emission, and (2) understand its origin in
the context of the ongoing merger and accretion in the SSc core.

7.1 Classifying the diffuse emission

The strict classification of diffuse radio emission in galaxy clusters
into giant haloes, which occur in merging clusters, and mini-
haloes, which occur in cool-core clusters, is being challenged by
the discovery of an increasing number of anomalous sources. For
example, the obvious case of CL1821 + 643, which is a cool-core
cluster but hosts a giant halo (Bonafede et al. 2014). However, many
more have been found in recent years, particularly at low frequencies,
some containing hybrid haloes with an inner mini-halo-like compo-
nent and outer (sometimes USS) giant-halo-like components, e.g.
PSZ1G139.61+-24.20, RXJ1720.1+2638, and MS 1455.0 + 2232
(Savini et al. 2018, 2019; Biava et al. 2021; Giacintucci et al. 2024).
In particular, Biava et al. (2024) studied these systems, as well
as A1068 — all cases where Mpc-scale diffuse emission is found
beyond the confining cold fronts in cool-core clusters. They suggest
that minor/off-axis mergers are sufficient to induce gas sloshing and
related cold fronts and inject enough turbulence into the non-thermal
component to produce halo-like structures, but are insufficient to
fully disrupt the cool-core. Furthermore, Giacintucci et al. (2024)
also studied A3444, finding multiple cold fronts in a spiral-like
configuration with faint extensions of the radio emission beyond
the inner fronts but confined by the outer fronts, indicating that mini-
haloes can be driven by large-scale sloshing turbulence. Then there
are also borderline cases, where clusters that are not clearly relaxed
nor completely disturbed host transitional/intermediate haloes, e.g.
RXCJ0232.2—4420 (Kale, Shende & Parekh 2019) and SPT-CL
J2031—-4037 (Raja et al. 2020). One such intermediate/hybrid halo
is that of A2142 (Venturi et al. 2017; Bruno et al. 2023; Riseley
et al. 2024). Here, the diffuse emission exhibits (1) a mini-halo-like
structure confined by cold fronts in the core, likely powered by tur-
bulence from gas sloshing, (2) a ridge-like structure extending along
the cluster axis aligned with a low-entropy gas trail, likely powered
by larger-scale sloshing turbulence, and (3) a more extended USS
halo-like structure possibly tracing older turbulent (re)-acceleration
or residual merger activity and is confined by a large-scale cold front.
As more and more examples of seemingly anomalous cases are being
found, it is clear that our binary classification convention is quickly
becoming inadequate, and a broader system is required.

In light of the rigid paradigm and the conflicting intrinsic char-
acteristics of the diffuse emission and those of the host cluster, the
classification of the diffuse emission in A 3558 is non-trivial. Rossetti
etal. (2007) highlighted that the cluster has properties both of relaxed
cool-core clusters and disturbed merging clusters (see Section 2).
Interestingly, Mirakhor et al. (2023) showed that, in addition to the
one in the core, A3558 has a pair of large-scale cold fronts following
the orientation of the cluster axis, indicating significant gas sloshing
throughout the cluster volume. Fig. 14 shows the location of the
southeast front 9.7 arcmin (~540 kpc) from the surface brightness
peak on the X-ray residual map and in relation to the diffuse radio
emission. It is clear that the southeastern overdensity traces the large-
scale cold front and compresses the diffuse radio emission. Hence, a
scenario similar to A2142 seems to be at play, i.e. sloshing motions
on small scales (inside the cooling core) and large scales (outside the
core) within a dynamically intermediate cluster which is not fully
relaxed nor disturbed.

At this stage, we recall the definition of a radio mini-halo by
Giacintucci et al. (2017), who state that they should have a maximum

MNRAS 541, 2741-2760 (2025)

920z Arenuged z uo 1senb Aq GL9961.8/1.2/€/ L 7S /P10IMe/SeIuL/Woo"dno-olWapeoe//:SdRy Woly pepeojumoq



2754 K. S. Trehaeven et al.
XMM residual
. welt 15
-31°20" 14
13
25 J 1.3
s 11
o v
S ]
g2 a3 102
e 5
o 0.9
35" 0.8
0.7
0 0.6

00®
RA (J2000)

13h28m30s 27™30°

Figure 14. A3558 X-ray residual map from Fig. 4 with a black contour at
the unity level to delineate between regions of local under/overdensity. The
cold fronts are overlaid in white at 113 arcsec (105 kpc, Rossetti et al. 2007)
NW and 9.7 arcmin (540 kpc, Mirakhor et al. 2023) SE and the diffuse radio
emission in green. The white arrow points in the direction of SC 1327-0312.

radius of 0.2Rs5y, i.e. the boundary where non-gravitational processes
such as cooling, AGN and stellar feedback become increasingly
important. The Rsqo radius for A3558 is ~1.6 Mpc (Higuchi et al.
2020). Hence, the diffuse emission, with LLS of 550 kpc, is well
within the 0.2R5p boundary. Therefore, given the sloshing motions,
the observed source size and the agreement with certain radio
power-scaling relations described below, we interpret the diffuse
radio emission as a peculiar mini-halo — one which leaks beyond
the inner cold front to the northwest filling the negative sloshing
spiral, but confined to the southeast by the outer cold front and its
positive excess. As stated before, we are aware of the difficulties
and limitations of such a sharp classification. However, taking into
consideration the thermal and non-thermal properties, and how they
relate to each other, the classification as a mini-halo is the one which
best fits the observed source properties.

We note that our observed point-to-point surface brightness corre-
lation, being < 1, is atypical of a traditional mini-halo. However, we
also show that the correlation slope increases to linear/superlinear
(that typical of mini-haloes) in the outer regions. We suggest that the
overall sublinear slopes found in Fig. 10 are driven by the sublinear
correlation in the core region, which is in turn driven by the radio
emission being more uniform in the centre than the X-rays. In fact,
the radial trend of k is similar to what is seen in simulations of mini-
haloes, particularly fig. 6 of ZuHone et al. (2015), where the radio
profile is shallower than the X-ray (k < 1) at small radii and then
becomes steeper at large radii (k > 1). Nevertheless, this is not the
first mini-halo to be observed with an overall sublinear correlation:
Riseley et al. (2024) show using MeerKAT L-band data that the
mini-halo-like component in A2142 (labelled H1 in their fig. 13)
has a similar slope to our L-band result, and Hoang et al. (2025)
show using uGMRT 700 MHz and MeerKAT L-band data that the
mini-halo component in RX J1347.5-1145 also has a sublinear trend
which increases with frequency.

7.2 Mini-halo scaling relations

In light of our interpretation of the diffuse emission, it is important
to examine where A3558 fits into known radio power correlations
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for mini-haloes. In Fig. 15, we use our derived radio power to show
the position of the A3558 mini-halo in the radio power versus X-
ray luminosity and BCG radio power planes that mini-haloes are
known to follow, i.e. PML.—~— Ly gsoo and PML. —~— pPBCS
(Giacintucci et al. 2019). The former correlation highlights the
connection between the thermal and non-thermal components of the
ICM (which is strongest in the core), while the latter shows that the
radio emission from the BCG (always radio loud when a mini-halo
is present, Kale et al. 2015b) is a likely primary supplier of fossil
relativistic electrons required for (re)-acceleration mechanisms. We
add the A2142 mini-halo into these plots for comparison. A power-
law is fitted with the BCES package® to quantify the relationships,
which are found to be

log(PMIL. ) = (—0.06 & 0.09) 4 (0.55 + 0.08) log(PESS,),  (8)
and
log(PMtu,) = (—1.78 £0.35) + (1.28 £ 0.22) log(Lx rs00)-  (9)

It is clear that A3558 is consistent with the correlations and is one
of the faintest mini-haloes observed to date. The location of A3558
in these two plots strengthens the fact that both correlations hold
down even at the faint end, spanning two orders of magnitude in Ly,
four orders of magnitude in BCG power and more than two orders
of magnitude in mini-halo power. Additionally, Venturi et al. (2022)
noted that the radio power is well below the mass/power relation
(M500—P1 .4GH,) of giant haloes (Cuciti et al. 2021), reiterating our
classification of a mini-halo.

7.3 Gas sloshing shaping and powering the mini-halo

The morphology and orientation of the mini-halo share a striking
resemblance to that of the sloshing thermal gas. From the X-ray
surface brightness residual map in Figs 4 and 14, we see the mini-halo
extends north into a region with relatively lower thermal density and
is truncated to the south by a region of higher density. The northern
region is further characterized by a lower thermal pressure (Fig. D2),
but higher temperature (Fig. D1) and entropy (Fig. D3), a steeper
non-thermal spectrum (Fig. 7) and positive spectral curvature (Fig.
8). On the other hand, the south is characterized by higher pressure
but lower temperature and entropy, a flatter spectrum but positive
curvature as well. These trends are interpreted as the sloshing gas
shaping the mini-halo by forming a local cavity into which the radio
emission fills. Therefore, we suggest that the mini-halo is being
shaped by this sloshing, which acts to (re)-distribute and/or (re)-
accelerate seed fossil electrons, likely deposited into the cluster
core by AGN feedback processes, similar to that suggested for
typical mini-haloes as in Giacintucci et al. (2019). Such a possibility
was tested by ZuHone et al. (2013) using magnetohydrodynamic
simulations of a cool-core galaxy cluster interacting with a subcluster,
where the sloshing motions generated turbulence and amplified
magnetic fields, leading to the (re)-acceleration and (re)-distribution
of seed relativistic electrons.

The cause of the gas sloshing is likely related to the merger history
of the cluster. We suggest (similar to Rossetti et al. 2007) that the
low-entropy core and tail extending southeast up to the large-scale
cold front is the remnant of the A3558 relaxed cool-core that has
been perturbed by a minor/off-axis merger, possibly with SC 1327—
312 (mass ratio ~5:1, Haines et al. 2018). The presence of multiple
concentric cold fronts strongly supports a sloshing interpretation.

Ohttps://github.com/rsnemmen/BCES
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Simulations show that sloshing occurs in the direction of the
perturbation, and the first cold front is located on the side opposite
to the interaction (Roediger, Vaezzadeh & Nulsen 2024). Hence,
given its southeast position relative to A3558 and the outermost
northwestern cold front detected by Mirakhor et al. (2023, not shown
here), a minor/off-axis merger with SC 1327-312 is supported. We
suggest that the interaction did not destroy the cool-core outright but
was strong enough to cause significant gas sloshing and drag the low
entropy gas outward, similar to that described by Biava et al. (2024)
for diffuse emission found beyond cool-core cold fronts.

Following equation (26) from Govoni & Feretti (2004), we can
calculate a rough approximation of the average magnetic field
strength within the mini-halo by assuming equipartition. Here, we
assume a filling factor and ratio between relativistic proton and
electron energies of unity and the volume of the mini-halo to be
that of a prolate ellipsoid with semi-major and minor axes as half
the maximum and minimum lengths of the 30 UHF-band contour.
Hence, we estimate a magnetic field strength, averaged over the
mini-halo volume, of 0.34+0.01 «G. Then, from equation (3) in
Weeren et al. (2019), we estimate the characteristic age of electrons
in the mini-halo to be 37.8 & 0.7 Myr. If we consider the typical
timescale of a merger to be ~1 Gyr (Weeren et al. 2019), then the
estimated age, being two orders of magnitude lower, may suggest in-
situ particle (re)-acceleration, either in the form of hadronic collisions
producing secondary electrons or via turbulent (re)-acceleration or
some combination of the two.

7.4 The cold front as a particle accelerator

Using radial profiles (Fig. 9) and a point-to-point analysis (Fig. 13),
we have shown a clear anticorrelation between the spectral index of
the radio mini-halo and the X-ray GGM and residual maps. In particu-
lar, we have identified a strip of flatter spectrum emission ~ 75 arcsec
(70kpc) to the north just inside the cold front that is traced by the peak

of the X-ray GGM map. To explain this, we propose that the cold
front acts to inject energy into the ICM on the near-side of the front,
where the X-ray gradient is greatest, thus affecting the local non-
thermal properties of the cluster, either compressing and amplifying
the local magnetic field and/or (re)-accelerating the population of
local fossil electrons. We also identified a strip of USS emission
(o ~ 2) beyond the cold front at ~ 250 arcsec (232 kpc) where the
X-ray GGM and residual maps reach minima. This is interpreted as
aged/weaker turbulence and/or magnetic field relaxation linked to
the relaxation/diffusion of the thermal gas in the local cavity. HR
polarimetry is required to understand the magnetic field orientation
throughout the mini-halo area.

8 CONCLUSIONS AND FUTURE PROSPECTS

We presented a comprehensive multifrequency radio and X-ray study
of the diffuse emission in the central region of the galaxy cluster
A3558, leveraging new MeerKAT UHF-band and uGMRT Band-3
observations alongside archival ASKAP and MeerKAT L-band data,
complemented by XMM-Newton X-ray imaging. We conclude that
the diffuse radio emission in A3558 can be classified as a peculiar
mini-halo. The highlights of our study and the evidence in support
of our conclusions are detailed below.

(1) Discovery of a northern extension. We report the first detection
of a faint northern extension of the diffuse radio emission beyond the
innermost cold front, increasing the projected LLS of the emission to
~550 kpc. This feature was not detected in earlier works and points
to a more complex and extended mini-halo structure than previously
understood.

(ii) High-fidelity spectral characterization. The diffuse emission
has an integrated spectral index of ajyoami? = 1.18 & 0.10. This
value, flatter than the USS previously inferred from ASKAP and
MeerKAT L-band data alone, highlights the importance of broad and
consistent frequency coverage in spectral analyses.

MNRAS 541, 2741-2760 (2025)

920z Ateniged 2z uo 1senb Aq GL99618/L¥22/E/L ¥S/aI0IHE/SEIUW/ WO dNO"0IWepED.)/:SdY WOy papeojumoq



2756 K. S. Trehaeven et al.

(iii) Local spectral variations. The spectral index map shows a
region of flatter spectrum (o < 1) just inside the X-ray cold front,
indicative of local turbulent (re)-acceleration, and beyond that a
region of steeper spectrum (o ~ 2.0), filling an X-ray cavity of
higher temperature and entropy but lower pressure. The northern
and southern edges exhibit positive curvature, suggesting electron
ageing. These trends support turbulent (re)-acceleration scenarios
and reveal spatially varying non-thermal processes shaped by ICM
dynamics.

(iv) Strong radio—X-ray correlations. The point-to-point surface
brightness correlation between the radio and X-ray emission is
sublinear across all frequencies ((k) = 0.62 % 0.1), unusual for mini-
haloes, supporting a turbulent re-acceleration origin. The correlation
begins sublinear in the core and then increases to linear/superlinear
in the outer regions. Moreover, the spectral index correlates nega-
tively with X-ray residuals and GGM features, linking non-thermal
energetics directly to gas sloshing signatures and thermal structure.

(v) Classification as a mini-halo. The prevalence of sloshing
features, the spatial confinement of the emission within a (large-
scale) cold front, the observed size and radio power correlations all
point toward a radio mini-halo classification. However, the northern
extension beyond the innermost cold front and the sublinear point-
to-point correlation make it a peculiar object and suggest that a
broader classification scheme is necessary to describe it absolutely.
This is only the third case of a mini-halo having such a sublinear
correlation and highlights the complex nature of these sources and
of their production mechanisms.

(vi) Minor merger in the SSc core. The above findings, with an
estimated age of relativistic electrons of ~ 40 Myr, all suggest
that the mini-halo in A3558 is powered in sifu by sloshing-induced
turbulence, reinforcing the picture of an ongoing minor merger with
the group SC 1327-312 (mass ratio ~5:1).

This paper adds another piece of information to our study of
the merger activity in the SSc with state-of-the-art radio facilities
(Giacintucci et al. 2022; Venturi et al. 2022; Di Gennaro et al. 2025;
Merluzzi et al. 2024). It also contributes to the growing body of work
exploring the role of merger-driven turbulence and gas sloshing in
powering radio mini-haloes. The observed spectral variations and
correlations between radio and X-ray features highlight the com-
plexity of energy transfer processes within the cluster environment.
These results also place A3558 within a broader context of merging
systems such as A2142, showcasing how minor mergers can generate
and sustain non-thermal emission on significant spatial scales.

Looking ahead, deeper observations with the next generation of
radio telescopes will be essential to further unravel the nature of
mini-haloes and their link to cluster dynamics. The Square Kilometre
Array (SKA) represents a particularly promising avenue for future
study. With its improved sensitivity and frequency coverage —
especially in SKA-Mid Bands 1 and 2 and SKA-Low — it will enable
a more precise characterization of the particle (re)-acceleration
mechanisms at play, as well as a comprehensive mapping of magnetic
field structures within A3558. Additionally, HR polarimetric studies
will be crucial in discerning the alignment and amplification of
magnetic fields, shedding further light on their role in shaping the
observed radio properties.

By expanding our observational and theoretical frameworks, we
will be better equipped to refine the classification of diffuse radio
emission in galaxy clusters, bridging the gap between mini-haloes,
giant radio haloes, and other hybrid structures. A3558 serves as a
key laboratory for these investigations, offering new insights into the
evolutionary pathways of clusters within the cosmic web.
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APPENDIX A: BCG FLUX DENSITY
MEASUREMENTS AND INTEGRATED
SPECTRUM

Below, in Table A1, we list the A3558 BCG flux density measure-
ments from the MeerKAT HR sub-band images, complemented with
the measurement from the uGMRT HR MFS image. The resulting
spectrum is given in Fig. Al.
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Figure A1. A3558 BCG integrated spectrum. Red and blue markers show
the MeerKAT UHF- and L-band data points, respectively. The black marker
shows the uGMRT 400 MHz measurement. The inset is a cutout of the UHF
HR image from which measurements are listed in Table A1.
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Table Al. Flux density measurements of the A3558 BCG used in this work
for the determination of its spectral index and 1.4 GHz radio power.

v Array Flux density
(MHz) (mJy)
400 uGMRT (Band-3) 17.81£1.42
604 MeerKAT (UHF band) 12.78+1.28
665 MeerKAT (UHF band) 11.64=+1.16
725 MeerKAT (UHF band) 10.68+1.07
786 MeerKAT (UHF band) 9.67+0.97
846 MeerKAT (UHF band) 8.771+0.88
907 MeerKAT (UHF band) 8.08+0.81
967 MeerKAT (UHF band) 7.38+0.74
1028 MeerKAT (UHF band) 7.13£0.71
909 MeerKAT (L band) 7.83£0.78
1016 MeerKAT (L band) 7.08+0.71
1123 MeerKAT (L band) 6.41£0.64
1230 MeerKAT (L band) 5.76+0.58
1337 MeerKAT (L band) 5.28+0.53
1444 MeerKAT (L band) 4.88+0.49
1551 MeerKAT (L band) 4.5240.45
1658 MeerKAT (L band) 4.31+£0.43

APPENDIX B: SPECTRAL INDEX
UNCERTAINTY MAPS

In Fig. B1, we show the uncertainty maps for the spectral index maps
shown in Fig. 7 of the main body of text.
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Figure B1. A3558 spectral index uncertainty maps at 30 arcsec resolution
(top) and 60 arcsec (bottom) with UHF-band contours overlaid.

APPENDIX C: RELATIVE ICM PROFILES

We examined whether the thermal or the non-thermal emission
dominates in a given region of the diffuse radio emission in A3558 by
analysing the trend of the ratio between the normalized radio profile
and the normalized X-ray profile. Fig. C1 shows the radial trend of
this ratio along the same north/south directions as in Section 5.2.2.
At small radii, the ratio is > 1, except for r < 75 arcsec (70 kpc)
in UHF band, and reaches a local peak at or just outside the X-ray
cold front. Thereafter, at intermediate radii, the radio continues to
dominate in the north until the ratio reaches unity at large radii. This
trend is linked to the surface brightness discontinuity formed by the
cold front and the deficiency beyond that clearly seen in the residual
map of Fig. 4. On the other hand, in the south, the ratio is < 1 beyond
where the cold front would be and is linked to the surplus of X-rays
seen again in Fig. 4.
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Figure C1. A3558 UHF- and L-band surface brightness profiles normalized
with respect to the X-ray profiles. Top: UHF band. Bottom: L band.

APPENDIX D: RADIO SURFACE BRIGHTNESS
CORRELATION PLANES

In Figs D1-D3, we show the point-to-point correlation planes
between the radio surface brightness and the X-ray temperature,
pseudo-pressure, and pseudo-entropy, respectively.
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Figure D1. A3558 Ig/X7 planes. Similar to Fig. 10, but for X-ray temper-
ature.
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Figure D2. A3558 Iz/X, planes. Similar to Fig. 10, but for X-ray pseudo-
pressure.
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Figure D3. A3558 Igr/X, planes. Similar to Fig. 10, but for X-ray pseudo-

entropy.

APPENDIX E: SUBTRACTED EMISSION

In Table E1, we list all the discrete sources masked and subsequently
subtracted from the diffuse emission.
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2760 K. S. Trehaeven et al.

Table El. Subtracted compact sources from the HR UHF-band image with noise 18.5 puJybeam™! and resolution

(6.6 arcsec x 6.4 arcsec, 44.1°). The RA and Dec. correspond to the centroid of each masked region during HR imaging inside the diffuse

emission area.

RA, Dec. (h:m:s, © ")

S816MHz (MJy)

RA, Dec. (him:s, © ")

Sg16MHz (MJy)

13:27:50.25, —31:29:21.34

%13:27:56.86, —31:29:43.50

13:27:54.97, —31:32:18.53
13:28:02.68, —31:32:14.39
13:27:53.10, —31:25:48.30
13:28:12.50, —31:31:30.23
13:27:46.60, —31:27:15.72
13:28:14.24, —31:31:57.74
13:27:56.85, —31:27:17.67
13:27:43.68, —31:29:30.05
13:27:52.36, —31:27:56.63
13:27:55.84, —31:28:28.06
13:28:11.29, —31:32:17.80
13:28:07.19, —31:31:33.80
13:27:43.88, —31:29:59.42
13:28:02.67, —31:28:49.05
13:28:05.44, —31:31:33.88
13:28:03.66, —31:30:15.63
13:28:02.17, —31:30:55.50
13:27:57.57, —31:33:11.94
13:27:47.34, —31:27:30.19
13:27:51.88, —31:32:13.48
13:28:04.45, —31:31:58.70
13:27:55.08, —31:30:06.89
13:27:55.87, —31:33:32.45
13:28:02.21, —31:31:44.55
13:28:05.21, —31:31:09.89
13:28:01.98, —31:28:43.99
13:28:12.02, —31:32:26.44
13:27:43.44, —31:27:53.61
13:27:48.51, —31:28:45.70
13:27:44.61, —31:28:43.21
13:27:52.51, —31:30:44.65
13:27:56.25, —31:33:12.10
13:28:13.88, —31:30:40.22
13:27:50.87, —31:26:06.92
13:27:50.71, —31:30:53.10
13:28:04.08, —31:29:07.38
13:27:59.91, —31:24:44.09
13:28:08.04, —31:30:23.77
13:28:01.60, —31:28:17.03
13:27:58.27, —31:33:33.20
13:27:57.48, —31:33:34.21
13:28:14.22, —31:31:08.56
13:28:01.00, —31:30:55.99

76.7953 £ 7.6795
9.8304 £ 0.983
7.7163 £ 0.7716
0.6557 £+ 0.0656
0.4631 £ 0.0463
0.3805 4 0.038
0.3529 £ 0.0353
0.3309 £ 0.0331
0.2848 £ 0.0285
0.2787 £ 0.0279
0.2029 £ 0.0203
0.1811 £ 0.0181
0.1639 £+ 0.0164
0.1549 £ 0.0155
0.1508 £+ 0.0151
0.1344 £ 0.0134
0.1214 £ 0.0121
0.1182 £ 0.0118
0.1142 +£0.0114
0.1071 £ 0.0107
0.1033 £+ 0.0103
0.1023 £ 0.0102
0.1017 £+ 0.0102
0.1009 £ 0.0101
0.0908 £ 0.0091
0.0899 £ 0.009
0.0787 £+ 0.0079
0.0778 £ 0.0078
0.0753 £ 0.0075
0.0721 £ 0.0072
0.059 £ 0.0059
0.0585 £ 0.0058
0.0522 £ 0.0052
0.0508 £ 0.0051
0.0478 £ 0.0048
0.0456 £ 0.0046
0.0422 £ 0.0042
0.0413 £ 0.0041
0.0405 £ 0.004
0.0404 £ 0.004
0.038 £ 0.0038
0.0374 £ 0.0037
0.037 £ 0.0037
0.0325 £ 0.0032
0.0313 £+ 0.0031

13:27:53.15, —31:29:35.47
13:27:54.74, —31:26:07.40
13:28:02.50, —31:29:18.24
13:27:54.94, —31:28:50.00
13:27:48.15, —31:26:15.29
13:27:51.14, —31:31:08.06
13:27:51.85, —31:25:37.40
13:27:51.08, —31:25:48.37
13:27:58.08, —31:24:27.15
13:27:56.59, —31:25:22.87
13:28:00.01, —31:31:43.95
13:27:44.38, —31:29:45.17
13:27:58.03, —31:32:06.05
13:27:49.36, —31:30:57.04
13:27:59.05, —31:29:12.12
13:27:56.38, —31:30:46.77
13:27:47.95, —31:26:58.45
13:27:53.86, —31:27:24.68
13:27:54.02, —31:32:39.13
13:28:02.87, —31:32:00.02
13:28:00.14, —31:31:27.79
13:27:50.87, —31:27:20.51
13:28:00.01, —31:29:17.59
13:27:52.59, —31:26:36.87
13:28:00.15, —31:32:55.79
13:28:00.94, —31:28:21.79
13:27:50.05, —31:31:06.34
13:27:55.07, —31:24:11.09
13:28:13.44, —31:32:28.84
13:28:10.51, —31:31:41.99
13:27:50.31, —31:28:01.89
13:27:57.30, —31:34:25.25
13:27:54.71, —31:27:05.00
13:27:58.74, —31:32:53.00
13:28:15.03, —31:30:56.03
13:27:46.92, —31:28:46.58
13:27:56.59, —31:26:44.49
13:27:58.32, —31:31:42.85
13:27:44.40, —31:28:01.46
13:27:57.50, —31:31:48.11
13:27:59.04, —31:33:09.20
13:27:58.70, —31:31:11.48
13:27:58.65, —31:32:02.00
13:27:52.09, —31:25:51.25
13:28:00.15, —31:28:18.02

0.0283 £ 0.0028
0.0279 £ 0.0028
0.0272 £ 0.0027
0.0267 £ 0.0027
0.0267 £ 0.0027
0.0253 £ 0.0025
0.025 £ 0.0025

0.0243 £ 0.0024
0.0241 £ 0.0024
0.0223 £ 0.0022
0.022 £ 0.0022
0.0219 £ 0.0022
0.0217 £ 0.0022
0.0191 £ 0.0019
0.0186 £ 0.0019
0.0184 £ 0.0018
0.0181 £ 0.0018
0.0143 £ 0.0014
0.0138 £+ 0.0014
0.0135 £ 0.0013
0.0126 £ 0.0013
0.0126 £ 0.0013
0.0118 £ 0.0012
0.0118 £ 0.0012
0.0114 £+ 0.0011
0.0113 £ 0.0011
0.0107 £ 0.0011
0.0104 £ 0.001

0.0103 £ 0.001

0.0098 £ 0.001

0.0087 £ 0.0009
0.0086 £ 0.0009
0.0085 £ 0.0009
0.0066 £ 0.0007
0.0062 £ 0.0006
0.0061 £ 0.0006
0.0059 £ 0.0006
0.0057 £ 0.0006
0.0056 £ 0.0006
0.0048 £ 0.0005
0.0043 £ 0.0004
0.004 £ 0.0004

0.0027 £ 0.0003
0.0025 £ 0.0002
0.0017 £ 0.0002
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13:27:50.44, —31:28:19.46 0.0292 £+ 0.0029 13:28:01.09, —31:31:43.99 0.0006 £ 0.0001
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