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ABSTRACT

In this work, we investigate the interplay between the X-ray and radio emission of the cluster PSZ2G113.91-37.01 (z = 0.371) using
the high-quality XMM-Newton observations of the Cluster HEritage project with XMM-Newton — Mass Assembly and Thermodynam-
ics at the Endpoint of structure formation (CHEX-MATE), and the images from the second data release of the LOFAR Two-meter Sky
Survey (LoTSS-DR2). The cluster is undergoing a merger along the north-south axis and shows a central radio halo and two radio
relics, one in the southern region and one in the northern one. Analysis of the intracluster medium (ICM) distribution revealed the
presence of a northern surface brightness (SB) jump associated with the merger event. By extracting spectra across this discontinuity,
we classified the edge as a cold front. Furthermore, we made use of upgraded Giant Metrewave Radio Telescope observations that
allowed us to perform a spectral analysis of the G113 radio emission. We found evidence for the re-acceleration of particles in the
northern relic, and we measured an associated Mach number of M = 1.95 + 0.01, as inferred from radio observations. We then
performed a point-to-point analysis of the X-ray and radio emission, both in the halo and in the northern relic regions. We found a
strong correlation for the halo and an anti-correlation for the relic. The former behaviour is in agreement with previous studies. The
relic anti-correlation is likely related to the reverse radial distribution of the X-ray (increasing towards the cluster centre) and radio
(decreasing towards the cluster centre) emissions. Finally, we performed a point-to-point analysis of the radio emission and the resid-
uals obtained by subtracting a double 8 model from the X-ray emission. We found a strong correlation between the two quantities.
This behaviour suggests the presence of a connection between the process responsible for the radio emission and the one that leaves

fluctuations in the X-ray observations.

Key words. X-rays: galaxies: clusters — X-rays: galaxies — galaxies: clusters: intracluster medium

1. Introduction

According to the hierarchical scenario of structure forma-
tion, clusters of galaxies form through the accretion of mass
and the infall of smaller sub-structures (e.g. Frenk et al. 1983;
Kravtsov & Borgani 2012). Due to the large amount of energy
dissipated (up to 10%-10% erg during one cluster crossing time,
that is ~Gyr), these phenomena have a strong impact both on the
thermal and non-thermal components of clusters. The infall of
matter in the cluster potential generates shock waves and cold
fronts in the intracluster medium (ICM) that appear in the form
of sharp surface brightness (SB) discontinuities in the X-ray
observations (e.g. Markevitch & Vikhlinin 2007, for a review).
These features, together with the merger-induced turbulence,
are often involved in the formation of extended, cluster-scale,
non-thermal structures, which are classified as radio halos or as
radio relics, depending on their shape, location, and radio proper-
ties (e.g. Feretti et al. 2012; van Weeren et al. 2019, for observa-
tional reviews). In particular, radio halos are usually co-located

with the main X-ray emission of the hosting cluster, while radio
relics are mainly located in cluster peripheries. Furthermore,
these latter are characterised by an arc-like morphology and are
observed to be polarised (~20-30% at 1.4 GHz).

The origin of these radio sources is not yet fully understood.
At the moment, theoretical models (see Briiggen et al. 2012;
Brunetti & Jones 2014) suggest that radio halos originate by re-
acceleration mechanisms driven by merger-induced turbulence,
whereas radio relics are generated by weak shocks (Mach num-
ber M = 2-4). Many observations seem to agree with the predic-
tions of these models. For example, both relics and radio halos
are mostly detected in merging galaxy clusters (e.g. Buote 2001;
Bruno et al. 2021; Cassano et al. 2023), and the former ones,
with their arc-shape morphology and high polarisation, are often
observed at the location of shocks (e.g. Akamatsu & Kawahara
2013; Botteon et al. 2016a; Eckert et al. 2016). However, the
details of this global picture are still not clear. For both relics
and halos, the main issues are related to the origin of the seed
particle population, the (re)acceleration mechanism, and the
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role of the magnetic field. The weakness of the relic scenario
resides in the fact that, if we assume that particles are accel-
erated directly from the thermal pool, the shocks detected are
not strong enough to reproduce the observed relic radio spec-
trum and luminosity (Botteon et al. 2016b, 2020a; Eckert et al.
2017; Hoang et al. 2017). To overcome this limit, models assum-
ing the re-acceleration of clouds of pre-existing relativistic parti-
cles in the ICM have been proposed (e.g. Markevitch et al. 2005;
Kang et al. 2012; Pinzke et al. 2013). These are supported by the
connection between relics and old active galactic nuclei (AGN)
plasma observed in some systems (e.g. Bonafede et al. 2014;
van Weeren et al. 2017). For radio halos, the open questions
relate to the understanding of the complex mechanisms that drain
a fraction of the energy of the large-scale turbulence generated
by cluster formation events (such as mergers) into electromag-
netic fluctuations and collisionless mechanisms of particle accel-
eration at much smaller scales (e.g. Brunetti & Lazarian 2011,
2016; Miniati & Beresnyak 2015; Sironi 2022). The definition of
the role played by cosmic ray protons (CRp) and accelerated pro-
tons in the generation of these extended radio sources is also still
debated (e.g. Brunetti et al. 2017; Nishiwaki & Asano 2022).
From this introduction, it appears that combined X-ray and
radio analyses of a large number of galaxy clusters are needed
to deepen our knowledge of the interplay between the thermal
and non-thermal components of these systems. For example,
the identification of a spatial correlation between the X-ray
and radio SB (Ix—Ir) allows one to verify, and eventually to
constrain, the connection between these two components (as
already discussed in e.g. Govonietal. 2001; Brunetti 2004;
Pfrommer 2008; Donnert et al. 2010; Brunetti & Jones 2014).
In this paper, we perform a combined X-ray and radio analysis
of the cluster PSZ2G113.91-37.01 (hereafter, G113). This clus-
ter was first detected by the ROSAT All Sky Survey (RASS,
Voges et al. 1999) and is included in the meta-catalogue of
X-ray detected clusters of galaxies (MCXC, Piffaretti et al.
2011) with the name of MCXC J0019.6+2517 and an associated
redshift of z = 0.1353. The more recent Planck survey reassessed
the cluster redshift as z = 0.3712 and measured a mass of
Msoo = (7.58 + 0.55) x 10" M, (Planck Collaboration XXVII
2016). Despite the ROSAT detection, no observation by any
major X-ray satellite has been performed before the ones used
in this work and realised by the X-ray Multi-Mirror Newfon
(XMM-Newton) telescope as part of the “Cluster HEritage
project with XMM-Newton: Mass Assembly and Thermo-
dynamics at the Endpoint of structure formation” (CHEX-
MATE), an XMM-Newton Multi-Year Heritage program (see
The CHEX-MATE Collaboration 2021, for more details'). On
the radio side, new instruments able to perform deep and high-
resolution imaging have only been developed in the last few
years. The principal dataset used in this analysis belongs to
the second data release of the fairly recent Low Frequency
Array (LOFAR) Two-meter Sky Survey (LoTSS, LoTSS-DR2,
Shimwell et al. 2022), an ongoing radio survey that aims to
observe the entire northern sky in the frequency range 120—
168 MHz with the LOFAR High Band Antennas (HBA). We
refer the reader to Shimwell et al. (2017, 2019) for more details
on LoTSS and its scientific goals. G113 belongs to the LoTSS-
DR2/PSZ2 sample presented in Botteon et al. (2022) and shows
a central radio halo, and a couple of radio relics that are develop-
ing in opposite directions. The power of combining the CHEX-
MATE and LoTSS data has already been tested in a couple of
cases, such as A2249 (or PSZ2 G057.61+34.93, Locatelli et al.

I http://xmm-heritage.oas.inaf.it/
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2020) and A1430 (or PSZ2 G143.26+65.24, Hoeft et al. 2021).
This work again shows the power of the synergy between the
two datasets, setting the stage for a full exploitation performed
with the entire CHEX-MATE sample. Finally, we complemented
our analysis with upgraded Giant Metrewave Radio Telescope
(uGMRT) observations that allowed us to investigate the spec-
tral radio properties of G113.

This paper is structured as follows: in Sect. 2, we summarise
the radio and X-ray data reduction and the respective imaging
processes; in Sect. 3, we describe the analysis performed to
investigate the properties and correlations of the X-ray and radio
emissions; and we discuss the results and draw our conclusions
in Sect. 4. We adopted a flat A-cold dark matter cosmology with
Q(0) = 0.3, Qx = 0.7, and Hy = 70km Mpc s~!. The scale
factor at the redshift of the cluster is 5.129 kpc/”.

2. Data preparation
2.1. LOFAR observations

LoTSS pointings are characterised by a full width at half maxi-
mum of 3.96° at 144 MHz and are separated by ~2.6°. For this
reason, a specific target is usually covered by multiple point-
ings. In our case, the cluster G113 falls in two pointings of
the survey, namely P0O04+26 and P005+22, which have to be
combined. In order to correct for direction-independent and
direction-dependent effects that are present in the data, pointings
were processed with fully automated pipelines developed by the
LOFAR Surveys Key Science Project team. The calibrated data
used in this analysis are the same as in Botteon et al. (2022). For
this reason, we refer the reader to that work for more details on
the reprocessing steps. To perform the imaging of our dataset, we
resorted to the WSClean v2.82 algorithm (Offringa et al. 2014).
As a first step, we removed the contribution of discrete sources
in the halo region by imaging the data sets with a uv cut corre-
sponding to a physical scale of 500 kpc at the cluster redshift.
By observing the model image obtained, we noticed the pres-
ence of an ambiguous radio source in the northeast part of the
radio halo (see the red arrow in the central panel of Fig. 1). Due
to the lack of an optical counterpart, we decided to include it
in our analysis; we discuss its treatment in Sect. 3.3. The clean
components of the other discrete sources co-spatial with the halo
were then subtracted from the visibility data. Sources detected in
correspondence of the radio relics were not subtracted. Starting
from the visibility data, we produced images at different reso-
lutions to better observe the nature and morphology of the dif-
fuse radio emission in the ICM. In particular, we adopted the
Briggs (1995) weighting scheme with robust=-1, —0.5, and
—0.25, and we applied Gaussian uv tapers in arcsec equivalent
approximately to 50, and 100kpc at the cluster redshift. Fur-
thermore, we adopted the multi-scale, multi-frequency decon-
volution option (Offringa & Smirnov 2017) and subdivided the
bandwidth into six channels for all imaging runs. By compar-
ing the radio flux of the different images, we observed that the
one that maximises it in the region of the radio halo is the image
obtained with robust = —0.25 and taper = 100 kpc. Therefore,
we decided to use this image for our analysis. The resolution
and rms of the final image are 33" x 27”and 0.37 mJy beam™!,
respectively.

2 https://wsclean.readthedocs.io/en/latest/index.html
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Fig. 1. X-ray and radio emissions of the cluster G113. In particular, central image left: a G113 XMM-Newton observation in the 0.7-1.2 keV band
with LOFAR radio contours ([-3, 3, 6, 9, 12] X o, with o~ = 0.37 mJy beam™!) superimposed. The region encircled in gold shows the extension of
Rspo. Central image right: a LOFAR image of G113 with the same contours used for the X-ray image. The resolution of the radio map is 33" x 27".
The red arrow in the LOFAR panel shows the location of the ambiguous blob radio emission that was not subtracted from the halo emission.
Subplots on the left (right) from top to bottom: a close-up of the X-ray (radio) halo region, a close-up of the X-ray (radio) northern relic region,
and residuals obtained by dividing the X-ray (radio) image for the best-fit double S-model (exponential model; see Sect. 3.3 for more details).

2.2. uGMRT observations

To investigate the spectral nature of the G113 radio emis-
sion, we analysed observations obtained with the uGMRT under
project code 40_025. These were realised in Band 4 (550-
750 MHz), with an observing time of ~6h. Data were recorded
in 2048 frequency channels, with an integration time of 5.3 s
in total intensity mode. The 200 MHz bandwidth was split into
four frequency slices with a bandwidth of 50 MHz, centred on
575, 625, 675, and 725 MHz, respectively. Data were then pro-
cessed independently using the Source Peeling and Atmospheric
Modeling pipeline (SPAM, Intema et al. 2009) and setting the
absolute flux density scale according to Scaife & Heald (2012).
After calibration, the four slices were jointly deconvolved with
WSClean. The same uv-cut used for the LOFAR observations
was adopted in order to subtract discrete sources with a physi-
cal scale lower than 500 kpc (at the cluster redshift) in the halo
region. The imaging of these output calibrated data are described
in Sect. 3.2.

For both the LOFAR and uGMRT images, the uncer-
tainties on the flux estimates were computed following the
equation

AS = 0+ \Nowam)? + G- P + G- S (1)

with o~ being the rms noise of the map, Npeam the number of inde-
pendent beams within the considered region, &, the calibration
error, and &y, the error associated with the source subtraction.
This latter was computed by estimating the ratio between the flux
density measured before and after the subtraction in the regions
where discrete point sources were detected and subtracted. It was
included only in the estimation of the halo emission errors, and
not in the relics one. No subtraction was applied to these latter
diffuse radio sources. We adopted &, = 10% and &g, = 4% for
LOFAR images, and &.; = 5% and &, = 3% for uGMRT ones.

2.3. XMM-Newton observations

The observation data file (ObsID: 0827021001) was down-
loaded from the XMM-Newton archive and processed with the
XMMSAS (Gabriel et al. 2004) v18.0.0 software for data reduc-
tion. The production of calibrated event files from raw data
was realised by running the tasks emchain and epchain. We
only considered single, double, triple, and quadruple events
for MOS (i.e. PATTERN < 12) and single events for pn (i.e.
PATTERN <4), and we applied the standard procedures for
bright pixels and hot column removal (i.e. FLAG==0) as well as
pn out-of-time correction. The background subtraction was per-
formed by removing, step by step, all the individual background
components. First, we removed the photon X-ray background
(i.e. unresolved cosmological sources plus the Local Bubble and
the Galactic halo). The contribution of this component was esti-
mated by simultaneously fitting the XMM-Newton data within
Rsoo with the ROSAT All-Sky Survey spectrum extracted from
the region just beyond the virial radius, using the tool avail-
able® on the HEASARC webpage. Then, we produced an image
of this component, based on the predicted count rate per pixel
and accounting for the XMM-Newton vignetting as derived from
the calibration files, and we subtracted it from the raw image.
Second, we removed the contribution of the quiescent parti-
cle background by subtracting the image obtained from the
re-normalised filter-wheel-closed observations, following the
procedure explained in Zhang et al. (2009). Finally, we removed
the contribution of the residual soft protons by producing an
image of these components based on the expected count rate per
pixel, which was determined by adding a power law component
(with both the slope and normalisation free to vary), folded only
with the redistribution matrix file, to the background modelling
of the spectra within Rsyy. The net exposure time obtained after
cleaning is: 54.2ks, 53.5, and 49.4ks for the mosl, the mos2,

3 http://heasarc.gsfc.nasa.gov/cgi-bin/Tools/xraybg/
xraybg.pl
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and the pn, respectively. To detect the point-like sources we first
used the edetect-chain task, then we visually checked the
result. We noticed that a bright source located in the southern
part of the core was not identified by the task. We decided to
include it in our analysis; we investigate and discuss its nature
in Sect. 3.1.

The final images used in this work are filtered in the
[0.7,1.2] keV energy band and are characterised by a binning of
50 physical pixels, which corresponds to a pixel size of 2.5”. The
holes related to point-like source subtraction were filled using
the dmfilth CIAO task.

3. X-ray and radio analyses
3.1. Analysis of the ICM distribution

According to the morphological classification performed in
Campitiello et al. (2022), G113 is one of the most disturbed
systems of the CHEX-MATE sample, with concentration ¢ =
0.23*30°, centroid shift w = 0.347008107', and M = 0.74.
This latter quantity (M) is a combination of ¢, w, and of the
power ratios of order P,/Py and P3/Py. We refer the reader to
Campitiello et al. (2022) for more details on the definition of all
these parameters. The XMM-Newton image of the cluster con-
firms that this system is undergoing a merger along the N-S axis,
and from a first visual check an edge in the X-ray SB distri-
bution, located in the northern direction, stands out. We thus
extracted a profile across this region using the northern sector, N,
shown in Fig. 2 (left panel). The software used in this step of the
analysis was the python package PYPROFFIT (see Eckert et al.
2020, for more details). The SB profile of this discontinuity
was then modelled, assuming that the underlying density pro-
file follows a broken power law (e.g. Markevitch & Vikhlinin
2007 and references therein) and that, due to the energy band
of our observations, the temperature and the abundance are uni-
form. In the case of spherical symmetry, the downstream and
upstream (subscripts d and u) densities differ by a compression
factor, C = ng/n,, at the distance of the jump 7;:

ng(r) = Cn()(;) 1 if r<r;
’ )

r [¢%)
n,(r) = no(—) if r>r;,
Ty

where @) and a, are the power law indices, ng is a normalisa-
tion factor, and r denotes the radius from the centre of the sec-
tor. The centre of the sector was chosen in order to optimise the
detection of the edge. All these quantities were free to vary dur-
ing the fitting procedure. Our result confirms the presence of a
jump in the northern region of the cluster, with C = 1.9 + 0.2
(x*/d.o.f. = 1.56). The position and angular extension of this
discontinuity is shown in Fig. 2 (left panel, solid black line in
the N sector). In order to investigate the nature of the jump
we first made a 2D temperature map of the cluster using the
Voronoi tessellation method. To define the Voronoi map bins,
we considered the WVT algorithm provided by Diehl & Statler
(2006), which is a generalisation of the Voronoi binning algo-
rithm in Cappellari & Copin (2003). We required a signal to
noise ratio (S/N) of S/N ~ 30, which allowed us to estimate
the temperature with a statistical uncertainty of 10-20% (see
Lovisari & Reiprich 2019 for more details). We then measured
the projected temperature in each region of the map. The final
result is shown in Fig. 2 (central panel), while the associated
error map is shown in Fig. A.1 (right panel). We found that a
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cold region T ~ 5SkeV is visible in the northern part of the
cluster. However, due to the coarse Voronoi tessellation, it was
not possible to clearly understand whether or not it corresponds
to our SB discontinuity. Thus, we extracted a spectra from two
annuli with S/N ~ 50, selected with the same aperture and cen-
tre used for the extraction of the SB profile, and covering the
region before and after the discontinuity. We then fitted the spec-
tra with an APEC thermal plasma model with an absorption fixed
at ng = (2.96 + 0.08) x 10*° cm~? (Bourdin et al., in prep.), and
then measured the projected temperature in each region of the
map. We found a temperature of 7 = 6.6 + 0.3 keV in the inner
sector and a temperature of 7 = 9.7+0.6 keV in the outer one. In
order to understand whether this feature is due to the presence of
a cool core and is thus a general property of the whole profile, we
also extracted SB profiles from the eastern (E) and western (W)
regions. We excluded the southern region due to its extended tail
of X-ray emission. We found that another jump, of magnitude
C =194+0.17 Qyz/d.o.f. = 0.801), is present in the E direc-
tion. To investigate its nature, we extracted a temperature profile
using the same procedure described for the N sector. We found
an inner temperature of 7 = 14 + 2keV and an outer tempera-
ture of T = 9 + 1 keV. In the western region, no SB discontinuity
was detected. In particular, by fitting the SB profile we found
a jump of magnitude C = 1.14 + 0.04 and a y?/d.o.f. = 7.04.
This latter parameter shows that this model is not able to prop-
erly fit the profile. Also in this case we measured the temperature
using the same radial range adopted for the eastern discontinu-
ity. We found an inner temperature of 7 = 6.1 = 0.4keV and
an outer temperature of 7 = 8 + 1 keV. The results arising from
the analysis of these three sectors prove that the edge detected
in the northern region is not tracing an overall property of the
core. We thus classified the northern edge as a cold front. With
regard to the eastern discontinuity, we noticed that the temper-
atures measured in the eastern sectors are higher than the ones
measured in the western ones. Furthermore, the eastern sector
used for the extraction of the SB and temperature profiles cov-
ers the region where the ambiguous radio source presented in
Sect. 2.1 (row arrow in Fig. 1) is located. The temperature gradi-
ent observed, with a high temperature in the inner annulus and a
lower temperature in the outer one, may be due to either the pres-
ence of an AGN or the accretion of a small sub-clump of galaxies
that generates a shock. We estimated the Mach number that, if
confirmed, this shock would have. Using the Rankine—Hugoniot
conditions (see, e.g. Markevitch & Vikhlinin 2007), we can link
the density and temperature jump to the Mach number through
the relations

3C

2 _
Moie 3)
and
Mz _ (STj -7+ [(8Tj — 7)2 + 15]1/2) "

5

where T is the ratio between the temperature post- and pre-
shock. From Eq. (3) we found M = 1.68 + 0.14, while from
Eq. (4) we found M = 1.55+0.04. Considering the uncer-
tainties, these two estimates are in agreement. However, the
hypotheses provided are just hints for possible interpretation;
further investigations are needed to understand whether the radio
and X-ray emission are linked and to derive any conclusion.
The temperature map also revealed the presence of another
cold region, located in the southern part of the cluster and char-
acterised by a temperature, T, ~4keV. This corresponds to an
X-ray clump that was not identified as a point source during the
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Fig. 2. Surface brightness edges in G113. Left: X-ray image of G113. The green regions represent the three sectors adopted for the extraction of
the SB profiles. The solid black lines represent the position of the edge and the boundary of the inner sector where the temperature was measured.
The dashed black lines instead represent the boundary of the outer sector where the temperature was measured. Centre: 2D temperature map of
G113. The colorbar is in keV units, and the red arrow shows the position of the cold region detected in the cluster. Right (from top to bottom):
SB profiles extracted in the northern (N), eastern (E), and western (W) sectors. The continuous black lines represent the best fit of the eastern
(x*/d.o.f. = 0.801 and C = 1.94 +0.17), northern (y>/d.o.f. = 1.56 and C = 1.9 +0.2), and western (y>/d.o.f. =7.02and C = 1.14 + 0.04) jumps.
The temperatures reported in the blue and red boxes are in keV units and are the temperatures measured before and after the SB discontinuities.
The corresponding blue and red shaded areas show the regions where the temperatures were measured.

imaging of the XMM-Newton images (see Sect. 2.3). By con-
sulting optical images from the DESI Legacy Imaging Surveys®,
we noticed the presence of two foreground galaxies located at
redshift z = 0.133. This may explain the original wrong RASS
estimation of the cluster redshift, which was assessed to be
z = 0.1353 instead of z = 0.370 (see Sect. 1).

3.2. Analysis of the diffuse radio emission

From a radio point of view, G113 represents a rare case of a
cluster hosting both a central radio halo and a pair of developing
radio relics, one in the northern region of the cluster and one in
the southern region. The axis on which these two latter structures
lie traces the direction of the merger event that is affecting the
cluster and that is visible in the X-ray images (see Sect. 3.1).

In order to investigate the properties of the non-thermal emis-
sion of G113, we made a spectral index map. To achieve this
goal, we produced LOFAR and uGMRT images with a com-
mon inner uv-cut to compensate for the different interferometer
uv-coverage, which is critical for the recovery of the extended
emission (e.g. Bruno et al. 2023). Furthermore, we adopted the
same input parameters (multiscale, robust, and taper) presented
in Sect. 2.1, and we fixed the shape of the restoring beam in
order to have a final resolution of 35” X 35” in both images.
We then re-gridded the two images to the same pixel grid (i.e.
the LOFAR one). The rms noise of the maps is o0 = 0.30 and
o = 0.037mJybeam™' for the LOFAR and uGMRT images,
respectively, and pixels with flux values lower than 20~ were
masked for each frequency. The spectral index map was then

4 https://www.legacysurvey.org/

obtained by computing for each pixel the o index, defined as
(Yégé = log(S 650/ 144)/ 10g(V650/V144), where S is the flux den-
sity and v the considered frequency. The associated uncertainties

were obtained using the relation

2 2
M= \/(AS“O) H(T) )
n(7=%) S 650 S 144

The final spectral index map is shown in Fig. 3 (left panel), while
the associated error map is reported in Fig. A.1 (left panel). It is
possible to observe that the spectral index measured in the halo
region varies between —0.8 and —2. We also noticed that higher
values of a (i.e. @ > —1) seem to mainly be found in the southern
and northwest regions of the halo. We thus extracted a profile
of a across four sectors covering the northern, southern, west-
ern, and eastern regions of the radio halo. The results, together
with the sectors adopted, are shown in Fig. 4, and the associated
uncertainties are 1o errors. By looking at the central value mea-
sured in each annulus of the considered sectors, it seems that a
steepening of « is present. Furthermore, the spectral index mea-
sured in the northern and southern regions seems to follow a dif-
ferent trend; however, the uncertainties of the map do not allow
us to clearly confirm this behaviour.

The location of the X-ray discontinuity (close to the north-
ern boundary of the radio halo) does not allow us to obtain an
accurate estimate of the variation in the « index across the cold
front. In the bottom plot of Fig. 3 (right panel) we report the
spectral index values extracted from square-shaped boxes with
width 35" (that is the beam width of the map) covering the halo
region. We estimated a mean « value of —1.2, and an associated
standard deviation of o, = 0.2. This value is more than two
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Fig. 3. Analysis of the radio emission of G113. Left: spectral index map of the cluster G113, with LOFAR contours of the image at 35" x 35"
overplotted ([-3, 3, 6, 9, 12] X o, with o0 =0.37 mJy beam™). Centre: uGMRT image of G113, with LOFAR contours overplotted. The resolution
of the image is 35” x 35” and the rms noise is o = 0.037 mJy beam™!. Right top: distribution of the spectral index extracted from square-shaped
boxes of width 35” in the halo (grey) and southern relic (orange) regions. The vertical lines represent the & median values for the halo (black) and
relic (orange). Right bottom: values of « extracted from the sector shown in the subplot. The sectors are numbered from the outer annulus (1) to

the inner one (4).
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Fig. 4. Radial profile of « in the radio region. The four profiles refer
to four different sectors that cover the northern, southern, eastern, and
western regions, as shown in the cluster subplot.

times higher than the median « error, @y ~ 0.09, measured in
the whole halo region, and thus suggests that the observed varia-
tions are not (only) related to systematic errors, but are linked to
the presence of intrinsic small-scale fluctuations in the spectral
index across the halo. A similar behaviour was already observed
in, for example, Botteon et al. (2020a), Rajpurohit et al. (2023),
but not in others (e.g. van Weeren et al. 2016). In relation to the
northern relic, we observed an evident steepening of the spectral
index towards the cluster centre. To properly characterise this
behaviour, we computed the average value of « in the four con-
centric rings shown in the cluster subplot of Fig. 3 (bottom right
panel). Moving from north to south, the trend observed consists
of first a decrease in a (from the outer annulus marked as 1 to fol-
lowing one) followed by a subsequent increase (from the annu-
lus 2 to the inner annuli 3 and 4). By assuming that the particles
are being accelerated via dynamic site acceleration (DSA) by a
shock that is moving outwards, we can use the spectral index
measured in the outer annulus (1) to estimate the Mach number,
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M (Blandford & Eichler 1987). The relation that links @ to M is

M= Za/inj -3 (6)
- zainj +1°
Starting from «;p; = —1.21£0.07, measured in the outer annulus,

we found M = 1.95 + 0.01. The « steepening observed between
the annuli 1 and 2 can be explained by synchrotron ageing. The
subsequent increase in @ may instead be related to the presence
of a radio source that is injecting electrons in the surrounding
regions, and that is visible in images with higher resolution (see
Fig. B.1). By looking for an optical counterpart, we verified that
this source corresponds to a galaxy located at the cluster redshift
(z = 0.315). Finally, no peculiar trend of the spectral index is
found in the southern relic. We thus computed the median « and
standard deviation values using the same approach adopted for
the radio halo and found @ = —1.3 and -, = 0.2. In this case, too,
the distribution of the spectral index measured in the squared-
shape boxes is shown in the histogram of Fig. 3 (top right panel).

3.3. Point-to-point correlations

Looking for the presence of a spatial correlation between the X-
ray and radio emissions is a powerful tool with which to inves-
tigate the relation between the thermal and non-thermal cluster
components (Brunetti & Jones 2014). As it is possible to observe
from Fig. 1, the thermal and non-thermal emission of the radio
halo are basically overlapped. Many studies based on the point-
to-point analysis of these two components have shown that usu-
ally the X-ray and radio flux density of the halo region follow
a relation of the type Iz « 1;‘(, with £ < 1 (e.g. Feretti et al.
2001; Govoni et al. 2001; Giacintucci et al. 2005; Botteon et al.
2020b; Bruno et al. 2021).

In order to investigate this behaviour in G113, we per-
formed a point-to-point analysis using the python code PT-REX
described in Ignesti (2022). Based on a given threshold in
SB, the code generates a sampling mesh, the cells of which
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reproduce the dimensions of the beam. For each cell, the values
of Iz and Ix and their associated errors are computed. Finally,
data are fitted with a power law and the Pearson (p,) and Spear-
man (p,) coefficients are estimated. We applied this procedure
to the G113 halo region and found that, if all the cells of the
grid with a radio signal higher than 20 are considered, no strong
correlation is observed (p, = 0.17 and p; = 0.22). However,
by observing the plot in Fig. 5 (left panel), it is possible to
notice that four points (shown in grey in the plot) deviate from
the general trend. These four points correspond to the position
of the blob of radio emission that was not subtracted from the
halo emission during the imaging process (see Sect. 2, for more
details). This clump has no optical counterpart and may be a
remnant plasma in the ICM, or a substructure of the radio halo.
To avoid contamination, we excluded these cells from the anal-
ysis and recomputed the slope k and the Spearman and Pearson
coefficients. The final values are reported in Table 1. We found
a good correlation between Ix and Ix. The k value measured is
lower than the one found in other clusters. However, we have to
consider that, by defining the grid to adopt for the X-ray-radio
comparison, we selected only the regions where the radio signal
is higher than 20 This threshold has been proved to reduce the
impact that artefacts in interferometric radio images arising from
the data processing have on the flux density estimates, especially
for extended sources with low S/N (Botteon et al. 2020b). This
radio-based threshold, together with the four cells excluded due
to the presence of a blob of emission, does not allow us to prop-
erly cover the entire G113 X-ray emission; as it is possible to
see from Fig. 1, part of the west and southwest emission is not
considered in the analysis. This may produce a flattening of the
correlation, since cells with low X-ray emission are not consid-
ered. By repeating the analysis with a radio threshold set to 1o,
we obtain larger uncertainties on the radio flux estimate, but we
are able to retrieve a steeper slope, with k = 0.41 + 0.08. This
behaviour is in agreement with Bonafede et al. (2022), where it
was found that the correlation Iz o If( is steeper in the external
regions of the cluster.

We then tested this method on the northern and southern
relics, too, in order to understand whether correlations between
the X-ray and radio emissions are also present in these dif-
fuse radio sources. A similar analysis was already performed
for the radio relic detected in the cluster MACS J1149.5+2223
(Bruno et al. 2021). The results shows the absence of any cor-
relation. However, the authors highlighted that the radio relic
shows very peculiar features, such as an orientation of its major
axis parallel (and not perpendicular) to the merger axis. For this
reason, they concluded that further investigations were needed to
understand if that radio source can really be classified as a radio
relic. The meshes identified by the code for the S and N relics
are shown in the respective subplots of Fig. 1, and cover the
radio signal over 30 Since these radio sources are located in the
outer regions of the cluster, we assessed the significance of the
X-ray signal by measuring the S/N in each cell and by selecting
only the ones over a specific threshold. By defining the source,
background, and total counts as Cs, Cy, and C; = Cs + Cy, and
assuming a Gaussian error propagated in quadrature, the S/N is

C-C, Cs

VC +C, VCi+2xCp
For the northern relic, we selected only the cells with S/N > 3.
For the southern relic, it was not possible to satisfy this condi-
tion, since a low number of cells were included. We thus decided

to exclude the treatment of this diffuse radio source from our
work. By considering the selected cells of the northern relic, we

S/N =

@)

Table 1. Results of the point-to-point analysis obtained for the halo and
the northern relic.

k Pp Ps
Halo 0.27+0.09 0.56 0.61
Relic N -26+09 -0.67 -0.54
Halo (Ig « I;‘(,res) 0.50+0.12 0.62 0.51

Notes. From left to right: the slope of the correlation I o I%, and the
Pearson and Spearman coefficients. In the last row the values of the
correlation between Iz and the X-ray residuals are reported (shown in
the right plot of Fig. 5).

found that the X-ray and radio emissions are linked by a strong
anti-correlation between them. We report the k, p;,, and pg values
in Table 1, and we show the correlation and the 1, 2, 30 scatter
in Fig. 5 (left panel). We also report the position of the X-ray
limits measured in the cells with S/N < 3, and we observe that
few of them are not included in the 30 scatter. By including the
central values of these points in the fit, we estimated a slope of
k = —1.3+£0.7, which is still consistent, within the uncertainties,
with the one found above.

3.4. Residuals of the radio and X-ray emissions

We exploited the point-to-point analysis to investigate also the
presence or absence of correlations between the residual emis-
sion obtained by dividing the X-ray and radio observations
by a model emission of the thermal and non-thermal compo-
nents. This analysis allows us to explore possible links between
the processes that leave fluctuations in the X-ray and radio
distributions.

On the X-ray side, a double S-model is considered a good
representation of the SB emission of those galaxy clusters that
are characterised by a relaxed dynamical state. On the contrary,
clusters that have been undergone merger events, AGN out-
bursts, or sloshing are expected to show deviations from this
smooth model. By dividing the X-ray observation of G113 for
the best fit model of its SB emission, we thus expect to highlight
features generated by the ongoing merger event, such as sub-
structures and discontinuities associated with shocks and cold
fronts. To obtain the residuals of the X-ray emission of G113
we proceeded as follows. We resorted to the python package
PYPROFFIT (see Eckert et al. 2020, for more details) to extract
an averaged radial profile of the cluster. The annuli adopted for
the extraction are centred on the centroid of the cluster, cover a
region included in Rsgo, and have an elliptical shape. The cen-
troid of the cluster, the axis ratio (major/minor), and the posi-
tion angle of the elliptical annuli were calculated with the prin-
cipal component analysis (PCA). This method is usually used to
reduce the number of dimensions needed to describe a dataset.
In our specific case, it allows us to identify the two axes that
hold the highest amount of variance, and that better represent the
SB distribution of the cluster (that are the axes of the elliptical
annuli). The ellipse axis-ratio and position angle (from the right
ascension axis) found are 1.26 and 129°, respectively. We fitted
the radial profile with a double S-model, using the definition

1) = Io[(l ; (%)2)_%05 ; R(l + (%)2)_3ﬂ+o's] +B. (8

and found B8 = 1.44”_’8:%?, Fel = 1.94f8:i‘1‘, Tep = 1.73”_’813, and
R = 0.90f8:8‘3‘. The high y?/d.of. = 42.5/14 and the unusu-

ally high B confirm the extremely disturbed X-ray morphology
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Fig. 5. Correlations between the X-ray and radio properties. Left: correlations between Iz and Ix computed in the halo (black) and northern
(green) relic regions using the meshes shown in the subplots of Fig. 1. Grey points correspond to the cells excluded from the halo analysis (see
Sect. 3.3). The slopes and Spearman and Pearson coefficients measured are reported in Table 1. The shadowy regions represent the scatter of the
relic correlation (from dark to light grey, 1, 2, 307). Right: the correlation between the radio emission and the X-ray residuals.

of this system. Starting from this model, we created a vignetting-
corrected model image representing the expected emission of the
cluster. Finally, we divided the original X-ray image of the model
in order to obtain a residual map that highlights the regions
where an excess or deficiency in SB is present with respect to
the model. Since both the deviations from a double B-model
and the radio emission of the halo originate in the ongoing
merger event, we investigated whether correlations are present
between the X-ray residuals and the radio flux. To perform a
point-to-point correlation between these two quantities, we con-
sidered the same grid produced by the PT-REX algorithm (see
subplots of Fig. 1, which was already adopted in Sect. 3.3). In
this case we also excluded the cells corresponding to the ambigu-
ous radio blob in the halo region. For each cell included in the
grid, we measured the radio flux and the X-ray residual emis-
sions. We found a good correlation between these two quanti-
ties (see Fig. 5, right plot), with k = 0.50 + 0.12, p, = 0.62,
and py = 0.51. This result depends on the model used for the
description of the X-ray emission. However, a double 8 model
centred on the centroid (which represents the centre of the poten-
tial well) of the system is expected to be one of the best possi-
ble representations to describe the SB distribution of the cluster
emission. Furthermore, the plot seems to show two regimes:
log (data/model) < 0.2, where Iy varies in a fixed range, and
log (data/model) > 0.2, where I varies in another, higher range.
We investigated whether the five points with log (data/model) >
0.2 are either spread out or related to a specific region. We found
that four of the points correspond to four of the cells that cover
the X-ray core. In Fig. C.1, we show in red the position of
these cells.

Historically, radio halos were classified as ‘“‘smooth”
sources with “regular” morphologies (see Ferettietal. 2012;
van Weeren et al. 2019 for the definition of a radio halo). Start-
ing from this classification, it is common in the literature to fit
the radio emission of these sources with an exponential profile
defined as (Murgia et al. 2009)

I(r) = Lye "™ )

where Iy and r. are the central SB and the e-folding radius,
respectively. However, the new generation of radio telescopes
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provided us with the opportunity to study these extended radio
sources with an unprecedented resolution. Recent studies high-
light that, by increasing the S/N of the observations, it is possible
to highlight an increasing number of deviations from this model
(Botteon et al. 2022). Starting from our radio observations, we
decided to investigate whether similar deviations are also vis-
ible in G113. The presented fitting of Eq. (9) and halo radio
flux density estimations were done with a newly developed algo-
rithm®, described in detail by Boxelaar et al. (2021). According
to this procedure, the profiles are fitted to a two-dimensional
image. This code allows both circular and non-circular mod-
els to be fitted. In comparing the results arising from a circu-
lar model and an elliptical one, we did not observe any sig-
nificant difference, with the elliptical model returning almost
equal semi-axes values. Given the roundish morphology con-
firmed by the elliptical model, and the relatively faint emission
of the halo, we decided to use a circular model. The best-fit esti-
mates of the peak SB and radius are found through Bayesian
inference and maximum likelihood estimation. To sample the
likelihood function, the Monte Carlo Markov chain implemented
within the emcee module is used (Foreman-Mackey et al. 2013).
This method allows us to find the full posterior distribution
for the model parameters. An estimation of these parameters
was already presented for G113 in Botteon et al. (2022). How-
ever, due to the application of a different uv-cut (250kpc in
Botteon et al. 2022, and 500 kpc in this work), the point-sources
subtraction may be slightly different between the two analyses
and can result in a different flux estimate. For this reason, we
decided to re-perform the fit. By applying this algorithm to our

cluster, we find a lower Iy = 3.3*0:2 uJy arcsec™ with respect to

the one found in Botteon et al. (2022; Iy = 5.1%0 uJy arcsec™).
This confirms that our uv-cut leads to the subtraction of more
components. As for the e-folding radius, a good agreement is
found, with r. = 350 20 kpc in our work and r. = 370 + 15 kpc
in Botteon et al. (2022). Starting from these fit results we derived
a model image of the radio emission. We then obtained the radio
residual image by dividing the original LOFAR image for the

> https://github.com/JortBox/Halo-FDCA
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best-fit exponential model. Both the radio and X-ray residuals
are shown in the respective subplots of Fig. 1.

As in X-rays, deviations from smooth SB models may high-
light the presence of substructures or discontinuities in the
radio emission. Recently, Botteon et al. (2023) has claimed that
numerous radio SB discontinuities, similar to those detected in
X-rays, are present in a number of radio halos observed with
MeerKAT. Some of these radio edges have been found to be
associated with shocks and cold fronts, suggesting a tight con-
nection between the thermal and non-thermal components in the
ICM. As merger events disturb the cluster atmosphere and dis-
sipate energy into the acceleration of relativistic particles, we
tested whether the X-ray and radio residual emissions are linked
by performing a point-to-point analysis on the residual images.
In this case, the meshes adopted are the same as those used in
the previous analysis of the halo region. We did not find any cor-
relation between the radio and X-ray residual emissions. This
behaviour could be down to different reasons. As already shown
in the literature, many radio discontinuities do not show an X-ray
counterpart (e.g. Botteon et al. 2023). In these cases, the devia-
tions from the exponential model may highlight specific regions
in the ICM that are characterised by a high fraction of seed rel-
ativistic electrons or by a local enhancement of the acceleration
efficiency or of the magnetic field strength. For these features,
the absence of a correlation between the X-ray and radio resid-
uals may be an indication of the fact that these two types of
emission highlight different types of discontinuities. On the other
hand, it has been suggested that the S/N of the observations may
have a strong impact on the detection of radio edges. For exam-
ple, all the radio discontinuities detected in Botteon et al. (2023)
were found in clusters for which the observations have a high
S/N. Given the low S/N of our observations, the lack of corre-
lation between the X-ray and radio residuals may be related to
the impossibility of detecting all the features, especially the ones
that may be present in the correspondence of the X-ray substruc-
tures. Finally, we do not find any correlation between the X-ray
residuals and the « index of the spectral index map.

4. Conclusions

In this paper, we performed a joint X-ray and radio analysis of the
cluster G113, a merging system showing a peculiar radio mor-
phology: besides a central radio halo, this cluster also hosts two
relics perpendicular to the merger axis, one located in the north-
ern region and one in the southern region. The double-relic con-
figuration is used in the literature to provide good constraints
on cluster merger scenarios. Currently, a dozen objects showing
this feature are known (van Weeren et al. 2019), among which
some well-studied cases are: Abell 3667 (Rottgering et al. 1997)
and Abell 3376 (Bagchi et al. 2006), which are respectively the
first and second double relics detected, and MACS J11752.0+4440
(van Weeren et al. 2012; Bonafede et al. 2012) and Abell 1240
(Kempner & Sarazin 2001; Bonafede et al. 2009).

X-ray analysis of the ICM of G113 allowed us to iden-
tify a SB discontinuity in the northern region of the cluster.
By performing a spectra extraction from two annuli across the
edge, we measured a downstream (i.e. post-front) temperature
of T = 6.6 £ 0.3keV and an upstream (i.e. pre-front) tempera-
ture of 7 = 9.7 £ 0.6 keV. We thus classified the discontinuity as
a cold front.

In order to investigate the non-thermal properties of G113,
we made a spectral index map. We find that the halo region
is characterised by a mean « value of —1.15 and an associated
standard deviation of o, = 0.23. This latter value is larger than

the median error and suggests that the observed variations are
linked to the presence of intrinsic small-scale fluctuations in the
spectral index across the halo. We also observe a flattening of the
profile in the northern front of the northern relic. This behaviour
could be explained by assuming that particles are being accel-
erated by a shock that is moving outwards. We estimated using
DSA relations that this event is characterised by a Mach num-
ber, M = 1.95+0.01, as inferred from the radio spectral index at
the leading edge of the emission. No specific trend is observed
in the southern relic. In this radio source we estimated a median
a = —1.30. We then analysed the thermal and non-thermal spa-
tial correlation by performing a point-to-point analysis of the
X-ray and radio emission of the cluster. We find a sub-linear cor-
relation between the Iz and the Ix of the halo region. This trend is
consistent with current analysis on the X-ray and radio correla-
tion in radio halos. We also investigated the relationship between
the thermal and non-thermal spatial correlation in the northern
radio relic. We find that an anti-correlation between Iz and Ix is
present. A straightforward explanation of this behaviour could
be related to the radial distribution of the X-ray and radio emis-
sions. On the one hand, the brightest radio emission of the relic is
its leading edge, which is the most distant region from the cluster
centre. On the other hand, the X-ray emission decreases with the
distance from the centre and is thus expected to be low (and to
continue to decrease) in the relic regions. Finally, we compared
the residuals obtained by dividing the X-ray and radio images
into a double 8 model and an exponential model for the X-ray
and radio emission, respectively. We find no correlation between
these two quantities. However, by comparing the X-ray residual
and the radio emission of the halo, we find a strong correlation.
This correlation is even higher than the one between X-ray and
radio SB, suggesting that the process responsible for radio emis-
sion and the one that leaves fluctuations in the X-ray images
are connected. Further investigations are needed to understand
which physical processes initiate this behaviour and to con-
strain the impact of the adopted X-ray emission model on this
correlation.
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Appendix A: Error maps

We report in Fig.A.1 the spectral index error and the temperature
relative error map.

Spectral index error Temperature relative error
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Fig. A.1. Left: spectral index error map. Right: temperature relative error map.
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Appendix B: High-resolution map produces an increase of @ in the southern boundary of the north-

lic.
We report in Fig. B.1 a high-resolution LOFAR map of the clus- ern refie

ter G113. The circle shows the position of the radio source that
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Fig. B.1. High-resolution LOFAR image of the cluster G113. The beam size and the rms of the map are 15"x15" and o = 0.20 Jy/beam,
respectively. Pixels with values lower than 20~ were masked. The green circle highlights the presence of the radio source that contaminates the
estimate of « in the spectral profile of the northern relic.
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Appendix C: Correlation between the X-ray It is possible to observe that four of the five considered cells are

residuals and the radio emission located in correspondence of the X-ray core.

In Fig. C.1 we show the location of the five points with
log (data/model) > 0.2 that result from the plot of 5 (left panel).

Fig. C.1. Left: residuals of the X-ray emission, obtained by dividing the observation for the model of the X-ray emission. The minimum of the
colour scale is set to log(data/model)=0.2. Right: LOFAR radio image of the halo region. The red cells of the grid correspond to the five points
with log(data/model) > 0.2.
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