
A&A, 686, A82 (2024)
https://doi.org/10.1051/0004-6361/202348045
c© The Authors 2024

Astronomy
&Astrophysics

First evidence of a connection between cluster-scale diffuse radio
emission in cool-core galaxy clusters and sloshing features?

N. Biava1,2,3 , A. Bonafede1,2, F. Gastaldello4 , A. Botteon2 , M. Brienza5,1,2, T. W. Shimwell6,7, G. Brunetti2,
L. Bruno1,2, K. Rajpurohit8 , C. J. Riseley1,2,9 , R. J. van Weeren7, M. Rossetti4, R. Cassano2, F. De Gasperin2,10,

A. Drabent3, H. J. A. Rottgering7, A. C. Edge11 , and C. Tasse12,13

1 Dipartimento di Fisica e Astronomia, Università di Bologna, Via P. Gobetti 93/2, 40129 Bologna, Italy
2 INAF – IRA, Via P. Gobetti 101, 40129 Bologna, Italy
3 Thüringer Landessternwarte, Sternwarte 5, 07778 Tautenburg, Germany

e-mail: nbiava@tls-tautenburg.de
4 INAF – IASF Milano, Via A. Corti 12, 20133 Milano, Italy
5 INAF – OAS, Via P. Gobetti 93/3, 40129 Bologna, Italy
6 ASTRON, Netherlands Institute for Radio Astronomy, Oude Hoogeveensedijk 4, 7991 PD Dwingeloo, The Netherlands
7 Leiden Observatory, Leiden University, PO Box 9513, 2300 RA Leiden, The Netherlands
8 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138, USA
9 CSIRO Space & Astronomy, PO Box 1130, Bentley, WA 6102, Australia

10 Hamburger Sternwarte, Universität Hamburg, Gojenbergsweg 112, 21029 Hamburg, Germany
11 Centre for Extragalactic Astronomy, Durham University, DH1 3LE Durham, UK
12 GEPI & ORN, Observatoire de Paris, Université PSL, CNRS, 5 Place Jules Janssen, 92190 Meudon, France
13 Department of Physics & Electronics, Rhodes University, PO Box 94, Grahamstown 6140, South Africa

Received 22 September 2023 / Accepted 8 March 2024

ABSTRACT

Context. Radio observations of a few cool-core galaxy clusters have revealed the presence of diffuse emission on cluster scales, sim-
ilar to what was found in merging clusters in the form of radio halos. These sources might suggest that a minor merger, while not
sufficiently energetic to disrupt the cool core, could still trigger particle acceleration in the intracluster medium on scales of hundreds
of kiloparsecs.
Aims. We aim to verify the occurrence of cluster-scale diffuse radio emission in cool-core clusters and test the minor merger scenario.
Methods. With the LOw Frequency ARray (LOFAR) at 144 MHz, we observed a sample of twelve cool-core galaxy clusters pre-
senting some level of dynamical disturbances, according to X-ray data. We also performed a systematic search of cold fronts in these
clusters, re-analysing archival Chandra observations.
Results. The clusters PSZ1G139.61+24, A1068 (new detection), MS 1455.0+2232, and RX J1720.1+2638 present diffuse radio
emission on a cluster scale (r ≥ 0.2R500). This emission is characterised by a double component: a central mini-halo confined by cold
fronts and diffuse emission on larger scales, whose radio power at 144 MHz is comparable to that of radio halos detected in merging
systems with the same cluster mass. The cold fronts in A1068 are a new detection. We also found a candidate plasma depletion layer
in this cluster. No sloshing features are found in the other eight clusters. Two of them present a mini-halo, with diffuse radio emission
confined to the cluster core. We also found a new candidate mini-halo. Whereas, for the remaining five clusters, we did not detect
halo-like emission. For clusters without cluster-scale halos, we derived upper limits to the radio halo power.
Conclusions. We found that cluster-scale diffuse radio emission is not present in all cool-core clusters when observed at a low fre-
quency, but it is correlated to the presence of cold fronts. The coexistence of cluster-scale diffuse radio emission and cold fronts in
cool-core clusters requires a specific configuration of the merger and so it puts some constraints on the turbulence, which deserves to
be investigated in the future with theoretical works.

Key words. acceleration of particles – radiation mechanisms: non-thermal – radiation mechanisms: thermal –
galaxies: clusters: intracluster medium – large-scale structure of Universe

1. Introduction

Galaxy clusters are the most massive (with masses up to
1015 M�) gravitationally bound objects in the Universe, which
form through hierarchical aggregation of smaller structures (for
a review, see Kravtsov & Borgani 2012). According to their
dynamical stage, galaxy clusters are classified in relaxed or dis-
turbed clusters. Disturbed, merging clusters are characterised by

? The reduced images are available at the CDS via anonymous
ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/686/A82

an irregular distribution of thermal gas emission, and they have
high central entropy. Relaxed, cool-core clusters, instead, have
a spherical distribution of gas, peaked X-ray emission, and a
low central entropy. Cool-core clusters can also be perturbed by
minor or off-axis mergers, causing sloshing of the cool gas in
the central potential well, without disrupting the dense core. As
a consequence of these encounters, cold fronts develop, which
are arc-shaped X-ray surface brightness discontinuities, charac-
terised by a jump in temperature and constant pressure across the
front (e.g. Markevitch & Vikhlinin 2007). Sloshing lasts for sev-
eral gigayears; therefore, the cluster can appear relatively relaxed
albeit with cold fronts being present.
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Mergers between clusters are expected to inject an amount
of turbulence in the intracluster medium (ICM, e.g. Vazza et al.
2012) depending on the mass of the involved clusters and the
merger configuration. Turbulence can then re-accelerate par-
ticles and amplify magnetic fields, generating large-scale dif-
fuse synchrotron emission in the form of radio halos (e.g.
Brunetti et al. 2001; Petrosian 2001; Brunetti & Lazarian 2016).
Most of the massive merging clusters do indeed present
megaparsec-sized diffuse radio emission, called a giant radio
halo (RH), which follows the distribution of the thermal ICM and
is characterised by a steep radio spectrum (α ≥ 1, with S (ν) ∝
ν−α) (for a review, see van Weeren et al. 2019). Diffuse radio
emission has also been observed at the centre of relaxed cool-
core clusters, surrounding the brightest cluster galaxy (BCG),
with a smaller size of 0.1–0.5 Mpc, and referred to as a mini-halo
(MH; van Weeren et al. 2019, for a review). Mini-halo emission
is often bounded by X-ray cold fronts, suggesting particles are
re-accelerated by turbulence connected with the sloshing of the
cluster core (e.g. Mazzotta & Giacintucci 2008; ZuHone et al.
2013). Another possibility is that MHs are generated through
the continuous injection of electrons by inelastic collisions of
relativistic cosmic-ray protons with the cluster thermal pro-
ton population, according to the so-called hadronic model (e.g.
Pfrommer & Enßlin 2004).

A statistical connection between RHs and cluster merg-
ers has been found with a RH generally hosted by clusters
showing signs of dynamical disturbance as found from X-
ray and optical observations (e.g. Buote 2001; Cassano et al.
2010, 2023; Wen & Han 2013; Cuciti et al. 2021). The RH
found in the cool-core cluster CL1821+643 (Bonafede et al.
2014) represents an outlier with respect to these observations.
Recently, low-frequency observations (≤200 MHz), mainly with
the LOw Frequency ARray (LOFAR; van Haarlem et al. 2013),
have improved and complicated the present picture by reveal-
ing the presence of diffuse emission on larger scales, both in
relaxed and merging clusters. Diffuse emission extending up
to the periphery of clusters (at least up to R200

1), embedding
the central RH, has been observed in merging systems (e.g.
Botteon et al. 2022b; Cuciti et al. 2022). In addition, LOFAR
revealed the presence of diffuse emission extending beyond the
cluster core in two cool-core clusters that host a central MH and
show signs of minor dynamical disturbance (Savini et al. 2018,
2019). More recently, the analysis of the dynamical properties of
Planck clusters in the LOFAR-DR2 area has revealed the pres-
ence of RH in less disturbed systems and that the fraction of
newly detected RHs by LOFAR increases from merging to more
relaxed systems (Cassano et al. 2023).

In this paper, we aim to investigate the presence of cluster-
scale diffuse radio emission in cool-core clusters. To explain this
emission, it has been proposed that less energetic mergers could
still inject enough turbulence in the ICM to trigger particle accel-
eration on scales of hundreds of kiloparsecs, without disrupting
the cool core (Savini et al. 2018). Less energetic mergers should
generate lower levels of turbulence in the ICM and thus parti-
cles should be accelerated with a lower efficiency, producing
steeper spectra radio emission with α ≥ 1.5 (Cassano et al. 2006;
Brunetti et al. 2008). Low-frequency observations have revealed
several ultra-steep spectrum radio halos (USSRHs) in less mas-
sive disturbed systems or in clusters presumably experiencing
fewer energetic merger events (e.g. Edler et al. 2022; Biava et al.
2021b; Bruno et al. 2023a), confirming the predictions of the

1 The radius within which the mean mass over-density of the cluster is
200 times the cosmic critical density at the cluster redshift.

turbulent re-acceleration model (e.g. Cassano et al. 2023). Fur-
thermore, merger events responsible for this emission may have
left signatures in the thermal emission of the clusters, such as
sloshing features, although these details are not directly pre-
dicted by semi-analytical models that are based on merger trees
of dark matter halos (Cassano et al. 2016). In this scenario, cool-
core clusters that show minor signs of dynamical interactions on
scales larger than the core should commonly show ultra-steep
spectrum diffuse radio emission on large scales, which is best
detected at lower frequencies.

To test this hypothesis and verify the occurrence of these
sources, we observed with the LOFAR high band antennas
(HBA; at 144 MHz) a sample of twelve cool-core clusters
selected for a range of dynamical states. We classified the radio
emission detected with LOFAR and compared it with observa-
tions at higher frequencies. We characterised the diffuse radio
emission, analysing radial surface brightness profiles and esti-
mating the radio power at 144 MHz. In the case of a non-
detection, instead, we provided upper limits. Finally, we per-
formed a systematic search for sloshing features in all the sys-
tems re-analysing Chandra X-ray archival data, and we com-
pared radio and X-ray properties of the clusters in our sample
to try to understand under which conditions cluster-scale diffuse
radio emission is generated in cool-core clusters.

The paper is organised as follows: in Sect. 2 we present the
selection criteria of the sample. In Sect. 3 we describe the data
used in our analysis and their reduction. In Sect. 4 we present
the morphology of the radio and X-ray emission for each object.
In Sect. 5 we analyse and explain how we modelled the sur-
face brightness profiles of the diffuse emission, estimated the
associated power, and derived upper limits for non-detections.
We discuss our results in Sect. 6 and we present our conclu-
sions in Sect. 7. Throughout the paper we assumed a standard
ΛCDM cosmological model with ΩΛ = 0.7, Ωm = 0.3, and
H0 = 70 km s−1 Mpc−1.

2. The sample

To test the minor-merger scenario as a possible explanation for
the presence of cluster-scale diffuse emission in relaxed clusters,
we selected a sample of clusters that have a cool-core and show
varying levels of minor dynamical disturbances. The dynami-
cal state of clusters has been inferred from X-ray observations,
through the computation of morphological parameters. In par-
ticular, the concentration parameter (c) and the centroid shift (w)
can provide an effective evaluation of the cluster dynamical state
(Lovisari et al. 2017). We describe these parameters as follows:

– the concentration parameter, c, defined as the ratio of the
central (within a radius r = 100 kpc) over the ambient
(within r = 500 kpc) number of exposure-corrected counts,
S (Santos et al. 2008).

c =
S (r < 100kpc)
S (r < 500kpc)

; (1)

– the centroid shift, w, defined as the standard deviation of the
projected separation ∆ between the X-ray peak and the clus-
ter X-ray centroid computed within N circles of increasing
radius, up to R = 500 kpc (Poole et al. 2006; Maughan et al.
2008).

w =

[
1

N − 1

∑
(∆i − 〈∆〉)2

]1/2
×

1
R
. (2)
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Table 1. Properties of selected clusters.

Cluster name RA Dec z Scale M500 K0 c w
[kpc/′′] [1014 M�] [keV cm2]

PSZ1G139.61+24 06:21:18.60 +74:42:07.0 0.270 4.17 7.6 10 0.36 0.0135
MS 0735.6+7421 07:41:44.31 +74:14:39.51 0.216 3.50 5.0 16 0.34 0.0074
MS 0839.8+2938 08:42:55.99 +29:27:29.16 0.193 3.21 3.4 (∗) 19 0.49 0.0076
Z2089 09:00:36.85 +20:53:40.62 0.235 3.67 3.2 (∗) 24 0.59 0.0045
RBS 0797 09:47:12.72 +76:23:13.85 0.350 4.94 5.6 21 0.68 0.0038
A1068 10:40:44.53 +39:57:11.94 0.139 2.45 3.8 9 0.56 0.0071
A1204 11:13:20.50 +17:35:40.97 0.171 2.91 3.3 15 0.66 0.0042
MS 1455.0+2232 14:57:15.11 +22:20:34.14 0.258 3.99 3.5 (∗) 17 0.59 0.0080
RX J1532.9+3021 15:32:53.93 +30:21:01.24 0.362 4.89 4.7 (∗) 17 0.59 0.0053
RX J1720.1+2638 17:20:10.10 +26:37:29.50 0.164 2.81 5.9 21 0.50 0.0030
MACS J1720.2+3536 17:20:16.84 +35:36:26.89 0.391 5.30 6.1 24 0.43 0.0159
MACS J2245.0+2637 22:45:04.58 +26:38:04.46 0.304 4.49 4.8 (∗) 42 0.43 0.0091

Notes. Column 1: Cluster name. Columns 2 and 3: Coordinates. Column 4: Redshift. Column 5: Angular to linear scale conversion. Column 6:
Cluster mass from Planck Collaboration XXVII (2016). Values marked with (∗) were estimated by Giacintucci et al. (2017) from the M500 − TX
relation of Vikhlinin et al. (2009). Column 7: Core entropy. Column 8: Concentration parameter. Column 9: Centroid shift.

Large values of c indicate a dense core, typical of cool-core
clusters that have not undergone a recent major merger, while
large values of w indicate a distribution of gas that is not spheri-
cally symmetric, that is, a merging cluster. Cassano et al. (2010)
found that most of the clusters in their sample with c < 0.2 and
w > 0.012 (i.e. merging) host a RH, while no cluster with c >
0.2 and w < 0.012 (i.e. relaxed clusters) showed RH detections
at frequencies ν > 610 MHz. However, more recently the sta-
tistical analysis of the Planck clusters in the LOFAR DR2 has
shown that the number of RHs in more dynamically relaxed
clusters is not negligible at low radio frequency (Cassano et al.
2023). In particular, Savini et al. (2019) found that the most
relaxed cluster with giant halo-like emission has c = 0.3 and
w = 0.003.

To search for cool-core clusters, we chose our targets from two
X-ray samples of galaxy clusters: the Archive of Chandra Clus-
ter Entropy Profile Tables (ACCEPT) sample (Cavagnolo et al.
2009) and the ME-MACS sample (Mann & Ebeling 2012;
Rossetti et al. 2017). We selected all ME-MACS clusters that are
classified as cool-core by Rossetti et al. (2017), according to the
concentration parameter, and all ACCEPT clusters that are classi-
fied as cool-core by Cavagnolo et al. (2009) and Giacintucci et al.
(2017), according to the core entropy (K0 ≤ 50 keV cm2). We then
selected those clusters presenting minor signs of dynamical inter-
actions on large scales, using the centroid shift as an indication
of that, requiring w > 0.003, i.e. larger than the w of the cluster
RX J1720.1+2638, in which diffuse emission outside the clus-
ter core has been observed by Savini et al. (2019). We computed
the morphological parameters of the selected clusters from Chan-
dra archival observations that we have reprocessed as described
in Sect. 3.2, excluding those clusters without Chandra observa-
tions covering the central Mpc2. In addition, we considered only
clusters that could easily be observed with LOFAR, i.e. with dec-
lination greater than 10◦, and with a redshift z < 0.4 to resolve
emission on scales of 500 kpc at the resolution of 20′′. The final
sample consists of 12 clusters listed in Table 1 and shown in Fig. 1
in the c−w plot. We also report in Table 1 the core entropy values
estimated by Cavagnolo et al. (2009) and Giacintucci et al. (2017)
for the selected clusters. We note that all the clusters in the sam-
ple have a core entropy K0 ≤ 50 keV cm2, and so are cool-core
clusters according to Giacintucci et al. (2017).

3. Observations and data reduction

3.1. LOFAR data

The selected clusters were observed with LOFAR HBA in the
frequency range 120–168 MHz. Half of these were observed by
LoTSS (LOFAR Two-metre Sky Survey; Shimwell et al. 2017),
multiple observations are used if the cluster falls between differ-
ent survey pointings to achieve comparable sensitivity to those
where the target is in the pointing centre. The rest of the sample
was observed as part of a dedicated proposal (project LC10_010,
P.I. Bonafede), and so the observations are centred on the clus-
ters. The observational details are reported in Table 2. For the
clusters observed by LoTSS, we indicate both the project ID and
the pointings used. Each observation consists of an 8 hr time-on-
source book-ended by 10 min scans on the flux density calibra-
tor using HBA stations in the HBA_DUAL_INNER mode, imply-
ing that only central antennas are used for the remote stations to
mimic the size of the core stations.

All the data were processed with the standard Surveys Key
Science Project pipeline2 (see Shimwell et al. 2019; Tasse et al.
2021). Here we report only the main steps of data reduction,
and we refer to Shimwell et al. (2022) for more details. The data
were firstly corrected for the direction-independent (DI) effects
(for a description of the procedure van Weeren et al. 2016;
Williams et al. 2016; de Gasperin et al. 2021, see) and then for
the direction-dependent (DD) effects through the pipeline that
uses killMS and DDF (Tasse 2014a,b; Smirnov & Tasse 2015;
Tasse et al. 2018). Finally, to improve the calibration on the tar-
get region we followed the extraction and self-calibration proce-
dure described in van Weeren et al. (2021). Here we subtracted
all the sources outside a small region (typically radius r = 0.3–
0.6 deg) centred on the cluster, using the DD gains, and then per-
formed several cycles of phase and amplitude self-calibration in
the extracted region using DPPP and WSclean (van Diepen et al.
2018; Offringa et al. 2014). When multiple observations of a
cluster are present we combined them during the self-calibration
imaging whilst accounting for the different beam attenuation.
The flux density scale was set according to Scaife & Heald
(2012), and subsequently aligned with LoTSS-DR2 data release,

2 https://github.com/mhardcastle/ddf-pipeline/
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Fig. 1. Physical parameters of selected clusters. Top panel: Morpholog-
ical parameters’ plot. The dashed blue line indicates the w value used
to select clusters in our sample. Dashed grey lines indicate the c and
w values that separate clusters with a RH (c ≤ 0.2 and w ≥ 0.012)
from clusters without a RH, according to Cassano et al. (2010). Bottom
panel: Redshift-mass distribution of clusters coloured according to their
central entropy (K0).

where the flux calibration uncertainty is estimated to be 10 per-
cent (Hardcastle et al. 2021; Shimwell et al. 2022).

The calibrated data were then imaged at different resolu-
tions using WSClean (Offringa et al. 2014). The high-resolution
images (resolution ∼ 6′′) were produced using a Briggs weight-
ing scheme with robust = −0.5, applying an inner uv-cut at 80λ
and using a pixel-scale of 1′′. For the low-resolution images
(resolution ∼ 20′′) instead we used a pixel-scale of 4′′, a uv-
taper of 20′′ and multi-scale deconvolution to improve the recov-
ery and modelling of diffuse emission. Finally, we performed
a subtraction of the central source and of surrounding discrete
sources which could influence the study of diffuse emission.
The source subtraction was performed in the visibility plane,
using a model from high-resolution images. When diffuse emis-
sion is present, we applied a inner uv-cut to exclude short base-
lines and filtered out the emission on that scales. It is well
known that the subtraction procedure is not a trivial task and
may leave residual artefacts that contaminate the diffuse emis-
sion (see a detailed discussion in Bruno et al. 2023b). In the case
of non-negligible subtraction residuals, we masked the emission

of extended sources during the analysis. A more detailed case-
by-case description is provided in Sect. 4. For each cluster, in
Figs. 4–18 we show the high-resolution radio image and the
source-subtracted low-resolution radio contours overlaid onto
the Chandra X-ray image.

3.2. Chandra data

We investigated the thermal emission of our clusters using
Chandra X-ray observations to search for small-scale surface
brightness discontinuities with high angular resolution. We
reprocessed Chandra archival data, listed in Table 2, using CIAO
4.14 (Chandra Interactive Analysis of Observation), starting
from the level = 1 event file. We searched and removed time
periods affected by soft proton flares by inspecting the light
curve extracted in the 0.5–7.0 keV band. When multiple obser-
vations of a single cluster were present, we combined them to
improve the exposure time. Then we replaced point sources,
identified with the wavdetect task and confirmed by eye, with
the Poissonian noise of a surrounding region, using the CIAO
task dmfilth. Exposure-corrected images have been created in
the energy band 0.5–7 keV, and binned to a common resolution
of 0.98′′. A background image was produced by re-projecting
the blank sky event files to the corresponding event files for
every ObsID and adding the background files of multiple obser-
vations, when present, using the CIAO tasks blanksky and
blankskyimage.

Our goal is to understand if the selected clusters have under-
gone a minor merger. We therefore carried out a systematic
search for cold fronts in all the galaxy clusters of the sample,
regardless of the presence of diffuse radio emission. To enhance
the detection of possible surface brightness discontinuities in the
X-ray images we produced X-ray surface brightness gradient
maps using the adaptively smoothed Gaussian Gradient Magni-
tude (GGM) filter introduced by Sanders et al. (2016). We also
inspected residual images obtained by subtracting a double cir-
cular or elliptical double β-model, depending on the case, from
the original image to highlight deviations from a relaxed cool-
core.

Then using pyproffit3 (Eckert et al. 2020) we extracted
and fitted surface brightness radial profiles on background-
subtracted exposure-corrected images along the direction of can-
didate discontinuities and in adjacent sectors to cover the whole
thermal emission. We established quantitative criteria to affirm
the presence of surface brightness discontinuities, fitting the
radial profiles with a double β-model and considering as can-
didate discontinuities those profiles with χ2

red ≥ 1.5. We then
further investigated these discontinuities modelling the region
of interest with a broken power-law projected along the line of
sight, of the form:

n(r) =

{
C(r/r j)α1 if r ≤ r j

(r/rJ)α2 if r > r j,
(3)

where α1 and α2 are the power-law slopes and C is the surface
brightness jump at the discontinuity radius r j.

Finally, we checked the nature of surface brightness discon-
tinuities that are well modelled by a broken power-law, by per-
forming spectral analysis. We extracted and fitted spectra (using
all the ObsIDs available for each cluster, when multiple obser-
vations are present) in the 0.7–10.0 keV band using the package
XSPEC v12.12.1 with the Anders & Grevesse (1989) abundances

3 https://pyproffit.readthedocs.io

A82, page 4 of 33

https://pyproffit.readthedocs.io


Biava, N., et al.: A&A, 686, A82 (2024)

Table 2. Observation details.

Cluster name LOFAR project LoTSS pointing Chandra ObsID Chandra exposure
[ks]

PSZ1G139.61+24 LC8_022 P098+74 15 139, 15 297 27.5
MS 0735.6+7421 LC10_010 – 4197, 10468, 10 469 550

10 470, 10 471, 10822
10918, 10922

MS 0839.8+2938 LT10_010 P129+29, P132+29 2224 29.8
Z2089 LC10_010 – 10 463 40.6
RBS 0797 LC10_010 – 7902 38.3
A1068 LC4_034 P157+40, P160+42, P161+40 1652 26.8
A1204 LC10_010 – 2205 23.6
MS 1455.0+2232 LT10_010 P225+22 4192 91.9
RX J1532.9+3021 LC10_010 – 1649, 1665, 14 009 108.2
RX J1720.1+2638 LC7_024, LT10_010 P260+28, P261+25 3224, 4361, 1453 57.3
MACS J1720.2+3536 LC10_010 – 3280, 7718, 6107 61.7
MACS J2245.0+2637 LC6_015 P341+26, P342+28 3287 16.9

table. Cash statistic (Cash 1979) was adopted. We used as back-
ground files those extracted from the blank sky events, as we
are analysing spectra in the bright central regions of the clus-
ters where the background is not critical. We modelled the ICM
emission with a thermal model taking into account the Galactic
absorption in the direction of the clusters (phabs * apec), adopt-
ing the values from HI4PI Collaboration (2016). Temperature,
abundance, and normalisation are free to vary. A cold front is
characterised by a jump in temperature with higher temperature
in the outer region, while a shock front presents a reversed tem-
perature jump. We therefore looked at trends in the projected
temperature profiles (a conservative approach since projection
smooths gradients) across the surface brightness discontinuities
to characterise their nature.

4. Radio and X-ray morphology

In the following subsections, we briefly discuss each cluster
reporting information from the literature and our new results
based on LOFAR observations and re-analysis of Chandra data.
In Table 3 we summarise the radio and X-ray characteris-
tics of these sources. To classify the radio emission in our
clusters we took into account the MH definition provided by
Giacintucci et al. (2017), according to which the MH emission
is not directly connected to the central AGN, and has an exten-
sion of 50 kpc ≤ Rradio ≤ 0.2R500. As most of the sources in the
sample exhibit an irregular and elongated morphology, to quan-
tify the extension of the radio emission we considered the maxi-
mum radii measured on 3σ surface brightness contours. We then
proceed in the following way:

– First, we checked the high-resolution radio images to iden-
tify the presence of radio emission associated with the central
AGN, like lobes or tails. Sometimes this step required the inspec-
tion of data at higher resolution from the literature and optical
and X-ray counterpart identification.

– Then, we produced radio images at lower resolution with
an uv-taper of 20′′, to improve the detection of diffuse emission.
Decreasing the resolution, however, does not necessarily imply
collecting more emission, sometimes we are simply spreading
the radio emission on a larger area. Therefore, we compared the
radio flux density within a region encompassed by the 3σ con-
tour in the high and low-resolution radio images (with discrete

sources subtracted), to check for the presence of an excess of
radio emission.

– Finally, we measured the extension of the radio emission. If
the flux density measured from the low resolution image is larger
than the flux density measured from high resolution image, we
have used the former to estimate the size of the diffuse emis-
sion. In the other cases, we have estimated the size of the diffuse
emission from the high resolution image.

Following the above procedure we classified a source as:
‘without diffuse emission’ if its emission is clearly or possi-
bly associated with the central AGN and no more emission is
measured in the lower resolution images; ‘with a mini-halo’
if there is a clear presence of diffuse emission and its exten-
sion is 50 kpc ≤ Rradio ≤ 0.2R500; ‘with cluster-scale dif-
fuse emission’ if the diffuse emission extension is Rradio ≥

0.2R500. For the sake of the clarity of this section, we antic-
ipate here our results on the radio and X-ray morphology
of the clusters of our sample. LOFAR observations at 144
MHz revealed the presence of cluster-scale diffuse radio emis-
sion in the clusters PSZ1G139.61+24, RX J1720.1+2638, MS
1455.0+2232 and A1068. We also detected two MHs in the
clusters RX J1532.9+3021 and RBS 0797, and a candidate
MH in the cluster MACS J2245.0+2637. In the remaining six
clusters we have not detected halo-like diffuse emission. X-ray
analysis shows evident signatures of sloshing in those clus-
ters presenting cluster-scale diffuse emission. Systems of cav-
ities and sometimes also shock fronts are instead detected in
clusters presenting a powerful central galaxy (Schindler et al.
2001; Hlavacek-Larrondo et al. 2013; Vantyghem et al. 2014;
Ubertosi et al. 2021, 2023). Most of these features were already
known in the literature, while we detected for the first time a
pair of cold fronts in the cluster A1068. The only discrepancy
with the literature was found for the cluster RX J1532.9+3021,
for which we are not able to confirm the cold front reported in
Hlavacek-Larrondo et al. (2013).

4.1. Clusters with cluster-scale diffuse emission

4.1.1. RX J1720.1+2638

RX J1720.1+2638 (hereafter RXJ1720.1) is a cool-core galaxy
cluster located at z = 0.164, which hosts a bright central
MH with a size of 70 kpc and a spectral index of α4850

237 =
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Table 3. LOFAR classification and X-ray features.

Cluster name S 6′′ S excess Rmax 0.2R500 Radio X-ray
[mJy] [mJy] [kpc] [kpc] classification features

PSZ1G139.61+24 22 ± 2 2.1 ± 1.2 584 240 MH+RH Elongated emission + CF
MS 0735.6+7421 4500 ± 450 0 284 BCG+lobes Multiple cavities + shock
MS 0839.8+2938 170 ± 17 0 67 200 BCG+lobes –
Z2089 100 ± 10 0 57 192 BCG –
RBS 0797 110 ± 11 0 124 232 MH Multiple cavities + multiple shocks
A1068 36 ± 4 1.3 ± 0.7 233 206 MH+RH (∗) 3 CF (∗)

A1204 14 ± 2 0.4 ± 0.9 73 178 BCG Cavities
MS 1455.0+2232 155 ± 16 1.0 ± 1.6 335 196 MH+RH 2 CF
RX J1532.9+3021 92 ± 9 0.1 ± 0.8 122 208 MH Cavities
RX J1720.1+2638 850 ± 85 2.0 ± 2.0 343 248 MH+RH 2 CF
MACS J1720.2+3536 160 ± 16 0 80 224 BCG Cavities
MACS J2245.0+2637 44 ± 4 0.2 ± 0.9 125 214 cMH (∗) Elongated emission

Notes. Column 1: Cluster name. Column 2: Radio flux density at 6′′resolution. Column 3: Radio flux density excess at 20′′resolution, with respect
to 6′′resolution. Column 4: Maximum radius measured on 3σ radio contours. Column 5: Comparing radius for the classification of the radio
emission. Column 6: Radio classification: MH = mini-halo, RH = giant radio halo, cMH = candidate mini-halo, BCG = brightest cluster galaxy.
Column 7: X-ray features: CF = cold front. (∗)New detections.

1.0 ± 0.1, and a lower surface brightness extension to the
east (Giacintucci et al. 2014a). Two cold fronts detected with
Chandra on opposite sides with respect to the cluster cen-
tre, tracing the spiral pattern of the sloshing motion, appear to
confine the MH (Mazzotta et al. 2001; Mazzotta & Giacintucci
2008). In the cluster field, there is also a head-tail radio galaxy,
associated with a cluster member galaxy (Owers et al. 2011),
located north-east of the cluster core. The nature of this source
is confirmed also by radio spectral analysis, presenting a flat
core and steepening along the tail (Giacintucci et al. 2014a;
Biava et al. 2021b). LOFAR HBA observations revealed the
presence of diffuse emission on larger scales, which extends
in the north-east–south-west direction up to Dmax ∼ 560 kpc
(Savini et al. 2019). Here, we re-analysed LOFAR HBA data
combining two LoTSS observations of this source (Fig. 2),
resulting in a 15% improvement in sensitivity with respect to the
Savini et al. (2019) images. The cluster-scale diffuse emission is
clearly visible south-west of the cluster core, even in the high-
resolution LOFAR image (left panel of Fig. 2). This emission
is characterised by an ultra-steep spectrum with α ∼ 3 in the
frequency range 54–144 MHz (Biava et al. 2021b). Radio and
X-ray analysis of this source performed by Biava et al. (2021b),
suggests the cluster-scale diffuse emission resembles a RH, gen-
erated by the re-acceleration of particles after a minor merger.

4.1.2. MS 1455.0+2232

GMRT (610 MHz) and VLA (1400 MHz) observations of MS
1455.0+2232 (hereafter MS1455, z = 0.258) indicate the pres-
ence of a central MH with a linear size of Dmax ∼ 350 kpc
and a spectral index of α = 1.46 ± 0.22 (Venturi et al. 2008;
Giacintucci et al. 2019). A pair of cold fronts, indicated with
black arcs in the bottom right panel of Fig. 3, surrounds the
MH emission (Mazzotta & Giacintucci 2008). A re-analysis of
the Chandra data performed by Riseley et al. (2022b) points
out that the sloshing region is larger than previously reported
by Mazzotta & Giacintucci (2008). The cyan circle in the bot-
tom right panel of Fig. 3 delimits that region. While this arti-
cle was in preparation, (Giacintucci et al. 2024) reported the
detection of a further cold front southern of the cluster centre

at r ∼ 114′′ � 455 kpc. The diffuse emission is well visi-
ble with LOFAR (Fig. 3) both in the high and low resolution
image (obtained subtracting the central compact source, mod-
elled applying an inner uv-cut of 5kλ � 160 kpc), where it
extends up to Dmax ∼ 470 kpc. The radio emission thus extends
beyond the central cold fronts, while it is contained within
the large-scale sloshing recently detected by Giacintucci et al.
(2024). This source was also observed with MeerKAT at 1.28
GHz, detecting even more emission than LOFAR (total exten-
sion at 1.28 GHz of Dmax ∼ 586 kpc; Riseley et al. 2022b),
thanks to the very high sensitivity of these data (8 µJy beam−1 for
MeerKAT data compared to 159 µJy beam−1 for LOFAR data at
same resolution of 15′′). The diffuse emission has a mean spec-
tral index between 144 and 1283 MHz of α = 1.1 ± 0.1, with
a slightly larger dispersion in the regions outside the sloshing
boundaries (σ = 0.08, respect to σ = 0.05 inside the sloshing
region).

4.1.3. PSZ1G139.61+24

The cluster PSZ1G139.61+24 (hereafter PSZ1G139), located at
z = 0.27, presents elongated X-ray emission in the north-west–
south-east direction with a cold front ∼100 kpc to the north-
west (Giacintucci et al. 2017; Savini et al. 2018). We note that
the thermal emission is mostly elongated towards the south-east
and also the residual map presents an excess of emission in that
direction (Fig. 4, lower panels). This feature is a further indica-
tion of sloshing. According to sloshing simulations, the classical
spiral morphology is observed when the line-of-sight is perpen-
dicular to the orbital plane of the merger or at low inclinations of
the orbital plane, becoming difficult to recognise over 70 degrees
(Roediger et al. 2011; Gastaldello et al. 2013). The morphology
observed in the residual map of PSZ1G139 is, instead, displayed
in simulations with an orbital plane parallel to the line of sight.

In the radio band the cluster was observed by Savini et al.
(2018) with the Giant Metrewave Radio Telescope (GMRT) at
610 MHz and LOFAR at 144 MHz. Both telescopes detect a
central MH with an extension of ∼200 kpc, whilst LOFAR maps
also show additional diffuse radio emission beyond the clus-
ter core, reaching a total extension of Dmax ∼ 500 kpc. In
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Fig. 2. Multi-wavelength images of RX J1720.1+2638. Left panel: High-resolution 144 MHz LOFAR image. Levels:[−3, 3, 9, 15, 30, 80]×σ
(where σ = 0.12 mJy beam−1). The beam is 8.8′′ × 6.1′′ and is shown in the bottom left corner of the image. Central panel: Optical Pan-STARRS
RGB image with high-resolution LOFAR contours overlaid. Right panel: Chandra X-ray image smoothed on a scale of 3′′ with overlaid low-
resolution LOFAR contours (Levels=[−3, 3, 9, 20, 50, 100, 150, 250]×σ, where σ = 0.22 mJy beam−1 and the beam is 26.5′′ × 24.0′′). The black
arcs indicate the position of the cold fronts found by Mazzotta & Giacintucci (2008). All the panels depict the same region of the sky.

Fig. 3. Multi-wavelength images of MS 1455.0+2232. Left panel: High-resolution 144 MHz LOFAR image. Levels:[−3, 3, 9, 20, 30, 50]×σ (where
σ = 0.17 mJy beam−1). The beam is 10.1′′ × 5.6′′ and is shown in the bottom left corner of the image. Central panel: Optical Pan-STARRS RGB
image with high-resolution LOFAR contours overlaid. Right panel: Chandra X-ray image smoothed on a scale of 1′′ with overlaid low-resolution
LOFAR contours after the subtraction of the central point source (Levels=[−3, 3, 9, 15, 50, 150]×σ, where σ = 0.22 mJy beam−1 and the beam is
28.1′′ × 25.1′′). The black arcs indicate the position of the cold fronts found by Mazzotta & Giacintucci (2008), while the cyan circle indicates the
boundaries of the sloshing region pointed out in Riseley et al. (2022b). All the panels depict the same region of the sky.

this frequency range, the central MH has a spectral index of
α ∼ 1.3, while the diffuse emission on a larger scale has a
steeper spectrum with a 2σ lower-limit spectral index of α ≥ 1.7
(Savini et al. 2018, 2019).

We have reprocessed the LOFAR data of Savini et al. (2018,
2019) using the procedure described in Sect. 3.1, obtaining
significant improvements in dynamic range and image fidelity
(Fig. 4, σ = 300 µJy beam−1 at 34.6′′ × 33′′ resolution, against
σ = 500 µJy beam−1 at 35′′ × 35′′ resolution in Savini et al.
2019). At high resolution there are two peaks of radio emission
(upper left panel of Fig. 4): the faintest one is associated with the
BCG and coincides with the X-ray peak, while the brightest one
on the north does not have an obvious optical counterpart, and
could be a background radio galaxy. The two central sources are
surrounded by diffuse emission. To improve the detection of this
emission, we subtracted the central sources and compact near by
sources, producing a model with an inner uv-cut of 5kλ � 170

kpc at cluster redshift, and re-imaged the resulting data with a
uv-taper of 20′′. The radio contours of this image are reported
onto the X-ray image in lower left panel of Fig. 4. We detected
radio emission extending even beyond the cold front, reaching a
total extension of Dmax ∼ 760 kpc.

4.1.4. A1068

The X-ray emission of A1068 (z = 0.139) shows a highly
elliptical morphology, with the major axis along the north-west
south-east direction (Fig. 5, left panel). An elongated morphol-
ogy is also reflected in the abundance map of the elements,
where there is an enrichment along the major axis, suggesting
the central gas is driven to large distances by turbulent motion
(Wise et al. 2004; McNamara et al. 2004). The GGM map (see
Fig. 5, central panel) shows a positive gradient of X-ray surface
brightness in the south-west region of the cluster, suggesting the
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Fig. 4. Multi-wavelength images of PSZ1G139.61+24. Upper left panel: High-resolution 144 MHz LOFAR image. Levels:[−3, 3, 7, 10, 20, 30]×σ
(where σ = 0.11 mJy beam−1). The beam is 7.4′′ × 6.0′′ and is shown in the bottom left corner of the image. The insert box shows the image of the
two central sources at 4.5′′ × 3.8′′ resolution, obtained with Briggs weighting robust=−1.25. Upper right panel: Optical Pan-STARRS RGB image
with high-resolution LOFAR contours overlaid. Lower left panel: Chandra X-ray image smoothed on a scale of 1′′ with overlaid low-resolution
source-subtracted LOFAR contours (Levels=[−3, 3, 5, 9, 15, 20]×σ, where σ = 0.3 mJy beam−1 and the beam is 34.6′′ × 33′′). The black arc
indicates the position of the cold front found by Savini et al. (2018). Lower right panel: Residual X-ray image after the subtraction of a circular
double β-model. All the panels depict the same region of the sky.

presence of a surface brightness discontinuity. A discontinuity
could also be present on the north of the core, where there is a
net jump in the surface gradient map. North-west and south-east
of the cluster centre there are instead two regions of low gra-
dient, resembling holes, which indicate regions where the gas is
denser and elongated by the sloshing. An excess of X-ray surface
brightness is also visible in the residual map (Fig. 5, right panel),
obtained by subtracting an elliptical double β-model, similar to
the excess of surface brightness gradient in the GGM map.

We investigated this feature by extracting a radial profile in
the south-east direction, using elliptical annuli optimised to fol-
low the X-ray morphology, with a bin size of 2′′. The profile,
reported in the upper right panel of Fig. 6, shows a clear discon-
tinuity, which is well fitted (χ2

red = 1.3) by a broken power-law
(in blue) with a jump in projected density of 1.34± 0.04 at a dis-
tance of 90 kpc. We indicate this feature with a green arc in the
upper left panel of Fig. 6.

We also note a depression in the surface brightness profile
in the proximity of the surface brightness discontinuity, at a dis-
tance of 0.6–0.8′ from the cluster centre (indicated with a red
line in the SE profile of Fig. 6), which appears as a dip chan-
nel in the residuals of the broken power-law fit. This is pos-
sible evidence of a Plasma Depletion Layer (PDL), a feature
observed in simulations when the magnetic field in the ICM
is stretched and amplified by a plasma flow, as in the proxim-
ity of cold fronts (Markevitch & Vikhlinin 2007; ZuHone et al.
2011; Wang & Markevitch 2018). The magnetic pressure then
rises and the gas is squeezed out of the region to keep pres-
sure equilibrium. If enough gas is squeezed out of the region,
a deficit of X-ray emission is visible, as in the case of A2142
(Wang & Markevitch 2018). An X-ray deficit is visible in the
X-ray image of A1068, indicated with green arrows, and in
the residual image (left and right panels of Fig. 5, respec-
tively). Deeper Chandra observations (PI Markevitch), that
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Fig. 5. X-ray images of A1068. Left panel: Chandra 0.5–7.0 keV image. Green arrows indicate the position of PDL. Central panel: X-ray surface
brightness gradient map. Right panel: Residual image after the subtraction of an elliptical double β-model.

are in progress, will provide a more accurate profile of that
feature.

We also searched for cold fronts in other sectors, using ellip-
tical annuli adjusted to follow the X-ray morphology. We found
two discontinuities in the north-west direction. The inner one
(black arc in Fig. 6), modelled with an elliptical sector with
angular aperture between 20–60 deg, is located at a distance of
28 kpc from the cluster centre and has a jump in surface bright-
ness of 1.87, while the outer one (red arc in Fig. 6) is highlighted
with a larger angular aperture between 10–100 deg and has a
jump in the projected density of 1.26 ± 0.04 at a distance of 130
kpc from the cluster centre. The best-fitting broken power-law
models and associated residuals of these discontinuities are rep-
resented in the central panels of Fig. 6 (inner NW cold front on
the left and outer NW cold front on the right).

To constrain the nature of the detected surface brightness
discontinuities, we computed temperature profiles along the two
directions containing discontinuities and the perpendicular ones.
The temperature is obtained by the fit of spectra extracted in
concentric regions with a size adapted to contain a minimum
of 2500 counts in the 0.7–10 keV band, after background sub-
traction. The results are shown in the bottom panels of Fig. 6.
In all directions there is an increase in temperature at large
radii, with a net jump in the sectors containing discontinu-
ities, while the trend is smoother in the perpendicular sectors.
In particular, in the north-west sector, there is a double jump
in the temperature profile at radii corresponding to the sur-
face brightness discontinuities, characterised by kTin = 2.36 ±
0.12 keV and kTout = 4.77 ± 0.35 keV for the inner jump and
kTin = 4.6 ± 0.4 keV and kTout = 6.4 ± 0.9 keV for the outer
jump; while in the south-east sector kTin = 2.9 ± 0.1 keV and
kTout = 4.9 ± 0.4 keV. The observed discontinuities are there-
fore cold fronts, as the gas in the inner regions has a colder
temperature.

From a non-thermal point of view, the source was observed
in the radio band with VLA at 1.4 GHz (Govoni et al. 2009),
detecting hints of diffuse emission surrounding the central bright
source and its companion. In our high-resolution LOFAR image
at 144 MHz (left panel of Fig. 7), we can clearly distinguish
the central galaxy and the companion one, west of the centre,
which presents a long tail. Another head-tail galaxy (z = 0.134,
a likely cluster member) is located to the south. The central
galaxy is surrounded by diffuse emission, which extends in the
north-west–south-east direction. Botteon et al. (2022a), studying

all the Planck clusters in the LoTSS-DR2 region, catalogued the
diffuse emission in A1068 as a radio halo, indicating in this cate-
gory all clusters with central diffuse emission co-spatial with the
ICM, without making a distinction between MH and RH. The
source subtraction, necessary to separate diffuse emission from
contamination of other sources and clearly classify it, is criti-
cal. Here we improved the subtraction of the discrete sources,
which was performed in two steps: we subtracted the central
compact source and the companion one applying an inner uv-
cut of 10kλ � 50kpc; we then subtracted the contribution of the
two tails. At lower resolution, after the source-subtraction, the
diffuse emission is elongated in the north-west south-east direc-
tion, following the X-ray emission, and extends beyond the cold
fronts, with an overall size of Dmax ∼ 400 kpc (right panel of
Fig. 7). The radio emission on the south, misaligned from the
X-ray emission, is instead a residual of the subtraction of the
west head-tail galaxy.

4.2. Clusters with a mini-halo or a candidate mini-halo

4.2.1. RBS 0797

The cluster RBS 0797, at z = 0.35, was studied by Gitti et al.
(2006) and Doria et al. (2012) who performed VLA radio obser-
vations at different frequencies (1.4−8.4 GHz) and resolu-
tions (0.4−6.3 arcsec). They found radio emission at different
scales: a MH with an extension of Dmax ∼ 220 kpc, extended
emission on the north-east south-west direction filling X-ray
cavities located at a distance of r ∼ 24 kpc from the clus-
ter centre (Schindler et al. 2001), and inner jets on scales of
r ∼ 13 kpc pointing north-south, roughly perpendicular to the
X-ray cavities. Ubertosi et al. (2021) recently detected a second
pair of X-ray cavities in the north-south direction, at roughly
the same radial distance as the north-east–south-west cavities.
Deeper Chandra observations revealed the presence of three
pairs of shock fronts at different distances from the cluster cen-
tre, presumably generated by different phases of AGN activ-
ity (Ubertosi et al. 2023). With LOFAR (Fig. 8), we detected
the central MH with an extension similar to that observed at
higher frequency. At lower resolution, no further diffuse emis-
sion is recovered. To search for emission from the lobes, we
re-imaged the LOFAR data cutting the baselines shorter than
10 kλ � 100 kpc to filter out the MH emission. We achieved a
resolution of 3.2′′×2.2′′, which allows us to detect the north-east
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Fig. 6. A1068 cold fronts analysis. Upper left panel: X-ray Chandra image with indicated the positions of cold fronts: red arc for the NW outer
CF, black arc for the NW inner CF and green arc for the SE CF. Upper right panel: best-fitting broken power-law model (blue line) with associated
residuals of the SB discontinuity in the south-east profile. The red line indicates the position of the putative PDL. Middle left panel: same as before
for the inner SB discontinuity in the north-west profile. Middle right panel: same as before for the outer SB discontinuity in the north-west profile.
Lower panels: Temperature profiles across the north-west (black), south-west (red), south-east (blue) and north-east (green) sectors. The dashed
grey lines indicate the position of cold fronts.

south-west radio lobes (insert box in the bottom right panel of
Fig. 8). The low-resolution radio contours presented in the right
panel of Fig. 8, are obtained after the subtraction of the model

obtained with an inner uv-cut of 10kλ � 100 kpc. A detailed
analysis of LOFAR data of this source is reported in a dedicated
paper (Bonafede et al. 2023).
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Fig. 7. Multi-wavelength images of A1068. Left panel: High-resolution 144 MHz LOFAR image. Levels:[−3, 3, 6, 9, 15, 30, 60, 90, 150]×σ
(where σ = 0.08 mJy beam−1). The beam is 8.8′′ × 5.0′′ and is shown in the bottom left corner of the image. Central panel: Optical Pan-STARRS
RGB image with high-resolution LOFAR contours overlaid. Right panel: Chandra X-ray image smoothed on a scale of 1′′ with overlaid low-
resolution source-subtracted LOFAR contours (Levels=[−3, 3, 5, 12, 20, 90, 150]×σ, where σ = 0.15 mJy beam−1 and the beam is 32.2′′×25.3′′).
Black arcs indicate the position of cold fronts. All the panels depict the same region of the sky.

Fig. 8. Multi-wavelength images of RBS797. Left panel: High-resolution 144 MHz LOFAR image. Levels:[−3, 3, 9, 15, 30, 80]×σ (where
σ = 0.12 mJy beam−1). The beam is 7.0′′ × 4.7′′ and is shown in the bottom left corner of the image. Central panel: Optical Pan-STARRS RGB
image with high-resolution LOFAR contours overlaid. Right panel: Chandra X-ray image smoothed on a scale of 1′′ with overlaid low-resolution
source-subtracted LOFAR contours (Levels=[−3, 3, 7, 15, 40]×σ, where σ = 0.33 mJy beam−1 and the beam is 26.5′′ × 24.8′′). The insert box
shows a zoom of the X-ray image with overlaid LOFAR contours at 3.2′′ × 2.2′′ resolution, obtained with natural weighting and inner uv-cut. All
the panels depict the same region of the sky.

4.2.2. RX J1532.9+3021

RX J1532.9+3021 (hereafter RXJ1532) is a luminous X-ray
cool-core cluster at z = 0.362, which has two X-ray cavi-
ties detected west and east of the core (Hlavacek-Larrondo et al.
2013) (Fig. 9, left panel). Hlavacek-Larrondo et al. (2013)
reported the presence of a cold front 65 kpc ≡ 0.2′west of the
cluster centre, identifying by eye a break in the averaged sur-
face brightness profile and a jump in the projected temperature
profile in the West sector. However, the proximity of this feature
to the edge of the western cavity complicates the detection. Re-
analysing Chandra X-ray data we were not able to confirm this
feature. We inspected radial profiles using the sectors reported
in the literature (Hlavacek-Larrondo et al. 2013) and represented
in the left panel of Fig. 9. We have not found statistical evidence
of a jump in surface brightness in the West sector (Fig. 9, right
panel), neither in the other sectors (see Appendix A).

In the radio band, the cluster was observed with the
VLA and GMRT telescopes at 325 MHz, 610 MHz and 1.4
GHz, revealing a prominent MH in the cluster core, with a
total extension of Dmax ∼ 100 kpc, surrounding the BCG
(Hlavacek-Larrondo et al. 2013; Giacintucci et al. 2014b). The
MH has a total spectral index of α = 1.20 ± 0.07. A second
radio galaxy is observed at ∼2.6′ (∼800 kpc) projected distance
south-west of the cluster centre. In the same position, a cluster
has been detected (GMBCG J233.19725+30.31626; Hao et al.
2010), located at z = 0.358, hence compatible with the red-
shift of RXJ1532. Our LOFAR image (Fig. 10, left panel) con-
firms the presence of a central MH with a total extension of
Dmax ∼ 240 kpc. No more diffuse emission is detected at larger
scales. The low-resolution radio contours are obtained after the
subtraction of the central compact source, which model has been
obtained performing an inner uv-cut at 10kλ � 100 kpc, and
applying a taper of 20′′on the residual visibilities. Recently,

A82, page 11 of 33



Biava, N., et al.: A&A, 686, A82 (2024)

Fig. 9. X-ray analysis of RX J1532.9+3021. Left panel: Chandra 0.5–7.0 keV image with a portion of the extraction regions superimposed. Central
panel: Residual image obtained subtracting a double β-model. Right panel: Radial surface brightness profile extracted along the West sector and
fitted with a double β-model (blue line), with associated residuals.

Fig. 10. Multi-wavelength images of RX J1532.9+3021. Left panel: High-resolution 144 MHz LOFAR image. Levels:[−3, 3, 9, 20, 40,80]×σ
(where σ = 0.13 mJy beam−1). The beam is 8.8′′ × 6.2′′ and is shown in the bottom left corner of the image. Central panel: Optical Pan-STARRS
RGB image with high-resolution LOFAR contours overlaid. Right panel: Chandra X-ray image with overlaid low-resolution LOFAR contours
after the subtraction of the central source (Levels=[−3, 3, 7, 15, 50,100]×σ, where σ = 0.24 mJy beam−1 and the beam is 26.6′′ × 23.9′′). All the
panels depict the same region of the sky.

Timmerman et al. (2022) has imaged the LOFAR data of this
source obtained with international baselines at sub-arcsecond
resolution, detecting only a faint compact radio component.

4.2.3. MACS J2245.0+2637

The cluster MACS J2245.0+2637 (hereafter MACSJ2245), at
z = 0.304, presents a pronounced cool-core (Ebeling et al. 2010)
and a small potential X-ray cavity (Hlavacek-Larrondo et al.
2012). The thermal emission is elongated towards the south-
east and there is an excess of emission in that direction in the
residual map (Fig. 11, lower panels), similar to the morphology
of the cluster PSZ1G139 (see Fig. 4), suggesting that also this
system is not completely relaxed. However, the short exposure
time of Chandra archival observations prevents us from per-
forming a more detailed analysis of this intermediate-redshift
cluster. Giacintucci et al. (2017) reported the absence of diffuse
radio emission in this cluster at 610 MHz. With LOFAR (Fig. 11,
upper left panel), we detected the central radio galaxy and radio
emission extending towards the south of uncertain interpretation.
At a higher resolution of 4.5 × 3.2′′ (insert box in the upper
left panel of Fig. 11), we found the central source presents two
putative radio lobes that are not aligned. A hint of diffuse emis-

sion with low surface brightness surrounding the central galaxy
is noticed. However, the flux density of this component is not
significant even at lower resolution, where the surface bright-
ness sensitivity to diffuse emission is higher. The low-resolution
radio contours reported in the lower left panel of Fig. 11 are
residuals of the subtraction of the central source and inner lobes,
which model is obtained applying an inner uv-cut of 5kλ � 180
kpc and then imaged with an uv-taper of 20′′. We classify this
source as a candidate MH. Deeper observations are needed to
better characterise the radio emission in the cluster.

4.3. Clusters without diffuse emission

4.3.1. MS 0735.6+7421

The cluster MS 0735.6+7421 (hereafter MS0735), at z = 0.216,
hosts in its centre a powerful radio galaxy with a well-defined
core and radio lobes. The LOFAR data and multi-frequency anal-
ysis of this source are presented in Biava et al. (2021a). The
radio lobes at LOFAR frequency (Fig. 12) are wider than pre-
viously found with the Very Large Array (VLA) at higher fre-
quencies (McNamara et al. 2005; Cohen et al. 2005) and now
completely fill the X-ray outer cavities, each roughly 200 kpc in
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Fig. 11. Multi-wavelength images of MACS J2245.0+2637. Upper left panel: High-resolution 144 MHz LOFAR image. Levels:[−3, 3, 5, 9, 15,
30, 60]×σ (where σ = 0.11 mJy beam−1). The beam is 7.0′′ × 5.0′′ and is shown in the bottom left corner of the image. The insert box shows the
image of the central source at 4.5 × 3.2′′ resolution obtained with Briggs weighting robust = −1.25 and inner uv-cut. Upper right panel: Optical
Pan-STARRS RGB image with high-resolution LOFAR contours overlaid. Lower left panel: Chandra X-ray image smoothed on a scale of 3′′
with overlaid low-resolution source-subtracted LOFAR contours (Levels=[−3, 3, 9, 20, 60]×σ, where σ = 0.32 mJy beam−1 and the beam is
35.1′′ × 31.7′′). Lower right panel: Residual X-ray image after the subtraction of a circular double β-model. All the panels depict the same region
of the sky.

diameter (McNamara et al. 2005). Another pair of smaller cav-
ities are located in the inner 20 kpc of the radio jet, indicat-
ing the central AGN experienced different phases of jet activity
(Vantyghem et al. 2014). An intermediate phase of jet activity
has been recently discovered and associated with the radio lobe
located south-west of the core (Biava et al. 2021a). The position
of this lobe corresponds to a new cavity discovered re-analysing
Chandra X-ray archival data (Biava et al. 2021a). A shock front
surrounds the outer pair of cavities (McNamara et al. 2005).

Recently, Bégin et al. (2023) reported the possible detection
of a MH in MS0735 using new VLA P-band (224–480 MHz)
observations. They speculated that the detected excess of radio
emission in VLA P-band array C image compared to VLA P-
band array A image, could be associated with MH emission as an
alternative to jet-related emission. As MH emission is typically
characterised by a steep radio spectrum (α ∼ 1; Giacintucci et al.
2019), it should be brighter at lower frequencies. However, with

LOFAR we have not detected diffuse emission in the form of RH
or MH in this cluster. As a further confirmation, we checked if
the LOFAR sensitivity is enough to detect the excess of radio
emission found by Bégin et al. (2023). To do so, we scaled
the radio power associated with the MH at 144 MHz, consid-
ering a typical spectral index of α = 1, finding a power of
Pexcess, 144 MHz = (3.9 ± 2) × 1025 W Hz−1. We then injected a
mock halo in the uv-plane of the cluster, modelled according
to an exponential profile I = I0e−r/re , where I0 = S/2πr2

e (see
Sect. 5.2 for more details on this technique). We derived the
flux density (S = 260 mJy) from the expected MH power at
144 MHz, while for the e-folding radius we used a range of val-
ues, as no firm correlations with physical quantities of the clus-
ter have been reported in literature (Bruno et al. 2023b). Tak-
ing as reference a MH sample studied by Murgia et al. (2009),
the e-folding radius of MHs ranges between 25–100 kpc, so we
decided to inject halos with re = 25, 50, 100 kpc. At first, we
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Fig. 12. Multi-wavelength images of MS 0735.6+7421. Left panel: High-resolution 144 MHz LOFAR image. Levels:[−3, 3, 15, 30, 60, 90, 120,
180, 240, 300, 360, 420]×σ (where σ = 0.2 mJy beam−1). The beam is 6.9′′ × 4.5′′ and is shown in the bottom left corner of the image. Central
panel: Optical Pan-STARRS RGB image with high-resolution LOFAR contours overlaid. Right panel: Chandra X-ray image with low-resolution
LOFAR contours overlaid (Levels=[−3, 3, 20, 40, 60, 120]×σ, where σ = 5 mJy beam−1 and the beam is 30.1′′ × 27.1′′). All the panels depict
the same region of the sky.

Fig. 13. Mini-halo injection in MS 0735.6+7421. Upper panels: MH injection in a close-by region void of sources. Lower panels: MH injection
at cluster centre. First column: LOFAR image before the injection. Second column: Injection with re = 25 kpc. Third column: Injection with
re = 50 kpc. Last column: Injection with re = 100 kpc.

injected the halo in a region free of point sources, to verify that
it is detectable with D2σ ≥ 2×re. The detection criteria are satis-
fied for all the e-folding radii considered (Fig. 13, upper panels).
Then we injected the halo at the cluster centre (Fig. 13, lower
panels). We note that a halo with re = 25 kpc is not distinguish-
able by eye from the lobes emission, but there is an increase
of flux density in the region of injection corresponding to the
value injected. Increasing the e-folding radius, the MH emission
is spread on a larger volume, becoming visible. Therefore, a MH
with the expected power derived by Bégin et al. (2023) could
certainly be detectable at LOFAR sensitivity. However, we have
not found evidence of diffuse emission in our high-resolution
map and even after decreasing the resolution and using an uv-
taper to improve the recovery of diffuse emission, the flux den-

sity in the 3σ region remains the same. In conclusion, is more
likely that the excess of radio emission detected by Bégin et al.
(2023) is associated with the wider outer radio lobes we detected
with LOFAR (Biava et al. 2021a), rather than a MH.

4.3.2. MS 0839.8+2938

The cluster MS 0839.8+2938 (hereafter MS0839), at z = 0.193,
was observed with VLA at 1.4 GHz, detecting a central radio
galaxy with small radio lobes, which extends up to Dmax ∼ 80
kpc (Giacintucci et al. 2017). A LOFAR image of this cluster
observed with LoTSS was presented by Bîrzan et al. (2020),
confirming the presence of a central radio source with small
radio lobes. Our image (Fig. 14) is made by combining two
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Fig. 14. Multi-wavelength images of MS 0839.8+2938. Left panel: High-resolution 144 MHz LOFAR image. Levels:[−3, 3, 9, 30, 60, 120,
180]×σ (where σ = 0.22 mJy beam−1). The beam is 8.5′′ × 5.6′′ and is shown in the bottom left corner of the image. The insert box shows the
image of the central source at resolution of 3.7′′ × 2.5′′ obtained with uniform weightings. Central panel: Optical Pan-STARRS RGB image with
high-resolution LOFAR contours overlaid. Right panel: Chandra X-ray image smoothed on a scale of 1′′ with overlaid low-resolution source-
subtracted LOFAR contours (Levels=[−3, 3, 15, 40]×σ, where σ = 0.55 mJy beam−1 and the beam is 29.6′′ × 26.8′′). All the panels depict the
same region of the sky.

Fig. 15. Multi-wavelength images of Z2089. Left panel: High-resolution 144 MHz LOFAR image. Levels:[−3, 3, 9, 30, 90]×σ (where σ = 0.14
mJy beam−1). The beam is 10.2′′ × 5.5′′ and is shown in the bottom left corner of the image. Central panel: Optical Pan-STARRS RGB image
with high-resolution LOFAR contours overlaid. Right panel: Chandra X-ray image smoothed on a scale of 1′′ with overlaid low-resolution source-
subtracted LOFAR contours (Levels=[−3, 3, 9]×σ, where σ = 0.28 mJy beam−1 and the beam is 26.8′′ × 24.2′′). All the panels depict the same
region of the sky.

LoTSS pointings and the data are calibrated with more advanced
techniques, meaning we achieved an enhanced signal-to-noise
ratio (Fig. 14, σ = 220 µJy beam−1 at 8.5′′ × 5.6′′ resolu-
tion, against σ = 331 µJy beam−1 at 10.5′′ × 5.4′′ resolution
in Bîrzan et al. 2020). The quality of the image, however, is still
affected by the presence of a bright radio source in the north not
visible in the image. In the higher resolution (3.7′′ × 2.5′′) zoom
box in the upper left panel, obtained with uniform uv-weighting,
we can distinguish the central compact source and the associ-
ated radio lobes. At lower resolution and after the central source
subtraction (the model of the central source with radio lobes
obtained using uniform weighting), we detected some residual
emission coincident with the cluster, but given the high level of
contamination from the radio lobes and the strong calibration
artefacts, we do not consider the emission as a reliable detection
of diffuse radio emission form the ICM. Further investigation
with higher-quality data is necessary.

4.3.3. Z2089

The cluster Z2089, at z = 0.235, was observed with the
GMRT at 610 MHz, and no diffuse radio emission was detected
(Venturi et al. 2008). The central source is detected by the FIRST
survey (Becker et al. 1995), with an integrated flux density of
S 1.4 GHz = 8.6 mJy. In our LOFAR observations (Fig. 15),
we detected a central discrete source with a small extension
(Dmax ∼ 100 kpc) in the north-south direction at modest signal-
to-noise ratio. The radio emission associated with the compact
central source has a flux density of S 144 MHz = 95 mJy. There-
fore it has a steep spectral index of α ∼ 1 between 144−1400
MHz. This relatively steep spectrum suggests the central source
is not resolved in the LOFAR image and the flux density could
be dominated by steep radio lobes. At lower resolution, no more
emission is collected. The subtraction of the central point source,
modelled with uniform weighting, has left some residuals that
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Fig. 16. A1204 cavity detection. Left panel: Chandra X-ray image smoothed on a scale of 1′′. Central panel: Residual image after the subtraction
of a circular β-model. Right panel: Residual image after the subtraction of a circular double β-model. In all the panels, green circles indicate the
position of the cavities.

are enhanced at lower resolution (see Bruno et al. 2023b, for a
discussion on this effect). The small emission around the central
source could be then associated with the central AGN. Further
investigation is necessary to confirm this case.

4.3.4. A1204

The X-ray morphology of the cluster A1204 (z = 0.171) is highly
spherical with a bright central core. We noticed the presence
of two X-ray depressions near the cluster centre (Fig. 16). The
residual images, obtained by subtracting both a single (central
panel) and double β-model (right panel), emphasise the holes.
The projected size and position of cavities were determined
by eye by approximating the depressions with circular regions
(green circles in Fig. 16). The eastern cavity is best represented
by a circle with a radius r ∼ 2.6′′ � 7.6 kpc, and projected dis-
tance from the X-ray peak, R ∼ 4′′ � 11.6 kpc. The western
cavity, instead, has a radius of r ∼ 2.3′′ � 6.7 kpc and is located
at the same projected distance from the cluster centre. The clus-
ter was observed in the radio band with VLA at 1.4 and 5 GHz.
It presents an unresolved central source with a flat spectrum,
while no central diffuse emission was detected (Giacintucci et al.
2017). The central source was also detected by the FIRST sur-
vey at a higher resolution of 5.4′′, and it has a flux density of
S 1400 MHz = 1.9 mJy. At LOFAR resolution (10′′ × 6′′, Fig. 17)
we found that the bright central source is slightly elongated in
the east-west direction (size Dmax ∼ 140 kpc), possibly due to
the presence of radio lobes, but the elliptical shape of the beam
may influence the morphology. The flux density of the central
compact source is S 144 MHz = 9.9 mJy. Therefore, it has a spec-
tral index of α ∼ 0.7 between 144−1400 MHz, as is typically
observed in the core of active galaxies. A slight increase in sur-
face brightness is measured at lower resolution, which however
is not significant. The low-resolution radio contours in Fig. 17
are obtained after the subtraction of the central source, modelled
with uniform weighting, and re-imaged with an uv-taper of 20′′.
Neither our high-resolution nor low-resolution maps show clear
evidence of diffuse emission corresponding to a MH or RH-like
structure around the central galaxy.

4.3.5. MACS J1720.2+3536

The thermal emission of MACS J1720.2+3536 (hereafter
MACSJ1720.2, z = 0.391) is slightly elongated towards the
south. Hlavacek-Larrondo et al. (2012) reported the presence of

two cavities in the central regions of this cluster, one to the
north (at a distance of 19 kpc from the core) and a smaller
and less significant one to the south-east (6.7 kpc from the
core). Giacintucci et al. (2017) catalogued this source as a candi-
date MH, without, however, reporting further indications on the
detection. With our LOFAR data (Fig. 18) we did not detect a
MH at the centre of this cluster, but only a central radio source
with a small extension in the north-south direction (total exten-
sion Dmax ∼ 160 kpc), that could be associated to the AGN activ-
ity. A head-tail radio galaxy is located south of the cluster centre,
while on the west we detected a compact radio galaxy and even
further away another radio galaxy with two radio lobes as bright
as the core. The central compact source has a flux density of
S 144 MHz = 155 mJy. It is detected also by the FIRST survey
with a flux density of S 1400 MHz = 16 mJy. Therefore it has a
spectral index of α ∼ 1.0. Timmerman et al. (2022) has imaged
the LOFAR data of this source including the international base-
lines, resolving the central source in three compact components
of non-identified nature. To obtain the low-resolution radio con-
tours (see Fig. 18, right panel) we have subtracted first the sur-
rounding radio sources and then the central unresolved source,
modelled with an inner uv-cut of 8kλ � 136 kpc. There are still
some residuals after the subtraction, but the flux density compar-
ison has indicated that no further diffuse emission is detected at
lower resolution.

5. Analysis

For the clusters presenting diffuse radio emission, we extracted
radial profiles to investigate whether multiple components are
present. We also estimated the radio power associated with puta-
tive RHs and derived upper limits in the case of a non-detection.

5.1. Radio brightness radial profiles

The surface brightness of radio halos decreases with increasing
distance from the cluster centre and their radial profiles can nor-
mally be fitted by an exponential law (e.g. Murgia et al. 2009) in
the form:

I(r) = I0e−r/re , (4)

where I0 is the central surface brightness and re is the e-folding
radius.

We want to investigate if the radio emission in clusters with
cluster-scale diffuse emission is made of a single or two different

A82, page 16 of 33



Biava, N., et al.: A&A, 686, A82 (2024)

Fig. 17. Multi-wavelength images of A1204. Left panel: High-resolution 144 MHz LOFAR image. Levels:[−3, 3, 6, 9, 15, 30]×σ (where σ = 0.13
mJy beam−1). The beam is 10.6′′ × 5.7′′ and is shown in the bottom left corner of the image. Central panel: Optical Pan-STARRS RGB image
with high-resolution LOFAR contours overlaid. Right panel: Chandra X-ray image smoothed on a scale of 1′′ with overlaid low-resolution source-
subtracted LOFAR contours (Levels=[−3, 3, 5, 15, 30]×σ, where σ = 0.29 mJy beam−1 and the beam is 27.1′′ × 24.9′′). All the panels depict the
same region of the sky.

Fig. 18. Multi-wavelength images of MACS J1720.2+3536. Left panel: High-resolution 144 MHz LOFAR image. Levels:[−3, 3, 9, 30, 90]×σ
(where σ = 0.14 mJy beam−1). The beam is 7.3′′ × 4.8′′ and is shown in the bottom left corner of the image. Central panel: Optical Pan-STARRS
RGB image with high-resolution LOFAR contours overlaid. Right panel: Chandra X-ray image with overlaid low-resolution source-subtracted
LOFAR contours (Levels=[−3, 3, 9, 20, 50]×σ, where σ = 0.30 mJy beam−1 and the beam is 27.4′′ × 24.7′′). All the panels depict the same
region of the sky.

components, as found in RXJ1720.1 by Biava et al. (2021b). We
also examined, for comparison, the radial profiles of the two
clusters with a MH. With this aim, we derived the averaged
surface brightness radial profiles, using low-resolution point-
source-subtracted images. When the subtraction of surround-
ing sources has not produced sufficiently accurate results, we
have masked their emission and we have excluded the masked
pixels from the calculation of the surface brightness. Further-
more, we have excluded the central points from the fit when
the subtraction of the central source has left some residuals.
We investigated the brightness profiles in various directions to
check for spatial differences, as in most cases the radio emis-
sion is not symmetric with respect to the cluster centre. We
extracted the profiles in concentric sectors at increasing distance
from the cluster centre. The sector width was chosen specifi-
cally for each cluster as a fraction of the beam FWHM to bet-
ter trace the radial profile, as surface brightness variations are
on small scales, and improve the fit statistics. For each sector,

we computed the mean radio surface brightness and associated
uncertainty of δIR = rms/

√
Nbeam (where rms is the noise of

the radio image and Nbeam is the number of beams in each sec-
tor). Following the procedure used by Murgia et al. (2009), and
commonly used later on by other authors (e.g. Cuciti et al. 2022;
Bruno et al. 2023a), we have performed a fit of the extracted
radial profiles taking into account the convolution by the beam.
This procedure allows one to derive best-fit parameters that are
not sensitive to the resolution of the observations. Furthermore, it
allows to investigate the radial profiles on scales smaller than the
beam size. Specifically, we have fitted the radio profiles with a
single and double exponential function convolved by a Gaussian
having major and minor axis as the restoring beam. The regions
of extraction and the associated surface brightness profiles are
reported in Figs. 19 and 20, left and central panels, respectively,
while the deconvolved best-fitting results are listed in Table 4.
We note that for some fits we obtained small chi-squared values,
especially for those clusters with smaller surface brightness and
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Fig. 19. Radial profiles of PSZ1G139.61+24 (first row), A1068 (second row), and MS 1455.0+2232 (third row). Left panels: Chandra X-ray
maps smoothed to radio resolution (FWHM = 35′′for PSZ1G139 and A1068, FWHM = 15′′for MS1455), with overlaid LOFAR contours and
sectors used to extract radial profiles. The black arcs indicate the position of the cold fronts, while the green arcs indicate the location of the radio
discontinuities. Central panels: Radio radial profiles extracted along the sectors indicated in the left panels. Profiles from different sectors have
different normalisation for ease of viewing. Solid lines represent the best-fitting model, while dashed and dotted lines represent the best-fitting
model of single components of the double exponential, convolved with the radio beam. Right panels: Ratio of the radio and X-ray radial profiles
extracted along the same regions reported in the left panels. The dotted vertical lines indicate the position of cold fronts.

then larger errors. This is due to the fact that the chi-squared
value is weighted for the surface brightness errors. We also
want to point out that the fitting parameters reported in Table 4
are not representative of the clusters, which are not spherically
symmetric. The fits are only used to identify the presence of a
second component. The profiles were in fact extracted on very
narrow sectors to enhance the detection of surface brightness
discontinuities.

We found a discontinuity in the radial radio profile of
all clusters which present cluster-scale diffuse radio emission
(PSZ1G139, A1068, MS1455 and RXJ1720.1), but not in the
clusters with a MH (RBS797 and RXJ1532), where a single
exponential represent the best-fitting model. In the clusters with
discontinuities, the radio emission decreases exponentially with
increasing radius, from the cluster centre up to a certain distance
beyond which there is a surface brightness excess, indicating the
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Fig. 20. Same as Fig. 19 for RX J1720.1+2638 (first row, FWHM = 15′′), RBS797 (second row, FWHM = 28′′), and RX J1532.9+3021 (third
row, FWHM = 28′′).

presence of a second component, so a double exponential repre-
sents the best-fitting model. This discontinuity, however, is not
always present along all the directions considered, as we discuss
in the following text on a per-cluster basis.

For PSZ1G139 (Fig. 19, first row), we detected a disconti-
nuity only in the north-west sector, where there is a cold front.
The change in the profile, however, does not occur at the cold
front position (∼100 kpc from cluster centre, black arc), but at a
greater distance from cluster centre (∼295 kpc, green arc). The
south-east profile, instead, is well-fitted by a single exponential.

In A1068 (Fig. 19, second row) we detected a discontinu-
ity both in the north-west and south-east sectors, roughly at the
same distance from the cluster centre (105 kpc). The radio dis-

continuities (green arcs) are located in the proximity of the outer
X-ray cold fronts (black arcs).

MS1455 (Fig. 19, third row) presents a discontinuity in
the southern sector in coincidence with the sloshing boundary
(r = 120 kpc). In the northern sector, instead, there is no evident
discontinuity, however, the profile does not follow an exponen-
tial law, as the radio surface brightness decreases more rapidly
than an exponential profile. This difference may be because the
diffuse emission extends mainly towards the south.

For RXJ1720.1 (Fig. 20, first row), we extracted a radial pro-
file only in the south-west direction, since at north-east there is a
head-tail galaxy superimposed on the diffuse emission, as found
by Biava et al. (2021b), that we have not been able to subtract.
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Table 4. Radial profile fits.

Cluster name FWHM dr Sector Fit I01 re1 I02 re2 χ2
red

[arcsec] [arcsec] [µ Jy arcsec−2] [kpc] [µ Jy arcsec−2] [kpc]

PSZ1G139.61+24 35 12 NW 2 exp 23 ± 9 51 ± 20 1 ± 1 881 ± 2045 0.2
SE 1 exp 11 ± 2 116 ± 13 – – 0.1

A1068 35 5 NW 2 exp 300 ± 565 9 ± 9 4 ± 3 122 ± 84 0.4
SE 2 exp 248 ± 270 12 ± 8 7 ± 7 83 ± 39 0.1

MS 1455.0+2232 15 5 N 1 exp 246 ± 2 43.7 ± 0.3 – – 63.4
S 2 exp 269 ± 8 24 ± 1 36 ± 7 85 ± 7 1.6

RX J1720.1+2638 15 3 SW 2 exp 7877 ± 431 12.0 ± 0.2 23 ± 2 137 ± 10 3.4
RBS797 28 7 Whole 1 exp 1456 ± 70 16.5 ± 0.5 – – 0.7
RXJ1532 28 7 Whole 1 exp 817 ± 21 20.7 ± 0.3 – – 0.9

Notes. The profiles are extracted on sectors with small angular aperture to highlight the presence of multiple components, so the best-fit parameter
values are not representative of the cluster.

Also in this cluster, we found a clear departure from a single
exponential, indicating an excess of surface brightness in the
external regions. A double exponential, however, is not a good
fit in that case, as the cluster-scale component follows a more
complex trend. The discontinuity in the profile coincides with
the transition zone between the MH and cluster-scale emission
(r = 88 kpc), indicative of a double radio component, as already
shown by the net change in the spectral index inside and outside
the cluster core (Biava et al. 2021b).

For the clusters RBS797 and RXJ1532, we extracted the pro-
files considering the whole extension of diffuse emission, as it is
circularly symmetric (Fig. 20, second and third row). No dis-
continuities are present in the profiles, which are well-fitted by
a single exponential model, confirming a single component, i.e.
a MH, is present. We also investigated the possible presence of
dissimilarities in the profiles in different directions, extracting
the profiles in sectors with 90-degree apertures, but all the pro-
files follow the same trend.

We further analysed the radial properties of these clusters,
comparing their radio and X-ray surface brightness. According
to literature studies, the thermal and non-thermal components of
clusters presenting radio halos appear to be correlated, with a
correlation between the radio (IR) and X-ray (IX) surface bright-
ness of the form:

IR ∝ IβX , (5)

where RHs follow a linear or sub-linear correlation (β ≤ 1,
e.g. Govoni et al. 2001; Botteon et al. 2020; Rajpurohit et al.
2021b,a; Riseley et al. 2022a), while a super-linear correlation
is found for MHs (β > 1, e.g. Ignesti et al. 2020; Riseley et al.
2022b, 2023). In RXJ1720.1 Biava et al. (2021b) found differ-
ent trends in the two components: a super-linear correlation for
the MH and a sub-linear correlation for the cluster-scale halo
component. For MS1455, instead, Riseley et al. (2022b) found
the radio emission inside and outside the sloshing region could
be quite well represented by a single correlation with a slope of
β = 1.15.

Here, we investigated the presence of radial scaling and pos-
sibly different trends in the two components of the halo emission,
considering how the ratio between the thermal and non-thermal
components varies across the cluster extension. If a single IR–
IX correlation is representative of the whole diffuse emission,
we would expect a constant value of IR/I

β
X across the cluster

size. If instead, given a fixed slope β, we observe an increasing
(decreasing) behaviour, we are overestimating (underestimating)

β, and a lower (higher) value is necessary to correctly reproduce
the IR–IX correlation (Bonafede et al. 2022; Bruno et al. 2023a;
Rajpurohit et al. 2023; Balboni et al. 2024).

We computed X-ray profiles using the same regions of radio
profiles on X-ray maps smoothed to the same resolution of radio
images. The ratio of radio and X-ray surface brightness, consid-
ering a fixed linear slope (β = 1), are reported in the right panels
of Figs. 19 and 20. The IR/IX trend is not constant throughout
the halos extension, but there are changes in the slope, indicat-
ing a unique linear correlation is not representative of the whole
halos. Moreover, the radial pattern is different for each cluster.

The cluster PSZ1G139 presents the most constant behaviour
of IR/IX among the clusters with a double component. The pro-
file of the south-east sector is roughly constant with distance,
indicating that the radio and X-ray emission are linearly corre-
lated. The north-west profile, instead, is slightly increasing with
distance from the cluster centre, with a small jump in correspon-
dence of the radio discontinuity; the variations, however, are not
significant due to the large errors, especially at large radii.

The north-west and south-east profiles of A1068 follow the
same trend: there is a decreasing profile in the central regions,
then at 100 kpc there is a discontinuity as in the radio profile
and an inversion of the trend, but still compatible with a con-
stant profile due to large errors. Therefore, we are underestimat-
ing the correlation slope in the MH component, which is better
described by a super-linear correlation, while the large diffuse
component follows a more linear slope.

In MS1455 there is a different trend in the opposite direc-
tions. The northern profile presents a clear increasing trend,
which abruptly decreases around 100 kpc. The change in slope
is not coincident with the position of the cold front, which how-
ever could be affected by projection effects. The southern profile,
instead, follows a slightly increasing profile, and then a drastic
decrease in the last points. This result is at odds with the single
super-linear correlation found by Riseley et al. (2022b) perform-
ing point-to-point analysis, but they considered the whole halo
area, so they are possibly averaging different trends.

In RXJ1720.1 the IR/IX trend is decreasing in the central
region (and so a linear slope is underestimated), then it becomes
roughly constant in the cluster-scale halo component. This con-
firms the point-to-point correlation results found by Biava et al.
(2021b), where the MH follows a super-linear correlation, while
the cluster-scale halo has a flatter slope.

To summarise, in A1068 and RXJ1720.1 the MH and cluster-
scale diffuse emission follows different IR/IX trends, with a
super-linear correlation for the central emission and a near linear
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Table 5. Radio halo power.

Cluster M500 P150, exp P150, meas
[1014 M�] [1024 W Hz−1] [1024 W Hz−1]

PSZ1G139.61+24 7.6 34 5.7
A1068 3.8 2.8 0.67
MS 1455.0+2232 3.5 2.0 11
RX J1720.1+2638 5.9 14 12

Notes. Col. 1: Cluster name; Col. 2: Cluster mass; Col. 3: Expected
power at 150 MHz according to the correlation reported in Cuciti et al.
(2023); Column 4: Measured power at 150 MHz.

correlation for the external component. PSZ1G139 and MS1455,
instead, present a radio-to-X-ray ratio always increasing from
the cluster centre to the outskirt. Further analysis is required to
investigate the cause of this dissimilarity.

Finally, for the two clusters presenting a classical MH, no
slope changes are observed in their ratio profiles. These pro-
files slowly decline at increasing radius, indicating a super-linear
slope as typically found in MHs (Ignesti et al. 2020).

5.2. Radio power and upper limits

Radio observations and radial profile analysis have revealed the
presence of a double radio component, which we interpret as
MH + cluster-scale halo, in four of the 12 clusters in our sample.

In this section, we want to compute the radio power of
cluster-scale halos in our sample and make a comparison with
the power of known RHs. Due to the irregular morphology of
the emission and the presence of contaminating sources difficult
to exclude, we have not been able to extract radial profiles on the
whole extension of the radio emission, but only on small sectors,
so the obtained best-fit parameters are not representative of the
whole emission and cannot be used to compute the total power of
the diffuse emission. Therefore, we estimated the integrated flux
densities of cluster-scale halos in these clusters from the low-
resolution LOFAR images, considering all the emission enclosed
by 3σ surface brightness contours and then we subtracted the
contribution of MH and radio galaxies. We note that in that way
we are providing a lower limit to the true integrated flux of the
cluster-scale halo, as it is present also in the central regions of
the cluster, superimposed on the MH. So, we added the contribu-
tion of the cluster-scale halo in the central regions, estimating it
has the same mean surface brightness as in the external regions.
The final values are reported in Table 5, where we also indicated
the expected radio power according to the M500 − P150 MHz cor-
relation found by Cuciti et al. (2023) on radio halos in Planck
clusters in the LoTSS-DR2, for comparison. We then investi-
gated the distribution of the observed radio halos in the radio
power–mass diagram (Fig. 21). We represented our detection
with a red dot, while in blue the radio halos in Planck clusters
in the LoTSS-DR2 (Botteon et al. 2022a). We also reported in
the plot the M500 − P150 MHz correlation found by Cuciti et al.
(2023), using a BCES Y|X regression method (black solid line),
with corresponding 3σ region (grey shaded area). We note that
the halos detected in this work are far from the M–P correlation,
except for RXJ1720.1 which lies on the correlation, but their
powers are still consistent with the scatter in detected halos in
Botteon et al. (2022a). The different spectra and sizes of radio
halos and the different dynamical stages of clusters in the sam-
ple contribute to the scatter of the correlation, as investigated by
Cuciti et al. (2023).

For the clusters in the sample where no cluster-scale diffuse
emission is detected, we provided upper limits on the flux densi-
ties. Following the procedure described in Bruno et al. (2023b),
we derived upper limits injecting a mock radio halo in the uv-
plane of each cluster using the MUVIT4 code. We modelled the
radio brightness profile of the radio halos as an exponential law
described by Eq. (4). As in Bruno et al. (2023b) we used a mass-
independent value of re = 186 kpc, equal to the mean value
of the e-folding radius of the Planck clusters in LoTSS-DR2 in
our mass range. To derive a starting value of I0 = S UL/2πr2

e ,
instead, we used the correlation found in Bruno et al. (2023b)
between the flux density of the upper limits (S UL) and the noise
of the image and the number of beams within the injected mock
halo. We decided to not inject the mock halo at the cluster
centre, but in a nearby region void of sources, for the pres-
ence of diffuse emission or radio galaxies that are difficult to
subtract in most of the clusters. The mock halo is Fourier trans-
formed to add it to LOFAR uv-data that we imaged using a uv-
taper of 20′′ to improve the sensitivity to diffuse emission. We
then increased or decreased the injected value of I0 until the
largest linear scale at 2σ contours (D2σ) of the injected halo
is ∼RH ∼ 2 × re, to consider it as extended emission. We then
used the obtained I0 to derive the upper limit to the halo power
scaled at 150 MHz, for comparison with other works, using a
typical spectral index for radio halos of α = 1.3. The results
are reported in Table 6, where we also reported the expected
upper limits according to the correlation found by Bruno et al.
(2023b) and the expected power according to the M–P correla-
tion found by Cuciti et al. (2023). We notice that the obtained
values are barely dependent on the injection position for source-
free regions (see discussion in Bruno et al. 2023b). Discrepan-
cies (typically being of factors 1.5–2) between expected and
derived upper limits are likely mainly driven by the consid-
ered tapering (lower-resolution images were typically used by
Bruno et al. 2023b). We represented the obtained upper limits in
the M-P diagram (Fig. 21) with an orange arrow and in cyan the
upper limits found by Bruno et al. (2023b) for Planck clusters in
LoTSS-DR2, for comparison. The upper limits of the low-mass
clusters A1204, Z2089 and MS0839 lie on the correlation, there-
fore, we cannot exclude the presence of a radio halo in these
clusters. Although the upper limits of the other clusters, with
M500 ≥ 4 × 1014 M�, are consistent with the scatter of radio
halos in Botteon et al. (2022a), they lie below the correlation,
in the upper limits region identified on the LoTSS-DR2 sample
(Bruno et al. 2023b). Cuciti et al. (2023), analysing the distribu-
tion of LoTSS-DR2 clusters with or without halos (i.e. upper
limits) in the M-P diagram, concluded that it is not compatible
with a single correlation or with a uniform distribution of clus-
ters below the correlation. Thus deeper observations on a larger
sample of cool-core clusters are necessary to confirm that the
upper limits we derived are not compatible with the mass-power
correlation.

6. Discussion

In this article we presented LOFAR HBA observations of twelve
cool-core clusters selected for a range of dynamical states, to
search for diffuse radio emission on cluster scales. In this section
we discuss our results to investigate two aspects: whether diffuse
emission beyond the core region is common in cool-core clusters
with MHs and whether there is a connection between radio emis-
sion and the gas dynamic in these sources.

4 https://github.com/lucabruno2501/MUVIT
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Table 6. Radio halo upper limits.

Cluster M500 P150, exp P150, UL, exp P150, UL, meas S 150, UL, meas
[1014 M�] [1024 W Hz−1] [1024 W Hz−1] [1024 W Hz−1] [mJy]

MS 0735.6+7421 5.0 7.6 0.9 1.9 17.1
MS 0839.8+2938 3.4 1.9 1.3 1.9 22.8
Z2089 3.2 1.5 1.3 2.2 11.4
RBS 0797 5.6 11.3 2.0 4.0 7.6
A1204 3.3 1.7 1.0 1.5 14.6
RX J1532.9+3021 4.7 6.1 2.0 3.4 9.5
MACS J1720.2+3536 6.1 15.4 2.6 5.1 11.4
MACS J2245.0+2637 4.8 6.5 1.4 2.6 9.5

Notes. Column 1: Cluster name; Col. 2: Cluster mass; Col. 3: Expected power at 150 MHz, according to Cuciti et al. (2023) correlation; Col. 4:
Expected upper limit power at 150 MHz, according to Bruno et al. (2023b) correlation; Col. 5: Measured upper limit power at 150 MHz; Col. 6:
Measured upper limit flux density at 150 MHz.
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Fig. 21. Radio power at 150 MHz vs cluster mass
(M500). The clusters with a cluster-scale halo in our
sample are indicated in red, while the upper lim-
its we derived for the other clusters in the sample
are indicated with orange arrows. RHs in Planck
clusters in LoTSS-DR2 (Botteon et al. 2022a) are
indicated in blue and their upper limits (Bruno et al.
2023b) in cyan. The black line indicates the corre-
lation found by Cuciti et al. (2023), using a BCES
Y|X regression method, while the shaded region
shows the associated 3σ region.

6.1. Radio morphology

Our study revealed that cluster-scale diffuse radio emission is
not always present in cool-core clusters when observed at low
frequencies. The clusters in our sample exhibit a variety of radio
morphologies, which could be grouped into three different cate-
gories:

– Clusters with a double radio component: Four clusters
present diffuse radio emission extending outside the cluster
core: RXJ1720.1 and PSZ1G139 were already identified by
Savini et al. (2019) and MS1455 by Riseley et al. (2022b); we
found cluster-scale diffuse radio emission in a further cluster,
A1068, which was previously classified as a candidate MH
(Govoni et al. 2009). We note that the radio emission of all these
clusters is not circularly symmetric with respect to the centre,
but it is elongated roughly following the X-ray surface bright-
ness distribution. This similarity suggests a strong connection
with gas dynamics. As all these clusters present cold fronts
and signs of dynamical interactions, the irregular morphology
of the non-thermal emission presumably reflects the direction
of the turbulent motion induced by a merger event. An excep-
tion is RXJ1720.1, where the radio emission is elongated in the

north-east–south-west direction, while the X-ray emission has
a more regular morphology. Considering the cluster-scale dif-
fuse radio emission of that object has an ultra-steep spectrum
(α ∼ 3; Biava et al. 2021a), the turbulence and the particles
in this cluster may be dying out after having lost the connec-
tion with the dynamics of the gas. Our analysis evidences a dis-
continuity in the radio radial profile of all these four clusters,
indicating the presence of a double radio component. We com-
puted the power of the cluster-scale component and we found
that is comparable to the power of RHs detected in merging clus-
ters with the same cluster mass. Therefore, a central MH and a
cluster-scale halo co-exist in these systems. Recently, a second
component has been observed also in merging systems, where
the RH is embedded in a more extended diffuse radio emission
(Cuciti et al. 2022). However, it is difficult to make an analogy
with these systems, as they present a different dynamical state
and their diffuse emission is on a much larger scale and fainter
intensity, with respect to our cases.

– Clusters with a central mini halo: We confirmed the pres-
ence of a central MH in the clusters RBS0797 (Gitti et al. 2006)
and RXJ1532 (Hlavacek-Larrondo et al. 2013). The radial pro-
files evidence the presence of a single radio component. In
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Fig. 22. Morphological parameters’ plot of the clusters in the sam-
ple. Colours are associated with the radio morphology detected with
LOFAR: clusters without diffuse emission are represented in black,
clusters with a MH in green (for the candidate MH we used a marker not
filled), and clusters with a double component radio emission (MH+RH)
in red. Clusters with detected cold fronts are represented with a square,
otherwise a circle is used. The marker size is proportional to the cluster
mass. The dashed blue line indicates the w value used to select clusters
in our sample. Dashed grey lines indicate the c and w values which sep-
arate clusters with a RH (c ≤ 0.2 and w ≥ 0.012) from clusters without
a RH, according to Cassano et al. (2010).

the cluster MACSJ2245 we detected a hint of diffuse emission
around the central source at 2σ significance. We catalogued this
source as a candidate MH. Deeper observations are necessary to
confirm the presence of diffuse emission in this cluster.

– Clusters without diffuse emission: In the remaining five
clusters of the sample, we have not detected halo-like diffuse
radio emission. We then derived upper limits to the radio power
of possible halos. Although the limits are comparable with the
scatter of the correlation and do not allow us to exclude the
presence of a RH below the noise level, the values derived for
the higher mass clusters (M500 ≥ 4 × 1014 M�) are below the
correlation, in the upper limit region of LoTSS-DR2 clusters
(Bruno et al. 2023b). In this category we have grouped those
clusters that present radio emission that appears to be associ-
ated with the central AGN. MS0735 presents two giant radio
lobes (total extension ∼550 kpc) and other smaller-scale lobes
associated with subsequent phases of the jet activity from the
BCG. MS0839 also features radio lobes, only resolved at 3′′ res-
olution. Finally, the clusters Z2089, A1204, and MACSJ1720.2
present small-scale radio emission (Rmax ≤ 80 kpc) oriented in
one direction, extending from the unresolved central source. This
emission may be linked to an old phase of AGN activity or alter-
natively originated from hadronic interactions between particles
emitted by the central AGN and those present in the ICM. These
sources should be further investigated at higher resolution using
LOFAR international stations to classify this emission.

6.2. Dynamical state of the gas

We selected the clusters in the sample based on their morpho-
logical parameters, to investigate whether the radio morphol-
ogy is connected to the dynamical state of the gas. In Fig. 22
we re-examine the c − w plot, indicating the clusters of the
sample with different colours depending on the radio emission
detected with LOFAR and with the marker size proportional to
the cluster mass. We detected cluster-scale diffuse radio emis-

sion both in the most massive and less massive clusters in the
sample, so the radio morphology is not related to the cluster
mass. The radio morphology also appears uncorrelated to the
dynamical state of the cluster, as traced by the morphological
parameters. Clusters with a double component are spread in the
c–w plot. PSZ1G139 presents a large value of the centroid shift,
while A1068, MS1455, and RXJ1720.1 are more relaxed and
are located in the region where Cassano et al. (2010) observed
no RH. In the last few years, however, this region is becom-
ing more populated with radio halos thanks to low-frequency
radio observations (Savini et al. 2019; Cassano et al. 2023). The
most disturbed cluster in the sample, MACSJ1720.2, instead,
does not present halo-like diffuse emission. We want to under-
line that the c and w definitions depend on the scale of extrac-
tion. Here we have used a largest scale of 500 kpc, as typically
used in literature (e.g. Cassano et al. 2010, 2023; Cuciti et al.
2021; Zhang et al. 2023), which however could not be optimal
to trace the dynamical state of these objects. The radio halos
we detected in cool-core clusters have, indeed, a smaller lin-
ear size (between 400–760 kpc) with respect to RHs detected
in merging systems, which have typical sizes of about 1–2 Mpc
(van Weeren et al. 2019), suggesting the turbulence has been dis-
tributed on a smaller volume. Larger samples are required to
infer more appropriate scales and derive statistically solid con-
siderations.

There is, however, another signature of gas dynamics that
allows us to distinguish clusters with cluster-scale diffuse emis-
sion from other clusters in the sample: the presence of cold
fronts. Our analysis shows a tight connection between cluster-
scale diffuse emission and sloshing features, as we detected a
double component diffuse emission only in those clusters with
cold fronts. Conversely, in the other clusters, hosting a MH or
without halo-like diffuse emission, there is no clear evidence of
sloshing. Even if not all the clusters are observed by Chandra
with the same exposure time, we considered that the data is good
enough to look for surface brightness discontinuities. Cold fronts
have also been observed in clusters with relatively shallow obser-
vations. Only for the cluster MACSJ2245, deeper observations
would help to better classify its dynamical state. Radio obser-
vations instead are more homogeneous, as all the clusters have
been observed for the same amount of time, and radio images
have a comparable noise. However, the upper limits derived do
not allow us to exclude the presence of very steep spectrum radio
halos in the clusters without cluster-scale diffuse emission.

So far, there has been evidence that diffuse emission
in relaxed clusters has been confined by cold fronts (e.g.
Mazzotta & Giacintucci 2008). With LOFAR, instead, we detect
emission on a larger scale possibly associated with weaker tur-
bulence that is created outside the sloshing region. According
to simulations by ZuHone et al. (2013), the sloshing motions
generate turbulence in the core regions strong enough to re-
accelerate seed electrons and produce diffuse synchrotron emis-
sion on scales coincident with the sloshing region. In these simu-
lations, however, the turbulence is set to zero outside the sloshing
region.

The co-existence of cluster-scale diffuse radio emission
and cold fronts in these cool-core systems, implies the pres-
ence of sloshing motions induced by a specific scenario, that
allows to generate enough turbulence to re-accelerate particles
on large scales while preserving the central cool-core. We spec-
ulate these sources experienced an off-axis merger with a large
impact parameter. This configuration avoids the destruction of
the central cool core, favours the creation of cold fronts, sup-
plying angular momentum to the gas and therefore triggering
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sloshing motions, and can generate more efficient turbulence in
the peripheral zones. To constrain the turbulence and reproduce
the thermal and non-thermal properties of these clusters ad hoc
simulations are needed.

There are a few other cases reported in the literature
of relaxed clusters with detected diffuse emission on large
scale (Sommer et al. 2017; Venturi et al. 2017; Kale et al. 2019;
Raja et al. 2020; Bruno et al. 2023a; Riseley et al. 2023, 2024;
Lusetti et al. 2024), but those are transition systems between
cool-core and non-cool-core clusters, as they have large values
for the core entropy. The clusters studied in this work, instead,
have a cool-core, so the sloshing perturbation has not heated sig-
nificantly the central regions of these clusters, keeping the core
entropy at low levels. Based on the dynamical state of the clus-
ters and the level of perturbation of the gas we can then identify
a sequence that goes from completely relaxed clusters without
radio halos, cool-core clusters with cluster-scale emission, clus-
ters with partially destroyed cores and cluster-scale emission,
and finally the non-cool-core clusters exhibiting RHs, where the
impact of the merger completely destroyed the central core.

Another point that deserves to be discussed is the absence of
signatures of sloshing in the two clusters which host a central
MH, single component small-scale diffuse emission. One of the
proposed scenarios for the origin of MHs is the re-acceleration
of particles by turbulence (ZuHone et al. 2013). The absence of
cold fronts in these clusters seems to indicate that they have not
recently experienced a merger event, undermining this interpre-
tation. However, these may be objects at a later evolutionary
stage than cool-core clusters with cold fronts and cluster-scale
diffuse emission, where the turbulence has now dissipated, the
sloshing is over and the spectra of the cluster-scale diffuse emis-
sion have become too steep to be detected. Alternatively, it has
been speculated that the turbulence that gives rise to the MHs
does not come from an external source, but is generated by the
central AGN (Bravi et al. 2016; Richard-Laferrière et al. 2020)
or that shocks generated by AGN activity may contribute to par-
ticle re-acceleration (Bonafede et al. 2023). A further hypothesis
is the hadronic model, where the MHs are produced by contin-
uous injection of electrons from collisions between thermal and
cosmic ray protons (Pfrommer & Enßlin 2004). This possibil-
ity is supported by the estimate that expected levels of gamma
rays produced by hadronic collisions are lower than the detec-
tion limits of Fermi-LAT (Ignesti et al. 2020; Biava et al. 2021a).
With our results, we could only speculate on the origin of diffuse
emission in these systems. Further observations over a wide fre-
quency range is necessary to discern between different scenarios.

7. Conclusions

In this article, we have presented LOFAR HBA observations and
Chandra X-ray analysis of a sample of 12 cool-core clusters,
with redshifts in the range z = 0.17−0.39 and masses in the range
M500 = 3.2 − 7.6 × 1014 M�. These clusters were selected for
a range of dynamical states to verify the occurrence of cluster-
scale diffuse radio emission in cool-core clusters and to under-
stand if this emission is related to the thermal gas condition. The
main results are summarised below:

– Cluster-scale diffuse radio emission, extending beyond the
cluster core, is detected in 30% of the cool-core clusters anal-
ysed. Those are A1068, a new detection, MS 1455.0+2232,
RX J1720.1+2638, and PSZ1G139.61+24. Two clusters
(RBS 0797 and RX J1532.9+3021) host a classical MH, dif-
fuse radio emission confined to the cluster core. We detected
a new candidate MH (MACS J2245.0+2637). The remaining

five clusters (MS 0735.6+7421, MS0839.8+2938, Z2089,
A1204, and MACS J1720.2+3536) do not have halo-like dif-
fuse radio emission.

– Radio radial profiles show an excess of radio emission at
large radii in the four clusters with cluster-scale diffuse emis-
sion, indicating the presence of two different components:
a central MH and diffuse emission on a cluster scale that
extends beyond the sloshing region. A single component is
instead found in clusters with a classical MH.

– The power at 144 MHz of the radio halo component in clus-
ters with cluster-scale diffuse emission is similar to the power
of RH detected in merging clusters. For the other clusters, we
derived upper limits to the halo power. The limits for the low-
mass clusters (M500 ≤ 4 × 1014 M�) are consistent with the
correlation found by Cuciti et al. (2023), while those of high-
mass clusters lie below the correlation and have the same
power of the upper limits derived by Bruno et al. (2023b).
However, given the large scatter of the correlation, we are
not able to exclude the presence of a RH in these systems.

– An X-ray analysis indicates the presence of cold fronts in
the four clusters with double component radio emission,
while no sloshing features are found in the other clusters.
This connection between cluster-scale diffuse radio emis-
sion and cold fronts in cool-core clusters suggests these
clusters might have experienced an off-axis minor merger
that is able to generate enough turbulence to re-accelerate
particles on large scales without disrupting the central cool
core. Whereas, the classical MHs hosted in clusters without
sloshing features could represent a later phase of evolution,
where the turbulence and sloshing have already switched
off, or they could originate from other processes such as re-
acceleration by turbulence or shocks from the central AGN
or hadronic processes.

The overall picture that is emerging from our study and literature
studies (Bonafede et al. 2014; Savini et al. 2019; Cassano et al.
2023) is that there is evidence of cluster-scale diffuse emission
in relatively relaxed systems (c > 0.2 and w > 0.003). Our study
found that this emission is located in systems showing signs of
sloshing from X-ray observations, possibly entailing a connec-
tion between low-energetic (off-axis) mergers and cluster-scale
diffuse emission. Additional studies involving larger samples are
necessary to further support this hypothesis. Most importantly,
spectral studies are necessary to prove the ultra-steep spectra
nature of such emission, which is expected in the framework of
the merger-induced re-acceleration scenario (i.e. Cassano et al.
2006, 2023).
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Appendix A: Detailed X-ray analysis

We performed a systematic search of cold fronts in the selected
clusters, re-analysing archival Chandra data. This analysis aims
to verify the presence of sloshing in the central regions of clus-
ters. We did not determine the angular extent of cold fronts as
this is beyond the scope of this work. Furthermore, we reserve
for a future study the search of sloshing in the outer regions of
clusters to check if also cluster-scale diffuse radio emission is
confined by cold fronts. We proceed in the following way:

– We visually inspected X-ray Chandra images, residual
images obtained subtracting a double β-model and GGM
images, to identify possible surface brightness discontinuities.

– We extracted radial profiles along directions of features iden-
tified in X-ray images and in adjacent sectors to investigate
the thermal emission at 360 degrees. We note that the pres-
ence of a cold front, if enough counts are present, is not
diminished by the fact of considering 90-degree sectors with
quite arbitrary orientation. We then fitted every profile with a
double β-model to quantify the entity of SB jumps, evaluat-
ing the goodness of fit. We considered the double β-model
as a good representation of a profile if χ2

red ≤ 1.5 and if
the residuals present a scattered trend. While we investigated
further those features with a χ2

red ≥ 1.5 and with an evident
jump in the residuals of the fit, performing a fit with a bro-
ken power-law restricted to the region of SB jump. See Fig.
A.1 for a comparison of a profile well fitted with a double
β-model vs a profile presenting an evident SB jump.

– Finally, we performed spectral analysis of the newly detected
SB discontinuities, i.e. SB profiles presenting a jump well
fitted with a broken power-law, to identify the nature of the
front. A cold front is characterised by a downstream temper-
ature cooler than the upstream temperature, the opposite of a
shock front.

For clusters with already known cold fronts, we performed the first
two steps of the analysis, to verify if new sloshing features appear
thanks to modern techniques of edge detection, like the GGM fil-
ter, but we decided to not repeat the spectral analysis, as there were
no improvements in the data used. In the following subsections,
we briefly summarise the results of our analysis for each cluster.
In Table A.1, we report the results of double β-model fits on the
extracted profiles and the nature of detected fronts.

A.1. Detected cold fronts

We detected cold fronts in four clusters: three of them were
already known, while those in A1068 are new detection.

PSZ1G139.61+24

The cluster was observed two times with Chandra (ObsID
15139, 15297), for a total exposure time of 27.5 ks. The thermal
emission of this cluster is elongated towards SE (Fig. A.2, upper
left panel), as highlighted also by the excess of SB in the resid-
ual image (upper right panel). We extracted SB profiles along
elliptical annuli, to better trace the cluster morphology, in the SE
direction and adjacent sectors with angular sizes of 90 degrees
to cover the whole extension of thermal emission. The SE pro-
file clearly shows an excess of SB at large radii, with respect to
the other sectors (lower left panel), but the SB jump cannot be
fitted by a broken power-law, so do not present the character-
istic shape of cold fronts. A surface brightness discontinuity is
instead found in the NW direction, where there is a jump in SB
of 1.68 at a distance of r ∼ 20′′ (lower right panel). This feature

Table A.1. Dobule β-model fit of X-ray radial profiles.

Cluster name sector χ2
red SB jump? Front

PSZ1G139.61+24 NW 2.0 Yes CF
NE 1.1 No
SE 1.7 No
SW 1.4 No

MS 0735.6+7421 N 107.0 Yes Shock
E 3.8 Yes Shock
S 46.0 Yes Shock
W 4.0 Yes Shock

MS 0839.8+2938 N 1.0 No
E 1.0 No
S 1.4 No
W 1.2 No

Z2089 NW 1.2 No
NE 1.3 No
SE 1.2 No
SW 1.3 No

RBS 0797 N 1.5 No
E 1.2 No
S 1.2 No
W 2.0 No (Cavity)

A1068 SE in 2.8 Yes CF
SW in 2.0 Yes

NW out 4.6 Yes 2 CFs
NE in 1.3 No

NE out 1.1 No
A1204 NW 1.2 No

NE 1.2 No
SE 0.9 No
SW 1.1 No

MS 1455.0+2232 N 5.0 Yes CF
E 1.4 No
S 2.0 Yes CF
W 1.2 No

RX J1532.9+3021 W 1.2 No
N 1.4 No
E 1.7 No (Cavity)
S 1.1 No

RX J1720.1+2638 NW 3.4 Yes CF
NE 1.4 No
SE 4.2 Yes CF
SW 2.1 Yes

MACS J1720.2+3536 N 1.1 No
E 1.3 No
S 1.2 No
W 1.0 No

MACS J2245.0+2637 NW 1.0 No
NE 1.1 No
SE 1.4 No
SW 1.2 No

Notes. CF = cold front.

was already identified in Savini et al. (2018), with an associated
temperature jump of ∆T = 3.4 keV, with higher temperature in
the downstream region, indicative of a cold front.

RX J1720.1+2638

We combined three Chandra observations of the cluster
RXJ1720.1 (ObsID 3224, 4361 and 1453), for a total exposure
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Fig. A.1. Comparison of a double β-model fits of a radial profile with (Left panel) and without (Right panel) a SB jump.

Fig. A.2. X-ray analysis of PSZ1G139.61+24. Upper left panel: Chandra 0.5–7.0 keV image, with represented a portion of the extraction regions.
The black arc indicates the cold front position. Upper central panel: GGM filtered image. Upper right panel: Residual image after the subtraction
of a double β-model. Lower left panel: SB profiles extracted along the directions depicted in the upper left panel. Lower central panel: best-fitting
double β-model (blue line) with associated residuals of the SE profile. Lower right panel: best-fitting broken power-law model (blue line) with
associated residuals on the SB discontinuity in the NW profile.

time of 57.3 ks. The GGM image (Fig. A.3, upper central panel)
evidences a spiral structure, typical of sloshing clusters, charac-
terised by an excess of surface gradient around the cluster core
in the SE and NW direction and an arc shape in the SE direc-
tion at a larger distance. Similarly, the residual map (upper right
panel) shows an excess of SB in the SE direction, correspond-
ing to the tail of the spiral. We extracted radial profiles in four
different directions and adjusted the opening angles to enhance
the detection of SB discontinuities noticed in the NW and SE

profiles. In particular, the NW profile presents a SB jump of
1.7 at r ∼ 25′′(lower central profile), while the SE profile has
a SB jump of 1.6 at r ∼ 65′′(lower right profile). Those features
were already detected by Mazzotta & Giacintucci (2008), with a
corresponding temperature jump characterised by a higher tem-
perature at larger radii, typical of cold fronts. We note that also
the SW profile is not well-fitted by a double β-model, present-
ing a hint of SB jump at r ∼ 65′′. This feature is an extension
of the jump in the adjacent SE sector that has been adapted to
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Fig. A.3. X-ray analysis of RX J1720.1+2638. Upper left panel: Chandra 0.5–7.0 keV image, with represented a portion of the extraction regions.
Black arcs indicate the position of cold fronts. Upper central panel: GGM filtered image. Upper right panel: Residual image after the subtraction
of a double β-model. Middle left panel: SB profiles extracted along the directions depicted in the upper left panel. Middle central panel: best-fitting
broken power-law model (blue line) with associated residuals on the SB discontinuity in the NW profile. Middle right panel: same as before for
the SB discontinuity in the SE profile. Lower left panel: best-fitting double β-model (blue line) with associated residuals on NE profile. Lower
right panel: same as before for the SW profile.

maximise the SB jump. The magnitude of the feature in fact
decreases changing the angular aperture of the sector.

MS 1455.0+2232

For the cluster MS1455, we re-analysed the Chandra obser-
vation (ObsID 4192, exposure time 91.9 ks) presented in
Mazzotta & Giacintucci (2008). The GGM map (Fig. A.4, upper
central panel) shows a spiral structure with an excess of sur-
face gradient south of the cluster core and in the northern region
at larger radii, corresponding to an excess of SB in the resid-
ual image. We investigated radial profiles in the north and south
directions, adjusting the sectors’ aperture to increase the detec-
tion of SB discontinuities. We also inspected complementary
sectors for comparison. We detected a SB jump of 1.80 in the
northern profile at r ∼ 34′′, and a less prominent jump of 1.35 in

the southern profile at r ∼ 45′′. Those SB discontinuities were
previously identified by Mazzotta & Giacintucci (2008), with a
corresponding temperature jump with a lower temperature in the
more central regions, classifying these features as cold fronts.
During the preparation of this article, a new X-ray study of the
cluster has been presented in Giacintucci et al. (2024), detecting
a further CF southern of the cluster centre at r ∼ 114′′. We then
expanded the extraction of the southern radial profile to larger
radii to check for this feature. We confirmed the presence of a SB
jump in the residuals of the double β-model fit at the radial dis-
tance of the newly claimed CF. Our goal, however, was to reveal
the presence of sloshing and we did it by focusing on the cen-
tral regions of the clusters, where the features are overwhelming.
Verifying the presence of large-scale sloshing and its connection
with the halo extension is beyond the scope of this article and
will be investigated in the future.
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Fig. A.4. X-ray analysis of MS 1455.0+2232. Upper left panel: Chandra 0.5–7.0 keV image, with represented a portion of the extraction regions.
Black arcs indicate the position of cold fronts. Upper central panel: GGM filtered image. Upper right panel: Residual image after the subtraction
of a double β-model. Middle left panel: SB profiles extracted along the directions depicted in the upper left panel. Middle central panel: best-
fitting broken power-law model (blue line) with associated residuals on the SB discontinuity in the N profile. Middle right panel: same as before
for the SB discontinuity in the S profile. Lower panel: best-fitting double β-model on the S profile highlighting the SB fluctuation identified by
Giacintucci et al. (2024) at r=1.9′.

A1068

The cluster A1068 was observed with Chandra with a total expo-
sure time of 26.8 ks. Both the GGM and residual maps (Fig.
A.5, upper central and right panels) evidence an highly elliptical
shape of the thermal emission in the central regions, elongated in
the NW-SE direction, with an excess of SB in the SE direction.
At larger scales, instead, the ellipticity of the emission is less
accentuated. We therefore, extracted radial profiles along ellip-
tical annuli with two different elliptical ratios: an elliptical ratio
of 2.0 (represented by the green ellipse in the upper left panel) to
investigate the inner features and an elliptical ratio of 1.15 (rep-
resented by the red ellipse in the upper left panel) to investigate
the outer features. Deviations from a double β-model are present
along the NW, SE and SW profiles using both types of ellipti-
cal annuli, but the jumps are more accentuated using a proper

region of extraction. In particular, the profiles extracted using
the highest elliptical ratio evidence a SB jump in the SE and SW
profiles (lower left and central panels), at a similar distance from
the cluster centre of r ∼ 37.2′′ and r ∼ 38.4′′, respectively, that
could represent a single front. In the NW direction, instead, we
individuated two SB jumps, one internal at r ∼ 11.4′′ and an
external one at r ∼ 53′′ (middle right panel). Spectral analysis
allows us to classify these fronts as cold fronts. For more details
see Section 4.1.4.

A.2. Non-detection of cold fronts

RX J1532.9+3021

For the cluster RXJ1532, we combined the three Chandra
observations (total exposure time of 108 ks) already analysed
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Fig. A.5. X-ray analysis of A1068. Upper left panel: Chandra 0.5–7.0 keV image. The black arcs indicate the position of cold fronts. The green
and red ellipses represent the shape of the extraction regions. Upper central panel: GGM filtered image. Upper right panel: Residual image after
the subtraction of a double β-model. Middle left panel: SB profiles extracted using regions with ellipticity ratio of 2.0. Middle central panel: SB
profiles extracted using regions with ellipticity ratio of 1.15. Middle right panel: best-fitting double β-model (blue line) with associated residuals
of the NW profile (ellipticity ratio of 1.15). Lower left panel: same as before for the SE profile (ellipticity ratio of 2.0). Lower right panel: same
as before for the SW profile (ellipticity ratio of 2.0).

by Hlavacek-Larrondo et al. (2012). In the X-ray image (Fig.
A.6), two central X-ray cavities located west and east with
respect to the cluster centre are visible. Correspondingly, there
is a deficit of X-ray emission in the residual image. In the
opposite directions, there is instead an excess of X-ray emis-
sion. Hlavacek-Larrondo et al. (2012) reported the presence of
a cold front in the western direction at a distance of 65 kpc
≡ 0.22′. We tried to reproduce the extraction regions used in
Hlavacek-Larrondo et al. (2012). The western sector is well fit-
ted by a double β-model, no SB discontinuities are visible, and
there is only a slight decrease of SB at r ≤ 0.1′, correspond-
ing to the X-ray cavity. The eastern sector, instead, deviates
slightly from a double β-model, but this is due to the presence
of the cavity which is not well modelled. Therefore, we do not
find statistical evidence for the presence of a cold front in this
cluster.

MS 0735.6+7421

Chandra X-ray observations (6 observations, total exposure time
of 550 ks) of the cluster MS0735 were studied in detail by
Vantyghem et al. (2014). The source presents two X-ray cavi-
ties located north and south of the cluster centre, enveloped by
a cocoon, well visible both in the X-ray image and in the resid-
ual map (Fig. A.7, first row). The SB profiles clearly show a
SB jump along all the directions considered, associated with the
cocoon. Spectral analysis performed by Vantyghem et al. (2014)
indicates that this feature is a weak shock front.

MS 0839.8+2938

The cluster MS0838 was observed with Chandra (ObsID 2224)
for an exposure time of 29.8 ks. The X-ray emission (Fig. A.7,
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Fig. A.6. X-ray analysis of RX J1532.9+3021. Upper left panel: Chandra 0.5-7.0 keV image, with represented a portion of the extraction regions.
Upper central panel: Residual image after the subtraction of a double β-model. Upper Right panel: Surface brightness profiles extracted along
the direction of the regions depicted in the left panel. Lower Left panel: Best-fitting double β-model (blue line) with associated residuals of the
western profile. Lower right panel: same as before for the eastern profile.

second row) is slightly elongated in the southern direction, as
also shown by the residual image, presenting an X-ray excess
south of the cluster core. The analysed radial profiles do not
present SB discontinuities.

Z2089

The cluster Z2089 was observed with Chandra (ObsID 10463)
for an exposure time of 40.6 ks. The X-ray emission of the clus-
ter is elliptical, elongated in the NE-SW direction (Fig. A.7, last
row). The residual image obtained after the subtraction of a cir-
cular double β-model shows an excess of X-ray emission in the
direction of the major axis. We extracted radial profiles in the
NE, SW, and complementary sectors, but we did not notice par-
ticular deviations or SB fluctuations in either direction.

RBS797

We have re-analysed the Chandra X-ray observation of RBS797
performed in 2007 with ObSID 7982 and exposure time of 38.3
ks. The X-ray emission of the cluster (Fig. A.8, first row) is
not circularly symmetric, but slightly elongated in the east-west
direction. In the central region is clearly visible a pair of small
but strong depressions in the NE-SW direction, firstly detected
by Schindler et al. (2001). Our radial analysis did not evidence
SB discontinuities. We note that the W profile is not well fit-
ted by a double β-model (χ2

red = 2.0), but the goodness of fit
improves if we restrict the profile to r ≥ 0.1′, where a SB depres-
sion, associated to a cavity, is present. However, deeper observa-
tions (total exposure time of 427 ks) revealed the presence of
three series of shock fronts at different radial distances, which

could be associated with the multiple phases of AGN activity
(Ubertosi et al. 2023). Whereas, no cold fronts were found.

A1204

We re-analysed the X-ray Chandra observation of the clus-
ter A1204 (ObsID 2205, exposure time 23.6 ks) presented in
Cavagnolo et al. (2009). We noticed a pair of X-ray depressions
in the east and west direction near the cluster core, also visible
in the residual image (Fig. A.8, second row). The radial profiles
analysed do not present SB discontinuities.

MACS J1720.2+3536

For the cluster MACSJ1720.2, we combined the three Chan-
dra observations (total exposure time of 61.7 ks) presented in
Hlavacek-Larrondo et al. (2012). The thermal emission of the
cluster is elongated in the south direction (Fig. A.8, third row),
as also shown by the excess of thermal emission in the residual
map in that direction. Even the radial profiles show a higher SB
in the south and west directions, compared to the northern and
eastern, but no SB discontinuities are present in those profiles.

MACS J2245.0+2637

The cluster MACSJ2245 was observed with Chandra in a single
observation (ObsID 3287, exposure time of 16.9 ks). The ther-
mal emission of the cluster is elongated towards the south-east
(Fig. A.8, last row), as also indicated by the X-ray excess in the
residual map. All the radio profiles analysed are well fitted with
a double β-model, so no SB discontinuities are present.
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Fig. A.7. X-ray analysis of MS 0735.6+7421 (First row), MS 0839.8+2938 (Second row) and Z2089 (Last row). Left panels: Chandra 0.5-7.0 keV
images with represented a portion of the extraction regions. Central panels: Residual images obtained subtracting an elliptical double β-model
for the cluster MS 0735.6+7421 and a circular double β-model for the other clusters. Right panels: Surface brightness profiles extracted along the
direction of the regions depicted in the left panels.
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Fig. A.8. Same as Fig. A.7, for RBS 797 (First row), A1204 (Second row), MACS J1720.2+3536 (Third row), and MACS J2245.0+2637 (Last row).
The residual images represented in the central panels are obtained subtracting a circular double β-model for RBS 797 and MACS J1720.2+3536,
a circular β-model for A1204 and an elliptical double β-model for MACS J2245.0+2637.
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