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A B S T R A C T 

Man y relax ed cool-core clusters host diffuse radio emission on scales of hundreds of kiloparsecs: mini-haloes. Ho we ver, the 
mechanism responsible for generating them, as well as their connection with central active galactic nuclei, is elusive and many 

questions related to their physical properties and origins remain unanswered. This paper presents new radio observations of the 
galaxy cluster Abell 1413 performed with MeerKAT (L-band; 872 to 1712 MHz) and LOFAR HBA (120 to 168 MHz) as part 
of a statistical and homogeneous census of mini-haloes. Abell 1413 is unique among mini-halo clusters as it is a moderately 

disturbed non-cool-core cluster. Our study reveals an asymmetric mini-halo up to 584 kpc in size at 1283 MHz, twice as large 
as first reported at similar frequencies. The spectral index is flatter than previously reported, with an integrated value of α = 

−1.01 ± 0.06, shows significant spatial variation, and a tentative radial steepening. We studied the point-to-point X-ray/radio 

surface brightness correlation to investigate the thermal/non-thermal connection: our results show a strong connection between 

these components, with a superlinear slope of b = 1 . 63 

+ 0 . 10 
−0 . 10 at 1283 MHz and b = 1 . 20 

+ 0 . 13 
−0 . 11 at 145 MHz. We also explore 

the X-ray surface brightness/radio spectral index correlation, finding a slope of b = 0 . 59 

+ 0 . 11 
−0 . 11 . Both investigations support the 

evidence of spectral steepening. Finally, in the context of understanding the particle acceleration mechanism, we present a simple 
theoretical model which demonstrates that hybrid scenarios – secondary electrons (re-)accelerated by turbulence – reproduce a 
superlinear correlation slope. 

Key words: galaxies: clusters: general – galaxies: clusters: individual: Abell 1413 – galaxies: clusters: intracluster medium –
radio continuum: general – X-rays: galaxies: clusters. 
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 I N T RO D U C T I O N  

iffuse radio sources in clusters of galaxies trace the presence of non-
hermal components – magnetic fields and relativistic electrons (or
osmic ray electrons, hereafter CRe) – on some of the largest scales
n the Universe. Broadly speaking, these sources can be categorized
nto three principal classes dating back around two decades (e.g.
empner et al. 2004 ): radio relics (also known as radio shocks or

radio gischt’), radio haloes, and radio mini-haloes (hereafter referred
o simply as mini-haloes). As of 2019, a few hundred galaxy clusters
ad been detected which host some combination of radio relic(s)
 E-mail: christopher.riseley@unibo.it 

e  
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Pub
nd/or a radio halo (for the most recent observational review of these
ources, see van Weeren et al. 2019 ). 

With the advent of next-generation instrumentation such as the
Ow-Frequency ARray (LOFAR; van Haarlem et al. 2013 ), the
urchison Widefield Array (MWA; Tingay et al. 2013 ), and the
eerKAT telescope (Jonas & MeerKAT Team 2016 , though see

lso Camilo et al. 2018 and Mauch et al. 2020 for discussion
f MeerKAT’s technical capabilities), the number of diffuse radio
ources associated with clusters of galaxies is increasing rapidly
e.g. Botteon et al. 2018b , 2019 , 2022 ; Wilber et al. 2018 , 2020 ;
uchesne et al. 2020 , 2021a , 2022 ; Locatelli et al. 2020 ; Biava

t al. 2021 ; Duchesne, Johnston-Hollitt & Wilber 2021b ; Duchesne,
ohnston-Hollitt & Bartalucci 2021c ; Hoang et al. 2021 , 2022 ; Hoeft
t al. 2021 ; Knowles et al. 2022 ; Riseley et al. 2022b ; Venturi et al.
022 ). 
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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Mini-haloes are perhaps the most elusive of the three canonical 
lasses of diffuse radio source, with only some 35 currently cat- 
logued, compared to some hundreds of relics and haloes. They 
re moderately extended radio sources, typically around 0.1 −0.3 
pc in size and are predominantly hosted by relaxed clusters. 
hile relati vely fe w mini-haloes have been catalogued to-date, 

tatistical studies suggest that their occurrence rates are high among 
ool-core clusters, up to ∼80 per cent for massive clusters with 
 500 � 6 × 10 14 M �, although there is tentati ve e vidence for a

ecreased rate among lower mass cool-core clusters (see discussion 
y Giacintucci et al. 2017 ). 
The known population of mini-halo clusters is distributed across a 

road range of redshifts from z ∼ 0.01 to z ∼ 0.81 (see van Weeren
t al. 2019 , and references therein). Due to the inefficient nature of
he acceleration mechanism(s) responsible, relics, haloes, and mini- 
aloes all possess a steep radio spectrum, nominally α � −1 (where 
is the spectral index, relating flux density S to observing frequency 
as S ∝ να). 
In the literature, there has been much discussion around the 

article acceleration mechanism(s) that power mini-haloes. Broadly 
peaking, these fall into two classes: primary models (also known 
s the ‘turbulent (re-)acceleration’ scenario; Gitti, Brunetti & Setti 
002 ; ZuHone et al. 2013 ) and secondary models (also known as the
hadronic scenario’; Pfrommer & Enßlin 2004 ). For a re vie w of all
cenarios, see also Brunetti & Jones ( 2014 ). 

Under the primary/turbulence scenario, electrons are accelerated 
o the relativistic regime (GeV energies) by cluster-scale mag- 
etohydrodynamic (MHD) turbulence that is generated by core 
loshing. In relaxed clusters, such core sloshing could be induced 
y dynamical interactions and/or minor/off-axis mergers with other 
lusters/groups. One of the most striking pieces of observational 
vidence for core sloshing comes from the detection of cold fronts
nd/or large-scale spiral motions in X-ray observations (Mazzotta 
t al. 2001a , b ; Markevitch & Vikhlinin 2007 ; Mazzotta & Giacintucci
008 ; Owers et al. 2009 ; Ghizzardi, Rossetti & Molendi 2010 ;
ohnson et al. 2012 ; Paterno-Mahler et al. 2013 ; Rossetti et al. 2013 ;
hizzardi, De Grandi & Molendi 2014 ; Botteon, Gastaldello & 

runetti 2018a ; Savini et al. 2018 ; Riseley et al. 2022a ). Such
loshing motions have also been investigated from the theoretical 
erspective (e.g. Ascasibar & Markevitch 2006 ; ZuHone et al. 
013 ). 
In general, simulations have shown that these events can replicate 

everal of the observed properties of clusters hosting mini-haloes, 
ncluding large-scale bulk motions required to generate sloshing 
pirals (ZuHone et al. 2013 ; Machado & Lima Neto 2015 ) and
uctuations in radio spectral index that might be expected to arise
rom inhomogeneities in turbulence (Giacintucci et al. 2014 ). In 
ecent years, much work has been devoted to exploring potential 
ources for the seed electrons. The co-location of many mini-haloes 
ith a central radio brightest cluster galaxy (BCG) suggests a natural 

ource for this population, and emerging correlations between the 
adio power of BCGs and mini-haloes, as well as mini-halo power 
nd X-ray cavity po wer, provide observ ational support (Bravi, Gitti & 

runetti 2016 ; Richard-Laferri ̀ere et al. 2020 ). While the BCG is
ommonly held to be the dominant factor in energy input into the
CM, recent work by Seth et al. ( 2022 ) has suggested that non-central
adio galaxies may also provide a significant source of energy input 
nto the ICM. 

According to the secondary/hadronic scenario, CRe are continu- 
usly injected into the ICM through collisions between cosmic ray 
rotons (CRp) and thermal protons. One of the natural sources of
Rp in clusters are active galactic nuclei (AGNs); due to their longer
adiative lifetime, CRp are expected to persist throughout much of 
he cluster volume (Brunetti & Jones 2014 ). 

Both scenarios share a number of commonalities, including (i) 
he important role of AGN, in particular the central BCG, and (ii)
he connection between non-thermal and thermal components in 
he ICM. As such, investigating correlations between a number of 
bservables – such as radio/X-ray surface brightness – is a key tool 
ith which we can probe the underlying acceleration mechanism 

e.g. Govoni et al. 2001 ). 
With the established suite of Square Kilometre Array (SKA) 

athfinder and Precursor instruments, a number of recent works 
av e be gun to e xplore these correlations in increasing detail (Ignesti
t al. 2020 ; Biava et al. 2021 ; Timmerman et al. 2021 ; Ignesti et al.
022 ; Riseley et al. 2022a , b ). In particular, Ignesti et al. ( 2020 )
tudied point-to-point correlations for a first statistical sample of 
even mini-haloes. The point-to-point correlation between radio 
urface brightness and X-ray surface brightness takes the form 

og ( I R ) ∝ b log ( I X ). 
Giant radio haloes are generally believed to be generated by 

luster -scale turb ulence, and show a sub-linear correlation slope 
i.e. b < 1), which arises because both particles (acceleration and
ransport) and fields (amplification by turbulent-dynamo) follow 

he spatial distribution of turbulence, which is very broad. For 
oint-to-point studies of radio haloes, see for e xample: Go voni et al.
 2001 ), Brown & Rudnick ( 2011 ), Vacca et al. ( 2011 ), Rajpurohit
t al. ( 2018 , 2021a , b ), Hoang et al. ( 2019 ), Botteon et al. ( 2020 ,
023 ), Xie et al. ( 2020 ), Bruno et al. ( 2021 ), Hoang et al. ( 2021 ),
uchesne et al. ( 2021b ), Bonafede et al. ( 2022 ), Vacca et al. ( 2022 ),
iseley et al. ( 2022b ). 
Ho we ver, Ignesti et al. ( 2020 ) found a typically superlinear correla-

ion slope (i.e. b > 1) for their mini-halo sample. While a superlinear
orrelation slope arises naturally under the secondary/hadronic sce- 
ario, the primary/turbulence scenario can also replicate a superlinear 
orrelation slope if either the CRe profile and/or the turbulence 
trength is more peaked toward the cluster centre. This would, how-
ver, suggest that mini-haloes trace a turbulent component that is dif-
erent from the one powering giant haloes. As such, neither scenario
s completely ruled out through point-to-point correlations alone. 

Complicating our phenomenology, a growing number of mini-halo 
lusters show diffuse radio emission far outside the cool core, and far
e yond an y cold fronts/sloshing spiral structures (Venturi et al. 2017 ;
avini et al. 2018 , 2019 ; Biava et al. 2021 ; Riseley et al. 2022a ; Biava
t al., in preparation). This challenges our theoretical understanding 
f particle acceleration mechanisms, which are typically confined to 
he sloshing regions (ZuHone et al. 2013 , 2015 ). 

One possibility is that hadronic interactions play an important 
ole within the cool core, while turbulence becomes progressively 
ominant on larger scales (e.g. Cassano et al. 2012 ; Zandanel,
frommer & Prada 2014 ). The steep spectrum observed for diffuse
mission outside the cool core in a handful of cases fa v ours a turb u-
ent acceleration interpretation (Savini et al. 2019 ; Biava et al. 2021 ).

.1 The MeerKAT-meets-LOFAR mini-halo census 

e are carrying out a census of all known radio mini-haloes
n the Declination range −1 ◦ to + 30 ◦ to determine the nature
f particle acceleration mechanisms at play in mini-haloes using 
he first uniformly constructed mini-halo sample. The non-thermal 
indow into our sample is provided by deep MeerKAT observa- 

ions co v ering the frequenc y range 872–1712 MHz, and LOFAR
BA observations co v ering the frequenc y range 120 −168 MHz.
eerKAT observations are being carried out under MeerKAT Project 
MNRAS 524, 6052–6070 (2023) 
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Figure 1. Colour-composite image of Abell 1413. The teal colourmap and 
contours represent the 1283 MHz radio surface brightness measured by 
MeerKAT at 8 arcsec resolution (teal colour and contours). Contours start 
at 4 σ and scale by a factor 

√ 

2 , where σ = 6 . 6 μJy beam 

−1 ; see Table 1 . 
The radio surface brightness is o v erlaid on an optical RGB image constructed 
using i -, r -, and g -band images from SDSS DR16 (Ahumada et al. 2020 ). The 
redshifts of selected galaxies are also shown for reference. 
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D (PID) SCI-20210212-CR-01 (P.I. Riseley). LOFAR observations
re sourced primarily from the LOFAR Two-metre Sky Survey
LoTSS; Shimwell et al. 2017 , 2019 , 2022 ) and expanded with
argeted observations where LoTSS co v erage is not yet completed.
his multifrequency radio data set is augmented by archi v al X-ray
ata from Chandra and XMM–Newton to provide insights into the
hermal properties of the mini-halo sample. 

The first paper from this census detailed observations of the galaxy
luster MS 1455.0 + 2232 (Riseley et al. 2022a ). To summarize the
ndings, we reported (i) the detection of significant diffuse radio
mission on linear scales up to 586 kpc, far larger than previously
eported, (ii) the detection of a sloshing spiral 254 kpc in extent,
een in the Chandra X-ray surface brightness gradient map, and
iii) a consistent superlinear slope in the point-to-point radio/X-ray
urface brightness correlation. While both the primary/turbulence
nd secondary/hadronic scenarios were able to explain some of the
bservational properties of MS 1455.0 + 2232, neither could provide
 fully satisfactory explanation of all the observed properties. 

.2 The galaxy cluster Abell 1413 

n this paper, we report on another galaxy cluster selected for
tudy as part of our census: Abell 1413. Fig. 1 shows a colour-
omposite image of this cluster, with the 1283 MHz radio surface
rightness measured by MeerKAT o v erlaid on an optical RGB image
onstructed using i -, r -, and g -band images from Data Release 16 of
he Sloan Digital Sky Survey (SDSS DR16; Ahumada et al. 2020 ). 

Abell 1413 is an intriguing galaxy cluster at redshift z = 0.143,
ith a mass of M 500 = (5 . 98 + 0 . 48 

−0 . 40 ) × 10 14 M � (Planck Collaboration
VI 2014 ). This cluster has been the target of varied cosmo-

ogical and galaxy evolution studies using multiwavelength data
e.g. Grainge et al. 2002 ; Morrison et al. 2003 ). At (sub-)mm
NRAS 524, 6052–6070 (2023) 
avelengths, observations of the Sunyaev-Zeldovich (SZ) effect
oward Abell 1413 suggest that the cluster exhibits an o v erall relax ed
orphology (Grainge et al. 1996 ; Bonamente et al. 2006 ; LaRoque

t al. 2006 ; AMI Consortium 2012 ), although there is a noticeable
ffset between the peak of the SZ signal and the peak of the X-ray
mission corresponding to the thermal ICM (see discussion in AMI
onsortium 2012 ). 
Castagn ́e et al. ( 2012 ) present a detailed optical analysis of

he cluster-member galaxy population using data from SDSS DR7
Adelman-McCarthy 2009 ) and new observations from the Canada–
rance–Hawaii Telescope. While the overall galaxy velocity distribu-

ion suggests a relaxed morphology, their analysis revealed several
ubstructures within Abell 1413 that are broadly aligned along a
orth–South axis (see Castagn ́e et al. 2012 for details). 
At X-ray wavelengths, Abell 1413 has been studied extensively

ith various X-ray missions, including XMM–Newton and Chan-
ra (Pratt & Arnaud 2002 ; Pointecouteau, Arnaud & Pratt 2005 ;
ikhlinin et al. 2005 ; Baldi et al. 2007 ; Snowden et al. 2008 ; Ettori
t al. 2010 ; Hoshino et al. 2010 ; Bartalucci et al. 2017 ; Botteon et al.
018a ; Lusetti 2021 ; Lusetti et al. 2023 ). Overall, Abell 1413 presents
 slightly disturbed X-ray morphology, elongated in the North–South
irection, although there is no strong evidence of a recent merger.
he cluster has a higher central temperature ( T X = 8.3 ± 0.2 keV)
nd higher central entropy ( K 0 = 64 ± 8 keV cm 

2 ) than expected for
ypical relaxed clusters (Giacintucci et al. 2017 ; Botteon et al. 2018a ).

Ho we ver, Abell 1413 sho ws a lo w centroid shift w = 0 . 04 + 0 . 01 
−0 . 02 

nd a moderate concentration parameter, c = 0.44 ± 0.04 (both
ampitiello et al. 2022 ) that are more typical of relaxed. We note

hat the definition of c used by Campitiello et al. ( 2022 ) differs from
hat adopted by e.g. Rossetti et al. ( 2017 ), who find c = 0.102 ± 0.001.
o we ver, gi ven the respecti ve definitions of these metrics (see the
iscussions by those authors) the interpretation is the same: Abell
413 o v erall shows a mixed X-ray morphology, neither fully relaxed
or disturbed. 
Despite the lack of an identified cool core, Abell 1413 hosts a

nown mini-halo first identified as a candidate by Govoni et al. ( 2009 )
nd later confirmed by Savini et al. ( 2019 ) using data from LOFAR
igh Band Antennas (HBA) at 145 MHz. The lack of a cool core is
ighly unusual for mini-haloes: in the sample of Giacintucci et al.
 2017 ), Abell 1413 is the only non-cool-core cluster to host a mini-
alo. Ho we ver, mini-haloes hosted by non-cool-core clusters may be
ore common than this. Recent work from the MeerKAT Galaxy
luster Le gac y Surv e y (MGCLS; Knowles et al. 2022 ) reported the
etection of seven clusters hosting newly detected candidate mini-
aloes and three confirmed new mini-haloes, including Abell 4038
nd MCXC J0342.8 −5338 (Abell 3158). X-ray observations of these
lusters reveal that neither shows typical characteristics of relaxed
ool-core clusters. See respectively Rossetti & Molendi ( 2010 ) and
helan et al. ( 2022 ) and references therein for discussion. 
The ‘mini’-halo has also recently been studied using more recent

OFAR observations (Lusetti 2021 ; Lusetti et al. 2023 ) who found
hat the diffuse emission co v ers a larger physical scale at 145 MHz
han previously thought, potentially up to ∼800 kpc in extent, and
xhibits evidence of multiple components. These authors adopt the
nterpretation that Abell 1413 hosts a ‘mini-halo-plus-giant-halo’
ype structure, although in this paper we will continue to refer to the
ntire diffuse source as a ‘mini’-halo. 

The radio counterpart to the BCG of Abell 1413 was only recently
eported for the first time by Savini et al. ( 2019 ). Previous higher
requency observations at 1.4 GHz achie ved insuf ficient sensiti vity
o detect this faint source (Govoni et al. 2001 ; Giacintucci et al.
017 ). Richard-Laferri ̀ere et al. ( 2020 ) include Abell 1413 in their
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ample of mini-haloes from which the y re-deriv e scaling relations 
etween mini-halo radio power and BCG radio po wer; ho we ver,
ith the available high-frequency radio data, they were only able 

o place limits on the radio power of the BCG at GHz frequencies.
inally, Abell 1413 was also recently studied as part of a mini-
ample by Trehaeven et al. ( 2023 ) using relatively shallow MeerKAT
bservations. They report detections of both the radio counterpart 
o the BCG as well as the embedded head-tail radio galaxy at
.28 GHz, as well as a measuring a linear size up to 211 kpc for
he mini-halo. They also study the in-band spectral properties for 
hese three sources, finding an ultra-steep in-band spectral index of 
= −1.52 ± 0.46, although the uncertainty is large. 
In this paper, we present new deep observations across the radio 

pectrum from 145 MHz to 1.7 GHz, taken with MeerKAT, the 
pgraded Giant Metrewave Radio Telescope (uGMRT; Gupta et al. 
017 ) and LOFAR HBA. The remainder of this paper is divided as
ollows: we discuss the observations and data reduction in Section 2 ,
e present our results in Section 3 and analyse them in Section 4 .
e draw our conclusions in Section 6 . Throughout, we assume a
 CDM cosmology of H 0 = 73 km s −1 Mpc −1 , �m 

= 0.27, �� 

=
.73. At the representative redshift of Abell 1413 ( z = 0.143;
anders, Fabian & Smith 2011 ) the angular scale to linear size
onversion is 1 arcsec to 2.417 kpc, with our cosmology. We quote
ll uncertainties at the 1 σ level. 

 OBSERVATIONS  A N D  DATA  R E D U C T I O N  

.1 Radio: MeerKAT 

bell 1413 was observed with the MeerKAT telescope on two 
eparate occasions: 2019 June 6 (CBID 

1 1565438457) and 2021 
arch 24 (CBID 1631864177). The 2019 observation was carried 

ut under the ‘Mining Minihaloes with MeerKAT’ project (see 
rehaeven et al. 2023 ), whereas the 2021 observation was carried out
nder our project, SCI-20210212-CR-01. Both observing runs were 
erformed using the L -band receiver system, with 4096 channels 
o v ering the frequency range 872 −1712 MHz. 

The bandpass calibrator PKS B0407 −658 was observed for 10 
in at the beginning of each observing run; to track the time-varying

nstrumental gains, the compact radio source J1120 + 1420 was 
bserved for 2 min at a quarter-hour cadence (CBID 1565438457) or
alf-hour cadence (CBID 1631864177). While the data from CBID 

 565 438 457 have very recently been published by Trehaeven et al.
 2023 ), our processing occurred independently, including our more 
ecent observations which provided an overall increase in on-source 
ime from 113 min (CBID 1565438457) to 5.6 h. 

All observations from PID SCI-20210212-CR-01 were carried out 
ith the intent of being calibrated in full polarization; to that end, the
nown polarization calibrator 3C 286 was observed for two 5-min 
cans during CBID 1631864177, separated by a broad parallactic 
ngle range. No polarization calibrators were observed during CBID 

565438457. 
Calibration was performed following the same steps as Riseley 

t al. ( 2022a ). To summarize, initial calibration and flagging was
arried out using the Containerized Automated Radio Astronomy 
alibration ( CARACAL ) pipeline 2 (J ́ozsa et al. 2020 , 2021 ). CARA-
AL uses the Stimela framework (Makhathini 2018 ) as a wrapper 
 Capture Block ID 

 https:// github.com/caracal-pipeline/ caracal 

b
c

3

or standard-practice calibration tasks in the Common Astronomy 
oftware Application ( CASA ) package. 
We employed various flagging steps in CARACAL , including (i) 

hadowed antennas, (ii) specific channel ranges corresponding to the 
eerKAT bandpass edges and known radio frequency interference 

RFI) bands, and (iii) automatic sum-threshold flagging with the 
fcrop algorithm. After initial calibration, we re-flagged our data 
ith tfcrop and re-derived calibration tables to refine our solutions,

nd subsequently applied these to our target. 
We then e x ecuted an initial round of relatively shallow automated

um-threshold flagging using TRICOLOUR 

3 (Hugo et al. 2022 ). An 
nitial sky model was generated using DDFACET (Tasse et al. 2018 )
nd subtracted from our data; we then re-ran TRICOLOUR on the
esidual data to excise lower level RFI. Finally, we averaged to a
pectral resolution of 1.67 MHz, yielding 512 output channels, and 
roceeded to self-calibration. 
Throughout the self-calibration process, we imaged with DDFACET 

sing robust = −0.5 weighting (Briggs 1995 ), and employed the
ubspace deconvolution ( SSD ; Tasse et al. 2018 ) algorithm to impro v e
he modelling of the numerous resolved radio sources across the field
f view. 
Self-calibration was performed using KILLMS (Tasse 2014 ; 

mirnov & Tasse 2015 ). We carried out three rounds of phase-
nly self-calibration and two rounds of amplitude-and-phase self- 
alibration, both in direction-independent (DI) mode. As in Rise- 
ey et al. ( 2022a ), we used the quality-based weighting scheme
ntroduced by Bonnassieux et al. ( 2018 ) to weight our calibration
olutions, which expedited the convergence of our self-cal pro- 
ess. After five rounds of DI self-calibration, our processing had 
ar gely conver ged and we inspected our image products for residual
irection-dependent (DD) errors. 
To correct for these DD errors, which were more naturally visible

n the wider field, we tessellated the sky into 16 regions and carried
ut two rounds of DD-calibration and imaging, applying amplitude 
nd phase gains on the fly . Finally , we generated an extracted data
et co v ering a small re gion around our target by subtracting our best
ky model of all sources outside the region of interest. Given that
eerKAT has a large primary beam full-width at half-maximum 

FWHM), around 67 arcmin at 1.28 GHz (Mauch et al. 2020 ), this
xtraction step allowed us to efficiently post-process our data with 
anageable o v erhead. 

.2 Radio: Giant Metrewave Radio Telescope 

bell 1413 was observed with the uGMRT on two occasions using the
MRT Wideband Backend (GWB; Reddy et al. 2017 ) with the Band
 receiver system, which covers the frequency range 250 −500 MHz.
bservations were carried out on 2020 October 3 (project 38 025;

.I. Cuciti) and 2022 April 22 (project 42 057; P.I. Biava) for a total
n-source time of 7.8 h. We also observed Abell 1413 using the
and 4 receiver system in the frequency range 550 −900 MHz on
022 June 5 (project 42 057) for a total of 8 h on-source. 
Using recent developments for wide-band data processing, these 

bservations were processed using the Source Peeling and Atmo- 
pheric Modelling ( SPAM ; Intema et al. 2009 , 2017 ) pipeline. To
fficiently process the wide-band data and navigate limitations of the 
ipeline, the wide-band data are divided into smaller frequency sub- 
ands and calibrated independently. The pipeline initially derives 
alibration solutions from the primary calibrators and then applies 
MNRAS 524, 6052–6070 (2023) 

 https:// github.com/ska-sa/ tr icolour 

https://github.com/caracal-pipeline/caracal
https://github.com/ska-sa/tricolour
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hem to the target field before proceeding to self-calibration. The
elf-calibration process corrects for both DI and DD calibration
rrors using a single reference model for all sub-bands, which is
btained by processing the narrow-band GMRT Software Backend
GSB) data recorded alongside the GWB data. The GSB data are
rocessed using the standard SPAM pipeline. Finally, the calibrated
WB visibilities then ready for post-processing using other software

ools, as described in Section 2.5 . 
We note that in this paper we only present high-resolution images

rom our uGMRT data. The presence of several bright resolved
adio galaxies in the wider field limits the dynamic range and image
delity of our data products, despite our use of the well-verified SPAM

oftware to perform initial data processing and self-calibration. This
ffect is particularly pronounced on short baselines, and is worse in
and 4 due to the decreased primary beam FWHM. Techniques for
ost-processing SPAM -calibrated data sets are under development but
heir application is beyond the scope of this paper. We will revisit
his data set in future as part of a wider follow-up campaign of

ini-haloes, including the ‘MeerKAT-meets-LOFAR’ sample. 

.3 Radio: LOFAR HBA 

bell 1413 was observed with LOFAR as part of LoTSS, and
erformed using the full International LOFAR Telescope (ILT; van
aarlem et al. 2013 ) in HBA DUAL INNER mode, co v ering the

requency range 120 −168 MHz. Three LoTSS fields overlap Abell
413 (P177 + 22, P178 + 25, P180 + 22); ho we ver, due to particularly
oor ionospheric conditions during observations of P178 + 25, only
he data for P177 + 22 and P180 + 22 are used in this work. These two
elds are separated from Abell 1413 by an angular distance of 1.68
nd 1.95 de g, respectiv ely. P177 + 22 was observ ed on 2017 May
; P180 + 22 was observed on 2017 August 9. We note that these
re different observations to those presented by Savini et al. ( 2019 ),
lthough this is fundamentally the same set of observations presented
y Lusetti ( 2021 ) and Lusetti et al. ( 2023 ); we have undertaken an
ndependent post-processing. 

In this work, we only make use of the LoTSS data from the Dutch
OFAR array (Core and Remote stations, encompassing baselines
ut to ∼80 km). The full ILT observations presented in Riseley et al.
 2022a ) of MS 1455.0 + 2232 showed that a significant amount of
he flux from the radio counterpart to the BCG was lost due to the
elatively faint nature of the source; in Abell 1413, the radio galaxies
mbedded in the mini-halo are significantly fainter than the radio
CG in MS 1455.0 + 2232, and thus we do not expect to make a high

ignal-to-noise ratio detection with the full ILT. 
The Dutch LOFAR array data were processed using the standard

oTSS pipeline, 4 which is described in detail by Shimwell et al.
 2019 , 2022 ) and Tasse et al. ( 2021 ). As a brief summary, this
ipeline performs flagging, initial calibration, and both DI and DD
elf-calibration using KILLMS and DDFACET . An extracted data set
as then created, containing a region within 0.35 deg radius around
bell 1413 using the process described by van Weeren et al. ( 2021 )

o allow for efficient re-imaging with different weighting schemes
nd uv -selection ranges. 

.4 Ancillary radio data 

o provide additional flux density measurements for radio sources of
nterest, we turned to ancillary data. This included a 3 GHz mosaic
NRAS 524, 6052–6070 (2023) 

 github.com/mhardcastle/ddf-pipeline/ 5
mage from the Karl G. Jansky Very Large Array (VLA) Sky Survey
VLASS; Lacy et al. 2020 ), sourced via the Canadian Initiative for
adio Astronomy Data Analysis (CIRADA) image cutout server.
he radio counterpart to the BCG is undetected in the VLASS
osaic, although we note a marginal detection of a source that may

e correspond to the radio core of the embedded head-tail radio
alaxy. 

In addition, we used the L -band (1008 −1968 MHz) VLA images
f Abell 1413 recently presented by Osinga et al. ( 2022 ). These
bservations were taken as part of project 15A −270, and were
erformed on 2015 February 2 with the VLA in B configuration,
or a total on-source time of 40 min. We refer the reader to Osinga
t al. ( 2022 ) for details of the data processing steps. Note that these
bservations were not used to study the diffuse emission of the mini-
alo, due to the limited sensitivity to extended low surface-brightness
mission of the VLA B-configuration observations; instead, these
ata were used to provide flux density measurements for the various
adio galaxies in the vicinity of Abell 1413 – principally the BCG. 

.5 Radio post-processing 

e followed the same post-processing steps as Riseley et al. ( 2022a ).
n brief, we used WSCLEAN (Offringa et al. 2014 ; Offringa & Smirnov
017 ) version 2.10.0 5 to generate science-quality images from our
xtracted MeerKAT, LOFAR, and uGMRT data sets. 

We used multiscale clean in order to optimally model the diffuse
mission present in the field. We cleaned using the -auto-mask
nd -auto-threshold functionality to automate the decon-
olution, and used the -join-channels and -channels-
ut options to impro v e the wide-band deconvolution, producing
tokes I sub-band images across the bandwidth, in addition to
ultifrequency-synthesis (MFS) images at frequencies of 1283 MHz

or MeerKAT, 145 MHz for LOFAR, 400 MHz for uGMRT Band 3,
nd 675 MHz for uGMRT Band 4. 

We also employed a common inner uv -cut of 80 λ for all data
ets. This choice reduces contamination from Galactic emission and
esidual RFI by deselecting baselines between the two substations of
ach LOFAR HBA Core Station. 

Finally, we performed three rounds of additional DI self-
alibration on our MeerKAT data using the LOFAR Default Pre-
rocessing Pipeline ( DPPP ; van Diepen, Dijkema & Offringa 2018 ).
n each round, we solved for a diagonal gain matrix. Further self-
alibration did not yield appreciable impro v ement. LOFAR data
ndergo DI self-calibration as part of the extraction process; as such,
urther self-calibration did not yield appreciable impro v ement. 

Final representati ve lo w- and high-resolution images were pro-
uced by varying the robust parameter between different WSCLEAN

maging runs. We used robust = −0.5 for low-resolution imaging
nd robust = −2.0 (corresponding to uniform weighting) for
igh-resolution imaging. For our uGMRT data, we use only high-
esolution images made with robust = −2.0 to study the spectral
roperties of the nearby compact sources, in particular the embedded
adio BCG. 

.5.1 Flux scaling 

OFAR observations and uGMRT observations that are processed
sing the SPAM pipeline are tied to the Scaife & Heald ( 2012 ) flux
cale, which is consistent with the Kellermann ( 1966 ) scale abo v e
 WSclean is available at https:// gitlab.com/aroffringa/ wsclean 

https://github.com/mhardcastle/ddf-pipeline/
https://gitlab.com/aroffringa/wsclean
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25 MHz. The MeerKAT data presented in this work had the flux
ensity scale set using observations of PKS B0407 −658, and so
hese data are tied to the Baars et al. ( 1977 ) scale. To convert our

eerKAT data to be consistent with the Scaife & Heald ( 2012 )
cale, we use a polynomial fit to the values presented in table 7 of
aars et al. ( 1977 ), performed in log-linear space. This polynomial
t yielded a conversion factor of 0.968 at the reference frequency of
ur MeerKAT observations ( νref = 1283 MHz). 
We also used established routines to verify the flux scale of our

xtracted LOFAR images through comparison with the well-verified 
oTSS flux scale. This routine is described in detail elsewhere 

Hardcastle et al. 2016 ; Shimwell et al. 2019 , 2022 ), but in brief,
e generated an image at 6 arcsec resolution using WSCLEAN and 

xtracted a catalogue using the Python Blob Detection and Source 
inder software ( PYBDSF ; Mohan & Rafferty 2015 ), which was
ompared with a point-source-filtered catalogue derived from the 
ull-field LoTSS image, before performing a linear regression best 
t in the flux:flux plane. Overall, this routine yielded a bootstrapping 
actor of 1.156 to align with the LoTSS flux scale. Finally, we
dopt a typical 5 per cent uncertainty in our MeerKAT flux scale;
nd a representative 10 per cent uncertainty in our LOFAR flux 
cale (following Shimwell et al. 2022 ). We also adopt a 10 per cent
ystematic uncertainty in our GMRT flux scale. 

.5.2 Source subtraction and final imaging 

everal compact or partially resolved sources are visible in the 
egion of the mini-halo in Abell 1413, including the compact radio 
ource associated with the BCG (see Fig. 1 ) and the nearby head-
ail radio galaxy embedded in the mini-halo. Subtraction of these 
ontaminating sources was necessary to fully explore the diffuse 
mission of the mini-halo. 

We followed the same process as Riseley et al. ( 2022a ) and sub-
racted the clean component model corresponding to these sources. 
o generate this model, we imaged with WSCLEAN , applying an 

nner uv -cut of 5k λ to filter the diffuse emission of the mini-halo.
his scale corresponds to an angular scale of 41 arcsec or a linear
cale of 99 kpc, and was chosen as it ef fecti vely suppressed our
eco v ery of the mini-halo without reducing sensitivity to emission
rom the embedded head-tail radio galaxy (which has a projected 
argest angular size of 35 arcsec at 1283 MHz). 

After subtracting these clean component model of these sources in 
he uv -plane, we generated source-subtracted images using WSCLEAN 

s per Section 2.5 . We produced images at 15 arcsec resolution by
sing robust = −0.5 in conjunction with appropriate uv -tapering 
nd subsequent image-plane smoothing. Properties of all radio maps 
resented in this work are listed in Table 1 . 

.6 X-ray: Chandra 

o provide the critical window into the thermal properties of the ICM
f Abell 1413, we used X-ray data from Chandra using the Advanced
CD Imaging Spectrometer I-array (ACIS-I) instrument. Abell 1413 
as been observed with Chandra ACIS-I on five occasions (ObsIDs 
37, 1661, 5002, 5003, 7696) for a total net exposure time of 128
s, although some of these ObsIDs are off-axis. These data have 
een previously presented in Botteon et al. ( 2018a ), and we refer the
eader to this paper for full details of the data processing steps; we
se the surface brightness and temperature maps originally presented 
y those authors in this work. Later in this paper we show these maps
n Fig. 9 to aid context. 
We note that Botteon et al. ( 2018a ) performed an edge searching
sing a Gaussian Gradient Magnitude (GGM; Sanders et al. 2016 )
lter, which suggested some discontinuities but were not supported 
y surface brightness profile fits. As with Riseley et al. ( 2022a ), we
urther explored the ICM surface brightness distribution by applying 
n adaptive GGM filter (Sanders et al. 2022 ) to the Chandra mosaic.
nlike our previous investigation of MS 1455.0 + 2232 (Riseley 

t al. 2022a ) ho we ver, no statistically significant edges were found
hich could indicate the presence of a large-scale sloshing spiral. 
herefore we do not present images of our adaptive-GGM filtered 
ap in this paper. 

 RESULTS  

.1 Radio continuum properties 

e present our final full-resolution (8 arcsec) maps of Abell 1413
n Fig. 2 at reference frequencies of 1283 MHz (MeerKAT; left-
and panel) and 145 MHz (LOFAR; right-hand panel). These maps 
espectiv ely hav e an rms noise of 6.6 and 164 μJy beam 

−1 . 
Through a combination of deeper observations and the application 

f our advanced data processing recipes, we achieve greater sensi- 
ivity compared to previously published studies. Our LOFAR maps 
t 145 MHz show a factor ∼2 impro v ement in rms at 145 MHz
ompared to Savini et al. ( 2019 ), who report 270 μJy beam 

−1 at ∼10
rcsec resolution. Ho we ver, we note that this is a f actor ∼2 w orse
han the median rms noise of 83 μJy beam 

−1 at 6 arcsec resolution
chieved by LoTSS DR2 (Shimwell et al. 2022 ). This largely reflects
he reduction in sensitivity of aperture arrays like LOFAR when 
bserving at low elevation; such an increase in typical rms can also
e seen in fig. 2 of Shimwell et al. ( 2022 ) for example. Our MeerKAT
283 MHz map shows a ∼70 per cent impro v ement in rms compared
o Trehaeven et al. ( 2023 ), who report 11 . 2 μJy beam 

−1 at a resolution
f (12.2 × 5.9) (arcsec × arcsec); alternatively, our MeerKAT map is 
round a factor 15 more sensitive than the results reported by Govoni
t al. ( 2009 ) at a similar frequency. 

The high sensitivity of our MeerKAT data enable us to detect
any compact radio galaxies in the vicinity of Abell 1413. Beyond

hese sources, we also reco v er the moderately extended head-tail
adio galaxy embedded in the mini-halo emission, a second tailed 
adio galaxy directly to the south of the cluster, as well as the
nown extended head-tail radio galaxy to the west of the cluster, first
eported by Savini et al. ( 2019 ). These sources are clearly visible in
igs 1 and 2 , for example. 
Comparatively, our LOFAR map shows fewer sources in the 

icinity. Of the compact sources detected by MeerKAT, only a 
andful are detected at abo v e 4 σ . These sources are likely active
adio galaxies with typical spectral index values flatter than our 
noise spectral index’ (essentially the steepest spectral index a source 
etected at 1283 MHz would have while still remaining detectable at
45 MHz), which is around −1.5. Deeper observations with LOFAR 

ould be required to measure their spectral properties. 
Overall, the mini-halo is only moderately recovered at 8 arcsec 

esolution in each map. Some hints of the extended emission are
isible in the coherent structure of the local noise, albeit below the
 σ level, and are also visible in Fig. 1 . Howev er, giv en the extended
tructure of the embedded head-tail radio galaxy as well as the nearby
ompact radio sources, these contaminants must be excised before 
erforming analysis of the diffuse mini-halo. 
We also report the properties of these sources, including their 

eference coordinates, flux density measurements, and optical cross- 
dentifications (where available) in Table A1 . For compact sources, 
MNRAS 524, 6052–6070 (2023) 
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M

Figure 2. Radio continuum images of Abell 1413 with MeerKAT at 1283 MHz (left-hand panel, robust = −0.5), LOFAR HBA at 145 MHz (right-hand 
panel, robust = −1.0) at 8 arcsec resolution. Contours start at 4 σ and scale by a factor 

√ 

2 , where σ = 6 . 6 μJy beam 

−1 at 1283 MHz, and 164 μJy beam 

−1 

at 145 MHz. The dashed contour denotes the −3 σ le vel. Yello w ‘ + ’ signs identify sources referred to in Table A1 , along with their associated ID numbers, 
except the embedded head-tail radio galaxy (source 14). All identified sources were subtracted when generating our low-resolution images, with the exception 
of source 01. 
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he reference coordinates are given as the best-fitting position; for
esolved sources, the reference coordinate is the best fit to the centroid
f the brightest component (typically believed to be the radio core). 

.2 Source-subtracted images 

ig. 3 presents our images of Abell 1413 at 15 arcsec resolution, after
ubtracting the contaminating compact and marginally resolved radio
alaxies identified in Fig. 2 . These images were produced using a
ombination of uv -tapering and image-plane convolution to achieve
his resolution. At 15 arcsec resolution, we measure an rms noise of
 . 9 μJy beam 

−1 with MeerKAT at 1283 MHz and 192 μJy beam 

−1 

ith LOFAR at 145 MHz. 
The enhanced sensitivity to diffuse emission provided by these

echniques allows us to detect the extended mini-halo with high
ignificance in Fig. 3 . The mini-halo is extended and highly asym-
etrical, being elongated along a North–South axis, similar to the

isturbed BCG, and following the same axis as both the galaxy
ubstructure (Castagn ́e et al. 2012 ) and the X-ray surface brightness
istribution. This has also been commented on by previous radio
tudies (Savini et al. 2019 ; Lusetti 2021 ; Trehaeven et al. 2023 ). 

In both our MeerKAT and LOFAR source-subtracted maps, it is
urious to note that the mini-halo appears to be divided into two
lightly distinct regions. The inner region of the mini-halo, close to
he BCG, 6 appears brighter and marginally more regular, whereas the
arger scale diffuse emission extends further and is clearly fainter and

ore diffuse. This may hint at the presence of multiple components,
NRAS 524, 6052–6070 (2023) 

 Within a radius of 21 arcsec, or 50.7 kpc given our cosmology. 

p  

t  

n  
imilar to a handful of other cases reported in recent years from
tudies of relaxed clusters using next-generation interferometers (e.g.
avini et al. 2018 , 2019 ; Biava et al. 2021 ; Riseley et al. 2022a ). 
The total extent of contiguous emission above the 3 σ level in our
eerKAT map provides a largest angular size (LAS) of 242 arcsec,

qui v alent to a largest linear size (LLS) of 584 kpc at the cluster
edshift, given our cosmology. This overlaps with a region of faint
mission to the south where we cannot exclude the possibility of some
esiduals associated with the southern tailed radio galaxy; excluding
his region we measure a LAS of 186 arcsec (LLS of 449 kpc). Our
LS measurements indicate that the mini-halo in Abell 1413 is at

east twice as large as previously measured by Govoni et al. ( 2009 ),
ho reported a angular size of 90 arcsec (around 220 kpc). 
Measuring similarly in our LOFAR map, we reco v er a LAS around

42 arcsec, equi v alent to 343 kpc. Similarly to our previous work
n MS 1455.0 + 2232, the apparent decrease in size at 145 MHz is
ikely related to the relative sensitivity of our MeerKAT and LOFAR

aps. The relative sensitivity places a lower limit on the spectral
ndex of −1.53 in regions where MeerKAT measures emission from
he mini-halo but LOFAR does not; this is not in tension with the
 xpected spectral inde x of the mini-halo based on recent detailed
tudies with high-quality data (e.g. Biava et al. 2021 ; Riseley et al.
022a ). 
We note that while the extent of the diffuse emission measured

rom our LOFAR maps is smaller than the ∼800 kpc extent reported
y (Lusetti 2021 ; Lusetti et al. 2023 ) using fundamentally the same
OFAR observations, the results are not in tension. Those authors
resent a lower resolution study focused on mapping the extent of
he ‘mini’-halo, hence adopting a lower threshold of 2 σ and more
aturally weighted imaging parameters. Our study is focused on
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Figure 3. Source-subtracted radio continuum images of Abell 1413 with MeerKAT at 1283 MHz (left-hand panel) and LOFAR HBA at 145 MHz (right-hand 
panel) at 15 arcsec resolution. Contours start at 3 σ and scale by a factor 

√ 

2 , where the respective value of σ is listed in Table 1 . The dashed contour denotes 
the −3 σ level. 

Table 1. Summary of image properties for images of Abell 1413. Images 
marked with a † were produced after source-subtraction, with the application 
of a uv -taper to achieve the desired resolution. The quoted RMS noise values 
were derived as the average of se veral of f-source regions in the vicinity of 
the phase centre. 

Telescope Freq. Robust RMS noise Resolution PA 

(GHz) ( μJy beam 

−1 ) (arcsec) ( ◦) 

VLA 1.512 0 .0 18 .2 4.0 × 3.1 34 
MeerKAT 1.283 − 0 .5 6 .6 8 0 

− 2 .0 23 .7 6.7 × 2.9 178 
− 0 .5 † 6 .9 15 0 

uGMRT 0.675 − 2 .0 17 .8 3.5 × 2.5 64 
0.400 − 2 .0 47 .1 6.1 × 3.0 54 

LOFAR 0.145 − 0 .5 163 8 0 
− 2 .0 566 3.9 × 2.6 102 
− 0 .5 † 192 15 0 
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nderstanding the nature of the particle acceleration mechanism via 
he spectral properties, and hence we adopt a higher threshold of 3 σ
nd more robust-weighted imaging parameters to allow for a more 
patially-resolved spectral study. When common imaging settings 
re used, the results are consistent. 

.3 The brightest cluster galaxy in Abell 1413 

ig. 4 shows a zoom on the central region of Abell 1413, where
he BCG and companion head-tail radio galaxy are visible. We 
 v erlay radio contours from our high-resolution maps. The BCG
tself, catalogued in the literature as MCG + 04-28-097 (Noonan 
972 ), is a large cD galaxy with extremely high ellipticity (Castagn ́e
t al. 2012 ) at redshift z = 0.1429 (Humason, Mayall & Sandage
956 ). 
The BCG is detected at high significance in our MeerKAT, JVLA,

nd uGMRT maps in addition to our LOFAR map, where the signal-
o-noise ratio is lower due to the reduced sensitivity of LOFAR when
dopting uniform weighting. The embedded head-tail radio galaxy 
s also detected at high significance in our JVLA, MeerKAT, and
GMRT maps; only the presumed core of this head-tail is detected
y LOFAR in Fig. 4 . 
We used these to measure the flux density of the (unresolved) radio

ounterpart to the BCG. These measurements are listed in Table 2
nd presented in Fig. 5 ; they indicate no departure from a single
ower -law beha viour between 145 MHz and 1.519 GHz. We fitted a
ingle power-law model to the data, from which we derive a spectral
ndex α = −1 . 13 + 0 . 07 

−0 . 06 . 
This spectral index is steeper than that measured for ‘typical’ 

ctive radio galaxies outside of cluster environments, which generally 
how a canonical synchrotron spectral index of around −0.8. It is
lso significantly steeper than that measured for the BCG of MS
455.0 + 2232, which was shown to exhibit a spectral break in our
rst MeerKAT-meets-LOFAR paper (Riseley et al. 2022a ). There the 
pectral index below the break was very flat, αlow = −0.45 ± 0.05,
nd abo v e the spectral break more typical of ‘standard’ field radio
alaxies αlow = −0.81 ± 0.18. 

Ho we ver, some radio galaxies in cluster environments show 

vidence of similarly steep spectra (e.g. Riseley et al. 2022b ) although
his is more typical of emission in the extended lobes rather than the
ctive cores. In their survey of the radio properties of BCGs, Hogan
t al. ( 2015 ) find a representative spectral index of −1.0 for the
non-core’ component of BCG radio emission, which comprises ‘all 
ther emission’ besides the core, largely constituting lobe emission 
nd past AGN activity. As such, given the steep spectrum of
MNRAS 524, 6052–6070 (2023) 
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Figure 4. Zoom on the BCG of Abell 1413. Panels (a) through (e) show radio data as both colourmaps and contours, whereas panel (f) shows an HST WFPC2 
image, combining data from the F 850 LP and F 775 W filters o v erlaid with MeerKAT radio data from panel (b). The radio data shown are as follows: VLA data 
at 1519 MHz (panel a), MeerKAT data at 1283 MHz (panel b), uGMRT Band 4 data at 675 MHz (panel c), uGMRT Band 3 data at 400 MHz (panel d) and 
LOFAR data at 145 MHz (panel e). All radio maps were produced using robust = −2.0 weighting, except in panel (a), where robust = 0 weighting was 
used. All contours start at 3 σ increment by a factor of 

√ 

2 , where σ is listed in Table 1 . 

Table 2. Flux density measurements for the unresolved radio counterpart to 
the BCG in Abell 1413. All measurements quoted on the Scaife & Heald 
( 2012 ) flux density scale. 

Frequency Flux density 
(GHz) (mJy) 

1.519 0.27 ± 0.02 
1.283 0.30 ± 0.02 
0.675 0.63 ± 0.05 
0.400 1.20 ± 0.14 
0.145 3.78 ± 0.75 
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= −1 . 13 + 0 . 07 
−0 . 06 we measure for the radio counterpart to the BCG

n Abell 1413, we consider it more likely that this radio source is
obe-dominated in comparison to the radio counterpart to the BCG
n MS 1455.0 + 2232, which is likely core-dominated. 

The k -corrected radio power P ν at frequency ν is expressed as: 

 ν = 4 π D 

2 
L S ν (1 + z) −(1 + α) , (1) 

here D L is the luminosity distance to the object and S ν is the flux
ensity at frequency ν. In the case of the BCG in Abell 1413, the
edshift z = 0.1429 implies D L = 650.7 Mpc given our cosmology.
hus, equation ( 1 ) yields a 1.4 GHz radio luminosity of P 1.4 GHz =

1.46 ± 0.07) × 10 22 W Hz −1 for the radio counterpart to the BCG
f Abell 1413. 
NRAS 524, 6052–6070 (2023) 
 ANALYSI S:  T H E  MI NI -HALO  IN  ABELL  1 4 1 3  

.1 Spectral properties 

.1.1 Integrated spectrum 

easuring the total integrated flux density for the mini-halo in Abell
413 is non-trivial due to the likely imperfect subtraction of the
ead-tail radio galaxy to the south of the cluster. We defined the
xtent of the mini-halo to be bounded by the contiguous 3 σ contour,
s measured by MeerKAT and presented in the left-hand panel of
ig. 3 , but excluding the southern extremity. 
Inte grating o v er this re gion, MeerKAT reco v ers a total flux density

f S 1283 MHz = 3.23 ± 0.17 mJy. For LOFAR, we measure a
otal integrated flux density of S 145 MHz = 29.5 ± 3.4 mJy. Thus,
ur integrated spectral index for the mini-halo in Abell 1413 is
1283 MHz 
145 MHz = −1 . 01 ± 0 . 06. 
This is somewhat flatter than the estimated spectral index of

1400 MHz 
144 MHz ∼ −1 . 3 reported by Savini et al. ( 2019 ). This discrepancy

s unsurprising, as Savini et al. do not provide an uncertainty estimate,
nd additionally the 1.4 GHz measurement used by those authors
as the VLA flux density measurement from Govoni et al. ( 2009 ),
hereas our MeerKAT maps are demonstrably more sensitive.
rehaeven et al. ( 2023 ) report a MeerKAT in-band spectral index
f α1 . 5 GHz 

1 GHz = −1 . 52 ± 0 . 46 for the mini-halo in Abell 1413, which
s broadly consistent with our integrated spectrum, although their
ncertainty is large. 



MeerKAT-meets-LOFAR: Abell 1413 6061 

Figure 5. Integrated spectral energy distribution for the unresolved radio 
BCG in Abell 1413. The blue datapoints indicate new measurements made 
on our data. The dashed line and shaded re gion, respectiv ely, represent the 
best-fitting power-law spectral index and the uncertainty region corresponding 
to the 16th and 84th percentiles: α = −1 . 13 + 0 . 07 

−0 . 06 . 

Figure 6. Scaling plane between BCG radio power and mini-halo radio 
power at 1.4 GHz. Our new measurements for Abell 1413 are shown by 
the blue pentagon; the blue square indicates the previous measurements and 
limits on the mini-halo and BCG radio po wer, respecti v ely, from Go voni 
et al. ( 2009 ). The measurements for MS 1455.0 + 2232 are from Riseley 
et al. ( 2022a ). The ‘Literature Sample’ comprises the sample of Giacintucci 
et al. ( 2019 ) plus the mini-halo candidate reported by Norris et al. ( 2021 ). 
Uncertainties in the radio power for Abell 1413 and MS 1455.0 + 2232 are not 
visible at this scale. The dashed line denotes the best-fitting scaling relation, 
which exhibits a slope of m = 0 . 48 + 0 . 11 

−0 . 11 ; the shaded region indicates the 1 σ
uncertainty on the slope. 
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Looking beyond this cluster at the broader population, this is 
onsistent with the spectral index measured for MS 1455.0 + 2232 
 −0.97 ± 0.05; Riseley et al. 2022a ) and similar to several other
lusters studied with the latest generation of radio interferometers 
e.g. Raja et al. 2020 ; Biava et al. 2021 ; Timmerman et al. 2021 ),
hich enable studies to be performed with impro v ed surface bright-
ess sensitivity, resolution, and dynamic range. 

.1.2 Luminosity and scaling relations 

sing the integrated flux density measurements and spectral index 
erived in the previous section, and taking the luminosity distance at 
he cluster redshift D L = 651.2 Mpc, equation ( 1 ) yields a 1.4 GHz
adio power of P 1.4 GHz = (1.50 ± 0.08) × 10 23 W Hz −1 for the
ini-halo. 
To compare our radio power measurement with the known pop- 

lation, we used the most recent compilation of mini-haloes from 

iacintucci et al. ( 2019 ), updated with our measurement for MS
455.0 + 2232 (Riseley et al. 2022a ) and the mini-halo candidate
eported in the Evolutionary Map of the Universe (EMU; Norris 
t al. 2011 ) Pilot Surv e y re gion (Norris et al. 2021 ). We show the
nown population in the power scaling plane between BCG radio 
ower and mini-halo radio power at 1.4 GHz in Fig. 6 . This power
caling plane allows us to explore the relation between mini-haloes 
nd AGN feedback processes driven by the BCG. In a scenario where
he BCG plays some role in powering mini-haloes, such as by driving
urbulence through mechanical feedback and/or by seeding cosmic 
ays in the ICM, we would expect to observe a correlation. This
as explored for the first time in detail by Richard-Laferri ̀ere et al.

 2020 ), who found a moderate-strength correlation in this plane. 
F or conte xt, we also show the position of the mini-halo in Abell

413 using the measurements reported by Govoni et al. ( 2009 ). We
ote that these authors did not detect the radio counterpart to the
CG at 1.4 GHz but as such reported an upper limit to the BCG

adio power. 
We opted to use LINMIX 

7 (Kelly 2007 ) to fit a scaling relation for the
CG and MH radio power, both at 1.4 GHz, as shown in Fig. 6 . Scal-

ng relations for similarly statistically significant MH populations 
av e been deriv ed in relativ ely recent years by Richard-Laferri ̀ere
t al. ( 2020 ), although using differing methods: the perhaps more
classic’ BCES-orthogonal and BCES-bisector. Ho we ver, those au- 
hors fit the relation using two different abscissas: the ‘BCG steep’ ra-
io power at 1 GHz and the ‘BCG core’ radio power at 10 GHz. In our
ensus we do not have the data to distinguish clearly between these
omponents and instead derive our scaling relation using the total 
CG radio power measured at 1.4 GHz from our broad-band data. We 
erived this using a power-law relation in log–log space of the form: 

og ( P 1 . 4 GHz ( MH ) ) = a + m log ( P 1 . 4 GHz ( BCG ) ) (2) 

nding a best-fitting slope of m = 0 . 48 + 0 . 11 
−0 . 11 . We find that these

wo quantities exhibit a moderate-to-strong correlation, as we find 
pearman and Pearson coefficients of r S = + 0.56 and r P = + 0.71,
espectively. We find a stronger correlation than previously reported 
y Giacintucci et al. ( 2019 ), for example, who found r S = + 0.43.
his increase in correlation strength is likely dominated by the 

mpro v ed sample size considered, as our results show consistency
ith the correlation strength reported by Richard-Laferri ̀ere et al. 

 2020 ): r S = + 0.53 and r P = + 0.68 for the scaling between MH
ower at 1.4 GHz and BCG-steep radio power at 1 GHz. 
From Fig. 6 we can see that our new measurements place Abell

413 toward the faint end of the power scaling plane. The position
s not dramatically shifted with respect to previous measurements 
rom Govoni et al. ( 2009 ), and thus Abell 1413 remains among the
aintest mini-haloes in the known population. 

.1.3 Resolved spectral properties 

n Fig. 7 we report the spatially resolved spectral index map between
283 and 145 MHz at 15 arcsec resolution, along with the associated
ncertainty. While detailed investigation of the entire mini-halo 
MNRAS 524, 6052–6070 (2023) 
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Figure 7. Spectral index (left-hand panel) and associated uncertainty (right-hand panel) of Abell 1413 between 145 and 1283 MHz at 15 arcsec resolution, 
made from our source-subtracted maps presented in Fig. 3 . Contours denote the source-subtracted MeerKAT data at 1283 MHz, starting at 3 σ and scaling by a 
factor 
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Figure 8. Zoom on the spectral index map of Fig. 7 , showing the 
central region around the embedded radio galaxies. Contours show the 
low-resolution source-subtracted MeerKAT surface brightness at 15 arcsec 
resolution as well as the high-resolution MeerKAT surface brightness from 

our robust -2 weighted maps, showing the embedded radio sources. 
The beam sizes of each map are indicated in the lower left-hand and lower 
right-hand corners, respectively. 
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olume is somewhat limited by the reduced sensitivity of our LOFAR
ata relative to our MeerKAT data, we can still study the resolved
pectral properties of much of the mini-halo. 

From Fig. 7 , when measuring across the entire mini-halo we find
n o v erall median spectral index of 〈 α〉 = −1.18 ± 0.11, consistent
ith our integrated spectral index derived in Section 4.1.1 . Ho we ver,

his does not tell the whole story, as the spectral index map appears
o show two distinct trends. 

The inner region of the mini-halo close to the BCG (within 21
rcsec, or 50.7 kpc) which appears brighter and more uniform in
urface brightness, seems to show a distinct trend separate from the
ore extended diffuse emission. This inner region appears to show
 generally flatter spectral index around −0.7 to −1 whereas the
arger scale diffuse emission appears to show a typical spectral index
round −1.1 or steeper. 

Measuring the median spectral index both inside and outside
his ‘brighter region’ we find 〈 αin 〉 = −0.97 ± 0.07 and 〈 αout 〉 =

1.12 ± 0.13. While these values are barely consistent at the
1 σ le vel, it suggests tentati ve e vidence of radial steepening in the

pectrum of the MH. Additionally, the significance is likely greater,
s this uncertainty estimate includes the systematic uncertainty;
ccounting only for the statistical uncertainty (as flux scale errors
ould not affect the relative spectral index) would likely increase

he significance. 
The lower limit to the spectral index in these outer regions derived

ased on the relative sensitivity of our MeerKAT and LOFAR data
oes not provide powerful constraints in the outermost regions, as
hese regions must have α � −1.53 given that they are detected
y MeerKAT but not LOFAR. Deeper low-frequency observations
ould be required to examine this further as we are currently limited
y the quality of the av ailable LOFAR HBA data. Ho we ver, this does
uggest that there is no ultrasteep spectrum highly diffuse component
s observed in some other cases (e.g. Biava et al. 2021 ). 
NRAS 524, 6052–6070 (2023) 

fl  
Fig. 8 presents a zoom on the spectral index map in the left-hand
anel of Fig. 7 , with our high-resolution MeerKAT map (Fig. 4 , panel
) o v erlaid as contours. From this figure, we see that the re gion of
atter spectrum within the MH is offset to the East of the embedded
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Figure 9. Radio/X-ray o v erlay images of Abell 1413. Top row: X-ray surface brightness in the 0.5 −2 keV band measured by Chandra , smoothed with a 15 
arcsec FWHM Gaussian (left-hand panel); ICM pseudo-temperature (centre); pseudo-entropy (right-hand panel). These maps were derived and presented in 
fig. 15 of Botteon et al. ( 2018a ) and are shown here to aid context. Contours show the X-ray surface brightness starting at 5 × 10 −6 counts s −1 and scaling by 
a factor of 

√ 

2 . With a central temperature of kT 	 7.5 keV and central entropy of K 	 564 keV cm 

5/3 arcsec −2/3 , Abell 1413 exhibits characteristics that are 
neither typical of fully relaxed or merging clusters. Bottom row: The colour map shows the X-ray surface brightness as per the left-hand panel in the upper row. 
Contours denote source-subtracted radio data at 15 arcsec resolution as per Fig. 3 (left: MeerKAT at 1283 MHz; right: LOFAR at 145 MHz). The boxes show 

the 15 arcsec square regions used to profile the radio/X-ray correlations: the cyan and blue boxes show regions where the radio surface brightness is abo v e and 
belo w 3 σ le vel, respecti vely. 
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adio sources, in particular the head-tail radio galaxy. As such, we 
onsider it unlikely that this region indicates the presence of residual 
mission from an inadequate source model, but rather represents a 
atter spectrum component of diffuse emission within the MH. 

.2 Thermal/non-thermal comparison 

bservationally, both radio haloes and mini-haloes follow a similar 
orphology to the X-ray ICM. Given this connection, we expect a 

orrelation between the observational properties of the non-thermal 
omponents – the CRe and magnetic field, traced by the diffuse 
ynchrotron emission – and the thermal components – the hot plasma 
f the ICM, traced by the bremsstrahlung X-ray emission. 
Fig. 9 presents a radio/X-ray o v erlay of Abell 1413. In the top row

e show the X-ray surface brightness measured by Chandra as well 
s the X-ray pseudo-temperature (kT) and pseudo-entropy (K) maps 
riginally presented by Botteon et al. ( 2018a ) to pro vide conte xt for
he reader. In the bottom row we show the X-ray surface brightness
ith our source-subtracted radio contours o v erlaid. As e xpected, 

he mini-halo fills much of the volume of the X-ray emitting ICM.
o quantitatively explore the thermal/non-thermal connection, we 
laced adjacent 15 arcsec square boxes across the extent of the X-ray
mission reco v ered by Chandr a , abo v e a lev el of 5 × 10 −6 counts
 

−1 . Ho we ver, to a v oid contamination from imperfect subtraction
f the more complex sources in the vicinity of the mini-halo, we
xcised those regions where residuals above the 3 σ level remained. 
ur final region set is also shown in Fig. 9 . Follo wing pre vious works,
e adopted a 2 σ level as the threshold between measurements and

imits; regions where the average radio surface brightness was abo v e
he 2 σ level we took as measurements (cyan boxes in Fig. 9 ), regions
here the average radio surface brightness was below this level we

ook as 2 σ limits (blue boxes in Fig. 9 ). In each case, we use the
MNRAS 524, 6052–6070 (2023) 
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edian value of the appropriate quantities in each region to examine
he correlations; in each case, changes in the placement of the regions
ave no significant effect on the fit result. 

.2.1 Point-to-point correlation: surface brightness 

ig. 10 presents the radio/X-ray surface brightness correlation – the
 R / I X plane – for Abell 1413, as measured from the regions shown
n Fig. 9 . Our data appear to show a strong and positive correlation
etween I R and I X , reflecting the nature of the correlation between
he non-thermal and thermal components. 

Indeed, we find Spearman and Pearson coefficients of r S = + 0.90
nd r P = + 0.94 at 1283 MHz and r S = + 0.84 and r P = + 0.86 at
45 MHz, indicating a very strong correlation. To quantify the slope
f the correlation, we fit a power-law relation (in log–log space) of
he form: 

og ( I R ) = c + b log ( I X ) , (3) 

here the slope b quantifies the scaling between the thermal and
on-thermal components of the ICM. This slope is related to
he underlying particle acceleration mechanism responsible for the
iffuse synchrotron emission (Govoni et al. 2001 ; Brunetti et al.
004 ; ZuHone et al. 2013 , 2015 ). 
In general, a superlinear slope is expected in the sec-

ndary/hadronic scenario, due to the central CRp injection profile and
elative scaling between the CR and thermal gas (see e.g. Ignesti et al.
020 ). In the primary/turbulent (re-)acceleration scenario, depending
n the nature and distribution of CRe throughout the cluster volume,
ither a sublinear or superlinear slope can be generated. 

We used LINMIX (Kelly 2007 ) to determine the best-fitting values
f b and c . LINMIX takes a hierarchical Bayesian approach to linear
egression, accounting for uncertainties on both the independent
nd dependent variables – in this case, I X and I R respectively –
s well as upper limits. This latter aspect is important, as the diffuse
adio emission reco v ered by MeerKAT and LOFAR does not fill the
ntirety of the X-ray emitting volume of Abell 1413. 

LINMIX yields a best-fitting slope of b 1283 MHz = 1 . 63 + 0 . 10 
−0 . 10 and

 145 MHz = 1 . 20 + 0 . 13 
−0 . 11 . Note that we take the median value from our

inear regression as the best-fitting value, and use the 16th and 84th
ercentiles to define the uncertainty. Thus, there is clear evidence of
 change in slope with frequency, at � 3.4 σ significance. There is
o evidence of departure from a single correlation in the I R / I X plane
hich might signify differences in the physical conditions and/or

mission mechanism (as in Biava et al. 2021 ; Riseley et al. 2022a ).
he results of our fitting routine are also summarised in Table 3 . 
As a further investigation, to account for the relative sensitivity

f each of our data sets, we re-ran our LINMIX fitting routine in the
 R / I X plane using a common set of regions where the radio surface
rightness was measured to be in excess of 2 σ at both 1283 and
45 MHz. Regions where the radio surface brightness I R was less
han 2 σ at either frequency were treated as upper limits in the same

anner, adopting a value of 2 σ in the respective map. We found a
uperlinear correlation with steeper slope of b 1283 MHz = 2 . 23 + 0 . 22 

−0 . 19 

nd b 145 MHz = 1 . 36 + 0 . 15 
−0 . 11 , confirming the change in correlation

lope. 

.2.2 Point-to-point correlation: spectral index 

e also studied the spatial distribution of the radio spectral index,
nd the connection with the thermal properties of Abell 1413, via
oint-to-point analysis of the correlation between spectral index α
nd X-ray surface brightness, i.e. the α/ I X plane. 
NRAS 524, 6052–6070 (2023) 

2  
Fig. 11 presents the α/ I X correlation plane for Abell 1413, profiled
sing the same regions shown in Fig. 9 . Limits are more difficult to
ccount for when considering the α/ I X plane, as both upper and lower
imits to the spectral index can be present depending on the relative
ensitivity of the radio data and the underlying physical processes.
ee also discussion by Botteon et al. ( 2020 ). 
As is visible in Fig. 7 , there are a number of regions toward the
ini-halo outskirts where we cannot measure the spectral index, due

o the limited sensitivity of the LOFAR data. While we could place
 lower limit on the spectral index for these regions, these are non-
rivial to account for even with a Bayesian algorithm such as LINMIX .
hus, we performed our point-to-point analysis using only regions
here spectral index measurements were possible: those regions

bo v e the 3 σ level in both radio maps. 
Fig. 11 appears to show a good correlation between α and I X ;

ndeed, we find that the measurements are strongly correlated with
orrelation coefficients r S = 0.67 and r P = 0.62. Again, we used
INMIX to perform the linear regression, fitting a power law in log-
inear space as follows: 

= c + b α log ( I X ) . (4) 

Our linear regression yields a best-fitting slope of b α = 0 . 59 + 0 . 11 
−0 . 11 ;

his slope is plotted in Fig. 11 , with the 1 σ uncertainty traced by the
haded region. We observe no sign of departure from a single trend
n the α/ I X plane, in line with the observed spectral steepening in the
patially resolved spectral index map presented in Fig. 7 . 

.2.3 Point-to-point correlation: discussion 

ew mini-haloes in the literature have the necessary highly sensitive
ultifrequency radio data with which to examine both the I R / I X 

nd α/ I X planes. Two examples are the mini-haloes hosted by RX
1720.1 + 2638 and MS 1455.0 + 2232 (respecti vely Biav a et al. 2021 ;
iseley et al. 2022a ). Among a sample of seven mini-haloes, Ignesti
t al. ( 2020 ) reports dual-frequency investigation of the I R / I X for two
lusters, Abell 3444 and 2A 0335 + 096, using historic narrow-band
ata; ho we ver, those authors do not study the α/ I X correlation. 
Biava et al. ( 2021 ) analyse the point-to-point correlations for

he multiple diffuse components hosted by RX J1720.1 + 2638: the
nown mini-halo and eastern extension, as well as the larger scale
iffuse emission seen only at LOFAR frequencies. These three com-
onents show clearly distinct trends, with the mini-halo showing a su-
erlinear slope in the I R / I X plane, and the others showing a sublinear
lope. In the α/ I X plane, the mini-halo shows no correlation, whereas
he other components each follow a single distinct correlation. For

S 1455.0 + 2232, the I R / I X plane is characterized by a single corre-
ation, whereas regions inside and outside the sloshing spiral showed
ifferent behaviour in the α/ I X plane (see Riseley et al. 2022a ). 
Aspects of our findings for Abell 1413 are similar. The correlation

n the α/ I X plane for Abell 1413 is similar to the behaviour outside
he sloshing spiral in MS 1455.0 + 2232, where the correlation slope
as b α = 0.21 ± 0.11. Similarly, the single correlation in the I R / I X 
lane is consistent with our findings for MS 1455.0 + 2232. 
While the observed superlinear slope in the I R / I X plane is typical

f mini-haloes, it is not yet conclusive whether the frequency
ependence of this slope is the norm. In this case of Abell 1413,
he correlation slope clearly changes with frequency. The mini-halo
n 2A 0335 + 096 shows tentative evidence of a slope change with
requency, although the presence of substructures within the mini-
alo means that the uncertainties are large (see Ignesti et al. 2020 ,
022 ). Abell 3444, RX J1720.1 + 2638, and MS 1455.0 + 2232 show
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Figure 10. Radio/X-ray surface brightness correlation ( I R / I X ) for the mini-halo in Abell 1413 at 1283 MHz (left-hand panel) and 145 MHz (right-hand panel) 
at 15 arcsec resolution. Datapoint markers are colourized according to the e xtraction re gion, with blue arrows denoting the 2 σ upper limit adopted for regions 
where the average surface brightness is below 3 σ . The dashed blue indicates the 1 σ level. The dashed green line shows the best-fitting power-law relation 
(equation 3 ) derived using LINMIX , with the 1 σ uncertainty region shown in the shaded green. The slope of the best-fitting power law is b 1283 MHz = 1 . 63 + 0 . 10 

−0 . 10 

at 1283 MHz and b 145 MHz = 1 . 20 + 0 . 13 
−0 . 11 at 145 MHz. 

Table 3. Summary of results for our Linmix fitting routines, fitting the point- 
to-point correlation between X-ray surface brightness and either the radio 
surface brightness at the listed frequency or spectral index, as indicated in the 
first column. b is the best-fitting correlation slope for the plane, and r S and r P 
are, respectively, the Spearman and Pearson correlation coefficient for each 
plane. 

Image Slope Spearman coeff. Pearson coeff. 
b r S r P 

1283 MHz 1 . 63 + 0 . 10 
−0 . 10 0.90 0.94 

145 MHz 1 . 20 + 0 . 13 
−0 . 11 0.84 0.86 

α 0 . 59 + 0 . 11 
−0 . 11 0.67 0.62 

Figure 11. Radio spectral index/X-ray surface brightness correlation 
( α1283 MHz 

145 MHz /I X ) for the Abell 1413 mini-halo at 15 arcsec resolution. Note 
the inverted y -axis to facilitate comparison with previous similar studies. The 
dashed green line shows the best fit to equation ( 4 ), derived using LINMIX , and 
the shaded green region shows the 1 σ uncertainty. The slope is b = 0 . 59 + 0 . 11 

−0 . 11 . 
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o change in the I R / I X correlation slope with frequency (respectively
gnesti et al. 2020 ; Biava et al. 2021 ; Riseley et al. 2022a ). 

Interpretation of the I R / I X and α/ I X correlations requires careful
onsideration. Ho we ver, broadly speaking the steepening of the I R / I X 
orrelation toward higher frequencies as well as the slope of the α/ I X 
orrelation both imply a steepening spectral index with increasing 
adius. Such a steepening would arise naturally in an acceleration 
cenario where turbulence plays a significant role in powering 
he diffuse emission, as has been seen in some radio haloes (e.g.
ajpurohit et al. 2021a ). Ho we ver, this is the first clear confirmation
f a radially steepening mini-halo spectrum. 

 O N  T H E  NATU R E  O F  T H E  MECHANI SM  

OWERI NG  T H E  MI NI -HALO  IN  ABELL  1 4 1 3  

ur census has the o v erarching aim of investigating and under-
tanding the underlying mechanism responsible for generating mini- 
aloes. We aim to answer the question of whether the secondary
lectron model (hadronic collisions between relativistic protons and 
hermal protons generating CRe) or the primary electron model 
acceleration of electrons to relativistic energies by cluster-scale 
urbulence) is responsible, or whether some form of hybrid scenario 
redicts properties that are more consistent with our observations. 
Similar to our previous study of MS 1455.0 + 2232, the evidence

ccumulated from our study of Abell 1413 is mixed. The superlinear
 R / I X correlation arises naturally within the secondary electron 
odel, although the primary model can also replicate a superlinear 

lope depending on the nature of the turbulence. 
The numerous active radio galaxies associated with Abell 1413, 

hich are distributed across much of the cluster volume, would 
aturally provide a source of relativistic protons responsible for 
eneration of CRe via the secondary electron model. 
On the other hand, the asymmetry of the mini-halo, which is

longated in the North/South direction, and evidence of large-scale 
isruption in the ICM – the disturbed BCG, substructure in the 
 alaxy distribution, elong ated X-ray surface brightness distribution, 
MNRAS 524, 6052–6070 (2023) 
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nd ‘warm core’ – all suggest that turbulence is likely present on large
cales in the ICM. Similarly, the non-uniformity of the spectral index
nd the tentative evidence of multiple components in the mini-halo
ould arise more naturally under the primary model, as turbulence is

nherently an intermittent process in both spatial and temporal terms.
Overall, we cannot form strong conclusions on the mechanism

esponsible for the generation of the mini-halo in Abell 1413. Both
echanisms are able to replicate some of the observed properties, but

either mechanism reproduces all of them comprehensively. While
n balance the e vidence some what fa v ours an interpretation of the
urbulent acceleration framework, it is likely that both mechanisms
re active to some extent. 

.1 A simple mathematical framework for hybrid models 

ybrid models have been previously proposed by several authors
n the past, predominantly in the context of radio haloes (e.g.
runetti & Blasi 2005 ; Brunetti & Lazarian 2011 ; Cassano et al.
012 ; Zandanel et al. 2014 ; Pinzke, Oh & Pfrommer 2017 ).
pecifically, the models presented by Brunetti & Blasi ( 2005 ) and
runetti & Lazarian ( 2011 ) discuss the models most rele v ant in the
ontext of our census: CRp and their secondary electrons undergoing
e-acceleration by turbulence. In light of our observational results it
s prudent to further the investigation of hybrid models and present
 simple mathematical framework for the expected point-to-point
orrelation slope in this scenario. 

To determine the correlation slope predicted by a hybrid scenario,
e need to determine the predicted relation between the X-ray

missivity εX and the radio emissivity εR . These two quantities take
he following form: 

X ∝ n 2 ICM 

(5a) 

R ∝ F t ηe 
B 

2 

B 

2 + B 

2 
IC 

, (5b) 

here n ICM 

is the number density of thermal particles in the ICM, B is
he magnetic field strength, and B IC is the inverse-Compton magnetic
eld strength (e.g. Brunetti & Vazza 2020 ). F t is the turbulent flux
efined as: 

 t ∝ n ICM 

δV 

3 
t 

L t 
, 

here L t is the turbulence length scale and δV 

3 
t is the dispersion of

he turbulent velocity field on that scale. During cluster mergers and
nteractions, it is generally expected that the turbulence occurs on
cales of the cluster core, i.e. L t 	 0.1 to 0.4 Mpc (e.g. Vazza et al.
009 ). The acceleration efficiency ηe is defined as: 

e ∝ F 

−1 
t 

∫ 
d 3 p 

E 

p 

2 

∂ 

∂ p 

(
p 

2 D pp 

∂ f 

∂ p 

)
	 

U CRe 

F t 

D pp 

p 

2 
, 

here U CRe is the energy density of CRe, p is the particle momentum,
nd D pp is the momentum diffusion coefficient (e.g. Brunetti &
azarian 2007 ; Brunetti & Jones 2014 , and references therein).
ubstituting these definitions into equation ( 5b ) we derive: 

R ∝ U CRe 
D pp 

p 

2 

B 

2 

B 

2 + B 

2 
IC 

. (6) 

Taking a magnetic field strength that follows the relation B 

2 ∝ n ICM 

nd using equation ( 5a ) we find that: 

R ∝ U CRe 
D pp 

p 

2 

1 

1 + 

(
B IC 
B0 

2 
)

( εX ) 
−1 / 2 

, (7) 
NRAS 524, 6052–6070 (2023) 
here B 0 is the central magnetic field strength. In the case where
e have a hybrid model, we have a CRe energy density U CRe that

s a function of both the ICM number density n ICM 

and the number
ensity of cosmic ray protons n CRp : 

 CRe ∝ n ICM 

n CRp (8) 

nd hence equation ( 7 ) becomes: 

R ∝ 

(
n CRp 

D pp 

p 

2 

)
ε

1 / 2 
X 

1 + 

(
B IC 
B0 

2 
)

( εX ) 
−1 / 2 

. (9) 

f we assume the CRp population in the ICM is dominated by
njection from the AGN of the central radio BCG, and assume for
implicity a spatial dif fusion coef ficient κ0 which is both energy-
ndependent and constant with respect to distance from the injection
ource, the CRp number density in the ICM n CRp is given by: 

 CRp ∝ 

Q CRp 

κ0 r 
, 

here r is the radius and Q CRp is the injection rate from the radio
CG. Substituting this definition into equation ( 9 ) and normalizing
y the central values of εR and εX , respectively εR, 0 and εX, 0 we find
hat: 

εR 

εR , 0 
∝ 

1 

r 

(
Q CRp 

κ0 

D pp 

p 

2 

) ⎛ 

⎝ 

(
εX /εX , 0 

)1 / 2 

1 + 

(
B IC 
B0 

2 
) (

εX /εX , 0 

)−1 / 2 

⎞ 

⎠ , (10) 

here the quantity inside the first set of brackets is constant, and in
he case where B 

2 
0 
 B 

2 
IC , we find that: 

εR 

εR , 0 
∝ 

1 

r 

(
εX 

εX , 0 

)
(11) 

nd hence equation ( 11 ) indicates that the hybrid scenario predicts
 superlinear correlation between the radio and X-ray emissivities,
nd therefore in the I R / I X plane. This simple mathematical framework
uggests that the superlinear point-to-point correlation slope reported
ere for Abell 1413 and previously for MS 1455.0 + 2232 (Riseley
t al. 2022a ) are both compatible with a hybrid scenario. 

 C O N C L U S I O N S  

his paper is the second in a series of papers presenting the results
rom a ‘MeerKAT-meets-LOFAR’ mini-halo census, co v ering 13
lusters hosting known mini-haloes that are visible to both MeerKAT
nd LOFAR for long-track observations (typically 5.5 h on-source
er observing run). 

We have presented new MeerKAT L -band (1283 MHz) and
OFAR HBA (145 MHz) observations of the galaxy cluster Abell
413, which hosts a known mini-halo. We have combined our radio
ata with archi v al Chandra observations, enabling us to perform a
etailed comparison of the thermal and non-thermal properties of
his intriguing cluster. 

Our new, deep radio observations allow us to achieve more
ensitive results than previous studies of this cluster. At full resolution
e detect many compact radio sources in the vicinity of Abell 1413 as
ell as several tailed radio galaxies that are either likely or confirmed

luster-members. After subtracting the contaminating sources and
apering our data to enhance our sensitivity to diffuse radio emission,
e detect faint and highly extended radio emission from the ‘mini’-
alo up to ∼584 kpc (and at least 449 kpc) at 1283 MHz. 
Measuring from our source-subtracted maps at 15 arcsec resolu-

ion and integrating over the region where we are most confident
n our source subtraction, we derive a total integrated flux density
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f S 1283 MHz = 3.23 ± 0.17 mJy and S 145 MHz = 29.5 ± 3.4 mJy.
sing these values, we measure an inte grated spectral inde x of
1283 MHz 
145 MHz = −1 . 01 ± 0 . 06, and derive a k -corrected 1.4 GHz radio
ower of P 1.4 GHz = (1.50 ± 0.08) × 10 23 W Hz −1 . 
Using our exquisite radio data, we have examined the spatially 

esolv ed spectral inde x profile of the mini-halo. We find an o v erall
lobal median of 〈 α〉 = −1.18 ± 0.11. Ho we ver, we also find tentative
vidence of two different trends: the inner region of the mini-halo 
ppears to show a slightly flatter spectrum with a median value 
 αin 〉 = −0.97 ± 0.07, whereas the outer regions of the mini-halo
how a steeper value of 〈 αout 〉 = −1.12 ± 0.13. This implies spectral
teepening. We emphasize ho we ver that this is inconsistent only at the
1 σ le vel, and deeper lo w-frequency observ ations would be required 

o study this further and clarify the underlying emission mechanism. 
We have studied the point-to-point correlations between X-ray 

urface brightness and (i) radio surface brightness at both 1283 and 
45 MHz (the I R / I X correlation) and (ii) radio spectral index (the α/ I X 
orrelation). Our investigation shows that the radio/X-ray surface 
rightness is strongly correlated, with coefficients in the range r = 

.84 to r = 0.94 depending on frequency and type of coefficient. We
nd no evidence of departure from a single correlation. 
At both frequencies considered here, the slope of the I R / I X 

orrelation is positive, with a value of b = 1 . 63 + 0 . 10 
−0 . 10 at 1283 MHz

nd b = 1 . 20 + 0 . 13 
−0 . 11 at 145 MHz. This change in slope with observing

requency may indicate a difference in the non-thermal/thermal 
onnection, although the exact cause of this is as-yet unknown; it
ay reflect changes in the acceleration mechanism, ambient medium, 

nd/or projection effects. In exploring the α/ I X correlation, we find a
lear correlation with a moderate strength (coefficients 0.62 and 
.67). The slope of this correlation is positive, with a value of
 α = 0 . 59 + 0 . 11 

−0 . 11 . 
While the superlinear slope is a typical signature of the hadronic 

cenario, our observations also support the interpretation that 
here is large-scale turbulence at work in Abell 1413. Hence, we 
nvestigated a simple mathematical framework which demonstrates 
hat hybrid models – whereby secondary electrons are re-accelerated 
y turbulence – naturally reproduce a superlinear correlation slope 
n the I R / I X plane. 
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 xtensiv ely during this project: APLPY (Robitaille & Bressert 2012 ),
STROPY (Astropy Collaboration 2013 ), CMASHER (van der Velden
020 ), COLORCET (Ko v esi 2015 ), MATPLOTLIB (Hunter 2007 ),
UMPY (van der Walt, Colbert & Varoquaux 2011 ) and SCIPY (Jones
t al. 2001 ). 
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he images underlying this article will be shared on
easonable request to the corresponding author. Raw MeerKAT
isibilities for both projects SCI-20210212-CR-01 and ‘Mining
inihaloes with MeerKAT’ are in the public domain.
ll MeerKAT data are accessed via the SARAO archive

 ht tps://apps.sarao.ac.za/kat paws/archiv e-search ). Ra w LOFAR
isibilities can be accessed via the LOFAR Long-Term Archive
LTA; ht tps://lt a.lofar.eu ). Chandra data are available via the
handra Data Archive ( https:// cxc.harvard.edu/ cda/ ). 
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Table A1. Flux density measurements S at 1283 and 145 MHz, as well as the corresponding radio spectral index α for sources identified with yellow ‘ + ’ signs 
in Fig. 2 of the main paper. Point sources were modelled using a simple single Gaussian fit; extended source flux densities were derived by integrating above the 
3 σ local level. We note that for clarity the marker for source 14, the embedded head-tail radio galaxy, is not shown in Fig. 2 . This source, along with the BCG can 
be seen in Fig. 4 ; the flux density measurements for the BCG are presented in Table 2 and Fig. 5 . Cross-identifications with Sloan Digital Sk y Surv e y (SDSS) 
optical counterparts are listed where available, along with redshift measurements ( z). We quote spectroscopic redshifts where present, photometric redshifts 
otherwise (identified with a ‘ p ’). Galaxies where the association and/or the SDSS photometry is uncertain are marked by a ‘ u ’. 

ID Right ascension Declination S 1283 MHz S 145 MHz α Cross-ID z Notes 
(J2000) (J2000) (mJy) (mJy) 

01 11:55:08.94 + 23:26:22.6 26.63 ± 1.33 178 ± 18 −0.87 ± 0.05 SDSS J115508.97 + 232623.4 0.144 −
02 11:55:12.73 + 23:22:53.9 0.049 ± 0.006 – – SDSS J115512.73 + 232254.3 – –
03 11:55:13.37 + 23:24:29.2 0.090 ± 0.007 – – – – –
04 11:55:13.49 + 23:22:47.5 0.053 ± 0.005 – – – – –
05 11:55:13.87 + 23:23:27.1 0.039 ± 0.004 – – – – –
06 11:55:14.00 + 23:26:31.1 0.110 ± 0.022 1.11 ± 0.13 −1.06 ± 0.11 SDSS J115513.96 + 232630.7 0.171 p 
07 11:55:14.82 + 23:26:37.9 0.213 ± 0.017 0.98 ± 0.13 −0.70 ± 0.07 SDSS J115515.46 + 232635.1 0.666 p , u 
08 11:55:15.11 + 23:24:01.4 0.46 ± 0.02 1.10 ± 0.12 −0.40 ± 0.05 – – –
09 11:55:15.47 + 23:25:39.9 0.19 ± 0.02 0.68 ± 0.39 −0.58 ± 0.27 SDSS J115515.47 + 232539.6 0.176 p 
10 11:55:15.92 + 23:26:25.2 0.294 ± 0.021 1.37 ± 0.26 −0.71 ± 0.09 SDSS J115516.27 + 232627.2 – u 
11 11:55:16.54 + 23:21:43.6 0.063 ± 0.005 – – SDSS J115516.62 + 232142.6 – –
12 11:55:17.06 + 23:23:55.1 0.10 ± 0.02 – – SDSS J115517.13 + 232352.6 0.149 p 
13 11:55:17.12 + 23:22:14.7 1.89 ± 0.10 16.42 ± 1.75 −0.99 ± 0.05 SDSS J115518.60 + 232424.0 0.139 –
14 11:55:18.64 + 23:24:21.2 2.39 ± 0.12 12.16 ± 1.33 −0.75 ± 0.06 SDSS J115518.60 + 232424.0 0.139 –
15 11:55:18.56 + 23:22:03.7 0.058 ± 0.006 – – SDSS J115521.05 + 232319.2 0.351 p , u 
16 11:55:19.26 + 23:26:51.3 0.330 ± 0.017 3.56 ± 0.45 −1.09 ± 0.06 SDSS J115519.28 + 232651.6 0.464 p 
17 11:55:20.84 + 23:23:18.9 0.051 ± 0.006 – – – – –
18 11:55:21.12 + 23:27:24.3 0.108 ± 0.007 0.86 ± 0.10 −0.95 ± 0.06 SDSS J115521.09 + 232723.6 0.289 p 
19 11:55:21.42 + 23:23:36.1 0.12 ± 0.02 1.04 ± 0.13 −0.99 ± 0.10 SDSS J115521.97 + 232335.5 0.373 u 
20 11:55:22.16 + 23:26:18.8 0.086 ± 0.006 0.51 ± 0.06 −0.82 ± 0.06 – – –
21 11:55:23.04 + 23:23:04.4 0.25 ± 0.01 – – – – –
22 11:55:23.17 + 23:24:25.0 0.049 ± 0.005 0.85 ± 0.13 −1.31 ± 0.08 SDSS J115523.03 + 232425.4 0.140 u 
23 11:55:23.83 + 23:26:59.5 0.071 ± 0.013 – – SDSS J115524.30 + 232654.4 0.706 p , u 
24 11:55:24.15 + 23:24:43.0 0.21 ± 0.02 0.91 ± 0.39 −0.67 ± 0.20 SDSS J115524.16 + 232443.0 1.775 p , u 
25 11:55:25.13 + 23:26:40.4 0.080 ± 0.005 – – SDSS J115525.19 + 232640.9 0.770 p 
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