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ABSTRACT

Context. During their lifetimes, galaxy clusters grow through the accretion of matter from the filaments of the large-scale structure
and from mergers with other clusters. These mergers release a large amount of energy into the intracluster medium (ICM) through
merger shocks and turbulence. These phenomena are associated with the formation of radio sources known as radio relics and radio
halos, respectively. Radio relics and halos are unique proxies for studying the complex properties of these dynamically active regions
of clusters and the microphysics of the ICM more generally.
Aims. Abell 3667 is a spectacular example of a merging system that hosts a large pair of radio relics. Due to its proximity (z = 0.0553)
and large mass, the system enables the study of these sources to a uniquely high level of detail. However, being located at Dec=−56.8◦,
the cluster could only be observed with a limited number of radio facilities.
Methods. We observed Abell 3667 with MeerKAT as part of the MeerKAT Galaxy Cluster Legacy Survey. We used these data to
study the large-scale emission of the cluster, including its polarisation and spectral properties. The results were then compared with
simulations.
Results. We present the most detailed view of the radio relic system in Abell 3667 to date, with a resolution reaching 3 kpc. The
relics are filled with a network of filaments with different spectral and polarisation properties that are likely associated with multiple
regions of particle acceleration and local enhancements of the magnetic field. Conversely, the magnetic field in the space between
filaments has strengths close to what would be expected in unperturbed regions at the same cluster-centric distance. Comparisons
with magnetohydrodynamic cosmological and Lagrangian simulations support the idea of filaments as multiple acceleration sites.
Our observations also confirm the presence of an elongated radio halo, developed in the wake of the bullet-like sub-cluster that
merged from the south-east. Finally, we associate the process of magnetic draping with a thin polarised radio source surrounding the
remnant of the bullet’s cool core.
Conclusions. Our observations have unveiled the complexity of the interplay between the thermal and non-thermal components in
the most active regions of a merging cluster. Both the intricate internal structure of radio relics and the direct detection of magnetic
draping around the merging bullet are powerful examples of the non-trivial magnetic properties of the ICM. Thanks to its sensitivity
to polarised radiation, MeerKAT will be transformational in the study of these complex phenomena.

Key words. radio continuum: general – galaxies: clusters: intracluster medium – galaxies: clusters: individual: Abell 3667

1. Introduction

Galaxy clusters form and grow through mergers of smaller sub-
structures at the intersection of cosmic filaments. The energy
released during cluster merger events is dissipated through the

cluster’s volume via shocks and turbulence, heating the intra-
cluster medium (ICM). The ICM is a hot (∼107−108 K) and rar-
efied (∼10−3 cm−3) plasma that shines in the X-rays via thermal
bremsstrahlung. Part of the energy of the merger is channelled
into the acceleration of particles to relativistic energies and the
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observations. The first in-depth study of the NW radio relic was
performed with the Australia Telescope Compact Array (ATCA)
by Röttgering et al. (1997), while the southern one was studied
by Johnston-Hollitt (2003), again with ATCA. The NW radio
relic is the brightest cluster radio shock known, with a flux
density at 1.4 GHz of 3.7 ± 0.3 Jy, while the southern relic is
fainter, with a flux density of 0.30 ± 0.02 Jy (Johnston-Hollitt
2003). More recently, Hindson et al. (2014) explored the low-
frequency emission (105−241 MHz) from Abell 3667 with the
Murchison Widefield Array (MWA). They measured the inte-
grated spectral index between 120 and 1400 MHz of both relics
to be α = −0.9 ± 0.1 but also discuss inconsistencies that could
lead to steeper values. Finally, XMM-Newton and Suzaku obser-
vations suggest the presence of a shock front at the north-west
edge of the NW relic with Mach number, derived from the XMM-
Newton average temperature and density jump, ofM = 2.54+0.80

−0.43
(Finoguenov et al. 2010; Akamatsu et al. 2012; Sarazin et al.
2016). This is one of the strongest shocks found in a cluster.
XMM-Newton data also show the presence of an X-ray ‘mush-
room’, possibly related to the disrupted cool core of sub-cluster
B, whose edge also shows a surface discontinuity (Sarazin
et al. 2016). The observations can be explained as the result
of an offset binary merger with the cluster ∼1 Gyr after core
passage.

The presence of a radio halo in the system has been investi-
gated by a number of authors, resulting in no detection (Hindson
et al. 2014; Riseley et al. 2015; Johnston-Hollitt & Pratley 2017).
Using the Parkes radio telescope, Carretti et al. (2013) detected
an unpolarised radio ‘bridge’1 running from the NW radio relic
to the centre of the cluster. They conclude that the synchrotron
emission from this source is linked to the post-shock turbulence
trailing the relic shock. Given the central position and correla-
tion with the X-ray emission, in the rest of the paper we call this
feature a radio halo.

The merger scenario of Abell 3667 has been simulated by
Roettiger et al. (1999). Their conclusion is that Abell 3667 is
an offset binary merger observed ∼1 Gyr after its first core pas-
sage. The mass ratio used for modelling the merger was 5:1,
with the smaller cluster merging from the SE. Their model fits
some of the most prominent features of the X-ray and radio data,
for instance generating two radio relics, with the NW one being
larger, more curved, and slightly off-axis. More recently, Datta
et al. (2014) presented a more detailed magnetohydrodynamic
(MHD) simulation with initial conditions drawn from a cosmo-
logical simulation. Their work shows that the combined shock
statistics from the X-ray and radio data are in agreement with
those derived from the simulated cluster.

This paper is organised as follows. We describe the
MeerKAT observations as well as the data reduction procedure
and image processing in Sect. 2.1. The re-analysis of XMM-
Newton data is described in Sect. 2.2. In Sect. 3 we present
our results, including polarisation and spectral analysis of the
sources in Abell 3667. The discussion and conclusions are given
in Sects. 4 and 5. Throughout this paper, we adopt a fiducial Λ
cold dark matter cosmology with H0 = 70 km s−1 Mpc−1, Ωm =

0.3, and ΩΛ = 0.7. At the redshift of Abell 3667 (z ≈ 0.05525),
we have 1′′ = 1.073447 kpc. Unless otherwise specified, uncer-
tainties are at 1σ. The spectral index, α, is defined as: S ν ∝ ν

α,
where S ν is the flux density at frequency ν.

1 Not to be confused with radio bridges in pre-merger clusters (Govoni
et al. 2019; Botteon et al. 2020c).

Table 1. Observation parameters.

Number of antennas 64 (a)

– min baseline length 29 m
– max baseline length 7698 m
Target’s phase centre

– RA 20h12m33.68s

– Dec –56◦50′26.3′′

Frequency range 886 MHz–1682 MHz
– Bandwidth 797 MHz
Frequency resolution
– initial 208 kHz
– final 836 kHz
Total integration time 8 h
Time resolution 8 s

Notes. (a)61 operating at the time of this observation.

2. Observations

In this section we describe the MeerKAT data acquisition, reduc-
tion and the techniques used for the data analysis. We also
present the reprocessing of the XMM-Newton observations.

2.1. Radio observations

MeerKAT (Jonas 2016) is a radio interferometer that consists
of 64 offset Gregorian parabolic dish antennas, each with an
effective diameter of 13.5 m. The instrument is located in the
Northern Karoo desert of South Africa. Most of the MeerKAT
antennas (75%) are located within the inner 1 km region, pro-
viding the telescope with a good sensitivity to extended emis-
sion. At the central frequency of 1283 MHz, the largest source
the interferometer can observe without resolving it out is about
27.5′, whilst the longest baseline of 7698 m provides a nominal
resolution of about 6′′.

The radio data used in this publication were taken in the
framework of the MeerKAT Galaxy Cluster Legacy Survey
(MGCLS; Knowles et al. 2022). This is a programme of long-
track MeerKAT L-band (900−1670 MHz) observations that cov-
ered 115 galaxy clusters for 6−10 h each in full polarisation. The
first legacy product data release includes the visibilities (used for
this project), image cubes, as well as spectral and polarisation
image cubes.

The dataset used for this work was taken on 27 October 2018.
The most important parameters of the observation are listed in
Table 1. The main target of the observation was the centre of the
galaxy cluster Abell 3667, with interleaved observations of the
phase calibrator (1934−638). The phase calibrator was observed
for 40 s every 10 m spent on the target.

The calibration of the dataset is described in the MGCLS sur-
vey paper (Knowles et al. 2022). The flux scale is set to follow
Reynolds (1994), based on the spectrum of PKS B1934–638. In
order to fine tune the imaging parameters, we did not use the
images released as part of the MGCLS DR1 but we produced a
new set of images starting from the calibrated visibilities2. For
calibration purposes, the visibilities are divided into eight fre-
quency blocks, which we refer to as spectral windows (SPWs).
Here we explain the details the imaging and post-processing of
the images.

2 Only the raw visibilities are provided as part of the MGCLS DR1.
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2.1.1. Imaging

We produced a set of images with different parameters. The soft-
ware used for the inversion and deconvolution was WSclean
(Offringa et al. 2014). Unless otherwise specified, we used a
Briggs weighting of −0.5 and we divided the data into seven
channels – one per SPW, excluding SPW 3 that was completely
flagged mostly due to radio frequency interference from satel-
lites. To speed up the process, we used the baseline-based aver-
aging, parallel gridding, and parallel deconvolution options of
WSclean. The beam was forced to be circular and the pixel size
was set to 2 arcsec. Multi-scale cleaning was enabled, and we
set a 1σ threshold to halt the deconvolution. Finally, the spectral
profile of the clean components was forced to follow a second
order polynomial.

Images were corrected for primary beam attenuation assum-
ing a cosine beam shape (Eq. (3.95), Condon & Ransom 2016),
which should provide a good approximation in the central
degree2. Primary beam correction has been applied in all cases
where we estimated physical quantities, such as luminosity or
flux density. In some figures, where specified, contours are taken
from flat-noise (primary-beam-uncorrected) images to derive
where the detection is significant. Those contours should not be
used to evaluate physical quantities.

The uncertainties on the flux densities were estimated with

δS ν =

√

( f · S ν)2 + Nbeams(σrms)2, (1)

where S ν is the flux density, f is the fractional error on the flux
density, and σrms is the local rms noise estimated from the maps.
Nbeams is the number of beams covering an extended source. We
assumed a 5% fractional error on the absolute flux density that
includes the flux scale uncertainty, the primary beam uncertainty,
and possible loss of signal due to missing short baselines.

We re-imaged the dataset with increasing Gaussian tapering
to obtain lower-resolution maps with the aim to better describe
the extended emission (see e.g. Fig. 2). To image the radio halo
we produced an image at high resolution (3′′ × 3′′) using uniform
weighting. This image is used to detect compact sources and sub-
tract them from the uv data. We excluded from this process the
two large radio galaxies and the region of the radio relics since
their filamentary structure was not fully resolved out in the high-
resolution map. Any detected source in the halo region, beside
the two large radio galaxies, has been subtracted. Since at normal
resolution the halo is completely resolved out, this did not affect
its properties. Finally, we re-imaged the dataset using a Gaussian
taper to bring the angular resolution down to 35 arcsec. A sum-
mary of all the images produced and their properties is given in
Table 2.

2.1.2. Spectral index maps

The fractional bandwidth of MeerKAT is large enough (62%) so
that we could carry out a spectral index analysis by using the in-
band spectra. For the spectral index maps we produced two sets
of 7 images each, again one image per usable SPW. The first set
had the lowest frequency channel imaged at 12′′ and the second
one at 26′′ resolution. Both resolutions were achieved applying
a Gaussian taper. Both image sets were produced using uniform
weighting and applying an inner uv cut of 164λ so to harmonise
the uv coverage across the different SPWs. Images of each set
were finally convolved to the resolution of the lowest frequency
channel and corrected for the primary beam shape at the image
frequency. We then produced pixel-by-pixel spectral index maps

using all pixels that had a surface brightness above 3σ in all
images, with σ estimated using the rms noise of each individual
image. We then carried out the linear regression to estimate the
spectral index using a bootstrap Monte-Carlo method obtaining
1000 estimations per pixel. The errors on the values used in the
regressions were calculated as in Eq. (1). Although a flux scale
error would be irrelevant in the derivation of the in-band spec-
tral index, we maintain the 5% absolute flux density uncertainty
due to the beam errors and different weighting of the visibili-
ties. We used the mean of the distribution as the estimator of the
spectral index and the standard deviation as the estimator of the
error.

2.1.3. Spectral tomography

Spectral tomography is a technique introduced by Katz Stone &
Rudnick (1997). The main aim of this analysis is to disentangle
overlapping components of a radio source characterised by a dif-
ferent spectral index. The goal is achieved by scaling an image
at a certain frequency (ν2) with a set of spectral indexes αt. The
scaled image is then subtracted from a reference image obtained
at another frequency, ν1 < ν2, obtaining a series of maps with
features having spectral index αt subtracted:

Iν(αt) = Iν1 −

(

ν1

ν2

)αt

Iν2 . (2)

Here we used ν1 = 1.035 GHz, ν2 = 1.480 GHz, and αt ranging
from −0.5 to −1.5.

2.1.4. Polarisation and rotation measure

The Q- and U-Stokes were imaged separately from the I-Stokes
and using the squared-channel-joining option of WSclean so
that the peak finding is performed in the sum of squares of the
Q and U images, without losing signal due to Faraday rota-
tion. We divided the bandwidth into 119 channels. Of these, 25
were removed because they covered flagged regions of the band.
The remaining 94 channels were convolved to the same reso-
lution (10′′ × 10′′) and processed with RMsynth3 using a sam-
pling in Faraday space δφ = 2 rad m−2 with Faraday depth (φ)
ranging ±400 rad m−2. The maximum theoretical resolution – the
full width at half maximum (FWHM) – of the rotation measure
spread function (RMSF) is 42 rad m−2. No correction for spec-
tral index has been applied. The RMSF and one example of an
extracted Faraday spectra are presented in Fig. 3.

The rotation measure (RM) is derived searching for the max-
imum of the Faraday spectrum in each pixel. When needed (and

specified in the text) the RM has been corrected for Galactic

Faraday rotation subtracting φ = 39.5 rad m−2 for the NW relic
region and φ = 55.0 rad m−2 for the SE relic region. These values
have been derived from the Galactic Faraday map presented in
Hutschenreuter & Enßlin (2020). We derived the fractional polar-
isation for each pixel with a polarised signal above 3σ and the
polarisation angle. For the latter we rotated the polarisation vec-
tor by 90◦ to show the local projected magnetic field orientation
and the vector angle has been de-rotated to its intrinsic orientation
at zero wavelength using the observed Faraday rotation. In both
cases we considered only pixels with signal to noise larger than
three, both in the total intensity and polarisation maps. Fractional
polarisation maps were corrected for Ricean bias.

3 https://github.com/mrbell/pyrmsynth
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Fig. 5. Radio emission from the northern radio relic. The image has a local rms noise of 10 µJy beam−1 and a beam of 5′′ × 5′′.

relics have been seen in other nearby cluster radio shocks with
high-resolution data such as those in Abell 2256 (Owen et al.
2014; Rajpurohit et al. 2021), CIZA J2242.8+5301 (Sausage
cluster; Di Gennaro et al. 2018), 1RXS J0603.3+4214 (Tooth-
brush cluster; Rajpurohit et al. 2018), MACS J0717.5+3745 (van
Weeren et al. 2009), and Abell 3376 (Bagchi et al. 2006).

The SE relic is shown in Fig. 6. It is smaller than the compan-
ion, with an extension of 0.42◦ (1.6 Mpc). It also shows the pres-
ence of filaments although they appear globally ordered along
the relic extension and less bright.

Measuring the luminosity of the relics in Abell 3667 is not
trivial because of the large number of foreground or back-
ground radio galaxies superimposed to the extended emission.
The attempt of isolating their emission making a high-resolution
map that resolved out the relic failed because of the many small-
scale structures embedded in the relic itself that are detected
even in the longest baselines. Therefore, we masked all compact
sources we could identify by eye and extracted the flux density

of the relic using the non-contaminated pixels. To compensate
for the missing pixels, we re-scaled up the relic flux density by
the fraction of the pixels that were masked. The correction is
<2% for both relics. To estimate the integrated flux densities of
the relics we used the map at 15′′ resolution to minimise the
loss of flux on the largest scales, while for radio galaxies we
used the map at 5′′ to better disentangle their emission from
other sources. In any case, the values derived for the NW relic
should be treated as lower limits because the source might be
partially resolved out due to its large extension. We note that our
integrated flux density estimations are in line with those derived
by Röttgering et al. (1997), while being 44% lower than those
derived by Johnston-Hollitt (2003), once re-scaled at 1.4 GHz.
The region used to extract the values are visible in Fig. 2, the
estimated flux densities are luminosities are listed in Table 4. For
a few bright sources with archival data, we present an integrated
spectral energy distribution in Fig. 7. The good agreement for
the radio galaxies shows that our flux density scale is not biased.
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Fig. 6. Radio emission from the southern radio relic. The image has a
local rms noise of 8 µJy beam−1 and a beam of 5′′ × 5′′.

The large scatter in the archival data due to the complexity of
the extended northern relics, makes it hard to estimate if or how
much flux loss we have. Our flux density estimation for the SE
relic is about 15% higher than the expectations based on archival
data; however, we recovered emission from a larger area.

3.1.1. Spectral properties

We estimated the integrated spectral index of the two radio relics
using the seven images (one per usable SPW) at 12′′ resolution
used to produce the spectral index maps. The frequency range
covered is 936−1632 MHz. We used the same regions for the
integrated flux densities shown in Fig. 2. For this estimation we
also masked all pixels belonging to background point sources.
We found α = −1.4 ± 0.1 for the NW relic and α = −1.2 ± 0.1
for the SE relic. To verify if our estimation might be biased due
to flux loss at higher frequencies, we repeated the experiment
using low and high-resolution maps, obtaining consistent results
and therefore excluding that bias. In a similar frequency range,
Johnston-Hollitt (2003) found a similar value for the SE relic
(α = −1.2 ± 0.2). Their value for the NW relic (α = −0.9 ± 0.2)

Table 4. Radio flux densities and luminosities at 1.28 GHz.

Source Flux density Luminosity Notes

(mJy) (1031 erg s−1 Hz−1)

Relic N 2430 ± 120 (a) 17.7 ± 0.9 (a)

Relic N 2300 ± 110 (a) 16.7 ± 0.8 (a) No point sources

Relic N 2340 ± 120 (a) 17.0 ± 0.9 (a) Corr. (b)

Relic N 2070 ± 100 (a) 15.1 ± 0.8 (a) 1.4 GHz (c) – Corr. (b)

Relic S 446 ± 22 3.3 ± 0.2

Relic S 375 ± 19 2.7 ± 0.1 No point sources

Relic S 390 ± 20 2.8 ± 0.1 Corr. (b)

Relic S 350 ± 18 2.6 ± 0.1 1.4 GHz (c) – Corr. (b)

Halo 99 ± 6 0.72 ± 0.04

Halo 104 ± 6 0.75 ± 0.04 Corr. (b)

RG1 549 ± 27 4.0 ± 0.2 Fig. A.1 (left)

RG2 378 ± 19 2.8 ± 0.1 Fig. A.1 (centre)

RG3 7.3 ± 0.4 0.053 ± 0.003 Fig. A.1 (right)

RG4 5.7 ± 0.3 0.041 ± 0.002 BCG “B”

Notes. (a)Due to its large extension, part of the source might be resolved
out and the flux density underestimated. This value should be treated as
a lower limit. (b)Corrected to compensate for the blanked pixels contam-
inated by background point sources. (c)Re-scaled at 1.4 GHz assuming
α = −1.4 for the NW relic and α = −1.2 for the SE relic.

is flatter than ours. At the same time, Hindson et al. (2014) found
compatible but different values, with α = −1.2 ± 0.1 for the

NW relic (revised to α = −0.9 ± 0.1 after removing some data
points) and α = −0.9± 0.1 for the SE relic. To better understand

the origin of the discrepancy we did a linear regression using

archival data of the integrated of flux density of both relics (see
Fig. 7). The integrated flux density for these sources are complex

to measure and a large scatter is present. For the NW relic we
obtained a spectral index α=−1.13 ± 0.02, flatter than our in-

band estimation but steeper than what reported in the literature.
The southern relic integrated spectral index (α=−0.93 ± 0.03)

is also flatter than our in-band estimation but compatible with
the literature values. The values measured here, with α . −1 are

generally in line with other integrated spectral index estimations

for radio relics (e.g. Bonafede et al. 2012; Feretti et al. 2012; de
Gasperin et al. 2014, and references therein).

Spectral index maps of the two radio relics are presented in
Fig. 8 at two angular resolutions (12′′ and 26′′). The relative
error maps are presented in Appendix B. The high-resolution
map of the NW relic shows a flat spectral index along the entire
outer edge of the radio relic, with several regions with spectral
index α < −1.

The shock associated with the NW radio relic (see also
Fig. 2) has a Mach number derived using X-ray observations
from the density jump of M = 2.05+0.73

−0.38
and from temperature

jump ofM = 3.34+0.91
−0.50

. The average of these values provide an

estimation of the Mach number ofM = 2.54+0.80
−0.43

(Sarazin et al.
2016). According to diffuse shock acceleration, this translates
into an injection spectral index of

α =
3 +M2

2 − 2M2
= −0.87+0.27

−0.15. (3)

This value is consistent with the average spectral index of the
flat filament at the relic’s edge (i.e. α = −1.0 ± 0.1), which
is compatible with what found by Johnston-Hollitt (2003). The
injection index derived from the X-ray-inferred Mach number is
also consistent with the integrated spectral index if we assume
continuous injection, where electrons are accelerated at the
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Fig. 7. Spectral energy distribution of four sources in the field. From
top to bottom: NW radio relic (black), RG1 (blue), the SE radio relic
(green), and ‘Source C’ from Hindson et al. (2014), located close to
the Notch (yellow). Flux densities from lower to higher frequencies are
taken from Mills et al. (1961), Bolton et al. (1964), Large et al. (1991),
Hindson et al. (2014), Johnston-Hollitt (2003), Röttgering et al. (1997),
Carretti et al. (2013), and Wright et al. (1994). Solid lines are linear
regressions.

shock front and then age following a Jaffe-Perola model (Jaffe
& Perola 1973), in a constant magnetic field producing an inte-
grated spectra αint = αinj − 0.5 (Kardashev 1962). However, this
expectation is simplistic as it assumes that the shock properties
do not evolve with time (see also Brüggen & Vazza 2020).

Behind the relic’s edge, most of the relic emission is charac-
terised by a steep spectrum with α ranging between −1 and −2,
with the exception being the bright filaments where the spectrum
is closer to α = −1. Another region where the NW relic has a
particularly flatter spectrum is in the northern (bright) part of the
radio bay, further discussed in Sect. 4.1.3. The northern edge of
the relic also has some filamentary, although fainter, structures,
probably associated with other regions of shock acceleration. In
that region, the outer edge has a rather flat spectrum, with a mean
value of α = −1. In many regions where the emission becomes
diffuse and faint, the spectrum also steepens to values α < −2.
Interestingly, as noted by Johnston-Hollitt (2003), only a moder-
ate spectral gradient across the source is visible. There is clearly
a faint, diffuse, steep spectrum region in most of the inner part
of the NW relic, but a similar region is also visible below the
bay and on the outer edge in the southern part of the relic. The
diffuse and more uniform region to the NE shows only a mild
steepening gradient from E to W. In most cases, the flattening (or
steepening) of the spectral index seems more correlated with the
presence (or absence) of a filament than with the distance from
the cluster centre as it would be expected from simple particle
ageing behind a well defined region of acceleration (the shock
front). The SE relic also shows a flatter spectrum, α ∼ −1, close
to the outer edge and along the brighter filament. Diffuse emis-
sion, mostly located towards the cluster centre but also surround-
ing the main filament at the relic’s centre, has a steeper spectrum
(α < −1.5).

3.1.2. Polarisation and rotation measure

We were able to detect the polarised flux and determine the
polarisation angle from almost the entire area covered by the
radio relics, as seen in total intensity. The fractional polarisa-
tion map of the radio relics is presented in Fig. 9. The maximum
expected fractional polarisations depend on the spectral index.
At the shock front, the electron energy distribution is a power-
law dN(E)/dE ∝ E−δ with slope δ = 1 − 2α. A region with a
homogeneous magnetic field will have an intrinsic polarisation
equal to (Rybicki & Lightman 1986)

p0 =
3δ + 3

3δ + 7
· (4)

In the case of the NW relic, a maximum polarisation of 74%
is expected. The NW relic has maximal fractional polarisa-
tion close to the outer edge, where the emission is almost
fully polarised (∼70%), implying magnetic fields ordered on
scale lengths larger than the beam size (≈10 kpc). Other regions
with high fractional polarisation are the northern edge, reaching
40−50%, and the southern part of the bay region. Most of the
NW radio relic has a fractional polarisation of 10−30%. Beside
from the edge filament tracing the X-ray detected shock front,
all other filaments in the NW relic show a decrease in fractional
polarisation compared to the surrounding emission (see Fig. 9),
with a fractional polarisation between 5% and 15%. A noticeable
difference are the filaments oriented perpendicular to the shock
front in the region that connects the main body of the relic to the
southern arm. Those filaments appear more polarised than the
surrounding, with polarisation fractions up to 40%. The SE relic
shows mild enhancement of polarisation fraction along the shock
front, with the highest fraction (∼50%) along the main filament
and in the northern part of the downstream region. Any regions
dominated by background emission from radio galaxies present
a strong contrast in the fractional polarisation map, with back-
ground emission being on average less polarised compared to
the relics’ radiation. The flux-weighted average fractional polar-
isation of the NW relic is ∼20%, while for the SE relic is ∼25%.
In ideal conditions, this would imply a relatively small viewing
angle δ ∼ 50◦, with δ = 90◦ being the shock wave propagating
the plane of the sky (Enßlin et al. 1998). However, the complex
morphology and filaments superimposition of the relics is far
from the ideal case, likely reducing substantially the estimated
viewing angle.

The orientation of the polarisation vectors, rotated by 90◦

to show the projected magnetic field orientation, is presented
in Fig. 10 (see also Fig. C.1). In both cases we plotted the B
vectors of the polarised radiation, which correspond, for syn-
chrotron emission, to the local orientation of the magnetic field
projected on the plane of the sky. The main driver deciding the
orientation of the magnetic field seems to be the local orienta-
tion of the dominant filament, with the magnetic field oriented
along its extension. In regions where the filamentary structure is
less prominent, as in the faint and steep spectrum regions, the
magnetic field orientation is more chaotic. Regions of interface
between different filaments or filaments-diffuse regions show
a decrease in the polarisation fraction, pointing towards beam
depolarisation. In the region behind the shock front, the mag-
netic field is ordered and perpendicular to the shock normal. It
is interesting to note that, while projection effects might play
a role in altering X-ray derived Mach numbers, Sarazin et al.
(2016) suggested the presence of such a field configuration as
the driver for a larger-than-isothermal effective adiabatic index
(γeff ∼ 2) that in turn would explain the inconsistency between
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4.1. Post shock region and filaments in the radio relics

In this section we focus on the radio relics, examining their mor-
phology, spectral and polarisation properties. When radio relics
are observed at high resolution, they appear to consist of a num-
ber of filaments, whose origin is still debated (e.g. Rajpurohit
et al. 2018; Di Gennaro et al. 2018; van Weeren et al. 2017;
Owen et al. 2014).

Both radio relics in Abell 3667 present a complex structure,
made by dozens of filaments, some only visible inspecting the
polarisation maps or through spectral tomography (see below).
Some filaments are thin, below our maximum resolution of 3′′

(3.2 kpc). Some are marginally resolved, on scales from a few
to tens of kiloparsecs. In order to describe the relic features, we
follow the labels used in Fig. 12. We selected six representative
regions were we extract profiles of flux density, spectral index,
fractional polarisation, and polarisation angle. Each region is
used to extract the average values of the aforementioned quanti-
ties in slices of width of 12′′, which is larger or equal to the reso-
lution of the maps (10′′ for polarisation and total intensity maps,
12′′ for spectral maps). For the polarisation angle the average
value is computed using a circular mean after rotating the coor-
dinate system so that a magnetic field angle of 0◦ corresponds
to the field being parallel to the slice extension. The error-bars
for the polarisation angle represent the circular standard devia-
tion of the values across the slice and gives an information on
the uniformity of the magnetic field in each slice.

The NW relic is divided into four zones. Zone 1 is the main
body of the relic and is edged by the X-ray shock front. Apart
from the first 20 kpc, the region does not show a clear gradient
of decreasing brightness and spectral index moving downstream
from the shock front. As noted by Finoguenov et al. (2010) and
Sarazin et al. (2016) the expected thickness of the radio relic can
be estimated using

drad = 70

(

νb

1.4 GHz

)−1/2
(

B

3 µG

)−3/2







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

(

3.6 µG

B

)2

+ 1















−1

kpc, (5)

with νb the observing frequency and B the local magnetic
field. The predicted thickness of the relic is much smaller
than what we measure (∼0.5 Mpc) and the relic’s body has
several flat-spectrum filaments crossing it, incompatible with
a steady ageing of the electrons in the post shock flow. The
outermost region, however, follows the expected behaviour of
acceleration→ageing behind the shock front, until other fila-
ments start dominating the emission. This is visible in Fig. 12
(region: N1), where the relic intensity peak at the shock front
and decrease for a few kiloparsecs behind it. The decrease in
the intensity is accompanied by a decrease in spectral index,
likely due to the ageing of the accelerated particles, and a decline
in fractional polarisation that might be due to a less ordered
magnetic field, for instance due to an increasingly turbulent
medium, coupled with beam depolarisation or projection effects.
The magnetic field orientation is generally perpendicular to the
shock normal, and it becomes mildly less uniform across the
regions while moving away from the shock front.

The NW relic region 2 is dominated by a bright central fil-
aments that is located more than 300 kpc behind the measured
shock front location from X-ray data. Observing the profiles, the
relic intensity appears to decrease gradually on both sides of the
filament, the same is true for the spectral index, with the spectra
getting steeper both moving away and towards the cluster cen-
tre. This is in contrast with the filament tracing a outward mov-
ing shock front. The magnetic field orientation is parallel to the

filament extension and gradually deviate from this orientation
when the distance from the filament increases. Finally, the frac-
tional polarisation seems lowest on the filaments, and appears
to increase at larger distances. This trend might be caused by
a superimposition of emitting regions with different magnetic
properties. Region 3 of the NW relic has a fainter average inten-
sity and its edge seems to follow the continuation of the edge of
region 1. The region is characterised by a bright filament, with a
well defined edge and the magnetic field oriented along its exten-
sion. The intensity decreases gradually towards the cluster cen-
tre together with a steepening of the spectrum and a decrease in
polarisation fraction. As discussed above, a decrease in polar-
isation fraction in a downstream direction can be related to a
turbulent ICM. Nevertheless, the amount of depolarisation in
the downstream region is mild, suggesting an upstream mag-
netic field with small fluctuations (Domínguez-Fernández et al.
2021a,b). In general, all diagnostics point towards another region
of shock acceleration. Finally, region 4 appears different from
the others, with less bright filaments and a large component of
diffuse emission. The spectral index is generally flat (α ∼ −1),
mostly in the eastern part and show only a mild spectral gradient.
This region may trace a part of the shock front seen face-on.

The SE relic is divided into three zones, the northern and
southern zones have a sharp edge, are dominated by a filament,
and show a slow decline of steep emission towards the cluster
centre. Their profiles also show the typical characteristics of a
shock front followed by a region characterised by ageing plasma.
To note in region S1 is the slow rise of the radio intensity in the
30 kpc region in front of the bright filament. Region S2, on the
other hand, behaves similarly to region N2, where the bright, flat-
spectrum filament is surrounded on both sides by fainter, steeper
spectrum emission.

The nature of filaments in radio relics is still debated (e.g.
Rajpurohit et al. 2020). One model suggests that a shock front
with substructures with complex shapes can create thin filaments
when seen in projection. The effect should be maximal when
the shock front propagates in the plane of the sky. In this case
the bright filaments would trace the underlying distribution of
Mach numbers and consequently a range of electron acceleration
efficiencies. This model is supported by recent simulations (see
e.g. Domínguez-Fernández et al. 2021b; Wittor et al. 2021a).

An alternative hypothesis is that filaments trace the strength
and topological structure of the magnetic field within the relic
region. The simplest assumption is that cosmic rays are accel-
erated only at the shock front and the filaments are due to local
enhancements of the magnetic field in the downstream region.
A high magnetic field B results in a radio emission at a cer-
tain frequency νc being generated by electrons at lower ener-
gies E, with νc ∝ E2B⊥. Since low-energy electrons are less
affected by losses due to ageing, their spectra is still close to
the injection spectra. Therefore, in this scenario and for a given
age, the radio emission in regions with high magnetic field is
dominated by electrons with a flatter energy distribution pro-
ducing a flatter radio spectrum than those emitting in environ-
ments with lower magnetic fields. We simulated this scenario
for the northern relic, assuming particle acceleration at the relic
edge with an injection spectral index of αinj = −1 and an age-
ing caused only by unavoidable inverse Compton losses with an
age t = d/v, where d is the distance from the shock front and
v = 530 km s−1 is the downstream velocity. We then used the
measured spectral index in each pixel to obtain a lower limit
on the magnetic field in that place. We found that the filaments
located downstream of the shock front need to have an extremely
strong magnetic field (B > 100 µG) to justify the measured
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Fig. 16. Rotation measure of the filaments. Left: high spatial resolution (7.4′′ × 7.3′′) RM map. The local Galactic Faraday rotation has been
subtracted (φ = 39.5 rad m−2). Black contours are the same as in Fig. 8 but at levels (20, 50, 100, 200) × σ. Right: more detailed look at the
Faraday depth structure within the box of the left panel, using three planes from the deconvolved Faraday depth cube. After subtracting a Galactic
contribution of 39.5 rad m−2, the respective Faraday depths were red= 8.5, green= 20.5, and blue= 32.5 rad m−2. There is sometimes emission at
more than one Faraday depth at the same location, producing other colours, but they do not correspond to a single Faraday depth (or RM).

4.1.3. The bay

We note the presence of a peculiar structure on the western side
of region 1 of the NW relic (see Fig. 19). We named the struc-

ture ‘Bay’ following a similar example in the Toothbrush clus-

ter (Rajpurohit et al. 2020). Similarly to this case, the bay in
Abell 3667 is a bridge of faint emission that appear to extend
out of the relic’s external edge. However, in this case, the half

of the loop that is on the relic side, seems to deeply affect its

morphological and polarisation properties. This creates a hole
with no detected emission, surrounded by the bay to the west
and by a very clean semi-circular cut in the relic emission to

the east, most likely driven by magnetic confinement. The bay
region is too faint to be detected in polarisation, but on the relic

side the magnetic field line follow a very precise semi-circular
pattern.

The radio intensity and the spectral properties of the relic in
the bay region appears to follow the normal behaviour associated

with shock acceleration, with the shock being located north of
the hole (see Fig. 19) and a gradual decrease in both intensity

and spectral index moving south. The emission at the shock front
appear to have a flatter spectral index than the rest of the relic’s

edge, with αinj = −0.7 ± 0.1. The unusual aspect is that the flow
of aged plasma appears to carefully avoid the hole.

4.2. The X-ray mushroom

4.2.1. Connection with the notch

There are three regions of interest that are aligned along the radio

halo major axis: the ‘edge of the mushroom’, the bright filament
of the relic to the south of the notch, and the ‘head of the halo’
(see Fig. 2). They are relatively close to one another, with the

separation between the first two being 130′′ (139 kpc), and about
400′′ (428 kpc) between the others two.

XMM-Newton observations show a mushroom consisting of
a tail, with a flattened region at the top and possible vortexes

at the two sides. The top edge of the mushroom is marked
in Fig. 2. Due to the low entropy and high X-ray emissivity,

Sarazin et al. (2016) excluded that this structure is caused by
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is bent backward wrapping around only about half of the high-

density region traced by X-ray observations, meaning that some
projection effect might hide the real, likely complex, shape of
the projectile. The radio source does not have an optical coun-

terpart. The emission is stronger on the NE side, and mirrored by
two possible counterparts on the SW side of the mushroom cap,

one following the X-ray profile, one fainter and more internal.
The radio source appears polarised, although not simply along

its extension as the draping model would predict. However, the

fractional polarisation of the region is low (<20%) and the error
on the polarisation angle can be significant. The NE side of the

cap is the brightest, and the emission declines rapidly on the
concave part, while it decreases gradually on the convex part,

excluding the acceleration from a shock front moving outwards.
The region at lower surface brightness appear to have a steeper
spectra (see Fig. 8). Dursi & Pfrommer (2008) shows that the

thickness of the magnetic layer l is related to the Alfvénic Mach
number through

l =
1

6M2
A

R, (8)

where R is the projectile radius, MA = u/vA is the Alfvénic
Mach number of the core and v2

A
= B2

0
/4πρ0 is the ambient

Alfvèn speed with B0 and ρ0 the ambient magnetic field strength
and density. If the thickness of the layer is close to our maxi-

mum resolution of 3.3′′ = 3.5 kpc, as suggested by its gradual
decrease in intensity and steepening of the spectra, we can invert

the above equation to estimate the ambient magnetic field to be

B0 . 5 µG. Finally, in order for the mechanism of magnetic drap-
ing to work, the correlation length of the magnetic field needs to
be larger than the size of the sub-cluster, which is about 300 kpc

(e.g. Ruszkowski et al. 2007). If the origin of this radio source is
be confirmed, this is the first case where we can detect magnetic

draping in a system of merging clusters.

4.3. Origin of the linear radio halo

Carretti et al. (2013) first discovered the linear radio halo in

Abell 3667, suggesting that it was a case of a radio bridge (simi-
lar to the one present in the Coma cluster; Bonafede et al. 2021)

whose origin was related to the mechanism creating the relics.
In a few other clusters the radio emission from the halo appears

bounded by merger shock fronts (Markevitch et al. 2005; Brown
et al. 2011; Markevitch 2012; Vacca et al. 2014; Shimwell et al.
2014). A famous example is the Toothbrush cluster (van Weeren

et al. 2016; Rajpurohit et al. 2018; de Gasperin et al. 2020). It has
been suggested that the shock might pre-accelerate the electrons
that are subsequently re-accelerated by the merger turbulence.

However, in some cases the shock front appears unpolarised
(Shimwell et al. 2014) and in the Toothbrush cluster images at
ultra-low frequencies (50 MHz) showed that the halo and the

relic emission are likely superimposed in projection rather than
blended together (de Gasperin et al. 2020).

In Abell 3667, the linear halo does not seem to link both
radio relics. It is only connected to the western part of the NW

relic, in the region of the Notch. The radio halo seems to be cor-
related with the X-ray emission (see Fig. 2). Its SE edge coin-

cides with the cold front associated with the main sub-cluster
core (Vikhlinin et al. 2001). The radio halo then follows the trail

of X-ray-emitting gas up to the edge of the mushroom described

by Sarazin et al. (2016), which is likely the remnant of the core
of sub-cluster B (see also Sect. 4.2.2).

In the region of the Notch, we find a patch of extended,
smooth radio emission. The average surface brightness is similar
to that of the radio halo and the location is fairly aligned with the
radio halo extension, as if this region were a continuation of the
radio halo on the other side of the radio relic’s southern arm. The
diffuse emission in this region seems to end abruptly at a radial
distance similar to the one of the detected shock front generating
the main body of the radio relic. Furthermore, the emission in
the NW edge of the region (called ‘head of the halo’ in Fig. 2) is
marginally enhanced, it has a curved shape and a spectral index
of α ∼ −1 (see Fig. 8). Also, it is polarised with the magnetic
field vectors aligned with the edge (see Fig. C.1). While these
features indicate shock acceleration, we note that the signal in
this region has a low significance.

The absence of a surface brightness gradient along the halo
extension suggests the presence of in situ acceleration of the cos-
mic ray electrons. In Abell 3667, the ICM density varies by a
factor of four along the halo while the radio surface brightness
remains nearly constant. Assuming a cylindrical symmetry for
the source, this also implies a constant emissivity, which favours
a turbulent re-acceleration origin (Brunetti et al. 2001; Petrosian
2001) over a hadronic origin for the radio halo.

Elongated radio halos have been found in some clus-
ters of the MGCLS (Knowles et al. 2022) and in a
few famous clusters, for instance, in ‘El Gordo’ (Lindner
et al. 2014), MACS J1752.0+4440 (Bonafede et al. 2012),
MACS J1149.5+2223 (Bruno et al. 2021), SPT-CL J2023–5535
(HyeongHan et al. 2020), and Abell 2142 (Venturi et al. 2017).
In two of these systems, MACS J1149.5+2223 (Bruno et al.
2021) and Abell 2142 (Markevitch et al. 2000), as well as in
Abell 3667, cold fronts have been detected and the cool core
of the main cluster has not been disrupted. Mergers with low
mass ratios (1:5 or less) and low impact parameters can produce
turbulence in the wake of a bullet-like sub-cluster. Such condi-
tions are met in Abell 3667, where sub-cluster B merged from
the south-east, without disrupting the main cluster core. In the
process, it leaves a trail of X-ray-emitting gas, likely the rem-
nant of the merging sub-cluster core. The trail is coincident with
the linear radio halo. The X-ray and the radio emission are well
correlated along the minor axis of the trail (see Fig. 21). The
X-ray transverse profile follows a β-model (Cavaliere & Fusco-
Femiano 1978) with β = 2/3 and an effective radius of 319 kpc.
The radio profile has a steeper slope so that the X-ray – radio
brightness correlation is super-linear, with slope 1.7±0.2. Super-
linear relations between X-ray and radio brightness were also
found for a sample of mini halos (Ignesti et al. 2020), while
giant radio halos typically show a linear or sub-linear relation
(Govoni et al. 2001; Feretti et al. 2001; Giacintucci et al. 2005;
Vacca et al. 2010; Hoang et al. 2019; Botteon et al. 2020b).

If the linear halo traces the turbulence in the wake of the
merging sub-cluster, its narrow size implies a high Reynolds
number flow (see e.g. Ormières & Provansal 1999). Flow past
spheres has been studied extensively using experiments and
hydrodynamical simulations. It is generally understood that
at Reynolds numbers >800 the wake flow becomes turbulent
(Sakamoto & Haniu 1990). With increasing Reynolds number
the vortex structure in the wake becomes increasingly irregular
until it becomes fully turbulent. Assuming that the radio emis-
sion in the linear halo is powered by turbulence produced by
wake flow, this suggests Reynolds numbers of the ICM of >800,
in agreement with arguments given by, for example, Miniati &
Beresnyak (2015). For Abell 3667, the study of the cold front
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the observed spectral index will become flatter. An increase in
observed brightness would go along with the flattening of the
spectral index. We can conclude that in simulations with a single
DSA injection we see bright regions with flatter-than-expected
spectra in the downstream region, such as the (relatively) steep
filament discussed in Sect. 4.1 (see Fig. 27). However, we note
that even just 20 kpc away from the shock front it is unlikely to
find spectral indices close to ∼−1, which is the spectral index
found in many of the filaments detected in the NW relic. This
instead could be explained by extra re-acceleration sites, for
instance due to repeated DSA events either at work in the down-
stream region or seen in projection. More detailed works dedi-
cated to the study of radio filaments will be necessary to further
assess their origin.

5. Conclusions

In this paper we have analysed new MeerKAT data of the galaxy
cluster Abell 3667. The data have been used to obtain radio
images, as well as spectral and polarisation maps. We also car-
ried out Faraday rotation analysis and spectral tomography. We
summarise here our main results:

1. We produced the most detailed images of the famous double
radio relic present in Abell 3667. The northern relic is much
thicker than what is expected by assuming simple accelera-
tion at the shock front and synchrotron plus inverse Compton
ageing. Both relics present filamentary structures all across
their bodies. Filaments have generally a flatter spectra com-
pared to the surrounding region but with a variety of val-
ues. While the filament delimiting the edge of the NW relic
is highly polarised, with a fractional polarisation of ∼70%,
the other filaments appear depolarised compared to the sur-
roundings. The nature of the filaments in the relic is still
debated and might be due to substructures in the shock front
with complex shapes, such that they effectively trace regions
of particle acceleration, or to a local enhancement of mag-
netic fields combined with a curved energy spectrum of the
cosmic ray electron population. Our observations and sim-
ulations show a good agreement with the first scenario. We
have also shown that the second scenario would predict unre-
alistically high magnetic fields to produce the filaments with
the flattest spectrum located downstream of the shock front.

2. In addition to large-scale gradients in RM across the relic,
we find that different filamentary structures show different
Faraday depths. This suggests that the filaments are embed-
ded within a thermal, magnetised medium, with magnetic
fields of <1 µG varying on scales similar to those of the fila-
ments, &100 kpc. However, X-ray observations put a limit of
B > 3 µG on the maximum inverse Compton emission from
the relic region (Finoguenov et al. 2010). Radio relics there-
fore appear to be made by filamentary regions of high mag-
netic field strengths embedded in a less magnetised medium.

3. We identified the presence of an elongated radio halo, previ-
ously noticed by Carretti et al. (2013). While some elongated
radio halos are bounded by the merging shock fronts, in the
case of Abell 3667 the halo is bounded from one side by
the cold front at the edge of the surviving core of the main
sub-cluster and on the other side by one of the two merg-
ing shocks. The region occupied by the halo is coincident
with the wake of the bullet-like sub-cluster that merged from
the SE. If the halo traces the turbulence in the wake of the
merging sub-cluster, its narrow size implies a large Reynolds
number (>800) for the ICM. Both the luminosity and the
emissivity of the radio halo are a factor of two to three lower

than what is expected from scaling relations (Cuciti et al.
2021).

4. X-ray data show what is possibly the remnant of the cool
core of the merging bullet (the mushroom) right behind the
southern arm of the NW radio relic. Radio images show the
presence of polarised radio emission surrounding the mush-
room region, which we interpreted as an observational con-
sequence of magnetic draping. In this scenario, the cool core
of the merging bullet, which moves at super-Alfvénic speed
in the magnetised ICM, sweeps up and compresses a signif-
icant magnetic layer that is bent over the projectile. While
the X-ray and radio signature of magnetic draping is usually
hard to detect in clusters, in this case the ICM crossed by
the projectile is polluted by cosmic rays accelerated by the
shock front, therefore having all the ingredients to produce
synchrotron radiation around the mushroom cap. The thick-
ness of the magnetic layer provides an upper limit on the
local magnetic field, B . 5 µG.

5. We compared our observations with both MHD cosmologi-
cal and Lagrangian simulations. The simulations were able to
reproduce several of the qualitative and quantitative proper-
ties of radio relics, such as the filamentary structure, includ-
ing spectral and polarisation properties. According to the
simulations, filaments can be interpreted as sites of parti-
cle acceleration due to the shock front seen at an oblique
angle by the observer. The filaments are located at different
depths into the relic structure, resulting in a different amount
of Faraday rotation, which is visible in both the simulated
data and the observations.

These observations give a glimpse of the power of next-
generation radio telescopes, where with a few hours of data
we could sample very large sources at high resolution (a well-
known challenge for standard radio interferometers), also deriv-
ing polarisation and spectral information. The combination of
these capabilities is perfectly suited for the study of nearby radio
relics, whose large apparent size can be exploited to study in
detail the processes involved in the acceleration of cosmic rays.
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Appendix A: Radio galaxies in Abell 3667

In Fig. A.1 we present high-resolution images of three interesting radio galaxies present in the cluster. The images in this case were
obtained using a uniform weighting that provided a resolution of 3′′ × 3′′. In the first two cases, the radio emission is associated with
a spectroscopically identified galaxy cluster member from the sample of Owers et al. (2009). The first radio galaxy (RG1) is located
within the linear radio halo and the shape of the radio lobes reflects their violent interaction with the ICM that bent the radio tail
in the direction of the merger axis. The second source (RG2) is a head-tail radio galaxy with the tail perpendicular to the merging
axis that extends for a projected length of ∼800 kpc. The radio flux densities and luminosities of RG1 and RG2 are in Table 4. The
third radio galaxy (RG3) is a double lobed radio galaxy located at the edge of the SE radio relic, close to the expected location of
the shock front. RG3 shows radio properties of FR-II galaxies and it is not associated with any of the spectroscopically identified
cluster members of Owers et al. (2009). The spectral index of the hotspots appear inverted, with α = 0.45 in the eastern lobe and
α = 0.17 in the western lobe. The source lack an obvious counterpart in the optical, infrared, X-ray and gamma ray bands. With no
z information, RG3 may or may not be a member of the cluster; however, the radio emission of the radio galaxy bridged into the
relic and it is spatially coincident with a break in the filamentary structure of the relic. This could be an indication of an interaction
between RG3 and the eastern relic. Such a configuration is similar to the one present in the radio relic of Coma (Bonafede et al.
2021), where a radio galaxy present in front of the relic is aligned with a break in the radio relic filaments. In the same table we
report the flux density and luminosity of the radio emission associated with the brightest cluster galaxy (BCG; RG4) of sub-cluster
B. The positions of the radio galaxies are shown in Fig. 2.
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Fig. A.1. Radio emission from the two largest radio galaxies present in Abell 3667 and the double lobed radio galaxy in front of the SE relic. RG1
and RG2 have an optically confirmed counterpart. The map resolution is 3.3′′ × 3.3′′ and the local rms noise is 20 µJy beam−1 in all cases. Light
blue dots show the positions of known cluster members. In the insert of the left panel, the colours correspond to the spectral index of the source
(for the spectral index of the other radio galaxies, see Fig. 8).
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