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A B S T R A C T 

The Bullet cluster (1E 0657-55.8) is a massive merging system at redshift z = 0.296, known to host a powerful radio halo and a 
relic. Here we present high fidelity MeerKAT L -band (0.9–1.7 GHz) observations of the Bullet cluster, where we trace a larger 
extent of both the halo and relic in comparison to previous studies. The size of the reco v ered halo is 1.6 Mpc × 1.3 Mpc and the 
largest linear size of the relic is ∼988 kpc. We detect a new decrement feature on the southern outskirts of the halo emission, 
where a region appears to have a lower surface brightness in comparison to its surroundings. The larger extension on the outskirts 
of the halo is faint, which suggests lower relativistic electron density or a weaker magnetic field. An in-band spectral index 

map of the halo reveals radial steepening towards the edges, likely due to synchrotron electron ageing. The integrated spectral 
index of the radio halo is 1.1 ± 0.2. We perform a radio −X-ray surface brightness point-to-point analysis, which reveals a linear 
correlation for the radio halo. This indicates that the halo emission is produced by primary re-acceleration mechanisms. Finally, 
we derive a radio Mach number of M R 

= 4.6 ± 0.9 for the relic shock region, which is higher than the Mach number inferred 

by earlier analyses based on X-ray data. Discrepancies between radio and X-ray Mach numbers have been observed for multiple 
systems, studies suggest that this is due to various factors, including relic orientation. 

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

adio observations of galaxy clusters reveal cluster-scale diffuse 
ynchrotron emission that is not associated with individual galaxies, 
ut rather with the intracluster medium (ICM). The formation of 
hese radio sources is linked to major merger activity in the ICM
Brunetti & Jones 2014 ). Hence, studying the properties of these 
iffuse radio sources gives insight into astrophysical processes such 
s cosmic ray transportation and particle (re)acceleration in the ICM. 
he extended diffuse radio sources can be categorized into radio 
aloes (RHs) and radio relics based on their size, morphology, and 
ocation (for re vie ws Feretti et al. 2012 ; van Weeren et al. 2019 ). 

Giant radio haloes (GRHs) which are ∼Mpc in size, located in cen-
ral regions of clusters, and with low polarization percentages, have 
wo main formation theories. The first is the secondary ‘hadronic’ 
odel, in which electrons originate from hadronic collisions between 

he long-li ving relati vistic protons in the ICM and thermal ions
e.g. Dennison 1980 ; Pfrommer, Enßlin & Springel 2008 ; Keshet 
010 ; Enßlin et al. 2011 ). This formation theory has not been
idely accepted due to the lack of observ ational e vidence of gamma

ays in clusters, which are a by-product of the hadronic processes
Reimer et al. 2003 ; Ackermann et al. 2010 , 2018 ). The second
odel is the primary ‘re-acceleration’ model. According to this 
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odel, a pool of pre-existing electrons (Pinzke, Oh & Pfrommer 
017 ) is re-accelerated through second-order Fermi mechanism by 
CM turbulence developing during cluster mergers (Brunetti et al. 
001 ; Cassano & Brunetti 2005 ; Feretti et al. 2012 ; Donnert &
runetti 2014 ). Observational studies have linked GRHs to host 
lusters with high mass ( M 500 > 4 × 10 14 M �) and X-ray and/or
ptical merger signatures (Markevitch et al. 2005 ; Cassano et al.
013 ; Lindner et al. 2014 ; Shimwell et al. 2014 ; Kale et al. 2015 ;
nowles et al. 2019 ; Raja et al. 2021 ). Studies of large populations
f radio haloes show that these sources are not ubiquitous (Hanisch
982 ; Kempner & Sarazin 2001 ). Their radio power is correlated
ith their X-ray properties (Liang 2000 ; Yuan, Han & Wen 2015 ), the

argest linear size (LLS; Giovannini et al. 2009 ), and the integrated
nverse-Compton parameter (Basu 2012 ). Studies of samples derived 
rom Sun yaev-Zel’do vich (SZ; Sun yaev & Zeldo vich 1972 ) surv e ys
ave shown that there is a higher occurrence rate of radio haloes
ompared to the rate predicted by previous studies of X-ray selected
amples (Basu 2012 ; Sommer & Basu 2014 ; Cuciti et al. 2015 ;
otteon et al. 2022 ). Although the re-acceleration theory is accepted 
s the primary mechanism, there are still a few aspects that need
urther investigation. The main open question is the source of 
he pre-existing population of electrons. The suggested sources 
nclude electrons deposited in the ICM by active galactic nuclei 
AGNs) activity, thermal protons pre-accelerated by cluster merger 
hocks, and the hadronic secondary electrons (Brunetti & Blasi 2005 ;
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himwell et al. 2016 ; de Gasperin et al. 2017 ). Another mystery
s the presence of radio haloes in clusters that show no trace of
erger activity (Venturi et al. 2017 ; Kale, Shende & Parekh 2019 ).
ther models, such as magnetic re-connection, attempt to resolve

uch constraints by proposing hybrid models (Brunetti & Lazarian
016 ). Various observational phenomena can be used to distinguish
ormation theories, one such example is the radio-X-ray point-to-
oint correlation study (Govoni et al. 2001 ; Cova et al. 2019 ; Botteon
t al. 2020b ; Rajpurohit et al. 2021 ). 

Relics are arc-shaped, ∼Mpc scale, highly polarized sources
 � 20 per cent ) that are located at clusters’ peripheral regions.
bserv ations by Jaf fe & Rudnick ( 1979 ), Bonafede et al. ( 2012 ),
otteon et al. ( 2016 ) and Locatelli et al. ( 2020 ) show that their
rigin is linked to shock waves generated in the ICM by merger
vents (Enßlin et al. 1998 ; Roettiger, Burns & Stone 1999 ). Ho we ver,
he underlying particle acceleration mechanism is still under debate
Stuardi et al. 2019 ). In the mechanism of first-order dif fusi ve shock
cceleration (DSA; Bell 1978 ; Drury 1983 ; Jones & Ellison 1991 ),
osmic ray protons and electrons are assumed to be accelerated
rom the thermal pool up to relativistic energies at the cluster
erger shocks. Although this mechanism can explain the general

roperties of relic emission, several observational features remain
nexplained (Stuardi et al. 2019 ), such as the non-detection of
amma-rays in clusters that host relics (Vazza & Br ̈uggen 2014 ),
nd the low Mach numbers observed in shocks (Brunetti & Jones
014 ; Botteon et al. 2020a ). The second mechanism proposes the
e-acceleration of fossil relativistic electrons via DSA at the cluster
hocks (Markevitch et al. 2005 ; Hoeft & Br ̈uggen 2007 ; Pinzke,
h & Pfrommer 2013 ; Kang, Ryu & Jones 2017 ). This mechanism

eproduces the observed spectrum (de Gasperin et al. 2014 ; Shimwell
t al. 2015 ; van Weeren et al. 2017a ) and does not require shocks to
ave large Mach numbers, as the pre-existing electrons have enough
nergy to be re-accelerated to relativistic speeds (Brunetti & Jones
014 ). Ho we ver, this mechanism also presents challenges as there
re expected phenomena that are yet to be observed (Stuardi et al.
019 ). F or e xample, the connection between AGNs (candidate seed
lectron source) and radio relics could be established only in few
ases (Bonafede et al. 2014 ; van Weeren et al. 2017b ). 

The Bullet cluster (1E 0657-55.8) is a massive (11 . 4 + 2 . 2 
−1 . 8 ×

0 14 M �) galaxy cluster at redshift z = 0.296 which is known to host
oth a GRH and a relic (Liang et al. 2000 ; Shimwell et al. 2015 ).
he cluster is reported to have recently experienced a major merger

Mark evitch et al. 2002 ; Mark evitch 2006 ). The observed collision
s approximately perpendicular to the line of sight, which makes this
luster an intriguing case study for various wavelengths. At radio
avelengths, MeerKAT (Jonas 2009 ) is an excellent instrument for
bserving this cluster because the densely populated core increases
ensitivity to large scale diffuse emission. MeerKAT is a precursor
f the Square Kilometre Array. It is one of the most sensitive
adio arrays in the pre-SKA era (Camilo et al. 2018 ; Mauch et al.
020 ). The full MeerKAT array consists of 64 antennas, with 70
per cent of the dishes located at the core ( < 400 m) of the array.
he minimum baseline for the array is 29 m and the maximum
aseline is 7.7 km. The array configuration makes MeerKAT an
xcellent instrument for studying faint extended diffuse emission
n galaxy clusters. Extracting the extended emission requires short
aselines, while long baselines are needed to disentangle compact
ource emission. Both the requirements are simultaneously available
ith MeerKAT’s full array observations. Additionally, MeerKAT’s
igh sensitivity significantly reduces the integration time required
o detect faint diffuse emission. As a result of superior sensitivity,
articularly in the core, shorter observations from MeerKAT detect
NRAS 518, 4595–4605 (2023) 
aint features in the diffuse emission that similar instruments require
ignificantly longer integration times to reproduce. The Bullet cluster
as observed by MeerKAT as part of its Galaxy Cluster Le gac y Sur-
 e y (MGCLS; Knowles et al. 2022 ), which observed 115 clusters at
 -band during the science verification and early science exploitation
f MeerKAT. We independently reduced the data and present the
esults. 

The paper is organized as follows. In Section 2 we summarize
revious multiwavelength studies of the Bullet cluster. We outline our
eerKAT observations and data reduction in Section 3 . In Section 4
e present the MeerKAT results, and in Section 5 we discuss the

adio versus X-ray surface brightness correlation and radio Mach
umber of the relic. We adopt a � CDM flat cosmology with H 0 =
0 kms −1 Mpc −1 , �m = 0.3, and �� 

= 0 . 7. At the redshift of the
ullet cluster ( z = 0.296), the luminosity distance is 1529 Mpc and
 arcsec corresponds to 4.413 kpc. 

 MULTI WAV ELENGTH  OBSERVATI ONS  O F  1 E  

6 5 7 - 5 5 . 8  

ucker, Tananbaum & Remillard ( 1995 ), Tucker et al. ( 1998 ) were
he first to detect the Bullet cluster using the ROSAT satellite (Voges
992 ), the Advanced Satellite for Cosmology and Astrophysics
Tanaka, Inoue & Holt 1994 ), and the Einstein IPC instrument
Giacconi et al. 1979 ). Tucker et al. ( 1998 ) also measured that the
ullet cluster has a spectroscopic redshift of z = 0.296. There have

ince been numerous multiwavelength follow-ups of this cluster
Liang et al. 2000 ; Markevitch et al. 2002 ; Clowe, Gonzalez &

arkevitch 2004 ). Barrena et al. ( 2002 ) used spectroscopic data
rom the ESO New Technology Telescope (Tarenghi & Wilson 1989 )
o study the dynamical state of the cluster. Their results showed
hat the system has a sub-cluster which is offset from the main
luster position by 0.7 Mpc in the western direction. They found that
he sub-cluster had a virial mass of 1.3 × 10 13 M � and the main
luster had virial mass of 1.3 × 10 15 M �. They concluded that the
ass of the sub-cluster was significantly larger at the pre-merger

tage. Hence, they concluded that the Bullet cluster has recently
within the past 0.15 Gyr) experienced a major merger. Clowe et al.
 2004 ) used Very Large Telescope (VLT FORS1) data to reconstruct
eak lensing maps of the Bullet cluster. Their weak lensing and
-ray comparison studies revealed that the X-ray centroid peak and

econstructed cluster mass were misaligned, hence showing that the
otal mass of the system does not trace the baryonic mass. This
esult indicated that dark matter is collision-less. Other weak lensing
tudies have further solidified these findings (Brada ̌c et al. 2006 ;
lowe et al. 2006 ; Paraficz et al. 2016 ). 
Chandra X-ray studies by Markevitch et al. ( 2002 ) and Markevitch

 2006 ) showed that the merger was a ‘te xtbook’ e xample of a
ow shock merger. They measured the Mach number of the bow
hock to be M X = 3.0 ± 0.4. The velocity of the cluster was
ound to be 3000–4000 km s −1 . Their observations also indicate that
he sub-cluster traversed the main cluster 0.1–0.2 Gyr ago and is
n its final stage of being destroyed by dynamic gas instabilities.
hey studied the temperature profile across the shock and found

hat the electrons are fast heated at the bow shock front. Di
ascolo et al. ( 2019 ) used Atacama Large Millimeter/submillimeter
rray and Atacama Compact Array SZ observations to study the
ow shock in the cluster. They found an SZ-derived Mach num-
er of M SZ = 2.53 + 0 . 33 

−0 . 25 , in agreement with their X-ray-derived
alue of M X = 2.57 ± 0.23, obtained after reprocessing archival
handra data. 



MeerKAT’s view of the bullet cluster 4597 

Figure 1. Full resolution MeerKAT 1.3 GHz image of the Bullet cluster. The rms of the image is σ = 8.5 μJy beam 

−1 . The synthesized beam of the image 
is 6.4 arcsec × 5.9 arcsec, 61.7 ◦p.a, it is indicated by the filled white ellipse in the lower left-hand corner of the image. We label the radio halo, relic, newly 
detected diffuse emission, and decrement region within the halo. The black cross indicates the SZ cluster centre. 
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Table 1. Multiwavelength properties of 1E 0657 −55.8. SZ values are from 

the ACT DR5 catalogue (Hilton et al. 2021 ). The X-ray properties are from 

Menanteau et al. ( 2010 ). 

R.A. J2000 (hh:mm:ss.s) 06:58:32.7 
Dec. J2000 (dd:mm:ss.s) −55:57:19.0 
redshift 0.296 
Y 500 , SZ (10 −4 arcmin 2 ) 13.3 ± 0.4 
M 500 , SZ (10 14 M �) 11.4 + 2 . 2 −1 . 8 
L 500, X (10 44 erg s −1 ) 20.69 ± 0.05 
T X (keV) 13.56 ± 0.14 
Z X ( Z �) 0.36 ± 0.02 
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Liang et al. ( 2000 ) were the first to report the detection of a radio
alo hosted by the Bullet cluster. They observed the cluster using
he Australia Telescope Compact Array (ATCA) at 1.3, 2.4, 4.9, 5.9, 
nd 8.8 GHz. There have since been follow-up studies of the radio
mission using deeper, and higher frequency, ATCA observations 
Shimwell et al. 2014 , 2015 ; Malu, Datta & Sandhu 2016 ). The first
etection of a luminous ‘toothbrush’ relic was reported by Shimwell 
t al. ( 2015 ). The y measured an inte grated flux density of 77.8 ± 3.1
nd 4.8 ± 0.6 mJy, α1 was −1.07 ± 0.03 and −1.66 ± 0.14 for regions 
 and B, respectively (see Fig. 1 ), and P 1.4 GHz = (2.3 ± 0.1) ×
0 25 WHz −1 . Their X-ray analysis revealed that the relic coincides 
ith a shock opposite the western bow shock. The Mach number of

he shock was measured to be M X = 2.5 + 1 . 8 
−0 . 8 . The multiwavelength

roperties of the Bullet cluster are summarized in Table 1 . 

 M E E R K A  T  OBSERVA  T I O N S  A N D  DA  TA  

E D U C T I O N  

he presence of a radio halo and relic in the Bullet cluster (Liang
t al. 2000 ; Shimwell et al. 2014 , 2015 ; Malu et al. 2016 ) made
t an excellent science verification target for MeerKAT. The Bullet 
luster was observed on 2018 June 24 using 61 antennas. The data
ere recorded at L -band, which has a total bandwidth of 856 MHz
ivided into 4096 channels, and the integration time was set to 8 s.
he full observation was ∼11 h, including the o v erheads. F or the
bservations, the primary flux calibrators were J0408 −6545 and 
 S ν ∝ να

p
t  

r

1331 + 3030. J0408 −6545 was observed for 10 min after every 1-h
can of the target and gain calibrator, and J1331 + 3030 was observed
or 10 min for the last hour scans. The secondary gain calibrators were
0825 −5010 and PKS 0647 −475. The gain calibrators were each
bserved for 2 min after every 20-min target scan. The observation
etails are summarized in Table 2 . The raw data were provided to us
y the Observatory in 2018 as part of a PhD project. This observation
as later included in the MGCLS’s first data release (Knowles et al.
022 ). Ho we ver, for this analysis, we reduced this data independently
f the MGCLS. The MGCLS DR1 only provides image products, we
eeded to further process the data by removing the compact sources in
he visibility plane and re-image at low resolution. Our independent 
rocessing also allows for sanity checking and comparison against 
he Obit processing used in MGCLS DR1. The details of the data
eduction are discussed below. 
MNRAS 518, 4595–4605 (2023) 
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M

Table 2. Summary of the MeerKAT observations and the full resolution 
image properties. 

Central frequency (MHz) 1283 
�ν (MHz) 856 
No. of antennas 61 
Observing date (Y-M-D) 2018-06-24 
Amplitude calibrators J0408 −6545 & 

J1331 + 3030 
Phase calibrators J0825 −5010 & 

PKS 0647 −475 
On-source time (h) 7.7 
t int (s) 8 
Flagged (per cent) 50.2 
θsynth , p . a . (arcsec × arcsec, 
◦) 

6.4 × 5.9, 61.7 

σ rms ( μJy beam 

−1 ) 8.5 
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Figure 2. MeerKAT’s low resolution image of the diffuse emission. The rms 
of the image is 10.1 μJy beam 

−1 . The beam, indicated by the magenta ellipse, 
has a size of 13.1 arcsec × 11.7 arcsec and the position angle of the beam is 
120.6 ◦. The black polygons indicate the regions that were used to calculate 
the flux density of the diffuse emission. The contour levels are [3, 6, 20] × σ

where σ = 10.1 μJy beam 
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.1 Data reduction 

he data were reduced using OXKAT v1.0 2 software (Heywood
020 ). OXKAT is a set of Python-based scripts that perform the
raditional first-generation calibration (1GC), flagging, and second-
eneration calibration (2GC) using astronomy tools such as CASA

5.6 (McMullin et al. 2007 ) and WSCLEAN v3 3 (Offringa et al. 2014 ).
he target field did not have any problematic bright sources, hence we
id not perform third-generation calibration (3GC), which includes
orrecting for direction-dependent effects. 

To compress the data and increase the processing speed, the
ata were averaged from 4096 channels to 1024 channels. We
hen proceeded to 1GC, where all the steps were performed using
ASA . We started with flagging the known RFI bands manually by
pecifying the frequency bands. We then applied automated flagging
sing CASA tasks such as RFLAG and TFCROP . The primary and
econdary calibrator models were used to calibrate the target field,
nd the calibrators and target were split into separate Measurements
ets (MS). 
After applying the 1GC calibration solutions to the target field,

he data were flagged using TRICOLOUR v0.1.7 4 (Hugo et al. 2022 ).
he final flagged percentage of the target data is 50.2 per cent . The

arget was imaged using WSCLEAN with an auto-mask threshold, a
riggs robust weighting (Briggs 1995 ) of −0.3, and eight sub-band
hannels. The data were e-imaged in WSCLEAN using the blind mask,
ith the final 1GC image then used to predict the sky model for the

arget field. This model was then used for self-calibration. The final
tep of the data reduction was 2GC, where one cycle of phase and
mplitude self-calibration was performed using CASA before a 2GC
mage was made. This final image’s central frequency is 1.3 GHz,
nd it has an rms of 8.5 μJy beam 

−1 near the cluster centre. The
ynthesized beam is 6.4 arcsec × 5.9 arcsec, with a position angle
f 61.7 degrees. The full field of view is shown in Fig. A1 , with a
oom-in on the cluster region in Fig. 1 . 

.2 Compact source subtraction 

rior to measuring the flux densities of the diffuse emission, we
ubtracted compact emission from all sources brighter than 25 μJy
n a fixed region with a radius of 5 arcmin centred at the cluster’s SZ
entre, which co v ered the extent of the diffuse emission. The compact
NRAS 518, 4595–4605 (2023) 

 https:// github.com/IanHeywood/ oxkat
 https:// sourceforge.net/ p/ wsclean/ wiki/Home/ 
 https:// github.com/ska-sa/ tr icolour 

5

6

7

ource subtraction, which was applied in the uv-plane, was done to
nsure that the flux density measurements for the diffuse emission
ad no contamination from the embedded compact emission. We
lso remo v e compact sources to ensure that they do not blend with
he extended emission when we produce low resolution maps. The
ource subtraction was implemented using CRYSTALBALL v0.3.1 5 and
SUTILS v1.2.0. 6 CRYSTALBALL uses a source list from WSCLEAN

o create a model column, in the MS file, that only contains the
agged compact sources. MSUTILS then subtracts the newly created
olumn from the column that contains the calibrated data and creates
 new column containing the compact-source-subtracted visibilities.
e then used the resulting visibilities to produce the low resolution
ap. 

.3 Low resolution maps 

e produce a low resolution map to enhance the surface brightness of
he fainter regions of the large-scale diffuse emission. We imaged the
arget field using a uv-range ≤ 13 k λ which corresponds to a projected
ize of ∼119 kpc at the cluster redshift, and a Briggs weighting robust
arameter of 0. The diffuse emission in this cluster is extremely
right, and the flux density of the brightest regions is also captured
n longer baselines. Hence, we used a higher uv -cut to ensure that
e capture all the flux. We use the resulting image to measure flux
ensities of the diffuse radio sources. We use polygon regions guided
y the 3 σ contours to create regions in which we measure the flux
ensities of the radio halo and relic. These regions are indicated by
lack polygons in Fig. 2 . We then use DS9 ’s RADIOFLUX v1.2 7 plug-
n to measure the flux densities. The uncertainty on the measured
ux densities is given by �S = 

√ 

( δS × S) 2 + Nσ 2 , where S is the
easured flux density, δS is the flux calibration uncertainty which
e assume to be 5 per cent for MeerKAT (Knowles et al. 2022 ), N
 https:// github.com/paoloserra/ crystalball 
 https:// github.com/SpheMakh/ msutils 
 ht tps://github.com/mhardcast le/radioflux 

https://github.com/IanHeywood/oxkat
https://sourceforge.net/p/wsclean/wiki/Home/
https://github.com/ska-sa/tricolour
art/stac3370_f2.eps
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https://github.com/mhardcastle/radioflux
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Figure 3. X-ray image of the Bullet cluster obtained from archi v al Chandra 
ACIS-I observ ations by Marke vitch ( 2006 ). The o v erlaid contours are from 

MeerKAT’s low resolution image. The contour levels are [3, 6, 20] × σ where 
σ = 10.1 μJy beam 

−1 . The beam size of the low resolution image is 13.1 
arcsec × 11.7 arcsec and the position angle of the beam is 120.6 ◦. The grid 
shows the region which was used to perform the point-to-point analysis. All 
the cells were used for the MeerKAT analysis, while the magenta cells were 
excluded for the ATCA analysis. 
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s the number of beams within the region that the flux density was
easured, and σ is the local rms noise of the image. 

.4 Spectral index map 

eerKAT’s sensitivity and wide bandwidth enables us to produce 
n-band spectral index maps from the single observation. To perform 

pectral index studies of the radio halo and relic in the Bullet cluster,
e divided the compact source subtracted MS into two sub-bands 
ith a bandwidth of ∼384 MHz each. The central frequencies of

he lower and upper sub-bands are 1.1 and 1.5 GHz, respectively. 
e imaged each band using the multifrequency mode in WSCLEAN 

Offringa & Smirnov 2017 ) and uv-matched both sub-bands to an 
nner and outer cut of 0.1 < uv < 35 k λ. The synthesized beam of the
pper sub-band image was set to be the same as the synthesized
eam of the lower sub-band image. Each image was primary beam 

orrected using KATBEAM v0.1. 8 We use the sub-band images to 
alculate the in-band integrated spectral index. We calculate the 
orresponding uncertainties using the error propagation method. 
he spectral index maps were produced using Broadband Radio 
stronomy Tools (BRATS; Harwood et al. 2013 ; Harwood, Hard- 

astle & Croston 2015 ) v2.6.3. To generate the spectral index maps,
RATS 9 uses the power law in the form of S ν ∝ ν−α to produce the
pectral index map values. This is performed using a pixel-by-pixel 
eighted least-squares method, where the weights are the inverse 
ariance. BRATS has an inbuilt flux density measurement function 
hich requires the user to input the percentage calibration errors 

or the flux density uncertainty approximations, in our case we used 
 per cent . 
To produce the spectral index map along with the uncertainty map, 

e load the sub-band maps into BRATS . We then load a DS9 region
le encompassing the extended diffuse emission along with an off- 
ource background region (for details of the region definitions, see 
ection 3.3 ). BRATS uses the background region to calculate the rms
oise of the low resolution maps. We set the source detection limit to
e five times the rms noise. To produce spectral index maps, BRATS

ses adaptive regions. These regions are set by a function written 
o group pixels into regions based on a specified set of parameters.

e set the signal-to-noise parameter to be 6 and use the default
ettings for the rest of the parameters. In our analysis, we found that
ncreasing the signal-to-noise parameter lowered the uncertainties 
ssociated with the spectral index map, resulting in a more robust
ap. 

 RESULTS  

e detect both the known radio halo and relic and a new diffuse
adio source in the MeerKAT L -band image of the Bullet cluster. We
etect fainter larger scale diffuse emission compared to the ATCA 

bservations (Liang et al. 2000 ; Shimwell et al. 2014 , 2015 ; Malu
t al. 2016 ). We discuss our findings below. 

.1 Radio halo 

he full-resolution MeerKAT L -band image of the Bullet cluster 
nd labels of the diffuse radio sources is presented in Fig. 1 . We
xtracted the diffuse emission properties from the low-resolution 
mage, indicated by the contours in Fig. 3 . The radio halo emission
 https:// github.com/ska-sa/ katbeam 

 ht tp://www.askanast ronomer.co.uk/brat s/

T  

T  

b  

d

s connected to the relic, hence we use the region where the relic’s
pectral index flattens ( ∼0.6) as the halo boundary. The detected
adio halo has an integrated flux density of 100.7 ± 5.0 mJy. The
orresponding halo radio power is (34.4 ± 1.1) × 10 24 WHz −1 , 
hich makes it one of the most powerful radio haloes known to
ate. The largest angular size (LAS) of the halo is 6.2 arcmin × 4.7
rcmin which corresponds to a largest linear size (LLS) of 1.6 Mpc ×
.3 Mpc. MeerKAT’s dense short baselines and sensitivity enables us 
o detect a larger North–South extent of the radio halo in comparison
o pre vious observ ations (Liang et al. 2000 ; Shimwell et al. 2014 ).
he observational properties of the structures are summarized in 
able 3 . 
Pre vious ATCA observ ations detect the brightest region of the

adio halo, which o v erlaps with the 6 σ contours of the low resolution
mage (see Fig. 3 ). In these observations, the radio halo is elongated
n the East–West direction, which is along the merger axis. MeerKAT
etects a fainter region of the radio halo, which results in the halo
aving a spherical morphology. Ho we v er, the western re gion of the
adio halo is still enclosed within the pronounced X-ray ‘bow-shock’ 
nvelope, as Shimwell et al. ( 2014 ) found in their paper for the ATCA
bservations. This shape indicates that X-ray shocks influence the 
hape of the diffuse radio emission. The extended faint halo emission
ppears to have a decrement below the bow shock region, as labelled
n Fig. 1 . This faint emission, including the decrement, traces the X-
ay surface brightness (see Fig. 3 ). The decrement pattern has been
bserved in clusters where the halo has substructures, such as in the
oothbrush cluster (van Weeren et al. 2016 ; Rajpurohit et al. 2021 ).
his region is at the periphery of the protruding subcluster, and may
e an indication of low electron density. Howev er, comprehensiv e
ynamical studies are required to determine if the fainter emission 
MNRAS 518, 4595–4605 (2023) 
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Table 3. Summary of radio analysis of all the diffuse radio sources in the Bullet cluster. The columns are as follows. 
(1) Name of the diffuse radio source, (2) Integrated flux density, (3) Integrated in-band spectral index, (4) Radio 
power at 1.4 GHz, (5) Largest Angular Size, and (6) Largest Linear Size. 

Source Integrated flux density α1 . 1 GHz 
1 . 5 GHz P 1.4 GHz LAS LLS 

(mJy) (10 24 WHz −1 ) (arcmin) (kpc) 

Halo 100.7 ± 5.0 1.1 ± 0.2 34.4 ± 1.1 6.2 × 4.7 1632 × 1250 
Relic region A 98.6 ± 4.9 1.1 ± 0.1 40.0 ± 1.3 1.6 432 
Relic region B 8.2 ± 0.4 1.2 ± 0.2 3.3 ± 0.5 2.1 556 
Relic 107.0 ± 5.4 1.1 ± 0.2 43.5 ± 1.4 3.7 988 
Candidate relic 1.8 ± 0.1 1.6 ± 0.9 0.6 ± 0.01 3.4 895 
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nd decrement relate to any merger activity in the peripheral region
f the cluster. 

.2 Radio relics 

s detected in Shimwell et al. ( 2015 ), the morphology of the radio
elic resembles a ‘toothbrush’ which connects to the radio halo
see Fig. 1 ). MeerKAT’s sensitivity once again allows us to trace
 slightly extended length compared to the previous report. The
adio relic has an LAS of 3.7 arcmin, corresponding to an LLS of
88 kpc. The integrated flux of the radio relic is 107.0 ± 5.4 mJy.
he corresponding relic radio power is (43.5 ± 0.5) × 10 24 WHz −1 ,
hich also makes the relic one of the most powerful relics known.
he relic properties are summarized in Table 3 . Similar to Shimwell
t al. ( 2015 ), we observe that region A of the radio relic is much
righter than region B. This varying brightness hints that region
 might be connected to the remnants of a radio galaxy. This

cenario supports the re-acceleration theory, which postulates that
he cosmic ray electrons in radio relics come from a pre-existing
ool of relativistic electrons. 
We report a new detection of diffuse emission that is 2 Mpc away

rom the SZ cluster centre, indicated in Fig. 3 . We searched for optical
ounterparts of the source in the Digitized Sky Survey-II (DSS-
I; McLean et al. 2000 ) image, since the region is not covered by
rchi v al Hubble Space Telescope observations. The detected source
as no optical counterpart and is not connected to an individual radio
alaxy. We measured the integrated flux density of the source to
e 1.8 ± 0.1 mJy. It has an elongated morphology with a folk like
tructure on one end. It has an LAS of 3.4 arcmin, corresponding
o an LLS of 0.9 Mpc. The Bullet cluster is not paired with any
eighbouring cluster, hence this reduces the chances of this source
eing associated with filaments. The detected source is ≈2 Mpc
way from the cluster’s SZ centre. Hence, based on its properties,
e propose that this could be a faint radio relic. Cosmological

imulations (Ha, Ryu & Kang 2018 ) predict ‘equatorial shocks’ that
re generated by shock waves in the equatorial plane as a result of
nitial collision during a cluster merger. These shocks are formed
uch earlier than the shocks in the direction of the merger (axial

hocks), hence the distance between equatorial shocks and the cluster
entre is expected to be further than that for axial shocks. Equatorial
hocks are rare and have been only observed at X-ray wavelength in
ne cluster (Gu et al. 2019 ). We propose that if this source is a relic,
hen it could be a candidate of a radio counterpart of an equatorial
hock. 

.3 Spectral index properties of the radio halo and relic 

eerKAT’s wide bandwidth (856 MHz) enabled us to perform in-
and spectral index studies of the radio halo and the relic. We
NRAS 518, 4595–4605 (2023) 
sed sub-band images centred at 1.1 and 1.5 GHz to calculate the
ntegrated spectral indices of the radio halo, the full relic, and the
ewly detected source. We only divide the bandwidth to two sub-
ands because this allows us to get sufficient signal-to-noise per sub-
and for the fainter regions of the diffuse emission. The integrated
pectral indices of the halo, relic, and diffuse source are 1.1 ± 0.2,
.1 ± 0.2, and 1.6 ± 0.9, respectively. The integrated spectral index
f the radio halo is in agreement with measurements from Shimwell
t al. ( 2014 ). For region A and B of the relic, we measure the
ntegrated spectral index values to be 1.06 ± 0.05 and 1.21 ± 0.17,
espectiv ely. The inte grated spectral index value for region A is in
greement with the measurement in Shimwell et al. ( 2015 ) ( α3 . 1 

1 . 1 

 1.07 ± 0.03), while region B has a shallower integrated spectral
ndex than in Shimwell et al. ( 2015 ) ( α3 . 1 

1 . 1 = 1.66 ± 0.14). This
ndicates that the integrated spectral index of region B, which is
ainter than region A, steepens at higher frequencies. 

The spectral index map obtained from the 1.1 and 1.5 GHz sub-
and images is shown in Fig. 4 . We were unable to produce a spectral
ndex map of the newly detected emission region due to its faint
urface brightness. The spectral index maps we obtain have a higher
patial resolution compared to those derived by Shimwell et al. ( 2014 ,
015 ). The spectral index map of the ratio halo also extends to the
aint regions in the outskirts, which were previously not detected
n ATCA observations. The brightest region of the halo, which in
he central region, has a flatter spectrum with a minimal variation
 α ≈ 0.9–1.0). We start to see more variation beyond the halo core
 α ≈ 0.6–1.5), with the steepest part of the halo ( α ≈1.5) being at
he edges. The flatter spectrum core region indicates the presence
f more energetic radiating particles, and/or of a larger value of
he local magnetic field strength (Feretti et al. 2004 ; Rajpurohit et al.
021 ). The radial steepening pattern has been previously reported for
adio haloes hosted by the Coma cluster, Abell 665, and Abell 2163
Giovannini et al. 1993 ; Feretti et al. 2004 ). In some instances, the
teepening is observed due to unmatched uv co v erage of the sub-
and images. We ensured that we matched the sub-band uv co v erage
rior to creating the spectral index maps. Hence, it is unlikely that
his pattern is due to data discrepancies. In the study of the Coma
luster Brunetti et al. ( 2013 ) ruled out the possibility that the SZ effect
auses the observed steepening. The steepened spectrum coincides
ith the extended region where the radio halo emission is faint. This

adial steepening pattern is predicted by primary models as a result
f local magnetic field strength variation and/or varying relativistic
lectron’s re-acceleration efficiencies. 

The spectral index map of the relic resembles that of a ‘toothbrush’
elic (Rajpurohit et al. 2020b ). The relic’s spectral index map
ndicates a spectral steepening in the E −W direction, towards the
luster centre. The spectral steepening feature is observed in most
elics (Clarke & Ensslin 2006 ; Shimwell et al. 2015 ; Rajpurohit et al.
020a ). This is caused by radiative losses in the downstream region.
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Figure 4. Left-hand panel: In-band spectral index map of the radio halo and relic in the Bullet cluster. The map is produced from two sub-band full resolution 
images centred at 1.1 GHz and 1.5 GHz. The contours trace the diffuse emission from the full resolution (6.4 arcsec × 5.9 arcsec) radio image, with levels of 
[3, 6, 12,] × σ where σ = 8.5 μJy beam 

−1 . Right-hand panel: The corresponding spectral index uncertainty map. 
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 DISCUSSION  

n Fig. 3 , it is evident that the larger halo region is tightly correlated
ith the o v erall shape of the X-ray surface brightness distribution.
he low-resolution radio contours show that the radio halo’s ex- 

ension is larger in the North–South direction in comparison to the 
ast–West direction, whereas previous studies by Liang et al. ( 2000 )
nd Shimwell et al. ( 2014 ) reported that the radio halo was elongated
long the E −W direction. The reco v ered halo’s morphology traces
he thermal X-ray emission. In our radio image, the extension along 
he E −W direction is 4.7 arcmin, while the North–South extension 
s 6.2 arcmin. Simulations of a ‘bullet-like’ clusters by Donnert 
t al. ( 2013 ) showed radio halo emission elongated in the E −W
irection even 0.22 Gyr after the first core passage. Although the 
ore passage of the bullet occurred 0.1–0.2 Gyr ago (Markevitch 
006 ), our detection of the extended faint emission shows that there
s efficient re-acceleration of electrons even at outskirts of the cluster 
long the N −S direction. 

.1 Radio halo versus X-ray brightness distribution 

he primary turbulent re-acceleration model predicts a connection 
etween radio haloes and thermal X-ray emission (Brunetti & 

ones 2014 ; Ignesti et al. 2020 ). In this model, the merger induced
urbulence is generated in the thermal background plasma and cosmic 
ay particles are re-accelerated and transported in that turbulence. 
his connection then gives rise to a spatial correlation between the 

adio and X-ray surface brightness. Correlation studies give insight to 
he interplay between non-thermal and thermal particles in the ICM, 
nd further constrain existing radio halo formation theories. Govoni 
t al. ( 2001 ) were the first to investigate the relationship between
-ray and radio brightness. They used a subset of radio haloes to
uantify the linear correlation between radio and X-ray brightness in 
ndividual galaxy clusters. This linear relation is achieved under the 
ssumption that the magnetic field strength and the energy density 
f the cosmic ray electrons are proportional to the thermal energy 
ensity. 
The radio and X-ray brightness relationship described by the power 
a w, giv en by 

og I radio = a + b log I X −ray . (1) 

he correlation probes the source of the cosmic ray particles 
Dolag & Enßlin 2000 ; Govoni et al. 2001 ; Brunetti et al. 2004 ;
uHone et al. 2015 ), where the slope of the best-fitting line ( b )

ndicates whether the magnetic field strength and cosmic ray energy 
ensity decline faster ( b > 1) or slower ( b < 1) than the thermal
nergy density. Turbulent re-acceleration models are able to produce 
oth sublinear and linear relations, while hadronic models only 
redict a superlinear correlation (Brunetti & Jones 2014 ). Previous 
tudies have reported a sublinear to linear relation for radio haloes
Feretti et al. 2001 ; Cova et al. 2019 ; Botteon et al. 2020b ; Rajpurohit
t al. 2021 ). 

To investigate the X-ray/radio correlation in the Bullet cluster, we 
se the archi v al X-ray image from the Chandra ACIS-I observations
PI: Maxim Markevitch) and the MeerKAT low-resolution image. 

e first smoothed the X-ray image and re-gridded it to have the
ame number of pixels and resolution as the low-resolution radio 
mage. We then created a gridded composite region of 55 cells
ith a dimension of 40 arcsec × 40 arcsec, indicated by green and
agenta cells in Fig. 3 . The cell size was chosen to obtain a good

ompromise between high signal-to-noise ratio (within the cell) and 
ood resolution. The size of the grid was guided by 3 σ contours of
he low resolution radio image. We use the SYNAGE + + package
Murgia et al. 2011 ) to calculate the point-to-point correlations in the
e gion co v ered by the grid. The ‘point’ values are obtained from the
ndividual cells. The uncertainties associated with each data point 
re calculated as the rms within the cells. The left-hand panel of
ig. 5 shows the resulting correlation plot for the MeerKAT and
handra images. We use the PYTHON implementation of the LINMIX 

0.1.0.dev1 10 package to determine the best-fitting parameter values 
or the correlation (Kelly 2007 ). LINMIX implements a Bayesian 
MNRAS 518, 4595–4605 (2023) 
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Figure 5. Radio-X-ray correlation plots for MeerKA T and A TCA images. Each point indicates the correlation for individual cells, as produced by the 
SYNAGE + + package. The best-fitting line is obtained using the MCMC method within LINMIX . To enhance the visibility of the error bars, the radio and X-ray 
error bars in the plots generated from the MeerKAT image were scaled by a factor of 5 and 10, respectively. Left-hand panel: The correlation plot produced 
using the low-resolution point-source-subtracted MeerKAT image with a central frequency of 1.3 GHz. Middle: The correlation plot produced using the ATCA 

1.1 −3.1 GHz image (Shimwell et al. 2014 ). Right-hand panel: Radio-X-ray correlation plot using the brightest halo core in the MeerKAT image. 

Table 4. Radio halo and X-ray brightness correlation b is the slope of the 
best-fitting line, r s is the Spearman correlation coefficient, and r p is the 
Pearson correlation coefficient. 

Radio image 
Central frequency 

(GHz) b r s r p 

MeerKAT full scale 1.3 0.97 ± 0.06 0.92 0.84 
ATCA 2.1 0.78 ± 0.12 0.66 0.79 
MeerKAT core 1.3 0.88 ± 0.19 0.66 0.68 
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inear regression while accounting for intrinsic scatter, measurement
ncertainties on both input variables, and derives an upper limit for
he y-variable if it is not detected. Using the Markov Chain Monte
arlo (MCMC; Hastings 1970 ) method performed within LINMIX , we

ake the mean of the posterior distribution as the best-fitting slope.
e use the FITSCALINGRELATION 

11 [2022 July] package to plot the
esulting correlation plots, each point represents the correlation per
rid cell. The slope ( b 1 . 3GHz ) of the best-fitting line is 0.97 ± 0.06.
e calculate the strength of the correlation using the Spearman

nd Pearson correlation coefficients ( r s , r p ). We obtain a Spearman
nd Pearson correlation coefficient of r s = 0.92 and r p = 0.84,
espectively. We summarize our findings in Table 4 . 

Our results indicate that there exists a linear correlation ( b ∼1)
etween the radio and X-ray brightness. This outcome is contrary to
hat of Shimwell et al. ( 2014 ) who reported that they discovered
o correlation and a low Spearman correlation strength of 0.4.
o investigate this discrepancy, we use LINMIX to obtain best-
tting values for the ATCA image (image obtained from Timothy
himwell). We first used a grid the same size as in Shimwell et al.
 2014 ) to reproduce their results, which indeed show no correlation.

e then use the same grid we used for the MeerKAT correlation
lot, excluding the magenta cells which overlap with the discrete
ources that were not subtracted in the ATCA image. The resulting
orrelation plot for the ATCA and Chandra images is shown in
he middle panel of Fig. 5 . In this case, we find a correlation of b
 0.78 ± 0.12, with a Spearman and Pearson correlation coefficient

f r s = 0.66 and r p = 0.79, respectively. This indicates an increased
orrelation strength than previously reported. We probe whether the
NRAS 518, 4595–4605 (2023) 

o-existence of different correlations is intrinsic or as a result of data 

1 ht tps://github.com/mat tyowl/fit ScalingRelat ion 

f  

i

α

uality. We use a smaller grid with 24 cells, co v ering the bright core,
o re-calculate the best-fitting value of the slope in the MeerKAT
mage. The correlation plot for the core region is shown in the right-
and panel of Fig. 5 . The resulting slope has a best-fitting value of
.88 ± 0.19, although flatter than the full-size radio halo fit, it is
till consistent with the linear correlation and within the lower bound
rror bar. The Spearman and Pearson correlation coefficients for the
ore region are r s = 0.66 and r p = 0.68, respectively. Recent studies
y Biava et al. ( 2021 ), Rajpurohit et al. ( 2021 ), Bonafede et al. ( 2022 )
ave reported disparities in correlation strengths of the halo core and
he outskirts. Such a trend might be hinting that some regions of
adio haloes have a contribution from both hadronic re-acceleration
echanisms, as predicted by the hybrid models (Brunetti & Jones

014 ). Bonafede et al. ( 2022 ) cited that sublinear regions have
egligible contributions from the hadronic mechanisms. Studies of
oint-to-point analysis in larger samples of radio haloes would be
ey to investigate if this trend exists in the majority of radio haloes. 

.2 Radio mach number 

he ‘bow’ shock in the western region of the radio halo is well
tudied and constrained at X-ray wavelengths (Markevitch et al.
002 ). Ho we ver, Shimwell et al. ( 2015 ) were the first to report a
entative shock in the region of the radio relic. They used archi v al
handra data to search for a surface brightness and temperature

ump in the relic re gion. The y disco v ered a clear surface brightness
ump, but the temperature jump was not as distinct. They found the
esulting Mach number to be M X ≈ 2 . 5 + 1 . 3 

−0 . 8 . 
Radio relics are often associated with shock fronts and hence can

e used as tracers of these shock regions. Considering the case where
elics form through the DSA mechanism, the radio Mach number can
e derived from the integrated spectral index with the assumption of
tationary shock conditions in the ICM. The radio Mach number is
hen given by 

 R = 

(
2 αinj + 3 

2 αinj − 1 

)1 / 2 

, (2) 

here αinj is the injection spectral index (Kardashev 1962 ; Bland-
ord & Eichler 1987 ). It can be related to the integrated spectral index
n the following manner 

int = 0 . 5 + αinj . (3) 

art/stac3370_f5.eps
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n Section 4.3 , we calculated the integrated spectral index of the radio
elic to be αint = 1.1 ± 0.2. From this value, we obtain a radio Mach
umber of M R = 4.6 ± 0.9. The radio Mach number is higher than
he estimated X-ray Mach number, as observed by multiple studies 
van Weeren et al. 2016 ; Hoang et al. 2018 ; Stuardi et al. 2019 ). X-ray

ach numbers are usually lower because they trace the average Mach 
umber distribution while radio Mach numbers are sensitive to higher 
ach numbers constrained in a small region of the shock’s surface. 
ittor et al. ( 2021 ) used simulations to investigate the discrepancies

etween the radio and X-ray Mach numbers. They concluded that 
adio Mach numbers are more robust as they are not affected by
he orientation of the relic. Based on these findings, it would mean
hat the shock associated with the relic in the Bullet cluster is
ssociated with the class of rare high Mach number ( M R > 3)
hocks. 

 C O N C L U S I O N S  

n this paper, we studied the radio halo and relic in the Bullet
luster using MeerKAT L -band observations. After subtracting point 
ources, we were able to produce low resolution images that were 
ignificantly more sensitive than the previously reported observa- 
ions. We detect a new diffuse radio source located north–west of
he cluster centre, and ≈2 Mpc away from the cluster’s SZ centre.
ue to the morphology of the source, we label it as a candidate relic.
e also detect a decrement feature on the southern outskirts of the

adio halo. The decrement feature and the radio halos ‘bow-shock’ 
dge coincide with the X-ray surface brightness distribution. The 
ensitivity of MeerKAT enabled us to study the morphology of the 
alo and relic and produce their spectral index maps. The summary 
f our findings is as follows. 

(i) The integrated 1.3 GHz flux density of the radio halo and relic
as determined to be 100.7 ± 5.0 and 107.0 ± 5.4 mJy , respectively .
e reco v ered a larger extent of both the radio halo and relic; hence,

he reco v ered flux densities are significantly larger in comparison to
he values quoted in Liang et al. ( 2000 ) and Shimwell et al. ( 2014 ,
015 ). 
(ii) We detected a fainter extension of the radio halo emission, 

hich suggests lower relativistic electron density or a weaker 
agnetic field at the outskirts of the halo. 
(iii) The radio halo versus X-ray brightness correlation analysis 

hows a linear relation for the full extent of the halo. The slope
f the best-fitting line is 0.97 ± 0.06 and a Spearman and Pearson
orrelation coefficient of r s = 0.92 and r p = 0.84, respectively. 

(iv) The relic’s morphology resembles a ‘toothbrush’ relic. Similar 
o Shimwell et al. ( 2015 ), we found that the radio relic has a brighter
bulb’ region, which is attached to a fainter tail. This indicates that
he brighter region might have a remnant radio galaxy embedded. 
his radio galaxy could be the source of fossil electrons that seed the

elic’s formation. 
(v) Using sub-band images, we calculated the integrated spectral 

ndices of the radio halo and relic to be 1.1 ± 0.2 and 1.1 ± 0.2,
espectiv ely. These spectral inde x values are in agreement with those
eported by Shimwell et al. ( 2014 ), Shimwell et al. ( 2015 ). Using
he spectral indices, we calculated the radio power of the halo and
he relic to be (34.4 ± 1.1) × 10 24 WHz −1 and (43.5 ± 0.5) ×
0 24 WHz −1 , respectively. 
(vi) The spatial spectral index distribution of the radio halo 

ndicates a radial steepening. The spectral index map of the relic 
ndicates an E −W steepening pattern. 
(vii) There exists a linear correlation between the X-ray and 
adio brightness of the radio halo. Ho we ver, the correlation strength
ecreases when considering only the bright inner core of the halo. 
(viii) The powerful relic is associated with a shock that has a high

adio Mach number of M R = 4.6 ± 0.9. 

Currently, L -band observations are the lowest frequency observa- 
ions of the Bullet cluster. In future, UHF-band and lower frequency
bserv ations, could gi ve insight on the full extent of the diffuse
mission. This data would also allow us to produce a spectral index
ap of the newly detected radio source, which would confirm if it is

ndeed a radio relic associated with the cluster. 
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