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A B S T R A C T 

MS 0735.6 + 7421 ( z = 0.216) is a massive cool core galaxy cluster hosting one of the most po werful acti ve galactic nuclei 
(AGNs) outbursts known. The radio jets of the AGN have carved out an unusually large pair of X-ray cavities, each reaching a 
diameter of 200 kpc. This makes MS 0735.6 + 7421 a unique case to investigate active galactic nuclei feedback processes, as well 
as other cluster astrophysics at radio wavelengths. We present new low radiofrequency observations of MS 0735.6 + 7421 taken 

with the Karl G. Jansky Very Large Array (VLA): 5 h of P -band (224–480 MHz) and 5 h of L -band (1–2 GHz) observations, both 

in C configuration. Our VLA P -band (224–480 MHz) observations reveal the presence of a diffuse radio component reaching a 
scale of ≈ 900 kpc in the direction of the jets and of ≈ 500 kpc in the direction perpendicular to the jets. This component is centred 

on the cluster core and has a radio power scaled at 1.4 GHz of P 1.4GHz = (4 ± 2) × 10 

24 W Hz −1 . Its properties are consistent 
with those expected from a radio minihalo as seen in other massive cool core clusters, although it may also be associated with 

radio plasma that has diffused out of the X-ray cavities, or to a combination of these two hypotheses. Observations at higher 
spatial resolution are needed to fully characterize the properties and nature of this component. We also suggest that if radio 

minihaloes originate from jetted activity, we may be witnessing the early stages of this process. 

Key words: black hole physics – galaxies: active – galaxies: clusters: individual: MS 0735.6 + 7421 – galaxies: clusters: intra- 
cluster medium – galaxies: jets – radio continuum: galaxies. 
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 I N T RO D U C T I O N  

ctive Galactic Nucleus (AGN) feedback is widely regarded as the 
ain source preventing cooling at the centre of cool core clusters

f galaxies (e.g. McNamara & Nulsen 2012 ). This mechanism is
owered by accretion onto the central supermassive black hole 
SMBH) that then generates relativistic jets emitting synchrotron 
mission mainly at MHz and also at GHz frequencies. These jets
ush the intracluster medium (ICM), inflating bubble-like structures 
dentified as X-ray cavities. The precise mechanism of how the 
nergy is transferred from these jets to the ambient ICM remains 
nclear, although it is likely related to turbulence, shock waves, 
ound waves, or heating by mixing (Fabian et al. 2003 ; Zhuravle v a
t al. 2014 ; Fabian et al. 2017 ; Hillel & Soker 2020 ). 

MS 0735.6 + 7421 (hereafter MS0735) is a well-studied example 
f extreme AGN feedback in a cluster of galaxies (Donahue, Stocke 
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 Gioia 1992 ; Cohen et al. 2005 ; McNamara et al. 2005 ; McNamara
t al. 2009 ; Birzan et al. 2010 ; Vantyghem et al. 2014 ; Biava et al.
021 and references therein). It is a massive ( M 500 = (4.5 ± 1.2)

10 14 M �; Hofmann et al. 2016 ), strong cool core cluster ( K 0 =
12.6 ± 0.6) keV cm 

2 ; Vantyghem et al. 2014 ) that was first identified
y Donahue et al. ( 1992 ) and was subsequently imaged in X-rays
y McNamara et al. ( 2005 ). It exhibits two extremely large X-ray
avities of approximately 200 kpc in diameter each, that have been
nflated by a pair of relativistic jets among the most powerful known
o date in any cluster core (e.g. total jet power of 1 . 7 + 0 . 6 

−0 . 5 × 10 46 

rg s −1 ). These cavities are surrounded by an elliptical shock front
Vantyghem et al. 2014 ). 

In this system, McNamara et al. ( 2005 ) was the first to emphasize
he spatial correspondence between the radio jets identified with 
LA L -band (1.4 GHz) data and the X-ray cavities. MS0735 was

lso imaged by Cohen et al. ( 2005 ) who presented VLA observations
t 1.425 GHz in C configuration and at 325 MHz in B configuration
llowing them to compute integrated spectral indexes for the main 
omponents of the cluster. The spectral index is defined as S ν∝ ν−α ,
here S ν is the flux density, ν is the frequency, and α is the spectral
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ndex. We use the same convention for the spectral index for the rest
f this paper. 
Using new Chandra observations (cumulative exposure time of

77 ks), Vantyghem et al. ( 2014 ) estimated the required power to
nflate the cavities and concluded that the total power exceeds
he X-ray bolometric luminosity within the cooling region, thus
ompensating for the radiative losses of the ICM. They also further
tudied the shock front that delimits the two large cavity regions
nd estimated its Mach number to be M = 1 . 26 + 0 . 04 

−0 . 09 . The energy
equired to inflate these bubbles and to generate the shock front is on
he order of 10 62 erg. Moreo v er, as part of this work, a second pair of
maller X-ray cavities were identified closer to the central AGN.
hese smaller cavities are characterized by powers significantly
maller than the powers of the large 200 kpc cavities (around 30 times
maller) suggesting that the AGN power varies o v er time. The time-
cale on which these two generations of cavities occurred is none the
ess short enough to prevent the ICM from cooling (i.e. shorter than
he cooling time) and thus supports the AGN feedback hypothesis. 

More recently, Biava et al. ( 2021 ) presented results of an in-
epth spatial radio analysis of MS0735 using new 144 MHz Low-
requency Array (LOFAR) data and archi v al radio data at 235, 325,
10 MHz, 1.4, and 8.5 GHz. They identified an intermediate-size
-ray cavity located at the south-west of the core and jet-related

adio emission that completely fills the large X-ray cavities. The
ntermediate cavity is of intermediate age compared to the two
enerations of cavities identified in Vantyghem et al. ( 2014 ). Their
esults show very steep spectral indexes across the extent of the radio
ets (up to spectral inde x es of α1420 

610 = 3 . 4 ± 0 . 6 between 610 MHz
nd 1.42 GHz for the outer lobes of the jets). Based on spectral
geing maps, their work also suggests that the central AGN is active
ost of the time and is only going through quiescent phases for brief

eriods. 
Given that MS0735 is a massive, cool core cluster, one might argue

hat in addition to the radio emission produced by the relativistic jets,
t is also an ideal candidate for harbouring a radio minihalo. Indeed,
iacintucci et al. ( 2017 ) showed that most of the massive cool core

lusters host a minihalo. Radio minihaloes are faint diffuse radio
tructures often found in cool core clusters, surrounding the central
alaxy. The y hav e a scale on the order of 100–500 kpc (e.g. Gitti et al.
007 ; Giacintucci et al. 2013 ; Prasow- ́Emond et al. 2020 ). They are
hus smaller than galaxy clusters but are larger than most relativistic
ets from the AGN, which are typically on the scale of 30 kpc (von der
inden et al. 2007 ), even though some jet-related structures do reach

he order of a few hundred kpc (e.g. MS0735). Radio minihaloes also
ave steep radio spectra with typical spectral indexes of α > 1. 
Because the radiative time-scale of the relativistic particles pro-

uced by the AGN jets is shorter than the time required to reach
he extent of radio minihaloes, these structures have previously been
ttributed to a new population of relativistic particles produced in
itu or to an old population of relativistic particles that have been
e-accelerated. The source of relativistic particles responsible for
adio minihaloes has been historically debated between the hadronic
odel and the turbulent model. In the hadronic model, the electrons

re produced as a result of the hadronic interaction between cosmic
ay (CR) protons and ICM protons (Pfrommer & Enßlin 2004 ; Fujita
t al. 2007 ; Zandanel, Pfrommer & Prada 2014 ; Ignesti et al. 2020 ).
o we ver, this model would imply extended emission of γ -rays which
ave not been detected up to this day (see Ahnen et al. 2016 ). In the
urbulent model, seed electrons are re-accelerated by ICM turbulence
nduced by phenomena such as gas sloshing (see ZuHone et al.
013 for simulation results). This hypothesis is the most accepted,
artly because most radio minihaloes are bounded by cold fronts
NRAS 519, 767–777 (2023) 
Giacintucci et al. 2011 ) which are a typical sign of gas sloshing (see
arkevitch & Vikhlinin 2007 ). 
Some studies have previously suggested that relativistic seed

articles responsible for radio emission of radio minihaloes could
riginate from the central AGN (e.g. Fujita et al. 2007 ). Moreo v er,
ther studies suggested that the central AGN might be the source
f the turbulence that drives the re-acceleration of particles in radio
inihaloes (e.g. Bravi, Gitti & Brunetti 2016 ). This result was further

upported by the disco v ery of strong correlations between the radio
ower of radio minihaloes and the brightest cluster galaxy (BCG)
teep radio power component, and between the radio minihalo radio
ower and the X-ray cavity power which suggests a link between
he feedback processes of the central AGN and radio minihaloes
Richard-Laferri ̀ere et al. 2020 ). Additional high spatial resolution
nd high sensitivity radio observations of clusters exhibiting radio
inihaloes and hosting extreme AGN feedback are required to test

hese hypotheses. As previously pointed out, MS0735 is a target of
hoice for such an investigation because it exhibits uniquely large
elativistic jets characteristic of extreme central AGN feedback, yet
o study has reported the detection of a radio minihalo in this cluster.
In this paper, we present a radio analysis of MS0735 using new,

eep, radio data acquired using the VLA in P -band (224–480 MHz)
nd L -band (1–2 GHz), both in C configuration. Our data are probing
patial scales suitable for the detection of a radio minihalo, if present.
o complement our analysis, we used X-ray data from the Chandra
bserv atory archi v al data set. Section 2 presents the radio and X-
ay observations and the data reduction process. Section 3 presents
he resulting images and their analysis. In section 4 , we discuss the
esults and their implications. Finally, in section 5 , we present our
ain conclusions and the objectives for future studies related to
S0735. 
Throughout the paper, we use H 0 = 70 km s −1 Mpc −1 , �m =

.3, and �� 

= 0 . 7 assuming a � CDM cosmological model and z
 0.216 as the cluster’s redshift (1 arcsec = 3.5 kpc). Errors are 1 σ

nless otherwise stated. 

 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

.1 New VLA obser v ations 

e obtained a total of 5 h in P -band (224–480 MHz) and 5 h in L -
and (1–2 GHz) using the VLA (project number 18B-171, principal
nvestigator J. Hlavacek-Larrondo). Both of these observations were
aken in C configuration, on 2018 December 5 and 6, respectively. 

The observations were taken with 27 operational antennas. Within
he observation periods, no anomaly was reported by the operator log.
he VLA L -band (1–2 GHz) data set consists of 45 scans, from which

hree scans are of 3C147, one at the beginning, one in the middle,
nd one at the end (for flux and bandpass calibration), 10 scans are
f J0841 + 7053 (for phase calibration) and the rest of the scans are
f MS0735. The VLA L -band (1–2 GHz) receiver has 16 spectral
indows (bandwidth of 64 MHz), each subdivided into 64 channels

bandwidth of 1 MHz). The VLA P -band (224–480 MHz) data set
onsists of 45 scans, from which three scans are of 3C147, one at the
eginning, one in the middle, and one at the end (for flux and bandpass
alibration), ten scans are of J0939 + 8315 (for phase calibration)
nd the rest of the scans are of MS0735. The VLA P -band (224–
80 MHz) receiver has 16 spectral windows (bandwidth of 16 MHz),
ach subdivided into 128 channels (bandwidth of 125 kHz). 

The data reduction of both of the data sets was done using the
OMMON ASTRONOMY SOFTWARE APPLICATIONS – CASA version
.6.2-2 following the procedure described in the low-frequency
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Table 1. New radio observations summary. 

ID Band Frequency range Robust value Beam size Sensitivity Peak brightness Fig. number 

1 P 224–480 MHz −2.0 27 × 45 arcsec 0.98 mJy beam 

−1 176 mJy beam 

−1 2 (top middle) 
2 P 224–480 MHz 2.0 59 × 75 arcsec 0.50 mJy beam 

−1 314 mJy beam 

−1 2 (bottom middle), 5 
(left-hand panel) 

3 L 1–2 GHz −2.0 6.6 × 11.4 arcsec 0.0165 mJy beam 

−1 5.00 mJy beam 

−1 2 (top right-hand panel) 
4 L 1–2 GHz 2.0 13.5 × 19.2 arcsec 0.0170 mJy beam 

−1 7.92 mJy beam 

−1 1, 2 (bottom right-hand 
panel), 4 
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LA P -band (224–480 MHz) tutorial found on the National Radio 
stronomy Observatory ( NRAO ) website: https://casaguides.nrao.ed 
/index.php?title=Main Page . A pipeline was specifically developed 
o account for the strong presence of radio frequency interference 
RFI) at these low-frequency. The steps of the data reduction process
re detailed in the following paragraphs. 

First, malfunctioning antennas and scans impacted by evident 
FI were flagged according to the visual inspection of the data 

ets. Calibrations for the antenna position, for the ionospheric total 
lectron content (TEC), and for the requantizer gains at the inputs
f the WIDAR correlator were derived and applied. The data were 
hen Hanning smoothed utilizing the HANNINGSMOOTH task. Initial 
utomatic flagging was then conducted on the calibrators and on 
he target to remo v e the most apparent RFI using the FLAGDATA
ask in TFCROP mode. A preliminary bandpass calibration was 
onducted and applied to the data using the FLAGDATA task in 
FLAG mode to reduce even more the missed RFI. After these 

nitial flagging steps, calibration was conducted. For both L -band 
1–2 GHz) and P -band (224–480 MHz) data sets, 3C147 was used
s the bandpass and flux calibrator while the phase calibrators 
ere, respectively, J0841 + 7053 and J0939 + 8315. The data were

alibrated using the standard calibration tasks ( SETJY , GAINCAL ,
ANDPASS , SMOOTHCAL ) and we proceeded to visually inspect 
ach calibration table produced with the PLOTMS task, thus allowing 
s to identify and flag any obvious outliers. After applying the 
erived calibrations using the APPLYCAL task, the corrected data 
ere split using the SPLIT task and a final weight down of the
FI was applied using the STATWT task. The deconvolution was 
erformed with a self-calibration method using the task TCLEAN 
nd two subsequent iterativ e c ycles of self-calibration were applied to
roduce incremental gain phase corrections. The self-calibration step 
sed the main target MS0735 instead of a calibration source to refine
he final calibration of the image. For both bands, the deconvolution 
as done in interactive mode to progressively build a mask indicating 

mission regions to the TCLEAN algorithm. The parameters for 
he deconvolution by the TCLEAN task were carefully chosen. A 

ultiterm and multifrequency synthesis-imaging algorithm (MS- 
FS; Rau & Cornwell 2011 ) was used. The different scales used
ere chosen to account for the point sources, the jets, and a radio
inihalo typical size. We used two Taylor’s coefficients assuming a 

inear spectrum for the source. We used the W-projection algorithm 

o correct for the widefield non-coplanar baselines effect (Cornwell, 
olap & Bhatnagar 2008 ). We used 128 and 256 w-planes for

he L -band (1–2 GHz) and P -band (224–480 MHz) respectively, to
et rid of artefacts resulting from the effect of the non-coplanar 
aseline while minimizing computing costs. We used a Briggs 
eighting algorithm and set the pblimit parameter to −0.02 to 
revent masking the edges of the image. We run 1 00 000 iterations
or each TCLEAN . For both bands, we tested the three main Brigg’s
obustness parameters of −2.0, 0.5, and 2.0 to either maximize the 
patial resolution (robust of −2.0) or maximize the diffuse emission 
etection (robust of 2.0). 
We also produced a compact sources image with the VLA L -

and (1–2 GHz) data by applying a uvrange cutoff ( > 10 k λ) in the
CLEAN task. This uvrange cutoff corresponds to angular scales of 
0 arcsec which is approximately twice the synthesized beam size. 
his allowed producing an image utilizing only the longest baselines 
f the interferometer, thus allowing us to image compact sources. 
The size of the VLA L -band (1–2 GHz) images (1260 pixels ×

260 pixels ∼1.4 ◦ × 1.4 ◦, while the full-width at half-power of
he field of view is around 0.5 ◦) and of the P -band (224–480 MHz)
mages (1260 pixels × 1260 pixels ∼5.6 ◦ × 5.6 ◦, while the full-width
t half-power of the field of view is around 2.4 ◦) were chosen to be
arge enough to include all bright sources in the vicinity of MS0735.
he images presented in the paper were cropped to show the central
art of interest of the cluster. 
For the VLA L -band (1–2 GHz) data reduction, even after testing

very antenna as the reference antenna for the calibration, we ended
p flagging approximately 60 per cent of the data due to the
arge amount of RFI. For the P -band (224–480 MHz), we flagged
pproximately 65 per cent of the data. For both bands, we reached
he expected rms noise computed using the online VLA Exposure 
alculator: ht tps://obs.vla.nrao.edu/ect /. A summary of our radio 
bservations is presented in Table 1 . 

.2 Chandra obser v ations 

e used archi v al Chandra observ ations, all taken with the Advanced
CD Imaging Spectrometer (ACIS) in VFAINT mode. The obser- 
ations were taken in 2009 June. There are seven observations in
otal: 10468 (46ks), 10469 (97ks), 10470 (150ks), 10471 (20ks), 
0822 (79ks), 10918 (68ks), 10922 (38ks) for a total of 498 ks. Each
bsID was cleaned using the CIAO software ( CIAO v4.10 and
ALDB v4.7.8 ). First, the level one event files were processed

or background flare events using the standard lc sigma clip 
outine with σ set to 3. Then, chandra repro was applied 
o the unprocessed data with vfaint set to true . Afterwards,
e created blanksky background files for each observation with 
lanksky . Using blanksky image , we created background- 
ubtracted, exposure-corrected images of each observation. Finally, 
he merge obs command was used to merge the observ ations. Fi ve
oint sources were visually noted and remo v ed from the final image.
e used the dmfilth command and a Poisson distribution to fill

n these regions. 
The data were spectroscopically fit using Xspec v12.10.1 , 
herpa v1 , and python v3.5 ; moreo v er, the observations were
t simultaneously o v er 0.7–8.0 keV. We employed an absorbed

hermal model to describe the ICM emission: PHABS ∗APEC . We
dopted a column density of 3.29 × 10 20 cm 

−2 (Kalberla et al. 2005 ).
he background spectrum was subtracted from the re gion’s e xtracted
MNRAS 519, 767–777 (2023) 
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M

Figure 1. Composite image of the cluster’s central 3.7 × 3.7 arcmin. The 
image shows a combination of the unsharp-masked X-ray soft-band (0.5–
2.0 keV) emission (blue), the optical emission (white), and the new VLA 

L -band (1–2 GHz) radio emission (orange). 
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pectrum prior to applying the fit. We used a standard reduced
2 fit statistic and Levenberg–Marquardt optimization algorithm as

mplemented in Sherpa . The regions were created using a Weighted
oronoi Tessellation (WVT) algorithm implemented in python
pplied to the 0.7–8.0 keV background-subtracted merged X-ray
mage; the implementation can be found at: https://github.com/X
raAst ronomy/Ast ronomyTools . The WVT algorithm bins regions in
eometrically unbiased groups meeting a pre-determined signal-to-
oise requirement. We set the target signal-to-noise to 80. The fitting
rocess was completed in three stages: 

(i) Freeze the metallicity to 0.3Z � and fit the normalization and
emperature; 

(ii) Freeze the temperature and thaw the metallicity, redo the fit; 
(iii) Thaw the temperature and fit with both metallicity and

emperature free. 

In this manner, the fits were able to first constrain the tempera-
ure, the metallicity, and then ensure that the estimates are stable.
inally, we calculated the luminosity in the 0.1–2.4 keV band using
herpa ’s sample flux command. 

 RESULTS  

ig. 1 shows a composite image of MS0735. In blue, we show the
handra soft-band (0.5–2.0 keV) X-ray image after an unsharp-
ask was applied. In white, we show the optical image taken with

he Hubble Space Telescope ’s Advanced Camera for Surv e ys (ACS)
hrough the F850LP filter. Finally, in orange, we show the VLA L -
and (1–2 GHz) image of the bottom right-hand panel of Fig. 2 . This
mage highlights the correspondance between the radio emission and
he X-ray cavities. 

The top panels of Fig. 2 show the VLA L -band (1–2 GHz) and VLA
 -band (224–480 MHz) images maximizing the spatial resolution

robust parameter of −2.0 in the TCLEAN task) as well as an optical
mage that was taken with the Samuel Oschin Telescope in the red
lter. In the radio images, we can identify two bright compact sources

ocated at the north-west and the south of the jets of MS0735. We
NRAS 519, 767–777 (2023) 
espectively call these sources S1 and S2 (see yellow identification
n Fig. 2 ). The VLA L -band (1–2 GHz) image in the top right-hand
anel shows the structure of the jets while the VLA P -band (224–
80 MHz) image in the top middle panel only shows the general
arge-scale structure due to its lower spatial resolution in comparison
ith the L -band (1–2 GHz). The bottom panels of Fig. 2 show the
LA L -band (1–2 GHz) and VLA P -band (224–480 MHz) images
aximizing the diffuse emission detection (robust parameter of 2.0 in

he TCLEAN task) as well as the same Samuel Oschin Telescope red
lter optical image. The bottom right VLA L -band (1–2 GHz) image
as an rms of 0.017 mJy beam 

−1 , a peak value of 7.92 mJy beam 

−1 ,
nd a beam size of 13.5 × 19.2 arcsec, 1 while the bottom middle
LA P -band (224–480 MHz) image has an rms of 0.5 mJy beam 

−1 ,
 peak value of 314 mJy beam 

−1 , and a beam size of 59 × 75 arcsec.
In Fig. 3 , we show a radio compact source image in the vicinity of
S0735 (produced with a uvrange cutoff of > 10 k λ in the TCLEAN

ask). We attempted to image only the extended emission by utilizing
he UVSUB task: we first subtracted the VLA L -band (1–2 GHz)
ompact source image from the initial data set and then re-imaged.
o we ver, the rms of the final image was insufficient to infer the

equisite physical information. 
In Fig. 4 , we compare the VLA L -band (1–2 GHz) radio contours to

he Chandra soft-band X-ray (0.5–2.0 k eV) unsharp-mask ed image.
he image demonstrates a spatial correlation between the radio jets
nd the ICM emission, but the radio emission goes beyond the X-
ay cavities. We also present an abundance map and a temperature
ap both with the VLA L -band (1–2 GHz) radio contours o v erlaid.
he temperature map shows an increase from a temperature of T centre 

 3 keV to the centre to a temperature of T edge = 11 keV to the
dge. The cooler gas in the central regions of the cluster is slightly
longated in the direction of the jets as was pointed out in Vantyghem
t al. ( 2014 ). This effect is most likely due to the centralized cold gas
eing dragged out by the jets. The abundance map shows a central
alue of Z central = 0.8 Z �. Along the axis of the jets, the abundance
ecreases from the centre until it reaches a value of approximately
.35 Z �. This is consistent with work from Grandi & Molendi ( 2009 )
hat presents this central enrichment as a result of supernovae in the
CG. The abundances then increase back to values of approximately
 edge = 1.2 Z � at about 300 kpc from the centre of the cluster. This

s consistent with results presented in Vantyghem et al. ( 2014 ) and
ith the work done by Kirkpatrick et al. ( 2009 ) and Simionescu et al.

 2009 ) which argue that this increase in abundance at a large radius
rom the centre is due to uplifting of the metals by the jets. 

Fig. 5 shows the comparison between the previously published
LA P -band (327 MHz) A configuration image from Birzan et al.

 2010 ) and our new VLA P -band (224–480 MHz) C configuration
mage taken from Fig. 2 bottom middle panel. The previously
ublished VLA P -band (327 MHz) A configuration image shows
 higher spatial resolution with its beam size of 5.7 × 7.6 arcsec.
his image allows a precise calculation of the flux density associated
ith the jets and the central point source (see section 4.2 for the flux
ensity comparison between both VLA P -band images). 
Fig. 6 shows the spectral index map that was produced by

omparing our new VLA L -band (1–2 GHz) and VLA P -band (224–
80 MHz) image’s flux densities pix el-by-pix el. To produce the
ap, we used the images maximizing diffuse emission detection in

oth bands (radio observation IDs = 2 and 4, see table 1). The VLA
 -band (1–2 GHz) image had to be scaled to the spatial resolution

art/stac3526_f1.eps
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Figure 2. All images are on the same scale and co v er a region of approximately 10 × 10 arcmin. Top left-hand panel: Samuel Oschin Telescope optical 
image of the cluster in red filter with VLA L -band (1–2 GHz) contours maximizing the spatial resolution (radio observation ID = 3, see table 1). Top middle: 
VLA P -band (224–480 MHz) maximizing spatial resolution (radio observation ID = 1, see table 1). Contour levels are drawn at [1, 3, 59] × 4 σ rms (3 levels in 
total). Top right-hand panel: VLA L -band (1–2 GHz) maximizing spatial resolution (radio observation ID = 3, see table 1). Contour levels are drawn at [1, 4, 
101] × 3 σ rms (3 levels in total). Bottom left - hand panel : Same optical image as top-left but with VLA L -band (1–2 GHz) contours maximizing diffuse emission 
detection (radio observation ID = 4, see table 1). Bottom middle: VLA P -band (224–480 MHz) maximizing diffuse emission detection (radio observation ID = 

2, see table 1). Contour levels are drawn at [1, 7, 209] × 3 σ rms (3 levels in total). Bottom right-hand panel: VLA L -band (1–2 GHz) maximizing diffuse emission 
detection (radio observation ID = 4, see table 1). Contour levels are drawn at [1, 6, 155] × 3 σ rms (3 levels in total). 

Figure 3. Compact source VLA L -band (1–2 GHz) image of MS0735. The 
field of view is approximately 10 × 10 arcmin. The noise level in the vicinity 
of the cluster is σ rms = 0.025 mJy beam 

−1 , the peak value is 3.40 mJy 
beam 

−1 , and the beam size is 7.4 × 12.0 arcsec. 
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f the VLA P -band (224–480 MHz) image. The scaling of spatial
esolution was done by re-imaging the VLA L -band (1–2 GHz) data
et with the TCLEAN task, but this time by forcing the beam size and
he pixel size to match the VLA P -band (224–480 MHz) image. We
hen used the task IMREGRID to regrid the VLA L -band (1–2 GHz)
mage onto the VLA P -band (224–480 MHz) one. The coloured
egions are where the flux density was significant (three times the
verage rms noise in the vicinity of the cluster) in both the VLA L -
and (1–2 GHz) and VLA P -band (224–480 MHz) images. The map
as three main components: the sources S1 and S2 (as identified in
ig. 2 ) and MS0735 which is composed of its central AGN emission,

et emission, and extended diffuse emission. Compact sources S1 
nd S2 have spectral indexes contained in the interval 0.5–1.0. The
mission of MS0735 has a central spectral index of αcentre = 2.0
ith a steepening gradient towards the outskirt to values up to 
outskirt = 3.0. 

 DI SCUSSI ON  

.1 Previous radio imaging of MS0735 

re vious VLA observ ations of MS0735 were presented in McNamara 
t al. ( 2005 ). These data were taken in L -band (1.4 GHz) C con-
MNRAS 519, 767–777 (2023) 
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M

Figure 4. All images are on the same scale and co v er a region of approximately 5 × 5 arcmin. Left-hand panel: Unsharp-masked Chandra soft-band (0.5–
2.0 keV) image. A difference of Gaussians was applied (standard deviations of 6 and 60 pix els, respectiv ely) to impro v e the contrast in order to better emphasize 
the X-ray cavities. The X-ray image is o v erlaid with the VLA L -band (1–2 GHz) radio contours maximizing diffuse emission detection (radio observation ID 

= 4, see table 1). Middle: Abundance map in units of Z � (linear scale) with the same VLA L -band (1–2 GHz) radio contours o v erlaid. Right-hand panel: 
Temperature map in units of keV (linear scale) with the same VLA L -band (1–2 GHz) radio contours o v erlaid. 

Figure 5. Comparison between the previously published VLA P -band (327 MHz) A configuration image from McNamara et al. ( 2009 ) and our new VLA 

P -band (224–480 MHz) C configuration image. Left-hand panel: VLA P -band (224–480 MHz) maximizing diffuse emission detection (radio observation ID = 

2, see table 1). The white square region corresponds to the field of view co v ered in the right-hand panel. Right-hand panel: previously published VLA P -band 
(327 MHz) A configuration image obtained from McNamara et al. ( 2009 ). The noise level in the vicinity of the cluster is σ rms = 1.4 mJy beam 

−1 , the peak 
value is 46.4 mJy beam 

−1 , and the beam size is 5.7 × 7.6 arcsec. Contour levels are drawn at [1, 1.3, 2.8, 11] × 3 σ rms (4 levels in total). 
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guration with the non-upgraded VLA (before the 2011 electronic
ardware upgrade). The detected radio emission is associated with
he radio jets generated by the AGN and is enclosed in the X-ray
avities. No diffuse radio emission was detected as part of this first
adio investigation of MS0735. 

Cohen et al. ( 2005 ) further presented VLA observations of
S0735 at 1.425 GHz in C configuration and 325 MHz in B

onfiguration. In this study, they computed an integrated spectral
ndex of α1400 

325 = 1 . 54 ± 0 . 04 for the core (stating this value can
e contaminated by radio lobes) and integrated spectral inde x es of
1400 
325 = 3 . 17 ± 0 . 05 and α1400 

325 = 3 . 13 ± 0 . 05 for the north and south
NRAS 519, 767–777 (2023) 
obes, respectiv ely. The y also computed a spectral index with the
otal flux of the structure (core and lobes) between 325 MHz and
.425 GHz and found a value of α1 . 425 

325 = 2 . 45 ± 0 . 04. 
Additionally, VLA observations were presented in McNamara

t al. ( 2009 ). These data were taken in VLA P -band (327 MHz) A
onfiguration (thus allowing to reach a higher spatial resolution) and
re shown in Fig. 5 along with our new VLA P -band (224–480 MHz)
 configuration image. This previous 327 MHz observation shows

hat the jets are emerging from the nucleus oriented to the north-east
nd the south-west. The jets then change direction towards the north
nd the south and expand in lobe structures due to the resistance

art/stac3526_f4.eps
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Extended radio emission in MS 0735.6 + 7421 773 

Figure 6. Spectral index map of the radio emission of MS0735 and its 
surroundings between the new VLA L -band (1–2 GHz) and VLA P -band 
(224–480 MHz) images. Both islets located at the north-west and at the south 
of MS0735 correspond to the position of the sources S1 and S2 that were 
identified in Fig. 2 . 

o  

i  

e
 

g
a  

i
 

p  

i  

t
T  

(  

T  

e
2
a  

A
i  

s
5  

M  

f

t  

f
t  

e

4

M  

t
s
e
c  

p
o  

e

l  

m  

o  

t  

a  

i
s  

t  

e  

a  

w
l  

t  

a  

c  

c
s
s  

t
j  

1  

s
a  

e  

a

4

4

O  

d
(  

s  

a
M  

(  

r
 

1
e  

o  

e  

o  

t  

s
t  

T  

w  

e
 

i  

b  

r  

o  

p  

w  

a  

a  

a  

i  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/1/767/6881724 by U
niversiteit Leiden - LU

M
C

 user on 21 February 2024
ffered by the ICM (McNamara et al. 2009 ). The jets are enclosed
n the X-ray cavities but do not completely fill them. No diffuse
xtended radio emission was detected as part of this investigation. 

Birzan et al. ( 2010 ) presented an in-depth analysis of multiple radio
alaxies at the cores of cooling clusters. For MS0735, they computed 
 total spectral index (core and lobes) of α1400 

327 = 2 . 48 ± 0 . 04 which
s supported by the results presented in Cohen et al. ( 2005 ). 

Finally, Vantyghem et al. ( 2014 ) used pV , where p is the cavity’s
ressure and V is its volume, as an estimate of the energy required to
nflate the cavities. They used a mean age for the cavities by averaging
he sound crossing time, the refill time, and the buoyancy time. 
he power required to inflate the cavities is 9 + 5 

−4 × 10 45 erg s −1 and
8 ± 4) × 10 45 erg s −1 for the north and south cavities, respectively.
his corresponds to a total power of 1 . 7 + 0 . 6 

−0 . 5 × 10 46 erg s −1 which
xceeds the X-ray bolometric luminosity within the cooling radius of 
.6 × 10 44 erg s −1 thus compensating for the radiative losses. They 
lso identified a second pair of smaller cavities closer to the central
GN and the power required to inflate these rejuvenated cavities 

s 2 . 8 + 1 . 6 
−1 . 3 × 10 44 erg s −1 and 2 . 4 + 2 . 0 

−1 . 3 × 10 44 erg s −1 for the north and
outh cavities, respectively. This corresponds to a total power of 
 . 2 + 2 . 6 

−1 . 8 × 10 44 erg s −1 . Moreo v er, this detailed X-ray analysis of
S0735 did not reveal a cold front, but instead revealed a shock

ront surrounding the X-ray cavities. 
Overall, these studies suggest that the radio emission detected 

hus far in MS0735 is entirely due to the relativistic jets originating
rom the central AGN. Deeper observations were therefore needed 
o determine if there is evidence of fainter emission, as would be
xpected from the presence of structures such as a radio minihalo. 

.1.1 144 MHz LOFAR observations 

ore recently, Biava et al. ( 2021 ) presented new LOFAR observa-
ions at 144 MHz of MS0735. These observations show a greater 
patial correspondence between the morphologies of the jet-related 
mission and of the X-ray cavities. Indeed, the jet-related emission 
ompletely fills the cavities. Moreo v er, this study was able to
rovide detailed spectral index maps: they computed a spectral index 
f α610 

144 = 1 . 5 ± 0 . 1 for the core which confirms that the central
mission corresponds to a superposition between the core and the 
obes’ emission. A gradient is also present in their spectral index
aps: in the extreme edge of the lobes, they found a spectral index

f α610 
144 = 2 . 3 ± 0 . 1, this spectral index then steepens going towards

he core, reaching a value of α610 
144 = 2 . 9 ± 0 . 3 in the outer lobes

nd flattens again until it reaches a value of α610 
144 = 2 . 1 ± 0 . 1 in the

ntermediate lobe. If there was only one phase of jet activity, the flatter 
pectral index should have been at the extreme edge of the jets, where
he particles are last accelerated. This supports the idea that the radio
mission is the result of multiple generations of AGN activity. They
lso presented a spectral index map between 610 MHz and 1.42 GHz
hich showed spectral steepening at high frequencies compared to 

ow frequencies. They found a spectral index of α1420 
610 = 3 . 4 ± 0 . 6 in

he outer lobes, a value of α610 
144 = 2 . 8 ± 0 . 3 in the intermediate lobe

nd a value of α610 
144 = 1 . 4 ± 0 . 1 in the core. The observed spectral

urvature (steepening of spectral inde x es at higher frequencies) is
haracteristic of an aged population of electrons. They also provided 
pectral ageing maps allowing us to investigate the rejuvenation time- 
cales of the central AGN. As part of this study, they identified a wider
han previously detected radio emission that they attributed to the 
ets. This result is well supported by the correspondence between the
44 MHz radio emission morphology and the X-ray cavities, by the
pectral index maps they derived, and by their re-imaging of their data 
t lower spatial resolution where they do not detect more extended
mission. The flux density they measured for the total structure (lobes
nd central core) at 144 MHz is S 144 MHz = (4 . 7 ± 0 . 5) Jy. 

.2 Newly disco v ered extended radio emission with the VLA 

.2.1 VLA L-band (1–2 GHz) ima g e 

ur new VLA L -band (1–2 GHz) C configuration image shows evi-
ence of extended diffuse emission surrounding the jetted structures 
see the 3 σ contour in the bottom right-hand panel of Fig. 2 ). This
tructure has a full extent of 570 kpc along the direction of the jets
nd extends beyond the original radio jetted emission reported in 
cNamara et al. ( 2005 ), Cohen et al. ( 2005 ), and McNamara et al.

 2009 ). It also appears to be consistent with the wider radio emission
eported in Biava et al. ( 2021 ). 

The extended diffuse emission that we detect could thus be the
.5 GHz counterpart of the jet-related emission detected in Biava 
t al. ( 2021 ). We note that the structure we detect with the VLA
bservations seems to be somewhat spatially linked to the jets (its
xtent being larger along the direction of the jets compared to the
rthogonal direction). Ho we ver, Giacintucci et al. ( 2017 ) sho wed
hat essentially all massive strong cool core clusters such as MS0735
hould host a radio minihalo. The extended diffuse emission could 
hus also be related to a new radio structure, such as a radio minihalo.
he size of the structure is consistent with the size of a radio minihalo
hich are typically on the order of ∼100–500 kpc (Gitti 2016 ). We

xplore these two possibilities further in section 4.3 . 
We also note the presence of an important quantity of point sources

n our VLA L -band (1–2 GHz) C configuration image (see Fig. 2
ottom right-hand panel) as is expected due to the good spatial
esolution (beam size of 13.5 × 19.2 arcsec) and large field of view
f the VLA at such low frequencies. Using the compact source image
resented in Fig. 3 , we computed the total number of point sources
ith a flux density abo v e 3 σ rms in a region of radius equal to 4.76

rcmin (1 Mpc at the cluster’s redshift) from the central radio source,
nd found a total of 38 point sources. We note that we did not detect
n y e xtended sources. We also computed the number of point sources
n regions of the same radius located outside of the cluster. In order
o do that, we identified four regions located at 19.04 arcmin (4 Mpc
MNRAS 519, 767–777 (2023) 
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t the cluster’s redshift) from the centre of MS0735 and respectively
ocated at the north-east, north-west, south-east, and south-west of the
entre. In each of these regions of radius equal to 4.76 arcmin (1 Mpc
t the cluster’s redshift), we computed the number of point sources
nd found quantities of 19, 9, 15, and 9 point sources, respectively.
he quantity of point sources inside the cluster is significantly higher

han outside of it. We thus argue that we detect an AGN population
ithin the cluster’s region which could contribute to enhance the

omputed radio power (see the computation for the radio power of
he P -band data in section 4.2.2 ). 

.2.2 VLA P-band (224–480 MHz) ima g e 

n the new VLA P -band (224–480 MHz) C configuration image, we
etect emission out to 2 Mpc in full extent along the direction of
he jets (see the 3 σ contour of the bottom middle panel of Fig. 2 ).
his is much larger than the diffuse structure detected in our VLA
 -band (1–2 GHz) image. Ho we ver, this is partially due to the two
ources S1 and S2 that we detect in the VLA L -band (1–2 GHz)
mage (see right-hand panels of Fig. 2 where we identified S1 and
2 in yellow). The full extent of the extended structure related to
S0735 would then be better delimited by the 21 σ contour which

as an extent of ∼900 kpc. We note that we tested various multiples
f σ to compute the extent of the extended structure and 21 σ was
isually determined to be the best choice: it best encompasses the
xtended emission related to the centre while excluding the emission
elated to the sources S1 and S2. We also note that since the VLA
 -band (224–480 MHz) is at lower frequencies than the VLA L -band

1–2 GHz), these observations could be detecting emission from an
lder population of electrons that are not detected in the VLA L -band
1–2 GHz). 

To further investigate the origin of this extended emission, we
ompare the VLA P -band (224–480 MHz) C configuration image
btained with a robust parameter of 2.0 to the previously published
LA P -band (327 MHz) A configuration image in Fig. 5 . We used

he VLA P -band (224–480 MHz) C configuration image obtained
ith a robust parameter of 2.0 in order to maximize the detection
f diffuse large scale emission. We then computed the radio power
f both images as follows. First, we computed the total flux density
ncluded in the 3 σ rms contour region (where σ rms = 1.3 mJy beam 

−1 

s the rms noise in the vicinity of the jets) for the previously published
LA P -band (327 MHz) A configuration image to have an estimate
f the flux density attributable to the central compact source and to
he jets. We used the CASA task IMSTAT to compute the flux density
nd we used the following expression to estimate σ S the uncertainty
n the flux density (see Cassano et al. 2013 ): 

S = 

√ 

( σcal S) 2 + ( σrms 

√ 

N beam 

) 2 + σ 2 
sub , (1) 

here σ cal is the uncertainty in the calibration of the absolute flux
ensity scale which is typically between 5 and 8 per cent (we used 8
er cent as a conserv ati ve v alue), S is the flux density (we note that
pproximately 7 per cent of the computed flux density is attributable
o the central point source), σ rms is the rms noise of the image, N beam 

s the number of beams co v ering the region where the flux density
s computed, and σ sub is the uncertainty due to the error in the
ource subtraction (not applicable here – no point source subtraction
as performed). We find a total flux density of S 327 MHz, A = (0 . 60 ±
 . 05) Jy for the previously published VLA P -band (327 MHz) A
onfiguration. 

From the flux density measurement, we computed the associated
-corrected radio power P using the following expression (see van
NRAS 519, 767–777 (2023) 
eeren et al. 2014 ): 

 = 4 πSD 

2 
L (1 + z) −( −α+ 1) , (2) 

here D L is the luminosity distance, z is the redshift, and α is the
pectral index. We used a spectral index range that is typical for
iffuse radio emission such as past jetted activity or radio minihaloes
f α = (1.5 ± 0.4) and we found a total radio power of P 327 MHz, A =
1 . 10 ± 0 . 06) × 10 26 W Hz −1 for the previously published VLA P -
and (327 MHz) A configuration image. 
We then proceeded to compute the flux density and the k -

orrected radio power for our new VLA P -band (224–480 MHz)
 configuration image using a region including the emission above
1 σ rms (where σ rms = 0.5 mJy beam 

−1 is the rms noise in the vicinity
f the cluster). This corresponds to the smaller contour shown in
ig. 5 left-hand panel and we decided to use this region to compute

he flux in order to ensure that the flux density computation is not
ontaminated by the sources S1 and S2. We find that the total flux
ensity is S 224 –480 MHz, C = (0 . 70 ± 0 . 06) Jy. Using the same typical
pectral index of α = (1.5 ± 0.4), the computed k -corrected radio
ower is P 224 –480 MHz, C = (1 . 29 ± 0 . 08) × 10 26 W Hz −1 . 
By computing the difference between these radio powers, we find

n excess radio power of P excess, 224–480 MHz = (2 ± 1) × 10 25 W Hz −1 

hat we associate with the diffuse emission. 
We also computed the difference in radio power using the new

LA P -band (224–480 MHz) C configuration image obtained with a
obust parameter of −2.0 (see top middle panel of Fig. 2 ) and found
he same excess radio power. This is reassuring considering that
he VLA P -band (224–480 MHz) C configuration image obtained
ith a robust parameter of −2.0 does not hav e e xtended emission
 v erlapping with the emission of the sources S1 and S2. We note
hat this radio power difference has a very large relative uncertainty
f 50 per cent. None the less, this value confirms that the new VLA
mages detect a diffuse radio structure centred on the cluster that
as not detected as part of the McNamara et al. ( 2009 ) study. We
ote that additional diffuse emission is expected due to the use of
he C configuration instead of the A configuration. Indeed, the C
onfiguration can detect structures up to scales on the order of
7 arcmin (or 14 Mpc at the cluster’s redshift) instead of on the
rder of 2.5 arcmin (or 525 kpc at the cluster’s redshift) for the A
onfiguration. 

.3 The nature of the newly disco v ered VLA extended radio 
mission 

s was pointed out in the previous section, we found evidence of ad-
itional diffuse emission surrounding the jetted emission previously
etected in this system (e.g. McNamara et al. 2009 ). Ho we ver, it is
ot yet clear if this newly detected emission is a diffuse counterpart to
he jet-related emission presented in Biava et al. ( 2021 ), if it is related
o a new structure such as a radio minihalo, or if it is a combination of
oth of these hypotheses. In the next two subsections, we investigate
hese two hypotheses independently. 

.3.1 Jet-related counterpart to the 144 MHz LOFAR data 

o test the hypothesis of a jet-related counterpart to the 144 MHz
OFAR data, we used the spectral index to scale the flux density of

he jet-related emission detected by LOFAR (see Biava et al. 2021 ).
e scaled it to 352 MHz to be able to directly compare its flux density

o the flux density of our detection. The total flux density of the lobes
lus core at 144 MHz is S 144 MHz = (4 . 7 ± 0 . 5) Jy. In order to scale
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Figure 7. Comparison between the properties of 33 radio minihaloes listed in Richard-Laferri ̀ere et al. ( 2020 ) (blue are candidate or uncertain radio minihaloes 
and black are confirmed radio minihaloes as identified in the publication) and the properties of the diffuse emission detected in this study in the MS0735 system 

(purple star). Note that the purple point assumes that the detected excess emission is only attributable to a minihalo structure (see section 4.3.3 ). The best-fitting 
lines using the BCES-orthogonal (blue lines) and the BCES-bisector (orange lines) methods are displayed. The 95 per cent confidence regions of the best-fitting 
relation for the BCES-orthogonal method are also shown as the orange regions in both panels. In both panels, the best-fitting lines, as well as the 95 per cent 
confidence regions, were fitted using the 33 radio minihaloes presented in Richard-Laferri ̀ere et al. ( 2020 ) (excluding the purple point for MS0735). Left-hand 
panel: radio power ( P 1.4GHz ) and X-ray luminosity inside a radius of 600 kpc ( L X-ray ) plane. Right-hand panel: radio power ( P 1.4GHz ) and X-ray cavity power 
plane. 
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t to 352 MHz, we used a spectral index of α = (2.3 ± 0.3) which
s an average value between the average spectral index in their 144–
35 MHz spectral index map and in their 144–610 MHz spectral 
ndex map. We find a flux density of S 352 MHz = (0 . 62 ± 0 . 05) Jy,
hich is comparable to the VLA P -band (327 MHz) A configuration
ux density of S 327 MHz, A = (0 . 60 ± 0 . 05) Jy. The scaled value is
maller than the flux density of our new VLA P -band (224–480 MHz)
 configuration image of S 224 –480 MHz, C = (0 . 70 ± 0 . 06) Jy, which

uggests that we detected slightly more diffuse emission. 
The spectral index map that we derived between VLA P -band 

224–480 MHz) and VLA L -band (1–2 GHz) (see Fig. 6 ) shows
alues comparable to the spectral index maps presented in Biava 
t al. ( 2021 ). Our spectral index map shows a gradient going from a
alue of αcentre = 2.0 at the centre to a value of approximately αoutskirt 

 3.0 in the outskirt. The central value of αcentre = 2.0 is most likely
he result of the superposition of the lobes’ steep emission and the
GN flat emission resulting from the poor spatial resolution (Hogan 
t al. 2015 ) or a projection effect. The outskirt’s steep spectral index
grees with the spectral index map between 610 MHz and 1.42 GHz
resented in Biava et al. ( 2021 ) for which the outskirt spectral
ndex was α1420 

610 = 3 . 4 ± 0 . 6. This result strengthens the hypothesis
hat the outskirt emission is associated with an older population of
ccelerated electrons. Moreo v er, as was previously pointed out in 
antyghem et al. ( 2014 ) and in Biava et al. ( 2021 ), MS0735 hosts
ultiple generations of outbursts. It was thus expected that the central

art of the cluster should exhibit flatter spectral inde x es than the outer
arts due to a more recent re-acceleration of the electron population 
y a second or third generation of outbursts from the central AGN.
e ho we ver argue that, due to the poor spatial resolution of the
ap, we cannot distinguish the complex gradient in spectral index 

ssociated with the multiple generations of outbursts. 

B

.3.2 Radio minihalo candidate 

o test the hypothesis of a radio minihalo candidate detection, we
caled the radio power in excess of our new VLA P -band (224–
80 MHz) C configuration image in comparison with the previously 
ublished VLA P -band (327 MHz) A configuration image of McNa-
ara et al. ( 2009 ) to 1.4 GHz. To do that scaling, we used a typical

pectral index for radio minihaloes of α = 1 ± 0.2 (Giacintucci et al.
019 ). We find a radio power of P excess, 1.4GHz = (4 ± 2) × 10 24 

 Hz −1 . 
By comparing this radio power to the radio minihalo detections 

eported in Giacintucci et al. ( 2019 ), we see that this radio power
s fully consistent with typical radio minihaloes associated with 

assive cool core clusters. In Giacintucci et al. ( 2019 ), the re-
orted radio minihaloes have 1.4 GHz radio powers ranging between 
0.06 ± 0.01) × 10 24 W Hz −1 for 2A 0335 + 096 and (27 ± 2) × 10 24 

 Hz −1 for RX J1347.5–1145. We note that the reported radio power
or RX J1347.5–1145 is much larger than the second most luminous
adio minihalo for which the radio power is not extrapolated from a
ifferent frequency flux measurement: RX J1720.1 + 2638 has a radio
ower of (5.3 ± 0.3) × 10 24 W Hz −1 . This radio power is comparable
o the value we find for MS0735. The radio power of MS0735 is
lso consistent with the minihaloes listed in Richard-Laferri ̀ere et al.
 2020 ). If the newly detected emission is indeed a radio minihalo, it
ould rank among the most luminous radio minihaloes. 
In Fig. 7 , we present two radio minihalo correlations that were

reviously established: the correlation between the radio minihalo 
adio power ( P 1.4GHz ) and the X-ray cavity power, and the correlation
etween the radio minihalo radio power ( P 1.4GHz ) and the X-ray
uminosity inside a radius of 600 kpc ( L X ) (see Richard-Laferri ̀ere
t al. 2020 ). The linear fits in log–log space were done using the
CES-bisector and BCES-orthogonal regression algorithms (Akritas 
MNRAS 519, 767–777 (2023) 
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 Bershady 1996 ; see Nemmen et al. 2012 for one example of
pplication of the BCES method) on the radio minihaloes listed in
ichard-Laferri ̀ere et al. ( 2020 ). As identified in Richard-Laferri ̀ere
t al. ( 2020 ), the candidate and uncertain radio minihaloes (in blue in
ig. 7 ) are radio minihaloes for which the morphology is unusual or
or which previous measurements were not deep enough to conclude
onfidently on their nature. We added to the correlations a purple
tar corresponding to the properties of the extended radio emission
etected in MS0735 in this paper. Note that we assumed that the
xcess flux is only attributable to a minihalo structure when we
omputed the radio power for the purple star (see section 4.3.3 ). The
adio power of the extended radio emission in MS0735 is among the
pper part of the radio minihaloes, like its cavity power, while its X-
ay luminosity is among the lower part of the listed radio minihaloes.

S0735 fits relatively well on these correlations. Moreover, we note
hat MS0735 also falls well within another trend from Richard-
aferri ̀ere et al. ( 2020 ), the radio power cluster’s mass trend, although

he scatter for that trend is large. 
Given the location of the newly disco v ered emission, its radio

ower, and the expected presence of a radio minihalo in MS0735
MS0735 being a massive cool-core cluster), we argue that this newly
etected diffuse emission could well be related to a radio minihalo.
oreo v er, it fits well with the correlations presented in Fig. 7 .
o we ver, due to the limited spatial resolution of our observations

nd the elongated shape of the structure, we cannot exclude the
ossibility that it is jet-related. 

.3.3 Combined emission from jet-related emission and minihalo 

ur observations do not allow us to determine with certainty if the
mission is jet-related or associated with a diffuse structure like a
inihalo, or if it is attributable to a combination of both. We would

eed high-resolution observations of this extended part to determine
f it is linked with the jets. 

 C O N C L U D I N G  R E M A R K S  

e have detected additional diffuse radio emission associated with
he strong cool core massive galaxy cluster MS0735 using 5 h of
LA P -band (224–480 MHz) and 5 h of VLA L -band (1–2 GHz)

adio data. 
The detected structure has a radio power scaled at 1.4 GHz of

 excess, 1.4GHz = (4 ± 2) × 10 24 W Hz −1 . It has a total extent of
900 kpc along the direction of the radio jets and of ∼500 kpc along

he direction perpendicular to the radio jets, as seen with the VLA
 -band (224–480 MHz) C configuration data. 
The nature of this newly disco v ered diffuse component remains

o we ver unclear. It could be associated with radio plasma that has
iffused out of the X-ray cavities, or it could represent a different
ype of radio structure such as a radio minihalo, although these
wo phenomena are most likely closely linked. Indeed, MS0735
s a massive strong cool core cluster and should therefore host a
adio minihalo (Giacintucci et al. 2017 ). The radio power scaled
t 1.4 GHz of P excess, 1.4GHz = (4 ± 2) × 10 24 W Hz −1 and the
ize of the structure are consistent with those of a radio minihalo.
he cluster also exhibits mass, cavity power, X-ray luminosity,
nd radio power at 1.4 GHz consistent with pre viously deri ved
adio minihalo correlations. Ho we ver, observ ations at higher spatial
esolution are needed to fully characterize the properties and nature
f this component. 
Another possibility is that we may be witnessing the early stages

f formation of a radio minihalo. If they originate or are directly
NRAS 519, 767–777 (2023) 
inked to the jetted activity of the central AGN, as argued by deep
LA images of the Perseus cluster (Gendron-Marsolais et al. 2017 )

nd the correlations found by Richard-Laferri ̀ere et al. ( 2020 ), radio
inihaloes may then form out of the jetted activity, for example

y diffusing out of X-ray cavities and then being re-accelerated
y continuous AGN activity as has been observed in MS0735
Vantyghem et al. 2014 ). 

Overall, our study showcases the importance of having a good
ombination of deep observations and high spatial resolution, espe-
ially when investigating a cluster with such large radio jets. The next
eneration very large array (ngVLA) or the square kilometre array
SKA) will be ideal instruments to probe systems like MS0735 by
ombining very high sensitivity to flux density and spatial resolution.
he SKA phase 2 is also expected to be able to detect up to ∼1900

adio minihaloes at redshifts z < 0.6 (Gitti et al. 2014 ). 
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