Monthly Notices

MNRAS 500, 22362249 (2021)
Advance Access publication 2020 November 5

doi:10.1093/mnras/staa3432

A low-frequency radio halo survey of the South Pole Telescope SZ-selected
clusters with the GMRT

Ramij Raja”’,'* Majidul Rahaman “,! Abhirup Datta,'* Reinout J. van Weeren,? Huib T. Intema “'%?

and Surajit Paul **

! Discipline of Astronomy, Astrophysics and Space Engineering, Indian Institute of Technology Indore, Simrol 453552, India
2Leiden Observatory, Leiden University, P.O. Box 9513, NL-2300 RA Leiden, the Netherlands

3 International Centre for Radio Astronomy Research, Curtin University, G.P.O. Box U1987, Perth, WA 6845, Australia
4Department of Physics, Savitribai Phule Pune University, Pune 411007, India

Accepted 2020 November 2. Received 2020 November 2; in original form 2020 March 13

ABSTRACT

The presence of non-thermal electrons and large-scale magnetic fields in the intracluster medium is known through the detection
of megaparsec (Mpc) scale diffuse radio synchrotron emission. Although a significant amount of progress in finding new diffuse
radio sources has happened in the last decade, most of the investigation has been constrained towards massive low-redshift
clusters. In this work, we explore clusters with redshift z > 0.3 in search of diffuse radio emission, at 325 MHz with the Giant
Metrewave Radio Telescope. This campaign has resulted in the discovery of two new radio haloes (SPT-CL J0013—4906 and
SPT-CL J0304—4401) along with two other detections (SPT-CL J2031—4037 and SPT-CL J2248—4431), previously reported
(at 325 MHz) in the literature. In addition, we detect a halo candidate in one cluster in our sample, and upper limits for haloes
are placed in eight clusters where no diffuse emission is detected. In the P 4—Lx plane, the detected haloes follow the observed
correlation, whereas the upper limits lie above the correlation line, indicating the possibility of future detection with sensitive
observations.
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1 INTRODUCTION

The diffuse hot (107 — 10%® K) plasma known as intracluster
medium (ICM) situated within the cluster gravitational potential
makes up ~ 15 per cent of the cluster mass, which emits in the
soft X-ray band via thermal Bremsstrahlung. Clusters grow via
accretion, small and large mergers of subclusters, or galaxy groups.
The major merger events are some of the most energetic events
since the big bang, releasing up to 10% erg of energy within
a few Gyr of time-scale. This enormous amount of energy is
dissipated into the ICM primarily via weak shocks and turbulence
(e.g. Paul et al. 2011). These shocks and turbulence re-accelerate
in situ relativistic electrons in the ICM, which emit synchrotron
radiation in the presence of large-scale magnetic fields, and forms
different diffuse structures depending upon the merger type (e.g.
major/minor or on-axis/off-axis). The diffuse radio sources found
in the galaxy clusters are typically divided into three different
categories: (1) haloes, (2) relics, and (3) minihaloes (see Feretti
et al. 2012; Brunetti & Jones 2014; van Weeren et al. 2019 for
review).

Radio haloes are Mpc-scale radio objects with regular morphology
that roughly traces the cluster ICM visible in X-ray, and does
not have an optical counterpart. They are found primarily in the
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merging clusters. It has unpolarized emission with a typical spectral
index! of @« ~ —1.2. The prototype of this class is the halo
found in the Coma cluster (Large, Mathewson & Haslam 1959).
The primary source of synchrotron emitting electrons is generated
through re-acceleration of in situ relativistic electrons via merger-
driven turbulence (Brunetti et al. 2001; Petrosian 2001). Also, the
contribution of the secondary electrons generated via proton—proton
collision in the ICM was proposed by, for example, Dennison
(1980), Dolag & Enflin (2000), and Brunetti & Lazarian (2011).
However, results from recent gamma-ray observations have excluded
pure hadronic origin of radio halo and limited their contribution
in providing seed electrons for further re-acceleration (Ackermann
et al. 2014; Brunetti, Zimmer & Zandanel 2017). Besides, there is a
subclass of haloes that are predicted in the turbulent re-acceleration
mechanism corresponding to the less-energetic merger events, which
has a very steep spectral index (¢ < —1.5; e.g. Brunetti et al.
2008).

Radio relics are Mpc-scale radio objects with elongated mor-
phology, which are found in the periphery of clusters. They trace
shock waves found in X-ray observations (e.g. Finoguenov et al.
2010). They also are found in merging clusters and have a high
degree of polarization (2 20 per cent at GHz frequencies; Enflin

I The synchrotron emission spectral index « is defined as S, = v®, where S,
is the flux density at frequency v.
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et al. 1998) with a typical spectral index of —1 < @ < —1.5. The
prototype of this class is the relic in the CIZAJ2242.84-5301 cluster
(van Weeren et al. 2010). The relativistic electrons emitting in these
diffuse sources are re-accelerated at the merging shock fronts via
DSA (diffusive shock acceleration) mechanism (e.g. EnBlin et al.
1998). However, this simple DSA mechanism faces the problem of
requiring unrealistic re-acceleration efficiency to supply necessary
relativistic electrons from the thermal pool (Macario et al. 2011;
Eckert et al. 2016; van Weeren et al. 2016). Nevertheless, this
problem is resolved if the seed electrons are provided by nearby
radio galaxy, and indeed some observational evidence supports this
scenario (e.g. Bonafede et al. 2014; Shimwell et al. 2015; van Weeren
et al. 2017).

Radio minihaloes are a smaller version of radio haloes with
similar morphology and location in the clusters. However, unlike
radio haloes, they are found only in relaxed cool-core clusters. The
observed radio emission from these sources are unpolarized and has
a typical integrated spectral index of about —1.1. The prototype of
this class is the minihalo found in the Perseus cluster (e.g. Pedlar
et al. 1990; Gendron-Marsolais et al. 2017). A proposed origin of
synchrotron emitting electrons in the minihaloes is the ‘sloshing’
driven turbulence generated by minor merger events in the cool-core
clusters (Fujita, Matsumoto & Wada 2004; Mazzotta & Giacintucci
2008; ZuHone et al. 2013). However, similar to radio haloes, the
role of secondary mechanism in supplying relativistic electrons were
also proposed for minihaloes as well (e.g. Pfrommer & Enf3lin 2004;
Fujita et al. 2007; Keshet & Loeb 2010).

Apart from these broad classes, recent sensitive low-frequency
observations have discovered some other complex, intermediate
diffuse radio sources, which are challenging our understanding of
the astrophysical processes in the galaxy clusters (see van Weeren
et al. 2019 for review).

A considerable amount of progress has happened in the last decade
in detecting new radio haloes, by almost doubling the numbers that
were previously discovered. However, a systematic search of radio
haloes was carried out so far only by Venturi et al. (2007, 2008)
and Kale et al. (2013, 2015) in the Giant Metrewave Radio Tele-
scope (GMRT) Radio Halo Survey (GRHS) and Extended-GRHS
(EGRHS), respectively. Apart from increasing the number of known
haloes, these surveys have shaped our statistical understanding of the
radio haloes (Cassano et al. 2013; Kale et al. 2015). Nevertheless, the
domain explored in the galaxy cluster distribution in these surveys
is limited. Both of these survey and other targeted observations
were aimed towards high-mass low-redshift clusters, as a potential
source of radio halo. In this work, we have complemented the
previous surveys by exploring higher redshift clusters in our sample.
Recently, similar work has been presented by Knowles et al. (2019)
where they have studied Sunyaev—Zel’dovich (SZ)-selected high-
mass (>5 x 10'*My) clusters beyond redshift 0.5. Furthermore, a
study of high-redshift (z > 0.3) X-ray-selected clusters were also
performed by Giovannini et al. (2020).

In this paper, we present radio observational results of 15 SZ-
X-ray-selected clusters and compared their statistical properties
with the literature haloes. In Section 2, we have presented our
cluster sample. The radio observations and data reduction method
are described in Section 3. The results are presented in Section 4
with confirmed haloes, candidate haloes, and halo upper limits are
presented separately in subsections. The implications of the result
are discussed in Section 5, and finally, our conclusions are presented
in Section 6.

In this work, we have adopted a A-cold dark matter cosmology
with Hy = 70 km s~! Mpc™!, @, = 0.3, and Q, = 0.7.
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2 CLUSTER SAMPLE

The sample presented here consists of 18 South Pole Telescope
(SPT)-SZ survey clusters, which are selected from a sample of
83 clusters of the same, presented by McDonald et al. (2013). All
these clusters have Chandra X-ray observations with spectroscopic
redshifts z > 0.3. The GMRT observations of the sample were done in
two phases. In the first phase, 13 clusters were observed that have (1)
central temperature Teengal > 7 keV, (2) central cooling time 701, 0 >
3 Gyr, (3) surface brightness concentration parameter (Santos et al.
2008) c¢sg < 0.1 to avoid cool-core clusters, and (4) a disturbed
morphology in the Chandra X-ray map. With the above criteria, a
sample of clusters with different mass and disturbed morphology
were selected which have a relatively high probability of detecting
diffuse radio emission. In the second phase, the requirements of
the central temperature 7Tienrar > 7 keV, and the central cooling
time f.0,0 > 3 Gyr were relaxed to include some lower mass
clusters as well in the proposed sample of 14 clusters. However,
due to less time allocation, only five massive clusters were observed.
Nevertheless, this relaxation did include some intermediate (SPT-CL
J0040—4407, SPT-CL J2031—-4037, and SPT-CL J2248—4431) and
a relaxed (SPT-CL J0304—4921) cluster. Apart from that, all these
clusters have declination >—50°30" to allow up to 3-h of continuous
observation with the GMRT.

From these 18 clusters, three clusters had bad radio observations
(explained in Section 3), and are excluded from this study. The final
sample, hereafter referred to as GMRT SPT-SZ Radio Halo Survey or
GSRHS, consists of 15 clusters, spanning a redshift range of ~0.3 <
7 < 0.83 and a mass range of ~4.5 x 10" < Msp < 18 x 10" Mg
with the SPT detection significance range of ~7 < & < 42. This
sample is presented in Table 1 along with their global properties.

3 RADIO OBSERVATIONS, DATA REDUCTION,
AND IMAGING

The observations of the whole sample (18 clusters) were carried out
in two GMRT observation cycles (project code: 26_024 and 27_026)
with a total of about 98 h observing time, including overheads. All
observations were made in dual polarization mode at 325 MHz with
32 MHz bandwidth divided into 256 spectral channels.

The data reduction was done using SPAM pipeline (Intema et al.
2017), which performs radio frequency interference (RFI) mitigation,
direction-dependent calibration, and ionospheric modelling (Intema
etal. 2009). Scaife & Heald (2012) scale was used to set flux densities
of the calibrators. We adopted a flux density uncertainty of 10 per cent
(Chandra, Ray & Bhatnagar 2004), which were quadratically added
to the respective map noise of the images.

For low-resolution image, we tried with different values of robust
parameter (Briggs 1995), and uv-taper, and found robust = 0 with
uv-taper at 7 kA to be the most suitable for most of the clusters, with
the best signal-to-noise ratio to the large-scale structure.

For each cluster, the high-resolution image of the unresolved point
sources in the cluster region was made to distinguish from extended
emission. To do that, we have excluded baselines shorter than 3kA?
(to get rid of the diffuse emission) and chose robust = —1 (to get
more uniform UV-coverage, resulting in higher resolution) during
the imaging. The resultant images are shown as blue/red contours
overlaid on optical image for respective clusters. We estimated the
flux densities of these radio galaxies using PyBDSF (Mohan &

2For exceptions, see Table 2.

MNRAS 500, 2236-2249 (2021)

20z Iudy g1 uo 3senb Aq GGG9565/9€22/2/00G/2101E/SEIUW/WOD"dNO"DIWSPEdE//:SA)Y WO PEPEOJUMO(



2238  R. Raja et al.

Table 1. Global cluster properties of the sample.

Name RA 2000 DECj2000 z Ms00 Lx Teentral csB w fcoot  Morph.  kpc
SPT-CL hhmmss® (10" Mg) 10%ergs™!)  (keV) (1072 (Gyr) arcsec™ !
J0013—4906 00 13 19.44 -49 06 57.60 0.406 7.08 £ 1.15 56+04 8.0 0.16 2.9 6.83 M 5.43
J0014—4952 00 14 45.60 -49 52 51.60 0.752 5.31 £0.92 6.8+ 0.5 7.4 0.13 10.1 11.44 M 7.35
J0040—4407* 00 40 46.63 -44 07 58.09 0.350 10.18 +1.32 59+04 7.5 — 0.9 2.34 1 4.94
J0123—4821 0123 11.04 -48 21 28.80 0.655 4.46 £+ 0.87 294+0.2 7.3 0.16 3.9 9.77 M 6.96
J0142—-5032 0142 11.04 -50 32 24.00 0.6793 5.75 £0.95 43+0.5 8.5 0.12 2.8 10.03 M 7.07
J0212—4657 02 12 25.92 -46 57 0.00 0.655 5.88 £0.98 544+0.6 8.2 0.15 7.5 12.14 M 6.96
J0304—4401 03 04 20.29 -44 02 27.80 0.458 8.55+1.32 8.7+04 10.1 0.12 4.4 14.72 M 5.82
J0304—4921 03 04 16.00 -49 21 26.30 0.392 757 +1.2 6.0+ 0.3 4.0 0.33 1.0 0.53 R 5.31
J0307—5042 03 07 50.64 -50 42 18.00 0.550 526 £0.93 42+03 72 0.21 1.5 6.31 M 6.43
J0348—4515 0348 15.95-45 14 42.75 0.358 6.17 £1.03 324+03 2.4 0.16 1.6 1.39 M 5.01
J0411—4819 04 11 9.40 -48 18 10.80 0.424 8.18 £ 1.27 744+03 7.8 0.22 5.7 9.18 M 5.58
J0449—4901 04 49 4.00 -49 01 39.00 0.792 4.57 £0.86 394+05 9.8 0.13 4.6 11.14 M 7.5
J0456—5116 04 56 28.09 -51 16 35.00 0.562 5.09 £+ 0.89 3.54+0.2 10.8 0.19 2.3 6.32 M 6.48
J2031—-4037 20 31 51.49 -40 37 14.02 0.3416 9.83 £1.15 6.8+ 0.3 12.2 0.22 1.7 3.43 1 4.87
J2248—4431 22 48 54.30 -44 31 7.00 0.351 17.97 £ 2.18 25.1+£0.3 13.0 0.23 0.6 1.79 I 4.95
J2258—-4044* 22 58 49.44 -40 44 24.00 0.8971 5.88 £0.95 55+05 7.9 — 3.6 5.98 M 7.8
J2301—4023 23 01 53.04 -40 23 20.40 0.8349 4.81 £0.86 48+04 9.6 0.3 2.8 3.0 M 7.62
J2325—4111* 23258.25-41 12 42.59 0.358 7.55+12 48+03 10.4 — 4.0 13.06 M 5.01

Notes. The columns are 1. Cluster name, 2. right ascension, declination, 3. redshift, 4. mass within Rsgo, 5. X-ray luminosity in the energy range 0.1-2.4 keV,
6. central temperature, 7. X-ray surface brightness concentration parameter (Santos et al. 2008), 8. centroid shift (Mohr, Fabricant & Geller 1993), 9. central
cooling time, 10. morphology status (M = merging or non-cool-core, R = relaxed or cool-core and I = intermediate or weak cool-core), and 11. linear scale at
respective redshift. The M5y information of the clusters are taken from Bleem et al. (2015). The Tcentral and zco0) Values are taken from McDonald et al. (2013).
The csp values are derived in this work. The w values are taken from Nurgaliev et al. (2017). The clusters with * sign had bad radio data and are not included in

this study.

Rafferty 2015) and were subtracted from the total radio emission
of the respective cluster to estimate the diffuse radio flux density.
The flux densities of these radio galaxies are presented in Table 2.

Due to the presence of bright point source in the field of view
whose sidelobes contaminated the target region, 3 out of 18 cluster
data were unusable. These clusters are namely SPT-CL J0040—4407,
SPT-CL J2258—4044, and SPT-CL J2325—4111.

4 RESULTS

The results of our observations in reporting the presence and absence
of diffuse radio emission in the clusters are presented in the following
sections. A summary of the properties of the discrete and diffuse radio
sources are presented in Table 3.

4.1 Diffuse radio emission

4.1.1 SPT-CL J0013—4906

The SPT-CL J0013—4906 (McDonald et al. 2013) is massive (Msq
= (7.1 £1.1) x 10" My; Bleem et al. 2015) cluster situated at
the redshift z = 0.406 (Bleem et al. 2015). The Chandra X-ray
luminosity of this clusteris Ljg | — 2.4xev) = (5.6 2 0.4) x 10* ergs~!.
The central temperature of the cluster and the morphology parameters
suggest that it is a disturbed, non-cool-core cluster (NCC, Table 1).

The 325 MHz images are presented in Fig. 1. The diffuse radio
emission covers almost all of the cluster region visible in the X-ray
image (Fig. 1, left-hand panel). The size of the diffuse emission is
about 2.4 arcmin x 3.0 arcmin or 0.8 x 1 Mpc (east-west x north—
south or E-W x N-S). The Dark Energy Camera (DECam) optical
image shows a BCG (brightest cluster galaxy) at the position of the
X-ray peak with a spectroscopic redshift of z = 0.4099 (Bayliss et al.
2016). No obvious radio counterpart of this galaxy is visible in the
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325 MHz high-resolution image (blue contours in Fig. 1, right-hand
panel). However, the 30 significance radio emission near the BCG
may be associated with this source. The flux density of the diffuse
radio emission was found to be 11.01 £+ 1.19 mJy at 325 MHz.
Considering the cluster morphology and the diffuse radio structure,
we classify this extended emission as a radio halo.

4.1.2 SPT-CL J0304—4401

The SPT-CL J0304—4401 was first discovered by Williamson et al.
(2011) in the SPT-SZ survey. It is a massive (Msp = (8.5 £ 1.3) x
10" Mg; Bleem et al. 2015) cluster situated at the redshift z = 0.458
(Bleem et al. 2015). The Chandra X-ray image of this cluster shows
a disturbed morphology with three distinct ICM gas clumps, possibly
due to recent or ongoing merging event. The X-ray luminosity of this
cluster was found to be Lij — 24kev] = (8.7 £ 0.4) x 10" erg s,
The central temperature and the morphology parameters also suggest
that it is a disturbed, NCC cluster (Table 1).

The 325 MHz images are presented in Fig. 2. The diffuse radio
emission covers almost all the cluster region visible in the X-ray
image. The size of this diffuse emission is about 2.8 arcmin X
3.3arcmin or 1 x 1.1 Mpc (E-W x N-S). All the discrete point
sources visible in the high-resolution radio image (blue contours
in Fig. 2, right-hand panel) have optical counterparts in the HST
(Hubble Space Telescope) image. In the HST image, optical coun-
terparts are present at the peak positions of all three X-ray clumps,
indicating these being subclusters or galaxy groups. However, only
the galaxy (z = 0.4549; Bayliss et al. 2016) corresponding to
the central gas clump has spectroscopic information. The diffuse
emission flux density at 325 MHz was found to be 16.65 £ 1.85
mly. Considering the cluster morphology and the diffuse radio
structure, we classify this extended emission as a giant radio
halo.
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Table 2. Imaging information.

Name uv-cut uv-taper Beam O rms
(arcsec x arcsec, (nly

SPT-CL (k) (kr) °) beam™")
JO013—-4906 - — 32.1 x 9.1, -2.3 80
>3 — 28.3 x 6.3, —2.6 100
J0014—4952 - 7 31.0 x 13.4,1.5 100
>3 — 22.3 x 5.0,—-0.4 80
J0123—-4821 - 7 35.4 x 13.0, 0.1 100
>3 - 242 x 6.3, 3.1 100
J0142-5032 — 7 36.3 x 13.3,5.3 100
>3 - 247 x 64,24 80
J0212—-4657 - 7 36.4 x 13.3,10.2 180
>3 - 26.1 x 6.4,4.1 130
J0304—4401 — 7 35.0 x 25.0, 0.0 180
>3 - 18.6 x 6.6, 10.0 80
J0304—4921 7 34.2 x 14.0, 12.7 150
>3 - 253 x 7.0, 14.8 150
J0307—-5042 - 7 344 x 13.1,7.8 80
>3 - 252 x6.3,1.7 80
J0348—4515 - — 35.9 x 11.5,33.5 150
>3 - 23.8 x 7.7,28.5 100
J0411—-4819 - 7 439 x 13.2,15.9 200
>3 - 31.5 x6.3,15.2 200
J0449—4901 - 7 36.7 x 12.9,6.2 130
>3 - 234 x5.0,5.3 200
J0456-5116 - 7 423 x 12.7,7.1 150
>3 - 273 x 64,3.1 150
J2031—-4037 - — 21.5 x 10.1, =3.5 60
>5 - 149 x 4.9,2.0 120
J2248—4431 - - 23.0 x 23.0, 0.0 100
>1 - 18.1 x 5.1,6.8 100
J2301—-4023 - 7 335 x13.7,6.2 180
>3 - 229 x 6.5,2.8 100

Notes. For each cluster, the first row corresponds to the low-resolution image
shown in black contours, and the second row corresponds to the high-
resolution image shown in blue/red contours in the respective figures. The
Briggs (1995) robust parameter used for low and high-resolution images are
0 and —1, respectively (except for SPT-CL J2031—4037, where robust=0.5).

4.1.3 SPT-CL J2031—4037

The discovery of the SPT-CL J2031—-4037 or RXC J2031.8—4037
cluster was first reported by Bohringer et al. (2004) in the RE-
FLEX (ROSAT-ESO Flux Limited X-ray) Galaxy Cluster survey.
Later detections of this cluster via the SZ effect were reported
by Williamson et al. (2011), Bleem et al. (2015), and Planck
Collaboration XXIX (2014). The SPT-CL J2031—4037 is a massive
(Msgo = (9.8 £ 1.2) x 10" My; Bleem et al. 2015) cluster situated
at the redshift z = 0.3416 (Bohringer et al. 2004). The Chandra
X-ray luminosity of this clusteris Lig| _ 2.4xev; = (6.8 & 0.3) x 10*
erg s~'. A previous study by Raja et al. (2020) classified this as a
moderately disturbed weak-cool-core (WCC) cluster.

A multifrequency study of the diffuse emission in this cluster was
carried out by Raja et al. (2020), and only a brief description of
this source is presented here. The 325 MHz images are presented in
Fig. 3. The diffuse radio emission is present throughout most of the
cluster region visible in the X-ray image. It has a similar east-west
extension as the ICM seen in the X-ray image, which is possibly the
merger axis. The size of the diffuse emission is about 2.7 arcmin x
2.1 arcmin or 0.8 x 0.6 Mpc (E-W x N-S). A bright radio galaxy
(BCQG) is present at the position of the X-ray peak, which also has
optical identification in the HST optical image. The BCG was also
detected in the TGSS (Intema et al. 2017) and SUMSS (Bock, Large
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& Sadler 1999; Mauch et al. 2003). The GLEAM survey (Wayth
et al. 2015; Hurley-Walker et al. 2017) also detected a blob at this
position, which encompasses the entire cluster region. Considering
the morphology, and the diffuse radio structure, it was classified as
an intermediate radio halo with the flux density of 16.93 4 1.76 mJy
at 325 MHz (Raja et al. 2020).

4.1.4 SPT-CL J2248—4431

The SPT-CL J2248—4431 cluster or otherwise known as ACO S 1063
was first discovered by Abell, Corwin & Olowin (1989). Subsequent
detections of this cluster were reported in REFLEX survey by
Bohringer et al. (2004), in SPT-SZ survey by Williamson et al.
(2011), in Planck SZ survey by Planck Collaboration XXIX (2014)
and more. This is a massive (Mso = (18.0 & 2.2) x 10'* Mg; Bleem
et al. 2015) cluster situated at the redshift z = 0.351 (Bleem et al.
2015). Optical and X-ray study performed by Gémez et al. (2012)
reported this cluster to be bullet like merger with the merger axis
being north-east to south-west, and the merging plane is close the sky
plane. It is an extremely X-ray luminous cluster with Ljg; — 2 4xev) =
(25.1 £0.3) x 10* erg s~', and the second most luminous cluster in
the REFLEX survey. A detailed X-ray study done by Rahaman et al.
(2020), with X-ray temperature map and morphology parameters,
classified this as a moderately disturbed WCC cluster which is in
transition into an NCC cluster.

Recently, multifrequency observations carried out by Xie et al.
(2020) reported the detection of diffuse radio emission in this cluster
at 325 MHz along with 1.5 and 3.0 GHz and classified it as a giant
radio halo. Here, we have presented only a brief description of the
observed diffuse emission at 325 MHz, and a more detailed analysis
is presented in Rahaman et al. (2020). In Fig. 4, we present the
Chandra X-ray, 325 MHz radio, and HST optical image of the SPT-
CL J2248—4431 cluster. It can be seen that the diffuse radio emission
covers the entire cluster region visible in X-ray. The extent of this
extended emission was found to be ~1.2 Mpc. The HST image
shows the optical counterparts of all the radio galaxies visible in
the 325 MHz high-resolution image (blue contours) in Fig. 4 (right-
hand panel). The flux density of the diffuse radio emission excluding
the point sources and the head-tail radio galaxy was found to be
62.0 £ 6.28 mJy at 325 MHz. This halo flux density is much higher
than what was reported by Xie et al. (2020), and the reliability of our
flux density estimation is described in detail in Rahaman et al. (2020).
We tried a combination of different imaging parameters as well as
point source modelling corresponding to different inner uv-cut. In all
cases, the diffuse flux densities were found consistent with the one
reported here. Radio emission from this cluster was detected in other
surveys as well. In the TGSS (Intema et al. 2017) and SUMSS (Bock
et al. 1999; Mauch et al. 2003) survey, a blob emission was detected
consisting of the cluster radio galaxies. In the GLEAM (Wayth et al.
2015; Hurley-Walker et al. 2017) survey, a single blob-like structure
was detected covering the entire cluster region.

4.2 Diffuse emission candidate

4.2.1 SPT-CL J0348—4515

The discovery of the SPT-CL J0348—4515 or CIG 0346—454 cluster
was first reported by West & Frandsen (1981) with the SRC Schmidt
plate. This is a massive (Msp = (6.2 £ 1.0) x 10'* M; Bleem et al.
2015) cluster situated at the redshift z = 0.358 (Bleem et al. 2015).
The Chandra X-ray image (Fig. 5, left-hand panel) shows an irregular
ICM distribution and the X-ray luminosity of this cluster was found to
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Table 3. Flux densities of the discrete and diffuse radio sources of the cluster sample.

Name Source RAJZOOO DECJ2000 SV P1'4 GHz Size
hhmmss® (mly) (10%* W Hz ') (Mpc)
SPT-CL J0013—4906 Halo 11.01 £ 1.19 1.07 £0.12 0.89
SPT-CL J0014—4952 Halo (UL) <5 <3.67
SPT-CL J0123—4821 Halo (UL) <4 <1.77
SPT-CL J0142—-5032 Halo (UL) <10 <2.82
SPT-CL J0212—4657 Halo (UL) Bad rms
SPT-CL J0304—4401 A 03 04 10.76 —44 02 13.43 0.73 £ 0.07
B 03 04 16.15 —44 00 04.40 9.35+0.32
C 03 04 26.55 —44 01 03.93 3254+0.13
D 03 04 27.83 —44 02 41.65 2.72 £ 0.09
Halo 16.65 + 1.85 2.17+£0.24 1.07
SPT-CL J0304—4921 Halo (UL) <4 <0.53
SPT-CL J0307—5042 Halo (UL) <5 <2.06
SPT-CL J0348—4515 A 03 48 16.30 —45 15 47.56 3.01 £0.16
B 03 48 17.85 —45 15 08.96 6.26 +0.17
Halo (C) 12.04 £ 1.38 0.84 £ 0.1 0.64
SPT-CL J0411—4819 Halo (UL) Bad rms
SPT-CL J0449—4901 Halo (UL) <4 <4.20
SPT-CL J0456—5116 Halo (UL) <10 <3.05
SPT-CL J2031—4037 BCG 2031 51.49 —40 37 14.02 89.6 £ 0.53
Halo 16.93 £ 1.76 0.77 + 0.08% 0.69
SPT-CL J2248—4431 A 2248 44,95 —44 31 47.86 0.33 £+ 0.09
BCG 22 48 43.86 —44 31 51.33 6.61 £0.11
B 2248 41.70 —44 31 57.12 0.54 +0.1
C 22 48 37.58 —44 32 43.40 0.58 £0.12
D 22 48 44.62 —44 30 08.90 4249 +0.18
RG 22 48 49.06 —44 30 44.19 3648 +£ 04
Halo 62.0 +6.28 4224043 1.2
SPT-CL J2301—-4023 Halo (UL) <7 <6.01

Notes. The columns are 1. cluster name, 2. radio source, 3. right ascension, declination, 4. flux density at 325 MHz, 5. radio power at 1.4 GHz assuming spectral
index o = —1.3, 6. size of the diffuse emission (vVE — W x N — S). TThe 1.4 GHz radio power of the SPT-CL J2031—4037 halo is taken from Raja et al. (2020)
with the observed spectral index of &« = —1.35. Halo (C) and halo (UL) represents candidate halo and the halo upper limit, respectively.
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Figure 1. Left: Chandra X-ray image overlaid with 325 MHz radio contours of the SPT-CL J0013—4906 cluster. The restoring beam of the radio image is
32 arcsec x 9arcsec, PA —3°, indicated at the bottom left corner. The black contours are drawn at levels [—1, 1, ﬁ, 2,4, ...]1 X 30ms With o = 80 uly
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is shown in black to show the extent of the diffuse emission.
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be Ljo.1 — 2.4%ev) = (3.240.3) x 10* erg s~!. The central temperature
and morphology parameters suggest thatitis a disturbed WCC cluster
(Table 1).

The 325 MHz images are presented in Fig. 5. The diffuse radio
emission is present throughout most of the cluster region visible in
the X-ray image. The size of this diffuse emission is about 2.3 arcmin
x 1.9arcmin or 0.7 x 0.6 Mpc (E-W x N-S). Both radio galaxies

in the cluster region visible in the high-resolution image contours
have optical counterparts in the DECam image. After subtracting the
contributions from the radio galaxies, the diffuse flux density comes
out to be 12.04 £ 1.38 mJy at 325 MHz. We classify this emission
to be a candidate halo. In addition, another diffuse radio emission of
~0.5 Mpc scale is present in the north of the cluster, which does not
have any corresponding optical counterpart. The flux density of this
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diffuse source was found to be 4.43 4= 0.62 mly. The position of this
diffuse source probably excludes it being a part of the halo emission;
however, the possibility of it being revived fossil plasma can not be
ruled out. Further deeper observations are needed to confirm these
possibilities.

MNRAS 500, 2236-2249 (2021)

4.3 Non-detections and upper limits

The clusters in the sample that do not show any presence of diffuse
radio emission are classified here as non-detections. All these clusters
have only one or two bright radio galaxy present within the cluster
extent.
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For the determination of the radio halo upper limit, we have
followed a similar approach as described in Paul et al. (2019), which
in turn based on the approach described in Bonafede et al. (2017).

(i) First, we derive the expected radio power corresponding to the
cluster mass using the correlation given in Cassano et al. (2013), that
is,

log (—— 114 ) _prog (2w |4 (1
10245 W Hz! 10149 My,

where A = 0.125 4+ 0.076 and B = 3.77 & 0.57 are BCES-bisector
fitting parameters corresponding to ‘radio halo’ only data.

(ii) Next, we calculated the expected radio halo size from the
above-derived radio power using the relation presented in Cassano
et al. (2007), that is,

Py
lOg 24 7,—2 —1
5 x 10% hof W Hz

Ry
) = (4.18 £ 0.68) log <fl>
500h3, kpc

—(0.26 £0.07) 2

where Ry is the radio halo radii.

(iii) Then, we injected a fake radio halo with the expected radio
power within the expected radio halo size, which is calculated above,
in the calibrated UV-data at a position near the cluster and free from
other radio emission, taking into account the w-projection effect.

(iv) We varied the injected fake radio halo flux density S;’L
keeping the halo size constant. Now, if the recovered halo has
Dy > Ry and S5 >> 30 per centSy, , where DY and S5 are
measured fake halo size and flux density, the injected flux density
is decreased. Similarly, if the halo size D3;* < Ry, the injected
flux density is increased. This process is repeated until we reach the
condition where DY > Ry. The injected flux density at this point

is considered the upper limit to the radio halo.

A brief description of the individual clusters along with their halo
upper limits, is presented below.

4.3.1 SPT-CL J0014—4952

The SPT-CL J0014—4952 (McDonald et al. 2013) is a less massive
(Mspo = (5.3 £0.9) x 10" My; Bleem et al. 2015) cluster situated
at the redshift z = 0.752 (Bleem et al. 2015). The Chandra X-ray
luminosity of this cluster is Lij — 2.4kev] = (6.8 & 0.5) x 10* erg
s~!. The central temperature and morphology parameters suggest
that it is a disturbed NCC cluster (Table 1). The 325 MHz images
are presented in Fig. 6 (top left panel). No believable diffuse radio
emission is visible in the low-resolution image. We derived an upper
limit to the halo emission, which was found to be 5 mJy.

4.3.2 SPT-CL J0123—4821

The SPT-CL J0123—4821 (McDonald et al. 2013) is a less massive
(Mspp = (4.5 £0.9) x 10" My; Bleem et al. 2015) cluster situated
at the redshift z = 0.655 (Bayliss et al. 2016). The Chandra X-ray
image shows a disturbed morphology and absence of bright core.
The X-ray luminosity of this cluster was found to be Ljp1 — 24kev] =
(2.9 £0.2) x 10" erg s!. The central temperature and morphology
parameters suggest that it is a disturbed NCC cluster (Table 1). The
325 MHz images are presented in Fig. 6 (top right panel). There is no
diffuse emission visible in the low-resolution image contours. The
radio halo upper limit for this cluster was placed to be 4 mJy.

Low-frequency survey of SPT cluster sample
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4.3.3 SPT-CL J0142—-5032

This is a massive cluster with Mspy = (5.7 & 0.9) x 10'* M ; Bleem
et al. 2015 and situated at the redshift z = 0.6793 (Bayliss et al.
2016). The Chandra X-ray image shows a disturbed morphology
with luminosity of Lip1 _ 24kev) = (4.3 & 0.5) x 10* erg s~!. The
central temperature and morphology parameters suggest that it is a
disturbed NCC cluster (Table 1). In Fig. 6 (middle left panel), low-
resolution image contours show that there is no diffuse emission
from the ICM. Nothing was detected in the TGSS (Intema et al.
2017), and SUMSS (Bock et al. 1999; Mauch et al. 2003) survey, but
the GLEAM (Wayth et al. 2015; Hurley-Walker et al. 2017) 170-
231 MHz image cutout shows a faint emission at the position of the
radio galaxies. We estimated a radio halo upper limit for this cluster,
which came out to be 10 mJy.

4.3.4 SPT-CL J0212—4657

The SPT-CL J0212—4657 (McDonald et al. 2013) is a less massive
(Mspo = (5.9 £ 1.0) x 10" My; Bleem et al. 2015) cluster situated
at the redshift z = 0.655 (Bleem et al. 2015). The Chandra X-ray
luminosity of this cluster is Ljg | — 2.4kev] = (5.4 £ 0.6) X 10* erg
s~!. The central temperature and morphology parameters suggest
that it is a disturbed NCC cluster (Table 1). The 325 MHz images are
presented in Fig. 6 (middle right panel). No believable diffuse radio
emission is found in the low-resolution radio image (black contours).
We searched for radio emission corresponding to the cluster region
in TGSS (Intema et al. 2017), SUMSS (Bock et al. 1999; Mauch
et al. 2003), and found nothing. However, the GLEAM (Wayth et al.
2015; Hurley-Walker et al. 2017) survey detected a blob at the cluster
position. Finally, because of the contamination from a nearby bright
radio source, we could not place a halo upper limit to this cluster.

4.3.5 SPT-CL J0304—4921

This cluster was first discovered in the Atacama Cosmology Tele-
scope (ACT) SZE survey (ACT-CL J0304-4921) by Menanteau
et al. (2010). This is a massive cluster with M5y, = (7.6 &= 1.2) x
10'*Mg; Bleem et al. 2015 and situated at the redshift z =
0.392 (Sifén et al. 2013). The Chandra X-ray image shows a
regular morphology with bright central core. The X-ray luminos-
ity of this cluster was found to be L —24kev; = (6.0 == 0.3)
x 10*% erg s~!. The central temperature and morphology pa-
rameters suggest that it is a relaxed strong cool-core cluster
(Table 1). In Fig. 6 (bottom left panel), low-resolution image
contours show that there is no diffuse emission from the ICM.
Because of this being a strong cool-core cluster, we estimated
a radio halo upper limit for this cluster corresponding to typ-
ical minihalo size, that is, 500 kpc, which was found to be
4 mly.

4.3.6 SPT-CL J0307—5042

The SPT-CL J0307—5042 (McDonald et al. 2013) is a less massive
(Mspo = (5.3 £0.9) x 10" My; Bleem et al. 2015) cluster situated
at the redshift z = 0.55 (Bleem et al. 2015). The Chandra X-ray
luminosity of this cluster is Ljg — 24kev] = (4.2 £ 0.3) x 10% erg
s~!. The central temperature and morphology parameters suggest
that it is a disturbed, NCC cluster (Table 1). The 325 MHz images
are presented in Fig. 6 (bottom right panel). No believable diffuse
emission is found within the cluster region in the low-resolution radio
image (black contours). However, an extension of the northern radio
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Figure 6. Chandra X-ray images overlaid with 325 MHz radio contours of the SPT-CL J0014—4952, SPT-CL J0123—4821, SPT-CL J0142—-5032, SPT-CL
J0212—-4657, SPT-CL J0304—4921, and SPT-CL J0307—5042. The contours are drawn at levels [ — 1, 1,2, 4,8, ...] x 30ms. Negative contours are indicated
with dotted lines. The restoring beam of the low- and high-resolution images are indicated in the bottom left corner with black and red ellipses, respectively.
See Table 2 for o and restoring beams.
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Figure 7. Chandra X-ray image overlaid with 325 MHz radio contours of the SPT-CL J0411—4819, SPT-CL J0449—4901, SPT-CL J0456—5116, and SPT-CL
J2301—4023. The contours are drawn at levels [ — 1, 1, 2,4, 8, ... ] x 30ms. Negative contours are indicated with dotted lines. The restoring beam of the low-
and high-resolution images are indicated in the bottom left corner with black and red ellipses, respectively. See Table 2 for o and restoring beams.

galaxy towards the east is visible outside the cluster region, which
may be associated with the radio galaxy and not to the ICM, that is,
relic or fossil plasma. We placed an upper limit to the radio halo for
this cluster to be 5 mly.

4.3.7 SPT-CL J0411—4819

This cluster was first discovered in the Planck Early SZ (ESZ) survey
(Planck Collaboration VII 2011). This is a massive cluster with M5,
= (8.2+1.3) x 10 My (Bleem et al. 2015) and situated at the
redshift z = 0.424 (Bleem et al. 2015). The Chandra X-ray image
shows a disturbed morphology with a clear trace of merging activity.
The X-ray luminosity of the system was found to be Ljg | — 24kev] =
(7.4 £0.3) x 10" erg s~!. The central temperature and morphology
parameters suggest that it is a disturbed NCC cluster (Table 1). The
325 MHz images are presented in Fig. 7 (top left panel). Although this
cluster seems to be highly disturbed, no diffuse emission was found in

the low-resolution image (black contours). We tried to place areliable
upper limit to the radio halo for this cluster, but contamination from
a nearby bright radio source prevented the same.

4.3.8 SPT-CL J0449—4901

The SPT-CL J0449—4901 (McDonald et al. 2013) is a less massive
(Msgo = (4.6 £0.9) x 10" Mg; Bleem et al. 2015) cluster situated at
the redshift z = 0.792 (Bleem et al. 2015). The Chandra X-ray image
shows a disturbed morphology with X-ray luminosity L1 — 2.4kev] =
(3.9 £0.5) x 10* erg s~!. The central temperature and morphology
parameters suggest that it is a disturbed NCC cluster (Table 1).
In Fig. 7 (top right panel), the low-resolution image shows an
extended radio source with size of about 1.43 arcmin x 2.58 arcmin
or 0.64 x 1.16 Mpc (E-W x N-S), but the high-resolution image
contours reveal it being a blended emission of multiple embedded

MNRAS 500, 2236-2249 (2021)
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radio galaxies. We estimated an upper limit to the radio halo for this
cluster to be 4 mly.

4.3.9 SPT-CL J0456—5116

This is a massive cluster with Msop = (5.1 £ 0.9) x 10'* M, (Bleem
et al. 2015) and situated at the redshift z = 0.562 (Bleem et al.
2015). The Chandra X-ray image shows a regular morphology with
an absence of bright central core. The X-ray luminosity of this cluster
was found to be Lig| _ 2.4xev; = (3.5 £0.2) x 10* erg s~!. However,
the central temperature and morphology parameters suggest it being
a disturbed NCC cluster (Table 1). In Fig. 7 (bottom left panel),
low-resolution image contours show that there is no diffuse emission
from the ICM. We estimated a radio halo upper limit for this cluster,
which came out to be 10 mJy.

4.3.10 SPT-CL J2301—-4023

The SPT-CL J2301—-4023 (McDonald et al. 2013) or [LP96] 2259-
4040 cluster was first discovered in optical survey conducted by
Lidman & Peterson (1996). This is a less massive (Ms5q) = (4.8 £
0.9) x 10" My; Bleem et al. 2015) cluster situated at the redshift
z = 0.8349 (Bayliss et al. 2016). This is the most distant cluster in
the analysed sample (15 clusters). The Chandra X-ray luminosity
of this cluster is Ljo.1 - 241ev] = (4.8 & 0.4) x 10** erg s™!. The
central temperature and morphology parameters suggest that it is a
disturbed NCC cluster (Table 1). The 325 MHz images are presented
in Fig. 7 (bottom right panel). No believable diffuse radio emission
is found in the low-resolution image (black contours). A hint of the
presence of the diffuse radio emission is found after subtraction of the
radio galaxy flux density from the total emission, where the residual
flux density was found to be 2.95 4+ 0.44 mJy. However, further
deeper observations are needed to reliably confirm the presence of
any diffuse radio emission in this cluster. We have derived an upper
limit to the halo in this cluster to be 7 mJy.

5 DISCUSSION

In this work, we present the radio observational results of the
GSRHS sample of 15 galaxy clusters. Radio images were obtained at
325 MHz with o ps ~ 100 1Jy beam™' (Section 4). Extended radio
emission in the cluster ICM was found in four clusters, tentative
detection of diffuse emission in one cluster, and upper limits were
estimated for non-detection in eight clusters.

Below, we discuss the implications of our results in understanding
the diffuse radio emission in galaxy clusters.

5.1 Occurrence of radio haloes

The fraction of radio halo detected in our sample is f =4/15 ~
27 per cent and if we include one candidate halo, it becomes
f =5/15 ~ 33 per cent. It should be noted that these detection
fractions are specific to the selected sample and will change according
to the selection criteria. These occurrences are similar to what
was previously reported by Kale et al. (2015), despite our sample
being biased towards mergers. However, we note that an absolute
comparison between these samples are not possible because of
different selection criteria and the values presented here are only
indicative.

In Fig. 8, we have illustrated with histogram plots the occurrence
of radio haloes across redshift, X-ray luminosity, and mass. In Fig. 8
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(left-hand panel), it can be seen that the detection of radio haloes
in each redshift bin is around 50 per cent from z = 0.3 up to 0.46,
and no detection beyond. The primary reason for this is the lack of
sensitivity of our radio observations, and further deeper observations
are needed to confirm whether there are any diffuse emission in these
clusters or not. However, the lack of massive clusters in our sample
at higher redshift, which is evident from Fig. 8 (right-hand panel), is
also contributing to the lack of haloes at higher redshift.

In the middle panel of Fig. 8, the radio halo distribution in X-ray
luminosity shows that most of the clusters in our sample (13/15) are
of low X-ray luminosity if we take the dividing X-ray luminosity
to be 8 x 10" ergs™! (or, 44.9 in log scale) following Venturi
et al. (2008), Brunetti et al. (2009), and Kale et al. (2015). Also,
in the right-hand panel of Fig. 8 we see that most of the clusters
with non-detection are in the 4 — 6 x 10'* Mg, bin. So, although the
clusters with non-detection in our sample are less X-ray luminous
and less massive, the real lack of sensitivity in our observations does
not allow us to comment on the occurrence of haloes in low-mass
clusters.

5.2 Distribution of haloes in the Py 4~Lx and Py 4—MS5, plane

It is established in the literature that there is a clear bimodal
distribution of clusters with and without haloes in both P; 4—~Lx and
P\ 4—Ms plane (e.g. Cassano et al. 2013; Kale et al. 2015). We have
also plotted the distribution of our sample in both of these planes
in Fig. 9. Although a proper comparison between samples in these
correlations is possible only when the explored redshift range, as
well as the sample selection criteria, is similar, haloes in our sample
(since they have similar redshifts as the literature sample) seem to
lie within the range of scatter of the literature sample.

The P14 — Lx plot in Fig. 9 (left-hand panel) shows that the
clusters in our sample follow the observed correlation between radio
and X-ray power. Both the haloes and candidate are showing similar
scatter as in literature haloes. The only halo outlier is the SPT-CL
J2248—4431 cluster, where the observed radio power is considerably
lower than the correlation line. A multifrequency analysis of this
cluster was recently done by Rahaman et al. (2020) where they
argued the under luminous behaviour of this cluster being related to
the merger being recent and is currently in switching-on stage and
moving up towards the correlation. Additionally, most of the upper
limits lie above the correlation lines, which indicates the possibility
of hosting radio halo; merely the current data have insufficient
sensitivity to detect them. So, they cannot be considered with the
non-halo group based on current observations. We derived a linear fit
combining our halo sample (excluding the candidate halo) with the
literature halo sample [including ultrasteep spectrum (USS) haloes]
using the BCES method (Akritas & Bershady 1996) of the form,

log(P14) = A x log(Lx) + B. 3)

The best-fitting parameters corresponding to the bisector and the
orthogonal are A = 2.02 & 0.24 and B = —66.54 + 10.95 and A
=232 £ 0.30 and B = —79.65 £ 13.63, respectively, which are
consistent with the previous studies (e.g. Cassano et al. 2013; Kale
et al. 2015).

The plot of the samples in P;4—Ms5g plane in Fig. 9 (right-hand
panel) also shows similar characteristics like the previous correlation.
The distribution of our sample in this plane as well is similar to
the literature sample with comparable scatter around the best-fitting
line. Here as well the only outlier is the massive cluster SPT-CL
J2248—4431. Similar to the previous correlation, upper limits with
higher redshifts lie above the best-fitting line. Similarly, we derived
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a linear fit in this plane using BCES method (Akritas & Bershady
1996) of the form,

log(Py1.4) = A x log(Msm) + B 4)

using the same sample as previously. The best-fitting parameters
corresponding to the bisector and the orthogonal came out to be A =
331 £0.69 and B=—24.90 £ 10.27 and A =5.61 £ 1.78 and B =
—59.26 = 26.50, respectively, which are consistent with the previous
study by Cassano et al. (2013).

5.3 Dynamical states of the GSRHS sample

Observational evidence of a close connection between diffuse radio
sources like haloes, relics and minihaloes, and the dynamical state
of the clusters have already been reported in the literature in the past
few decades. Haloes and relics are connected with merging clusters,
and minihaloes are found in the relaxed clusters.

Since the X-ray map traces the thermal distribution of a cluster
ICM, it is widely used to estimate the dynamical state of the clusters.
The dynamical state of a cluster is typically measured by estimating

(1) the absence/presence of a bright core, for example, surface
brightness ‘concentration parameter’ csg (Santos et al. 2008) and
(ii) disturbance in the ICM, for example, ‘centroid shift’ w (Mohr
etal. 1993). In Fig. 10, we have plotted these parameters in the csg—w
plane corresponding to our sample along with the sample presented
in Cassano et al. (2016). Following Santos et al. (2008), we derived
csp for our sample from the Chandra data and the w information is
taken from Nurgaliev et al. (2017). Following Cassano (2010), we
used w = 0.012 and csg = 0.2 to separate merging clusters with
radio haloes and relaxed clusters without haloes.

Here, we see that despite being merging clusters, a lot of them
does not show any diffuse emission. But, unlike the literature sample
where almost all are massive clusters, almost half of them in our
sample are relatively low-mass clusters (Fig. 8, right-hand panel).
Specifically, most of the non-detections in Fig. 10 (bottom right
quadrant) are in the first bin of the mass histogram (Fig. 8, right-
hand panel). However, we would like to point out that most of
the clusters with the absence of halo in our sample are situated at
higher redshifts, where the probability of halo detection is extremely
low. Furthermore, the sensitivity of our observations is very poor to
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Chandra data and w information is taken from Nurgaliev et al. (2017).

explore the possibility of hosting haloes in these clusters. So, the
reason for the absence of halo in our sample is not exactly similar to
as Cuciti et al. (2015). Nevertheless, since the possibility of detecting
radio halo depends on several factors like mass of the system, merger
energy injection fraction, magnetic field properties of the cluster, and
merger stage (e.g. Cassano et al. 2010; Donnert et al. 2013; Brunetti
& Jones 2014), sensitive low-frequency observations of merging
clusters that do not show diffuse radio emission are crucial to clarify
whether they host USS haloes or truly not host any diffuse radio
emission at all.

6 SUMMARY AND CONCLUSIONS

The GSRHS consists of 15 clusters observed at 325 MHz frequency
for a higher probability of radio halo detection. This study is one
of the first systematic investigations of this kind in the redshift
z > 0.3 (e.g. Knowles et al. 2019; Giovannini et al. 2020). Al-
though, the majority of clusters in this sample are less X-ray bright
(<8 x 10™ ergs™') and half of the clusters are less massive ones
(4 — 6 x 10 My,), this sample is biased towards merging clusters.
Radio images of haloes, candidate, and upper limits are presented
in Section 4. We have discovered radio halo for the first time
in SPT-CL J0013—4906 and SPT-CL J0304—4401 cluster. The
presence of radio halo in two clusters of our sample, namely SPT-CL
J2031—4037 and SPT-CL J2248—4431 were previously reported
by Raja et al. (2020) and Xie et al. (2020), respectively. Also,
SPT-CL J0348—4515 cluster is classified as a candidate for radio
halo. Finally, we derived upper limits for the clusters where no
diffuse emission was observed in SPT-CL J0014—4952, SPT-CL
J0123—-4821, SPT-CL J0142—5032, SPT-CL J0212—4657, SPT-CL
J0304—4921, SPT-CL J0307—5042, SPT-CL J0411—4819, SPT-CL
J0449—-4901, SPT-CL J0456—5116, and SPT-CL J2301—4023. In
addition, the haloes and candidate follow the observed correlations
in both Py 4—Lx and P;4—Ms5g plane with similar scatter as found
in the literature data. Furthermore, the position of the derived upper
limits above the correlation line indicates the possibility of future
detection of diffuse radio emission with sensitive observations.

MNRAS 500, 2236-2249 (2021)

In conclusion, the study presented here is a pilot survey of
high-redshift clusters which complements the previous GRHS and
EGRHS in redshift distribution. Note that our current sample lacks
sufficient massive clusters at high redshift. Future study of massive
merging clusters with uniform redshift distribution is necessary to
investigate the redshift dependence of the radio haloes. Furthermore,
a systematic investigation of less-massive, dynamically disturbed
clusters at low redshift is crucial in understanding the nature of radio
haloes in general. Finally, future sensitive low-frequency surveys
with uGMRT, JVLA, MeerKAT, LOFAR, MWA, and the upcoming
SKA will be the key in studying the unexplored aspects of galaxy
clusters to understand the origin and evolution of different diffuse
radio structures found in them.

ACKNOWLEDGEMENTS

We would like to thank IIT Indore for providing necessary computing
facilities for data analysis. We thank the staff of GMRT, who made
these observations possible. GMRT is run by the National Centre for
Radio Astrophysics of the Tata Institute of Fundamental Research.
This work has made use of data from the Chandra Data Archive. This
research is supported by DST-SERB, through ECR/2017/001296
grant awarded to AD. MR would like to thank DST for INSPIRE
fellowship program for financial support (IF160343). This research
has made use of the SIMBAD database, operated at CDS, Strasbourg,
France (Wenger et al. 2000). This research made use of ASTROPY,?
a community-developed core PYTHON package for Astronomy (As-
tropy Collaboration et al. 2013, 2018). This research made use of
MATPLOTLIB (Hunter 2007) and APLPY (Robitaille & Bressert 2012),
open-source plotting packages for PYTHON.

DATA AVAILABILITY

All the radio data used in this study are available in the GMRT Online
Archive (https://naps.ncra.tifr.res.in/goa/data/search) with proposal
code 26024 and 27_026.

REFERENCES

Abell G. O., Corwin Harold G. J., Olowin R. P., 1989, ApJS, 70, 1

Ackermann M. et al., 2014, ApJ, 787, 18

Akritas M. G., Bershady M. A., 1996, ApJ, 470, 706

Astropy Collaboration et al., 2013, A&A, 558, A33

Astropy Collaboration et al., 2018, AJ, 156, 123

Bayliss M. B. et al., 2016, ApJS, 227, 3

Bleem L. E. et al., 2015, ApJS, 216, 27

Bock D. C.J., Large M. 1, Sadler E. M., 1999, AJ, 117, 1578

Bohringer H. et al., 2004, A&A, 425, 367

Bonafede A. et al., 2017, MNRAS, 470, 3465

Bonafede A., Intema H. T., Briiggen M., Girardi M., Nonino M., Kantharia
N., van Weeren R. J., Rottgering H. J. A., 2014, ApJ, 785, 1

Briggs D. S., 1995, PhD thesis, New Mexico Institute of Mining Technology

Brunetti G. et al., 2008, Nature, 455, 944

Brunetti G., Jones T. W., 2014, Int. J. Mod. Phys. D, 23, 1430007

Brunetti G., Lazarian A., 2011, MNRAS, 410, 127

Brunetti G., Setti G., Feretti L., Giovannini G., 2001, MNRAS, 320, 365

Brunetti G., Cassano R., Dolag K., Setti G., 2009, A&A, 507, 661

Brunetti G., Zimmer S., Zandanel F., 2017, MNRAS, 472, 1506

Cassano R. et al., 2013, ApJ, 777, 141

Cassano R., 2010, A&A, 517, A10

3hitp://www.astropy.org

20z Iudy g1 uo 3senb Aq GGG9565/9€22/2/00G/2101E/SEIUW/WOD"dNO"DIWSPEdE//:SA)Y WO PEPEOJUMO(


https://naps.ncra.tifr.res.in/goa/data/search
http://dx.doi.org/10.1086/191333
http://dx.doi.org/10.1088/0004-637X/787/1/18
http://dx.doi.org/10.1086/177901
http://dx.doi.org/10.1051/0004-6361/201322068
http://dx.doi.org/10.3847/1538-3881/aabc4f
http://dx.doi.org/10.3847/0067-0049/227/1/3
http://dx.doi.org/10.1088/0067-0049/216/2/27
http://dx.doi.org/10.1086/300786
http://dx.doi.org/10.1051/0004-6361:20034484
http://dx.doi.org/10.1093/mnras/stx1475
http://dx.doi.org/10.1088/0004-637X/785/1/1
http://dx.doi.org/10.1038/nature07379
http://dx.doi.org/10.1142/S0218271814300079
http://dx.doi.org/10.1111/j.1365-2966.2010.17457.x
http://dx.doi.org/10.1046/j.1365-8711.2001.03978.x
http://dx.doi.org/10.1051/0004-6361/200912751
http://dx.doi.org/10.1093/mnras/stx2092
http://dx.doi.org/10.1088/0004-637X/777/2/141
http://dx.doi.org/10.1051/0004-6361/200913622
http://www.astropy.org

Cassano R., Brunetti G., Setti G., Govoni F., Dolag K., 2007, MNRAS, 378,
1565

Cassano R., Ettori S., Giacintucci S., Brunetti G., Markevitch M., Venturi T.,
Gitti M., 2010, ApJ, 721, L82

Cassano R., Brunetti G., Giocoli C., Ettori S., 2016, A&A, 593, A81

Chandra P, Ray A., Bhatnagar S., 2004, AplJ, 612, 974

Cuciti V., Cassano R., Brunetti G., Dallacasa D., Kale R., Ettori S., Venturi
T., 2015, A&A, 580, A97

Dennison B., 1980, ApJ, 239, L93

Dolag K., Enfilin T. A., 2000, A&A, 362, 151

Donnert J., Dolag K., Brunetti G., Cassano R., 2013, MNRAS, 429, 3564

Eckert D., Jauzac M., Vazza F., Owers M. S., Kneib J. P., Tchernin C., Intema
H., Knowles K., 2016, MNRAS, 461, 1302

EnBlin T. A., Biermann P. L., Klein U., Kohle S., 1998, A&A, 332, 395

Feretti L., Giovannini G., Govoni F., Murgia M., 2012, A&AR, 20, 54

Finoguenov A., Sarazin C. L., Nakazawa K., Wik D. R., Clarke T. E., 2010,
Apl, 715, 1143

Fujita Y., Matsumoto T., Wada K., 2004, J. Korean Astron. Soc., 37, 571

Fujita Y., Kohri K., Yamazaki R., Kino M., 2007, ApJ, 663, L61

Gendron-Marsolais M. et al., 2017, MNRAS, 469, 3872

Giovannini G. et al., 2020, A&A, 640, A108

Gomez P. L. et al., 2012, AJ, 144,79

Hunter J. D., 2007, Comput. Sci. Eng., 9, 90

Hurley-Walker N. et al., 2017, MNRAS, 464, 1146

Intema H. T., van der Tol S., Cotton W. D., Cohen A. S., van Bemmel I. M.,
Rottgering H. J. A., 2009, A&A, 501, 1185

Intema H. T., Jagannathan P., Mooley K. P., Frail D. A., 2017, A&A, 598,
A78

Kale R. et al., 2015, A&A, 579, A92

Kale R., Venturi T., Giacintucci S., Dallacasa D., Cassano R., Brunetti G.,
Macario G., Athreya R., 2013, A&A, 557, A99

Keshet U., Loeb A., 2010, ApJ, 722, 737

Knowles K. et al., 2019, MNRAS, 486, 1332

Large M. 1., Mathewson D. S., Haslam C. G. T., 1959, Nature, 183, 1663

Lidman C. E., Peterson B. A., 1996, AJ, 112, 2454

Macario G., Markevitch M., Giacintucci S., Brunetti G., Venturi T., Murray
S.S., 2011, ApJ, 728, 82

Mauch T., Murphy T., Buttery H. J., Curran J., Hunstead R. W., Piestrzynski
B., Robertson J. G., Sadler E. M., 2003, MNRAS, 342, 1117

Mazzotta P., Giacintucci S., 2008, ApJ, 675, L9

McDonald M. et al., 2013, ApJ, 774, 23

Menanteau F. et al., 2010, ApJ, 723, 1523

Low-frequency survey of SPT cluster sample

2249

Mohan N., Rafferty D., 2015, Astrophysics Source Code Library, record
ascl:1502.007

Mohr J. J., Fabricant D. G., Geller M. J., 1993, AplJ, 413, 492

Nurgaliev D. et al., 2017, AJ, 841, 5

Paul S., Tapichino L., Miniati F., Bagchi J., Mannheim K., 2011, ApJ, 726, 17

Paul S., Salunkhe S., Datta A., Intema H. T., 2019, MNRAS, 489, 446

Pedlar A., Ghataure H. S., Davies R. D., Harrison B. A., Perley R., Crane P.
C., Unger S. W., 1990, MNRAS, 246, 477

Petrosian V., 2001, ApJ, 557, 560

Pfrommer C., Enflin T. A., 2004, A&A, 413, 17

Planck Collaboration VII, 2011, A&A, 536, A7

Planck Collaboration XXIX, 2014, A&A, 571, A29

RajaR. et al., 2020, MNRAS, 493, .28

Rahaman M., Raja R., Datta A., Burns J. O., Alden B., Rapetti D., 2020,
MNRAS, submitted

Robitaille T., Bressert E., 2012, Astrophysics Source Code Library, record
ascl:1208.017

Santos J. S., Rosati P., Tozzi P., Bohringer H., Ettori S., Bignamini A., 2008,
A&A, 483, 35

Scaife A. M. M., Heald G. H., 2012, MNRAS, 423, LL30

Shimwell T. W., Markevitch M., Brown S., Feretti L., Gaensler B. M.,
Johnston-Hollitt M., Lage C., Srinivasan R., 2015, MNRAS, 449, 1486

Sifén C. et al., 2013, AplJ, 772,25

van Weeren R. J. et al., 2016, ApJ, 818, 204

van Weeren R. J. et al., 2017, ApJ, 835, 197

van Weeren R. J., Rottgering H. J. A., Briiggen M., Hoeft M., 2010, Science,
330, 347

van Weeren R. J., de Gasperin F., Akamatsu H., Briiggen M., Feretti L., Kang
H., Stroe A., Zandanel F., 2019, Space Sci. Rev,, 215, 16

Venturi T., Giacintucci S., Brunetti G., Cassano R., Bardelli S., Dallacasa D.,
Setti G., 2007, A&A, 463, 937

Venturi T., Giacintucci S., Dallacasa D., Cassano R., Brunetti G., Bardelli S.,
Setti G., 2008, A&A, 484, 327

Wayth R. B. et al., 2015, PASA, 32, e025

Wenger M. et al., 2000, A&AS, 143, 9

West R. M., Frandsen S., 1981, A&AS, 44, 329

Williamson R. et al., 2011, ApJ, 738, 139

Xie C. et al., 2020, A&A, 636, A3

ZuHone J. A., Markevitch M., Brunetti G., Giacintucci S., 2013, ApJ, 762,
78

This paper has been typeset from a TX/IATgX file prepared by the author.

MNRAS 500, 2236-2249 (2021)

20z 11dy g U0 1s9nB Aq GGG9G6S/9€2Z/2/00G/2I01E/SEIUW/W0Y"dNODIWLSPED.//:SA)lY WO} PAPEOjUMOQ


http://dx.doi.org/10.1111/j.1365-2966.2007.11901.x
http://dx.doi.org/10.1088/2041-8205/721/2/L82
http://dx.doi.org/10.1051/0004-6361/201628414
http://dx.doi.org/10.1086/422675
http://dx.doi.org/10.1051/0004-6361/201526420
http://dx.doi.org/10.1086/183300
http://dx.doi.org/10.1093/mnras/sts628
http://dx.doi.org/10.1093/mnras/stw1435
http://dx.doi.org/10.1007/s00159-012-0054-z
http://dx.doi.org/10.1088/0004-637X/715/2/1143
http://dx.doi.org/10.5303/JKAS.2004.37.5.571
http://dx.doi.org/10.1086/520337
http://dx.doi.org/10.1093/mnras/stx1042
http://dx.doi.org/10.1051/0004-6361/202038263
http://dx.doi.org/10.1088/0004-6256/144/3/79
http://dx.doi.org/10.1109/MCSE.2007.55
http://dx.doi.org/10.1093/mnras/stw2337
http://dx.doi.org/10.1051/0004-6361/200811094
http://dx.doi.org/10.1051/0004-6361/201628536
http://dx.doi.org/10.1051/0004-6361/201525695
http://dx.doi.org/10.1051/0004-6361/201321515
http://dx.doi.org/10.1088/0004-637X/722/1/737
http://dx.doi.org/10.1093/mnras/stz823
http://dx.doi.org/10.1038/1831663a0
http://dx.doi.org/10.1086/118195
http://dx.doi.org/10.1088/0004-637X/728/2/82
http://dx.doi.org/10.1046/j.1365-8711.2003.06605.x
http://dx.doi.org/10.1086/529433
http://dx.doi.org/10.1088/0004-637X/774/1/23
http://dx.doi.org/10.1088/0004-637X/723/2/1523
http://dx.doi.org/10.1086/173019
http://dx.doi.org/10.3847/1538-4357/aa6db4
http://dx.doi.org/10.1088/0004-637X/726/1/17
http://dx.doi.org/10.1093/mnras/stz1965
http://dx.doi.org/10.1086/321557
http://dx.doi.org/10.1051/0004-6361:20031464
http://dx.doi.org/10.1051/0004-6361/201116474
http://dx.doi.org/10.1051/0004-6361/201321523
http://dx.doi.org/10.1093/mnrasl/slaa002
http://dx.doi.org/10.1051/0004-6361:20078815
http://dx.doi.org/10.1111/j.1745-3933.2012.01251.x
http://dx.doi.org/10.1093/mnras/stv334
http://dx.doi.org/10.1088/0004-637X/772/1/25
http://dx.doi.org/10.3847/0004-637X/818/2/204
http://dx.doi.org/10.3847/1538-4357/835/2/197
http://dx.doi.org/10.1126/science.1194293
http://dx.doi.org/10.1007/s11214-019-0584-z
http://dx.doi.org/10.1051/0004-6361:20065961
http://dx.doi.org/10.1051/0004-6361:200809622
http://dx.doi.org/10.1017/pasa.2015.26
http://dx.doi.org/10.1051/aas:2000332
http://dx.doi.org/10.1088/0004-637X/738/2/139
http://dx.doi.org/10.1088/0004-637X/762/2/78

