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Caraballo,7 Kavilan Moodley,1 Benjamin L. Schmitt,8 Jonathan Sievers,9
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ABSTRACT
We present Giant Metrewave Radio Telescope 610 MHz observations of 14 Atacama
Cosmology Telescope (ACT) equatorial clusters, including new data for nine. The
sample includes 11 of 15 ACT equatorial clusters (i.e., 73%) with M500 > 5× 1014 M�,
and in three of 11 (27+20

−14%) we detect diffuse emission. We detect a S610 = 2.1 ± 0.2 mJy
radio mini-halo in ACT-CL J0022.2−0036 at z = 0.8, making it the highest-redshift
mini-halo known. We detect potential radio relic emission in ACT-CL J0014.9−0057
(z = 0.533), and confirm the presence of a radio halo in the low-mass cluster ACT-
CL J0256.5+0006, with flux S610 = 6.3 ± 0.4 mJy. We also detect residual diffuse
emission in ACT-CL J0045.9−0152 (z = 0.545), which we cannot conclusively classify.
For systems lacking diffuse radio emission, we determine radio halo upper limits in two
ways and find via survival analysis that these limits do not significantly affect radio
power scaling relations. Several clusters with no diffuse emission detection are known
or suspected mergers, based on archival X-ray and/or optical measures; given the
limited sensitivity of our observations (median central map noise 44 µJy/beam), deeper
observations are required to determine if diffuse radio emission is present in these
disturbed systems. In parallel with our diffuse emission results, we present catalogs
of individual radio sources, including a few interesting extended sources. Our study
represents the first probe of the occurrence of diffuse emission in high-redshift (z & 0.5)
clusters, and serves as a pilot for statistical studies of larger cluster samples with the
new radio telescopes available in the pre-SKA era.

Key words: galaxies:clusters:general – radio continuum:general – radio contin-
uum:galaxies – galaxies:clusters:intracluster medium – catalogues
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1 INTRODUCTION

Over the past two decades, low frequency radio follow-up
of galaxy clusters has provided insight into the non-thermal
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2 K. Knowles et al.

physics of the intracluster medium through observations of
diffuse, cluster-scale synchrotron emission (Brunetti & Jones
2014). There are historically three main classes of cluster
diffuse radio emission, namely halos, relics, and mini-halos,
characterised by their position relative to the cluster core,
size, polarization, and their general morphology. It is well
established that the presence of these diffuse structures is
correlated with the dynamical state of the host cluster (Cas-
sano et al. 2010), with halos and relics found in merging sys-
tems, while mini-halos are preferentially found around the
brightest cluster galaxy (BCG) in cool-core clusters.

There are however several open questions relating to
the formation mechanisms of these sources, and as more
sensitive cluster observations are carried out, more diffuse
structures are being discovered that do not conform to the
standard classifications (van Weeren et al. 2017). A partic-
ular problem in trying to understand the origin of diffuse
cluster radio emission is a lack of homogeneous cluster sam-
ples with radio follow-up: although over 50 radio halos have
been discovered to date, they form a heterogeneous cluster
sample (Yuan et al. 2015), making it difficult to disentangle
selection effects from the scatter in the various scaling rela-
tions. The first cluster samples to be studied with respect to
diffuse radio emission were taken from X-ray selected sam-
ples, with the Extended GMRT Radio Halo Survey (Kale
et al. 2013) being the largest homogeneous X-ray selected
sample studied to date, with 67 clusters above a 0.1 - 2.4
keV band X-ray luminosity of LX > 5 × 1044 erg s−1, and
within a redshift range of 0.2 < z < 0.4. As X-ray lumi-
nosity selection may bias samples towards relaxed clusters
(Poole et al. 2007), more recent studies have used Sunyaev-
Zel’dovich effect (SZ; Sunyaev & Zel’dovich 1972) properties
to select the cluster samples. The largest SZ-selected sam-
ple studied to date consists of 56 mass-selected Planck PSZ2
clusters (Cuciti et al. 2015) within a mass and redshift range
of M500,SZ & 6 × 1014M� and 0.2 . z . 0.4, respectively.
Both samples are restricted to low to intermediate redshift
and high mass systems. Diffuse radio emission has been de-
tected in higher redshift and lower mass systems (Lindner
et al. 2014; Knowles et al. 2016), but no systematic survey
of a larger statistical sample of such systems has been un-
dertaken.

Here we present the results of a pilot radio study to
search for diffuse cluster emission in clusters from the Ata-
cama Cosmology Telescope’s equatorial cluster catalog (Has-
selfield et al. 2013). In this pilot study, for the first time in
a homogeneously selected sample, we extend the cluster se-
lection criteria to lower mass and higher redshift.

This paper is structured as follows. In Section 2 we dis-
cuss the cluster sample and selection. In Section 3 we discuss
the new and archival GMRT observations, as well as our data
reduction strategy. Sections 4 and 5 contain our radio results
for all clusters, and our upper limits for non-detections are
discussed in Section 6. Discussion of interesting radio sources
in the different fields is presented in Section 7. Finally, we
summarise our results and conclude in Section 8.

In this paper we adopt a ΛCDM flat cosmology with
H0 = 70 km s−1Mpc−1, Ωm = 0.27 and ΩΛ = 0.73. We assume
Sν ∝ να throughout the paper, where Sν is the flux density
at frequency ν and α is the spectral index. R500 denotes the
radius within which the average density is 500 times the
critical density of the Universe. Colour versions of all figures

are available in the online journal. The full catalog of source
fluxes is available online.

2 THE CLUSTER SAMPLE

The Atacama Cosmology Telescope (ACT; Swetz et al. 2011)
is a 6 m telescope providing arcminute resolution observa-
tions of the millimetre sky. The ACT Equatorial sample
(hereafter ACT-E; Hasselfield et al. 2013) was compiled from
three years (2008-2011) of 148 GHz observations of a 504
deg2, zero-declination strip overlapping the Sloan Digital
Sky Survey (SDSS; York et al. 2000) Stripe 82 (Adelman-
McCarthy et al. 2007; Annis et al. 2014). The ACT-E cata-
log consists of 68 galaxy clusters detected via the SZ effect,
with a mass and redshift range of 1.4×1014 < MUPP

500c,SZ[M�] <
9.4 × 1014 and 0.1 . z . 1.4, respectively. Here, UPP refers
to the Universal Pressure Profile and its associated mass–
scaling relation (Arnaud et al. 2010), which was used to
model the cluster SZ signal (for details, refer to Section 3.2
of Hasselfield et al. 2013). The UPP masses quoted in this
paper are with respect to the critical density at the cluster
redshift.

For our deep GMRT radio follow-up of the ACT-E clus-
ters, we selected all clusters above a mass limit of MUPP

500c,SZ >

5.0×1014M�, excluding those with existing GMRT data, and
observed two sub-samples: a pilot sample with a wide red-
shift range, and a high-redshift sample. As the pilot sam-
ple was proposed for and observed before the ACT-E clus-
ter masses were published, the selection was done using the
preliminary masses. Based on the published masses, three of
these clusters (ACT-CL J2135+0009, ACT-CL J2154−0049,
and ACT-CL J0256.5+0006) are outside of our mass cut,
however we include them here for completeness.

The full list of 14 ACT-E clusters discussed in this pa-
per is given in Table 1. This list includes the pilot and high-
redshift samples (eight clusters) as well as five ACT-E clus-
ters with archival 610 MHz GMRT data. One further clus-
ter, ACT-CL J0239.8−0134, was observed by us as part of
an ACTPol (polarization-sensitive upgrade to ACT; Thorn-
ton et al. 2016; Hilton et al. 2018) observing programme.
We now have deep radio follow-up of 11 of 15 (i.e., 73% of)
ACT-E clusters with MUPP

500c,SZ > 5.0 × 1014M�.

Sifón et al. (2016) performed spectroscopic observations
of 44 ACT clusters, 10 of which are part of our radio follow-
up sample. They identified a minimum of 44 cluster mem-
bers for each system in our sample. For each cluster, they
used the member galaxy identifications to perform a DS test
analysis (Dressler & Shectman 1988), obtaining a measure
of the significance of substructure in the cluster, given by
the parameter S∆. A value of S∆ < 0.05 is indicative of sub-
structure. All but one of the clusters in our sample have
X-ray imaging from either the Chandra or XMM-Newton
telescopes, although there is a wide range of exposure times.
A full multiwavelength analysis of the sample will be pre-
sented in a forthcoming paper (Knowles et al., in prep), but
a subset of this data is used for specific clusters in this paper.

MNRAS 000, 1–24 (2018)



610 MHz GMRT follow-up of ACT clusters 3

Table 1. The sub-sample of ACT-E clusters. (1) ACT cluster catalog name. (2) J2000 RA of the SZ peak. (3) J2000 Dec of the SZ peak.

(4) Redshift. (5) Integrated Compton-y parameter within R500. (6) SZ-derived mass within R500. (7) Alternate cluster designation.

Cluster name RAJ2000 DecJ2000 z ỹ0 Y500 MUPP
500c Alternate Name

(ACT-CL...) (deg) (deg) (10−4) (10−4 arcmin2) (1014h−1
70 M�)

J0014.9−0057 3.7276 −0.9502 0.533 1.34 ± 0.18 5.0 ± 0.9 5.7 ± 1.1 GMB11 J003.71362-00.94838

J0022.2−0036 5.5553 −0.6050 0.805 1.35 ± 0.16 3.8 ± 0.6 5.5 ± 0.9 WHL J002213.0-003634

J0045.2−0152 11.3051 −1.8827 0.545 1.31 ± 0.18 4.8 ± 0.9 5.6 ± 1.1 WHL J004512.5-015232
J0059.1−0049 14.7855 −0.8326 0.786 1.24 ± 0.15 3.5 ± 0.6 5.2 ± 0.9 -

J0152.7+0100 28.1764 1.0059 0.230 1.30 ± 0.15 13.0 ± 2.3 5.7 ± 1.1 Abell 267
J0239.8−0134 39.9718 −1.5758 0.375 1.61 ± 0.18 9.4 ± 1.6 6.7 ± 1.3 Abell 370

J0256.5+0006 44.1354 0.1049 0.363 0.82 ± 0.15 3.4 ± 1.0 3.8 ± 0.9 RXC J0256.5+0006

J2051.1+0215 312.7885 2.2628 0.321 1.36 ± 0.26 7.6 ± 2.5 5.3 ± 1.4 RXC J2051.1+0216
J2129.6+0005 322.4186 0.0891 0.234 1.23 ± 0.17 11.4 ± 2.4 5.3 ± 1.1 RXC J2129.6+0005

J2135.2+0125 323.8151 1.4247 0.231 1.47 ± 0.16 14.2 ± 2.4 6.3 ± 1.2 Abell 2355

J2135.7+0009 323.9310 0.1568 0.118 0.68 ± 0.17 10.8 ± 6.3 2.6 ± 1.1 Abell 2356
J2154.5−0049 328.6319 −0.8197 0.488 0.95 ± 0.17 3.4 ± 0.9 4.3 ± 0.9 WHL J215432.2-004905

J2327.4−0204 351.8660 −2.0777 0.705 2.65 ± 0.21 10.1 ± 1.0 9.4 ± 1.5 RCS2 J2327.4-0204

J2337.6+0016 354.4156 0.2690 0.275 1.43 ± 0.18 11.5 ± 2.2 6.1 ± 1.2 Abell 2631

3 RADIO OBSERVATIONS AND DATA
REDUCTION

3.1 New Radio Observations

For our observations of the pilot and high-redshift sam-
ples and ACT-CL J0239.8−0134 (PI: Knowles; Project
ID 22 044, 26 031, and 30 012, respectively) we used the
GMRT’s default continuum mode at 610 MHz, with the 33
MHz bandwidth split into 256 channels. Data were acquired
in the RR and LL polarizations. The on-source and integra-
tion time for each observation is given in columns five and
six of Table 2. For each cluster, a flux and bandpass calibra-
tor was observed at the beginning and end of the observation
block. This source was also used to estimate the instrumen-
tal antenna gains and calibrate the phase for ionospheric
effects. These in turn were used to correct the science target
field.

3.2 Archival Observations

Five clusters in our sample have deep 610 MHz GMRT data.
Two of the archival observations made use of the GMRT’s
Hardware Backend (GHB) - ACT-CL J0152.7+0100 (ID:
16 117, PI: Cassano) and ACT-CL J2337.6+0016 (ID:
18 078, PI: Brunetti). ACT-CL J2129.6+0005 (ID: 26 050,
PI: Pandey-Pommier) was observed using the dual 610/235
MHz Software Backend (GSB) and the remaining two clus-
ters were observed as part of project 26 021 (PI: Cassano),
which utilised the default GSB continuum mode at 610 MHz.
The on-source and integration time for each observation is
given in columns five and six of Table 2.

3.3 Data Reduction

We processed all datasets using the SPAM (Source Peel-
ing and Atmospheric Modelling; Intema et al. 2009) soft-
ware, which makes use of AIPS (NRAO Astronomical Im-
age Processing System; Wells 1985) and Obit (Cotton 2008)
tools. A full description of the SPAM software is given in
Intema (2014). Here we outline the main calibration steps.

First, strong RFI is removed via statistical outlier meth-
ods. Before phase calibration, the data is averaged down
to 24 channels as a compromise between imaging speed and
loss of spectral resolution due to bandwidth smearing. Using
models derived from the VLA Low-Frequency Sky Survey
(VLSS; Cohen et al. 2007) and the NRAO VLA Sky Survey
(NVSS; Condon et al. 1998), initial phase calibration so-
lutions are determined, followed by several self-calibration
(selfcal) loops. Imaging uses AIPS’s polyhedron facet-based
wide-field imaging to compensate for non-coplanarity of the
GMRT array. After performing several rounds of imaging
and selfcal, Obit is used to remove low-level RFI after in-
specting the residual visibilities. Ionospheric effects over the
full field of view are corrected for using a time-variable phase
screen during imaging. The phase screen is fit over the ar-
ray using direction-dependent gains determined for strong
sources in the field of view.

3.4 Imaging

For each cluster, we produced a primary beam-corrected,
full-resolution image using Briggs robust = −1 weighting.
The central rms noise and synthesised beam parameters for
these images are given in columns seven and eight of Table 2,
respectively. The full field-of-view primary beam-corrected
images are provided in Appendix B. Due to the near-zero
declination of the clusters, several of the fields are contam-
inated by residual North-South sidelobes around bright ra-
dio sources which could not be improved through SPAM’s
source peeling. Despite this, the central noise values of the
images are similar to those achieved by others with similar
on-source time at this frequency (see e.g. Venturi et al. 2008;
Kale et al. 2015).

In order to investigate the presence of large scale, low-
level diffuse emission in the images, we performed a process
of point source subtraction and re-imaging for each of the
cluster pointings. First, the point sources were modelled us-
ing the clean components of a high resolution image, pro-
duced using a uv-cut of > 2 kλ. This model was then sub-
tracted from the uv-data. The source-subtracted data was
then imaged at full resolution to provide a residual image.

MNRAS 000, 1–24 (2018)
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Table 2. GMRT Observation details. (1) ACT cluster designation. (2) GMRT proposal ID. (3) Observation date. (4) Central observing

frequency. (5) On-source time. (6) Integration time. (7) Central RMS noise. (8) Synthesised beam.

Cluster name GMRT ID Obs. Date Freq. tsrc tint rms noise Beam

(DD-MM-YY) (MHz) (hrs) (sec) (µJy beam−1) ′′×′′, PA (◦)

ACT-CL J0014.9−0056 22 044 27-08-12 608.0 6.3 16.1 35 6.2 × 4.2, 72.3
ACT-CL J0022.2−0036 26 031 11-08-14 607.9 7.4 8.0 37 6.8 × 5.2, -56.9

ACT-CL J0045.2−0152 26 031 11-08-14 607.9 7.3 8.0 35 5.9 × 4.6, -68.0

ACT-CL J0059.1−0049 26 031 10-08-14 608.1 6.7 8.0 30 5.2 × 4.3, 76.0
ACT-CL J0152.7+0100 16 117 23-08-09 613.4 4.4 16.1 98 5.8 × 4.2, 70.3

ACT-CL J0239.8−0134 30 012 17-06-16 608.1 4.8 8.0 37 5.9 × 3.9, 32.0
ACT-CL J0256.5+0006 22 044 26-08-12 608.0 6.9 16.1 22 5.7 × 4.1, 72.2

ACT-CL J2051.1+0215 26 021 20-07-14 608.0 3.3 16.1 42 5.1 × 4.1, 89.3

ACT-CL J2129.6+0005 26 050 31-08-12 612.4 6.0 16.1 50 5.2 × 3.9, 67.5
ACT-CL J2135.2+0125 26 021 04-08-14 608.1 3.4 18.6 110 5.7 × 4.2, 64.7

ACT-CL J2135.7+0009 22 044 28-08-12 607.1 2.8 16.1 90 5.1 × 4.5, 59.4

ACT-CL J2154.5−0049 22 044 26-08-12 607.2 5.9 16.1 46 6.1 × 4.0, 68.3

ACT-CL J2327.4−0204 26 031 06-08-14 607.3 7.5 8.0 58† 5.4 × 5.0, 63.1

ACT-CL J2337.6+0016 18 078 08-05-10 610.8 6.3 16.1 170 5.5 × 4.4, 64.5

† Due to a bright interfering source to the West of the cluster region, the central map noise is as high as 0.1 mJy beam−1.

Finally, the source-subtracted data was imaged at lower res-
olution, using a uv-cut of < 8 kλ and an outer taper of 5
kλ. We discuss the results of this imaging in the following
sections.

3.5 Point source contamination

When determining fluxes for emission revealed in the source-
subtracted, low-resolution images, we need to consider the
effect of subtracting compact emission from the uv-data and
to what extent the source subtraction contaminates the low
resolution image. To this end we follow a similar procedure
as in previous work (see Section 4.2 of Knowles et al. 2016)
by performing a statistical analysis of the low resolution,
source-subtracted images, using compact source and source-
free positions. We summarise the main steps here.

For a given dataset, we first use the source model to
create a catalog of compact source positions and ∼ 100 ran-
dom off-source positions. Using the low resolution, source-
subtracted image, we then calculate the flux density within
a low-resolution beam-sized area centred on each position
in the catalog. Using these flux densities, we can determine
the mean, µ, and standard deviation, σ, of the off-source
and compact source flux density populations. The bias in
subtraction of compact source emission is quantified by the
mean of the on-source population, µsrcs. The systematic un-
certainty introduced by the subtraction process, σsyst, is con-
tained within the standard deviation of the on-source popu-
lation, i.e., σ2

srcs = σ
2
off−src +σ

2
syst, where σoff−src is effectively

the map uncertainty, or rms noise.

We use these statistical measurements to correct the
measured flux densities of low resolution sources, and incor-
porate the systematic uncertainties introduced by the point
source removal into the flux density uncertainties. The flux
density uncertainties for all 610 MHz source measurements
include a ∼ 5% absolute flux calibration and residual ampli-
tude error (Chandra et al. 2004). The flux density, S, of low-
resolution sources and the corresponding uncertainty, ∆S,

are therefore calculated as follows:

S = Smeas − (µsrcs × NS) (1)

∆S2 = (0.05S)2 + NS

(
σ2

rms + σ
2
syst

)
(2)

where σrms is the central map noise, and NS is the number
of independent beams within the flux aperture.

4 NEW CLUSTER DIFFUSE EMISSION
DETECTIONS

The observations presented in this paper are summarised in
Table 2. The imaging process revealed diffuse radio emission
in the cluster region in the form of a mini-halo and a radio
halo in ACT-CL J0022.2−0036 and ACT-CL J0256.5+0006,
respectively. Residual low-resolution emission is found in
clusters ACT-CL J0014.9−0056 and ACT-CL J0045.2−0152.
Here we present and briefly discuss the imaging results for
these clusters.

4.1 ACT-CL J0022.2−0036: A radio mini-halo

ACT-CL J0022.2−0036 (hereafter J0022) is the highest red-
shift cluster in our sample at z = 0.805. Our full resolution
image, shown by cyan contours in the right panel of Figure
1, reveals the presence of a radio mini-halo around source
D. The mini-halo has a largest angular size of ∼21.2′′, cor-
responding to a physical size of 162 kpc at the redshift of
the cluster. This is the highest redshift mini-halo discovered
to date, with the previously most distant detection being in
the Phoenix cluster which lies at a redshift of z = 0.596 (van
Weeren et al. 2014). To determine a flux for the mini-halo,
we measure the flux between the 3σ and 20σ contours so as
to exclude the core BCG emission. We determine a mini-halo
flux of 2.1 ± 0.8 mJy.

In addition to the mini-halo around the BCG, our full
resolution image shows four compact radio sources in the
cluster region, labelled A-C, and E. Through spectroscopic
matching, we determine that sources A and B belong to

MNRAS 000, 1–24 (2018)
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Figure 1. SDSS DR12 composite gri-image of ACT-
CL J0022.2−0036 with the primary beam-corrected 610

MHz contours overlaid in cyan, with contour levels

[3,5,10,20,50,100,200,500]σ, where 1σ = 37 µJy/beam. The
synthesised beam is 5.2′′ × 3.6′′, p.a. 84.2◦, and is shown by

the boxed ellipse. There is no −3σ flux in the image. Chandra
contours, as in Figure 2, are shown in green. The R500 cluster

region and SZ peak are indicated by the dashed circle and X,

respectively. The yellow bar at the bottom right shows the
physical scale at the cluster redshift. Fluxes for sources A-E are

given in Table 3.

the cluster, with redshifts of 0.8016 and 0.8001 respectively.
Sources C and E also have spectroscopic redshifts, identi-
fying them as emanating from foreground (z = 0.1593) and
background (z = 0.8236) galaxies, respectively. The SDSS
Data Release 12 (DR12; Alam et al. 2015) image of the clus-
ter, with our full resolution 610 MHz contours overlaid, is
shown in Figure 1. The 610 MHz fluxes for sources A-E are
listed in Table 3. Only the BCG (source D) is detected in
FIRST, with a 1.435 GHz flux of SD,FIRST = 19.02±0.93 mJy.
No extended mini-halo emission is visible in the FIRST map.
In order to determine an integrated spectral index for the
BCG, we measure the 610 MHz flux of source D within the
angular extent of the corresponding FIRST source, obtain-
ing a value of SBCG,610MHz = 33.62 ± 0.11 mJy. We therefore

calculate a spectral index of α1435
608 = −0.69 ± 0.03 for the

BCG.
Both optical spectroscopy and Chandra X-ray imaging

are available to investigate the dynamical state of J0022.
Spectroscopic observations of 55 cluster galaxies by Sifón
et al. (2016) show tentative evidence of dynamical distur-
bance in the cluster. Their DS test results indicate marginal
evidence for substructure, with a significance value1 of S∆ =
0.07+0.18

−0.03. Sifón et al. (2016) identify the BCG at a redshift
of 0.8096 ± 0.0003, coinciding with source D.

J0022 was observed for 64 ks with Chandra ACIS-I (Ob-

1 A value of ∆S < 0.05 is understood to indicate substructure.

Table 3. 610 MHz fluxes for the sources in the ACT-CL
J0022.2−0036 R500 cluster region. Source labels are indicated in

Figure 1. Identifications are made spectroscopically, unless indi-

cated by ∗ when visual colour identification was made: M - cluster
member, F - foreground galaxy, B - background galaxy. The BCG

is denoted by •. † The flux for source D is measured for the entire

structure, including the mini-halo emission.

ID R.A. Dec. S610MHz Notes

(deg) (deg) (mJy)

A 5.571470 -0.608780 0.53 ± 0.07 M

B 5.555534 -0.601103 0.25 ± 0.06 M
C 5.552970 -0.603190 0.75 ± 0.05 F

D 5.554318 -0.609001 36.22 ± 1.81† M•

E 5.540945 -0.612209 0.25 ± 0.06 B

Table 4. X-ray Spectral fits to the total cluster and the mini-

halo/BCG regions shown in the left panel of Figure 2. The redshift

and column density were fixed at z = 0.805 and NH = 2.76 × 1020

atoms/cm2, respectively.

χ2 d.o.f. kT Fe abundance

Mini-halo

fixed Fe 10.1 7 4.2+1.9
−1.1 0.3

free Fe 8.6 6 3.2+1.4
−0.7 1.4+1.3

−0.9
Total cluster minus mini-halo

free Fe 154 180 7.9+1.0
−0.8 0.19± 0.12

sID: 16226, PI: Hughes) in 2014. The exposure time after
cleaning is ∼61 ks. A basic data reduction was followed using
CIAO version 4.6 (CALDB 4.6.3), with filtering carried out
on grade, status, VFAINT mode, and time. Finally, astrome-
try was corrected for based on cross matching between X-ray
point sources and optical stars from SDSS/S82 images.

X-ray image analysis was carried out over the (0.5–
2.0) keV band. Point sources were removed and their pixel
values replaced with Poisson-distributed random variables,
based on the estimated local flux. The image was then
exposure-corrected, background-subtracted using blank-sky-
background files, and adaptively smoothed with a Gaussian
kernel whose sigma increases with decreasing intensity. A
raw counts image of J0022 with minimal processing is shown
in the left panel of Figure 2. There is evidence of asym-
metry within the cluster core, however we do not attempt
to estimate its significance. The green contours overlaid on
the counts image are from the fully processed, adaptively
smoothed Chandra image.

Finally, a spectral analysis was carried out in two re-
gions of the cluster after point source subtraction: the mini-
halo/BCG only, and the total cluster minus the mini-halo re-
gion. These are indicated by the dashed red and black circles,
respectively, superimposed on the counts image shown in the
left panel of Figure 2. The right panel of Figure 2 shows
both spectra (red: mini-halo/BCG; black: total minus mini-
halo). Using fixed values of z = 0.805 and NH = 2.76 × 1020

atoms/cm2, we obtain good spectral fits, assuming two cases
for the mini-halo region: a fixed iron abundance of 0.3, and
a free iron abundance. The fit parameters for both spectra
are given in Table 4.

As mini-halos are typically found in cool-core clusters,
we use these results to determine how different the X-ray
temperature of the mini-halo is compared to the rest of the
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cluster. For the fixed iron case (kTMH = 4.2+1.9
−1.1 keV), we

find the temperature difference to be significant at approx-
imately 1.5σ (86.0% C.L., ∆χ2 = 2.18). In the case of a
free iron abundance (kTMH = 3.2+1.4

−0.7 keV), the temperature

difference is significant at ∼ 2σ (94.4% C.L., ∆χ2 = 3.65).
Therefore, given the current Chandra data, there is an indi-
cation that the X-ray gas in the region of the radio mini-halo
is somewhat cooler than the rest of the cluster. However, this
result is not statistically significant.

Additional X-ray and spectroscopic data may provide a
clearer picture of the dynamical state of this cluster. The ir-
regularities seen in the raw X-ray counts image may indicate
gas sloshing in the cluster core.

4.2 ACT-CL J0256+0006: A radio halo

ACT-CL J0256+0006 (z = 0.363) is a known merging clus-
ter based on XMM-Newton observations (Majerowicz et al.
2004) and confirmed by a DS test significance value of
S∆ = 0.003+0.027

−0.001. Our data revealed a radio halo in this
cluster after removing the several compact radio sources
from the cluster region. The detection is presented in de-
tail in Knowles et al. (2016), where we measured a halo
flux of S610MHz = 5.6 ± 1.4 mJy. Since publishing the detec-
tion, where the halo was detected only in heavily smoothed
images, we have reprocessed the radio data with updated
software, leading to an improvement in the central noise of
the full-resolution image of 15%. Although the halo is still
not visible in the full resolution image, several 3σ residuals
can be seen in the cluster region before source subtraction.

The radio halo, shown by the thick black contours in the
left panel of Figure 3, is detected in the smoothed source-
subtracted image, which has a resolution of 30′′ × 30′′. The
subtracted sources are shown by the thin blue contours from
the full-resolution image. These sources are discussed below.
The solid circle indicates the region in which the halo flux
was measured: accounting for a source-subtraction bias of
µsrcs = −32 ± 35 µJy beamLR

−1and a systematic subtrac-
tion uncertainty of σsyst = 0.1 mJy beamLR

−1, we measure a
610 MHz flux of 6.9 ± 0.7 mJy, in agreement with the flux
measured from the previous data reduction, albeit more con-
strained. This converts to a 1.4 GHz k-corrected radio power
of P1.4GHz = (1.2 ± 0.4) × 1024 W Hz−1 in the cluster rest
frame, using a fiducial spectral index of -1.2 ± 0.2. Based
on the UPP M500 mass from Hasselfield et al. (2013), this is
still the lowest mass cluster found to date to host radio halo
emission.

There are nine discrete sources in the cluster R500 region
detected above 5σ, several of them exhibiting tailed emis-
sion, common in merging clusters (Bliton et al. 1998). These
sources, labelled A-I, are shown in figure 3 and their fluxes
are given in Table 5. Four sources (B, C, G, I) are cluster
members, identified spectroscopically using the Sifón et al.
(2016) data; source C is the BCG. Source G is the probable
BCG of the subcluster, based on its spatial match with the
subcluster core in the X-ray image shown in Figure 3. This
source also exhibits tailed emission, opposite in direction
to the subcluster infall. Although the resolution of our 610
MHz image is not fine enough to discern structure within
this tail, it is likely that this is a bent tailed radio source
experiencing ram pressure stripping due to the merger (Bli-

Table 5. 610 MHz fluxes for the sources in the ACT-CL

J0256.5+0006 R500 cluster region. Source labels are indicated in

Figure 3. Notes are as in Table 3.

ID R.A. Dec. S610MHz Notes

(deg) (deg) (mJy)

A 44.150178 0.108155 2.28 ± 0.15 F/M†

B 44.148053 0.103056 0.52 ± 0.05 M

C 44.140665 0.108134 1.75 ± 0.10 M•

D 44.135829 0.108676 0.48 ± 0.05 M∗

E 44.115960 0.114084 0.16 ± 0.04 B∗

F 44.120759 0.108472 0.27 ± 0.04 -
G 44.128574 0.101065 4.07 ± 0.22 M

H 44.134114 0.097459 0.42 ± 0.05 F∗

I 44.141004 0.084114 7.84 ± 0.40 M

RH 44.143033 0.099908 6.9 ± 0.7 -

† Source A encompasses two galaxies. See text for details.

Table 6. 610 MHz fluxes for the sources in the ACT-CL
J0014.9−0056 R500 cluster region. Source labels are indicated in

the left panel of Figure 4. Notes are as in Table 3.

ID R.A. Dec. S610MHz Notes

(deg) (deg) (mJy)

A 3.735974 -0.943412 0.34 ± 0.05 F

B 3.725413 -0.952494 1.37 ± 0.08 M•

C 3.717799 -0.955695 36.64 ± 1.84 M
D 3.705313 -0.944409 0.51 ± 0.06 F∗

E 3.714956 -0.962428 1.01 ± 0.07 M

NW 3.712831 -0.937167 1.7 ± 0.4 -

CE 3.725577 -0.950470 0.7 ± 0.3 -

ton et al. 1998). The other three tailed radio sources, A,
D, and I, are also confirmed cluster members or suspected
members based on colour identification in the SDSS 3-colour
gri image shown in Figure 3. We note, however, that source
A encompasses two galaxies, one of which is spectroscopi-
cally confirmed to be a foreground galaxy at z = 0.3511. The
directions of the radio tails on these sources naively fit the
merger scenario outlined in Knowles et al. (2016), with the
exception of source I, the tail of which is directed in pro-
jection towards the merger centre. Higher resolution VLBI
and/or higher frequency GMRT imaging is required to fully
investigate the tailed structures in this cluster and under-
stand the geometry of the ongoing merger. Source I is also
the only radio source detected in FIRST with a flux of 3.66
± 0.27 mJy. From this we determine an integrated spectral
index of αI = −0.89 ± 0.20.

4.3 ACT-CL J0014.9−0057

ACT-CL J0014.9−0056 (z = 0.533) was first detected
in the Gaussian Mixture Brightest Cluster Galaxy (GM-
BCG) cluster catalog based on SDSS Data Release 7
(GMBCGJ003.72543-00.95236; Hao et al. 2010). It is also
identified by the Southern Astrophysical Research Gravi-
tational Arc Survey (SOGRAS) as a strong gravitational
lensing system with a gravitational arc to the West of the
cluster BCG (SOGRAS0014-0057; Furlanetto et al. 2013).
Left and right panels of Figure 4 show the SDSS DR12 3-
colour gri-image and Chandra (ObsID: 16228; 29 ks) image
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Figure 4. ACT-CL J0014.9−0057. Left: SDSS DR12 gri-image of the cluster region with full resolution 610 MHz GMRT contours

(+ve: thick, cyan, -ve: thin, red) overlaid. Contour levels are [±3,5,10,20,50,100,200]σ, where 1σ = 35 µJy beam−1. The X-ray emission,
imaged in the right panel, is indicated by thin, green contours (arbitrary levels). Right: Chandra X-ray image with contours from the

full resolution (thin, blue; as cyan in the left panel) and smoothed, source-subtracted (thick, black) 610 MHz GMRT images overlaid.

Latter contour levels are [3,4,5]σ, where 1σ = 110 µJy beam−1. In both panels, beams are shown by the boxed ellipses, and the X and
dashed circle are as in Figure 1. The bar in the bottom right of each image shows the physical scale at the cluster redshift. Fluxes for

sources A-E and low-resolution sources NW and CE are given in Table 6.

of the cluster, respectively. The Chandra emission is indi-
cated on the SDSS image by green contours with arbitrary
levels.

The dynamical state of this system is unclear, with X-
ray imaging from Chandra showing a slightly disturbed mor-
phology, while a spectroscopic optical analysis by Sifón et al.
(2016) of 62 cluster members shows no evidence of substruc-
ture in the galaxy velocity distribution (S∆ = 0.331+0.282

−0.132). If
there is merger activity in this system, these results may
indicate that it is occurring in the plane of the sky.

Our source-subtracted, smoothed 610 MHz GMRT im-
age of the cluster region, indicated by black contours in the
right panel of Figure 4, shows an extended source North-
West of the cluster SZ peak, indicated by ‘NW’ in the fig-
ure, which we classify as a candidate relic. Incorporating the
uncertainty and bias due to the source subtraction, we mea-
sure a 610 MHz flux for this source of SNW = 1.7 ± 0.4 mJy.
Similarly, the unresolved residual emission in the centre of
the cluster, indicated by ‘CE’ (central emission), has a mea-
sured 610 MHz flux of SCE = 0.7 ± 0.3 mJy. It is marginally
offset from the BCG by ∼ 5.6′′ and could be the peak of a
low power radio halo which is below the noise of the current
data. It could also be a low power radio mini-halo, how-
ever the spatial offset from the BCG is peculiar if this is
the case. An alternative explanation is that this residual
emission could be an old radio lobe, possibly related to the
compact radio source B. Additional radio data would be re-
quired to confirm the presence of these faint sources, with
improved estimates of the cluster dynamical state necessary
for accurate classification.

The discrete compact sources subtracted from the data

are shown by the cyan (blue) contours in the left (right)
panel of Figure 4. There are five sources detected above 5σ,
labelled A-E, and their 610 MHz fluxes are given in Table 6.
All but source D coincide with spectroscopically identified
galaxies from Sifón et al. (2016), with the redshifts indicating
that sources B (the BCG), C, and E are cluster members
at redshifts of 0.5344, 0.5354, and 0.5347 respectively, and
source A is a foreground source at z = 0.1094. Based on
colour matching in the SDSS gri-image, source D is likely a
foreground galaxy. Source C is extended but the resolution of
our 610 MHz images is insufficient to determine its structure.
Two possible classifications are a head-tail galaxy, or a FR-
II source with the Eastern lobe angled towards us. Based on
the position of the associated cluster member, in the centre
of the extended source, the latter classification is more likely.
Source C is also the only radio source detected in FIRST,
with a flux of 15.11 ± 1.52 mJy. We determine a relatively
steep integrated spectral index of αC = −1.03 ± 0.27.

4.4 ACT-CL J0045.2−0152

ACT-CL J0045.2−0152 (z = 0.545), otherwise known as
WHL J004512.5-015232, was discovered in SDSS-III by Wen
et al. (2012). Sifón et al. (2016) performed an optical spec-
troscopic analysis of 56 cluster members and calculated a
DS test value of S∆ = 0.024+0.024

−0.002, indicating a disturbed sys-
tem with significant substructure. Chandra X-ray imaging
of this cluster (ObsID: 19588; 50 ks) shows a fairly regular
morphology, with the X-ray peak coincident with the clus-
ter BCG, as shown by the green contours overlaid on the
3-colour SDSS DR12 image of the cluster in the left panel
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Figure 5. ACT-CL J0045.2−0152. Left: SDSS DR12 gri-image with full resolution 610 MHz contours (+ve: thick, cyan, -ve: thin, red)
overlaid, with levels of [±3,5,10,20,50,100,200]σ, where 1σ = 35 µJy beam−1. The X-ray emission detected by Chandra (arbitrary levels)

is indicated by thin, green contours. Right: Chandra image with 610 MHz full resolution (thin, blue; as cyan in left panel) and smoothed,

source-subtracted (thick, black; [3,4,5]σ, where 1σ = 100 µJy beam−1) contours overlaid. In both panels, beams are shown by the boxed
ellipses, and the X and dashed circle are as in Figure 1. The bar in the bottom right of each image shows the physical scale at the cluster

redshift. Fluxes for sources A-G and low-resolution sources NW and SE are given in Table 7.

of Figure 5. From the Chandra data, we measure an X-ray
temperature for the cluster of TX = 8.5 ± 0.9 keV.

Our 610 MHz full resolution, primary beam corrected
image reveals seven compact radio sources in the cluster
region, labelled A-G, along with positive residuals at the 3σ
level, as shown by the cyan (blue) contours in the left (right)
panel of Figure 5. The 610 MHz fluxes for these sources are
given in Table 7. Three of the sources, B, E, and G, are
spectroscopically identified as cluster members at redshifts
of 0.5486, 0.5535, and 0.5399, respectively, with source B
identified as the cluster BCG. All three sources are detected
in FIRST, with 1.4 GHz fluxes of S1.4GHz,B = 4.57 ± 0.49
mJy, S1.4GHz,E = 1.94 ± 0.43 mJy, and S1.4GHz,G = 2.09 ± 0.38
mJy, allowing for integrated spectral index measurements of
αB = −1.19 ± 0.29, αE = −0.96 ± 0.60, and αG = −0.85 ± 0.49.
Source C has no optical counterpart in the SDSS DR12 gri-
image shown in Figure 5. Based on colour matching from
the SDSS data, sources A and D are probable background
sources, and source F is a foreground source.

After subtracting compact sources A-G, the smoothed
source-subtracted 610 MHz image reveals a bridge of faint
emission spanning almost the entire R500 region of the clus-
ter, shown by the black contours in the right panel of Figure
5. We label this source in two parts, namely ‘NW’ and ‘SE’
as indicated in the figure. We measure 610 MHz fluxes of
SNW = 1.5 ± 0.2 mJy and SSE = 3.0 ± 0.4 mJy, respectively,
after taking into account the uncertainty and bias due to
the source subtraction. Although the emission is detected
with low significance, we suggest possibilities for its classifi-
cation. Based on the emission position relative to the cluster
SZ R500 region, it is possible that SE source is a candidate

Table 7. 610 MHz fluxes for the sources in the ACT-CL

J0045.2−0152 R500 cluster region. Source labels are indicated in

Figure 5. Notes are as in Table 3.

ID R.A. Dec. S610MHz Notes

(deg) (deg) (mJy)

A 11.313699 -1.866189 1.56 ± 0.09 B∗

B 11.301696 -1.875454 12.71 ± 0.64 M•
C 11.292533 -1.870118 0.98 ± 0.07 -

D 11.312520 -1.883044 0.19 ± 0.05 B∗

E 11.316560 -1.894312 4.43 ± 0.23 M
F 11.302300 -1.881644 0.19 ± 0.05 F∗

G 11.298039 -1.885726 4.34 ± 0.22 M

NW 11.295482 -1.870882 1.5 ± 0.2 -

SE 11.309153 -1.883260 3.0 ± 0.4 -

radio halo, whereas the NW source may be a candidate radio
relic. However, the X-ray emission is significantly offset from
the SE source which is uncommon for radio halos. Another
possibility is that the SE and NW sources are lobes from
AGN jets emanating from the cluster BCG, based on their
symmetric morphology around source B, however it is un-
common for AGN jets to extend out to R500. Deeper and/or
multi-frequency radio data are required to unveil the origin
of this emission.

5 DISTURBED CLUSTERS WITH
NON-DETECTIONS

The remaining ten clusters in our sample show no evidence
of diffuse radio emission at the level of the noise in our im-
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Table 8. 610 MHz fluxes for the sources in the ACT-CL
J0059−0049 R500 cluster region. Source labels are indicated in

Figure 6. Notes are as in Table 3.

ID R.A. Dec. S610MHz Notes

(deg) (deg) (mJy)

A 14.786593 -0.822782 0.25 ± 0.06 M

B 14.785346 -0.835209 1.00 ± 0.08 M•

ages. From X-ray imaging and optical spectroscopy, we es-
timate that six of these systems are experiencing ongoing
or recent merger activity. Here we briefly discuss these six
clusters, which include two known massive mergers, ACT-
CL J0239.8−0.134 (Abell 370) and ACT-CL J2135.2+0125
(Abell 2355), and catalog the 610 MHz radio sources within
the cluster R500 regions. Discussion of the remaining four
clusters with no diffuse emission is provided in Appendix A.

5.1 ACT-CL J0059.1−0049

ACT-CL J0059−0049 (z = 0.786) is one of the new cluster de-
tections in the ACT-E sample and there is little information
about this cluster in the literature beyond ACT-led follow-
up programmes. Chandra data (PI: Hughes - Obs ID: 16227;
40 ks), shown by the green contours in Figure 6, reveals an
elongated morphology in the NW-SE direction, indicating
a disturbed system. However, the Sifón et al. (2016) spec-
troscopic analysis of 44 cluster members produced a DS test
significance value of S∆ = 0.574+0.125

−0.208, indicating no substruc-
ture along the line of sight. This system may therefore be
experiencing a plane of the sky merger.

Only two radio sources, labelled A and B, are detected
more than 5σ above the noise within the cluster R500, as
shown by the cyan contours in Figure 6. Neither source is de-
tected in FIRST. Both sources spatially coincide with spec-
troscopically confirmed cluster members with redshifts of
zA = 0.7886 and zB = 0.7874. The 610 MHz fluxes for these
sources are given in Table 8, with the brighter of the two
sources (source B) belonging to the cluster BCG. The SDSS
gri-image presented in Figure 6 shows that 3σ 610 MHz
emission coincides with another spectroscopically confirmed
cluster member at z = 0.7864 South-East of the BCG, but
due to the low significance we do not determine a 610 MHz
flux. Based on the M500,SZ mass of this cluster, the Cassano
et al. (2013) scaling relations predict a radio halo power of
P1.4GHz = 0.7 × 1024 W Hz−1, substantially lower than the
upper limits determined in Section 6 and shown in Table 14.
The presence of a radio halo in this cluster cannot be ruled
out without more sensitive radio data.

5.2 ACT-CL J0239.8−0134

More commonly referred to as Abell 370, ACT-CL
J0239.8−0134 (z = 0.375; hereafter A370) is a merging clus-
ter (Ota et al. 1998) with two equal mass subclusters which
are merging along the line of sight (Richard et al. 2010), al-
though recent strong lensing analysis may indicate the pres-
ences of more substructures (Lagattuta et al. 2017). This
cluster was the first found to host an Einstein ring (Soucail
1987; Paczynski 1987) and has since been extensively stud-
ied as a gravitational lensing system, being chosen as one of
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Figure 6. SDSS DR12 3-colour gri-image of ACT-CL

J0059−0049 with 610 MHz GMRT contours overlaid (+ve: thick,

cyan, -ve: thin, red). Contour levels are [±3, 5, 10, 20]σ, where
1σ = 30 µJy beam−1, with the beam shown by the boxed ellipse.

Thin, green contours (arbitrary levels) indicate Chandra X-ray

emission. The cross and dashed circle are the SZ peak and R500
region for the cluster, respectively. The physical scale at the clus-

ter redshift is shown by the bar in the bottom right corner. Fluxes

for sources A and B are given in Table 8.

the Hubble Frontier Fields (HFF) targets (Koekemoer et al.
2017). The new HFF data has found A370 to host a Type
Ia supernova (Graham et al. 2016). Chandra X-ray imag-
ing (ObsID: 7715, 515 - 95 ks) identified two substructures,
each centred on a BCG (Shan et al. 2010), with a bolomet-
ric R500 X-ray luminosity of LX,500 = 1.89 ± 0.05 × 1045 erg

s−1 and power ratio of P3/P0 = (0.62 ± 0.49) × 10−7 (Mah-
davi et al. 2013). The SDSS 3-colour gri-image of the A370
cluster region is shown in Figure 7, with arbitrary XMM-
Newton contours (ObsID: 0782150101; 133 ks) overlaid in
green.

A370 has been targeted at radio wavelengths above 20
GHz and falls within the sky coverage of lower frequency sur-
veys such as FIRST and NVSS. Most recently, Wold et al.
(2012) performed deep VLA 1.4 GHz observations of the
cluster region, imaging at a resolution of 1.7′′. We use their
source catalog to measure spectral indices for any detected
sources in our map. Here we present targeted low-frequency
radio observations of A370 for the first time. Our full res-
olution, primary beam-corrected image of the R500 cluster
region is presented by cyan contours in Figure 7. Eight dis-
crete radio sources, labelled A-H, are detected above a noise
threshold of 5σ. All eight sources are detected in the Wold
et al. data and all have optical counterparts; all but source
F have spectroscopic redshifts along with the 1.4 GHz detec-
tions. The 610 MHz fluxes and 1.4−0.61 GHz spectral index
measurements are given in Table 9. Sources A, D, F, and
H are compact or unresolved in the 610 MHz images. The
remaining four sources (B, C, E, G) all show evidence for
tailed or extended structure in the 610 MHz map. Source
E is resolved at 1.4 GHz into two sources, one a compact
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Figure 7. SDSS gri-image of ACT-CL J0239.8−0134 with 610
MHz GMRT (+ve: thick, cyan, -ve: thin, red) and arbitrary
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1σ = 37 µJy beam−1, with the beam shown by the boxed el-

lipse. The physical scale at the cluster redshift is shown by the
bar in the bottom right corner. Fluxes for sources A-H are given

in Table 9.

source associated with the subcluster BCG, and the other
a narrow angle tail radio galaxy. The other three extended
sources are all resolved into double-lobed FR-II structures
at 1.4 GHz.

No diffuse cluster emission is found in the 1.4 GHz Wold
et al. data, and we do not detect any diffuse structures in
our full resolution 610 MHz image either. After modelling
and subtracting the compact sources from the uv-data, re-
imaging at several resolutions reveals residual emission at
several of the subtracted source positions, but no reliable
large-scale emission. The lack of diffuse emission is strange
for this massive merger. One possibility is that the diffuse
emission has an ultra-steep spectrum (α < −1.5) and it may
only be observable in sensitive imaging at frequencies lower
than 610 MHz. Another possibility is that the line of sight
merger is prohibitive to observing a potential radio relic due
to its optical depth, as in this case the relic would have a
narrower column along the line sight. A370 falls within the
sky coverage of the low frequency LOFAR surveys and if
diffuse emission in this cluster exists, we would expect it to
be observed in those data.

5.3 ACT-CL J2051.1+0215

ACT-CL J2051.1+0215 (z = 0.321) was first detected in the
ROSAT All-Sky Survey (RASS; Bade et al. 1998) and was
given the designation RXC J2051.1+0216. Piffaretti et al.
(2011) include this cluster in their meta-catalogue of X-ray
detected clusters, listing a (0.1-2.4 keV) X-ray luminosity of
LX,500 = 4.54×1044 erg s−1within R500, and mass of MX,500 =

Table 9. 610 MHz fluxes for the sources in the ACT-CL
J0239.8−0134 R500 cluster region. Source labels are indicated in

Figure 7. The last column is the spectroscopic or photometric (∗)
redshift from Wold et al. (2012). The BCG is denoted by •.

ID R.A. Dec. S610MHz α1400
610 z

(deg) (deg) (mJy)

A 39.97658 -1.55984 0.79 ± 0.07 −1.3 ± 0.3 0.3870
B 39.98042 -1.56889 12.08 ± 0.62 −0.7 ± 0.1 0.3690

C 39.98488 -1.57482 3.62 ± 0.20 −0.9 ± 0.1 0.4210

D 39.96929 -1.57234 0.28 ± 0.06 −1.5 ± 0.9 0.3750•

E 39.97068 -1.58351 2.04 ± 0.15 −0.8 ± 0.2 0.3729†

F 39.97562 -1.58596 0.15 ± 0.06 0.5 ± 1.3 0.3818∗

G 39.96159 -1.59520 2.56 ± 0.16 −0.8 ± 0.1 0.3596
H 39.96625 -1.59966 0.97 ± 0.07 −1.3 ± 0.2 1.0340

† The optical match is either a subcluster BCG at this redshift,
or a galaxy at zspec = 0.3822.
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Figure 8. SDSS gri-image of ACT-CL J2051.1+0215 with 610
MHz GMRT (+ve: thick, cyan, -ve: thin, red) and arbitrary

XMM-Newton (thin, green) contours overlaid. The cross and
dashed circle indicate cluster SZ peak and the R500 region, re-

spectively. GMRT contour levels are [3, 5, 10, 20, 50, 100]σ, where

1σ = 42 µJy beam−1, with the beam shown by the boxed ellipse.
The physical scale at the cluster redshift is shown by the bar in

the bottom right corner. Fluxes for sources A-F are given in Table

10.

4.06×1014M�, consistent with the SZ-derived mass presented
in Table 1. Visual inspection of the XMM-Newton image
(ObsID: 0650383701) reveals an elongated morphology in
the E-W direction and a somewhat asymmetric structure,
with a separation between the X-ray peak and the cluster
BCG of ∼ 22′′, leading to the conclusion that this cluster
is undergoing or has recently undergone a cluster merger.
The X-ray morphology is indicated by the green contours
(arbitrary levels) overlaid on the SDSS gri-image shown in
Figure 8.

Our full resolution, primary beam-corrected image of
the ACT-CL J2051.1+0215 reveals six discrete sources in the
cluster region. These sources, labelled A-F, are indicated by
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Table 10. 610 MHz fluxes for the sources in the ACT-CL
J2051.1+0215 R500 cluster region. Source labels are indicated in

Figure 8. Notes are as in Table 3. Here all galaxy identification

has been done based on colour matching.

ID R.A. Dec. S610MHz Notes

(deg) (deg) (mJy)

A 312.815208 2.268342 0.76 ± 0.08 M

B 312.797377 2.279267 0.72 ± 0.08 -
C 312.792957 2.286826 0.46 ± 0.07 M

D 312.770273 2.283620 7.41 ± 0.39 M

E 312.768854 2.385923 0.23 ± 0.07 M
F 312.770502 2.246574 13.37 ± 0.68 M

the cyan contours in Figure 8 and their 610 MHz fluxes are
listed in Table 10. Sources D and F have extended emission
with a peak to one side of the source. Although our 610
MHz resolution is insufficient to discern structure within the
emission, it is likely that these are tailed radio galaxies, with
source F possibly a wide angle tail due to the breadth of
the emission. As there is no spectroscopic follow-up of this
cluster, all galaxy source matching is done by eye in the
SDSS DR12 image shown in Figure 8. All sources except
source B have a likely optical counterpart, all of which are
potential cluster members based on gri colour.

There is no evidence for diffuse emission in the cluster
region above the noise threshold of our images, even after
subtraction of compact sources. The predicted radio power,
given the cluster mass, is P1.4GHz = 0.7 × 1024 W Hz−1. As
our upper limit determined in Section 6 and shown in Table
14 is slightly above this theoretical value, deeper radio data
are required. In addition, a full morphological analysis of the
cluster would be helpful in confirming the dynamical cluster
state.

5.4 ACT-CL J2135.2+0125

ACT-CL J2135.2+0125 (hereafter J2135) is an Abell cluster
(A2355; Abell 1958) at a redshift of z = 0.231. We de-
tect no extended diffuse emission in our reprocessing of the
610 MHz GMRT data, however our full resolution, primary
beam-corrected 610 MHz GMRT image of the cluster, shown
as thick, cyan (+ve) and thin, red (-ve) contours in Figure 9,
reveals two extended sources, labelled A and B, above 10σ
of the noise. The flux for each source is given in Table 11.
Source A is a bright FR-II radio galaxy associated with the
cluster BCG. Source B appears to be a tailed radio galaxy
associated with a probable cluster member, and coincides
spatially with one of the X-ray peaks. As this region is not
covered by FIRST, we do not determine spectral indices for
either source. The positive emission to the North and South
of source A are imaging artifacts due to the bright source.

J2135 has been observed by both the XMM-Newton
(Obs ID: 0692931301; 22 ks) and Chandra (Obs ID: 15097;
20 ks) X-ray telescopes. The X-ray analysis shows a defini-
tive disturbed morphology with two X-ray peaks, as shown
by the green XMM contours overlaid on the SDSS DR12
3-colour gri-image in Figure 9. There is a spatial offset
of ∼ 25′′ between the BCG and the Eastern X-ray peak,
providing more evidence for significant substructure in the
cluster. Indeed, Cassano et al. (2016) quote X-ray morpho-
logical parameters, based on the Chandra data, which are
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Figure 9. SDSS DR12 3-colour gri-image of ACT-CL
J2135.2+0125 with 610 MHz GMRT (+ve: thick, cyan, -ve: thin,

red) and arbitrary XMM-Newton (thin, green) contours overlaid.

Radio contour levels are [±3, 5, 10, 20, 50, 100, 200, 500]σ, where
1σ = 110 µJy beam−1, with the beam shown by the boxed el-

lipse. The X and dashed circle are the SZ peak and R500 region

for the cluster, respectively. The physical scale at the cluster red-
shift is shown by the bar in the bottom right corner. Fluxes for

sources A and B are given in Table 11.

Table 11. 610 MHz fluxes for the sources in the ACT-CL

J2135.2+0125 R500 cluster region. Source labels are indicated in
Figure 9. Notes are as in Table 3.

ID R.A. Dec. S610MHz Notes
(deg) (deg) (mJy)

A 323.828161 1.423957 331.31 ± 16.57 M•

B 323.815081 1.413930 51.93 ± 2.61 -

consistent with a merging system (P3/P0 = 7.5+4.8
−3.1 × 10−7;

w = 0.0049+0.0018
−0.0042; c = 0.075+0.005

−0.004).
The lack of observable diffuse radio emission in this mas-

sive, plane of the sky merger is surprising. The Cassano et al.
(2013) scaling relations predict a 1.4 GHz radio halo power
of 1.4+0.5

−0.4×1024 W Hz−1 for this cluster, based on the M500,SZ
mass. Our measured radio halo upper limit, discussed in Sec-
tion 6, of < 0.5 × 1024 W Hz−1, is well below the theoretical
prediction. However, as for Abell 2146 (Russell et al. 2011;
Hlavacek-Larrondo et al. 2018), low power radio emission
may still exist in this system, requiring very sensitive imag-
ing to detect.

5.5 ACT-CL J2154.5−0049

ACT-CL J2154.5−0049 (z = 0.488) is a poorly studied sys-
tem with very little information in the literature. ACT-led
follow-up in the optical and X-ray bands hint at potential
plane of the sky merger activity. Sifón et al. (2016) identify
52 cluster members with which they measure a DS test sig-
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Figure 10. SDSS DR12 3-colour gri-image of ACT-CL

J2154.5−0049 with 610 MHz GMRT contours overlaid (+ve: thick,

cyan, -ve: thin, red). Contour levels are [3, 5]σ, where 1σ = 46 µJy
beam−1, with the beam shown by the boxed ellipse. Chandra X-

ray contours (arbitrary levels) are overlaid in green (thin). The X

and dashed circle are the SZ peak and R500 region for the cluster,
respectively. The physical scale at the cluster redshift is shown

by the bar in the bottom right corner. Fluxes for sources A and

B are provided in Table 12.

Table 12. 610 MHz fluxes for the sources in the ACT-CL

J2154.5−0049 R500 cluster region. Source labels are indicated in

Figure 10.

ID R.A. Dec. S610MHz
(deg) (deg) (mJy)

A 328.650348 -0.831180 0.31 ± 0.09 F

B 328.635551 -0.831950 0.15 ± 0.06 -

nificance value of S∆ = 0.092+0.070
−0.019, indicating no substruc-

ture along the line of sight. However, Chandra data (Obs
ID: 16230; 64 ks) show a region of hot gas extending out-
wards from the cluster core, which may indicate remnants of
merger activity. This X-ray emission is shown by thin green
contours overlaid on the SDSS DR12 3-colour gri-image in
Figure 10.

At the noise level of our full resolution primary beam-
corrected 610 MHz GMRT image, this cluster appears to be
relatively radio quiet. Only two sources are detected above
5σ, labelled A and B in Figure 10. The 610 MHz source
fluxes are given in Table 12. Source A is coincident with a
foreground galaxy with a spectroscopic redshift of 0.5012.
Source B has no visible optical counterpart.

There are also several 3σ radio residuals within the
cluster region. After removing sources A and B, smooth-
ing reveals two sources, but we do not attempt to classify
them as they are unresolved and have low significance. Fur-
ther radio data are required to confirm their existence and

probe their origin. As the measured upper limit for J2154 of
P1.4GHz < 4.0× 1024 W Hz−1 (see Section 6 and Table 14 for
details) is well above the predcited scaling relation power of
P1.4GHz = 0.3 × 1024 W Hz−1, the additional, deeper, radio
data will be necessary to determine the presence of a radio
halo.

5.6 ACT-CL J2337.6+0016

ACT-CL J2337.6+0016, hereafter J2337, is a rich Abell clus-
ter (A2631; Abell 1958) at z = 0.275. It is also part of the
REFLEX sample (RXC J2337.6+0016 Böhringer et al. 2004)
and has a 0.1-2.4 keV band luminosity of LX,[0.1−2.4keV] =
7.571 × 1044 erg s−1. Archival ROSAT images show a com-
plex morphology, with follow-up XMM-Newton observa-
tions (Obs ID: 0042341301) revealing a gas temperature of
kT = 9.6 ± 0.3 kev (Zhang et al. 2006). Using this XMM
observation, Finoguenov et al. (2005) characterise J2337 as
experiencing a late stage core disruption. J2337 has also been
observed twice by the Chandra X-ray Telescope for a total of
26 ks (Obs IDs: 3248, 11728) - the emission, shown by green
contours overlaid on the SDSS DR12 gri composite image in
Figure 11, is slightly elongated in the E-W direction, with
a significant offset of 30.7′′ between the X-ray peak and
the cluster BCG. In their spectroscopic analysis Sifón et al.
(2016) use 154 cluster members to measure a DS statistic of
S∆ = 0.008+0.020

−0.006, indicative of significant substructure in the
cluster.

In the radio, J2337 has been studied at 1.4 GHz with
the VLA in A-band (Rizza et al. 2003) as well as at 610
MHz with the GMRT as part of the GRHS (Venturi et al.
2007). Our reprocessing of the 610 MHz data has a slightly
higher central noise level compared to that quoted by Ven-
turi et al. (2007) due to contamination of the cluster region
by sidelobes of a bright source South of the cluster. The full
resolution, primary beam-corrected image is shown by the
cyan contours overlaid on Figure 11. We detect four sources
above 5σ of the central rms noise of 84.1 µJy beam−1, la-
belled A-D. Table 13 reports the 610 MHz fluxes for these
sources.

Source A is a bright head-tail galaxy which dominates
the R500 region. It has a largest angular size of 80.2′′, corre-
sponding to a physical length of 338 kpc at the redshift of
the cluster. It is the only source identified in FIRST, provid-
ing a 1.4 GHz/610 MHz spectral index of α = −1.2± 0.1. All
but source C have optical counterparts: sources A and C are
coincident with cluster members at spectroscopic redshifts
of 0.2717 and 0.2777, respectively, and source B may be re-
lated to a high redshift galaxy based on colour matching in
the SDSS image.

No diffuse emission is detected in J2337. Based on the
cluster mass, the Cassano et al. (2013) scaling relations pre-
dict a radio halo power of P1.4GHz = 1.2+0.5

−0.3 × 1024 W Hz−1,

slightly above the upper limit of 0.8 × 1024 W Hz−1 deter-
mined in Section 6. Given the multiwavelength evidence for
substructure in this cluster, more sensitive radio data will be
necessary to determine whether this massive merger hosts a
radio halo.
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Figure 11. SDSS DR12 3-colour gri-image of ACT-CL

J2337.6+0016 with 610 MHz GMRT contours overlaid

(+ve: thick, cyan, -ve: thin, red). Contour levels are
[3, 5, 10, 20, 50, 100, 200]σ, where 1σ = 170 µJy beam−1, with

the beam shown by the boxed ellipse. The X and dashed circle

are the SZ peak and R500 region for the cluster, respectively.
The physical scale at the cluster redshift is shown by the bar in

the bottom right corner. Fluxes for sources A-D are provided in

Table 13.

Table 13. 610 MHz fluxes for the sources in the ACT-CL

J2337.6+0016 R500 cluster region. Source labels are indicated in

Figure 11. Notes are as in Table 3.

ID R.A. Dec. S610MHz Notes

(deg) (deg) (mJy)

A 354.419405 0.280519 250.93 ± 12.56 M

B 354.435305 0.291281 0.37 ± 0.16 B
C 354.430987 0.284249 1.67 ± 0.31 -

D 354.415363 0.271211 4.44 ± 0.41 M•

6 RADIO HALO UPPER LIMITS

For the ten systems with no evidence of diffuse cluster emis-
sion, we estimate radio halo flux and power upper limits us-
ing two different methods. The predicted P1.4GHz value for
each cluster, based on the P1.4GHz −M500,SZ scaling relation,
is given in the fifth column of Table 14.

6.1 Method 1: fixed halo radius

The first method we implemented is that described in
Brunetti et al. (2007) and Kale et al. (2013). For each clus-
ter, we assume a maximum halo diameter of 1 Mpc, typical
of giant radio halos, and model the average brightness profile
of well-studied halos (Brunetti et al. 2007) with seven con-
centric, optically thin spheres with diameters ranging from
400 kpc to 1 Mpc. For each model, approximately 50% of
the flux is in the largest sphere.

For each cluster we inject several simulated 1 Mpc halos
with total flux densities in the range Sinj ∼ 3 − 300 mJy and
image the altered uv-data at several resolutions. The angular
size of the injected halo varies between 131′′ - 470′′ over the
redshift range of the nine clusters. We find that extended
emission is securely established for fluxes above a value of
Ssim = 11 mJy for all but the lowest redshift cluster, ACT-CL
J2135.7+0009, which has an upper limit of 25 mJy owing to
the large angular size of the injected halo in this case. For
the other nine clusters, injected halo fluxes in the range 6–11
mJy result in positive residuals in the full-resolution image
with integrated flux density ∼ 4σ above the noise level with
indications of extended emission in the low-resolution image.

As in the literature, for each cluster the upper limit is
taken to be the flux for which the halo is just undetected in
the low-resolution image. Table 14 lists the 610 MHz radio
halo upper limit fluxes for the clusters in which no evidence
of central residual emission is found. Using a spectral index
of α = 1.2, we extrapolate the fluxes to 1.4 GHz to produce a
k-corrected, 1.4 GHz radio power upper limit for each cluster
using the following equation, where DL is the luminosity
distance at the cluster redshift z:(

P1.4GHz
WHz−1

)
= 4π

(
DL
m

)2 (
S610MHz

m−2WHz−1

)
×

(
1400MHz
610MHz

)α
(1 + z)−(1+α), (3)

These upper limits are shown as filled triangles in the
P1.4GHz − Y500 and P1.4GHz − M500 planes shown in the top
left and bottom left panels of Figure 12, respectively. Up-
per limits for disturbed clusters in our sample are indicated
by a boxed triangle. The upper limits for the high redshift
clusters (shown in magenta) are significantly higher than the
existing upper limits from the literature, which are shown
as empty triangles, and are above the scaling relation in all
cases. In addition, some of the upper limits for the low red-
shift clusters are also above or consistent with the scaling
relation. This indicates that we did not reach the sensitivity
to measure the predicted halo fluxes in many of these obser-
vations. There are several effects which contribute to this.
Firstly, the noise in some of our final maps are up to a factor
of two higher than the target noise, due to necessary RFI
flagging of a significant percentage of data (30% - 40%). For
ACT-CL J2327.4−0204 and ACT-CL J2135.7+0009, this in-
creases the observed upper limit relative to the observation-
ally targeted value. Secondly, the preliminary cluster masses
that we used in the pilot proposal turned out to be larger
than the final published masses, which resulted in the expo-
sure times being underestimated. A further factor is that in
our prediction of halo fluxes we estimated a radio halo size
using the Cassano et al. (2007) correlation between radio
power and halo size. This means that some of the predicted
radio halos differed, at times significantly, from the 1 Mpc
size assumed for the upper limits computed here. We inves-
tigate the effect of this in the following section.

6.2 Method 2: mass-based halo radius

We implemented a second method to compute upper limit
methods in order to investigate the effect of the change in
predicted radio halo size. We re-compute upper limits for
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Table 14. Radio halo power upper limits for clusters with non-detections. We use a generic spectral index of 1.3 to scale the 610
MHz upper limit to 1.4 GHz. We first use a maximum physical diameter of 1 Mpc for the simulated halo at the redshift of the cluster

(method 1), and then use scaling relations to convert the MUPP
500 cluster masses from Hasselfield et al. (2013) to simulated radio halo sizes

(method 2). See text for details. Columns: (1) ACT cluster name. (2) Redshift. (3) Integrated Compton-y parameter. (4) Cluster mass.
(5) Predicted radio power based on the P1.4GHz −M500,SZ scaling relation. (6,7) Upper limit flux and radio power, respectively, based on

a 1 Mpc halo. (8-10) Injected halo size, and the corresponding upper limit flux and radio power, respectively.

RH = 1 Mpc RH = variable

Cluster Name z Y500,SZ M500,SZ Pth.
1.4GHz S610MHz P1.4GHz RH S610MHz P1.4GHz

(ACT-CL...) (10−4 arcmin2) (1014M�) (1024 W/Hz) (mJy/b) (1024 W/Hz) (Mpc) (mJy/b) (1024 W/Hz)

J0059.1−0049 0.786 3.5 ± 0.6 5.2 ± 0.9 0.7+0.3
−0.3 <8 <9.7 0.602 <3 <3.6

J0152.7+0100 0.230 13.0 ± 2.3 5.7 ± 1.1 0.9+0.4
−0.3 <8 <0.5 0.653 <5 <0.3

J0239.8−0134 0.375 9.4 ± 1.6 6.7 ± 1.3 1.7+0.5
−0.4 <6 <1.1 0.754 <4 <0.8

J2051.1+0215 0.321 7.6 ± 2.5 5.3 ± 1.4 0.7+0.3
−0.2 <7 <0.9 0.613 <4 <0.5

J2129.6+0005 0.234 11.4 ± 2.4 5.3 ± 1.1 0.7+0.3
−0.2 <10 <0.6 0.612 <4 <0.2

J2135.2+0125 0.231 14.2 ± 2.4 6.3 ± 1.2 1.4+0.5
−0.4 <9 <0.5 0.714 <6 <0.4

J2135.7+0009 0.118 10.8 ± 6.3 2.6 ± 1.1 0.1+0.1
−0.1 <25 <0.3 0.326 <9 <0.1

J2154.5−0049 0.488 3.4 ± 0.9 4.3 ± 0.9 0.3+0.3
−0.2 <11 <4.0 0.509 <3 <1.1

J2327.4−0204 0.705 10.1 ± 1.0 9.4 ± 1.5 6.1+2.5
−1.9 <10 <9.1 1.017 <10 <9.1

J2337.6+0016 0.275 11.5 ± 2.2 6.1 ± 1.2 1.2+0.5
−0.3 <9 <0.8 0.694 <6 <0.5

Table 15. Results of the survival analysis for the P1.4GHz vs Y500,SZ and P1.4GHz vs M500,SZ relations, for three combinations of the data:

0 - literature only; 1 - literature combined with method 1 upper limits; 2 - literature combined with method 2 upper limits. The fit is
given for the intercept A, slope B, and log-normal scatter s.

P1.4GHz vs Y500,SZ P1.4GHz vs M500,SZ
0 1 2 0 1 2

A 24.55+0.07
−0.08 24.54+0.07

−0.07 24.49+0.07
−0.06 24.57+0.08

−0.08 24.55+0.08
−0.08 24.51+0.08

−0.08
B 1.66+0.34

−0.32 1.74+0.30
−0.28 2.00+0.28

−0.27 2.88+0.64
−0.62 2.99+0.59

−0.60 3.39+0.60
−0.54

s 0.37+0.07
−0.05 0.38+0.06

−0.05 0.37+0.06
−0.05 0.39+0.07

−0.06 0.41+0.06
−0.05 0.41+0.07

−0.06

our clusters, injecting simulated halos with sizes determined
by extrapolating a 1.4 GHz radio power from the cluster SZ
mass, and then using the Cassano et al. (2007) scaling re-
lation to get the halo size. The halo size, new upper limit
fluxes, and associated radio powers are given in Table 14.
These revised upper limits are shown in the right top and
bottom panels of Figure 12. All upper limits have decreased
compared to method 1, except for ACT-CL J2327.4−0204
which remained the same due to the predicted halo size be-
ing very close to 1 Mpc. The other two high redshift upper
limits are still well above the region populated by literature
upper limits, but are now well within the scatter of the ex-
isting scaling relations. These higher upper limits may be
explained by the similarity in angular size of the injected
halos compared to the low resolution synthesised beam of
the images (∼ 28′′). In this case the map noise has a greater
effect on the detection limit than for clusters with larger,
and therefore more resolved, injected halos. The higher up-
per limits for high redshift systems may indicate that the
lack of flux sensitivity is a major problem when observing
high-redshift systems of intermediate SZ-signal and mass,
and that correcting the size of the simulated halos is in-
sufficient on its own. The upper limits for the low redshift
systems are now all within the region of literature upper
limits, however ACT-CL J2135.7+0009, being at a substan-
tially lower redshift than the other clusters, is still above the
correlation.

6.3 Survival analysis

In order to check whether or not our upper limits could
belong to the population of detections, we perform a sur-
vival analysis of our data by measuring scaling relations and
comparing between the different sets of data. We use the
Bayesian Kelly (2007) method to perform the linear regres-
sion as it takes into account measurement errors. We used
three sets of data: (0) the previous detections from the lit-
erature only, (1) the literature detections with our upper
limits from method 1, and (2) the literature detections with
our upper limits from method 2. For each dataset, we fit for
P1.4GHz − Y500,SZ and P1.4GHz − M500,SZ scaling relations of
the following forms:

log P1.4GHz = A + B log
(

M500,SZ
8.1 × 1014 M�

)
, (4)

log P1.4GHz = A + B log
(

Y500,SZ
1.2 × 10−4 Mpc2

)
. (5)

In addition to fitting for A and B in each case, we also fit for
the log-normal intrinsic scatter, s. The results of the analy-
sis are shown in Table 15. There is marginally more scatter
in P1.4GHz–M500,SZ relation, however, given the current mea-
surement uncertainties, in the case of both scaling relation
there is no significant difference in the fit parameters be-
tween the three datasets. Adding the upper limits therefore
does not significantly modify the scaling relations. Moreover,
although the method 2 upper limits are generally lower than
their method 1 counterparts, there is no significant difference
in the fit results for either scaling relation when considering
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Figure 12. Scaling relations between 1.4 GHz radio halo power versus integrated SZ Compton-y parameter (top row) and versus SZ-
derived mass (bottom row). Radio halos and upper limits from the literature are shown as filled circles and empty triangles, respectively

(black - z < 0.45, blue z > 0.45). The radio halo in ACT-CL J0256.5+0006 is indicated by a large red filled circle. Upper limits in this
paper are shown by filled triangles (red - z < 0.45, magenta - z > 0.45); boxes indicate the disturbed systems with non-detections. The

legend in the upper left panel is the same for all panels. Left panel: Upper limits determined using method 1. Right panel: Upper limits

determined using method 2. See text for details.

the different upper limit methods. This suggests that the
upper limits, including those for the disturbed systems, are
consistent with the scaling relations.

7 RADIO SOURCES IN THE FULL FIELDS

Due to the sensitivity of our 610 MHz maps, several ex-
tended and diffuse sources can be seen in the full field-of-
view maps. Here we discuss three prominent sources, and
comment on the numerous FR-I and FR-II sources. We use

FIRST data to measure spectral indices for the sources, and
where spectral index maps have been made, the GMRT and
FIRST images are smoothed to the same resolution and re-
gridded before masking out pixels below 3σ in each image.
The spectral index α1400

610 is then computed, with the spectral

index error ∆α1400
610 calculated as

∆α1400
610 =

[
log

(
ν1
ν2

)]−1
√√√
ε2
1 + σ

2
1

S2
1
+
ε2
2 + σ

2
2

S2
2

, (6)
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where ε is the flux uncertainty (∼ 5% for both FIRST and
610 MHz GMRT Helfand et al. 2015; Chandra et al. 2004,
respectively), σ is the local rms noise, S is the flux, ν is the
image frequency, and subscripts 1 and 2 denote properties
of the FIRST and GMRT images, respectively.

7.1 NGC0245

The radio galaxy NGC 0245 (R.A. = 00h46m05.35s, Dec. =
−01d43m24.35s, J2000) lies within the GMRT field-of-view
of ACT-CL J0045.2−0152. NGC 0245 is a nearly face-on
spiral galaxy at z = 0.0136 and has been identified as a
metal-rich starburst galaxy, with recent star formation oc-
curring in the galaxy nucleus as well as in regions of the
spiral arms (Pérez-González et al. 2003). It is part of several
galaxy samples studied in the infrared and near and far ul-
traviolet wave bands (Moshir et al. 1990; Rego et al. 1993;
Moustakas & Kennicutt 2006; Hao et al. 2011).

In our 610 MHz map, we detect the bright core of
NGC0245, SGMRT,core = 9.63 ± 0.08 mJy, surrounded by a
halo of faint diffuse emission with a largest angular diame-
ter of 1.14′ (∼19 kpc at the galaxy redshift). The integrated
flux for the diffuse disk emission is SGMRT,disk = 49.17 ± 0.58
mJy. The left panel of Figure 13 shows our 610 MHz ra-
dio contours overlaid in white on the 3-colour gri image of
NGC0245 from SDSS Data Release 12 (Alam et al. 2015).
The GMRT emission extends over the entire galactic disk,
with radio hot spots roughly coinciding with the regions of
star forming activity. These radio hotspots are detected in
FIRST (dashed black contours in the SDSS image), however
our GMRT data provides, for the first time, radio morphol-
ogy beyond these star forming regions. NGC0245 is detected
in NVSS data beyond the optical disk, out to a radius of ∼
15 kpc at the 5σ level, but structure within the disk is un-
resolved due to the larger NVSS beam.

The α1400
610 spectral index and spectral index error maps

for this source are shown in the middle and right panels
of Figure 13, respectively. As FIRST does not detect the
full galactic disk, we can only provide a spectral index map
for the galactic core and the two radio hotspots in the star
forming regions of the disk. The spectral index is flattest
at the radio peaks, gradually steepening further, however
the spectral index uncertainties indicate consistency with
a flat spectrum for the full region covered by the maps.
The galactic core of NGC0245 has an integrated spectral
index of αcore = −0.7 ± 0.3, based on the FIRST core flux of
SFIRST,core = 5.15±0.3 mJy. As we cannot disentangle the core
emission from that of the disk in the NVSS data, we deter-
mine an integrated spectral index of αNGC0245 = −0.59±0.42
for the entire radio galaxy.

7.2 PKS-0204

The dominating source in the field-of-view of the ACT-CL
J2327−0204 observation is a bright, extended source identi-
fied as the active radio galaxy PKS 2324-02 at z = 0.1882.
Figure 14 shows our 610 MHz radio map of PKS 2324-02
(top). The galaxy core is situated at a J2000 position of

2 Using the NASA/IPAC Extragalactic Database: https://ned.

ipac.caltech.edu/

R.A = 23h26m53.843s, Dec. = −02d02m13.09s and has a
flux of S610,core = 180.0 ± 0.1 mJy in our 610 MHz GMRT,
primary beam corrected map. Diffuse structures surround-
ing the galaxy core are oriented roughly NE to SW and
have a largest angular extent of 2.4′, corresponding to 454.5
kpc at the redshift of this source. The source’s physical ex-
tent places it below the size threshold of the rare giant ra-
dio galaxies (> 700 kpc, see e.g. Molina et al. 2014). The
610 MHz flux of the entire object is S610 = 4.439 ± 0.003
Jy. There is bright compact emission within the NE lobe
with a bridge of compact emission joining it to the galaxy
core. This bridge-like feature is also detected in the 1.4 GHz
FIRST radio image of this galaxy, shown in the bottom left
panel of Figure 14. The FIRST data shows similar structures
within the diffuse emission as found in our 610 MHz map.
The FIRST core flux is Score,FIRST = 144.3 ± 0.3 mJy, giving

a relatively flat spectral index of α1400
610 = −0.27.

The middle and right panels of Figure 14 show the spec-
tral index map and spectral index error map for PKS2324-
02, respectively. As indicated by our integrated spectral in-
dex above, the core of the radio galaxy has a flat spectrum.
The NE jet emanating from the core has a spectral index
of around -1, with regions of flatter spectra corresponding
to the radio hotspots within the jet. Further away from the
jet, the spectrum steepens in line with expectations from
synchrotron ageing. Most of the SW lobe has a steep syn-
chrotron spectrum, with spectral indices less than -1.5. Due
to the brightness of the source and the quality of the data,
the uncertainties on the spectral index are mostly below ∼
0.25.

7.3 Galaxy pair Arp 118

The merging galaxy pair Arp 118 lies within the primary
beam of our ACT-CL J0256.5+0006 pointing. Diffuse emis-
sion extending beyond the optical Arp 118 emission is de-
tected in the full resolution 610 MHz image. We measure an
integrated 610 MHz flux for Arp 118 of 279.5 ± 14.0 mJy.
A large region of this emission is also detected in FIRST,
with a total integrated flux at 1.435 GHz of 141.0 ± 7.1 mJy
for the galaxy pair. The global spectral index for the source
is therefore -0.8 ± 0.2. Figure 15 shows the composite gri-
image of Arp 118 with our 610 MHz full resolution contours
overlaid in white. The radio peak is offset from both galaxies
involved in the merger, namely the main and in-falling galax-
ies denoted by the X and +, respectively. The offset3, 5.5 ±
1.0 arcseconds and 13.0 ± 1.0 arcseconds from the main and
in-falling galaxies, respectively, does not appear to correlate
with any star forming region in the galaxy merger.

7.4 Other sources of interest

In each of our cluster pointings there are several extended
sources within the field of view, many of which are FR-I and
FR-II sources. Primary beam-corrected images of the full
field of view for each cluster pointing are given in Appendix
B. Figure 16 shows a gallery of some of these sources of

3 Given a maximum FIRST astrometric uncertainty of 0.5′′

(Helfand et al. 2015) and an astrometric match between the

GMRT and FIRST data.
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Figure 13. NGC0245. Left: SDSS DR12 gri image with 610 MHz GMRT (white, solid) and FIRST (black, dashed) contours overlaid.

The GMRT contour levels are [3,5,10,20,50,100] × 1σ = 42µJy beam−1, with the beam indicated by the boxed ellipse. FIRST contour

levels are [3,10,15,20,40] × 1σ = 50µJy beam−1. Middle: Spectral index map of α1400
608 with the 610 MHz GMRT contours overlaid. Right:

Spectral index error map for α1400
608 , with the 610 MHz GMRT contours overlaid.
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Figure 14. Active radio galaxy PKS 2324-02. Left: 610 MHz GMRT image with [3,10,20,50,100,200,500] × 1σ = 0.2 mJy beam−1contours

overlaid in black. The −3σ level is shown by the thick red contours. The beam is indicated by the boxed ellipse. The position of PKS2324-
02 is indicated by the white cross. Middle: Spectral index map of α1400

608 , using our 610 MHz GMRT and FIRST data. Right: Spectral

index error map for α1400
608 .

interest from the J0059−0049 field. The top left panel is a
potential galaxy-galaxy lensing source. Including the three
sources discussed above, there are a total of 218 extended
sources in our cluster sample which we identify as interesting
for potential follow-up. These sources are given the code type
‘M’ or ‘C’ in the source catalog discussed in the next section.

7.5 Source catalogs

For each of our cluster pointings, we determine source cata-
logs using pybdsf (Mohan & Rafferty 2015) with an island
and source cut of 3σ and 5σ, respectively. As some of our
images are affected by bright source sidelobes, we visually
check the pybdsf results, and flag those sources which lie
within the sidelobes. In the worst cases, up to 25% of the
initial pybdsf source detections are removed. Over the 14
cluster pointings, we have a total of 3960 sources, with a
minimum detection of 79 and a maximum of 563 sources per

pointing. A full catalog of these sources, with 610 MHz posi-
tions, fluxes, and shape parameters is available online. Table
16 shows an example excerpt from this catalog. As there is a
significant range in image sensitivity across our sample, we
do not determine global source counts due to the numerous
selection effects which would bias the numbers.

8 SUMMARY AND CONCLUSIONS

We present here the GMRT 610 MHz continuum imaging
results of a subset of the ACT Equatorial cluster sample,
with a completeness above M500 > 5 × 1014M� of ∼ 73%.
We include data from our dedicated ACT follow-up as well
as archival GMRT data. A summary of our results are as
follows:

• We detect a new radio mini-halo in ACT-CL
J0022−0036, the highest redshift mini-halo detection to date.
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Table 16. Excerpt of the full catalog of sources detected at 610 MHz. The full table is available online. (1) ACT-GMRT identifier. (2)

J2000 Right Ascension. (3) J2000 Declination. (4) Total 610 MHz flux. (5) Error on the total 610 MHz flux. (6) Major axis. (7) Minor

axis. (8) Parallactic angle. (9) Source type code: M and C indicate sources of interest.

Source ID RAJ2000 DecJ2000 S610 ∆S610 a b p.a Notes
(deg) (deg) (mJy) (mJy) (arcsec) (arcsec) (deg)

J010058.1-005547.8 15.242272 -0.929958 27.0 0.2 6.1 4.5 79.7 M

J010058.1-004348.7 15.242223 -0.730200 0.6 0.1 7.7 5.9 107.6 S

J010056.0-004426.3 15.233488 -0.740643 0.5 0.1 6.8 5.1 6.7 S
J010047.9-004239.8 15.199752 -0.711063 0.6 0.1 6.1 4.3 73.5 S

J010047.7-003752.5 15.198552 -0.631260 1.1 0.1 6.8 4.4 67.9 S
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Figure 15. SDSS 3-colour gri-image of the galaxy pair Arp 118.

Full resolution 610 MHz GMRT contours are overlaid with levels

of [3, 5, 10, 20, 50, 100, 200]σ, where 1σ = 120 µJy beam−1. The
beam is shown by the boxed ellipse. The two galaxies are indicated

by the X and +.

The 610 MHz mini-halo flux is S610 = 2.1 ± 0.8 µJy beam−1.
X-ray and optical substructure measurements indicate this
cluster is a cool-core system undergoing minor merger ac-
tivity. The origin of the mini-halo could be from hadronic
process in the cool-core, or turbulence driven due to gas
sloshing in the cluster centre.
• Through reprocessing of data with updated software, we

are able to spatially resolve the new radio halo detection of
ACT-CL J0256.5+0006 presented in Knowles et al. (2016).
We measure a more constrained 610 MHz halo flux of 6.9
± 0.7 mJy, which relates to a 1.4 GHz log radio power (W
Hz−1) of 24.0 ± 0.1.
• We detect low-resolution diffuse emission in ACT-CL

J0045.9−0152 and ACT-CL J0014.9−0057. Further radio
follow-up is required to confirm the detections and assist
in accurate classification.
• We cannot confirm the mini-halo in ACT-CL

J2129.6+0005 reported by Kale et al. (2015) due to con-
tamination of the BCG region by a sidelobe from a bright ∼
1 Jy source to the South.
• We determine radio halo upper limits for clusters with

no diffuse emission detection in two ways: using the stan-
dard method (see e.g., Kale et al. 2013), and using an
adapted method where the size of the injected halo depends
on the virial radius of the cluster. A survival analysis of the
P1.4GHz −Y500,SZ and P1.4GHz − M500,SZ scaling relations and
both sets of upper limits indicates no statistically signifi-
cant difference between either method of determining upper
limits.
• As 43% of our cluster sample lies at high redshift

(z & 0.5), we can for the first time comment on the occur-
rence of diffuse emission in this regime. We note that above
our mass cut of M500,SZ > 5 × 1014 M�, the radio follow-
up above a redshift of z & 0.5 is 100% complete. Of the six
high redshift clusters, we have one detection and two clusters
with unclassified diffuse emission. Although we have small
number statistics, if the presence of the unclassified emission
is confirmed to be diffuse halo or relic emission, we would
have a diffuse emission occurrence rate higher than theoret-
ical models predict for high redshift (Brunetti et al. 2007).
However, deeper observations of our high redshift cluster
sub-sample are required to confirm the statistics.
• We present new 610 MHz imaging and spectral index

maps for three bright, extended sources in fields of three dif-
ferent cluster pointings: a face-on, star-forming spiral galaxy
NCG0245, the active radio galaxy PKS2324-02, and the
merging galaxy pair Arp 118. We also comment on other
extended sources in the 610 MHz maps, most of which are
FR-I and FR-II sources.
• We provide a catalog of the 610 MHz radio sources in

our full resolution cluster fields. The density of sources varies
significantly in some images due to a wide variety in image
quality and depth, particularly in the case of archival data.

The occurrence of diffuse radio emission, above a mass
limit of M500 > 5 × 1014M�, is 27+20

−14% in our cluster sam-

ple4, when taking into account the unclassified emission.
This is similar to what has been found in previous X-ray
and SZ samples (Cassano et al. 2013). Given the current
understanding of, and open questions underlying, the mech-
anisms powering diffuse cluster emission, and in particular
radio halos, increasing the number of detections while focus-
ing on statistically complete samples is critical in order to
improve constraints on the theoretical models. We note that
non-detections can be equally enlightening; in particular, the
lack of diffuse emission in two high mass merging clusters,
A370 and ACT-CL J2135.2+0125, presented here warrants
further investigation. A larger follow-up programme with

4 Uncertainties determined from Gehrels (1986).
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Figure 16. Example gallery of some of the extended and/or double lobed sources in the field of view of the J0059 cluster pointing.

Contours are [3,5,10,20,50]σ, where σ is the local rms noise at the position of the source. The synthesised beam is shown by the boxed

ellipse in the bottom left corner of each panel.

the upgraded GMRT, focusing on a statistical sample of 40
ACTPol clusters, is currently underway.
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APPENDIX A: RELAXED CLUSTERS WITH
DIFFUSE EMISSION NON-DETECTIONS

Here we discuss the results from the four clusters in our
sample which show no evidence of diffuse radio emission at
the level of the noise of our images, and have no indication
of disturbed morphology given current data.

A1 ACT-CL J0152.7+0100

ACT-CL J0152.7+0100 (z = 0.230) is an Abell cluster (A267,
hereafter; Abell 1958) and has been studied at multiple
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Table A1. 610 MHz fluxes for the sources in the J0152.7+0100
and J2129.6+0005 R500 cluster regions. Source labels are indicated

in Figure A1. Notes are as in Table 3.

ID R.A. Dec. S610MHz Notes

(deg) (deg) (mJy)

A 28.182501 1.023076 0.77 ± 0.19 M∗

B 28.172523 1.011619 0.69 ± 0.18 M

C 28.142997 1.022179 0.53 ± 0.16 -

wavelengths from optical through to X-ray (see e.g., Dahle
et al. 2002; Bauer et al. 2005; Cavagnolo et al. 2009). This
non-cool core cluster (Cavagnolo et al. 2009; Mahdavi et al.
2013) was defined as a “fossil system” by Eigenthaler &
Zeilinger (2009) and Zarattini et al. (2014) based on the
magnitude separation in r-band between the brightest and
second brightest cluster galaxies, as defined by Jones et al.
(2003) and later revised by Voevodkin et al. (2010). Sim-
ulations of fossil groups indicate that these systems only
continue to grow through minor mergers, and therefore
should not show evidence of strong substructure (D’Onghia
et al. 2005). The dynamical state of A267 is somewhat un-
clear, with X-ray morphological parameter results w = 0.008
(Pratt et al. 2016) and P3/P0 = (0.27±0.22)×10−7 (Mahdavi
et al. 2013) indicating strong evidence for a relaxed cluster5,
whereas DS test results based on spectroscopic measure-
ments of 226 cluster members provide strong evidence for
the presence of substructure (S∆ < 0.01; Pratt et al. 2016).
The high significance of substructure from the DS test may
be related to the clumpy nature of the outskirts of the clus-
ter, whereas the morphological parameters in the X-ray are
determined within the central R500 region of the cluster. The
SDSS 3-colour gri image of the A267 cluster region is shown
in the left panel of Figure A1, with arbitrary XMM-Newton
contours (ObsID: 0084230401; 30 ks) overlaid.

A267 was observed with the GMRT at 610 MHz as
part of the Extended GMRT Radio Halo Survey (EGRHS;
Kale et al. 2013). Our full resolution contours from the
reprocessing of their data are shown in cyan in Figure A1.
The Eastern part of the cluster region is contaminated by
sidelobes of a bright source North of the cluster, however
we confirm the EGRHS finding of no diffuse emission in the
cluster region and detect three faint radio sources above
5σ within R500. Not surprisingly, none of these sources are
detected in FIRST. Our 610 MHz fluxes for these sources,
labelled A-C, are provided in Table A1. There is no radio
emission from the cluster BCG marked by the cross in
Figure A1. Only source B is spectroscopically confirmed as
a cluster member at z = 0.2248. From a visual inspection
of the SDSS gri-image, source A is likely a cluster member
based on colour comparison. There is no optical counterpart
for source C.

A2 ACT-CL J2129.6+0005

A REFLEX cluster (RXC J2129+0005; Böhringer et al.
2004), ACT-CL J2129.6+0005 is a relaxed system at a red-
shift of z = 0.234, with a central BCG. Kale et al. (2015)

5 Based on citerion defined by Cassano et al. (2010)

52.0 48.0 44.0 1:52:40.0 36.0 32.0
03

:0
0.

0
02

:0
0.

0
01

:0
0.

0
1:

00
:0

0.
0

59
:0

0.
0

0:
58

:0
0.

0
Right ascension

D
ec

lin
at

io
n

200 kpc

z = 0.230
ACT-CL J0152.7+0100

CB

A

Figure A1. SDSS gri-image of ACT-CL J0152.7+0100 with
610 MHz GMRT (+ve: thick, cyan, -ve: thin, red) and arbitrary

XMM-Newton (green) contours overlaid. GMRT contour levels

are [±3, 5]σ, where 1σ = 98 µJy beam−1, with the beam shown by
the boxed ellipse. Fluxes for sources A-C are given in Table A1.

The X and dashed circle indicate the cluster SZ peak and R500
region, respectively, and the physical scale at the cluster redshift
is shown by the bar in the bottom right corner.

studied it as part of the EGRHS at both 235 MHz and
610 MHz. They reported a detection of a ∼ 225 kpc ra-
dio mini-halo at 610 MHz after removing unresolved radio
emission from the BCG. After reprocessing their 610 MHz
data, we produce an image with slightly higher resolution
and lower noise. Our full resolution, primary beam-corrected
contours (+ve: thick, cyan, -ve: thin, red) are overlaid on the
SDSS gri-image shown in the right panel of Figure A2, with
XMM-Newton X-ray contours (ObsID: 0093030201) overlaid
in green. We detect four sources, labelled A-D, above 5σ of
the central noise level of 0.05 mJy beam−1. Our 610 MHz
fluxes of these sources are given in Table A2.

Source C is the BCG, detected in FIRST with a 1.4
GHz flux of 24.3 ± 1.2 mJy, giving a spectral index of
α1435

610 = −0.8 ± 0.2. There is some indication of extended
mini-halo emission around this source, as well as some
unresolved 3σ emission. However, there is a bright 0.9 Jy
source 12.6′ directly south of the BCG. This source has a
North-South sidelobe which could be contributing to the
higher signal around the BCG. Indeed, after subtracting
the full-resolution BCG emission, a low resolution image
reveals a signal in the centre of the cluster, but due to
the sidelobe contamination we cannot reliably recover or
confirm the extended emission reported by Kale et al.
(2015). Sources A and B are spectroscopically confirmed
as a foreground galaxy (z = 0.2886) and cluster member
(z = 0.2379), respectively. Source D has no discernible
optical counterpart.
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Figure A2. SDSS DR12 3-colour gri-image of ACT-
CL J2129.6+0005 with 610 MHz GMRT contours over-

laid (+ve: thick, cyan, -ve: thin, red). Contour levels are

[±3, 5, 10, 50, 200, 500]σ, where 1σ = 50 µJy beam−1, with the
beam shown by the boxed ellipse. The cross and dashed circle are

the SZ peak and R500 region for the cluster, respectively. Arbi-

trary XMM-Newton contours are overlaid in green. The physical
scale at the cluster redshift is shown by the bar in the bottom

right corner. Fluxes for sources A-D are provided in Table A2.

Table A2. 610 MHz fluxes for the sources in the J0152.7+0100

and J2129.6+0005 R500 cluster regions. Source labels are indicated

in Figure A2. Notes are as in Table 3.

ID R.A. Dec. S610MHz Notes

(deg) (deg) rm (mJy)

A 322.456321 0.098469 0.29 ± 0.07 F

B 322.442018 0.100606 1.66 ± 0.11 M
C 322.416229 0.089324 48.86 ± 2.45 M•

D 322.399400 0.072164 0.57 ± 0.08 -

A3 ACT-CL J2135.7+0009

ACT-CL J2135.7+0009 is a low mass, low redshift (z =
0.118) cluster observed as part of the initial pilot study.
Although the preliminary mass estimate placed this system
within the selection criteria of our study, the published mass
is 50% lower than the defined cut off of MUPP

500 = 5× 1014M�.
We include the results here for completeness. There is no
available dynamical state information on this system.

Our 610 MHz full resolution radio contours are overlaid
on the SDSS gri-band image of the cluster R500 region
shown in Figure A3. Two compact sources, labelled A and
B, are detected above 10σ, where σ = 95µJy beam−1 is the
rms noise in the central region of the map. This is slightly
higher than the map noises for the other clusters observed
in the pilot program due to contamination of the field of
view by a sidelobe of a bright source South of the cluster
region. Our 610 MHz fluxes for these sources are given in
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Figure A3. SDSS DR12 3-colour gri-image of ACT-

CL J2135.7+0009 with 610 MHz GMRT contours over-
laid (+ve: thick, cyan, -ve: thin, red). Contour levels are

[±3, 5, 10, 20, 50, 100, 200] × 1σ = 90 µJy beam−1, with the beam

shown by the boxed ellipse. The X and dashed circle are the
SZ peak and R500 region for the cluster, respectively. Arbitrary

XMM-Newton contours are overlaid in green. Fluxes for sources A
and B are provided in Table A3. The physical scale at the cluster

redshift is shown by the bar in the bottom right corner.

Table A3. 610 MHz fluxes for the sources in the ACT-CL

J2135.7+0009 R500 cluster region. Source labels are indicated in

Figure A3. Notes are as in Table 3.

ID R.A. Dec. S610MHz Notes

(deg) (deg) (mJy)

A 322.417554 0.087071 40.01 ± 2.12 M•

B 323.901868 0.191379 2.12 ± 0.19 -

Table A3. Source A is detected in FIRST data with a flux
of 14.32 mJy, giving a spectral index of α1400

610 = −1.19± 0.17.

A4 ACT-CL J2327.4−0204

The richest galaxy cluster in the Second Red-Sequence Clus-
ter Survey (RCS2; Gilbank et al. 2011) and the most sig-
nificant ACTPol detection over ∼ 1000 deg2 (Hilton et al.
2018), ACT-CL J2327.4−0204 (hereafter J2327) is a well
studied, massive cluster at z = 0.705. A comprehensive mul-
tiwavelength study of this cluster was carried out by Sharon
et al. (2015); they confirmed the X-ray findings of Menan-
teau et al. (2013) that J2327 is dynamically relaxed, with
no evidence for significant substructure using X-ray, gravi-
tational lensing, SZ, and optical measurements. The SDSS
DR12 composite gri-image of the cluster is given in Fig-
ure A4, with Chandra contours (arbitrary levels) overlaid in
green. The Chandra data is taken from project 14025 (PI:
Hicks).
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Figure A4. SDSS DR12 3-colour gri-image of ACT-CL

J2327.2−0204 with 610 MHz GMRT contours overlaid (+ve: thick,
cyan, -ve: thin, red). Contour levels are [±3, 5, 10, 20, 50, 100, 200]×
1σ = 58 µJy beam−1, with the beam shown by the boxed ellipse.

Chandra contours (arbitrary levels) are overlaid in green. The X
and dashed circle are the SZ peak and R500 region for the cluster,

respectively. The physical scale at the cluster redshift is shown
by the bar in the bottom right corner.

Table A4. 610 MHz fluxes for the sources in the ACT-CL

J2327.2−0204 R500 cluster region. Source labels are indicated in
Figure A4. Notes are as in Table 3. † Possible optical counterparts,

but could also be AGN jets associated with source C.

ID R.A. Dec. S610MHz Notes

(deg) (deg) (mJy)

A 351.872422 -2.056597 0.41 ± 0.16 F

B 351.867499 -2.064711 11.88 ± 0.62 M†

C 351.865698 -2.069451 3.11 ± 0.21 M

D 351.861740 -2.073479 1.92 ± 0.16 M†

E 351.851487 -2.070650 0.48 ± 0.17 F

F 351.851689 -2.082577 0.49 ± 0.15 M
G 351.872487 -2.090330 0.34 ± 0.11 F

Our full resolution, primary beam-corrected 610 MHz
image of J2327 is show by cyan contours overlaid on Figure
A4. We detect seven compact sources, labelled A-G, above
5σ of the rms noise. Their 610 MHz fluxes are provided
in Table A4. All seven sources have a likely or potentiual
optical counterpart. Source C is the only one with a
spectroscopic redshift, identifying it as a cluster member
at zC = 0.7073. Sources A, E, and G are likely foreground
sources, based on colour matching in the SDSS image.
Similarly, sources B, D, and F are likely emanating from
cluster members. We note however that there is a spatial
offset between the radio peaks of sources B and D and
their potential optical counterparts; it is possible that these
sources are in fact AGN jets associated with source C.

APPENDIX B: FULL FIELD OF VIEW
CLUSTER IMAGES

Here we present the primary beam-corrected images of the
full field of view for each cluster pointing. In each image,
the R500 cluster region, centred of the SZ peak, is indicated
by the dashed circle - zoomed in images of these regions are
provided in the main body of this paper, in Sections 4 and
5. The positions of sources of interest, discussed in Section
7, are indicated by the boxes.

This paper has been typeset from a TEX/LATEX file prepared by

the author.
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Figure B1. ACT-CL J0014.9−0057. The dashed circle denotes the R500 region centred on the cluster SZ peak. Boxes indicate the postion

of sources of interest, discussed in Section 7.
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Figure B2. ACT-CL J0022.2−0036. The dashed circle denotes the R500 region centred on the cluster SZ peak. Boxes indicate the postion

of sources of interest, discussed in Section 7.
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Figure B3. ACT-CL J0045.2−0152. The dashed circle denotes the R500 region centred on the cluster SZ peak. Boxes indicate the postion

of sources of interest, discussed in Section 7.
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Figure B4. ACT-CL J0059.1−0049. The dashed circle denotes the R500 region centred on the cluster SZ peak. Boxes indicate the postion

of sources of interest, discussed in Section 7.

MNRAS 000, 1–24 (2018)



610 MHz GMRT follow-up of ACT clusters 29

30.0 54:00.0 30.0 1:53:00.0 30.0 52:00.0 30.0 51:00.0

30
:0

0.
0

20
:0

0.
0

10
:0

0.
0

1:
00

:0
0.

0
50

:0
0.

0
0:

40
:0

0.
0

Right ascension

D
ec

lin
at

io
n

Figure B5. Left: ACT-CL J0152.1+0100. The dashed circle denotes the R500 region centred on the cluster SZ peak. Boxes indicate the

postion of sources of interest, discussed in Section 7.
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Figure B6. ACT-CL J0239.8−0134. The dashed circle denotes the R500 region centred on the cluster SZ peak. Boxes indicate the postion

of sources of interest, discussed in Section 7.
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Figure B7. ACT-CL J0256.5+0006. The dashed circle denotes the R500 region centred on the cluster SZ peak. Boxes indicate the postion

of sources of interest, discussed in Section 7.
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Figure B8. ACT-CL J2051.1+0215. The dashed circle denotes the R500 region centred on the cluster SZ peak. Boxes indicate the postion

of sources of interest, discussed in Section 7.
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Figure B9. ACT-CL J2129.6+0005. The dashed circle denotes the R500 region centred on the cluster SZ peak. Boxes indicate the postion
of sources of interest, discussed in Section 7.
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Figure B10. ACT-CL J2135.7+0009. The dashed circle denotes the R500 region centred on the cluster SZ peak. Boxes indicate the

postion of sources of interest, discussed in Section 7
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Figure B11. ACT-CL J2135.2+0125. The dashed circle denotes the R500 region centred on the cluster SZ peak. Boxes indicate the

postion of sources of interest, discussed in Section 7.
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Figure B12. ACT-CL J2154.5−0049. The dashed circle denotes the R500 region centred on the cluster SZ peak. Boxes indicate the

postion of sources of interest, discussed in Section 7.
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Figure B13. ACT-CL J2327.4−0204. The dashed circle denotes the R500 region centred on the cluster SZ peak. Boxes indicate the

postion of sources of interest, discussed in Section 7.
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Figure B14. ACT-CL J2337.6+0016. The dashed circle denotes the R500 region centred on the cluster SZ peak. Boxes indicate the

postion of sources of interest, discussed in Section 7.
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