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ABSTRACT

Aims. We investigate the possible presence of di↵use radio emission in the intermediate redshift, massive cluster PLCK G285.0-
23.7 (z = 0.39, M500 = 8.39 ⇥ 1014

M�).
Methods. Our 16 cm-band ATCA observations of PLCK G285.0-23.7 allow us to reach a rms noise level of ⇠11 µJy/beam on the
wide-band (1.1–3.1 GHz), full-resolution (⇠5 arcsec) image of the cluster, making it one of the deepest ATCA images yet published.
We also re-image visibilities at lower resolution in order to achieve a better sensitivity to low-surface-brightness extended radio
sources.
Results. We detect one of the lowest luminosity radio halos known at z > 0.35, characterised by a slight o↵set from the well-studied
1.4 GHz radio power vs. cluster mass correlation. Similarly to most known radio-loud clusters (i.e. those hosting di↵use non-thermal
sources), PLCK G285.0-23.7 has a disturbed dynamical state. Our analysis reveals a similarly elongated X-ray and radio morphology.
While the size of the radio halo in PLCK G285.0-23.7 is smaller than lower redshift radio-loud clusters in the same mass range, it
shows a similar correlation with the cluster virial radius, as expected in the framework of hierarchical structure formation.

Key words. galaxies: clusters: general – galaxies: clusters: individual: PLCK G285.0-23.7 – radio continuum: galaxies –
galaxies: clusters: intracluster medium – radiation mechanisms: non-thermal

1. Introduction

Radio halos (RHs) are Mpc-scale di↵use synchrotron sources
observed in the central regions of galaxy clusters (see e.g.
Feretti et al. 2012, for a recent observational review). Radio
halos are found in about one-third of massive clusters (see
Cuciti et al. 2015, for an updated study) and are located in merg-
ing systems (e.g. Cassano et al. 2013; see Bonafede et al. 2014,
for a case of radio halo in an apparently relaxed system).

It is generally believed that turbulence induced by mergers
in galaxy clusters can reaccelerate the relativistic electrons re-
sponsible for the origin of radio halos (see e.g. Brunetti et al.
2001; Petrosian 2001; Brunetti & Jones 2014, for reviews). This
scenario naturally explains the connection between radio halos
and mergers; however, it also poses fundamental questions on
the micro-physics of the mechanisms that are responsible for
the acceleration and transport of these relativistic electrons (see
Miniati 2015; Brunetti & Lazarian 2016, for recent discussions).

The study of the connection between radio halos and the
thermal properties of the hosting clusters sheds light on these
? The reduced image (FITS file) is only available at the CDS via

anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/595/A116

mechanisms and in general on the interplay between thermal and
non-thermal components in these systems.

Several correlations between thermal and non-thermal prop-
erties of galaxy clusters have been found (P1.4�LX , P1.4–Mass,
P1.4�Y500; where P1.4 and Y500 are, respectively, the radio power
of halos at 1.4 GHz and the cluster integrated SZ signal within
the radius at which the mean mass density is 500 times the
critical density at the cluster redshift R500; see e.g. Basu 2012;
Cassano et al. 2013). In this respect radio follow up of X-ray
or mass-selected samples of galaxy clusters provide a unique
way to probe the formation of radio halos and their connection
with cluster mergers. Models predict that the bulk of radio halos
should be generated at z = 0.2�0.4 (e.g. Cassano et al. 2006), yet
current statistical studies are available only for a limited range of
masses and redshifts (e.g. Cuciti et al. 2015).

In this framework, this work is part of the MACS-Planck

Radio Halo Cluster Project (Macario et al. 2014) conceived to
explore the origin and occurrence of RHs and their connection
with the dynamical state of the host systems by extending previ-
ous studies to a higher redshift range. Feretti et al. (2012) show
that the redshift distribution of clusters hosting RHs is homo-
geneous up to z = 0.35, but statistically incomplete at higher
redshifts. Our sample includes 32 intermediate redshift clusters
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Table 1. Details of our ATCA observations towards PLCK G285.0-23.7.

Date Config. Obs. time Calibrator
(min.)

2012-Jun-8 6D 704.0 PKS B1036-697
2012-Jun-9 6D 523.3 PKS B0606-795
2012-Jun-29 750A 531.3 PKS B0606-795
2013-Sep-6 1.5A 803.6 PKS B0606-795

Notes. The table lists: dates of observations (Col. 1) with di↵erent ar-
ray configurations (Col. 2); Observation time (Col. 3); phase calibrator
(Col. 4). The observations were taken at a central frequency of 2.1 GHz
and a bandwidth of 2 GHz

(0.3 < z < 0.45), which are being analysed through deep
⇠325 MHz GMRT or ⇠2.1 GHz ATCA observations, depend-
ing on the declination of the targets. In this paper we present
the discovery of a RH in PLCK G285.0-23.7, which is a massive
cluster (M500 = 8.39 ⇥ 1014

M� Planck Collaboration IX 2011)
located at redshift z = 0.39.

In the following, Sect. 2 describes the ATCA observations of
PLCK G285.0-23.7 together with the data reduction and the im-
age reconstruction strategy. The physical properties of the de-
tected di↵use radio source and our analysis of its nature are
presented in Sect. 3. Our study is discussed and concluded in
Sect. 4. In the ⇤CDM cosmology adopted throughout this paper
(with H0 = 70 km s�1 Mpc�1, ⌦M = 0.3, ⌦⇤ = 0.7), 1 arcsec
corresponds to 5.29 kpc at the redshift of PLCK G285.0-23.7.

2. Radio observations and data reduction

Radio observations of PLCK G285.0-23.7 were undertaken on
the Australia Telescope Compact Array (ATCA) in three sep-
arate array configurations (6D, 750A, 1.5A) using the Compact
Array Broadband Backend (CABB) correlator with a central fre-
quency of 2.1 GHz and spanning 1.1�3.1 GHz. Observations
were carried out in continuum mode with the correlator set to
produce 2000 ⇥ 1 MHz channels. Details of the observations
can be found in Table 1. The primary flux scale was set relative
to the unresolved source PKS B1934-638 for which the detailed
spectral behaviour is well understood over the ATCA band. The
phase calibration was initially performed relative to PKS B1036-
697 for first of two observations in the 6D configuration which
commenced on 8 June 2012. However, it was quickly noted that
PKS B1036-697 was partially confused in this configuration and
so this calibrator was replaced with PKS B0606-795 for the re-
maining observation run.

Radio frequency interference (RFI) and bad channels were
manually excised from the target and primary and secondary cal-
ibrators using a combination of clipping algorithms and visual
inspection via the PGFLAG task within MIRIAD (Sault et al.
1995). Owing to the nature of CABB data, it is necessary to per-
form calibration and cleaning on narrower frequency intervals.
The precise intervals used depend on properties of the observa-
tions (phase stability) and the complexity of sources in the field,
which a↵ects the success of cleaning. We conducted a number
of trials and determined that ⇠500 MHz ⇥ 4 sub-bands produce
the optimal results for these data. Thus, the target, primary, and
secondary calibrator data were divided into the required sub-
bands centred at 1.381 (from 1.130 GHz to 1.630 GHz), 1.867
(from 1631 GHz to 2.130 GHz), 2.380 (from 2.131 GHz to
2.630 GHz), and 2.769 MHz (from 2.631 GHz to 3.100 GHz).
Each sub-band was then calibrated in MIRIAD as per standard

Fig. 1. uv-coverage of PLCK G285.0-23.7 observations in the 500 MHz
band centred at 1.867 MHz. The wide-band of the full 2 GHz observa-
tions completes the coverage.

Table 2. Properties of the full-resolution (first five rows) and tapered
(last five rows) radio maps in di↵erent frequency bands centred at ⌫0.

Band ID ⌫0 RMS noise Beam size PA
(GHz) (µJy/beam) (00 ⇥ 00) (deg)

Full-resolution images
Block 1 2.769 20.1 2.46 ⇥ 2.09 –41.24
Block 2 2.380 19.9 2.88 ⇥ 2.45 –41.52
Block 3 1.867 18.1 3.62 ⇥ 3.10 –35.24
Block 4 1.381 25.3 5.19 ⇥ 4.38 –42.31

Wide-band 2.030 11.3 5.20 ⇥ 4.38 –42.31
Tapered images

Block 1 2.769 31.6 30.54 ⇥ 19.69 83.92
Block 2 2.380 38.1 30.46 ⇥ 20.75 –89.52
Block 3 1.867 51.1 30.96 ⇥ 22.68 –81.17
Block 4 1.381 71.3 31.03 ⇥ 23.93 –72.66

Wide-band 2.030 25.3 31.48 ⇥ 25.09 –73.07

Notes. The band-width is ⇠500 MHz for IDs from “Block 1” to
“Block 4”; it includes the total frequency range of observations (see
Table 1) for the “Wide-band” ID.

procedures outlined in the 2014 MIRIAD manual to produce
four continuum images. During this procedure it became appar-
ent that data from the 6D array su↵ered from a bandpass ripple
on all baselines associated with antennas 5 and 6 which persisted
for 75 min. This e↵ect is a transient error of unknown origin seen
rarely in ATCA data and was not evident in data from the 750A
or 1.5A configuration. Attempts to correct for this proved un-
successful and baselines to antennas 5 and 6 were removed for
this configuration over this time. An example of the resultant uv-
coverage for the combination of all three configurations for the
1.867 GHz sub-band image is shown in Fig. 1.

Following calibration, sub-band images were created out to
the second null in the point spread function using the task IN-
VERT and a Steer CLEAN (Steer et al. 1984) was applied to
all sources within the primary beam. Two bright sources (at co-
ordinates RA = 07:19:25.285, Dec = �73:32:21.16 and RA =
07:23:30.799, Dec = �73:08:40.16) with fluxes of just over
100 mJy sitting just outside of the primary beam were di�-
cult to clean. They were modelled and subtracted from all of

A116, page 2 of 11
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Fig. 2. Final full-resolution, wide-band image of PLCK G285.0-23.7. The outer, big circle denotes the boundary of the primary beam with a radius
of ⇠0.22 deg. The central 1 Mpc diameter region is indicated by the inner, smaller red circle. The rms noise of this image is 11.3 µJy/beam and the
resolution is 500.

the visibility data and the sub-bands were re-imaged. Details of
the resultant sub-band images are presented in Table 2. The first
200 MHz of the band is strongly a↵ected by RFI meaning the
image at 1.3 GHz has the lowest sensitivity.

The sub-band images were convolved with a Gaussian to
a common resolution, slightly lower than the lowest resolution
sub-band image. The sub-band images were then added together
to create a final wide-band image (see Table 2). As the noise lev-
els in the sub-band images are mostly identical for the three high-
est bands and only di↵ered marginally in the lowest frequency
band, it was not necessary to weight the images relative to the
sensitivities in the mosaicing process. The final deep ATCA im-
age achieves a root mean squared (rms) noise of ⇠11 µJy/beam
measured with AIPS TVSTAT at the field centre in regions inside
the primary beam without any trace of point sources or di↵use
emission. We get a dynamic range of 10 000:1, making it one of
the deepest, highest dynamic range ATCA images yet published,
equal to the recent image of the Bullet Cluster at 11 µJy/beam
(Shimwell et al. 2014, 2015). The image is shown in Fig. 2.

A visual inspection of our full-resolution ATCA image of
PLCK G285.0-23.7 shows no obvious presence of di↵use radio
emission in the central area where the cluster lies (see Figs. 2
and 3 for a zoomed version on the cluster). In order to investigate
the possible presence of low-surface-brightness di↵use sources
in the cluster, visibilities were re-imaged with a robust= 0.5
weighting and a ⇠9 k� Gaussian tapering was applied allowing
a FWHM of ⇡30 arcsec (see Table 2). Again, data were imaged

in each of the four sub-bands with the taper applied and then
mosaicked into a single deep map (see Table 2). A di↵use, low-
surface-brightness source is detected coincident with the cluster
core.

3. Results

3.1. Detection and characterisation of a radio halo
in PLCK G285.0-23.7

Contours of the low-resolution radio map of PLCK G285.0-
23.7 are overlaid on the X-ray XMM image of the same sky
region in Fig. 4. The morphology of the di↵use radio source
matches very closely the thermal ICM X-ray emission in terms
of extension and of elongation (with a main axis along the east–
west direction). This, together with the disturbed dynamical state
of the cluster suggested by its X-ray morphology and density
profile (Planck Collaboration IX 2011), allows us to confidently
classify the di↵use source in PLCK G285.0-23.7 as a classi-
cal RH.

We now examine the radio flux density of the di↵use source
on the tapered image relative to Block 3 (ID 2 in Table 3), i.e. the
image centred at 1.867 GHz and characterised by an average rms
noise level of 51.1 µJy/beam (Table 2), as it shows the best sen-
sitivity to the di↵use radio emission. Owing to the typical spec-
tral behaviour of radio halos (with synchrotron spectral index
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Fig. 3. Contours of the ATCA tapered image centred at 1.867 GHz are overlaid on the ATCA wide-band tapered (left) and full-resolution maps
(right). Dashed contours correspond to the islands of significant emission detected by PyBDSM on the Block 3 tapered map (cyan contours in
Fig. A.1). The continuous curves trace instead “classical” 3, 3 ⇥

p
2, 6� contours (i.e. with the 51.1 µJy/beam rms value of the map estimated by

hand on the Block 3 tapered map at ⇠30 arcsec resolution; see Table 2).

Fig. 4. Radio contours of the ATCA tapered image centred at 1.867 GHz
overlaid on the smoothed raw XMM image in the [0.3�2.0] keV energy
band of PLCK G285.0-23.7 (Planck Collaboration IX 2011). Contour
levels are the same as in Fig. 3.

Table 3. Physical properties of the di↵use radio source at 1.867 GHz
from tapered images.

Images ID Angular size Physical size Flux
(“⇥”) (kpc ⇥ kpc) (mJy)

ID 1 2.34 ⇥ 1.34 742 ⇥ 425 2.02 ± 0.25
ID 2 00 00 2.11 ± 0.26

ID 2 ss " 00 1.95 ± 0.25
ID 1 2.98 ⇥ 1.60 945 ⇥ 507 2.37 ± 0.34
ID 2 00 00 2.53 ± 0.35

ID 2 ss 00 00 2.17 ± 0.44

Notes. Column 1 gives the identification numbers of the tapered im-
ages on which we have performed the measurements: ID 1: Image with
source subtraction in uv-data; ID 2: Image without source subtraction in
uv-data; ID 2 ss: Image of ID2 after removing by hand the flux of point
sources identified in the image plane. Columns 2 and 3 correspond to
the angular and physical size of the source, respectively (see text). Col-
umn 4 reports the flux of the di↵use radio sources as measured with
TVSTAT within the 3 � contours of the map with ID 2 (top), with TV-
STAT within the 3� contours calculated by PyBDSM for the map with
ID 2 (bottom).

Fig. 5. Zoom in the HST-ACS image of PLCK G285.0-23.7 central
field (available in the HST archive). For reference, the 3� contour of
the ATCA tapered image centred at 1.867 GHz is shown in black. The
blue contours indicate sources of significant radio emission in the full-
resolution deep ATCA image of the cluster (i.e. 5 ⇥ rms of the final
wide-band ATCA map shown in Fig. 2).

↵ & 1)1, the rms sensitivity of our maps is comparable from
Block 1 to Block 3; however, a lower luminosity is expected
for the di↵use radio source at the higher frequencies sampled
by Blocks 1 and 2. In terms of sensitivity to steep synchrotron
sources, Block 4 would have been the optimal frequency range
in which to measure the radio halo flux density, if it had not been
badly a↵ected by RFI (⇠60% of the data were flagged).

The total flux density was first measured on the Block 3 ta-
pered image by integration over the source image within 3� con-
tours using the AIPS task TVSTAT. By overlaying the 5� con-
tours corresponding to the full-resolution wide-band radio map
on the optical image of the cluster central region, we identify
two point-like significant objects lying within the region occu-
pied by the di↵use source on the low-resolution radio map. The
two compact radio sources show quite clear optical counterparts
(see Fig. 5). We measured their flux densities using the AIPS
verb JMFIT and we subtracted them from the total flux density
measured inside the 3� contours of the tapered image.

1 In this paper we use the convention S (⌫) / ⌫�↵, with S (⌫) being the
radio flux density.
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To verify that large-scale di↵use emission is not caused by
the blending of discrete sources and to get a complementary flux
measurement, we then produced an image of the di↵use clus-
ter emission by subtracting compact sources in the uv-plane. We
first identified the clean components of the discrete sources by
using only the longest baselines (uv-range 3.6�40.0 k�). These
components were then subtracted from the original data set in
the uv-plane by using the MIRIAD task UVMODEL. At this
point, we calculated the flux density of the residual di↵use emis-
sion by integrating the surface brightness down to the same re-
gion considered before, i.e. within the 3� level of the non-point
source subtracted tapered map (ID 1 in Table 3). The results
of these flux density measurements are given in the top part of
Table 3. The error in flux density is calculated following the for-
mula �F =

p
(�rms)2Nbeam + 0.01F2, where F is the measured

flux density and Nbeam is the number of beams contained in the
measured area.

Table 3 shows the results of the di↵erent flux density mea-
surements; all the values are consistent within the error bars. The
flux measurement that we adopt in our following analysis is the
one measured in the tapered map with point source subtracted
from the uv-plane (ID1 in Table 3), for which we obtain a flux
density of 2.02 ± 0.25 mJy at 1.867 GHz.

In order to get an estimate of the size of the di↵use radio
source, we measured the smallest ellipse that fully contains the
3� contours of the Block 3 tapered map without point source
subtraction (ID2 in Table 3). We obtain an angular extent of
2.340 ⇥ 1.340, which, for our cosmology, corresponds to a ma-
jor and minor axis of ⇠742 kpc and 425 kpc, respectively (see
Table 3).

Finally, we measured with TVSTAT the total flux density on
the ID1 and ID2 maps by following the contours of the signifi-
cant islands of emission identified by the source finder software
PyBDSM around the di↵use source (dashed contours in Fig. 3;
see Appendix A for details on the use of PyBDSM). The results
obtained following this final method are given in the bottom part
of Table 3.

3.2. Radio luminosity vs. cluster mass correlation

We calculated the power of the newly discovered di↵use ra-
dio source and compared it with radio powers of previously
discovered halos. We selected objects firmly classified as gi-
ant radio halos (i.e. with di↵use emission extending beyond the
cluster core), whose flux density has been measured through
radio interferometric observations and with a point source
identification and subtraction strategy very similar to ours,
and with information about M500 in the PSZ2 cluster catalog
(Planck Collaboration XXVI 2016). The list of sources is pre-
sented in Table B.1.

In order to convert all values to the cosmology adopted in this
paper and to take into account some inconsistencies found for
published radio powers, we compiled the total flux densities of
RHs reported in the literature (see Table B.1). We then calculated
radio powers using the formula L⌫ = 4⇡D2

L
S ⌫(1+z)↵�1, where DL

is the luminosity distance of the cluster. Whenever a measured
value of the spectral index is not available, we adopted ↵ = 1.3.

Traditionally RH powers are reported at 1.4 GHz; however,
owing to the lower quality of the Block 4 image centred at
1.381 GHz, we considered the most reliable sub-band map (cen-
tred at 1.867 GHz) and then extrapolated to obtain the 1.4 GHz
radio power. As the spectral index of the radio source is too
uncertain over the ATCA band owing to the very low surface

brightness of the object, we undertake this extrapolation assum-
ing the value of ↵ = 1.3. We obtain a value for the radio power
at 1.4 GHz of 1.72 ± 0.22 ⇥ 1024 W/Hz.

In Fig. 6 we plot the radio power vs. cluster mass for the
RH in PLCK G285.0-23.7 (shown as a red star) as compared
to all halos included in Table B.1, which are indicated by tri-
angles (colour�coded based on the redshift of their host clus-
ters), except when they are classified as ultra steep spectrum
(USS) radio halos and/or when their flux was not measured at
⇡1.4 GHz (see Table B.1), in which case they appear as dots
(keeping the same colour code). Analogously to Cassano et al.
(2013), we fit a power-law relation using linear regression in the
log–log space and adopt a BCES-bisector regression algorithm
(Akritas & Bershady 1996). For the fitting, shown as a red line
in Fig. 6 and characterised by a slope of 4.24±0.14, we consider
only the RHs represented as triangles in Fig. 6. The best fit de-
rived by Cassano et al. (2013), traditionally reported in the litera-
ture, has a slope of 3.77±0.57. For completeness we also derived
the value for the slope using all radio powers of halos present in
Table B.1 for the best fit, which is 4.05 ± 0.09. The three results
are consistent within the error bars. The RH in PLCK G285.0-
23.7 is slightly under-luminous with respect to the best-fit rela-
tion, but is within the scatter of the observed data points. We also
point out that, based on the present radio data, we do not find a
clear trend with redshift of the P1.4 � M500 correlation.

Following Cassano et al. (2007), we show in Fig. 7 the po-
sition of the newly detected radio halo on the plot of radio halo
sizes as a function of the virial radius of their host clusters. There
is evidence that powerful radio halos are also bigger and hosted
by more massive systems (e.g. Giovannini & Feretti 2000;
Kempner & Sarazin 2001; Cassano et al. 2007; Murgia et al.
2009). Although it is a massive cluster (M500 ⇠ 8.39 ⇥ 1014

M�),
PLCK G285.0-23.7 hosts a quite small radio halo of radiusp

a ⇤ b ⇠ 281 kpc, where a and b are the semi-major and semi-
minor axis derived in Sect. 3.1. However, if we consider the cor-
relation between the size of the radio halos and the virial radius
of their hosting clusters (Fig. 7), we see that PLCK G285.0-23.7
(red point) follows the trend of other radio loud clusters. This oc-
curs because PLCK G285.0-23.7 is at a relatively high redshift
(z ⇠ 0.39), which means that its virial radius, and thus its radio
halo, is smaller (owing to the cosmological growth and viriali-
sation of galaxy clusters) than those of nearby clusters with the
same mass.

4. Discussion and conclusions

We present high-sensitivity and wide-band (1.1�3.1 GHz)
ATCA observations of the galaxy cluster PLCK G285.0-23.7,
which reveals the presence of a di↵use radio source with an ex-
tension (major axis) of ⇡700 kpc and a total 1.4 GHz power of
⇡1.7 ⇥ 1024 W/Hz, as extrapolated from measurements in the
500 MHz-wide sub-band centred at 1.867 GHz.

Both the di↵use nature of the source, which is not related
to blending of compact radio objects, and the comparison of our
high-sensitivity tapered radio map to the X-ray image of the clus-
ter allow us to classify the detected emission as a classical RH.
First, the morphology and size of the di↵use radio source indi-
cate a very similar distribution of the non-thermal ICM and the
thermal component, traced by its X-ray bremsstrahlung radia-
tion. Similarly to most known RHs, our newly detected halo is
thus hosted by a massive cluster (8.4 ⇥ 1014

M�), and there are
strong indications that it is a merging system.

Our wide-band full-resolution radio map of PLCK G285.0-
23.7 is one of the deepest ATCA images yet published, reaching
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Fig. 6. Synchrotron power of RHs at 1.4 GHz (P1.4 GHz) vs. cluster mass (M500 from Planck Collaboration XXVI 2016). Symbols are colour�coded
depending on the redshift of RH hosting clusters. The red line is the fit derived in the present paper, including only the RHs with radio fluxes mea-
sured at 1.4 GHz (indicated by triangles; see also Table B.1). Analogously to Cassano et al. (2013), we exclude for the fitting ultra-steep spectrum
RHs and halos detected in frequencies di↵erent from 1.4 GHz, both shown in dots (see Table B.1). The red star corresponds to PLCK G285.0-
23.7 detected in this work. When the spectral index is unknown (including PLCK G285.0-23.7 ) we assume the value of ↵ = 1.3.

an rms level of ⇠11 µJy/beam with a synthesised beam size of
few arcsec, i.e. the kind of sensitivity expected for the upcom-
ing continuum ASKAP-EMU survey (Norris et al. 2011). De-
spite the depth and quality of our radio observations, the de-
tection of the di↵use source required a tapered weighting (see
Table 2), which has allowed the detection of one of the lowest
luminosity RH in the sub-sample of known radio-loud clusters
at z > 0.35 (Fig. 6). This analysis is thus a very good example of
the impact that the 30 000 sq. deg (Dec < 30�) EMU survey will
have on statistical studies of the non-thermal component of the
ICM, if an appropriate data reduction strategy, which includes
data tapering and compact source subtraction, is implemented.

The measurements of the halo radio power can be signifi-
cantly biased by several factors. First of all, the quality of our
map centred at ⇠1.4 GHz does not allow a proper detection and
flux density measurement of the RH, which can instead be re-
liably measured in the sub-band image centred at ⇠1.8 GHz.
Since an in-band spectral index cannot be derived from our data,
a value ↵ = 1.3 is assumed here to get the k-corrected 1.4 GHz
luminosity plotted in Fig. 6. The other significant uncertainty in
comparing our measurement to literature values is intrinsically
related to the relative depth of the di↵erent published maps and
to the method adopted for flux density measurements. Here we
measure the flux density on images with point source subtraction

both on the uv-data and on the image plane, showing that our
di↵erent measurements are consistent within the error bars (see
Table 3). Is it worth mentioning that the telescope only measures
power on the spatial scales of the sampled uv-coverage, which
could limit the total power measured from the radio halo. This
would be especially the case if the uv-coverage happened to lack
at the physical scales of the radio halo.

With these elements in mind, the newly detected RH seems
to be slightly under-luminous compared to objects hosted by
clusters in a similar mass range, as shown in the P1.4 GHz vs.
M500 plot of Fig. 6; however, it is not a clear outlier like the RH
recently discovered by Bonafede et al. (2015).

It is expected that radio halos and their hosting clus-
ters develop complex patterns with time in the radio-mass
(or X-ray luminosity) diagram as a result of the evolution of
cluster dynamics and particle acceleration and spectra (e.g.
Donnert et al. 2013). For most of their lifetimes these sys-
tems are expected to be “o↵-state” (i.e. under-luminous) or in
the region spanned by the correlation leading to an apparent
bimodality (e.g. Brunetti et al. 2009; Cassano et al. 2013). In this
respect under-luminous systems are expected to be generally as-
sociated with both young or old mergers (Donnert et al. 2013);
naively PLCK G285.0-23.7 could be in one of these stages. On
the other hand the spectrum of radio halos also plays a role,
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Fig. 7. Correlation between radio halo sizes and the virial radius of their
host clusters (see Cassano et al. 2007). The newly detected radio halo in
PLCK G285.0-23.7 is indicated in red.

with ultra-steep-spectrum radio halos, which are expected in less
powerful mergers and at higher redshift (as a result of stronger IC
losses), being statistically under-luminous (Cassano et al. 2006,
2010; Brunetti et al. 2008, see Fig. 6).

The new generation of more sensitive radio telescopes will
allow us to discriminate between these two possible scenarios
in the case of PLCK G285.0-23.7 and similarly weak radio loud
clusters through deeper multi-frequency radio observations.
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Appendix A: Detection of the source using PyBDSM

The use of packages for the automatic detection of radio sources
is becoming more and more necessary and common, especially
in the era of the new generation of deep and wide radio surveys
that will ultimately bring to the SKA a revolutionary view of the
long-wavelength sky (see e.g. Norris et al. 2013). In this frame-
work, and in order to get a complementary measure of the total
flux density of the di↵use radio source, we ran the automatic
source finder PyBDSM (Mohan & Ra↵erty 2015) on the tapered
images with and without point source subtraction from the uv-
data. It is worth noting that PyBDSM finds significant emission
in both maps, corresponding to the di↵use radio source that we
found by visual inspection and analysis on the maps (see e.g.
Fig. A.1).

We used the threshold technique of the PyBDSM
process_image task2, which locates islands of emission above
some multiple of the noise in the image (thresh_isl parame-
ter, set to 3� here). This determines the region where fitting is
done. In addition, we set to 5� the source detection threshold
in number of sigma above the mean (thresh_pix parameter).
Finally, we activated the wavelet module of process_image
(i.e. atrous_do=True), which improves the detection of di↵use
sources by doing wavelet transforms at increasing scales of the
residual image after subtraction of the initial fitted Gaussians.
The modelled Gaussians are shown in the bottom right panel of
Fig. A.1, while the top right panel shows the islands of signif-
icant emission (cyan) and the position of the fitted Gaussians.
Violet ellipses indicate the sources identified on the input radio
map (top left), while the red empty ellipse shows the extended
source recovered through the wavelet analysis. As shown in the
residual maps (bottom left), we nicely managed to fit most of the
source components, in particular the central di↵use source.

The final output catalogs of PyBDSM give a list of all
the Gaussian functions fitted to model the significant emission
within the input radio maps and give a source list where dif-
ferent Gaussians are grouped together if they satisfy objective
criteria to be considered as a single source. For each detected
source, PyBDSM provides the values of the FWHM of the ma-
jor and minor axis and the total integrated Stokes I flux density.

2 See http://www.astron.nl/citt/pybdsm/process_image.
html#general-reduction-parameters for detailed instructions of
process_image

To subtract the contribution of point sources in the ID2ss case re-
ported in Table 3, we ran PyBDSM on the full-resolution Block
3 image of the cluster. The flux densities of compact sources
obtained in this way and contained within the cyan region of
Fig. A.1 were then subtracted from the total flux density of the
di↵use source obtained in the ID 2 case.

The size and flux density of the newly detected radio halo are
given as an output of PyBDSM, being 5.76 arcmin ⇥ 4.34 arcmin
(914 kpc ⇥ 689 kpc) and 4.91 ± 0.04 mJy for the map with ID1.
In the case of ID2 and ID2ss, we obtained a halo size of 4.48
arcmin ⇥ 2.70 arcmin, and flux densities of 4.08 ± 0.07 mJy and
3.72 ± 0.16 mJy, respectively.

We note here that, compared to classical measurements per-
formed “by hand” (Sect. 3.1 and Table 3), PyBDSM gives sys-
tematically higher values of both source sizes and total flux den-
sities. This is because with classical methods we integrate the
surface brightness of the di↵use source within a region delimited
by the 3� contours, while this same region is used by PyBDSM
as a support to fit one (or multiple) Gaussian function(s) giv-
ing the total flux density of the source(s) whose size is recon-
structed based on moment analysis. This last method tends to
include flux density coming from regions outside the original
islands of significant emission, in particular when the wavelet
module, which decomposes the residual image that results from
the normal fitting of Gaussians into wavelet images of various
scales, is activated3.

Both methods are based on di↵erent assumptions. In the case
of classical “by-hand” measurements, for instance, it is assumed
that the mean value of the surface brightness of all pixels within
3� contours multiplied by the number of synthesised beams
within the considered region is a proper measurements of the
integrated flux density for the whole RH. Instead, in the case of
PyBDSM, it is assumed that sources are correctly modelled by
one or more Gaussian functions of increasing size. We do not
conclude that one method is better than the other since they are
based on di↵erent approaches, but we definitely recommend not
directly comparing results obtained through a mix of the two dif-
ferent methods when producing plots such as our Fig. 6.

3 atrous_do parameter set to True. See http://
www.astron.nl/citt/pybdsm/process_image.html#
a-trous-wavelet-decomposition-module
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Fig. A.1. Output of the PyBDSM source finder tool. The axis units are in pixels. From left to right and from top to bottom: original image on
which PyBDSM is run (in this example, the ID2 map of Table 3); islands of significant emission (cyan contours) and fitted Gaussians that model
identified sources overlaid on the ID2 map; residual after the subtraction of the fitted sources; model of the reconstructed sky. The big red ellipse
corresponds to the di↵use emission in the centre of the cluster.
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Appendix B: Additional table

Table B.1. Collection of clusters known to host a giant radio halo (see Sect. 3.2).

Name MSZ z Flux density Freq. Power at 1.4 GHz References
(⇥1014

M�) (mJy) (GHz) (⇥1024 WHz�1)
A209 8.4642+0.2837

�0.3160 0.206 16.9 ± 1 1.4 2.19 ± 0.17 1

A520 7.8003+0.4033
�0.4131 0.203 34.4 ± 1.5 1.4 4.65 ± 0.63 2

A521U 7.2556+0.4743
�0.4887 0.2475 6.4 ± 0.6 1.4 1.44 ± 0.14 3

A545 5.3940+0.4059
�0.4098 0.154 23 ± 1 1.4 1.55 ± 0.09 4

A665 8.8590+0.3230
�0.3202 0.1818 43.1 ± 2.2 1.4 4.03 ± 0.28 5

A697U 10.9984+0.3716
�0.3671 0.282 5.2 ± 0.5 1.4 1.53 ± 0.15 6

A746 5.3352+0.3917
�0.4028 0.2323 18 ± 4 1.382 3.03 ± 0.69 6

A754U 6.8539+0.1249
�0.1277 0.0542 83 ± 5 1.4 0.60 ± 0.04 7

A773 6.8474+0.3362
�0.3110 0.2172 12.7 ± 1.3 1.4 2.50 ± 0.36 2

A1300U 8.9713+0.4587
�0.4537 0.3075 130 ± 10 0.325 3.55 ± 0.35 8

A1351 6.8676+0.3799
�0.3812 0.322 32.4 ± 3.2 1.4 11.97 ± 1.51 9

A1656 7.1652+0.0674
�0.1073 0.0231 720 ± 130 1.0 0.69 ± 0.13 10

A1689 8.7689+0.3368
�0.3368 0.1832 91.6 ± 2.7 1.2 7.46 ± 0.52 11

A1758 8.2173+0.2727
�0.2824 0.2799 16.7 ± 0.8 1.4 4.42 ± 0.37 1

A1914 7.2358+0.2582
�0.2612 0.1712 64 ± 3 1.4 5.91 ± 0.38 4

A1995 4.9242+0.3773
�0.3691 0.3179 4.1 ± 0.7 1.4 1.47 ± 0.28 1

A2034 5.8503+0.2294
�0.2337 0.113 13.6 ± 1.0 1.4 0.46 ± 0.04 1

A2163 16.1164+0.2968
�0.2922 0.203 155 ± 2 1.4 20.58 ± 1.17 12

A2219 11.6918+0.2500
�0.2743 0.228 81 ± 4 1.4 12.24 ± 0.65 4

A2254 5.5870+0.3597
�0.3548 0.178 33.7 ± 1.8 1.4 3.14 ± 0.22 2

A2255 5.3828+0.0586
�0.0612 0.0809 56 ± 3 1.4 0.93 ± 0.06 13

A2256 6.2107+0.1012
�0.0915 0.0581 103.4 ± 1.1 1.4 0.87 ± 0.02 14

A2294 5.9829+0.3671
�0.3741 0.178 5.8 ± 0.5 1.4 0.54 ± 0.05 1

A2319 8.7351+0.1132
�0.1240 0.0557 328 ± 28 1.4 2.45 ± 0.21 15

A2744 9.8356+0.3947
�0.3754 0.3066 57.1 ± 2.9 1.4 19.28 ± 2.76 2

A3411 6.5925+0.3094
�0.3106 0.1687 4.8 ± 0.5 1.4 0.38 ± 0.04 16

A3888 7.1948+0.2639
�0.2590 0.151 27.57 ± 3.13 1.867 1.89 ± 0.22 17

PLCKG285.0-23.7 8.3925+0.3332
�0.3404 0.39 2.02 ± 0.25 1.867 1.72 ± 0.22 18

PLCKG171.9-40.7U 10.7102+0.4931
�0.4963 0.27 18 ± 2 1.4 4.98 ± 0.58 19

RXCJ0949.8+1708 8.2387+0.4644
�0.4561 0.38 21.0 ± 2.2 0.323 1.75 ± 0.76 20

RXCJ0107.7+5408 5.8478+0.3030
�0.3117 0.1066 55 ± 5 1.382 1.62 ± 0.15 6

Notes. Clusters marked with U host USS radio halos. Column 1: cluster name; Col. 2: SZ mass proxy (M500) from the last PSZ2 Planck cluster
catalog (Planck Collaboration XXVI 2016); Col. 3: redshift from PSZ2 Planck cluster catalog (Planck Collaboration XXVI 2016); Col. 4: radio
flux density at frequency given in Col. 5; Col. 6: radio power at 1.4 GHz; Col. 7: references to the radio flux density.
References. (1) Giovannini et al. (2009); (2) Govoni et al. (2001); (3) Dallacasa et al. (2009); (4) Bacchi et al. (2003); (5) Giovannini & Feretti
(2000); (6) van Weeren et al. (2011); (7) Macario et al. (2011); (8) Venturi et al. (2013); (9) Giacintucci et al. (2009); (10) Kim et al. (1990);
(11) Vacca et al. (2011); (12) Feretti et al. (2001); (13) Govoni et al. (2005); (14) Clarke & Ensslin (2006); (15) Farnsworth et al. (2013);
(16) van Weeren et al. (2013); (17) Shakouri et al. (2016); (18) This paper; (19) Giacintucci et al. (2013); (20) Bonafede et al. (2015);
(21) Giacintucci et al. (2011); (22) Bonafede et al. (2012); (23) van Weeren et al. (2009); (24) Liang et al. (2000); (25) Lindner et al. (2014).
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Table B.1. continued.

Name MSZ z Flux density Freq. Power at 1.4 GHz References
(⇥1014

M�) (mJy) (GHz) (⇥1024 WHz�1)
RXCJ1514.9-1523 8.8607+0.4054

�0.4578 0.2226 102 ± 9 0.327 1.56 ± 0.48 21
RXCJ2003.5-2323 8.9919+0.4444

�0.4885 0.3171 35 ± 2 1.4 12.54 ± 0.75 9

MACSJ1149.5+2223U 10.4178+0.5207
�0.5451 0.545 29 ± 4 0.323 2.54 ± 1.22 22

MACSJ0717.5+3745 11.4871+0.5347
�0.5482 0.546 41.5 ± 4.1 1.4 51.45 ± 8.43 23

MACSJ1752.0+4440 6.7475+0.4377
�0.4543 0.366 164 ± 13 0.323 11.84 ± 1.56 22

MACSJ0553.4-3342 8.7720+0.4399
�0.4629 0.431 62 ± 5 0.323 6.87 ± 2.96 22

CIZAJ1938.3+5409 7.5779+0.2876
�0.2809 0.26 11.0 ± 1.2 0.323 0.36 ± 0.16 20

CL0016+16 9.7937+0.5293
�0.5314 0.5456 5.5 ± 0.5 1.4 7.43 ± 1.63 5

1E0657-56 13.1003+0.2874
�0.2931 0.2965 78 ± 5 1.4 23.68 ± 2.30 24

El Gordo 10.7536+0.4781
�0.4721 0.87 2.43 ± 0.18 2.1 10.20 ± 0.99 25
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