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ABSTRACT
Radio relics at the peripheries of galaxy clusters are tracers of the elusive cluster
merger shocks. We report the discovery of a single radio relic in the galaxy cluster
PLCK G200.9�28.2 (z = 0.22, M500 = 2.7 – 0.2 × 1014 M�) using the Giant Metrewave
Radio Telescope at 235 and 610 MHz and the Karl G. Jansky Very Large Array at 1500 MHz.
The relic has a size of �1 × 0.28 Mpc, an arc-like morphology and is located at 0.9 Mpc
from the X-ray brightness peak in the cluster. The integrated spectral index of the relic is
1.21 – 0.15. The spectral index map between 235 and 610 MHz shows steepening from the
outer to the inner edge of the relic in line with the expectation from a cluster merger shock.
Under the assumption of diffusive shock acceleration, the radio spectral index implies a Mach
number of 3.3 – 1.8 for the shock. The analysis of archival XMM–Newton data shows that
PLCK G200.9�28.2 consists of a northern brighter sub-cluster, and a southern sub-cluster in
a state of merger. This cluster has the lowest mass amongst the clusters hosting single radio
relics. The position of the Planck Sunyaev�Ze�ldovich effect in this cluster is offset by 700 kpc
from the X-ray peak in the direction of the radio relic, suggests a physical origin for the offset.
Such large offsets in low mass clusters can be a useful tool to select disturbed clusters and to
study the state of merger.

Key words: radiation mechanisms: non-thermal � shock waves � galaxies: clusters: individ-
ual: PLCKG200.9�28.2 � galaxies: clusters: intracluster medium � radio continuum: general �
X-rays: galaxies: clusters.

1 INTRODUCTION

Radio relics are diffuse, elongated, radio sources of synchrotron
origin, occurring at the peripheries of galaxy clusters in the form
of spectacular single or double symmetric arcs around cluster cen-
tres (e.g. Bagchi et al. 2006; Giacintucci et al. 2008; van Weeren
et al. 2010; de Gasperin et al. 2014). These are exclusively found
in clusters undergoing mergers and have been proposed to origi-
nate in acceleration/ re-acceleration at merger shocks (see Brunetti

� E-mail: ruta@ncra.tifr.res.in (RK); daniel.r.wik@nasa.gov (DRW)

& Jones 2014, for a review). The scenario is supported by sev-
eral observational facts: The radio spectral index distribution across
relics typically shows a �at to steep trend from the outer to the
inner edge (e.g. Orr·u et al. 2007; van Weeren et al. 2010, 2012;
Bonafede et al. 2012; Kale et al. 2012; Stroe et al. 2013; de Gasperin
et al. 2015). Relics have been found to be polarized (20�30 per cent),
indicating underlying ordered magnetic �elds (e.g. van Weeren
et al. 2010; Kale et al. 2012; de Gasperin et al. 2015).

Diffusive shock acceleration (DSA) of electrons at shocks driven
by merging sub-clusters can explain the power-law spectra of ra-
dio relics (e.g. Enßlin et al. 1998; Kang & Jones 2005; Hoeft &
Br¤uggen 2007; Kang, Ryu & Jones 2012). However, DSA has low
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acceleration ef�ciency in the low Mach number shocks (M < 4)
typical in galaxy clusters (e.g. Markevitch 2010) and thus is not suf-
�cient to explain some of the observed large radio relics (Brunetti
& Jones 2014). The observed spectral curvatures and widths of a
few radio relics cannot be explained under standard DSA (e.g. Stroe
et al. 2013; Ogrean et al. 2014; Trasatti et al. 2015; Stroe et al. 2016).
The contamination due to the Sunyaev�Ze�ldovich (SZ) effect can
explain the spectral steepening in some relics (Basu et al. 2016).

Recently, using the particle-in-cell simulations of weak collision-
less shocks, Shock Drift Acceleration (SDA) has been proposed as
a pre-heating mechanism (e.g. Matsukiyo et al. 2011; Guo, Sironi
& Narayan 2014). This can alleviate the issue of low accelera-
tion ef�ciency with the standard DSA providing a �rst stage of
re-acceleration. The remnants of radio galaxies available at the lo-
cation of the shock are also plausible sources of seed relativistic
electrons to DSA (e.g. Markevitch et al. 2005; Kang & Ryu 2015).
However the role of magnetic �eld, the ef�ciency of acceleration
and injection of seed relativistic electrons in the shock is still not
well understood (Brunetti & Jones 2014).

Radio relics are known to occur as single or double arcs at cluster
peripheries. Double relics are special systems where the associated
cluster merger axis is nearly in the plane of the sky and allows the
detection of the shock properties in radio and X-rays. For the sample
of known double radio relics a scaling relation between the 1.4 GHz
radio power of the relic and the host cluster mass has been reported
by de Gasperin et al. (2014). It was also shown that the single relics
show a large scatter around this scaling relation. Galaxy clusters
with single arc-like relics may be cluster mergers with a geometry
unfavourable to allow the view of the second relic or are intrinsically
systems with merger parameters that did not result in the generation
of the second relic. A large sample of relics is needed to understand
the connection between mergers and generation of relics.

The number of known relics associated with merger shocks is
still small. Searches for relics have been carried out in all sky ra-
dio surveys such as the NRAO VLA Sky Survey (NVSS Condon
et al. 1998; Giovannini & Feretti 2000), the Westerbork North-
ern Sky Survey (WENSS Rengelink et al. 1997; Kempner &
Sarazin 2001) and the VLA Low Frequency Sky Survey (VLSS
Cohen et al. 2007; van Weeren et al. 2009) in the directions of
galaxy clusters. Radio relics have also been discovered using ob-
servations with the Green Bank Telescope in the directions of clus-
ters (Farnsworth et al. 2013). In the Extended GMRT Radio Halo
Survey sample that consisted of clusters with X-ray luminosity
>5 × 1044 erg s�1 in the redshift range of 0.2�0.4, the radio relics
were found in �5 per cent of the clusters (Kale et al. 2015).

Galaxy clusters with indications of an ongoing merger are poten-
tial candidates as hosts of radio relics. Recently the Planck satellite,
using the SZ decrement, has detected 947 clusters of which 214 clus-
ters are new (Planck Collaboration XXXII 2015). The newly dis-
covered clusters have lower luminosities and �atter density pro�les
as compared to the clusters already known from X-ray observations
(Planck Collaboration I 2012, hereafter PC12). These properties
indicate ongoing mergers and therefore the new Planck clusters are
potential candidates for the search of radio relics in radio surveys.

Radio relics have been reported in the new Planck clusters since
the Planck Early SZ catalogue of galaxy clusters (Bagchi et al. 2011;
de Gasperin et al. 2014, 2015). In this paper, we report the dis-
covery of a radio relic at the periphery of a new Planck cluster,
PLCKG200.9�28.2, using radio observations from the Giant Me-
trewave Radio Telescope (GMRT) and the Karl G. Jansky Very
Large array (VLA). The paper is organized as follows. The galaxy
cluster PLCK G200.9�28.2 is introduced in Section 2. The radio

Table 1. Properties of PLCK G200.9�28.2 (PC12).

RAJ2000 04h50m20.s9
DECJ2000 �02�56�57.��6
Redshift 0.22
L500, [0.1�2.4]keV (0.99 – 0.04) × 1044 erg s�1

M500 (2.7 – 0.2) × 1014M�

data analysis and the images are presented in Sections 3 and 4. The
analysis of XMM–Newton data towards this cluster is presented in
Section 5. The origin of the radio relic is discussed in Section 6.
Conclusions are presented in Section 7.

We adopt � cold dark matter cosmology with
H0 = 71 km s�1 Mpc�1, �� = 0.73 and �m = 0.27 in this
work. This implies a linear scale of 3.52 kpc per arcsec at the
redshift of the cluster PLCKG200.9�28.2.

2 PLCK G200 .9–28 .2

PLCK G200.9�28.2 was a candidate cluster in the Planck satellite
Early Cluster catalogue (Planck Collaboration VIII 2011, here-
after PC11) that was subsequently con�rmed with the XMM–
Newton observations in X-rays (PC12). It is a cluster at a redshift
of 0.22 with mass M500 = (2.7 – 0.2) × 1014 M�, X-ray luminos-
ity L500, [0.1 � 2.4]keV = (0.99 – 0.04) × 1044 erg s�1, and an average
temperature of 4.5 keV (Table 1). This cluster has a large offset of
3.4 arcmin between the X-ray and the SZ position, which is
above the median offset of 1.6 arcmin (Planck Collaboration VIII
2011; Planck Collaboration IX 2011) for other clusters in the
Planck catalogue and the Planck reconstruction uncertainty that
peaks at 2 arcmin (PC12). An extended radio source at the edge
of this cluster was noticed in the NVSS and was identi�ed as a can-
didate radio relic (Kale et al. 2013). In this work, we present deep
radio observations and a re-analysis of the X-ray data that allow us
to study the nature of the radio relic and the host cluster.

3 RADIO DATA ANALYSIS

We have observed PLCK G200.9�28.2 with the GMRT and the
VLA in December 2012 and July 2013, respectively. The summary
of the observations is given in Table 2.

3.1 GMRT

PLCK G200.9�28.2 was observed with the GMRT using the dual
frequency mode (610 and 235 MHz). This mode allows simultane-
ous recording of data at 610 and 235 MHz with one polarization at
each frequency. The data reduction was carried out using NRAO
Astronomical Image Processing System (AIPS). The data at 610 and
235 MHz were saved in separate FITS �les and the standard steps of
data reduction such as �agging (removal of bad data), calibration
and imaging and self-calibration were followed. The standard cali-
brators 3C48 and 3C147 were used for �ux and bandpass calibration
and the sources 0409�179 and 0521+166 were used for phase cal-
ibration. The calibrated target source data were examined and bad
data were removed. The �nal visibilities on the target were then split
from the multisource �le and averaged in frequency appropriately
to avoid being affected by bandwidth smearing and at the same time
to reduce the size of the data. The frequency averaged data were
then imaged in AIPS. A few iterations of phase self-calibration and
one iteration of amplitude and phase self-calibration were carried
out. At an intermediate stage in self-calibration, when most of the
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Table 2. Summary of the radio observations.

Telescope Date Freq. BW Freq. res. Time Beam � rms
(MHz) (MHz) (kHz/channel) (min.) (�� × ��, �) (mJy beam�1)

GMRT 2012 December 31 235 8 130 390 14.7 × 12.8, 50.4 0.39
GMRT 2012 December 31 610 32 130 390 5.6 × 4.7, 59.4 0.045
VLA 2013 July 04 1500 1000 25 90 14.5 × 10.0, 33.7 0.060

sources were cleaned, the clean components were subtracted from
the visibilities. The residuals were clipped to excise the low level
Radio Frequency Interference (RFI) and the clean components were
added back. These visibilities were used for further iterations of self-
calibration. The �nal images were produced using robust �0� weights
and the rms in the same has been reported in Table 2. Restriction of
UV-range was used to produce images with lower resolutions for the
analysis of extended emission. The images were corrected for the
GMRT primary beam using the polynomial approximation to the
beam using the task �PBCOR�. A conservative estimate of amplitude
calibration error (� amp) of 10 per cent at both 235 and 610 MHz was
considered in calculating the errors on the measured �ux densities
of the sources. The AIPS task TVSTAT was used for measuring the
total �ux density of extended sources and the task JMFIT was used
for point sources. The error on the �ux density (�S�) of a source
of strength S� at a frequency �, that has an extent of Nb, number of
beams, is calculated as �S� = [ (�amp � S�)2 + (�rms �

�
Nb)2]1/2 ,

where � rms is the rms noise in the image.

3.2 VLA

The VLA in C-con�guration was used to observe
PLCK G200.9�28.2 in the frequency band 1�2 GHz. The
1 GHz bandwidth contained 16 frequency sub-bands, each with
64 channels. The pre-processed data provided by NRAO were
downloaded and processed further in Common Astronomy Soft-
ware Applications (CASA). The pre-processing involved �agging
and calibration. Manual �agging was carried out to remove the
residual bad data. From the 16 sub-bands �ve (1, 2, 3, 8, 9) were
�agged. Two channels at the edges of each of the sub-bands were
removed and 10 channels were averaged to a single channel.
The data were averaged to 10s to reduce the data volume. The
�nal visibilities with 6 channels per sub-band and 10s samples
were used for imaging. The CASA task �clean�, with the multiscale
multifrequency synthesis (MS�MFS) imaging, was used. Three
iterations of phase self-calibration were carried out. The rms in
the image produced using robust = 0 (weighting=�Briggs�) for
the visibilities is reported in Table 2. The task �widebandpbcor�
was used to correct for the effect of the primary beam of the
VLA antennas. An amplitude calibration error of 10 per cent has
been considered in calculating the errors on the measured �ux
densities.

4 RADIO RESULTS

The GMRT 610 MHz image is presented in Fig. 1 along with an
overlay on the Digitized Sky Survey R-band image. The GMRT
235 MHz and the VLA 1500 MHz images are presented in Fig. 2.
The region of PLCK G200.9�28.2 consists of a few discrete
sources and a large elongated source. The radio properties of these
are reported in the following sub-sections.

4.1 Discrete radio sources

The discrete radio sources in the central region of the
PLCK G200.9�28.2 �eld are named S1�S5 and those near the large
elongated radio source as A and B. The discrete sources S1�S5 are
all resolved at 610 MHz. The sources S1, S2 and S3 have optical
counterparts. Sources S4 and S5 are both diffuse and have no op-
tical counterparts in the Digitised Sky Survey (DSS) image. The
integrated spectral indices of S1, S2 and S3 are in the range 0.6�0.8
(Fig. 3, Table 3). The diffuse sources S4 and S5 show steepen-
ing in their spectra at higher frequencies. S4 and S5 may be radio
lobes associated with S3. Towards the south of the cluster, embed-
ded in the extended emission is the source A that can be identi�ed
with the galaxy 2MASX J04502353�0302367 (Fig. 1b). The unre-
solved source B lies beyond the edge of diffuse source towards the
south-west, has no optical counterpart and has an inverted spectrum
(Table 3).

4.2 A radio relic

There is an elongated, diffuse radio source located at a projected
distance of about 0.9 Mpc towards the south-west of the X-ray
position of the cluster PLCK G200.9�28.2 [PC12, Fig. 1(a)]. The
discrete sources A and B in the region show no morphological
connection like jets to the extended source at the highest resolution
of �4 arcsec at 610 MHz (in an image with uniform weights for the
visibilities, not shown). We refer to this source as the radio relic.
Assuming the relic to be at the redshift of the host cluster, the largest
linear extent of the relic is 1020 kpc and the largest width is 280 kpc.
The properties of the relic are summarized in Table 4.

4.2.1 Integrated spectrum

The �ux density of the relic was measured in the each of the 235,
610 and 1500 MHz image using identical regions. The �ux density
in the relic was measured in a region covering the extent of the relic
which also included the source A. The �ux density of A (Gaussian
�t), which is the only point source in the region, was subtracted
from it. The resulting �ux densities of the relic and the spectral
indices are reported in Table 4. The 150 MHz image of the region of
PLCK G200.9�28.2 available from the TIFR GMRT Sky Survey
(TGSS,1 PI S. Sirothia) was also used. The rms noise in the image
is 5 mJy beam�1(beam is �25 arcsec). The �ux density of the relic
in this image, assuming a 20 per cent error, is reported (Table 4,
Fig. 4). The integrated spectrum of the relic is a single power law
with a spectral index 1.21 – 0.15.

4.2.2 Spectral index map

With radio observations at two or more frequencies with overlap-
ping UV-coverages, spectral index maps of an extended source

1 http://tgss.ncra.tifr.res.in/
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