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ABSTRACT
Previous studies have shown that CIZA J2242.8+5301 (the �Sausage� cluster, z = 0.192) is
a massive merging galaxy cluster that hosts a radio halo and multiple relics. In this paper,
we present deep, high-�delity, low-frequency images made with the LOw-Frequency Array
(LOFAR) between 115.5 and 179 MHz. These images, with a noise of 140 µJy beam�1 and
a resolution of �beam = 7.3 arcsec × 5.3 arcsec, are an order of magnitude more sensitive and
�ve times higher resolution than previous low-frequency images of this cluster. We combined
the LOFAR data with the existing Giant Metrewave Radio Telescope (GMRT) (153, 323,
608 MHz) and Westerbork Synthesis Radio Telescope (WSRT) (1.2, 1.4, 1.7, 2.3 GHz) data to
study the spectral properties of the radio emission from the cluster. Assuming diffusive shock
acceleration (DSA), we found Mach numbers of Mn = 2.7+0.6

�0.3 and Ms = 1.9+0.3
�0.2 for the

northern and southern shocks. The derived Mach number for the northern shock requires an
acceleration ef�ciency of several percent to accelerate electrons from the thermal pool, which
is challenging for DSA. Using the radio data, we characterized the eastern relic as a shock
wave propagating outwards with a Mach number of Me = 2.4+0.5

�0.3, which is in agreement with
MX

e = 2.5+0.6
�0.2 that we derived from Suzaku data. The eastern shock is likely to be associated

with the major cluster merger. The radio halo was measured with a �ux of 346 – 64 mJy at
145 MHz. Across the halo, we observed a spectral index that remains approximately constant
(�145 MHz-2.3 GHz

across�1 Mpc2 = �1.01 – 0.10) after the steepening in the post-shock region of the northern
relic. This suggests a generation of post-shock turbulence that re-energies aged electrons.

Key words: radiation mechanisms: non-thermal � shock waves � galaxies: clusters: individ-
ual: (CIZA J2242.8+5301) � galaxies: clusters: intracluster medium � diffuse radiation � large-
scale structure of Universe.

1 INTRODUCTION

Diffuse Mpc-scale synchrotron emission has been observed in a
number of galaxy clusters, revealing the prevalence of non-thermal
components in the intra-cluster medium (ICM). This diffuse radio
emission is not obviously associated with compact radio sources
(e.g. galaxies) and is classi�ed as two groups: radio haloes and
relics (e.g. see a review by Feretti et al. 2012). Radio haloes often

� E-mail: hoang@strw.leidenuniv.nl (DNH); shimwell@strw.leidenuniv.nl
(TWS)
� ESO Fellow.
� Clay Fellow.

have a regular shape, approximately follow the distribution of the
X-ray emission, and are apparently unpolarized. Radio relics often
have an elongated morphology, are found in the cluster outskirts
and are strongly polarized at high frequencies. In the framework
of hierarchical structure formation, galaxy clusters grow through a
sequence of mergers of smaller objects (galaxies and sub-clusters).
During merging events, most of the gravitational energy is con-
verted into thermal energy of the ICM, but a small fraction of it
goes into non-thermal energy that includes relativistic electrons
and large-scale magnetic �elds. Energetic merging events leave
observable imprints in the ICM such as giant shock waves, tur-
bulence and bulk motions whose signatures are observable with
radio and X-ray telescopes (e.g. Br¤uggen et al. 2012; Brunetti &
Jones 2014).
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The (re-)acceleration mechanisms of relativistic electrons are still
disputed for both radio haloes and radio relics. There are two promi-
nent models that have been proposed to explain the mechanisms in
radio haloes. (i) The re-acceleration model asserts that electrons are
accelerated by turbulence that is introduced by cluster mergers (e.g.
Brunetti et al. 2001; Petrosian 2001). (ii) The secondary accelera-
tion model proposes that the relativistic electrons/positrons are the
secondary products of hadronic collisions between relativistic pro-
tons and thermal ions present in the ICM (e.g. Dennison 1980; Blasi
& Colafrancesco 1999; Dolag & Ensslin 2000). The former model
is thought to generate radio emission that is observable for approx-
imately 1 Gyr after major merging events (Brunetti et al. 2009;
Miniati 2015). In the latter model, the radio emission is sustained
over the lifetime of a cluster due to the long lifetime of relativistic
protons in the ICM leading to the continuous injection of secondary
particles. The secondary model also predicts the existence of � -rays
as one of the products of the decay chain associated with hadronic
collisions. But despite numerous studies with the Fermi Gamma-ray
Space Telescope (e.g. Jeltema & Profumo 2011; Brunetti et al. 2012;
Zandanel & Ando 2014; Ackermann et al. 2016), no �rm detection
of the � -rays from the ICM has been challenging this scenario.
Still secondary electrons may contribute to the observed emis-
sion, for instance a hybrid model where turbulence re-accelerates
both primary particles and their secondaries has also been pro-
posed to explain radio haloes (Brunetti et al. 2004; Brunetti &
Lazarian 2011; Pinzke, Oh & Pfrommer 2016); in this case, the
expected � -ray emission is weaker than that expected in purely
secondary models.

Radio relics are generally thought to trace shock waves in the clus-
ter outskirts that are propagating away from the cluster after a merg-
ing event (e.g. Enßlin et al. 1998; Roettiger, Burns & Stone 1999).
It is also thought that some radio relics might be generated by
shocks associated with in-falling matter from cosmic �laments (e.g.
Enßlin et al. 1998; Enßlin, Gopal-Krishna & Gopal 2001; Brown
& Rudnick 2011). Particle acceleration at shocks can be described
by the diffusive shock acceleration (DSA) model (e.g. Bell 1978;
Drury 1983; Blandford & Eichler 1987). However, shocks in galaxy
clusters are weak (Mach � 5) and in some cases the plausibility of
the acceleration of thermal particles in the ICM by DSA is chal-
lenged by the observed spectra of radio relics and by the ef�ciencies
that would be required to explain observations (e.g. see , Akamatsu
et al. 2015; Brunetti & Jones 2014; Vazza et al. 2015; Botteon
et al. 2016; van Weeren et al. 2016b). However, these problems can
be mitigated if the shock re-accelerates fossil electrons that have al-
ready been accelerated prior to the merging event (e.g. Markevitch
et al. 2005; Kang & Ryu 2011; Kang, Ryu & Jones 2012). Obvi-
ous candidate sources of fossil electrons are radio galaxies on the
outskirts of the relic cluster. Observationally, this re-acceleration
mechanism was proposed to explain the radio emission in a few
clusters such as Abell 3411-3412 (van Weeren et al. 2013, 2017),
PLCKG287.0+32.9 (Bonafede et al. 2014) and the Bullet cluster
1E 0657�55.8 (Shimwell et al. 2015).

1.1 The galaxy cluster CIZA J2242.8+5301

CIZA J2242.8+5301 (hereafter CIZA2242, z = 0.192) is a massive
galaxy cluster that hosts an excellent example of large-scale particle
acceleration. CIZA2242 was originally discovered in the ROSAT
All-Sky Survey and was identi�ed as a galaxy cluster undergoing
a major merger event by Kocevski et al. (2007). The cluster has
since been characterized across a broad range of electromagnetic

wavelengths including X-ray, optical and radio, and its properties
have been interpreted with the help of simulations.

XMM–Newton X-ray observations (Ogrean et al. 2013) con�rmed
the merging state of the cluster and characterized its disturbed mor-
phology and elongation in the north�south direction. Suzaku obser-
vations (Akamatsu & Kawahara 2013; Akamatsu et al. 2015) de-
tected an ICM temperature jump, indicating the presence of merger
shocks in the north and south of the cluster. The Mach numbers of
these shocks were estimated as Mn = 2.7+0.7

�0.4 and Ms = 1.7+0.4
�0.3,

respectively. Chandra observations (Ogrean et al. 2014a) revealed
additional discontinuities in the X-ray surface brightness in multiple
locations in the cluster outskirts (see �g. 8 in Ogrean et al. 2014a).
In the optical band, a comprehensive redshift analysis to study the
geometry and dynamics of the merging cluster, Dawson et al. (2015)
found that CIZA2242 consists of two sub-clusters that are at similar
redshift but have virtually no difference in the line-of-sight veloc-
ity (69 – 190 km s�1) and are separated by a projected distance of
1.3+0.13

�0.10 Mpc.
Radio observations with the GMRT (at 608 MHz) and WSRT

(at 1.2, 1.4, 1.7, and 2.3 GHz) reported two opposite radio relics
located at the outskirts (1.5 Mpc from the cluster centre, van Weeren
et al. 2010). The northern relic has an arc-like morphology, a size
of 2 Mpc × 55 kpc, spectral index gradients from �0.6 to �2.0
across the width of the relic and a high degree of polarization
(50�60 per cent, VLA 4.9 GHz data). The relics have been inter-
preted as tracing shock waves propagating outwards after a major
cluster merger. The injection spectral index of �0.6 – 0.05 of the
northern relic, which was calculated from the radio observations,
corresponds to a Mach number of 4.6+1.3

�0.9 and is higher than the
values derived from X-ray studies (e.g. MX

n = 2.54+0.64
�0.43 in Ogrean

et al. 2014a). The magnetic �eld strength was estimated to be within
5�7 µG to satisfy the conditions of the spectral ageing, the relic ge-
ometry and the ICM temperature. Faint emission connecting the
two relics was detected in the WSRT 1.4 GHz map and was in-
terpreted as a radio halo by van Weeren et al. (2010) but was not
characterized in detail. Stroe et al. (2013) performed further studies
of CIZA2242 using GMRT 153- and 323-MHz data in combina-
tion with the existing data. Integrated spectra for the relics were
reported, and by using standard DSA/re-acceleration theory, Stroe
et al. (2013) estimated Mach numbers of Mn = 4.58 – 1.09 for the
northern radio relic (from the injection index of �0.6 – 0.05 which
they obtained from colour-colour plots) and Ms = 2.81 – 0.19 for
the southern radio relic (derived from the integrated spectral index
of �1.29 – 0.04 using DSA model). Stroe et al. (2013) found vari-
ations in the radio surface brightness on scales of 100 kpc along
the length of the northern relic and linked them with the variations
in ICM density and temperature (Hoeft et al. 2011). Additionally,
Stroe et al. (2013) reported relics on the eastern side of the clus-
ter and characterized �ve tailed radio galaxies spread throughout
the ICM.

Despite CIZA2242 being an exceptionally well-studied cluster,
several questions remain unanswered, such as (i) the discrepancy
between the radio and X-ray-derived Mach numbers for the northern
and southern relics; (ii) the connection between the radio halo and
the northern and southern relics; (iii) the spectral properties of the
radio halo, southern and eastern relics; (iv) the nature of the eastern
relics. In this paper, we present LOFAR (van Haarlem et al. 2013)
observations of CIZA2242 using the high-band antenna (HBA).
With its excellent surface brightness sensitivity coupled with high
resolution, LOFAR is well suited to study objects that host both com-
pact and very diffuse emission, such as CIZA2242. The high density
of core stations is essential for the detection of diffuse emission from
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Table 1. LOFAR HBA observation parameters.

Observation IDs L260393 (CIZA2242), L260397 (3C 196)
Pointing centres 22:42:53.00, +53.01.05.01 (CIZA2242),

08:13:36.07, +48.13.02.58 (3C 196)
Integration time 1 s
Observation date 2015 February 21
Total on-source time 9.6 hr (CIZA2242),

10 min (3C 196)
Correlations XX, XY, YX, YY
Frequency range 115.5�179.0 MHz (CIZA2242)

109.7�189.9 MHz (3C 196)
Total bandwidth 63.5 MHz (CIZA2242,

usable 56.6 MHz)
Total number of
sub-band (SB) 325 (CIZA2242, usable 290 SBs)
Bandwidth per SB 195.3125 kHz
Channels per SB 64
Number of stations 60 (46 split core + 14 remote)

CIZA2242 that has emission on scales of up to 17 arcmin. In this
paper, we offer new insights into the above questions by exploit-
ing our high-spatial resolution, deep LOFAR data in combination
with the published GMRT, WSRT, Chandra and Suzaku data (van
Weeren et al. 2010; Stroe et al. 2013; Ogrean et al. 2014a; Akamatsu
et al. 2015).

Hereafter, we assume a �at cosmology with �M = 0.3, �� = 0.7
and H0 = 70 km s�1 Mpc�1. In this cosmology, an angular distance
of 1 arcmin corresponds to a physical size of 192 kpc at z = 0.192.
In this paper, we use the convention of S��� for radio synchrotron
spectrum, where S is the �ux density at frequency � and � is the
spectral index.

2 OBSERVATIONS AND DATA REDUCTION

2.1 LOFAR HBA data

CIZA2242 was observed with LOFAR during the day for 9.6 h (8:10
AM to 17:50 PM) on 2015 February 21. The frequency coverage
for the target observation was between 115.5 and 179.0 MHz. The
calibrator source 3C 196 was observed for 10 min after the target
observation. Both observations used 14 remote and 46 (split) core
stations (see van Haarlem et al. 2013 for a description of the sta-
tions); the baseline length range is from 42 m to 120 km. A summary
of the observations is given in Table 1.

To create high-spatial resolution, sensitive images with good
�delity direction-independent calibration and direction-dependent
calibration were performed. The direction-independent calibration
of the target �eld aims (i) to remove the contamination caused by
radio frequency interference (RFI) and the bright sources (e.g. Cas-
siopeia A and Cygnus A) located in the side lobes, (ii) to correct
the clock offset between stations and (iii) to calibrate the XX�YY
phase of the antennas. For the direction dependent part, we used the
recently developed facet calibration scheme that is described in van
Weeren et al. (2016a).

Throughout the data reduction process, we used BlackBoard
Selfcal (BBS; Pandey et al. 2009) for calibrating data, LOFAR
Default PreProcessing Pipeline (DPPP) for editing data (�ag, av-
erage, concatenate), and w-Stacking Clean (WSClean; Offringa
et al. 2014), Common Astronomy Software Applications (CASA;
McMullin et al. 2007) and AWIMAGER (Tasse et al. 2013) for
imaging.

2.1.1 Direction-independent calibration

(i) Removal of RFI: The data of CIZA2242 and 3C 196, was
�agged to remove RFI contamination with the automatic �agger
AOFLAGGER (Offringa, van de Gronde & Roerdink 2012). The
autocorrelation and the noisy channels at the edge of each sub-
band (�rst and last two channels) were also removed with DPPP by
the Radio Observatory.1 The edge channels were removed to avoid
calibration dif�culties caused by the steep curved bandpass at the
edge of sub-bands.

(ii) Removal of distant contaminating sources: As with other
low-frequency observations, the data were contaminated by emis-
sion from strong radio sources dozens of degrees away from the
target. This contamination is predominately from several A-team
sources: Cassiopeia A (CasA), Cygnus A (CygA), Taurus A (TauA),
Hercules A (HerA), Virgo A (VirA), and Jupiter. To remove this
contamination, we applied two different techniques depending on
the angular separation of the contaminating source and CIZA2242.
Our efforts focused on the four high-elevation sources: CasA (12.8
kJy at 152 MHz), CygA (10.5 kJy at 152 MHz), TauA (1.43 kJy
at 152 MHz) and HerA (0.835 kJy at 74 MHz) that are approx-
imately 8, 30, 79 and 85 deg away from CIZA2242 location, re-
spectively (Baars et al. 1977; Gizani, Cohen & Kassim 2005). The
closest source, CasA, was subtracted from the CIZA2242 data using
�demixing�, a technique developed by van der Tol, Jeffs & van der
Veen (2007), whereas the other A-team sources were removed based
on the amplitude of their simulated visibilities. The former tech-
nique solves for direction-dependent gain solutions towards CasA
using an input sky model and subtracts the contribution of CasA
from the data using these gain solutions and the input sky model.
The sky model we used for CasA was from a high-resolution (�10
arcsec) image and contains more than 16 000 components with
an integrated �ux of 30.77 kJy (at 69 MHz; van Weeren private
communication). The latter technique simulates visibilities of the
A-team sources (CygA, TauA and HerA) by performing inverse
Fourier transforms of their sky models with the station beam ap-
plied in BBS and then �ags the target data if the simulated visibility
amplitudes are larger than a chosen threshold of 5 Jy.

(iii) Amplitude calibration, initial clock offset and XX�YY
phase-offset corrections: Following the procedure that is described
in van Weeren et al. (2010), we assumed the �ux scale, clock offset
and XX�YY phase offset are direction and time independent and
can be corrected in the target �eld if they are derived from a cali-
brator observation. In this study, 3C 196 was used as a calibrator.
First, the XX and YY complex gains were solved for each antenna
every 4 s and 1.5259 kHz using a sky model of 3C 196 (Pandey,
private communication). The 3C 196 sky model contains four com-
pact Gaussians with a total �ux of 83.1 Jy, which is consistent with
the Scaife & Heald (2012) �ux scale. In this calibration, the rotation
angle 	 was derived to account for the differential Faraday rotation
effects from the parallel hand amplitudes. The LOFAR station beam
was also used during the solve step to separate the beam effects from
the complex gain solutions.
For LOFAR, whilst the core stations use a single clock, the remote
stations have separate ones. The clocks are synchronised, but there
are still small offsets. These offsets are up to hundreds of nanosec-
onds. We applied a clock-TEC separation technique to estimate the
clock offsets (see van Weeren et al. 2016a for details). The XX�
YY phase offsets for each station were calculated by taking the

1 http://www.lofar.org
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difference of the medians of the XX and YY phase gain solutions
taken over the whole 10-min observation of 3C 196.
Finally, the XX�YY phase offset, the initial clock offset and the
amplitude gains were transferred to the target data. Since the cali-
brator, 3C 196, is �74deg away from the target �eld, it has different
ionospheric conditions and we did not transfer the TEC solutions
to the target.

(iv) Initial phase calibration and the subtraction of all sources
in the target �eld: The target data sets of single sub-bands were
concatenated to blocks of 2-MHz bandwidth to increase signal-to-
noise ratio (S/N) in the calibration steps. The blocks were phase
calibrated against a wide-�eld sky model that was extracted from
a GMRT 153-MHz image (radius of �2 deg and at �25-arcsec
resolution; Stroe et al. 2013). Phase solutions for each 2-MHz
block were obtained every 8 s, which is fast enough to trace
typical ionospheric changes. Note that as we already had a good
model of the target �eld to reduce processing time, we did not
perform self-calibration of the �eld as has been done in other stud-
ies that also use the facet calibration scheme (e.g. van Weeren
et al. 2016b).
After phase calibration and to prepare for facet calibration, we sub-
tracted all sources from the �eld. To do this, we made medium
resolution (�30 arcsec) images of the CIZA2242 �eld for each
2-MHz block with WSClean (Briggs weighting, robust = 0). The
size of these images is set to 10 deg × 10 deg so that it covers the
main LOFAR beam. The CLEAN components, together with the di-
rection independent gain solutions in the previous step, were used
to subtract sources from the data. Afterwards, to better subtract
low-surface brightness emission and remove sources further than
10 deg away from the location of CIZA2242, we followed the same
steps as above. But the data, which were already source subtracted,
were imaged at lower resolution (2 arcmin) over a wide-�eld area
(20deg × 20deg) that encompassed the second side lobe of the LO-
FAR beam. The low-resolution sky models were subtracted from the
medium-resolution subtracted data using the direction-independent
gain solutions. The target data sets, which we hereafter refer to as
�blank� �eld data sets, now contain just noise and residuals from
the imperfect source subtraction.

2.1.2 Direction-dependent calibration

In principle, we could directly calibrate the antenna gains and cor-
rect for the ionospheric distortion in the direction of CIZA2242 by
calibrating off a nearby bright source. However, the imperfections
in the source subtraction that used direction-independent calibration
solutions result in non-negligible residuals in the �blank� �eld im-
ages, especially in regions around bright sources. For this reason,
we exploited facet calibration (van Weeren et al. 2016a) to pro-
gressively improve the source subtraction in the �blank� data sets,
and consequentially, gradually reduce the noise in the �blank� �eld
data sets as the subtraction improves. Below we brie�y outline the
direction-dependent calibration procedure.

The CIZA2242 �eld was divided into 15 facets covering an area
of �3 deg in radius. Each facet has its own calibrator consisting
of one or more sources that have a total apparent �ux in excess of
0.5 Jy (without primary beam correction). The number of facets
here is close to that used in another cluster study by Shimwell et al.
(2016) (13 facets), but far less than that in Williams et al. (2016)
(33 facets) and van Weeren et al. (2016b) (70 facets). In this study,
we used few facets to reduce the computational time and because
we only require high-quality images of the cluster region that has

radius of 8 arcsec, whereas Williams et al. (2016) targeted a 19 deg2

wide-�eld image.
The procedure to calibrate each facet was as follows: First, in the

direction of each facet, calibrator we performed a self-calibration
loop to determine a single TEC and phase solution every 8�16 s
per station per 8-MHz bandwidth, and a single gain solution every
4�16 min per station per 2-MHz bandwidth. Secondly, stoke I im-
ages of the entire facet region to which the direction-dependent cal-
ibration solutions were applied were made using WSClean. These
full-bandwidth (56.6-MHz) images typically had a noise level of
�150 µJy beam�1 and the CLEAN components derived from the
imaging form a signi�cantly improved frequency-dependent sky
model for the region (in comparison to the direction independent
sky model). Thirdly, the facet sky models were subtracted from the
individual 2-MHz bandwidth data sets using the gains and TEC
solutions in the direction of the facet calibrator that were derived
during the self-calibration loop. This subtraction was signi�cantly
improved over the direction-independent subtraction. This proce-
dure was repeated to successfully calibrate and accurately subtract
the sources in 11 facets, including the cluster facet, which was done
last. Four of the facets failed as their facet centre is either far away
(2.0�2.7 deg) from the pointing centre or they had low-�ux calibra-
tors that prevented us from obtaining stable calibration solutions.
These failed facets had very little effect on the quality of the �nal
cluster image as the subtraction of these facet sources using the low
and medium resolution sky models with the direction-independent
calibration solutions was almost suf�cient to remove the artefacts
across the cluster region.

2.2 GMRT, WSRT radio, Suzaku and Chandra X-ray data

In this paper, we used the GMRT 153-, 323-, 608-MHz data sets
and WSRT 1.2-, 1.4-, 1.7-, 2.3-GHz data sets that were originally
published by van Weeren et al. (2010) and Stroe et al. (2013). For
details on the data reduction procedure, see Stroe et al. (2013). To
study the X-ray emission from CIZA2242, we used observations
from the Suzaku and Chandra X-ray satellites. We refer to Aka-
matsu et al. (2015) and Ogrean et al. (2014a) for the data reduction
procedure.

2.3 Imaging and flux scale of radio intensity images

To make the �nal total intensity image of CIZA2242, we ran the
CLEAN task in CASA on the full-bandwidth (56.6-MHz) data that was
calibrated in the direction of the target. The imaging was done
with multiscale�multifrequency (MS-MFS) CLEAN, multiple Taylor
terms (nterms = 2) and W-projection options to take into account
of the complex structure, the frequency dependence of the wide-
bandwidth data sets and the non-coplanar effects (e.g. see Cornwell,
Golap & Bhatnagar 2005; Cornwell 2008; Rau & Cornwell 2011).
The multiscale sizes used were 0, 3, 7, 25, 60 and 150 times the
pixel size, which is approximately a �fth of the synthesized beam;
the zero scale is for modelling point sources. The multiscale CLEAN

in CASA has been tested and shown to recover low-level diffuse
emission properly, signi�cantly minimize the clean �bowl�, recover
�ux closer to that of single-dish observations and leave more uni-
form residuals than classical single-scale CLEAN (Rich et al. 2008).
Several images were made using Briggs weighting with different
robust parameters to enhance diffuse emission at different scales
(see Table 2). During imaging we also applied an inner uv cut of
0.2 k
 to �lter out the (possible) emission on scales larger than 17
arcmin (�3.2 Mpc), which is approximately the physical size of
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Table 2. Imaging parameters.

Resolution 7.3 arcsec × 5.3 arcsec 6.5 arcsec × 6.5 arcseca 12 arcsec × 12 arcseca 16 arcsec × 18 arcseca 35 arcsec × 35 arcseca

(Fig.) (1) (5b) (15) (8b) (4, 12b)

Mode MFS MFS MFS MFS MFS
Weighting Briggs Uniform Briggs Uniform Briggs
Robust �0.25 N/A 0.25 N/A 0.5
uv range (k
) �0.2 0.2�50c �0.2 0.2�50c 0.2 � 50c

Multiscales [0, 3, 7, 60, 150] [0, 3, 7, 60, 150] [0, 3, 7, 60, 150] [0, 3, 7, 60, 150] [0, 3, 7, 60, 150]
Grid mode wide �eld wide �eld wide �eld wide �eld wide �eld
W-projection 128d 384d, 128e 128d 384d, 128e, 256f 384d, 128e, 256f

N-terms 2d 2d, 1e 2d 2d, 1e, f 2d, 1e, f

Image rms 140d 200d, 210d 312d, 430d,
(µJy beam�1) 37e3 1358e1 , 414e2 , 64e3 , 2000e1 , 495e2 , 177e3 ,

70f1 , 31f2 , 38f3 , 43f4 99f1 , 71f2 , 73f3 , 70f4

Notes. aSmoothed, bspectral index map, cuvmax = 50 k
 only used for LOFAR data, dLOFAR, eGMRT (e1 , e2 and e3 are for 153, 323 and 608 MHz,
respectively), fWSRT (f1 , f2 , f3 and f4 are for 1.2, 1.4, 1.7 and 2.3 GHz, respectively)

Table 3. Integrated spectral indices between
145 MHz and 2.3 GHz.

Source �a
int �b

int

RN � 1.11 – 0.04 �1.06 – 0.04
RS � 1.41 – 0.05 �1.29 – 0.04
R1 � 1.18 – 0.06c �0.74 – 0.07
R2 � 0.91 – 0.06 �0.90 – 0.06
Halo � 1.03 – 0.09d N/A

Notes. aA �ux scale uncertainty of
10 per cent; bStroe et al. 2013; ccompact
source was masked; dcompact source subtrac-
tion error of 5 per cent and an uncertainty of
10 per cent from the extrapolation of the halo
emission in the source I region were added.

the cluster. The �nal image was corrected for the primary beam
attenuation (less than 0.5 per cent at the cluster outskirts) by di-
viding out the real average beam model2 that was produced using
AWIMAGER (Tasse et al. 2013).

The amplitude calibration was performed using the primary cali-
brator 3C 196 (see Section 2.1.1). To check our LOFAR �ux scale,
we compared the integrated �uxes of the diffuse emission of the
northern relic and two bright point-like sources (source 1, �1 Jy,
at RA = 22:41:33, Dec. = +53.11.06; source 2, �0.1 Jy, at RA
= 22:432:37, Dec. = +53.09.16) in our LOFAR image with the
values that are predicted from spectral �tting of the GMRT 153-,
323-, 608-MHz data and WSRT 1.2-, 1.4-, 1.7-, 2.3-GHz data (Stroe
et al. 2013). For this comparison, we used identical imaging param-
eters for the LOFAR, GMRT and WSRT data sets (see the parame-
ters for the 16 arcsec × 18 arcsec images in Table 2). The predicted
�uxes were found to be Sn = 1593 – 611 mJy, S1 = 1081 – 124 mJy
and S2 = 119 – 3 mJy for the northern relic, sources 1 and 2, re-
spectively. The values that were measured within 3� noise regions of
our LOFAR image were Sn = 1637 – 37 mJy, S1 = 1036 – 1 mJy
and S2 = 92 – 1 mJy and are in good agreement with the spectral
�tting predicted values. This LOFAR �ux for the northern relic was
only 3 per cent higher than the predicted value, and the �uxes for
sources 1 and 2 were 4 per cent and 22 per cent lower than the pre-
dicted values. Despite of this agreement of the LOFAR, GMRT and
WSRT �uxes, throughout this paper, unless otherwise stated, we

2 the square root of the AWIMAGER.avgpb map.

used a �ux scale error of 10 per cent for all LOFAR, GMRT, WSRT
images when estimating the spectra of diffuse emission. Similar val-
ues have been widely used in literature (e.g. Shimwell et al. 2016;
van Weeren et al. 2016b).

2.4 Spectral index maps

Our high-�delity LOFAR images have allowed us to map the spec-
tral index distribution with improved resolution. In previous works
(van Weeren et al. 2010; Stroe et al. 2013), CIZA2242 was studied
with the GMRT and WSRT at seven frequencies from 153 MHz
to 2.3 GHz. Our LOFAR 145-MHz data was combined with these
published data sets to study spectral characteristics of the cluster.
However, these observations were performed with different interfer-
ometers each of which has a different uv-coverage, and this results
in a bias in the detectable emission and the spectra. To minimize
the difference, we (re-)imaged all data sets with the same weight-
ing scheme of visibilities and selected only data with a common
inner uv-cut of 0.2 k
. To make the spectral index maps, all im-
ages were made using MS-MFS CLEAN (multiscale = [0, 3, 7, 25,
60, 150] × pixelsizes and N-terms = 1 and 2 for GMRT/WSRT
and LOFAR images, respectively). Only those pixels with values
�3� noise in each of the individual images were used for the spectral
index calculation. We note that this �3� noise cut-off introduces a
selection bias for steep spectrum sources. For example, the sources
that were observed with LOFAR at �3� noise but were not detected
(<3� noise) with the GMRT/WSRT observations were not included
in the spectral index maps. To reveal spectral properties of dif-
ferent spatial scales, we made spectral index maps at 6.5 arcsec,
18 arcsec × 16 arcsec and 35-arcsec resolution (see Table 2 for a
summary of the imaging parameters).

The 6.5-arcsec-resolution spectral index map was made with
the LOFAR 145-MHz data set and GMRT 608-MHz data set.
The imaging used uniform weighting for both data sets. In ad-
dition, a common uv range was used (0.2�50 k
) and a uvta-
per of 6.0 arcsec was applied to reduce the side lobes and help
with CLEAN convergence. Here, the 50 k
 is the maximum uv dis-
tance of the GMRT data set. The native images reach resolution
of �6 arcsec (5.5 arcsec × 5.3 arcsec for the LOFAR 145 MHz,
5.7 arcsec × 5.4 arcsec for the GMRT 608 MHz), which were then
convolved with a two-dimensional (2D) Gaussian kernel to a com-
mon resolution of 6.5 arcsec, aligned with respect to the LOFAR
image, and regrided to a common pixelization. To align the images,
we �tted compact sources with 2D Gaussian functions to �nd their
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1112 D. N. Hoang et al.

Figure 1. LOFAR total intensity high-resolution (7.3 arcsec × 5.3 arcsec, bottom left corner) map of CIZA2242 and its contours levelled at [�3,
3, 6, 12, 24, 48, 96, 192, 384] × � noise, �noise = 140 µJy beam�1. The negative contours are black dashed lines.

locations that were used to estimate the average displacements be-
tween the GMRT/WSRT and LOFAR images. The GMRT/WSRT
images were then shifted along the RA and Dec. axes. The �nal
images were combined to make spectral index maps according to

�pixel =
ln S1

S2

ln �1
�2

, (1)

where S1 and S2 are the pixel values of the LOFAR and GMRT
maps at the frequency �1 = 145 MHz and �2 = 608 MHz, respec-
tively. We estimated the spectral index error on each pixel, ��pixel,
taking into account the image noise � noise and the �ux scale error
of ferr = 10 per cent

��pixel =
1

ln �1
�2

��
�S1

S1

�2

+
�

�S2

S2

�2

, (2)

where �Si =
��

� i
noise

�2 + (ferr × Si)2 are the total errors of Si.
The spectral index error for a region that covers more than one pixel
and has constant spectral indices is calculated as follows:

��region =

��Nbeams
1

�
��pixels

�2

Nbeams
, (3)

where ��pixels is an average of all ��pixels in the region of area of
Nbeams beam sizes.

The 18 arcsec × 16 arcsec resolution map was made with the
LOFAR 145-MHz; GMRT 153-, 323-, 608-MHz; and the WSRT
1.2-, 1.4-, 1.7-, 2.3-GHz data sets. The imaging was done with
similar settings as used for the 6.5-arcsec-resolution map (uniform
weighting, uvmin = 0.2 k
, uvmax = 50 k
). Here, a uvtaper = 6
arcsec is only applied to the LOFAR and GMRT 608-MHz data
sets to improve the CLEAN convergence. All eight images were then
smoothed to a common resolution of 18 arcsec × 16 arcsec, aligned
with respect to the LOFAR image, and regrided. To obtain the

eight-frequency spectral index map, we �tted a power-law function
to each pixel of the eight images using a weighted least-squares
technique. The �tting was done only on pixels that have a signal
of �3� noise in least four observations. To take into account the
uncertainties of the individual maps, the pixels are weighted by the
inverse square of their total pixel errors (1/�S2

i ) that includes the
individual image noise � noise and an error of 10 per cent in the �ux
scale (equation 2).

The 35-arcsec-resolution map was made in a similar man-
ner to the 18 arcsec × 16 arcsec resolution spectral index map
(uvmin = 0.2 k
, MS-MFS, W-projection). However, instead of us-
ing uniform weighting, Briggs weighting (robust = 0.5) was used
to increase S/N of the diffuse emission associated with CIZA2242.
The outer taper used for each image was set to obtain a spatial res-
olution of nearly 30 arcsec. The images were then convolved with
a 2D Gaussian kernel to give images with a common resolution of
35 arcsec, aligned with respect to the LOFAR image, and regrided
to have the same pixel size. The 35-arcsec spectral index and cor-
responding error maps between 145 MHz and 2.3 GHz were made
following the procedure that was used for the 18 arcsec × 16 arcsec
resolution maps, except that the minimum number of detections
(�2� noise) was limited to three, rather than four, images.

3 RESULTS

In Fig. 1, we present our deep, high-resolution (7.3 arcsec ×
5.3 arcsec) LOFAR 145-MHz image of CIZA2242. The rms noise
reaches 140 µJy beam�1, making this image one of the deepest,
high-resolution, low-frequency (<200 MHz) radio images of a
galaxy cluster. The labelling convention of Stroe et al. (2013) is
adopted and is presented in Fig. 2. In Fig. 3, we show a low-
resolution (35 arcsec) LOFAR image. The low-resolution contours
are plotted over a Chandra X-ray image (smoothed to 6-arcsec res-
olution using a Gaussian kernel; Ogrean et al. 2014a) in Fig. 4. In
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LOFAR observations of CIZA J2242.8+5301 1113

Figure 2. Source labels are adapted from Stroe et al. (2013). We label the
patchy emission west of RN as R3. The contours are identical to those in
Fig. 1.

Fig. 5, we show our high-resolution (6.5-arcsec) spectral index map
from 145 to 608 MHz.

3.1 Northern relic

The northern relic (RN) is nicely mapped out in our LOFAR image
(Fig. 1). Its morphology shows a familiar arc-like feature with a

Figure 4. LOFAR low-resolution (35 arcsec, bottom left corner) contours
of CIZA2242 on the top of Chandra X-ray image in the 0.5�7.0 keV band
(being smoothed to 6-arcsec resolution; Ogrean et al. 2014a). The radio
contour levels are identical to those in Fig. 3. The blue dashed elliptical
region is approximately the halo emission region. The green dotted region
is over the source I.

Figure 3. LOFAR total intensity low-resolution (35 arcsec, bottom left corner) image of CIZA2242. The radio contour levels are at
[�6, �3, 3, 6, 12, 24, 48, 96, 192, 384] × � noise (�noise = 430 µJy beam�1). The negative contours are dashed lines.
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1114 D. N. Hoang et al.

Figure 5. A 6.5-arcsec-resolution spectral index map of CIZA2242 from 145 to 608 MHz. The LOFAR contours are identical to those in Fig. 1. The
corresponding error map is shown in Fig. B1.

projected linear size of 1.9 Mpc × 230 kpc (measured at 3� noise
contours). The length of RN increases to 2.1 Mpc when measured
in the 35-arcsec map (Fig. 3). Its surface brightness has a sharp edge
on the northern side and a more gradual decline on the southern side
with additional diffuse emission north of source B. The integrated
�ux of RN (including the patchy emission in the west, source R3
in Fig. 2) is measured to be 1548.2 – 4.6 mJy within the �3 � noise
region. The �ux increases by 4.6 per cent and 8.3 per cent for the
�2� noise and �1� noise regions, respectively. The spectral index map
between 145 and 608 MHz (Fig. 5) shows a clear steepening from
the north towards the cluster centre, ranging roughly from �0.80
to �1.40. In Fig. 6, we plot the integrated �uxes of RN between
145 MHz and 2.3 GHz that were calculated within the LOFAR
�3� noise region. The spectral index obtained from a weighted least-
squares �tting of a power-law function to the RN �uxes at eight
frequencies is �1.11 – 0.04, which is consistent with the previous
values of �1.08 – 0.05 (van Weeren et al. 2010) and �1.06 – 0.04
(Stroe et al. 2013).

Towards the western side of RN, the main relic connects with
source R3 via a faint bridge (a 3� noise detection). Towards the eastern
side, RN is attached to source H, which is much brighter than other
regions of the relic (the peak brightness is 30 mJy beam�1, compared
with a typical brightness 4.5 mJy beam�1 in RN). The northern
emission associated with source H has the expected morphology
for an AGN.

In the post-shock central region of RN, an excess of emission
was detected at a signi�cance of up to 6� noise in front of source
B. This emission has an arc-like shape with a projected linear
size of �135 kpc × 500 kpc within the 3� noise contours (Fig. 1).

Interestingly, this feature was not detected in the post-shock east-
ern region of RN, where no tailed AGN are observed. The excess
emission is more visible in the surface brightness pro�les along the
width of RN for the central and eastern regions in Fig. 7. Since the
excess emission is located in front of source B and has a shock-like
morphology, we speculate that this excess emission could be a bow
shock generated by an interaction between the tailed AGN (source
B) and the downstream relativistic electrons. We will present further
analysis of this speculation in an upcoming paper.

3.2 Southern relic

The southern relic (RS) is detected in our LOFAR map in Fig. 1
with a peak S/N of �20. The distance between the outer edges of
RN and RS is measured to be 2.8 or 3.2 Mpc in the 6.5 arcsec or
35 arcsec maps, respectively. The width of RS is wider in the central
region with a size of �270 kpc within the �3� noise region (Fig. 1).
Within this central area, the region labelled J covers �200 kpc in
radius and has substantially higher (threefold) surface brightness
than the rest of the relic but no obvious counterpart in the optical
data (see Fig. A.1 in Stroe et al. 2013).

The emission in the region of RS includes newly detected faint
diffuse emission in the south-east region (Fig. 4 or Fig. C1). The size
of RS in projection covers a maximum linear distance of �1.4 Mpc
as measured within the 3� noise contours in the 6.5-arcsec map. But
its length when measured in the 35-arcsec map in Fig. 4 signi�-
cantly increases to �2 or �3 Mpc when excluding or including the
south-east emission. Within this new south-east region of emission,
there are four optical sources that correspond to peaks in the radio
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LOFAR observations of CIZA J2242.8+5301 1115

Figure 6. Integrated radio spectra of RN, RS, the halo, R1 and R2 from
145 MHz to 2.3 GHz including the LOFAR data points at the lowest fre-
quency 145 MHz. The red downwards pointing arrow is the upper limit
derived from the GMRT 323-MHz observations. The substantial scatter
around the lines of best �t for the halo, R1 and R2 (e.g. compared with RN
and RS) could be caused by the low S/N of the detections and the dif�culty
in precisely imaging large faint diffuse sources. Given the comparatively
high surface brightness sensitivity of LOFAR, it is possible that the spectral
indices for these sources are arti�cially steepened. The weighted best-�tting
integrated spectral indices are listed in Table 3. The integrated �uxes for the
relics and halo are given in Table A1.

Figure 7. Surface brightness pro�les (normalized) along the width of RN
(in north�south direction) for the central (blue dashed) and east (red solid)
regions (overlaid image). The data (�1� noise) are averaged within 4 arcsec
along the pro�le.

emission as shown in Fig. C1. This faint emission could be the
result of a collection of compact sources or it could be an in-falling
�lament at the cluster redshift. Unfortunately, we were unable to
constrain the redshifts for the optical sources with the existing opti-
cal data. Additionally, faint diffuse emission is observed to extend
south-westwards from the central region of RS (Fig. 1).

The zoom-in spectral index map of RS (eight frequencies from
145 MHz to 2.3 GHz) that is shown in Fig. 8 shows steepening
towards the cluster centre. The spectral index drops approximately
from �0.85 to �1.40 in the south-east region and from �1.35 to
�1.70 in the north-west region. Similar trends are seen in the 145�
608-MHz spectral index map in Fig. 5. The north-west region of
RS (Fig. 8) is dominated by diffuse emission in region J that has a
very steep mean spectral index of �2.0. The region of �at spectrum
in the south-east part (Fig. 8, left) has an L-shape appearance and a
steep spectrum of mean value of �0.93 – 0.10. The west region of
RS (Fig. 8, left) has an arc-like shape with an average spectral index
of �1.30 – 0.04 (excluding region J). We estimated the integrated
spectral index for RS (within the LOFAR �3� noise region, including
region J) to be �1.41 – 0.05 (Fig. 6), which is steeper than the value
of �1.29 – 0.04 that was reported in Stroe et al. (2013).

3.3 Eastern relics

East of the cluster centre, slightly south, from RN (Fig. 1) are
the relics R1 and R2, which were previously identi�ed in Stroe
et al. (2013). R1 consists of a thin narrow region. It is �630 kpc
long and oriented in the north�south direction. R1 has a bright
region in the middle and patchy emission in the north-east. In
Fig. 8, we show the eight frequency spectral index distribution
(18 arcsec × 16 arcsec) of the eastern relics. Based on morphol-
ogy and spectral index, we divided R1 into two regions: R1E in
the north-east and R1W in the north-west (see Fig. 8). R1W has
an arc-like morphology and shows spectral index steepening from
approximately �0.70 to �1.40 towards the centre. The spectral
index of R1E drops from approximately �0.75 to �1.20 in the
same direction.

R2 has a physical size of 670 kpc × 270 kpc with the major axis
in the west-east direction (Fig. 8, right). Its spectral index between
145 MHz and 2.3 GHz remains approximately constant across its
structure with a mean of �0.95 – 0.08.

The integrated �uxes over the �3� noise region in the LOFAR
18 arcsec × 16 arcsec image after masking out the compact sources
were estimated to be 143.5 – 8.3 mJy and 142.5 – 8.1 mJy for
R1 and R2, respectively. The integrated spectral indices between
145 MHz and 2.3 GHz are �1.18 – 0.06 for R1 and �0.91 – 0.06
for R2.

3.4 Radio halo

The halo was discovered by van Weeren et al. (2010) with WSRT
observations at 1.4 GHz. Part of the emission was also seen in the
GMRT 153-MHz image that was presented in Stroe et al. (2013).
However, its �ux and spectral properties have not been well stud-
ied. With our deep LOFAR image, we are able to characterize the
radio halo as the large number of short baselines give LOFAR ex-
cellent sensitivity to cluster-scale emission. In Fig. 3, we show a
low-resolution (35 arcsec) image of CIZA2242. The image shows
diffuse emission connecting RN and RS with a signi�cance up to
9� noise (�noise = 430 µJy beam�1). The emission covers an area of
1.8 Mpc × 830 kpc with its major axis elongated in the north�south
direction broadly following the Chandra X-ray emission that was
mapped by Ogrean et al. (2014a).

The 145-MHz �ux of the radio halo was estimated from the
LOFAR data in an elliptical region that was selected to cover the
Chandra X-ray emission (Fig. 4). However, this region also hosts
radio galaxies (i.e. source B, C, D, E, F, G, K) and diffuse emis-
sion from source I. We attempted to remove these contaminating
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