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3| Radio observations of the
double-relic galaxy cluster Abell
1240

Abstract

We present LOFAR 120−168 MHz images of the merging galaxy cluster Abell 1240
that hosts double radio relics. In combination with the GMRT 595− 629 MHz and
VLA 2 − 4 GHz data, we characterised the spectral and polarimetric properties
of the radio emission. The spectral indices for the relics steepen from their outer
edges towards the cluster centre and the electric field vectors are approximately
perpendicular to the major axes of the relics. The results are consistent with the
picture that these relics trace large-scale shocks propagating outwards during the
merger. Assuming diffusive shock acceleration (DSA), we obtain shock Mach num-
bers of M = 2.4 and 2.3 for the northern and southern shocks, respectively. For
M ≲ 3 shocks, a pre-existing population of mildly relativistic electrons is required
to explain the brightness of the relics due to the high (> 10 per cent) particle
acceleration efficiency required. However, for M ≳ 4 shocks the required efficiency
is ≳ 1% and ≳ 0.5%, respectively, which is low enough for shock acceleration di-
rectly from the thermal pool. We used the fractional polarization to constrain the
viewing angle to ⩾ 53 ± 3◦ and ⩾ 39 ± 5◦ for the northern and southern shocks, re-
spectively. We found no evidence for diffuse emission in the cluster central region.
If the halo spans the entire region between the relics (∼ 1.8Mpc) our upper limit
on the power is P1.4 GHz = (1.4 ± 0.6) × 1023 W Hz−1 which is approximately equal
to the anticipated flux from a cluster of this mass. However, if the halo is smaller
than this, our constraints on the power imply that the halo is underluminous.

D. N. Hoang, T. W. Shimwell, R. J. van Weeren, et al.,
MNRAS, 478, 2218 (2018)

https://doi.org/10.1093/mnras/sty1123
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3.1 Introduction

Massive galaxy clusters consist of hundreds to thousands of galaxies and
grow hierarchically through a sequence of mergers of smaller clusters or
groups of galaxies. Merging events between massive clusters release an
enormous amount of gravitational energy (∼ 1063 − 1064 ergs) to the intra-
cluster medium (ICM) over a few Gyrs (e.g. Hoeft et al. 2008; Brunetti &
Jones 2014). Most of this energy is transferred to thermal energy by heat-
ing of the ICM plasma. Through large-scale motions (i.e. shocks and turbu-
lence) and magnetic field amplification, a small fraction of it is converted to
non-thermal energy of relativistic particles that permeate the ICM. In the
presence of the large-scale, ∼ µG cluster magnetic field, these relativistic
electrons, that have a Lorentz factor ∼ 103−105, emit synchrotron emission
that is observable in the radio band (see, e.g., Blandford & Eichler 1987;
Feretti et al. 2012; Brunetti & Jones 2014).

Depending on the morphology, location and polarimetric properties,
the diffuse radio sources in galaxy clusters are primarily classified as radio
haloes or relics. Radio relics are elongated diffuse sources observed at the
periphery of galaxy clusters; some relics have been detected with a high
fraction of linear polarization at ∼ GHz frequencies (i.e. from ∼ 10% up to
70%) and distinctive spectral index gradients across their structure. Radio
haloes are cluster-wide sources that roughly follow the X-ray emission and
are observed to be unpolarized down to a few percent (see, e.g., Feretti
et al. 2012; Kierdorf et al. 2017).

The formation mechanism of radio haloes and relics has not been fully
understood. The prominent model for the generation of radio haloes is the
turbulent re-acceleration model where relativistic electrons are re-energized
by magnetohydrodynamical turbulence during cluster mergers (Brunetti
et al. 2001; Petrosian 2001). Another model has been proposed to explain
the existence of radio haloes such as the hadronic model in which relativistic
electrons are secondary products of proton-proton collisions (e.g. Dennison
1980). However, the secondary model has difficulties because of the non-
detection of γ-rays by the Fermi γ-ray Space Telescope (e.g. Jeltema et al.
2009; Ackermann et al. 2010; Jeltema & Profumo 2011; Brunetti et al.
2012; Zandanel & Ando 2014; Ackermann et al. 2016; Brunetti et al. 2017).
The secondary model is further challenged by the large amount of energy
that is required to explain the steep spectra of some radio haloes (e.g.
Brunetti 2004; Brunetti et al. 2008). However, the observed radio emission
may be caused by a combination of the mechanisms in which the secondary
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electrons are re-accelerated by merger turbulence (Brunetti & Blasi 2005;
Brunetti & Lazarian 2011b; Pinzke et al. 2017).

Radio relics have been proposed to be the synchrotron emission from
large-scale shocks that are generated during cluster mergers (e.g. Enßlin
et al. 1998). Relativistic electrons gain energy either from the direct accel-
eration of the ICM thermal electrons or from the re-acceleration of fossil
plasma remnants of active galactic nuclei (AGN) through Fermi-I DSA (e.g.
Giacintucci et al. 2008; Markevitch et al. 2005). Observational evidence as-
sociating the formation of radio relics with cluster merger shocks have been
observed in a large number of merging clusters (e.g. van Weeren et al.
2010; Bonafede et al. 2012; Stroe et al. 2013; de Gasperin et al. 2015; van
Weeren et al. 2016c or see Feretti et al. 2012 for a review). The evidence
includes (i) an arc-like morphology of some relics, which is consistent with
an edge-on/close to edge-on view of 3D shock waves, (ii) spectral gradi-
ents or spectral curvature variations across the width of relics, suggesting
that the relativistic electrons gain energy at the shock fronts and lose their
energy after shock passage and (iii) high degree of linear polarization, in-
dicating a magnetic field aligned within the shock plane. The distribution
of size, shape and location of relics agree well with those of merger shocks
in cosmological simulations (e.g. Nuza et al. 2017). Alternatively, the re-
acceleration model requires pre-existing populations of mildly relativistic
electrons to be present in the regions of the shocks and there is evidence
for this in a few cases (e.g. van Weeren et al. 2013; Bonafede et al. 2014;
Shimwell et al. 2015; Botteon et al. 2016a; van Weeren et al. 2017).

Galaxy clusters that host double radio relics on diametrically opposite
sides of the clusters are some of the most interesting cases to study particle
(re-)acceleration at Mpc scales. Only 17 double-relics clusters have been
detected to date (Bonafede et al. 2017 and references therein). In these
rare energetic merging clusters both the relics and the halo are expected
to be generated by shocks and turbulence, respectively. Due to the dia-
metrically opposite locations of the double relics, these shocks are thought
to be caused by head-on binary mergers of roughly equal masses merging
on/close to the plane of the sky (e.g. van Weeren et al. 2011a; Nuza et al.
2017). Hence, double-relic clusters provide a unique environment for studies
of particle (re-)acceleration without the complication of projection effects
(i.e. to minimise a mixture of relativistic electron populations along the
line-of-sight (LOS); Stroe et al. 2013). Furthermore, since the possibility to
have seed populations of mildly relativistic electrons is likely to correlate
with the distribution of aged AGN, these double relics might provide hints



60 Radio observations of Abell 1240

as to whether relics are formed by acceleration directly from the thermal
pool or from fossil plasma pre-existing in the ICM.

Abell 1240 (z = 0.1948; hereafter A1240) is a binary merging galaxy
cluster (M500 = (3.7 ± 0.4) × 1014 M⊙; Planck Collaboration et al. 2016).
A1240 was first observed to host faint diffuse emission located on the op-
posite sides of the cluster by Kempner & Sarazin (2001). Follow-up obser-
vations by Bonafede et al. (2009) confirmed the existence of the radio relics
(labelled as A1240-1 and A1240-2 for the northern and southern relics, re-
spectively) and found that they are elongated over ∼ 650 kpc and ∼ 1250 kpc
in the east-west direction. Across the width of A1240-1, the spectral indices1

steepen from −1.1 to −1.6 towards the cluster centre. Polarized emission was
observed from the relics at 1.4 GHz and the electric field vectors are approx-
imately perpendicular to the major axes of the relics, indicating the align-
ment of the ICM magnetic fields. Assuming a relativistic electron energy of
Lorentz factor ⩾ 100 with the spectrum of N(p) ∝ p−δ (where δ = −2αint,
αA1240-1

int = −1.2 and αA1240-2
int = −1.3) and equipartition energy conditions,

Bonafede et al. (2009) estimated the equipartition magnetic field of 2.4 µG
and 2.5 µG for A1240-1 and A1240-2, respectively. Due to their properties
(i.e. location, morphology, spectral gradients and polarization properties),
the relics were interpreted as synchrotron emission from large-scale shocks
that were generated by a cluster merger in the plane of the sky and are
moving outwards. Using the integrated spectral indices, Bonafede et al.
(2009) estimated the Mach numbers of Mint = 3.3 ± 0.2 for A1240-1 and
Mint = 2.8 ± 0.3 for A1240-2.

In the optical band, Barrena et al. (2009) studied the dynamical prop-
erties of A1240 using spectroscopic redshifts from 145 galaxies. A1240 was
found to have a bimodal structure with clumps of galaxies separated in the
north-south direction. The galaxy clumps have a relative rest-frame LOS
velocity of Vrf = 390 km s−1 at a projected distance of 1.2 h−170 Mpc. The
galaxy clumps were estimated to have passed 0.3 Gyr ago. Approximately
12 arcmin (∼ 2.3Mpc) to the south of A1240 is Abell 1237 (hereafter A1237;
z = 0.1935, Barrena et al. 2009) that is thought to be in-falling to A1240.
Barrena et al. (2009) found no signature of peculiar displacement of A1240
towards the direction of A1237 and suggested that A1237 and A1240 are
in the pre-merging stage.

In this paper, we present Low Frequency Array (LOFAR) 120 − 187
MHz observations of A1240. LOFAR’s sensitivity to large-scale emission
coupled with its high-angular resolution helps us to study the extended

1The convention S ∝ να is used in this paper
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diffuse emission from A1240 in detail. Furthermore, LOFAR observations at
low frequencies ⩽ 200 MHz allow us to detect steep spectrum emission such
as from radio haloes that are generated during minor mergers or mergers
of low-mass clusters. In combination with archival Giant Metrewave Radio
Telescope (GMRT) 595 − 629 MHz and Karl G. Jansky Very Large Array
(VLA) 2 − 4 GHz data, we study spatial variations of spectral indices of
the radio sources in A1240 across a wide frequency range. We use the VLA
data to study the polarized emission from the cluster relics.

Throughout this paper, we assume H0 = 70 km s−1 Mpc−1, ΩM = 0.3
and ΩΛ = 0.7. In this cosmology, 1 arcmin corresponds to ∼ 194h−170 kpc at
the cluster redshift of z = 0.1948.

3.2 Observations and data reduction

3.2.1 LOFAR 143 MHz

A1240 was observed with LOFAR for 8 hours on March 22, 2016 as part of
the LOFAR Two-meter Sky Survey (LoTSS, Shimwell et al. 2017). A1240
was located at an angular distance of ∼ 55 arcmin from the LoTSS grid
pointing centre (pointing P170+42 of project LC4_034), where the primary
beam sensitivity is ∼ 78 percent of the value at the pointing centre. The
observations used the High-Band Antennas (120 − 187 MHz) on 48 core,
14 remote and 9 international stations. However, to obtain cluster maps at
spatial resolutions of > 8 arcsec, we used only data from baselines that have
uv-range between 15 λ and 66 kλ. For calibration purposes, 3C 196 was
observed for 10 minutes before the target field. Details of the observations
are listed in Table 3.1.

We used the facet calibration scheme to calibrate the target data for
both direction-independent and direction-dependent effects. Details of the
facet calibration are given in van Weeren et al. (2016a); Williams et al.
(2016). But for completeness, we briefly describe the procedure below.

During the direction-independent calibration part, the target data were
flagged for radio frequency interference (RFI) using AOFlagger (Offringa
et al. 2012) and time periods where the contamination from bright radio
sources in the sidelobes (i.e. Cassiopeia A, Hercules A, Taurus A and Virgo
A) were also flagged. The amplitude gains, initial clock and XX-YY phase
offsets were derived from gain solutions of 3C 196. Here the calibration
solutions of 3C 196 were obtained by calibrating a 4-Gaussian component
source model that has an integrated flux of 83.1 Jy at 150 MHz in agreement
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with the Scaife & Heald (2012) absolute flux scale.
To prepare for the direction-dependent calibration, “blank” data sets for

the target field were made by subtracting all sources within a ∼ 30◦ radius
of the field centre using the direction independent calibration solutions. The
CLEAN components used for the subtraction were obtained from imaging
at resolutions of ∼ 40 arcsec and ∼ 2 arcmin.

In the direction-dependent calibration part, we aimed to obtain thermal-
noise limited images of the cluster. To achieve this, the ionospheric dis-
tortions and beam errors towards the target direction were corrected and
the contamination from nearby sources was minimized following the facet
calibration procedure. The target field was divided into 15 regions (called
facets), each containing bright, compact calibrator source(s). The direction-
dependent gain and TEC (total electron content) solutions for each facet
were derived by self-calibrating on selected calibrator sources and then ap-
plied to all other sources in the facet. The facet sky models, that were
corrected for the direction-dependent effects, were progressively subtracted
from the data. The procedure was repeated until only the last facet, contain-
ing A1240, was left in the data. The facet calibrator (i.e. B3 1121+435 at
RA=11:24:32.043, Dec=+43:15:42.77) that was used to calibrate the facet
containing the cluster has a flux of 2.91 Jy. As the distance between the
facet calibrator and A1240 is 14 arcmin, the ionospheric and instrumental
phase corrections should be similar to those towards the direction of A1240.

The data reduction was performed with the facet-calibration pipeline2.
The pipeline exploits DPPP (LOFAR Default PreProcessing Pipeline) for
data editing (i.e. flagging, averaging, concatenating), BBS (BlackBoard Se-
flcal, Pandey et al. 2009) for calibration and WSClean (W-Stacking Clean,
Offringa et al. 2014) for imaging. To obtain final continuum images of
A1240, the calibrated data were deconvolved in CASA (Common Astron-
omy Software Applications; McMullin et al. 2007, see Subsec. 3.2.4).

3.2.2 GMRT 612 MHz

The GMRT 595−629 MHz observations of A1240 were performed on July 2,
2011 for 6 hours (project code: 20_004, PI: A. Bonafede). During the target
observations, the radio source 1035+564 was observed for 5 minutes every
about 40 minutes and was used as a phase calibrator. For flux calibration,
two bright radio sources 3C 147 and 3C 286 were observed before and after
the target observations. The observation details are given in Table 3.1.

2https://github.com/tammojan/facet-calibration

https://github.com/tammojan/facet-calibration
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The GMRT 612 MHz data were reduced with the Software Peeling
and Atmospheric Modelling (SPAM) package (Intema et al. 2009) that
performed both direction-independent and direction-dependent calibration.
The direction-independent calibration using 3C 147 included flagging RFI,
correcting initial phase offsets between the parallel-handed correlations,
antenna-based phase delay and amplitude calibration. The flux scale of the
primary calibrator 3C 147 was set according to the Scaife & Heald (2012)
flux scale. Then a phase calibration was performed using a wide-field sky
model. In the direction-dependent calibration, SPAM iteratively solved for
amplitude and phase gains towards multiple directions in the target field.
The calibration solutions were used to fit a 2D ionospheric model and the
derived ionospheric corrections were then applied to the target data. To ob-
tain final images, the direction-dependent calibrated data in the direction
of A1240 were deconvolved with CASA (see Subsec. 3.2.4).

3.2.3 VLA 3 GHz

The VLA S-band observations were performed in C and D configuration
on Oct. 10, 2014 and Oct. 09, 2015, respectively (project: 14B-157, PI: W.
Dawson). In each configuration the array was separately pointed at each
radio relic. The observations used 16 spectral windows, each of which was
split into 64 channels, and covered the 2 − 4 GHz bandwidth in total. An
overview of the observations is given in Table 3.1.

Following van Weeren et al. (2016b), we separately processed the target
data for each configuration/pointing with the CASA package. The target
data were Hanning smoothed and corrected for elevation-dependent gains
and antenna position offsets. The RFI was flagged with the automatic flag-
gers in CASA and AOFlagger (Offringa et al. 2012). The antenna delays
and bandpass were derived using a model of 3C 286 that is set to the
Perley & Butler (2013) flux scale and has an uncertainty of a few per-
cent (Perley & Butler 2013). The cross-hand delays were solved using 3C
286, assuming a fractional polarization of 11% and a RL-phase difference
of 66◦. The polarization leakage terms for every channel were determined
from J1407+2827 which served as a low polarization leakage calibrator.
After the calibration parameters were derived they were transferred to the
target data. The phase calibration of the target field was calculated every
20 minutes using J1146+3958. To improve the fidelity of the target field
image, self-calibration loops were then performed. Finally, the calibrated
data for the C and D configurations that have the same pointing centres
were concatenated in uv-plane and were used to make continuum images
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(see Subsec. 3.2.4).

3.2.4 Continuum imaging

To map the diffuse source structure with the wide-band data sets we ex-
ploited multi-scale and multi-frequency synthesis (MS −MFS) in CASA
(McMullin et al. 2007; Cornwell 2008; Rau & Cornwell 2011). The LO-
FAR, GMRT and VLA calibrated data were separately CLEANed with
MS −MFS to model the complex emission from A1240. The scales used in
the deconvolution are multiscale = [0, 3, 7, 25, 60, 150] × pixels, where the
zero scale is for modelling point sources and the larger scales are for sam-
pling the diffuse emission. Due to the wide fractional bandwidth of the
VLA observations the primary beam considerably varies across the band
and three Taylor terms (nterms = 3) were used to model the frequency de-
pendence of the radio emission. nterms = 2 and 1 were used for the LOFAR
and GMRT data that have bandwidths of 43 MHz and 33 MHz, respectively.
Additionally a wide-field algorithm (W − projection, Cornwell et al. 2005,
2008) was employed to account for the non-coplanarity of the baselines
across the sky. Specially depending on the image size, wprojplanes = 448
was used for the LOFAR data and wprojplanes = 384 was set for the WSRT
and GMRT data.

To optimise for imaging on various different angular scales, the LOFAR,
GMRT and VLA uv-data were weighted using Briggs’s robust weighting
(Briggs 1995) in combination with uvtapers to down-weighting the outer
baselines (see Table 3.2). The final LOFAR and VLA images were cor-
rected for the attenuation of the primary beams that were generated with
AWImager (Tasse et al. 2012) and CASA (McMullin et al. 2007), respec-
tively. The GMRT 612 MHz images were also corrected for primary beam
attenuation3,

A(x) = 1 − 3.486

103
x2 +

47.749

107
x4 − 35.203

1010
x6 +

10.399

1013
x8, (3.1)

where x = f × θ, here θ is angular distance in arcmin to the pointing centre,
and f = 0.612 GHz is the frequency of the GMRT observations.

3.2.5 Spectral index measurements

To make spectral index maps of A1240 we combined LOFAR 143 MHz,
GMRT 612 MHz and VLA 3 GHz continuum images. To measure approxi-

3GMRT User’s manual

http://gmrt.ncra.tifr.res.in/gmrt_hpage/Users/doc/manual/Manual_2013/manual_20Sep2013.pdf
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mately the same spatial scales of emission, we selected a common uv-range
(0.2 − 41.0 kλ) for the data sets when making the total intensity images. A
common Briggs weighting (robust = −0.25) was applied to the data sets.
It is noted that uniform weighting, or attempting to directly match the
uv-coverage, helps to accurately compare interferometric images. However,
such weighting of the uv-data significantly increases the noise levels of the
continuum images. Instead, we used the Briggs weighting to increase sig-
nal to noise ratio (SNR) of the sources and attempted to ensure that the
native resolution of the images from the different arrays was equal by ap-
plying different uv-tapers. To obtain an angular resolution of 20 arcsec we
used an outer uv-taper of 10 arcsec, 17 arcsec and 9 arcsec for the LOFAR,
GMRT and VLA data, respectively. The native resolution with these imag-
ing parameters was 19.7 arcsec×14.9 arcsec (position angle of PA = 86.3◦)
for the LOFAR image, 19.2 arcsec×14.0 arcsec (PA = 24.4◦) for the GMRT
image and 20.0 arcsec×15.8 arcsec (PA = −84.4◦) for the VLA image. These
total intensity maps were smoothed to an identical resolution of 21 arcsec,
aligned and regrided. The LOFAR, GMRT and VLA images have noise lev-
els of σrms = 280, 175 and 17 µJy/beam, respectively. The spectral indices
were calculated for each pixel by fitting the ⩾ 3σrms pixels in at least two
images with a power-law function, S ∝ να. To estimate the spectral index
error, we adapted a common flux scale uncertainty of 10% associated with
the calibration of the LOFAR, GMRT and VLA data, as commonly used
in the literature (e.g. van Weeren et al. 2016c; Hoang et al. 2017).

3.2.6 Polarization measurements

We used the VLA 2 − 4 GHz data to study the linear polarization proper-
ties of the faint diffuse emission from A1240. We made multiple polarization
maps with (i) the full bandwidth 2 − 4 GHz data which maximised the po-
larization detection significance, (ii) successive narrower (480 MHz) band
data to examine the frequency dependence of the polarized emission and
(iii) successive 224 MHz bandwidth chunks to ensure that our measure-
ments were not suffering from bandwidth depolarisation. In each case we
made Stokes I, Q and U images with WSClean (Offringa et al. 2014). The
imaging was done with the multi-scale and joined-channel deconvolution
algorithm (Offringa & Smirnov 2017). We also used Briggs (robust = 0.00)
weighting on the uv-data. The reason for using WSClean, instead of CASA,
is because the combination of multiscale and Stokes Q/U CLEAN, which is
essential for recovering the faint diffuse polarized emission of A1240, is not
yet available in CASA (version 4.7). To obtain the polarization intensity P
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and angle ϕ maps, the Stokes Q and U images were combined as follows,

P =
√

Q2 + U2; ϕ =
1

2
arctan U

Q
. (3.2)

From the polarized P and Stokes I emission maps, the total polarization
fraction, F = P/I, was calculated for pixels within the ⩾ 3σrms region of the
Stokes I image. To obtain the corrected flux measurements, the final Stokes
P and I images were then divided by the VLA primary beam to correct for
the sensitivity attenuation.

The polarization angle calculated from Eq. 3.2 was further corrected for
the Faraday rotation caused by the Galactic magnetic field (i.e. ϕA1240 =
ϕEq. 3.2−ϕGalactic). Given the mean Galactic rotation measure (RM) of 9.4 rad/m2

towards the direction of A1240 (Oppermann et al. 2012), the Galactic Fara-
day rotation (ϕGalactic = RM×λ2) is 12◦ and 3◦ at the lower and higher edges
of the 2 − 4 GHz band, respectively. Since the polarized emission map was
made with full bandwidth data that has the central frequency at 3 GHz,
we corrected the Galactic Faraday rotation using ϕGalactic = 5◦ (Oppermann
et al. 2012).

3.2.7 Chandra X-ray data

The Chandra ACIS-I observation (ID: #4961, PI: Kempner) of A1240 was
taken on Feb. 5, 2005 and has a duration of 52 ks. Following the data
reduction procedure described in Vikhlinin et al. (2005), we applied the
calibration files4 using the chav package5. The calibration includes filtering
out bad pixels, correcting for the position-dependent inefficiency of the
charge transfer and correcting for photon energies with gain maps. The
background emission was subtracted using standard blank sky files. For
more details on the reduction procedure, we refer to Vikhlinin et al. (2005).

3.3 Results

In Fig. 3.1 we present high-resolution continuum images of A1240 that
were made with LOFAR at a frequency of 143 MHz. The GMRT 612
MHz and VLA 3 GHz contours are overlaid on the Subaru r-band im-
age in Fig. 3.2. The resolution is θFWHM = 15 arcsec×10 arcsec (PA = 87◦)
for the LOFAR image and is θFWHM = 21 arcsec×21 arcsec for the VLA

4CIAO v4.6 and CALDB v4.6.5
5http://hea-www.harvard.edu/~alexey/CHAV

http://hea-www.harvard.edu/~alexey/CHAV
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and GMRT images. A common Briggs’ robust weighting of −0.25 and
outertaper = 5 arcsec, 17 arcsec and 9 arcsec were used for the LOFAR,
GMRT and VLA imaging (see Subsec. 3.2.4). In Fig. 3.3 we present a
low-resolution (41 arcsec×36 arcsec, PA = 13◦) 143 MHz image of A1240
(robust = 0.10, outertaper = 25 arcsec). The radio relics in the northern
and southern outskirts of A1240, that were previously observed with the
WENSS 325 MHz in Kempner & Sarazin (2001) and with the VLA 325
MHz and 1.4 GHz in Bonafede et al. (2009), were detected with a peak
flux of 12σrms in our high resolution images (Figs. 3.1-3.3). Bonafede et al.
(2009) previously presented spectral index and polarization properties and
equipartition magnetic field measurements of the relics. With the wide-band
observations between 143 MHz and 3 GHz we provide new measurements
on the spectra and polarization properties of the relics.

3.3.1 The double radio relics

The detected relics (Figs. 3.1 and 3.2) have projected sizes of 0.68×0.20Mpc2
and 1.35×0.35Mpc2, respectively; and their major axes are aligned with the
3σrms edges of the Chandra X-ray emission (Fig. 3.3). For both relics, the
surface brightness gradient is steeper on the outer edges than that in the
inner edges. Across the length of A1240-1, the surface brightness gradually
decreases from west to east. The emission on the western and eastern sides
of A1240-2 appears completely detached at 612 MHz and 3 GHz (Fig. 3.2),
but is connected at 143 MHz (Fig. 3.1).

Spectral analysis

In Fig. 3.4 (left) we present the three-frequency spectral index map between
143 MHz and 3 GHz of A1240 (see Subsec. 3.2.5). In Fig. 3.4 (left), the
spectral indices for A1240-1 and A1240-2 were found to steepen from the
outer edge towards the inner regions. The steepening trend across the width
of the relics is better visible in the spectral index profiles in the right panel
of Fig. 3.4. In particular the spectral indices are −0.94±0.06 and −0.97±0.05
at the outer edges of A1240-1 and A1240-2, respectively. Towards the inner
regions at a distance of 63 arcsec (∼ 204 kpc) from the outer edges of A1240-
1 and A1240-2, the spectral indices significantly steepen to −1.16±0.05 and
−1.23 ± 0.05, respectively.

To estimate the integrated spectral indices of A1240-1 and A1240-2, we
used the LOFAR 143 MHz, GMRT 612 MHz and VLA 3 GHz images that
were used to make the spectral index map in Fig. 3.4. The integrated fluxes
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Figure 3.1: LOFAR 143 MHz total intensity map of A1240 with contours in grey (pos-
itive) and blue (negative) (θFWHM = 15 arcsec×10 arcsec, PA = 87◦). The contours are
[−3, 3, 6, 12, 24, 48]×σrms, where σrms = 165 µJy/beam. The green contours are the Chan-
dra X-ray surface brightness smoothed with a 2D Gaussian kernel to 40 arcsec resolution.
The X-ray contour levels are [3, 6, 9, 12, 15, 18] × σ, where σ = 0.5 × 10−6 cts/s/arcmin2.
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Figure 3.2: A Subaru r,g band image of A1240. The VLA (green) and GMRT (ma-
genta) contours are levelled at [−3, 3, 6, 12, 24, 48]×σrms (dashed negative), where σrms =
175 µJy/beam and 17 µJy/beam for the GMRT and VLA images, respectively. The reso-
lution of the radio images is θFWHM = 21 arcsec×21 arcsec. The radio sources are labelled.
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Figure 3.3: LOFAR 143 MHz total intensity map of A1240 with contours in grey (pos-
itive) and blue (negative) (θFWHM = 41 arcsec×36 arcsec, PA = 13◦). The contours are
[−3, 3, 6, 12, 24, 48] × σrms, where σrms = 410 µJy/beam. The X-ray contours are identical
to those in Fig. 3.1 and are only available for A1240. The dashed magenta ellipse shows
the region where the upper limit of diffuse emission is estimated in Subsec. 3.4.2. The
green dashed circle marks the region of A1237.



3.3 Results 73

11h23m15s30s45s24m00s15s
Right Ascension

+43°00'

03'

06'

09'

12'

D
e
cl

in
a
ti

o
n

1.28

1.20

1.12

1.04

0.96

0.88

0.80

0.72

0.64

11h23m15s30s45s24m00s15s
Right Ascension

+43°00'

03'

06'

09'

12'

D
e
cl

in
a
ti

o
n

0.05

0.06

0.07

0.08

0.09

0.10

0.11

0.12

0.13

0.14

0 50 100 150 200 250 300
d [kpc]

-1.5

-1.4

-1.3

-1.2

-1.1

-1.0

-0.9

-0.8

α
3

G
H

z
14

3
M

H
z

A1240-1
A1240-2

A1240-1

A1240-2

Figure 3.4: Left: Three-frequency spectral index map between 143 MHz and 3 GHz of
A1240 at 21 arcsec (or ∼ 68 kpc) resolution. Middle: The corresponding spectral index
error map. Right: The spectral index profiles across the width of the relics A1240-1 and
A1240-2 and towards the cluster centre. The flattest spectral indices are −0.94±0.06 and
−0.97 ± 0.05 at the outer edges of A1240-1 and A1240-2, respectively. The subplots show
the regions where the spectral indices were extracted. The compact sources (i.e. green
dotted circles) were masked. The radial size of the region is equal to the synthesized beam
size of 21 arcsec. The downward pointing arrows indicate the upper limit of the spectral
indices that have < 2σrms detection confidence levels in VLA and/or GMRT observations.
The LOFAR 143 MHz superimposed contours in both panels are at identical spacings to
those in Fig. 3.1 (here σrms = 280 µJy/beam).

Table 3.3: Integrated fluxes for the radio relics of A1240.

Source S 143 MHz (mJy) S 612 MHz (mJy) S 3 GHz (mJy)
A1240-1 68.45 ± 1.38 13.32 ± 1.60 2.54 ± 0.09
A1240-2 202.39 ± 2.40 33.77 ± 3.70 6.43 ± 0.17

were measured within the ⩾ 3σrms region of the LOFAR image on all three
images, are given in Table 3.3 and is plotted in Fig. 3.5. The measured
fluxes at three frequencies were fit with a power-law function, S ∝ να.
The best-fit spectral indices for A1240-1 and A1240-2 were estimated to be
−1.08±0.05 and −1.13±0.05, respectively. Our spectral index measurements
are statistically consistent with the 325 MHz − 1.4 GHz measurements of
−0.96 ± 0.26 and −1.11 ± 0.27 in Kempner & Sarazin (2001) and −1.2 ± 0.1
and −1.3 ± 0.2 in Bonafede et al. (2009). In addition, to search for spectral
curvature we divided the data into two frequency intervals: from 143 to 612
MHz and from 612 MHz to 3 GHz. We estimated the integrated spectral
indices between 143 and 612 MHz to be −1.13 ± 0.11 and −1.23 ± 0.10 for
A1240-1 and A1240-2, and between 612 MHz and 3 GHz to be −1.03± 0.10
and −1.08 ± 0.05 for A1240-1 and A1240-2, providing no clear evidence for
spectral curvature between 143 MHz and 3 GHz in either relic.
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Figure 3.5: Integrated spectra for the radio relics of A1240. The integrated fluxes of
the relics were measured in the LOFAR 143 MHz, GMRT 612 MHz and VLA 3 GHz
21 arcsec-resolution images (Table 3.2) and are given in Table 3.3. The spectral index
values that were obtained from the spectral power-law fitting, S ∝ να, for the relics are
given in Table 3.4.

Polarization analysis

In Fig. 3.6 we present polarization electric field vectors in the regions of
the relics. The polarized radio emission is extended along the length of
the relics. The electric field vectors are approximately perpendicular to the
major axes of the relics. The integrated fractional polarization at 3 GHz is
29 ± 2% (up to F̄beam = 58% in the most polarised regions in Fig. 3.6) for
A1240-1 and is 16 ± 2% (up to F̄beam = 40%) for A1240-2. Our fractional
polarization measurement is close to the value of 26% for A1240-1 measured
from the VLA 1.4 GHz data (Bonafede et al. 2009), but lower than that of
29% for A1240-2.

We examined the dependence of the fractional polarization on frequency.
The VLA 2− 4 GHz data were split into 4 sub data sets, each of which has
a bandwidth of 480 MHz. For each 480 MHz data set, we made polarized
emission and total intensity (Stokes I) images in a similar manner to the
procedure used for the full-band 2 − 4 GHz data (see Subsec. 3.2.6). The
region that was used to measure the integrated polarized fluxes is within the
⩾ 3σrms pixels of the full-band Stokes I image. The fractional polarization,
F = P/I, was estimated for each 480 MHz data set and is plotted in Fig.
3.6. The mean polarized emission for the first-three 480 MHz data chunks
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Figure 3.6: Left: Electric field vector maps in the regions of the A1240 relics. The red
vertical reference lines for 100% of fractional polarization are shown in the left bottom
corners. The VLA 2 − 4 GHz 18.5 arcsec×14.5 arcsec resolution (grey) contours are at
identical levels to those in Fig. 3.1 (here σrms = 13 µJy/beam). Right: Fractional polar-
ization of A1240-1 and A1240-2 between 2 and 4 GHz. The down pointing arrows indicate
the data points where polarized emission is below 1.4σrms detection limit. The fractional
polarization for the VLA 224 MHz and 480 MHz bandwidth data sets are in line with
each other.

for A1240-1 and A1240-2 were measured to be ∼ 32 ± 4% and ∼ 17 ±
4%, respectively. These fractional polarization measurements are consistent
with the mean values (i.e. 29 ± 2% for A1240-1 and 16 ± 2% for A1240-
2) that we measured directly from the full-band polarized emission map
(Fig. 3.6) indicating that our measurements are not severely affected by
bandwidth depolarisation. Furthermore, measurements were also made with
a bandwidth of 224 MHz and these, whilst at lower SNR, are consistent with
both the 2 GHz and 480 MHz bandwidth measurements (Fig. 3.6). The
polarization angle of the emission over the regions of A1240-1 and A1240-2
was measured to be approximately constant over the 2−4 GHz bandwidth.

3.3.2 A connection with Abell 1237

Fig. 3.3 shows the location of A1237 which is a cluster that is falling to
A1240 from the south (Barrena et al. 2009). In the central region of A1237
we detect a tailed radio galaxy that shows extended emission towards the
south, suggesting that the radio galaxy is moving to the north with respect
to the local ICM. No diffuse large-scale emission was observed from the ICM
of A1237 or the region between the clusters. Using the 41 arcsec×36 arcsec-
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Table 3.4: Spectral properties and Mach numbers for the radio relics.

Source αint αinj Mint Minj

A1240-1 −1.08 ± 0.05 −0.94 ± 0.06 5.1+3.1
−1.1 2.4 ± 0.1

A1240-2 −1.13 ± 0.05 −0.97 ± 0.05 4.0+1.1
−0.6 2.3 ± 0.1

Notes: Col. 1: source name; Col. 2: integrated spectral index between 143
MHz and 3 GHz (Subsec. 3.3.1); Col. 3: injection spectral index calculated

in the outer edge regions (Subsec. 3.3.1); Col. 4 − 5: Mach numbers
derived from Col. 2 − 3, respectively.

resolution image (Fig. 3.3) we estimated the integrated flux over an area
of radius of 3 arcmin−5 arcmin (Fig. 3.3) is not higher than 25− 69 mJy at
143 MHz at 1σrms significance.

3.4 Discussion

3.4.1 Radio relics

Bonafede et al. (2009) discussed possible formation models for the radio
relics in A1240. The models were associated with large-scale outward prop-
agating shocks generated during the cluster merger and included (i) shock
acceleration via Fermi-I process (Enßlin et al. 1998; Roettiger et al. 1999;
Hoeft et al. 2007) and (ii) shock re-acceleration of fossil plasma via adiabatic
compression (Enßlin & Gopal-Krishna 2001). Using our high-resolution,
large-frequency range, and deep LOFAR, GMRT and VLA data, we dis-
cuss below the implications of our observational results (Sec. 3.3) in the
framework of the relic formation models.

Injection spectral index and shock Mach number

The predictions of particle (re-)acceleration models at shock fronts depends
on the Mach number of shocks (e.g. Donnert et al. 2016; Kang & Ryu 2016)
that is defined as follows,

M =
vshock

cs
, (3.3)

where vshock is the shock speed and cs is the sound speed in the upstream
ICM. For simple planar shocks in the linear test particle regime of DSA,
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the spectral index of the relativistic electrons that are injected at the shock
front is a function of the Mach number (Blandford & Eichler 1987),

αinj =
1

2
− M

2 + 1

M2 − 1 or M =

√
2αinj − 3
2αinj + 1

. (3.4)

where the injection spectral index αinj = (1 − δinj)/2, here δinj is the power
of the particle power spectrum, dN/dE ∝ E−δinj .

The injection spectral index for a simple planar shock model has been
commonly estimated in the literature by using an approximation,

αinj = αint +
1

2
, (3.5)

where αint is the integrated spectral index of the relic.The advantage of
this approach is that the measurement bias is free from the projection and
synthesized beam effects as the integrated fluxes are measured over the
whole region of the relic. However, in many clusters the Mach numbers
derived from the integrated spectral index are higher than those estimated
from X-ray data (e.g. Stroe et al. 2013; Akamatsu et al. 2015; Eckert et al.
2016). Furthermore, hydrodynamical simulations of cluster shocks indicate
that the αinj − αint approximation (Eq. 3.5) does not hold for spherical
expanding shocks as the shock speed decreases in time (Kang 2015a,b).
A second method to estimate the injection spectral index is to directly
measure at the shock front with sufficiently high-resolution spectral index
maps (e.g. de Gasperin et al. 2015; van Weeren et al. 2016c; Hoang et al.
2017). It is noted that this direct measurement of the injection spectral
index is only applicable to the shocks that are moving on/close the plane of
the sky to minimize the mixing of different aged electrons. A third method
to estimate the injection spectral index is to model the spectral ageing of the
relics (Harwood et al. 2013, 2015; Stroe et al. 2014; de Gasperin et al. 2015).
The spectral ageing modelling requires observations at least 4 frequencies
to constrain the spectral curvature of the relics, which we are unable to
do with our current data sets. The estimation of injection spectral indices
for radio relics using the three approaches above have pros and cons which
were discussed in the literature (e.g. Stroe et al. 2014; de Gasperin et al.
2015; Hoang et al. 2017).

In case of A1240, we estimated the integrated spectral indices between
143 MHz and 3 GHz to be −1.08 ± 0.05 and −1.13 ± 0.05 for A1240-1 and
A1240-2, respectively (Subsec. 3.3.1). Using Eqs. 3.4 and 3.5, we estimated
the injection spectral indices and the corresponding Mach numbers for the
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relics to be −0.58±0.05 and 5.1+3.1
−1.1 for A1240-1 and −0.63±0.05 and 4.0+1.1

−0.6
for A1240-2. These Mach numbers are significantly higher than those (i.e.
3.3± 0.2 and 2.8± 0.3, respectively) that were estimated with the VLA 325
MHz and 1.4 GHz data using the above approach reported in Bonafede
et al. (2009). Using the second approach of measuring the injection spec-
tral index directly at the shock front (Subsec. 3.3.1), we obtained injection
spectral indices of −0.94±0.06 and −0.97±0.05 for the A1240-1 and A1240-
2 shocks, respectively. The corresponding Mach numbers are 2.4 ± 0.1 and
2.3 ± 0.1. The Mach numbers we have estimated are significantly different
from each other. A possible reason for this discrepancy, as pointed out in
Kang (2015a), is that the shock compression ratio and the flux of the in-
jected relativistic electrons reduce as the shock speed decreases in time.
These lead to a significant deviation of the integrated spectra of the relics
from the power laws of the simple planar shock model which predicts the
αinj − αint relation (Eq. 3.5). Therefore, the integrated spectra of the relics
may be an inaccurate proxy for Mach numbers. However, the spectra of the
relics at the location of the shock fronts are properly described by the DSA
predictions (Kang 2015a) and should be used for the estimates of Mach
numbers.

We analysed Chandra X-ray data to search for shocks at the relic lo-
cations. We fit the surface brightness (SB) with a function consisting of a
β-model and a power law using PROFFIT (see, e.g., Eckert et al. 2011;
Andrade-Santos et al. 2016). The X-ray SB profiles in Fig. 3.7 indicates
possible discontinuities across A1240-1 and A1240-2 which would imply the
presence of shocks or cold fronts at the location of the relics. To distinguish
the nature of the possible discontinuities, a more detailed temperature map
is required, which is not possible to make with the current shallow X-ray
data. In Fig. 3.7, the SB profile has a break close to the central location of
A1240-1 and a SB discontinuity towards the southern direction is found at
the inner region of A1240-2. If the relics trace the candidate merger shocks,
the locations of these breaks seem to be inconsistent with the DSA model
that requires shock fronts to be located at the flattest spectral regions (i.e.
the outer regions) of the relics which is where the relativistic electrons are
(re-)accelerated (e.g. Enßlin et al. 1998; van Weeren et al. 2010). However,
it is known that positional shifts between the relic and X-ray shock posi-
tions can occur due to the contamination of small-scale substructure behind
the shock that is unresolved, by low-resolution X-ray observations (Ogrean
et al. 2013b; van Weeren et al. 2016c), or due to the contamination of fore-
ground X-ray emission in hydrodynamical simulations or due to projection
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Figure 3.7: 52 ks Chandra 0.5 − 2.0 keV surface brightness profiles across A1240-1 (left)
and A1240-2 (right). The blue lines are the fit of the data to a function consisting of a
β-model and a power law.

effects (Hong et al. 2015). Finally, it is noted that the X-ray data is very
shallow (i.e. exposure duration of 52 ks) and the apparent location of the
shock fronts in Fig. 3.7 might be biased by the low S/N of the X-ray data.

In an attempt to obtain approximate estimates of the shock Mach num-
bers with the current X-ray data, we find that the best-fit density jumps
would imply Mach numbers of ∼ 2 for both relics, assuming that the den-
sity jumps trace two shock fronts. These Mach numbers are in line with
our estimates using the radio data (i.e.Minj in Table 3.4). However, future
X-ray studies with deeper X-ray/SZ observations will be necessary to pro-
vide accurate constraints on the Mach numbers and the exact locations of
the shock fronts.

Acceleration efficiency and sources of relativistic electrons

A number of radio relics have been observed at the locations of merger
shocks detected with X-ray observations (e.g. via surface brightness dis-
continuity and/or temperature jump). The shocks are generally thought
to accelerate the ICM electrons to relativistic energies and are visible in
the radio band under the presence of the large-scale, µG cluster magnetic
field. The Mach numbers for the merger shocks are typically measured to
be ≲ 3 from X-ray observations (e.g. Markevitch 2010; Akamatsu & Kawa-
hara 2013). For these weak shocks, the efficiency to accelerate electrons to
relativistic energies directly from the thermal pool can be challenging in
the framework of DSA theory (e.g. Kang et al. 2012; Pinzke et al. 2013;
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Brunetti & Jones 2014; Botteon et al. 2016a; Eckert et al. 2016; van Weeren
et al. 2016c). Here the particle acceleration efficiency is defined as follows
(Botteon et al. 2016a),

η =
Erelic

∆FKE
, (3.6)

where Erelic is the energy flux of the accelerated relativistic electrons at relic
and ∆FKE is the kinematic energy flux available at the shock,

Erelic = ϵe,downvdown (3.7)

∆FKE = 0.5ρupv3shock(1 −
1

C2
), (3.8)

where ϵe,down and vdown are the downstream particle energy density and ve-
locity, respectively; ρup is the upstream density; vshock is the shock speed;
C =

(γ+1)M2

(γ−1)M2+2
is the compression factor of a shock Mach number M (here

γ = 5/3). The relativistic electrons in the downstream region were assumed
to have a single-power law spectrum, Ninj ∝ p−δinj . For details of the formu-
las, we refer to Botteon et al. (2016a).

In Fig. 3.8 we examine the particle acceleration efficiency for shocks with
the injection indices (or Mach numbers) for the relics A1240-1 and A1240-2
(see Table 3.4). In the calculation, we used the downstream particle number
densities ρA1240-1 = (1− 2)× 10−4 cm−3 and ρA1240-2 = (2.5− 3.5)× 10−4 cm−3,
which were derived by fitting of the electron density beta-model profile
to the Chandra X-ray data. We also used the downstream temperature
TA1240-1 = 5.1+1.0

−0.8 keV and TA1240-2 = 5.4+0.9
−0.8 keV (Barrena et al. 2009). The

k-corrected radio power used for the relics in the calculation is P143 MHz
A1240-1 =

(7.52±0.17)×1024 W Hz−1 and P143 MHz
A1240-2 = (2.24±0.33)×1025 W Hz−1 that we

calculated from the LOFAR image (see Table 3.3). Given the equipartition
magnetic field strength of ∼ 2.5 µG in the relic regions (Bonafede et al.
2009), in the cases of higher Mach numbers (i.e. 4.0 for A1240-1 and 5.1 for
A1240-2) the particle acceleration efficiencies that are required to produce
the synchrotron emission in A1240-1 and A1240-2 are less than 1% and
0.5%, respectively. Although the precise efficiency of electron acceleration
by the low Mach numbers of shocks associated with the relics is still an
open question, these low efficiencies are likely to be realistic (Brunetti &
Jones 2014). However, the required efficiencies for low Mach numbers (e.g.
≲ 3) are close to 100 percent which is challenging for DSA. To avoid the
high efficiency problem, it is proposed that the low Mach number shocks
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re-accelerate a pre-existing population of relativistic electrons, instead of
accelerating the thermal electrons (e.g. Markevitch et al. 2005; Kang &
Ryu 2011; Kang et al. 2012). The pre-existing fossil plasma could originate
from radio galaxies that are close to the relics. To search for sources of
possible fossil plasma, we obtained the redshifts from the Subaru and SDSS
optical data (Golovich et al. 2017a) for the radio galaxies (i.e. A, B, C, E,
F in Fig. 3.2) that have small angular separations to A1240-1 and A1240-
2. The galaxies C (z = 0.888 ± 0.0979) and E (z = 0.448 ± 0.0289) are
background sources and D has no redshift information. The radio galaxies
A (z = 0.19299 ± 0.00003), B (z = 0.19223 ± 0.00005), and possibly F (z =
0.152 ± 0.0263) are close to the cluster mean redshift (z = 0.1948) and are
possibly sources of mildly relativistic electrons that could be associated with
the synchrotron radio emission in the relics. An example of this scenario
was observed in Abell 3411-3412 where fossil electrons from a radio galaxy
have been suggested to be re-accelerated by a merger shock which disturbs
the morphology of the tails at the location of the shock and re-flattens
the spectral index of the tails at the location of the shock (van Weeren
et al. 2017). Other less obvious examples are found in PLCKG287.0+32.9
(Bonafede et al. 2014) and the Bullet cluster 1E 0657-55.8 (Shimwell et al.
2015). As our radio data presented in Figs. 3.1 and 3.2 are not deep enough
to provide information on whether A, B and F are connected to A1240-1
and A1240-2 and do not allow us to study the spectral index trend of the
sources, future deeper, high-resolution radio observations will be necessary
to establish such a connection.

Size and power of the double relics

In the DSA model, the extent of radio relics is the same as the size of
the shock fronts which (re-)accelerate in situ the relativistic electrons in
the relics (e.g. Jaffe 1977; Blandford & Eichler 1987; Enßlin et al. 1998).
In merging clusters that host double radio relics on opposite sides of the
cluster centre, the relative largest linear size (LLS) of the relics depends on
the mass ratio of the sub-clusters, as demonstrated in, e.g., hydrodynamical
simulations of ideal binary cluster merger by van Weeren et al. (2011a). In
these simulations, the sub-cluster mass ratio is varied to match the observed
LLSs of double relics (i.e. in the Sausage cluster). The larger relic is found to
be behind the more massive sub-cluster. Although the mass configuration
(i.e. ratio of 1 − 3 : 1) in the simulations might be inconsistent with the
reconstructed mass distribution in the weak lensing data (i.e. mass ratio
∼ 1 in Jee et al. 2015 or ∼ 1 : 2 in Okabe et al. 2015), this might be because



82 Radio observations of Abell 1240

1 10
B [µG]

0

1

10

100

η
[%

]

A1240-1 (Mach 2.4)
A1240-1 (Mach 5.1)
A1240-2 (Mach 2.3)
A1240-2 (Mach 4.0)

Figure 3.8: Particle acceleration efficiency η(B) required to produce the radio surface
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the observed LLS of the faint, steep spectrum relic were biased low by the
sensitivity limitations of the high-frequency radio observations used in van
Weeren et al. (2011a). We note that the error bars associated with the weak
lensing analyses are so large that it is not clear there is real discrepancy.
In support of this, it is known that the LLS of the small relic is much large
and almost equal to the main relic (Hoang et al. 2017). It is also noted that
the observed LLS of a relic also depends on mass concentration of the sub-
clusters prior to merger. In line with the simulations in van Weeren et al.
(2011a), a number of merging clusters are observed to host more massive
sub-clusters behind the main relics (e.g. ZwCl 0008.8+5215 in van Weeren
et al. 2011b, Golovich et al. 2017b; RX J0603.3+4214 in van Weeren et al.
2016c, Jee et al. 2016; and PLCK G287.0+32.9 in Bonafede et al. 2014,
Finner et al. 2017).

In A1240, the projected LLS of A1240-2 in the south is a factor of 2
larger than that of A1240-1 in the north (i.e. 1.35 and 0.68Mpc, respec-
tively; see Subsec. 3.3.1). This implies that the southern shock front is
larger in projection than the north one. Unfortunately, we are unable to
check this with the current shallow X-ray data. However, if this turns out
to be the case and the mass concentration of the sub-clusters is similar,
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the sizes of the shock fronts is likely different because the masses of the
sub-clusters prior to the merger are not equal. The sub-cluster that is more
massive (or larger in size) should generate a larger shock surface in front
of its direction of propagation during a major cluster merger. This scenario
might be applied for A1240 as the cluster is known to be observed 0.3Gyr
after core crossed (Barrena et al. 2009). The southern sub-cluster, which
comes from the north before the merger, is more massive (about 2.8 times;
Barrena et al. 2009) than the northern sub-cluster and generates a wider
shock in the south than the northern counter shock.

The radio power at 143 MHz for A1240-2 is a factor of ∼ 3 more pow-
erful than that for A1240-1 (see Subsec. 3.4.1). This is surprising because
the radio derived Mach number for A1240-2 is smaller or equal to that for
A1240-1 (Table 3.4). This might be because the surface area in the southern
shock is larger than that in the northern shock which might be due to the
difference in the mass of the sub-clusters, as we discussed above. The true
reason is still unclear as the synchrotron power of the relics under DSA
model is a function of many parameters (e.g. shock surface area, electron
density, magnetic field strengths, ICM temperature, particle acceleration
efficiency at the shocks; Eq. 32 in Hoeft et al. 2007) that are poorly con-
strained with the current data. Other possibilities for the difference in the
power of the relics are that the relativistic electrons in the relics are re-
accelerated from fossil plasma and the radio power depends on the fossil
plasma populations (e.g. van Weeren et al. 2016c) or the Mach numbers
derived from radio spectrum are not an approximate proxy for the X-ray
shock Mach numbers (e.g. Akamatsu et al. 2015, 2017; van Weeren et al.
2016c).

Viewing angle of the merger axis

The radio emission from the relics A1240-1 and A1240-2 (Fig. 3.6) is highly
polarized. The electric field vectors are roughly perpendicular to the major
axes of the relics which implies an alignment of magnetic fields along the
major axes of the relics. At the shock fronts, the magnetic field alignments
are likely to be caused by shock compression. Since the polarized emission
is a vector quantity, the fractional polarization as measured by an observer
depends on the viewing angle θ and the compression factor C = (αint −
1)/(αint +

1
2) (assuming a polytropic index of the ICM gas of γgas = 5/3,

Enßlin et al. 1998). The viewing angle here is the projection angle between
the normal of the shock front and the line from the observers to the shock;
for example, θ = 0◦ or 90◦ means that the shock is occurring along the
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LOS or in the plane of the sky, respectively. In cases of a weak magnetic
field or small ratio of the magnetic pressure to internal gas pressure (i.e.
PB/Pthermal =

B2

8πρRT , where B is magnetic field, ρ is thermal electron density,
R is ideal gas constant, T is thermal gas temperature), the observed mean
fractional polarization of a shock is estimated as following (Enßlin et al.
1998),

F̄ ⩽
δint + 1

δint +
7
3

sin2(θ)
2C2

C2−1 − sin2(θ)
, (3.9)

where δint = 1 − 2αint is the slope of the electron density spectrum. The ⩽
sign indicates that the observed polarized emission might further experience
depolarization effects due to, e.g., the spatial resolution of the observations
or wide bandwidth imaging. In case of A1240, we estimated the magnetic
field to thermal pressure ratios of ∼ 18% for A1240-1 and ∼ 9% for A1240-
2, which implies that the relics are located in a region that satisfies the
weak magnetic field criteria. Here we used the magnetic field strength (i.e.
BA1240-1 = 2.4 µG, BA1240-2 = 2.5 µG) estimated in Bonafede et al. (2009),
the particle upstream densities (i.e. ρA1240-1 = 1.5 × 10−4 cm−3, ρA1240-2 =
3.0 × 10−4 cm−3) calculated in Sec. 3.4.1 and the thermal temperature (i.e.
TA1240-1 = 5.1 keV and TA1240-2 = 5.4 keV) measured in Barrena et al. (2009).

To examine the possible viewing angles of the relics A1240-1 and A1240-
2, we plot the fractional polarization F̄ of the relics as a function of viewing
angle θ in Fig. 3.9. Here we used the integrated spectral indices of −1.08 ±
0.05 and −1.13±0.05 for A1240-1 and A1240-2, respectively (Subsec. 3.3.1).
Since the polarization measured from the VLA 2 − 4 GHz data might be
slightly depolarized due to the wide-bandwidth, we used the mean fractional
polarization that was measured from the VLA images (bandwidth of 480
MHz, see Subsec. 3.3.1). The mean fractional polarization measured from
the VLA data sets are 32 ± 4% and 17 ± 4% for A1240-1 and A1240-2,
respectively. These correspond to the viewing angles of θA1240-1 ⩾ 53 ± 3◦

and θA1240-2 ⩾ 39± 5◦ (i.e. via Eq. 3.9). The estimated viewing angles are in
agreement with the constraints from the two-body modelling using optical
redshift data that the cluster merger likely occurred in the plane of the sky
(Barrena et al. 2009).

3.4.2 Radio halo and cluster mass

Cassano et al. (2013) reports the relation between the power of radio haloes
and the cluster mass (i.e. the P1.4 GHz − M500 relation). The power of radio
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Figure 3.9: Fractional polarization of the relics A1240-1 and A1240-2 as a function of
viewing angle. The mean fractional polarization of A1240-1 and A1240-2 was measured
to be 32 ± 4% and 17 ± 4% from the 480MHz-bandwidth data chunks (Subsec. 3.3.1),
which correspond to viewing angles of θA1240-1 ⩾ 53±3◦ (red arrow) and θA1240-2 ⩾ 39±5◦
(blue arrow), respectively.

haloes increases as a function of cluster mass, implying that more gravita-
tional energy is channelled into the radio emission in more massive merging
clusters. A number of low-mass (∼ 1014M⊙) merging clusters have also been
detected to host radio haloes. However, diffuse emission has not been ob-
served in the central regions of some clusters in a similar mass range (e.g.
Abell 2345 in Bonafede et al. 2009, ZwCl 2341.1+0000 in van Weeren et al.
2009, ZwCl 0008.8+5215 in van Weeren et al. 2011b, PSZ1 G096.89+24.17
in de Gasperin et al. 2014). The question remains as to what fraction of
merging galaxy clusters are not able to generate radio haloes or whether
the non-detection is simply due to the sensitivity limitation of the current
radio observations. In case of A1240, our LOFAR 143 MHz data (Fig. 3.3)
shows no evidence of diffuse emission in the central region of the cluster
despite of the fact that its ICM is highly disturbed. In this subsection, we
use the LOFAR data to constrain the upper limit for the flux of the radio
halo. We assume that the spectral index for the halo is αint = 1.3 ± 0.2 (i.e.
the typical spectral index for a number of known haloes; Feretti et al. 2012)
and the radio power is k-corrected for the redshift of the cluster.
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Table 3.5: Upper limits for the radio halo power of A1240.

Region P1.4 GHz[10
23 W Hz−1]

Circle (RH = 264kpc) 0.30 ± 0.14
Circle (mock injection) 0.29 ± 0.13
Ellipse (from Figs. 3.3) 2.2 ± 1.0
Ellipse (mock injection) 1.4 ± 0.6

Upper limit for halo flux from the LOFAR data

Given the cluster mass of M500 = (3.7±0.4)×1014 M⊙ (Planck Collaboration
et al. 2016), we found the predicted power for A1240 to be P1.4 GHz = (1.9±
0.9) × 1023 W Hz−1. The power of radio haloes is also found to be directly
proportional to their radii, RH =

√
Rmin × Rmax, where Rmin and Rmax are

the minimum and maximum radii of the haloes (e.g. Cassano et al. 2007).
Using the P1.4 GHz−RH relation in Cassano et al. (2007), we estimate that the
radius for the halo in A1240 is RH = 264 kpc, which is significantly smaller
than half of the distance between A1240-1 and A1240-2 (i.e. 900 kpc).

The 1σrms upper limit for the flux of non-detected diffuse emission is
commonly estimated as S = A × σrms, where A is the area emitting the
expected diffuse emission. Given the sensitivity of the LOFAR data (Fig.
3.3), we estimated that the halo flux at 143 MHz is at most S 143 MHz =
A × σrms = 5.1mJy, where σrms = 410 µJy beam−1 = 0.244 µJy arcsec−2 and
A = πR2

H = 21 × 103 arcsec2, corresponding to a radius of 264 kpc. The
derived upper limit for the halo power at 1.4 GHz is P1.4 GHz = (3.0± 1.4)×
1022 W Hz−1. Our estimated 1σrms upper limit for the radio halo is ∼ 6− 12
times smaller than the value predicted from the P1.4 GHz −M500 relation (i.e.
P1.4 GHz = (1.9 ± 0.9) × 1023 W Hz−1; Cassano et al. 2013). The radio halo
in A1240 is therefore underluminous in comparison with the prediction of
the P1.4 GHz − M500 relation if it has a small radius (i.e. RH). Several other
double-relic clusters are observed to host small haloes (e.g. Brown et al.
2011a; Bonafede et al. 2012; de Gasperin et al. 2015). But it is noted that
the apparent sizes of faint radio haloes might be biased due to, e.g., the
depth or uv-coverage of the observations.

In the post-shock turbulence acceleration scenario, the turbulence is
produced by the baroclinic effects at the shocks, where the pressure gradi-
ents are not in parallel with the downstream total plasma (Brunetti & Jones
2014). Suggested by the Fermi-II process, the radio halo emission may start
from the inner edges of the relics, or behind the shocks, and approximately
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Figure 3.10: The P1.4 GHz − M500 relation of radio haloes (i.e. P1.4 GHz[10
24W Hz−1] =

10−2.82±0.51 × M3.70±0.56
500 [1014M⊙]; i.e. BCES bisector fitting for all detected haloes in Cas-

sano et al. 2013). The upper limits of the radio halo for A1240, P1.4 GHz = (1.4 ± 0.6) ×
1023 W Hz−1 (red arrow), that we estimated from the LOFAR 143 MHz data in Subsec.
3.4.2. The green down arrows indicate upper limits for the undetected radio haloes (see
Cassano et al. 2013 for the cluster list). The grey region indicate the 95% confidence
region of the best-fit.

trace the X-ray emission (e.g. van Weeren et al. 2016c; Hoang et al. 2017).
If the radio halo of A1240 follows a similar trend, the size of the halo should
be approximately equal to the distance between A1240-1 and A1240-2 (i.e.
∼ 1.8 Mpc in projection). If we assume the halo emission encompasses the
region shown by the ellipse in Fig. 3.3 then the 1σrms upper limit of the
radio flux is significantly higher at S 143 MHz = A × σrms = 37.2mJy, where
A = 152.6 × 103 arcsec2. The ellipse has semi-minor and semi-major axes
of 3 and 4.5 arcmin, respectively. The position angle of the ellipse is 160◦

(the north-south axis being the reference, the counter-clockwise being pos-
itive direction). The corresponding limit on the 1.4 GHz radio power is
P1.4 GHz = (2.2 ± 1.0) × 1023 W Hz−1, which is not discrepant from that pre-
dicted by the P1.4 GHz−M500 relation (i.e. P1.4 GHz = (1.9±0.9)×1023 W Hz−1;
see Fig. 3.10). Hence, even though we do not detect the halo, its expected
power should be close to the detection limit of our observations.
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Upper limit of halo flux from simulations

Beside the uncertainty in the predictions of the halo size and its radio
power, other possibilities for the non-detection of diffuse emission in the
cluster centre are due to (i) the limited uv-coverage of the interferometric
observations (see, e.g., Venturi et al. 2008) and (ii) the algorithms used in
the data reduction procedure.

To examine (i), we generated a mock image for the radio halo with a
surface brightness that follows an exponential function I(r) = I0 exp(−ϵ/re),
where ϵ = x2

a2 + y2

b2 ⩽ 1 defines the projected shape of the diffuse emission
(Bonafede et al. 2017); I0 and re are free parameters (Murgia et al. 2009).
The mock halo has a peak brightness of I0 = 3σrms = 0.732 µJy arcsec−2,
an effective radius of re = 102 kpc and an integrated flux of 100.4mJy at
143 MHz over the elliptical region (a = 582 kpc and b = 873 kpc) in Figs.
3.3 and 3.11. The halo model was injected (i.e. Fourier transformed) into
a blank column of the LOFAR data set that does not include sources nor
background noise. The injected uv-data were then deconvolved with the
MS −MFS options in CASA (see Subsec. 3.2.4) to obtain the mock halo.
The integrated flux for the mock halo that was measured in the deconvolved
image is 95.9mJy which is ∼ 95% of the integrated flux of the injected mock
halo. This implies that the LOFAR observations are sensitive to the 143
MHz, ∼ µJy arcsec−2 diffuse emission of scales equivalent to the separation
of the relics in A1240.

To search for the upper limit of the halo flux, we follow the procedure
described in Bonafede et al. (2017). We vary the integrated fluxes (i.e.
using I0) and inject the elliptical model (a = 582 kpc, b = 873 kpc and re =
102 kpc) to the LOFAR data column. I0 is varied in steps of 0.5σrms, followed
by fine steps of 0.1σrms between 1 − 2σrms. We found that no extended
emission (i.e. size of ⩾ RH) is detected in the deconvolved images (Fig.
3.11) at 2σrms when the integrated flux of the injected model is ⩽ 36.8mJy
(i.e. I0 = 1.1σrms). The corresponding radio power at 1.4GHz is P1.4 GHz =
(1.4 ± 0.6) × 1023 W Hz−1. This injected power can be considered as the
approximate upper limit of the halo power and is consistent with our 1σrms

estimate (i.e. P1.4 GHz = (2.2 ± 1.0) × 1023 W Hz−1 at 143 MHz) using the
LOFAR low-resolution image. It is noted here that the halo emission is
assumed to be distributed over an elliptical region between A1240-1 and
A1240-2. In case that the P1.4 GHz − RH relation holds for A1240, the halo
would be smaller (i.e. a = b = RH = 264 kpc) and the upper limit for the
halo power derived from simulations is P1.4 GHz = (2.9 ± 1.3) × 1022 W Hz−1.
This is ∼ 6 times lower than the value derived from the VLA 1.4 GHz data
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Figure 3.11: Injection of halo models to the LOFAR data. (a) An example of the injected
model for the halo (smoothed to 41 arcsec×36 arcsec resolution). (b) LOFAR image of
the region where the halo model is injected. (c-e) LOFAR images after the halo models
of various peak brightness I0 are injected. The contours start at ±2 and are spaced with
a factor of 2. The size of the elliptical region is identical to that in Fig. 3.3.

in Bonafede et al. (2017) and is ∼ 7 times below the value predicted by
the P1.4 GHz − M500 relation. The amount of flux that is recovered from the
deconvolved images depends on the brightness of the injected halo model
and the regions where the integrated flux is measured, as shown in Fig. 3.12
for the case of the elliptical model for the halo.

The second possibility (ii) for the absence of the radio halo is beyond the
scope of this paper as it requires mock haloes to be corrupted with realistic
direction-independent and direction-dependent effects and injected into the
uv-data prior to processing.

3.5 Conclusions

A1240 is a galaxy cluster in the process of merging (Bonafede et al. 2009;
Barrena et al. 2009). Previous radio observations with the VLA (325 MHz
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Figure 3.12: Recovered flux for the radio halo depends on the S/N of the injected elliptical
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and 1.4 GHz) by Bonafede et al. (2009) characterised two radio relics in the
peripheral regions of the cluster. In this paper, we performed LOFAR 143
MHz observations of the cluster and combined these with archival GMRT
612 MHz and VLA 3 GHz data. With the wide frequency range and deep
observations, we provided new measurements on the spectral and polari-
metric properties of the emission from the cluster relics and added further
constraints on the existence of a radio halo. Below we summarize our re-
sults.

• From the 143 MHz − 3 GHz spectral index map we measured a spec-
tral gradient across the width of the relics A1240-1 and A1240-2. The
spectral indices steepen from −0.94±0.05 and −0.97±0.05 at the outer
edges to −1.18 ± 0.05 and −1.23 ± 0.05 at the inner edges for A1240-
1 and A1240-2, respectively. Using the spectral index values at the
locations of the shock fronts and assuming DSA, the corresponding
Mach numbers for the shocks are M = 2.4 ± 0.1 and M = 2.3 ± 0.1,
respectively. These Mach numbers are significantly lower than those
(i.e. MA1240-1 = 5.1+3.1

−1.1 and MA1240-2 = 4.0+1.1
−0.6 ) estimated from the

integrated spectral indices.
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• At 2−4 GHz, we detected polarized emission in the regions of A1240-
1 and A1240-2. The mean fractional polarization as measured from
the VLA 480 MHz bandwidth data sets are 32 ± 4% and 17 ± 4% for
A1240-1 and A1240-2, respectively. From these fractional polarization
measurements we constrained the lower limits of the viewing angle of
the merger axis to be 53 ± 3◦ and 39 ± 5◦ for A1240-1 and A1240-2,
respectively.

• The magnetic field to thermal pressure ratio was estimated to be
∼ 18% and ∼ 9% in the regions of A1240-1 and A1240-2, respectively.

• The spectral gradients and polarimetric properties for the relics are
consistent with the scenario that the relics were generated from shocks
that are moving outwards. If the Mach numbers are 4.0 for A1240-1
and 5.1 for A1240-2, the required efficiency to accelerate electrons is
less than 1% and 0.5%, respectively, suggesting that the relativistic
electrons in the relics might be accelerated directly from the thermal
pool. If the relics have low Mach numbers (e.g. below 3), fossil elec-
trons from radio galaxies in A1240 existing prior to the shock passage
will be required.

• With the sensitivity of our current LOFAR 143 MHz data, no hints
of diffuse emission in the central regions of A1240 and A1237 were
detected. Furthermore, no emission was observed in the region be-
tween the clusters. In the case that the A1240 halo spans the en-
tire region (i.e. the ellipse in Fig. 3.3) between the relics, our upper
limit for the radio halo power of A1240 by injecting of halo models
is P1.4 GHz = (1.4± 0.6)× 1023 W Hz−1 which is consistent with the ex-
pected power from the P1.4 GHz−M500 scaling relation. However, in case
of small halo (i.e. circle of radius RH = 264 kpc) the estimated upper
limit (i.e. P1.4 GHz = (2.9 ± 1.3) × 1022 W Hz−1) is ∼ 7 times below the
P1.4 GHz −M500 relation. Our analysis suggests that we can reasonably
exclude the presence of a small (RH = 264 kpc) radio halo in A1240,
while we cannot exclude the presence of a large elliptical radio halo
extending between the two relics, since in this case our upper limit is
consistent with the P1.4 GHz − M500 correlation.
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