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ABSTRACT

Context. Hierarchical models of structure formation predict that galaxy clusters grow via mergers of smaller clusters and galaxy
groups, as well as through continuous accretion of gas. MACS J0717.5+3745 is an X-ray luminous and complex merging cluster,
located at a redshift of 0.5548. The cluster is suspected to host a bright radio relic, but up until now no detailed radio observations
have been reported. Here we present Giant Metrewave Radio Telescope (GMRT) radio observations at 610 MHz of this cluster.
Aims. The main aim of the observations is to study the diﬀuse radio emission within the galaxy cluster MACS J0717.5+3745 related
to the ongoing merger.
Methods. We have carried out GMRT 610 MHz continuum observations of MACS J0717.5+3745. These are complemented by Very
Large Array (VLA) archival observations at 1.4, 4.9 and 8.5 GHz.
Results. We have discovered a radio halo in the cluster MACS J0717.5+3745 with a size of about 1.2 Mpc. The monochromatic
radio power at 1400 MHz (P1.4 ) is 5 × 1025 W Hz−1 , which makes it the most powerful radio halo known to date. A 700 kpc radio
structure, which we classify as a radio relic, is located in between the merging substructures of the system. The global spectral index
of radio emission within the cluster is found to be −1.24 ± 0.05 between 4.9 GHz and 610 MHz. We derive a value of 5.8 μG for the
equipartition magnetic field strength at the location of the radio halo. The location of the relic roughly coincides with regions of the
intra-cluster medium (ICM) that have a significant enhancement in temperature as shown by Chandra. The major axis of the relic is
also roughly perpendicular to the merger axis. This shows that the relic might be the result of a merger-related shock wave, where
particles are accelerated via the diﬀuse shock acceleration (DSA) mechanism. Alternatively, the relic might trace an accretion shock
of a large-scale galaxy filament to the south-east.
Key words. radio continuum: galaxies – galaxies: clusters: individual: MACS J0717.5+3745 –
cosmology: large-scale structure of Universe

1. Introduction
According to hierarchical structure formation, galaxy clusters
grow via mergers of smaller clusters and galaxy groups. During
cluster mergers an enormous amount of energy is released. This
energy can heat the intra-cluster medium and accelerate particles to highly relativistic energies (e.g., Sarazin 2002; Dolag
et al. 2008; Takizawa & Naito 2000). In the presence of magnetic fields these particles will emit diﬀuse synchrotron radiation, known as radio relics and halos (see the reviews by Feretti
& Giovannini 1996; Feretti 2005; Ferrari et al. 2008, and references therein). Radio halos have a typical size of about 1 Mpc
and the radio emission has a regular smooth morphology that
follows the thermal X-ray emission from the ICM. Radio halos are unpolarized up to a few percent level. One of the main
problems for understanding the presence of halos in clusters is
the origin of the synchrotron-emitting electrons. The lifetime of
these particles is much shorter than their diﬀusion time over
the full extent of the halo (Jaﬀe 1977). Two main possibilities
have been proposed to explain the presence of the relativistic
particles producing the radio halos: (i) the re-acceleration models, where relativistic particles are re-accelerated in situ by turbulence in the ICM generated by merger events (e.g., Brunetti
et al. 2001; Petrosian 2001; Fujita et al. 2003); and (ii) the

secondary models, where the energetic electrons are secondary
products of proton-proton collisions (e.g., Dennison 1980; Blasi
& Colafrancesco 1999; Dolag & Enßlin 2000). Currently, the reacceleration models provide a better explanation for the occurrence of radio halos since (i) halos seem to occur only in clusters
which are undergoing a merger (e.g., Venturi et al. 2007, 2008);
and (ii) the spectra of some radio halos show the expected high
frequency cutoﬀ (e.g., Brunetti et al. 2008). This in contrast to
secondary models that predict that halos should be present in all
massive clusters and the spectral indices should follow simple
power-laws, both of which appears to contradict observations.
Unlike halos, radio relics are irregular structures and can be
highly polarized. Their sizes vary but relics with sizes of megaparsecs have been found in some clusters. These giant radio
relics are thought to trace merger shocks, where particles are
accelerated through the diﬀuse shock acceleration (DSA) mechanism (Drury 1983; Ensslin et al. 1998; Miniati et al. 2001).
An extreme example of a merging cluster is
MACS J0717.5+3745 (Ebeling et al. 2001; Edge et al. 2003).
This massive X-ray luminous cluster (LX = (24.6 ± 0.3) ×
1044 erg s−1 ) is located at z = 0.5548, with an overall ICM
temperature of 11.6 ± 0.5 keV (Ebeling et al. 2007). The cluster
shows pronounced substructure in optical images. A large-scale
filamentary structure of galaxies connected with the cluster
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Table 1. Observations.

Frequency (VLA band)
Bandwidth
Channel width
Observation dates
Project Code
Total on-source time
VLA configuration
Beam size
rms noise (σ)
Largest detectable angular scale
a

GMRT 610 MHz
610 MHz
2 × 16 MHz
125 kHz
6 & 8 Nov. 2008
15HRa01
∼4 h
8.2 × 6.0
78 μJy beam−1
∼4

VLA 1.4 GHz
1385, 1465 MHz (L)
2 × 50 MHz
50 MHz
15 Jul. 2002, 22 Aug. 1997
AE0147, AE0111
49 min, 18 min
B, C
6.1 × 6.1.
49 μJy beam−1
15

VLA 8.5 GHz
8435, 8485 MHz (X)
2 × 50 MHz
50 MHz
22 Aug. 1997
AE0111
8 min
C
3.0 × 2.9
...
∼1.5 a

The largest detectable angular scale is about two times smaller than the theoretical value for short integration times.

was discovered by Ebeling et al. (2004). Steep spectrum1
radio emission (α = −1.15, between 1400 and 74 MHz) in the
direction of the cluster is found in the NVSS (Condon et al.
1998), WENSS (Rengelink et al. 1997) and VLSS (Cohen
et al. 2007) surveys. The radio emission within the cluster was
classified as a radio relic by Edge et al. (2003), no radio halo
was found. Ma et al. (2009) presented X-ray (Chandra) and
optical observations (Hubble Space Telescope (HST), ACS;
Keck-II, DEIMOS) of the cluster. Instead of just two clusters
merging, as is the case for 1ES0657-56 (Markevitch et al.
2002), they found the situation in MACS J0717.5+3745 to be
more complex. A comparison of the galaxy and gas distribution
with the radial velocity information showed the cluster to be
undergoing a triple merger event. As pointed out by Ma et al.,
the partial alignment of the merger axes for the subclusters
suggests that these mergers are linked to the large-scale filament
to the south-east of the cluster. ICM temperatures exceeding
20 keV were found in some regions of the merging system. Near
two of the merging subclusters regions with decrements in the
ICM temperature were observed. These regions are probably
remnants of cool cores.
One of the main questions is whether the radio relic in
MACS J0717.5+3745 is the result of a large shock wave, where
particles are accelerated via the DSA mechanism. According to
Ma et al., the high temperature of the ICM in the cluster could
to some extent be explained by shock heating from the ongoing
mergers. However, the size of the high temperature ICM regions
is very large (∼1 Mpc). Therefore they conclude that it is more
likely we are seeing the result of contiguous accretion of gas
along the cluster-filament interface.
In this paper we present 610 MHz continuum observations of
MACS J0717.5+3745 with the GMRT. These observations are
complemented by unpublished VLA archival observations. The
layout of this paper is as follows. In Sect. 2 we give an overview
of the observations and data reduction. The radio images, spectral index maps, and X-ray overlay are presented in Sect. 3. This
is followed by a discussion and conclusions in Sects. 4 and 5.
Throughout this paper we assume a ΛCDM cosmology with
H0 = 71 km s−1 Mpc−1 , Ωm = 0.3, and ΩΛ = 0.7.

2. Observations and data reduction
MACS J0717.5+3745 was observed with the GMRT as part of a
larger sample of diﬀuse steep spectrum sources selected from
the 74 MHz VLSS survey. Here we shortly describe the reduction of these observations, for further details the reader is
1

VLA 4.9 GHz
4835, 4885 MHz (C)
2 × 50 MHz
50 MHz
27 Nov. 2001
AH0748
89 min
D
17 × 17
22 μJy beam−1
5

Fν ∝ να , with α the spectral index.

referred to van Weeren et al. (2009, submitted). The cluster was
observed in the 610 MHz band on 6 and 8 November, 2008. The
total on-source time was about 4 h, see Table 1. The observations recorded both RR and LL polarizations in two intermediate frequency bands (IFs), each having 128 channels, with a total
bandwidth of 32 MHz. We used the NRAO Astronomical Image
Processing System (AIPS) for reducing the data. The data was
flux and bandpass calibrated using the primary calibrators 3C 48,
3C 147 and 3C 286. We used the Perley & Taylor (1999) extension to the Baars et al. (1977) scale for the absolute flux calibration. Special care was taken to remove radio frequency interference (RFI). To track gain variations during the observations
the secondary calibrator 0713+438 was observed several times.
After this initial calibration several rounds of phase selfcalibration were carried out followed by two final rounds of amplitude and phase selfcalibration. We used the polyhedron method
(Perley 1989; Cornwell & Perley 1992) for making images to
minimize the eﬀects of non-coplanar baselines. Both IFs were
simultaneously gridded, imaged and cleaned. About two times
the primary beam radius was covered with 199 facets to remove
sidelobes from sources away from the field center.
MACS J0717.5+3745 was observed with the VLA, in
the L-band on 15 July 2002 in B-array, in the C-band on
27 November 2001 in D-array, and in the L and X-bands on
22 August 1997 in C-array, see Table 1. These observations were
carried out in single channel continuum mode with two IFs, each
with a bandwidth of 50 MHz. The L-band B-array data was calibrated in the standard way using the flux calibrator 3C 48 and
phase calibrator 0713+438. Several rounds of phase only selfcalibration was followed by a final round of amplitude and phase
selfcalibration. The L and X-band C-array observations lacked
a usable scan on a flux calibrator, so we could only use the secondary calibrator 0713+438. Flux calibration for the L-band data
was carried out by an amplitude and phase selfcalibration against
the B-array clean-component model, restricting the UV-range to
avoid the inclusion of short baselines. This produced the desired
result after checking the flux of the compact sources in the corrected images. The B and C-array L-band UV-datasets were then
combined and imaged simultaneously. An extra round of amplitude and phase selfcalibration was carried out on the combined
data. Flux calibration for the X-band data was not carried out
as we only used the images to identify compact sources related
to AGN. The calibrated C-band observations were taken from
the NRAO VLA Archive Survey2. We carried out an additional
round of amplitude and phase selfcalibration.
2

This NVAS image was produced as part of the NRAO VLA Archive
Survey, (c) AUI/NRAO. The NVAS can be browsed through http://
www.aoc.nrao.edu/~vlbacald/
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Fig. 1. GMRT 610 MHz radio image. Contour levels are drawn at
√
[1, 2, 4, 6, 8, 16, 32, ...] × 234 μJy beam−1 . The image has a noise of
78 μJy beam−1 . The beam size is 8.2 × 6.0 and is indicated in the
bottom left corner.

3. Results: images, equipartition magnetic field
and spectral index maps
Our GMRT radio image with a noise of 78 μJy beam−1 (using
robust weighting 0.5; Briggs 1995) is shown in Fig. 1. The 1.4,
4.9 and 8.5 GHz images are shown in Figs. 2 and 8 (the 4.9 GHz
image as overlay on the spectral index map). The noise levels are
49 and 22 μJy beam−1 for the 1.4 and 4.9 GHz images, respectively, see Table 1. We have indicated the various sources found
in Fig. 2. The 610 MHz, 1.4 and 4.9 GHz images reveal a bright
elongated source, defined as R, which we have further subdivided into R1 to R4. The source runs from north to south and
then turns south-west at a compact source HT. In the north and in
the south-west, at the end of the elongated structure R, there are
two regions with enhanced emission R1 and R4. The linear size
of the entire structure is about 700 kpc. On the basis of the spectral index map and location within the merging system we classify this source, except the central component (HT), as a radio
relic (see Sects. 3.2 and 4). The bright, relatively compact region,
HT, is located roughly halfway along this elongated source. To
the southwest a straight elongated linear source (FR-I) is seen,
most likely related to a nearby AGN. Around the radio relic (R),
both to the south (H1) and north-west (H2), we detect faint diffuse radio emission with a total size of about 1.2 Mpc.
The 8.5 GHz image, Fig. 2, shows four compact sources. HT
is located on the elongated radio relic. A hint of diﬀuse emission
is seen from the northern brighter region R1. The second compact source is located halfway along the fainter linear structure
(FR-I) to the south-east. Compact source C2 is located just south
of FR-I, and compact source C1 is located to the north of R1.
All these compact sources are related to AGN. No obvious optical counterpart was found for the central compact radio source
(HT) by Edge et al. (2003). We identify an elliptical galaxy located within the cluster at RA 07h 17m 35.s5, Dec +37◦ 45 05. 5 as
a likely counterpart. The source can be classified a “head-tail”
source. The tail is not visible in the 8.5 GHz image due to
its steep spectral index, but it is detected at all three frequencies below 8.5 GHz. The spectral index map clearly shows
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Fig. 2. Greyscale 8.5 GHz VLA C-array image with a resolution of
3.0 × 2.9 . Red contours are from the VLA B+C array 1.4 GHz radio
image. This image has a restoring beam size of 6.1 × 6.1 (shown at
the bottom left corner) and a rms noise of 49 μJy beam−1 . Contours levels are drawn at [1, 2, 4, 8, 16, 32, ...] × 3σrms . Indicated in the figure are
the radio halo (H1 & H2), radio relic (R1−R4), central head-tail source
(HT), source FR-I to the south-east, and two other compact sources (C1
& C2).

spectral steepening along the 20 long tail as expected,
see Fig. 6. The south-east source FR-I with its compact
core is associated with a bright elliptical foreground galaxy
(RA 07h 17m 37.s 2, Dec +37◦ 44 23 ). The faint linear extensions
on both sides of the compact radio core probably make up a FR-I
type (Fanaroﬀ & Riley 1974) radio source.
The large-scale diﬀuse radio emission, H1+H2, is classified
as a radio halo given the large size of about 1.2 Mpc and the
emission following roughly the galaxy distribution and X-ray
emission from the ICM. The monochromatic radio power (P1.4 )
is estimated to be (5 ± 1) × 1025 W Hz−1 using the 610 MHz image, a spectral index of −1.1 (see Fig. 8), an extent of 1.2 Mpc,
and the AIPS task “TVSTAT”3 . The uncertainty in the radio
power is based on a spectral index error of about 0.3. We have
extrapolated the halo flux at the location of the bright radio relic
using the average flux from the halo per unit surface area outside the relic region. This increased the radio power by a factor
of 1.23. This makes it the most powerful radio halo known as
the radio power is higher than the halo in 1E0657-56 which has
P1.4 = 3 × 1025 W Hz−1 (Liang et al. 2000). In fact, we could
have underestimated the radio power as we may have missed
some additional diﬀuse emission due to our limited sensitivity on
large angular scales. The high radio power is in agreement with
the X-ray luminosity-radio power (LX − P1.4 ) and temperatureradio power (T − P1.4 ) correlations (Liang et al. 2000; Enßlin &
Röttgering 2002; Cassano et al. 2006), see Figs. 4 and 5.
A radio overlay on Chandra image is shown in Fig. 3. The
radio relic is roughly located between the merging substructures
as indicated by Ma et al. (2009).
3
TVSTAT measures the integrated flux in a user defined region of an
image.
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Fig. 5. ICM temperature versus 1.4 GHz radio power. The circles are
radio halos from the list compiled by Cassano et al. (2006). The square
represents the radio halo in MACS J0717.5+3745.
Fig. 3. Chandra X-ray map overlaid with radio contours at 610 MHz
from the GMRT. The beam size is 8.2 × 6.0 and is indicated in the
bottom left corner. The color scale represents the X-ray emission from
0.5−7.0 keV. The image has been adaptively smoothed (3σ confidence)
using the ASMOOTH algorithm (Ebeling et al. 2006). Contour levels are
drawn at [1, 2, 4, 8, 16, 32, ...] × 0.312 mJy beam−1 .

Fig. 4. X-ray luminosity versus 1.4 GHz radio power. The circles are
radio halos from the list compiled by Cassano et al. (2006). The square
represents the radio halo in MACS J0717.5+3745.

3.1. Equipartition magnetic field strength

The existence of a radio halo reveals the presence of magnetic
fields within the cluster on a scales of about 1 Mpc. We can estimate the equipartition magnetic field strength on the basis of the
minimum energy density of the magnetic field for the radio halo.
We use the same procedure as in van Weeren et al. (2009) and
take d = 1.2 Mpc (the depth of the source), k = 100 (the ratio of
energy in relativistic protons to that in electrons), and a spectral
index of −1.1. Using these values and a flux of 6.8 μJy arcsec−2
(integrated flux of the halo divided by the surface area) gives
Beq = 3.2 μG. For diﬀerent values of k, the equipartition magnetic field strength scales with (1 + k)2/7 . This method assumes

fixed frequency cutoﬀs (νmin = 10 MHz and νmax = 100 GHz).
This is not entirely correct, rather low and high energy cutoﬀs
(γmin , γmax ) for the particle distribution should be used (Brunetti
et al. 1997; Beck & Krause 2005). Assuming that γmin  γmax
and using a lower energy cutoﬀ γmin = 100, the revised equipartition magnetic field strength Beq is 5.8 μG. For diﬀerent values
of k, the revised equipartition magnetic field strength (Beq ) scales
with (1 + k)1/(3−α) . These equipartition magnetic field strength
values are similar to those found for other radio halos (e.g.,
Giovannini et al. 1993; Kim 1999; Thierbach et al. 2003; Clarke
& Ensslin 2006).
The equipartition energy density in the magnetic field can
be compared to the thermal energy density for the cluster. For
the density profile of the cluster we use the β-model (Cavaliere
& Fusco-Femiano 1976) derived by Ma et al. (2008). We find
that in the cluster center the thermal energy density is 1.9 ×
10−10 erg cm−3 , the equipartition energy density in the magnetic field is 9.4 × 10−13 erg cm−3 . At a distance of 0.6 Mpc
from the cluster center the thermal energy density drops to
5.9 × 10−11 erg cm−3 . The thermal energy density is about two
orders of magnitude higher than the equipartition energy density in the magnetic field. This is consistent with the fact that a
small fraction of the thermal energy is being used to accelerate
particles to highly relativistic energies.
3.2. Spectral index

We have created a spectral index map between 1.4 GHz and
610 MHz at a resolution of 6.1 shown in Fig. 6. The uncertainties in the computed spectral index map are shown in Fig. 7.
Pixels below 5σrms in each of the images were blanked before
computing the spectral index map. A second, lower resolution
17 spectral index map, see Figs. 8 and 9, was created by fitting
single power-law spectra to the combined images at 0.61, 1.4 and
4.9 GHz. The spectral index is only shown in regions where the
flux is larger than 2.5σrms at all three frequencies. Diﬀerences
in the UV coverage and calibration errors may have resulted in
additional errors in the spectral index.
Steepening along the tail of the central compact source (HT)
is clearly visible in Fig. 6. This is most likely caused by spectral
ageing due to synchrotron and Inverse Compton (IC) losses. The
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Fig. 6. Spectral index map between 610 MHz and 1.4 GHz at a resolution of 6.1 × 6.1 . Contours are from the 610 MHz image and drawn
at levels of [1, 2, 4, 8, 16, 32, ...] × 0.468 mJy beam−1 .

Fig. 8. Power-law spectral index fit between 0.61, 1.4, and 4.9 GHz at
a resolution of 17 × 17 . Contours are from the 4.9 GHz image and
drawn at levels of [1, 2, 4, 8, 16, 32, ...] × 0.14 mJy beam−1 .

Fig. 7. Spectral index error map between 1.4 GHz and 610 MHz. The
error map shows the uncertainties in the spectral index based on the rms
noise in both radio images. The absolute flux calibration uncertainty is
not included.

Fig. 9. Spectral index error map between 4.9 GHz, 1.4 GHz and
610 MHz. The error is the formal polynomial fitting error based on
the rms noise in the three radio images. The absolute flux calibration
uncertainty is not included.

spectral index of the head-tail source is steeper than that of the
surrounding halo and relic. The origin of the synchrotron emitting electrons in HT and the halo/relic are diﬀerent. For HT the
relativistic electrons are produced in an AGN, after that spectral ageing in the tail produces the steep spectrum. The electrons
in the relic/halo are probably continuously being accelerated,
the spectral index thus depends on the balance between ageing
and acceleration. On top of that, the equipartition magnetic field
strength in the tail is higher than that of the surrounding radio
halo. The values of the (equipartition) magnetic field strength
for the halo, tail, and equivalent magnetic field strength of the
microwave background (BIC = 3.25(1 + z)2 in units of μG, e.g.,
Miley 1980; Slee et al. 2001) are 3.2, 36, and 7.8 μG, respectively. Comparing these values, we find that the energy losses
are higher in the tail compared to the halo, also resulting in a
steeper spectral index.

In the high-resolution spectral index map (Fig. 6), the spectral index in the two regions with enhanced emission (R1 and
R4), at the north and south-west end of the relic, steepens to the
west. This might be caused by spectral ageing behind a shock
front, where particles are accelerated by the DSA mechanism,
located on the west side of R1 and R4 (see also Sect. 4.2). This
eﬀect is also visible to some extent at R2 in Fig. 6. Alternatively,
the relic traces a wider region with multiple shocks. Variations
in the Mach number of the shocks would then cause variation
in the (injection) spectral indices. The overall spectrum is thus
determined by the balance between spectral ageing, acceleration
of particles, and the injection spectral index (determined by the
Mach number of the shock). At present, it is not possible to separate between these eﬀects. Furthermore, spectral index variations
on scales smaller than the beam size have been smoothed out.
The low-resolution spectral index map is similar to the
higher resolution one. However, the tail of the central compact
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radio source HT has a spectral index of only −1.55 compared
to −2.2 in the high-resolution map. This is explained by the
lower resolution of the second spectral index map. In this map
the tail has been partly blended with the emission from regions
surrounding it having a shallower spectrum. The low-resolution
spectral index map provides us with some indication of the spectral index of the radio halo. We find that on average α ≈ −1.1 for
the radio halo. More observations are needed to better constrain
this value and create a good spectral index map of the radio halo.
The total integrated spectral index, excluding the south-east
FR-I source, is −1.04 ± 0.13 between 610 MHz and 1.4 GHz,
−1.37 ± 0.06 between 1.4 and 4.9 GHz, and −1.24 ± 0.05 between 610 MHz and 4.9 GHz. The errors in the spectral indices
are dominated by the absolute flux calibration uncertainty which
we have taken to be 5% for the VLA4 and 10% for the GMRT
(Chandra et al. 2004). These values for the spectral index are
consistent with the spectral index of −1.15 ± 0.04 derived from
the 1.4 GHz NVSS, 325 MHz WENSS, and 74 MHz VLSS
fluxes. The radio spectrum is thus relatively straight, although
there is evidence for a small amount of spectral steepening at the
higher frequencies due to spectral ageing. This indicates particle
acceleration is currently still ongoing, as otherwise a strong high
frequency cutoﬀ would be expected.
The south-east linear structure (FR-I) has a relatively shallow
spectral index of −0.52 ± 0.13 between 610 MHz and 4.9 GHz.
In the high resolution map (Fig. 6) the spectral index seems to
flatten somewhat (from −0.6 to −0.3) away from the center of
this source (the compact core seen in Fig. 2). This could be explained by the presence of hotspots at the end of the lobes from
the FR-I source. The flattening is not seen in the low-resolution
spectral index map (Fig. 8).

4. Discussion
4.1. Alternative explanations for the elongated radio
structures

The bright elongated radio structure R could be a 700 kpc wide
angle tail (WAT) source, with the enhanced regions of emission
to the north and south-west (R1 and R4) the lobes/hotspots of
this WAT. However, the spectral index map does not support
such an explanation as there is no obvious connection with the
central head-tail source (HT). The central head-tail source has
a size of about 115 kpc, much smaller than the total extent of
the bright elongated radio structure. Furthermore, the proposed
lobes have a spectral index of about −1.1 and steepen towards
the west. If the source was a 700 kpc WAT source, then a steepening of the spectral index along the proposed tails would be
expected. This is not observed.
Another possible interpretation for the fainter diﬀuse linear
structure to the south-east (FR-I) is that of a second radio relic
since the linear structure lies parallel to a “ridge” of X-ray emission visible in Chandra image (Fig. 3). This relic would then be
seen in projection against the compact radio source located in
front of it. However, we prefer a FR-I interpretation since (i) the
source has a shallow spectral index of −0.5, and (ii) a central
component is associated with a nearby active elliptical galaxy,
also detected in the Chandra observations. This component is
located halfway along the linear structure. High-resolution observations (5 ) will be needed to confirm our proposed classification.
4

VLA calibrator manual.

Fig. 10. Temperature map (Fig. 2 from Ma et al. 2009) overlaid with 610 MHz radio contours. Contour levels are drawn at
[1, 2, 4, 8, 16, 32, ...] × 0.312 mJy beam−1 . The beam size is 8.2 × 6.0
and is indicated in the bottom left corner.

4.2. Origin of the radio relic

The projected merger axes of the subgroups in the plane of the
sky run in a direction that all point towards the large-scale galaxy
filament to the south-east. The large elongated radio source
(R) has an orientation roughly perpendicular to the merger axis
which is expected for a relic tracing a large shock front, where
electrons are accelerated via the DSA mechanism in a first-order
Fermi process (e.g., Hoeft et al. 2008). Since the relic is expected
to trace a shock wave in the ICM, it is interesting to compare our
radio image with the low-resolution temperature maps that have
been published by Ma et al. (2009), see Fig. 10. The south part
of the relic (R3) is located north, but relatively close to a region
having kT ∼ 25 keV. The northern part of the relic (R1 and R2)
directly follows a kT ∼ 20 keV extension to the north of cluster.
The spectral index for the north part of the relic seems to steepen
away from these hot ICM regions. This is expected in the case
of an outwards (to the east) traveling shock front where particles lose energy by synchrotron and IC losses in the post-shock
region. The southern part of the relic (R4) also passes through
regions having kT ∼ 20 keV. Close to HT the relic does not directly trace any regions with a high temperature. However, the
temperature map from Ma et al. has a fairly low resolution so a
one-to-one comparison with the position of the relic is currently
not possible. The temperature map also does not have the resolution to identify the location of a shock wave related to the
ongoing merger.
Because of the large 1 Mpc extent of the high-temperature
regions, Ma et al. conclude that it is more likely that the ICM
is heated as a result of contiguous accretion of gas along the
cluster-filament interface. In this case, the radio relic might
trace an accretion shock rather than a merger shock. Merger
and accretion shocks generally diﬀer in their location with respect to the cluster and also in Mach numbers (Miniati et al.
2000; Miniati 2002; Ryu et al. 2003; Pfrommer et al. 2006;
Hoeft & Brüggen 2007; Hoeft et al. 2008; Vazza et al. 2009).
Accretion shocks have high mach numbers (M
1) and process the low-density, un-shocked inter-galactic medium (IGM).
Merger shocks have lower Mach numbers and occur within the
cluster, at radii smaller than about 1 Mpc. The relic in MACS
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J0717.5+3745 is located relatively close to the cluster center,
although this may (partly) be the result of projection. The spectral index over the relic varies roughly between −0.8 and −1.5.
Therefore the radio observations do not exclude any of the two
scenarios. Additional Chandra observations will be needed to establish the location of the proposed shock front and link this to
the location of the radio relic.
Polarization observations of the radio relic will be important
to investigate the relation between the relic and the suggested
shock wave that has either been created by the merger or by the
accretion of gas. Shocks waves in the ICM/IGM can compress
and order magnetic fields. If the magnetic field is seen under
some angle (between the normal of the shock front and the line
of sight) the projected magnetic field is expected to be parallel to the major axis of the relic (Ensslin et al. 1998). The polarization E-vectors are then perpendicular to the shock front.
This is indeed what has been observed for the double relics in
Abell 1240 and Abell 2345 by Bonafede et al. (2009) for example. Therefore, future polarization observations of the relic in
MACS J0717.5+3745 will be important to test the shock wave
scenario, where particles are accelerated by the DSA mechanism
(either created by a cluster merger or by accretion of gas).

5. Conclusions
We have presented GMRT 610 MHz radio observations of the
complex merging cluster MACS J0717.5+3745. We confirm the
presence of a bright radio relic. We also report on the presence
of additional diﬀuse emission in the cluster in the form of a radio
halo, with α ≈ −1.1. The radio halo has the highest radio power
(P1.4 ) known to date. This high radio power is in line with scaling
relations, relating it to X-ray luminosity and ICM temperature.
The integrated spectral index of the radio emission within the
cluster is −1.24 ± 0.05 between 610 MHz and 4.9 GHz. We have
derived an equipartition magnetic field strength of 3.2 μG for the
radio halo. A somewhat higher value of 5.8 μG is obtained by
using lower and higher energy cutoﬀs instead of fixed frequency
cutoﬀs.
The location of the bright relic roughly coincides with regions in the cluster having higher temperatures. The major axis
of the relic is orientated approximately perpendicular to the
merger axis of the system. This shows that the relic is probably
the result of a large-scale shock wave within the cluster where
particles are accelerated via the DSA mechanism. Spectral index maps created using additional archival VLA observations
show the presence of a 115 kpc head-tail source located roughly
halfway the bright radio relic.
Follow-up polarization observations will be important to test
the prosed shock wave scenario for the origin of the relic. High
sensitivity radio observations at 8 GHz with a resolution 2
will allow a more detailed morphological study of the radio relic.
This would also provide spectral indices with lower errors due to
the larger spectral baseline and allow a search for spectral breaks
or curvature.
Deep Chandra observations will be needed to create high
spatial resolution temperature maps and pinpoint the location
of the proposed shock wave. These observations might also be
able to discriminate between the merger and accretion shock
scenarios.
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