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 halo

- about 0.9 Mpc large  
- some isolated from the relic 
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 polarization 
- high degree polarization across the relic  
- significant polarization is detected at the cluster 
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- one of the most powerful halo known to date 
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Fig. 2. Polarization intensity images of the relic in MACS J0717+3745 at 200 resolution, showing that the polarization emission is distributed in a
patchy and clumpy manner. The image also revel fine small scale filaments visible in the total power emission. The image properties are given in
Table 1, IM1, IM5, and IM9.

allows us to reach a sensitivity that is 4 times deeper with respect
to the data published so far at this frequency (van Weeren et al.
2009; Bonafede et al. 2018; Pandey-Pommier et al. 2013) and
shows a significant amount of filamentary structures also at 550-
850 MHz.

The known di↵use emission sources, namely the chair-
shaped relic (R) and the halo are recovered with a large dynamic
range in our observation. The sources are labelled following van
Weeren et al. (2017b) and extending the list. An overview of the
properties of the di↵use radio sources in the cluster is given in
Table 2.

4.1. Total power emission

We measure a largest linear size (LLS) for the relic of ⇠ 800 kpc,
which is in line with previous studies. The high-frequency ob-
servations of the relic revealed several filaments on scales down
to ⇠ 30kpc (van Weeren et al. 2017b). Some of such filaments
originate from the relic itself, while a few of them appear more
isolated and are located in the cluster outskirt. Our uGMRT im-
age shows most of the structures reported at higher frequencies
also in the 550-850 MHz range. To facilitate the discussion, we
label the some of the distinct features on Fig. 1 panel b.

A key di↵erence with respect to the published images at high
frequencies (VLA L, S and C band) and low-frequency LOFAR
150 MHz is a bright ⇠ 480 kpc bar shaped structure that appears
to be connected to the northern part of R1. In order to better
separate fine structure from the surrounding di↵use low surface
emission, we created an image with uniform weighting, see the
right panel of Fig. 1. The resulting image has a restoring beam of
4.100⇥2.700, hence shows clearer structures. We still see the bar at
that high resolution, shown with yellow arrows. In addition, we
find two small -scale filaments, appear to be originating from R3
and extends to the south of it. They are marked with red arrows
in Figure Fig. 1. These filaments have lengths of ⇠ 122 kpc and
width of ⇠ 60 kpc.

One of the prominent features, as reported by van Weeren
et al. (2017b), is located to the north-west of R1, labelled as
F1. It has a size of about 480 kpc at 700 MHz. Another fea-
ture of size 200 kpc, F2, connects the main relic to the halo.
It remains unclear if these filaments are similar to the relics that

trace (re)-accelerated particles at shocks. The origin of these fila-
mentary structures is unclear. In growing number of relics, high-
resolution observations provided evidence of filaments within
the relics, for instance in A2256 (Owen et al. 2014), 1RXS
J0603+4214 (Rajpurohit et al. 2018; Rajpurohit K. et al. 2020)
and CIZA J2242+5301 (Di Gennaro et al. 2018). The exis-
tence of filaments in relics is not entirely unexpected as simple
magneto-hydrodynamical simulations of cluster merger shocks
produced numerous structures with a non-constant shock Mach
number across the shock surface (Vazza et al. 2012; Skillman
et al. 2013). However, the increasing evidence for small-scale
radio filaments with complex morphology is more challenging
to explain. These filaments may partly reflect the variation of ra-
dio luminosity on the shock front, which is slightly inclined with
respect to the line of sight. However, filaments may also reflect
the distribution of magnetic fields in the radio-emitting volume.
In Sec. 8.1, we discuss the possible origin of filamentary fea-
tures found in MACS J0717+3745. No emission is detected cor-
responding to the radio arc is found in our deep 550-950 MHz
observation.

The radio halo extends to the north and south of R3 and R4.
As reported by van Weeren et al. (2017b), our images also reveal
a significant amount of sub-structure around the radio halo, in
particular in the H2 region of the halo (see Fig. 1 for labelling).
The brightest of these structures is connected to the R3 and R4
component of the main relic.

4.2. Polarization emission

In Figure 2, we show the high-resolution polarization intensity
maps of the relic at VLA L-, S-,C-band and uGMRT. The polar-
ization emission in the relic region is detected at all of the ob-
served frequencies. The polarization emission follows the struc-
ture seen in the total intensity images, however, unlike the total
power the subregions of the relic are disconnected. The most
striking features of the images are that the polarized emission is
clumpy and patchy, while the total power emission is smooth.
The brightest regions of polarized emission appears as "clumpy"
while the low surface brightness emission is distributed in a
"patchy" way.
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What are the properties of the ICM magnetic field ?  

What causes depolarization ? 

Is there any connection between the relic and a nearby AGN? 

Is the halo polarized ? 

Questions



Deep VLA radio observations over a wide frequency range (45 hours)

L-band VLA observations  from 1-2 GHz (ABCD array) 

S- band VLA observations from 2-4 GHz (ABCD array) 

C-band VLA observations from 4-8 GHz (ABCD array)  

bright relic can be studied at 1-5 arcsec resolution 

PI: R J. van Weeren



Rajpurohit et al.: MACS J0717.5+3745: polarization analysis

Fig. 2. Polarization intensity images of the relic in MACS J0717.5+3745 at 2′′ resolution, showing that the polarization emission is distributed in a
clumpy manner. The image also revel fine small scale filaments visible in the total power emission. Contour levels are drawn at

√
[1, 2, 4, 8, . . . ] ×

5σ rms and are from the VLA L-, S-, and C-band Stokes I images. The beam sizes are indicated in the bottom left corner of the each image. The
image properties are given in Table 1, IM1, IM5, and IM9.

Table 2. Polarization properties of the diffuse radio emission in the cluster MACS J0717.5+3745.

Source VLA RM range σRM α5.5 GHz
144 MHz

† viewing angle
C-band S-band L-band
P5.5 GHz P3.0 GHz P1.5 GHz

% % % rad m−2 rad m−2

R1 22 ± 2 12 ± 2 3 ± 1 −30 to +81 60 ± 5 −1.18 ± 0.03 ∼ 44°
R2 21 ± 2 20 ± 2 9 ± 1 −9 to +70 51 ± 4 −1.13 ± 0.03 ∼ 45°
R3 29 ± 3 28 ± 2 16 ± 1 +5 to +21 11 ± 2 −1.17 ± 0.05 ∼ 52°
R4 15 ± 1 14 ± 2 9 ± 1 +15 to +19 14 ± 2 −1.16 ± 0.03 ∼ 37°
F1 30 ± 2 26 ± 2 13 ± 1 +10 to +18 17 ± 3 −1.17 ± 0.05 -
F2 24 ± 2 22 ± 2 14 ± 1 +12 to +16 14 ± 3 −1.18 ± 0.05 -

Notes. The fraction polarization are measured from 2′′ resolution images. The regions where the fractional polarizations were extracted
are indicated in the left panel of Fig. 6; †the integrated spectral index values are adopted from Rajpurohit et al. (submitted).

tuations in the distribution of radio power, and does not capture
higher-order spatial correlation.

We find that the clumping factor ranges between 5.9-6.7 for
the polarized intensity. In general, the clumping factor is high
for depolarized regions and increases at lower frequencies. In
contrast, the total intensity shows a lower value of clumping fac-
tor, namely, between 2.2-2.8. This clearly indicates that there are
more fluctuations in the polarization emission, at least on scales
comparable to those of their total intensity fluctuations.

4. Faraday Rotation analysis

Observations of the RM variation across extended radio sources
provide crucial information about the integral of the density-
weighted line-of-sight field component. The Faraday rotation
can originate inside the radio emitting region if enough thermal
gas is mixed with the synchrotron radiating plasma, or it could
be of external origin if the magnetic field and thermal gas are
present along the line of sight.

The RM of a radio source can be determined using a linear
least-squares fit to the polarization angle as a function of fre-
quency, i.e., RM = ∆ψ

∆λ2 . However, one major difficulty involved
in determining the RM is the fact that the polarization angle is
observationally constrained to values between 0 and π, leaving

a freedom of an additional ±nπ which leads to the so called nπ-
ambiguity. The VLA L-, S-, and C-band data allow us to carry
out a detailed wideband RM study of the diffuse radio sources in
MACS J0717.5+3745. For the analysis of rotation measure, we
used two methods: Rotation Measure synthesis (RM-synthesis)
and QU-fitting.

4.1. RM-synthesis

RM-synthesis technique, developed by Brentjens & de Bruyn
(2005), is based on the theoretical description of Burn (1966).
The technique separates the different periodic behaviors in λ2

and searches for multiple Faraday components.
Complex linear polarization is an observable quantity and

can be defined as

P = Q + iU = p0e2iψ, (7)

where p0 is the polarization fraction intrinsic to the source and ψ
is the observed polarization angle. According to the Burn (1966),
the polarization (P) can be written as a complex vector

P(λ2) =
∫ ∞

−∞
F(φ) exp(2iφ λ2)dφ, (8)
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Fig. 3. High resolution (2′′) fractional polarization maps at VLA L-, S-, and C-band. The relic is polarized at all of the observed frequen-
cies, reaching values up to 55% in some regions. The northern part of the relic strongly depolarizes at 1.5 GHz. Contour levels are drawn at√

[1, 2, 4, 8, . . . ] × 5σ rms and are from the VLA S-band Stokes I image. The beam sizes are indicated in the bottom left corner of the each image.
The image properties are given in Table 1, IM1, IM5, and IM9.

where F(φ) is known as the Faraday dispersion function (FDF)
and describes the amount of polarized flux density that has un-
dergone a certain amount of Faraday rotation at a certain Fara-
day depth. If the intrinsic polarization angle (ψint) is constant as
a function of λ, then F(φ) can be measured as

F(φ) =
∫ ∞

−∞
P(λ2) exp(−2iφ λ2)dλ2. (9)

Therefore, RM-synthesis calculates F(φ) by Fourier transforma-
tion of the observed polarization as a function of wavelength-
squared. The Rotation Measure Spread Function (RMSF), anal-
ogous to the synthesized image beam, describes the instrumental
response to the polarized signal in Faraday space. We refer to
Brentjens & de Bruyn (2005) for details on this technique.

The RMSF is determined by the total range in λ2 of the ob-
servations. Since the finite frequency band produces an RMSF
with sidelobes, deconvolution might be necessary and is done
with the deconvolution algorithm RM CLEAN (Heald 2009).

RM Synthesis was carried out using the pyrmsynth1 code.
We performed RM-Synthesis on the Stokes Q and U cubes
at two different resolutions, namely, 4′′and 12.5′′. The RM-
synthesis cube synthesizes a range of Faraday depths from
−1500 rad m−2 to +1500 rad m−2, with a bin size of 2 rad m−2 .
We use the entire L, S and C band data with a central frequency
of 3 GHz. These data give a sensitivity to the polarized emission
up to a resolution in Faraday depth (δφ) equal to

δφ ≈ 2
√

3
∆λ2 = 39 rad m−2, (10)

where, ∆λ2 = λ2
max − λ2

min. The significantly high Faraday-space
resolution may allow us to separate multiple, narrowly-spaced,
Faraday-space components. We also run pyrmsynth individu-
ally only on the L, S and C band data. The resulting polarization
intensity images at 5′′ resolution for L, S and C-band, overlaid
with the total intensity contours are shown in Fig. 4.

The RM of the relic in MACS J0717.5+3745 has been stud-
ied relatively little so far. Bonafede et al. (2009) performed a
1 https://github.com/mrbell/pyrmsynth

simple linear fit to the polarization angle as a function of λ2

and found a poor agreement between the data and the model.
In the left panel of Fig. 5, we show the high-resolution RM
map of the relic. The map represents the peak RM position
along the cube of each pixel in every line of sight. At the po-
sition of MACS J0717.5+3745 (l = 180.25° and b = +21.05°),
the average Galactic RM contribution is +17 rad m−2 (Simard-
Normandin et al. 1981). This value is also consistent with the
RM we observe for the foreground galaxy FRI, RM = +16 ±
0.1 rad m−2.

For the relic, the peak RM values vary spatially between −45
to +45 rad m−2. The RM distribution tends to be patchy with co-
herence lengths of 25-50 kpc. For the Southern part of the relic,
the observed RM ranges mainly between +7 to +25 rad m−2.
Strong RM variations are visible for the Northern part of the
relic, in particular the R1 region.

To investigate the RM distribution in the relic, we subdivided
our RM cube into regions (shown in panel a of Fig. 6) and ex-
tracted Faraday spectra along each box. We find that the Faraday
spectra of the entire relic are mainly dominated by a pronounced
single component, except boxes 4, 5, and 34. There is a hint of
the possible second component at the R1 regions of the relic.
The obtained Faraday spectra for the selected regions (boxes 5,
11, 24, and 49) are shown in Fig. 7. While our RM cubes span
the RM range −1500 to +1500 rad m−2, we show only the range
between −900 to +900 rad m−2 since we do not detect any sig-
nificant signal beyond |RM| ≥ 900 rad m−2.

For the Southern part of the relic, the RM is relatively uni-
form and shows a well-defined φmax; for example see panel a of
Fig. 7. The Southern part shows an RM very close to the Galac-
tic foreground, implying very little Faraday rotating intervening
material.

Strong RM variations, with no particular coherent structure,
are visible for the Northern part of the relic, in particular for the
R1 region. As seen in Fig. 7, the Faraday spectra extracted across
the Northern part of the relic are broader and more complicated
than those extracted from the Southern part. The broader dis-
tribution implies that there are spatially resolved RM variations
across the Northern part of the relic on scales of 25 kpc and

Article number, page 6 of 19

strong depolarization in the northern part



Strong RM fluctuations in the northern part of the relic
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RM  ∼ 10-20 rad m -2



Northern region of the relic reveals a broader spectrum and the presence 
of two RM components 

 RM fluctuations cause 
 depolarization  
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Faraday distributions seem consistent with the turbulent ICM
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Fig. 1. Composite image total power, polarization intensity, and X-ray image of the relic in MACS J0717+3745 at 2′′ resolution.The total power
and L-band polarization emission are shown in red and green, respectively. The intensity in blue shows the X-ray emission. The lack of polarized
emission in the North region (R1) indicates depolarization. When viewed in concert with the high absolute RM and RM variance, this suggests
that this part of the relic is located behind the ICM. The low RM values across the Southern part of the relic implies that this part of the relic
extends into the low-density ICM. The image properties are given in Table 1, IM5 and IM9.

tor of about 1.5. At low resolution, regions with different polar-
ization characteristics become blurred within a single resolution
element, leading to a loss of the observed polarized signal. This
effect is known as beam depolarization, and will be less if the
source is imaged at a higher resolution.

Given the significant fluctuation we see in the distribution
of polarized flux, in this work we introduce a “radio clumping
factor” as a simple proxy of the patchiness of the (continuum
or polarized) radio emission, in analogy with X-ray observa-
tions (e.g. Simionescu et al. 2011) and numerical simulations
of galaxy clusters (e.g. Nagai & Lau 2011). The radio clumping

factor is defined as

C ≡
√
〈ρ2〉
〈ρ〉2 , (6)

where 〈〉 denotes an average radio surface brightness within a
scale. Note that C = 1, if the emission is not clumpy. While in X-
ray observations of galaxy clusters this is taken to be the average
measured in radial shells from the cluster centre, here we com-
pute it as a local 2-dimensional average of the radio emission
(total power and polarization) within a given scale, due to the
typical lack of spherical symmetry in the radio morphology. Al-
though this is only a first-order statistic to characterize the fluc-
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Polarized patches detected at the cluster center are not associated with the 
halo emission 

shows low Faraday dispersion (12 rad m-2), similar to the southern part of the relic
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Fig. 3. NAT galaxy located at the center of the relic at 1.5 GHz (at 1.200 resolution), 700 MHz (at 3.500 resolution), and 144 MHz (at 4.500 ⇥ 3.400
resolution). To compare radio morphologies at di↵erent frequencies, the colors in these images were scaled manually. The image obtained with
the new data evidently shows that both tails of the NAT bend down south rather fading or merging into the R3 region of the relic. The bent parts of
tails are marginally visible in the VLA L-band image. As discussed in Sect. 5.4, the NAT and the southern part of the relic could be two di↵erent
structures along the same line of sight seen in projection.

where f is an absolute flux density calibration uncertainty, S ⌫ is
the flux density, �rms is the RMS noise and Nbeams is the number
of beams. We assume absolute flux density uncertainties 10 %
for uGMRT band 3 and band 4 data.

4. Results: Radio continuum images

Our deep, 700 ⇥ 300 resolution uGMRT 550-850 MHz image of
the cluster, with robust =0 is shown in the left panel of Fig. 1.
The uGMRT observation allows us to reach a sensitivity that is 5
times deeper with respect to the data published so far at this fre-
quency (van Weeren et al. 2009; Bonafede et al. 2018; Pandey-
Pommier et al. 2013).

The known di↵use emission sources, namely the chair-
shaped relic (R) and the halo (H), are recovered in both uGMRT
band 3 and band 4 observations; see Fig. 1 and 2. The sources are
labeled following van Weeren et al. (2017b) and extending the
list. An overview of the properties of the di↵use radio sources in
the cluster is given in Table 2.

We measure a largest linear size (LLS) for the relic of
⇠ 850 kpc, which is in line with previous studies. The high-
frequency VLA observations (L, S, and C-band) of the relic re-
vealed several filaments on scales down to ⇠ 30 kpc (van Weeren
et al. 2017b). Some of these filaments originate from the relic it-
self, while a few of them appear more isolated and are located in
the cluster outskirts. The uGMRT image also shows most of the
structures reported at higher frequencies. To facilitate the discus-
sion, we label some of the distinct features in the left and right
panels of Fig. 1.

One prominent feature, located to the north-west of R1, is
the filament F1 (reported by van Weeren et al. (2017b), which is
about 480 kpc in extent at 700 MHz. Another ⇠ 200 kpc long
filament, F2, connects the main relic to the halo.

In order to better separate fine structure across the relic from
the surrounding di↵use, low surface brightness emission, we cre-
ate an image with uniform weighting, see the right panel of
Fig. 1. Its resulting image has a restoring beam of 3.500 ⇥ 3.500,
thus making structure stand out more clearly. The image shows
that the northern part of the relic is composed of fine filaments
(shown with red arrows). It remains unclear whether these fil-
aments trace sites where particle are (re)accelerated similar to
radio relics.

The radio halo emission is also well recovered with the
uGMRT; see Fig. 2. The halo extends to the north and south of
R3 and R4. The brightest of these structures is connected to the
R3 and R4 components of the main relic. The detailed study of
the halo emission will be presented in a subsequent paper (Ra-
jpurohit et al. to be submitted).

The uGMRT 300-500 MHz image is shown in the right panel
of Fig. 2. The morphology and extent of the relic and the halo
emission is similar to that of the uGMRT band 4 images. At
150 MHz, the halo emission is reported to be extended to the east
of the relic (Bonafede et al. 2018). We do not detect this emis-
sion between 300-850 MHz. Bonafede et al. (2018) reported a
large arc-shaped feature to the north-west of the relic at 150 MHz
which is tentatively classified as a relic. We do not detect the
radio-arc in the observed uGMRT frequency range. To the south-
east of the X-ray bar, a radio bridge has been reported connecting
the radio halo to a nearly head-tail radio galaxy (Bonafede et al.
2018). We do not detect the bridge between 300-850 MHz, indi-
cating that it thus must have a steep spectrum.

At the center of the main relic; see the right panel of Fig. 1,
there is an embedded NAT galaxy with its tails aligned with the
relic. At frequencies above 1 GHz, the tails of the NAT are re-
solved and appear to fade into the R3 region of the relic; see
the left panel of Fig. 3. At 550-850 MHz, there is a hint of faint
emission at the NAT that seems to bend to the south (middle
panel). Interestingly, in the new LOFAR observation, the tails of
the NAT are apparently bent to the south of R3; see the right
panel of Fig. 3. This suggests that the NAT is not necessarily
morphologically connected to the R3 region of the relic but lays
along the line of sight.

5. Spectral analysis

To study the spectral characteristics of the relic over a wide range
of frequencies, we combine our uGMRT (300-850 MHz) obser-
vations with those previously published VLA 1-6.5 GHz (van
Weeren et al. 2017b). We also use the new LOFAR-HBA ob-
servations centered on 144 MHz. For the LOFAR data reduction
steps, we refer to Rajpurohit et al. (to be submitted).

To accurately measure flux densities from radio interfero-
metric images at di↵erent frequencies, it is necessary to ensure
that all images reflect structures over the same range of angular
scales. We achieve that here by imaging the data with uniform
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the NAT and the relic are seen in projection?



The presence of two clear RM components at the NAT

polarization and spectral analysis suggests that the NAT and the relic are just seen in projection, thus the 
NAT is very likely not providing seed electrons to the relic 
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Summary

SKA will allow us to study the magnetization of the ICM over a wide frequency range  

MACS J0717+35 relic shows a complex Faraday distribution 

ICM magnetic field can be highly turbulent 

upper limit for the radio halo polarization is 3% at 3 GHz  

            


