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Abstract

Radio relics, arc-like polarized sources with highly aligned
magnetic vectors, are typically found on the outskirts of
merging galaxy clusters. The magneto-ionic media respon-
sible for the significant coherence observed in radio relics
remain poorly understood. Low-frequency measurements
of radio relics are essential for constraining depolarization
models, which provide crucial insights into the magnetic
field distribution. However, these measurements are chal-
lenging due to the emission properties and interferometer
systematics. We have detected polarization signals from
the northwest radio relic in Abell 746 at 650 MHz with the
upgraded Giant Meterwave Radio Telescope, marking the
first-ever detection of polarization from radio relics below
1 GHz. At this frequency, the Rotation Measure (RM) cor-
rected vectors align well with shock radio emission, typical
of radio relics. The fractional polarization at 650 MHz is
∼ 18± 4 %. Our results indicate that a single internal de-
polarization model cannot explain the observed depolariza-
tion spectra, suggesting a non-uniform magnetic field dis-
tribution or complex contribution of different polarized re-
gions in the radio relic. Our detection of polarization sig-
nals down to 550 MHz reveals insights into radio relic mag-
netic field structures, offering a low-frequency approach to
understanding ICM magnetic fields in merging galaxy clus-
ters for the first time.

1 Introduction

Galaxy clusters are the largest cosmic structures, with
mergers releasing up to 1064 Joules of energy. These events
stir the intracluster medium (ICM), a hot (108 K) plasma,
generating turbulence and low-Mach shocks. Cosmic ray
electrons (CRes) in the ICM are (re)accelerated by these
processes, producing diffuse synchrotron radio emission.
Turbulence drives radio halos, while shocks create arc-
shaped radio relics, typically found at cluster outskirts.

Radio relics are polarized due to shock-ICM interactions.
Radio interferometers enable the mapping of magnetic field
structures by studying the polarization. At frequencies
above 1 GHz, relics show ≥ 20−30% polarization (1), with
electric vectors aligned along shock fronts over megaparsec
scales (1). The origin of such coherence remains unclear, as
it is not clear if the weak shocks are sufficient to reorganize
magnetic fields. Magneto-hydrodynamic simulations (2; 3)

also fail to reproduce such alignment over 500 kpc under
the assumptions of low-Mach number shocks.

As light traverses a magneto-ionic medium, its polarization
angle rotates with wavelength, quantified by Rotation Mea-
sure (RM). RM distributions in relics are non-Gaussian, in-
dicating complex magnetic field structures. At lower fre-
quencies, relics exhibit depolarization due to magnetic field
fluctuations. Given measured and simulated RM variations
(σRM = 10−100rad.m−2; 2; 4), sub-GHz polarization stud-
ies can differentiate depolarization models. However, it was
thought that below 1 GHz the relic is completely depolar-
ized when extrapolated from higher frequencies.

Previous low-frequency polarization searches mostly re-
sulted in non-detections (5; 6; 7), limited by instrument sen-
sitivity, resolution, and sample selection (5; 6). as depolar-
ization is mostly affected by the complex ICM magneto-
ionic environment (7). Modern radio interferometers now
allow detailed sub-GHz polarization studies of radio relics.
Double relic systems, where both shock fronts are visible,
are promising candidates, as their orientation near the plane
of the sky reduces line-of-sight depolarization.

Abell 746 is a moderately massive (5.34 ± 0.4 ×
1014M⊙) merging cluster at z = 0.23225 (8), hosting four
relics—NW (9; 10), R1, R2, and R3—and an elongated ra-
dio halo (10). Previously, only the NW relic was polarized
at 1.5 GHz (10). We observed the system with uGMRT
Band 4 (550–750 MHz; P.I. Arpan Pal, Proposal Code:
45_087) and, for the first time, detected linear polarization
in the NW relic down to 550 MHz. This paper details our
observations and analysis in Section 2, followed by results
and discussion in Section 3, exploring the first ever detec-
tion of linear polarization in radio relics down to 550 MHz
and their implications for the magnetic field distribution at
the cluster outskirts.

2 Observation Details and Data Analysis

Abell 746 was observed with uGMRT Band 4 on 28th
November 2023, using 4096 channels over 200 MHz with
5.5 hours of on-source time. 3C286 and 3C147 served as
primary calibrators for gain, delay, and bandpass, while
0834+555 was the secondary gain calibrator. 3C286 was
also used for R-L phase calibration and cross-hand de-
lay estimation, and 3C147 for polarization leakage cali-
bration. Due to the flipped response of uGMRT Band 4



Figure 1. Left Panel: uGMRT 650 MHz 4.6′′×4.2′′ intensity in color scale. The white contours start at 5σ , with successive
levels increasing by a factor of

√
2. The ticks represent the polarization angle (B-mode), corrected for the average RM and

scaled by the fractional polarization. Right Panel: The left Y-axis represents the linear fractional polarization, while the right
Y-axis represents the flux densities of the regions used for calculating the linear fractional polarization. The red circles represent
the linear fractional polarization measurements with the Westerbork Synthesis Radio Telescope (WSRT) 21 and 18 cm bands.
The blue circles represent the linear fractional polarization measurements with the uGMRT band 4 (550-750 MHz). The orange-
dotted, blue dashed, and green dash-dotted lines represent the fitted EFD-IFD, IFD-IFD, and EFD-EFD models, respectively,
fitted to the linear polarization data. The filled regions represent the 1σ uncertainties over the fitted models. The purple boxes
represent the flux densities.

feeds (11; 12), standard CASA calibration does not fully ac-
count for reflections. To correct this, we manually swapped
Stokes keywords from RR, RL, LR, LL to LL, LR, RL, RR.

Data reduction was performed using CASA 6.5. Bad an-
tennas and time ranges were flagged, followed by gain and
bandpass calibration using ‘gaincal’ and ‘bandpass’. A full-
polar model of 3C286 (Pal et al. in prep.) was used for
accurate polarization calibration. Cross-hand delays were
corrected with ‘gaincal’ (mode ‘kcross’), and polarization
leakage and R-L phase offsets were solved using ‘polcal’
(modes ‘Df’ and ‘Xf’). After an initial calibration, RFI
was mitigated using ‘flagdata’ (‘tfcrop’ and ‘rflag’), fol-
lowed by a second round of calibration. Antennas with
leakage > 20% were flagged, with W03 being the worst
(∼35-40%), while others had 5-15%. Further bad data
were flagged via automated flagging and manual inspec-
tion. Short baselines were preserved by using ‘flagdata’
(‘rflag’) with baseline-based ranges (500λ s).

The calibrated visibilities were split with averaging of 10
channels, ensuring minimal bandwidth smearing and intra-
channel depolarization. Imaging was done using ‘tclean’
with robust 0 and nterms 2. Several phase-only self-
calibration rounds were followed by a few amplitude-
phase self-calibrations, applied only to parallel-hand vis-
ibilities. Leakage and cross-hand phase offsets were not
self-calibrated. Final Stokes images were produced us-
ing ‘tclean’ over the full 200 MHz bandwidth and primary
beam corrected with Finalflash 1. Off-axis leakage was also
assessed (Pal et al. in prep.), but given the relic’s 3′ distance
from the pointing center, its impact was negligible.

1https://github.com/arpan-52/Finalflash

A spectral cube with 20 channels (9.76 MHz each) was cre-
ated, but due to weak emission, the relic was undetected
in most subbands. Even with 8 subbands, RM-synthesis
was unsuccessful. Instead, we applied an RM value of 10
rad.m−2 from (10) to de-rotate polarization vectors. Iono-
spheric RM contributions were not corrected. Using total
electron density from the International GNSS Service (IGS)
and magnetic field data from the International Geomagnetic
Reference Field (2; 13), we estimated an average RM of 3.5
rad.m−2.

Final 4-subbanded I, Q, and U images were used to com-
pute fractional polarization after correcting for Ricean Bias
(14). WSRT 18/21 cm data (9) supplemented these mea-
surements.

To compare fractional polarization across wavelengths, im-
ages were smoothed to a common 25′′ resolution. A 3σ

Stokes I cutoff and a 5σ polarized intensity cutoff were
applied. Fractional polarization was measured for consis-
tently polarized regions across all bands to constrain a de-
polarization model for the NW relic.

3 Results and Discussion

The NW relic exhibits an average linear fractional polariza-
tion of ∼ 18±4% at 650 MHz, reaching ∼ 35% at its outer
edges. Using an average rotation measure of −10 rad.m−2

(10), the rotation measure-corrected polarization angles (B
mode, Fig. 1) show a smooth distribution following the
high-resolution radio emission structure. This alignment

2https://github.com/zzyztyy/pyIGRF
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Model p0,1 σRM1 p0,2 σRM2

IFD-IFD 0.40±0.22 38.1±9.1 0.283±0.073 2.82±1.05
EFD-IFD 0.43±0.22 38.2±8.9 0.271±0.067 1.79±0.67
EFD-EFD 0.51±0.26 29.2±7.5 0.353±0.067 2.38±0.47

Table 1. Fitted parameters and their 1σ uncertainties for each model. The parameters with subscript 1 correspond to the far-side
components, while those with subscript 2 correspond to the front-side components.

indicates substantial magnetic field coherence in the emis-
sion region. The detection of high linear fractional polar-
ization at frequencies as low as 550 MHz indicates aligned
magnetic fields in the cluster outskirts, where weaker mag-
netic fields can be more effectively modified and aligned by
passing shocks. The linear fractional polarization spectrum
(Fig. 1) reveals complex behavior with abrupt variations
across wavelengths and an unexpected increase at λ = 42.2
cm. Our analysis shows that a single polarization and de-
polarization component cannot adequately model this spec-
trum, underpredicting (2-4%) the expected linear polariza-
tion at lower frequencies (750-550 MHz). Two-component
models successfully explain most of the spectrum but fail
to account for the abrupt increase around 42.2 cm. We in-
vestigated various two-component model combinations in-
corporating different depolarization mechanisms (external
(EFD) and internal Faraday depolarization (IFD). Using a
Markov Chain Monte Carlo approach (15), we determined
the best-fit parameters for each model. The fitted parame-
ters are listed in Tab. 1, which shows the first depolarization
component plays more significant role depolarizing the sig-
nal.

Similar step-like depolarization and abrupt jumps have been
observed in radio relics within Abell 1240 (16) and Abell
2256 (7). Standard single-component depolarization mod-
els inadequately capture the complexities of radio relics,
which are shaped by three-dimensional merger shocks pro-
jected onto the sky plane. Unlike the assumption of emis-
sion from a single Faraday depth with a Gaussian magnetic
field distribution, radio relics involve emission from multi-
ple Faraday depth slices with distinct polarization proper-
ties (17; 18; 19). Our fitted two-component models suggest
a physical scenario with two distinct emission regions: (1)
a component from the far side of the shock, where polar-
ized radiation traverses the entire shock width, experienc-
ing significant depolarization; and (2) a component from
the near-side shock surface, which undergoes less depolar-
ization by avoiding effects associated with the shock width.
The fitted rotation measure dispersion values (Table 1) indi-
cate that the inner medium is more turbulent than the outer
one, supporting our proposed scenario. However, spatial
averaging of polarized emission introduces additional com-
plexities, and current data limitations restrict our ability to
explore multi-component depolarization scenarios or con-
duct spatially resolved studies.

For the first time ever, we have detected a radio relic lin-
ear polarization signal below 1 GHz which was thought to
be completely depolarized. Our refined calibration scheme

along with the superb sensitivity of uGMRT allows for this
kind of detailed study. The study demonstrates the richness
of low-frequency polarization and the shortcomings of our
understanding of physical processes in the ICM. This study
shows the importance of refined calibration schemes and
sensitive radio interferometers to study the ICM in emerg-
ing SKA era.
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