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Abstract

We present the first detailed analysis of the ultra-steep spectrum radio halo in the merging galaxy cluster A521,
based on upgraded Giant Metrewave Radio telescope observations. The combination of radio observations
(300–850 MHz) and archival X-ray data provides a new window into the complex physics occurring in this system.
When compared to all previous analyses, our sensitive radio images detected the centrally located radio halo
emission to a greater extent of ∼1.3 Mpc. A faint extension of the southeastern radio relic has been discovered. We
detected another relic, recently discovered by MeerKAT, and coincident with a possible shock front in the X-rays,
at the northwest position of the center. We find that the integrated spectrum of the radio halo is well-fitted with a
spectral index of −1.86± 0.12. A spatially resolved spectral index map revealed the spectral index fluctuations, as
well as an outward radial steepening of the average spectral index. The radio and X-ray surface brightness is well
correlated for the entire and different subparts of the halo, with sublinear correlation slopes (0.50–0.65). We also
found a mild anticorrelation between the spectral index and X-ray surface brightness. Newly detected extensions of
the SE relic and the counter relic are consistent with the merger in the plane of the sky.

Unified Astronomy Thesaurus concepts: Galaxy clusters (584); Radio continuum emission (1340); Extragalactic
radio sources (508); Intracluster medium (858); Non-thermal radiation sources (1119)

1. Introduction

Galaxy clusters accrete mass via mergers of galaxy groups
and other clusters. These processes result in turbulent motions in
the intracluster medium (ICM), the largest baryonic pool in the
universe. Consequently, a notable amount of energy is released
during a merger, accelerates the cosmic ray (CR) population, and
amplifies the ICM magnetic field. The observational footprints
of these events are seen via diffuse radio emission in galaxy
clusters (for reviews; Brunetti & Jones 2014; van Weeren et al.
2019). These radio sources have a steep spectra9 (α < −1). The
origin of these synchrotron radio-emitting electrons, discovered
to fill the entire cluster volume, is still poorly understood
(Brunetti & Jones 2014; Botteon et al. 2022b).

Diffuse radio sources in clusters are mainly classified into two
classes: radio halos and radio relics (Feretti et al. 2012). Radio
halos are the centrally located ∼Mpc scale diffuse radio sources
and are unpolarized (Giovannini et al. 2009; Bonafede 2010).
Radio relics are the diffuse sources located at the cluster
peripheries. They are thought to be the tracers of the outgoing
merger shock waves (e.g., van Weeren et al. 2019). Radio relics
show filamentary structures on kiloparsec scales, a high degree
of linear polarization, and aligned magnetic field distribution

(e.g., van Weeren et al. 2010; Kierdorf et al. 2017; Di Gennaro
et al. 2021b; Rajpurohit et al. 2021a). Advancement of both the
theoretical models and observations that resulted in the discovery
of many sources (e.g., Botteon et al. 2022a; Knowles et al. 2022)
provide the tools to explore the possible physical mechanism
behind the origin of radio halos and relics.
The currently favored scenario for the generation of the radio

halo involves the reacceleration of the preexisting relativistic
electrons, due to turbulence, originating in cluster mergers
(reacceleration models Brunetti et al. 2001; Petrosian 2001;
Cassano et al. 2006; Brunetti & Lazarian 2007; Beresnyak et al.
2013; Brunetti & Lazarian 2016). Observational signatures of
the radio halos match quite well with the predictions of the
turbulent reacceleration model (Cuciti et al. 2021; Cassano
et al. 2023). The contributions from secondary electrons from
hadronic collisions (e.g., Blasi & Colafrancesco 1999) have
been constrained to be subdominant from Fermi-LAT observa-
tions and by arguments based on the energetics of CRs (e.g.,
Bonafede et al. 2012; Brunetti 2017; Adam et al. 2021), yet
secondary electrons may contribute significantly if they are
reaccelerated by turbulence during mergers (e.g., Brunetti &
Lazarian 2011a; Nishiwaki & Asano 2022).
It is widely accepted that the fraction of kinetic energy from the

shock fuels the radio emission of the relic by the diffusive shock
acceleration (DSA; Ensslin et al. 1998; Hoeft & Brüggen 2007) of
the CR electrons. The ongoing debate on the acceleration of the
electrons is whether they are accelerated from a thermal pool
(keV) to relativistic energy (GeV; standard scenario; Ensslin et al.
1998; Hoeft & Brüggen 2007) or from a preexisting relativistic
electron population (reacceleration; Markevitch et al. 2005; Kang
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9 Sν ∝ να, where Sν is the flux density at the frequency at ν, and α stands for
spectral index.

1

https://orcid.org/0009-0002-0373-570X
https://orcid.org/0009-0002-0373-570X
https://orcid.org/0009-0002-0373-570X
https://orcid.org/0000-0003-1449-3718
https://orcid.org/0000-0003-1449-3718
https://orcid.org/0000-0003-1449-3718
https://orcid.org/0000-0002-1634-9886
https://orcid.org/0000-0002-1634-9886
https://orcid.org/0000-0002-1634-9886
https://orcid.org/0000-0003-0144-4052
https://orcid.org/0000-0003-0144-4052
https://orcid.org/0000-0003-0144-4052
https://orcid.org/0000-0001-5573-726X
https://orcid.org/0000-0001-5573-726X
https://orcid.org/0000-0001-5573-726X
https://orcid.org/0000-0002-8476-6307
https://orcid.org/0000-0002-8476-6307
https://orcid.org/0000-0002-8476-6307
https://orcid.org/0000-0003-1246-6492
https://orcid.org/0000-0003-1246-6492
https://orcid.org/0000-0003-1246-6492
https://orcid.org/0000-0003-4046-0637
https://orcid.org/0000-0003-4046-0637
https://orcid.org/0000-0003-4046-0637
https://orcid.org/0000-0003-4195-8613
https://orcid.org/0000-0003-4195-8613
https://orcid.org/0000-0003-4195-8613
https://orcid.org/0000-0003-3445-4521
https://orcid.org/0000-0003-3445-4521
https://orcid.org/0000-0003-3445-4521
http://astrothesaurus.org/uat/584
http://astrothesaurus.org/uat/1340
http://astrothesaurus.org/uat/508
http://astrothesaurus.org/uat/508
http://astrothesaurus.org/uat/858
http://astrothesaurus.org/uat/1119
https://doi.org/10.3847/1538-4357/ad1190
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ad1190&domain=pdf&date_stamp=2024-02-05
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ad1190&domain=pdf&date_stamp=2024-02-05
http://creativecommons.org/licenses/by/4.0/


& Ryu 2011, 2016). There are a few examples that show some
connection between the relic emission to an active galactic
nucleus and radio galaxy (e.g., Bonafede et al. 2014; Shimwell
et al. 2015; van Weeren et al. 2017; Di Gennaro et al. 2018;
Stuardi et al. 2019). The standard scenarios have explained many
observations from the relics. But still, some disputes remain
regarding the acceleration of the Cosmic Ray electrons (CRe)
from the thermal pool via weak shock (Botteon et al. 2020a).

Radio halos have been observed to have a broad range of
spectral indices, varying from −2.1 to −1.0 (see Feretti et al.
2012; van Weeren et al. 2019, for reviews). In particular, there
are radio halos, detected over the years, that have shown an
integrated spectral index of <−1.5. This population is known as
ultra-steep spectrum radio halos (USSRH), which are thought to
be produced during less energetic mergers (involving clusters
with masses < 1015Me), and it is the key expectation of the
reacceleration model (e.g., Cassano et al. 2006, 2010). The prime
example is A521 (Brunetti et al. 2008; Dallacasa et al. 2009;
Macario et al. 2013), the cluster with the first discovered USSRH.
The number of steep spectrum radio halos has increased thanks to
low-frequency observations from LOFAR, Murchison Widefield
Array, Giant Metrewave Radio Telescope (GMRT; e.g., Wilber
et al. 2018; Bruno et al. 2021; Di Gennaro et al. 2021a; Duchesne
et al. 2021; Rajpurohit et al. 2021a; Botteon et al. 2022b).

The integrated radio spectrum for the radio halos generally
follows a single power law, although there are a few examples of
halos with curved spectrum (Coma Thierbach et al. 2003;
MACSJ017.5+3745 Rajpurohit et al. 2021a). A radio spectral
index is a key tool in the understanding of the shape of the energy
distribution of the relativistic electrons and properties of the
turbulence in ICM. Only for very few clusters, high-resolution
resolved spectral maps, and robust estimations of the spectral
index, are available. Some halos show a uniform spectral index all
over the spatial scales, whereas some show small-scale fluctua-
tions in the resolved spectral maps (Pearce et al. 2017; Botteon
et al. 2020b; Rajpurohit et al. 2023). Resolved spectral maps for
the steep spectrum radio halos are not explored significantly,
which can throw light on the self-similarity behavior (if any) of
the global spectral index at local kiloparsec scales.

Here, we present the deep upgraded Giant Metrewave Radio
telescope (uGMRT) radio observations of the prototype
USSRH in A521. For a better understanding of the diffuse
emission, we have also used archival Chandra and XMM-
Newton data sets. For the Chandra analysis, we use the results
presented by Wang (2019). The Chandra data include four
archival Chandra data sets (observation IDs, hereafter ObsIDs,
430, 901, 12880, 13190) with a total exposure of 146 ks on the
cluster (after cleaning for background flares; see Wang 2019
for details10). The XMM-Newton observations were published
by Bourdin et al. (2013).

The paper is organized as follows. In Section 2, we provide a
brief overview of A521. The uGMRT observations and data
analysis procedures are explained in Section 3. In Section 4, we
show the uGMRT continuum images at different resolutions
and discuss newly discovered features from our study. The
results obtained from spectral analysis and radio versus
X-ray correlations are described in Sections 5–7. Then, we
summarized our results and findings in Section 8. Throughout
this paper, we have adopted a flat ΛCDM cosmology with

H0= 70 km s−1, Ω m= 0.3 , ΩΛ= 0.7. At the redshift of A521,
1″ corresponds to a linear scale of 4 kpc.

2. The Galaxy Cluster A521

The galaxy cluster A521 is a very massive and merging
cluster, located at a redshift of 0.247 (e.g., Arnaud et al. 2000),
having a center at R.A.= 04:54:6.9, decl.=−10:13:26.2
(Yoon et al. 2020). The mass (M200) of the cluster is -

+1.3 1.3
1.0 ×

1015 Me (Yoon et al. 2020), with a very high X-ray luminosity
of LX[0.1–2.4keV] ∼8× 1044 erg s−1, and a temperature of
5.9 keV (Bourdin et al. 2013).
Optical and X-ray observations of this cluster have shown

high dynamical activity at the center. Chandra X-ray observa-
tions show that this cluster constitutes two main clumps along
the NW and SE direction (Ferrari et al. 2006). The southern gas
clump is more diffuse compared to the northern one. Using the
XMM-Newton observations, Bourdin et al. (2013) have
detected two shock fronts (one along the SE and the other
one along the SW direction) and two cold fronts at the
intersection region of these two gas clumps. The temperature
maps from the XMM-Newton observations suggest that the
cluster has a temperature of ∼4.5 keV in the northern part,
whereas in the southern it is ∼4 keV. The interacting region
between these two subclumps has a temperature of > 7 keV.
Optical spectroscopic observations of 113 member galaxies

of A521 have shown a complex galaxy distribution (Ferrari
et al. 2003). There are 7 different galaxy groups situated in the
NW-SE region. Additionally, the velocity analysis suggests
that this cluster is very complex along the line of sight. Recent
Hubble Space Telescope (HST) weak-lensing studies by Yoon
et al. (2020) have shown that the cluster is composed of mainly
three distinct substructures named NW, SE, and central
(C). Using the available multiwavelength observations, they
revisited the merging scenario of A521 via numerical
simulations. However, their study did not get a conclusive
picture of the merging scenario in the central region.

2.1. Previous Radio Studies

A521 is widely observed in radio wavelengths. Brunetti et al.
(2008) reported the discovery of a radio halo with the legacy
GMRT (240, 325, 610 MHz). They estimated an integrated
spectral index of the halo of ∼−1.9, which is very steep
compared to the typical observed spectral index of a radio halo.
Dallacasa et al. (2009) have reported the detection of the radio
halo at 1.4 GHz, using the Very Large Array (VLA; D-array
and BnC array) and obtained a very steep spectral index of
∼−1.86± 0.08. Macario et al. (2013) had also reported the
spectral index of the halo to be very steep ∼−1.81± 0.02.
Arnaud et al. (2000) had first presented the image of the

radio relic using the archival National Radio Astronomy
Observatory Very Large Array Sky Survey (NVSS; Condon
et al. 1998). Since then, the relic has been observed at radio
frequencies ranging from 150 to 4800 MHz with legacy GMRT
and VLA. The radio relic is detected up to 8.4 GHz, with a
good significance (Giacintucci et al. 2008). The measured
integrated spectral index of the relic over a frequency range of
325 to 4800 MHz is −1.48± 0.01. Chandra observations of
A521 at 0.5−4 keV also suggested the presence of an X-ray
surface brightness edge, a shock front at that position of the
relic (Giacintucci et al. 2008). The shock front was later
confirmed by Bourdin et al. (2013).10 http://hdl.handle.net/1903/22163
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3. Observations and Data Analysis

3.1. uGMRT

A521 was observed with the uGMRT at bands 3 and 4 using
the GMRT Wideband Backend (GWB; Reddy et al. 2017). The
observations in each band were taken in two sessions, placed on
consecutive days. We used real-time Radio Frequency Inter-
ference (RFI) filtering (e.g., Buch et al. 2019, 2022, 2023) in
GWB, targeted for mitigating broadband (BB) RFI. We used it
in the mode where the RFI samples (those that exceeded the 3σ
threshold in voltages) were replaced with digital noise. Band 3
observations were done on July 6 (with filter) and July 7
(without a filter), and band 4 observations were done on July 8
(with filter) and July 9 (without a filter) in 2018. In Table 1, we
have summarized the observational parameters. Further details
on the effect of the RFI filtering are provided in Appendix A.

We processed the uGMRT data with CASA using the
CAPTURE11 pipeline (Kale & Ishwara-Chandra 2021). After
this initial flagging, the flux density of the primary calibrator
was set according to the flux scale of Perley–Butler 2017
(Perley & Butler 2017). After following the standard calibra-
tion routines, the calibrated target source data were split and
were further flagged using the automated flagging modes. To
reduce the volume of the data but still prevent bandwidth
smearing, 10 frequency channels (∼1 MHz) were averaged.
The procedure was identical for bands 3 and 4. The target
visibilities were imaged using the CASA task tclean with
wide-field and wide-band imaging algorithms. At the stage of
imaging and self-calibration, the target source measurement set
was divided into 8 frequency subbands, each subband
containing 20 channels. It divides the whole 200 MHz
bandwidth into 8 spectral windows and does imaging and
self-calibration on the subbanded data file.

We assume the flux density uncertainty is 10% for both the
uGMRT frequencies (Chandra & Kanekar 2017). The flux
density uncertainty (Δf ) is defined by the following:

( ) ( ( ) ) ( )sD = +f f N0.1 , 12
beam rms

2

where f is the flux density, Nbeam is the number of beams, and
σrms is the rms noise. We have used the task ugmrtpb12 for
the primary beam correction of all the images.

3.2. Removal of the Discrete Sources

The diffuse radio emission in A521 is contaminated by
weak/faint discrete sources like unresolved point sources and
radio galaxies in the images, which bring complications in the
measurement of the flux densities of the diffuse sources. For
the removal of the discrete sources at band 3 and band 4, their
models were created by applying a UV-cut of > 5 kλ (angular
scale of 40″). In both frequencies, we have kept the UV cutoff
range the same to match the spatial scales. In Appendix B, we
have presented the high-resolution point-source images for the
A521 cluster field in both uGMRT bands 3 and 4 frequencies.
After creating the model image for the point sources, the clean

components corresponding to the point sources were subtracted
from the observed data. After subtraction, the data file was then
imaged again using tclean with a UV baseline of < 10 kλ, to
highlight the extended emission. We used the multi-scale
deconvolver to properly map the large-scale diffuse emission. We
have checked the consistency of the point-source subtraction
process, by calculating the flux density of the radio halo with that
obtained by algebraically subtracting the flux density of the
embedded sources from the total (halo+ sources), finding a good
agreement (5% for uGMRT band 3 and band 4). During the
measurement of the errors regarding the flux density estimation
of the extended sources, we used Equation (1), with one extra
term for the point-source subtraction error (σsub), 5% for the
uGMRT, added in quadrature.

3.3. X-Ray Observations

Using the XMM-Newton pointing ObsID 0603890101, we
generated a surface brightness and projected temperature map.
XMM-Newton data have been pre-processed in the framework
of the CHEX-MATE project (CHEX-MATE Collaboration
et al. 2021), as detailed in F. De Luca et al. (2023, in
preparation). This pre-processing includes, in particular, spatial
and spectral modeling of the sky and instrumental back-
grounds, together with the detection and masking of point
sources. The XMM-Newton surface brightness map is derived
from the wavelet analysis of the photon image that we adapted
for spatial variations in the effective area and a background
noise model. The photon image has been denoised via the 4σ
soft-thresholding of a variance-stabilized wavelet transform
(Zhang et al. 2008; Starck et al. 2009), which is especially
suited to process low photon counts. The XMM-Newton
temperature map has been computed using a spectral-imaging
algorithm that combines spatially weighted likelihood estimates
of the projected intracluster temperature with a curvelet
analysis, which is especially suited to recover the curvilinear
features expected near shocks or cold fronts. This algorithm
can be seen as an adaptation of the spectral-imaging algorithm
presented in Bourdin et al. (2015) and recently applied also in
Oppizzi et al. (2023). Briefly, the temperature log-likelihoods
are first computed from spectral analyses in each pixel of the
maps, then spatially weighted with kernels that correspond to
the negative and positive parts of B3-spline wavelets functions.
This allows us to derive wavelet coefficients of the temperature
features and their expected fluctuation, which we derive from
spatially weighted Fisher information. We use these wavelet
coefficients to compute a curvelet transform that typically
analyzes the features of apparent size in the range of [3.5, 60]″.
We finally reconstruct the temperature map from a denoised
curvelet transform that we inferred from a 4σ soft thresholding
of the curvelet coefficients. For each pixel of the temperature

Table 1
Summary of uGMRT Observations

Band 3 Band 4

Frequency range (MHz) 300–500 550–750
No. of channels 2048 2048
Channel width (kHz) 97.65 97.65
Bandwidth (MHz) 200 200
On source time (hr) 9+9 9+9
Polarization RR, LL RR, LL
Flux calibrator 3C147 3C147
Largest angular scale 1920″ 1020″

Note. The observations reported in the table are recorded in two sessions: one
using the uGMRT real-time RFI filter and the other session without the filter.

11 https://github.com/ruta-k/CAPTURE-CASA6
12 https://github.com/ruta-k/uGMRTprimarybeam-CASA6

3

The Astrophysical Journal, 962:40 (24pp), 2024 February 10 Santra et al.

https://github.com/ruta-k/CAPTURE-CASA6
https://github.com/ruta-k/uGMRTprimarybeam-CASA6


map, we associate a temperature uncertainty that results from a
parametric bootstrap resampling. Specifically, combining the
best-fit temperature and surface brightness maps with the
effective area and background noise models, we generate mock
XMM-Newton event lists whose statistical properties mimic
the real pointing and derive bootstrap temperature maps from
curvelet analyses of these mock event lists. The temperature
uncertainty map derives from the standard deviations of

temperature values registered in each pixel of 100 bootstrap
maps. It can be noticed that temperature uncertainties increase
at the same time as the best-fit temperature values increase, and
the X-ray surface brightness decreases.

4. Results: Continuum Images

In Figure 1, we have shown the uGMRT band 3 continuum
image of the A521 cluster field. At the central region, we have

Figure 1. uGMRT band 3 full resolution image IMG1 obtained with robust =0.5 is shown here. The rms is σrms = 24.9 μJy beam−1, and the beam is 8″ × 7″ . We
have labeled the extended sources; R1 the relic situated at the SE position of the cluster, R2 the newly discovered relic, R1-TL the faint extension of the R1 relic, and
the wide-angle tail (WAT) galaxy. At the central region, the low surface brightness radio halo emission is seen. The boxed region indicates the radio galaxy J0454-
1016a.

Table 2
Summary of the Radio Images

Name Beam Size Robust UV Range UVTaper Map rms
(″) (″) (μJy beam−1)

uGMRT band3 IMG1 8″ × 7″ 0.5 None None 24.9
IMG2 6″ × 6″ −0.5 >0.2 kλ 5″ 28.7
IMG3 10″ × 10″ −0.5 >0.2 kλ 10″ 31.7
IMG4 15″ × 15″ 0 >0.2kλ 15″ 34.0
IMG5 20″ × 20″ −0.5 >0.2 kλ 20″ 38.6

uGMRT band 4 IMG6 5″ × 5″ 0.5 None None 8.5
IMG7 6″ × 6″ 0.0 >0.2 kλ 5″ 11.0
IMG8 10″ × 10″ −0.5 >0.2kλ 10″ 16.7
IMG9 15″ × 15″ 0 >0.2 kλ 15″ 21.6
IMG10 20″ × 20″ 0 >0.2 kλ 20″ 25.6
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detected the arc-shaped relic (R1), SE of the cluster center. The
central regions are dominated by the point sources and the low
surface brightness radio halo emission. Figure 2 shows a
multiwavelength view of the cluster. The central radio halo
emission is morphologically similar to the Chandra X-ray
thermal emission (blue). Many point sources are seen in the
central regions and all over the field at the optical wavelength
(yellow). In the following sections, we will discuss the
previously known and newly discovered diffuse radio emis-
sions at the cluster central regions.

4.1. Radio Halo Emission

We have detected the radio halo emission both at 400 and
650 MHz, shown at different resolutions in Figure 3. The radio
halo is not circular in shape; rather, it is very elongated. The
elongation is along the SE to the NW, which was supposed to be
the merger axis (Ferrari et al. 2003). In our sensitive high-
resolution images, we have detected 33 discrete sources
(> 3.5 σrms) in the halo region. The total flux density of the
32 sources (excluding J0454-1016a, squared boxed region in
Figure 1) is 22.5± 1.7, which is ∼33% of the total flux density
(radio halo + individual sources) at 400 MHz. In Figure 4, we
have shown the point-source-subtracted image at 400 MHz (left)
and 650 MHz (right). Radio emissions from both the radio halo
and relic were recovered well. Similar to Macario et al. (2013),
we have also detected the “spur” region connected to the radio

relic at the SE position in our low-resolution images. This is still
unexplained whether the spur region is a part of the radio relic or
the centrally located radio halo. At 400 MHz, the radio halo has
been detected up to the largest linear size (LLS) of 1.3×
1.0 Mpc2, whereas at 650 MHz it is 1.03× 0.85 Mpc2. Macario
et al. (2013) had reported the size of the radio halo to be
∼1.35 Mpc at 153 MHz. The radio halo is more extended at
lower frequencies. The radio halo brightness shows a rapid
decline in surface brightness at the outermost regions. The
overall radio surface brightness is very smooth over the spatial
scale of the radio halo at this resolution.
The radio relic emission penetrates the southern part of the

radio halo emission, which we define as the bridge region. This
component was also detected significantly in previous studies
from 150 to 1400 MHz. It is extremely difficult to distinguish the
contribution of radio halo and radio relic emissions at a given
observed frequency. This bridge region’s properties will be
discussed in Section 6. Many examples of overlapping emissions
from relics, bridges, and halos are discussed in the literature,
including the radio halo in toothbrush clusters (e.g., van Weeren
et al. 2016), the halo in CIZA J2242.8+5301 (Hoang et al.
2017), and the radio halo in A3667 (de Gasperin et al. 2022).

4.2. New Discoveries

Our deep and sensitive uGMRT observations have revealed
some new insights into the A521 cluster central field. In

Figure 2.Multiwavelength view for the central region of the A521 is shown. The yellow intensity shows the image of the A521 field in the DSS2 red. The intensity in
blue shows the Chandra image at 0.5−4 keV from Wang (2019), which is smoothed up to 5″ using a Gaussian kernel. The radio emission from the uGMRT band 3
image is shown in red.
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Figure 3, we have presented the central region of this cluster,
where we have labeled the different extended sources in yellow
color. The R1 is the brightest relic that was discovered to the

SE of the cluster center and studied in the literature (Arnaud
et al. 2000; Ferrari et al. 2006; Giacintucci et al. 2006, 2008).
R1-TL is the low surface brightness extension of the relic,

Figure 3. Top left: Total power uGMRT band 3 image (IMG4), with a beam size of 15″, is shown. The previously discovered diffuse emissions are also well
recovered in our uGMRT images. The tail of the relic R1 (extended faint emission) is labeled in yellow with a naming convention of “R1-TL.” Similarly, the newly
discovered relic, named R2 (and better observable with this resolution), labeled in yellow. Contour levels are drawn at [1, 2, 4, 8 ...] × 3σrms, where
σrms = 34.0 μJy beam−1. Top right: Similar to the precedent panel but at 650 MHz. The spacing of the contour levels is similar with σrms = 21.6 μJy beam−1. Bottom
left: The cluster central diffuse sources are shown in a low-resolution (20″) image (IMG5) at 400 MHz. The interested sources are mentioned above. The rms noise of
the image is 38.6 μJy beam−1, and the contour spacing is similar to the above panel. Bottom right: Here, we have shown the 20″ image (IMG10) of the cluster field at
650 MHz. The rms noise of the image is 25.6 μJy beam−1.
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Figure 4. Left: We have shown the point-source-subtracted image of the cluster central field at 400 MHz. The resolution of the image is 22″ × 22″. The yellow circle,
having a size of ∼1 Mpc, represents the regions of the radio halo emission, adopted from Brunetti et al. (2008). The spur emission, a bridge region between the radio
halo and relic, is labeled in yellow. Contour levels are drawn at [1, 2, 4, 8...] × 3σrms, where σrms = 45 μJy beam−1 is the noise level. Right: The point-source-
subtracted image is shown at 650 MHz. The spur emission is also visible here. The rms noise of the image is 30 μJy beam−1, and the spacing of the contour level is
similar to the left image.

Figure 5. Left: MeerKAT 1.28 GHz image of the A521 cluster is shown in color and contours. The MeerKAT image has a beam size of 8.5″ × 7.5″. Contour levels
are drawn at [1, 2, 4, 8] × 3σrms, where σrms = 3 μJy beam−1 is the noise level, quoted from Knowles et al. (2022). Right: uGMRT 400 MHz emission (full resolution,
IMG1) is overlaid (white contour) on the MeerKAT image (color). Contour levels are at a similar level, with σrms = 24.9 μJy beam−1.
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which is uncovered at 400 MHz at a significant level. Similarly,
our new deep radio images revealed another relic “R2” NW of
the cluster center, first reported by Knowles et al. (2022) using
the MeerKAT.

Brunetti et al. (2008) had also detected a very small portion
of this “R1-TL” in the 240 MHz legacy GMRT image of the
A521 cluster. This low surface brightness extended region is
visible in low-resolution images (15″, 25″) at 400 MHz (in
Figure 3). At 650 MHz, we have also detected the extension. In
this region, some of the point sources are seen both in the
optical and radio images. Therefore, we have tried to see if this
emission is seen after the point-source subtraction. At
400 MHz, we have detected this R1-TL at a significant level of
12σrms, shown in Figure 4. In Figure 5, we have shown the
publicly available MeerKAT image (at 1.28 GHz) from
MGCLS survey (Knowles et al. 2022). The faint extension is

also seen in the MeerKAT image. In Figure 6, the uGMRT
400 MHz image (beam size, 10″ × 10″) is overlaid on the
DSS2 optical image (gray scale). Several point sources are
present in the R1-TL region. At 400 MHz, the linear size of the
extension is ∼1 Mpc, with a width of ∼300 kpc. The
continuous decrement of the surface brightness along the arc of
the relic is still unexplained, especially after a certain length.
Considering this R1-TL extension, the total length of the relic
arc is ∼2.2 Mpc. Till now, only very few relics (Sausage
Hoang et al. 2017; Toothbrush van Weeren et al. 2016; ZwCl
0008.8+5215 van Weeren et al. 2011b) have been detected
with such a large extent.
Our uGMRT band 3 and band 4 images revealed the

presence of another relic at the NW position of the cluster. In
Figure 3 (top panel), we have labeled the position of the newly
discovered relic, R2. In Figure 5 (right panel), we have overlaid
the 400 MHz (in white contours) on the MeerKAT image (in
colors), where the relic R2 is seen clearly up a larger extent
compared to our analyzed images. Thanks to the superb
sensitivity of the image, MeerKAT has been able to detect the
R2 relic up to such a low surface brightness extent. In both our
400 and 650 MHz, this relic is detected up to the LLS of ∼650,
and 450 kpc respectively, due to the sensitivity limit of our data
quality. In Figure 4, the R2 relic is seen at a significant level for
both bands 3 and 4 in the low-resolution image (beam
size, 22″× 22″).

5. Spectral Analysis

To provide new insights into the origin of the diffuse radio
sources, in this section, we present the integrated spectrum,
radial profile, and resolved spectral index map, using our
uGMRT observations at bands 3 and 4.

5.1. Integrated Spectrum

Using the point-source-subtracted image, we have calculated
the flux density of the halo and estimated the integrated spectral
index, combined with the available literature values. We have
tabulated the flux density values in Table 3. The integrated flux
density values of the radio halo are calculated over the same
circular region, used in Brunetti et al. (2008).
In Figure 7, the resulting integrated spectrum is shown for

the radio halo in A521. The overall spectrum of the radio halo
is well-fitted with the single power law between the frequency
range of 150–1400 MHz, having an integrated radio spectral
index of −1.86± 0.12. Therefore, our results are in line with
the previous results, which showed that the radio halo in the
A521 is an ultra-steep spectrum radio halo. The value of the
spectral index quoted here has not used the 610 MHz flux
density value during the estimation of the spectral index due to
the uncertainty and poor recovery of the extended radio halo at
the cluster central position. The inclusion of the 610 MHz flux
density value will lead to a spectral index of −1.92± 0.13,
which is also very steep for a radio halo in A521. The flux
density value at 74 MHz is reported from Brunetti et al. (2008),
but due to the uncertainty in the measurement of the flux
density, we have not accounted for this value during the fitting.
We have combined the flux densities from the previous studies
(flux density values are taken from; Brunetti et al. 2008;
Dallacasa et al. 2009; Macario et al. 2013) with ours. So, before
doing the estimation, all the flux density values were converted
into a common flux density scale, Perley-Butler 2017

Figure 6. DSS2 image cutout of the A521 SE relic field is shown (in gray),
overlaid with the radio emission at 400 MHz, with a beam size of 10″ (IMG3).
Contour levels are drawn at [1, 2 , 4, 8...]× 3σrms, where σrms = 31.7 μJy beam−1

is the noise level. In the relic region, the point sources embedded in the radio
emission are also seen here, similar to those from Giacintucci et al. (2006).

Table 3
Flux Density Estimates for the Radio Halo

Frequency Flux Density References
(MHz) (mJy)

74 1500 B.08
153 328 ± 66 M.13
240 152 ± 15 B.08
330 90 ± 7 B.08
402 45 ± 5 This work
610 15 ± 3.5 B.08
650 15.31 ± 3 This work
1400 6.4 ± 0.6 D. 09

Note. The references are Brunetti et al. (2008; B.08), Dallacasa et al. (2009;
D.09), and Macario et al. (2013; M.13). In Figure 7, we have annotated the
region in the plot in the blue circle, which is used to estimate the flux density.
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(Perley & Butler 2017). There are only a handful of clusters,
where sensitive wide-band radio observations have been done,
and the radio halos are found to be a USSRH. Some of them
(MACS J0717.5+3745; Rajpurohit et al. 2021a) also show
high-frequency steepening in the integrated spectrum, while the
rest show a single power-law spectrum.

We have also estimated the integrated spectral index of the
R1 and R2 relics by combining the previously available flux
density values and our analysis. The integrated spectrum of the
R1 relic is well-fitted with a single power law of spectral index
−1.46± 0.03. For the stationary shock, the integrated spectral
index, αint, is steeper by 0.5 from the injection spectral index,

αinj,

( )a a= - 0.5. 2int inj

Assuming the DSA to be the origin of the particle
acceleration in the relic region, the Mach number (MS) is
related to the injection spectral index αinj as

( )
a
a

=
-

+
= M

2 3

2 1
2.30 0.02. 3S

inj

inj

Giacintucci et al. (2008) had reported the integrated spectral
index of the relic to be −1.48± 0.01, with a Mach number of
shock as 2.27± 0.02. Using Equation (3), we have estimated
the Mach number to be 2.30± 0.02, consistent with the
previous work. We have calculated the integrated spectral
index value of the R2 relic using the uGMRT (point-source-
subtracted image) and MeerKAT images. The spectrum is well
represented by a single power law with a spectral index of
−1.34± 0.03 over a frequency range of 400–1280 MHz.
Assuming DSA to be the origin of the R2 relic also, the Mach
number estimated from the integrated radio spectral index is
2.67± 0.09. Although constraining the acceleration efficiency
at these shocks is beyond the aim of our paper, we stress that
weak shocks with Mach number ∼2.2−2.7 sit exactly in the
transition region where direct DSA from thermal pool becomes
energetically difficult (e.g., Botteon et al. 2020a).

5.2. Radial Profile of the Radio Surface Brightness

To characterize the radio halo properties, we have fitted the
surface brightness model and checked how the averaged radio
surface brightness is varying with distance. As suggested by
Murgia et al. (2009) and very recently by Boxelaar et al. (2021),
we modeled the surface brightness variation by taking into
account the asymmetric and elongated shape of the radio halo.
The fitting procedures mentioned in Boxelaar et al. (2021) allow
one to fit the elliptical and skewed (asymmetrical) models. The

Figure 7. Left: Integrated radio spectral index is shown for the radio halo between 150–1400 MHz. The black dashed line shows the overall spectrum of the halo
follows a single power law. The blue points denote the results from our work; the other values are taken from the literature. The annotated figure shows the 400 MHz
radio emission (in gray). Right: The integrated spectrum of both the radio relics, R1 and R2, are shown. The black and green dashed lines represent the overall
spectrum of the relics R1 and R2. The annotated figure (color) shows the emission of the two relics (green box) at 400 MHz.

Table 4
Flux Density Estimates for the Two Radio Relics

Relic Freq. Flux Density References
(MHz) (mJy)

R1 74 660 G.08
153 299.9 ± 59 M.13
235 181.8 ± 10 G.08
327 115.14 ± 6 G.08
402 87.8 ± 10 This work
610 42 ± 2 G.08
650 41.6 ± 3 This work
1410 14.1 ± 1 G. 08
4890 2.02 ± 0.2 G.08

R2 400 3.45 ± 0.34 This work
650 2.01 ± 0.2 This work
1280 0.800 ± 0.09 K.22

Note. The flux density reported, for the R1 relic for our work, only takes
emission contained within 3σrms. The references are Giacintucci et al. (2008;
G.08), Knowles et al. (2022; K.22). The flux density reported above for our
work does not include the R1-TL during the calculation. Including the R1-TL,
the average flux density of the relic is 100.1 ± 12.0 mJy and 48.3 ± 7.0 mJy at
400 and 650 MHz, respectively.
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surface brightness profile is given by the following:

( ) ( )( )= -I r I exp 4G r
0

where I0 is the surface brightness in the central region, and the

G(r) is the radial function given by G(r)=( )∣ ∣r

r

0.5

e

2

2 for the

circular shape, G(r)=( )+x

r

y

r

0.52

1
2

2

2
2 for elliptical models. Here, re

denotes the e-folding radius, and r2= x2 + y2.
In Figure 8, we have shown the radial profile of the radio

surface brightness at 400 MHz and the model fitted to that. The
total radio-emitting regions are divided into concentric
elliptical annular regions to estimate the azimuthally averaged
surface brightness of the radio halo. The central annular region
is drawn at 22″, which is the beam size of the image. The
cluster center is chosen to be the center of the annuli. The red
data points in Figure 8 are the estimations of the averaged
surface brightness from each of these annular regions. Then, we
fitted the elliptical and circular surface brightness model on the
estimated averaged radio surface brightness and estimated the
parameters, using the Bayesian analysis. In Table 5, we have
reported the parameters obtained from the fitting. The central
radio brightness is ∼1.35 μJy arcsec−2. The extension of the
radio halo is detected up to ∼3r1 and 2.5r2. In following this,
we refer to the halo core region as the emission contained
within the ellipse, having the major and minor axis as 0.5r1 and
0.5r2 respectively, while the outer halo region is the emissions
contained within the region beyond the core.

5.3. Spectral Index Map of the Halo

Spatially resolved spectral index maps are a very useful tool
in understanding the different physical processes related to
mergers happening at the local scale and the origin behind the
radio halo emission. Our uGMRT band 3 and band 4 images
have allowed us to study the resolved spectral map for the radio
halo and radio relic region. Despite some problems with the
band 4 point-source-subtracted image, the resolved spectral
index map for the central region is obtained with fair accuracy.

The spectral index maps are created using the point-source-
subtracted visibilities in band 3 and band 4. The images were
made with a similar inner UV cutoff (>0.2 kλ) and uniform
weighting to match the spatial scale of the radio emission at both
400 and 650 MHz. Then, both the images are convolved to a
common resolution of 22″, such that the radio halo emission can
be seen properly in both frequencies. The resolution of the image
is chosen such that there is an optimization between probing the
spectral variation in the radio-emitting region and having a good
signal-to-noise ratio. For each image, the pixel value of less than
3σrms is blanked. Flux density values are obtained 1000 times
from a Gaussian distribution that has the mean as the estimated
flux density value and the standard deviation as the background
rms of the images. The errors regarding the spectral indices are
obtained from the standard deviation of the extracted 1000
values.
Figure 9 shows the resolved spectral index map (left panel)

and corresponding error map (right panel) for the radio halo. A
local variation of the spectral index is visible. In the northern
part, some flat spectral regions are seen. The central part of the
radio halo shows some uniform spectral index regions. The
southern part of the radio halo is seen to have a very patchy
distribution of the spectral index. Fluctuations in the spectral
index over the radio halo can occur due to the nonuniformity of
the magnetic field distribution and different acceleration
efficiencies (e.g., Brunetti et al. 2001; Petrosian 2001; Brunetti
& Lazarian 2007). However, artificial patches in a resolved
spectral index map can also be originated due to unmatched
UV-coverage in the different frequencies.
In Figure 10, we have shown the distribution for the spectral

index over the radio halo extent. The median spectral index is
−1.75, and the standard deviation is σ= 0.45. According to
Vacca et al. (2014), Pearce et al. (2017), if the variations in the
spectral index are the result of measurement errors, the median
error value is expected to be comparable or similar to the
standard deviation. The estimated median error is 0.35, which
is lower than the dispersion of our distribution, which indicates
small-scale fluctuations over the extent of the radio halo. Also,
this is a projected spectral index. It is averaged along the line of
sight (LOS), and the intrinsic scatter in the volume is larger
(∼ N ), where N is the number of beams/cells along the LOS.
The fluctuations in the resolved spectral map are seen in some
recent studies for the halos in A2255 (Botteon et al. 2020b),
A520 (Hoang et al. 2021), MACSJ017.5+3745 (Rajpurohit
et al. 2021a), and A2256 (Rajpurohit et al. 2023). The median
spectral index of −1.75 is slightly flatter compared to the
integrated spectral index. However, the integrated spectrum is
calculated based on the flux density estimation, which is
brightness weighted, and the resolved spectral maps are created
by giving each pixel the same relevance.
We show the spectral index as a function of the distance

from the cluster center in Figure 11. By sampling the total radio
halo into different annular regions, the average spectral index
values were estimated. The cluster center is chosen to be the

Table 5
Radio Halo Surface Brightness Profile Fitting Parameters

Model cr
2 I0 r1 r2

(μJy arcsec−2) (kpc) (kpc)

Circular 1.76 1.28 ± 0.04 380 ± 40
Elliptical 1.15 1.42 ± 0.03 420 ± 22 360 ± 20

Figure 8. The radial profile of the radio surface brightness is shown. The
annotated image shows the 400 MHz radio emission (in gray) and the contours
(in red), starting with 3σrms × [1, 2, 4, 8....]. Each of the red squares denotes the
azimuthally averaged radio surface brightness values, within the annular
regions. The error bars represent the error on the mean. The blue line shows the
two-dimensional elliptical model fitted to the radio surface brightness profile.
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center of the annulus, and we have checked the radial profile of
average spectral index by shifting the center 20″−30″ from its
original position to check the robustness of the profile. In all
cases, the steepening is present along the radially outward
direction. Only the measurement errors are shown in the error
bars. The radio halo in A521 has a distinct outward radial
spectral steepening. It begins at −1.4 and rises to −2.2 as we
move toward the outskirts. The steepening of the spectral index
along outwards is expected either due to the decline of the

magnetic field (for a constant acceleration efficiency) or due to
the decline of the acceleration efficiency (i.e., less acceleration
at the larger distance from the center; Brunetti et al. 2001).
Insufficient UV-coverage at the upper frequency can also lead
to a radial steepening. However, we have a sufficient UV-range
at both frequencies to map the extended emission of the A521.
Observations have shown a variety regarding the radial

variation of the spectral index. An outward radial spectral
steepening is seen for A2744, Pearce et al. (2017); and MACS
J0717.5+3745, Rajpurohit et al. (2021a); uniformity in the
spectral index is seen for the Toothbrush cluster (van Weeren

Figure 9. Left: Spectral index map for the radio halo in A521 at 22″ is shown between 400 and 650 MHz. The black contours are drawn at 3σrms × [1,2,4,8..] from the
400 MHz image. The relic is showing a spectral steepening toward the cluster center. While the radio halo region shows fluctuations in the spectral indices. Right: The
corresponding error map is shown here. The procedures for the estimation of the error map are mentioned in Section 5.3.

Figure 10. Histogram of the spectral index distribution for the halo in A521
between 400 and 650 MHz is shown. The values for the spectral indices were
obtained by sampling the halo into square boxes of size 22″. The red solid line
in the median value of the spectral index is αmed = −1.75. The two dashed line
shows the standard deviation around the median value, with σ = 0.45. The blue
dashed-dotted line shows the integrated spectral index value.

Figure 11. Here, the spectral index profile across the radio halo region is
shown. The annotated figure shows the annular regions, which sampled the
radio halo. The average spectral indices estimated from each annulus region are
fitted in red data points. There is an indeed clear radial steepening in the
spectral index value of the radio halo with the increasing radius.
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et al. 2016; Rajpurohit et al. 2018; de Gasperin et al. 2020; the
Sausage cluster, Hoang et al. 2017). No firm detection of the
radial spectral steepening has been made in A2163 (Feretti
et al. 2004), A2219 Orrù et al. (2006). However, the studies of
A2163 and A2219 are very old and done at different (very
poor) resolutions.

6. X-Ray and Radio Correlation

All models for the origin of the radio halos predict similarity
between the X-ray and radio component of the ICM (e.g.,
Brunetti & Jones 2014). Emission from the radio halos
typically follows the X-ray distribution of the ICM (Govoni
et al. 2001). However, there are a few clusters whose radio
emission does not trace the thermal emission with the same
morphology (Giacintucci et al. 2005). Morphological similarity
between the X-ray and radio can probe the interactions and
different physical processes between the thermal and non-
thermal plasma of the ICM.

In Figure 12, we show the thermal X-ray emission (both
from the Chandra and XMM-Newton) of the A521, overlaid
with radio emission at 400 MHz. Overall, the radio emission
from the halo follows the X-ray emission, despite the
elongation of the radio halo along the merger axis. The
position of the second relic (R2) is also seen in the peripheral
region of the cluster, and it is associated with low surface
brightness ICM thermal emission, similar to relic R1. A
significant part of the radio halo seems to be strongly correlated
to thermal gas. However, after a certain distance (∼600 kpc)
from the cluster center (marked yellow triangle), the radio
emission rapidly drops, even if the X-ray emissions are still
detected in that region. Bourdin et al. (2013) have detected a
shock front at that location. We have shown the XMM-Newton
temperature map and overlay our 400 MHz radio emission on
that in Figure 12. The northern part of the cluster is cooler
compared to the southern one. The former shows morpholo-
gical similarity with the radio halo emission. At the interacting
region between the northern and southern clumps, patches of
the high-temperature region are seen (yellow diamond), as also
reported in Bourdin et al. (2013). This hot gas may be a result
of the compression between the two cold fonts. The bridge
region between the R1 and halo shows a high-temperature
(∼10 keV) region. A temperature drop across the shock front
(situated in SE to NW) is also seen in Figure 12.

We also study the radial variation of radio and X-ray surface
brightness profiles. To investigate the surface brightness varia-
tion, we divided the radio halo into concentric annular regions
(centered at the cluster center). In each annular region, the mean
surface brightness and standard deviations are calculated. The
relic R1, R2, and discrete unresolved sources (from X-ray
images) were masked and excluded from the calculations. The
resulting radial profiles are shown in Figure 13(a). The figure
shows that the surface brightness of radio (red squares) and X-ray
(blue squares) correlates well, close to the central region.
Nonthermal components decay at a slower rate than thermal
gas. Similarly, we investigated the radial profiles of surface
brightness in the halo’s northern region (middle panel) and
southern region (right panel). Both subclusters exhibit a similar
pattern, with the nonthermal components experiencing a less
steep decline than the thermal components.

6.1. Spatial Correlation between the X-Ray and Radio Surface
Brightness

To date, point-to-point analysis between the radio surface
brightness and the X-ray surface brightness has been done for
many radio halos, mostly at 1.4 GHz. For giant radio halos, the
correlation slope predominantly shows sublinear to linear
values (e.g., Govoni et al. 2001; Giacintucci et al. 2005;
Rajpurohit et al. 2018; Cova et al. 2019; Hoang et al. 2019; Xie
et al. 2020; Rajpurohit et al. 2021b; Bruno et al. 2021; Hoang
et al. 2021; Bonafede et al. 2022; Rajpurohit et al. 2023). This
relationship between the X-ray (IX) and radio surface bright-
ness (IR) is generally described in the form of a power law:

( ) ( ) ( )= +I a b Ilog log 5R X

where b is the slope of the correlation. The correlation slope
b= 1 is for a perfect linear correlation. The value of the b
determines whether the thermal components (gas density,
temperature) of the ICM decay faster (b < 1) than the nonthermal
components (relativistic electron populations, magnetic field) or
vice versa (b > 1).
High-resolution, sensitive uGMRT, Chandra X-ray observa-

tions allow us to do a detailed investigation of the interplay
between the thermal and nonthermal components of the ICM. For
the analysis, we have used the 400, and 650 MHz uGMRT point-
source subtracted images. Chandra X-ray image is smoothed to a
resolution of 5″. We have made use of the publicly available
software PT-REX13 (Point-to-point TRend EXtrac-
tor; Ignesti et al. 2020) to sample the radio and X-ray
emissions in radio halo regions and exclude the relics and the
discrete unresolved sources. The properties of the bridge region
between the relic R1 and the halo are unclear; therefore, we
have done a correlation study separately for this region. For
estimation of the radio and X-ray surface brightness, we have
chosen a grid size of 22″ (88 kpc). To retain a good signal-to-
noise ratio, we have included only the regions with above
3σrms; below that, they are included as the upper limit. The
radio brightness is expressed in units of Jy arcsec−2, and the
X-ray is in units of counts per second per squared arcsecond.
Due to the threshold and large intrinsic scatter of the data, a

sophisticated linear regression method should be taken into
account for the Malmquist bias for both variables. Here, we
have used the LinMix14 (Kelly 2007) to determine the best-
fitting parameters from the observed data set. LinMix is a
Markov Chain Monte Carlo (MCMC) hierarchical approach,
which considers the uncertainties of both variables and
incorporates the upper limits (nondetection) of the y-axis,
allowing the estimation of intrinsic scatter (σint). The strength
of the correlation is measured using the Pearson (rp) and
Spearman (rs) correlation coefficients.
In Table 6, we have summarized all the best-fit parameters and

correlation coefficients for each frequency of our analysis. The
radio (IR) and X-ray (IX) surface brightness show a significant
positive correlation both at 400 and 650 MHz. A sublinear slope
of b400MHz = 0.61± 0.06, b650MHz = 0.55± 0.08, is obtained at
400 and 650 MHz respectively. The point-to-point correlation
studies for the ultra-steep spectrum radio halo (A2256,
Rajpurohit et al. 2023; and MACSJ1149+222.3, Bruno et al.
2021) show a similar range of values.

13 https://github.com/AIgnesti/PT-REX
14 For more information on LinMix, check https://linmix.readthedocs.io/en/
latest/src/linmix.html.
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As discussed in Section 6, the cluster is composed of two
main gas clumps (northern and southern). In Figure 15, we
show our test to search for a correlation between the northern

and southern clumps. Our best-fit parameters are consistent
with a sublinear slope of the radio–X-ray surface brightness,
regardless of the radio frequency we consider. The correlation

Figure 12. Upper left: Chandra image of A521 at 0.5–4 keV band is shown, smoothed with a Gaussian full-width half maximum of 5″, also overlaid (green contours)
with radio emission at 400 MHz. The contour level starts from 3σrms × [1, 2, 4..], where σrms = 45 μJy bm−1. The X-ray image is not point-source subtracted. The
surface brightness gradient is shown as a color scale. The yellow triangle indicates the position, where a shock font has been detected by Bourdin et al. (2013). Upper
right: Here, the XMM-Newton surface brightness map (0.5−2.5 keV) is shown overlaid with the same radio map. The radio emission is very much correlated with the
thermal emission from the ICM. Lower left: temperature map extracted from the XMM-Newton surface brightness map is shown, overlaid with the radio emission at
400 MHz. Most of the radio emission occurs at the comparable hotter part of the cluster. The yellow diamond regions show the interaction region. Lower right: Here,
the error map for the temperature is shown. At the edge region, the errors are high compared to the central regions.
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is stronger in the northern clump, and is also steeper than the
southern clump, being in all cases sublinear. In the bridge
region (shown in the magenta boxes in Figure 14), the linear
regression shows that the radio and X-ray surface brightness is
very weakly correlated, with a linear correlation coefficient of
0.30. Due to the uncertain boundary of the bridge region, it is
still very hard to draw any strong conclusion on the properties
of the bridge region.

In the past, the frequency evolution of the correlation slope
has been studied for many radio halos, and exceptional cases
are as follows: A520 (Hoang et al. 2019), MACSJ017.5+3745
(Rajpurohit et al. 2021a), where the investigation for the IR–IX
correlation has been done for multiple frequencies. They report
a significant variation of correlation slope over frequency,
indicating the presence of a high-frequency cutoff. However,
there are cases where the slope remains constant as a function
of frequency: A2744 (Rajpurohit et al. 2021b), A2256
(Rajpurohit et al. 2023). Similarly, in A521, we discovered

that the correlation slope is nearly constant across the
frequency range of our study. However, the distance between
the frequencies in our study is not very big.
It is worth checking the effect of the box size on the

correlation slope by using the lower-resolution images. We
thus repeated the fitting procedures using the LinMix for 28″
and 35″ resolution images. We have created two new grids,
sampling the total radio halo emission. We have obtained a
slope of ¢¢b28 = 0.58± 0.09, ¢¢b35 = 0.56± 0.1. The results
indicate that the correlation slope does not change very much
with changing the box size. Rajpurohit et al. (2021b) have
shown the effect of the grid size on the correlation slope in
A2744, where the slope becomes flatter at higher resolutions
and steeper at lower resolutions.

6.1.1. Radial Variation of the Correlation Strength

We investigated the relationship between radio and X-ray
surface brightness at various subregions (core and the outer
region) shown in Figure 16. The boundaries of the core and
outer regions were defined in Section 5.2. Because the radio
halo is much more extended at 400 MHz, we used that image as
well as the same Chandra X-ray image. The slope is
0.80± 0.09 in the core regions and 0.62± 0.06 in the outer
regions. Although we saw a sublinear correlation strength in
both regions, a gradient in the slope can still be seen. Bonafede
et al. (2022) discovered an increase in the correlation slope for
the Coma cluster. While Rajpurohit et al. (2023) has also
reported variation in the correlation slope across subregions. In

Figure 13. Left: Radio (red squares) and X-ray (blue squares) surface brightness radial profiles within the halo region, normalized at their maximum, are shown. Inset
at the top right corner is the X-ray Chandra image, overlaid with the radio contours (black contours) at 400 MHz. The annular regions in cyan are used to estimate the
averaged radio and X-ray surface brightness profiles. The blue square indicates the position of the Brightest Cluster Galaxy, which is masked during the calculation.
The error bars represented here are purely statistical. Center: The similar radial profile is shown here for the northern part of the halo. The semicircle (cyan) annular
regions are used to estimate the averaged surface brightness values. Right: the radial profiles for the southern part of the radio halo are shown with the corresponding
regions in the inset.

Table 6
Best-fit Slopes and Spearman (rs) and Pearson (rp) Correlation Coefficients of the Radio and X-Ray Surface Brightness Data Are Summarized

Frequency 3σ 2σ

(MHz) slope (b) σint rs rp slope (b) σint rs rp

Entire halo 400 0.55 ± 0.07 0.02 0.72 0.76 0.61 ± 0.06 0.04 0.68 0.71
650 0.50 ± 0.08 0.02 0.65 0.72 0.55 ± 0.08 0.02 0.65 0.70

Northern 400 0.55 ± 0.06 0.02 0.80 0.83 0.65 ± 0.06 0.03 0.72 0.74
650 0.53 ± 0.08 0.01 0.77 0.73 0.66 ± 0.09 0.02 0.76 0.81

Southern 400 0.50 ± 0.07 0.02 0.80 0.81 0.54 ± 0.1 0.07 0.65 0.70
650 0.50 ± 0.09 0.2 0.73 0.75 0.50 ± 0.08 0.02 0.69 0.68

Table 7
Linmix Best-fitting Slopes and Spearman and Pearson Coefficient for the Data

Plotted in Figure 17

α–IX α–T

Correlation slope 0.46 ± 0.10 0.37 ± 0.09
Spearman coefficient −0.37 0.43
Pearson coefficient −0.35 0.39
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our case, we discovered different slopes in the two subregions
at increasing radii. For some cool core clusters that host a
hybrid halo, that is, a mini halo and halo-type component, such
as RXC J1720.1+2638 (Biava et al. 2021), MS 1455.0+2232
(Riseley et al. 2022), a steeper slope is found in the core region
followed by flattening in the outermost region. The above-
mentioned behavior can be possible due to the complex
interplay between the thermal and nonthermal components of
the ICM in a different way for the central and outer regions.

6.2. Spatial Correlation in the Spectral Index versus X-Ray
Surface Brightness

We also checked the point-to-point relationship between the
spectral index and the X-ray surface brightness in A521. We
used the same sampling method described in the previous
section to obtain the spectral index and X-ray surface
brightness values. We extracted the surface brightness using
the same Chandra image as in Section 6. We fitted the data with
LinMix to do linear regression between the spectral index and
X-ray surface brightness and to test the significance of the
correlations. We have assumed the relation between the
spectral index and X-ray surface brightness in the form of the
following:

( ) ( )a = +a b Ilog . 6X

The spectral index and the X-ray surface brightness appear to
have a mild anticorrelation (Figure 17). To test the significance
of the correlation between these two quantities, we estimated
the Spearman and Pearson correlation coefficients for the
given data set. Spearman coefficient is ≈ −0.37, with a slope
of 0.46± 0.10. The weak anticorrelation indicates that the
brighter X-ray-emitting regions correspond to flatter spectral
indices. This is consistent with the radial spectral steepening in
the radio halo region.

To our best knowledge, the studies for the correlation
between the spectral index and the X-ray surface brightness
have been done for a very small number of halos like A2744
(Rajpurohit et al. 2021b), A2255 (Botteon et al. 2020b), and
CIG0217+70 (Hoang et al. 2019), A2256 (Rajpurohit et al.
2023). A2255 has a mildly positive correlation between the two
quantities. However, in A2744, both positive and negative
correlations were discovered, indicating the presence of a
multicomponent radio halo and complex merger systems.
While there is no significant correlation between the spectral
index and radio surface brightness for CIG0217+70. A recent
study by Rajpurohit et al. (2023) found a moderate antic-
orrelation between these two quantities for the A2256, which
contains an ultra-steep spectrum radio halo. Based on the
correlation coefficients, a weak negative correlation between
the spectral index and X-ray surface brightness can be seen.
However, further investigations are needed to establish any
strong trend.

6.3. Correlation between the Spectral Index and ICM
Temperature

The XMM-Newton map was used for the analysis because it
covers a larger area than Chandra. The resulting plot is in
Figure 17 (right panel). We used LinMix to look for any
possible correlations. The Spearman correlation coefficient is
0.43. This indicates a very weak positive correlation between
the spectral index and the ICM temperature. The positive
correlation between these two quantities strengthens the fact
that a fraction of the gravitational energy dissipated during
cluster mergers heats up the thermal plasma as well as
accelerates the relativistic particles in the ICM.
A comparison between the resolved spectral index and ICM

temperature values has been studied in Orrù et al. (2006) for
A2744, where they reported that flatter spectrum emission
would trace higher-temperature regions. However, the results
were questioned by the Pearce et al. (2017) using deeper radio
and X-ray observation and found no strong correlation between
these two. A mild anticorrelation has been found for radio halo
in A2255 Botteon et al. (2020b). While we have found a weak
positive correlation for the radio halo in A521, high-
temperature regions are expected to trace the heated regions,
excited by turbulence; hence, the gas dynamics and the
turbulent energy flux, which is dumped into the particles, will
correlate well with flat spectral index regions. However, Kale
& Dwarakanath (2010) argued about the validity of any
possible correlation and anticorrelation between the spectral
index and ICM temperature due to the different cooling
timescales for the thermal gas and nonthermal plasma. The
other caveat about these correlations is the effect of plasma
instability and microphysics, which is not well understood in
theoretical models. The plasma collisionality may play a crucial
role in the acceleration efficiency (e.g., Brunetti &
Lazarian 2011b). An increase in temperature may affect
collisionality and mean free path of (thermal) particles, which
potentially could drive effects on the effective acceleration rate.
It is also possible to imagine situations where decreasing
collisionality (hot regions) might decrease the acceleration rate.

6.4. X-Ray Shock at R2?

Using the Chandra image, we searched for an X-ray
brightness edge at the position of the newly detected radio

Figure 14. The gray-scale image shows the uGMRT 400 MHz image. Each of
the square boxes has a size of 22″. The red boxes sample the northern part of
the radio halo, whereas the blue ones are for the southern part. The magenta
square boxes are used to estimate the surface brightness values at the bridge
region between the relic R1 and the radio halo.
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relic R2, which would indicate a possible shock front. The
Chandra image binned to 8″ pixels to emphasize low surface
brightness features in the cluster outskirts is shown in the left
panel of Figure 18. It indeed shows a subtle edge (green arrow)
coincident with the brightest and sharpest segment of the relic
(Figure 3, upper left panel). To quantify this edge and see if it is
consistent with a shock front, we extracted an X-ray radial
brightness profile in the white sector shown in Figure 18 (left).
The sector is centered on the curvature center of the relic and
covers the most prominent northern half of the relic. We used
an image binned to 1″ pixels and masked out the X-ray point
sources in the sector. The X-ray profile is shown in the right
panel of Figure 18. A brightness edge is clearly seen at

r= 226″, corresponding to the outer edge of the relic, which is
shown by a dashed green vertical line. The brightness edge has
the characteristic shape of a spherical density discontinuity
projected on the sky plane (e.g., Markevitch & Vikhlinin 2007).
To quantify this discontinuity, we modeled the brightness
profile close to the edge (±factor 2 from the radius of the edge)
using a spherical gas density distribution with the center of
symmetry at the center of the sector and the gas density
described by two power laws on the two sides of the edge and a
sharp jump at the edge, with the power laws and the position
and amplitude of the jump being free parameters (Markevitch
et al. 2000). The best-fit model is shown in red in the right
panel of Figure 18. A continuous density profile is inconsistent
with the data at a ∼3σ confidence; the density jump amplitude
is -

+2.4 0.8
2.3 at 90% (where we did not apply the precise

conversion factor between the emission measure and X-ray
brightness, which is uncertain without the temperature
measurements but sufficiently close to 1 for the Chandra
instrument response in this energy band and our large error
bars). If this density jump is a shock front—which is plausible
but cannot be determined with certainty without the temper-
ature measurements on both sides of the edge—it would
correspond to M= 2.1 or M> 1.4 at 90%. The X-ray Mach
number (MX) is lower as compared to the radio Mach number
(M=2.67± 0.09) at R2. The discrepancy between the radio
and X-ray Mach numbers may indicate a nonuniform
distribution of the Mach number over the shock surface (Ryu
et al. 2019; Wittor et al. 2021). The radio observations trace the
higher Mach number regions, where the particles get more
accelerated. Also, the radio Mach number is estimated
assuming the standard DSA is the possible origin of the R2.
The estimated Mach numbers of the shock are low (∼2.5) to
generate the observed emission of the relic in a standard DSA
scenario (Botteon et al. 2020a). Therefore, a shock reaccelera-
tion of supra-thermal electrons might be needed to understand
the relic emission.

Figure 15. Radio vs. X-ray surface brightness (on a logarithmic scale) plots for the halo in A521 at 400 (left panel) and 650 MHz (right panel) are shown. The LinMix
best-fit line is shown in the solid black (entire halo), blue dashed (southern), and red dashed-dotted (northern) lines. The red and blue square boxes show the detection
of the radio halo above 3σrms. The 2σrms are considered as the upper limits and indicated by arrows. The green dashed line shows the 1σrms line at both frequencies.

Figure 16. We have shown the X-ray vs. radio surface brightness at 400 MHz
for the core and outer region of the halo. The annotated figure shows the
uGMRT 400 MHz emission (in gray). Different regions are shown in square
boxes with different color-coded areas. The blue solid line is the best-fit line for
the outer regions, and the red dotted line is the best-fit line for the core region.
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7. Discussion

7.1. Spectral Properties and Reacceleration Models

A strong indication of spectral fluctuations and radial spectral
steepening may be reconciled with the absence of a clear spectral
curvature in the integrated spectrum assuming inhomogeneous
turbulent reacceleration. Homogeneous turbulent reacceleration
models predict the spectral steepening to occur at frequencies
(νs) larger than a few times the critical frequency (νc) of the high
energy electrons (Cassano et al. 2006), νs ∼ξνc, where ξ was 6–8

estimated by Cassano et al. (2012). However, if the magnetic
field intensity, acceleration timescale vary in the emitting
volume (inhomogeneous case) and along the line of sight, the
spectrum may get stretched in frequency, and the curvature
becomes less evident (Donnert et al. 2013; Rajpurohit et al.
2021a). The similar inhomogeneous behavior of the magnetic
field and acceleration time may lead to the observed spectral
fluctuations in the radio halo regions. Radial spectral steepening
demonstrates the presence of a high-frequency break in the
spectrum; however, the inhomogeneous conditions might

Figure 17. Left: X-ray surface brightness vs. spectral index relation for the A521 radio halo is shown at 400 MHz. The cyan lines represent the posterior of the MCMC
chain, and the blue line indicates the best fit for the regression. Right: α–T relation for the A521 radio halo. The temperature extracted from the XMM-Newton
temperature map is shown in Figure 12 (bottom left).

Figure 18. Left: Chandra image of A521 in the 0.5−4.0 keV energy band binned to 8″ pixels. The image is background subtracted and divided by the exposure map.
A subtle edge (marked by a green arrow) is coincident with the brightest and sharpest segment of the relic R2 (Figure 3, upper left panel). The white sector is used for
the radial profile shown in the right panel. Right: X-ray 0.5−4.0 keV surface brightness profile across the edge in the region of the relic R2, extracted in the white
sector indicated in the right panel. Error bars are 1σ. The red line is a fit with a shock discontinuity. The dashed green vertical line marks the position of the outer edge
of the relic.
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smooth the effect of the break in the integrated spectrum. This,
combined with other results (e.g., Rajpurohit et al. 2021a),
demands further theoretical steps to understand the spectral
shape of radio halos.

The turbulent reacceleration model has predicted that a large
number of radio halos (at GHz frequencies) should host the
USSRHs (Cassano et al. 2006; Brunetti et al. 2008). Macario
et al. (2013) have taken a homogeneous (homogeneous in the
emitting volume) reacceleration model to explain the integrated
spectrum of A521. The curved spectra had shown a gradual
steepening of the spectrum at high frequencies, although the
steepening cannot be very drastic since the observations for
A521 are limited up to 1.4 GHz (Dallacasa et al. 2009).
However, they have used the 74 MHz upper limit, which we
decided to avoid. The steepening frequency (νs) of the
synchrotron emission is given by the following:

( )
( )n tµ

+
- B

B B
, 7s acc

2
2

IC
2 2

where B is the magnetic field, and τacc is the reacceleration time
(Brunetti & Lazarian 2007). If τacc is constant, the steepening
frequency depends on the magnetic field. The highest
frequency will be emitted at a field =B B

cr 3
IC , where the CRe

has a maximum lifetime at a given frequency. With B < Bcr, a
radial steepening of the spectral index can be seen at distances
larger from the cluster center, at a lower observing frequency.
Assuming a spectral steepening above 1.4 GHz (due to the
stretch of curvature in frequency domain by inhomogeneous
ICM properties) implies the minimum acceleration time
(Equation (8) in Rajpurohit et al. 2021a) in the emitting
volume is ∼157 Myr, providing that the magnetic field
fluctuations in that region are B ∼Bcr.

The limits obtained for the turbulent acceleration timescale
can be used to constrain the energy density and scale of the
turbulence. This will depend on the adopted reacceleration
model, as different models consider the nonlinear interactions
between the turbulence and the particles. A stochastic
reacceleration model (Brunetti & Lazarian 2016), based on
the scattering of particles in super-Alfvenic incompressible
turbulence, connects the steepening frequency and the turbulent
Mach number via the following:
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where cs is the sound speed in that medium, and L is the
injection length scale. Using Equation (8), the value of Mt

2 is
0.3, and the ratio of the turbulent energy to the thermal energy
òt/òICM ∼1/3 GMt

2 ∼0.19, considering the adiabatic index
Γ= 5/3 and injection scale ∼100 kpc. The above calculation
assumes that turbulence and particle acceleration occur every-
where (filling factor of 1). However, there can be situations
with a filling factor <1, leading to a smaller energy budget for
the turbulence. The obtained value is consistent with results
found in the high-resolution cosmological simulations of the
ICM (e.g., Miniati 2015; Vazza et al. 2017).

7.2. Thermal and Nonthermal Correlation

Despite the complex morphology of the radio halo in A521,
the radio and X-ray surface brightness show a positive
correlation at both frequencies. In Figure 19, we have shown
the distribution of the radio versus X-ray surface brightness
correlation slope. We emphasize that the sample space is very
low, but a significant number of giant radio halos (∼22) have
shown a sublinear correlation slope, whereas the USSRH spans
over a very narrow range of correlation slopes.
The correlation slope provides the information for the

different acceleration processes and the magnetic field
distribution (e.g., Govoni et al. 2001; Brunetti & Jones 2014;
Storm et al. 2015). Most of the thermal energy content of the
ICM results from the dissipation of the kinetic energy of the
gas, falling to the cluster, and a part of the thermal energy
channeled into the nonthermal components. In the turbulent
reacceleration model, the synchrotron emissivity can be
expressed as (Vazza et al. 2010)

( )hµ
+

 F
B

B B
. 9R acc

2

2
IC
2

Where ηacc is the acceleration efficiency (fraction of
turbulent energy flux converted into relativistic electrons),
and F is the turbulent energy flux in a unit volume,

( )r=F
dv

L
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2
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3

If we assume a constant temperature and constant Mach
number, from Equation (9), the synchrotron emissivity will be
as follows (Bonafede et al. 2022):
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where òR, òX are the radio and X-ray emissivities ( µ nX ICM
2 ),

BIC is the equivalent cosmic microwave background magnetic
field, and X is the ratio of the energy density of the CRs to the

Figure 19. Distribution of the IR vs. IX correlation slope for the different radio
halos. The cyan color shows the statistics for the giant radio halos, whereas the
value line is for the mini halos. We have collected the data for 22 giant radio
halos and 9 mini halos. The USSRH populations are shown in the white hatch
line. The giant radio halos mostly fall in < 1 region, having a sublinear slope.
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thermal gas. In terms of turbulent Mach number, the above
equations can be written as follows:
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where Mt is the turbulent Mach number, and α= 4 for the
Transit-time-damping (Brunetti & Lazarian 2007), and α= 3 for
the acceleration by incompressible turbulence (Brunetti &
Lazarian 2016). Therefore, different reacceleration models would
lead to sublinear slopes depending on the ICM conditions.
Assuming X(r) andMt constant with radius, Equation (12) would
lead to a sublinear ( µ R X

0.5) and linear correlations for
B(0)2/BIC

2 >> 1 and B(0)2/BIC
2 << 1, respectively.

A change in the correlation slope (flattens outside and
steeper in the core region) has been obtained in the radio halo
in A521. According to Equation (12), a possible scenario to
explain the observed behavior is to assume the increase in the
ratio of the CR energy to the thermal energy (X(r)) with the
increasing radial distance from the cluster center. This is
expected due to the lowering in the electron energy losses.
Also, an increase of the Mach number with radius would make
the radio–X-ray scaling flatter in the external regions
(Equation (12)). However, a Mach number increasing sig-
nificantly with the radius would make the synchrotron spectrum
flatter in the outskirts, and this situation is ruled out by the
observed radial spectral steepening.

7.3. Merging Scenario

A521 is dynamically active at the central region (Yoon et al.
2020). Ferrari et al. (2006) had interpreted the Chandra X-ray
observation, by suggesting two-step merging events; pre-
merger scenario; and a post-merger scenario. HST weak-
lensing studies of A521 have shown that the cluster consists of
three main clumps C, NW, SE (Yoon et al. 2020). The C clump
consists of two more substructures, CN and CS. In Figure 20,
we have shown the schematic diagram of the merging process.

The double relic in A521 confirmed a binary merger of two
clumps at the cluster central region. In a binary merger, two
equatorial shocks will move outward in the equatorial plane,
perpendicular to the merger axis. Following the passage of the
dark matter core, two merger shocks will travel in opposite
directions along the merger axis. van Weeren et al. (2011b)
demonstrated that the collision of two similar mass clumps
results in diametrically opposite relics with similar size and
transverse width and luminosity. However, for a different mass
ratio, the size and luminosity of the relics change; the brighter
relic will be situated ahead of the lower mass clump, and the
fainter will be in front of the higher mass clump. Yoon et al.
(2020) has quoted of the masses of two subclumps;

= ´M 3.5 10CN
14Me, MCS= 1.5× 1014Me. The ratio of

the LLS for the R1 and R2 relic is ∼3, whereas the mass ratio
between the mass clumps (CN and CS) is ∼2. A similar value
of mass ratio explains the observed emissions for the Sausage
relic (van Weeren et al. 2011a). Because of the lack of X-ray
observations of the NW and SE clumps, the merging scenario
favors an off-axis collision between the CS and CN subclumps.
Later in the phase, the ICM gains angular momentum and, as a
result, lags behind. In the X-ray, it appears as a binary
distribution, while the two DM halos begin their second infall.
The observed features, such as double relics and hot
intermediate regions, support a binary merging picture between
two mass clumps.
Some clusters have a radio halo and double relics, while

others do not. Bonafede et al. (2017) argued that the clusters
with double relics and a radio halo had a different time-since-
merger (tmerger) than the clusters without a radio halo. It should
be noted that the tmerger derived here is not the time after the
core passage. Taking the distance between the two relics as a
proxy of merger time and estimating the shock velocity of
∼1500 km s−1, the time-since-merger is ∼0.45 Gyr. Brunetti
et al. (2008) had shown that, for the observed radio halo
emissions, the electrons should be accelerated on a timescale of
∼0.1 Gyr. Therefore, the turbulence generated during the
merger will get the time to develop. Steep spectrum radio
halos are predicted as an outcome of the less energetic merger
or high energy losses (e.g., Cassano et al. 2010). A binary
merger between the two small clumps (CN and CS), in a bigger
potential driven by the rest of the cluster, is well suited for the
origin of the less energetic turbulence.

8. Summary and Conclusions

We present here the first deep uGMRT observations
(300–850) MHz of the galaxy cluster A521. These sensitive
uGMRT observations enable us to obtain detailed spectral
characteristics of the radio halo. Previous studies of this radio
halo at frequencies below 1 GHz were limited by the telescopes’
poor resolution and insufficient UV-coverage. Our deep observa-
tions, combined with available X-ray observations (Chandra,
XMM-Newton), provide profound physical insights into the
thermal and nonthermal connections in the ICM, as well as the
origin of the radio halo. The overall findings are summarized as
follows:

1. We present the first deep and high-resolution (7″–22″)
uGMRT radio images of the galaxy cluster A521. The
extended radio halo emission at the central region and
radio relic emission at the SE outskirt regions recovered

Figure 20. The schematic diagram for the merging scenario of cluster A521 is
shown. The position of the R1 and R2 and the Mach number of the shock are
labeled. The two clumps CN and CS are colliding with each other along the SE
and NW direction. The red dashed lines are the equatorial shock wave outwards
in the equatorial plane.
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well, with an LLS of the radio halo of 1.3 Mpc at
400 MHz and 1 Mpc at 650 MHz respectively.

2. Our deep and sensitive uGMRT images have revealed the
presence of another relic, R2, at the NW position of the
cluster. The LLS of the R2 is 650 and 450 kpc at 400 and
650 MHz respectively. This new relic appears to be
associated with a candidate shock front seen in the Chandra
X-ray image. We have also detected a low surface
brightness extension (∼1 Mpc) of the R1 relic, R1-TL,
which makes the total length of the relic ∼2.2 Mpc.

3. The radio halo emission follows a single power law
between 153 to 1400 MHz with an integrated spectral
index of −1.86± 0.12, consistent with the previously
obtained values. Using our uGMRT analysis and
previously published literature values, we have obtained
the integrated spectral index of the R1 relic to be
−1.46± 0.03. We have also reported the integrated
spectral index of the R2 relic to be −1.34± 0.03.

4. The spatially resolved spectral index map may suggest
fluctuation over the extent of the radio halo. The median
spectral index estimated from small regions is within the
error bars of the integrated spectral index, indicating the
self-similarity of the global spectral index to the local
kiloparsec scales. Resolved spectral maps also reveal a
spectral steepening of the radio halo along the outward
directions. This behavior incorporates the inhomoge-
neous conditions (variation in B, acceleration time) in the
emitting volume.

5. The nonthermal emission from the radio halo has been
found to have a strong morphological correlation with the
thermal emission from the ICM, indicating that the hot
gas and nonthermal plasma have a close relationship. The
radio emission is mostly concentrated in the hotter
regions of the cluster, as seen in the XMM-Newton
temperature map. Furthermore, a comparison of the radial
profiles of radio (IR) and X-ray (IX) surface brightness has
revealed a slower decline of nonthermal components than
the thermal ones, a possible indication of the radial decl.
of the magnetic field.

6. A tight sublinear correlation between the radio and X-ray
surface brightness has been discovered through a point-
to-point analysis across the entire extent of the radio halo.
This correlation was investigated using different fitting
methods and thresholds, and the slope was found to be
relatively constant across the frequencies studied. There
are slight changes in the correlation slope at the core (IR
∝ IX

0.80 0.09) and outer (IR ∝ IX
0.62 0.06) regions, which

may be attributed to a balance between the increase in
energy density of the CRe and decrease of the magnetic
field strength.

7. A weak anticorrelation (rs =−0.37) has been observed
between the spectral index and X-ray surface brightness
over the spatial extent of the radio halo. This finding is in
agreement with the radial spectral steepening and the
dissipation of gravitational energy into the nonthermal
component of the ICM.

8. A weak positive correlation (rs = 0.43) was found between
the average temperature of the ICM and the spectral index.
This observation is consistent with the idea that regions
with higher temperatures will have flatter spectral indices:
the energy dissipated by gravitational forces in the ICM
will accelerate the seed electrons. However, accounting for

the plasma collisionality and the microphysics (poorly
understood) may affect the correlation.

Several radio halo observations support the turbulent
reacceleration model, including spectral index fluctuations
across its spatial extent, a radial steepening in the spectral
index, and a strong sublinear correlation between radio and
X-ray surface brightness. Because of the high energy budget of
thermal protons in the ICM, as demonstrated by Brunetti et al.
(2008), the pure hadronic model faces challenges. The R1 radio
relic shows significant substructures in the uGMRT images,
making it a candidate for future low- and high-frequency
polarization studies to understand magnetic field orientation in
the shock plane better. Also characterizing the properties at the
shock downstream region is one of the frontier goals for the
future study of the relics. The detection of another relic at the
NW position has placed this cluster in a poorly understood
class of objects featuring radio halo and double relic systems.
Investigating the complexity of radio emission through high-
resolution MHD simulations is necessary for the future.
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Appendix A
Effect of the Online RFI Filtering

BB RFI (narrow high spikes in the time domain) occurs due
to the power-line discharge, and these are very strong at low
frequencies. uGMRT has developed and implemented a real-
time RFI filter (see for further details Buch et al. 2022, 2023) to
mitigate the BB RFI in the pre-correlation domain (for each
antenna and each polarization). We have presented a
comparison between the RFI-filtered (hereafter, filtered) and
unfiltered data sets at bands 3 and 4. On average, 2%–3% of the
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raw voltage samples were flagged and replaced by the filter at
both bands. Both the filtered and unfiltered data sets had similar
calibration strategies. The flagging in the filtered data was
lower (at the central antennas) than in the unfiltered data. The
parameters for the imaging steps were similar for the two data
sets. We have shown the unfiltered (left), filtered (middle), and
combined (right) images (gray scales) for both band 3 and band

4, overlaid with the contours of each image in Figure 21.
Compared to unfiltered data, the centrally located radio halo is
well recovered in the filtered data.
The ratio of flux densities for the various point sources as a

function of their distances from the cluster center is shown in
Figure 22. The ratio of flux densities of point sources between
the filtered and unfiltered data sets is shown in the left image,

Figure 21. Upper panel: Here, we have shown the full resolution uGMRT band 3 images, for the unfiltered, filtered, and combined data sets. The beam size of each
image (left, 8 19 × 7 78; middle, 8 54 × 7 51; right, 8 51 × 7 5) is given in the left bottom corner. The contours start from 3σrms × [1, 2, 3...], where σrms = 28,
24.6, 25 μJy beam−1 for the unfiltered, filtered, and combined image respectively. Lower panel: Here, we have shown the same but at 650 MHz. The beam size of
each image (left, 5 4 × 4 7; middle, 6 0 × 4 6; right, 5 8 × 4 7) is given in the left bottom corner. The contours start at a similar significance as the upper panel,
where σrms = 10, 8, 8.5 μJy beam−1. The RFI-filtered image shows a better recovery of extended emission.

Figure 22. Left: Ratio of the flux densities between the filtered and unfiltered data sets for the different sources is shown as a distance from the phase center. The
dotted line, at 1, indicates the similarity of flux densities for two cases. The error bars are purely statistical and contain the 10% flux density error and measurement
error. Middle: The similar image is shown here, but for the ratio of flux density between the combined and filtered data set. The values are not very much scattered
around the 1 at both frequencies. Right: Here, we have shown the same plot for the ratio between the combined and unfiltered one. Regions distant from the phase
center show the variations.
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where the variation in the flux densities is not high. The
variation is seen clearly in the regions away from the phase
center. A similar pattern can be seen in the other cases. In the
filtered and unfiltered data sets, the flux density of the point
sources has not changed drastically; however, the extended
emission is better recovered in the filtered data set. Therefore,
the less flagging at central square antennas (Figure 23) due to
the application of the RFI filter is significant.

Appendix B
Point-source Image of the A521

We have shown the point-source image of the A521 cluster
field in Figure 24. In Table 8, we have presented the flux
densities (both band 3 and 4) of the point sources in the central
region (specifically in the central radio halo and peripheral relic
region). In Table 9, the reported values of the flux densities are
used in Figure 22. Giacintucci et al. (2006) had listed the radio
sources in the 30′× 30′ region. We have cross-checked their
table with ours. At the same frequency, our image is 5 times
more sensitive than theirs.

Figure 23. The flagging percentage as a function of the baseline is shown. The
central baselines are less flagged in the filtered data, in both frequencies,
leading to a better recovery of extended emissions.

Figure 24. Left: We have shown the point-source image (color) at 400 MHz and the corresponding point-source subtraction low-resolution image (green contours).
The magenta plus signs show the unresolved sources that have been removed in the central region. The contours are drawn at 3σrms × [1,2,3], with
σrms = 45 μJy beam−1. Right: Here, similar is shown at 650 MHz. The green contours start with similar values, with a σrms = 30 μJy beam−1. The point sources are
listed in Table 8.
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Table 8
List of the Discrete Unresolved Sources in the Radio Halo and Relic Region

Name R.A. Decl. Fν,400MHz Fν,650MHz

J0454-1012a 73.585 −10.207 0.91 ± 0.03 0.54 ± 0.02
J0454-1012b 73.598 −10.211 0.48 ± 0.02 0.22 ± 0.02
J0454-1012c 73.597 −10.210 0.38 ± 0.02 0.12 ± 0.01
J0454-1013a 73.598 −10.217 0.57 ± 0.04 0.30 ± 0.02
J0454-1014a 73.597 −10.235 0.49 ± 0.03 0.27 ± 0.02
J0454-1012d 73.566 −10.215 0.4 ± 0.02 0.28 ± 0.01
J0454-1013b 73.557 −10.224 0.27 ± 0.01 0.20 ± 0.02
J0454-1014b 73.562 −10.234 1.36 ± 0.08 1.143 ± 0.01
J0454-1015a 73.557 −10.261 0.47 ± 0.02 0.32 ± 0.02
J0454-1015b 73.556 −10.253 0.38 ± 0.08 0.2 ± 0.02
J0454-1015c 73.566 −10.251 0.59 ± 0.04 0.25 ± 0.02
J0454-1015d 73.563 −10.234 0.5 ± 0.06 0.32 ± 0.01
J0454-1013c 73.557 −10.224 0.45 ± 0.03 0.16 ± 0.01
J0454-1013d 73.541 −10.223 0.8 ± 0.04 0.15 ± 0.01
J0454-1013e 73.527 −10.221 2.58 ± 0.3 1.13 ± 0.18
J0454-1014c 73.508 −10.235 0.45 ± 0.01 0.26 ± 0.01
J0454-1016a 73.510 −10.269 0.34 ± 0.02 0.22 ± 0.02
J0454-1016b 73.520 −10.267 0.33 ± 0.02 0.14 ± 0.01
J0454-1015e 73.526 −10.266 0.5 ± 0.01 0.3 ± 0.01
J0454-1014d 73.548 −10.242 0.47 ± 0.02 0.38 ± 0.01
J0454-1015f 73.538 −10.252 2.24 ± 0.07 1.94 ± 0.02
J0454-1011a 73.541 −10.186 1.22 ± 0.04 0.68 ± 0.02
J0454-1011b 73.536 −10.188 0.78 ± 0.05 0.5 ± 0.01
J0454-1011c 73.504 −10.187 0.54 ± 0.03 0.21 ± 0.02
J0454-1012e 73.514 −10.216 1.02 ± 0.08 0.94 ± 0.05
J0454-1013f 73.502 −10.218 0.45 ± 0.05 0.21 ± 0.02
J0454-1016c 73.520 −10.267 0.26 ± 0.02 0.15 ± 0.01
J0453-1014e 73.491 −10.240 0.48 ± 0.02 0.17 ± 0.01
J0453-1014f 73.486 −10.242 0.72 ± 0.02 0.33 ± 0.01
J0453-1015g 73.489 −10.262 0.46 ± 0.08 0.25 ± 0.02
J0453-1016d 73.494 −10.273 0.41 ± 0.03 0.2 ± 0.01
J0454-1016e 73.510 −10.269 0.41 ± 0.03 0.12 ± 0.02
J0454-1016f 73.516 −10.282 0.41 ± 0.02 0.2 ± 0.01
J0454-1016g 73.494 −10.274 0.37 ± 0.01 0.2 ± 0.01

J0453-1012 73.487 −10.211 1.3 ± 0.04 0.87 ± 0.02
J0453-1014 73.491 −10.201 1.1 ± 0.06 0.55 ± 0.06

J0454-1015a 73.594 −10.265 1.19 ± 0.05 0.92 ± 0.01
J0454-1015b 73.585 −10.255 0.51 ± 0.03 0.31 ± 0.02
J0454-1017a 73.593 −10.286 1.54 ± 0.09 1.08 ± 0.03
J0454-1016a 73.587 −10.279 0.9 ± 0.09 0.53 ± 0.02
J0454-1018 73.572 −10.301 0.53 ± 0.01 0.13 ± 0.01
J0454-1017b 73.590 −10.284 0.43 ± 0.05 0.15 ± 0.01
J0454-1017c 73.585 −10.286 0.40 ± 0.03 0.13 ± 0.01

Note. The positions are reported in units of degree, and flux densities are in units of mJy. The first block reports the sources in the radio
halo, the second block is in relic R2, and the third block is for the sources in relic R1. Most of the sources are compact and unresolved.

Table 9
Comparison of the Flux Densities for the Point Sources

R.A. Decl. Fν,400MHz(mJy) Fν,650MHz(mJy)

Unfil. Fil. Combined Unfil. Fil. Combined

04:54:09 −10:15:08 1.99 ± 0.05 2.1 ± 0.04 2.08 ± 0.05 1.52 ± 0.01 1.54 ± 0.03 1.52 ± 0.02
04:54:03 −10:12:59 1.06 ± 0.06 1.08 ± 0.07 1.09 ± 0.07 0.68 ± 0.04 0.71 ± 0.03 0.7 ± 0.04
04:53:54 −10:24:07 5.97 ± 0.08 6.14 ± 0.08 6.40 ± 0.08 3.90 ± 0.08 4.05 ± 0.06 4.01 ± 0.08
04:52:26 −10:38:20 4.98 ± 0.13 5.25 ± 0.13 5.12 ± 0.12 0.99 ± 0.04 1.05 ± 0.04 1.06 ± 0.04
04:53:37 −09:48:51 1.57 ± 0.02 1.65 ± 0.02 1.66 ± 0.02 0.54 ± 0.007 0.54 ± 0.01 0.54 ± 0.007
04:54:21 −9:50:41 4.66 ± 0.03 4.84 ± 0.05 4.82 ± 0.05 1.50 ± 0.017 1.62 ± 0.02 1.61 ± 0.017
04:54:28 −10:17:23 0.85 ± 0.04 1.02 ± 0.04 1.04 ± 0.04 0.87 ± 0.03 0.88 ± 0.02 0.87 ± 0.03
04:55:38 −10:00:01 0.83 ± 0.02 0.89 ± 0.02 0.91 ± 0.03 0.23 ± 0.01 0.23 ± 0.01 0.23 ± 0.01
04:53:46 −10:11:09 1.7 ± 0.03 1.7 ± 0.03 1.72 ± 0.03 0.92 ± 0.02 0.95 ± 0.01 0.91 ± 0.01
04:52:38 −9:56:12 3.39 ± 0.03 3.55 ± 0.08 3.51 ± 0.08 1.3 ± 0.04 1.4 ± 0.03 1.39 ± 0.04

23

The Astrophysical Journal, 962:40 (24pp), 2024 February 10 Santra et al.



ORCID iDs

R. Santra https://orcid.org/0009-0002-0373-570X
R. Kale https://orcid.org/0000-0003-1449-3718
S. Giacintucci https://orcid.org/0000-0002-1634-9886
M. Markevitch https://orcid.org/0000-0003-0144-4052
F. De Luca https://orcid.org/0000-0001-5573-726X
T. Venturi https://orcid.org/0000-0002-8476-6307
D. Dallacasa https://orcid.org/0000-0003-1246-6492
R. Cassano https://orcid.org/0000-0003-4046-0637
G. Brunetti https://orcid.org/0000-0003-4195-8613
K. D. Buch https://orcid.org/0000-0003-3445-4521

References

Adam, R., Goksu, H., Brown, S., Rudnick, L., & Ferrari, C. 2021, A&A,
648, A60

Arnaud, M., Maurogordato, S., Slezak, E., & Rho, J. 2000, A&A, 355, 461
Beresnyak, A., Xu, H., Li, H., & Schlickeiser, R. 2013, ApJ, 771, 131
Biava, N., de Gasperin, F., Bonafede, A., et al. 2021, MNRAS, 508, 3995
Blasi, P., & Colafrancesco, S. 1999, NuPhS, 70, 495
Bonafede, A. 2010, PhD thesis, Univ. Bologna
Bonafede, A., Brüggen, M., van Weeren, R., et al. 2012, MNRAS, 426, 40
Bonafede, A., Brunetti, G., Rudnick, L., et al. 2022, ApJ, 933, 218
Bonafede, A., Cassano, R., Brüggen, M., et al. 2017, MNRAS, 470, 3465
Bonafede, A., Intema, H. T., Brüggen, M., et al. 2014, ApJ, 785, 1
Botteon, A., Brunetti, G., Ryu, D., & Roh, S. 2020a, A&A, 634, A64
Botteon, A., Brunetti, G., van Weeren, R. J., et al. 2020b, ApJ, 897, 93
Botteon, A., Shimwell, T. W., Cassano, R., et al. 2022a, A&A, 660, A78
Botteon, A., van Weeren, R. J., Brunetti, G., et al. 2022b, SciA, 8, eabq7623
Bourdin, H., Mazzotta, P., Markevitch, M., Giacintucci, S., & Brunetti, G.

2013, ApJ, 764, 82
Bourdin, H., Mazzotta, P., & Rasia, E. 2015, ApJ, 815, 92
Boxelaar, J. M., van Weeren, R. J., & Botteon, A. 2021, A&C, 35, 100464
Brunetti, G. 2017, in AIP Conf. Ser. 1792, 6th Int. Symp. on High Energy

Gamma-Ray Astronomy (Melville, NY: AIP), 020009
Brunetti, G., Giacintucci, S., Cassano, R., et al. 2008, Natur, 455, 944
Brunetti, G., & Jones, T. W. 2014, IJMPD, 23, 1430007
Brunetti, G., & Lazarian, A. 2007, MNRAS, 378, 245
Brunetti, G., & Lazarian, A. 2011a, MNRAS, 410, 127
Brunetti, G., & Lazarian, A. 2011b, MNRAS, 412, 817
Brunetti, G., & Lazarian, A. 2016, MNRAS, 458, 2584
Brunetti, G., Setti, G., Feretti, L., & Giovannini, G. 2001, MNRAS, 320, 365
Bruno, L., Rajpurohit, K., Brunetti, G., et al. 2021, A&A, 650, A44
Buch, K. D., Kale, R., Muley, M., Kudale, S., & Ajithkumar, B. 2023, JApA,

44, 37
Buch, K. D., Kale, R., Naik, K. D., et al. 2022, JAI, 11, 2250008
Buch, K. D., Naik, K., Nalawade, S., et al. 2019, JAI, 8, 1940006
Cassano, R., Brunetti, G., Norris, R. P., et al. 2012, A&A, 548, A100
Cassano, R., Brunetti, G., & Setti, G. 2006, AN, 327, 557
Cassano, R., Cuciti, V., Brunetti, G., et al. 2023, A&A, 672, A43
Cassano, R., Ettori, S., Giacintucci, S., et al. 2010, ApJL, 721, L82
Chandra, P., & Kanekar, N. 2017, ApJ, 846, 111
CHEX-MATE Collaboration, Arnaud, M., Ettori, S., et al. 2021, A&A,

650, A104
Condon, J. J., Cotton, W. D., Greisen, E. W., et al. 1998, AJ, 115, 1693
Cova, F., Gastaldello, F., Wik, D. R., et al. 2019, A&A, 628, A83
Cuciti, V., Cassano, R., Brunetti, G., et al. 2021, A&A, 647, A51
Dallacasa, D., Brunetti, G., Giacintucci, S., et al. 2009, ApJ, 699, 1288
de Gasperin, F., Brunetti, G., Brüggen, M., et al. 2020, A&A, 642, A85
de Gasperin, F., Rudnick, L., Finoguenov, A., et al. 2022, A&A, 659, A146
Di Gennaro, G., van Weeren, R. J., Brunetti, G., et al. 2021a, NatAs, 5, 268
Di Gennaro, G., van Weeren, R. J., Hoeft, M., et al. 2018, ApJ, 865, 24
Di Gennaro, G., van Weeren, R. J., Rudnick, L., et al. 2021b, ApJ, 911, 3
Donnert, J., Dolag, K., Brunetti, G., & Cassano, R. 2013, MNRAS, 429, 3564
Duchesne, S. W., Johnston-Hollitt, M., & Wilber, A. G. 2021, PASA, 38, e031
Ensslin, T. A., Biermann, P. L., Klein, U., & Kohle, S. 1998, A&A, 332, 395

Feretti, L., Giovannini, G., Govoni, F., & Murgia, M. 2012, A&ARv, 20, 54
Feretti, L., Orrù, E., Brunetti, G., et al. 2004, A&A, 423, 111
Ferrari, C., Arnaud, M., Ettori, S., Maurogordato, S., & Rho, J. 2006, A&A,

446, 417
Ferrari, C., Maurogordato, S., Cappi, A., & Benoist, C. 2003, A&A, 399, 813
Giacintucci, S., Venturi, T., Bardelli, S., et al. 2006, NewA, 11, 437
Giacintucci, S., Venturi, T., Brunetti, G., et al. 2005, A&A, 440, 867
Giacintucci, S., Venturi, T., Macario, G., et al. 2008, A&A, 486, 347
Giovannini, G., Bonafede, A., Feretti, L., et al. 2009, A&A, 507, 1257
Govoni, F., Enßlin, T. A., Feretti, L., & Giovannini, G. 2001, A&A,

369, 441
Hoang, D. N., Shimwell, T. W., Stroe, A., et al. 2017, MNRAS, 471, 1107
Hoang, D. N., Shimwell, T. W., van Weeren, R. J., et al. 2019, A&A, 622, A20
Hoang, D. N., Zhang, X., Stuardi, C., et al. 2021, A&A, 656, A154
Hoeft, M., & Brüggen, M. 2007, MNRAS, 375, 77
Ignesti, A., Brunetti, G., Gitti, M., & Giacintucci, S. 2020, A&A, 640, A37
Kale, R., & Dwarakanath, K. S. 2010, ApJ, 718, 939
Kale, R., & Ishwara-Chandra, C. H. 2021, ExA, 51, 95
Kang, H., & Ryu, D. 2011, ApJ, 734, 18
Kang, H., & Ryu, D. 2016, ApJ, 823, 13
Kelly, B. C. 2007, ApJ, 665, 1489
Kierdorf, M., Beck, R., Hoeft, M., et al. 2017, A&A, 600, A18
Knowles, K., Cotton, W. D., Rudnick, L., et al. 2022, A&A, 657, A56
Macario, G., Venturi, T., Intema, H. T., et al. 2013, A&A, 551, A141
Markevitch, M., Govoni, F., Brunetti, G., & Jerius, D. 2005, ApJ, 627, 733
Markevitch, M., & Vikhlinin, A. 2007, PhR, 443, 1
Markevitch, M., Vikhlinin, A., Murray, S., Forman, W., & van Speybroeck, L.

2000, AAS/HEAD Meeting, 5, 17.01
Miniati, F. 2015, ApJ, 800, 60
Murgia, M., Govoni, F., Markevitch, M., et al. 2009, A&A, 499, 679
Nishiwaki, K., & Asano, K. 2022, ApJ, 934, 182
Oppizzi, F., De Luca, F., Bourdin, H., et al. 2023, A&A, 672, A156
Orrù, E., Feretti, L., Govoni, F., et al. 2006, AN, 327, 565
Pearce, C. J. J., van Weeren, R. J., Andrade-Santos, F., et al. 2017, ApJ,

845, 81
Perley, R. A., & Butler, B. J. 2017, ApJS, 230, 7
Petrosian, V. 2001, ApJ, 557, 560
Rajpurohit, K., Brunetti, G., Bonafede, A., et al. 2021a, A&A, 646, A135
Rajpurohit, K., Hoeft, M., van Weeren, R. J., et al. 2018, ApJ, 852, 65
Rajpurohit, K., Osinga, E., Brienza, M., et al. 2023, A&A, 669, A1
Rajpurohit, K., Vazza, F., van Weeren, R. J., et al. 2021b, A&A, 654, A41
Reddy, S. H., Kudale, S., Gokhale, U., et al. 2017, JAI, 6, 1641011
Riseley, C. J., Bonnassieux, E., Vernstrom, T., et al. 2022, MNRAS, 515, 1871
Ryu, D., Kang, H., & Ha, J.-H. 2019, ApJ, 883, 60
Shimwell, T. W., Markevitch, M., Brown, S., et al. 2015, MNRAS, 449, 1486
Starck, J. L., Fadili, J. M., Digel, S., Zhang, B., & Chiang, J. 2009, A&A,

504, 641
Storm, E., Jeltema, T. E., & Rudnick, L. 2015, MNRAS, 448, 2495
Stuardi, C., Bonafede, A., Wittor, D., et al. 2019, MNRAS, 489, 3905
Thierbach, M., Klein, U., & Wielebinski, R. 2003, A&A, 397, 53
Vacca, V., Feretti, L., Giovannini, G., et al. 2014, A&A, 561, A52
van Weeren, R. J., Andrade-Santos, F., Dawson, W. A., et al. 2017, NatAs,

1, 0005
van Weeren, R. J., Brüggen, M., Röttgering, H. J. A., & Hoeft, M. 2011a,

MNRAS, 418, 230
van Weeren, R. J., Brunetti, G., Brüggen, M., et al. 2016, ApJ, 818, 204
van Weeren, R. J., de Gasperin, F., Akamatsu, H., et al. 2019, SSRv, 215, 16
van Weeren, R. J., Hoeft, M., Röttgering, H. J. A., et al. 2011b, A&A,

528, A38
van Weeren, R. J., Röttgering, H. J. A., Brüggen, M., & Hoeft, M. 2010, Sci,

330, 347
Vazza, F., Gheller, C., & Brunetti, G. 2010, A&A, 513, A32
Vazza, F., Jones, T. W., Brüggen, M., et al. 2017, MNRAS, 464, 210
Wang, Q. 2019, PhD thesis, Univ. Maryland
Wilber, A., Brüggen, M., Bonafede, A., et al. 2018, MNRAS, 473, 3536
Wittor, D., Ettori, S., Vazza, F., et al. 2021, MNRAS, 506, 396
Xie, C., van Weeren, R. J., Lovisari, L., et al. 2020, A&A, 636, A3
Yoon, M., Lee, W., Jee, M. J., et al. 2020, ApJ, 903, 151
Zhang, B., Fadili, J. M., & Starck, J.-L. 2008, ITIP, 17, 1093

24

The Astrophysical Journal, 962:40 (24pp), 2024 February 10 Santra et al.

https://orcid.org/0009-0002-0373-570X
https://orcid.org/0009-0002-0373-570X
https://orcid.org/0009-0002-0373-570X
https://orcid.org/0009-0002-0373-570X
https://orcid.org/0009-0002-0373-570X
https://orcid.org/0009-0002-0373-570X
https://orcid.org/0009-0002-0373-570X
https://orcid.org/0009-0002-0373-570X
https://orcid.org/0000-0003-1449-3718
https://orcid.org/0000-0003-1449-3718
https://orcid.org/0000-0003-1449-3718
https://orcid.org/0000-0003-1449-3718
https://orcid.org/0000-0003-1449-3718
https://orcid.org/0000-0003-1449-3718
https://orcid.org/0000-0003-1449-3718
https://orcid.org/0000-0003-1449-3718
https://orcid.org/0000-0002-1634-9886
https://orcid.org/0000-0002-1634-9886
https://orcid.org/0000-0002-1634-9886
https://orcid.org/0000-0002-1634-9886
https://orcid.org/0000-0002-1634-9886
https://orcid.org/0000-0002-1634-9886
https://orcid.org/0000-0002-1634-9886
https://orcid.org/0000-0002-1634-9886
https://orcid.org/0000-0003-0144-4052
https://orcid.org/0000-0003-0144-4052
https://orcid.org/0000-0003-0144-4052
https://orcid.org/0000-0003-0144-4052
https://orcid.org/0000-0003-0144-4052
https://orcid.org/0000-0003-0144-4052
https://orcid.org/0000-0003-0144-4052
https://orcid.org/0000-0003-0144-4052
https://orcid.org/0000-0001-5573-726X
https://orcid.org/0000-0001-5573-726X
https://orcid.org/0000-0001-5573-726X
https://orcid.org/0000-0001-5573-726X
https://orcid.org/0000-0001-5573-726X
https://orcid.org/0000-0001-5573-726X
https://orcid.org/0000-0001-5573-726X
https://orcid.org/0000-0001-5573-726X
https://orcid.org/0000-0002-8476-6307
https://orcid.org/0000-0002-8476-6307
https://orcid.org/0000-0002-8476-6307
https://orcid.org/0000-0002-8476-6307
https://orcid.org/0000-0002-8476-6307
https://orcid.org/0000-0002-8476-6307
https://orcid.org/0000-0002-8476-6307
https://orcid.org/0000-0002-8476-6307
https://orcid.org/0000-0003-1246-6492
https://orcid.org/0000-0003-1246-6492
https://orcid.org/0000-0003-1246-6492
https://orcid.org/0000-0003-1246-6492
https://orcid.org/0000-0003-1246-6492
https://orcid.org/0000-0003-1246-6492
https://orcid.org/0000-0003-1246-6492
https://orcid.org/0000-0003-1246-6492
https://orcid.org/0000-0003-4046-0637
https://orcid.org/0000-0003-4046-0637
https://orcid.org/0000-0003-4046-0637
https://orcid.org/0000-0003-4046-0637
https://orcid.org/0000-0003-4046-0637
https://orcid.org/0000-0003-4046-0637
https://orcid.org/0000-0003-4046-0637
https://orcid.org/0000-0003-4046-0637
https://orcid.org/0000-0003-4195-8613
https://orcid.org/0000-0003-4195-8613
https://orcid.org/0000-0003-4195-8613
https://orcid.org/0000-0003-4195-8613
https://orcid.org/0000-0003-4195-8613
https://orcid.org/0000-0003-4195-8613
https://orcid.org/0000-0003-4195-8613
https://orcid.org/0000-0003-4195-8613
https://orcid.org/0000-0003-3445-4521
https://orcid.org/0000-0003-3445-4521
https://orcid.org/0000-0003-3445-4521
https://orcid.org/0000-0003-3445-4521
https://orcid.org/0000-0003-3445-4521
https://orcid.org/0000-0003-3445-4521
https://orcid.org/0000-0003-3445-4521
https://orcid.org/0000-0003-3445-4521
https://doi.org/10.1051/0004-6361/202039660
https://ui.adsabs.harvard.edu/abs/2021A&A...648A..60A/abstract
https://ui.adsabs.harvard.edu/abs/2021A&A...648A..60A/abstract
https://ui.adsabs.harvard.edu/abs/2000A&A...355..461A/abstract
https://doi.org/10.1088/0004-637X/771/2/131
https://ui.adsabs.harvard.edu/abs/2013ApJ...771..131B/abstract
https://doi.org/10.1093/mnras/stab2840
https://ui.adsabs.harvard.edu/abs/2021MNRAS.508.3995B/abstract
https://doi.org/10.1016/S0920-5632(98)00481-2
https://ui.adsabs.harvard.edu/abs/1999NuPhS..70..495B/abstract
https://doi.org/10.1111/j.1365-2966.2012.21570.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.426...40B/abstract
https://doi.org/10.3847/1538-4357/ac721d
https://ui.adsabs.harvard.edu/abs/2022ApJ...933..218B/abstract
https://doi.org/10.1093/mnras/stx1475
https://ui.adsabs.harvard.edu/abs/2017MNRAS.470.3465B/abstract
https://doi.org/10.1088/0004-637X/785/1/1
https://ui.adsabs.harvard.edu/abs/2014ApJ...785....1B/abstract
https://doi.org/10.1051/0004-6361/201936216
https://ui.adsabs.harvard.edu/abs/2020A&A...634A..64B/abstract
https://doi.org/10.3847/1538-4357/ab9a2f
https://ui.adsabs.harvard.edu/abs/2020ApJ...897...93B/abstract
https://doi.org/10.1051/0004-6361/202143020
https://ui.adsabs.harvard.edu/abs/2022A&A...660A..78B/abstract
https://doi.org/10.1126/sciadv.abq7623
https://ui.adsabs.harvard.edu/abs/2022SciA....8.7623B/abstract
https://doi.org/10.1088/0004-637X/764/1/82
https://ui.adsabs.harvard.edu/abs/2013ApJ...764...82B/abstract
https://doi.org/10.1088/0004-637X/815/2/92
https://ui.adsabs.harvard.edu/abs/2015ApJ...815...92B/abstract
https://doi.org/10.1016/j.ascom.2021.100464
https://ui.adsabs.harvard.edu/abs/2021A&C....3500464B/abstract
https://ui.adsabs.harvard.edu/abs/2017AIPC.1792b0009B/abstract
https://doi.org/10.1038/nature07379
https://ui.adsabs.harvard.edu/abs/2008Natur.455..944B/abstract
https://doi.org/10.1142/S0218271814300079
https://ui.adsabs.harvard.edu/abs/2014IJMPD..2330007B/abstract
https://doi.org/10.1111/j.1365-2966.2007.11771.x
https://ui.adsabs.harvard.edu/abs/2007MNRAS.378..245B/abstract
https://doi.org/10.1111/j.1365-2966.2010.17457.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.410..127B/abstract
https://doi.org/10.1111/j.1365-2966.2010.17937.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.412..817B/abstract
https://doi.org/10.1093/mnras/stw496
https://ui.adsabs.harvard.edu/abs/2016MNRAS.458.2584B/abstract
https://doi.org/10.1046/j.1365-8711.2001.03978.x
https://ui.adsabs.harvard.edu/abs/2001MNRAS.320..365B/abstract
https://doi.org/10.1051/0004-6361/202039877
https://ui.adsabs.harvard.edu/abs/2021A&A...650A..44B/abstract
https://doi.org/10.1007/s12036-023-09919-x
https://ui.adsabs.harvard.edu/abs/2023JApA...44...37B/abstract
https://ui.adsabs.harvard.edu/abs/2023JApA...44...37B/abstract
https://doi.org/10.1142/S2251171722500088
https://ui.adsabs.harvard.edu/abs/2022JAI....1150008B/abstract
https://doi.org/10.1142/S2251171719400063
https://ui.adsabs.harvard.edu/abs/2019JAI.....840006B/abstract
https://doi.org/10.1051/0004-6361/201220018
https://ui.adsabs.harvard.edu/abs/2012A&A...548A.100C/abstract
https://doi.org/10.1002/asna.200610587
https://ui.adsabs.harvard.edu/abs/2006AN....327..557C/abstract
https://doi.org/10.1051/0004-6361/202244876
https://ui.adsabs.harvard.edu/abs/2023A&A...672A..43C/abstract
https://doi.org/10.1088/2041-8205/721/2/L82
https://ui.adsabs.harvard.edu/abs/2010ApJ...721L..82C/abstract
https://doi.org/10.3847/1538-4357/aa85a2
https://ui.adsabs.harvard.edu/abs/2017ApJ...846..111C/abstract
https://doi.org/10.1051/0004-6361/202039632
https://ui.adsabs.harvard.edu/abs/2021A&A...650A.104C/abstract
https://ui.adsabs.harvard.edu/abs/2021A&A...650A.104C/abstract
https://doi.org/10.1086/300337
https://ui.adsabs.harvard.edu/abs/1998AJ....115.1693C/abstract
https://doi.org/10.1051/0004-6361/201834644
https://ui.adsabs.harvard.edu/abs/2019A&A...628A..83C/abstract
https://doi.org/10.1051/0004-6361/202039208
https://ui.adsabs.harvard.edu/abs/2021A&A...647A..51C/abstract
https://doi.org/10.1088/0004-637X/699/2/1288
https://ui.adsabs.harvard.edu/abs/2009ApJ...699.1288D/abstract
https://doi.org/10.1051/0004-6361/202038663
https://ui.adsabs.harvard.edu/abs/2020A&A...642A..85D/abstract
https://doi.org/10.1051/0004-6361/202142658
https://ui.adsabs.harvard.edu/abs/2022A&A...659A.146D/abstract
https://doi.org/10.1038/s41550-020-01244-5
https://ui.adsabs.harvard.edu/abs/2021NatAs...5..268D/abstract
https://doi.org/10.3847/1538-4357/aad738
https://ui.adsabs.harvard.edu/abs/2018ApJ...865...24D/abstract
https://doi.org/10.3847/1538-4357/abe620
https://ui.adsabs.harvard.edu/abs/2021ApJ...911....3D/abstract
https://doi.org/10.1093/mnras/sts628
https://ui.adsabs.harvard.edu/abs/2013MNRAS.429.3564D/abstract
https://doi.org/10.1017/pasa.2021.24
https://ui.adsabs.harvard.edu/abs/2021PASA...38...31D/abstract
https://ui.adsabs.harvard.edu/abs/1998A&A...332..395E/abstract
https://doi.org/10.1007/s00159-012-0054-z
https://ui.adsabs.harvard.edu/abs/2012A&ARv..20...54F/abstract
https://doi.org/10.1051/0004-6361:20040316
https://ui.adsabs.harvard.edu/abs/2004A&A...423..111F/abstract
https://doi.org/10.1051/0004-6361:20053946
https://ui.adsabs.harvard.edu/abs/2006A&A...446..417F/abstract
https://ui.adsabs.harvard.edu/abs/2006A&A...446..417F/abstract
https://doi.org/10.1051/0004-6361:20021741
https://ui.adsabs.harvard.edu/abs/2003A&A...399..813F/abstract
https://doi.org/10.1016/j.newast.2005.11.001
https://ui.adsabs.harvard.edu/abs/2006NewA...11..437G/abstract
https://doi.org/10.1051/0004-6361:20053016
https://ui.adsabs.harvard.edu/abs/2005A&A...440..867G/abstract
https://doi.org/10.1051/0004-6361:200809459
https://ui.adsabs.harvard.edu/abs/2008A&A...486..347G/abstract
https://doi.org/10.1051/0004-6361/200912667
https://ui.adsabs.harvard.edu/abs/2009A&A...507.1257G/abstract
https://doi.org/10.1051/0004-6361:20010115
https://ui.adsabs.harvard.edu/abs/2001A&A...369..441G/abstract
https://ui.adsabs.harvard.edu/abs/2001A&A...369..441G/abstract
https://doi.org/10.1093/mnras/stx1645
https://ui.adsabs.harvard.edu/abs/2017MNRAS.471.1107H/abstract
https://doi.org/10.1051/0004-6361/201833900
https://ui.adsabs.harvard.edu/abs/2019A&A...622A..20H/abstract
https://doi.org/10.1051/0004-6361/202141428
https://ui.adsabs.harvard.edu/abs/2021A&A...656A.154H/abstract
https://doi.org/10.1111/j.1365-2966.2006.11111.x
https://ui.adsabs.harvard.edu/abs/2007MNRAS.375...77H/abstract
https://doi.org/10.1051/0004-6361/201937207
https://ui.adsabs.harvard.edu/abs/2020A&A...640A..37I/abstract
https://doi.org/10.1088/0004-637X/718/2/939
https://ui.adsabs.harvard.edu/abs/2010ApJ...718..939K/abstract
https://doi.org/10.1007/s10686-020-09677-6
https://ui.adsabs.harvard.edu/abs/2021ExA....51...95K/abstract
https://doi.org/10.1088/0004-637X/734/1/18
https://ui.adsabs.harvard.edu/abs/2011ApJ...734...18K/abstract
https://doi.org/10.3847/0004-637X/823/1/13
https://ui.adsabs.harvard.edu/abs/2016ApJ...823...13K/abstract
https://doi.org/10.1086/519947
https://ui.adsabs.harvard.edu/abs/2007ApJ...665.1489K/abstract
https://doi.org/10.1051/0004-6361/201629570
https://ui.adsabs.harvard.edu/abs/2017A&A...600A..18K/abstract
https://doi.org/10.1051/0004-6361/202141488
https://ui.adsabs.harvard.edu/abs/2022A&A...657A..56K/abstract
https://doi.org/10.1051/0004-6361/201220667
https://ui.adsabs.harvard.edu/abs/2013A&A...551A.141M/abstract
https://doi.org/10.1086/430695
https://ui.adsabs.harvard.edu/abs/2005ApJ...627..733M/abstract
https://doi.org/10.1016/j.physrep.2007.01.001
https://ui.adsabs.harvard.edu/abs/2007PhR...443....1M/abstract
https://ui.adsabs.harvard.edu/abs/2000HEAD....5.1701M/abstract
https://doi.org/10.1088/0004-637X/800/1/60
https://ui.adsabs.harvard.edu/abs/2015ApJ...800...60M/abstract
https://doi.org/10.1051/0004-6361/200911659
https://ui.adsabs.harvard.edu/abs/2009A&A...499..679M/abstract
https://doi.org/10.3847/1538-4357/ac7d5e
https://ui.adsabs.harvard.edu/abs/2022ApJ...934..182N/abstract
https://doi.org/10.1051/0004-6361/202245012
https://ui.adsabs.harvard.edu/abs/2023A&A...672A.156O/abstract
https://doi.org/10.1002/asna.200610590
https://ui.adsabs.harvard.edu/abs/2006AN....327..565O/abstract
https://doi.org/10.3847/1538-4357/aa7e2f
https://ui.adsabs.harvard.edu/abs/2017ApJ...845...81P/abstract
https://ui.adsabs.harvard.edu/abs/2017ApJ...845...81P/abstract
https://doi.org/10.3847/1538-4365/aa6df9
https://ui.adsabs.harvard.edu/abs/2017ApJS..230....7P/abstract
https://doi.org/10.1086/321557
https://ui.adsabs.harvard.edu/abs/2001ApJ...557..560P/abstract
https://doi.org/10.1051/0004-6361/202039591
https://ui.adsabs.harvard.edu/abs/2021A&A...646A.135R/abstract
https://doi.org/10.3847/1538-4357/aa9f13
https://ui.adsabs.harvard.edu/abs/2018ApJ...852...65R/abstract
https://doi.org/10.1051/0004-6361/202244925
https://ui.adsabs.harvard.edu/abs/2023A&A...669A...1R/abstract
https://doi.org/10.1051/0004-6361/202141060
https://ui.adsabs.harvard.edu/abs/2021A&A...654A..41R/abstract
https://doi.org/10.1142/S2251171716410117
https://ui.adsabs.harvard.edu/abs/2017JAI.....641011R/abstract
https://doi.org/10.1093/mnras/stac1771
https://ui.adsabs.harvard.edu/abs/2022MNRAS.515.1871R/abstract
https://doi.org/10.3847/1538-4357/ab3a3a
https://ui.adsabs.harvard.edu/abs/2019ApJ...883...60R/abstract
https://doi.org/10.1093/mnras/stv334
https://ui.adsabs.harvard.edu/abs/2015MNRAS.449.1486S/abstract
https://doi.org/10.1051/0004-6361/200811388
https://ui.adsabs.harvard.edu/abs/2009A&A...504..641S/abstract
https://ui.adsabs.harvard.edu/abs/2009A&A...504..641S/abstract
https://doi.org/10.1093/mnras/stv164
https://ui.adsabs.harvard.edu/abs/2015MNRAS.448.2495S/abstract
https://doi.org/10.1093/mnras/stz2408
https://ui.adsabs.harvard.edu/abs/2019MNRAS.489.3905S/abstract
https://doi.org/10.1051/0004-6361:20021474
https://ui.adsabs.harvard.edu/abs/2003A&A...397...53T/abstract
https://doi.org/10.1051/0004-6361/201322504
https://ui.adsabs.harvard.edu/abs/2014A&A...561A..52V/abstract
https://doi.org/10.1038/s41550-016-0005
https://ui.adsabs.harvard.edu/abs/2017NatAs...1....5V/abstract
https://ui.adsabs.harvard.edu/abs/2017NatAs...1....5V/abstract
https://doi.org/10.1111/j.1365-2966.2011.19478.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.418..230V/abstract
https://doi.org/10.3847/0004-637X/818/2/204
https://ui.adsabs.harvard.edu/abs/2016ApJ...818..204V/abstract
https://doi.org/10.1007/s11214-019-0584-z
https://ui.adsabs.harvard.edu/abs/2019SSRv..215...16V/abstract
https://doi.org/10.1051/0004-6361/201016185
https://ui.adsabs.harvard.edu/abs/2011A&A...528A..38V/abstract
https://ui.adsabs.harvard.edu/abs/2011A&A...528A..38V/abstract
https://doi.org/10.1126/science.1194293
https://ui.adsabs.harvard.edu/abs/2010Sci...330..347V/abstract
https://ui.adsabs.harvard.edu/abs/2010Sci...330..347V/abstract
https://doi.org/10.1051/0004-6361/200913464
https://ui.adsabs.harvard.edu/abs/2010A&A...513A..32V/abstract
https://doi.org/10.1093/mnras/stw2351
https://ui.adsabs.harvard.edu/abs/2017MNRAS.464..210V/abstract
https://doi.org/10.1093/mnras/stx2568
https://ui.adsabs.harvard.edu/abs/2018MNRAS.473.3536W/abstract
https://doi.org/10.1093/mnras/stab1735
https://ui.adsabs.harvard.edu/abs/2021MNRAS.506..396W/abstract
https://doi.org/10.1051/0004-6361/201936953
https://ui.adsabs.harvard.edu/abs/2020A&A...636A...3X/abstract
https://doi.org/10.3847/1538-4357/abb76d
https://ui.adsabs.harvard.edu/abs/2020ApJ...903..151Y/abstract
https://doi.org/10.1109/TIP.2008.924386
https://ui.adsabs.harvard.edu/abs/2008ITIP...17.1093Z/abstract

	1. Introduction
	2. The Galaxy Cluster A521
	2.1. Previous Radio Studies

	3. Observations and Data Analysis
	3.1. uGMRT
	3.2. Removal of the Discrete Sources
	3.3. X-Ray Observations

	4. Results: Continuum Images
	4.1. Radio Halo Emission
	4.2. New Discoveries

	5. Spectral Analysis
	5.1. Integrated Spectrum
	5.2. Radial Profile of the Radio Surface Brightness
	5.3. Spectral Index Map of the Halo

	6. X-Ray and Radio Correlation
	6.1. Spatial Correlation between the X-Ray and Radio Surface Brightness
	6.1.1. Radial Variation of the Correlation Strength

	6.2. Spatial Correlation in the Spectral Index versus X-Ray Surface Brightness
	6.3. Correlation between the Spectral Index and ICM Temperature
	6.4. X-Ray Shock at R2?

	7. Discussion
	7.1. Spectral Properties and Reacceleration Models
	7.2. Thermal and Nonthermal Correlation
	7.3. Merging Scenario

	8. Summary and Conclusions
	Appendix AEffect of the Online RFI Filtering
	Appendix BPoint-source Image of the A521
	References



