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Abstract

We present deep and high-fidelity images of the merging galaxy cluster A2256 at low frequencies using the
upgraded Giant Metrewave Radio Telescope (uGMRT) and LOw-Frequency ARray (LOFAR). This cluster hosts
one of the most prominent known relics with a remarkably spectacular network of filamentary substructures. The
new uGMRT (300–850MHz) and LOFAR (120–169MHz) observations, combined with the archival Karl G.
Jansky Very Large Array (VLA; 1–4 GHz) data, allowed us to carry out the first spatially resolved spectral analysis
of the exceptional relic emission down to 6″ resolution over a broad range of frequencies. Our new sensitive radio
images confirm the presence of complex filaments of magnetized relativistic plasma also at low frequencies. We
find that the integrated spectrum of the relic is consistent with a single power law, without any sign of spectral
steepening, at least below 3 GHz. Unlike previous claims, the relic shows an integrated spectral index of
−1.07± 0.02 between 144MHz and 3 GHz, which is consistent with the (quasi)stationary shock approximation.
The spatially resolved spectral analysis suggests that the relic surface very likely traces the complex shock front,
with a broad distribution of Mach numbers propagating through a turbulent and dynamically active intracluster
medium. Our results show that the northern part of the relic is seen edge-on and the southern part close to face-on.
We suggest that the complex filaments are regions where higher Mach numbers dominate the (re)acceleration of
electrons that are responsible for the observed radio emission.

Unified Astronomy Thesaurus concepts: Galaxy clusters (584); Intracluster medium (858); Radio continuum
emission (1340); Large-scale structure of the universe (902)

1. Introduction

Galaxy clusters undergoing mergers often show spectacular,
megaparsec-scale radio relics and radio halos (see van Weeren
et al. 2019, for a recent review). The radio spectra of such
sources are steep (α�−1.0, where Sν∝ να, with spectral
index α). Cluster-scale radio sources are powered by the
dissipation of kinetic energy during the cluster formation
process, although the particle acceleration detail is not yet fully
understood (e.g., Brunetti & Jones 2014).

Radio relics are elongated radio sources typically found in
the outskirts of merging galaxy clusters. They are usually
strongly polarized at gigahertz frequencies (e.g., van Weeren
et al. 2010, 2012a; Bonafede et al. 2012; Kale et al. 2012;
Owen et al. 2014; Stuardi et al. 2019; Rajpurohit et al.
2020a, 2022; Di Gennaro et al. 2021) and believed to
originate from shock fronts generated in the intracluster

medium (ICM) when galaxy clusters merge (Ensslin et al.
1998; Roettiger et al. 1999). This connection has been
established by finding X-ray surface brightness and temper-
ature discontinuities at the location of some relics (see, e.g.,
Ogrean et al. 2013; Sarazin et al. 2013; Shimwell et al. 2015;
Botteon et al. 2016; van Weeren et al. 2016; Thölken et al.
2018; Di Gennaro et al. 2019).
Current relic formation scenarios, namely, shock acceleration,

shock reacceleration, and shock compression, differ in the
predictions of the morphological and spectral characteristics of
relics. In the shock acceleration scenario, it is believed that the
kinetic energy dissipated by shocks powers the radio emission
via diffusive shock acceleration (DSA) of thermal electrons in
the ICM (e.g., Ensslin et al. 1998; Blasi & Colafrancesco 1999;
Dolag & Enßlin 2000; Hoeft & Brüggen 2007). This model
predicts a power-law energy spectrum for the cosmic-ray
electrons (CRe). However, there are a few relics that
show evidence of steepening at high frequencies above 1 GHz
(Trasatti et al. 2015; Malu et al. 2016) and a flatter spectral index
(above −1) that is incompatible with the shock acceleration
scenario (e.g., Trasatti et al. 2015). Most importantly, a power-
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law CRe energy distribution ranging from thermal energies to
those relevant for the synchrotron emission may require an
unphysical acceleration efficiency at the shock front and thus
cannot explain the high radio luminosities observed in some
relics (e.g., Brunetti & Jones 2014; Vazza & Brüggen 2014;
Vazza et al. 2015; Botteon et al. 2020a). Therefore, the main
remaining debate regarding the origin of relics is whether
preacceleration (i.e., a population of mildly relativistic fossil
electrons) is needed to explain the origin of at least some relics.

In the reacceleration scenario, the shock front reaccelerates
electrons via DSA from an existing population of mildly
relativistic electrons (Markevitch et al. 2005; Kang &
Ryu 2016). There are a few examples that appear to show a
connection between lobes of active galactic nuclei (AGN); i.e.,
they provide evidence that the shock fronts reaccelerate the CRe
of a fossil population (e.g., Bonafede et al. 2014; Shimwell et al.
2015; van Weeren et al. 2017a; Stuardi et al. 2019; HyeongHan
et al. 2020). This mechanism alleviates the efficiency problem
(e.g., Kang et al. 2012; Pinzke et al. 2013). If the fossil population
is homogeneously distributed throughout the relic or the shock
Mach number is strong, the reacceleration scenario also predicts a
power-law spectrum. However, if the fossil plasma in the ICM is
not continuously distributed, a high-frequency spectral steepening
in the overall spectrum is expected.

In the shock compression model, relics are produced by
adiabatic compression of fossil radio plasma by the passage of
a shock front in the ICM (Enßlin & Gopal-Krishna 2001). This
model predicts a spectral break at high frequencies, since the
compression cannot boost electrons at very high energies.

Radio relics often display an irregular surface brightness, and
recent high-resolution observations provided evidence of fine
filaments on various scales, for instance, in A2256 (Owen et al.
2014), 1RXS J0603.3+4214 (aka the Toothbrush relic;

Rajpurohit et al. 2018, 2020b), CIZA J2242.8+5301 (aka the
Sausage relic; Di Gennaro et al. 2018), A2255 (Botteon et al.
2020b), and MACS J0717.5+3745 (van Weeren et al. 2017b).
The origin of these filamentary structures is unknown.

In this paper, we present the results of deep low-frequency
radio observations of the galaxy cluster A2256 with the
upgraded Giant Metrewave Radio Telescope (uGMRT) and the
new LOw-Frequency ARray (LOFAR; van Haarlem et al.
2013) High Band Antenna (HBA; E. Osinga et al. 2022, in
preparation). These observations were mainly undertaken to
provide higher-resolution radio images of the relic in A2256,
thus allowing us to study the exceptional radio emission in
more detail than had been done previously over a large
frequency coverage. We also use the archival Karl G. Jansky
Very Large Array (VLA) in the L and S bands.

The main aim of this paper is to study the origin of the large
relic in A2256. We attempt to test shock acceleration models
for this relic. We also aim to find whether there is a high-
frequency spectral break in the integrated spectrum between
144MHz and 3 GHz. The question of whether or not such a
spectral break exists is essential, since it sheds light on the
mechanisms that generate radio relics. Detailed spectral
analysis allows us to distinguish between different models
(shock acceleration and reacceleration).

The layout of this paper is as follows. In Section 3, we
present an overview of the observations and data reduction.
The new radio images are presented in Section 4. The results
obtained with the spectral analysis are described in
Sections 5.1–5.9, followed by a summary in Section 6.

2. A2256

Nearby cluster (z= 0.058) A2256 contains a plethora of
complex radio sources; see Figure 1. The cluster has one of the
richest varieties of radio structures of any known cluster (Bridle
& Fomalont 1976; Bridle et al. 1979; Rottgering et al. 1994;
Clarke & Ensslin 2006; Brentjens 2008; van Weeren et al.
2009a; Kale & Dwarakanath 2010; van Weeren et al. 2012b;
Owen et al. 2014; Trasatti et al. 2015). One of the most
intriguing radio sources in the field is the large, complex
filamentary relic (R), which shows many long pronounced
filaments stretching across its entire structure (Owen et al.
2014), making it unlike other known relics.
The relic shows a high degree of polarization and large-scale

magnetic field ordering, as well as significant rotation measure
(RM) fluctuations (Owen et al. 2014; Ozawa et al. 2015). The
relic is the one notable exception, as it shows a spectral index
of about −0.85± 0.01 (van Weeren et al. 2012b; Trasatti et al.
2015) between 63MHz and 1.4 GHz. Moreover, a break in the
spectrum above 1.4 GHz has also been reported (Trasatti et al.
2015).
In DSA test-particle approximation, the shock strength is

constant in the cooling time of the CRe relevant for the
observation. The integrated spectral index (αint) is then 0.5
steeper than the injection index (αinj),

( )0.5. 1int inja a= -

The majority of relics follow this approximation. The flat
spectral index of the relic in A2256 is one of the few examples
where the observations are in clear discord with the shock
acceleration model. However, previous studies (van Weeren
et al. 2012b; Trasatti et al. 2015) of the integrated spectrum of
the relic in A2256 were not performed with matching
uvcoverage (i.e., different ranges of spatial scales were
recovered at different frequencies). Therefore, it remains
unclear whether the spectrum of the relic steepens above
1.4 GHz or not. Recently, it has been found that the integrated
spectra of the Toothbrush (Rajpurohit et al. 2020a) and Sausage
(Loi et al. 2021) relics both follow a close power law between
150MHz and 18.6 GHz and have spectral indices steeper than
−1, contrary to previous claims (Stroe et al. 2016; Kierdorf
et al. 2017).
The cluster is also known to host a steep-spectrum radio halo

and several complex radio sources (A, B, C, F1, F2, F3, and I);
see Figure 1 for labeling (Rottgering et al. 1994; Clarke &
Ensslin 2006; Brentjens 2008; Intema et al. 2009; van Weeren
et al. 2009b, 2012b; Owen et al. 2014).
At X-ray wavelengths, the cluster is luminous (LX,0.1−

2.4 keV= 3.7× 1044 erg s−1; Ebeling et al. 1998). Recent X-ray
studies provide evidence for five X-ray surface brightness
discontinuities: three cold fronts and two shock fronts (Breuer
et al. 2020; Ge et al. 2020). One of the shock fronts, which has a
Mach number 1.26 0.06=  , is detected to the northwest
of the large relic (Ge et al. 2020). However, there is an offset of
about 150 kpc between the relic emission at 1.5 GHz and the
detected X-ray density/temperature jump.
Optical studies of the galaxy distribution reveal that the

cluster consists of three separate components (Berrington et al.
2002; Miller et al. 2003). Both optical and X-ray observations
provide strong evidence that A2256 is undergoing a merger
event between a main cluster component, a major subcompo-
nent, and a third infalling group (Briel et al. 1991; Briel &
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Henry 1994; Berrington et al. 2002; Sun et al. 2002; Miller
et al. 2003; Ge et al. 2020).

Throughout this paper, we adopt a flat ΛCDM cosmology
with H0= 69.6 km s−1 Mpc−1, Ωm= 0.286, and ΩΛ= 0.714.
At the cluster’s redshift, 1″ corresponds to a physical scale of
1.13 kpc. All output images are in the J2000 coordinate system
and corrected for primary beam attenuation.

3. Observations and Data Reduction

3.1. uGMRT

Object A2256 was observed with the uGMRT in Band 4
(project code 36_006) and Band 3 (project code 39_019) using
the GMRT Wideband Backend (GWB). The observations were
carried out on 2019 September 9 and 2020 November 20 in

Bands 4 and 3, respectively. In Table 1, we summarize the
observational details. Sources 3C 48 and 3C 286 were included
as flux calibrators.
The wideband GMRT data were processed using the Source

Peeling and Atmospheric Modeling (SPAM; Intema et al. 2009),
pipeline.13 The SPAM pipeline performs automated rounds of
both direction-independent and direction-dependent calibration
and imaging, as well as radio frequency interference (RFI)
flagging. For details about the main data reduction steps, we
refer to Rajpurohit et al. (2021a). In summary, the flux densities
of the primary calibrators were set according to Scaife & Heald
(2012). Following flux density scale calibration, the data were
averaged, flagged, and corrected for the bandpass. To correct

Figure 1. The uGMRT (550–850 MHz) and Chandra 0.5–2.0 keV band X-ray overlay of the galaxy cluster A2256. The intensity in red shows the radio emission
observed with uGMRT Band 4 at a central frequency of 675 MHz. The intensity in blue shows Chandra X-ray emission smoothed to 3″. The image shows a large relic
(R) with complex filaments on various scales, as well as numerous other features. The image properties are given in Table 2 (IM5).

13 http://www.intema.nl/doku.php?id=huibintemaspampipeline
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the phase gains of the target field, we started from a global sky
model obtained with the GMRT narrowband data. To produce
deep, full continuum images, the calibrated subbands were
combined. The final deconvolution was performed in
WSClean (Offringa et al. 2014) using multiscale and
Briggs weighting with robust parameter 0; see Table 2.

3.2. LOFAR

The cluster was observed with the LOFAR HBA in 2018 and
2019. The A2256 field was covered in two different observing
sessions (project codes LC9_008 and LT10_10). These
observations were conducted in HBA dual inner mode. A
detailed description of the observations, data reduction
procedure, and images will be provided in E. Osinga et al.
(2022, in preparation). To summarize, data reduction and
calibration was performed with the LoTSS DR2 pipeline (Tasse
et al. 2021) followed by a final “extraction+self-calibration”
scheme (van Weeren et al. 2021).

3.3. VLA

We reduced VLA archival L- and S-band data obtained with
wideband receivers. These observations were first presented in
Owen et al. (2014) and Ozawa et al. (2015). The L-band
observations were taken in ABCD configurations (project
codes 10B-154 and 12B-120) and the S band in the C
configuration (project code 13A–131). For observational
details, see Table 1. All four polarization products (RR, RL,
LR, and LL) were recorded. In the L band, for each
configuration, 3C 48 was included as the primary calibrator
and observed for 5–10 minutes at the start of the observing run
or, in some cases, at the end. In the Sband, 3C 286 was a
primary calibrator. The radio source J1800+7828 was included
as a phase calibrator for both S- and L-band observations.
The data were calibrated and imaged with the Common

Astronomy Software Applications (CASA; McMullin et al.
2007) package. Data obtained from different observing runs
were calibrated separately but in the same manner. The first
step of data reduction consisted of Hanning smoothing of the

Table 1
Observational Overview: uGMRT, LOFAR, and VLA Observations

uGMRT Band 3 uGMRT Band 4 LOFAR HBAa VLA LBandb VLA SBandb

Frequency range 300–500 MHz 550–950 MHz 120–169 MHz 1–2 GHz 2–4 GHz
Channel width 97 kHz 49 kHz 12.2 kHz 1 MHz 2 MHz
No. of spwc 1 1 16 16
No. of channels 4096 4096 64 64
On-source time 10 hr 8 hr 16 hr 24 hr 6 hr
LASd 1920″ 1020″ 3°. 8 970″ 490″

Notes. Full Stokes polarization information was recorded for the uGMRT Band 4 and VLA L and Sbands.
a For data reduction of the LOFAR 144 MHz observations, we refer to E. Osinga et al. (2022, in preparation).
b Archival VLA L- and S-band data.
c Spectral window.
d Largest angular scale that can be recovered with the mentioned observations.

Table 2
Image Properties

Name Restoring Beam Robust uvCut uvTaper rms Noise
Parameter μJy beam−1

IM1 6″ × 6″ −0.5 �0.1 kλ L 97
LOFAR IM2 10″ × 10″ −0.5 �0.1 kλ 10″ 110

IM3 20″ × 20″ −0.5 �0.1 kλ 16″ 191

IM4 3″ × 3″ −0.6 L − 7
IM5 5″ × 5″ 0.0 L − 4

uGMRT Band 4 IM6 6″ × 6″ −0.5 �0.1 kλ 3″ 9
IM7 10″ × 10″ −0.5 �0.1 kλ 10″ 12
IM8 20″ × 20″ 0.0 L 15″ 18

IM9 8″ × 8″ −0.2 L − 36
uGMRT Band 3 IM10 10″ × 10″ −0.5 �0.1 kλ 10″ 34

IM11 20″ × 20″ 0.0 L 15″ 81

IM12 5″ × 5″ 0.0 L 4″ 6
IM13 6″ × 6″ −0.5 �0.1 kλ 3″ 8

VLA Lband IM14 10″ × 10″ −0.5 �0.1 kλ 10″ 8
IM15 20″ × 20″ 0.0 L 15″ 11

VLA S band IM16 6″ × 6″ 0.0 L − 5
IM17 10″ × 10″ −0.5 �0.1 kλ 10″ 9

Note. Imaging was always performed in WSCLEAN using multiscale and with the Briggs weighting scheme.
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data. The data were then inspected for RFI, and the affected
data were flagged using tfcrop mode from the flagdata
task. Low-amplitude RFI was flagged using AOFlagger
(Offringa et al. 2010). Following flagging, we determined and
applied elevation-dependent gain tables and antenna offset
positions. Next, we corrected for the bandpass using the
calibrator 3C 48. This prevents flagging of good data due to the
bandpass roll-off at the edges of the spectral windows.

We used the S- and L-band 3C 48, 3C 286, and 3C 138 models
provided by the CASA software package and set the flux density
scale according to Perley & Butler (2013). An initial phase
calibration was performed using both of the calibrators over a few
channels per spectral window. We corrected for the parallel-hands
(RR and LL) antenna delays and determined the bandpass response
using the calibrator 3C 48. Applying the bandpass and delay
solutions, we proceeded with the gain calibration for the primary
calibrators. All relevant calibration solutions were then applied to
the target field. For all different observing runs, the resulting
calibrated data were averaged by a factor of 4 in frequency per
spectral window.

3.4. Flux Density Scale

The overall flux scale for all observations (LOFAR,
uGMRT, and VLA) was checked by comparing the spectra
of compact sources in the field of view between 144MHz and
4 GHz. The LOFAR HBA flux densities were found to be
slightly high. Therefore, we use a scaling factor of 0.83 to
correct the flux density scale of the LOFAR HBA maps.

The uncertainty in the flux density measurements was
estimated as

( · ) ( ) ( )S f S N , 22
beams rms

2sD = +

where f is the absolute flux density calibration uncertainty, S is
the flux density, σ rms is the rms noise, and Nbeams is the number
of beams. We assume absolute flux density uncertainties of
10% for uGMRT Band 3 (Chandra et al. 2004) and LOFAR
data, 5% for uGMRT Band 4, and 2.5% for the VLA data.

4. Results: Continuum Images

Our deep 3″× 3″ high-resolution uGMRT Band 4
(550–850MHz) image of the cluster is shown in Figure 2. The
image is created with Briggs weighting and robust=
−0.6 to resolve fine filaments reported at high frequencies (Owen
et al. 2014). A high-resolution Band 3 image (300–400MHz) is
shown in Figure 3 (bottom left panel). Most of the filaments are
also detected at Band 3. In addition, the new sensitive uGMRT
observations show considerable low surface brightness emission
spread throughout the relic (Figure 3, left panels). To facilitate the
discussion, we label the sources in Figure 3 following van Weeren
et al. (2009a) and Owen et al. (2014).

Our new observations provide the first arcsecond-resolution (
i.e., 3″–6″) image of the cluster at frequencies below 1 GHz.
Thanks to the wideband receivers, we reached an unprece-
dented noise level of 4 μJy beam−1 at a central frequency of
675MHz, see Table 2 for imaging parameters. To our
knowledge, this is the lowest noise level obtained so far with
the uGMRT in Band 4. At Band 3 (300–400MHz), we
achieved a noise level of 28 μJy beam−1 at 8″ resolution.

The most prominent source in the field is the large relic that
is dominated by complex filaments on various scales; see
Figure 2. These filaments were first discovered at high

frequency by Owen et al. (2014). Our uGMRT images resolve
them for the first time at frequencies below 1 GHz. The
uGMRT Band 4 (550–850MHz) image of the relic looks
remarkably similar to the high-frequency 1–2 GHz VLA image.
The relic consists of two main bright regions, namely, R1
(northern part) and R2 (southern part), which consist of
filamentary structures and regions of diffuse emission. At a
resolution of 3″, most of the individual filaments are resolved in
both axes (Figure 2). The width of the twisted “long filament”
connecting the R1 and R2 regions varies from 5″ to 9.8″,
corresponding to a physical (projected) scale of 5.7 and
11.1 kpc, respectively. We detect at least 44 compact faint
unrelated sources embedded within the relic at 675MHz.
To compare the morphology of the relic at sufficiently high

resolution, in Figure 3, we show the radio maps at different
frequencies, namely, 350MHz (8″ resolution), 675MHz (5″
resolution), 1.5 GHz (5″ resolution), and 3 GHz (6″ resolution).
These images were created using Briggs weighting and
robust= 0. Since the rms level decreases with high values of
the robust parameter, this allows us to also detect low surface
brightness emission. At the 3σlevel, we measure a largest linear
size (LLS) of 0.7Mpc, 1Mpc, and 1.1 kpc at 3 GHz, 1.5 GHz,
and 675MHz, respectively. The entire relic covers an area of
11.1 6.5¢ ´ ¢ ,14.7 8.8¢ ´ ¢ , and16.7 9.1¢ ´ ¢ at 3 GHz, 1.5 GHz, and
675MHz, respectively. Therefore, a large extension of the
emission is detected at lower frequencies, typical for radio relics,
where the emission generally steepens with distance from the (re)
acceleration regions.
To emphasize the radio emission on a different spatial scale,

we also created images at moderate resolution (10″) using uv
tapering; see Table 2 for imaging parameters. The resulting
images at 144, 325, and 675 MHz and 1.5 GHz are shown in
Figure 4. A distinct morphological structure visible in these
images is a low surface brightness arc-shaped structure to the
east of the cluster, first reported by Owen et al. (2014) at
1–2 GHz (see Figure 4). The emission is mainly visible in low-
resolution images. No feature is detected in the Chandra and
XMM-Newton X-ray images (Ge et al. 2020) at that location.
The arc-shaped feature is apparently connected to the large
relic, the central halo emission, and the source F. Based only on
the visual appearance, whether the connection between these
features is real or just in projection is not obvious.
In addition to the large filamentary relic, the cluster is known

to host a radio halo and several complex radio galaxies (B, C,
F1, F2, F3, A, and I). In both the Band 3 and Band 4 images,
we recovered these sources; see Figures 3 and 4. To the
southeast of the cluster is a linear structure, labeled as AI in
Figure 4. It is located at a projected distance of about 1 Mpc
from the cluster center and was detected previously by Intema
et al. (2009) and van Weeren et al. (2009a). At 350MHz, the
largest angular scale (LAS) of the source is 403″, corresp-
onding to a physical size of 455 kpc. We measure a flux density
of 2.5± 0.1 mJy at 675MHz. The source is not detected at
1–2 GHz. The physics of the halo emission, AI, curved-arc, and
individual radio galaxies will be presented in a subsequent
paper (K. Rajpurohit et al. 2022, in preparation).

5. Analysis and Discussion

5.1. Filamentary Structures

The origin of filaments in the A2256 relic is still a mystery.
High-resolution radio observations of some other radio relics
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also show the presence of enigmatic kiloparsec-scale filamen-
tary structures in the form of threads, twisted ribbons, and
bristles, for example, in the Toothbrush (Rajpurohit et al.
2018, 2020b), Sausage (Di Gennaro et al. 2018), and
MACS J7017+35 (van Weeren et al. 2017b) relics. However,
the relic in A2256 shows many long, pronounced, complex
filaments stretching across the entire relic. Interestingly, similar
complex but rather small-scale filaments are observed in the
“brush” region of the Toothbrush relic (Rajpurohit et al.
2018, 2020b). It could be that the filaments found in the
Toothbrush are large, similar to the A2256 relic, but because it
is seen edge-on, we only see the ends of the filaments.

It is challenging to understand the nature of filamentary
structures in relics, since the geometry/topology of the

relativistic plasma is affected by projection effects. The
observed filaments could be substructures of a complex shock
front, possibly highlighting the underlying distribution of Mach
numbers (Hong et al. 2015; Roh et al. 2019; Wittor et al. 2019;
Dominguez-Fernandez et al. 2020) and a range of electron
acceleration efficiencies by shock acceleration (Wittor et al.
2017). Conversely, they can reflect a pattern of fluctuations in
the magnetic field strength and topology at the corrugated
surface of a shock. The MHD turbulence can also produce
sheetlike large filaments (e.g., Ji et al. 2016; Vazza et al. 2018;
Domínguez-Fernández et al. 2019). Alternatively, the patchy,
sheetlike filaments could be regions containing preexisting
populations of relativistic plasma and magnetic fields, e.g.,
from AGN, where the magnetic fields are stretched and

Figure 2. High-resolution uGMRT (550–950 MHz) image of the relic in A2256. This image shows the spectacular filamentary relic and several complex radio
galaxies. The image is created with Briggs weighting using robust = −0.6. The beam size is indicated in the bottom left corner of the image. The image properties
are given in Table 2 (IM4).
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advected by ICM motions, including the passage of shocks
(Enßlin & Gopal-Krishna 2001). Owen et al. (2014) proposed
that the filamentary relic in A2256 is produced by a large-scale
current sheet sitting at the boundary between two magnetic
domains. Magnetic reconnection in such current sheets could
accelerate particles to high energies (Guo et al. 2016).

Advanced numerical modeling has recently provided new,
important clues to the possible dynamics of such filaments. For
example, Dominguez-Fernandez et al. (2020) recently per-
formed high-resolution three-dimensional MHD simulations of
merger shock waves propagating through a magnetized and

turbulent ICM. They found complex synchrotron emission
substructures within the simulated relic, compatible with the
idea that merger shock waves, sweeping through a realistically
turbulent ICM, can naturally produce numerous complex
filamentary structures in relics. The morphology of those
filaments depends on the strength of the shock and the
upstream turbulence; a strong shock produces a more extended
turbulent magnetic region, which in turn results in bright and
elongated filamentary synchrotron emission, while a low Mach
number shock is found to produce less disrupted patterns. In
this scenario, the complex filaments in the A2256 relic can thus

Figure 3. High-resolution images of the A2256 field showing remarkable filamentary relic emission from 300 MHz to 3 GHz (5″, top left; 5″, top right; 8″, bottom
left; 6″, bottom right). The known large filamentary relic emission and other complex radio galaxies in the field are recovered in our new uGMRT observations. The
color map uses square-root scaling to enhance faint radio surface brightness structures. The beam size is indicated in the bottom left corner of each image. The image
properties are given in Table 2 (IM5, IM12, IM9, and IM16).
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be produced by nonuniform distribution of Mach numbers in a
shock front that is propagating through a magnetized and more
turbulent ICM. In addition, the presence of significant RM
variations (Owen et al. 2014) across the relic favors the
hypothesis that the medium is turbulent at the location of the
relic.

5.2. Integrated Spectrum

The knowledge of the integrated radio spectra of relics is
vital to understanding the particle acceleration at shock fronts.

We perform a careful integrated spectral analysis of the relic in
A2256. Thanks to the LOFAR, uGMRT and VLA L- and S-
band data, we can study, for the first time, the spectral index
distribution (averaged and spatially resolved) across the relic in
great detail over a large frequency range.
Accurate flux density measurements of extended surface

brightness sources with interferometers are challenging for
several reasons: (1) missing short uvdistances, due to which the
flux of the extended structures gets “resolved out”; (2) different
uvcoverage of telescopes; (3) different weighting schemes,
different resolutions, and improper deconvolution; and (4)

Figure 4. Low-resolution (20″) LOFAR 144 MHz (top left; E. Osinga et al. 2022, in preparation), uGMRT Band 3 (top right; 300–400 MHz), uGMRT Band 4
(bottom left; 550–850 MHz), and VLA L-band (bottom right; 1–2 GHz) images of A2256 in square-root scale showing the central halo emission, AI, AG, AH, and
curved arc-shaped filament to the east. The beam size is indicated in the bottom left corner of each image. The image properties are given in Table 2 (IM3, IM11, IM8,
and IM15).
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proper subtraction of flux density contributions from unrelated
sources. If not done carefully, this, in turn, may affect the
integrated spectral index and spatially resolved spectral index/
curvature analysis. We create images with a common inner
uvcut of 0.1 kλ. Here 0.1 kλ is the minimum well-sampled
uvdistance in the uGMRT Band 4 data. This ensures that we are
recovering the flux density on the same spatial scales at all
observed frequencies. Since different resolution and imaging
weighting schemes bias the flux density measurements, we
imaged each data set at a common resolution and with
robust=−0.5, which ensures that we are sampling the same
spatial scales on the sky. Deconvolution was always performed
with multiscale cleaning, which allows us to properly recover
faint emission features.

The high-frequency S-band data may be affected by missing
the LAS by undersampling of short baselines. Therefore, we
compare our flux density measurements with the values
obtained with single-dish observations that do not resolve out
the flux density of extended sources. We created the S-band
image at 35″ resolution using robust= 0. At 2.6 GHz, we

measure an integrated flux density of 221± 6 mJy after
subtracting contributions from unrelated sources (labeled in
Figure 5, right panel) following Trasatti et al. (2015). Flux
density contributions from these sources were manually
measured and then subtracted from the total flux density of
the relic. In the same region, Trasatti et al. (2015) reported a
flux density of 235± 15 mJy using the Effelsberg radio
telescope at 2.6 GHz. Our S-band interferometric flux density
measurement is in agreement with the value obtained from the
single-dish telescope. This clearly indicates that our high-
frequency interferometric data are not affected by missing LAS
or short baselines. We note that the flux density of 221± 6 mJy
at 3 GHz differs from the one reported in Table 3 because we
used different imaging parameters and subtracted additional
unrelated compact sources.
For the flux density measurements of the relic, we consider

medium-resolution images, namely, 10″ resolution. Since the
relic is surrounded by the extended halo emission and several
compact/extended sources, this resolution allows us to separate
the real relic flux density from unrelated sources. While using

Figure 5. Left: integrated spectra of the relic and its subregions (R1 and R2) from 144 MHz to 3 GHz. The overall spectrum of the entire relic is well described by a
single power law and has a slope of α = −1.07±0.02. The subregions R1 (northern part) and R2 (southern part) also follow power-law distributions with
αR1 = −1.08 ± 0.02 and αR2 = −1.05 ± 0.02. Right: region and box distributions across the relic overlaid on the uGMRT total intensity map at 10″ resolution. The
magenta regions are used for extracting the flux densities of the relic and its subregions. Flux density contributions from compact sources (shown with blue circles)
and long tail angle galaxies C and I (shown with cyan) were manually subtracted from the total relic flux density. The red and green rectangular boxes were used to
study the spectral index and curvature profiles shown in Figure 9. The arrows show the direction of increasing region number for the spectral index and curvature
profiles (used in Figure 9). The width of the boxes used to extract the indices is 11.3 kpc.

Table 3
Properties of the Diffuse Radio Sources in the Cluster A2256

Source LOFAR (144 MHz) uGMRT (300–850 MHz) VLA (1-4 GHz) LLSa αb P1.5 GHz

S144 MHz S350 MHz S675 MHz S1.5 GHz S3 GHz

(mJy) (mJy) (mJy) (mJy) (mJy) (Mpc) (1024 W Hz−1)

Entire relic 3580 ± 390 1490 ± 159 760 ± 65 323 ± 26 145 ± 8 ∼1.1 −1.07 ± 0.02 2.8
R1 1740 ± 190 732 ± 77 368 ± 30 154 ± 13 67 ± 6 L −1.08 ± 0.02 L
R2 1839 ± 205 748 ± 79 386 ± 35 169 ± 16 76 ± 6 L −1.05 ± 0.02 L

Notes. Flux densities were extracted from images created with robust = −0.5 and a uvcut. The relic flux density values were extracted from 10″ resolution radio
maps corresponding to images IM2, IM7, IM10, IM14, and IM17. (For imaging properties, see Table 2.) The regions where the flux densities were extracted are
indicated in the right panel of Figure 5. Absolute flux density scale uncertainties are assumed to be 10% for LOFAR and Band 3, 5% for uGMRT Band 4, and 2.5% for
the VLA L- and S-band data.
a The LLS measured at 675 MHz.
b The integrated spectral index obtained by fitting a single power-law fit.
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this reasonably high resolution slightly reduces the overall
integrated flux density (see Rajpurohit et al. 2018 for
discussion), this effect remains the same for all data sets and
thus does not affect the slope of the integrated spectral index.

The regions where the flux densities were extracted are
indicated in the right panel of Figure 5. The measured flux
densities, reported in Table 3, do not include the contributions
from sources C, I, K, K2, J, J2, I2, G2, and I3. Moreover, as
reported in Section 4, there are 44 other very compact, faint
sources embedded in the relic. For these compact sources, we
measured a combined flux density of 55, 23, 14, 6.5, and 3 mJy
at 144MHz, 350MHz, 675MHz, 1.5 GHz, and 3 GHz,
respectively. We also subtracted the flux density contributions
from those sources from the total relic flux density.

In Figure 5, we show the resulting spectrum of the relic and its
subregions. The relic follows a simple power law between
144MHz and 3GHz. The single power-law nature of the relic at
frequencies below 3GHz is inconsistent with the earlier study by
Trasatti et al. (2015). They reported evidence for a high-frequency
(above 1.4 GHz) steepening and found that the integrated
spectrum can be best described by two different power laws,
with 63 MHz

1.4 GHza = −0.86± 0.01 and 1.4 GHz
10 GHza = −1.02± 0.02. In

contrast, we do not find any evidence of spectral steepening in
the spectrum between 144MHz and 3GHz. In Trasatti et al.
(2015), the steepening in the flux density spectrum below 1.4 GHz
was claimed on the basis of 350MHz Westerbork Synthesis
Radio Telescope and 63MHz LOFAR observations (van Weeren
et al. 2012b). Moreover, the previous integrated-spectrum studies
of the relic were obtained by combining single-dish observations
at high frequencies and interferometric observations at low
frequencies without matching the uvcoverage. Combining such
measurements can be difficult because interferometric measure-
ments might underestimate the flux density as a result of missing
short spacings, and single-dish measurements lack sufficient
resolution that may result in overestimation of the flux density
owing to source contamination. In addition, using nonmatching
uvcoverage and/or different imaging parameters may also result
in under- or overestimation of the integrated flux density (e.g.,
Stroe et al. 2016; Rajpurohit et al. 2018).

Our integrated spectral index analysis shows that both the
whole relic and its two main subregions (R1 and R2) also
follow a power-law spectrum. This is consistent with previous
detailed studies of well-known bright relics over a similarly
broad frequency range, principally the Toothbrush and
MACS J0717.5+3745 relics (Rajpurohit et al. 2020b, 2021b).

The most important result of our analysis is that the overall
spectrum of the relic between 144MHz and 3 GHz shows an
integrated spectral index of −1.07±0.02. This differs signifi-
cantly from all previously reported values where the spectral index
is reported to be flatter than −1.0. By fitting a single power-law,
van Weeren et al. (2012b) and Trasatti et al. (2015) reported an
integrated spectral index of 63 MHz

1.4 GHza = −0.81± 0.02 and

63 MHz
10.5 GHza = −0.92± 0.02, respectively.
If radio relics are generated by the stationary shock scenario,

they are expected to exhibit a power-law spectrum with an
integrated spectral index of −1 or steeper. An integrated
spectral index flatter than −1 is not possible in the test-particle
approach of DSA. Our new integrated spectral index value is
instead consistent with the (quasi)stationary shock approx-
imation. This result is important, as it allows us to connect the
A2256 relic with the majority of other radio relics in the
literature and surmise that its peculiar morphology and

substructure may likely be interpreted as the rare case of a
bright radio relic whose shock normal is at a small angle
toward the line of sight.
Using the spectral index of −1.07± 0.02, we estimate the

radio power of the relic. At 1.5 GHz, the relic radio power is
P1.5 GHz= 2.4× 1024WHz−1. With this new value, the large
relic in A2256 fits well with the radio power versus LLS
relation of other known relics.
According to DSA in the test-particle regime, the integrated

index is related to the Mach number of the shock as (Blandford
& Eichler 1987)

 ( )1

1
. 3int

int
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+

The measured integrated spectral index for the relic in A2256
suggests a shock of Mach number  5.4 0.6

1.0= -
+ . If the

integrated radio spectral index corresponds to the Mach
number of the shock, this is one of the strongest shocks
inferred in any radio relic to date. Despite the different
morphology, substructures, and location, the R1 and R2
regions of the relic also show similar spectral index values,
namely, αR1=−1.08± 0.02 and αR2=−1.05± 0.02.
The Mach number may fluctuate across the merger shock

front; hence, the average Mach number depends on how the
Mach number distribution is averaged. The Mach numbers
obtained from the integrated radio spectral indices tend to be
higher than the average hydrodynamical Mach number, since
the radio luminosity increases with the Mach number (Wittor
et al. 2021). Therefore, the very high Mach number obtained
from our radio analysis for the relic in A2256 may result from
the fact that those patches of the shock front with a high Mach
number contribute more to the emission than those with a lower
Mach number.

5.3. Energy Fraction Channeled into Acceleration of
Suprathermal Electrons

The synchrotron luminosity of a radio relic depends on that
energy fraction, which is channeled into the acceleration of
suprathermal electrons, dissipated at the shock front. This
energy fraction comprises the energy of all electrons that are
more energetic than the electrons in the thermal pool. For a
power-law energy distribution of the suprathermal electrons,
the synchrotron luminosity depends on the properties of the
downstream medium according to Hoeft & Brüggen (2007),
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where ξe is the fraction of the kinetic energy dissipated at the
shock front channeled into the acceleration of suprathermal
electrons; A is the surface area of the relic; ne,d is the
downstream electron density; Td is the downstream electron
temperature; B is the magnetic field strength; BCMB is the field
strength equivalent to the cosmic microwave background
energy density, BCMB= 3.24(1+ z)2 μG; and ( )T, dY com-
prises all Mach number dependencies. For the relic, we adopt
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ne,d= 1× 10−3 cm−3 and Td= 8 keV (Trasatti et al. 2015; Ge
et al. 2020). The other measured values are A= 0.8 Mpc2,
α=−1.07, and ( ) 0.76Y = (assuming a shock of =
5.4). The constant C is 1.28× 1027WHz−1 (Rajpurohit et al.
2021a).

Both the magnetic field strength and the energy fraction ξ are
little constrained. We follow Botteon et al. (2020b) and plot in
Figure 6 the fraction ξe, which is necessary to obtain a radio
luminosity consistent with the observation as a function of
magnetic field strength. As discussed above, Wittor et al.
(2021) showed that the Mach number derived from the
integrated spectral index might be higher than the actual
average hydrodynamical shock strength. Therefore, we also
show the energy fraction ξe assuming a Mach number of 3.0, in
accord with the typical volume-averaged Mach number in
Wittor et al. (2021). We keep all other parameters unchanged.
For a magnetic field strength of a few microgauss or larger in
the radio relic region, a energy fraction of 1% or less needs to
be channeled into the acceleration of suprathermal electrons,
including the relativistic electrons giving rise to the observed
synchrotron emission.

In the framework of DSA, about a few percent of the energy
dissipated at the shock front needs to be transferred to the
suprathermal electrons accelerated at the shock front to explain
the radio power of several relics, for example, the Toothbrush,
the Sausage, and the relic in MACS J0717.5+3745 (Botteon
et al. 2020b; Rajpurohit et al. 2020b). It has thus been
suggested that the high acceleration efficiency required to
match the observed radio powers requires a preexisting
population of fossil electrons (Markevitch et al. 2005; Pinzke
et al. 2013; Vazza et al. 2015; Kang & Ryu 2016; Botteon et al.
2020b). Recent works by Kang (2021) and Inchingolo et al.

(2022) suggest that the electron reacceleration by multiple
shocks by DSA could also enhance the acceleration efficiency.
The large relic in A2256 is among the few bright relics, which
can be explained by the standard relic formation scenario.

5.4. Spatial Spectral Index Distribution

The large size and high surface brightness allow us to
conduct the most detailed spatially resolved spectral analysis of
the relic in A2256 to date. We create a spectral index map at the
highest possible common resolution (i.e., 6″ resolution,
corresponding to a physical scale of 7 kpc) using 144MHz
LOFAR and 1.5 GHz VLA data. The relic shows complex
large-scale filaments; therefore, this resolution also allows us to
minimize the mixing of emission with different spectral
properties within a single radio beam. Moreover, as the relic
shows emission on different spatial scales, we also create
spectral index maps at a medium resolution of 10″ (corresp-
onding to a physical scale of 11 kpc). The same maps are used
to create the curvature maps and radio color–color plots
presented in Section 5.5. We create 10″ spectral index maps at
two frequency sets: between 144 and 675MHz and between
675 MHz and 1.5 GHz. For all spectral index maps, we
considered only pixels with a flux density above 3σrms in
each map.
The resulting high-resolution spectral index map between

144MHz and 1.5 GHz is shown in Figure 7. The relic is indeed
made up of different values of the spectral index, varying from
about −0.6 to −1.6. There are also small-scale fluctuations in
the spectral indices, at least at the order of the beam size, i.e.,
7 kpc, in particular in the R2 region. Such fluctuations in the
spectral index distribution are also seen in simulations when the
medium is more turbulent (Dominguez-Fernandez et al. 2020).
Moreover, it seems that the filaments have different spectral
index values with respect to the low surface brightness regions
of the relic.
The textbook examples of radio relics, such as the Sausage

and the Toothbrush, show clear spectral index gradients in
downstream areas, reflecting the aging of the relativistic
electron population, while the shock front propagates outward
(van Weeren et al. 2010, 2012a; Stroe et al. 2013; Rajpurohit
et al. 2020b; Di Gennaro et al. 2018; de Gasperin et al. 2020).
Even at such a high resolution, we do not find any clear
uniform trends of the spectral index gradient across the entire
relic in A2256. However, the northern part of the relic
apparently shows a hint of a spectral index gradient from west
to east. The main difference with respect to the Sausage and
Toothbrush relics is that the relic in A2256 is believed to be
seen nearly face-on, while the other two are close to edge-on.
The medium-resolution spectral index maps for a set of two

pairs of frequencies are shown in Figure 8. In these maps, we
see more emission, for example, at the eastern end of R1, which
is resolved out in the high-resolution spectral index map shown
in Figure 7. The steepest spectral indices are seen at the eastern
end of the R1 region of the relic, namely, about −2. The
spectral index gradient in R1 is clearly visible in these maps.
The similar gradient is not observed in the R2 region of the
relic.
In Figure 9 (left panel), we show the spectral index profiles

extracted between 144MHz and 1.5 GHz for the northern and
southern parts of the relic averaged over rectangular boxes of
width 11 kpc. These boxes are indicated in the right panel of
Figure 5. The spectral index across the southern part of the relic

Figure 6. Energy fraction ξe channeled into the acceleration of suprathermal
electrons as a function of magnetic field. We adopted the Mach number that
corresponds to the integrated spectral index, namely, 5.4= (blue line), and
a lower Mach number,  3.0= (orange line), which may reflect the actual
shock strength, assuming that the integrated spectral index is dominated by a
small fraction of the shock surface showing a higher Mach number. If only 1%
or less of the dissipated energy can be channeled into suprathermal electrons,
the minimum required magnetic field strength is 0.7–3 μG, which is a plausible
field strength for radio relics.
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is relatively constant except for the last five data points, which
may be contaminated by the emission from source B and the
halo. In contrast, a clear spectral index gradient is evident in the
northern part. This part shows a spectral index steepening up to
−1.5 over a distance of about 214 kpc. The difference in the

spectral index trends between the northern and southern parts
of the relic could be due to projection effects.
The spatially resolved spectral index maps are often used to

measure the injection index at the shock front. Since the large
part of the relic in A2256 is seen close to face-on (see

Figure 7. Top: high-resolution (6″) spectral index maps of the relic between 144 MHz and 1.5 GHz. The are spectral fluctuations across the relic. The bright filaments
show spectral indices flatter than −0.85. Contour levels are drawn at [1, 2, 4, 8, ...] × 3.0 σ rms and are from the LOFAR 144 MHz image. Bottom: corresponding
spectral index uncertainty. The beam size is indicated in the bottom left corner of the image.
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Figure 8. Spectral index maps of the relic between 144 and 675 MHz (top) and 675 MHz and 1.5 GHz (bottom) at 10″ resolution. A clear spectral index gradient is
visible across the northern part of the relic, while only a mild gradient is seen in the southern part of the relic. Contour levels are drawn at [1, 2, 4, 8, ...] × 3.0 σ rms

and are from the LOFAR 144 MHz image. The beam size is indicated in the bottom left corner of each image.
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Sections 5.5 and 5.6), it is very difficult to measure the spectral
index variations or curvature. In such cases, the spectral index
and curvature are highly affected by the superposition of the
relic emission along the line of sight and thus do not allow one
to discriminate the shock edge from the downstream regions.

5.5. Spectral Curvature

There are only a handful of relics where the spectral
curvature distribution is reported. The difficulty in studying
spectral curvature is that, in general, any curvature in the
spectrum is very gradual and therefore requires sensitive and
high-fidelity observations over a large frequency range at a
matched spatial resolution. The sensitive LOFAR, uGMRT
Band 4, and VLA L band allow one to perform a high spatial
resolution curvature analysis of the relic. We use the spectral
index maps created in Section 5.4. The pixelwise curvature
maps are created as

( )SC . 5144 MHz
675 MHz

675 MHz
1.5 GHza a= - +

According to this convention, the curvature is negative for the
convex spectrum and positive for the concave spectrum. The
resulting curvature maps at two different resolutions (6″ and
10″ resolutions) are shown in Figure 10. The curvature
distribution is quite complex in the relic and varies mainly
from −1.0 to 1.0.

Visible in the high-resolution curvature map, the relic shows
both convex and concave curvatures; see the top panel of
Figure 10. There are also small-scale curvature variations along
the length of the relic with a size of the order of the beam size,
i.e., 7 kpc. In the medium-resolution curvature map (bottom
panel of Figure 10), the northern part of the relic shows a clear
convex curvature gradient; the curvature increases from east to
west, reaching values of −1.0. The eastern end of the R1 region
shows the maximum convex curvature.

The curvature profiles for the northern and southern parts of
the relic, as measured in the same boxes as the spectral index
profiles (see Figure 5), are shown in the right panel of Figure 9.
As seen in the spatially resolved curvature maps, the northern

part of the relic reveals a clear convex curvature gradient. In
contrast, the curvature is almost constant and not significant
across the southern part of the relic.
Both the shock acceleration and reacceleration models

predict an increasing curvature in the downstream regions of
the relic due to the aging of electrons. To our knowledge,
curvature maps are currently available for only three relics: the
Sausage relic (Stroe et al. 2013) and the relics in
MACS J0717.5+3745 (Rajpurohit et al. 2021c) and A2244
(Rajpurohit et al. 2021a). These relics are believed to be seen
close to edge-on. In contrast to the relic in A2256, a clear
curvature gradient is seen across these relics, suggesting active
acceleration at the shock front and radiation losses in the
downstream regions. The absence of any significant uniform
curvature gradient for the entire relic in A2256, therefore,
strongly suggests that the southern part of the relic, the R2
region, is seen close to face-on. The R1 region is instead seen
edge-on.

5.6. Radio Color–Color Diagrams

To investigate the spectral shape of the relic, we make use of
radio color–color diagrams (Katz-Stone et al. 1993). These
diagrams represent the relation between low- and high-
frequency spectral indices for various positions in the source.
Radio color–color diagrams provide important information
about the electron and magnetic field distribution, the mixing of
different emission features, and the role of projection effects
(e.g., Rajpurohit et al. 2020b, 2021b). We use 10″ resolution
144MHz, 675MHz, and 1.5 GHz radio maps to construct the
color–color diagrams. The entire relic is covered by a grid of
square-shaped boxes of width 10″, i.e., similar to the beam size.
We only included regions where the radio source brightness is
above 3σrms at all three frequencies. The resulting plots are
shown in Figure 11. Each data point in these plots comes from
the integration of the flux within each box.
As found in the spatially resolved curvature maps, the relic

shows a complex spectral shape. Unlike the integrated spectra
(obtained by averaging over a large volume of relic emission),

Figure 9. Spectral index (left) and curvature (right) profiles across the northern and southern parts of the relic. The spectral curvature is obtained using 144 MHz,
675 MHz, and 1.5 GHz images. The R1 region of the relic shows a spectral index and a convex curvature gradient toward the cluster center. By contrast, the R2 region
shows a constant concave curvature. The total length of the red region is about 214 kpc, while the green region is 271 kpc. The absence of significant negative
curvature across the large part of the relic provides evidence that it is very likely seen face-on. Regions used for extracting the spectral indices are shown in the right
panel of Figure 5.
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Figure 10. Three frequency spectral curvature maps of the relic at 6″ (top) and 10″ (bottom) resolutions. The relic shows both negative and positive curvature. The
curvature is mostly close to zero and positive for the southern part of the relic (R2), while the negative curvature is visible at R1. The beam size is indicated in the
bottom left corner of the each image.
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the individual data points deviate from a simple power law
(dashed lines in Figure 11, where 144 MHz

675 MHz
675 MHz
1.5 GHza a= ),

indicating the presence of clear curvature. It is clear that most
of the data points are clustered around and above the power-
law line, suggesting power-law and concave spectra rather than
the typical convex spectra found in other radio relics (van
Weeren et al. 2012a; Stroe et al. 2013; Di Gennaro et al. 2018;
Rajpurohit et al. 2020b, 2021b, 2021a).

Data points around the power-law line imply that those
regions very likely have experienced recent particle injection.
Concave behavior in the color–color plane is expected if a
source has an inverted spectrum or different particle popula-
tions are superimposed along the line of sight. As seen in the
total power images, the relic is composed of a network of
filaments surrounded by low surface brightness diffuse
emission. Therefore, it is plausible that the concave spectra
are due to the complex superposition of different filamentary
structures and low surface brightness emission along the line of
sight. We discuss this further in Sections 5.7 and 5.8.

A significant number of data points also lie far below the
power-law line. Most of these points belong to the R1 region of
the relic, indicating convex spectra at those locations (see
Figure 11 middle panel). The steep-spectrum regions, as visible
in Figure 7, show mostly convex spectra. This hints that this
part of the relic is very likely seen close to edge-on, similar to
the Sausage and Toothbrush relics.

The overall spectral shape in the color–color diagram for the
relic in A2256 is very different from the other known large
relics, for example, the Toothbrush (van Weeren et al. 2012a;
Rajpurohit et al. 2020b), Sausage (Stroe et al. 2013; Di
Gennaro et al. 2018), MACS J0717.5+3745 (Rajpurohit et al.
2021b), and A2244 (Rajpurohit et al. 2021a) relics. These relics
exhibit a single, continuous spectral shape throughout with a
clear convex curvature gradient, indicating the acceleration of
the relativistic electrons at the leading edge of the relic, where
the shock front is expected, followed by radiative cooling. In
contrast, the spectral shape of the A2256 relic is complex and
shows a broad range of spectra. Excluding a part of the R1
region, the data points are mostly clustered around and above
the power-law line.

The morphology of radio relics can be understood by
comparing the color–color diagrams with spectral aging

models, such as the Jaffe–Perola (JP; Jaffe & Perola 1973)
and KGJP (Komissarov & Gubanov 1994) models; see
discussion in Rajpurohit et al. (2020b). In addition, color–
color diagrams are also sensitive to the relic’s viewing angle
(Rajpurohit et al. 2021b). If a relic is observed close to edge-on
and a CRe population is injected with a uniform Mach number,
the spectral shape is expected to follow the JP model. In such
cases, the radio plasma ages in the downstream regions of the
shock front; therefore, a spectrum of a single spectral age is
observed for each line of sight.
If the shock front is instead inclined with respect to the line

of sight, different ages are present along the line of sight and
thus contribute to the observed spectrum. In this case, the
spectral shape can be described by the KGJP model.
Simulations also suggest that if a relic is seen face-on, a broad
range of spectral index values is expected in the observed
color–color diagram (Rajpurohit et al. 2021b). The observed
spectral shape of the entire A2256 relic is clearly inconsistent
with the JP and KGJP aging models. However, a part of R1 can
be explained by the KGJP model; see Figure 11 (middle panel).
The distribution of curvature seems to provide convincing
evidence that the southern part of the relic in A2256 is seen
nearly face-on (i.e., R2), but there is also the northern part,
which is rather close to edge-on (i.e., R1).
Overall, the complex spectral shape and a significant spread

in the color–color diagram for the relic suggest inhomogeneity
in the magnetic field, Mach numbers, and partially due to
overlapping of substructures along the same line of sight (see
Sections 5.7 and 5.8 for further discussion). The spectral
indices and curvature trends found for the A2256 relic can be
best understood by assuming a part of the shock front is seen
close to face-on and the other edge-on. The spectral properties
are in line with both the acceleration due to a shock crossing a
turbulent ICM and reacceleration (with the shock still crossing
the cloud of preexisting plasma).

5.7. Spectral Tomography

We construct images using the “spectral tomography”
technique, first introduced by Katz-Stone & Rudnick (1997).
This technique allows us to investigate local spectral index
variations of overlapping features. The first application of this

Figure 11. Radio color–color diagram of the entire relic (left) and the northern (middle) and southern (right) parts of the relic in A2256 superimposed with the JP (red
dashed line) and KGJP (blue dashed–dotted line) spectral aging models adopting αinj = −0.57. To extract spectral index values, we create square boxes with a width
of 10″ corresponding to a physical size of about 11 kpc. Compared to the other known relics, the A2256 relic shows a complicated curvature distribution. Most of the
points are clustered around the power-law line or above it, implying that the large part of the relic is very likely seen face-on.
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technique to relics revealed overlapping features along the line
of sight for the relic in MACS J0717.5+3745 (Rajpurohit et al.
2021b). In this technique, one of the images scaled at a spectral
index of αt is subtracted from the other image as

⎜ ⎟
⎛
⎝

⎞
⎠

( ) ( )I I I , 6t
1

2

t

1 2a
n
n

= -n

a

n

where ν1= 144MHz and ν2= 1.5 GHz. In the resulting
images, features with spectral index αt will vanish because
the spectral index approaches the true value. Features with
spectral indices different than αt will appear as regions of
positive flux (light) or negative flux (dark). The differences in
the images allow us to identify distinct features according to
their spectral indices.

The resulting images are shown in Figure 12. The tomography
images reveal that the relic is composed of multiple overlapping
filaments. Although the individual filaments are quite distinct, it
is clear that the spectral index differs between the brighter and
fainter filaments. As shown in Figure 12(a), the prominent bright
filaments appear dark, implying that they have spectral indices
flatter than −0.85. Most of the filaments visible in the total
power maps are recovered at αt=−1.00. This indicates that that
the large-scale emission is rather dominated by filaments with
spectral indices flatter than −1.00. This behavior is expected
from high Mach number patches or regions that could be either
part of the shock front or other sites of fresh injection of CRe,
causing the observed flatter spectral indices.

Moreover, the low surface brightness diffuse emission
surrounding the filaments becomes clear at αt=−1.25 and
−1.45 (Figures 12(c) and (d)). This suggests that the low
surface brightness emission has a steeper spectral index than
the filaments. Interestingly, the spectral index also varies across
filaments; for example, the long filament shows the presence of
some very dark patches at αt=−1.25 (Figure 12(c)). In the
region where the relic meets the long tail of source C, we see
clear evidence of several different filaments overlapping with
the long tail; see Figures 12(b) and (c).

Figure 12(c) reveals that there are filaments, particularly
within the R2 region of the relic, crossing each other. The
projection of different filamentary structures in turn may affect
their spectral indices. Radio color–color diagrams obtained
from simulations indicate that overlapping between different
emitting structures within the relic results in concave spectra
(Rajpurohit et al. 2021b). Therefore, the concave spectra seen
in the radio color–color plots for the southern part of the relic in
A2256 could be partially due to the projection of different
filaments within the relic. However, overlapping of filaments is
also seen in the R1 region of the relic. But, in contrast to R2,
R1 mostly shows convex spectra.

5.8. Radio Brightness versus Spectral Index Relation

We examine how the spectral index and curvature are related
to the radio surface brightness. The resulting scatter plots are
shown in Figure 13 (top panels). The spectral index is
calculated between 144 MHz and 1.5 GHz, while the radio
surface brightness is taken from the high frequency. There is a
positive correlation between the radio brightness and spectral
index: brighter regions have flatter spectra.

The correlation between the brightness and spectral index is
well defined in the northern part of the relic (Figure 13, top
middle panel). There are also some data points showing flat

spectra, but they are fainter. Those points are located at the
boundary of R1 and R2.
Bright filaments are found to have flat spectral indices in the

range −0.7 to −0.9, while low fainter diffuse emission shows a
tendency toward steeper indices (α�−1.10). Similar trends
are reported by Owen et al. (2014). The flat spectral indices in
bright regions may hint that they trace the shock regions with
the highest Mach numbers and thus the sites of fresh injection,
dominating the production of relativistic electrons that are
responsible for the observed radio emission.
In the bottom panels of Figure 13, we show the relation of

radio surface brightness to spectral curvature. In general, the
bright regions show little curvature. The regions of low surface
brightness show significant curvature at R1. On the other hand,
R2 shows mostly concave spectral curvature for both high and
low surface brightness regions. If bright regions trace the
highest Mach number at the shock surface and the sites of fresh
injection, indeed, we do not expect significant curvature. This
seems to be consistent with the idea that bright filaments are
shock-related structures. Numerical simulations also show a
positive relation of the magnetic field and Mach number with
the surface brightness (e.g., see Figure 15 in Dominguez-
Fernandez et al. 2020). This again hints that at the sites of fresh
injection, the higher the B-field and Mach number, the brighter
the radio emission.
Interestingly, the boxes in the relic R2 generally show

concavely shaped spectra, in clear contrast to R1. We speculate
that this difference reflects that R1 is seen rather edge-on, while
R2 is seen more face-on. For the edge-on geometry, the surface
brightness correlates with the distance to the site of CRe
injection at the shock front. For this geometry, low surface
brightness boxes are further downstream and show a steeper
spectral index and more curved spectrum because of the aging
of the electron energy distribution. For the face-on geometry,
one would expect for all boxes a power-law spectrum identical
to the overall spectrum. However, the majority of the spectra in
the relic R2 are evidently concave. A possible reason for this
spectral shape is that the magnetic field strength is higher than
average in a region very close to the shock front. This enhanced
field strength close to the shock would cause concave spectra
and a spectral index less steep than –1, as observed for most of
the bright boxes in R2. When averaging over the entire relic
R2, that is, averaging over a large variation of Mach numbers
and magnetic field strengths, this “boost of the injection
spectrum” is possibly averaged out and hence not noticeable in
the overall spectrum. Thus, the concave spectra in R2 may
point to an enhanced magnetic field strength in the shock
region that decays quickly downstream of the shock.

5.9. Discrepancy and Offset between Radio and X-Ray–
Detected Shocks

From the radio integrated spectral index, we obtained a
shock of 5.4 0.6

1.0= -
- . Recently, from X-ray observations, Ge

et al. (2020) detected the presence of density and temperature
discontinuities at the northwest edge of the relic in A2256. The
shock Mach number obtained from X-ray observations is much
lower than that of the radio observations, namely,  =r
1.23 0.06 and 1.62 1.2T =  (based on the density and
temperature jumps, respectively). There is clearly a large
discrepancy between the Mach numbers obtained from radio
and X-ray observations. In several other radio relics, Mach
numbers obtained from radio observations are significantly

17

The Astrophysical Journal, 927:80 (21pp), 2022 March 1 Rajpurohit et al.



larger than the corresponding X-ray–derived Mach numbers
(e.g., van Weeren et al. 2016).

Cosmological simulations suggest that the radio and X-ray
structures projected to the sky may consist of shock surfaces of
different Mach numbers; radio observations tend to pick the
strongest Mach number shocks, while X-ray observations pick
the low Mach number shocks along a given line of sight
(Skillman et al. 2013; Hong et al. 2015; Roh et al. 2019; Wittor
et al. 2019; Dominguez-Fernandez et al. 2020). Recently,
Wittor et al. (2021) studied the radio versus X-ray Mach
number discrepancy by comparing numerical simulations with
the integrated radio spectra of the observed relics. They found
that radio and X-ray Mach numbers differ intrinsically because
they trace different parts of the underlying Mach number

distribution. Their study suggests that the radio Mach number
reflects the actual width of the underlying Mach number
distribution in radio relics.
Our spectral index and curvature analysis implies that the

southern relic is seen close to face-on. As reported by Wittor
et al. (2021), the X-ray Mach number reflects the mean of the
underlying Mach number distribution. However, the X-ray
Mach number is very sensitive to the orientation of the relic;
hence, it mostly underestimates the mean. On the other hand,
radio Mach numbers do not depend on the relic orientation and
are always biased toward the strongest shocks (Rajpurohit et al.
2021b; Wittor et al. 2021). Therefore, the shock detected in
radio observations may not be necessarily brightest in X-rays,
or vice versa. While in this relic, the large angle toward the

Figure 12. Gallery of spectral tomography maps between 144 MHz and 1.5 GHz at 6″ resolution. The range of αt is −0.85, −1.00, −1.25, and −1.45. The regions
with a spectrum steeper than αt appear positive (light regions), while regions with a flatter spectrum appear negative (dark regions). These images demonstrate that
there are several filamentary structures with different spectral indices. This also implies that the relic is composed of multiple overlapping structures.
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observer makes it possible to have these structures clearly
visible across the full shock extent, an X-ray observation can
only detect a weaker shock through a standard jump condition
analysis.

In Figure 14, we show 20″ resolution LOFAR 144MHz,
uGMRT 675MHz, and VLA 1.5 GHz images. The LOFAR
image reveals a much fainter radio emission to the northwest of
the relic emission. This fainter emission is also seen in the
uGMRT Band 4 low-resolution image. Ge et al. (2020)
reported that there is an apparent offset of about 150 kpc
(projected) between the relic emission at 1.5 GHz and the

discontinuity detected via X-ray observations. However, in our
VLA image, we do detect a part of this fainter emission
(Figure 14, right panel) at 20″. We do not find an offset as large
as 150 kpc in our 1.5 GHz radio map. From the LOFAR
144MHz image, it is clear that the faint radio emission reaches
the jump detected in X-ray observations very well. This
emission is a factor of 5–10 fainter than the bright radio
emission at the northwest edge of the relic. At all three
frequencies, it is evident that there is faint radio emission
between the location of the shock measured from X-ray
observations and the radio relic edge used by Ge et al. (2020).

Figure 13. Radio surface brightness (IR) at 1.5 GHz (in log scale) vs. spectral index (top) and curvature (bottom) distributions across the relic. The surface brightness
values were extracted from the same square boxes used in Figure 11 (i.e., 10″ width, similar to the beam size). It is evident that structures with high radio surface
brightness have flat spectral indices and show little curvature, implying that those regions are sites of acceleration (injection) and very likely trace high Mach number
shocks.

Figure 14. LOFAR, uGMRT Band 4, and VLA 1.5 GHz images at 20″ resolution, revealing fainter radio emission at the northwest edge of the relic. A red dashed
curve outlines the bright northwest edge of the relic emission detected in radio. The shock front identified by Ge et al. (2020) via X-ray observations is marked with a
blue dashed curve.
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We argue that there is no offset between the radio relic and the
X-ray–detected shock.

6. Summary and Conclusions

In this work, we have presented the first deep wideband,
high-resolution, low-frequency uGMRT and LOFAR radio
observations of the famous galaxy cluster A2256. Previous
studies of the cluster at frequencies below 1 GHz have been
limited by their poor resolution and sparser uvcoverage. Our
new uGMRT and LOFAR (120–169MHz) observations, in
combination with the archival VLA L- and S-band (1–4 GHz)
observations, provide crucial insights into the origin of the
large relic. We summarize our main findings as follows.

1. Our new images confirm the existence of complex
filamentary structures in the A2256 relic down to
300MHz. The relic emission appears more extended
toward low frequencies. We also detect the large halo
emission at the cluster center.

2. Using our high-sensitivity radio observations, we con-
strained the integrated radio spectrum of the radio relic.
The overall spectra of the entire relic and subregions (R1
and R2) closely follow a single power law between
144MHz and 3 GHz. We do not find any evidence of
low-frequency spectral steepening of the relic emission
below 3 GHz.

3. For the relic, we find an integrated spectral index of
α=−1.07± 0.02, which is significantly steeper than all
previously reported values. Our findings indicate that the
relic in A2256 follows the stationary state shock
condition like other well-known radio relics. Our analysis
also suggests that the fraction of energy channeled into
the acceleration of suprathermal electrons is about 1% or
less for a magnetic field strength of a few microgauss in
the relic region.

4. The northern part of the relic (R1) shows clear gradients
in both spectral index and spectral curvature. Small-scale
fluctuations in the spectral index are measured in the
southern part of the relic (R2) without any hint of spectral
gradient. The R2 shows a hint of concave curvature. The
difference in the spectral index and curvature between R1
and R2 may be due to projection effects.

5. The radio color–color diagrams reveal a complex
curvature distribution with a broad range of concave,
power-law, and convex spectra. This very likely implies
inhomogeneity in the magnetic field and varying Mach
number distributions across the relic structure. The
observed spectral shape suggests that R1 is seen edge-
on and R2 close to face-on.

6. We find that there are several filamentary structures in the
relic with different spectral indices crossing each other.
The individual filaments show different spectral indices;
bright filaments show a spectral index flatter than −0.85,
while less bright filaments are −0.85� α�−1.00.

7. A positive correlation is observed between the radio
brightness and spectral index, so that the brighter
regions/filaments have flatter spectra and show little
curvature. This suggests that those filaments are the sites
of fresh injection and trace high Mach number shock
regions.

8. In our 144 and 675MHz images, we detected low surface
brightness emission to the west of the relic. This faint

radio emission extends to the location of a shock detected
in X-rays. Unlike previous claims, our finding suggests
that there is no offset between the relic and the shock
detected in X-rays.

In conclusion, our new high-resolution and broadband
campaign of observation yields a consistent view of the radio
relic in A2256. The complexities of the detected filament and
substructures are understood in terms of a typical merger
shock-wave propagation through a more turbulent, magnetized,
and dynamically active ICM. We suggest that the relic surface
underlines the distribution of Mach numbers. The highest
values of this Mach distribution lead to flatter spectra of the
injected electrons. As a consequence, the observed radio
emission is dominated by the high tail of the Mach distribution,
which dominates the injection of electrons and thus the
observed radio emission. If the above picture is correct, the
radio relic in A2256 might not be particularly exceptional
compared to most of the radio relics in the literature. However,
through a favorable combination of inclination of the shock
along the line of sight and timing of the merger event, only in
A2256 can we have such a clear view of the shock surface.
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