
Draft version October 25, 2021
Preprint typeset using LATEX style emulateapj v. 12/16/11

DISCOVERY OF A DOUBLE RADIO RELIC IN ZWCL1447.2+2619: A RARE TESTBED FOR SHOCK ACCELERATION
MODELS WITH A PECULIAR SURFACE BRIGHTNESS RATIO

Wonki Lee1, M. James Jee1,2, Kyle Finner1,3, Kim HyeongHan1, Ruta Kale4, Hyein Yoon1,5,6, William Forman7, Ralph Kraft7,
Christine Jones7, and Aeree Chung1

Draft version October 25, 2021

ABSTRACT
We report a discovery of a double radio relic in the cluster merger ZwCl1447.2+2619 (𝑧 = 0.376) with uGMRT
observations at 420 MHz and 700 MHz. The linear sizes of the northern and southern relics are ∼0.3 Mpc
and ∼1.2 Mpc, respectively, which is consistent with the theoretical expectation that a larger relic is produced
in the less massive subcluster side. However, ZwCl1447.2+2619 is unlike other known double radio relic
systems, where the larger relics are much more luminous by several factors. In this merger the higher surface
brightness of the smaller northern relic makes its total radio luminosity comparable to that of the much larger
southern relic. The surface brightness ratio ∼0.1 between the two radio relics differs significantly from the
relation observed in other double radio relic systems. From our radio spectral analysis, we find that both relics
signify similar weak shocks with Mach numbers of 2.9± 0.8 and 2.0± 0.7 for the northern and southern relics,
respectively. Moreover, the northern relic is connected to a discrete radio source with an optical counterpart,
which indicates the possible presence of cosmic ray injection and re-acceleration. Therefore, we propose that
this atypical surface brightness ratio can be explained with the particle acceleration efficiency precipitously
dropping in the weak shock regime and/or with re-acceleration of fossil cosmic rays. Our multi-wavelength
analysis and numerical simulation suggest that ZwCl1447.2+2619 is a post-merger, which has experienced a
near head-on collision ∼0.7 Gyr ago.
Keywords: galaxies: clusters: intracluster medium, galaxies: clusters: individual:ZwCl1447.2+2619, radio

continuum: general, X-rays: galaxies: clusters

1. INTRODUCTION
Mpc-scale diffuse radio emissions from merging galaxy
clusters are broadly classified into two main categories: ra-
dio halos and radio relics. Radio halos are diffuse structures
roughly following the distribution of the intracluster medium
(ICM, e.g., Brunetti & Jones 2014). On the other hand, radio
relics are characterized by arc-like morphologies in the cluster
outskirts. As their name implies, radio relics have no distinct
counterparts in other wavelength. Also, their low spectral
ages rule out the possibility that the relics originate from point
source diffusion. Thus, radio relics have been interpreted as
indicating the locations of cosmic-ray formation (i.e., particle
acceleration) (e.g., Ensslin et al. 1998; vanWeeren et al. 2010,
2019).
It is nowwell accepted that the origin of radio relics is related
to a cluster merger shock. Shocks can accelerate electrons via
diffusive shock acceleration (DSA, e.g., Drury 1983, Bland-
ford & Eichler 1987) which generate high energy cosmic-ray
electrons (CRes) with the Lorentz factors 𝛾 & 103, which emit
a power-law synchrotron radiation (𝑆a ∝ a−𝛼, e.g., Feretti
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et al. 2012). This model can explain the observed power-law
spectrum at 100 MHz < a < 10 GHz (e.g., Rajpurohit et al.
2018, 2020). Discontinuities in the X-ray features across ra-
dio relics have been reported in a few systems, which further
support the shock-relic connection (e.g., Ogrean & Brüggen
2013; Akamatsu et al. 2015; Botteon et al. 2016).
The unique capability of radio relics to trace the merger
shocks has been used to infer the history of the host cluster
merger. To begin with, the very existence of a radio relic
constrains the system to be a post-merger, which in general is
difficult to confirm with other observations alone. Since radio
relics propagate along the collision axis and are elongated
perpendicular to it, the geometry of relics serves as a strong
indicator of the past collision axis, even when the collision had
a large impact parameter (e.g., Lee et al. 2020). Moreover,
as the shocks are not decelerated by gravity, unlike the gas,
dark matter, and galaxies, the distance to the radio relics from
the cluster center can be used to estimate the time since the
collision of the subclusters (e.g., Zhang et al. 2019; Kim et al.
2019; HyeongHan et al. 2020).
Radio relics by themselves are also used as an astrophysical
laboratory to study plasma acceleration. Studies have demon-
strated that the standard DSA alone is too inefficient in the
weak shock regime (M . 4) to explain the observed lumi-
nosity of radio relics (e.g., Botteon et al. 2020). Some studies
have suggested a pre-accelerationmechanism, which enhances
the DSA efficiency by pre-accelerating electrons atM & 2.3
with kinetic-scale instabilities formed in the upstream region
(e.g., Kang et al. 2019; Ha et al. 2021). Other studies propose
the presence of fossil CRes (e.g. Pinzke et al. 2013). Fossil
CRes are old, non-thermal populations generated by a past
acceleration process. These supra-thermal (𝛾 ∼ 100) fossil
CRes can be accelerated with much greater efficiency by weak
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shocks, compared to thermal electrons (e.g., Kang & Ryu
2011). This re-acceleration scenario has been supported by
some observations, which show hints of re-acceleration from
discrete sources (e.g., Bonafede et al. 2014; Shimwell et al.
2015; Stuardi et al. 2019; Jones et al. 2021). In particular,
Abell 3411-3412 may present an on-going process of CRes
injection from a cluster AGN to the radio relic (van Weeren
et al. 2017).
Clusters with double radio relics provide powerful tests of
the different plasma acceleration models. In theory, every
merger is expected to create two merger shocks traveling in
opposite directions. However, to produce two observable radio
relics, certain physical requirements should be met. Thus
double radio relics are rare; a few tens have been reported
to date (e.g., Bonafede et al. 2009; van Weeren et al. 2010,
2011, 2012; Kale et al. 2012; de Gasperin et al. 2015; Stuardi
et al. 2019). Since the two radio relics originate from the
same collision, they share some initial conditions, such as the
collision velocity. On the other hand, the properties of one
relic can be significantly different from the other if affected by
local environments such as CRes injection (e.g., Jones et al.
2021). Therefore, the difference in their properties beyond the
model prediction can be used to test different physical models
in the relic formation.
In this study, we report the discovery of double radio relic
in the galaxy cluster ZwCl1447.2+2619 (hereafter ZwCl1447)
at 𝑧 = 0.376 (Golovich et al. 2019a). Since ZwCl1447 was
identified by Butcher & Oemler (1984) as the cluster with the
highest fraction of blue galaxies of any cluster known at the
time, ZwCl1447 has been a subject of a number of studies
(e.g., Wu et al. 1999; Giovannini et al. 2009; Govoni et al.
2012). ZwCl1447 was classified as a merging galaxy cluster
by detection of diffuse radio emission and X-ray substructures
fromVLA and ROSAT observations, respectively (Giovannini
et al. 2009; Govoni et al. 2012).
However, the limited resolution (FWHM∼ 0.5′) in both X-
ray and radio observations from the previous studies prevented
accurate classification of the diffuse radio emissions and thus
our understanding of the merger scenario in ZwCl1447. Gio-
vannini et al. (2009) interpreted the northern radio emission
as a collection of a halo and a relic whereas Govoni et al.
(2012) regarded the entire northern radio emission as a radio
halo and suggested that the southern diffuse radio emission is
a relic. However, the claimed southern relic (only revealed by
their subtraction of point sources) has an unusual dimension
of ∼0.5 Mpc × ∼1 Mpc for a relic and is co-located with the
bright radio point sources.
In this work, we performed low-frequency radio continuum
observations inZwCl1447with the upgradedGiantMetrewave
Radio Telescope (uGMRT). With the benefits of the wide
frequency coverage at Band 3 (250 − 500 MHz) and Band 4
(550−850MHz), we improved both resolution and sensitivity
of the radio data by a factor of ∼68. Our interpretation is
aided by the Chandra X-ray and Subaru weak-lensing (WL)
observations, which are also first being presented.
The paper is organized as follows. The multi-wavelength
observations and their reduction process are described in §2.
We present our main results in §3 and discussions in §4 before
we conclude in §5. In this paper, we use theΛCDMcosmology
with 𝐻0 = 70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7. In the
adopted cosmology, 1′′ corresponds to 5.16 kpc at the cluster

8Our band 4 imagewith robust parameter 0.5 andVLA-D image at 1.4GHz
from Govoni et al. (2012) is compared.

redshift (𝑧 = 0.376).

2. OBSERVATIONS
2.1. Radio: uGMRT

We observed ZwCL1447 using the uGMRT in Bands 3
(250−500MHz), 4 (550−850MHz), and 5 (1000−1460MHz)
with on-source integrations of 2, 3, and 6 hours, respectively9.
The observations were carried out in 4096 frequency channels,
with a sampling time of 5 seconds. We chose the source
3C286 for both phase and amplitude calibration for all bands.
However, the Band 5 observation was severely affected by the
correlator malfunction and thus we did not use Band 5 data
for our scientific analysis.
We processed the uGMRT data with CASA v5.1.2-410 us-
ing the CAPTURE pipeline (Kale & Ishwara-Chandra 2021).
We began our reduction by flagging the known bad channels
and the first and last 10 seconds of each scan. The remaining
RFIs were flagged with the flagdata task using the clip and
tfcropmodes. The first-round calibrationwas iteratively per-
formed by computing the delay, gain, and bandpass solution.
In the second round, we flagged the data by running flagdata
in the rflag and tfcrop modes, depending on the inclusion
of arm antennas in the baseline. In total, we flagged ∼47%
and ∼56% of the data at Band 3 and Band 4, respectively. The
calibrated data were then rebinned by grouping five channels,
which gave channel widths of ∼0.2 MHz and ∼0.5 MHz for
Bands 3 and 4, respectively.
We ran the task tclean with the options of the MS-MFS
(multi-scale multi-frequency synthesis, Rau & Cornwell
2011) deconvolver, two Taylor terms (nterms=2), and
W-Projection (Cornwell et al. 2008) to accurately model
the wide bandwidth and the non-coplanar field of view of
uGMRT. To model the diffuse emission, we chose a set of
scales that were 0, 5, and 15× the beam size for MS-MFS. The
task tclean automaticallymasks out regions during the clean-
ing process via the auto-multithresh (Kepley et al. 2020)
algorithm. We visually inspected these masks before applying
them. We tested the “briggs” weighting scheme with different
robust parameters. We found that a robust parameter of 0.5
best detects the diffuse radio emissions without losing much
spatial resolution. These images are further smoothed when
we need to match the beam size of radio images at different
frequencies (§3.2, §4.1). We confirmed that the flux of dif-
fuse radio emissions is consistent in the radio image with a
larger robust parameter. We used a robust parameter of 0
when resolving the compact radio emissions. The resulting
noise levels and beam sizes of the used cleaned images are
summarized in Table 1.
We performed the primary beam gain correction with the
task wbpbgmrt 11, which evaluates the primary beam correc-
tions at multiple channels to properly account for the wide
bandwidth of the uGMRT. We note that the effect of the cor-
rection is small as our target is concentrated on the image
center (. 5′).
We assume the flux calibration uncertainty is 10% across
all frequencies following Chandra et al. (2004). Then, the flux
density uncertainty (Δ 𝑓 ) is estimated from:

Δ 𝑓 =

√︃
(0.1 𝑓 )2 + 𝑁beam (𝜎rms)2, (1)

9 Program code: 36_002 (Band 3, 4), 37_124 (Band 5).
10 http://casa.nrao.edu
11 https://github.com/ruta-k/uGMRTprimarybeam
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Figure 1. Multi-wavelength view of ZwCl1447 with uGMRT radio emission (green), Chandra X-ray map (red), and the Subaru optical color composite image
overlaid with the weak-lensing mass reconstruction contours (white). The radio emission is smoothed by 10′′ Gaussian kernel. The X-ray map is adaptively
smoothed with csmooth in ciao−4.13. The effective smoothing kernel width of the WL mass reconstruction is ∼40′′. Our WL analysis detects two mass clumps
coincident with the substructures identified from the X-ray observations. The brightest cluster galaxy (asterisk) is a strong radio point source and appears to
belong to the northern subcluster. Two elongated diffuse radio structures (NR and SR) are identified in the cluster outskirts with the orientation perpendicular to
the elongation of the X-ray emission and the WL mass distribution.

where 𝑓 is the flux density, 𝑁beam is the number of beams,
and 𝜎rms is the background noise per beam. We compare the
fluxes of the two discrete sources: FIRST J145007.4+254912
and FIRST J144803.1+262731 with those from the publicly
available catalogues (Douglas et al. 1996; Lane et al. 2014).
We found consistent fractional differences of 15% and −20%
at 420MHz (Band 3) and 700MHz (Band 4), respectively, and
applied the corrections to our data.

2.2. X-ray: Chandra
We investigate the X-ray properties of the cluster using the
40 ksec Chandra observations (ID: 20784, 22721, PI: R.,

Kraft), which were carried out with ACIS-I in VFAINT mode.
Each program was processed with the chandra_repro script
in ciao−4.13. Then, we flagged and removed epochs with
background flares by applying 2-sigma clipping with lc_clean
in Sherpa−4.13. The resulting exposure time is 30 ksec. We
identified point sources with wavdetect and masked them out
after visual inspection. The X-ray luminosity was estimated
from the photons in the [0.1, 2.4] keV energy band and the
temperature of each cluster was modeled by fitting the spectra
obtained in the energy range [0.5, 7.0] keV with the 𝑝ℎ𝑎𝑏𝑠 ×
𝐴𝑃𝐸𝐶 model (e.g., Vikhlinin 2006).
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Figure 2. ZwCL1447 radio map at 420 MHz (Band 3, 250 − 500 MHz, left) and 700 MHz (Band 4, 550 − 850 MHz, right) with high- (top) and low-resolution
(bottom) setups. The high- (low-)resolution images are cleaned with the robust parameter 0 (0.5) with Briggs weighting. Synthesized beam of the high-resolution
images is shown as the cyan ellipse in the bottom left corner. Low-resolution images are smoothed to have 10′′-size beam with imsmooth to emphasize
the diffuse radio emission. White solid contours mark the 3𝜎 level and are spaced by a factor of

√
2. Dotted contours mark the −3𝜎 level. Noise in the

high-resolution image is 𝜎420MHz,HR = 28`Jy beam−1 (b = 6.′′7 × 5.′′6) and 𝜎700MHz,HR = 18`Jy beam−1 (b = 5.′′7 × 3.′′7) and in the low-resolution image is
𝜎420MHz,LR = 44`Jy beam−1 and 𝜎700MHz,LR = 42`Jy beam−1. Annotations note the identified diffuse radio emissions (regions marked the yellow, dashed
segments) and discrete radio sources. For NCR, we manually select the region that excludes the discrete source.

2.3. Optical: Subaru & Keck/DEIMOS
We performed WL analysis using Subaru/SuprimeCam 𝑔,

𝑟, and 𝑖-band observations following the procedures of Finner
et al. (2020). In brief, we modeled the PSF using princi-
pal component analysis on individual exposures and mea-
sured galaxy shapes through forward-modeling using PSF-
convolved elliptical Gaussians. Source galaxies were selected
based on the color-color diagram by excluding the locus of the
91 spectroscopic members obtained from the Keck/DEIMOS
and SDSS observations (Golovich et al. 2019b). We achieved

a source density of ∼30 arcmin−2. Our mass reconstruction
shows that ZwCl1447 is comprised of at least three significant
substructures (see Figure 1) that closely tracing the cluster
galaxy distributions. We estimated the substructure masses
by simultaneously fitting NFW models centered at individual
BCGs. Readers are referred to Finner et al. (2021) for detailed
descriptions on the individual steps.
We generated a galaxy number density map using cluster
member candidates. The candidates were first selected on the
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color-magnitude diagram with 19 ≤ 𝑚𝑟 ≤ 2212 and 𝑔 − 𝑟 ≥
1.2. We refined the selection based on the distribution of
the spectroscopic members (|𝑧 − 0.376| < 0.01) on the color-
color diagram. As a result, a total of 834 member candidates
were selected and used to generate the cluster optical number
density map.
Our Keck/DEIMOS observations cover a wavelength range
of ∼4800Å to ∼6800Å in the cluster rest frame. Thewavelength
coverage includes the H𝛼, H𝛽, [OIII], and [NII] emission
lines, which can be used to characterize the SF/AGN activi-
ties (e.g., Baldwin et al. 1981). We used the ratios of these
emission lines to discuss the origin of the radio emission.

3. RESULTS
Our multi-wavelength observations of ZwCl1447 are sum-
marized in Figure 1. The 𝐶ℎ𝑎𝑛𝑑𝑟𝑎 X-ray observation re-
veals two X-ray substructures aligned in the NE-SW orienta-
tion (§3.4). The WL mass reconstruction also presents two
substructures coincident with the X-ray substructures (§3.5),
which strongly suggests that ZwCl1447 is a binary cluster
merger.
The merger phase (pre-merger vs. post-merger) of the main
binary structure is uncertain, based on the X-ray and WL
data alone. However, our discovery of the radio relics with
uGMRT unambiguously confirms that the system is clearly in
a post-merger state. Two remarkable diffuse radio emissions
are present in the cluster outskirts. The vector connecting the
centers of these two radio emissions is well-aligned with that
defined by the aforementioned two substructures revealed by
the WL and X-ray data, which is consistent with the expecta-
tion that the merger indeed happened in the NE-SW direction.
In addition, the elongations of both radio components are per-
pendicular to this hypothesized collision axis. Based on their
morphology, orientation, and location, we classify them as
radio relics, which makes ZwCl1447 one of only a few tens
of clusters that possess a double radio relic (van Weeren et al.
2019).

3.1. Radio emissions in ZwCL1447
Figure 2 features the high-resolution (top, robust=0) and the
low-resolution (bottom, robust=0.5) radio images at 420 MHz
(left) and 700 MHz (right column). The two bottom-panel
images were smoothed to have an equal beam size of 10′′×10′′
to make the diffuse radio structures appear more prominent.
We describe the analysis of the annotated radio features in
§3.1.1-4. Our spectral analysis is presented in §3.2.

3.1.1. Southern radio relic

The southern radio relic (hereafter SR) is the largest radio
structure in ZwCl1447. The extent of SR is ∼1.4Mpc at
420 MHz (∼1.2Mpc at 700MHz). SR is also remarkably
thin. Using the contour level having half the peak intensity
in SR, we measure the average width to be ∼0.1Mpc. SR is
separated from the BCG by ∼1.3Mpc and from the southern
X-ray core by ∼0.8Mpc. The latter is comparable to the virial
radius of the southern cluster (∼1Mpc, §3.5). Such a thin,
long morphology is rare and has been reported for only a few
radio relics including the Sausage relic in CIZA J2242.8+5301
(van Weeren et al. 2010). We stress that this detailed structure
was not accessible with the previous VLA data (Govoni et al.
2012).

12 The 𝑟 -band magnitude of the BCG is 𝑚𝑟 = 19.

Figure 3. Spatial distribution of the spectral index (top) and its error (bottom)
overlaid with the low-resolution 420MHz radio contours. The spectral index
is estimated by fitting a power law function for each pixel that exceeds 3𝜎 on
both 420MHz and 700MHz low-resolution radio maps. Spectral index and
error map have a resolution of 10′′ × 10′′.
The surface brightness of SR varies along its extension.
The ∼300 kpc central patch shows a factor of ∼2 higher surface
brightness than the wings. This resembles the feature seen
in numerical simulations, where a spherical shock wave pro-
duces a center-bright radio relic (e.g., vanWeeren et al. 2012).
However, we caution that this interpretation should be viewed
with caution, since in this region there also is a spectroscopic
cluster member, which, if it provides a fossil CR cloud, may
explain the aforementioned brightness variation (e.g., Jones
et al. 2021).

3.1.2. Northern radio relic

The northern radio relic (hereafter NR) is ∼0.3Mpc long and
∼0.1Mpcwide. The width is similar to that of SR. Its distance
(∼0.5Mpc) from the northern X-ray emission rules out the
classification of the feature as a radio halo. The orientation is
parallel to SR and perpendicular to the hypothesized merger
axis. Also, as discussed in §3.2 and §4.1, there is an indication
of width-wise (i.e., along the merger axis) spectral steepening.
Thus, we classify NR as a radio relic.
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Table 1
Properties of the cleaned uGMRT radio image.

Band Frequencya On-source Robustb 𝜎rms Resolutionc Scientific usaged
[MHz] time (h) parameter [`Jy b−1]

3 350-490 2.8 0 28 6.′′7 × 5.′′7 High-resolution radio map (Fig. 2)
0.5 31 8.′′2 × 6.′′6 1D spectral index profile (Fig. 6)
0.5 44 10′′ × 10′′ Low-resolution radio map (Fig. 2), 2D spectral index map (Fig. 3)

4 570-800 3.5 0 18 5.′′7 × 3.′′7 High-resolution radio map (Fig. 2)
0.5 14 8.′′2 × 6.′′6 1D spectral index profile (Fig. 6)
0.5 42 10′′ × 10′′ Low-resolution radio map (Fig. 2), 2D spectral index map (Fig. 3)

aFrequency range that we used in the cleaning process.
bRobust parameter used with briggs weighting.
cSynthesized beam or smoothed beam size. Beam is smoothed to match the beam size between the images.
dThe scientific usage of each image and the name of the Figure that used the image.

Table 2
Radio properties of diffuse radio emissions.

Name 𝑆420 MHz 𝑆700 MHz 𝐿𝐿𝑆a 𝛼700 MHz420 MHz M 𝑃1.4 GHz
b

[mJy] [mJy] [kpc] [1023W Hz−1]
NR 4.38±0.48 2.30±0.26 300 1.27±0.31 2.9±0.8 5.1±2.2
NCR 11.67±1.19 5.30±0.55 340 1.55±0.29 2.2±0.7 10.6±4.2
SR 13.70±1.44 5.81±0.64 1200 (1400c) 1.68±0.30 2.0±0.7 11.1±4.6
SCR 5.09±0.56 2.29±0.27 270 1.57±0.32 2.1±0.8 4.6±2.0

aLargest linear size (LLS) of the diffuse radio emissions.
bExtrapolated luminosity at the rest frame frequency 1.4 GHz assuming a power law.
cThe LLS measured at 420 MHz.

The western edge of NR appears to be connected to a dis-
crete radio source (denoted as “I" in the upper-right panel of
Figure 2). This radio source has an optical counterpart, whose
photometric colors are consistent with those of the spectro-
scopic members (§3.3). The connected feature hints at the
interesting possibility that NR might have originated from the
AGN activity and shock-induced re-acceleration. We discuss
this scenario in more detail based on the spectral profiles in
§4.1.

3.1.3. Other Diffuse Radio Emissions

We identify two additional regions of diffuse radio emission.
Wemark the feature near NR (SR) as NCR (SCR) in the lower-
left panel of Figure 2. NCR was classified as a radio halo in
previous studies (Giacintucci et al. 2009; Govoni et al. 2012).
However, our high-resolution radio and X-ray data show that
NCR is significantly offset (∼0.3Mpc) from the nearest X-
ray emission (see Figure 1). Thus, we rule out that NCR
is a radio halo. SCR, which is less luminous than NCR,
was not resolved in previous studies. The morphological and
geometrical features of NCR and SCR are similar. They are
extended by ∼0.3Mpc in the direction nearly perpendicular
to the hypothesized merger axis, as are the two radio relics.
They are separated from their adjacent radio relics by similar
distances (∼200 kpc). The thickness of SCR (∼0.15Mpc) is
also similar to that of NCR (∼0.2Mpc); they are wider than
SR and NR. Therefore, it is plausible that they might have
originated from similar mechanisms.
With our current data, their origin is unclear. One may
suggest that NCR may have originated from a revived fossil
plasma supplied by the neighboring radio galaxy (§3.3). How-
ever, NCR is also clearly seen at VLA 1.4 GHz (Govoni et al.
2012). Other known revived fossil plasma features usually
have steep spectral indices and are hard to identify at high
frequencies (e.g., Mandal et al. 2020). A secondary merger
shock is also possible (e.g., Churazov et al. 2021). Deeper

data are needed for further analysis.

3.1.4. Point-like radio sources

Our uGMRT observations resolve many point-like radio
sources (see the annotations in the upper-right panel of Fig-
ure 2). We measured their properties using the radio images
whose PSFs are circularized and matched (bottom panel in
Figure 2). The results are summarized in Table 3. We tested
our flux measurement by comparing the extrapolated 1.4 GHz
flux with the result in Govoni et al. (2012) and verified that
the fluxes of the discrete sources ‘B’, ‘D’, and ‘E’ agree within
their 1𝜎 uncertainties.

3.2. Spectral analysis
Spectral analysis is a powerful tool to understand the origin
of diffuse radio emissions. Under the assumption of DSA, a
radio spectral slope can be translated into the shock strength.
Furthermore, its spatial variation can inform us of the ag-
ing process. The shock strength (M) satisfies the following
equation:

M =

√︄
2𝛼inj + 3
2𝛼inj − 1

, (2)

where 𝛼inj is the injection spectral index (e.g., Drury 1983).
In practice, it is difficult to obtain 𝛼inj directly and thus instead
the integrated spectral index 𝛼int is measured. Since the radio
emission from newly accelerated electrons is mixed with the
ones from (cooled) old populations, 𝛼int is larger than 𝛼inj. For
a planar shock, where the time since the last acceleration ex-
ceeds the cooling timescale, 𝛼int and 𝛼inj are related as follows
(e.g., Kang 2015):

𝛼int ' 𝛼inj + 0.5. (3)

We fit a power law to the integrated flux measured within
the fan-shape regions in Figure 2. To account for the differ-
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Figure 4. Subaru optical band (𝑔, 𝑟 , and 𝑖) color image of ZwCl1447 overlaid with the high resolution radio map at 700 MHz. The cropped images show
the optical counterpart of the discrete radio source and the galaxies that are embedded in the diffuse radio emissions (‘SCR*’, ‘SR*’). Optical counterpart of
‘I’ is classified as a photometric cluster member, whereas the remaining galaxies shown in the cropped images are spectroscopic members. Head-tail radio
morphologies and galaxies embedded in the diffuse radio emission hint at the possibility that many of the local galaxies can inject fossil CRes into the diffuse
radio structures. We signify AGN activity on ‘D’ and SF activity on ‘H’ and ‘SCR*’ using the emission line ratio. We suspect that the SF activity of these cluster
galaxy can be a source of fossil CRes injection on NCR and SCR.

ence in resolution between the two bands, we used the PSF-
homogenized radio maps (bottom panel of Figure 2), which
have the identical beam size of 10′′. The resulting flux mea-
surements, integrated spectral indices, and Mach numbers are
summarized in Table 2.
Our spectral analysis indicates that the inferred shocks from
the four diffuse emissions in ZwCl1447 are consistently weak,
with the shock strength (M) spanning a range from 2.0 to
2.9. We verify that the spectral slopes for NR and NCR are
consistent with what we obtain from the archival VLA data
(𝛼1.4GHz400MHz ∼ 1.3 and ∼ 1.5 for NR and NCR, respectively)13.
Note that SR and SCR are not detected with the VLA data.
We present the spatial distribution of the spectral index and
its error map in Figure 3. We limit our analysis to the re-
gions where the significance is > 3𝜎 at both frequencies. The
spectral map of NR, if we exclude the region on the discrete
source ‘I’ that shows a large spectral index, hints at spectral
steepeningwith themeasurement at the northeastern edge (i.e.,
away from the cluster) being flatter (𝛼 ∼ 0.5) than the value

13 The VLA data is processed using vlarun in AIPS and a power-law was
fitted on the three frequencies data.

Table 3
Radio properties of discrete radio sources.

Name RA Dec 𝑆420 MHz [mJy] 𝑆700 MHz [mJy]
A1&A2 14 49 29.7 26 07 55.5 82.1±8.2 42.8±4.3
B 14 49 28.1 26 08 21.5 9.1±0.9 4.0±0.4
C 14 49 30.6 26 09 10.2 6.0±0.6 3.2±0.3
D 14 49 33.1 26 04 04.7 7.1±0.7 8.9±0.9
E 14 49 26.6 26 05 21.2 9.4±0.9 5.2±0.5
F 14 49 18.1 26 05 29.0 6.0±0.6 3.4±0.3
G 14 49 34.9 26 07 53.3 1.2±0.1 0.5±0.1
H 14 49 31.7 26 08 47.0 4.8±0.5 2.1±0.2
I 14 49 34.3 26 09 07.4 1.1±0.2 0.7±0.1
J 14 49 29.7 26 02 53.0 1.7±0.2 1.0±0.1

(𝛼 & 2) at the southwestern edge (i.e., toward the cluster).
This steepening direction is consistent with a merger shock di-
rection, which we expect to propagate towards northeast along
the merger axis and so accelerates particles on its leading edge
at northeast. Also, the map indicates the possible presence
of longitudinal steepening away from the discrete source ‘I’,
which can be interpreted as the feature originating from the
point source (e.g., CRes diffusion).
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Figure 5. Chandra X-ray map (left), weak-lensing mass map (middle), and photometric member galaxy number density map (right) overlaid with low-resolution
420MHz radio contours. The X-ray image is the point source-subtracted, exposure corrected, and smooth with a 5′′ Gaussian. The effective smoothing kernel size
of the WL mass reconstruction is ∼40′′. All maps feature at least two substructures that are enclosed by the double radio relic and aligned in the NE-SW direction.
The two substructures are most likely the components that collided and generated double radio relic. A third substructure can be identified in the southern outskirts
in the WL mass map and the number density map (yellow arrow). The X-ray observation suffers from poor exposure time at the third substructure, due to the chip
gap.

In NCR, a flat spectrum is found near the discrete source ‘H’
and the spectrum steepens toward the east. One may interpret
this as CRes diffusion from the source ‘H’ toward the east.
However, since we can also find a region with a flat spectrum
near the eastern edge (furthest from the discrete source), it
is difficult to explain the observed feature with this scenario
alone.
We do not see a clear spatial trend of spectral steepening in
SR nor SCRwhere the spectral index is fluctuating lengthwise.
This complex spatial variationmay be attributed to the possible
presence of a turbulent medium (e.g., Dominguez-Fernandez
et al. 2021) or large measurement errors.

3.3. Radio-emitting cluster galaxies
SF/AGN activity of cluster galaxies can supply CRes to ICM
(e.g., Völk et al. 1996; van Weeren et al. 2017). These CRes
are visible in radio for only few tens of Myr by a radiative loss.
Thus, the CRes injected in the past (i.e. fossil CRes) do not di-
rectly contribute to the cluster radio emissions. Nevertheless,
they can provide a supra-thermal seed population and enhance
the acceleration efficiency of merger shocks (e.g., Kang&Ryu
2011; Pinzke et al. 2013). Therefore, we can suspect a con-
tribution of fossil CRes on those diffuse radio emissions near
the cluster radio galaxies.
In Figure 4, we present the zoomed-in Subaru optical color
images of the cluster galaxies that co-locate with significant
radio emissions. As mentioned earlier, galaxy ‘I’ is a photo-
metric cluster member (𝑧phot = 0.4 ± 0.1, Beck et al. 2016)
while the rest are spectroscopically confirmed members.
Many radio point sources show a head-tail morphology.
Asymmetric tails of 100 kpc-scale are observed in ‘A1’, ‘A2’,
‘B’, and ‘E’. And, except for ‘B’, the tails are extended par-
allel to the hypothesized merger axis. Such alignments may
be attributed to a strong bulk motion of the ICM along the
merger axis (e.g., Jones & Owen 1979). Under this merger
configuration, it is plausible that a significant amount of fossil
CRes are fed into the cluster environment along the merger
axis.
Using the Keck/DEIMOS spectra, we searched for signs
of SF/AGN activity. We derive the line ratios for spectra
that posses strong emission lines by Gaussian fitting. The
optical counterpart of ‘D’ has a strong [OIII] emission line,

signifyingAGNactivity. On the other hand, the targets ‘H’ and
‘SCR∗’ present strong H𝛼 and H𝛽 emission lines over [NII]
and [OIII], which satisfies the criteria for SF activities. Thus,
we suspect that NCR and SCR, which harbor these galaxies,
may originate from re-acceleration of fossil CRes injected by
the SF activity of the cluster galaxies.

3.4. X-ray emissions
The left panel of Figure 5 shows the Chandra X-ray im-
age of ZwCl1447 smoothed with a 𝜎 = 5′′ Gaussian kernel.
The highly elongated morphology of the X-ray map supports
our NE-SW post-merger scenario. The two X-ray peaks are
well aligned with the two WL mass clumps (middle panel
of Figure 5). Also, the northern X-ray peak is in good spa-
tial agreement with the BCG,which is approximately cospatial
with the highest peak of the galaxy number density (right panel
of Figure 5). On the other hand, the southern X-ray peak does
not coincide with a distinct galaxy overdensity. Since our
current spectroscopic catalog is highly incomplete, further in-
vestigation on this issue using spectroscopic members requires
a deeper observation.
We performX-ray spectral analysis by fitting a plasmamodel
as described in §2.2. As a whole (𝑟 < 800 kpc), the temper-
ature of the cluster is measured to be 4.5 ± 0.8 keV. The
X-ray luminosity is measured to be 𝐿𝑋 ∼ 3.66 × 1044erg s−1
at 0.1 − 2.4 keV, which is consistent with the ROSAT-based
result (Wu et al. 1999; Govoni et al. 2012) and with the mass-
derived luminosity (§3.5, Pratt et al. 2010). The spectrum
for each substructure is derived from the 𝑟 = 200 kpc circu-
lar region centered on the peak. We find that the northern
and southern substructures have temperatures (X-ray lumi-
nosities) of 4.4± 0.9 keV (∼5× 1043erg s−1) and 3.3± 0.5 keV
(∼9 × 1043erg s−1), respectively. The current X-ray data does
not allow us to detect any surface brightness discontinuity at
the location of the radio relic.

3.5. Optical band & WL analysis
The WL mass and galaxy number density maps are highly
correlated and both are extended in the same direction, along
the hypothesized merger axis. However, as mentioned in §3.4,
the galaxy number density at the location of the southern WL
and X-ray peaks is not significantly concentrated.
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Figure 6. (Left) Cropped Subaru optical band image of NR overlaid with the 420 MHz radio contours (robust=0.5). Flux (top) and integrated spectral slope
profile (bottom row) of NR along radial (middle) and tangential direction (right column). Bins that are used to define the region of flux integration are marked
with ticks along the fan-shaped region in the left figure. The reference point of the radial and the tangential profile is the shock surface (i.e. radial outermost bin)
and the discrete source ‘I’, respectively. ‘x’-axis of the radial and the tangential profile is the distance from the shock (𝐷sh) and from the galaxy (𝐷gal). We mark
two errorbars: one that is based on the Equation 1 (line) and the other that does not count the flux calibration error (box). We use the latter in comparing the
spectral index as the index will change throughout the entire profile with a zero-value correction by the flux calibration. The spectral slope in the radial spectral
profile shows a hint of spectral steepening (2.1𝜎), which supports the shock acceleration scenario.

In addition to the main two (NW and SE) substructures, a
third substructure is detected ∼1.4Mpc south of the BCG with
both WL and galaxy number density maps (yellow arrow in
Figure 5). This substructure is not seen in the Chandra X-ray
map. Considering the RASS X-ray overdensity visible at this
location (Govoni et al. 2012), it is possible that the absence of
the signal from the current Chandra data may be due to the
coincidence of the CCD chip gap with the substructure. In this
study, we assume that the third substructure did not contribute
significantly to the formation of the current X-ray and radio
features. With three-body encounter, it is difficult to explain
the symmetric morphologies of the X-ray and radio emissions
and the alignment of the two merger axes inferred from them
individually.
A very bright star (𝑟 ∼ 9mag) is present, ∼4′ south of the SE
substructure. If left unmasked, many spurious sources whose
shapes are tangentially aligned with respect to the star would
produce a strong false WL peak at the location of the star.
Thus, we applied a large circular mask to prevent it. Since the
location of the star is distant from the main (NW and SE) sub-
structures, the impact of this masking should be insignificant
on our WL analysis. Alternatively, one can choose to address
the issue by subtracting the stellar PSF profile and detecting
sources near the star as is done for the analysis of A1240 in Cho
et al. (2021). This involves careful identification and removal
of spurious sources due to imperfect subtraction. We veri-
fied that the WL results when this method is applied remain
unchanged.
The masses of these two substructures were derived by fit-
ting two NFW profiles (Navarro et al. 1996) simultaneously.
We fix each profile center to the nearest BCG. The mass
of the northern (southern) substructure is determined to be
2.7± 0.8× 1014𝑀sun (1.0± 0.5× 1014𝑀sun). The result shows
that ZwCl1447 is a major merger with a ∼3 : 1 mass ratio.
Our single halo fitting with the center on the BCG gives a total
mass of ∼5 × 1014𝑀sun.

4. DISCUSSION
4.1. Possible evidence of re-acceleration?

In §3.1.2 and §3.2, we presented the possibility of re-
acceleration in NR based on the presence of the discrete source
and the two-dimensional (2D) spectral map. To further in-
vestigate the possibility, we generate one-dimensional (1D)
profiles of integrated spectral index in two directions: one
along the extension from the adjacent discrete source to the
opposite end (lengthwise) and the other along the hypothe-
sized merger axis from the northern edge to the southern edge
(widthwise). These 1D profiles provide a higher S/N diag-
nostic on the impact of the discrete radio source (lengthwise)
and the shock-induced acceleration (widthwise). For this 1D
profile measurement, unlike the case for the 2D spectral map
generation, we used the high-resolution 8.′′2×6.′′6 images (see
Table 1) produced with a robust parameter of 0.5 because we
desire to minimize the flux mixing between two neighboring
bins; we degraded the Band-4 image resolution slightly with a
small difference kernel, derived with pypher (Boucaud et al.
2016), to match the Band-3 PSF.
Figure 6 shows the resulting 1D profiles in NR. As indi-
cated by the 2D spectral map (Figure 3), spectral steepening
is present in the profile along the merger axis (left panel in
Figure 6). The spectral index is flattest (0.8 ± 0.3) at the
northern edge and steepens toward the southern edge, reach-
ing the highest value (1.7 ± 0.3) at the southern edge. Thus,
the 1D profile along the merger axis shows a hint of spectral
steepening (∼2.1𝜎), which supports the shock acceleration.
Along the lengthwise profile, we find a spectral flattening
from the discrete source to the opposite end. This might indi-
cate that the energy of the seed CRes of NR varies lengthwise.
However, the observed pattern is opposite to the one expected
in a re-accelerated jet, which in general should show spectral
steepening (thus aging) away from the AGN (e.g., van Weeren
et al. 2017). Perhaps, this flattening can be explained with a
tilted geometry of the jet. If the jet is injected with a non-zero
angle with respect to the shock surface, the time since the last
acceleration can vary lengthwise; in other words, the eastern
edge can show a flat spectral index as observed if it is re-
accelerated more recently than other regions (e.g., Cuciti et al.
2018). However, to further investigate this scenario, detection
of spectral curvature at higher frequencies is required (e.g.,
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Figure 7. Size-luminosity relation and surface brightness ratio comparison of the ZwCl1447 radio relics with other known systems. Left panel: The largest
linear size (LLS) and the radio luminosity at 1.4 GHz (𝑃1.4 GHz). We display NCR and SCR as well as the double radio relic in ZwCl1447 (red cross). Filled
circles (colors represent the redshift of the host cluster) are other radio relics that we compiled from the literature (van Weeren et al. 2019; Kale et al. 2012;
Johnston-Hollitt 2003; de Gasperin et al. 2014; Locatelli et al. 2020). The solid lines connect the double relics within the same system. The diffuse radio emissions
in ZwCl1447 follow the size-luminosity relation seen in other systems. Right panel: The LLS and surface brightness ratios at 1.4 GHz of the double radio relics.
The surface brightness is computed from the assumption that the the shock surface area is proportional to the square of LLS. ZwCl1447 (red cross) is a significant
outlier showing a very low surface brightness ratio (∼0.1) while most other double radio relic systems have a surface brightness ratio near unity.

Kang & Ryu 2016).

4.2. Why is the southern relic so dim?
An empirical relation between the size and luminosity of ra-
dio relics has been established by many previous studies (e.g.,
de Gasperin et al. 2014; van Weeren et al. 2019). Assum-
ing a power-law spectrum of the radio sources, we extrapolate
our measurements and derive the 𝑘-corrected luminosity at
1.4 GHz using the following equation:

𝐿1.4 GHz =
4𝜋𝐷2L (𝑧)
(1 + 𝑧)1−𝛼

(
1.4 GHz

a

)−𝛼
𝑆a , (4)

where 𝐷𝐿 (𝑧) is the luminosity distance at the redshift 𝑧. The
derived values are presented in Table 2. The combined lu-
minosity of NR and NCR are lower than the measurement
of Govoni et al. (2012), where the two sources were unre-
solved. We attribute this discrepancy to the removal of the
discrete radio sources which are resolved in the current study
and excluded when we define the area for flux integration.
We compare the largest linear size and luminosity of the
ZwCl1447 radio relics with those of other radio relics from
the literature in the left panel of Figure 7. Each radio relic in
ZwCl1447 follows the size-luminosity relation of other known
systems. In the same figure, we link the double radio relic from
the same system with a solid line whose slope then represents
the relative property within the same system. We find that
the ZwCl1447 slope is considerably flat when compared with
those of other systems. The contrast increases when we com-
pare the surface brightness ratios (right panel of Figure 7);
here, we used ∼𝐿𝐿𝑆2 as a proxy for the surface area of each
radio relic. The majority of the double radio relic systems
shows a surface brightness ratio near unity. This includes the
Sausage radio relic system, which is the rightmost data point
(LLS ratio∼ 4.6). However, the double radio relic system of
ZwCl1447 is a significant outlier in this relation as the size
ratio is large (∼4) whereas the surface brightness of SR is an
order of magnitude fainter (. 0.1).

It is difficult to reconcile this peculiar surface brightness
ratio with the subcluster mass ratio found in our WL analysis,
which shows that the northern cluster is ∼3 timesmoremassive.
According to numerical simulations, the radio emissivity of
the merger shock created by the less massive subcluster is
higher and thus its radio relic is larger and brighter (e.g., Ha
et al. 2018; Lee et al. 2020).
The surface brightness of radio relics depends also on the
cluster environment and the shock strength. Among these
parameters, we assume that the upstream gas properties (i.e.,
density, temperature) and the magnetic field strength are sim-
ilar between the two radio relics, which is plausible as the
X-ray properties of the two substructures and the widths of the
two radio relics are similar. According to Hoeft & Brüggen
(2007), the surface brightness ratio depends on be (the fraction
of the kinetic energy converted to the non-thermal component)
and Ψ(M) (the combined strength of the shock). Ψ(M) is a
sensitive function ofM, which rises sharply from a negligibly
small value to unity in the 2 < M < 4 regime. Moreover,
recent numerical studies have suggested that only the shocks
stronger thanMcrit ∼ 2.3 can build kinetic-scale instabilities,
which are the main drivers of electron pre-acceleration (e.g.,
Ha et al. 2021). Thus, under this simplified assumption, these
sensitivities might explain the peculiar surface brightness ratio
between the two relics in ZwCl1447 because the observedM
values (2.9 ± 0.8 and 2.0 ± 0.7 for the northern and southern
relics, respectively) lie in the aforementioned critical range
(2 < M < 4).
In addition, we can also consider contributions from fos-
sil CRes. Particle-in-cell simulations have predicted that the
acceleration efficiency (be) of weak shocks can drastically in-
crease with the presence of fossil CRes (e.g., Kang & Ryu
2015). This scenario is supported by the presence of the
discrete radio source ‘I’ in NR. Thus, the observed surface
brightness ratio might be due to a larger amount of fossil CRes
in NR.
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Figure 8. Simulated cluster merger at ∼0.7 Gyr since the first passage (Left)
and its schematic description (Right). Projected mass contours (white) and
kinetic flux contours (green) are overlaid over X-ray map (colormap) and the
mass (kinetic flux) contours are smoothed with a ∼50 kpc (∼20 kpc) Gaussian
kernel. The kinetic flux map is considered as the proxy of diffuse radio map.
We can notice followings observed properties are reproduced with simulation:
elongated X-ray map, lack of X-ray-mass dissociation, and asymmetric radio
relics with a larger relic in front of the less-massive cluster.

4.3. Investigating the Merger History of ZwCl1447 through
Numerical Simulations

Our multi-wavelength analysis of ZwCl1447 suggests that
we are witnessing a NE-SW post-merger. Here, we further
test our merger scenario using hydrodynamical simulations.
Although one can compare a number of features between sim-
ulation and observation, our current focus is to produce the
current positions of the radio relic, X-ray peaks, and mass
concentrations.
We design and analyze simulations following the procedure
in Lee et al. (2020). To briefly summarize, we placed two
spherically symmetric clusters along the ‘x’-axis, each con-
sisting of an NFW dark halo and a 𝛽−profile ICM. The mass
of each subcluster is provided by our WL analysis (§3.5).
We normalized the gas density in such a way that the baryon
fraction becomes ∼13% at 𝑅200. We added a small non-zero
velocity in the ‘y’-axis direction to simulate a slight off-axis
collision.We ran the simulation using the adaptive mesh re-
finement (AMR) code RAMSES (Teyssier 2002) and resolved
the cells from the coarsest level of ∼150 kpc to the finest level
of ∼10 kpc based on their density. The results were projected
along the ‘y’-axis onto the ‘xz’-plane. The initial non-zero
velocity in the ‘y’-axis makes the viewing angle of the merger
axis about 45◦with respect to the plane of the sky. We derived
the projected maps of mass and X-ray as in Lee et al. (2020)
and used the projected kinetic flux of the shock as a proxy for
the radio map (see Lee et al. 2020 for more details).
Figure 8 presents the simulation result at ∼0.7 Gyr after the
first passage. At this epoch, the two subclusters turned around
and are in the returning phase. The separation between the
substructures in X-ray and mass is ∼0.5 Mpc similar to the
observation. And the twomerger shocks have travelled to large
distances and their separation has reached ∼1.8 Mpc, which is
also similar to the current observed value. In addition, a larger
shock is produced in front of the less massive southern cluster.
Therefore, this simulation shows that the observed features of
ZwCl1447 can be explained with a binary cluster merger at
TSC ∼ 0.7 Gyr.
The line-of-sight velocity is expected to be approximately
500 km s−1 at this epoch. However, because of the observa-
tional difficulty in identifying the cluster members associated
with the southern cluster (§3.4), this comparison needs to await
a deeper optical spectroscopic observation. We expect that,

with finetuning, more detailed properties (e.g., radio relics
brightness) can also be reproduced. This is, however, beyond
the scope of the current study.
The above TSC of roughly 0.7 Gyr value from the simu-
lation can be compared with the observed shock properties
of the radio relics. A shock propagation velocity is given
byM𝑐s,1, where 𝑐s,1 is the sound speed in the upstream re-
gion. In ZwCl1447, the average shock velocity is estimated
as ∼2, 300 km s−1 when we assume that the upstream temper-
ature is similar to that of the X-ray core (𝑇 ∼ 3 keV). If
the two shocks are formed by the relative motion between
the two subclusters and their propagation velocities are nearly
constant, the current observed separation of 1.8 Mpc yields
TSC ∼ 0.8 Gyr, which is in good agreement with the simula-
tion.

5. SUMMARY
We have studied the unique merging galaxy cluster
ZwCl1447 with multi-wavelength observations. Our new ra-
dio observationswith uGMRTdiscovered a remarkable double
radio relic in ZwCl1447, which have not been resolved in pre-
vious studies. Our main findings can be summarized as the
followings:

• The southern radio relic is long (∼1.2 Mpc) and thin
(∼0.1 Mpc), similar to the morphological features of
the giant Sausage radio relic. The northern relic is short
(∼0.3Mpc). Our rdaio spectral analysis shows that weak
shocks (M . 3) are associated with both relics.

• We discovered two additional diffuse radio structures
(NCR and SCR), which are about 0.2 Mpc closer to
the cluster center than the adjacent relics. Since they
do not appear to be associated with the cluster X-ray
emission, the features are not likely to be part of radio
halos. The presence of the discrete radio sources with
optical cluster galaxy counterparts within the emission
hints at the possibility that their origins might be related
to star-formation activities.

• We found optical counterparts of most discrete radio
sources and confirm that they are cluster galaxies. These
radio sources featured 100kpc-size extended emissions
along the merger axis, which hint at the fossil CRes
injection to the ICM.

• The radio morphology and spectral profile suggest that
the northern radio relic might be the result of re-
acceleration of the fossil cosmic-ray electrons from the
cluster galaxy, which is a discrete radio source at the
eastern edge of the relic.

• Each relic follows the size-luminosity relation of other
known relics in the literature. However, the the sur-
face brightness ratio between the relics in ZwCl1447 is
a significant outlier. Possible causes might be the ac-
celeration efficiency that decreases precipitously in the
weak shock regime (M ∼ 3) and/or the brightness boost
in the northern relic due to re-acceleration.

• Our X-ray and weak lensing analysis found two consis-
tent substructures that are aligned perpendicular to the
double radio relic, supporting the NE-SW merger sce-
nario inferred by our newly revealed radio relics. The
total mass of ZwCl1447 is estimated to be about 5 ×
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1014𝑀sun with a mass ratio of 3 : 1 (2.7± 0.8× 1014𝑀�
and 1.0 ± 0.5 × 1014𝑀� for the northern and southern
halos, respectively.)

• Our numerical simulation reproduces the observed loca-
tions of the X-ray, weak-lensing mass, and radio relics.
This shows that ZwCl1447 is currently at the returning
phase and it experienced a near head-on collision about
0.7 Gyr ago.

Overall, despite our short on-source time, our uGMRT ob-
servations have resolved the radio morphology in ZwCl1447
and further found a peculiar surface brightness difference be-
tween the double radio relic. Future deep radio observations
at the same and/or at different frequencies will better quan-
tify the cluster properties and help us to better understand the
shock acceleration theory.
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