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ABSTRACT

Context. Diffuse synchrotron radio sources that are associated with the intracluster medium of galaxy clusters are of special interest
at high redshift for understanding the magnetization and particle acceleration mechanisms.
Aims. El Gordo is the most massive galaxy cluster at high redshift (z = 0.87). It hosts a radio halo and a double radio relic system.
We aim to understand the role of turbulence in the origin of its diffuse radio emission by combining radio and X-ray observations.
Methods. We observed El Gordo with the Upgraded GMRT at 0.3–1.45 GHz and obtained the integrated spectra, the spatially resolved
spectral map, and the scaling relations of the radio and X-ray surface brightness. We constructed a density fluctuation power spectrum
for the central 1 Mpc region using Chandra data.
Results. The radio halo and the double relics are detected at all the bands, and in addition, we detect an extension to the eastern
relic. The radio halo has a spectral index of −1.0 ± 0.3 with a possible steepening beyond 1.45 GHz. All the relics have spectral
indices of −1.4, except for the extension of the east relic, which has −2.1± 0.4. The radio and X-ray surface brightness point-to-point
analysis at bands 3 and 4 show slopes of 0.60 ± 0.12 and 0.76 ± 0.12, respectively. The spectral index and X-ray surface brightness
are anticorrelated. The density fluctuations peak at ∼700 kpc at an amplitude of (δρ/ρ) = 0.15 ± 0.02. We derived a 3D turbulent
Mach number of ∼0.6 from the gas density fluctuation power spectrum under the assumption that all the fluctuations are attributable
to turbulence.
Conclusions. The derived properties of El Gordo agree with those of low-redshift clusters. This indicates that the fast magnetic
amplification that was proposed for high-redshift clusters is at work in El Gordo as well. We discuss the consistency of our results
with turbulent reacceleration, which might be representative of high-redshift merging clusters.

Key words. acceleration of particles – magnetic fields – radiation mechanisms: non-thermal – shock waves – turbulence –
galaxies: clusters: intracluster medium

1. Introduction

A fraction of massive (M & 5 × 1014 M�) X-ray luminous
(LX & 8×1044 erg s−1) clusters that are merging is known to host
diffuse radio emission (e.g., Venturi et al. 2008; Cassano et al.
2010; Kale et al. 2015; Cuciti et al. 2015, 2021). These diffuse
sources provide direct evidence for the presence of relativis-
tic electrons and magnetic fields in the intracluster medium
(ICM) (see Brunetti & Jones 2014; van Weeren et al. 2019, for
reviews). The extended megaparsec-scale radio sources located
at cluster centers are called radio halos, and the sources with an
arc-like morphology that are located at the cluster peripheries are
called radio relics. Shocks were proposed to generate the radio
relic (RR) emission through the mechanism of diffusive shock
acceleration (DSA) (e.g., Enßlin et al. 1998; Hoeft & Brüggen
2007). Observational evidence such as spectral index gradi-
ents, polarization, and the detection of shocks in X-rays has
established the role of shocks in the generation of relics (e.g.,
Giacintucci et al. 2008; van Weeren et al. 2010; Kale et al. 2012;
Rajpurohit et al. 2018; de Gasperin et al. 2022). However, the
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main problem with DSA is the observed high luminosity of
relics, which requires high acceleration efficiencies to accel-
erate electrons from the thermal pool (Kang & Jones 2005;
Kang & Ryu 2011; Botteon et al. 2020a).

Radio halos need an in situ generation mechanism because
the diffusion times of electrons in the ICM are very long
(some billion years) compared to their short radiative lifetimes
(∼0.01−0.1 Gyr). Hadronic collisions in the ICM produce sec-
ondary relativistic electrons that might contribute to the radio
halos (e.g., Dennison 1980; Dolag & Enßlin 2000), but they can-
not explain the radio halos in the absence of detected gamma
rays and if they are the only sources of relativistic electrons
considered (Brunetti et al. 2017; Adam et al. 2021; Osinga et al.
2024). Reacceleration of electrons by magneto-hydro-dynamic
turbulence generated by mergers in the ICM was proposed to
generate radio halos (Brunetti et al. 2001, 2007, 2017; Petrosian
2001; Miniati 2015; Fujita et al. 2015). Although these mech-
anisms naturally explain the connection between radio halos
and the dynamical states of the clusters (e.g., Cassano et al.
2010; Kale et al. 2015), several questions about the efficiency
of the acceleration mechanism and details of the plasma pro-
cesses involved remain open (e.g., Brunetti & Jones 2014).

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.

A271, page 1 of 14

https://doi.org/10.1051/0004-6361/202452621
https://www.aanda.org
http://orcid.org/0000-0003-1449-3718
http://orcid.org/0000-0002-9325-1567
http://orcid.org/0000-0001-7917-3892
http://orcid.org/0009-0002-0373-570X
http://orcid.org/0000-0003-4195-8613
http://orcid.org/0000-0002-8476-6307
http://orcid.org/0000-0003-4046-0637
http://orcid.org/0000-0003-1246-6492
mailto: ruta@ncra.tifr.res.in
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org


Kale, R., et al.: A&A, 698, A271 (2025)

Differences in the acceleration mechanisms and in the role
played by secondary electrons can lead to observational
differences in the spectral properties of radio halos (e.g.,
Brunetti 2011; Brunetti & Lazarian 2011; Pinzke et al. 2017;
Brunetti et al. 2017). These observed spectral features arise
from the competition between the reacceleration and the energy
losses, which become stronger in the high redshifts (e.g.,
Rajpurohit et al. 2021a).

While most radio halos were detected at low redshift (z <
0.4) (e.g., Venturi et al. 2008; Bonafede et al. 2014; Kale et al.
2015; Cuciti et al. 2021; Duchesne et al. 2021, 2024), the sen-
sitive observations conducted with the LOw Frequency ARray
(LOFAR) and MeerKAT recently uncovered a large number of
radio halos at redshifts beyond 0.6 (e.g., Cassano et al. 2019;
Di Gennaro et al. 2021a; Osinga et al. 2021; Botteon et al. 2022;
Di Mascolo et al. 2021; Sikhosana et al. 2024). The radio pow-
ers of the newly uncovered population of high-redshift radio
halos are similar to those of nearby radio halos, and this indi-
cates that magnetic fields on the same order must be present at
higher redshifts. The spectral indices of these clusters show that
the spectral indices1 of half of them are steeper than −1.4, which
is expected because of the higher IC losses. As a consequence,
the electron lifetime is much shorter (Di Gennaro et al. 2021b;
Sikhosana et al. 2024).

The first high-redshift cluster discovered to host a radio relic
and a radio halo system was the cluster ACT-CL J0102-4915,
which was called El Gordo (Menanteau et al. 2012). El Gordo
(SPT-CL J0102-4915) is a galaxy cluster at a redshift of 0.870
with an average temperature (kT) of 14.5 ± 0.1 keV and a
mass of M200 = (2.16 ± 0.32) × 1015 h−1

70 M� (e.g., Jee et al.
2014). It is the most massive cluster known beyond the redshift
of 0.6 and was discovered using the Sunyaev-Zeldovich effect
(SZE Sunyaev & Zeldovich 1972) with the Atacama Cosmol-
ogy Telescope (Marriage et al. 2011). It was confirmed to be at
a redshift of 0.870 using optical observations (Menanteau et al.
2010). The velocity dispersion of the cluster is 1321±106 km s−1

(Sifón et al. 2013).
Signatures of a merger in El Gordo were first seen

in the distinctive wake in the Chandra X-ray surface
brightness (Menanteau et al. 2012). They appear like two
tails (Molnar & Broadhurst 2015). Simulations studies that
attempted to reproduce the properties of El Gordo inferred
high initial relative velocities for on- and off-axis mergers
(Molnar & Broadhurst 2015; Zhang et al. 2015) or a highly dis-
turbed initial cluster (Donnert 2014).

El Gordo hosts a bright radio relic (northwest relic; NW relic
hereafter) that was discovered using observations obtained
with the 610 MHz Giant Metrewave Radio Telescope (GMRT)
and 2.1 GHz Australia Telescope Compact Array (ATCA)
(Lindner et al. 2014, hereafter L14). L14 also found evidence
for the presence of a faint radio halo and a counter-relic. The
integrated polarized flux fraction of the NW relic is ∼33% (at
2.1 GHz), which supports the scenario of Fermi acceleration at
a shock during the cluster merger. A subsequent study with the
GMRT at 610 MHz confirmed the radio halo and indicated that
it followed the northern tail of the X-ray emission (Botteon et al.
2016). Furthermore, deep X-ray observations with Chandra
revealed a M & 3 shock at the location of the bright relic, and a
shock acceleration of electrons from the thermal pool was pro-
posed to be a viable origin. Recently, the magnetic field has been

1 S ν ∝ να, where S ν is the flux density at frequency ν and α is the
spectral index.

mapped by Hu et al. (2024) based on the synchrotron intensity
gradient (SIG) using observations from MeerKAT at 1.28 GHz.

We report observations of El Gordo with the Upgraded
GMRT (uGMRT) in the frequency range of 300–1450 MHz.
The paper is organized as follows. The radio and X-ray obser-
vations and data analysis are described in Sect. 2 and Sect. 3,
respectively. The radio images, the integrated spectra, the spec-
tral index map, and the comparative analysis of the radio and
X-ray data are presented in Sect. 4. The results are discussed
in Sect. 5, and we compare the theoretical models. We used an
ΛCDM cosmology with H0 = 70 km s−1 Mpc−1 with ΩM = 0.27
and ΩΛ = 0.73. This implies a scale of 7.84 kpc arcsec−1 at the
redshift of El Gordo and a luminosity distance of 5568.7 Mpc
(Wright 2006).

2. uGMRT observations and data analysis

El Gordo was observed with the uGMRT under the proposal
code 33_030 in bands 3 (300–500 MHz), 4 (550–950 MHz),
and 5 (1050–1450 MHz). A summary of the observations we
used for the analysis is provided in Table 1. At band 5, we
used observations from two observing sessions. At band 4, the
GMRT antennas C00, C14, S04, and E04 were not equipped
with the wide-band uGMRT feeds at the time of observa-
tions, and thus, they only provided data in a narrow band
of 100 MHz. These antennas were removed from the data at
band 4.

We used the data analysis pipeline for the uGMRT that is
called CASA Pipeline-cum-Toolkit for uGMRT Data Reduction
(CAPTURE2, Kale & Ishwara-Chandra 2021). The standard steps
of flagging the data, flux, and bandpass calibration using the pri-
mary calibrator and the complex gain calibration using the sec-
ondary calibrator, followed by application of the calibrator solu-
tion to the target, were performed using the pipeline. We used
the Perley-Butler 2017 flux density scale (Perley & Butler
2017) for the absolute flux density calibration. The data after
calibration were further examined for bad data and were conse-
quently flagged. After this flagging, the data were recalibrated
and solutions were applied on the target source. The target
source data were then split into a separate file, and further flag-
ging was carried out. These data were then averaged in fre-
quency channels to reduce the volume of the data while they
were still not affected by bandwidth smearing. For the imag-
ing and self-calibration step, the released CAPTURE pipeline
was modified as follows. The frequency-averaged target source
visibilities were split into four to six sub-bands, and a com-
bined image was produced. The gain calibration was carried
out separately for the sub-bands, but the imaging was made
for the combined file using the CASA task tclean, with the
choice of robust = 0 and the multi-term (nterms = 2) multi-
frequency wide-field method. Four to six rounds of phase self-
calibration followed by three rounds of amplitude and phase
self-calibration were typically carried out. For band 5, the self-
calibrated visibilities were combined from the two observing
sessions, and a joint image from the data was made using
tclean.

We used CASA to obtain the flux densities of the radio sources
in the fields. The error on the absolute flux calibration, σabs of
10%, was used for all the bands (Chandra & Kanekar 2017). The
error on the flux density of discrete sources was obtained by
adding the fitting error in quadrature with σabs. The error on
the flux density of extended sources was calculated according

2 https://github.com/ruta-k/CAPTURE-CASA6
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Table 1. Summary of the uGMRT observations.

Frequency Band Width Date Duration Robust Beam rms
Band (MHz) hours ′′×′′, position angle µJy beam−1

100–500 MHz 400 (†) 16 Nov. 2017 5 0 14.5′′ × 5.9′′, 3.5◦ 50
550–950 MHz 400 20 Nov. 2017 5 0 9.6′′ × 3.8′′, 7.6◦ 13
1050–1450 MHz 400 09, 10 Nov. 2017 5 + 5 0 6.2′′ × 2.4′′, −0.82◦ 15

Notes. (†)The usable band was within 300–500 MHz.

Fig. 1. uGMRT band 3 image. The contours are overlaid on the point-
source-subtracted Chandra X-ray image in color. The contour levels
are −0.1, 0.1, 0.2, 0.4, etc. mJy beam−1. The positive radio contours are
shown by the solid line (cyan), and the negative contours are shown by
the dashed line (yellow). The synthesized beam size of the band 3 image
is 14.5′′×5.9′′ and the position angle is 3.5◦. The dashed blue segments
indicate the northern and southern X-ray tails, respectively.

to
√

(σ
√

Nb)2 + (σabsS ν)2, where Nb is the number of beams in
the extent of the emission, and σ is the rms noise. All the images
were corrected for the primary-beam attenuation.

3. X-ray data analysis

We made use of the same Chandra data that were reduced and
originally presented in Botteon et al. (2016) to produce thermo-
dynamical maps of the ICM of El Gordo. The data consisted of
three ACIS-I VFAINT observations (ObsID: 12258, 14022, and
14023) and account for a total net exposure time of 340 ks. We
created spectral extracting regions deploying the CONTBIN bin-
ning algorithm (Sanders 2006) to create the thermodynamical
maps. The code aims to generate regions following the surface
brightness of the X-ray emission. For each region, spectra were
thus extracted from all ObsIDs and were fit simultaneously in
XSPEC (Arnaud 1996). To do this, we adopted the background
model used in Botteon et al. (2016) and a thermal APEC model
with a fixed metallicity of 0.3 solar for the ICM emission. The
temperature is a direct result of the fitting, and the values for the
pseudo-pressure and pseudo-entropy were calculated as kT×A1/2

and kT ×A−1/3, respectively, where A is the APEC normalization
(see e.g. Rossetti et al. 2007; Russell et al. 2012; Botteon et al.
2018).

Fig. 2. uGMRT band 3 image in color and in contours. The contour
levels are −0.1, 0.1, 0.2, 0.4, etc. mJy beam−1. The solid blue lines show
the positive contours, and the negative contour is shown as the dashed
gray line. The beam size is 14.5′′ × 5.9′′ and the position angle is 3.5◦.
The diffuse sources are labeled. The arrow indicates the new feature of
the E relic that extends farther outward. The dashed segments mark the
two X-ray tails.

4. Results

4.1. Radio images

We present the image of El Gordo using uGMRT band 3 overlaid
on the Chandra X-ray image in Figure 1. The radio emission is
cospatial with the X-ray emission and is elongated in the same
direction from northwest to southeast. Figure 2 shows the band
3 image with labels for the diffuse emission from L14. The addi-
tional radio emission that is detected for the first time near the
E relic is labeled “E relic Ext”. The uGMRT band 4 and band 5
images are presented in Figure 3, where the MeerKAT image
at 1.28 GHz (Knowles et al. 2022) is overlaid on the uGMRT
band 5 emission for comparison. The uGMRT band 5 sources
and the MeerKAT image match well. The discrete sources in the
field with labels from L14 are shown in Figure 4 overlaid on
the uGMRT band 4 image, which is shown in color. The sources
with the prefix C belong to El Gordo, and those with the prefix
U are unrelated. The sources labeled C12 and C13 are discrete
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Fig. 3. Left: uGMRT band 4 image in color and in contours. The beam is 9.6′′ × 3.8′′ and the position angle is 7.5◦. Right: uGMRT band 5 image
in color and in contours (blue shows positive and gray shows negative contours). The beam is 6.1′′ × 2.4′′ and the position angle is −0.81◦. The
contour levels in both panels are −0.04, 0.04, 0.08, 0.16, etc. mJy beam−1. The MeerKAT 1.28 GHz image (Knowles et al. 2022) with a resolution
of 7.2′′ × 6.6′′ and a position angle of 44.6◦ is overlaid in red contours at levels of 15, 30, 60, etc. µJy beam−1. The rms in the MeerKAT image is
5 µJy beam−1.

sources associated with the spectroscopically identified galaxies
(Sifón et al. 2013) in El Gordo that we found in addition to those
listed by L14. The measured flux densities of the discrete sources
at the three bands are given in Table 2.

4.2. Integrated spectra of the diffuse components

The radio relics and the halo likely have structures on angular
scales that are smaller than the resolution. The comparison of
the images at bands 3, 4, and 5 reveals structures within the relic
and radio halo even at the highest-resolution images at band 5. At
the redshift of El Gordo, the beam of 10′′ corresponds to 78 kpc,
which is in the range in which the relics and the halo can emit. A
subtraction of point sources using uv-range cutoff would there-
fore subtract the features in the halo and the relics. The flux den-
sities of the diffuse emission were measured from the robust 0
images convolved to a common resolution of 16′′ resolution in
the matched regions (Figure A.1). The flux densities of the dis-
crete sources measured in robust 0 images made with an uv-range
cutoff (>3.4 kλ) were then subtracted from them. The E relic flux
density for the part that was reported in L14 and the extension
detected in the band 3 and 4 images are given separately. The
flux densities and spectral indices obtained from power-law fits
are reported in Table 3. The emission from the SE relic is well
fit with a single power law, but with a marginal steepening. The
integrated spectra and the power-law fits are shown in Figure 5.
The k-corrected radio power of the radio halo at 1.4 GHz is
(3.20 ± 0.20) × 1025 W Hz−1. The largest linear sizes of the dif-
fuse sources measured at band 3 are reported in Table 3. We
compared the band 5 flux densities (discrete sources and diffuse

emission) with those in the MeerKAT 1.28 GHz image and found
them to be consistent within 1σ uncertainties. A study with a
matched uv-coverage and without the discrete sources at uGMRT
bands 3 and 4 and MeerKAT 1.28 GHz will be undertaken in the
future.

4.3. Spectral index map

We created a spectral index map using band 3 and 4 observations,
in which the maximum extent of the radio halo was detected at
both frequencies. We used a uv-range cut of >3.4 kλ to image the
contribution from the discrete sources. The mask was manually
created to avoid the part of the NW relic that contains struc-
ture even at the scales of discrete sources. The discrete-source
model was subtracted from the uv-data, and the residual visi-
bilities were imaged using uniform weights in the uv-range of
0.065−12 kλ at both the bands. The images were convolved to
the highest possible common circular resolution of 15′′ × 15′′.
They were then combined to create the spectral index map and
the corresponding error map shown in Figure 6. We masked the
pixels below 3σrms from each image. This helped us to avoid
regions with large errors on the spectral index.

The spectral index trend from north to south within the radio
halo was analyzed in the numbered regions marked in the right
panel of Figure 6. Figure 7 shows the trend of the spectral index
over the regions. While the spectral indices in the northern part
reach values <−1.5, the southern region is flatter than −1.2. The
NW relic shows an overall steep-to-flat spectral index trend from
the outer to the inner edge. There is marginal evidence of a steep-
ening in the spectral indices in the SE relic. Near the E relic, the
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Fig. 4. uGMRT band-4 image in color. The discrete sources are marked
as circles and are labeled. The diamonds show the positions of the
spectroscopically identified cluster members by Sifón et al. (2013). The
source labels from L14 are shown, and two new labels C12 and C13 are
added. The prefix U refers to sources that are unrelated to the cluster,
and sources with the prefix C are cluster members.

spectra show a flatter outer edge, and there is marginal evidence
for a steepening. The resolution of the map is not sufficient to
resolve the spectral index across the E-relic and for the exten-
sion.

4.4. Radio and X-ray point-to-point analysis

The morphology of radio halos generally follows that of the
X-ray emission. This suggests an interplay between thermal
and nonthermal components in the ICM (e.g., Govoni et al.
2001a; Giacintucci et al. 2005; Cova et al. 2019; Xie et al. 2020;
Rajpurohit et al. 2021b; Balboni et al. 2024). This can also be
observed in El Gordo, where the radio and X-ray emission are
both elongated in the NW-SE direction (together with the relics).
This indicates the main merger axis (Figure 1). To investigate the
connection between thermal and nonthermal components more
quantitatively, we used the Chandra and uGMRT data to com-
pare the X-ray and radio surface brightnesses on a point-to-point
basis (e.g., Govoni et al. 2001a).

As the first step of the analysis, we constructed a grid that
covered the cluster. Each element of the grid was constituted
by a square cell with a width of 9 pixels (1 pixel = 2′′). This
is broader than the synthesized beam (15′′) of the radio image.
We then measured the X-ray surface brightness in each cell from
the Chandra point-source-subtracted image and the radio surface
brightness from the band 3 and band 4 images that were used to
produce the spectral index map. As we are interested in the radio
halo emission, we excluded the cells located in the directions of
the two relics from the analysis. The grid we obtained in this way
is shown in Figure B.1 (in Appendix B).

In the second step, we plotted the radio and X-ray surface
brightnesses in the IR − IX plots (Figure 8) to search for possible
correlations between the two quantities. Generally, a power-law
relation of the form

log IR = b log IX + A (1)

was used to fit the data, where the slope of the scaling (b) deter-
mined whether the radio brightness decreased more slowly than
the X-ray brightness (if b < 1) or vice versa (if b > 1). We
restricted the analysis and fitting to the data points for which the
radio surface brightness was >3σ, and we considered as upper
limits (cyan arrows in Figure 8) the values below this thresh-
old, following Botteon et al. (2020b) (see also Bonafede et al.
2021; Rajpurohit et al. 2021b). This cut on the y-axis required
the use of a Bayesian linear regression method to take the selec-
tion effect into account. Therefore, we adopted the linmix pack-
age (Kelly 2007), which can handle censored data, to perform
linear regression. The best-fit slopes for the band 3 and band
4 data are b = 0.60 ± 0.12 and b = 0.76 ± 0.12, respectively,
suggesting that the magnetic field strength and relativistic parti-
cle density (traced by IR) declines more slowly than the thermal
gas density (traced by IX). The obtained slopes agree with what
is seen for the giant radio halos (e.g., Rajpurohit et al. 2023;
Balboni et al. 2024; Santra et al. 2024a). The indication of an
increase in b with frequency might be due to spectral steepening
in fainter portions (outskirts) in X-rays. The strength and mono-
tonic behavior of the relation was measured using the Pearson
and Spearman correlation coefficients for the band 3 and band
4 data, which are rp = 0.54 and rs = 0.47, and rp = 0.64 and
rs = 0.56, respectively.

A comparison of the spectral index distribution over the radio
halo and the distribution of the X-ray surface brightness was made
to confirm any correlation. For this purpose, a point-to-point com-
parison of the spectral index and X-ray surface brightness was
carried out. The same grid as shown in Figure 9 was used, but
only the cells in which the surface brightness in bands 3 and 4
exceeded 2σ were used (34 cells). The scatter found in the spec-
tral index (α) and X-ray surface brightness (IX) was investigated
for a correlation. Pearson and Spearman correlation coefficients
of −0.58 and −0.57, respectively, were found. With the linmix
package, the slope of the fitted line was found to be −0.57± 0.18.
The spectral index and X-ray surface brightness are anticorre-
lated, which implies that the fainter parts in X-rays have steeper
spectral indices and that the spectrum steepens radially outward.

4.5. Comparison with the X-ray temperature, pressure, and
entropy

We also compared the distribution of the diffuse radio emission
with the X-ray temperature (Figure 10). The temperature of the
two X-ray tails is very high. It peaks at 17.8 keV for the N tail
and at 14.7 keV for the S tail, as measured from the spectral bins
along the two tails depicted in the top left panel of Figure 10. We
note, however, that due to the very low effective area of Chandra
at high energy, the measurement of temperatures >10 keV is crit-
ical, and it is impossible to confidently separate the temperature
differences between adjacent hot bins or between the two tails,
while the error from the spectral fitting does not entirely reflect
the real uncertainty range for the same reason. Nevertheless, the
X-ray thermodynamic properties show a possible trend along
the elongation of the X-ray surface brightness from southeast to
northwest. The pressure is higher and the entropy is lower in the
southeast, and vice versa in the northwest. The radio halo emis-
sion is cospatial with the region that shows this trend (Figure 10).

A271, page 5 of 14



Kale, R., et al.: A&A, 698, A271 (2025)

Table 2. Properties of the discrete radio sources in the cluster field.

Cluster/Source RAJ2000 DecJ2000 S 1274 MHz S 672 MHz S 366 MHz
Label hh mm ss ◦ ′ ′′ mJy mJy mJy

U1 01 02 40.594 −49 13 59.97 0.20 ± 0.04 – –
C2 01 02 43.975 −49 17 45.48 0.43 ± 0.04 0.68 ± 0.07 1.22 ± 0.14
C3 01 02 47.725 −49 16 35.90 0.11 ± 0.02 0.17 ± 0.03 0.85 ± 0.17
U4 01 02 51.361 −49 14 06.55 1.28 ± 0.09 2.21 ± 0.25 4.27 ± 0.86
U5 01 02 52.435 −49 13 15.97 5.69 ± 0.29 5.93 ± 0.59 6.48 ± 0.66
U6 01 02 53.393 −49 15 10.69 0.77 ± 0.05 1.31 ± 0.13 2.05 ± 0.24
U7 01 02 58.136 −49 16 24.68 0.65 ± 0.15 1.24 ± 0.17 3.40 ± 0.50
C8 01 03 00.320 −49 15 17.98 1.94 ± 0.10 2.12 ± 0.21 2.65 ± 0.29
U9 01 03 01.090 −49 14 25.82 0.86 ± 0.06 1.12 ± 0.11 2.03 ± 0.22
C10 01 03 01.365 −49 17 05.19 3.37 ± 0.21 6.73 ± 0.74 15.50 ± 1.80
C11 01 03 03.393 −49 16 45.86 0.43 ± 0.04 0.60 ± 0.15 3.00 ± 1.80
C12 01 03 03.470 −49 16 26.19 0.11 ± 0.05 1.24 ± 0.17 0.82 ± 0.16
C13 01 02 49.249 −49 15 08.17 0.17 ± 0.04 0.18 ± 0.05 0.65 ± 0.15

Notes. The label prefix C indicates cluster members identified by Sifón et al. (2013), and the prefix U indicates members that are not related to the
cluster.

Table 3. Flux densities of the diffuse sources in El Gordo.

Radio S 366 MHz S 672 MHz S 1274 MHz α P1.4 GHz LLS
Emission mJy mJy mJy 1025 W Hz−1 kpc

Radio Halo 34.3 ± 3.5 16.0 ± 1.6 8.7 ± 1.0 −1.0 ± 0.3 3.20 ± 0.20 1230
NW Relic 51.2 ± 5.1 23.0 ± 2.3 10.5 ± 1.0 −1.3 ± 0.4 4.50 ± 0.20 840
SE Relic 4.0 ± 0.4 2.5 ± 0.3 1.10 ± 0.17 −1.4 ± 0.4 0.47 ± 0.07 800
E Relic 3.9 ± 0.4 1.9 ± 0.2 0.9 ± 0.2 −1.4 ± 0.2 0.44 ± 0.08 430
E Relic Ext 2.4 ± 0.2 0.7 ± 0.1 <0.15 −2.1 ± 0.4 0.38 ± 0.07 600

Notes. The spectral indices (α) are from the fits shown in Figure 5. The largest linear sizes (LLS) are measured from the band 3 image presented
in Figure 2.

4.6. Radio halo and the density fluctuation power spectrum

The power spectrum of the density fluctuations derived using
X-ray images can be used as a tracer of turbulent motions in
the ICM (e.g, Churazov et al. 2012; Gaspari & Churazov 2013;
Zhuravleva et al. 2015; Zhang et al. 2023; Dupourqué et al.
2024). Based on the amplitude of density fluctuations at fixed
spatial scales as a proxy for the level of turbulence, a scaling
relation between the radio halo power and the velocity disper-
sion was found (Eckert et al. 2017). We applied a similar analy-
sis as was performed by Eckert et al. (2017) to the Chandra data
of El Gordo. After masking the bright bullet structure around
the X-ray peak (see Figure 1), we used a principal component
analysis to determine the position of the centroid of the clus-
ter and its ellipticity. We then extracted a surface brightness
profile in elliptical annuli around the X-ray centroid, which we
fit in pyproffit (Eckert et al. 2020) with a single beta model
(Cavaliere & Fusco-Femiano 1976). From the best-fit brightness
profile, we created a 2D elliptical model image that accounted
for CCD gaps and vignetting variations. The fluctuations at the
top of the model image were computed by dividing the true
image by the model and filtering the residual image with 2D
Mexican hat functions, following the modified delta-variance
method introduced by Arévalo et al. (2012). The 2D power at
a given scale is then proportional to the variance of the Mexican
hat filtered map. The 2D power spectrum of El Gordo within a
circular region of 1 Mpc surrounding the X-ray centroid is shown
in the left panel of Figure 11, where we compare the resulting
power spectrum with the contribution of Poisson noise.

Numerical simulations of galaxy clusters showed that the
turbulent Mach number M = σv/cs is linearly related to the
maximum amplitude of gas density fluctuations, A3D =

δρ
ρ

(Gaspari et al. 2014; Zhuravleva et al. 2014), where σv, cs are
the velocity dispersion of the turbulent motion and the sound
speed of the medium. To deproject the measured 2D power spec-
tra and estimate the turbulent Mach number, we used the best-fit
beta model to simulate a 3D galaxy cluster with properties sim-
ilar to El Gordo, and we modified the 3D gas density field by
a random 3D fluctuation field following a Kolmogorov power
spectrum (it assumed a single injection scale). The perturbed 3D
density field was then transformed into X-ray surface brightness
and projected onto the line of sight to create a corresponding 2D
surface brightness image. The ratio of the 2D to 3D power spec-
tra in the simulated data was then used to convert the 2D power
spectrum into a 3D power spectrum. This is shown as the green
curve in the left panel of Figure 11. The 3D fractional amplitude
of gas density fluctuations can then be retrieved as

A3D(k) ≡
δρ

ρ
=

√
4πk3P3D(k)/2, (2)

with k the wave number, and P3D(k) the deprojected power spec-
trum. In the right panel of Figure 11, we show the retrieved
amplitude of the gas density fluctuations in El Gordo as a func-
tion of wave number. The fluctuations peak at L = k−1 ≈ 700 kpc
at an amplitude max(δρ/ρ) = 0.15±0.02. The approximate rela-
tion between the density fluctuation amplitude and the turbulent
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Fig. 5. Integrated spectra of the diffuse sources in El Gordo. The open
symbols show the points from L14. The solid lines show the power-law
fits. The spectral indices are reported in Table 3. The dashed lines join
the points for the respective diffuse components that were not included
in the fits.

Mach number reads (Gaspari et al. 2014)

M3D ≈ 4 max
(
δρ

ρ

) (
L

500 kpc

)0.25

≈ 0.63 ± 0.06. (3)

For the ICM in El Gordo with kT ∼ 14 keV, the sound speed
in the medium is cs = (γkT/µmp)1/2 ∼ 1915 km s−1, such that
the velocity dispersion of turbulent motions can be estimated as
σv = 1201 ± 88 km s−1.

We caution that the analysis presented here assumes that all
the fluctuations in El Gordo should be attributed to turbulence.
Although we masked the regions surrounding the bullet struc-
ture, inside which the fluctuations can be ascribed to a moving
subhalo, additional sources of fluctuations in addition to intra-
cluster turbulence might remian. As for most complex merging
clusters, the value retrieved here should therefore be viewed as
the maximum allowed value for the turbulent velocity disper-
sion.

4.7. Radio halo power and cluster mass

The scaling relation between cluster masses and the radio power
of radio halos and relics can be used to infer the connection
between the nonthermal and thermal components of the ICM
(Basu 2012; Cassano et al. 2013; Cuciti et al. 2023). We plot
the 1.4 GHz radio power of El Gordo in the P1.4 GHz − M500
plane along with other samples from the literature (Figure 12).
The L14 1.4 GHz value for El Gordo that was extrapolated
from their 2.1 GHz measurement is also plotted for comparison.
The current measurement and that of L14 are consistent within
the uncertainties. El Gordo is the most radio-luminous of the
high-redshift samples (Di Gennaro et al. 2021a; Sikhosana et al.
2024). It is also the most massive of the high-redshift sam-
ple, and the radio power agrees with the expectation from the
scaling relation. The radio powers for low-redshift clusters,
reported at 150 MHz by Botteon et al. (2022) and at 947 MHz

by Duchesne et al. (2024), were extrapolated to 1.4 GHz using a
spectral index of −1.3. This is also shown in the same plot.

5. Discussion

El Gordo is a high-redshift powerful radio halo with a dou-
ble relic system. The recent high-redshift sample presented
by Di Gennaro et al. (2021a) contains only one relic in PSZ2
G091.83+26.11 at z = 0.822. A further candidate relic at high
redshift was reported in PSZ2 G069.39+68.05 (z = 0.762) by
Botteon et al. 2022. This makes El Gordo the only cluster so far
with a double radio relic system and a radio halo known at red-
shift >0.6. It is a peculiar system also in the X-ray band, where it
shows a comet-like morphology with two tails. We presented the
images and spatially resolved spectra of the radio halo and the
relics using the uGMRT between 300–1450 MHz. We detected
the radio relics and the halo, which were known earlier. We also
found fainter extensions of them. The eastern relic extends far-
ther north to a total extent of 1030 kpc (134′′). This feature is
tentatively also detected at band 4, but not at band 5 (Figure 3).
The NW relic is found to have the same spatial and spectral fea-
tures as found by L14, and the integrated spectrum is a power-
law with a spectral index of −1.3 ± 0.4. The physical picture of
the origin of the radio relic in a shock of Mach number &3 pre-
sented in Botteon et al. (2016) therefore still holds.

The radio halo is cospatial with the X-ray emission, as
reported earlier, but the emission also extends over the south-
ern tail (Figure 1). In the 610 MHz image using the legacy
GMRT, it was clear that the radio halo preferred the northern
X-ray tail. In deeper low-frequency observations at 366 MHz,
the fainter parts of the radio halo that also extend over the
southern X-ray tail are detected (Figure 1). The integrated
spectrum of the radio halo in El Gordo is a power law with
a spectral index −1.0 ± 0.3 in the frequency range of 366–
1274 MHz. However, between 1274 and 2100 MHz, a steepening
to −2.50 ± 0.46 is observed (Figure 5). Curved radio spectra in
radio halos were only found in handful of clusters, such as Coma
(Thierbach et al. 2003; Murgia et al. 2024), AS1063 (Xie et al.
2020), MACSJ0717.5+3745 (Rajpurohit et al. 2021a), and
A3562 (Venturi et al. 2022). We emphasize that the 2100 MHz
flux measurements may be biased due to the different uv-
coverage, and the different regions were also used to estimate
the flux density. More sensitive observations at 2000 MHz and
measurements with a matched uv range can shed light on the
robustness of the steepening, however.

The origin of radio halos was proposed to be a turbu-
lent reacceleration process (e.g., Brunetti et al. 2001, 2007;
Petrosian 2001; Cassano & Brunetti 2005; Brunetti & Lazarian
2011, 2016; Miniati 2015; Nishiwaki & Asano 2022). This
stochastic process reaccelerates a mildly relativistic popula-
tion of electrons. Hadronic collisions are present in the ICM
and produce relativistic electrons, but it was shown in many
cases that they are not sufficient to explain radio halos and
the constraints from gamma rays (e.g., Brunetti et al. 2008,
2017; Wilber et al. 2018; Adam et al. 2021; Bruno et al. 2021;
Di Gennaro et al. 2021a; Osinga et al. 2024; Pasini et al. 2024;
Nishiwaki & Asano 2025). Turbulence and shocks are known to
be injected during cluster mergers, as shown by simulations and
also observed in a number of clusters (e.g., Miniati et al. 2000;
Miniati 2015; Vazza et al. 2017).

We used a point-to-point comparison of the radio and X-
ray images as a tool to test the theoretical models (Govoni et al.
2001a). The rationale behind the tool is that the gravitational
potential energy from cluster mergers will dissipate as shocks
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Fig. 6. Left: Spectral index map between 366 MHz and 672 MHz for the radio halo in El-Gordo at 15′′×15′′ resolution in color scale. The contours
from the 672 MHz image at 0.1, 0.2, 0.4, 0.8, and 1.6 mJy beam−1 are overlaid. Right: Spectral index error map. High errors at the edges are
expected due to the low S/N at the outskirts. The numbered regions used for analysis are shown in the map. The beam is shown in the top left
corner in both panels.

Fig. 7. Spectral indices with error bars obtained from the spectral index
map plotted as a function of the numbered regions shown in the right
panel of Fig. 6.

and turbulence in the ICM: A fraction goes into the amplification
of the magnetic field and into particle acceleration. Under the
assumption that the fraction of energy that is channeled into non-
thermal components is independent of the position in the cluster,
predictions for the radio-Xray surface brightness scaling can be
obtained. The bolometric X-ray emissivity ( jX) is given by

jX ∝ n2
e(kTe)1/2, (4)

where ne is electron density, and kTe is the temperature. The ther-
mal energy density (εth ∝ 3neKTe) squared equals the emissivity
at a given position if the cluster is isothermal, resulting in

jX ∝ ε
2
th(kTe)−3/2. (5)

For the relativistic electrons, the number density between
energies ε and ε + dε can be assumed to be N(ε)dεN0ε

−δdε. The
radio emissivity is then given by

jRadio ∝ N0B(δ+1)/2ν−(δ−1)/2, (6)

where B is the magnetic field. For a linear relation between ther-
mal and nonthermal plasma, it is expected that

N0B(δ+1)/2 ∝ n2
e(kTe)1/2. (7)

Under the assumption that the cosmic-ray proton energy den-
sity (εCRp) and magnetic field (εB = B2/8π) energy density
is proportional to the thermal energy density (εCRp ∝ εth and
εB = εth), the scaling relation for hadronic models is expected
to be linear in the case of strong magnetic fields (as compared
to the equivalent magnetic field for the CMB) and superlinear
in weak magnetic fields, assuming a radially decreasing mag-
netic field strength in the cluster. Supe-linear scaling has been
found in mini-halos (e.g. Ignesti et al. 2020, 2022; Riseley et al.
2023; Lusetti et al. 2024; Biava et al. 2024). The turbulent reac-
celeration can generate different slopes from super- to sublin-
ear or linear, depending on the parameters for the faint radio
halos. If the electrons (energy density) and the magnetic fields
(energy density) follow the thermal energy density, the models in
the case of isothermal distribution and constant turbulent Mach
number produce a slope that is sublinear to linear (from strong
to weak field) (see Eq. (12) Balboni et al. 2024), as seen in the
clusters A 2744 and A2255 (Govoni et al. 2001b; Botteon et al.
2020b) and for the 3 GHz scaling relation for the radio halo in
MACS0717.5+3745 (Rajpurohit et al. 2021a).

For El Gordo, we found the relations to be sublin-
ear (0.60 ± 0.12 at band 3 and 0.76 ± 0.12 at band 4).
Di Gennaro et al. (2023) reported a linear to superlinear corre-
lation slope from 0.14–3.0 GHz for PSZ2 G091.83+26.11 at a
redshift of 0.822. Other radio halos such as Coma (Govoni et al.
2001b; Bonafede et al. 2022), A520 (Hoang et al. 2019), MACS
J1149.5+2223 (Bruno et al. 2021), and AS1063 (Xie et al. 2020)
have sublinear correlations. For MACS J0717.5+3745 at 144
and 1500 MHz (Rajpurohit et al. 2021a), the correlations are
sublinear but approach linear at higher frequencies. In El Gordo,
the band 4 (672 MHz) correlation slope is also marginally higher
than that at 366 MHz, but no firm trend can be established given
the uncertainties. This steeping can be attributed to the spectral
steepening (the radial decay of the nonthermal plasma is dif-
ferent in frequency) of the radio halo. Moreover, the SZ decre-
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Fig. 8. Left: Radio surface brightness (IR) vs. X-ray surface brightness (IX) for band 3. The points in these plots are from the grid shown in
Figure B.1. The cyan points are from the northern X-ray tail, the red points are from the southern X-ray tail, and the remaining points are from the
rest of the halo. The fit to the points is shown as a solid black line, and the 95% confidence region is shown in the shaded part. The dashed red line
shows the 1σ level of the radio images. The light blue arrows indicate the upper limits above 2σrms points. Right: IR vs. IX scaling plot for band 4
in the same color-code as in the left panel.

ment at this high redshift can play a role in the steepening. Fur-
ther study using MeerKAT data at 1.28 GHz and other higher-
frequency observations (above 1.5 GHz) are needed to confirm
this.

The arguments regarding the expected correlation slopes
employ several assumptions, such as isothermality of the clus-
ter and that the fraction of energy that goes into the nonthermal
components is independent of the position in the cluster. The
thermodynamic maps of El Gordo show that the properties varies
considerably in the cluster (Figure 10). The southern part of the
radio halo, cospatial with the X-ray core, has lower temperatures
(6−8 keV) and a higher pseudo-pressure, and the northern part
has higher temperatures and a lower pseudo-pressure. We also
tried to investigate whether the parts of the radio halo along the
two X-ray tails behave differently in the IR − IX correlation but
the current data limited us to only a few points (Figure 8). It was
therefore not possible to find any trend. Future work combining
MeerKAT data with deeper uGMRT observations might make
this possible.

The spectral index is anticorrelated with the X-ray sur-
face brightness with a slope of −0.57 ± 0.18 and a correla-
tion coefficient of −0.58. To date, studies of the correlation
between the spectral index and the X-ray surface brightness
were made for a handful of halos, such as A2255 (Botteon et al.
2020b) and MACSJ0717.5+3745 (Rajpurohit et al. 2021b),
A2256 (Rajpurohit et al. 2023), A521 (Santra et al. 2024b), and
A2142 (Riseley et al. 2024). An observed anticorrelation sug-
gests a spectral steepening in the outermost regions of the halo,
indicating that the faint X-ray emission probes the steep spec-
trum regions in the cluster outskirts. Since the radio halo is
not circularly symmetric, a radial profile analysis will be hard.
However, this trend, along with the increasing correlation slope,
implies a spectral steepening in the outskirts, similar to what was
seen in L.14.

Using the X-ray fluctuation power spectrum approach
described in Sect. 4.6, Eckert et al. (2017) derived an empirical
scaling relation between the radio power of radio halos (P1.4 GHz)
and the three-dimensional turbulent velocity dispersion (σv),

log
( P1.4 GHz

1024 W Hz−1

)
= log P0 + α log

(
σv

500 km s−1

)
, (8)
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Fig. 9. Spectral index (α)-X-ray surface brightness point-to-point com-
parison (filled blue circles). The error bars are statistical measurement
errors. The best fit is shown with the solid black line, and the confidence
interval is shown as the shaded region.

with α = 3.27+0.71
−0.61, P0 = 2.34+0.53

−0.49, with an intrinsic scatter
σlog P|σv = 0.44+0.18

−0.13. Given the total radio power of the radio halo
in El Gordo, the scaling relation predictsσv of 1112+230.06

−167.82 km s−1

(estimated using the error propagation). This value is close to
and consistent with the value σv = 1, 201 ± 88 km s−1 esti-
mated from the amplitude of fluctuations in the ICM of El Gordo
(see Sect. 4.6). Direct measurements of these motions will be
available in future observations with X-Ray Imaging and Spec-
troscopy Mission (XRISM). The Equation (8) is an empiri-
cal relation and is based on low-z radio halos. The obtained
velocity dispersion can therefore be considered as the lower
limit. The X-ray and radio properties of the radio halo in
El Gordo are consistent with the properties extracted from the
GMRT radio halo sample (Eckert et al. 2017). The very high-
velocity dispersion and radio power place the system at the
high-power end of the relation. Only MACS J0717.5+3745 and
the Bullet cluster (radio powers of (52.48 ± 20.56) × 1024,
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Fig. 10. Top left: X-ray temperature map in color. The dashed blue lines indicate the two X-ray tails that were shown in Fig. 1. Top right: Color map
of the percentage error on the temperature (kT). The errors are dominated by the uncertainty on the temperature determination, which is ∼5% in
the core region and ∼10% in the rest of the cluster. For the larger bins in the map, the temperature is not constrained. Bottom left: Pseudo-pressure
map in logarithmic units in color. Bottom right: Entropy (K) map in color. The 672 MHz contours (cyan) from Figure 3 are overlaid in all the
panels.

(23.44 ± 1.51) × 1024 W Hz−1, and velocity dispersions of
1206± 96, 977± 99 km s−1, respectively) exhibit similarly high
values for the turbulent velocity and radio power.

The energy rate per unit volume related to turbulence can be
estimated as (Eq. (2) Eckert et al. 2017),

Pturb ≈ 9.8 × 10−25
(

σv

500 km s−1

)3 ( ngas

10−2 cm−3

)
(

Linj

500 kpc

)−1

erg s−1 cm−3, (9)

where Linj is the injection scale, and ngas is the thermal gas
density. For Linj of 500 kpc, we estimate Pturb to be 1.07 ×
10−25 erg s−1 cm−3. Simulations proposed impact parameters of
300 kpc (Molnar & Broadhurst 2015) and 800 kpc (Zhang et al.
2015) for mergers that match the features of El Gordo. Using
800 and 300 kpc (assuming the scale of injection to be simi-
lar to the impact parameter) as the injection scales, we obtain
Pturb = 6.74 × 10−26 and 1.79 × 10−25 erg s−1 cm−3, respectively.

The reacceleration mechanism that generated the relativistic
electrons in the radio halo has to work at a rate that balances the
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Fig. 11. Left: Fluctuation power spectrum in the central 1 Mpc of El Gordo, where the bullet is masked, as a function of wave number k. The red
curve shows the 2D fluctuations in the power spectrum subtracted from the Poisson noise (blue curve). The green curve shows the corresponding
deprojected 3D power spectrum. Right: Amplitude of 3D fluctuations A3D =
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as a function of wave number.

Fig. 12. 1.4 GHz radio power vs. mass (M500) plotted for El Gordo
(this work and L14) with other samples of radio halos from the lit-
erature. The Di Gennaro et al. (2021a) sample consists of halos at
redshifts >0.6, the Knowles et al. (2021) contains radio halos in the red-
shift range of 0.22 < z < 0.65 and the local redshift (z ∼ 0.2) sample
from Cassano et al. (2013). The recent discovery of the radio halo
in ACT-CL J0329.2-2330 (z = 1.23) is also shown (Sikhosana et al.
2024). The large samples from the LOFAR survey by Botteon et al.
(2022) (0.016 < z < 0.9), and from ASKAP by Duchesne et al. (2024)
(0.01 < z < 0.5) have been added to provide a more comprehensive
picture.

radiative losses over long timescales, and τmax is the maximum
lifetime of the electrons that must be balanced by reacceleration,
given by (Eq. (14), Brunetti & Lazarian 2016)

τmax = 156
(

ξ

νo( GHz)

)1/2

(1 + z)−7/2 (Myr), (10)

where νo( GHz) is the observing frequency, and ξ is a factor in
the range 6–8 (we used a value of 7), such that the steepen-
ing frequency νs ∼ ξνb, where νb is the critical synchrotron
frequency emitted by electrons with the same acceleration time
as their radiative lifetime (Cassano & Brunetti 2005). The mag-
netic field considered is given by B ∼ BCMB/

√
3 (the condition

for the maximum radiative lifetime). The observed frequency is
νo = νs/(1 + z). The steepening frequency for the radio halo in
El Gordo is likely to be between 1.274 and 2.1 GHz (Figure 5).
Assuming steepening frequencies of 1.274 GHz and 2.1 GHz, we
find τmax to be 41 Myr, and 31 Myr, respectively. This timescale
for the Coma cluster is ∼400 Myr (e.g., Brunetti & Lazarian
2016). Thus, at the high redshift of El Gordo, the maximum
available acceleration time is shorter by a factor of 10. The
available acceleration timescale τacc has to be shorter than
τmax.

When we assume transit-time-damping (TTD) in the col-
lisional regime, a reference model for radio halos (e.g.,
Brunetti et al. 2007), the acceleration time is ∼70–80 Myr (using
the Mach number, sound speed, and injection scale). This is very
close to what was obtained using Equation (10). However, it
should be noted that the τmax and the turbulent Mach numbers
are upper limits, and the efficiency needed for the accelera-
tion might therefore be higher. This might suggest a situation
in which the effective mfp of the ICM particles is lower than
that due to Coulomb collisions. In this situation, the acceler-
ation time is shorter and the acceleration efficiency is higher
(e.g., Brunetti & Lazarian 2011). There is possible evidence for
a reduced mean free path in the ICM (e.g., Zhuravleva et al.
2019; Di Gennaro et al. 2021a). When we assume the nonres-
onant acceleration proposed in Brunetti & Lazarian (2016), the
reacceleration timescale is τacc ∼ 450 (ψ/0.5)0.3 (Myr), (where
ψ = lm f p/lA, and lm f p, lA are the mean free path and Alfvén
scale, respectively), implies a constraint on the mean free path
of the relativistic electrons to ≤0.3, hence lm f p ≤ lA. This is
slightly lower than the reference value (∼0.5) that was moti-
vated and used in previous studies (e.g., Brunetti & Lazarian
2016; Brunetti & Vazza 2020). Therefore, these extreme condi-
tions may be used to check models and start suggesting that the
efficiency constrained by observations is slightly higher than that
expected by models in the standard or original configuration of
the model parameters.

6. Summary and conclusions

We have presented a study of the high-redshift galaxy cluster
El Gordo at 300–1450 MHz using the uGMRT. The sensitive
uGMRT observations allowed us to study the detailed spectral
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characteristics of the radio halo below 1 GHz for the first time.
Our observations, combined with available X-ray observations
(Chandra), provided acute physical insights into the thermal and
nonthermal connections in the ICM and into the origin of the
radio halo. We summarize our results and conclusions below.
1. We obtained GMRT images of El Gordo at the effective fre-

quencies of 366, 672, and 1274 MHz with an rms noise of
50, 13 and 15 µJy beam−1. We detected the radio halo, the
NW relic, SE relic, and E relic, which were known from
earlier studies. In addition, we detected an extension of the
E relic to the north, which we labeled E-relic ext.

2. The radio halo emission is well fit with a single power law
between 300–1274 MHz, with a spectral index of −1.0±0.3.
The 2.1 GHz measurement from L14 indicates a steepening
beyond 1274 MHz with a spectral index of −2.50 ± 0.46.
The differences in the uv-coverage might affect this estimate,
however. The integrated spectral indices of the NW relic,
SE relic, and E relic were also fit with a single power law
with a slope of −1.4. The E relic ext has a steep spectrum
of −2.1. The radio power of the halo at 1.4 GHz follows the
P1.4 GHz versus M500 relation for high-redshift halos and is
the second brightest radio halo of all the radio halos at all
redshifts.

3. We obtained a spectral index map between 366 and 672 MHz
that showed that the radio halo has a median spectral index
of −1.3, and it shows a standard deviation of 0.4. However,
the southern part shows flatter spectral indices (>−1.0) than
the northern part, where the spectral indices reach steeper
values (<−2). This suggests a more complex situation than a
simple power law. The NW relic also shows a gradient of the
spectral index from the outer to the inner edge.

4. The brighter portion of the radio halo follows the northern
X-ray tail. The Chandra temperature measurements at the
edges of the radio emission are not robust enough to con-
clude about the cospatiality with higher-temperature regions
and the brighter radio emission.

5. The point-to-point comparison of 366 and 672 MHz images
with the X-ray surface brightness showed sublinear fits,
but with scatter at low surface brightness values. The rela-
tion was examined separately for the northern and southern
X-ray tails. Both regions lie within the range in which in the
scaling relation is strongly scattered, and the southern tail
has only three points. The point-to-point comparison of the
spectral index with the X-ray surface brightness showed that
they are anticorrelated, indicating that the brighter portions
in X-ray have flatter spectra and vice versa.

6. Using the radio power of the halo, we calculated the turbu-
lent velocity dispersion based on the scaling by Eckert et al.
(2017) to be 1112 km s−1, implying a 3D turbulent Mach
number of ∼0.6. The power spectrum of X-ray surface
brightness fluctuations in the cluster provides a consistent
estimate of the turbulent Mach number. Further assuming
the turbulence injection scale to be the same as the clus-
ter merger impact parameters proposed in simulations, we
found the energy rate per unit volume of turbulence, Pturb to
be 1.79 × 10−25 and 6.74 × 10−26 erg s−1 cm−3, if the typical
scale of injection of turbulence is in the range 300–800 kpc.
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Appendix A: Regions used for flux density
measurements

The regions used for the flux density measurements of the diffuse
sources described in Sec. 4.2 are shown.

Fig. A.1. The uGMRT band 3 image with a resolution of 16′′ × 16′′ is
shown in color with the regions used to measure the flux densities of the
diffuse sources overlaid in dashed lines.

Appendix B: Grids used for the point to point
analysis

We show here the regions used to extract the radio and X-ray
surface brightness, corresponding to Figure. 8.

Fig. B.1. The two panels show the band 3 (top) and band 4 (bottom)
images used in the spectral and point-to-point analysis. The two ellipses
in magenta (dashed line) mark the two tails in X-rays. The regions of
the grid within the two tails are color coded (cyan in the northern tail
and red in the southern tail) in the point-to-point analysis. The rest of
the regions are shown in green.
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