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Abstract

We present LOw Frequency ARray observations of the Coma Cluster field at 144 MHz. The cluster hosts one of
the most famous radio halos, a relic, and a low surface brightness bridge. We detect new features that allow us to
make a step forward in the understanding of particle acceleration in clusters. The radio halo extends for more than
2 Mpc, which is the largest extent ever reported. To the northeast of the cluster, beyond the Coma virial radius, we
discover an arc-like radio source that could trace particles accelerated by an accretion shock. To the west of the
halo, coincident with a shock detected in the X-rays, we confirm the presence of a radio front, with different
spectral properties with respect to the rest of the halo. We detect a radial steepening of the radio halo spectral index
between 144 and 342 MHz, at ~30’ from the cluster center, that may indicate a non-constant re-acceleration time
throughout the volume. We also detect a mild steepening of the spectral index toward the cluster center. For the
first time, a radial change in the slope of the radio—X-ray correlation is found, and we show that such a change
could indicate an increasing fraction of cosmic-ray versus thermal energy density in the cluster outskirts. Finally,
we investigate the origin of the emission between the relic and the source NGC 4789, and we argue that NGC 4789

, R. Cassano”
H LA Rottgermg T. Ventun and R. J. van Weeren®

s

could have crossed the shock originating the radio emission visible between its tail and the relic.

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

1. Introduction

Diffuse, non-thermal emission has been observed in more
than 100 clusters of galaxies, revealing the existence of
magnetic fields and relativistic particles on scales as large as a
few megaparsecs. In the past decade, the advent of low-
frequency, sensitive radio observations has brought about a
major advance in the discovery of these objects and the
characterization of their properties.

Synchrotron emission from the intracluster medium (ICM)
has been observed in the form of giant radio halos, mini halos,
and radio relics, depending on their location and morphology.
Giant radio halos are found at the centers of merging galaxy
clusters, co-spatial with the X-ray emitting gas, and with sizes
of 1-2Mpc. Mini halos only have sizes of a few hundred

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

kiloparsecs and are found mostly in cool-core clusters. Finally,
radio relics are arc-like sources located in cluster outskirts,
where they trace merger shock waves. We refer to van Weeren
et al. (2019) for a recent review.

Since their discovery, it has been proposed that radio halos
and relics are generated by shocks and turbulence driven in the
ICM by cluster mergers (see, e.g., Brunetti & Jones 2014 for a
review, and references therein). Although the details of the
proposed mechanisms are not understood yet, radio halos have
preferentially been found in merging clusters, supporting a
connection between mergers and radio emission (Cuciti et al.
2015), and radio relics are often coincident with gas
discontinuities detected in the X-ray and Sunyaev—Zel’dovich
(SZ) images (e.g., Ogrean et al. 2013; Planck Collaboration
et al. 2013). The origin of mini halos is still debated. They
could originate either from turbulent motions that develop in
the cluster core (e.g., ZuHone et al. 2013) or from hadronic
collisions between cosmic-ray protons and thermal protons
(e.g., Pfrommer & EnBlin 2004).


https://orcid.org/0000-0002-5068-4581
https://orcid.org/0000-0002-5068-4581
https://orcid.org/0000-0002-5068-4581
https://orcid.org/0000-0001-5636-7213
https://orcid.org/0000-0001-5636-7213
https://orcid.org/0000-0001-5636-7213
https://orcid.org/0000-0003-4916-6362
https://orcid.org/0000-0003-4916-6362
https://orcid.org/0000-0003-4916-6362
https://orcid.org/0000-0001-5648-9069
https://orcid.org/0000-0001-5648-9069
https://orcid.org/0000-0001-5648-9069
https://orcid.org/0000-0002-9714-3862
https://orcid.org/0000-0002-9714-3862
https://orcid.org/0000-0002-9714-3862
https://orcid.org/0000-0002-3369-7735
https://orcid.org/0000-0002-3369-7735
https://orcid.org/0000-0002-3369-7735
https://orcid.org/0000-0001-7509-2972
https://orcid.org/0000-0001-7509-2972
https://orcid.org/0000-0001-7509-2972
https://orcid.org/0000-0003-1619-3479
https://orcid.org/0000-0003-1619-3479
https://orcid.org/0000-0003-1619-3479
https://orcid.org/0000-0003-0312-6285
https://orcid.org/0000-0003-0312-6285
https://orcid.org/0000-0003-0312-6285
https://orcid.org/0000-0002-9325-1567
https://orcid.org/0000-0002-9325-1567
https://orcid.org/0000-0002-9325-1567
https://orcid.org/0000-0002-3973-8403
https://orcid.org/0000-0002-3973-8403
https://orcid.org/0000-0002-3973-8403
https://orcid.org/0000-0003-4046-0637
https://orcid.org/0000-0003-4046-0637
https://orcid.org/0000-0003-4046-0637
https://orcid.org/0000-0003-4439-2627
https://orcid.org/0000-0003-4439-2627
https://orcid.org/0000-0003-4439-2627
https://orcid.org/0000-0002-9112-0184
https://orcid.org/0000-0002-9112-0184
https://orcid.org/0000-0002-9112-0184
https://orcid.org/0000-0002-0587-1660
https://orcid.org/0000-0002-0587-1660
https://orcid.org/0000-0002-0587-1660
mailto:annalisa.bonafede@unibo.it
http://astrothesaurus.org/uat/584
http://astrothesaurus.org/uat/1119
http://astrothesaurus.org/uat/508
http://astrothesaurus.org/uat/858
https://doi.org/10.3847/1538-4357/ac721d
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ac721d&domain=pdf&date_stamp=2022-07-15
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ac721d&domain=pdf&date_stamp=2022-07-15
http://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL, 933:218 (25pp), 2022 July 10

In the past years, the picture has become more complicated,
and it has been found that some clusters with mini halos also
host a larger-scale radio component, resembling a dimmer
version of the giant radio halos but in non-merging objects
(e.g., Savini et al. 2019; Raja et al. 2020). Moreover, a giant
halo has also been found in a strong cool-core cluster, CL 1821
+643 (Bonafede et al. 2014). In addition, relics and halos are
sometimes connected through low-brightness radio bridges
(van Weeren et al. 2012; Bonafede et al. 2021) that could be
powered by mechanisms similar to those that are currently used
to explain radio halos. On even larger scales, giant bridges of
radio emission have been discovered, connecting massive
clusters in a pre-merging state (e.g., Govoni et al. 2019;
Botteon et al. 2020b).

Despite the differences between these types of sources, they
all have a low surface brightness (~1uJy arcsec™2) at GHz
frequencies. They also have steep radio spectra,'® with a
spectral index o < —1 that makes them brighter at low radio
frequencies. Hence, the advent of deep, low-frequency radio
surveys, such as the LOFAR Two-meter Sky Survey (LoTSS;
Shimwell et al. 2017, 2019), has both increased the number of
new detections (see, e.g., Biava et al. 2021; Riseley et al. 2022;
Botteon et al. 2022; Hoang et al. 2022) and allowed the study
of known objects with unprecedented sensitivity and detail.

The Coma cluster hosts the most famous and best studied
radio halo, as well as a radio relic and a radio bridge connecting
the two (see Figure 1). The emission from the Coma field has
been the subject of many studies since its discovery (e.g., Large
et al. 1959; Ballarati et al. 1981; Giovannini et al. 1991;
Venturi et al. 1990; Kronberg et al. 2007; Brown &
Rudnick 2011). In Paper I (Bonafede et al. 2021), we have
analyzed the properties of the radio bridge and have shown
under which conditions it can be powered by turbulent
acceleration. In this paper, we focus on the radio halo and
relic of the Coma cluster. New LOFAR data give us
information in regions that have been so far inaccessible,
providing important clues on the origin of the radio emission.
Giovannini et al. (1993) first found that the spectrum of the
halo between 326 MHz and 1.28 GHz is characterized by two
different regions: a central one with o ~ — 0.8, and a peripheral
one with a~ —1.2. The integrated spectrum, computed
between 30 MHz and 4.8 GHz, shows a high-frequency
steepening consistent with homogeneous in situ re-acceleration
models. They also reported a smooth distribution of the radio
surface brightness, with no evidence for substructures at the
resolution of ~50". Their results have been confirmed later on
by several authors, such as Thierbach et al. (2003), who
complemented the analysis with observations up to 4.8 GHz,
where the halo is barely detected. The steepening of the halo at
high frequencies has been subject to debate, as the decrement
due to the SZ effect was initially not accounted for. After the
observation of the SZ effect by the Planck satellite (Planck
Collaboration et al. 2011, 2014), it has been possible to confirm
the steepening of the radio emission (Brunetti et al. 2013).
However, we note that data below 300 MHz, being taken in the
1980s, lack the sensitivity, resolution, calibration, and imaging
accuracy that are allowed by present instruments and
techniques. In particular, the observation at 151 MHz
(Cordey 1985), i.e., the closest in frequency to LOFAR High
Band Array (HBA), has a resolution of ~70" and a sensitivity

16 Throughout this paper, we define the spectral index «v as S(v) o< v, where S
is the flux density at the frequency v.
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of a few x10 mly beam_l, which allowed the detection of the
central part of the halo only. Similarly, observations at 43 and
73 MHz by Hanisch & Erickson (1980) did not allow us to
properly subtract the emission from radio galaxies present in
the cluster.

In addition to integrated spectral studies, better resolved
spatial analysis of radio halos’ spectral properties yields
important information about the distribution of the component
in the ICM (e.g., Rajpurohit et al. 2020, 2021a, 2021b). The
halo in the Coma cluster offers a unique chance to perform
spatially resolved studies of the halo brightness and of its
connection between thermal and non-thermal plasma (e.g.,
Govoni et al. 2001; Brown & Rudnick 2011). So far, these
studies have been inhibited by the lack of resolution, as it is
often necessary to convolve the radio images with large
Gaussian beams to recover the full halo emission.

LOFAR (van Haarlem et al. 2013), thanks to its sensitivity
and resolution, provides a step forward for precise measure-
ments of the halo size and flux density and for resolved studies.
In this paper, we study the radio emission from the Coma
cluster at 144 MHz, using data from LoTSS (Shimwell et al.
2019; Shimwell et al., in press) after ad hoc reprocessing. We
also use published data and reprocessed archival X-ray and
radio observations to perform a multiwavelength study of the
emission.

This paper is organized as follows: In Section 2 we describe
the observations and data reduction procedures. In Section 3 we
present the main sources of diffuse emission, both known and
newly discovered. The radio halo is analyzed in Section 4, its
spectrum is analyzed in Section 5, and its correlation with the
thermal gas is shown in Sections 6 and 7. In particular, in
Sections 5.3 and 6.4, the halo properties, as discussed in the
framework of turbulent re-acceleration models, and constraints
to the model parameters are derived. In Section 8, we use
cosmological MHD simulations to reproduce the thermal /non-
thermal properties of the Coma cluster. In Section 9, the halo
front is analyzed and its origin is discussed in connection with
the shock wave found by X-ray and SZ studies. We also
analyze the emission detected between the relic and the radio
galaxy NGC 4789 in Section 10. Finally, results are discussed
in Section 11. Throughout this paper, we use a ACDM
cosmological model, with Q) =0.714, Hy=69.6 km st
Mpc~'. At the Coma redshift (z=0.0231) the angular to
linear scale is 0.469 kpc arcsec™ ' and the luminosity distance
D; =101.3 Mpc.

2. Observations Used in This Work
2.1. LOFAR Data and Data Reduction

The data used in this work are part of the LoTSS (Shimwell
et al. 2019, Shimwell et al. 2022) and consist of two pointings
of 8 hr each taken with LOFAR (van Haarlem et al. 2013) HBA
antennas, in the DUAL_INNER mode configuration. Each
pointing is 8 hr long, bookended by 10-minute observations of
a calibrator (3C 196), used to correct for the ionospheric
Faraday rotation, clock offsets, instrumental XX and YY phase
offsets, and time-independent amplitude solutions. The point-
ings are specified in Table 1, together with the distance from
the central source NGC 4874, at the cluster center. Observa-
tions are centered at 144 MHz and have a 48 MHz total
bandwidth. After preprocessing and direction-independent
calibration, data are averaged into 24 visibility files, each
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Figure 1. Composite IR-radio image of the Coma cluster field. In white the IR image in bands 1, 2, and 3 of the Wide-field Infrared Survey Explorer is shown. The
red-orange color scale shows the composite radio image of the diffuse emission at 1’ for the diffuse emission and of 20” for the sources in the field.

Table 1
LOFAR Observations Details
LoTSS Dist. of NGC
Pointing R.A. (deg) Decl. (deg) Time (hr) 4874 (deg)
P192+27 192.945 27.2272 8 1.88
P195+27 195.856 27.2426 8 1.11

having a bandwidth of 1.953 MHz with a frequency resolution
of 97.6kHz and a time resolution of 8s. For details about
preprocessing and direction-independent calibration steps, we
refer to Shimwell et al. (2019), where LoTSS data acquisition
and processing are both explained in detail. The direction-
dependent calibration has been made using the LoTSS DR2
pipeline, but with a slightly different procedure to account for
the large-scale emission present in the Coma field. Specifically,
we have included all baselines in imaging and calibration,
while the LoTSS DR2 pipeline applies an inner uv-cut of the
visibilities below 100 m to eliminate radio frequency inter-
ferences on the shortest baselines and filter out large-scale
Galactic emission that would make the process of calibration
and imaging more difficult. The two pointings have been
calibrated separately, and unrelated sources have been
subtracted from the visibilities through a multistep procedure,
for which we refer the reader to Bonafede et al. (2021). Briefly,
we first subtracted all the sources outside a radius of 1.5°

centered on the cluster, using the model components obtained
from an image at 20” resolution with no inner uv-cut, and using
a threshold of 50 (0.75 mJy beanfl). The subtracted data have
been reimaged using a uv-cut of 300 m to filter out the diffuse
emission from the ICM, and the model components have been
subtracted using a threshold of 0.6 mJybeam '. Data have
been reimaged again to check for the presence of residual
emission from discrete sources using a uv-cut of 100m.
Residual emission associated with Active Galactic Nuclei
(AGN) and sources unrelated to the halo and relic emission has
been identified and subtracted by the data. The sources NGC
4789 and NGC 4839 have not been subtracted in order to study
how their emission is connected to the relic and bridge,
respectively. Two diffuse patches of emission to the west of
Coma are still present and have been deconvolved in the
imaging runs. They are discussed in the following sections.
The images used in this work have been done in a different
way than in Bonafede et al. (2021), taking advantage of the
new implementations that have been added to the imaging
software in the past months. Imaging has been done with
DDFacet (Tasse et al. 2018), using the recently added features
that allow us to deconvolve large-scale emission in joint-
deconvolution mode. We used the Sub Space Deconvolution
(SSD) algorithm (Tasse et al. 2018 and references therein) to
better model the clean components. Typically, four major
cycles were needed to achieve a noise-like residual map. The



THE ASTROPHYSICAL JOURNAL, 933:218 (25pp), 2022 July 10

Bonafede et al.

Table 2

Images Used in This Work
Image Name Freq. (MHz) Resolution Opms (MJy beam™}) Figure
LOFAR as LoTSS 6 144 6" x 6" 0.1 Figure 5
LOFAR as LoTSS 20 144 20" x 20" 0.15 Figure 3
LOFAR 35" 144 35" x 35" 0.2 Figure 3 (top panel), Figure 5
LOFAR 1’ 144 60" x 60" 0.4 Figure 2
WSRT H 342 134" x 68" 0.4 Brown & Rudnick (2011)
LOFAR as WSRT H 144 134" x 68" 1.5 Figure 20
WSRT R 326 150" x 100" 1.2 Giovannini et al. (1991), Bonafede et al. (2021)
LOFAR as WSRT R 144 150" x 100" 1

beam correction has been applied in the image plane,
interpolating the beams of the two different pointings in the
direction of Coma. Different images have been produced, as
listed in Table 2, at various resolutions to highlight the
emission from discrete sources and from the diffuse emission.
To align the flux scale to LoTSS, we have extracted the fluxes
from the sources in the Coma field and followed the same
bootstrap procedure described in Hardcastle et al. (2016),
which is based on the NRAO VLA Sky Survey (NVSS;
Condon et al. 1998).

2.2. XMM-Newton and ROSAT Data

We used the XMM-Newton Science Analysis System (SAS)
v18.0.0 for data reduction. The ObsIDs we used are listed in
the Appendix. Event files from the MOS and pn detectors were
generated from the observation data files with the tasks
emproc and epproc. The out-of-time (OoT) events of pn
were corrected following the user guide.'"” We used stacked
Filter Wheel Closed (FWC) event files to generate non-X-ray-
background (NXB) maps. For each ObsID, the FWC event files
were reprojected using task evproject to match the
observation. NXB maps were scaled to match the NXB level
of each count image. For MOS, the scale factor was calculated
using the ratio of out-of-field-of-view (OoFoV) count rates. For
pn, even the OoFoV area can be contaminated by soft protons,
and it cannot be used for an accurate rescaling of the NXB
(Gastaldello et al. 2017; Zhang et al. 2020; Marelli et al. 2021).
On the other hand, the pn instrumental background shows a
similar long-term variability to that of Chandra’s ACIS-S3
chip; therefore, we used this information for rescaling the pn
NXB level in the observations (details are provided in Zhang
et al., in preparation).

The corresponding exposure maps were generated using the
task eexpmap with parameter withvignetting=yes.
Point sources were detected and filled by the tasks wavde-
tect and dmfilth in the Chandra Interactive Analysis of
Observations (CIAO) v4.13 package. We stacked individual
count maps, exposure maps, and NXB maps, respectively,
using the 0.5-2.0keV energy band. We divided the NXB-
subtracted count image by the exposure map to generate the
flux map. After removing the instrumental background and
correcting for telescope vignetting, a constant sky background
was further subtracted from the images. The level of this
background was estimated from the median flux in an annulus
spanning radii of 60’~70’. Note that Mirakhor & Walker (2020)
do detect a signal from the Coma ICM even at these large radii,
albeit in a narrower energy interval of 0.7-1.2 keV, where the

'7 hitp:/ /xmm-tools.cosmos.esa.int /external /xmm_user_support/
documentation/sas_usg/USG /removingOoTimg.html

signal-to-background ratio is optimized. The sky background
used here may therefore be slightly overestimated, but this does
not have an impact on the radii of interest considered in our
XMM-Newton analysis (limited in this case mostly within the
cluster’s Rsqp).

We furthermore used the four archival observations of the
Coma cluster performed in 1991 June by the ROSAT Position
Sensitive Proportional Counter (PSPC). These pointings extend
out to radii of 60’-70/, totaling a clean exposure time of 78 ks.
The data reduction was performed exactly as already described
in Simionescu et al. (2013) and Bonafede et al. (2021). The low
instrumental background of ROSAT makes these data an
important complement to XMM-Newton in the faint cluster
outskirts.

2.3. Planck Data

We used six Planck frequency maps acquired by the High
Frequency Instrument (HFI) and the corresponding energy
responses released in 2018 by the Planck collaboration (Planck
Collaboration et al. 2020). The average frequencies of the HFI
maps are 100, 143, 217, 353, 545, and 857 GHz. The nominal
angular resolutions of the maps are 9/69, 730, 5702, 4794, 4!83,
and 464, respectively. Following prescriptions of Galactic
thermal dust studies performed by the Planck Collaboration
(Planck Collaboration et al. 2014), we corrected HFI maps for
individual offsets that maximize their spatial correlation with
neutral hydrogen density column measurements performed in
regions of the sky characterized by their low dust emissivity and
by the exclusion of prominent SZ sources.

This multi-frequency data set allowed us to map the thermal
SZ Compton parameter in a 4 deg” sky area centered on Coma,
following the spectral imaging algorithm described in Baldi
et al. (2019). Briefly, the Compton parameter, y, is jointly
mapped in the wavelet space with the Cosmic Microwave
Background anisotropies and with the Galactic thermal dust
emissivity. This is achieved via a spatially weighted likelihood
approach that includes the smoothing effect of individual HFI
beams in the reconstruction of B3-spline wavelet coefficients.
In order to best restore anisotropic details, a curvelet transform
is eventually computed from these wavelet coefficients and
denoised via a soft thresholding that we parameterize as a
function of local values of the noise standard deviation. The
resulting y-map has a resolution (FWHM of the point-spread
function) of 5/, i.e., a factor 2 higher than the one published in
Planck Collaboration et al. (2013).

2.4. WSRT Data

We use data from the Westerbork Synthesis Radio Telescope
(WSRT) at ~325 MHz. Part of these data come from the
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Table 3
Source Properties at 144 MHz
Source Name Dist. LAS S144 MHz Pias muz
Iy W/Hz

Halo 71/-2.00 Mpc 1242 15402 % 10%
Accretion relic 2°1-3.55 Mpc 55'-1.5 Mpc 0.47 £ 0.07 57409 x 10
Relic 73/-2.0 Mpc 38'~1.1 Mpc 24404 3.0+£04 x 10**
NAT-relic connection 79'-2.3 Mpc 10"-280 kpc 0.7+0.1 941 x 107

Note. Column (1): name of the diffuse source. Column (2): distance from the cluster center. Column (3): largest angular size measured above the 20, contour.
Column (4): flux density measured above the 20,,,,; contour. Column (5): radio power at 144 MHz. The K-correction is applied assuming « = —1, —1, —1.2, and —1.4

for the halo, accretion relic, relic, and NAT-relic connection, respectively.

30°

Accretion relic

—
29°
_~|:|an front 10-2
) -
5 =
=~ 28° e =
: / : "l’ ;. Bridge 8
o} % \
[a] Candidate » ~ Rélic >
remnant -
.
27° 5
1 Mpc 10-3
NAT-relic
connection
26°
13h05™ oo™ 12h55m 50m
RA (ICRS)

Figure 2. LOFAR emission of the Coma field at the resolution of 1. The
candidate accretion relic, halo front, bridge, relic, and NAT-relic connection
are labeled.

observations published in Venturi et al. (1990) and Giovannini
et al. (1991), which we have reimaged as explained in
Bonafede et al. (2021). In this work, we also use more recent
WSRT observations published by Brown & Rudnick (2011)
that recover a larger fraction of the radio halo but are more
affected by imaging and calibration artifacts due to the
presence of the source Coma A, north of the relic. Brown &
Rudnick (2011) observations are used here to study the spectral
properties of the halo, while Venturi et al. (1990) and
Giovannini et al. (1991) observations are used here to study
the spectral index in the relic region. In Table 2, these images
and their main properties are listed. We refer to the image
published by Brown & Rudnick (2011) as WSRT H, as it is
used to study the halo emission, and to the image published by
Venturi et al. (1990) and Giovannini et al. (1991) as WSRT R,
as it is used to study the relic region.

3. Components of the Diffuse Emission

The radio emission from the Coma field consists of several
different components, either associated with the ICM or
originating from the interaction of the radio galaxies with the
environment. In Figure 2, the diffuse emission from the Coma
cluster field is shown, after the subtraction of radio galaxies and
point sources. The most relevant features are labeled. As
already known, the Coma cluster hosts a radio halo, a radio
relic, and a bridge of low surface brightness emission

connecting the two. In addition to these components, several
new features are detected in our LOFAR observations. In this
section, we present the emission from the diffuse sources as
imaged by LOFAR at 144 MHz. An analysis of their properties
that includes radio images at other frequencies and the
comparison with the X-ray emission from the ICM is presented
in the following sections for each source separately.

3.1. The Radio Halo

At 144 MHz, the radio halo appears larger than at higher
frequencies, with a Largest Angular Scale (LAS) of 1°2,
measured east to west, corresponding to ~2 Mpc (see Table 3).
The halo appears to be composed of a central, bright core and a
larger, weaker component that is asymmetrical and more
pronounced toward the west (see Figure 3). The inner portion
of the halo is what we define the “halo core.”'® This part of the
halo is the one visible in the LoTSS images that impose an
inner uv-cut of 80\, corresponding to ~43’. The 20” resolution
of LoTSS, here reproduced using the same uv-range restriction,
provides a detailed image of the inner portion of the halo.
Clearly, the emission from the halo core is brighter than the
rest, and its surface brightness is characterized by bright
filaments of radio emission, marked with arrows in Figure 3.
Despite being the best studied radio halo, this is the first time
that features such as these filaments are detected in its diffuse
emission.

Outside the halo core, low surface brightness emission is
detected, which is brighter toward the west. We call this
emission the “outer halo” and discuss in Sections 4 and 6
whether the halo core and the outer halo show different
properties, as recently proposed for some cool-core clusters
(Savini et al. 2018, 2019; Biava et al. 2021; Riseley et al.
2022). The emission from the outer halo is only visible when
baselines shorter than 80\ are included in the image, and hence
it is filtered out in the LoTSS images.

In the right panel of Figure 3, we show the halo in the
LOFAR 35” image, after the subtraction of the unrelated radio
sources. To the west, the halo has a sharp edge coincident with
the halo front (see Figure 2 for labeling) already found by
Brown & Rudnick (2011) and coincident with the shock front
detected in the X-rays (Simionescu et al. 2013) and SZ (Planck
Collaboration et al. 2013). In Figure 4 we show the radio
profile computed in annuli across the halo front in comparison
with the rest of the cluster. The two sectors have azimuth
angles from 47° to 287° (Coma) and from 323° to 48° (front,
centered in R.A. =12:59:07, decl. = +28:01:31). The south-
west (SW) part of the halo, toward the radio bridge, has been

'® The halo core and outer halo are labeled in Figure 11.
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Figure 3. Left panel: zoom-in of the radio halo from the 20” image, which is made imposing an inner uv-cut (image LOFAR as LoTSS 20 in Table 2). The halo core
and the radio galaxies both of Coma and of the field are visible. The black bowl around the core indicates that large-scale diffuse emission is filtered out. White arrows
mark the filaments (three arrows on the left) and the radio loop (arrow on the upper right). Right panel: same as the left panel, but from the 35” image, where all the
baselines have been included in the image and the discrete sources have been subtracted (see text for details) The outer halo and the halo front are well visible.

Contours start at 30,,s and are spaced by a factor of 2.

excluded. While the average cluster profile shows a smooth
radial decline, a sharp edge is visible around ~1900” from the
cluster center, coincident with the radio front found by Brown
& Rudnick (2011).

Toward the SW, the spherical front continues and its
brightness becomes weaker and merges with the emission from
the radio bridge. The total flux density of the radio halo,
measured from the images above 20, is 10+2Jy at
144 MHz. The main properties of the radio halo are listed in
Table 3.

3.2. The Radio Relic and The NAT-Relic Connection

To the SW of the Coma cluster, a radio relic has been
discovered by Ballarati et al. (1981) and studied by several
authors afterward (Venturi et al. 1990; Giovannini et al. 1993;
Brown & Rudnick 2011; Bonafede et al. 2013; Ogrean
& Briiggen 2013). However, the presence of the bright source
Coma A, at the northwest (NW) of the relic, has always
made its study difficult. Residual calibration errors remain in
the LOFAR image (see Figure 5) and make it difficult to
determine whether the relic extension to the NW is real. We
note that the same extension has also been detected by single-
dish observations at 1.4 GHz, where it also appears polarized
(Brown & Rudnick 2011). Despite this, because of its
questionable nature, we adopt a conservative approach and
do not include it in our discussion of the relic.

The radio relic has an LAS of 38’, corresponding to
~1.1 Mpc at the Coma redshift. Its emission is connected on
both sides to two head-tail radio galaxies, namely, NGC 4839
to the northeast (NE) and NGC 4789 to the SW of the relic.
From NGC 4839, we detect diffuse emission that blends into
the bridge and relic emission (Bonafede et al. 2021). The
surface brightness of the relic is not uniform but composed of
patchy and filamentary substructures (see Figure 5). Stripes of

Radio front profile
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Figure 4. Radio profile of the Coma halo from the LOFAR image at 2’
resolution across the halo front in comparison with the rest of the halo. Error
bars represent statistical errors only.

radio emission depart from the relic and are directed toward the
bridge and NGC 4839. A similar stripe is detected also near the
tail of NGC 4839, directed toward the relic. These features
could be regions where the magnetic field has been amplified
and/or where the plasma has been stripped from the tail of
NGC 4789. The surface brightness of these stripes is a factor
2-3 higher than the nearby emission, and their size is ~11!7,
which corresponds to 300 kpc at the Coma’s redshift.

Beyond the relic, toward the SW, the narrow angle tail
(NAT) galaxy NGC 4789 appears connected to the relic, as
already found by, e.g., Giovannini et al. (1991). The connection
between the relic and NGC 4789 has been interpreted as the
tail of NGC 4789 feeding the relic with radio plasma
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Figure 5. Zoom-in of the radio relic region. Left panel: 6” image showing the complex emission that links the source NGC 4789 to the relic emission. Right panel: 35"
image. The source NGC 4789 is labeled. Arrows mark the position of the stripes that depart from the relic toward NGC 4839. White dashed circles indicate residuals
from the subtraction of the lobes of NGC 4827, a Coma radio galaxy, and Coma A. Contours start at 30,,,; and are spaced by a factor of 2.

(e.g., EnBlin & Gopal-Krishna 2001). In Section 10, we will
investigate the possible origin of this emission.

3.3. Diffuse Emission from NGC 4849

To the south of Coma, we detect diffuse emission, elongated
in the north—south direction, with a size of ~27’. This emission
seems associated with the radio galaxy NGC 4839, located at
RA. = 12"58™125679, decl. = +26923™48:77, at redshift
z7=0.01966. Its angular size translates into a linear size of
~650 kpc (see Figure 6). From the 6” resolution image, the
core of NGC 4849 is visible, and a hint of jet emission in the
north—south direction is also present. A second bright
component is located at the south of the core, which could
be either an unrelated radio source seen in projection or the
lobes of NGC 4849. The maximum extension of this tail in the
WSRT image is ~7’. Using the WSRT H and “LOFAR as
WSRT H” images (see Section 2 and Table 2) and taking into
account the higher noise of the WSRT image in that region, we
derive a 20 limit for the spectral index of the tail o <—2.
Analyzing the emission of this source is not the aim of this
paper; we note that similar steep spectrum tails have been
found in the outskirts of other clusters (e.g., A1132, Wilber
et al. 2018; A2255, Botteon et al. 2020a), likely tracing the
motion of the galaxy in the ICM. The long tail of aged cosmic-
ray electrons (CRe) left behind by these sources during their
motion provides seed electrons that could be re-accelerated by
turbulence and shocks.

3.4. Accretion Relic

After the subtraction of unrelated sources, two extended
patches of diffuse emission are visible at the periphery of
Coma, to its NE and east (see Figure 7). The diffuse
component at the eastern side of Coma is not associated with
any Coma cluster galaxy (Pizzo 2010). Pizzo (2010) also

noticed that this source lies at the crossroads of two filaments
of galaxies, pointing toward the clusters A2197 and A2199,
respectively, and suggested that this emission could be due to
the accretion of matter toward the Coma cluster. Our images
have a higher resolution and allow us to recognize a double-
lobe structure that resembles a radio galaxy. However, no
core is obviously associated with it in the 6” and 20” images
(see Figure 7). We tentatively label this source as a
“candidate remnant”, but we note that its classification
remains uncertain. Indeed, given its large angular size (~27')
and the lack of an optical identification at the Coma cluster
redshift, it would have a very large linear size if it were in the
background of Coma.

The other diffuse patch in the NE part of Coma is entirely
new and has an arc-like morphology and a weak uniform
brightness. This emission does not appear connected to any
discrete source (see Figure 7). When convolving the image to a
resolution of 2/, it has a largest angular size of ~55°, which
would correspond to 1.5 Mpc at the cluster redshift, and it is
located at ~ 2°1 from the cluster center. At the Coma redshift,
this distance corresponds to ~3.6 Mpc, while the cluster virial
radius'® is ~2.9 Mpc. Since recent studies (e.g., Malavasi et al.
2020) have found an intergalactic filament of galaxies in the
NW direction from the Coma cluster, this source could be
connected to the cluster and its large-scale environment. Hence,
we consider it plausible that this is an “accretion relic,” though
more data supporting our hypothesis are needed. Considering
that accretion shocks on these scales should be characterized by
a strong Mach number (M > 5; e.g., Hong et al. 2014), a
strong prediction in this case would be that the radio spectrum
of this emission should be o < v~ " and also characterized by a
large degree of polarization. The properties of this accretion
relic are listed in Table 3.

19 R0 is considered here to be a good approximation of the virial radius, as
the cluster redshift is 0.023.
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Figure 6. Zoom-in of the region of NGC 4849, to the south of Coma. Left panel: 6” image from LoTSS showing the core of NGC 4849. Right panel: I image showing
the full extent of the tail. The white box marks the region shown in the left panel. Contours start at 30 and are spaced by a factor 2.
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Figure 7. Zoom-in of the region of the accretion relic. Left panel: 20” image from LoTSS showing the diffuse emission of the accretion relic (upper left), the candidate
remnant source (lower left), and all the radio sources in the field. Right panel: same as the left panel, but from the 2’ image. Contours are plotted at (3, 4, 8, 16, 32, 64)
oms- The white circle is centered on the Coma cluster centre and has a radius » = Ryq.

4. The Radio Halo Profile

To characterize the halo properties, we have fitted its surface
brightness profile adopting the approach first proposed by
Murgia et al. (2009) and more recently generalized by Boxelaar
et al. (2021) to account for asymmetric halo shapes. The main
novelty of this procedure is that the profiles are fitted to a two-
dimensional image directly, using MCMC to explore the
parameter space, rather than to a radially averaged profile. In
addition, the fitting procedure by Boxelaar et al. (2021) allows
one to fit also elliptical and skewed (asymmetric) models. We

refer to Boxelaar et al. (2021) for a detailed explanation and
summarize here the relevant parameters. The surface brightness
model is given by

1(r) = Iyexp 9, (1)

where I, is the central surface brightness and G(r) a radial
2

21\0.5
function. G(r) = (liz ) for the circular model, while

e

! 2\0.5
G@r) = (‘—j + :7) for the elliptical models, where r, is the

n
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Figure 8. Left panel: circles are the radio average brightness profile of the radio halo, computed within elliptical annuli having major- and minor-axis sub-multiples
and multiples of r; and r, i.e., the minor and major axis of the elliptical exponential fit (see Table 4). The SW sector of the halo has been blanked for ellipses with
major and minor axis larger than 3r; and 3r,, respectively, to exclude the bridge region. Error bars represent the error on the mean; upper limits at 30 are plotted as
arrows. The width of the annuli goes from 1’ in the center to 4’ in the outer annuli, to improve the sensitivity to low surface brightness emission in the outer parts of the
halo. The blue line refers to the best-fit elliptical model; see Table 4. Right panel: radio image of the Coma cluster at 1’ resolution. The inner cyan ellipse has major and
minor axis equal to 3r; and 3r,, respectively, and elliptical annuli are spaced by 1’. The outer elliptical bins have a width of 4’ and and trace ellipses out to 6r; and 6r»,
showing the SW region that has been excluded from the analysis because of the bridge.

Table 4
Radio Halo 2D Fit

LOFAR—144 MHz

Halo model Xf Iy I3 r 3 Ty Angle S1a4.MH2 Piasvnz
(nJy arcsec™2) (kpc) (kpc) (kpc) (kpc) (deg) dy) (10* WHz™")
Circular 1.7 542 +0.04 310+ 1 12.20 £+ 0.04 1.470 + 0.002
Elliptical 1.6 5.50 +£0.02 355+1 268 + 1 12.21 +0.04 1.470 4+ 0.005
Skewed 1.6 5.46 +£0.01 337 +2 368 + 2 207 £ 2 342 +2 2.99 £+ 0.001 12.35 £ 0.05 1.490 + 0.05
WSRT—342 MHz
Halo model X2 Iy T r T4 Angle S342MHz P34z mn,
Circular 0.7 3.52 £ 0.08 255 +4 53+0.1 0.64 £ 0.01
Elliptical 0.7 3.54 +£0.08 268 +5 240+ 6 53+£0.1 0.64 +0.01

Note. Column (1): model used. Column (2): reduced X2 value. Column (3): central brightness of the fit. Columns (4)—(7): e-folding radii. Column (8): angle for the
skewed halo model fit. Column (9): total halo power at 144 MHz computed within 3r,. Only statistical fit errors are shown in the table.

characteristic e-folding radius, and r* =x*+ y*. The skewed
model allows for an off-center maximum of the brightness
distribution and is characterized by four different scale radii
(r1, ra, 13, 14) and by an angle to describe the asymmetric
brightness distribution.

We have investigated these three profiles (circular, elliptical,
and skewed), and results of the fit are given in Table 4. In this
table, we only list the statistical error, while the systematic one
is 15% of the listed flux density and due to the uncertainty on
the absolute flux scale. All models give a consistent total radio
power (Pjiagmuz ~ 1.47 X 10°W Hz ! computed within 3
times the e-folding radius) and central radio brightness
(Iy ~ 5 puJy arcsec™?). We note that the flux density and
consequently the power measured by the fit are in perfect
agreement with the estimate derived from the images above
20.ms (see Section 3). As the reduced X2 values are similar in
the skewed and elliptical model, we consider the latter in the
following analysis.

In Figure 8, we show the radial profile of the halo brightness
at 144 MHz. We have computed the mean of the radio
brightness and its error within elliptical annuli having a width
that changes progressively from I’ in the center to 4’ in the outer
regions, to maximize the resolution at the center and the
sensitivity to low surface brightness emission in the halo
peripheral regions. The bridge region is excluded starting from
elliptical annuli with major and minor axis larger than 3r; and
3r,, respectively. We considered upper limits the values where
we have a mean smaller than 3 times the rms noise. From this
plot, we derive that we have detected the halo emission up to
r ~ 1.3 Mpc, which corresponds to ~4.5r; and r, (see Table 4).

In the following, we refer to the halo core as the emission
contained within an ellipse having as major and minor axis r,
and r,, respectively, and to the outer halo as the emission
contained within 4r; and 4r,, excluding the halo core. We note
that the halo core and outer halo are well represented by a
single exponential model and do not need to be considered as
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Figure 9. Left: integrated spectrum of the radio halo from literature data (green circles) from Thierbach et al. (2003 and references therein), as corrected and rescaled
by Brunetti et al. (2013). The new LOFAR measurement (red circle) and the WSRT measurement (orange square) are shown, measured within 3 times the effective
radii as derived by the halo fit (see text for details). The solid line shows expectations from a model where secondary particles are re-accelerated by compressive
turbulence (Brunetti & Lazarian 2011). The dashed line shows the spectrum computed from secondary emission, after 200 Myr since turbulent re-acceleration has
been switched off (Brunetti & Lazarian 2011). Right: spectral index radial profile computed in the different sectors, as listed in the legend. Arrows are 3o upper limits,
only statistical errors are shown, and the values of the spectral index are also affected by the flux calibration uncertainties of WSRT and LOFAR (10% and 15%,

respectively) that would contribute with an additional error of 0.2.

two separate components, if we consider the average surface
brightness of the halo emission. However, as we show in
the following analysis, they are characterized by different
properties.

We applied the same fitting procedure to the WSRT image
(WSRT H in Table 2), after blanking the sources that were
contaminating the emission. We only attempted an elliptical
and circular model fit. Results are listed in the bottom part of
Table 4. Both fits give the same total flux density and radio
power and have the same XE value, smaller than 1, possibly
indicating that the errors are being overestimated. We note that
the r; and r, values are slightly smaller than those found in the
LOFAR image, indicating a more peaked profile of the radio
emission and hence of the emitting CRe at higher frequencies.

5. Spectral Properties of the Radio Halo
5.1. The Integrated Spectrum

Using literature results and the halo flux density at 144 and
342 MHz, we can constrain the low-frequency part of the radio
halo spectrum. The spectrum of radio halos provides important
information about the underlying re-acceleration mechanism.
Indeed, it allowed us in the past to conclude that a very steep
spectrum (o <—1.5, also called ultra—steep-spectrum halos)
cannot be produced by hadronic models (e.g., Brunetti et al.
2008). Using the flux densities that result from the fits, we can
measure the spectral index between 144 and 342 MHz, yielding
a = —1.0£0.2. Though residuals from sources could still be
present, the fitting procedure we have used should minimize
that contribution (Boxelaar et al. 2021); hence, a considerable
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impact to the whole halo emission is unlikely. We find that
the spectrum is slightly flatter than previously reported in
the literature, although still consistent within the errors. The
spectrum of the halo in the Coma cluster has been extensively
studied in the literature (e.g., Giovannini et al. 1993; Thierbach
et al. 2003), using both interferometric images and single-dish
data. At low frequencies, the contribution of radio galaxies is
difficult to account for, for mainly two reasons: (i) the low
resolution of observations published so far, and (ii) the larger
extent of tailed radio galaxies whose emission blends with the
halo emission. Our sensitive and high-resolution LOFAR
images allow us to alleviate both of these problems. In
addition, we now have a more accurate method to estimate the
halo flux density. We have collected the data available in the
literature, i.e., those presented in Thierbach et al. (2003) and
rescaled to the same absolute flux scale as in Brunetti et al.
(2013), and added our measurement at 144 MHz. In Figure 9
we show the spectrum of the halo. Green circles refer to values
taken from Brunetti et al. (2013) and do not refer to the same
aperture radius. The red and orange circles refer to the LOFAR
and WSRT maps, respectively, computed within the same
aperture (corresponding to three e-folding radii of the LOFAR
image; see Table 4). In Figure 9, left panel, we show one
possible spectrum that would be produced by re-acceleration
models. However, for a proper derivation of the halo spectral
properties, one should compare the flux densities from images
done with the same uv-range, the same procedure for compact
source subtraction, and using the same aperture radius. We also
note that using a fitting algorithm, such as the one proposed by
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Boxelaar et al. (2021) and used here, would also minimize the
effect of different noise obtained at different frequencies.

Recently, Rajpurohit et al. (2022) have shown that the hint
for a spectral break claimed in the radio relic of A2256 below
1.4 GHz (Trasatti et al. 2015) is not confirmed once the analysis
is performed with matching uv-coverage and unrelated sources
are subtracted properly. In the case of the Coma halo, we note
that the high-frequency measurements are almost a factor 10
below the value extrapolated from a power law at low
frequencies. However, the exact shape of the spectrum could
be affected by the effects mentioned above. In addition, it is
important to get a precise flux density at frequencies below
100 MHz to characterize the integrated radio spectrum. Here
data from the LOFAR Low-Band Antennas (LBA) will provide
powerful constraints.

5.2. Spectral Index Profile

Using WSRT and LOFAR HBA data, we can obtain a radial
profile of the halo spectral index. A steepening of the radial
profile has been found by Giovannini et al. (1993) using data
between 326 MHz and 1.38 GHz. They found that the radio
halo has a smooth spectrum in the central regions (inner 480"
radius) with a ~ —0.8 and a steeper value (o ~ —1.2 down to
—1.8 in the outer regions).

Using WSRT and LOFAR HBA images, we can now
compute the spectral index profile out to larger distances. We
have reimaged the LOFAR data using only baselines larger
than 40 m, i.e., the shortest WSRT baseline, and convolved the
LOFAR image to the same resolution as the WSRT image. The
sources embedded in the diffuse emission are subtracted from
the WSRT image; however, as some residuals were still
present, we applied the multi-filtering technique described in
Rudnick (2002) and blanked the WSRT image wherever the
filtlered image was above 3 mlybeam '. We blanked the
LOFAR image accordingly. We have divided the radio halo
into four sectors (NW, NE, SE, and SW) and computed the
mean spectral index « in elliptical annuli having the major and
minor axis proportional to r; and r,, up to the maximum
distance where the halo is detected (see Section 4 and
Figure 8).

The four outermost annuli of the SW sector have been
removed to exclude the bridge region. We have computed the
spectral index in each annulus and considered upper limits the
annuli that have a total flux density smaller than
30ims X \/f Npeams), With Npeams being the number of indepen-
dent beams sampled in each annulus. As the radio halo is more
extended in the LOFAR image than in the WSRT image, we
mainly derive upper limits at distances larger than ~2000"
(950 kpc). The radial trend of the spectral index is shown in the
right panel of Figure 9. We note that values in some annuli are
surprisingly flat, possibly because of residual contamination
from unrelated sources. The increasing values of the upper limit
in the outer annuli are due to the larger area sampled by the
annuli. All the sectors show a spectral index that becomes
steeper at distances of ~1500” from the cluster center. In the
SW sector, we also clearly detect a steepening toward the
cluster center. A similar, though less pronounced, trend is also
observed in the other sectors, though we note that in the NE
sector the radial profile of a is more complex, and no clear
trend at distances smaller than r~ 2000” can be established.
The SW sector is affected by the passage of the NGC 4839
group; hence, is it possible that different physical conditions
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are present there. Overall, we can conclude that the spectral
trend is characterized by clear steepening at the cluster outskirts
and a mild steepening toward the cluster center.

In the next section we will discuss the physical implications
of these results in the framework of turbulent re-acceleration
models.

5.3. Radial Variations of The Spectral Index and Re-
acceleration Models

In the presence of a break in the integrated spectrum of radio
halos, homogeneous re-acceleration models predict that
increasingly steeper spectra will be seen at increasing distance
from the cluster center (Brunetti et al. 2001). Assuming
homogeneous conditions, the frequency at which steepening
occurs, v, is proportional to

) B

Vg X Taee (32 i BIZC)z ’ 2)
where 7, is the re-acceleration time (see Cassano &
Brunetti 2005; Brunetti & Lazarian 2007), which depends on
the assumed turbulent properties and re-acceleration mech-
anism. By is the inverse Compton equivalent magnetic field. In
the case of a constant 7., the steepening frequency depends
only on the magnetic field strength. To better follow the
discussion below, let us define a critical magnetic field value

Brc
By =2
NG

As long as B < B, one expects to see a radial steepening of the
spectral index at distances larger and larger from the cluster
center as we move toward lower observing frequencies. This is
what we observe beyond a radius of ~30’. Giovannini et al.
(1993) also detected a steepening between the higher frequency
pair 325 MHz and 1.38 GHz, beyond a radius of ~8’ from the
cluster center. While we do expect more dramatic steepening at
the higher frequencies, whether these two sets of measurements
are consistent with a single physical model requires further
investigation.

Moreover, we detect for the first time a steepening of the
spectral index toward the cluster center. This can also be
explained in the framework of homogeneous re-acceleration
models, if in the cluster center we have B > B.,. Assuming a
magnetic field profile as derived from rotation measure (RM)
studies (B Bongo's); Bonafede et al. 2010), we have indeed a
central magnetic field of By~ 5 uG, and hence B > B.,.. We
note that a similar steepening toward the cluster center should
be visible also in the higher frequency spectral index map by
Giovannini et al. (1993). However, in that work the authors
only report a spectral index trend through a line passing from
the cluster from SE to NW. It is possible that a radial analysis
similar to the one we present here would show the same trend.
Alternatively, one should think of ad hoc re-acceleration
conditions that make this steepening visible only at low
frequency. Future observations at higher frequencies could
shed light on this point.

We can conclude that the data presented in this work,
together with literature data by Giovannini et al. (1993) and
Bonafede et al. (2010) provide a coherent picture with the
expectations from homogeneous turbulent re-acceleration
models (Brunetti et al. 2001), though the spectral index trend

~ 2 uG.



THE ASTROPHYSICAL JOURNAL, 933:218 (25pp), 2022 July 10

in the cluster center leaves some open questions that could be
addressed by future observations.

5.3.1. Toward a Constraint of The Re-acceleration Model Parameters

Constraining the model parameters, such as T, would
require a detailed 3D modeling and a precise constraint on the
radial position of v,. However, we can try to make first-order
calculations to see whether the qualitative coherent picture
outlined above is quantitatively supported. Giovannini et al.
(1993) have detected a spectral steepening at ~8' between
326 MHz and 1.38 GHz. Assuming a central magnetic field
By=4.7 pG, one would expect to detect the steepening
between 144 and 342 MHz, where the magnetic field is B ~
0.7 pG, ie., at r~2 Mpc (~71’) from the cluster center.
Instead, the steepening is detected at » ~ 30’ from the cluster
center, i.e., a factor 2 closer to the expected location. This may
suggest that 7, is not constant and increasing with the distance
from the cluster center. Though this result is not surprising
from a theoretical point of view, it would be the first time that
data support this claim. Instead of a constant 7,.., we can make
a step further and assume a constant turbulent Mach number
M,. In this case, the steepening frequency is proportional to

2a B

_— 3
(B? + Bigy)? ®)

vy T

where T is the cluster temperature and a is a constant
that is a=1 for re-acceleration via Transit-Time-Damping
mechanism with compressive turbulence and a=1.5
for non-resonant second-order acceleration with solenoidal
turbulence”” (Brunetti & Lazarian 2016). In order to explain the
spectral index steepening at r ~ 30’ from the cluster center, the
temperature should be ~35-45% lower at a distance of 30"
than at a distance of 8, where the steepening is detected at
higher frequency. We note that this temperature drop is
consistent with the temperature profile found by Simionescu
et al. (2013).21 We stress again that the calculations we have
just performed do not allow us to make any claim, as long as v
is not precisely determined from data and projection effects are
not taken into account. However, they show that the qualitative
picture outlined above is not at odds with first-order
quantitative estimates.

6. Thermal and Non-thermal Correlations in the
Radio Halo

6.1. Point-to-point Analysis

Investigating the point-to-point correlation between the radio
and the X-ray surface brightness can give important informa-
tion about the relation between the thermal and non-thermal
components of the ICM. In addition, it has the potential of
constraining the mechanism responsible for the radio emission.
Govoni et al. (2001) have first investigated this correlation for a
small sample of radio halos, finding a sublinear scaling of
the radio brightness with respect to the X-ray brightness.
More recently, Botteon et al. (2020a), Rajpurohit et al.

20 In this case we consider also a constant Alfvén velocity, based on the
scaling B? o n.

2! We take as a reference the profile extracted along the east sector of their
analysis, which is the only one not contaminated by the west shock and by the
merger with the NGC 4839 group.
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Table 5
Radio—X-ray Correlation for Different Gaussian Smoothing Lengths

Gaussian Beam 8 10%-90% Pp
FWHM

g 0.64 0.65-0.63 0.86
2/ 0.65 0.66-0.63 0.88
3 0.68 0.70-0.66 0.89
4 0.70 0.73-0.68 0.88
5’ 0.74 0.78-0.70 0.89
6 0.76 0.81-0.72 0.88

Note. Column (1): FWHM of the smoothing Gaussian or restoring beam.
Column (2): best-fit slope. Column (3): 10th and 90th percentile of the
posterior distribution for 3. Column (4): Pearson correlation coefficient.

(2021a, 2021b), and Ignesti et al. (2020) have investigated
the same correlation for radio halos and mini halos,
respectively, finding that halos tend to have a sublinear or
linear scaling and mini halos show linear or superlinear
behaviors.

Since the Coma radio halo is the one for which most
spatially resolved and multiwavelength data are available, it is
important to establish the statistical relation between its thermal
and non-thermal components.

We have investigated the thermal to non-thermal correlation
for the Coma cluster, fitting the radio (Iz) and X-ray (Ix)
surface brightness in log—log space, according to

loglz = Bloglx + 7, )
where (3 is the correlation slope. We have used a hierarchical
Bayesian model (Kelly 2007), which allows us to perform
linear regression of I on Iy accounting for intrinsic scatter in
the regression relationship, possibly correlated measurement
errors, and selection effects (e.g., Malmquist bias). Using this
method, we have derived a likelihood function for the data. We
consider the mean of the posterior distribution as the best-fit
slope. Following Botteon et al. (2020a) and Bonafede et al.
(2021), we considered as upper limits the radio values that are
below 20 y.

Despite the fact that we detect the radio halo up to a distance
of ~1.3 Mpc, the analysis of the radio—X-ray correlation is
limited by the extent of the XMM-Newton mosaic. In
particular, because of soft-proton contamination, the analysis
is restricted to a distance of 2400” (~1.1 Mpc) from the cluster
center. To gain sensitivity toward the low surface brightness
emission of the halo outskirts, we have convolved the radio
image with Gaussian beams having FWHM of 1/, 2/, 3/, 4/, 5/,
and 6. We have computed the mean of the radio and X-ray
brightness in square boxes having an area equal to a Gaussian
beam of the radio image and computed the fit using X-ray
images smoothed at the same resolution. We have considered
upper limits the values that are below 20, i.e., twice the
noise of the radio image. The results of the fits are listed in
Table 5 and the Ix-I correlation from the image at 6’ resolution
is shown in Figure 10. The image at 6’ resolution allows us to
recover the outermost regions of the halo keeping the highest
possible resolution. Iy and Iy are positively correlated with a
slope 3= 0.76700; and a Pearson correlation coefficient
pp=0.89. We note that the finest grid (boxes spaced by 1)
recovers a slope similar to the one initially found by
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Figure 10. Iz—Ix correlation computed from the 6’ image using cells equally
spaced by 6'. Arrows mark the 20, upper limits, the black solid line shows
the best-fit line, and dotted lines show the 10% and 90% slopes for the posterior
distribution of 5. The magenta dotted horizontal line marks the 1o,,,. All data
are computed within 2400” from the cluster center. Here and in the following
correlation plots, error bars are plotted every second point for clarity reasons.

Govoni et al. (2001). The slope increases as we gain sensitivity
to the low surface brightness emission that characterizes the
outermost regions of the radio halo. This is suggesting that the
slope of the correlation is not constant throughout the radio
halo, with the slope ( increasing when low surface brightness
emission is added.

6.2. Correlations in the Halo Core and Outer Halo

Our analysis suggests that the point-to-point Ip—Iyx correla-
tion may be different in the halo central regions and in their
outskirts.

Recent low-frequency observations have found radio emis-
sion in galaxy clusters that can be interpreted as the coexistence
of a mini halo in the cluster core and a giant halo on larger
scales (Savini et al. 2019; Biava et al. 2021). A different Ix—Ix
trend is found in the core and in the outer part of the halo of
these clusters, with a superlinear scaling in the mini halo region
and a sublinear scaling in the outer part (Biava et al. 2021;
G. Lusetti et al. 2022, in preparation).

Although those clusters have a cool-core and a radio halo
with a steep spectrum, we note that a change in the Iz—Iy
correlation slope for radio halos has never been explicitly
investigated in the literature. In the cluster A2142, a radio halo
with two components has been found (Venturi et al. 2017), yet
no analysis of the radio and X-ray correlation has been
performed so far. In addition, in the cluster A2744, a
multicomponent halo has been discovered with a different
radio—X-ray correlation slope for the northern and southern
components (Rajpurohit et al. 2021b).

Since a point-to-point analysis of radio and X-ray surface
brightness has been so far presented only for a few clusters, we
investigate whether or not the different trends observed in the
core and in the outer part of the Coma halo can be a common
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Figure 11. Left panel: colors are the X-ray emission from the Coma field from
XMM-Newton observations. Contours show the radio emission at I’ resolution,
starting at 30,,; and increasing by a factor 2. The major axes of the ellipses are
ry and r, (inner ellipse) and 3r; and 3 r, (outer ellipse). r; and r, are listed in
Table 4. The inner ellipse is the region considered for the “halo core.” The cyan
dotted circle marks the region that is not contaminated by soft X-ray protons.

property of radio halos. We have repeated the analysis
described in Section 6 considering the “halo core” and the
“outer halo” separately (see Figure 11). For the halo core, we
have used the finest grid of 1’ cell size, while for the outer halo
we have used the 6’ grid, to recover the faintest emission.

We find that the slope of the “halo core” is 5= 0.41“)‘04,
while for the “outer halo” we find 3=0.76 £+ +0.05.

Hence, we can conclude that in the “halo core” we find a
flatter slope for the Iz—Iy correlation, with respect to the outer
part, which is the opposite trend found in cool-core clusters that
host a mini halo and a halo-type component (e.g., RXC J1720.1
42638, Biava et al. 2021; A1413, G. Lusetti et al. 2022, in
preparation). We note that this is the first time that a change in
the Ix—Ix correlation has been investigated; hence, it could be a
common property of radio halos. This result indicates that the
inner part of the Coma radio halo has different properties than
mini halos observed in more relaxed clusters, likely indicating
different local plasma conditions. In particular, the detection of
a sublinear trend in the brightest part of the halo hints at a
negligible contribution to the halo central emission from the
hadronic mechanism.

6.3. Radial Analysis

The point-to-point analysis above is important to understand
the local connection between thermal and non-thermal plasma,
and allows one to understand whether regions with higher non-
thermal energy are traced by high X-ray brightness. The point-
to-point analysis has also been used to probe the radial scaling
of the radio and X-ray brightness (e.g., Govoni et al. 2001;
Botteon et al. 2020a). To better analyze the radial trend of Iy
and I; and to investigate a possible change with radius, we
have performed an additional analysis by comparing the X-ray
and radio brightness in elliptical annuli and dividing the radio
halo into sectors. Specifically, we have excluded from the
analysis the SW sector, where the bridge is, and we have
considered separately the NW, NE, and SE sectors. The profiles
are computed in elliptical annuli with progressively increasing
width to gain sensitivity toward low surface brightness
emission in the halo outermost regions. X-ray profiles have
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been computed using the same regions. These plots, shown in
Figure 12, show a different radio profile in the three sectors we
have considered and show clearly a shallower decline of the
radio brightness with respect to the X-ray brightness. In the
NW sector, we detect a sharp decline of the radio brightness at
~1900” i.e., the location of the radio front (see Section 9). In
the NE sector a sharp decline of the radio emission is detected
at ~1400” (670 kpc). This is due to the presence of the
filaments of the radio halo (Figure 3) and to the asymmetry of
the halo emission, which is more pronounced toward the W.
The radio profile in the SE sector shows, instead, a smooth
decline.

To inspect the possible change in the relative radial trend of
I and Iy, we show in the top panel of Figure 13 the ratio Ir/Ix
in logarithmic base-10 scale, for the different sectors (NW, NE,
and SW). The trend is similar in the three sectors, with a ratio
that is smaller in the central part of the halo and that
progressively increases. In the three outermost annuli (approxi-
mately at 1600”, i.e., ~750 kpc) the ratio decreases in the NE
and SE sectors. This plot shows that the ratio of the two
quantities is not constant throughout the halo, consistent with
the results obtained in the point-to-point analysis. In the middle
panel of Figure 13, we show the ratio of I to 15?, using the
value of 3 obtained from the point-to-point analysis (G = 0.76).
If the same value of 3 were representative of the whole halo,
we would expect to see a horizontal line. Instead, the plot
shows that a single value of G does not represent the whole halo
emission. The change in the slope of 3 is shown more clearly in
the bottom panel of Figure 13, where we plot I / I,‘?“"e, where
Beore = 0.41 is the best-fit value obtained from the point-to-
point analysis restricted to the halo core.

Hence, we conclude that the /x—Iy correlation has a slope that
changes with the radial distance from the cluster center, being
flatter in the halo core (where we find 5~ 0.41) and steeper in
the outer halo (where we find § ~ 0.76. While the slope in the
core seems to remain constant, the ratio IR—I,‘? , shown in the
middle panel of Figure 13, indicates a progressive steepening
of the correlation with increasing distance from the cluster
center.

6.4. Modeling the Ig-Ix Correlation and Its Radial Trend

A steepening of the Ix-Iy correlation outside the core is
expected as a consequence of the different relative weight of
inverse Compton and synchrotron losses in a magnetic field
declining with radius. Hence, under some assumptions on the
magnetic field profile, we can investigate whether the expected
radial drop of magnetic field can be entirely responsible for
the steepening of the correlation, or whether additional effects
are required. We assume a magnetic field profile scaling with
the thermal gas as B(r) « By - n,(r)°>, consistent with
Bonafede et al. (2010). Note that in this case the Alfvén
velocity in the ICM is constant. The radio emissivity in
turbulent re-acceleration models can be expressed as

BZ

—_— %)
B? + B¢

er < I,

where 7, is the acceleration efficiency, Bic is the CMB
equivalent magnetic field, and F is the turbulent energy flux,

3
F~ —p2Y. 6
5P (6)
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Figure 12. Radial profile of the X-ray brightness and radio brightness in the
NW, NE, and SE sectors (top to bottom). The profiles are computed in elliptical
annuli with different width from the center to the outermost regions as specified
in Figure 8, but excluding the SW sector and dividing the remaining area into
three sectors. The outermost annulus in the NW sector shows contamination
from soft X-ray protons and has been excluded from the following analysis.
Statistical error bars do not appear, as they are smaller than the points.

Here o, is the velocity dispersion on scale L, and p is the gas
density. Assuming an isotropic distribution of electrons in the
momentum space, f(p), the acceleration efficiency is (e.g.,
Brunetti & Lazarian 2007)

(Dpp /PP,

3f) ~ Ucre A

174 % F

where U cg. is the energy density of re-accelerated electrons
and D,,/p> has different expressions in different re-
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Figure 13. Top: ratio of the radio to X-ray brightness, computed in elliptical
annuli as in Figure 12. Middle: ratio of I /I; , where 3=0.76 is the best-fit
correlation coefficient found for the whole halo. Bottom: ratio of I /I)‘?C""e,
where G.ore = 0.39 is the best-fit correlation coefficient found for the halo core.
In the three panels, circles, stars, and squares refer to the NW, NE, and SE
sector, respectively. Vertical dashed lines mark the position of r; and r,, used
to separate the halo core from the outer halo. Statistical error bars do not
appear, as they are smaller than the points.
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acceleration models. Specifically,

D 2 4

o S0 M, 8)
)4 L

in the case of Transit-Time-Damping acceleration with

compressive modes (Brunetti & Lazarian 2007; Miniati &

Beresnyak 2015) and

Dy M
PP x =3 t

LVA

€))

in the case of non-resonant second-order Fermi acceleration
with solenoidal modes (Brunetti & Lazarian 2016). If we also
assume a constant temperature and a scenario based on a
constant turbulent Mach number, the synchrotron emissivity is

. (10)

er(r) = €r(0)

()
X(l’)(fx(”) 2 B
X0\ ex(0) (B_)2(&)
L+ B(r) ex(r)
where eyocn® is the X-ray (bremsstrahlung) emissivity and

X = % the ratio of the energy density of CRe to thermal gas.

th

From the radio and X-ray emissivity, we have computed the
projected radio brightness assuming constant X and different
values of the central magnetic field, By, ranging from 3 to
10 uG and the X-ray brightness using the parameters obtained
by Briel et al. (2001). Then, we have computed the slope of the
correlation Iy — I as a function of the radial distance from the
cluster center. The trend of 3 versus the radial distance is
shown in Figure 14 for different values of B,. We have
overplotted as shaded areas the values obtained in the halo core
and in the outer halo.

Although all the models predict a steepening of the radio—X-
ray scaling with radius, none of them are able to reproduce all
observed values. In particular, except for the profile with
By =5 uG, the magnetic field profiles that would be compatible
with the value of (8 in the outer halo are higher than those
derived from RM studies (Bonafede et al. 2010). Although the
central magnetic field derived from RM studies relies on
several assumptions, models with a central magnetic field
larger than By > 7/uG were unable to reproduce the observed
trend of RM and RM dispersion (ory). Hence, we discard the
possibility of By>10 puG to account for the discrepancy
between observations and expectations in Figure 14. More
likely, a possible scenario to explain the observed trend is to
assume that the ratio of the CRe to thermal gas energy densities
(X) increases with radial distance from the cluster center. This
is indeed expected, as the lifetime of CRe in the ICM increases
with the distance from the cluster center owing to the lower
Coulomb and synchrotron losses. However, it is the first time
that a radially decreasing X seems to be suggested by
observational data.

As for the calculations done in Section 5.3.1, we stress that
the calculations outlined here are subject to several assump-
tions and the decrease of X with the distance from the cluster
center is only one of the possible causes of the observed Iz—Iy
slope.
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Figure 14. Trend of the radio—X-ray correlation slope 3 (Ig = 1. ): ) with radial
distance from the cluster center. (3 is computed as the ratio of the logarithm of
the theoretical projected radio emissivity to the logarithm of the X-ray
projected emissivity. The radio emissivity is computed for different values of
the central magnetic field By, from 3 (top curve) to 10 G (bottom curve), as
specified in the legend. The shaded area refers to the best-fit 5 obtained
from data.

7. Radio—Thermal Pressure Correlation in the Radio Halo

Resolved SZ maps of the Coma cluster (Planck Collabora-
tion et al. 2013) can be used to understand the connection
between the thermal gas and the radio emission. Since the
Comptonization parameter y is proportional to the gas pressure
integrated along the line of sight (yocn ), it is less
contaminated by cold gas clumps with respect to X-ray
emission. We have computed the Isy—[p point-to-point
correlation, following the same approach as described above
for the Izx-Ix correlation. We have used the radio image
convolved to 5’ resolution, to match the y-map resolution.

Initially, we have fit I versus I in the same region as the
one considered in the Iz—Ix correlation, finding a superlinear
slope Bsz=1.76 & 0.08. Assuming an isothermal model, one
would expect that the value found from the I5,—I; correlation
would be twice the scaling of the Iz—Iy correlation. Hence,
given the values found from the Ix-Iy correlation, one would
expect Bz = 1.4-1.6. There is a small tension between SZ and
X-ray, which could be due, e.g., to dense and cold X-ray
clumps in regions of low surface brightness emission. Under-
standing the details of this small tension is beyond the scope of
this work; what is relevant for our analysis is that regions of
high non-thermal energy are regions of high thermal energy, as
probed by the Is—Ix correlation.

The y-map is more extended than the XMM-Newton mosaic
and covers regions at the cluster outskirts, where we have a
radio halo detection. Hence, we can use the y-parameter map to
investigate the correlation between thermal and non-thermal
regions up to larger radii from the cluster center, though we
miss the resolution given by X-ray data. We have fitted Iz
versus I out to a distance of ~1.3 Mpc (~2800” radius) from
the cluster center, which is the maximum distance where we
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Figure 15. Radio—SZ correlation for the radio halo. The radio image has been
convolved to a resolution of 5/, and the source NGC 4839 has been masked.
The error bars refer to the statistical errors of the two quantities. Arrows mark
the 20,y upper limits. The vertical and horizontal dotted lines mark 10, for
the y-parameter and radio image, respectively. Error bars are plotted every
second value.

have detected the radio halo. As shown in Section 6, we have
an indication from the X-ray analysis that the slope would
further increase when outer regions of the halo are considered.
We find 3=1.78 £0.08, which is slightly steeper than the
slope found in the inner 2400” radius, though consistent within
the errors. The Isz—Ik correlation is shown in Figure 15. Both
X-ray and SZ analyses show that when outer regions of the
halo are considered, the correlation slope increases, i.e., the
outermost regions of the radio halo have a different ratio of
thermal /non-thermal energy than the inner ones.

A correlation between the radio emission and the y-signal
has been first obtained by Planck Collaboration et al. (2013),
who fitted Ig; versus I, finding a quasi-linear relation:
Isy o< I9°2%004 which would correspond to our 3~ 1.1. They
used the WSRT 325 MHz map and y images at 10’ resolution
and extracted the radio and y-signal from » < 50’ region. As we
find a steeper slope, using a lower-frequency radio image, we
investigate in the following the possible causes of the different
trend. First of all, we are looking at the Ir — I correlation
using a radio image at a different frequency than used in Planck
Collaboration et al. (2013). In addition, we are able to perform
a more accurate subtraction of the contaminating sources, as the
highest LOFAR resolution is 6”, and we are less affected by
calibration artifacts than the WSRT image. Residuals from
contaminating sources would increase the values of the radio
brightness in each box, and this effect could be more prominent
for boxes at the halo periphery. In this case, the effect would be
a flattening of the correlation. The data we have at the moment
of writing do not allow us to exclude that this is the cause of the
different slope found with LOFAR and WSRT. However, we
note that a higher value of the correlation slope for the Ix—Ix at
lower frequencies has recently been found by Rajpurohit et al.
(submitted) in the halo of the cluster A2256 and by Hoang et al.
(2021) in the halo of CIG 0217+70.



THE ASTROPHYSICAL JOURNAL, 933:218 (25pp), 2022 July 10

Energy flux in compressive modes

|
, 44
43
42 '»
w0
>
9
41 g
8
N
>
]
,40 ~
. y r39
- 7
Y ER Y S 138

Bonafede et al.

Energy flux in solenoidal modes

44

43

42

Log(Fso)lergss™1]

r4l

+40

Figure 16. Projected Feomp (left) and F (right) from MHD cosmological simulations of a Coma-like cluster, from Vazza et al. (2018). Each map has a size of

2560 kpc.

8. Comparison with Numerical Simulations

Having the radio halo resolved in great detail, we can try to
understand its origin with the help of numerical simulations.
Specifically, we try in this Section to understand whether the
observed scaling Iz—Iy can provide useful information to better
constrain the particle acceleration mechanism.

8.1. Simulated Thermal to Non-thermal Correlations

We use a Coma-like galaxy cluster, simulated at high
resolution and with ideal magnetohydrodynamics using the
cosmological Eulerian code ENZO (enzo-project.org) by Vazza
et al. (2018). This system has a z ~ 0.02 total mass comparable
with the real Coma Cluster, and it shows a radial decline of the
magnetic field compatible with the estimates from RMs
(Bonafede et al. 2010; Vazza et al. 2018). The simulation
includes eight levels of adaptive mesh refinement (AMR) to
increase the spatial and force resolution in most of the
innermost cluster volume, down to Ax=3.95 kpc per cell.
While this simulation assumes an initial volume-filling back-
ground of weak magnetic field, By=10"* G (comoving) at
z7=40, the low-redshift properties of the magnetic field are
fairly independent of the exact origin scenario, due to the effect
of the efficient small-scale dynamo amplification (e.g., Donnert
et al. 2009; Vazza et al. 2021). Using the filtering technique
described in Vazza et al. (2017), we have computed the
turbulent energy flux, Feomp,sol, associated with the compres-
sive and solenoidal velocity components:

3
VComp.Sol

L

BZ

, (11
B? + B¢

FComp,Sol =p

where, similarly as in Equation (6), 0y, s, is the dispersion of
the compressive, solenoidal velocity field on scale L, different
for solenoidal and compressive modes. From F, one can
compute the simulated synchrotron luminosity (see
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Equation (5)) as

LComp,Sol = neFComp,Sol- (12)
The constant 7, <1 gives the dissipation efficiencies for
solenoidal and compressive modes into cosmic-ray accelera-
tion, which depend on the complex physics of cosmic-ray
acceleration via the Fermi II process (see, e.g., Miniati &
Beresnyak 2015; Brunetti & Lazarian 2016; Brunetti &
Vazza 2020). However, since in this application to our new
LOFAR observations of Coma we are only concerned with the
relative distribution of the two energy fluxes, we fix n for
simplicity, acknowledging that both fluxes will represent an
overestimate (likely by a factor >10%) of the effective
dissipation onto cosmic-ray acceleration. Hence, we have used
Feomp,sol as a proxy for the synchrotron luminosity instead of
Lcomp,sol- The maps of projected Feomp and Fgo are shown in
Figure 16. We have computed the correlation between
Fcomp,sol and the simulated X-ray brightness Iy as we have
done for the radio and X-ray emission.

As we want to compare the observed scaling between Iz and
Iy with simulated quantities, we have checked that we are not
affected by different trends of Iy in the simulation with respect
to observations. In Figure 17, we show the X-ray radial profiles
obtained from observations and simulations, computed in the
energy band 0.5-2keV. The observed and simulated profiles
have been rescaled to better compare the radial trends, that
taking errors into account, results are consistent, and hence will
not affect the comparison between simulated and observed
thermal to non-thermal properties.

We note that some assumptions must be made to compare
the simulated Fcompsor to the observed radio emission.
Specifically, we have assumed that the halo emission is
generated by turbulent re-acceleration, and that 7, is constant
throughout the cluster volume. Furthermore, as we are not
modeling the CRe component, we have averaged Fcomp,sol On
scales larger than the electron diffusion length at 144 MHz. The
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Figure 17. Simulated (red) and observed (blue) radial profiles of the X-ray
brightness. The values have been computed in circular annuli. We plot the
average (circles) and the standard deviation within each annulus (error bars).

diffusion length [/, of electrons emitting at 144 MHz can be
estimated at first order as

lo ~ 2/ D7q ~ 100 kpc.

Here 7.4 is the electrons’ radiative age at 144 MHz (7;,q &~
200 Myr) and D is the spatial diffusion coefficient. A simple
estimate for D (i.e., ignoring pitch-angle scattering along
magnetic field lines) can be obtained from the typical scale for

MHD turbulence in the ICM (/4 ~ 0.1-0.5 kpc) as D ~ %lAc.

We have computed the mean of Foomp so1 and Iy in boxes of
160 kpc a side, which is larger than [, and comparable to the
size of the boxes used to compute the Ix—Iy correlation from
data (see Section 6).

In Figure 18, the two correlations obtained with simulated
data are shown. Both Fcomp and F, are positively correlated
with the simulated Iy. The correlation slope is similar, though a
bit steeper in the case of Fs,—Ix (see Table 6). Both slopes are
consistent with the observed Iz—Iy correlation, supporting the
connection between turbulence and radio diffuse emission. We
note that the power in the solenoidal energy flux is ~10%
higher than in the compressive energy flux. Once the CRe
emission is properly modeled, this could be used to disentangle
the role played by the two modes for CRe re-acceleration.

13)

8.2. Correlations in the Center and Peripheral Regions

As shown in the previous section, the global Ix—Ix in the
Coma cluster can be recovered using both compressive and
solenoidal energy fluxes as a tracer for the radio emission.
MHD simulations show that solenoidal modes are dominant in
the cluster central regions and compressive modes dominate the
cluster outskirts (Miniati & Beresnyak 2015; Vazza et al.
2017). We have seen in Section 6 that the different 3 obtained
in the halo core and in the outer halo cannot be explained by
the decline of the magnetic field only. Here we investigate
whether different turbulent modes could play a role. We have
fitted the simulated Feompsor versus the simulated X-ray
brightness Iy in the cluster core and in the cluster external
regions separately. We used boxes of 32kpc size to have a
better sampling of the halo core. The results are listed in
Table 6.
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The best-fit slopes for the outer halo are consistent with the
global slopes. For the halo core alone, which samples a narrow
region of Iy — Feomp sol SPace, the correlation is poor (Pearson
correlator coefficient pp = 0.2-0.3) and shows a formal fit for
the slopes that is flatter than the others.

Hence, we conclude that globally the trends are in agreement
with the scenario where turbulent re-acceleration produces the
radio halo. In order to understand the process in more detail,
the CRe distribution needs to be modeled.

8.3. Simulated Radio—SZ Correlation

Here we investigate the correlation between the simulated
SZ signal and the values of F.om, and Fy, that we have
considered as proxies for the radio emission. Following the
same procedure detailed in the previous sections, we have
computed the correlation between Fcomp soi and the simulated
SZ brightness, as we have done for the radio and SZ emission.
The Feomp,soi—)ym correlations are shown in Figure 19. We find
that the simulated SZ signal (ysim) correlates with both Fopm,
and F,. Specifically, we find a superlinear slope sz = 1.8 +
0.1 between Fiomp and ygm, with a Pearson correlator
coefficient of pp=0.8, and a slope G5z = 1.9f8j11 between
Fyo and yg,, (Pearson correlator coefficient pp =0.8). These
trends are in very good agreement with the observed trend
between y and Iz and support the idea that radio halos are
powered by turbulence. As already noted for the simulated
Iy — I correlation, it is possible that once the CRe distribution
is properly modeled, the comparison between simulations and
observations will yield information to determine which of the
turbulent modes are responsible for particle (re)acceleration.

9. The Halo Front

Previous studies pointed out the presence of discontinuities
in the thermal gas cluster properties located at the western edge
of the radio halo (Markevitch 2010; Planck Collaboration et al.
2013; Simionescu et al. 2013). This discontinuity, detected in
both the Comptonization parameter y and the temperature and
deprojected density profiles, is consistent with an outwardly
propagating shock front, located ~33’ (910 kpc) from the
cluster center. More recently, Churazov et al. (2021) used
X-ray data from eROSITA and confirmed the presence of
a shock wave in the west, with a Mach number M ~ 1.5.
This shock is interpreted as a secondary shock, or “mini-
accretion shock,” driven by the first passage of the NGC 4839
group through the cluster before reaching the apocenter and
inverting its orbital motion. According to this scenario, both the
relic and the west shock would be caused by the merger of
NGC 4839 with the Coma Cluster. During its first passage,
NGC 4839 would have driven a first shock that should now be
located at the position marked by the radio relic. The gas
displaced by the merger would settle back into hydrostatic
equilibrium, forming a “mini-accretion” shock. We refer the
reader to Burns et al. (1994), Lyskova et al. (2019), Churazov
et al. (2021), and Zhang et al. (2021) for a more detailed
explanation of the proposed merging scenario.

Our LOFAR image confirms the presence of an edge of the
radio halo toward the west (see Figure 4), which could be in
line with the scenario explained above. Shocks in the ICM are
often associated with radio relics, where they leave a clear
imprint on the spectral index distribution. The spectral index
profile is flatter where particles are freshly re-accelerated and
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Figure 18. Left panel: Fomp—Ix correlation from simulated data. Right panel: Fso — Iy correlation from simulated data.
Table 6 but no steepening in the putative downstream region is present.
Correlation between Thermal and Non-thermal Simulated Quantities However, the outermost annuli seem to follow a different trend
3 10%—90% o than the glot?al halo Proﬁle: thg spéctral index remains almost
Fso-Ix 0.88 0.94-0.81 0.8 constant, while a radial steepening is detected when the whole
Feomp—Ix 0.85 0.92-0.77 0.8 halo is considered. It is possible that we are limited by the
resolution, as the width of the annuli is ~2/, corresponding to
Halo Core c . . .
Feo g 0.5 0.6-0.4 02 ~60 kpc, which is larger than the electron cooling length in the
Sol1Xx B O B . L .
FeompIx 05 0.6-0.3 03 post-shock region (e.g., Kang et al. 2012). Hence, it is possible
that we do not have the resolution to separate the shock front
Outer Halo from the post-shock region, where particles have already
Fsor-lx 0.83 091-0.75 038 experienced strong radiative losses. An alternative scenario is
FeompIx 0.78 0.87-0.69 0.8 that the radio front could be radio plasma re-accelerated by the
Fso =Y 1.9 20-1.7 0.8 same mechanism responsible for the halo emission and then
Foomp—Yyim 18 1.9-1.7 0.8 dragged by the shock passage and compressed by it. Possibly,

Note. Column (1): quantities considered in the correlation. Column (2): best-fit
slope (median value of the posterior distribution). Column (3): 10th-90th
percentiles of the slope posterior distribution. Column (4): Pearson correlation
coefficient.

steeper moving toward the downstream region where particles
radiate their energy via synchrotron and inverse Compton
losses. We have investigated whether a similar trend is found in
the “halo front,” computing the spectral index profile in annuli
that follow the front (Figure 20). To derive the spectral index
values, we have used the same images presented in Section 5.%*
In Figure 20, we show the spectral index profile obtained in
annuli that follow the front, in comparison with the global
spectral index trend obtained in annuli centered on the cluster
and excluding the halo front region (Figure 20, left panel). We
note that in the direction of the front the spectral index is flatter,

2 We recompute the spectral index radial trend in this section to better
highlight the differences between the front region and the rest of the halo, while
in Figure 9 we have divided the halo into four identical sectors. For the same
reason, the spectral index is computed out to a smaller distance from the cluster
center than in Figure 9.
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future high-resolution observations at higher or lower
frequency will allow us to understand whether the halo front
shows the typical shocked spectral index profile that we detect
in radio relics or not.

10. The NAT-Relic Connection

The diffuse emission connecting the relic to the NAT radio
galaxy NGC 4789 is imaged here with unprecedented
resolution, which allows us to detect substructures in its
surface brightness distribution. In particular, the bent jets of
NGC 4789 do not blend smoothly into the diffuse emission, as
observed in other cases of radio galaxies nearby relics
(Bonafede et al. 2014; van Weeren et al. 2017; Stuardi et al.
2019), and two discontinuities between the endpoint of the jets
and the diffuse emissions are detected. At the center of the
diffuse source region, there is a bright transverse bar. Such a
bar has been detected in other bent tails (e.g., in A2443, Clarke
et al. 2013; and recently in the Shapley supercluster, Venturi
et al. 2022) and is predicted by simulations of interacting AGN
tails and shocks (Nolting et al. 2019). The length of this source,
measured from the relic’s edge down to the endpoints of the
jets, is 10/, corresponding to 280 kpc at the Coma redshift.



THE ASTROPHYSICAL JOURNAL, 933:218 (25pp), 2022 July 10

Simulated Fcomp — SZ correlation

0.75

— Bestfitp=1.8
0.70
0.65

]

- 0.60

Log Feompla.u
o
U
w

ot
%
o

0.45

0.40

93356

0.58 0.60 0.62 0.64 0.68 0.70

L°g Ysim [a- u. ]

0.66

Bonafede et al.

Simulated Fs,) — SZ correlation

—— Bestfitp=1.9

0.65

0.60

Log Fsorla. u.]
o
0
o

0.50

0.45

0.40

93356

0.58 0.60 0.62 0.64

LOg Ysim [a- U-]

0.66 0.68

Figure 19. Left panel: Fromp—SZ correlation from simulated data. Right panel: Fs, — SZ correlation from simulated data.
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computed in the annuli shown in the left panel. Arrows indicate 30 upper limits. The vertical dashed line indicates the position of the halo front. Error bars only show
statistical errors; the values of the spectral index are also affected by the flux calibration uncertainties of WSRT and LOFAR (10% and 15%, respectively), which

would contribute with an additional error of 0.2.

To investigate the possible connection of the radio plasma
with the thermal gas, we have used the ROSAT image and the
radio image at 35” resolution and investigated the existence of
a correlation between the thermal and non-thermal plasma, as
done already for the radio halo (see Section 6) and for the
Coma bridge (Bonafede et al. 2021).

The average brightness profile of the NAT-relic connection
is largely constant, increasing close to the relic edge, where the
radio bar is located. In addition, the low counts in the X-ray
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image do not allow us to make a proper analysis. Hence,
though no correlation or anticorrelation between the two
quantities seems to be present, no firm conclusions can be
derived, and we cannot rule out that the radio emission
originates from phenomena similar to those responsible for the
bridge. However, given its morphology, we will investigate
below an alternative scenario.

The spectral index trend along the NAT-relic connection
main axis is shown in Figure 21. We have used the WSRT R
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image (see Table 2 in Giovannini et al. 1991) that has been
used already in Bonafede et al. (2021) to analyze the bridge.
Although the higher resolution of the image by Brown &
Rudnick (2011) would provide a better description of the
spectral index trend, calibration errors from Coma A are
strongly affecting that region. The spectrum of the radio
emission computed between 144 and 326 MHz shows a
gradual steepening from regions close to the AGN core toward
the relic’s outer edge, reaching values of o = —1.6 £0.2. At
the relic’s outer edge, the spectral index flattens to
a=—12+£0.2, and it steepens toward the NE, i.e., the
putative post-shock region, reaching again « = —1.6 = 0.2. We
note that the spectrum starts to flatten already in front of the
relic edge (at ~77' from the cluster center), though within the
error that value is consistent with the steepest point. This
apparent flattening could be due to projection effects, as if the
relic has a velocity component along the line of sight, some
relic emission could appear in front of the relic edge in
projection.

Overall, the spectral trend detected along the tail of
NCG4789 and in the NAT-relic connection is consistent with
AGN particle aging. NGC 4789 would be moving toward
the SW of the cluster injecting particles into the ICM. Thus,
more recently injected particles are closer to the AGN core than
the older ones that have been left behind. The shape of the
source and the connection with the radio relic make this source
peculiar and suggest a link between the NAT-relic connection
and the shock wave that would power the radio relic.

However, according to the merging scenario outlined in
several papers (Venturi et al. 1990; Giovannini et al. 1991;
Churazov et al. 2021), NGC 4789 would be in the pre-shock
region. Hence, it is puzzling to understand how features like the
bar could have been formed because that emission has not yet
interacted with the shock. Enf3lin & Gopal-Krishna (2001) have
proposed that the plasma from NGC 4789 is dragged by the
infalling matter (falling into Coma’s cluster) to the location of
the relic, where it is re-energised adiabatically by the
shock wave.

Three possible scenarios could in principle explain the
emission of the NAT and its connection with the relic, and we
briefly outline them here:

1. NGC 4789 is in the pre-shock region, and the shock wave
responsible for the relic is moving toward the SW and
approaching the tail. In this scenario, the emission from
the tail in the NAT-relic connection region would be
unaffected by the shock passage. However, the plasma
injected into the ICM by the tail would play an important
role in explaining the relic emission, as it would furnish
energetic electrons that the low Mach number shock
wave would reaccelerate.

2. The relic is powered by a quasi-stationary accretion
shock, and NGC 4789 is moving supersonically and
crossing the shock region from NE to SW. Hence, NGC
4789 would be in the pre-shock region, but its tail would
have crossed the shock wave responsible for the relic
emission.

3. The relic is powered by a shock wave that is moving
toward the cluster center. NGC 4789 has been crossed by
the shock, and it is now in the post-shock region.
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Figure 21. Spectral index profile between 326 and 144 MHz of the emission

called the NAT-relic connection. Images at the WSRT resolution
(100" x 150") have been used to compute the spectral index in each box.

Scenario (iii) has been recently studied by Nolting et al.
(2019) using numerical simulations. They have analyzed the
case of a shock wave that crosses an AGN when the shock
normal is perpendicular to the jets. They find that when a shock
passes through the active jets and lobes of an AGN, jets are
distorted by the shock passage, creating an NAT morphology,
and a structure similar to the radio bar, as observed here. The
spectral index trend resulting from the simulations by Nolting
et al. (2019) is in agreement with the one observed here along
the tail and NAT-relic connection, though the values are slightly
flatter after 200 Myr from the shock passage, when the
simulation stops. This scenario would require a shock wave
moving toward the cluster center, which seems disfavored by
some authors (Feretti et al. 2005; Akamatsu et al. 2013;
Churazov et al. 2021) and also by the spectral index trend across
the relic that we detect, which is steepening NE, in agreement
with expectation from an outward-moving shock wave. In
scenario (ii), the situation would have some similarities with the
simulation by Nolting et al. (2019), as also in this scenario the
AGN would be crossed by a shock. However, in this case, the
AGN would be in the pre-shock region, and its tail would be
interacting with a less dense environment than the one simulated
by Nolting et al. (2019). Scenario (ii) seems also supported by
the analysis of Adami et al. (2005), where they detect a relative
velocity of ~1000 km s~ ' between NGC 4789 and NGC 4839,
at the cluster center. Our analysis does not allow us to discard
scenario (i), where the shock is overtaking the preexisting tail
from the back. We can see that the tail and shock must be
interacting because the tail abruptly stops at the position of the
relic. This situation has not been simulated yet, but it is likely
that it would require some fine-tuning of the parameters. We
indicate scenario (ii) as the favored one, given the data we have
now, though it remains to be seen whether the interaction of the
AGN tail with a preshocked environment at the cluster outskirts
would create the substructures that we observe. In all scenarios,
the NAT galaxy NGC 4789 would be providing seed electrons
that are (re)accelerated by the shock and originate the radio relic.
In the literature, there are a few other cases where a link between
an AGN tail and a relic has been established (see Bonafede et al.
2014; van Weeren et al. 2017; Stuardi et al. 2019).



THE ASTROPHYSICAL JOURNAL, 933:218 (25pp), 2022 July 10

11. Discussion and Conclusions

In this work, we have used new data at 144 MHz from
LOFAR to analyze the emission from the Coma cluster. We
summarize our findings in the following and discuss how these
observations allow us to advance our understanding of the non-
thermal emission in clusters of galaxies.

We have focused our analysis on the properties of the radio
halo, which—detected at 144 MHz with the resolution and
sensitivity allowed by LOFAR—presents new interesting
features and allows us to perform detailed resolved studies of
the radio emission. We find the following:

1. The radio halo at 144 MHz appears larger than previously
reported in the literature, with a largest angular scale of
~71', corresponding to ~2 Mpc. The halo is connected to
the relic through a low surface brightness radio bridge,
and the relic is connected to the AGN NGC 4879 to the
SW. In total, the radio emission from the halo to the head
of NGC 4879 spans ~2°, corresponding to ~3.4 Mpc.

2. The halo brightness profile is well fitted by an
exponential elliptical profile. At 144 MHz, it is character-
ized by e-folding radii r; = 355 kpc and r,=268 kpc. At
325 MHz, the profile is more peaked, with r; =268 kpc
and r, =240kpc. This is consistent with a spectral
steepening of the radio emission toward the halo
outskirts, in agreement with the results by Giovannini
et al. (1993). It would be useful to perform these fits also
at other frequencies in order to study how the halo size
changes with frequency.

3. The spectrum of the radio halo between 144 and
342MHz is flatter than previously reported, though
consistent within the errors. We find a=-1.04+0.2,
while previous studies indicate a~ —1.2. We have
computed the flux density of the halo at both frequencies
from the best-fit exponential model, which is less affected
by the different sensitivities of the two images and the
possible presence of residuals from unrelated sources.

4. We have computed the radial trend of the spectral index «
dividing the halo into four symmetric sectors. Our
estimates could still be affected by residual contamination
from unrelated source and calibration errors, but these
should not have a major impact on the global results. We
detect for the first time a moderate steepening toward
the cluster center of the spectral index and confirm the
steepening toward the cluster outskirt found at higher
frequencies by Giovannini et al. (1993). This trend is in
agreement with the expectations of homogeneous turbu-
lent re-acceleration models. Though a detailed modeling
is needed to understand the effect of projection effects
and the exact location of the steepening frequency, we
argue that the steepening detected at the cluster outskirts
could indicate a non-constant acceleration time and hint
at a constant turbulent Mach number. The spectral index
steepening toward the cluster center is more or less
pronounced in the different sectors, being prominent in
the SW sector and not clearly detected in the NE sector. It
is possible that the SW sector has been perturbed by the
passage of the NGC 4839 group and shows now different
properties.

5. The point-to-point analysis between radio and X-ray
surface brightness indicates a sublinear slope of non-
thermal plasma with respect to the thermal plasma. We
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obtain Iz o< I9%* when the correlation is computed on
images at 1’ resolution. We detect a steeper, yet sublinear,
correlation when the radio image is convolved with
Gaussian kernels of 2/, 3/, 4, 5/, and 6/, and it converges
to I o< 1976 Indeed, images at lower resolution are more
sensitive to the weak emission in the halo outermost
regions. We note that the total halo flux density does not
change when computed from the 35” or 6’ image because
the outermost regions of the halo yield a very minor
contribution to the total halo flux density. However, these
regions affect the radio—X-ray correlation, making it
steeper.

. We have investigated whether the radio—X-ray correla-

tion has a different slope in the halo core than in the outer
halo, finding that the correlation is flatter in the core
(Ig o< IP*") than in the outer halo (I o I7®). By
investigating the radial trend of the quantity Izx—Ix, we
have confirmed that this trend can be interpreted as a
radial trend of I versus Ix being flatter in the halo core.
An opposite slope change has been recently found in
some cool-core clusters, where the mini halo emission is
surrounded by a weaker and more extended component
(Biava et al. 2021). A flatter slope in the halo core is
inconsistent with a major contribution of secondary
electrons produced through hadronic interaction between
thermal protons and cosmic-ray protons in the ICM.

. In the framework of homogeneous re-acceleration

models, the change of the slope of the Izx—Ix correlation
can be only partially accounted for by a declining
magnetic field profile. We have investigated the role of X,
i.e., the ratio of CRe to thermal energy density, and find
that a radially increasing value of X would provide a
better match with data. Although more detailed modeling
should be done to derive firm conclusions, we note that
an increasing value of X with the distance from the cluster
center is also expected from a theoretical point of view.

. With the help of MHD cosmological simulations, we

have computed the turbulent energy flux associated with
the compressive and solenoidal velocity components in a
Coma-like cluster, and we find that both quantities show
a sublinear scaling with the simulated X-ray emission,
which is in agreement with the observed scaling of Ir
versus Ix. Assuming the same efficiency for both modes,
the flux associated with the solenoidal velocity comp-
onent is a factor 10 higher than the flux associated with
the compressive component. Hence, once the CRe
distribution throughout the volume is assumed, it would
be possible to constrain the relative importance of the two
modes in the process of particle acceleration.

From the analysis of the Coma field, we also conclude the
following:

1. To the NE of Coma, at a projected distance of ~1.2 Ry;,

an arc-like diffuse patch of emission is discovered. As a
large-scale filament of galaxies is detected in that
direction, we tentatively propose that this emission is
due to particles re-accelerated by an accretion shock, and
we name this emission “accretion relic.” If confirmed,
this would be the first detection of particle acceleration
from an accretion shock.

. The halo front, already reported by Brown & Rudnick

(2011), is here confirmed coincident with the position of
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a shock front detected in both X-ray and SZ studies
(Planck Collaboration et al. 2013; Churazov et al. 2021).
The radio spectral index does not seem to follow the
typical trend found in radio relics. However, the large
errors due to the small frequency range used to compute
the spectral index do not allow us to exclude such a trend.
It is possible that the halo front is caused by the radio halo
plasma dragged along by the shock wave and compressed
by it. In any case, we can conclude that the properties of
the halo in the west region are affected by the shock
passage.

3. The radio relic in the Coma cluster is here imaged with
unprecedented detail, thanks to both the sensitivity of the
LOFAR observations and the calibration techniques that
we have used, which allow us to minimize the artifacts
from Coma A. The relic emission is connected to the tail
of NGC 4879, which is likely moving toward the SW.
The connection between the relic and NGC 4879 is what
we name the NAT-relic connection. The 20” resolution
image shows that the endpoints of the NGC 4879 jets are
well distinct from the weak diffuse emission of the NAT-
relic connection. A bright bar of radio emission is
detected, similar to what has been found in other cluster
tails (e.g., Clarke et al. 2013). We have discussed three
possible scenarios to explain the presence of the NAT-
relic connection and propose that NGC 4879 is moving
supersonically toward the SW. During its motion, it has
crossed the shock at the position of the relic. The shock
has reenergized the particles injected by the tail in the
ICM in the past and left behind during the galaxy’s
motion through the ICM.

Using literature information about the merging scenario of
Coma and its large-scale structure environment, we can outline
a global picture to explain the observed radio emission. The
Coma cluster is currently accreting matter through filaments of
galaxies that connect it to A1367 (Malavasi et al. 2020). A
recent merger has happened between Coma and the galaxy
group NGC 4839, which has passed the cluster from NE to
SW, injecting a first shock wave in the ICM that is now
powering the radio relic emission (Lyskova et al. 2019). The
cluster core has been perturbed by this merger, and possibly
from previous less massive mergers, which have released
thermal energy in the ICM. A small fraction of this energy has
been dissipated in turbulent motions, which have re-accelerated
a mildly relativistic population of CRe already present in the
ICM originating the radio halo.

From the global spectral index of the halo, its radial trend,
and the analysis of the radio—X-ray correlation, we are able to
derive a coherent picture where particles are re-accelerated by
homogeneous turbulence in the ICM. In this picture, we have
made several working assumptions that indicate possible
regimes for re-acceleration to operate (i.e., constant turbulent
Mach number and a radial increase of the CRe energy density
with respect to the thermal energy density). We have attempted
to distinguish between re-acceleration by Transit-Time-Damp-
ing with compressive modes and non-resonant second-order
Fermi acceleration with solenoidal modes, and although present
data are not accurate enough, we have shown that observations
are entering a regime where the details of the model can be in
principle tested. It is possible that future observations, either
with LOFAR 2.0 and/or MeerKAT, will be able to make an
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additional step forward and unveil the details of turbulent re-
acceleration.

The cluster core has been perturbed by the passage of NGC
4839, and its motion around its equilibrium position has caused
a second shock wave (Lyskova et al. 2019; Churazov et al.
2021) whose front is now coincident with the halo front. We
find that the spectrum of the halo front has been affected by the
shock passage, but we are not able to distinguish between
shock re-acceleration or compression by the shock wave.

NGC 4839 is now at its second passage toward the cluster
center (Lyskova et al. 2019; Churazov et al. 2021). Its motion
might have injected additional turbulence in the ICM and a
considerable amount of seed electrons, which originate the
radio bridge (Bonafede et al. 2021). The NAT galaxy NGC
4789 that is now located to the SW of the relic is moving away
from the cluster center at a supersonic velocity after crossing
the shock wave at the location of the relic. From this
interaction, the radio plasma injected in the ICM by NGC
4789 has been reenergized, leading to the emission that we
detect in the NAT-relic connection.

Finally, a filament of matter is detected to the NE of the
Coma cluster. The matter accreting toward the cluster from that
direction could result in the tentative “accretion relic” that we
have discovered.

The scenario that we outline here is not the only possible
one, and it leaves open questions. However, our analysis shows
that we are entering a new era for the physics of non-thermal
ICM emission, where we can constrain the model parameters.
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Appendix
XMM-Newton ObsIDs

The ObsIDs of the XMM-Newton observations we analyzed
are 58940701, 124710101, 124710301, 124710401,
124710501, 124710601, 124710701, 124710801, 124710901,
124711101, 124711401, 124711601, 124712001, 124712101,
124712201, 124712401, 124712501, 153750101, 204040101,
204040201, 204040301, 300530101, 300530201, 300530301,
300530401, 300530501, 300530601, 300530701, 304320201,
304320301, 304320801, 403150101, 403150201, 403150301,
403150401, 652310201, 652310301, 652310401, 652310501,
652310601, 652310701, 652310801, 652310901, 652311001,
691610201, 691610301, 800580101, 800580201, 851180501,
841680101, 841680201, 841680401, 841680501, 841680301,
841680801, 841680601, and 841680701.
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