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5Università di Roma Tor Vergata, Via della Ricerca Scientifica, I00133 Roma, Italy;
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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 North-

East 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 MHz

and 342 MHz, at ∼ 30′ from the cluster centre, that may indicate a non constant re-acceleration time

throughout the volume. We also detect a mild steepening of the spectral index towards the cluster

centre. 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 NGC4789 could have crossed the shock originating the radio

emission visible between its tail and the relic.

Keywords: galaxy clusters; non-thermal emission; particle acceleration; radio observations

Corresponding author: Annalisa Bonafede et al

annalisa.bonafede@unibo.it

1. INTRODUCTION

Diffuse, non-thermal emission has been observed in

more than 100 clusters of galaxies, revealing the ex-

istence of magnetic fields and relativistic particles on
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scales as large as a few megaparsecs. In the last 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 proper-

ties.

Synchrotron emission from the intra-cluster medium

(ICM) has been observed in the form of giant radio ha-

los, mini halos, and radio relics, depending on their lo-

cation and morphology. Giant radio halos are found at

the centres of merging galaxy clusters, co-spatial with

the X-ray emitting gas, and with sizes of 1-2 Mpc. Mini

halos only have sizes of few hundreds of kpc 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 ref. therein). Although

the details of the proposed mechanisms are not under-

stood yet, radio halos have preferentially been found

in merging clusters, supporting a connection between

mergers and radio emission (Cuciti et al. 2015), and ra-

dio relics are often coincident with gas discontinuities

detected in the X-ray and Sunyaev-Zeldovich’ (SZ) im-

ages (e.g. Planck Collaboration et al. 2013; Ogrean et al.

2013). The origin of mini halos is still debated. They

could either originate from turbulent motions that de-

velop in the cluster core (e.g. ZuHone et al. 2013) or from

hadronic collisions between cosmic ray protons and ther-

mal protons (e.g Pfrommer & Enßlin 2004).

In the last years, the picture has become more compli-

cated, and it has been found that some clusters with

mini halos also host a larger-scale radio component, re-

sembling 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 CL1821+643 (Bonafede

et al. 2014). In addition, relics and halos are some-

times 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 discov-

ered, connecting massive clusters in a pre-merging state

(e.g., Govoni et al. 2019; Botteon et al. 2020a).

Despite the differences between these types of sources,

they all have a low surface brightness (∼ 1µJy/arcsec2)

at GHz frequencies. Also they have steep radio spec-

tra 1, with a spectral index α < −1 that make them

brighter at low radio frequencies. Hence, the advent of

deep, low-frequency radio surveys, such as the LOFAR

Two-metre 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. 2021; Botteon

et al., accepted; Hoang et al, submitted) and allowed the

study of known objects with unprecedented sensitivity

and detail.

The Coma cluster hosts the most famous and best stud-

ied radio halo, as well as a radio relic and a radio bridge

connecting the two (see Fig. 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; Kro-

nberg et al. 2007; Brown & Rudnick 2011). In paper I

(Bonafede et al. 2021), we have analysed the properties

of the radio bridge and we have shown under which con-

ditions 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 char-

acterized by two different regions: a central one with

α ∼ −0.8 and a peripheral one with α ∼ −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 res-

olution of ∼50′′ . Their results have been confirmed later

on by several authors (e.g 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 de-

bate, 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 80s,

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

HBA, has a resolution of ∼70′′ , and a sensitivity of a

few 10 mJy/beam, that allowed the detection of the cen-

1 Throughout this paper, we define the spectral index α as
S(ν) ∝ να, where S is the flux density at the frequency ν
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tral part of the halo only. Similarly, observations at 43

and 73 MHz by Hanisch & Erickson (1980) did not al-

low to properly subtract the emission from radiogalaxies

present in the cluster.

In addition to integrated spectral studies, better re-

solved spatial analysis of radio halos spectral properties

yields important information about the distribution of

the non-thermal component in the ICM (e.g. Rajpuro-

hit et al. 2020, 2021a,b). The halo in the Coma cluster

offers a unique chance to perform spatially resolved stud-

ies 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 neces-

sary to convolve the radio images with large Gaussian

beams to recover the full halo emission.

LOFAR (van Haarlem et al. 2013), thanks to its sensi-

tivity and resolution, provides a step forward for precise

measurements of the halo size and flux density, and for

resolved studies. In this paper, we study the radio emis-

sion 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 multi-wavelength study of the emission.

This paper is organized as follows: In Sec. 2 we de-

scribe the observations and data reduction procedures,

in Sec. 3 we present the main sources of diffuse emis-

sion, both known and newly discovered. The radio halo

is analysed in Sec. 4, its spectrum in Sec. 5 and its cor-

relation with the thermal gas are shown in Sec. 6 and 7.

In particular, in Sec. 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 de-

rived. In Sec. 8, we use cosmological MHD simulations

to reproduce the thermal/non-thermal properties of the

Coma cluster. In Sec. 9, the halo front is analysed and

its origin is discussed in connection with the shock wave

found by X-ray and SZ studies. We also analyse the

emission detected between the relic and the radiogalaxy

NGC4789 in Sec.10. Finally, results are discussed in

sec. 11. Throughout this paper, we use a ΛCDM cosmo-

logical model, with ΩΛ = 0.714, H0 =69.6 km/s/Mpc.

At the Coma redshift (z = 0.0231) the angular to linear

scale is 0.469 kpc/arcsec and the Luminosity distance

DL = 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 2 pointings of 8 hr each taken with LOFAR (the LOw

Frequency ARray, van Haarlem et al. 2013) High Band

Array antennas, in the DUAL INNER mode configura-

tion. Each pointing is 8 hr long, book-ended by 10 min

observations of a calibrator (3C196), used to correct for

the ionospheric Faraday rotation, clock offsets, instru-

mental XX and YY phase offsets, and time-independent

amplitude solutions. The pointings are specified in Tab.

1 together with the distance from the central source

NGC 4874, at the cluster centre. Observations are cen-

tered at 144 MHz and have a 48 MHz total bandwidth.

After pre-processing and direction-independent calibra-

tion, data are averaged into 24 visibility files, each hav-

ing a bandwidth of 1.953 MHz with a frequency resolu-

tion of 97.6 kHz and a time resolution of 8s. For details

about pre-processing and direction-independent calibra-

tion steps, we refer to Shimwell et al. (2019), where

LoTSS data acquisition and processing are both ex-

plained 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 calibra-

tion, while the LoTSS DR2 pipeline applies an inner

uv -cut of the visibilities below 100 m to eliminate radio

frequency interferences on the shortest baselines and fil-

ter 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 vis-

ibilities through a multi-step 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 ob-

tained from an image at 20′′ resolution with no inner uv -

cut, and using a threshold of 5σ (0.75 mJy/beam). The

subtracted data have been reimaged using an 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 mJy/beam. Data have been reim-

aged again to check for the presence of residual emission

from discrete sources using an uv -cut of 100 m. Residual

emission associated with Active Galacic Nuclei (AGN)

and sources unrelated to the halo and relic emission has

been identified and subtracted by the data. The sources

NGC4789 and NGC4839 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 dis-

cussed in the following sections.

The images used in this work have been done in a dif-

ferent way than in Bonafede et al. (2021), taking advan-
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Figure 1. Composite IR-radio image of the Coma cluster field. In white the IR image in band 1, 2, and 3 of WISE (Wide-field
Infrared Survey Explorer) are 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.

tage of the new implementations that have been added

to the imaging software in the last months. Imaging has

been done with DDFacet (Tasse et al. 2018), using the

recently added features that allow to deconvolve large-

scale emission in joint-deconvolution mode. We used the

Sub Space Deconvolution (SSD) algorithm (Tasse et al.

2018 and ref. therein) to better model the clean com-

ponents. Typically, four major cycles were needed to

achieve a noise-like residual map. The 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 Tab. 2, at various resolution to highlight the emis-

sion 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 NVSS (NRAO VLA

Sky Survey, Condon et al. 1998).
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Figure 2. LOFAR emission of the Coma field at the resolution of 1 arcmin. The candidate accretion relic, halo front, bridge,
relic, and NAT-relic connection are labelled.

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 Appendix A. 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

guide2. 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 re-

projected using task evproject to match the observa-

tion. NXB maps were scaled to match the NXB level of

each count image. For MOS, the scale factor was cal-

culated using the ratio of out-of-field-of-view (OoFoV)

count rates. For pn, even the OoFoV area can be con-

2 http://xmm-tools.cosmos.esa.int/external/xmm user
support/documentation/sas usg/USG/removingOoTimg.html

taminated by soft protons, and 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 as 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 prep).

The corresponding exposure maps were generated using

the task eexpmap with parameter withvignetting=yes.

Point sources were detected and filled by the tasks

wavdetect 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 0.5–2.0 keV energy

band. We divided the NXB subtracted count image by

the exposure map to generate the flux map. After re-

moving the instrumental background and correcting for

http://xmm-tools.cosmos.esa.int/external/xmm_user_support/documentation/sas_usg/USG/removingOoTimg.html
http://xmm-tools.cosmos.esa.int/external/xmm_user_support/documentation/sas_usg/USG/removingOoTimg.html
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Figure 3. Left panel: zoom into the radio halo from the 20′′ image, which is made imposing an inner UV cut (image LOFAR as
LoTSS 20 in Tab. 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 (3 arrows on the left) and
the radio-loop (arrow on top-right). Right panel: same as 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 3σrms and are spaced by a factor of 2.
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Figure 4. Zoom into 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 labelled. Arrows mark the position of the stripes that
depart from the relic towards NGC4839. White dashed circles indicate residuals from the subtraction of the lobes of NGC4827,
a Coma radiogalaxy, and Coma A. Contours start at 3 σrms and are spaced by a factor of 2.
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telescope vignetting, a constant sky background was fur-

ther subtracted from the images. The level of this back-

ground was estimated from the median flux in an annu-

lus spanning radii of 60-70 arcmin. Note that Mirakhor

& Walker (2020) do detect a signal from the Coma ICM

even at these large radii, albeit in a narrower energy in-

terval of 0.7-1.2 keV where the signal to background is

optimized. The sky background used here may there-

fore 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 R500).

We furthermore used the four archival observations of

the Coma cluster performed in June 1991 by the ROSAT

Position Sensitive Proportional Counter (PSPC). These

pointings extend out to radii of 60-70 arcmin, totaling

a clean exposure time of 78 ks. The data reduction was

performed exactly as already described in Simionescu

et al. (2013); Bonafede et al. (2021). The low instrumen-

tal background of ROSAT makes these data an impor-

tant 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 correspond-

ing 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 resolu-

tion of the maps are 9.69, 7.30, 5.02, 4.94, 4.83, and

4.64 arcminutes, respectively. Following prescriptions of

Galactic thermal dust studies performed by the Planck

collaboration (Planck collaboration, 14), we corrected

HFI maps for individual offsets that maximise their spa-

tial correlation with neutral hydrogen density column

measurements performed in regions of the sky charac-

terised by their low dust emissivity and by the exclusion

of prominent Sunyaev-Zel’dovich (SZ) sources.

This multi-frequency data set allowed us to map the

thermal SZ Compton parameter in a four square de-

gree sky area centred 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 Back-

ground anisotropies and with the Galactic thermal dust

emissivity. This is achieved via a spatially-weighted like-

lihood 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-

Table 1. LOFAR observations details

LoTSS RA DEC time dist of NGCC4874

pointing deg deg h deg

P192+27 192.945 27.2272 8 1.88

P195+27 195.856 27.2426 8 1.11

thresholding that we parametrise as a function of local

values of the noise standard deviation. The resulting y-

map has a resolution (FWHM of the PSF) of 5 arcmin,

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 observations published in Venturi et al.

(1990); Giovannini et al. (1991), that 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 artefacts due to the presence of the source

Coma A, North of the relic. Brown & Rudnick (2011)

observations are used here to study the spectral prop-

erties of the halo, while Venturi et al. (1990); Giovan-

nini et al. (1991) observations are used here to study

the spectral index in the relic region. In Tab. 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); Giovan-

nini 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 Fig. 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 labelled. 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
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Figure 5. Zoom into the region of the accretion relic. Left panel: 20′′ image from LoTSS showing the diffuse emission of the
accretion relic (top left), the candidate remnant source (bottom left) and all the radio sources in the field. Right panel: same as
left panel but from the 2′ image. Contours are plotted at (3,4,8,16,32,64)σrms. The white circle is centered on the Coma cluster
centre and has a radius r = R100.
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Figure 6. Zoom into the region of NGC 4849, to the South of Coma. Left panel: 6′′ image from LoTSS showing the core of
NGC 4849. Right panel: 1

′
image showing the full extent of the tail. The white box marks the region shown in the left panel.

Contours start at 3 σ and are spaced by a factor 2.
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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 LAS of 1.2 deg, measured

East West, corresponding to ∼ 2 Mpc (see Tab. 3). The

halo appears to be composed of a central, bright core

and a larger, weaker component that is asymmetrical

and more pronounced towards the West (see Fig. 3).

The inner portion of the halo, is what we define the

“halo core”3. This part of the halo is the one visible

in the LoTSS images which impose an inner uv -cut

of 80λ, corresponding to ∼ 43′. The 20′′ resolution of

LoTSS, and here reproduced using the same uv -range

restriction, provides a detailed image of the inner por-

tion 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 Fig. 3. Despite being the best

studied radio halo, this is the first time that features

such as these filaments are detected in its diffuse emis-

sion.

Outside the halo core, low surface brightness emission

is detected, which is brighter towards the West. We call

this emission the “outer halo” and discuss in Secs. 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. 2021). The emission from the outer halo

is only visible when baselines shorter than 80λ are in-

cluded in the image, and hence it is filtered out in the

LoTSS images.

In the right panel of Fig. 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 Fig. 2 for labelling) al-

ready 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 Fig. 7 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

RA=12:59:07, DEC=+28:01:31). The Southwest part of

the halo, towards the radio bridge, has been excluded.

While the average cluster profile shows a smooth radial

decline, a sharp edge is visible around ∼1900′′from the

cluster centre, coincident with the radio front found by

3 The halo core and outer halo are labelled in Fig. 11

Figure 7. Radio profile of the Coma halo form the LOFAR
image at 2′ resolution across the halo front in comparison
with the rest of the halo. Errorbars represent statistical er-
rors only.

Brown & Rudnick (2011).

Towards the southwest, the spherical front continues and

its brightness becomes weaker and merges with the emis-

sion from the radio bridge. The total flux density of the

radio halo, measured from the images above 2σrms is

10±2 Jy at 144 MHz. The main properties of the radio

halo are listed in Tab. 3.

3.2. The radio relic and the NAT-relic connection

To the South-West of the Coma cluster, a radio relic

has been discovered by Ballarati et al. (1981) and stud-

ied by several authors afterwards (Venturi et al. 1990;

Giovannini et al. 1993; Brown & Rudnick 2011; Ogrean

& Brüggen 2012; Bonafede et al. 2013). However, the

presence of the bright source ComaA, at the north-

west of the relic, has always made its study difficult.

Residual calibration errors remain in the LOFAR image

(see Fig. 4) 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 ob-

servations 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 a 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 North-East, and NGC 4789 to the

South-West of the relic. From NGC4839, 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
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filamentary sub-structures (see Fig. 4). Stripes of radio

emission depart from the relic and are directed towards

the bridge and NGC 4839. A similar stripe is detected

also near the tail of NGC 4839, directed towards the

relic. These features could be regions where the mag-

netic field has been amplified and/or where the plasma

has been stripped from the tail of NGC 4789. The sur-

face brightness of these stripes is a factor 2-3 higher

than the nearby emission, and their size is ∼ 11.7′ that

corresponds to 300 kpc at the Coma’s redshift.

Beyond the relic, towards the SW, the narrow angle tail

galaxy (NAT) 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 (e.g. Enßlin & Gopal-Krishna 2001).

In Sec. 10, we will investigate the possible origin of this

emission.

3.3. Diffuse emission from NGC4849

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 ra-

diogalaxy NGC 4839, located at RA= 12h58m12.679s,

DEC= +26d23m48.77s, at redshift z = 0.01966. Its

angular size translates into a linear size of ∼650 kpc

(see Fig. 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 either be an unrelated radio source seen in projec-

tion, 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 Sec. 2 and

Tab. 2) and taking into account the higher noise of the

WSRT image in that region, we derive a 2-σ limit for

the spectral index of the tail α < −2. Analysing 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. Abell 1132 Wilber

et al. 2018, Abell 2255 Botteon et al. 2020b) likely trac-

ing 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 ex-

tended patches of diffuse emission are visible at the pe-

riphery of Coma, to its North-East and East (see Fig. 5).

The diffuse component at the Eastern side of Coma is

not associated to any Coma cluster galaxy (Pizzo 2010).

Pizzo (2010) also noticed that this source lies at the

crossroad of two filaments of galaxies, pointing towards

the clusters A 2197 and A 2199, respectively, and suggest

that this emission could be due to the accretion of mat-

ter towards the Coma cluster. Our images have a higher

resolution and allow us to recognize a double-lobe struc-

ture that resembles a radiogalaxy. However, no core is

obviously associated with it in the 6′′ and 20′′ images (see

Fig. 5). We tentatively label this source as a “candidate

remnant”, but we note that its classification remains un-

certain. 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 was

in the background of Coma.

The other diffuse patch in the NE part of Coma is en-

tirely new and has an arc-like morphology, and a weak

uniform brightness. This emission does not appear con-

nected to any discrete source (see Fig. 5). When con-

volving the image to a resolution of 2 arcmin, it has

a largest angular size of ∼ 55’, that would correspond

to 1.5 Mpc at the cluster redshift, and it is located at

∼ 2.1◦ from the cluster centre. At the Coma redshift,

this distance corresponds to ∼3.6 Mpc, while the clus-

ter virial radius4 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 plau-

sible 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 α ∝ ν−1, and

also characterized by a large degree of polarisation. The

properties of this accretion relic are listed in Table 3.

4. THE RADIO HALO PROFILE

To characterize the halo properties, we have fitted its

surface brightness profile adopting the approach firstly

proposed by Murgia et al. (2009) and more recently gen-

eralized by Boxelaar et al. (2021) to account for asym-

metric 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) mod-

4 R100 is considered here to be a good approximation of the
virial radius, as the cluster redshift is 0.023
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Table 2. Images used in this work

Image name Freq Resolution σrms Fig.

MHz mJy/beam

LOFAR as LoTSS 6 144 6 ′′× 6 ′′ 0.1 Fig. 4

LOFAR as LoTSS 20 144 20 ′′× 20 ′′ 0.15 Fig. 3

LOFAR 35′′ 144 35 ′′× 35 ′′ 0.2 Fig. 3 (top panel), Fig. 4.

LOFAR 1′ 144 60 ′′× 60 ′′ 0.4 Fig. 2

WSRT H 342 134′′× 68 ′′ 0.4 Brown & Rudnick 2011

LOFAR as WSRT H 144 134′′× 68 ′′ 1.5 Fig. 18

WSRT R 326 150′′× 100 ′′ 1.2 Giovannini et al. 1991; Bonafede et al. 2021

LOFAR as WSRT R 144 150′′× 100 ′′ 1

Table 3. Source properties at 144 MHz

Source name dist LAS S144MHz P144MHz

Jy W/Hz

Halo - 71′ - 2.00 Mpc 12±2 1.5 ±0.2 × 1025

Accretion relic 2.1◦ - 3.55 Mpc 55′ - 1.5 Mpc 0.47 ± 0.07 5.7±0.9 × 1023

Relic 73′ - 2.0 Mpc 38′ - 1.1 Mpc 2.4 ± 0.4 3.0±0.4 × 1024

Relic-NAT connection 79′ - 2.3 Mpc 10′ - 280 kpc 0.7±0.1 9±1 × 1023

Col. 1: Name of the diffuse source; Col 2: Distance from the cluster centre; Col 3: Largest angular size measured

above the 2σmrs contour Col. 4: FLux density measured above the 2σrms contour; Col 5: Radio power at 144 MHz

The K-correction is applied assuming α = −1,−1,−1.2,−1.4

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

els. We refer to Boxelaar et al. (2021) for a detailed

explanation and summarize here the relevant parame-

ters. The surface brightness model is given by:

I(r) = I0 exp−G(r), (1)

where I0 is the central surface brightness and G(r)

a radial function. G(r) =
(
|r2|
r2e

)0.5

for the circular

model, while G(r) =
(
x2

r21
+ y2

r22

)0.5

for the elliptical

models, where re is the characteristic e-folding radius,

and r2 = x2 + y2. The skewed model allows for an off-

center maximum of the brightness distribution, and is

characterized by four different scale radii (r1, r2, r3, r4)

and by an angle to describe the asymmetric brightness

distribution.

We have investigated these three profiles (circular, el-

liptical, 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

(P144MHz ∼ 1.47 × 1025 W Hz−1 computed within 3

times the e-folding radius) and central radio brightness

(I0 ∼ 5µJy/arcsec2). 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 2σrms (see Sec. 3). As the reduced-χ2

values are similar in the skewed and elliptical model, we

consider the latter in the following analysis.

In Fig. 8, we show the radial profile of the halo bright-

ness at 144 MHz. We have computed the mean of the ra-

dio brightness and its error within elliptical annuli hav-

ing a width than changes progressively from 1
′

in the
centre to 4

′
in the outer regions, to maximise the reso-

lution at the centre and the sensitivity to low surface-

brightness emission in the halo peripheral regions. The

bridge region s excluded starting from elliptical annuli

with major and minor axis larger than 3r1 and 3r2, re-

spectively. 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, that corresponds to ∼ 4.5r1

and r2 (see Tab. 4).

In the following, we refer to the halo core as the emission

contained within an ellipse having as major and minor

axis r1 and r2, respectively, and to the outer halo as the

emission contained within 4r1 and 4r2, excluding the

halo core. We note that the halo core and outer halo

are well represented by a single exponential model and
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Figure 8. Left panel: bullets are the radio average brightness profile of the radio halo, computed within elliptical annuli having
major and minor axis sub-multiples and multiples of r1 and r2, i.e. the minor and major axis of the elliptical exponential fit
(see Tab. 4). The SW sector of the halo has been blanked for ellipses with major and minor axis larger than 3r1 and 3r2,
respectively, to exclude the bridge region. Errorbars represent the error on the mean, upper limits at 3σ 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 Tab. 4. Right panel: radio image
of the Coma cluster at 1′ resolution. The inner cyan ellipse has major and minor axis equal to 3r1 and 3r2 respectively, and
elliptical annuli are spaced by 1′. The outer elliptical bins have a width of 4′ and and trace ellipses out to 6r1 and 6r2, showing
the SW region that has been excluded from the analysis because of the bridge.

do not need to be considered as two separate compo-

nents, 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 im-

age (WSRT H in Tab. 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

χ2
r value, smaller than 1, possibly indicating that the

errors are being overestimated. We note that the r1

and r2 values are slightly smaller than those found in

the LOFAR image, indicating a more peaked profile of

the radio emission, 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 underly-

ing re-acceleration mechanism. Indeed, it allowed in the

past to conclude that a very steep spectrum (α < −1.5,

also called ultra-steep spectrum halos) cannot be pro-

duced 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 MHz and

342 MHz yielding α = −1.0±0.2. Though residuals from

sources could still be present, the fitting procedure we

have used should minimise that contribution (Boxelaar

et al. 2021), hence, a considerable impact to the whole

halo emission is unlikely. We find that the spectrum

is slightly flatter than previously reported in the liter-

ature, although still consistent within the errors. The

spectrum of the halo in the Coma cluster has been ex-

tensively studied in the literature (e.g. Giovannini et al.

1993; Thierbach et al. 2003), using both interferomet-

ric 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 obser-

vations published so far, (ii) the larger extent of tailed

radio galaxies whose emission blends with the halo emis-

sion. 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 re-scaled to the same absolute flux scale as

in Brunetti et al. (2013), and added our measurement

at 144 MHz. In Fig. 9 we show the spectrum of the

halo. Green bullets refer to values taken from Brunetti

et al. (2013), and do not refer to the same aperture ra-

dius. The red and orange point refer to the LOFAR and
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Table 4. Radio halo 2D fit

LOFAR - 144 MHz

Halo model χ2
r I0 r1 r2 r3 r4 angle S144,MHz P144,MHz

µJy/arcsec2 kpc kpc kpc kpc deg Jy 1025W Hz−1

Circular 1.7 5.42 ± 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 ± 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 χ2
r I0 r1 r2 r3 r4 angle S342,MHz P342,MHz

µJy/arcsec2 kpc kpc kpc kpc deg Jy 1025W Hz−1

Circular 0.7 3.52±0.08 255±4 5.3 ± 0.1 0.64 ± 0.01

Elliptical 0.7 3.54±0.08 268±5 240±6 5.3± 0.1 0.64 ± 0.01

Col 1: Model used; Col 2: Reduced χ2 value; Col 3: Central brightness of the fit; Col 4 -7: e-folding radii;

Col 8: Angle for the skewed halo model fit; Col 9: Total halo power at 144 MHz computed within 3re.

Only statistical fit errors are shown in the table

Figure 9. Left: Integrated spectrum of the radio halo from literature data (green points) from Thierbach et al. (2003) and
ref. therein, as corrected and re-scaled by Brunetti et al. (2013). The new LOFAR measurement (red point) and the WSRT
measurement (orange box) are shown, measured within 3 times the effective radii as derived by the halo fit (see text for details).
The continuous line shows expectations from a model where secondary particles are reaccelerated by compressive turbulence
(Brunetti & Lazarian 2011). The dashed line shows the spectrum computed from secondary emission, after 200 Myrs 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 3σ upper limits, only statistical errors are shown, 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.
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WSRT map computed within the same aperture (cor-

responding to 3 e-folding radii of the LOFAR image,

see Tab. 4). In Fig. 9, left panel, we show one possi-

ble spectrum that would be produced by re-acceleration

models. However, for a proper derivation of the halo

spectral properties, one should compare the flux densi-

ties 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, as the one proposed by Boxelaar et al. (2021)

and used here, would also minimise the effect of different

noise obtained at different frequencies.

Recently, Rajpurohit et al. (2021c) have shown that the

hint for a spectral break claimed in the radio relic of

Abell 2256 below 1.4 GHz (Trasatti et al. 2015) is not

confirmed once the analysis is performed with match-

ing 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 ad-

dition, it is important to get a precise flux density at fre-

quencies 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 α ∼ −0.8, and

a steeper value (α ∼ −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 dis-

tances. We have re-imaged the LOFAR data using only

baselines larger than 40m, i.e. the shortest WSRT base-

line, and convolved the LOFAR image to the same res-

olution as the WSRT image. The sources embedded in

the diffuse emission are subtracted from the WSRT im-

age, however, as some residuals were still present, we

applied the multi-filtering technique described in Rud-

nick (2002) and blanked the WSRT image wherever the

filtered image was above 3 mJy/beam. We blanked the

LOFAR image accordingly. We have divided the radio

halo into 4 sectors (NW, NE, SE, and SW) and com-

puted the mean spectral index α in elliptical annuli hav-

ing the major and minor axis proportional to r1 and r2,

up to the maximum distance where the halo is detected

(see Sec. 4 and Fig. 8).

The 4 outermost annuli of the SW sector have been re-

moved 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 3σrms×
√

(NBeams), with Nbeams being the number

of independent 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 dis-

tances larger than ∼ 2000′′ (950 kpc). The radial trend

of the spectral index is shown in Fig. 9, right panel.

We note that values in some annuli are surprisingly flat,

possibly because of residual contamination from unre-

lated sources. The increasing values of the upper limit

in the outer annulli 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

centre. In the SW sector, we also clearly detect a steep-

ening towards the cluster centre. 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 α is more complex, and no clear trend at distances

smaller than r ∼ 2000′′ can be established. The SW sec-

tor is affected by the passage of the NGC 4839 group,

hence is it possible that different physical conditions are

present there. Overall, we can cocnlude that the spectral

trend is characterized by clear steepening at the cluster

outskirts, and a mild steepening towards the cluster cen-

tre.

In the next Sec., we will discuss the physical implica-

tions 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 spec-

trum of radio halos, homogeneous re-acceleration mod-

els predict that increasingly steeper spectra will be seen

at increasing distance from the cluster center (Brunetti

et al. 2001). Assuming homogeneous conditions, the fre-

quency at which steepening occurs, νs, is proportional

to:

νs ∝ τ−2
acc

B

(B2 +B2
IC)2

(2)

τacc is the re-acceleration time (see Cassano & Brunetti

2005, Brunetti & Lazarian 2007) that depends on the

assumed turbulent properties and re-acceleration mech-

anism. BIC is the inverse Compton equivalent magnetic

field. In the case of a constant τacc, the steepening fre-

quency depends only on the magnetic field strength. To

better follow the discussion below, let us define a critical
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magnetic field value

Bcr =
BIC√

3
∼ 2µG.

As long as B < Bcr, one expects to see a radial steepen-

ing of the spectral index at distances larger and larger

from the cluster centre as we move towards lower ob-

serving 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

centre. While we do expect more dramatic steepening

at the higher frequencies, whether these two sets of mea-

surements are consistent with a single physical model

requires further investigation.

Moreover, we detect for the first time a steepening of

the spectral index towards the cluster centre. This can

also be explained in the framework of homogeneous

re-acceleration models, if in the cluster centre we have

B > Bcr. Assuming a magnetic field profile as derived

from RM studies ( B ∝ B0n
0.5)
e , Bonafede et al. 2010),

we have indeed a central magnetic field of B0 ∼ 5µG,

hence B > Bcr. We note that a similar steepening

towards the cluster centre 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 anal-

ysis 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 vis-

ible only at low frequency. Future observations at higher

ferquencies 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 in the cluster centre leaves some

open questions that could be addressed by future obser-

vations.

5.3.1. Towards a constrain of the re-acceleration model
parameters

Constraining the model parameters, such as τacc,

would require a detailed 3D modeling and a precise con-

strain on the radial position of νs. However, we can

try to make first order calculations to see whether the

qualitative coherent picture outlined above is quantita-

tively supported. Giovannini et al. (1993) have detected

a spectral steepening at ∼8′ between 326 MHz and 1.38

GHz. Assuming a central magnetic field B0 = 4.7µG,

Table 5. Radio - X-ray correlation for different Gaussian
smoothing lengths.

Gaussian Beam β 10% – 90% ρP

FWHM

1′ 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

Col 1: FWHM of the smoothing Gaussian or restoring beam;

Col 2: Best-fit slope; Col 3: 10th and 90th percentile of the

posterior distribution for β. Col 4: Pearson correlation

coefficient

one would expect to detect the steepening between 144

and 342 MHz where the magnetic field is B ∼ 0.7µG, i.e.

at r ∼ 2 Mpc (∼ 71′) from the cluster centre. Instead,

the steepening is detected at r ∼ 30′ from the cluster

centre, i.e. a factor 2 closer to the expected location

This may suggest that τacc is not constant and increas-

ing with the distance from the cluster centre. 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 τacc, we can make a step

further and assume a constant turbulent Mach number

Mt. In this case, the steepening frequency is propor-

tional to:

νs ∝ T 2a B

(B2 +B2
ICM )2

(3)

where T is the cluster temperature and a is a con-

stant 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 turbulence5 (Brunetti & Lazarian 2016). In

order to explain the spectral index steepening at r ∼ 30′

from the cluster centre, 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 fre-

quency. We note that this temperature drop is consis-

tent with the temperature profile found by Simionescu

et al. (2013)6. We stress again that the calculations we

have just performed do not allow us to make any claim,

as long as νs is not precisely determined from data and

projection effects are not taken into account. However,

5 in this case we consider also a constant Alfvén velocity, based
on the scaling B2 ∝ n.

6 we take as a reference the profile extracted along the E sector
of their analysis, which is the only one not contaminated by the
W shock and by the merger with the NGC4839 group.
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Figure 10. IR−IX correlation computed from the 6′ image
using cells equally spaced by 6′. Arrows mark the 2σrms

upper limits, the black continuous line shows the best-fit line,
dotted lines show the 10% and 90% slopes for the posterior
distribution of β. The magenta dotted horizontal line marks
the 1σrms. All data are computed within 2400′′ from the
cluster centre. Here and in the following correlation plots,
errorbars are plotted every second point for clarity reason.

they show that the qualitative picture outlined above is

not in 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 information about the relation between the

thermal and non-thermal components of the ICM. Also,

it has the potential of constraining the mechanism re-

sponsible for the radio emission. Govoni et al. (2001)

have first investigated this correlation for a small sam-

ple of radio halos, finding a sub-linear scaling of the

radio brightness with respect to the X-ray brightness.

More recently, Botteon et al. (2020b); Rajpurohit et al.

(2021b,a); Ignesti et al. (2020) have investigated the

same correlation for radio halos and mini halos, respec-

tively, finding that halos tend to have a sub-linear or

linear scaling, and mini halos show linear or super-linear

behaviours.

Since the Coma radio halo is the one for which most

spatially resolved and multi-wavelength data are avail-

able, it is important to establish the statistical relation

between its thermal and non-thermal components.

We have investigated the thermal to non-thermal corre-

lation for the Coma cluster, fitting the radio (IR) and

X-ray (IX) surface brightness in log-log space, according

to:

log IR = β log IX + γ (4)

where β is the correlation slope. We have used a hi-

erarchical Bayesian model (Kelly 2007), that allows us

to perform linear regression of IR on IX accounting for

intrinsic scatter in the regression relationship, possi-

bly 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. (2020b); Bonafede et al.

(2021), we considered as upper limits the radio values

that are below 2σrms.

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 centre. To gain

sensitivity towards the low surface brightness emission

of the halo outskirts, we have convolved the radio im-

age with Gaussian beams having FWHM of 1,2,3,4,5,

and 6 arcminutes. 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 2σrms, i.e. twice the noise of the

radio image. The results of the fits are listed in Tab.

5. The image at 6′ resolution allows to recover the out-

ermost regions of the halo keeping the highest possible

resolution. IX and IR are positively correlated with a

slope β = 0.76+0.05
−0.04 and a Pearson correlation coefficient

ρp = 0.89. We note that the finest grid (boxes spaced

by 1′) recovers a slope similar to the one initially found

by 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

β 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 IR− IX
correlation may be different in the halo central regions
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and in its outskirts.

Recent low-frequency observations have found radio

emission 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 IR − IX trend is found in the

core and in the outer part of the halo of these clusters,

with a super-linear scaling in the mini halo region and

a sub-linear scaling in the outer part (Biava et al. 2021,

Lusetti et al., in prep).

Although those clusters have a cool-core and a radio

halo with a steep spectrum, we note that a change in

the IR - IX correlation slope for radio halos has never

been explicitly investigated in the literature. In the

cluster Abell 2142, 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. Also, in the cluster Abell 2744, a multi-component

halo has been discovered with a different radio-X ray

correlation slope for the northern and southern compo-

nents (Rajpurohit et al. 2021d).

Since a point-to-point analysis of radio and X-ray sur-

face 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 property of radio halos.

We have repeated the analysis described in Sec. 6 con-

sidering the “halo core” and the “outer halo” separately

(see Fig. 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 β =

0.41+0.04, while for the “outer halo” we find β =

0.76±+0.05.

Hence, we can conclude that in the “halo core” we find

a flatter slope for the IR − IX 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+2638, Biava et al. 2021;

Abell 1413, Lusetti et al, in prep). We note that this is

the first time that a change in the IR − IX correlation

has been investigated, hence it could be a common prop-

erty 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 particu-

lar, the detection of a sub-linear 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 if

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. 2020b). To better analyse the radial trend of IX
and IR 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 in 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 ellip-

tical annuli with progressively increasing width to gain

sensitivity towards low surface brightness emission in

the halo outermost regions. X-ray profiles have been

computed using the same regions. These plots, shown

in Fig. 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 sec. 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 (Fig. 3) and to the asymmetry of the halo

emission, that is more pronounced towards 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 IR and IX , we show in Fig. 13, top panel, the

ratio IR/IX in Logarithmic base 10 scale, for the differ-

ent sectors (NW, NE, and SW). The trend is similar in

the 3 sectors, with a ratio that is smaller in the central

part of the halo and that progressively increases. In the

3 outermost annuli (approximatively 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 Fig. 13, we show the ratio of IR to IβX ,

using the value of β obtained from the point-to-point

analysis (β = 0.76). If the same value of β were rep-

resentative of the whole halo, we would expect to see

a horizontal line. Instead, the plot shows that a single

value of β does not represent the whole halo emission.

The change in the slope of β is shown more clearly in

the bottom panel of Fig. 13, where we plot IR/I
βcore

X ,

where βcore = 0.41 is the best fit value obtained from

the point-to-point analysis restricted to the halo core.



18 A. Bonafede et al.

13h02m 00m 12h58m

28°20'

00'

27°40'

20'

RA (ICRS)

De
c 

(IC
RS

)

10 7

co
un

ts
s

1
cm

2

Figure 11. Left panel: Colors are the X-ray emission from the Coma field from XMM-Newton observations. Contours show
the radio emission at 1

′
resolution, starting at 3σrms and increasing by a factor 2. The major axes of the ellipses are r1 and r2

(inner ellipse) and 3r1 and 3 r2 (outer ellipse). r1 and r2 are listed in Tab. 4. The inner ellipse is the region considered for the
“halo core”. The cyan dotted circle mark the region that is not contaminated by soft X-ray protons.

Hence, we conclude that the IR − IX correlation has

a slope that changes with the radial distance from the

cluster centre, being flatter in the halo core (where we

find β ∼ 0.41) and steeper in the outer halo (where we

find β ∼ 0.76. While the slope in the core seems to

remain constant, the ratio IR−IβX , shown in the middle

panel of Fig. 13 indicates a progressive steepening of

the correlation with increasing distance from the cluster

centre.

6.4. Modelling the IR − IX correlation and its radial

trend

A steepening of the IR − IX correlation outside the

core is expected as a consequence of the different rela-

tive weight of IC and synchrotron losses in a magnetic

field declining with radius. Hence, under some assump-

tions 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 corre-

lation, or whether additional effects are required. We

assume a magnetic field profile scaling with the thermal

gas as B(r) ∝ B0 · ne(r)0.5, consistent with Bonafede

et al. (2010). Note that in this case the Alfvén velocity

in the ICM is constant. The radio emissivity in turbu-

lent re-acceleration models can be expressed as:

εR ∝ Fηe
B2

B2 +B2
IC

(5)

where ηe is the acceleration efficiency, BIC is the CMB

equivalent magnetic field, and F is the turbulent energy

flux:

F ∼ 1

2
ρ
σ3
v

L
(6)

Here, σv is the velocity dispersion on scale L, and ρ 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):

ηe ∼ F−1

∫
d3p

E

p2

∂

∂p

(
p2Dpp

∂f

∂p

)
≈ UCRe

F
(Dpp/p

2)

(7)

where UCRe is the energy density of reaccelerated elec-

trons, and Dpp/p
2 has different expressions in different

re-acceleration models. Specifically,

Dpp

p2
∝ c2sM4

t

L
(8)

in the case of Transit-Time-Damping acceleration with

compressive modes (Brunetti & Lazarian 2007; Miniati

& Beresnyak 2015), and:

Dpp

p2
∝ c3sM3

t

LvA
(9)
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Figure 12. Radial profile of the X-ray brightness and radio
brightness in the NW, NE, SE sectors (top to bottom). The
profiles are computed in elliptical annuli with different width
from the centre to the outermost regions as specified in Fig.
8, but excluding the SW sector and dividing the remaining
area in 3 sectors. The outermost annulus in the NW sector
shows contamination from soft X-ray protons and it has been
excluded from the following analysis. Statistical errorbars do
not appear as they are smaller than the points.

Figure 13. Top: Ratio of the radio to X-ray brightness,
computed in elliptical annuli as in Fig. 12. Middle: Ratio of
IR/I

β
X , where β = 0.76 is the best fit correlation coefficient

found for the whole halo. Bottom: Ratio of IR/I
βcore
X , where

βcore = 0.39 is the best fit correlation coefficient found for
the halo core. In the three panels, Bullets, stars and squares
refer to the NW, NE, and SE sector, respectively. Vertical
dashed lines mark the position of r1 and r2, used to separate
the halo core from the outer halo. Statistical errorbars do
not appear as they are smaller than the points.
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Figure 14. Trend of the radio-X ray correlation slope β
(IR = IβX) with radial distance from the cluster centre. β is
computed as the ratio between the logarithm of the theoret-
ical 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 B0, from 3 (top
curve) to 10 µG (bottom curve), as specified in the legend.
Shaded area refer to the best-fit β obtained from data.

in 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 :

εR(r) = εR(0)
X(r)

X(0)

(
εX(r)

εX(0)

) 1
2 1 +

(
BIC

B0

)2

1 +
(
BIC

B(r)

)2 (
εX(0)
εX(r)

) 1
2

(10)

where εX ∝ n2 is the X-ray (bremsstrahlung) emissivity

and X = UCRe

Uth
the ratio of the energy density of CRe to

thermal gas. 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, B0, ranging from 3 µG to 10 µG, and the X-ray

brightness using the parameters obtained by Briel et al.

(2001). Then, we have computed the slope of the corre-

lation IX − IR as a function of the radial distance from

the cluster centre. The trend of β versus the radial dis-

tance is shown in Fig. 14 for different values of B0. 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 is able

to reproduce all observed values. In particular, except
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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 NGC4839 has been masked. The errorbars refer to
the statistical errors of the two quantities. Arrows mark the
2σrms upper limits. The vertical and horizontal dotted lines
marks 1σrms for the y-parameter and radio image, respec-
tively. Errorbars are plotted every second value.

for the profile with B0 = 5µG, the magnetic field pro-

files that would be compatible with the value of β in

the outer halo are higher than those derived from RM

studies (Bonafede et al. 2010). A possible scenario to ex-

plain 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 centre. This is

indeed expected, as the lifetime of CRe in the ICM in-

creases with the distance from the cluster center due 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 Sec. 5.3.1, we stress that

the calculations outlined here are subject to several as-

sumptions and the decrease of X with the distance from

the cluster centre is only one of the possible causes of

the observed IR − IX slope.

7. RADIO - THERMAL PRESSURE

CORRELATION IN THE RADIO HALO

Resolved SZ maps of the Coma cluster (Planck Col-

laboration et al. 2013) can be used to understand the

connection between the thermal gas and the radio emis-

sion. Since the comptonization parameter y is propor-

tional to the gas pressure integrated along the line of
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sight (y ∝ neT ), it is less contaminated by cold gas

clumps with respect to X-ray emission. We have com-

puted the ISZ − IR point to point correlation, following

the same approach as described above for the IR − IX
correlation. We have used the radio image convolved to

5 arcmin resolution, to match the y-map resolution.

Initially, we have fit ISZ versus IR in the same region

as the one considered in the IR − IX correlation, find-

ing a super-linear slope βSZ = 1.76±0.08. Assuming an

isothermal model, one would expect that the value found

from the ISZ−IR correlation would be twice the scaling

of the IR − IX . Hence, given the values found from the

IR − IX correlation, one would expect βSZ = 1.4− 1.6.

There is a small tension between SZ and X-ray, that

could be due e.g. to dense and cold X-ray clumps in re-

gions of low surface brightness emission. Understanding

the details of this small tension is not 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 ISZ − IR 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 centre, though we miss the resolution given

by X-ray data. We have fitted ISZ versus IR out to a

distance of ∼1.3 Mpc (∼2800′′ radius) from the cluster

centre, that is the maximum distance where we have

detected the radio halo. As shown in sec. 6, we have

indication from the X-ray analysis that the slope would

further increase when outer regions of the halo are con-

sidered. We find β = 1.78±0.08, which is slightly steeper

than the slope found in the inner 2400′′ radius, though

consistent within the errors. The ISZ − IR correlation

is shown in Fig. 15. Both X-ray and SZ analysis 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 firstly obtained by Planck Collaboration

et al. (2013), who fitted ISZ versus IR, finding a quasi-

linear relation: ISZ ∝ I0.92±0.04
R , that would correspond

to our β ∼ 1.1. They used the WSRT 325 MHz map

and y images at 10 arcmin resolution, and extracted the

radio and y-signal from r < 50 arcmin region. As we

find a steeper slope, using a lower frequency radio im-

age we investigate in the following the possible causes

of the different trend. First of all, we are looking at the

IR−ISZ correlation using a radio image at a different fre-

quency 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 from

calibration artefacts 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 corre-

lation. The data we have at the moment of writing do

not allow to exclude that this is the cause of the differ-

ent slope found with LOFAR and WSRT. However, we

note that a higher value of the correlation slope for the

IR− IX at lower frequencies has recently been found by

Rajpurohit et al. (submitted) in the halo of the cluster

Abell 2256, and by Hoang et al. (2021) in the halo of

CIG 0217+70.

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 under-

stand whether the observed scaling IR− IX can provide

useful information to better constrain the particle accel-

eration mechanism.

8.0.1. Simulated thermal to non-thermal correlations

We use a Coma-like galaxy cluster, simulated at

high resolution and with ideal Magneto-Hydrodynamics

using the cosmological Eulerian code ENZO (enzo-

project.org) by Vazza et al. (2018b). 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 Rotation Mea-

sures (Bonafede et al. 2010; Vazza et al. 2018a). The

simulation includes eight levels of Adaptive Mesh Re-

finement (AMR) to increase the spatial and force res-

olution in most of the innermost cluster volume, down

to ∆x = 3.95 kpc/cell. While this simulation assumes

an initial volume-filling background of weak magnetic

field, B0 = 10−4µG (comoving) at z = 40, the low

redshift properties of the magnetic field are fairly inde-

pendent 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 fil-

tering technique described in Vazza et al. (2017a), we

have computed the turbulent energy flux, FComp,Sol,

associated to the compressive and solenoidal velocity

components:

FComp,Sol = ρ
σ3
vComp,Sol

L
× B2

B2 +B2
IC

, (11)
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Figure 16. Projected Fcomp (left) and Fsol (right) from MHD cosmological simulations of a Coma-like cluster, from Vazza
et al. (2018a). Each map has a size of 2560 kpc.
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Figure 17. Left panel: FComp − IX correlation from simulated data. Right panel: FSol − IXcorrelation from simulated data.

where, similarly as in Eq. 6, σvComp,Sol
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 Eq. 5) as:

LComp,Sol = ηeFComp,Sol (12)

The constant ηe ≤ 1 gives the dissipation efficiencies

for solenoidal and compressive modes into cosmic ray

acceleration, which depend on the complex physics of

cosmic ray acceleration via Fermi II process (see e.g.

Miniati & Beresnyak 2015; Brunetti & Lazarian 2016;

Brunetti & Vazza 2020). However, since in this appli-

cation to our new LOFAR observations of Coma we are

only concerned in the relative distribution of the two en-

ergy fluxes, we fix η for simplicity, acknowledging that

both fluxes will represent an overestimate (likely by a

factor ∼≥ 102) of the effective dissipation onto cos-

mic ray acceleration. Hence, we have used FComp,Sol
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as a proxy for the synchrotron luminosity instead of

LComp,Sol. The maps of projected FComp and FSol are

shown in Fig. 16. We have computed the correlation be-

tween FComp,Sol and the simulated X-ray brightness IX
as we have done for the radio and X-ray emission. We

note that some assumptions must be done to compare

the simulated FComp,Sol to the observed radio emission.

Specifically, we have assumed that the halo emission is

generated by turbulent re-acceleration, and that ηe 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 diffusion length le of

electrons emitting at 144 MHz can be estimated at first

order as

le ∼ 2
√
Dτrad ∼ 100kpc. (13)

Here, τrad is the electrons’ radiative age at 144 MHz

(τrad ≈ 200 Myr) and D is the spatial diffusion coeffi-

cient. 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

(lA ∼ 0.1− 0.5 kpc) as D ≈ 1
3 lAc.

We have computed the mean of FComp,Sol and IX in

boxes of 160 kpc side, that is larger than le and com-

parable to the size of the boxes used to compute the

IR − IX correlation from data (see Sec. 6).

In Fig. 17, the two correlations obtained with simulated

data are shown. Both FComp and FSol are positively

correlated with the simulated IX . The correlation slope

is similar, though a bit steeper in the case of FSol-IX
(see Tab. 6. Both slopes are consistent with the ob-

served IR − IX 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 modelled, this could be used

to disentangle the role played by the two modes for CRe

re-acceleration.

8.1. Correlations in the centre and peripheral regions

As shown in the previous section, the global IR−IX in

the Coma cluster can be recovered using both compres-

sive 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 com-

pressive modes dominate the cluster outskirts (Miniati

& Beresnyak 2015; Vazza et al. 2017b). We have seen

in Sec. 6, that the different β obtained in the halo core

and in the outer halo can not be explained by the decline

of the magnetic field only. Here, we investigate whether

different turbulent modes could play a role. We have fit-

ted the simulated Fcomp,sol versus the simulated X-ray

Table 6. Correlation between thermal and non-thermal sim-
ulated quantities

β 10% – 90% ρP

FSol − IX 0.88 0.94 – 0.81 0.8

FComp − IX 0.85 0.92 – 0.77 0.8

Halo core

Fsol − IX 0.5 0.6 - 0.4 0.2

FComp − IX 0.5 0.6 - 0.3 0.3

Outer halo

Fsol − IX 0.83 0.91 - 0.75 0.8

FComp − IX 0.78 0.87 - 0.69 0.8

brightness IX in the cluster core and in the cluster ex-

ternal regions, separately. We used boxes of 32 kpc size

to have a better sampling of the halo core. The results

are listed in Table 6. The best-fit slope in the halo core

is flatter than in the outer halo for both solenoidal and

turbulent energy flux. The Pearson correlation coeffi-

cient, though, indicates that the correlation between IX
and Fcomp,sol is weak in the halo core.

Hence, we conclude that globally the trends are in agree-

ment 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

modelled.

9. THE HALO FRONT

Previous studies pointed out the presence of disconti-

nuities 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

Comptonisation parameter y and in the temperature

and deprojected density profiles, is consistent with an

outwardly-propagating shock front, located at ∼ 33 ar-

cmin (910 kpc) from the cluster centre. 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 W shock would be caused by the merger

of NGC 4839 with the Coma cluster. During its first

passage NGC4839 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 set-

tle back into hydrostatic equilibruim, forming a “mini

accretion” shock. We refer the reader to Burns et al.

(1994), Lyskova et al. (2019), Zhang et al. (2021), Chu-
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Figure 18. Left panel: annuli used to compute the spectral index trend in the halo front region (white - dashed) and in the
outer halo (red). Right: Spectral index trend computed in the annuli shown in the left panel. Arrows indicate 3σ upper limits.
The vertical dashed line indicates the position of the halo front. Errorbars 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) that would
contribute with an additional error of 0.2.

razov 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 towards the West (see Fig. 7), that 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 distribu-

tion. The spectral index profile is flatter where particles

are freshly re-accelerated and steeper moving towards

the downstream region where particles radiate their en-

ergy 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 (Fig. 18). To derive the

spectral index values, we have used the same images

presented in Sec. 57. In Fig. 18, we show the spectral

index profile obtained in annuli that follow the front,

in comparison with the global spectral index trend ob-

tained in annuli centred on the cluster and excluding

the halo front region (Fig. 18, left panel). We note that

in the direction of the front, the spectral index is flatter,

7 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 Fig. 9 we have divided the halo
in 4 identical sectors. For the same reason, the spectral index is
computed out to a smaller distance from the cluster centre than
in Fig. 9.

but no steepening in the putative downstream region is

present. However, the outermost annuli seem to follow a

different trend than the global halo profile: the spectral

index remains almost constant, while a radial steepen-

ing is detected when the whole halo is considered. It

is possible that we are limited by the resolution, as the

width of the annuli is ∼2′, corresponding to ∼60 kpc,

that is larger than the electron cooling length in the

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 from the post-shock region, where par-
ticles have already experienced strong radiative losses.

An alternative scenario is that the radio front could

be radio plasma re-accelerated by the same mechanism

responsible for the halo emission, and then dragged

by the shock passage and compressed by it. Possibly,

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 RELIC-NAT CONNECTION

The diffuse emission connecting the relic to the NAT

radio galaxy NGC4789 is imaged here with unprece-

dented resolution, that allows us to detect substructures

in its surface brightness distribution. In particular, the

bent jets of NGC4789 do not blend smoothly into the
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Figure 19. Spectral index profile between 326 MHz and 144
MHz of the emission called relic-NAT connection. Images
at the WSRT resolution (100′′× 150′′ ) have been used to
compute the spectral index in each box.

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 discontinu-

ities between the endpoint of the jets and the diffuse

emissions are detected. At the centre of the diffuse

source region, there is a bright transverse bar. Such a

bar has been detected in other bent tails (e.g. in Abell

2443, Clarke et al. 2013, and recently in the Shapley

supercluster Venturi et al. 2022) and are predicted by

simulations of interacting AGN tails and shocks (Nolt-

ing et al. 2019). The length of this source, measured

from the relic’s edge down to the endpoints of the jets,

is 10 arcmin, corresponding to 280 kpc at the Coma

redshift.

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 in-

vestigated the existence of a correlation between the

thermal and non-thermal plasma, as done already for

the radio halo (see Sec. 6), and for the Coma bridge

(Bonafede et al. 2021).

The average brightness profile of the relic-NAT con-

nection is largely constant, increasing close to the relic

edge where the radio bar is located. In addition, the

low counts in the X-ray image do not allow us to make

a proper analysis. Hence, though no correlation or

anti-correlation between the two quantities seems to be

present, no firm conclusions can be derived, and we can

not rule out that the radio emisison originates from phe-

nomena similar to those responsible for the bridge. How-

ever, given its morphology, we will investigate below an

alternative scenario.

The spectral index trend along the Relic-NAT connec-

tion main axis is shown in Fig. 19. We have used the

WSRT R image (see Tab. 2, Giovannini et al. 1991) that

has been used already in Bonafede et al. (2021) to anal-

yse the bridge. Although the higher resolution of the

image by Brown & Rudnick (2011) would provide a bet-

ter description of the spectral index trend, calibration

errors from ComaA are strongly affecting that region.

The spectrum of the radio emission computed between

144 MHz and 326 MHz shows a gradual steepening from

regions close to the AGN core towards the relic’s outer

edge, reaching values of α = −1.6 ± 0.2. At the relic’s

outer edge, the spectral index flattens to α = −1.2±0.2,

and it steepens towards the NE, i.e. the putative post-

shock region, reaching again α = −1.6 ± 0.2. We note

that the spectrum starts to flatten already in front of

the relic edge (at ∼77′ from the cluster centre), though

within the error that value is consistent with the steep-

est point. This apparent flattening could be due to pro-

jection 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 relic-NAT connection is consistent

with AGN particle ageing. NGC4789 would be moving

towards 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 sug-

gest a link between the relic-NAT 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), NGC4789 would be in the

pre-shock region. Hence, it is puzzling to understand

how features like the bar could have been formed, be-

cause that emission has not yet interacted with the

shock. Enßlin & Gopal-Krishna (2001) have proposed

that the plasma from NGC4789 is dragged by the in-

falling matter (falling into Coma’s cluster) to the loca-

tion 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:

• (i) NGC4789 is in the pre-shock region, and the

shock wave responsible for the relic is moving to-

wards the southwest and approaching the tail. In

this scenario, the emission from the tail in the

Relic-NAT connection region would be unaffected

by the shock passage. However, the plasma in-
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jected in the ICM by the tail would play an impor-

tant role to explain the relic emission, as it would

furnish energetic electrons that the low Mach num-

ber shock wave would reaccelerate.

• (ii) The relic is powered by a quasi-stationary ac-

cretion shock, and that NGC4789 is moving super-

sonically and crossing the shock region from NE to

SW. Hence, NGC4789 would be in the pre-shock

region, but its tail would have crossed the shock

wave responsible for the relic emission.

• (iii) The relic is powered by a shock wave that is

moving towards the cluster centre. NGC4789 has

been crossed by the shock and it is now in the

post-shock region.

Scenario (iii) has been recently studied by Nolting

et al. (2019) using numerical simulations. They have

analysed 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 a NAT morphology, and a structure

similar to the radio bar, as observed here. The spec-

tral index trend resulting from the simulations by Nolt-

ing et al. (2019) is in agreement with the one observed

here along the tail and relic-NAT 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 towards the cluster

centre, that seems disfavoured by some authors (Fer-

etti 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 agree-

ment with expectation from an outwards 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 sup-

ported 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 centre. Our

analysis does not allow us to discard scenario (i), where

the shock is overtaking the pre-existing tail from the

back. We can see that the tail and shock must be inter-

acting, 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 favoured

one, given the data we have now, though it remains to

be seen whether the interaction of the AGN tail with a

pre-shocked environment at the cluster outskirts would

create the substructures that we observe. In all scenar-

ios, the NAT NGC 4789 would be providing seed elec-

trons 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.

11. DISCUSSION AND CONCLUSIONS

In this work, we have used new data at 144 MHz

from LOFAR to analyse the emission from the Coma

cluster. We summarise 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 resolu-

tion and sensitivity allowed by LOFAR - presents new

interesting features and allows us to perform detailed

resolved studies of the radio emission. We find that:

• the radio halo at 144 MHz appears larger than pre-

viously 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 south-

west. In total, the radio emission from the halo to

the head of NGC4879 spans ∼2◦, corresponding to

∼3.4 Mpc.

• The halo brightness profile is well fitted by an ex-

ponential elliptical profile. At 144 MHz, it is char-

acterized by e-folding radii r1= 355 kpc and r2=

268 kpc. At 325 MHz, the profile is more peaked,

with r1= 268 kpc and r2= 240 kpc. This is consis-

tent with a spectral steepening of the radio emis-

sion towards the halo outskirts, in agreement with

the results by Giovannini et al. (1993). It would be

useful to perform these fits also at other frequen-

cies in order to study how the halo size changes

with frequency.

• The spectrum of the radio halo between 144 MHz

and 342 MHz is flatter than previously reported,

though consistent within the errors. We find

α = −1.0 ± 0.2, while previous studies indicate

α ∼ −1.2. We have computed the flux density of

the halo at both frequencies from the best-fit ex-

ponential model, that is less affected by the differ-

ent sensitivities of the two images and the possible

presence of residuals from unrelated sources.
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• We have computed the radial trend of the spec-

tral index α dividing the halo in four symmetric

sectors. Our estimates could still be affected by

residual contamination from unrelated source and

calibration errors, but these should not have a ma-

jor impact on the global results. We detect for

the first time a moderate steepening towards the

cluster center of the spectral index, and confirm

the steepening towards the cluster outskirt found

at higher frequencies by Giovannini et al. (1993).

This trend is in agreement with the expectations

of homogeneous turbulent re-acceleration models.

Though a detailed modeling is needed to under-

stand the effect of projection affects and the ex-

act location of the steepening frequency, we argue

that the steepening detected at the cluster out-

skirts could indicate a non-constant acceleration

time, and hint to a constant turbulent Mach num-

ber. The spectral index steepening towards the

cluster centre is more or less pronounced in the

different sectors, being prominent in the SW sec-

tor and not clearly detected in the NE sector. It

is possible that the SW sector has been perturbed

by the passage of the NGC4839 group, and shows

now different properties.

• The point-to-point analysis between radio and X-

ray surface brightness indicates a sub-linear slope

of non-thermal plasma with respect to the thermal

plasma. We obtain IR ∝ I0.64
X when the correla-

tion is computed on images at 1′ resolution. We

detect a steeper, yet sublinear, correlation, when

the radio image is convolved with Gaussian ker-

nels of 2, 3, 4, 5 and 6 arcmin, and it converges to

IR ∝ I0.76
X . 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 af-

fect the radio- X-ray correlation making it steeper.

• We have investigated whether the radio-X-ray cor-

relation has a different slope in the halo core than

in the outer halo, finding that the correlation is

flatter in the core (IR ∝ I0.41
X ) than in the outer

halo (IR ∝ I0.76
X ). By investigating the radial

trend of the quantity IR − IX , we have confirmed

that this trend can be interpreted as a radial trend

of IR 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 emis-

sion 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 contri-

bution 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 IR − IX
correlation can be only partially accounted for by

a declining magnetic field profile. We have in-

vestigated the role of X, i.e. the ratio of CRe

to thermal energy density, and find that a radi-

ally increasing value of X would provide a better

match with data. Although more detailed model-

ing should be done to derive firm conclusions, we

note that an increasing value of X with the dis-

tance from the cluster centre is also expected from

a theoretical point of view.

• With the help of MHD cosmological simulations,

we have computed the turbulent energy flux asso-

ciated to the compressive and solenoidal velocity

components in a Coma-like cluster, and we find

that both quantities show a sub-linear scaling with

the simulated X-ray emission, that is in agreement

with the observed scaling of IR versus IX . Assum-

ing the same efficiency for both modes, the flux

associated to the solenoidal velocity component

is a factor 10 higher than the flux associated to

the compressive component. Hence, once the CRe

distribution throughout the volume is assumed, it

would be possible to constrain the relative impor-

tance of the two modes in the process of particle

acceleration.

From the analysis of the Coma field, we also conclude

that:

• To the northeast of Coma, at a projected distance

of ∼ 1.2 Rvir, an arc-like diffuse patch of emission

is discovered. As a large-scale filament of galax-

ies is detected in that direction, we tentatively

propose that this emission is due to particles re-

accelerated by an accretion shock, and 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 & Rud-

nick (2011) is here confirmed coincident with the

position of a shock front detected in both X-ray

and SZ studies (Planck Collaboration et al. 2013;

Churazov et al. 2021). The radio spectral index
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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 spec-

tral 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

amd compressed by it. In any case, we can con-

clude that the properties of the halo in the W re-

gion are affected by the shock passage.

• The radio relic in the Coma cluster is here imaged

with unprecedented detail, thanks to both the sen-

sitivity of the LOFAR observations and to the cal-

ibration techniques that we have used, that allow

us to minimise the artefacts from Coma A. The

relic emission is connected to the tail of NGC4879,

that is likely moving towards southwest. The con-

nection between the relic and NGC4879 is what

we name relic-NAT connection. The 20′′ resolution

image shows that the endpoints of the NGC4879

jets are well distinct from the weak diffuse emis-

sion of the relic-NAT 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; Wilber et al. 2018). We have discussed three

possible scenarios to explain the presence of the

relic-NAT connection, and propose that NGC4879

is moving supersonically towards south-west. Dur-

ing its motion it has crossed the shock at the po-

sition of the relic. The shock has re-energised 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 sce-

nario 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 accret-

ing matter through filaments of galaxies that connect it

to Abell 1367 (Malavasi et al. 2020). A recent merger

has happened between Coma and the galaxy group

NGC 4839, that has passed the cluster from North-East

to South-West, 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,

that have released thermal energy in the ICM. A small

fraction of this energy has been dissipated in turbulent

motions, that have re-accelerated a mildly relativistic

population of CRe already present in the ICM originat-

ing 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 assump-

tions 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-

Damping with compressive modes and non-resonant sec-

ond 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 pos-

sible that future observations, either with LOFAR 2.0

and/or with MeerKAT will be able to make an addi-

tional step forward and unveil the details of turbulent

re-acceleration.

The cluster core has been perturbed by the passage of

NGC4839, and its motion around its equilibrium po-

sition has caused a second shock wave (Lyskova et al.

2019; Churazov et al. 2021) whose front is now coinci-

dent with the halo front. We find that the spectrum

of the halo front has been affected by the shock pas-

sage, but we are not able to distinguish between shock

re-acceleration or compression by the shock wave.

NGC4839 is now at its second passage towards the clus-

ter centre (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,

that originate to the radio bridge (Bonafede et al. 2021).

The NAT NGC 4789 that is now located to the South-

West 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 ra-

dio plasma injected in the ICM by NGC 4789 has been

re-energised, leading to the emission that we detect in

the relic-NAT connection.

Finally, a filament of matter is detected to the Northeast

of the Coma cluster. The matter accreting towards 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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Govoni, F., Orrù, E., Bonafede, A., et al. 2019, Science,

364, 981

Hanisch, R. J., & Erickson, W. C. 1980, AJ, 85, 183

Hardcastle, M. J., Gürkan, G., van Weeren, R. J., et al.

2016, MNRAS, 462, 1910

Hoang, D. N., Zhang, X., Stuardi, C., et al. 2021, A&A,

656, A154

Hong, S. E., Ryu, D., Kang, H., & Cen, R. 2014, ApJ, 785,

133

Ignesti, A., Brunetti, G., Gitti, M., & Giacintucci, S. 2020,

A&A, 640, A37

Kang, H., Ryu, D., & Jones, T. W. 2012, ApJ, 756, 97

Kelly, B. C. 2007, ApJ, 665, 1489

Kronberg, P. P., Kothes, R., Salter, C. J., & Perillat, P.

2007, ApJ, 659, 267

Large, M. I., Mathewson, D. S., & Haslam, C. G. T. 1959,

Nature, 183, 1663

Lyskova, N., Churazov, E., Zhang, C., et al. 2019, MNRAS,

485, 2922

Malavasi, N., Aghanim, N., Tanimura, H., Bonjean, V., &

Douspis, M. 2020, A&A, 634, A30

Marelli, M., Molendi, S., Rossetti, M., et al. 2021, ApJ,

908, 37

Markevitch, M. 2010, arXiv e-prints, arXiv:1010.3660

Miniati, F., & Beresnyak, A. 2015, Nature, 523, 59

Mirakhor, M. S., & Walker, S. A. 2020, MNRAS, 497, 3204

Murgia, M., Govoni, F., Markevitch, M., et al. 2009, A&A,

499, 679

Nolting, C., Jones, T. W., O’Neill, B. J., & Mendygral,

P. J. 2019, ApJ, 885, 80
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APPENDIX

A. 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.


