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ABSTRACT

Radio synchrotron emission from the bridges of low-density gas connecting galaxy clusters and groups
is a challenge for particle acceleration processes. In this work, we analyse the Coma radio bridge using
new LOw Frequency ARray (LOFAR) observations at 144 MHz. LOFAR detects the bridge and its
substructures with unprecedented sensitivity and resolution. We find that the radio emission peaks
on the NGC 4839 group. Towards the halo, in front of the NGC 4839 group, the radio brightness
decreases and streams of radio emission connect the NGC 4839 group to the radio relic. Using X-ray
observations, we find that thermal and non-thermal plasma are moderately correlated with a sub-
linear scaling. We use archival radio data at 326 MHz to constrain the spectral index in the bridge,
and quantify the distribution of particles and magnetic field at different frequencies. We find that the
spectrum is steeper than —1.4 4+ 0.2, and that the emission could be clumpier at 326 MHz than at 144
MHz. Using cosmological simulations and a simplified approach to compute particle acceleration, we
derive under which conditions turbulent acceleration of mildly relativistic electrons could generate the
radio emission in the bridge. Assuming that the initial energy ratio of the seed electrons is 3 - 1074
with respect to the thermal gas, we are able to reproduce the observed luminosity. Our results suggest
that the seed electrons released by radiogalaxies in the bridge and the turbulence generated by the
motion of gas and galaxies are essential to produce the radio emission.

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

1. INTRODUCTION

Galaxy clusters accrete matter through filaments of
the so-called cosmic web. Mergers between galaxy clus-
ters and groups are extremely energetic, with up to 1064

Corresponding author: Annalisa Bonafede et al
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ergs released in the intracluster medium (ICM). A frac-
tion of this energy could be channeled into magnetic
field amplification and particle acceleration leading to
synchrotron radio emission.

Different types of radio sources are associated with
the ICM: mini halos, radio halos, and radio relics, are
sources located in the cluster core, in the cluster cen-
tral region, and at the cluster periphery, respectively.
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They all have a low surface brightness (~ 1uJy/arcsec?)
at GHz frequencies, and a steep radio spectrum, with a
spectral index o < —1' that make them brighter at low
radio frequencies. We refer the reader to the reviews by
Brunetti & Jones (2014) and van Weeren et al. (2019)
for further information on these sources.

The Coma cluster hosts the most famous and first de-
tected radio halo (Large et al. 1959) and radio relic (Bal-
larati et al. 1981; Giovannini et al. 1991). A bridge of low
surface brightness connecting the two was first reported
by Kim et al. (1989) and further studied afterwards (e.g.
Venturi et al. 1990, Brown & Rudnick 2011). For many
years, this bridge has been a unique case. Recently,
the advent of low frequency (v < 1 GHz) instruments
has lead to the discovery of bridges of radio emission
connecting clusters and merging groups (Bonafede et al.
2018; Botteon et al. 2019). More recently, large-scale
bridges of radio emission have also been detected be-
tween massive clusters in a pre-merger state (Govoni
et al. 2019; Botteon et al. 2020a). The detection of dif-
fuse and low-brightness radio emission is possible thanks
to the new facilities, such as the LOw Frequency AR-
ray (LOFAR van Haarlem et al. 2013), that permit to
detect large-scale radio emission while keeping high an-
gular resolution to disentangle the embedded sources.

1.1. Large-scale bridges and the Coma bridge

The discovery of large-scale radio bridges connect-
ing A399 and A401 (Govoni et al. 2019) calls for the
existence of different (re)acceleration scenarios than
those used to explain radio halos and relics. Recently,
Brunetti & Vazza (2020) have proposed that stochastic
acceleration of relativistic electrons by turbulence could
explain the observed emission. According to this model,
a key role is played by the complex dynamics along the
filament connecting the two clusters. Indeed, cosmo-
logical simulations indicate that the chaotic accretion
of matter along the filament could generate turbulence.
The resulting radio emission is expected to be volume-
filling and with a steep spectrum (a < -1.3).

The Coma radio bridge has a different spatial scale and
is located in a different environment than the large-scale
bridge found between A399 and A401. However, several
optical, millimetric, and X-ray, studies indicate that
the bridge is located in a very active dynamical region.
Hence, we will investigate in this work if turbulence
could also play a role in the post-merging Coma bridge.

1.2. The dynamical status in the Coma-bridge region

I Throughout this paper, we define the spectral index o as
S(v) < v®, where S in the flux density at the frequency v

Malavasi et al. (2020) have recently analysed the large-
scale structure around the Coma cluster. They have
found that Coma is located at the centre of a network
of three filaments, one of which connects Coma to the
cluster A1367, a massive (Mgz = 1.740.1 x 1014 Planck
Collaboration et al. 2013), dynamically young cluster,
that is undergoing a merger between its two sub-groups
(Ge et al. 2019).

The group NGC 4839 and the radio-galaxy NGC 4789
are located at the periphery of Coma, towards A1367,
and close to the filament of galaxies and groups that
connects the two clusters. Lyskova et al. (2019) have
analysed the interaction between the NGC 4839 group
and the Coma cluster, using X-ray observations from
XMM-Newton and Chandra and comparing their anal-
ysis with numerical simulations. They observe a tail of
cold gas to the south-west of the group, and a “sheath”
region of hotter gas that envelops the group. They con-
clude that the most likely scenario is the one where the
group is at its second infall towards the Coma cluster
after passing the apocenter. The shock that is respon-
sible for the relic would be due to the first infall of the
group.

More recently, Mirakhor & Walker (2020) have anal-
ysed XMM-Newton and Planck Sunyaev Zel’dovich data
of the Coma cluster. They found a significant entropy
deficit in SW sector of Coma, towards A1367. This en-
tropy deficit is consistent with theoretical expectations
for filamentary gas streams from the cosmic web towards
the Coma cluster.

Overall, several independent works indicate that the
SW region of Coma, where the radio bridge is located, is
a dynamically active region where the NGC 4839 group
is falling into Coma at its second passage, an out-moving
shock wave is likely originating the relic, and filaments
of gas are accreting onto the main cluster along the fil-
ament that connects Coma with A1367. All these mo-
tions could inject turbulence in the bridge region and
possibly accelerating a seed population of mildly rela-
tivistic electrons to originate the radio bridge.

In this work, we use LOFAR and Westerbork Syn-
thesis Radio Telescope (WSRT') observations to analyse
the properties of the Coma bridge. We also use X-ray
observations with the ROentgen SATellite (ROSAT) to
understand the connection between thermal and non-
thermal plasma in the bridge. A detailed study of the
halo and relic will be the subject of a forthcoming paper.
The paper is structured as follows: In Sec. 2 we describe
the observations and data reduction techniques, and in
Sec. 3 we analyse the bridge properties and its connec-
tions with the cluster thermal plasma. In Sec. 4, we
use the cosmological simulations of a Coma-like cluster



to inspect under which conditions the Coma bridge can
be powered by turbulence. Finally, we conclude in Sec.
5. Throughout this paper, we assume a ACDM cosmo-
logical model, with Hy = 69.6km/s/Mpc, Qs = 0.286,
Qp = 0.714. At the Coma redshift (z=0.0231) the an-
gular to linear scale is 0.47" /kpc.

2. DATA REDUCTION AND IMAGING
2.1. LOFAR observations

The data used in this work are part of the LOFAR
Two Meter Sky Survey (LoTSS, see Shimwell et al.
2019). They consist of two pointings of 8 hours each that
have been calibrated independently following a slightly
different procedure than the standard one described in
Shimwell et al. (2019) and Shimwell et al (in prep).
Specifically, for the pointing P192+4-27, a larger region
of calibration and imaging has been used, to account
for a strong off-axis source located outside the beam
first side lobe. For both P195+27 and P1924-27 point-
ings, we have kept all baselines for calibration, while the
LoTSS images and calibration is done with an inner cut
of the recorded visibilities below 0.1 km. This cut allows
one to easily eliminate radio frequency interferences on
the short baselines, and filters out extended emission
(larger than 34 arcminutes in the sky.), e.g. coming
from our Galaxy, that is hard to deconvolve and hence
would make the calibration difficult. Hence, it cannot
be applied to the Coma cluster, that extends for more
than 2°.

In order to image the diffuse emission of the Coma clus-
ter, we have performed the following steps:

1. Subtraction of sources outside the Coma cluster
region: sources outside the inner 1.5° circle ra-
dius have been subtracted using KillMS and DDF
(Smirnov & Tasse 2015) in order to speed up the
following imaging steps. Specifically, after imaging
the model components have been corrupted by the
antenna gains and subtracted by the UV visibili-
ties. This procedure has been repeated twice with
different inner UV-range (baselines longer than 0.1
km, and all baselines) in order to remove both
compact and diffuse emission outside the Coma
cluster. The resulting dataset consists of emission
from the Coma cluster only.

2. The dataset has been reimaged using an inner UV-
cut of 0.3 km, in order to obtain a model for point-
like and extended sources inside the Coma clus-
ter that we have subtracted from the data. The
model components corresponding to NGC 48im39
and NGC 4789 have been excluded from the sub-
traction, as the emission from those tails merges

3

with the diffuse emission of the bridge and of the
relic. The resulting datasets consist of only diffuse
emission in the Coma cluster region. Some resid-
ual emission from embedded sources could still be
present, but its contribution should be negligible.

Imaging has been performed using DDF (Tasse et al.

2018), to apply the directional gains derived during cal-
ibration and to take into account the differential beam
pattern throughout the Coma field. We used the Sub
Space Deconvolution (SSD) algorithm that is generally
robust in the deconvolution of extended emission (Tasse
et al. 2018 and ref. therein). However, the emission is
the Coma field is very extended and characterised by
a low-surface brightness. Even with SSD, multiple cy-
cles of deconvolution with optimised masks, each cov-
ering a different portion of the halo/bridge have been
performed. Although this procedure is not optimal, it
gives better results than the HMP (Hybrid Matching
Pursuit) algorithm, and no other algorithm is imple-
mented in DDF at the time of writing. We have checked
that the residual images did not present regions of un-
deconvolved emission in the region of interest.
The images made from observations of the pointing
P192+4-27 have a higher noise with respect to those from
P195+27 (see Tab. 1). From a comparison between the
images presented in this work and those of the Data Re-
lease 2 (Shimwell et al. in prep) we conclude that this
is due to interference and/or flags occurring in the short
baselines.

The images of the two pointings have been restored
to the same beam, corrected for the primary beam re-
sponse, and finally combined by weighting with the in-
verse of their noise. The combined image of the Coma
cluster diffuse emission (plus the two tails) is shown
in Fig. 1. The absolute flux scale has been checked
to ensure consistency with the LOFAR DR2 images
(Shimwell et al, in prep). The error on the LOFAR
absolute flux scale is assumed to be 15%. Details on the
observations are listed in Table 1.

2.2. X-ray observations

We have analyzed the data from four ROSAT Posi-
tion Sensitive Proportional Counter (PSPC) observa-
tions of the Coma cluster extending out to radii of
approximately 60-70’. These observations, with iden-
tifiers rp800006NO0, rp800013N00, rp800005N00, and
rp800009N00, were carried out between 1991 June 16-18
and their combined clean exposure time is 78 ks. The
data were reduced using the Extended Source Analy-
sis Software (Snowden et al. 1994). Background and
exposure-corrected images in three energy bands (0.7
0.9, 0.9-1.3, and 1.3-2.0 keV, respectively) were com-
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Table 1. Observation details

LOFAR pointing  Time Orest Orms

[b] mJy/beam
LOFAR P192+27 8 30" x 18" 0.35
LOFAR P195+27 8 30" x 25" 0.25

Col 1: LoTSS Pointing name; Col 2: observing time;

Col 3: Restoring beam; Col 4: rms noise of the image.

Table 2. Image details

Freq Orest Orms Fig.
MHz mJy/beam

144 30" x 30" 0.2 1,2
144 45" x 45" 0.25 2,5
144 150" x 100" 1.0

326 150" x 100" 0.5 4

Col 1: Observing frequency; Col 2: Restoring beam;

Col 3: rms noise of the image; Col 4: Figure of merit.

Table 3. Bridge properties

Freq LAS LLS Flux density P

MHz ' kpc Jy ergs/s/Hz
326 30 840  0.47+0.05 5.8 + 0.6 10%°
144 34 940 1.6+ 0.2 2.04+0.2 103!

Col 1: Frequency of the observation; Col 2: Largest angular
scale of the bridge; Col 3: Largest linear scale using the
cosmological model adopted in this paper. Col 4: Flux
density of the bridge; Col 5: Corresponding

monochromatic power; .

bined, after removing artifacts associated with the de-
tector edges.

In order to account for the Galactic foreground, whose
intensity may be non-negligible in the low surface bright-
ness bridge, we fitted a S—model (Cavaliere & Fusco-
Femiano 1976) plus a constant to the ROSAT mosaic.
We excluded from the fit the central 3’ region of the
Coma ICM, the contaminating point-like sources, and
the region contained between the azimuths -78-2 de-
grees from the W axis which correspond to the bridge
region and the NGC 4789 sub-halo. The best-fit con-
stant thus determined has been subtracted from the
exposure-corrected image to eliminate the Galactic fore-
ground and emission from unresolved distant AGN.

3. THE COMA RADIO BRIDGE

The LOFAR image confirms the presence of a bridge
of low surface brightness located in-between the cluster
and the radio relic (Fig. 1).

Thanks to the sensitivity of LOFAR, the bridge is de-
tected with a high significance, and its substructures
are mapped in detail. The higher resolution of the LO-
FAR data, with respect to previous studies, shows that
the radio emission does not uniformly cover the whole
region between the cluster and the relic. From Fig. 1,
we see that the emission surrounds the NGC 4839 group
and that the group and the relic are connected through
streams of radio emission, similar to those observed in
the “Toothbrush” radio relic, in the shock downstream
region (Rajpurohit et al. 2020). These streams could
mark regions of enhanced magnetic field or non-thermal
plasma filaments resulting from the motion of the source
NGC 4789 towards South-West. Understanding their
origin goes beyond the scope of this paper. We note that
polarisation images as well as spectral index images at
high resolution would give important information about
the origin of the streams. Indeed, they would allow us to
infer the orientation of the magnetic field and constrain
the dynamics of relativistic particles.

At resolution of 30”, the emission from the bridge above
30ms appears disconnected from the halo. At the same
time, though, the bridge emission is better recovered
with a 45" resolution. Indeed, the flux density measured
from the image at 45”is higher than that measured from
the image at 30”. This indicates that we are genuinely
recovering more diffuse emission at lower resolution,
and that we are not just convolving with a larger restor-
ing beam the emission recovered at 30 ”. At 45", the
bridge appears connected to the radio halo (Fig. 2). We
will use the 45” image in the following analysis, deeper
observations would be needed to exclude that the con-
nection observed at 45 ”is due to the convolution of the
emission with the lower resolution restoring beam.

The radio bridge has a Largest Linear Size LLS~ 940
kpc and a flux density S = 1.6 + 0.2 Jy. Other de-
tails are listed in Table 3. In Fig. 3, we show the radio
brightness profile along the bridge. The brightness is
averaged inside rectangular boxes having the main axis
perpendicular to the bridge main axis, i.e. parallel to
the relic’s main axis. The boxes are ~ 600 x 50 kpc,
and only the emission above 2 o,.,,s has been integrated
within each box. The average brightness of the bridge
is a factor ~ 6 — 8 lower than in the main body of the
relic. It declines gradually from the relic inner edge
towards the NGC 4839 group, and it remains fairly
constant throughout the bridge, except for an increase
and a higher dispersion observed in the region of the
NGC 4839 group.

In front of the NGC 4839 group, towards the Coma clus-
ter, the bridge appears to merge with the halo, and it is
not obvious to separate the emission of the two. How-
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Figure 1. LOFAR emission of the Coma field. The restoring beam is ~ 45" x 45", and is shown in the bottom left corner of
the image. The noise is 0.25 mJy/beam. Sources embedded in the diffuse emission have been subtracted, except for the two
tails NGC 4839 and NGC 4789. Relevant sources and features are labelled.
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Figure 2. Left panel: LOFAR emission from the Coma bridge at 30" x 30”. The emission below 30;ms (0.6 mJy/beam) is
displayed in black and shows a brightess decrement between the halo and the bridge. Right panel: LOFAR emission from the
Coma bridge at 45" x 45". The emission below 2 oyms, corresponding to 0.5 mJy/beam, is displayed in black. The bridge
appears connected to the halo.
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Figure 3. Brightness profile along the bridge computed
in boxes parallel to the relic main axes. The green area
indicates the scatter inside each box. The positions of the
relic edge, halo front, and of the NGC 4839 group are marked
by dashed lines. The brightness is computed from the image
at 45" resolution.

ever, the western part of the halo shows a semi-circular
region that could be linked to the shock front detected
in the X-rays (Uchida et al. 2016) and by Planck (Planck
Collaboration et al. 2012). The northern part of this fea-
ture has been already identified by Brown & Rudnick
(2011) and called “halo-front”. LOFAR observations
show that the front extends to the SW of the cluster.
A detailed analysis of this front will be presented in a
forthcoming paper. Here, we refer to the radio halo as
the emission that is confined by the front (see Fig.1),
and to the radio bridge as the emission that is beyond
the front with respect to the Coma cluster centre.
Assuming that radio emitting electrons are (re)accelerated
by the shock at the position of the relic, we can esti-
mate the cooling region of the particles, i.e. the part of
the bridge that can be explained without assuming any
further acceleration mechanism. With a mean magnetic
field in the bridge region (B) = 0.5 — 2uG (Vazza et al.
2018; Bonafede et al. 2013) the cooling length behind a
shock re-accelerating a fossil population of relativistic
electrons would be ~150 - 200 kpc at 144 MHz (e.g.
Kang et al. 2012). Since the radio emission is observed
on scales that are a factor 4 higher than the electron
cooling length, we can conclude that an additional ac-
celeration mechanism is operating in the bridge.

3.1. Spectral index analysis

We have used WSRT archival data (Venturi et al.
1990) to create new images of the Coma cluster in or-
der to derive spectral index information in the bridge
region. This is a fundamental quantity to understand
the origin of the emission. WSRT data have been reim-

Table 4. Spectral properties of the bridge

Qpatches ar oy

-1.34+02 —-1.64+0.2 —1.4+0.2

Col 1: Spectral index of the emission detected with
WSRT above 20ms;
Col 2, 3: lower, upper limit

to the spectral index in the bridge region.

aged to achieve a resolution of 150”x100”, that is the
best compromise between resolution and sensitivity to
extended emission. LOFAR data have been reimaged
accordingly, matching the UV-range of WSRT observa-
tions (minimum baseline~ 40\) and convolved to the
same restoring beam. The WSRT image is shown in
Fig. 4, left panel, and the properties of the bridge as
derived from this image are listed in Tab. 3.

As mentioned above, the observations P195+27 has
higher sensitivity than P192+27, and is less affected by
artefacts from the subtraction of sources close to the
bridge. When the images are convolved to a resolution
of 150" x 100", the quality of the two images differs even
more, indicating that the short baselines of P195+4-27 are
better calibrated. Hence, in the following analysis of the
spectral index properties, we will only use the observa-
tions from the pointing P195+27.

For a better comparison between the two images, we
have identified and masked the sources in the WSRT
and LOFAR at low resolution. Ideally, contaminating
sources should be identified in high resolution images
and either masked or subtracted from the UV data.
However, LOFAR and WSRT data have a very differ-
ent resolutions, and the weak sources identified in the
high resolution LOFAR image are blended and confused
with the bridge diffuse emission once the LOFAR image
is convolved to the WSRT restoring beam. One possibil-
ity would be to identify the sources in the high resolution
LOFAR image, rescale their flux density and subtract it
from the WSRT visibilties. We decided against this ap-
proach, as the spectral index of sources is uncertain, and
not constant throughout the sources when they are un-
resolved. In addition, we can not exclude they would
have an inverted spectrum between 144 MHz and 323
MHz. Hence, we decided to adopt a simpler approach,
and identify and mask only the sources that are visi-
ble at low resolution. The WSRT image is shown in
Fig. 4. Since the brightness at 144 MHz is rather uni-
form (see Fig. 2), this means that we can measure the
spectral index between 144 MHz and 326 MHz only in
the flattest spectral regions, and obtain limits in the re-
maining regions. The average spectral index in the area
where WSRT observations show emission above 20,



is apatches = —1.3 £0.2. This value can be contami-
nated by the presence of point-like sources that are not
perfectly masked out from the bridge emission, and that
usually have a spectrum flatter than —1.2.

To provide conservative constraints to the spectrum of
the bridge, we can assume two extreme scenarios:

e The emission of the bridge at 326 MHz is com-
pletely detected by WSRT observations above 2
Orms 1.€. no significant further emission would
be detected by deeper observations at 326 MHz.
We can compute the average spectrum of the
bridge considering the emission observed at 144
MHz above 2 0,,,s, and the emission observed at
326 MHz above 20,,,s. In this case, we obtain
ar = —1.6 £ 0.2. This value must be considered
a lower limit to the real spectrum of the bridge.

e The emission at 326 MHz falls just below 2 o,.s-
Hence, we can consider the emission at 326 MHz
as the sum of two terms: SwsrT = Smeas +
2 opms (NE,,, — N ), where Speqs is the
measured flux density above 2 oyms, NE,..
dicates the bridge area detected above 20,.,,s by
LOFAR in beam units and similarly NV in-
dicates the bridge area detected above 20,.,,s by
WSRT in beam units. In this case, we obtain
ay = —1.4 £ 0.2, that is an upper limit to the

spectral index of the bridge.

in-

These two scenarios are both extreme and allow us to
constrain the average spectrum of the bridge as detected
by LOFAR: —1.44+0.2 < a < —1.6 +0.2. The spectral
indexes derived in this section are listed in Tab. 4.

In Fig. 4, the spectral index trend in the region of
the bridge is shown. We can see that the spectral index
steepens from the relic’s outer edge towards the bridge,
and does not show any particular trend within the bridge
itself. In the region between the source NGC 4839 and
the Coma halo, it has an average value of —1.3 £ 0.2.
Also these values are representative of the flattest re-
gions of the bridge, that are detected at both 144 MHz
and 326 MHz. We can place a lower limit on the spectral
index in each box considering the emission detected in
the LOFAR image above 20,,s. These values are shown
with upwards arrows in Fig. 4.

3.2. Radio and X-ray correlation

Radio and X-ray emission have been found to be spa-
tially correlated in some radio halos (e.g. Govoni et al.
2001; Hoang et al. 2019; Botteon et al. 2020b). The ex-
istence or absence of this correlation can give important
insights into the spatial distribution of the magnetic field

Table 5. Ir — Ix correlation

Best fit 3 25% — 75% Corr Grid size
0.5 0.6-04 0.67 90" x 90"
04 0.6 -0.3 0.68 135" x 135"

Col 1: Best-fit slope; Col 2: 25th and 75th percentile of the
posterior distribution for the fit slope.
Col 3: Pearson correlation coefficient

Col 4: Grid size used to compute Ix and Ig.

and emitting particles with respect to the thermal gas.
Here, we compute this correlation in the Coma bridge
using LOFAR data at 144 MHz. Since we use the ra-
dio image at 45" resolution, we have smoothed the X-ray
image accordingly.

Let I'p and Ix be the radio and X-ray surface brightness
computed in each cell of a regular grid that we have used
to analyse the bridge (see Fig. 5). The grid is composed
of a large number of cells of different sizes, as explained
below and specified in Tab. 5. Cells intercepting residual
emission from AGN and radio sources have been identi-
fied and excluded from the analysis.

To search for a possible correlation, we have performed
a fit in log-log space:

log(Ig) = Blog(Ix) + . (1)

We have used a hierarchical Bayesian model (Kelly
2007), that allows us to perform linear regression of Ip
on [x accounting for intrinsic scatter in the regression
relationship, censored data, possibly correlated mea-
surement errors, and selection effects ( e.g. Malmquist
bias). This method derives a likelihood function for
the data, hence we consider the mean of the posterior
distribution as the best-fit slope. Following Botteon
et al. (2020b), we considered as upper limits the ra-
dio values that are below 20,,s. The upper limits are
properly taken into account in the fit. The fit has been
made with different grids, with cells of 90” x 90", and
135" x 135", corresponding to 7 and 16 times the beam
area, respectively.

In Fig. 5, the data are shown together with the best fit
line, and the 25th and 75th percentile lines of the fitted
posterior regression slope distribution 8. In Table 5, the
results of the fits are listed. Ir and Ix show a moder-
ate positive correlation (Pearson correlation coefficient
equal to 0.67). A positive correlation is expected if
the emission originates from the same physical volume,
i.e. the radio emission is as volume-filling as the X-
ray emission and we are not observing radio and X-ray
emission in the same region because of projection effects.
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Figure 4. Left panel: WSRT image at resolution of 150" x 100”. Contours start at 1.2 mJy/beam and are spaces by a factor 2.
Boxes show the regions used to derive the average spectral index profile shown in the right panel. Right panel: spectral index
profile along the bridge. Blue points refer to the emission detected at both 326 MHz and 144 MHz, red arrows show the lower
limits derived using the emission detected at 144 MHz and 326 MHz above 20,ms.
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Figure 5. Left panel: Colors show the X-ray emission in the Coma bridge region from ROSAT observations. Contours show
the LOFAR emission from the bridge at 45”resolution, used for the analysis of the Ir — Ix correlation. Contours are shown
at (3,5,9,27,82,243)0,ms, where orms = 0.2mJy/beam. Boxes show the grid used for the analysis (90" x 90”). Right panel:
Radio - X surface brightness correlation in the bridge. Blue lines show the statistical errors for the two quantities. For clarity,
errors are shown only every two points. The black line shows the best-fit correlation, black dotted lines show the 25th and 75th
percentile of the posterior distribution. Cyan arrows are the 20,ms upper limits. The cyan dotted line marks 1o ms.
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3.3. Distribution of emission at different frequencies

Turbulence mechanisms for particle acceleration pre-
dict a high-frequency cut-off of the radiating electrons
(e.g. Brunetti & Lazarian 2016). Specifically, super-
Alfvenic solenoidal turbulence has been used to explain
the emission in large-scale radio bridges, and according
to this model the cut-off synchrotron frequency depends
on the turbulent energy density and on turbulent energy
in the bridge. Hence, particles that emit radiation at
high frequencies are only those accelerated in the most
turbulent regions. It follows that the properties of the
radio emission in the bridge change with frequency, and
specifically the emission at lower frequencies should be
more volume-filling than the emission at higher frequen-
cies. We can test this prediction for the case of the Coma
bridge, using LOFAR and WSRT data.

To quantify the volume filling factor of the emission in
the bridge, we have used the same images used for the
spectral index analysis. The area emitting above 20,5
at 326 MHz is 60% of the area above 20, at 144 MHz.
However, this value could be affected by the different
sensitivity of the two observations.

To quantify the spatial distribution of the emission at
the two frequencies and evaluate whether its distribu-
tion is clumpy or smooth, we have convolved our im-
ages I(x,y) with Gaussian kernels of increasing width
(Gx), where X indicates the Gaussian FWHM in arc-
sec. We have then used a normalized unsharp-masking
filter, computing;:

I(%,y) — I(‘Thy) * Gx(.%‘,y)

clumps,X
I; (

(2)

T,y) =

9

where v indicates the observing frequency, and (z, y) in-
dicate the pixels in the image. IS"™PsX (2 ) enhances
the emission on angular scale X convolved with the
restoring beam of the image. By comparing the distribu-
tion of I¢mPs:X at different frequencies, we can estimate
the level of clumping in the radio emission as a func-
tion of frequency. We have computed I¢/%™P$X (g y) for
X =120",225",315". For each IS"™PsX (2 ), we have
computed the distribution of the flux density at 326 and
144 MHz in the bridge area, limited to cells where ra-
dio emission above 20 was observed over a region larger
than the restoring beam. Two example distributions
are plotted in Fig. 6 for X = 225”. The distribution of
WSRT data shows a long tail at high values, possibly in-
dicating that the emission is clumpier at 326 MHz than
at 144 MHz. Similar trends are obtained with X = 120"
and X = 315”. However, the different sensitivity of the
two observations could play a role here, as we note that
the LOFAR image at high resolution is also quite fila-
mentary. Deeper and higher resolution observations at
frequencies higher than 144 MHz would be required to
derive robust conclusions from this analysis.

4. NUMERICAL SIMULATIONS OF THE RADIO
BRIDGE

Several independent works indicate that the SW sec-
tor of the Coma cluster is a dynamically active region
(e.g. Lyskova et al. 2019; Malavasi et al. 2020; Mirakhor
& Walker 2020) where NGC 4839 is at its second in-
fall towards the Coma cluster, likely after reaching the
apocenter (Lyskova et al. 2019), a shock wave is mov-
ing towards SW from this group, powering the radio
relic (Ogrean & Briiggen 2012), and streams of gas are
accreting along a cosmic filament that connects Coma
and A1367 (Mirakhor & Walker 2020). All these mo-
tions could inject turbulence in the region of the bridge,
especially at the West of the NGC 4839 group, where
radio emission is observed. We note that the emission
observed between the group and the halo has a lower sur-
face brightness than the emission between the group and
the relic (see Fig. 3), and we cannot even exclude that
the bridge is not connected to the halo (see Sec.3). This
could be explained considering the motion of the group
in its orbit around the cluster. During the first passage
towards the apocenter, the motion of the group could
have triggered particle acceleration and originate the
emission that we now detect with a low surface bright-
ness between the group and the halo. While the second
passage of the group in the bridge region, after reaching
the apocenter, could have originated the brighter emis-
sion that we observe at the West of the group.

We can derive a rough estimate of the turbulent energy
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flux and compare it to the non-thermal luminosity. This
comparison allows one to understand if the observed ra-
dio luminosity can be powered by the damping of the
turbulent energy flux into relativistic particles. The tur-
bulent energy flux in the volume V', V' x F| is given by:
peg M 3)
2L

where V is the bridge volume, p is the gas density, c;
is the sound speed, M is the Mach number, and L
is the turbulence injection scale. Assuming that the
group is the main cause for the injection of turbulence,
we can consider L ~ 300kpc. We can also estimate
¢s ~ 1500 km/s (from an average temperature of 8 keV,
Simionescu et al. 2013 in the SW sector of Coma). The
volume of the bridge can be approximated by a cylin-
der with a circular base of 300 kpc radius and 900 kpc
height, and the gas density can be roughly approximated
by ne ~5-10"*cm~? (Simionescu et al. 2013)2.

A fraction, 7, of the energy flux F' can be dissipated
into the acceleration of mildly relativistic electrons and
eventually into non-thermal emission (i.e. synchrotron
and Inverse Compton luminosity):

VxF=V.

7’]FV ~ Ltot ~ LS(l =+ (Bc7nb/B)2) (4)

where Lg ~ 1.4-10%0 ergs/s, considering a power-law
power spectrum with & = —1.5 in the range 20 MHz - 2
GHz, and By = 3.25(1 + 2)? pG. This allows one to
constrain the Mach number of turbulence required for a
given efficiency 7:

M 1/3 Bzmb e 1/3 -1/3 1
02001 (14025 2220 ) L3V

5-10—28 Cs1500
2

(5)
Here B> is the magnetic field normalized to 2 uG, as de-
rived from Faraday RM studies (Bonafede et al. 2013),
Los = L/0.3 Mpc, V; is the bridge volume normalised
to 1 Mpc®, ps.qp-2s is the gas density normalised to
(51072 g/cm?), and c;,,,, is the sound speed nor-
malised to 1500 km/s. Assuming 7 < 1074, as usually
required to explain radio halos (Brunetti & Lazarian
2007), we derive that M 2 0.3 is enough to power the
radio bridge. As 7 ~ 10~% corresponds to a turbulent
energy budget that is ~ 5% of the thermal energy bud-
get, we conclude that the available energy budget is in

principle enough to explain the radio emission.

2 since the asymmetric geometry complicates the deprojection

along the bridge, we have assumed that the density here can be es-
timated scaling the deprojected density along other relaxed direc-
tions by the square root of the ratio between the X-ray brightness
of the corresponding regions.

The exact mechanism through with turbulent motions
accelerate particles is yet unconstrained. A viable chan-
nel of acceleration is the Transit Time Damping (TTD),
mediated by compressive turbulent modes (e.g. Brunetti
& Lazarian 2007), often assumed to explain radio ha-
los. However, cosmological simulations suggest that
the largest budget of turbulent kinetic energy in the
ICM is solenoidal (Miniati 2014; Vazza et al. 2017a),
with compressive modes contributing up to 30% only
at r > 0.5 ry;-. Cosmological simulations also show
that solenoidal turbulence is dissipated in the ICM at
a much smaller rate than compressible turbulence, be-
cause of its flatter velocity spectrum, providing a possi-
ble energy reservoir for particle acceleration in the ICM
(Vazza et al. 2017a, and ref tehrein). Solenoidal tur-
bulence can contribute to particle acceleration in the
ICM. Brunetti & Lazarian (2016) have proposed a model
in which particles are re-accelerated stochastically dif-
fusing across regions of magnetic reconnection and dy-
namo, which is a viable mechanism for large-scale super-
Alfvénic solenoidal turbulence. Both TTD and accelera-
tion by solenoidal turbulence may be viable mechanisms
for particle re-acceleration in the ICM, and up to now,
it is not clear which of the two mechanisms dominates in
the ICM. Their relative importance depends on the ratio
of compressive and solenoidal motions that are available
in the ICM and on ICM microphysics (see Brunetti &
Lazarian 2016 and Brunetti & Vazza 2020for a compari-
son between the two mechanisms.) Recently, Brunetti &
Vazza (2020) have shown that re-accelreation mediated
by solenoidal turbulence, also called Adiabatic Stochas-
tic Acceleration, may be responsible for the steep spec-
trum and volume filling synchrotron emission observed
in bridges in-between merging galaxy clusters (Govoni
et al. 2019). In the same work, it is shown that Adiabatic
Stochastic Acceleration is more efficient than TTD, pro-
vided that turbulence is subsonic, M < 0.5 (Brunetti &
Vazza 2020). In the following, we will investigate un-
der which conditions this mechanism could work in the
Coma bridge.

4.1. Cosmological simulation

The cosmological simulation that we will use in
the following analysis is taken from the suite of
magneto-hydrodynamical (MHD) non-radiative high-
resolution simulations presented in Vazza et al. (2018)
and Dominguez-Ferndandez et al. (2019). The simula-
tions have been made with ENZO (Bryan et al. 2014)
and include eight levels of Adaptive Mesh Refinement
(AMR) to increase the spatial and force resolution in
a large fraction of the simulated cluster volume, up to
Az = 3.95 kpc/cell. One of the simulated clusters has



properties similar to Coma (see Vazza et al. 2018, for
further details). In particular, the simulation evolves a
uniform primordial magnetic field of By = 1071° G (co-
moving) and the resulting Faraday Rotation Measures
(RM) profile of the cluster is in agreement with the one
derived from observations (Bonafede et al. 2010; Vazza
et al. 2018).

Hence, this Coma-like cluster is suitable for compar-
ison with LOFAR observations and will be used in the
calculations below.

We focus on a region at the periphery of the simulated
cluster, where matter is accreted onto the main cluster,
and where it has been found that two satellites have
an additional velocity component perpendicular to the
cluster radius (see Fig. 8). Hence, even if the specific
dynamical status of the simulated cluster is not exactly
the same as the observed bridge, the simulation repre-
sents a realistic environment to investigate the origin of
the radio emission. In the following, we refer to the re-
gion in the simulation where matter is accreting onto
the main cluster as to the simulated bridge.

In order to study the plasma conditions that could lead
to the (re)acceleration of radio emitting electrons in the
bridge, we separated turbulent fluctuations, 6V, from
bulk motions on larger scales, using an iterative three-
dimensional filtering technique. Specifically, we ex-
tracted solenoidal, V-¢' = 0, and compressive, V x ¥ = 0,
turbulent components using the Hodge-Helmholtz pro-
jection in Fourier space (e.g., Vazza et al. 2017b). This
allows us to compute the local turbulent energy flux, F'
due to solenoidal and compressive modes (e.g. Ange-
linelli et al. 2020).

4.2. Turbulent re-acceleration in the bridge

Here, we compute the electron acceleration rate due to
turbulence using the cosmological simulations presented
above.In principle, the evolution of radio-emitting par-
ticles should be computed with a Lagrangian approach
(e.g. Wittor et al. 2017), and then integrating in time
their spectral energy evolution using Fokker-Planck
equations (e.g. Donnert & Brunetti 2014). However,
this approach is numerically challenging and beyond
the scope of this paper. Hence, we adopt a simplified
approach to estimate the radio emission as a function of
frequency from the simulated bridge. Following Brunetti
& Vazza (2020), we have measured the distribution func-
tion of acceleration times in boxes of (500 kpc)? | i.e.
302 cells, in the simulated bridge. The acceleration time
is

LosBjq

Tace = 1.25 - 10° (Myr) ——£=_

(6)
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where ng,3 is the thermal particle number density nor-
malised by 1073cm?®, §V7 is the turbulent velocity (in
units of 107 cm/s) measured on a scale Lg 5 in each cell,
and B/ is the magnetic field strength in uG. Follow-
ing Brunetti & Vazza (2020), we account for the effect
of unresolved dynamo amplification in the simulation
by setting in every cell: B* = max{Bgim, /4mpnpdV?},
where By, is the magnetic field measured in the simu-
lation, and np is the fraction of turbulent kinetic energy
flux that is converted into magnetic fields. As discussed
in Brunetti & Vazza (2020), we have assumed np = 0.03.
Then, we have sampled the distribution function of ac-
celeration times with a step of Alog(Tace) = 0.2, obtain-
ing 10 values for log(7acc). For each 7ace, we have evolved
an initial spectrum of relativistic electrons solving the
Fokker-Planck equations for a turbulent eddy-turnover
time and assuming a single-zone model, i.e. using the
average thermal densities and magnetic field in the sim-
ulated box. We have considered the combined effect of
acceleration, radiative and Coulomb losses.

Finally, we have computed the integrated synchrotron
spectrum combining the contributions from the spectra
derived from different acceleration times and assuming
a single value for the magnetic field ((B*) = 0.5uG).
These spectra have been weighted according to the dis-
tribution functions of acceleration times, and are shown
in Fig. 7°.

The synchrotron luminosity produced by a region of 1
Mpc? is shown in Fig. 7. We have to assume that the
fossil population of electrons have an initial energy bud-
get that is 3 - 10~* with respect to the thermal gas in
order to match the observed luminosity*. This value is
almost a factor 10 higher than the one used Brunetti &
Vazza (2020) for the bridge in A399-A401.

This discrepancy can be due to several reasons, such as
the magnetic field properties in the bridge, as the sim-
ulation is only a rough approximation of the physical
conditions in the Coma bridge. Another possibility is
that the model proposed by Brunetti & Vazza (2020)
can only explain a fraction of the observed emission.
More interestingly, this discrepancy could suggest that
a key role is played by the large number of seed elec-
trons released in the medium, either by the NGC 4839
tail during its motion and by other radiogalaxies present
in the bridge region (see e.g. Venturi et al. 1990; Giovan-
nini et al. 1991). In this case, we can conclude that the

3 Only seven components are visible in the plot, as the remain-
ing three have a luminosity outside the range shown in the figure
and their contribution to the integrated spectrum is negligible.

4 The exact shape of the initial spectrum does not affect signif-
icantly the final result.
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Figure 7. Spectrum of the radio emission in the bridge
(solid black line) obtained assuming a single-zone model and
evolving Fokker-Planck equations for a population of seed
electrons (see Sec. 4.2 for details). Dotted red lines show
the spectrum of single components, computed with different
acceleration times. The black line is obtained summing the
contributions of the single components. The blue dots mark
the observed monochromatic power at 144 and 326 MHz.

Coma bridge is radio bright thanks to a combination of
turbulent motions and to the presence of tailed radio-
galaxies that populate the medium with a high density
of mildly relativistic electrons.

The spectrum of the radio Luminosity between 150 MHz
and 330 MHz is « = —1.5, within the range allowed by
our observational constraints.

4.3. Simulated radio emission from the bridge

Using some further assumptions, we can investigate
whether the properties of the bridge resulting from tur-
bulent re-acceleration would be in agreement with ob-
servations. We have obtained the synchrotron emissiv-
ity from each cell along the simulated bridge, assuming
that a fraction of the turbulent energy flux is converted
into particle energy flux, and then into synchrotron, and
Inverse Compton radiation:

e(v) xn % ( ;G)Q
3 Los (Big)? + [3:25(1 + 2)72

Ovs).  (7)

Here, v, is the maximal frequency for which synchrotron
radiation is emitted in each cell. We have put ©(v;) =1
for vy > vy and = 0 otherwise, in order to select only

the cells that contribute to the synchrotron radiation
observed at the frequency vy.

Following Cassano et al. (2010), we have assumed v, ~
Tv., V. being the critical synchrotron frequency, v, ~
4.67,4, B Hz, where Ypmq, is the Lorentz factor of
electrons when radiative losses balance the acceleration
rate. Hence, the critical frequency is:

) 6 2
ve(MHz) = 1.4- 1073% (1 - T‘”C) , (8
L05B/,LGﬂB,Z Tadv

where (g . is defined as:

B*G
Bp = (A2 x (14 2)%, 9)
and 7,4y is the expansion/compression timescales, de-
fined as

Tady = TT20Myr (8.11- 100V - ) ", (10)

where ¥ is the velocity field measured in km/s, and
®; ~ 0.71 — 1.14. We refer the reader to Brunetti &
Vazza (2020) and Brunetti & Lazarian (2016) for fur-
ther details.

Fig. 8 shows the simulated radio emission derived from
the above formula, for v = 140 MHz, overlayed onto
the X-ray emission contours in the [0.5-2.0] keV energy
range (obtained assuming a uniform 0.3Z; metallicity
and using the B-APEC model). The map zooms into a
(2 Mpc)? region in the cluster periphery, where also the
profile of Faraday Rotation is compatible with the trend
derived by Bonafede et al. (2013) for the SW sector of
Coma (the simulated bridge, see Vazza et al. 2018). The
simulated radio emission shows an excess spanning ~ 2
Mpc along the simulated bridge, with a surface bright-
ness ~ 10—102 lower than what the same model predicts
for the central radio halo.

We find that the parts of the bridge that are most suit-
able for the turbulent acceleration mechanism have a
thermal gas density in the range n ~ 1—3-10728 g/cm?,
a gas temperature of 7'~ 4 — 7 keV, and a (solenoidal)
turbulent velocity dispersion o, ~ 500 — 700 km/s. The
gas density and temperature are in general agreement,
though slightly lower, than the estimates from X-ray
analysis (see Simionescu et al. 2013, and Sec. 3).

For patches with lower densities or velocities, the model
predicts v < 1y. Denser substructures in this gaseous
bridge produce more emission with a relatively steep
spectrum (o = —1.2 — —1.3). However, such self-
gravitating halos might in reality turn into galaxies,
causing us to overestimate their gas content.

Finally, we have derived from the simulation the Ix —Ig
correlation, using a region comparable to the one used in
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Figure 8. Map of the simulated radio emission at 140 MHz
(colors) and simulated X-ray emission in the [0.5-2.0] keV
range (contours) for a Coma-like galaxy cluster, based on
the scenario described in Sec. 4

Fig. 5 and the same method described in Sec. 3. We find
a moderate correlation in simulated quantities (Pearson
correlation coefficient = 0.5), with a sublinear scaling
of B = 0.80. The 5th and 95th percentile of the pos-
terior distribution of § are 0.82 and 0.73, respectively,
which is larger than the observed value (~ 0.5, see Sec.
3.2). Even though the moderate correlation and the sub-
linear scaling found in simulations are in rough agree-
ment with the observed ones, our simulation neglects im-
portant physical details: we have considered a single-zon
model, assumed that the amplification of magnetic fields
via (unresolved) small-scale dynamo happens instanta-
neously, and that relativistic electrons are not subject to
spatial diffusion on scales larger than the cell size. All
these assumptions are clearly violated in the real ICM,
and only with more sophisticated approaches (e.g. us-
ing tracer particles, Donnert et al. 2013) a quantitative
three-dimensional model can be obtained.

5. CONCLUSIONS

We have presented LOFAR HBA observations of the
Coma cluster at 144 MHz. These observations allow us
to study the morphology and spectral properties of the
bridge of radio emission that connects the halo to the
relic. Our main conclusions are:

e The Coma bridge is clearly detected at 144 MHz
at 30”resolution, with unprecedented sensitivity
and detail. The LLS of the radio bridge is ~ 900
kpc, and its brightness is fairly uniform along the
bridge, apart from an apparent increase when it
crosses the NGC 4839 group. At 30”resolution, a
gap is observed between the bridge and the halo.
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e Using WSRT observations, we have analysed the

spectral properties of the bridge. No trend is de-
tected along the bridge. The emission detected
in the LOFAR image is only partially detected in
the WSRT image. This is due to a combination
of spectral properties and different sensitivity of
the two observations. We can constrain the spec-
tral index « to lie in the range —1.4+ 0.2 < a <
—1.6 +0.2.

Using ROSAT observations, we have analysed the
correlation between the radio and X-ray surface
brightnesses, finding that the two quantities are
moderately correlated (Pearson correlation coef-
ficient = 0.67), with a sub-linear scaling of 0.5,
flatter than what is reported in the literature for
the Coma halo. The moderate correlation might
indicate that the radio emission is as volume filling
as the X-ray emission.

The distributions of the radio emission at 326 MHz
and 144 MHz has been analysed applying to both
images a normalised unsharp-mask filter. The
emission at 326 MHz appears to be more clumpy
with respect to the emission at 144 MHz. However,
the different sensitivity of the two observations do
not permit us to derive frm conclusions.

As the electron cooling length is only ~200 kpc
at 144 MHz, only a part of the bridge can be ex-
plained by particles that are cooling downstream
from the shock that formed the radio relic at the
SW of Coma. Additional re-acceleration mecha-
nisms are necessary to explain the radio emission
of the bridge.

We have investigated whether turbulent acceler-
ation can be responsible for the emission in the
radio bridge. We find that 7'/3M ~ 0.01 is re-
quired to match the observed radio luminosity in
these models, 1 being the fraction of turbulent en-
ergy flux that is damped into the acceleration of
relativistic electrons. We have used a cosmolog-
ical simulation of a Coma-like cluster to further
investigate this scenario. The simulation is used
to separate solenoidal and compressive turbulent
components, and to derive average values for the
gas density and magnetic field. Then, we have
adopted a single-zone model and evolved a pop-
ulation of seed CR-electrons over one eddy turn-
over time using Fokker-Planck equations. Assum-
ing that the initial energy ratio of the seed parti-
cles is 3 x 10~ with respect to the thermal gas,
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and making further approximations for the mag-
netic field amplification, we have obtained a spec-
tral index o« = —1.5, in general agreement with
observational constraints.

e a ratio of 3 x 10™* between non-thermal and ther-
mal particles is higher than required to explain the
radio emission in other cluster environments. It
could indicate that the Coma bridge is radio emit-
ting thanks to the contribution of radio galaxies,
such as the NGC 4839 radio tail, that is inject-
ing a considerable amount of seed particles in the
medium.

e Using the simulation of the Coma-like cluster, we
have computed the synchrotron emissivity that
would originate from the simulated bridge. The
simulated emission shows an excess over ~ 2 Mpc
along the region where matter is accreting towards
the cluster, resembling observations of the Coma
bridge, although a detailed comparison of the two
would require a more detailed modelling of the
particle energy spectrum and its evolution over
time.

We conclude that turbulent reacceleration mechanisms
could explain the radio bridge in the Coma cluster,
where radiogalaxies as NGC 4839 are populating the
medium with mildly relativistic electrons. However,
some quantities are still poorly constrained from obser-
vations, such as the spectral index and the morphol-
ogy of the emission. Future very sensitive observations,
either at lower and higher frequencies than those pre-
sented in this work, will be useful to better characterise
the morphology of this bridge and its properties as a
function of frequency.
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