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been computed using the same regions. These plots, shown in
Figure 12, show a different radio profile in the three sectors we
have considered and show clearly a shallower decline of the
radio brightness with respect to the X-ray brightness. In the
NW sector, we detect a sharp decline of the radio brightness at
∼1900″ i.e., the location of the radio front (see Section 9). In
the NE sector a sharp decline of the radio emission is detected
at ∼1400″ (670 kpc). This is due to the presence of the
filaments of the radio halo (Figure 3) and to the asymmetry of
the halo emission, which is more pronounced toward the W.
The radio profile in the SE sector shows, instead, a smooth
decline.

To inspect the possible change in the relative radial trend of
IR and IX, we show in the top panel of Figure 13 the ratio IR/IX
in logarithmic base-10 scale, for the different sectors (NW, NE,
and SW). The trend is similar in the three sectors, with a ratio
that is smaller in the central part of the halo and that
progressively increases. In the three outermost annuli (approxi-
mately at 1600″, i.e., ∼750 kpc) the ratio decreases in the NE
and SE sectors. This plot shows that the ratio of the two
quantities is not constant throughout the halo, consistent with
the results obtained in the point-to-point analysis. In the middle
panel of Figure 13, we show the ratio of IR to IX

b, using the
value of β obtained from the point-to-point analysis (β= 0.76).
If the same value of β were representative 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 Figure 13, where we plot I IR X

coreb , where
0.41coreb = is the best-fit value obtained from the point-to-

point analysis restricted to the halo core.
Hence, we conclude that the IR–IX correlation has a slope that

changes with the radial distance from the cluster center, 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 I IR X– b, shown in the
middle panel of Figure 13, indicates a progressive steepening
of the correlation with increasing distance from the cluster
center.

6.4. Modeling the 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 relative weight of
inverse Compton and synchrotron losses in a magnetic field
declining with radius. Hence, under some assumptions on the
magnetic field profile, we can investigate whether the expected
radial drop of magnetic field can be entirely responsible for
the steepening of the correlation, or whether additional effects
are required. We assume a magnetic field profile scaling with
the thermal gas as B r B n re0

0.5( ) · ( )µ , consistent with
Bonafede et al. (2010). Note that in this case the Alfvén
velocity in the ICM is constant. The radio emissivity in
turbulent re-acceleration models can be expressed as
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where ηe is the acceleration efficiency, BIC is the CMB
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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)
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where U CRe is the energy density of re-accelerated electrons
and Dpp/p

2 has different expressions in different re-

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

14

The Astrophysical Journal, 933:218 (25pp), 2022 July 10 Bonafede et al.



acceleration models. Specifically,
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in the case of Transit-Time-Damping acceleration with
compressive modes (Brunetti & Lazarian 2007; Miniati &
Beresnyak 2015) and
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in the case of non-resonant second-order Fermi acceleration
with solenoidal modes (Brunetti & Lazarian 2016). If we also
assume a constant temperature and a scenario based on a
constant turbulent Mach number, the synchrotron emissivity is
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where òX∝ n2 is the X-ray (bremsstrahlung) emissivity and
X U

U
CRE

th
= 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 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
correlation IX− IR as a function of the radial distance from the
cluster center. The trend of β versus the radial distance is
shown in Figure 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 are able to reproduce all
observed values. In particular, except for the profile with
B0= 5 μG, the magnetic field profiles 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). Although the
central magnetic field derived from RM studies relies on
several assumptions, models with a central magnetic field
larger than B0> 7/μG were unable to reproduce the observed
trend of RM and RM dispersion (σRM). Hence, we discard the
possibility of B0> 10 μG to account for the discrepancy
between observations and expectations in Figure 14. More
likely, a possible scenario to explain the observed trend is to
assume that the ratio of the CRe to thermal gas energy densities
(X) increases with radial distance from the cluster center. This
is indeed expected, as the lifetime of CRe in the ICM increases
with the distance from the cluster center owing to the lower
Coulomb and synchrotron losses. However, it is the first time
that a radially decreasing X seems to be suggested by
observational data.
As for the calculations done in Section 5.3.1, we stress that

the calculations outlined here are subject to several assump-
tions and the decrease of X with the distance from the cluster
center is only one of the possible causes of the observed IR–IX
slope.

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

b , where β = 0.76 is the best-fit
correlation coefficient found for the whole halo. Bottom: ratio of I IR X

coreb ,
where 0.39coreb = is the best-fit correlation coefficient found for the halo core.
In the three panels, circles, stars, and squares refer to the NW, NE, and SE
sector, respectively. Vertical dashed lines mark the position of r1 and r2, used
to separate the halo core from the outer halo. Statistical error bars do not
appear, as they are smaller than the points.
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7. Radio–Thermal Pressure Correlation in the Radio Halo

Resolved SZ maps of the Coma cluster (Planck Collabora-
tion et al. 2013) can be used to understand the connection
between the thermal gas and the radio emission. Since the
Comptonization parameter y is proportional to the gas pressure
integrated along the line of sight (y∝ neT), it is less
contaminated by cold gas clumps with respect to X-ray
emission. We have computed 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′ 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, finding a superlinear
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 correlation. 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, which could be due, e.g., to dense and cold X-ray
clumps in regions of low surface brightness emission. Under-
standing the details of this small tension is beyond the scope of
this work; what is relevant for our analysis is that regions of
high non-thermal energy are regions of high thermal energy, as
probed by the 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 center, 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 center, which is the maximum distance where we

have detected the radio halo. As shown in Section 6, we have
an indication from the X-ray analysis that the slope would
further increase when outer regions of the halo are considered.
We find 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 Figure 15. Both
X-ray and SZ analyses show that when outer regions of the
halo are considered, the correlation slope increases, i.e., the
outermost regions of the radio halo have a different ratio of
thermal/non-thermal energy than the inner ones.
A correlation between the radio emission and the y-signal

has been first obtained by Planck Collaboration et al. (2013),
who fitted ISZ versus IR, finding a quasi-linear relation:
I IRSZ

0.92 0.04µ  , which would correspond to our β∼ 1.1. They
used the WSRT 325MHz map and y images at 10′ resolution
and extracted the radio and y-signal from r 50< ¢ region. As we
find a steeper slope, using a lower-frequency radio image, we
investigate in the following the possible causes of the different
trend. First of all, we are looking at the IR− ISZ correlation
using a radio image at a different frequency than used in Planck
Collaboration et al. (2013). In addition, we are able to perform
a more accurate subtraction of the contaminating sources, as the
highest LOFAR resolution is 6″, and we are less affected by
calibration artifacts than the WSRT image. Residuals from
contaminating sources would increase the values of the radio
brightness in each box, and this effect could be more prominent
for boxes at the halo periphery. In this case, the effect would be
a flattening of the correlation. The data we have at the moment
of writing do not allow us to exclude that this is the cause of the
different slope found with LOFAR and WSRT. However, we
note that a higher value of the correlation slope for the IR–IX at
lower frequencies has recently been found by Rajpurohit et al.
(submitted) in the halo of the cluster A2256 and by Hoang et al.
(2021) in the halo of CIG 0217+70.

Figure 15. Radio–SZ correlation for the radio halo. The radio image has been
convolved to a resolution of 5′, and the source NGC 4839 has been masked.
The error bars refer to the statistical errors of the two quantities. Arrows mark
the 2σrms upper limits. The vertical and horizontal dotted lines mark 1σrms for
the y-parameter and radio image, respectively. Error bars are plotted every
second value.

Figure 14. Trend of the radio–X-ray correlation slope β (I IR X= b) with radial
distance from the cluster center. β is computed as the ratio of the logarithm of
the theoretical projected radio emissivity to the logarithm of the X-ray
projected emissivity. The radio emissivity is computed for different values of
the central magnetic field B0, from 3 (top curve) to 10 μG (bottom curve), as
specified in the legend. The shaded area refers to the best-fit β obtained
from data.
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8. Comparison with Numerical Simulations

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

8.1. Simulated Thermal to Non-thermal Correlations

We use a Coma-like galaxy cluster, simulated at high
resolution and with ideal magnetohydrodynamics using the
cosmological Eulerian code ENZO (enzo-project.org) by Vazza
et al. (2018). This system has a z≈ 0.02 total mass comparable
with the real Coma Cluster, and it shows a radial decline of the
magnetic field compatible with the estimates from RMs
(Bonafede et al. 2010; Vazza et al. 2018). The simulation
includes eight levels of adaptive mesh refinement (AMR) to
increase the spatial and force resolution in most of the
innermost cluster volume, down to Δx= 3.95 kpc per cell.
While this simulation assumes an initial volume-filling back-
ground of weak magnetic field, B0= 10−4 μG (comoving) at
z= 40, the low-redshift properties of the magnetic field are
fairly independent of the exact origin scenario, due to the effect
of the efficient small-scale dynamo amplification (e.g., Donnert
et al. 2009; Vazza et al. 2021). Using the filtering technique
described in Vazza et al. (2017), we have computed the
turbulent energy flux, FComp,Sol, associated with the compres-
sive and solenoidal velocity components:
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where, similarly as in Equation (6), vComp,Sols 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

Equation (5)) as

L F . 12eComp,Sol Comp,Sol ( )h=

The constant ηe� 1 gives the dissipation efficiencies for
solenoidal and compressive modes into cosmic-ray accelera-
tion, which depend on the complex physics of cosmic-ray
acceleration via the Fermi II process (see, e.g., Miniati &
Beresnyak 2015; Brunetti & Lazarian 2016; Brunetti &
Vazza 2020). However, since in this application to our new
LOFAR observations of Coma we are only concerned with the
relative distribution of the two energy fluxes, we fix η for
simplicity, acknowledging that both fluxes will represent an
overestimate (likely by a factor �102) of the effective
dissipation onto cosmic-ray acceleration. Hence, we have used
FComp,Sol as a proxy for the synchrotron luminosity instead of
LComp,Sol. The maps of projected FComp and FSol are shown in
Figure 16. We have computed the correlation between
FComp,Sol and the simulated X-ray brightness IX as we have
done for the radio and X-ray emission.
As we want to compare the observed scaling between IR and

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

the simulated 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

Figure 16. Projected Fcomp (left) and Fsol (right) from MHD cosmological simulations of a Coma-like cluster, from Vazza et al. (2018). Each map has a size of
2560 kpc.
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diffusion length le of electrons emitting at 144 MHz can be
estimated at first order as

l D2 100 kpc. 13e rad ( )t~ ~

Here τrad is the electrons’ radiative age at 144 MHz (τrad≈
200 Myr) and D is the spatial diffusion coefficient. A simple
estimate for D (i.e., ignoring pitch-angle scattering along
magnetic field lines) can be obtained from the typical scale for
MHD turbulence in the ICM (lA∼ 0.1–0.5 kpc) as D l cA

1

3
» .

We have computed the mean of FComp,Sol and IX in boxes of
160 kpc a side, which is larger than le and comparable to the
size of the boxes used to compute the IR–IX correlation from
data (see Section 6).

In Figure 18, 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 Table 6). Both slopes are
consistent with the observed 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 modeled, this could be used to disentangle
the role played by the two modes for CRe re-acceleration.

8.2. Correlations in the Center and Peripheral Regions

As shown in the previous section, the global IR–IX in the
Coma cluster can be recovered using both compressive and
solenoidal energy fluxes as a tracer for the radio emission.
MHD simulations show that solenoidal modes are dominant in
the cluster central regions and compressive modes dominate the
cluster outskirts (Miniati & Beresnyak 2015; Vazza et al.
2017). We have seen in Section 6 that the different β obtained
in the halo core and in the outer halo cannot be explained by
the decline of the magnetic field only. Here we investigate
whether different turbulent modes could play a role. We have
fitted the simulated Fcomp,sol versus the simulated X-ray
brightness IX in the cluster core and in the cluster external
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 slopes for the outer halo are consistent with the
global slopes. For the halo core alone, which samples a narrow
region of IX− Fcomp,sol space, the correlation is poor (Pearson
correlator coefficient ρP= 0.2–0.3) and shows a formal fit for
the slopes that is flatter than the others.
Hence, we conclude that globally the trends are in agreement

with the scenario where turbulent re-acceleration produces the
radio halo. In order to understand the process in more detail,
the CRe distribution needs to be modeled.

8.3. Simulated Radio–SZ Correlation

Here we investigate the correlation between the simulated
SZ signal and the values of Fcomp and Fsol that we have
considered as proxies for the radio emission. Following the
same procedure detailed in the previous sections, we have
computed the correlation between FComp,Sol and the simulated
SZ brightness, as we have done for the radio and SZ emission.
The F yComp,Sol sim– correlations are shown in Figure 19. We find
that the simulated SZ signal (ysim) correlates with both Fcomp

and Fsol. Specifically, we find a superlinear slope βSZ= 1.8±
0.1 between Fcomp and ysim, with a Pearson correlator
coefficient of ρP= 0.8, and a slope 1.9SZ 0.1

0.1b = -
+ between

Fsol and ysim (Pearson correlator coefficient ρP= 0.8). These
trends are in very good agreement with the observed trend
between y and IR and support the idea that radio halos are
powered by turbulence. As already noted for the simulated
IX− IR correlation, it is possible that once the CRe distribution
is properly modeled, the comparison between simulations and
observations will yield information to determine which of the
turbulent modes are responsible for particle (re)acceleration.

9. The Halo Front

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

radio halo toward the west (see Figure 4), which could be in
line with the scenario explained above. Shocks in the ICM are
often associated with radio relics, where they leave a clear
imprint on the spectral index distribution. The spectral index
profile is flatter where particles are freshly re-accelerated and

Figure 17. Simulated (red) and observed (blue) radial profiles of the X-ray
brightness. The values have been computed in circular annuli. We plot the
average (circles) and the standard deviation within each annulus (error bars).
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steeper moving toward the downstream region where particles
radiate their energy via synchrotron and inverse Compton
losses. We have investigated whether a similar trend is found in
the “halo front,” computing the spectral index profile in annuli
that follow the front (Figure 20). To derive the spectral index
values, we have used the same images presented in Section 5.22

In Figure 20, we show the spectral index profile obtained in
annuli that follow the front, in comparison with the global
spectral index trend obtained in annuli centered on the cluster
and excluding the halo front region (Figure 20, left panel). We
note that in the direction of the front the spectral index is flatter,

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 steepening 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, which 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 particles 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 NAT–Relic Connection

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

Figure 18. Left panel: FComp–IX correlation from simulated data. Right panel: FSol − IX correlation from simulated data.

Table 6
Correlation between Thermal and Non-thermal Simulated 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

F ySol sim– 1.9 2.0–1.7 0.8

F yComp sim– 1.8 1.9–1.7 0.8

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

22 We recompute the spectral index radial trend in this section to better
highlight the differences between the front region and the rest of the halo, while
in Figure 9 we have divided the halo into four identical sectors. For the same
reason, the spectral index is computed out to a smaller distance from the cluster
center than in Figure 9.
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To investigate the possible connection of the radio plasma
with the thermal gas, we have used the ROSAT image and the
radio image at 35″ resolution and investigated the existence of
a correlation between the thermal and non-thermal plasma, as
done already for the radio halo (see Section 6) and for the
Coma bridge (Bonafede et al. 2021).

The average brightness profile of the NAT–relic connection
is largely constant, increasing close to the relic edge, where the
radio bar is located. In addition, the low counts in the X-ray

image do not allow us to make a proper analysis. Hence,
though no correlation or anticorrelation between the two
quantities seems to be present, no firm conclusions can be
derived, and we cannot rule out that the radio emission
originates from phenomena similar to those responsible for the
bridge. However, given its morphology, we will investigate
below an alternative scenario.
The spectral index trend along the NAT–relic connection

main axis is shown in Figure 21. We have used the WSRT R

Figure 19. Left panel: FComp–SZ correlation from simulated data. Right panel: FSol − SZ correlation from simulated data.

Figure 20. 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. Error bars only show
statistical errors; the values of the spectral index are also affected by the flux calibration uncertainties of WSRT and LOFAR (10% and 15%, respectively), which
would contribute with an additional error of 0.2.
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image (see Table 2 in Giovannini et al. 1991) that has been
used already in Bonafede et al. (2021) to analyze the bridge.
Although the higher resolution of the image by Brown &
Rudnick (2011) would provide a better description of the
spectral index trend, calibration errors from Coma A are
strongly affecting that region. The spectrum of the radio
emission computed between 144 and 326 MHz shows a
gradual steepening from regions close to the AGN core toward
the relic’s outer edge, reaching values of α=−1.6± 0.2. At
the relic’s outer edge, the spectral index flattens to
α=−1.2± 0.2, and it steepens toward 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 center), though within the
error that value is consistent with the steepest point. This
apparent flattening could be due to projection effects, as if the
relic has a velocity component along the line of sight, some
relic emission could appear in front of the relic edge in
projection.

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

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

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

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

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

3. The relic is powered by a shock wave that is moving
toward the cluster center. NGC 4789 has been crossed by
the shock, and it is now in the post-shock region.

Scenario (iii) has been recently studied by Nolting et al.
(2019) using numerical simulations. They have analyzed the
case of a shock wave that crosses an AGN when the shock
normal is perpendicular to the jets. They find that when a shock
passes through the active jets and lobes of an AGN, jets are
distorted by the shock passage, creating an NAT morphology,
and a structure similar to the radio bar, as observed here. The
spectral index trend resulting from the simulations by Nolting
et al. (2019) is in agreement with the one observed here along
the tail and NAT–relic connection, though the values are slightly
flatter after 200Myr from the shock passage, when the
simulation stops. This scenario would require a shock wave
moving toward the cluster center, which seems disfavored by
some authors (Feretti et al. 2005; Akamatsu et al. 2013;
Churazov et al. 2021) and also by the spectral index trend across
the relic that we detect, which is steepening NE, in agreement
with expectation from an outward-moving shock wave. In
scenario (ii), the situation would have some similarities with the
simulation by Nolting et al. (2019), as also in this scenario the
AGN would be crossed by a shock. However, in this case, the
AGN would be in the pre-shock region, and its tail would be
interacting with a less dense environment than the one simulated
by Nolting et al. (2019). Scenario (ii) seems also supported by
the analysis of Adami et al. (2005), where they detect a relative
velocity of ∼1000 km s−1 between NGC 4789 and NGC 4839,
at the cluster center. Our analysis does not allow us to discard
scenario (i), where the shock is overtaking the preexisting tail
from the back. We can see that the tail and shock must be
interacting because the tail abruptly stops at the position of the
relic. This situation has not been simulated yet, but it is likely
that it would require some fine-tuning of the parameters. We
indicate scenario (ii) as the favored one, given the data we have
now, though it remains to be seen whether the interaction of the
AGN tail with a preshocked environment at the cluster outskirts
would create the substructures that we observe. In all scenarios,
the NAT galaxy NGC 4789 would be providing seed electrons
that are (re)accelerated by the shock and originate the radio relic.
In the literature, there are a few other cases where a link between
an AGN tail and a relic has been established (see Bonafede et al.
2014; van Weeren et al. 2017; Stuardi et al. 2019).

Figure 21. Spectral index profile between 326 and 144 MHz of the emission
called the NAT–relic connection. Images at the WSRT resolution
(100″ × 150″) have been used to compute the spectral index in each box.

21

The Astrophysical Journal, 933:218 (25pp), 2022 July 10 Bonafede et al.



11. Discussion and Conclusions

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

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

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

2. The halo brightness profile is well fitted by an
exponential elliptical profile. At 144MHz, it is character-
ized 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 consistent with a spectral
steepening of the radio emission toward the halo
outskirts, in agreement with the results by Giovannini
et al. (1993). It would be useful to perform these fits also
at other frequencies in order to study how the halo size
changes with frequency.

3. The spectrum of the radio halo between 144 and
342MHz is flatter than previously reported, though
consistent within the errors. We find 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 exponential model, which is less affected
by the different sensitivities of the two images and the
possible presence of residuals from unrelated sources.

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

5. The point-to-point analysis between radio and X-ray
surface brightness indicates a sublinear slope of non-
thermal plasma with respect to the thermal plasma. We

obtain I IR X
0.64µ when the correlation is computed on

images at1¢ resolution. We detect a steeper, yet sublinear,
correlation when the radio image is convolved with
Gaussian kernels of 2′, 3′, 4′, 5′, and 6′, and it converges
to I IR X

0.76µ . Indeed, images at lower resolution are more
sensitive to the weak emission in the halo outermost
regions. We note that the total halo flux density does not
change when computed from the 35″ or 6¢ image because
the outermost regions of the halo yield a very minor
contribution to the total halo flux density. However, these
regions affect the radio–X-ray correlation, making it
steeper.

6. We have investigated whether the radio–X-ray correla-
tion has a different slope in the halo core than in the outer
halo, finding that the correlation is flatter in the core
(I IR X

0.41µ ) than in the outer halo (I IR X
0.76µ ). 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 emission is
surrounded by a weaker and more extended component
(Biava et al. 2021). A flatter slope in the halo core is
inconsistent with a major contribution of secondary
electrons produced through hadronic interaction between
thermal protons and cosmic-ray protons in the ICM.

7. 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 investigated the role of X,
i.e., the ratio of CRe to thermal energy density, and find
that a radially increasing value of X would provide a
better match with data. Although more detailed modeling
should be done to derive firm conclusions, we note that
an increasing value of X with the distance from the cluster
center is also expected from a theoretical point of view.

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

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

1. To the NE of Coma, at a projected distance of ∼1.2 Rvir,
an arc-like diffuse patch of emission is discovered. As a
large-scale filament of galaxies is detected in that
direction, we tentatively propose that this emission is
due to particles re-accelerated by an accretion shock, and
we name this emission “accretion relic.” If confirmed,
this would be the first detection of particle acceleration
from an accretion shock.

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

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

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

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

additional step forward and unveil the details of turbulent re-
acceleration.
The cluster core has been perturbed by the passage of NGC

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

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

Coma cluster. The matter accreting toward the cluster from that
direction could result in the tentative “accretion relic” that we
have discovered.
The scenario that we outline here is not the only possible

one, and it leaves open questions. However, our analysis shows
that we are entering a new era for the physics of non-thermal
ICM emission, where we can constrain the model parameters.
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