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Radio observations at low frequencies with the low frequency array (LOFAR) start discovering gigantic
radio bridges connecting pairs of massive galaxy clusters. These observations probe unexplored
mechanisms of in situ particle acceleration that operate on volumes of several Mpc®. Numerical
simulations suggest that such bridges are dynamically complex and that weak shocks and super-Alfvénic
turbulence can be driven across the entire volume of these regions. In this Letter, we explore, for the first
time, the role of second-order Fermi mechanisms for the reacceleration of relativistic electrons interacting
with turbulence in these peculiar regions. We assume the turbulent energy flux measured in simulations and
adopt a scenario in which relativistic particles scatter with magnetic field lines diffusing in super-Alfvénic
turbulence and magnetic fields are amplified by the same turbulence. We show that steep spectrum and
volume filling synchrotron emission can be generated in the entire intracluster bridge region, thus providing
a natural explanation for radio bridges. Consequently, radio observations have the potential to probe the
dissipation of energy on scales larger than galaxy clusters and second-order Fermi mechanisms operating in
physical regimes that are still poorly explored. This has a potential impact on several branches of

astrophysics and cosmology.
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Introduction.—Mpc-scale, steep-spectrum, diffuse radio
emission from the intracluster medium (ICM) is observed
in the form of giant radio halos and relics in dynamically
active and massive galaxy clusters (see [1,2] for reviews).
This suggests that part of the kinetic energy that is
dissipated in the ICM during cluster-cluster mergers is
channelled into the acceleration of relativistic particles and
amplification of magnetic fields through a hierarchy of
complex mechanisms that transfer energy from Mpc scales
to small scales, and that presumably involve shocks and
turbulence operating in a unique plasma regime [3—12].

More recently, observations of low frequencies with the
low frequency array (LOFAR) have discovered diffuse
radio emission from regions extending on even larger scales
and that connect pairs of massive clusters in a premerger
phase [13,14]. These observations prove that these regions,
where the gas is likely compressed, are filled by relativistic
electrons and magnetic fields that are generated on scales
which had never been probed before. The most spectacular
case is the 5 Mpc long radio bridge connecting the two
massive clusters A399 and A401 [14], where the radio
emission follows a filament of gas connecting the two
clusters that was early discovered with the Planck satellite
through the Sunyaev-Zeldovich effect [15].

What makes their interpretation challenging is that radio
bridges appears as truly diffuse radio emissions on gigantic
scales, suggesting that relativistic particles are accelerated
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in situ by mechanisms that are distributed on very
large spatial scales and that are not necessarily powered
by the energy dissipated as a consequence of major
cluster-cluster mergers. While recent numerical simulations
have suggested that equatorial shocks can be launched
perpendicular to the merger axis even in a premerger phase
[16], strong shocks are very rare in the hot and compressed
gas of intracluster bridges [17]. For this reason the large
area filling factor observed in the radio bridge of A399-
A401 clearly disfavors shock acceleration as the main
source of the observed emission and suggests that preex-
isting and volume filling suprathermal electrons are (re)
accelerated to radio-bright energies (> GeV) by other
mechanisms. Numerical simulations show that relatively
weak shocks, M < 2-3, form in these regions and that up
to ~10% of the volume has been crossed by these shocks in
the last Gyr [14] leading to the possibility that radio bridges
may result from reacceleration of a volume filling pop-
ulation of fossil relativistic electrons by these weak shocks
under favorable projection effects. However, in order to
match the constraints on the spectrum of the emission, this
scenario requires assumptions on the age and dynamics of
the fossil electrons that are not very plausible (see dis-
cussion in [14]). Virtually all major mergers should
undergo a stage in which the remnant of a cosmic filament
connecting the two clusters is compressed and prepro-
cessed by gas dynamics, before the two clusters collide.
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Therefore, recent detections [13,14] may have unveiled the
tip of the iceberg of a common (albeit short-lived, i.e.,
~Gyr) phenomenology. Understanding the mechanisms
of acceleration of radio emitting particles in such pillars
of the cosmic web is therefore also key to prepare to what
the future generation of radio surveys will deliver [17]. In
this Letter, we propose that fossil electrons, released in the
ICM in the past by the activity of AGN and star-forming
galaxies, are reaccelerated by the turbulence in the regions
bridging massive premerging systems.

Dynamics and turbulence in bridges connecting
clusters.—Massive binary mergers are rare and powerful
events occurring in high over-density regions [18]. Even
during its early stage, the dynamics of the collapse and the
accretion of smaller subclusters drive weak shocks [16,17]
and transonic turbulence [19]. We used cosmological MHD
numerical simulations obtained with the ENZO code [20]
to examine the properties of turbulence and magnetic fields
in a binary cluster collision during its premerger phase.
Specifically, we used the same pair of simulated clusters
presented in [14,21] that closely resemble the A399-A401
pair, which is the reference of our work. Simulations have
eight levels of adaptive mesh refinement (AMR) to selec-
tively increase the spatial and force resolution down to
Ax =3.95 kpc/cell in most of the virial volumes of
clusters, and assume a uniform primordial magnetic field
By = 1071 G (comoving) at the start of the simulation.

We attempt to separate turbulent fluctuations, 6V, from
bulk motions on larger scales using the filtering technique
in [22] and extract solenoidal, V - ¥ = 0, and compressive,
V x 7 =0, turbulent components using the Hodge-
Helmholtz projection in Fourier space [22]. This allows
us to estimate the local turbulent energy flux across
scales, F ~ 1/2pcm6V?3 /L, which is scale independent in
Kolmogorv turbulence. We measure that ~60% of the
turbulent energy flux in the bridge is associated to solenoidal
motions. Figure 1 shows the projected energy flux of the
solenoidal component measured when the two clusters are in
apremerger stage (z = 0.1) in a situation (cluster masses and
dynamics) similar to A399-A401. Turbulence in the bridge
has injection scales L ~ 400 kpc—1 Mpc [see also 17] and is
powered by the accretion of matter and smaller subclusters
(visible in Fig. 1 and the Supplemental Material [23]) on the
overdense region containing the two main clusters; the
detection of x-ray bremsstrahlung from these subclusters
and from the bridge itself is however challenging with
present x-ray telescopes (see discussion in Sec. 3.3.4 of
[17]). In particular, solenoidal motions originate from
baroclinic instabilities at curved shocks and compressive
amplification of accreted vortical motions [19,24,25], and
from the generation of vorticity by shear stresses [22].

In the region connecting the clusters (a cylinder
1.5 Mpc x 3 Mpc, V ~5 Mpc®) we measure a turbulent
luminosity F -V ~ 10% ergs™' (masking regions around
small subclusters where F can be biased high by our
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FIG. 1. Map of kinetic energy flux integrated along the line of
sight (5.1 Mpc) for the simulated system at z=0.1, with loga-
rithmically spaced gas projected density contours (A loggn =
0.25).

filtering). This is similar to the luminosity found in
simulated clusters during mergers [22,26]. Solenoidal
turbulence is a key ingredient for magnetic field amplifi-
cation in the ICM via small scale dynamo [11,12,24,27],
which indeed is a mechanism that is observed in the central
regions of clusters in MHD simulations [21,28-30].
However, in intracluster bridges this process is quenched
by the limited spatial resolution in our simulations Ax > /4;
[, being the MHD scale where the velocity of turbulent
eddies equals the Alfvén speed and where most of the
amplification takes place. We thus estimate the field in post
processing [23]. The plasma in intracluster bridges shares
conditions similar to the medium in the outskirts of galaxy
clusters, being a weakly collisional and unstable high beta
plasma with presumably very high effective Reynolds
number [31-35]. Under these conditions, after the turbulent
cascade reaches dissipation scales, a fixed fraction of the
energy flux of MHD turbulence is channeled into magnetic
field [36]. We thus estimate the magnetic field in our
simulation as B?/8z~npFr,~nppicm8V?, where 7, is
the eddy turnover time z,~L/8V, and 5z~ a few percent.
We obtain a volume-averaged field in the bridge (B) ~ 0.5—
0.6 uG, that is ~3 times larger than the original field in our
simulations. This is ~3-5 times smaller than the typical field
in the internal regions of galaxy clusters [1,21] implying
values of the beta plasma, f3,; ~ 100-200, which are slightly
larger than those in clusters. This is because bridges are
dynamically younger regions, and their lifetime 1-1.5 Gyr
(collision time of clusters) is comparable to the turbulent
eddy-turnover times, 7, ~ 0.4—1 Gyr, in these regions.

Turbulent reacceleration model.—Turbulent accelera-
tion drains a fraction of the turbulent energy flux into
particles:
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where 710, 1S the electron acceleration efficiency, the right
term describes the energy flux into accelerated electrons,
and f, is the electrons distribution function in the momen-
tum space. Radio emitting electrons in the ICM lose energy
mainly through synchrotron emission and inverse Compton
(IC) scattering off the cosmic microwave background
(cmb) photons. The turbulent luminosity measured in the
simulated bridge (~10% ergs™!) should be compared
to the total (IC and synchrotron) nonthermal luminosity
of the bridge, Lic,s~ Lg[l + (Bemy/B)?], where Ly~
10% ergs™! is the radio luminosity of A401-A399 [14]
and By, = 3.25(1 + z)? uG. If we assume the magnetic
field derived in the previous Section, the turbulent lumi-
nosity is > 1000 times the total nonthermal luminosity
from the bridge, and thus only a small fraction of the
turbulent energy flux is required to maintain the nonthermal
emission. Energetic particles in a turbulent medium can be
subject to second-order Fermi acceleration. Several studies
considered the transit time damping (TTD) with compres-
sive modes in the ICM [4,5,37]. More recently, Brunetti
and Lazarian [38] proposed a mechanism that operates in
large-scale super-Alfvénic solenoidal turbulence in the
ICM, where particles are reaccelerated, stochastically
diffusing across regions of magnetic reconnection and
dynamo (see [39,40] for the application to gamma-ray
bursts and Pulsar wind nebulae). On much smaller scales,
situations involving first-order and second-order Fermi-like
acceleration are also observed in simulations of reconnec-
tion regions [41-44]. In the case of prevalence of solenoidal
component and strongly super-Alfvénic turbulence,
M3 = (8V/V4)* ~ M*f, > 1, as in the simulated bridges
where M, ~8-10 (M4 ~ 30 assuming the original field
values from simulations), this acceleration mechanism may
become faster than TTD [23]. Thus following [38] we
adopt a diffusion coefficient in the particle momentum
space (assuming a reference value for the effective mfp of
relativistic electrons ~1/21,, [23]):

48 F

¢ piemVa

pp "~ ]72 (2)

By adopting our magnetic field model, the Alfvén speed is

Va=\/(2/pem)(FL/V)ny and D, o« pn°5V?/L.
We thus use Eq. (2) and the energy flux of the solenoidal
turbulence measured in the simulated bridge to calculate
the electrons reacceleration time 7,.. = p/(4D,,). We
calculate the acceleration time in 81000 cells sampling
the region connecting the two simulated clusters [23]. The
results are shown in Fig. 2 for three values of 7p. The
acceleration times are very long, as expected for second-
order Fermi mechanisms, however they are much
shorter than the dynamical timescale of bridges and the
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FIG. 2. Number of cells as a function of the particle accel-
eration time (81 000 cells sampling the simulated bridge) assum-
ing np = 0.02 (red), 0.03 (blue), 0.05 (green).

turbulent eddy turnover times. Most important, in
~1/3-1/2 of the volume the acceleration time is similar
to, or smaller than, the cooling time of radio emitting
electrons at the redshift of the A399-A401 system, 7~
220(B,;/0.5)"? vy, / 150)~1/>Myr (assuming B2, >B?).
This allows us to conclude that the mechanism can naturally
generate volume filling synchrotron emission from the
entire bridge.

Spectrum of the emission.—Next we evaluate whether
the radio spectrum of the bridge in A399-A401 can be
explained by our model. We calculate the evolution of the
electrons distribution function, N = 4z f p2, in the general
situation in which relativistic electrons and protons,
injected in the volume in the past by galaxies and AGN,
coexist. We combine Fokker-Planck equations for primary
and secondary electrons:

% _ ai (zve(p,t) {se@) —§<V ' V>]>

0 ON,(p,t) 2
a5 (O gy AP0
+0.(p.1), (3)

and protons

0 ON,(p,t) 2
+ap<DPPI:9p_NP(p’t)DPP>
N,(p,t
_PT—). (4)
pp
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Synchrotron (left) and IC (right) spectra obtained for nz = 0.02 (red), 0.03 (blue), and 0.05 (green). Dashed lines (for

ng = 0.02 and 0.05) mark models assuming only primary electrons. The contribution from regions with larger (85% of cells in the
volume) and shorter acceleration times (15% of the volume) are also marked with open and filled points, respectively, considering

ng = 0.03. Radio data are taken from [14].

S accounts for the energy losses of electrons (Coulomb,
ICS, and synchrotron) and protons (Coulomb), D, is
given by Eq. (2), 7,, = (nlCMappc)‘l is the timescale of
inelastic pp collisions in the ICM, Q, is the injection
spectrum of secondary electrons by pp collisions, and V - V
accounts for compression (e.g., for details, see [45]). In
principle, the evolution of particles should be computed by
following their spatial advection with a Lagrangian tracer
approach [25] and then by integrating in time Eqgs. (3) and
(4) for each tracer [46]. However, this approach is numeri-
cally challenging and clearly beyond the exploratory
goal of the present Letter. Here we adopt a simple
single zone model, assuming average quantities that are
measured in the simulated bridge region at a fixed time
z = 0.1, namely kT = 5 keV, njcy = 3 x 107* cm™ (both
consistent with measurements in A399-A401), and
V-V ~0.75x 1071 57!, We then assume different 7,
spanning the range of values in Fig. 2 and for each value of
T, calculate electrons spectra from Egs. (3) and (4)
assuming B = (B) and evolving spectra for one turbulent
eddy turnover time (z, ). Specifically, for each 7,.., (B) and
(z,) are obtained by averaging the values of B and 7, in the
cells with acceleration time = 7,... Finally, we obtain the
emission integrated from the bridge region by combining
the emissions generated by each electron spectrum
weighted for the probability distribution function of the
acceleration times at z = 0.1 (from Fig. 2). The remaining
ingredient is the initial spectrum and number of the seed
electrons and protons to reaccelerate. This is largely
unknown in bridges and filaments connecting clusters.
However, as in the case of clusters, we expect that seeds
primary electrons injected by the past activity of shocks,
AGN, and galactic winds, can be accumulated in the entire

region of the bridge at energies of ~100 MeV where their
cooling time is maximised [2]. In Fig. 3 we show the
synchrotron and IC spectra calculated assuming the volume
of the radio bridge in A399-A401 = 5 Mpc? [14] for an
initial spectrum of primary electrons and protons injected at
z = 0.2 and passively evolved to z = 0.07; the final results
are only little sensitive on the exact shape of the initial
spectra as they evolve nonlinearly with time due to
turbulent acceleration and losses. The initial energy den-
sities of relativistic protons and primary electrons in Fig. 3
(solid lines) are assumed 102 and 3 x 107> of the thermal
ICM; these are typical values assumed in radio halo
models. In Fig. 3 we also show the case with only primary
electrons (dashed lines), i.e., without including protons.
Figure 3 shows that the synchrotron spectrum peaks at few
hundred MHz, matching well the LOFAR detection [14],
and extends to higher frequencies, where detections are still
missing. The IC spectrum peaks in the hard x-rays with a
luminosity ~10-20 times larger than the synchrotron
luminosity. Spectra are sensitive to the turbulent energy
flux measured in simulations and scale (linearly) with the
amount of seed electrons to reaccelerate, whereas they are
not very sensitive to #g. The cutoff synchrotron frequency
emitted by the reaccelerated electrons is v, o p2,B, where
Pm ~4D,,/S is the maximum momentum of electrons. In

our model (for B2, > B?), this gives:

_1
ve & F2pidyer g, (5)

where €, ~ 1/2p,cm8V?2. The cutoff synchrotron frequency
depends on the turbulent energy flux and turbulent energy
density. Consequently a natural prediction of our model is

051101-4



PHYSICAL REVIEW LETTERS 124, 051101 (2020)

that the synchrotron emission at lower frequencies should
be more volume filling, while at higher frequencies
it should be contributed by the most turbulent regions
that fill a smaller fraction of the volume. This is indeed
shown in Fig. 3 where we report the synchrotron and IC
spectrum from cells with z,.. > 7z, (filling 85% of the
volume; empty circles) and with 7,.. < 7, (15% of volume;
filled squares); 7, is a threshold value. Finally, we notice
that weak shocks in the bridge [14] may also compress
the population of turbulent reaccelerated electrons and the
magnetic fields increasing the radio brightness at their
location.

Conclusions.—In this Letter we propose that the radio
bridges extending on scales larger than clusters originate
from second-order Fermi acceleration of electrons interact-
ing with turbulence. We show that the physical conditions
and very long dynamical timescales in bridges connecting
clusters allow the effects of these gentle mechanisms to
become important. Turbulence is generated by the complex
dynamics of substructures in bridges and thus, according to
the proposed scenario, radio observations are also novel
probes of the dynamics and dissipation of gravitational
energy on very large scales. More specifically we extract
the turbulent properties measured in cosmological simu-
lations mimicking the A399-A401 system and assume a
second-order Fermi mechanism from the interaction of
relativistic particles with magnetic field lines diffusing in
super-Alfvénic turbulence. We demonstrated that the
mechanism allows for the reacceleration of radio emitting
electrons in a large fraction of the volume. This can
generate a volume-filling synchrotron emission with lumi-
nosities compatible with the observed ones and steep
spectra, with a~13-1.5 between 0.15-1.5 GHz
[L(v) x v™] or steeper. The same turbulence amplifies
magnetic fields in the bridge. This results in a field that is
stronger than that obtained directly from current cosmo-
logical simulations, with a potential impact on studies
based on Faraday rotation and on the propagation of very
high energy cosmic rays. Future observations will test
crucial predictions of the model: the filling factor of the
radio emission should be larger at the low frequencies
observable with LOFAR, making the emission smoother
there, while it is predicted to decrease at higher frequencies,
where the emission gets dominated by the clumpy con-
tribution from smaller regions with high acceleration rate.
Finally, our model predicts IC emission in the hard x-rays
with a luminosity 10-30 times larger than the synchrotron
component.
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