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ABSTRACT

We present a first attempt to investigate the origin of radio-emitting electrons in the newly discovered class of mega radio halos in
clusters of galaxies. We study the evolution of relativistic electrons accreted by the external regions of a simulated cluster of galaxies
at high resolution, including the effect of radiative losses and turbulent reacceleration acting on relativistic electrons. We conclude
that turbulent reacceleration induced by structure formation, if sufficiently prolonged, has the potential to produce a large reservoir of
radio-emitting electrons in the large regions illuminated by mega radio halos observed by LOFAR.
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1. Introduction

The unprecedented sensitivity to large-scale diffuse emis-
sion provided by the Low Frequency Array (LOFAR;
van Haarlem et al. 2013) has uncovered extended radio emission
at the extreme periphery of clusters of galaxies and between
massive pairs (e.g. van Weeren et al. 2019; Govoni et al. 2019;
Botteon et al. 2020; Osinga et al. 2021; Hoeft et al. 2021;
Bonafede et al. 2021), including spectacular and volume-filling
radio emission structures up to almost the virial radius in some
cases (Botteon et al. 2022).

In particular, Cuciti et al. (2022) reported the discovery of
a new class of large diffuse radio sources outside the cen-
tral regions of clusters of galaxies, well beyond the volume of
“classical” radio halos (classicalRHs), and dubbed mega radio
halos (megaRHs). MegaRHs show a rather flat synchrotron
brightness profile extending beyond the scale of the classi-
calRH emission detected in the same clusters. Limited to the
small statistics of detected objects, the transition from the clas-
sicalRHs to megaRHs occurs at a radius that is about one-
half of R500 from the cluster centre, and the average emis-
sivity of the megaRHs is about 20−25 times lower than the
emissivity of classicalRHs. For two clusters, the combina-
tion of 50 and 140 MHz LOFAR observations allowed the
synchrotron spectrum of the megaRHs to be characterised as a
relatively steep spectrum with a spectral index α ∼ −1.6.

MegaRHs allow us to probe the outskirts of galaxy
clusters in an approximately 30 times larger volume than
what has been achieved for decades, and also to study par-
ticle acceleration and magnetic field amplification in the
complex regime of very weakly collisional plasmas (e.g.
Brunetti & Jones 2014; Rincon et al. 2016; Sironi et al. 2023;
Zhou et al. 2023; St-Onge & Kunz 2018; Kunz et al. 2022). The
observed steep spectrum in megaRHs would favour a scenario

where relativistic electrons are reaccelerated by second-order
Fermi mechanisms in a turbulent intraclustesr medium (ICM;
e.g. Brunetti et al. 2001; Fujita et al. 2003; Cassano & Brunetti
2005; Brunetti & Lazarian 2016). However, the discontinuity
that is observed in radio brightness profiles of classicalRHs and
megaRHs (Cuciti et al. 2022) suggests that the latter trace a tur-
bulent component that is different from that of classicalRHs.
In fact, numerical simulations show the presence of a base-
line level large-scale turbulent component at these cluster radii
(e.g. Lau et al. 2009; Vazza et al. 2011) driven by the continu-
ous accretion of matter onto the cluster and providing signifi-
cant non-hydrostatic pressure support (e.g. Nelson et al. 2014;
Angelinelli et al. 2020; Dupourqué et al. 2023).

In this work, we present the first attempt to evaluate the life
cycle of relativistic electrons in the outskirts of galaxy clusters
under realistic conditions, with an ad hoc cosmological simu-
lation and methods (Sect. 2). We use this approach to estimate
the circumstance under which the observed volume of megaRHs
can be filled with radio-emitting electrons (Sect. 3). Our tentative
conclusion, rather insensitive to the unconstrained initial distri-
bution of relativistic electrons before the formation of the cluster,
is that the relativistic particles transported in large volumes may
experience second-order Fermi reacceleration on longer spatial
and temporal timescales than usually studied for classicalRHs,
and may support the emission observed in megaRHs (Sect. 4).

2. Methods and simulations

2.1. Simulation of the galaxy cluster

We produced a cosmological adaptive-mesh refinement ENZO
simulation of a cluster of galaxies using self-gravity for ordinary
and dark matter, radiative equilibrium cooling, and no other
galaxy formation-related physics (e.g. star formation or feedback
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from supernovae). Magnetic fields are evolved assuming ideal
magnetohydrodynamics (MHD) using the hyperbolic clean-
ing method Bryan et al. (2014; see Domínguez-Fernández et al.
2019 for previous tests and results with a similar numerical
setup). We started from a simple uniform magnetic field seed
of B0 = 0.4 nG (comoving) in each direction at z = 40.

The simulated cluster has a total (ordinary+dark) matter
mass of M100 = 3.8 × 1014 M� and a virial radius of R100 =
1.52 Mpc at z = 0. It is the most massive object to form in a
total volume of (100 Mpc h−1)3, sampled with a uniform root
grid of 1283 cells and dark matter particles (with a mass reso-
lution of mDM0 = 3 × 1010 M�), and further refined with four
additional levels of ×2 refinement in spatial resolution each (and
×23 refinement in mass resolution of the dark matter compo-
nent at each refinement step) with nested regions of decreasing
size. The inner (15.6 Mpc)3 volume, where the cluster forms, is
resolved with a maximum dark matter mass resolution of mDM =
7.3×106 M� (i.e. mDM0/84), and with a uniform spatial resolution
of 70 kpc cell−1. We also allowed for two extra levels of adaptive
mesh refinement within this innermost region in order to best
model turbulence by refining on local gas or dark matter over-
densities up to a final maximum resolution of ≈12.2 kpc h−1 =
18.0 kpc (comoving). This resulted in central magnetic field val-
ues of ∼0.5 µG in the cluster centre, which signals an excessively
low amplification efficiency for the small-scale dynamo cap-
tured at this finite spatial resolution (e.g. Beresnyak & Miniati
2016). In any case, for all our calculations we used a rescaled
magnetic field intensity in order to take into account the unre-
solved small-scale amplification. The realistic picture of mag-
netic field amplification in the collisionless plasma of clusters
of galaxies is very likely to be much more complex than the
MHD approximation used here (e.g. Schekochihin et al. 2004;
Rincon et al. 2016), which nevertheless yields realistic values
of magnetic fields for our regions of interest. In detail, follow-
ing Brunetti & Vazza (2020), we renormalised in the value of
B to be assigned to each tracer particle post-processing under
the realistic expectation of efficient small-scale dynamo ampli-
fication. More specifically, we assumed that after the turbulent
kinetic energy cascade reaches dissipation scales, a fixed frac-
tion ηB (=3%) of the energy flux of turbulence is dissipated into
the amplification of magnetic fields, as in Beresnyak & Miniati
(2016). Therefore, the magnetic field assigned to each tracer fol-
lows from B2

turb/8π ∼ ηBFturbτ ∼
1
2ηBρδV2

turb, where τ = L/δVturb
is the turnover time, and δVturb is the turbulent velocity, which is
estimated for each tracer as δVturb = |∇ × v|L, that is, the gas
vorticity measured across a stencil L (=54 kpc in our case, con-
sidering a stencil of three cells), which is is our best estimate
of the solenoidal turbulent velocity. Whenever Bturb ≥ B (where
B is the magnetic field recorded by a tracer), we replaced the
value of the actual numerical simulation with Bturb, and used this
to compute radiative losses and the Fermi II reacceleration term
(see following section). To give some reference numbers, our
tests in Vazza et al. (2021) showed that the median values of the
actual magnetic field produced by the simulation and the one
computed a posteriori assuming dynamo amplification differ by
a factor of approximately two at most for tracers within the vol-
ume of clusters, and that in no case would the rescaled magnetic
field lead to an energy comparable to the thermal gas pressure.

2.2. Energy evolution of relativistic electrons

In post-processing, we injected and propagated approximately
105 passive tracers, which allowed us to track the Lagrangian
history of gas matter in this system with the CRaTer code

(Wittor et al. 2017). The distribution of particles was created by
sampling a fixed gas mass resolution of ≈5 × 108 M� in the 3Dl
distribution of gas produced by the MHD simulations, and by
evolving the positions of particles forward in time with a simple
time integrator r(t + dt) = r(t) + vgasdt after interpolating the 3D
velocity field with a cloud-in-cell spatial interpolation method,
as explained in Wittor et al. (2017). We used the time resolution
of our finest snapshot recovery scheme, dt ≈ 90 Myr (nearly con-
stant), which gave us 103 snapshots to analyse. Figure 1 shows
six epochs in our simulation, and the evolving positions of the
tracers. Each tracer records the time evolution of various physi-
cal quantities of interest (gas density, velocity, divergence, vor-
ticity, temperature, and magnetic field intensity) and is meant to
track the spatial propagation of families of relativistic electrons
frozen onto the gas by the tangled magnetic field and to neglect
the small effect of diffusion for cosmic ray electrons (CRe) in
this energy range (e.g. Brunetti & Jones 2014).

As opposed to the case where more computationally expen-
sive approaches are taken, in this Letter we are interested in the
energy evolution of electrons rather than in their exact spectra,
and therefore we do not make use of Fokker-Planck methods
and simply assume that each tracer samples the energy evolution
of a specific energy of electrons. We use the “ultra-relativistic”
approximation γ ≈ E/mc2 and computed the combination of loss
and gain terms as γ̇ ≈ |γ/τrad| + |γ/τc| + γ/τadv − |γ/τacc|, where
τrad, τc, and τadv are respectively the loss timescales for the radia-
tive, Coulomb, and expansion (compression) processes, while
τacc represents the acceleration timescale due to turbulent reac-
celeration. All loss terms are as in Brunetti & Jones (2014). The
median gas velocity dispersion of our tracers is σv ∼ 500 km s−1,
and is up to ∼700 km s−1 during mergers.

Turbulence may (re)accelerate relativistic electrons in many
ways through resonant and non-resonant mechanisms (e.g.
Schlickeiser et al. 1987; Longair 2011; Cho & Lazarian 2006;
Brunetti & Lazarian 2007; Petrosian 2012; Brunetti & Jones
2014; Marcowith et al. 2020; Lemoine & Malkov 2020). Here,
we follow Brunetti & Lazarian (2016), and assume that rela-
tivistic particles are reaccelerated in a systematic way in recon-
necting and magnetic-dynamo regions, and that they undergo
a stochastic Fermi II process overall on longer timescales, dif-
fusing across incompressible super-Alfvenic turbulence. This
mechanism was shown to be a promising candidate to explain the
production of diffuse radio emission at the periphery of clusters
of galaxies (e.g. Brunetti & Vazza 2020; Bonafede et al. 2021;
Botteon et al. 2022).

The acceleration timescale for the turbulent reacceleration
process in Brunetti & Lazarian (2016) is:

τacc = 125 Gyr
L[kpc]/(500) B[µG]√

n[cm−3]/10−3(δVturb[cm s−1]/107)3
, (1)

with δVturb and L as defined above. Based on previous work
with identical simulations of cluster physics, we can reason-
ably approximate that the turbulent spectrum of velocity fluc-
tuations follows a power-law energy distribution, with a well-
defined inertial range in which the Kolmogorov scaling is closely
followed (e.g. Vazza et al. 2011; Simonte et al. 2022), both for
the compressive and for the solenoidal components of the flow
(Vazza et al. 2017). In this case, Eq. (1) does not depend on
the exact choice of the scale L where we measure vorticity,
because the turbulent energy flux (Fturb ∝ δV3

turb/L) is constant
within the inertial range of turbulence (see a longer discussion in
Vazza et al. 2021).

Other mechanisms can contribute to the reacceleration of
particles in the turbulent ICM. A popular mechanism that is

L8, page 2 of 8



Beduzzi, L., et al.: A&A 678, L8 (2023)

Fig. 1. Colour map showing the evolution of the projected comoving gas density (normalised to the total mean matter density) averaged along the
full line of sight of the simulation for six different epochs. The points show the projected distribution of the tracers used in our analysis, which are
colour coded in orange (for tracers ending up in the megaRH region) or blue (for tracers ending up in the classicalRH region).

commonly assumed to model turbulent reacceleration in galaxy
clusters is based on transit time damping (TTD), which itself is
based on resonant acceleration with compressive fast modes (e.g.
Brunetti & Lazarian 2007; Pinzke et al. 2017). This mechanism
is expected to generate acceleration that are faster than those
of the slow solenoidal mode for (compressive) turbulent Mach
numbers M2

c ≥ 0.3−0.4 (e.g. Brunetti 2016; Brunetti & Vazza
2020). As a consequence, in the presence of a significant com-
ponent of compressive turbulence in the ICM, the coexistence
of our baseline reacceleration and the TTD mechanism is likely
to imply that electrons may end up in the megaRH regions after
having experienced a substantially higher reacceleration.

3. Results

The aim of this work is to test whether the turbulence measured
in the external regions of the simulated cluster is sufficient to
generate a population of radio-emitting electrons filling a large
intracluster volume, which is similar to what has been observed
in megaRHs by LOFAR. Furthermore, by sampling the cluster
volume with tracers, we want to evaluate whether the evolu-
tion and effective lifetime of relativistic electrons in the region
of classicalRHs are similar to those of electrons found in the
periphery.

First, we measure the typical evolution of the physical con-
ditions of gas matter accreted onto classicaRH and megaRH
regions at the end of the simulation. We can do this in a straight-
forward way because our tracer approach allows us to study the
Lagrangian evolution over time of the gas matter found any-

where in the simulation at a given time. Based on the radio sur-
face brightness profiles of the four clusters studied in Cuciti et al.
(2022), we define the classicalRH region as 0 ≤ r ≤ 0.4R500,
where r is the radial distance from the centre of mass of our
cluster at any given epoch, while we define the megaRH region
as the region in the 0.4R500 ≤ r ≤ R500 range.

Figure 2 gives the time evolution of the median values of
magnetic field, gas density, curl, and divergence of the gas veloc-
ity field and of temperature for tracers found in the two regions
towards the end of our simulation. This clearly shows that the
(thermo)dynamical history of gas matter ending up in either
the classicalRH or megaRH region is very similar. It should be
noted that, although the average volume-weighted gas density in
megaRH is about a factor ten smaller than in classicalRHs, our
tracers give a mass-weighted average of all fields that is biased
towards the clumpiest end of the gas distribution. The bulk of
gas accreted by the megaRH regions has already crossed the
cluster centre once, and has been dispersed to larger radii only
towards the end of the evolution. This is confirmed by Fig. 3,
which shows the mean distance of our tracers (selected in the
two regions) from the moving centre of mass of the cluster as
a function of time: only in the last ∼1.5 Gyr of evolution does
the average distance of the two populations become significantly
different, while it was nearly the same before then, suggesting
once more that the gas ending up in the two regions shared a
similar history for all previous evolutionary stages. The rela-
tivistic electrons carried by this accreted gas have already been
subject to significant turbulent reacceleration (and compression)
once in the past, while in the final part of their evolution they
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Fig. 2. Evolution of mean values of proper magnetic field strength, gas density, vorticity, divergence, and temperature probed by tracers ending up
either in the classicalRH (blue) or in the megaRH (orange).

Fig. 3. Evolution of the mean distance of our tracers (ending up either
in the classicalRH or in the megaRH region) with respect to the moving
centre of mass of the cluster as a function of redshift.

age in a less dense and magnetised environment than classical-
RHs, which makes their loss timescale slightly longer (although
inverse Compton losses are always present).

This makes the gas matter in the megaRH region suitable
for the reacceleration of relativisic electrons up to and beyond
γ ∼ 103 (on average), allowing a fraction of them to become
radio emitting, similar to the matter ending up in the classicalRH
region. This is shown in Fig. 4, which presents the evolution
of the median timescales for acceleration and loss processes for
electrons with fixed energies: γ = 102, 103, or 104. The same
figure also shows the predicted evolution of γ(t) for our pop-
ulation of tracers, which was obtained by directly integrating

γ(t) = γinj +
∫

(dγ/dt)dt in time, where the loss and acceleration
terms are computed as in Sect. 2.2 and for which we tested two
different initial values of the seed electrons, γinj = 100−1000.
Even in the (very conservative) scenario in which all seed rel-
ativistic electrons have γinj = 102 before their later accretion
onto the main cluster, the combination of compression and tur-
bulent reacceleration in the subsequent dynamics allows them
to reach γ ∼ 500−700, on average, when the cluster merger
occurs. The fact that the electrons accreted in these regions can
keep their initial energy (and even increase it by a factor of a
few) instead of losing it within their respective cooling time is
a fundamental finding of this work (see also Fig. 6 and Sect. 4
below). For example, taking γ = 102 electrons in Fig. 4 as a ref-
erence, it is clear that while their loss timescale at the epoch of
8 Gyr (z ≈ 0.6) is of τloss ∼ 0.7 Gyr, their energy is not lost after
τloss, but rather continues to increase on average for the follow-
ing 5 Gyr. This happens because the mild level of turbulent reac-
celeration experienced by electrons accreted onto the megaRH
region (or additionally, adiabatic compression in the case of clas-
sicalRH) can increase their energy on a similar timescale. There-
fore, in this system, the turbulent reacceleration induced by the
merger (epoch of ≈12 Gyr) acts on an already “preaccelerated”
pool of relativistic electrons.

Next, we estimate the fraction of the accreted gas mat-
ter that may produce radio emission at LOFAR frequencies
given its local plasma conditions and its past sequence of loss
or gain mechanisms. In the turbulent reacceleration scenario,
there is a critical Lorentz factor γc at which the total cooling
timescale tcool becomes comparable to the acceleration timescale
tacc. Correspondingly, the emission radio spectrum will steepen
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Fig. 4. Evolution of the median lifetime of CRe and the evolution of their median Lorentz factor for the different families of tracers. Top panels:
Evolution of the mean values of the loss or reacceleration timescales for different electron energies, for tracers ending in the classicalRH or
megaRH regions (left). Lower panels: Evolution of the mean γ of electrons starting from γinj = 100 or 1000, and ending up either in the megaRH
(left) or classicalRH (right) region.

at a frequency of νc = ξνb, where νb is the break frequency
and ξ ∼ 6−8; the former can be estimated from the maxi-
mum value of the Lorentz factor of the electrons associated
with each tracer, that is, νb ≈ 4.6〈γ〉2 · (B/µG)[Hz](1 + z)−1

(Cassano et al. 2010). This allows us to translate the γ(t) of
our tracers measured onboard as a function of time into an
estimate of the maximum observable synchrotron emission fre-
quency. As a first-order approximation, the fraction of tracers for
which νc is larger than the LOFAR High Band Antenna (HBA,
140 MHz) or LOFAR Low Band Antenna (LBA, 50 MHz) cen-
tral observing frequencies can tell us the fraction of the simu-
lated volume that will potentially become radio observable as a
result of the turbulent reacceleration process. These results can
also be used in a straightforward manner to predict the observ-
ability of megaRH in other radio telescopes routinely used to
study classicalRH (e.g. with the uGMRT, e.g. Kale 2020, the
MWA, e.g. Duchesne et al. 2021, MeerKAT e.g. Knowles et al.
2022) as well as with the future Square Kilometer Array (e.g.
Govoni et al. 2013; Johnston-Hollitt et al. 2015).

The upper panels of Fig. 5 show the cumulative distribution
of the emission frequencies from all our tracers at three differ-
ent epochs (just before, during, and after the last merger of the
cluster) and for different initial values of the initial energy of
electrons and separately for those located in the classicalRHs
and in the megaRHs. The lower panels show the time evolution
of the fraction of tracers in which the computed emission fre-
quency νc is larger than the LOFAR HBA observing frequency
(150 MHz), as well as the radial profile of the same fraction for
the same three reference epochs as in the upper panels. In both
regions, a large fraction of the tracers gets accelerated beyond
the 50–140 MHz range of LOFAR: ≈31%−79% of the volume of

the classicalRH and ≈22%−57% of the volume of the megaRH
should emit detectable radio emission in the three investigated
epochs. The above fractions are only slightly changed when
using γinj = 102 instead of γinj = 103. Therefore, during mergers,
the average energy of particles is increased by turbulent reaccel-
eration to a level at which there is approximate balance between
gain and loss terms (from synchrotron and inverse Compton
emission), and the memory on the initial energy of the pop-
ulation of seed electrons is nearly lost. The full time evolu-
tion shows that, even if mergers obviously enhance the fraction
of radio-emitting particles, the continuous turbulent reaccelera-
tion experienced by the accreted gas always keeps a significant
fraction of them near to LOFAR frequencies. Intriguingly, the
radial decline of the profile qualitatively matches the observed
drop in the radial profile of the surface brightness observed in
real megaRHs (Cuciti et al. 2022). However, in the future, we
will need to resort to more computationally demanding Fokker
Planck methods (e.g. Donnert & Brunetti 2014; Girichidis et al.
2020; Böss et al. 2023) in order to fully simulate the synchrotron
emission spectra of these accelerated cosmic ray electrons.

4. Discussion and conclusions

The motivation for this work is the recent discovery of mega
radio halos in clusters of galaxies (Cuciti et al. 2022). We pro-
duced a new cosmological simulation of the evolution of a clus-
ter of galaxies to test whether or not the turbulence generated
in its outskirts is able to maintain sufficiently energetic (∼GeV)
electrons in a fraction of the volume.

We simulated the formation of one cluster of galaxies with
the cosmological code ENZO and used Lagrangian tracer parti-
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Fig. 5. Fraction of visible electrons with respect the frequency, the time and the distance from the center of the cluster. Top panels: Distribution
of emission frequencies for the classicalRHs and megaRHs for three epochs (11.1, 12.4, and 13.3 Gyr) and γinj = 102 or = 103. The vertical
green areas show the frequency range covered by LOFAR LBA and HBA. Bottom left panel: Evolution of the fraction of tracers whose predicted
emission frequency νc is larger than the central LOFAR HBA frequency, for the same models. Bottom right panel: Radial profile of the fraction of
tracers whose emission frequency νc is larger than the central LOFAR HBA frequency, for the same epochs as those shown above.

cles to follow the energy evolution of families of electrons under
the effects of radiative and Colomb losses, adiabiatic changes,
and turbulent reacceleration. Among the several possibilities of
particle acceleration in the turbulent ICM, we limited our analy-
sis to the mechanism proposed by Brunetti & Lazarian (2016).

We find that the formation of megaRHs, despite their
unprecedented size, can be understood within the framework
of the turbulent reacceleration models already used to interpret
the classicalRH phenomenology (e.g. Brunetti & Jones 2014):
regardless of the initial energy of cosmic ray electrons, the inte-
grated effect of turbulent reacceleration by cluster-wide turbulent
motions is enough to make 50% of our tracers in the megaRH
volume able to radiate in the LOFAR band (50–140 MHz).

Our Lagrangian analysis of the megaRH region suggests
a few crucial and overlooked aspects of electron acceleration
in these peripheral regions. First, our tracer analysis allows us
to show that most of the matter found in the megaRH comes
from the disruption and mixing of gas matter initially located
in clumps, which was accreted some gigayears before the final
merger by the main cluster, and does not instead come from
smooth gas accretions (Fig. 1).

Connected to this, the dynamical histories of the particles in
the classicalRH or in the megaRH are very similar, except in the
last 1 Gyr after the latest merger (Fig. 2). Thus a large fraction
of the baryons has already crossed the innermost cluster regions
at least once, and the relativistic electrons in the megaRH have
been processed at least once by the merger.

Finally, our results call for a substantial update of the the-
oretical picture of the lifetime of relativistic electrons in the

ICM. The complex turbulent dynamics therein generates multi-
ple episodes of reacceleration, which overall prolongs the effec-
tive lifetime of electrons beyond what was previously thought.
This implies that the pool of “fossil” electrons in the ICM may
be significantly more energetic than expected based on previous
findings.

This is best summarised by Fig. 6, in which we show the
computed typical lifetime of CR electrons belonging to the clas-
sicalRH and to the megaRH region as a function of their energy
and following Brunetti & Jones (2014). We can define the CRe
lifetime τCRe as:

τCRe[Gyr] =
∣∣∣ 1
τloss

−
1
τgain

∣∣∣−1

=
τgain

|
anth
γ

[1 + q ln( γ
nth

)] + bγ[( B
3.2 µG )2 + (1 + z)4]τgain − 1|

,

(2)

in which the thermal gas density nth is measured in units of
part cm−3, all times are measured in gigayears, and we used the
constant values of a = 38, b = 41, and q = 0.092. The gain
timescale stems from the combination of the turbulent acceler-
ation timescale (Eq. (1)) and the advection timescale related to
compression and expansion, τadv = 951 Myr/[∇ · v/(10−16 s−1)],
so that τgain = (1/τacc + 1/τadv)−1. The lines give our estimate
of the CRe lifetime τCRe based on Eq. (2) above and using the
median values of gas density, magnetic field strength, velocity
divergence, and vorticity at each timestep (as in Fig. 2), either
considering only loss processes (blue lines) or also including the
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Fig. 6. Evolution of a CRe lifetime for different field and time val-
ues. First two panels: Lifetime of CRe as a function of their energy,
based on loss processes only (blue lines) or also including the balanc-
ing effect of turbulent reacceleration and adiabatic compression (red
lines) for particles in the classicalRH (top) or in the megaRH (bottom)
regions. We used the (median) physical values of particle density, mag-
netic field strength, divergence, and vorticity for equally spaced snap-
shots (∆t ≈ 0.7 Gyr) in our simulation, starting from z=1. Dashed lines
are for the z > 0.5 snapshots, with solid lines otherwise. Bottom panel:
Lifetime of cosmic ray electrons as a function of their energy for fixed
reference values of B = 1 µG, n = 10−3 /cm3, ∇ · u = 10−17 s−1, and
z = 0.0 and for increasing values of the solenoidal turbulent velocity.

reacceleration by turbulence or gas compression. Here, we con-
sider an evenly spaced sequence of z < 1 snapshots, in which
we additionally marked the z < 0.5 data with solid lines, which
approximately mark the start of the final merger of the main
cluster.

It should be noted that the timescales related to the spatial
diffusion of CRe are instead much larger than all the times in
the energy range considered here. For a range of plausible spa-
tial diffusion coefficients of CRe propagating on large scales
in the tangled ICM magnetic fields, D ≤ 1030−1031 cm2 s−1

(e.g. Brunetti & Jones 2014, and discussion therein), the diffu-
sion timescale over a L ≈ 1 Mpc scale of megaRH (as well as
classicalRH) is longer than both the Hubble time and any of the
processes acting on radio-emitting electrons: τdiff ∼ L2/(4D) =
30−300 Gyr � tH.

As can be seen in the figure, starting from approximately
z ∼ 0.5 (i.e. from an epoch of ∼9 Gyr), the effect of turbulent
reacceleration (combined with that of gas compression) is able
to extend the lifetime of CRe beyond what radiative losses alone
will allow. Starting from z ∼ 0.5, the level of turbulence expe-
rienced by tracers is large enough to give CR electrons in the
γ ∼ 50−2000 energy range a formally infinite lifetime. More-
over, during the most active stages of the merger, particles up to
γ ∼ 104 have a significantly longer lifetime than what is allowed
by their radiative lifetime, once more confirming that turbu-
lent reacceleration –also in the case of megaRHs– is enough to
produce a significant reservoir of potentially radio emitting elec-
trons. Finally, in the last panel of Fig. 6 we study the dependence
of the CR electron lifetime as a function of the turbulent veloc-
ity (while we fix the other parameters to the typical ICM values
of B = 1 µG, n = 10−3 cm−3, ∇ · v = 10−17 s−1 and z = 0.0):
for turbulent velocities of ≥ 100 km s−1 (within our stencil scale
of 54 kpc), the lifetime of γ ∼ 200−800 electrons becomes infi-
nite, while for turbulent velocities of ≥250 km s−1, radio emitting
electrons (γ ≥ 5000) can also have infinite lifetimes.

In this work, we did not produce a detailed simulation of
the possible injection process of the relativistic electrons later
used for the production of radio emission, as in other works (e.g.
Vazza et al. 2021, 2023). However, the fact that the bulk of the
gas content of megaRHs comes from the accretion of already
formed halos at z = 2 – as shown by our simulation – means that
it is extremely likely that each of these halos has a significant
content of relativistic electrons, following from the activity of
star formation and AGN, which both peak around this epoch. In
this sense, our initial energy of γinj = 102 should be regarded
as a very conservative limit on the true energy of the relativistic
electrons carried by the accreted halos.

By building on this first positive test of the turbulent reac-
celeration hypothesis for the origin of megaRHs, in forthcoming
works we will perform complete simulations, both of the possi-
ble seeding process of relativistic electrons and of their energy
evolution as a function of time, for a larger sample of clusters.
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