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Abstract

The properties of energy transfer in the kinetic range of plasma turbulence have fundamental

implications on the turbulent heating of space and astrophysical plasmas. It was recently suggested

that magnetic reconnection may be responsible for driving the sub-ion scale cascade, and that

this process would be characterized by a direct energy transfer towards even smaller scales (until

dissipation), and a simultaneous inverse transfer of energy towards larger scales, until the ion break.

Here we employ the space-filter technique on high-resolution 2D3V hybrid-Vlasov simulations of

continuously driven turbulence providing for the first time quantitative evidence that magnetic

reconnection is indeed able to trigger a dual energy transfer originating at sub-ion scales.

Introduction.—Investigations of kinetic-scale plasma turbulence have seen a surge of in-

terest in the past decade, driven by increasingly accurate in-situ measurements in such

range [1–6]. In this context, a transition between magnetohydrodynamic and kinetic regimes

occurs when the forward-cascading turbulent energy reaches ion scales [7]. Extensive numer-

ical campaigns have recently been performed in order to better understand the properties

of turbulence and plasma heating across and below the so-called ion break, targeting the

interplanetary medium [8–22]. Based on these simulation results, it has been speculated

that magnetic reconnection might be at the origin of the observed ion-break formation driv-

ing the subsequent sub-ion scale cascade [23, 24]. Such conjecture has been supported both

by theoretical arguments [25–28] and, at least partially, by solar-wind observations [29].

Since then, tearing-mediated turbulence has been the subject of thorough numerical inves-

tigations [30–35]. Yet, the role of reconnection in the energy transfer across and below the

ion scales remains rather elusive. As we show in this letter, an effective approach to tackle

potentially relevant transfer mechanisms is provided by the so-called space-filter technique,

originally developed in the context of hydrodynamics for ‘large-eddy simulations’ [36, 37],

and later on adopted as an investigative tool in plasma turbulence [38–48]. A qualitative

picture of the kinetic-range energy transfer in a tearing-mediated scenario was suggested

in Franci et al. [24] (see their Fig.4). In that work, the interaction between large-scale vor-

tices feeding the formation of strong current sheets at their boundaries, quickly destroyed

by the plasmoid instability, was interpreted as a non-local transfer of energy from the large

scales (of the vortices) directly to sub-ion scales (comparable to the thickness of the current

sheets). Moreover, the continuous formation of small-scale magnetic islands (plasmoids) and
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their subsequent merging to form bigger structures was interpreted as an inverse transfer

towards larger scales. Thus, a dual transfer of energy should develop at sub-ion scales: a

direct transfer of reconnection-induced fluctuations towards smaller scales until dissipation,

and a simultaneous inverse transfer towards the ion break due to the plasmoid growth by

island coalescence. This picture has been purely qualitative until now, the presence of bi-

directional energy transfers being rigorously assessed in mangnetohydrodinamics plasmas

[49] as well as in rotating-stratified geophysical fluids [50–53] .

In this Letter, 2D3V hybrid-kinetic simulations of forced turbulence are analyzed by

means of space-filter technique, which allows to investigate the (local and non-local) energy

transfer in kinetic plasmas through scales as a function of spatial location and time. We

show how the occurrence of magnetic reconnection: (i) enables a consistent energy transfer

below ion scales, and (ii) drives a dual (inverse and direct) transfer within the sub-ion range.
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FIG. 1. (Left) Out-of-plane current density J ′
z = Jz/σJ at the time t ≈ 206Ω−1

c,i , when the system

reaches a quasi-steady state. (Middle) Total energy transfer S ′
tot = Stot/σS computed at the scales

kdi = 2.5 (left) and kdi = 5.5 (right). The dashed boxes 1 and 2 highlight regions with intense

reconnection, box 3 is a reference region in which reconnection is absent or very weak.

Method.—We analyze the 2D3V hybrid-Vlasov-Maxwell (HVM) simulation of continu-

ously driven turbulence in a βi = βe = 1 plasma presented in Cerri and Califano [23]. The

HVMmodel evolves fully kinetic ions, solving the Vlasov equation for their distribution func-
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tion fi(x,v, t), and fluid electrons through a generalized Ohm’s law in the quasi-neutral ap-

proximation ni = ne
.
= n (displacement current in the Ampére’s law is neglected). The simu-

lation size is 10242 grid points in real space, spanning a wavenumber range 0.1 ≤ kdi ≤ 51.2,

where k = k⊥ = (k2
x+k2

y)
1/2 and di is the ion inertial length. An external forcing in the Vlasov

equation continuously injects ion-momentum fluctuations at scales 0.1 ≤ kextdi ≤ 0.2; the

magnetic field is initialized (at t = 0) with small-amplitude perturbations δB at wavenum-

bers 0.1 ≤ kδB di ≤ 0.3, reaching δBrms/B0 ∼ 0.1 in the quasi-steady state. Results from

this HVM simulation were used to conjecture about the existence of a sub-ion-scale tearing-

mediated range [23]; they were later accompanied by a hybrid-PIC simulation to confirm

such conjecture [24]. Despite fluctuations’ properties have been thoroughly analyzed [54],

a detailed analysis of the turbulent energy transfer based on this high-resolution numerical

simulation had to await the development of proper space-filter formalism and diagnostics

for hybrid-kinetic models [44].

In the following, a filtered vector field Ṽ (x, t) denotes the convolution of V (x, t) with a filter

φ, i.e., Ṽ (x, t)
.
=

∫
Ω
φ(x − ξ)V (x, t)dξ over the domain Ω. Here, we adopt the low-pass

Butterworth filter, which in Fourier space reads φk = 1/[1 + (k/k∗)
8] with k∗ (∼ ℓ−1

∗ ) being

the characteristic filtering wavenumber (scale). The Favre filter of V is V̂
.
= ϱ̃V /ϱ̃, where

ϱ is the mass density. Filtered equations for the energy channels in general quasi-neutral

hybrid-kinetic models are presented in [44]. When dissipation and external injection can be

neglected in the HVM model with massless, isothermal electrons, these equations read

∂⟨Êui
⟩

∂t
= ⟨Φ̂ui,B⟩ + ⟨Φ̂ui,Πi

⟩ − ⟨Sui
⟩ , (1)

∂⟨ÊΠi
⟩

∂t
= − ⟨Φ̂ui,Πi

⟩ − ⟨SΠi
⟩ , (2)

∂⟨ÊB⟩
∂t

= ⟨Îe⟩ − ⟨Φ̂ui,B⟩ − ⟨SB⟩ , (3)

where ⟨. . . ⟩ denotes a spatial average, Êui
= 1

2
ϱ̃|ûi|2, ÊΠi

= 1
2
tr[Π̂i], and ÊB = |B̂|2/8π are

the ion-kinetic, ion-thermal, and magnetic energy densities at scales ℓ ≥ ℓ∗, respectively (Πi

is the ion-pressure tensor and ui is the ion-bulk flow, both obtained as v-space moments of

fi). The injection-like term Îe
.
= P̃e(∇ · ûe) involving scales ℓ ≥ ℓ∗ is due to the isothermal-

electron condition Pe = nT0,e. The terms Φ̂ui,B
.
= ĵ i · Ê (where ĵ i = eñûi) and Φ̂ui,Πi

.
= Π̃i :

∇ûi represent energy exchange (i.e., conversion) between different channels (occurring at

scales ℓ ≥ ℓ∗). Finally, the source/sink terms representing the (local and non-local) energy
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transfer between large (k < k∗) and small (k > k∗) scales through the filtering scale k∗ ∼ ℓ−1
∗

are

Sui

.
= ĵ i · ϵ∗MHD − T (i)

uu : ∇ûi , (4)

SΠi

.
= T (i)

Π∇u , (5)

SB
.
= ĵe · (ϵ∗MHD + ϵ∗Hall) + j∗ · Ê , (6)

where ĵe = −eñûe = J̃−eñûi (with J̃ = c
4π
∇×B̃), and we have introduced the “turbulent”

electric fields and current density at scales ℓ < ℓ∗, ϵ
∗
MHD = −T (i)

u×B, ϵ
∗
Hall = −T J×B, and j∗ =

T (i)
nu −T (e)

nu = Ĵ − J̃ . The sign convention is such that S > 0 denotes direct energy transfer

from large to small scales, while S < 0 means inverse transfer from small to large scales.

The “sub-grid” terms T associated to nonlinearities are given by T (i)
uu

.
= ϱ̃(ûiui − ûiûi),

T (i)
u×B

.
= 1

c
(ui ×B
∧

−ûi×B̂), T (i)
Π∇u

.
= Πi,jk∂kui,j

∧

−Π̃i,jk∂kûi,j, T J×B
.
= mi

ec
1
ϱ̃
( J × B̃ −J̃×B̃),

and T (α)
nu

.
= n̂uα − ñûα. The corresponding equation for the (filtered) total energy Ê =

Êui
+ ÊΠi

+ ÊB is ∂t⟨Ê⟩ = ⟨Îe⟩ − ⟨Stot⟩, where Stot = Sui
+ SΠi

+ SB. In the following, we

focus our analysis on the terms S, representing the actual transfer through scales.

Results.—The simulation exhibits two noteworthy times (in inverse ion-cyclotron fre-

quency units Ω−1
c,i ): the time of first reconnection events trec ≈ 135, and the time marking

the transition to quasi-steady turbulence tqst ≈ 200 (fig.1 of [24]). Here we analyze fea-

tures of the flux terms computed throughout the simulation domain as the plasma dynamics

evolve. In order to locate the most prominent reconnection sites, we focus on sub-regions

characterized by the highest (on average) values of the density current and the formation

of the largest number of plasmoids, indicated as box 1 and box 2 in Fig. 1. The left panel

shows contours of the out-of-plane current density Jz/σJz at t ≃ 206, alongside contours of

the total-energy transfer Stot/σStot (both normalized by their standard deviations) through

two representative wavenumbers, kdi = 2.5 and kdi = 5.5. To highlight spatial correlations

between current structures and total-energy transfer, a movie of Fig. 1 can be found in the

supplemental material [55]. These renderings emphasize qualitatively the key result of our

analysis: as k increases, the energy transfer becomes significantly less volume filling and more

localized within the most intense currents; concurrently, as the time goes by, progressively

larger magnetic islands arise from the edge of the current structures [42, 43]. These dynam-

ics can be understood as the simultaneous generation of small scales due to the disruption of

the (large-scale) current structures by magnetic reconnection, and the nonlinear growth of
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mesoscale magnetic islands – corresponding to an upscale energy transfer – that suggests the

existence of a bi-directional energy cascade at sub-ion scales. In order to quantitavely assess

the local-in-space properties of energy transfer as a function of the scale and in time, as well

as to characterize the role of magnetic reconnection, we analyze averages of the flux terms

computed on box 1 and 2, and on a sub-region pervaded by weaker currents showing no signs

of reconnection during the simulation (box 3 in Fig. 1 and in [55]). Such analysis is reported

in Fig. 2, where scalograms of the total-energy transfer rate ⟨Stot⟩, averaged over each box,

are plotted as a function of kdi versus simulation time. Red colors in ⟨Stot⟩ correspond to

a (direct) energy transfer from large to small scales, whereas upscale (inverse) transfer is

indicated by blue nuances. The coexistence of forward and inverse transfers – with a sign

inversion occurring in the range 3 ≲ kdi ≲ 4 – demonstrates the existence of a dual cascade,

active at sub-ion scales in box 1 and box 2, which is likely triggered by magnetic recon-

nection. The latter is inferred through the time evolution of the root-mean-square current

density Jrms within each box (black lines overlaid on the scalograms). In particular, the dual

cascade seems to sets at those times when Jrms roughly saturates, t ≃ 160 and t ≃ 180 in

box 1 and box 2 respectively. Box 3 is instead characterized by a nearly flat current signal

with relatively low intensity, indicative of no clear reconnection activity.

In this sub-region the sign of ⟨Stot⟩ switches rapidly between positive and negative values

as the time goes by, the most of the total energy transfer being concentrated at scales kdi ≲ 2

though with strong oscillations. For t ≳ 210, the inverse energy transfer in both box 1 and

box 2 becomes more sparse and less intense, which might be due to the presence of constant

ion energization/heating processes as system settles to a fully developed turbulent state. As

reported by Lu et al. [56], a reduction of the reconnection rate may indeed be the consequence

of the enhanced ion pressure induced by turbulent forcing. Another possibility is that in our

setup the typical timescale over which the system will re-form the current sheets is related to

the relatively long eddy turnover time set by the forcing (τnl ∼ 120Ω−1
c,i ); thus intense bursts

of reconnection events can occur only on those timescales. These evidences, including the

absence in box 3 of energy transfer at scales kdi > 2 and no extended segments characterized

by definite sign, further support the interpretation that the sub-ion dual cascade is triggered

by reconnection events when their intensity attains a certain threshold. Scalograms of the

channel-specific transfer rates, ⟨SB⟩, ⟨Sui
⟩ and ⟨SΠi

⟩, averaged over each box, as well as

the scalograms of ⟨Stot⟩ and channel-specific transfer averaged over the entire simulation
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domain, can be found in the supplemental material [57].

It is worth mentioning that, when averaged over the entire box, in our simulation the

dual cascade becomes more intermittent in time, typically emerging only after local peaks

in the rms current density; how this feature depends on the system size L, on the eddy

turnover time set by the forcing and on the outer-scale fluctuations’ amplitude is out of the

scope of the present work and will require further investigations.

The filtered energy source/sink and exchange terms have been computed point-wise

throughout the simulation, then averaged over the boxes indicated in Fig.1 within a time

interval of roughly 165Ω−1
c,i from t ≈ 200Ω−1

c,i , during which the system is reaching a quasi-

steady state. Fig. 3 shows the estimates for box 1, panels (a)–(d), and box 2, panels (e)–(f),

in which plasma dynamics are likely driven by magnetic reconnection. The main result of

this analysis is reported in the first column, displaying the the total energy transfer ⟨Stot⟩.
Two important features emerge from panels (a) and (d): the existence of a simultaneous

direct (⟨Stot⟩ > 0) and inverse (⟨Stot⟩ < 0) transfer occurring at sub-ion scales, in the

range 1 ≲ kdi ≲ 20; a forward energy transfer developing at scales kdi ≲ 1, as expected

in the magnetohydrodynamic regime (blue-shaded), downstream of the forcing range (gray-

shaded, together with the dissipative range). From panels (b) and (f) one infers that the

bi-directional flux of total energy ⟨Stot⟩ below the ion scale is indeed dominated by the mag-

netic energy ⟨SB⟩. The latter is in turn mostly sustained by ĵe · ϵ∗Hall, thus by the coupling

of the electron currents with the turbulent Hall electric field. The term ĵe ·ϵ∗MHD contributes

instead mostly at larger scale, becoming negligible with respect to the Hall term at kdi ≳ 5.

The term j∗ · Ê oscillates around zero in the sub-ion range, becoming non-negligible and

negative only for kdi ≲ 1, probably due to the breakup of large-scale current structures

by reconnection. On the other hand, negative total and magnetic fluxes at sub-ion scales

(1 ≲ kdi ≲ 4) are likely associated to the growth of magnetic-islands by coalescence, as

anticipated in the previous section (see supplemental material [57]). Panels (c) and (g)

reveal how the ion-kinetic energy transfer (⟨Sui
⟩) dominates only within the MHD regime,

where can entirely be accounted for by the coupling of “sub-grid” Reynolds stress T (i)
uu and

the large-scale strain tensors Σ̂
.
= ∇ûi, ⟨Sui

⟩ ≈ ⟨T (i)
uu : ∇ûi⟩. The latter is marginal at

scales kdi > 2, the transfer of ion-kinetic energy becoming negligible at scales smaller than

their gyroradius [as is observed in the ion-flow spectrum, showing a very steep power law at

sub-ion scales; see, e.g., 54, 58, 59].

7



Through the whole range of scales resolved, the conversion of magnetic energy ÊB to

ion-bulk energy Êui
is driven by the large-scale ion current density interaction with the

large-scale electric field, being Φ̂ui,B = ĵi · Ê, though curves (blue dashed) level off at values

with opposite sign, positive for box 1 and negative for box 2. A remark stemming from

the comparison of panels (b-f) and (c-g) is that magnetic (⟨SB⟩) and kinetic (⟨Sui
⟩) energy

transfer have comparable amplitudes in the MHD regime, unlike what happen at scales

kdi ≫ 1, where ⟨SB⟩ dominates. Finally, panels (d) and (h) show the ion-thermal energy

transfer ⟨SΠi
⟩ is only a tiny fraction of the total energy flux, peaking around the forcing

wavenumber; interestingly conversions between ion-thermal energy and ion-kinetic energy

(Φ̂ui,Πi
), like Φ̂ui,B (panels c and g) saturate at kdi ≫ 1. Since the terms Φ̂(k) represent the

cumulative conversion up to k, their saturation well below the ion scales partly supports the

picture that turbulent ion heating mostly occurs at k⊥ρi ∼ 1 and within the first few sub-ion

scales [see, e.g., 60, 61]. This scenario is further supported by the trends of derivative of the

energy conversion terms (see supplemental material [57]).

Conclusions.— Exploiting the space-filter techniques, we have shown for the first time,

that magnetic reconnection and the consequent island dynamics is associated with (i) the

onset of a quasi-steady turbulent state, and (ii) the emergence of a dual (direct and inverse)

transfer of energy originating from sub-ion scales. In the case under study, the observed

bidirectional energy flux is characterized by a sign switch of the total flux ⟨Stot⟩ at around
kdi ∼ 3, preceded by another change of sign close to kdi ∼ 1 connecting sub-ion and MHD

dynamics. The MHD regime is indeed characterized by a forward energy transfer, driven by

the ion-kinetic-energy channel, as expected for a plasma whose the velocity field is forced

at large scale. In particular, we found that the dual total energy flux is dominated by the

magnetic-energy channel, which driven by the interaction between the large-scale electron-

current density and the “turbulent” Hall electric field ĵe · ϵ∗Hall).

The existence of a simultaneous direct and inverse transfer at sub-ion scales driven by

magnetic reconnection may have fundamental implications on our understanding of turbulent

ion heating in the solar wind [62, 63], especially in the context of the so-called “helicity

barrier”[21, 22, 64, 65]. Moreover, while in our setup the sub-ion-scale dual transfer involves

“ion-coupled” magnetic reconnection (i.e., reconnection events that develop ion outflows), we

believe that an analogous picture would hold also when turbulence is dominated by “electron-

only” reconnection events [59, 66, 67]; we indeed mention that a pre-print addressing a
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similar issue in the context of electron-only reconnection in merging (sub-ion-scale) flux tubes

appeared in [68] while we were in the resubmission stage of the present manuscript, further

supporting the robustness of our results. In general, we conjecture that a sub-ion-scale dual

energy transfer would develop regardless of the micro-physics at play in the reconnecting

layer, i.e., independently of the details underlying magnetic reconnection at kinetic scales,

provided that the separation between ion scales and the collisionless reconnection scale is

large enough.
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[19] D. Grošelj, C. H. K. Chen, A. Mallet, R. Samtaney, K. Schneider, and F. Jenko, Phys. Rev. X

9, 031037 (2019), arXiv:1806.05741 [physics.plasm-ph].

[20] S. S. Cerri, L. Arzamasskiy, and M. W. Kunz, Astrophys. J. 916, 120 (2021), arXiv:2102.09654

[astro-ph.SR].

[21] T. Passot, P. L. Sulem, and D. Laveder, Journal of Plasma Physics 88, 905880312 (2022),

arXiv:2205.03292 [physics.space-ph].

[22] J. Squire, R. Meyrand, M. W. Kunz, L. Arzamasskiy, A. A. Schekochihin, and E. Quataert,

Nature Astronomy 10.1038/s41550-022-01624-z (2022), arXiv:2109.03255 [astro-ph.SR].

[23] S. S. Cerri and F. Califano, New J. Phys. 19, 025007 (2017).

[24] L. Franci, S. S. Cerri, F. Califano, S. Landi, E. Papini, A. Verdini, L. Matteini, F. Jenko, and

10

https://doi.org/10.1088/0004-637X/812/1/21
https://arxiv.org/abs/1506.05999
https://doi.org/10.1088/0004-637X/811/2/112
https://doi.org/10.3847/2041-8205/822/1/L12
https://arxiv.org/abs/1604.07674
https://doi.org/10.3847/1538-4357/833/1/91
https://arxiv.org/abs/1610.05158
https://doi.org/10.3847/2041-8213/aa87b0
https://arxiv.org/abs/1707.08429
https://arxiv.org/abs/1707.08429
https://doi.org/10.3847/1538-4357/aa894d
https://arxiv.org/abs/1706.02652
https://doi.org/10.3847/2041-8213/aab557
https://arxiv.org/abs/1802.06133
https://doi.org/10.1103/PhysRevLett.120.105101
https://arxiv.org/abs/1710.03581
https://doi.org/10.1063/1.5026656
https://arxiv.org/abs/1804.01312
https://doi.org/10.3847/1538-4357/ab20cc
https://doi.org/10.3847/1538-4357/ab20cc
https://arxiv.org/abs/1901.11028
https://doi.org/10.3389/fspas.2019.00064
https://arxiv.org/abs/1909.11525
https://arxiv.org/abs/1909.11525
https://doi.org/10.1103/PhysRevX.9.031037
https://doi.org/10.1103/PhysRevX.9.031037
https://arxiv.org/abs/1806.05741
https://doi.org/10.3847/1538-4357/abfbde
https://arxiv.org/abs/2102.09654
https://arxiv.org/abs/2102.09654
https://doi.org/10.1017/S0022377822000472
https://arxiv.org/abs/2205.03292
https://doi.org/10.1038/s41550-022-01624-z
https://arxiv.org/abs/2109.03255
https://doi.org/10.1088/1367-2630/aa5c4a


P. Hellinger, Astrophys. J. Lett. 850, L16 (2017), arXiv:1707.06548 [physics.space-ph].

[25] S. Boldyrev and N. F. Loureiro, Astrophys. J. 844, 125 (2017), arXiv:1706.07139

[physics.plasm-ph].

[26] N. L. Loureiro and S. Boldyrev, Astrophys. J. 850, 182 (2017).

[27] A. Mallet, A. A. Schekochihin, and B. D. G. Chandran, MNRAS 468, 4862 (2017).

[28] A. Mallet, A. A. Schekochihin, and B. D. G. Chandran, JPlPh 83, 905830609 (2017),

arXiv:1707.05907 [physics.plasm-ph].

[29] D. Vech, A. Mallet, K. G. Klein, and J. C. Kasper, Astrophys. J. Lett. 855, L27 (2018),

arXiv:1803.00065 [physics.space-ph].

[30] C. Dong, L. Wang, Y.-M. Huang, L. Comisso, and A. Bhattacharjee, Phys. Rev. Lett. 121,

165101 (2018), arXiv:1804.07361 [physics.plasm-ph].

[31] E. Papini, L. Franci, S. Landi, A. Verdini, L. Matteini, and P. Hellinger, Astrophys. J. 870,

52 (2019), arXiv:1810.02210 [physics.plasm-ph].

[32] A. Tenerani and M. Velli, MNRAS 491, 4267 (2020), arXiv:1907.05243 [physics.space-ph].

[33] D. Borgogno, D. Grasso, B. Achilli, M. Romé, and L. Comisso, Astrophys. J. 929, 62 (2022).
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FIG. 2. Temporal evolution of the total energy transfer averaged ⟨Stot⟩ over the 3 boxes highlighted

in Fig. 1, in the range 0.5 ≤ kdi ≲ 20. In box 1 and 2 develop the most intense reconnection events,

while no intense current sheets can be detected in box 3. Black curves are the root-mean-square

current density averaged in the corresponding sub-domains.
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FIG. 3. Energy transfer terms computed within box 1 and 2 indicated Fig.1 and averaged from

t ≈ 165Ω−1
c,i to t ≈ 200Ω−1

c,i . Panels (a)–(d) refers to box 1 and show total, magnetic, ion-kinetic

and ion-thermal energy transfer components. The same quantities are displayed in panels (e)–(h)

for box 2. Gray-shaded regions denotes the wavenumber ranges affected by the external forcing

(kdi ≲ 0.3) and by numerical dissipation (kdi ≳ 20). Blue-shaded areas indicate the MHD range.
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