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ABSTRACT

Previously, using an incompressible von Karman-Howarth formalism, the behavior of cross-scale energy transfer in magnetic reconnection and
turbulence was found to be essentially identical to each other, independent of an external magnetic (guide) field, in the inertial and energy-
containing ranges [Adhikari et al., Phys. Plasmas 30, 082904 (2023)]. However, this description did not account for the energy transfer in the dissi-
pation range for kinetic plasmas. In this Letter, we adopt a scale-filtering approach to investigate this previously unaccounted-for energy transfer
channel in reconnection. Using kinetic particle-in-cell simulations of antiparallel and component reconnection, we show that the pressure-strain
interaction becomes important at scales smaller than the ion inertial length, where the nonlinear energy transfer term drops off. Also, the presence
of a guide field makes a significant difference in the morphology of the scale-filtered energy transfer. These results are consistent with kinetic turbu-
lence simulations, suggesting that the pressure strain interaction is the dominant energy transfer channel between electron scales and ion scales.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0185132

A major theme of turbulence theory is the cascade of energy
across scales, providing details of the succession of physical inter-
actions that lead from large-scale energy input to small-scale dissi-
pation and production of internal energy. This energy transfer’ is
either studied in spectral space as a triadic interaction” * or in
terms of spatial separation between two physical quantities using
the dynamical evolution of the second-order correlation tensors
associated with the energy contained in the system.” ~ The latter
approach is quantified using the well-known von Karman-
Howarth (vKH) equation, which was applied primarily to hydro-
dynamic turbulence and in recent years has been generalized to
account for plasma turbulence,” ' including compressible magne-
tohydrodynamic (MHD) and its extensions.’'

The vKH equation is a purely fluid construct. As such, it lacks
wave-particle interactions, separate contributions from ions and elec-
trons, and other kinetic effects. We anticipate that the vKH equation
based on fluid models remains credible for a kinetic plasma only at
scales large enough to be well separated from kinetic effects, namely,
the inertial and energy-containing ranges. Using an incompressible

vKH analysis of magnetic reconnection, we showed that the energy
transfer characteristics in reconnection at MHD scales are qualitatively
similar to those of a decaying turbulence across different scales.'”®
However, one of the deficiencies in the fluid description is the lack of a
known form of dissipation for kinetic plasmas. As a result, a proper
description of energy conversion and transfer at scales beyond the
inertial range was missing,

In addition to the description in terms of correlations, energy and
energy flux distribution across different length scales can also be
defined by a scale-filtering operation. Recently, Yang et al'’ also
showed that the scale-by-scale energy budget analysis using the vKH
approach for a simulation of turbulence agrees with the scale-filtered
energy equation resulting from the Vlasov—Maxwell equations in the
inertial and energy-containing ranges. Moreover, the scale-filtered
energy equation contains the scale-decomposed energy budget of the
full Vlasov—-Maxwell model. Therefore, the scale-filtering approach can
include the physics of energy transfer in Vlasov—-Maxwell systems at
scales not covered in the vKH formalism, thus providing a more com-
plete picture. In a slightly different approach, Manzini et al.'* showed
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that the energy transfer using scale filtering resembles with the vKH
analysis in turbulent plasmas.

Scale filtering'” is based on a properly defined filtering kernel
Gy = £7G(r/l), which only maintains information about length
scales > (. Here, G(r) is a non-negative normalized boxcar window
function satisfying [ d?rG(r) = 1, and d is the number of dimensions
of the system. For any field f(x, t), the scale-filtered field f,(x, t) is
defined as

Filxt) = Jdere(r)f(ern 0. M

Likewise, the density-weighted filtered f(x,t), also called the
Favre-filtered field,”"*" is defined as

" x o [p(x, t)f(X, t)}é
S0 =5 D

; (2
where p(x.t) is the density. Following the scale-filtering operation of
the Vlasov—Maxwell equations, one can combine the electromagnetic
energy, the total bulk flow energy, and the sub-grid scale energy flux to

the pressure—strain interaction’**** as
a,< ZE@ + E’”> - _< o+ nff’)> —< Z@:T> . (3
o o o
Ti—e —Ff Dy

where o represents the plasma species; ]~5‘£ = %ﬁdﬁi is the filtered bulk

flow (u,) energy density; E" = = (EZ + fz) is the filtered electromag-
netic energy density; and I1%* = —(p,7, - V) - u, — %’ﬁﬁz ‘u, s
the sub-grid scale flux term for bulk flow energy across scales due to
nonlinearities, where ¢, is the charge of plasma species o, 7, = u,u,
—u,u,, ?Z —u, xB —1, x B. Note that u, x B is the Favre-
filtered form of u, x B and so on. Similarly, sz = —(q,7,T,, - U, rep-
resents the sub-grid scale flux term for electromagnetic energy across
scales due to nonlinearities, where 7, = E-E; Q)ZT =—(P,-V)- 1,
is the filtered pressure strain interaction that corresponds to the rate of
conversion of flow into internal energy, where P, is the pressure tensor
and ¢ is the total dissipation rate.

In kinetic plasmas, where the exact form of dissipation may not be
known, the total dissipation rate can be calculated by ¢ = —d (>, E,
+E™) [dt = —0,((3, Bk + E™) —w- V(S B, + E").

The first term in Eq. (3) is the local time rate of change of flow
and magnetic energy for scales > (. This term vanishes for large
enough ¢ and approaches —¢ as ¢ — 0. With this property, one can
define the time rate of change of energy for scales < £ as Ty = ¢

+0: (>, E‘]; +E™) such that Ty — ¢ at large £ and Ty — 0 as £ — 0.
The first term on the right-hand side of Eq. (3), F; defined as
— (>, (T1* + T1%)), is associated with the nonlinear energy flux,

while the second term Dy represents the internal energy deposition due
to the pressure strain interaction, which is further decomposed as

szz<7(P1'v)'ﬁ‘7> =Z<*]_)1V'ﬁx> 7<ﬁoc :Da>7 (4)

o o

20, PiD,
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where Pa= ]3%1-1-/37 Hoz,ij :Pac,fj 71)151-]-, and Da,ij = (81'1/{1J' +8juw-)/2
—V-u,0;/3. Finally, using these representations, Eq. (3) can be
rewritten in the normalized form (Tf =Ty/e) as

T;+F}‘+Df*=l. (5)

For kinetic plasmas, Eq. (5) gives a generalized picture of energy
transfer in several ways. On the one hand, unlike other equations based
on MHD models (e.g., the vKH equation), Eq. (5) is entirely derived
from the Vlasov-Maxwell model and therefore is an ideal candidate to
describe its energy characteristics. On the other hand, under certain
assumptions, Eq. (5) is analogous to the von Karmdn-Howarth equa-
tion,”” derived through a completely different pathway using structure
functions, based on increments. Both formalisms are expressions of
conservation of energy across scales and are composed of different
energy transfer terms. One can find the correspondence between indi-
vidual terms of Eq. (5) and the terms in the von Karman-Howarth
equation: T} is equivalent to the time rate of change of energy within a
lag I, F; is equivalent to the nonlinear energy transfer dominant in the
inertial range, and Dj is equivalent to the visco-resistive dissipation in
the MHD description. In a turbulence cascade scenario, different fil-
tered terms are expected to dominate at different length scales: the
time derivative term T; reaches the total dissipation rate ¢ at scales
larger than the correlation length and decreases at intermediate scales
(roughly the inertial range), where F; should dominate. At the smallest
scales, the rate of production of internal energy D}* (defined here as
dissipation) becomes dominant.

In this paper, we use the scale-filtering approach to investigate
the Vlasov-Maxwell picture of scale-to-scale energy transfer in mag-
netic reconnection using kinetic particle-in-cell (PIC) simulations. We
find that the overall behavior of the scale-filtered energy equation in
reconnection is similar to that of standard decaying turbulence in all
the kinetic, inertial, and energy-containing ranges, with a better separa-
tion of scales with an increased guide field. In these systems, the fil-
tered pressure strain interaction accounts for the energy transfer
between the ion and electron scales. The remainder of this Letter is
organized as follows: first, we provide the details of the reconnection
simulations, followed by the results. Finally, we end this Letter with the
conclusions and discussions.

In this study, we use five 2.5D kinetic particle-in-cell (PIC) simu-
lations of magnetic reconnection performed using the P3D code.”* In
a 2.5D setup, all the vectors have three components with fluctuations
only in the (x,y) plane and no variation in the z direction. These sys-
tems only vary by the magnitude of the out-of-plane magnetic (guide)
field B,, which is normalized to the reference magnetic field By. The
number density is normalized to r, while length scales are normalized
to the ion inertial length d; = \/m;c?/4nnge?, time is normalized to
the inverse of ion cyclotron frequency w,;' = (eBy/mic) ™", and speed
is normalized to the ion Alfvén speed v4 = \/B3/4nm;n. Similarly,
the electric field is normalized to Eq = v4By/c, and temperature is
normalized to Ty = £ m;v3.

All the simulations are initialized with a double Harris equilib-
rium over a periodic square domain of size L = 204.8d;, and a sinusoi-
dal perturbation of amplitude 0.12 is added to initiate reconnection.
These systems have a grid spacing of dx = 0.05d; with 4096> grid
points, a time step of étw, = 0.01, and 100 particles per cell with a
total of 1.68 x 107 particles per species. The mass ratio m;/m, = 25,
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the speed of light ¢ = 15v4, and the electron and ion temperature are — Df—— Ff--— T/—— D{ +F/ +T;
initially set to T, = 0.25 and T; = 1.25. The reconnecting field is set . — —————— ———r
to 1B, while the out-of-plane guide field is chosen from 10F ]
[0,0.1,0.5, 1, 2] By. The background density is set to 1, = 0.2. .

Figure 1 provides an overview of all five simulations, showing the 0.5F ]
out-of-plane electron velocity v,, for the lower current sheet. Well-
developed magnetic islands are visible in each run with different 0.0 7
dynamics inside it. At the time of analysis, shown on the right top of L
each panel in Fig. 1, all the runs have an equal amount of reconnected a ]
flux (Ay =~ 15) with slight variation in the island widths. Note that the 1.0F E
total energy is well conserved in all of the simulations. For more details i
on the simulations, refer to Refs. 15, 25, and 26. Next, we discuss the 0.5¢ ]
scale-filtered energy analysis in reconnection. In Fig. 2, we plot the 0.0 g ]
individual terms of the scale-filtered energy equation [Eq. (5)] as a U ]
function of lag scale. The terms in Eq. (5) are calculated for a total of W :
three time slices centered at the time of analysis (shown in Fig. 1), ) 10 b ]

"f'g' L b
— + i
& 05} E
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= 1071 10° 10! 102
o(ch)

2 FIG. 2. Individual terms of the scale-filtered energy equation [Eq. (5)] as a function
of length scales ¢ for all the reconnection simulations. Each term is normalized to
the value of ¢ = —d(>", E! + Ej)/dt obtained from the simulation. The strength
of the guide field used in the simulations is given on the left of each panel.

-2
separated by At = 10w;', and the results shown are time-averaged

over those three slices.

In all cases studied here, the time derivative term T is close to
the total dissipation rate ¢ at very large scales and decreases at interme-
diate scales. While the filtered pressure-strain term D} dominates over
the nonlinear energy transfer term F; across all scales for smaller guide
field runs (B; = 0,0.1), FJi‘ takes over D} in the inertial scales as the
1 - guide field becomes comparable or larger than the reconnecting mag-

100 150 200 netic field. However, the dominance of D} in the smaller scales still
X(d)) holds. This description of energy transfer at the smaller scales was pre-
viously missing in the vKH analysis of reconnection. If one compares
this behavior of energy transfer with magnetohydrodynamic (MHD)

FIG. 1. Overview of the reconnection simulations: out of plane electron velocity v,
in the lower current sheet for each guide field case along with the separatri, i.e.,

20:0L:LL ¥20Z 8unr +0

the contour of the magnetic flux function v at the X-line. The time of analysis t is tqrb}llepce, one might argue that Df is iden'tical to the closed forrg of

given in the top right of each panel, while the strength of the guide field By is given dissipation in kinetic plasmas. However, since our smallest-filtering

on the bottom right. window is half of the electron inertial length d, /2, we believe we need
Phys. Plasmas 31, 020701 (2024); doi: 10.1063/5.0185132 31, 020701-3
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FIG. 3. A comparison of the crossover of the different pairs in Eq. (5) as a function
of the guide field By,

a much better resolution to understand the dissipation mechanisms at
scales smaller than d,. In any case, for the scales shown, the total
energy conversion sums very closely to unity with only a slight fluctua-
tion (< 3%), thus accounting for all energy and providing a more
complete view of the energy transfer process.

The dominance of F; in the inertial scales with increased guide
field is a consequence of a better separation of scales. That is, a well-
separated inertial range exists, over which the dynamics is dominated
by inertia terms, while the time derivative term and the dissipation
term become less prominent and almost negligible. For larger guide
fields, the gyroradius of plasma species decreases, confining the elec-
trons and ions closer to the X line. As a result, MHD physics domi-
nates over a larger range extending to smaller scales. This behavior is
illustrated in Fig. 3. For the larger guide field cases (B, > 0.5), the
point of crossover between the scale filtered pressure-strain (PS) inter-
action Df and nonlinear energy transfer term F; shifts sharply toward
the smaller scales allowing F; to dominate the intermediate scales. The
crossover between the D: and T} terms also follows a similar trend;
however, the shift is relatively less drastic. On the other hand, the
crossover between F; and T} terms has a different behavior, which
shifts to larger scales until the guide field reaches B, = 0.5 and then
falls back to the smaller scales. This is because of different correlation
lengths for different systems at the time of analysis.

Next, we investigate the pressure-strain interactions of individual
species. In Fig. 4, we show the scale-filtered PS interaction Dj for elec-
trons (left column), ions (middle column), and the ratio between these
two at different lag values (right column). It is observed that at smaller
lag scales, the D} term for electrons is smaller than ions for smaller

LETTER
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guide field as seen in the leftmost plot in Fig. 4. However, for the larg-
est guide field case, (D;), dominates over (Dj),. At larger scales, Dj
for both electrons and ions decreases with increasing guide field. This
is certainly due to the role played by pressure dilatation (p0) at those
scales. An increase in the guide field decreases the compressibility in
the system, which reduces the contribution of p0. It is worth mention-
ing that for electrons, there is a crossover of D from all the guide fields
cases at ¢ ~ 2 — 3d;, while for ions, no such crossover is observed.
Finally, looking into the contributions to D}, at smaller scales Dy is
dominated by PiD for both ions and electrons (not shown), an effect
that becomes more pronounced with increasing guide field. Both
incompressive and compressive pressure—strain interactions (PiD, p0)
are stronger for ions compared to electrons at all scales for small guide
field cases. This is the opposite of the largest guide field case. A detailed
study on this effect is deferred to a later time.

In the right most panel of Fig. 4, we compare the ratio of the fil-
tered PS term of electrons to ions for different lag scales of 0.5, 1, and
~ 3d,. This ratio, a proxy of relative heating, favors proton heating for
B, < 1, although a slight increase is seen in that range. However, for
the stronger guide field (B, = 2), electron heating is clearly favored.

In this paper, we study the behavior of the scale filtered energy
equation in kinetic particle-in-cell simulations of both antiparallel and
component reconnection. A guide field analysis of the filtered energy
transfer equation reveals that for smaller guide fields, the pressure
strain term dominates the non-linear energy transfer term across all
scales. This is likely due to the limited system size affording insufficient
scale separation that is required for strong turbulence and a well-
defined inertial range. However, for guide field larger or comparable to
the reconnecting field, the pressure strain term becomes reduced in the
inertial range, where the nonlinear energy transfer term dominates.
This behavior is consistent with previous findings that the turbulence-
like properties of reconnection are more pronounced with an external
magnetic field.'® A property worth mentioning is that the nonlinear
term (F}) peaks near the full values of the system dissipation rate ¢ at
scales ~ 10d; in all the runs, suggesting a fully developed turbulence
cascade rate, even if only over a small range of lags.

In general, we find that the overall characteristics of the energy
transfer equation are found similar to those of a decaying turbulence.
This implies that the energy transfer in reconnection indeed resembles
to that of turbulence at all scales and reconnection inherently involves

— By=0 --- By=0.1 By=05 —— By=1 - By=2
1.0 T T T 1.0 T T r : r -
6F x £=0.5d v
0.8} 1 0.8F b IO =14 1
v 1=~3d;
0.6f 1 o6 ] ]
(Df )e0.4 F === - \ 7(Df )i 0.4f g 1
0.2 ] o |
0.0 e —]
1] -]
0251 1p0 107 102 02 00 05 1.0 15 20
£(d;) By

FIG. 4. Scale-filtering analysis of the pressure-strain interaction for electrons (left) and ions (middle) in all the simulations. The right figure shows the scaling of the ratio of the
filtered pressure strain interaction of electrons to ions with guide field for lag ¢ = 0.5, 1, and = 3d;.
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an energy cascade. We note in passing that different regions in recon-
nection have different statistical properties including spectral fea-
tures.”””” One could, therefore, anticipate differences in the local
behavior of the scale filtered quantities in reconnection, and a future
comparison of local energy transfer to turbulence is warranted.

There may be some concerns that the present result may not be
fully applicable to realistic 3D systems. Indeed, differences may be
anticipated between 2.5D and 3D systems. However, there is published
evidence that 2.5D captures at least some of the essential energetics
both in reconnection and in turbulence; see Karimabadi et al.>® and
Wan ef al.””*" In particular, the energy release (J.E) scales quadratically
with the intensity of current to reasonable accuracy in several types of
2.5D kinetic simulations and in 3D kinetic simulations”””" as well as
in MMS observational results.”””” In addition, the scale decomposition
of energy transfer has been compared with the wavenumber energy
spectra for 2.5D PIC turbulence and 3D PIC turbulence."” While there
are differences in these quantities, overall, the comparisons are remark-
ably similar. We, therefore, suspect that the same level of similarity in
energy transfer would be obtained for 2.5D and 3D versions of the
Harris sheet reconnection problem. There are of course known differ-
ences between the turbulence in 2.5D and 3D cases with regard to the
nature of intermittency and coherent structures, as well as the possibil-
ities for inverse cascade and self-organization by turbulence. However,
on balance, it seems reasonable to assert that the 2.5D case captures
the essential features of the direct cascade for the kind of 2D initial
state that is represented by the standard reconnection problem we
study here.

The scale filtered analysis of the energy-budget equation has an
advantage over the vKH formalism as it can account for the missing
channel of energy transfer and conversion into internal energy at
smaller scales that is represented by the filtered pressure-strain
interaction.'”

Present models that employ the vKH formalism assume fluid clo-
sures and therefore ignore the higher order physics involving the pres-
sure tensor and its associated kinetic effects.’”® On the other hand, the
scale-filtering analysis is based on the Vlasov equation and hence con-
tains the self-consistent description of the production of internal
energy (which we designate as “dissipation”) via the pressure-strain
term. However, one might be skeptical since the lowest filtering scales
discussed in the numerical simulations are ~ d,. A much better-
resolved simulation is, therefore, needed to explore how the pressure-
strain term or other physics would behave below electron length scales.
This will shed light on whether the pressure-strain term can account
for energy conversion at much smaller scales or some other kinetic
physics needs to be explored. For example, it is almost certain that the
strongest guide field case must involve sub-electron inertial scale phys-
ics based on the lack of convergence of pressure-strain at the smallest
scale shown in Fig. 2.
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