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ABSTRACT

One of the central problems in collisionless plasma turbulence is to understand the nature of the cross-scale energy transfer and dissipation
occurring at kinetic scales. Magnetic reconnection plays an important role in dissipating energy and driving energy transfer in these systems.
However, for reconnection, a detailed picture of the fluxes of energy in its several forms, and the conversion among them, until now remains
unclear. In this study, a scale filtering method is adopted to explore how energy is converted between different forms and transferred across
scales in turbulent magnetic reconnection using a combination of Magnetospheric Multiscale observations and particle-in-cell simulations.
Two novel findings of this paper are that both ion and electron dissipation start to occur at sub-ion scale, at nearly same scale, and that most

of the energy cascade due to reconnection is carried by the electron fluid.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0278907

I. INTRODUCTION

In the standard picture of hydrodynamic turbulence, energy is
injected at the largest scales, which then cascades down the inertial
range, and is finally lost to random motions of the particles in the
dissipation range.' This picture has been extended to magnetohy-
drodynamics (MHD) and plasma turbulence, but the mechanisms
through which energy dissipation and transfer occur as well as the
nature of the energy cascade are not very well understood.” "’
Using both fluid and kinetic models, significant progress has been
made in understanding plasma turbulence using spectral analysis,
structure functions, and scale decomposition.” * Extending these
studies and techniques to the particular case of magnetic reconnec-
tion remains at an early stage—see, however, Refs. 9 and 10. Here,
we advance the study of reconnection by applying scale filtering
methods to energy transfer and an exact representation of colli-
sionless dissipation.

Magnetic reconnection is a fundamental plasma process that
involves topological change of magnetic field lines, leading to conver-
sion of magnetic energy to kinetic energy. Large-scale reconnection
can trigger turbulence cascade,'’ and small-scale reconnection natu-
rally occurs at thin current sheets in a turbulent plasma.'” ' The inter-
play of turbulence and reconnection is an active field of research.'” "’
Observations of spectra of turbulent electromagnetic fluctuations have

revealed the presence of a break near the ion inertial scale,”” a scale at
which the ions become decoupled from the electrons. It has been pro-
posed that magnetic reconnection plays an important role in driving
the energy transfer at these sub-ion scales.”' Indeed, recent studies'*”*
have conclusively demonstrated that magnetic reconnection drives
sub-ion scale energy transfer in collisionless plasmas. At the same
time, reconnecting current sheets was shown to be sites of enhanced
dissipation or conversion of energy.”** The present operative defini-
tion of “dissipation” is based on the identification of the species depen-
dent pressure-strain interactions as the channels for the conversion of
flow energies into internal energies.”” Tt is worth noting that other
definitions of dissipation have also been proposed such as those based
on irreversible energy conversion,” irreversible production of
entropy,z(”27 and distortion of the distribution function’ (see Pezzi
et al.”” for a review). Other processes such as electromagnetic work
and heat flux are also of prime importance in tracking energy transport
and conversion in collisionless plasma. However, the detailed interac-
tion of these processes has not been fully studied in the context of
reconnection, especially when interactions are decomposed according
to scale using filtering methods.”” In this paper, we examine every
component of energy transfer and conversion, each decomposed
across scale using filtering, within identified diffusion regions of mag-
netic reconnection in both simulations and MMS observations.
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Il. THEORY O™V == I - Wy (8)

To disentangle the dynamics of a turbulent field u, one can adopt
a filtering approach’"** and describe the field filtered on a length scale
£ and time scale 7 as
ui(x,t),, = Ju,-(x’7 G(x —x t —t;0,1)dXdr, (1)
where ¥ is a normalized filtering kernel following

Jg(x —x,t—t; ¢, 0)dKd = 1. (2)

In spacecraft observations, since we only have access to a one-
dimensional time series, our filtering Eq. (1) simplifies to

ui(t), = Jui(t’)g(t —t;7)dt. (3)
The simplest filter one can use is the boxcar filter
1 [t
ui(t), = ;J w;(t')dt’. 4
t

We have used the Taylor’s frozen-in hypothesis™” in interpreting
time series data as a one-dimensional spatial sample. For reconnection
events in particular, which are known to be inhomogeneous and non-
stationary, this conversion to spatial lags may be viewed as question-
able in some circumstances. An example would be if an event is
dominated by high phase velocity dynamics such as whistlers. We pro-
ceed with caution, and the caveat that the true filter operation is in
time and the interpretation as filtering in space is approximate.

In addition, it is often found convenient to introduce a different fil-
tering operation, known as Favre filtering,”* which takes the density p
into account, and for any physical quantity f; it is defined by f = pf /7.
The Favre filtering becomes important when there are large density var-
iations in the flow, or the flow is compressible. This can lead to different
ways of defining the dissipation function, as we find in Refs. 30 and 35.
A brief discussion of the discrepancies is found in Appendix.

For completeness, we briefly discuss here the steps involved in
deriving the scale-filtered Vlasov-Maxwell equations. The Vlasov
equation for each of the one-body particle distribution functions f, for
species o is given by

Ouf +v- Vf,,+— [(E+§xB>f4:o. (5)

The filtering operation as described in Eq. (1) is then applied to each
term in the Vlasov equation (5), and using the fact that the filtering
operation commutes with temporal and spatial derivatives, we can
write

6tfa+vvfm+ﬂvv|:?fa+‘_£><?f1:|:0 (6)

The second moments of these filtered equations are then given
py?35%0

HELS VT = 1™ — PST + W )

Similarly, one can apply the filtering operation on the equation for the
time evolution of the electromagnetic energy,

In the aforementioned equations and the following equations, the
superscript < is referring to the low-pass filtering operation described
in Egs. (3) and (4). Here, g{f = %ﬁaﬁi is the filtered fluid flow energy
of charged species o, and §™< = (Ez + Ez) /(87) is the filtered elec-
tromagnetic energy. Ji = («f{fﬁ& + D,y Uy + P, u, and J°
= (cE x B)/4n are the filtered spatial transport terms corresponding
to the kinetic and electromagnetic energies, respectively. The filtering
operation also produces two additional terms, which are not present in
the unfiltered moment equations. These are IT}" and Hgb, describing
the scale-to-scale transfer of the kinetic and electromagnetic energies,
respectively. We define these terms as follows:
uu — ~u ~ Qo ~b ~

Iy =—(p,7, V) -u, — o Mty Uy 9
is the flux of large- scale fluid flow energy transferred to sub-scale fluid
flow energy, with 7% =u,u, — u,u, and T r =u, X ‘X B — i, xB
being the subgrid scale Reynolds stress and the turbulent emf (electro-
motive force), respectively. W = qanaE - u, is the rate of fluid flow
energy converted into electromagnetlc energy at sub-scale due to larger
scale interactions. Similarly,

n" = —g,a,7 -4, (10)
is the flux of electromagnetic energy from large scales due to the work
done by the sub-scale electric field 7% = E — E, and finally,

PS; =—(P,-V)-u, (11)

is the rate of low frequency fluid flow energy converted into thermal
energy at smaller scales.

lll. MMS OBSERVATIONS

We apply the scale filtering technique to study a symmetric
reconnection event in the magnetosheath observed by Magnetospheric
Multiscale (MMS)* Mission. In this event, the guide field was approxi-
mately half of the reconnecting magnetic field. MMS observed an elec-
tron jet, which was skewed toward the separatrix, consistent with
previous simulations of reconnection with a moderate guide field. This
was accompanied by a clear spike in j - E/, indicating conversion of
electromagnetic energy into kinetic energy of the plasma. For more
details of this event, please see Wilder et al.”” The magnetic shear angle
across the current sheet was computed to be ~ 136°. The ion and elec-
tron densities are found to be roughly constant throughout this event,
at around 20 cm . The average proton and electron beta during the
event are found to be 5.5 and 1.2, respectively. The ion jet in this event
is unclear, which might indicate that this is an early stage of an ion-
coupled reconnection event. An overview of this event is given in
Fig. 1, which shows the magnetic field in GSE (Geocentric Solar
Edliptic) coordinates™ as well as the ion and electron velocities. The
vertical dotted lines in the figure indicate the observed electron diffu-
sion region, also known as the EDR. The availability of multi-
spacecraft measurements from MMS enables us to compute gradients
of ion and electron velocities, which are essential for the scale filtering
technique that we use here.

Figure 2 shows scalograms of the terms that describe conversion
of energy between different forms. The conversion of fluid kinetic
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FIG. 1. Overview of the reconnection event.”” Panel (a) shows the magnetic field
components in GSE coordinates. Panel (b) shows the ion and electron densities.
Panels (c) and (d) show the ion and electron velocities, respectively. The ion inertial
scale dj is indicated in panel (c).

energy into thermal energy is denoted by PS;, and electromagnetic
energy is denoted by WS and vice versa. Positive values of these quan-
tities indicate a conversion from bulk flow energy at large scales to
either thermal or electromagnetic energy. The first three panels show
the dissipation (as measured by PS;) occurring on ions and electrons
as well as the total dissipation. We observe that the dissipation due to
both ions and electrons starts increasing rapidly as the filtering scale
becomes smaller than the ion kinetic scales, indicating that the conver-
sion from the bulk flow energy to the thermal energy occurs predomi-
nantly at sub-ion scales. A similar trend is observed in the last three
panels of Fig. 2, which show the conversion of the bulk flow energy
into electromagnetic energy also onsets at sub-ion scales. However, the
electromagnetic work performed on the ions is significantly smaller
than that for electrons.

A notable feature is that opposite polarity of thermal energy con-
version, respectively, corresponding to heating and cooling are
observed on the two sides of the current sheet [panels (a) and (b)].
One possible explanation is that this is associated with the properties
of guide field reconnection. In strong guide field reconnection, there is
a strong thermal pressure along one of the separatrix, along which
there exists a high velocity shear. As a result, the pressure-strain inter-
action (dominated by Pi-D) is strong and positive along this separatrix,
suggesting that the flow energy is converted to thermal energy. Along
the other separatrix, pressure-strain interaction is weak, and therefore,
a cooling effect is observed.

Figure 3 shows the terms responsible for transferring energies of
a given form across scales, without any change in the form [first terms
on the right hand side of Egs. (7) and (8)]. From the first three panels,
it is clear that the majority of the kinetic energy flux is carried by the
electron fluid, and they become dominant at sub-ion scales. There is a
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FIG. 2. Energy conversion between different forms in a magnetic reconnection
region. Panels (a) and (b) show the pressure—strain interaction on ions and elec-
trons as a function of the filtering timescale. The total (ion-+electron) dissipation is

shown in panel (c) as PS5, = >, PS; . Panels (d) and (e) show the filtered con-

tribution to the electromagnetic work (j.E) from ions and electrons, respectively.

Panel (f) shows the total electromagnetic work, W, = >_, W, as a function of

the filtering timescale. The ion gyroradius p; and the Taylor-shifted ion inertial length
¢ are shown in each panel using the solid and dotted black lines, respectively.

minor contribution by the ion fluid (IT}") at large scales. The electro-
magnetic energy too plays a minor role in the total energy flux, as was
found previously in simulations of turbulence as well.”*’ The sub-ion
cascade of energy at reconnection regions was recently reported by
Manzini et al,"” but this work identifies the separate components.
Similar to energy conversion, two opposite directions in flux are seen
on the two sides of the current sheet [panels (b), (c), and (e)].

IV. KINETIC SIMULATIONS

We use a kinetic particle-in-cell (PIC) simulation of a 2.5D mag-
netic reconnection performed using the p3d code."' In this setup, all
vector fields have three components with only in-plane fluctuation gra-
dients; there is no variation along the z (out-of-plane) direction. The
system uses a particular set of normalizations, where the number den-
sity and magnetic field are normalized to some reference values ny and
By, respectively. Mass is normalized to ion mass m;, length is
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FIG. 3. Energy flux of different energy forms in a magnetic reconnection region.
Panels (a) and (b) show the flux of the ion kinetic energy and electron kinetic
energy as a function of the filtering timescale. Panel (c) shows the total kinetic
energy flux, Iy, = >, T1.", across scales. Panel (d) shows the electromagnetic
energy flux across scales (22, = >~ T1%%), and panel () shows the total energy
flux (electromagnetic -+ kinetic) across scales (IT = S, TI“ + TT1%%). The ion
gyroradius p; and the Taylor-shifted ion inertial length d; are shown in each panel
using the solid and dotted black lines, respectively.

normalized to the ion inertial length d; = /m;c?/4nnge?, time is nor-
malized to the inverse of ion cyclotron frequency »;! = (eBy/mjc) ",
and speed is normalized to the ion Alfvén speed v4 = /B3 /4mm;ny.
The electric field is normalized to Ey = v4 By /¢, and the temperature is
normalized to Ty = 3 m;v3.

The simulation is initialized within a periodic domain of size L
= 204.8 d; with a double Harris equilibrium, and a sinusoidal pertur-
bation of amplitude 0.12 is added to initiate reconnection dynamics.
The system has a grid spacing of dx = 0.05 d; with 4096 grids on each
side and a time step of dtw.; = 0.01 and uses 100 particles per grid
with a total of 1.68 x 10° particles for each species. Additional settings
are mass ratio m;/m, = 25 and the speed of light ¢ = 15v4. The
reconnecting field is B, = 1, the out-of-plane guide magnetic field is
B, =2, the background density is 1, = 0.2, and the temperature for
ions and electrons is set to be T; = 1.25 and T, = 0.25, respectively,
with a total plasma beta of f = 0.12. This simulation was previously
reported in Refs. 9 and 42.

Figure 4 provides an overview of the simulation showing the out-
of-plane current j, closer to the X-line for the upper current sheet with
contours of the magnetic field lines. At this time of analysis
twe = 360, reconnection is well developed as the system is in the early
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FIG. 4. Overview of the out-of-plane current j, closer to the X-line in the upper cur-
rent sheet of the reconnection simulation at twg = 360 with contours of magnetic
flux. The dashed green line represents the cut along which the analysis is
performed.

quasi-steady reconnection phase, and the mean square current has
reached its maximum. The current sheet is shifted toward the separa-
trix, a signature of component reconnection.

For our analysis, we take a cut at x = 45 d;, shown by the vertical
dashed green line in Fig. 4. At each scale, a two-dimensional boxcar fil-
ter is used to compute the terms in the filtered equations, following
which a 1D cut is taken close to the X-point. The 1D cuts of the filtered
quantities are computed and then vertically arranged as a 2D image,
with the filtering scale on the y-axis. The resulting scalograms for the
energy conversion and energy transfer terms are shown in Figs. 5
and 6. The panels in these figures follow the same order as the scalo-
grams for the observations in Figs. 2 and 3.

Inspection of Fig. 5 indicates that both proton and electron dissi-
pation (production of internal energy) “turn on” at scales of a few ion
inertial lengths and persist toward the smaller scales for the central
event near y = 152d; to 153 d;. This is qualitatively similar to the pat-
tern of dissipation near the reconnection event in Fig. 2 in that both
occur near the ion kinetic scales and persist at smaller scales.

For the electrons, a phase of significant cooling just offset in space
at y = 154 d; is seen in the simulation, in panel (b) of Fig. 5. A similar
cooling feature is observed in the electron dissipation in the MMS
observations in Fig. 2. However, the overall heating dominates, and
again the onset is around d; and persisting at smaller scales. The fil-
tered electromagnetic work for the simulation analysis is shown in
panels (d)-(f) of Fig. 5. These also show a very strong feature centered
on the current sheet crossing as described in Fig. 4. The width of the
enhanced electromagnetic energy conversion is noticeably wider than
the spatial span of the filtered dissipation PS in panels (a)-(c). Similar
behavior is seen in the MMS observations (Fig. 2). Like the filtered
pressure strain, the filtered electromagnetic work is also turning on at
scales near but somewhat larger than d; in the simulation.

The scalogram analysis of cross-scale energy fluxes for the PIC
simulation is shown in Fig. 6, in analogy to the MMS analysis in Fig. 3.
From panels (a) and (b), we observe that the proton energy flux is, in
general, weaker than the electron energy flux, though both turn on at a
scale of about 5 d;, and over a region spanning 3-5d; centered around
the reconnecting current sheet. There is a region of fairly strong
inverse energy flux in the electron channel offset by about 1 d; toward
the larger y direction. The total energy flux [panel (c)] has nearly iden-
tical appearance to the electron energy flux, confirming that the proton
energy flux is generally much weaker. It is interesting to note that the
general morphology of the energy flux in electrons is similar in the
simulations [panel (b) of Fig. 6] and in the MMS observations [panel
(b) of Fig. 3]. For the simulations, panel (d) shows the electromagnetic
energy flux, which similarly turns on at a few d; near the current sheet,
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FIG. 5. Analysis of energy conversion in the simulation. The panels follow the same
order as in Fig. 2. Panels (a) and (b) show the pressure-strain interaction on ions
and electrons as a function of scale. Panel (c) shows the total dissipation as a func-
tion of scale, given by PSg, = >~ PS; . Panels (d) and (e) show the filtered con-
tribution to the electromagnetic work on ions and electrons, respectively. Panel (f)
shows the total electromagnetic work, W, = >_, W.", as a function of scale. The
ion gyroradius p; and the ion inertial length o are shown in each panel using the
solid and dotted black lines, respectively. The ion gyroradius is calculated using the
total magnetic field (reconnecting and guide field).

and is attenuated sharply at scales smaller than about d;/2. A narrow
region of inverse transfer precedes the current sheet by a small distance
(less than 1 d;). The weak oscillations preceding and following the cur-
rent sheet crossing in Figs. 5 and 6 are likely of little significance and
are probably due to PIC noise.

A comparison of the cross-scale kinetic energy fluxes and the dis-
sipation terms (for both ions and electrons) in the observation and the
simulation is shown in Fig. 7. For the MMS event, these terms are inte-
grated over the reconnecting current sheet, as delineated by the vertical
dotted lines in Fig. 1, and for the simulation, the integration limits are
from 151 to 155 d;. In both observations and simulations, we observe
that both the ion and electron dissipation terms (PS;" and PS5 ), shown
in panels (a) and (b), are quite small above the ion inertial scales and
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FIG. 6. Analysis of cross-scale energy fluxes in the simulation. The panels follow
the same order as in Fig. 3. Panels (a) and (b) show the flux of the ion kinetic
energy as a function of scale. Panel (c) shows the total flux of the kinetic energy
across scales (ITiy, = >, T1;¢). Panel (d) shows the total flux of the electromag-
netic energy across scales (I, = 3" TI??), and panel (e) shows the total
energy flux (electromagnetic + kinetic) across scales (IT = >, TI* 4 I12).

start increasing significantly as we progress toward sub-ion scales. For
the kinetic energy fluxes, we can observe that the ion fluxes [panel (c)]
are much smaller than that for the electrons [panel (d)], and the latter
exhibit a single strong peak in the vicinity of 0.14d; in both cases. This
behavior is somewhat similar to the one seen in classical turbulence,
with fluxes becoming dominant at intermediate range and dissipation
becoming dominant at small scales.

V. DISCUSSION

In this study, we investigated the scale-dependent energy transfer
and conversion occurring near the reconnection X point. Our two
main findings can be summarized as follows.

* First, in addition to a sub-ion cascade, reconnection triggers a
sub-ion scale dissipation. The dissipation, quantified here as the
pressure-strain interaction for each species, is measured here in
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FIG. 7. Comparison of energy dissipation and flux in the MMS event and the simu-
lation. The panels on the left show the results from the MMS observation, and the
panels on the right show the same quantities plotted for the simulation. Panels (a)
and (b) show the pressure-strain interaction contributions from ions and electrons
as a function of scale, integrated over the reconnection region. Panels (c) and (d)
show the ion and electron kinetic energy fluxes as a function of scale. The standard
errors have been shown in each panel using the red error bars for ions and blue
error bars for electrons.

both ion and electron channels. These become active near ion
kinetic scales and remain strong at smaller scales.

¢ Second, the energy cascade, triggered by reconnection, is mostly
carried by the electron fluid, with minor contribution from ion
fluid and electromagnetic field. The ability to draw these conclu-
sions depends on the novel analysis of reconnection presented
here based on the scale filtering method.

A similar result was recently obtained by Manzini et al.'’ and
Foldes et al.”> However, we find additionally that the flux of the elec-
tron kinetic energy IT2* dominates below ion Kkinetic scales and is
almost two orders of magnitude higher in the MMS event. In the simu-
lation, however, we find that the electron energy flux is only about 2
times larger than the ion energy flux instead of being about 50 times
larger as found in the observations. This could possibly be attributed to
the artificial mass ratio m;/m, = 25 used in the simulation."” The
observation of the enhanced electron energy flux stands in contrast to
results found in simulations of reconnection,” where the total energy
flux was found to peak at scales above the ion inertial scale.

The key distinction between the observational analysis and the
analysis used in the simulations was that the simulations used global
averages of the energy fluxes, which dilutes/smooths out the local
enhancements of the energy fluxes occurring close to the X-point,
while with MMS, the scalograms clearly illustrate these local enhance-
ments. This points to reconnection sites as a manifestation of intermit-
tency in larger turbulence systems. Producing scalograms of the energy
fluxes in the simulations, we find a qualitative agreement between
observations and simulations.

There is, however, a discrepancy between the MMS observations
and the simulation regarding the scale at which the dissipation (pressure
strain) and energy fluxes turn on. For the MMS analysis, these turn on
at or below the ion inertial scale d;. For the simulation, both turn on at
scales somewhat larger than d;. One possible explanation lies in the
higher degree of compressional activity anticipated in the
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magnetosheath, whereas standard PIC simulations such as that ana-
lyzed here are relatively incompressive. Recent work on pressure-
strain®’ shows that PiD (the anisotropic part of the pressure-strain
interaction) also has a compressive element to it and is often anticorre-
lated with the pressure dilatation. It is unknown whether this effect and
the lower level of compressions in the simulation might alter the scale at
which these documented effects turn on. If one could estimate the
incompressive contribution to pressure strain, then it would shed light
on the role of incompressive heating at those lag scales. This cannot be
examined in analysis of MMS data, since a Helmholtz decomposition
cannot be done with only four spacecraft. Such a determination would
require significant additional PIC simulation and analysis.

It is also worthwhile to note that we observe the simultaneous
presence of a direct and an inverse transfer of the kinetic and the elec-
tromagnetic energies in the simulation (in Fig. 6), and to a lesser
extent, in the MMS data (in Fig. 3). We recall that in a standard
Kolmogorov cascade, the underlying sea of triadic interactions consists
of both large-to-small (direct) transfer and small-to-large (inverse)
transfer, the former being dominant in the direct cascade scenario.”
Usually, the identification of an inverse cascade would require sam-
pling a statistically significant volume of the turbulence. Here, due to
the observation of transfer across scales locally in real space, we have
an opportunity to observe a dominant direct transfer near the current
sheet and a region of inverse transfer nearby. It is unclear whether
such nonuniformity of the transfer might be related to a change in the
type of cascade.’*"” It is known from prior studies that kinetic effects
near reconnecting current sheets can exhibit strong gradients.
Quantities such as temperature anisotropy, pressure strain, and elec-
tromagnetic work can show regional correlations, including sign rever-
sals due to small-scale features that form near a central current sheet.
This is seen, for example, in Refs. 28 and 48. In this sense, it is not
unexpected that energy flux would show such regional complexity.

We should also note that the transport terms could potentially
play an important role in the energy balance in observations, since
unlike in a periodic simulation domain, these terms will likely not van-
ish in a realistic turbulent domain such as the Earth’s magnetosheath.”’
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APPENDIX: BAROPYCNAL WORK

Here, we discuss one of the discrepancies between the two ver-
sions of the dissipation as described in Refs. 30 and 35. The differ-
ences arise due to the presence of a term known as the baropycnal
work, which describes a different channel of energy transfer due to
density variations in the flow. The baropycnal work is defined as

7=(V-P,) - (u, —u,). Taking a dot product of the divergence
of the pressure tensor, V - P,, from the filtered momentum equa-
tion with the Favre filtered velocity, u,, we get (V - P,) - u,. This
term can be recast in two different ways:

1. (V-P,)-u,=V-(P,-u,) — (P, V)-u,. This is the expres-
sion we find in Ref. 35.
2. (VFX) 'iia :V (Fy'ﬁa) - (Fyv) ‘ﬁy+(v‘ﬁa)‘ (ﬁa_ﬁa)
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FIG. 8. Baropycnal work for ions and electrons for the MMS reconnection event.

ARTICLE pubs.aip.org/aip/pop

The last term on the RHS in Eq. (2) is precisely the baropycnal
work that we find in Ref. 30. As we show in Fig. 8, this term is found
to be at least an order of magnitude smaller than the flux and the
dissipation terms shown above for the MMS reconnection event.
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