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Abstract Magnetic reconnection is a ubiquitous plasma phenomenon that plays a critical role in particle
heating and energization. During reconnection, the topology of magnetic field rearranges, depositing energy
into the surrounding plasma through bulk flow, thermal heating, or non-thermal particle acceleration. While the
pathways of this transformation from magnetic energy into kinetic have been studied extensively in recent years
through theoretical or case-by-case observations, comprehensive statistical studies remain limited. In this paper,
we present a statistical investigation using data from the Magnetospheric Multiscale (MMS) mission, and detail
the particle energization mechanisms in magnetic structures found near reconnecting regions in turbulent Earth's
magnetotail. We find that electrons with motion perpendicular to the magnetic field dominatej- E dissipation. In
contrast to the conventional picture of unidirectional energy transfer to particles by laminar two-dimensional
(2D) reconnection, we find that energy exchange within magnetic structures during turbulent reconnection tends
to be bidirectional with only a small positive bias from electromagnetic fields to particles. Specific electron
energization mechanisms are quantified, including those due to parallel electric field, Fermi energization from
curvature drift, betatron heating from magnetic field inhomogeneity, and polarization drift.

Plain Language Summary Magnetic reconnection is a fundamental process which converts
magnetic energy into particle energy. The energy conversion process has been traditionally studied in detail on a
case-by-case observational basis using 2D laminar reconnection models. In this paper, we use MMS
observations to study this process statistically by using a large data set of magnetic structures found during
turbulent reconnection in the Earth's magnetotail. Our results show that, in contrast to the conventional picture
of unidirectional energy transfer to particles by laminar 2D reconnection, energy exchange between the
magnetic field and particles tends to be bidirectional. The same holds true for each of the proposed specific
electron energization mechanisms (in decreasing order of significance): Fermi energization from curvature drift,
parallel electric field, and betatron heating from magnetic field inhomogeneity.

1. Introduction

Magnetic reconnection is a ubiquitous and multi-scale physical process that converts magnetic field energy into
kinetic energy of particles. Progress in understanding reconnection is being made from the perspectives of theory,
simulation, laboratory experiment, and space observation (Ji et al., 2022; Yamada et al., 2010). Observations
provide evidence of reconnection occurring in nature, prompting research into its roles in shaping and restruc-
turing plasma dynamics of the environment. The Earth's magnetotail is one such natural laboratory to study the
physics of reconnection through in situ spacecraft measurements. Warped magnetic field lines meet on the
nightside and form a neutral sheet parallel to the ecliptic plane extending several tens of Earth radii into the
magnetotail. Two-dimensional laminar single X-line reconnection models are often employed, such as in Burch
etal. (2016) and Torbert et al. (2018), to interpret in situ measurements of selected reconnection events involving
magnetic structures. However, the magnetotail harbors magnetic structures of various configurations and pa-
rameters at all scales during turbulent reconnection, so a more statistical approach is needed to comprehensively
characterize the multi-scale nature of reconnection. Recent studies have shown that turbulent reconnection is
associated with significant heating and acceleration of particles up to several tens of keV per particle per second
(Ergun et al., 2020).
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NASA's Magnetospheric Multiscale (MMS) spacecraft is the most advanced spacecraft designed to study the
Earth's magnetosphere; it has a temporal resolution of 8,192 Sample/s for burst mode magnetic field measure-
ments and 30 ms cadence for electron distributions, making it an ideal mission to study electron physics in
turbulent reconnection. However, there have only been very few statistical studies of turbulent reconnection
intervals using MMS data. Akhavan-Tafti et al. (2018) focused on the size distribution of Flux Transfer Events
(FTEs) in the magnetosheath, following the first such attempt by Fermo et al. (2011) using Cluster data. In the
magnetotail, Bergstedt et al. (2020) used an automated algorithm to detect different types of magnetic structures
like plasmoids and current sheets, and studied their size distribution and magnetic energy dissipation. A more
recent work has expanded the statistical study of size distribution to two different types of plasmoids and flux
ropes (Smith et al., 2024). Magnetic energy dissipation in flux ropes has also been studied statistically in the
turbulent magnetotail (Jiang et al., 2021), including various energization mechanisms (Ma et al., 2022). The latter
has recently been extended to the magnetosheath (Xu et al., 2023). In this paper, we present a statistical analysis of
energy dissipation from over 700 magnetic structures measured aboard the MMS spacecraft in the Earth's
magnetotail. We discuss their statistical properties in Section 3, analyze the direction of energy transfer between
field and particles in Section 4, and finally discuss the mechanisms of energy dissipation and its implications in
Section 5.

2. Data and Methodology

We used MMS magnetotail data measured in burst mode from June to August of 2017, including magnetic field
measured by the Flux Gate Magnetometer and electron moments measured by the Fast Plasma Investigator.
Electron moments provided in the L2 data by the MMS team were occasionally unusable due to low electron
density in some regions of the magnetotail. These regions exhibit unusually large spikes in electron velocity. We
visually inspected all data used in this study to remove such intervals. The Geocentric Solar Ecliptic coordinates
are used for the rest of this paper.

Night side magnetotail intervals were visually selected from 3 months of data in 2017 based on the availability of
burst mode data and occurrence of turbulent reconnection features indicated in previous studies (Ergun
et al., 2020). The criterion for selection are turbulent electric and magnetic fields, flow reversal in ion bulk ve-
locity, depletion of electron density, and heating and acceleration in ion and electron spectra.

The selection algorithm for magnetic structures (MSs) is adapted from Bergstedt et al. (2020). The algorithm
identifies zero crossings of B, as locations of potential MSs. The Maximum Variance Analysis (MVA) is applied
to a short interval surrounding each crossing to rotate it into the local coordinate system of the interval. If the zero
crossing is still present after MV A rotation, and the magnetic field is bipolar, then it is selected as an MS. The
MVA analysis is repeated on MMS2-4 to ensure the same structure is observed on all four spacecraft, then multi-
spacecraft timing method is used to compute the velocity and spatial scale of each MS. Based on the polarity of
ion bulk velocity, current density, and direction of bipolar signature in B,, MSs are categorized into plasmoids
with hoop-like magnetic configuration, push current sheets between two plasmoids pushing into each other, pull
current sheets between plasmoids which are not actively merging, or undetermined (Bergstedt et al., 2020). The
selection procedure is automated without the need for visual inspection, but confirmed visually afterward to
ensure consistency and impartiality.

Figure 1 presents an overview of a selected interval in this study using measurements from MMS1. Measurements
aboard other MMS spacecraft look qualitatively similar. Panels (a—c) show enhanced turbulence in the magnetic
field, reversal in ion bulk flow, and depletion of electron density respectively. All of these features are indicative
of active magnetotail reconnection (Torbert et al., 2018). The electron omnidirectional spectrum in panel (d)
shows signatures of both electron heating and acceleration. In this interval, the MMS spacecraft were most likely
traversing through a reconnecting tail current sheet as demonstrated in Ergun et al. (2020). Magenta lines in this
figure indicate the location of the MS shown in panel (e), this is the same MS as Figures 3a—3c. Finally, panel (f)

compares J-E with J - E/ for this interval, where the first quantity is dissipation in the spacecraft frame, and the

second is in the electron frame E’ =E + v, X B. Here, current density 7 is calculated from the Level 2
moment. These two quantities have good agreement, consistent with the assumption that the majority of MSs are
electron-scale structures (Chen et al., 2019). The similarity of dissipation in spacecraft and electron frames imply
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Figure 1. Overview of an interval of magnetotail reconnection on 26 July 2017: (a) magnetic field measured aboard MMS1 in
Geocentric Solar Ecliptic (GSE) coordinates; (b) ion bulk velocity in GSE showing flow reversal; (c) electron density;
(d) omnidirectional electron spectrum showing electron heating and acceleration; (e) magnetic field of an MS selected in this

interval; (f) comparison between J-EandJ-E' with y = x line indicated in red. Magenta lines in all panels indicate center
of the MS from panel (e), identified by the algorithm, which is also featured in Figures 3a-3c.

that energy transfer to particles is entirely due to non-ideal electric fields, and that energy conversion is frame-

independent. Since J-EandJ-E  are very similar, we will use J - E for the rest of this paper.

3. Statistical Overview

Figure 2 gives an overview of some statistical properties of MSs. Panel (a) shows the classification of MSs using
the algorithm from Bergstedt et al. (2020). MSs are classified as plasmoid-like or current sheet-like; current sheet-
like structures are further divided into push or pull types depending on whether they are formed from two
converging or diverging plasmoids. The algorithm selected 796 MSs, where 35% are plasmoids, 12% are pull
current sheets, 27% are push current sheets. The rest are undetermined, which fit either into multiple categories
(labeled “Unclear”) or none (labeled “None”).

Panel (b) shows the spatial scale of MSs, approximated as the product of velocity and temporal duration of MSs,
where the velocity of structures in the normal direction determined by MVA was computed using the Spatio-
Temporal Difference (STD) method (Shi et al., 2006). The sizes of MSs range from hundreds to thousands of
kilometers, so most MSs are electron scale rather than ion scale. The spatial scales of MSs roughly follow a
decaying exponential consistent with previous studies (Akhavan-Tafti et al., 2018; Bergstedt et al., 2020; Fermo
et al., 2011) and theoretical prediction (Fermo et al., 2010). However, from this distribution alone, it is difficult to
confidently distinguish between an exponential and a power law, because their difference is the most obvious at
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Figure 2. Statistical summary of MS properties: (a) distribution showing number of MSs classified by type; (b) log-linear
probability distribution of spatial scale of MSs; (c) events selected based on k = y/R./R; and spatial scale normalized by
electron gyroradius.
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Figure 3. Three MS examples with different dissipation patterns, the plot background is green if total J - E is positive,
and red if negative. (a) Magnetic field in Geocentric Solar Ecliptic coordinates; (b) ion, electron, and total dissipation; (c)
perpendicular, parallel, and total dissipation; (d—f) same as (a—c) for a pull CS; (g—i) same as (a—c) for a push current sheet.

the tail of the distribution consisting of large scale structures, which are often overlooked by the selection
algorithm.

Panel (c) shows both the x parameter and structure sizes normalized by electron gyroradius. The selected events
are in the upper right quadrant with boundaries marked in red. «, also called the adiabaticity parameter (Buechner
& Zelenyi, 1989) is the square root of the ratio between curvature radius and Larmor radius, calculated by finding
the spatial derivative of the magnetic field with four-spacecraft methods. All events with x < 3 were discarded
from the data set to remove error from non-adiabatic motion of electrons and to allow for the application of
guiding center approximation (Steinvall et al., 2025). Such approach has previously been used in other studies
such as Ma et al. (2022). Since most structures fall above the red x = 3 line, it is justified to assume that electrons
are magnetized but ions are unmagnetized in this analysis. Less than 5% of the events fall below either red line and
are discarded. Note that due to the limitations of the selection algorithm, larger scale structures are more likely to
be excluded from having ambiguous boundaries due to random fluctuations, so the algorithm preferentially se-
lects electron scale structures, therefore this study will also give preference to analyzing electron behaviors.

4. Partition of Energy Dissipation

There is strong evidence in Figure 1 of electron heating and acceleration inside an MS. To understand the process

of energy dissipation into particles, we compare the various contributing components of J-E with a method
inspired by Wilder et al. (2018) to quantify whether perpendicular, parallel, electron, or ion dissipation dominates.
Figure 3 shows three examples of MSs that are representative of dissipation patterns inside structures. While
conventional reconnection events typically involve sustained positive dissipation, the same is not true for these
MSs, most of which are not actively reconnecting. Energy exchange is thus mediated not by reconnection but by
turbulent fluctuations which both convert magnetic energy into particle energy and vice-versa. To offer a concrete
picture of the bidirectional nature of energy dissipation, we present three case studies comprising 1 MS of each
type. Consider a typical MS, shown in Figures 3g-3i, a push current sheet. The energy dissipation is clearly net
negative. However, toward the beginning and end of the interval, there are alternating periods of positive
dissipation. Furthermore, note that the ions and electrons do not necessarily gain and or lose energy at the same
time. At = —0.75 s, both species lose energy to the field while for most of the next second the electrons gain
energy while the ions lose energy. This transfer of energy from one species to another has also been observed in
laboratory experiments (Bose et al., 2024). Potentially, this can also be due to structure motion, which is
quantified in the next figure. Note also that there is no obvious correlation between the fluctuations and their
positions within the magnetic structure.

The plasmoid MS in Figures 3a—3c shows a converse case where the dissipation is mostly positive but transitions
into negative by the end. In this case, the electron term dominates. The pull current sheet MS in Figures 3d-3f
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Figure 4. (a) Comparison between averaged]’i -E and z -E with y = x line indicated in red; (d) comparison between
maximum magnitude of 7,- -E and 7e -E with y = x line indicated in red; (b, e) probability distribution of average
perpendicular and parallelf,- E andj_'; . E normalized by their respective maximum magnitude; (c, f) probability distribution of

average total;‘i .Eand Z . E normalized by total;A E. For each distribution, the mean, the standard deviation, and the skewness
are calculated and also shown.

starts out nearly entirely with positive dissipation until just after # = O s, whereupon the energy begins sloshing
back and forth between the fields and the particles. These cases are typical; nearly all events involve some periods
of positive and negative dissipation as energy is transferred between electrons, ions, and fields. This randomness
extends to the perpendicular and parallel components where the same disorder is visible. In summary, while these
MSs are clearly distinguished from the surrounding plasma by higher intensity of dissipation, this dissipation
needs not be orderly nor coherent. Thus, a statistical approach to analyze the direction and particles that dominate
dissipation is needed.

We start by showcasing the differences between two methods of comparison. Figures 4a and 4d compare electron
versus ion contributions to J - E, but in (a) the quantity in question is averaged over each MS, whereas in (d) and
the maximum of the absolute value is used. While both methods are valid and justified comparisons of the scale of
dissipation, they give distinctly different results. (a) Shows that dissipation in both species are similar in mag-
nitudes when averaged, and (d) shows that electron dissipation has much larger peaks. The structure motion
contributes to a common velocity for the particles, hence giving the agreement in (a) between 7,- -E and 7e -E,
however, (d) shows that inside these structures, electron energy dissipation fluctuates much more strongly than
ions.

Panels (b, e¢) show comparisons between perpendicular versus parallel dissipation for ions and electrons,
respectively. Perpendicular dissipation is in blue, and parallel is in red. The choice to normalize by max|.7 . E|
scales the distribution to always range from —1 to 1 for ease of comparisons. Normalizing by (7 . E) is not ideal,
because in some MSs the total contribution from J-E is close to zero, despite having non-zero directional

contributions.

The broader distributions for perpendicular dissipation in both cases, compared to parallel dissipation which is
more strongly peaked at zero, show that a larger amount of energy is usually dissipated into perpendicular
particles for both ions and electrons. The mean of every distribution is an order of magnitude smaller than the
standard deviation, so all four distributions are qualitatively symmetric about zero, demonstrating that statistically
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net energy exchange is balanced between fields and particles. Even though in some events particles could be
strongly accelerated or heated, these extreme cases are rare and most MSs have minimal net dissipation. Energy
exchange is more bidirectional than unidirectional between fields and particles.

In 2D laminar reconnection, parallel electric fields are usually the primary means of dissipation (Zenitani
et al., 2011). However, in turbulent 3D reconnection, perpendicular dissipation often dominates (Pyakurel
et al., 2025). Stronger dissipation in the perpendicular direction than parallel implies that particles are energized
primarily by perpendicular motion of electrons, such as curvature-driven Fermi acceleration and betatron heating
from conservation of magnetic moment, rather than by direct acceleration by parallel electric fields. Note that
Fermi acceleration mechanism energizes particle's parallel energy while betatron heating mechanism energizes
particle's perpendicular energy. This verifies our claim that the 2D laminar model commonly used is not suitable
for turbulent or 3D reconnection environments such as the magnetotail, since energy conversion is caused by
complex field geometries rather than simple 2D structures.

Panels (c, f) combine both distributions in the previous panels and further demonstrate this idea of bidirectional

energy exchange. They show the distributions of average total dissipation 7 - E for ions and electrons, normalized
by their respective maximum inside the structure. The symmetry of this quantity about zero indicates that net
energy transfer between fields and particles is statistically very small. Despite the presence of events where a large
amount of energy is exchanged, such as those in the tail ends of the distributions, the majority of MSs have
minimal net energy transfer, so energy goes back-and-forth between fields and particles.

The conventional picture of energy dissipation in reconnection is from fields to particles, so the net energy ex-
change being close to zero prompts the question of whether the selected MSs are physically significant coherent
structures or merely random turbulence. Figure 5 reproduces panels (b, c, e, and f) from Figure 4 using intervals
surrounding every MS with 10 times the duration, not including the MS itself. This allows a direct comparison of
dissipation behavior inside versus outside of MSs. The most prominent feature in Figure 5 for dissipation outside
MSs is that every distribution strongly peaks at zero, indicated again by the fact that the mean is an order of
magnitude smaller than the standard deviation. This implies that the average dissipation outside of an MS is
generally insignificant, consistent with the assumption that it is mostly random turbulence. On the other hand, the
same distributions in Figure 4 within MSs are more spread out and have longer tails. Therefore, the majority of
MS:s dissipate energy consistently within its boundary, and the magnitude is physically significant compared to
random turbulence. This comparison between inside and outside of MSs confirms the accuracy of the selection
algorithm, and proves that zero net energy exchange happens not only in random turbulence, but also inside
coherent structures in reconnection.

Figures 6a and 6b quantify conclusions drawn from Figure 4 with distributions of the perpendicular to parallel
dissipation ratio, defined as:

rnax|._ll EL| — max|JHE”|

max|.7j_ El| + max|JHE”|

which is a modified version of a similar ratio used in Wilder et al. (2018). This modification allows the dissipation
ratio to be normalized to a value between —1 and 1. In a structure where perpendicular dissipation completely
dominates, this quantity simplifies to 1 because the parallel term is negligible. Similarly, the ratio becomes —1 if
dissipation is completely parallel. When perpendicular and parallel dissipation are comparable in magnitudes, this
fraction becomes zero. The absolute value allows perpendicular and parallel quantities to be compared based on
magnitudes alone, regardless of energy flow into or out of particles.

The histogram in both panels are skewed to the right, indicating that perpendicular dissipation dominates in most
structures in both ions and electrons. This agrees with the message from Figures 4b and 4e, that the largest energy
exchange between fields and particles occurs with perpendicular particle motions.

In Figure 6¢ we compare contributions between dissipation to electrons and ions. We define the electron versus
ion dissipation ratio in an analogous way to Figures 6a and 6b,
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average dissipate similar amounts of energy, electrons have much larger spikes of energy exchange with the field
compared to ions.

To summarize the implications of the previous figure: perpendicular dominated dissipation for both electrons and
ions indicates a departure from the classical 2D laminar reconnection model, where parallel electric fields play the
most important role in electron dissipation, and ions are energized by bulk flow. These MSs verify the occurrence
of 3D turbulent reconnection happening in the magnetotail and the need of a more complex reconnection model.

5. Electron Energy Deposition Mechanisms

While J -E gives the total dissipation inside MSs, it does not tell us the mechanisms or pathways of energy
transfer. Energization rate of electrons can be decomposed into components using the guiding center approxi-
mation (Dahlin et al., 2014; Northrop, 1963). The same approach is used in Sun et al. (2022). This approximation
is justified because the spatial scales of MSs are generally much larger than electron gyroradius, so electrons are
magnetized, and all events have k > 3, see Section 2. The equation is reproduced below:

dUu p, dB No 7 o7

where U is the kinetic energy of electrons, and the terms on the right hand side represent energization due to
parallel electric field, Betatron heating due to conservation of magnetic moment, Fermi mechanism due to field-

line curvature drift. v is the E X B drift velocity and d/dt = d/9t + Vg - V. In terms of their relation with field
dissipation discussed in Section 4, the first term is identical to JiE)> and the other two are parts of J, E .

Fermi acceleration deposits energy into electrons via curvature drift. It acts through the parallel motion of

electrons (Drake et al., 2006). Betatron heats particles by gradient of magnetic field strength and contributes to

d
edt
zation (Li et al., 2015, 2017) and occurs due to the presence of a time varying electric field. Because of the scaling

perpendicular energy (Montag et al., 2017). Polarization drift %men [vz|? also contributes to electron energi-
of polarization current with particle mass, this term is not as important for electrons. It could become more
significant in fields that have large temporal variation, such as when the turbulent plasma experiences rapid
fluctuations, or in reconnection exhausts (Eriksson et al., 2024). In these MSs in turbulent reconnection region in
the magnetotail, field geometry is more important in terms of dissipation. This is common in large scale mag-
netotail reconnection or solar wind reconnection. Given the typical parameters inside MSs in the Earth's mag-
netotail, the polarization drift term is two orders of magnitudes smaller than the other two. Therefore, it is not
included in the electron energization calculations.

Figure 7a demonstrates the sign distribution of each term: J E, Fermi, and betatron, respectively. We assume that
the temporal derivative d/d¢ is negligible compared to the convective derivative in accordance with common
practice. Every term is integrated over the duration of the MS to determine the sign of the net contribution. The
blue section is positive, where energy flows into the particles from the fields, and the red section is negative.

J|E)| does not display a statistically significant bias in the sign. This shows that energy is equally likely to be given
to and taken from the electrons by parallel electric field and the net energy transfer is small, despite some MSs
having large J| E. Statistically, the energy moves bidirectionally between particles and field, and unidirectional
cases of energy transfer are rare. Both Fermi and betatron terms are slightly biased positive, indicating that both of
these mechanisms are responsible for net energy exchange into the particles statistically.

The distributions in Figures 7b—7d show sign and size of variance of the energy terms. J| £ and Fermi terms are
comparable in magnitudes, whereas betatron heating is much smaller statistically. Figures 7e—7g showcase size
comparisons between terms explicitly. Due to log scales used for these plots, all terms are shown in absolute value
and the sign information is lost.

Summarizing the contributions from each term: Fermi term deposits the most amount of energy into electrons,
due to its large magnitude and bias toward the positive side. While J| E, is equally large in magnitude, there is very
little net energy transfer since the distribution is more symmetric about zero. Finally, even though betatron term
has a positive bias, it is small in magnitude because the effect is dependent on pitch angle. The total energy
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Figure 7. (a) Stacked pie charts showing sign distribution of jHEH, Fermi, and betatron terms, where blue is positive and red is
negative; (b—d) probability distributions of each term, (e—g) relative size comparisons between different terms, with red line
indicating y = x in every panel.

transfer into electrons due to betatron heating is positive but small. If reliable data were available at higher energy,
the positive bias could be more apparent (Dahlin et al., 2017).

The dominance of the Fermi term implies that curved magnetic field lines and contraction of field structures is
more important than field line compression in these MSs. The system is non laminar and exhibit lots of
dynamically evolving structures such as flux ropes and MSs. This is typical of turbulent reconnection regions in
the magnetotail such as the ones studied in this paper. Similar conclusions have also been reached through
simulations (Dahlin et al., 2014) and MMS observations (Li et al., 2015). This has implications such as more
efficient energy transfer, due to Fermi processes being able to energize particles more rapidly, compared to
betatron which is more localized heating.

The consequence of each energization mechanism should theoretically correlate with changes in electron tem-
perature or power law index of the high energy tail. However, due to the large uncertainty in the power law tail,
and significant influence of stochastic heating on electron temperature, we were unable to justify the correlation
between temperature difference and size of energy terms as purely causal.

6. Summary and Discussion

Most research on magnetic structures near reconnecting regions are case studies of 2D laminar reconnection,
which represents extremely energetic events of dissipation from magnetic fields to particles. While they reveal the
physics of conventionally studied magnetic reconnection, the amount of net energy dissipated in these events is
usually large but not representative of MSs, see Section 4. Statistically, the majority of MSs dissipate little energy
into particles after integration. The net energy exchange is close to zero regardless of particles or direction of

dissipation. This is due to the fluctuating nature of J-E. Energy is exchanged in both directions between field and
particles in MSs, as opposed to the conventional picture of unidirectional energy flow during 2D laminar
reconnection from field to particles.

In laminar reconnection, J - E is strictly positive, and dissipation is irreversible. Because of this, laminar model
should be very carefully applied to study turbulent reconnection in the magnetotail, where energy transfer is

intermittent and energy is deposited both into the plasma and the particles. Symmetric J - E distributions have
previously been linked to reversible energy transfer in simulations of kinetic turbulence transfer (Wan
et al., 2015), verified both in theory and numerically (Cerri et al., 2021), and measured by the MMS in the
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magnetosheath (Bandyopadhyay et al., 2020). Occurrences of structures with large dissipation of field energy is

not uncommon, and these more extreme events on the tail ends of the J - E distributions are what we commonly
see in case studies. Therefore, these results do not contradict with previous studies, but rather complement them.

We showed that Fermi term has the largest variance inside MSs, meaning that it usually manifests as large spikes
in energy. The implications regarding this could be rather profound (Lemoine, 2022), albeit we will restrict the
discussion to the context of reconnection. The Fermi mechanism is generally known to be responsible for non-
thermal particle acceleration, which we could not observe directly due to large uncertainties in the slope of the
power law tail that are often comparable to or exceeding the effect of Fermi acceleration. Nonetheless, some MSs
exhibit more extreme energy dissipation, thus there is a large enough change in high energy electrons and the
power law index which exceeds the uncertainty, making case studies possible. Such cases are not the focus of this
study.

A breakdown of specific energization mechanisms shows that Fermi acceleration driven by particle reflection
from curved field lines dominates over both betatron heating and acceleration by parallel electric fields. This
implies that dynamics of magnetic field line is more important than compression or temporal variation in energy
conversion. Fermi acceleration has been shown to be very efficient in reconnection exhausts and turbulent flux
ropes, where particles follow curved field lines and become energized by curvature drift (Dahlin et al., 2014; Li
et al., 2015). On the other hand, betatron heating associated with strengthening magnetic field is only secondary,
showing relatively weak magnetic compression in these MSs. We also find negligible energy contribution from
polarization drift, which demonstrates the lack of rapid temporal variation in electric fields. While polarization
effects are not important here compared to other terms, they become more relevant where high-frequency
fluctuations are prevalent.

To summarize, these results suggest that energy dissipation driven by turbulent reconnection in the magnetotail is
determined by a combination of field geometry and compression, less so on temporal variation, with Fermi
acceleration being the dominant process. The relative weakness of betatron and parallel electric field contribu-
tions emphasizes the importance of 3D turbulent field structures in electron energization, and the insufficiencies
of modeling magnetotail reconnection with 2D laminar models.

While this work focused on magnetic structures collectively, there are of course important differences between
plasmoids, pull current sheets and push current sheets. Preliminary analysis of our data suggests that plasmoids
are statistically significantly likely to dissipate magnetic energy on net while pull current sheets conversely
undergo negative dissipation. This could offer clues as to the sensitivity of turbulent fluctuations to the local
current sheet geometry. We leave to further research the task of assessing how the results presented herein depend
on the particular type of magnetic structure under consideration.

Statistical investigations such as this study open up potential for future works to explore a turbulent 3D recon-
nection model, which are more relevant to naturally occurring plasmas than the commonly used 2D laminar
picture. It would also be of interest to compare these results to electron heating in other environments such as the
Earth's magnetosheath (Xu et al., 2023). Recent developments in automated algorithms (Bergstedt et al., 2020)
and machine learning models (Bergstedt & Ji, 2024) to identify structures of interests would also greatly simplify
the work involved in obtaining a robust and extensive data set for statistical analysis. An unexplored question that
could be answered by future statistical works is the conditions under which the 2D laminar picture transitions into
turbulent 3D reconnection. Answering this not only helps us understand the kinetic physics inside the magne-
totail, but also gives valuable insight into the inner workings of astrophysical reconnection in general.
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