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Abstract

A long-outstanding issue in fundamental plasma physics is how magnetic energy is finally dissipated in kinetic
scale in the turbulent plasma. Based on the Magnetospheric Multiscale mission data in the plasma turbulence
driven by magnetotail reconnection, we establish the quantitative relation between energy conversion (J•E; J is
current density and E is electric field) and current density (J). The results show that the magnetic energy is
primarily released in the perpendicular directions (up to 90%), in the region with current density less than 2.3 Jrms,
where Jrms is the rms value of the total current density | J|. In the relatively weak current region (<1.0 Jrms), the
ions get most of the released energy while the largely negative energy conversion rate of the electrons means a
dynamo action. In the strong currents (>1.0 Jrms), the ion energization was negligible and the electrons are
significantly energized. Moreover, a linearly increasing relationship was established between |J•E| and J∣ ∣. The
observations indicate that ions overall dominate energy conversion in turbulence, but the electron dynamics are
crucial for energy conversion in intense currents and the turbulence evolution.

Unified Astronomy Thesaurus concepts: Plasma astrophysics (1261); Space plasmas (1544); Interplanetary
turbulence (830); Solar magnetic reconnection (1504)

1. Introduction

Turbulence is a universal phenomenon in space and
astrophysical plasma, and it has an important impact on many
basic physical processes, such as the coronal heating (Solanki
et al. 2003; Cranmer et al. 2007), solar wind acceleration
(Matthaeus et al. 1999; Bale et al. 2019), and magnetic
reconnection (Eastwood et al. 2009; Daughton et al. 2011;
Wang et al. 2016). It can effectively transfer energy from the
large scale to the kinetic scale where the energy can be
dissipated. A major unsolved problem in turbulence is how the
energy converts into plasma kinetic and thermal energy at the
kinetic scale (Tu & Marsch 1995; Matthaeus et al. 1999). One
possible mechanism for energy conversion is wave–particle
interaction associated with the collisionless damping of kinetic
waves, e.g., low-frequency kinetic Alfvén waves (Howes et al.
2008; Chen et al. 2013) and high-frequency whistler waves
(Gary et al. 2008; He et al. 2012). Alternatively, it has also
been found that there is a strong correlation between the energy
conversion and the intermittent current structures sponta-
neously generated in turbulence (Camporeale & Burgess 2011;
Wan et al. 2012; Chasapis et al. 2015).

Numerous studies suggest that energy conversion in the
turbulent plasma always occurs around the intermittent current
structures (Osman et al. 2012; Perri et al. 2012; Chasapis et al.
2015), particularly the reconnecting current sheet. The
reconnecting current sheet has been ubiquitously observed in

the turbulent solar wind (Gosling et al. 2005; Phan et al. 2006),
turbulent magnetosheath (Retino et al. 2007; Phan et al. 2018;
Stawarz et al. 2019; Wang et al. 2020), and turbulent
reconnection in the magnetotail (Wang et al. 2016; Zhou
et al. 2021). Based on the whole simulation domain analysis of
the dependence of energy conversion rate on the local current
density, recent simulations revealed that energy conversion in
turbulent plasma was nonuniform and intermittent (Wan et al.
2012, 2015). And the net energy conversion became increas-
ingly great as the current intensity increased (Wan et al.
2012, 2015), which has been confirmed in the observations
(Osman et al. 2015; Pucci et al. 2017; Chasapis et al. 2018;
Voros et al. 2019). Moreover, the channels of energy
conversion have been investigated in turbulent plasma. The
results suggested that the term of pressure–strain interaction
was important for both ions and electrons in energy conver-
sions (Yang et al. 2017; Bandyopadhyay et al. 2020; Matthaeus
et al. 2020). However, the study of the energy conversion and
partition related to the intensity and direction of the local
current density in turbulent plasma is still scarce.
In this work, we use the data from the Magnetospheric

Multiscale mission (MMS; Burch et al. 2016) to study the
energy conversion and partition related to current density in a
turbulent plasma driven by magnetotail reconnection. The
results quantitatively establish the relationship between energy
conversion rate and current density and reveal that the energy
partition between ions and electrons is related to the local
current intensity and direction.
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2. Data Set and Event Overview

The data used in this article were collected by the MMS1.
The electric field data were measured by the electric field
double probe (Ergun et al. 2016; Lindqvist et al. 2016). The
particle moment data were obtained from Fast Plasma
Investigation (Pollock et al. 2016). The magnetic field data
were taken from Flux Gate Magnetometer (Russell et al. 2016).
The magnetic field fluctuation data were measured by a triaxial
search-coil magnetometer (Le Contel et al. 2016).

Figure 1 shows an overview of the reconnection event during
03:30–06:00 UT on 2017 May 25, when the spacecraft was
located at [−19.2, −11.3, 3.2] Re in Geocentric Solar Ecliptic
coordinates, inside the magnetotail plasma sheet, characterized
by the hot plasma (Figure 1(a)). The ions flow V ix (blue trace
in Figure 1(c)) showed a tailward flow (Vix< 0) from ∼03:50
UT to ∼03:58 UT and then earthward flow (V ix> 0) from
∼03:59 UT to ∼05:50 UT. Accompanied with theV ix reversal,
B z (red trace in Figure 1(b)) changed from negative to positive,
indicating a magnetic reconnection was ongoing in the
magnetotail plasma sheet. Around 03:58:30 UT, when V ix

and B z reversed, a diffusion region was identified in previous
researches (Zhou et al. 2021; Li et al. 2022), and energetic
electrons and a three-dimensional network of filamentary
currents were concurrently observed therein (Li et al. 2022).
The earthward outflow continued for more than 1.5 hr, and the
turbulence had fully developed. We mainly focus on the data
between 04:15 UT and 05:20 UT (the shadow area in Figure 1)
while the burst mode data are available.

In the earthward outflow region, the plasma bulk flows
(Figures 1(c) and (d)) were unsteady, and the magnetic field
(Figure 1(b)) and electric field (Figure 1(e)) showed strong
fluctuations. Figures 2(a) and (b) show the power spectral
densities (PSDs) of the magnetic field and the electric field
between 04:15 and 05:20 UT, respectively. Both the PSDs of
the magnetic field and the electric field displayed the power-
law spectra. Below the ion cyclotron frequency ( fci ∼ 0.14 Hz),
the spectral index of the magnetic field was −1.7, which was
consistent with the inertial cascade of turbulence (−5/3).
Between fci and lower hybrid frequency ( flh ∼ 6 Hz), the
magnetic field followed a steeper index (−3.0). Between flh and
electron cyclotron frequency ( fce ∼ 250 Hz), the index of the
magnetic field started out at −1.7, and then became steeper by
about −3.6, with a spectral break at ∼30 Hz. The PSD of the
electric field followed the shallower indexes and had two
breaks at around flh, and fce, respectively. Below flh, the spectral
index of the electric field was −1.1. And then, the indexes
became increasingly steep. Between flh and fce, the index was
−1.7. Above fce, the electric field followed the steepest index of
about −2.8. These power-law spectra mean that the earthward
outflow region was in a fully developed turbulent state. The
turbulence has been widely found in the outflow region where
outflows interact with the ambient plasmas or other outflows
from neighboring reconnection sites (Vörös et al. 2006; Huang
et al. 2012; Osman et al. 2015; Huang et al. 2017).

The PSD of the electric field had a shallower index than that
of the magnetic field between fci and flh, indicating the buildup
of the electrostatic fluctuation in this frequency range (East-
wood et al. 2009; Ergun et al. 2018). Furthermore, when the
frequency was less than ∼30 Hz, the electric fields were
strongly anisotropic to the magnetic field. The perpendicular
component dominated the electric field (cyan trace in
Figure 2(b)). The parallel component became increasingly

important as the frequency increased, dominating at a
frequency greater than fce. The nature of the anisotropic electric
field is still an open question and will be examined in future
work. In the following, we focus on the energy conversion and
partition related to the current density in this turbulent plasma.

3. Results

MMS was in burst mode for an extended interval (04:15 to
05:20 UT) in this turbulent plasma, providing a good
opportunity to study the energy conversion in the turbulent
plasma. The energy conversion is represented by J•E, where J
is current density calculated by J= qn(Vi− Ve), q is the
elementary charge, n is the electron number density, V i andV e
are the ion and electron bulk flow velocities, and E is the
electric field. All the data have been interpolated to the cadence
ofV e (30 ms) from their respective burst mode time
resolutions, and there were 129,986 data points used in the
calculation. Both J•E and J were strongly fluctuating
(Figures 1(f) and (g)), and it is difficult to recognize the
relationship between J•E and J from the timing diagram.
Thus, the cumulative distribution functions (CDFs) of

current density and energy conversion rate was calculated in
this work. The CDF of current density, at |J|, was defined by

fJ∣ ∣å¥ (black trace in Figure 3(a)), representing the probability
that current density is greater than |J|, where f is the probability
density function of current density. The CDF of current density
showed a non-Gaussian distribution with a heavy tail (the
Gaussian distribution represented by the dashed line). The
current density had a wide range, but, just ∼1% of the current
density was greater than 70 nAm−2.
The CDF of J•E, at |J|, was defined by J E•J

0
∣ ∣å ,

representing the sum of energy conversion rate in the region
where the current density is less than |J| (red traces in
Figure 3(a)). The prominent increase in J E•J

0
∣ ∣å occurred at

22 < | J| < 70 nAm−2, suggesting that the majority net
positive J•E was found in the region where 22 < | J| <
70 nAm−2 (0.7 ∼ 2.3 Jrms, Jrms ∼ 30 nAm−2, is the rms value
of |J|), i.e., the net energy conversion from the electromagnetic
field to particles mainly occurred in there. The positive energy
conversion was not uniformly distributed throughout the entire
region. About 50% of net positive energy conversion was
found in the region with 39 < | J| < 70 nAm−2 (1.3–2.3 Jrms),
while these regions just made up about 14% of the entire
region, consistent with the previous simulations (Wan et al.
2012, 2015; Camporeale et al. 2018).
At |J|<∼ 22 nA/m2 (0.7 Jrms), the decrease in J E•J

0
∣ ∣å

indicated that the net J•E was negative, and the energy
transferred from the particles to electromagnetic fields. Where |
J| > 70 nAm−2 (2.3 Jrms), J E•J

0
∣ ∣å was roughly stable,

suggesting that a negligible (but negative) contribution to
overall energy conversion was made where | J| > 70 nAm−2

(2.3 Jrms). The proportion of these regions was too tiny (∼1%)
to make a prominent contribution to the global energy
conversion. Moreover, the extremely low incidence of | J| >
70 nAm−2 (black trace in Figure 2(a)) could cause a sizeable
uncertainty in J E•J

0
∣ ∣å . Thus, the data with | J| > 70 nAm−2

(2.3 Jrms) would be ignored in later analysis.
To further understand the relationship between current

density and energy conversion rate, the averages of J E•∣ ∣
conditioned on the local current density, J E J E• •J∣ ∣ ∣ ∣á ñ á ñ,
were shown in Figure 3(b). There existed a linear increase
between J E J E• •J∣ ∣ ∣ ∣á ñ á ñ and J∣ ∣, when | J| < 80 nAm−2 ∼

2
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2.7 Jrms (black line in Figure 3(b)). Nevertheless,
J E J E• •J∣ ∣ ∣ ∣á ñ á ñ deviated from the linear prediction when |

J|>∼85 nAm−2, and all of them were greater than the
prediction. It seems that more nonlinear processes could be
involved to lead to the deviation when the current density was
particularly strong. The other candidate for the deviation is the

significant uncertainty caused by low incidence (the data with |
J| > 85 nAm−2 just made up less than 1% of the total), as
mentioned earlier.
Simultaneously, the averages of J•E conditioned on the local

current density, J E J E• •Já ñ á ñ, were shown in Figure 3(c),
representing the average of net energy conversion in each

Figure 1. Overview of the reconnection event. (a) Electron omnidirectional spectrogram. (b) Magnetic field. (c) The ion bulk flows. (d) The electron bulk flows. (e)
Electric field. (f) The magnitude of current density. (g) Energy conversion rate (J•E).
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current density bin, as defined in previous simulations (Wan
et al. 2012). The average net energy conversion was
proportional to J2 (the dashed line in Figure 3(c)), consistent
with the previous simulations (Wan et al. 2016). However, the
agreement only met where the net energy conversion was
positive (22 < | J| < 70 nAm−2). At | J| < 22 nAm−2 (or
>70 nAm−2), the net energy conversion was always negative
(gray points), which was different from the previous simula-
tions. One possible reason for this disagreement is that the
initial conditions of the simulations are not closely mimicking
the in situ observation conditions. Additionally, compared to
simulation, the observation is more likely to be influenced by
the usage of limited data, which could also cause the difference.

The CDF of J•E with its parallel component ( J E•J
0
∣ ∣

 å , blue

trace) and perpendicular component ( J E•J
0
∣ ∣å ^ ^, red trace) to

the magnetic field are shown in Figure 4(a). The result shows
that the perpendicular component (J⊥•E⊥) dominated the
energy conversion and contributed ∼90% of the total J•E.

Figure 4(b) shows the energy partition between ions
( J E•J

i0
∣ ∣å , where Ji= nqVi, cyan trace) and electrons

( J E•J
e0

∣ ∣å , where Je=− nqVe, magenta trace). When the
current density was weak (| J| < 26 nA/m2∼ 0.9 Jrms),

J E•J
i0

∣ ∣å rapidly increased, while J E•J
e0

∣ ∣å decreased con-
tinuously. It indicates the electromagnetic energy was mainly
transferred into ions, but the electrons lost energy and
transferred it into the electromagnetic field. However, when
the current density was intense (30 nAm−2 < |J| < 70 nA/m2,
1.0–2.3 Jrms), both J E•J

i0
∣ ∣å and J E•J

e0
∣ ∣å were increasing. But

J E•J
e0

∣ ∣å was growing much faster than J E•J
i0

∣ ∣å , and
contributed about 72% of the increase of J E•J

0
∣ ∣å . It suggests

that the electromagnetic energy was mainly transferred into
electrons (∼72%) when the current density was intense. As a

whole, the magnetic free energy was primarily released to
energize the ions (Figure 4(b)).
For both electrons and ions, energy conversions were

dominated by the perpendicular component, so the distributions
of the perpendicular component (Figure 4(c)) were almost the
same as that of the total energy conversion (Figure 4(b)). The
parallel component just made up a small contribution (∼10%)
of total energy conversion. However, all of the net positive
J∥•E∥ was supported by the Je,∥•E∥ (Figure 4(d)), suggesting
the parallel component of energy conversion from the
electromagnetic field to particles was dominated by electrons.
In contrast, the weak but negative Ji,∥•E∥ suggested that the
ions lost a tiny amount of energy in the parallel direction.

4. Discussion and Conclusions

In this study, we study the energy conversion and partition
related to current density in a turbulent plasma driven by
magnetotail reconnection. The energy conversion in this
turbulent plasma was intense but fluctuating, i.e., the energy
conversion from field to particles (J•E> 0) and from particles
to the field (J•E< 0) were both intense and random. To reveal
the general rules of these fluctuates, we have computed the
cumulative distribution of the total energy conversion rate
(J•E), the energy conversion rate of electrons (Je•E) and ions
(Je•E), and their components to the magnetic field, as a
function of current density. The results suggest that the energy
conversion and partition between ions and electrons are related
to the local current intensity and direction.
The perpendicular component (J⊥•E⊥) dominated (∼90%)

of the energy conversion, which was consistent with another
observation (Ergun et al. 2018) in the magnetotail, where the
perpendicular electric field near the ion cyclotron frequency
supported most of the net energy conversion. However, an
opposite conclusion was drawn in the quasi-parallel

Figure 2. Power spectral density (PSD) of magnetic field and electric field. (a) PSD of the magnetic field. (b) PSD of the total (black trace), parallel (magenta trace),
and perpendicular (cyan trace) electric field. The vertical dashed lines represent the average ion cyclotron frequency ( fci ∼ 0.14 Hz), average lower hybrid frequency
( flh ∼ 6 Hz), and average electron cyclotron frequency ( fce ∼ 250 Hz). The colored dashed lines are power-law fits to specific frequency bands.
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magnetosheath (Voros et al. 2019), where the energy conver-
sion occurred preferentially in the parallel direction. This
difference may be because the guide field in the magnetosheath
was more significant than that in the magnetotail plasma sheet.

The energy partition between ions and electrons related to
current density was investigated in our work. The electro-
magnetic energy was mainly transferred into ions when the
current density was weak (| J| < ∼30 nAm−2 ∼ Jrms), and
these regions made up about 70% of the entire region. The
electrons were energized mainly in the region with intense
current density (30 < | J| < 70 nAm−2, 1.0–2.3 Jrms), which
just made up a small proportion of the entire region (less than
30%). The results indicate that the ions were mainly energized
in the relatively weak current region (<1.0 Jrms), which was
common in the turbulence region. The efficiency of energy

conversion in these regions was weak, but the wide distribution
made the energization of the ions, prominent. In contrast, the
electrons’ energization occurred at a local region. The small
and patchy regions with strong current density (>1.0 Jrms)
provided rapid energization to electrons, consistent with a
recent study, where electron heating occurred in the regions
with the strong current density (Huang et al. 2022). The
difference between ions and electrons may be supported by the
electron-only reconnection, which always occurs with strong
current density (Phan et al. 2018; Stawarz et al. 2019). Only the
electrons participated in this process, so electromagnetic energy
was mainly transferred into electrons where the current density
was intense. There were indeed a lot of electron-only
reconnection current sheets in this turbulent outflow region
(Zhou et al. 2021).
Although J∥•E∥ just contributed a small part of the entire

energy conversion, it had a clear bias toward electrons,
indicating the parallel electric field mainly energized the
electrons and had a minor influence on ions. One possible
reason for this bias is that electron-only reconnections always
had a significant guide field in turbulent plasma (Phan et al.
2018), which was true in our event (Zhou et al. 2021). Both
numerical simulations and observations showed that the guide
field supported parallel heating during reconnection (Shay et al.
2014; Wilder et al. 2018). Another possible reason is that
electrons were accelerated by the small-scale, large-amplitude,
and electrostatic E∥ structures such as double layers (Wang
et al. 2014; Ergun et al. 2018) and electron holes (Drake et al.
2003). These structures were universal in this event (not
shown). The parallel electrostatic potential caused by these
structures may also be responsible for the weak but negative
Ji,∥•E∥.
At the weak current density (<∼30 nAm−2 ∼ Jrms), the net

Je•E was negative, and Je,⊥ ·E⊥ was responsible for it,
suggesting that the perpendicular component of electron kinetic
energy was transferred into the electromagnetic field. The
electrons were coupled to the magnetic fields in the region with
weak current density. When the electrons had a velocity
perpendicular to the magnetic field, the magnetic fields would
be wound up and stretched. Thus, the energy could be
transferred from electrons into the magnetic fields, like the
turbulent dynamo process (Ponty & Plunian 2011). This
process suggests that electron dynamics might play a vital role
in the turbulence evolution. Meanwhile, the net Je,∥•E∥ was
positive in the same region, consistent with the observation in
the inner electron diffusion region of magnetic reconnection
(Wang et al. 2017), where the magnetic energy was
accumulated in the perpendicular directions while being
dissipated in the parallel direction.
In previous simulations, the average of net energy conver-

sion ( J E• Já ñ ) was found to be proportional to J2 (Wan et al.
2016), and it has been proved in observation (Chasapis et al.
2018). In our work, this relationship was still satisfied at 22 <
|J|< 70 nAm−2 (Figure 3(c)), where the mainly net positive
energy conversion occurred. Furthermore, a linearly increasing
relationship was first established between J E• J∣ ∣á ñ and J∣ ∣ in
our work (Figure 3(b)). Unlike previous work focusing on the
relationship between the net energy conversion ( J E• Já ñ ) and
current density, we paid attention to the capacity of energy
conversion ( J E• J∣ ∣á ñ ) in various current densities, regardless of
the direction of the energy transfer. The results suggest that the
capacity of energy conversion was directly proportional to the

Figure 3. Energy conversion with current density. (a) The cumulative
distribution functions (CDFs) of current density (black trace) and energy
conversion rate (red trace). The CDF of current density, at |J|, was defined by

fJ∣ ∣å¥ , representing the probability that current density is greater than |J|,
where f is the probability density function of current density. The CDF of J•E,
at |J|, was defined by J E•J

0
∣ ∣å , representing the sum of energy conversion rate

in the region with the current density less than |J|. The dashed curve line
represents a Gaussian distribution. The major net positive energy conversion
region is marked by two vertical dashed lines. (b) The averages of J E•∣ ∣
calculated based on the binned value of current density (bin size is 5 nA/m2).
The black line represents a linear fitting between J E• J∣ ∣á ñ and |J|. (c) The
average of J•E conditioned on the local current density. Black points represent
J E• 0Já ñ > , and gray points represent J E• Já ñ < 0. The dotted line is a
quadratic fit between J E• Já ñ and |J|.
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intensity of current density. Understanding this simple linear
increasing relationship from fundamental plasma physics or
turbulence theory, and whether it is a general property of
turbulent plasma are still open questions and more efforts are
needed to resolve them.

In summary, we have studied the energy conversion and
partition related to current density in developed turbulence
driven by magnetotail reconnection. In this turbulent plasma,
the energy conversion was nonuniform. The capacity of energy
conversion ( J E• J∣ ∣á ñ ) was directly proportional to the intensity
of the current density. The magnetic free energy was primarily
released in the perpendicular directions (up to 90%). The ions
were mainly energized in the relatively weak current region
(<1.0 Jrms), which was common in the turbulence region.
However, the electrons were energized in the localized intense
current layer (>1.0 Jrms). In the relatively weak currents (<1.0
Jrms), the negative electron energy conversion rate denoted a
strong dynamo action. The released magnetic free energy in the
parallel direction was tiny (∼10%), and was primarily
transferred to the electrons. The observations indicate that ions
overall dominated energy conversion in turbulence but the
electron dynamics were crucial for the turbulence evolution and
energy conversion in intense currents.
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