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Introduction
Motivation

How do magnetic reconnection and 
turbulence heat the collisionless plasma 

and accelerate particles?
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[source : National Radio Astronomy Observatory/NSF]
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Introduction
Outline

• The MMS mission & in situ 
observation of reconnection jets


• Turbulence


• Ion heating


• Electron heating


• Conclusions
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The Magnetospheric Multiscale (MMS) mission†

5 †https://www.nasa.gov/fy-2026-budget-request/



• NASA mission launched in 2015, designed to study magnetic 
reconnection in Earth's magnetosphere.


• Four spacecraft flying in a tetrahedral formation with ~10 
km separation, enabling 3D measurements.


• Fields instruments provide high-cadence measurements of 
electromagnetic fields:


• Electric and magnetic field data at up to 64 kHz (electric) 
and 8 kHz (magnetic).


• Particle instruments deliver high-resolution plasma 
measurements:


• Thermal protons sampled every 150 ms and electrons 
every 30 ms.


• Spin-resolution measurements (20 s cadence) of mass-
resolved ions.


• Suprathermal particles: ions at 10 s / 30 s and electrons 
at 30 s cadence.

The Magnetospheric Multiscale (MMS) mission†
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How do they look like?
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How do they look like?

• Reconnection jets are short (~1 min) 
and fast ( ) ion 
flows.

|Vi | ≥ 300 km s−1
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[Richard+2022, GRL]

How do they look like?

• Reconnection jets are short (~1 min) 
and fast ( ) ion 
flows.

|Vi | ≥ 300 km s−1

• Database of 2394 reconnection jets in 
the Earth’s plasma sheet compiled from 
MMS orbits 2017-2021.

6 X-line at ∼ − 25 RE

Magnetic Reconnection Jets



Turbulence in Reconnection Jets
Why do we care?
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• Turbulence-driven magnetic 
reconnection.

Turbulence in Reconnection Jets
Why do we care?
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• Turbulence-driven magnetic 
reconnection.

• Turbulent magnetic reconnection.

Turbulence in Reconnection Jets
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• Turbulence-driven magnetic 
reconnection.

• Turbulent magnetic reconnection.

• Secondary reconnection sites in 
turbulent outflows.

Turbulence in Reconnection Jets
Why do we care?
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• Turbulence-driven magnetic 
reconnection.

• Turbulent magnetic reconnection.

• Secondary reconnection sites in 
turbulent outflows.

• Non-thermal particle acceleration in 
turbulent electromagnetic fields

Turbulence in Reconnection Jets
Why do we care?

[Lapenta+2020, PRL]
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• Turbulence-driven magnetic 
reconnection.

• Turbulent magnetic reconnection.

• Secondary reconnection sites in 
turbulent outflows.

• Non-thermal particle acceleration in 
turbulent electromagnetic fields

How much does turbulence 
contribute to energy conversion in 
reconnection jets?

Turbulence in Reconnection Jets
Why do we care?

[Lapenta+2020, PRL]
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magnetosphere to investigate turbulence in reconnection
jets. We study 330 plasma jets in the plasma sheet of the
Earth’s magnetotail (βi ≥ 0.5, where βi ¼ 2μ0nikBTi=B2,
ni is the ion number density, Ti the ion temperature, and B
the magnetic field magnitude); see Ref. [28] for a detailed
description of the data. The jets are observed in the midtail,
−15RE ≥ XGSM ≥ −25RE in geocentric solar magneto-
spheric (GSM) coordinates; RE ≈ 6371 km is the Earth’s
radius. Magnetic reconnection is the primary driver of fast
plasma flows in this part of the magnetotail [29,30]. The
statistical location of the reconnection X-line for our dataset
is XGSM ≈ −25RE [28]. Other mechanisms to generate jets
(e.g., kinetic ballooning or interchange [31,32]) would be
effective only in the near-Earth tail, XGSM ≥ −15RE, which
is outside of the region we study. Therefore, we assume that
the observed jets are generated by reconnection. We use
magnetic field measurements from MMS’s FGM instru-
ment [33] and electric field measurements from the
EDP instrument [34,35]. The moments of the ion and
electron velocity distributions are measured by the FPI
instrument [36] with corrections removing low-energy
photoelectrons and a background ion population to account
for penetrating radiation [37].
Figure 1 presents an example of a fast (jVij ≥ 300 km s−1

with Vi the ion bulk velocity) Earthward jet [Fig. 1(c)].
We see enhanced fluctuations in the magnetic field B and
electric field E [Figs. 1(a) and 1(b)]. The correlation scale,
i.e., the size of the energy-containing eddies [38,39], is
lc ¼ 53di ¼ 3.7RE, where di ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mi=nie2μ0

p
is the ion

inertial length (see Supplemental Material [40]). Here, we
use temporal-to-spatial scale equivalence l⊥ ¼ Vτ, with
V ¼ hjViji, after verifying the validity of the Taylor hypoth-
esis of frozen-in-flow fluctuations [41,42] and the
assumption of anisotropic fluctuations (see Supplemental
Material [40]). The power spectra of the electromagnetic
fluctuations [Fig. 1(d)] exhibit a Kolmogorov-like power-
law scaling, jk⊥j−5=3 [71] in a range spanning from the
energy injection scale, estimated as the correlation scale lc,
down to the ion gyroscale ρi ¼

ffiffiffiffi
βi

p
di ≈ 619 km.At sub-ion

scales, the magnetic field spectrum steepens to jk⊥j−2.8
while the electric field spectrum rises to jk⊥j−0.8, due to the
contribution of theHall term in the generalizedOhm’s law at
the ion kinetic scales [72,73]. The observed Kolmogorov
spectrumat large scales (lc ≥ l⊥ ≥ ρi) suggests global scale-
invariant energy transfer across these scales.
In fully developed turbulence, the power spectrum

(equivalent to the second-order moment of the fluctuations)
is not sufficient to describe the fluctuations due to the
intermittency [74]. Hence, we compute the structure
functions of the magnetic field SmðτÞ ¼ hjΔBðτÞjmi ¼
hjBðtþ τÞ − BðtÞjmi with τ the timescale and h·i the
ensemble time average, having verified ergodicity and
statistical convergence (see Supplemental Material [40]).
We observe a power-law scaling SmðτÞ ∝ τζðmÞ at large
scales [Fig. 1(e)], which confirms the global scale-invariant

nature of the fluctuations. In addition, the flatness
F ðτÞ ¼ S4ðτÞ=S22ðτÞ, which measures the wings of the
distribution of ΔBðτÞ, i.e., the occurrence of large gra-
dients, is monotonically increasing as the scale decreases
[Fig. 1(f)] indicating intermittency [8]. This provides
evidence for spatially inhomogeneous energy transfer at
large scales.
Knowledge of the energy transfer rate by the turbulence

cascade across the scales is crucial to understanding the
energy budget in the reconnection jets. We estimate the
energy cascade rate using the third-order law for three-
dimensional single-fluid magnetohydrodynamic (MHD)
turbulence under the assumption of scale separation
between injection and dissipation, homogeneity, and time
stationarity of the fluctuations [43–45],

FIG. 1. Example of a reconnection jet with signatures of fully
developed turbulence. (a) Magnetic field, (b) electric field, and
(c) ion bulk velocity in GSM coordinates; (d) power spectral
density of the electromagnetic fields normalized to P0 ¼ PðfdiÞ,
where fdi ¼ V=2πdi; (e) structure functions and (f) flatness of the
magnetic field; (g) energy flux jYj. The dotted lines in panels
(d)–(g) indicate the correlation scale lc. The dashed-dotted lines
in panels (d) and (e)–(g) indicate jk⊥jρi ¼ 1 and l⊥ ¼ ρi,
respectively. The dashed lines in panels (d)–(g) are reference
power laws.
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energy cascade rate using the third-order law for three-
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FIG. 1. Example of a reconnection jet with signatures of fully
developed turbulence. (a) Magnetic field, (b) electric field, and
(c) ion bulk velocity in GSM coordinates; (d) power spectral
density of the electromagnetic fields normalized to P0 ¼ PðfdiÞ,
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in panels (d) and (e)–(g) indicate jk⊥jρi ¼ 1 and l⊥ ¼ ρi,
respectively. The dashed lines in panels (d)–(g) are reference
power laws.
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where fdi ¼ V=2πdi; (e) structure functions and (f) flatness of the
magnetic field; (g) energy flux jYj. The dotted lines in panels
(d)–(g) indicate the correlation scale lc. The dashed-dotted lines
in panels (d) and (e)–(g) indicate jk⊥jρi ¼ 1 and l⊥ ¼ ρi,
respectively. The dashed lines in panels (d)–(g) are reference
power laws.
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magnetosphere to investigate turbulence in reconnection
jets. We study 330 plasma jets in the plasma sheet of the
Earth’s magnetotail (βi ≥ 0.5, where βi ¼ 2μ0nikBTi=B2,
ni is the ion number density, Ti the ion temperature, and B
the magnetic field magnitude); see Ref. [28] for a detailed
description of the data. The jets are observed in the midtail,
−15RE ≥ XGSM ≥ −25RE in geocentric solar magneto-
spheric (GSM) coordinates; RE ≈ 6371 km is the Earth’s
radius. Magnetic reconnection is the primary driver of fast
plasma flows in this part of the magnetotail [29,30]. The
statistical location of the reconnection X-line for our dataset
is XGSM ≈ −25RE [28]. Other mechanisms to generate jets
(e.g., kinetic ballooning or interchange [31,32]) would be
effective only in the near-Earth tail, XGSM ≥ −15RE, which
is outside of the region we study. Therefore, we assume that
the observed jets are generated by reconnection. We use
magnetic field measurements from MMS’s FGM instru-
ment [33] and electric field measurements from the
EDP instrument [34,35]. The moments of the ion and
electron velocity distributions are measured by the FPI
instrument [36] with corrections removing low-energy
photoelectrons and a background ion population to account
for penetrating radiation [37].
Figure 1 presents an example of a fast (jVij ≥ 300 km s−1

with Vi the ion bulk velocity) Earthward jet [Fig. 1(c)].
We see enhanced fluctuations in the magnetic field B and
electric field E [Figs. 1(a) and 1(b)]. The correlation scale,
i.e., the size of the energy-containing eddies [38,39], is
lc ¼ 53di ¼ 3.7RE, where di ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mi=nie2μ0
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inertial length (see Supplemental Material [40]). Here, we
use temporal-to-spatial scale equivalence l⊥ ¼ Vτ, with
V ¼ hjViji, after verifying the validity of the Taylor hypoth-
esis of frozen-in-flow fluctuations [41,42] and the
assumption of anisotropic fluctuations (see Supplemental
Material [40]). The power spectra of the electromagnetic
fluctuations [Fig. 1(d)] exhibit a Kolmogorov-like power-
law scaling, jk⊥j−5=3 [71] in a range spanning from the
energy injection scale, estimated as the correlation scale lc,
down to the ion gyroscale ρi ¼
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p
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scales, the magnetic field spectrum steepens to jk⊥j−2.8
while the electric field spectrum rises to jk⊥j−0.8, due to the
contribution of theHall term in the generalizedOhm’s law at
the ion kinetic scales [72,73]. The observed Kolmogorov
spectrumat large scales (lc ≥ l⊥ ≥ ρi) suggests global scale-
invariant energy transfer across these scales.
In fully developed turbulence, the power spectrum

(equivalent to the second-order moment of the fluctuations)
is not sufficient to describe the fluctuations due to the
intermittency [74]. Hence, we compute the structure
functions of the magnetic field SmðτÞ ¼ hjΔBðτÞjmi ¼
hjBðtþ τÞ − BðtÞjmi with τ the timescale and h·i the
ensemble time average, having verified ergodicity and
statistical convergence (see Supplemental Material [40]).
We observe a power-law scaling SmðτÞ ∝ τζðmÞ at large
scales [Fig. 1(e)], which confirms the global scale-invariant

nature of the fluctuations. In addition, the flatness
F ðτÞ ¼ S4ðτÞ=S22ðτÞ, which measures the wings of the
distribution of ΔBðτÞ, i.e., the occurrence of large gra-
dients, is monotonically increasing as the scale decreases
[Fig. 1(f)] indicating intermittency [8]. This provides
evidence for spatially inhomogeneous energy transfer at
large scales.
Knowledge of the energy transfer rate by the turbulence

cascade across the scales is crucial to understanding the
energy budget in the reconnection jets. We estimate the
energy cascade rate using the third-order law for three-
dimensional single-fluid magnetohydrodynamic (MHD)
turbulence under the assumption of scale separation
between injection and dissipation, homogeneity, and time
stationarity of the fluctuations [43–45],

FIG. 1. Example of a reconnection jet with signatures of fully
developed turbulence. (a) Magnetic field, (b) electric field, and
(c) ion bulk velocity in GSM coordinates; (d) power spectral
density of the electromagnetic fields normalized to P0 ¼ PðfdiÞ,
where fdi ¼ V=2πdi; (e) structure functions and (f) flatness of the
magnetic field; (g) energy flux jYj. The dotted lines in panels
(d)–(g) indicate the correlation scale lc. The dashed-dotted lines
in panels (d) and (e)–(g) indicate jk⊥jρi ¼ 1 and l⊥ ¼ ρi,
respectively. The dashed lines in panels (d)–(g) are reference
power laws.
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magnetosphere to investigate turbulence in reconnection
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Earth’s magnetotail (βi ≥ 0.5, where βi ¼ 2μ0nikBTi=B2,
ni is the ion number density, Ti the ion temperature, and B
the magnetic field magnitude); see Ref. [28] for a detailed
description of the data. The jets are observed in the midtail,
−15RE ≥ XGSM ≥ −25RE in geocentric solar magneto-
spheric (GSM) coordinates; RE ≈ 6371 km is the Earth’s
radius. Magnetic reconnection is the primary driver of fast
plasma flows in this part of the magnetotail [29,30]. The
statistical location of the reconnection X-line for our dataset
is XGSM ≈ −25RE [28]. Other mechanisms to generate jets
(e.g., kinetic ballooning or interchange [31,32]) would be
effective only in the near-Earth tail, XGSM ≥ −15RE, which
is outside of the region we study. Therefore, we assume that
the observed jets are generated by reconnection. We use
magnetic field measurements from MMS’s FGM instru-
ment [33] and electric field measurements from the
EDP instrument [34,35]. The moments of the ion and
electron velocity distributions are measured by the FPI
instrument [36] with corrections removing low-energy
photoelectrons and a background ion population to account
for penetrating radiation [37].
Figure 1 presents an example of a fast (jVij ≥ 300 km s−1

with Vi the ion bulk velocity) Earthward jet [Fig. 1(c)].
We see enhanced fluctuations in the magnetic field B and
electric field E [Figs. 1(a) and 1(b)]. The correlation scale,
i.e., the size of the energy-containing eddies [38,39], is
lc ¼ 53di ¼ 3.7RE, where di ¼
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inertial length (see Supplemental Material [40]). Here, we
use temporal-to-spatial scale equivalence l⊥ ¼ Vτ, with
V ¼ hjViji, after verifying the validity of the Taylor hypoth-
esis of frozen-in-flow fluctuations [41,42] and the
assumption of anisotropic fluctuations (see Supplemental
Material [40]). The power spectra of the electromagnetic
fluctuations [Fig. 1(d)] exhibit a Kolmogorov-like power-
law scaling, jk⊥j−5=3 [71] in a range spanning from the
energy injection scale, estimated as the correlation scale lc,
down to the ion gyroscale ρi ¼
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scales, the magnetic field spectrum steepens to jk⊥j−2.8
while the electric field spectrum rises to jk⊥j−0.8, due to the
contribution of theHall term in the generalizedOhm’s law at
the ion kinetic scales [72,73]. The observed Kolmogorov
spectrumat large scales (lc ≥ l⊥ ≥ ρi) suggests global scale-
invariant energy transfer across these scales.
In fully developed turbulence, the power spectrum

(equivalent to the second-order moment of the fluctuations)
is not sufficient to describe the fluctuations due to the
intermittency [74]. Hence, we compute the structure
functions of the magnetic field SmðτÞ ¼ hjΔBðτÞjmi ¼
hjBðtþ τÞ − BðtÞjmi with τ the timescale and h·i the
ensemble time average, having verified ergodicity and
statistical convergence (see Supplemental Material [40]).
We observe a power-law scaling SmðτÞ ∝ τζðmÞ at large
scales [Fig. 1(e)], which confirms the global scale-invariant

nature of the fluctuations. In addition, the flatness
F ðτÞ ¼ S4ðτÞ=S22ðτÞ, which measures the wings of the
distribution of ΔBðτÞ, i.e., the occurrence of large gra-
dients, is monotonically increasing as the scale decreases
[Fig. 1(f)] indicating intermittency [8]. This provides
evidence for spatially inhomogeneous energy transfer at
large scales.
Knowledge of the energy transfer rate by the turbulence

cascade across the scales is crucial to understanding the
energy budget in the reconnection jets. We estimate the
energy cascade rate using the third-order law for three-
dimensional single-fluid magnetohydrodynamic (MHD)
turbulence under the assumption of scale separation
between injection and dissipation, homogeneity, and time
stationarity of the fluctuations [43–45],

FIG. 1. Example of a reconnection jet with signatures of fully
developed turbulence. (a) Magnetic field, (b) electric field, and
(c) ion bulk velocity in GSM coordinates; (d) power spectral
density of the electromagnetic fields normalized to P0 ¼ PðfdiÞ,
where fdi ¼ V=2πdi; (e) structure functions and (f) flatness of the
magnetic field; (g) energy flux jYj. The dotted lines in panels
(d)–(g) indicate the correlation scale lc. The dashed-dotted lines
in panels (d) and (e)–(g) indicate jk⊥jρi ¼ 1 and l⊥ ¼ ρi,
respectively. The dashed lines in panels (d)–(g) are reference
power laws.
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Earth’s magnetotail (βi ≥ 0.5, where βi ¼ 2μ0nikBTi=B2,
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(e.g., kinetic ballooning or interchange [31,32]) would be
effective only in the near-Earth tail, XGSM ≥ −15RE, which
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magnetic field measurements from MMS’s FGM instru-
ment [33] and electric field measurements from the
EDP instrument [34,35]. The moments of the ion and
electron velocity distributions are measured by the FPI
instrument [36] with corrections removing low-energy
photoelectrons and a background ion population to account
for penetrating radiation [37].
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use temporal-to-spatial scale equivalence l⊥ ¼ Vτ, with
V ¼ hjViji, after verifying the validity of the Taylor hypoth-
esis of frozen-in-flow fluctuations [41,42] and the
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Material [40]). The power spectra of the electromagnetic
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law scaling, jk⊥j−5=3 [71] in a range spanning from the
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down to the ion gyroscale ρi ¼
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while the electric field spectrum rises to jk⊥j−0.8, due to the
contribution of theHall term in the generalizedOhm’s law at
the ion kinetic scales [72,73]. The observed Kolmogorov
spectrumat large scales (lc ≥ l⊥ ≥ ρi) suggests global scale-
invariant energy transfer across these scales.
In fully developed turbulence, the power spectrum

(equivalent to the second-order moment of the fluctuations)
is not sufficient to describe the fluctuations due to the
intermittency [74]. Hence, we compute the structure
functions of the magnetic field SmðτÞ ¼ hjΔBðτÞjmi ¼
hjBðtþ τÞ − BðtÞjmi with τ the timescale and h·i the
ensemble time average, having verified ergodicity and
statistical convergence (see Supplemental Material [40]).
We observe a power-law scaling SmðτÞ ∝ τζðmÞ at large
scales [Fig. 1(e)], which confirms the global scale-invariant

nature of the fluctuations. In addition, the flatness
F ðτÞ ¼ S4ðτÞ=S22ðτÞ, which measures the wings of the
distribution of ΔBðτÞ, i.e., the occurrence of large gra-
dients, is monotonically increasing as the scale decreases
[Fig. 1(f)] indicating intermittency [8]. This provides
evidence for spatially inhomogeneous energy transfer at
large scales.
Knowledge of the energy transfer rate by the turbulence

cascade across the scales is crucial to understanding the
energy budget in the reconnection jets. We estimate the
energy cascade rate using the third-order law for three-
dimensional single-fluid magnetohydrodynamic (MHD)
turbulence under the assumption of scale separation
between injection and dissipation, homogeneity, and time
stationarity of the fluctuations [43–45],

FIG. 1. Example of a reconnection jet with signatures of fully
developed turbulence. (a) Magnetic field, (b) electric field, and
(c) ion bulk velocity in GSM coordinates; (d) power spectral
density of the electromagnetic fields normalized to P0 ¼ PðfdiÞ,
where fdi ¼ V=2πdi; (e) structure functions and (f) flatness of the
magnetic field; (g) energy flux jYj. The dotted lines in panels
(d)–(g) indicate the correlation scale lc. The dashed-dotted lines
in panels (d) and (e)–(g) indicate jk⊥jρi ¼ 1 and l⊥ ¼ ρi,
respectively. The dashed lines in panels (d)–(g) are reference
power laws.
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magnetosphere to investigate turbulence in reconnection
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Earth’s magnetotail (βi ≥ 0.5, where βi ¼ 2μ0nikBTi=B2,
ni is the ion number density, Ti the ion temperature, and B
the magnetic field magnitude); see Ref. [28] for a detailed
description of the data. The jets are observed in the midtail,
−15RE ≥ XGSM ≥ −25RE in geocentric solar magneto-
spheric (GSM) coordinates; RE ≈ 6371 km is the Earth’s
radius. Magnetic reconnection is the primary driver of fast
plasma flows in this part of the magnetotail [29,30]. The
statistical location of the reconnection X-line for our dataset
is XGSM ≈ −25RE [28]. Other mechanisms to generate jets
(e.g., kinetic ballooning or interchange [31,32]) would be
effective only in the near-Earth tail, XGSM ≥ −15RE, which
is outside of the region we study. Therefore, we assume that
the observed jets are generated by reconnection. We use
magnetic field measurements from MMS’s FGM instru-
ment [33] and electric field measurements from the
EDP instrument [34,35]. The moments of the ion and
electron velocity distributions are measured by the FPI
instrument [36] with corrections removing low-energy
photoelectrons and a background ion population to account
for penetrating radiation [37].
Figure 1 presents an example of a fast (jVij ≥ 300 km s−1

with Vi the ion bulk velocity) Earthward jet [Fig. 1(c)].
We see enhanced fluctuations in the magnetic field B and
electric field E [Figs. 1(a) and 1(b)]. The correlation scale,
i.e., the size of the energy-containing eddies [38,39], is
lc ¼ 53di ¼ 3.7RE, where di ¼
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mi=nie2μ0
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inertial length (see Supplemental Material [40]). Here, we
use temporal-to-spatial scale equivalence l⊥ ¼ Vτ, with
V ¼ hjViji, after verifying the validity of the Taylor hypoth-
esis of frozen-in-flow fluctuations [41,42] and the
assumption of anisotropic fluctuations (see Supplemental
Material [40]). The power spectra of the electromagnetic
fluctuations [Fig. 1(d)] exhibit a Kolmogorov-like power-
law scaling, jk⊥j−5=3 [71] in a range spanning from the
energy injection scale, estimated as the correlation scale lc,
down to the ion gyroscale ρi ¼
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p
di ≈ 619 km.At sub-ion

scales, the magnetic field spectrum steepens to jk⊥j−2.8
while the electric field spectrum rises to jk⊥j−0.8, due to the
contribution of theHall term in the generalizedOhm’s law at
the ion kinetic scales [72,73]. The observed Kolmogorov
spectrumat large scales (lc ≥ l⊥ ≥ ρi) suggests global scale-
invariant energy transfer across these scales.
In fully developed turbulence, the power spectrum

(equivalent to the second-order moment of the fluctuations)
is not sufficient to describe the fluctuations due to the
intermittency [74]. Hence, we compute the structure
functions of the magnetic field SmðτÞ ¼ hjΔBðτÞjmi ¼
hjBðtþ τÞ − BðtÞjmi with τ the timescale and h·i the
ensemble time average, having verified ergodicity and
statistical convergence (see Supplemental Material [40]).
We observe a power-law scaling SmðτÞ ∝ τζðmÞ at large
scales [Fig. 1(e)], which confirms the global scale-invariant

nature of the fluctuations. In addition, the flatness
F ðτÞ ¼ S4ðτÞ=S22ðτÞ, which measures the wings of the
distribution of ΔBðτÞ, i.e., the occurrence of large gra-
dients, is monotonically increasing as the scale decreases
[Fig. 1(f)] indicating intermittency [8]. This provides
evidence for spatially inhomogeneous energy transfer at
large scales.
Knowledge of the energy transfer rate by the turbulence

cascade across the scales is crucial to understanding the
energy budget in the reconnection jets. We estimate the
energy cascade rate using the third-order law for three-
dimensional single-fluid magnetohydrodynamic (MHD)
turbulence under the assumption of scale separation
between injection and dissipation, homogeneity, and time
stationarity of the fluctuations [43–45],

FIG. 1. Example of a reconnection jet with signatures of fully
developed turbulence. (a) Magnetic field, (b) electric field, and
(c) ion bulk velocity in GSM coordinates; (d) power spectral
density of the electromagnetic fields normalized to P0 ¼ PðfdiÞ,
where fdi ¼ V=2πdi; (e) structure functions and (f) flatness of the
magnetic field; (g) energy flux jYj. The dotted lines in panels
(d)–(g) indicate the correlation scale lc. The dashed-dotted lines
in panels (d) and (e)–(g) indicate jk⊥jρi ¼ 1 and l⊥ ¼ ρi,
respectively. The dashed lines in panels (d)–(g) are reference
power laws.
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the magnetic field magnitude); see Ref. [28] for a detailed
description of the data. The jets are observed in the midtail,
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electron velocity distributions are measured by the FPI
instrument [36] with corrections removing low-energy
photoelectrons and a background ion population to account
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use temporal-to-spatial scale equivalence l⊥ ¼ Vτ, with
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esis of frozen-in-flow fluctuations [41,42] and the
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law scaling, jk⊥j−5=3 [71] in a range spanning from the
energy injection scale, estimated as the correlation scale lc,
down to the ion gyroscale ρi ¼
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while the electric field spectrum rises to jk⊥j−0.8, due to the
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the ion kinetic scales [72,73]. The observed Kolmogorov
spectrumat large scales (lc ≥ l⊥ ≥ ρi) suggests global scale-
invariant energy transfer across these scales.
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(equivalent to the second-order moment of the fluctuations)
is not sufficient to describe the fluctuations due to the
intermittency [74]. Hence, we compute the structure
functions of the magnetic field SmðτÞ ¼ hjΔBðτÞjmi ¼
hjBðtþ τÞ − BðtÞjmi with τ the timescale and h·i the
ensemble time average, having verified ergodicity and
statistical convergence (see Supplemental Material [40]).
We observe a power-law scaling SmðτÞ ∝ τζðmÞ at large
scales [Fig. 1(e)], which confirms the global scale-invariant

nature of the fluctuations. In addition, the flatness
F ðτÞ ¼ S4ðτÞ=S22ðτÞ, which measures the wings of the
distribution of ΔBðτÞ, i.e., the occurrence of large gra-
dients, is monotonically increasing as the scale decreases
[Fig. 1(f)] indicating intermittency [8]. This provides
evidence for spatially inhomogeneous energy transfer at
large scales.
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cascade across the scales is crucial to understanding the
energy budget in the reconnection jets. We estimate the
energy cascade rate using the third-order law for three-
dimensional single-fluid magnetohydrodynamic (MHD)
turbulence under the assumption of scale separation
between injection and dissipation, homogeneity, and time
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FIG. 1. Example of a reconnection jet with signatures of fully
developed turbulence. (a) Magnetic field, (b) electric field, and
(c) ion bulk velocity in GSM coordinates; (d) power spectral
density of the electromagnetic fields normalized to P0 ¼ PðfdiÞ,
where fdi ¼ V=2πdi; (e) structure functions and (f) flatness of the
magnetic field; (g) energy flux jYj. The dotted lines in panels
(d)–(g) indicate the correlation scale lc. The dashed-dotted lines
in panels (d) and (e)–(g) indicate jk⊥jρi ¼ 1 and l⊥ ¼ ρi,
respectively. The dashed lines in panels (d)–(g) are reference
power laws.
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• Kolmogorov-like scaling at large (fluid) 
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−2ε ¼ 1

2
∇l · Y þ S; ð1Þ

where ε is the energy cascade rate,Y is the energy flux, andS
is the energy source term, which is commonly assumed to be
negligible compared with the flux terms [46]. Using various
assumptions, Eq. (1) can be simplified to formulations
which can be applied to spacecraft measurements. We
employ the anisotropic incompressible (MEA08) [44], the
isotropic incompressible (PP98) [43] and the isotropic
compressible (AS17) [45] formulations, described in detail
in the SupplementalMaterial [40]. The results from the three
formulations are consistent within 1.3 standard deviations
[Fig. 1(g)]. This is a good agreement given the uncertainties;
therefore, the three formulations provide a reasonable order
of magnitude estimate of jYj. The energy flux jYj shows a
scaling in l⊥ close to linear over a decade ρi ≤ l⊥ ≤ lc,
corresponding to an approximately constant energy cascade
rate ε; this behavior is qualitatively similar to previous
in situ observations and numerical simulations [75]. This
suggests that the third-order law is approximately satisfied
across a limited scale range of one order of magnitude.
We use the average between the three formulations
ε ¼ ðjεPP98jþ jεMEA08jþ jεAS17jÞ=3 as an order of magni-
tude measure of the energy cascade rate. It yields,
ε ≈ 8.4% 4.2 × 108 J kg−1 s−1, which is the largest energy
transfer rate ever calculated from in situ data [47,76–78].
Our analysis of the statistical properties of turbulence in

this example reconnection jet indicates that the energy is
transferred in a spatially inhomogeneous manner across a
limited inertial range. To our knowledge, this is the first
observation of third-order laws in magnetized (βi ≈ 2.6)
reconnection jets.
To provide a complete systematic description of turbu-

lence in magnetotail reconnection jets, we form an ensem-
ble of 24 cases that show signatures of fully developed
turbulence in the statistical sense introduced in the exam-
ple. In the other 306 out of 330 cases, it is unclear if
turbulence is developing, absent, suppressed, or statistical
convergence is not achieved. We analyze the properties of
the ensemble average of the 24 reconnection jets [Fig. 2]
after normalizing the spatial scales to the ion inertial length
di to account for the variability of the plasma conditions.
This procedure results in a robust reference sample of
turbulence in reconnection jets [Fig. 2]. The ensemble-
averaged magnetic field δB, electric field δE, and electron
number density δne power spectra [Fig. 2(a)] show a clear
power-law scaling from the injection scale lc to the ion
scales, with a spectral exponent −1.72% 0.03, close to the
Kolmogorov value. The injection scale is lc ∼ 10ρi0
[Fig. 3(a)] where ρi0 is the ion gyroradius in the back-
ground field B0 ¼ Bext=2 [79] with Bext ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ βi

p
jBj

obtained from the pressure balance assumption [80].
This gives lc ≈ 3RE, comparable to the typical dimension
of the reconnection jet across the flow [81,82]. This

suggests that turbulence in the jet is generated by its
relative motion with respect to the ambient plasma.
We now examine the energy balance in the 24 intervals.

Assuming that the energy injection rate in the system
corresponds to the decay rate of the energy-containing
eddies [38], the former can be estimated using the von
Kármán-Howarth energy decay law [43,83] ε%vKH ¼
−djZ%j2=dt ¼ C%

vKjZ%j2jZ∓j=l%c , with l%c the correlation
length of the Elsasser variables Z% and C%

vK ≈ 0.03 the
von-Kármán constants [84]. On the other hand, using
the ensemble signed average of ε from Eq. (1), we estimate
the energy cascade rate hεi ¼ ðhεPP98iþ hεMEA08iþ
hεAS17iÞ=3 ≈ 1.8þ1.1

−0.7 × 108 J kg−1 s−1, positive and nearly
constant at large scales, lc ≥ l⊥ ≥ ρi [Fig. 2(f)]. The
obtained value is consistent with the ensemble average
total von Kármán-Howarth energy decay rate hεvKHi ¼
ðhεþvKHiþ hε−vKHiÞ=2 ¼ 1.1þ1.9

−0.3 × 108 J kg−1 s−1. This indi-
cates that the energy injected by magnetic reconnection in

FIG. 2. Superposed analysis of the 24 reconnection jets.
(a) Magnetic field, electric field, and electron number density
power spectra; (b) normalized phase speed in the plasma frame;
(c) and (d) scaling exponents of the structure functions in the
inertial and sub-ion ranges, respectively; (e) flatness; (f) energy
cascade rate. The thin transparent lines show the individual
rescaled cases, and the solid lines show the ensemble averages.
The green lines in panels (c) and (d) are fitted pmodel. The green
line in panel (b) is the prediction for KAWs from Ref. [48]. The
dotted lines in panels (a),(b),(e), and (f) indicate the average
correlation scale lc. The dashed-dotted lines in panels (a) and
(e)–(f) indicate the average jk⊥jρi ¼ 1 and l⊥ ¼ ρi, respectively.
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where ε is the energy cascade rate,Y is the energy flux, andS
is the energy source term, which is commonly assumed to be
negligible compared with the flux terms [46]. Using various
assumptions, Eq. (1) can be simplified to formulations
which can be applied to spacecraft measurements. We
employ the anisotropic incompressible (MEA08) [44], the
isotropic incompressible (PP98) [43] and the isotropic
compressible (AS17) [45] formulations, described in detail
in the SupplementalMaterial [40]. The results from the three
formulations are consistent within 1.3 standard deviations
[Fig. 1(g)]. This is a good agreement given the uncertainties;
therefore, the three formulations provide a reasonable order
of magnitude estimate of jYj. The energy flux jYj shows a
scaling in l⊥ close to linear over a decade ρi ≤ l⊥ ≤ lc,
corresponding to an approximately constant energy cascade
rate ε; this behavior is qualitatively similar to previous
in situ observations and numerical simulations [75]. This
suggests that the third-order law is approximately satisfied
across a limited scale range of one order of magnitude.
We use the average between the three formulations
ε ¼ ðjεPP98jþ jεMEA08jþ jεAS17jÞ=3 as an order of magni-
tude measure of the energy cascade rate. It yields,
ε ≈ 8.4% 4.2 × 108 J kg−1 s−1, which is the largest energy
transfer rate ever calculated from in situ data [47,76–78].
Our analysis of the statistical properties of turbulence in

this example reconnection jet indicates that the energy is
transferred in a spatially inhomogeneous manner across a
limited inertial range. To our knowledge, this is the first
observation of third-order laws in magnetized (βi ≈ 2.6)
reconnection jets.
To provide a complete systematic description of turbu-

lence in magnetotail reconnection jets, we form an ensem-
ble of 24 cases that show signatures of fully developed
turbulence in the statistical sense introduced in the exam-
ple. In the other 306 out of 330 cases, it is unclear if
turbulence is developing, absent, suppressed, or statistical
convergence is not achieved. We analyze the properties of
the ensemble average of the 24 reconnection jets [Fig. 2]
after normalizing the spatial scales to the ion inertial length
di to account for the variability of the plasma conditions.
This procedure results in a robust reference sample of
turbulence in reconnection jets [Fig. 2]. The ensemble-
averaged magnetic field δB, electric field δE, and electron
number density δne power spectra [Fig. 2(a)] show a clear
power-law scaling from the injection scale lc to the ion
scales, with a spectral exponent −1.72% 0.03, close to the
Kolmogorov value. The injection scale is lc ∼ 10ρi0
[Fig. 3(a)] where ρi0 is the ion gyroradius in the back-
ground field B0 ¼ Bext=2 [79] with Bext ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
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obtained from the pressure balance assumption [80].
This gives lc ≈ 3RE, comparable to the typical dimension
of the reconnection jet across the flow [81,82]. This

suggests that turbulence in the jet is generated by its
relative motion with respect to the ambient plasma.
We now examine the energy balance in the 24 intervals.

Assuming that the energy injection rate in the system
corresponds to the decay rate of the energy-containing
eddies [38], the former can be estimated using the von
Kármán-Howarth energy decay law [43,83] ε%vKH ¼
−djZ%j2=dt ¼ C%

vKjZ%j2jZ∓j=l%c , with l%c the correlation
length of the Elsasser variables Z% and C%

vK ≈ 0.03 the
von-Kármán constants [84]. On the other hand, using
the ensemble signed average of ε from Eq. (1), we estimate
the energy cascade rate hεi ¼ ðhεPP98iþ hεMEA08iþ
hεAS17iÞ=3 ≈ 1.8þ1.1

−0.7 × 108 J kg−1 s−1, positive and nearly
constant at large scales, lc ≥ l⊥ ≥ ρi [Fig. 2(f)]. The
obtained value is consistent with the ensemble average
total von Kármán-Howarth energy decay rate hεvKHi ¼
ðhεþvKHiþ hε−vKHiÞ=2 ¼ 1.1þ1.9

−0.3 × 108 J kg−1 s−1. This indi-
cates that the energy injected by magnetic reconnection in

FIG. 2. Superposed analysis of the 24 reconnection jets.
(a) Magnetic field, electric field, and electron number density
power spectra; (b) normalized phase speed in the plasma frame;
(c) and (d) scaling exponents of the structure functions in the
inertial and sub-ion ranges, respectively; (e) flatness; (f) energy
cascade rate. The thin transparent lines show the individual
rescaled cases, and the solid lines show the ensemble averages.
The green lines in panels (c) and (d) are fitted pmodel. The green
line in panel (b) is the prediction for KAWs from Ref. [48]. The
dotted lines in panels (a),(b),(e), and (f) indicate the average
correlation scale lc. The dashed-dotted lines in panels (a) and
(e)–(f) indicate the average jk⊥jρi ¼ 1 and l⊥ ¼ ρi, respectively.
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where ε is the energy cascade rate,Y is the energy flux, andS
is the energy source term, which is commonly assumed to be
negligible compared with the flux terms [46]. Using various
assumptions, Eq. (1) can be simplified to formulations
which can be applied to spacecraft measurements. We
employ the anisotropic incompressible (MEA08) [44], the
isotropic incompressible (PP98) [43] and the isotropic
compressible (AS17) [45] formulations, described in detail
in the SupplementalMaterial [40]. The results from the three
formulations are consistent within 1.3 standard deviations
[Fig. 1(g)]. This is a good agreement given the uncertainties;
therefore, the three formulations provide a reasonable order
of magnitude estimate of jYj. The energy flux jYj shows a
scaling in l⊥ close to linear over a decade ρi ≤ l⊥ ≤ lc,
corresponding to an approximately constant energy cascade
rate ε; this behavior is qualitatively similar to previous
in situ observations and numerical simulations [75]. This
suggests that the third-order law is approximately satisfied
across a limited scale range of one order of magnitude.
We use the average between the three formulations
ε ¼ ðjεPP98jþ jεMEA08jþ jεAS17jÞ=3 as an order of magni-
tude measure of the energy cascade rate. It yields,
ε ≈ 8.4% 4.2 × 108 J kg−1 s−1, which is the largest energy
transfer rate ever calculated from in situ data [47,76–78].
Our analysis of the statistical properties of turbulence in
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limited inertial range. To our knowledge, this is the first
observation of third-order laws in magnetized (βi ≈ 2.6)
reconnection jets.
To provide a complete systematic description of turbu-

lence in magnetotail reconnection jets, we form an ensem-
ble of 24 cases that show signatures of fully developed
turbulence in the statistical sense introduced in the exam-
ple. In the other 306 out of 330 cases, it is unclear if
turbulence is developing, absent, suppressed, or statistical
convergence is not achieved. We analyze the properties of
the ensemble average of the 24 reconnection jets [Fig. 2]
after normalizing the spatial scales to the ion inertial length
di to account for the variability of the plasma conditions.
This procedure results in a robust reference sample of
turbulence in reconnection jets [Fig. 2]. The ensemble-
averaged magnetic field δB, electric field δE, and electron
number density δne power spectra [Fig. 2(a)] show a clear
power-law scaling from the injection scale lc to the ion
scales, with a spectral exponent −1.72% 0.03, close to the
Kolmogorov value. The injection scale is lc ∼ 10ρi0
[Fig. 3(a)] where ρi0 is the ion gyroradius in the back-
ground field B0 ¼ Bext=2 [79] with Bext ¼
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obtained from the pressure balance assumption [80].
This gives lc ≈ 3RE, comparable to the typical dimension
of the reconnection jet across the flow [81,82]. This

suggests that turbulence in the jet is generated by its
relative motion with respect to the ambient plasma.
We now examine the energy balance in the 24 intervals.

Assuming that the energy injection rate in the system
corresponds to the decay rate of the energy-containing
eddies [38], the former can be estimated using the von
Kármán-Howarth energy decay law [43,83] ε%vKH ¼
−djZ%j2=dt ¼ C%

vKjZ%j2jZ∓j=l%c , with l%c the correlation
length of the Elsasser variables Z% and C%

vK ≈ 0.03 the
von-Kármán constants [84]. On the other hand, using
the ensemble signed average of ε from Eq. (1), we estimate
the energy cascade rate hεi ¼ ðhεPP98iþ hεMEA08iþ
hεAS17iÞ=3 ≈ 1.8þ1.1

−0.7 × 108 J kg−1 s−1, positive and nearly
constant at large scales, lc ≥ l⊥ ≥ ρi [Fig. 2(f)]. The
obtained value is consistent with the ensemble average
total von Kármán-Howarth energy decay rate hεvKHi ¼
ðhεþvKHiþ hε−vKHiÞ=2 ¼ 1.1þ1.9

−0.3 × 108 J kg−1 s−1. This indi-
cates that the energy injected by magnetic reconnection in

FIG. 2. Superposed analysis of the 24 reconnection jets.
(a) Magnetic field, electric field, and electron number density
power spectra; (b) normalized phase speed in the plasma frame;
(c) and (d) scaling exponents of the structure functions in the
inertial and sub-ion ranges, respectively; (e) flatness; (f) energy
cascade rate. The thin transparent lines show the individual
rescaled cases, and the solid lines show the ensemble averages.
The green lines in panels (c) and (d) are fitted pmodel. The green
line in panel (b) is the prediction for KAWs from Ref. [48]. The
dotted lines in panels (a),(b),(e), and (f) indicate the average
correlation scale lc. The dashed-dotted lines in panels (a) and
(e)–(f) indicate the average jk⊥jρi ¼ 1 and l⊥ ¼ ρi, respectively.
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where ε is the energy cascade rate,Y is the energy flux, andS
is the energy source term, which is commonly assumed to be
negligible compared with the flux terms [46]. Using various
assumptions, Eq. (1) can be simplified to formulations
which can be applied to spacecraft measurements. We
employ the anisotropic incompressible (MEA08) [44], the
isotropic incompressible (PP98) [43] and the isotropic
compressible (AS17) [45] formulations, described in detail
in the SupplementalMaterial [40]. The results from the three
formulations are consistent within 1.3 standard deviations
[Fig. 1(g)]. This is a good agreement given the uncertainties;
therefore, the three formulations provide a reasonable order
of magnitude estimate of jYj. The energy flux jYj shows a
scaling in l⊥ close to linear over a decade ρi ≤ l⊥ ≤ lc,
corresponding to an approximately constant energy cascade
rate ε; this behavior is qualitatively similar to previous
in situ observations and numerical simulations [75]. This
suggests that the third-order law is approximately satisfied
across a limited scale range of one order of magnitude.
We use the average between the three formulations
ε ¼ ðjεPP98jþ jεMEA08jþ jεAS17jÞ=3 as an order of magni-
tude measure of the energy cascade rate. It yields,
ε ≈ 8.4% 4.2 × 108 J kg−1 s−1, which is the largest energy
transfer rate ever calculated from in situ data [47,76–78].
Our analysis of the statistical properties of turbulence in

this example reconnection jet indicates that the energy is
transferred in a spatially inhomogeneous manner across a
limited inertial range. To our knowledge, this is the first
observation of third-order laws in magnetized (βi ≈ 2.6)
reconnection jets.
To provide a complete systematic description of turbu-

lence in magnetotail reconnection jets, we form an ensem-
ble of 24 cases that show signatures of fully developed
turbulence in the statistical sense introduced in the exam-
ple. In the other 306 out of 330 cases, it is unclear if
turbulence is developing, absent, suppressed, or statistical
convergence is not achieved. We analyze the properties of
the ensemble average of the 24 reconnection jets [Fig. 2]
after normalizing the spatial scales to the ion inertial length
di to account for the variability of the plasma conditions.
This procedure results in a robust reference sample of
turbulence in reconnection jets [Fig. 2]. The ensemble-
averaged magnetic field δB, electric field δE, and electron
number density δne power spectra [Fig. 2(a)] show a clear
power-law scaling from the injection scale lc to the ion
scales, with a spectral exponent −1.72% 0.03, close to the
Kolmogorov value. The injection scale is lc ∼ 10ρi0
[Fig. 3(a)] where ρi0 is the ion gyroradius in the back-
ground field B0 ¼ Bext=2 [79] with Bext ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ βi

p
jBj

obtained from the pressure balance assumption [80].
This gives lc ≈ 3RE, comparable to the typical dimension
of the reconnection jet across the flow [81,82]. This

suggests that turbulence in the jet is generated by its
relative motion with respect to the ambient plasma.
We now examine the energy balance in the 24 intervals.

Assuming that the energy injection rate in the system
corresponds to the decay rate of the energy-containing
eddies [38], the former can be estimated using the von
Kármán-Howarth energy decay law [43,83] ε%vKH ¼
−djZ%j2=dt ¼ C%

vKjZ%j2jZ∓j=l%c , with l%c the correlation
length of the Elsasser variables Z% and C%

vK ≈ 0.03 the
von-Kármán constants [84]. On the other hand, using
the ensemble signed average of ε from Eq. (1), we estimate
the energy cascade rate hεi ¼ ðhεPP98iþ hεMEA08iþ
hεAS17iÞ=3 ≈ 1.8þ1.1

−0.7 × 108 J kg−1 s−1, positive and nearly
constant at large scales, lc ≥ l⊥ ≥ ρi [Fig. 2(f)]. The
obtained value is consistent with the ensemble average
total von Kármán-Howarth energy decay rate hεvKHi ¼
ðhεþvKHiþ hε−vKHiÞ=2 ¼ 1.1þ1.9

−0.3 × 108 J kg−1 s−1. This indi-
cates that the energy injected by magnetic reconnection in

FIG. 2. Superposed analysis of the 24 reconnection jets.
(a) Magnetic field, electric field, and electron number density
power spectra; (b) normalized phase speed in the plasma frame;
(c) and (d) scaling exponents of the structure functions in the
inertial and sub-ion ranges, respectively; (e) flatness; (f) energy
cascade rate. The thin transparent lines show the individual
rescaled cases, and the solid lines show the ensemble averages.
The green lines in panels (c) and (d) are fitted pmodel. The green
line in panel (b) is the prediction for KAWs from Ref. [48]. The
dotted lines in panels (a),(b),(e), and (f) indicate the average
correlation scale lc. The dashed-dotted lines in panels (a) and
(e)–(f) indicate the average jk⊥jρi ¼ 1 and l⊥ ¼ ρi, respectively.
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where ε is the energy cascade rate,Y is the energy flux, andS
is the energy source term, which is commonly assumed to be
negligible compared with the flux terms [46]. Using various
assumptions, Eq. (1) can be simplified to formulations
which can be applied to spacecraft measurements. We
employ the anisotropic incompressible (MEA08) [44], the
isotropic incompressible (PP98) [43] and the isotropic
compressible (AS17) [45] formulations, described in detail
in the SupplementalMaterial [40]. The results from the three
formulations are consistent within 1.3 standard deviations
[Fig. 1(g)]. This is a good agreement given the uncertainties;
therefore, the three formulations provide a reasonable order
of magnitude estimate of jYj. The energy flux jYj shows a
scaling in l⊥ close to linear over a decade ρi ≤ l⊥ ≤ lc,
corresponding to an approximately constant energy cascade
rate ε; this behavior is qualitatively similar to previous
in situ observations and numerical simulations [75]. This
suggests that the third-order law is approximately satisfied
across a limited scale range of one order of magnitude.
We use the average between the three formulations
ε ¼ ðjεPP98jþ jεMEA08jþ jεAS17jÞ=3 as an order of magni-
tude measure of the energy cascade rate. It yields,
ε ≈ 8.4% 4.2 × 108 J kg−1 s−1, which is the largest energy
transfer rate ever calculated from in situ data [47,76–78].
Our analysis of the statistical properties of turbulence in

this example reconnection jet indicates that the energy is
transferred in a spatially inhomogeneous manner across a
limited inertial range. To our knowledge, this is the first
observation of third-order laws in magnetized (βi ≈ 2.6)
reconnection jets.
To provide a complete systematic description of turbu-

lence in magnetotail reconnection jets, we form an ensem-
ble of 24 cases that show signatures of fully developed
turbulence in the statistical sense introduced in the exam-
ple. In the other 306 out of 330 cases, it is unclear if
turbulence is developing, absent, suppressed, or statistical
convergence is not achieved. We analyze the properties of
the ensemble average of the 24 reconnection jets [Fig. 2]
after normalizing the spatial scales to the ion inertial length
di to account for the variability of the plasma conditions.
This procedure results in a robust reference sample of
turbulence in reconnection jets [Fig. 2]. The ensemble-
averaged magnetic field δB, electric field δE, and electron
number density δne power spectra [Fig. 2(a)] show a clear
power-law scaling from the injection scale lc to the ion
scales, with a spectral exponent −1.72% 0.03, close to the
Kolmogorov value. The injection scale is lc ∼ 10ρi0
[Fig. 3(a)] where ρi0 is the ion gyroradius in the back-
ground field B0 ¼ Bext=2 [79] with Bext ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ βi
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obtained from the pressure balance assumption [80].
This gives lc ≈ 3RE, comparable to the typical dimension
of the reconnection jet across the flow [81,82]. This

suggests that turbulence in the jet is generated by its
relative motion with respect to the ambient plasma.
We now examine the energy balance in the 24 intervals.

Assuming that the energy injection rate in the system
corresponds to the decay rate of the energy-containing
eddies [38], the former can be estimated using the von
Kármán-Howarth energy decay law [43,83] ε%vKH ¼
−djZ%j2=dt ¼ C%

vKjZ%j2jZ∓j=l%c , with l%c the correlation
length of the Elsasser variables Z% and C%

vK ≈ 0.03 the
von-Kármán constants [84]. On the other hand, using
the ensemble signed average of ε from Eq. (1), we estimate
the energy cascade rate hεi ¼ ðhεPP98iþ hεMEA08iþ
hεAS17iÞ=3 ≈ 1.8þ1.1

−0.7 × 108 J kg−1 s−1, positive and nearly
constant at large scales, lc ≥ l⊥ ≥ ρi [Fig. 2(f)]. The
obtained value is consistent with the ensemble average
total von Kármán-Howarth energy decay rate hεvKHi ¼
ðhεþvKHiþ hε−vKHiÞ=2 ¼ 1.1þ1.9

−0.3 × 108 J kg−1 s−1. This indi-
cates that the energy injected by magnetic reconnection in

FIG. 2. Superposed analysis of the 24 reconnection jets.
(a) Magnetic field, electric field, and electron number density
power spectra; (b) normalized phase speed in the plasma frame;
(c) and (d) scaling exponents of the structure functions in the
inertial and sub-ion ranges, respectively; (e) flatness; (f) energy
cascade rate. The thin transparent lines show the individual
rescaled cases, and the solid lines show the ensemble averages.
The green lines in panels (c) and (d) are fitted pmodel. The green
line in panel (b) is the prediction for KAWs from Ref. [48]. The
dotted lines in panels (a),(b),(e), and (f) indicate the average
correlation scale lc. The dashed-dotted lines in panels (a) and
(e)–(f) indicate the average jk⊥jρi ¼ 1 and l⊥ ¼ ρi, respectively.
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where ε is the energy cascade rate,Y is the energy flux, andS
is the energy source term, which is commonly assumed to be
negligible compared with the flux terms [46]. Using various
assumptions, Eq. (1) can be simplified to formulations
which can be applied to spacecraft measurements. We
employ the anisotropic incompressible (MEA08) [44], the
isotropic incompressible (PP98) [43] and the isotropic
compressible (AS17) [45] formulations, described in detail
in the SupplementalMaterial [40]. The results from the three
formulations are consistent within 1.3 standard deviations
[Fig. 1(g)]. This is a good agreement given the uncertainties;
therefore, the three formulations provide a reasonable order
of magnitude estimate of jYj. The energy flux jYj shows a
scaling in l⊥ close to linear over a decade ρi ≤ l⊥ ≤ lc,
corresponding to an approximately constant energy cascade
rate ε; this behavior is qualitatively similar to previous
in situ observations and numerical simulations [75]. This
suggests that the third-order law is approximately satisfied
across a limited scale range of one order of magnitude.
We use the average between the three formulations
ε ¼ ðjεPP98jþ jεMEA08jþ jεAS17jÞ=3 as an order of magni-
tude measure of the energy cascade rate. It yields,
ε ≈ 8.4% 4.2 × 108 J kg−1 s−1, which is the largest energy
transfer rate ever calculated from in situ data [47,76–78].
Our analysis of the statistical properties of turbulence in

this example reconnection jet indicates that the energy is
transferred in a spatially inhomogeneous manner across a
limited inertial range. To our knowledge, this is the first
observation of third-order laws in magnetized (βi ≈ 2.6)
reconnection jets.
To provide a complete systematic description of turbu-

lence in magnetotail reconnection jets, we form an ensem-
ble of 24 cases that show signatures of fully developed
turbulence in the statistical sense introduced in the exam-
ple. In the other 306 out of 330 cases, it is unclear if
turbulence is developing, absent, suppressed, or statistical
convergence is not achieved. We analyze the properties of
the ensemble average of the 24 reconnection jets [Fig. 2]
after normalizing the spatial scales to the ion inertial length
di to account for the variability of the plasma conditions.
This procedure results in a robust reference sample of
turbulence in reconnection jets [Fig. 2]. The ensemble-
averaged magnetic field δB, electric field δE, and electron
number density δne power spectra [Fig. 2(a)] show a clear
power-law scaling from the injection scale lc to the ion
scales, with a spectral exponent −1.72% 0.03, close to the
Kolmogorov value. The injection scale is lc ∼ 10ρi0
[Fig. 3(a)] where ρi0 is the ion gyroradius in the back-
ground field B0 ¼ Bext=2 [79] with Bext ¼
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obtained from the pressure balance assumption [80].
This gives lc ≈ 3RE, comparable to the typical dimension
of the reconnection jet across the flow [81,82]. This

suggests that turbulence in the jet is generated by its
relative motion with respect to the ambient plasma.
We now examine the energy balance in the 24 intervals.

Assuming that the energy injection rate in the system
corresponds to the decay rate of the energy-containing
eddies [38], the former can be estimated using the von
Kármán-Howarth energy decay law [43,83] ε%vKH ¼
−djZ%j2=dt ¼ C%

vKjZ%j2jZ∓j=l%c , with l%c the correlation
length of the Elsasser variables Z% and C%

vK ≈ 0.03 the
von-Kármán constants [84]. On the other hand, using
the ensemble signed average of ε from Eq. (1), we estimate
the energy cascade rate hεi ¼ ðhεPP98iþ hεMEA08iþ
hεAS17iÞ=3 ≈ 1.8þ1.1

−0.7 × 108 J kg−1 s−1, positive and nearly
constant at large scales, lc ≥ l⊥ ≥ ρi [Fig. 2(f)]. The
obtained value is consistent with the ensemble average
total von Kármán-Howarth energy decay rate hεvKHi ¼
ðhεþvKHiþ hε−vKHiÞ=2 ¼ 1.1þ1.9

−0.3 × 108 J kg−1 s−1. This indi-
cates that the energy injected by magnetic reconnection in

FIG. 2. Superposed analysis of the 24 reconnection jets.
(a) Magnetic field, electric field, and electron number density
power spectra; (b) normalized phase speed in the plasma frame;
(c) and (d) scaling exponents of the structure functions in the
inertial and sub-ion ranges, respectively; (e) flatness; (f) energy
cascade rate. The thin transparent lines show the individual
rescaled cases, and the solid lines show the ensemble averages.
The green lines in panels (c) and (d) are fitted pmodel. The green
line in panel (b) is the prediction for KAWs from Ref. [48]. The
dotted lines in panels (a),(b),(e), and (f) indicate the average
correlation scale lc. The dashed-dotted lines in panels (a) and
(e)–(f) indicate the average jk⊥jρi ¼ 1 and l⊥ ¼ ρi, respectively.
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• Energy cascade rate ε ∼ 108 J kg−1 s−1

• Energy injection (Von-Kármán-Howarth energy 
decay rate) is balanced by energy transfer across 
large scales.

• Rate of decrease of magnetic energy in the 
reconnection inflow


·ℰb = (B2
r /2μ0)/Δt ∼ 109 J kg−1 s−1

Turbulent energy transfer rate is ~10% of the 
reconnection energy input rate.
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Energy cascade rate
Turbulence in Reconnection Jets

SW CME 
sheath MSH PSBL KH

105 103 102 10 4εjet /ε

−2ε ¼ 1

2
∇l · Y þ S; ð1Þ

where ε is the energy cascade rate,Y is the energy flux, andS
is the energy source term, which is commonly assumed to be
negligible compared with the flux terms [46]. Using various
assumptions, Eq. (1) can be simplified to formulations
which can be applied to spacecraft measurements. We
employ the anisotropic incompressible (MEA08) [44], the
isotropic incompressible (PP98) [43] and the isotropic
compressible (AS17) [45] formulations, described in detail
in the SupplementalMaterial [40]. The results from the three
formulations are consistent within 1.3 standard deviations
[Fig. 1(g)]. This is a good agreement given the uncertainties;
therefore, the three formulations provide a reasonable order
of magnitude estimate of jYj. The energy flux jYj shows a
scaling in l⊥ close to linear over a decade ρi ≤ l⊥ ≤ lc,
corresponding to an approximately constant energy cascade
rate ε; this behavior is qualitatively similar to previous
in situ observations and numerical simulations [75]. This
suggests that the third-order law is approximately satisfied
across a limited scale range of one order of magnitude.
We use the average between the three formulations
ε ¼ ðjεPP98jþ jεMEA08jþ jεAS17jÞ=3 as an order of magni-
tude measure of the energy cascade rate. It yields,
ε ≈ 8.4% 4.2 × 108 J kg−1 s−1, which is the largest energy
transfer rate ever calculated from in situ data [47,76–78].
Our analysis of the statistical properties of turbulence in

this example reconnection jet indicates that the energy is
transferred in a spatially inhomogeneous manner across a
limited inertial range. To our knowledge, this is the first
observation of third-order laws in magnetized (βi ≈ 2.6)
reconnection jets.
To provide a complete systematic description of turbu-

lence in magnetotail reconnection jets, we form an ensem-
ble of 24 cases that show signatures of fully developed
turbulence in the statistical sense introduced in the exam-
ple. In the other 306 out of 330 cases, it is unclear if
turbulence is developing, absent, suppressed, or statistical
convergence is not achieved. We analyze the properties of
the ensemble average of the 24 reconnection jets [Fig. 2]
after normalizing the spatial scales to the ion inertial length
di to account for the variability of the plasma conditions.
This procedure results in a robust reference sample of
turbulence in reconnection jets [Fig. 2]. The ensemble-
averaged magnetic field δB, electric field δE, and electron
number density δne power spectra [Fig. 2(a)] show a clear
power-law scaling from the injection scale lc to the ion
scales, with a spectral exponent −1.72% 0.03, close to the
Kolmogorov value. The injection scale is lc ∼ 10ρi0
[Fig. 3(a)] where ρi0 is the ion gyroradius in the back-
ground field B0 ¼ Bext=2 [79] with Bext ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ βi

p
jBj

obtained from the pressure balance assumption [80].
This gives lc ≈ 3RE, comparable to the typical dimension
of the reconnection jet across the flow [81,82]. This

suggests that turbulence in the jet is generated by its
relative motion with respect to the ambient plasma.
We now examine the energy balance in the 24 intervals.

Assuming that the energy injection rate in the system
corresponds to the decay rate of the energy-containing
eddies [38], the former can be estimated using the von
Kármán-Howarth energy decay law [43,83] ε%vKH ¼
−djZ%j2=dt ¼ C%

vKjZ%j2jZ∓j=l%c , with l%c the correlation
length of the Elsasser variables Z% and C%

vK ≈ 0.03 the
von-Kármán constants [84]. On the other hand, using
the ensemble signed average of ε from Eq. (1), we estimate
the energy cascade rate hεi ¼ ðhεPP98iþ hεMEA08iþ
hεAS17iÞ=3 ≈ 1.8þ1.1

−0.7 × 108 J kg−1 s−1, positive and nearly
constant at large scales, lc ≥ l⊥ ≥ ρi [Fig. 2(f)]. The
obtained value is consistent with the ensemble average
total von Kármán-Howarth energy decay rate hεvKHi ¼
ðhεþvKHiþ hε−vKHiÞ=2 ¼ 1.1þ1.9

−0.3 × 108 J kg−1 s−1. This indi-
cates that the energy injected by magnetic reconnection in

FIG. 2. Superposed analysis of the 24 reconnection jets.
(a) Magnetic field, electric field, and electron number density
power spectra; (b) normalized phase speed in the plasma frame;
(c) and (d) scaling exponents of the structure functions in the
inertial and sub-ion ranges, respectively; (e) flatness; (f) energy
cascade rate. The thin transparent lines show the individual
rescaled cases, and the solid lines show the ensemble averages.
The green lines in panels (c) and (d) are fitted pmodel. The green
line in panel (b) is the prediction for KAWs from Ref. [48]. The
dotted lines in panels (a),(b),(e), and (f) indicate the average
correlation scale lc. The dashed-dotted lines in panels (a) and
(e)–(f) indicate the average jk⊥jρi ¼ 1 and l⊥ ¼ ρi, respectively.
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forming counter-streaming beams [e.g., 
Wygant+2005, JGR].
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• Ions in the reconnection jet are 
accelerated by the Hall electric field, 
forming counter-streaming beams [e.g., 
Wygant+2005, JGR].

• Temperature anisotropy decreases with 
distance from the reconnection region 
[Wu+2013, JGR].

• Wave-particle interactions are inefficient 
at scattering ions due to slow instability 
growth [Hietala+2015, GRL].

How are ion VDFs isotropized in the 
reconnection jet?
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Data Distribution

• >70% of the measurements are within 
the instability thresholds, indicating that 
the plasma conditions are efficiently 
regulated.

12

[Richard+2023, PRL]Ion Heating in Reconnection Jets
(a)

10°1 100 101 102 103

Øik

10°1

100

T
i?

/T
ik

(b)

10°1 100 101 102 103

Øik

10°1

100

T
i?

/T
ik

(c)

10°1 100 101 102 103

Øik

10°1

100

T
i?

/
T

ik

(d)

10°1 100 101 102 103

Øik

10°1

100

T
i?

/
T

ik

(e)

0.0 0.2 0.4 0.6 0.8 1.0
|Bxy |/Bext

0.17

0.26

0.35

0.44

0.53

0.62

0.71

" i

(f)

10°1 100 101

Ti?/Tik

0.17

0.26

0.35

0.44

0.53

0.62

0.71

" i

0

2

4

6

co
un

ts

£102

0

50

100

150

co
un

ts

£102

0.00

0.25

0.50

0.75

1.00

A
n

g
=

(∏
2

°
∏
3
)/

(∏
2

+
∏
3
)

0.35

0.44

0.53

0.62

" i

0.0

1.5

3.0

4.5

co
un

ts

£102

0.0

2.5

5.0

7.5

co
un

ts

£102

Proton cyclotron Mirror Mode Parallel Firehose Oblique FirehoseProton cyclotron Mirror Mode Parallel Firehose Oblique FirehoseProton cyclotron Mirror Mode Parallel Firehose Oblique FirehoseProton cyclotron Mirror Mode Parallel Firehose Oblique Firehose

Jets



(a)

10°1 100 101

Ti?/Tik

0

5

10

15

20

25

30

co
un

ts
(je

ts
)

£102

0.5 ∑ Øi < 1.1

Jets
QPS

(b)

10°1 100 101

Ti?/Tik

0

5

10

15

20

25

30

co
un

ts
(je

ts
)

£102

1.1 ∑ Øi < 2.2

Jets
QPS

(c)

10°1 100 101

Ti?/Tik

0

5

10

15

20

25

30

co
un

ts
(je

ts
)

£102

2.2 ∑ Øi < 4.7

Jets
QPS

(d)

10°1 100 101

Ti?/Tik

0

5

10

15

20

25

30

co
un

ts
(je

ts
)

£102

4.7 ∑ Øi < 10.0

Jets
QPS

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5

co
un

ts
(Q

P
S

)

£105

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5

co
un

ts
(Q

P
S

)

£105

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5

co
un

ts
(Q

P
S

)

£105

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5

co
un

ts
(Q

P
S

)

£105

(a)

10°1 100 101 102 103

Øik

10°1

100

T
i?

/T
ik

(b)

10°1 100 101 102 103

Øik

10°1

100

T
i?

/T
ik

(c)

10°1 100 101 102 103

Øik

10°1

100

T
i?

/T
ik

(d)

10°1 100 101 102 103

Øik

10°1

100

T
i?

/T
ik

(e)

0.0 0.2 0.4 0.6 0.8 1.0
|Bxy |/Bext

0.17

0.26

0.35

0.44

0.53

0.62

0.71

" i

(f)

10°1 100 101

Ti?/Tik

0.17

0.26

0.35

0.44

0.53

0.62

0.71

" i

0

2

4

6

co
un

ts

£102

0

50

100

150

co
un

ts

£102

0.00

0.25

0.50

0.75

1.00

A
n

g
=

(∏
2

°
∏
3
)/

(∏
2

+
∏
3
)

0.35

0.44

0.53

0.62

" i

0.0

1.5

3.0

4.5

co
un

ts

£102

0.0

2.5

5.0

7.5

co
un

ts

£102

Proton cyclotron Mirror Mode Parallel Firehose Oblique FirehoseProton cyclotron Mirror Mode Parallel Firehose Oblique FirehoseProton cyclotron Mirror Mode Parallel Firehose Oblique FirehoseProton cyclotron Mirror Mode Parallel Firehose Oblique Firehose

Quiet CPS

Data Distribution

• >70% of the measurements are within 
the instability thresholds, indicating that 
the plasma conditions are efficiently 
regulated.

• Magnetic reconnection drives ion VDFs 
out of LTE.
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Data Distribution

• >70% of the measurements are within 
the instability thresholds, indicating that 
the plasma conditions are efficiently 
regulated.

• Magnetic reconnection drives ion VDFs 
out of LTE.

Ion VDFs are nearly isotropic in the 
quiet plasma sheet and in the 
reconnection jets.
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Relaxation time

• How long does it take to isotropize the ion 
VDFs?

• At most, the travel time from the X-line 
to the spacecraft.
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τt = δxt /VA



Relaxation time

• How long does it take to isotropize the ion 
VDFs?

• At most, the travel time from the X-line 
to the spacecraft.

Non-LTE Ion VDFs are relaxed after 
, i.e.,  .τt fci0 ∼ 10 δx ∼ 60di

13

Ion Heating in Reconnection Jets

[Richard+2023, PRL]

τt = δxt /VA
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Ion Heating in Reconnection Jets
Current sheet scattering



• Ion motion in current sheets are identified 
based on  [Büchner and Zelenyi, 
1989, JGR]:

κ = rc/ρi

• Adiabatic motion κ ≫ 1

• Chaotic motion  -> strong scatteringκ ≈ 1

• Quasi-adiabatic motion -> weak 
scattering

κ ≪ 1
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[Richard+2023, PRL]

• Ion motion in current sheets are identified 
based on  [Büchner and Zelenyi, 
1989, JGR]:

κ = rc/ρi

• Adiabatic motion κ ≫ 1

• Chaotic motion  -> strong scatteringκ ≈ 1

• Quasi-adiabatic motion -> weak 
scattering

κ ≪ 1

• 73% of ion VDFs in reconnection jets show 
chaotic or quasi-adiabatic motion.

Chaotic ion motion in the CS results in fast 
pitch-angle scattering

14
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Current sheet scattering
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Parallel Electric Fields in Reconnection
Theory



• As magnetic flux tubes expand, electron density 
should drops, while density of demagnetized ions 
stays constant resulting in positive charge 
density.

15
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• As magnetic flux tubes expand, electron density 
should drops, while density of demagnetized ions 
stays constant resulting in positive charge 
density.
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• As magnetic flux tubes expand, electron density 
should drops, while density of demagnetized ions 
stays constant resulting in positive charge 
density.

• Parallel electric fields  form in the 
reconnection region to maintain quasi-neutrality.

E∥

•  trap electrons locally to balance charge and 
maintain quasi-neutrality.
E∥
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electron VDFs.

v⊥

v∥

16

v⊥

v∥

eΦ∥ = e∫
∞

x
E∥dl



°10

0

10

z
/
d

e

°30 °20 °10 0 10 20

x/de

°10

0

10

z
/d

e

°0.06

°0.03

0.00

0.03

0.06

B
y

°0.015

0.000

0.015

j e
k

Electron Heating by Parallel Electric Fields

• Parallel electric fields accelerate electrons 
toward the X-line, forming beam-type 
electron VDFs.

• Trapped electrons form a thermalized hot 
population.

v⊥

v∥

16

v⊥

v∥

eΦ∥ = e∫
∞

x
E∥dl



°10

0

10

z
/
d

e

°30 °20 °10 0 10 20

x/de

°10

0

10

z
/d

e

°0.06

°0.03

0.00

0.03

0.06

B
y

°0.015

0.000

0.015

j e
k

Electron Heating by Parallel Electric Fields

• Parallel electric fields accelerate electrons 
toward the X-line, forming beam-type 
electron VDFs.

• Trapped electrons form a thermalized hot 
population.

• Unstable beam + thermalized hot electron 
excites electrostatic waves and forming 
flat-top VDFs [Fujimoto, 2014, GRL].
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• Trapped electrons form a thermalized hot 
population.

• Unstable beam + thermalized hot electron 
excites electrostatic waves and forming 
flat-top VDFs [Fujimoto, 2014, GRL].
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Electron Heating by Parallel Electric Fields

• Parallel electric fields accelerate electrons 
toward the X-line, forming beam-type 
electron VDFs.

• Trapped electrons form a thermalized hot 
population.

• Unstable beam + thermalized hot electron 
excites electrostatic waves and forming 
flat-top VDFs [Fujimoto, 2014, GRL].

• Curvature scattering of electrons 
isotropizes the flat-top VDFs.

What is the nature and the role of parallel 
electric fields in magnetic reconnection?
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Example

• Flat-top eVDF in the reconnection jet
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• Beam + thermalized core at the 
separatrix flow (producing the Hall 
current)
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• Model electron VDF (r,q) [Qureshi+2004, PoP]  for 

v⊥ ≃ 0

f(r,q) = f0 1 + (
v2

∥

ξ(r, q)v2
te,∥ )

r+1
−q

18
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• Model electron VDF (r,q) [Qureshi+2004, PoP]  for 

v⊥ ≃ 0

f(r,q) = f0 1 + (
v2

∥

ξ(r, q)v2
te,∥ )

r+1
−q

• Flatness factor: :
Ξ = f(vth)/f0

Ξ̃ ≡
Ξ(r,q)

ΞbM
= e (1 +

1
ξr+1 )

−q

• Knee velocity  corresponding to the acceleration 
potential 


vΦ
f(vΦ)/f0 = ε

vΦ = (ε−1/q − 1)1/2(r+1) ξ1/2vte,∥
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Acceleration potential

• Plasma sheet reconnection followed by 
lobe reconnection

• The increase in acceleration potential is 
proportional to the increase in inflow 
Alfvén speed


 eΦTLR
∥ /eΦPSR

∥ ∼ VTLR
Ae∞/VPSR

Ae∞

The acceleration potential increases 
with the inflow Alfvén speed
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balance along the field line


eE∥ = − ∇∥Te∥

Φ∥T

− Te∥ ∇∥ln n

Φ∥n

+ (Te∥ − Te⊥)∇∥ln B

Φ∥B

The origin of E∥
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Results [Richard+2025, PRL]
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• Steady-state local electron momentum 
balance along the field line


eE∥ = − ∇∥Te∥

Φ∥T

− Te∥ ∇∥ln n

Φ∥n

+ (Te∥ − Te⊥)∇∥ln B

Φ∥B

• Potential drop (incremental) across the 
outflow [Haggerty+2015, GRL]


eΔΦ∥ = − ∫
a

b
E∥dl ≃ (

eΔΦ∥T

10 eV ) + (
eΔΦ∥n

160 eV ) + (
eΔΦ∥B

50 eV )
Field-aligned ambipolar electric field is 
primarily due to electron density 
gradients

The origin of E∥
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•  increases with  to keep electrons 
trapped.
eΦ∥ Te∞

•  increases with  to balance the flux 
tube expansion
eΦ∥ VAe∞

 increases with and  to 
maintain quasi-neutrality
eΦ∥ Te∞ VAe∞

Results
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[Richard+2025, PRL]
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• The acceleration potential scales as 
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• Electron heating:  +  [Le+2016, PoP, 
Øieroset+2020, ApJ]
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[Richard+2025, PRL]
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eΦ∥/Te∞ = αΦβ−1/2

e∞

• Electron heating:  +  [Le+2016, PoP, 
Øieroset+2020, ApJ]

Erec E∥

ΔTe = αemiV2
Ai∞

• Ion heating: Pick-up +  [Drake+2009, JGR, 
Haggerty+2015, GRL]

E∥

ΔTi = αi1miV2
Ai∞ − 2αi2eΦ∥

[Richard+2025, PRL]
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Role of  in the energy partitionE∥

• The acceleration potential scales as 
eΦ∥/Te∞ = αΦβ−1/2

e∞

• Electron heating:  +  [Le+2016, PoP, 
Øieroset+2020, ApJ]

Erec E∥

ΔTe = αemiV2
Ai∞

• Ion heating: Pick-up +  [Drake+2009, JGR, 
Haggerty+2015, GRL]

E∥

ΔTi = αi1miV2
Ai∞ − 2αi2eΦ∥

• Empirical model for the ion-to-electron energy partition

ΔTi

ΔTe
=

αi1

αe (1 −
αi2αΦ

αi1
βe∞)

[Richard+2025, PRL]



Conclusions

• Turbulence develops rapidly in the reconnection jet, contributing 
approximately 10% to energy conversion during magnetic reconnection.


• Ion VDFs in the reconnection jet are efficiently heated and maintained 
near LTE due to chaotic interactions in sharply curved magnetic fields.


• Electron VDFs in the reconnection jet are heated up to 10 times by 
parallel electric fields that develop to maintain quasi-neutrality.
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