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Abstract

Plasma jets are ubiquitous in space. In geospace, jets can be generated by magnetic reconnection. These
reconnection jets, typically at fluid scale, brake in the near-Earth region, dissipate their energies, and drive plasma
dynamics at kinetic scales, generating field-aligned currents that are crucial to magnetospheric dynamics.
Understanding of the cross-scale dynamics is fundamentally important, but observation of coupling among
phenomena at various scales is highly challenging. Here we report, using unprecedentedly high-cadence data from
NASAʼs Magnetospheric Multiscale Mission, the first observation of cross-scale dynamics driven by jet braking in
geospace. We find that jet braking causes MHD-scale distortion of magnetic field lines and development of an ion-
scale jet front that hosts strong Hall electric fields. Parallel electric fields arising from the ion-scale Hall potential
generate intense electron-scale field-aligned currents, which drive strong Debye-scale turbulence. Debye-scale
waves conversely limit intensity of the field-aligned currents, thereby coupling back to the large-scale dynamics.
Our study can help in understanding how energy deposited in large-scale structures is transferred into small-scale
structures in space.

Unified Astronomy Thesaurus concepts: Solar magnetic reconnection (1504); Space plasmas (1544)

1. Introduction

Plasma jets, which are high-speed plasma flows, are ubiquitous
in space. Jets, carrying massive moment and energy, are dynamic
regions hosting intense plasma activities, such as energy
conversion (e.g., Huang et al. 2012, 2015a; Fu et al. 2017; Yao
et al. 2017), wave–particle interactions (e.g., Khotyaintsev et al.
2011; Hwang et al. 2014; Zhou et al. 2014; Huang et al.
2015b, 2019; Jiang et al. 2020; Wei et al. 2021, 2022), and
particle acceleration (e.g., Fu et al. 2011, 2013, 2014; Lu et al.
2016; Liu & Fu 2019; Huang et al. 2020; Liu et al. 2020), all of
which are crucial in space plasma environments. In geospace, jets
are usually generated by magnetic reconnection—a process
converting magnetic field energy into particle thermal and kinetic
energy (e.g., Vaivads et al. 2004; Torbert et al. 2018). Dynamics
of these reconnection jets typically at large scale is controlled by
their interactions with the ambient plasma, which will dissipate
and redistribute jet kinetic energy by thermalization and diversion
(e.g., Khotyaintsev et al. 2011; Angelopoulos et al. 2013; Liu
et al. 2019), usually through a kinetic-scale plasma boundary
commonly referred to as jet front (e.g., Runov et al. 2009; Fu et al.
2012a, 2012b; Liu et al. 2018a, 2018b). When jets propagate
toward the near-Earth region (∼9–14 RE, where RE is the Earth
radius), they are gradually slowed down and get diverted due to
processes at different scales, a process known as jet braking (e.g.,
Shiokawa et al. 1997; Ohtani et al. 2004; Sergeev et al. 2009;
Drake et al. 2014; Nakamura et al. 2018).

Jet braking, usually occurring at global scale, is of great
significance to the planets’ magnetospheric dynamics. In

geospace, it is associated with many important large-scale
magnetospheric phenomena, such as magnetic field dipolariza-
tion (e.g., Birn et al. 2013) and energetic particle injections
(e.g., Deng et al. 2010; Zhou et al. 2013, 2018; Grigorenko
et al. 2016; Turner et al. 2016; Fu et al. 2020). It also induces
plasma activities at kinetic scales, such as wave–particle
interaction (e.g., Ergun et al. 2014) and formation of field-
aligned current (e.g., Liu et al. 2013)—the bridge coupling the
magnetosphere with the ionosphere. Jet braking, together with
the associated magnetospheric dynamics at various scales,
contributes to the most violent energy release in geospace, the
auroral substorm (Akasofu 2015). The multiscale dynamics in
association with jet braking is thus fundamentally important in
space physics. However, how processes at different scales
couple among each other and how cross-scale dynamics
modulate the magnetosphere–ionosphere coupling remain
hitherto unknown.
Understanding of the cross-scale dynamics in space is

crucial, but observation of coupling among phenomena at
various scales is highly challenging. To observe dynamics at
various scales in space, multipoint spacecraft measurements at
sufficiently high cadence are usually required. The advent of
NASAʼs recently launched Magnetospheric Multiscale (MMS)
mission consisting of four identical satellites deployed in a
tetrahedron configuration at electron scale (Burch et al. 2016),
which measure particle 3D velocity distributions orders of
magnitude faster than previous spacecraft, provides a unique
opportunity to study cross-scale dynamics in geospace.
Here using unprecedentedly high-cadence data from the

MMS mission, we report on the first observation of cross-scale
dynamics driven by jet braking in geospace. We observe
plasma dynamics developing from MHD and down to Debye
scales during jet braking, and determine the associated plasma
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characteristics at different scales in detail. We reveal that
Debye-scale turbulence couples back to the large-scale plasma
dynamics via a Buneman-type instability, establishing cross-
scale physics and mediating the magnetosphere–ionosphere
coupling.

2. Event Overview

On 2018 September 8, the four MMS spacecraft, in a
tetrahedron formation separated by ∼50 km, were located in
near-Earth magnetotail, at [−13.2, 4.5, 3.3] RE in the
Geocentric Solar Magnetospheric (GSM) coordinates. The
time interval discussed for the event starts from 14:40:00 to
15:06:00 Universal Time (UT), when a quiescent plasma sheet
was initially observed by the spacecraft, and then followed by
disturbances induced by braking of a plasma jet. Data used in
this study are from the fluxgate magnetometers (Russell et al.
2016), the Fast Plasma Investigation (Pollock et al. 2016), the
Axial Double Probes (Ergun et al. 2014), and the Spin-plane
Double Probes (Lindqvist et al. 2016). All data are presented in
the GSM coordinates unless noted otherwise.

We start with presenting long-time observations to provide a
general overview for the event, as shown in Figure 1. Before
∼14:50:00 UT, the spacecraft were located in the south of the
current sheet (BX< 0, Figure 1(a)) and observed a quiescent
plasma sheet. Starting from 14:50:00 UT, MMS observed a
high-speed ion jet with maximum speed approaching
400 km s−1 (Figure 1(c)), close to 0.9 ́VAlfven, where ́VAlfven is
the Alfvén speed, calculated based on plasma parameters in the
quiet plasma sheet. The ion jet shows comparable Vx and Vy

components, indicating jet diversion in the near-Earth region
(Figure 1(c)). Associated with the jet, both magnetic fields and
particle parameters exhibit distinct disturbances. The magnetic
field BX component dramatically decreases (Figure 1(a)),
indicating spacecraft close entry into the neutral sheet. The
magnetic field BY component, which stays positive in the quiet
plasma sheet, clearly shows a bipolar variation. The magnetic
field BZ component increases sharply up to 20 nT, characteriz-
ing the main feature of jet front or dipolarization front. Along
with the magnetic field disturbances, plasma density begins
with a steady increase (Figure 1(b)), indicating compression of
local plasma, then decreases sharply across the front, main-
taining local pressure balance. Meanwhile, electron and ion
energies gradually drop (Figures 1(d)–(e)). Behind the front, jet
starts to rebound, manifested by the damped oscillations of the
Vx and Vy components (e.g., Panov et al. 2010). The magnetic
field and particle energy also fluctuate, showing multiple
regions hosting local dipolarization and particle acceleration.
The overview demonstrates that the MHD-scale plasma jet
brakes and gets diverted in the near-Earth region, giving rise to
distinct disturbances of both magnetic fields and particles at
various scales therein.

3. MHD Scale: Distortion of Magnetic Field Lines

We now focus on the disturbances of the magnetic field
associated with jet braking. We zoom into the region where
magnetic fields experience a large change, as shown in
Figures 1(f)–(j). We observe that prior to the sharp dipolariza-
tion, the magnetic field BZ component, which stays positive in
the quiet plasma sheet, starts to decrease at ∼14:51:23 UT,
becomes negative, and then recovers as positive. The dominant
BY component shows more distinct variation: it starts to

increase from ∼14:51:22.0 UT, peaks at ∼11 nT at
∼14:51:25.5 UT, reverses sign near 14:51:26.8 UT, reaches a
negative peak (∼−20 nT) at ∼14:51:30.1 UT, and then drops
sharply at the front. The bipolar change of the BY component at
∼14:51:26.8 UT is of particular interest and associated with the
reversal of the BX component (from negative to positive) at the
same time, indicating that the BY variation corresponds to a
spacecraft crossing of the neutral sheet from the southern
hemisphere into northern hemisphere.
The change in magnetic fields described above, particularly

the BY variation, may result from distortion of the magnetic
field lines driven by the jet diversion. Recent MHD simulations
(e.g., Birn & Hesse 2014; Merkin et al. 2019) show that during
jet braking, an azimuthally diverted jet can lead to distortion of
nearby magnetic field lines, consequently enhancing |BY| away
from the neutral sheet center. An important feature associated
with such distortion is that BY reverses sign when crossing the
current sheet (see Figure 10 in Birn & Hesse 2014), as
observed in our event. In panel (i) we see that the jet is
deflected into the +Y direction; thus, the magnetic field lines
will consequently be distorted into the +Y direction, leading to
increase of |BY| at both hemispheres (positive BY in the south
but negative BY in the north). When MMS spacecraft cross the
neutral sheet from the southern into the northern hemisphere,
bipolar change of BY from positive to negative thus will be
observed, consistent with our observations (Figure 1(g)). In
addition, the MHD simulations (Birn & Hesse 2014) suggest
that decrease of |BX| away from the neutral sheet and local
reduction of BZ ahead of the front, both of which are seen in our
observation, are also connected with jet braking. Therefore, we
conclude that the observed variation of the magnetic fields prior
to the front is attributed to an MHD convection effect driven by
jet diversion. Such an MHD effect is related to a local ion
frozen-in condition being satisfied (not shown). Note that the
magnetic field distortion is attributable to the large-scale
evolution of the MHD flow and thus is not necessarily
correlated with the change of ion speed at local scale, which
usually involves kinetic-scale processes (the ion frozen-in
condition is broken). For example, sharp changes of BY and BX

observed at the dipolarization front (DF) (such as Bx reversal
near 14:51:31 UT and By decreasing at ∼14:51:32 UT) cannot
be attributed to the MHD effect (since ions are unmagnetized at
the DF, see discussions below), but instead related to kinetic-
scale dynamics at the DF. In particular, we observe short-
period fluctuating electric fields at the front (Figure 1(j)),
suggesting presence of the kinetic-scale dynamics associated
with the jet braking.

4. Ion Scale: Tailward Hall Electric Field

We now zoom further into the front region to investigate the
kinetic-scale dynamics, as shown in Figure 2. The front is
characterized by an increase of BZ, from ∼14:51:30.4 to
∼14:51:31.8 UT (Figure 2(a)). Based on timing difference
among four MMS observations, we determine the propagation
velocity of the front as 230× [0.95, 0.28, 0.09] km s−1. The
front thickness is estimated as 320 km, ∼1 di, where di is the
ion initial length calculated based on density observed in the
quiet plasma sheet. Across the front, plasma density drops
dramatically (Figure 2(b)). Intense electric fields at sub-ion
scale are observed at the front, exhibiting distinct features at
different subregions. For example, on the high-density side of
the front, a strong earthward electric field +EX, associated with

2
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Figure 1. Plasma jet braking detected by MMS3 on 2018 September 8: (a) three components of the magnetic field in GSM coordinates, (b) plasma density, (c) ion
bulk flow velocity, (d) electron energy spectrum, (e) ion energy spectrum, (f) the magnetic field BZ component, (g) the magnetic field BY component, (h) the magnetic
field BX component, (i) ion bulk velocity, and (j) electric field.
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fluctuating EZ, is observed (∼14:51:30.5 UT; Figure 2(c));
while on the low-density side of the front, an intense tailward
−EX, along with a primarily duskward electric field EY, is
detected (∼14:51:31.2 UT; Figure 2(c)). Compared to the
earthward electric fields on the high-density side, the tailward
electric fields on the low-density side are more intense and

exhibit a larger temporal scale, indicating that their formation
may be quite different.
The sub-ion-scale electric fields observed on the frontʼs low-

density side—particularly the tailward electric fields—are
established in response to the evolution of the jet. We compare
the observed electric fields with the particle convection terms to

Figure 2. Ion-scale plasma dynamics at the DF: (a) three components of magnetic field, (b) plasma density, (c) electric field, (d) ion bulk flow velocity, (e), (f) particle
convection electric fields and measured electric field, (g) electron bulk flow velocity, and (h) and (i) electron pitch angle distribution. The black and red bars on the top
represent ion and electron inertial length scale, respectively.
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determine if particles are frozen-in. We find that the ion
convection term clearly deviates from the observed electric
fields, but the electron convection term basically follows it
(Figures 2(e)–(f)). Thus, ions are demagnetized within the
front, while electrons still approximately remain frozen-in,
establishing Hall physics at the front, consistent with previous
studies (e.g., Fu et al. 2012a; Sun et al. 2014). During the jet
braking, high-speed ions behind the front catch up with the
braking front and get reflected, leading to charge separation,
which generates the tailward Hall fields, a scenario predicted by
recent kinetic simulations of jet braking (Drake et al. 2014).

The Hall electric fields are found to be connected with
electron dynamics as well. The earthward Hall electric field on
the high-density side corresponds to an electron edge
(Figure 2(h)), which constrains penetration of electrons at
large pitch angles and permits propagation of a parallel-
propagating electron beam. Such an observation suggests a
possible relation between parallel electric fields and the
tailward electric fields, although they have different directions
(see detailed discussions below). The electron beam is further
accelerated on the low-density side and forms a fast electron jet
with maximum speed approaching 5000 km s−1, which is
observed in association with the tailward electric field
(Figure 2(i)). Considering the duration of the accelerated
electron beam (∼0.2 s), it has a scale of 46 km, ∼6 de, where de
is electron initial length.

5. Electron Scale: Beam Formation

In order to understand formation of the electron beam, we
zoom into the beam region, as shown in Figure 3. Intense field-
aligned current with maximum magnitude approaching 400 nA
m−2, is observed along with the beam. In Figure 3(c) where
electron 1D reduced velocity distributions parallel to the magnetic
field is shown, we observe a cold electron beam being accelerated
up to ∼1.7× 104 km s−1, ∼0.95 Vte, where Vte is the electron
thermal speed. Two features of the beam formation are identified:
(1) the accelerated fast beam arises from a persistent slow beam;
(2) the beam speed increases linearly over time, possibly
indicating constant acceleration. To investigate further the beam
formation, we assume the slow beam as the source of the
accelerated beam, based on the following reasons: (1) jet braking
causes stopping of local flux tubes at the front (local ion flow
speed approaches zero, Vix∼ 0 km s−1, see Figure 2(d)), such that
the same flux tube is probably observed; and (2) the slow beam
exhibits similar properties (density and temperature) as the
accelerated beam. Using the assumed source, we can estimate
the parallel potential responsible for the electron acceleration via
Liouville mapping (Figures 3(d)–(e)). According to the Liouville
theorem, the initial-state phase space density (PSD) and the final-
state PSD are correlated by the following equation:

+ F =( ) ( ) ( )∣∣F E e F E 1initial initial final final

where Einitial, Φ||, and Efinal are initial energy, parallel potential,
and final energy, respectively. The parallel electrostatic
potential is obtained by best fitting the initial PSD to the final
PSD. One can see that with Φ||∼ 1000 V, the mapped electron
PSD from the source perfectly matches the observed one.
Therefore, we conclude that the beam acceleration is attributed
to parallel electrostatic potential, which causes the observed
constant acceleration.

Based on the constant acceleration, we can also estimate the
parallel electric field by assuming the observed constant
acceleration as a temporal evolution, since the same flux tube
is probably observed during the acceleration. Thus, the parallel
electric field can be estimated as E||=ΔV/Δt×me/e≈
0.8 mVm−1, where ΔV is the speed increase and Δt is the
acceleration duration obtained from a linear fitting in
(Figure 3(c)). The acceleration length can be calculated as
ΔL= ∫V · dt≈ 1100 km. Based on the estimated electric field
and acceleration length, we can calculate the parallel electro-
static potential as Δf= E|| ×ΔL≈ 900 V. The estimated
potential is in excellent agreement with the result obtained
from the Liouville mapping.

6. Debye Scale: Electrostatic Turbulence

The observed fast beam can be a free energy source for
electrostatic instabilities at smaller scales. In Figure 4(c), where
the parallel electric field is presented, we indeed observe strong
fluctuating parallel electric fields at the front, which are well
correlated with the peak of the field-aligned current. These are
driven by the fast electron beam (Figure 4(b)), possibly suggesting
development of current-driven electrostatic turbulence. When
zooming in into the fluctuating electric fields, we find that these
fields are characterized by short-period bipolar structures
(Figure 4(d)), and thus we interpret them as electrostatic waves
(e.g., Graham et al. 2016; Huang et al. 2016; Steinvall et al. 2019).
To understand the wave properties, knowledge of wave phase
speed is necessary. However, here we cannot resolve the wave
speed using timing analysis because the four MMS spacecraft
observe different waveforms; and we cannot perform a probe–
probe interferometry method either because the wave speed is too
fast to be distinguished by different probes (Steinvall et al. 2019).
A rough estimate of their speed, nevertheless, can be performed
by assuming that the waves have a typical peak–peak length scale
of 9 λD, where λD is the Debye length, as suggested by recent
statistical analysis (Graham et al. 2016). Based on the observed
wave peak-to-peak duration, the estimated wave speed is
∼600 km s−1, close to the local ion thermal speed. Such speed
is relatively slow, suggesting that the waves may be driven by a
Buneman-type instability (Norgren et al. 2015).
To understand the relation between the waves and

accelerated beam, we solve 1D electrostatic plasma dispersion
relation, considering a three-component plasma that consists of
one ion population and two electron populations. The
dispersion equation is:
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of population s, and Vbg and Vb are the background speed and
beam speed, respectively. We fit the observed electron 1D PSD
using two Maxwellian distributions to obtain the plasma
parameters (Figure 4(e)):
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The obtained parameters are: ne,bg= 0.14 cm−3, Te,bg= 1300 eV,
Ve,bg=−2400 km s−1, ne,beam 0.1 cm−3, Te,beam= 90 eV, Vb =
16,500 km s−1, and Ti = 4000 eV. With these parameters, the
predicted properties of the unstable mode are estimated, as shown
in (Figure 4(f)). One can see that the accelerated electron beam is
indeed unstable, and wave frequency corresponding to a positive
growth rate covers a wide range. We find that the observed wave
property (frequency and wavenumber, marked by the green circle)
is in agreement with the predictions, and that the predicted wave

phase speed is ∼1000 km s−1, close to the estimated speed.
Therefore, we conclude that the electrostatic waves are
generated by a Buneman-type instability (e.g., Che et al.
2010; Norgren et al. 2015). Such Buneman-type waves can
theoretically couple fast electrons and slow ions due to their
slow phase speed and large wave potential, i.e., the slow
waves can resonate with both ions and electrons through
Landau resonance, leading to coupling between ions and
electrons and therefore the resistivity (e.g., Norgren et al. 2015;

Figure 3. Electron-scale field-aligned currents and electron beam acceleration at the front: (a) three components of the magnetic field, (b) field-aligned currents, (c)
electron 1D reduced velocity distribution, (d) electron phase space density, and (e) Liouville mapping.
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Khotyaintsev et al. 2016). An imprint is that the electron beam
speed stays right below the electron thermal speed. Therefore, the
Debye-scale turbulence limits the intensity of the field-aligned
currents, coupling back to the larger-scale dynamics.

7. Discussions

Using high-cadence data from the MMS mission, we
demonstrate that jet braking induces coupling among phenom-
ena from the MHD scale down to the Debye scale, as illustrated

Figure 4. Debye-scale electrostatic waves in association with the field-aligned currents: (a) magnetic field BZ component observed by four MMS spacecraft, (b) field-
aligned currents, (c) parallel electric fields observed by four MMS spacecraft, (d) zoomed-in plot of parallel electric field measured by MMS1, (e) Maxwellian fit of
electron 1D phase space density in the field-aligned direction: the black line represents electron Maxwellian fit, and the gray line represents ion Maxwellian fit reduced
by a factor of 10 for better visibility, and (f) predicted dispersion relation of unstable mode driven by the field-aligned currents. Here the green circle represents the
observed wave property.
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in Figure 5. When jets are slowed down and get diverted into
the dawn–dusk direction in the near-Earth region, they push
nearby magnetic field lines, leading to distortion of the
magnetic field line. A clear feature associated with such
distortion is the bipolar change of the BY component during
neutral sheet crossing, which is seen in our observation and
also in recent MHD simulations (e.g., Birn & Hesse 2014;
Merkin et al. 2019). The local observation by MMS is a
snapshot of such a large-scale process.

Jet braking is confirmed to be connected with the establish-
ment of kinetic-scale structures at the ion-scale jet front. Intense
sub-ion-scale Hall electric fields, established in response to the
jet evolution, are observed at the front. On the frontʼs low-
density side, an intense tailward Hall field is observed, which
has been predicted by recent particle-in-cell simulations (Drake
et al. 2014) but never reported in observations hitherto. We find
that the intense tailward Hall field can constitute a strong
potential difference close to ion thermal energy; therefore, they
can reflect and brake the local ion flow.

Sub-ion-scale Hall physics is observed to be related with the
formation of the electron-scale electron beam. Recent kinetic
analysis (Ganguli et al. 2018) suggests that electrostatic Hall
potential arising from Hall fields at the front varies along the
magnetic field line since local values of plasma parameters are
different. The varying Hall potential along the magnetic field
line thus will cause parallel electrostatic potential along the
field line and therefore the parallel electric field. The
consequent parallel electric field is predicted to peak within
the Hall EX peak (Ganguli et al. 2018), consistent with our
observations where the electron beam and the Hall EX peak are
simultaneously detected. In our case, the consequent field-
aligned currents are intense (∼400 nA m−2), at least an order of
magnitude larger than previously reported (e.g., Liu et al.
2013).

The electron-scale beam is found to be further constrained by
Debye-scale turbulence. Owing to their slow phase speed, these
electrostatic waves can couple the fast electrons to background
slow ions, leading to braking of the beam and therefore limiting

the intensity of the field-aligned currents developed at larger
scales. Our observations, demonstrating cross-scale dynamics
driven by jet braking for the first time, may help in
understanding how energy deposited in large-scale structures
is transferred to small-scale structures in space.
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codes for this study. This research was supported by NSFC
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