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Magnetic reconnection underlies the physical mechanism of explosive phenomena in the solar atmosphere and plan-
etary magnetospheres, where plasma is usually collisionless. In the standard model of collisionless magnetic reconnection,
the diffusion region consists of two substructures: an electron diffusion region is embedded in an ion diffusion region,
in which their scales are based on the electron and ion inertial lengths. In the ion diffusion region, ions are unfrozen in
the magnetic fields while electrons are magnetized. The resulted Hall effect from the different motions between ions and
electrons leads to the production of the in-plane currents, and then generates the quadrupolar structure of out-of-plane mag-
netic field. In the electron diffusion region, even electrons become unfrozen in the magnetic fields, and the reconnection
electric field is contributed by the off-diagonal electron pressure terms in the generalized Ohm’s law. The reconnection rate
is insensitive to the specific mechanism to break the frozen-in condition, and is on the order of 0.1. In recent years, the
launching of Cluster, THEMIS, MMS, and other spacecraft has provided us opportunities to study collisionless magnetic
reconnection in the Earth’s magnetosphere, and to verify and extend more insights on the standard model of collisionless
magnetic reconnection. In this paper, we will review what we have learned beyond the standard model with the help of

observations from these spacecraft as well as kinetic simulations.
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1. Introduction

Magnetic reconnection, accompanying with the topologi-
cal change of magnetic field lines, provides a physical mecha-
nism to transfer magnetic energy into plasma kinetic energy,
leading to ion and electron heating, and particle accelera-
tion to high energies.['®! It underlies many explosive phe-
nomena across a wide range of natural and laboratory plas-
mas, whose source of energy comes from the magnetic field.
These explosive phenomena include solar flare,”8! substorm
in the Earth’s magnetospheres,[®!%! and sawtooth oscillations

in tokamaks.!!

I The first physical model for magnetic recon-
nection was proposed by Sweet and Parker separately, which
is based on magnetohydrodynamics (MHD) and named as the
Sweet—Parker model.!'>13! In this model, the magnetic fields
at the two sides of current sheet have the reverse direction, and
the plasma in the upstream, which is frozen in the magnetic
fields, move toward the current sheet. In the current sheet, a
reconnection electric field perpendicular to the reconnection
plane is induced in a region where the plasma is unfrozen in
the magnetic field. The region is called as the diffusion re-
gion, where the plasma is accelerated and then leaves away in
the outflow direction. The dissipation of magnetic energy oc-
curs in the diffusion region through the Ohm’s heating, which
depends on the resistance. Because the plasma in space envi-
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ronment usually has a small density and high temperature, the
collision among the particles can be negligible, and the plasma
is collisionless. The resistance in such a kind of plasma is very
small, therefore, the conversion rate from magnetic energy to
plasma kinetic energy is too small to account for the explosive
phenomena in space environment.

To overcome the slow conversion rate in the Sweet—
Parker model, a collisionless magnetic reconnection model
is proposed. In this model, the diffusion region has two
substructures: the ion and electron diffusion region, and the
electron diffusion region is embedded in the ion diffusion
region.[>!%13] Figure 1 shows the substructures of the diffu-
sion region in collisionless magnetic reconnection. In the ion
diffusion region with the scale size at the ion inertial length,
the electrons are magnetized and move toward the X line along
the magnetic field lines in the separatrix region, while the
ions are demagnetized.!'®!”! In the electron diffusion region
with the scale size at the electron inertial length, the elec-
tron motions also become demagnetized, which leads to the
nongyrotropic electron distribution, and the reconnection elec-
tric field is supported primarily by the off-diagonal electron
pressure term in the generalized Ohm’s law.[1%18-221 The elec-
trons are accelerated in the electron diffusion region by the
reconnection electric field, and then directed away along the
magnetic field below the inflow electrons in the ion diffusion
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17.23.24] The electron flow in the reconnection plane

region. !
constitutes the Hall current, which produces a quadrupolar
structure of the out-of-plane magnetic field in the ion diffusion

17.25-291 The conversion rate from magnetic energy to

region. !
plasma kinetic energy in collisionless magnetic reconnection
is sufficiently fast to account for explosive phenomena in space
environment.

Magnetic reconnection may occur in the Earth’s mag-
When the in-

terplanetary magnetic field (IMF) has a southward compo-

netosheath, magnetopause and magnetotail.

nent, magnetic reconnection may occur in the magnetopause,
and then magnetic and plasma energy can enter the mag-
netosphere, which at last trigger magnetic reconnection in

30311 Magnetic reconnection may also oc-

the magnetotail.!
cur in the magnetosheath, which usually exists in a turbu-
lent state.’?33 In these regions, the ion inertial length is
hundreds of kilometers, while the electron inertial length is
only tens of kilometers. Recently, the launching of Cluster,
the Time History of Events and Macroscale Interactions dur-
ing Substorms (THEMIS), Magnetospheric Multiscale (MMS)
and other satellites have provided opportunities to study mag-
netic reconnection in the Earth’s magnetosphere with high-
resolution plasma measurements. Cluster is a four-satellite
tetrahedral constellation operated by European Space Agency
(ESA), and was delivered in the summer of 2000.1*1 The
inter-spacecraft distance can be reduced to only several hun-
dreds of kilometers, which has offered a chance to study the
ion diffusion region. The THEMIS mission was launched by
NASA on February 17, 2007, and it consists of five identi-
cal satellites.!*! These five satellites can line up along the
Earth’s magnetotail to track the motion of particles, plasma,
and waves from one to another, thus they are suitable to inves-
tigate the occurring of magnetotail reconnection and the con-
sequent effects, like dipolarization fronts. MMS is an NASA
four-spacecraft constellation mission launched on March 12,
2015.3¢1 Because it can provide observational data with high
spatial resolution (~ 10-km interspacecraft separation) and un-
precedented time scales (30 ms for 3D electron distribution
functions), the kinetic processes occurring in the electron dif-
fusion region have been resolved. In this paper, we will fo-
cus on the recent progresses on collisionless magnetic recon-
nection in the magnetotail, magnetopause and magnetosheath
based on in-situ observations from these satellites as well as
kinetic simulations, and describe the new physics beyond the
standard model of collisionless magnetic reconnection.

2. Magnetic reconnection in the magnetotail

Magnetic reconnection in the magnetotail usually oc-
curs around Xgsm = —20Rg (where Rg is the Earth’s radius,
and GSM denotes the geocentric solar magnetospheric coor-
dinates, which is a widely-used coordinate system in space

plasma physics). Because the plasma and magnetic field on
both sides of the plasma sheet are nearly identical except for
the direction of magnetic field, magnetic reconnection in the
magnetotail is generally believed to be symmetric. In addi-
tion, magnetic reconnection is generally an unsteady process.
Besides the diffusion region, magnetic reconnection can also
produces transient structures in the downstream. Here, we will
describe the structures and physical processes in the diffusion
region and downstream, respectively.

—— ®® B-field

—_®

Current
=== Electron flow

(7 Ion diffusion region
() Electron diffusion region

Fig. 1. The substructures of the diffusion region in collisionless reconnec-
tion.

2.1. Structures and physical processes in the diffusion re-

gion

The solar wind sweeps the Earth’s magnetic field into a
huge tail, named magnetotail, as shown in Fig. 2. The size of
the Earth’s magnetotail is controlled by the solar wind condi-
tion and the Earth’s intrinsic magnetic field. It will be stretched
tightly and extend hundreds of the Earth radii from the Earth
due to the solar wind dynamical pressure. Disruptions in the
magnetotail create the colorful and bright auroras in the polar
region and intensify the electric current surrounding the Earth,
resulting in the substorm and/or magnetic storm.%37-411 Up
to date, magnetic reconnection in the near-Earth magnetotail
is well known to be the main driver for the substorm.[%4?]
Thanks to a few spacecraft missions, e.g., Cluster, THEMIS,
MMS, and so on, a big progress has been achieved last twenty
years. Based on the theory and numerical simulations, the
key region for the occurrence of magnetic reconnection is the

n.[43] In the diffusion region, the ion and elec-

diffusion regio
tron would decouple from the magnetic field line in their in-
dividual diffusion region and magnetic free energy is explo-
sively released. Before the observation of the reconnection
diffusion region, the earthward bursty bulk flows are exten-

sively observed and regarded as the remarkable feature of the

reconnection. (447!
4 magnetopause _ _ _ _ _ _ _ _ _ __ _
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Fig. 2. A schematic illustration for the Earth’s magnetosphere.
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In the magnetotail, the ion diffusion was firstly in situ
detected by @iersoset et al.[*3! with the Wind data. In this
event, the spacecraft crossed the reconnection diffusion region
from one outflow to the other according to the ion flow rever-
sal from earthward to tailward, and observed the sign change
of the out-of-plane magnetic field component. This is consis-
tent with the quadrupolar magnetic field structure surrounding
the X-line.[!*35491 Additionally, a low-energy electron beam
was measured in the separatrix region, namely so-called Hall
electron inflow. The observations provided the first in situ evi-
dence in the magnetotail for the Hall effect, which was thought
to be the key for the fast reconnection at that time. During
the same reconnection event, the electrons were significantly
heated inside the diffusion region and energetic electrons were
detected therein as well. The energy of the accelerated elec-
tron reached as high as 200 keV. It means that the electrons can

501 On the con-

be accelerated directly to relativistic energy.
trary, ions were heated as well but there was no high-energy
ion detected there. Shortly, a series of papers studied the ion
and electron flow properties in the vicinity of the ion diffusion
region based on the Geotail and Cluster missions.[?+39>1-531 Tt
is found that the low-energy electron inflowing beam was al-
ways detected at the outer boundary of the Hall magnetic field
region. The width of the Hall magnetic field was a few ion in-
ertial lengths. However, it extends as far as tens of ion inertial
lengths along the outflow direction.

Based on the measurements onboard Geotail and Clus-
ter in the magnetotail, the electron flow feature inside the ion
diffusion region was investigated in detail. In the separatrix
regions, the electrons mainly show the beam-like distribution

52541 1 the vicin-

and were injected into the X-line region. !
ity of the X line, the electrons display field-aligned bidirec-
tional distribution at lower energies and become isotropic at
higher energies. This kind of electron distribution was pri-
marily attributed to the magnetic mirror and electrostatic po-

n.[>3-381 In the outflow region,

tential around the X-line regio
at the edge of the outflow region there is a high-speed elec-
tron stream directed away from the X line. These electrons are
accelerated in the X-line region and then ejected away from
therein.

Electron density cavity is another striking feature in the
separatrix region during magnetic reconnection.*-!l In gen-
eral, the low-energy inflowing electrons are collocated with
the density cavity. Even though the cavity can extend very
far along the separatrices, its width is very narrow, only about
a few electron inertial lengths. Inside the cavity, the intense
electrostatic fluctuations are very common.[>-%4! The electron
phase space hole and double layers are frequently observed in

38591 Thus, the electrons may be accel-

the separatrix region. !
erated by the electrostatic structures, even up to hundreds of

keV in the separatrix region.

A guide field associated with magnetotail reconnection
is generally detected although it is weak or moderate in

(60,641 Then, the reconnection diffusion region

most situations.
would be altered by the guide field. The simulations suggested
that the guide field can dramatically affect the particle dynam-
ics and the structure of the Hall electric field as well as Hall
magnetic field in the ion diffusion region,!%>% although it
does not alter the reconnection rate and the in-plane magnetic
field very much. The distorted Hall magnetic field and elec-
tric field was indeed observed inside the ion diffusion region.
Because of the addition of the guide field, the outflow electron
current was deflected by the Lorentz force to one side of the
current sheet, resulting in the distortion of the Hall electric and
magnetic field structures.

Magnetic flux ropes are frequently detected in the pro-
cess of magnetotail magnetic reconnection.[%-67-%81 The typi-
cal signature of magnetic flux rope consists of a bipolar vari-
ation of magnetic field component in the normal direction of
the plasma sheet and the peak of magnetic field component in
the dawn-dusk direction during the bipolar variation. Thus, the
flux rope is supposed to be a helical magnetic structure. Mag-
netic reconnection occurs simultaneously at multiple points
and then the flux rope would be created between any two adja-
cent magnetic reconnection sites.[%”! There exists another po-
tential formation mechanism of magnetic flux rope. The elec-
tron current layer extends very long during reconnection and
then breaks down into a series of small-scale current layers

5.[70.711 Magnetic flux ropes have been

which are the flux rope
detected inside the diffusion region as well,[’>73] which sup-
ports the second mechanism as mentioned above.

Magnetic flux ropes play a key role during magnetic re-
connection. The electron current layer, i.e., the electron diffu-
sion region, shortened once magnetic flux rope is generated,
which raises the reconnection rate sharply.l’%-7?l The elec-
trons can be directly accelerated to hundreds of keV inside the
flux ropes.”>~771 The acceleration mechanism(s) is still con-
troversial. The induced electric field inside flux ropes can be
very important for the electron acceleration.!”-3!] The elec-
trons can be accelerated via Fermi acceleration inside the con-
tracting magnetic flux rope.!>>#? In addition, various plasma

5,183 including the

waves can be excited inside the flux rope
whistler waves, lower-hybrid drift waves, and electrostatic
waves. These waves can energize the electrons as well inside
the flux rope. As the flux rope propagates inside the plasma
sheet, the magnetic field fluxes are accumulated in the trailing
part and the electrons can be efficiently energized by betatron
there.®#! In addition, the secondary reconnection can happen
inside the flux rope and thus accelerate electrons inside the
rope. 185:86]

Magnetic flux ropes would interact with each other dur-
ing reconnection. One flux rope inevitably compresses with
another flux rope inside the diffusion region, which leads to an
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induced current layer between them. Then, the reconnection
could happen inside this induced current layer. Sometimes, it
is called re-reconnection in the magnetotail. This kind of flux
rope interaction denotes the coalescence. The flux rope coa-
lescence has been verified inside the diffusion region.®”] The
repeated generation of flux ropes and their coalescence could
dominate the reconnection evolution as proposed in recent par-
ticle in cell simulation results,38%! Jeading to the turbulence
in the X-line region. Therefore, the plasma can be energized
efficiently in the turbulent reconnection. Figure 3 displays one
reconnection event in the magnetotail. As the Cluster space-
craft passed through the plasma sheet (Fig. 3(d)), an ion bulk
flows in the L direction reversed from tailward to earthward
(Fig. 3(a)). It means that the spacecraft crossed one reconnec-
tion site from tailward to earthward. By, was closely related to
By, (Figs. 3(c) and 3(d)). They are anti-correlated in the tail-
ward flows and positively correlated in the earthward flows,
consistent with the expected Hall magnetic field inside the ion
diffusion region. In the diffusion region of this event, a large
number of bipolar signatures of By were detected and accom-
panied with enhancement of By at the same time. It indicates
that there existed many magnetic flux ropes inside the diffu-
sion region. By investigating all the interaction region between
any two adjacent flux ropes, we identified a few coalescence
events, because the reconnection was ongoing in the induced
electric field of the interaction region. Thus, the reconnection
diffusion region evolved into turbulence.

(
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Fig. 3. A reconnection event in the magnetotail in the local current coor-
dinate system:[87] (a) ion bulk flow in the L direction, (b)—(e) three compo-
nents and magnitude of magnetic field, (f) ion energy—time spectrum.
Mostly recently, Magnetospheric Multiple (MMS) mis-
sion launched by NASA can provide the unprecedented high
time resolution measurement for the plasma and thus make

the detection of the electron diffusion region available.3®! The
observations shows that the electron diffusion region has a
few striking features in the magnetotail.[*>! First of all, the
electron frozen-in condition is broken inside the electron dif-
fusion region and the deviation between the measured elec-
tric field () and the electron convection term (V, x B) is
mainly caused by the divergence of electron pressure ten-
sor. Secondly, the electrons display the agyrotropy and cres-
cent distribution in the plane perpendicular to magnetic field
Thirdly,
the positive energy dissipation from magnetic field to plasma
(J-(E+YV,x B) >0). Recent observations found that the
electron flows are laminar although the electric fluctuations

lines but isotropic distribution in the neutral sheet.

are observed, and no energetic electrons inside the electron
diffusion region.®!]

One surprising finding is the electron diffusion region
without ion-coupling in the magnetotail.[”®! By comparing
with the classical electron diffusion region with ion-coupling,
we found that the electron diffusion region without ion cou-
pling could be initial stage of the reconnection, dubbed as
the electron phase or “electron-only” reconnection. As the
electrons are continuously energized and the electron current
layer broadens, the ions would be coupled gradually.®7-%]
Namely, this kind of “electron-only” reconnection will even-
tually evolves into the ion phase, corresponding to the bursty
reconnection.*”! The evolution has been successfully simu-

lated by the global PIC simulations.[!%]

2.2. Structures and physical processes in the downstream

Magnetic reconnection in the magnetotail can produce
transient flow structures (such as bursty bulk flow and vortex),
transient magnetic structures (such as dipolarization front, flux
rope, and magnetic hole), and transient electrostatic structures
(such as electron hole and electric double layer) in the down-
stream region. These structures play crucial roles in the flux
transport, energy conversion, particle acceleration, and turbu-
lence development in space environment. Thus, they are ideal
laboratories for exploring the plasma physics and monitoring
the space environment, as specified below.

The bursty bulk flow (BBF), sometimes referred to as

t[lOl] t [44,102]

reconnection je or flow burs is a direct conse-

Such flow struc-
[101]

quence of the magnetotail reconnection.
ture is three-dimensional!!%%1%4 and Alfvenic;|
ical scale of 2-3 Rp,[105-106]
tailward,17-1%8] carries large amounts of energies from the

1'it has typ-
propagates both earthward and

Earth’s magnetotail to the inner magnetosphere,'%! pro-
duces a substorm current wedge,!''%-112 and finally stops
near the geosynchronous orbit.[''3114 Usually, the frozen-
in/magnetization condition is satisfied inside the BBF,!'!] but
in the presence of super-Alfvenic electron jet such frozen-in
condition can be broken.!!'®) Considering that the magneto-
tail reconnection is firstly triggered in the high-density plasma
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sheet region but then develops mainly in the low-density lobe
region, 171181 the resultant BBF usually has higher tempera-
ture and lower density than the ambient plasmas.[**!1°1 Such
a low-entropy BBF is not conductive, and thus it interrupts the

120,121

cross-tail current to form a current wedge. ! I Therefore,

the BBF plays a key role in the initiation of magnetospheric
substorm!#®! and the lightning of ionospheric aurora.!*7-1221
Moreover, it plays a key role in the initiation of magnetic

[123] because the thermal ions carried by such BBF can

storm,
inject to the inner magnetosphere to significantly enhance the
ring current,!'>*123] and plays a key role in the formation

§,[126.127] pecause the thermal electrons car-

of radiation belt
ried by the BBF can act as a “seed” of relativistic electrons
when they are injected to the inner magnetosphere.[!?8] Inside

130

the BBF, energetic electrons,!'?°! energetic ions, 3 kinetic

Alfven waves,!'3! lower hybrid waves,[!1%132 slow mag-

(1331 and compressible turbulence!!**! have

netosonic waves,
been widely reported.

The vortex, characterized by a ring-like flow pattern, is
also a consequence of magnetotail reconnection.!'3>! Such
structure can have scale from the ion inertial length!!36-137]
to the MHD scale;[!38 it prefers to appear at the edge of
reconnection jets or BBFs,**1 and thus it is quite pos-
sibly generated by the interchange instability!'*! or flow
braking/rebounce!!#!! during the propagation of BBFs. The
large-scale vortex near the flow-braking region (around
Xgsm = —8Rg) may contribute to the formation of the region-I
field-aligned current,!'*?) and thus it is an important ingredient

143] Shows

of the magnetospheric substorm. A recent study!
that the flow vortex actually is an isobaric structure and can
cause significant electron heating and electrostatic turbulence
inside it. Compared to other transient structures produced by
magnetic reconnection, the vortex has not been well studied
hitherto, due to the lack of efficient analysis tools. Fortunately,
recently the First-Order Taylor Expansion of Velocity (FOTE-
V) method has been developed.['#! Such method is very pow-
erful and will greatly improve our understanding of the vortex
properties in the future.

The dipolarization front (DF) is a transient magnetic

structure produced by the magnetotail reconnection,[!43-146]

so it is also termed “reconnection front”.[!47

! Such struc-
ture is characterized by a sudden increase of magnetic field
Bz in GSM coordinates,'*8-139 preceded by a small Bz dip

(1511531 and followed by a strong Bz region that is

structure,
termed flux pileup region (FPR)!5#1561 or dipolarizing flux
bundle (DFB);!"37-158] it has a typical azimuthal scale of 2—
3.6 R in the equatorial plane!!'*%] and a vertical scale of 1.5—
2 Rg in the meridian plane!'®! — on the order of MHD
scale, and has a typical thickness of 500 km—1000 km!!3%-160]
— on the order of ion inertial length,[lm’mzl but can in-

147,163] __

clude fine structures! on the order of electron inertial

164-167]

length;! it can appear extensively in the whole mag-

netotail from Xgsm ~ —30RE to Xgsm ~ —6Rg!177:161,162.168]

with a saddle-like configuration,!13-137-169]

but preferably
appears in the magnetotail transition region at Xgsm ~
—15Rg,11%% where the stretched tail-like magnetic field line
transforms to a more dipole-like shape and the plasma flow

starts to brake; 7

it can propagate both earthward and
tailward, ['>!7!] with the earthward DF typically much steeper
than the tailward DF.['7?! Inherently, the DF is a tangential

[113,173] separating hot tenuous plasmas (convec-

discontinuity
tion from the reconnection site) from cold dense plasmas in the
Earth’s magnetotail. Immediately ahead of the DF, plasmas
are also hot. However, these hot plasmas are actually the “pre-
cursor flows” accelerated locally at the front boundary,[!7
rather than convected from the reconnection site.

In principle, the DF can (i) transport mass and
magnetic fluxes from middle magnetotail to the inner

4LIS8IT5] (if) generate field-aligned current

magnetosphere, !
in the meridian plane!'6>!7%1771 and interrupts the cross-
tail current in the equatorial plane,!!”®17°1 (iii) link mag-
netotail dynamics with the ionospheric phenomenon,[!80-183]
(iv) converts magnetic energy to particle energy!!47-164.165.184]

or inversely converts particle energy to magnetic energy,[!%]

(v) excite various plasma waves, [124186-195]

Apart from these roles, the most important role of DFs
probably is the electron acceleration,[!18:153:196-2101 gych ac-
celeration can be categorized into global and local processes
(in terms of the place where the acceleration happens) or cat-
egorized into adiabatic and nonadiabatic processes (in terms
Typi-
cally, the global-scale process, including Fermi and betatron

of the conservation/violation of magnetic moment).

acceleration, [165:209:211.212] 55 adjabatic, whereas the local pro-
cess can be either adiabatic (betatron acceleration!!>>1901) or
nonadiabatic (wave-particle interaction!!°%1°11) These four
types of electron acceleration (global-scale Fermi accelera-
tion, global-scale betatron acceleration, local betatron accel-
eration, local wave-particle interaction) are attributed to dif-
ferent mechanisms: Specifically, (I) the global-scale Fermi ac-
celeration is caused by the shrinking of magnetic field lines
between the two mirror points of electron bounce, which hap-
pens during the earthward propagation of DFs from middle
magnetotail to the inner magnetosphere;[!>! (II) the global-
scale betatron acceleration is caused by the spatial enhance-
ment of magnetic fields, which happens during the earth-
ward propagation of DFs from middle magnetotail (weak-
B region) to the inner magnetosphere (strong-B region);[?!?!
(III) the local betatron acceleration is caused by the tempo-
ral enhancement of magnetic fields, which happens when the
magnetic flux tubes behind the DF are contracting;/!>-1%]
(IV) the local wave—particle interaction is caused by the cy-

clotron resonance, which happens when the whistler waves
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are present and simultaneously the cyclotron-resonance condi-
tion between electrons and waves is satisfied.[?!324 In prin-
ciple, these four types of acceleration can work individually
or together. Inside a decaying FPR, where the flow veloc-
ity is decreasing and flux tubes are expanding, the global-
scale Fermi acceleration is dominant (see the left column of
Fig. 4), whereas inside a growing FPR, where the flow veloc-
ity is increasing and flux tubes are contracting, the local beta-
tron acceleration is dominant (see the right column of Fig. 4).
If the Fermi acceleration is dominant behind DFs, it will re-
sult in the “cigar-type” pitch-angle distribution (showing elec-
tron pitch angles primarily at 0° and 180°). On the con-
trary, if the betatron acceleration is dominant, it will result in
the “pancake-type” pitch-angle distribution (showing electron
pitch angles primarily at 90°). Interestingly, if the Fermi ac-
celeration and betatron acceleration are both prominent behind
DFs, a new type of electron pitch-angle distribution (termed
the “rolling-pin” distribution, showing electron pitch angles
primarily at 0°, 90°, and 180°) will be formed.[?!>216) Such

rolling-pin distribution has been widely observed by space-
craft behind DFs[197:198.200.215-2191 apq well re-produced in
simulations.[??0-223] Interestingly, this kind of rolling-pin dis-
tribution is very sensitive to the shape of the FPR (or actu-
ally the magnetic bottle behind the DF):!!°8) when the FPR is
a “fat bottle”, the rolling-pin distribution is very clear; when
the FPR is a “slim bottle”, the rolling-pin distribution disap-
pears (see the spacecraft observations and schematic illustra-
tion in Fig. 5). Commonly, behind the DF, the global-scale
electron acceleration is more prominent than the local elec-
tron acceleration, 212! whereas in certain circumstances the lo-
cal electron acceleration can be more prominent than the local

1971 Taking into account both the global-

electron acceleration. !
scale and local accelerations, the earthward-propagating DF
can lead to an enhancement of energetic-electron fluxes up to
10000 times during 30 seconds,!'8] which is even more effi-
cient than the electron acceleration in the radiation belts.[?>4]
This is probably the reason why relativistic electrons can be

directly observed during the magnetotail dipolarization. ??3)
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Fig. 4. A comparison of the Fermi and betatron acceleration behind dipolarization fronts (DFs). Specifically, Fermi acceleration happened on 2007-10-
01, when the flow velocity was decreasing behind DFs; betatron acceleration happened on 2006-09-03, when the flow velocity was increasing behind

DFs. (Modified from Fu ef al.[131).

The magnetic hole (MH) is another transient product of
the magnetotail reconnection. Such structure is characterized
by a significant drop of magnetic strength without the change
of magnetic-field direction.*?%2?”] To some degree, this sig-
nature is similar to the partial crossing of the neutral sheet by
a spacecraft, so that in spacecraft measurements the identifi-
cation of the MH should be very careful. Typically, the MH

1361 {6 jon

structure can have scale from electron inertial length!
inertial length.[??8] The different scale of MHs indicates differ-
ent plasma properties: Inside a large-scale MH, the electron
density increases, whereas the electron temperature may not

228

change;[ ! inside an electron-scale MH, the electron density

may not change, whereas the electron perpendicular tempera-

ture significantly increases.*?>23% Quite frequently, the MH
is observed inside the strong-Bz region in the reconnection
jet.[?311 Tts formation mechanism may be related to mirror-

(229

mode instabilities”>!1 or interchange instabilities.?>”! Impor-

tant roles of MHs in the magnetotail are the trapping of ener-
getic electrons?"! and the excitation of whistler waves, 23]
either at the edge!?*3! or in the center.[>>*233] To uncover the
inherence of MHs comprehensively, the Second-Order Taylor

Expansion (SOTE) method is a useful tool.[236:237]

In the downstream region of the magnetotail reconnec-
tion, electrostatic transient structures can also be formed, in
addition to the magnetic and flow structures. In particular,
electron holes (EHs) and double layers (DLs) are two elec-
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trostatic transient structures frequently observed in the recon-
nection jet. These two structures both have the Debye scale,
with the EH characterized by a bipolar variation of parallel
electric fields!?**-2*11 and the DL characterized by a unipo-
lar variation of parallel electric fields.[?**>?43] In this sense,
sometimes the EH is termed electrostatic solitary wave (ESW).
Typically, these two electrostatic structures propagate rapidly,
with a speed larger than the local Alfven velocity.?44-246] The
interior dynamics of such structures has been a mystery, unless
the recent observation by the MMS spacecraft.!>*’! In certain
circumstances (e.g., structure propagation in the direction op-
posite to BBF), the EH and DL can have very slow speed in

e,[19%247] and thus the high-resolution mea-

the spacecraft fram
surements of the interior of these structures are possible. For
many years, scientists expect significant electron acceleration
inside EHs.[?*8] However, the recent observation found that
there is no electron and ion acceleration inside the EH,[247]

which may challenge the conventional theory.

MMS 2017-06-11
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Fig. 5. Spacecraft observations and schematic illustration of the evolution
of electron rolling-pin distribution behind DFs. Specifically, if the mag-
netic bottle behind the DF is “fat” (indicated by the weak magnetic fields in
spacecraft measurements), a rolling-pin distribution is formed; if the mag-
netic bottle behind the DF is “slim” (indicated by the strong magnetic fields
in spacecraft measurements), the rolling-pin distribution disappears. (Mod-
ified from Fu ef al.[19%).

As products of magnetic reconnection in the downstream
region, these transient structures (including magnetic, electro-

static, and flow) are very dynamic. They act as a medium for
the magnetic reconnection to impact space environment, and
thus they are crucial factors during the space-weather fore-
cast. To better understand the inherence of these structures,
recently a few spacecraft missions (e.g., AME[**°! and Plasma
Observatory!>>%) have been proposed. The launch of these
missions will greatly improve our understating of the down-
stream structures and processes of magnetic reconnection in
space.

3. Magnetic reconnection in the magnetopause

The magnetopause is a sharp boundary between the
shocked solar wind in the magnetosheath and the magne-
tosphere. The shocked interplanetary magnetic field in the
magnetosheath can reconnect with the geomagnetic field at
the magnetopause. Without magnetopause reconnection, the
Earth’s magnetosphere is a relatively isolated space from the
solar wind. Magnetopause reconnection opens up the mag-
netopause, allowing penetration of solar wind plasmas and
energy into the magnetosphere, therefore, it is the origin of
the energy conversion processes in Earth’s magnetosphere. It
should be noted that the plasma density and temperature and
the magnetic field are different on the magnetosheath and mag-
netosphere sides of magnetopause reconnection, and thus the
magnetopause reconnection is asymmetric. In the follows, we
will at first focus on the diffusion region and particle kinetics
of magnetopause reconnection, and then zoom out to discuss
the manifestations and consequences of reconnection at low-
and high-latitude magnetopause, respectively.

3.1. Diffusion region and particle kinetics

From 2000s, in-situ spacecraft began to observe magne-
topause reconnection. Deng and Matsumoto?! reported Geo-
tail observations of magnetopause reconnection, showing the
features of the Hall current and the Hall magnetic field in the
ion diffusion region. Mozer et al.!>>!! reported Polar satellite
observations of the Hall signatures in the ion diffusion region
of magnetopause reconnection, and then Mozer et al.!?! fur-
ther reported Polar observations of the electron diffusion re-
gion of magnetopause reconnection. The above diffusion re-
gions of magnetopause reconnection were observed by single-
spacecraft (Geotail, Polar), the Cluster mission allowed for the
first time four-spacecraft observations of the diffusion regions,
so that spatial and temporal features can be distinguished re-
liably. (253
a diffusion region of magnetopause reconnection, and they

Vaivads et al.!>>3 reported Cluster observations of
measured a fast reconnection rate of ~ 0.1 and showed the
dominance of Hall physics in the ion diffusion region, which
are in agreement with the standard collisionless reconnection

model, [2415.16]
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The above early in-situ detections of magnetopause re-
connection mostly paid attention to the basic structures,
whereas the asymmetry was overlooked. Therefore, the stan-
dard model of collisionless reconnection needs to be modified
by taking into account the asymmetries between the magne-
tosheath and magnetospheric sides to better describe magne-
topause reconnection. [°0254-2601 Cassak and Shay!>>®! theoret-
ically derived scaling laws for the reconnection rate, outflow
speed, the density of the outflow, and the structure of the diffu-
sion region. They also pointed out that for asymmetric recon-
nection, the stagnation point and the X-line are not colocated,
and then they verified the scaling laws with 2D MHD simu-
lations. Using 2D PIC simulations, Pritchett!>”! found that
the reconnection rate of asymmetric reconnection is smaller
by a factor of 2-3 than that of symmetric reconnection, but
when an external driving electric field is added, the reconnec-
tion rate increases substantially. They further demonstrated
the characteristics of electron and ion flows and electromag-
netic fields that are asymmetric between the magnetosheath
and magnetospheric sides, as shown in Fig. 6. Motivated by
the above theoretical and simulation studies, observers began
to pay attention to the asymmetric structures in magnetopause

reconnection. [201-264]

lon Flux

Electron Flux

Fig. 6. Ion and electron fluxes (nV represented by arrows) obtained from
a particle-in-cell simulation of magnetopause reconnection.!>>”! The solid
lines represent projections of the magnetic field lines onto the reconnection
plane.

The high-resolution, four-spacecraft observations by
MMS significantly expedite the understanding magnetopause
reconnection, especially its electron diffusion region. At the
same time, simulations have also been improved to echo the
MMS observations. 2032731 Burch et al.?’#1 reported the first
MMS observations of an electron-diffusion region of magne-
topause reconnection, which showed the conversion of mag-
netic energy to particle energy caused by the electric field
and current therein. They also showed the crescent-shaped
electron velocity distribution and identified the electron pop-
ulation resulted from demagnetization and acceleration by

reconnection. MMS observations have also shown particle
acceleration and fine structures of current and electromag-
netic field in the reconnection exhaust and the ion diffusion
region.?73-287] In addition, various types of plasma waves and
turbulences have been observed by MMS at magnetopause
reconnection, [132:244:288-2931 1,1 (he role of them in reconnec-
tion remains unclear, which needs further studies.

3.2. Low-latitude magnetopause reconnection

When the interplanetary magnetic field has a southward
component, it can reconnect with the northward geomag-
netic field at the low-latitude magnetopause, as predicted by

2941 Such low-latitude magnetopause reconnection

Dungey.!
began to draw more attention because it had been believed
to cause the flux transfer events (FTEs) discovered by Rus-
sell and Elphic.?>! Initially, FTEs were thought to be flux
tubes that are produced by single X-line reconnection between
the IMF and the geomagnetic field.?>>! However, Lee and
Fu[?°®! suggested that FTEs are essentially magnetic flux ropes
formed by multiple X-line reconnection. In addition to these
two models, other alternative models were also proposed to in-
terpret the formation of FTEs. For example, Scholer*7! sug-
gested that FTEs are essentially loop-like field lines formed by
non-stationary single X-line reconnection.

These models had been controversial until the in-situ
observations by the Cluster and THEMIS spacecraft pro-
vided evidence for the multiple X-line reconnection model.
By applying the Grad—Shafranov reconstruction technique to
the FTEs observed by Cluster, Hasegawa et al.!**! showed
that the reconstructed FTEs consisted of one or more mag-
netic flux ropes, suggesting that multiple X-line reconnec-
tion was involved in the formation of the FTEs. Later, us-

ing THEMIS observations, Hasegawa et al.[*°]

provided di-
rect evidence for an FTE formed by multiple X-line recon-
nection at the low-latitude magnetopause. The evidence con-
sists of 1) two oppositely-directed ion jets converging towards
the FTE, ii) the cross-section of the FTE core being elon-
gated along the magnetopause normal, probably squeezed by
the oppositely-directed jets, and iii) bidirectional field-aligned
fluxes of energetic electrons in the magnetosheath, indicat-
ing reconnection on both sides of the FTE. @ieroset et al.[3%]
and Zhong et al.’°! also reported detections of magnetic flux
ropes flanked by multiple magnetic reconnection X-lines at the
low-latitude magnetopause, which further supported the mul-
tiple X-line reconnection model of FTEs. Given the above
evidence, it has now been widely accepted that FTEs are es-
sentially magnetic flux ropes formed by multiple X-line recon-
nection at the low-latitude magnetopause.

Global-scale simulations have been performed to better
understand structure and evolution of the low-latitude magne-

topause reconnection and flux ropes as FTEs. Early global
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simulations were mostly magnetohydrodynamic (MHD).
Raeder®%?! reported the formation of FTEs (flux ropes) be-
tween multiple X-lines in a global MHD simulation with a
large dipole tilt angle, and they found no FTE formed when the
dipole tilt angle is zero. However, the global MHD simulations
by Dorelli and Bhattacharjee**3! and Glocer ez al.3%# showed
that FTEs can still form without a dipole tilt. Sun ef al.’%>) and
Chen et al.3%! presented large-scale characteristics of FTEs in
the dayside magnetopause by using global MHD simulations.
Using the more advanced multifluid global MHD simulations,
and Winglee er al.'®7! also showed the formation of FTEs
by multiple X-line reconnection. Note that MHD simulations
do not include particle kinetics, and thus cannot resolve the
fast magnetopause reconnection and kinetic-scale FTEs. One
way to include particle kinetics into global-scale simulations
is to embed a domain of particle-in-cell (PIC) simulation into
a global MHD simulations because PIC simulations treat ions
and electrons as full particles. [?81,282]

The other way is to use hybrid simulations which re-
solve ion kinetics and ignore electron kinetics. The global hy-
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brid simulations were firstly performed with 2D codes.[3%8-311]
The first 3D global hybrid simulation of the low-latitude
magnetopause reconnection and FTEs was performed by

Tan et al.,3'2

in which they showed a quadrupolar magnetic
field signature associated with the Hall effect (i.e., decoupling
between the motions of ions and electrons) around the FTEs.
They also showed that the X-lines have a finite length, and
the ions trapped by the FTEs so that the density is enhanced
in the FTEs. Tan et al.®'3! further studied ion precipitation
associated with magnetopause reconnection and FTEs. Us-
ing 3D global hybrid simulations, Guo et al.3'4315] further
showed that the magnetopause flux ropes (i.e., FTEs) can coa-
lesce with each other and with the cusp magnetic field through
3D re-reconnection processes, and they also show that these
processes depend on the orientation of the IMF. The 3D re-
reconnection process is during flux rope coalescence is shown
in Fig. 7. These 3D re-reconnection processes lead to an in-
crease in the magnetic flux connected to the Earth, which fa-
vors particle and energy transport to the magnetosphere.
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Fig. 7. Three-dimensional re-reconnection process during coalescences between two magnetopause flux ropes in a global hybrid simulation. 314!
The curves are representative magnetic field lines, and the different colors represent different field line topologies.

3.3. High-latitude magnetopause reconnection

When the IMF is northward, magnetopause reconnection
can still occur, not at low-latitude but at high latitude, between
the IMF and the open field lines of the tail lobe, as predicted

[316] The first in-situ detection of such reconnec-

by Dungey.
tion was reported by Gosling ef al.!3!") using ISEE 2 observa-

tions. Such reconnection between the IMF and the open field

lines of the tail lobe can occur in both northern and southern
hemispheres, which forms new closed field lines at the dayside
magnetopause that are favorable for the formation of the low-
latitude boundary layer under northward IMF. [3'8) It has been
well accepted that the magnetosphere is much quieter under
northward IMF than southward IMF. However, Shi et al.[319]
reported that high-latitude magnetopause reconnection may
still be able to allow solar wind entry into the magnetosphere
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during geomagnetic quiet times. Moreover, such high-latitude
magnetopause reconnection can cause particle precipitation
from the solar wind into the magnetosphere, leading to day-
side aurora, as shown by the simultaneous observations of re-
connection and proton auroral spot. 3203211 In addition to the
high-latitude reconnection between the northward IMF and the
open field lines of the tail lobe (usually tailward of the cusp),
there is another high-latitude magnetopause reconnection be-
tween the northward IMF and the closed geomagnetic field

lines occurring earthward of the cusp. [322-3%4]

A key question for the high-latitude magnetopause re-
connection was that whether it can occur at multiple X-lines
and form magnetic flux ropes as in low-latitude magnetopause
reconnection. Satellite observations indicated that under the
northward IMF, the high-latitude magnetopause reconnection
occurs at a single X-line and no flux ropes are formed. 323!

1.13%61 reported Cluster observations of a

However, Zong et a
plasmoid-like structure in the high-latitude magnetopause un-
der the northward IMF. The plasmoid is similar to the flux
rope (expect for the absence of the core field), and it sug-
gest that the high-latitude magnetopause reconnection can
occur at multiple X-lines. Also using Cluster observations,
Hasegawa et al.’?”) showed that magnetopause reconnection
can retreat tailward, which was accompanied by formation of

a new X-line, leading to multiple X-line reconnection.

Global-scale simulations help better understand the high-
latitude magnetopause reconnection under northward IMF.
Using 3D global MHD simulations, Berchem et al.3%8
showed the formation of magnetic flux ropes, suggesting
the occurrence of multiple X-line reconnection. Using 2D
global hybrid simulations, Grandin et al.®?°! further stud-
ied the plasma signatures of the high-latitude magnetopause
flux ropes formed by multiple X-line reconnection. More re-

301 performed 3D global hybrid simula-

cently, Guo et al.l
tions to study high-latitude magnetopause reconnection and
flux ropes under northward IMF. They found that the afore-
mentioned two types of high-latitude magnetopause reconnec-
tion (both tailward and earthward of the cusp) can occur al-
most simultaneously. The 3D global hybrid simulations also
showed that high-latitude magnetopause flux ropes with four
different topologies of magnetic field lines can be formed by
multiple X-line reconnection. The core field and the location
of the flux ropes was found to depend on the IMF B, compo-
nent — when the IMF By, is zero, the flux ropes have a weak
core field (i.e., resembles plasmoids) and are located at the
noon-midnight meridian plane; when the IMF B, is positive
(negative), the flux ropes begin to have a nonzero core field,
and they shift duskward (dawnward) in the northern hemi-

sphere (oppositely in the southern hemisphere).

4. Magnetic reconnection in the magnetosheath

A bow shock is formed in front of the Earth’s mag-
netosphere after its interaction with the high-speed, super-
Alfvenic solar wind. The bow shock consists of two parts:
a quasi-perpendicular shock where the shock angle 6p, be-
tween the shock normal and upstream magnetic field is larger
than 45°, and a quasi-parallel shock where the shock angle
Op,, is smaller than 45°. The magnetosheath downstream of
a quasi-perpendicular shock is quite different from that of a
quasi-parallel shock.[331-33]

In a quasi-parallel shock, the reflected ions by the shock
can move along the magnetic field to reach the far upstream,
and the magnetosonic waves are then excited by the plasma
beam instability. Although the excited waves have a propaga-
tion velocity toward the upstream in the plasma frame, they
are convected toward the shock by the solar wind. These
large amplitude magnetosonic waves are highly compressed
after they penetrate through the shock and enter the magne-

[340-343] Current sheets

tosheath, which is in a turbulent state.
are then formed in the magnetosheath, and magnetic recon-
nection may consequently occurs in these turbulent current
sheets. [32-33:344=3%91 The first in-situ observational evidence of
magnetic reconnection in the magnetosheath downstream of
the quasi-parallel shock with Cluster spacecraft was provided
by Retino et al.,3) and the width of the current sheet is about
one ion inertial length. In this reconnection event, a quadrupo-
lar structure of the out-of-plane magnetic field is identified,
and the reconnection rate is estimated to be 0.1. All these ev-
idences have demonstrated that this is a typical collisionless
magnetic reconnection event, which has been ubiquitously ob-
served in the magnetotail. From then on, more ion-scale re-
connection events have been observed by in the Earth’s mag-
netosheath with both Cluster and MMS spacecraft, and elec-
trons may be heated and accelerated. [33-34434%1 By performing

3D global hybrid simulations, Lu et al. 37!

proposed that the
current sheets in the magnetosheath behind the parallel shock
is formed after the upstream large-amplitude electromagnetic
waves penetrate through the shock and are then compressed
in the downstream. Recently, Phan et al.®*! reported an
electron-scale reconnection event in the magnetosheath down-
stream of a quasi-parallel shock as shown in Fig. 8. Dif-
ferent from the standard collisionless reconnection, where an
electron-scale thin current sheet with about several electron
inertial lengths is embedded in an ion-scale current sheet,
there is only an electron-scale current sheet. In the electron-
scale reconnection event, there exists bi-directional super-ion-
Alfvenic electron jets and parallel electric field, but obvious
ion jets. This kind of reconnection is also called as “electron-
only” reconnection. The findings reveal that magnetic recon-
nection works different when the current sheet is sufficiently
small.3*1 Please note that “electron-only” reconnection in
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the magnetosheath is different from that in the magnetotail.
“Electron-only” in the magnetotail is a transient phase, %1901
which at last will evolve to an ion phase, while “electron-only”
reconnection in the magnetosheath can persists for a long time.
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Fig. 8. MMS 3 observation of an electron-scale current sheet, and the data
are shown in a common current-sheet (LMN) coordinate system, determined
for the MMS 3 crossing of the current sheet at 09:03:54.270-09:03:54.365
UT.3%] The vertical dashed lines mark the left and right edges of the cur-
rent sheet. (a) Magnetic field Bpvn with By shifted by —30 nT, (b) ion
bulk velocity Vipmn, (c) electron bulk velocity Vepmn, (d) current density
Jjumn from plasma measurment, (e) electric field Eypmn, (f) electric field Ey,

(2) (E x B/B?) velocity, (h) electron density N, (i) electron temperature
L.()j-E+VexB)=j-E.

Although there is no large-amplitude low frequency
electromagnetic waves associated with a quasi-perpendicular
shock, Wang et al.1>*°! also observed an ion-scale reconnec-
tion event in the transition region, which exhibits the typical
Hall current and field pattern. By performing a 2D PIC simu-
lation of quasi-perpendicular shock, Lu er al.!*!! found that
when the reflected ions by the shock turn around and then
move toward the shock, the magnetic field lines begin to bend
around the shock and then form current sheets, and at last mag-
netic reconnection occurs.

The current sheets in the magnetosheath are associ-
ated with the large-amplitude magnetic fluctuations, and their
widths can range from ion inertial length to electron inertial

length. Both ion-scale reconnection and electron-scale recon-
nection can be observed in the magnetosheath, which exhibits
the different characteristics from those in the magnetotail and
magnetopause, and their roles in the transfer of momentum
and energy from the solar wind to the magnetosphere need
further investigation.

5. Summary

In this paper, we have reviewed the recent findings on
collisionless magnetic reconnection in the earth’s magnetotail,
magnetopause and magnetosheath, which are based on satel-
lite observations including Cluster and MMS, etc. These find-
ings can be described as follows:

(I) Satellite observations have demonstrated validity of
the standard model of reconnection occurred in the magne-
totail, magnetopause and magnetosheath, where an electron
diffusion region is embedded in an ion diffusion region.

(IT) The symmetry of electrons flows in the separatrix re-
gion will be deviated when there exists a guide field or recon-
nection is asymmetric, which leads to the structure of the out-
of-plane magnetic field different from that depicted in Fig. 1.

(IIT) There exist various kinds of plasma waves in both the
electron diffusion region and ion diffusion region, and these
waves can efficiently scatter electrons although their quantita-
tive contributions to energy dissipation in magnetic reconnec-
tion is difficult to evaluate.

(IV) Flux ropes, which may coalesce each other, are ubiq-
uitously observed during magnetic reconnection, and can ac-
celerate electrons.

(V) Various transient structures are produced in the down-
stream of magnetotail reconnection, which also contribute to
energy dissipation in reconnection.

(VD) Electron-only reconnection may occur in the magne-
totail and magnetosheath. In the magnetotail, electron-only re-
connection may trigger the subsequent bursty release of mag-
netic energy. In the magnetosheath, electron-only reconnec-
tion may be the intrinsic characteristics of turbulent reconnec-
tion.

Because of the small separation between satellites and
availability of only in-situ observations in the missions like
Cluster and MMS, our understanding on global physics of
magnetic reconnection at the Earth is still very limited al-
though great advances on kinetic physics of magnetic recon-
nection have been achieved. The upcoming spacecraft mis-
sion, like the Solar wind Magnetosphere Ionosphere Link Ex-
plorer (SMILE), 3% which will be launched in 2024 and can
provide the global image of the Earth’s magnetosphere, may
help us understand the global physics of magnetic reconnec-
tion.

In addition to the Earth’s magnetosphere, magnetic recon-
nection may occur in other planets, solar atmosphere, or even
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the astrophysical system, where the range of the scale size is
huge. If we define a normalized parameter D = L/d; (where
L is the scale size of current sheet in magnetic reconnection,
and d; is the ion inertial length. At the earth, D is about 500),
then D may change from about 50 to larger than 10%. When
D is small, like at the Mercury (D ~ 50), satellite observations
have shown that kinetic physics is important. But when D is
larger, like in the solar atmosphere (D ~ 10%~7), whether ki-
netic physics still plays an important role is still a puzzle.!*!
One can anticipate that in such a large scale current sheet a hi-
erarchy of flux ropes and new current sheets is formed, while
the smallest scale size of flux ropes and current sheets can ex-
tend down to kinetic scale, leading to energy dissipation. Val-
idating this hypothesis, which is far beyond the present tech-
nology of satellite observation, is a grand challenge for space
physicists nowadays.
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