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Magnetic reconnection provides a physical mechanism for fast energy conversion from magnetic energy to plasma kinetic energy.
It is closely associated with many explosive phenomena in space plasma, usually collisionless in character. For this reason, re-
searchers have become more interested in collisionless magnetic reconnection. In this paper, the various roles of electron dynam-
ics in collisionless magnetic reconnection are reviewed. First, at the ion inertial length scale, ions and electrons are decoupled. The
resulting Hall effect determines the reconnection electric field. Moreover, electron motions determine the current system inside
the reconnection plane and the electron density cavity along the separatrices. The current system in this plane produces an
out-of-plane magnetic field. Second, at the electron inertial length scale, the anisotropy of electron pressure determines the mag-
nitude of the reconnection electric field in this region. The production of energetic electrons, which is an important characteristic
during magnetic reconnection, is accelerated by the reconnection electric field. In addition, the different topologies, temporal evo-
lution and spatial distribution of the magnetic field affect the accelerating process of electrons and determine the final energy of
the accelerated electrons. Third, we discuss results from simulations and spacecraft observations on the secondary magnetic is-
lands produced due to secondary instabilities around the X point, and the associated energetic electrons. Furthermore, progress in
laboratory plasma studies is also discussed in regard to electron dynamics during magnetic reconnection. Finally, some unresolved
problems are presented.
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Magnetic reconnection provides an effective mechanism for
fast conversion of magnetic energy into plasma kinetic en-
ergy. Simultaneously, the topology of magnetic field
changes [1-3]. First proposed by Giovanelli, magnetic re-
connection is related to many explosive phenomena, such as
solar flares, magnetospheric substorms, and disruptive in-
stabilities in Tokamak plasmas [4-8]. Giovanelli thought
discharge phenomena would occur around the neutral line
or point where the magnetic field vanishes, an idea that
could be very important in solar-flare production [9]. In
1958, Dungey first introduced the concept of “magnetic
reconnection” , applying it in the construction of the open
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Earth magnetosphere model [10]. The first magnetic recon-
nection model was proposed by Sweet and Parker, sepa-
rately. In this model, plasma and magnetic field flow into
the center of the current sheet from both sides where mag-
netic field lines are cut off and reconnected. Magnetic en-
ergy is converted into plasma kinetic energy; energized
plasma then flows out of the region from both ends [11,12].
However, the predicted reconnection rate in this model is so
low that it is unable to account for the explosive phenomena
in space. Petschek improved the Sweet-Parker model and
suggested that magnetic reconnection occurs in any system
with two pairs of slow shock and X-line structure [13]. Al-
though the reconnection rate in Petschek model is signifi-
cantly larger than that in Sweet-Parker’s, the rate is still too
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slow to explain explosive phenomena in space plasma.
Note, these earlier magnetic reconnection models are based
on magnetohydrodynamics (MHD) equations in which en-
ergy is dissipated by resistance.

However, plasmas are usually very tenuous in space, the
typical time scale over which a plasma parameter can
change significantly is much smaller than the collision time
scale of charged particles. Thus, plasmas are essentially
collisionless in space and classical resistance is meaning-
less; in other words, magnetic reconnection in space is col-
lisionless. Geospace Environmental Modeling (GEM) mag-
netic reconnection studies indicate that the Hall effect has a
decisive role [14]. Using different simulation methods
(MHD, Hall MHD, hybrid and particle-in-cell (PIC) simula-
tions), 2-D magnetic reconnection under the same condi-
tions has been explored. The results indicated that the re-
connection rate is nearly the same in Hall MHD, hybrid and
PIC simulations, and the reconnection region consists of a
multiple scale structure. In scales larger than the ion inertial
length, plasma is frozen-in along magnetic field lines and
flows out of the current sheet with the Alfvén speed. Below
the ion inertial length scale, electrons are still frozen-in
along magnetic field lines but ions decouple from these
lines. Thus, ions and electrons, moving differently, produce
a Hall effect that determines the reconnection rate [14-21].
These different motions form a current system in the recon-
nection plane which creates an out-of-plane magnetic field.
Moreover, the electron outflow can be characterized by ve-
locities far larger than the Alfvén speed [15,22-25]. Below
the electron inertial length scale, even electrons are no
longer frozen-in along the magnetic field lines. The electron
inertial term and anisotropic electron pressure term have
important roles [18,26-31]. The reconnection rate is domi-
nated by the Hall effect because of the electron inertial
length being smaller than the ion inertial length.

Obviously, electron dynamics is very important in colli-
sionless magnetic reconnection. First, electrons have a cru-
cial role in forming the structure at the electron inertial
length scale and determine the reconnection electric field in
magnetic reconnection. Second, energetic electrons are an
important characteristic, but how these energetic electrons
are produced is also an outstanding issue. We also discuss
below the secondary islands that arise from instabilities
around X-line, and the relation between islands and ener-
getic electrons. Finally, we summarize the progress of elec-
tron dynamics in laboratory magnetic reconnection.

1 Characteristics of the reconnection diffusion
region

Inside the ion inertial region of collisionless magnetic re-
connection, while ions are decoupled from the magnetic
field lines, electrons are still frozen-in along these lines. The
current in the reconnection plane is dominated by electron
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motion [32]. In anti-parallel magnetic reconnection, elec-
trons stream along the separatrices from the strong magnetic
field region into the X-line region where electrons are ac-
celerated by the reconnection electric field. The accelerated
electrons flow out along the magnetic field lines on the in-
side of the separatrices [21,32]. Thus, a current system is
formed that streams out along the separatrices and flows
into the X-line along these magnetic field lines inside the
separatrices [23,32]. The out-of-plane magnetic field cre-
ated by the current system will be cancelled, while a quad-
rupolar structure is formed inside the ion diffusion region
[14,23,32]. The quadrupolar structure in the magnetotail
associated with B, has been demonstrated by the Wind sat-
ellite [22]. The low energy electron beam flowing into the
X-line region is also detected in the boundary of the current
sheet [22]. Not only these beams, but also the energetic
electron beams streaming out of the X-line region were
measured by the Cluster spacecraft [21,33-36]. These ob-
servations confirmed the theoretical results for the in-plane
current system, i.e. the in-plane current jets flows out along
the separatrices and into the X-line region inside the sepa-
ratrices within the ion diffusion region [14,23,24]. Further-
more, the issue has been explored from another perspective.
Lu et al. [32] found that while electrons are flowing into the
X-line region, an electron density cavity is created. This
cavity was first observed by the Wind, and then detected by
the Cluster spacecraft [22,37-39]. The expectation, subse-
quently confirmed by Cluster, was that the maximum of B,
should appear in the middle of the current system, specifi-
cally closer to the center of the current sheet than the elec-
tron cavity, as shown in Figure 1(a). The observation indi-
rectly verified the presence of the current system in the re-
connection plane [32].

During magnetic reconnection with a guide field, the
symmetric structures of the out-of-plane B, and the electron
density are altered as the guide field increases, and the re-
connection rate decreases slowly. While the guide field is
strong enough and comparable to the magnitude to the mag-
netic field out of the current sheet, the reconnection rate
drops significantly [25,40]. Electrons stream into the X-
point along one pair of separatrices, whereas along the other
pair of separatrices, electrons stream out of the X-point. Thus
the out-of-plane magnetic field B, is enhanced in the center of
the current sheet. The electron density cavity only appears in
the separatrices along which electrons flow into the X-point
[41], as shown in Figure 1(b).

The reconnection electric field, a quantity characterizing
the reconnection rate, exists in the electron diffusion and
magnetic pileup regions; the field center is situated at the
X-point. According to the two-fluid model, the generalized
Ohm’s law can be deduced directly from the particle mo-
mentum equation [42],

1
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Figure 1 Hall current system, Hall magnetic field and electron density cavity in anti-parallel reconnection (a) and guide field reconnection (b).

The quasi-neutral assumption is used, i.e. nj=n.~n. Here
V; and V. denote the average velocity of ions and electrons,
respectively. The current density is defined as j=ne(Vi—V.),
and P represents the electron pressure tensor. Assuming
collisionless magnetic reconnection, the collision term is
neglected in this generalized Ohm’s law.

In the 2-D system (3/dy =0), the y component of the

generalized Ohm’s law can be written in the form
1
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The first term is the Lorentz or convection term, the second
term the Hall term, the third term the electron inertial term,
and finally the electron pressure gradient term [18]. In
anti-parallel magnetic reconnection, inside the electron iner-
tial region, the convection and Hall terms in the generalized
Ohm’s law are negligible due to the weak magnetic field.
Thus, the reconnection electric field inside the electron dif-
fusion region mainly comes from the off-diagonal term of
the electron pressure. In other words, the reconnection elec-
tric field is determined by an anisotropic electron pressure
distribution [18,26]. Note that the off-diagonal term of this
pressure tensor arises because of deviations from the Max-
well distribution [31]. Outside the electron diffusion region,
especially around the pileup region, convection and Hall
terms become larger than those in the electron diffusion
region due to the strong z-component of the magnetic field.
In this region, the reconnection electric field mainly comes
from the convection and Hall terms, while the electron
pressure gradient term and electron inertial term can be
omitted. On further analysis, the distributions of the con-
vective and Hall terms are different. The convection term is
mainly distributed in the pileup region because ions can

cross these magnetic field lines, which are primarily in-
plane. The Hall term is mostly distributed inside the charge
separation region, i.e. the separatrix region [18].

In magnetic reconnection with a guide field, the in-plane
electric field and the magnetic field topology are similar to
that in anti-parallel magnetic reconnection. As mentioned
above, however, the reconnection rate will gradually dimin-
ish with the enhancement of the guide field. That is to say,
the reconnection electric field weakens as the guide field
increases [40]. Even with the presence of a guide field, the
magnetic field strength inside the reconnection plane is still
very low so that the reconnection electric field within the
electron diffusion region is mainly produced by the electron
pressure gradient term. Outside the electron diffusion re-
gion, the reconnection electric field stems mainly from the
convection and Hall terms, similar to anti-parallel reconnec-
tion. Electron and ion flow velocities inside the reconnec-
tion plane are smaller than those found in anti-parallel re-
connection because of the guide field. Again, the reconnec-
tion electric field will decrease because of the decrease of
the convection and Hall terms. These terms also explain
why the reconnection electric field diminishes as the guide
field increases.

2 Electron acceleration within the reconnection
diffusion region

Magnetic reconnection is an important mechanism for the
production of energetic electrons that have been observed
by in situ spacecraft [43—45]. Generally speaking, the re-
connection electric field has a crucial role in accelerating
electrons. Recently, significant progress has been achieved
in full particle simulations. The results suggest that in
anti-parallel reconnection electrons can be accelerated not
only around the X-line region, but also in the pileup region
of magnetic field [46]. Close to the X-line region, electrons
with vanishing horizontal drift, v,=0, can be accelerated by
the reconnection electric field to relativistic velocities [47].
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These accelerated electrons gyrate along the magnetic field
lines with velocities becoming diverted from the y-direction
into the reconnection plane, and eventually flowing out of
the X-point along the magnetic field lines [25,48]. In mag-
netic reconnection with an initial guide field, there is a very
strong electric field parallel to the magnetic field inside the
electron density cavity along one pair of the separatrices. A
low energy electron beam is formed because of this parallel
electric field and will flow into the X-line region where
electrons are further accelerated by the reconnection electric
field [49].

A detailed study of electron acceleration in both anti-
parallel reconnection and guide field reconnection was per-
formed by Huang et al. [50] using 2-D full particle simula-
tions. They initially obtained the self-consistent electric
field and magnetic field by numerical simulations. Then, by
choosing the electric and magnetic fields for some initial
times, they studied the electron dynamics of test particles.
In this way, the results are unaffected significantly because
the characteristic time associated with magnetic reconnec-
tion is longer than the characteristic time of the test parti-
cles. To understand electron acceleration in detail, different
initial positions and energies were considered in the study.
In anti-parallel reconnection, electrons initially situated out-
side of the separatrices are weakly accelerated along the
separatrices and obviously by the reconnection electric field
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around the X-line region, and then stream out along the
magnetic field lines. In contrast, electrons initially located
inside the separatrices and injected into the X-line region
are not obviously accelerated. When entering the pileup
region, these electrons are non-adiabatic in nature, because
the gyro-radius is comparable to the curvature radius, and
are accelerated. Figure 2 shows typical trajectories of elec-
trons crossing the X-point (a) and the pileup region (b) in
anti-parallel reconnection. In guide field magnetic recon-
nection, electrons can be accelerated more easily than in
anti-parallel reconnection whereas electrons cannot be ac-
celerated in the pileup region. Independent of the presence
or not of a guide field, electrons with relative high energy
can be more easily accelerated to higher energy. Figure 3
presents two typical electron trajectories passing through
the X-point (a) and the pileup region (b) in the guide field
reconnection.

3 Secondary island instability and electron
acceleration

Recent simulation results indicate the current sheet in the
reconnection diffusion region extends along the outflow
directions. Small-scale magnetic islands are created in the
expanded current sheet because of secondary island instability
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Figure 2 Typical trajectories (top), kinetic energy (middle), and magnetic moment (bottom) of electrons in anti-parallel reconnection. Their initial posi-
tions are (a) x=0.1 ¢/@,;, y=2.8 ¢/ ®,;, and (b) x=0.1 ¢/ @,;, y=2.56 c/@,;. The dashed lines denote magnetic field lines.
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Figure 3 Trajectories (top), kinetic energy (middle), and magnetic moment (bottom) evolutions of two typical electrons in the guide field reconnection.
Their initial positions are (a) x=0.1 ¢/ ®,;, y=3 ¢/@,; and (b) x=0.1 ¢/ @,;, y=2.75 c/ ,;.. The dashed lines denote magnetic field lines.

[27,51—-54]. From full particle simulations, these secondary
islands can easily form in guide field magnetic reconnec-
tion. In contrast, these fail to form in anti-parallel reconnec-
tion because of the short length of the current sheet [51].
Using large scale and open boundaries, Daughton et al. [52]
found that in anti-parallel reconnection the current sheet can
extend along the outflow directions up to tens of times the
ion inertial length. A secondary magnetic island appears in
the center of the current sheet because of secondary island
instability. This island expands during reconnection and
flows out of the diffusion region. As long as secondary is-
lands are continuously created, reconnection will be fast.
Furthermore, if the Lundquist number is large enough, the
Sweet-Parker reconnection layer will be unstable and a
number of islands will be created in the layer [53,54]. While
the length of the current sheet between two adjacent mag-
netic islands is close to the ion inertial length, the reconnec-
tion rate will decrease sharply. A continuous increase in the
reconnection electric field results in the formation of the
electron scale current sheet.

In the Earth’s magnetosphere, small-scale magnetic is-
lands, accompanied by high speed flows, have been con-
firmed several times from spacecraft data. Inside the island,
the electric field is very strong and significantly affects par-
ticle dynamics [55,56]. Densities and fluxes of energetic
electrons peak inside the magnetic islands with electrons

displaying isotropic flat-top distributions, as seen in Cluster
observations of the magnetotail [57]. Although, the scale of
the observed magnetic islands is consistent with predictions
from simulations, these islands were all measured in the
reconnection outflow region. However, these measurements
cannot verify whether these islands were created inside the
diffusion region and then jetted out, in the manner for those
generated in simulations. Using the Cluster observations of
the magnetotail, Wang et al. [45] provided the first evidence
that secondary islands can be formed inside the diffusion
region as shown in Figure 4. In such events, a squeezed
magnetic island with an aspect ratio of 2:1 is detected near
the center of the diffusion region. This observation is in
accord with predictions of secondary island instabilities in
numerical simulations. Moreover, fluxes of energetic elec-
trons increase as the spacecraft traverses the ion diffusion
region. Inside the island, the fluxes are further enhanced. Us-
ing the current density, electron density, electron pitch angle
distribution and waves inside the island, it can be seen that
the electron density peaks in the outer region and dips in the
core region of the island. Simultaneously, electron beams
parallel to the magnetic field lines and currents anti-parallel
to such lines are observed in the outer region. Again, the
out-of-plane magnetic field arising from the current density
is consistent with the observed core magnetic field. Ac-
cording to measurements, an electron beam parallel to the
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Hall magnetic field

Figure 4 The left panel presents observational data from Cluster’s C4 satellite between 06:19-06:21 UT on 4 Oct., 2003. From top to bottom, proton
density, electron density, the magnetic field vectors B, By, By, the magnitude of the magnetic field B, the L component of the high speed flow, ion tempera-
ture and the electric field vectors E;, Ey, Ey. Subscript N denotes the normal to the current sheet and L points to Earth. L, M and N constitute ta right-handed
coordinate system. The right panel illustrates the schematics of the ion diffusion region. The solid lines with arrow are magnetic field lines, the dashed lines
represent the Hall current system, and the blue dashed line is the trajectory of Cluster. The red arrows denote the Hall electric field and the circles display the

direction of the Hall magnetic field.

magnetic field lines in the outer region forms currents anti-
parallel to the magnetic field lines, which produces the core
magnetic field. Because of the presence of this core mag-
netic field, electrons will be expelled out of the region and
pile up in the outer region, thereby forming the density dip
in the core region. Additionally, electron distributions dis-
play anisotropy, and fluxes parallel to the magnetic field
lines are larger than those perpendicular to these. In the
outer region, the distribution is flat-topped, while in the core
region the distribution is exponential [58].

4 Magnetic reconnection in laboratory plasmas

Magnetic reconnection can be studied in laboratory experi-
ments. Several laboratory experiments dedicated to mag-
netic reconnection research have been performed, such as,
Large Cathode Device (LCD) and Magnetic Reconnection
Experiment (MRX) in the United States, Current Sheet
(CS)-3D device in Russia [59].

During investigations of magnetic reconnection without a
guide field detected in MRX, Ren et al. [60] encountered
using the magnetic probes, the quadrupolar magnetic field
structure, thus providing direct evidence of the Hall effect.
Changing the electron mean free path, they found that the

Hall magnetic field becomes stronger as the process be-
comes more collisionless. The results indicate that the Hall
effect has a key role in collisionless magnetic reconnection.
CS-3D device provided indirect evidence of the Hall current
in guide field reconnection [61]. They found that in both Ar
and Kr plasmas the reconnection current sheet is tilted
compared with that in He plasma because of the rotation of
JxB from the Hall current due to the guide field.

The experimental evidence for the electron diffusion re-
gion was provided by Ren et al. [62] in MRX. They meas-
ured the scale of the electron diffusion region and found that
the thickness of the region J, is about six times the electron
inertial length. The maximum of the outflow electron veloc-
ity is about one-tenth the Alfvén speed. Moreover, the spa-
tial scale associated with electrons accelerated up to the
maximum is unrelated to the electron inertial length, but is
about one to two times the ion inertial length. This result is
consistent with recent simulations [52]. Furthermore, during
magnetic reconnection formed in the plasma produced by
the laser, the thickness of the electron diffusion region is
also about 10 times the electron inertial length, consistent
with the results from MRX [63].

LCD gave direct experimental evidence of electron ac-
celeration during magnetic reconnection [64]. The electron
probe curve and emission spectra data indicated that
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electrons can be heated and accelerated. Electromagnetic
radiation at around the electron plasma frequency was de-
tected, and the radiation is delayed with respect to the peak
of the energetic electrons. Such radiation might be produced
through enhancement of thermal fluctuations.

Because of the limited range in plasma parameters and
spatial resolution, studies on magnetic reconnection in labo-
ratory plasmas are mainly below ion inertial length scales.
For electron inertial length scales and smaller, physical proc-
esses during reconnection is an unexplored terrain that will be
investigated in the near future.

5 Conclusions

Magnetic reconnection provides a physical mechanism for
fast energy conversion from magnetic energy to plasma
kinetic energy, and is closely associated with many explo-
sive phenomena in space plasma. Electron dynamics is very
important for collisionless reconnection. At ion inertial
length scales, electron motion determines the current system
in the reconnection plane, and simultaneously forms elec-
tron density cavities along the separatrices. In anti-parallel
reconnection, the in-plane currents stream along the sepa-
ratrices and are injected into the X-point inside the sepa-
ratrices. This type of current system forms a symmetric
quadrupolar structure with an out-of-plane magnetic field
B,. In the in-plane for guide-field reconnection, current
streams out of the X-point along one pair of the separatrices
while being injected into the X-point along the magnetic
field lines in the inside of the other pair of separatrices.
Eventually, B, is enhanced in the center of the current sheet.
Below the electron inertial length scale, anisotropic electron
pressure determines the reconnection electric field. In
anti-parallel magnetic reconnection, electrons are mainly
accelerated by the reconnection electric field at scales below
the electron inertial length. In the pileup region, if the
gyro-radii are comparable to the curvature radii of the mag-
netic field, electrons can also be accelerated. However, the
efficiency of electron acceleration and the role of accelera-
tion in the pileup region are still a questionable issues. In
guide field reconnection, electrons flowing into the X-point
along the separatrices can be accelerated by the parallel
electric field, and further accelerated in the electron inertial
region. It is still not very clear how at scales below the elec-
tron inertial length the anisotropic distribution of electron
pressure is formed and what the relationship between the
distribution and energetic electrons is.

Nevertheless, acceleration is limited because electrons
cannot be trapped effectively at a single X-point. Recent
observations and theoretical research indicate that secon-
dary islands can be formed around the X-point. Secondary
islands not only may raise the reconnection rate but also
trap electrons within the region carrying a reconnection
electric field. Thus, electrons can be accelerated with more
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efficiency. However, how electrons are accelerated in the
secondary island is still an open question. Additionally,
waves are enhanced in reconnection; both lower hybrid
waves and whistler waves are observed. The relationship
between waves and electron acceleration is also an unre-
solved problem [65,66].

In brief, although great progress on the relationship be-
tween electron dynamics and collisionless magnetic recon-
nection has been made, a great number of issues still remain
open and more studies are needed.
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