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Abstract :

Magnetic islands in collisionless magnetic reconnection
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University of Science and Technology of China, Hefei 230026, China
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The roles of magnetic islands were reviewed in two essential aspects of collisionless

magnetic reconnection: rapid dissipation from magnetic energy to plasma kinetic energy and

generation of energetic electrons. The current sheet around the X line may be extended and

unstable to the tearing mode instability. Secondary magnetic islands are generated and then

consequentially interact each other in the extended current sheet. Such a nonstationary magnetic

reconnection can maintain a large reconnection rate for a long time and efficiently dissipate

magnetic energy. Electrons can be accelerated inside magnetic islands by Fermi and betatron

mechanisms, as well as by reconnection electric field in the vicinity of the X line. The interaction

of magnetic islands can result in further electron acceleration. These acceleration processes can

make energetic electrons possess a power-law spectrum.
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0 Introduction

Magnetic reconnection, which is accompanied
by a topological change of magnetic field lines.
provides a physical mechanism to convert magnetic

[1-4]

energy to plasma kinetic energy-'™". It is generally

accepted that magnetic reconnection 1is the
fundament to explain the explosive phenomena in
space plasma, including solar flare, substorm in
the earth’s magnetosphere, etct™), These
explosive phenomena usually last several minutes,
and it means that energy conversion provided by
magnetic reconnection should be sufficiently fast to
explain these explosive phenomena. Simultaneously,
energetic particles are ubiquitously observed in these

0121 * Therefore, a successful

explosive phenomena
reconnection model should have two indispensable
ingredients;: a high reconnection rate and
generation of energetic particles.

The first quantitative reconnection model was
proposed by Sweet and Parker independently,
which is named as the Sweet-Parker model and

( MHD)

In the Sweet-Parker model (as shown

based on the magnetohydrodynamic

theoryt*'4,
in Fig. 1), ions and electrons are coupled together,
and they move toward the diffusion region from

After

accelerated in the diffusion region, they will enter

the inflow region. these plasmas are
the outflow region. The dissipation of magnetic
energy is fulfilled via Ohmic heating in the
diffusion region. The predicted reconnection rate is

1
R, o R, .

number. In space plasma,

where R, is magnetic Reynolds
magnetic Reynolds
number R, is very large, and thus the reconnection
rate is too small to explain quantitatively the

Another drawback of

Sweet-Parker model is that particle dynamics

explosive phenomena.

cannot be embedded in the model self-consistently.

Therefore, a more promising model is necessary to

describe these explosive phenomena in space
plasma.
z
A
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Fig. 1 Schematic drawing of Sweet-Parker model *!

One appealing solution is collisionless
magnetic reconnection model, where the motions
between ions and electrons are decoupledt™'®,
The diffusion region consists of the ion diffusion
and electron diffusion region (as shown in Fig. 2).
In the ion diffusion region with its scale being
about ion inertial length, electrons are frozen in
the magnetic field, and ions are unmagnetized; in
the electron diffusion region with its scale being

about electron inertial length, both ions and

electrons are unmagnetized. The predicted
reconnection rate is around 0. 1, which is
sufficiently high to explain these explosive

phenomena in space plasma'®?!. Because in the
ion diffusion region, electrons are frozen in the
magnetic field, move toward the X line along the
separatices, and then away from the X line along
the magnetic field just below the separatrices after
they are accelerated in the vicinity of the X line by
Such kind of

electron motion will lead to the Hall current in the

the reconnection electric field.

reconnection plane, and a quadrupolar structure of

the out-of-plane  magnetic  field is  then

formed™?"?", There is plenty of observational

evidence to demonstrate the occurrence of

collisionless magnetic reconnection in the earth’s

Les-sol Particle

and planetary = magnetosphere

dynamics can also be intrinsically embedded in

)
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collisionless magnetic reconnection™ %",
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Fig. 2 Schematic drawing of collisionless
magnetic reconnection model?!

The reconnection models described above
assume that reconnection is in a steady state.
However, in reality, magnetic reconnection is
usually non-stationary. Magnetic islands are
usually generated during the topological change of
magnetic field lines occurring in magnetic

These

contracting and coalescence between islands, and

reconnection. islands can  undergo

then particles can be energized through these

processes 7%

Therefore, magnetic islands play
an important role in both dissipation of magnetic
energy and particle acceleration. In recent years,
satellite observations with a constellation of
spacecraft in a small interspacecraft spacing can
achieve fine spatial resolution and high temporal
resolution for plasma data, providing a chance to
study the roles of magnetic islands in collisionless

[0 We will review the

magnetic reconnection
observational and simulation progress of magnetic
islands on energy dissipation and electron dynamics
in collisionless magnetic reconnection, focuing on
collisionless magnetic reconnection: if there is no
magnetic reconnection

explicit  expression,

described in the following is collisionless.

1 Magnetic islands and energy dissipation

Particle-in-cell simulations have shown that

the current sheet around the X line of magnetic
reconnection is not stationary, and it can be
extended along the outflow direction slowly™ .
Then, the opening angle made by the upstream
smaller, and the

magnetic  field becomes

reconnection rate (or equivalently the reconnection
field )

extension of the current sheet around the X line

electric decreases™™.  Therefore, the
will lead to the decrease of reconnection rate, and
it will also reduce the efficiency of both the
dissipation from magnetic energy to plasma kinetic

L6l However,

energy and electron acceleration
Drake et al. Y pointed out that magnetic islands
can be generated in the extended current sheet
around the X line due to tearing mode instability,
and these islands are called secondary islands. The
generation of secondary islands will separate the
extended current sheet into several fragmented
current sheets, and a new X line is then formed
between two secondary islands. Around the new X
line, a larger opening angle made by the upstream
magnetic field is formed, and then the
reconnection rate is increased. These secondary
islands at last merge into the outflow region, thus
enhancing the efficiency of energy dissipation. In
Ref. [41], an ambient guide magnetic field is
introduced, and it is considered as a prerequisite
condition to generate secondary islands in an
extended current sheet around the X line. Later,
Daughton et al. “* found that even in anti-parallel
magnetic reconnection when open boundary
conditions are used in their PIC simulations, the
current sheet around the X line can also be
extended, and then secondary magnetic islands are
generated in the extended current sheet, just as in
guide field reconnection.

Now we know that secondary islands can be
ubiquitously observed in PIC simulations of anti-
parallel and guide field reconnection. Several PIC
simulations further found that secondary islands
can be repetitively generated in the extended

17,48]

current sheet around the X line" Fig. 3 shows

the evolution of magnetic field lines and
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reconnection electric field in PIC simulations with
an open outflow boundary condition. At 2, =50,
the primary X line is around x =85d; ,» where £, is
ion gyrofrequency and d; is ion inertial length and
there are two secondary islands moving toward the
outflow boundaries. When the two islands move
away from the outflow boundaries, at Q;t = 76,
another secondary island appears at about x =
98d,. AtQ;t =127 and 200, secondary islands are
repetitively generated in the extended current
sheet. The electric field induced around the new X
line and inside magnetic islands can increase the
plasma kinetic energy in the current sheet, and

lead to the enhancement of energy dissipation.

Z/ di

Z/di

Z/di

0 50 100 150
)C/di

Fig. 3 The repetitive generation of secondary islands

in the extended current sheet*”]

Wang et al. [

presented the first evidence for the existence of a

With Cluster spacecraft,

secondary magnetic island in the vicinity of an ion
diffusion region. The length of the island is about
3 ion inertial lengths, and there is more obvious

enhancement of energetic electron fluxes inside the

secondary island than the other regions as
predicted in numerical simulations. The existence
of secondary islands in the vicinity of the X line has
identified by

observations?® . In 2016, Wang et al. °* further

then been numerous satellite
identified a total of 19 secondary islands in the ion
diffusion region of a magnetotail reconnection
event with Cluster observations, and most of these
secondary islands are suffering from coalescence.
At last, they proposed a new picture of magnetic
reconnection: the ion diffusion region is full of
secondary islands interacting with each other. The
reconnection rate can maintain a high value for a
long time in such a nonstationary picture of
magnetic reconnection,

In three-dimensional (3D) kinetic simulations
of magnetic reconnection, the secondary islands
(usually called flux ropes in three-dimension)
generated in the vicinity of the X line are not
homogeneous in the out-of-plane direction, and can
interact in a variety of complex ways which are

15, as shown in Fig. 4. In

impossible in 2D models
3D magnetic reconnection with a limited X-line
extent, an internal X-line asymmetry along the
out-of-plane direction develops because of the flux
transport by electrons beneath the ion Kkinetic

Scale[se,sﬂ .

How these 3D structure of secondary
islands will affect the dissipation of magnetic
further

energy is still unknown and need

investigation.

kyd.

Fig. 4 3D structures of secondary islands™"
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2 Magnetic islands and electron
acceleration

After electrons are accelerated by the
reconnection electric field in the vicinity of the X
line, they will leave the acceleration region
quickly. Therefore, it is difficult to accelerate an
electron to very high energy. However, satellite
observations associated with magnetic reconnection
usually find that energetic electrons own a power

L1 and it means that additional

law distribution
acceleration process is necessary.

By performing 2D particle-in-cell simulations,
Fu et al.® studied electron acceleration in a
magnetic island formed in anti-parallel magnetic
reconnection. Fig. 5 plots the generation of
magnetic island and a typical electron trajectory in
the island. Because of the periodic boundary
condition utilized in the simulation, the electrons
are trapped in the magnetic island. Fig. 6 describes
the time evolution of the energy and velocities of
the electron trapped in the island(A2 to D2). The
island is generated between two X lines, and is
then compressed by the high-speed outflow from
the two X lines. The electrons can be accelerated
at the two ends of the island. Because in their
simulations there is no initial guide field in the
current sheet, the electron motions are non-
adiabatic, although such an acceleration process is
similar to that of Fermi acceleration in magnetic
island, which has been studied by Drake et al. P,
A strong guide field is introduced in Ref. [59], the
trapped electron inside the magnetic island suffers
from a classic Fermi acceleration. The electron
acceleration inside a magnetic island has also been
confirmed by satellite observations by identifying
the enhancement of energetic electron fluxes inside
the magnetic island™*" ®*1  If there are several
magnetic islands in the current sheet, these islands
will merge with each other and eventually form a
big island. Oka et al.™™ and others"®* further
also be efficiently

found that electrons can

accelerated by the induced electric field during the

merging of magnetic islands. The merging of

magnetic islands have already been observed by

[54, 68-70]

satellites

x/di
Fig.5 Typical electron trajectories passing through the X line
(Al to E1) and trapped in a magnetic island(A2 to D2) %
@

A2 B2 C2D2

©
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Fig. 6 The time evolution of the energy and velocities

of the electron trapped in the island (A2 to D2)™*

When the

variation of electromagnetic field are much larger

spatiotemporal scales for the
than those of electron gyromotion, the electron
motions are adiabatic because their trajectories can
be well described at the lowest order by
perpendicular gyration about the magnetic field and
parallel propagation along the magnetic field.
Besides the acceleration by the parallel electric
field, electrons can also be accelerated through
betatron and Fermi mechanisms if electron motions

713 Betatron acceleration is associated

are adiabatic
with the perpendicular gyromotion and linked to
conservation of the adiabatic invariant g =
mv® /(2B) . As a particle experiences temporal
variation in the magnetic field, its energy evolution
follows the equation e, oc mwv’ oc B. For an

electron, the energy gain must ultimately be due to
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the electric field, which should be either opposite
to the gyromotion or an induced electric field
opposite to the grad-B drift. Huang et al. " found
that that only the electrons trapped by the parallel
electric field in the region with the enhancement of
magnetic field can suffer betatron acceleration. In

Fermi process of electron acceleration, the parallel
action Jv  dl along a field line is conserved, and

the contraction of the field line results in energy
gain. Equivalently, contracting of the magnetic
field drives an induced electric field opposite to the
direction of the curvature drift.

In magnetic reconnection with the generation

2-
*—
X

electron acceleration
Fermi mechanism

® field-aligned electron

®BY

—- ]

ion jet: V.

of magnetic islands, in addition to the fact that
electrons can be accelerated in the vicinity of X line
by the reconnection electric field, electrons can
still be accelerated in magnetic islands where they
are compressed and contracted by the tension-drive
flow from the X lines. With MMS observations in
an earth’s magnetotail reconnection event, Zhong
et al. '™ found enhanced energetic electrons in a
reconnection-generated magnetic island, which is
identified to be caused due to the adiabatic
processes of betatron and Fermi acceleration. Fig.
7 describes the schematic diagram of betatron and

Fermi acceleration in an island.

electron acceleration
betatron mechanism

— Vs )
® perpendicular electron

® By

_»E‘

ion jet:V;,

Fig. 7 Schematic diagram of betatron and Fermi acceleration in an island"”

When there is a guide field in magnetic
reconnection, the spatiotemporal scales of electron
gyromotion becomes very small, and electron
trajectories can be well described as adiabatic
motions. Electron acceleration around the X line is
caused due to the parallel electric field because of
the existence of the guide field. Numerous kinetic
simulations have analyzed the contributions of the
field,

mechanisms in magnetic reconnection with a guide

parallel electric betatron and Fermi

field, where several islands are generated and

interact with each other"™* 7"

. Wang et al. ! found
that in multiple island reconnectionelectrons are
firstly accelerated by both the parallel electric field
in the vicinity of the X lines and the Fermi
mechanism due to the contraction of magnetic
islands, and then two magnetic islands begin to

merge each other. In such a process, the electrons

can be accelerated by both the parallel electric field
and betatron mechanisms. During the betatron
acceleration, the electrons are locally accelerated in
the regions where the magnetic field is piled up by
the high-speed flow from the X line. At last, when
the coalescence of two islands into one big island
finishes, the electrons can be further accelerated
by the Fermi mechanism because of the contraction
of the big island. Such a process is described in
Fig. 8. With the increase of the guide field, the
betatron

contributions of the Fermi and

mechanisms to electron acceleration become less
When the guide field is

sufficiently large, the contributions of the Fermi

and less important.

and betatron mechanisms are almost negligible.
Such a process with generation and coalescence of
power-law

magnetic islands can lead to a

distribution of energetic electrons, as presented in

3
¥
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satellite observations. Li et al. 7™ also investigated
electron acceleration in magnetic reconnection, and
found that a lower upstream plasma beta tends to
form a smaller index of a power law spectrum.
However, there is still a controversy on which is

the dominant mechanism that results in the power-

law spectra of energetic electrons. Guo et al. ™
thought that Fermi mechanism is the dominant
al, [
energetic electrons

and found both the

parallel electric field and Fermi mechanism work.

mechanism. However, Lu et analyzed the
acceleration mechanisms for

with a power law distribution,

NoMiva

(b)
0.5 E ' ! T T T T g
0.4 EyJy : : .
g Fermi f =
a. 03 E betatron ! =
3 s sum E
T 02F ; =
QL E ' 3
< E E
0.1 : E
0.0 f— > :
01E ., L i i i = . E
0 10 20 30 40 50
Qit

Fig.8 The time evolution of (a) the magnetic field lines and electron energy in a defined flux tube,

(b) the contributions of the parallel electric field, Fermi. and betatron mechanisms to electron acceleration in the flux tube *”]

Most of kinetic simulations on electron acceleration

during magnetic reconnection used a two-
dimensional model, which assumes an unlimited

Dahlin et

used a 3D kinetic simulations to study

length in the out-of-plane direction.
al, 7]

electron acceleration. The results have shown that
magnetic islands in 3D developed an axial structure.
However it will not throttle the dominant Fermi

mechanism  responsible  for  efficient  electron

acceleration. Electron acceleration in 3D magnetic

reconnection is still waiting for further investigation.

3 Conclusion

The generation of magnetic islands is usually

observed in the topologic change of a magnetic field
occurring during magnetic reconnection. In this
paper, we described the roles of magnetic islands
in the dissipation from magnetic to plasma kinetic
energy and the production of energetic electrons.
The generation of secondary magnetic islands and
the
islands in the extended current sheet around the X

the

for a

consequential interactions between these

large
the

efficiently dissipate magnetic energy to particle

line can lead to maintenance of

reconnection rates long time, and
energy . Electrons can be accelerated in the vicinity
of the X line by reconnection electric field, and

inside magnetic islands by Fermi and betatron
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mechanisms. The interaction of magnetic islands
can result in further electron acceleration, and the
produced energetic electrons possess a power-law
spectrum.

Please also note, in this paper, we only
consider the dissipation of magnetic energy in the
vicinity of X line during magnetic reconnection,
while recently both simulations and observations
have indicated that the dissipation can also occur

inside magnetic islands"""*",

Besides, there are
still two factors which may influence magnetic
reconnection. One is the inhomogeneity in the out-
of-plane direction, and the other is plasma waves.
3D kinetic simulations have shown that both the X
line and islands may be distorted along the out-of-
plane direction. Numerous plasma waves are
observed by spacecraft around the X line, the
separatrix region and the outflow region, and they
can effectively scatter and then heat particles™?%-,
How these factors influence the dissipation and
electron acceleration is another frontier topic,

which needs further investigation.
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