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The magnetic merging process related to pairwise magnetic islands coalescence is investigated by two-dimensional
particle-in-cell simulations with a guide field. Owing to the force of attraction between parallel currents within the initial
magnetic islands, the magnetic islands begin to approach each other and merge into one big island. We find that this newly
formed island is unstable and can be divided into two small magnetic islands spontaneously. Lastly, these two small islands
merge again. We follow the time evolution of this process, in which the contributions of three mechanisms of electron
acceleration at different stages, including the Fermi, parallel electric field, and betatron mechanisms, are studied with the
guide center theory.
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1. Introduction
As a fundamental physical process in space plasma, mag-

netic reconnection has a close connection with rapid en-
ergy conversion, where magnetic field releases free energy
suddenly and then accelerates and heats the plasma.[1–4] It
is considered that energetic electrons are closely bound up
with magnetic reconnection, which associated with explo-
sive phenomena in laboratory and space plasma, like solar
flares in the solar atmosphere,[5–7] substorms in the Earth’s
magnetosphere,[8–10] and disruptions in laboratory fusion
experiments.[11,12] The electron acceleration mechanisms have
been fruitfully studied during magnetic reconnection.[13–24] In
the vicinity of the X line, electrons can be accelerated by the
reconnection electric field,[13–16] by the Fermi mechanism in
the contracting sites of magnetic islands,[17,18] by the betatron
mechanism in the magnetic field pile-up region to the dipo-
larization front,[19–22] and by the acceleration of parallel elec-
tric fields in the separatrix region.[23–25] With the help of adi-
abatic theory (also called guide-center theory),[26] the contri-
butions of Fermi, parallel electric fields and betatron mech-
anisms have been studied quantitatively. In 2D simulations,
several studies found that the guide field controls contribu-
tions of the above-mentioned mechanisms playing a leading
role in electron energy gain.[27–29] In weak guide field cases,
the Fermi mechanism dominates electron acceleration.[30–32]

When the value of the guide field increases, the Fermi mech-
anism plays less important part in electron acceleration. On
the contrary, the parallel electric field acceleration is the dom-
inate driver for electron energization with the guide field in-
creasing sufficiently.[28–30] The adiabatic theory has also been

used in the 3D magnetic reconnection in a guide field to study
the temporal development of parallel electric field acceleration
and Fermi acceleration.[33,34]

During multiple X line reconnection, the formation of
magnetic islands between two X lines is considered to en-
hance not only the reconnection rate but also the efficiency
of particle acceleration.[17,18,31,35–37] In magnetic reconnec-
tion, it has been observed that the coalescence of mag-
netic islands takes place in Earth’s magnetotail,[38–40] at the
magnetopause,[41] and along the current sheet in a coronal
mass ejection.[42] Magnetic islands or plasmoid can also be
observed in the near venusian magnetotail, as a evidence of
magnetic reconnection.[43] In the simulation of this paper, the
electron acceleration through the magnetic islands coalescence
is investigated with a 2D particle-in-cell (PIC) simulation. The
initial state of the simulation domain is the island-chain equi-
librium with a guide field, in which two magnetic islands are
placed. Owing to the force of attraction between parallel cur-
rents within the two initial magnetic islands, the magnetic is-
lands begin to approach each other. After the coalescence of
the two islands into one new island, this newly formed island
split into two small magnetic islands spontaneously. Lastly,
these two small islands merge again. We follow the time
evolution of the spontaneous division of the magnetic island,
which shows a more complex process than our expectancy of
the story after the magnetic island coalescence. With the guide
center theory, we study the contributions of three kinds of elec-
tron acceleration mechanisms at different stages, including the
Fermi, parallel electric field, and betatron mechanisms.

There is the organization of this paper as follows. Our
simulation model is delineated in Section 2. In Section 3, the
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simulation results are given. Summary of results and their sig-
nificance are discussed in Section 4 lastly.

2. Simulation model
This paper uses 2D PIC simulations to investigate the

electron acceleration process throughout the coalescence of
magnetic islands. In our PIC simulations, the Maxwell equa-
tion is solved through a full explicit algorithm to define and
update the electromagnetic fields on the grids, where ions and
electrons are advanced. The island-chain equilibrium is set to
the initial configuration.[35] The magnetic field vector poten-
tial is given by

A0y(x,z) =−LB0 ln[cosh(z/L)+ ε cos(x/L)], (1)

where L represents the half-thickness of the current sheet in
z, and B0 is the asymptotic value of the x component of the
magnetic field. The parameter ε (0 ≤ ε < 1) is important for
determining the width of the initial island chain by

z
L
= cosh−1(1+2ε). (2)

We take ε = 0.9 in the simulation of this paper. The half-
thickness of the current sheet L = 0.8di. The simulation is
initialized with pairwise magnetic islands of the infinite island
chain. A periodic boundary condition is assumed in x, while
the boundary condition in z is assumed to be reflective. The
initial density distribution is

n(x,z) = nb +n0
1− ε2

[cosh(z/L)+ ε cos(x/L)]2
, (3)

where nb gives the value of density of a uniform, nondrift-
ing background plasma and nb/n0 = 0.2. The initial electrons
and ions satisfy Maxwell velocity distribution. In this simula-
tion, the ion-to-electron mass ratio is mi/me = 100, the light
speed c = 15vA, where vA is the Alfvén speed based on B0 and
n0, and the temperature ratio is Ti0/Te0 = 4. This simulation
is performed in a rectangular domain with the grid number
Nx×Nz = 200×300 and the size Lx×Lz = 10di×15di, where
di is the ion inertia length. Therefore, the spatial resolution
can be calculated to be ∆x = ∆z = 0.05di. The ion gyrofre-
quency can be given by Ωi = eB0/mi and the simulation time
step is set to Ωi∆t = 0.001. There are more than 106 particles
per species for more accurate simulation results. The initial
guide magnetic field is By0 = 0.5B0, and the initial electron
βe = 0.2. In the vicinity of the reconnection site, constrained
by the guide field, the local electron Larmor radius is ∼ 0.1di,
which is smaller than the half thickness of the current sheet L.
It is almost kept to be adiabatic for electron motions so that
the guide-center approximation could be satisfied.

3. Simulation results
We firstly analyze the time evolution of these two mag-

netic islands. Figure 1 plots the electric field Ey from Ωit = 20
to 25. In the figure there are the magnetic field lines plotted
as reference. The whole process can be clearly divided into
three stages. Figures 1(a)–1(c) indicate the first stage where
two magnetic islands approach and then are merge into a new
island. In virtue of the force of attraction between initial paral-
lel currents, the magnetic islands begin to approach each other
in the beginning of the simulation.
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Fig. 1. The time evolution of electric field Ey and magnetic field lines from Ωit = 20 to 25.
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Fig. 2. The spatial distribution of contributions to electrons acceleration of the parallel electric field, Fermi, and betatron mechanisms at (a)
Ωit = 21.25, (b) 23, and (c) 24.5.

From Ωit = 20 to 21.25, Ey increases in the vicinity of
the reconnection site with a negative value, where two islands
merge at the center of the simulation area (x ∼ 5di,z ∼ 0di).
The coalescence of these two magnetic islands into one new
island ends at about Ωit = 22. Figures 1(d)–1(f) show the sec-
ond stage. The magnetic island expands in the x direction from
Ωit = 22.5 to 23, which divide into two small magnetic islands
at Ωit = 23.5. In this stage, Ey increases in the vicinity of the
reconnection site with a positive value, when these two newly
formed islands gradually are drew apart. In the third stage,
as indicated in Figs. 1(g) and 1(h), these two islands begin to
approach each other and finally are merged into one island at
Ωit = 25. The process is similar to the first stage with the
weaker strength of Ey, which is due to the decrease of the re-
connection rate.

In Fig. 2, it shows the contributions of the three kinds of
mechanisms at Ωit = 21.25, 23 and 24.5, in which contribu-
tions are calculated based on the guide-center theory:[26,27]

dU
dt

= E‖J‖+
P⊥
B

(
∂B
∂ t

+𝑢E ·∇B
)
+(p‖+menu2

‖)𝑢E ·𝜅, (4)

where U is the total electron kinetic energy, 𝑢E is the 𝐸×𝐵

drift velocity, u‖ is the electron bulk velocity parallel to the
ambient magnetic field, n is the electron density, and p‖ and
p⊥ are the electron perpendicular and parallel pressures, re-
spectively. In Eq. (4), the electron acceleration by the parallel
electric field is represented by the first term on the right side.
The betatron mechanism is represented by the second term, as
a result of the conservation of the electron magnetic moment.
The last term indicates the first-order Fermi mechanism, which
drives electron acceleration in the parallel direction.

The first stage of the process is shown in Fig. 2(a), where
two islands are merging at Ωit = 22.5. Strong positive ef-
fect of parallel electric field acceleration can be found in the

vicinity of the X line, which is due to the contribution of the
reconnection electric field. Electrons can also be accelerated
by the Fermi mechanism at the contracting sides of the mag-
netic islands, which is related to the “head-to-head collision”
between the electron guide-center and the contracting side of
the magnetic island.[26] However, in the vicinity of the X line,
the Fermi mechanism is negative at the approaching sides of
the magnetic islands, which is related to the head-to-tail colli-
sion, similar results with the previous works.[27–33] Note that
the negative contribution of the betatron mechanism around
the merging site, which due to the weakening of the local mag-
netic strength B =

√
B2

x +B2
y +B2

z . The second stage is shown
in Fig. 2(b) at Ωit = 30, where the newly formed magnetic is-
land expands in the x direction, and is divided into two small
magnetic islands. Positive effect of parallel electric field ac-
celeration can still be found in the vicinity of the X line, with
the reconnection electric field getting weaker compared with
the results shown in the first stage. As the two islands sepa-
rates from each other, the Fermi mechanism shows positive in
the vicinity of the X line and negative at two expanding ends
of the islands. The betatron mechanism is locally strong at the
expanding ends of these two magnetic islands, which cannot
be neglected. Figure 2(c) shows the third stage where these
two small magnetic islands are merging. The process is simi-
lar to the first stage, in which electron acceleration is dominant
by the Fermi mechanism. The contribution from the parallel
electric field is not obvious in this stage due to the decrease of
the reconnection rate.

For the sake of evaluating different electron acceleration
mechanisms, we plot the time evolution of the spatially in-
tegrated contribution of the three mechanisms to the electron
acceleration: Fermi (red), parallel electric field (blue) and be-
tatron (black) in Fig. 3(a). In the first stage, two magnetic
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islands begin to approach each other due to the force of attrac-
tion between initial parallel currents. The Fermi contribution
rises quickly from Ωit = 20 to 21, with a positive effect at
the contracting sides of the magnetic islands. When the two
islands are merging, strong positive effect of parallel electric
field acceleration can be found around Ωit = 22. Note that af-
ter the spatial integration, the net effect of Fermi mechanism
is negative during the islands merging process, which shows
that the negative contributions of Fermi mechanism at the ap-
proaching sides are much stronger than the positive contribu-
tions at the contracting sides of these magnetic islands. In the
second stage around Ωit = 23, the net effect of parallel electric
field mechanism is still positive, while the Fermi mechanism
is still negative. In the third stage around Ωit = 24.5, electron
energization is dominated by the contribution of Fermi mecha-
nism, while the parallel electric field contribution is very weak.
From Ωit = 18 to 30, the time evolution of the Fermi mech-
anism integration shows an oscillation pattern with a period
about ∼ 4Ω

−1
i , which is related to the “merging-separating-

merging” stages of these magnetic islands. Note that from
Ωit = 18 to 30, the time evolution of parallel electric field
mechanism also shows an oscillation pattern. The results indi-
cate an anti-phase relation between the parallel electric field
mechanism (blue line) and the Fermi mechanism (red line)
during the process. This is an interesting phenomenon, in
which the physics under this process needs to be further stud-
ied in our future works. In these merging-separating-merging
stages, the net effect of the betatron mechanism is almost neg-
ative to the electron energization, its contribution is also im-
portant to the electron acceleration and cannot be neglected
in this simulation case. Figure 3(b) represents the time evo-
lution of the spatial integration dU/dt (corresponding to the
black line, where U is the total electron kinetic energy in the
simulation domain) and the sum of the contributions from the
three mechanisms (corresponding to the red line). The good
consistency between the black line and the red line ensures the
reliability of adiabatic assumption in this simulation case with
a finite guide field By0 = 0.5B0. Note that the small difference
between dU/dt and the “sum” comes from the non-adiabatic
motion of some electrons with high thermal speed, and the
motion cannot be described by a guiding-center theory.

In order to study the merging process in detail, we trace
the center of the simulation domain (0 < x < 10di,−0.3di <

z < 0.3di) and integrate the contributions of the three mech-
anisms. The time evolution of the contributions of the three
acceleration mechanisms (the average value in the range of
z = ±0.3di) and the spatially integrated contribution from
Ωit = 20 to 30 are shown in Fig. 4. It can be found in Fig. 4(b)
that the strong positive contribution of Fermi mechanism at the
contracting sides and negative contribution at the approach-

ing sides of the two magnetic islands in the first stage. The
net effect of the Fermi mechanism in the first stage is pos-
itive after spatial integration, which is the dominant mecha-
nism for electron acceleration as indicated in Fig. 4(d). Lo-
cally strong positive betatron mechanism contribution can be
found in the center of these magnetic islands in the first stage,
as indicated in Fig. 4(c). From Ωit = 21 to 22 in the first stage,
the contribution of parallel electric field mechanism is positive
in the vicinity of the merging site, as found in Fig. 4(a). At
Ωit = 22, these two magnetic islands merge into one new is-
land. This newly formed island expands in the x direction and
is divided into two small magnetic islands in the second stage
from Ωit = 22 to 23.5, where positive contribution of the par-
allel electric field mechanism can be found in the vicinity of
the reconnection site, as indicated in Figs. 4(a) and 4(c). The
Fermi mechanism in this stage, as shown in Fig. 4(b), is posi-
tive at contracting ends of the magnetic islands while negative
at two expanding ends of these islands. As the two islands
are drew apart, the net effect of the Fermi mechanism is neg-
ative to electron acceleration. Figure 4(c) shows that the pos-
itive contribution of the parallel electric field mechanism and
the negative contribution of the Fermi mechanism almost can-
cel out each other in the second stage. The sum of the three
mechanisms (including the betatron mechanism) is very small
for the electron acceleration in the second stage, as shown in
Fig. 4(d). In the third stage where the two newly formed mag-
netic islands merging again from Ωit = 23.5 to 25 , the positive
contribution of the Fermi mechanism is the dominant role for
the electron acceleration. However, the negative contribution
of the parallel electric field mechanism is very weak due to the
decrease of the reconnection rate. After the third stage, the
curve of Fermi mechanism is still oscillating slightly, which
may be related to the magnetic field line resonance around the
boundary of the last formed magnetic island.
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Fig. 3. (a) Time evolution of the spatially integrated contribution of the
parallel electric field (blue line), Fermi (red line), and betatron (black
line) mechanisms. (b) The measurement of the electron acceleration
term dU/dt and the sum of the contributions from the three mecha-
nisms.
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the electron acceleration term dU/dt and the sum of the contributions
from the three mechanisms from Ωit = 20 to 30.

4. Discussion and conclusions
In this paper, we use 2D particle-in-cell simulations with

a guide field By0 = 0.5B0 to investigate the magnetic islands
merging process. According to the time evolution of the sim-
ulation, the whole process can be divided into three stages.
In the first stage, two magnetic islands approach and finally
merged into a new island. Electrons can be accelerated by the
Fermi mechanism at the contracting sides of the magnetic is-
lands. However, in the vicinity of the merging site, the Fermi
mechanism is negative at the approaching sides of the mag-
netic islands and the parallel electric field contribution is lo-
cally positive. In the second stage, the magnetic island ex-
pands in the x direction and is divided into two small magnetic
islands. Parallel electric field accelerates electrons in the vicin-
ity of the reconnection site while the contribution of the Fermi
mechanism is negative at the two expanding ends of the is-
lands. Spatial integration shows that the positive contribution
of the parallel electric field mechanism and the negative con-
tribution of the Fermi mechanism almost cancel out each other
in the second stage. In the third stage, the process is similar to
the first stage, in which two newly formed magnetic islands are
merged into one. In this stage, electron acceleration is domi-
nated by the Fermi mechanism while the parallel electric field
is obviously weakened due to the decrease of the reconnection
rate. During these three stages, both the time evolution of the
spatial integrations of the Fermi mechanism and the parallel
electric field mechanism showing similar oscillation patterns
with a period about ∼ 4Ω

−1
i , which is related to the merging-

separating-merging stages of these magnetic islands. The time
evolution of the spatial integration indicates an anti-phase re-

lation between the parallel electric field mechanism and the
Fermi mechanism during the process. This is an interesting
discovery, in which the physics under this process will be fur-
ther studied in our future works.
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