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In this paper, with a two-dimensional particle-in-cell simulation model, we study the formation of

power-law spectra of energetic electrons in multiple X line magnetic reconnection with a strong

guide field. The processes of both magnetic reconnection and electron acceleration can be separated

into two stages. In the first stage, two X lines appear at the border and center of the simulation

domain, and then, two magnetic islands are formed. In this stage, electrons are accelerated mainly

by parallel electric fields, and a power-law spectrum of energetic electrons is generated with the

appearance of the second X line. In the second stage, the two magnetic islands are merged into one

big island. Besides parallel electric fields, the Fermi mechanism also plays an important role in the

production of energetic electrons, and its contribution is comparable to that of parallel electric

fields when the electron energy is sufficiently large. In this stage, the generated power-law

spectrum of energetic electrons becomes hard. In general, the acceleration efficiencies by both the

parallel electric fields and Fermi mechanism become higher with the increase in electron energy,

and the tendency is more obvious for the Fermi mechanism. Therefore, both the parallel electric

fields and Fermi mechanism are important in the formation of power-law spectra of energetic elec-

trons during multiple X line reconnection. We also investigate the influences of the ion-electron

temperature ratio, guide field, and initial flux perturbation on the formed power-law spectra of

energetic electrons. Published by AIP Publishing. https://doi.org/10.1063/1.5034012

I. INTRODUCTION

Energetic electrons associated with explosive phenom-

ena in space and laboratory plasmas, such as solar flares,1–3

substorms in the Earth’s magnetosphere,4–6 and interactions

between laser-driven plasma bubbles,7–11 generally have a

power-law distribution. These phenomena are considered to

be related to magnetic reconnection, which converts a tre-

mendous amount of magnetic energy into plasma kinetic

energy,12–15 and magnetic reconnection provides a critical

site to produce energetic electrons. Much previous work has

been devoted to revealing physical mechanisms to accelerate

electrons during magnetic reconnection. Electrons can be

accelerated in the vicinity of the X line by the reconnection

electric field,16–20 the separatrix region by parallel electric

fields,20–22 the contracting sites of magnetic island by the

Fermi mechanism,18,23 and the jet front by the betatron

mechanism.24–28 They can also be accelerated in the merging

region during the coalescence of magnetic islands.29–32

Recently, with the use of adiabatic theory, the contributions

of parallel electric fields and Fermi and betatron mechanisms

to electron acceleration during magnetic reconnection are

quantitatively analyzed by summing all electrons in the sim-

ulation domain.33–40 In weak guide field reconnection, elec-

tron acceleration is dominated by the Fermi mechanism,

while the contribution of the Fermi mechanism to electron

acceleration becomes less and less important with the

increase in the guide field.33,39 The Betatron mechanism is

usually negligible because it is located only around the jet

front. When the guide field is sufficiently large, acceleration

by parallel electric fields is the dominant driver for electron

energization.34,39 However, Dahlin et al.34 found that ener-

getic electrons diminish rapidly with the increase in the

guide field, and they suggested that compared with the Fermi

mechanism parallel electric fields are not an efficient driver

for energetic electrons during magnetic reconnection due to

their weak energy scaling of particle acceleration.

Although mechanisms of electron acceleration have

been thoroughly studied, how power law spectra of energetic

electrons are formed during magnetic reconnection is still an

unsolved problem. Such kinds of power law spectra are gen-

erally observed at reconnection sites in the earth’s magneto-

tail with in-situ observations,4 as well as in the solar corona,

where electron spectra are deduced from hard X-ray emis-

sion of flares.41 Power law spectra of energetic electrons

have also been observed in particle-in-cell (PIC) simulations

of magnetic reconnection.18,37,38 Li et al.37,38 ascertained

that the condition to form power law spectra of energetic

electrons is that magnetic reconnection occurs in a low b
plasma. By performing PIC simulations of guide field recon-

nection, in this paper, we first perform two-dimensional (2D)

PIC simulations of multiple X line magnetic reconnection

with a strong guide field and study the formation of power

law spectra of energetic electrons. Then, based on the adia-

batic theory, we analyze the contributions of the parallel

electric fields and Fermi mechanism to the formation of the

power law spectrum of these energetic electrons. The influ-

ences of the ion-electron temperature ratio, guide field, anda)Author to whom correspondence should be addressed: qmlu@ustc.edu.cn

1070-664X/2018/25(7)/072126/8/$30.00 Published by AIP Publishing.25, 072126-1

PHYSICS OF PLASMAS 25, 072126 (2018)

https://doi.org/10.1063/1.5034012
https://doi.org/10.1063/1.5034012
https://doi.org/10.1063/1.5034012
mailto:qmlu@ustc.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5034012&domain=pdf&date_stamp=2018-07-26


initial flux perturbation on the formed power-law spectra are

also investigated.

This paper is organized as follows: In Sec. II, we

describe the simulation model. In Sec. III, the simulation

results are presented. Finally, conclusions and discussion are

given in Sec. IV.

II. SIMULATION MODEL

A 2D PIC simulation model is used in this paper to

investigate the formation of the electron energy spectrum

during multiple X line reconnection with a guide field. In our

PIC simulations, the electromagnetic fields are defined on

the grids and updated by solving the Maxwell equation with

a full explicit algorithm, and ions and electrons are advanced

in these electromagnetic fields. The initial configuration of

the magnetic field consists of a uniform guide field superim-

posed by a Harris equilibrium. The magnetic field and the

corresponding number density are given by

B0ðzÞ ¼ B0tanhðz=dÞex þ B0yey; (1)

nðzÞ ¼ nb þ n0sech2ðz=dÞ; (2)

where B0 is the asymptotic magnetic field, d is the half-width

of the current sheet, B0y is the initial guide field perpendicu-

lar to the reconnection plane, nb is the number density of the

background plasma, and n0 is the peak Harris number den-

sity. The initial distribution functions for ions and electrons

corresponding to the Harris current sheet are Maxwellian

with a drift speed in the y direction, and the drift speeds sat-

isfy the following equation: Vi0=Ve0 ¼ �Ti0=Te0, where

Ve0ðVi0Þ and Te0ðTi0Þ are the initial drift speed and the

temperature of electrons (ions), respectively. The initial dis-

tributions for ions and electrons corresponding to the back-

ground plasma satisfy the Maxwellian function without a

bulk velocity, and their initial temperatures are the same as

those corresponding to the Harris current sheet. We set the

ion-to-electron mass ratio as mi=me ¼ 100, and the light

speed is c ¼ 15vA (where vA is the Alfv�en speed based on B0

and n0.). The computations are carried out in a rectangular

domain in the ðx; zÞ plane with the dimension Lx � Lz

¼ 60di � 15di. The grid number is Nx � Nz ¼ 1200� 300.

Therefore, the spatial resolution is Dx ¼ Dz ¼ 0:05di. The

time step is Xit ¼ 0:001, where Xi ¼ eB0=mi is the ion gyro-

frequency. We employ 500 particles per cell to represent the

peak Harris number density n0, and totally more than 109 par-

ticles per species are used in the simulation. We employ the

periodic boundary condition for the electromagnetic field and

particles in the x direction, and the ideal conducting boundary

condition for the electromagnetic field and the reflected

boundary condition for particles in the z direction are used.

The reconnection is initiated by small local flux perturbations

to trigger multiple X line reconnection.

III. SIMULATION RESULTS

We run a series of 2-D PIC simulations with the variations

of the guide field B0y, ion-to-electron temperature ratio Ti0=Te0,

and the initial flux perturbation to investigate the formation of

power law spectra of energetic electrons during magnetic

reconnection with a guide field. At first, we run a benchmark

case, where B0y ¼ 2:0B0, Ti0=Te0 ¼ 4; nb ¼ 0:2n0, and d
¼ 0:5di (where di ¼ c=xpi is the ion inertial length defined on

n0), and the reconnection is initiated by small local flux pertur-

bations centered at x ¼ 30di and x ¼ 60di to trigger multiple X

line reconnection with two magnetic islands in the simulation

domain. In the following, if there is no explicit statement, we

are describing the benchmark case.

The time evolution of magnetic reconnection is shown

in Fig. 1, which displays the magnetic field lines and distri-

butions of the number density of energetic electrons with

energy larger than ee > 1:0mec2 at Xit ¼ 25, 30, 40, 43, 70,

and 80. The reconnection of magnetic field lines begins at

about Xit ¼ 20, and one X line appears around the border of

the simulation domain. At this time, we can only find one

magnetic island in the simulation domain. At about

Xit ¼ 30, another X line is formed around the center of the

simulation domain, and then, two magnetic islands are gener-

ated in the simulation domain. The two magnetic islands

begin to coalesce at about Xit ¼ 43, and they are merged into

a big island at about Xit ¼ 80. The number of energetic elec-

trons increases continuously with the proceeding of multiple

X reconnection, including the stages with the appearance and

merging of magnetic islands. These energetic electrons are

concentrated around the edges of magnetic islands.

FIG. 1. The time evolution of magnetic field lines and distributions of number

density of energetic electrons with energy larger than ee > 1:0mec2 at

Xit ¼ 25, 30, 40, 43, 70, and 80. The number density of energetic electrons in

the simulation domain is normalized by the peak Harris number density n0.
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The process of electron acceleration during multiple X

line reconnection can be demonstrated more clearly in Fig. 2,

which plots the electron energy spectra at Xit ¼(a) 25, (b) 35,

(c) 50, and (d) 80. For reference, the electron energy spec-

trum at Xit ¼ 0 is also shown with black dashed lines, and

the red dashed lines are the fitted Maxwellian distributions

with low electron energy. Obviously, the electron energy

spectra consist of two components: thermal and super-

thermal parts. The super-thermal part of electron distribution

begins to have a power law spectrum with the appearance of

the second magnetic island, which is ubiquitously observed

in space plasma.42–44 At Xit ¼ 35, the index of power-law

distribution is about 2.7, and it becomes hard when the two

magnetic islands begin to be merged. The indexes are about

2.4 and 2.3 at Xit ¼ 50 and 80, respectively.

In magnetic reconnection with a strong guide field, the

electron motions can be assumed to satisfy the guide-center

approximation, and the energy evolution of a single electron

can be given as33,39,45

de
dt
¼ �eEjjvjj þ cmev2

jjðuE � jÞ þ
l
c

@B

@t
þ uE � rB

� �
; (3)

where l ¼ mec2v2
?=2B is the magnetic moment and c is the

Lorentz factor. uE is the “E� B” drift velocity and j
¼ b � rb (where b ¼ B=B is the unit vector in the direction

of the local magnetic field) is the curvature of the magnetic

field. The first term on the right-hand-side of Eq. (3) is the

contribution by parallel electric fields, and the second term

drives parallel acceleration, which arises from the first-order

Fermi mechanism. The last term is the betatron mechanism

corresponding to perpendicular heating or cooling due to the

conservation of the magnetic momentum l. In our simula-

tion, the betatron mechanism is negligible. Therefore, in

this paper, we will not consider its contribution to energetic

electrons in the following.

In order to know how a power-law distribution of ener-

getic electrons is produced in multiple X lines with a guide

field, the contributions by the parallel electric fields and

Fermi mechanism at different energies are analyzed. Figure

3 shows the time evolution of the average contributions of

the parallel electric fields and Fermi mechanism per particle

for electrons with energies (a) 0:4mec2 < ee

< 0:5mec2 [group 1 as denoted in Fig. 2(d)], (b) 1:0mec2

< ee < 2:0mec2 [group 2 as denoted in Fig. 2(d)], and (c)

ee > 3:0mec2 [group 3 as denoted in Fig. 2(d)]. It can be

found that with the increase in electron energy, the efficien-

cies of electron acceleration by both the parallel electric

fields and Fermi mechanism are enhanced, and the enhance-

ment of the Fermi mechanism is more obvious than that of

parallel electric field. The electron acceleration can be

roughly separated into two stages. During the first stage

FIG. 2. The electron energy spectra at Xit ¼ (a) 25, (b) 35, (c) 50, and (d) 80. The black dashed lines are the electron energy spectrum at Xit ¼ 0, the red

dashed lines are the fitted Maxwellian distributions at low electron energy, and the dotted line is the fitted power-law distribution at high electron energy. The

ranges of electron energy denoted by groups 1, 2, and 3 in (d) are 0:4mec2 < ee < 0:5mec2, 1:0mec2 < ee < 2:0mec2, and ee > 3:0mec2, respectively.
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(Xit < 43), two X lines appear at the border and center of the

simulation domain, and two magnetic islands are formed.

Electrons are accelerated mainly by parallel electric field,

and the contribution of the Fermi mechanism is very small.

During the second stage (Xit > 43), the two islands are

merged into a big island, and the contribution of the Fermi

mechanism becomes more and more important with the

increase of electron energy, compared with that of parallel

electric fields. For these electrons with energy larger than

3:0mec2, the contribution of the Fermi mechanism is compa-

rable to that of parallel electric field.

The relative importance of the parallel electric field and

Fermi mechanism in the two stages can be quantitatively

estimated by integrating their contributions to electron accel-

eration in the first and second stages, respectively. Figure 4

plots the percentages of the contributions of parallel electric

fields and Fermi mechanism to the sum of all contributions

(including parallel electric fields, Fermi and betatron

FIG. 3. The time evolution of the average contributions of parallel electric fields and Fermi mechanism per particle for electrons with energies (a) 0:4mec2

< ee < 0:5mec2 [group 1 as denoted in Fig. 2(d)], (b) 1:0mec2 < ee < 2:0mec2 [group 2 as denoted in Fig. 2(d)] and (c) ee > 3:0mec2 [group 3 as denoted in

Fig. 2(d)]. Here, the contributions are normalized by v2
AB0.

FIG. 4. The percentages of the contributions of parallel electric fields and Fermi mechanism to the sum of all contributions (including parallel electric fields,

Fermi and betatron mechanisms) during (a) the first stage (Xit < 43) and (b) the second stage (43 < Xit < 80).
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mechanisms) during (a) the first stage (Xit < 43) and (b) the

second stage (43 < Xit < 80). In the first stage, the electrons

are mainly accelerated by parallel electric field, and the

percentages of the contribution of the Fermi mechanism

are 18%, 16%, and 22% for electrons with energy 0:4mec2

< ee < 0:5mec2, 1:0mec2 < ee < 2:0mec2, and ee > 3:0mec2,

respectively. In the second stage, the percentages of the con-

tribution of the Fermi mechanism are 19%, 30%, and 44%

for electrons with energy 0:4mec2 < ee < 0:5mec2, 1:0mec2

< ee < 2:0mec2, and ee > 3:0mec2, respectively. Therefore,

the contribution of the Fermi mechanism is comparable to

that of parallel electric field when electron energy is suffi-

ciently large.

Figures 5 and 6 plot two typical electron trajectories,

which belong to group 1 and 3, respectively. During the first

stage, the acceleration of both the electrons is mainly attrib-

uted to parallel electric fields. The electron belonging to

group 3 can also be accelerated by the Fermi mechanism,

while the Fermi mechanism is negligible for the electron

belonging group 1. The electron belonging to group 3 obtains

much higher energy in the first stage. During the second

stage, both the electrons can be further accelerated. However,

the electron belonging to group 1 is mainly accelerated by

parallel electric fields, while for the electron belonging to

group 3 both the parallel electric fields and Fermi mechanism

are important for its acceleration. Finally, the electron

belonging to group 3 has much higher energy after the two-

stage acceleration.

Figure 7 shows the electron energy spectra at Xit ¼ 80

for the different ion-to-electron temperature ratio (a) Ti0=Te0

¼ 1 and (b) Ti0=Te0 ¼ 1=3 while all other parameters are

kept as those in the benchmark case. We find that the varia-

tion of the ion-to-electron temperature ratio almost does not

change the evolution of magnetic field lines with the pro-

ceeding of magnetic reconnection (not shown). The electron

energy spectra can also be considered to a superposition of

FIG. 5. A typical electron trajectory, which belongs to group 1. (a), (b), and

(c) are the trajectory and energy evolution from a1(Xit ¼ 30) to a2(Xit
¼ 45), a2 to a3(Xit ¼ 60), and a3 to a4(Xit ¼ 70), respectively. For refer-

ence, the magnetic field lines at Xit ¼ 35, 48, and 65 are plotted in (a), (b),

and (c). (d) and (e) are the obtained energy accelerated by the parallel elec-

tric field and Fermi mechanism, and (f) is the sum.

FIG. 6. A typical electron trajectory, which belongs to group 3. (a), (b), and

(c) are the trajectory and energy evolution from a1(Xit ¼ 15) to a2(Xit
¼ 48.75), a2 to a3(Xit ¼ 60), and a3 to a4(Xit ¼ 80), respectively. For refer-

ence, the magnetic field lines at Xit ¼ 35, 55 and 70 are plotted in (a), (b),

and (c). (d) and (e) are the obtained energy accelerated by the parallel elec-

tric field and Fermi mechanism, and (f) is the sum.
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the Maxwellian function at the lower energy and power law

spectrum at higher energy. However, with the decrease in

the ion-to-electron temperature ratio the electrons are hard to

be accelerated and to form a tail with a power law spectrum.

The indexes of the power law spectra at Xit ¼ 80 for the dif-

ferent ion-to-electron temperature ratio Ti0=Te0 ¼ 1 and

Ti0=Te0 ¼ 1=3 are about 2.7 and 3.1, respectively.

Figure 8 plots the electron energy spectra at Xit ¼ 80

for the different guide field (a) B0y ¼ 1:0B0 and (b) B0y

¼ 0:5B0 while all other parameters are kept as those in the

benchmark case. The variation of the guide field also

changes little the evolution of magnetic field lines during

magnetic reconnection (not shown), and with a decrease in

the guide field the electrons are hard to form a high-energy

tail with a power law spectrum, and the indexes of the power

law spectra at Xit ¼ 80 for B0y ¼ 1:0B0 and (b) B0y ¼ 0:5B0

are about 2.4 and 3.2, respectively.

We also investigate the influence of the initial flux per-

turbation on the formation of power law spectra of energetic

electrons. Figure 9 shows the time evolution of the magnetic

field lines and distributions of the number density of ener-

getic electrons with energy larger than ee > 1:0mec2 at Xit
¼ 30, 40, 80, 100, and 150. Compared with the benchmark

case, at first four magnetic islands are formed. At about

Xit ¼ 40, these islands begin to coalesce. There exist three and

two islands at about Xit ¼ 50 and 70, respectively. At last,

only one island remains at about Xit ¼ 130. Figure 10 plots

the electron energy spectra at Xit ¼ 150. The energetic elec-

trons still have a power law spectrum with the index about 1.9,

which is smaller than that of the benchmark case.

IV. CONCLUSIONS AND DISCUSSION

Satellite observations have shown that energetic elec-

trons associated with explosive phenomena, such as solar

flare and substorm in the earth’s magnetotail, generally

have power-law spectra, and these energetic electrons are

considered to be generated during magnetic reconnection.

However, how power-law spectra of energetic electrons are

formed during magnetic reconnection is still a puzzle. In this

paper, by performing 2-D PIC simulations, the generation of

power-law spectra of energetic electrons in multiple X line

reconnection with a strong guide field is analyzed in detail

by assuming that electron motions satisfy the guide-center

approximation. In the benchmark case, a power-law spec-

trum of energetic electrons is formed with the appearance of

two X lines in the simulation domain (also two magnetic

islands), and the electrons are mainly accelerated by parallel

FIG. 7. The electron energy spectra at Xit ¼ 80 for the different ion-to-electron temperature ratio (a) Ti0=Te0 ¼ 1 and (b) Ti0=Te0 ¼ 1=3 while all other param-

eters are kept as those in the benchmark case.

FIG. 8. The electron energy spectra at Xit ¼ 80 for the different guide field (a) B0y ¼ 1:0B0 and (b) B0y ¼ 0:5B0 while all other parameters are kept as those in

the benchmark case.
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electric fields. The electrons can be further accelerated when

the two magnetic islands are merged into one big island by

both the parallel electric fields and Fermi mechanism, and

their spectrum becomes hard. In our simulation, we also find

that with the increase of electron energy the acceleration effi-

ciencies of both the parallel electric field and Fermi mecha-

nism tend to be higher, and the tendency is more obvious for

the Fermi mechanism. It is not strange, because acceleration

by the parallel electric fields and Fermi mechanism scales

with e1=2 (where e is particle energy) and e, respectively.34 In

multiple X line magnetic reconnection, electrons are first

accelerated by parallel electric fields around the X line with

the generation of magnetic islands and get a large energy.

During the coalescence of magnetic islands, the electrons are

further accelerated by the parallel electric fields and Fermi

mechanism. Because the Fermi mechanism scales more

strongly with the particle energy than parallel electric fields,

it will play a more important role in the generation of higher

energy electrons and then formation of a power-law

spectrum.

Also note because we use a periodic boundary condition

in our simulations, it implies that the current sheet is suffi-

ciently long to accommodate many islands, which can inter-

act with each other. In reality, the generated current sheet in

space plasma is usually sufficiently long to trigger multiple

X line magnetic reconnection and many islands can be

formed. Our simulations have demonstrated that the pro-

duced energetic electrons in such a situation can have a

power-law spectrum. Therefore, our simulation provides an

explanation for the power-law spectra of energetic electrons,

which is ubiquitously observed in explosive phenomena.

We also investigate the effects of the ion-to-electron

temperature ratio, guide field, and initial flux perturbation on

power law spectra of energetic electrons formed during mul-

tiple X line reconnection. The decrease in the ion-to-electron

temperature ratio will lead to the softening of the formed

power law spectrum, and the increase in the guide field will

make the high energy tail have a hard power law spectrum.

The initial flux perturbation will also change the formed

power law spectrum of energetic electrons during multiple X

line reconnection. The power law spectra of energetic elec-

trons are easy to be formed during multiple X line reconnec-

tion. This is different from Li et al.,37 where a force free

current sheet is used and a power law spectrum of energetic

electrons can only be formed in a low plasma b regime.

Dahlin et al.33,34 found that energetic electrons are hard to

formed in a power law spectrum during magnetic reconnec-

tion during either a Harris or force free current. It seems that

a contradictory conclusion is obtained among these simula-

tions, and further studies are necessary to resolve this

discrepancy.
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