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ABSTRACT

Context. Charged particles are accelerated to high energies in solar flares. Although we know that magnetic reconnection is an efficient
mechanism in generating energetic particles, the detailed role it plays in accelerating particles is still unknown.
Aims. We investigate particle acceleration by magnetic reconnection in the current sheet, including multiple islands and a guide field.
Methods. The long current sheet produced by the disruption in the corona magnetic field is usually not stable to various plasma
instabilities, among which the tearing mode is the most important, and magnetic islands start to form in the current sheet when
these instabilities develop. Two reverse processes are typically observed in the sheet: cascading of large islands to smaller ones,
and merging of small islands into larger ones. Coalescent reconnection consequently takes place between two adjacent islands when
merging occurs. The electric field induced by the coalescent reconnection is opposite to the electric field of the primary large-scale
reconnection. We studied particle acceleration in such a current sheet and examined in detail the dynamic properties of electrons and
protons in the current sheet through test particle approach.
Results. We found that some particles can be accelerated to high energies in a very short time, and some particles (near the coalescence
reconnection site) are accelerated and decelerated back and forth by the primary and secondary electric fields. Particle motions show
two distinct types along different trajectories: some particles are trapped around magnetic islands, and some escape from the current
sheet mainly along open field lines. With the presence of a guide field, protons and electrons are found to eventually move in different
directions. The energy spectra for both species follow a double power-law shape. The softer components of the power-law spectrum
are due to the particles that are trapped and circulate around magnetic islands, while the particles that escape and are partly trapped
contribute to the harder component of the spectrum. Finally, we also investigated the influences of the parameters for the reconnection
process on the spectral feature.
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1. Introduction

Solar flares are the manifestation of the energy release process
in the solar corona, and a large fraction of the released energy
is transferred into energetic ions and electrons (Lin et al. 1976,
2003; Priest & Forbes 2000; Emslie et al. 2004), and references
therein). The physics of the acceleration of a large number of
charged particles to high energy still remains an open question,
although many different mechanisms have been studied (e.g.,
see Zharkova et al. 2011, for a review). It is widely accepted
that magnetic reconnection plays a significant role in convert-
ing magnetic energy into heating, the bulk motion of the plasma,
and particle acceleration (Priest & Forbes 2000; Biskamp 2000).
The strong induced electric field in the magnetic reconnection
region is very efficient in directly accelerating charged particles
during solar flares.

In general, a test-particle approach had been used to in-
vestigate particle acceleration by magnetic reconnection. Some
authors studied the situation in a steady-state electromagnetic
field topology, using analytical methods or numerical integration

of test particles: direct electric field acceleration has com-
monly been investigated in the framework of reconnecting cur-
rent sheet (Martens 1988; Martens & Young 1990; Litvinenko
1996; Zharkova & Gordovskyy 2004), or in X-type (namely X-
point) magnetic configurations with or without a guide field
(Bulanov 1980; Bruhwiler & Zweibel 1992; Mori et al. 1998;
Browning & Vekstein 2001; Heerikhuisen et al. 2002; Wood
& Neukirch 2005; Zharkova & Gordovskyy 2005; Hannah &
Fletcher 2006; Li & Lin 2012; Li et al. 2013). The 3D spine
and fan reconnection regime has also been investigated (Dalla
& Browing 2005; Dalla & Browing 2008). On the other hand,
laboratory experiments have been carried out to study the mag-
netic reconnection process in a solar flare with powerful lasers. A
recent experiment by Zhong et al. (2016) showed that relativis-
tic electrons with energies of up to MeV were detected along
the magnetic separatrices that bound the reconnection outflow.
In these works, the acceleration of charged particles is mainly
studied by examining particle orbits (trajectories) and the final
kinetic energy distribution of particles. These simulations and
experiments confirmed that the acceleration by the electric field
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induced by reconnection is an efficient mechanism for acceler-
ating charged particles that may account for the hard X-ray and
even γ-ray emissions in solar flares.

In a typical eruptive process, on the other hand, as indicated
by both observations and theories, the reconnecting current sheet
tends to separate into several reconnection sites that develop
multiple X- and O-points, which include closed field lines in a
magnetic island (e.g., see Lazarian & Vishniac 1999; Ko et al.
2003; Lin et al. 2005, 2007, 2009; Bemporad 2008; Shen et al.
2011; Mei et al. 2012). In such a configuration, one magnetic is-
land is bounded by two X-points at each side. Motions of parti-
cles in such a current sheet inevitably interact continuously with
these small structures. Particles are usually trapped in a mag-
netic island and continue to gain energy by repetitively cross-
ing the X-point, although the reconnecting electric field is rel-
atively weak inside magnetic islands (e.g., see also discussions
of Scholer & Jamitzky 1987; Gordovskyy et al. 2010). Li & Lin
(2012) showed that protons and electrons can be accelerated to
energies of up to several MeV, and they are typically efficiently
accelerated when multiple X-points appear as a result of the tear-
ing mode instability.

Recently, multi-island coalescence starts to enjoy consider-
able attention. In this process, two magnetic islands merge into a
larger island. This has been reported and studied through both
theories and numerical simulations (Biskamp & Welter 1980;
Pritchett 2007; Barta et al. 2011; Shen et al. 2011). When the co-
alescence takes place, an electric field, opposite to the large-scale
electric field in the background, is induced nearby the merging
point of the two islands. Kliem (1994) used multi-island coa-
lescence to study the effect of the fragmentation of the 2D re-
connecting current sheet on the acceleration of particles, and
showed that particles could be accelerated to near-relativistic en-
ergy within short time. Oka et al. (2010) performed 2D particle-
in-cell (PIC) simulations of multi-island coalescence without a
guide field. They found that the secondary induced electric field
plays an important role in accelerating electrons.

In the present work, we investigate the acceleration of elec-
trons and protons as island coalescence takes place. For this,
we assume that a guide field exists in the direction of the
induced electric field, which is commonly assumed to play
an important role in particle acceleration (Litvinenko 1996;
Zharkova & Gordovskyy 2004). In our simulation, the test par-
ticle approach was used to calculate particle trajectories, which
is still vital, especially when there are fewer accelerated parti-
cles than particles that are sent into the reconnecting region, and
a large-scale model is considered (Zharkova et al. 2011). Then
the obtained particle trajectories are used to deduce the energy
spectrum of the particles in order to extend our previous works
by comparing differences among these works, to cover a wider
range of parameters, and to demonstrate the robustness of the
acceleration process in this current sheet configuration, which
could be applied to more complex situations in the future as well.

In the next section, we briefly describe the particle accelera-
tion model and formulae we used in the calculations. The results
are given and are further analyzed in Sect. 3. Conclusions and a
short discussion are presented in Sect. 4.

2. Model description and computation setup

Because the timescale of the particle acceleration is shorter than
that of the magnetic reconnection process and the change in the
induced electric field, we consider the electromagnetic field to
be static or quasi-static in the process of particle acceleration.
In this case, we use the configuration of a reconnecting current

sheet given by Zwingmann (1983) to investigate the kinematic
and dynamic behaviors of accelerated electrons and protons. In
his work, the self-consistent theory of the quiet magnetotail is
extended to the 2D static equilibrium configuration with arbi-
trary variations along the tail axis. Zwingmann (1983) investi-
gated the influence of boundary conditions that caused the equi-
librium configuration to form the oscillatory structures (mag-
netic islands) within the current sheet. On the other hand, a sim-
ilar phenomenon can also be observed in a typical solar eruptive
process, and the relevant numerical experiments show that the
reconnecting current sheet tend to separate into many magnetic
islands as a result of the tearing mode instability (Furth 1963;
Priest & Forbes 2000).

In the solution of Zwingmann (1983), the magnetic island
gradually grew with the increase of x (see Fig. 1 in this article).
For the magnetic field of the solar atmosphere, the magnetic field
gradually weakens with height, and the expansion of the mag-
netic island in the current sheet occurs, therefore the magnetic
island is larger at large distance from the Sun. In the solution of
the Grad-Shafranov equation described by Biskamp (1993), on
the other hand, the size of the magnetic island is the same, that
is, the current sheet has a periodical structure, and the arrange-
ment of the magnetic island is also regular. Such a magnetic field
configuration may be applicable to a small-scale current sheet
with a uniform magnetic field distribution in the uniform back-
ground field, but it is not as good as the Zwingmann structure for
large-scale current sheets with a variable background field. In
addition, particle acceleration in a current sheet with regularly
arranged structures has been studied in previous works (Kliem
1994; Li & Lin 2012), and we do not duplicate this here. We
therefore choose the Zwingmann model here to study the parti-
cle acceleration process in a current sheet with a more practical
magnetic configuration, and try to obtain more realistic results.

In the model of Zwingmann (1983), the magnetic flux func-
tion is A(x, z) = A0(x, z) − δAl(x, z), where A0(x, z) is for the
initial equilibrium configuration, and Al(x, z) presents an oscil-
lating feature, with δ being a small constant (δ � 1) that works
as a perturbation to the equilibrium configuration A0(x, z). The
magnetic configuration governed by A(x, z) is in the zx-plane, in-
cluding a current sheet that extends along the x-axis from x = 0
to Lx0, which represents the right-hand boundary of the compu-
tation domain, and A0(x, z) is imposed as a Dirichlet boundary
condition for solving the Laplace equation governing A0(x, z).
In the z-direction, perpendicular to the current sheet, the per-
turbation Al(x, z) ceases at a location far away from the current
sheet, for instance, z = Lz0. Normalizing the magnetic field B0
to the background field far from the current sheet and the length
to the half-thickness of the current sheet Lth, we obtain an ex-
pression for the reconnecting configuration in equilibrium that is
given by

A0(x, z) = ln{cosh[F(x)z]} − ln[F(x)], (1)

where F(x) is an arbitrary positive function for the current sheet,
with its scale length Lx much larger than Lth. In our calculation,
it is convenient to take the form of power law for it, such as

F(x) =

(
1 +

x
Lx0

)−p

· (2)

Zwingmann (1983) stated that the value of p does not play a
role in governing the particular results he wished to establish in
his paper, that is to say, it is not essential to know the precise
value of p. We note that the number of magnetic islands that
we consider depends on the size of the calculation domain. We
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Fig. 1. Panel a: Configuration of the magnetic field with oscillatory
structures. Panel b: Diagram of the enlarged coalescence reconnecting
current sheet. The arrows imply the the motion direction of the plasma
bulk flow. The position of the primary magnetic reconnection is indi-
cated by thick arrows, and the position of the coalescence magnetic re-
connection is shown by thin arrows. Panel c: The electric field varies
along the x-direction.

take p = 0.6 in this work as an example, which corresponds to
the case that four magnetic islands appear in the calculation do-
main. The purpose of choosing p = 0.6 is twofold. First, enough
magnetic islands appear in the current sheet for us to be able to
study the interaction of energetic particles with the magnetic is-
land and also the effect of this interaction on the final energy as
well as the spectrum of particles. Second, a typical coalescence
process of magnetic islands is allowed to take place in the current
sheet, and we can thus investigate the effect of the coalescence
on the acceleration process and on the final energy spectrum of
particles.

Adding a small perturbation Al to A0 invokes oscillations
of A in space, and function Al has to vanish far away from the

current sheet in z-direction (namely Al = 0) because A needs to
satisfy the Dirichlet boundary condition. After several straight-
forward algebra (we refer to Zwingmann 1983, for more details),
we obtain function Al

Al(x, z) =

∞∑
m=1

sin[(2m − 1)πG(x)/G(Lx0)]
2m − 1

×

− 1
[(2m − 1)π/G(Lx0)]2 − 1

·
1

cosh[F(x)z]

+

∞∑
n=1

β2
n{tanh[F(x)z] · sin[βnF(x)z] − βn · cos[βnF(x)z]}{[

2m−1
G(Lx0)π

]2
+ β2

n

}
·

[
Lz0(1+β2

n)
2L − 1

1+β2
n

]
· sinh

(
βnπ
2

)
 ,
(3)

with

G(x) =

x∫
0

F(x)dx =
Lx0

1 − p

(1 +
x

Lx0

)1−p

− 1

 , (4)

and

βn = tan(βnLz0)[tanh(Lz0)]. (5)

For δ = 0.1, the magnetic flux function is A = A0 − 0.1Al, and
the oscillatory structure of the equilibrium possesses its most
prominent feature. As shown in Fig. 1a, multiple X-points and
magnetic islands are displayed in the configuration. Coalescent
reconnection can therefore take place between every two adja-
cent islands. As indicated by Fig. 1b, the coalescence takes place
between the first and second islands, and between the third and
fourth islands, respectively. The arrows in the figure indicate the
motion direction of the plasma bulk flow.

We also add a uniform guide field ξ in the y-direction to rep-
resent the component of the magnetic field in the direction of the
induced electric field that is ubiquitous in reality and plays an
important role in particle acceleration (see also Litvinenko 1996;
Zharkova & Gordovskyy 2004; Li & Lin 2012; and Zhong et al.
2016). Here ξ is a constant with values in the range from 0 to
1, and ξB0 determines the strength of the guide field. Therefore,
the normalized total magnetic field in the system studied here
has the form

B = ∇A × ŷ + ξ ŷ. (6)

We here follow Kliem (1994) and set the electric field config-
uration so as to include the coalescence of magnetic islands in
the reconnection process. Strictly speaking, the induced elec-
tric field in the magnetic reconnection process should be self-
consistently deduced from Ohm,s law E = η j − v × B according
to the magnetic field structure and the plasma property of the ac-
tual process. However, it is hard to obtain an analytic expression
for functions of v and η because it is difficult to deduce the ana-
lytic solution and because the numerical simulation is complex.
This makes it almost (if not completely) impossible to obtain an
entirely self-consistent electromagnetic field distribution for the
reconnection process around the current sheet.

The main goal of this work is to capture the main charac-
teristics of particle accelerations in the coalescent magnetic re-
connection process. Because the acceleration timescale is shorter
than the reconnection timescale, we are allowed to choose an
electromagnetic field configuration that can approximately de-
scribe the coalescence of magnetic islands in magnetic recon-
nection, to investigate the acceleration and kinetic behaviors of
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charged particles in such a current sheet. In a forthcoming pa-
per, we will adopt the self-consistent electromagnetic field dis-
tribution from the full magnetohydrodynamic (MHD) numerical
simulation, and study the particle acceleration in a more self-
consistent framework. In this case, the electric field has the form
(Fig. 1c)

E = −E0{0.6 × cos[1.2xF(x)/2] − 0.4} ŷ. (7)

The coalescence of two magnetic islands clearly leads to the
secondary reconnection process, in which the induced electric
filed is opposite to the primary field that is induced by the large-
scale reconnection process. This electric field allows net accel-
eration or deceleration to take place for charged particles that
move around, trapped in the islands. The electromagnetic field
configuration used in this work (Eqs. (1) through (7)) is not ex-
actly self-consistent because∇×E , 0 in our calculations, which
implies ∂B/∂t , 0, but we expect to reveal the qualitative fea-
ture of particle trajectories including meander and drift motions
on which the acceleration is based. Furthermore, the time that an
electron (a proton) is efficiently accelerated in the current sheet
is about 10−5 (10−3) s, which is shorter than the time interval of
several minutes in which the electromagnetic field evolves in the
reconnection process. This means that the electromagnetic con-
figuration can be taken to be static in the particle acceleration
process.

Now we study the particle acceleration in the electromag-
netic field described by Eqs. (1) through (7). The trajectory of a
particle with a rest mass m and an electric charge q is governed
by the following relativistic motion equations

dr
dt

=
p

mγ
, (8)

dp
dt

= q(E + u × B), (9)

where r and u (u = p/mγ) are the position and the velocity vec-
tors of the particle, respectively, and γ = 1/

√
1 − v2/c2 is the

Lorentz factor. We note that collisions among particles are ne-
glected in the equations. In addition to the normalization of the
lengths to Lth and the magnetic fields to B0, we further normal-
ize the electric field to E0, and the time to τe,p = me,p/qB0 for
electrons and protons, respectively, which is the charged-particle
gyration period associated with the magnetic field B0.

The thickness of the reconnecting current sheet in a solar
eruption is still an open question, although recent observations
indicated that the thickness of the current sheet that is developed
in the solar eruption could reach up to several 104 km or even a
few times 105 km (e.g., see the review by Lin et al. 2015). There-
fore we here follow Kliem (1994) and Gordovskyy et al. (2010),
taking a similar half-thickness Lth = 100 m, which could be the
scale of some local structures inside a large-scale current sheet,
as discussed by Lin et al. (2015). On the other hand, because A0
needs to fulfill the linear Dirichlet boundary condition far away
from the current sheet in the z-direction, we take a normalized
Lz0 = 10 in our calculations. The length of the domain in the
x-direction is taken as Lx0 = 10π, which means that the length
of a current sheet is larger than its thickness.

We used a fourth-order Runge-Kutta-Fehlberg (RKF45)
scheme to solve Eqs. (8) and (9). For the electromagnetic field
configuration we used, the dimensionless size of the calculation
domains is 0 ≤ x ≤ Lx0 and −1 ≤ z ≤ 1. In our calculations,
approximately 5 × 106 test particles are initially uniformly dis-
tributed within this domain. Considering the symmetry of the
system with respect to the y-axis, we assume that the initial

position of all particles has y = 0 with no loss of generality.
Each calculation was run until a test particle crossed one of the
four domain boundaries (namely x = 0, x = Lx0, and z = ±1).
Furthermore, if a test particle remained in the domain more than
2600 τe for electrons and 200 τp for protons, the correspond-
ing calculation ended. The final energy of particles obtained
from the acceleration process was taken as its kinetic energy:
Ek = mc2(γ − 1), and the behavior of Ek is the main goal of this
work.

3. Results

In this part of our work, we investigate the kinematic and dy-
namic behaviors of electrons and protons that are accelerated by
the electromagnetic field that is described by Eqs. (6) and (7),
with the corresponding magnetic configuration displayed in
Fig. 1. With the parameters for the electromagnetic field and the
current sheet given, we are able to study the trajectories of the
particles for different initial locations, the particle energy spec-
tra, and the dependence of energies on these parameters.

3.1. Trajectories of protons and electrons

With B0 = 10 G, ξ = 1, E0 = 5 V/cm, and Lth = 100 m, several
test particle trajectories are plotted in Figs. 2 and 3 for electrons
and protons, respectively. Each colored curve is for a particle that
starts to be accelerated from the location denoted by a solid dot.
The curves in Figs. 2a, 3a and 2b, 3b are for the projections of
trajectories on the xz- and xy-plane, and the change in the energy
of several particles versus time is shown in Figs. 2c and 3c.

We note that electrons and protons basically move along the
magnetic field lines (Figs. 2a and 3a). The reconnection pro-
cess leads to the formation of two regions: open and closed field
lines. Thus, trajectories of electrons and protons have two differ-
ent forms: some electrons and protons on open field lines travel a
fairly long distance in the x-direction, oscillate in the z-direction,
and eventually leave the acceleration region; some particles are
trapped in closed magnetic features (O-points), and pass by the
X-points along the field lines at either side of the nearby O-points
several times (circulating in the xz-plane), as can be seen from
the zigzag orbits in Figs. 2b and 3b.

With the existence of the guide field, the accelerated particles
moving along open field are found to proceed along different di-
rections, such that electrons in the z > 0 semi-space have positive
vx components, and those that have negative vx components are
located in the z < 0 semi-space; while protons move in oppo-
site direction. On the other hand, the trapped particles circulate
in different directions around magnetic islands: electrons move
clockwise, and protons move anticlockwise. At the same time,
Figs. 2b and 3b show that the motion of energetic electrons is in
the positive y-direction, and energetic protons move in the nega-
tive y-direction. These motion characteristics signify the separa-
tion of electrons from protons over the scale of the current sheet
in the acceleration by the electric field.

On the other hand, the coalescence of two adjacent magnetic
islands leads to the secondary reconnection process, in which the
induced electric filed is opposite to the primary field that was in-
duced by the large-scale reconnection process. As particles en-
ter the secondary reconnection region, they are decelerated by
the secondary electric field. This means that when some parti-
cles enter and leave this region back and forth, they undergo a
bounce-back process and repeatedly gain and lose energy (see
the short trajectories in Figs. 2b and 3b and the oscillating curves
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in Figs. 2c and 3c), and the net energy gain of these particles is
finally not apparent. In an evolving background magnetic field,
we would expect some of these particles to become liberated
through the field line motions. However, because the accelera-
tion timescale is shorter than the MHD timescale, a reversible
bouncing process is in fact unlikely to occur on the acceleration
timescale. As described in Figs. 2b and 3b, some particles in cir-
cular orbits move a longer distance in the y-direction than those
that leave the current sheet along the field lines, which indicates
that these particles that are trapped by the magnetic islands ob-
tain more energy.
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3.2. Spectra of the particle energy

We now investigate the energy spectrum of electrons and protons
through calculating the final energy of these particles. With the
parameters as given before, the distribution of particle numbers
versus the final energy is shown as a double logarithmic plot in
Fig. 4. Apparently, both electrons and protons can be accelerated
to higher energies and possess a similar manifestation: most par-
ticles remain in the low-energy region, while a small group of
particles are accelerated to high energies. There are also notice-
able differences in the higher energy part, however, where the
spectrum does not show a single power-law profile. Instead, a
double power-law distribution is the common feature, and the
transition between the low- and high-energy parts is sharp. We fit
these profiles to double power-law spectra, with the two power-
law components with indices of γ1 = 1.86 (harder component)
and γ2 = 8.27 for electrons (softer component), and γ1 = 0.97
and γ2 = 7.04 for protons, respectively.

Figures 5a and 5b display the final energy of electrons and
protons versus time. The energetic particles either eventually
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leave the current sheet or are trapped in the acceleration region
longer than τe = 2600 or τp = 200 when the acceleration ends.
These two figures also show that almost 38% of electrons and
65% of protons leave the acceleration region before the end of
the calculation. This implies that protons leave the acceleration
region more easily than electrons. Of those that remain in the ac-
celeration region, 22% of all electrons and 18% of all protons are
thermal, and the remaining particles are eventually accelerated to
high energies, but they do not leave the current sheet when the
calculation stopped. The particles left in the acceleration region
obtain more energy.

The escaped particles underwent two phase stages: a rising
and a decaying phase. In the rising phase, the net acceleration
was dominant, which led to a final energy gain of some parti-
cles that apparently exceeded their initial energy. Many particles
quickly left the current sheet in this stage after the apparent en-
ergy gain. This shows that at this stage, the particles rapidly ob-
tained energy and were obviously accelerated. In the decaying
phase, on the other hand, deceleration became dominant. If the
particles remained inside the current sheet, they then moved in
the reversed electric field and were subject to deceleration, lost
a portion of their energy, and were delayed in escaping from the
acceleration region. The more they lost, the later they left. This
indicates that the time that the particles remain in the acceler-
ation region and the total energy that they eventually gain are
governed by the paths along which they move and the regions
in which they remain during the time that they are in the current
sheet.

From comparing Figs. 3–5, we see that some trapped par-
ticles can reach higher energies than those that escaped, there-
fore we understand that the higher energy component of the
power-law spectrum represents the particles that are trapped
in the magnetic islands, while the escaping and partly trapped
particles contribute to the lower energy component of the
spectrum.
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Observations showed that the double power-law spectral pro-
file also occurred in some flares (e.g., see Lin et al. 2003;
Holman et al. 2003). Turkmani et al. (2006) studied the particle
acceleration in a stochastic current sheet and obtained the dis-
tribution function of accelerated particles, which consists of a
clear double power-law pattern. The double power-law distribu-
tion apparently displays a knee-like feature that suggests a sud-
den drop in the number of high-energy particles, therefore two
power indices are deduced. Figure 4 shows that the correspond-
ing energy of the knee is about 583 keV and 2721 keV for the
electron and the proton, respectively. In our model, the physics
behind the double power-law could be related to the structure of
the magnetic field as shown in Figs. 2 and 3, such that particles
trapped and rotating around the magnetic islands have on aver-
age much higher energy; the guide field may also help the parti-
cle to remain longer in the acceleration region and obtain more
energy. The coexistence of the primary and secondary induced
electric fields may play an important role in not only acceler-
ating some particles to the near-relativistic speed to excite the
X-ray emission, but also in causing the trapped particles to are
differently displaced in y-direction and to obtain different ener-
gies, although they are accelerated in the same time interval. The
discrepancy between the manifestations of different energies in
electrons and protons is also observed, most likely as a result of
the difference in mass of the proton and the electron, which leads
to different acceleration processes for electrons and protons.
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Fig. 6. Variation in electron and proton en-
ergy spectra a)–f), spectrum indices γ1 and γ2
g, h, j, k), and the energy of the knee i, l) with
different guide fields. Corresponding ξ values
are shown in the panels.

3.3. Dependence of the energy spectrum on various
parameters

According to Eqs. (8) and (9), the energy obtained eventually
is determined jointly by the electric field, the magnetic field, and
combinations of the other parameters. To have a clearer and more
quantitative scenario for this dependence, we now separately in-
vestigate the effect of the guide field and the electric field, with
the other parameters fixed.

3.3.1. Effect of the guide field

We studied six cases with ξ increasing from 0 to 1, while the
other parameters Lth = 100 m, B0 = 10 G, and E0 = 5 V/cm
were fixed. The energy spectra of the accelerated particles are
plotted in Figs. 6a–f for electrons and protons, which show that
the energy spectra have the form of a double power-law spectrum
for both electrons and protons.

We note that the number of electrons that are accelerated to
high energies obviously increases with ξ, such that only about
2.7% of electrons are accelerated to energies >20 keV for ξ = 0,
while about 29% are accelerated for ξ = 1. On the other hand,
different from behaviors of the electrons, the acceleration rate of
the protons (>200 keV) is about 18.8%, and its dependence on
the guide field is not apparent.

Figure 6 also indicates that the maxima of the final energy
and the knee of the double power-law spectrum both vary with
ξ. The effect of ξ on these two fields for electrons is more ap-
parent than for protons. With the increase of ξ, the maximum
energy of the electrons increases from 100 keV to more than
700 keV. Correspondingly, the spectrum knee for electrons shifts
toward the higher energy as the guide field ranges from 0 to 1.
For the protons, on the other hand, the maximum energy remains
almost unchanged, and the spectrum knee changes slightly with
the guide field. This indicates that the effect of the guide field on
the proton acceleration is not apparent.

At the same time, we separately fit the spectrum profile to the
power-law curve according to the location of knee, and obtained
spectrum indices γ1 and γ2. The dependence of γ1 and γ2 on ξ
is displayed in Figs. 6g and h, and in Figs. 6j and k for electrons
and protons, respectively. For electrons, we note that the increase
in ξ not only causes the energy gain of the electrons to increase,
but it also causes a change in the energy spectrum indices of the
particles. It can be seen that index γ1 increases steadily with ξ
ranging from 0 to 1, but γ2 shows the opposite behavior. How-
ever, the dependence of the spectrum indices on ξ for the protons
is different, such that γ1 and γ2 manifest an oscillating behavior
in the range from 0.85 to 1 and from 6.8 to 7.1, respectively.
On the other hand, the relationship between the corresponding
energy of the knee and ξ is plotted in Fig. 6i for electrons. The
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Fig. 7. Energy spectra of electrons and pro-
tons for different values of the electric field
(a)–(d). Variations in the spectrum indices γ1
and γ2 (e)–(i) and the energy of the knee
(g),(j) versus the electric field for electrons
and protons, respectively.

energy of the knee moves toward the high energy regime as ξ
increases. The dependence of the knee on ξ for protons is plot-
ted in Fig. 6l, which shows that the variation in knee energy is
weakly related to ξ.

As described above, we have shown changes in the energy
spectrum of particles, spectrum indices, and the corresponding
energy of the knee versus the guide field. From Figs. 2 and 3,
particle trajectory calculations may provide some explanation
for the dependence of the particle acceleration on the guide field.
The stronger ξ yields that more electrons can remain in the cur-
rent sheet longer and obtain sufficient net acceleration before
they eventually leave the current sheet or at the end of calcu-
lation, hence the number of electrons accelerated to high ener-
gies and the maximum energy of the electron distinctly increases
with ξ. However, the mass of the protons is higher than that of
the electron, so that the proton acceleration is not sensitive to
the guide field. Therefore the total number and the maximum en-
ergy of the accelerated protons do not display an apparent change
with the strength of the guide field.

3.3.2. Effect of the electric field

The induced electric field in the reconnection process has a di-
rect influence on the particle energy gain. Since E0 changes, the
overall motion pattern of the particle and the final energy change
as well. Martens (1988) analyzed the effective resistivity in a re-
connection region, and gave an electric field strength of around
10 V/cm. On the other hand, Foukal & Behr (1995) calculated
an upper limit to the electric field in a particular flare of about
35 V/cm according to the Stark effect on broadening spectral
lines by the turbulent electric field, while the strongest electric
field so far reported is 45 V/cm (Xu et al. 2004). Therefore, it is
worth determining the effect of the induced electric field on the
dynamical properties of energetic particles.

With B0 = 10 G, ξ = 1, and Lth = 100 m, Figs. 7a–d show the
energy spectra for different values of the electric field. Not sur-
prisingly, electrons and protons can be accelerated to higher en-
ergies, and the knee of the double power-law curves also moves
to high energy as E0 increases (Figs. 7g and j). Thus, the frac-
tion of accelerated electrons from the thermal energy to energies
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≥20 keV at E0 = 1 V/cm is approximately 4.5%, and this frac-
tion increases to about 39.5% as E0 = 20 V/cm. The correspond-
ing fraction of the proton energy exceeding 200 keV changes
from 1.2% to 43%.

The spectrum indices γ1 and γ2 are also found to vary with
the electric field. In the case of an electric field of intermediate
strength (E0 = 1 V/cm), the indices γ1 and γ2 are 3.1 and 6.39 for
electrons and 1.44 and 4.12 for protons, respectively. In the case
of a strong electric field (E0 = 20 V/cm), γ1 tends to become
harder than the field in the weak E0, but γ2 shows an apparent
increase with E0. In other words, since E0 governs the overall
motion pattern of the particle, the decrease in E0 not only causes
the particle energy gain to reduce, but also causes a change in
hardness of the particle energy spectrum.

4. Discussions and conclusions

We here investigated the acceleration process of charged parti-
cles in a reconnecting current sheet where a guide field exists
and magnetic island coalescence occurs. Using the test-particle
method, we considered several properties of the accelerated par-
ticles, which include particle trajectories, the energy spectra, and
the dependence of these parameters on the guide field and the in-
duced electric field.

The trajectories of particles showed that some electrons and
protons circulate around the magnetic island (O-point), the oth-
ers in the open magnetic field travel a fairly long distance and
eventually leave the acceleration region. For protons and elec-
trons in an open magnetic field, different accelerated particles
leave the acceleration region along the different directions when
a guide field is present, as confirmed by laboratory experiments
(e.g., see Zhong et al. 2016). The trapped particles circulate
around different pitch angles in the magnetic island: the elec-
trons move clockwise, and the protons anticlockwise. This sug-
gests that the accelerated electrons and protons in reconnecting
current sheets separate.

Our results imply that the fine structures inside the sheet
are also governing features of the particle energy spectrum. We
found that these X- and O-points help some particles to become
trapped in the acceleration region for the maximum acceleration,
and they increase the efficiency of the acceleration significantly.
The final energy of the particles is proportional to the distance
they move in the direction E0. The resulting energy spectrum
of protons and electrons has the form of a double power-law
shape, and the softer part of the spectrum comes from the parti-
cles that are trapped in the magnetic islands, while escaping and
partly trapped particles contribute the harder component of the
spectrum.

We also investigated how parameters such as the guide field
and electric field affect the spectral profile: γ1 decreases with a
larger electric field E0, but γ2 increases with E0. With ξ ranging
from 0 to 1, we noted that the index γ1 of the electrons increases
steadily with ξ, while γ2 shows an apparent decrease with ξ; and
for the protons, both γ1 and γ2 show an oscillating behavior. On
the other hand, the acceleration rate of electrons increases with
larger E0 and ξ; while the acceleration rate of proton increases
sharply with E0, but the fraction of the accelerated protons re-
mains roughly unchanged with ξ.

As discussed by Wood & Neukirch (2005), a significant diffi-
culty in the study of particle acceleration is the problem of the to-
tal number of particles that are accelerated. The reason is that the
production rate of energetic particles is very low, which makes
it difficult it to have enough particles that are accelerated to high
energy. Recently, Krucker et al. (2010) showed that all electrons

in the above the loop-top source seem to be accelerated, suggest-
ing that all the electrons could be accelerated in the current sheet
by magnetic reconnection. Raymond (2012) also pointed out that
the acceleration must be very efficient, up to 50%, in terms of
the fraction of electrons in the reconnection region that undergo
acceleration. For the single X-point configuration, our previous
results indicated that the fraction of the accelerated protons and
electrons was much smaller than 10% (e.g., see Li & Lin 2012).
In the present work, the maximum acceleration rate could reach
up to 40%. This implies that small-scale structures in the recon-
nection region play an important role in enhancing the accelera-
tion efficiency.

Finally, we need to note here that the motion of protons and
electrons in different directions may produce an electric current
distribution that distorts the original magnetic field configura-
tion, and charge separation will generate an additional electric
field. This effect will partly eliminate the induced electric field
and affect the acceleration process, which is not considered in
this work. Because of the very short distance of the particle ac-
celeration in the coronal environment, the radiation loss is not
included in our calculations. Finally, it is also important to point
out that the electromagnetic field configuration considered here
is only a special case, and even somehow artificial. We might
not be able to describe the electromagnetic field inside the cur-
rent sheet in reality for the time being, in which the structure
of the electromagnetic field should possess much more complex
features and properties. The purpose of this work is to investigate
the effect of the internal structures of the current sheet on the par-
ticle acceleration process, including particle trajectory and en-
ergy spectra. We offer our results as an attempt to further our un-
derstanding of the particle acceleration during the multi-island
coalescence and the explosive energy release phenomenon. In
the future, we will consider the particle acceleration in an elec-
tromagnetic field that is produced through an MHD simulation
in a more self-consistent sense.
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