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Abstract. We investigate a new model of single-loop flare based on the fact that a magnetic flux tube with axial current can

be explosively disrupted during collision of two moving solitary magnetic kinks (MoSMaK), particularly paying attention to
an acceleration mechanism of high energy protons. By using three-dimensional electromagnetic fields obtained from a resistive
three-dimensional MHD equations during the single-loop flare, we investigate the orbit of many protons to obtain their energy
spectra. We found that the protons can be accelerated to γ-ray-emitting energies (>1 MeV) with double power-law spectra up to
about 25 MeV. There appears a breaking point of the index of the power-law spectra from 1.8 to 2.1 near 10 MeV. The protons
are accelerated mainly in one direction along the loop by the electric field produced near the three-dimensional localized current
associated with the magnetic reconnection process in the disrupted loop. We study the loop disruption for two diﬀerent plasma
beta in the center of the loop; β = 0.5 and β = 0.05. In a high beta case (β = 0.5), the disruption of the loop is more violent than
that of β = 0.05. We found that the proton acceleration for the case of β = 0.5 occurs mainly at two diﬀerent regions; one is
inside the loop and the other is in the upper part of the disrupting loop. However, the energy spectra of protons are very similar
for both cases.
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1. Introduction

flares, on the other hand, are spatially more extended and last
longer. As proposed by de Jager (1988) and Sakai & de Jager
(1991), there are three phases of acceleration in a fully developed eruptive/dynamic flare. The relevant observations regarding the first two phases are:

When energetic protons accelerated during impulsive flares
collide with solar atmosphere, they produce excited nuclei,
which emit prompt nuclear de-excitation lines, as well as
secondary neutrons and positrons that results in the delayed
(1) the acceleration times of electrons and protons to energies
2.223 MeV neutron-capture and 511 KeV positron-annihilation
of the order of one MeV are of the order of a second.
line emission. In most strong flare events the time profile of the (2) MeV protons are accelerated nearly simultaneously with
prompt gamma-ray line emission is observed to be very similar
MeV electrons.
to that of the bremsstrahlung hard X-rays emitted by energetic
electrons. This suggests that the acceleration and propagation Many theoretical works (Forman et al. 1986; Simnett 1995;
of the flare-accelerated protons and electrons are closely re- Sakai & de Jager 1996; Miller et al. 1997; Aschwanden 2002)
lated. The most typical event among them is the 1980 June 7 to explain the above observational requirements have been
flare observed by the SMM (Forrest & Chupp 1983), which done.
flare was explained by the current loop coalescence model
However, the location, size and geometry of the accel(Tajima et al. 1982; Sakai & Ohsawa 1987; Sakai & De Jager erated proton collision region remains unknown until now.
1996; Aschwanden 2002). Sakai & de Jager (1996) gave a re- Recent paper by Hurford et al. (2003) presents the first gammaview of the high-resolution observations of solar plasma loops ray images of a solar flare taken from the Reuven Ramaty
with simulations of current-carrying loops and tried to arrive High Energy Solar Spectroscopic Imager (RHESSI) for the
at the understanding of solar flare phenomena. In Chapter 7 X4.8 flare of 2002 July 23. The result shows that the cenin their review, they summarized the understanding of high- troid of the 2.223 MeV image was found to be displaced by
energy particle acceleration processes during and after solar 20 ± 6 arcsec from that of the 0.3–0.5 MeV, implying a difflares. There are two types of solar flares: Confined/Impulsive ference in acceleration and/or propagation between the accelerand Eruptive/Dynamic flares. Confined/Impulsive flares are ated electron and proton populations near the Sun. The fact that
spatially compact and as a fairly general rule they show im- proton-associated gamma-ray source does not coincide with
pulsive hard X-ray and/or microwave bursts. Eruptive/Dynamic the electron-bremsstrahlung sources suggests that the protons
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would be accelerated in one direction by the DC electric field
and could subsequently interact in spatially separated sources.
Therefore it is now important to investigate in details the proton
acceleration processes for diﬀerent types of flares.
Among Confined/impulsive flares single-loop flares occur
in a single loop. We consider single-loop flares an elementary case of the class of confined/impulsive flares. Alfvén
& Calqvist (1967), Spicer (1977), Colgate (1978), Uchida &
Shibata (1988), Zaitsev et al. (2000) proposed the flare energy
release in the frame of a simple loop. These models are divided
into two classes: (1) electric current dissipation models due to
micro-instabilities and (2) magnetic reconnection models in a
current loop. Recently Uchida et al. (2001) and Miyagoshi et al.
(2001) proposed that loop flares may be due to the transport
of energy and mass by torsional Alfvén waves, when two torsional Alfvén wave packets collide high in a coronal loop. Their
model is based on the observational evidence that before a loop
flare brightened the footpoints brightened first, then the bright
region moved up to the loop top.
Even though there are no clear observational evidences
showing the precursor phase of a solar flare, recent observation (Harra et al. 2001) showed nonthermal velocity increase
about ten minutes before the onset of a flare. Recent observations (Chae et al. 1999, 2000; Lee et al. 2000) also showed
that many flux tubes are in dynamical state with intermittent
plasma flows along the flux tubes. The magnetic fibrils also
have plasma flows confined in the flux tubes. Therefore we focus on the dynamics of magnetic flux tubes with plasma flows
along the tubes. The origin of intermittent plasma flows in the
flux tubes is not clear from the observations, but there are a few
theoretical predictions to drive plasma flows along the small
scale flux tubes.
To understand the dynamics of small-scale magnetic flux
tubes with a diameter of about 100 km in the supergranular
network, Furusawa & Sakai (2000) investigated the collision
process of two flux tubes and they showed that shock waves can
be excited from a region where two magnetic flux tubes with
weak electric current collide with each other. They also showed
that plasma up-flows are generated along the flux tubes, when
two magnetic flux tubes collide with X-type configuration. The
shock waves may in turn collide with other flux tubes. Sakai
et al. (2000) studied the interaction process between a magnetic flux tube with both weak current and strong current, and
shock waves. They found that when the shock wave collides
with a magnetic flux tube with weak electric current, surface
Alfvén waves can be generated and propagate along the flux
tube. However, when the shock wave collides with a magnetic
flux tube with strong current, body Alfvén waves can be generated and propagate along the flux tube. It was also shown
that when we take into account of the eﬀect of background
density inhomogeneity due to gravity, there occurs a strong
upward plasma jet along the flux tube as well as the surface
Alfvén waves.
Recently Sakai et al. (2002) investigated head-on and rearend collision process of dense plasma blobs moving along a
magnetic flux tube with axial current, by using a resistive 3D MHD code. They found a new nonlinear elementary excitation called “moving solitary magnetic kink” (MoSMaK)

that can be excited near the interface of colliding plasma
blobs. The MoSMaK is characterized with an isolated magnetic flux ring and a pair of counter-rotating vortex rings.
They studied the collision process of two MoSMaKs along a
straight magnetic flux tube. It was shown that a twisted magnetic flux tube can be explosively disrupted during the collision of two MoSMaK’s, resulting in strong emission of magnetosonic waves. They also investigated the interaction process of two current loops with the MoSMaKs. The two loop
interaction can be enhanced through the collision process of
the MoSMaK. Sakai et al. (2003) also investigated rear-end
collision process of dense plasma blobs moving along a magnetic flux tube with very weak axial current, by using a resistive 3-D MHD code. They found another new nonlinear elementary excitation called “moving solitary magnetic sausage”
(MoSMaS). They proposed a new mechanism of formation of
sporadic plasma jet from a disrupting magnetic flux tube during
collision of two MoSMaSs.
Sakai (1990) showed that, during 3D X-type current loop
coalescence and under suitable assumptions of the size and
other physical parameters in the region of acceleration, protons and electrons may be accelerated promptly (i.e., within
less than 1 s) to ≈100 GeV and ≈100 MeV, respectively.
De Jager & Sakai (1991) showed that the duration of impulsive phase bursts (5–25 s) observed during the impulsive phases
of flares can be explained quantitatively by the mechanism
of X-type current-loop coalescence. Sakai (1992) developed a
model for long-duration gamma-ray/proton flares (the “gradual GR/P flares”) in order to explain prompt proton and electron acceleration during the impulsive phase. He determined
the electric fields during the implosion phase of the current
sheet from the MHD equations, and investigated the motion of
test protons and electrons. Results showed that, under reasonable assumptions of the size and velocities in the reconnection
area, both protons and electrons can be accelerated promptly
within 1 s to ∼70 MeV and ∼200 MeV, respectively. However,
the above previous works did not give the energy spectrum of
accelerated particles. In the first phase of acceleration, current
loop coalescence is one of the most plausible models of solar flares. Although triggering mechanisms of most of complex flares are still puzzling so far, several examples of solar
flares triggered by current loop coalescence were observed by
Yohkoh (see for the review, Sakai & de Jager 1996). In the
case of partial reconnection of kink-unstable loops coalescence
(Nishikawa et al. 1994), it seems that electrons can be promptly
accelerated to relativistic energies, while the problem of proton
acceleration has not been investigated because of limitation of
full proton dynamics by using a particle simulation model.
Bulanov (1980) first showed the energy spectrum of accelerated particles in the simple X-type configuration near the reconnection region, which is given by f (E) ∼ Exp(−(E/E0)3/4 )
for E  mc2 . Deeg et al. (1991) investigated the same problem by using numerical simulation. Their results were in good
agreement with the theory by Bulanov (1980). Nocera et al.
(1996) investigated chaotic behavior of a particle motion in the
same field configuration.
Mori et al. (1998) investigated the behavior of protons
near an X-type magnetic reconnection region by numerical
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simulations. The magnetic field is taken to be hyperbolic and
time stationary with a uniform electric field perpendicular to
the magnetic field. They also studied the eﬀects of the magnetic
field along the uniform electric field. They found from many
parametric runs that the energy spectrum of accelerated protons
near an X-type magnetic reconnection region is universal with
a power-law spectrum E −γ , where the power-law index γ is
about 2.0–2.2. The acceleration time of protons with the energy
range of 1–20 MeV is very rapid and within ∼102 ω−1
ci which is
much less than 1 s for solar flare plasmas. Heerikhuisen et al.
(2002) and Craig et al. (2002) investigated the proton dynamics
under a self-consistent MHD reconnection solution and found
that the proton energy spectra approximates a power law E −1.5
nonrelativistically, but steepens slightly at the higher energies.
Hamilton et al. (2003) studied the proton energy spectra under the model fields obtained from solutions of the linearized
MHD equations for reconnecting region. They showed that
some cases the energy distributions exhibit a bump-on-tail in
the MeV range.
In this paper we investigate a new model of single-loop flare
based on the fact that a magnetic flux tube with axial current
can be explosively disrupted during collision of two moving
solitary magnetic kinks (MoSMaK), particularly paying attention to an acceleration mechanism of high energy protons. By
using three-dimensional electromagnetic fields obtained from a
resistive three-dimensional MHD equations during the singleloop flare, we investigate the orbit of many protons to obtain their energy spectra. We found that the protons can be
accelerated to γ-ray-emitting energies (>1 MeV) with double
power-law spectra. The protons are accelerated mainly in one
direction along the loop by the electric field produced near the
three-dimensional localized current associated with the magnetic reconnection process in the disrupted loop. We study the
loop disruption for two diﬀerent plasma beta in the center of
the loop; β = 0.5 and β = 0.05. In a high beta case (β = 0.5), the
disruption of the loop is more violent than that of β = 0.05. We
found that the proton acceleration for the case of β = 0.5 occurs mainly at two diﬀerent regions; one is inside the loop and
the other is in the upper part of the disrupting loop. However,
the energy spectra of protons are very similar for both cases.
In Sect. 2 we present our methods to obtain the proton energy spectra during the single-loop flare. In Sect. 3 we briefly
review our model of the single-loop flare during collision of
two MoSMaKs obtained from a resistive MHD equation. In
Sect. 4 we investigate many proton orbits under the electromagnetic fields during the collision of two MoSMaKs to find
their energy spectra. In final section we summarize our results.

2. Method of simulation
In this section we describe two methods of simulation to obtain the energy spectra of the protons accelerated in a singleloop disrupted during collision of two MoSMaks. Firstly we
present briefly a model of a single-loop flare by using a threedimensional resistive MHD simulation to obtain the electromagnetic fields during the disruption of the loop. Next we
present the simulation method to obtain the orbits of many
protons under the electromagnetic fields obtained from the
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MHD simulation. The validity of the second test proton simulation implies that nonthermal proton population accelerated
under the MHD electromagnetic fields is small compared with
the background thermal population sustaining the MHD fields.

2.1. Resistive MHD simulation
A resistive 3-D MHD code with recently proposed Artificial
Wind (AW) numerical scheme (Sokolov et al. 1999) with splitting over the spatial coordinates is employed. The basis of the
AW scheme is the fact that fundamental physical invariance,
Galilean (or more general, Lorenz) invariance, allows to solve
the governing equation in diﬀerent steadily moving frame. The
principle of the AW scheme is that the frame of reference
may be chosen in such a way that the flow under simulation
is supersonic there. The problem of upwinding becomes trivial
and considerably facilitated versions of discontinuity-capturing
schemes may be employed. An extra velocity (Artificial Wind)
is added to the velocity of the flow under simulation when the
system of coordinates is changed.
The MHD equations are numerically solved in a conservative form as follows:
∂
∂ρ
(ρVi ) = 0,
(1)
+
∂t ∂xi



∂ (ρVi )
∂ 
+
ρVi V j + p + B2 δi j − 2Bi B j = 0,
∂t
∂x j

(2)


∂ 
1 ∂ 2 Bi
∂Bi
+
,
V j Bi − Vi B j =
∂t
∂x j
Rm ∂x2j

(3)



∂ ρV 2
p
2
+
+B +
∂t 2
γ−1
  2


ρV
∂
γp
2
+
+ 2B − 2Bi B j V j + qi = 0, (4)
Vi
∂xi
2
γ−1
where, ρ, Vi , p and Bi are the density, velocity, pressure, and
magnetic field, γ is the adiabatic constant, which is taken to be
γ = 5/3, Rm is the magnetic Reynolds number, δi j is a unity
tensor and qi is a dissipative energy flux. The density, pressure,
velocity and magnetic field are normalized by ρ0 , p0 , p0 /ρ0
and B0 = 8πp0 , respectively.
For resistive MHD with a large but finite value of Rm the
energy equation Eq. (4) should be obtained as a sum of the
equation for plasma energy, in which the Joule heating term is
2
present as follows: (crotB)
and the equation for magnetic en(4π)2 σ
ergy which is given by the Eq. (4) multiplied by the magnetic
field Bi /(4π), all the variables are not normalized here and σ
is a conductivity. The dissipation of the magnetic field energy
c2
is hence given by the term as follows: (4π)
2 σ Bi ∆Bi . So in the
Eq. (4) for the total energy the Joule heating is compensated by
the magnetic energy dissipation in a following way:

c2 
c2
2
(rotB)
∆B
+
B
div [B × rotB] .
=
i
i
(4π)2σ
(4π)2σ

(5)

So the resistive dissipation in the equation of energy in present
only in a form of the additional dissipative energy flux, which,
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in normalized variables, may be written as follows: q(m)
= (3) another half electric acceleration: unew = u1 + qEδt/2m.
i
−1 ∂
2
Rm ∂x j (2Bi B j − B δi j ). The dissipative energy flux due to heat
This method produces a rotation through angle
transfer may be also taken into account in a usual form: q(h)
i =
λi j ∂x∂ j ρp . For the sake of simplicity here we fully neglect the θ = 2 arctan qB δt ·
(10)
m 2
non-diagonal part of dissipative energy transfer tensor and substitute all the tensors in qi for unity tensors: Bi B j = B2 δi j /3, The diﬀerence of θ to ωci δt = qBδt/m is less than one percent
λi j = λll δi j /3. The numerical simulation shows that the influ- error for ωci δt < 0.35. We can obtain highly accurate resolution
ence of the dissipative energy flux is insignificant, so we do not even without taking very small time steps.
try to take it more carefully into account. Finally we admit the
In the simulation domain protons are uniformly distributed,
dissipative hydrodynamic flux to be as follows:
hence the number density of particles is one per cell. The initial


velocity distribution function for protons is Maxwellian with
∂
p
B2
−λ ·
−
qi =
(6) the thermal velocity vth = 0.1 VA . The simulation time step is
∂xi 3Rm
ρ
ωci δt = 0.05. The boundary conditions for protons are open in
The magnetic Reynolds number Rm = 1.3 × 103 and the all three directions.
heat transfer constant λ = 2.5 × 10−4 are used in simulation.
Radiating boundary conditions were used for all directions.
3. A model of a single-loop flare

2.2. Simulation of proton dynamics
By using the electromagnetic fields obtained from the resistive
MHD equations, we investigate many proton orbits to obtain
the energy spectra of protons. The normalized relativistic equations of the motion of a proton is given by
du
u×B
= E+
,
dt
Γ
dx Ru
=
,
dt
Γ

(7)
(8)

where the proton velocity u = Γ−1 u, the electric field E, and the
magnetic field B are normalized by Alfvén velocity VA , E0 =
VA B0 /c, and B0 , respectively. The time is normalized by the
proton cyclotron frequency ωci , and the length is normalized
by the loop diameter (a), respectively. The Lorentz factor Γ is
1/2
given by Γ = (1 + A2 u2 ) , where A = VA /c. The parameter R
in Eq. (8) is defined by R = VA /(ωci a). In the next simulation
we take A = 1/300 and R = 10−8 −10−6 .
To advance particle under the guidance of electric and magnetic fields through solving the motion equation numerically,
we desire a centered-diﬀerence form of the Newton-Lorentz
equations of motions (Buneman 1993; Birdsall & Langdon
1991), where we use the un-normalised equation to make the
stability condition clear, namely



qδt
1  new
new
old
old
×B ,
(9)
u −u =
E+
u +u
m
2Γ
where q is the charge of a particle, m is the mass of a particle,
and δt is the calculate time step, respectively. As it stands, the
equation for unew is implicit. We choose the method proposed
by Boris (1970) to obtain a simpler explicit solution using several steps as the following.
(1) half an electric acceleration: u0 = uold + qEδt/2m,
(2) a pure magnetic rotation:
u1 = u0 + 2

u0 + u0 × b0
× b0
1 + b20

where b0 = qBδt/2mΓ,

In this section we briefly summarize the concept of a “moving
solitary magnetic kink” (MoSMaK) that was found from 3-D
MHD simulation (Sakai et al. 2002). We investigate head-on
collision process of two plasma blobs in a magnetic flux tube
along the y-axis. The axial current strength along the magnetic flux tube is characterized by a parameter q called as twist
parameter.
The MoSMaK can be excited near the interface of the collision of two plasma blobs in a magnetic flux tube with axial
current(q ≥ 0.7), while in a magnetic flux tube with very weak
axial current like q = 0.1 another nonlinear elementary excitation called as a “moving solitary magnetic sausage” (MoSMaS)
(Sakai et al. 2003) can be excited. The MoSMaK is characterized as an isolated magnetic flux (toroidal magnetic flux) with
a ring structure, accompanying a pair of counter-rotating vortex rings. We find a standing solitary magnetic kink that appears near the interface of two plasma blobs when the two
plasma blobs collide with the same velocity. We investigated
the rear-end collision process of two plasma blobs where one
plasma blobs remains at rest. We also found the formation of
the MoSMaK. Therefore, the concept of the MoSMaK is important for understanding the dynamics of magnetic flux tubes
with non-stationary plasma flows frequently observed in the
flux tubes of solar plasmas.
Next we investigate the collision process of two MoSMaKs
propagating along a bent magnetic flux tube (Sakai et al. 2002).
Sakai et al. (2002) showed that during the collision process of
two MoSMaKs about 20% of the magnetic field energy can
be converted to the plasma heating as well as the expanding
plasma kinetic energy. In Fig. 1a we show a schematic picture
of a single loop flare that is triggered during collision of two
moving solitary magnetic kinks (MoSMaKs) excited at the collision fronts between upflows and loop plasma. In Fig. 1b we
show the simulation region and coordinate system.
In this section we present the simulation results of two
cases of the plasma beta in the center of the loop: one is
β = 0.5 and the other case is β = 0.05 to obtain the electromagnetic fields by using the resistive MHD equations. Here
we take a long system size in the z-direction as Nz = 300 and
N x = Ny = 200, where N x , Ny and Nz are the number of grid
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Collision of Two MoSMaKs

Excitation of MoSMaK

Simulation
region
upflow

upflow

z

0.7Cs

0.8Cs
y

x

(a)

(b)

Fig. 1. a) Schematic picture of a single loop flare that is triggered during collision of two moving solitary magnetic kinks (MoSMaKs) excited
at the collision fronts between upflows and loop plasma. b) Simulation region and coordinate system.

points in the x-, y- and z-direction, respectively. The magnetic
flux tube is assumed to be in an equilibrium state (p = J ×
B/c), in which the magnetic field and pressure are given as
B x = qBy (z − zc ) /a,

(a)

(b)

z

(11)

r 2

By = −B0 e−( a ) ,

(12)

Bz = −qBy (x − xc ) /a,
 2

r 2
q
q2 r 2
p=
− 2 − 1 e−2( a ) + p00 ,
2
a

(13)
(14)

where r = (x − xc )2 + (z − zc )2 . The center of the flux tube
is placed at (xc , zc ) = (100, 100) and the radius is a = 20. The
twist parameter q is set to 1.0 and for B0 = 1.0. p00 is taken
as p00 = 1.0 for β = 0.5 and p00 = 0.55 for β = 0.05, respectively. The axial current flows in the positive y-direction.
The two MoSMaKs are excited due to rear-end collision near
at y = 50 and y = 150, where the plasma in the flux tube between y = 70 and y = 130 is initially assumed at rest. We also
take into account the density gradient in the z-direction. To consider a slightly bent magnetic flux tube, we impose the up-flow
in the z-direction. The density and velocity associated with two
plasma blobs are given as follows,
y − y1 
ρ = p + 0.5ρc 1 − tanh
3
y − y2  −( r )2 +50e− 100z
e 10
+0.5ρc 1 + tanh
,
(15)
3
V x = 0,
(16)
y − y1 
3
y − y2  −( r )2
e 10 ,
1 + tanh
3

0

y
x

5τA

(c)

25τA

15τA

(d)

45τA

Fig. 2. The time evolution of the isosurface of total magnetic field intensity with | B | = 0.3 during collision of two MoSMaKs for β = 0.5
at four diﬀerent times: a) just before the collision, b) just after the
collision, c) and d) disruption of a loop.

Vy = 0.4Vy1 1 − tanh
−0.5Vy2
2

Vz = 0.4e−( 20 ) e−
r

 y−100 4
100

,

(17)
(18)

where y1 = 50, y2 = 150, ρc = 10, and Vy1 = 0.8Cs , and
Vy2 = 0.7Cs .
In Fig. 2 we present the time evolution of the isosurface of
total magnetic field intensity with | B | = 0.3 during collision

of two MoSMaKs for β = 0.5 at four diﬀerent times: (a) at 5 τA
(just before the collision), (b) at 15 τA (just after the collision),
(c) at 25 τA and (d) at 45 τA (disruption phase of a loop). In
Fig. 3 we present the time evolution of the isosurface of total
magnetic field intensity with | B | = 0.3 during collision of
two MoSMaKs for β = 0.05 at four diﬀerent times: (a) at 5 τA
(just before the collision), (b) at 15 τA (just after the collision),
(c) at 25 τA and (d) at 45 τA (disruption phase of a loop).
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(a)

(b)

y
5τA

(c)

25τA

15τA

(d)

45τA

Fig. 3. The time evolution of the isosurface of total magnetic field intensity with | B | = 0.3 during collision of two MoSMaKs for β = 0.05
at four diﬀerent times: a) just before the collision, b) just after the
collision, c) and d) disruption of a loop.

The overall dynamics of the loop disruption during the collision of two MoSMaKs seems to be quite similar for both cases.
However, the disruption of the loop for β = 0.5 is more violent
than for β = 0.05. The generated electric field intensity after the
disruption becomes more stronger than just after the collision.
We mention here that for the high plasma beta case like
β = 0.5, ballooning instability could be more important than
kink one, especially for a more curved loop than the present
case.

4. Proton dynamics and its energy spectra
To find which time phase after the disruption the protons can
be eﬀectively accelerated, we present the the proton energy
spectra at three diﬀerent time steps after the collision of two
MoSMaKs. In Fig. 4a the proton energy spectra for β = 0.5
are shown at three diﬀerent times; at (1) 15 τA (dotted line),
(2) 25 τA (solid line) and (3) 45 τA (dashed line), while in
Fig. 4b the proton energy spectra for β = 0.05 are shown at
three diﬀerent times, at (1) 15 τA (dotted line), (2) 25 τA (solid
line) and (3) 45 τA (dashed line), where the horizontal axis is
E = (V x 2 +Vy 2 +Vz 2 )/VA 2 . All proton spectra in Fig. 4 are taken
at at ωci t = 1500. As seen in Fig. 4, the protons can be accelerated most eﬀectively at 25 τA . As shown in Fig. 5, the energy spectra of the protons at ωci t = 1500 are characterized by

log10f(E)

x

5
4
3 (1) (2) (3)
2
1
0
0
1

(a)

2

log10E

3

4

(b)

2

log10E

3

4

Fig. 4. a) Proton energy spectra at three diﬀerent times, at (1) 15 τA
(dotted line), (2) 25 τA (solid line) and (3) 45 τA (dashed line) for
β = 0.5. b) Proton energy spectra at three diﬀerent times, at (1) 15 τA
(dotted line), (2) 25 τA (solid line) and (3) 45 τA (dashed line) for
β = 0.05. E = (V x 2 + Vy 2 + Vz 2 )/VA 2 .

log10f(E)

0

log10f(E)

z

5
4 (1)
(2)
3
(3)
2
1
0
0
1

4
3
2
1
0

(1)
(2)

E-1.8
E-2.1

0

1

2
log10E

3

4

Fig. 5. Proton energy spectra at ωci t = 1500, showing double power
law whose index is about 1.8 and 2.1 (1) for β = 0.05 (dotted line) and
(2) for β = 0.5 (solid line).

double power law whose index is about 1.8 and 2.1 for both
cases of β = 0.05 (dotted line) and β = 0.5 (solid line). Since
the aim of this study is to investigate the acceleration of protons in a single-loop solar flare, we establish physical links between the scaling of the basic parameters in the simulations
and solar flare conditions. As the initial given value of A =
VA /c = 1/300, the Alfvén velocity is about 1000 km s−1 . Also,
the proton thermal velocity is assumed to be equal to 0.1 VA , or
100 km s−1 , which corresponds to the ∼100 eV ambient protons. The maximum proton energy is about 25 MeV. There
appears a breaking point of the index from 1.8 to 2.1 near
10 MeV. The acceleration time ωci t = 1500 of the protons is
about 10−3 s and quite rapid compared with the MHD time
scale τA = a/VA = 10 s, if we take an ion-cyclotron frequency of 1.34 × 106 rad/s for a magnetic field of 140 G and
a = 109 cm.

log10f
log10f

Next we investigate the mechanism of the protons for the
case of β = 0.05. In Fig. 6 we present the proton velocity distribution functions of three directions for β = 0.05. The dotted curves show at ωci t = 0 , while the solid curves show at
ωci t = 1500. As seen in Figs. 6a and 6c, the velocity distributions are almost isotropic, while in the y-direction, as seen
in Fig. 6b the velocity distribution is asymmetric and the protons are accelerated mainly in positive y-direction. To understand the reason why the protons are accelerated in positive
y-direction, in Fig. 7 we show the spatial distributions (gray
scale) in the x − z plane on y = 70 of three components of
magnetic field; B x (Fig. 7a), By (Fig. 7b) and Bz (Fig. 7c at
25 τA for β = 0.05. The contour of the electric field intensity with Ey = 0.05 is overplotted on the above figures. The
region where the electric field Ey is strong coincides with the
region where the magnetic field By is oriented in negative ydirection as seen in Fig. 7b. As seen in Figs. 7a and 7b, the
region with strong Ey coincides with the region where both B x
and Bz reverse their sign. This means that the strong Ey region
corresponds to the region where the current Jy is localized and
the magnetic reconnection occurs. From the electric and magnetic field data near the region where the current Jy is formed,
we can calculate the angle between the magnetic field line and
electric field Ey as θ = cos−1 ((Ey · B)/ | Ey || B |), that gives
θ = 14◦ . Therefore we conclude that the magnetic field lines
are almost parallel to the electric field Ey in this region.
In order to confirm the region of the proton acceleration by
the electric field Ey , in Fig. 8a we present the spatial distribution of the electric field Ey in the x − z plane on y = 70 at
25 τA and in Fig. 8b we present the spatial distribution of the
electric field Ey in the y − z plane on x = 100 at 25 τA for
β = 0.05. The regions of dotted circle show that the electric
field Ey is strongest. In Fig. 8c the phase diagram of protons in
the x − Vy plane at ωci t = 1500 is shown, while in Fig. 8d the
phase diagram of protons in the y − Vy plane at ωci t = 1500
is shown. From the comparison between Figs. 8a and 8c, we
find that the protons located near x = 100 can be eﬀectively
accelerated to positive y-direction due to the strong electric
field Ey . This is the reason that as seen in Fig. 6b, the velocity distribution in the y-direction is asymmetric and the protons
are accelerated mainly in positive y-direction. From Fig. 8d,
we find that there exists another region that the protons can be
eﬀectively accelerated near y = 140 along the loop where the
electric field Ey is strong in the positive y-direction as seen in
Fig. 8b. Therefore we conclude that the high-energy protons for
the case of β = 0.05 can be produced mainly by locally strong
electric field Ey along the loop that is generated associated with
the local magnetic reconnection process.
We investigate the proton acceleration for the case of β =
0.5, by comparing the case of β = 0.05. In Figs. 9a and 9b we
show the phase diagram of protons in the z − Vy plane at ωci t =
1500 for β = 0.05 and for β = 0.5, respectively. The region of
dot-dashed circle in Fig. 9b shows that protons located around
z = 130 near the upper part of the disrupted loop are accelerated
mainly in the positive y-direction up to Vy = 25 VA only for
β = 0.5. To understand the proton acceleration in the upper part
for β = 0.5, in Figs. 9c and 9d we show the spatial distribution
of the electric field Ey in the x − y plane on z = 130 at 25 τA

log10f

J. I. Sakai and A. Kakimoto: Proton acceleration in a single-loop

5
4
3
2
1
0
-100

5
4
3
2
1
0
-100

5
4
3
2
1
0
-100

339

(a)

-50

0
Vx/VA

50

100

(b)

-50

0
Vy/VA

50

100

(c)

-50

0
Vz/VA

50

100

Fig. 6. Proton velocity distribution functions of a) the x-direction,
b) y-direction, and c) z-direction for β = 0.05. Dotted curves show
at ωci t = 0 , while solid curves show at ωci t = 1500.

for β = 0.05 and β = 0.5, respectively. In Figs. 9e and 9f, we
also show the phase diagram of protons in the x − Vy plane at
ωci t = 1500 for β = 0.05 and for β = 0.5, respectively. The
solid circles and dotted circles in Figs. 9d and 9f correspond
each other. From the comparison of these regions we conclude
that the protons located near the upper part of the disrupted
loop for β = 0.5 can be eﬀectively accelerated due to locally
strong electric field Ey . The reason why the elecctric field near
the upper part of the disrupted loop becomes strong is due to
the fact that the loop with β = 0.5 can be strongly deformed to
the upper part as well as inside the loop, therefore there occur
current sheets where magnetic reconnection is possible.
Finally we present simulation results of two cases with
the symmetric collision velocity (0.7Cs ) and with the collision
cross-section smaller than the present case, to see how the final proton acceleration is aﬀected by the colliding states. In
Fig. 10 we show the comparison of the proton energy spectrum (a) and three components (b)–(d) of the proton velocity distribution functions at ωci t = 1500 between (1) solid
lines: the present case with unsymmetric collision velocities
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Fig. 7. Spatial distributions (gray scale) in the x − z plane on y = 70 of three components of magnetic field a) B x . b) By and c) Bz at 25 τA for
β = 0.05. The contour of the electric field intensity with Ey = 0.05 is overplotted.

of 0.7Cs and 0.8Cs , (2) dotted lines: symmetric collision velocity of 0.7Cs and (3) dashed lines: unsymmetric collision velocities of 0.7Cs and 0.8Cs and with the collision cross-section
smaller than the cases of (1) and (2). The collision cross-secton
of the case (3) that the centers of colliding clouds are located at
x = 105, z = 50 for the cloud with 0.8Cs and at x = 95, z = 50
for the cloud with 0.7Cs becomes smaller with about a half
cross-section than the present case. As seen in Fig. 10a, the
proton energy spectrum are almost same for symmetric and
unsymmetric cloud collision. As the collision cross-section
becomes smaller for the case (3), the number of accelerated
protons becomes slightly decreased compared with other two
cases, as seen in Figs. 10a and 10d. As seen in Fig. 10c, the
protons are accelerated dominantly in the positive y-direction
for three cases. Therefore we conclude that the one-direction
acceleration along the flux tube for protons is not aﬀected by
above collision parameters such as the collision velocity and
the collision cross-section.

5. Discussion and conclusions
We investigated a new model of single-loop flare based on
the fact that a magnetic flux tube with axial current can be
explosively disrupted during collision of two moving solitary
magnetic kinks (MoSMaK), particularly paying attention to
an acceleration mechanism of high energy protons. By using
three-dimensional electromagnetic fields obtained from a resistive three-dimensional MHD equations during the single-loop
flare, we investigated the orbit of many protons to obtain their
energy spectra. We found that the protons can be accelerated
to γ-ray-emitting energies (>1 MeV) with double power-law
spectra up to about 25 MeV. There appears a breaking point
of the index of the power-law spectra from 1.8 to 2.1 near
10 MeV. The acceleration time ωci t = 1500 of the protons is
about 10−3 s and quite rapid compared with the MHD time
scale τA = a/VA = 10 s, if we take an ion-cyclotron frequency of 1.34 × 106 rad/s for a magnetic field of 140 G and
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Fig. 8. a) Spatial distribution of the electric field Ey in the x − z plane on y = 70 at 25 τA for β = 0.05. b) Spatial distribution of the electric
field Ey in the y − z plane on x = 100 at 25 τA for β = 0.05. The regions of dotted circle show that the electric field Ey is strongest. c) The phase
diagram of protons in the x − Vy plane at ωci t = 1500. d) The phase diagram of protons in the y − Vy plane at ωci t = 1500.

a = 109 cm.The protons are accelerated mainly in one direction along the loop by the electric field produced near the threedimensional localized current associated with the magnetic reconnection process in the disrupted loop. We studied the loop
disruption for two diﬀerent plasma beta in the center of the
loop; β = 0.5 and β = 0.05. In a high beta case (β = 0.5), the
disruption of the loop is more violent than that of β = 0.05. We
found that the proton acceleration for the case of β = 0.5 occurs mainly at two diﬀerent regions; one is inside the loop and
the other is in the upper part of the disrupting loop. However,
the energy spectra of protons are very similar for both cases.
As shown by Hurford et al. (2003) from the first
gamma-ray images of a solar flare taken from the Reuven
Ramaty High Energy Solar Spectroscopic Imager (RHESSI)
for the X4.8 flare of 2002 July 23, the fact that protonassociated gamma-ray source does not coincide with the
electron-bremsstrahlung sources suggests that the protons
would be accelerated in one direction by the DC electric field
and could subsequently interact in spatially separated sources.
One of possible scenario to explain the above recent observation is as follows. The single loop with high-beta like β = 0.5 in
the center of the loop is supposed to be disrupted by the present
mechanism, then the disrupted part of the loop with high

energy protons as well as hot thermalized protons could move
up and then interact with overlying other loop or magnetic arcade structure. The interaction between the ascending magnetized plasma blobs and other loop can lead to magnetic reconnection in the interaction region as discussed by Sakai et al.
(1995), where the proton could be accelerated more by the inductive electric field associated with the magnetic reconnection
mostly in one direction along the guiding magnetic field.
We compare our results with some observations of solar
flares. Van Hollebeke et al. (1975) reported proton spectra,
summarizing 185 solar proton events observed from IMP-4
and IMP-5 experimental data. They showed that these proton spectra approximately follow a power-law function in the
20–80 MeV range. The power-law index varies with time during a flare. The spectra also vary from flare to flare. Flares located away from the magnetically connecting the Earth and the
Sun exhibit steeper spectra. For flares located at helio-longitude
W 20–80, the power-law index determined at the time of maximum particle intensity is thought to be representative of the
source spectra. The power-law index is modified by the propagation eﬀect at other times. For 32 flares located at W 20–80,
the power-law index in the 20–80 MeV range was shown
by them. They gave seven events (7/32 = 22%) showing the
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Fig. 9. a) The phase diagram of protons in the z − Vy plane for β = 0.05 at ωci t = 1500. b) The phase diagram of protons in the z − Vy plane for
β = 0.5 at ωci t = 1500. The region of dot-dashed circle shows that protons located near upper part of disrupted loop are accelerated for β = 0.5.
c) Spatial distribution of the electric field Ey in the x − y plane on z = 130 at 25 τA for β = 0.05. d) Spatial distribution of the electric field Ey
in the x − y plane on z = 130 at 25 τA for β = 0.5. e) The phase diagram of protons in the x − Vy plane for β = 0.05 at ωci t = 1500. f) The phase
diagram of protons in the x − Vy plane for β = 0.5 at ωci t = 1500. Solid circles and dotted circles in d) and f) correspond each other.

spectral index of 1.8–2.2, which agrees with the present simulation result. Other events (78%) have the index in the range
of 2.2–3.2, in which nine events show the index of 2.6–2.8.
Proton spectra in the energy range of 10–100 MeV can
be derived from the ratio between 2.22 MeV (neutron capture
line) to C and O de-excitation line fluorescence, which is the
time-integrated flux. Ramaty et al. (1993) calculated the proton
spectra using this method. Their conclusion is that most of the
spectral indices are in the range of 3.0–4.6, which are harder
than the present simulation result. Therefore we still need further investigations to understand fully the proton acceleration
mechanism(s) in the impulsive phase of solar flares.
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