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ABSTRACT

Context. We investigate the nonlinear evolution of the electron distribution in the presence of the strong inductive electric field in the
reconnecting current sheets (RCS) of solar flares.
Aims. We aim to study the characteristics of nonthermal electron-beam plasma instability and its influence on electron acceleration in
RCS.
Methods. Including the external inductive field, the one-dimensional Vlasov simulation is performed with a realistic mass ratio for
the first time.
Results. Our principal findings are as follows: 1) the Buneman instability can be quickly excited on the timescale of 10−7 s for
the typical parameters of solar flares. After saturation, the beam-plasma instabilities are excited due to the non-Maxwellian electron
distribution; 2) the final velocity of the electrons trapped by these waves is of the same order as the phase speed of the waves, while
the untrapped electrons continue to be accelerated; 3) the inferred anomalous resistance of the current sheet and the energy conversion
rate are basically of the same order as those previously estimated, e.g., “the analysis of Martens”.
Conclusions. The Buneman instability is excited on the timescale of 10−7 s and the wave-particle resonant interaction limits the
low-energy electrons to be further accelerated in RCS.
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1. Introduction
In solar flares, the nonthermal electrons often contain about
10–50% of the total released energy (Lin & Hudson 1976;
Dennis et al. 2003; Lin et al. 2003). These electrons generate the
observed hard X-ray (HXR) bremsstrahlung as they lose most
of their energy by coulomb collisions in the lower corona and
chromosphere. Their distribution inferred from HXR emission
is well described by a power law with a low-energy cutoﬀ in
the range of 20–40 keV (Brown 1971; Dennis 1985; Benka &
Holman 1994; Holman 2003; Miller et al. 1997; Aschwanden
2002; Sui et al. 2004). The total HXR flux has been found to exhibit a temporal correlation with both the HXR source separation
speed and the reconnection rate, i.e., the induced electric field
strength. It may be calculated from the flare ribbon separation
speed and the photosphere magnetic field, and may reach about
1–10 V cm−1 (Poletto & Kopp 1986; Lin et al. 2003; Forbes &
Lin 2000; Qiu et al. 2002; Jing et al. 2005).
In the externally driven reconnecting current sheet (RCS),
numerous theoretical investigations have been devoted to the
study of electron acceleration in the presence of super-Dreicer
electric field in solar flares, using test particle simulations
(Speiser 1965; Martens & Young 1990; Litvinenko 1996, 2003;
Onofri et al. 2006; Petkaki & MacKinnon 2007; Dauphin et al.
2007), as reviewed by Miller et al. (1997) and Aschwanden
(2002). With a prescribed induced electric field and threedimensional (3D) magnetic configuration but without waveparticle interactions, the equation of motion for a single particle

was solved (Litvinenko 1996; Heerikhuisen et al. 2002). It was
found that the most eﬃcient acceleration took place inside the
diﬀusion region with a guiding magnetic field, the energetic
electrons appear on a power-law distribution, and the spectral index depends mainly on the magnetic configuration (Litvinenko
2000). The development of the 2D particle-in-cell (PIC) simulations confirmed that the relativistic electrons are mainly accelerated inside the diﬀusive region with the large guiding magnetic
field component (Pritchett 2006). Furthermore, up to ∼300 keV
electrons were directly measured in a rare crossing of the diffusion region of Earth’s magnetotail by the Wind spacecraft
(Øieroset et al. 2002).
Omura et al. (2003) considered that such a magnetic configuration and a 1D approach may be enough to study the plasma
response to a strong parallel electric field along the guide field
lines, and performed a 1D PIC simulation with typical parameters for the magnetopause. Since the drift velocity of electrons
relative to ions is larger than the threshold of Buneman instability for a similar electron and ion temperature (Buneman 1959),
the electrostatic wave was quickly excited. After the saturation
of the unstable waves, the maximum strength of the turbulent
electric field is about two orders of magnitude larger than the
applied induced field. The pioneering 1D PIC simulation with
reduced mass ratio and small particles provided similar results
in the presence of quite strong electric field (Boris et al. 1970).
In their 3D self-consistent PIC simulations of two current sheet
reconnection, Drake et al. (2003) demonstrated that the electrons
are accelerated near the magnetic x-line and separatrices, then,
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these electron beams excite the Buneman instability, and finally,
the intense electric fields scatter and energize the electron beams.
All of these steps imply that wave-particle interactions should be
considered in the investigation of electron acceleration in externally driven RCS in solar flares.
We solved the linear dispersion relation of 1D drift
Maxwellian distributions of electrons and protons with the typical parameters in solar corona (Wu et al. 2008), and obtained
some preliminary results, such as the low frequency waves are
excited on the timescale of 10−7 s, the trapped electrons by these
waves stopped being accelerated, and the nonthermal electrons
appear to have a double power-law distribution. These results
need to be verified. In this paper, the nonlinear evolution of instability is solved in the 1D Vlasov equation with externally
driven electric field for the first time in solar flares, for studying its eﬀect on the electron acceleration. The basic equation
and simulation method are presented in Sect. 2. The dispersion
and evolution in the unstable waves are described in Sect. 3. The
conclusions and discussions are given in Sect. 4.

2. Basic equation and simulation method
Boris et al. (1970) performed one and two dimensional PIC simulations in the presence of a very strong electric field along the
x-axis of an electron-positron plasma, and found that only waves
parallel to electric field are strongly excited (in 2D simulations),
the increase in velocity in y direction being very small. They
concluded that one-dimensionality may not be a serious limitation. Therefore, a 1D approach is adopted in this paper to investigate the electron acceleration in RCS.
There are two assumptions adopted in this paper: 1) B x ≈
By ≈ 0, which are appropriate in the center-plane of a current
sheet near the X-type point, where the electrons are most effectively accelerated (Coroniti and Eviatar 1977; Pritchett 2006;
Øieroset et al. 2002); 2) the Lorentz force (J × B) is smaller than
the electric force, when the induced electric field is assumed to
be along the z-component of the magnetic field (Omura et al.
2003).
However, these assumptions are theoretical, and can not be
directly inferred from observations of the solar corona (Watt
et al. 2002; Petkaki & Freeman 2008). Therefore, for the study
of electrostatic waves, the only force acting on the plasma is that
of an electric field, and the 1D electrostatic Vlasov equation is
written as (Petkaki & Freeman 2008)
∂ fα
∂ fα qα ∂ fα
+ vz
+
Ez
= 0,
∂t
∂z
mα ∂vz

Parameters
Ion to electron mass ratio
Plasma density
Temperature
Initial drift velocity
Number of space grid points
Number of velocity grid points
Resolution of spacial grid
Resolution of velocity grid
Resolution of time

Symbol
mp /me
n = ni = ne
T = Te = Ti
vd
Nz
Nve , Nvi
Δz
Δve , Δvi
Δt

Value
1836
1014 m−3
107 k
1.4ve0
2000
2500, 400
0.5λDe
0.01ve0 , 0.05vi
0.003w−1
pe

being assumed to be balanced by the gradient of an external
magnetic field B at all time, i.e., (∇ × B)z = μ0 J (Omura et al.
1996; Watt et al. 2002), and the latter being related to the turbulent electric field, which is given by J= J − J.
The anomalous resistivity may be calculated using the following expression:


1 dJ
me
E0
ηeﬀ =
−
·
(4)
J ne e2 J dt
With the periodic boundary conditions and simulation method
described in Horne & Freeman (2001), Eq. (1) is integrated forward in time. The initial unstable waves originate in a white
noise electric field applied at t = 0 (see Eqs. (4) and (5) in
Petkaki et al. 2003). The simulation parameters are summed in
Table 1, where n, T are respectively the plasma density and temperature, vd , ve0 , and vi are respectively the initial bulk
√ drift ve=
kT/me , vi =
locity,
electron,
and
proton
thermal
velocity
(v
e0
√
kT/mi , k is the Boltzmann constant, me is the electron mass,
mi is the proton mass), and λDe , ωpe are the plasma Debye length
and electron plasma frequency, respectively. The space, velocity space, and time numbers of grid points are carefully selected
to ensure the numeric stability and accuracy of the integration
algorithm (Horne & Freeman 2001; Petkaki et al. 2003).
To verify our results, we used the same parameters as used
in Fig. 3 of Watt et al. (2002), and found similar evolution in
the distribution function and the turbulent wave energy. When
the inductive field added, the results comparable with the PIC
simulation with the same parameters as those used in Omura
et al. (2003). We also find similar result for the evolution in the
unstable wave energy and the bulk drift velocity as shown in
Fig. 2 of Omura et al. (2003).

(1)

3. Simulation results

where fα is the particle distribution function (α ∈ {i, e}), mα and
qα are respectively the mass and charge of particles, and Ez is
the electric field strength, including the inductive component E0
 i.e., Ez = E0 + E.
 The former is
and turbulent component E,
assumed to be a constant in time and space, and the latter may
be integrated forward in time, using Ampere’s law given by


∂Ez
(∇ × B)z = μ0 J + ε0
·
(2)
∂t
The electric current density is expressed by
 
J(z, t) =
qα vz fα (z, vz , t)dvz ,

Table 1. Summary of simulation parameters.

(3)

which may also be divided into two parts of the spatiallyaveraged component and the fluctuant component, the former

3.1. Evolution in the electron distribution

The electron distribution at z = 0 for ωpe t = 90, 240, and
600 are shown in Figs. 1a–c respectively for E0 = 500 V m−1 .
Figure 1d shows the evolution in the spatially averaged density
ε0 Ê2
of the turbulent energy versus time, where σE = 2n
. The spae kT
tially averaged mean drift velocity, thermal velocity, free accelerated velocity of electrons, and the anomalous resistivity versus time with diﬀerent magnitudes of external inductive fields
are shown in Fig. 2. It is shown from Figs. 1 and 2 that the
whole evolution can be divided into three stages. At the beginning, the electrons are all accelerated by the induced electric field, and Buneman instability is excited. Then the unstable
waves increase exponentially. With the increase in the magnitude
of unstable waves, the kinetic energy of electrons is transferred
into waves, and the drift velocity decreases. Some electrons are
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Fig. 1. Evolution in the electron distribution with inductive field
strength of 500 V m−1 in a)–c), and the fluctuating electric field energy
with diﬀerent inductive field strength d).
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Fig. 3. Turbulent electric field spectra obtained by Fourier transformation with the induced electric field of 500 V m−1 .

the energy conversion rate is about 1027 ∼ 1031 erg s−1 , and is
enough to interpret the energy conversion and fast magnetic reconnection in the impulsive phase of solar flares (Martens 1988).
3.3. Dispersion of unstable waves
Fig. 2. Evolution in bulk drift velocity, thermal velocity, and free accelerated velocity of electrons in a), c), e), and the anomalous resistivity in
b), d), and f) for three diﬀerent induced electric fields.

trapped in waves by Landau damping, a low-velocity tail appears relative to the distributions in Figs. 1a and c, and their
acceleration stops. At this stage, the perturbed energy may be
expressed by σE ∝ e2γt , where γ is the growth rate. When the
unstable wave energy increases from 10−5 to 10−3 , γ equals respectively about 4.95 ωpi , 3.96 ωpi, and 2.6 ωpi , i.e., 6.5×107 s−1 ,
5.2 × 107 s−1 , and 3.4 × 107 s−1 for the diﬀerent inductive fields
of 500 V m−1 , 300 V m−1 , and 100 V m−1 , where ωpi is the ion
plasma frequency. These results are consistent with our previous
solutions of the linear dispersion relation that the growth rate
depends strongly on the drift velocity (Wu et al. 2008). It means
that the unstable waves can be excited within a typical acceleration timescale of 10−6 s (Litvinenko 1996; Wu et al. 2005).
Finally, instability saturates, untrapped electrons continue to be
accelerated, and the bulk drift velocity continues to rise.
3.2. Anomalous resistivity

The anomalous resistivity inferred using Eq. (4) is shown in
Figs. 2b, d, and f for diﬀerent electric fields, while the Spitzer
collisional resistivity η is 7 × 10−9 Ω m. It increases by at least a
factor of about 106 . The sheet resistance may be estimated to be
eﬀ L
≈ 0.01 ∼ 1 Ω in the saturate state, where the length
Rs = η4ab
L and the width b of the sheet are assumed to be the same as
those taken by Martens (1988), and the thickness of the sheet is
a = 1 m. Taking the sheet current intensity to be 1011 ∼ 1012 A,

For the sake of analyzing further the nonlinear characteristics of
unstable electrostatic waves, a 2D Fourier transformation to turbulent electric field was performed, for which spectra in k-t and
in k-ω space are shown respectively in Fig. 3. This figure shows
that the wave number of maximum growth waves decreases with
the increase in average bulk drift velocity during the time interval of ωpe t = 120−180, the low-frequency waves are excited and
propagate in opposite directions, which is the typical property of
Buneman instability (Buneman 1959). By means of the Landau
damping, the low-speed electrons appear in velocity space (see
Figs. 1a to c). Then, because of the deviation of the electron
distribution from Maxwellian one, the beam-plasma instabilities
are excited (Hamberger & Jancraik 1972). The two new unstable wave branches (A, B in Fig. 3b) appear: one is located in the
frequency domain of (0.1−0.8) ωpe in phase velocity of about
several times their initial thermal velocity, the other is located
in the frequency domain of (1−1.5) ωpe with a phase velocity
of about dozen times their initial thermal velocity. With the excitation of high frequency waves, the strength of low frequency
waves is lower than that of high frequency waves. To understand
why these waves are excited, we solve the dispersion equation of
double components of electrons that move at diﬀerent velocities
relative to ions in the cold plasma approximation given by
1−

ω2pi
ω2

−

α1 ω2pe
(ω − ku1 )2

−

α2 ω2pe
(ω − ku2 )2

= 0,

(5)

where α1 and α2 are the density ratio of each component, u1
and u2 are the respective drift velocities of each component.
Assuming α1 , α2 , u1 , and u2 respectively equal 0.95, 0.05, 6ve0 ,
and 1.5ve0, the two unstable waves are found in Fig. 4. The
low-frequency wave corresponds to Buneman instability, the
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Fig. 4. Frequency ω (Solid line) and the growth rate γ (dashed line) of
unstable waves versus wave-number, for a a) a low-frequency branch;
b) a high-frequency branch.

high-frequency wave may correspond to the branch A shown
in Fig. 3b. If more components are added, there may be more
unstable waves. These results are consistent with the early
toroidal anomalous resistivity experiment on the evolution of
multi-electrons accelerated by a parallel electric field, in which
the electron distribution acquires two components, one moving
much faster than the other, the beam-plasma instability is excited, and the spectrum of unstable waves may begin about ωpi
and extend beyond ωpe (Richardson et al. 1978).

component electrons of diﬀerent drift velocity in the cold plasma
approximation.
We have self-consistently evaluated the anomalous resistivity, which enhances the classical resistivity by at least 106 orders
of the magnitude in the saturating state. Its value is the same
order as the one inferred from energy conversion in solar flares
(Martens 1988), and often adopted in most previous studies, such
as magnetic reconnecting simulations.
We emphasize that the distribution of the energetic electrons
in RCS could not be obtained by the present 1D simulation, because the small magnetic field component perpendicular to the
guiding field is ignored, which causes the electrons to move
outside the diﬀusion region without further acceleration. Only
when 3D electromagnetic simulation in RCS is performed, can
the self-consistent energetic electron spectrum be acquired.
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