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ABSTRACT

Aims. We investigate the emission process of electromagnetic waves from proton beams propagating to a low-density region from a
high-density region.
Methods. A two-dimensional, electromagnetic, relativistic Particle-In-Cell (PIC) code is used.
Results. It is found that the proton beams propagating to the low-density region are forced to move, together with the background
electrons, to keep charge neutrality, resulting in the excitation of electrostatic waves: proton beam modes and Langmuir waves. In the
early stage of electrostatic wave excitation, both R and L modes near the fundamental plasma frequency can be generated along a
uniform magnetic field. It is also found that, in the late stage, the second harmonics of electromagnetic waves can be excited through
the interaction of three waves. During these emission processes, proton beams can move along the magnetic field almost without
losing their kinetic energy. The wave emission process by the proton beams may be applied to both the solar type III and type II radio
bursts.
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1. Introduction

A flare-associated solar type III burst occurs at the impulsive
phase, which is more intense at meter wavelengths and may
have a continuum attached to it (see for reviews, Goldman et al.
1986; Aschwanden 2004). It is believed that type III bursts are
caused by mildly relativistic electrons (≈10–100 keV) that are
produced in impulsive solar flares, because bursts commonly oc-
cur in groups of ten or more, with a separation of seconds (Wild
et al. 1963; McLean 1971).

A fundamental question concerning the origin of type III
bursts is how they correlate with the mildly relativistic electrons
and Langmuir waves produced from the electrons. Spacecraft
measurements have verified the existence of both electron
streams and Langmuir waves (Lin 1970). The next question
concerning the origin of type III bursts is how the generated
Langmuir waves can convert to the electromagnetic waves asso-
ciated with the observed bursts. There are two classes of gen-
eration mechanisms for type III bursts: nonlinear wave-wave
coupling processes (Lin et al. 1986) – the coalescence of two
Langmuir waves, first proposed by Ginzburg and Zheleznyakov
(1958) – and direct emission-mode conversion due to density in-
homogeneity (Field 1956; Zheleznyakov 1970; Melrose 1980).
Thejappa et al. (1993) evaluated emission mechanisms atωpe us-
ing ULYSSES observations and concluded that the direct-mode
coupling mechanism is the most plausible process for type III
bursts.

Recently, Sakai et al. (2005a) investigated the wave emission
process of solar type III radio bursts from the magnetic recon-
nection region in a solar flare by using a two-dimensional, elec-
tromagnetic, relativistic Particle-In-Cell (PIC) code. They found
that hot electron plasmas lead to the generation of Langmuir
waves and the generated Langmuir waves can be converted to

the electromagnetic waves (solar type III radio bursts) through
the linear direct-mode conversion process. It is shown that the
second harmonic emission is generated with time delay and with
larger amplitude than for fundamental emission. However, their
simulation shows that the electron beams do not propagate for
a long time period along the magnetic field after emitting the
waves. Therefore we need to consider some unknown physical
processes for how the electron beams can propagate over a long
time period.

In most strong flare events, the time profile of the prompt
gamma-ray line emission caused by energetic protons is ob-
served to be very similar to the profile of the bremsstrahlung
hard X-rays emitted by energetic electrons (Aschwanden 2002).
This suggests that the acceleration and propagation of the flare-
accelerated protons and electrons are closely related. The most
typical event among them is the 1980 June 7 flare observed by
the SMM (Forrest & Chupp 1983). This flare was explained by
the current loop coalescence model (Tajima et al. 1982; Sakai
& Ohsawa 1987; Sakai & De Jager 1996). Brown et al. (2000)
suggest that hard X-rays in the flare impulsive phase are emitted
by a neutralized proton beam due to the heating of the electro-
statically dragged electrons.

Saito & Sakai (2004a,b) investigated the coalescence pro-
cess of two parallel current loops with co-helicity by using two-
dimensional, electromagnetic, relativistic PIC code. They found
that in a later stage of the two current loops’ coalescence, fast
magnetosonic waves are generated as a result of the coalescence
rebounding and they then develop into shock waves. They also
found that the protons can be promptly accelerated by the surfa-
tron acceleration mechanism near the fast magnetosonic shock
front (Sagdeev & Shapiro 1973; Katsouleas & Dawson 1983;
Ohsawa 1985; Ohsawa & Sakai 1987). Recently, Saito & Sakai
(2006) found that, during the formation of current sheet, protons
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can be accelerated through the surfatron mechanism by the fast
magnetosonic shock waves. They point out (Sakai et al. 2005b,
2006) that during the type II radio bursts that can be pro-
duced from the fast magnetosonic shock waves, protons are also
accelerated by the surfatron acceleration mechanism.

Motivated by the above studies, we investigated the electro-
magnetic wave emission process from the proton beams pro-
duced by the fast magnetosonic shock waves. The proton ve-
locity accelerated by the surfatron mechanism reaches about
(mp/me)1/2(MA − 1)3/2VA (MA is Alfvén Mach number), which
becomes comparable to c/3. We assumed the presence of proton
beams with about (mp/me)1/2VA propagating along the uniform
magnetic field from a high-density region. We found that the
proton beams propagating to a low-density region from the high-
density region are forced to move together with the electrons to
keep charge neutrality, resulting in the excitation of electrostatic
proton beam modes, as well as Langmuir waves. In the early
stage of the excitation of the beam modes, both R and L modes
near the fundamental plasma frequency can be emitted along a
uniform magnetic field. We also found that in the late stage the
second harmonics of the electromagnetic waves can be excited
through the three waves’ interaction. During these emission pro-
cesses, proton beams can move along the magnetic field almost
without losing their kinetic energy. In Sect. 2 we present simula-
tion model and simulation results. In Sect. 3 we summarize our
results and discuss applications to solar radio bursts.

2. Simulation model and simulation results

We assumed that proton beams are generated in a high-density
region by the surfatron acceleration process in the fast mag-
netosonic shock front. We investigated the emission process
of electromagnetic waves when the proton beams escape from
the shock region and propagate along a uniform magnetic field
(y direction) from the high to the low density region. We used
2D3V, fully relativistic electromagnetic PIC code, modified from
3D3V TRISTAN code (Buneman 1993). The system size is
Lx = 10∆, Ly = 6000∆, where ∆(=1) is the grid size. This means
that the simulation results correspond to a 1D3V simulation in-
cluding only the y spatial coordinate. The free boundary condi-
tion for the y direction is imposed on particles and fields, while
the periodic boundary condition is imposed in the x direction.
The background plasma density decreases linearly in the nega-
tive y-direction as shown in Fig. 1. The high density at y = 6000
is 300 particles in a cell, while the low-density region at y = 0
is 100 particles in a cell. The ratio between proton beam and
background protons is about 5/300 = 0.017 at y = 6000. The
reason we chose this ratio is that this value is a typical value for
protons that can be accelerated by the surfatron mechnism near
the shock front. There are about 12 million uniformly distributed
electron-proton pairs in the system, which are keeping the charge
neutrality. The region where proton beams were added in the
system is also initially kept the charge neutrality. Those proton
beams with velocity of −0.27c were added near the high-density
region (5000 < y < 6000), where the average numbers of proton
beams in a cell is about 5 particles. The proton velocity corre-
sponds to about 30VA where the Alfvén velocity is 0.0093c. The
proton temperature is equal to the electron temperature. Other
parameters are as follows: the time step ωpe∆t = 0.05, mass ra-
tio mi/me = 1836.0, Debye length vth,e/ωpe = 1.0∆, and the
collisionless skin depth c/ωpe = 10∆. The physical quantities
associated with the magnetic field B0, like the ratio of ωce to ωpe
at y = 0 , plasma beta, electron Larmor radius, and ion Larmor
radius, are 0.4, 1/8, 2.5∆, and 107.1∆, respectively.
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Fig. 1. a) The initial proton density distribution, and b) the initial proton
velocity phase-space (Vpy − y) plot. The proton beam with a negative
velocity of 0.27c in the y-direction is located at 5000 < y < 6000 in the
high-density region.

First of all, we show how the proton beams propagate along
a uniform magnetic field. In Fig. 2a we show the initial electron
velocity phase (Vey − y) plot, and in Fig. 2b the initial proton
phase space(Vpy − y)plot. In Figs. 2c and 2d the electron and
proton velocity phase space plots at ωpet = 1500 are shown. As
seen in Fig. 2d, the proton beams propagate in the negative y-
direction almost without losing their kinetic energy, while the
some background electrons tend to move together with proton
beams to keep the charge neutrality and some fraction of the
electrons are accelerated in the front of the proton beams.

To understand what is happening during the interaction be-
tween proton beams and background electrons, we analyzed the
electric fields by using two-dimensional space and time Fourier
transformation during the early phase of the interaction. The
spatial structures of the electrostatic electric field Ey and Ez at
ωpet = 400 are shown Figs. 3a and 3b, respectively. Figure 3c
shows the dispersion relation of the electrostatic field Ey that
was obtained from a space-time Fourier transformation taken in
the region of 2800 < y < 4848 and 400 < ωpet < 502.4. The
proton beam mode and Langmuir waves are excited. Figure 3d
shows the dispersion relation of the electromagnetic waves Ez
obtained from a space-time Fourier transformation taken in the
region of 2800 < y < 4848 and 400 < ωpet < 502.4. The up-
per wave showing the R-mode and lower wave of the L-mode
are observed in Fig. 3d. The cut-off frequencies of the R- and
L-modes are given by the following expressions, respectively.

ωR = 0.5ωce

[(
1 + 4ωpe

2/ωce
2
)1/2
+ 1.0

]
, (1)

ωL = 0.5ωce

[(
1 + 4ωpe

2/ωce
2
)1/2 − 1.0

]
. (2)

If we take the electron plasma frequency at the density of n0 =
250 where the R- and L-modes are excited, we get ωR = 1.8
and ωL = 1.4. Here, the cut-off frequencies agree well with the
values obtained from the simulation.

Next we investigated the wave emission process during the
late phase of the interaction between the proton beams and the
background electrons. In Figs. 4a and 4b, we show the spatial
structures of electrostatic electric field Ey and Ez at ωpet = 1250,
respectively. Figure 4c shows the dispersion relation of the elec-
trostatic field Ey, which was obtained from a space-time Fourier
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Fig. 2. a) The initial electron velocity phase space (Vey − y) plot, b) the
initial proton phase space (Vpy − y) plot. and the electron c) and proton
velocity phase space d) plots at ωpet = 1500.

transformation taken in the region of 1904 < y < 6000 and
1250 < ωpet < 1352.4. It is seen that the proton beam mode
and Langmuir waves are excited. Figure 4d shows the disper-
sion relation of the electromagnetic waves Ez that was obtained
from space-time Fourier transformation taken in the region of
1904 < y < 6000 and 1250 < ωpet < 1352.4. It is found that
both forward and backscattered plasma waves are excited near
the fundamental plasma frequency. It is also seen that second
harmonic electromagnetic waves are excited to both directions.
These second harmonic waves could be excited by the three
waves’ interaction (ω3 = ω1 + ω2) in both positive and nega-
tive y-directions. The wave with frequencyω2 is the electrostatic
wave shown in Fig. 4c, while the wave with frequency ω1 is the
electromagnetic wave propagating backward.

In Fig. 5a we show the velocity distribution functions of
the electron and proton at ωpet = 0, while in Fig. 5b we show
the velocity distribution functions of the electron and proton at
ωpet = 1500. During the interaction between proton beams and
background plasma, proton beams can propagate almost with-
out damping and can emit the electromagnetic waves. The back-
ground electrons are accelerated to keep the charge neutrality,
resulting in the excitation of beam modes, as well as Langmuir
waves. The excited Langmuir waves can be transformed into the
electromagnetic waves propagating both forward and backward.
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Fig. 3. a) The spacial structures of electrostatic electric field Ey and b)
Ez at ωpet = 400. c) The dispersion relation of the electrostatic field Ey
that was obtained from space-time Fourier transformation taken in the
region of 2800 < y < 4848 and 400 < ωpet < 502.4. The proton beam
mode and Langmuir waves are excited. d) The dispersion relation of the
electromagnetic waves Ez that was obtained from space-time Fourier
transformation taken in the region of 2800 < y < 4848 and 400 <
ωpet < 502.4. The upper wave showing the R-mode and lower wave of
the L-mode are observed in d).
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Fig. 4. a) The spacial structures of electrostatic electric field Ey and
b) Ez at ωpet = 1250. c) The dispersion relation of the electrostatic
field Ey that was obtained from space-time Fourier transformation taken
in the region of 1904 < y < 6000 and 1250 < ωpet < 1352.4. The
proton beam mode and Langmuir waves are excited. d) The dispersion
relation of the electromagnetic wave Ez that was obtained from space-
time Fourier transformation taken in the region of 1904 < y < 6000 and
1250 < ωpet < 1352.4. Second harmonic electromagnetic waves (solid
circle and solid square in d)) are excited by the three waves’ interaction
are observed in d).

3. Conclusions

We investigated the emission process of electromagnetic waves
from proton beams by using two-dimensional, electromagnetic,
relativistic PIC code. We found that the proton beams propagat-
ing to a low-density region from a high-density region are forced
to move together with the background electrons to keep charge
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Fig. 5. a) The velocity distribution functions of the electron (solid line)
and proton (dashed line) at ωpet = 0. b) The velocity distribution func-
tions of the electron (solid line) and proton (dashed line) atωpet = 1500.

neutrality, resulting in the excitation of electrostatic proton beam
modes, as well as the acceleration of background electrons . In
the early stage of the excitation of the beam modes, both R and
L modes near the fundamental plasma frequency can be excited
along the uniform magnetic field. We also found that in the late
stage, the second harmonics of electromagnetic waves can be
excited through the three waves’ interaction. During these emis-
sion processes, proton beams can move along the magnetic field
almost without losing their kinetic energy. The wave emission
process by the proton beams may be applied to both the solar
type III and type II radio bursts. The band splitting observed in
the type II bursts may correspond to the R- and L-mode, while in
the un-magnetized plasmas the band splitting effect disappears.
Here we assumed that proton beams generated from the shock

region propagate along a uniform magnetic field. In a subsequent
paper we will investigate the effect of proton beams propagating
obliquely to the magnetic field.
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