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ABSTRACT

Aims. We investigate the emission process of electromagnetic waves from proton beams reflected by the front of a fast magnetosonic
shock that propagates in a non-uniform density region, by changing the propagation angle with respect to a uniform magnetic field
from 90◦ to 45◦ .
Methods. A two-dimensional, electromagnetic, relativistic particle-in-cell (PIC) code is used.
Results. Near the shock front, some protons are reflected and accelerated. The reflected protons can drag the background electrons
to keep the charge neutrality, resulting in electron acceleration. Due to the accelerated electrons, the electrostatic waves (Z-modes
in the oblique propagation) can be excited where the reflected protons are generated. It is found that for about 60◦ propagation, the
extra-ordinary waves can be excited from the shock front with a double oscillating structure. These waves are excited both near the
fundamental and second harmonic frequency region of the local plasma frequency. The second harmonic waves have a band splitting
structure and the lower band is brighter than the upper band part. For 45◦ propagation, the fundamental frequency region has a band
splitting structure.
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1. Introduction
It is commonly accepted that solar type II radio bursts are generated by fast magnetosonic shocks travelling from the flare site
through the solar corona into the interplanetary space (Nelson &
Melrose 1985). The basic spectral properties of type II bursts are
as follows (McLean 1980): they are observed in the frequency
range below 500 MHz; most of them appear in harmonic bands
and they are characterized by slow frequency drift from high to
low frequencies at less than 1 MHz s−1 . Some bursts show a
secondary doubling of the bands called band splitting (∆ f / f ∼
10%, where f is the frequency, in each of the fundamental and
harmonic bands).
Nelson & Robinson (1975) analyzed observations of harmonic split-band type II bursts at 160 and 80 MHz or 80 and
43 MHz. They found that the lower frequency component of split
bands is observed earlier in time than the upper component. In
most cases the lower component was brighter than the upper one.
There are several ideas explaining this band splitting.
McLean (1967) interpret it in terms of the density structure along
the shock. A variant of this model was proposed by Uchida
(1974). On the other hand, Smerd et al. (1974) suggested that
the two bands correspond to emission in front of and behind the
shock front. They showed that electron density jumps at a shock
with the shock Mach number in the 1.2−1.7 range are suﬃcient
to explain the observed band splitting.
Recently, Vršnak et al. (2001, 2002, 2004) and Cho et al.
(2007) have used this model to determine the Alfvén velocity and magnetic field strength along the trajectory of coronal and interplanetary type II shocks. They have found several

arguments in favour of this model. Nevertheless, details of the
band-splitting process remain unknown.
Recently, Sakai et al. (2005) addressed the formation of
shock waves driven by CME, the acceleration process of both
protons and electrons and the emission mechanism of electromagnetic waves (solar type II bursts) from the shock front, by
using a two-dimensional, fully relativistic particle-in-cell (PIC)
simulation. They showed that for fast magnetosonic shock waves
with MA ≥ 2.0 and a propagation angle between 90◦ and 70◦ ,
protons near the shock front can be accelerated by the surfatron acceleration mechanism (Sagdeev & Shapiro 1973), while
the emission of the electromagnetic waves from the shock front
was observed almost independently of the Alfvén Mach number
and the propagation angles. They also found for perpendicular
propagation that near the shock front, electron Bernstein waves
are generated and can be converted to electromagnetic waves
(type II radio bursts) through direct linear mode conversion. It
was also found from the oblique propagation that near the shock
front, electrostatic Langmuir waves (Z-mode) are generated and
also can be converted to electromagnetic waves through direct
linear mode conversion.
In the present paper we extended the work of Sakai et al.
(2005) by focusing on two aspects: first we used the real mass
ratio mp /me = 1836 between proton and electron instead of
mp /me = 64, secondly we considered fast magnetosonic shock
propagation in an inhomogeneous background by changing the
propagation angle with respect to a uniform magnetic field from
90◦ to 45◦ . The first eﬀect of the use of the real mass ratio results
in the proper description of proton reflection at the shock front.
Then the reflected protons are accelerated to form proton beam
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Fig. 1. Time development of B x at a) ωpe t = 750, b) ωpe t = 1000 and
c) ωpe t = 1200.

Fig. 2. The proton phase space plots (Y − Vpy ) at (a) ωpe t = 750,
(b) ωpe t = 1000 and (c) ωpe t = 1200.

near the shock front. The second eﬀect of the density inhomogeneity and oblique propagation introduce a new eﬀect with a
double structure in the shock for oblique propagation less 70◦ .
In Sect. 2 we present the simulation model and results. In
Sect. 3 we summarize our results and discuss their applications
to solar radio bursts.

appears behind the shock front. The oscillating part shows large
amplitude magnetosonic waves that were never observed in the
nearly perpendicular propagation between 90◦ and 70◦ . As time
goes on, the leading shock front propagates faster than the wave
behind the front, as seen in Figs. 1b,c. This double structure becomes distinct around 60◦ propagation, while for 45◦ propagation the situation of the structure of the shock changes: the leading part becomes more oscillating with large amplitude waves,
and behind the leading part there is non-oscillating part with
small amplitude. Figure 2 shows the time development of the
proton phase-space (Vpy − Y). As seen in Fig. 2a, the reflected
protons are accelerated by the shock. The Alfvén Mach number MA is about MA = 4.3, which exceeds the critical Mach
number (about 2.7) showing that a fraction of incoming protons
are reflected from the shock front. In the two regions where the
shock splits to double structures, some of the accelerated protons can be decelerated. The reason is that the decelerated protons accelerate electrons that can excite the longitudinal electric
fields corresponding to the Z-modes. Recent papers by Sakai
et al. (2007a,b) showed that when proton beams propagate in
inhomogeneous plasmas, the background electrons are forced to
move together to keep charge neutrality, resulting in the excitation of electrostatic waves. Figure 3 shows the time development
of the electric field Ey . As seen in Fig. 3c, the electric field Ey
near the leading shock front becomes stronger than that near the
oscillating region behind the shock. This eﬀect may play an important role in the production of band splitting that will be discussed later. Figure 4 shows the time development of the electron
phase-space (Vey − Y). As seen from the figure. the electrons can
be accelerated in both regions where the electric fields Ey are
strongly excited.
Next we investigate the electromagnetic emission process
from the shock region. Figure 5 shows the time development
of the electric field Ez which corresponds to the electromagnetic

2. Simulation model and results
We used a 2D3V, fully relativistic electromagnetic PIC code,
modified from the 3D3V TRISTAN code (Buneman 1993). The
system size is Ly = 4100∆ and L x = 10∆, where ∆(=1.0) is
the grid size. The free boundary condition in the y direction
and the periodic boundary condition in the x direction are imposed on particles and fields. In the left boundary, the average
number of electron-ion pairs is 400 per cell and the density decreases linearly in the y-direction. The average density near the
right boundary is 100 per cell. To excite a fast magnetosonic
shock wave, the initial flow velocity vy = 0.24c is applied to the
y-direction by the electric field Ez through Ez = vy B x near the
left boundary (see Sakai et al. 2005).
The parameters used in this simulation are as follows. The
ratio of ion mass to the electron mass is mi /me = 1836, the ratio of electron cyclotron frequency to the plasma frequency is
about ωce /ωpe = 0.63, plasma beta is β = 0.05, skin depth is
c/ωpe = 10.0∆, electron thermal velocity is vth,e = 0.1c, electron
Larmor radius is ρe = 1.58∆, ion Larmor radius is ρi = 67.7∆,
and the simulation time step is ωpe ∆t = 0.05, respectively. The
parameters ωce /ωpe , β, c/ωpe , vth,e , ρe , and ρi are calculated at
the right edge where the density is 100 pairs per cell.
In this paper we present only the results of 60◦ propagation.
Figure 1 shows the time development of the fast magnetosonic
shock wave at a later stage. As seen in Fig. 1a, an oscillating part
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Fig. 3. Time development of Ey at a) ωpe t = 750, b) ωpe t = 1000 and
c) ωpe t = 1200.

Fig. 4. The electron phase space plots (Y − Vey ) at a) ωpe t = 750,
b) ωpe t = 1000 and c) ωpe t = 1200.

waves of the extra-ordinary mode. From Fig. 5a we find some
emission of electromagnetic waves that propagate faster than the
shock front. This emission has similar characteristics to our previous simulation by Sakai et al. (2005). At the later time seen
in Fig. 5c strong emission appears from the shock front that
is seen in the range of 3500 < Y < 4000. To find the wave
characteristics in this region, we performed a space-time Fourier
transformation of Ey and Ez , where the data points are taken
in the space of 3000 < Y < 4024 and in the time period of
1000 < ωpe t < 1204.8. The result is shown in Fig. 6b. There
occur two wave branches: one is a lower frequency branch corresponding to the proton beam mode and the other is a high
frequency branch corresponding to extra-ordinary modes. The
strongest excitation is around the local plasma frequency (about
2ωpe in Fig. 6b) and further strong excitation occurs around
the harmonic of this plasma frequency (about 4ωpe in Fig. 6b).
The ωpe is defined by using the density at the right boundary.
Therefore the local plasma frequency where the emission occurs is two times larger than the ωpe at the right boundary. It
is remarkable that the harmonic band has band splitting and
the lower band intensity is relatively stronger than the upper
band intensity. This band splitting is only observed at late times.
Figure 6a shows the wave dispersion relation of Ey . There are
two branches: one is the lower branch corresponding to the proton beam mode and other is the upper frequency branch that
corresponds to Z-modes. These Z-modes can be excited from
the electrons accelerated by coupling with the proton beam. The
Z-modes can be transformed to extra-ordinary waves through direct linear mode conversion by the background density inhomogeneity. The reason that the lower band branch near the harmonics becomes strong is related to the fact that the electric field Ey
associated with the Z-mode near the leading part, which is excited in the lower density region, is stronger than the part behind
the shock front as seen in Fig. 3c.

These band splittings can be observed in the 60◦ propagation,
while in the 45◦ propagation the fundamental shows the band
splitting in the electric field E x . This means that the ordinary
waves propagating with an angle of 45◦ have band splitting in
the fundamental band.
With a small transverse mesh points in the present simulations (a quasi-one dimensional situation), statements about the
variation of emission with shock propagation are limited by the
small range of k − B angles.

3. Conclusions
We investigated the emission of electromagnetic waves from
proton beams reflected by the front of a fast magnetosonic shock
that propagates in a non-uniform density region. For the shock
propagation angles with respect to a uniform magnetic field from
90◦ to 45◦ , some protons are reflected and accelerated near the
shock front. The reflected protons can drag the background electrons to keep the charge neutrality, resulting in electron acceleration. Due to the accelerated electrons, the electrostatic waves
corresponding to the Z-modes in the oblique propagation can
be excited in the region where the reflected protons are generated. It was found that for about 60◦ propagation, the extraordinary waves can be excited from the shock front with a double oscillating structure. This double oscillating shock structure
was observed only in the present numerical experiment where
the background density is non-uniform. This shock with a double oscillating structure can lead to the important result that the
extra-ordinary waves are excited both near fundamental and second harmonic frequency region of the local plasma frequency.
The second harmonic waves show band splitting and the lower
band is brighter than the upper band. For 45◦ propagation, the
fundamental frequency band shows band splitting.
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Fig. 5. Time development of Ez at a) ωpe t = 750, b) ωpe t = 1000 and
c) ωpe t = 1200.

We compare the model of Smerd et al. (1974), which is used
for coronal diagnostics (see Vršnak et al. 2001, 2002, 2004; Cho
et al. 2007), with the present simulations. As in the model of
Smerd et al. (1974), in simulations there are two regions with different plasma densities where the electromagnetic waves forming the band-split spectrum are generated. But contrary to the
model of Smerd et al. (1974), where one region is in front of
and a second one behind the shock, in simulations both these regions are in the complex structure of the shock. Moreover, we
found the band-splitting at the local plasma frequency for the
propagation angle of 45◦ and band-splitting of harmonic of the
local plasma frequency for the angle of 60◦ . It complicates explanation of the simultaneous splitting of both the fundamental
and harmonic bands, except the radio emission is generated simultaneously at two diﬀerent parts of the shock where there are
appropriate propagation angles compard to the local magnetic
field.
In a separate paper we will present details of the simulation
results with diﬀerent propagation angles.
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