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It is first demonstrated that a V-shaped dc potential structure is created by a current-dr
electrostatic ion-cyclotron instability by means of an open two-dimensional particle simulation mod
A positive dc potential difference along magnetic field lines is generated by anomalous resistivity cau
by the ion-cyclotron instability. In the direction across the magnetic field lines, the dc potential ri
from the high-current region to the low-current region. [S0031-9007(97)03467-4]

PACS numbers: 52.35.Qz, 52.65.Rr, 94.20.Qq, 94.20.Ss
is
n

h
e
a
o

m

e

e
1

n
e
e
e

n
a

o

sh

e
tial
w-
ld
that
, is
ns.
o-
he
tic
nal
de-

c-
re
ime
les
-

g-

n-
stant current generators.
Formation of electric field along magnetic field lines
as yet a puzzling and challenging problem for generati
accelerated charged particles in a space plasma [1]. In p
ticular, many space observations support the theory t
auroral electrons are accelerated by a parallel electric fi
above the ionosphere [2–4]. Current-driven kinetic inst
bilities such as ion acoustic and electrostatic ion-cyclotr
instabilities have been paid much attention as such can
dates. It is well known that double layers are created by
ion acoustic instability for a relatively high electron strea
[5–7]. On the other hand, analysis says that electrosta
ion-cyclotron waves become unstable for a smaller ele
tron stream in an isothermal plasma [8,9] and in fact th
are frequently observed by satellite observations. Furth
more, it is reported that a V-shaped potential structure a
electrostatic ion cyclotron wave are simultaneously pres
above the auroral ionosphere [10]. In the past Swift [1
proposed an auroral electron acceleration model based
a oblique electrostatic shock caused by a current-driv
electrostatic ion-cyclotron instability. However, the stead
state theory cannot answer the question how shock is c
ated. Although many laboratory experiments [12,13] a
numerical simulations [14,15] concerned with a V-shap
potential structure or an ion-cyclotron instability have be
performed, noone succeeded in demonstrating that curr
driven electrostatic ion-cyclotron instability creates a V
shaped potential structure.

With these situations in mind, we investigate deve
opment of a current-driven electrostatic ion-cyclotron i
stability and resulting dc potential structure with speci
attention on two-dimensional structure by means of a s
phisticated particle simulation model.

In our previous particle simulation [16], we observed
clear wave front pattern accompanied by the ion-cyclotr
instability. In that simulation we used a periodic bound
ary condition for both particles and fields, namely, pa
ticles going out one boundary periodically enter the syste
from the other boundary. Because of no supply of fre
0031-9007y97y78(25)y4761(4)$10.00
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streaming particles the growth of the wave amplitud
saturates at a low level and no observable dc poten
structure is created. In the auroral field line region, ho
ever, the origin of the streaming electrons along the fie
lines is supposed to be in the plasma sheet. This means
the field-aligned electron stream, or field-aligned current
continuously supplied by fresh magnetospheric electro
Therefore, the periodic boundary condition is not appr
priate for both particles and fields. In order to remove t
periodic boundary condition and to make a more realis
situation, we have developed a two-and-a-half dimensio
open boundary simulation code adopting the method
veloped by Takamaruet al. [7,17] for a one-dimensional
simulation.

We have developed a two-and-a-half dimensional ele
trostatic open boundary particle simulation model whe
fresh particles are injected from the boundaries at each t
step avoiding unphysical accumulation of charged partic
in front of the boundaries. A schematic view of the simu
lation model is presented in Fig. 1. Uniform external ma
netic field is pointing into the positivex direction. A

FIG. 1. Open boundary simulation system connected to co
© 1997 The American Physical Society 4761
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periodic boundary condition is applied in they direction,
whereas the left and right boundaries are open. The sys
is divided in segments in they direction where each seg
ment is assumed to be connected to an external cons
current generator, respectively. The number of partic
injected from the open boundaries in thex direction is
specified in such a way that the electric current is kept co
stant at the boundaries of each segment at each time s
The velocity distribution of injected particles is spec
fied so as to be consistent with the initial particle velo
ity distribution. This procedure is applied for electron
For ions, however, the reflection boundary condition is a
plied. This is because we assume a shifted Maxwelli
electron and a nonshifted Maxwellian ion.

The ion motion is followed insyx , yy, yzd velocity
space andsx, yd real space to track the ion cyclotron
motion, whereas we adopt the drift kinetic approximatio
for electrons and the electron motion is traced only alo
the magnetic field lines. This is because the electric fie
has onlyx and y components, so particleE 3 B drift
motion is pointing into thez direction which has no
meaning in our configuration.

Simulation parameters used in this paper are as follow
The system sizes areLx ­ 512lDe andLy ­ 128lDe and
the grid number is512 3 128, wherelDe is the Debye
length. The system is assumed to be divided into 16 s
ments in they direction, and thus the width of each
segment is8lDe. The number of ions and electrons i
67 108 864, respectively, and, thus, 1024 particles per u
grid cell are used. The ion to electron mass ratio is400
and the temperature ratio is1y2. The electron cyclotron
frequencyvce ­ 5vpe and the ion cyclotron frequency
is vci ­ 0.0125vpe, where vpe is the electron plasma
frequency. The electron velocity distribution is a shifte
Maxwellian with drifting into thex direction, and the
drift velocity is given byydes yd ­ f0.6 2 0.2 coss2pyy
Lydgyte. Here,ytef­ sTeymed1y2g is the electron thermal
velocity,Te andme are, respectively, the electron temper
ture (energy unit) and the electron mass. The time s
width vpeDt is 0.2.

First of all, we show the growth of ion-cyclotron
instability. Figure 2 shows time evolution of the magn
tude of the ion density fluctuation [2(a)] and the frequen
spectrum [2(b)] for the mode withk'ri ­ 0.825 and
kkri ­ 0.103, where we use coskxx expikyy transform
to obtain spatial spectrum. This is the typical unstab
mode for the electrostatic ion cyclotron wave for ou
choice of simulation parameters. It should be noted th
the amplitude of the ion density fluctuation continuous
increases for a long time, whereas in the previous simu
tion [16] with the periodic model (the same parameter
the growth saturates at a lower level aroundvpet . 4000.
This indicates that the injection of fresh drifting electron
from the boundaries much more activates the instabil
development. The peaks of the frequency are arou
v . 61.4vci, indicating that the mode corresponds to th
4762
tem

tant
es

n-
tep.
i-
c-
.
p-
an

n
ng
ld

s:

eg-

s
nit

d

-
tep

i-
y

le
r
at

ly
la-
s)

s
ity
nd
e

FIG. 2. Time history of ion density fluctuation (a) and
frequency spectrum (b) withkkri ­ 0.103 andk'ri ­ 0.825.

ion cyclotron wave, which has a phase velocityvykk .
0.5yte andvyk' . 0.06yte, and thus propagates683 de-
grees with respect to the magnetic field with spee
vyjkj . 0.06yte.

We shall show a long time evolution of the ion density
profile, which is averaged over the three times of th
electron plasma period3 3 2pyvpe in Fig. 3. Atvpet ­
500, one can see only small scale smeared fluctuatio
in the whole system. It is important to note that no

FIG. 3. Gray scale plots of the ion density fluctuation a
vpet ­ 500, 1000, 3000, and6000.
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sheathlike or any artificial noises appear near the upstr
and downstream boundaries, although fresh electrons
injected from the boundaries. A V-shaped stripe patt
appearing atvpet ­ 1000 in the region withxylDe * 150
and 30 & yylDe & 100 grows with time and become
clear atvpet ­ 3000. At vpet ­ 6000, a V-shaped wave
front pattern is well developed forxylDe * 200. The
angle between the wave front and the magnetic field li
is 67±, namely,jkyykxj . 0.12. The amplitude is larger
in the downstream region than in the upstream region.

Figure 4 shows the gray scale contour plots of
potential profile at vpet ­ 6000. A clear V-shaped
wave front pattern is seen aroundxylDe , 380 and
yylDe , 70. The angle between the equipotential lin
and magnetic field lines is67±, which is the same as fo
the ion density profile.

In order to see the time variation of the ion dens
profile in a short time interval, we plot the ion densi
profiles at5900, 6000, and 6100 in Fig. 5. Careful ex-
amination of three profiles concludes that the wave fr
propagates with angle683± with respect to the magneti
field. The wave length is roughly20lDe and the speed
of propagation is roughly0.06yte. These indicate that the
mode with kkri . 0.1 and k'ri . 0.8 is dominant. It
is to be noted that the wave which propagates with an
183± with respect to the magnetic field has a larger a
plitude than the wave which propagates with angle283±

in the upper half plane and vice versa in the lower h
plane. Thus, we can see a V-shaped wave front pat
which consists of the waves propagating from the hig
stream region (aroundyylDe . 64) to the low-stream re-
gion (aroundyylDe . 0 and128).

Finally, we shall see the dc potential profile. Figure
shows that the gray scale contour plot of potential pro
together with the potential profiles along the magnetic fi
lines atyylDe ­ 64 and across the magnetic field lines
xylDe ­ 320, 370, and430. These are averaged over th
period of oscillation of the electrostatic ion cyclotron wav
The potential gradually rises up fromxylDe . 300 to the
downstream boundary along the magnetic field lines. T
total potential difference reaches abouteDfyTe . 0.02.

The anomalous resistivity can be calculated from
relationh ­ eEyn0e2yde ­ esDfyldfyn0e2yde. Using
the above results witheDfyTe . 0.02, l ­ 200lDe,

FIG. 4. Gray scale contour plot of the potential profile
vpet ­ 6000.
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yde ­ 0.8yte, one can gethyh0 . 1.2 3 1024, where
h0 ­ 4pyvpe. In the y direction the potential profile
has a small well. Though not so clearly structured, o
can certainly recognize a V-shaped dc potential structu
in the downstream region.

The linear kinetic analysis for spatial uniform electro
stream withyde ­ 0.8yte predicts that the modes with
0.08 & kkri & 0.2 and 0.4 & k'ri & 1.5 are unstable.
Furthermore, the mode presented in Fig. 2 is in the lar
growth rate region and has a real frequency close to
observed one. The result shown in Fig. 5 also indicat
that it is a dominant mode.

In the previous periodic boundary simulation [16], w
have observed a significant modification of the electro
velocity distribution and the decay of electron current a
the amplitude grows due to the instability. On the co
trary, the modification of the electron velocity distribution
is small and the current is kept constant in the prese
open simulation since fresh electrons are supplied fro
the boundaries. Hence the amplitude of the ion cyclotr
wave grows continuously beyond the level of saturatio
of the previous periodic particle simulation.

The ion cyclotron wave is excited in the upstream regio
and develops as it propagates from the upstream reg
to the downstream region with683± with respect to the
magnetic field. It grows significantly when it crosses th
high electron-stream region; thus, it has a large amplitu
when it propagates from the high electron-stream regi
to the low region. Hence a V-shaped wave front patte
arises.

It is interesting to observed that a V-shaped dc potent
structure is created by the electrostatic ion-cyclotron ins
bility. The dc potential gradually grows from the cente

FIG. 5. Gray scale plots of the ion density fluctuation a
vpet ­ 5900, 6000, and6100.
4763
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FIG. 6. Gray scale contour plot of the dc potential profil
together with the x direction profile at yylDe ­ 64 and
the y direction profiles atxylDe ­ 320, 370, and 430 at
vpet ­ 7000.

of the system to the downstream region. This dc pote
tial difference along the magnetic field lines is suppos
to be created by the anomalous resistivity caused by
ion cyclotron waves. The potential difference is larger
the high electron-stream region than in the low electro
stream region. The anomalous resistivity estimated fro
the created potential difference is much larger than t
value obtained from the initial value periodic simulation.

We have observed a potential well across the magne
field lines. This may be caused by the ion transport fro
the high-stream region to the low-stream region or th
difference of ion perpendicular heating across the magne
field lines.

The growth of the amplitude of ion cyclotron wave
stops neither temporally nor spatially within the limi
of the present simulation run. Thus it is likely that
larger potential difference may be created for a larger a
longer simulation system. If we assume that the potent
difference is proportional to the system length, one c
get several kV potential differences forTe ­ 1 eV, ne ­
102 cm22, and several thousand kilometers anomalo
resistivity region [18], which is consistent with the aurora
electron acceleration.

In conclusion we have succeeded in completing f
the first time a two-dimensional particle simulation whic
4764
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demonstrates that the V-shaped dc potential structure
created by the current-driven electrostatic ion-cyclotron
instability.

One of the authors (S. I.) thanks Professor Noriyosh
Sato for his encouragement. The computations were pe
formed at the Advanced Computing System for Complex
ity Simulation at the National Institute for Fusion Science.
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