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Observations from the Fast Auroral SnapshoT �FAST� satellite indicate that the parallel and
perpendicular �to the Earth’s magnetic field� electric field structures exhibit a spiky appearance. In
this study, a magnetized plasma system consisting of protons, electrons, and a cold oxygen ion beam
is considered. Both background electrons and protons are treated as hot species with Boltzmann
density distributions. The dynamics of the oxygen ion beam is governed by the fluid equations.
Effect of charge separation is studied on nonlinear fluctuations arising from a coupling of ion
cyclotron and ion-acoustic waves. A scan of parameter space reveals a range of solutions for the
parallel electric field from sinusoidal to sawtooth to highly spiky waveforms. The inclusion of
charge separation effects tends to in most cases increase the frequency of oscillation of the nonlinear
structures. In the case of a weakly magnetized plasma, the amplitude of the oscillations are found
to be constant while they are modulated for a strongly magnetized plasma. The findings are
compared with satellite observations. © 2010 American Institute of Physics.
�doi:10.1063/1.3299328�

I. INTRODUCTION

Satellite observations over the last three decades have
indicated the presence of broadband electrostatic noise
�BEN� in different regions of the Earth’s magnetosphere,
e.g., along auroral field lines,1 polar cusp region,2

magnetosheath,3 and plasma sheet boundary layer,4 etc.
High-time resolution waveform measurements by several
spacecrafts3–6 have shown that these BENs consist of non-
linear structures, i.e., electrostatic solitary waves �ESWs�.
These ESWs are isolated pulses observed in the parallel elec-
tric field and are usually bipolar or tripolar. They have been
observed in plasma sheet boundary layer,4 bow shock,7

magnetosheath,3 polar cap boundary layer,8,9 and in the au-
roral acceleration region.6,10 Their amplitudes can vary from
typically a few mV/m in the plasma sheet boundary layer to
200 mV/m or higher at polar altitudes.11 The ESWs are gen-
erally observed in association with electron or/and ion
beams. Usually, in the auroral zone, the ESWs associated
with the ion beams have negative potentials and propagate at
velocities of the order of ion-acoustic �IA� or beam
speed12–14 and have been interpreted in terms of ion solitary
waves or solitons.14,15 Several theoretical studies have been
undertaken to study nonlinear IA waves in multispecies
plasmas.15–23

The electrostatic ion cyclotron �EIC� waves are found to
be unstable to current-driven instabilities in the auroral
region24 and play important role in heating and acceleration
of the plasma.25 The EIC waves have been frequently ob-
served by several satellites, e.g., S3–3,26 Viking,27 Polar,5

and FAST6,28 in the auroral region of the Earth’s magneto-
sphere. Polar satellite observations5 have shown that the par-

allel as well as perpendicular electric field exhibits spiky
structures. FAST observations in the upward current region
showed large amplitude spiky structures associated with par-
allel electric fields6 whereas in the downward current region
spiky electric field structures were shown to exhibit in both
perpendicular and parallel components. The perpendicular
electric field structures represented ion cyclotron waves at a
frequency f�200 Hz. On the other hand, the parallel elec-
tric field showed a spiky waveform at a lower frequency.
Large amplitude electrostatic waves near the cyclotron fre-
quencies of H+, O+, and He+ have also been observed by
FAST satellite during the nightside auroral zone crossing.28

Satellite observations in the auroral acceleration region have
shown presence of oxygen ion beams.14,28 Nonlinear EIC
instability driven by counter-streaming ion beams have been
studied in equatorial outer plasmasphere.29 It was found that
when the beams are sufficiently fast, instability occurs
through the coupling of the Doppler-shifted ion-cyclotron
modes of the two beams. The dominant mode occurs when
the modes corresponding to the fundamental cyclotron har-
monic couple.

A linear coupling between EIC waves and IA waves near
the second harmonic ion cyclotron frequency has been stud-
ied by Ohnuma et al.30 Later on, the coupling between the
two modes was also detected experimentally in an argon
plasma.31 Temerin et al.32 studied the nonlinear EIC waves
propagating nearly perpendicular to the magnetic field. They
observed spiky structures in the perpendicular electric field
for large Mach numbers and applied their results to explain
the S3-3 satellite observations. Lee and Kan33 studied the
nonlinear coupling of the EIC and IA waves in a magnetized
plasma. Using a “Sagdeev potential” approach, they investi-
gated spiky and solitary wave structures along the directiona�Electronic mail: satyavir@iigs.iigm.res.in.
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of wave propagation, oblique to ambient magnetic field.
Reddy et al.34 studied nonlinear low-frequency electric field
structures in a two-component magnetized plasma consisting
of cold ions and warm electrons. It was shown that for suf-
ficiently large values of the driver electric field, IA and ion
cyclotron modes couple and generate sawtooth and highly
spiky periodic waveforms. Results were found to be in good
agreement of the satellite observations. Later on Bharuthram
et al.35 studied the effect of ion temperature on low-
frequency nonlinear waves in the auroral plasma. It was
found that the effect of finite ion temperature is to suppress
the nonlinearity in the ion cyclotron waves and decreases
the periodicity of the oscillations. However, the periodicity
of the IA wave increases with increasing ion temperature.
Ganguli et al.36 studied the low-frequency oscillations in a
plasma with spatially variable field-aligned flow. It was
shown that a transverse velocity gradient in the parallel ion
flow can generate multiple cyclotron harmonic waves, as
predicted earlier by Lakhina37 for the case of plasma sheet
boundary layer region. Generation of spiky electric field
structures associated with multiharmonic EIC waves was
studied by Kim et al.38 in a double ended Q machine. They
observed that a linear combination of a multiharmonic spec-
trum of EIC waves could lead to the generation of spiky
electric potential waveforms when the harmonics have com-
parable amplitudes and their phases are locked. Moolla
et al.39,40 examined high-frequency nonlinear waves in the
Earth’s magnetosphere using the approach of Reddy et al.34

They considered a three component plasma model consisting
of hot electrons, cold electrons, and cold ions. They found
similar electric field structures, from sinusoidal to sawtooth
to spiky waveforms through a coupling of electron-acoustic
and the electron cyclotron modes. An important finding was
that the periods of the spiky nonlinear structures varied with
the hot electron drift speed. Consequently, they associated
the rapid variation in the period of the spiky structures ob-
served in satellite measurements to the electrons being
accelerated in bursts. A relationship between pulse widths
and periods of the ESWs was found to be in compliance of
Geotail observations.41

Motivated by the FAST observations of waves near the
oxygen cyclotron frequencies in the auroral region, Reddy
et al.42,43 studied nonlinear low-frequency electrostatic
waves in a magnetized plasma consisting of protons, elec-
trons, and oxygen ion beams. They showed that a range of
periodic solutions varying from sinusoidal to sawtooth and
highly spiky wave forms could be obtained depending on the
plasma parameters considered. Their results were well within
the range of FAST satellite observations.28 Their analysis
was based on the quasineutral approximation and could lead
to a single nonlinear differential equation in the rest frame of
the propagating wave. In this paper, we extend the work of
Reddy et al.43 by including the Poisson equation, thereby
allowing for the charge separation effect and numerically
solve the resulting set of coupled nonlinear equations. In this
paper, we assume phase velocity to be greater than the ion
beam thermal speed, hence, the assumption of a cold ion
beam. However, one can extend the work by including the
oxygen ion thermal effects. Our findings are then compared

to satellite observations. The layout of this paper is as
follows. In Sec. II, we present the basic theory and the
numerical results are presented in Sec. III. Finally, our find-
ings are summarized in Sec. IV.

II. BASIC THEORY

We consider a homogeneous magnetized three compo-
nent, collisionless plasma consisting of a background species
of protons, electrons, as well as a cold oxygen ion beam
drifting along the magnetic field with speed v0. The finite
amplitude ion cyclotron and IA waves are propagating in the
x direction at an angle � to the magnetic field B� 0, which is
assumed to be in the x-z plane and spatial variations are
allowed only in the x direction. Here, phase velocity of
the oscillations is considered to be smaller in comparison
with the electron and proton thermal velocities. Thus, the
Boltzmann distribution for the stationary hot electrons and
protons are given, respectively, by

ne = ne0 exp�e�/Te� �1�

and

np = np0 exp�− e�/Tp� , �2�

where ne0,p0 and Te,p are the ambient densities and tempera-
tures of the electrons and protons, respectively.

The basic set of fluid equations for the beam of cold
oxygen ions is given by

�ni

�t
+

�nivix

�x
= 0, �3�

�vix

�t
+ vix

�vix

�x
= −

e

mi

��

�x
+ �iviy sin � , �4�

�viy

�t
+ vix

�viy

�x
= �iviz cos � − �ivix sin � , �5�

�viz

�t
+ vix

�viz

�x
= − �iviy cos � , �6�

where ni is the oxygen ion density vix, viy and viz are the
components of the oxygen ion velocity along the x, y, and z
directions, respectively, �i=eB0 /mi is the oxygen ion cyclo-
tron frequency, mi is the oxygen ion mass, and � is the
electrostatic potential of the waves. Our system is closed
with the Poisson equation

�2�

�x2 = −
e

�0
�ni + np − ne� . �7�

A. Linear Analysis

Before proceeding with the nonlinear analysis, we inves-
tigate the linear modes of the system. In this limit, Eqs.
�1�–�6� give rise to the following dispersion relation:

�2 = 1
2 ��i

2 + F2� �
1
2 ���i

2 + F2�2 − 4F2�i
2 cos2 ��1/2, �8�

where F2=k2Csf
2 / �1+k2Csf

2 /�pi
2 �, where k is the wave

number, Csf = �ni0TeTp /mi�ne0Tp+np0Te��1/2 is the ef-
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fective IA speed for a three component plasma, and
�pi= �4�ni0e2 /mi�1/2 is the ion plasma frequency. By defin-
ing R=�pi /�i, we can express F2 �in a more convenient
form� as F2=k2Csf

2 / �1+k2�ieff

2 /R2� where �ieff
=Csf /�i is the

effective ion Larmor radius. The solutions to this dispersion
relation in the limit ��i

2+F2�2	4F2�i
2 cos2 � yields two

modes, provided R2	k2�ieff

2 . �In this limit, we recover Eq.
�8� of Reddy et al.43� The higher frequency mode ��+� is
given by

�+ � �i�1 + k2�ieff

2 �1/2, �9�

which is the ion cyclotron mode. The lower frequency mode
��−�, which is the IA mode, is given by:

�− �
kCsf cos �

�1 + k2�ieff

2 �1/2 . �10�

It must be emphasized that space charge effects via
Poisson equation allows modes with large wave numbers and
this is reflected via the term �1+k2�ieff

2 �1/2 in our Eqs. �9� and
�10� in the linear dispersion relations for the ion cyclotron
and IA modes, respectively. However, the linear frequency of
ion cyclotron �IA� mode increases �decreases� with wave
number as shown by Eqs. �9� and �10�, respectively. It is
noted here that if one excludes the charge separation effects
the term �1+k2�ieff

2 �1/2 will reduce to 1.

B. Nonlinear analysis

For the analysis, we transform to a stationary frame
s= �x−Vt� / �V /�i� and normalize v, t, x, and � with respect
to the oxygen IA speed Cs= �Te /mi�1/2, �i

−1, �i=Cs /�i, and
Te /e, respectively.

In Eqs. �3�–�6�, we replace � /�t by −�i�� /�s� and � /�x
by ��i /V��� /�s�. In addition, we define E=−�
 /�s where

=e� /Te. We use the following �initial� conditions: 
=0,
�
 /�s=−E0, �2
 /�s2=0, ni=ni0, and vx=v0 cos � at s=0.
The evolution of plasma system is then determined by the
following set of nonlinear, normalized first order differential
equations:

�


�s
= − E , �11�

�E

�s
= R2M2�nin + npn − nen� , �12�

�nin

�s
=

nin
3 �− E − Mviyn sin ��
�M − � cos ��2Ni0

2 , �13�

�viyn

�s
= �nin�M − � cos ��−1/Ni0�

���M −
�M − � cos ��Ni0

nin
	sin � − vizn cos �
 ,

�14�

�vizn

�s
= nin

Mviyn cos �

�M − � cos ��Ni0
. �15�

In Eqs. �11�–�15�, M =V /Cs is the Mach number,
Ni0=ni0 /ne0 is the normalized equilibrium ion density, and
�=v0 /Cs is the normalized flow velocity of the oxygen ion
beam at s=0. The normalized electron and proton density
distributions are given by

nen = exp�
� , �16�

and

npn = Np0 exp�− 
� , �17�

where Np0=np0 /ne0 is the normalized proton ambient den-
sity, =Te /Tp is the electron-proton temperature ratio, and

=e� /Te is the normalized potential The additional “n” sub-
script inserted indicates normalized quantities. It must be
pointed out here that the two modes, i.e., ion cyclotron and
IA modes nonlinearly couple through convective derivative
terms in Eqs. �4�–�6�.

III. NUMERICAL RESULTS

Equations �11�–�15� are solved using the Runge-Kutta
technique44 for plasma parameters encountered on the au-
roral field lines. The method involves providing initial values
to plasma parameters and using the RK-4 subroutine to ad-
vance the functions with a suitable step length. The initial
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FIG. 1. Numerical solution of the normalized parallel electric field for the
parameters �=2°, M =1.25, Ni0=0.75, �=0.0, =0.1, R=10, and E0=0.01
�a�, 0.175 �b�, 0.50 �c�, and 0.80 �d�.
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conditions have been calculated self-consistently. The re-
sults, which include the effect of the additional parameter R
on the electric field structures, are discussed next.

A. Effect of the amplitude E0 of the driving electric
field

In Figs. 1�a�–1�d�, the driver strength E0 is varied for
fixed value of Mach number M =1.25. In these figures, other
fixed parameters are �=2°, �=0.0, Ni0=0.75, R=10, and
=0.1. For small values of E0, the parallel electric field
shows sinusoidal behavior with a period of about 1.0�ci

where �ci=2� /�i is the ion cyclotron period. We thus iden-
tify this as being the ion cyclotron mode. This is expected as
for =0.1, the linear IA mode is heavily damped. As E0

increases, we have a transition to the IA mode with increas-
ing nonlinearity which results in highly spiky structures, as
in Fig. 1�d�, with a period of about 3.5�ci. In this case the IA
and ion cyclotron modes are strongly coupled through the
convective terms appearing in Eqs. �4�–�6� and the IA mode
appears to be nonlinearly driven by this interaction.

This behavior of the electric field with increasing E0 is
similar to that of Reddy et al.42 with a slight increase in the
frequencies for corresponding parameters in both studies.
This effect is more significantly in the case of the nonlinear
structures �i.e., for larger E0�. For E0=0.8, the period of the
spiky electric field of Reddy et al.43 was found to be 4.0�ci

compared to 3.5�ci in our case for the same parameters. The
value of this period �3.5�ci� is consistent with the measure-
ments for E� observed by the FAST satellite in Fig. 6 of
Ergun et al.6

In Fig. 2, frequency of the spiky electric field structures
is plotted against driver field E0 for the parameters of Fig. 1.
It clearly shows that the frequency of the structure decreases

with the amplitude of the driver field. To start with, it is the
ion cyclotron waves which are driven for low values of
driver field and as driver field increases IA waves are driven
and hence the decrease in frequency.

B. Effect of the oxygen ion beam density

The effect on the parallel electric field structures due to a
variation in the oxygen ion beam density is shown in Figs.
3�a�–3�d�. The period of oscillations increases with decreas-
ing Ni0 with transition from the ion cyclotron sawtooth type
mode �Figs. 3�a�–3�c�� to the IA highly spiky type mode
�Fig. 3�d��. The other parameters in these figures are the
same as in Fig. 1 with E0=0.175. The periods vary from
1.16�ci for Ni0=1.0 to 4.6�ci for Ni0=0.15. This means that as
the oxygen ion density decreases, we have lower frequency
waves �larger periods� with increased nonlinearity. The
waveform is highly spiky for Ni0=0.15 and sawtooth for
larger values of the oxygen ion density. Thus, the spiky IA
mode is dominant for a low initial density of the oxygen
ions. For identical parameters corresponding to the quasineu-
tral case, the period of the highly spiky waveforms �for
Ni0=0.15�, the period was found to be 4�ci compared to
4.6�ci in our case. Hence, the inclusion of the Poisson equa-
tion increases the period of the spiky waveforms in the pres-
ence of a low oxygen ion beam density. There is no signifi-
cant difference in the sawtooth type oscillations between the
inclusion of charge separation effects and that of quasi-
neutrality case.43

0 0.2 0.4 0.6 0.8

E0

0.2

0.4

0.6

0.8

1
Fr
eq
ue
nc
y
(f)

FIG. 2. Shows the variation in frequency �f� of the nonlinear structures with
driver field �E0� for the parameters of Fig. 1.
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FIG. 3. The normalized parallel electric field for E0=0.175 and Ni0=1.0 �a�,
0.75 �b�, 0.55 �c�, and 0.15 �d�. The other parameters are the same as in
Fig. 1.
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C. Effect of the oxygen ion drift

Next, we investigate the effect of the oxygen drift veloc-
ity on the electric field, as seen in Figs. 4�a�–4�e�, with
E0=0.5 and other parameters fixed, as in Fig. 1. From
these figures, it is seen that oxygen ion flow antiparallel to
B0 �� negative� results in higher period waves and as the flow
is adjusted to be parallel to B0 �� positive� the period de-
creases. All the structures were found to be of the spiky type,
for the selected parameters. The period of the waves vary
from 2.5�ci, for �=−0.2, to 1.7�ci, for �=0.2, and can be
interpreted as the IA mode. The behavior of the period with
the oxygen ion drift is the same as that of Moolla et al.39 for
the high-frequency wave studies which indicates that if the
oxygen ion beam is accelerated in bursts this will produce
spiky nonlinear electric field structures of different periodic-
ity. The behavior of the electric field structures with the
oxygen ion drift follows a similar pattern to that of Reddy
et al.43

D. Effect of Mach number

Figures 5�a�–5�c� show the effect of the Mach number
on the parallel electric field. For fixed parameters as in Fig.
1, with E0=0.4, we vary M from 0.1 �Fig. 5�a�� to 4.5 �Fig.
5�c��. An increase in the Mach number results in increased
nonlinearity for fixed E0 with steeper waves. Consequently,
the period of the waves increases from 1.44�ci, for M =0.1, to

1.85�ci, for M =4.5. The spiky waveforms exist for M �1.
The effect of charge separation results in an increase in the
frequency of the waves, as compared to the case of Reddy
et al.43 for the quasineutral study.

E. Effect of propagation angle

Figures 6 and 7 display the variation in the propagation
angle � on the sawtooth and spiky electric fields, respec-
tively. In Fig. 6, as � increases from 2° �almost parallel
propagation; Fig. 6�a�� to 85° �almost perpendicular propa-
gation; Fig. 6�d�� the period of the oscillations decreases and
all waveforms are of the sawtooth type. For small propaga-
tion angles, the IA mode is dominant, with a transition to the
higher frequency ion cyclotron mode for �=85°. The period
of the waves decrease from 1.19�ci to 0.83�ci for �=2° to
�=85°. The charge separation effects lead to a slight increase
in the frequency of oscillation, as compared to the fully
charge neutral case, for which the period were 1.28�ci, for
�=2°, to 0.99�ci, for �=85°. In Fig. 7, we investigate the
effect of the propagation angle on the spiky waveforms, us-
ing a stronger driving electric field E0=0.8. It is seen that as
the propagation angle increases, the period of the waves de-
crease, as was the case with the sawtooth oscillations. The
periods vary from 3.4�ci, for �=2°, to 2.9�ci, for �=85°, with
the mode remaining in the IA regime.
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FIG. 4. Numerical solution of the normalized parallel electric field for
E0=0.5 and �=−0.2 �a�, �0.1 �b�, 0.0 �c�, 0.1 �d�, and 0.2 �e�. The other
parameters are the same as in Fig. 1.
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FIG. 5. Numerical solution of the normalized parallel electric field for
E0=0.4 and M =0.1 �a�, 1.05 �b�, and 4.5 �c�. The other parameters are the
same as in Fig. 1.
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F. Effect of electron temperature

Figure 8 illustrates the effect of the electron-proton tem-
perature ratio Te /Tp on the parallel electric field. For
E0=0.175, with other parameters fixed as in Fig. 1, Te /Tp is
increased from 0.1 �Fig. 8�a�� to 3.0 �Fig. 8�d��. An increase
in this ratio results in waveforms with decreasing frequency
and increased nonlinearity. The period of the waves increases
from 1.15�ci to 1.54�ci as Te /Tp increases from 0.1 to 3.0.
For lower ratios, the waveforms are of the sawtooth type and
the ion cyclotron mode exists. For larger ratios, the wave-
forms become more spiky and the period increases thus we
have a transition to the IA mode. This change over from the
ion cyclotron mode to the IA mode can be explained in terms
of the linear properties of the modes as the driver field is
small. For small values of Te /Tp�1.0, the IA mode is
heavily damped and only the ion cyclotron mode is excited.
For Te /Tp�1.0 and increasing, the linear damping is re-
duced and this mode can exist linearly. Then, even the low
values of the driver field E0 can lead to strong coupling be-
tween the IA and ion cyclotron modes. Further, the nonlin-
earity of the driven IA mode is enhanced as the thermal
energy of the electron increases relative to protons. A similar
behavior was observed by Reddy et al.43

G. Effect of the ion plasma to ion cyclotron
frequency ratio R

As mentioned earlier, the use of the Poisson equation
to allow for charge separation introduces an additional
plasma parameter R=�pi /�i, i.e., the ratio of the ion plasma

frequency to the ion gyrofrequency. Figure 9 illustrates the
effect of varying R on the electric field structures. It is seen
that for extremely low values of R, the amplitude fluctuates
showing evidence of some form of modulation. This effect
disappears for much larger R values and the amplitude be-
comes constant. It is noted from Eq. �12� that for large values
of R �a weakly magnetized plasma�, the term on the right
hand side of �12� becomes very large. In such situations the
term on the left hand side of �12� can be neglected. This limit
would then correspond to the case of quasineutrality as dis-
cussed by Reddy et al.43 Consequently our findings in the
limit of a strongly magnetized plasma �low R values� repre-
sents an extension of their work. In Fig. 9, for E0=0.5, with
the other parameters fixed as in Fig. 1, R is increased from
1.0 �Fig. 9�a�� to 50.0 �Fig. 9�d��. In both instances, the
waveforms were found to be highly spiky. The nonlinear
structures do not exist for R greater than 50 and become
unstructured �numerical noiselike� for R�1.

IV. CONCLUSION

In this paper, we have used a three component plasma
model consisting of Boltzmann protons and electrons and a
cold oxygen beam to study structures arising from a coupling
of two low-frequency modes, namely, the oxygen ion cyclo-
tron and the oxygen IA mode. We have extended the work of
Reddy et al.43 by including the Poisson equation �their stud-
ies were restricted to the quasineutrality condition�. We have
shown that the structures vary from sinusoidal to sawtooth to
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highly spiky, depending on parameter selections. The inclu-
sion of the charge separation effect served to change the
periods of the waveforms, especially for the highly spiky
structures. Our studies were conducted numerically since the
inclusion of the charge separation effect necessitates an ex-
plicit inclusion of the Poisson equation. This introduces a
numerical complexity and the system cannot be reduced into
a single nonlinear equation as was performed by Reddy
et al.43 The nonlinear structures are found to arise from a
coupling of the IA and ion cyclotron modes, as found by
Reddy et al.43 We have found that larger initial driving am-
plitudes result in more spiky structures with a reduction in
the wave frequency. We identify these as the spiky IA mode.
The oxygen ion beam density also played a crucial role in
evolution of the electric field structures. The driven IA mode
only exists for low oxygen density, with higher oxygen den-
sities giving rise to the ion cyclotron oscillations. The inclu-
sion of the charge separation effect had the greatest influence
on the spiky electric field structures for low oxygen ion beam
densities, giving waves of much larger periods compared to
those obtained using a fully quasineutrality model. In addi-
tion, the electron temperature was also found to play a role in
defining the shape and time period of the electric field struc-
tures. For larger electron temperatures, the waves had in-
creased periods and an increase in the spiky appearance.
Larger electron temperatures resulted in the IA mode as op-
posed to the ion cyclotron mode for cooler electron tempera-
tures. Further, the inclusion of charge separation effects
in the analysis is found to slightly increase the oscillation

frequency for any given values of Mach number, oxygen ion
drift, and the propagation angle. An increase in the ratio
�pi /�i was found to produce constant amplitude waves with
no modulation. Modulated waveforms were evident for
smaller values of this ratio.

We have estimated the electric field associated with
spiky electric field structures studied here for relevant auroral
region parameters. The corresponding unnormalized electric
field �EUN� is given as

EUN =
E

M

Te

e�i
. �18�

For the typical auroral region parameters, namely, electron
temperature, Te varying from 10 to 100 eV and for a mag-
netic field of about 13 000 nT, from Eq. �18�, electric field
amplitude of these spiky structures is estimated to be in the
range from 200 to 800 mV/m whereas the amplitude of
the parallel electric field structures observed by the
FAST satellite6 is 700 mV/m. Thus, our theoretical estimates
of the electric field amplitude are well within the range of
observation.
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