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Abstract. The excitation of lower hybrid waves (LHWs) is a
widely discussed mechanism of interaction between plasma
species in space, and is one of the unresolved questions of
magnetospheric multi-ion plasmas. In this paper we present
the morphology, dynamics, and level of LHW activity gener-
ated by electromagnetic ion cyclotron (EMIC) waves during
the 2–7 May 1998 storm period on the global scale. The
LHWs were calculated based on a newly developed self-
consistent model (Khazanov et. al., 2002) that couples the
system of two kinetic equations: one equation describes the
ring current (RC) ion dynamic, and another equation de-
scribes the evolution of EMIC waves. It is found that the
LHWs are excited by helium ions due to their mass depen-
dent drift in the electric field of EMIC waves. The level of
LHW activity is calculated assuming that the induced scat-
tering process is the main saturation mechanism for these
waves. The calculated LHWs electric fields are consistent
with the observational data.

1 Introduction

Wave-particle and wave-wave interactions are the crucial el-
ements of magnetosphere and ionosphere plasma dynamics.
Such interaction provides a channel of energy redistribution
between different plasma populations, and leads to connec-
tion between physical processes developing on the different
spatial and temporal scales. The low-hybrid waves are partic-
ularly interesting for plasma dynamics, because they couple
well with both electrons and ions. Various mechanisms for
LHW excitation have been studied as well as the phenomena
produced by such waves (Davidson et al., 1977; Sonnerup,
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1980; Chang and Coppi, 1981; Bingham et al., 1984; Gur-
nett et al., 1984; Ganguli and Palmadesso, 1987; Pottelette et
al., 1990; Omelchenko et al., 1994). In some cases, the LHW
activity in magnetosphere has been observed simultaneously
with low-frequency waves (LFWs) (LaBelle et al., 1988; Pot-
telette et al., 1990; McFadden et al., 1998). Such simulta-
neous wave activity also has been observed in active iono-
spheric sounding rocket experiments (Arnoldy, 1993; Bale,
1998). One reason for this may be that there is a common
source for both waves. Another possible explanation is LHW
generation due to the LFW activity (Khazanov et al., 1996,
1997a, b).

It is well known in the plasma physics that the LFWs with
frequenciesω<�i (where�i is the ion cyclotron frequency)
could drive a host of high frequency waves through the drifts
of the plasma particles produced by the former waves. LHW
excitation is possible due to any transverse electric field with
a frequency comparable to the ion cyclotron frequency, such
as the fields of ion cyclotron, Alfv́en, and fast magnetosonic
waves. These waves are frequently observed in the iono-
sphere and plasmasphere (LaBelle et al., 1988; Pottelette et
al., 1990; Erlandson et al., 1990; Fraser et al., 1992; Ander-
son et al., 1992). The study by Khazanov et al. (1997a) paid
attention to the special role of heavy ions in this mechanism
due to the fact that the particle drift velocity in the LFW elec-
tric field is mass dependent. They showed that the relative
drift between the electrons and heavy ions across the ambi-
ent magnetic field (from the observed amplitudes of Alfvén
waves) is sufficiently large to drive LHWs in magnetospheric
plasma. The idea has been adopted to explain some observa-
tions in the space plasma (Khazanov et al., 1997b) and active
ionospheric sounding rocket experiments (Bale et al., 1998).

In particular, this mechanism of LHW generation has
been applied to the ring current region of the magnetosphere
(Khazanov et al., 1997a, 2000). It is believed that the hot
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protons, which have large temperature anisotropy, are the
source of Alfv́en activity in that region (Kennel and Petschek,
1966). Therefore, the possible role of the LHW excitation
due to the Alfv́en activity for the energy exchange between
the hot population and the core plasma, as well as for the
Alfv én wave dynamics and saturation into the multicompo-
nent plasma of ring current region, are a subject of interest.
The studies of Khazanov et al. (1997a, 2000) were devoted to
the investigation of this mechanism and analyses of the appli-
cability of their results to the ring current region. They found
that for the generation of LHWs the heavy ions drift velocity
should be at least comparable with the thermal velocity of the
light ions. This leads to the threshold for the LFW electric
field, and the generation is possible only if this field exceeds
the threshold. Therefore, it should be expected that the most
favorable conditions for the proposed mechanism of LHW
generation exist in the ring current region during the mag-
netic storms when this area is populated by heavy ions and
the LF activity is high.

It should be noted that in the above-mentioned papers by
Khazanov et al. (1997a, b, 2000), the LFW was assumed to
be monochromatic, but usually the packets of Alfvén waves
are observed (Olsen et al., 1987; Anderson et al., 1992). The
wave energy in this case is redistributed in some frequency
interval. Because the drift velocity depends on the electric
field amplitude and frequency of the harmonics, the drift ve-
locity and the threshold for the LFW electric field should be
reconsidered. Verifying the applicability of their results to
the ring current region Khazanov et al. (1997a, 2000) used
the average wave and plasma parameters, or the observa-
tional data for some specific events. Therefore, these studies
still did not answer the question what is the possible domain
and duration of this phenomenon and its possible impact on
the wave-plasma dynamics in the ring current region on the
global scale.

In order to study the generation of LHWs on the global
scale in the RC region, the core plasma and Alfvén waves
parameters are needed that, at this point, could be found only
on the base of global scale modeling. This study is based
on the results from the self-consistent model of the magne-
tospheric RC and EMIC waves for the 2–7 May 1998 storm
period (Khazanov et al., 2002, 2003). Below we present first
the LFW activity and core plasma density distribution dur-
ing this particular storm on the global scale. Then the drift
of ions in the packets of EMIC waves is discussed. Next the
dispersion equation for LHWs and the results of its solution
on the global scale are presented and analyzed. In conclu-
sion we estimate the possible level of LHW activity and the
energy outflow from LHWs to the core plasma during the
magnetic storm period.

2 EMIC waves and core plasma characteristics

The description of EMIC activity and core plasma density
distribution for the 2–7 May 1998 storm period presented
here is based on simulations described in detail by Khaz-

anov et al., (2002, 2003). These results are calculated us-
ing the self-consistent RC model, which includes the drift
kinetic equation for the RC energetic ions, and kinetic equa-
tion for EMIC waves in quasilinear approach. For parti-
cles, they are taking into account losses from the charge
exchange, Coulomb collisions, ion-wave scattering, precip-
itation at low altitudes, and losses through the dayside mag-
netopause. Description of EMIC waves includes their gener-
ation by hot particles, absorption by the cold plasma, and re-
flection from ionosphere. Reflection index is frequency and
normal angle dependent, and related to ionosphere param-
eters through AE index in these calculations. The changes
in the vector of wave normal orientation along the magnetic
field line, longitudinal and radial drifts of the wave pack-
ets are neglected. The dipole magnetic field and Kp depen-
dent Volland-Stern convection field are adopted in these stud-
ies. The core plasma density is calculated using the three-
dimensional model of Angerami and Thomas (1964) ad-
justed to the time-dependent equatorial model of Rasmussen
et al. (1993). Coulomb collisions of the RC ions with the
thermal plasma are calculated for the multi-component core
plasma model with the composition 77% of H+, 20% of
He+ and 3% of O+. For all other processes the electron-
proton core plasma model is used. Core plasma tempera-
ture is assumed to be 1 eV. The boundary and initial condi-
tions for the ring current ion distribution are based on the
observational data from LANL, AMPTE/CCE and Explorer
45 satellites. To obtain the self-consistent initial conditions
for EMIC waves the simulation was started using the back-
ground noise level of these waves (Akhiezer et al., 1975),
and for the hot particles were used statistically derived quiet
time ring current proton energy and pitch angle distributions
(Sheldon and Hamilton, 1993; Garcia and Spjeldvik, 1985).

Figure 1 presents a history of the 2–7 May 1998 storm pe-
riod in terms of EMIC wave magnetic field energy and core
electron plasma densities. As can be seen from this figure
the EMIC wave activity is essentially enhanced starting on
6 May, during the late recovery phase of this geomagnetic
storm. It is consistent with the statistical observational data
reported by Wentworth (1964). A detailed analysis of the
wave activity zone morphology and dynamics was presented
in papers (Khazanov et al., 2002, 2003). The maximum
growth rate takes place for the EMIC waves with the wave
vector directed along the ambient magnetic field line, and for
the angles between these directions larger than 27◦ the wave
spectral energy density drops to the noise level. The growth
rate is also negligible for the magnetic latitudes larger then
13◦. Four shapes of the wave energy spectral density dis-
tribution can be identified from the modeling results (Khaz-
anov et al., 2003). It is single peaked distributions: symmet-
ric, right- and left-sides extended; and double-peaked ones.
The last shape was found in 17% of analyzed waveforms and
the peaks frequency separation is about 40% of the spectrum
width. (More detailed description of the EMIC waves can
be found in the paper by Khazanov et. al. (2003).) We will
approximate all of them by Gaussian distribution instead of
more accurate cubic splines (Khazanov et al., 2003). Such
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Fig. 1. Evolution of the squared EMIC wave magnetic field and core plasma density in (MLT, L-shell) – space during the 2–7 May 1998
storm period.

approximation overestimates the peak not more than at 20%,
and underestimates the width of the spectrum. Because the
LHW generation depends on the particles drift velocity and
therefore, proportional to the square root of the wave en-
ergy density the corresponding 10% overestimation will be
neglected in the following analyses as well as the difference
in the spectrum width. The last is not important because of
the low field amplitudes at the wings of the spectrum. There-
fore, we assume that the magnetic field energy spectral den-
sity of EMIC waves distribution is Gaussian:

B2
ν = C exp

[
−

(ν − 〈ν〉)2

2D2

]
= C exp

[
−

(1 − x)2

2d2

]
(1)

where: B2
ν is the wave magnetic field energy spectral den-

sity; ν, 〈ν〉 are the current and mean frequencies, and
x=ν/〈ν〉, d=D/〈ν〉 are normalized frequency and the stan-
dard deviation. Khazanov et al. (2003) presented typical ex-

amples for the four shapes of EMIC waves spectrums. The
normalized standard deviations for these particular distribu-
tions are:d=0.10, 0.13, 0.14, and 0.19. The corresponding
ratios of the mean frequency to the hydrogen gyrofrequency
〈ν〉/�H are: 0.51, 0.57, 0.50, and 0.55.

3 Generation of LHW

Particles of plasma subjected to the LFW with the electric
field perpendicular to the ambient magnetic field are drifting
with the mass dependent velocities. The difference of these
velocities can cause the beam instability in such a system, in
particular the LHW generation. To calculate the particle drift
velocity, the LF wave electric field is needed. Because the
EMIC waves were calculated in quasilinear approximation,
the energy density distribution of these waves is averaged
over time, large in comparison with the wave period. This
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Fig. 2. Normalized ion drift velocityuαx/
√

2vT H =F(τ)
√

B2/n

as a function on normalized timeτ=t〈ν〉.

time average is equivalent to the average over the statistical
ensemble, where different realizations are defined by some
set of phase, randomly changing from one realization to an-
other. While the wave field exhibits randomness on the time
scale large in comparison with the wave period, it is still reg-
ular on the time intervals smaller or around the period of the
EMIC wave (Tsytovich, 1970). The frequency of the LHWs
is about

√
�H �e (�H , �e are the hydrogen and electron gy-

rofrequencies respectively), and their period is much smaller
than the EMIC waves period. We will restrict our analyses
by such cases that the LHWs growth rate is also comparable
to the frequency of EMIC waves and therefore, the time of
LHWs excitation is comparable to the EMIC waves period.
In fact, we will seek such cases that the LHW growth rate
is at least 5 times greater than the EMIC wave frequency.
Therefore, for such LH waves the characteristic time of gen-
eration is essentially smaller than the characteristic time at
which the stochastic changes of EMIC waves takes place.
Under this condition the EMIC wave field can be considered
as regular for the drift velocity calculations. Based on the re-
sults presented in Sect. 2 we will assume that the EMIC wave
is left-hand polarized, with the wave vector directed along the
ambient magnetic field (axesz). Fourier components of the
electric and magnetic fields of this wave are:

Eν =
bν

Nν

(ex − iey) e−iνt+iκ(ν)z,

Bν = ibν (ex − iey) e−iνt+iκ(ν)z,

N2
ν = 1 −

∑ ω2
pα

ν(ν − �α)
,

ω2
pα =

4πnαe2

mα

, �α =
eαB

mαc
, α = e, H+, He+, O+ (2)

HereN2
ν is the plasma refractive index for the EMIC waves,

and nα are the plasma component densities. We also will
assume, taking into account (1), that

bν = A exp

[
−

(ν − 〈ν〉)2

4D2

]
(3)

where the coefficientA is found from the condition:

B2
=

 +∞∫
−∞

bνdν

2

(4)

andB2 is the EMIC wave magnetic field energy density cal-
culated from the numerical model presented in Fig. 1. Ne-
glecting by the EMIC wave magnetic field, the relative ve-
locity of an ion speciesα, with respect to the electrons, can
be calculated as (Khazanov et al., 1997a):

uα =
e

mH �H

+∞∫
−∞

νEν

(ν − �α)
dν (5)

In our calculations we used the electric field two times
smaller than given by expression (2). Such field reduction
according to the estimations essentially overlaps the errors
related to the use of different approximations in numerical
calculation of EMIC waves magnetic field energy density
(Khazanov et al., 2002, 2003) and the calculation of corre-
sponding electric fields and drift velocities in this paper. It
can be found (after substitution in Eq. (5) of the EMIC elec-
tric field (2)) that the relative ion velocity for fixed plasma
composition depends on parameters:mH /mα, 〈ν〉/�H , d,
andB2/n. For a fixed point along the magnetic field line,
z=0, the results of the velocity calculation for the hydrogen,
helium, and oxygen ions are presented in Fig. 2. They are
calculated for the Gaussian EMIC wave energy distribution
with the normalized standard deviationd=0.10 and the mean
frequency〈ν〉=0.51�H . The figure presents the ions veloc-
ity due to an initially created set of waves with the initial
energy density equal to the average density at a fixed point in
space. Because the set of waves includes different frequen-
cies, the ions velocity amplitude slowly diminishes. Such a
slow rate of the amplitude change means that the field action
on the ion is close to the action of a monochromatic wave.
Calculation for the monochromatic wave with the mean fre-
quency leads to the ion velocity amplitudes about 15% higher
than presented in Fig. 2. For all four shapes of EMIC waves
energy density distribution, when the Gaussian approxima-
tion of the shape is used, the relative ions velocities, calcu-
lated using the expression (5), are very close. The veloci-
ties dependence on the ambient magnetic field through the
parameter〈ν〉/�H (see expressions (3)–(5)) in the domain
of interest, where the EMIC activity is high, is also weak.
This permits us below to use the velocities averaged over
the corresponding parameters〈ν〉/�H , d with the accuracy
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Fig. 3. Evolution of the squared EMIC wave electric field∼B2/n (normalized) in (MLT, L-shell)–space during the 2–7 May 1998 storm
period.

of about 15%. The main dependence of the ion relative ve-
locity is the dependence on the EMIC waves magnetic field
energy and plasma densities and, as can be found from ex-
pression (5) has the formuαx/

√
2νT H =F(τ)

√
B2/n, where

the coefficient of proportionality,F(τ), presented by Fig. 2,
is dependent on themH /mα ratio. The dependence onn
for the drift velocity is because the electric field of EMIC
waves is expressed with the help of the wave magnetic field
and the phase velocity, which depends on the plasma den-
sity. These results, presenting the ion relative velocity with
respect to the electrons, will be used to analyze the excitation
of LHW in linear approximation (Akhiezer et al., 1975). The
core plasma below is considered to be the multi-component,
containing 77% of H+, 20% of He+ and 3% of O+. This
thermal plasma composition is used for the calculation of the
Coulomb collisions of the ring current ions in the numerical
model (Khazanov et al., 2002, 2003).

It should be noted that a refined approach to the problem of
LHW excitation by the field of the LF wave should be based
on the weak turbulence theory, or the parametric approach,
if we are neglecting by the finiteness of the LF wavelength
(Gamayunov et al., 1992a). In this study we will use the
approximate approach assuming that during the time of LHW
generation the particles drift velocities can be considered as
constant. We will also restrict the analyses by the case of
unmagnetized ions. Then the dispersion equation for LHW
has the following form (e.g. Akhiezer et al., 1975; Khazanov
et al., 1997a):

1 +
ω2

pe

k2v2
T e

[
1 + I0(x) e−xzeZ(ze)

]
+

∑
α

ω2
pα

k2v2
T α

[1 + zαZ(zα)] = 0
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x =
k2
⊥
v2
T e

�2
e

; ze =
ω

√
2kzvT e

; zα =
ω − k⊥uα
√

2kvT α

;

kz = k cosϑ

v2
T =

T

m
; ω2

pe =
4πne2

me

; ω2
pα =

4πnαe2

mα

;

α = H+, He+, O+ (6)

where: I0(x) is the modified Bessel function;Z(zα) is the
plasma dispersion function; andω andk are the frequency
and the wave vector of the LH oscillations, respectively, and
ϑ is the angle between the wave vector and the ambient mag-
netic field.

In order to obtain Eq. (6), we assumed that�α�ω � �e

and the motion of all ion species is unmagnetized, i.e.
k2
⊥
v2
T α/�2

α � 1. As follows from the analyses of Eq. (6), the
LHWs, excited in our case, have wavelengths large in com-
parison with the Debye length, and the first term, the unit in
Eq. (6), can be safely neglected. Equation (6) can then be
split into two, for the real and imaginary parts as:

2 + I0(x) e−xRe [zeZ(ze)]

+

∑
α

cαRe [1 + zαZ(zα)] = 0

I0(x) e−x Im [zeZ(ze)]

+

∑
α

cαIm [zαZ(zα)] = 0 (7)

wherecα is the concentration of ion species. Because of
the Landau damping on electrons, only LHWs with the
wave vector near normally directed to the ambient magnetic
field can be excited. Therefore, the difference between
k and k⊥ in x and zα can be neglected. Equations (7)
are the equations for the real and imaginary parts of the
normalized LHWs phase velocity(ω/

√
2kvT H ). For the

fixed plasma composition the system of Eqs. (7) depends
on three parameters: the ratio of the LHW length to the
electron gyroradius (x), the angle between the LHW vector
and the ambient magnetic field (ϑ), and the ions veloc-
ity in the EMIC wave electric field (uα/

√
2vT H ). This

last dependence is in fact the dependence on the ratio of
the magnetic field energy density of EMIC waves to the
plasma density,B2/n, as it was found from expression (5).
ParameterB2/n, which is plotted in Fig. 3, is calculated
from the data presented in Fig. 1 on the global scale. For
the local magnitude of this parameter we need to look for
solutions to Eqs. (7), depending on the wavelength and the
angle between the wave vector and the ambient magnetic
field. Growing solutions to these equations exist only for
ion velocities comparable to the hydrogen thermal velocity
(Khazanov et al., 1997a). That means that the excitation of
LHW can be expected only during a part of the EMIC wave
period, when the ion drift velocity satisfies this condition.
On the other hand, as it was stated above, the dispersion
Eq. (6) is valid if, during a time of orderγ −1 (whereγ is
the growth rate of LHW), the ion velocity can be considered
as constant. To satisfy both of these conditions we will use
such approach, solving the system (7). From Fig. 2 we will

choose the normalized time interval1τ=±0.5, (τ=t〈ν〉),
around the moment when the velocity is maximum,τ≈1.5.
During this time interval the velocity of ions are larger
than the velocities at the ends of the interval, which
are (see the Fig. 2)uH/O=(+/−)×0.7×vT H ×

√
2B2/n,

uHe=−1.1×vT H ×

√
2B2/n for hydrogen, oxygen and

helium (B in nT,n in cm−3). The choice of the time interval,
1τ=±0.5, is to some degree arbitrary, but it is restricted
by two conditions named above: the velocity at the ends
of the interval should be large enough compare to the
hydrogen thermal velocity to drive the LHWs, and the time
interval should be long enough compare to the LHW growth
time. As a result of these restrictions, the permitted varia-
tions of the time interval are not large, and other possible
choices of the time interval lead to the close results. These
minimal velocities (uH/O=(+/−)×0.7×vT H ×

√
2B2/n,

uHe=−1.1×vT H ×

√
2B2/n) will be substituted in the

system (7), and we will seek for such LH waves, that their
period is at least 5 times smaller than the time interval 21τ ,
and the characteristic growth time,γ −1, is not larger than the
same time interval. These restrictions, and the assumptions
used to obtain the dispersion Eqs. (6) and (7), constitute the
conditions that we imposed on the solutions of Eqs. (7):

10�H ≤ 0.1�e, 10
�2

H

v2
T H

≤ k2
≤ 0.1

ω2
pH

v2
T H

,

1t ≡
21τ

〈ν〉
≥

10π

ω
, 1t ≥

1

γ
(8)

The first inequality here is imposed because we are looking
for LHW. The second condition selects the wavelength larger
then the Debye radius and smaller then the ion Larmor ra-
dius. The system of Eqs. (7) in the domain of parameters
defined by inequalities (8) was solved by Broyden’s method
on the global scale. Results of these calculations are summa-
rized in Table 1. This table presents the main characteristics
of the LHW excitation process and the parameters of gener-
ated waves that are organized according to the magnitude of
the parameterB2/n.

The first column in this table characterizes the EMIC wave
electric field as it was discussed above. The next three
columns present the normalized drift velocities. The coin-
cidence of hydrogen and oxygen drift velocity magnitudes
(columns two and four) is accidental (Fig. 2), and holds on
only with the presented accuracy. The next three columns
describe the exited LH waves. From this data the wave fre-
quency and wavelength for the listed angles of propagation
can be calculated. The last column can be used for the growth
rate calculation for a wave with a fixed frequency and wave
vector.

The left hand and right hand quantities in the last three
columns correspond one to another. They change from left
to right close to monotonically, but not proportionally. As
can be seen from this table, the larger the EMIC electric field
the larger is the domain of the angles of LHW generation,
ϑ , their phase velocities,Re ω/

√
2kvT H , and the maximum

growth rate,Im ω/
√

2kvT H . The angles of generation of the
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Table 1. Main characteristics of the LHWs excitation process.

B2/n [nT2cm3] uH√
2vT H

uHE√
2vT H

u0√
2vT H

cosϑ
√

mH
me

k2v2
T e

�2
e

Reω√
2kvT H

Imω√
2kvT H

1.75 -0.8 1.4 0.8 0.03 0.07–0.11 1.2–1.0 0.20–0.16
0.3 0.1–0.16 1.1–1.0 0.17–0.13

2.6 −1.1 1.8 1.1 0.03 0.03–0.17 1.4–1.0 0.42–0.13
0.3 0.03–0.22 1.5–1.0 0.34–0.11
0.6 0.07–0.25 1.6–1.2 0.21–0.10
0.7 0.15–0.17 1.5–1.4 0.13

3.6 -1.3 2.1 1.3 0.03 0.02–0.13 1.6–1.1 0.61–0.15
0.3 0.02–0.17 1.8–1.1 0.50–0.13
0.8 0.07–0.23 1.9–1.6 0.20–0.11

5.3 -1.6 2.5 1.6 0.03 0.02–0.08 1.9–1.2 0.80–0.20
0.3 0.02–0.11 2.1–1.3 0.72–0.16
0.9 0.08–0.23 2.2–1.9 0.31–0.11
1.1 0.10–0.21 2.3–2.1 0.16–0.11

LHWs are restricted by Landau damping on the electrons and
the waves are generated nearly perpendicular to the ambient
magnetic field. The phase velocity is always smaller than the
helium drift velocity. That is the relative drift of helium to
electrons that drives the instability. The drift of oxygen ions
leads to the amplification of shorter waves (the drift veloc-
ity is larger than the phase velocity), but oxygen absorbs the
longer ones (opposite ratio between these two velocities). In
our case the input of oxygen to the LHW generation is small,
due to its small content in plasma (3%). It can be found from
the dispersion Eqs. (7) and the data in the Table 1 that the
hydrogen and helium density perturbations in the LHW are
of the opposite signs and partially compensated. The gen-
erated wavelengths,λ, are in the range of 10ρe≤λ≤40ρe

(whereρe is the electron gyroradius), and for the larger wave-
length the phase velocity is larger. From the side of shorter
waves (λ<10ρe) damping prevail on the excitation. Longer
waves have smaller frequencies, i.e. larger periods. There-
fore, our condition that the time interval, during which the
drift velocity drops below the chosen level, should be larger
than 5 wave periods and larger than the growth character
time, restricts the wavelength from the larger side (8). The
growth rate,Imω/

√
2kvT H , is restricted from the smaller

side by the last time condition from inequalities (8). It is a
growing function of the EMIC electric field (

√
B2/n); this

function is larger for the wave vectors normal to the ambi-
ent magnetic field, and the ratioIm ω/Re ω changes in the
range 0.05÷0.4. The character of the LHW excitation de-
scribed above is similar to that obtained for the LHWs, ex-
cited by an ion beam propagating across the magnetic field
and forming a jet spectrum ink−space (Musher et al., 1986).
With the results presented in the Table 1, combined with the
distribution of the parameterB2/n from the Fig. 3, the LHW
excitation on the global scale can be analyzed. As it is seen

from this figure and the table, the LHWs are mainly excited
at the end of the storm period, when the EMIC activity is
well developed (Fig. 1). The periods of LHWs excitation
during the storm directly reflect the dependence on the EMIC
wave electric field, which is proportional to the

√
B2/n ra-

tio. That is why the LHW excitation takes place, for exam-
ple, at 66 h , but not at 34 h (Figs. 1 and 4). The EMIC waves
magnetic fields are close, but the density is approximately
10 times larger at 34 h . As a result, the electric field and,
therefore the drift velocities, are about three times smaller in
this case. The EMIC waves electric field, with good accu-
racy, can be calculated with the help of expressions (2)–(4)
asE [mV/m]=280

√
B2/L3n and in the region of interest is

3–6 mV/m, as can be seen from Fig. 1.

4 Discussion and Conclusion

As presented above, the LHW growth rate permits us to iden-
tify the regions where the LHW activity can be expected dur-
ing the storm evolution (Table 1, Fig. 3). Using the calcu-
lated LHW growth rates we can also estimate what is the ex-
pected level of LHW activity. We will assume that the level
of the thermal noise in plasma is the initial level of LH activ-
ity. This level is apparently surpassed during the storm and
such a choice is a guarantee from an overestimation in what
follows. The level of thermal noises in Maxwellian proton-
electron plasma can by found in Akhiezer et al. (1975). We
will use this result for our estimations in spite of the 20% ad-
mixture of helium. Because the initial level of LHW energy
density is the multiple before the exponent in the expression
for the wave energy density at later moments,

E2(t) = E2
thermal(t = 0) e2t Im ω (9)
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Fig. 4. Low-hybrid wave electric field in (MLT, L-shell)–space during the 2–7 May 1998 storm period.

this discrepancy (plasma in our case is multicomponent),
as well as the use of average parameters below, should not
change the estimations essentially. The spectral component
of the electric field space correlation function is:〈
E2

〉
k

= 8π2T
�2

e

�2
e + ω2

pe

(10)

Calculating the volumes of thek−space corresponding to the
different drift velocities determined by the parameter

√
B2/n

(Table 1), and multiplying this volume on the spectral den-
sity (10), the initial LHW energy densities,E2(t=0), are
found to be:√

B2/n [nT2cm3
] 1.75 2.60 3.60 5.30

1012E2(t = 0) [mV2/m2
] 2.3 4.0 5.3 6.60 (11)

As can be seen from Eq. (11) the initial energy levels are
close for our set of drift velocities. Because the LHW spec-
tral energy density (10) is independent on the wave vector,

it also follows from Eq. (11) that the volumes ofk−space,
in which the LHW is generated, are growing with the energy
density of EMIC wave electric field. Now we are able to cal-
culate the LHW energy density at the end of the time interval
21τ=1, whereτ=t〈ν〉 is the time normalized on the aver-
age EMIC wave period. Recall that during this time the drift
ions velocities exceed their values used in the LHW growth
rate calculations and, therefore, at list during this time the
generation of LHWs hold on. To perform the calculations
with the help of expression (9) we need also the growth rate.
The growth rates arek−dependent as can be seen from the
Table 1. The region of LHW activity ink−space forms a jet
as we have seen above. Approximately, it is a cone with the
axis normal to the ambient magnetic field. The main part of
the cone volume is located near the outer boundary,k=kmax.
As it was found in calculations the growth rate sharply drops
in the narrow vicinity nearkmax (about 10% ofkmax) but re-
mains close to the constant for the essential part ofk−region
before this drop. Thus, the growth rate from this main region
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was used to calculate the LHW energy density and electric
field at the end of the time interval 21τ≡t〈ν〉 from Eq. (9).
The results are:√

B2/n [nT2cm3
] 1.75 2.60 3.60 5.30

E (t = 1/〈ν〉) [mV2/m2
] 0.002 0.06 0.20 0.60. (12)

To calculate these LHW electric fields we neglected by their
non-linear damping, which can restrict the growth and sat-
urate the LHW activity on the lower level. As it was
found by Musher et al. (1986) for LHWs excited by an ion
beam propagating across a magnetic field in electron-proton
plasma, the main mechanism, which leads to the saturation
of such waves, is induced scattering by ions and electrons.
The case, when the beam is formed by a heavy component
of plasma due to electric field of a low frequency wave, was
studied by Khazanov et al. (1997a). They came to the same
conclusion; i.e. quasilinear diffusion only slightly diminishes
the LHW growth rate and the saturation results from the in-
duced scattering. Therefore, the quasilinear effects will not
change the results (12) dramatically. Following Musher et
al. (1978) the damping rate for induced scattering can be pre-
sented as follows:

γ sc
=

ω4
pe

ω
(
�2

e + ω2
pe

) E2

8πnT
(13)

For a quasi-stationary state the growth rate of the LHW from
the Table 1 should be equal to this damping rate. From this
condition we can calculate the saturation levels of LHW ac-
tivity for different values of theB2/n, i.e. for different drift
velocities. This saturation level for the LHW electric field is
in the range 1–2 mV/m, and exceeds the electric field for all
four cases presented in Eq. (12). Therefore, at the end of the
time period 21τ≡〈ν〉t=1 the level of LHW electric fields
presented in Eq. (12) can be expected. After this the EMIC
wave electric field and the helium drift velocity drop below
the level needed for the LHW generation and the LHW activ-
ity will be damp during the remaining part of the EMIC wave
period. Then the generation will be switched on again if the
EMIC waves are still present in this domain. What the re-
sulting quasi-stationary level of LHWs will be, if the EMIC
activity exists long enough in the region, depends first of all
on the damping rate during the remaining part of the EMIC
wave period, when the ions drift velocity is below the level
needed for LHW generation. To estimate the LHW damp-
ing and following growth at the next period of EMIC wave,
we can look on the problem as two initial value problems.
Then at the end of one part of the EMIC waves period we
have the initial LHW characteristics for the next part of the
period. For initial perturbation with a fixed wave vectork the
electric field can be found as (Aleksandrov et al., 1984):

E(t, κ) = −i

∫
D(t = 0, κ)

ωε(ω, κ)
e−iωtd ω ∼ Ce−iω(κ)t (14)

Here:D((t=0, κ) is the initial electric displacement,ε(ω, k)

is the dielectric permittivity, andω(k) is the solution of the

dispersion equationε(ω, k)=0 for the LHW mode in our
case. As can be seen from expression (14) the evolution of
the LHW electric field for the harmonic with fixedk depends
on theImω(k). Therefore, we need also the damping rates
for the wave vectors of the excited LHW activity, which are
presented in the Table 1. We calculated these damping rates
and the total growth and damping during one EMIC wave
period, 2π/〈ν〉, i.e.:

0 = δtImω(k)|growth +

(
2π

〈ν〉
− δt

)
Imω(k)

∣∣∣∣
damping

(15)

whereδt=21τ/〈ν〉. It was found that for all cases when
the LHWs are excited, there are always some wave vectors
k for which the LHW activity is enriched during the EMIC
wave period. The existence of suchk can be understood
from the data presented in the Table 1 for the growth rate and
the k−depends of the damping. The growth rate is largest
for small k and decreases for the largerk. The damping
for waves with smallk is small and increases for largerk.
Therefore, some harmonics with smallk can survive during
the damping part of the EMIC wave period, if the angleϑ

(Table 1) is such, that the Landau damping for electrons is
not too strong. Surviving LH harmonics form a narrow jet
in k−space and we can neglect by the difference between
the different harmonics in this jet. Note, that the expres-
sion (13) for the scattering rate depends on the total energy
density of the LHW electric field in the used approximation.
If the EMIC wave acts long enough then the exact level of
the LHW perturbations that survives the damping part of the
period are not important for our estimation. These perturba-
tions will grow at least until the induced scattering will not
stop this process on some quasi-stationary level. To calcu-
late this level, we can introduce using Eq. (15) an effective
growth rate as the growth rate averaged over the EMIC wave
period for the most quickly growing harmonic:

〈γ 〉eff =
〈ν〉

2π
0 (16)

Equating the growth rate (16) to the damping rate due to in-
duced scattering (13) we found the LHW electric field for the
quasi-stationary state√

B2/n [nT2cm3
] 1.75 2.60 3.60 5.30

E [mV/m] 0.20 0.30 0.55 0.65 (17)

We compared these electric fields to the threshold of the
modulational instability of the LHW (Musher et al., 1978),
which in our case can be presented as follow:

E2
tr

8πnT
=

me

mH

k2v2
T e

ω2
pe

(18)

This threshold is higher than the electric fields given by (17),
but in the last case (0.65 mV/m) the threshold is 1.1 mV/m.
Apparently the modulational instability can be excited in
some points during the storm period. Therefore, depending
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on the time during which the EMIC waves exists in the re-
gion of LHW generation the LHW electric fields in the range
between listed in (12) and (17) can be reached.

We have no observational results for the LHW during this
storm period, but we still can compare our results with the
data obtained from other events. Data from the 6 May 1982
event measured by the Dynamics Explorer 1 satellite gave
the experimental value of LHW electric field 0.003 mV/m.
(Olsen et al., 1987). Another case of LHW activity was
observed by AMPTE IRM satellite at 6 April 1985, when
the LHW electric field was 0.6 mV/m (LaBelle et al., 1988).
These data are in the range of electric fields values listed
above in (12) and (17) and testify that the calculated results
are reasonable.

We also estimated the outflow of the energy from LHW to
the core plasma. There are two main channels of energy out-
flow from the LHW. One of them is the induced scattering on
ions and electrons. Because the frequency of LHWs is low
the energy is mainly transformed to the electrons (Musher et
al., 1978). For the stationary case the energy flow,Q, can
be estimated from the balance between the energy pumped
to the LHWs by the helium drift and the energy outflow
from this waves to the particles. It follows from this balance
(Khazanov et al., 1997a) that:

Q

nT
∼

γ 2ω

�2
e

(19)

We used for these estimations the effective growth rate (16).
For two last cases presented in (17) the energy of particles
doubles during an hour. For weaker electric fields the effect
is small. Another channel of particle energization is due
to the quasilinear effects. Mainly, the energy is directed to
the hydrogen. The admixture of oxygen ions is small (3%),
as well as their thermal velocities, compared to the phase
velocity of the LHWs and this channel of energy outflow is
negligible. Because the waves are generated in the narrow
cone around the normal to the ambient magnetic field, the
quasilinear effects for electrons are also small. Details of
these calculations can be found in Khazanov et al. (1997a).
We estimated this effect for the case that the LHW electric
field is 0.55 mV/m with the help of expressions (23) and (32)
from this reference. Kinetic energy gained by hydrogen ion
is approximatelyK(t)∼0.1K(t=0)t0.4 and doubles during
an hour. Because the phase wave velocity in this case is only
about two times larger than the hydrogen thermal velocity
the portion of particles involved in this interaction is large
enough and constitutes∼10% of the hydrogen population.
Results presented above characterize on the global scale the
morphology, dynamics and level of LHW activity generated
by EMIC waves during the 2–7 May 1998 storm period. The
latter waves were calculated in the framework of the self-
consistent model for the ring current particles and generated
by these particles EMIC waves. As the input to the models
involved in these calculations the observational data were
used. Drift velocities of H+, He+, and O+ were then found,
and the region of LHW generation on the global scale was
calculated. Assuming induced scattering as the saturation

mechanism for the LHWs, their quasi-stationary level is
estimated. In these estimations for the processes of induced
scattering we used the electron–proton model. Because of
different approximations involved in our calculations we
two times reduced the electric field of the EMIC waves in
the study of LHW generation. Analyses of this precaution
lead us to conclusion that the region of LHW generation
and the level of such activity are apparently underestimated
in this study. Obtained under these approximations results
for the LHWs electric field are consistent with the obser-
vational data. It should be stressed that to determine the
role of the discussed mechanism of LHW generation for
the ring current region and separate it from other sources
of LH activity, detailed analyses of events based on the
measurements of EMIC and LH waves, as well as cold
plasma parameters, is required. To eliminate the restrictions
that have been used to calculate the drift velocity and
support our conclusions regarding the non-linear stage of
LHW evolution, direct modeling PIC simulations are needed.

Edited by: G. S. Lakhina
Reviewed by: two referees

References

Aleksandrov, A. F., Bogdankevich, L. S., Rukhadze, A. A.: Prin-
ciples of Plasma Electrodynamics, Berlin, New York, Springer-
Verlag, 1984.

Anderson, B. J., Erlandson, R. E., and Zanetti, L. J.: A statistical
study of Pc 1–2 magnetic pulsations in the equatorial magneto-
sphere: 1. Equatorial occurrence distributions, J. Geophys. Res.,
97, 3075–3088, 1992.

Akhiezer, A. I.: Plasma electrodynamics, vol. 2, Pergamon Press,
New York, 1975.

Angerami, J. J. and Thomas, J. O.: Studies of planetary atmo-
spheres, 1, The distribution of ions and electrons in the Earth’s
exosphere, J. Geophys. Res., 69, 4537–4560, 1964.

Arnoldy, R. L.: Transverse ion acceleration by active experiments,
Auroral Plasma Dynamics, edited by Lysak, R. L., AGU, Wash-
ington, D. C., Geophys. Monogr. Ser., vol. 80, 195–202, 1993.

Bale, S. D., Kellogg, P. J., Erickson, K. N., Monson, S. J., and
Arnoldy, R. L.: Ponderomotive lower hybrid wave growth in
electric fields associated with electron beam injection and trans-
verse ion acceleration, Adv. Space Res., 21 735–21 741, 1998.

Bingham, R., Bryant, D. A., and Hall, D. S.: A wave model for the
aurora, Geophys. Res. Lett., 11, 327–330, 1984.

Chang, T. and Coppi, B.: Lower hybrid acceleration and ion evolu-
tion in the subauroral region, Geophys. Res. Lett., 8, 1253–1256,
1981.

Davidson, R. C., Gladd, N. T., Wu, C. S., and Huba, J. D.: Effects
of finite plasma beta on the lower-hybrid-drift instability, Phys.
Fluids, 20, 301–312, 1977.

Erlandson, R. E., Zanetti, L. J., Potemra, T. A., Block, L. P., and
Holmgren, G.: Viking magnetic and electric field observations of
Pc 1 waves at high latitudes, J. Geophys. Res., 95, 5941–5955,
1990.

Fraser, B. J., Samson, J. C., Hu, Y. D., McPherron, R. C., and Rus-
sel, C. T.: Electromagnetic ion cyclotron waves observed near



G. V. Khazanov et al.: The nonlinear coupling of electromagnetic ion cyclotron and lower hybrid waves 239

the oxygen cyclotron frequency by ISEE 1 and 2, J. Geophys.
Res., 97, 3063–3074, 1992.

Gamayunov, K. V., Krivorutsky, E. N., Veryaev, A. A., and Khaz-
anov, G. V.: Parametricexcitation of longitudinal oscillations by
a lower frequency pump wave, Plasma Physics and Controlled
Fusion, V34, #7, 1359–1367, 1992a.

Gamayunov, K. V., Krivorutsky, E. N., Veryaev, A. A., and Khaz-
anov, G. V.: Saturation of Alfv́en oscillations in the ring current
region due to generation of lower hybrid waves, Planet. Space
Sci., 40, 477, 1992b.

Ganguli, S. B. and Palmadesso, P. J.: Plasma transport in the auroral
return current region, J. Geophys. Res., 92, 8673–8690, 1987.

Garcia, H. A. and Spjeldvik, W. N.: Anisotropiy characteristics of
geomagnetically trapped ions, J. Geophys. Res., 90, 347–358,
1985.

Gurnett, D. A., Huff, R. L., Menietti, J. D., Burch, J. L., Winning-
ham, J. D., and Shawhan, S. D.: Correlated low-frequency elec-
tric and magnetic noise along the auroral field lines, J. Geophys.
Res., 89, 8971–8985, 1984.

Kennel, C. F. and Petschek, H. E.: Limit on stably trapped particle
fluxes, J. Geophys. Res., 71, 1–28, 1966.

Khazanov, G. V., Gamayunov, K. V., Jordanova, V. K., and
Krivorutsky, E. N.: A self-consistent model of the interact-
ing ring current ions with electromagnetic ICWs. Initial results:
Waves and precipitating fluxes, J. of Geophys. Res., 107, 6,
10.1029/2001JA000180, 2002.

Khazanov, G. V., Gamayunov, K. V., and Jordanova, V. K.: Self-
consistent model of magnetospheric ring current and electromag-
netic ion cyclotron waves: The 2–7 May 1998, storm, J. of Geo-
phys. Res., submitted, 2003.

Khazanov, G. V., Gamayunov, K. V., and Liemohn, M. W.: Alfvén
waves as a source of lower-hybrid activity in the ring current
region, J. Geophys. Res., 105, 5403–5409, 2000.

Khazanov, G. V., Krivorutsky, E. N., Moore, T. E., Liemohn, M. W.,
and Horwitz, J. L.: Lower hybrid oscillations in multicompo-
nent space plasmas subjected to ion cyclotron waves, J. Geophys.
Res., 102, 175–184, 1997a.

Khazanov, G. V., Krivorutsky, E. N., Liemohn, M. W., and Hor-
witz, J. L.: A model of lower hybrid wave excitation compared
with observetions by Viking, Geophys. Res. Lett., 24, 2399–
2402, 1997b.

Khazanov, G. V., Moore, T. E., Krivorutsky, E. N., Horwitz, J. L.,
and Liemohn, M. W.: Lower hybrid turbulence and ponderomo-
tive force effects in space plasmas subjected for large-amplitude
low-frequency waves, Geophys. Res. Lett., 23, 797–800, 1996.

LaBelle, J., Treumann, R. A., Baumjohann, W., Haerendel, G.,
Sckopke, N., Paschmann, G., and Lühr,: The duskside plasma-
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