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Abstract. A numerical MHD model is developed to investigate acceleration and
heating of both thermal and auroral plasma. This is done for magnetospheric flux
tubes in which intensive field aligned currents flow. To give each of these tubes, the
empirical Tsyganenko model of the magnetospheric field is used. The parameters of
the background plasma outside the flux tube as well as the strength of the electric
field of magnetospheric convection are given. Performing the numerical calculations,
the distributions of the plasma densities, velocities, temperatures, parallel electric
field and current, and of the coefficients of thermal conductivity are obtained
in a self-consistent way. It is found that EIC turbulence develops effectively in
the thermal plasma. The parallel electric field develops under the action of the
anomalous resistivity. This electric field accelerates both the thermal and the
auroral plasma. The thermal turbulent plasma is also subjected to an intensive
heating. The increase of the plasma temperature strongly depends on the value
of the magnetic flux in the given tube and on the intensity of the magnetospheric
convection. It is found that even stationary EIC turbulence may cause the large-
scale resistivity of the plasma of the Earth’s ionosphere. Besides, studying the
growth and dispersion properties of oblique ion cyclotron waves excited in a drifting
magnetized plasma, it is shown that under non-stationary conditions such waves
may reveal the properties of bursts of polarized transverse electromagnetic waves at

frequencies near the proton gyrofrequency.
1. Introduction

As known, both the magnetic field and the plasma
of the magnetosphere are non-uniform. The pressure
gradients of the plasma are caused by the electromo-
tive force producing the electric currents in the mag-
netosphere. The ionosphere is the resistivity load con-
nected to the magnetospheric sources of electric power
via highly conducting magnetic field lines. The system
of the magnetospheric and ionospheric currents is closed
by the field-aligned electric currents (FAC).

Kindel and Kennel [1971] suggested that electrostatic
ion-cyclotron (EIC) waves could be produced by FAC.
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The EIC waves are usually found in regions with up-
going ion beams [André et al. 1987]. EIC waves have
spectral peaks above the ion gyrofrequencies and some-
times at higher harmonics.

Waves also may be essential for the formation of a
quasi-static difference of the electric potential V' along
the magnetic field lines. Microinstabilities cause the
anomalous resistivity in the plasma and the appearance
of the electric fields E| parallel to B [Lysak and Dum,
1983]. A second generation mechanism of these fields
is based on a local charge separation in the FAC re-
gions, where electrostatic double layers occur [Block,
1975; Block and Fdlthammar, 1991]. Both generation
mechanisms do not exclude one another, but they com-
plement one another. Hesse et al. [1990] considered both
mechanisms applying the resistive fluid theory to the
field-aligned potential structures.

Auroral arcs may be present because the parallel elec-
tric fields accelerate the auroral electrons downwards
[Chiu and Cornwall, 1980]. Strong electric spikes of
about 100 mV/m were locally detected by the Freja
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satellite [Chust et al., 1988] Using the results of observa-
tions obtained by polar orbiting satellites, it was shown
that the potential differences are usually located at alti-
tudes between 2000-15000 km [Reiff et al., 1988; 1993].
Reiff et al. [1993] also estimated that the potential dif-
ferences may be as large as AV ~ 1-10kV. At the same
altitudes, perpendicular spatial scales of about 100 km
are most typical for the parallel electric fields [Gorney,
1984]. Besides, finer scales have been observed inside
the larger features.

The electric component of the electromagnetic waves,
if it is parallel to the geomagnetic field B, modulates
the field-aligned fluxes of the electrons at the wave fre-
quency. In the case of electromagnetic ion cyclotron
(EMIC) waves, the modulation effect has been detected
by sounding rockets [Temerin et al., 1993; Lund and
LaBelle, 1997]. Erlandson et al. [1994] observed the
EMIC waves by Freja satellite in a region of inverted
V-type electron precipitation. Using simultaneous Freja
observations of precipitating keV electrons and of EMIC
waves, Oscarsson et al. [1997] concluded that the EMIC
wave-particle interaction is resonant at altitudes of sev-
eral thousands of kilometers above the auroral iono-
sphere.

Growth and damping of the oblique EMIC waves were
studied by Xue and Thorne [1996] for the conditions
of the Earth’s outer magnetosphere (L=7, where L is
the geomagnetic shell parameter) when the energetic
particle distribution has a high-energy tail which may
be modelled by a generalized Lorentzian distribution. It
was obtained that the maximum wave growth due to hot
proton temperature anisotropy occurs for the parallel
wave propagation.

Chaston et al. [1999] discussed the observations of
electromagnetic bursts in the near-Earth magnetotail
by ISEE-1 and ISEE-2. Since the frequency range of
the observed waves contains the cyclotron frequencies of
the ion components found in this region of space, they
loosely term these bursts “electromagnetic ion cyclotron
waves”. The polarized bursts are often accompanied
by anisotropic ion distributions and/or significant field-
aligned currents. The character of the polarized events
is different to that of the largely unpolarized /incoherent
activity. As reported by Bauer et al. [1995], the en-
ergetic spectrum of these bursts does not exhibit any
structure near the ion gyrofrequencies. The measured
wave amplitude of the bursty polarized activity may be
significantly larger than that of the unpolarized activity
over the same frequency band [Chaston et al., 1999].

Several distribution functions of energetic electrons
observed in the topside auroral ionosphere cannot be
only the result of acceleration by a quasi-static electric
potential drop, causing only a primary electron beam
[Lynch et al., 1994]. The bursts of downgoing, field-
aligned electrons may be generated by waves, and can

subsequently generate other waves.

The term “broadband extremely low frequency (BB-
ELF) waves” refers to the electric field fluctuations in
the range 10 Hz to 3 kHz observed in the auroral iono-
sphere by sounding rockets and satellites at altitudes in
the range 850 - 1700 km [Kintner et al., 1996; André
et al., 1998]. It was found that these fluctuations are
gyroresonant with the unheated ionospheric ion pop-
ulation. A comparison was made between space rele-
vant observational signatures, such as frequency, spec-
tra, phase velocities, excitation thresholds, and ion heat-
ing, and those signatures associated with EIC waves ex-
cited in a laboratory experiment [Koepke et al., 1999]. It
was concluded that the observed BB-ELF waves may be
excited by a plasma instability related to inhomogene-
ity in the perpendicular plasma flow in the presence of
parallel current.

This study considers the wave characteristics and gen-
eration mechanisms of both quasi-stationary electro-
static ion cyclotron turbulence and bursts of polarized
transverse electromagnetic waves at frequencies close to
the proton gyrofrequency. The first purpose of this work
is to investigate transport and energization of both the
thermal and auroral plasma in the presence of quasi-
stationary current-driven EIC turbulence in the magne-
tosphere. In a self-consistent way, this is done numer-
ically in dependence on the FAC intensity, the thick-
ness of the turbulent region, and the intensities of the
EIC waves and of magnetospheric convection, respec-
tively. Second, the dispersion relation of electromag-
netic waves in anisotropic convecting plasma will be ob-
tained. Third, the behaviour of the wave vector and
increment of wave growth will be estimated in depen-
dence on the frequency and polarization of the waves.

2. Anomalous transport of the thermal
and auroral plasma in the presence of
quasi-stationary EIC turbulence

A closed magnetic flux tube is given in the auroral
magnetosphere. To describe this flux tube, the empiri-
cal model of the magnetospheric field presented by Tsy-
ganenko [1995] is used. The behaviour of the anisotropic
plasma is described by the system of magnetohydrody-
namic equations. Additionally the dispersion equation
of the EIC waves [Lominadze and Stepanov, 1964] and
an equation for the balance between growth and damp-
ing rates of the waves are taken into account. To de-
scribe anomalous transport of the thermal and auroral
plasma, we use the model equations presented by Za-
kharov and Meister [1999].

In our model, the magnetospheric plasma consists of
four components. They are the thermal protons (j = 1)
and electrons (j = 2) as well as the auroral protons
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(j = 3) and electrons (j = 4). ny, vj, Tj;, and T
designate particle density, mean velocity, and the par-
allel and perpendicular temperature components of the
plasma, respectively. The plasma obeys the condition
of quasi-neutrality

> qin; =0, (1)

j=1,4
where g; is the electric charge per particle.

The velocity equals v; = vij + Vi where vy and
v, are the parallel and perpendicular components of
v;, respectively. Taking the electric, curvature, and gra-

dient drifts into account, v ; may be approximated by
[Goldstone and Rutherford, 1995]

ExB
Vij = Vet Vej +Vgj =~
BxTj;(bV)b BxT,,VB
g O
qj q;

where E is the total strength of the electric field, E =
E|+E,, E; and E, are the parallel and perpendicu-
lar components of E. E; is caused by magnetospheric
convection.

The continuity and momentum equations of the aniso-
tropic plasma are [Goldstone and Rutherford, 1995]
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where T designates the effective temperature of the
plasma defined by the expression T = 27", ;/3 + T)j; /3.
Thus, one obtains

Ty; = 3Tjn;/(nj +2),

T =3T;/(n; +2),

where n; = T”]'/TLJ'.

To calculate T}, the following equation that describes
the thermal balance of the plasma is used [Goldstone
and Rutherford, 1995]
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where @)); is the thermal flux density caused by the
thermal conductivity along B, Q; = —k7;0(kpT})/0s,

kr; is the coefficient of thermal conductivity, kr; =
5n;kpT;/(2m;v;), v; is the collision frequency of the
particles scattered by the EIC waves, v; is the growth
(or damping) rate of the EIC waves scattering the par-
ticles, W is the energy of the waves per unit of volume.

To apply the Tsyganenko [1995] model of the mag-
netospheric field, the geophysical conditions of equinox
and of moderate geomagnetic activity (AE = 50) are
given. The solar-magnetic (SM) coordinate system (z,
y,z) is used to describe the magnetic field [Sergeev and
Tsyganenko, 1980]. The chosen magnetic field line inter-
sects the equatorial plane of the magnetosphere at the
point A(x = —8,y = —6) where x and y are expressed
in units of the Earth radius R.. The length s along B
is counted from the initial point located at the altitude
h = hy = 1000 km in the southern hemisphere. The
given magnetic field line is situated inside a narrow flux
tube, the radius of the cross-section may be estimated as
r1(s) = +/®/(wB) where ® is the magnetic flux within
this tube. The latter is filled with turbulent plasma.
According to Liperovsky and Pudovkin [1983], satellite
data averaged over the nightside auroral zone are used
to describe the background plasma located outside the
turbulent region.
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Figure 1. Profiles of the plasma density calculated for
the stationary state versus the length of the magnetic
field line given in the nightside auroral magnetosphere.
The solid and dotted (dashed and dash-dot) lines are
shown for the thermal (auroral) protons and electrons,
respectively. The curves are shown for the case where
Ar; =100 km, E; = 10 mV/m, and W/(nkgTs) =
1-1072 at s = 0. Besides, n;/ns = 10 at the top of the
given magnetic field line (s = s,,) for t = 0.

Figs. 1-6 show the results of the numerical calcula-
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tions obtained for the stationary state. There, the pro-

line are presented.
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Figure 2. The same as in Fig. 1, but for the plasma
temperature.

Fig. 1, 2 and 3 are obtained for the density n;, the
temperature T}, and for the parallel flux density n;v; of
the plasma, respectively. Fig. 4 represents the profiles of
the ratio between the potential and thermal energies per
particle ¢;V/(kpT;) where V is the electric potential,
E =-VV,and V(s = 0) = 0. Fig. 5 and 6 represent
the profiles of the coefficient of thermal conductivity
kr; and of the parallel electric field Ejj, respectively.
In the latter case, both the total strength E) and the
contribution —Rjj2/(g2n2) due to the presence of the
anomalous resistivity of the plasma are shown.

Profiles of the plasma parameters and of the paral-
lel electric field along one and the same magnetic field
line in both the southern and northern hemispheres are
presented. The given magnetic field line intersects the
geomagnetic equatorial plane at s = s,, ~ 11.2R,.

In our model, the value of the density of the elec-
tric current jj, flowing from the magnetosphere into the
ionosphere at s = 0 is not given to be constant. There-
fore, this value may be different in dependence on the
choice of the model parameters. For Fig. 1, the current
density is found to be jj, ~ 3.1-107% A/m?.

The maximum value AV, of the parallel difference
of the electric potential in one hemisphere (northern or
southern) amounts to AV, =~ 1.2 kV.

Figure 3. The same as in Fig. 1, but for the flux density
of the plasma.
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Figure 4. The same as in Fig. 1, but for the ratio
between the potential and thermal energies per particle.

The presence of the parallel electric field and of the
anomalous resistivity cause an energization of the plasma.
Under present conditions, the thermal conductivity along
B and the convection across B prevent effectively from
the heating of the thermal plasma. In our model, the
anomalous thermal conductivity is absent in the auro-
ral plasma as the wave-particle interaction is negligible
for this component of the plasma. The pressure gradi-
ents of the auroral plasma along B increase while the



ZAKHAROV AND MEISTER: ACCELERATION AND HEATING IN THE AURORAL MAGNETOSPHERE 5

intensity of the EIC waves becomes larger. The total
flux density of the electrons directed from the magne-
tosphere into the ionosphere becomes larger while the
strength of the upward directed field E) increases. Un-
der the same conditions, the field-aligned fluxes carried
by the electrons are much larger than those carried by
the protons.

22 " T T T T T

(ky (m™'s™))

0G0

0 5 10 15 20 25

Figure 5. Profiles of the coefficient of thermal con-
ductivity of the plasma calculated for the stationary
state versus the length of the magnetic field line given
in the nightside auroral magnetosphere. The solid and
dotted lines are shown for the thermal protons and
electrons, respectively. The curves are shown for the
case where Ar; = 100 km, £, = 10 mV/m, and
W/(nkpTs) = 1-1072 at s = 0. Besides, n;/n3 = 10
at the top of the given magnetic field line (s = s,,,) for
t=0.

Fig. 1-6 allow to estimate how much the parallel elec-
tric field E)| may influence the profiles of n;, v ;, and of
T;. For the thermal plasma, this influence is expected
to be much more intensive than for the auroral plasma.
This is so because, with respect to the order of mag-
nitude, the ratio |¢;V/(ksT;)| may be equal to much
larger values for j = 1,2 than for j = 3,4.

Due to the magnetospheric convection, the colder
(background) plasma flows into the given flux tube.
Then, the heated plasma leaves this tube. The effec-
tiveness of this loss depends strongly on the ratio of
the difference of the electric potential across the tube
to the magnetic flux ® of the same tube. While the ra-
tio mentioned above becomes smaller, the temperatures
of both protons and electrons increase. After all, the
thermal conductivity cannot prevent the plasma from
an intensive heating [Zakharov and Meister, 1999]. Ac-

cording to Fig. 5 with respect to the order of magnitude,
the coefficient of thermal conductivity of the electrons
is about 4 orders larger than that of the protons. For
that reason, the ratio T /1% rises [Zakharov and Meis-
ter, 1999]. In such a case, the absolute values of both
the increment v, and the decrement - of the EIC waves
decrease. Thus, the EIC turbulence may be damped.

On the contrary, when the flux tube becomes nar-
rower, the convective heat loss acts more effectively to
prevent the plasma from an intensive heating. This is
the case to which Figs. 1-6 are related.
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Figure 6. Profiles of the parallel electric field calcu-
lated for the stationary state versus the length of the
magnetic field line given in the nightside auroral mag-
netosphere. The solid and dotted lines represent the
strength of the total parallel electric field and of the
part of the parallel electric field caused by the anoma-
lous resistivity of the plasma, respectively. The curves
are shown for the case where Ar; = 100 km, £, = 10
mV/m, and W/(nkgTy) = 11073 at s = 0. Besides,
ny/ng = 10 at the top of the given magnetic field line
(s = sp) for t = 0.

The thermal conductivity of the plasma alone cannot
prevent the thermal plasma from an intensive heating in
thick magnetic flux tubes when the convection is weak
and the relative intensity of the EIC turbulence amounts
to W/(nokpTy) > 1-1072 [Zakharov and Meister, 1999].
However, it may be that, besides the EIC turbulence,
other mechanisms provide greater thermal conductivity.

As shown in Fig. 5, the coefficient of thermal con-
ductivity kr; (j = 1,2) has its largest values at high
altitudes, and it decreases when the obsevational point
moves downwards along B. This is so as the intensity
of turbulence W/(n2kpT>) decreases while the obser-
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vational point moves along B towards higher altitudes.
Anomalous resistivity is only one of the reasons caus-
ing the appearance of parallel electric fields in the au-
roral magnetosphere. In our model, these fields may
also be caused by polarization of both the thermal and
auroral plasma as well as by the presence of the com-
ponent of the inertia force. Fig. 6 shows that the total
parallel electric field E is almost completely caused by
the anomalous resistivity. When the observational point
moves along B towards lower altitudes, the values of E)
driven by anomalous resistivity increase.

3. Modelling of bursts of obliquely
propagating EMIC waves

The derivation of the general dielectric tensor K for
obliquely propagating linear waves in a hot magnetized
plasma has been carried out by many authors (e.g.,
Krall and Trivelpiece [1973]). General expressions for
the elements of the dielectric tensor for an arbitrary
particle distribution function are given by Summers et
al. [1994]. Xue and Thorne [1996] adopted these ex-
pressions to describe EMIC waves in a plasma with
temperature anisotropy. Gary and Schriver [1987] and
Summers and Thorne [1992] worked out the dispersion
relations for EMIC waves propagating along B in a
drifting plasma with temperature anisotropy. Gary and
Schriver [1987] ([Summers and Thorne, 1992]) supposed
the distribution functions of the plasma components to
be Maxwellian (Lorentzian).

In this section, the expressions evolved for K by Gary
and Schriver [1987] and Xue and Thorne [1996] will
be generalized. To do this, the effects of the plasma
drift will be additionally taken into account for obliquely
propagating waves.

We assume the plasma to be homogeneous, infinite,
and immersed in a uniform magnetic field showing in
the z-direction of a Cartesian coordinate system. We
assume further that perturbations about the zero-order
values of the particle distribution function and the elec-
tric and magnetic fields are small, that all perturbed
quantities vary as e/®=«'t) where k is the wave vector,
r is the radius-vector of the observational point, w' is
the complex frequency of electromagnetic oscillations,
w' = w+1i7, v is the wave growth (damping) rate when
v >0 (v <0), and ¢ is the time. Without loss of gener-
ality, the wave vector k may be written as

k=kie, + k”ez, (7)
where e, and e, are the unit vectors of the coordinate
system, which are directed along the z and z coordinate
axes, respectively, k; and k) are the components of k,
which are perpendicular and parallel to B, respectively.

We consider the case where the mean velocities of
all components of the plasma are directed along B. In
particular, some of these velocities or all of them may
be equal to zero.

By solving the Maxwell equations and the Vlasov
equation, the following dispersion relation may be found
for oblique waves in a hot magnetized plasma

F=An*+Dn>+C =0, (8)
where n is the refractive index, n = ck/w', ¢ is the
velocity of light,

A=K, sin? A\ + (K,. + K.,)sin Acos A
+ K., cos® ), (9)

A is the angle between the wave vector k and the z- (or
magnetic field) direction,

D=K;.K.o — Kpo K. — AKyy

+ K,y (Ky. — K.y)sin Acos A

—K2,sin® A + K. K., cos® \,

C=Kyy(Ke:K.. — K2 K.)
Ky (g K os + Ky Ko
—K.yKy:) — KooKy Ky,

(10)

(11)

K,z are the components of the dielectric tensor K, and
a={z,y,2}, B ={z,y,2}.

The distribution of the convective anisotropic plasma
may be described by a bi-Maxwellian function shifted
along the mean magnetic field B = Be,

11 (v —vpe)® v}

R S - M=l ) (12
I 7T3/2a||aamep< aj, aL) 12

where q|, and ay, are the parallel and perpendicular
thermal velocities of the plasma component o, a |, =
\/2kBT| ||;/ms, and kp is the Boltzmann constant.

We worked out that the components of the dielectric
tensor K,3 may be expressed by

= nZA,
a:a: =1 + Z Z V—Gmn (13)
Ky = Z w/z Z inA! G, (14)

n=-—o00
Kyr - _Krgp (15)
n?A, — 2v2A

yy—1+z Z ny “Gno,  (16)

- Olg \/_nA e,,
K. = wI;Q aJ”_ Z — TL0'7 (17)

=—00
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Z \/_nAnﬁa (18)
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Hyo = (Ag/[nrw + 1] YL+ 1006 Z (7))
NWeeUDo
Z *
Ra, (M)
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1%
UDo
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Nno = (A5 Mo + k” I —— )L+ 055 Z (M0 )Mo
NWeeVUDo
+4(1 + nnaZ(n*a))v
kllana "
wps 18 the plasma frequency, wp, = v/ns-q2/(Mms€0),

A, = exp(—v, )1, (v,), I, is the modified Bessel func-
tion of the first kind of order n,
OA
A n
" v,
A= e g o Tie
Ao Tjjo
w'* = w' - k”’UDg,
W' — NWeg
NMne = —————
kjajo
W' = k|vps — NWey
Nne =
! kjajjo
_ kla%,
7 2w2,

Z is the plasma dispersion function [Summers et al.,
1994], o denotes the plasma component, m, and ¢, are
the mass and electric charge per particle, respectively,

ny is the partial density of the plasma, ¢; is the dielec-
tric susceptibility of the vacuum, v and v, are the par-
allel and perpendicular components of the total velocity
v of a charged particle with respect to B, respectively,
weo 18 the gyrofrequency of a charged particle of the
kind o, and w.y, = g, B/m,, a), and ay, are the par-
allel and perpendicular thermal velocities of the plasma
component o, ay | = \/2kBT | ||-/Ms, and kp is the
Boltzmann constant.

In the case where vp, = 0, the expressions (13-21)
obtained by us for the components of the dielectric ten-
sor K correspond to those presented by Xue and Thorne
[1996].

Xue and Thorne [1996] investigated the dispersive
properties of the EMIC oblique waves below the proton
gyrofrequency w1, which are excited due to the temper-
ature anisotropy of energetic protons near the geomag-
netic equator at L = 7 in the plasma sheet. The effects
of the plasma drift were not taken into account. It was
found that the EMIC waves may indeed be unstable un-
der these conditions. The maximum values of the wave
growth rate normalized by the proton gyrofrequency
were estimated to be of the order of vy/w. ~ 1072.

Chaston et al. [1999] considered EMIC waves prop-
agating along B (k x B = 0) in the drifting plasma
of the near-Earth magnetotail. They showed that the
influence of heavy ions on wave growth and dispersion
in the region of instability may be ignored. They also
demonstrated that the properties of the instability re-
main almost the same as in the case k x B = 0 if the
angle between the wave vector k and the direction of
the main magnetic field B is less than 45°. Taking the
effects of the plasma drift into account and solving the
dispersion relation of the EMIC waves, Chaston et al.
[1999] estimated the maximum values of v/w.; to be of
the order of 1071,

In this study, we investigate the growth and disper-
sion properties of oblique ion-cyclotron waves with fre-
quencies close to the proton gyrofrequency. In the case
where |v/we1| < 1, the dispersion relation (8) may be
approximated by

Re F(w) = 0, (22)
Im F(w)
7T T ORe F(w) (23)
Ow

The expressions (13-21) obtained for the components
K,s of the dielectric tensor K are employed in (22)
and (23). The approximate dispersion relation (22) is
solved numerically using the trial method [Korn and
Korn, 1968]. To calculate the perpendicular component
k. of the wave vector k, we specify the (real) values for
the wave frequency w and the parallel component k) of
the wave vector. Then, the wave growth (or damping)
rate y is calculated from (23).
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plasma. To guarantee the validity of (23), the calcula-
tions are only performed for the narrow frequency bands
close to the proton gyrofrequency, for which |y/w.1| < 1.

In the case of our calculations, the FAC intensity
amounts to jj = 2.0-107% A/m?. The curves shown in
Fig. 7 are related to highly oblique ion cylotron waves.
The analysis showed that the plasma instability is ex-
cited at less values of the wave number k if the FAC
intensity becomes larger. On the order of magnitude,
the values of 7 calculated by us correspond to those
obtained for the drifting plasma of the near-Earth tail
by Chaston et al. [1999]  On the other hand, Xue and

Thorne [1996] obtained that the maximum wave growth
due to the hot proton temperature anisotropy near the
geomagnetic equator at L=7 is less by one-two orders
of magnitude than that found here.
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Figure 7. Frequency dependences of the growth rate
(solid line) and of the components of the wave number
perpendicular £, (dotted line) and parallel k) (dashed
line). The curves are shown for an altitude of h = 1050
km, the magnetospheric field induction B = 3.6 - 10*
nT, the temperatures, densities, and main velocities of
thermal protons and electrons 7) = 3.0-10° K, Th =
4.1-10* K, ny ®ng = 6.4-10° m=3, vp; = 2.3-102 m/s,
and vpy = —1.6 - 10*> m/s, respectively in the southern
hemisphere at the given magnetospheric field line.

The results of the numerical calculations are shown
in Fig. 7. Of cause, the results depend on the choices
of the concrete plasma parameters (which are given in
the figure capture). In Fig. 7, the curves are related
to the right-hand polarized ion cyclotron waves with
frequencies above the proton gyrofrequency.

The numerical estimates show that the contributions
of the thermal plasma to the components of the dielec-
tric tensor K are about two orders of magnitude larger
than the contributions of the energetic plasma. For that
reason, the parameters are given only for the thermal

Repeating the calculations for a different choice of
the observational point at the given magnetic field line,
we find that the plasma instability in the drifting mag-
netospheric plasma is not localized at small altitudes
(h = 1000 km). Instead of that, the region of the
plasma instability stretches to higher altitudes in the
auroral magnetosphere. Besides, we can conclude that
the plasma instability is excited at less values of the
wave number k if the altitude becomes larger.

It should be pointed out that numerical calculations
were performed by us not only for the right-hand, but
also for the left-hand polarized ion cyclotron waves
(w < —wer)- Tt is found that the latter waves are also
unstable under the present conditions. On the order
of magnitude, the growth rate of the left-hand polar-
ized waves may reach the same values as were obtained
above for the right-hand polarized ones.

4. Conclusions

A numerical solution of equations describing the ano-
malous transport of anisotropic magnetizied plasma is
found, and profiles of the parameters of the multi-
component plasma and of the parallel electric field along
the magnetospheric field are considered.

Having solved the stationary system of equations in a
previous paper [Zakharov and Meister, 1999], the relax-
ation of the turbulent plasma and of the parallel electric
fields and currents from an initial state up to the station-
ary state are simulated numerically. Thus it is shown
that stationary solutions indeed exist. In this context,
acceleration and heating are considered comparing the
parameters of the turbulent plasma with those related
to the background plasma in the neighbourhood of the
turbulent region.

The analysis shows that the current-driven EIC tur-
bulence may cause the large-scale anomalous resistivity
of the plasma of the earth’s ionosphere. The resonant
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wave-particle interaction is most effective for the up-
ward directed FAC with a density of a few 1076 A/m?
at the upper boundary of the nightside auroral iono-
sphere (h = 1000 km). As shown, anomalous resistivity
is able to produce differences of the electric potential
along B in one (northern or southern) hemisphere of
about a few kV.

The electron thermal conductivity is calculated to be
about three-four orders of magnitude larger than the
proton thermal conductivity. The electron thermal con-
ductivity increases with the altitude.

According to the results of numerical calculations pre-
sented by Zakharov and Meister [1998], the magneto-
spheric convection and the thermal conductivity are
found to be the effective mechanisms providing the heat
loss from the turbulent region. In the case of nar-
row magnetic flux tubes and (or) of intensive magne-
tospheric convection, these mechanisms effectively pre-
vent the turbulent plasma from heating. In the case of
thick magnetic flux tubes and (or) of weak convection,
the current-driven anomalous resistivity results in a sig-
nificant heating of the plasma. The ratio between the
temperatures of protons and electrons increases while
the plasma is heated.

What is the relevance of the stationary solution in
sense of physics? As well known, within magnetohydro-
dynamics the disturbances of FAC are carried along the
magnetic field lines by Alfvén waves. The time of the
propagation of Alfvén waves from the magnetosphere
into the ionosphere depends on the geophysical condi-
tions and, according to the estimates, may be of the
order of a few minutes. This is much less than the du-
ration of a typical magnetospheric substorm when in-
tensive FAC evolve. The presence of the intensive FAC
may cause turbulence in the plasma. As known from
satellite experiments, electromagnetic noise is perma-
nently observed in the magnetosphere as a large-scale
phenomenon. Besides, there are also observed small-
scale bursts of electromagnetic noise. It is obvious that
the bursts correspond to an unstable plasma. During
bursts, the growth rate of the electromagnetic noise may
be significantly larger than its damping rate. Under
such conditions, one has to do with a nonequilibrium
state and, particularly, temperature anisotropy may oc-
cur.

Thus also the growth and dispersion properties of
oblique ion cylotron waves excited in a drifting magne-
tizied plasma are investigated. The expressions evolved
for the components K,g of the dielectric tensor K of
the anisotropic plasma by Gary and Schriver [1987] and
Xue and Thorne [1996] are generalized. To do this, the
effects of the plasma drift are additionally taken into
account for obliquely propagating waves.

The approximate dispersion relation (22) is solved nu-
merically for the geophysical conditions relevant to the

region of intensive FAC of the auroral magnetosphere.
The wave growth (or damping) rate 7 is calculated from
(23). It is found that the excited oblique ion cylotron
waves may reveal the properties of bursts of polarized
transverse electromagnetic waves at frequencies near the
proton gyrofrequency. The curves shown in Fig. 7 are
related to highly oblique ion cylotron waves.

The resonant character of interactions of charged par-
ticles via ion cyclotron waves is confirmed by the cal-
culated dependence of the wave growth rate v on the
intensity of FAC. On the order of magnitude, the values
of the wave growth rate -y calculated by us correspond to
those obtained for the drifting plasma of the near-Earth
tail by Chaston et al. [1999]. On the other hand, Xue
and Thorne [1996] obtained that the maximum wave
growth due to the hot proton temperature anisotropy
near the geomagnetic equator at L=7 is less by one-two
orders of magnitude than that calculated by us.

An extended, but not localized region of the plasma
instability is found by numerical calculations, it stretches
in the auroral magnetosphere. The plasma instability is
excited at less values of the wave number £ if the alti-
tude becomes larger.
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