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Abstract

Some physical features of the kinetic Alfvén wave dissipation by the trapped electrons are analyzed

in an axisymmetric magnetosphere with dipole magnetic field lines, taking into account the bounce-
resonant wave-particle interaction. It is shown that the electron Landau damping of kinetic Alfvén waves
in a dipole magnetosphere depends substantially on the geomagnetic field nonuniformity and the plasma

energy/temperature.
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1. Magnetospheric Plasma Model

To study the wave processes in magnetospheric
plasmas in the frequency range of Alfvén waves it is
necessary to solve the Maxwell’s equations with a
“nonlocal” dielectric tensor [1-3]. For these (as well for
other magnetohydrodynamic) waves, this tensor can be
derived by solving the drift-kinetic equation for the
trapped particles, taking into account a two-dimensional
inhomogeneity of the geomagnetic field and plasma
parameters [3,4]. In this paper, we analyze some
physical features of a Landau damping of the kinetic
Alfvén waves by the trapped electrons in an
axisymmetric magnetosphere with dipole magnetic field
lines:

3
B(R, ¢)=BO(%°) V1+3sin’¢.

Here R, is the radius of the Earth (or another planet), R
is the geocentric distance, ¢ is the geomagnetic latitude,
and By is the magnetic field in an equatorial plane on the
Earth’s surface, where R = Ry, ¢ = 0. All magneto-
spheric particles (both the electrons and protons, core
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and energetic) are trapped, performing the bounce
oscillations along the geomagnetic field line near the
minimum of B(R, ¢). To describe these particles we
introduce the new variables

v=yvi+vi, u=viB(L,0)/v’>B(L, ¢),

and
L=R/R,cos’¢

instead of vy, v,, R, which are associated with the

conservation integrals of energy: v? + vjf = const,

magnetic moment: v}/2B = const,

and the equation of B-field line: R/cos’¢ = const.
Depending on u, the domain of perturbed

distribution functions is defined by the inequalities

L>1JAL -3 < u<1 and -9, < 9< (1),

where +¢,(11) are the local mirror points for the trapped
particles at a given (by L) magnetic field line, which are

defined by the zeros of parallel velocity:
cost¢,— A/ 1 +3sin’ ¢, =0.
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Due to the Earth’s atmosphere, the trapped particles will
be thermalized by the collisions with atmospheric
molecules and atoms before they reach the Earth’s
surface. Any particle with

/4L -3,

will not survive more than one half of the bounce time
and will be precipitated into the atmosphere.
As is well known, the density growth of energetic

H<py=L

particles, e.g., during the magnetic storm, can be a
reason of the wide class of the drift-wave instabilities
(see, for example, Ref. 5 and the bibliography there). In
particular, the pressure gradient of energetic protons in
the direction perpendicular to B can be as a source of
energy to excite the geomagnetic pulsations
corresponding to the low-frequency Alfvén waves. The
most important characteristic of these instabilities is the
threshold of critical density of energetic protons (or their
critical pressure), at which the wave excitation is
beginning. To find the instability thresholds it is
necessary to compare the growth rate and damping rate
of Alfvén waves in magnetospheric plasmas.

2. Kinetic Alfvén Waves

Of course, in order to have the full comprehensive
description of both the eigenfunctions and eigenvalues
for the perturbed electromagnetic fields in the Earth’s
magnetosphere it is necessary to solve the two-
dimensional wave equations varying in L and ¢
directions. However, we believe that some important
wave characteristics can be analyzed into the scope of
geometric optics approximation for monochromatic
waves in magnetized nonuniform plasmas, if/when

E"~exp(—ia)t+if k dR+imn @/ @y +im8).

So, to estimate the electron Landau damping of kinetic
Alfvén waves we are going to use the well-known
coupling the wave
frequency, @, perpendicular and parallel (relative to B)
components of the wave vector, k;, k), and the
transverse and longitudinal dielectric permittivity, £,
&

dispersion relation of ones,

kict & kjc?
w? =E_J_ €L- 2 ? (1)
where
2
ki =kg +2—, &k ,
TTORULR, T3
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and

l(L)_T

+1In (V3 sin@o(L)+4/ 1 +3sin*@o(L)

is the half-length of a given (by L) magnetic field line.

V3 sin @o(LYy/ 1 +3 sin 2¢o(L)

The points

1+ ¢,(L)= tarccos(1/ VL)

are the beginning and the end of a considered magnetic
field line on the Earth’s surface; the mode numbers n
and m are integer.

In Eq. (1), €, is defined by the local contribution of
protons to the real part of the transverse permittivity:

% c? , _47mN,e’
s 2 T :
wci_w CA Mi
2
eB, B
Og=———, iz —— . @)
M.cL AN M. L

The contribution of trapped electrons to the longitudinal
permittivity elements of an axisymmetric magnetosphere
with dipole magnetic field lines we define by the
expressions evaluated in Ref. 4:

wrL’R: & 1 .

pry el B 31 | =p;B;

2”2vTe¢0 p=1 p*= Jup

2?2
p- oy

X{1+

. w w

where

S [ ¢ (9)
DP—J; cos ﬂ'n¢0—2ﬂ'p .

cos¢y 1+3sin°@de

+(-1)”“f cos nn;’ +2mp—— 4C2

Ty

cos ¢y 1+3sin°dde,

D f cos irnd%—Zﬂ: (f) do
+(—1)”"f0¢[cos nn%+27r E_Z)) dé.
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\ in’ 2T

6 1+3sm¢d¢’ 0, = vTe’

V1-ub(9) R, LT,
2

V1+3sin™n an

vV 1-ub(m)

v in’ 47N, e’
b(¢) = 1+3651n¢’ @2, = e ,
cos’¢ M,
W(z)=e‘zz(1 +% e"zdx).
0

The expressions (3) give us the contribution of the full
spectrum of the perturbed electric field (by X,/ _...) to
the given n-Fourier harmonic of the perturbed current
density component:
A =2 ey

However, for the purpose of our paper, we use only the
diagonal (n = n’) elements of the longitudinal
permittivity; therefore further the umbral indexes ™" can
be omitted. Note, evaluating the longitudinal dielectric
permittivity, to simplify the problem, we used the
isotropic Maxwellian distribution function for the
trapped electrons with density N,, temperature T,, charge
e and mass M,; v¥, = 2T./M,. Moreover, in £(L) we
neglect the drift corrections assuming that the wave
frequency @ is much larger than the drift frequency, that
is valid when

-ly-1_. 1
mup Ry, L @, <<1,

where @, = eBy/L’M,c, and m is the azimuthal wave
number over 8 (east-west) direction.

As one can see, by Eq. (3), there is a possibility to
carry out analytically the Landau integration over
particle energy (in velocity space), for the longitudinal
permittivity elements, and to express €,(L) by the p-
summation of bounce resonant terms including the well-
known plasma dispersion function W(z). This feature
simplifies substantially the estimations of both the real
and imaginary parts of such an important plasma
characteristic as its longitudinal permittivity, in the wide
range of wave frequencies and plasma parameters.

The general solution of Eq. (1) gives us the
following expressions for real (@wxsw = Rew) and
imaginary (ygaw = —Im®) parts of the frequency of
kinetic Alfvén waves:

21272 04

Pycp Imegy, (4)

2 2.2 —
Diaw=kych, Teaw = Oxaw

where v? = 2T,/M, is the ion-sound velocity. Of course,
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Eq. (1) can be also applied to estimate the damping
length of Alfvén waves, kxaw = Imk,/Rek;, excited by
the resonance transformation of the fast magnetosonic
wave (with the given ® and mode numbers m and n)
into the kinetic Alfvén wave at the magnetic shell where
@ = ky(L)ca(L). In this case,

2Reg

S /T nAn @3
=Z—STprDp—3exp
r=l p Wy,

Kgaw =

(02
pr%) . (5)

Thus we see that the dispersion characteristics (in
particular, such as ygaw and Kgaw) of the kinetic Alfvén
waves are defined by the bounce-resonant interaction
between the wave and the trapped magnetospheric
electrons.

For the low-frequency waves with @/, << 1, the
first (p = 1) bounce-resonant term is main in g = Z7_,
& see Eq. (3). In particular, this means that the
damping length, xKgaw ~ Imeg of kinetic Alfvén waves
in the dipole magnetospheric plasmas depends on the
plasma temperature as T-'° in contrast to 703 for the
straight magnetic field case (or in the local
approximation).

3. Numerical Results

Now we present the results of numerical
calculations of the imaginary part of the longitudinal
permittivity:
5, 0°

VoS ar arccosV 1/L
w . N
XL wwo; D,

p=1 ps Ho

Imé,(L)= Z} Ime, ,(L)=

o T d
pza)lz)0 2m?

m ©)

exp |-

For the wave processes in magnetospheric plasmas with
the given temperature of ions and electrons, it is
interesting to know how the Landau damping of waves
depends on the wave frequencies. The contribution of
trapped electrons with the temperature 7, to Img as a
function of @ (by the parameter w/®,,) is presented in
Fig. 1, where w,, = \/EUTCIROL. The concrete
calculations are carried out for the oscillations with lon-
gitudinal mode numbers n = 1, 2, 3, which can be
excited in the region of the Earth’s radiation belts, L =
5. The results here are normalized to @32.(L)/@3,. This
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Fig. 1 Imaginary part of the longitudinal permittivity as a
function of the wave frequency (by w/w,,) for
waves in an axisymmetric dipole magnetosphere
when/where L=5and n=1, 2, 3.

means that the bounce-resonant terms, Imeg,, can be
approximated as ~ z,exp(—z3), where z, = @/p@y,. As a
result, z;™ = V312 (OF Prax = 213 w/wy,) corresponds to
the maximum of z;exp(—z2). The basic feature of these
plots is that the maximum of Imegy, in plasmas with a
given temperature and /@, > V3/2, is achieved for the
waves with longitudinal mode numbers n larger than or
of the order of py,,.

4. Conclusion

The electron Landau damping of the kinetic Alfvén
waves in an axisymmetric dipole magnetosphere (as is
for magnetospheric plasmas with circular magnetic field
lines [6,7]) depends substantially on the geomagnetic
field nonuniformity.

If @ << @y, the imaginary part of the longitudinal
permittivity decreases as ~ v7,. This decrease is stronger
than ~ v, for plasmas in a straight magnetic field. It
should be noted, since the bounce resonances are not
effective in this frequency range, the drift corrections
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become substantial for the ultralow-frequency waves
with large wave numbers m ~ 100. As was shown in
Ref. 3, the excitation of the low-frequency geomagnetic
pulsations in the range of Pc-3 and Pc-5 oscillations is
associated with an effective bounce-drift interaction
between the wave and energetic protons.

If o ~ oy, the numbers of the basic bounce
resonances are defined by p ~ @/@y,. In this case, Im
£y(L) has a maximum for waves with longitudinal wave
numbers n ~ p. This means that the resonant condition
for the effective wave-particle interaction in
magnetospheric plasmas should be understood as the
condition where the wave performs the integer number
(p) of oscillations during one bounce period 27/®y, of
the trapped particles.
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