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Four research areas were investigated: 1. the propagation and ccupling of hydro-
magnetic waves in the magnetospere. The coupled hydromagnetic equations in the
dipole model of the magnetosphere were sclved numerically. A reconstruction of the
long period waves in an actual geomagnetic storm was demonstrated. 2. non~lfnear
wave~-particle interactions in the magnetosphere. Anomalous cross-field diffusion
of trapped energetic protons may result in proton precipitation in the equatorial
region; 3 the filamentation instability of large amplitude hydromagnetic waves in the
solar wind plasma. This work is relevant to observations of Alven waves and
magnetosonic waves in space plasmas; 4. parametric excitation of whistler waves in
the high latitudé ionmoosphere by a high frequency heater transmitting from the
ground. It -has been shown that whisler waves and Langmuir waves can be excited ?y
jonospheric heaters. The instability which produces these waves cffers a potential
mechanism to generate large amplitude long period waves in the ionosphere.
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I. Introduction

This report only discusses work that has been carried out during the funding period
from Feb.1, 1990 to Jan.31, 1991 supported under Grant No. AFOSR-88-0127. This grant has
beea awarded to the Polytechnic University since Feb.1,1988. The work accomplished
during the early funding period has already been reported in the previous two years’
progress reports.

The investigation covered by the Grant deals with the physical phenomena
associated with waves in the plasmas of the ionosphere, magnetosphere, and solar wind.
The focus of the study is to explore the role of the coupled hydromagnetic waves in the
geomagnetic substorms of the magnetosphere.

During the past year, our work has achieved many interesting results, which have
all been accepted for publication. Basically, the topics of investigation are divided into four
general categories: (a) propagation and coupling of hydromagnetic waves in the
magnetosphere. In this study, coupled hydromagnetic equations in the dipole model of
the magnetosphere are solved numerically. As an example and practical application of
this study, a reconstruction of the storm time Pc 5 waves of November 14-15, 1979 by our
numerical solution is demonstrated; (b) nonlinear wave-particle interaction in the
magnetosphere. Energetic protons in the radiation belts are trapped by the earth’s dipole
magnetic field. In the presence of large amplitude kinetic Alven waves, the trajectory of
these protons may become chaotic and anomalous cross-field diffusion of protons may
result as manifested by the proton precipitation in the equatorial region; (c) filamentation
instability of large amplitude hydromagnetic waves in the solar wind plasma. Large-
amplitude Alven waves and magnetosonic waves are frequently observed in the high
speed streams of the solar wind. Their stability against a convective filamentation
instability are investigated thoroughly. The relevance of the study with some observations
in the space plasmas is also discussed; and (d) parametric excitation of whistler waves in
high latitude ionosphere by the HF heater transmitted from the ground. Our study shows
that whistler waves (VLF waves) together with Langmuir waves can be excited
parametrically by the EISCAT’s HF heater. The proposed instability process is a potential
mechanism to generate strong artificial PC waves in the ionosphere.
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Through the support of this grant, one graduate student has completed the
requirements of the degree in August 1989. His Ph.D dissertation was included in the last
year’s progress report. A new graduate student Joe Huang had been recruited to continue
the research work during the past one and half funding years.
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I1. Publications

The following publications include work supported by the present Grant, which was
duly acknowledged:

1. S.P. Kuo, M.H. Whang and M.C. Lee, “Filamentation Instability of Large-Amplitude
Alven Waves”, . Geophys. Res., 93(A9), 9621-9627, 1988.

2. M.C. Lee, KM. Groves, C.P. Liao, D.R. Rivas and S.P. Kuo, “Combined Operation of
Two Ground Transmitters “>r Enhanced Ionospheric Heating”, .

]. Geomag. Geoelectr., 40, 1141-1145,1988.

3. K.M. Groves, M.C. Lee and 5.P. Kuo, “Spectral Broadening of VLF Radio Signals
Traversing the Ionosphere”, ]. Geophys. Res., 93(A12), 14683-14687, 1988.

r 4. S.P. Kuo, M.H. Whang and G. Schmidt, “Convective Filamentation Instability of
g Circularly Polarized Alven Wave”, Phys. Fluids B, 32{4), 734-740, 1989.

5. S.P. Kuo and M.C. Lee, “Filamentation Instability of Magnetosonic Waves in the
Solar Wind Environment”, |. Geophys. Res., 94(A10), 13387-13395, 1989.

6. M.H. Whang and S.P. Kuo, “Coupling of Hydromagnetic Waves in the Dipole
Model of the Magnetosphere”, EOS, 69(16), 424, 1988.

7. S.P. Kuo and M.H. Whang, “Filamentation Instability of Large-Amplitude Alven
Waves”, EOS, 69(16), 459, 1988.

8. S.P. Kuo and M.C. Lee, “Parametric excitation of Whistler Waves by BF Heater”,

[ATP, 51, 727-731, 1589.
9.  M.H. Whang , “On the Coupling of Hydromagnetic Waves in the Magnetosphere”,
Ph.D. thesis, Polytechnic University.
10. S.P. Kuo and M.C. Lee, “Nonlinear Wave-Particle Interaction in the
- Magnetosphere”, IV int'l. Workshop on Nonlinear and Turbulent Processes in s
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Physics, Kiev, USSR, Oct. 9-22, 1989; Nonlinear World, Vol. 2, 124-127,1989.
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III. Appendix

Reprints attached to this report include:
1. Filamentation Instability of Large-Amplitude Alven Waves.
2. Combined Operation of Two Ground Transmitters for Enhanced Ionospheric Heating.
3. Spectral Broadening of VLF Radio Signals Traversing the Ionosphere.
4. Convective Filamentation Instability of Circularly Polarized Alven Wave.
5. Filamentation Instability of Magnetosonic Waves in the Solar Wind Environment.
6. Parametric excitation of Whistler Waves by HF Heater.
7. Nonlinear Wave-Particle Interaction in the Magnetosphere.
8. Temporal Evolution of HF-enhanced Plasma Lines.

9. Reconstruction of Global Micropulsations in the Magnetosphere.
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JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 93, NO. A9, PAGES 9621-9627, SEPTEMBER 1, 1988

FILAMENTATION INSTABILITY OF LARGE-AMPLITUDE ALFVEN WAVES

S. P. Kuvo and M. H. Whang

Weber Research Institute, Polytechnic University, Farmingdale, New York

M.

-~

<.

Lee

Massachusetts Insiitute of Technology, Cambridge

Abstract. An instability that leads to the
filamentation of large-amplitude Alfvén waves and
gives rise to purely growing density and magoetic field
fluctuations is studied. The dispersion relation of the
instability is derived, from which the threshold conditions
and the growth rates of the instability are analyzed
quantitatively for applications to the solar- wind plasma,
We have examined their dependence on the filamentation
spectrum, the plasma f, and the pump frequency and
intensity for both right-hand and left-hand circularly
polarized Alfvén waves. The excitation of
filamentation instability for certain cases of interest is
discussed and compared with that of the parametric decay
and modulation instability. The relevance of the proposed
iustability with some observations is discussed.

1. Introduction

A great deal of interest in the stability of the MHD
system in the presence of finite amplitude Alfvén
waves has arisen in recent years [Wong and Goldstein,
1986; Terasawa et al., 1985; Longtin and Sonnerup, 1986].
It is mainly stimulated by the frequent observations of
large-amplitude hydromagnetic fluctuations in the solar
wind at 1 AU [Bekcher and Davis, 1971}, in the high-speed
streams of the solar wind [Abraham-Shrauner and
Feldman, 1977], in the upstream Jovian bow shock
[Goldstein et al., 1985], and in the interplanetary shocks
and the terrestrial foreshock [Vinas et al., 1984; Smith et
al., 1985]. These fluctuations are generally believed to be
circularly polarized Alfvén waves propagating
almost exactly field aligned. A class of parametric
instabilities excited by the circularly polarized
Alfvén pumps has thus been investigated. Two
different instability processes are currently discussed in
the literature. One leads to the parametric decay
instubility [Galeev and Oraevskii, 1963; Sagdeev and
Galeev, 1969; Cohen and Dewar, 1974; ‘l‘erasam -et al,
1986}, and the other one gives rise ‘to the ’r_noaulation
instability [Lashmore-Davies, 1976; Tonson and Ong, 1976;
Goldstein, 1978; ‘Derby, 1978; -Longtin-and -Sonnerup, 1986].
Moreover, the xodulation instability has also been
analyzed in the region that describes the nonlinear
evolution of the Alfvén waves -propagating along a
static magnetic field [Mio &t al. 19763, b; Mijdlhus,
1976; Spangler and Shecnn, 1983] A derivative nonlinear.
Schrodmger equstion- possssmg soliton solutions is
derived tommtbemluuoﬂofmhnarmmﬁm
On tie contrary, Ovenden et-al[I983]=have shown that
the evolution of nonlinéar Alfven waves is. govemed by a
set of three conpled equetions which in turn are related
to the nonhnenr Schrodmaer eqmtxon w:th known sohton

solutions. The possible applications of Alfvén
solitons to solar and astrophysical plasmas have been
discussed by Ovenden et al. [1983] and Spangler and
Sheerin [1983].

Sakai and Sonnerup- {1983] invcstigated the effects of
dispersion on the modulation instability e<cited by the
circularly polarized Alfvén waves. Their analysis
is restricted to the situations in which disper-ve effects
are weak and the wave number k of the sound wave is
much smaller than the wave -number k, of the pump
wave (k << k). These restrictions have been lifted in
the more recent work by Wong and Goldstein [1986].
They study the dispersive effects on both the modulation
and the decay instabilities in a unified manner ove- a
wide range of physical parameters. In addition, the
results show that the maximum growth rate of the
modulation instability occurs as k is comparablé to k.
A new but weaker instability existing in a very narrow
bandwidth near k = k, has also been revesled by
their analysis. .

In this papsr, a filamentztion instability which has not

been considered by the previous workers is analyzed. It
is known that a large-amplitude, initially uniform wave
propagating in a plasm~ can break up into filaments
because of the filamentation instability {Schmidt, 1979;
Kuo and Schmidt; 1983). This starts from small
perturbations in the plasma density, and it results in a
modulation of the plssma diclectric constant anC wave
distribution, which in turn increases the dens:ty
perturbations. The purpose of the present paper is to
show that the filamentation instability can be excited
together with the parametric decay and modulation
instabilities by the large-amplitude circularly polarized
Alfvén waves in the solar wind. The threshold
conditicas and the growth rates of the insrability will be
defermined and compared with those of the decay
instability and the modulation instability. Some
observations will be discussed for corroborating the
predicted characteristic of the proposed instability.
" The organization of the papeér is s follows. In-section
2 we derive the conphng equations for Alfvén
sidebands. and the purely growmg ‘magnetostatic rode. A
dispersion -relation. -is. obtained in -section.3. and analyzed
for» the threshold fields and the growth rates for various
cases. The numerical resalts are-also gwen in section 3.
Finally: prsented 7in- sectxon 4 are a summary and ‘bnef
discussion.. -~

- -2 Conphng Equatxons
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where B, is the unperturbed wave field intensity, assumed where the notations m,=a(M) and &=zl are used. One =

to be ccnstspt and a rezl quantity for simplicity; the plus
and minus signs refer to th2 right- and left-hand circular
polatizations, respectively; k, and w, are the wave number
and angular wave frequency, satisfying: the dispersion
relation w,? = (1+~ w/R)k 2,3 wherein v, and &} are the
Alfvén speed and the ion cyclotron frequency,
tespectively.

The zeroth-order velocity responses of electrops and

can show in a se!f—cons:stent way that the nonlizear
Lorentz force$ act only in the x direction,

-
A
Fei =X th'

i.e..

We nuw subroutitute the expression:
Ve ~ &Vt ¥9,,,) e sinks

Lard - ~y b d
Veer = Vax ™ Ve

jons to the Alfvén waves can be written as

Y A 0 1 i O IO 3

E, ~ §E, ehinkx :
and F; =&F, ePsinkx :
into {3)-(5). The rewation -

B/By = /04,2 + KRN, /n

‘is cbtained, and the recuifant equaticn cap be combined
into a single coupl»d msds equation for the parely
growing magnetostatic mode

Ve 12y RV
= ~(R£§3 (/i) (B,/B u)e(“o' W, oo (2)

where the subscripts ¢ and i refer to electroas and
ions.

The process under consideration is the scittering of the
unperturbed Alvén waves, into sidebands
{propagating oblique to the z direction) by the
simuitaneously excited density perturbations associated
with the purely growing magnstcctatic modss. Let

kX = % vbe the filamentation wave vector,
the density and magaetic field periurhations of the purely

growing magentostatic modes have the expression

o oSO D W SR it ot

(7 + (1 + /0] + K )8, /n, =
(/M)(F, +F) ™

This equation gives the purely growing density
perturbation as a function of the Alfvén waves
and sidebands. Without the nonlinear Lorentz forces, (6)
reduccs to the linear dispersion relation of the H
magnetosonic eigeamode. The magnetostatic mode is,
however, a2 nonlinearly driven mode.

The Alfvén sidebands are excited through the
beiting current density driven by the Alfvén pump
wave fields on the density perturbation of the
magnetostatic mode. The coupled mode equation for these
sidebands can be derived from the following fluid
equaticns for electrons and ions together with the
Maxwell equations:

-

n, = ¥ efcoskx and B, = 28 eVcoskx -

" o

where ¥, and B, are real amplitudes and 7 is the growth
rate; quasi-neutrality has beer assumed. The basic
equations that are linearized for anulyzing the purely
growing modes include the contiauvity equations, the
momentum equations for both electrons and ions. and the
Maxwell equations:

™, + s =0
..
=m, + o> 3
- - )
myv,, + Fe ='i(TJnO}'&.'

- oF, + ¥, xiBy) T + IV + 0,V ) =

and MV, + Fy = -i('!'i/no)% T + VngfVy, + 0,V5,) ®
‘ +oE +1v, . x2B 4) — ;
x,, s 7T o ‘l §E, + éﬁ oX 2By = -(T,/nge)Vén, )
=& = (Vo)B, ‘
: a8, ) . &Y, 2y,
and -zt = (4mmge/C)(V,yy~Y,;,) &) —5+ = ¢} V(en,/n) :
+ (e/Me)(5V;, - 6¥,,) x 2B, Cy)
: where n,, T,; and m(M) are the unperturbed .
: Ia dens; ird : aSB 3
: plasma density and the utperturbed eleciron (ion) V)d’l'-f - c - (10 i3 i
temperature and mass, respectively; the ?-i :
£ are the nonlinear Lorentz foices experienced by electrons an¢ ?
5 and ions ‘t!:;t reduce to the ponderomotivc_. forces in- the v;qs'ﬁ"t_ - (4*%9/")[(“&_ - Wc:) -i
unmagnetized plasma case.  In torms of Vi and LA 2 (0y/0)(V 3y = Vgea)] an
that represent the velocity responses of electrons and iovs i - -
to _the wunperturbed Alfvén waves. and the - - ’ .
sidébands, rapectwely, the nonlinear Lorentz forces are  where. c’ (T +T)/my, - : ’ -
given by [Kuo. and Lee, 1_983] . . > We have néglected the noniinear Lorentz forces 3 T

: (¥ W¥) in-(9)- and- kept the- bee"jg curre" 3. (V) if
_ (8 .and+(11): as ] ces - Alfvén
- - *sxdebands. The. i
o growing. mode is- mo
(6) mwbauonsmwm

. {‘_' o X
»§V % "(ﬁ’
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Following the functional dependence of the
magnetostatic mode, we express the physical quantities of
the sidebands as

Wexg-_ = (Y

{

iV ey
+ i‘z's'\‘/'di,sin!on]e"te(k"' W, e

b, = i6f (sinkx)e""ei(k"“"") +cc.

63 (x+1a¢y)ooskx-xz(k/ko)sxnkx}«SB+e"‘ex(k°‘ “ot)
+c.c. (12)

Yeoskx

eitx =

a-o

where the upper sideband (T(‘ = o + _k: w, =w, + i)
and lower sideband (K. = K,-K, w. = w, -(i7)*
propagate together along the magnetic field 2nd form a
standing wave pattern across the magnetic field, «,
are unknown parameters defining the polarizations of the
Alfvén sidebands and wxll be determined shortly;
the expressions of SE.,, can be obtained from
the Faraday law.

Substituting (12) into (8)-(11) and eliminating

8Ny from (8) and (9), we first obtain

& x = -(up/Kg)8B, /By
ey = -0t/ K)SE, /B,
8z = [(kgva?/up)(,/0gi(B,/By)
- (g /Run) 2/ Koge, 1) (172, 1/
* (6B /By /£
¥isy = FHOUY ) (v 0/ w0, /0g) (B, /By)
+ (/M + (ke/ )R/ )/ gPe, 2 1)
+ (12,-u/R)KEB, /Bo))/f
sy = =/ KR/ ) (-0 ) (kyvp /1)
« (&,/n)(B,/By)
+ (wo/ko)(h: 1::0/05)(6}3 +/Bo)]/t' (13)

oy

v

o

whers £ = 1 + (K/K)*(R/w) (1-u.2/02)(u2/k %,2-1).

The missing component §V Ve Can be obtained from the z

component of (11), it reads
o FVose = Ty £ (kv /D)8, /By (y

These relations of (13) and (14) are then used in the
remaining two equations, i.e., the x and y compoaent of
{11), leading to the determination of the parameter

oy = {(1tu/ R[I-(ky/ W (1Pe/ Ky Tc,2-1)]
+ (f £ R/ v, 7001 + /1 %)
- 1 {Q/E + s/ [1-(ke/K) (w2 ke, -1)]
+ (l-n‘,/%’mn:o’u /0’,-(l<o/k) (nb’ikoz 20D (19)

and that of ‘the coupled mode: Eduit:ons for the
Alfvén sxdebamis
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(1= (ko/ R (R )17 g/ ) (K e, 2- 1)/ £
Fo, (V2 Qup) ) (5B, /By)
= ~(1/f = w/Q)(k*vy2/u?)(¥,/ng)(B,/By) (16)

Equation (16) shows the sideband fields to be produced
by the pump field and the purely growing density
perturbation of the magnetostatic mode. Thus, equations
(7) and (16) form a complete coupled set of equations
describing the proposed instability process.

3. Dispersion Relation

With the aid of (2), (13), (14), and (6), the coupling
term on the right-hand side of (7) can be expressed
explicitly as

(¥, + F)/M = 2K/ 1) (kv 2/ R)?
* (/10 F kv, 2)
* [ Hm/M) (L, )( 1444/ R)-(1/ ) (ko/ )
* (/%) (1Fa,u/ Q)R /By
HO/ wp) (( 142uy/D)
- (ke/ K () *(1-4%/R%) /1)
* (%,/05)(B,/By))(B,/Bg) (1

Substituting (17) into (7) and combining the resultant
with (16), we finally obtain the dispersion relation

P+ By /(18,2 00) 486,228 (kv B4
[(122u5/ ) -(ko/ K *(R%/153-1) /X B,/ By)?
= -2 2/ ) (kg VA 2/ ) (149 /4yf)
{148/ K™ (b kg v ) [, Hm/ M) (14, ) (13e1/58)
-(1/D(ky/ KB/ 10 (1¥0, 5/ BR)INB /By)*
H{1~(ky/ (/1) (172, 1/ D)
(w27 ke, 2-1)/fFa kg v, 2 upf) (18)

Equation (18) is a general expression of the dispersion
relation for filamentation instability of ducted
Alfvén waves. It will be analyzed in the
following discussion to determine the threshold conditions
and the growth rates of the instability.

-In principle, (18) is a quadratic equation in < and can
be solved analytically. Howsver, since the coefficients of
(18) are complicated functions of the constant parameters
B = /¥, and K = K\V,/4 and the

normalized variable parameter K = k/k, (the notations
used by Wong and Golditein [1986] are adopted). A
numencal analvsxs of (18) with different parameters is
dsxrable.

In dmng so, w' vary K ftom 0 to 2 and

. Y 15 S ey O N 8
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B=15
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) K 2
¥ig 1. Functional dependence of the threshold field
intensity on K and £ for low- frequency (x = 0.01) R-H
circularly polarized pump.

(Fy) on K; 7, = (B,/B,)%, is obtained by
setting ¥ = 0 in (18). Figures 1 and 2 correspond to the
R-H circularly polarized waves. It is shown that the
filamentation instability has a lower threshold level for a
wave with a smaller frequency (i.e., smaller x). In
addition, the threshold of the instability also varies with
B For very low frequency waves (x < 0.05) the
threshold intensity increases with S However, it
becomes a decreasing function of f for < 2 0.1,
This trend has been demonstrated in these two figures,
wherein « = 0.01 and 0.3 are used as the representative
parametric values. We have excluded the threshold values
in the peighborhood of X (marked on the curves; from the
figures. This is because in that wave number region the
nonlinear Lorentz forces on electrons and on ions are in
opposite directions with comparable magnitude, so that the
two terms proportional to (B,/B))? in (18) tend to
cancel to each other and thus the threshold becomes very
high.

Figures 3 and 4 correspond to L-H circularly polarized
waves. It is found that the instability can be excited
only by waves with higher frequencies (e.g., £ 2

0 - R

[}

o 3 - 2
Fig. 3. Dependence of the threshold field intensity on K
and « for L-H circularly polarized pump in high B (=
1.5) plasma.

0.15) with reasonable thresholds. The dependence of the
threshold on « for 8 = 1.5 and that on 8 for x = 0.3
are also shown in Figures 3 and 4, respectively. It
appears that the instability prefers to be excited in the
region K < 0.5. Otherwise, the threshold increases very
fast with K. In the region K < 0.5, the threshold
decreases with both « and S until the instability
becomes forbidden for the region of very small & (e.g,
the region below K = X marked in both Figures 3 and 4
for k =03 and 8= L5).

We next present the growth rates of the instability.
Shown in Figures 5 and 6 are the functional dependence
of the growth rate 7 on the wave field intensity #
of the R-H circularly polarized wave for low B8 (= 0.5)
and high § (= 1.5) cases, where x and K are considered
to be constant parameters. In order to obtain adequate
information for the dependencies of 7 in these two cases,
two representative values for esch of the two parameters
x and K are chosen in the figure presentation: < = 0.01
and 0.3 stand for the cases of the low-frequency and
high-frequency waves, respeciively. We then use K = 0.1
and ] to characterize the regions of large-scale and
small-scale filamentation instability, respectively. The

o R e e —-
Fig- 2. Depenm ofzthe threshold -field= mtens:ty on-K
and f-for h:gh-.,requ ncy (n*- 03) R—H cxrcnluly

polarized :pump. - -
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B0, 15 == =="
— (0.01 23]
," {x, K)}=(0.15, 1)
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‘s
- /,
y Zz -
y
{0.3, 1.5)
/’_’-(T-z_-:.;:_
Oo ”2 — 1 o
Fig. 5. The dependence of the normalized growth rate Fig. 7. Dependence of 7 on o of 2 L-H

¥ = q/kV, on the R-H circularly polarized
pump intensity #*, where K = 0.1 and (x, f) as
indicated are set in the evaluation.

results show that, in general, the growth rate increases
with # and K and decreases with ¢ For the L-H
circularly polarized wave case, the instability can be
excited only by the high-frequency waves in the high §
plasma. We therefore choose f = 1.5 and < = 0.15 and
0.3 to evaluate the dependence of 7 on 7. Again K
= 0.1 and 1 are considered, and the results are presented
in Figure 7. In this case, the growth rate increases with
;ffalrc K = 0.1 and becomes a decrcasing function of x
or K = 1,

4. Summary and Discussion

We have investigated the filamentation instabilities of
large-amplitude, circularly polarized Alfvén waves
propagating along the background magnetic field. The
instabilities are excited via the scattering of the
unperturbed Alfvén pumps (considered as a pump
wave) into sidebands by the density perturbations that are
associated with the simultanzously excited purely gmwmg
magnetostatic modes. A four-wave coupling process is
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circularly polarized pump in 2 plasma with f = 1.5

then comsidered for the analysis of the instabilities. The
theory developed is based on the two-fluid plasma model
In general, the fluid model is valid when the condition
KB/ = K338/2 <« 1 is satisfied. In the present

work, the maximum value of the parameter K <2f/2
for K = 2, « = 0.3, and f = 1.5 is 027, which
reasonably justifies the use of the fluid model. For the
more general consideration that includes the region
K3xp/2 > 1, however, a Kkinetic plasma model
should be used.

The nonlinear source for the Alfvén sidebands is
the beating current driven by the pump wave field on the
density perturbation of the purely growing mode, whereas
the nonlinear Lorentz force (which reduces to the
ponderomotive force in the unmagnetized case) introduced
by the spatial gradient of the resultant high-frequency
wave field is the driving source for the nomoscillatory
{1.e., the purely growing) mode. These nonlinear effects
result in the coupling of the nonoscillatory mode with the
Alfvén sidebands through the Alfven pump wave.
A dispersion relation of the instabilities is thus derived by
combining the coupled mode equations. Solving the
dispersion relation, we have determined the threshold

]
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fields and the growth rates for the cases of the R-H and
L-H circularly polarized pump waves. We have also
determined the functional dependencies of the t'.rechold
field =n, on the wave number K of the
nonoscillatory mode, the B of the plasma, and the
frequency « of the pump (see Figures 1-4). The
dependence of the growth rate 7 on the pump inteusity
7 is examined for several sets of representative
parameters (X,f,x) (see Figures 5-7).

For the geophysical applications of the concernsd
instabilities, we follow the examples discussed by Wong
and Goldstein [1986]. The finite amplitude Alfvén
waves that were observed in the high-speed streams of
the solar wind and discussed by Abraham-Shrauner and
Feldman [1977] are the left-hand circularly polarized
wave with < = 0.3 and # = 0.05. As shown by Wong
and Goldstein [1986], these waves are stable to both the
modulational and the decay instabilities for # > 1. From
our analysis, however, it is found that these waves are
unstable to the filamentation instability in the small X
region. The growth rates of the instability evaluated for
B8 = 1.5 are presented in Figure 8 We therefare predict
the appearance of nonoscillatory, cross-field plasma
density perturbations and magnetic field perturbations in
the background solar wind plasma. However, these
predicted cross-field density striations and magnetostatic
structure probably have not been observed by Abraham-
Shrauner and Feldman [19771. The difficuity in the in
situ measurements of the purely growing modes by
satellites lies in the large velocity difference between the
solar wind und the satellite. On the other hand, it should
not be difficult for the satellites to observe the magnetic
and density fluctuations of obliquely propagating sideband
Alfven waves. We hkave not drawn the supporting
evidence from the literature yet.

Low-frequency, left-hand polarized finite amplitude
Alfvén waves have also been observed in the
upstream part of the Jovian bow shock [Goldstein et al,
1985]. It is shown from our analysis that this wave is
filamentally stable. In fact, only the decay instability is
very weakly unstable for the case x = 0,02, # = 0.05,
and # = 1.5. Whereas the observation of right-hand
polarized waves was not reported, it can be srcculated
from the linear dispersion relations of the Alfvén
waves, because in such a low-frequency region the
dispersion relations of right- and left-hand-polarized

4.5
y
00167
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Fig—9; Dependence of .4 of K for a R<H cirdularly
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polarized -pump Wit n’ s--OOS and k.= 002 in a
plisma with £= 15,
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Alfvén waves are 2lmost identical. If this is
indeed so, the filamentation instzbility is found to be
unstable against the right-hand pumps in the eatire K
region of interest. The functionl dependence of the
growth rate of the instability on K is presented in Figure
9. Again, this instability introduces nonoscillatory, cross-
field density and magnetic fluctuations to the background
plasma and thus can be attributed to the observed
correlations in the magnetic and density fluctuations.

For the other cases of right-hand-polarized waves in
interplanetary shocks and in the terrestrial foreshock
[Vinas et al., 1984, Smith et al.,, 1985], the filamentation
instability requires a threshold power higher than that
used by Wong and Goldstein [1986] in each case.
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Combined Operation of Two Ground Transmitters
for Enhanced lonospheric Heating
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(Recenned Apnit 8, 1988: Accepted June 3. 1988)

The combined operatton of an HF or MF ground transmitter and a VLF
transmitter for enhanced ionospheric heating is discussed. The HF or MF transnutter.
operated n a pulsed mode. can preferentially produce short-scale densiy stniations
that can render the nonhinear mode conversion of the subsequently launched VLF
wates o lower habnid waves. In addmon to the mode conversion process. the
VLF waves, f intense enough. can also excite meter-scale density striations and
fower hybnid waves via parametnc instabilities. Intensified density striations and
enhanced airglow are expected. and they can be detected by incoherent backscatter
radars and photometers. respectively  The feasibilits and planning of the proposed
experiments are addressed.

1. Introduction

An experimental scheme is discussed for enhanced ionospheric heating by the
combined operation of two powerful ground transmitters. One is an HF or MF
heater wave. and the other is a VLF heater wave. The proposed scenario is as
follows.

The 1onosphere is illununated by an HF or MF wave first and. then. a VLF
wave subsequently (see Fig. 1). It has been known both theoreticallv and experi-
mentally that short-scale (i.e.. less than a few meters) ionospheric irregularities can

¢ excited within seconds by HF heater waves. while it takes tens of seconds or
longer tor large-scale (say . hundreds of meters and longer) ionospheric irregularities
1o be generated (see. e.g., GUREVICH, 1978: FEILR. 1979: FREY ¢r al.. 1984: COSTER
et al.. 1985). As shown in Section 2 of this paper. shert-scale ionospheric density
striations can effectively cause the nonlinear scattering of VLLF waves into lower
hybrid waves. Hence. we only need to operate the HF or MF heater in pulsed mode
to assure the excitation of meter-scale ionospheric irregularities. During the vertical
ionospheric heating, the HF heater wave frequencies should be less than the foF: for
overdense heating of the ionospheric Fregion. When a MF heater is used. the wave
frequency is required to match the local electron gyrofrequency in the ionosphere to

produce short-scale ionospheric irregularities via electron cyclotron heating (LEE et
al.. 1986).
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2 Heater Wave-Induced lonospheric Eftects

21 Mode conversion via nonlmear scattering process
Various plasma instabilities can be excited by HF heater waves during
overdense ionospheric heating In seconds. short-scale 1onospheric density striations
can be generated concomitantly with Langmuir waves. upper hyvbrid waves etc
Howerver. it requires tens of seconds for the generation of large-scale 1onospheric
irregularities by self-focusing instability or thermal filamentation instability. Large-
scale irregularities can give nise to phase and amplitude scintillation of beacon
satellite signals. These wave :nterference patierns mav not be associated with
significant attenuation of the radio signals. By contrast. the short-scale irregularities
are able to cause anomalous absorption of the radio signals via the nonlinear
scatiering process described below that converts electromagnetic wave energ) into
electrostatic wave energy (eventually, plasma kinetic energy ) 11 the 1onosphere
For sumphicity . a ducted whstler (VLF) wave propagating along the 2 direction
is assumed. viz .

E =X —1OF expltth - — eanl. th

Further. shori-scale onosphence rregalanties induced by an HF or MF heater wave
are represented by

o= onexplihy (2)

Soiving the wave equanen. we can show that the 1onospheric irregularities scatter
nonhneariy the circularh polanzed (whistler) wave into an elliptically polanzed
wave In other words. a hnearly polarized component of the scaitered wave 1
introduced by the EM wave-induced field-aligned ionosphernic irregularities

The scatiered whistler (VLF) wave field can be expressed as

E = {(Xx = i)E. = {E-fexplitho: — o) {3)

where £-= £40n N.) representing the wave field intensity of the circularly polanzed
component while £- represents that of the linearly polarized component. V. is the
unperturbed plasma densits. It 7 und that £ and E. are related by

E.= 2(4) Fo. 4)

/a

where =2z k and » =2z & are the scale size of ionospheric irregularities and the
wavelength of the whistler wave, respectively. If a VLF wave at the {requency of 10
kHz 1 ingecled. and the jonospheric conditions are assumed to be f (electron
crclotren {requencyi=1.3 MH7 and 7. (electron plasma frequency)=6 MHz. the
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whistler wanelength in the ronosphere 1s found to be about 300 meters. According to
Fy «4). /. dominates over £ provided that £ <€/, Hence. meter-scale irregula-itios
produced by HF of MF heater wave can effectinely render the nonhinear mode
copersion of a VLF (whistler) wave mto a lower hybrid wave. The parallel and
perpendicular wave vectors of the lower hvbrid wave are idenucal to the wavz vector
of the ducted whustler wave and that of the ficld-aligned ionospheric irregularites.
respectively

2.2 VLF wave-excited parametric instabilities

While. in principle. the nonlinear scattering process oceurs at any field intensity
of the meadent VLE wave, parametric instabilities can be triggered by intense
enough VLF waves as suggested 1n LEF and K10 (1984). Short-scale ionospheric
irregulariuies associated with zero-frequency modes can be excited simultaneoush
with lower hybrid waves by the VLF waves. Therefore, the HF or MF heater
ware-induced short-scale tonospheric trregulantics can be further strengthened by
the V LF heater waves.

3 Dragnoses of Expected Tonospheric Effects

It 15 generally believed that spread F echos in ionograms and scintillation
phenomena are caused by large-scale (sayv. hundreds of meters) ionospheric irregu-
farities The generation of large-scale ionospheric density irregularities, therefore.
can be sensed by 1onosondes and scintillation measurements of radio stars or beacon
satellite signals. By contrast. the presence of field-aligned short-scale (a few meters
and less) irregulariues can be detected by backscatter radars.

Backscatter radar measurements can also be made for detecting the excited
lower hyvbrid waves when the radar’s beam angle is 90° with respect to the earth’s
magneuc field. The recorded incoherent backscatter radar spectrum should look hke
a double-humped ion spectrum peaking at the lower hybnid wase frequency. Since
fower hybrid waves can accelerate electrons effectively along the geomagneuc field.
airglow enhancement due to the impact excitauon of neutrals by energetic electrons
can be expected. Measurements of airglow at 6300 A (red). 5577 A (green). and even
shorter wavelengths may possibly be observed. In addition. the technique described
in CARLSON er al. (1982 for finding the height distribution of enhanced plasma lines
1s capable of distinguishing further the electron acceleration by Langmuir waves
and or upper hybrid waves. and lower hybrid waves that are produced. respectively.,
by HF and VLF heater waves.

There are several 1onospheric heating facilities operated at the {resuencies of a
few MHz in the HF or MF band in the U.S.A.. Europe. and the USS R. VLF
transmitters have been used at different locations for the study of wave-particle
interactions in the magnetosphere. However. it may not be possible to use the
existing HF (or MF) and VLF transmitters for the proposed experiments. Since
VLF waves in a narrow {requency band can be generated by lightning storms. the
experiments can be carried out with available ionospheric heating facilities during
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lightning storms 1t s not necessany o nave Hghtning storms occutring nearby, If
lightming occurs at the conjugate focation i the opposite hemisphere. the hightmng-
induced VLEF wive<can propagate in ducted whistler wave modes and bounce back
and forth tor several exeles before they die out.

This work was supported by NAS A contiact NAGS-1035, | incoln Lab arant (under the
Arr Foree Contract to Lincoln Tab 5 FI19625-50-C-0002) and the RADC contract through
Southeastern Center tor Electnical Engineering Fducation at the Massachusetts Institute of
Technology. and by the NSF grant ATM-3713217 and the \FOSR contract AFOSR §8-0127
at the Polytechme Unnersiy Part of this work was presented wn the Internauonal
Symposium on Modification of the tonusphere by Powertul Radio Wiaes. Suzdal Moscow.,
USSR, September 9 12, 1956
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Spectral Broadening of VLF Radio Signals
Traversing the Ionosphere

K. M. Groves aND M. C. Lz

Plasma Fusion Center, Massachusetts Institute of Technology, Cambridge

S. P. Kuo

Weber Rezearch Institute, Polytechnic Unwversity, Farmingdale, New York

Nearly monochromatic signals at 13.6 kHz :£1 Hz injected from a ground-based VLF transmitter
can experience 8 bandwidth expansion as high as 1% {~ 100 Hz) of the incident wave frequency
as they traverse the jonosphere and reach satellite altitudes in the range of 600-3800 km (Bell
et el., 1983). The off-carrier components, having electrostatic nature, e believed to be induced
lewer hybrid wave modes. We investigate two differert source mechanisms that can potentially
result in the observed spectral broadening of injected monochroinatic VLF waves. One is the
nonlinear scattering of VLF signals by ionospheric density fluctustions thut renders the nonlinear
mode conversion of VLF waves into lower hybrid waves. Thes= clectrostatic modes result when
the mjected VLE waves are scattered by ionospheric density fluctustions with scale lengths less
than /2 'rr(c/:.;,r,,)(Qe/:..v‘,)‘/2 ~ 2 Jan in the upper ionosphere, where ¢, wpe, {l¢, and w, are the
speed of light in vacuum, the plasma frequency, the electron cyclotron frequency, and the VLF
wave frequency, respectively. In the absence of ionosphericirregularities, a second mechanism that
irvolves a parametric instability can excite the lower hybrid waves (Lee and Kuo, 1984). This
process tends to produce a spectrally broadened transmitted pulse with peaks at a discrete set of
frequencies on both sides of the nominal carrier frequency. By contrast, the nonlinear scattering
mechanism genzrates single-peaked spectra centered at thz carrier frequency. Both types of spec-
tra were observed in the experiments. Therefore, the two suggested source mechenisims contribute

addicively to the observed spectral broadening of injected VLF waves.

1. InTrRODUCTION

Nearly monochromatic signals at 13.6 kHz + 1 Hz in-
jected frem a ground-based VLF transmitter were recently
abserved to experience handwidth expansion as they tra-
versed the ionosphere and reached the satellite altitudes
in the range of 600~3800 km {Bell et al., 1983]). This ex-
pansion of bandwidth, which results in a proportional in-
crease in signal-to-noise ratio, may be as large as 1% (~
100 Hz) of the carrier frequency, and the off-carrier compo-
nents are thought to be electrostatic in nature [Inan and
Bell, 1985]. They occur only in the presence of impul-
sive VLF hiss and/or a lower hybrid resonance (LHR) noise
kand with an irregular cutoff frequency, and only for signals
whose frequencies exceed the LHR frequency at the satel-
lite Jocation. Based on thesc observed characteristics of the
spectrally broadened transmitter signals, one may suspect
the off-carrier components to be either electrostatic whistler
wave modes or lower hybrid wave modes.

The linear scattering source mechanism producing quasi-
cisctrostatic whistler wave modes was first suggested by
Bell et al. {1983], who hypothesized the creation of the
required jonospheric density fluctuations by precipitating,
low-energy (< 1 keV) electrons. Such precipitation events
have been accompanied by both VLF hiss and irregular
LHR noise bands [McEwen and Barrington, 1967; Laaspere
et al., 1971; Gurnett and Frank, 1972). Bell et al. [1983]

Copyright 1988 by thc American Geophysical Union.
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then speculate that the broadening of the transmitted pulse
spectrum results from the scattering of the initial signals
from the precipitation-induced density fluctuations and the
subsequent coupling into quasi-electrostatic whistler wave
modes of short wavelength. The Doppler shift associated
with these short-wavelength modes is estimated to be large
enough to produce the bandwidth expansion of the signals
measured vn a moving satellite.

However, we interpret the off-carrier components of the
spectrally broadened transmitter signals to be lower hybrid
wave mades. The main reason is that the lower hybrid
wave modes (eigenmodes of ionospheric plasmas) experience
less spatial attenuation than the quasi-electrostatic whistler
wave modes (quasi-modes of ionospheric plasmas) during
propagation from the source regions to the satellite loca-
tion. Two source mechanisms are proposed, whereby the
transmitted VLF waves can potentially produce the lower
hybrid waves. One mechanism comparable to that of Bell et
al. {1983}, termed “nonlinear scattering process,” occurs in
the presence of ionospheric density irregularities. The other
one, by contrast, does not require the presence of ionospheric
irregularities. It is a parametric instability that, excited by
intense enough VLF waves, can generate lower hybrid waves
and ionospheric irregularities concomitantly {Lee and Kuo,
1984).

The first mechanism, presented in section 2, differs from
that of Bell et al. The newly proposed nonlinezr process-isa
scattering of the whistler mode VLF signals by preexisting
density fluctuations that render.a mode conversion to lower
hybrid waves, instead of .a linar “process that couples
energy -into the quasi-eléctrostatic branch of the-whistler
mode. We formulate -a.theory of VLF wave scattering off
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ionospheric irreguiaritizs, showing how this process depends
upon the local fractional density fizciuarisn. th* z:tie
of their scale lengths to the VLF wavelength, etc. The
scattering of VLF waves by ionosphsric density fluctrations
generally causes elliptically polarized mod=s. The induced
elliptically polarized modes, however, may be predominantly
electrostatic under certain ionospheric conditions.

The second mechanism, described in section 3, produces
a spectrally broadened signal via a parametric instability
{Lee and Kuo, 1984]. The injected VLF wave, if intense
enough, parametrically excites a magnetic field-aligned
purely growing mode together with two sidebands of lower
hybrid waves. The parametric excitation process requires
the frequency and wave vector matching relations to be
satisfied. @ The two lower hybrid wave sidebands are
characterized by their wave vectors-which are the sum and
difference of the wave vectors of the whistler pump and the
purely growing mode, respectively.

The lower hybrid waves generated by either of the two
proposed mechanisms can have wavelengths much shorter
than that of the incident VLF waves. In other words, much
greater wave numbers are introduced by the suggested source
mechanisms for the injected VLF waves that, eSsentially,
become electrostatic modes. These electrostatic plasma
modes with large wave numbers, detected by satellites
moving across the geomagnetic field, give rise to Doppler
shifts that were observed as the broadened spectra (i.e.,
off-carrier components) of the injected VLF waves. The
preliminary results were presented in Lee et al. [1986].

2. NonvLinear Wave ScarTeRING

Theory

A monochromatic VLF wave transmitted from a ground-
based station into space has been observed to change from
linear into circular polarization {i.e., whistler mode). If
a ducted whistler wave mode, propagating exactly along
the geomagnetic field, is considered for simplicity, the wave
electric field may be represented as

E = E,(x + i§) exp{i{koz — wot)] (1)

where the z axis has been taken along the gecenagnetic field
lines; w, is the transmitted wave frequency, and ko, the
assoclated wave vector, assttmed to be along the z axis as
illustrated in Figure la. Propagating into the ionosphere
with no irregular structure, the whistler wave satisfies the
clectromagnetic wave equation

3 b
2 1 I
B [ B, Iio
[
———e
x ITOTOTT
{a} (b)

Fig. 1. Geometry of wave propagation for {a} uniform
ionosphere and {b) ionosphere with irregularities.
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where jo is the uniform osciliatory current driven by the
incident wave field in the lonospheric plasma,

. i€’ N.Eo

Jo = m{w, ~ )
and e, N,, m, and €. are the electron charge, uniform
background plasma deusity, electron mess, aud the unsigned
electron cyclotron frequency, respectively. In the presence of
field-aligned ionospheric density irregularities, the scattered
wave, allowing for electrostatic modes, can be described by
2p 1078,

V(V-E‘)—V E, + ;5{2‘5": = —#0‘5;6.]; (3)
where §j, is the nonuniform current induced by the
interaztion of ¢he whistler wave field with the density
irregniarities. We take the z axis along the direction of the
dens,ty irregularities which are assumed to be of the form

én = b exp|tkz] (4)

depicted graphically in Figure ib. The ronuniform current
6§, can then be expressed as

e L bn, v
8, = —e(Nobv + };,;Jo) (5}

where év is the induced velocity perturbation. The scattered
wave field has the general form of

E, = [XE, + iy E,lexp{i(koz — wot}] (6)

Solving the wave equation together with the electron
momentum equation, the scattered wave field is found to
be elliptically polarized,

E, = E,(§n/N,)[x + (% + ig)a]exp[i(k,z —wot)i  (7)

where a is proportional to the amplitude of the circularly
polarized component of the wave defined by

2w§cw°

a=" k32w, ~ Q) &)

where w,. and ¢ are the electron plasma frequency and
the speed of light in vacuum, respectively, and k is the
wave number of the density perturbztion defined by (4).
Rewriting the scattered field in terms of the ionospheric
irregularity scale length, A = 2=/k, we find

E, = E, expjikz}(6R/No) expli(koz — wot)]
A2,
[ % _HEx+ig)z) (9
(3 HEEDE O
LP cP
where

A = V27(c/wpe)(Qefwo)? = 2.4k, (10)

The scattered field is composed of a linearly polarized (LP)
part and a circularly polarized (CP) part as indicated in (3}.
If the ratio (A2/22) € 1 {i.e., [k| > [kol), the scattered wave
is dominated by the linearly polarized component which,
corresponding to a lower hybrid mode, oscillates in the
direction of the irregularity wave vector k; hence, the wave
is electrostatic in nature and exhibits a broadened; enlarged
wave vector spectrum relative to the incident wave. The
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Fig. 2. Sdhematic of Doppler shift phenomena.

Doppier shift frequency measured by 2 moving satellite will
be enlarged as elaborated in the next section.

Analysis

The condition found above for effective nonlinear scatter-
ing into electrostatic modes requires A & A.. Typical plasma
parameters for the upper ionosphere/lower magnetosphere
region of interest are w,./2x = 0.7 MHz and 2./27 = 0.6
MHz. Assuming an incident frequency of wo/27 = 13.6 kHz,
we calculate A = 2 km. The magnitude of the bandwidth
expansion of the scattered VLF wave measured by a maving
satellite due to the Daoppler shift effect is given by

k, v, . vcost v,

Af= -—m——— =~

- 2r A

{11)

Y
where v, is the velocity of a satellite maving across the
Earth’s magnetic field as shown in Figure 2, and k, =
kx +koZ. Given v, 2= 8 kni/s and A f ~ 100 Iz, we find A ~
80 m <« A = 2 km, so the condition for nonlinear scattering
is well satisfied. Thus we have found that ionospheric
irregularities with scale lengths of severa! tens of meters
can produce Doppler shifts of the observed magnitude.
Since k(A) » (K)ko(A.), the simplification made in the
formulation of the theory, namely, the assumption that
the ducted whistlers propagate exactly along the Earth’s
magnetic field, is justified. Under this condition, even if
the ducted whistlers have nonzero wave normal angles, the
formulation of nonlinear scattering mechanism will not be
significantly modified. .
Ionospheric irregularities can occur naturally. There
are many mechanisms that can generate field-aligned iono
spheric irregularities [e.g., Fejer and Kelley, 1980]. Particle
precipitation invoked by Bell et al. {1983 can produce
irregularities with a broad range of scale lengths in a region
near the F layer peak, about 300 km above the Earth’s
surface. The F region irregularities, as Bell et al. suggested,
provide a favorable ionespheric condition for the linear
scattering of the VLF waves and the subsequent coupling
into quasi-electrostatic whistler wave modes. However, the
amplitude of such a quasi-mode wave decreases with distance
as it propagates upward tg the satellite altitudes of 600-
3800 km. This arises from the fact that the electrostatic

whistlers are not eigenmodes but quasi-modes of ionospheric
plasmas. Therefore, during the ionospheric propagation
of quasi-electrostatic whistlers, the ionospheric plasmas do
not respond in phase to these quasi-modes. This phase
mixing (or phase mismatching) can attenuate the waves
significantly durirg their propagation from the source region
to the satellite location.

By centrast, aur proposed nonlinear scattering mechanism
can produce lower hybrid waves which are eigenmodes of
ivnospheric plasmas, experiencing less spatial attenuation
than the quasi-electrostatic whistler modes during propaga-
tion. This mechanism is effective provided that field-aligned
ionospheric irregularities exist and that the VLF wave fre-
quency is greater than the local LHR (lower hybrid reso-
nancs) frequency. The characteristics of the nonlinear scat-
tering mechanism, then, explain the observed facts that the
spectral broadening phenomenon occurs only in the pres.
ence of impulsive VLF hiss and/or 2 LHR noise band with
an irregular cutoff frequency, and only for signals whose fi«
quencies exceed the LHR frequency at the sateilite locat:n.

3. ParaseTric Excirarion oF Lower
Hysrip Waves

In this section we discuss the proposed second r-.echanism
responsible for the observed VLF spectral »-cadening.
While the nonlinear scattering mechanism does 10t work in
the absence of ionospheric irregularities, lower hybrid wave
modes can be excited parametrically by the VLF waves in
the ionosphere. The parametric excitation of lower hybrid
waves by the injected VLF waves has been suggested by us
Lee and Kuo, 1984] with the following scenario.

Propagating from the neutral atmosphere into the iono-
sphere, the incident VLF wave can be considered to be a
ducted whistler mode with ko = k.2 along the geomagnetic
field lines, taken to be the z axis of a Cartesian system of co-
ordinates. Assuming the space-time dependence of the per-
turbations to be expli(k - r — wt)], the proposed parametric
instability can be described by the {ollowing wave frequency
and wave vector matching relations:

Wip — Wy = we = wyo - w, {12a)
kys —xk, = 2k, = k3. + %k, (125}

where the subscripts minus/plus and s represent the
Stokes/anti-Stokes components of the high-frequency lower
hybrid sidebands and the field-aligned zero-frequency mode,
respeciively. By the definition of {12a), the Stokes and
anti-Stokes components refer to the lower hybrid sidebands
whose wave frequencies are downshifted and upshifted,
respectively, by w, with respect to the whistler wave
frequency-{w,). For a purely growing mode {i.e., Re(w,)=0),
the Stokes and anti-Stokes components of lower hybrid waves
are characterized by their wave vectors, shown in (12b),
which are the difference and sum of the wave vectors of
the whistler and the purely growing rnode, respectively.
Bath the Stokes and the anti-Stokes components of lower
hybrid waves have to be considered in this two-dimensional
instability process, since jk,! > ko and the concomitantly
excited low-frequency mode is a purely growing mode. Thus,
[ky+} ~ ki~ [k, {; it is found that the lower hybrid waves
have wave vectors large encugh to yield the observed'specttal
broadening due to the Doppler effect.

It should be pointed-out that a fourswave rather than a
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simpler three-wave interaction process | Berger and Perkins,
1976; Riggin and Kelley, 1982 is praposed by Lee and
Kuo [1984]. While the proposed parametric instability has
a broad range of VLF (whistler) wave frequency w,, the
three-wave interaction process [ Berger and Perkins, 1976 is
restricted to a very narrow frequency band, namely, w, ,, <
ws < V2w, where w,,, is the lower hybrid resonance
frequency. Further, the excited low-frequency mode in the
work of Lee and Kuo [1984] is a zero-frequency mode. This
four-wave interaction mechanism is found to require much
lower thresholds than the three-wave interaction mechanism
to excite lower hybrid waves in the ionosphere. Based on this
proposed four-wave interaction process, we can interpret the
observations of the VLF wave-excited lower hybrid waves in
the ionosphere indicated in the experiments of the Franco-
Soviet ARCAD 3 satellite { Berthelier et al., 1982] and others
ie.g., Chmyrev et al., 1376}.

At this point, we should comment on the effectiveness
of the parametric instability in causing the observed VLF
spectral broadening phenomenon. Although the production
of lower hybrid waves by the parametric instability does
not require the presence of naturally occurring lonospheric
irregularities, this mechanism needs a threshold to operate.
The thresholds in terms of whistler {VLF) wave electric fields
can be calculated from equation (22b) of Lee and Kuo {1984]:

En = ("86”“3”i1’9e)(m/e)inr”?

4 oy Y2 172
40227
x |1+ (1 4o 2oelell ) (13)

Ko,

where &, v, v, and {2, are the wave number of field-
aligned ionospheric irregularities, the electron thermal
velocity, the electroti-ion collision frequency, and the electron
cyclotron frequency; n is defined by {1-+{M/m)(k./k)*}/i1 -
(Mim)(kofk) (e fwoge 1 where M/m, k,, and wpe are
the ratio of oxygen ion {OT) mass to electron mass,
the wave number of the incident whistler wave, and the
electron plasma frequency, respectively. It should be noted
that the parametric wave number & is determined by
the dispersion relation for the lower hybrid waves, w, =
wy il + (M/m)(ko/k,°1}/?, where w, , is the lower hybrid
resonance frequency defined by w, ,, = w,i /{1 + w:,/ﬂf)”z.
If we choose the following model parameters: v, = 1.3 x 10°
{m/s), wpe /27 = 0.7 MHz (i.e., No =6 x 10° m™3), v, = 10

z, §,/2% = 0.6 MHz, the threshold field E., is found to be
18 pV/m. According o Inan and Bell {1985}, the measured
power flux of transmitted VLF signals is 2 x 10~ W/m? at
the satellite location; namely, the measured field intensity
of whistlers 15 12 uV/m, which is of the same order of
mzgnitude as the threshold of the parametric instability.
The measured power flux {field intensity) of whistier (VLF)
waves in the lower ionosphere is 2 x 107° W/m® (1.2
mY /m), which is also of the same order of magnitude as
the instability thresholds calcuiated by Lee and K'uo {1984].
Therefore, it is possible for the instability to be excited
though the VLF trar: -irters are operated in pulsed mode
with a typical duration of seconds.

It is interesting to note that the proposed two source
mechanisms are expected to produce broadened VLF spectra
with different shapes. The parametric instability will
preferentially excite lower hybrid waves with the scale
length {A = 2=/k} of ~ 90 m at the satellite location.

GROVES 2T Al .: SPECTRAL BRCADENING oF VLF Raot . SignaLs

This likely generates a two-humped spectrum suppressed
at the carrier frequency (f.) relative to the sidebands
peaking at approximately f,%100 Hz, whereas the nonlinear
scattering mechanism simply broadens the bandwidth of the
injected VLF waves, producing single-peaked spectra. This
can be clearly seen from equation (9), showing that the
scattered field intensity E, is the incident field intensity
E, multiplied by the fractional plasma density fluctuation
{én/N, < 1). This naturally leads to the broadened
VLF spectrum peaking at the carrier frequency. These
two types of broadened VLF spectra have indeed been
observed.  Nevertheless, the single-peaked spectra were
much more frequently seen than the double-humped spectra
(H. G. James, personal communications, 1988). The
characteristics of our proposed two source mechanisms agree
well with the observations. Hence, the observations of VLF
spectral broadening offer additional evidence supporting the
excitation of lower hybrid waves by VLF waves in the
jonosphere as suggested by Lee and Kuo {1984].

4. Suamuary anp ConNcLusion

In summary, we have investigated two possible source
mechanisms that may be responsible for the observed
spectral broadening of injected VLF waves. In the presence
of ionospheric irregularities with various scale lengths as
short as several tens of meters, the nonlinear scattering of
the VLF waves off these density irregularities can produce
electrostatic modes with larger wave vectors which give rise
to the apparent spectral broadening through the Doppler
shift observed by the moving satellites. The amplitude of
the electrostatic modes depends linearly on the amplitude
of the ionospheric irregularities. The broadening produced
through this mechanism is of the same magnitude as
the observed values. This mechanism produces single-
peaked broadened spectra of VLF waves, which were most
frequently observed in the experiments. There are many
natural sources that can generate ionospheric irregularities
with a broad range of scale lengths, providing favorable
ionospheric conditions for the operation of the nonlinear
scattering process.

In the absence of ionospheric irregularities, the spectral
broadening of the incident wave packet may also stem
from the second mechanism, which invalves the parametric
excitation of lower hybrid waves [Lee and Kuo, 1984]. This
mechanism requires a threskold that can be exceeded by
the employed navigation transmitters. These excited lower
hybrid waves have much shorter (larger) wavelengths (wave
numbers) than those of the injected VLF waves. The
broadening introduced by this mechan:sm is characterized
by the fact that it preducss wave frequency spectra that
exhibit suppressed field intensity at the carrier frequency
and enhanced intensity at a discrete set of frequencies on
either side of the carrier frequency. Such spectra are less
frequently observed than those produced by the nonlinear
scattening mechanism. The lower hybrid waves excited by
this mechanism have enlarged wave vectors; the apparent
broadening due to the Doppler effect is comparable to that
calculated for the first mechanism.

We conclude that the two suggested mechanisms -can
contribute additively to the observed speciral broadéning-of
injected VLF waves feported by ‘Bell et al. [1983] and others.
This spectral broadéning phenomenon_provides- additional
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evidence to support the mechanism suggested by Lee and
Kuo [1984) for the excitatior of lower hybrid waves by
injected VLF (whistler) waves.
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the space plasmas is discussed.
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1. INTRODUCTION

i Large-amplitude Alfvén waves are frequently observed
. in the high-speed streams of the solar wind, in the upstream
< Jovian bow shocks,? and in the interplanetary shocks and the
terrestrial foreshock.>* Moreover, the presence of such
waves in front of supernova shocks is believed to play an
important role in cosmic ray acceleration.>” Therefore the
; stability of finite amplitude Alfvén waves is of great interest,
not only in basic plasma physics, but also for their applica-
- tions to space plasma physics®*'! and astrophysics.'>"
Various processes of parametric instabilities excited by
the Alfvén pumps have been investigated. In general, circu-
larly polarized pumps propagating along the background
magnetic field are considered. Within the one-dimensional
regime, two instability processes have been studied exten-
sively. One leads to the parametric decay instability
. (k> kg),"*'* and the other one givés rise to the modulation
- instability (k<k,),'*"® where k, and k are the wavenum-
bers of the pump and decay mode, respectively. In both pro-
cesses, the decay modes and sidebands all propagate in, par-
allel to the Alfvén pump.
The modulation instability has aiso been analyzed in the
region that describes the nonlinear evolution of the Alfvén
€ waves propagating along a static magnetic field. It is shown
that this evolution can be governed by a single “derivative
nonlinear Schrodinger equatxou,”""22 or more generally, by
a set of three coupled equations,? which in turn are related
wﬂ:enonlmwSchrodmgcrequauonmthknownsohton
solutions. The possible applications of Alfvén solitons to so-
i hrandas@physwalplasmashavcheendm&edbymm-
deni et al. > and Spanglerand
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Co‘qyective filamentation instability of circularly polarized Alfvén waves
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5 A convective instability that leads to the filamentation of large-amplitude Alfvén waves and
generates nonoscillatory spatially growing density fluctuations is investigated by using a two-

. fluid plasma model. Based on linear perturbation analysis for a four-wave parametric coupling

- process, the dispersion relations of the instability for both a right- and left-hand circularly

polarized Alfvén pump are derived. They are then solved numerically for the dependences of

the threshold fields and growth rates on the wavenumber & of the nonoscillatory mode, the

beta of the plasma, and the frequency of the pumps, for both right- and left-hand circularly

i polarized Alfvén pumps. The relevance of the proposed instability with some observations in

tant, its understanding is still far from satisfactory, mainly
because of the complexity involved in the analysis. Recently,
an absolute filamentation instability process has been con-
sidered by Kuo et al." Based on the two-fluid plasma model,
a four-wave parametric coupling process is analyzed for the
temporal growing instabilities, which are excited, via the
scattering of the Alfvén pumps into obliquely propagating
Alfvén sidebands by the density perturbations that are asso-
ciated with the simultaneously excited purely growing and
magnetic field-aligned nonoscillatory magnetostatic modes.
The excited Alfvén sidebands are then added to the pumps
and lead to the filamentation of the Alfvén pumps. The non-
linear source for the Alfvén sidebands is the beating current
driven by the pump wave fields on the density perturbation
of the purely growing mode, whereas the driving fofces for
the purely growing nonoscillatory density perturbations are
the nonlinear Lorentz forces, which reduce to the pondero-
motive forces in the unmagnetized case and are perpendicu-
lar to the background magnetic field.

In this paper, a convective ﬁlamentatlon mstabthty pro-
cess, 7’ in contrast to the previous work,'" is studied. Sirice
the excited instabilities grow in space (not in time) along the
propagation direction of the pumps, the nonoscillatory den-
sity perturbations are not magnetically ficld- aligned any-
more. Consequently,-the nonlinear Lorentz forces intro-
ducedbythespaualgrad:mtoftheranltantAlfvénwave
intensity also become not field aligned: The saxial compo-
nentsofthcfomeandnvedamty pe:mrbauonsmoreaf- :




fields and the growth rates for various cases. The numerical
results are also presented in Sec. III. Finally, presented in
Sec. IV are the summary and discussion.

It. COUPLING EQUATIONS

Monochromatic circularly polarized Alfvén waves
propagating alons a constant magnetic field By, in z direc-
tions are represented by

B,, =(&+§B,, e ™ +cc., (D

where B, , are the unperturbed wave magnetic field intensi-
ty, assumed to be constant and real quantities for simplicity;
the + signs refer to the right- and left-hand circular polari-
zations, respectively; &, and w, are the wavenumber and an-
gular wave frequency, satisfying the dispersion relation w?
= (1 + 0/, )k 2V, wherein v, and §; are the Alfvén
speed and the ion cyclotron frequency, respectively.

The quiver velocities of electrons and ions introduced by
such wave fields can be expressed as

Vpes =(li ) Voiz
Bpt H kT — cagt)

(31t ¢
T % B.
where the subscripts e and / refer to electrons and ions.

In the following analysis of nonlinear wave-plasma in-
teraction, the plasma is assumed to be collisionless and spa-
tially uniform. The process under investigation is the con-
vective filamentation instability of Alfvén pumps. The
pumps are scattered into obliquely propagating sidebands by
the simultaneously induced nonoscillatory density perturba-
tions responding to the presence of the nonuniform radiation
pressure of total Alfvén wave field. It is a linearized versicn
of the self-focusing process for a large-amplitude and large
cross-sectional wave beam propagating in a nonlinear medi-
um.

The Alfvén sidebands are excited through the beating
current density driven by the Alfvén pump wave fields in the
density perturbation #,, induced by the self-consistent radi-
ation pressure. The coupled mode equations for these side-
bands can be derived from the following fluid equations for
electrons and ions together with the Maxwell equations:

+cc., (2)

E-&nt +Velngév,, +nyv,,)

ar

=0=§;6nt +V'(ﬂ°6',-,_._. +ﬂx'ﬂ’t)’ 3)
%53 = B,VX(bv., X3), ®
-a—-a"i¢ = ‘sz 5nt +Q (5':3 _&'04 )xi' (5)
at g B
and

VX6B, = (47n,e/c) [,(8';;,‘ =6,y
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spatial growth rate along the zaxis, and (k, ,,&, , ) represent
the lower and upper sidebands. In general, the upper side-
band (k,=k,+k —ix2, w,=w,) and lower sideband
(k, = k, — k — ixz, w, = w,) propagate together along the
magnetic field and form a standing wave pattern across the
magnetic field. Consequently, the self-consistent radiation
pressure and the induced nonoscillatory density perturba-
tion should also retain a similar standing wave pattern across
the magnetic field. Without losing the generality, we may
first prescribe the functional form of the nonoscillatory den-
sity perturbation to be

n, = n.e“cos kx, m

where 7, is a real amplitude; quasineutrality has been as-
sumed. Following such a functional dependence for the non-
oscillatory density perturbation, the physical quantities of
the sidebands can be expressed accordingly as

6Vyy = [(RODuy . + 8Dy, )c0s kx

+ 286, , sinkx]e%e" " 1 cc.,
n, =ibi, sinkxee™ " cc., (8)
8B, = [(% % ia, §)cos kx — iz(k /ky)sin kx]
X868, e """ ycc.,

where @ ; are unknown parameters defining the polariza-
tion of the Alfvén sidebands and will be determined shortly;
the notation &, = &k, — ix is used to simplify the expression.
Substituting (7) and (8) into (3)-(6), and eliminating
b from (3) and (5), we first obtain
8., .= — (@4/ky)8B , /B, ,
8,y ,= —a, (w,/ky)58 , /B, ,
8, . = [(ko 3 /06 ) (7,/15)(B, , /B,)
— (ko /w0y ) (W} /K33 — 1)
XU Fa, 0,/ )58, /B,)}/f,
85;, , = F (/e Y{(koth /63 )(,/m,)(B, , /B,)
+ (wo/%o) [1 4 (Ko /k)H(Q;/05)
X (wp/kiE - 1)t a, — /)]
X(8B , /B,)}/ f,
80,y . = — (ko/k)(R;/03,)[ (1 — 3/QD)
X (koW /0 ) (/1o )(B, . /By)
+ (@o/ko) 1 Fay 00/Q,) (8B . /By) 1/ f.

&2

85, ,, =85, +a, (ki/Q)6B./B,),

where f=1+ (k/k)AQ; /a,Fu -a@/'?)(w%/k
-1 - =
. Thexandycompoaentsd‘(ﬂ’mibctyommnmg

e

(um '
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a, ={(1 0y Q) {1 - (k/kY(i/k}c: - 1)]
+ ([ 8/ m,) (K 20% 7002)
X1+ kY3 3/ f £ wo /D)
X[1- (ko/k) ek /R 3CE — D]+ (1 - Q}/aif)

X [SR3A /0] — (ko/BY w3 /R3E - 1]} (10)
and that of a single rode equation for the combined Alfvén
sidebands
{1 — (ko /)2 (/000 (1 T, 00/ Q) (@3/k3E— 1) f

Fa, (k3vk/Q0,) 6B, /B,)

= — (1/ f 1 ao/Q) (koo V3 /02})
X (7,/116)(B, 4 /By) . (1D

Equation (11) shows that the sideband fields are pro-
duced by scattering the pump off the density perturbation
induced by the radiation pressure force. From the z compo-
nent of the one-fluid momentum transfer equation, the den-
sity perturbation induced by the radiation pressure force is
governed by

29 n o FatF, , (12)

9z ny M,
where F,. and F,, are the radiation pressure forces on elec-
trons and fong, respectively, and are given by

Fe . nu’
...-’i.:%[ i s OV, — lé',_.',(-—;—)

Wy

\'(\2 pel x‘s'ut )]‘*’cc » (13)

wheree,; = + 1.
Substituting (2), (7), (8), and (9) into (13), yields

A, [k2 k? )5
—— *®
Py {——-‘ko a, +1+E'2 )—cc]
B,, /8
[G/0h +4(B, . /By)]

This equation gives vhe nonoscillatory density perturba-
tions as a function of the pump anc sidebands. Thus Egs.
(11) and (14) form a complete coupled set of equations

describing the convective filamentation instability of circu-
lasly polarized Aifvén waves.

(14)

i1l. DISPERSION RELATION

Substituting { 14) mto(ll),oneequat:on relatmg&?:t
to its complex conjugate 63‘ is obtained. This equation,

together with its complex conjugate, leadsto a dxspemon
relation as

{1 — (Ko ZKY (0, /06)*(1 Fa , 0o/Q)
X (§/kic ~ 1)/ f Fa, (k30 /%0,)
+ (/f 4 a/B,) (k33 /b ), + 1+ k¥/kE)
X(B,. /By)/ [k + 4B, /B
= HO/f + 00/B) (Ko b /ad )0 + 1+ kYRS

X (B, /B, Y/ [0k +M(B, , /B, (15) -
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This is a general expression of the dispersion relation for
the convective filamentation instability of circularly polar-
ized Alfvén waves. It is analyzed in the following to deter-
mine the threshold conditions and the growth rate of the
instability.

We first determine the threshold conditions. Let x = 0,
i.e., ko= k¢ Equation (15) is then solved to obtain the
threshold intensity to be

(B,y /B)h = —(B/2)AL/(B, +24,), (16)

where § = c¢?/v} is the ratio of the plasma kinetic pressure
to the background magnetic pressure;

Ay =1 = (k/K)(Q,/06) (1 Fap . 0,/Q,)
X (wi/kic - 1)/f, :Fau (kv /70w4);

Aoy =@y ek 304 Jo =Sty -

From (16), 4, /(B, + 24, )<O0 is the additional crite-
rion of the instability. This criterion limits the regions of k of
the instability. It can be manifested by a simple example.
Considering a special case that f= (1 4 wy/8},), it sets
mg/kécf —1=0.Thus, f, =1,

= +{(Qi/wo) [1 £ (0o/Q) (2 +k¥k3) ],

+ = (V2B [1 F (0o /) (k¥ /K5) T,

and

= (2+3kY2k3) £ {(Q/wp) .

Now, we have to analyze separately the criterion for each
pump polarization.

A. Right-hand (RH) circular polarization (+)

Here B, +24,.=2+1/B+10:/w,) + [3—(1/
B (w/Q)1(k¥/kd); since B>1 and wy/Q; <1,
B, +24.,>0 for all k. Hence the criterion reduced to
A <0, which leads to the condition k 2/k 2 ), /w, for the
instability.

B. Left-hand (LH) circular polarization {—)
Since 4_ >0, it requires that
B_ +24_ =[2—}(/w,) + 1/8]
+ [3+ (1/B) (@0 /D) ] (A "%k 5) <0.
The region of & of the instability is then derived to be
k¥/k < [J(Ri/00) —2— 1/BJ/[§+ (1B (@e/Q)]

providing that 0/, <2/(7 + 33) ~0.157.
For the general case, i.e., arbitrary values of 5, the un-

* stable region of k 1mposed by the criterion can be determined

numerically.

Inthe RH case, 4, (k,8,0,) hasazeroatk = k,(8,{Q};),
and A <0 for k>k,, and A >0 for k<k,. It.is shown that
B, +24..50 for all k in.the fegion £ 1+ w/Q;. How-
ever, B, +2A4, also has a zero at k=% (ﬁ,a)o) for
B<l + .oo/ﬂ, and thus, B, + 24, becomes negativein the
region k < k,; The dependences.of k,.and k; on B-for t¥o
cases of B, = 0.3 and 0.01 are presentéd in Fig. 1, where
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k,(8,0.01)

k2(8,0.3)

. @o. ) —_——
1 (805) k,(B0.01)
] i 1 1 i1

.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50

B

FIG. 1. Boundary curves k,(8,3,) and k,(B,&,) divide k-4 space into
threeicgions, wherek = k 7k, Instability is forbidden in the region between
two curves. Two cases for @, = 0.3 and 0.01 are presented for the RH circu-
larly polarized pump.
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k, = k\/ky, ky=ko/ky, and | &y =0,/ are normalized
quantities. These two curves %, and k, divide the k-3 space
into three regions and 4, /(B + 24 ) >0 in the central
region. Therefore there are two instability regions 0<k <k,
and kpk, for f<1+ &, and only one instability region
k>k, for f>1 4 @&,. In other words, both Jarge and small
scale filamentation instability can be excited by the RH Alf-
vén pump in low beta plasma, while only small scale instabil-
ity exists in very high beta plasma.

Inthe LH case, 4._ is always positive. However, the sign
of B_ + 24 _ depends on k, B, and &,. For large @, (e.g.,

20F

18}

k,(Bo.O1

ky(p03)

ky(8001)

o .- 1
0.00 0.25 0.50 0.75 1.00° 126 1.50- 1.75 200 2.25 2.50

FIG. 2For the LH pump'case, the mstabﬁny region in k-ﬁspzac is eonﬁned .

betweeh either. k,(ﬁ.w,,, and k,(ﬁ,wo) curves of. the k, curve and k=0
-line:

< z = < -
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FIG. 3. The dependence of the threshold ficld on wavenumber & and plasma
B for RH pump having frequency @, == 0.3.

&y=0.3),B.. +2A4_hasonly asinglezeroatk = k,(B,w,)
for B<B,and B_ + 24_ <0 for 0 <k <k,; as &, beccmes
very small (e.g., @, =0.01), two zeros of B_ +24_ are
present at k = k, and k,, respectively, where k; <k, and &,
exists only for § larger than a constant value 8;. Again,
B_ +24_ <0 for (0,k;) <k <k,. These boundary curves
defined by k, and k; are shown in Fig. 2 for two cases of
@, = 0.01 and 0.3, 1t shows that, for &, = 0.01, k, exists in
the entire Bregion and k; exists only for 8> 0.99 = 33; how-
ever, only k, exists in the region 8 < 0.7 for &, = 0.3. In any
event, instability exists only in the region below the k, curve
and above the &, curve or the zero line.

Presented in Figs. 3—6 are the dependence of the normal-
ized threshold field 7,, = (B, /By),y, defined by (16) on

1.0

08

0.8 |-

B=15 B=1

Ta 0.6
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i 1 ‘5
0.00 0.26 0.57 075 1.90 1.25 1.50 1.75 200 2.25 2,80
K

FIG. 5. Threshold versus & in four different beta plasmas for the case of a
LH pump with frequency &, = 0.3,

£

k = k /k,, where k is limited to the range of 2.5 so that the
finite Larmor radius effect is still small and thus does not
invalidate the fluid model of the present work. Figures 3 and

P

@y = 0.3 and 0.01 cases, respectively. In each case, three val-
uesof 8= 0.5, 1.0, and 1.5 are considered, The results show
that the threshold ficld increases with #and % in each insta-
bility region: Moreover, the threshold field increases very
fast with & in the lower & region (i.e., 0<k<k,) and becomes
infiniteat k = k,. ]

Figures 5 and 6 correspond to LH pump wave. Again,
@q = 0.3 and 0.01 are used, respectively, as the representa-
tive parametric values. For the high frequency pump case,
@, = 0.3, instability can only be excited in the relatively low
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4 are the results of RH-circularly polarized pump for

0.25

020F B=15

0.15

=i

B=1

0.05

0.00 : i L : ! 1 1
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.2§ 2.50
[

FIG. 7. The dependence of the spatial growth rate % on k and 8 for the
&o = 0.3 RH pump having intensity 7* = 0.05, where # = «/k,,

B plasma, B < 0.7. As &, reduces to .01, instability exists in
all B ranges of interest. The results show that the threshold
field also increases with B and & and in general, decreases
with &,. It becomes infinite at k = k, and & = k, (Fig. 6 for
B =1and 1.5 cases).

We next present the growth rate of the instability. As-
suming that the pump intensity 9* = (8., /B,)* = 0.05,
(15) is then solved for the spatial growth rate «. Shown in
Figs. 7-10 are the functional dependences of the normalized
growth rate ¥ = x/k, on k and B for &, =0.3 and 0.01 and
for RH and LH pump cases, respectively. For the RH pump
(Figs. 7 and 8), the growth rate of small-scale instability
(k> 1) appears to increase with 8, while the growth rate of
large-scale instability (k < 1) decreases with 8. In general,
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0.030
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#l

0.020
0.015

0.010

0.006k

\B =15
0.000 L

L L 1
Q00 0085 0.10 0.15 020 ~ 0.25

k

FiG. 8. Growth rate versus k and 8 for the 5= 0.01 and 77 =0.05RH:
pump. -
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the growth rateof smallscale instability is found to be larger
than that of large-scalc mstabxhty Flgurw 9 and 10 corre-

a peak‘m the unstable band. The peak growth rate tends to
decrease withi B, except in the région near 8= 0.5, the peak

growth -Tate increases again and then decreases to zero at
B =0.7. For the low-frequéncy case; the dependénce be-
comes quite irregular. This is because there is an extra for-
bidden region O<k<ks for B>, =099 (for the

g = 0.01 cése). In general, the growth rate decreases with 8
for B < 0.99 and increases with £ for 8> 0.99. The growth

rate also has a finite jump near k = k; for the 8> 0.99 case.
This is because the threshold approaches quickly to infinite
atk=k,.

IV. SUMMARY AND DISCUSSION

The convective filamentation instabilities of large-am-
plitude, circularly polarized Alfvén waves propagating
along the background magnetic field have beefi studied. Sim-
ilar to the absolute filamentation instability process,’’ the
convective instabilities are also excited-via:the scattering of
the unperturbed Alfvén pumps into sidebands by-the simul-
taneously excited purely growing denslty pcrturbat:ons The
nonlinear source for the Alfvén sidebands is also the same: It
is the beating current driven by the pump wave field on-the
density perturbation of the purely growing mode. However,
the characteristic features of the two instability processes are
quite different. The absoluté instability grows in time, while
the convective instability-grows spatially along the path of
the pump. The purely growing dénsity perturbation is asso-
ciated with the magnetostatic mode for the absoluté instabil-
ity, it becomes an electrostatic mode in the convectivé case.
The nonlinear forces generated-to drive the purely growing
modes are also different. The magnetostatic mode is driven
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FIG. 10. Growth rate versus k and £ for the &, = 0.01 and 9* = 0.05 LH
pump.

by-a transverse nonlinear Lorentz force, while the electro-
static-mode is driven by an axially directed nonlinear Lor:
entz force. Consequently, the dispersion relations-and-the
results of thireshold field and growth rate are all different for
each: mstab:hty process. Solving -the: dispersion -rélation
(15);-we:have deterinined the threshold fields and growth
rates of thie convective filamentation -instabilities for .the
cases of the RH and-LH:circularly polarized purip waves.

We have also determined the functional dependences of the
threshiold field 7,, on the wavenumber k of the nonoscilla-
tory: mode; the B of the plasma; and the frequency @, of the
pump (see-Figs. 3-6). Similar dependences for-thé spatial
growth. rate-% = x/k, fof puinp intensity-7* = 0.05 have
been examined and presented in Figs. 7-10..

We now apply the results of the proposed instability
process to explain some of the observations associated with
large-amplitude, Ibw~freqixcnc’y Alfvénic fluctuations ap-
pearing in the sclar wind, in the upstream regious of- plan-
etary bow shock, and in the interplanetary shock. For the
high-frequency pump case, ¢.g., @, = 0.3, instability can be
excited by both the RH and LH pump in low 8( <0:7) plas-
mas, however, only- the RH: pump is unstable in. thé high
B(>1) plasinas. The finite amplitude Alfvén- waves. that
‘were. observed in the lngh-smd streams of the sol. wmd»

i,
L
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0 My, g
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instability is also very broad. Though the observed frequen-
cy is about &, = 0.02, the results of Fig. 10 for &, = 0.01 are
qualitatively the same and hence, no additional figure is pre-
sented. The proposed instability is also found unstable
against the low-frequency RH pump in the very small & re-
gion. As shown in Fig. 8, the instability prefers to be excited
in the low beta plasma. The existence of RH waves can be
speculated, because in such a low-frequency region the dis-
persion relations of right- and left-hand circularly polarized
Alfvén waves are almost identical.

In general, the instability conditions for the RH pump
and the LH pump are different, even in the low-frequency
region where Alfvén modes become approximately degener-
ate. This is because the sidebands in both cases are elliptical-
ly polarized and shear mode in nature, while the pumps are
circularly polarized in the opposite sense. Thus the induced
nonlinear Lorentz forces on electrons and ions are different
for differently polarized pumps. Consequently, different in-
stability conditions are required by differently polarized
pumps.
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FILAMENTATION INSTABILITY :OF MAGNETOSONIC WAVES IN THE SOLAR WIND ENVIRONMENT

S. P. Kuo <
Weber Research’ Institute, Polytechnic University, Farmingdale, New York

M.C. Lee
Massachusetts Institute of Technolcgy, Cambridge-

Abstract. Intense magnetosonic waves, ongmally
propagating at the right angle with the mterplanetary
magnetic field, -can excite a purely growing mode -along
the interplanetary magnetic field together with two
_symmetric magnetosonic sidebands propagating. obliquely
across the magnetic field. This mstabxhty process Jeads
to the filamentation of the magnetosonic pump waves,
These two excited: magnetosonic sideband modes propagate
together perpendicularly across the magnetic -field and,
meanwhile, form a standing wave pattern along the
magnetic field. The thresholds of this. fllamgntat:on
mstabxhty can be exceeded in the solar wind environment.
It is predicted that the density fluctuations produced by
the filamentation instability along- the mterplane'...y
magnetic field liave wavelengths greater than, at least, a
few Earth radii. The polarization of the obhquely
propagating magnetosonic waves excited by the
filamentation instability is determined by the
characteristics of the magnetosonic pump waves and the
environmental plasmas.

Introduction

Recently, there has been a considerable effort in the
study of the stability of Alfven waves in the space
plasmas. It is attributed to the frequent appearance, as
detected by the space crafts, of large-amplitude Alfven
waves in the high-speed streams of the solar wind
[Abraham-Shranner and Feldman; 1977}, in the upstream
Jovian bow shocks [Goldstein et al., 1985], and in the
interplanetary shocks [Vinas et al,, 1984]. In general,
these waves appear to be c;rcnlar polarization and
propagating along the background magnetic field.
Moreover, tae ISEE 1 and 2 spacecrafts have detected
both magnetosonic waves and Alfven waves propagating
upstream into the solar wind with phase velocities much
less than the solar wind velocity. Hence, these waves are
blown backward over the spacecraft and; consequently, an
apparent -change in polarization -of waves occurs.
Intrinsically right (left) hand polarized wave$ are seen to
have an appareat left (right) handed polanzanon in
spacecraft-récords [Hoppe-andRussell, 1983].

The :parametric. -decay instability- -and - -modulation
mswbxhty of- htge-amphtude, circularly polarized -Alfven
waves propagatmg* in the solar. wind along- the magnetxc
field “have: analyzed ~extens;vely by Lashmore-Davm
[1976}; Goldstem {1978},_Derby ‘[1978], Wong_and: Goldstéin
{1986], Longtin. -and ‘Sonnerup . [1986),. and. Terasawa ét_ al
[1986]. The fil: lamenwtmn mstabxhty, competmg thh th&se
mstabxhtxes, can break up. the large-ampmude Alfven
waves- and mduee not: only plasma densxty ﬂuctuatxons but
mametostanc ﬂuctuatxons [Kuo -et al., 1988].. Startmg

1i:--pértu anons m plasmas densxty, the

p 'n‘ ber S - :
0148-0227/89/893— -(D98’I$05m g P

/(

"ﬁ.o-iBo. Its wave magnetic f\ie!d is fepresented by

plasma dielectfic’ constant-and then-wave distribution that,
in-turn;.énhances the' density- perturbations.

The modulation instability has also been analyzed in
the region- that describes the nonlinear evolution of the
Alfven wave propagating along a background magnetic
fxeld. It is shown that this evolunon can be governed by
a single "derxvat:ve nonlmear Schrodnnger equation”
[Mjolhus, 1976 Spangler, ‘1986; Hada et al, 1989]. The
possible applications of Alfven solitons to solar and
astrophysical plasmas have been discussed by QOvenden et
al [1983].and Spangler [1985].

While, significant research has been directed to the
Alfvén -waves, the-magnetosonic waves have received much
less -attention. The magnetosonic waves are hybrid and
elliptically po!a;i'zed modes that can. propagate obliquely
across the magnetic field. They become _decoupled. from
the Alfven waves when the direction of their propaganon
.is exactly perpendlcular .to the ambient magnetic field,
The purposeé of the present work is to investigate the
filamentation mstabmty of the magnetosomc waves that
propayte perpendicuiarly across the magnetic field. This
instability- excited -obliquely propagating magnetosonic
sideband modes. The concomitantly excited nonoscillatory
(purely growing)- modes have their wave aormal parallel-to
the. magnetic field. By contrast, the -purely growing
modes excited by the filamentation instability of Alfven
waves are magnetic field-aligned {Kuo et al., 1988, 1989]
Hence, the chardcteristics of the fxlamemauon mstabxhty
under consideration are d:stmctxvely dxfferent from those
of the instability discussed in our prevxous work- [Kuo et
al, 1988, 1989].

Thxs paper is orgamzed as follows. The coupled
mode equatxons are derived in section 2. ’i‘hey show how
the magnetosomc sidebands and the purely growmg mod&c
dre parametncally coupled - through the magnetosomc pump
-wave. In section 3 the dispersion.relation is-obtained and
analyzed- -to- derive the- threshold conditions and -~the
growth: .rates -of the filamentation instability. The
relevance of the present work to some observations is
discussed. Finally presented in section 4 are summary and
conclusions.

Filamentation Instability of Magnetosonic Waves

.Consider a magne;psoni_c wave
perpendicularly across the -intefplanetary magnetic -field

~

3B,=18 exp[i(ico:;ewot)] + ¢ (n

2

propagating -

P —

o

[P ——

ARG be 0

I

=

W

b bimon

b
o kb oy g st
A
\

anam




e -

13,388 - Kuo and- Lee: -Filamentation-of Magnétosonic Waves

responses of electrons and ions to the magnetosonic pump
wave can.be written as

Ve = [R48(IC0v3, /0gf}) §](wy/ ko) (B,/Bolexofi{ kpx<tigt) ]
+ ¢.c. )

= %(wo/ke) (By/Bg)expli(iqx-wpt}] + ¢.c. (2

In the following we will investigate a filamentation
instability which c2a break up a large-amplitude
magretosonic wave into filaments. The magnetosonic wave
is assumed to be initially uniform-as described by (1) for
simplicity. The filamentation instability results from:small
fluctuations in plasma- density which lead to modulation of
plasma dielectric constant and spatial wave distribution,
which, in turn, enhance the plasma density fluctuations.
Such a positive feedback process involves a four-wave
coupling process: through the magnetosonic pump wave

(wo,Yc), two side-band perturbations (wy) -are
coupled with a purely growing density perturbation
{(w,kZ). The wave frequency and wave vector

matching conditions, are w,-w=wg=w_+w and K s=KqtK, are
satisfied where the asterisk denotes the complex
conjugate.  Illustrated in Figure 1 is the wavevector
matching condition, showing the relativé orientation of
these wave vectors. It will be sown that these
perturbations can be excited simultaneously. In other
words, they grow exponentially with the same growth
rate, 1=-iw at the expense of magnetosonic pump wave
energy. This instability requires a threshold to occur,
which is going to be determined later. In the_ analysis of
filamentation instability, pump field intensity is assumed
to be a constant maintained by a source. Pump depletion
effect which may contribute to the saturation of
filamentation instability is, therefore,ighored withia the
present framework of instability analysis.

Our proposed theory is developed on the basis of the
two-fluid plasma model, The fluid model is, in -general,
valid provided that the condition Kc3/f<<l is
satisfied where k, ¢,, and {} are the wave number
of the purely growing mode, the ion acoustic speed, and
the ion gyrofrequency, respectively. Therefore, the
analysis of filamentation instability is 'limited to the
region of k/k;gl.2. To analyze the instability,
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the complete.-set of flnid equations ‘will be linearized with

respect. to the - fxrst-order perturbatxons in- physical

quantities such as density (:;),A velocity {v), wave eléctric
field ('E)- and wave magnetic field (-ﬁ’).». These
first-order' physical - quantities ~associated with the sideband
modes are denoted by ng, ﬁ’ﬂ_t,ﬁft, and 6B, those
associated with the purely growing mode 1

- Lk
Viejr 'ff,, and B - Thus, the total densiiy is given

by n=ngen +(8n,+6n_+c.c.); similarly, ¥ = Vaei

+('qu+6\ﬁ++8"°j_vc ey i’nf o+ E +6E 45 _+c.c.),

and B= Bo+(B +SB -&68 +cc) for the - concemed four~wave
mteractxon process. -

The purely growing mode is - associated with
electrostatxc disturbances, varying spatially along the

magnetic _field, i-e., kzzk. The fluid equations
used to- derive the coupled mode equation for theé purely
growing mode include -the linearized contmmty equations
for electrons and’ ions:

—‘»

% + 1 % Ve = 0= g D0, % Ve (3

and” the combined- linearized equations of motion for
electrons and ions:

e& uz"mv, z*(Fet
+Fu)=-mi(03/no)§-n.

In deriving the above equations, quasi-reutrality has been
assumed. F, and F; represent the z components of the
nonlinear Lorentz forces experienced by electroas and
ions, respectively, nmamely, F=<my(7¥,; - V¥,)
+ ge;(V,j/c)xﬁn where angle brackets denote the
time average over the pump wave period. The explicit
expressions of F ojz 3r€ given by

3 ;—+
Feje/Me; = 37 (Vioi 5"“)

. 0, »
He {m,’%) % Wipesy = Gupbiplice . (&)

where 6’" =6"° a6V s the vglgcity responses of
electrons and ions to the combined sidébénd mode;
g(q)-i-h - . The expression; \4) reduces 10 “the
form- of ponde.romouve force in .an ur-.magnehzed p}asma.
Without - losmg the generality, the density fluctuations of
the pu:ely growmg mode can-be expressed 3

,.n, = n.”exp('n)cos kz

w"h"ere* ‘ﬁ'; and 7 are the‘ reaL ampnmde and ithe
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where F,,=F  exp(1t)sinkz is assumed. One can
see from (4) -and (95)
associated with the purely growing mode stem from "the
differential interaction of the magnetosonic pump wave
and sideband mod&s.-. Hence, expressions for the physical
quantities of thé combined sideband mode have t6 be
determined in a "self-consistent manmner. The purely
growing mode is realized to be a nonlinearly driven mode.
However, in the .absence of the nonlinear Lorentz force,
(5) reduces to the linear dispersion relation of the ion
acoustic wave,

The magnetosonic sideband modes are excited-through
the beating current driven by the magnetosonic pump
wave field in the density fluctuations of the purely
growing mode. It should be noted that, since the
magnetosonic pump wave propagates perpendicularly across
the magnetic field and the purely growing mode oscillates
spatially along the magnetic field, two magnetosonic
sidebands are excited symmetrically around the pump wave
and they propagate obliquely across -the magnetic field
(see Figure 1). Thus, these two sideband medes propagate
together in the propagation direction of the pump wave
and form a standing wave pattern along the .magnetic
field. In the following derivation of the coupled mode
equations for the two sideband modes,” we can, therefore,
combine them into-a single coupled mode equation for the
combined sideband mode.

This combined sideband mode is characterized by the
following physical quantities with self-consistent
expressions:

& = & exp(mt)cos kz expli(kyx-wgt)] + c.c.
6V = [(RV,;, + iy8V,;, ) cos ke + i26V,;, sin kzlexp(t)
« expli(kgx-wpt)] + c.c.
§B = [(k/k,)(~ik+cF)sin kz + 2 cos kz]éB exp(n)
- expli(kyx-wyt)] + c.c. (6)

where @, an unknown parameter defining the polarizations
of the sideband modes, will be determined later on. The
fluid equations, used to derive the coupled mode equation
for the combined sideband mode, include the linearized
continuity equations for electrons and ioms:

2 (sa/ng) + V- [67, + (n,/n) V] =
0=2 (sa/ng) + V- (6%, + (/) V) (D

the linearized Maxwell equation for induction law:
2 (6B/By = V x (57, x 3) (®

the combined equations of motion for electrons and
ions:

g 5Vim - &,V (ba/hg) + RVT) x2 (9

and the linearized Maxwell.equation" for Amperes’ law:
(VI
Yl

AT

that the density fluctuations

6i/my = ([(1-owp/ D) /( 1-cRo/0%,) 1(88/Bg)
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Substituting (6) into equations (7)-(10), we obtain

8, = (un/ky) (55/By)

8y = o{uwp/ko) (68/Bo)

Sy = - (k) [(KgG, /) (5/mg) -
(1-euy/R) (6B/B) 1/(1-Po/ 0By

iy = (/B {(kee?,/w0) (80/ng) +-[e{ /) -1]

(0,/k) (88/Bg) ) /(1-02y/ )
8%, = (ke?,/wp) (8/ng)

Wex. = Niz + a(k"zA/ni)(ﬁ/Bo)

+ (H,/10)(B,/BY Y/ 1-KA, /Py + Ky /(-uPp)] (1)

Using the results in (11) together with the x and y
components of (10), we can derive the following coupled
mode equation for the combined sideband mode:

[P-(B41E0) (Vi #2,) + KB(ICHE) V3, &2, /o,
+ o e/ [Ioc2,-uRo( 1-K0C2, /) 1) (B/B)
= - Kl \(1-K86, /i) - A )(H,/n)(B/By)  (12)

as well as the expression for the parameter a

a = (w/R)[1-2(+K) 2, /wP,)/
[1-C3, /2~ (V2 /u2g) (1-K0C2, fu) ] (13

In the derivation of (12) and (13), o%/ff; <« :
1 has been assumed. Equation (12) shows that the
magnetosonic sideband fields are produced by the
magnetosonic pump field in the density fluctuations of the

purely growing mode. Equations (5) and (J2) thus form

the complete set of coupled mode-equations, which can be

based on to analyze the proposed filamentation instability

of magnetosonic waves in the solar wind environment,.

PP e———

Aszalysis of the Proposed Instability

WHRAT e

The dispersion relation of the concerned instability can
be derived from the two coupled mode equations, (5)- and
(12). _Its derivation is briefly described as-follows. With
the aid-of (2), (4), (6), and (11), the coupling term on the
right-hand side of (5) can be expressed as

KEE)/my = Ry (o))
=R /RG] (By/B) (8B4 B [Bo): =

Substititing-( 14) -ifito :(5) and>combini
the dispersionzrelation>
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Fig. 2. «/d versus k/kg for several selected values of Bin the range of 0.25-2.5; it shows how the
polarization of the excited magnetosonic sidebands is determined by the characteristics of the magnetosonic
pump waves and the environmental plasmas.
et = AcV2 VA ([1- 145) /(ﬁ”'ﬂ‘z/k'o)l propagating magnetosonic waves. In fact, the parameter

[1-A 1+8) (1-08) /(B+1-BS/KP) ]
(Be1-BE /) B D) A 1412 /K) + oS B1) (Ky/K-H)
(/) BB 1) /(B+1-AC/K0) }(B,/By) * (1)

where p=c?/v}, is the ratio of the plasma
kinetic pressure to the background magnetic pressure, and
&=/},

Setting =0 in (15) determines the threshold field of
the filamentatior instability

(Bou/Bo)? = (K728 A(B1)*-R 1413/

+ o8 B 1) (Ko/KP-B))/(1-A Br1) /
(B1-BE/10,)[1-R B 1) ( 1-08) /(B 1-AC/15,) |
(B1-AE[KG) = (B[R ABNI(B)? - A 1+13/KEy)

+ BB (R R-H1/(B1-AER,))

In terms of "(16),
derived from

(16)

the growth rate of the instability
{15) is found to be

1 = [(By/Bpy) 1Yk, (17

The threshold condition defined by (16) is
conveniently.‘expressed- for 'the ‘normilized threshold field
intensity (Bpu,/Bc) _a funcnon of the
normalized wave number (k/ko) “The par‘ametegs
a - (defined
plasinas and::the-

by (13)) charactenze ‘the solar WAT

a can also be expressed in terms of (k/k;), 6, and B
as follows:

a = §1-214+(k/k) 218/ (148) /(1-B-[(K/kp) ¥/
(AI-(K/K) 28/(1+H)])

Displayed in Figure 2 is (a/8) as a function of (k/ky)
for several values of £ chosen from the- range of 0.25-
2.5. The result shows that a is, in general larger than
one for 6<0.3 which is the region of practical
interest. Especially, c>>1 for Sl and é«l. In this
parameter range, the decay sidebands become linear
polarization on the y-z plane and are dominated in the
nature of shear mode.

The threshold fields (B,/B,) as a function

of (k/ky) are shown in Figures 3-6. For illustrative

purposes, the values: of 8 are again selected from the

range of 0.25-2.5 and 60.01, 0.03, 0.06, or 0.3 is chosen,
The corresponding .growth rates, for (BP/Bo)zso.OS,
a5 a function of k are given in Figures 7-10. Several
outstanding features of the: proposed instability can- be
seen from these figures, For instance, the-threshold: field
generally increases with k, the wave “humber of- :the
excited -purely growing mode, and it finally reaches
infinity at certain k<k,, ~While the threshold -field

(18)

“increases ‘with: B -in--the region- 0<)9<1, it decreages with

8 for pl. The growth ratehasapeakvglue(
by 7..) 8t certain k ( noted by kg
note that both e
for 0<ﬁ<l - but they mc
contrast, whxle
increaces thh s

the -instability. vary*ﬁth the=magnetos:

i

T

ClL
4

AARRUBN MR

[l

[ T R T

Kl

-

FYSPURSR PP




e e o

o et o s Wiy

e

P
g

-y

™

o~

$ ]
Th

s>,

"

Kuo -and-Lee: -Filamentation-of Magnetosonic Waves -
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B,,", /Bo
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Fig. 3. The normalized threshold field intensity (Bp/Bo) versus (k/kg) with several selected values of B in the
range of 0.25-2.5 for §=0.01.

It is found that the threshold fields (growth rates) references therein] to examine the excitation of the
increase {(decrease) with the magnetosonic wave proposed filamentation instability. The magnetosonic
frequency. waves observed by the ISEE 1 and 2 typically have low

Let us base upon the observed characteristics of frequencies of order of 0.01 Hz, which is about 0.1 times
magnetosonic waves [Hoppe and Russell, 1983; and the local proton gyrofrequency (i.e., &=wy/f}=0.1).

for 8=0.03

B=025

8pth/Bg

T R T
K/Kq .

Fig-4. - (By/Bg) versus (/ko) for.8:0.03:
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Fig. 5. (By/Bo) versus (k/kg) for 6=0.06.
:I'he local interplanetary magnetic field_(Bo), tbere.fore, the condition of B, /B, ~ 0.1, the thresholds of
is of order of 100 nT. The magnetosonic waves typically  the proposed instability can be exceeded for k/k,
have amplitudes (B;) of about 10 nT, namely,  (=3/)) less than 0.1 or so, where ), and A are the
B,/By ~ 0.1 with wavelengths ~I RE. The parameters  wavelength of the magnetosonic wave and the scale length
adopted in the analysis of our proposed instability are of the excited purely growing mode, respectively. An -
generally in agreement with these observations. Under important prediction of the proposed process is that
1.0 = -
1.25 / 2.(7 25 for §=0.3
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for 8=0.01
{
08 o3 10 12
K/Kgy
Fig. 7. The growth rate (Y), assuming (Bpru)2=0.95, as a function of k for 5=0.01.
plasma density fluctuations with scale lengths longer than However, we note that there seems to exist a discrepancy
at least, a few RE (Earth radius) can be generated along between the observed and the predicted propagation
the magoetic field by magnetosonic waves. The directions of msgnetosonic waves. The waves upstream of
polarization of the obliquely propagating magnetosonic Earth’s bow shock with frequencies of 0.01 Hz were
waves is determined by the value of o whick in turn, is cbserved to p-opagate nearly parailel to the magnetic
a function of the characteristic parameters of the {ield, while the predicted magnetosonic waves propagate
environment: 5, B, and k; (see equation (18)). obliquely acréss the field. -We suspect that ihis
for 8=0.03
5 B=025 i
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. H
discrepancy may arise from the intrinsic difficulty in-the ’ 4. Summary and Conclusions .
in situ measurements of upstream weves by . sazellites. o .
Since the speed of solar wind is far ‘greater than . those of The excitation of sz tric itity -
3 X L C 2 - parametric instability -by
satellites, all ‘measurcs waves. appear to- be nearly panallel  magnetosonic waves in the -solar wind ecnvironment is
propagating. The pridxcted; -oblique -propagation ,.ot' propesed: The magnetssonic pump wave originally
magnetosonic waves exciied-ty {g'hmcngapbx:~ insiability  propagates at the right angle with the magnesic figid.
awaits the corroboration of future observations. This irmetability can excite a ourely growing modz along
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soiar -wind environment. -
magnetic field are precicted to have wavckngﬁs gnw
than, at-jeast, a few Earth radii As showr in (18); the
polarization of the obliguely -propagating magnetosonic
waves excited by thé filamentation ipstabiiity is
determined- by the environmental charactensuc parameters:
{=wy/N), B(=&, /¥, A)s . and k- The
predicted oblique  propagation of magnetosenic waves,
‘however. has Not been confirmed by ihe available
obse:vauons yet.
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Abstract—Possible generation of whistler waves by Tromso HF heater 1s investigated. It is shown that the
HF heater wave can parametrically decay into a whistler wave and a Langmuir wave. Since whistler waves
may have a broad range of frequency, the simultancously excited Langmuir waves can have a much broader
frequency bandwidth than those excited by the parametric decay instability.

L. INTRODULCTION

There is considerable interest in investigating gener-

~ ation and amplification of VLF/ELF/ULF waves in
the ionosphere by high power HF waves (see. e.g.,
STUBBE ef al., 1982: LUNNEN et al.. 1985). Several
processes have been suggested as potential mech-
amsms causing them such as the modulation of elec-
trojet current (STUBBE and Kopka, 1981 ; FeJEr and
KRENZIEN, 1982), the thermal filamentaton instability
ol HF heater (Kuo and Ler. 1983) and parametric
excitation of Alfven (ELF) waves (PAPADOPOULOS ef
al., 1982). In this paper. we discuss a possible mech-
anism for VLF/LF wave generaticn in the ionosphere
by HF heater.

As described in Sections 2 and 3. the proposed
mechanism is the parametric excitalion of whistler
waves by HF heater. The concomitantly excited elec-
trostatic waves arc Langmuir waves. Thus. the con-
sidered process is the parametric decay of HF heater
wave into a Langmuir wave and a whistler wave.
This process is different from the so-called parametric
decay instability of HF heater waves on two aspects.
One is that the parametric decay instability generates
a Langmuir wave and an ion acoustic wave ; both of
the excited waves are electrostatic mode waves. The
other one is that the ion acoustic wave has a frequency
of, typically, a few kHz in the ionosphere, while the
whistler wave may have a broad range of frequency
covering VLF, LF, and even MF bands. Therefore.
Langmuir waves excited by the proposed mechanism
can have a broader frequency bandwidth than those
pr duced by the parametric decay instability.

Gbservations of the HF heater-produced VLF/

727

ELF,ULF waves were constantly made at Tromso,
Norway with the EISCAT heating facilities. Stimu-
lated clectromagnetic emissions with a broad frequency
band of several tens of kHz were seen in the Tromso
heating experiments (STUBBE ef al.. 1984 and refer-
ences therein). Hence. our proposed mechanism is
specifically analyzed for high-latitude heating experi-
ments with the intention lo compare the theoretical
results with observations made at Tromso. Norway.
A briefl discussion is finally given in Section 4.

2. THEORY

As mentioned earlier. the EISCAT heating fucilities
at Tromso. Norway were observed to produce VLF/
ELF/ULF waves in the ionosphere. The Tromso
HF transmitter is steerable to launch heater waves
propagating along the earth’s magnetic ficld. In view
of these facts, we will present our theory as follows ina
simple geometry of propagation, which is appropriate
for describing the parametric excitaiion of whistler
waves by HF heater at Tromso, Norway.

Consider a left-handed (L-H) circularly polarized
heater wave propagating upward along a downward
geomagnetic field in an overdense ionosphere. The
ionospheric density (n) is assumed to have a linear
profile, increasing with altitudes (=) as n = ro(1 +2/L)
where L is the scale size of the background iono-
spheric inhomogeneity. The heater wave is reflected
at a critical height before reaching the ionospheric F
peak and becomes a standing wave, whose energy
follows an Airy function distribution illustrated in
Fig. 1.
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Ay

, . where w,(2) = dne*n(z)jm.
Fig. | Stapding wave pattern of heater wave near the reflec- () . =) .
- uon heteht. We next derive the coupled mode equation for the

Langmuir wave. The driving force of the plasma oscil-

lation is the Lorentz force experienced by the oscil-

The first peak of the Airy function is located at lating electrons in the wave magnetic fields. Respond-

- = 0 and its width is denoted by 2A. The heater wave  ing to theelectric fields of the heater wave and whistler
field in this region 1s then modeled by E, = (£—rf)e, Wave. elc.ctrons oscillate. respectively, with veloc:m?s
+ec. where &, = [e,, (1 = iz7A)] exp (—iwal) Whose V, and 8V, transverse to the background magnetic
phasor. . {1 —iz4) proportonal to a complex  field. These cross-field motiens interact with the wave
Lorentzian functior. The velocity response of clec-  Magneticficlds. dB,,and dB,. and result in a longitudinal

where ¢, is the amplitude of the whistler wave field.
OE,, = (¥—ib)e,,+c.c. = (E=iP)E, exp(—iw+c.c.
Substituting the respective expressions for 3J,;* and i
335 into the whistler wave equation yields the couplrd
mode cquation

w“
b

~

(“.

{—: +i[w; W w—Q.+w)] =~ —c:—fﬂ—,}au
z

i ét it :
i
i - N
; . LG Ef @
; , = ileim{w,~ Q. +iv)] sp-.—_—s;“> (&)
po — ét\ "¢z
&
[~

trons to the heater ficld is found to be Lorentz force. —(e/e)(0V,,x B,+V,x dB7) which is :
=~ responsible for the longitudinal plasma oscillation.
V, = —i(f=iV)esiml(wo—~ Q) +iv] +c.c. (1) Including this force in the electron momentum equa-
where v_is the clectron collision frequency. tion and combining this equation with the electron

We will show that the parametric decay of the continuity equation, we obtain the following coupled
heater wave (w,. ko) into a downgoing (or upgoing) mode cquation for the Langmuir wave
whistler wave (w. k) and an upgoing {or downgoing) - ) "
Langmuir wave {o;. k) can occur in the aforemen- [‘__ o L -‘-(w:— po2 L_)] .
tioned peak region of hzater wave field. The followig ¢ AT (z*
wave frequency and wave vector relations. wq = o + ¢y,

- s~ . . N r -

fmd k(0) = —k,(0) = —.-/\.larr: ?atlshed. F.lf'Sl dcr'!v?a - mZ(aw:/rrz)[a _:_ X ¥ (20— O, +11,) P

R is the coupled mode equation for the whistler wave. r e Y
which is excited by the beating current driven by the ' ;

pump field in the density perturbation associated with & ;

the exsited Langmuir wave. +en o Eplwo(w* =L — i"r)] S i

The density of beating current as the driving source ) ¥

of the whistler wave is given by 0J5* = ~ednfVin  yyere 7 is the thermal velocity of electrons. !

where dn,(= i, exp (—iwt) +c.c.) is the density per-
turbation associated with the Langmuir wave: V,.
shown in (1), is the velocity response of electrons
to the heater wave field. The density perturbation
can be obtained from the Poisson’s equation. én, =
~(l1/4ne)(¢eyz), where ¢ is the amplitude of
Langmuir wave ficld E, = Z¢g, = 35 exp (—iwt). In
addition to the beating current. a linear current is
caused by the whistler wave with the background
plasma, 3J% = —endV,, where SV, is the velocity

response of electrons to the whistler field and n is the : , )
background electron density ; 0V, has a similar form £ = a; exp {i[k 1=yl +J. Aky(=)dz" |r (D)
as &V, namely, - °

It is clear from the two coupled mode equations.
(3) and (4), that the whistler wave and Langmuir wave i
are coupled through the HF heater vave, which acts
as the pump of the concerned parametric instability.
To proceed the instability analysis further. it is desir-
able to reduce these two equations into first-order
differential equations. This can be done by iniro-
ducing the transformations (RosENBLUTH, 1972:
WHITE et al., 1973),

LR

¢ e

Jpa—
e

Ry

o —————_f— =

IV, = —i(X~if)ec, /m{(@~Q)+iv]+cec (2) and
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£, = ds exp {l(/\’;: -~w:t+J ' Ak:(:')d:’}} (6)
L »

where k,=k0) =k = —k:(0). wi=w;=w}(0)
+kiV} and w,=w =.3c'Q/0;(0), Ak, = [w;(0)
—w}(2)}/2k,V? and Ak, = (0/2kQ.09)[0}(2) -w,;
(0)]. Note that ,;+w,—w, = § for a mismatch fre-
quency and Ak = Ak, +Ak. =4z, where &' = —(w,(0)/
kLY (w3 + 1/ V).

Substituting (5) and (6) into (3) and (4) and
assuming that [¢a,/¢t] < wdal, 1€asét] « olas).
{€ajézi « klla,]. and |éasdz] « [k, jla.], we derive
the following first-order differential equations for a,
and a,

2 2 N ’ .
(z:! +V, = +v,)a, = (eimw;)kiw w{w,—Q,))
~aatexp[—ik’z32] ()

and

(:{ -1, —v:)a:z (ex'm)[fl,(m;—(5)[(:"(:.)’,:(:)((1)0 -Q)]

\(
raatexp{—ik'z2] (8)

where V', =&V o, and 1. = 2ke™Q, w2(0) are the
group velocities of Langmuir wave and whistler wavc.,
respectively: v, = v,2 and v, = v.0/Q, The simpli-
fied coupled mode equations. {7; and (8), will be
analyzed in the next section for the parametric exci-
tation of Langmuir wave and whistler wave by a non-
uniform HF hearer wave in a nonunifo.1r. ionospheric
plasma.

3. ANALYSIS

After being Laplace-transformed in time. equat.ons
(7) and (8) caa be written as

=\
(ﬁ+ vi+V, {:) A, = (eim)]w; (kv .w1(w,—Q,)]

AL enp (=i 22 Fag(s)  (9)

»

-~

/ A
kl’)*'i"V:“}'l-é" V3 = )Ag

I3l
e

= (e/m)[Q(w:— O)k/w; (2} (w,— Q)]
*a, At exp (—ik'2*2) +as(z) (19)

where pis the Laplace transform variable, 4, = #{a,]
and 1, = L[a,], where £ J== {7 [ Jexp(—pt) dr rep-
resents the Laplace transform; a,,(z) and a.,(z) are
the initial values of a; and a,, respectively. In the

following eigenmode analysis, a,4(2) and asq(z) can
be set to be zeros.

Combining (9) and (10) leads to a second-order
differential equation for 4, :

far . d
Ld—__—: +h() 5 +/:(:)],4, =0 (n
where
LiQ) = (P+v )V, —(p+v,—idyiV,
+ik' =1 L+z)—in(A—=12)] (12)
and
1:(3) = (eim)*[F°Q, (0, - ) w w-
X (@=Q) eV Vo(1+27:4Y)
+(p+v )V ik s =1 (L+2) =il (A—i2)]
=[p+v iV \)l(p+v.—id)/ V). (13)

atroducing that 1,2 = V() exp[— 1, /(=) d=)
equation (1) can be further transformed into

d:
[E +f(z)]‘¥’(:) =0 (14)

where £(2) = /2(2) = (1 D[(1:2) £7(2) + (drd2) £1(3)].

Both the effects of the background density inhomo-
geneity (i.e., L # ) and finite inctability zone (i.e..
A 5 oo} are taken into account and inclided in £(2).
However. since L > A. the effect of background den-
sity inhomogeneity is negligible in companson with
that of the finite instability zone. Therefore. £(=) can be
apprcximately expressed as

J® =21+ = (UD(p+v )V,
F(pvs—id) Vs =ik =+ (A =i2)) = (1)2)
x ik’ +14A—=iz)*] (15)
where -
x° = (efm) [k £2.(w:— ) /w,w (wo—Q,)ed/V\ V5.

The eigenvalue of (14) needs to be determined for
finding the threshoid fields of the heater wave and the
growth rates of the instability. The requirement of
threshold fields is, in general, imposed by two additive
effects. They are the collisional loss of excited modes
and the convective loss across the boundaries of finite
instability zone. These two effects are evaluated sep-
arately as follows.

(ay Collisional loss

We first consider the damping of excited modes due
to collisions by letting A — oo. It is equivalent to the

Bt A O e G O it
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study of nstability in a umform. unbounded iono-

spheric plasma. Then. A, and f2(z) become spatially

independent functions ; equation {13) reduces to
fr=2=[p+v )V l(p+v)iVe]. (16

Note that ¢ = 0. k" = 0 because of the neglect of bac’
ground density nhomogeneity (i.¢.. L — ).

The dispersion relation of the instability. deter-
mined from equation(1 1), is obtained by setting /> = 0
which leads to the growth rates (P) of the instability
to be

p= (12— (e +va) + (v —v2) 427V 1] 2L
(17

Taking p = 0 in (17), we derive the threshold con-
dition for exciting the instability

tEg — vy PN
[’wﬂ(wn"ﬂe)]m (vyva /QK7) 5. (18)

{h) Conrectirve loss

We next exanmine the effect of the finite instability zone.
namely. the convective loss of excited modes which 1s
assumed to domunate over the collisional damping
loss in determining the thresholds of the instability.
In this case. equation (15) is simplified to be

) =2 +2%4%) = (1/4)
x[plvi+ )V, VP = (1249, (19)

In obtaning (19). we have also assumed that § = I..A,
The zeros of f(z) are then found to be

FABCVIV P (Y +V2)*
F2AV Vo) -1} -

= 4z, (20)

-12

These are the posttions of two real turning points for
equation (14). which has the following solutions :

Wiz) =1 (=) exp [:ij.f‘ 2(:’)dz’] forz >z,

W=y = [ ‘{:)exp[—i-{.f‘ 2(:')d:'] forz < =,

well behaved at z —» # o0. Thus, spatially localized
but temporally growing modes exist provided that a
pusitive eigenvalue p can be found from the eigenvalue
equation defined by the Bohr-Sommerfeld quan-
tization condition (LANDAU and LirskITZ, 1965)

(m+ Y= j‘ ‘f"':(:) dz @2h

whk 1p =0.1,2.... stands for the number of modes
- ¢igenfunction W(z) between the two turning
zyand z,.

*integral in (21) can be expressed in terms of
complete elliptic integral for numerical analysis. How-
ever, this integral can be much simplified for /A « 1.
and a simple approximate form of (21) results as

/A = [2m+ 1) /2A) 2. ()]

Substituting (20) into (22) to eliminate z, and con-
sidering the m = 0 case for the requirement of lowest
thresholds. we obtain the growth rate of the insta-
bility. It is

p=RV\V AV, + VI(2AY /(1 +aA)~1/2]" 2.
@3)

Setting p = 0 in (23) leads to the following expression
for the threshold fields of heater wave

Chy I'c
- - = — 24
{m(wo —Q,)j},,, O 24)

where w,q = (dne‘nym)' .

4. DISCLSSION

We have formulated a mechanism whereby whistler
wave and Langmuir wave can be parametrically ex-
cited by an HF heater in the overdense ionospheric
heating eaperiments at Tromso. Norway. The required
threshold fields of heater wave are derived and
examined separately for two cases. wherein either
the collisional loss or convective loss is considered
to be the dommant damping process of the pro-
posed instability. A quantitative analysis of the
instability is carried out here with the following
parameters: wgq2n = 4.04 MHz, Q./2n = 1.4 MHz
F.o=13x10°ms . A~ 150m, v,~ 500Hz and
Wy &= We-

It is found that both calculations of the threshoid
fields from (18) and (24) have nearly the same mag-
nitude, i.e. I vm~ . This indicates that the collisional
loss and convective loss play equally important roles
as the lincar damping mechanisms of the proposed
instability. The effective threshold field imgosed by
both damping mechanisms is, therefore, /2vm -1
The growth rate of the instability with the effective
threshold field can be calculated from (23) with modi-
fied width (A’) of the first peak of the heater wave
energy distribution. The modified width is given by
A’ = A[(1—x)/(1 +x)]7? where x = ¢g;;/ej and &, is
the threshold field (given in (18)) imposed by the col-
lisional loss as the dominant damping-mechanism.

vl A O 2150
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Conceptually, the width modification results from the
reduction of heater wave energy by collisions.

The effective threshold fieids (~1.4vm ™) of the
instability can be exceeded by the peak field intensity
of pump waves transmitted from the Tromso HF
heater. especially afier the swelling effect on the wave
ficld has been taken into account. If the effective field
intensity of heater wave near the reflection height is
assumed to be 3vm~'. whistler waves with fre-
quencies ranging from a few tens of kHz up to. say.
several hundred kHz can be excited in a few seconds
according to (23). The theory predicts that Langmuir

waves excited concomitantly with whistler waves at
Tromso may have a much broader frequency band-
width than those excited by the parametric decay
instability. The frequency bandwidth of excited Lang-
muir waves is determined by the wave frequency of
excited whistler waves. Stimulated electromagnetic
emissions with a broad frequency band were indeed
observed in the Tromso heating experiments.
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Abstract The temporal evolution of HF-enhanced plasma
lines (HEPLs) is inivestigated theoretically. The HFPLs refer
to the radar echoes at frequencies near the sum and difference
of the radar frequency and the HF heater wave frequency.
These enhanced spectral lines are caused by backscatter of
radar signals from plasma waves having a wavenumber of 18
: m-i. A nonlinear theory has been developed to explain both
; the intensity overshoot and altitude expansion of HFPLs ob-
served at Arecibo, Fuerto Rxco {D_;uth and Sulzer, 1989] with
good agreement.

U R e o

Introduction

Parametric instability plays an important role in ionospheric
HF heating erperiments to produce various nonlincar plasma
phenomena. ‘One of the most pronounced signature of ‘this
instability is the constant observation of HF-enhanced plasma
lines (HFPLs) at Arecibo, Puerto Rico, which refer to thé en-
hanced backscatter spectrum of the Arecibo 430 MHz radar
signals at frequencies near 430 MHz +: fyr {e.g. Carlson ét
al., 1972]. Here fyr is the frsquency of the HF heater wave.
The enhanced radar echoes at-these two_sidebands provide
useful information on the characteristic features of those
parametrically excited upgoing and downgoing plasma waves.
One of the interesting characteristics of the observed HFPLs at
Arecibo is the plasma line overshoot phenomenon [Showen:
and Behnke, 1978; Showen and Kim, 1978].

This overshoot phenomenon was further investigated in re-
cent experiments on the temporal evolution of HFPLs by
Djuth et al. [1986]. The experimental results at high HF
power (80 MW ERP) showed that the HFPLs exhibited an
initial growth for a few tens of milliseconds beéfore réaching a
maximum intensity, and then drastically reduced their strength
in a time period of a second. ‘An intérprétation of this phe-
nomenon has been offered in Kuo et al. [1987], suggesting
that anomalous damping introduced by incohercnt scattering
of electron orbits by the excited plasma waves results in a
mode competition process. It is found that anomalous damp-
ing is generally larger for plasma waves with greater propaga-
- tion angles with respect to the gcomagnetic field. Hence, the
) plasmawavcsplckedupbymeAmc:boBOMHzradaratﬂle
propagation angle of, approximately, 40° can be suppressed
bymowpmpagamgatsmﬂhrangmmmcheammm for
about a second. Similar mode competition process leading to
plastha‘ling-6veishoothas also been considéred in the early
work by Perlnns et*al. [1974} qn theu' foxmulanon of:the
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nionlinear dampmg rate; the effect 6f geomagnetic field is ne-
glected Their nonlinear dampmg mechanism is based on res-
onant velocity diffusion of charged particles in the beit wave
fields (i.e: nonlmear Landau damping), v/hich becomies much
less effective than-that.caused.by-orbit (spatial) diffusion
mcchamsm ;{Dum and: Dupree, 1970] in. the: magnetized
plasa if there is no specific cyclotron resonance involved.

Jnthe hwung experiments conducted by Djuth and Sulzer at
Arecbo in April;- 1988, the HF heater was operated in a pulse i
mode of 1 riinets on and 9 mimites off. During these obser-
vations; the HF heater was dperated at'5.1 MHz and approxi-
mately- 80 MW effective radiated power was: transmitted.

Radar: measurements- with improved altitude and-temporal

resolution were made in the cxperiments to investigate the time

evolution of both the intensity and location of HFPLs. The

observauons showed that, after the HF heater was turned on,

the, intensity of HFPLS exhibited overshoots. During the s
same time pano& the altitude interval of HFPLs alsc ex- '
panded to an-extent greater than that predicted by a linear the- :
ory. The upper cutoff altitude (~ 275.8 Km) was very close
to the reflection point of HF waves in the ionospheric plasma.
While the location of HFPLs never exceeded the HF reflection
height, it could generally extend downward over 1 o 2 kilo-
-meters within 30 -~ 50 milliseconds after the HF heater vas
turned on [see Figure 1 of Djuth and Sulzer, 1989].

A theory s offered in the present paper to explain this newly
observed downward extension of altitude interval of the
HFPLs. The proposed theory is based.on the "fake™ heating
of the bulk plasma by excited Langmuir waves [e.g. Segdeev
and Galeev, 1969, pp 63-64]. In addition to parametric in-
stabilities, strong turbulence processes involving the procuc- i
tion of cavnons/sohtons have been suggested as, possxblc -2
sources of HF-enhanced plasma waves in the Arecibo iono-
sphere [e.g. DuBms et al., 1990; Payne et al., 1984] The
“fake heating” should occur régardless of the séurce of iri-
duced Langmiiir waves. To illustrate the effect, we will use N *
parametric instability theory so that Langmuir wave intensities
can ‘be more readily calculated and thie modal equations
derived in our previous work addrcssmg the plasma line over-
stioot phénonienon [Kuo et ‘al., 1987] can be dmecﬂy mcorpo-
rated-in-the present-stidy. ‘An- “apparent” increase in the re
plasma temperature, which is proportional to the energy.den- :
sity of excited Langmuir-waves, can cause the lowering of the ¢
resonanz locanon of HFPLs pxcked U :
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and cause diffusion in the velocity space. Such a diffusion
process can be described by a quasilinear equation-whérein the
diffusion coefficient can be separated into two parts. One part
arises from the resonant interaction of waves with electrons
and only very few electrons contribute to this part of the dif-
fusion coefficient. By contrast, the nonresonant (or adiabatic)
wave-electron interaction involves the main body of the
plasma distribution in the plasma oscillations.

The oscillatory kinetic energy associated with-the excited
Langmuir waves increases with the field intensity of the
waves and the main body of the plasma appears to be heated.
This effective heating of electrons by Langinuir waves leads to
the apparent increment in the electron temperature by 7=
ZyEx?/4mn,, where E;° is the spectral intensity of Langmuir
waves and n, is the-background electron density-[e. g.
Sagdeev and-Galeev, 1969]: -Consequently, the dispersion
relation of Langmuir waves has the fcllowing modified form:
O = 0pe2+Q25in20+3k 2(T+1)/m, Whete (g, Ope, ke, Qe
me and Te have the standard meaning and 6 is the propagation
angle of Langmuir wave with respect to the geomagnetic f field.
Note that Kz and 4 are fixed by the relations.Kgs =
+(2kg+kyr) [Showen, 1979} for the radar detected HFPLs,
where Ky is the wavevector of the radar sighal and @~ @y
from the frequency matching condition of the parametric in-
stability. In onder to maintain the maximum growth rate of the
parametric decay instability, it requires that @pe2+3k £2t/m.
remain a constant so that the sideband of the instability pro-
cess can always satisfy the dispersion relation. Consequently,
the matching altitude of the radar detected HFPLs has to move
downward for a smaller @y because plasma heating occurs at
altirudes below the F peak. The instability of Langmuir waves
associated with HFPLs in the original height will, however,
continue to grow as long as the instability thresholds are still
excecded by the heater wave field. Then, the lowering of the
HFPLs' matching altitude actually represents the expansion of
the originating altitude interval of the detected HFPLs. This
process of lowering the matching altitude of HFPLs can be
described by dwpe?/dt = -3(k 2/me) dr/dt.

A linear density profile is assumed for the heated iono-
sphere, i.e., Wpe? = WpeoZ(1+x/L), where L is the linear scale
height of the ionospheric density and 2 is the electron
plasma frequency at the initial location of the concerned
HFPLs. Then, the above equation can be written as

dx/dt = -(3k AL/MeWpec)dT/dt 6

showing the temporal change of the height of the detected
HFPLs. Let I = 4nsin6/dkk?Eyg? represent the spectral in-
tensity of Langmuir waves propagating at the same angle 6
with respect to the geomagnetic field. Thus, Tis definedtobe
1% 19d6/47n,, where 8,.is the averaged maximum Spectral
angle of the excited: Langmxm' waveés [Kuo etal, 1987]
Substituting this cxp:moh fort into (1) yxelds

our ecarlier work [Kuo et al 1987} on the study of HFPLs
overshoot phenomenon. They are

dlg/dt = [Gigcosd — Po — 2dp — Ms112]Ig B3)
Aal‘d\
d6,/dt = -{bsin30,c0s40,/[Csin30, + blg,sin56,c0550,

+ (2 - 55in2,/c050,) @o,0580 - Po, - To,Jo 2]}
J2[Gocos — Ba — 28 — Tilg12]lgsin0cos20d0  (4)

Whm b= 069213251)5B02(002, Ei= ai/Blv & = m‘JkOg gﬂ =
2(Bo+B1ko), e = (Ak/ko)312ek,! 2/(ARSinGmm;toC:)1 /2, and
dp = [hoc2ks2sin20/2B 2,21 fo>1575in26°c0s0°d0’ ; 9, is
determined via @ cos8,~ Pa, — 2do, ~ Tlo,la, = 0 in equation
(3) because plasma waves with this propagation angle have
zero nonlinear growth rate; o = €Eo/2 (mam;0qc,)172, k, = 02
€0s20/4B2 and B, = vei/4 ; 2E,, W, Cs, and Ve; are the ampli-
tude of the HF heater wave, the heater wave frequency, the
ion acoustic speed, and the electron-ion collision frequency,
respectively; Bi defined by (cs/4)n/8)/A(T/T;)32exp[-To/2T;
-3/2] is proportional t6 the jon Landan darmiping rate ; Ak/k,
given by (V2),Bo/kovie? is the bandwidth of spectral lines
contributing to the anomalous damping rate of the Langmuir
cascading process ; h = 2k,/Akg.g and v, is the electron
thermal speed defined by (To/me)12.

The three coupled equations (2)-(4) describe the temporal
evolution of x, Ip and 6, which correspond to the altitude of
HFPLs, the spectral-intensity of excited plasma waves, and
the maximum propagation angle of plasma:waves, respec-
tively. For a numerical analysis, we rewrite these equations in
terms of the dimensionless variables X = x/L, £ = 2B,t, and Ip
= Jg/dmn, T, as follows:

AR/GE = -AlTo,(d0,/d)+] Se(dla/dr)d0 ®)
dlg/dE = [a;2c0528 - 1 -BcossBsin26),Tpsin20"
c0s0'd8’ - Ceos Bsin 120012, (6)
d0,/dE = - {Bsin30,co5%0,/[20125in26, + BT,
sin20,c0558, + (2 - 5§in29°/cos29°)
5 (0266520 - 1) < C(5/2 - 75in2/cos20,)
08 28,5in 120512}, (T dE)siit2Dcsd0. (7}

where 0; =G/t Qs = 2(BoBi)12, A = 3k 2/dpec?, B =
(V20013 0t B 4020053 and C = By 2ooy05/200:2
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and oy = 2.0, we then have fo.= 125 Hz; B; = 31.8:m/sec, A
=1/50,-B = 120 and C = 0.325. Thus, the ume dependencc
of .the matching altitude and intensity of HFPLs can be deter-
mined by.itegrating equations (5)-(7).

Shown in Figure 1 is the numerical result of temporal evo-

lution of the spectral intensity I4p0 of the Langmuir waves -

simulating that detected by the Arecibo 430 MHz radar at the
angle of 40° with respect to the geomagnetic field. The ob-
served overshoot phenomenon-of HFPLs:is wcccssfully re-
produced by our model. Further, thc calculated evolution of
the HFPLs' height is_presented in Figure 2, showing that the
matching altituds of HFPLs moves downward as the instabil-
ity grows. The evolution of the *“fake™ temperature increment
7 is also snown in the same figure. ‘As mentioned before, this
represents the expansion.of the originating. region of -the
HFPLs because the Langmuir waves responsible for HFPLs
are excited not only from their original location but also ex-
tending to a lower altitude due to "fake heating” of electrons
by the Langmuir waves. The calculated distance of. Iowc'mg
is 0.05 times of the ionospheric scale height (L) after the HF
heater is turned on for 50 milliseconds. The ionospheric scale
height, L, deduced from the experiments is about Z2 kilome-
ters, leading to the expansion of originating altitude interval of

33 :
2] a = 2.0 )
n “4
S ]
X ]
.31-2
0
0.0 0.2 0.4 0.6 0.8 1.0

t (x10™" sec)
Fig. 1 Temporal evolution of the intensity lsgo of HFPLs

detected by Arecibo’s 430 MHz radar.
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HFPLs to be 1.1 kilometers. These theoretical resulis agree
well both qualitatively and quantitatively with the observations
[Djuth and Sulzer, 1990].

In the formulation ‘of present theory, mode (.ompetmon
mechanism is included for overshoot while cascading mecha-
nism is included for the saturation of the plasma lines. Only
when the first mechanisni dominates over the second mecha-
nism, overshoot can occur. Therefore, it is useful to find out
the relationship betweéen overshoot phenomenon and the HF
intensity. The.‘dependence of the overshoot intensity and
overshoot time on the pump intensity are concemied.

Letty, b and t3 represent the times for the plasma line in-
tensity to reach-its peakthen drop to one-half and then one-
tenth of its peak value, respectively. Note thatt; “approaches
infinity if this plasma line-does not overshoot: The depen-
dence of these characteristic times on the heater-intensity is
dJSpIayed in Figures 3(a) and 3(b). Shown in Figure 4 is the
dependence of the peak intensity of HFPLs on the heater in-
tensity. The resuits show that both overshoot times and peak
intensity of HFPLs decrease generally with the heater inten-
sity. Itis also shown that the overshoot phénomenon occurs
oniy when the heater intensity-éxceeds the threshold of the
parametiic decay instability by a value a; ~ 142, ‘These pre-
dictions await to be corroborated in the futare experiments.
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Fig. 4 The peak value of Iy vs ¢;-

Summary

Our theoretical model [Kuo et al., 1987] devzloped origi-
nally for explaining the i mtcnsuy overshoot of the HFPLs has
been extended. The extension of the model is based on the
fact that nonresonant héating of plasma electrons by ihe para-
metrically excited Langmuir waves can yiéld an apparent in-
crement in ¢lectron temperature. This fake heating of elec-
trons introduces an extra term into the dispersion relatior: of
Langmuir waves. The modification of the dispersion relation
moves the matching location of the HFPLS to a lower altitude
where the plasma density is less than that at their initial loca-
tion. This model has successfully reproduced both phenom-
ena of the intensity overshoot and the downward expansion of
the originating altitude interval of HFPLs in good agreement
with the observations. The numerical results also show thas
both the overshoot time and pezk intensity decrease generally
with the pump intensity and overshoot occurs only when the
pump intensity exceeds the threshold intensity of the paramet-
ric decay instability by a factor oty ~ 1.42.

It is noted that thermal filamentation instability can generate
Jarge scale density perturbation (> 1 Km scale length) which
may also cause the shift of the plasma line altitude. However,
two facts stand on the way to rule out the possibilify of such a
cause mechanism for the observed phenomena. Oae is its
growth time. It takes at least a few seconds for the develo,~
ment of large scale density irregularities through thermal fila-
mentatiox nstability {Kuo and Schmidt, 1983}. The other cne
is the filamentation direction which is perpendicular to rather
than within the magnetic meridian plane for an 0-mode pump
wave [Kuo and Schmidt, :983].
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The coupling of hydromagnetic Alfvén waves is studied numerically in a dipole-

field model of the magnetosphere. The twe coupled hydromagnetic equations-

derived by Radoski are solved as an impiicit boundary-value problem. namely
the boundary conditions at the magnetnpause are determined self-consistently.
Thus the calculated wave-field distribution inside the niagnetosphere can
match all known linear characteristic features of the stormtime Pe waves
observed on 14/15 November 1979 from satellites A set of proper boundary
conditions is found. excellent agreement between the numerical resuits and
observations is demonstrated. Based on the very limited spatial coverage
{L = 66 and within a latitedinal region (—10° 10°)), of the data provided
by the satellites, the theoretical modal can successfully reconstruct the glebal
micropulsacions in the magnetosphere and identify the source regions of
hyvdromagnetic waves.

1. Introducticn

Recent observations of a stormtime Ye3 event during 14/15 November 1979.
near geosvnchronious orbit {Higbie ef «l. 1982: Takahashi. Higbic & Baker 1985)
provide comprehensive data on the characteristic features of the stonntime Pc5
waves, where Pc5 waves appear as gecmagnetic fluctuations having their
oscillation periods in the range from 139 to 600 s. This event was characterized
by long-duration (50 k) highly compressional magnetic perturbation. and
modulation in energetic particle fluxes. The azimuthal phuse velacity |1 =

4-14 km 57! and azimuthal wavenumber m = 20-120 were rieasured. However.:

the field-aligned structure of the storratime Pec3 waves was not reported until
recently by Takahashi «f al. (1987). Magnetic field data from the four sateilites

SCATHA (P78-2). GOES2. GOES3 and GEOS2 have been analysed to examine.

the wave structure along the ambient magnetic field line (L = 6:6) within a
latitudinal region (— 10°. 10°). Five distinct features havé been identified. It has
been observed that the compressional component, of the wave hes a node near
the equator, offering evidence of an antisvmmetric standing-wave structure,

while the transverse component has a symmetric standing-wave stractare with -

an antinode near the equator. Moreover, nodes for the transversé compenents
at several degrees off the dipole equator have also been observed. They indicate
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that these components of the magnetic perturbation have a very short paraliel
wavelength about 32,. which is much shorter than 308, for the fundamental
mode of the shear wave at L = 6-6. For the wave frequeney of 0-002 Hz. the
field-aligned phase speed of the Pc5 wave is estimated to be about 0 km s™. an
order of magnitude lower than the estimated Alivén speed (Takahashi ef al.
1985). It has been shown that the two transverse components of the wave have
different wavelengths. as evidenced by the result that their nodes are located at
different magnetic latitudes. One possible cause izading to this result. suggested
by Takahashi ef al. (1987}, is the inhomogeneity of the magnetocpherp along the
field line. The relative phase 2mong the magnetic field components is either 0°.
+90° or 180°. and changes by 180° as the observing satellites move accoss the
nodes of the wave. The compressional compoaent oscillates 90° ant of phase
with the azimuthal component. It oscillates. however. either in phase or 180°
out of phase with the radial component. An interpretation of these relationships
based on wave propagation in an inkiomogeiieous medium is alse provided. The
iast of the identified features is the presence of harmonics. This is manifested by
the wave form of the compressional magnetic field component. which oscillates
in time with different heights for two consceutive peaks. This feature is
assoeiated with the nealinearity of the plasma.
Many mechanisms have been suggested to explain the excitation of the
stormtime Pc3 waves. These incivde the drift mirror instability (Hasegawa
1960). bounce drift rescniance excitation of ULF waves (Southwood 1976). drift
vempressional instabiiity (Hasegawa 1971: Ng. Patel & Chan 1984} znd
coupling between a drift mirror wave and a shear Alfvén wave (Walker «f gl
1982). Recently. Cheng & Lin (1987 rformed a comprehensive cigenmode
analvsis for both the drift mirror and dritt cempressional instabilitics. The
esults show that twe of the five features deduced from the observations. the
antisvmmetric standing-wave stracture and the phase relations among the field
components. can be ‘*:\'plainod by the eigenmode structures of the drift wmirror
instability in the uipu e magnetic field contiguration. However. the difficulty in
using the drift mirror instability to interpret stormtime Ped waves comes from
the instability condition. Using the BCATHA ion data {17 eV-380 keV').
Takahashi ¢ al. {1987) have sbm\n that the instability condition cannot he
satisfied. They bave also shown that all the cxisting theories have ‘limited

success in explaining the results of the event. It is therefpre recognized that a ~

new theoretical dev elopment to.explain the excitation mechanism of stormtime
Pe5 waves is desirable.

Information cn the spatial structure of the waves. both radial and latitudinal
variations. scems to play a key role in guiding the theoretical development.
However. only very limited spatial coverage of the data provided by the
satellites-is availabic. In the present work.we study theoretically the coupling
and propagaticn of hydromagnetic waves in the dipole-field model of the
magnetosphere. The set of coupled hydromagnetic wave equations {Radoski
1067) is soived numerically. The solution satisfies the perfect-conductor
boundary conditicns at the ionospherc. togéther with the imposed wave
stractures drawn by Takahashi ef al. (1987):from the magnetospheric storm

~events durmg 14/15 November 1979. The local data obtained by satellites are
then used o reconstruct the- -global wave structures of the event in terms of
hydromagnetic waves in the magnetosphere. The-boundary conditions at the
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magnetopause are determined self-consistently so that the spatial dependence
of the solutions along the L = 66 line matches all four linear features drawn
from the satellite data (Takahashi el al. 1987).

Section 2 describes the dipole-field model of the magnetosphere and the
coupled hydromagnetic wave equations used in the following numerical
analysis. The numerical results and a comparison with the satellite data are
presented in §3. A summary of the present work and conclusions are given in
§$+4. The method of numerical analysis is briefly described in an Appendix.

2. Governing equations

It is generally believed that geomagnetic micropulsations are associated with
hydromagnetic waves that can be excited through different tvpes of plasma
instabilities in the magnetosphere or on its boundary, or in the solar wind. In
general. the sources of these plasma instabilities can be conside.ed to be
localized in comparison with the range of the magnetosphere. Therefore only a
source-free hydromagnetic wave equation will be used in the following to study
the propagation of hvdromagnetic waves in the magnetosphere. The MHD
equations are used for the analysis of hydromagnetic perturbations in the
magnetosphere. which can be considered to be an ideal MHD system. It is then
straightforward to convert the MHD equations into the ideal MHD wave
equation. which is a single second-order time-derivative equation for the wave
clectric field E:

CE = Ax{AX(Vx (VXB)J, (1)

where A = B,/(4mp) is the Alfvén-wave velocity.

An orthogonal dipole co-ordinate svstem is emploved to describe the wave
propagation in the magnetosphere. The unit vectors are along the principal
normal to the field line (9). parallel to the field line (i) and in the azimuthai
direction () respectively. More specifically, the co-ordinates are given by v =
(sin*#)/F. which is constant along a dipol&field line, x =Ycos8)/F. which is
constant along an orthogonal trajectory of the dipole field lines. and . which
is the ordinary azimuthal spherical polar co-ordinate ; 7 = r/R, is the normalized
radius in spherical co-ordinates,

Having a time-harmonic dependence of the form e, and an oscillating
longitudinal variation of the form ¢™¥. the two scalar components of (1) in the
dipole model of the magnetosphere become (Radoski 1967)

H, [56,/7([122’%6")_ m"s,,]+§;e,, = imH, -3%6,',, (2)
112[5% (HI%“&)'*'%EW]*'Z_Z% = z'mH._,-(%e,,. (3)
Here 7 is related to v and p through the relation vi+pu? = 1,
=5, H= 19’-?1;3@3—)
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wi“h E, the toroidal component of the wav * electric field.

= (Po)E,,
with £, the poloidal component of the wave electric field. and p is the plasma
mass density, with the spatial dependence p = p,(1/7)", where p, is the plasma
mass density on the earth and n is an aljustable positive density index. Since
a dipole magnetic field

M.y 273\}

B, =g L, (v+4p°F

A
. wz sz 47Tp =D-n
is assumed, T= (M ) m

Equations (2) and (3) describe two basic types of hydromagnetic waves. One
is called the guided or toroidal mode; it channels its energy only along the
magnetic field lines of forces. The other. called the isotropic or poloidal mode,
propagates equally in all directions at the Alfvén speed (Radoski 1976). In
general. these two modes are coupled to each other through the inhomogeneities.
as shown by the coupling terms on the right-hand sides of (2) and (3). However.
for the special case of axial symmetry. m = 0. (2) and (3) become decoupled. and
thus these two modes are separate. In this case (2) and (3) represent the
eigenequations of the toroidal and poloidal modes respectively. Along the
magnetic field line (i). the phase velocity of the toroidal mode has magnitude
equal to the local Alfvén speed. Hence the toroidal mode is sometimes also
called the Alfvén mode. On the other hand. the poloidal mode propagates
isotropically. with total phase speed equal to the Alfvén speed. While (B,,£,)
represent the field components of the toroidal mode. (B,, B,. E,) represent those
of the poloxdal mode. The corresponding fluid velocity perturbatxons are found
to be in the ¢ and ¢ directions respectively. VV, the response of E,, is
perpendicular to the wave propagation direction. which is in the (. ) plane
(for the m = 0 case). while V.. the response of £,, has a component along the
propagation direction. On the basis Of the shear compresstonal features of the
velocity responses. the shear (or slow) and the compressional (or fast) modes are
also called the toroidal and poloidal modes respectively.

Since the toroidal mode only channels its energy along the magnetic field. it
resonates only with the local field line. and its oscillating frequency is. n
general. characterized by the length of the associated geomagnetic field line.
Hence periods of geomagnetic micropulsations associated with such field-line
resonant modes vary with the L value of the field line. It is believed that such
field-line resonant modes are directly responsible for the geomagnetic
micropulsations (Dungey 1954: Chen & Hasegawa 1974: Radoski 1974: Chen &
Cowley 1989). On the other hand. the energy of the poloidal mode can flow
across the field line and fill the volume of the magnetosphere. The characteristics
of the poloidal mode depend on the size of the magnetosphere, which is a feature
of the cavity mode (see e.g. Kuo. Lee & Wolfe 1987). Without coupling
(m =0), the field-line resonant mode (toroidal mode) will not respond
to perturbations starting outside the field-line resonance region. However,
perturbations in the magnetosphere, in general, stem from the solar wind,
which is outside the magnetosphere. Therefore the study of the general case
(m % 0), with coupling between toroidal and poloidal modes. is clearly crucial
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to the understanding of dynamical processes such as magnetospheric
substorms resulting from the solar-wind-magnetosphere interaction.

For solving (2) and (3). the boundary conditions must be specified. We
assume that the magnetosphere extends from L = 2 to L = 10. the ionosphere
is a perfect conductor. and the tangential components of the electric field at the
inner boundary are zero. These assumptions lead to the fixed boundarv
conditions P(v,p = +£025) = 0 = T(v,u = £0:25). where P = i€, and T =g,
The boundary conditions at the magnetopause. P(v = 0-1. z) and Ttr = 0-1. ).
are generally imposed by an external source such as the solar wind. They can
thus be assumed to be any functions of g varying with the physical situation.
For good agreement between numerical results and recentfy reported
observational data (Takahashi ef al. 1987). the boundary conditions at v = (-}
are found to be of the form

A _\%a

|7 (T?o} } )

T =01 1) =0 (5)

P =01 0) = Py(p) = sin

where Fy(p) is a spatially distributed sinusoidal perturbation. ¢ is an odd integer
less than nine. and k is the harmonic number of the sinusoidal perturbation. For
practical reasons. the toroidal mode at the outer boundary is cut-off. i.e. T=0
in the frequency range of the observed perturbations. Using the relations
derived from Faraday's law.

L 11+ 3p%\iEP \
= Afrearyer ®
w (T 7

i (1437 r\ ET -
PRIt ) o

w ¥ o

£ 2—4% A
B, =_}.(_}‘.j-?é‘ r) _0P+mT), (8)
w F Gy

the numerical solutions for the magnetic field can be determined {rom the
solutions for the eiectric field.

3. Numerical results and comparison with observations

In the appendix our numerical method is described and the coupled equations
{2) and (3) are converted into two difference equations (A 1) and (A 2) for
numerical analysis. Equations (A 1) and (A 2 are then solved to obtain the
numerical solutions of the coupled hydromagnetic wave equaticns (2) and {3).
The local data acquired by four satellites during the occurrence of the magnetic
substorm event on 14/15 November 1979 will be used to prescribe conditions
to be matched by the numcrical solutions. These data on magnetic fluctuations
were recorded with flux-gate magnetometers. The geostationary satellites
GOES2, GOES3 and GEOS2 were located at the geographic equator, with
geographic longitudes of 107° W, 135° W and 15° E. which correspond to
magnetic latitudes of 9° N, 5° N and 1° N, by taking-centred dipole graphic cc-
ordinates. SCATHA had an elliptical orbit with an orbital period of 23:6 h. The
apogee and perigee were 7-8R, and 53R, respectively. and the inclination of the
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Fievre 1. Noumalized electric fields €, and ¢, at the magnetopause with £ =4 and g = 5.

orbit was 7-8°. During the course of the 14/15 November event. its magnetic
latitude varied between —7° and 0° The details of the experiments were
described by Fennell (1982) with SCATHA. by Grubb (1975) with GOES2 and
GOES3. and by Knott (1982) with GEOS?2.

A normalized quantity

3 _( B )1
B, =% 3 3 &)
OBD B+ (B
was introduced in Takahashi ef al. (1987) to describe the relative amplitudes of
cach component of the magnetic field. which varies with magnetic latitude.
Herea = r. ¢ or ., and {B%) is the mean-square amplitude of the magnetic field
component. which was obtained by integrating its power-spectral density over
the frequency range of the wave. In the same spectral analysis the relative
phase of the magnetic field components was also calculated. The relative phase
of component a with respect to component # is denoted by ¢, ,.
The best match of numerical results with observational data is found when
the harmonic numbers of the sinusoidal perturbation of the poloidal mode at
the magnetopause as given by (4) are M = 20. k = 4 and ¢ = 5. The normalized
wave electric field at the magnetopause with the boundary condition (4) has the
form shown in figure 1. Equations (A 1) and (A 2) are then solved to obtain the
field distributions in the entire magnetosphere. The consistency of the numerical
results with observations is checked as follows. The numerical results for the
magnetic field around the equator in the magnetic latitudinal range —11° <A
< 11° at a radial distance L x 66, i.e. v = 0-1515, are extracted for comparison.
The ionospheric boundary is chosen to be about 1-84R, in our model. Following
the same procedure as Takahashi ef al. (1987) for data analysis. the normalized
amplitude and the relative phase are determined by the numerical solutions of
the coupled hydromagnetic wave equations as shown in figures 2 and 3. These
results can now be compared directly with the observational data summarized
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in figures 5 and 6 of Takahashi ef al. (1987. hereinafter referred to as ref. 1).
Excellent agreement is found between our numerical results (i.e. figures 2 and
3) and the observations (i.e. figures 5 and 6 of ref. 1).

As stated in §1, five distinct features have been identified from the
observational data. These features are the basis for the further test of the
theoretical results. First, the property of B, having short parallel wavelength of
a few earth radii (about 3R,) as shown in figure 5(c) of ref. 1 is reproduwd by
the numerical result shown in figure 3 (c) for B .. As shown in figures 5(¢) and (b)
of ref. 1, the nodes of B, and B, appear at different locatxons indicating that
these two wave components have different parallel wavelengths. Such a

multiple-wavelength phenomenon also appears in the numerical results as can
be seen from figures 2(a) and (b) on comparing the locations of the nodes of B,
and B!, The antisymmetric standing-wave structure found in figure 5(c) of
ref. 1 is also reproduced by the numerical results shown in figure 2(c).

The relative phases between each pair of magnetic field components are
obtained by calculating the latitude dependence of the relative amplitude of the
pair. The relative amplitude between the v and ¥ components. for example. is

defined as ;
5 (BY )
B* = X 10
= (s 2m5) o
where @ = v or . The relative phases for the three different components are
evaluated and displayed in figure 3. They agree quite well with the observational
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results shown in figure 6 of ref. 1. Both the numerical and observational results
show that B, and B, oscillate 180° out of phase for # > 5° and in phase for
0 <5°: B and B. are out of phase by 90°.

The last feature deduced from the satellite data is the frequency doubling
often observed near the magnetic equator. The second-harmonic waves
observed by GEOS2 and GEOS3 appear along the field-line direction near
magnetic latitude A =~ 0-5° and along the aZimuthal direction at magnetic
latitude A & 4:7° respectively. It is generally believed that the harmonic is due
to the nonlinear effect of the plasma. The present study only considers MHD
waves in a linear magnetospheric plusma. so the nonlinear harmonic generation
process cannot be revealed in the numerical results. Since the nonlinearity of
the magnetospheric plasma is weak because of the low plasma density. its effect
on the results of the presently extrapnlated global reconstruction is expected to
be small. .

As mentioned in §1. the satellites’ orbits cover only a small and specific region
of the magnetosphere. Hence the coliection of the data by them is bounded in
a local region. By contrast. our numerical results are applicable to the entire
magnetosphere. Therefore the present -work provides a way to use local
information to regonstruct the giobal hydromagnetic waves in the mag-
netosphere. Consequently, detailed information on the coupling between the
toroidal and poloidal modes of hydromagnetic waves can be extracted. Figures
4-6 show the global structure of the three magnetic field components. Their
local values at L = 66 and —11° € A < 11° lead to the results shewn in figures
2 4nd 3. The p axis (from 0 to 0-25) is directed aleng-the magnetic field line and
covers the region from the equator to the north pole. The other half of the field
distributions can. be obtained by its symmetrical counterpart. The v axis
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represents the outward direction of the field line: v = 0-1 (r = 10R,) is at the
magnetopause. while v = 05 (r = 2R,) is at the ionosphere.

The global structure of the field components presented in figures 4-6 chows
that the dominant regions of the wave field in terms of its amplitudé and spatial
variation are somewhere near the inner boundaries of the region inside L = 66.
This suggests that the location of the source of the instability responsible for the
observed Pe5 wave at L = 66 may not be at L = 6:6. Therefore the use of the
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SCATHA ion data to deduce if the drift mirror instability is the cause of the
observed Pc3 wave may not be conclusive. Although Takahashi et al. (1987)
have shown that the instability condition cannot be satisfied at L = 6-6. it is.
in fact. possible that the condition for drift mirror instability may be satisfied
at the actual location of the source of instability. which is near the inner
boundary of the magnetosphere as indicated in our theoretical analysis.

5. Summary and conclusion

We have investigated hydromagnetic oscillations of the geomagnetic field in
the earth’s magnetoephcre to explain low-frequency geomagnetic pulsations. A
dipole-field model of the magnetosphere is adopted for the analvses of the
problems. whereas the plasma density distribution is matched to in situ
measuremments with satellites. Considering an ideal MHD plasma. a hydro-
magnetic wave equation for the vector wave field is derived. In terms of the
dipole co-ordinates. this equation is then decomposed into two mixed-type
coupled partial differential equations with variable coefficients for two coupled
hydromagnetic wave modes. A numerical code has been developed for solving
these two equations using a finite-difference technique. The stability of the
numerical scheme is examined by both the Fourier and matrix methods. using
the following procedure: the stability conditions are first determined oy the
Fourier method and then checked by the matrix method. Since two different
methods are used. one can be sure that the stability conditions are determined
consistently. This code is emploril to study an implicit boundary-value
problem. namely finding the self-consistent boundary conditions at the
magnetopause so that the wave field distribution inside the magnetosphere
matches the characteristic features drawn from the data information obtained
by the satellites. Then. on the basis of local data. we can reconstruct the global
structure of the stormtime Pc5 waves in the magnetosphere.

The characteristic features of the hydromagnetic waves derived from our
theoretical model are found to be consistént with those ‘of the observed
stormtime Pe3 waves. For instance. the compressional component of the waves
has an antisvmmetric standing-wave structure evidenced by a node near the
equator, while the transverse component exhibits a symmetric standing-wave
structure with an antinode near the equator. That the two wave components
have :different parallel wavelengths (referred as the multiple-wavelength
phenomenon) is also seen in our numerical results. The calculated relative
phases for the three wave components agree quite well with observations. The
appearance of a harmonic wave. which. however. cannot be reproduced by the
present model. is believed to originate from nonlinear effects of the

_aagnetoplasma.

The reconstructed global structure of the micropulsations can provide useful
information on the mechanism(s} generating the stormtime Pc5 waves. Our
numerical results show that strong-variation and large wave structure occur
near the boundary of the magnetoplasmas spanning the magnetosphere and
ionosphere. This suggests that the sdurce(s) of instability mechanisms
responsible for the observed Pc5 waves are located in that region, namely near
cither the magnetopause or the ionosphere.

In conélusion. the global micropulsations in the magnetosphere can be
reconstructed by the present model. The success of this theoretical model has
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been demonstrated by comparing the numerical results with a 1979 event
(Takahashi et al. 1981) for which the stormtime Pe5 waves were measured by
the four geosynchronous satellites SCHATHA. GOES2. GOES3 and GEOS2.
This model has also identified the source regions of micropulsations to be at
cither the magnetopause or the ionosphere. Moreover. it can correlate
geomagnetic activities inside the magnetosphere with solar wind activity in the
neighbourhood of the magnetopause. The present model has neglected possible
wave dissipation processes. \WWe have assumed that the dissipation of waves in
the magnetosphere has been compensated by sources located at the boundaries.
This is realized by the fact that the observed waves were last for a long duration
of about 50 h.

This work was supported by tie Air Force Office of Scientific Research Grant
No. AFOSR-88-0127. The numerical work was performed at the Pittsburgh
Supercomputing Center. supported by the National Science Foundation. The
authors wish to thank Professor Jerry Shmoys for critical comments on the
original manuscript.

Appendix. Numerical raethods

The governing equations (2) and (3) cc: te a set of mixed-type coupled
partial differential equations (PDEs) with v ..able coefficients. Equation (2) is
a parabolic type of PDE. while (3) is of elliptic type. The two equations are first
converted into difference equations for numerical analysis. This is done by a
tinite-difference technique using a staggered grid with grid increments My and
Ar. Both of the employed computational grids are carefully chosen to ensure
second-order accuracy in the resulting svstem of algebraic equations. A fully
implicit scheme is used for this numerical algorithm. The resulting finite-
difference equations are
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Methods_are adopted to establish the stability conditions of the finite
difference scheme numerically. The Fourier method (Potter 1972) is first used
to examine parametrically the stability conditions of the designed numecrical
scheme. These conditions are then incorporated by applying the matrix method
(Ames 1977). This method is used to exemplify the validity of these stability
conditions. Since the designed algorithm is effective for a parametric study of
the stability conditions, the optimum parameters. which can increase the
accuracy of the numerical solution. can be determined together with the
stability analysis. For instance. considering the case of longitudinal mode
number m = 100, we find that the stability conditions of both methods are
satisfied for Ax = 0-004 and Av > 0-01334. Hence the minimum Av = 001334 is
used in the numerical analysis. The numerical programs for the coupled
equations (2) and (3) and the stability analyvsis have been executed on the Cray

X-MP/48 of the Pittsburgh Supercomputing Center.
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Using the same procedure to perform the stability analysis for different m
values. the dependence of the minimum Av on m can be determined. The result
is shown in figure 7. which shows that the minimum Ar decreases rapidly with
m for 20 < m <40 and approach a constant value for m > 40. SNince the
minimum Ar is smaller for larger m. the numerical solution is expected to
achieve hetter accuracy for the case of layver m.
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