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ABSTRACT

Optical aurora and resonant Alfvén waves in the magnetosphere share a number
of common features. In our observations of optical 5577 4, 6300 4 and 4861 A
emissions and magnetic disturbances on the ground, we find sufficient evidence to
prove ithat the resonant Alfvén waves or field line resonances strongly modulate
the luminosity of pre-substorm auroral ares. The fundamental frequency is about
1.1-1.4mH:z. The latitudinal phase change of 6300 A emission caused by the low-
cuergy clectron precipitation has a local minimum corresponding to the position

of the maximumn power in the power spectrum.

On the basis of the MHD theory, a tunnel coupling model is set up to
compare the modulation relation between the resonant Alfvén waves and electron
precipitation on the macroscopic scale of the electric field. By analyzing the ob-
servational evidence and theoretical result, we conclude that there is a resonant
width in the resonant Alfvén wave field defined by the distance between the reso-
nant and turning points, and the modulation of the electron precipitation occurs
in this region. The local minimum of latitudinal phase change is due to the energy

reflection of the waves by the turning point in the magnetosphere.
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Chapter One

INTRODUCTION

Ultra-low-frequency (ULF) magnetohvdrodynamic (MHD) waves are important
cnergy carriers in the process leading to the coupling of the magnetosphere and
ionosphere (Goertz, 1979). These waves transport considerable energy from the
magnetosphere into the ionosphere. During this cnergy transmission process,
wave-particle interactions often play an important role, producing encrgetic elee-
trons leading to the auroral displays seen at high latitudes. One possible mech-
anism giving particle precipitation into the aunroral region is connected with res-
onant Alfvén waves on magnetic field lines threading the auroral oval (Samson,
1991a: 1991c¢). These Alfvén resonauces and discrete ares have many similar fea-
tures. The first purpose of this project is to examine observational evidence in
the ground based optical photometer data and magnetometer data to determine
the possible connections between the MHD field line resonance and auroral parti-
cle precipitation. The second 1s to set up a macroscopic, theoretical model using
AMHD wave equations to explain the relation between aunroral ares and resonant

Alfvén waves.

1.1 The auroral oval and discrete arc formation

The active auroral region occurring in the Earth’s ionosphere is ealled the anroral
oval. The latitudinal location of the oval coincides with the maximum intensity
of ULF magnetic field line oscillations or pulsations (Samson, 1972: Saito, 1969).
In our rescarch we shall restrict our study to the night side auroral zone, in the

pre-midnight sector.



According to the classification in the International Auroral Atlas (1963),
an anroral arc appears as a slightly curving arch or part of an arch in the au-
roral ionosphere. Stable ares are seldom very bright and have thin curtain-like
forms, often with multiple curtains (Akasofu, 1981). Most arcs are due to electron
precipitation, but precipitation of energetic hydrogen ions can also give auroral
emissions, particularly at 4861 A Hj and 5577 A. These proton arcs tend to be

much broader (typically greater than 1 — 2° latitude) and are usually subvisual.

Electron aurora can hava very small scale size due to the small gyro-radii
of electron orbits in the magnetic field. The approximate gyroradius of a 10 keV
clectron in the Earth’s magnetic field in the auroral zone is only about 6 m or
less (Ombolt, 1971). The scale size of the electron aurora in the north-south
direction ranges from a fraction of a km to about 100 km. Using magnetic flux
conservation, we can approximate the dimension of a discrete electron auroral arc
in the magnetosphere. A hundred kilometer wide arc at 70° Invariant latitude
maps to a radial scale size of 1 Re (Earth’s radius) in the equatorial plane of
the magnetosphere. The height of the lower edge of an auroral arc in the upper

atmosphere is typically 100 km, and its upper edge is at about 400 km or more.

Compared with the electron aurora, proton aurorae have large nortli-south
scale sizes due to the large gyroradius of the proton and collisions in the iono-
sphere. The proton gyroradius is 50 times larger than the electron’s gyroradius
if it has the same energy as the electron (Omholt, 1971). Some studies have
found that, in the evening sector, proton aurorae generally occur equatorward of
the stronger, distinct electron aurora (Rees and Denedict, 1970), and closer to
the electron aurora in the morning hours than at midnight (Wiens and Vallance

Jones, 1969).

In our project, we are interested in the discrete arcs which might be as-

sociated with the resonant Alfvén waves. These arcs usually have about 100’s to



several thousand Rayleigh (kR) of green 5577 A optical emissions and are pro-
duced by electrons with energies typically greater than 1 keV (Rees, 19743, At the
same time, the red line 6300 A often has a much lower optical intensity, usually
less than 1 kR. This line is produced by low energy electrons (typical energies are
100’s of eV). If H; (4861 A) ocenrs, and the 5577 A4 line has intensities of several
hundreds R, then the emissions may be produced by cnergetic protons ( 10°s of

keV or greater).
1.2 Field line oscillations and resonant Alfvén waves

The solutions of the lincarizeda MHD cquations indicate that there is a coupling
between the compressional and shear Alfvén waves at the position of the resonance
(Kivelson and Southwood, 1985; Kivelson, 1986:; Allan, 1986). There is now
sufficient experimental evidence to confirmm the existence of these resonances in

the Earth’s magnetosphere (Samson, 1991h).

Numerous articles have been published on the topic of MHD coupling.
Dungey (1934) first developed the wave equations which are appropriate for a
dipole field geometry. The equations for the two transverse magunetic field com-
pouents are coupled except in a liyited number of special cases. If we assume
that the azimuthal or longitudinal dependence is given by ¢”® then for m = 0,
the azimuthal and poloidal components are uncoupled. Tamac (1966) used the
coupled set of equations for a dipole system, but looked for solutions valid near

the equator. He found that a region of resonant coupling would occur, where the

amplitudes of the magnetic field oscillations have singularities.

A somewhat more comprehensive model of MHD resonances including the
Kelvin-Helmbholtz instability as a source of energy at the magnetopanse, was set up
by Southwood (1974), and Chen and Hasegawa (1974a). Chen and Hasegawa also

limited their solution to regions near the equatorial plane. Both Southwood’s and



Chen and Hasegawa's models can successfully explain the variation of amplitude
with latitude and the associated latitudinal variation of the polarization of the

waves ( Samson, 1972).

In order to produce the quantized spectra of MHD waves and resonances,
Kivelson and Southwood (1985, 1986) proposed a global MHD coupling model.
This model is not restricted to the large m limit and has the form of global
compressional cigenmodes, whose frequencies are quantized by the radial structure
of the magnetosphere and by the azimuthal wave number. For m = 0, a global
compressional wave is established. For m # 0, the wave modes are damped
through irreversible coupling to an Alfvén mode localized to magnetic field line
with the same resonant frequency. Numerical and computational models have
been used to study the various theoretical ideas with different geometries for the
cavity modes (Allan ,1986; Zhu and Kivelson , 1988). All the above studies show
that comipressional energy is absorbed by shear Alfvén waves at the resonance

position, leading to resonant vibrations of the field lines.

1.3 Kinetic Alfvén waves and auroral particle precipita-
tion

The theoretical work we have discussed above did not consider the effects of
particles on the evolution of the MHD waves. In fact, the shear Alfvén wave
is dispersive if k| # 0, i.e., if it does not exactly propagate along the background
magnetic field. Hasegawa (1975, 1976) called this kind of shear Alfvén wave, with
a finite perpendicular wavelength (p, ), the kinetic Alfvén wave. These waves
have longer wavelengths in the direction parallel to the magnetic field, and a scale
length comparable to the ion gyroradius (~ p;) in the perpendicular direction.
An important property of the kinetic Alfvén wave is the existence of a parallel

clectric field in the wave. This parallel electric field can cause charged particle



acceleration and precipitation into the ionosphere.

The kinetic processes in mode conversion to the kinetic Alfvén waves have
been considered by a number of authors (Hasegawa and Chen, 1975; Hascegawa,
1976; Hasegawa and Nima, 1978; Goertz, 1979, 1984: Hasegawa and NMaclennan,
1990). They suggest that plasma heating occurs when the kinetic Alfvén wave
is dissipated by wave-particle interactions (Landau damping). The process of
plasma heating in microscopic space is much like a particle phase mixing process
(Hasegawa, 1976). In Hasegawa's scenario, the surface wave on a plasma discon-
tinuity in the magnctosphere is mode converted to a kinetic Alfvén wave. The
kinetic Alfvén wave has a field-aligned electric field that oscillates at the same
frequency as the surface wave. In Hasegawa's model, the anroral electrons arve
accelerated by the parallel clectric field, leading to the formation of a discrete

auroral arc.

Goertz (1981) separated the auroral arcs associated with the kinetie Alfvén
wave effects into two kinds, depending upon their &;. The large &) components
dissipate their energy by rapidly accelerating clectrons.  They give the strong
acceleration which occurs in narrow auroral arc structures. However, the simall
k; components do not suffer significant dispersive damping. They will survive
many wave bounce periods, eventually establishing a standing wave pattern. This
kind of arc has a somewhat larger time and spatial scale that can expand to a few
hundred km in the north-south direction. It may be associated with inverted V

arc formation. Using this analysis, Goertz (1984) set up a quantitative model to

explain how a discrete arc is formed by reflected solitary kinetic Alfvén waves.
1.4 Purpose of the project

In contrast with the many theoretical studics of auroral arc formation, there are

few published reports which have connected the Alfvén resonances with modulated



auroral luminosity. Higher frequency modulations have been studied by Campbell
and Rees (1961), but their frequencies are greater than 107! Hz, whereas field

line resonances typically have frequencies of 1 - 10 mmH : (Samson, 1991a).

In our project, the main purpose is to study the wave behavior of the
optical aurora, in order to see variations which might be due to modulation by
shear Alfvén waves. We will concentrate on quiet electron auroral arcs in the

evening sector before midnight.

Following this rescarch direction, we divide the thesis into five chapters. In
Chapter 2 we will discuss how the wave energy can be transferred into the auroral
region from the outer magnetosphere. In Chapter 3 we will introduce the data
campaign in our project and the experimental methods. The most important ob-
servation results will be discussed in Chapter 4. In the last chapter, we evaliate
our data by comparing the results with the theoretical model that we have estab-
lished, and give our final conclusions. Some of the special computational methods
and data reduction techniques that we have used in the project are outlined in

the appendices.



Chapter Two

THE THEORY OF ULF MHD WAVES IN
THE MAGNETOSPHERE

ULF MHD waves in the Earth’s magnetosphere are usually called geomagnetic

pulsations. These pulsations have frequencies ranging fron: approximately 1 m i =

to greater than 3 H: and appear as quasisinusoidal oscillations. In this chapter we

discuss a theoretical model that explains how compressional NiilD waves produced

near the low latitude boundary layer of the magnetosphere or the boundary of the

plasma sheet are coupled to field line resonance on dipole-lhike fiekd nnes e the

inner magnetosphere. We begin our discussion using the set of MHD equations.

2.1 MHD equations in a nonuniform plasma

The MHD equations include mass and momentum conservation, the equation of
state, and Maxwell's equations;
ap
— +V.(pu)=0 2.1
5t (pu) (2.1)
Jdu .
p(—a—t-+(u-V)u)=—VP+JxB (2.2)
Pp™7 = constant (2.3)
E+uxB=90 (2.4)
oB
— =-VxE 2.5
ot (2:5)
VxB= /.LUJ . (20)

In these equations, symbols p, u, P, E , B and J respectively represent mass

density, fluid velocity, thermal pressure, electric ficld, magnetic field and current



deusity. If the unperturbed plasma is in a static equilibrium, the equilibrium

components can be written asu =0, E=0, p=pp, P=F, J= Jo, B = By.

Linearizing equations (2.1) — (2.6), we get the set of equations for the

perturbation field.

B, -
L4V - (m) =0 (2.7)
/)0—0% = VP +Jy % B, +J; x By (28)
P

57 =~ V)P — RV - u (2.9)
E] + 1 X B():O (210)

OB
-—a—f—1=Vx(u1 x Bg) (2.11)
VxB;, = /.IVQJ] (212)

where subscript 1 indicates first order terms. In terms of the displacement vector

£ uy = %, the equation for £ is

9% ~ 1 1 )
PoE = —VP+ “—O(Bl -V)By + ;;(Bo - V)B, (2.13)
where
P=P+—B- By, (2.14)
Ho
anud
B, =Vx(ExBy)=(By-V)E—(V-EBo—(£-V)By.  (2.15)

In order to determine the wave equations, we use a cartesian system with variations

only in the x direction, i.e.

d B3

By = By(x), Po = Py(x), po = po(z), —=[Po+ 5]
dz 2ug

=0.

The zeroth order magnetic field line is in the z direction, but varies in the x

direction. Using (2.9), (2.14) and (2.15}, we get

Py = —(£-V)Py— poC?V - £



> 2 0&: 2 e
Here C, is the sound speed. Substituting (2.15) into (2.13), we get the equation
2

o- ) -
HoPo 53 -~ (Bo- V)2 = —1yVP - (By- V)V - B, . (2.17)

t?

We can separate equation (2.17) into its three vector components (Roberts, 198-4:

Kivelson, 1985).

£ —20261' OP . o
P()( or - V3 52 ) = —_()_I— (2.18)
0 EJ ,,'Zazf»y — apr DR
ol ot? Vi 0:° )= Ay (2.19)
03¢€. 5 @
— = (" —. . V)
= (V). (2.20)

If we suppose the displacement vector has the forin
E(r,t) = E(a)e'kvyth—wn)
and define the following characteristic variables,
-2 2 g2
K==k, +k;
Wi +wp=RKA(CZ+173)
w? - w} = K22C?VE
Cz "2

C2 4V
then we find from (2.19) and (2.20) (2.16)

c3 =

—ik, (C? + VE)(w® — CpK?) dE,

= 2.9
& (W2 — w2)(w? — wP) dx (2.21)
_ Clhyk, ik.C?  dE, (2.99
W~ C'Zk?fy w? — C2k2 dx 22)
- 1€,
P = pyV3ik €, — Po(C? + V3) [zky£y + k& + e (2.23)

dr



Substituting I, £, and &. into (2.18), we finally obtain the differential equation
for &,

A po(C2+ VI — VER)(W? — C3A2) de,
dr (w? — w?)(w? —w}) dx

]+ po(w® — VERD)E =0 . (2.24)

If the plasma is iiform, the equation gives two simple dispersion relations.
The first is
W? = K2V2 =0
This is a shear Aifzén wave propagating along the field line. The second dispersion
relation is
2

(w? — w?)(w? ~ w%) =0,

w! =PV 4+ CHYK?2 4+ C?VIK*cos’6 =0 .

Here k2 = K2 cos? 6, and 6 is the angle between the magnetic field and the wave

vector. We finally get the phase velocity of the waves.

2 s ;

Wi 1 4C2V2 cos2 6
xT - C2 "/Z 1 _ s VA .

Az TRl TVl \]1 (CZ2+V3)y )

2 _ p2v2
wi =K "Pi‘_

When cos@ < 1or C, €« Vyor Vy 4,

2= v2 2 4 12
VP=V2 = C2+ V]

4

and
21,2
V2= V2 = %cos‘zf) .
C2+V;
These velocities are usually associated with fast and slow waves, and satisfy the
following inequality

‘/; < ‘/A < ‘/f

In a nonuniform plasma, the differential equation (2.24) has two turning

points and two resonances. The resonances, occurring where w? = k2V3? | k2C%,

10



are singularities of the differential o id. There are no regular solutions at
these points. The compressional wave energy will he absorbed at these points.
w, and wy in the equation (2.24) are turning points, or cut-off points (Roberts,
1984). At suclh poi ts, the behavior of the waves changes from an oscillating form

to an evanescent form.

2.2 MHD waves in the magnetosphere

2.2.1 Southwood-Chen-Hasegawa theoretical model

In a cold nonuniform plasma (3 = ‘IL‘;’: <K m/m;), the thermal pressure is neg-
ligible and thiere are no propagating magnetosonic waves in the plasma. Then

equation (2.24) has the form (Chen and Hasegawa, 19744a; 197-4Dh),

d . B d&., |
dx W——: (1_1.] —:£ =0 (

o
V]
fabe )

where z(x) = propp(w? — k2V737). In the large &, approximation, we may simplify
equation (2.25) near 2y, the resonant position, to give

d?€, 1dz dE,

da? cdr dxv

— k2, =0 . (2.26)

This equation has only one resonance (s(.rg) = 0) and no turning point. If &, = 0,

then equation (2.25) becomes

26, WP . e
F+(ﬁ—kf)£r=0' (2.27)

Equation (2.27) has only a linear turning point at w? = V2k? . In this case, it

implies a total reflection of an incident wave at the turning point (Stix, 1962).

If &, is a finite number, we expand () near the resonant point &y, giving,

de,

(x) = & (wo) + (z — x0) ir

+ iz;(rg) .

[
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Here =,., z; are respectively the real and imaginary part of =(a) . We further define

a damping factor of the wave

Ei
“/’ = Ty (&',‘ < Er) .
[e2

Then, near the resonance, equation (2.25) becomes

([262' 1 dfr 2
T RyGe =0 2
& YT m vy de =0 (2.28)

The approximate solution is

& = clufky(z — a9 +i7')] . (2.29)

Equations (2.27) and (2.28) are used to describe two limiting cases, k, — 0
and Kk, is a large number. In the latter situation, Chen and Hasegawa (1974a,
1974b) set up two theoretical models , one assuming the steady state excitation of
field line resonances due to the energy from Kelvin-Helmholtz instabilities on the
magnetopause, the another assuming the impulse excitation of surface eigenmodes

at a plasma discontinuity (for example, the plasmapause).

2.2.2 Global models

Kivelson and Southwoeod (1985) first provided a global model to explain the wave
mode coupling process in the MHD scenario. They used the first order disturbed
magnetic field { B;.) in the zero magnetic field direction in their differential equa-
tion (IKivelson and Southwood, 1985; 1986). In their study they found that the
MHD equation was similar to that for an EM wave propagating in the iono-
sphere (Budden, 1961). Considering, again, a cold plasma condition , and letting

By = constant, from equations (2.16), (2.18), (2.19) and (2.20), we have

2 _ MoPo o _ 1 9By
(k2 B )z = B 0m (2.30)
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(1\7::2 - l‘lupow'l)gy — _II\' Bl:

. O¢&,
Bl: = ——‘I.I\TyB()f,, B() )EI . (232)
Substituting §, in (2.32) into (2.30), (2.31) gives
)E .
k2 4 g2 — HOlo 2 By + (k%2 - “0/)0 W) By Sk =0 . 2.3

Equation (2.33) includes a wave coupling process, giving a coupling relation
between the compressible component By. and the displacement of the magnetic
field line, &,. Differentiating (2.30) with respect to x, gives

2 #o/)o W?) 98, 2 1 9°B.
(k: al +[al £ 13() 01" ’

Using (2.30) and (2.33) and substituting into (2.34) to climinate &, and ‘7’% .

uopo

e = (2.34)

we finally obtain the equation

d?B;. 1 d dBl 2 2 ¢ 2
- — 3 : — -———4 — kI — — . = (. 2.35
A

In this model, Kivelson and Southwood (1986) pointed out that the global
compressicnal eigenmodes are quantized by the radial structure of the magueto-
sphere. They used this model and a given k, which depends on the azimuthal
size of the cavity to produce monochromatic frequencies. They also pointed ont
that the wave mode is changed at the resonant point, coupling to the shear Alfvén
mode, in the region where the compressional mode decays exponentially (the non-
propagating side of the turning point). The coupling coefficient depends on the

gradient of plasma distribution and azimuthal wave number k.
2.3 WKB solutions in nonuniform plasma

In order to analyze WKB solutions, we first assume a linear plasma profile in the
unbounded plasma that has & = a®z, k2 = o%xg, k2 = o?z,, (Kivelson and

% v
Southwood, 1986).
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Here a? is a positive constant that determines the gradient of the plasma

distribution. .y and oy are respectively the resonant point and turning point.

Equation (2.35) becowmnes

‘D, . 113, . o _
UEKIE 1 4B +a{x—a19g—ry)B;.=0. (2.36)

dr? ar —mxy dr

We can further simplify the equation by using the variables (Budden, 1961;

Denisov, 1957). (o — rglai = —C. g = .r,\né = k‘ju_% . Then eqguation (2.36)
becomes
(1231: 1 (lBl: . _ « -
{lcz - C (]C -((3+(I)B!: =0. (23()
Let 3. = (_r'C% . then
*G 3 , )
ic —(C+q+—4§—.2)6—0. (2.38)
Finally let
o 3 3
P = + - 2.39
(C+aq 462) (2.39)
and equation (2.38) is simplified to
G _ pg 2.40
acz ) (2.40)
We now find its WIKB solution. Let
G = Aee) (2.41)
giving
G d¢ do .
CC i - (2. (2.42)
d(? d¢? dC
Substituting (2.41) into (2.40) gives
do ., - d*o
—_—) = - <4 1 - . e 3
dC) J zdcg (2.43)
Using the condition
d?o do ., ,
d¢? (d() (2.44)



so that

1
€« z 4P
(IS -
gives
d*o 4 dpr
—_— = 4i—.
d¢?  — d¢
Substituting the above equation into (2.43) gives
WO o 9 — dr
(—) =-r- . 245
( :IC) T (2.45)
and
¢ :
O=i/ iPdC + iln(PY). (2.16)

We finally get
] __ <
G = AP? (‘_\:p{+/ Pdc}

and

&

_1 — (<, . 3 L.
) “«‘Xl’{+/(é+’1+ir§)-"k}- (2

Bi. = ACH(( +q+

o
~}

12

The expression is an asyviptotic solution that is only suitable for regions
far from the turning poiut and resonance. Equation (2.37) has a singular point at
¢ = 0. corresponding to the resonance. At this point the WKB solution is invalid

(Budden, 1961).

The second singular point of the WIKB solution occurs where P =0 . It
corresponds to a turning point. When P is equal to zero. the solution of I3,
is also infinite. Here we would like to point out that the singularity is purely a
result of the WINDB method itself. In the original equation (2.38) I’ = 0 is a linear

regular point.



2.4 Numerical solutions for the coupled model with tun-
nelling

In this section, we outline our coupled model with tunnelling. The model is dif-
ferent. from Southwood-Chen-Hasegawa model, the global cavity, and box models.
We use a travelling wave model suitable for the magnetospheric flank region. In
the x directior, we make an assumption that there is a compressional wave pro-
duced at the low latitude boundary layer propagating toward Earth. We select a
natural boundary, where all of the components are continuous. We use the WKB
method to address asymptotic solutions matching suitable boundary conditions.
Tn the v direction. we assume a v dependence of the form e*s¥. The value of &, has
a strong influence on the amount of coupling between the compressional and shear
Alfvén waves. It is also an important parameter to determine the resonant width
of the Alfvén wave. In this m lel, we use a numerical method to determine the
value of &, that corresponds to the maximum coupling coefficient of the system;
then we give the general solution for the system. The schematic representation of

the tunnel coupling model is plotted in Figure 2.1.

2.4.1 The complex solution of the differential equation

In order to obtain a numerical solution, we shall expand equation (2.36) into a
set of first order ordinary differential equations (Budden, 1961). From equation

(2.30) we obtain

15, .
—= = Boa’(x = o)ks (2.48)
and (2.36) becomes
dér 1 z - o — Iy
= B, . 2,
dx By x-—mx Bi. (2.49)

Finally the above two equations can be changed tc

(lBlz
d¢

= Boai(éE, (2.50)
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Wt

d§, a73 (+q -
(IC - BU ( C )Bl: '—")l)
Normalizing, Y] = B;., Y5 = BOO%E_,.. Y5 = Buu%fy, gives
dY) .
— = () 2.02
IC Y5, (2.52)
dYs (+q..
- = —=), 2.5:
qC C 1 (2.53)
and from (2.31).
. qr i
}32—1.-2—)1 (2.54)

This is a set of first order complex ordinary differential equations. We have
to solve the equation on the complex ¢ plane. We already know that ¥, has a

WL B solution of the form

b
ot
ot
e

- 7’,‘ -1 LN 2 3 -l; (3
Y, = kCE(C + ¢)7 (,:\p{ig(C +q+ 4(’-2)'} : =

This is an asymptotic solution which is valid far from the resonance and turning
point. Depending on our choice of variables, we can figure out a physies picture for
the problem. On the complex ¢ plane, the compressional wave propagates toward
the high Alfvén velocity region on the real axis of arg( = = from left to right
(sce Figure A.1 in the appendix). It first meets the turning point at ( = —¢q, and
part of the wave energy should be reflected. Next, the part of the wave passing
through the reflection point, { = —¢, will continue to propagate to the resonant
point, { = 0 , where its energy is coupled to shear Alfvén waves. After the point
¢ = 0, toward the arg( = 0 direction, there is a dissipative region. None of wave

energy can leak out of the region.

Based on the physical picture above, we can coustitute two asymptotic
solution on both sides of the ¢ = 0 region. These are given by a connection

formula (Budden, 1961; Piliya, 1965; Hirsch, 1966; Speziale,1976; Ott, 1978),

kCH(C + q)—%{el'%wﬁ |4 elicra? 1} = kCHC + g Felm3 0t (250
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Here R is called the Stokes constant. The first term of the solution on the left
side indieates an incident wave, and the second term a reflected wave. If ¢ = 0,
the Stokes coustant, ® = i. Therefore, we can say that the asymptotic behavior
of our problem is exactly similar with the Stokes equation (Budden, 1961), but
the Stokes constant will be a complex number with its absolute value being equal

to or less than 1, depending on the magnitude of parameter ¢.

We can follow the method of Budden (1961) to determine a reflection
coefficient R, the ratio of the amplitude of the wave reflected from the turning
point to the incident wave. Based on the WKB solutions, the phase integral

formula of R can be written as

R= Rexp{—? /c(c tq+ -4%)— dc} . (2.57)

On the complex ¢ plane, if a wave is moving along the arg{ = 7 axis toward
the reflection point —¢, the exponential part of R will be a pure imaginary num-
ber. Therefore, |R| = [R], and if we can determine the Stokes constant, we can

determine the reflection coefficient and the absorption of the wave.

On the other hand, the exiswence of an imaginary part in R has a special
meaning in the region to the left of the reflection point ¢ = —g. In this region
the asymptotic solution (2.56) shows that the exponential parts of the two terms
on the left hand side of the equation are purely imaginary if arg{ = =n. If the
< nkes constant has an imaginary part , it means the reflected wave includes a
wave component that has a 90° phase shift. Under this scenario, the reflected

wave will form a wave field similar to a standing wave.

In order to link the asymptotic solutions, we follow Budden’s method. First
we separate the ¢ complex plane into several different regions. There is a Stokes
line at arg( = 0, arg( = 33—’5 and an anti Stokes line at arg( = § and arg{ = 7
in Figure A.l.
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The asymptotic solution on the right side of the formula (2.56) is appro-
priate in the region 0 < arg (¢ < 3. It is called the dominant term in the Stokes

solution. When the solution crosses the anti Stokes line at arg( = Z. it becomes

the subdominant term with arg ¢ increasing. From arg( = § to arg( = 7. the
solution will cross the Stokes line arg( = i;’- On the line, the solution has its

maximum value, and the Stokes phenomenon occurs. The solution on the far left
side of the region should have two terms i which the subdominant terms will

multiply the Stokes constant.

In this project, in order to determine R, which depends on ¢, we use a
numerical method. We have selected the integration length r = 3d, and d = 12,
and used a fourth order Runge-I\utta integrator to advance the solution of the
equation until arg ¢ = «. Our numerical result is very similar to the solution of
Budden (1961). The reflection coefficient R has a minimum value at the coupling
parameter ¢ = 0.537. Since the absorption coefficient A = 1 — R?, it also gives
maximum absorption. The absorption coefficient is plotted in Figure 2.2, Figures
2.3 to 2.6 are numerical solutions of the ODE that are obtained by integrating on
the real axis. The discontinuity at ¢ = 0 corresponds to the position of the res-
onance. The turning point is located at ( = —0.537, corresponding to coeflicient

q = 0.537.

2.4.2 Resonant absorption and energy absorption rate

- - - 7. . .
From our one dimensional model, the energy absorption rate %:- in the x direction

can be calculated from (Chen and Hascegawa, 1974)

dWw 1
——(}?——_—-gLyL: <P>‘ex.

Here L, and L. are the size of plasma in the y and z directions, and ex is the uunit

vector in the x direction. If we consider the energy absorption on a unit area that
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is perpendicular to the x direction,

aw 1
= —-Re -P..], 2.58
7 = gltelPs — Pl (2.58)

where P is the Poynting vector
.
P=—E xB;.,
Ho
and

E=—u1xB0=inO£xez.

E is perpendicular to background magnetic field Bype,. Only b. and E, contribute

to the Poynting vector. Substituting E, = iw&,; By into (2.58) gives

dW 1w } - . "
el __Q‘ERC{I'[BUBI:{'L-];N 1[3031;51]:2}

'

1 w » >
= 3"——1777,[30B1:€I i.; . (259)
o
From our numerical solution,

dW _ a~5 w
dt 2 po

Im[Y1Y5]2 . (2.60)

Expression (2.60) shows that the energy absorption in the resonance region
is determined only by the solution of Y} and Y3, on both sides of the resonance
position. Furthermore, the asymptotic solution of (2.56) on the right side of the
resonant point shows an exponential decrease. Therefore, the total energy passing

the turning point will be deposited in the resonance.

2.5 Kinetic Alfvén waves and auroral electrons

There are numerous theoretical studies concerning the effects of small scale sizes
on the resonance and the need to treat the shear Alfvén waves in the more accurate
kinetic Alfvén wave approximation. These kinetic Alfvén waves might be asso-

ciated with auroral particle precipitation (Hasegawa, 1976, 1990; Goertz, 1979,
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1984). The kinetic effects beconme mmportant when the width of the resonance
region beconies comparable to the ion gyroradius (3 > m,./m,) or the clectron
inertial length (;7 < m¢/m;). The kinetic effects lead to the kinetic Alfvén wave
which has a finite parallel electric field that can accelerate electrous along mag-
netic field lines. In a collisionless plasma like that in the magnetosphere, wave

particle interaction leads to Landau damping of the kinetic Alfvén waves.

Hasegawa (1976) and Goertz (1984) studied kinetic effects in the mode
conversion of compressional Alfvén waves to kinetic Alfvén wave. They give the

equation of the radial electric field E,,

, *E, ,
Dj; '(_E— + I\—.I'E,. = E() (201)
dar?

where the x-compouent is perpendicular to the magnetie field in the radial di-
rection and they assumed a linear density profile, giving the Alfvén veloeity

V2(x) = V3 /(1 + Ka). In equation (2.61)
. 3 T, .
Di == (-I + ?)I‘ji 1>3>m./m, (2.62)

and
D? = c'z/wie < mgfm; (2.63)

where 74 is the ion gyroradius. The kinetic Alfvén wave propagates into the
denser medium of the plasma if the plasma is "warm” 3 > »:./m; or into the
more tenuous plasma if the plasma is cold 3 < m./m;. Away from the position
of the resonance, the kinetic Alfvén wave has a perpeadicular wavelength A =
(37r)§(D2/K)% ~ (27 /k;). In a warm plasma these wavelength are comparable
to the ion gyroradius and would likely be only 10's of km when mapped to the

auroral region in the ionosphere.

Goertz (1981) separates the Alfvén waves, depending on their perpendic-

ular wavelength, into two categories. The small perpendicular wavelength that is



less than plasma skin depth ¢/w,. has short time scale and may cause detached
break-up arcs. He has also shown that multiple reflections of the Alfvén waves can
lead to electric field configurations similar to those causing inverted V electron
precipitation. In chapter 5 of the thesis, we will discuss this possibility on the

bhasis of our data analysis.
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Tunnel Coupling Model in Flank Region of the Magnetosphere

Magnetopause

——.

\_\%

Aurordl arc

Turning point

LLBL

Figure 2.1: Schematic representation for tunnel coupling model in the flank region

of the magnetosphere.
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Figure 2.2: The energy absorption coefficient in the resonant Alfvén wave region

plotted against the coupling parameter ¢ . The maximum occurs at g = 0.537 .
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Solution of ODE
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Figure 2.3: Numerical solutions for Y;, where Y7 is the normalized disturbed
magnetic field B;,. The incident wave propagates from right to left. The solution
is obtained with the coupling coeflicient ¢ = 0.537, corresponding to the largest
absorption. Resonant absorption occurs at the origin, and the compressional
component Y; gives a discontinuity where the energy transfers into the resonant

field line oscillation.

25



Solution of ODE
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Figure 2.4: Numerical solutions for Y3, where Y5 is the normalized field line dis-
placement &.. The solution is obtained with the coupling coefficient ¢ = 0.537
corresponding to the largest absorption. The large spike at origin marks the po-

sition of resonant absorption.

26



Solution of
40

Real Y3
o
Illllllllll]lll

lll'lll'li!llll

I
[
|

)
[AM)
W
o
ez

40 T L T 1 T L3 T T T T LI § T T3 1 ¥ T L] T LIRS M S

S

lJlilllJllllll

Imaginary Y3
o
LI l LI I LI ' L

|
N
=)
|
.
.
-

PO U S S W

2 4
Xa**(2/3)

F
=
r
[
i

|
>

-2

o
o)

Figure 2.5: Numerical solutions for Y3, where Y3 is the normalized field line dis-
placement &,. The solution is obtained with the coupling coefficient ¢ = 0.537

corresponding to the largest absorption.
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Phase of ODE
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Figure 2.6: Phases of normalized Y7, Y, and Y3. Y5 and Y3 have an inverted phase

change at the turning point.
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Chapter Three

INSTRUMENTATION AND METHODS

3.1 CANOPUS — the data campaign in our project

In this project we use the data obtained by the CANOPUS array of ground based
instruments (Vallance Jones, 1982). The name of the array was originally an
acronym based on the Canadian Auroral Network for the Open Unified Study.
It was a component of the NASA OPEN program. The CANOPUDS system pro-
vides the key data base to describe the processes involving the coupling of the
magnetosphere and ionosphere through electric fields aud currents. The network
includes riometers, magnetometers, meridian scanning photometers, a bistatic an-
roral radar, and an all sky tmager. In our project. we use the magnetometer and
meridian scanning photometer data .o study auroral arcs and the magnetic fields

associated with ULF plasma waves in the ionosphere and magnetosphere.

3.1.1 Meridian Photometer Array (MPA)

The CANOPUS array of photometers measure meridian profiles of the 3577 A,
6300 ;l, 4709 A, and 4861 A H, emissions. In the CANOPUS system there are
eastern and western meridian scanning photometer lines. located respectively on
the geographic coordinate 92°42'(117) meridian and 111°58(W") meridian. In onr
analysis, we only use data from the castern line of photometers. The castern line
consists of three photomcters, Rankin Inlet (73.54° Invariant latitude), Gillan
(67.18° Invariant latitude) and Pinawa (60.95° Invariant latitude). The three
instruments permit complete overlapping coverage over a large range of latitudes,

from approximately 55° to 76° Invariant Latitudes. This covers the range of
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latitudes where Alfvén wave field line oscillation associated with auroral particle
precipitation occurs (Lam and Rostoker,1978; Olson and Rostoker, 1980, Samson,

1991a; 1991b).

The photometer array consists of meridian scanning, eight-channel filter-
wheel photometers. Five of the eight channels measure auroral emissions in 4709
A, 4861 A (twice), 5577 A, and 6300 A. Another three channels measure back-
ground emissions in 4800 A, 4935 A, ai.: $250 A. Each instrument scans the
meridian at two revolutions per minute with a sampling rate of 510 samples per
scan per channel. The data from each scan are averaged into 17 latitudinal bins
for cach line. Due to the fact that different auroral emission lines occur at dif-
ferent heights, we have to choose an average emission height for each line. In
the CANOPUS system, the average height of emissions of the 3577 A, 4861 A
and 4709 A lines are selected to be at 110 km above the Earth’s surface, and the
average height of the 6300 A line is selected to be at 230 km. Table 3.1 gives the

relation between bin numbers and latitudes for the photometer.

3.1.2 Magnetometer and Riometer Array (MARIA)

MARIA consists of an array of 12 magunetometers and 12 riometers. Figure 3.1
shows the positions of the 7 stations used in our study. The closely spaced north-
south magnetometer line near Hudson Bay permits identification of the poleward
and equatorward boundaries of the auroral electrojets in the ionosphere. The
magnetometers record 3 components (X, Y, Z) where X is geographic north, Y
is geographic cast, and Z is positive downward. The X-direction is within 3° of
the geomagnetic north direction for our observation stations. The locations of the

magnetometer stations we have used in the project are listed in Table 3.2.

The riometers are used to monitor extremely high energetic particle pre-

cipitation, usually 10 - 100 keV electrons (Berkey, 1974). In our project, we are
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concerned with lower energy electrons, typically several keV or less and conse-

quently the riometers are not useful for this study.

3.2 Objectives and method

3.2.1 Parameters observed in the project

In the first chapter of this thesis, we indicated that the essence of the project
is to study the relation between resonant Alfvén waves and auroral ares. Both
phenomena have similar features including narrow latitudinal widths. Since we
arc interested in clectrou precipitation, we must be able to distinguish between
5577 A emissions from precipitating energetic protons and the emissions produced
by electrons. Consequently we use the 4861 A H,; emission line to monitor any

proton aurora (Fukunishi, 1975).

-

The intensity of the 5577 A emission can also be used to determine whether
the emissions are caused by energetic protons or by electrons. Under guiet geo-
magnetic (K, < 27) conditions, proton aurora seldom have 5577 A emissions with
intensities greater than several hundred Rayleighs (Wiens and Vallance Jones,
1969). Higher intensity of 3577 A emission probably indicates an electron precip-
itation. One final point in helping to determine whether the proton precipitation
is present is that the statistical studies show that the center of the proton auroral
oval lies a few degrees equatorward of that of the electron oval before midnight
and crosses somewhat poleward of it after 1:00 hours geomagncetic time (Wiens

and Vallance Jones, 1969).

Following our theoretical analysis in the last chapter, if the shear Alfvén
wave mode converts to the kinetic Alfvén wave in the resonant region, the parallel
eleciric field carried by the wave might modulate electron precipitation causing

the periodic intensity variations in the optical aurora in the region near the field
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line resonance. Thercfore, we can examine the period of the arc modulation and
the period of the field line oscillations to determine if there is any correlation
between the resonant Alfvén wave and optical aurora . The second important
physical parameter to measure is the latitudinal phase variation in the modulated
optical aurora. Crossing the resonant position, the phase has a 180° latitudinal
phase shift (Walker, 1979; 1981). The magnetic fields measured on the ground
will have a reversal in the sense of polarization from one side of the resonance to
the other. We have measured these parameters in three auroral events, September

28, 1988 (88272), December 8, 1989 (89342), and December 9, 1989 (89343).

3.2.2 Auroral emissions and MPA data

We process the MPA data based on the assumption that an auroral arc consists of
thin sheets of luminosity aligned along the geomagnetic field line. The assumption
leads to a goos! - 'proximation for the true horizontal profile if the aurora is
nearly overheaa, . if the arc is observed by ground based scanning photometers
soparated by several hundred ki distance at both sides of the auroral arc (Romick
and Belon, 1966; 1967). In fact, the auroral emission is not a thin sheet of
luimninosity. It has a width in the nourth-south direction, which ranges from a few
kilometers to 100 km or more for a quiet arc. The optical intensity is an integrated
measure for the optical path from the auroral form to the photometer. Therefore,
the total optical intensity often can not give details about an emission profile,

particularly for arcs near the horizon of the field of view.

In fact, in our project we are concerned with the temporal variation of au-
roral emissions. This variation of auroral luminosity is produced by a modulation
of clectron precipitation associated with MHD wave fields. In the resonant Alfvén
wave region, the field line resonances have latitudinal changes in the phases of the

north-south (and possibly field-aligned) electric fields. If we are to look for these
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latitudinal phase changes in the measured variations in the auroral luminosity,
then the arc must be near the zenith of the observational field of view. Measure-
ments from arcs away from the zenith will give poor results because the optical
path crosses through the entire latitudinal range of the ares, aud the latitudinal
changes in phase will not be detected. We determine the phases of the huninosity

fluctuations by using the complex demodulation method (see Appendix B).

In our precipitation model, the auroral electrons travel along the geomag-
netic field line precipitating into the ionosphere. The average maximuim intensity
of 6300 A occurs at 230 km above the ground and 5577 A at 110 k. Even though
the red line will be scen south of the green line in geographic coordinates, the red

and green will be at the same latitude in geomagnetic coordinates.

3.2.3 The method of data processing

Before any spectral analyses, the time series are detrended to remove linear trends
and then high pass filtered with a Butterworth filter. The cut-off frequency is
selected at 0.7 mHz. The ULF wave fields we are studying have periods about
250 to 1000 seconds, and consequently we used a 1 hour long window for the thine

series, giving 0.28 mH z resolution in the frequency domain.

The magnetometer data are processed using the MPE estimator discussed
by Samson (1983). This method estimates the pure states in the spectra of the
X, Y and Z components from each station. The spectra we show are the total
energy of the pure state, and the polarization is computed from the state vector.
Here we define the ellipticity as the ratio of the length of the minor axis to the
length of the major axis in the horizontal plane. If the ellipticity is negative, the
perturbation vector rotates in the clockwise direction, and if positive, in the coun-
terclockwise sense, in respect to the downward view to the ground. Since the field

line resonances tend to be highly polarized in a unitary space, the MPE estimator
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often gives clearer power spectra than do standard spectral estimators. For the
MPA data, we determine the power spectra using discrete Fourier transforms of

the time series from cach of the 17 bins.

We calculate the phases of the luminosity fluctuations using the complex
demodulation method for all 17 bins, assuming a fixed central frequency (see
Appendix B). The method has been used to analyse Pi2 pulsation events (Banks,
1975; Beamish, 1979). In our data processing, we use a frequency window with
a width of 1.04 mH = and shift the centre frequency, where the maximum power
peak oceurs, to zero. We then take the inverse FFT transformation after filtering
with a low pass Hanning frequency domain filter. The transforiued time series

give the phase and demodulated amplitude.
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Table 3.1: Latitude conversion table for MPA data

Gillam Rankin
3577 6300 5577 6300
Bin No. | EDFL! | INV.2 | EDFL | INV. | EDFL | INV. } EDFL | INV.
1 68.00 | 71.20 | 71.50 | 74.43 | 74.50 | 77.20 | 78.00 | 80.28
2 67.50 | 70.72 | 70.50 | 73.70 | 74.00 | 76.75 } 77.00 | 79.58
3 67.00 | 70.23 | 69.50 | 7291 | 73.50 | 76.33 |} 76.00 | 78.86
4 66.50 | 69.33 | 67.50 | 72.11 | 73.00 | 75.80 } 75.00 | ¥S.11
5 66.00 | 69.33 | 67.50 | 71.26 | 72.50 | 75.42 | 74.00 | 77.28
6 65.50 | 68.79 | 66.50 | 70.36 | 72.00 | 74.97 | 73.00 | 76.-44
7 65.00 | 68.31 | 65.50 | 69.42 | 71.50 | 74.49 | 72.00 | 75.55
8 64.50 | 67.81 | 64.50 | 68.44§ 71.00 | 7+.05 | 71.00 | 7-i.G4
9 64.00 | 67.32 | 63.50 | 67.45| 70.50 | 73.538 | 70.00 ) 73.70
10 63.50 | 66.83 | 62.50 | 66.47 | 70.00 | 73.12 } 69.00 | 72.77
11 63.00 | 66.35 | 61.50 | 65.49 | 69.50 | 72.66 | 68.00 | 71.83
12 62.50 | 65.86 | 60.50 | 64.53 | 69.00 | 72.19 | 67.00 | 70.94
13 62.00 | 65.36 | 59.50 | 63.61 | 6850 | 71.73 { 66.00 | 70.06
14 61.50 | 64.86 | 58.50 | 62.71 | 68.00 | 71.19 | 65.00 | G9.21
15 61.00 | 64.36 | 57.50 | 61.86 | 67.50 | 70.79 | 64.00 | G8.39
16 60.50 | 63.88 | 56.50 | 61.07 | 67.00 | 70.32 | 63.00 | 67.061
17 60.00 | 63.39 | 55.50 | 60.33 | 66.50 | 69.86 | 62.00 | 66.89

!Eccentric Dipole Field Line Latitude (Cole, 1963), *Invariant Latitude.




Table 3.2: Location of magnetometer stations

Station Latitude(N) | Longitude(W) | EDFL Latitude | INV. Latitude

Rankin Inlet 62.49 92.07 70.38 73.54
Eskimo Point 61.06 94.04 68.63 71.77
Fort Churchill 58.44 94.04 66.31 69.57
Back 57.40 94.04 65.18 68.49
Gillam 56.22 94.42 63.87 67.18
Island Lake 53.51 94.40 61.79 64.73

Pinawa 50.09 95.53 57.68 60.95
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Figure 3.1: CANOPUS system map in geographic coordinates.
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Chapter Four

OBSERVATIONS OF AURORAL ARCS AND
ASSOCIATED RESONANT ALFVEN WAVES

4.1 Observations of ULF waves in the magnetometer data

We have analysed the data in three events which include intervals with arcs in the
MPA 5577 A and 6300 A emissions before midnight. All the events occur before
the onset of substorm intensification, and in intervals with low magnetic activity

(Kp<27).

Figures 4.1 to 4.3 give the X component data for magnetometers near
Hudson Bay, on September 28, 1988 (88272), December 8, 1989 (89342), and
December 9, 1989 (89343). The local magnetic time is UT minus approximately
6 hours for these magnetometer locations. We can see obvious long period waves
between 1:00 to 6:00 UT in event 89342 at Gillam in Figure 4.1 before the onset
of a substorm at 6:45 UT. The saine magnetic disturbances also occur in events

88272 and 89343 in Figures 4.2 and 4.3.

It is important to realize that the ionospheric conductivity plays a major
role in the transmission of the magnetic fields of ULF waves to the ground (Hughes,
1976). In some events, the increase of ionospheric conductivity which is produced
by localized auroral particle precipitation can lead to complicated spatial and
temporal structures, adding noise and distortions to the magnetic fields that are
seen on the ground. We can see the direct evidence in our MPA data which often
show a high correlation between regions of 5577 A emissions and ULF magnetic
pulsations. In these events, the Hall conductivity produced by energetic electrons
plays a substantial role in determining the morphology of magnetic fields which

are detected below the ionosphere by our ground based magnetometers.
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4.2 Observations of MPA aurora

In this part, we introduce the MPA data. Figures 4.4 to 4.7 are plots of NPA
auroral intensity against time and Invariant latitude for events 88272, 89342 and
89343. In event 88272, there is a small substorm intensification at 4:45 UT (sce
the Gillam data in Figure 4.4). There is a stable arc which drifts equatorward
from 2:00 to 4:00 UT. This arc has green line emissions which are much stronger
than the red line emissions. There are no observable Hz emissions so that this arc
is likely a pure electron aurora. Event 89343 has a similar arc morphology before

the onset of a substorm (Figure 4.7), so it also has a pure electron aurora.

Figures 4.5 and 4.6 show the MPA data at Gillamm and Rankin Inlet for
event 89342. We think that there are two types of auroral arcs in these data during
the interval from 3:30 to 6:30 UT. One is a set of quiet ares between 69° and 72°
Invariant latitude in the 6300 A emissions. Other arcs occurring in the event are
discrete arcs that appear at higher latitudes from 74° to 80°. The discrete ares
drift slowly equatorward. At Rankin Inlet, the discrete arcs occur near zenith, so
we are able to see these arcs distinctly with good latitudinal resolution. However,
at Gillam, all of these arcs appear at the northern edge of the field of view.
Consequently, the optical paths cross through the entire latitudinal width of the

arcs, and the structures are not resolved.

The quiet 5577 A emissions occur between 66° amd 69° Invariant latitude.
Due to the lower latitude location, we only sce the stable are in 5577 A emission
at Gillam. We also can see stable Hj; emission, and its laititudinal location is

very close to the position of the 5577 A emission. This means that protons are

precipitating.

The luminosity of the above three events in 5577 A and 6300 A cmissions

is strongly modulated by the resonant Alfvén waves. The modulated amplitude
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of oscillation in these emissions is up to 50 percent of their maximum intensity.
Figure 4.8 gives an exaunple to illustrate the obvious oscillation in 5577 A emission

for event 88272.

4.3 Data analysis

4.3.1 Event 88272, 3:00-4:00 UT

In analysing event 88272, we selected the interval from 3:00 to 4:00 UT, which
is before the time of the substorm intensification. Figure 4.9 shows the pure
state power and cllipticity in the magnetometer data. Unfortunately, these data
were obtained before the CANOPUS system was fully operational and only four
magnetometers were operating. Figure 4.10 shows the power and ellipticity as a
function of latitude for the 1.1 mH = pulsation. The cross over in the ellipticity,
from negative at low latitudes, to positive at high latitudes, indicates the position
of the resonance. The ellipticity is near zero at about 69° and the pure state power

is maximum at the same location {between Back and Fort Churchill).

Figures 4.11 and 4.12 are the power spectra of the MPA 5577 A and
6300 A cmissions observed at Gillam. The largest spectral peak (see bin 5 in the
6300 A and 5577 A data) is near 1.3 mHz, agreeing with the results from the
magnetometer data. In Figure 4.13, the latitudinal position of the peak power of
the 1.3 mH =, 5577 A emission is near 69° Invariant latitude in accordance with the
maximum power of the magnetometer data. In Figure 4.14, the maximum power
of the 1.3 mHz=z, 6300 A emission is located at 71.3° Invariant latitude. From
the analysis of event 88272, we see that the peak power of the 1.3 mHz, 5577
A, corresponding to the most energetic electrons, coincides with the maximum
power in the magnetometer data, and the possible position of the resonance (the

latitude with an ellipticity of zero in Figure 4.10).
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4.3.2 Event 89342, 5:00-6:00 UT

The substorm intensification in event 89342 has been systematically studied by
Samson (1991c). Here we look at the modulated particle precipitation before the
onset of the intensification (5:00 to 6:00 UT). The 4861 A emission (in Figure

4.5) indicates that there is considerable proton precipitation near the zenith at

Gillam.

Inspecting Figure 4.15, we can sec that the peak power of the magnetic
pulsation is at about 1.39 mHz. Figure 4.16 is a plot of the power and ellipticity
against Invariant latitude. The ellipticity varies in a complex form that may not
be accurate at Island Lake and Rankin Inlet, as the spectra have strong power at
cut-off frequency of 0.7 mH . The ficld line resonance may be near 67° as there

is a maximum in the power and a change in ellipticity there.

Figure 4.17 shows the power and phase for 5577 A and 6300 A emissions
at Gillam. There are mainly two maxima in the 5577 A cmissions. The first at
70° Invaiiant latitude has a smooth latitudinal phase shift. The second peak, oc-
curring at 67.8°, is accompanied by elec: ron precipitation modulated by resonant
waves. Its position corresponds to the zero ellipticity in Figure <.16. Hj; occurring
at this latitudinal position indicates that some protons also precipitate into the
region. In checking 6300 A emissions, we find that there are also two peaks in 6300
A emission at Gillam. The maximum power occurs at the higher latitude where
some strong discrete arcs exist. We can see smooth phase shift at these latitude
ranges. This is perhaps due to the integrating effect along the optical path. The
second maximum occurs near 69° Invariant latitude, possibly in association with

the resonsi.co.

In comparing Figures 4.16 with 4.17, we can make the following summmnary.

The zero in the ellipticity (Figure 4.16) lying near 67.7° Invariant latitude is
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associated with the energetic electron precipitation seen as 5577 A cmissions.
There is second zero ellipticity at the higher latitude in event 89342. Near this
position, optical emissions in 5577 A and 6300 A emissions have strong power

with increasing phase change toward to high latitudes.

4.3.3 Event 89343, 4:00-5:00 UT

An inspection of Figure 4.18 (event 89343) clearly indicates the existence of a
strong spectral peak, which may be connected to a field line resonance in the
evening sector of the magnetosphere. The maximum power of the pure state
spectra is at a frequency of about 1.1 i H = in the data from all six magnetometer

stations.

Figure -4.19 shows a latitudinal plot of the power and ellipticity at 1.1 mH:=
(resolution 0.28 mH z). The ellipticity is —0.7 at Island Lake. increasing to +0.3
at Eskimo Point. crossing the zero point at 70.3° Invariant latitude. The clockwise
polarization of the wave changes to counterclockwise polarization with increasing
latitude. At Rankin the ellipticity is negative giving a second zero point at 72.7°
Invariant latitude. A comparison of the position of the maximum power with
the change in the sign of the ellipticity suggests the resonant Alfvén waves were

located at 70° - 72° Invariant latitade.

Figures 4.20 to 4.22 show contour plots of the power spectra of the MPA
data for Rankin Inlet (5377 A, 6300 A) and Gillam (6300 A), as well as plots
of the phase at 1.31 snH:. lu comparing the power spectra of the MPA data
in Figure 4.20 with the ellipticity of the magnetometer data in Figure 4.19, we
find that the latitudinal position of the maximum modulated luminosity power of
the 3577 A4 emission is very close to the position of the maximum power in the

magnetometer data.
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Besides the maximum in the power spectruni, the second important feature
of field line resonance in the ionosphere is a 180° phase shift crossing the resonance
position (Walker, 1979). In our analysis, we find a similar phase shift structure
in the MPA data necar of the resonant region in a 2° to 4° latitude range. In
Figure 4.20, the phase has a 180° shiit between 70° to 72° latitudinal band that
corresponds to the counter clockwise polarization of magnetometer data in Figure

4.19. The phase has a local minivnin 0 72° decreasing by about 180 from 70°

to 72°. then increasing by abovr 280 7 om 72° o 73° This latitudinal stracture
in the phase was also seen it ey o N2 720 We will show later that these two 1807

rhase shifts are related to the propacation and coupling of compressional NHD
& 8

waves to sliear Alfvén resonsnees
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Figure 4.1: X-component of magnetometer data recorded by the eastern line of

the CANOPUS system on September 28, 1988
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Figure 4.2: X-component of magnetometer data recorded by the eastern line of

the CANOPUS system on December 8, 1989
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Figure 4.3: X-component of magnetometer data recorded by the eastern line of

the CANOPUS system on December 9, 1989
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Figure 4.4: Auroral intensity of MPA data against time and Invariant latitude for

event 88272 at Gillain station. The color scale is logarithinic in the plot,
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Figure 4.5: Auroral intensity of MPA data against time and Invariant latitude for

event 89342 at Gillam station. The color scale is logarithmic in the plot.
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Figure 4.6: Auroral intensity of MPA data against time and invariant latitude for

event 89342 at Rankin Inlet station. The color scale is logarithmic in the plot.
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Figure 4.7: Auroral intensity of MPA data against time and invariant latitude for

event 89343 at Rankin Inlet station. The color scale is logarithmic in the plot.
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Chapter Five

DISCUSSION AND CONCLUSIONS

5.1 The resonance seen in the magnetometer data

An important experimental result in our comparison of the resonant Alfvén waves
observed on the ground by the magnetometer with the ionospheric emissions by
the MPA array is that the zero ellipticity of the resonant Alfvén wave in the
magnetometer data corresponds to the maximum power of the 5577 A emissions,
and the energetic electron precipitation. We have strong observational evidence
to support this point in our study of the modulated 5577 A emissions in the
three events. The latitudinal band bounded by the zero ellipticity points covers
the quict stable ares seen in Figures 4.4 to 4.7. In this latitude range, the reso-
nant Alfvén wave has counter-clockwise (positive) ellipticity corresponding to the
resonant Alfvén wave region from the turning point (northernmost zero) to the
resonance (southernmost). This indicates that resonant shear Alfvén wave may

cause clectron precipitation in pre-substorm, quiet arcs.

In order to analyze the polarization ellipse of the resonant Alfvén wave, we
derive a wave polarization parameter called the polarization ratio and given by
&,/€&-. In Figure 5.1 the amplitude of the argument gives the relative amplitudes
of the components of the wave. If the amplitude is very large, the wave is linearly
polarized in the &, direction. If the amplitude is near zero, the wave is polarized
in the €, direction. A negative sense indicates clockwise polarization. The wave
is lincar polarized in regions from the outer magnetosphere (right side of plot)
to the turning point. Earthward of the turning point, the polarization becomes
counterclockwise. There is a 180° phase shift across the resonance, from counter-

clockwise to clockwise, in an Earthward approach. The features of these computed
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polarizations and phasecs are very similar to what we have observed in the MPA
and magnetometer data. The region of counter clockwise polarization seen in the
magnetometer data ( Figures 4.10, 4.16 and 4.19) likely corresponds to the interval
between the resonance and the approximate position of the turning point. These

features are illustrated in the schematic in Figure 5.2.

5.2 The resonance seen in phase shift in the MPA aurora

In many experimental studies of ficld line resonances, the 180° latitudinal phase
shift has been used to identify the region of the resonance (Walker et al., 1979).
Walker et al., used the STARE radar to observe drifting plasma irregularities in
the ionosphiere E region of the day side magunetosphere. The drift velocities of
these irregularities can be used to determine the electrie fields of the resonance.
In evaluating their data. they used the SCH pulsation model, with large &,. Con-
sequently, there is no turning point in their model, and they do not consider the
second 180° phase shift, which should occur poleward of the resonance (see Figare

2.6).

In our tunnel coupling model, we cousider the full solution for the wave
fields, including the turning point and consequently the azuimuthal wave nmmber
k, plays an important role in determining coupling to the resonance. We can use
our numerical solutions to compute the phases for the compressional component
B;. and field line displacements &, and §,. These phases are plotted iu Figure
2.6. In the high latitude from the magnetopause toward the turning point, the
phases of all three components decrease with decreasing latitude, but the phase of
the component &, has a local minimum at the turning point. The component §,
has two latitudinal phase changes of 180°, a sharp phase change at the resonance,
and the other, due to wave reflection. a gradual change between the turning point

and the outer magnetosphere. Consequently there is V-shaped structure in the
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latitude phase plots which is very similar to that seen in the phases in the MPA

data (see Figures 4.13, 1.14 and 4.22; and the schematic in Figure 5.2).

5.3 Modulated optical arcs and inverted V

In this section, we hope to establish the relation between auroral arcs modulated
by Alfvén resonance and the so called inverted V potential structures (Arnoldy,
1981). Both inverted V's and the phase structures in the MPA data have sim-
ilar spatial scale sizes. Inverted V’s are typically a few hundred Am in latitude
width when detected aboard satellites (Arnoldy, 1981). The optical modulated
arcs observed in our data are 1° to 3° in latitudinal width, about 100 to 300 Am.
Secondly, the inverted V events occur primarily in the evening sector auroral oval.
Our theoretical model and observational data cover this region. Inverted V poten-
tial structures and the perpendicular electric field of shear Alfvén resonance have
a similar topology (Nishida, 1978). Finally the energy of precipitating electrons in
the modulated ares increases toward the center of the arcs as would be expected

from an inverted V potential structure (compare Figures 4.19 and 4.20).

In practice, if we wish to study the parallel electric fields in shear Alfvén
waves which might lead to inverted potential structure , we have to consider ki-
netic effects in a two dimensional space. Even though our model is for a cold
plasma enviromuent and does not allow kinetic effects, it still has some features
or scale sizes which are similar to those found in inverted V’s. Our tunnel coupling
model allows us to estimnate the width of the resonant coupling region for typical
maguctospheric parameters. If we select the resonant point at 69° Invariant lati-
tude (7.8 Re on the equator), an Alfvén velocity of 400 km/s, and a frequency 1.3
mH =, then the radial distance between the resonance and turning point is about
2.7 Re. This width mapped to the auroral zone is about 200 to 300 km, which is

a typical scale size for inverted V's.
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We can use (2.10) to obtain the perpendicnlar electrie fields from &, and
&y, giving £, o« —iYy , and E,; o 1Y%, The amplitude and phase of Y, and Yy are
plotted in Figures 2.3 to 2.6. The largest component at the resonance has a 180°
phase shift across the resonance. This picture matches the configuration of the

perpendicular or north south ficlds seen in inverted Vs,
5.4 Conclusions

The data and our interpretation based on the field line resonance lead us to the

following conclusions:

(1) We have confirmed the fact that resonant Alfvén waves on tield lines
threading the auroral oval strongly modulate the precipitation of auroral electrons.
The frequency of the modulated emissions is near 1.3 mH =z, which is the frequencey
associated with oscillations on closed dipole-like field lines (Samson, 1991a). The
position of the maximum power of the oscillations in the 5577 A emissions (and
energetic electrons) corresponds to the zero crossing of the ellipticity of the mag:
netic fields as well as the latitudinal maximum in the power of the oscillations in

the magnetic fields.

(2) We have established a tunnel coupling model aund find that the modula-
tion of the electron precipitation occurs over the whole region between the turning
point and the resonance. This region is determined by the region of positive ellip-
ticity in the magnetometer data (Figure 5.2). The modulated 6300 A cinissions

have two 180° latitudinal phase shifts in support of the tunnel coupling model.

(3) There is a further suggestion from the comparison in the observational
evidence and macroscopic model that resonant Alfvén waves might be associated

with the inverted V’s electric fields that cause arcs to form.

We think that the work presented in this thesis gives sufficient information
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to hepin the construetion of a model ~onnecting auroral particle precipitation
with f1chd line resonances. though mueh ramains to be doue. We have not vet
de. Paped o complete picture of the mode conversion to the kinetic Alivén waves.
the formetion of field-aligned eleetrie fields aned the energization of electrons. We
Ao necd further ontical measurenients, with mmcin better spatial resolution so as
to determine whetlier the kinetic Alfvén waves miight be an important component

of shear Alfveén resonances.
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APPENDIX A

BUDDEN’S COMPUTATIONAL METHOD

Budden’s method is to make an isosceles triangle on both anti Stokes lines, at
arg ¢ = % and arg ¢ = 7. then to utegrate from P point along the line v to point
Q. On the integral path . there is a relation between ¢ and the variable v see the

figurce i this appendix). Specifically

Gy — Cp=dle'™ — Ty = —(/1'().\(2)('%
6
so that
A¢ = —dre’ | (A1)

The ordinary differential equation Leconies

(])—1 S
= —C0 Yy (A2)
L
o S+ x L
e Gty (A
dr (

N

In this set of equations. the integral variable v is a real number although the
cquations are complex. so it Is not pecessary to separate the eqiiation into real
and imaginary parts. \We can integrate the complex equations directlv. At point

P. we have the initial conditions

Yo =1. {ND)
k4 1 2 (R 3
h = erzdy (‘xl)[—;(c'T(l+/1)?]. (A
> ]
1 , .
Yo = —{ + ° AR {AG)
HC+q)  ((+q):

With these starting values, the set of equations are integrated from point P
toward Q. At point Q the numerical result should matcl the asymptotic sohition
of equation (2.56) . Then R can be determined by nsing different valnes of q.

The method avoids the singular point ou the real axis of the complex plane,

~}
W



Figure A.1: ¢ complex plane, the Stokes lines are at arg¢ = 0 and arg( = %‘5 and

the Anti Stokes lines are at arg( = ¥ and arg( = 7 (after Budden, 1961).



APPENDIX B

COMPLEX DEMODULATION METHOD

The process of complex demodulation as applied to time series (#) is detined in
terms of two very simple mathematical operations. First, each frequeney band
of interest 1n the spectrmun is shifted to zero frequeney by mmltiplyving eaclh term
of e time series by the complex exponential function exp( o). o 1= the
central frequency of the shifted band. A new series N (WL 1) is produced for each
frequency band. i.e.

Nty = iy expl—iwt). (1.0

Secondly. the new fregueney-shifted series is low-pase filtered using aset of weighits

ap(hA = —m . ). and the result is the comuplex deniodulated time serres N (' 1)
k- 4rn

N 1= D me N+ LA (13.2)
k==~

Alternatively. this demodnlated time-series may he expressed i ferms of its moed

ulus and phase as

!
)

Na( o) = [Ny ) expl -t 1] (13.33)
Let us suppose that the data contain i periodic component that would
produce a peak in the spectrum at frequency wy
r(t) = Acoslwyt + ), (B.-1)
producing the frequencey-shifted demodulation

- A : . . - -
Nt = 3—{0.‘{1)[——!\’_(5..‘{ = Y exp[—i(Zoy 4 b))t + *,]}‘ (13.5)

Xs(W,t) 1s centred on the frequency ' = wy + owr and therefore contains compao-

nents at frequencies —éw and —(2wy + b)) .

=~
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The frequeney-shifted series © low-pass filtered. and ren.aining the compo-

nent at —(2wy + b)), giving
. A .o
Nulwy + b t) = = expl—ildot — ). (B.6)

The phase. ¢4. is therefore,
Qg = —(Su,'f + . (BT)
We get the it bt Loint of the demodulated series at t = 0, 1.,

. A o .
‘\,1(4.’(, + !"w‘) = EY expi?s ). (BS)

—

The expression inclides the periodic fregueney oy aud its bins &0 If we knov
the periodic frequency wy from the FET analysis. we can immediately obtain its
phase from above equation. A schematic diagram of the procedure for computing

complex demodulation is given in Figure B.1.
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