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Abstract

Many of the observed characteristics of hydromagnetic
emissions or pearls have been successfully explained by the
propagation of the guided Alfven wave along geomagnetic lines
of force. This thesis extends some of the previous work,
which has concentrated on the dispersion properties of these
signals, by examining the fine structure in the spectral
character of these signals. These emissions all show a very
dramatic spectral feature of a series of high Q peaks. This
frequency structure is present in the individual dispersed
wave trains, and should not be confused with the fine structure
obtained in a Fourier analysis of a series of repetitive
signals. It is shown that the spectral peaks that are
observed are consistent with the high order field line
resonances that would be expected from models which satisfy
the cbserved dispersion. The mode numbers are so high,
being of the order of 20 to 50, that one cannot expect to
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predict the actual frequencies observed. The observed
separations between the peaks are in good agreement with
those predicted from the model studies. An interpretation
is proposed that the emissions are produced by the cyclotron
resonance amplification of a background wave spectrum of
resonant field line oscillations.

The interpretation of the emissions that were observed
from a station in New Hampshire results in relatively
low equatorial particle density estimates. This indicates
that the waves are amplified and propagate in the rarefied
plasma beyond the plasmapause. The previously reported
correlation between pearl activity and modestly disturbed
geomagnetic activity is also observed. Some examples are
shown where pearl activity is also closely correlated with
decreases in the energy of the neighboring frequency band,
PC2,3. No fast rule could be set on this behavior however.

Improvements were made in the analysis of the travel
time and dispersion data by incorporating the effects of
the dipole field distortions produced by the magnetosphere
solar wind interaction.

Thesis supervisor: Theodore R. Madden

Title: Professor of Geophysics



iv

ACKNOWLEDGEMENTS

I am most indebted to Professor T. R. Madden for his
guidance and encouragement throughout the course of this
thesis work. I would also like to thank Professor A.
Gangi, Dr. R. Greenfield and Professor J. Claerbout for
many helpful discussions and Dr. K. Vozoff who supplied
some of the data.

Thanks must also go to my wife, Mary, for her
patience and understanding.

The American Chemical Society provided support for
the author during his graduate years and the research
was funded by the Office of Naval Research (Project Nr-
371-401). Support during the authors stay in California
(University of California, San Diego) was provided by a
research grant from the Chevron Research Corp.

Funds for the analogue to digital converter were
supplied by the Socony-Mobil Company.

The computations were performed at the MIT Computation
Center on the IBM 7094.

My thanks also to Miss J. Mulligan who typed the

manuscript.



ABSTRACT

TABLE OF CONTENTS

ACKNOWLEDGEMENTS
TABLE OF CONTENTS
LIST OF FIGURES

LIST OF TABLES

CHAPTER 1.

el
L3 L] L]
v WA

CHAPTER

CHAPTER 3.

INTRODUCTION AND THE DISPERSION CHARACTERISTICS
OF THE ANISTROPIC ALFVEN WAVE

Introduction

Group Travel Times

Density Models

Propagation in a Dipole Field

Dispérsion Characteristics for Propagation
along Ray Paths in a Dipole Field
Propagation in the Magnetosphere

OBSERVATIONAL DATA

Data Collection

Data Analysis

Some General Characteristics of Hydromagnetic
Emissions

Sonograms and the Fine Structure in the Spectra
of Hydromagnetic Emissions

Densities from Dispersive Emissions
Non-Dispersive Emissions

RESONANT MODE STRUCTURE OF THE FIELD LINES

General

Formulation of One Dimensional Problem
Density Models

Results from the One Dimensional Models
Discussion of Results

SUMMARY AND SUGGESTIONS FOR FUTURE WORK

ii

iv

vii

10
13

23
27

37

37
38

41

56
66
70

76

76
79
90
93
117

128



vi

Table of Contents Continued -

APPENDIX A ALFVEN WAVE PROPAGATION 131
APPENDIX B RAY PATHS IN A DIPOLE FIELD 138
APPENDIX C DISPERSION DATA 144
APPENDIX D MODEL PARAMETERS AND VELOCITY PROFILES 160
REFERENCES 169

BIOGRAPHICAL NOTE 173



FIGURE
1.1.1

1.4.1

1.4.2
1.4.3

1.4.4

1.5.1

1.5.2

1.6.1

1.6.2

1.6.3

1.6.4

2,2.1

2.3.1

2,3.2

LIST OF FIGURES

Digital sonogram and Amplitude vs, Time
for the emission of 10/13/66

Geometry of wave propagation in & dipole
field

Group travel times in a dipole field
Normalized dispersion curves - dipole
field

Equatorial gyrofrequency and To/vr;; as
a function of L

Normalized dispersion - Dipole field
along field line and ray path

Normalized dispersion along ray paths as
a function of 6,

Normalized dispersion - Distorted dipole,
midnight and noon meridians

Normalized dispersion - Distorted dipole,
L=7 as a function of local time
Equatorial gyrofrequency and TO/J_Ee

as a function of L and local time, Rb=10
Equ atorial gyrofrequency and To/J-E;

as a function of L and local time, Rb=8

Schematic diagram of Digital Sonogram
Program
The number of hydromagnetic emissions

as a function of Kp

Two days of telluric records for the Pc 1,

2,3,4 and 5 bands,

vii

13
17

18

20

24

25

29

31

32

34

40

41

45



FIGURE
2,3.3
2.3.4
2.3.5
2.3.6
2,3.7
2,3.8
2,3.9
2.3.10
2,3,11
2,3.12
2.4,1
2.4,2
2.4,3
2.4,4
2.4,5
2.5.1
2,6.1

3.2.1

3.2,2
3.4.1

3.4.2

3.4.3

viii

Telluric Amplitude vs, time records, 10/13/66
" , 11/2/66
" , 1/28/67
r , 7/8/67
" , 4/29/66
" , 5/17/66
" , 5/20/66
" , 4/13/66
" , 9/9/66
L , 7/10/67

Digital sonograms 4/13/66 and 4/29/66

Digital sonograms 1/24/67 and 5/20/66

Spectra of the emission of 10/4/66

Spectra of the emission of 4/13/66

Spectra of the emission of 4/29/66

Equatorial densities vs. L

Spectra of the emission of 5/20/66

Geometry for wave propagating at an angle to
the field

One Dimensional Model

Amplitude vs., frequency spectra - open model,
I-1

Amplitude vs. frequency Spectra - open model,
I-3

Amplitude vs, frequency Spectra - open model,
I-3

79
86

94

96

98



FIGURE

3.4.4

3.4.5
3.4.6
3.4.7

3.4.8
3.4.9

3.4.10
3.4.11
3.4,12
3.5.1
3.5.2
3.5.3
3.5.4

A.l
A2
A3

B.1l
B.2

B.3

ix

Amplitude vs. frequency spectra - closed model
low order modes.,
Velocity Profile, I-1, L=7, ne=l/cm3
Low order mode structure
Amplitude vs, frequency spectra - near iono-
spheric resonance closed model I-1, L=7,
n =1/cm3
e
Mode structure in ionosphere near resonance

Amplitude vs., Frequency Spectra - closed

model

Mode number vs,., frequency, I-1, L=7, ne=1
Mode number vs., frequency, I-1, L=7, ne=2.7
Mode number vs. frequency, I-1, L=8, ne=l

Emission spectra at various stages
Change of mode separation ( f) with frequency
Spectra of the emission of 7/4/67
Spectrum of the emission of 6/9/60

Components of group velocity
Phase velocity surface

Polar plot of group velocity

Geometry for propagation in a dipole field
Angle between the dipole field and the propa-
gation vector (k)

Ray paths in a dipole field

101
102
104

106
107

109
112
113
116
118
120
122
125

132
136
137

138

143
143



TABLE

1.4.1

1.5.1

1,6.1
2.4.1
2.4,2

2.5.1

2,6.1

2,6.2

3.4.1

3.4.2

3.5.1

3.5.2

3.5.3

3.5.4

LIST OF TABLES

Dipole interpretation of the emission of
4/13/66 (0330EST)

Interpretation of the emission of 4/13/66
(0330EST) along several ray paths determined
by the initial'angle

Comparison of dipole and distorted dipole
interpretations as.'a function of local time
Peak frequencies in the emission of 10/4/66
Peaks in the emission of 4/13/66

Dispersion measurements, equatorial densi-
ties and L values

Interpretation of non-dispersive emissions
assuming the frequencies are much less than
the equatorial iongyrofrequency

Peaks in the spectra of the emissions of
5/20/66 and 5/29/66

Resonant frequencies from one dimensional
tiodel and from phase travel time (WKB).
Frequencies of the first four modes of the
L=7, ne=2.7 model with those predicted

from the L=7, ne=l model

Low order modes for 7/4/67 calculated from
the closed model for L=7, n, =1

Peaks in the spectra of the em1331on of
7/4/67

Peaks in the spectra of the emission of
4/29/66

Peaks in the spectra of the emissions of

21

26

35

60
63

68

72

73

103

114

121

123

124



TABLE

6/9/60 and 6/13/67

C-1 through C-14
D-1 through D-4
D-5 through D-8

Calculated Dispersion Data
Model parameters

Velocity Profiles

xi

126

145-159
161-164
165-168



Chapter 1

INTRODUCTION AND THE DISPERSION CHARACTERISTICS
OF THE ANISOTROPIC ALFVEN WAVE

1.1 Introduction

The plasma that exists in the magnetosphere is of in-
tense interest to scientists in a number of fields since
nature has provided a medimwith parameters (density, tem-
perature, etc.,) that are difficult, if not impossible, to
duplicate in the laboratory. 1In a way we might consider
this vast space as a laboratory in which nature carries out
experiments for us ( the natural phenomena) and in which
we can conduct experiments of our own design.

Hydromagnetic emissions -is: one such natural phenomenen
which in recent years has attracted considerable attention.
These natural oscillations of the earth§ magnetic field
have also been referred to as pearls and hydromagnetic
whistlers. As the last of these names implies, hydromag-
netic emissions are in some ways similar to ordinary audio
whistlers in that they are dispersive plasma waves that
propagate along field lines in the magnetosphere. However
the frequencies of pearls (.l-5cps) are lower by three or
four orders of magnitude than those of whistlers. As with
whistlers, the dispersion characteristics of pearls can be
used to determine the density of charged particles in the
magnetosphere. Pearls commonly propagate to distances in
the magnetosphere that are greater than those reached by
whistlers and therefore are important in providing data
on the density which would not otherwise be available.

The first observations of pearls were made by Sucksdorf
(1936) and Harung (1936). The time-amplitude recordings
of these micropulsations appear as bursts of sinusoidal oscil-
lations and Sucksdorf described a series of these bursts as



resembling '"a pearl necklace of oval pearls of different sizes',
(figure 1.1.1,b). During the next twenty years nothing more
appears in the literature concerning pearls, probably because
the attention of most workers in geomagnetism was centered on
the lower frequency oscillations such as the giant micropul-
sations and the magnetic storm variations.

Interest in the higher frequency micropulsations was re-
vived during the IGY (1957-1958) and observations of pearls
were reported by Troitskaya (1957,1961) and Benioff (1960).

A significant improvement in the analysis of micropul-
sation data was achieved by the use of audio spectrum analy-
zers (Duffus, 1958; Tepley 1961). The low frequency oscilla-
tions are recorded on magnetic tape which is later played
back at a high speed so that the frequencies are shifted up
into the audio band., The typical output of these audio analy-
zers is a sonogram (dynamic spectrum) which indicates the
frequency content of a signal as a function of time,

On this type of display (frequency vs. time) a hydro-
magnetic emission appears as a repetitive series of rising
and overlapping wave trains. (figure 1.1.1,a) Before the use
of sonogram techniques the repetitive nature of hydromagnetic
emissions was not readily apparent. This is due to the fact
that on an amplitude vs. time recording the overlapping wave
trains interfere, resulting in an irregular modulation or
beating appearance. It is only when the frequency band is
so narrow that the wave trains do not overlap that the re-
petitive nature of these signals is obvious on the amplitude
vs. time display.

- The first suggestion of the source of hydromagnetic
emissions appeared in a paper by Tepley in 1961. 1In particu-

lar, he noted that the ratio of the frequencies of VLF to



116 122

1) IN  SEC

13 1966
S5+LZ#x(N/2)/OCTAVE IN (MV/KM )J*e2
TIME/(10#»

-0
95 13C 125 110

cPS
ocT

- 1.2
12 - 35..28
AS .78E
86 91

POWER DEN.

CONCORD-ETNA TELLURIC FLUCTUATIONS
.1

~ = g8
=-2)

FREQ/11J%»»
71

FREQ 67

|

FIGURE 1.1.1

|
i
i

C a DIGITAL SONOGRAM

'
mog2seoes8Rese082222222255282532253582223252255825525502232252522222582282028223R22829222982935832322232828222252008050550005 022,
mNNN—NN~~~NNN—ch———ﬂngg~~—ﬂNNAOOgﬂOOwogsgggsﬁch~Qggg¢m~—~-—~——~0N¢mmmwu~—oeagggnogg8o~—ﬁnwuwmm—a——nac—an~¢gggg—n—-nc6~~088
yNanwﬂaoeoNNmm~~N~oggoggggg~gggggsggga~uogq__ﬂ_ge—~~~g~aggggggooﬁogmmnmwaacoaoooo—ﬂ~~°~~~a—egoooﬁ~oggggggo—~—~~¢~~~osggg¢,~N~
L = Ral e R R R R R e R R R L L s R R R R R R - T - N Rl E - R ol R o e St E o LT L0 O Py
Canmeae282 8nnancoosomnanm08ConnannI820000808 000l ~an22angge S annnnnman G222 i uw i nlE0~n22R828 k000 S nnannanan 2288822528322
. N—«~£::a~ﬂmumﬁ—4~ﬂh-4Aanggggg—c—a—a-.-a-rv—-Nzgg:‘—‘ngu#hoc}—aNNu.—c—-—«N:S—q—va-1—4.-4.:1-4-4mmmmNN—"DANN—-4.-1--0.4N‘N—-.-ANN—G—40-—4NNN—4-4--.-4-uﬁNMMMmE\AIAr)—EZﬁAOﬁogiﬁ
N MMM MEMMM TS T T TMMANNNNONNNANRNNNNOONOOOMMNMNMNMOMAANNNNMMA ST T T T OMMMEMMMMI T TMMTTMMAMMAMMTETMMAMNMMOMI I T IMMMIT T TTF T TG TAMMEE@mMnm .
R N A 0 N o NN N o A 0 (0 A R et NN e 00 Nt (T 8 S S S S M O 0 6 B N M U N 1 N 0 R e e 0 0 0 e A
M T MMM MMM ST T T MO NN NANNME T IS T MMM TN NE TN AN MM MM C T NN T T MMA N ONE N 00N ST TS TTRNNT NN ST MANM RO NN O ON NN S TN NN NN DI T T 8 1A € 0D~ GO A
nnn NOONNTNNNANTTMMITIMTADINN OO OOV VONCOONNIN T T 10NN O DNNTNOONNFOVNETNVOONDONNOONOONNFNOVVONTFFT NN D000 0000 0NN A IR DDA I I
©wnn TN AP NEFFTNN O OO DDV OV OOV DNIN VO DNINNIN O DM B0~ O ANT NN N OSSO D AN O OINNNIN OV VD OO D000 DI N 0D 0D OO

P N ~~o0®n ~e~ ©cvomnno L e L L N A R .
cumneTETo~~ vnnT o vwovoo o nenvovne o VDN NINN OO DN T T O DI L O e e e 0 O A N IR ¢ &
PR OO OO0 DN~ ©vo0on~ ©o0o © o © MO OO ON NN D R
N OO 000N OO 0000000000 NININO OO0 ~ ~ 00 o 0000
oo -1 M OOOINNO DD CININD D~ °un w © "
o ox oo o ~ ~ < Eox)
, ~~ 00 < /S ~ *n 3 [ R N N NP vunnn
SN0 o o “ ~~ < AN TP T T MO 00D 0NN wo~~
W wwrp o ° TOOTUMN W W OO WO W OO 8 0w n
" CE ~ee~ n o n
S+ 0o w o gt~ ~ e~ © o nn ¢
B ~r~00 © ninn e < vonee
[ . - ne s oINS S E MM GOm0 0 veman
,mmm¢¢¢¢:q«:emm~N~N~~mm¢¢::nmmmmN-m#¢mm¢&¢mocooommocomm¢¢ mmEanse ~ oomm¢m¢4¢¢¢¢§¢ammmm¢8mmmmm~m~~mmmm~~
,NNNN¢¢mmmmmm¢¢mm~mmm«m¢¢mmmmNmn¢¢¢«nannmmmmmgmmooa@mm¢¢<¢¢y¢m¢¢o¢mmeoccmm¢ﬁM¢¢¢Qmme«mmmwwmmwwmmmmmmm~mmm¢¢m¢««qmmnmm«mwwwn
w i [N . : : ' ! . ' .
ERIi AR AR PR R P IR AP SRR R E RS SR D R A S S tab - ok 3 S teh DI S Dt SIS S b S b b 5 do- S5 FE3 b & SR INEF - F JJ B L D AP S I
. oy o ' o ' : ’ ! ty L . gz22g8222ge

TIME (SEC)

b AMPLITUDE VS TIME (10/13/66,0510 EST)

I I FTTTER wwb EEEENNEN RN
] 1 H e &

T

1
| -+
T | | 1 BN [l L L/ \ 4l
T—Ll_‘{ {l | IRERENEES L [ O | 1 [ f + _

304 504 704 904
TIME (SEC)




hydromagnetic emissions was of the same order as the ratio of
the proton mass to the electron mass. Since Gallet (1959)
had proposed that VLF emissions were the result of a traveling
wave amplification by electrons, it was natural to suppose
that a similar mechanism with protons as the charged particles
might be operative in the case of hydromagnetic emissions.
Though this view was later shown to be substantially correct
it was dropped in favor of one proposing that hydromagnetic
emissions were the result of perturbations of the magnetic
field caused by the mirroring of fast particle bunches.
(Tepley and Wentworth, 1962; Wentworth and Tepley, 1962;
Gendrin, 1963). According to Gendrin (1963) a proton bunch
mirroring at the pearl period (approximately 1 sec.) caused

a pearl bead as it drifted over a station; the next pearl
bead would be formed when the bunch had drifted around the
earth and was once more over the station. The repetition
period was then due to the westward drift period of the pro-
ton bunch. As a result of this theory, one would expect the
the pearl beads to be observed simultaneously at conjugate
points since these fast particles mirror in less than a few
seconds. However, conjugate studies by Yanagihara (1963),
Loken, Shand and Wright (1963) and Tepley (1964) have shown
that the signal groups are received alternately in opposite
hemispheres.

| If the agent causing hydromagnetic emissions travels
along field lines, the time delay between signals received

at conjugate points indicates a velocity of the order of

103 km/sec. Yanigihara (1963) proposed two possible agents,
either slow particle bunches or hydromagnetic (Alfven) waves.
The present theories consider the waves and particles as a

coupled system, which under certain conditions can become
unstable with respect to the growth of the waves. These



ttheories are concerned with the cyclotron resonance insta-
bility in which protons passing through the wave field see

a Doppler shifted frequency equal to their gyrofrequency.
Under this condition the protons experience a resonance with
the electric field of the wave and are scattered in velocity
space. Since the total energy in the wave-particle system

is constant, the waves will grow if the particles are scattered
so as to loose energy. Papers investigating the source

of hydromagnetic emissions as a cyclotron resonance inter-
action between waves and particles have been published by
Jocobs and Watanabe (1965), Cornwall (1965), Tepley, went-
worth and Admunsen (1964),.Huruska (1966) and Liemohn (1967).

Once the waves have been generated or amplified in the
source region near the equatorial plane, they propagate along
the field lines to the surface where part of the energy is
reflected and returned to the source region, Calculations of
the dispersion, travel times and guiding of the anisotropic
Alfven wave (Jacobs and Watanabe, 1964; Obayashi, 1965; Pope,
1965; and Sill, 1965) indicated that these waves could ex-
plain many of the observed characteristics of hydromagnetic
emissions., On the assumption that the earth's field could
be represented by a dipole field, Watanabe (1965) and Went-
worth (1966) developed techniques which would allow one to
determine the density in the magnetosphere from the observed
dispersion,

Hydromagnetic emissions are observed at the surface of
the earth from the auroral regions to the equator. Since the
dispersion of these waves indicates that they have propagated
on high latitude field lines (L=4 to 10), there must be some
mechanism permitting the energy to propagate to low latitudes.

The suggestion has been made (Tepley and Landshaff, 1966;



Manchester,; 1966) that the energy may propagate in a leaky
wave guide in the ionosphere, The wave guide is the result
of a minimum in the phase velocity at an altitude of 400 km.
The velocity in this region is of the order of lO3 km/sec
which could explain the 2 to 3 second shifts in arrival times
observed between stations separated by a few thousand km.

Digital sonograms have shown that the energy in a wave-
train is not evenly distributed in frequency but that there
4ds a series of approximately equally spaced peaks in the
spectra. This gives the rising tones a certain bead-like
appearance (figure 1.1.,la), These peaks are a very pronounced
feature of hydromagnetic emissions, often being 10 to 20 db
above the background and having Q's of the order of 10 to 50.
This important feature often is not apparent on the output
of the usual analogue spectrum analyzer because of the limited
dynamic range of the heat sensitive paper used.

One purpose of this thesis is to show that this frequency
structure is a result of the source mechanism (the plasma in-
stability) amplifying the background waves which have a spectrum
determined by the resonant modes of oscillation of the field
lines, We have in this case a system (the magnetic field and
the plasma) which is capable of sustaining resonant oscil-
lations. The background waves due to random excitations have
a spectrum characteristic of this resonant mode structure,
so that those waves with frequencies of the resonant modes
can be expected to have the largest amplitudes. When the
conditions are favorable, the plasma instability is capable
of amplifying these waves to levels where they are observable
at the surface,

Since the dispersion characterisitcs of these waves pro-
vide useful information on the density distribution in the
magnetosphere another purpose of this thesis is to investigate

the effects of various magnetospheric field line and density



models on the wave propagation. This will be done by com-
paring the results derived for propagation along field lines
in a pure dipolé field, the only case treated heretofore in
the literature, with propagation along field lines in a dis-
torted dipole field such as that which exists in the mag-
netosphere. The effects on the dispersion as a result of the
waves not being perfectly guided by the field will also be

discussed.

Outline of Thesis

In the remainder of Chapter 1 we will discuss the propa-
gation of the anisotropic Alfven wave in the magnetosphere;
investigating the results of several models for the density
distribution and the field line configuration.

Chapter 2 will cover the data collection and analysis;
including a brief description of the digital sonogram pro-
gram, The results of the observationS8in terms of the spectra,
sonograms and the calculated proton densities will also be
shown.

Chapter 3 begins with a general discussion of the vi-
bration of non-uniform strings. A one dimensional layered
model for the determination of the resonant modes is pre-
sented and the results of the calculations are discussed and
compared with the observations.

Chapter 4 presents a brief summary and discussion of

the results and makes some suggestions for further work,



1.2 Group Travel Times

The anisotropic or slow Alfven wave is guided by the
magnetic field and in Appendix A it is shown that the group
velocity vector is confined to within 10° of the field line
direction for all angles of phase propagation from 0° to 90°.
For phase propagation parallel to the magnetic field this
wave has left-circular polarization and the group velocity

is (equation A.5)

3
Uy = Vo (1-R) /(1--5K) v

B/[ 4Tnm,)"

where \Aﬂ

F: = 64/72+_= ratio of angular frequency to the ion
+ gyrofrequency

In this section we will consider only propagation
parallel to the field since for angles up to 30° the magni-
tude of the group velocity is not a strong function of the
direction. The group travel time as a function of frequency

is found by evaluating the following integral

ds
T(F) = Ss "u’g'@) 1.2.2

The path of integration S is to be taken along the ray
trajectory, however in the following sections the ray path
will be assumed to be along the field lines of either a dipole

or a distorted dipole.



The results of Appendix B show that for frequencies of
the order of the ion gyrofrequency the ray paths deviate from
the dipole field lines. The consequences of the assumption
that the ray path is along the field line will be discussed
in Section 1.5.

Under the assumption that the ray trajectory is along
the field line, the path of integration (S) can be readily
determined. The magnitude of the field (B) which is needed
to calculate the classical Alfven velocity (Va) and the gyro-
frequency ( k4 ) must also be calculated. We are left
then with the problem of determining the density ( N )
along the field lines before the integral in equation 1.2.1

can be evaluated.
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1.3 Density Models

Whistler data (Carpenter, 1966; Angerami and Carpenter,
1966) indicates that the density of electrons in the equa-
torial plane falls off something like the inverse third or
fourth power of the radius. Carpenter (1966) has shown that
during periods of little geomagnetic activity (0 < Ky(\ )
the density profile shows a relatively flat slope near 3
earth radii (3 Re) which gradually steepens beyond this dis-
tance so that the density falls off as r™3 near 3.5 Re;
beyond 4 Re and density decreases as r .

When the magnetic activity is moderate (2¢ Kpl4) a
discontinuity or knee exists in the equatorial demnsity pro-
files at a mean distance of 4 Re. At the knee an abrupt
drop in the density by a factor of .03 to .0l is present;
however, the density on either side of the knee falls off
as r'4. Satellite data on the proton density (Taylor,
Brinton and Smith, 1965) and the work of Carpenter (1966)
indicate that the discontinuity is a field aligned feature.
When the knee exists we have two regions in the magnetosphere,.
The first is a relatively dense doughnut shaped region in-
terior to the field line which crosses the equator at 4 Re
(L = 4) and the second is a low density region between the
L=4 field line and the magnetopause. The L parameter will
be used throughout this work to indicate the field line by
its equatorial crossing point in units of earth radii.

Since hydromagnetic emissions are guided by the field
lines, we can expect that if a wave originates on a line
exterior to the knee it will continue to propagate in the
low density region outside the knee, Observations of hydro-
magnetic emissions in New Hampshire have shown that these

waves have propagated on field lines with L parameters
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greater than 4 and hence beyond the mean position of the knee.
Furthermore the densities calculated are quite low indicating
that the knee exists somewhere on an L shell less than that
on which the waves were propagating,

With these facts in mind we will propose two models for
the density of the ions in which the density is inversely
proportional to the third and fourth power of the radius.
Other models have been used where the density was made pro-
portional to some power of the magnetic field (Watanabe, 1965).
A model of this type allows the density to be a function of
the latitude as well as the radial distance. Calculations
made including a latitude dependence differ by a few percent
from those with a radial dependence only. The models to be
used here will allow only a dependence on radial distance.

The density model is given in 1.3.1,

n=rn, ( Re /7Y 1

where
P=3o0r 4

Ne = ion density extrapolated to surface

Ne =Y\o}Lf = jon density in the equatorial plane at r =LRe

Re = radius of the earth

A = magnetic latitude (figure 1.4.1)
This type of model will represent the density along a field
line in the outer portion of the magnetosphere ( r » 1.5 Re)
quite well but it will be badly in error in the ionosphere.
The calculations of the travel times will not be seriously

affected however, since the propagation time from an altitude

of 3,000 km to the surface (1 sec) will be only a small
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fraction of the travel time from the equator to this altitude
(16-32 sec). The most critical region for the travel time
calculation is the outer portion of the field line in the
equatorial region where the velocities are low over large
distances and where the waves are most dispersive due to the
low gyrofrequency. It is this region where we expect our
model to be most accurate.

The density extrapolated to the surface (no) does not
correspond to any real density but is convenient for speci-
fying a model. Hereafter, when discussing physically meaning-
ful densities we will refer to the equatorial density (ne).

It will be assumed in this chapter that the positive
ions are hydrogen. Satellite measurements have shown that
the ratio of hydrogen to helium ions at large distances is
usually of the order of 100 to 1. (Taylor, Brinton and Smith,
1965). 1In order to take into account the presence of other
positive ions one must consider propagation in a multicom-
ponent plasma (Smith and Brice, 1964). One of the main re-
sults of this type of treatment is the introduction of a new
set of resonances (vp=o) at each of the ion gyrofrequencies.
For Helium this would introduce a resonance at a frequency

one-fourth of the proton gyrofrequency.
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1.4 Propagation in a Dipole Field

As a first approximation, the field in the magnetosphere
can be considered as that of a dipole. This approximation is
good for field lines which cross the equator at distances less
than 4 Re (L=4) when the distance to the magnetopause in the
noon meridian is 10 Re, At distances greater than 4 Re,
the field lines are compressed and distorted. For the above-
mentioned case, the dipole field line with L=7 has its equa-
torial crossing point moved to 6 Re in the noon meridian and
to 6.5 Re in the midnight meridian.

Assuming for the present propagation along dipole field

lines we have the geometry in figure 1.4.1

Figure 1.4.1

Geometry of Wave Propagation in a Dipole Field




14

For a dipole field we have

r :Re L Coﬂzh equation of field line

Re = radius of Earth

LRe = distance to field line at equator

>\°==latitude of field line at surface Hath
L = 1/cosz')h
S = arc distance along field line

ds

wae cos J[4-3cs?21% X

The two hop travel time in terms of the latitude of a point

on the field is from equation 1,2,2

o
T- 41k |,

1.4,2

‘ /
% (@:1))[4050? )j} &

The group velocity (Ulg ) along the path S depends on the mag-
netic field strength, the local ion gyrofrequency and the
density of positive ions (equation 1.2.1). The first and the
second of these quantities are easily determined for a dipole
field and for the last we will utilize the two models proposed
in the previous section,

Along a field line the magnitude of the field varies as



B = B, [4"3C951A],/1

where L3 Cos®)

= ,314 Gauss.

The gyrofrequency of the ions is proportional to B and the
dependance of the ratio of the wave frequency to the gyro-

frequency is given by 1.4.4,

i/
E= /N = FCos® /[4'- 3 Cos?A] * 1.4.4

where

e &
F = () /_n..,. ) _n.,. = equatorial gyrofrequency

Combining equations 1.2,1, 1.3.1, 1.4.3, and 1.4.4 the ex-

15

1.4.3

pression £6r the group velocity along a field line becomes -

Ve U0 362 "-a P,
[’_l-.s‘CLF-']

where a (i) = Coséa /[‘1-3 Cos? ,\]/1
Vo = Bo /[ﬁﬂ’ Na ma-]vz

Substituting 1.4.5 in 1.4.2 we have for the two density models

P=3 and P=4,

TPz 4R LY aa[co;‘A]D-.f ONF] 1
Vo A [1-0)F 33/7-

T4(F) = 4ReL .(JA (o2 A1 --5 aF] Lo4.7
[_, - o(d) F3/2
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Equations 1.4.6 and 1.4,.7 were numerically integrated
and the results for the P=4, no=3,8 10" model are shown
in figure 1.4.2, 1In this figure are plotted the round
trip travel times as a function of frequency and L parame-
ter. The horizontal asymptotes for each of these disper-
sion curves is the equatorial ion gyrofrequency (Jl:).
From this figure it is seen that the form of the curves
as a function of L (or equivalently ‘[Ei) are essentially
the same. Changing the value of n results in the shift-
ing at the curves parallel to the horizontal axis while
the variation of L translates the curves both vertically
and horizontally,

The insensitivity of the form of the curves to the
L parameter suggests that a normalization of the travel
time and the frequency will result in a simpler represen-
tation, One such normalization, the dimensionless fre-
quency (F=(QAQ§ has already been utilized; the second
will make use of the dimensionless time T (F)/To, which
is the ratio of the travel time at the frequency F to
the travel time of a low frequency wave which is nondis-
persive (F-=» 0), The normalized curves in terms of these
demensionless parameters are shown in figure 1.4.3,

We see from these normalized dispersion curves that
the travel times are quite insensitive to the density
model used., In the process of normalizing these curves
we have removed the dependence of the travel time on the
density parameter. To complete our knowledge of the dis-
persion we must determine the dependence of To on the

density parameter n (or ne) and of the equatorial gyro-
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FIGURE 1.4.2
GROUP TRAVEL TIMES , DIPOLE FIELD
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FIGURE 1.4.3
NORMALIZED DISPERSION CURVES
DIPOLE FIELD
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frequency on L, This information is obtained from equa-
tions 1.4.6, 1.4,7 and 1.4.4 and is shown in figure
1.4.4, The use of these curves to determine the L
shell on which the waves have propagated and the equa-
torial density will be illustrated by the following ex-
ample,

On April 13, 1966, a hydromagnetic emission occurred,
part of which exhibited a series of rising wave trains that
were successively dispersed., The average repetition period
as measured over ten wave trains was 174 sec at ,416 cps
and 208 sec at ,616.cpS, In order to fit this dispersion
to our normalized curves, we form the ratios f‘L/fH =,675
and TH/TL= 1.2, These numbers are then plotted on the
vertical (F) and horizontal (T(F)/To) axies of figure 1,4.3
and joined by a straight line, We then translate this
short line segment until its end points fall on one of the
curves, The ordinates and abscissas of the end points
give the ratios fL/fi , TL/TO, fH/f$ and TH/To' From
either set of these we can determine the equatorial gyro-
frequency (fi) and To' These two parameters and figure
1.4.4 permits us to determine the equatorial density and
L value,

Following this pprocedure for the above eyent we ob-

tain the results in table 1.4.1
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Table 1.4.1
Dipole interpretation of the emission of 4/13/66 0330/EST
Two density models

P=3 P =4
f (cps) 1.21 1.18
L 7.3 7.4
T, (sec) 132 134
n_ (L/em®) 4.6 3.6

The difference in L value from the t¥®o models is one
percent and the density for the P=3 model is 27 percent
greater than that for the P=4 model, The results for the
P=4 model should be closer to the real situation since the
density at large distances actually falls off as r-4
(section 1.3 and section 2.5).

Repeated tests fitting the same dispersion data to
the curves indicates that an accuracy of about 5 to 10
percent in the estimate of n, can be obtained., Larger
errors can arise from the process of measuring the repe-
tition period from the sonograms. Typically the width
of the rising wave trains is 40 to 60 seconds and their
total length, one to several minutes, The width of the
traces allows a certain leeway in the sloping line that
can be drawn through the rising wave train. Obwiously
this problem is more serious when the bandwidth of the
event is narrow, The errors in measuring the repetition
periods at two frequencies can be reduced by averaging
the repetition periods over a number of wave trainsj :this
is satisfactory as long as the repetition periods (and

hence the density) are not changing with time,
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A 3 percent increase in T, of the previous example

(4/13/66) would lead to a 6 pe?cent decrease in the es-
timated equatorial density., The same increase when
applied to an event having half the bandwidth of the
event of 4/13/66 would give rise to a 13 percent decrease
in the equatorial density,

The digital sonograms used by the author typically
have a sampled output every 8 to 20 seconds for events
with repetition periods of the order of 100 to 200
seconds, A 3 percent criteria in measuring the repe-
tition period implies that over 5 wave trains the arrival
of energy can be picked within 1 or 2 lines (15-30 sec.)
of sampled output. Considering the width of the traces
(2-6 samples) this is about the best accuracy that can
be hoped for.

Since the slopes of the curves in figure 1.4.4 are
steep it is helpful in practice to either expand the
scale or to eliminate the dependence on L between £f¥ and
T, and to plot TO/J—E; as a function of f¥. Data for
replotting the curves in this and the following sections

will be found in Appendix C.



23

1.5 Dispersion Characteristics for Propagation Along Ray Paths

in a Dipole Field.

In appendix B it is shown that for frequencies of the
order of the ion gyrofrequency the ray paths deviate from
dipole field lines. For zero initial angle ( &) the ray
paths are exterior to the field lines and as F increases the
deviation from the dipole line increases. Since the magnetic
field strength is smaller along each of these ray paths the
dispersion will increase as F increases. Equation 1.4.7 was
numerically integrated along the ray paths and the results
for are shown in figure 1.5.1. The L parameter as used in
this section indicates the equatorial crossing point of the
ray path. For comparison figure 1.5.1 also contains the
normalized dispersion for propagation along a dipole field
line. The normalized dispersion, as in the previous section,
is not strongly dependent on the L value and the ratio
To / Ve’ is the same as calculated in section 1.4 since at
low frequencies the ray paths are along the field lines. Fig-
ure 1,5.2 illustrates the change in the dispersion as the
initial angle ( 85) is varied. When 6. is positive the
ray paths are outside of the field line and the dispersion
increases as ©o increases from O to 20 degrees. When

Bo exceeds 30 to 40 degrees the guiding becomes better
(Appendix A) and the dispersion begins to decrease. For 6.
negative, part of the ray path can be inside the field line
and part outside. (Appendix B)., The net effect for ©a =
-10° is for the dispersion along the ray path to exceed the
dispersion along the field line, When © = -20° and F less
than .6 the dispersion along the ray path and the field line

are very nearly the same and when F is greater than .6 the
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FIGURE 1.5.1
NORMALIZED DISPERSION - DIPOLE FIELD
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dispersion along the ray is less than that along the field
line.

As an example, the emission of 4/13/66 0330/EST (section
1.4) has been interpreted with these curves and the results

are presented in table 1.5.1.

Table 1.5.1

Interpretation of the events of 4/13/66, 0330/EST along

several ray paths determined by the initial angle.

o o o

-20 -10 10 20 dipole
£ 1.14 1.21 1.26 1.30 1.18
7.5 7.3 7.25 7.2 7.4
T, 132 132 131 131 134
ng 3.2 3.7 4.1 4.5 3.6
ng7.4 3.3 3.5 3.7 3.9 3.6

Compared with the dipole field line model, the equatorial
crossing points differ by up to 4 percent and the densities
by as much as 8 percent. The errors introduced by assuming
propagation along the field lines rather than the ray paths
is probably not significant compared to errors arising from

the measurement of the dispersion and from the curve fitting.
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1.6 Propagation in the Magnetosphere

The interaction of the solar wind with the earths mag-
netic field results in a distortion of the dipole lines. On
the daylight side the field is compressed and confined within
a roughly hemispherical cavity. The high latitude field lines,
those leaving the surface within 10 to 15 degrees of the poles,
are swept back behind the earth to form the magnetospheric
tail resulting in a compression of the field on the night
side as well, As was mentioned in section 1.4, the distortion
is not severe for field lines crossing the equator at dis-
tances less than 4 Re,

. In this section the effects on the travel times due to
the compression and distortion of the field will be investi-
gated. Relative to a pure dipole, the compression results
in an increase in the magnitude of the field at any distance
and the distortion results in an increase in the arc length.
The waves will still be considered as propagating along field
lines.

The spherical harmonic expansion of the field which will
be used here is taken from the work of Mead (1964). The

components of the fiéld are:

%: - 2 Sind +B? Sin) ‘QJ?B;RSM)C”‘# 1.6.1
° R3

- COR%) + B? CoS)-\-EB;R(RS.:I\")[DSé 1.6.2

1.6.3

3B, R Sin) Sin¢

ap o
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R = f/Re
B, = .2515/.314 R

By = .1215/.314 R

P
o
i

distance (in Re) to magnetopause at the subsolar
point

-
]

magnetic longitude (P =O at midnight)

The first terms in 1.6.1 and 1.6.2 give a dipole field
and the second terms in these two equations give a constant
field directed parallel to the dipole. The last terms and
the term in 1.6.3 give a field which has a linear dependence
on R, The field lines within the cavity can be obtained by

numerically integrating the following set of equations.

%—E = —BE!" 1.6.4
.‘Q\. = B 1.6.5
FE (3=}

%i Bé 1.6.6
S T Cosd B

The travel time integral in 1.,2,2 was evaluated for the
P=4 density model making use of equations 1.6.1 through 1.6.6
and the results are shown in figures 1.6.1 through 1.6.4.
Figure 1,6,1 illustrates the changes in the dispersion
between the midnight and noon meridians as a function of the
equatorial crossing point of the lines (L parameter), As
in the case of a pure dipole field, the dispersion in the
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FIGURE 1.6.1
NORMALIZED DISPERSION - DISTORTED DIPOLE
MIDNIGHT AND NOON MERIDIANS
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midnight meridian decreases slightly as the equatorial crossing
increases. The distortion of the field lines in the midnight
meridian is small and the dispersion for the distorted dipole
in the worst case {9 Re) is within a few percent of that cal-
culated for the pure dipole,

In the noon meridian the distortion of the field is more
pronounced at distances greater than 4 Re and the dispersion
is strongly affected. The variation in the curves for 4 Re
between the midnight and noon meridians is less than 3 percent.
The increase in the dispersion as the crossing point approaches
the magnetopause is due to the distortion which results in an
increase in the arc length and the variation of B along the
lines which increases more slowly than in the pure dipole case
(see Mead, 1964 Figures 4 and 7).

The calculations for the above curves have been carried
out for a magnetopause radius of 10 Re. However the curves of
relative dispersion (T/To vs F) are perfectly general and can
be used by any magnetopause radius (Rb) provided the equatorial
crossing points of the field lines are expressed in terms of
the fractional distance to the boundary. In the above example
(Rb = 10 RE ) the curve for 7 Re has an equatorial crossing
point at .7 the radius of the boundary; for Rb=8 this curve
would be appropriate for a field line crossing the equator at
5.6 Re,

In figure 1.6.2 the effects of local time are shown in
more detail for the field line with an equatorial crossing of
7 Re. As would be expected the dispersion increases steadily
in going from the midnight to the noon meridian,

Figure 1.6.3 is a plot of the ion gyrofrequency and the
factor To / fl_"t-? as a function of the equatorial distance and
the local time for the case Rb = 10. The gyrofrequency at
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NORMALIZED DISPERSION - DISTORTED DIPOLE
L=7 AS A FUNCTION OF LOCAL TIME
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any distance increases with local time due to the compression
of the field. To /J?i? is practically independent of the
local time and is only slightly less than that for a pure
dipole., The insensitivity of To /Jhe to the local time
is the result of two effects which tend to cancel each other.
These are an increase in arc length and an increase in velocity
with local time., The field line crossing at 8 Re in the noon
meridian has an arc about 107% greater and a field strength
50% greater than the 8 Re line in the midnight meridian.
(Rb=10). 1In this case the increase in arc length is com-
pensated by the increase in velocity to within about 2%,

In figure 1.6.4 are shown the gyrofrequency and To//h{ as
a function of local time for Rb=8. The dependence of To/ he on
local time is more pronounced in this case than in the previous
one but the difference at 7 Re is still less than 10 percent.
The gyrofrequency is also shifted proportionately more for
this example,

For most work moderate accuracy can be obtained by using
the curves of ToAﬁ;;"vg L for either the pure dipole or mid-
night meridian calculations. Since the one set of curves of
T/To vs F can be scaled to any Rb, one then needs only to
compute curves of:ff vs L (equation 1.5.2). 1In fact these
curves can be determined from the calculation for any Rb,
since the increase in gyrofrequency depends only on the
fractional distance to the boundary. One graphical technique
is the following. On a 1pg-log overlay trace the pure dipole
curve of fs vs L from figure 1.6,.,2, Next shift the overlay
keeping the pure dipole curves coincident until the vertical
line for the new Rb falls on the underlying line for L=10,
Tracing the remaining curves of "S will produce the desired

curves for the new Rb,



(CPS)

34

FIGURE 1.6.4
EQUATORIAL GYROFREQUENCY AND TO//ne
AS A FUNCTION OF L AND LOCAL TIME Rb=8
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As an example of the differences that arise from the use
of the various curves, let us consider the hydromagnetic
emission of 4/13/66, 0330 EST which has been used as an example
in section 1.4 and i.5, The results are presented for various
times in Table 1.6.1 where the magnetopause boundary was taken
at 10 Re.

Table 1.6.1

Comparison of dipole and distorted dipole interpretations
as a function of local time, Rb=10

Local Time
Dipole 0000 0300 0600 1200
£ 1.18 1.18 1.21 1.26 1.46
L 7.4 7.7 7.8 8.2 8.4
T 134 135 134 133 131
ng 3.6 2.7 2.4 1.7 1.3
n’ 4 3.6 3.2 3.0 2.6 2.2

The increasing compression of the field lines from 0000
to 1200 results in an increasing equatorial gyrofrequency and
L value while the calculated equatorial density decreases.
The last line in Table 1.6.1 gives the calculated density
extrapolated to a common datum of 7.4 Re, From this we see
that the difference in density between the dipole interpre-
tation and the distorted dipole increases from 15 percent at
0000 to 70 percent at 1200.
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Using the pure dipole curves rather than the appropriate
distorted dipole curves will result in L values which are too
small and densities which are too large. Extrapolating the
dipoie density out to the appropriate L value still results
in densities that are too large, (Table 1.6.1). Considering
the errors involved in measuring the dispersion data and
fitting it to the curves, one camnot hope for accuracy in
determining n, much better than 25 percent. Therefore, for
local times within 3 or 4 hours or midnight or for events
propagating within 5 or 6 Re, one would be justified in using

the pure dipole curves.
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Chapter 2

OBSERVATIONAL DATA

2.1 Data Collection

The micropulsation activity is measured by a telluric
current recording system that monitors the voltage devel-
oped between lead electrodes situated in Concord, N.H.
and 75 km to the NW in Etna, N.H., The geographic coordi-
nates of the center of the telluric line are 43.5°N,

72%w corresponding to a geomagnetic latitude of 55,2°N
and an L parameter of 3.1. Electrical contacts are made
between Etna, Concord and Cambridge by telephone lines.

A high impedance preamplifier at Concord measures the vol-
tage between the ground electrode at Concord and the elec-
trode at Etna; this voltage is transmitted via telephone
line to the MIT Geophysics Laboratory in Cambridge, Mass,
Signals in the PC-1 band (0.1-2,.0 cps) are amplified,
rectified and averaged and the average amplitude as a
function of time is continuously recorded on paper charts,
During periods. of increased activity in this band an alarm
activates a FM tape recording system which then records
the unrectified signals in a band from .01 to 3.0 cps.
Events thus recorded are played back at a later time into
an analogue to digital converter and are subséquently

transferred to punched cards.
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2.2 Data Analysis

In addition to the usual Fourier spectrum techniques the
digitized data has been analyzed with a sonogram program de-
veloped by T. Madden. The sonogram or dynamic spectrum is a
representation of the energy in a signal as a function of
frequency and time., The three dimensional display of these
quantities is achieved by plotting the energy (a number) as
a function of frequency ( vertical axis) and time (horizontal
axis). The numbers representing energy level can then be
contoured, The digital sonogram program duplicates with dis-
crete data the same processes used by analogue devices to de-
rive a dynamic spectrum; i.,e. the signal is passed through a
bank of narrow bandpass filters and the energy output of the
filters is displayed as a function of time. In the case of the
digital sonogram the discrete data is passed through 26 filters
of constant Q with neighboring filters overlapping at the
half power points. These 5 term digital filters approximate
the 2 pole Chebyshev characteristics and are used in a re-
cursive filtering technique similar to those discussed by
Shanks (1967). The steps in the digital sonogram program are
illustrated schematically in figure 2.2.1:; The Q's of the
filters, the sampling interval and the averaging time can be
specified to obtain any desired display. Typical parameters
for the sonograms used to analyze hydromagnetic emissions are;
Q's from 25 to 100, sample time from 8 to 20 seconds, averaging
time=1.5 sample time,

The printed output (figure 1.l1.1,a) displays the frequency
on the vertical axis and the time on the horizontal axis,

The power/octave in this plane is expressed as a number in
the following way, (Power/octave) K 10H. The constant K is

printed along with the labeling information and the scale
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factors for the time and frequency axes at the beginning of
the sonogram. With the power represented in this way an in-
crement in N of unity represents 5 db and the dynamic range
of the sonogram (0 £ NS 10) 1i.s 50 db or 5 orders of magni-

tude.



FIGURE 2.2.1
SCHEMATIC DIAGRAM OF
DIGITAL SONOGRAM PROGRAM
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2.3 Some General Characteristics of Hydromagnetic Emissions.

Thirty-four hydromagnetic emissions have been recorded,
digitized and analyzed for the interval of April, 1966 to
July, 1967. Of these approximately half are of such a com-
plicated nature that individual rising wave trains cannot be
observed in the sonograms., Several of these complicated
events are of large amplitude and long duration. The compli-
cated nature of these events may be due to the addition in
the ionospheric waveguide of signals from hydromagnetic emissions
generated on a number of different field lines,

A few events are of such a narrow bandwidth that the
dispersion between the high and low frequencies is not measura-
ble. Thirteen events show a measurable amount of dispersion
and these will be discussed in more detail in sections 2.4
and 2,5.

In general most of the events occurred during periods
of moderate geomagnetic activity as can be seen from figure
2.3.1,

Figure 2.3.,1

The number of Hydromagnetic Emissions as a function of Kp
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About 75 percent of the events fall in the range of Kp from
0 to 2. and 95 percent for Kp less than 4.,

Continuous recordings of the telluric signals in the
range from DC to 1 cp»s are made at the M.I.T. Geophysics
Laboratory and a two day segment of this data is shown in
figure 2.3.2, Four bands of signals are shown. The top
two records for each day are the direct A.C. signals for the
bands DC - ,002 cps (Pc5), and .001 - ,03 cps (Pc4). The
lower two records are the rectified and averaged amplitudes in
the bands .02 - .2 cps (Pc2-3) and .2 - .8cps (Pcl).

On 9/10/66 at 0115EST a hydromagnetic emission occurs
during a period of moderate activity (Kp=2); note the very
rapid increase in amplitude and the simultaneous increase in
the amplitude of the Pc 2-3 band (.02 - .2 cps). Later on this
same day at 19:35 an event of 4 hours duration begins. This
emission occurs in an interval between two large low frequency
disturbances (Kp=3) at 1900 on 9/10/66 and 0030 on 9/11/66
there is little correspondence between the amplitudes in Pcl
band and the lower frequencies except for the event at 2300 which
is accompanied by pulsations in the Pc4 band (.001 - .03 cps).

Figures 2.3.3 through 2,3,12 contain six hour segments of
the four frequency bands of telluric data. Note in figure 2.3.3
(10/13/66) that during the hydromagnetic emission (0500) the
amplitude in the Pc2-3 band decreases. Another event showing
this characteristic is presented in figure 2.3.4. There is an
abrupt decrease in the Pc2-3 activity at the point (1507)
where the hydromagnetic emission begins. In addition this
event ends shortly after an increase in the Pc4 band around
1700,

Two events exhibiting a concurrent increase in the Pc2-3

band are shown in figures 2.3.5 and 2.3.6. The first example
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is unusual in that it begins before and lasts through the
period of a negative bay,

Figures 2,3.7 through 2,3,9 show 3 events during which
very little Pc2-3 activity was present, The event on 4/29/66
occurs during a very quiet period (Kp=0) with no noticeable
changes in the Pc2-3 and Pc4 activity. Figure 2,3.8 shows
an.'event .which occurred during a period of moderate activity
(Kp=2). The hydromagnetic emission in figure 2.3.9 spans
a period of moderate to quiet conditions (Kp from 3 to 1)
and it is accompanied during its first part by:-large os-
cillations in the Pc4 range. There is also a short period
of simultaneous activity in the Pc-1 and Pc4 bands at 2300,

The records for several emissions during periods of
moderate to strong activity are presented in figures 2,3,10
through 2.3.12, The event of 4/13/66 (figure 2.3.10) is
accompanied by several short bursts of activity in the Pc2-3
and Pc4 bands. On 9/9/66 (figure 2,3,11) at 1800 the
emission begins during a period of low amplitude in the Pc2-3
band and decreases as the activity in this band builds up.
After the large negative pulse in the Pc5 band the emission
amplitude increases while the Pc2-3 activity slowly de-
creases, The events during the night of 7/10/67 (figure
2,3.12) took place during a period of moderate activity
(Kp=3). The first and last events in this figure show
some concurrent Pc2-3 activity.

We see then that there are no hard and fast relationships
between hydromagnetic emissions and the activity in the other
Pc bands., The two most dramatic cases (9/10/66 at 0115 and
10/13/66) show opposite relationships. The event of 9/10/66

indicates a definite increase in the Pc2-3 band during the
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emission and the event of 10/13/66 shows a definite decrease

in the Pc2-3 activity for the duration of the emission. This
type of association might be the result of damping of the
Pc2-3 waves by the particles responsible for the emission.

It might also be that the Pc2-3 waves are capable of supressing
hydromagnetic emissions through wave-particle interactions

that disturb the particle distribution function (i.e. decrease
the pitch angle anisotropy). In this case a sudden decrease

in the Pc2-3 wave energy could lead to conditions favorable

for the generation of hydromagnetic emissions.

Since so few events were recorded during the daylight
hours no meaningful diurnal variation of the emission fre-
quencies can be determined., There is, however, a noticeable
tendency, within events of long duration, for the band of the
emission to shift to higher frequencies with time when the
events occur before midnight. For those events occuring after
midnight the tendency is for a shift to lower frequencies.

See for example the sonograms in the next section for 4/29/66
(figure 2.4.1) and 5/20/66 (figure 2.4.2). This shift in fre-
quency is in agreement with results presented in the literature
which indicate that both the lower limit and the overall band
of emissions are at a maximum frequency near midnight and shift
to lower frequencies during the daylight hours. (Manchester,
1966 ; Kenney and Knaflich, 1966).
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FIGURE 2.3.3
TELLURIC AMPLITUDE VS TIME RECORDS
10/13/66
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FIGURE 2.3.4
TELLURIC AMPLITUDE VS TIME RECORDS
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FIGURE 2.3.5
TELLURIC AMPLITUDE VS TIME RECORDS
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FIGURE 2.3.6
TELLURIC AMPLITUDE VS TIME RECORDS
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FIGURE 2.3.7
TELLURIC AMPLITUDE VS TIME RECORDS
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TELLURIC AMPLITUDE VS TIME RECORDS

FIGURE 2.3.8

5/17/66

120

~t=—-1- e

| M/K

51

2

0300

0400

0200




52

FIGURE 2.3.9
TELLURIC AMPLITUDE VS TIME RECORDS
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FIGURE 2.3.10
TELLURIC AMPLITUDE VS TIME RECORDS
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FIGURE 2.3.11

TELLURIC AMPLITUDE VS TIME RECORDS
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FIGURE 2.3.12
TELLURIC AMPLITUDE VS TIME RECORDS
7/10/67
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2.4 Sonograms and the Fine Structure in the Spectra of
Hydromagnetic Emissions. ‘

The sonogram of a well dispersed hydromagnetic
emission has been presented in figure 1.1.la. The
rising'wave trains in this event are readily apparent
and the frequency fine structure manifests itself by
the beadlike appearance (closed power contours) along
the locus of the rising wave trains. This &istribution
of the energy at discrete frequencies within the indivi-
dual wave trains is seen in figures 2.4.1 and 2.4.2,

In addition to the above sonogram display, the
digital sonogram program also computes the spectra
over longer time intervals by summing the sonogram out-
put for 10 sampling intervals. Since the usual sample
interval for the sonograms presented here are 8, 10 or
20 seconds these spectra cover 80, 100 or 200 seconé
periods; a time span which is of the order of the length
of one wave train.

The appearance of the frequency fine structure
in these spectra are seen in figures 2.4.3 through 2.4.5,.
Figure 2.4.3 presents three 80 second averages sonogram
spectra for the event of 10/4/66 (0500 EST). Note that
some peaks are present in all three spectra and that some
increase in energy with time (the peak at .86 cps) and
others decrease (peaks at .915 and .945 cps). The fre-
quencies of the peaks and the separation between the

peaks are presented in Table 2.4.1
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FIGURE 2.4.3
SPECTRA OF THE EMISSION OF 10/4/66
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Table 2.,4,1

Peak frequencies in the emission of 10/4/66 (0500/EST)

1200 sec 1320 sec 1400 sec
f Af f Af f Af
.755 : .765
.792 . 037 .790 .790 .025
.820 .028 .820 .030 .817 .027
.857 .037 .857 .040
..888 . 068 .388 .031 .888 .031
.«917 . 029 .915 .027
.947 .030 .945 .030 «945 .057
.985 .038 .980 .035 .980 .035
1.015 .030 1,010 .030 1,005 .025
.032 .033 .030

It is obvious in Table 2,4,1 that the dominant sepa-
ration of the peaks is of the order of .03 cps. Taking
into account that some of the larger separations are
caused by the absence of a peak which is present in
the adjoining spectra the average separations for the
three spectra are ,032, ,033 and .030 cps. The dis-
persion measurements for this event indicate a nondis-
Peérsive travel time (To) of 70 seconds (Table 2.,5.1).

In this
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case the observed separation is given approximately by
2/To = ,029 cps.

Measurements of the dispersion and the fine structure
of a number of emissions showed that the average sepa-
ration between the peaks was of the order of 2/T0. How-
ever, many events exhibit a fine structure which is not
so regular as shown in figure 2.4.,3. 1In these events
separations of the order of 2/T0, 3/To and 4/TO are seen,
Some examples of this type of structure can be seen in
the remaining figures.

It is important not to confuse the fine structure
reported here with that caused by the repetative nature
of a series of wave trains (T. Madden, 1964). 1In the
latter case the periodicity at the group travel time
(T (F)) will introduce a fine structure in the spectra
with a separation of Af=1/T(F). This type of fine structure
is apparent only in the spectrum of a series of wave
trains, while the fine structure seen in the sonograms
is visible within the individual wave trains.

Figure 2.4.4 shows two spectra for the first dis-
persed event of 4/13/66 (0130EST). The upper spectrum is
for filter Q's of 25 and the lower for Q's of 50. As
can be seen the lower Q spectra do not give an adequate
picture of the number or the sharpness of the peaks,

It would be helpful in this respect to analyze all the
data with filters of high Q. However, certain problems
can develop when this is attempted. There are two sets
of information we would like to determine from the sono-

grams, The first is to measure the dispersion on suc-
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FIGURE 2.4.4
SPECTRA OF THE- EMISSION OF 4/13/66

SONOGRAM SPECTRUM -
103 FILTER Q=25 _
102 L
1 SONOGRAM SPECTRUM
107 1= FILTER Q=50 =
4/13/66 (0115 - 0215 EST)
200 SEC AVG. AT 3500 SEC
109 | | | | |

.4 .5 .6
FREQ. (CPS)
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cessive wave trains (time resolution); and the second is
to resolve the fine structure (frequency resolution).
When the Q's are large the ringing of the filters (the
decay constant is = Q/W¥f ) can smear together the
signals from the individual wave trains and the time
resolution will be lost. The Q's of the peaks in figure
2.4.4 are of the order of 25 to 50, The frequencies of

the peaks are given in Table 2.4,2,

Table 2.4.2
Peaks of event of 4/13/66

f Af
.402 .
440 .038
.480 .040
.515 .035
542 .027
.575 .032
.620 .045
.650 .030

The dispersion measurements for this event give T,
129 sec. The peaks in Table 2.4.2 have separations cor-
responding to 4/To (.031), S/To (.039) and 6/To (.046).
In this case although the fine structure is well developed
it does not appear to correspond to as simple as a re-
lation as the first example (10/4/66) where the separa-

tion between peaks was given by 2/T0°
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FIGURE 2.4.5

SPECTRA OF THE EMISSION OF 4/29/66
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One way to obtain finer frequency resolution is to
calculate the usual Fourier transform spectra for short
data sections. When calculating the spectra by this
technique it is important to keep the time sections
shorter than one or two wave trains in order to avoid
the other fine structure due to the repetative nature of
the signals,

Figure 2.4.5 shows two spectra for the event of
4/29/66. The upper curve is a 200 sec averaged sono-
gram spectra at 0406 (1500 sec on the sonogram). The
lower curve is a 200 second Fourier spectrum with much
higher frequency resolution., Although the sonogram
spectrum indicates some frequency structure we see that
the lower resolution tends to merge many of the peaks,
The smallest separations between the peaks is of the
order of 2/To, 3/To or 4/To. The third feature of the
fine structure is it$s Q, commonly being of the order of
30 to 50. In some cases the frequencies between the
peaks may be down by as much as 20db. This fine structure
is also present in the complicated events which show no
recognizable series of wave trains and in the events which
show no measurable dispersion.

A further discussion of the fine structure with
respect to the resonant oscillations of the field lines

will be taken up in the next chapter.
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2.5 Densities in the Magnetosphere from Dispersion

Measurements

The measured dispersion, calculated densities, L
values and other pertinent data are given in Table 2.5.1.
The listed emissions have been analyzed using the dis-
persion curves of section 1.6. The dispersion curves
for the appropriate local time and L value were used and
the magnetospheric boundary was assumed to be at 10 Re'

The bandwidth of these events is typically of the
order of .1 to .2 cps and the differences in group travel
times (the dispersion for one round trip) between the
low and high frequencies is around 10 to 20 sec. The
slope of the individual wave trains indicates the cumu-
lative dispersion experienced by the wave packet. Know-
ing the dispersion for one round trip allows one to de-
termine the number of round trips the wave has made in
the magnetosphere. Calculations of this type indicate
that the first wave train of the dispersive series has
made of the order of 5 to 20 round trips. This may be
indicative of the number of passes a wave must make
through the amplifying region before its amplitude is
large enough to be observed relative to the other sig-
nals present at that time. In this respect it is in-
teresting to consider the emission of 10/13/66 (Figure
1.1.1). This event, because of its slow increase in am-
plitude, did not trigger the recording system until 0506
although the initial increase above the background is

noticeable 15 minutes earlier at 0451 (figure 2.3.3).



67

The cumulative dispersion for the first recorded wave
train indicates that it had made 11 round trips. Since
the travel time was 164 sec, the first wave train to
rise above the background at 0451 had completed 5 round
trips.

The mtio of the midfrequency to the equatorial
gyrofrequency (the normalized frequency F) for the emis-
sions in Table 2.5.1 falls in the range of .25 to .5,
with the largest number of events falling in the range
between .4 and .45.

The equatorial density vs. the L value for these
events is shown in figure 2,5.1 along with two reference
profiles which represent the results of whistler measure-
ments for quiet and moderately disturbed periods (An-
gerami and Carpenter, 1966). The densities tend to be
somewhat larger than those obtained from whistler data
for Kp=2-4, They are however well below the expected
values for very quiet conditions., This result indicates
that hydromagnetic emissions propagate in the low density
region outside of the plasmapause., The densities in
figure 2.5.1 fall off at a rate between r-4 and r-5
which is in reasonable agreement with our density model
(x-4).



Day

4/24/66
5/17/66
9/10/66
9/10/66
9/12/66
10/4/66
10/13/66
1/20/67
1/24/67
6/13/67
6/22/67
7/4/67
7/4/67
6/9/60

Dispersion measurements, equatorial densities and L values

Time

EST

0330
0200
2030
2200
0530
0600
0500
0600
0515
0400
0500
0345
0500
1800

£

439
.632
458
577
.500
.800
. 741
.980
.498
1.03
411
.610
.828
.640

cps

fh

.550
.770
.725
.822
. 740
.980
.949
1.20
.596
1.64
.520
.900
1.07
+750

Table 2.5.1

T,

134
158
130
133

90

93
164
140
163

77
175
103
113
130

sec

Ty

151
173
136
152
127
102
193
154
175

84
182
117
123
142

e
£y

cps

1.04
1.65
3.52
1.83
1.17
2,10
1.76
2,65
1.37
5.20
1.85
2.20
2,75
1.50

T
o

sec

98
120
118
105

63

70
116
104
121

67
150

86

90

91

8.3
6.9
5.3
6.7
8.4
6.4
7.1
6.0
7.8
7.6
6.9
6.2
5.9
7.6

.84
5.3
39.
4.8
.29
3.2
3.9
12,
1.9
37.
8.0
5.4
10.4
1.4

89
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FIGURE 2.5.1

EQUATORIAL DENSITY
FROM DISPERSION MEASUREMFNTS
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2.6 Discussion of Non-Dispersive Emissions

Of the thirty-four events recorded there are three
examples in which well-defined rising wave trains exist
but no dispersion is measurable. It has been suggested
that these emissions with constant slope represent a
case where a new wave is generated periodically near the
equator and the slope is representative of the dispersion
along the path from the equator to the surface. If all
the frequencies are generated simultaneously at the
equator the typical dispersion for frequencies near one-
half the equatorial gyrofrequency is less than 10 seconds
(Table 2.5.1). However, these events have a time delay
between the low and high frequencies of the order of
100 seconds (figure 2.4.2).

There are several ways of accounting for this large
time delay within a single wave train, One could assume
that the wave frequencies are very close to the equa-
torial gyrofrequency (F = ,95) but this is undesirable
as the wave-particle interaction tends to damp waves of
these frequencies (Liemohn, 1967). Another possible ex-
planation is that the plasma instability could amplify
different frequencies at different times and locations
along the field line. If this is true then there is no
a priori reason why any type of slope, rising or falling,
should not be observed.

A simpler explanation would be to assume that the
wave frequencies are well below the equatorial gyrofre-
quency so that the amount of dispersion over 5 or 6 round
trips is smaller than can be measured. If this is the

case, then the cumulative dispersion ( #** 100 sec) as
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shown by the slapes of the individual wave trains must be
the result of many round trips.

We can test the above hypothesis by utilizing the
empirical relation of section 2.4 which showed that for
dispersive emissions the separations between the peaks in
the spectra are of the order of 2/To, 3/To and 4/T0.

In the following discussion we will assume that the
frequencies are approximately .1 the equatorial gyro-
frequency and using the results of section 1.6 determine
the remaining parameters for these emissions. A compari-
son of the separation predicted by the calculated 1/To
with the observed separations will show that the above
assumption is reasomnable,

The parameters for the non-dispersive emissions are
given in Table 2.6.1 For the two emissions on 5/20/66
the normalized frequency was assumed to be .1 and for
5/29/66 it was assumed to be .15,



Table 2.6.1

Interpretation of the emissions of 5/20/66 (2124), 5/20/66 (2146) and 5/29/66
(0304) assuming the frequencies are much less than the equatorial ion gyro-
frequency.

f1 fh T(obs) F TO 1/To L n, AT
5/20/66 (2124)

.647 .821 97 ol 91.5 .011 4,2 134 2
5/20/66 (2146)

.645 .820 88 .1 83 .012 4,2 110 1.6
5/29/66 (0304)

.71 94 103 .15 93 .0108 4.5 86 4

<L
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This interpretation leads to small L values and densities
which are reasonable for these distances (figure 2.5.1).
The time delay (AT) between the low and high frequencies
for one round trip is small and in the first two cases
5/20/66) the dispersion over six wave trains would be so
small as to be unmeasurable. In the last case, (5/29/66)
the time delay over six wave trains (24 sec) would be just
at the limit of the time resolution. ‘

Two spectra for the emission of 5/20/66 (2.24) are
given in figure 2.6.1 and a summary of the peaks for the

three events is presented in Table 2.6.2.

Table 2.6.2

Peaks in the spectra of the emissions of 5/20/66
(2124),5/20/66 (2146) and 5/29/66 (0304).

5/20/66 (2124) 5/20/66 (2146) 5/29/66 (0304)
1002-1104 sec 815-917 sec 100-202 sec
f Af £ Af f Af

.650 .657 745

.685 .035 .677 .020 .781 .036
.708 .023 .703 ,026 .820 .039
.740 .032 .725 .022 .840 .020
.775 .035 .745 .020 .883 .043
.805 .030 .780 .035 .908 .025
.835 .030 .840 ,060 .928 .020

.870 ,030
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In these spectra we see peaks separated by the order of
.02, .03, and .04 cps. Assuming that these represent
separations by 2, 3 and 4 times 1/To the average sepa-
rations corresponding to 1/'['o are, .01l cps (5/20/66,
2124), ,0108 cps (5/20/66, 2146) and .0108 cps (5/29/66,
0304). 1In the first and last cases the agreement with
the calculated separations in Table 2,6.1 are good., 1In
the second case the calculated separation (.012 cps) is
larger than the observed (.0108 cps) but it is probably
within the limit of the errors in the calculations and the
measurement of the observed separations.

The calculated time delay for one round trip when
divided into the observed time delay (cumulative dis-
persion) should indicate the number of round trips made
by the waves. The number of round trips for the emission
of 5/20/66 (2124) is 76, for 5/20/66 (2146) it is 70 and
for 5/29/66 (0304 it is 62.

We see then that the interpretation of non-dis-
persive emissions as events with frequencies well below
the gyrofrequency is reasonable in terms of the L values,
densities and observed separations between the peaks.
Since the dispersion for one round trip is small and
the observed time delay for one wave train is large the

number of round trips made by the waves is large.
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FIGURE 2.6.1
SPECTRA OF THE EMISSION OF 5/20/66
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Chapter 3

RESONANI MODE STRUCTURE OF THE FIELD LINES

3.1 General

As was shown in section 2.4 the digital sonograms of
hydromagnetic emissions exhibit a very pronounced fre-
quency structure., The peaks in the spectra are approxi-
mately equally spaced and this spacing is related to the
repetition period. The analysis of several dispersive
events showed that the separation of the peaks was given

approximately by the following equation.

A¥=(Q,3°V4)/T¢> 3.1.1

where To is the travel time for a non-dispersive wave
(F=0); recall that the phase and group velocities are
equal at this limit,

One can consider the propagation of the anisotropic
Alfven wave along the field lines as being analogous to
the propagation of waves on a non-uniform string. When
the "string" is terminated at two ends (the surface of
the earth) and the proper boundary conditions applied
we have a system with certain resonant modes of oscil-
lation.

For a uniform string the travel time To is the period
of the lowest mode of vibration. The frequencies of the
higher modes are given by fn=n/T0. We note with reference

to 3.1.1 that the frequency separation between modes will
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1/To. It is apparent then that the peaks observed in
the spectra are a reflection of the resonant modes of
vibration of the field lines.

In the case of a non-uniform string we can determine
the frequencies of the resonant modes by use of the
WKB method which requires that the phase integral over
the length be equal to an integral number of half wave-

lengths (equation 3.1.2).

L dS
Ny = So (s, £) 3.1.2

This technique is valid if the change in velocity over

a wavelength is small; a condition which is not satis-
fied below an altitude of 15,000 km for frequencies of the
order of lcps. The phase velocity, like the group ve-
locity, decreases with increasing frequency. In the mag-
netosphere along the field lines the velocity is a mini-
mum at the equator and reaches a maximum at an altitude
of 2000 km.

This low velocity region contributes most to the
integral in 3.1.2 so that the frequencies of the resonant
modes are determined mainly by the properties in the
equatorial region. Also we can see from 3.1.2 that as
the frequency increases (the velocity decreases) the
modes will become closer together in frequency.

As a rough approximation the WKB method is suitable
for providing a basic understanding of the characteristics

of the resonant behavior. 1In order to treat adequately
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the various field line and density models the propagation

of the waves was formulated as a one dimensional, layered

media problem.,



79

3.2 Formulation of the One Dimensional Problem

In this section we will derive a matrix equation
which determines the fields at any point in a constant
velocity region, given the values of the fields at some
other point. Repeated application of this equation for
each layer of constant velocity coupled with the ap-
propriate boundary conditions will permit a complete so-
lution of the problem. Let us consider first the propa-

gation of waves in a homogeneous plasme. The components

of the wave are:

e A A A (wt-O(X)
E= (ExX+E, Y +E; 2) €’

(B, X +B,9+B,£)€j(wt‘°(x) 3.2.1

@k
1

where the geometry is given in figure 3.2.1

Figure 3.2.1

Geometry for wave propagating at an angle to the field.

z
Bo + T 0( R Cos(e 907)
5 = B, 2




Maxwell$ equations for a wave propagating in a plasma
g g

are given in 3.2.2,

KT -KX O
KX KT O
o o KP

=l
u

and from Appendix A
¢ (I-F.F)
KT'= V2 U-FOa-F)
- E:: (';;"'Fi\
X0 ve -FEH(-F*)

_ - ¢
KP= - % =F

Fy = b\)/_ﬂ_‘[‘_ = ratio of wave frequency to gyrofre-

quency.
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3.2.2

3.2.3

3.

2.4



In component form equations 3.2.2 become:

- A By = jwMa KP E;

I

into 3.2.9 we have in matrix form

-
o o

(») (]

HEKT  MEKY

_g_Er =jw By

z

dEY - - dEz ~jwBy
JAEy= jw Bg

ZI'L% = WME (KT E, - KX Ey)
d By

d

=jw/46¢(KXE)¢ "—KT Ey) _J.dlaz

!‘1
0 ”("b\}‘c";
| o

2
MEKX  MEKT(1-Pgzrr) © O

O O

2 o m
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3.2.5

3.2.6

3.2.7

3.2.8

3.2.9

3.2,10

Making the substitutions of 3.2,10 into 3.2.6 and 3.2.7

[3.2.11
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For phase propagation parallel to the field (O = 0) the
above set of equations can be simplified into a 2 x 2
matrix form by the proper combination of the field vectors.

For a left rotating coordinate system we make the com-
binations ELz EX-'JE)’ and BL = J ( Bx- J By)

With this substitution 3.2.11 becomes.

] EL 0 -jwl| |E
; 3.2.12
13& lFBL ‘<}09A4§ o) ESL
N L < L .

AR VA \/A2 (1-F) = c’/KL = ECZ/(KT-J KX)

This form of our original set of equationsis satisfactory

i1

so long as the two terms containing D(zin 3.2.11 are
much less than 1, This condition is easily satisfied in
the 1,4 term of the matrix in 3,2,11 as KP is quite large
(note the F- in the denominator in equation 3.2.4). 1In
the case of the 3,2 term this condition is not so easily
met as KT is of the order of 10 °KP. 1In this case one
is justified in dropping the «2 factor only when B¢40°.
Unless there is a certain amount of refraction by
density gradients transverse to the magnetospheric field,
e will exceed this angle at latitudes along the field
line greater than 20° (Appendix B.) This angular dis-
tance ( )\ = 200) accounts for almost 50 percent of the
total arc length of the field line and at these latitudes the
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wave frequency will be well below the gyrofrequeﬁcy. This
last result allows us to investigate some of the propa-
gation characteristics in a simple fashion as the set

of equations in 3,2.,11 uncouple., As F,."O, (KX < T
3.2.4) equation 3.2,11 can be separated into two sets of
equations, one for Bx, Ey (extra-ordinary) and another for
By, Ex (ordinary). The limit KXQ is equivalent to

the Quasi-Plane (Quasi-Transverse) and the MHD approxi-
mations., As the name Quasi-Plane implies the ordinary
(guided or anisotropic) wave and the extra-ordinary
(unguided or isotropic), wave have plane polarizations,

In the limit where the terms in 42 are small the
two linerarly polarized waves have the same propagation
characteristics. These waves can be added at one point
with the proper phase lag to produce a left polarized
wave and after propagating through an inhomogeneous re-
gion they will still add together to give the same po-
larization since each has the same velocity and reflection
coefficients.

For A not equal to zero the two waves will have
different propagation characteristics; the first set
above being more dependent on A, A detailed examination
of the effects of non-zero % on the propagation of these

waves is worthy of further study.
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The equation 3.2.12 is of the form

g-zl = A-X 3.2.13

If the matrix A is constant ( v constant ) between Z

1
and 22 we can easily integrate 3.2.9,
_ A(Z.‘Zz)
= X2 € 3.2.14
The exponential in 3.2,.14 can be expanded in a power
series as follows:
A(Zn-ZL) i 3
e = I + A(?,'Z,,) + Hz(zl ‘22)+A3(2'—23)f coe 3.2.15

! 3!

The characteristic equation for the matrix A(Z1 -Zz) is

No=-wi(z, -2y /M 3.2.16

and the Cayley-Hamilton theorem states that the matrix

satisfies its own characteristic equation.

ANZ-2Y =T 3.2,17
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Regrouping the terms in 3.,2.15 and making use of 3.2,17
we find that

eA(l.-Z)) _ I(' . AZ/RI ,_)“//‘/'/* )
L AGC2) (X )3l 42 sl4-) 3,218
A

' 3.2.19
2,-2 . ) .
") L 1 s GN) + AR 51n (6)
J
and upon substitution of 3.2.,16 in 3.2,17 we obtain the
final result,
[ ] 3.2.20
eA(zo"?z)—n - COSY,; )N: S ’Ia Yll
v 4 .
/—':,-_SmYn CoSYnl
I J
where an = v (Z,,—Zl)
/N
The solution of 3.2,12 for a layer of constant velocity
is then
Ewm Eme
3.2.21
Bm m m+\ Bm+\
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The matrix in 3.2.21 relates the fields at Zm to the
fields at Zm+l through a region ( 2w, LZ2& Zme) in
which the velocity is constant. In the model to be used
in this section the arc distance along the field line
is the linear distance 2 and the layers of constant
velocity are taken perpendicular to the field lines. 1In
this treatment we have neglected the effects due to the
curvature of tle field lines. The model is shown in figure
3.2.2.

Figure 3.2,2

One Dimensional Model

z. 2 2, Zs-1 Zs Za
Eo E\ ' En
Bo B, Bn

——

Application of 3.2,21 at each of the boundaries
results in the following equation relating the fields

at each end of the system.

Eol (L -\ [5] *;-ng+."»}!)‘n ::

3.2,22

Eol 3.2.23
- rv1 ES + r\j ES,,
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where S is the source vector (Se, Sb).

Two models were set up and solved using 3.2.23.
The first, which will be called the open model, has a
layered region from Zo to Zg and a uniform halfspace
for Z greater than Zg. This model will be used to repre-
sent the field line from the equator (Zg) to the surface
(Z2s). In this model the boundary conditions are that at
Z = Zg the electric field vanish and that at Z = Zg

there be an outgoing wave only.

i?=") ) [Eo =0
3.2,24

E?".Z?S 3 Bs = EES»///\rg

The boundary conditions (3.2.24) and equation 3.2.23
lead to two equations in two unknowns (Eg and Bg). With

the source in the magnetic field the solution of 3.2,23
and 3.2.24 is:

EESp== - pq:a, ESb
<,h4||'f P4na”/7u?;)

Bo= | Mjq + Mn(Man"'M:z//"‘s) S, 3-2.25
(F“\" 4"‘1:1//U;)

The second or closed model represents the complete field

line., The points at Z0 and Zn correspond to the inter-
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section of the field line with the surface of the earth
and the source position (Zs) corresponds to the equatorial
crossing point of the field line.

The boundary conditions for this model are that the
electric fields vanish at the ends (Eo = 0, En = 0). The
boundary conditions and equation 3.2,.23 yield two equations
in two unknowns (Bo’ Bn) which are solved for sources

in either the electric or magnetic fields,

source in the electric field S = (Se, 0)

Bn= - P"I\ S;C
Nz 3.2.26

Bg = ( Ma, N\‘L "'Mn Nzl) S
e
rqlﬁ

source in the magnetic field

- e Ml’-
Bn N2 Sb

3.2,27

Bo = (NiaMaa - MiaNaa) g,
N2,

Since the matrices M and N are complex, the fields will
in general be complex, i.e. B = \BICJ‘}’ .
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The values of the fields at any intermediate point
can be determined from the end velues if the partial

matrix products in 3.2.22 are saved.

Em (o

- =_ﬂ_ ﬂ S+f\_..ﬂ g 3.2,28

m Mme - S S ! yuin n

The operations in equation 3.2.22 through 3.2,28
were programmed for machine computation and the results
will be presented in section 3.4,

We can consider the model we have set up as a one-
dimensional box in which we have placed a source. The
solution we have obtained allows us to determine the
response of the box as the source changes frequency. In
the open model the source and the reflected energy are
allowed to radiate into a half space while in the closed
box the energy is trapped between two perfect conductors.
We have yet to specify the velocity structure within the
layered box and this problem will be taken up in the next

section,



90

3.3 Models for the One Dimensional Box

The Alfven velocity along the field line is a
function of the magnetic field strength and the density.
Equation 1.4,3 provides the magnitude of the field as a
function of the magnetic latitude. The linear distance
along the field line as a function of magnetic latitude
is found by integrating equation 1.4.1.

Z= S\ - S0 3.3.1

where

-
SO = Re._!.- SinAJT+3 Sintd +2= In Esm)*}lr”n‘}
2 /3’

3.3.2

The layered model representing the field line was
considered symetric about its midpoint, corresponding to
the equator and each half was in addition separated into
two regions. The section from the center to a distance
of 1000 km from the end was considered as representing
the magnetosphere, The density varies through most of
this region as r4 except from 4000 to 1000 km where it
was joined smoothly to the density in the ionospheric

part of the model. The velocity in the magnetospheric
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part of the model is given by 3.3.3.

S = Vo. (l"‘ W /_ﬂ.*)va 3.3.3

/2

where \fo = B/E 4T n h’u-,]
AN, = )CIB/)‘Y'H-

The velocity in this part of the model is real and dis-
persive,

In the remainder of the model the region from 1000
to 100 km represents the ionosphere and an air layer
from 100 to O km completes this section. The basic
ionospheric model is representative of night time, solar
minimum conditions, with one variation of this model
permitting higher collision frequencies which are repre-
sentative of the average conditions between solar maxi-
mum and minimum. The velocity in this section of the

model was calculated from 3.3.4.

1/a
)

V= Va _{_L" i")+("j%)} (-3 % 3.3.4

BN VN o s Ly
I=i(&E e )
where 74 = ion collision frequency

7/ = electron collision frequency



92

The collision terms in 3.3.4.result in a complex,
dispersive velocity. The losses of energy in the system
are allowed in the two regions representing the ionosphere
at the ends of the box.

The parameters used in the various models are pre-
sented in Appendix D along with represenfative velocity

profiles.
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3.4 Results from the One Dimensional Models

We will discuss first the results of the open
models the ionosphere alone and for the combination of
the ionospheric and magnetospheric models. The latter
will show the filtering effects on the spectrum for waves
generated at the equator and propagated to the surface.

Next the closed model results will be presented.
These will show that terminating the field lines intro-
duces a spectrum of resonant modes of high Q. The waves
which exist for long times in the magnetosphere will
acquire a spectrum of this type. The resonant modes
from low to high frequencies will be investigated even
though the frequencies of hydromagnetic emission correspond
to very high order modes (20 to 50). The low order mode
information will be needed in order to relate the results
of the model calculations to the observed fine structure.

The models used in the calculations are given in
Appendix D. Three ionospheric models have been used.

The first model (I-1) has 13 layers and is representative
of night-solar minimum conditions. The second ionospheric
model has the same density profile as the I-1 but higher
collision frequencies representative of the average be-
tween solar minimum and solar maximum, The lst iono-
spheric model (I-3) has a density profile appropriate

for early morning (0600). The densities in the magneto-
spheric models are proportional to r'4 except at the
lowest altitudes (1000 to 400 km). These models are
specified by their L value and the equatorial density

(ne).
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The top~curve in figure 3.4.1 shows the response
of the ionospheric model I-1 to a source at 1000 km and
a half space above. Here we see a broad peak at .39 cps
with a Q of 6. At this frequency there is a resonance
in the low velocity part of the ionosphere such that
there is a standing oscillation of one quarter wavelength
between the surface and a height of about 1000 km. There
will be a series of resonances of this type at approxi-
mately odd multiples of this frequency (1.17, 1.56 etc.)
representing standing oscillations of odd multiples of a
quarter wave,

This resonance is important for several reasons
since it not only provides the transparent windows through
which energy can propagate into the ionosphere, but it
also controlls the cutoff frequency of waves propagating
in the ionospheric waveguide., It is the ducting of the
wave energy in this waveguide which permits one to ob-
serve hydromagnetic emissions entering the ionosphere
at latitudes greater than that of the observation point,

The second and third curves in figure 3.4.1 illustrate
the amplitude response at the surface for the open models
when a source is located at the equatorial crossing
point of the field lines. In these spectra we see a
broad bandpass region centered on the frequency of the
jonospheric resonance and several subsidiary peaks which
are the result of the filtering action of the magneto-
sphere., The Q's of these peaks are of the order of 10 to

15. Calculatioms performed with the same magnetospheric
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model and an increased collison frequency (model I-2)
show a slight lowering of the amplitudes and the Q's.

Figure 3.4.2.shows the amplitude spectra
for the one quarter and three quarter wavelength reso-
nances (curves 1 and 3) of the early morning ionospheric
model (I-3). Since the velocities . in this model are
lower than the preceeding example, the resonances are
at lower frequencies. The first resonance is at .25 cps
and has a Q of 3,8 and the second has a frequency a
little greater than three times the first (.775 cps)
and has a Q of 3.5.

The second and fourth curves (figure 3.4.2) are the
amplitude spectra for the early morning ionosphere and
the L = 7, n, = 1 magnetosphere model with the source at
the equator. As in the previous model these spectra have
a broad bandpass at the ionospheric resonance and a number
of superimposed peaks. In the region near the first
ionospheric resonance these peaks have Q's in the range
3 to 7 and at the higher resonance, 16 to 25, Note that
the higher Q peaks tend to be those on the flanks of the
central bandpass,

As a final example of the open models, the amplitude
spectra for a high density magnetosphere (L = 7 n, = 2.7)
and the early morning ionosphere are presented in figure
3.4.3. The upper and lower curves are for frequencies
near the first and second ionospheric resonances res-
pectively., The Q's of the peaks in this case are a bit
greater than in the L = 7, n, =] model being of the order

of 4 to 12 for the first resonance group and 20 to 40
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for the second. Note also that the peaks are spaced
closer together in this model due to the lower velocities
in the magnetospheric part of the model. Although these
spectra bear a superficial resemblance to the observed
spectra of some hydromagnetic emissions we have seen in
section 2.4, the peaks are not spaced nearly so regu-
larly nor do they have Q's as large as those which are

often observed.
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We will now consider the results of the closed model
calculations. These models represent the complete field
line from the surface of the earth in the northern hemi-
sphere to the surface in the southern hemisphere. The
models are symmetric about the equatorial crossing point
at which point a source of unit amplitude and zero phase
is located. Since the model is symmetric with respect
to the source, we find that a source in the electric
field excites only the even modes (an even number of
quarter wavelengths) and a source in B excites only the
odd modes.

These models are very different from the open
models in that the waves are confined between two per-
fectly conducting surfaces and are, therefore, capable of
building up strong resonances as can be seen in figure
3.4.4.

This figure shows the response of the system in the
neighborhood of the seven lowest modes for the magneto-
spheric model L = 7, n_ = 1/cm3 and the night time iono-
spheric model I-1. The velocity structure for this
model is shown in figure 3.4.5.

The Q's of these peaks are quite high, typically
greater than a few hundred, The frequencies of these
peaks and the resonant frequencies one would calculate
from the travel time integral for this velocity model are

presented in Table 3.4.1.
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Table 3.4.1

Resonant frequencies from one dimensional model and
from phase travel time (WKB).
L=7,n, =1, I-1

Mode Model Phase travel time
1 .0118 cps .0155 cps
2 .0308 cps .0309 cps
3 .0480 cps .0464 cps
4 .0653 cps .0619 cps
5 .0821 cps .0774 cps
6 .0990 cps .0928 cps
7 .1165 cps .1083 cps

The frequency of the first mode computed from the
inverse of the phase travel time ( '1‘o = 64.6 sec ) is too
high by 30 percent; the frequency of the second mode is
about correct and the frequencies of the next few modes
are about 7% too low.

Figure 2.4.6 shows the low order mode structure as
a function of arc distance from the surface to the
equator. The odd modes (source in B) are antisymmetric
about the equator and even modes (source in E) are symmetric.
The increase in wave length (zero crossing) due to the
increase in velocity towards the surface can be seen in
the case:of the seventh mode. At still higher frequencies

the mode structure (zero crossings) tends to be concentrated
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in the low velocity (short wavelength) region near the
equator.

The other low velocity region in the ionosphere
below 1000 km (figure 3.4.5) has a fundamental resonance
( A/1 ) near .4 cps as we have seen previously.

The effects of this resonance in the closed model are
illustrated in figure 3.4.7. The top curve in this
figure shows the amplitude of B'at the equator for a
source in E, the bottom curves show the amplitude of

B at the surface for sources in E and B. These curves
show the effects of this resonance in the complete.

model consisting of the magnetosphere and the iono-
sphere; recall that the only disipative part of the model
is the ionosphere. As the modes approach the frequency
of the ionospheric resonance the amplitudes and Q's of
the peaks decrease. The Q's of the peaks between .40

and .42 cps are about 50 and the Q's off to the sides of
this region are of the order of 100, At still higher
frequencies the Q's can be as large as 500 to 1000, Note
that the response at the equator ( top curve ) is simi~
lar to that seen at the surface except that the minima
between the peaks are deeper in the former case.

The mode structure near the end of the model, for
several peaks in the vicinity of the ionospheric reso-
nance, are given in figure 3.4.8. As the frequency in-
creases the mode (zero crossing) moves down until at
.406 cps we have a quarter wave between a distance of
750 km and the surface.

We find then that the collisional effects (dissipation)
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become most important in the region of the ionospheric
resonance, leading to a reduction of the amplitudes and
the Q's of the peaks. The appearance of these spectra
are different from those for the open models which show
a broad transparent region in the neighborhood of the
ionospheric resonance. These two types of models are
quite different in that the open model loses most of the
energy generated by the source into the half space while
in the closed model the energy in trapped in the system
except for that which is dissipated in the ionosphere.

In light of the above discussion, it is interesting
to note that in the closed model the ratio of field at
the surface to that at the equator jincreases for those
peaks in the region of the ionospheric resonance even
through the magnitudes of the fields at the equator and
the surface has decreases (see also figure 3.4.7). The
ratio of the field at the surface to that at the equator
for peaks far removed from the ionospheric resonance is
about .3 and for peaks in the resonance region about 3.
so that there is about a 10 to 1 increase in this ratio
which is about the same order as the increase in ampli-
tudes for the open model. In this sense the closed model
also exhibits a transparent window in the region of the
ionospheric resonance.

Increasing the collision frequency (Ionospheric Model
1-2) lowers the amplitudes and Q's of the peaks near the
ionospheric resonance as can be seen by comparing the
two top curves in figure 3.4.9. In addition, the fre-

quencies of the peaks in the region from .35 to .43 cps
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are slightly shifted; outside of this region the Q's
are slightly lowered but the peak frequencies are not
appreciably altered.

One difficulty with the closed model presented here
is that it does not allow for certain losses of energy
out of the system that undoubtedly occur and so the Q's
from this model are probably unrealistically high. One
of the losses will result from the less than perfect
guiding of the waves and another is the result of the
coupling of wave energy into the isotropic Alfven wave.
It is this wave energy in the isotropic mode that is
trapped in the low velocity wave guide centered at 400
km,

Prince, Bostick and Smith (1964) have stated that in
their model studies of transmission through the ionosphere
that most of the wave mode coupling was generated below
200 km. In this region both the electron and ion col-
lision frequencies increase rapidly. This results in an
increase in the KX dielectric tensor component which we
have seen couples the various field components (equation
3.2.11). The effects of the loss of energy into the
waveguide will then be similar to increasing the col-
lision frequencies as it is the collisional coupling
that allows the generation of the isotropic wave.

The data from the closed model studies presented so
far show several interesting features. First, that the
frequencies of the resonant modes are determined mainly
by the properties of the magnetosphere with the iono-
sphere playing a minor role except in the region of its

resonance where the frequencies and the Q's may be
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noticeably altered. It is important not to underplay
the significance of the ionospheric resonance with respect
to the observation of hydromagnetic emissions at low
latitudes, Since the velocities of the two Alfven modes
are not greatly different for propagation along the field,
the isotropic mode will also have ionospheric resonances
for vertically propagating waves at nearly the same fre-
quenciesas the anisotropic wave, Manchester (1966) has
shown that the steepest mode angle for propagation down
the waveguide is around 890, so that the vertical reso-
nance frequency is essentially the same as the cutoff
frequency. He has also shown that the mode angle de-
creases rapidly as the frequency increases above the cut-
off. A relatively small band of frequencies will then
find a large range of mode angles at which energy can
propagate in the waveguide, This should make for ef-
ficient coupling of energy into the waveguide for fre-
quencies just above the cutoff.

The plot of mode number vs. frequency for the L=7,
ne=l/cm3, I-1 model are presented for a wide range of
mode numbers in figure 3.4,10, The curve through the
points is relatively smooth except in the region of the
ionospheric resonance, Note also the increase in the
slope as the frequency increases; this is a reflection
of the dispersive velocity in the region near the equator,
In this case the equatorial gyrofrequency is 1.39 cps
so that the normalized frequency F is about .5 for the

highest frequencies shown (.7 cps).
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In figure 3.4.11 are presented a set of mode number
vs. frequency curves for a model with a high density
magnetosphere, n_ = 2.7/cm3, L = 7 and the night-solar
minimum ionosphere (I-1)., The velocity in this model
is lower than in the previous case and the mode frequencies
are lower and spaced closer together. The frequencies
of the low order modes for this model can be predicted
quite accurately by multiplying the resonant frequencies
for the n_ = 1/cm3 model by the ratio of the phase travel

times in the models as can be seen in Table 3.4.2,

Table 3.4.2

Frequencies of the first four modes for the L = 7, n, =

2.7/cm3 model compared with those predicted from the

n, = 1/cm3 model.,

Mode no, n,6 = 2,7 Predicted from n, =
1.0 calculations
1 .007 .0074
2 .018 .0189
3 .029 .0302
4 .040 0411

Although this technique is not valid for determining
the peaks of the higher modes where dispersion is im-
portant it can be used to roughly scale the separation

of the peaks at these high frequencies. In then = l/cm3
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model the average separation of every other peak is about
.023 cps at .7 cps; multiplying this number by the ratio
of the travel times (.63) we get a predicted separation
of .0139 which compares favorably with the average cal-
culated separation of these frequencies of .0l4 cps.

As an illustration of the effects of the L parameter
on the resonant frequencies the calculations were carried
out for a model with L = 8, n_ = l/cm3 and the solar mini-
mum ionosphere. The results are given in figure 2.4.12,
This model and the one for L = 7, n_ = 2;7/ém3 had nearly
identical phase travel times (To); 101.1 and 102.4 sec
respectively. We see from figures 3,4.12 and 3.4,11
that the frequencies of the first seven modes are the
same; however we note that at the higher frequencies
where the dispersion is important that the slopes for
L = 8 are steeper since the ion gyrofrequency is lower

along this line (.93 compared to 1.39 cps).
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3.5 Discussion of Results and the Fine Structure

We have seen in the preceeding section that a source
in the closed model sets up a series of resonant modes.
The random fluctuations due to the solar wind and other
sources should excite many of these modes. The back-
ground of waves should then have a spectrum character-
istic of these resonances. When the conditions are favora-
ble, i.e. there exists a proper distribution of energetic
particles with a pitch angle anisotropy, the particles
can transfer large amounts of energy into the waves.

The plasma instability will then amplify the spectrum
of background waves in some band of frequencies below
the gyrofrequency.

The spectrum will then be given by the product :of
the amplification and background spectra. The source
amplification spectrum as given by Leimohn (1967) has
in general a sharp high frequency cutoff at .5 to .8
the equatorial ion gyrofrequency, a maximum just below
the cutoff and a slow rate of falloff on the low fre-
quency side (figure 3.5.1).

The waves are amplified in the region near the
equator and then propagate to the surface. The wave
spectrum as seen at the surface will then be further
modified by the propagation through the magnetosphere
and the ionosphere. This modification of the spectrum
is given by the open model calculations. The spectrum
as seen at the surface is given by multiplying the
product of the resonant mode and the source amplification

spectra by the open model spectrum, The final spectrum
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as observed at lower latitudes will be modified by the
waveguide response which will introduce a low frequency
cutoff near the frequency of the ionospheric resonance.
The spectrum is shown schematically at various stages
in figure 3.5.1.

The calculations in section 3.4 have shown that the
low order mode frequencies for variations in the density
and the L value can be determined quite accurately by
multiplying the frequencies by the ratios of the travel
times (Table 2.4.2). Although the resonant frequencies
of the higher order modes cannot be determined in this
fashion, we can determine the separation between the
modes by this same scaling.

In order to apply some of the previous results to
the observed fine structure of hydromagnetic emissions
the change in the separation of the mode frequencies has
been determined from the model calculations. These re-
sults are presented in figure 3,5.2 the constant k gives
the separation between the modes as a function of the
normalized frequency (F) through the formula Af= kD, |
Where Q%o is the separation between the low order
modes.

From this curve the region of validity of the
empirical relation for the observed separation (0t= l/""e)
can be shown. Take for example the results of the closed
L=7,n, =1 model (Table 3.4.1). The separation be-
tween the low order modes is .017 cps and To = 64.6,

The empirical relation would give a separation of At =
l/To = ,0155. From figure 3.5.2 we see that at F = .2

the separation between every other modes is, Af = ,91x
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(.017) = ,0155. At the higher frequencies normally
present in hydromagnetic emissions (F £ ,4) the observed
separation whould be smaller than that given by the
empirical relation,

We turn our attention now to some examples of the
observed fine structure and the interpretation of this
fine structure in terms of the results of the closed
model studies.

The dispersion measurements for the event of 7/4/67
provides the following data (Table 2,5.1); L = 5.9 and
To = 90 sec. Making use of the results for the closed
model for L =7 and L =64.6 sec we can calculate the fre-
quencies of the low order modes by multiplying the model
frequencies by the ratio of the travel times (64.6/90, =
.72)., The low modes are given in Table 3.5.1,

Table 3.5.1

Low order modes for 7/4/67 calculated from the closed

model for L=7, n_=1,, T 64.6
e o
Mode Frequency Af
1 .0085
2 .0222 .0137
3 .0345 .0123
4 .0468 .0123

The separation between the modes at the frequencies of
this event (F = ,35) will down by about 20% (figure 3.5.2).
The separation between neighboring modes is then .00985;
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between every other mode it is .0197 and between every
third mode it is .0295.

Figure 3.5.3 shows the Fourier spectra for 102
second data samples from the event of 7/4/67. The lo-
cations of the peaks in these spectra are given in
Table 3.5.2.

Table 3.5.2

Peaks in the Spectra of the Emission of 7/4/67.

1495 - 1597 sec. 1393 - 1495 sec.
£ Af £ Af
747 .025 722
772 | .760 .038
.791 .019 .790 .030
.811 .020 .810 .020
.830 .019 .840 .030
.889 .059 .896 .056
.918 .029 .922 .026
947 .029 .950 .028
.986 ,039 .965 .016
1.015 .029 .996 .030
1.045 .030 1.015 .019
1.074 .029

Table 3.5.2 shows that there are peaks which have sepa-'
rations of 2 modes (.019), of 3 modes (.029) and of 4
modes (,039).



The emission of 4/29/66 had L = 8.3 and To = 98 sec
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as determined from the dispersion analysis (Table 2.5.1).

The separation of the low order modes calculated from the
L =38, To = 101 sec closed model would be .0113 cps. The
normalized midfrequency for this event is .45 so that the
separation of the modes should be .75 (.0113) = ,0085 cps
(figure 3.5.2).

shown in figure 2.4.5 and the peaks from this and a simi-

lar spectrum are summarized in Table 3.5.3

Peaks in the spectra of the the emission of 4/29/66

1300 - 1500 sec

f

420
430
+455
472
.490
.510
.532
.550
.566
.585
«595

Here we see separations of the order of one mode
(.0085), two modes (.017), three modes (.025) and four
modes (.034).

Af

.010
.010
.025
.017
.018
.020
.022
.018
.016
.019
.010

Table 3.5.3

f

.420
435
449
459
474
.493
.513
.527
.542
576
.586

2600 - 2800 sec

Of

.015
.014
.010
.015
.019
.020
.014
.015
.034
.010

The average separation between modes as

A Fourier spectrum of this emission was
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determined from Table 3.5.3 are .0087 (1300-1500 sec)

and .0083 (2600-2800 sec). These are in good agreement

with the predicted mode separation of ,0085 cps.
Dispersion measurements for the emission of 6/9/60

yield the following parameters, L = 7.6 and To = 91 sec.

The low order mode separation as determined from theL = 7,

T0 = 64.6 closed model is ,0123 cps. The mode sepa-

ration at the higher frequencies of this emission is

.7 (.0123) = ,0085., A Fourier spectrum for this emission

is presented in figure 3.5.4 and a summary of the peaks

is presented in Table 3.5.4.

Table 3.5.4

Peaks in the spectra of the emissions of 6/9/60 and 6/13/67

6/9/60 6/13/67

768 - 1024 sec 0 - 102
£ Af f Af

.580 . 1.128

.600 .020 1.145 .017
.615 .015 1.63 .018
.630 .015 1.179 .016
.662 .032 1.201 .022
.685 .023 1.216 .015
.700 .015 1.240 .024
.715 .015 1.265 .025
.725 .010 1.314 . 049
.750 .025 1,343 .029
1.372 .029

1.400 .028
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The peaks appear to be separated by 1,2,3 and 4 modes,
On this basis the average separation between modes is
.0081 cps compared to the predicted separation of ,0085
cps.

Table 3.5.4 also contains a list of the peaks in
the emission of 6/13/67. The dispersion measurements
for this event give L=4,6 and To=67. The closed model
results for the L=7, To=64.6 would predict for this
case a low order mode separation of ,0164 cps. The nor-
malized frequencies for this emission are of the order
of .2 so that the expected separation between modes is
.0148 cps. The peaks in Table 3,5.4 are of the order
of one, two and three times this value. The average-
separation between modes from Table 3.5.4 is ,0152 cps
which compares favorably with that predicted from the
model results (,0148).



Chapter 4

SUMMARY AND SUGGESTIONS FOR FUTURE WORK

The results of the first chapter show that the dis-
persion is most strongly affected by the distortion of
the dipole field lines., At a fixed local time the dis~
persion increases as the equatorial crossing point (L
value) approaches the magnetopause boundary and it in-
creases for a given L value as the local time progresses
from midnight to noon, For local times within a few
hours of midnight and for field lines crossing the equator
at less than half the distance to the magnetopause, the
distortion of the field lines is small and the dipole
calculations for dispersion should be adequate. Using
dispersion curves based on a dipole field rather than
the distorted dipole will result in L values which are
too small and densities which are too large.

The observational data presented in Chapter 2 is
in agreement with the results of other workers in the
field. That is the emissions occur predominately during
periods of moderate geomagnetic activity and that the
interpretation of the dispersion measurements indicate
that the waves propagate in the rarified plasma exterior
to the plasmapause, With respect to the observations of
the activity in the various Pc bands, several interesting

examples of a simultaneous decrease in the Pc2-3 activity
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coupling into the waveguide and its transmission proper-
ties exerts a controll over what will be observed at

the lower latitudes where many of the observation sites
are located,
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APPENDIX A

ALFVEN WAVE PROPAGATION

Several books (Allis, et. al., 1962; Stix, 1962)
discuss in general the propagation of waves in a plasma,
The purpose of this appendix is to present briefly the
propagation characteristics of Alfven waves in a plasma
such as the magnetosphere. Following in part the no-
tation of Allis (1962) the expression for the index of

refraction is given by equation A-1,

s = (BEID)/2A

A = KT Sin?@ + KP Cod* ©

B = KR KLSiwb + KP KT (1+Cos?8) (A1)
c = KR KL KP

D = B*-4AacC

The angle © is the angle between the propagation
vector and the magnetic field. (See figure A-1), Since
the displacement currents associated with Alfven waves in
the magnetosphere are negligible, the components of the di-

electric tensor ( K ) can be written as:
KL= C/Va (1-F)U+F) kX =.s)(KL- KR)
KR = CYVe (1+F)(1-F) Fr =W/t = Wfe|B/me

KT = .5 (KL +KR) K2 = C4ffnms/B*
MP = cz/\/a.e Fe F-

(A-2)
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Combining equations A-1 and A-2 the phase velocity is

P

Wy =0 <7 0~FDG-EY) 2P - F,E (-RE)S,WH
= - o 1
ke 1+Cos0 2R ¥ 4(E-E00 +540( 2

(A-3)

In the above equation the plus and minus signs refer
to the left-ordinary and the right-extra ordinary waves
respectively (Allis, 1962). The left-ordinary ( + ) wave
has left-circular polarization for propagation parallel
to the magnetic field. This wave is often called the an-
isotropic or slow Alfven wave, The right-extraordinary
wave ( - ) has right-circular polarization for propa-
gation parallel to Bo and is also referred as the iso-
tropic or fast Alfven wave. Hereafter the notation L
and R will be used interchangeably with + and - . Equation
A-3 is correct for all angles of propagation provided the
displacement currents can be neglected. This equation can

be simplified somewhat by making use of the quasicircular

— Figure A-1
Bo &

s W™
~s4, )@ 73’

e
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(quasilongitudinal) and the quasiplane (quasitransverse)
approximations; however for frequencies of the order of
the gyrofrequency (F+-= 1) there is a range of angles

( 40° £ B < 650) in which neither approximation is very
| good. For the simple case of propagation parallel to
the field the phase and group velocities for the left-

ordinary wave are {fF << ')

W= wlRe = Vo (1-F2)Y2 (A-4)

' 3/a
W F
- - A-

U = R = Ve (| +) (A-5)
For propagation at any arbitrary angle the group ve-
locity is found by evaluating equation A-6 (Stix, 1962).
(See Figure A-1)

A -b'o A ')UD N A
= k2 B =k U, +0 Usg
U= R5w ™ %kl o8 k (A-6)

The components of the group velocity along the direction
of the phase velocity ( Uwn ) and perpendicular to k (Up)

are given in equations A-7 and A-8.

uf = Va pp /(140 vbr) a-7)
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where

o= [ Co2 BJF2(-EY) +EX(1-F] e 5110 R (1-ARE)] /¢
br=2[-F.F (F-EYCos?0 /8] /dt
C= (I-F)(-F*) Lost8-F FE (I-FE) 5100

d:
S

1¥]

| + Cos'O -~ AF:+F- LA
!
[ 4(FA-EY)Cest0 + Sin10]"

i\

(A-8)

u;; = - Ui 5:h9C059[€+ 'FI]

where

e = -—-[(I*F})(l“ﬁz) + F}E(l’ﬁf—‘:)] /C

fy = [[1£G2(R-EP s 5.030) /5] /dt

Equations A-3, A-7 and A-8 have been evaluated for
the left-ordinary wave and the results are shown in
figures A-2 and A-3, Figure A-2 illustrates the de-
pendence of the phase velocity on the angle of propa-
gation to the field ( @ ) and on the ratio of the fre-
equency to the gyrofrequency of the ions (F+). We see
first that at any frequency as the angle to the field
increases the phase velocity decreases until at & =90°
the wave ceases to propagate and as the frequency ap-
proaches the gyrofrequency of the ions the phase velocity

decreases. Figure A-3 shows the trajectory of the tip
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of the group velocity vector as the angle 6 varies from
0° to 80°. We see that as the frequency increases (F+71)
the magnitude 9f£ the group velocity decreases and that

for frequéncies less than .7{l+ the group velocity vector

is confined to within 10° of the magnetic field direction.
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FIGURE A-2
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APPENDIX B

RAY PATHS IN A DIPOLE FIELD

In this section the expression for the ray paths
of the anisotropic Alfven wave will be derived under the
assumption that the propagation characteristics are
constant between surfaces of magnetic latitude defined
by A and A+DA Application of Snell's law at these
boundaries leads to the expression for the rate of change
of the propagation vector k with magnetic latitude.
(Thorne and Kennel, 1967).

ko k Cot (0-0) [ 57 - 4E - 5.1

where (see figure B.,1)

© = angle between k and B
§ = angle between k and LAz(Group Velocity)
qb = inclination of the magnetic field

Figure B.1
For a dipole field . Tan ¢ = ATaw A
5_ Ak
0
%
% a B.2

Geometry for Propagation in Dipole Field
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The dispersion relation for the Quasi-longitudinal
approximation is

4
A
k= w |+ F+ Cos B
Vo Cos® l-Fiz
B.3
where Va and F+ are functions of ) as discussed in
Chapter 1., For this same approximation (Q-L) the re-
lation for the angle ( S ) between the propagation
vector and the group velocity is given by equation B.4.
-5 ¢
Taw S ==.T1xh.é9 l 5 F+ os,€9 B.4

) + Fi+Cos©

The equation for the ray path is (Thorne and Kennel, 1967)

. I

Y—

) = Taw (6-§- &)

\

4
v

pn

B.5

For low frequencies (F+ - 0) we find from B.4 that
§ =0. This result and equations B.5 and B.2 yield
the following equation for the ray.

odvy _ "
-";;—\7\— 2'}_O~A

B.6
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Integrating this equation we have

F= RQ,L (;oszfx B.7

which is the equation of a dipole field line. At low
frequencies the ray paths are along the field lines.,
When the frequencies are not low we can still ob-
tain a qualitative picture by considering B.4. As a
wave proapgates away from the equatorial region F+
will decrease due to the increase in the local gyrofre-
quency. After some distance F+ will decrease sufficiently
so that tan 8§ = tan & ; the waves will then be guided
to the surface along the field line passing through this
point, Equations B.l, B.2 and B.3 can be combined to
determine the angle of the propagation vector ( & )

as a function of magnetic latitude,

%_?: | + & Cos ¢/C053A +\/(/\,9)Tam/\72\ (6 é)

| +Tanl0-B)] Tan 0.5 £ S1n0] B.8
where 3F;C,§/\(I+.S'Q Cos & +15 Ces“/\
Yooy =2(1+150) + T 5w [N D
a= Cod) /(4-30:30) 5

N= |+FsCosth Cos®/[4- _3Cos?9] "
D=1-F}Cos'?A / (4- 3 Cos? )
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Equations B.5 and B.8 were numerically integrated
and the results are presented in figures B.2 and B.3.

Figure B.2 shows the change in angle ( & ) between
the magnetic field and the propagation vector ( k )
as a function of angle ( A ) along the ray path for
the case where F=,5. We see that regardless of the
initial angle ( Oo ) the propagation vector tends to
become perpendicular to the field lines at high lati-
tudes as the ray approaches the surface. For F greater
than .5 the approach to the asymptotic values 1 90°
is faster than in the above case and for F less than .5
it is slower.

These results indicate that it might be useful
to study the propagation of the anisotropic wave when
the angle between the field and the propagation vector
is large. The anisotropic wave has a transverse left-
circular polarization only when @ equals zero; for other
angles the waves will be circularly polarized perpendicular
to k and in addition will have a component of E
parallel to k (Q-L approximation).

Most of the theoretical work on the cyclotron reso-
nance instability has been confined to the case of propa-
gation parallel to the field. If the instability is
limited to approximately transverse, circularly-polarized
waves (0 small) then figure B.2 indicates that the region
of the instability for any one wave is quite limited.

The inner three ray paths, in figure B.3a illustrate
the effects of increasing the frequency with zero initial

angle., The ray path for F=0 is along the dipole field
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line and as the frequency increases the rays travel at
greater radial distances, The largest increase in radial
distance is less than 5 percent and the increase in arc
length along the rays is less than 5 percent. The ray
for 8, = 40°
outsice of the ray with §, =0° and the last part (A 2 30°)

interior to this ray. This results from the fact that

, F= .8 has the first part of its trajectory

when O, is large to begin with & rapidly approaches 90°
(figure B.2).at which point the guiding is perfect
(equation B.4) and with a maximum of & for € in the
range of 30° to 40° we can consider the waves as propa-
gating across the field until © becomes large and/or
F+ becomes small at which point the wave locks on to a
particular field line and it guided to the surface.

Figure B.3b shows two ray paths for equal but op-
posite initial angles. The ray with B¢ = =30° travels
inside the dipole line passing through the same equatorial
point and the ray with 8, =+30° travels outside of this
field line. For -30° £ 6o 0° part of the ray
path is inside the field and part outside.

We see then that the ray paths are not substantially
different from the field lines. The small deviations of
the ray paths will affect the dispersion however and these

effects are discussed in section 1.5.
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FIGURE B-3
RAY PATHS AS A FUNCTION OF OoAND F

FIGURE B-2
ANGLE ( O) BETWEEN PROPAGATION VECTOR AND B0
AS A FUNCTION OF ©¢ AND LATITUDE A
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APPENDIX C
DISPERSION DATA

This appendix contains tables of calculated dis-
persion data. Tables C-1 through C-4 contain the results
for a pure dipole field (Section 1.4). Rr is the distance
(in Re) at which the waves are assumed to be reflected.

Rr = 1 corresponds to reflection from the surface and
Rr = 1.5 corresponds to reflection at an altitude of
3,000 km. LAT is the latitude at which the given field
line intersects the surface.

Tables C-4 through C-14 contain dispersion data for
the distorted dipole model (Section 1.6). With a r-4
density model, Rb is the radial distance (in Re) to

the magnetopause at the subsolar point.
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1.57
1.56
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1.82
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APPENDIX D

MODEL PARAMETERS AND VELOCITY PROFILES

Tables D-1 through D-4 contain the model parameters
for the open and closed models of Chapter 3.

Tables D-5 through D-8 contain representative ve-
locity profiles for these models.,



alt. (km)

100
130
160
200
240
280
320
370
450
580
700
850
1000

Table D-1

Ionospheric Model I-1

Night Solar Minimum - Low Collision Frequency
= electron collision frequency
= proton collision frequency

v—
v+

n (1/cm3)

.15
.21
.25
.30
.50
.10
.10
.13
.80
.35
.20
.10
.60

EO4
Eo4
EO4
EQ4
E04
EO5
EO06
EO6
EO5
EO5
EO5
EO5
E04

molecular
weight

27.0
25.5
24.0
21.0
17.5
17.0
16.9
16.7
l6.4
15.2
13.5

9.5

3.8

v-(1/sec)

.45
.20
.35
.10
.55
.80
.16
.19
.13
.60
.25
.80
.25

EO5
EO4
EO3
EO3
EO2
EO2
EO3
EO3
EO3
EO2
EO2
EOL
EOL
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v+ (1l/sec)

.25
.70
.13
.27
.90
.35
.15
.50
.90
.50

.9

.0

.0

EO4
EO2
EO2
EO1
EOO
EOO
EOO
E-1



alt. (km)

100
130
160
200
240
280
320
370
450
580
700
850
1000

Table D-2

Ionosphere Model I-2

Night Solar Minimum - High Collision Frequency

n (l/cm3)

.15
.21
.25
.30
.50
.10
.10
.13
.80
.35
.20
.10
.60

EO4
EO4
EO4
EO04
EO4
EO5
EO6
EO6
EQ5
EQ5
EO5
EQ5
E04

Weight

27.0
25.5
24.0
21.0
17.5
17.0
16.9
16.7
le.4
15.2
13.5

9.5

3.8

v-(1/sec)

.47
.30
.40
.20
.10
.20
.30
.30
.20
.15
.10
.70
.50

EO5
EO4
EO3
EO3
EO3
EO3
EO3
EO3
EO3
EO3
EO3
EO2
EO2
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v+ (1l/sec)

.30
.14
.23
.56
.22
.92
.44
.17
.40
.10
.40

.0

.0

EO4
EO4
EO2
EO1
EOL
EOO
EQOO
EOO
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Table D-3
Ionosphere Model I-3

0600 Solar Minimum - High Collision Frequency

alt (km) n (l/ém3) weight v-(1/sec) v+(1l/sec)

100 .20 EOQO5 27.0 .46 EO5 .30 EO4
130 .25 EQO5 éS.S .30 EO4 .14 EO4
160 .40 EO5 24.0 .40 EO3 .24 EO2
200 .70 EO5 21.0 .20 EO3 .56 EO1
240 .95 EO5 17.5 .10 EO3 .22 EO1
280 .23 EO06 17.0 .20 EO3 .92 EOO
320 .32 EO6 16.9 .30 EO3 .44 EOO
370 .32 EO06 16.7 .30 EO3 .17 EOO
450 .20 EO6 l6.4 .20 EO3 .40 E-1
580 .85 EO5 15.2 .15 EO03 .10 E-1
700 .42 EO5 13.5 .10 EO3 .40 E-2
850 .22 EO5 9.5 .70 EO2 .0

1000 .13 EO5 3.8 .50 EO2 .0



L

arc distance (km)

.10
.20
.40
.80
.16
.24
.32
.40
.48
.55

L
arc dist
.10
.20
.40
.80
.16
.24
.32
.40
.48
.56
.64

=7

EO4
EO4
EO4
E04
EO5
EO5
EO5
EO5
EO5
EO5

= 8
ance
EO4
EO4
EO4
EO4
EO5
EOS5
EO5
EO5
EO5
EO5
EO5

(km)

Table D-4

Magnetosphere Models

Low Density (ne=1l)

n(l/cm3)

.60
.17
.42
.90
.20
.60
.27
.15
.11
.10

n(l/cm3)

.80
.22
.60
.16
.31
.95
.42
.23
.15
.11
.10

EO4
EO4
EO3
EO2
EO2
EOl
EO1
EOL
EOL
EOL

EO4
EO4
EO3
EO3
EO2
EOL
EO1
EOL
EOL1
EOL1
EO1
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High Density (ne=2.7)

n(l/cm3)

.60
.17
.70
.25
.46
.16
.80
.45
.30
.27

EO4
EO4
EO3
EO3
EO2
EO2
EO1
EO1
EOL
EO1



alt.
100
130
160
200
240
280
320
370
450
580
700
850

.01 cps
\'

.49
.64
.37
.62
.79
.59
.36
.51
.95
.15
.23
.42

r
EO2

EO3
EO3
EO3
EO3
EO3
EQ3
EO3
EO3
EO4
EO4
EO4

.12
.19
.37
.59
.70
.49
.26
.29
.31
.25
.15
.79

EO3
EO3
EO3
EO3
EO3
EO3
EO3
EO3
EO3
EO3
EO3
EO2

Table D-5

.16
.53
.12
.22
.25
.16
.77
.82
.11
.16
.23
.42

v

v

.1l cps

r

EO3 .38
EO3 .59
EO4 .11
EO4 .14
EO4 .10
EO4 .43
EO3 .12
EO3 .72
EO4 .47
EO4 .28
EO4 .15
EO4 .79

i
EO3

EO3
EO4
EO4
EO04
EO3
EO3
EO2
EO2
EO2
EO2
EO1

.39
.14
.30
.39
.33
.18
.79
.82
.11
.16
.23
.42

I-1 Ionospheric Model Velocity (km/sec)

\'J
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.6 cps

r

EO3 .91
EO4 .13
E04 .15
EO4 .90
EO4 .31
EO4 .85
EO3 .21
EO3 .12
EO4 .78
EO4 .46
EO4 .25
EO4 .13

\

o
EO3
EO4
EO4
EO3
EO3
EO2
EO2
EO2
EQ1
EOL
EO1
EO1



alt.
100
130
160
200
240
280
320
370
450
580
700
850

.14
.43
.81
.14
.17
.18
.22
.32
.60
.10
.17
.28

I-3 Ionospheric Model Velocity (km/sec)

.01 cps
r
E02 .34
EO02 .50
EO02 .82
EO03 .13
EO03 .15
EO03 .15
EO03 .16
EO03 .18
EO03 .20
EO4 .18
EO04 .99
E04 .54

vy

E02
EO2
E02
EO3
EO03
EO3
EO3
EO3
EO3
EO3
EO02
E02

Table D-6

.45
.14
.27
.47
.55
.48
.46
.52
.72
.11
.16
.28

EOQ2
EO03
EO3
EO3
EO3
E03
EO3
EO3
FO3
EO4
E04
EO4

.1

cps

A

.11
.16
.24
.30
.23
.12
.60
.46
.30
.18
.10
.53

EO3
EO3
EO3
EO03
EO3
EO3
E02
EO02
EO02
EO02
E02
EO1

.15
.47
.78
.89
.72
.52
.47
.52
.72
.11
.16
.28

EO03
EO3
EO3
EO3
EO3
EO03
E03
EO3
EO3
EO04
E04
EO4
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v

.33
.49
.32
.13
.42
.14
.74
.45
.30
.18
.10
.53

.6 cps

EO3
EO03
EO3
EO03
EQ2
EO02
EO1
EO1
EO1
EO1
EO1
E0O



arc

.10
.20
.40
.80
.16
.24
.32
.40
.48
.55

dist.

E04
E04
E04
E04
EO05
E05
EQS
EO05
EO5
E05

Table D-7

L=7 Magnetospheric Model Velocity (km/sec)

.12
.14
.13
.90
.55
.39
.30
.24
.20
.19

.1 cps

EO05
EO05
EO05
EO4
E04
EO4
EO4
EO4
E04
E04

1.0 cps

.12
.14
.13
.90
.52
.35
.24
.18
.12
.11

EOS
EO05
EO5
EO4
E04
EO4
EO4
EO4
EO4
EO4

.12
.13
.91
.56
.35
.23
.17
.14
.12
.12

EO5
EO05
E04
EO4
E04
EO4
E04
EO4
EQ4
EO4
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.6 cps

.]—2~

.13
.91
.56
.34
.22
.15
.12
.97
.92

EO05
EO05
EO4
EO04
EO4
E04
EO4
E04
EO3
EO3



arc dist. .01 cps
.10 EO04 .11 EO5
.20 EO04 .12 EO05
.40 EO0O4 .11 EO05
.80 EO04 .92 E04
.16 EOS .66 E04
.24 EO5 .32 E04
.32 EOS5 .24 E04
.40 EQOS5 .19 EO04
.48 EO5 .16 E04
.56 EO5 .14 EO04
.63 EO5 .13 E04

Table D-8

168

L=8, ne=1 Magnetospheric Model Velocity (km/sec)

.60

.11
.12
.11
.92
.65
.30
.21
.15
.11
.87
.80

cps

EO5
EO5
EO05
EO4
E04
EO4
EO4
E04
EO4
EO4
EO04
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