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ST TEMEDNT

The work presented in this thesis 1s
mainly centred around the study of very low frequency
wave perticle interactions in collisionless plasmas
with a view to (i) investigating the generation
mechanism for the magnetospheric VLF emissions, and
(ii) explaining the favourable triggering of these
emissions at half the equatorial gyrofrequency

along the field line of their propagation,

Our approach to this study consists in
first finding how the waves affect or modify the
plasma particle distribution function and then
investigating how this modified distribution affects

low amplitude perturbations existing in the system.

The thesis starts with a preliminary
introduction to the magnetospheric plasma and
presents a brief survey of the work done by various
investigators in the field,

The effect of the Landau resonance of
whistler mode pulses on the particle distribution

function in a homogenous collissionless magnetoplasma
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has been discussed in chapter Il and an extension
of the model for VLI' emissions proposed by Das
(1968) has been prescnted in chapter III., The model
is based on gyro resonant interaction and the
nodification made therein is the inclusion of the
effect of increasing the amplitude of a resonant

pulse beyond a certain critical 1limit,

Then the question of the preferential
triggering of VLF emissions at half the equatorial
electron gyrofrequency has been taken up. The
behaviour of whistler mode dispersion relation has
been exanmined carefully and it is found that it
exhibits many interesting characteristics at that
frequency, The influence of these charaoteristios
on the gencration of VLI enissions has been
investigated in great detail in chapter IV and V
and the results have been found to be quite
encouraging,

In both the chapters IV and V, the cnphasis
has bewn put on the e¢ffects of Landau resonance,
The former discusses the Landau resonant diffusion
of particles in veldoity space and the latter

presents a study of the effects of Landau danping
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on the gyrorcsonant interaction,

The last chapter presents a synoptic. view
of the whole work and gives a discussion of the
results obtained., The scope for future work has
also been pointed out towards the end of the

thesis

\X\\nva V\Lﬁﬁxgﬁmjv
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(suthor)
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CHAPTER - I

LHLRODUCTLON

Tt is well known that the whole of the universe,
but for & trace of it, is composed of matter in plasma
state, The Physics of plasma is, therefore, an

14

extremely important discipline for understanding the
different physical processes of the universe. Study of
plasma processes can be carried out in laboratories
through the artificial production of plasmas. However,
the study of space plasme phenomena is difficult in a
laboratory where the simulation of such plasmas 1is not
always possible because of the dimensions involved,

The direct ecxperimentation, wherever possible,
with the naturally - occuring space plasnas and the
investigation of the associated phenomena éeems to be
a more plausible apprdach to the study of plasma physics
in particular and to the understanding of nature, in
general,

The terrestrial megnetosphere is one of such
natural plasma laboratories accessiblé to man, 1T

contains a fully ionised collisionless plasma immersed



in a dipole magnetic field, Observations show that
various forms of low frequency waves and emissions

are generated in this plesma, The investigation of
the generation mechanisms and the explanation of the
different features of these waves and emissions would
not only be helpful to us in developing a deeper under-—
standing of nature but would also provide us with more
detailed information regarding the magnetospheric
plasma, The phenomenon of the VLI emissions offers us
a new approach to the study of plasma physics in an
environment that is free of many of the restrictions

of the terrestrial laboratories,

The present effort ig aimed at studying from
different angles the resonant wave particle interact-
ions in collisionless magnetoplasmas with special
reference to the earth's magnetosphere and phenomena
occuring there, Emphasis has been given to the
relevance of these interactions to the triggering
mechanism for VLF emissions. An attempt has also been
made to study what processes should contribute to the
obgserved favourable emission at half the equatorial

gyrofrequency (along the field line of propagation of
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the triggering signal}whioh constitutes one of the
nost outstanding problems in magnetospheric

physics today.

1.2 MAGNETOSPHERIC PLASMA, WHISTLERS AND VLFE EMISSIONS @

A DESCRIPTION OF THE EARTH'S NEAR SPACE ENVIRONMENT

The space near the earth is not empty but is
filled with charged particles which are being ejected
out from the sun and are moving at very fast speeds
of about %00 to 500 kms/sec, This stream of charged
particles constitutes the so called solar wind,
Because of ite high electrical conductivity, it
distorts and drags the solar magnetic field along
with it,

When the solar wind meets earth's magnetic field
on its way, the latter behaves like an obstacle in its
path, The speed of the solar wind is very large
conpared to that of the hydromagnetic waves that can
propagate through it, Therefore, where the solar wind
inpinges on the magnetic field in earth's environmentd,
a shock wave ig set up and the wind turns round and

envelopes the field without penetrating it, just as a



stream of gas with supersonic speed does while blowing
past an obstacle,

During the process the magnetic field in earth's

environment behaves like a deformable baloon and gets
distorted because of the pressure of the solar wind,
The region of this distorted magnetic field is called
the magnetosphere,

Magnetic field measurements (Cahill end Amazecen,
1963) show that at a distance of about 10 earth radii
on the sunward side from the centre of the earth, the
magnetic field suddenly goes down, Thisg forms the
boundary of the magnetosphere and is knowa as magneto-
pause, Beyond the magnetopause, upto a distance of
about 20.5 earth radii from the centre of the earth,
the magnetic field fluctuates randomly., This is the
region of the shock wave where the wind particles stop

turn round the earth., This is

o

to proceed further an
knowm as magnetosheath,

At 20.5 earth radii, the magnetic field again
drops down suddenly end becomes more or 1ess smooth and

independent of distence, Thisg is the region of the



free and the unobstructed motion of the solar wind,
The field here ig frozen ihto it and is being carried
away with it,

This model of the magnetosphere, however, 1s
based only on the direct interéction of solar wind
plasma with the geomagnetic field and does not take
the interplanetary megnetic field into accpunt, The
model can be improved upon through the introduction of
an interplanetary magnetic field into the system., The

new system can be degcribed as follows:

i) To start with, there is a dipole magnetic field
immersed into a relatively weak but uniform
magnetic field,

ii) Then the highly conducting solar wind starts
blowing radially outwards from the sun at a

tremendous speed and distorts the system,

The geometry of the duasl geomagnetic and
interplanctary magnetic field systems contain magnetic-
ally neutral points. The dynamics of plasmas close to

these neutral points is rather involved because of the -

complex field topology there and has been discussed by



Dungey (1963).

Figure (1,1) gives a view of the magnetosphere

as deduced from spacecraft measurements (Ness, 1969) .

THE EFFECTS OF THE GEOMAGNETIC FIELD AND THE COLLISIONS

ON THE MOTION OF THE CHARGED PARTICLES:

Inside the magnetosphere the movement of
charged particles is governed by the earth's magnetic
field and the interparticle collisions. The relative
importance of the two depends on the ratio of the
gyro frequency to the collision fredquency. In
ionospheric regions (i,e. upto heights of the order
of a few hundreds of kilometers) where many collisions
teke place during a single gyroperiod, the guidance
of the particles by the earth's magnetic field is
relatively unimportant, At greater heights, one
collision may take place only after the particle has
nade several gyrations, Thus the collisions have
little effect on the movement of fhe particles at
higher altitudes and the magnetic field is the
predominant factor that governs their motion.

The earth's magnetic field is approxinately

dipole in character and is therefore large near the
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poles but minimum at the equator along any field
line,

The motion of particles under the influence

of such a magnetic field, in the abgence of inter-
particle collisions, will have the following three

components: (see fig,1,24),

i) A gyration of the particles around the
field line
ii) An oscillatory movement of particles parallel
to the field line, and
iii) 4 movement of the particles from one field
line to another,

' Corresponding to each of these three types of.

i ’1‘»\

motions, an adiabatic invarian?*éssociated, An
adiabatic invariant is an approximate constant of
motion and comes into picture When the variation of
magnetic field over one gyrorédiué ik small.

The adiabatic invariant associated with the
gyration of a particle is its magnetic moment
1 2

= Vi

2

. As the particle moves from equator to

higher latitudes, B increases and so also 1%s Vi .

Since the total energy of the particle is an exact

constant of motion, an increase in Vi would cause a

a decrease in VH and for a sufficiently

large value of B, Vli will becone



i
H

, |

%q ) ,,,m-avw*"""”""“"’""a'% W,awm»% ;.

3
N e
. A

%
1
I
£
:
i

/ \

Jonosphere Mirror point Perticle
trajectory

g, 1.8 A

- Gyration and Mirrvoring of Particles in Geomsgnetlc
Field,  Twilfs scross the field lines is not shown.



M eld line

Toncsohere §

q
Tarth
)

Mirror point

Particle trajectory

Fig, 1,2 B

Particles with their mirror points deep into the
jonogphere asre llkely o be lost due to collislons
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zero, Thus particle can not continue moving away
from the equator indefinitely and must retrace its
path again and again between two fixed points known
as mirror points situated one on each side of the

equator,

The adiabatic invariant associated with the
oscillations of a particle along the field lines is

the integral of its -Eﬁ along that field line

f
between the two mirror points. The particle may go
from one field line to another because of the
gradient or the curvature drifts but in any case, as
long as the adiabatic condition is fulfilled,

i
ngwhéb will remain invariant where ds is theo

Wy
line element along a field line and Ml and M2 are
mirror points.

Finally, the third adiabatic invariant comes

from the drift of a particle from onc field line
to another which is caused by the gradient and the
curvature drifts., During this type of motion the
particle goes round the globe repg%itively and

during the process encompasses a certain amount of

magnetic flux, This flux would remain invariant as



long as the condition of adiabaticity is fulfilled,

The variation of geomagnetic field at
nagnetospheric heights over one Larmour radius is
negligibly small and therefore the conditions of
adiabaticity are very well fulfilled there,

High energy particles have been observed to
be trapped in the geomagnetic field at altitudes of
about 2 to 4 earth radii (Van Allen, 1959). The
mechanisn behind the trapping of these partibles in
these regions which are known as Van Allen Belts is
their consecutive reflections from the pairs of
conjugate nirror points, |

The distance of the mirror points for a
particle from the equator depends upon its equatorial
pitch angle, The pitch angle is defined as arctan
( ”}f? / DH ) where Y and Y‘rn are the
componénts of the velocity of a particié
perpendicular and parallel to the magnetic field Bo
regpectively, For pitch angles below a certain value
which is known as loss cone angle, the éorresponding
nirror points lie far down in the ionosphere, Near

such mirror points the collision frequency is nuch



larger than the gyrofrequency and therefore the
guidance by the fiecld ié lost and the particle getbs
dumped into ionosphere, As a result, the pitch angle
digstribution of particles in Van Allen belts becomes

highly anisotropic,

Figure 1.2B shows how a particle is likely to
be lost because of the dominance of the collisions
if its mirror point is sufficiently deep in the

atmosphere,

WHISTLERS :

The electromagnetic signals in the frequency
rangec 300 to 30,000 Hz,?g@ne’ated below the lower
cdge of the ionosphere during a lightning discharge
penetrate the ionospherc and propagate out into the
magnetosphere 1if the angle of propagation is within
a narrow conec around the field direction, They are
knovm as whistlers and they suffer partial reflect.
ions successively from either hemisphere ag

evidenced by the traces of their consecutive cchoes



recorded on spectrograms that dlsplay their frequency
. T ; 4
time gtructure (Pigs, 1.3 and 1.4 '
If the time and the hemisphere containing the
location of the lightning discharge are considered as

reference, the successive whistler echoes are observed

at intervels proportionsl to 2,4,6, ..... in the
reference henisphere and to 1,3,5 ..... in the
opposite hemisphere at the geomagnetically conjugate
points, This indicates that the path of propegation
of a whistler is fixed in the magnetosphere, most
likely along a geomagnetic field line, The explanat-
ion for this has becn provided by the duct theory

( smith, 1961 ) which presumes the existence
of the regions of enhanced ionisation along the field
lines in the magnetosphere, The variation of the
refractive index across a duct confines the propaga
ion of the whistlcrs to within a very narrow anglc

from the magnetic field direction (see Figs. 1.4 and 1.5),

In the absence of ducting, the guidance to
whistler propagation along the field lines 1s lost

-0

and therefore such whistlers do not reach the ground.
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However, they have been observed from satellites,

The different frequency components of a
whistler propagate witnh different group velocitieé
and consequently arrive at the observation point at
different times., This explains the observed variation
of the whistler frequency with time on a
spectrogram,

The theoretical expression for the whistler
mnode dispersion relation for a homogenous cold plasma
in & uniform magnetic field B 1is given by

(Stix, 1962): ;

e = (1.1)

where L3 and kK are the freguency and the wave

a whistler mode wave, O 6 and 5%,

s}

vector o
the plasma frequency and the electron gyrofrequency,
¢ the velocity of light, end 6 the angle between

—_—

k and B,assumed to be small,

This dispersion relation shows that the group
velocity of the waves is maximum at a certain

frequency., The waves at this frequency, if containcd
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within the original whistler, will suffer minimum
time delay (from the time of their generation) in
reaching the observer, .Both the higher and the
lower frequency components of the whistler will be
delayed further, Such a whistler, owing to the
shape of its frequency time structure is called a

nose whistler and the frequency of minimum time

delay is called nose frequency (See Fig., 1.6).

The nose frequency of a whistler is closely
related with the nininum gyrofrequency along the
path of its propagation and, thercfore, a knowledge
of it can be used to determine the field line of the
whistler propagation,

The time delay at the nose frequency depends

upon the electron concentration (the integrated
electron density) along the path of propagation and
thus helps us in estimating the plasma densities
at verious distances from the earth, IFigure 1.7
giveg the details of the different types of
whistlers and their spectral forms.

The observations lead us to conclude that at

a distance of about four earth radii from the centre
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of the earth, the elcctron concentration falls by

a factor of 10 to 100 (Helliwell, 1969) over a
distance of less than one carth radius, thereby
separating the high density plasma region, known

as plasmasphere from rest of the magnetosphere, The

boundary of the plasmasphere is known as plasmapause.

THE VERY LOW FREQUENCY (VLF) EMISSIONS

The electromagnetic signals at frequencies
1ying in the whistler frequency range but having
their source within the magnetosphere are known as
very low frequency (VLF) enissions., They may Dbe
broadly classified into two groups: continuous
and discrete, The continuous emission or hiss
which has three subclasses - auroral hiss, midlatitude
higs and the polar chorus, consists of wide band
noise which generally lasts for about a few hours.

The discrete emissions are characterised
(i) by their comparatively short duration which is

of the order of a few seconds and (ii) by their



frequency time structure which exhibits a varieby of

shapes., 4&n emigsion is called a riser (see fig, 1.8)
or a falling tone (see fig, 1.9) depending on whether
its frequency is rising or felling with time, Sone-

times the frequency oscillates between two values and
this is called an oscillating tone, If the spectral

form of the emission rescmbles a hook, it is

referred to as a 'hook! (see fig. 1.10).

Figure 1,11 and figure 1,12 show combinations

of different types of discrete VLF emissions.

[54)
o

The discrete cmissions some times also show
periodicity br a quasiperiodicity (sec fig, 1.13) in
their occurence, Jrrequently a succession of
overlapping risers is observed which is called dawn
chorus or simply chorus., The chorus has got the
properties of both the discrete and the continuous
VLE emissions,

On the basis of their gencration, the discrete
erigsions cen further be divided into two classes:
(i) spontencous emissions, and (ii) triggered

enissions (gee fig. 1.8). The latter class belongs
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to those emissions which are excited by the action
of either a whistler or a spontancous discrete

eriission or a man made signal from VLE transmitters.

The discretc emissions have the following
outetanding features:
i) They have a very narrow bandwidth of
approximately 100 Hz.which is roughly 1 7,
of the central frequency of the emissions,
ii) The amplitude of the emissions remains almost
constt (+ 6 dB) over its entire duration,
iii) The central frequency varies significantly
with time, The ratio of the maximum to

nininunm central frequency of an emission nay

se

be some tinmes as high as 2 1.

The emissions artificially stinmulated through
the use of VLF transmitters have been found to show:
i) More frequent triggering by Morsc Code dashes
(duration 150 msecs) than by Morse Code dats
(duration 50 11 secs.).
ii) A time delay of roughly 70 to 130 milliseconds

with respect to the triggering signal,



iii) An off set frequency which is slightly higher
than the frequency of the triggering signal.

iv) More frequent triggering through VLF signals
having o frequency equal to half the mininuxn
gyrofrequency on the geomagnetic field line

along which they propagate.

Figure 1,14 shows the frequency tine structure
of the variocus types of VLF emissions and figure 1,15
illustrates the properties of discrete emissions,
Lower pancl of figure 1.6a shows a typical triggered

VLF emission at half the equatorial gyrofrequency.

VLEF enissions also, like whistlers propagate

in both ducted, as well as nonducted node, The

C 9
nonducted emissions donot reach down to the surface
of the earth and therefore can not be observed at

ground stations, However, satellite borne equip-
mnents have been able to record such emissions,
Obscrvations of the nonducted chorus from 0GO=O
gatellite show that the gencration frequency of these
enissions ig very close to half the equatorial

gyrofrequency ond that their point of origin lies
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somewhere near the squatorial plane between 2571
and 2578 latitudes in day tine and between o”N and
275 in night time, The direction of thelr propagat-
ion has alwoys becn found to be towards the poles
(Burton and Holzer, 1974),

The fact that nost of the VLEF enissions
occur at half the equatorial gyrofrequency is very
inportant and its explanation is expected to be
very helpful in understanding the nature of whistler
mode propagation in plasmag., Atbttenpts have becn
nade by several workers to explain the various
properties of the VLF emissions but no satisfactory
explanation has, as yet been given for thelir
preferential triggering at half the equatorial
gyrofrequency, To understand this phenomenon

is one of the main goals of this work,



Several atteupte have been made by various
workers in the field to explain the generation
nechenisn of VLE emissions, Initially, it was
thought that the Cerenkov and the cyclotron
radiations from the fast noving charged particlces
are responsible for the observed VLF enissions,
Cerenkov radiation is produced by a charged particle
through its electromagnetic interaction with other
charged particles of medium provided its velocity in
that mediun is greater than the phase velocity of
light, The Cerenkov radiation propagates at an
angle @ = Lot LW, !XWj with the direction
of motion of the particle, Here “ﬁp is the phase
velocity of the elactromagnetio Waveshinithe nediun
and ™y  is the particle velocity.

The charged particles gyrating arouhd the
geonagnetic field lines give rise to another Type
of radiation which is known as cyclotron radiation.

The effects of these have been discussed by



Gersiman and Ugarov (1961) and Gershman and

-~

Trakhtengertz (1966).,

However, the incoherent radiations generated
9 &
by the Cerenkov and the cyclotron mechanisns are

-

too weak to explain the observed intensities of
VLE emissions,

Gallet and Helliwell (1959) assumed the
existence of bunches of trapped electrons streaning

along field lineg, They considered the longitudinal

resonance pbetween a bunch of particles and the ambient

whistler mode noise and showed that it will result
into wave amplification over a narrow band of
frequencies giving rise to discrete VLE emissions,
However, no such elcctron bunches could be

experimentally observed,

Dowden (1962a) also assuned the existence of
similar particle bunches spiralling around
geonsgnetic field lines that give rige to Doppler
shifted cyclotron radietion, The frequency of this
radiation will change from point to point along a

ficld line.
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With hig theory, Dowden oouid explain various
types of frequency timé structures of the VLE
emissions., An c¢lectron bunch would produce a riser
or a falling tone dcpending upon whether it is
rmoving in the direction of increasing or decreasing
field strength, that is, away from the cquator or
towards the equator., According to this theory, the
emission of hooks is associated with the bunches of

¢lectrons crossing the equator,

Dowden (1962b) applied his theory to the
phenonenon of periodic discrete emissions also,
Since the interval between successive discrete
emissions was comparable with the bounce periods of
the resonant electrons, he attributed their origin
to a bunch of electrons echoing betwecen the mirror
points, This was further supported by the fact
that, quite often, a scries of periodic hooks
observed in one of the hemisphercs was found to be
shifted in time by about half a period with respect
to the corresponding series observed at the

conjugate point in the other hemisphere,



Dowden's theory was not capable of explaining
long enduring quasi--constant tones, furthcermore, the
obgervations of the periodic emissions showed that
guite often they were closely associated with
whistlers and their periodicity was cqual to the
whistler nmode echoing period for the path, Thig
indicated that the periodic emissions nmight be
generated by the successive echoes of the whistler

node waves and not by the mirroring particle bunches.

Brice (1963) showed, that under the effect of
a whistler mode wave which is right circularly
polarigzed, the eléctrons have & tendency to organise
such that their velocity transverse to the static
nagnetic field beconcs entiparallel to the wave

nagnetic field,

If the phase distribution of the resonance
electrons is initially randon end their density
distribution is uniform, thelir interaction with the
waves would nodify their phase distribution leaving
the dengity distribution unaffected, DBrice
qualitatively showed that such a bunching in phase

space would lead to coherent cyclotron radiation.



The directions of motion of the waves and
the gyroregonant electrong are opposite to each
other, Thus the radiated waves can organise the
phases of the incomming particles which is similar
to feed back, The whole mechanism may be
considered to act as an oscillator,

Hansen (1963) also recognized the importance
of the phase organisation of the particles by the

waves, She considered a whistler going away from

@

the equator and electrons spiraling in towards the
equator, along the same field line, & cyclotron
resonance would be possible between the waves and
the particles if Doppler shifted wave frequency is
equal to the gyrofrequency of the particles., She
pointed out that in this case, the resonance
condition shall remain satisficed for longer tine
if the rate of changce of particle gyrofrequency is

cqual to that of the Doppler shifted wave frequency,

Helliwell (1967) constructed his theory for
VLEF enissions by developing and extending the ideas
introduced by Brice (1963) and Hansen (1963) as

mentioned above, He showed that the wave amplitude
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gets saturated at a certain value and any further
increase in the input particle flux causes the
interaction region to drift downstrean, He further
showed that the tinme rate of change of emission
frequency depends upon the location of the
interaction region =and changes from one point to

another on a field line,

He attributed the principal emission forms
including the hookg and the inverted hooks to the
drifting of the interaction regibn across the
gquator, The triggering delay and the offset
frequency are also explained by the theory, However,
the theory is phenomenological and does not provide
any satisfactory explenation of the favourable
triggering at half the equatorial gyrofrequency.
Wnile Consideriug-the change in ﬁjh along a field
line he considered only the change due to the
nonuni formity of the field and did not include the
effects of the resonance to the sane,.

The gyroresonant interaction gives rise 1«
pitch angle diffusion of particles which, in turn,

tends to isotropize the distribution of particles in



pitch angle, Brice (1964) showed that any increase

or decreasc in particle pitch angle leads to the

damping or the growth of the whistlers, respectively.,

Thus 1f initially there are more particles with .
lerger pitch angles than with smaller pitch angles,
the interaction will lead to the growth of the
wiistlers, This is equivalent to saying that
whistlers would grow if the trensverse temperaturec

of a plasma exceeds its longitudinal temperature,

Dungey (1963) and Cornwall (1964) invoked the
whistler induced pitch angle diffusion to cxplain
the logs of em@rgetic electrons from the radiation
belts, The particles lying at the boundary of the
loss cone would, through a small decrease in their
pitch angle, be lost pernenently to the ionosphere.
Thig will lead to o unidirectional movement of the

cone boundary. Further-

w

particles across the los
nore, the particles would be consgtrained to move
only along soune diffusion curves in the velocity
space, The nature of these diffusion curves ig

found to be such that a decrease in particle pitch

angle would be agsocliated with a decrease in the



overall energy of the particles aﬁd with an increase
in the wave energy in the systen, This one weay
traffic of particles from higher pitch angles to
lower pitch angles across the loss cone boundary

will causc o growth in the whistler energy,

This reflects that the process of VLEF enissions
night comprise of the following two steps:

1) An increase in the trensverse cnergy of the
systen through some unkncwn nmechanism leaving
the parallel encrgy unaffected,

ii) Amplification of whistler mode signals that
converts part of the tranverse energy into
longitudinal energy and thus iowers the
particlc mirror points down into the

4=

ionocsphere where they are lost.
J

Vedenov et al, (1962) developed quasilincar
thebry to desgcribe the evolution of a systen
containing electrogtatic oscillations in a collision-
less plasma, The essence of the theory lies in
considering the cffects of the variations (assumed
to be small) of the amplitude of the oscillations

and those in the plasma distribution function over
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gach other, Any small change in oné produces a
corresponding change in the other and vice versa,
Ultinately the system reaches an equilibrium state
when the plasme distribution assumes the form of

a ledge and can not be further distorted by the
waves, The wave growth or damping rate approaches

to zero in this situation,

Kennel and Petschek (1966) developed an
analogus theory to explain the observed 40 keV
stably trapped particle fluxes in the magnetosphere.
They considered the existence of a loss cone in the
particle pitch angle distribution which provided
an anplification mechanism for waves existing in the
systen, The source of cnergy for this growth of
waves 1s constituted by the energetic electrons
trapped in the radiation belts of the earth, These
electrons diffuse in pitch angle during their
gyroresonance with the waves. This diffusion process
drives the particles lying close to the loss cone
boundary, into the loss cone,

The decrease in the particle pitch angles ab

the tine of their entering into the loss cone is
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associated with a net decrease in pértiole ENETLY
and net gain in the wave energy. Thus waves cause
pitch angle diffusion that amplifies the waves by
extracting particle caergy and driving them into
the loss cone, These anplified waves cause more
pitch angle diffusion, further amplification of
waves and loss of nore particles, However, the rate
of amplification is controlled by the number of
resonant particles and therefore, it continuously
goes down as nore and nore particles are lost and

ultinmately reaches to zero,

Kennel and Petschek assumed that the waves
get reflected at high latitudes and thus retrace
their path again and again, They get amplified at
cach pass across the equator, They also assumed
that the wave growth rate is a function of the
resonant electron flux J, and for a critical value
of 1t, the loss of wave energy due to absorption
and imperfect reflection is just balanced by the
wave growth, If J exceeds this value the waves
would start growing and they would drive the exccss

particles into the loss cone and would thus bring
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down the flux level back to its Crifioal value,
Thisg critical wvalue Corrésponds to the level of
stably trapped particle flux and was found to agree
resonably with the obgerved limitation of 40 keV

electron flux levels in the outer zone,

Liemohn (1967) also considered amplification
of whistlers in presence of a loss cone during the
gyroresonant wave particle interactions. The
variation of the complex wave number k along the
field line due.to variationsg in the ambient magnetic
field and the plasma parameters was taken into
account and the power transfer function between the
input and the output power spectra was determined by
integrating the imaginary part of X along the path
of wave propagation, For his calculations he
congidered the encergy and the pitch angle distributions
of the form E ' Sin" o where E and o arc particle
energy and pitch angle and mn and mn are integers.
He found that the amplification has a maximun
followed by a sharp cut off, consistent with sone

observations,
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Das (1968) took a magnetoplasma with a loss

cone in the pitch angle distribution of particles

and congidered its gyrorescnant interaction with a
narrow band whistler node wavepacket in presgence
of a background hiss,

The resonance takes place over a finite range
of parallel velocities and results into a diffusion
of particles into the loss cone, He then assumes a
model for the particle distribution function

smeared out after the passage of the wave packet,

Using this distribution he calculated the growth
rates at different frequencies and found that the
amplification at the edges of the coriginal pulse
would be substantially large compared to that of the

background noise,

Spdan and 0%t (1971) showed that a finite
length whistler train causes the gyroresonant
¢lectrons to become phase correlated with the wave
magnetic field over a time of the order of the
period of oscillation of a particle in the effective
potential well of the wave, The wave accelcration

due to the inhomogenity of the magnetic field is
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considered small so that the pemtioies remain

trapped in the potantial‘well, These phase correl ated
electrons were snown to give rise to an instability

in the form of an emitted whistler,

In o nonuniform magnetic field, both the wave
vector K and the particle speed ”@” vary with the
position of & particle along a field line, Therefore,
the condition Qj"mikégﬁn;::éz gets violeted
s the particle moves away from the resonance point
thereby making the resonance ineffecfive after a
shortwhile, Dungey (1969), however, pointed out that
1f the rate of change of the Doppler shifted frequency
is equal to the rate of change of electron
gyrefrequency along a field line, the resonance will
remain effective for a conparatively longer period.

He called the phenomenon as the second order

resonancce,

Nunn (1971) gave importance to the idea of
second order resonance, He congidered a whistler
wave train moving in an inhomogeneous plasma along

the static magnetic field direction and found that



the effects of the second order resoﬁant particles
dominate over those of the resonant particle
distribution function, after a time of the order of
one or two trapping periods., He calculated the
currents produced by these particles and showed that
they were large and were capable of giving growth
rates large compared to the corresponding linear
growth rates, He élso showed that the reactive
component of the current causes a change in the

wave frequency with time, However, a more detailed

calculation is still needed in this aspect,

Ashour Abdalla (1972) studied the effect of a
succession of narrow band whistler mode pulses on a
steady state distribution function of electrons
trapped in the radiation belts of the earth, She
computed pitch angle and energy diffusion co-
efficients for the particles and showed that the
particles would be constrained to move on given
surfaces in the velocity space. By calculating the
diffusion co-efficients along the diffusion curves,
she reduced the complexity of the problem and could

use one dimensional form of the Fokker Plank equation
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to study the time evolution of the distribution
function, She started with a Kennel and Petschek

type of digtribution and found that it gradually

developed a slot at a velocity corresponding to the
frequency of the pulses, She computed growth rates
for this modified (or, primed) distribution and found
that the growth rate is very large in the slot region.
Her mechanism is capable of explaining some of the
attributes of the Artificially Stimulated Emissions
like the off set frequency and the frequent

triggerings of emissions from the equatorial region

of the magnetosphere,

1.4, A SHORT DESCRIPTION OF THE PRESENT WORK

The present work consists of a study of the
wave particle interactions in collisionless plasmas
and makes an attempt towards understanding the

factors that are likely to contribute to the favour-

able triggering of the VLEF emissions at half the
equatorial gyrofrequency (written as ‘%-ézqﬁa for

short) along the field line of their propagation.
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The effects of both the Lendau and the gyro-
resonances of the whistler mode pulses with electrons
in a homogeneous collisionless plasma immersed in a
magnetic field B, have been studied in detail., In
ehapter II the changes in ?%3 (velocity
‘component along BO) of the particles due to Landau
resonance are computed and are found to exhibit a
quasiperiodic structure when plotted against

corresponding }}r .
MR

The consequent evolution of the distribution
function f 1ig calculated and, as expected, is found
to develop a fine structure close to the central
resonant velocity for the pulses. The positive
gradients thus exhibited by S; /‘}§%¥ at
different points of the fine structure would make
the plasma unstable for waves at the corresponding
frequencies. The perturbations at suitable
frequencies will then start growing in such a system
and will appear as emissions when the growth becomes
subgtantial,

In chapter IIT, we discuss the effects of

gyroresonance in a plasma with a loss cone,



S SR

A whistler mode pulse propagating in a plasma
containing a loss cone 1n its velocity distribution
diffuses the gyroresonant particles such that the
distribution gets significantly modified in a region
which is close to both the loss cone boundary and the
resonant }jﬂ . The mbdified distribution
amplifies whistler mode noise in narrow spectral

bands on either side of the central resonant f@h .

Thig earlier theory by Das has been extended to
study the effect of the large amplitude pulses which
were not included in the previous theory. It is
found that the peaks in the growth rate are greatly
enhanced and are capable of giving enough amplificat-
ion for VLF emissions to be seen and also explain
some of the duplicate traces in the whistler mode
observed at a low latitude station, 4 very wide
band wave packet with large amplitude has also been
considered and is found to give several peaks in
amplification on both sides of the central frequency
thereby explaining some of the observed multiple

emi ssions,
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The wave particle interactions mentioned so
far do not lead to amplification at any preferred

frequency, However, the obgervations show a definite

favoured triggering at % SLQ% . An attempt has

been made to investigate the effects of the following

properties shown by the whistler mode dispersion
relation at this frequency: (1) the equality of the
particle speeds necessary fof the Landau and the
gyroresonances, (ii) the equality of the group and
the phase velocities, and (iii) the occurance of a
maximum in the Landau resonant velocity, The results

obtained are quite encouraging towards the explanation

of the emissions at half the equatorial electron

gyrofrequency,

Chapter IV aims at discussing the effects of
the equality of the group velocity and the phase
velocity at <o = % S towards the favourable
emissions at half the equatorial gyrofrequency, The
theory of the development of a slot in the velocity

distribution of the particles during the gyro

regonance of the whistler mode pulses with the
magnetospheric plasma has been considered for

its extension to the case of the Landau resonant
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interaction, Then Dungey's suggestion for the

combined effect of the two resonances leading to the

. . ] P
favourable emissions at % Sleg  has been critically
=

o

examined and it has been shown how the same mechanism
turns out to be quite powerfﬁl due to the effects of
the equality of the phase velocity and the group -

velocity at the frequency % Ot o. for whistlers,
2,

The sirmultaneous propagation of the
electrostatic and whistler mode waves in opposite
directions in a homogeneous collisionless plasma in

a uniform magnetic field has been considered in

chapter V and it has been shown that the resulting
Landau and the gyro resonances affect the ﬁrogress
of each other., The Landau resonance distorts the
distribution in such o way that the VLF perturbations
at suitable frequencies start growing.

The Landau resonance of the off angle
whistler mode noise has been shown to divide the whole

velocity distribution into two regions: one disturbed

and the other undisturbed, This hapﬁans'beoause the

TLandau resonant velocity exhibits a maximum at
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‘ 1 o : .

W= = S coh v (o) being the wave frequency).
&

The resulting sharp change in the distribution at

the corresponding V,  has been shown to give

amplification to VLF perturbations at = = %Cffgf

Towards the end of the thesis in the last
chapter the limitations of the theory and the

scope for further work have also been discussed,
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CHAPTER IT

THE LANDAU RESONANT TNTERACTION OF OFF ANGLE WHISTLER

MODE PULSES

THTRODUCTION

The Artificial stimulation of Very Low Frequency
Emissions through Morse Code pulses suggests that'their
origin is associated with the interaction of wave
packets with the particles, The study of the wave
particle interactions is, therefore, very important and
is expected to provide clues as to the actual triggering

mechanism of the VILF emissiong,

The most important wave particle interactions are
resonant interactions as they lead to the most efficient
exchange of energy between the waves amd the particles,
The general resonance condition between obliquely
propagating whistler mode waves and electrons is given

I

by Uj.m‘}QH\/itg'nk?‘ where Yy is either zero
, ' it ” .
or a positive integer and other symbols have meanings

as defined earlier in Chapter I,
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The resonance characterised by Yy = 1 is known as

gyroresonance and occurs when the rate of change of the

phase difference between the rotating velocity vector

of the electron and the rotating field vector of the

wave becomes zero, Another resonance characterised by
Y. = 0 1s known as Landau resonance and occurs when
the rate of change of the phase of the longitudinal
component of the wave electric field as seen by the

particle becomes zero.

Brinca (1972) considered non linear Landau wave

particle interaction between electrostatic waves and a

collisionless plasma and showed that side band growth
would occur in this case, Since the obligquely propagat-
ing whistlers also have a component of their electric
field along the geomagnetic field direction, he suggested
that similar effects will be produced by them and the
consequent side band growth is likely to result into the

generation of VLI emissions,

Here in this chapter, we shall concentrate our

attention on the effects of the Landau resonant
interaction of an obliguely propagating whistler mode

wave packet with a collisionless plasmna,.
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MATHEMATICAL FORMULATION

We consider a fully ilonised collisionless plasma
immersed in a uniform magnetic field B such that the
electron plasma frequency .0, 1is much greater than

=

the electron gyrofrequency & . A whistler mode

wave packet containing a narrow range of frequencies
denoted by Lalk and wave vector K is assumed to
propagate in x-z plane at an angle 6 with the ambient

megnetic field BO acting along z direction (See fig.2.1).

The shape of the wavepacket is assumed to be Gaussian,

The equation of motion of a charged particle in

such a system can be written as

-3 —n

> T N )

Ui e Sf? Vx\ﬂ%%¢3/§. (2.1)
- (e
Jt \ - .

where V igs the particle velocity, E and b are the wave
electric and magnetic fields and e,m and ¢ are the
electron charge, electron mass and velocity of light in

free gpace, respectively.

Here we have ignored all the forces on electrons

except those of the electromagnetic origin.
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Using Maxwell's equations, equation (2.1) can be

reduced to
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where the subscripts '\} ' and ' | ' refer to vector

components parallel and perpendicular to the ambient

magnetic field direction and ‘X’ <~“:1 K. Ts —eal+ \%

) g ) e it ke ey are | ) ase a 3
and 4/(\7“ COT (3()\ are the wave phase and the

[
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particle gyration phase respectively. | L . Ey [
and ] EZ f represent the components of the amplitude of

the wave electric field in x,y and z directions,

We are interested in the consequences of equations
(2.2a) and (2.2b) over pecriods much greater than the
gyration period of an electron, For integrating these
equations, only variations in “%J and ($ need
be congidered as the effects of variations in other
quantities would be relatively small. We also impose the
condition of Laendau resonance () W,yim"\q}:: D
during integration. We find that under these circumstances
[ cos ”\%” cos f() db goes to zero over an integral
nmumber of gyroperiods under the linear assumption and

therefore eqn, (2.2b), on integration, gives:

BV = — == (2.3Db)

The integration of equation (2.2a) is rather involved
and we drop the terms containing the integral of
Cos“&ﬁdxu¢ as their contribution over the time period of

interest would be relatively small,
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Thus equation (2,2a) may be written as

i8] &, R, VY _ R ce
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With the Landau resonance condition one knows that

4T
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o

under linear approximation,
Since a nonlinear solution of eqn. (2.3) is still
complicated, the relative importance of the two terms on

R.H,3 can be estimated by substituting the results of
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integration under linear approximation,

We find that the second term on the R,H,S.of (2,3)

can be neglected in comparison of its first term if

"L
If | B, | and | E_ | are comparable, and both
< y S
~ 4
and _;§; are small, this condition is satisfied and we
7y

are left with

T S (5

This may also be written as
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Near the Landau resonance point, the variation in
1

<\<h\9u-4¥b> T is very slow and that in
¥ 19

.;5 y

largé'oompared to a gyroperiod, we can substitute the

i /1 1s very fast. Therefore, for a time period

average values of cos ( sin &1L
. [k, - .
and Sin e, Sin 4 (over an integral
: ‘ . U
number of gyroperiods) which are T ( \L\g_)
~Dy e
- Lo

and gero respectively, Thus the above equation will be

reduced *to

t\ 9 & \ , e s ¢ .' ’
}:‘«i‘} - u::h’wl__ ‘-,\, Etﬂ:‘i} LS R(“\ﬂ”\g“\ C{}thq.\}/’o%

this equation can be further approximated by
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e make use of this equation for computing the
chenges in the "tx\ of the particles caused by the

Landau resonant interaction,

COMPUTATTION OF THE CHANGES IN PARTICLE VELOCITIES

To determine the effect of waves on particles we
nust find how the distribution function of the particles
changes during the resonance, Since the Landau resonance
does not significantly affect the ’\%L of the particles,
we do not expect the particle distribution with respect
to \ﬁi_ to change with time,

However, :\3“ of the particles changes with
time and over long periods, the linear approximation is
not valid, Therefore, a numerical solution of equatiion

(2.3a) was attempted on computer to see how the particle
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velocities change with time,

A wave packet with central frequency
9

Je = 1,015 x 10% radians per second was considered,
Its band width was taken to be 0.54 of its central

frequency and its shape was assumed to be Gaussian.

The electric field EZ corresponding to the
central frequency <0, in the wave packet was taken

to be 1Om8 ©, 9.0, .

The velocity dietribution of particles was

assumed to consist of two components:

i) a back ground of low energy particles such
that the thermal velocities of the particles
are much smaller compared to the phase velocity

of the whistler mode waves, and

ii) a thin distribution of high energy particles
with their 3 's comparable to the phase

velocity of the whistler mode waves.

The propagation characteristics of the wave packet

would be determined by the back ground component which
can be considered as a cold plasma, This makes it

possible for us to use the well known cold plasma
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dispersion relation for whistler mode:

S S
o Led C*? R Sl ‘~-"L3“>
to compute Lk for a given value of  (LJ .

The second component containg particles that
undergo resonance and are therefore affected most. The
distribution of these particles will change with time,
To study the time evolution of the distribution function,
we must first integrate equation (2,3a) to find how the
velocities change with time and then develop a method
to compute the effects of these velocity changes on the
particle distribution function., We restrict our
attention to a narrow range of particle velocities lying
in the close proximity of the central resonant \}H .
A1 the gquantities in equation (2.3a) were then
normalised by dividing them with suitable constants of
the system having dimensions seame as the quantities in
question., The relations connecting the normalised and

the unnormalised quantities are listed below.
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Here ¢, represents the central frequency

of the wavepacket and the prime indicates that the
concerned quantities are normalised, In the
discussion here after, through out this chapter, we
would drop the prime for the purpose of clarity of
notation as we will be dealing only with the normalised

quantities now onwards,

The Runge Kutta method was employed for the
integration of equation (2,3a). The time increment
A between consecutive steps was chosen to be one

gyro period and the integration was carried out for a



total period of about 18500 gyroperiods, The normalised
value of central resonant f\}n was 0.5 and the
initial values for \7” were given in the range

Ny = 0.496 to 0,504 with a uniform spacing of 0.0001.

Ihe range of considered included both the trapped

o
Rl
ond the nearly trapped particles.

If the R.H,S of equation (2.3a) is represented
by F( \ﬁ“zgﬁj Y and if the value of P( \3“‘{k, ) at the
end of n'th time interval is known, then /ANN\S,, (the
change in “fﬁ\ during the next time interval) can be

calculated from the equation given below:

AR 1 N N - 7
LV A = . \1‘ Kl —+- £, \/~ 5 A \\/\ = 'j(” \{\ Ly K

o
G

where



_ / ol gy ¥ 2 ) at
K‘TS —— \\tx.\%‘ S 9 TN %? &j’j

- and

o= F (et B vhs ) at

e

Here, the subscript 'n' indicates the value of

the concerned quantity affer n'th time interval,

The errors involved in Runge Kutta method are

extremely small as they are proportional to the fifth

power of the time interval AT . Taking AN to

be of the order of 3 x 10_5 sec, the error would be

approximately of the order of 10722,

The results of the integration were used to
find €§x3“ (the total change in "W},  over the period
of integration) which was later plotted against initial
. . One such typical plot is shown in fig, (2.2)

3
which corresponds to a time period of about 1200 gyro

periods,
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The figure shows that there is a point on

Y axis slightly below the central resonant "@H

LI
where the =\, versus - \g\ curve crosses the
I
ﬁﬁﬂ\ axis, This point, which corresponds to a
3
velocity, say, U, , divides the whole axis into two

parts. The particles with their \‘}“ less than \}-
will be accelerated by the waves and will therefore
extract energy from them, The particles with théir \la
greater than '\30 are decelerated and thereby they
lose their energy to the waves, The plot of g\S“
versus ‘6\\ also shows a very interesting feature as
it exhibits fluctuations in Q;th on either side of

B These fluctuations are more or less equally

1 ®

O
gpaced along the \3“ axis and their amplitude
decreases as we go away Irom “ﬁ% = \ﬁo . By looking
at the shape of the fluctuations, one can qualitatively
infer that the distribution of the particles should
develop some sort of bunching ar fine structure in the

resonant range of the velocity space.



- 54 -

';4 CALCULATION OF THE NEW DISTRIBUTION FUNCTION

We presume that during the interaction, the
particles affected by the waves lie in a narrow range
R of “QU
velocity. The particles outside this range are considered

close to the central resonant parallel

to be unaffected by the waves and therefore their
distribution function should remain unchanged, This
leads to a further conclusion that, although the
particles are redistributed in the region R, the total
number of particles in that region should also remain
unchanged, This amounts to saying that there is no
diffusion of particles across the boundary of the
resonant and the non-resonant rc¢yions, .

Let the initial and the final velocities of
a particle parallel to B, be \33& and 5\3”?L and
those of another be \juz and ‘vég . Through out this

treatment the prime refers to the final wvalue of a

quantity.

1t \\ﬁ“ﬂf qGWyl\ ig very very small

compared to the characteristic range of qﬁn over

S,
which the initial distribution function <§ changes by
' ~Q
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a factor of e the number of par‘tiolés having '\‘}”

9

petween O\ and "'\9“;7 can be considered proport-

Wi

ional to

VWi VOng, )

\\‘5\\1 '\5\-11\, &[ % —

Similarly, 1f \'\93\2{%‘(}}“1’\ is very very
small compared to the average rafage of \)M , in the
(‘;‘0”\1 versus graph (shown in fig. 2.2), over

whi ch %\S“ keeps on fluctuating, the number of
redistributed particles having velocities between \63%1/

~ !
and D can be taken proportional to

W2

© e S et

’ o
~ / . / \ </ \9\\1 A \9\&2?
W, T % —

'\Jj
]

From the shape of the S\g-\n versus Y
curve shown in fig.2.2, it can be inferred that the
number density of particies redistributed along the
N, - axis will exhibit alternate compressions and
rarefactions in the resonant region.
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This shows that if we consider fanges of
velocities on gﬁng_n%\ graph that are very narrow
compared to the periodicity of the fluctuations themselves,
then as a result of the interaotion, they will either

contract or expand as illustrated in $he figure (2.3).

In this situation, the condition for the
conservation of the number of particles in the resonant
region combined with the fact that what ever particles
existed initially in the range 19“1"' \9“1‘ occupy
the range W&“;_ - 'b%éﬁ after the redistribution,

gives the following relationship:

.3-\)4 * (
k@“i‘”ljﬂl \ %ﬁ %'"Lis \%'2:: \\ N — \1\‘%‘(\9HL%A4H?

4]

which directly gives

%/(4\ﬂ\1 +\%,‘ > e

N

—_— b\\i \

B hY \“)\\2..4_'\0\‘3
J R (2.4)
Vb - | SN

. 7
from which the final distribution £ can be ecasily

calculated’if the initial distribution function f is known.
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The initial distribution function was taken to

be of the following form:
~ -~ \ ”’“/““5’ Q <<"\ X / \ /‘ N
B 3 X, i Niv of
} % SAANRN d [Sisde ) (as)

" - -1 _
her %‘ a constant and o« =~ : Q
AR PR Van &ﬁQL/\Jh /)
ig the particle pitch angle, a, ig the lower 1limit on

the pitch angle of the particles existing in the systenm,

The numerical values of the different quantities

used during computations are as follows:

The electron gyro 5
frequency NE = 2,03 x 107 rad/sec.
The electron plasma 5
frequency Ty = 11,115 x 10° rad/sec
Y
Propagation angle = 30°
Pitch angle o = 10°
. 4 & (@]
Lowest pitch angle f(ﬁ = 6

exigting in the
system (i.e. the loss
cone angle)
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Figure (2,4) shows the resulté of the comput-
ations for the new distribution function after an
interaction lasting about 1200 gyroperiods, The changes
in (Xm, used during the calculations for this new

digtribution are same as shown in fig. (2.2).

The initial disgtribution of the particles over
the range of resonant velocities has been shown by the
broken curve in fig,2.4. It looks like a horizontal
straight line because the range of the resonant
velocities is so narrow that the change in £ over
this range is too small to show up itself on the limited
geale of the graph, The continuous curve shews how the
particles get redistributed and develop a fine structﬁre

during the interaction,

This fine structure contains alternate positive

and negative gradients of f with % , Thege were

gl
also computed and are shown in figure (2.5). Positive

~

gradient of £ with Y lead to wave growth and

A
since the graph of 9%1/’3\3\ versus \}U shows
many pronounced peaks on either gide of the central

regonant velocity, the growth of waves at corresponding
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frequencies is expected if suitable perturbations exist
in the gystem, It can be seen that there is no growth

of waves corresponding to the central resonant velocity.

APPLIGATIONS TO VLF EMISSIONS:

The system that we have studied so far closely
resemnbles the equatorial magnetosphere where the VLEF
emissions are believed to be generated, The earth's
magnetic field is approximately dipole in character and

is roughly given by

—~ &

. | N — M
'/\i) T ( E) Q/ L’ \\/' <\l + S jﬁ"\/\l‘)\> \/\C.f;»}) }>” .u....( o 6&)

where B is the field strength along field line at a
geomagnetic latitude :x, , By is the equatorial field
strength ot the surface of the earth and L is the distance
of the equatorial point of a field line from the centre

of the earth measured by taking the radius of the earth

as the unit of length,



- 60 -

In the vicinity of the equator; the equation

(2.6b) can be closely approximated by

-
. . . RS b
B =i, (1+ 2 2 ) e (z6D)

Here RE ig the radius of the earth and » 1is the
distance from the equator, of a point at which the

field strength is B ,

The most significant changes in the velocities
of the particles take place in-about a thousand
gyroperiods' time as shown by the calculations mentioned
in the last section, Considering the particle
velocities to be roughly one tenth of the velocity of
light and taking L = 3 at which a gyroperiod is
approximately 3 x 10*5 sec,, the distance travelled
by the particles in 1000 gyro periods would be of the
order of 1000 kiloneterg, The variation in the field
gstrength over this distance ig to the tune of fzionly

and therefore the field may be considered to be fairly

uniform over the duration and the gpatial length of the

effective resonance,
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The plasma im thé magnetosphere 18 fully
ionised and at L :”3&2&&5 a density merely of the
order of 400 particles/c.c. Tt can be considered as
sollisionless because the collision frequencies are
very small compared to the plasma frequency which is
of the order of 106 radians/sec.

The plasma in radiation belts has two
components very cimilar to those we have considered
for our calculations: One 18 the low temperature back
ground plasma and the other consists of magnetically
trapped high energy particles. The distribution of
the high energy particles gets modified by inter-
action with the waves, & loss cone has also been
included in the previous calculations to make the
resemblance complete,

We should consider the effects of the resonant
interaction of the pulse with the particles all along
the line ofspropagation, However, the resonances
that take place away from the equator do not contribute
much to the changes in K%w owing to their effect-
ively shorter durations compared to those of the near
equator resonances. Thig difference 1is caused by the
nonuni formity of the static magneticfield in the

regions away from the equator where Kk and “63 change
H
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relatively faster with 2z , being functions of B, the

negnetic field. (see fig.2,6),

Now if the digtribution function is considered
to be already modi fied by an initial off angle VLEF
whistler mode pulse, it is easy to see that another
pulse moving along a field line in the same mode will
not be appreciably affected unless 1t reaches near the
equator where the strong resonant effects come into
picture and lead to a deamping of the central frequenc-
ies and to the growth of its side bands, This modified
pulse, when reacheg again to the regions of highly
nonuniform magnetic field on the other side of the
equator, does not suffer any further significant
changes in its spectrum and reacheg the ground obser-

vation station in more or less the same shape,

A mechanisn, like the one discussed above,
leading to the growth of the side bands of a wave
packet (Brinca 1972, Vyas 1974) may or may not directly
trigger VLF emissions but the underlying physical
process is very interesting and important and suggests

that the investigation of sinilar processes night lead
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us to a better understanding of the phenomenon of

VLF enissions from the magnetosphere,

In the next chapter, we will take up the

study of the gyroresonance of a wavepacket with the

particles and discuss its relevance to VLF enissions.
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CHAPTER -~ IIT

GYRO RESONANT INTERACTION OF WHISTLER MODE WAVE PACKETS:

EXTENSION OF DAS'S MODEL FOR VLF EMISSIONS

LINTRODUCTION:

In the last chapter we discussed the effect of the
Landau resonance of the off angle whistler pulses with
the electrons in a homoge%;us collisionless magnetoplasma,
It has already been pointed out earlier that a study
of the wave particle interactions is likely to give
clues regarding the generation mechanism of the VLF
emissions, Therefore, it would be worthwhile to look

into the effects caused by other resonances, too,

One of the very important resonances is gyro
resonance or cyclotron resonance which occurs when the
rate of change of the angle between the rotating wave
vector and the velocity vector of the gyrating electron
becomes zero, According to linear theory the particle

should be accelerated or decelerated indefinitely duhing



a resonant interaction but, in practice, the change in
the velooity scon upsets the resonance condition and
thus brings the interaction into nonlinear regime,

For off angle whistlers the resonance condition

can be mathematically put as

EN
13

Ca? \’111 \/‘“ == \\(\‘{, N = o N + 4 +7
) 3 ent

it

Tor parallel propagation (i.e. 6 = 0), only resonance

is the gyroresonance given by

—

WO WGy = S

The relative importance of the Landau and the
gyro resonances can be assessed by substituting their
respective conditions in equations (2.2a) and (2.2b)
and then comparing the effects produced by the two,

The regorous treatment for this is rather
involved and therefore here we attempt to have a less
rigorous but simpler and more intuitive approach,

Although? both the parallel and the perpendicular
components of the wavefields contribute to velocity
changes during either type of resonance, the Landau

resonance effects are caused mainly by the parallel



component of the wave field while the contribution to
the cycletron resonant effects comes primarily from the
perpendicular wave fields, This indicates that a
comparison of the parallel and thé perpendicular
components of the wave fields should provide a good
measure of the relative importance of the two resonances
and should also tell under what conditions one resonance

would dominate over the other,

The digpersion relation for a wave propagating at
an angle 6 to a uniform magnetic field Bo embedded in
a cold uniform plasma is given by an equation in which
zero is equated to the determinant of the matrix bn the

L.H.3 of the following equation (Stix, 1962)

S _n2 00829 -iD n2 Sin® cosbd EX L O]
. 2 & —
iD S—n 0 Ey =1 0]_._(3.1)
§ n® sine coso 0 P -n® Sin®e j B 04
j R

where



n = T = refractive index of the nedium for
" whistler node waves,
) AT
and Cu_P = ———— = the electron plasma frequency
Yy
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Agsuming that the wave fields vary as the real part of

e SL V(R T st 4 )

we get,
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With the help of equations (3,3), £, , the component
of the wave field E perpendicular to Bo may be written

as
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[ ks : %”  2 -
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,— 3 ‘
where r\k'ﬁ: (\k§‘§1~””<*3t %~ﬁ%é>>is the phase of
the wave,
It is evident that the wave is elliptically polarised
and E:¢, varies periodcally between a mininmum and a maximum.

For comparison purposesit would be convenient to deal with

the value of Eix averaged over one wave period,
/o
— 2 g .
= O [SE
gy o, ¢ ‘
Tf/’ 1
~ ' /—-\ s
“”Igf -
!
where ii; is the average value of E;, .

This equation can be reduced to

— o

Vo= = Qm%\ga\E(

W e
L, ecs)
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where B ('W]ZA - ©€C ¢ ) represents the elliptio
integral of second kind and Ek:c‘::(:ﬁ,~~ jww

Coe
the eccentricity of the ellipse of polarisation.

Thus we finally get

S _ 2 (..« @T/ ? ch - (3.4)
L£5) A |

N

This expression shows that the ratio of E;L and
2E_%;\is dependent on C,, and Cyz and, therefore, it is
determined both (i) by the plasma parameters like the
electron plasma frequency C«DP and the electron gyro
frequency <§Q, , and (ii) by the wave parameters
1ike the wave frequency . , the propagation angle ©
and the total wave amplitude B, i,e, (E2 + E§ + E 1/2
‘In.majority of the cases this ratio is larger than unity
which suggests that‘the gyro resonance effects should

donminate over the Landau resonance effects.
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EXTENSION OF DAS'S MODEL FOR VLEF EMISSIONS:

Das's rodel (1968) is based pfimarily on the work
of Kennel and Petschek (1966) although the concept
involved is equivalent to quasilinear theory first
developed by Vedenov et al, (1962), BEngel (1965) and
dndronov and Trakhtengertz (1964), However, the way in
which the problem was tackled is different from then.
He started with the idea that the energetic particles
in the radiation belts should constitute the source of
supply of energy to the VLF emissions. He considered
the presence of a loss cone in the pitch angle
distribution f of the trapped particles and, for
simplicity, took f = fo cutside and f = o inside
the loss cone, He also considered existence of a back
ground hiss which would grow for a distribution having

a step at the loss cone angle,
For the gyroresonant particles the change in ‘@N

in nonlinear regine is given by

A, eb U, Aiw C \Lj - 8?)

— =TT -

\X)K I (3.5)



where b is the wave magnetic field and (’d(-<$ )
is the phase angle between  € and KZL . 1t has been
asguned here that the propagation vector K is parallel

to Bo .
In a nonuniform magnetic field such as that of the

earth, the ‘\?“ of a particle varies continuously as

it moves along a field line

9. 5
; N Yy e
gkg*x — o 4B ~ uaw R u being the
SIS — L ~ oo
Ak 2B Az k. gyroradius.
Also, the wave phase velocity Wﬁ? = .Eéj changes as

the wave moves from one point to another on the field

line,

Therefore, the resonance condition for a particle
is soon upset and it may go out of resonance. However,
a period of effective resonanoé cén be defined and the
contributions to the change in the velocity of a particle
from the resonance and from the nonuniformity of the

magnetic field can be separately calculated and compared,

The effects of regonance will be substantial and

worth consideration only if the change in IY7H due to
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the resonance is large compared to that due to the
nonunifornity of the field over the period of effective
resonance, This condition can be mathematically put

as (Das, 1968)

: N2
L D -
. . N /\ -

oW C .

where v 1s the radius of gyration of a particle,

This condition is strictly true &t the equator and
it is not satisfied at points far away fron the equator,
It shows that the resonant effects in the earth's
geonagnetic field would be strong and important only in
the equatorial region, Incidentally, observations of
VLE emissions also show that they are generated near
the equator and thereby suggest that the resonant inter—

action night have something to do with the enissions.

4 wave packet would resonate with particles over
a finite range of velocities owing to the finite width
of its spectrum, The whole of the velocity space can
be divided into two parts (see fig,3.1): resonant and

nonresonant, The nonresonant region can be taken as
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unaffected by the waves and the distribution function
therein may be assunmed %o remain unchanged with tine,
In the resonant region, the particles, will be trapped
and the eddies will be formed in the phase space.l The

trapping period T is given by

1
T @ e N2
ATl k)
e AL, '

For Dbw-1 n1\/ and LAF\,B , I comes out to be
about 0,1 sec, If a particle remains in a wave packedt
for a time much larger than T, each eddy will take many
turns and the final distribution f along each eddy
will be constant, The process is similar to diffusion
in velocity space where the particles are constrained

to move along certain diffusion curves, It can be shown

that £ will become constant along these diffusion
o
boundaries of the resonant region but at the central

curves and will become highly negative at the
Q . :

resonant ?\U\! it will become zero, The growth rate

}2 for such a system is given by following equation

(Vedenov et al. 1962)
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P - e 59
where n 1is electron concentration and XgﬁUlbis the
gyroresonant 3, . '

- 5 ¢
It can be shown that g éﬂ&n is a constant,
J o
) :
Since \% , 1n the nonresonant region, does not change

with time and that in the resonant region is reduced

with time because of the redistribution of the particles,
}

it can be inferred that large peaks in 3’ © will occur

near the boundaries of the disturbed region,

If the particle remains in the wavepacket for a tine
nuch shorter than the trapping period T, the linear
theory can be applied to study its motion. The resonant
particles situated near the loss cone boundary are
redistributed in such a fashion that the loss cone
boundary in its modified form looks like a conical
screw (see fig,3,2). When the wave packet has passed,
the fine gtructure is smeared out and the new distribut-

ion thus developed igs found to give high growth rates
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at frequencies resonant with slightly higher and
slightly lower \3“ than o central resonant v,

for the wave packet (Das, 1968).

Fig. (3.3) shows the region in the velocity space

where the digtribution function is modified,

The figure shows two gaussian curves symmetrically

situated on either side of the loss cone angle D[\ in
[4]

U, -~ U, space, Before the interaction the distri-

bution function is f = £, for o > of  and

4~ = QO ‘#0?1. o .5; 0(} . However, after the wave-

(&)

packet has.passed, the distribution gets modified in the
region bounded by the two gaussians while it still
remainsgs equal to gf above the upper gaussian and equal
to zero below the lgwex gaussian, In the disturbed
region, f Iincreases from zero at the lower gaussian

as we move upwerds and finally becomes S;o when we

reach the upper gaussian, If we draw a straight line

b
perpendicular to the loss cone at @ ("9, 5 9 )

1%

- {r
which intersects upper gaussian at K (’V\‘q'\iL )

. ~- (\H} i
and the lower gaussian at > (N9, .Y ) as shown

in the figure, then the distribution % at a point
s ( 9y, . VU ) on the line would be given by
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FIGURE 3.3

DISTRIBUTION GETS MODIFIRED IN THE REGION BOUNDED BY THE Tw0
GAUSSIANS, THE COORDINATES OF P, Q, R AND S ARE RESPEC?.
IVELY (¥, , ¥V, ), (v} , ¥ ), (vﬁ' » VPP ARD (Wi, W)
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yhere & = / POQ and S = / ROQ. The growth

Ao L

rate for such a distribution function would be given by

%/}3\}

_{a ¢ )
NBT % VL) e, &Tv L (e/S )

O N e a
. o AonT(ENL L o
S\_ R <S )} - '{’i’l
sorg e

- { 5"F)
where the integration for the growthvrate at frequency
> has to be carried out from the point of inter-
section X of the straight line i, = —— T

with the lower gaussian to the point of intersection
Y of the same straight line with the upper gaussian.
The various relationships between the co-ordinates
. . y —-
of P,Q,R and S and the angles @C and }) are

listed belows
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L pRe
/ o
"\9-‘{ - \f\i\ A AN vz’fﬂ \ >(c
. - . t <
Whel‘ S \:) \(jw = \9]l A'Q_CWA (\J 3 @

=N ezxp>%w-(:wy\mfﬁucs§%%qﬁﬁﬁ/gfi, The last
equation determineé the form of the envelope of the
wave packet such that A and d represent the amplitude
and the band width of the wave packet and consequently
the dimensions of the disturbed region, 'X}Hca is the

value of \ﬁﬂ\ of the particles which resonate with

the central frequency of the wave packet,

The results obtained from the model are very
interesting, The growth rate is reduced at the central
frequency while enhancements occur at two frequencies
slightly above and below the central frequency

(see fig.3.4).

The peaks in the growth rate suggest that the waves

ingide the wave packet at corresponding frequencies



CENTRAL
FREQUENCY

A TYPICAL GROWIH RATE VERSUS FREBQUENCY GURVE FOR A

PERTURBATION MOVING THROUGH THE MODIFIED DISTRIBUTION
OF PARTICLES



shall grow and are likely to be observed as emissions,
This furnishes a mechanisn for the generation of VLFE
enissions,

The amplification is essentially due to resonant
interaction between the whistler mode wave packet and
the energetic particles of the medium, The anplitude
of the wave packet and in the previous model is
restricted to & critical value to avoid complications
in the computational procedure, However, the increase
in amplitude beyond the critioai value brings into
picture two distinct regions in the velocity space
contributing to the growth of the waves at the sane
frequency, It would be interesting to study the
behaviour of the growth rate for amplitudes of the wave
packet larger than the criticel one and compare it with
the growth rates obtained from smaller amplitude pulses.
In what follows, the details of the computation of
growth rate and a suitable computer programme evolved
for the purpose have been discussed,

The extended model for the localised disturbed
region in velocity space is shown in fig. (3.5). The

disturbed region for the small amplitude wave discussed
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in the previous model is shown to be bounded by
continuous solid Gaussian curves and that for the
large amplitude wave considered here has been shown
to be bounded by the dashed gaussian curveg, The
difference between the previous situation and the

present one arises from the fact that we nmeet the

disturbed region only once in the previous situation
and sometime once and some times twice in the present
situation as we move from the lower gaussian to the
upper gaussian in the disturbed region along the
straight line “@l\“:;z“@}\g\ = )w%nihkif }Qj;éa
™

This situation arises only for those gaussian boundar-

ies whose amplitude exceeds a certain critical limit

Ac given by

Al = e __ _ (3.9)

If the ariplitude A of the wave packet is less than
4., 1t can be handled by the computation procedure
developed for the earlier model, However, for A }>AC

that will not be sufficient unless suitably modified,

The contribution to the growth rate in this

case at B (see fig.3.5) cones from the region I to WM
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as well as from N to O . GSimilar things happen at any
'\ﬁ\\ lying between 04 and 0C and between OF znd OH,
The \;?,f;lying between 0C and OF do not show this
peculiar behaviour, We presume that the growth rate
given by equation (8) still holds good, However, we
have to calculate it separately for the two regions

that contribute to it and then to add up then

together,

The 1linits of integration are obtained by find-
ing the points of intersection of a straight line

parallel to- Ay

-

axis with the gaussian boundaries
of the disturbed region,
The growth rate conputations for wavepackets with

anplitudes less than the critical amplitude is easy

because the line along which the integration is to be
carried out does not intersect one gaussian at more
than one points, For example, at 15, = 0D , the

integration is to be carried out only from R to S.

The problen of integration for computing the
growth rate for a large amplitude pulse shown by the
dashed curves in figure (3.5) is complicated because

a vertical line at some values of \%, intersects
1




- 82 -

one of the gaussians at more than one'points° The
integration procedure for O0OH < \Gi < OA  and
0C < Yﬂ‘ < OF remains the same while for values of

\%“ between 04 and 0C and between OF and OH, the

integraticn has to be carried out separately for

different ranges in the disturbed region at the sanme

value of 1§h y €eZ., at \}H

ion has to be carried out from I to M and then fron

= 0B, the integrat-

N to 0.

Thus it is necessary to determine the limits of
integration by solving the equation of the gaussian
and that of the vertical line at \}H under question
sinultaneously., The computer prosramme is divided
into two parts, the first part being for those values
of

" where the vertical line intersects each curve

only at one‘point, and the second part for those values

of \Bh where the vertical line intersects one of

the curves at three points and the remaining curve
at one point only.

The method of false position was used to
deternine the exact points of intersection which igs

slightly complicated in the second part, after the
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limits are obtained, the integration is performed in
the following way, The distance between the limits of
integration is divided into 25 equal steps, The
integrand ig calculated at the centre point of each
step and ig then nultiplied by the length of the step,
The total value of the integral is given by adding up
all the cbntributions from different steps, In the
region where the integration is to be carried out for
two different sets of limits at same \%“ , the

individual contributions are added up bto give the

total value of the growth rate at the given value of

G”

RESULTS AND DISCUSSION:

The results obtained are shown in fig, (3.6).
The continuous curve represents the growth rate at
different resonant \;;)jE in the case of a disturb-
ing pulse having its anmplitude less than the critical

anplitude AC . The dashed curve describes the growth

rate in the case when anplitude of the disturbing
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FIGURE 3.6

COMPARISON OF GROWTH EMQ'TES OBRTAINED PROM THE DISTRIBUTION
DISTURBED BY THE LARGE AND THE SMALL AMPLITUDE PULSESD,
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pulse 1s large compared to the critical amplitude ACD
In both cases it ig seen that the growth rate is
reduced at the central frequency range while enhance-
ments occur at the frequencies slightly above and
below the central frequency, In order that proper
comparisons can be made of the results obtained from
the previous and the extended models, care is taken
to vary the amplitude 4 and the width d of ths wave—
packet in such a way that g\l\ C\} WAL ) \;‘(l_\/”
remaing the seme, This amounts to saying that, as we
go on increasing the anplitude, we go on decreasing
the frequency width of the pulse, or equivalently
saying, we go on increasing the duration of the pulse

keceping the energy content of the pulse constant,

As figure (3,6) shows, the growth rate of the
sidebands of the wave packet is nuch larger for the
extended model when compared with the same for the

earlier model (Das and Vyas, 1971).

Thig sudden change occuring at the critical
emiplitude (which will correspond to a critical tine
duration of the pulse) should account for the frequent

triggering of VLF ecnissions by Morse code dashes
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(duration 150 ns) and fewer triggerings by Morse code
dots (duration 50 ms), The effect is probably because
of the sudden appearance of two regions contributing to

the growth at the same frequency.

Tantry (1970) has recently reported that he has
frequently observed duplicate traces of whistlers at a
tine difference of 15 msec, It is interesting to
nention here that the computation of the time l&g
of perturbations corresponding to these two peaks in
the growth rate, to be observed at a ground station in
the model shows a difference of the order of 20 msec,
Therefore, if these traces are treated as emissions,
the model described here is quite adeguate to explain

these observations.,.

The critical amplitude 4, 1s a function of the
bandwidth d (see eq,3,9) and it increases with
increase in d, This shows that the critical amplitude
will be large for small duration pulses, 4 pulse
should have its amplitude greater than the critical
amplitude so as to give large growth rates and there-
fore, if it has also a large band width, it must have

2
its total energy content, g ( Eﬂiuj){ CXUJ s
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large enough to attain this critical amplitude at its
central frequency., (Here E( ¢.» ) is the wave ampli-
tude at the frequency (,» inside the pulse)., We
can, in general say that short duration pulses like
the Morse code dots are also capable of triggering
emissions, if they are sufficiently strong to have
their amplitude greater than b This explaing how
sorie times dots have also been able to trigger VILF

emissiong,

hnother interesting result was obtained when the
growth rate calculations were extended to those pulses
for which the amplitude 4 was nuch large compared
to Ao It was found that secondary pesks were
protruding above the background, . However, the growth
rates corresponding to these peaks were not large
conpared tobbaokground growthrate, Therefore, it was
decided to consider strong pulses with large band-
width and large anplitude ( & >> AC ) and the results
obtained are as shown in fig. (3,7), Two peaks in the

growth rate appear on each side of the central
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CONTINUQUS CURVE \? FOR DISTURBED DISTRIBUTION
BROKEN CURVE : ";) FOR UNDISTURBED DISTRIBUTION
(CASE OF A STRONG BROAD BAND PULSE) ‘
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frequency instead of one seen in fig, (3.6). The
growth rate at central frequency is reduced as
before, This shows that a very strong wavepacket

is capable of producing nultiple emnissions also.
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CHAPTER IV

EMISSIONS AT HALF THE BEQUATORIAL GYROFREQUENCY AND

THE GROUP RESONANCE OF A WAVE PACKET

INTRODUGCTION

So far we have studied only the effects of the
resonant wave particle interactions on particle
distribution functions in plasmas with special refer-
ence to the magnetospheric conditions and have
discussed their possible relevance to the stimulation
of VLF emissions, Looking back to the observed
properties of VLF emissions, already mentioned in
ohaptér I, we must remember that any mechanism
proposed for the generation of these eﬁissions should
have the inherent capability to account for their

=t

properties,

One of the very outstanding features of VLF
emissions is that they tend to occur at a frequency
close to half the equatorial gyrofrequency (written

as(l/Z}kleﬁ -hereafter) along the field line of

J

f
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propagation, It has also been observed that the
artificial stimulation of fheSe emissions is highly
favourable if the frequency of the triggering pulse
ig close to(L/2> ;Qgﬂf .

This suggests that the wave particle inter-
action for waves at frequenoy‘(j/? >‘SZQ%, has some
special features associated with it that favourably
contribute to the triggering of emissions near that
frequency. Therefore, it is desirable that the
resonance condition and the propagation characteristics
for the whistler mode waves be examined carefully to
understand their behaviour at the frequency

G = ﬁ;‘iﬁzgg\ . Once this behaviour is under-

L ;;
stood and its difference from that at other frequencies
is brought about, detailed investigation can be carried
out to see whether it can really contribute to the

favourable emissions at () =(i/2) Qg



N

WHISTLER CHARACTERISTICS 4T O 3 Olee s

The speeds of the Landau resonant and the

gyroresonant particles are same if the wave frequency

-

() = 5
o, S

This can be very easily seen from the general

resonance condition:

g < N
(_./gj — \’/\ 0 \3 W\ — \I\ﬁ 3\

For the whistler mode waves, it gives

g L R %&)31“ Y\ —. O
Wi, ™7
T
-~ Q c Y - ¢ .
ama Via = 2=t Lar m= g
L, .
i
. ﬂ\‘ NG
Where oy, and Y1 represent the Landau

and the gyro resonant velocities respectively. Since

< 7 for whistlers, \?\\C‘ ig always negative,

SavE= he Qo A ] ; hRS
However, the speeds \ L)HLi and g\”\\C;{ would
be equal 1f 0O = ifg&;~«&jor ) :;_%_le_ .

This was pointed out by Dungey as an important feature

that might contribute to preferential triggering at
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1 < : .

L= §-k3{ﬁ?q . However, we have obtained the
’ _

following two additional properties which can play a

rather importent role in triggering these emissions

at this particular frequency.

i) The group velocity of a pulse would be roughly
equal to the phase velocity at its central frequency
provided the pulse is Cenfred at half the electron
gyrofrequency in a uniform magnetic field,

This can be easily inferred from the following
expressions for the phase and the group velocities

of a whistler mode pulse:

Voo = ij/z Qfg?ixf% G — e
" F o (Q ?J ‘ ..
. SR R ) - :-;‘. ii -
- Cw PR /z.'.. ({,*\ _("\C\;‘ ST ) \)C\_:,(’/.'\'ﬁ\m)/ I
B l‘]“ — e S (. . ‘
and oy ‘o
J P
Lo - ~Na kY
It is evident that ’3f; = g at
. d
WD o= %uLdCOSG . But 0 has to be a small angle

for the whistler mode dispersion relation to hold and

therefore cos 0 may be taken as unity. Alternatively,

we can say that



0o Vg X o= :

. . » ‘ (\ "
ii) The phase velocity Ry P of a whistler mode
wave has a maximum at DR %— N :

From the expression for Q\j‘\s for a whistler

mode wave quoted above, it is easy to see that it will

have a maximum at GJ = %3- 5L cos © , the maximum

value of W}Q being C 5L o8 @/(Z’,L«JP}, Since 6

is small for whistler mode propegation, it turns out

that the meximum in the phase velocity occurs for a
value of L) close to %— N, . The maximum of
. D NP
the Landau resonance velocity —=- would be 5
- 2D
1 £ e
which is independent of the propagation angle o, It
_ Y
. . . o o
may also be noted that particles with V= Y%
‘A"“;Vf«i ! P ‘;\
would resonate with a pulse having frequency
A 1 CRAN ‘\;':, “)
D = 5 57_ and wave vector parallel to Bo,
A

Figure (4.1) shows the variation of the phase

velocity of a pulse with its frequency <O . The
maxinum occuring at o) = + S cos 0 may be noted,

2
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We would like to see if one or more of the

above mentioned characteristics for whistlers at

G

% It can contribute to the mechanism

;.

for the observed favourable emissions at

P .
Cat o

)

5
Do

A SHORT DESCRIPTION OF ABDELLA'S MODEL:

It was first pointed out by Dungey that the
speeds of the Landau resonant and the gyroresonant
particles are same at a0 :% = for
whistler mode waves, Ashour 4bdalla (1972), on this
basis, qualitatively argued that her model for VLF
enigsions which was primarily based on gyroresonant
effects would be able to explain the favourable
emissions at o9 = % J7ﬂ?1 if the Tandau
resonant effects are also inclﬁded in the theory,

She considered the gyroresonant interaction
of a succegsion of whistler modevpulses with particles

nirroring in earth's radiation belts., The process

leads to a diffusion of particles in velocity space,
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The mirroring particles have their ’J\\ maximum at

the equator and the \3” that satisfies the gyro-

13
regsonant condition for a wave has a nininun there.

The behaviour of \QH and \§“ﬁc has been shown in

fig.4.2 which gives a plot of U, and \PWA\Q\
againgt distance S measured from the equator along a
field line. Three curves have been shown for the
variation of each of \J\, and \ijgg\ to clearly
illustrate how they vary with S. The waves with

different frequencies will have different curves for

the corresponding \ &€>\X(i\ as shown by the

lables I, II and III, Similarly the changes in the

">, of the particles with 8 for different values of

Vjupq will be given by different curves as shown by

H
A}

(i), (ii) and (iii). Here the U es, of all the

three particles has been assuned to be the sane. If

i A
: | S 4
for a given .5 \ wﬁia,} < Iy \Lno
- e

i

gyroresonance can take place (The subscript 'eq '
refors to the equatorial vealue). Therefore, the

diffusion co-efficients for Sqﬁqua\ < liﬁﬁﬁizﬂi

1
would be negligibly small.
If 5 = 2 the resonance takes
)

A ‘." Ry C‘( y} b



£y
Fagut’

i S

FIG 42

YARTATION OF Yy, (CONPINUOUS CURVES) AND |V i Q! TXITPRD

GURVESY WIRH &, THg l).ﬁ.,,ifi?&i?é"@}ﬁ} FLORG & PIELD LCNVE
MEASURBD FRON THE BOUATOR,




- 95 -

place right at the equator and is quiﬁe strong and

therefore the diffusion co--efficient will suddenly

. N { A
rise at Sien = RV | - Ag 3, e ©exceeds
SN y " ,,
\\?”<_pﬂ | , the resonance p01nt shifts more and more
AR VI B

away from the cquator where the nonuniformity of the
field does not allow the resonance to be quite strong.

Therefore the diffusion co-efficient would slowly go

on decreasing as \3hgq/ exceeds nore and more
beyond (‘11 e | . Fig. 4.3 showsa typical plot
Geqg, |
of diffusion co-efficients against \\9MQ1 { .
ER
It is found that the changes in \3;  and 1}

are not independent of each other, In the equatorial

region the two changes are related by the following

expression:
A Vo /\‘Q; oo
i e "\/ - \i ‘(:\_:,’.s' Y,
e T e . ( 4 1)

which, on integration gives diffusion curves given by

O WU S \I = /“-
S, A VU Woen C:"J\{L,&{j,e:, o (4.2)
S /‘\j) ey
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Which represents a family of ellipses (see fig,4.4).

i . - -
Since a loss cone Q( exists in the magnetospheric

- ¢y

particle pitch angle distribution, the particles lying
clogse to the loss cone boundary would slowly diffuse
into the loss cone along the diffusion curves and get
lost, Sinée the diffusion co-~efficients are quite

large at U;}%q,::' {\}\& ng{ in the velocity space,
V/ /

the most efficient loss of particles would occur in a
region which is close to the point of intersection of

= >[\O and \3 i '?cx/ = )‘\313 G G:\!::ivl{ . The

the 1ines<{
fast diffusion occuring there will lead to the formation
of a slot in the velocity distribution of the particles.
The large negative value of the gradient of %‘ with

\Wﬁnk near the slot leads to large growth rates
for resonant waves at corresponding frequencies
(fig.4.5).

she considers the effects of resonances to be
similar to those of collisions as far as the changes
in the energy W and the nmagnetic ronent gg_ of the
particles are concerned., The analogy is further

strengthened by the assumption that the distribution of

phase angle between the velocity vector and the wave
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field vector is random and therefore changes in W
and (L are also random, Thus the analysis of the
{

process can be handled using the one dimensional

Fokker Planck equation,

A PARALLEL MODEL FOR LANDAU RESONANT INTERACTION:

The Landau resonant velocity \ﬁnq = T
increases as we move away Irom the equator along a field
line, On the other handjparticle Yﬂ} will decrease
as 1t moves away from the equator along the same field
line, The behaviour of jjnb here, is sinilar to that

of Z-U“Lqu illustrated in figure (4.2). It is

evident that a particle nust have a \?”gﬂ greater

than \%Hi(' in order to resonate at some point or
g,

other on the field line with a given wave, This would

nean that for values of S < '@@“ the

h e, I
diffusion co-efficients in velocity space, caused by
the Landau resonant interaction would be practically
[yl ) & -\j 19 - " e b o
zero, For W e, 2 LHL‘QQV the value of the
diffusion co-efficient will depend upon the position



takes place. The resonance for \3,\Q%fbiﬂﬁ\“egv
will btake place near the eQuator and would therefore
be strong and will last longer giving large diffusion
co—efficients, The resonance for ~YM1€%) S XEHLXQQ/
would take place quite away from the equator and its
cffective duration would be small because of the
dominance of the nonuniform magnetic field, This
would lead to comparatively smaller diffusion
co—efficients, Thus the nature of the diffusion
co-efficient curve plotted against the distence from
equator remains saeme as in the gyroresonance case
(fig.4.3).

It is found that the chenges in 7,  during

AN, e
Sy may

:'ﬂi‘x Y LR
' AN e,
be considered nearly equal to zero, Thus the regonant

Tandau resonance arc negligible and

diffusion of particles will occur along the straight
lines given by  \¥ .., = constant. The region of
strongest diffusion will lie in the close proximity
of the point of intersection of the lines given by
\le»,: e, and L = {A{: which defines

the loss cone, Through a mechanism similar to the

one discussed by Abdalla for gyro resonant case, a
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slot will be developed in. the distribution function

in velocity space for the Landau regsonance case also.
The negative gradients of £ with 1},
y,

developed at the lower \,, boundary of the Landau

resonant slot will give growth to the perturbations

at corresponding frequency,

The two slots are, in general, formed at two
different places in the velocity space, one near
VA eq, = \)W\’}“Gﬁi land the other near AV

\I \1/
G

\anu%%/, If \9“7‘QQ and ~L"ﬁ€%x are equal,
the two slots will overlap and the effect of the slots

on the growth rate shall be enhanced, This might cause

the favourable emissions atb D = = Shel .

4,5 DUNGEY'S SUGGESTION AND ITS CRITICALL APPRECIATION:

Dungey had suggested earlier that for pulses
with their central frequency <0 = % Qﬁﬁ@v , the
)

cffect of the Landau resonant diffusion would

reinforce the effect of the gyroresonant diffusion
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in distorting the distribution function and thus
enhancing the growth of the perturbations, This is
hecause the Landau resonent and the gyroresonant
particle speceds are same, However, the Landau
resonance effects are usually weak compared to the
gyroresonant effects mainly because the propagstion
angle © for whistler mode waves is small and for
small values of 0, EZ\\ , the parallel component

of the wave e¢lectric field % is rather small

[

compared to I-
)

, the perpendicular component of

Under such circumstances, contribution of

Lendau resonant effect to the gyroresonant effect at

2 5
the observed favourable emissions at this frequency.

.y o= = L;@Qﬁ/ may not be able to account for

UYnl ess there is some other process which strengthens
; p &

~

the Landau resonance effects at <J = 3 ;;Lp ., The
simple combinationg of Landau and the gyro resonances

may not be able to explain the preferential triggering

of VLP emissions at o = % Qﬁ[q7 .
v



-~ 101 -

THE GROUP RESONANCE OF & WAVEPACKET AT . 5= %— 5

The effect of a resonance would be strengthened
if the waves at different frequencies inside a wavepacket
simultaneously resonate with the same particle and thus
reinforce the effect of each other, We would like here
to investigate the condition governing the sinultaneous
resonance of a group of whistler mode waves with the

plasme particles,

A wave with frequency - and wave vector k
inside a wave packet will experience 'Landau resonance'
(hereafter in this scction nentioned only as 'resonance)

with a particle 1if

Ca) e Ny PR A — ~
LA z ST A PN A (4,3

where \}H is the particle velocity component along

Bo and 6 the =angle between k and Bo,
Inother wave in the same wave packet with
frequency <2 + oo and wave vector k + Ak

will have resonance with the same particle if




. -

(o +aw) — (k 22k >"\5’,, Lo G =0

4,4)

Assuming A K to be in the same direction as
K and solving equations (4.3) and (4.4) together, we

get

ANCD = "\ﬁu 2l o 8

£ D N« — -
or, = = U““ a2 O —— - (4,5)
PANATY

From equation (4,3),

1‘}’\\ @ aP N _— ::M.

Substituting this in eq, (4.5) we get

PAR I D)
2~k K

which in the limit 202 — 0 and Ak — 0

passes over to

T — . - (4.6)
AN N
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Bquation (4.6) can be interpreted as the
following :
1411 the waves within a narrow band wavepacket will
resonate with the same particle at the same time if

the condition

AV s S — & e (&, 7)
WO 6 e NS = U
e &
is satisfied where J, 1is the group velocity of the

¢!

wavepacket and ﬁt}PC , the phase velocity of the

central wave of the wavepacket',

Effectively speaking, the whole group of waves
inside the pulse comes in resonance with the same set
of particles thereby maeking the interaction stronger

and more effective,

nmay not always be

i o

The condition \“r\ =
satisfied for all types of plasma waves. Névert%;ess9
for whistlers, a frequency exists at which the |
condition is fulfilled, The éold plasma whistler

mode dispersion relation
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NZWX ) CT‘\L
- L T T
- 5N N
S T (\,\)f\‘\/”,&g&

leads to the following expressions for \9PG and \“

Ry}

“1

\?\)Q = ACA " G Q DA O - \ % (4 8
e (,
and
~\ oy T
‘~'%_ - \_} ;‘3 <D
From (4,8) and (4.9), it is clear that
Vpa= Vg at  co = § Qcoso . Since s is

small, a whistler mode pulse centred around

, .
S IR S
RO .

2
. . . . L
resonance with electrons having appropriate \51? .

[ would undergo mest efficient Landau
We will refer to thisg phenomenon of the resonance of
the whole group of waves inside a narrow band pulse
as the 'group resonance' or 'pulse resonance' here

after,




- 105 -

CONCLUSIONS:

Thus we have geen how the group resonance of a
wave packet comes into picture when the condition
\Spm = ‘\1} ig satisfied, The group resonance
essentiallgjmeans the reinforcement of the effects ef
of different waves by one another and this feature is

absent in the ordinery resonance of a wave with

particles,

Here the important point is that the range of

particle MY affected by the waves is quite narrow,

1

'he whole spectrum of waves exerts its effect on

particles in this narrow range thereby making the

resonant effects quite strong,

Thus, although the Landau resonance of whistlers

is, in general, weak, it becomes quite strong at
1 <

(:.,Lj = = e J f’.,

In the light of this fact we nust

reconsider Dungey's suggestion that the joint effect

of the Lendeau and the gyro resonances might account

for the favourable triggering at o » = % axgai .

But before studying the effects of the two together let

us consider qualitatively how the group Landau resonance
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can give rige to emissions,

The Landau resonance will cause diffusion of
particles in velocity space along diffusion curves
given by iyx = constt, where different values of the
constant refer to different members of the fanily
(see fig.4.4). The maxipun diffusion will take place
near the group resonant Y%‘ . The diffusion at

all other places can be neglected in comparison to

this, The direction of diffusion will be from the

contours of higher f values to those of the lower
f wvalues and therefore it will point towards the loss
cone boundary (see fig.4,6)., The region close to the

point of intersection of group resonant flﬁn and

the losgs cone boundary would be affected to the
nmaxinun 1limit, Particles from this region will migrate
into the loss‘cone and consequently a slot will be
developed at that point which will give growth to

perturbation at the corresponding frequency.




e

CONTOURS OF §
Vie DIFFUSION CURVES--~-
LOSS ;@waw

FiG 4.6

PART § AND DIPFUSION CURYES
SNANCGE, THE DIRBRCTION OF

o
POR

HfrEUHEDﬁ 18 NﬁiuﬂLhﬁ BY ARHOWES,
f wsre siter Ashour Abdelle 1098)

{Contours of
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CALCULATION OF GROWTHRATE: -

The slot is formed in the neighbourhood of
9y = Yugr (Group Landau resonant velocity). The

distribution % (ﬁ Sy 4 N > for Q\_ RAT NG LR t&-\/‘z ‘%
i L A LR

suffers a steep fall in its value with a slight increase

in  \3, =&t the lower edge of the slot, This
N

behaviour of %” may be approximated by a step of j%

at Xﬁn = \%‘GLR end therefore the partial
!

derivative s \\/ N ' may be represented

oo e P R MGLER A

b — kN ne e, . .y where — a7y is the

Vomeay mUM Py ged) Ny

step and the symbol &  represents the Dirac

function, The quantity has been considered to
s ; \
be positive and the negative sign has been attached

to it to indicate that the step is negative,

During Landeu resonance, the changes in ]2

are very small and therefore the temporal chamges in

1 -,
N

the partial derivative of v wi th b
J

7
T

i, will be
negligible, Again during the gyroresonance the

counters of constant -% (hshour abdalla, 1972 , sce
fig.4,7) at the slot exhibit the gradient direction to

be parallel to the VU, axis,




TYPICAL CONTOURS OF CONSTANT £ 1IN A DISTRI.
BUTION MODIPIED BY GYRORESONANT DIFFUSION,
VERTICAL ARHOW INDIGATES THE POSITION OF
SLOT AND THE HORIZONTAL ARROW POINTS TO THE
DIRECTION OF GRADIENT OF ¢ ,

(Contours of I are after Ashour Abdalle, 1972)
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However, because of the presence of the loss

" W A
cone ,&; will have a step at all \ﬁt,% ziven by
- LA , . . s
\H = 'Kﬁu §qﬁ\;gn . This step will be positive
and we will denote its value at Wﬂw = Uyor 9
" E /\) ST . : N A, — o '
+ /4 - and replace .l D ﬂfk~§- N O T &\,,.
) _‘L i “’:}q\g‘l y -~ ! _),,,. :;__) - \.,/..L_ \ l‘. Qv »\ /{‘
for the sake of approximate growth rate calculations,
~J .
The gyroresonant growth rate | at the

edge of the slot in the distribution function for a
VLF whistler mode perturbation in the system under

consideration is given by (Vedenov et al, 1972):

V- o0y A
= . 30 1 v (4.10)

Here n represcnts the electron concentration

- N R
andl U F e
Jolidy

the gyroresonant veloclty wﬁu(a for

the perturbation, Since the resonance 1s taking place

e Y%

at L A R , which occurs at
1 G S .
(DS e N ’ v WG and Yy QLR will

Y

be roughly equal to each other, Thus we have the

relationship
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0 . o AS
\.,f' { r',.l l l": N \f)c}7 D (40 11)

Other symbols in equation (4,10) have their usual

neanings as defined earlier,

A '(;} N
Substituting ' fjﬁ*and Ale in eq, (4.10)

—~—
R 0

AN
by their approxinately equivalent &y function
T et o : a \ Q (/ NG \ et o N
representations, — .t & \ang_”\an{¥ﬂ1=

-y g

KLT} >, ﬁ} Ty E“”“J{@> respectively in accordance

with our previous discussion, we get;

which, on integration gives:
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Using eq.(4.11) in conjunctiqn.with the

following relations

'K\
?ﬁﬁ&ﬁ<g

and (ii) -
T T
(o ™ = 2

A e T DT T
(W= ”1‘ il < \“QF’
M\ g — A
- P e N EEe
L (x 3 oy [ ~’”:) 7 oo
e i \

B / + /—_ '\‘T‘ . /; .
'},: = \\ ) i Ky _‘A ‘ ._ S / ;31 g’(_f,i.q_,"\ ){ ) ~§* -
l ¢ \r\' = Z ;3_‘

(at the slot)

)

¢ B

~ PFor the

( gyro—
resonant

| perturbation
| assumed to

| be propagat-

I ing }; Bo
i kl
A.}
A L
; } [ﬁ\_ T i,
¥ J_ \
o (4.14)

which gives the growth rate at the edge of the slot,

bvidently, ‘B increases with

AN §w , the step
H

in }l at the slot which, in turn, depends upon the

strength of the slot forming mechanism.
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In the light of what has been discussed so
far in this chapter, we can nake the following

concluding remarks:

The slots in the distribution will be formed
in the regions in velocity space where the probability
for the particles to be lost into the loss cone due
to the diffusion by the waves ig large conpared to
the remaining areas, 4 slot region would be strong
if the probability for the loss of the particles is
large as is the case with the group Landau resonance
or with the gyro resonance, 4 slot region would be
weak 1f the probability of loss of particles fron
there ig small as is the case with ordinary Landau

resonance,

In general, for a whistler mode wave-packet,
there are two slot regions, one strong due to the
gyroresonance and the other weak due tc the Landau
resonance, 4lso, they are located away from each
other, However, if (o = % S , both the slot
regions are strong and at the same time they overlap

each other thereby greatly enhancing the probability
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of the loss of particles into the 1035 cone, This
would lead to the formation of s asteep edge and
Comsequentlj to the development of a highly negative
gradient of % with g | } . at the lower "0
boundary of the slot. The large negative step thus
formed should favour emissions at half the equatorial
gsyrofrequency (Vyas and Das, 1975b) which is supported

by the observations (Helliwell, 1969).
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CHAPTER V

THE EFFECT OF LANDAU DAMPING ON CYCLOTRON RESONANCE

IN A UNIFORM MAGNETOPLASMA

INTRODUCTION:

In the last chapter we studied how the effects
of the Landau resonance and the gyroresonance would
combine together to give enhanced probabilities for
enmissions at half the equatorial gyrofrequency. A
question naturally arises as to whether this is the
unique mechanisn that supports or favours emissions
at this particular frequency, or there are other
mechanisms which also contribute to this phenomenon,
An attenpt has been made in this chapter to answer
this questidn, We take up one of the very important
features of the whistler mode dispersion relation
already mentioned in the last chapter, namely that
the Landau resonant V, has a maximum value that

corresponds to a frequency (1/2)51Q%2. Before
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studying the consequences of this, We.would like to
investigate the propertieslof a distribution function
distorted through a Landeu resonant process by the
whistler mode wave, In particular, we would Dbe
interested in studying how the gyro resonant
perturbations would be affected by such a modified
distribution and whether the growth of perturbations
ig likely under such situations, We would apply the
results of our study to the specific case of whistler
mode DLandau resonance, which exhibits the unusual
occurence of a maximum in the value of the resonant
VH , Lo see 1f such a process is likely to

contribute to emissions at half the equatorial

gyrofrequency.

LANDAU DAMPING AND CYCLOTRON RESONANCE TN UNIFORM

MAGNETOPLASMA ;

We consider a homogenous collisionless hot
plasma immersed in e uniform static magnetic field
= -

By, acting along 2z direction, We also consider a

gpectrum of electron plasma waves propagabing in the



negative =z direction, This is our zero order systen
and our interest lies in finding how a wide band VLF
perturbation propagating in the whistler mode in positive
z direction would be affected by this system,

The Landau resonance of the electron plasma

waves would lead them to ddmping, The growth rate for

such an interaction is given by (Vedenov, 1963)

P

Y= e L affani] e

\ PV = .\'/"‘i.i,h
where \QLA is the Landau growth rate, c¢)P the

—_

¢lectron plasma frequency and, E, v and the subscript
"' are used to refer to the wave vector, the particle
velocity and the paréllel component of a vector
respectively, as also used in earlier chapters,

However, here we use the symbol Vres for the phase

f/_\.;) . —
veloclty .—7i1(151MB<ﬂﬁotron plasma waves, Since k

3
AN

for these waves has been assumed to be negative, Vres
would also be negative., 'f' represents the normalised
distribution function of plasma electrons with respect

to V\\ and V, , unless otherwise specified through
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the use of proper arguments, e,g. %(;{“wﬁf:)m %(EHQQ}

satisfies the following condition:

IS Coun o, s, ey =1

To study the dynamics of the resonant inter-
actions in the gystem, we would like to apply
quasilinear theory, The theory considers that the
plasma is in thermal equilibrium and the waves cause
only a perturbation to its equilibrium Sfate.
Furthermore, it takes into account only the wave
particle interactions and neglects both the wave-
wave interactions and the particle-particle interactions.
Therefore, the validity of the theory is subject to the
restriction that the wave energy density in the systen
is nuch smaller compared to the thermal energy density
of the particles and at the same time it is much
larger compared to the energy density associated with
the Coulomb interaction of the particles in the systen.
We will assume that the system under our consideration
fulfills this condition,

The basic idea of quasilinear theory is that

the growth or damping of plasma waves caused by a
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particular distribution function would slowly modify
the digtribution itself and then this modified
distribution, in turn, modifies the growth or damping
of the waves, The process continues unless some
stable equilibrium state between the waves and the

plasma is reached,

To apply quasilinear theory we divide the
disgtribution function of the resonant particles into
two parts: one rapidly oscillating and another
slowly varying with time, The coupling of the nean
square of the ogcillating part with the slowly varying
part leads us to the fact that the behaviour of the
slowly varying part, ¥ , of the distribution can be
described by the following equation of diffusion in

phase space (Vedenov, 19863)

~ T ‘ s - A Iy ’\M (

& %— 1) \/ < = o %’" "

— F AN TTITOT e S
(‘}).%, ,-\' 1.)“ \ B RAY \)\\ % "‘\f"; f_)\lpu 8 (Sa 2>
S )

where +t represents time, e and m the electron charge
and mass and EE/BR the energy density of the waves.,

The growth rate ‘61 of plasma waves will also vary

ot
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with time as given by cquation (5.1) where f is
considered as the nonoscillating part of the distribut-

ion, varying slowly with time,

The growth rate \]( for the whistler mode

perturbations as a result of cyclotron resonance with

electrons is given by (Kennel and Petschek, 1966).

~

Y o= oo (e . o
<. Wl CJ* T ?J) \(\( \\((i;) iﬁ (L\\/ R.)—“ u)/ (S~ \',l\

—-——  (5.3)

where () and D) are the wave frequency and the
electron gyrofrequency, VB.' ig the cyclotron resonant
velocity which is negative in magnitude and 1s given

by the relationship
o — KV, =

also
1 (\/?> B z TN 2 5 \3A~C)\l:\ %‘ C Wy W e >
‘ : TN M <

e — {5, 3a)
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and

N8 - SaE)
A& gty

\Q \ o, A (\'\f-} 3 g o )“ﬁ'ﬂ

Ta o
I

NE— }

I P | |
&}¥<\Vgx> -(“ [ o (oo N 7 f(5,3b)
§ M,MG N 'y J i

\ " )
[ \/h ::.\\f R\

The cyclotron growth of the perturbation would
affect the particle pitch angle distribution function,
A gquasilinear treatment of this process would lead us
to the following expression for the time evolution of
the slowly varying part of the digtribution function

(Kennel and Petschek, 1966).

2L e 4 SpS C O p g e e )
Pl we” 2 5 Ml By 9F )
" LT (5.4)

Here o is the pitch angle of the particles and B§/8n
the magnetic encrgy density of the whistler mode waves.
The expression has been derived under the assumption
G2 DL . Ny, and ,ngn of the particles are

related to vV and  through the relations



end,, Vo= U el o

If, in our systenm, the range of velocities
which the Landau resonance takes place has an overlap
with the range of velocities having gyroresonance,
the change in the disgtributbtion function over the

overlapping range of V would be sinultaneously

1
affected by the two types of resonant interactions.
Under these circumstances the time evolution of the
digtribution function can be obtained by solving

equations (5.2) and (5.4) together as a pair of

sinul taneous partial differential equations,

4dn analytical solution of these two equations
1s quite complicated and the numerical solution would
also be highly time consuming even on a high speed
conputer, Therefore here we would try to analyse
the problem in a somewhalt qualitative manner so as
to understand how the system would behave as the time

passes,
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The gyroresonant growth rate di; as defined
in equation (5.3) is a function of ég//ETZt which
itself changes with time as a result of the Landau
resonant interaction, This change in %Z; affects
the pitch angle distribution of the particle which
then also starts varying with time in accordance with
equation (5,4), The role of this equation (derived
with the assumption <O << SL ) is to isotropize
the distribution function in pitch angle, In general,
the distribution function becomes constant along'the
diffusion curves in velocity space, Or, in other
words, the diffusion curves become the contours of
constant £, Thus the whole pitch angle distribution
f(o) is reshaped, Now f(q) is a function of the
distribution with respect of vy and distribution

with respect to V, . Thus a change in f(a) and

l?}" would cause a corresponding change in f(Vl; )
B 23¥' i i . ~
and T respectively, This change in dx}/?QE”

o Y

would again nodify the Landau resonant growth rate
)
b Lo Thus a coupling is established between the

tow types of growths,
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In order to simplify the situation, we will
introduce here certain restrictions, We presume that
to start with, the whistler mode perturbations have
anplitudes sufficiently small such that any change in
the particle distribution caused by them is negligible
compared to that caused by the Landau resonant
interaction, With time the perturbations will grow
and after some time they might become strong enough to
react back and modify the particle distribution., This
situation would be quite complicated to study, and
therefore, we will not consider it here, We will
restrict our attention only to that stage of interact-
ion where the growth of the perturbations is
insufficient to react back on the distribution function
and cause any significant modification therein, This
restriction will enable us to consgider only the effect
of the electron plasma waves on the growth of whistler
node perturbations neglecting the reciprocal effect
of the whistler mode perturbations on the growth of

el ectron plasma waves.

It is well known that the quasilinear diffusion

process due to the Landau resonance of electron plasna
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waves leads to the formation of a 1edge in the electron
digtribution function with respect %o Vv, over the
renge of resonant velocities (see fig.b5.1). 'k' being
_negative, the ledge forms over negative values of Vi,
and the digtribution £ Dbecomes constant over the
length of the ledge, Therefore, ﬂ{?/@ﬁﬁwould become
zero over the entire range of resonant Vs} except

at the boundaries of this region where steep gradients
of £ with V) will be formed and the value of

}
(‘\ i 1" § - > -
:s#/ &ngshall become very large as shown in figure 5, 1.

~

Under the assumption <) << 2, equation (5, 3)

can be rewritten as

Yo = m(VRY A (V)

where Y| (Vp)

the positive or negative sign of the value of A(VR)

and 5 are always positive and only

s

will decide whether the waves are growing or damping.
Taking a distribution in which f monotonically
decreases with increase in %\ﬁl ( and 19, , and
1 =

noting that Vg is negative, we can reduce equation

(5.3b) to the following form:
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FIG 5.1

£ AND L& PLOTTED AGAINST V, DURING THE LEDGE

PORMATION." STEEP RISE TN £ AT THE BOUNDARIES OF THE
LEDGE GIVES THE PEAKS IN af/aV)
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. {LK\Iill,r}ﬁ
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Now, if we assume initial distribution to be

isotropic i, e,

i

‘2 ~ e
g\“—é =9 Q. \9 ré&s ) — :)18

4

R GRS T T, !
R R T SV,

q Ny ™ Go
R % \ — |2

T T—— o
ol !\/ NN ) ) -,‘\»\.
L I T IR E
A(VR> becomes zero at t = 0 and therefore, the growth

rate would be zero to start with . ?ﬁgfﬁnamwill,

however, not be affected by the Landau resonant

interaction,.
>Thus
i ‘ ( (:‘33 \ v, g%
U T Bl B
AR ARY x R By
o J‘(‘, I R v
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Substituting this into equation (5,8), we get

R g

T \f\\;\\\

A=

N
JJ‘,\
e (5.6)
3
As time goes, {TK%T \ goeg on diminishing at
TN,
R

the centre of the disturbed region and increasing at
the boundaries because of the Landau resonant
interaction, Hence the value of 7&2 would becone
negative in the central part of the ledge and positive
at its boundaries., So the VLF perturbations would
damp or grow depending upon whesher they resonate with
the particles lying at the centre of the ledge or at

the boundary of the ledge in the distribution function,.

Thus we see that the growth or the damping of
the perturbations depends upon how the ledge develops
with time in the distribution and consequently it
depends upon how Q%g( 9H““qLﬂt)'2§@“would vary with

b
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B

The maxima occuring in ?3§<“w”3wx ﬁ;\/é\ﬁ,would

X Y 7 §
correspond to the frequencies of maximum growth at
time t and we would be mainly interested in the growth

of the waveg at these frequencies.

The evolution of these peaks can be qualitatively

studied from fig

S e

(5.2) which shows the different

stages of ledge formation,

For a time period over which the assumptions
nmade sarlier in this chapter remain valid, the
o o ~ [N
behaviour of the peaks in 'OY <\3H3\%Lﬂﬁf>//éEﬁx

with V., and t can be stated as below:

i) They grow in height with time.

ii) Their width decreases with time i,e, they

beconie sharper, with time, and

iii) Their position with respect to Vyy changes
with time -~ they move more and more towards

the boundaries of the disturbed region.

Ideally speaking, as time progresses, the peaks

would tend to become infinitely narrow and infinitely
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large and their position would tend to stabilise
close to the edges of the disturbed region (seec

figz.5.2 and 5,3),

This shows that the growth of a wave at a
certain frequency would be time dependent, Initially,
the growth of the VLF perturbations will be at A
frequencies that correspond to the VR lying in the
central part of the disturbed region, But as tine
passes, the frequency of maxinum growth would drift
to values that correspond to velocities closer and
closer to the edges of the disturbed region,
Sinultaneously the width in frequency of the growing
waves would go on narrowing down and the magnitude
of the growth rate will increase (fig.5.3).

The speculative picture presented above is
linear in the scnse that the amplitude of VLF wave
is assumed not to have grown to an extent that can

significantly react back on the particle digtribution,

The whole treatment carried out so far is under

the assumption that the wave frequency Cal is very
small compared to the particle gyrofrequency .3/, .

Under this condition, the initial growth rate becomes
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FIG 3.3

BRHAVIOUR OF GROWING WAVES WITH TIME, UPPEE PART SHOWS THE TIME
VARTATION OF THE PREQUENCY (€. ) OF MAXIMUM GROWDH AND THE LOWEH
PART 1S A& SKETCH OF THE VARTATION OF CORRESPONDING GROWTH RATH
WITH TIME, ¢, , CORRESPONDS 70 THE CENCRE OF THE DISTURBRED REGION

AND .0 4 ARD oy, 7O THE EDGES 0F THE LEDGE

s



gzero., However, if ¢.J 1s mnot very small compared

to 1 , the initial growth rate will be negative

and the waves would damp in the beginning, This
damping will continue unless, as equation (5,3) sugg ests
A(Vy) exceeds the quantity CA},AQSQ;*Q)} during the
evolution of the ledge, This means that in the

initial stage of the interaction, Tandau damping would

be accompanied by cyclotron damping and only after

: ) . S . )
a certain time when the quantity A(VR) - <D /(S o),

in equation (5.3) becomes positive, the cyclotron growfh
would come into picture, This suggests that the growth

will occur with a certain time delay,

9.3 CONSIDERATION OF THE EFFECT OF THE QCCURENCE OF 4

MAXIMUM IN THE LANDAU RESONANT VvV, OF THE PARTICLES:

Our ainm has been to study the possible
nechanisms that contribute to the favourable trigger—
ing of emissions at half the equatorial gyrofrequency.
In the last chapter, we considered the effects of the
equality of the Landau resonant and the gyro resonant

1

speeds at <. =3 SN, coupled with the eguality of



the group velocity of the wavepacket and the phase

velocity of the central wave of the wave packet, Here,
in this chapter, we started with an idea to gtudy
the effects of the maximunm occuring in Landau

resonant V,

i\ of the particles,

Obviously, this maxinun Landau resonant VH

denoted Ly V‘,) - hereafter will divide the entire

velocity gpace into two regions - one for which

VH < v WL nax where the particles are susceptible
to resonance if the waves of suitable frequencies
exist in the syétem and the other for which

Vi, > V| pax "here the perticles will have no
Landau resonance with any whistler node wave having

any frequency whatsoever (see fig., 5.4),

Now, if we assume a wide spectrum of oblique
whistler turbulence (Helliwell, 1969) for a period of
the order of quasilinear relexation time for f due
to the Laendau resonant interaction with the waves,

a ledge is likely to form over the entire disturbed
region in the velocity space, The distribution in

the undisturbed rezion will however, remaln unchanged,
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At the boundaiy of the two regions, £ will develop
a steep negative gradient with respect to ‘VH

(see fig.5.4). The application of the mechanism
discussed in this chapter seems to be quite promising
to favour growth of perturbations at a frequency

corresponcding to this V.

i °

The whistler mode dispersion relation

(2&§L ag>§?
- N T o
ot O (OLeet —e0)
shows that the maximun V‘\ that a Landau resonant

particle can have is given by

It may be noted that a particle with

AN R - .
V!x = QJLMJ/Cgﬂgﬁ would gyroresonate with a
e
whistler mode wave with frequency ¢ — &./7

propagating antiparallel to By .
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CALCULATIONS OF GROWIH RATE AT 2 = % SL AND

CONCLUSIONS

The steep gradient in £(V,, ) formed at

Ty = CLL?L//ZHQD? would bé unstable to whistler
mode perturbations at the frequency <J = % S
propagating in the negative =z direction as equation
(5.6) sugzests and the amplification of the waves is
expected at this frequency., However, this amplificat-
ion (see eqg.3) would be delayed as in this case

ey /( Slh—ed ) is not megligible and so the
growth rate is initially negative for a finite period
and then iﬁ becomes zero and then positive, The
nature of these results will not be altered even 1if
the initial distribution were assumed to have an

anisotropy in pitch angle,.

To calculate the growth rate we use the
following equation which is equivalent to equation
(5.3) and has already been used in the last chapter

for similar calculations:

_RVECT b o 28\ du
V= - T 38 o 2D 0
Loy (QY%\ AV A
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When the gradient 9f/0V,, is sufficiently steep, the

following inequality will hold-

i i . " - j™

\
A ™~ ™~ 1 .
e > R, :
f’*)\& . ~ - : \; —
i N ERN

The steep gradient in f formed at

V i = V.H}d nax because of the Landau resonant inter-—

action allows to make uge of the above inequality
and neglect the second term in the integral of eq. (5.7).

Thus we get

or,

e Y S = A

- ::\ YU\ h” 7 e |)

el A 3
WY
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S 4 [ A \ v 4
replacing _;;:x e L - p A b T Vo),
P N ' o k\ S -l Y L_\ ‘?,” \) N ( R

the average serpendicular energy per particle at
£ Pery

v W VE , we get

) Loy A
s <y Tl \ !
yo o 2RV ST |
WET S|
= \/F\
Approxinating (KZYT;I/ZQVH;)\K N by a
= Vg

delta function f the above
A7 ¢Npkv “Vyﬁ

equation leads to:

Integrating N% over a narrow range around
U=
” s
Vi v e \ V2 2 |
% 3 /’ i \ \ )
Ndy, =
N -



Bince Vo at <) = L 50 is equal to — ST
R 2 Ak )
‘ ! ..!.._ Jod .."4 ,ﬂ\
To determine the step AT at LT N

the followingz procedure can be adopted if the initial

distribution is known (see fig.5.D).

The curves shown in the figure are contours
of constant V, . For each Vi, , a separate
ledge will be formed because V j_ doesAnot change
during the interaction and therefore the height of the
ledge §‘ ﬁwould be a function of Vi. , This § can

i C.
be celculated from the followling expression

\J\ixu\nxcx>k

o = TR TR N
j‘jﬁ\%_)*x \o ‘?‘(\,\2\\,,3\.&_1_\} IS

- Vi WAGCK, . :

The step ‘&g at V= Ty =T ey
would be given by |
. ‘\ - h -~
s3] = om-fon
Wy =V ) —
WL WAG Vh - ‘/HL;VY\Q % J‘é

in the 1limnit as énwa 0.
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The step in T can be easily calculated fron

this as:

el

_ S} - »
NG =Yy Lwas = g e ) ViV

Pa T:L

?\

o PNy } -
The large negative value of ‘ﬁ9}/f<dkﬁ; ‘dt, Oy =

3

=~ G — h | A oer s
LG = Vﬁﬁ\gm:;l_v‘ would give

~-. ‘d_ Gt L . -{ﬁ

large growth rates for perturbations at 2 = % O

pmp%ﬁﬁﬁgaﬂﬁpﬂﬁﬂﬁlﬁogo

Throughout this chapter the amblent stﬂtlc
nagnetic field has been assumed to be unlformii hll
applying the results obtained here to the enissions
fron the magnetosphere, we recall that the resonant
interactions occuring in the equatorial regions are
nuch more important than those occuring in the non-
equatorial regions as explained in the earlier
chapters, The field in the equatorial regions can,
as a first approximation, be agsumed to be uniform
and the theory presented here can be applied to this

situation. However, we must replace our L by /..

Y
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the equatorial gyrofrequency and then the mechanism
discussed here would exhibit a definite favour to

emigsions at <« = %_ifﬁa . (Vyas and Das, 1975).

It has becen experimentally observed (Helliwell9
1969) that the VLF emissions tend to occur more often
at half the equatorial gyrofrequency and it is very
likely that the mechanism described here is one that

favours emissions at that frequency,
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CHAPTER VI

CONCLUSIONS AND DISCUSSIONS

The main purpose of the present work has been
to carry out a study of the low frequenéy wave particle
interactions and their possible consequences. Since
the resonant interactions are the gtrongest wave
particle interactions, and there too, the gyro-
resonance and the Léndau regonance are much more
important than any other resonances, we restrict our
‘attention to these two types of interactions only.
Our approach to this study consists in first finding
how the waves affect or modify the plasma particle
distribution function and then seeing how this modified
distribution affects the low amplitude perturbations

existing in the system,

During the course of this study; special
enphasis has been placed upon whether a particular type
of interaction studied has some relevance with the
generation mechanism of the VLF emissions or with

their preferential triggering at half the equatorial
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electron gyrofrequency,

The study of these interactions has been made
from different angles, e.g. the effect of two types
of resonances, considered independently, the combined
effect of both the resonances and the effecf of one
type of resonance over the other and each time,
attempts have been made to critically examine whether
a particular type of interaction is 1likely to
contribute to the generation of very low frequency
emissions, and if so, whether it favours emissions

at some particular frequency or not.

A BRIEF SURVEY (SYNOPTIC VIEW) OF THE WORK DONE:

We start with the consideration of the Landau
resonance of off angle whistler mode pulses propagat-
ing in a predominently cold collisionless plasna
having a high energy tail in the distribution, We
find that V;  of the particles is not affected

considerably whereas the V, of these particles is
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altered in such a way that the Changeé in VH when
plotted against the initial v, exhibit some sort
of quasiperiodicity along the V,  axis. The

consequent evolution of the distribution function
—%(\ﬁ“) is calculated and, as expected, it is found
that the diétribution develops a fine structure close
to the central resonant velocity of the pulse. The
time period for which the changes in V(§ and the
evolution of §1 have been calculated is small
compared to the quasilinear relaxation time of the
system, Therefore, the interaction does not lead to

the formation of a ledge in the resonant range of the

veloclty space,

The fine structure developed by ;% contains
alternate negative and positive gradients of —g with
VH . 4 pulse with a suitable frequency proﬁagating
through this modified distribution of particles will
undergo growth at the frequencies in its side bands

that resonate with the particles lying in the regions

of positive gradients in the distribution function,

The results obtained from this study can be

applied to the equatorial magnetosphere where the
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static magnetic field cen be crudely considered as
uniform and where the par%iole digtribution has a
high energy btail because of the high energy particles

trapped in the radiation belts.

The time period over which our model calculat-
ions have been extended are is of the same order as
the periods for which the waves and particles remain
in the equatorial region while moving along a field
line, If the distribution function gets modified by
an initial off =smgle whistler mode pulse, it is easy
to see that another pulse propagating in the same
mode will be affected in such a way that its central
frequencies get damped whereas 1ts sidebands start

growing,

Herein we have not included the effect of the
‘nonequatorial regions of the earth's magnetic field
and that of the nonuniformity of the field close to
the equatorial magnetosphere, Therefore, it can not
be assesed as to how much would be the contribution
of this mechenism to VLF emissions, but, it seems that
the mechanism might play an important role during the

ongset of these emissions,
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The period during Which the wavepacket traverses
the equatorial region is the time which is the most
significant period for the interaction and is much
shorter than the quasilinear relaxation time of the
system, Therefore, the process of ledge formation does

not come into picture here,

Next, we consider the effect of the gyroresonance
of a large amplitude whistler mode pulse, The inter-
action leads to the diffusion of resonant particles
into the velocity space and to the consequent
formation of a fine structure in the distribution which
ig smeared out after the wave packet has pagsed through.
Thig smeared out distribution is unstable such that the
perturbations at frequencies slightly higher and
slightly lower than the central frequency of the wave
packet grow whereas those close to the central frequency
are damped, Similar results were earlier digcovered
by Das (1968) for interactions of plasma with low .
amplitude VLF pulses, The present work, however,
brings out the following additional important, but
subtle features associated with the interaction: As

we increase the amplitude B(c> ) of the pulse and
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decrease its band width such that _g ISRV
remains constant, then at a certain éritical amplitude
the growth rate y} suddenly increases almost by a
factor of three above the background probably because of
the sudden appearance of two regions in velocity space
contributing to the growth at the sanme frequehcyn The
value of the critical amplitude depends upon the

loss cone angle and on the value of ‘S?ECMJQ‘LohJ e
Ags long as we keep 3 \ EK}AJ)\ B constant, an
increase in the amplitude B( . ) of the pulse means

a decrease in its band width, 4Also, the inverse

Fourier transform of the frequency spectrum of a pulse
shows that a decreage in the band width of a pulse is
equivalent to an inorease/in its duration T, This
indicates that long duration pulses have large amplitude
at their central frequency \M§ S \Eﬁud)f&uzﬁwgﬁ. Thus
if the duration of a pulse 1s iﬁoreased beyond a certain
critical limit the growth rate suddenly increases to

a rather high value, This type of interaction may
account for the observational fact that the VLF
erissions are frequently triggered by Morse Code dashes
having a duration of 150 nsmsc. and are rarely triggered

by Morese Code dots having only a 50 msec. duration, 1t
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is evident that a short duration (1afge bend width)
pulse hag to be more powefful in order to attain the
critical amplitude, Thisg indicates, that, provided they
they are strong enough, dots are also capable of

triggering VLEF emissions,

Another important feature discovered during
the course of the present work is that secondary peaks
protrude in the growth rate curves on either side of
the central resonant frequency. They are more
prominent if the pulses under consideration have large
amplitude as well as the large band width, This suggests
that a strong whistler mode wave packet with a short
quration is capable of producing observed nultiple

enissions,

After studying the effects of the Landau
resonance and the gyroresonance separately we attempt
to study the simultaneous effect of the two resonances
on the particle distribution caused by a succession
of whistler mode pulses. Ashour Abdalla has already
shown that the gyroresonance of these pulses leads to

the formation of a slot in the velocity distribution
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of the particles in presence of a loss Cone@x Here,
through a parallel model for the Landau resonance
interaction, we come to a similar conclusion that the
Landau resonance would also cause the formation of a
gsimilar slot in the velocity distribution under similar
conditions, However, the Landau resonant slot is weak
because of the inherent weakness of the effects of the
Landau resonance of whistlers as compared to that of

their gyroresgonance.

The weakness of the Landau resonance slot would
not have allowed preferential growth at a frequency
(D = % 52@%/ for which both the Landau resonant
speed and the gyroresonant speed of the particles
are same but for the additional feature of the whistler
node propagation that comes into picture at this
freﬁuenoy. The group velocity of a whistler node pulse
is roughly equal to the phase velocity of the central
wave of the pulse at () = % <) for small angles
of propagation, In this case the Landau resonance
becomes quite strong as all the waves inside the wave
packet simultancously resonate with the same set of
particles and thus give a highly pronounced cffect. This

leads to the formation of a strong Landau resonant
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slot. It turns out that, for <o = % 50

the Landau resonant and the gyroresonant slots are

both

strong and at the same time they occur at the same
K\ju\ .  Therefore, the two slots overlap each

other and form a much deeper slot capable of giving

preferential triggering to VLE emissions at the

corresponding frequency ¢, = % SQ, .

Next we study how the particle distribution
distorted by Landau resonance will affect the gyro-
resonant growth rate of the perturbations, The
distribution 'f with respect to vV, is not affected
much by Landau resonance but with respect to Vli y
it gets distorted and develops a ledge over the range
of resonant velocities, The gradient <9 %/ﬁ}ﬁ\‘ at
the boundaries of the ledge will assume highly negative
values whercas in the central part of the ledge it
will approach to zero, The highly negative values of

fd%%/zyﬁwx would impart growth to perturbations
moving in a direction opposite to that of the Landau
resonant waves and at the same time undergoing gyro-
resonanc with the particles whose representative

points in velocity space lie at the edges of the ledge,
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The whole study has been done under the assumption
that the growth of the gyroresonant perturbations has
not reached the level beyond which they will react

back on the distribution of particles.

The expression for growth rate contains two
terms, One contributes to the growth and the other
to the demping of the waves., If s 1s not
negligible compared to %), , the damping ternm
dominates over the growth term in the beginning.
However, with time the growth term increases and in
due course exceedsg the damping term, thus leading to
the amplification of the waves, Becausge of this,
there is a finite time lag between the onset of the
resonant interaction and the starting of the growth

of the waves,

This type of interaction is also capable of

contributing to the preferential generation of VLF

2
the association of a special feature of the whistler

L : ) C
enissions at ¢.J = & ‘JLE%, . This is because of
!

node dispersion relation with this frequency, The

Landau resonant V,‘ has a naxinunm value at
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S and this divides the whole distribution

3
s

20—

o —
RS )

into two regions: onejthe digturbed region and the
other undisturbed, 4 particle in the undisturbed
region ocan not have Landau resonance with any whistler
node wave having whatever frequency, If a broad
spectrun of whistlers is assumed to exist in the
system, a ledge is likely to form over the entire
disturbed region andta sharp negative gradient would

be formed at the boundary of the two regions which

corresponds to the gyroresonant frequency 2 = %:Slr.

Therefore, the perturbation at this frequency will be
naturally favoured for growth, This model for the
VLF enissions also accounts for (or predicts) as

initial time delay before the waves start growing,



6.2

CONCLUSIONS:

The different types of wave particle interact-
ions that we have studied so far distort the distribut-
ijon in such a way that it supports building up of waves
at certain frequencies whereas it leads to the dissipation
of waves at other frequencies, The gufficiently grown
waves are likely to appear as emissions but at this
stage 1t seems as 1if no mechenism is uniquely
responsible for these emissions, On the contrary, it
looks that several mechanisms contribute to these
enissions, The Landau resonant and the gyroresonant,
both types of interactions play significant roles in |
the generation of these emissions., 4s far as sinple
emlssions are concerned, the gyroresonance plays a
more important role than the Landau resonance in the
emnission mechanism which is obvious from the fact
that the gyroresonance interaction is stronger than
the Landau resonant interaction, However, the
preference in enissions observed at the frequency

¢ L 52 is because of the reinforcement of the

) S
gyroresonant effects by the Landau resonant effects

i
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that occur especially at .y = B) Y, and not at

any other value of 0 ; as we have seen in chapter
IV and V, Thus VLF pulse at any frequency is capable
of generating an emission but if it happens to be
centred close to €O = % «Sl@ﬂ/ , 1ts chances of
stimulating the emissions increase highly, firstly
because the Laendau resonance of the background
whistler mode noise makes the distribution unstable
for perturbations close to this frequency and secondly
because 8 pulse centred at this frequency undergoes
the group Landau resonance with the particles which
is nmuch stronger than the ordinary Landau resonance

occuring for pulses centred at other frequencies,.

If the mechanism discussed in chapter III is
operative in the system, it is evident that the long
duration pulses such as Morse Code dashes stand much
better chances to stimulate VLF emissions compared to
small duration pulses like the Morse Code dots. This

is in agrecnent with the observations.

In the last chapter, while discussing the

L q‘M\Z,,<_:_.;;C.,emi:S'SJLcn’ls because

preferential generation of 5 )l !
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of the gyroresonant growth of a perturbation caused by
the quasilinear Landau resonant relaxation of the
digtribution we find that the growth starts only after
a certain time lag, The emissions observed also show
that there ig a difference in the time of observation
of the triggering pulse and the triggered pulse, Almost
211 types of interactions discussed show that the onset
frequency is different from the frequency of the
triggering pulse, This is also the case with the
observations, However, none of the interactions
discussed above throws any light over the observed
variation of the frequency of an emission with time,

The theory needs a little modification in this respect,

SUGGESTED EXPERIMENTS: and SCOPE FOR FURTHERNWORK:
Although this work discusses some aspects of
the various types of low frequency wave particle

interactions and their possible contribution to the
stinulation of VLEF enissions, a rigorous
nathenmatical ‘treatment of the whole subject is

desirable. While considering the slot development
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due to both the Landau and the gyroresonances, we have
considered the cffects of the two resonances separately
and then superimposed the e¢ffect of one over the other
to simplify the situation., 4n exact treatment of the
whole problem in which the two effects are considered

to be taking place side by side is also desirable,

4 mathenatical study applicable to the real
physical situations regarding the effectiveness of
the group Landau resonance over the ordinary Landau
resonance and experinental verification thereof would

be quite useful to assess how nuch contribution to

the VLI emissions at ) = % “i cones from
V

this mechanisn,

A study may be carried out as to how the Landau
resonant growth rate for an electrogtatic first order
perturbation would behave in a system containing a
spectrun of zero order whistler node waves tending
to make the pitch angle distribution of the systen
isotropic,

4 couparative study of different Planetary

Magnetospheres should also be carried out to get a



zeneral and broader understanding of.the féatures
comnon to all these magnefospheresa A study of VLF
erissions from different planetary atmospheres using
artificial satellites which penetrate the atmospheres
of such plenets may be carried out. It will give a
better understanding of the whole phenomenon of

whistlers and VLEF enmissions,

Finally, this type of wave particle interactions
nay be studied in the laboratory. The controlled
laboratory conditions Will allow us to change the various
parameters of the system and study the phenonena
ocouring there for all possible aspects, This would
give us a nuch better insight into the magnetospheric
Physics in general, and into the phenomenon of VLFE

ernissions, in particular,
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