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of experimental data has shown that hiss typically possesses a high wave normal angle
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tween electromagnetic signals originating in lightning discharges (whistlers) and hiss by
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Abstract

Magnetospheric hiss is an intense noise-like electromagnetic whistler-mode emission in
the frequency range from several hundred Hz to several kHz, which permeates large
regions of the earths magnetosphere. In spite of decades of extensive investigations,
the generation mechanisms of hiss remain unclear. Previously suggested models assume
hiss generation by energetic electrons in the magnetosphere and predict hiss propagation
...at:small . wave normal angles with respect to the earth’s magnetic field lines. However,
analysis of experimental data has shown that hiss typically possesses a high wave normal
angle with respect to the magnetic field. In this research, we investigate the connection
between electromagnetic signals originating in lightning discharges (whistlers) and hiss
by means of (1) measurement of the average propagation directions of whistlers and hiss
using data from the Dynamic Explorer-1 satellite and (2) theoretical modeling of two-
and three-dimensional propagation of whistler waves. We perform multiple measure-
ments of the hiss propagation direction, as well as the first measurement of propagation
direction of whistlers. Based on the results of the measurements and on extensive two-
and three-dimensional ray-tracing calculations, we suggest an entirely new mechanism of
hiss generation by multiply reflecting whistlers. Whistlers from different lightning dis-
charges enter the magnetosphere at different locations and propagate along complex ray
trajectories which include multiple reflections. They are observed in the magnetosphere

with different time delays, so that the cumulative effect from a large number of whistlers
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in the magnetosphere manifests itself as a noise-like emission, i.e., hiss. Our model is
in agreement with experimental results which show that hiss propagates with large wave
normal angles with respect to the magnetic field. Estimates show that in view of the
global rate of lightning flashes of ~10% per second lightning generated whistlers pump
énough wave energy in the magnetosphere to support observed levels of hiss on a global

scale, so that magnetospheric hiss may be entirely produced by emissions from lightning.
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Introduction

1.1 OVERVIEW

The subject of this thesis is the origin and propagation characteristics of a particular
type of incoherent extremely low frequency (ELF) and/or very low frequency (VLF)
electromagnetic emission (i.e., few hundred Hz to few kHz), commonly referred to as

plasmaspheric hiss, that permeates large regions of the Earth’s near space environment.

In this chapter, we review previous experimental and theoretical work on plasma-
spheric hiss. The study of this phenomenon has a shorter history compared to other wave
phenomena in the Earth’s magnetosphere, which is the region surrounding the planet
within which the Earth’s magnetic field dominantly influences the dynamics of charged
particles. For example, electromagnetic impulses injected into the magnetosphere by
lightning discharges, and which upon propagation disperse into descending tones referred
to as whistlers [Helliwell, 1965], were observed as early as 1919, and later interpreted
as having resulted from propagation along the earth’s magnetic field lines [Storey, 1953].
However, the discovery of many other natural ELF/VLF emissions in the magnetosphere

-occurred only after the beginning of the satellite era. The list of the most common electro-

magnetic emissions in the magnetosphere includes auroral kilometric radiation, auroral
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hiss, Z mode radiation, terrestrial myriametric radiation, whistlers, chorus and plasmq—
Spheric hiss [Gurnett and Inan, 1988]. Among other ELF/VLF emissions, plasmaspheric
hiss is one of a great significance due to its relatively high amplitude and its omnipresence
within the relatively dense region of the magnetosphere referred to as the plasmasphere
[Carpenter, 1973]. As the most common ELF/VLF emission, the plasmaspheric hiss
has been suggested to play a fundamental role in regulating the equilibrium flux of the

radiation belt [Kennel and Petschek, 1966].

Despite extensive study, the mechanisms of generation and sustenance of plasmaspheric
hiss are not yet understood. Our review of the past work on plasmaspheric hiss study
is organized as follows. We first provide in Section 1.2 the basic properties of whistler
mode wave propagation in magnetoplasmas which are essential for the understanding and
interpretation of plasmaspheric hiss properties. New experimental data on plasmaspheric
hiss are then presented in Section 1.3, and a review of published results on the wavevector
direction of plasmaspheric hiss is given in Section 1.4. Theoretical modeling work
concerning plasmaspheric hiss generation and propagation are reviewed in Section 1.5,
and past results concerning the interaction of plasmaspheric hiss with energetic particles
are discussed in Section 1.6. Finally, Section 1.7 summarizes the scientific contributions

of this dissertation.

1.2 WHISTLER MODE WAVES IN A MAGNETOPLASMA

Electromagnetic wave propagation in a plasma is considerably different from that in
the free space [Krall and Trivelpiece, 1973]. Electromagnetically, the plasma medium
is dispersive, and the dispersion affects the wave propagation for wave frequencies not
very high compared to either of the two major plasma resonance frequencies, namely,
the electron plasma frequency™ wpe = (i’%‘ﬁ)l/ 2 and electron gyrofrequency wg, = %

where N is the electron density,  is the ambient magnetic field, e and m are the electron

* CGS units are used throughout this dissertation.
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charge and mass, and c is the speed of light. Both wy, and wg, vary considerably
within the magnetosphere due to the spatial variation of both the plasma density and the
earth’s magnetic field intensity. Two major regions exist in the magnetosphere within
which the wave propagation properties are drastically different due to differences in
backgfound electron density (i.e., wpe). The inner region is known as the plasmasphere
[Carpenter, 1973], which extends to equatorial distances of 3-7 Earth radii and which
is characterized by relatively high plasma densities, so that the condition wype > wp, is
satisfied. Outside the plasmasphere, this condition may be not valid since the plasma
density exhibits a very' steep drop at the boundary of the plasmasphere, and so does
the plasma frequency. The boundary of the plasmasphere is commonly referred to as
plasmapause. The earth’s plasmasphere and magnetic field lines are sketched in Figure
1.1. The radius of the plasmasphere depends on the current magnetic activity, and is

greater during magnetospherically quict periods [Carpenter, 1973].

In this work, since we are mainly concerned with wave propagation phenomena within
-.the plasmasphere, we will uniformly assume that the plasma frequency exceeds the gy-
rofrequency (i.e., wpe > wg,). Under this condition, the wave propagation at frequencies
below the electron gyrofrequency (but higher than ion gyrofrequencies) typically occurs
in the whistler mode [Krall and Trivelpiece, 1973]. Since a complete review of wave
modes of the magnetized plasma is beyond the scope of this dissertation, we concentrate

below mainly on whistler mode features in a cold plasma.

An important parameter characterizing whistler mode propagation is the wave-normal
angle 1, which is the angle between the wave vector k and the ambient magnetic field
By. For parallel propagation with k l By (i.e., 1 = 0), the whistler wave frequency w
and wave vector k satisfy the approximate dispersion equation

2k

wi, + c2k? (12D

WX WH.
The parallel propagating whistler wave is circularly polarized with a refractive index

u = Pwﬁ of several tens for typical magnetospheric parameters and with both E and
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Ducted wave

Nonducted wave

Plasmasphere

Magnetospheric duct

Fig. 1.1. The earth, and the earth’s magnetosphere.  The lightly shaded area
designates the plasmasphere. A plasmaspheric duct is shown by darker shading. Both
nonducted and ducted whistler-mode ray trajectories are shown.

B fields perpendicular to %, so that the ratio of magnetic to electric ficld magnitudes is
related to the refractive index as p = %. However, the properties of the whistler wave are
different and more complex for oblique propagation (i.e., ¢ # 0). For a given frequency,
there exists a so called resonance cone angle 1, such that for ¢ — 1, the wave refractive
index becomes very large (+ — ©00), and the wave becomes quasi-electrostatic (% — O) .

The resonance cone angle is given as [Krall and Trivelpiece, 1973]

2
2 Woe 2
w(+5%) —ws,
Wi D

cosip, = -5 (1.2.2)
pe
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21 . : . :
where wy; = (‘%:,i)l/ 2 is the ion plasma frequency, and m; is the jon mass. We can see
3
2 2

from (1.2.2) that for 1. to be real we must have w > w_ ., where w? AR = 5‘::%{; is so
-.called lower hybrid resonance (LHR) frequency. The spectra of oblique quasi-electrostatic.
whistler mode waves with large refractive indices thus exhibit a lower frequency cutoff

below the local LHR frequency.

While the dispersion equations (1.2.1) and (1.2.2) are applicable to a homogeneous
plasma only, the inhomogeneity of the magnetospheric plasma is often an important
- factor which-determines the propagation characteristics and which therefore must be in-
cluded in most models of whistler wave generation, amplification and propagation in the
magnetosphere. The most common method used to account for the effects of inhomo-
geneity is to rely on the WKB approximation, applicable when the wave parameters at
any point along a given ray trajectory are determined solely by local plasma parameters,
so that the ray trajectory can be found as the solution of Hamiltonian-type differential
equations [e.g., Budden, 1985; Galeev, and Sudan, 1983]. This method is based on the
assumption that plasma and wave parameters do not change significantly over distances
~of the order of one wavelength and is widely used for ray tracing simulation of the wave
propagation in space plasma [e.g., Green et al., 1977, Maggs, 1989]. Depending on the
nature of the density inhomogeneity, two major types of whistler mode ray trajectories
are possible in the magnetosphere. Ducted propagation occurs within field aligned inho-
mogeneities (ducts), where the plasma density is somewhat higher (10% -30%) than the
- ainbient plasma density [Helliwell, 1965]. Calculations show that whistler mode waves
may propagate between hemispheres inside such ducts, with the wave vector remaining
quasi parallel to the earth’s magnetic field [Helliwell, 1965]. Since ducted propagation
is quasi-longitudinal, whistler mode waves can reach the ionosphere, penetrate the sharp
refractive index boundary of the lower ionosphere, and be detected on the ground. In
the absence of such guiding by ducts, whistler mode wave propagation paths are gov-
erned by smooth gradients of electron density and magnetic field (Fig. 1.1), and such

waves are said to propagate in the non-ducted mode [Helliwell, 1965]. Under typical
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circumstances, the wave normal angle of nonducted waves tends to increase along the
propagation path, and may reach values close to the resonance cone [Aikyo and Ondoh,
1971; Huang and Goertz, 1983; Jasna et al., 1990]. Such waves reflect either within the
medium at points where w ~ wy g p, or from the sharp lower ionospheric boundary (for
w > wrgR), and therefore are generally not detectable on the ground. Observations of
ducted whistlers at ground stations indicate that whistler ducts are common within the

magnetosphere [Helliwell, 1965], but it is unlikely that they fill a significant volume of

the magnetosphere compared. to.regions.permeated by. nonducted whistlers [Edgar, 1972]. .« woismsznom

Therefore, in modeling plasmaspheric hiss which populates large regions of the plasma-
sphere, non-ducted propagation must be considered as the primary mode of propagation.

Ducted and non ducted whistler ray trajectories are illustrated in Figure 1.1.

We note that the dispersion relations (1.2.1) and (1.2.2) give real solutions for frequency
if the wave number is real, corresponding to waves which are not attenuated or amplified
as appropriate for wave propagation in a cold plasma, in which case the waves do not
exchange energy with the particle population. The condition of resonant interaction of

the waves with charged particles is in the form [Krall and Trivelpiece, 1973):
w— kHU” =svwg (1.2.3)

where the subscript || denotes vector components parallel to the ambient magnetic field,
v is an integer, and v is the velocity of the particles which interact with the wave. In
the case of » = 0, equation (1.2.3) describes the Landau interaction or the Cerenkov
resonance, and cases v = 11 are known as the cyclotron resonance or gyroresonance.
Higher order resonances (|| > 1) result in generally weaker interactions. The interaction
of the wave with the energetic particles may lead to wave growth as well as wave
damping, depending on the specific features of the particle distribution in velocity space
[Krall and Trivelpiece, 1973]. In general, non-equilibrium particle distributions (such

as beams of energetic particles or loss-cone distributions) can be a source of energy for

plasma instabilities and wave growth.. Loss cone distributions of energetic electrons are ... .
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commonly observed in the magnetosphere [Lyons and Williams, 1984], being a potential
source of whistler mode wave growth. In controlled VLF wave-injection experiments
- from Siple Station, Antarctica, whistler mode wave amplification of the order of 20 to.
40 dB was detected [Helliwell, 1988] and is interpreted as resulting from whistler mode
wave gyroresonance interaction with energetic electrons in the equatorial region of the

magnetosphere.

Wave-particle interactions result not only in changes of the wave amplitude, but also
in particle acceleration/deceleration, as a consequence of the energy exchange between
| the wave and particles [Krall and Trivelpiece, 1973]. In the case of particle interaction
with monochromatic waves, the resonant condition at any given point is satisfied only
for a single particle parallel velocity (1.2.3). Therefore, if the particle parallel velocity
--changes either due to the wave-particle interaction-or due to the magnetic field-inhomo-
geneity (as discussed in Section 1.6 below), the particles move away from resonance,
‘and the interaction becomes ineffective. Therefore, the velocity of a particle interacting
with coherent waves changes within relatively small ranges around their unperturbed tra-
jectories, typically limited by the magnetic field inhomogeneity along the trajectory. In
the case of interactions with broadband wave packets, particles can be in resonance with
different spectral components of the wave packet as the particle velocity changes. If the
different spectral components of the wave packet have random non-correlated phases, the
velocity of the particle changes in a random way, so that the initial particle distribution
is subject to diffusion in velocity space [Krall and Trivelpiece, 1973]. This phenomenon
is typical for energetic electron interaction with plasmaspheric hiss, since plasmaspheric
hiss is a broadband, noise-like signal without any significant known phase correlation

between spectral components.

In the following sections, we discuss the application of the general features of magne-
tospheric whistler mode wave propagation to the interpretation of experimental data on

_.plasmaspheric hiss and to the theoretical modeling of hiss generation and propagation.
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1.3 OBSERVATIONAL DATA ON PLASMASPHERIC HISS

Plasmaspheric hiss is an incoherent, noise-like emission which is most commonly ob-
“served in the frequency range from a few hundred Hz to several kHz. Figure 1.2 shows a
typical spectrogram of plasmaspheric hiss [Gurnett and Inan, 1988], illustrating a steady

noise band without any apparent structure.

s ki , i ’:. ; ; . ]
0 5 10 15 ref 45 dB
Time (sec)

Fig. 1.2. The dynamic spectra of plasmaspheric hiss as observed by the DE-1 satel-
lite. The data for the first ~11 seconds was acquired with the magnetic loop antenna,
whereas the subsequent period was detected with the electric dipole antenna [Shawhan
et al., 1981]. The periodic variation of the hiss intensity with a period of ~3.05 s is due
to the satellite spin with the period of ~6.09 s.

The first observations of plasmaspheric hiss by a high altitude satellite were reported by
[Dunckel and Helliwell, 1969]. The OGO 1 satellite performed observations of whistler
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-mode waves in the frequency range 0.3 kHz< f < 100 kHz, covering geocentric distances
from 2 to 24 Ry and geomagnetic latitudes in the range of £:50°. Plasmaspheric hiss
~-was typically observed in a range of L from L ~ 2.5 to the vicinity of the plasmapause
as a noise-like signal with a featureless spectrum exhibiting little change over several to
many seconds of observation. The hiss band was typically in the range 0.3 kHz < f <3
kHz, and often occurred together with discrete emissions. Dunckel and Helliwell [1969]
noted the abrupt upper cutoff of plasmaspheric hiss, which varied with satellite position,
in one case, varying from ~ 2 kHz to ~ 500 Hz as the satellite moved from L ~ 6.0
to L ~ 8.5. Mapping of the peak intensity of hiss in the equatorial plane showed two
regions of intense emissions near the noon meridian centered at L ~ 4 and L ~ 10. In
the region beyond L = 6, little or no hiss was detected in the midnight to dawn sector.

Strong hiss was found to develop abruptly at dawn.

A considerable amount of additional observations of plasmaspheric hiss at altitudes
ranging from 430 to 900 km was made on the OGO 4 satellite [Muzzio and Angerami,
1972]. The intensity of ELF hiss was found to be as high as ~ 2x10™*y2/Hz. Other noted
characteristics of ELF hiss as observed on the OGO 4 satellite included the following:

1) Although hiss spectra extended up to 2 or 3 kHz, the highest intensity was observed
at frequencies below ~ 0.6 kHz. The intense spectral components with frequencies

below 0.6 kHz are referred to as band limited hiss (BLH).
2) The upper cutoff of BLH is independent of Iatitude.

'3) Hiss was found to have a considerably smaller upper cutoff frequency in the vicinity

of the magnetic equator (latitudes in range of £10°).
4) The range of geomagnetic latitude where hiss occurred varied from ~ +10° to ~ 55°.

A detailed experimental study of plasmaspheric hiss in the ELF band (<1000 Hz)
as observed on the OGO 5 satellite was reported by Thorne et al. [1973]. In this

study, examples of hiss were excluded from consideration if the upper frequency of hiss
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exceeded 1 kHz. A sharp lower-frequency cutoff and a more diffuse upper-frequency
cutoff were observed and little variation was found of the principal hiss characteristics
(peak frequency, bandwidth, low-frequency cutoff, and maximum power spectral density)
throughout most of the plasmasphere. The important aspect of this particular study are the
well documented measurements of hiss intensity. Although the peak power density of hiss
exhibited variations of up to 2 orders of magnitude around the mean, the most typical hiss

intensity was fonnd to be ~10~%42Hz~!. Hiss was observed almost exclusively within

the plasmasphere, and on-the dayside.passes the termination..of hiss. was-experimentally. . .. .. . oot

indistinguishable from the plasmapause crossing. On nightside passes the difference
between the plasmapause crossing and the location of termination of the hiss was ~
0.3Rg. However, in the afternoon sector at high geomagnetic latitudes (A > 35°), hiss
was observed well outside the plasmapause. Spectra of ELF hiss presented by Thorne
et al. [1973] typically have smooth maxima of power density at frequencies of a few
hundred Hz. Sometimes unusual spectra were observed, showing additional sharp peaks
superimposed on a hiss spectrum, The strongest emissions occurred between L=4 and
L=6 during geomagnetically quiet conditions. A later statistical study of the data from
the OGO-6 satellite shows that plasmaspheric hiss intensity peaks during the recovery

phase of magnetic storms [Smith et al. 1974].

Some experimental data show that hiss may be observed outside the plasmapause in the
regions where the plasma density may be high enough due to local density enhancements.
This phenomena was first reported by Chan and Holzer [1976], and was further studied
by Koons [1989]. Enhancements of up to several times the ambient density [Chan and
Holzer, 1976] and with transverse dimensions of order of ~ 10° km [Chan and Holzer,

1976; Koons, 1989] were observed.

Koons [1981] provided experimental data suggesting that hiss can be an energy source
for chorus generation. Observations were made by the SCATHA spacecraft, with a nearly

equatorial plane orbit having an apogee of 7.78 R, and a perigee of 5.32 Rg. In 20

different cases, chorus emissions (with a frequency up.to 1.3 kHz) were seen.to originate . ... .. ... ...
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from hiss bands (with frequency of ~400 Hz). Since the spacecraft spun at a rate of
once per minute, the relative orientation of the wave electric and magnetic field and the
- satellite antenna varied with the same-angular frequency;-resulting in fading patterns in-
the received amplitudes of the electric and magnetic fields. In the Koons [1981] data, hiss
exhibited deep fading nulls (up to 15 dB), whereas chorus emissions had large variations

in amplitude which masked any modulation of intensity with satellite spin.

The possibility of chorus generation from plasmaspheric hiss was confirmed in an
experiment in which the Siple Station VLF transmitter was used to generate a noise-like
signal as a model for magnetospheric hiss [Helliwell et al., 1986]. In this experiment,
rising tone triggered emissions (similar to chorus) were observed when the bandwidth of
the simulated noise signal was less than ~100 Hz, implying that magnetospheric chorus

emission can indeed be triggered by hiss.

Data from the DE-1 satellite provided new information on plasmaspheric hiss gener-
ation. In observations described by Sonwalkar and Inan [1989], a hiss-like signal was
seen to appear after the observation of lightning-generated whistlers (see Figure 1.3). The
data were collected during 22 passes of the DE-1 satellite covering 3.4 < L < 5.1 and

- geomagnetic latitude of 20°N to 40°S in the afternoon (~ 1400 — 1500 MLT) sector. The
geomagnetic activity during this period was relatively quiet (2K, < 20). The whistler
triggered hiss emissions were observed on 16 (~70% ) of the passes, and they exhibited

the following characteristics:
1) The emissions were broadband, structureless and their spectra layed below ~4 kHz.
2) The duration of the whistler triggered hiss was ~ 5 - 15 s,

3) The triggered hiss emissions exhibited the same type of fading as that reported earlier

for plasmaspheric hiss.
4) The intensity of triggered hiss emissions was comparable to that of plasmaspheric hiss.

5) The triggered hiss signal had variable upper and lower frequency cutoffs, similar to
those observed for magnetospherically reflected whistlers {Edgar, 1976].
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Fig. 1.3. Whistler triggered Hiss [Sonwalkar and Inan, 1989] The triggered hiss lasts
for ~5-15 seconds, and exhibits both lower and higher frequency cutoffs.

By combining these factors, Sonwalkar and Inan [1989] arrived at the conclusion that

lightning generated whistlers may be an embryonic source of plasmaspheric hiss.

Though plasmaspheric hiss is generally observed at high altitudes, some interesting
observational results were also obtained by low-altitude satellites and sounding rockets.
Based on their analysis of hiss observed on the low-altitude Injun-3 satellite Gurnett and
Burns [1968] arrived at the conclusion that low-altitude hiss originates at higher altitudes.
Their interpretation of the sharp low-frequency cutoff of hiss was based on the reflection
of downward-propagating (from 2 high altitude source region) extraordinary mode waves
near the two-ion cutoff frequency between the proton and helium frequency. Lefeuvre et
al. [1991] determined the direction of the Poynﬁng flux for low-altitude hiss. Except in

high-latitude regions, plasmaspheric hiss was found to propagate downwards, suggesting
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once again a source region located at higher altitudes. Further analysis showed that
the reflection at the two-ion cutoff frequency is a very efficient process for returning
waves to higher altitudes [Lefeuvre et al., 1992]. Another experimental evidence of the
downward propagation of hiss, was uncovered in experiments using sounding rockets in
Antarctica [Brittain, et al. 1983), when standing wave patterns of VLF hiss were observed
at altitudes above 90 km. The wave amplitude was seen as a series of closely spaced
stripes with whistler-like dispersion. This phenomenon was interpreted as a result of the
- reflection of downcoming plasmaspheric hiss from a sharp boundary in the ionosphere at
the altitude » ~ 90 km. In view of the relatively low altitude of the rocket, this particular

observation may have been ducted hiss also observable on the ground.

1.4 WAVE-NORMAI. ANALYSES OF PLASMASPHERIC HISS

Another important hiss characteristic first determined by Thorne et al. [1973] is wave
polarization and wave normal direction. These parameters were deducted from simulta-
neous measurements of all three components of the wave magnetic field. In a typical
case, no average wave normal angle was found, indicating that waves may be arriving
at the observation point from many directions simultaneously. However, in several ex-
amples waves exhibited nearly plane polarization; in these cases the wave normal angle

was found to be relatively small, being ¢ ~ 19°.

- - A-comprehensive study of wave normal angles of plasmaspheric hiss was carried out
by Lefeuvre et al. [1983], Lefeuvre and Helliwell [1985] and continued by Storey et al.
[1991]. The wave distribution function (WDF) method was used in these studies, with the
WDF specifying the distribution of electromagnetic wave energy with respect to angular
frequency w and to the direction of wave vector as characterized by the unit vector
K= E/k [Lefeuvre et al., 1981]. The experimental data used for these analyses were
obtained by the wave normal analyzer on the ISEE-1 satellitc which provided amplitudes

and relative phases of two components of electric field and three components of magnetic
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field at the output of narrow-band filters. Comparing the ratio of amplitudes of the
different field components and their relative phases with theoretically calculated values
from cold plasma theory, one can reconstruct the WDF, though with. limited directional
resolution. This method requires a priori knowledge of the principal plasma parameters,
including the plasma density. Wave data for analysis were selected on the basis of
several physical criteria, including magnetospherically quiet periods (K, < 3 during three

previous days), and satellite passes close to the magnetic equatorial plane. The results

of the WDF reconstruction: showed. that distributions. with one, two or three maxima in.. . - .

wave normal angle were possible, indicating that plasmaspheric hiss in the ELF band
may have a complicated distribution of wave energy with respect to the wave normal
direction. In most cases, the location of the maxima corresponded to high wave normal
angles (¢p ~ 80° — 85°), though during one satellite pass the WDF had a maximum at

relatively small wave normal angles (3 ~ 20° — 30°).

Results of the analysis of DE-1 data on hiss obtained in the inner magnetosphere were -
described by Sonwalkar and Inan [1988] and summarized by Gurnett and Inan [1988].
Observations of plasmaspheric hiss on the DE 1 satellite were made by both electric and
magnetic antennas. Since the satellite spun with a period of ~6.09 s, the magnitude of
the electric and magnetic field detected by the wave receivers depended on the relative
orientation of the field with respect to the antenna and exhibited fading patterns with a
period equal to half of the spin period. The phase and the depth of the fading patterns
were analyzed to determine the wave normal angle of plasmaspheric hiss during a ~3 hour
period when the satellite moved at I ~ 4 — 5 from a geomagnetic latitude of A,, ~ 40°N
to Ap, =~ 20°S. During this time, plasmaspheric hiss was observed continuously below
1.8 kHz. Data analysis showed generally high values of the wave normal angle ranging
from @ ~ 50° to 6 ~ 82° [Sonwalkar and Inan, 1988].

Hattori et al. [1991] reported spectral analysis and direction finding of ELF data

containing simultaneous hiss and chorus observed in the outer magnetosphere. Each

chorus element was shown to-have. a.tendency.to originate from the hiss band and was... . ...« .coonian
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asymptotic to the hiss band. Very similar azimuthal angle values were noticed for both
hiss and chorus. These facts imply that wavelets emerging from the upper edge of the
“hiss'band can evolve into-chorus emission through coherent wave-particle interaction in

the outer magnetosphere, as was suggested before [e.g., Koons, 1981].

1.5 THEORETICAL MODELING OF PLASMASPHERIC HISS GENERATION

We now review past theoretical work concerning the mechanism of generation of plasma-
 spheric hiss. In all models proposed prior to our work, plasmaspheric hiss is assumed to

be generated by non-equilibrium energetic particle distributions in the magnetosphere.

Muzzio and Angerami [1972] gave the first estimates of the possibility of hiss generation
by energetic electrons, assumed to interact with the wave via Landau or gyroresonance.
Considering the wave energy emitted by a single electron, estimates were made of the
density of energetic particle population in the magnetosphere required to generate the
~ observed levels of plasmaspheric hiss. In such a model, hiss is presumed to be generated
by an incoherent process, with the total wave power being equal to the power generated
by one electron multiplied by the total number of electrons. The estimates of Muzzio
and Angerami [1972] required an excessively large number for the density of energetic
electrons, illustrating that plasmaspheric hiss was not generated via an involving Landau

or gyrorésonance process.

Most of the other models of hiss generation are based on plasma instabilities. In order
to quantitatively assess the generation of hiss from background noise, the growth rates
of whistler mode waves should be integrated along the propagation path. Whistler mode
waves with high wave normal angles interact with electrons via Landau resonance, lead-
ing to wave damping for typical electron distributions in the magnetosphere. On the other
hand, whistler waves with low wave normal angles (quasi-parallel propagation) can be ef-
ficiently amplified via gyroresonance with energetic particles if there exist nonequilibrium

particle distributions (for example, a loss cone distribution [Kennel and Petschek, 1966]).
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Therefore, wave growth would occur mainly on those segments of the ray trajectory
‘where the wave normal angle is small and the condition for gyroresonance with energetic
electrons can be - satisfied. Other segments of the trajectory would centribute to wave
damping. If the path integrated growth can overcome the losses-due to wave damping:
and wave divergence, plasmaspheric hiss can be generated from thermal noise or from an
embryonic source. Thorne et al. [1979] and Church and Thorne [1983] postulated hiss
generation to be based on the existence of very specific whistler mode wave ray paths (so
called cyclic trajectories) which are quasi-periodic, and which cross the equatorial plane
at small wave-normal angles. The net gain as calculated in Church and Thorne [1983]
for a cyclic trajectory exceeds unity, so that the system is unstable and whistler mode
waves can be generated from thermal noise, providing a possible mechanism of plasma-
spheric hiss generation. In general, cyclic trajectories require reflections of the whistler
wave not only from surfaces of constant LHR frequency, but also from the plasmapause.
Trajectories with such specific requirements can only constitute a small fraction of pos-
sible whistler mode ray trajectories in the magnetosphere. Furthermore, divergence of
the wave power (resulting in decrease of the wave amplitude during propagation) was
not taken into account in the mechanism proposed by Church and Thorne [1983], so that
their calculations overestimate the total wave growth rate. Another difficulty with this
mechanism is the fact that the cyclic trajectories require smali wave normal angles near
the equator, whereas recent experimental data show in general high wave normal angles
for hiss near the equatorial plane [Storey et al., 1991]. On this basis, Storey et al. [1991] -
arrived at the conclusion that waves propagating along cyclic trajectories may play at
best a minor role in generating plasmaspheric hiss. In contradiction to the results of
Church and Thorne [1983], Huang et al. [1983] showed that for typical magnetospheric
parameters, the integratesi gain of whistler mode waves does not exceed the threshold for
‘wave generation from béékground noise, although if the whistler mode wave is externally.
injected info the magnetosphere, it can persist there for a long time without significant

damping.
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One possible way to explain plasmaspheric hiss generation by energetic electrons in the
magnetosphere is to assume that hiss is amplified to its observed level from thermal noise
-~during a-single pass-of ‘a-whistler mode ‘wave through the- equatorial ‘generation region:
Once generated at low wave normal angles, hiss propagates in the magnetosphere in the
non-ducted mode, with the wave normal angles increasing along the path and undergoing
reflections from surfaces of constant LHR frequency at high wave normal angles. Such
a model was presented by Solomon et al. [1988], combining the effectiveness of plasma-
spheric hiss generation at low wave normal angles with the experimentally observed
propagation at the high wave-normal angles. Based on experimental data on fluxes of
energetic electrons from the GEOS-1 satellite, Solomon et al. [1988] evaluated the total
single-pass amplification of whistler-mode waves inside the plasmasphere to be ~10? dB,
high enough to provide the observed wave intensity of ~ 1 pT?/Hz during a single transit
of the wave through the equatorial region at magnetic latitudes of A < 20°. Due to the
limitations of the GEOS-1 satellite orbit, the Solomon et al. [1988] observations were
necessarily limited to high L-shells and unusually quiet geomagnetic conditions. It is thus

difficult to assess the applicability of this mechanism in the bulk of the plasmasphere.

Another model of generation of plasmaspheric hiss at high wave normal angles, was
developed by Parady [1974]. Ring current protons were suggested as the source of the
free energy for plasmaspheric hiss generation. The non-equilibrium distribution of the
ring current protons is unstable and a so-called “loss-cone™ instability can develop in
--the magnetosphere. - This mechanism predicts plasmaspheric hiss to consist of highly
oblique waves with center frequency close to the lower-hybrid frequency. The predicted
bandwidth of plasmaspheric hiss is in reasonable agreement with experimental data. The
author arrived at the conclusion that the ring current instability can be a mechanism
for the generation of some types of plasmaspheric hiss. This assumption is confirmed

by satellite observations [Parady et al., 1975] showing that the location of the outer

~ boundary of the region where hiss was observed is correlated with the ring current index.

In particular, the boundary location near midnight ranged from L=2.5 for Dst = — 160y
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to L=5.5 for Dst = 0. The most intense hiss was observed in the recovery phase of
magnetic storms at the inner edge of the ring current. In Parady et al. [1975], maps of
‘hiss occurrence: were presented which. agree qualitatively. with. previous .observations..of .-

plasmaspheric hiss occurrence [Thorne et al., 1973].

1.6 PARTICLE PRECIPITATION FROM THE RADIATION BELTS DUE TO
THE INTERACTION WITH PLASMASPHERIC HISS

As discussed in Section 1.1, resonant interactions between plasmaspheric hiss and en-
ergetic particles constitute an excellent example of a natural process involving charged
particle diffusion in velocity space. In the absence of wave-particle interactions and
because effects of particle collisions are negligible in the upper ionosphere and mag-
netosphere, the electron motion in the magnetosphere is determined primarily by the
inhomogeneous magnetic field of the earth. In a slowly varying magnetic field, there
exist approximate integral constants of motion, one of them (the so-called first adiabatic
invariant) linking the transverse component of the electron velocity and the magnetic

field magnitade [Krall and Trivelpiece, 1973]

S

~ const (1.6.1)

When electrons move along the magnetic field lines and reach regions of higher magnetic
field at lower altitudes, their transverse velocities increase in accordance with (1.6.1).
Since the total electron energy remains constant, the increase in transverse velocity is
accompanied with a decrease in longitudinal velocity. At some point along the trajectory
(so-called mirror point) the longitudinal velocity may equal to zero, and the particle is
reflected backward due to the gradient of the magnetic field [Lyons and Williams, 1984].
Using the conservation of electron kinetic energy %(oi,+ vﬁ) and the first adiabatic

invariant (1.6.1) along the trajectory, one can readily relate the electron pitch angle at the

equator a, to the magnetic-field. intensities.at the.equator.B,, and the mitror point. By ... . . o v n o
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as [Lyons and Williams, 1984]

B,

sin® Oleg

By, = (1.6.2)

From (1.6.2) it follows that electrons having smaller equatorial pitch angles a., reach
regions of higher magnetic field B,,, which correspond to lower altitudes. At altitudes
below ~100 km, electrons may experience collisions with neutrals, preventing some
of them from returning to the magnetosphere. Such electrons are removed from the
magnetospheric electron population after several bounces. Since lower mirror points
correspond to smaller equatorial pitch angles, the process of electron precipitation to the
lower ionosphere and the atmosphere results in nearly zero values of the magnetospheric
electron distribution function for pitch angles a < «;, where oy is the so-called loss cone

angle [Lyons and Williams, 1984].

Electrons can resonantly interact with plasmaspheric hiss and diffuse in velocity space,
- so that some electrons: with-initial-pitch--angles-outside the loss cone can diffuse inside
the loss cone. Such electrons inside the loss cone reach the lower ionosphere and are
precipitated. In this way, the interaction of plasmaspheric hiss with energetic electrons
may significantly contribute to the precipitation of these electrons into the ionosphere. A
self-consistent theory of this phenomenon was presented in the pioneering work by Kennel
and Petschek [1966]. Later, this theory was elaborated by Etcheto et al. [1973], where
- an iteration technique ‘was used to find a solution-for the intensities of plasmaspheric
hiss due to interaction with energetic electrons. In this model, the spectrum of hiss -
was determined by the energetic electron distribution, and the electron distribution was
affected by the waves. These two processes received energy from a steady source of
energetic electrons continuously compensating for the losses due to electron precipitation
and the damping of waves in the magnetosphere. The principal results from this model

can be summarized as follows:

1) The peak frequency of the wave spectrum is a function of the characteristic energy
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of the incoming particles, approximately corresponding to that calculated from (1.2.3)
with vy equal to a half of the velocity of the source particles.

' 2) The peak intensity of the wave is directly proportional to the source intensity.-

3) The solution for the equilibrium particle fluxes by [Etcheto et al., 1973] is not unique,
so that some other solutions are found, in addition to that put forth by Kennel and
Petschek, [1966].

4) The equilibrium particle- fluxes have the same.characteristics.inside and.outside the ...

plasmasphere.

Lyons et al. [1972] studied the pitch angle diffusion of radiation belt electrons due
to their interaction with whistler waves having a Gaussian distribution of wave energy
with respect to wave normal angle, with a maximum at ¢ = 0. Obliquely propagating
waves (corresponding to ¢ # 0) interact with particles at all cyclotron harmonic reso-
nances as well as at the Landau resonance. The particle velocity changes occurring at all

| geomagnetic latitudes along the particle trajectory were considered and the pitch angle
changes integrated over a bounce period was found to be significant enough for a slot
in the electron distribution function to be formed at 2 < L < 3. The calculated electron

distribution function was in a good agreement with the observed one.

A test particle approach was used by Inan [1987] to compare gyroresonant pitch angle
scattering of energetic electrons by coherent versus incoherent whistler mode waves. In
this study, the equations of motion for individual test particles were solved numerically.
The noise-like wave field for the incoherent signal was simulated by a sequence of short
monochromatic pulses. Each monochromatic pulse had a duration of 1 ms, and the
frequency of such pulses was generated randomly, so that the constituted wave was a
signal with nearly constant power spectral density over a bandwidth of 2 kHz centered
at 5.5 kHz. Results of the numerical solution for the incoherent signal were compared to
the results for the coherent signal. Though the individual particle scattering was found

to be typically larger for the coherent signal, the peak precipitation fluxes induced by
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the incoherent signal were found to be of the same order of magnitude since incoherent

waves interact with particles over a wider range of energies.

-Since recent experimental-data show that hiss propagates -over-a wide range of wave:
normal angles, there must be Landau interactions between hiss and energetic electrons.
Pinto and Gonzalez [1989] have shown that at low L values, Landau resonance with
electrons near their mirror points can produce pitch angle diffusion coefficients larger
than those expected for equivalent cyclotron resonances at the equator. The authors
suggest that this resonance may be regarded as the most important process to explain
the enhancement in energetic electron precipitation at the inner belt, at least during the

recovery phase of magnetic storms.

1.7 CONTRIBUTIONS

The specific contributions to our understanding of the wave vector directions and gener-
-ation ‘mechanisms-of magnetospheric hiss that resulted -from our work are presented in

Chapters 2-3. These can be summarized as follows:

— A new mechanism for generation and sustenance of magnetospheric hiss by whistlers

from lightning is put forth and is found to be consistent with experimental data,

— It is shown that lightning generated whistlers inject sufficient wave energy into the

magnetosphere to support the observed intensities of hiss on a global scale.
— Measured wave normal angles for hiss were found to be large, ranging from 45° to the
resonance cone angle, consistent with the proposed mechanism. Furthermore, the hiss

wave vectors are often at large angles with respect to the magnetic meridional plane.

— First measurement of wave normal directions of discrete whistlers indicate them to
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be 50°-60° with respect to the magnetic field and within < 20° with respect to the

meridional plane.

— A new asymptotic formulation of whistler wave propagation in three dimensions is
put forth. Results of three-dimensional ray-tracing calculations show that the model

of hiss generation by whistlers is in agreement with experimental data.
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Wave normal analysis

2.1 INTRODUCTION

In this chapter we describe the method used for the analysis of VLF wave data from the
DE-1 satellite to extract information on wave normal direction, and we provide results of
~the wave vector direction measurements for plasmaspheric hiss and nonducted whistlers.

The DE-1 satellite had a spin period of ~6.09 s, so that the magnitude of the electric
and magnetic fields detected by the onboard wave receivers depended on the relative
orientation of the wave field and the antennas, and the resultant recorded signal intensity
exhibited a fading pattern with a period equal to half the spin period [Sonwalkar and Inan,
--1986]. This concept is illustrated in Figure 2.1, where both the satellite electric antenna
and the polarisation ellipse of the wave field are shown. The spacecraft spin changes
the projection of the electric field polarisation ellipse on the antenna, resulting in signal -
fading. Analysis of the phase and the depth of the fading patterns, together with the full
knowledge of the three dimensional attitude of the satellite, allows the determination of
the wave vector direction [Sonwalkar and Inan, 1986]. In this chapter, we generalize
this method to the measurement of the average wave vector direction of short duration

signals (e.g., whistlers). Other modifications include taking into account (i) the effects

23
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satellite spin axis,
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Fig. 2.1. The geometry of the DE-1 satellite orbit and the spinning electric antenna.
The whistler wave polarisation ellipse is sketched with respect to the antenna orientation.
The measured intensity of the wave depends on the relative orientation of the spinning
antenna with respect to the wave clectric field.
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of ion motion in the wave-normal angle analysis, and (ii) use of the full envelope of the

~signal pattern rather than just the measurement of the-depth and phase of the fading.: - .

- - This chapter is-erganized-as follows. -In Section 2.2 we provide a-derivation-of the-
expression for the fading pattern as observed by the DE-1 satellite in a narrow frequency
window. We then show that within certain approximations the relation for wideband
signals (e.g., hiss or whistlers) should be similar to that for monochromatic signals. In
section 2.3 we evaluate the depth and the phase of fading resulting from the wave vector
direction and satellite spin. We arrive at an expression which links the unknown direction
of the wave vector to the observable characteristics of signal fading at the antenna ter-
minals. Input parameters in this expression are local cold plasma density, magnetic field
intensity and direction, and the satellite orientation. Section 2.4 describes the method
for the numerical solution of the equation for the wave vector directions. Section 2.5
- provides. the results of the wave normal measurements of plasmaspheric hiss at different
locations in the magnetosphere and under different magnetospheric conditions. Results
of the first simultaneous measurement of wave propagation direction of plasmaspheric
hiss and nonducted whistlers are presented in Section 2.6, and are the subject of the

theoretical modeling.discussed later in Chapter 3.

2.2 FADING PATTERN FOR WIDEBAND SIGNALS

For a given incident wave electric field E, the instantaneous voltage at the terminals of

a linear dipole antenna is given by
U=LE- &, (2.2.1)

where L is the effective length of the dipole antcnna, and &, is the unit vector in the
direction of the dipole. However, (2.2.1) is not useful in the analysis of the wide-band
data when the fading due to the satellite spin is measured as the intensity of the broad-

band signal in a narrow frequency window. In the following, we derive the relationship
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-between the signal dynamic spectra as observed by a satellite and the actual wave spectra
and antenna orientation. This problem was considered by Sonwalkar and Inan [1988],
~where- it-was.shown-that the method. of. wave normal direction.analysis can be.applied to
noise-like signals (e.g., hiss). We generalize the method of Sonwalkar and Inan [1988]

and demonstrate its applicability to a wide range of signals.

We consider a wave packet with energy distributed over a range of frequencies (and

corresponding wave numbers). The electric field of the wave is given by
B 1) = / / dEdwE(E, w)exp (i(wt — % F)) (2.2.2)

where & (E ,w) is the wave spectral density. In general, the wave packet may have different
orientations of the wave vector for a given frequency w. While we are able to determine
the fading at the antenna terminals in the general case, we assume in the following that
the wave spectral components have a unique orientation of the wave vector for any given
frequency. In this case, the wave vector is uniquely determined by the wave frequency,

and the spectral density function can be expressed as
Ek,w) = EW)S(k — Fo(w)) (2.2.3)

where 6(.) is the Dirac delta function, and I_c'o(w) is a function describing the wave vector

dependence on frequency as can be derived from the dispersion relation for the wave.

Since the satellite moves with the velocity I_/:,, we can substitute ¥ = V’st in (2.2.2) and

using also (2.2.3) find
E) = f dwg(w)exp(i(w — k- 17;)t) (2.2.4)
The voltage waveform at the antenna terminals is defined as

U(t) = f dwLW)EwW) - Bu(t) exp (i(wt — ko - 173)15)_ (2.2.5)
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Note that the antenna orientation vector €, varies slowly (compared to Zw—’r ) with ¢ due
~.to-the satellite spin. In general, the effective Jlength of the antenna may be a.function of
~-both the wave frequency-and the antenna orientation. In the following we consider the:

case for which £ is constant.

In order to evaluate the voltage variation in a narrow frequency band, we need to first
find the spectrum of U in a time window. This procedure is defined by the following

formula

U, 1) = % / dt exp(—z'Qt)U(t)H(t ;:”) (2.2.6)

where II is the window function®, and 2{(£2, {) is the dynamic spectra of the voltage at

the antenna terminals measured at ¢ = ¢o. Substitution of (2.2.5) in (2.2.6) yields

t—1g

U, o) = %1: ] dw&(w) f di2,(£) exp [i(w_féo-ﬁ)t] exp(—iQt)H( = ) 2.2.7)

We can simplify this expression by performing an approximate integration with respect
to ¢. Note, that €,(f) is a slowly varying function as compared to the exponent. In all
practical cases, the width of the time window is small compared to the period of the
satellite revolution, so that €,(¢) is the slowest function on the right-hand side of (2.2.7).
With this realization, we can use an asymptotic expansion for the integral of a product

of a slow f,(¢) and fast f;(t) varying functions

gt _ 3 i T

[ arrsnm =0 [ano-io [« [ amor. e
This asymptotic expansion can be easily shown to be valid using integration by parts.
Expanding the right-hand side of (2.2.7), we find

U, tp) = %L f dwi, (o) - Ew) / dt exp [z'(w —Q-%- ff;)t]n(t ;:0) (2.2.9)

* Typically, II{f) = 1 for —% <1< % zero otherwise.
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The integration with respect to ¢ yields a function with a sharp impulsive maximum. We
note that the integral with respect to ¢ can be written as the Fourier transform

% ] dtexp (z'(w —Q—Fyp- I_/;)t)l'[(t Ztto) = F(—w) (2.2.10)

where F(w) denotes the Fourier transform of the function of time f(¢) = exp (i(-—Q —

Eo . T_/;)t) H(%Q) . Using this definition of F, equation (2.2.9) can be written as
U, tg) = LE,(T) - / dwf(w)f (2.2.11)

Using Parseval’s Theorem [e.g., Bracewell, 1986]

/ dw F1 () Fa(~w) = f RO Fa() 2.2.12)
equation (2.2.11) yields
UQ, to) = L2, (to) / dtE @) exp (i(—g —Fo- I-/’;)t)l'[(t ;:0) (2.2.13)

The integral with respect to ¢ in (2.2.13) is by definition the dynamic spectra of the
electric field E(t) as measured in a frequency window centered at Q+lzg -V, so that with

reference to (2.2.6) we can write
U, to) = L2, (tg) - E(Q+ Ko - Vi, 1) (2.2.14)

which is a simple expression, allowing the evaluation of the dynamic spectra of a signal
observed by a satellite in terms of the dynamic spectra of the actual electric field of the
wave at the Doppler-shifted frequency, multiplied by the spinning antenna orientation
vector. Since the relative orientation of the ahtenna and the wave electric field changes
as the satellite spins, formula (2.2.14) implies that there would be a fading pattern in
the measured voltage. In the following we analyze the shape of the fading pattern to

determine the wave polarisation and the wave vector direction.
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Expression (2.2.14) shows that what is observed is not just the variation of the voltage
..U -due.to the satellite spin (€;(fp)), but the product of €,(¢g) with the changing magnitude
-..of-the- wave-electric field dynamic spectra £. To. measure -the fading itself.-we should.
either (i} assume that the wave electric field magnitude remains constant over at least
one spin period, or (ii) use superposed epoch technique or statistical averaging to reduce
possible variations in E. In the following, we assume the former to analyze wave data

on hiss, and the latter for analysis of wave data on discrete nonducted whistlers.

.. In applying (2.2.14) to the analysis of experimental data one should keep in mind the
approximations inherent in the derivation. Basically, we assume a hierarchy of fast and

slow variables
1

where T, is the characteristic time scale of the satellite spin and T, is the width of the

window used to obtain the dynamic spectra.

The physical interpretation of the inequality
Tﬂ. >> Tw

is clear. If one chooses the integration window wide enough to be compared to the
period of the satellite spin (7, ~ T,), the fading pattern is smoothed out by the time
integration. In the limiting case of the opposite inequality (7, < T,), there would be
no fading pattern at all. Therefore, the width of the integration window should be small
enough to bring out the fading of the signal. In turn, the inequality

1
Tw>>'—"
w

sets a lower limit on T, to allow for sufficient frequency resolution. For the DE-1
~ satellite, T, ~ % ~ 1 s and & ~ 10™* s, therefore, the window width can be chosen

~ 1072 s, retaining the validity of (2.2.14).
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Equation (2.2.14) can be further simplified if the wave vector magnitudes are assumed

to be moderate, and if the wave parameters (e.g., wave normal angle) do not change

- =sharply with.frequency..In such a.case, we can neglect the Doppler-shift term in (2.2.14). . ..o = -

to obtain
UK, 1) ~ LE,(to) - E(Q) (2.2.16)

- As we will see below, this approximation is well justified by the results of the wave

vector direction analysis in all.cases analyzed here.

2.3 DEPTH AND PHASE OF FADING RESULTING FROM THE WAVE
PROPAGATION DIRECTION AND SATELLITE SPIN

In this section, we derive an expression for the functional variation of the voltage fading
observed at the terminals of a spinning antenna produced by an elliptically polarized
electromagnetic wave. We start with the formula derived above for the voltage at the

antenna terminals
U=LE. e, 2.3.1)

where £ is the antenna effective length, and €, is the unit vector in the direction of the
dipole. In order to evaluate 2/, we need to determine both the orientation of the antenna

and the electric field in the same frame of reference z, y, 2.

Figure 2.2 shows the coordinate system used. The ambient magnetic field B is taken
to be along the z-axis, and the electric antenna spin axis & is assumed to lie in the z-z
plane. The direction of the wave vector & is determined by the angles ¢» and 5. In the
formulas below, we also use (z',y', 2’) axes, which are defined in such a way that 2' is
parallel to z and k is in the (z', 2"y plane. Another frame of reference is constituted by
Ta, Ya, Za> and is defined in such a way that the antenna spin axis is parallel to #, (Figure

2.2).
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Fig. 2.2. The frame of reference used in the satellite data analysis. The magnetic
field is parallel to the 2’ axis. The satellite spin axis @ is in the , z plane, forming an angle
of 1, with the magnetic field. The magnetic meridional plane is within a few degrees of
the y, » plane. The wave vector orientation is characterized by the wave normal angle
and azimuthal angle 3.

- We start with the determination of the orientation of the antenna in the z4, ¥4, 2, frame
of reference. In the following, we choose ¢ = 0 as the moment at which the antenna is
perpendicular to the earth’s magnetic field. Since the antenna spins in z,, z, plane, its
orientation is given by

a

€, = COSw,t (2.3.2a)

€5 = sinwgt (2.3.2b)
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et =0 (2.3.2¢)

We note that the z,y,z frame of reference is rotated by (5 — tq) with respect to the

| Ta,Ya, Zq frame of reference (Figure 2.2), so that the antenna orientation in the z,y, z

frame is
exja = Sin wSt - COS 1,ba, (2.3.30!.)
€y,0 = COSWyl (2.3.3b)
€2,a = SiNW,T - SiN T, (2.3.3¢)

In the 2/, 3/, 2’ frame, the wave electric field vector can be expressed through the complex
unit polarisation vector €. The expression for the instantaneous value of the wave electric

field in terms the unit polarisation vector & is
& = B Re (é" expliwt — F - F’)) (2.3.4)

where E, is the electric field magnitude. Expressions for 3’1,2,3 can be obtained as a

solution of a system of three linear equations

2¢l —Z(kk ¢ + 2 e,,e) 0 (2.3.5)

where &y = ko = (B2 + k22, & = ky = 0, k3 = by = k,, and ej;(w, %) is the dielectric
tensor for the magnetized plasma [Krall and Trivelpiece, 1973] in the same system of

reference (z',y', 2') where €’ are defined. The dielectric tensor is defined as
€j=0ij+ Y € (2.3.6)
a=1

whete é;; = 1 if ¢ = 7 and &;; = O otherwise. The summation in (2.3.6) is carried out with

respect to different particle species (which. in the following are assumed to be electrons ..
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and protons), and the partial dielectric permittivities ¢;; are defined as

1 = -—% (2.3.7a)
.
el = —%ﬁ; (2.3.7b)
€33 = —L;i; (2.3.7¢)
€3 = €51 (2.3.7d)
€31 = —€l2 (2.3.7¢)
€51 =€z =€ =633 =0 (2.3.79)

We note that (2.3.6) accounts for contributions from both electron and ion species in the
dielectric tensor. Ton motion effects may be important since hiss is often observed at
frequencies close to the lower hybrid frequency [Thorne et al., 1973], in which case the
propagation of the plasma waves is supported by the motion of both ion and electron
species. Using ¢;; in the form of (2.3.6) is an improvement over previous methods of
wave normal measurements using spin fading patterns [Sonwalkar and Inan, 1986; 1988]

which did not account for the ion motion.

We assume that the Z' axis makes an angle ¢ with respect to the Z axis. Transforming

the complex unit polarisation vector in the z,y, z frame, we find

ez = €, COS § — ey sin ¢ (2.3.8a)
ey = €, Sin ¢ + e;’, cos ¢ (2.3.8b)
e; =¢, (2.3.8ac)
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In the z,y,z frame of reference, the instantaneous value of the wave electric field is

given by
& = EqRe ((e; cos ¢ — ¢, sin ¢) expiwt — k - F)) (2.3.94)
& = EnRe ((e; sin ¢ + €, cos §) expiwt — F - f-')) (2.3.95)
&, = EnRe (e; exp(iwt — & - F)) (2.3.9¢)

These expressions may be used to determine the magnitude of the voltage at the antenna

terminals. For the average magnitude of the voltage we can readily find from (2.3.1) that

b=

U = L [< E -8 >} (2.3.10)

where <> denotes averaging with respect to time. Substituting in (2.3.10) the expressions
for £ from (2.3.9) and €, from (2.3.3) and averaging the square of their scalar product,

we find

U (t) = 2Em L|(e;, c0s ¢ — e, sin @) sinwst - cos 1h,

+ey, Sin @ + e, COS B) COS Wyt + €, SiNw,t - sin 3y | (2.3.11)

where |(.)| denotes the absolute value of a complex variable. Note that the value of the
complex unit polarisation vector € depends on the plasma parameters and on the wave
normal angle v (see (2.3.5) - (2.3.7)), so that (2.3.11) expresses the voltage at the antenna
terminals through the antenna effective length £, the actual electric field magnitude &y,
the angle of the antenna spin axis orientation t,, the wave vector orientation angles ¢, 1,
and the plasma parameters. This equation is a starting point for the wave normal analysis
of the DE-1 data, since it links a measurable quantity iy, with the unknown angles ¢, v

of the wave vector orientation.

Before we proceed to solve equation (2.3.11) to determine the wave vector orientation,

we analytically consider. some limiting cases to obtain insight on how the wave vector
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orientation manifests itself in the fading pattern of the voltage measured at the terminals
of the spinning dipole antenna. For the sake of simplicity, we assume ), = 7 in our
.- .analytical-estimates-of the fading pattern, which-is a good approximationﬂlfor the typical -
DE-1 satellite ephemeris. Note, however, that in the numerical solution of (2.3.11) for

the actual data we use the precise values of 9, as derived from satellite ephemeris data.

As our first limiting case, we consider a quasi-electrostatic whistler mode wave with
wave vector close to the resonance cone. In this case, the solution of equations (2.3.5)
for the complex unit polarisation vector gives real values for e/, ¢/, and a small imaginary
value for ¢, the latter approaching zero as the wave vector approaches the resonance
cone. Qualitatively, this behavior is understandable by the fact that whistler mode waves
exhibit almost linear polarisation in the direction of their wave vector for wave vectors
close to the resonance cone [Krall and Trivelpiece, 1973)]. Therefore, the two components
of the polarisation vector which lie in the wave vector plane z,z must be in phase (so
that both are real), and the third component e;, must be small. Using the real values of

the 6;,2 components and considering e;, as a small parameter, we find for Up,

R+(cos ¢ - €},)
Uy, ~ zgmzs( = ) (2.3.12)
where
R = e}, sin ¢ - cosw,t + ¢, sinw,t| (2.3.13)

and (cos ¢ - ei'y)2 is a small term due to the small ¢;, component of the wave polarisation.
In obtaining (2.3.12) we used ), = 7. Since both e} and €, are real, we can rewrite the
expression for R as

R = Ro| sin(wst +7)| (2.3.14)

1

where R = ((e; sin ) + (e;)z) > and « is given by

tany=2"_% (2.3.15)
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The expression for R in the form of (2.3.14) is useful, since some qualitative features
of the fading pattern are brought out. The depth of fading is defined as the ratio of the
.r-}-maxirnumw and. minimum valves of If,,. From (2.3.12),.this ratio can be estimated as .

Umaz 2R3
Unmin — (e} cos )

(2.3.16)

We first note that if the wave vector is very close to the resonance cone, then the quantity
(dy cos ¢)? is small, and thus the variation of 2/, is defined primarily by the R term,
resulting in deep fading of the voltage due to the antenna spin. The closer the wave
vector is to the resonance cone, the smaller the value of (e; cos ¢)2 is, and the deeper the
fading must be as observed at the antenna terminals. Therefore, near the resonance cone,
the wave normal angle ¢ directly affects the observed modulation depth. In a contrast to
1, the azimuthal angle ¢ affects both the phase of fading (see expression (2.3.16) for )
and the depth of fading. Measurements of both the depth and the phase of fading atlows

the determination of the wave vector directions ¢ and .

The above derivation of (2.3.15) is valid only for a plane wave. We complete this
section by estimating the applicability of the method to the analysis of wave packets con-
sisting of individual components propagating in different directions in the space plasma.
For the sake of simplicity, we consider just two plane waves with equal amplitudes and
wave normal angles, propagating with different azimuthal angles ¢; and ¢,. Following

the same procedure as above, the derivation for the fading in the presence of two waves

yields
Ur42,maz 2R%+2
maz 2.3.17
Uiizmin  ((cOS $1 +cos ¢o)e), ) ( )
where
1
Risz = (€ in g1 +sin g2))? + (¢)?) (23.18)

Apalysis of (2.3.17)-and (2.3.18). shows that in. the case of two. propagating waves. ...



WAVE NORMAIL ANALYSIS 37

Meridional plane

I
™~ o8

Fig. 2.3. The sketch of the wave vector orientation from the single wave analysis
k1 as results from data corresponding to two waves with wave vectors &, ; and
k1. The measured wave vector direction is generally in the same direction, but with
a smaller wave normal angle (as indicated by a k vector of smaller magnitude).

~with azimuthal orientation almost perpendicular to the magnetic meridional plane, the
single wave analysis gives the value of the average wave vector direction azimuthally
as generally the same direction, but with a somewhat smaller wave normal angle. This
situation is sketched in Figure 2.3, where the actual and the calculated wave normals
are shown, Thus, the single wave analysis may result in somewhat underestimated wave

‘normal angles.
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24 EXTRACTION OF THE WAVE VECTOR DIRECTION FROM
EXPERIMENTAL DATA

2.4.1 - Satellite antenna orientation.

Equation (2.3.11) for the voltage at the antenna terminals is derived under the assumption
that time ¢ = 0 corresponds to the antenna orientation perpendicular to the ambient mag-
.netic field. The necessary information on the instanteneous three-dimensional orientation
of the DE-1 satellite can be retrieved from the satellite ephemeris database, using the
OAREAD subroutine. The output of the OAREAD subroutine contains an array of vari-
ables describing satellite position and orientation, the local earth magnetic field intensity
and direction, etc. Though neither of these parameters directly gives an angle between
the satellite antenna orientation and the Earth’s magnetic field, the ¢ = 0 moment can
be unambiguously determined from other available parameters. Some of the OAREAD

parameters in GEI coordinates [Shawharn et al., 1981] are listed in Table 2.1.

OAREAD Parameters
Parameter] element # Description
v 26-28 Satellite velocity vector
M 68-70 Angular momentum
B 42-44 Magnetic field
N 8-10 Unit vector normal to the satellite orbit plane
¥ 71 The angle between the X -axis of the satellite and V

Table 2,1, Parameters of the ephemeris of the DE-1 satellite used for data analysis. .
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The so-called X -axis of the DE-1 satellite lies in the satellite spin plane [Shawhan
et al., 1981], and forms an angle of 130° with the dipole electric antenna. We use the
‘parameters listed in Table 2.1-to determine the X -axis orientation. We start-from two'

obvious equations for X

X M=0 (2.4.1

—+ — 2
(X x V) = X2V2sin? W (2.4.2)

The latter equation readily results from the definition of angle ¥. The two equations
(2.4.1) and (2.4.2) contain three unknown components of X , providing an infinite number
of solutions for X. In fact, (2.4.1) and (2.4.2) determine only the orientation of X , but
not its magnitude, so that different solutions for X have the same orientation and different
magnitudes. Since we are interested only in the orientation of X, we can find any of the
- solutions of equations (2.4.1),(2.4.2) by arbitrarily selecting the magnitude of X or any

of the three components of X. In our calculations below we let X =1 to find
XoMy + Xy My = —M, (2.4.3)

Vy = Vo Xy + (Ve — Vi X2 + (Vo Xy — VX = (X2 + X2+ DV2sin® ¥ (2.4.4)

These two equations yield a quadratic equation for the X, component, the remaining X,

component being defined through X,;

AXZ+BX,+C =0 (2.4.5)

M M,
Xp=—""TYLo.x 2 2.4.6
AT (2.4.6)

where
M? M M2

A=VH1+ D)+ Vo + V=2 — (1 + =LV sin? 2.4.7
Vz(1+M§)+(V +VyMr) ( +M§)V sin® ¥ (2.4.7)
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M, . M M My,
B= 2(—Vyvz + (Vo + Vi EW L+ Vy%(vm +Vyd) - J—VI--J\;F—?V2 sm‘P) (2.4.8)
&£ T r z T
C=V? (v+v%2 VZM"% 1 @VZ'Z\P 2.4.9
- C=V+(Ve zMz)+“’W_(+M§) sin”'¥. (2.4.9)

Since equation (2.4.5) for X, has two roots, it is not possible to determine X unambigu-
ously from a single set of values of 17, M. Assuming that we retrieve two solutions for

X , the algorithm described below is used to determine the correct solution.

Analysis shows that the two. solutions. for the. vector. X . correspond. to-two. opposite. - - -

directions of the satellite spin. Since the actual direction of the satellite spin is known,
we can extrapolate both solutions for X in time to get a sequence of values of X
corresponding to different instances of time, so that the two solutions for X att =t
would generate two time sequence of X values. One of these time sequences would
correspond to the actual revolution of the X vector, another one corresponding to the

incorrect solution of equation (2.4.5).

For all time instances in these two sequences, we can again retrieve information from
the satellite ephemeris database to get two additional values for X, resulting in four time
sequences of possible X values: (i) two sequences resulting from the evolution of the
solutions of (2.4.5) from t = %o to ¢ > %y, and (ii) two sequences as determined from
the satellite ephemeris database at every time moment ¢ > #o. Within each of these pair
of time sequences one sequence describes the actual satellite spin, another one being
incorrect, If we plot all four time sequences for X on the same figure, we would see that
the two “true” time sequences for X would match, while the values for the two other
“incorrect” sequences would be widely scattered. An example of the four time sequences
of X, derived as described above is shown in Figure 2.4. We see that the exact match
of the two “true” sequences unambiguously determine the actual X, value. This method
allows the identification of the correct solution of equation (2.4.5) to be used in our data

analysis.

After we determine the correct solution for the satellite X -axis orientation, we can
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86/12/18 Two incorrect

sequences of
the x-component

o

X of the vector X
X
1 s+ [Two correct
* sequences of
the x-component
of the vector X.
0
&
&
-1 < | ' .
0041.48 0041.53 0041.58

uT

Fig. 2.4. Four time sequences of the z component of X, Values of X result from {i)
advancement of two solutions of equation (2.4.5) from ¢ = 0041.00 UT to 0041.58 > ¢ >
004148 UT and (ii) solution of equation (2.4.5) at different time moments in the time
interval of 0041.58 > ¢ > 0041.48 UT. Note that two of the four solutions (connected
by the curve) nearly coincide, which indicate that they represent the actual orientation of
X.

41
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easily determine the instant of time when the X -axis of the satellite was perpendicular to.

-the Earth’s magnetic field by computing the scalar.product.}‘é..-, B and plotting it versus . .. ...

“tifne "and" noting'the intersections  with-the horizontal-axis-as the-times' corresponding-to: == "= % 7

‘X 1 B moments. Finally; we note: that since the-electric:dipole antenna forms an angle
of 130° with the X -axis of the satellite, the antenna becomes perpendicular to B ~0.85
seconds before the time when X | B (accounting for 1.03 rad/s angular velocity of the

satellite spin).

In addition to determining the ¢ = 0 moment, the equations for the wave normal
angle require the knowledge of the satellite spin axis orientation with respect to the
magnetic field. The angle t, between the spin axis and B is readily calculable, since
both the angular momentum vector (aligned along the spin axis ) and magnetic field
vector are available as OAREAD output parameters (see Table 2.1 above). Therefore,
DE-1 ephemeris database provides all the necessary information on satellite position and

orientation that are needed in our wave vector direction analysis.

2.4.2 Numerical determination of the wave vector direction

For given plasma parameters and angles 1 and 3, equation (2.3.11) defines the envelope
of fading of the wave intensity at the frequency w. The fading pattern is observed
as a series of voltage values U, ; measured at given instants of time ¢;. The goal
of our analysis is to determine values of the wave vector orientation angles ¢ and 3
which provide the best fit to the experiment. Mathematically, we minimize the value of
the function @ representing the mean squared difference between the theoretical fading
values U; = U(#;) and the experimentally observed values U, ; = Ue,(t;) at times ¢; for
3=1,2,..., Imae. The function ® is defined as;

Jmaz

O(C,, 5w, wp,wy) = Y (2010g;o U; — 201og;q Ues; — C)° - (2.4.10)
Jj=1
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where
Uj =Unm(ty) (2.4.11)

and U (%) is defined by (2.3.11), C' is an unknown normalization constant, U, ; is the
field intensity observed at times £; in a frequency window centered at w, and the values of
the parameters w, wy, and w;, are assumed to be known. The global minimum value of ®
corresponds to the closest agreement between theoretical values U; and experimental ones
Ues,j» in the mean squared sense. This minimum can be found by numerical methods
for any set of experimental data U, ;. In our numerical scheme we use the diffusive
equilibrium model [Angerami and Thomas, 1964] for the electron plasma density (which
determines w;), and the centered tilted dipole field model for the magnetic field (which

determines wpg).

The value of €' which provides a local minimum of ® for fixed values of +) and # can
be obtained from g?—; =0 as;

Jmaz

1
C'=—— > (20log;yU; — 201ogyy Ues ) 2.4.12)

Jma.z:

7=t

In view of the above, the orientation of the wave vector can be determined from exper-
imental data by finding the values of i and 5 which provide the minimum value of @,
the normalization constant C' being given by (2.4.12) and U; being defined by (2.4.11)
and (2.3.11).

This method of determining the wave vector direction is ditferent from that used by -
Sonwalkar and Inan [1986; 1988], since we take into account not only the depth and
the phase, but the entire shape of the fading pattern. Thus, for a large number of
experimentally observed values .., our method averages random fluctuations in the
signal amplitude, and leads to better accuracy in the determination of the wave normal

angle. This improved algorithm is particularly important in our study of nonducted
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whistlers (see below) in which a large number of individual whistler magnitudes was

-used to statistically extract the average wave vector direction.

24,3 Numerical methods and error margins

Special consideration should be given to the numerical method of solution of equation
(2.3.11). Any numerical method for finding the minimum value of a function employs
an algorithm to evaluate the function itself. In our case, we need to evaluate ® as given
in (2.4.10), in terms of U;, which in turn are functions of the polarisation unit vector € as
defined by (2.3.5). In the latter equation, k; and w must satisfy the dispersion equation
for the magnetized plasma. Therefore, to evaluate the function ®, one should first solve
the dispersion equation. In our analysis, the wave frequency is known, and the orientation
of the wave vector is to be determined so that we can solve the dispersion equation for
one component of the wave vector only, namely, for k”, by the modified Newton method

[e.g., Press et al., 1992].

Most numerical methods for finding a minimum of a function use algorithms for
calculating partial derivatives of this function with respect to its variables. Typically, such
derivatives are evaluated numericaily, by subtracting computed values of the function
in closely spaced points. However, in our analysis the numerical estimation of the
derivatives is not appropriate, since subtraction of @ values at closely spaced points is
very sensitive to small errors in the values of the function. Since the function ® is
evaluated as a result of the solution of the dispersion equation, a small random error is
introduced for every computed @ value, with the magnitude of the error corresponding to
the numerical precision of the solution. This small error is magnified significantly when
derivatives of @ are calculated. In our calculations, we avoided numerical evaluation of
the derivatives of @ and used the Nelder-Meade method, which is much less sensitive to

errors in calculating the function @ [Himmelblau, 1972).

Another source of errors in evaluating @ is linked with experimental errors in the
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Minimum
of O(B,y)

Fig. 2.5. Sketch of contours of values of @ with respect to the wave normal angle 3
and the azimuthal angle 5. The exact location of the minimum is shown by the arrow.
The shaded area sketches the possible margin of errors in the theoretical determination
of the minimum of @. Note that the margin of errors in determining @ is larger than that
for 4.

measurements and with the uncertainty in plasma parameters at the point of measure-
ment. To estimate roughly the error in the wave vector direction due to uncertainties in
measurement or plasma parameters, we considered the behavior of ® near the minimum.
Contour plots of @ with respect to the wave normal angle and the azimuthal angle are
given in Figure 2.5. We see that the minimum of ® is much more elongated in the 3
direction than in the ¢ direction, meaning that any error in evaluating ® would probably
shift the location of its minimum mainly in the £ direction, rather than in the ¢ direction.
On this basis, the margin of errors in determining the wave normal angle ) is believed to
“be smaller compared to that of the azimuthal angle 3. In practice, it is simpler to estimate

the margin of errors for the wave vector direction by performing test calculations with
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slightly different values of plasma parameters and slightly distorted experimental values.
This approach confirms the lower margin of errors for the wave normal angle, and allows

“us'to numerically estimate the margin of-errors in each case analyzed: -

2.5 WAVE VECTOR DIRECTIONS OF PLASMASPHERIC HISS AS
DETERMINED FROM DE-1 DATA

In this section we discuss the results of the application of the method developed above
to the measurement of hiss wave vector directions at different locations within a broad
range of L-shells (3 < L < 5). In individual cases reported so far, wave normal angles
for plasmaspheric hiss have been measured to be generally high [Lefeuvre et al., 1983;
Sonwalkar and Inan, 1988; Storey et al., 1991]. Storey et al., [1991] reported wave
distribution function analyses in which one, two or three maxima were observed for
different wave frequencies and satellite locations. In Sonwalkar and Inan [1988] the
wave vector of plasmaspheric hiss was found to be at a high angle with respect to the
meridional plane, as in some cases presented below. Our results constitute the first
comprehensive measurement of hiss wave vector directions at multiple locations within

the plasmasphere.

The cases considered here for hiss wave normal analysis were chosen primarily to cover
a broad range of L shells. In order to facilitate the type of analysis described in previous
sections it was necessary to have DE-1 data available in wideband form acquired by the
Linear Wave Receiver (LWR) instrument [Shawhan et al., 1981]. As noted previously
[Sonwalkar and Inan, 1988] this receiver maintains constant gain which makes it possible
to quantitatively measure the spin fading pattern. Due to LWR data availability, the
latitudinal locations of the selected cases were generally limited to the region near the
magnetic equator (|An,| < 30°). We analyzed 22 cases, providing sufficient data to make
conclusions on the general trends of hiss wave vector directions. The parameters of the

cases studied are summarized in Table 2.2.
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- 270
latitude 90 longitude

Fig. 2.6. L values versus magnetic latitude (a) and magnetic longitude (b} of the
locations of hiss wave vector direction measurements. Measurements were made
within the broad range of L-shells (approximately 3 < L < 5), though in a limited range
of magnetic longitude,

Figures 2.6 shows L values and geomagnetic latitude and longitude of the DE-1 satellite
locations in the 22 cases studied. Measurements were made within a broad range of L-
shells (approximately 3 < I < 5), but in a rather limited range of magnetic longitudes,
due to availability of LWR data, which was acquired primarily in the vicinity of the
North American continent for coordinated experiments with the Siple Station, Antarctica

transmitter [Rastani et al., 1985] .

Figure 2.7 shows the results of our analyses of the distribution of the perpendicular
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Magnetic meri-
dional plane

0

240 300

270

Fig. 2.7. Perpendicular components of the wave vectors of plasmaspheric hiss. Note
that hiss often propagates at a large angle with respect to the meridional plane.

components of the wave vectors* of plasmaspheric hiss. Since our method of wave
normal analysis entails a 180° ambiguity in ) and does not resolve between waves prop-
agating with wave vectors k and mﬁ, any of the measured wave vectors may correspond
to either the actual wave vector of hiss, or its image counterpart reflected through the
origin. In Figure 2.7, measured values of the wave vector are shown as squares, and re-
flected values are shown by circles for reference. In the following we assume that actual
orientations of the wave vectors are randomly split between the measured and “reflected”

values.

* Numerical values of the wave vectors and frequency are given in rad/sec throughout this dissertation.
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~tan (y) -
10

8 .

-.-Fig. 2.8. The tangent of hiss wave normal angles ) as determined from 22 measure-
ments of hiss wave vector direction. For comparison, the tangent of the resonance
cone angle v, is shown by a curve. The measured wave normal angles are generally
high, ranging from 45° (which corresponds to tant = 1) to the vicinity of the resonance
cone P =~ 1,

We sec from Figure 2.7 that hiss wave vectors span a broad range of azimuthal an-
gles, covering virtually the entire 360° of azimuth, As we will see below, this result
is in" qualitative agreement with our hypothesis of hiss generation by multiply reflected
whistlers originating in lightning. According to this model, plasmaspheric hiss generation
is due to the accumulation of wave energy from a large amount of non-ducted whistlers,
bouncing back and forth in the magnetosphere. If whistlers are produced by lightning
from different thunderstorm centers, they would be expected to have different magni-
tude and orientation of their wave vectors as measured at the observation point in the
| magnetosphere. This concept is investigated in more detail in the next chapter, where

it is shown that for hiss formation at high wave normal angles (i.e., large k) and at
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frequencies considerably higher than the local lower hybrid frequency, the wave normal
~angle of hiss is likely to have a considerable azimuthal component. This trend is clearly

visible in Figure 2.7.

Figure 2.8 shows the tangent of the measured wave normal angle ) as a function of
L-shell. For comparison, the tangent of the resonance cone angle at the geomagnetic
equator (as calculated from a dipole model) is shown by a curve. We see from the figure
that the wave normal angles observed are generally high, ranging from 45° to the vicinity

of the resonance cone angle v ~ 1,..

Data presented in this section represent 22 cases spanning a large range of L-shell,
providing solid evidence that magnetospheric hiss typically propagates at large wave
normal angles. As we mentioned in Chapter 1, this is in contradiction with the models
of hiss generation by energetic electrons [Church and Thorne, 1983). Therefore, our
measurements show the need for a mechanism for hiss generation which would account
for high wave normal angles of hiss. These and other experimental data (in particular,
hiss association with whistlers as observed by [Sonwalkar and Inan, 1989]) serve as the
basis for our new model of hiss generation by lightning generated whistlers, which is

presented in Chapter 3.
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2.6 SIMULTANEOUS MEASUREMENTS OF WAVE VECTOR DIRECTIONS
OF HISS AND WHISTLERS
“In- this ‘section'we provide a detailed analysis of .one-particular case. of wave data from -
“the DE-1 satellite when plasmaspheric hiss and discrete whistlers were observed simul- -
taneously. In this case, it was possible to measure for the first time the average wave
vector direction of whistlers by using statistical methods as described in Section 2.2, The
use of statistical methods for the measurement of whistler wave vector direction was
facilitated due to the relatively high rate of whistlers observed in this case, providing a
sufficient amount of whistler data during a short period of observation and sufficient sam-
pling of whistlers during a single spin period. The results of the measurements reported
here are theoretically interpreted in Chapter 3 and serve as new experimental evidence
which supports our proposed model of hiss generation by multiply reflecting nonducted

whistlers,

The data analyzed covers the time interval from 2104 UT to 2116 UT on March 24,
1982. At the time shown, the satellite was at I = 3.8, with a geographic latitude and
longitude of A, = —12° and ¢, = 23°, and magnetic latitude of A = —26°. The satellite
orbit plane was close to the meridional plane. The satellite spin period was ~6.09 s, the
spin axis being perpendicular to the orbit plane. Due to the satellite spin the measured
intensity of whistler waves should be subject to periodical variation, as was conceptually

illustrated in Figure 2.1.

The wave data were once again obtained by the Linear Wave Receiver [Shawhan et
al., 1981]. A representative 10 second period of the data is presented in Figure 2.9.
Whistlers (f > 3 kHz), as well as plasmaspheric hiss (f < 3.5 kHz) with spectra similar
to that shown in Figure 2.9 were observed from 2104 UT to 2110 UT. Although individual
whistler intensities vary, the periodic change in the average amplitude associated with
the satellite spin is clearly visible in Figure 2.9. A narrow band emission seen near
4 kHz occasionally appeared during the period of observation. This emission band

exhibited spin fading similar to that for whistlers and hiss and is similar in nature to
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DE 1 24 NAR 82 2104:31UT

e -

0 2 4 6 8
Time (sec)

Fig. 2.9. A spectrogram of the data from the linear wave receiver at the DE-1
satellite.  The satellite was at L = 3.8, geographic latitude and longitude of A, = —12°
and ¢, = 23°, and magnetic latitude of X = —26°. Whistlers ( f > 3 kHz), as well as
plasmaspheric hiss (f < 3.5 kHz) are seen on the spectrogrant.

53

narrowband emissions previously seen in DE-1 and ISEE-1 satellite data [V. Sonwalkar,

private communication, 1993)]. The wave normal analysis of whistlers at 4.5 and 3.5 kHz

and hiss at 3.5 and 2.5 kHz is not affected by the presence of this narrow band signal at

~4.0 kHz. Figure 2.9 shows that the hiss intensity exhibits a drop at frequencies above

~2.9 kHz. A possible mechanism of this cutoff is discussed at the end of Section 3.4.

To determine the average wave normal angle of whistlers, we measured whistler am-

plitudes for 147 identified whistlers in the data at f = 4.5 kHz and for 133 whistlers at

f =3.5kHz. Figure 2.10 shows whistler amplitudes at 4.5 kHz plotted versus the satellite
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e -Whistler magnitude
at 4.5 kHz versus
spin phase

¢ -The best fit
corresponding to
v =51°
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Fig. 2.10. Amplitudes at f = 4.5 kHz of 147 individual whistlers measured during
the time period from 2104 UT to 2116 UT on March 24, 1982 are shown as squares
on a polar plot of radial distance (in dB) versus the satellite spin phase. The zero
angle corresponds to the dipole electric antenna orientation perpendicular to the magnetic
field. The theoretically computed best fit values are shown by diamonds, corresponding
to the average wave vector direction of whistlers with an angle of ¥/=51° with respect to
the magnetic field and at 90° — $=20° angle with the magnetic meridional plane.




WAVE NORMAIL ANALYSIS 55

spin phase, with zero phase corresponding to the satellite electric dipole antenna being
perpendicular to the Earth’s magnetic field. Individual whistler intensities exhibit ~10
--dB spread for any. fixed satellite spin phase, but the locus of all the. measured. intensities.

describes an ellipse as seen in Figure 2.10.

Figure 2.11 shows whistler amplitudes at 3.5 kHz plotted in a similar way. There is
more spread in the distribution of whistler intensities for this frequency, pethaps due to the
relatively high level of the background hiss, which introduced error in our measurements.

~ An elliptical shape is nevertheless evident.

Figures 2.12 and 2.13 show hiss amplitude versus the satellite spin phase at frequencies
3.5 kHz and 2.5 kHz respectively. During these observations, the Linear Wave Receiver
was operating in 3-6 kHz mode, so that in measuring intensities of signals below 3 kHz
the filter roll-off characteristics (~30 dB/kHz in the 2.2 to 3.0 kHz range) had to be taken
into account. However, in the case of wave normal measurements, only relative changes
in the signal levels as a function of the satellite spin are important and therefore constant
offset in gain due to the filter roll off has little effect on our results, especially since the

hiss emission is quite intense at 2.5 kHz.

An important feature of the data presented in Figure 2.9 is that nearly all whistlers have
the same dispersion pattern corresponding to a direct path from the source to the satellite
without any magnetospheric reflections (only 5% of observed whistlers exhibited larger
dispersion). Based on this observation, we assume that most whistlers have approximately

the same wave parameters, including their wave normal angles.

Using the method described above, the average wave normal angles () of whistlers
shown in Figures 2.10 and 2.11 were determined to be ~51° at f = 4.5 kHz and ~60° at
f = 3.5 kHz. The corresponding theoretical best fit (as defined in Section 2.4.2) values
E); versus the satellite phase spin are shown in Figures 2.10 and 2.11 as dots on top
of experimental values represented by squares. The whistler intensity measurement at

3.5 kHz (Figure 2.11) exhibited a higher level of background noise, so that it was not
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90

~Whistler magnitude
at 3.5 kHz versus
spin phase
¢ -The best fit
corresponding to
v =6

270

Fig. 2.11. Amplitudes of 133 individual whistlers measured at f = 3.5 kHz during
the same time period as in Figure 2.9 are shown in same format as in Figure 2.9.
The best fit values to the experimentally observed amplitudes correspond to the average
wave vector direction of whistlers with an angle of ¢¥=60° with respect to the magnetic
field. Due to higher noise level at 3.5 kHz, it was not possible to determine the azimuthal
angle between the wave vector and the meridional plane.
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Fig. 2.12. Amplitudes of hiss measured at f = 3.5 kHz during the same time period as
in Figures 2.9, 2.10 shown in the same format. The best fit values to the experimentally
observed amplitudes correspond to the average wave vector of hiss with an angle of =70°
with respect to the magnetic field, with the perpendicular component tilted at the angle
of ~80° with respect to the magnetic meridional plane.

possible to accurately measure the angle between the wave vector and the meridional
plane (~ (90° — () in Figure 2.4). However, for 4.5 kHz the whistler wave vector was

determined to be at an angle of (90° — §) ~20° with respect to the meridional plane.

The measured wave normal angle of whistlers can be compared to the wave normal
angle of plasmaspheric hiss, which was measured to be ~77° at f = 2.5 kHz and ~70° at
f = 3.5 kHz, using the same method. Figures 2.12 and 2.13 show computed best fit values

at 3.5 kHz and 2.5 kHz respectively together with the measured values, in a way similar
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ﬁ t\ [ = -Hiss magnitude at
2.5 kHz versus spin
phase

4 -The best fit
corresponding to
y =77°

240

270

Fig. 2.13. Amplitude of hiss measured at f = 2.5 kHz during the same time period as
in Figures 2.9, 2.10 shown in the same format. The best fit values to the experimentally
observed amplitudes correspond to the average wave vector of hiss with an angle of $=77°
with respect to the magnetic field, with the perpendicular component tilted at the angle
of ~80° with respect to the magnetic meridional plane,

to Figures 2.10 and 2.11. In both cases, the hiss wave vector was nearly perpendicular
to the meridional plane, the azimuthal angle of the wave vector tilt with respect to
the magnetic meridional plane being ~80°. Figure 2.14 sketches the wave vectors for
whistlers at 4.5 kHz and for hiss at 2.5 kHz as determined from the data, showing that
while whistlers propagate at an angle of ~20° with respect to the meridional plane, hiss
propagates nearly orthogonal to the same plane, and that whistlers have generally smaller
wave normal angles than hiss. We can compare the above results with the previous

work on the measurcment of wave normal angles of signals injected from the Siple
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Station VLF transmitter [Sonwalkar and Inan, 1986]. Experimental parameters in our
case (i.e., L-value, frequency) are similar to those of Siple Station signals. The wave
normal angles for Siple signals observed on DE-1 were found to be ~50 — 60° with the
wave vector being located nearly in the meridional plane [Sonwalkar and Inan, 1986},
in good agreement with our measurements for whistlers. The wave vector magnitudes
for hiss and for whistlers in Figure 2.14 are ~2.5 x 10~° cm™! and ~1.6 x 10~5 cm™!

respectively.

.- Assuming that whistler rays enter the ionosphere almost along the magnetic field lines,
an azimuthal component of the wave vector of whistlers would only arise if there exist
considerable density gradients in azimuth (as it follows from the azimuthal component
of the WKB equation (3.3.2a) for the wave vector, provided in the next chapter). One
way that this can happen involves wave scattering from field aligned irregularities, which
commonly exist in the ionospheric plasma over a wide range of length scales [ Bell
and Ngo, 1990]. Such scattering of initially vertical whistler waves can produce oblique
whistler waves with wave vectors of different magnitude distributed in all directions
[Sonwalkar et al., 1984]. Depending on the azimuthal component of the wave vector,
whistler mode rays would then drift in longitude during their propagation in the magne-
tosphere. If the observation point (i.e., the satellite) is located at a longitude different
from that of the ionospheric illumination region by a lightning source, only those rays
which drift in longitude from the source to the satellite would be observed. Since the
direction and magnitude of the longitudinal drift of whistler rays is determined by the
azimuthal component of their wave vector, the satellite would observe only those rays

for which the azimuthal component of the wave vector has the right polarity.

Since whistler rays continue to drift in longitude after they pass the observation point
during their first hop, they would be at a different longitude during their second and
consecutive hops, and therefore may not be observed on the satellite. This circumstance
may have been in effect in the case of the data presented in Figure 2.9, where the majority

of whistlers exhibited dispersion corresponding to a direct path of propagation. The
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Fig. 2.14. The sketch of orientation of the wave vectors of hiss i;:'h for f = 2.5 kHz and
whistlers &, for f = 4.5 kHz as determined from the data. Note that while whistlers
are propagating close to the magnetic meridional plane (8, ~ ), hiss propagates with
a high angle with respect to the meridional plane.
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- fraction of whistlers with greater dispersion (corresponding to either reflected whistlers,

or whistlers from a different thunderstorm center) did not exceed a few percent.

The existence of an azimuthal component of the wave normal direction for both
whistlers and hiss implies that further assessment of any connection between whistlers
and hiss must be based on three dimensional ray tracing. In the next chapter, we develop
an approximate three-dimensional ray tracing technique, which is then used to show how
plasmaspheric hiss might be produced as a result of nonducted whistler propagation, con-
sistent with the measured wave normal angles of both hiss and whistlers as described in

this chapter.






3

A new mechanism for generation of
plasmaspheric hiss

3.1 INTRODUCTION

In this chapter, we interpret the results of our measurement of hiss and whistler wave
vector directions on the basis of ray-tracing calculations and propose a new mechanism
for the generation of plasmaspheric hiss. We show that nonducted whistlers, propagating
back and forth between magnetospheric reflection points, may persist for a long time
(~10% s for f = 1 kHz) in the magnetosphere without considerable damping. Whistler
waves originating in the same lightning discharge, but entering the magnetosphere at 2
distributed set of points and with an the initial spread in wave vectors (due possibly
to irregularities) propagate along different paths and arrive at an observation point (i.e.,
a satellite) at different times. The superposition of such a collection of whistler rays
forms a continuous hiss-like signal in the magnetosphere, as observed at a fixed point.
Accounting for the high average rate of lightning activity on a global scale (~10? lightning
discharges per second [Uman, 1987]), we arrive at the conclusion that a major part of
plasmaspheric hiss may be formed as a result of propagation and evolution of a large

number of nonducted, magnetospherically reflected, whistlers.

63
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In Section 3.2 we analyze the propagation of whistler mode waves in the magnetosphere
using a two-dimensional ray-tracing formulation. By tracing the trajectories of a large
-number (several hundreds) of whistler rays. we.investigate the formation of-a continuous
noise-like signal via superposition of nonducted, magnetospherically reflected,- whistlers. -
These two-dimensional ray tracing calculations are necessarily limited to the cases in

which the wave vector is confined to the magnetic meridional plane. -

As was discussed in connection with the wave normal analysis presented in the previous
chapter, the two-dimensional assumption is only applicable under limited circumstances.
Therefore, comprehensive modeling of nonducted whistler propagation and its role in the
establishment of plasmaspheric hiss should include three-dimensional effects. Accurate
three dimensional ray tracing is a complicated problem and in general can be performed
only by numerical methods [Green et al., 1977] which do not easily lend themselves to the
analysis of a large number of raypaths. These techniques also utilize large complicated
numerical codes that mask the physical properties of the raypath behavior. Especially
in the case of multiple magnetospheric reflections, as the wave vector approaches the
resonance cone, the numerical solutions often become unstable. On the other hand, in
this regime when ¢ ~ ., considerable analytical simplifications can be made to describe
the behavior of the raypaths in a physically insightful manner. In Section 3.3, we put
forth an approximate analytical formulation to describe the three dimensional propagation
of whistler waves with wave vectors close to the resonance cone. The equétions SO
derived are then used in Section 3.4 to investigate the generation of plasmaspheric hiss
via multiple reflections of nonducted whistlers, using experimental values extracted from
our wave normal analysis (Section 2.6). The association between hiss and nonducted
whistlers delineated by the ray-tracing calculations is discussed in Section 3.5, whereas
qualitative aspects of the nonducted propagation of whistler mode waves with frequencies

below the local lower hybrid resonance frequency are presented in Section 3.6.
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3.2 RESULTS OF TWO DIMENSIONAL RAY-TRACING CALCULATIONS

Two-dimensional ray-tracing calculations were carried out with the Stanford VLF ray-
tracing program [Smith and Angerami, 1968; Inan and Bell, 1977) using a diffusive
equilibrium model for the plasmaspheric electron density [Angerami and Thomas, 1964]
consisting of a mixture of 30% H* and of 70% O* at 1000 km, with a plasma density
of 500 cm™3 at L=4 and a uniform plasma temperature of 2000°K. The earth’s magnetic
field was taken to be that of a tilted dipole. The raypaths traced were those for which
' initial wave energy was assumed to enter the magnetosphere at 400 km altitude at 16
discrete frequencies ranging from 500 Hz to 4.0 kHz over a finite range of geomagnetic
latitudes (40° —51°) and with initial spread in wave-normal angles of up to +10° around
the vertical. Since for the typical ionospheric parameters, the wave vector magnitude is of
order of k ~ 107> cm™!, the +10° spread in wave normal angles correspond to transverse
wave vector components of ki ~107% ¢m™!, so that the scale of an inhomogeneity
of the electromagnetic field in the transverse direction can be estimated as %—INIOZ
km. Such distributions of wave-normal angles can thus be expected to result from mild

inhomogeneities or irregularities in the lower ionosphere [Sonwalkar et al., 1984].

In the presence of typical plasmaspheric density and magnetic field gradients, the
wave-normal angle of whistler-mode wave approaches the Gendrin angle [Gendrin, 1961]
after several magnetospheric reflections (i.e., reflections near the point where the wave
frequency is equal to the local lower hybrid frequency), with the wave energy thereafter
propagating almost along the magnetic field line [Edgar, 1976]. Due to this behavior,
rays injected into the medium at different latitudes and with different initial parameters
tend to settle down at the same L-shell after several reflections [Jasna ef al., 1990], with
the L-value depending only on wave frequency, rather than on the injection latitude or
initial wave normal angle. A typical raypath illustrating this behavior is shown in Figure

3.1.

While the eventual L-shell on which the raypath settles down is dependent only on
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Fig. 3.1. A typical trajectory of a whistler ray of 1 kHz frequency originating at
46° latitude with initial vertical orientation of the wave vector. Small scgments on
the trajectory show the orientation of the wave vector.

frequency, the group time delay between the arrival of a ray at a given point and the
initjal lightning flash depends sensitively on the point of entry of the ray into the medium
and the initial wave-normal angle, as illustrated in Figure 3.2. The crosses in Figure
3.2a represent the L value at the equatorial plane crossings of the trajectories of 1 kHz
whistler mode wave packets (that have entered the medium at different latitudes and with
different wave normals as discussed above) as a function of hop number (i.e., the number
of reflections that the wave packet has undergone). It is evident that trajectories with
different initial parameters propagate on different L-shells during the first 15-20 hops but
eventually settle down to propagation at L ~ 2.8. The group time delays (as observed at
at the equatorial plane) of the same set of trajectories are given in Figure 3.2b and show

substantial variation between the different trajectories. This diversity in group time delay
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Fig. 3.2. Results of ray tracing simulation for whistler mode waves originating from
a single lightning flash.  The rays with frequency f = 1 kHz were injected with
initial wave-normal angles of £10 © around the vertical and initial geomagnetic latitudes
ranging from 40° to 51° at 400 km altitude. (a) L values for rays at the equatorial plane
versus hop number n. (b) Group time delay at the equatorial plane versus hop number,
(c) Landau resonant electron energy at the equatorial plane versus hop number.
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is precisely the property which leads to the formation of a nearly continuous signal as

observed at a given point in the magnetosphere.

~ While the raypath-calculations indicate-the-trajectory of the wave energy; the total life- -
time of 4 wave packet propagating along-such a path is limited by wave damping. While,
in general, raytracing formulations that includes the growth or decay of the wave along
the raypath [e.g. Horne, 1989] would be needed, relatively straightforward evaluation of
the potential for wave damping can be made by examining the Landau resonant* electron
energy £ = ’—:;"’~(1,c-"i")2 corresponding to the raypath locations of Figure 3.2a,b. This quantity
is plotted in Figure 3.2c where we note that the Landau resonant energy approaches the
thermal electron energies (i.e., <10 eV) only after several tens of hops, indicating that
the damping along these raypaths would be small. In our analysis, we have carried the
ray-tracing calculations up to the point where £=40 eV, so that we can safely assume
Landau damping to be negligible. We computed whistler wave damping numerically for
a Maxwellian plasma with T, = 5 eV, and magnetic field and density corresponding to.
a point at the magnetic equator at L=3.0 in the above diffusive equilibrium model. The
wave refractive index and the imaginary part of the wave frequency (which corresponds
to the wave damping rate) for a 1.273 kHz wave are shown in Figure 3.3. Signifi-
cant damping of the wave (Imw**> 1072 s~! corresponding to lifetimes of whistler
waves in the magnetosphere below ~100 seconds) occurs for large refractive indexes
only (¥ ~ 0.05 m~! which corresponds to # = ck/w ~ 10%). Ray tracing calculations
presented in Figure 3.2 correspond to considerably lower refractive indexes u ~ 103, so

that we can safely assume that the damping for wave packets in Figure 3.2 is negligible.

We note that in the model described above, any frequency component of the contin-

uous noise-like signal observed at a given time at any point propagates along a raypath

* The Landau interaction between plasma waves and charged particles occurs when the parallel particle
velocity v satisfies the condition w — kv = 0, i.e., particles move along the magnetic field with the
phase speed of the wave [Krall and Trivelpiece, 1973].

** Here Imw represents the decay rate for a wave expressed as exp(iwt) with w =Rew + ilmw.
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Fig. 3.3. Wave damping, sine of the angle between £ and B, and (B/E) ratio
for Rew=27x1273 radfs (1273 Hz) at L=2.82. A Maxwellian plasma with 5 eV
temperature was assumed.,
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that extends from the ground to the observation point. The large number of ray trajec-
tories analyzed represent a sample of waves originating at the same lightning discharge,
~but differing. in their.point of entry. into.the. medium,. initial wave normal angle and/or
frequency. This finite sample of ray trajectories can be used to-determine the correspond-
ing frequency-time spectrum which would be observed by a satellite located at several
selected regions in the magnetosphere by identifying. all rays which pass through these -
regions. Wave packets propagating along raypaths with different initial parameters pass
through any such region at different times. The resulting frequency-time spectrum in
cach region can thus be reconstructed from a subset of our computed ray trajectories by
mapping on a frequency-time plane the frequency of wave packet versus the group time

delay at the time of ray crossing of the observation region.

Figures 3.4 through 3.6 show frequency-time diagrams for different selected observa-
tion regions that are reconstructed by means of tracking the position of ray trajectories at
each of the 16 discrete frequencies (ranging from 500 Hz to 4.0 kHz) for which waves
were injected into the magnetosphere under different conditions (geomagnetic latitude,
wave normal angle), with each cross representing an equatorial plane crossing at a se-
lected region by an individual ray trajectory. The 36 trajectories used for each frequency
allow for enough resolution without having the crosses overlap in Figures 3.4 through

3.6.

The observation regions were selected as 1.90 < L < 1.91, 2.82 < L < 2.83, and
3.47 < L < 3.48 and were chosen to have a radial extent small enough so that the results
would be representative of what would be observed on a spacecraft, but large enough so
that a reasonably representative number of the considered raypaths crossed the regions.
Detailed analysis of the results of ray-tracing simulations shows that, as observed in a
fixed region, signals from consequent hops do overlap after the first several hops and,
over a long time scale, the subset of trajectories that arrive at the observation region form

an enduring hiss-like signal with distinctive upper and.lower.frequency. cutoffs.. These . -



A NEW MECHANISM FOR GENERATION OF PLASMASPHERIC HISS 71

N

f, kHz

2 , :
0 25

t,s 50

Fig. 3.4, Frequency-time diagram for rays crossing the equatorial plane at observa-

tion regions in the magnetosphere defined as 1.90 < [ < 1.91. Initial wave-normal

angles and latitudes of injection of the rays are the same as in Figure 3.2. Sixteen dif-

ferent frequencies ranging from 500 Hz to 4.0 kHz were considered. The highlighted
- envelope constitutes the continuous hiss-like spectrum that would be observed.

continuous signals, as sampled by our finite set of points and sketched in Figures 3.4-
3.6 as shaded areas for the different observation regions. Discrete magnetospherically
reflected whistlers formed by the first several hops of the initial whistler [Edgar, 1976]
are not shown in Figures 3.4-3.6 since we emphasize the long-time scale behavior of
whistler waves. The continuous hiss-like signal does not immediately follow the initial
magnetospherically reflected whistlers, but develops after a substantial time interval (

~10 s) after the initial lightning flash.

From Figures 3.4 through 3.6 we note that higher frequency hiss-like signals would
be observed at lower L-shells (f ~ 3.5 kHz at L o~ 1.90 compared to f ~ 0.6 kHz at
L =~ 3.47). The spectral widths of the continuous hiss-like signals, as predicted by our
ray-tracing simulations, ranges from ~1 kHz for the highest observation region (L=3.47)

(Figure 3.6) to ~10% Hz for the lowest one (L=1.90) (Figure 3.4). Another important
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Fig. 3.5. Frequency-time diagram for rays crossing the equatorial plane at observa-
tion regions in the magnetosphere defined as 2.82 < L < 2.83. Initial wave-normal
angles and latitudes of injection of the rays are the same as in Figure 3.2, Sixteen dif-
ferent frequencies ranging from 500 Hz to 4.0 kHz were considered. The highlighted -
envelope constitutes the continuous hiss-like spectrum that would be observed.

feature is the duration (limited by the Landau damping condition of £ >40 eV) of the
continuous signals produced by a single lightning flash, which ranges from ~30 s for
higher frequencies observed at L=1.90 (Figure 3.4) to ~200 s for the lower frequencies
observed at L=3.47 (Figure 3.6). If a subsequent lightning flash occurs during this time,
‘the hiss-like signal from the second flash would overlap that from the first one, as is
commonly observed in experimental data [Sonwalkar and Inan, 1989]. It thus appears
that a continuous hiss signal would be more likely to be formed by whistlers only, if
successive lightning discharges occur with a frequency of at least one flash in several
tens of seconds. Such a rate of flash occurrence within each thunderstorm is common
[Peckham et al., 1984]. Since the general trend of the results is that low-frequency (high
L-shell) signals from a given lightning flash endure longer than high-frequency (low L-

shell) signals, it appears that we can expect lightning to be a more likely contributor to the.. .
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Fig. 3.6. Frequency-time diagram for rays crossing the equatorial plane at obser-
vation regions in the magnetosphere defined as 3.47 < I < 3.48. Initial wave-normal
angles and latitudes of injection of the rays are the same as in Figure 3.2. Sixteen dif-
ferent frequencies ranging from 500 Hz to 4.0 kHz were considered. The highlighted
envelope constitutes the continuous hiss-like spectrum that would be observed.

sustenance of low-frequency hiss-like signals (f < 1 kHz) at high L-shells (L ~ 3 — 4),
i qualitative agreement with reported observations of plasmaspheric hiss [Thorne et al.,

1973].

3.3 WHISTLER WAVE PROPAGATION IN THREE DIMENSIONS:
ANALYTICAL FORMULATION

The two-dimensional ray tracing calculations presented above show that plasmaspheric
hiss can at least in part be formed by multiply reflecting whistlers. However, further
assessment of this mechanism of hiss generation and its application to the existing ex-
perimental data is limited by the assumption that the wave vector of hiss and whistlers
lies in the magnetic meridional plane. As was shown in Chapter 2, wave normal an-

gles of hiss and whistlers are often found to lie at an angle to the magnetic meridional
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plane. Therefore, comprehensive modeling of whistler and hiss propagation in the mag-
netosphere should include effects of three dimensional propagation, to account for cases
‘in which the wave vector is not in‘ the magnetic meridional plane. In this and subse-
quent sections we put forth a new analytical formulation and apply it to examine oblique
whistler ray paths in the magnetosphere. The results of this theoretical model are used to
assist in interpretation of the experimental data, in particular simultaneous measurement

of whistlers and hiss wave vector directions as described in Section 2.6.

We start from the approximate dispersion equation for quasi-electrostatic whistler
waves in a cold plasma, obtained from Maxwell equations and equations of motion

for the electron and ion species [Krall and Trivelpiece, 1973]

2 2 2
- wz- W |73
D@, k)=—1+-L5 + Lcos’sp — 2= =0 (3.3.1)
w w wHe

where cosy = k) /k, % is the wave normal angle, wy; are plasma electron and jon
frequencies respectively, wg, is the electron gyrofrequency, and k) is the wave vector
component parallel to the ambient magnetic field. Since we are primarily interested in
wave propagation at high aititudes, we consider a purely hydrogen plasma. The equations
for the ray trajectory in the inhomogeneous magnetoplasma can be obtained in parametric
form as k = ﬁ(f), 7 = 7(1), t = t() by differentiating the function D(w, 7_9’) [Galeev and
Sudan, 1983]
dk 9D, k)

= (3.3.2q)
df 8D, k)
p i (3.3.20)
di _ 8D, k)

Z== (3.3.2¢)

where 7 is a parameter. We start our analysis of equations (3.3.2) by evaluating the

right-hand side of equation (3.3.2¢).. After differentiating of D{(w, k). with respect t0.w,. .. ...
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we use the fact that D{(w, !“c’) = 0 along the trajectory to obtain

¢t 2y Wi
L2

Since for typical plasmaspheric parameters (see discussion in Chapter 1 and references

2
therein) 5’? > 1, we have
He

2
&2 e (3.3.4)
dr wwh, -

To evaluate the group velocity of the wave, we use both (3.3.4) and evaluate the change
of r with parameter 7 by differentiating the right hand side of (3.3.2b), where D(w, I_c') is
in the form of (3.3.1) and depends on k through cos ¢

2
_dry gdin-l w%{ekukl
=G G) = (3.3.50)
dry cdt\~1 _ wh, Bk
v =g (a) = G335

Note that equation (3.3.5) includes k", k| , the values of which can be determined from
equation (3.3.2a). In calculating the derivatives with respect to 7 in (3.3.2a), we take
into account the dependence of D(w, I_:;) on the coordinates r through the parameters
Wpe, Wpi,wHe Of the inhomogeneous media. A first simplification of equation (3.3.2a)
can be made by separately evaluating the contributions from the inhomogeneity of the
plasma density and the inhomogeneity of the magnetic field. To evaluate the former

7 quantity, we note that since w%e, w%z- are proportional to the plasma density /N and find

Ouoge _ e ON
o N oF

Oy _ i ON

oFr = N or
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Therefore, for the contribution due to the density inhomogeneity we find

2

[y
cos? ¢p — zpe)

w LUHG

OD@w,k)y _ 10N Wa,

(%)= o ( *
Since D(w, B=0 along the trajectory, the quantity in the parenthesis is equal to unity
(compare to (3.3.1)), yielding

(aD(w,ic')) _ 18N (336

oF /N N OF
The evaluation of the contributions from the inhomogeneity of the inhomogeneity of the

magnetic field is straightforward

dD(w, k) 2 wi, OH
(=), "7 37
Since for typical plasmaspheric parameters + > 1, we have (aD G k)) - >>(3D (@, k))

meaning that the ray trajectory is primarily determmed by the magnetic field gradients,
rather than by those of the electron and ion density. In this derivation we assumed that
the density profile does not have any abrupt changes along the ray trajectory (e.g., the
wave does not encounter whistler ducts or the plasmapause during its propagation), so
that the characteristic scale of the change of the density ( x 3N ) - is large enough (of
the order of the Earth radius), which is a good approximation for any plasmaspheric

density model in the absense of the plasmapause and ducts.

We can use the approximation above to determine the radial component &, of the wave
vector in the spherical coordinate system with z-axis aligned with the dipole moment of
the earth’s magnetic field (Figure 3.7). Since we only have to evaluate the derivative with
respect to the magnetic field, and since in the dipole approximation the magnetic field
intensity is proportional to the inverse third power of radial distance H = %S—t (which
yields Bl—-%r = —%), we find by substituting (3.3.7) in (3.3.2a)

(.@) __“pe 6 (3.3.8)

2
dr/r wHeT
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to the Earth
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Magnetic field line

'Fig. 3.7. The spherical coordinate system used for the three-dimensional ray-tracing

- and the variation of the wave packet position, the wave vector and unit vectors Er 0o
The unit vector €4 is normal to the plane of the figure. The unit vector &; is shown
at points 1 and 2 along the raypath, showing the change Aé;. Note that due to the
primarily §-direction of the propagation and due to the fact that we consider regions
which are not too far from the magretic equator, the wave vector component kg and the
change in the wave packet position (which is in the direction of the group velocity ¥g)
are approximately equal to the projection of these vectors to the direction of the magnetic
field.
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where r is the radial distance from the center of the Earth. Substituting dt from (3.3.4),

we find a surprisingly simple equation for (%) . as
.- ).

Now we tumn to the evaluation of the left-hand side of (3.3.9). In an earth centered
spherical coordinate system (see Figure 3.7), the direction of unit vectors depends on the
ray location. We therefore have

[%(é}k, + gk + é’¢k¢)] = %é’, +E (i—i’) + kg (‘;‘:f’) 'y (i—‘?)r (3.3.10)
where €, g 4 are unit vectors along the local directions of the axis of the spherical coordi-
nate system. We can estimate the relative contribution of different terms in the right-hand
side of (3.3.10). The second term is identically equal to zero, because the projection of
the unit vector €, to the radial direction is equal to unity by the definition of &, so that
the derivative of this quantity is zero. The fourth term is typically much less than the
third one, since ray propagation is typically in the #-direction so that the e4 change is
smaller. Thus, only contributions of the first and the third terms must be estimated. The

contribution of the third term can be evaluated as

(3.3.11)

(dzg) ~ ks (deg) do . d6 dt  kyg 8D, k)

dr a6 /rdr Cdtdr = 1 dw

where we use (3.3.4) and again assume that ray propagation occurs primarily in & direc-
tion, which is close to the direction of the magnetic field lines for a typical magneto-
spherically reflected whistler ray, so that k) ~ kg and Af ~ Ary /7 (see Figure 3.7). We
then substitute in (3.3.11) the value of vy from (3.3.5a) and %% from the right-hand side
of (3.3.4) to find

gz 2Rk W2
kg(ﬂ) ~ 2 e (3.3.12)

dr/+  r k% w2
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For typical pararneters of whistler rays considered here the dispersion equation (3.3.1)

2
gives (%'L) < (wH ) Substituting in (3.3.12) along with —L < 1, we have

déy 2k w2,
kg (E) < ;_]C_LUTHE (3.3.13)

Comparing this formula to the right-hand side of (3.3.8), we see that for highly oblique
whistler waves (k" < k), the term kg(%—?—),, makes a negligibly small contribution in

(3.3.10) and therefore in (3.3.9). Thus, we can rewrite equation (3.3.9) as

(3.3.14)

Since in a dipole field magnetic field gradients in the azimuthal direction are equal to

zero, the azimuthal component k4 of the wave vector satisfies the conservation law

kgr sin@ = const (3.3.15)

Since the direction of the magnetic field line is known for any given point, all three
components of the wave vector can be determined from ,, k4, and the following expres-

sion for the kj/k ratio obtained from (3.3.1)

| z
= (3.3.16)
k \/ wHe )

Equations (3.3.14) through (3.3.16), and the known magnetic field line direction and

plasma parameters, fully determine the wave vector at any point along the ray trajec-
tory. Although equations (3.3.5) specify only two quantities, all three components of
the group velocity can be determined by using the fact that the group velocity vector is
perpendicular to the wave vector and lies in the same plane with the wave vector and
the ambient magnetic field (which follows from (3.3.5)). Therefore, the set of equations
_(3.3.5),(3.3.14), (3.3.15), and (3.3.16) fully define the ray trajectory and can be easily

solved numerically.
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Equations (3.3.5), (3.3.14), (3.3.15), and (3.3.16) have a scaling property in that they
remain valid upon substitution of k= al?,t = at', noting that ¥ = ’%. In other words,
two rays originating at the same point with the same frequency and wave normal angle,

.but with different magnitudes of wave vectors, propagate along the same trajectory, but .
with different group velocities. This property can be used to greatly reduced the amount
of calculations needed fo trace a set of ray trajectories which originate at the same point

with the same initial orientation of the wave vector. Instead of solving (3.3.5), (3.3.14),

(3.3.15), and (3.3.16) for each ray trajectory separately, we can numerically solve the ray -

tracing equations (3.3.5), (3.3.14), (3.3.15), and (3.3.16) for one ray from the set only,
and then determine group time delays for all other rays from the set of trajectories using

the scaling property.

3.3.1 Asymptotic behavior of whistler ray trajectories

Using equations (3.3.5), (3.3.14), (3.3.15), and (3.3.16), we can analytically investigate
the asymptotic behavior of whistler rays in the earth’s magnetosphere. We start by

substituting the expression for Ekll into (3.3.5b)

2 12 2 2.1
ooy = CHFL (1 g Lo _ ﬁi)’ (3.3.17)
all k3wpe L W

We can express v, as vy = fi—j, where s is the distance along the magnetic field line.
Note, that in (3.3.17) the right hand side depends on s, through the dependence of plasma
parameters on s. There is also a dependence of the right-hand side of (3.3.17) on ¢, in
accordance with the dependence of & on ¢. Asymptotically, the value of & is large
(see (3.3.14)), and therefore does not change significantly during one whistler ray hop
between magnetospheric reflection points in the two hemispheres. Therefore, we can
consider the dependence of (3.3.17) on ¢ to be slow for large ¢, so that (3.3.17) is a
first-order differential equation for s where the right-hand side depends on s and slowly

depends on . This equation resembles the equation of motion for a particle of unit mass,
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bouncing in a potential well [Landau and Lifshitz, 1976]

ds

== {2[Eeff _ ¢eff(s,t)1}§ (3.3.18)

- where E,5r = const is the “particle energy”, and the effective potential ¢.;s(s,1) is a
function of s and slowly depends on ¢. Taking advantage of the slow dependence on %,
an analytical solution of (3.3.18) can be obtained as an adiabatic approximation. While
the closed form solution is complicated [Landau and Lifshitz, 1976], the expression for
- the period of the particle oscillations in the “potential well” (i.e., in our case the period
of the wave motion between the magnetospheric reflection points) is in the adiabatic
approximation identical to that for the case when ¢.5¢ does not depend on ¢ [Landau

and Lifshitz, 1976]

62 1
Tbmce:zfr( ¢ﬂff) z (3.3.19)

882 3=33g
where the derivative is evaluated at the “equilibrium” point s = s.4 (i.e., in our case at

: 2
the magnetic equator). Evaluating a—%}i and substituting into (3.3.19), we find

(3.3.20)

T =2w((4¢eff+zwgek1\32wﬂe mgekjazwpe)—%
bounce WHe k6 7 8s2 kSwl,  Os?

Taking into account that % increases with ¢ in accordance with (3.3.14), we see that the
period Tpoynce grows with ¢ as well. Although the actual distance between reflection

points in both hemispheres for a typical raypath such as that in Figure 3.1 decreases*

.. from reflection n.to.n + 1, the.asymptotic results.presented above.show that it.takes a.

constantly increasing time for the ray to travel between successive reflection points. This
trend is also evident from Figure 3.2b as well. Physically, it results from the decrease of

the group velocity due to the increased magnitude of the wave vector,

* This effect is not visible from the Figure 3.1 due to many overlapping raypaths.
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34 NUMERICAL RESULTS OF THREE-DIMENSIONAL RAY-TRACING

Numerical solution of (3.3.5) and (3.3.14)-(3.3.16) were carried out using a diffusive

-equilibrium model for.the plasmaspheric electron density. [Angerami.and Thomas, 1964] ... - -

‘with a plasma density of 500 cm~2 at-L=4. The earth’s magnetic field was taken to be =

that of a tilted dipole.

Comparison of the numerical solution of the two-dimensional ray-tracing equations (see
Section 3.2) and the approximate analytical approach developed in Section 3.3 provides
an opportunity to test both methods. Figure 3.8 shows L values and group delays plotted
versus the number of magnetospheric reflections n for the equatorial crossings of a 1 kHz
ray originating at 45° latitude (this is one ray from a set of rays traced in Section 3.2). We
see excellent agreement for a large number of crossings, though the numerical technique
based on the two-dimensional Stanford ray-tracing program shows an obviously incorrect
plateau in Figure 3.8 around n = 32 — 35, possibly due to difficulties in handling waves
with wave vectors close to the resonance cone. We note that this discontinuity occurs only

after several tens of hops of the ray, which is totally appropriate for our applications.

The typical trajectory of quasi-electrostatic whistler waves bounces between LHR re-
flection surfaces (defined as surfaces where the wave frequency is equal to the local lower
hybrid resonance frequency) while the average trend is characterized by an azimuthal
drift and an asymptotic decrease in L-shell with time. The magnitude of the wave vector
steadily grows in accordance with (3.3.14). The lifetime of quasi-electrostatic whistler
mode waves in the magnetosphere can be estimated using (3.3.14), since when the wave
vector is sufficiently large, the parallel component of the wave velocity becomes small
enough for Landau damping to be significant. Landau damping is negligible [Krall and
Trivelpiece, 1973] if

m w2
€= -Z—(k—il) > By, (3.4.1)

where Ey;, is the electron thermal energy. Substituting &y from (3.3.16) and k ~ &, ~ 3%
from (3.3.14), and conservatively using £ = 20- eV, the-lifetime of a 2.5 kHz wave
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Fig. 3.8. Comparison of two-dimensional (shown by squares} and three-dimensional
(shown by diamonds) ray-tracing results. The top and bottom panels respectively
show the L-shell and the group time delay at equatorial crossings for the nth hop. Both
techniques generally agree for large n,t, though the two-dimensional program shows a
plateau at n = 32 — 35, possibly due to numerical difficulties in handling waves with
wave vectors close to the resonance cone.
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Fig. 39. L values and the longitude drift A¢ of a 2.5 kHz quasi-electrostatic
whistler mode wave in the magnetosphere. The initial magnitude of the wave vector

(k =0.75 x 10~* cm™") was chosen so as to provide a group time delay of ~20 s at the
third hop.

propagating at L ~4 is estimated as {mq; > 20 s. The lifetimes for lower frequency
waves propagating at lower L-shells can be substantially larger, up to ~10% s for a 1
kHz quasi-electrostatic whistler propagating at I < 3, in agreement also with numerical

two-dimensional ray tracing calculations (see Section 3.2).

Figure 3.9 shows L values and drift in magnetic longitude A¢ for the first 5 equatorial
plane crossings of a 2.5 kHz ray originating at a magnetic latitude of A = 45°. The
initial wave vector was chosen to be k£ = 0,75 x 10~% cm~!. With the frame of reference

as shown in Figure 2.2, the orientation of the transverse component of the wave vector
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(parallel to the z' axis) was chosen to form the angle of 135° with the y axis. The
magnitude of the initial azimuthal component of the wave vector under this condition
was thus kg = kcos135° ~ 5% 10~ ¢cm™!. The electron Landau resonance cnergy
£ = %‘-(ki")z along the trajectory was determined numerically, and it was well above
the thermal plasma energy for the first three equatorial plane crossings with £ > 20
eV, in general agreement with our analytical estimations. We note that the third hop
of the wave propagated at L ~ 3.8, i.., where the observations reported in Figure 2.9
were made. The initial magnitude of the wave vector was chosen so as to provide a
group time delay of ~20 s. Rays with considerably greater initial values of & would be
damped earlier and would not reach I = 3.8. However, rays originating from the same
point and with the same frequency, but with smaller initial magnitude of the wave vector
may propagate even further, executing the fourth and subsequent hops. As predicted by
the scaling feature of (3.3.5), (3.3.14), (3.3.15), and (3.3.16), such rays would follow the
same trajectory but would arrived at the same locations with smaller group delays. Figure
3.10 shows the range of group delays of the rays with different initial wave vectors in the
range kiin < k < kmqg at their third crossing of the equatorial plane at L=3.8. Smaller
group delays of the order of several seconds correspond to small initial magnitudes of the

wave vector, where the quasi-electrostatic approximation is not valid, and are sketched

by a dashed line.

The direction of propagation of whistler waves as observed at any point in the mag-
netosphere is determined by the propagation path of the wave energy from the source

-region -to -the -observation point. - Although -whistler. waves may-initially-have different .

“wave vector orientations as a‘result of scattering from plasma irregularities, they may-

have approximalely the same wave vector directions as observed on a satellite. Figure
3.11 shows positions of the third equatorial crossing of 2.5 kHz whistler rays with dif-
ferent initial wave vector directions as computed using our three-dimensional ray tracing
model. The initial magnitude of the wave vector and the point of injection of the rays

for Figure 3.11 are the same as those for Figure 3.9. We see that rays originating at
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Fig. 3.10. Calculated group delays and wave vectors of the third hop 2.5 kHz
whistler waves as observed at 1=3.8 in the magnetosphere. Maximum value of the
wave vector k corresponds to the largest delay and is limited by Landau damping of
the wave, The measured average magnitude of the wave vector for hiss corresponds to
about one third of the maximum possible value and is shown by an arrow. Qur analytical
formulas are not valid for small values of & and ¢; this section is shown in a dashed line.
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Fig. 3.11. I values and the longitude drift A¢ of 2.5 kHz whistler mode rays at
+ the third equatorial crossing. versus -their initial -azimuthal .angle /' between the
perpendicular component of the wave vector and the magnetic meridional plane,
..The value of #’.is within a few degrees from the angle between axes 2’ and y in Figure
2.2
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the same point with different initial azimuthal wave vector orientations can be observed
at different L-shells and different longitudes. For example, if a satellite is located at

~25-30° away in longitude from that of the source {e.g., thunderstorm) location, third-

“hop whistler-rays-should initially have-azimuthal wave-vector directions of ~120-140% - -

in order to be observable on the satellite. Results of our three-dimensional ray tracing
calculations show that such rays would still have significant azimuthal wave vector com-
ponents at the observation point in spite of the tendency for wave vectors to ‘collimate’
near the magnetic meridional plane [Cairé and Lefeuvre, 1986]. A manifestation of this
effect in experimental data may be the case of the plasmaspheric hiss discussed in con-
nection with Figure 2.9, which exhibits a significant azimuthal wave vector component,
consistent with its having been produced by whistlers originating in thunderstorm centers

at longitudes different from that of the observation point.

Figure 3.11 shows that magnetospherically reflected whistlers originating from the
same thunderstorm center, populate a large but limited region of the magnetosphere
(assuming that they originate from the same thunderstorm center). Since the group
velocity direction depends on the wave frequency, the shape and dimensions of the
regions of the magnetosphere populated by whistler wave energy should also depend on
the wave frequency. Our three-dimensional ray tracing calculations show that whistler
waves with higher frequencies propagate along trajectories qualitatively similar to those
of lower frequency waves, but located at lower altitudes. For example, the points of the
third equatorial crossing of 3.5 kHz rays are at AL ~ 0.6, below those shown in Figure
3.11 for 2.5 kHz rays (all other parameters being the same). If the observation point is
located in a region of the plasmasphere which is accessible to whistler waves from only
a limited frequency band, hiss produced by whistlers and observed on a satellite may
exhibit higher and/or lower frequency cutoffs, such as that at ~2.9 kHz the data shown

in Figure 2.9.

In our approximate analytical model, the wave group velocity is inversely proportional

to the wave vector magnitude, and its direction is exactly perpendicular to the resonance
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cone surface. We can estimate the validity of this quasi-electrostatic approximation by

comparing the resonance cone angles to the measured wave normals of plasmaspheric

<= +hiss. “Assuming a dipole model-for the-magnetic field; the resonance-cone angles at‘the-

satellite location can be estimated as v, ~ 77° for f = 3.5 kHz and 1, ~ 81° for f =2.5
kHz. Since hiss wave normal angles were measured to be ~ 70° and ~ 77° respectively,
they appear to be within few degrees from the resonance cone. Tests show that, for the
parameters used here, our method predicts the direction of the group velocity to be ~5°
farther from the direction of the magnetic field and the magnitude of the group velocity
~20% larger than those from the full cold plasma theory. The error of ~20% is of the
same order as that which results from the uncertainty of the wave vector measurement,
so that our approximate analytical ray tracing formulation is sufficiently accurate for the

interpretation of the experimental data in hand.

3.5 ASSOCIATION OF HISS WITH LIGHTNING AND WHISTLERS

An important feature of the results presented in Figures 3.9 and 3.11 is that the drift in
longitude of whistler mode waves is limited to ~30°, which indicates that the group ve-
locity lies almost in the magnetic meridional plane during the fourth and subsequent hops.
Since the wave group velocity lies in the same plane as the wave vector and the magnetic
field, this would in turn mean that the wave vector lies in the meridional plane. From
a qualitative point of view this result can be explained as the growth of the radial com-
ponent of the wave vector, while the azimuthal component does not change significantly

- (see (3.3.14) and (3:3.15)). ~After several-tens:of seconds, ‘the radial component of the-

-~ -wave vector becomes-large enough- to tilt the wave vector toward the meridional plane, -

-regardless of the initial value of the azimuthal component. This behavior of whistler
. waves is in agreement with the ‘collimation effect’ for azimuthal angles of whistler wave
vector directions that was found using a numerical three-dimensional ray tracing approach

[Cairé and Lefeuvre, 1986].

It is useful to compare the results of the ray-tracing study presented here to those
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“from Section 3.1, where the two-dimensional propagation of non-ducted whistlers with
- a narrow distribution of initial wave normal angles was studied. We have shown in
Section 3.1 that over time periods. of up to ~10% s, the whistler wave vectors tilted .
‘toward the resonance cone due to the magnetic field and plasma density gradients, and
.the resulting quasi-electrostatic whistler rays merged into a noise-like emission similar
to hiss. The two-dimensional analysis of Section 3.2 showed that plasmaspheric hiss

may be produced by whistler propagation at frequencies not too much higher than the

local lower hybrid resonance (LHR) frequency. The results of our three-dimensional =« - = v v

ray tracing of quasi-electrostatic waves indicate that wave frequencies do not need to be
restricted to the vicinity of the LHR frequency if the wave vector has a significant initial
azimuthal component. Although the existence of an azimuthal wave vector component is
not necessary for hiss generation by whistlers, our model predicts that hiss should have
a significant azimuthal wave vector component at frequencies well above the local LHR

frequency.

The range of longitudes of the magnetosphere which can be illuminated by one light-
ning flash may be estimated as the sum by two quantities: (i) the range of longitudes in
the vicinity of the lightning flash where the waves enter the ionosphere after propagation
in the earth-ionosphere waveguide and (ii) the longitudinal spread of the waves during
their propagation in the ionosphere and the magnetosphere. While the former quantity
can be estimated as ~ 10° [Carpenter and Orville, 1989], the latter one can be estimated
from our ray tracing calculations as ~ 30°, so that plasmaspheric hiss should be observed -
within ~40° in longitude from its source. If hiss is generated by lightning, there should
thus be a correlation between the distribution of the average plasmaspheric hiss intensity
in longitude and the geographic regions of high thunderstorm activity. If hiss is generated
primarily by energetic particles, its intensity should exhibit weak dependence on longi-
tude, except during periods immediately after substorms, when the injected population of
energetic particles is longitudinally dependent. A comprehensive survey of hiss intensity

at low altitudes was recently reported [Parrot, 1990]. While the statistical data presented
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show a prominent maxima of hiss intensity at longitudes of high thunderstorm activity

-.(~250°E=320°E) ( see [Parrot,-1990] and references therein), the relevance of this result
‘to the problem in-hand is not clear since most hiss, and in particular that-which evolves.

- from magnetospherically reflected whistlers would be confined to higher altitudes. .

The measurements of hiss wave vector direction presented above show a local az-
imuthal anisotropy of hiss wave vector directions. In general, an azimuthal component
of the hiss wave vector can be formed only if there is an azimuthal anisotropy of the hiss
source distribution and/or azimuthal anisotropy of energetic particle distribution which
might generate plasmaspheric hiss. While lightning activity as a possible source of hiss
obviously has an azimuthal dependence, the distribution of the energetic particles in the
magnetosphere is generally less dependent on longitude, with the exception of time peri-
ods immediately after magnetic storms, when injection of energetic particles takes place.
In many cases discussed in Section 2.5, as well as that in Section 2.6, relatively quiet
(£K, ~15-20) conditions prevailed, so that it is reasonable to assume only weak variation
of the energetic particle distribution in longitude. Thus, the fact that there was indeed an
azimuthal component of hiss wave normal angle in cases analyzed above is consistent

with hiss generation by whistlers, rather than generation by energetic particles.

For propagation at large wave normal angles and in the presence of multiple magne-
tospheric reflections, the spread in group delays of signals originating at the same point
below the ionosphere and observed at a fixed location (i.e., satellite) in the magnetosphere
may be up to 20 s or more, according to Figure 3.9. This theoretical prediction may be
manifested in satellite data, which show hiss-like signals lasting for ~10 — 20 s afterthe
observed whistlers in the magnetosphere [Sonwalkar and Inan, 1989]. Sonwalkar and
- Inan [1989] ascribed this phenomena to the embryonic triggering of hiss by whistlers.
While we do not reject the possibility of hiss amplification via wave-particle interaction,
we note that the duration of the hiss-like signals observed after whistlers appear to be
solely explainable by propagation effects alone. Since whistler waves at higher frequen-

cies are damped after a shorter time, our proposed mechanism would lead to a higher
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frequency cutoff in the hiss following whistlefs, with lower frequencies lasting longer,
Pprecisely as observed in the experiment [Sonwalkar and Inan, 1989]. Another example
of the same effect may be data presented by Bell and Inan [1981} and Bell et al. [1981],
~showing-arrival time.delays ranging.up to. 10-20. s for multiply reflected pulses from .

‘ground-based transmitters observed on the ISEE-1 satellite.

Since at any observation point wave spectral components with different wave vectors

can be observed, our analysis of the spin fading characteristics provides an ‘average’

value of the magnitude of the wave vector as discussed in Section 2.2. This average -

value must necessarily be less than the maximum possible value of k as limited by the
Landau damping condition discussed above. The average value of %k corresponds to some
average value of group delay, which must in turn be less than the maximum group delay
estimated as ~20 s at the third hop and shown with an arrow in Figure 3.10. Since the
observed magnitude of k was ~ 2.5 x 107> cm™!, i.e., about one third of the estimated
maximum possible value, the average group delay should also be about one third of the
maximum, i.e., ~7 s. Therefore, at the observation point one can simultaneously observe
signals from all whistlers originating up to at least 7 s before the time of the observation.
Due to an extremely high whistler rate in the case analyzed here, there were several tens
of whistlers during a 7 s period, each of them potentially contributing to the observed
plasmaspheric hiss. Signals from different whistlers lasting on average for ~7 s each,
would overlap and completely lose their initial discrete character. Thus, it is possible
that the plasmaspheric hiss shown in Figure 2.9 might have been produced entirely by -

nonducted oblique whistlers.

While propagating through the ionosphere, whistler wave energy may be split between
scattered quasi-electrostatic waves and non-scattered electromagnetic waves. As we show
in this paper, quasi-electrostatic waves may form hiss on time scales of ~7 s due to
the spread in their velocity of propagation. Non-scattered whistler rays would propagate
without any significant spread in group delay, and therefore would be observed as discrete

whistlers on a satellite. Observed cases of discrete whistlers superposed on hiss (Figure



A NEW MECHANISM FOR GENERATION OF PLASMASPHERIC HISS 93

2.9) may be a manifestation of such a split of whistler energy. For discrete whistlers

which have not scattered during their propagation to the observation point, the wave

=~ vector -orientation would be' determined ‘solely by magnetic ‘field and plasma density’

gradients, and the wave vector would not significantly deviate from the meridional plane,
in agreement with our measurements. Upon further propagation, the wave vectors of
the discrete whistlers would approach the resonance cone, so that on longer time scales
(~10? s) their low-frequency components may also evolve into plasmaspheric hiss as

shown above.

3.6 SUSTENANCE OF HISS ENERGY BY LIGHTNING

While the data presented above show that some plasmaspheric hiss may be produced by
multiply reflected whistlers, additional work has to be done in order to investigate what

fraction of hiss may indeed be produced by lighting on a global scale,

To estimate the total hiss energy, we start from the relation for the energy density (per

unit volume) of the oblique whistler mode wave

By x Byl ¢
n = ——4—""_

Substituting the electric field value from the Maxwell’s equations, we find

B2 ¢ 1
g = L—

- (3.6.1)
4 vg ny sin o

+ where B, is the total wave magnetic field, np, is the refractive index and « is the average
(over one period) angle between the electric field of the wave and the wave vector.
The latter two parameters can be determined through a solution of the full dispersion
equation for the oblique whistler wave employing the dielectric permittivity tensor in

the form given by (2.3.6)-2.3.7). The numerical solution of the dispersion equation
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performed with APM code* [Chmyrev et al,, 1991] leads to %nh ;m ~ ~ 1 for typical
magnetospheric parameters and for & values of ~ 2 x 1073 —7 x 1073 cm™! as obtained
above. We note that for the same wave magnetic field intensity, the hiss energy density
‘would be higher for larger k, since forlarge k the wave becomes more electrostatic, and
a larger fraction of its energy is concentrated in the electric field, which is not measured
by the magnetic antenna. Quantitatively, this effect would manifest itself as lower values
of sine in (3.6.1). This trend is illustrated by Figure 3.12 which shows the refractive
index n, a cross section of the wave vector surface, B/F ratio and sina for a 1 kHz

whistler wave in the plasma with density of 500 cm™> and parameters corresponding to

the magnetic equator at L = 4.

We use the hiss energy density to estimate the total rate of energy loss of the hiss
wave in the magnetosphere as Qj, = th%, where V ~ 2 x 10?2 m? is the total volume
of the magnetosphere occupied by plasmaspheric hiss (assumed here to be the region
limited by 2 < L < 4 and —40° < A, < 40°), and 73, is the lifetime of the whistler
waves in the magnetosphere. Although the particular case analyzed in this paper refers
to relatively high hiss frequencies (f~2-3 kHz), the major concentration of hiss energy
is typically at or near ~1 kHz [Thorne et al., 1973]. As shown in Section 3.1, nonducted
whistlers may evolve into plasmaspheric hiss at frequencies of order 1 kHz after several
tens of magnetospheric reflections. On this basis, we choose to make comparison of hiss
and whistler energy densities by using observed hiss spectral densities at ~1 kHz, We
adopt the value of ~1 pT/Hz!/2 in a 300 Hz frequency band as reported by Thorne ef
al. [1973]. Substituting 7, ~20 s, we find Q, ~ 3 x 10° J/s.

We compare this value to the total energy input from whistlers into the magnetosphere,

which can be estimated as

B2
Qu="2"57,1I, (3.6.2)
AT Ny,

* This is a general warm plasma code which for a given wave frequency allows the determination the fre-
quency, the wave vector, the damping rate and polarization characteristics for the warm multicomponent
magnetoplasma.



A NEW MECHANISM FOR GENERATION OF PLASMASPHERIC HISS 95

k" sin (o )
(1/cm)
1071
2e-5 -
3 107
Te-5 - !
........ 3 1073
Oe+0 107

0e+0' 1<'=.--4‘ 2é-4' 3e-4
ki
(1/cm)

Fig. 3.12. The refractive index n, a cross section of the wave vector surface, B/E
ratio and sin « for a 1 kHz whistler wave A purely hydrogen plasma is assumed with
density of 500 cm~3 and magnetic field corresponding to the magnetic equator at [, = 4.

where B, is the whistler wave amplitude, n,, is the refractive index, 7, is the whistler
duration at the equatorial plane, S is the area illuminated by an average whistler in the
equatorial plane, and I; is the global rate of lightning discharges. The latter parameter can
be estimated as I; ~10% s~ [Uman, 1987]. Though the area illuminated by a whistler
can be significantly larger than the magnetospheric projection of the spot of whistler
entrance in the ionosphere due to azimuthal drift of whistler rays, we conservatively
neglect the azimuthal divergence of whistler rays in our estimates. Taking the azimuthal
dimension of the whistler illumination region at the lower ionosphere to be ~2000 km

[Carpenter and Orville, 1989), and assuming that whistler rays cross the equatorial plane
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at 2 < L < 4 (as follows from ray tracing calculations), we estimate S ~ 6 x 107 km?.
For a whistler wave amplitude of ~3 pT (consistent with satellite observations [Sulié
et al., 1991]),-refractive index of ~30, and typical duration of ~0.3 s we estimate the.
- whistler wave energy input into the magnetosphere to be Q. ~ 2 x 10% J/s. Since @, is
comparable to (3, lightning generated whistlers can indeed provide a significant portion

of the energy needed to maintain the 1 pT/Hz!'/2 hiss intensities on a global scale.

Our mechanism of hiss generation does not rule out the possibility of wave amplifica-
tion due to wave-particle interactions [Church and Thorne, 1983], so that the observed
intensity levels of the plasmaspheric hiss may be a result of both hiss generation by
non-ducted whistlers and its subsequent amplification by the interaction with energetic
electrons. We also note that our ray tracing calculations in fact show that the whistler
wave energy from lightning discharges should be inhomogeneously distributed in lon-
gitude, exhibiting correlation with thunderstorm activity. Therefore, while our energy
estimates are based on azimuthally averaged values, the local values of both hiss energy

density and lightning generated whistler energy might be significantly different.

3.7 MAGNETOSPHERIC REFLECTION OF WHISTLER RAYS WITH w <
WELHR

Ray tracing modeling of magnetospheric whistler wave propagation presented in this
Chapter was limited to frequencies above the local lower hybrid frequency. While the
major part of magnetospheric hiss is observed above the local lower hybrid resonance
frequency wz g g, observations of hiss with w < wrgp are not uncommon [e.g., Church
and Thorne, 1983, see Figure 1]. In this section we provide qualitative discussion of
propagation in the magnetosphere of whistler waves with w < wrgpr. We show that
such waves are subject to magnetospheric reflection similar to that for higher frequency
(w > wrgr) waves. Therefore, it is potentially possible that hiss below the local lower

hybrid frequency may be formed by multiply reflecting whistlers, similar to the higher
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frequency hiss. Comprehensive consideration of hiss propagation below wz g g is a topic

of future research.

It is known that the refractive index surface for whistler mode waves with f < fruygr
is closed, in contrast to the open refractive index surface for w < wrgp [Stix, 1962].
This means that the magnitude of the transverse component of the wave vector is limited
for w < wpgpr. For a wave frequency just below the local lower hybrid frequency,
the refractive index surface resembles that for frequencies just above wrgpg, ie., ki
may have large (but bounded) values. These qualitative considerations are illustrated by
Figure 3.13, where the refractive index surfaces are plotted for different wy,wzyr. The
general trend is that the largest possible value of the transverse component of the wave

vector increases monotonically with decreasing wp.

Let us qualitatively consider oblique whistler mode wave propagation in the magne-
- tosphere. -When a ray propagates in the inhomogeneous magnetic. field, its frequency
remains constant (assuming stationary magnetosphere). However, due to the inhomo-
geneity of the medium, both the perpendicular and the parallel components of the wave
vector are subject to variations along the raypath. The variation of the transverse com-
ponent is determined by plasma parameter gradients across the magnetic field lines. It
is difficult to assess qualitatively the evolution of the transverse wave vector compo-
nent, but based on the results of our two-dimensional ray tracing calculations, we can
assume that it steadily grows during the wave propagation. We consider the propaga-
tion of a whistler mode wave with frequency below the local lower hybrid frequency
~ and wave vector having ‘a perpendicular component in ‘the direction-of higher L-shells. -
Since the group velocity of whistler mode waves is perpendicular to the refractive index
surface, it should have components along the magnetic field line (vp) and another one
directed toward higher L-shells (v)) (see Figure 3.13). If the wave propagates from
the magnetic meridian towards higher latitudes, the local magnetic field increases due
both to changes in latitude and in L-shell. Since almost everywhere in the plasmasphere

wrgr ~ Whwr:)/? (see formula (1.2.2) for wpe > wye), the increase of the local
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Fig. 3.13. Refractive index surfaces for w < wryr at three different points a, b and
c along the magnetic field line. Vectors k., k;, and k. represent the evolution of the
wave vector as the wave propagales toward higher latitudes.
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magnetic field is accompanied by an increase in the local LHR frequency. Therefore, if
the wave frequency is lower then wj g at some point along the trajectory, the difference

between wrgg and w increases during the wave propagation toward higher latitudes:- .-

~As we have seen from Figure 3.13, a larger difference between the LHR frequency and
the wave frequency results in a lower limit to the magnitude of the transverse component
of the wave vector (k). Therefore, if we plot the local refractive index surfaces along
the ray trajectory, we should see their transverse dimensions decrease, and the transverse
component of the wave vector at some point of the ray trajectory reach the maximum
value allowed by the refractive index surface. This situation is qualitatively sketched in
Figure 3.13, where three local refractive index surfaces are shown, for points a,b and
¢ along the ray trajectory, the outer one (marked a) corresponding to lower latitudes,
and the inner ones (marked b,¢) corresponding to higher latitudes. If the wave has
a wave vector k, as shown in the Figure 3.13 at low latitudes, we may assume the
transverse component of the wave vector to increase, resulting in a wave vector of l_c},
at the intermediate point 5. When the trajectory reaches point ¢, the magnitude of k)
may now be equal to the maximum possible valve as shown in Figure 3.13. Since
the wave group velocity is always perpendicular to the refractive index surface, the
wave propagates exactly across the magnetic field lines at the point ¢, so that ¢ is a
turnaround (or reflection) point for the ray trajectory and the wave starts to propagate
back towards lower latitudes. Therefore, whistler mode waves with frequencies below the
local lower hybrid frequencies are subject to bouncing between the hemispheres [Edgar,
1976] similarly to higher frequency waves.* In fact, we did not use any assumptions on
~the-wave frequency in the equatorial region, so that the mechanism of the wave reflection -
described above would work regardless of whether the wave frequency is higher or lower
than wy g g at the equator. In both cases, the ray is reflected beyond the point where the

wave frequency is equal to the local lower hybrid frequency. For waves with large k.

~* Bouncing of whistler mode waves with w < w5 corresponds to first three magnetospheric reflections
in Figure 3.1.



100 A NEW MECHANISM FOR GENERATION OF PLASMASPHERIC HISS

the turnaround occurs over a short extent of the raypath, and the wave does not penetrate
significantly into the region where w < wygg. In this case, the process is similar to
reflection from the surface where w = wrgp. For waves with lower values of &k, the
wave may- penetrate deeply into- the region-where w < wppg, and a significant part of

the ray trajectory may lay in this region.

The above considerations show that there is no qualitative difference between magne-
tospheric propagation of whistler rays with w < wyppr and w > wrpg. In both cases
rays may bounce between hemispheres, and the wave energy may be stored for extended
periods within the magnetosphere. Therefore, there is a possibility that the mechanism
of hiss generation by multiply reflecting whistlers as suggested here and demonstrated
extensively and quantitatively for w > wy, g r may also be similarly valid for w < wr g .
The comprehensive investigation of the possibility of generation of hiss with w < wrgr

is a topic of future research.
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Some aspects of hiss interaction with
electrons

4.1 INTRODUCTION

Pitch angle diffusion of energetic electrons due to their interaction with whistler mode
waves has long been suggested as an important cause of electron precipitation into the
lower ionosphere. A self-consistent theory of this phenomenon was presented in the
pioneering work by Kennel and Petschek [1966]. Later, this theory was elaborated by
Eicheto et al. [1973], where an iteration technique was used to find a solution for the
problem of plasmaspheric hiss interacting with energetic electrons. Lyons et al. [1972]
studied the pitch angle diffusion of radiation belt electrons due to interaction with whistler
waves having a Gaussian distribution of the wave energy with respect to the wave normal..
- -angles with a maximum at ¢ = 0. The model by Lyons et al. [1972] took into account the
interaction of oblique waves with particles at all ¢yclotron harmonic resonances and the
Landau resonance and evaluated diffusion coefficients at different geomagnetic latitudes.
However, in view of the results of our hiss wave normal measurements (Chapter 2), the
assumption of hiss wave energy having a maximum at small wave normal angles [Lyons

et al., 1972] is difficult to justify. Another problem with the Lyons et al. [1972] theory

101
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is that local effects of the medium inhomogeneity have not been taken into account
(although diffusion coefficients were integrated along the magnetic field line, at each

~point-along the. trajectory. they. were calculated. as if.in.a homogeneous media).

In a contrast to the analytical theory of Lyons et al. [1972], test particle calculations
have a significant advantage of being able to take full consideration of the inhomogeneity

of the medium [e.g., Inar et al., 1978]. As shown by Inan et al. [1978], mirror forces

due to the varying magnetic field are the primary. factor which determine the length of .. .. .

electron interaction with discrete whistlers, so that one can assume that magnetic field
inhomogeneity may also play an important role in the local interaction of electrons with
hiss. In Inan [1987], similar methods were used to evaluate the electron precipitation
due to interaction with a broadband signal, which was modelled by a sequence of short
monochromatic pulses. By comparing the pitch angle scattering and precipitation fluxes
resulting from interaction with coherent and incoherent waves, Inan [1987] showed that
although the net scattering of individual electrons were substantially smaller for incoherent
waves, many more electrons (than for a coherent wave) were scattered due to larger
bandwidth, so that the precipitated flux was about the same for coherent versus incoherent
waves. Again using a test particle formulation, Jasna et al. [1992] recently showed
that interaction of suprathermal electrons with discrete oblique whistlers results in larger
precipitation fluxes, as compared to the case of interaction with parallel propagating

whistlers.

In this Chapter, we provide preliminary analytical estimates for electron pitch angle
diffusion due to interaction with oblique whistler mode waves. We also take into ac-
count the inhomogeneity of the medium in our estimates. As we show below, both the
inhomogeneity and the high wave normal angles significantly affect the rate of diffusion.
These results are in qualitative agreement with earlier numerical results Inan et al. [1978]

and Jasna et al. [1992], and can be a basis for future theoretical modeling of energetic

electron interaction with-oblique hiss. waves. in the. inhomogeneous. magnetosphere. ... oo s
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We first discuss in Section 4.2 the resonant energies of electrons which can interact

with oblique whistler mode waves. A general theory of electron diffusion is reviewed

wiodn.Section 4.3, - Section 4.4 gives. estimates .of the. variation.of electron. velocity due both.

to wave-particle interaction and mirror forces, showing that the medium inhomogeneity
represented by the mirror force) is indeed the primary factor determining the length
(duration) of the electron resonance with hiss spectral components. We estimate the
diffusion coefficient for electrons by using the contribution from the mirror force in
-Section 4.5, summarizing estimates for électron diffusion due to their interaction with

obliquely propagating hiss in the inhomogeneous magnetosphere.

4.2 RESONANT ENERGIES FOR ELECTRON INTERACTION WITH
OBLIQUE WHISTLER WAVES

Parficles interact resonantly with the wave if their velocity satisfies the condition [Krall

and Trivelpiece, 1973]:
W — ku'u,.” =vwyg (4.2.1)

where v, is the parallel component of the resonant velocity of electrons, and v is an
integer. The case with v = 0 is referred as the Landau or Cerenkov resonance, and
v =1 corresponds to the first order gyroresonace. In general, the three resonances with
v = 0,%1 make larger contribution to electron pitch angle scattering as compared to
higher order resonances [Lyons et al., 1972]. For the sake of simplicity, we consider

below only the first gyroresonance.

We can see from (4.2.1) that for a fixed wave frequency, smaller values of k) correspond -
- to larger vy Figure 4.1 shows a cross section of a whistler-mode refractive index surface,
which defines the relation between the perpendicular and parallel components of the wave
vector so as to satisfy the dispersion equation for whistler waves in a cold plasma for
a given frequency (L=4 at the magnetic equator, n=500 cm~!, f=1 kHz). The smallest

value of & (or the largest v,;) corresponds to wave propagation in the Gendrin mode. For



104 SOME ASPECTS OF HISS INTERACTION WITH ELECTRONS

wave normal angles greater than the Gendrin angle, resonant energies become lower. Near

~the resonance. cone, k) becomes very large, so that electrons. of suprathermal cnergies

‘may interact with- the wave.. As was. seen in the wave normal analysis of DE-1 data.

(Chapter 2),- typical wave normal-angles for hiss lie at or beyond the Gendrin angle. .

Therefore, spectral components of oblique hiss may interact with electrons over a broad
range of energies, including both energies higher and lower than those which interact

with quasi-parallel propagating whistler mode waves of the same frequency.

4.3 GENERAL THEORY OF ELECTRON DIFFUSION IN THE
MAGNETOSPHERE

A semi-rigorous derivation of a diffusion coefficient for gyroresonant interactions is given
by Kennel and Petschek [1966]. The main idea is that, at any given time, electrons
effectively interact with wave components in a narrow spectral range (with width Ak in
wave vector space), so that the magnitude and polarity of the wave forces they experience
depend on the relative phase difference between their gyromotion and the phase of that
component of the wave. After a time Af, electrons move from resonance with one narrow
spectral range to another. If the phases of the two spectral components are not correlated,
then changes in electron velocity due to the interaction with different spectral bands are
also not correlated, and the electrons execute a random walk in velocity space. This
concept allows the evaluation of the diffusion coefficient D for electrons as (equation

(3.7) [Kennel and Petschek, 1966], slightly modified)
D ~ CBZAkAt (4.3.1)

where the expression for C may be given through the wave frequency and external

magnetic field strength, and By is the wave spectral density in wave number space.

From (4.3.1) we see that the value of the diffusion coefficient depends on the interaction . ..

time A¢ during which the electrons are in resonance with the wave-number band of width

Ak. Accurate estimation-of the. product. AkA¢ js.important for. the. quantitative application...... ... .or.
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Gendrin mode L 50

Oe+0 . . . : :
Oe+0 1e-4 2e-4 k_L
(1/cm)

Fig. 4.1, Perpendicular and parallel components of the wave vector which satisfy
the dispersion equation for whistler waves in a cold plasma for a given frequency

" {(L=4 at the magnetic equator, n=500 cm~!, f=1 kHz). The smallest value of ky (or
the largest value of the electron resonant energy) corresponds to the wave propagation
in the Gendrin mode. For wave normal angles larger than the Gendrin angle, resonant
energies become lower. Near the resonance cone, k)| becomes very large, so that electrons
of suprathermal energies may interact with the wave [Inan and Bell, 1991; Jasna et al.,
1992].
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of the theory of electron diffusion. In Kennel and Petschek [1966], At is estimated as
the time during which the phase of the particle’s gyromotion changes by 1 radian with

“respect to the phase-of the spectral components-which are at the edges of the spectral -
band (i.e., +A%/2), yielding

2

At o~
Akv"

(4.3.2)

Note, that A? is inversely proportional to Ak, so that in Kennel-Petschek theory the width
of the resonance band A% (or the interaction time Af) may be chosen ambiguously, as

long as the product of these two quantities is constant.

While this approach results in an accurate value of the diffusion coefficient [Galeev and
Sudan, 1983], more rigorous derivation of the electron velocity diffusion in a homoge-
neous piasma accounts for the variation of the velocity of a particle due to its interaction
with the wave, which in turn causes the electrons to move from resonance with one
wave component to another [see Galeev and Sudan, 1983 and references therein]. This

approach leads to a somewhat different expression for the time of interaction

2

At ~
kA'v“

(4.3.3)

where Av) is the change of electron parallel velocity due to interaction with the wave-
number band of width Ak. In the Galeev and Sudan approach, special consideration
must be given to the choice of Ak, since it determines the numerical value for D. The
Kennel-Petschek and Galeev-Sudan approaches give the same numerical results, since it

can be shown that*

Ak'U” ~ kAv” (434)

We note that both approaches implicitly assume that electrons move from one resonance

to another due to their interaction with the waves. In the case of electron diffusion in the

* See the discussion for (4.4.15) in the next Section.
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magnetosphere, however, the electron velocity varies due both to wave-particle interaction

and mirror forces resulting from the magnetic field inhomogeneity. The latter has been

-....shown.to be.the primary. factor:responsible for the:time of interaction; in the caseof:

- electron interaction with monochromatic signals [e.g., Inan ef al., 1978] or with broadband
incoherent waves [Inan, 1987). In the following, we provide the analytical basis for a
diffusion theory which accounts for both oblique propagation and the inhomogeneity of
the medium. In order to compare the relative contributions of the inhomogeneity and
the wave-particle interaction, we must calculate Av)| due both to the wave forces and
the adiabatic forces. As we mentioned above, in the Kennel-Petschek approach electrons
interact with a spectral component of unspecified width Ak, so that the numerical value of
the variation of the electron velocity due to interaction with a narrow spectral component
can not be determined. Therefore, to compare contributions from the mirror force and

from the wave-particle interaction, we use the Galeev-Sudan approach.

4.4 VARIATION OF THE ELECTRON VELOCITY DUE TO THE WAVE-
PARTICLE INTERACTION

In this section we calculate the change in the parallel component of the velocity of
an electron which results from its interaction with a narrow spectral component of an
obliquely propagating whistler mode wave. We start from the equation of motion for
electrons in the electromagnetic field of the wave and in the homogeneous ambient earth
-magnetic field

fl—:=—~%{ﬁ+%[ﬁ'xﬁ]} 4.4.1)
A typical method for solving (4.4.1) is to expand ¥ in a power series with respect to the
wave field, and find a solution by iteration [Krall and Trivelpiece, 1973]. In the zero

order approximation with respect to the wave field (i.e., neglecting the electromagnetic

field of the wave), the electron motion is a helical gyration in the carth’s magnetic field

vy = v cos(wyt + @) (4.4.2a)
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vy = v Sin(wgt + @) (4.4.2b)

vz = (4.4.2¢)

“where wg is the electron gyrofrequency: The electron trajectory (i:e., position in physical -~ -

space) may be obtained by integrating equations (4.4.2) as

ry = psSin(wgt + @) (4.4.3a)
ry = —pcos(wgt + ¢) (4.4.3b)
re = vyt +7g (4.4.3c¢)

where p = % This zero order solution can be substituted in the right-hand part of (4.4.1)
(so that electromagnetic field intensities of the wave are evaluated at the coordinates given
by (4.4.3)) to find the first order approximation for the electron motion. Since we are
interested the time it takes the electron to move from one resonance to another, and the
resonant condition (4.2.1) employs the value of the electron parallel velocity, we need
only to evaluate the variation of the parallel component of the electron velocity. From

(4.4.1) we find for the average value of the electron velocity

doj _ e

1 -
= _E(< B> +- < [7 x H] >) (4.4.4)

I

where < . > denotes averaging over time periods which are much larger than the wave
period but smaller than the time of interaction. To simplify the right hand side of (4.4.4),

we use expressions for the electromagnetic field of the wave

E:%@%mmmﬁ—ﬁdm+mg (4.4.5q)

H=[ixE] | (4.4.5b)
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where € is the complex polarization vector of the whistler mode waves as defined by
+{2.3.5), c.c. denotes the complex conjugate term, and u = Z—E is the refractive index. As
- we discussed-above, -the exponent -in-(4.4.5)-should be -evaluated at the position of the
~particle as defined to zero-order by (4.4.3). Limiting our consideration to the first order

gyroresonance for which v =1 and w — k”v” =wp, we find
exp(i(wt — k- 7)) o expliwirt — kyro)) (Jg(k 10 +iJ1(k L p) sin(wgt + qb)) (4.4.6)

where Jo() and Jy() are Bessel functions of the first kind and zero and first order re-
spectively. Substituting (4.4.5),(4.4.6) and (4.4.2) into (4.4.4) and time averaging the
products of rapidly varying sine, cosine and exponents, we obtain the expression for the

slow variation of the electron parallel velocity

d’U”

[+
— = =5 Bgv 1 Joth1p) (ples| cos(@ + kyro — 6)

+) Ieyl sin(¢ + k"’ro +6,) — p) le;| cos(g + k’”r‘o — 92))

Ji(k
z_e%@lezlEo sin(@ + kyro +6) 4.4.7)
where the angles 6, are defined by e; = |¢;| exp(i;) and j = z,y, z. Taking into account
the fact that Ji(k p) < kp for all values of k,p = %:’:-L, we can estimate the term

containing J in (4.4.7) as

reJ1(k1 p) e k_L'U_L

2m

,ezlEO sm(qS + k”’rg +8 ) < |3zIE0 (4.4.8)

Since for typical hiss frequencies w < wy, the left hand side of (4.4.8) (i.e., the last

term in (4.4.7)) is small compared to another term in (4.4.7) containing |e|

e kjv
2 leslBo <€ 5 Bow ol i les] cos(s + Eyro — 6.) (4.4.9)




110 SOME ASPECTS OF HISS INTERACTION WITH ELECTRONS

Therefore, equation (4.4.7) can be rewritten as

., __e
— & =5 —Eov JoCk o) (ples cos(8 + yro — )
+pley] Sin(e + kyro +6,) — . Jes| cos(d + kyro — 92)) (4.4.10)

We can see from (4.4.10) that the sign and the magnitude of the forces affecting the

particle depend on the' gyrophase. ¢. of the particle with.respect to.the wave phase. The ... .

next (second) order approximation can be found in a similar way, by integrating (4.4.10)
and substituting in (4.4.5) and then in the right hand side of (4.4.1). This procedure
would result in an oscillating solution for the parallel velocity of electrons, so that they

are trapped by the wave [Bell, 1986].

Though the evaluation of the expression in parentheses in (4.4.10) can only be made by
numerical methods, we note that the value of this term is smaller for quasi-electrostatic -
whistler waves. In such a case, the electric field is almost parallel to the wavevector
(which is assumed to be in z, 2 plane), so that 6, = 8, = O;e, = E!;L;ez ~ %]-; ley| <
&g, €z. Substituting in (4.4.10), we can see that the maximum value of the expression in
the parentheses contains two terms: (i) a term proportional to the small average angle
between the E component in the z,z plane and the wave vector; (ii) a second term
proportional to the small e, value. Small values of these quantities are qualitatively
understandable, since most of the energy of a quasi eletrostatic whistler wave resides in.
the electric field (ie., B < F), so that the right-hand side of (4.4.4) has smaller value
for oblique waves as compared to parailel propagating waves. To simplify the right-hand

side of (4.4.10), we define

R = Jo(k1p) (ﬂ” |ex| cos(¢ + kyro — 62)

+p&l| |ey| Sin(qs =+ k”'ro + Hy) - ,u_;_|ez| COS(qf) + k”'r‘() — 93))
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To estimate B we can neglect the small second term containing e,, and note that in
view of 6; = 8, = 0 and the assumption of the wavevector being in the z, z plane (i.e.,

: .-k” =k, k1 = k;) we can rewrite . in the form

ck rk,
R

ks
Fes — Ste. ) cos(é + kyro) 4.4.11)

Therefore, R is of order of Jo(k J_p)i)—k sin o, r, where o, 1, is the angle between the wave
vector and the projection of the polatisation vector € to the wave vector plane. Since
the change in the particle parallel velocity is cansed by the term which contains H in
(4.4.4), and since it follows from (4.4.5b) that H ~ fd—ksin ap i F, it is understandable
that REy ~ H. Thus, if the wave amplitude is measured by a magnetic antenna, we
would get the same order of magnitude change in vy for oblique and for parallel waves
assuming the same amplitude of the wave magnetic field. However, if we compare the
change in the electron parallel velocity for oblique and parallel waves assuming the same
amplitude of electric field, we would get smaller values for larger wave normal angles,
due to relatively smaller values of the wave magnetic field for quasi-electrostatic waves.
For larger wave normal angles 1, the refactive index y becomes larger, and the average
angle between the wave vector and the wave electric field becomes smaller (due to the
more electrostatic nature of the wave), so that their product depends on ¢ in a relatively
smooth way. Therefore, our estimates for R are not critical to the exact knowledge of the
wave normal angle. For typical parameters of oblique hiss waves in the magnetosphere
(L ~ 34, u ~ 102 — 103, 3 ~ 50° — 80° ) we can numerically estimate the value of R

using the APM computer code* [Chmyrev et al., 1991] as R ~ 1.

Using trigonometric identities, we can rewrite (4.4.11) in the form

R=FR cos(¢ + k" ro— &) (4.4.12)

* This is a general warm plasma code which for a given wave frequency allows the determination the fre-
quency, the wave vector, the damping rate and polarization characteristics for the warm mulficomponent -
magnetoplasma.
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where @ is a constant and &y is the maximum value of R, estimated above as B ~ 1.
Substituting (4.4.12) in (4.4.10), we note that the expression for %LL is in the form of the

“equation” of motion for a particle moving in- a potential well

where
€
D(r,) = —Z—EO'UJ_RO COS(¢ + k”'r‘o — 9)
me

The variation of the parallel velocity vy results in the variation of the phase %o of the
particle with respect to the wave, since %1 = v). We can estimate the frequency and the
amplitude of oscillations of electrons trapped by the wave* [Landau and Lifshitz, 1976]

using Q? = g% evaluated at the equilibrium point (i.e., where @ = 0)

e
Q2 ~ ﬁEov 1 Roky (4.4.13)
Az ~ = (4.4.14)
ki

The change in the electron parallel velocity corresponds to a change in the resonant
parallel component of the wave vector. The relation between the two can be found by

differentiating equation (4.2.1)

Ak
A0jmaz = (g — uu)ﬁ (4.4.15)

where v, is the group velocity of the wave. For large wave normal angles, we can
estimate vy ~ w/k and from (4.2.1) we obtain v = (w — wy)/k). Since typically
w < wy, we have |vjj| > vy). From the latter inequality it follows that equation (4.4.14)

is equivalent to equation (4.3.4).

* In fact, depending on specific structure of the wave packet and on the relative phase between the particle
gyromotion and the wave field, some particles may be not trapped by the wave. In this case, Av|maz
denotes the maximum change in the velocity of the particle due to interaction with the wave, and Q is
the inverse time needed to-change. the velocity of the particle by Avjmaz. :
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The above derivation was performed for electron interaction with a monochromatic
wave. If electrons interact with magnetospheric hiss with an incoherent broadband spec-
trum, at any point of the trajectory they effectively interact with a narrow band in the
wave spectra in the vicinity of the resonance. To apply our formulation to this case, we
can replace the amplitude of the wave by

1 .
Eo = E¢Ak] (4.4.16)

where E, is the spectral density of the wave in the parallel component of the wave vector
space. The rigorous approach to choose Ak [following the ideas in Galeev and Sudan,
1983] is to substitute (4.4.16) in (4.4.13) to determine Q, then substitute this value of €
in (4.4.14) and use the result in (4.4.15). The resulting equation can be solved for Ak”

as

1
Abd ~ T (e Eka_Rok")z (4.4.17)

I vg — Y| 2me
‘With Ak” defined by (4.4.17) we can estimate all other parameters which are needed to

calculate the diffusion coefficient.

In order to estimate the contribution to the diffusion coefficient numerically, we assume
the following values of parameters typical for magnetospheric hiss: w ~1 kHz, wy ~15
kHz, k ~ 5 x 1073 em™!, ky ~ 107° cm™! (as follows from our data analysis in
Chapter 2), Ry ~ 1, and the wave magnetic field B,, ~1 pT/Hz%. We can estimate the
spectral density of the electric field as £, ~ B, /R. However, the estimation of Ej for
{(4.4.16) is not straightforward. In general, E; ~ E“’%ﬂ”’ where Aw, Ak are changes of
the resonant frequency and of the resonant parallel component of the wave vector. For
parallel propagation, —Ai‘;:] ~ ) ,. However, for oblique quasi-electrostatic waves a change
in k| may be accompanied by only a small or no change in frequency (see Figure 4.1,
where wave vectors span a broad range for the same frequency value). Qualitatively,
this means that oblique waves may have a larger width of the wave packets in & space

as compared to that of parallel propagation. Therefore, f—,:;[ ~ vy, provides only an
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upper limit estimate in the case of oblique waves. This means that, for the same spectral
density E,,, oblique wave packets may have lower spectral densities in the wave vector

‘space, resulting-in-lower rates-of diffusion. The quantitative estimation of Ej, requires

-the -detailed knowledge. of the wave packet structure, which. possibly can be extracted . . .

from experimental data.

Using the highest value for the electric field spectral density resulting from f—,‘c‘l’] ~ Vjigs
we estimate from (4.4.17) Ak ~ 3 x 1077 ecm™, resulting in an estimate for the change

in the parallel electron velocity due to the interaction with hiss wave packets of

dv
1P 5y 10251 (4.4.18)
vy dt

where the subscript w denotes the contribution to the variation of o) due to the wave-
particle interaction. This quantity must now be compared with the %[L due to the mirror
force. From the conservation of the first adiabatic invariant, we find

1 B, 01 1 doy

vy dt _2'0" wg dt (4.4.19)

where %@TH characterizes the rate of the relative change of the electron gyrofrequency
along the trajectory. The right-hand side of (4.4.19) can be easily evaluated using the
conservation of the first adiabatic invariant and a dipole field model for the magnetic
field. We find
1 dvpm 3vie, sin A3 +2sin’ \)
vi dt = 2LRe (1 +3sin® M) cosS A
where v | .4 is the perpendicular component of the particle velocity at the magnetic equator,

(4.4.20)

-and K, is the radius of the earth. Figure 4.2 shows both the value of the right hand side
of (4.4.20) (solid line) for v ., = 10° cm/s and L=4, and the right hand side of (4.4.18)

{(dashed line) versus magnetic latitude A.

The near-equatorial region is characterized by relatively slight medium inhomogeneity,

thus the contribution to Avy; due to the wave particle interaction prevails.. However, even -
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Fig. 4.2. The value of the right hand side of (4.4.20) (solid line) for v ., = 10? em/s
and L=4, and the right hand side of (4.4,18) (dashed line) versus magnetic latitude
A.  The near-equatorial region is characterized by a slight inhomogeneity, thus the
contribution to Av) due to wave particle interaction prevails. In a few degrees of latitude

from the magnetic equator the medium inhomogeneity makes a major contribution to
Ay).

only a few degrees of A from the magnetic equator the inhomogeneity term makes a
~dominant contribution to -Av", so-that we should modify classical expressions [[Kennel
and Petschek, 1966; Lyons, 1972] for the electron diffusion in this region, accounting
for the inhomogeneity of the medium. Note that for electrons with larger pitch angles,
the region in the magnetosphere where the medium inhomogeneity may be neglected
becomes even narrower than that shown in Figure 4.2. It should be noted, however,

that the result in Figure 4.2 is for a wave spectral density of ~1 pTle%. For more
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intense waves, the latitude region over which the wave forces dominate may be larger.

“Nevertheless, due to sharp dependence of the right-hand. side of (4.4.20) on A (see the

“solid line in Figure 4.2) the inhomogeneity dominates over most of the trajectory even -~~~ *~ " =

~for"wave- intensities-which are two- orders.of -magnitude higher than that used for our - -

numerical estimates.

4.5 ELECTRON DIFFUSION COEFFICIENT RESULTING FROM
INHOMOGENEITY OF THE MEDIUM

In this section we estimate the magnitude of the diffusion coefficient for the parallel ve-
locity of energetic electrons in the region of the magnetosphere where the inhomogeneity
is dominant. For the sake of simplicity, we assume that electrons move from resonance
with one spectral harmonic to resonance with another driven solely by the mirror force.
In this case, and to a zero approximation with respect to the wave field, the electron
parallel velocity varies at a rate defined by the inhomogeneity, and, as a consequence,
the electron interacts with different wave spectral harmonics. The variation of vj| due to
the mirror force does not change the first adiabatic invariant, so that the diffusion term
must be calculated to a first order approximation by substituting rg = ||t in the right

hand side of expressions (4.4.7) and (4.4.12). We find

Dl _ ¢ g AkYy, Ry cosle — £]
T Tme k vy By cos[(w — ”'U”—wg)

where we choose the ¢ = 0 moment to correspond to precise resonance between the

electron and the wave.

We now estimate the change in the electron parallel velocity due to its interaction with

a narrow spectral band with a fixed frequency w

dv"

dt )maz f cos[(w — vy — wr)tldt @5.1)

Av||qy, ~ (
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where the subscript w denotes that Av is evaluated to a first order approximation (i.e.,

as caused by the wave field), and

(ﬂ) =% Ak v, Ry 4.5.2)
dt max 2mc 1 e

is the maximum rate of change of the electron parallel velocity corresponding to the exact
resonance with w — kv —wpg = 0. Expanding the argument of the cosine function in

(4.5.1) in a Taylor series in the vicinity of resonance, we have

1

A'U”w ~ U;na,:ca_i (4.5.3)

where
d
o= E(w - k”'v” —wpg) (4.5.4)

The contribution of the integral (4.5.1) is largest in the vicinity of the resonance when
the argument of the cosine varies relatively slowly. The characteristic time of interaction
At can be estimated as that time during which the argument of the cosine varies over a
=+ range around zero. This gives

Af ~ (E)% (4.5.5)

o

According to the general concept of electron diffusion, the resonant parallel component of
the wave number changes during time Af, so that electrons begin to interact with another
wave spectral component of the wave. For small A¢ we can assume that the resonant

wave vector changes linearly with time during the interaction
Ak =k At (4.5.6)

where k' is a constant depending on the medium inhomogeneity and will be estimated

below.
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To estimate the diffusion coefficient we can calculate Av” due to both medium inho-

mogeneity and wave-particle interaction
A'v” = A'U"m + A”Uuw “4.5.7)

where subscript m denotes the change in the electron velocity as caused by the medium
inhomogeneity. Squaring (4.5.7) and ensemble averaging over different values of Avjtyp,

we find
2 _ a2 2
A‘U” = A'U”m + A'U”,w (4.5.8)

where we assumed that Avj,, and Av,, are not correlated and that the average value of
Avy,, 1s zero. The first term in (4.5.8) is due to the inhomogeneity and has a fixed value
at any point of the trajectory of a particle. Therefore, it does not affect the diffusion of
particles in the velocity space, and the diffusion coefficient can be estimated similar to
that for a homogeneous media [Lyons et al., 1972]

Av?
_ lw

D=— (4.5.9)

Substituting (4.5.3) in (4.5.9) and accounting for (4.5.2),(4.5.6) we find

D= (evj_)chzE%k'

2me

(4.5.10)
o

The numerical value for the diffusion coefficient depends on the ratio
F=— (4.5.11)
o

Note that in the case of diffusion in a homogeneous media, the diffusion coefficient is

defined by a formula similar to (4.5.10) where the ratio (4.5.11) is replaced by FF — =

bl

[e.g., Kennel and Petschek, 1966; Inan, 1987]. The denominator in (4.5.11) can be
estimated using (4.2.1) and (4.5.4) as

Wjjm  dwy
R (4.5.12)

o= —vpk — ky
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To estimate %' in (4.5.11) and (4.5.12) we use the approximate dispersion equation for

oblique quasielectrostatic whistler mode waves (see (3.3.1) for w € wg)

k
A2 (4.5.13)
k  wg
which results in
ky dw
PR Boid S
k'~ on dt (4.5.14)
From the conservation of the first adiabatic invariant we have
doy = —EL g, 5
Substituting (4.5.12) through (4.5.15) in (4.5.11) we find
et 1 (4.5.16)
24447

Y
I

Note that the value of F' depends on the electron pitch angle, being smaller for large
pitch angles (i.e., when %%— > 1). The most important feature of equation (4.5.16)
is that it gives lower values for the diffusion coefficient for electrons with large pitch
angles as compared to the case of homogeneous media for the same value of E;. In
addition to the effect of the inhomogeneity, the electric field spectral density 3 may have
smaller values for oblique waves for the same value of the measurable quantity F,,, as
discussed above in connection with equation (4.4.11). Therefore, we estimate that electron
diffusion in the field of an oblique wave packet should have a lower rate as compared to
parallel propagating waves, in qualitative agreement with results by Inan and Bell [1991].
However, this does not mean that the total amount of the precipitating electrons should
be lower for oblique waves. As we mentioned in Section 4.2, an oblique wave packet
“-may interact with electrons over a broader range of energies, so that lower diffusion
rates may be compensated by larger number of electrons involved in the interaction as

was shown by Inan [1987]. Sections 4.2-4.5 merely provides a preliminary analytical
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framework and that is useful for the comparison of electron interactions with oblique
versus parallel propagating wave packets. A comprehensive analytical theory of electron
interaction .with hiss accounting for both medium inhomogeneity. and large wave normal.

angles may be a topic of future research.
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Summary and suggestions for future
work

5.1 SUMMARY

In this section, we summarize first the present status of our knowledge of the origin and

g—spectrum of plasmaspheric hiss and then the new results put forth in this dissertation.

5.1.1 Summary of the results from previous studies

Plasmasheric hiss is a band-limited noise-like emission, omnipresent in the plasmasphere.
The range of frequencies over which plasmaspheric hiss is observed depends on the
altitude, but is usually from a few hundred Hz to a few kHz. The highest hiss wave
power densities are typically observed below 1 kHz. The peak power density varies up to
two orders of magnitude depending upon magnetospheric activity, and also exhibits some
random variations; the average value is ~ 10~%y2/Hz. The power density is higher during
magnetically quiet periods, especially during the recovery phase of magnetic storms.
Typically, hiss is observed at high altitudes, from L ~ 2 to the plasmapause, and is rarely
-observed outside the plasmapause.- The only exception is the afternoon sector at high
- geomagnetic latitude (A > 35°), where hiss is observed well beyond the plasmapause.

A few previous studies of hiss wave vector direction have shown plasmaspheric hiss

121
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to propagate at high wave normal angles (6 ~ 50° — 857), though some minor part of
“hiss can propagate at low wave normal angles. Plasmaspheric hiss can be triggered by
‘whistlers; in this case, a hiss-like signal lasts about ~ 5-15 s after the whistler and has
“many of the properties-of regular hiss.. Observations-and direct experiments using-ground

based transmitters show that chorus emissions can often be triggered out of hiss band.

Despite intensive study and many observations, the mechanism of plasmaspheric hiss
generation remains unclear. One of the mechanisms proposed previously suggests that
the energetic electron fluxes in the magnetosphere are a source of energy for plasma-
spheric hiss generatioh [Kennel and Petschek, 1966; Church and Thorne, 1983]. This
mechanism predicts the generation of plasmaspheric hiss with low wave normal angles
via gyroresonant interaction, since the increment of the whistler wave growth due to the
interaction with energetic electrons is highest for parallel propagation in this case. Ray-
tracing simulations show that some unique ray trajectories do propagate along a quasi
periodical pafh with small wave-normal angles in the equatorial region (so-called ’cyclic
trajectories’) [Church and Thorne, 1983]. Since satellite data analysis shows that hiss has
high wave-normal angles [Lefeuvre and Helliwell, 1985; Storey et al., 1991; Sonwalkar
and Inan, 1988], gyroresonant amplification along the cyclic trajectories cannot explain
the generation of all the hiss. One possible way to overcome this problem is to assume
that whistler mode waves can be amplified from the thermal level during a single pass
through the equatorial region [Solomon et al., 1988]. After the wave is amplified, it
acquires high wave normal angles due to the propagation in the inhomogeneous earth’s -
magnetic field. Another mechanism suggests the ring current protons as a source of en-
ergy for hiss [Parady, 1974]. This mechanism contributes to the generation of hiss with

high wave normal angles and with frequencies close to the lower hybrid frequency.
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5.1.2 The new picture of the origin and E—spectrum of hiss

- In-this- dissertation research -we analyzed experimental data-on.plasmaspheric -hiss:to.
~measure - its ﬁ-spectrum -and -performed -analytical -and -numerical modeling of whistler
mode wave propagation in the magnetosphere to clarify the origin of hiss. We provided
the results of hiss wave vector direction measurements in 22 different cases based on
DE-1 satellite wave data, representing a wide range of L shells and thus allowing the
analysis of general trends in hiss wave normal angles. The results of these measurements
strongly suggest that hiss generally propagates at high wave normal angles. The azimuthal
angles of the wave vector directions of hiss (i.e., angles between the wave vector and the
meridional plane) cover a wide range, often corresponding to propagation at large angles

with respect to the meridional plane.

We also performed the first simultaneous measurements of the wave vector direction
of discrete whistlers (originating in lightning and arriving at the satellite over a short
direct path) and plasmaspheric hiss as observed on the DE-1 satellite. The whistler wave
normal angles and dispersion characteristics were consistent with propagation over typical
nonducted magnetospheric paths with the wave vector being at 50° — 60° with respect to
the ambient magnetic field and within < 20° with respect to the meridional plane. The
wave normal angles of the simultaneously observed hiss were found to be larger, being
70° - 77°. The azimuthal angles of the wave vector for hiss were found to be ~80° with

respect to the magnetic meridional plane.

The results of the measurements form an experimental basis for the new mechanism
of plasmaspheric hiss generation put forth in this work. On the basis of extensive two-
and three-dimensional ray tracing, we have shown that hiss-like signals can be formed by
nonducted whistlers as a result of propagation effects only. The combined contribution
from whistler rays produced by a single lightning flash but entering the magnetosphere at
~ different points and locations and/or with different initial wave vectors forms a continuous

hiss-like signal in the magnetosphere, as observed at a fixed point.
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Our model of plasmaspheric hiss generation and sustenance is based on the fact that
~whistler waves generated by lightning can persist for a long time in the magnetosphere
undergoing multiple magnetospheric reflections and effectively being ‘stored’ in the mag-
‘netospheric resonator. Quantitative modeling of whistler-mode waves propagating in the
“magnetospheric plasma with a high-energy non-Maxwellian tail was reported by Huang
et al. [1983] as part of a hiss propagation study, where it was shown that whistler-mode

signals originating with an initial intensity greater than the thermal level can propagate

a considerable distanice  before damping -out, and that.the total.growth/damping rates- -~ -

for such waves are low. The results of our calculations show that while the first several
hops of impulsive wave energy from lightning form discrete magnetospherically reflected
whistler components [Edgar, 1976], subsequent reflections can lead to the formation of
continuous hiss-like signals with a durations of up to ~10? sec at lower frequencies (~1
kHz). Based on these estimates, we suggest that lightning activity can be a source for
magnetospheric hiss without any amplification of whistler mode waves as long as the
whistler damping rates in the magnetosphere are relatively low. The hiss-like signals
produced by magnetospherically reflected whistlers have properties that are in qualitative
agreement with reported experimental data on plasmaspheric hiss, in particular, with Dy-
namic Explorer-1 observations of the features (upper and lower cutoff frequencies and
their variation with time) of hiss-like signals which often follow whistlers [Sonwalkar
and Inan, 1989]. The spectra of the hiss-like signals formed by discrete whistlers is
highly dependent on the L-shell of observation.

According to our model, most plasmaspheric hiss would be observed at high wave-
normal angles, in agreement with experimental results [Lefeuvre et al., 1983; Sonwalkar
and Inan, 1988]. On the other hand, hiss spectra observed by satellites has on occasion
spectral components below the local LHR frequency [e.g., Church and Thorne, 1983,
see Figure 1], which has not been studied in detail in this thesis. However, some of the
observed hiss may appear to be at lower frequencies due to relatively large Doppler shifts

that would be expected in view of the high wave normal angles. For a wavenumber of
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k ~10~3 cm™! which is typical for our ray-tracing simulations, the Doppler shift can be
as high as ~10? Hz. Another possible way by which hiss generation with w<w LHR can
occur in our model was discussed in Section 3.7, where we have shown that such rays
are subject to magnetospheric reflection similar to that for higher frequency (w > wrgg)
rays. Therefore, it is potentially possible that hiss energy below the local lower hybrid
frequency may also be formed by multiply reflecting whistlers, similar to the higher
frequency hiss. Comprehensive consideration of hiss propagation below wr g is a topic

of future research.

The fact that the measured wave vector directions of both whistlers and hiss have sig-
nificant components in azimuth indicate that considerations of three dimensional ray prop-
agation are important in assessing the possible causative connection between whistlers
and hiss. An approximate analytical model was put forth to evaluate the propagation of
quasi-electrostatic whistler waves in three dimensions. Applications of the model indicate
that waves injected from fixed thunderstorm centers on the ground may be observed at
longitudes which differ from those of the lightning flash by as much as +40° (accounting
for =10° propagation in the earth-ionosphere waveguide and +30° drift of the wave
packet in the ionosphere and the magnetosphere). Considerations of group delay and
overlap of many such waves lend support to the concept of formation of magnetospheric
hiss as a superposition of magnetospherical reflected whistlers. Since the longitude drift
of whistler mode waves is limited to ~40°, any possible causative connection between
whistlers and hiss should manifest itself as a longitudinal correlation between regions
on the ground of high thunderstorm activity (i.e., regions of higher whistler rates), and

magnetospheric regions of higher average hiss intensity.

Since hiss is an intense noise-like broadband signal, magnetospheric electrons can
diffuse in velocity space due to gyroresonant interactions with hiss. Some of the energetic
electrons diffuse from higher pitch angles to inside the loss cone, and precipitate into
~ the lower ionosphere. In this way, the presence of plasmaspheric hiss places a limit on

energetic electron fluxes, and due to the omnipresence of hiss in the plasmasphere and
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its relatively high amplitude, hiss is believed to play the major role in radiation belt

dynamics [Kennel and Petschek, 1966]. Measurements of hiss wave vector directions

] ?resente‘d' in-this thesis, which reveal that hiss- generally propagates at high wave normal- - - -

“~angles, show that theoretical -models-of hiss interaction with-energetic particles have to-- - =~

be reconsidered to account for the generally high wave normal angles of hiss. In this
thesis we presented preliminary estimates of electron diffusion in velocity space in oblique

wave packets and compared the rate of diffusion to that which occurs in quasi-longitudinal

(i.e., parallel propagating) wave packets.. We showed.that the rate of electron diffusion .- -

due to their interaction with oblique wave packets in the inhomogeneous magnetosphere
may be considerably smaller than that of electrons interacting with parallel waves in
homogeneous media due to two effects: (i) the width of the wave packet in wave vector
space may be larger, resulting in lower spectral densities for the same wave amplitudes;
(ii) the inhomogeneity of the medium which causes the electrons to move from from
one resonance to another faster than they would otherwise, resulting in reduced diffusion

coefficient for large pitch angles.

5.2 SUGGESTIONS FOR FUTURE WORK

Future research on plasmaspheric hiss may concentrate on the further clarification of the
spectral features of hiss, mechanisms of its generation and the role of hiss in terms of
its effects on the radiation belt particles. In particular, a comprehensive study of the
mechanisms of hiss generation is needed. While this work (as well as some previous
studies, e.g. Sonwalkar and Inan [1989]) shows that there undoubtedly is a connection
between hiss and whistlers, the extent of this connection remains not entirely clear. We
have shown that plasmaspheric hiss may be produced by multiply reflecting nonducted
whistlers, and that the input energy from whistlers on a global scale is sufficient to produce
magnetospheric hiss. However, this dissertation does not establish the quantitative extent

of the causative link between hiss and whistlers on a global scale. We believe that

an extensive statistical study of hiss.occurence.and.its.correlation.with regions. of high. ... i
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lightning rates may bring decisive new understanding of the connection between hiss and

whistlers.

Another. aspect of hiss which has not been investigated in detail in the current study s
its generation and propagation at frequencies below the local lower hybrid frequency. We
have shown in a qualitative fashion that it is possible for whistler waves with w < wrpgpg
to propagate similarly to higher frequency waves, and undergo magnetospheric reflections.
Therefore, waves below the lower hybrid frequency may be stored in the magnetosphere,
and the suggested model of hiss generation may work for waves with w < wrpgpr as
well as for waves with w > wpggr. However, extensive ray tracing modeling of wave
propagation needs to be undertaken in order to quantitatively establish possible generation

of the low frequency (w < wrgr) hiss by nonducted whistlers.

According to our ray tracing calculations, nonducted whistler mode waves reflect from
regions where their frequency is approximately equal to the local lower hybrid frequency,
-and do not penetrate deeply into lower altitudes. This simplistic model does not account
for hiss penetration to lower altitudes as observed in the experimental data [ Gurnett
and Burns, 1968; Muzzio and Angerami, 1972]; however, such penetration can possibly
occur as a result of reflection of ducted hiss waves from the lower ionospheric boundary
and nonducted propagation upward. Such hybrid propagation (i.e., ducted followed by
nonducted) is a known means by which ducted-mode whistler waves can populate large
regions of the magnetosphere [Rastani et al, 1985; Smith et al., 1985]. Additional
work is needed to extend our model of hiss generation to ducted hiss and its possible

connections to nonducted hiss.

Recent experimental data on wave vector directions of plasmaspheric hiss, including
those provided in this thesis, show that typically the propagation occurs with oblique
wave normals. As we discussed above, particle diffusion in oblique whistler wave packets
differs from that in quasi-longitudinal waves in both the energy of the interacting paticles

and the rate of particle pitch-angle diffusion. We believe that models of hiss interaction
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with radiation belt particles have to be modified to account for the oblique wave vector
directions of hiss. The study of interaction between obliquely propagating hiss and
radiation belt electrons may have important implications for our understanding of the

radiation belt dynamics and equilibrium.

Both wave-wave and wave-particle interactions affect fine features of the wave spectra,
including phase correlations between spectral components. General equations of the wave
turbulence [Galeev and Sudan, 1983] link the phase of different wave spectral components
to coefficients of the wave coupling due to wave-wave and/or wave-particle interactions.
Analyzing wideband experimental data, one can get information on the interactions in
which the waves are involved. The first attempt of this kind was made by Kabanov [1990],
where ground observations of hiss were used to estimate the Nakagami parameter* for
the hiss signal. The results of the paper by Kabanov [1990] show that ground observed
hiss is not equivalent to random noise, which possibly may be connected to the effects
of wave-wave or wave-particle interactions on the hiss wave packets. In this connection,
Sonwalkar and Inan [1988] also found evidence for some underlying coherence in hiss

based on their observation of a ~30 Hz modulation of hiss intensity.

* The Nakagami parameter is defined through the second and the fourth moments of the distribution of
the wave amplitude with respect to frequency [Kabanov, 1990], reflecting the signal-to-noise ratio.
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