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Abstract

Geomagnetically trapped electrons in the Earth’s radiation belts have energies ranging from

a few keV to several MeV. Electrons with relativistic energies may cause serious damage to

spacecraft systems through their interactions with onboard electronics. Natural electromag-

netic plasma waves, known as extremely low frequency/very low frequency (ELF/VLF)

chorus, are able to accelerate electrons with energies in the keV range to energies in the

MeV range, increasing the flux of relativistic electrons. Chorus, observed in the magneto-

sphere outside the plasmapause, often appears in two distinct frequency bands separated by

an emission gap, which occurs where the wave power exhibits a minimum. This configura-

tion, known as banded chorus, consists of an upper band (UB) of chorus located above the

emission gap and a lower band (LB) of chorus located below this gap. This dissertation ex-

plores the source region characteristics of magnetospheric banded chorus emissions using

data from the Cluster spacecraft and the Polar spacecraft to provide a better understanding

of the properties of these waves.

A new theory has emerged suggesting banded chorus is generated within whistler-mode

ducts. In particular, the theory states UB chorus can be guided in depletion ducts and LB

chorus can be guided in either depletion or enhancement ducts depending on the wave

normal angle. To test this theory, electron densities are determined with the highest spatial

resolution to date. Irregularities in the electron density profiles are classified as ducts if

they satisfy the two ducting requirements involving the half-width and the enhancement or

depletion factor.

The relationship between banded chorus and ducts is analyzed using data from the

Cluster spacecraft. For this data set, LB chorus emissions are found to be generated within

ducts located at the same L-shell within ∼3◦ of the magnetic equator. The wave normal
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angle distribution for the LB chorus generated within whistler-mode enhancement and de-

pletion ducts show that the majority of the LB chorus waves can be guided by these ducts

as well. LB chorus emissions can also be uniformly excited over an extended region near

the magnetic equator.

The wave normal angle analysis is extended to both LB and UB chorus emissions in the

equatorial and off-equatorial regions using data from the Polar spacecraft. LB chorus tends

to be quasi-field-aligned with increasing probability as the magnetic latitude increases,

while UB chorus tends to have oblique wave normal angles. In addition, the LB chorus

waves have a time averaged Poynting flux that is much greater than that of UB chorus

waves. The wave normal angle distribution is important for the evaluation of resonant

wave-particle interactions.

Analysis of the spatial dependence of chorus intensity resulted in observations of two

main configurations of banded chorus. The first configuration has chorus absent within 1◦

of the magnetic equator, while the second has only weak chorus emissions in this region.

For both configurations, the intensity of banded chorus generally has an exponential spatial

dependence on distance away from the magnetic equator. The distribution of the spatial

growth factor provides a new boundary condition for chorus generation models.

This dissertation provides many new contributions and advances our fundamental un-

derstanding of the source region characteristics of magnetospheric ELF/VLF banded cho-

rus emissions.
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Chapter 1

Introduction

The Earth’s radiation belts, comprised of highly energetic charged particles, are toroidal

regions extending from radial distances of approximately 1.2 to 8 Earth radii (RE). These

geomagnetically trapped ions and electrons have energies ranging from a few keV to several

MeV. Such relativistic electrons may cause serious damage to spacecraft systems through

their interactions with onboard electronics [Baker, 2000]. Natural electromagnetic plasma

waves, known as chorus, are able to accelerate electrons with energies in the keV range to

energies in the MeV range, increasing the flux of relativistic electrons [Horne, 2002]. For

this reason, it is important to learn more about the properties of these waves. The goal of

this dissertation is to provide a better understanding of the source region characteristics of

chorus emissions.

1.1 The Earth’s Magnetosphere

Chorus emissions have been observed in the magnetospheres of Earth, Jupiter, and Saturn

[Inan et al., 1983; Inan, 1986], making the source region characteristics of chorus of wide

general interest. This dissertation will focus solely on chorus emissions observed in the

Earth’s magnetosphere, the region in space where plasma dynamics are dominated by the

Earth’s magnetic field. The solar wind, blown outward from the Sun, interacts with the

Earth’s intrinsic magnetic field, causing the magnetosphere to take a bullet-like shape, as

shown in the schematic diagram in Figure 1.1. The boundary of the magnetosphere, known

1
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Solar Wind

Magnetopause

Magnetotail

~8-10 (RE) >100 (RE)

Figure 1.1: A schematic diagram of the magnetosphere showing the interaction of the
solar wind with the Earth’s magnetic field. Closer to the Earth, the magnetic field can be
accurately modeled as a dipole, as the distortion from the solar wind is minimal.

as the magnetopause, is located at a radial distance of ∼8 − 10RE on the dayside. On the

nightside, a long magnetotail is formed, extending out to more than 100RE.

The inner magnetosphere, extending to ∼6RE, is where the magnetic field lines are

closed and is the most important region of the magnetosphere in the context of this disser-

tation. To first order, the Earth’s magnetic field in this region may be approximated by a

centered, tilted dipole, where the dipole axis is inclined by approximately 11◦ with respect

to the geographic rotation axis. Under this approximation, a location in space can be de-

scribed using three parameters of the dipole coordinate system: L-shell value (L), magnetic

latitude (λ), and magnetic local time (MLT), as shown in Figure 1.2. The L-shell value is

defined as the distance, in units of Earth radii, at which a magnetic field line crosses the

magnetic equatorial plane. For instance, if a field line intersects the magnetic equator at

a radial distance (R) of 4RE, this field line has an L-shell value of 4. The parameter λ is

the angle measured from the magnetic equator to the point of interest on the field line. The
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λ
L = 2

a) Meridional Plane b) Equatorial Plane

Figure 1.2: The dipole coordinate system of the magnetic field illustrated in the a) merid-
ional and b) equatorial planes identifying the three parameters: L-shell value (L), magnetic
latitude (λ), and magnetic local time (MLT).

formula that describes the locus of a field line is given by

R = L cos2λ (1.1)

for a dipole magnetic field [Walt, 1994, Ch. 3]. Finally, MLT describes the location of the

field line with respect to the direction of the sun in decimal hours. The MLT values of 00,

06, 12, and 18 describe magnetic midnight, dawn, noon, and dusk, respectively.

The magnetosphere, a magnetized, inhomogeneous, collisionless plasma, exhibits a

wide range of electron densities (Ne). A model of the electron density distribution of

the cold electron population (energies ∼1 eV) in the inner magnetosphere is shown in

Figure 1.3. The ionosphere is the top layer of the Earth’s atmosphere with Ne>104 cm−3.

The plasmasphere, a primarily field-aligned toroidal region of cold plasma, is essentially

an extension of the ionosphere with a cold electron density ranging from about 10 to 104

cm−3. The boundary of the plasmasphere, known as the plasmapause, occurs where there

is a steep decrease in electron density, usually by an order of magnitude over a distance as

small as 0.1RE [Carpenter and Anderson, 1992]. The source region of chorus emissions

is outside the plasmapause near the magnetic equatorial plane [LeDocq et al., 1998; Parrot
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Figure 1.3: A model electron density distribution for different plasma regions in the inner
magnetosphere. The value of the electron density is shown on the log color scale. Figure
adapted from Spasojević [2003, Fig. 1.4].

et al., 2003; Santolı́k et al., 2005].

1.2 ELF/VLF Banded Chorus Emissions

Chorus emissions are intense electromagnetic plasma waves that are naturally and sponta-

neously excited in the inner magnetosphere during periods of magnetic disturbance. These

emissions are observed over a broad frequency range, from hundreds of Hz up to about

10 kHz [Gurnett and O’Brien, 1964], a subset of the Extremely Low Frequency/Very Low

Frequency (ELF/VLF) band occurring between 0.3 and 30 kHz. The ELF/VLF band over-

laps the audible frequency range of 0.02 to 20 kHz. Early observations of chorus emissions

involved listening to the plasma waves by connecting the ELF/VLF analog signal to an

audio amplifier and speaker [Allcock, 1957]. The plasma waves could then be identified

using the human brain’s natural ability to compute Fourier transforms of the audio output.

Chorus emissions are named for their resemblance in sound to birds’ dawn chorus, which

is similar to a “rookery heard from a distance” [Storey, 1953].

An example of chorus is shown in the frequency-time spectrogram of Figure 1.4, which
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displays 8 seconds of plasma wave data observed on the Cluster spacecraft (described in

Section 1.3.1) on April 18, 2002. The spectrogram shows the power spectral density of

the wave electric field as a function of frequency and time. Chorus waves are composed

of closely spaced discrete elements, each of which may last up to several seconds and

exhibit an approximately linear rate of frequency change of up to a few kHz/sec [Sazhin

and Hayakawa, 1992; Santolı́k, 2008, and references therein]. While chorus is usually

observed consisting of rising tones, falling tones, short impulsive bursts, and sometimes

so-called ‘hooks’ may also be observed [Burtis and Helliwell, 1969]. Chorus waves prop-

agate in the whistler-mode, with right-handed elliptical polarization, with respect to time,

which reduces to circular polarization for propagation parallel to the ambient magnetic

field. Whistler-mode waves have frequencies in the range 0 < f < fce for fce < fpe and

in the range 0 < f < fpe for fpe < fce, where fce is the frequency with which an electron

gyrates about the ambient magnetic field (B0) and can be expressed as

fce =
qB0

2πm
, (1.2)

with q and m being the charge and mass of the electron, respectively, and fpe is a natural

frequency of oscillation, known as the plasma frequency, that is expressed as

fpe =
q

2π

√
Ne

mε0
, (1.3)

where ε0 is the permittivity of free space. For the typical case in the magnetosphere, fpe�
fce, and the whistler-mode waves propagate with frequencies exclusively below fce.

1.2.1 Banded Structure of Chorus

Chorus often appears in two distinct frequency bands separated by an emission gap, which

occurs near fce/2, where the wave power exhibits a minimum [Burtis and Helliwell, 1969,

1975, 1976; Tsurutani and Smith, 1974]. This configuration, known as banded chorus,

consists of an upper band (UB) of chorus located above the emission gap and a lower band

(LB) of chorus located below this gap. Banded chorus has the same spatial distribution as

all chorus, but with a reduced frequency of occurrence. Banded chorus is observed at all
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Figure 1.4: Frequency-time spectrogram of banded chorus observed by the Cluster space-
craft. The white line represents fce/2 and the color scale represents the intensity of the
electric field in dB with respect to 1 mV/m

√
Hz.

local times for L = 4 − 9, although it is most common in the midnight-noon local time

sector [Koons and Roeder, 1990].

The width of the emission gap, δf , between the two chorus bands is variable and gener-

ally lies in the range 0≤δf≤fce/5. There is currently no commonly accepted explanation

as to why the banded structure of chorus is observed or why the emission gap occurs near

fce/2. One theory for the two-banded structure of chorus is a two-source model, which

suggests that UB chorus is locally generated, while LB chorus is generated further out

in the magnetosphere in regions of lower magnetic field [Maeda, 1976]. The LB chorus

waves then propagate away from their region of generation near the magnetic equator and

get reflected, subsequently propagating back to the equatorial plane at a location closer to

the Earth. This theory has not been developed in detail and its feasibility depends on the

efficiency of the reflection process. Another theory is that the emission gap between the

two chorus bands is due to Landau damping of the chorus waves by electrons that are trav-

eling in phase with the waves and have a decreasing distribution function with increasing

energy [Tsurutani and Smith, 1974]. However, Landau damping only produces this emis-

sion gap after the chorus waves have propagated a significant distance (10◦-20◦) away from

the magnetic equator [Bortnik et al., 2006], though banded chorus has often been observed

very close to the equator. A new theory suggesting that the banded structure of chorus

arises from the properties of the chorus source region is described in Chapter 2.
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1.2.2 Cyclotron Resonance

Chorus emissions are generated spontaneously through a cyclotron resonance interaction

in which a triggering plasma wave from the noise background, propagating in the whistler-

mode, is amplified by counterstreaming energetic electrons gyrating in the same sense, as

shown in Figure 1.5a. This interaction occurs when the Doppler-shifted frequency of the

wave is equal to the electron gyrofrequency, expressed as

ω − k‖v‖ =
ωce
γ
. (1.4)

In this expression, ω is the frequency of the wave, k‖ and v‖ are the components of the

wave vector and particle velocity parallel to the ambient magnetic field, respectively, ωce is

the local gyrofrequency, and γ = (1− v2/c2)−
1
2 is the relativistic mass factor, where v is

the particle velocity and c is the speed of light [Kennel and Petschek, 1966].

The wave vector is typically specified with respect to B0, with the polar and azimuthal

wave normal angles, θ and φ, defined as the angles between B0 and the wave vector. This

coordinate system is illustrated in Figure 1.5b, with the direction of B0 assumed to be

in the z direction. Of the two wave normal angles, only the polar wave normal angle is

needed to evaluate the resonance condition. Though it is widely believed that chorus is

generated through cyclotron resonance, many characteristics of the chorus source region

are still unknown. This dissertation examines such characteristics through the use of elec-

tron densities, polar wave normal angle distributions, and chorus intensity, as discussed in

Chapters 3 through 6.

1.3 Satellite Systems

This dissertation is based primarily on observations from both the Cluster spacecraft [Es-

coubet et al., 1997] and the Polar spacecraft [Harten and Clark, 1995].
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Figure 1.5: a) Schematic representation of cyclotron resonance, in which a triggering
whistler-mode plasma wave is amplified by counterstreaming electrons gyrating in the same
sense. b) Coordinate system depicting polar wave normal angle, θ, azimuthal wave normal
angle, φ, and wave vector, k. The direction of the local magnetic field, B0, is assumed to
be in the z direction in this system.

1.3.1 The Cluster Mission

The Cluster mission consists of four identical spacecraft flying in a tetrahedral formation

around the Earth, shown in Figure 1.6a, with the spacecraft separation varying between 200

and 2000 km. The satellites were launched in two pairs on July 16 and August 9, 2000 and

moved into the operational phase in February 2001. The Cluster mission, which is planned

and managed by the European Space Agency (ESA), has been approved to operate until the

end of 2014. The highly elliptical orbit, designed for exploration of different regions of the

magnetosphere, has a perigee of 3.4RE, an apogee of 18.3RE, an inclination of 88.5◦, and

a period of 57 hours. The orbit has been systematically changed over time, with the orbits

for the years 2001 and 2009 shown in Figure 1.6b. Chorus emissions are usually observed

near perigee close to the magnetic equatorial plane.

Each Cluster spacecraft, with a mass of 1200 kg, has two electric and two magnetic an-

tennas connected to 11 instruments: 5 wave instruments and 6 particle instruments. There

are six instruments of interest for this dissertation. The fluxgate magnetometer (FGM)

[Balogh et al., 1997], consisting of two three-axis FGM sensors, measures the magnetic

field, used to determine the electron gyrofrequency. The Wideband Data (WBD) instru-

ment [Gurnett et al., 1997, 2001] provides high time and frequency resolution electric and
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2001 Orbit

2009 Orbit

a) b)

Figure 1.6: a) Cluster mission consisting of four identical spacecraft flying in a tetrahe-
dral formation. Figure courtesy of ESA. b) The highly elliptical orbit of Cluster has been
systematically changed over time, with the orbits for the years 2001 and 2009 shown.

magnetic field measurements of ELF/VLF waves, allowing analysis of fine wave struc-

ture. The WBD instrument can be connected to one of the four antennas at any given time,

though for this study, spectrograms are only created with the electric field measurements.

For observations of chorus, the WBD instrument was operated exclusively in the mode

with a bandwidth of 9.5 kHz in baseband, a time resolution of 37 µsec, and a dynamic

resolution of 8 bits. The Plasma Electron and Current Experiment (PEACE) [Johnstone

et al., 1997] consists of two sensors that provide measurements of energetic electron flux

and pitch angle, respectively.

The Spatio-Temporal Analysis of Field Fluctuations (STAFF) instrument [Cornilleau-

Wehrlin et al., 2003] consists of a triaxial search coil magnetometer. The Spectrum Ana-

lyzer calculates 5 × 5 Hermitian cross-spectral matrices in real time using the 3 magnetic

components of the waves, along with the two electric components measured by the Electric

Field and Wave (EFW) instrument [Gustafsson et al., 1997]. These matrices are calculated

at 27 frequencies distributed logarithmically in the frequency range 8 Hz to 4 kHz, with a

time resolution that varies between 0.125 and 4 seconds. The measurements from STAFF

are used to determine wave normal information for chorus elements. Finally, the Waves of

HIgh frequency and Sounder for Probing of Electron density by Relaxation (WHISPER)
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1996 Orbit

1997 Orbit

Figure 1.7: a) Polar mission consisting of a single spacecraft. Figure courtesy of NASA. b)
The highly elliptical orbit of Polar is shown for the years 1996 and 1997.

instrument [Décréau et al., 1997, 2001; Trotignon et al., 2001, 2003, 2010] and the EFW

instrument are used to determine the electron density and will be discussed in greater detail

in Chapter 3.

1.3.2 The Polar Mission

The Polar mission consists of a single spacecraft, shown in Figure 1.7a, launched on Febru-

ary 24, 1996. Operated by the National Aeronautics and Space Administration (NASA),

the Polar mission concluded about 12 years later on April 16, 2008. The Polar spacecraft

has a highly elliptical, 86◦ inclination orbit with a period of approximately 17.5 hours,

perigee of 1.8RE, and apogee of 9RE, displayed in Figure 1.7b. The spacecraft, with a

mass of 1240 kg, carries 12 instruments, four of which are of interest for this dissertation.

The Plasma Wave Instrument (PWI) provides high-resolution plasma wave data within the

chorus band. The PWI detects magnetic fields through the use of a triaxial magnetic search

coil antenna (70 µV/nT-Hz sensitivity) and detects electric fields using three orthogonal

electric dipole antennas, two in the spacecraft spin plane (100 and 130 m, 6 second period),

and one aligned along the spin axis (14 m).

The signals from these antennas are processed by several receiver systems, one of which
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is the High Frequency Waveform Receiver (HFWR). Coincident sampling from 20 Hz to

25 kHz of 3 orthogonal components of the electric and magnetic wave fields is provided by

the HFWR. In the high-telemetry rate mode, 0.45 second waveform snapshots are recorded

from each antenna at intervals spaced 9.2 seconds apart [Gurnett et al., 1995]. The local

gyrofrequency was obtained from measurements of the magnetic field from the Magnetic

Field Experiment onboard Polar [Russell et al., 1995]. When data was available, the PWI

Sweep Frequency Receiver (SFR) was used to extract the electron density from the upper

hybrid resonance (described further in Chapter 3) line [Mosier et al., 1973]. The SFR,

which covers frequencies in the range of 26 Hz to 808 kHz at higher than one minute

resolution, provides continuous data of a single component of the electric and magnetic

fields [Gurnett et al., 1995].

1.4 Overview and Contributions

This dissertation is primarily concerned with the use of measurements of ELF/VLF banded

chorus from the Cluster and Polar satellites to better understand the source region charac-

teristics of these emissions. In Chapter 2, we describe a new theory which puts forth that

banded chorus emissions may be generated within and guided by whistler-mode ducts. In

order to test this theory, high resolution electron density is determined to identify ducts in

Chapter 3. The relationship between banded chorus and ducts is analyzed in Chapter 4,

through the use of wave normal angle distributions near the magnetic equator. In Chap-

ter 5, we further evaluate the wave normal angle distributions of banded chorus in both the

equatorial and off-equatorial regions. To assess other characteristics of the source region,

we examine the spatial dependence of banded chorus intensity near the magnetic equator in

Chapter 6. Finally, we discuss conclusions and suggestions for future research in Chapter 7.

The contributions of this research may be summarized as follows:

1. Provided the first evaluation of a new theory suggesting that the emission gap be-

tween the upper and lower bands of chorus is due to ducting effects.

2. Determined the highest spatial resolution plasmaspheric electron densities to date for
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accurate identification of whistler-mode ducts.

3. Showed that lower band chorus emissions can be uniformly excited over an extended

region near the magnetic equator.

4. Demonstrated that banded chorus can be generated within, and likely guided by,

enhancement and depletion ducts.

5. Showed lower band chorus tends to be quasi-field-aligned and upper band chorus

tends to have oblique wave normal angles over a magnetic latitude range up to 50◦.

6. Provided the first identification and analysis of exponential spatial dependence of

banded chorus intensity on magnetic latitude.



Chapter 2

Ducting Theory for Banded Chorus

Chorus often appears in a banded configuration, with an upper band above an emission gap

occurring near fce/2 and a lower band below this gap. In this chapter, we describe a new

theory suggesting that the two distinct bands of chorus and the emission gap between them

are characteristics that arise from the properties of the chorus source region. In particular,

we argue that the banded structure of chorus can be explained if the chorus waves are

excited within field-aligned whistler-mode ducts of either enhanced or depleted cold plasma

density.

Part of the work presented in this chapter has been published in Geophysical Research

Letters as Bell et al. [2009].

2.1 Whistler-Mode Ducts

In a smooth magnetosphere, without the presence of whistler-mode ducts, a whistler-mode

wave transmitted from a ground-based transmitter, as shown in Figure 2.1a, would be pref-

erentially guided approximately along the direction of the ambient magnetic field until it

reached the conjugate region, where it would undergo a magnetospheric reflection, if its

frequency was less than the local lower hybrid frequency, and remain in the magnetosphere

until it eventually dissipated [Kimura, 1966]. Despite this tendency for whistler-mode

waves to reflect internally in a smooth magnetosphere, these waves were often observed

on the ground by receivers in the conjugate region in the opposite hemisphere. In order

13
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Figure 2.1: a) Whistler-mode wave, in a smooth magnetosphere, guided by magnetic field
lines until it reaches the conjugate hemisphere, where it would undergo a magnetospheric
reflection. b) To explain the return of these waves to the ground, it was proposed that
whistler-mode ducts existed to act as guiding structures for the plasma waves.

to explain these ground-based observations, the existence of whistler-mode ducts in the

magnetosphere was proposed [Helliwell, 1965, Sec. 3.6].

Whistler-mode ducts are field-aligned cold electron density irregularities that are able to

guide plasma waves. For instance, if a whistler-mode wave is transmitted from a ground-

based transmitter, it can be guided within a duct to the conjugate point in the opposite

hemisphere, where it can be observed by a receiver, as illustrated in Figure 2.1b. Ducts are

guiding structures analogous to optical fibers, which are known to guide light waves over

large distances through the principle of total internal reflection. While ducts are plentiful,

they only occupy a small percentage of the total magnetospheric volume, and are therefore

difficult to detect. Smith and Angerami [1968] showed the first satellite evidence for the

existence of ducts through observations of waves whose spectral characteristics changed

discretely as a series of ducts was encountered.

In order to identify ducts directly from the electron density data, measurements with

high resolution and accuracy are needed. However, such measurements have been unavail-

able until this study. An example of high resolution electron density data, described in more

detail in Chapter 3, as a function of L-shell, is shown in Figure 2.2a. Many irregularities are
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Figure 2.2: a) Electron density versus L-shell in the magnetic equatorial plane with
whistler-mode enhancement and depletion ducts. b) Possible arrangement of enhancement
(black) and depletion (gray) ducts for L-shell versus East-West distance. Dashed line indi-
cates equatorial projection of Cluster 1 orbit.

observed within this electron density profile. The regions of enhanced electron density are

known as enhancement ducts, while the regions of depleted electron density are known as

depletion ducts. One possible arrangement of these ducts in the magnetic equatorial plane

for L-shell versus East-West distance is seen in Figure 2.2b.

2.2 Commonalities of Three Types of Emissions

Banded chorus emissions are believed to be generated through the cyclotron resonance

interaction given by Equation 1.4. This emission generation condition is common to two

other processes in the magnetosphere by which emissions are also excited by triggering

waves. The first process is the triggering of Auroral Kilometric Radiation (AKR) in the

polar regions by background plasma waves [Gurnett, 1974]. AKR is believed to be excited

at f ' fce at relatively low altitudes, and thus is observed at much higher frequencies than

chorus. However, it generally consists of many discrete narrowband emissions [Gurnett

and Anderson, 1981] whose form resembles the form of many chorus emissions, as shown

in Figure 2.3a. AKR is believed to be generated within auroral depletion ducts in which

the cold plasma density is much less than the local ambient density average.

The second process is the triggering of ELF/VLF emissions in the plasmasphere by
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Figure 2.3: a) Spectrogram showing Auroral Kilometric Radiation (AKR) triggered by
background plasma waves. AKR consists of discrete narrowband emissions often similar in
form to chorus emissions. b) Spectrogram showing a two-second duration fixed-frequency
pulse at 2.46 kHz transmitted from Siple Station, as received in the Northern hemisphere
at Lake Mistissini. The pulse triggers a series of emissions that closely resemble chorus
emissions.

fixed-frequency signals transmitted from ground-based transmitters, such as the one located

at Siple Station, Antarctica [Helliwell and Katsufrakis, 1974], as shown in Figure 2.3b. The

instability of the plasma that gives rise to these emissions is known as the Coherent Wave

Instability (CWI) because the emissions are triggered only when a coherent ELF/VLF

input wave is present as the triggering signal [Mielke and Helliwell, 1992]. In general,

triggered emissions such as these within the plasmasphere closely resemble many chorus

emissions triggered outside the plasmasphere [Pickett et al., 2004]. Two decades of exper-

iments at Siple Station have demonstrated that the CWI takes place within whistler-mode

enhancement ducts. In addition, ISEE-1 spacecraft observations showed that only very few

ELF/VLF emissions triggered by ground-based ELF/VLF transmitter signals were trig-

gered outside whistler-mode ducts [Bell et al., 1981]. These findings lead to the conclusion

that the CWI takes place predominantly within whistler-mode ducts.

Noting that the three types of emissions are generated through the same cyclotron res-

onance interaction, that many of the frequency-time characteristics of the emissions are

similar, and that two of the three types of emissions are excited within either depletion

or enhancement ducts, it appears reasonable to suggest that the third type of emissions,
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ELF/VLF banded chorus, is also excited predominantly within either depletion or enhance-

ment ducts. This theory leads to an explanation for the banded structure of chorus.

2.3 Refractive Index

A parameter used in describing the ducting theory for banded chorus is the refractive index,

which is the ratio of the speed of light in a vacuum relative to that in the considered medium.

The refractive index vector is expressed as

µ =
kc

ω
(2.1)

for a wave in an arbitrary medium, with the coordinate system as defined in Figure 1.5b.

In free space, the refractive index is a scalar with µ = |µ| = 1, while in a cold magne-

tized plasma, the refractive index is a vector and is a function of the plasma frequency,

gyrofrequency, frequency of the wave, and the polar wave normal angle with respect to B0.

The refractive index for a cold, collisionless, magnetized plasma is derived following

the approach of several textbooks [e.g., Stix, 1992]. To obtain a linear set of equations, the

dependent variables are assumed to consist of a constant uniform zero order term plus a

small first order perturbation. The dependent variables include the particle velocity (vs),

electric field (E), magnetic field (B), and particle density (Ns), where s denotes the particle

species. Considering the variables v and E to be first order perturbations, B and Ns are

represented as

B(r, t) = B0 + B1(r, t) (2.2)

Ns(r, t) = Ns0 +Ns1(r, t). (2.3)

The Fourier transform of the linearized Maxwell’s equations and Lorentz force equation

are then expressed as

− jωmsv = qs(E + v ×B0) (2.4)

k× E = ωB1 (2.5)

jk×B1 = µ0(qsNs0v − jωε0E), (2.6)
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where j≡
√
−1.

Without loss of generality, the coordinate system can be rotated such that B0 is in the

z direction and the refractive index vector is in the x−z plane at an angle θ relative to B0.

Equations 2.4, 2.5, and 2.6 remain a closed set of equations even with an increase in the

number of species, which would increase the number of equations and unknowns. Solving

this set of equations yields
S − µ2sin2θ −jD µ2sinθcosθ

jD S − µ2 0

µ2sinθcosθ 0 P − µ2sin2θ



Ex

Ey

Ez

 = 0, (2.7)

where

S =
R + L

2
(2.8)

D =
R− L

2
(2.9)

P = 1−
∑
s

f 2
ps

f 2
(2.10)

R = 1−
∑
s

f 2
ps

f(f + fcs)
(2.11)

L = 1−
∑
s

f 2
ps

f(f − fcs)
. (2.12)

The quantities fcs and fps are the cyclotron and plasma frequencies for the s particle

species, respectively, and are expressed as

fcs =
qsB0

2πms

(2.13)

fps =
|qs |
2π

√
Ns

msε0
, (2.14)

where qs carries a sign.

Equation 2.7 has a non-trivial solution if and only if the determinant of the matrix is



CHAPTER 2. DUCTING THEORY FOR BANDED CHORUS 19

zero, producing the dispersion relation

Aµ4 −Bµ2 + C = 0, (2.15)

where

A = Ssin2θ + Pcos2θ (2.16)

B = RLsin2θ + PS(1 + cos2θ) (2.17)

C = RLP. (2.18)

Solving the quadratic equation for µ2 gives

µ2 =
B ± F

2A
, (2.19)

where

F 2 = (RL− PS)2sin4θ + 4P2D2cos2θ. (2.20)

Neglecting the effects of ions and collisions, the refractive index can be approximated by

the Appleton-Hartree equation

µ2 = 1−

f 2
pe

f 2

1− f 2
cesin

2θ

2(f 2 − f 2
pe)
±

√(
f 2
cesin

2θ

2(f 2 − f 2
pe)

)2

+
f 2
ce

f 2
cos2θ

(2.21)

[Appleton, 1932]. If it is further assumed f 2�f 2
pe and f 2

ce�f 2
pe, conditions that generally

hold true in the inner magnetosphere, the refractive index is given by

µ ' fpe√
fcef

(
cosθ − f

fce

) ' q

2π

√√√√ Ne

mε0fcef
(

cosθ − f
fce

) (2.22)

[Smith et al., 1960].

A useful representation of the refractive index is a polar plot of the refractive index

as a function of the wave normal angle, which is commonly referred to as the refractive
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Figure 2.4: Refractive index surfaces showing the refractive index (µ) as a function of
the wave normal angle (θ) for a) free space and b) a cold magnetized plasma. The axes
represent the transverse and parallel components of the refractive index with respect to
B0. The direction of the group velocity (vg) is in the same direction as θ for isotropic
media like free space, but generally in a different direction for anisotropic media like the
magnetosphere.

index surface, and which is a contour with a surface of revolution about the magnetic field.

The refractive index surfaces for free space and a cold magnetized plasma are shown in

Figure 2.4. In free space, the refractive index surface is a sphere with unit magnitude,

while in a magnetized plasma, the refractive index surface takes on a much different shape.

The particular refractive index surface shown in Figure 2.4b is for frequencies below fce/2.

For an isotropic medium such as free space, the energy of the wave, indicated by the

direction of the group velocity vector (vg), travels in the same direction as the wave vector

k as described by the wave normal angle θ. For an anisotropic medium such as the magne-

tosphere, the energy of the wave generally travels in a direction different than θ. Using the

refractive index surface, the direction of the group velocity is given as the direction normal

to the surface at the tip of the refractive index vector [Poeverlein, 1948]. The minimum

nonzero wave normal angle for which the group velocity is parallel to the magnetic field is

defined as the Gendrin angle [Gendrin, 1960, 1961], shown in Figure 2.5.
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Figure 2.5: Refractive index surface for a cold magnetized plasma showing the Gendrin
angle (θG), defined as the minimum nonzero wave normal angle for which vg is parallel to
B0.

2.4 Guidance by Whistler-Mode Ducts

Chorus waves can be guided by whistler-mode ducts of either depleted or enhanced electron

density. Figure 2.6b shows an electron density profile, with electron density varying only in

the direction perpendicular to B0. The electron density profile exhibits a region of depleted

electron density that acts as a depletion duct. The grayscale in the background is another

representation of the electron density, with darker shades of gray indicating increasing val-

ues of electron density. The three particular electron density points on the electron density

profile are used to determine the color coded refractive index surfaces seen in Figure 2.6a.

A Snell’s law construction of the refractive index surfaces in Figure 2.6a, typical of

frequencies in the range fce/2<f <fce, can be used to determine the direction of reflected

and transmitted waves at a boundary between different media. According to Snell’s law, if

a boundary is assumed parallel to B0, then the projection of the refractive index along this

boundary must be the same for different media. Assuming an initial wave normal angle θ

and the lowest value of electron density in the electron density profile (denoted by blue), θ

intersects the refractive index at point P. The normal to the boundary, denoted by the dashed

line in Figure 2.6a, is drawn through point P. The intersections of this normal with the

refractive index surfaces represent the possible transmitted and reflected waves. For each
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Figure 2.6: a) Snell’s law construction of refractive index surfaces color coded to the points
on b) the electron density profile and c) the ray path. The electron density profile shows
a depletion duct and a grayscale representation of the electron density in the background,
with darker shades of gray indicating increasing electron densities. Assuming an initial
wave normal angle θ, the intersection of the normal (dashed line) to the boundary (assumed
to be parallel to B0) through point P with the refractive index surfaces indicate the possible
reflected and transmitted waves. The ray path associated with these intersections shows
that the chorus waves will be trapped within the depletion duct.
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intersection, the direction of the energy of the wave, or the ray direction, is perpendicular

to the refractive index surface at the tip of the refractive index vector.

Starting with the initial wave normal angle θ, the direction of the ray, corresponding

in color to the electron density and refractive index surface, at each intersection, moving

from right to left, is traced in Figure 2.6c, with the electron density grayscale shown in

the background. While the wave normal angle always rotates in the direction of increasing

refractive index, the behavior of the ray is different depending on whether the wave is in an

enhancement or depletion duct. For a depletion duct, the ray rotates in the opposite sense

of the wave normal angle, meaning it rotates away from regions of higher refractive index.

The ray path in Figure 2.6c shows the ray first moving away from the central magnetic field

line, until the ray becomes parallel to B0 at θ=0◦, reaching its maximum lateral excursion.

After this point, the ray moves back toward the magnetic field line following a ray path that

is the mirror image of the lower half about a horizontal line, due to the symmetry of the

refractive index surface. Returning to the initial point on the electron density profile, the

ray is now on the other side of the magnetic field line. If a similar process were used for

the left side of the electron density profile in Figure 2.6b, the rays would follow the path

on the right side of the magnetic field shown in Figure 2.6c. The ray path shows that the

chorus waves are trapped within the depletion duct, as the rays propagate closely along the

magnetic field in a snake-like manner.

Following a process similar to that for the depletion duct, the refractive index surfaces,

typical of frequencies f→0, electron density profile, and ray path for waves trapped in an

enhancement duct are shown in Figure 2.7. For this case, however, the ray rotates in the

same direction as the wave normal angle, which is in the direction of increasing refractive

index. Similar to the case of the depletion duct, the rays for an enhancement duct also

propagate closely along the magnetic field in a snake-like manner, showing that the chorus

waves will be trapped within the enhancement duct.

The ray path can also be computed through numerical integration of a closed set of first

order differential equations [Haselgrove, 1955]. The set of equations [Kimura, 1966] are

expressed as
∂r

∂t
=

1

µ2

(
ρr − µ

∂µ

∂ρr

)
(2.23)
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Figure 2.7: a) Snell’s law construction of refractive index surfaces color coded to the points
on b) the electron density profile and c) the ray path. The electron density profile shows an
enhancement duct and a grayscale representation of the electron density in the background,
with darker shades of gray indicating decreasing electron densities. The ray path associated
with the intersections of the normal (dashed line) to the boundary (assumed to be parallel
to B0) with the refractive index surfaces shows that the chorus waves are trapped within
the enhancement duct.
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∂ψ

∂t
cosψ

)
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where r, ψ, and γ are the geocentric distance, colatitude (90◦ − λ), and longitude, respec-

tively, ρr, ρψ, and ργ are the components of the refractive index vector, which has a length

µ, and t is the variable of integration in units of distance. The group delay time, T , gives

the rate of energy travel along the ray and is expressed as

dT

dt
=

1

c

(
1 +

f

µ

∂µ

∂f

)
. (2.29)

The ray tracing equations, Equations 2.23 to 2.29, determine the variation of the ray path

as a function of time in a slowly varying medium.

2.5 Ducting of Chorus Waves

The ducting theory for banded chorus emissions can now be introduced. Figure 2.8a shows

a typical refractive index surface for 0< f < fce/2, which corresponds to the frequencies

of LB chorus waves. LB chorus can be guided by enhancement ducts for θ < θG and by

depletion ducts for θ & θG. The typical refractive index surface for UB chorus waves,

corresponding to the frequency range fce/2<f <fce, is different than that for LB chorus

waves and is shown in Figure 2.8b. UB chorus can be guided by depletion ducts for all θ.

The typical refractive index surface for f→fce/2 is shown in Figure 2.9. Since the chorus

waves cannot be guided by ducts when f=fce/2, an emission gap between the two chorus

bands exists, providing a natural explanation for the banded structure of chorus.
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0.5fce < f < fce
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b) Upper Band Chorus

Figure 2.8: Refractive index surfaces for a) LB chorus and b) UB chorus. LB chorus can
be guided by enhancement ducts for θ < θG and by depletion ducts for θ& θG, while UB
chorus can be guided by depletion ducts for all θ.

f       0.5fce

µy

µz, B0

Figure 2.9: Refractive index surface as f→fce/2. Since the chorus waves cannot be guided
by ducts when f =fce/2, an emission gap between the two chorus bands exists, providing
a natural explanation for the banded structure of chorus.
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The conditions for guidance by whistler-mode ducts assume that the ducts are isolated,

that Ne varies smoothly in the plane perpendicular to B0, and that gradients in B0 and Ne

along the direction of B0 are negligible. If the curvature of B0 and the gradient ofNe along

B0 are included, the upper cutoff frequency of LB chorus is further reduced below fce/2,

while the lower cutoff frequency of UB chorus is relatively less affected. The actual ducts

in the chorus source region may not always conform to the assumption that the ducts are

isolated, as illustrated in Figure 2.2a.

Although the ducts in which the triggered emissions as observed on the ground are

excited must necessarily extend between conjugate hemispheres, this does not have to hold

for the ducts in which banded chorus is excited. The dimensions of the chorus source

region is believed to have a scale of ∼100 km perpendicular to B0 and a scale of ∼1000

km parallel to B0 [Helliwell, 1967; Trakhtengerts, 1999; Inan et al., 2003; Santolı́k and

Gurnett, 2003; Santolı́k et al., 2004]. The length of the duct along B0 may be determined

using the repetition rate of periodic chorus elements. The LB chorus of Figure 1.4 consists

of similar elements with linearly increasing frequency with a repetition rate of 4 to 10

per second. This periodic behavior is consistent with chorus excitation within whistler-

mode ducts. For example, as a chorus emission exits the duct, a small internally reflected

component may propagate back to the other end of the duct where a second small internal

reflection may take place. This twice reflected component may then act as a seed wave that

triggers a second chorus emission. This process then repeats to produce periodic chorus

elements. For a duct with length 1500 km along B0 and for a group velocity vg'c/20, the

repetition rate of the chorus emissions would be ∼5 per second, consistent with the rates

for LB chorus in Figure 1.4.

2.6 Summary

Noting the commonality of banded chorus with two other types of emissions that are known

to be excited within ducts, a new theory suggests that banded chorus is also excited within

ducts. LB chorus can be guided by enhancement ducts for θ<θG and by depletion ducts for

θ& θG, while UB chorus can be guided by depletion ducts for all θ. This theory provides

a natural explanation for the banded structure of chorus, since chorus waves cannot be
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guided by ducts when f = fce/2, causing an emission gap to exist at this frequency. If

banded chorus is excited within whistler-mode ducts, then these ducts must be accurately

identified and studied using high resolution electron density measurements. Such a study

is the subject of the remaining chapters of this dissertation.



Chapter 3

Determination of Electron Density

We have shown in the previous chapter that the source region of banded chorus emissions

consists of whistler-mode ducts of depleted electron density for UB chorus for all θ and

ducts of either enhanced or depleted electron density for LB chorus for θ<θG and θ&θG,

respectively. In order to test this theory, Ne must be characterized with high accuracy and

with a spatial resolution of ∼25 km or less to identify whistler-mode ducts. However, such

measurements have previously been unavailable. In this chapter, we describe the process

to determine high resolution electron densities using instruments onboard Cluster and the

process to identify ducts.

Part of the work presented in this chapter has been published in Geophysical Research

Letters as Haque et al. [2011].

3.1 Cluster Instruments

The electron density is determined using measurements from two instruments onboard the

Cluster spacecraft: the Electric Field and Wave (EFW) instrument [Gustafsson et al., 1997]

and the Waves of HIgh frequency and Sounder for Probing of Electron density by Relax-

ation (WHISPER) instrument [Décréau et al., 1997, 2001; Trotignon et al., 2001, 2003,

2010].

29
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3.1.1 EFW

The EFW instrument uses two long double sphere electric field antennas, shown in Fig-

ure 3.1, which consist of four orthogonal cable booms (50 m long) with a spherical sensor

(8 cm in diameter) at each end in the spacecraft spin plane. EFW can be operated in a

mode to measure the spacecraft potential, U , with a time resolution of 0.2 seconds. Since

the sensors are artificially biased near the potential of the ambient plasma, the measured

potential difference between the sensor and the spacecraft is approximately the negative

value of the spacecraft potential with respect to the ambient plasma. Using this fact, the

plasma frequency can be estimated with the empirical formula

fpe = 9
√
a(−U)b, (3.1)

where a and b are empirical parameters. It is initially assumed that a=200 and b=−1.85,

based on results from large statistical studies. Though EFW has a relatively high time

resolution, as compared to WHISPER, its data cannot be used without being calibrated by

the data obtained from WHISPER.

3.1.2 WHISPER

The WHISPER instrument measures the amplitude of frequencies in the range of 2 to 80

kHz and uses the two EFW antennas to transmit and receive electric field signals. The EFW

boom cables are composed of several wires including a conductive outer braid, which is

connected to the WHISPER transmitter. High-impedance preamplifiers, located close to the

spherical sensors, provide signals to the WHISPER receiver electronic board. WHISPER

operates in two different modes: passive and active. In the passive mode, the transmitter is

turned off and WHISPER acts as a natural wave receiver, only monitoring natural electric

emissions.

In the active mode, WHISPER acts like a topside sounder, as illustrated in Figure 3.2.

The radio wave transmitter, connected to one of the electric field antennas of EFW, trans-

mits a 1 ms pulse at a certain frequency. This pulse induces a signal within the surrounding

plasma, which is observed by the receiver. This process is repeated for different frequencies
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E-Field
Antennas 

Figure 3.1: The two long double sphere electric field antennas of the EFW instrument
located in the spacecraft spin plane. The antennas consist of four orthogonal cable booms
with a spherical sensor at each end. Figure courtesy of ESA.

until the entire bandwidth of WHISPER is covered. Two active spectra, separated by 1.12

seconds, are available every 52 seconds. During these 52 seconds, only passive spectra are

available, separated by 1.7 seconds.

3.2 Resonances in the Magnetosphere

When WHISPER operates in the active mode, it often transmits a pulse at a frequency

close to the characteristic frequencies of the plasma, causing very intense echoes to be

received. These stimulated signals are known as resonances, many different kinds of which

are observed in the magnetosphere. The resonances observed include the plasma frequency,

fpe, the gyrofrequency, fce, and its harmonics, nfce, where n is the harmonic number,

Bernstein mode frequencies, fqn, and the upper hybrid resonance frequency, defined as

fuh =
√
f 2
pe + f 2

ce. (3.2)
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Transmit Pulse

Induced Signal
in Plasma

Receive Signal

Figure 3.2: WHISPER operating in the active mode. One electric antenna transmits a pulse
at a certain frequency, inducing a signal within the surrounding plasma, while the other
antenna observes the induced signal. This process is repeated for the different frequencies
of the WHISPER bandwidth.

The Bernstein modes [Bernstein, 1958] are quasi-electrostatic waves with dispersion

relations that are a function of fpe. The function α(q,Λ) is defined as

α(q,Λ) = 2
∞∑
m=1

e−λIm(Λ)
m2

q2 −m2
, (3.3)

where q=f/fce, Λ=k2ρ2, ρ is the gyroradius, and Im(Λ)=I−m(Λ) is the Bessel function

of the first kind of imaginary argument. The dispersion relation can be expressed as

α =
Λf 2

ce

f 2
pe

. (3.4)

The roots of the dispersion relation are the intersections of the function α(q,Λ) with the

horizontal line α=Λf 2
ce/f

2
pe. The function α(q,Λ) is plotted as a function of q for Λ=0.1

and Λ=5 in Figure 3.3.

In order to identify Ne with the highest level of accuracy, the resonances were manu-

ally identified for each active spectrum. Occasionally, fpe can be directly identified from

the active spectra or indirectly through fuh. More often, however, neither frequency is iden-

tifiable and fpe must be determined using nfce and fqn. An individual active spectrum from

WHISPER on the Cluster 2 spacecraft is shown in Figure 3.4a. Many spikes in amplitude

are seen in the spectrum, which correspond to different resonances. A first estimate of fce
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a) b)

Figure 3.3: The function α(q,Λ) plotted as a function of q for a) Λ = 0.1 and b) Λ = 5.
The intersections of α(q,Λ) with the horizontal line α = Λf 2

ce/f
2
pe give the roots of the

dispersion relation. Figure from Bernstein [1958, Figs. 1 and 3].

is calculated using the value of the magnetic field as determined by the FGM instrument

and is found to be ∼20 kHz. The second and third gyroharmonics are observed at ∼40

and ∼60 kHz, respectively. Two Bernstein modes, of orders 2 and 3, are also observed

occurring between the gyroharmonics.

The gyroharmonics and Bernstein modes can be used to determine fpe from Hamelin’s

diagram [Hamelin, 1978], shown in Figure 3.4b. This diagram shows the difference be-

tween the Bernstein mode and gyroharmonic of the same order as a function of fpe, where

both axes are normalized to fce. The differences for the second and third order harmonics in

Figure 3.4a, normalized by fce, correspond to the points on the curves for n=2 and n=3 in

Figure 3.4b, respectively. The location at which the normalized differences vertically align

indicates the value of fpe/fce, which gives the value of fpe since fce is known. It should

be noted, however, that this vertical alignment only occurs for plasmas with Maxwellian

distributions, such as the magnetospheric cold plasma.

3.3 Calculation of Electron Density

The electron density can be calculated from the plasma frequency with the highest resolu-

tion and accuracy using measurements from both the EFW and WHISPER instruments. If

only WHISPER measurements are used, Ne would have a spatial resolution of ∼250 km,
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Figure 3.4: a) Individual active spectrum from WHISPER on the Cluster 2 spacecraft with
amplitude as a function of frequency. Different resonances, including the gyroharmonics
and Bernstein modes, are observed. b) Hamelin’s diagram showing the separation between
fqn and nfce as a function of fpe, with both axes normalized to fce. Each curve corresponds
to one of the harmonics, with the harmonic number, n, indicated by the legend. The vertical
alignment of the diamonds indicates the value of fpe. Figure adapted from Trotignon et al.
[2001, Figs. 3 and 4].

given a Cluster orbital velocity of ∼5 km/s. For this reason, data from EFW is used to

increase the resolution of Ne. The spectrogram from Cluster 1 in Figure 3.5a shows fpe as

determined from both the passive and active measurements of WHISPER and the uncali-

brated fpe as determined from EFW. The observed fpe from the natural spectra is used to

calibrate fpe from EFW. This calibrated fpe is then interpolated between the fpe points man-

ually determined by the active spectra of WHISPER. The total fpe, which passes through

the active measurements of fpe from WHISPER, is shown in Figure 3.5b. The electron

density can be calculated from the plasma frequency, using the formula

Ne = mε0

(
2πfpe
q

)2

, (3.5)

where m and q are the mass and charge of the electron, respectively. Using this process,

Ne has the highest L-shell resolution to date of ∼17 km, a time resolution of 0.2 seconds,

and an amplitude resolution accuracy of 1% [Canu et al., 2001; Trotignon et al., 2003].
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Figure 3.5: a) Spectrogram showing fpe from active and passive measurements of WHIS-
PER and uncalibrated fpe from EFW. Measurements from WHISPER are interpolated with
those from EFW to determine b) the total fpe, which is used to calculate Ne. Color scale
indicates signal level in dB.
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Figure 3.6: Electron density as a function of time and L-shell. An irregularity that satisfies
both ducting requirements is the enhancement duct denoted by Duct E. The half-width of
Duct E, shown by the horizontal red line, is ∼230 km and the relative change in electron
density, shown by the vertical red line, is ∆Ne/Ne∼50%.

3.4 Ducting Requirements

An example of an electron density profile determined through the above process is shown in

Figure 3.6 for the Cluster 3 spacecraft. As there are many irregularities seen in this profile,

there must be a method to determine which of these qualify as whistler-mode ducts. There

are two requirements that must be satisfied in order for an irregularity to qualify as a duct.

The first requirement involves ∆Ne/Ne, which is the enhancement or depletion factor of

the electron density with respect to the background level. It is assumed that an irregularity

must have∆Ne/Ne≥10% to efficiently guide a wave, based on previous studies [Angerami,

1970]. The second requirement involves the half-width, the width of the duct at which the

density enhancement is half its maximum value. The half-width is determined from the

electron density profile as a function of L-shell, after the electron density is projected onto

the magnetic equator.

Previous studies of interhemispheric plasmaspheric ducts show the half-width ranges

from 68 km to hundreds of km [Scarf and Chappell, 1973; Koons, 1989]. If the irregularity

is the size of the wavelength of the wave or less, there is considerable leakage of the wave

so that it is not efficiently guided [Strangeways, 1986; Streltsov et al., 2006]. On the other

hand, if the irregularity is very large compared to a wavelength, the perpendicular gradient

of Ne is small and the guidance properties of the duct are reduced. In this dissertation,
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for the chorus waves to be efficiently guided by a duct, the lower limit of the half-width

has been assumed to be ∼5 wavelengths, while the upper limit may be as large as ∼45

wavelengths.

An irregularity that satisfies both of these requirements is the enhancement duct denoted

by Duct E in Figure 3.6. The half-width of Duct E, shown by the horizontal red line, is

∼230 km and the relative change in electron density, shown by the vertical red line, is

∆Ne/Ne ∼ 50%. While there are many small plasma irregularities within Duct E, these

are too small to efficiently guide chorus waves and cannot be classified as ducts, as their

half-widths are less than a wavelength.

3.5 Summary

In order to test the theory that banded chorus emissions are excited within whistler-mode

ducts, Ne needs to be characterized with a spatial resolution of ∼25 km or less to accu-

rately identify ducts. Such measurements have not been available until the present study.

Measurements of fpe from EFW and WHISPER, instruments onboard the Cluster space-

craft, are used to determine Ne with the highest resolution and accuracy to date. With these

measurements, Ne is determined with a spatial resolution of 17 km, a time resolution of 0.2

seconds, and an accuracy within 1%. Irregularities observed in the electron density profile

are classified as ducts if they satisfy two requirements: 1) the half-width must be between

∼5 and ∼45 wavelengths, and 2) ∆Ne/Ne ≥ 10%. In the following chapter, the elec-

tron densities determined through this process are used to analyze the relationship between

ducts and banded chorus.



Chapter 4

Banded Chorus and Ducts

Using instruments onboard the Cluster spacecraft, the electron density is determined with

the highest spatial resolution to date in order to accurately identify whistler-mode ducts.

The purpose of this chapter is to investigate whether banded chorus emissions can be guided

by, and generated within, whistler-mode ducts, through analysis of the relationship between

chorus waves with measured wave normal angles and ducts near the magnetic equator. For

all of the Cluster passes in this study, the wave normal information is only available for LB

chorus emissions due to the upper frequency limit of the STAFF instrument of 4 kHz. Data

from the Cluster spacecraft is used to test the theory that LB chorus waves can be guided

by enhancement ducts for θ<θG and depletion ducts for θ&θG.

Two cases of banded chorus and ducts are examined: 1) October 31, 2003 and 2) Jan-

uary 20, 2004. The first case focuses on the relationship between wave normal angles and

an enhancement duct, while the second case focuses on depletion ducts. Both cases show

that the banded chorus emissions are generated within ducts and likely to be guided within

these ducts. Following the two cases, statistics for over 24 hours of data for 19 orbits

containing observations of chorus and ducts are analyzed to show that the majority of LB

chorus waves can be guided by whistler-mode ducts.

Part of the work presented in this chapter has been published in Geophysical Research

Letters as Haque et al. [2011].
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4.1 Case I: October 31, 2003

Figure 4.1 shows the relationship between banded chorus, electron density, and wave nor-

mal angles for Cluster 3 on October 31, 2003 during 23:01-23:08 UT. The electric field

frequency-time spectrogram showing banded chorus emissions in Figure 4.1a uses WBD

data. The WBD instrument cycles every 52 seconds, recording data from the electric an-

tenna for 42 seconds and data from the magnetic antenna for 10 seconds. The data from

the electric antenna have been dilated to fill the 10 second data gap during which the mag-

netic antenna is recorded. The white line in the spectrogram represents fce/2, above which

UB chorus is observed and below which LB chorus is observed. Figure 4.1b displays the

electron density for the same time period, where an irregularity that satisfies both ducting

requirements is seen. This enhancement duct is the same as Duct E in Figure 3.6. The half-

width of this duct is∼230 km and the relative change in electron density is ∆Ne/Ne∼50%.

While there are many small plasma irregularities within this duct, they are too small to ef-

ficiently guide chorus and cannot be classified as ducts, as their half-widths are less than a

wavelength. For example, a wave with f∼3.6 kHz has a wavelength calculated to be ∼17

km for θ'0◦ or ∼14 km for θ'θG.

The Gendrin angle is given by

θG = cos−1


√

(µ2
G − P )(µ2

GS −RL)

(S − P )µ2
G + (PS −RL)

µG

 (4.1)

[Gendrin, 1960, 1961], where µG is the value of the refractive index at θG. The quantity

µ2
G is expressed as

µ2
G =

√
PRL

S

(
1 +

P 2S2 −R2L2

PRL(S − P )

)
+

[
PS −RL
S − P

]2
− PS −RL

S − P
, (4.2)
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Figure 4.1: Measurements for Cluster 3 on October 31, 2003 during 23:01-23:08 UT. (a) E
field spectrogram showing a pass with banded chorus. The white line indicates fce/2 and
the purple line indicates the center frequency of the LB chorus. (b) Electron density and
(c) wave normal angles for same time period. Ephemeris data for Cluster 3 is given on the
bottom.
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where S, P , R, and L are the parameters from Equations 2.8, 2.10, 2.11, and 2.12, respec-

tively. A useful approximation of the Gendrin angle for whistler-mode waves is

θG = cos−1
(

2f

fce

)
(4.3)

[Inan and Bell, 1977].

The wave normal angles for chorus elements are calculated using the singular value

decomposition (SVD) method [Santolı́k et al., 2003] on measurements from the STAFF

instrument. The wave normal angles for the center frequency of the LB chorus, indicated

by the purple line in Figure 4.1a, are shown in Figure 4.1c. The wave normal angles near

the center of the duct have relatively small wave normal angles in the approximate range of

20◦-30◦, while the wave normal angles near the edges of the ducts have values above 30◦.

The Gendrin angle, calculated using Equation 4.3, has a value of 48.6◦. As θ<θG, the LB

chorus waves can be guided by the enhancement duct. The chorus emissions are generated

within this enhancement duct as well, as they are in the source region of chorus right near

the magnetic equator and are generated at the same L-shell as the duct.

4.2 Case II: January 20, 2004

Figure 4.2a shows an E field spectrogram for Cluster 2 on January 20, 2004 during 19:27-

19:36 UT. Of primary interest are two sets of banded chorus: Set 1 occurring during

19:27:15-19:30:30 UT and Set 2 occurring during 19:31:15-19:34:30 UT. Set 2 is observed

close to the magnetic equator and displays the classic form of banded chorus in the source

region, with UB chorus located above fce/2, indicated by the white line, and LB chorus

located below. It can be seen that the chorus intensity is much weaker near 19:31 UT and

19:34 UT. A discussion of this effect can be found in Chapter 6.

Set 1, located further from the magnetic equator, has somewhat different characteristics,

with the center of the gap between the chorus bands located well below fce/2 and the center

frequencies of UB and LB chorus decreasing as |λ| increases. These characteristics suggest

that the chorus elements in Set 1 were generated near the magnetic equator at higher L-

shells and subsequently propagated down to Cluster 2. Thus Set 1 is not related to Set 2,
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Figure 4.2: Measurements for Cluster 2 on January 20, 2004 during 19:27-19:36 UT. (a)
E field spectrogram showing a pass with banded chorus. Two sets of banded chorus are
denoted as Set 1, further from the magnetic equator, and Set 2, near the magnetic equator.
The white line indicates fce/2. (b) Electron density with three depletion ducts and two
enhancement ducts, denoted as Duct D1, D2, D3, E1, and E2, respectively. Ephemeris data
for Cluster 2 is given on the bottom.
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but demonstrates that numerous sources of banded chorus were present near the magnetic

equatorial plane during this time, a common circumstance when banded chorus is observed.

The electron density is shown in Figure 4.2b for the same time interval as Figure 4.2a.

During this interval, Cluster 2 moves ∼3000 km parallel to, and ∼400 km perpendicular

to, the L = 4.28 magnetic field line. Though the L-shell range is not large, Ne still has

a number of interesting features. Three depletion ducts and two enhancement ducts, with

half-widths of 70 km or more, are denoted by Duct D1, D2, D3, E1, and E2, respectively.

From Figure 4.2, it appears that Set 1 is generated within Ducts D1 and E1, while Set 2

is generated within Ducts D2, D3, and E2. However, not all chorus emissions located at

the same L-shell as enhancement and depletion ducts are generated within those ducts.

Chorus waves can only be generated within a particular duct if they are generated at the

same L-shell as that duct.

Since the chorus elements of Set 1 are located further from the magnetic equator, which

is the source region of chorus, they may have been generated at a different L-shell than

Ducts D1 and E1. Ray tracing, following a method similar to Lauben et al. [2002], is

performed on a falling LB chorus element at the beginning of Set 1 to determine the source

region location of Set 1, shown in Figure 4.3. In this method, a ray is first traced backwards

from the Cluster 2 spacecraft towards the magnetic equator. It is not necessary for the

reverse ray paths to be terminated exactly at the magnetic equator, since chorus emissions

are usually generated near the point of minimum inhomogeneity in the magnetic field,

which may be slightly displaced from the magnetic equator, depending on geomagnetic

disturbances [Tsurutani and Smith, 1977]. The ray is then traced from the proposed source

location back towards the observation location. This process is repeated iteratively until

the source location, from which the launched ray reaches the exact observation location, is

determined.

The LB chorus element of Set 1 was observed by the Cluster 2 spacecraft at L= 4.31

and λ=−4.60◦ with θ∼70◦. The source location of the element was found to be L=4.51

and λ=−0.46◦, with θ=56.2◦. Although Set 1 is observed simultaneously with Ducts D1

and E1, the chorus is not generated at the same L-shell as these ducts and therefore has not

been guided by them. Since the electron density is unknown for the region near L= 4.51,

no association between Set 1 and ducts can be made.
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Figure 4.3: a) E field spectrogram and electron density profile for chorus elements from Set
1 for Cluster 2 on January 20, 2004. b) Inset of field lines located around L=4.4 for North-
South distance versus L-shell. The source location for a chorus element of Set 1 observed
at L=4.31 and λ=−4.60◦ with θ∼70◦ is determined to be L=4.51 and λ=−0.46◦ with
θ= 56.2◦ through ray tracing. The dashed lines represent magnetic latitude increments of
2.5◦.
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Figure 4.4: E field spectrogram, electron density profile, and wave normal angles for chorus
elements from Set 2 for Cluster 2 on January 20, 2004. The wave normal angle for LB
chorus, using the center frequency of 3.6 kHz, is between 55◦ and 60◦.

As the chorus elements of Set 2 extend throughout the source region, λ ' −2◦ up to

the magnetic equator for this case, they are generated at the same L-shell as Ducts D2,

D3, and E2, as shown in Figure 4.4. The average wave normal angle for the LB chorus

of Set 2, using the center frequency of 3.6 kHz, is calculated to be between 55◦ and 60◦,

while θG = 36◦. Since θ > θG, the LB chorus waves can be guided only by the depletion

ducts D2 and D3, meaning the chorus is likely to be generated within these ducts as well.

To understand this concept, chorus generated within a duct can be compared to a marble

within a bowl. If the marble is rolled from outside the bowl, it will likely not stay within

the bowl, and leave the bowl on the other side. However, if the marble is rolled inside the

bowl, it will likely remain trapped in the bowl. Similarly, chorus elements are likely to be

trapped by the whistler-mode ducts in which they are generated.
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Figure 4.5: Refractive index surface for f∼3.6 kHz, fce∼9.6 kHz, and fpe∼22 kHz. The
vertical axis shows the direction of B0. The Gendrin angle, its associated group velocity,
and the resonance cone angle are shown as θG, vGG, θR, respectively. θS ∼ 60◦ is the
average wave normal angle of the LB chorus of Set 2 in the source region. The angle
between the associated group velocity, vGS, and B0 is ∼20◦.

4.2.1 Lower Band Chorus Excitation

Using new high resolutionNe observations, we have examined the banded chorus pass from

January 20, 2004 and found that the LB chorus is excited within whistler-mode depletion

ducts. Since the LB chorus waves have θ&θG, they can be guided only by depletion ducts.

This guidance may be a necessary factor in the generation of banded chorus. The average

wave normal angle for the LB chorus of Set 2 in the source region is θS∼60◦.

For f ∼ 3.6 kHz and fce ∼ 9.6 kHz, θS has a value between θG and θR, the resonance

cone angle, which have values of 36◦ and 68◦, respectively. These values can be seen on

the refractive index surface in Figure 4.5, calculated for these parameters as well as for

fpe ∼ 22 kHz. The resonance cone angle, θR, is the angle at which the refractive index

becomes infinite, meaning no propagation is possible for θ > θR, and is expressed as

θR = cos−1


√√√√( f

fpe

)2

+

(
f

fce

)2
[

1−
(
f

fpe

)2
] (4.4)

[Gurnett and Bhattacharjee, 2005].
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Using the values for f , fce, and fpe, the direction of the group velocity vector, vGS, of

the chorus waves can be calculated. The angle between B0 and vGS is ∼20◦, with vGS

pointing towards the Earth, shown in Figure 4.5. Since the tangent of 20◦ is ∼1/3, for

every 150 km the chorus waves propagate along B0, they will also propagate 50 km across

L towards the Earth. If the transverse scale of the source region for Set 2 is ∼100 km

[Santolı́k and Gurnett, 2003], which may be the characteristic duct scale, then Cluster 2

can only detect chorus waves generated within 150 km of the spacecraft position, shown in

Figure 4.6.

However, chorus was detected within the entire green outlined region, implying that

chorus is generated everywhere along the L = 4.28 field line from λ = −1.7◦ to λ =

−0.4◦, a distance of ∼500 km. This result is important because LB chorus generally has

small wave normal angles [Santolı́k et al., 2009; Chum et al., 2009], making it difficult to

determine if the chorus is generated within a small region near the magnetic equator and

then propagates along B0 to the spacecraft, or if it is generated uniformly over an extended

region. Our result suggests that uniform excitation of LB chorus over an extended region

may be common. Since chorus wave normal angle information is only available for f ≤ 4

kHz, the wave normal angles of the UB chorus in Figure 4.4 are not known. However, the

UB chorus of Set 2 is clearly generated within the depletion ducts D2 and D3 shown in the

source region of Figure 4.4, and can in principle be guided in these ducts. It is possible

both UB and LB chorus may be guided in the same depletion duct.

4.3 Lower Band Chorus Statistics

The cases from October 31, 2003 and January 20, 2004 are representative of a larger data

set used to assess whether LB chorus can be guided by ducts by analyzing the relationship

between whistler-mode ducts and chorus waves with measured wave normal angles. The

data set consists of observations of chorus emissions from 19 Cluster orbits, with 51 differ-

ent passes spread across the four Cluster spacecraft. These orbits are from the years 2003,

2004, and 2006. The trajectory of Cluster for these passes is shown in a meridional plane

projection in Figure 4.7a. The banded chorus passes were chosen to include the source
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Figure 4.6: Inset of field lines located around L = 4.28 for North-South distance versus
L-shell showing LB chorus propagation within a magnetic meridian. Assume a LB cho-
rus element is generated in a region with a scale of 100 km across B0 and extending a
small distance ∆S along B0. Because the element’s group velocity is directed 20◦ below
the direction of B0, the element propagates toward smaller L-shell values as shown by
the dashed lines. After propagating 150 km parallel to B0, the element can no longer be
observed on the magnetic field line which originally bisected the source region.
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Figure 4.7: a) Trajectory of the Cluster spacecraft in a meridional plane projection for 19
orbits containing banded chorus emissions. The dashed lines represent magnetic latitude
increments of 15◦, while the solid lines represent dipole L-shell increments of 1RE. b)
Distribution of MLT and L-shells. Each concentric circle represents an increase in L-shell
by 1RE, while each sector represents an increment in MLT by 2 hours.

region, roughly defined for this study as magnetic latitudes within 3◦ of the magnetic equa-

tor. As there are data from multiple spacecraft for each orbit, the trajectories appear to be

clustered together. The spacecraft sample L-shells in the range 3.6 to 5.0 and MLT in the

range 1.3 to 15.0 hours, seen in Figure 4.7b.

The passes are also chosen such that the Kp index at the time of the 51 spacecraft

passes was less than 5, indicating low to moderate storm-level geomagnetic activity so

that the location of the magnetic equator could be reasonably determined [Santolı́k et al.,

2009]. The Kp index [Bartels et al., 1939] indicates the level of geomagnetic disturbances,

caused by the solar wind, by giving the mean value of the disturbance levels for the two

horizontal magnetic field components as observed at 13 worldwide subauroral magnetic

observatories. Kp is given for a three hour range on a quasi-logarithmic scale divided into

discrete intervals of 1/3. There are 28 such intervals taking the form 0, 0+, 1−, . . . , 8+,

9−, 9.

Using the ducting requirements for efficient guidance, 57% of the irregularities that

qualified as ducts are classified as enhancement ducts, while the other 43% are classified
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as depletion ducts. However, not all chorus emissions located at the same L-shell as en-

hancement and depletion ducts are generated within those ducts. For instance, in the case

of January 20, 2004, only the LB chorus of Set 2, located close to the magnetic equator, is

generated within the ducts located at the same L-shell, while the LB chorus of Set 1 is not.

For the chorus emissions generated within ducts at the same L-shell, the wave normal an-

gle information is important to determine whether these emissions can be guided by these

ducts.

The LB chorus emissions for this data set were found to be generated within ducts lo-

cated at the same L-shell for magnetic latitudes within approximately 3◦ of the magnetic

equator. As the wave normal angle requirement for guiding for LB chorus is different de-

pending on whether the chorus is generated within an enhancement or depletion duct, these

two cases are examined separately. Using over 24 hours of data from the Cluster space-

craft, 6,583 wave normal angles are analyzed for LB chorus generated within enhancement

ducts and 5,395 wave normal angles are analyzed for LB chorus generated within depletion

ducts, with an average of 31.8 wave normal angles per duct. For each set of chorus, the

wave normal angles are analyzed for the center frequency of the band. However, if the

center frequency is above 4 kHz, the upper frequency limit of the STAFF instrument, the

frequency used is the one within the highest frequency band of the STAFF instrument, be-

tween 3.17 and 4 kHz. Though the polar wave normal angle can be determined for a range

of 0◦ to 180◦, it is normalized between 0◦ and 90◦ as the acute angle with respect to B0,

in order to be consistent with previous studies. With regards to the wave vector, 47.4% are

directed away from the Earth, while the remaining 52.6% are directed towards the Earth.

The probability of occurrence for wave normal angles, divided into 10◦ intervals, for

LB chorus generated within depletion ducts is shown in Figure 4.8a. The majority of

wave normal angles have values between 30◦−60◦. The probability of occurrence of wave

normal angles in the ranges 30◦−40◦, 40◦−50◦, and 50◦−60◦ is 23.2%, 28.8%, and 20.4%,

respectively. There is also an 11.1% probability of wave normal angles having values in

the range 60◦−70◦. There is less than 8% probability of occurrence of wave normal angles

occurring in the other intervals. For our data set, the range of values for the Gendrin angle

for depletion ducts is 26.8◦≤θG≤64.8◦.

The probability of occurrence for the difference between the wave normal angle and the
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Figure 4.8: a) Probability of occurrence of wave normal angles, divided into 10◦ intervals,
for LB chorus generated within depletion ducts over all orbits. b) Probability of occurrence
of the difference between the wave normal angle and the Gendrin angle. Chorus can be
guided for θ≥θG with a probability of ∼61% and may be guided for θ−θG in the range of
−10◦ to 0◦ with a probability of ∼25%.

Gendrin angle, divided into 10◦ intervals, for LB chorus generated within depletion ducts is

shown in Figure 4.8b. The quantity θ−θG has values in the range −30◦ to −10◦, for which

the chorus waves cannot be guided, with a probability of occurrence of ∼12%. There is a

∼25% probability of occurrence that θ−θG has values in the range −10◦ to 0◦, for which

chorus waves might be able to be guided. For θ > θG, the probability of occurrence is

∼29%, ∼17%, and ∼9% in the intervals 0◦−10◦, 10◦−20◦, and 20◦−30◦, respectively.

There is less than 6% probability of occurrence in the range 30◦−50◦. In total, ∼61% of

the wave normal angles have values above the Gendrin angle, while∼25% have values near

the Gendrin angle, indicating that the majority of UB chorus can be guided by depletion

ducts.

The probability of occurrence for wave normal angles, divided into 10◦ intervals, for

LB chorus generated within enhancement ducts is shown in Figure 4.9a. The majority of

wave normal angles have values between 20◦−40◦. 49.6% of the wave normal angles occur

in the range 30◦−40◦, while 28.0% of the wave normal angles occur in the range 20◦−30◦.

In addition, 10.2% of the wave normal angles have values in the range 40◦−50◦. The wave

normal angles have less than 3% probability of occurrence in the other intervals. For our
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Figure 4.9: a) Probability of occurrence of wave normal angles, divided into 10◦ intervals,
for LB chorus generated within enhancement ducts over all orbits. b) Probability of occur-
rence of the difference between the Gendrin angle and the wave normal angle. Chorus can
be guided for θ<θG with a probability of ∼91%.

data set, the range of values for the Gendrin angle for enhancement ducts is 41.5◦≤ θG≤
65.3◦.

The probability of occurrence for the difference between the Gendrin angle and the

wave normal angle, divided into 10◦ intervals, for LB chorus generated within enhancement

ducts is shown in Figure 4.9. θG−θ has values in the range 20◦−30◦ and 10◦−20◦ with a

probability of occurrence of ∼40% and ∼23%, respectively. The probability of occurrence

is ∼14% in both the ranges 0◦−10◦ and 30◦−40◦. In all other intervals, the probability of

occurrence is less than 6%. In total, ∼91% of the wave normal angles have values below

the Gendrin angle, indicating that LB chorus can be guided by enhancement ducts.

The correlation between ducts and wave amplitude of chorus emissions has been re-

cently studied by Li et al. [2011a,b] using data from the Time History of Events and

Macroscale Interactions during Substorms (THEMIS) spacecraft [Sibeck and Angelopou-

los, 2008; Burch and Angelopoulos, 2009], shown in Figure 4.10. THEMIS consists of

five probes launched on February 17, 2007 in near-equatorial orbits with apogees above

10RE and perigees below 2RE. In this study, it was found that the chorus wave amplitude

peaked significantly within both enhancements and depletions of electron density. Though

the chorus emissions in the Li et al. [2011a,b] study were observed at higher L-shell values
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Figure 4.10: Measurements for THEMIS E on a) November 27, 2009 from 12:52-12:59
UT and b) October 15, 2008 from 08:13-08:21 UT. Total electron density is inferred from
the spacecraft potential. The chorus wave amplitude is integrated over a) 0.25-0.35 fce and
b) 0.05-0.5 fce. The chorus wave amplitude peaks significantly within both enhancements
and depletions of electron density. Figure adapted from Li et al. [2011b, Figs. 1 and 4].

of 5−12, the findings are still significant as they seem to support the idea that chorus may

be generated within whistler mode ducts.

4.4 Summary

The relationship between banded chorus emissions and whistler-mode ducts is analyzed

for two cases, as well as a larger data set consisting of 51 different passes from the Cluster

spacecraft. The half-width of these ducts is comparable to the transverse scale,∼100 km, of

the chorus source region [Santolı́k and Gurnett, 2003]. For the case on January 20, 2004,

making use of the fact that the group velocity of the LB chorus waves has a significant
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cross-L component, we found that the source region extends over 500 km near the magnetic

equator.

The cases from the entire data set have shown that LB chorus can be generated within

enhancement and depletion ducts. From the wave normal angle distributions, it can be

concluded that LB chorus can also be guided by ducts, as θ & θG with a probability of

∼87% for depletion ducts and θ < θG with a probability of ∼91% for enhancement ducts.

The correlations of chorus wave amplitude with enhancement and depletion ducts further

support these conclusions. The conclusions from this study suggest that the source region

of banded chorus is limited to a large, but finite number of locations within the magne-

tosphere. Therefore, banded chorus would not be excited continuously near the magnetic

equatorial plane over some large range of L outside the plasmapause, but rather would only

be predominantly excited within whistler-mode ducts.



Chapter 5

Wave Normal Angle Distribution

Using data from the Polar spacecraft, wave normal angles have been analyzed for 13 orbits

containing UB chorus emissions and 15 orbits containing LB chorus emissions. The pur-

pose of this chapter is to characterize the distribution of the polar wave normal angle, θ, for

chorus emissions as a function of magnetic latitude, λ. Understanding wave normal angles

is an important step in evaluating resonant wave-particle interactions. For UB chorus, wave

normal angles tend to remain at or rise towards the resonance cone angle for low and mid-

latitudes, but move away from the resonance cone angle at higher latitudes. For LB chorus,

wave normal angles with values θ < 20◦ have the highest probability of occurrence in the

latitude range of 10◦−50◦. Just off the equator, 10◦ ≤ λ < 25◦, there exists a secondary

occurrence peak in the range of 50◦ ≤ θ < 70◦. The probability of observing these higher

wave normal angles decreases with increasing latitude. The time averaged Poynting flux,

S, is much larger for LB chorus waves, which have a mean value of 8.5×10−8 W/m2, than

for UB chorus waves, which have a mean value of 1.4×10−9 W/m2. S is fairly evenly

distributed about its median value, 3.1×10−10 W/m2, for all wave normal angles for UB

chorus, but deceases as θ increases for LB chorus.

The work presented in this chapter has been published in Journal of Geophysical Re-

search as Haque et al. [2010].

55
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5.1 Chorus Wave Normal Angles

Chorus is believed to play a major role in the evolution of energetic particle distributions

in the magnetosphere. Cyclotron resonant wave-particle interactions involving chorus can

result in the precipitative loss of electrons over a wide range of energies. Chorus is believed

to be a driver of low energy (< 1 keV) diffuse auroral precipitation [Inan et al., 1992;

Villalon and Burke, 1995; Ni et al., 2008], medium energy (10s to 100 keV) microburst

precipitation [Rosenberg et al., 1971, 1981, 1990], and relativistic (> 1 MeV) microburst

precipitation [Lorentzen et al., 2001; Thorne et al., 2005]. Interactions with chorus can

also result in energy diffusion and thus contribute to the acceleration of electrons to MeV

energies [Horne and Thorne, 1998; Horne et al., 2005a,b; Shprits et al., 2006; Summers

et al., 2007a,b]. Pitch angle scattering and energy diffusion can occur when the resonance

condition, expressed in Equation 1.4, is satisfied. While both θ and φ are needed to predict

how the wave will propagate in the magnetosphere from its current location, only θ is

needed to evaluate the resonance condition, and is therefore the focus of this study.

While there have been several previous studies of chorus wave normal angles, many

of them focused on the generation mechanism of chorus, and consequently were mostly

limited to the equatorial plane. Past studies of wave normal angles for UB chorus emissions

near the magnetic equator, λ < 5◦, show different results. From studying one pass of

the GEOS 2 satellite, Hayakawa et al. [1984] concluded that the wave normal angles are

near the resonance cone. However, Hospodarsky et al. [2001] found that the emissions

propagate primarily parallel to the magnetic field from the analysis of one pass of the

Cassini spacecraft. Lauben et al. [2002] also showed that UB chorus was emitted at θ∼0◦

near the equator using properties of the wave measured by the Polar satellite and then doing

multi-frequency ray tracing back to the source region. Outside the equatorial plane, Muto

et al. [1987] analyzed two passes of the GEOS 1 satellite and concluded that θ is close to

θR for λ∼17◦, but that θ is 15◦−20◦ less than θR for λ∼26◦.

Studies of LB chorus emissions in the equatorial plane, λ< 6◦, had some similarities.

From three passes of the OGO 5 satellite, Goldstein and Tsurutani [1984] found that the

majority of wave normal angles for LB chorus had values θ< 20◦, as did Hayakawa et al.

[1984] for the LB chorus rising emissions with small values of df/dt. However, Hayakawa
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et al. [1984] found θ = 30◦−45◦ for LB chorus risers with increased values of df/dt.

Hospodarsky et al. [2001] concluded that LB chorus emissions have θ'0◦ in this latitude

region. However, Lauben et al. [2002] deduced that LB chorus waves are emitted with wave

normal angles close to the Gendrin angle. Burton and Holzer [1974] studied 18 passes of

the OGO 5 satellite containing LB chorus over a much broader range of magnetic latitudes.

They concluded that θ < 30◦ for 80% of the wave normal angles occurring in λ < 40◦.

However, in the higher latitude region (λ= 40◦−50◦), the wave normal angles were more

broadly distributed, extending to 85◦.

Because of the difficulty in determining chorus wave normal angles, as measurements

are required of all three magnetic field components and at least two electric field com-

ponents, the previous studies were confined to a small region of the magnetosphere and

limited in the number of wave normal angles analyzed. The data set in this study consists

of a subset of 59 orbits of the Polar spacecraft containing banded chorus, as determined by

LeDocq et al. [1998] through the examination of all available high-telemetry HFWR data

(394 orbits from March 28, 1996 to September 16, 1997), after which the PWI instrument

ceased to operate. For these orbits, the wave normal angles are determined from measure-

ments of the three-component electric and magnetic fields, not only in the source region but

for wherever chorus waves propagate. 1,765 wave normal angles for UB chorus emissions

and 993 wave normal angles for LB chorus emissions over a broad range of magnetic lati-

tudes, in both the equatorial and off-equatorial regions, L-shells, and magnetic local times

are analyzed. The results of this study are important for studies of resonant interactions

between chorus waves and electrons over a wide range of energies.

A sample plot of the data set for an orbit containing LB chorus from 19:52 to 20:03

UT and UB chorus from 19:57 to 20:10 UT on December 14, 1996 is shown in Figure 5.1.

All of the measured and calculated parameters of Figure 5.1 have a log spaced frequency

resolution ranging from 9.2 Hz to 1.2 kHz for 123 frequencies ranging from 0.2 to 25 kHz

and a time resolution of 0.45 seconds. Each antenna only records 0.45 second snapshots of

the waveform every 9.2 seconds. Therefore, the data in Figure 5.1 is not actually continuous

but is the concatenation of each of the 0.45 second snapshots expanded over a 9.2 second

interval.

Figures 5.1a and 5.1b represent measured quantities of the sum of the three magnetic
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Figure 5.1: Sample plot of data for orbit containing LB chorus from 19:52 to 20:03 UT and
UB chorus from 19:57 to 20:10 UT on December 14, 1996. The solid black lines in each
panel represent 0.1 and 0.5 times the equatorial gyrofrequency.
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auto-power spectra and the sum of the three electric auto-power spectra. The SVD tech-

nique is used on the electromagnetic spectral matrix to determine the polar wave normal

angle, the azimuthal wave normal angle, and the electromagnetic planarity, FE , which de-

termines the planarity of the electromagnetic wave. SVD is also used on the magnetic

spectral matrix to obtain the degree of planar polarization, P , and the ellipticity of polar-

ization, Eθ. Values of P close to 1.0 mean that the magnetic field of the wave is coherent

and that the ellipticity parameter is well defined. To ensure that Eθ is well defined, it was

required that P > 0.9. In order for the waves to meet the right hand circular polarization

condition for whistler-mode waves, it was required that Eθ > 0.8. FE > 0.8 was also re-

quired to ensure that the electromagnetic wave was close to a single plane wave and that

the wave normal angles calculated are valid for whistler-mode waves.

5.2 Classification of Wave Normal Angles

For chorus emissions located off the magnetic equator, the wave frequency is more closely

associated with the equatorial gyrofrequency, fceq, than with the local gyrofrequency [e.g.,

Burtis and Helliwell, 1969]. To distinguish between the upper and lower bands of chorus,

we first estimate the equatorial gyrofrequency. The equatorial gyrofrequency was estimated

by scaling the local gyrofrequency, calculated using the local magnetic field measured by

the onboard magnetometer, using the current magnetic latitude andL-shell of the spacecraft

and assuming a dipolar variation of the field strength along the field line. In all of the panels

of Figure 5.1, the solid black lines represent 0.1 and 0.5 times the estimated equatorial

gyrofrequency. However, since fceq was estimated based on a dipolar scaling, there are

likely to be errors when operating at high latitudes and L-shells. The maximum error in

fceq is estimated to be on the order of ∼15−20%, and therefore, the estimated fceq was

used only as a starting guide to distinguish between the two bands. Visual inspection of

the electric field for each individual orbit was used to separate the two bands along the line

that best fit the typical gap seen between the two bands to ensure minimal overlap between

the bands. The electric field was used to make the distinction because the strength of the

electric field is typically on the order of at least two magnitudes larger than the strength

of the magnetic field, making it easier to see the gap between the two bands visually. For
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instance, in Figure 5.1a, though the upper solid black line representing 0.5fceq is used as

a starting guide to distinguish between the upper and lower band chorus emissions, visual

inspection of the electric field shows that the typical gap between the two bands actually

occurs below this line. The line that best fit this typical gap was manually found for this

and every other orbit used in this study. Using this method, it was determined that 24 orbits

contained UB chorus emissions, while 35 orbits contained LB chorus emissions.

Due to its highly elliptical orbit, the Polar spacecraft crosses the magnetic equator in a

region just inside the plasmapause at L-shells ranging from 2.5 to 4.5. For magnetic lati-

tudes λ<30◦, the spacecraft typically samples L-shells up to L= 8 [Gurnett et al., 1995].

Thus, in analyzing the wave normal angles calculated from Polar data, it is impossible to

distinguish between latitudinal and L-shell effects. However, the equatorial plane has been

shown to be the source region of the waves, and no current theories for wave generation

are L-shell dependent. Thus, the propagation of the waves from the equatorial to the off-

equatorial region is expected to have a much stronger effect on the wave normal angle

distribution than variations with L-shell. Therefore, the variation of wave normal angle in

this study will be characterized only in terms of magnetic latitude.

When the strength of the total electric field, E, is weak for the chorus emissions, there

exists an immense amount of scatter and variation in the wave normal angles as a function

of magnetic latitude. In order to reduce some of the scatter attributed to noisy measure-

ments, a frequency dependent threshold level was determined. Thus, the orbits included

in this study are those for which strong electric fields, corresponding to chorus emissions,

were detected. For frequencies below 2 kHz, the threshold level is E> 10−3 mV2/m2/Hz.

For frequencies above 2 kHz, the threshold level is E>10−4.5 mV2/m2/Hz. After applying

the frequency dependent threshold to all of the orbits, only 10 orbits containing UB chorus,

12 orbits containing LB chorus, and 3 orbits containing both upper and lower band cho-

rus remained with sufficient data for wave normal analysis. For each of these orbits, the

wave normal angles used for this study will be those that correspond to any frequency that

satisfies the frequency dependent threshold and for which chorus was detected.

The following wave normal angle analysis will focus exclusively on the polar angle

component of the wave normal angle, as the azimuthal angle plays no role in resonant

wave-particle interactions, though it is important for determining the propagation of the
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wave. Though the polar wave normal angle can be determined for a range of 0◦ to 180◦, it

will be normalized between 0◦ and 90◦ as the acute angle with respect to B0 in the direction

of the Poynting vector, to be consistent with previous studies.

5.3 Upper Band Chorus Wave Normal Angles

For the 13 orbits containing UB chorus waves, two case studies will be shown, followed

by statistics for all 13 orbits. The two case studies can be seen in Figure 5.2, with the

orbit for the top panel occurring on December 14, 1996 and the orbit for the bottom panel

occurring on July 31, 1997. The case study from December 14, 1996 took place from 19:06

to 20:24 UT near 7.5 MLT. A portion of the data for this orbit was shown in the sample plot

in Figure 5.1, where it is clear that there are UB chorus emissions above 0.5fceq. Figure

5.2a shows the wave normal angles as a function of magnetic latitude. For this case, the

wave normal angles are small (θ<20◦) near the equator, but quickly rise to values close to

the corresponding resonance cone angle, represented by the solid red line, as the satellite

moves to higher latitudes. The solid red line is the best fit line for the resonance cone angles

calculated using Equation 4.4 for each frequency of the chorus emission that satisfied the

frequency dependent threshold. Figure 5.2b shows the trajectory of the Polar satellite in

the meridional plane for this particular case study. The dashed lines in the meridional plane

represent magnetic latitude increments of 15◦. The solid lines represent dipole L-shell

increments of 1RE. The spacecraft samples magnetic latitudes ranging from 3◦ to 29◦ and

L-shells ranging from 3.7 to 6.8.

The second UB chorus case study from July 31, 1997 occurred from 16:01 to 16:21 UT

near 4.6 MLT. The latitudinal dependence of the wave normal angles, shown in Figure 5.2c,

illustrate that the wave normal angles remain relatively close to the resonance cone angle

for the entire duration of the pass. The satellite samples 6.8◦≤λ≤9.8◦ and 3.6≤L≤3.8.

These two case studies are representative of all of the UB chorus case studies in this

study. The trajectory of the Polar spacecraft for the 13 orbits containing UB chorus emis-

sions is shown in the meridional plane in Figure 5.3a. The spacecraft samples a broad range

of magnetic latitudes, 3◦≤ λ≤ 35◦, and L-shells, 3.2≤L≤ 7.7. The distribution of mag-

netic local times and L-shell for the 13 orbits can be seen in Figure 5.3b. Each concentric
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Figure 5.2: Wave normal angle, θ, versus magnetic latitude, λ, and the trajectory of the
satellite in the meridional plane for two UB chorus case studies occurring on December 14,
1996 from 19:06 to 20:24 UT near 7.5 MLT, shown in (a) and (b), respectively, and on July
31, 1997 from 16:01 to 16:21 UT near 4.6 MLT, shown in (c) and (d), respectively. The
solid red lines in parts (a) and (c) represent the resonance cone angle. The dashed lines
in parts (b) and (d) represent magnetic latitude increments of 15◦, while the solid lines
represent L-shell increments of 1RE.
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Figure 5.3: (a) Trajectory of the Polar spacecraft in the meridional plane for the 13 orbits
containing UB chorus emissions. (b) Distribution of MLT and L-shells. Each concentric
circle represents an increment in L-shell by 2RE, while each sector represents an increment
in MLT by 2 hours.

circle represents an increment of 2 in L-shell, while each sector represents an increment

in MLT by 2 hours. Because of the relatively sparse sampling in local time, we have not

attempted to characterize differences in wave normal angle as a function of that parameter.

The overall distribution of wave normal angles over all magnetic latitudes for all UB

chorus case studies is shown in Figure 5.4. The histogram is shown for wave normal angles

divided into 10◦ intervals. The distribution is Gaussian-like, with the peak probability of

occurrence taking place between 50◦ ≤ θ < 60◦. The rise in the probability of occurrence

from lower wave normal angles to the peak is much less steep than the fall in the probability

of occurrence from the peak to higher wave normal angles.

The probability of occurrence for different ranges of wave normal angles in the three

magnetic latitude regions, λ < 10◦, 10◦ ≤ λ < 25◦, and 25◦ ≤ λ < 40◦, is illustrated in

Figure 5.5. For each magnetic latitude region, the wave normal angles are divided into 10◦

intervals with their values indicated by the color scale. The probability of occurrence for

the wave normal angles is normalized with respect to each magnetic latitude region in order

to remove the bias of reduced sampling at higher magnetic latitudes by the Polar spacecraft.
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Figure 5.4: Probability of occurrence of wave normal angles over all magnetic latitudes for
UB chorus case studies.
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Figure 5.5: Probability of occurrence of wave normal angles, divided in 10◦ intervals,
normalized with respect to each magnetic latitude region for UB chorus emissions. The
value of the wave normal angle is indicated by the color scale.
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Figure 5.6: Difference between wave normal angle, θ, and the corresponding resonance
cone angle, θR, with respect to magnetic latitude for UB chorus case studies.

As seen in Figure 5.4, the majority of wave normal angles for UB chorus occurs be-

tween 40◦ to 70◦ for all latitude ranges. However, Figure 5.5 demonstrates that there is a

slight shift in peak probability of occurrence of the wave normal angles from higher wave

normal angles (50◦ ≤ θ < 60◦) at low latitudes (λ < 10◦) to lower wave normal angles

(40◦≤ θ < 50◦) at higher latitudes (25◦≤λ< 40◦). This shift in peak can be seen with the

help of Figure 5.6, which shows the difference between the wave normal angle and its cor-

responding resonance cone angle as a function of magnetic latitude. The resonance cone

angle can only be calculated for those orbits for which the electron density can be extracted

from the SFR on the Polar spacecraft. Therefore, the magnetic latitude range for Figure 5.6

is only 4◦ ≤ λ≤ 27◦. In the mid-latitude region between 7◦ ≤ λ≤ 18◦, the wave normal

angle is very close to the resonance cone angle. However, at higher latitudes, it seems that

the wave normal angle starts to move away from the resonance cone angle, though there is

reduced sampling by the spacecraft at these latitudes.

In Figure 5.5, the other significantly high probability of occurrence takes place for wave

normal angles in the range θ < 10◦ for magnetic latitudes λ < 10◦. The case study from

December 14, 1996, shown in the top panel of Figure 5.2, illustrates this result, as all of

the wave normal angles in this region of high probability are from that orbit and one other

orbit on October 31, 1996. The latter pass had very similar characteristics to that of the

former, with small wave normal angles near the equator and larger wave normal angles at
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Figure 5.7: Time averaged Poynting flux, S, as a function of wave normal angle for UB
chorus emissions. The solid red line represents the linear least squares fit to the data.

higher latitudes. This result is consistent with expectations from ray tracing in a smooth

magnetosphere. For example, rays launched near the equator outside the plasmapause at a

frequency of 0.6fceq and initial wave normal angle parallel to the magnetic field will quickly

move toward the resonance cone angle as they propagate to higher magnetic latitudes. As

seen in Figure 5.6, the observations closest to the equator show low wave normal angles

(large difference between θ and θR) while observations at latitudes greater than ∼7◦ show

wave normal angles that are already approaching the resonance cone.

The time averaged Poynting flux, S, was calculated for each UB chorus case study

and is plotted as a function of wave normal angle in Figure 5.7, with the solid red line

representing the linear least squares fit to the data. It can be seen that the power ranges

from 6.0× 10−12 to 1.7× 10−7 W/m2 for UB chorus emissions. Figure 5.7 also illustrates

that the power is almost evenly distributed about its median value (3.1× 10−10 W/m2) with

no clear dependence on the wave normal angle.

5.4 Lower Band Chorus Wave Normal Angles

For the 15 orbits containing LB chorus waves, two case studies will be shown, followed

by overall statistics. The two case studies can be seen in Figure 5.8, with the orbit for the

top panel occurring on February 28, 1997 and the orbit for the bottom panel occurring on
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Figure 5.8: Wave normal angle versus magnetic latitude and the trajectory of the satellite in
the meridional plane for two LB chorus case studies occurring on February 28, 1997 from
10:15 to 10:41 UT near 2.8 MLT, shown in (a) and (b), respectively, and on September 14,
1997 from 15:10 to 15:30 UT near 1.8 MLT, shown in (c) and (d), respectively.

September 14, 1997. The case study from February 28, 1997 took place from 10:15 to

10:41 UT near 2.8 MLT. The latitudinal dependence of the wave normal angle in Figure

5.8a shows the vast amount of scatter in the wave normal angles with respect to magnetic

latitude typical of nearly all the orbits containing LB chorus. The Polar spacecraft samples

magnetic latitudes ranging from 10◦ to 25◦ and L-shells ranging from 3.5 to 5.0, as seen in

its trajectory in the meridional plane in Figure 5.8b.

The second LB chorus case study from September 14, 1997 occurred from 15:10 to

15:30 UT near 1.8 MLT. This case study is an exception from all of the other Polar orbits

containing LB chorus. First, there is an absence of scatter in the latitudinal dependence of
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Figure 5.9: (a) Trajectory of the Polar spacecraft in the meridional plane for the 14 orbits
containing LB chorus emissions. (b) Distribution of MLT and L-shells.

the wave normal angles, shown in Figure 5.8c, as compared with the other 14 LB chorus

case studies. Second, nearly all of the wave normal angles have values of 70◦ < θ ≤ 90◦

for the magnetic latitudes sampled. The trajectory of the Polar spacecraft, which samples

4◦≤λ≤ 12◦ and 3.8≤L≤ 4.4, in the meridional plane is shown in Figure 5.8d. Unfortu-

nately, this is also the only LB case study within 10◦ of the equatorial plane. This unusual

case study is shown for completeness, but will be excluded from the overall statistics. Con-

sequently, the statistics shown in Figures 5.8 through 5.13 will consist of data only from

the remaining 14 orbits.

The trajectory of the Polar spacecraft for the remaining 14 orbits containing LB chorus

emissions is shown in the meridional plane in Figure 5.9a. The spacecraft samples a broad

range of magnetic latitudes, 8◦≤λ≤ 43◦, and L-shells, 3.6≤L≤ 9.4. The distribution of

magnetic local times, ranging from 1.1 to 13.6, and L-shells for the 14 orbits can be seen

in Figure 5.9b.

The overall distribution of wave normal angles over all magnetic latitudes for the 14

LB case studies is illustrated in Figure 5.10. The distribution is uneven, with the majority

of wave normal angles having values less than 20◦ and a secondary peak with lower overall

probability in the range of 50◦−60◦.
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Figure 5.10: Probability of occurrence of wave normal angles over all magnetic latitudes
for LB chorus case studies.

Figure 5.11 illustrates the probability of occurrence for different ranges of wave nor-

mal angles with respect to three magnetic latitude regions, 10◦ ≤ λ < 25◦, 25◦ ≤ λ < 40◦,

and 40◦ ≤ λ < 50◦. As mentioned earlier, the case study from September 14, 1997 is not

included in the overall statistical analysis, and thus there is not sufficient data left in the

magnetic latitude region λ<10◦. For each of the other magnetic latitude regions, the prob-

ability of occurrence for the wave normal angles is normalized with respect to each latitude

region. It can be seen in Figure 5.11 that the probability of occurrence of wave normal

angles in the range θ < 20◦ increases with increasing magnetic latitude. Contrarily, the

higher wave normal angles observed near the magnetic equator have a decreasing relative

probability with increasing latitude.

Figure 5.12 shows the absolute value of the difference between the wave normal angle

and its corresponding Gendrin angle, defined in Equation 4.3, as a function of magnetic

latitude. For magnetic latitudes less than 25◦, 20% of the wave normal angles are within

10◦ of θG. These wave normal angles move further away from the Gendrin angle with

increasing latitude.

Figure 5.13 illustrates the dependence of the time averaged Poynting flux, S, on wave

normal angle. It can be seen from the figure that LB chorus emissions have power levels

ranging from 6.9 × 10−10 to 1.5 × 10−6 W/m2. As the value of the wave normal angle

increases, the wave power decreases, which can be seen by the solid red line representing
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Figure 5.11: Probability of occurrence of wave normal angles, divided in 10◦ intervals,
normalized with respect to each magnetic latitude region for LB chorus emissions.
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Figure 5.12: Absolute value of the difference between wave normal angle, θ, and the corre-
sponding Gendrin angle, θG, with respect to magnetic latitude for LB chorus case studies.
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Figure 5.13: Time averaged Poynting flux, S, as a function of wave normal angle for LB
chorus emissions. The solid red line represents the linear least squares fit to the data.

the linear least squares fit to the data.

5.5 Comparison With Previous Work

The results from the upper and lower band chorus case studies can be compared to the

previous work done on these types of emissions. For the UB chorus case studies, 50% of

the wave normal angles at latitudes near the magnetic equator (λ≤7◦) have values less than

10◦. These results for low latitudes are consistent with those of Hospodarsky et al. [2001],

which stated that the wave propagates primarily parallel to the magnetic field for λ < 5◦.

They also agree with the conclusion in Lauben et al. [2002] that the wave normal angles

in the equatorial source region have values θ' 0◦. For some of the other case studies, the

wave normal angles are close in value to their corresponding resonance cone angles for all

of the magnetic latitudes sampled. This finding agrees with that of Hayakawa et al. [1984],

which shows θ∼θR near the magnetic equator.

The wave normal angle is very close to the resonance cone angle for all of the UB chorus

emissions in the mid-latitude region between 7◦ ≤ λ≤ 18◦. This finding is in agreement

with the finding of Muto et al. [1987] that θ' θR at λ∼ 17◦ and the earlier stated results

of Hayakawa et al. [1984]. Overall, our results are consistent with the assertion of Lauben

et al. [2002] that UB chorus is emitted near the equator at θ'0◦, but that propagation away
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from the equator quickly moves the wave normal angles close to the resonance cone.

At higher latitudes, λ>18◦, the wave normal angles of UB chorus are observed to move

away from the resonance cone by an average value of 30◦. This effect was also reported by

Muto et al. [1987]. It is likely that the lack of high wave normal angles at higher latitudes

is the result of Landau damping [Lauben et al., 2002]. Waves near the resonance cone

are expected to be strongly Landau damped as they propagate [Burton and Holzer, 1974].

Thus, the only waves with observable amplitudes at the higher latitudes are those with wave

normal angles away from the resonance cone.

For the unusual LB chorus case study, occurring on September 14, 1997, it can be

seen that the wave normal angles are grouped around θ = 80◦ for magnetic latitudes less

than approximately 12◦. This case is in stark contrast to previous reports on LB chorus

[e.g., Burton and Holzer, 1974; Goldstein and Tsurutani, 1984; Hayakawa et al., 1984;

Hospodarsky et al., 2001], and as far we are aware, it is the only reported case of LB

chorus of this type.

At all latitudes sampled by Polar, LB chorus has the highest probability of occurrence

for θ < 20◦. In addition, as the waves propagate to higher magnetic latitudes, the relative

probability of observing chorus for θ < 20◦ increases. For example, for 10◦ ≤ λ < 25◦,

wave normal angles have values less than 20◦ for ∼40% of the time, while for λ≥40◦ the

occurrence is greater than 90%. This result might be explained by the suggestion by Burton

and Holzer [1974] that ducts are necessary to allow LB chorus waves to reach latitudes in

the range of 40◦-50◦. The small values of wave normal angles at higher magnetic latitudes

may also be explained by the nonducted propagation of waves with high wave normal

angles, near the Gendrin angle, directed towards the Earth in the source region [Chum and

Santolı́k, 2005; Santolı́k et al., 2006].

In contrast, wave normal angles with values θ ≥ 20◦ have a decreasing probability of

occurrence as the LB chorus wave propagates to higher magnetic latitudes. According

to Lauben et al. [2002], waves observed on the Polar spacecraft with high wave normal

angles will soon be Landau damped at higher magnetic latitudes. In support of this, Burton

and Holzer [1974] state that wave normal angles with values greater than 60◦ will rarely

be detected at high latitudes due to strong attenuation. Thus, before the Polar spacecraft

is able to sample the high magnetic latitudes, the waves will have been strongly damped,
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explaining the absence of high wave normal angles in this region.

For the LB chorus emissions, it was seen that the portion of wave normal angles that

start near the Gendrin angle tend to move away from the Gendrin angle with increasing val-

ues of magnetic latitude. It is possible that some fraction of LB chorus waves are generated

at the Gendrin angle, as was concluded by Lauben et al. [2002], within depletion ducts in

the source region.

For each of the orbits of both types of emissions, the wave normal angles used for this

study were those that corresponded to any frequency that satisfied the frequency dependent

threshold and for which chorus was detected. There does exist a small variation in wave

normal angle with respect to frequency, though there is no systematic trend to this variation.

Specifically, at any given time step, the average spread of the wave normal angle over

frequency is ∼2◦ for UB chorus and ∼8◦ for LB chorus.

The time averaged Poynting flux was calculated for both upper and lower band chorus

emissions, illustrating that the UB chorus waves have power levels that are 60 times smaller

than those of the LB chorus waves on average. This difference is supported by past work,

which states that the lower band of chorus is more intense than the upper band [Bortnik

et al., 2008; Bortnik et al., 2009]. The trend for each band is also different, with the

power distributed about its median value for UB chorus waves and an inversely proportional

relationship between the power and wave normal angle for LB chorus waves.

5.6 Summary

Data from the HFWR onboard the Polar spacecraft was used to analyze wave normal an-

gles from 13 orbits containing UB chorus emissions and 15 orbits containing LB chorus

emissions. Due to the highly elliptical orbit of the Polar spacecraft, it is impossible to distin-

guish between latitudinal and L-shell variations in the distribution of wave normal angles.

However, since the effect of the propagation of waves from the equatorial source region to

the off-equatorial region is expected to be much stronger on the wave normal distribution

than variations with L-shell, the distribution of wave normal angles were characterized as

a function of magnetic latitude only.

There were two types of wave normal angles observed for UB chorus emissions. The
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first are wave normal angles with values θ < 20◦ for magnetic latitudes λ < 10◦, which

quickly rise to values close to the resonance cone with increasing latitude. The second are

wave normal angles that remain near the resonance cone angle for 7≤λ≤ 18◦. For either

type, the wave normal angle moves away from the resonance cone angle at high latitudes,

λ>18◦, by an average of 30◦.

For LB chorus emissions, wave normal angles tend to be scattered with respect to mag-

netic latitude and the majority of the wave normal angles occur in the range θ<20◦. Wave

normal angles have values θ<20◦ with increasing probabilities of occurrence as magnetic

latitude increases. For magnetic latitudes less than 25◦, 20% of the wave normal angles are

within 10◦ of the Gendrin angle.

Regarding the time averaged Poynting flux, LB chorus waves have power levels that

are 60 times larger on average than UB chorus waves. The time averaged Poynting flux is

fairly evenly distributed about its median value for all wave normal angles for UB chorus

emissions. The time averaged Poynting flux decreases with respect to wave normal angle

for LB chorus emissions.

The conclusions from this study establish a broader understanding of the distribution

of chorus wave normal angles. These results are important for further studies of resonant

interactions between chorus waves and electrons over a wide range of energies.



Chapter 6

Spatial Dependence of Chorus Intensity

In this chapter, data from 19 different Cluster orbits containing banded chorus emissions,

with observations from 51 different passes spread across the four Cluster spacecraft, are

used to show the spatial dependence of banded chorus intensity near the magnetic equator

under conditions of moderate magnetic disturbance (Kp ≤ 5). The intensities for UB and

LB chorus were manually determined from E field spectrograms. Approximately half the

spacecraft observations showed a complete absence of chorus emissions within 1◦ of the

magnetic equator. Two cases of banded chorus intensity are examined: 1) October 31, 2003

with chorus present near the magnetic equator and 2) September 19, 2003 without chorus

present near the magnetic equator. These cases are followed by statistics for the spatial

dependence of banded chorus intensity over all orbits.

The intensity, I , of the chorus emissions is found to generally increase exponentially

with distance, z, away from the magnetic equator according to the relation I=Ioe
αz, where

α is the spatial growth factor. For our data set, the probability of occurrence of exponential

dependence of chorus intensity on magnetic latitude is∼86% for LB chorus and∼63% for

UB chorus. The f(α) ' α2e−α distribution of α provides a new boundary condition for

consideration in current and future chorus generation models.
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6.1 Chorus Intensity

Chorus emissions are believed to accelerate radiation belt electrons with energies of 10

to 100 keV to relativistic energies during and after geomagnetic storms [Meredith et al.,

2003]. Previous studies have generally concerned the dependence of chorus intensity on

substorm activity. Thorne et al. [1974] studied ELF dawn chorus emissions, with frequency

range 100 to 1000 Hz, concluding that chorus increases in intensity during a substorm and

is most intense for L> 4. Meredith et al. [2001] did a detailed study of chorus intensities,

using CRRES measurements, for both upper and lower band chorus as a function of L-shell

and MLT. They found that chorus within 15◦ of the equator had the largest intensities for

MLTs between 23.0 and 13.0 hours and L-shells between 3 and 7.

These early studies mainly focus on the L-shell and magnetic activity dependence of

chorus intensity. In contrast, there has been little work concerning the intensity of chorus

in the source region close to the magnetic equator. Since chorus is believed to be generated

near the magnetic equatorial plane [LeDocq et al., 1998], it is important to study the spatial

dependence of chorus intensity as a function of magnetic latitude, λ, in order to better

understand the chorus generation process.

The present study aims to determine the spatial dependence of chorus intensity near the

magnetic equator by analyzing 19 different Cluster orbits containing banded chorus emis-

sions, with observations from a total of 51 different passes spread across the four Cluster

spacecraft. These passes are the same as the ones from Chapter 4, with the trajectory and

distribution of MLT and L-shell of Cluster shown in Figure 4.7. The banded chorus passes

were chosen to include the source region, roughly defined as magnetic latitudes within 5◦

of the magnetic equator for this study. The magnetic equator is determined using the cur-

rent IGRF internal field model, along with the Tsyganenko T89c external field model, with

Kp=3. The 51 passes were chosen such that the Kp index at the time was less than 5, with

an average Kp of 3.15, indicating low to moderate storm-level geomagnetic activity and

that the location of the magnetic equator could be reasonably determined [Santolı́k et al.,

2009].
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6.2 Case I: October 31, 2003

Figure 6.1 shows Cluster 3 observations of banded chorus on October 31, 2003 during

23:01:02-23:07:54 UT for magnetic latitudes -3◦ to 0◦. The E field spectrogram in Figure

6.1a shows the two distinct bands of chorus separated by an emission gap at fce/2, indi-

cated by the white line. Though the upper and lower bands of chorus are not absent at the

magnetic equator, the intensity of the emissions appears to be much weaker in this region

and also appears to increase with distance away from the magnetic equator.

The values of the average intensities of the upper and lower chorus bands were manually

determined from frequency-time spectrograms, which were divided into 1-minute intervals.

For each 10 ms time bin, the average intensity was calculated by integrating the wave

spectral density (V2m−2Hz−1) over the frequency range 0.1fce≤ f < fce/2 for LB chorus

and fce/2≤ f ≤ fce for UB chorus. This wave intensity (V/m) was then averaged over a

one second period.

The logarithm of the chorus intensities for upper and lower band chorus is plotted as a

function of magnetic latitude as shown in Figures 6.1b and 6.1c by the red points, respec-

tively. The chorus is seen to be weak near the magnetic equator and increases exponentially

with distance from the equator. An intensity of 10−5 V/m indicates the background noise

level for each band. A narrowband moving average filter, with bandwidth 15 Hz and 10 ms

time resolution, was applied to the center frequency of each chorus band, which was 3.8

kHz for LB chorus and linearly increased from 6.4 to 7.7 kHz for UB chorus. The output

of the filter, which was interpolated to fill in the gaps where there were no data from the

electric antenna, provides a reasonable fit for each band and is shown as a solid blue line in

Figures 6.1b and 6.1c.

For both upper and lower band chorus, the envelope of the intensity near the magnetic

equator generally has an exponential dependence on magnetic latitude. An example of this

exponential dependence is shown by the solid portion of the black lines in Figure 6.1b and

6.1c. The exponential rise near the magnetic equator can be modeled by I = Ioe
αz, where

I represents intensity, α represents the spatial growth factor, and z represents distance in

km from the equator. For this case, the exponential rise near the magnetic equator has

α=1.08×10−3 km−1 for UB chorus and α=2.74×10−3 km−1 for LB chorus.
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Figure 6.1: Measurements for Cluster 3 on October 31, 2003 during 23:01:02-23:07:54 UT.
(a) E field spectrogram showing a pass with banded chorus. (b) The logarithm of UB and
(c) LB chorus intensity as a function of λ is shown in red. The output of the narrowband
moving average filter is shown in blue, while the envelope of the intensity is shown in
black. Ephemeris data for Cluster 3 is given on the bottom.
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6.3 Case II: September 19, 2003

Surprisingly, in approximately half of the cases, there was an absence of chorus emissions

within 1◦ (∼500 km) of the magnetic equator. An example of this behavior is shown in

Figure 6.2, which displays Cluster 2 observations of banded chorus on September 19, 2003

during 03:35:45-03:44:19 UT. The data are shown for magnetic latitudes -5◦ to 0◦. The

weak emissions observed near λ∼−1◦ appear to be chorus, but do not appear to conform to

the banded configuration. Upper and lower chorus bands are observed until the region near

the magnetic equator is approached. Outside this zone of exclusion, the chorus intensity is

seen to increase with distance away from the magnetic equator.

A number of impulses can be seen in the spectrogram of Figure 6.2a, some of which are

marked by arrows on the time axis. These impulses are artifacts of the fact that the auto-

matic gain control (AGC) system of the WBD instrument does not update rapidly enough.

In determining the intensities of each chorus band, each 1-minute spectrogram is also vi-

sually inspected. If the emissions appeared to be AGC-produced impulses, they are not

included in the integration of the wave spectral density. Therefore, the intensities calcu-

lated are only for each band of chorus.

Figures 6.2b and 6.2c show in red the logarithm of the chorus intensities for upper and

lower band chorus, respectively, with respect to magnetic latitude. An intensity of 10−7

V/m indicates the background noise level for each band. For both upper and lower band

chorus, the intensity appears to increase with distance away from the magnetic equator. A

moving average narrowband filter is applied to the center frequency of each chorus band,

set to be 6.2 kHz for UB chorus and 4.5 kHz for LB chorus. The output of the filter provides

a reasonable fit for each band and is shown as a solid blue line in Figures 6.2b and 6.2c.

The exponential rise near the magnetic equator, shown by the solid portion of the black

lines in Figures 6.2b and 6.2c, has α=1.08×10−3 km−1 for UB chorus and α=2.74×10−3

km−1 for LB chorus.
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Figure 6.2: Measurements for Cluster 2 on September 19, 2003 during 03:35:45-03:44:19
UT. (a) E field spectrogram showing a pass with banded chorus. (b) The logarithm of UB
and (c) LB chorus intensity as a function of λ is shown in red. The output of the narrowband
moving average filter is shown in blue, while the envelope of the intensity is shown in black.
Ephemeris data for Cluster 2 is given on the bottom.
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6.4 Spatial Dependence Statistics

The two cases from September 19, 2003 and October 31, 2003, shown above, are repre-

sentative of the entire banded chorus set in this study. A band of chorus is assumed to be

exponentially dependent on distance away from the magnetic equator if α > 0.1×10−3

km−1. The value of α is determined by the solid portion of the black lines in Figures 6.1b,

6.1c, 6.2b, and 6.2c. The probability of occurrence of exponential dependence of chorus

intensity as a function of distance from the magnetic equator over all orbits is ∼86% for

LB chorus and ∼63% for UB chorus. The chorus that do not have this exponential spatial

dependence may have been uniformly generated over an extended region, as described in

Section 4.2.1.

The probability of occurrence of different ranges of α for both upper and lower band

chorus over all orbits is shown in Figure 6.3. For both bands of chorus, α has the highest

probability of occurrence in the range 0.9−1.8× 10−3 km−1. This peak probability of

occurrence is 28.7% for LB chorus and 25.3% for UB chorus. The rise in probability of

occurrence from smaller α to the peak is much less steep than the fall in probability of

occurrence from the peak to larger α. For both bands of chorus, the second highest peak

occurs for α in the range 1.8−2.7×10−3 km−1. The overall distribution of α over all orbits

for each band is f(α) ' α2e−α, though it is a slightly better fit for UB chorus than LB

chorus. An example of this type of Poisson distribution is shown as a red line in Figure 6.3.

For the majority of the chorus cases analyzed, the average intensity of both bands of

chorus is exponentially dependent on distance away from the magnetic equator. In our

method, the average intensity of the chorus emissions can increase either due to an increase

in the number of chorus elements per unit length or due to an intensity increase in each

chorus element if the number of elements per unit length is constant. Though the increase

in intensity may be partly due to an increase in number of chorus elements, the majority of

the increase in intensity away from the magnetic equator appears to be predominantly due

to an increase in intensity of the chorus elements, as seen in Figure 6.4.

Figure 6.4a shows observations of two UB chorus elements from Cluster 3 on October

31, 2003 during 23:07:02-23:07:04 UT for λ= 0.11◦. On this same day during 23:06:00-

23:06:02 UT, at a distance further away from the magnetic equator at λ = −1.12◦, two
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Figure 6.4: E field spectrograms for Cluster 3 observations of UB chorus on October 31,
2003. (a) Two chorus elements observed during 23:07:02-23:07:04 UT at λ= 0.11◦. (b)
Two much more intense chorus elements observed during 23:06:00-23:06:02 UT further
away from the magnetic equator at λ=−1.12◦.
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much more intense UB chorus elements are observed in Figure 6.4b. For this example, the

number of chorus elements per unit distance did not increase with distance away from the

magnetic equator during the 2 second period of observation, but rather only the intensity of

the elements increased.

The similarity in form of the chorus elements suggests that chorus may be generated at

low intensity near the magnetic equator, and subsequently amplified to greater intensity as

the elements propagate away from the generation point. The amplification mechanism may

be linear or nonlinear gyroresonance with energetic electrons. The electron flux, averaged

over a pitch angle range of 87.27◦ to 92.75◦, from observations by the PEACE instrument

[Johnstone et al., 1997] onboard Cluster 3 on October 31, 2003, seems to provide support

for this theory. The particles measured had energies in the 10−25 keV range, with the

highest flux occurring at approximately 1.23◦ to 1.82◦ off the magnetic equator.

The spatial dependence of chorus intensity near the magnetic equator has not previously

been studied or considered in chorus generation models, such as those described in Omura

et al. [2008] and Trakhtengerts [1999]. In the Omura et al. [2008] model, the growth of

the wave amplitude of chorus is studied as a function of time. Initially, this wave growth is

found be to linear, after which the wave amplitude grows nonlinearly until it saturates.

The backward wave oscillator (BWO) model [Trakhtengerts, 1999] of chorus genera-

tion relates this process to an absolute instability of chorus waves, which can occur in the

presence of a step-like feature in the electron distribution function. This step-like feature

may arise naturally from the cyclotron resonance interaction of Equation 1.4. It is proposed

that electrons with this distribution function move along the magnetic field, usually in re-

gions on the order of 2000 km, and independently generate chorus waves propagating in

opposite directions. Therefore, the distribution of α in this study provides important insight

into the spatial dependence of chorus intensity.

6.5 Summary

Data from 19 different Cluster orbits containing banded chorus emissions show that for

moderate magnetic disturbances, there are two main configurations of chorus, one for

which there is no chorus present within 1◦ of the magnetic equator and one for which
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there are only weak chorus emissions present in this region. For either configuration, the

envelope of the intensity of banded chorus near the magnetic equator generally has an ex-

ponential spatial dependence on distance z away from the magnetic equator, expressed as

I = Ioe
αz. LB chorus intensity has an exponential dependence on magnetic latitude with

a probability of ∼86%, while UB chorus intensity has this dependence with a probability

of ∼63%. The f(α) ' α2e−α distribution of α provides a new boundary condition for

consideration in current and future models of the chorus generation mechanism.



Chapter 7

Summary and Future Research

7.1 Summary of Major Results

Banded chorus emissions are natural electromagnetic plasma waves that are observed in

two distinct bands with an emission gap at fce/2 in the magnetosphere outside the plasma-

pause. Chorus waves can increase the flux of relativistic electrons by accelerating electrons

with energies in the keV range to energies in the MeV range. These relativistic electrons

pose a serious hazard for spacecraft systems, as they may cause damage to onboard elec-

tronics or even cause a system failure. This dissertation provides a better understanding of

the source region characteristics of banded chorus emissions.

Though chorus is believed to be generated through a cyclotron resonance interaction

near the magnetic equator, there is no accepted explanation for why the banded structure of

chorus is observed. A new theory suggesting banded chorus is generated within whistler-

mode ducts is described in Chapter 2. This theory states that UB chorus can be guided by

depletion ducts for all θ and LB chorus can be guided by depletion ducts for θ&θG and by

enhancement ducts for θ<θG.

To test this theory, high resolution electron density observations were carried out as

described in Chapter 3 using the EFW and WHISPER instruments onboard the Cluster

spacecraft. The plasma frequency determined from EFW, using the spacecraft potential,

has a time resolution of 0.2 seconds. While the time resolution of data from EFW is higher
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than that of WHISPER, the EFW data must be calibrated using the WHISPER data. WHIS-

PER operates in the passive mode where only natural electric emissions are monitored and

in the active mode where the transmitter sends pulses that stimulate resonances in the mag-

netosphere. These resonances include the plasma frequency, upper hybrid frequency, gy-

rofrequency and its harmonics, and the Bernstein mode frequencies. The plasma frequency

from WHISPER is interpolated with that from EFW, from which the electron density is

calculated. The electron density determined from this process has the highest spatial res-

olution to date of 17 km, a time resolution of 0.2 seconds, and an accuracy within 1%.

Irregularities in the electron density profile are classified as ducts if they satisfy two duct-

ing requirements, based on previous studies. The first is the half-width, which must be

between ∼5 and ∼45 wavelengths, and the second is the enhancement or depletion factor,

which must be greater than or equal to 10%.

The electron density profiles that are derived from EFW and WHISPER data are used

to analyze the relationship between banded chorus and ducts, as investigated in Chapter 4.

Two case studies from October 31, 2003 and January 20, 2004 demonstrate that LB chorus

can be guided by and generated within whistler-mode enhancement and depletion ducts,

respectively. The case from January 20, 2004 provided further insight into LB chorus

excitation, suggesting that uniform chorus generation over an extended region of ∼500 km

may be common. The two case studies are representative of the larger data set, which

consists of 19 Cluster orbits with 51 different passes spread across the 4 spacecraft. These

passes all contain observations of banded chorus and ducts, and include the source region

of chorus, which is near the magnetic equator. For this data set, LB chorus emissions were

found to be generated within ducts located at the same L-shell within ∼3◦ of the magnetic

equator. The wave normal angle distribution for the chorus generated within ducts show

that the majority of chorus waves can also be guided by whistler-mode ducts. For depletion

ducts, θ & θG occurs with a probability of ∼87%, while for enhancement ducts, θ < θG

occurs with a probability of ∼91%.

In Chapter 5, wave normal angles for UB and LB chorus emissions are analyzed in

both the equatorial and off-equatorial regions, spanning magnetic latitudes up to 50◦, using

data from the Polar spacecraft. The wave normal angle is characterized as a function of

magnetic latitude. For LB chorus, θ < 20◦ with increasing probability as the magnetic
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latitude increases. 20% of the wave normal angles for LB chorus have values within 10◦ of

the Gendrin angle. For UB chorus, θ<20◦ for λ<10◦ and rise toward the resonance cone,

while θ∼θR for 7◦≤λ ≤ 18◦. For both cases, the wave normal angles move away from the

resonance cone angle for λ>18◦. LB chorus waves have a time averaged Poynting flux that

is 60 times greater than that of UB chorus waves. S decreases with θ for LB chorus, but

is distributed evenly about the median value of θ for UB chorus. The wave normal angle

distribution is important in evaluating resonance wave-particle interactions.

To further understand the source region characteristics of banded chorus, the spatial

dependence of chorus intensity is investigated in Chapter 6. Using the same data set as

Chapter 4, two configurations of banded chorus were observed, one with chorus absent

within 1◦ of the magnetic equator and one with only weak chorus emissions in this region.

For both configurations, the intensity of banded chorus generally has an exponential spatial

dependence on distance away from the magnetic equator. UB chorus intensity has this

dependence with a probability of∼63%, while LB chorus intensity has it with a probability

of ∼86%. The distribution of the spatial growth factor provides a new boundary condition

for chorus generation models.

7.2 Suggestions for Future Research

This dissertation provides many new contributions to our understanding of the source re-

gion characteristics of banded chorus emissions, as well as opportunities for future re-

search. Concerning the observations discussed in Chapter 3, an automated process could

be developed to determine the plasma frequency from the active spectra of WHISPER.

This process could then be used in conjunction with the plasma frequency from the passive

spectra of WHISPER and the data from EFW to determine the total plasma frequency and

electron density. Once the electron density is calculated, an automated process could also

be developed to identify ducts based on the ducting requirements. If these processes are

developed, many more cases of banded chorus and ducts may be analyzed for a larger time

period and set of L-shells.

In Chapter 4, the LB chorus on January 20, 2004 was one of the first cases observed

with oblique wave normal angles, as LB chorus generally tends to have small wave normal
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Figure 7.1: E Field spectrogram from Cluster 1 showing a pass with banded chorus on
January 6, 2004 during 12:37:00-12:42:00 UT. Ephemeris data for Cluster 1 is given on the
bottom.

angles. Finding other cases with oblique wave normal angles would be important to identify

whether it is common for LB chorus to be uniformly excited over an extended region of

∼500 km. A spectrogram for a similar pass with banded chorus emissions observed on

January 6, 2004 during 12:37:00-12:42:00 UT is shown in Figure 7.1. Wave normal angle

and duct analysis of this pass and other such passes could give more insight on how often

uniform excitation of LB chorus occurs.

The wave normal angle analysis was limited to LB chorus for the data set in this study

due to the upper frequency limitation of the STAFF instrument to 4 kHz. In order to de-

termine the wave normal angles for UB chorus using STAFF, passes must be found that

contain UB chorus with frequencies below 4 kHz. A different satellite system could also

be used in the future that provides measurements of all three magnetic field components

and at least two electric field components, which is necessary to determine the wave normal

angle. To analyze the relationship between UB chorus and ducts, this satellite system would

also have to have the ability to determine electron density with high spatial resolution and

accuracy.

The electron density profile in Figure 2.2a shows maxima that have values that are

2 to 4 times that of one of the adjacent minima between the peaks. Since the electron

density affects the resonance condition of Equation 1.4, this suggests that very different
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groups of energetic electrons may be involved in the excitation of the two chorus bands,

even though the two bands are generally separated in frequency by less than 500 Hz. The

minimum energy of nonrelativistic electrons that undergo cyclotron resonance with parallel

propagating chorus waves can be calculated from the expression

Emin =
B2

8πNe

fce
f

(
1− f

fce

)3

(7.1)

[Li et al., 2011b]. For typical frequencies in the magnetosphere, 1<fpe/fce<5, a particle-

in-cell demonstration suggests that UB chorus can be excited by electrons with energies

below ∼1 keV and that LB chorus can be excited by electrons with energies above ∼10

keV [Liu et al., 2011]. These results could be verified by analyzing the measurements of

energetic electrons from the PEACE instrument onboard Cluster and correlating it with UB

and LB chorus emissions observed in the WBD data.

In Chapter 6, the intensity of the upper and lower chorus bands were manually deter-

mined. In order to look at a larger data set in less time, an automated process to detect

and isolate the two bands of chorus, as well as take out the impulses from the AGC, could

be developed. A new chorus generation model could also be developed using the new

boundary condition provided by the distribution of α, as well as the wave normal angle

distributions provided by this dissertation. The results of this future research will continue

to advance our fundamental understanding of the source region characteristics of magneto-

spheric ELF/VLF banded chorus emissions.
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M. André, D. C. Gurnett, F. Darrouzet, J. Lemaire, C. C. Harvey, P. Travnicek, and Whis-

per Experimenters group (2001), Early results from the Whisper instrument on Cluster:

an overview, Ann. Geophys., 19, 1241–1258.

Escoubet, C. P., R. Schmidt, and M. L. Goldstein (1997), Cluster - Science and Mission

Overview, Space Sci. Rev., 79, 11–32, doi:10.1023/A:1004923124586.

Gendrin, R. (1960), Guidage des sifflements radioelectriques par le champ magnetique

terrestre, C. R. Acad. Sci., 251, 1085–1087.



BIBLIOGRAPHY 93

Gendrin, R. (1961), Le guidage des whistlers par le champ magnetique, Planet. Space Sci.,

5, 274–282.

Goldstein, B. E., and B. T. Tsurutani (1984), Wave normal directions of chorus near the

equatorial source region, J. Geophys. Res., 89, 2789–2810.

Gurnett, D. A. (1974), The earth as a radio source - Terrestrial kilometric radiation, J.

Geophys. Res., 79, 4227–4238, doi:10.1029/JA079i028p04227.

Gurnett, D. A., and R. R. Anderson (1981), The Kilometric Radio Emission Spectrum:

Relationship to Auroral Acceleration Processes, in Physics of Auroral Arc Formation,

Geophysical Monograph 25, edited by S.-I. Akasofu & J. R. Kan, pp. 341–350.

Gurnett, D. A., and A. Bhattacharjee (2005), Introduction to Plasma Physics, Cambridge

University Press, Cambridge, UK.

Gurnett, D. A., and B. J. O’Brien (1964), High-latitude geophysical studies with satellite

Injun 3, 5, Very low frequency electromagnetic radiation, J. Geophys. Res., 69, 65–89.

Gurnett, D. A., A. M. Persoon, R. F. Randall, D. L. Odem, S. L. Remington, T. F.

Averkamp, M. M. DeBower, G. B. Hospodarsky, R. L. Huff, D. L. Kirchner, M. A.

Mitchell, B. T. Pham, J. R. Phillips, W. J. Schintler, P. Sheyko, and D. R. Tomash (1995),

The Polar plasma wave instrument, Space Sci. Rev., 71, 597–622.

Gurnett, D. A., R. L. Huff, and D. L. Kirchner (1997), The Wide-Band Plasma Wave In-

vestigation, Space Sci. Rev., 79, 195–208, doi:10.1023/A:1004966823678.

Gurnett, D. A., R. L. Huff, J. S. Pickett, A. M. Persoon, R. L. Mutel, I. W. Christopher,

C. A. Kletzing, U. S. Inan, W. L. Martin, J.-L. Bougeret, H. S. C. Alleyne, and K. H.

Yearby (2001), First results from the Cluster wideband plasma wave investigation, Ann.

Geophys., 19, 1259–1272, doi:10.5194/angeo-19-1259-2001.

Gustafsson, G., R. Bostrom, B. Holback, G. Holmgren, A. Lundgren, K. Stasiewicz,

L. Ahlen, F. S. Mozer, D. Pankow, P. Harvey, P. Berg, R. Ulrich, A. Pedersen,

R. Schmidt, A. Butler, A. W. C. Fransen, D. Klinge, M. Thomsen, C. Falthammar,



BIBLIOGRAPHY 94

P. Lindqvist, S. Christenson, J. Holtet, B. Lybekk, T. A. Sten, P. Tanskanen, K. Lap-

palainen, and J. Wygant (1997), The Electric Field and Wave Experiment for the Cluster

Mission, Space Sci. Rev., 79, 137–156, doi:10.1023/A:1004975108657.

Hamelin, M. (1978), Contribution to the study of electrostatic and electromagnetic

waves near the lower hybrid frequency in ionospheric plasma, Ph.D. thesis, Centre de

Recherches en Physique de l’Environnement Terrestre et Planetaire, Orleans (France).

Haque, N., M. Spasojevic, O. Santolı́k, and U. S. Inan (2010), Wave normal angles of

magnetospheric chorus emissions observed on the Polar spacecraft, J. Geophys. Res.,

115, A00F07, doi:10.1029/2009JA014717.

Haque, N., U. S. Inan, T. F. Bell, J. S. Pickett, J. G. Trotignon, and G. Facskó (2011),
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