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[1] The excitation of nightside whistler mode chorus emissions in the low-density region
outside the plasmapause is investigated during an injection of plasma sheet electrons
into the inner magnetosphere. CRRES data of the electron phase space density (PSD) over
the LEPA energy range between 0.1 keV and 30 keV are used to develop an analytical
model for the distribution function of injected low-energy electrons. The path-integrated
growth of chorus waves is then evaluated with the HOTRAY code by tracing
unducted whistler mode chorus waves in a hot magnetized plasma. The results indicate
that newly injected electrons are responsible for the intensification of lower-band whistler
mode chorus. However, slightly higher electron anisotropy than that obtained from the
5 min-averaged electron PSD data is required to reproduce the observed wave intensity
during an injection event. We suggest that the injected electron anisotropy is reduced due
to pitch angle scattering by the enhanced chorus waves within the 5-min interval over
which the CRRES data are analyzed.
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1. Introduction

[2] Chorus emissions are whistler mode waves propagat-
ing through the Earth’s magnetosphere at frequencies typ-
ically in the range of 0.1–0.8 fce, where fce is the equatorial
electron gyrofrequency [Tsurutani and Smith, 1977; Koons
and Roeder, 1990]. Chorus consists of discrete elements
with rising or falling tones, each of which lasts for a few
tenths of a second [e.g., Burtis and Helliwell, 1969; Santolı́k
et al., 2003] in two distinct frequency bands (lower band
and upper band) with a minimum wave power near 0.5 fce
[Tsurutani and Smith, 1974; Koons and Roeder, 1990]. The
source region of chorus is located outside the plasmapause
near the geomagnetic equator [LeDocq et al., 1998; Lauben
et al., 2002; Santolı́k et al., 2003]. On the nightside chorus
waves are confined to latitudes below 15�, while on the
dayside the waves can propagate to high latitudes [Tsurutani
and Smith, 1974; Horne et al., 2005]. Chorus emissions are
predominantly observed during geomagnetically disturbed
conditions [Tsurutani and Smith, 1974; Meredith et al.,
2001, 2003a, 2003b; Miyoshi et al., 2003; Lyons et al.,
2005] in association with enhanced flux of low-energy
electrons [Anderson and Maeda, 1977; Meredith et al.,
2002; Miyoshi et al., 2007]. Whistler mode chorus has
recently received renewed attention due to its dual role in

both precipitation and acceleration of radiation belt elec-
trons [Horne and Thorne, 2003; Horne et al., 2005; O’Brien
et al., 2003; Thorne et al., 2005, 2007; Horne et al., 2006;
Bortnik et al., 2007a; Li et al., 2007], and it also could be
the source of plasmaspheric hiss [Bortnik et al., 2008].
[3] Strong very low frequency (VLF) waves which are

triggered from a very weak source are usually referred to as
triggered emissions, and there are many similarities between
the structure of triggered whistler mode emissions and
chorus. Triggered emissions are thought to be generated near
the magnetic equator through a gyroresonance interaction
between energetic electrons with energy of�1 keV to 20 keV
and the triggering waves [Bell et al., 2000; Helliwell, 1967;
Matsumoto and Kimura, 1971;Omura et al., 1991;Nunn and
Smith, 1996]. During the interaction, electron pitch angles
are altered and free energy is transferred from the electrons
to the waves. Using a one-dimensional Vlasov Hybrid
simulation code, Nunn et al. [1997] showed that the most
important parameter was linear growth rate and a value
larger than 40 dB/s was seen as the requirement for absolute
nonlinear instability. Katoh and Omura [2006] carried out a
self-consistent particle simulation with a dipole magnetic
field model in which field-aligned chorus emissions with
rising tones were successfully reproduced. In their study, the
nonlinear phase of the generation process was explained in
terms of resonant currents in association with an electro-
magnetic hole in phase space produced through the nonlin-
ear interaction. In a more recent intensive computer
simulation, Katoh and Omura [2007a, 2007b] have dem-
onstrated that nonlinear discrete whistler mode elements can
be produced from the background thermal noise associated
with the hot plasma found outside the plasmapause. Their

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 113, A09210, doi:10.1029/2008JA013129, 2008
Click
Here

for

Full
Article

1Department of Atmospheric and Oceanic Sciences, University of
California, Los Angeles, California, USA.

2British Antarctic Survey, Natural Environment Research Council,
Cambridge, UK.

Copyright 2008 by the American Geophysical Union.
0148-0227/08/2008JA013129$09.00

A09210 1 of 13



simulation, while impressive, was restricted to field-aligned
wave propagation, and a large thermal anisotropy (T?/Tk �
1 � 6) was used to provide the source of free energy for the
wave growth.
[4] The linear cyclotron growth of the chorus waves is

very important but has not been well understood yet. Nunn
et al. [2003] showed that the linear growth rate has a
twofold significance, in that it provides the initial amplifi-
cation that raises the weak input signals to levels at which
nonlinear wave trapping of electrons takes place. Second,
nonlinear growth rates generally have a magnitude which is
roughly equal to the linear growth rate multiplied by a factor
equal to the number of trapping oscillations undergone by
the resonant particles [Nunn, 1990, 1993].
[5] The study presented here focuses on the growth of the

lower-band chorus on the nightside, provides a realistic
simulation of the linear phase of wave growth and the
quasi-linear scattering of resonant electrons using observed
particle data, and incorporates important aspects of the
oblique wave propagation through the inhomogeneous mag-
netospheric environment. Nonlinear effects are not taken
into account and the interested reader is referred to Katoh
and Omura [2007a, 2007b] and Omura et al. [2008] for
further discussion.
[6] The main purpose of this study is to quantify wave

amplification during the linear growth phase using observed
particle phase space density (PSD) and to compare the
simulated results with wave observation. The path-integrated
wave gain is evaluated along representative raypaths in a
realistic inhomogeneous plasma. In section 2, we present
observed changes in chorus spectral intensity in association
with variations in electron PSD. Section 3 describes impor-
tant resonant wave-particle interactions and the calculation
of the resonant electron anisotropy. Computation of path-
integrated gain of chorus waves during an electron injection
event is presented in section 4. The change of electron
anisotropy due to electron scattering by excited waves is
evaluated in section 5. In section 6 we compare our simu-
lated chorus wave gain with observations, and finally we
discuss and summarize the principal results of the present
study in sections 7 and 8.

2. CRRES Observations During an
Injection Event

[7] The data used in this study are obtained from the
Combined Radiation Release Experiment Spacecraft
(CRRES) [Johnson and Kierein, 1992]. The electron pitch
angle distributions in the energy range of 100 eV< E < 30
keV were supplied by the Low Energy Plasma Analyzer
(LEPA) [Hardy et al., 1993] and the chorus wave electric
spectral intensities were provided by Plasma Wave Exper-
iment (PWI) from the University of Iowa [Anderson et al.,
1992].
[8] A typical chorus excitation event was observed during

orbit 561 on 13 March 1991 when CRRES was near the
magnetic equator as shown in Figure 1. The solid white line
represents the equatorial electron cyclotron frequency fce,
the dotted lines above indicate the harmonics nfce, the
dashed lines below are at 0.5 fce, 0.1 fce, and lower hybrid
resonance frequency (fLHR), and the solid red line shows
the upper hybrid resonance frequency (fUHR). Just after

�0650 UT there is enhanced wave power in several
frequency bands: between 0.1 and 0.5 fce and between the
first few harmonics of fce. The waves between 0.1 and 0.5 fce
are typical lower-band whistler mode chorus emissions,
and the waves with frequencies of (n + 1/2)fce are electro-
static electron cyclotron harmonic (ECH) waves [Horne et
al., 2003]. In association with the enhanced wave power,
the AE index rises from relatively low value AE < 200 nT to
AE > 500 nT as shown in Figure 1 (top).
[9] The electron pitch angle distribution measured during

the enhanced wave power is shown in Figure 2. Figures 2a–
2h show the evolution of electron PSD from 0701 UT to
0736 UT as a function of equatorial pitch angle for energy
between 163 eV and 28.5 keV. The data in Figures 2a–2h
are averaged over a period of �5 min starting at the time
specified in each plot to obtain good counting statistics. An
intense injection of higher-energy electrons (�10 keV)
occurred around 0716 UT followed by the further injection
and subsequent isotropization until 0736 UT. It is interesting
to note that in Figures 2a–2h the electron distributions at
the lower energies (<1 keV) remain nearly isotropic, which
is probably due to rapid pitch angle scattering by ECH
waves [Horne et al., 2003] in association with smaller
contribution from pitch angle scattering by weak upper-
band chorus waves [e.g., Ni et al., 2008] in this event.
However, for higher-energy electrons, pitch angle distribu-
tion becomes more anisotropic during the injection event
particularly at 0726 UT. Figure 3 shows the evolution of
wave intensity as a function of wave frequency normalized
to the equatorial electron cyclotron frequency. The wave
intensity is also averaged over �5 min with the starting time
at the given value of UT. The strong injection at 0716 UT is
associated with a pronounced intensification of lower-band
chorus waves (0.1 fce < f < 0.5 fce). A further intensification
of lower-band chorus (Figure 3h) occurs at 0736 UT in
association with the higher PSD of freshly injected electrons
(Figure 2f). Here we select the event occurring at 0726 UT
for the further analysis because of the high electron PSD
and anisotropic distribution of the electrons during this
period.
[10] Figure 4 compares the 5-min averaged wave inten-

sity during a quiet period starting at 0632 UT (black line)
with the wave intensity initiating at 0726 UT (blue line) for
the lower-band chorus with frequencies between 0.1 fce and
0.5 fce. Peak chorus wave intensity at 0726 UT (above the
dashed green line) is about 5 orders of magnitude (�50 dB)
larger than that at 0632 UT over a broad frequency band
between 0.18 fce and 0.32 fce. The observed wave intensity
(blue line) can be fitted with a Gaussian frequency distri-
bution B2 (w) = a2 exp (�(w�wm

dw )2) for wlc � w � wuc, where
B2(w) is the power spectral density of the wave magnetic
field (in nT2Hz�1), wm and dw are frequencies of maximum
wave power and bandwidth respectively (in radians s�1),
and

a2 ¼ Bwj j2

dw
2ffiffiffi
p

p erf
wm � wlc

dw

� �
þ erf

wuc � wm

dw

� �h i�1

ð1Þ

where Bw is the wave amplitude in nT and erf is the error
function. The wave power distribution at 0726 UT can
be fitted with the parameters Bw = 100pT, wm = 0.25We,
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dw = 0.065We, wlc = 0.1We, wuc = 0.42We shown by the dash-
dotted red curve in Figure 4.

3. Resonant Wave-Particle Interactions

[11] The general condition for cyclotron (n 6¼ 0) reso-
nance and Landau (n = 0) resonance is

w� kkvk ¼
n Wej j
g

; n ¼ 0; �1; �2 . . . ð2Þ

where w is the wave frequency, jWej = eB/mc is the
nonrelativistic electron gyrofrequency, kk and vk are
components of the wave propagation vector and electron
velocity parallel to the ambient magnetic field, respectively,
and g = (1�v2/c2)�1/2 is the relativistic factor. For lower-
band whistler mode chorus, typical resonant electron
energies for the dominant cyclotron (n = 1) and Landau
(n = 0) resonances are in the range between a few keV and
tens of keV. If the electron distribution function is
approximately bi-Maxwellian with T?/Tk > 1 and if this

temperature anisotropy is sufficiently large, cyclotron
resonant instability can occur whenever the electron flux
exceeds the limit for stable trapping [Kennel and Petschek,
1966]. Kennel and Petschek [1966] showed that wave
growth could occur, provided that the pitch angle distribu-
tion of resonant particles is sufficiently anisotropic and the
magnitude of the growth rates is determined both by the
pitch angle anisotropy and by the fraction of particles that are
resonant. An important consequence of such whistler mode
instability is that wave-particle scattering by enhanced
waves will tend to reduce the particle anisotropy, maintain-
ing the distribution at or near the instability thresholds [Gary
and Wang, 1996]. Although chorus waves in gyroresonance
with electrons may be amplified through the whistler mode
cyclotron instability during propagation toward higher
latitudes in the inhomogeneous magnetosphere, the wave
propagation vector will become more oblique [e.g., Thorne
and Kennel, 1967] leading to the onset of Landau damping
of waves [Kennel and Thorne, 1967; Bortnik et al., 2007b].
[12] To evaluate the effect of such resonant interactions

on the wave growth and damping, we model the PSD of the

Figure 1. (top) AE index as a function of Universal Time and (bottom) wave spectral intensity (V2 m�2

Hz�1) from the electric field antenna on the CRRES plasma wave instrument as functions of wave
frequency (kHz) and UT for orbit 561 on 13 March 1991. The red line indicates the upper hybrid
frequency and the white lines indicate equatorial electron cyclotron frequency fce (solid), nfce (dotted),
and 0.5 fce, 0.1 fce, and lower hybrid frequency (fLHR) (dashed) from top to bottom.

A09210 LI ET AL.: LINEAR GROWTH OF LOWER-BAND CHORUS WAVES

3 of 13

A09210



Figure 2. The time evolution (5-min averaged starting at the time indicated in each plot) of the electron
PSD (s3m�6) as a function of equatorial pitch angle for various energy levels (0.163 keV � 28.5 keV)
observed from the LEPA instrument from CRRES starting from 0701 UT to 0736 UT on 13 March 1991.

Figure 3. The time evolution (5-min averaged starting at the time indicated in each plot) of the wave
intensity (nT2Hz�1) as a function of wave frequency normalized to the equatorial electron cyclotron
frequency observed from the PWI on CRRES at the corresponding UT as shown in Figure 2.
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relevant resonant electrons. The observed electron PSD ( f )
is fitted with a sum of subtracted Maxwellian components
[Ashour-Abdalla and Kennel, 1978] given by

f ¼
X
i

fi ð3Þ

where each component fi is expressed by

fi v?; vk
� �

¼ ni

p3=2a2
?iaki

exp �
v2k

a2
ki

 !"
Di exp � v2?

a2
?i

� 


þ 1�Dið Þ
1� bið Þ exp � v2?

a2
?i

� 

� exp � v2?

bia2
?i

� 
� 
#
ð4Þ

[13] The parameters bi and Di determine the loss cone
feature of the electron distribution, ni is the electron density,
and a?i and aki are the thermal velocities perpendicular
and parallel to the ambient magnetic field. Four components
(i = 1, 2, 3, 4) are used to fit the observed electron pitch
angle distribution over the velocity range shown in Figure 5a.
Modeled contours (solid lines) of electron PSD f (v?, vk) (or
f(E?, Ek)) are obtained by adjusting ni, a?i, aki, Di, and bi

to fit the observed electron distribution (dotted lines), and
the parameters are given in Table 1. The superimposed
dashed lines represent the n = 1 cyclotron resonant ellipses
for field-aligned chorus waves with specified value of
frequency normalized to the electron cyclotron frequency.
Lower-band chorus (0.1fce < f < 0.5fce) tends to resonate
with electrons at energies between a few keV and tens of
keV and the electrons with lower energy mainly resonate
with waves with higher frequency. The effective pitch angle
anisotropy for the resonant electrons, which controls the rate

of wave growth, can be obtained from the integral [Kennel
and Petschek, 1966]

A VRð Þ ¼

R1
0

v?dv? vk
@f
@v?

� v?
@f
@vk

� �
v?
vk

2
R1
0

fv?dv?

��������
vk¼VR

ð5Þ

shown in Figure 5b. The electron anisotropy calculated from
fitted electron distribution is comparable to 0.4 for higher
parallel energy (a few tens of keV) electrons and becomes
smaller for lower parallel energy electrons (<1 keV).

4. Path-Integrated Wave Growth With HOTRAY
Using Measured Electron Distribution

[14] In this study we evaluate wave growth (and damp-
ing) and particle diffusion based on linear and quasi-linear
theory. Whistler mode wave growth rates were obtained by
solving the full electromagnetic dispersion relation using the
HOTRAY code [Horne, 1989]. We assume chorus propa-
gation in the dipole magnetic field and use a diffusive
equilibrium density model based on Angerami and Thomas
[1964] and Inan and Bell [1977] by adjusting the parame-
ters according to plasma densities observed on CRRES. The
distribution of the injected suprathermal electrons is as-
sumed to be constant with latitude and unchanged through
the whole simulation, which is reasonable over the limited
region of wave amplification. The HOTRAY code deter-
mines the raypath and any change in the wave normal angle
by integrating Hamilton’s equations for a cold plasma so
that w and k remain real. At each step along the raypath the
hot plasma dispersion relation is also solved for real w and

Figure 4. Wave intensity as a function of wave frequency normalized to the equatorial electron
cyclotron frequency for the relatively quiet time at 0632 UT (black line) and for the selected event at
0726 UT (blue line). The dash-dotted red line is obtained by fitting the wave intensity with a Gaussian
distribution and the dashed green line represents the wave intensity of 10�5 nT2 Hz�1.
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complex k = kr + iki in order to obtain the path-integrated
wave gain. Details on the methodology of calculating path-
integrated wave gain are described in the earlier papers
[e.g., Horne, 1989; Horne and Thorne, 1997; Horne et al.,
2003]. The net amplification of the wave electric field (E/E0)
(or gain G in dB) over a distance r along the raypath [Horne
and Thorne, 1997] is given by:

G ¼ 20 log10 E=E0ð Þ ¼ 8:6859

Z
ki � dr ð6Þ

The HOTRAY results for propagation characteristics and
amplification of chorus waves with frequency of f = 0.22 fce
at L = 6.65 are shown in Figure 6. This simulation employs
electron distributions described in section 3 in order to
model the observed chorus emissions at 2215 MLT, when
the satellite is very near the equator. A number of rays were
first launched from the equator toward the Southern
Hemisphere with various wave normal angles to obtain
the final position and wave parameters of the ray which
experiences the maximum gain. Subsequently, the optimum
ray with the strongest amplification is traced toward the
Northern Hemisphere as shown in Figure 6 to calculate the
wave gain and finally is stopped when the gain drops below

�30 dB due to strong Landau damping. Backward ray
tracing from the equator toward the Southern Hemisphere is
performed first to evaluate the optimum conditions for
maximum path-integrated gain over a path between the
equator and a point in the Southern Hemisphere where the
temporal wave growth rate falls to zero. Rays retraced
forward from this point to the equator will experience
exactly the same growth rates and path-integrated wave gain
and thus identify the equatorial waves with the strongest net
gain. Changes in the wave normal angle y are indicated
along the raypath shown in Figure 6a and Figure 6b.
Negative y occurs when wave normal points toward lower
L, and positive y is obtained when wave normal points

Figure 5. (a) The contours of the electron PSD in (ln (s3 m�6)) as a function of perpendicular and
parallel velocity (ms�1) (or corresponding perpendicular and parallel kinetic energy (keV) indicated by
red axis). The dotted lines are from the electron PSD data from LEPA measurement and solid lines
represent the contours of electron PSD computed from the analytical model. The dashed lines are
the resonant ellipses for various frequency chorus waves (black: f = 0.1 fce; blue: f = 0.2 fce; magenta:
f = 0.3 fce; red: f = 0.4 fce). (b) The electron anisotropy as a function of parallel electron velocity (ms�1).

Table 1. Parameters of Electrons Used to Simulate the Observed

Suprathermal Electron PSDa

Component a?i (m/s) aki (m/s) ni (m
�3) Di bi

1 6.0 � 105 6.0 � 105 4.8 � 106 1.0 0.5
2 2.4 � 107 2.2 � 107 1.2 � 106 0.9 0.5
3 4.0 � 107 3.5 � 107 8.0 � 105 0.7 0.1
4 6.0 � 107 6.0 � 107 1.0 � 104 0.2 0.6

aHere a?i and aki are perpendicular and parallel thermal velocity, ni is

suprathermal electron density, and Di and bi describe loss cone features,

where i represents each component.
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