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Resonant scattering of plasma sheet electrons by whistler-mode chorus:
Contribution to diffuse auroral precipitation
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[1] A quantitative analysis is presented of the resonant
scattering of plasma sheet electrons (~100 eV—-20 keV) at
L = 6 due to resonant interactions with whistler-mode
chorus. Using wave parameters modeled from observations
under geomagnetically disturbed conditions, it is
demonstrated that the rate of pitch angle scattering can
exceed the level of strong diffusion over a broad energy
range (200 eV—10 keV) containing the bulk of the injected
plasma sheet population. Scattering by chorus appears to be
more effective than previous analyses of resonant
interaction with electrostatic electron cyclotron waves.
Chorus scattering is therefore a major contributor to the
origin of the diffuse aurora and should also control the MLT
distribution of injected plasma sheet electrons. The rates of
scattering are sensitive to the distributions of wave power
with respect to wave normal direction and wave frequency
spectrum. Upper-band chorus (w/€2, > 0.5) is the dominant
scattering process for electrons below ~5 keV while lower-
band chorus (0.1 < w/€2, < 0.5) is more effective at higher
energies especially near the loss cone. Citation: Ni, B., R. M.
Thorne, Y. Y. Shprits, and J. Bortnik (2008), Resonant scattering of
plasma sheet electrons by whistler-mode chorus: Contribution to
diffuse auroral precipitation, Geophys. Res. Lett., 35, L11106,
doi:10.1029/2008GL034032.

1. Introduction

[2] Intense whistler-mode “chorus”™ emissions are excited
in the region outside the plasmapause during the injection of
anisotropic plasma sheet electrons [e.g., Anderson and
Maeda, 1977; Isenberg et al., 1982]. The waves typically
occur in two distinct frequency bands, a lower band (0.1—
0.5 Q,) and an upper band (0.5-0.8 Q2,) [e.g., Meredith et al.,
2001] with respect to the equatorial electron gyrofrequency
Q.. The observed power spectral intensity of chorus in either
band depends on location and the level of geomagnetic
activity. Strong upper-band chorus is observed occasionally,
but only within 10° of the magnetic equator [Bortnik et al.,
2007]. Such high frequency chorus is able to resonate with
the bulk of the plasma sheet electron population [Inan et al.,
1992] and has a spatial distribution (MLT, L) similar to that
of the diffuse aurora [Hardy et al., 1985]. Our present study
is therefore mainly directed to quantifying the scattering by
upper-band chorus.

[3] Although several mechanisms for diffuse auroral
precipitation have previously been proposed, the dominant
scattering process has not yet been clearly identified. Early
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studies concentrated on the role of electrostatic electron
cyclotron harmonic (ECH) waves [e.g., Lyons, 1974].
Detailed quasi-linear scattering rates, based on observed
wave spectral properties, demonstrated that ECH waves are
capable of causing strong diffusion scattering of electrons
(~1 keV) near the loss cone [Horne et al., 2003]. However,
the main bulk of the plasma sheet is not able to resonate
with such waves, since scattering is limited to small pitch
angles (o, < 40°). The possibility of scattering by whistler-
mode chorus has also been considered [e.g., Inan et al.,
1992; Villalon and Burke, 1995]. These earlier studies
demonstrated that first-order gyroresonance with upper-
band chorus can efficiently scatter electrons with energy
~1 keV or lower near the loss cone, but did not include a
comprehensive evaluation of electron scattering rates based
on observed wave characteristics. Diffusion codes have
recently been developed, which are capable of evaluating
the contribution of chorus emissions to the scattering of
injected plasma sheet electrons. Here we utilize a diffusion
code recently developed at UCLA based on the formulation
of Glauert and Horne [2005], together with statistic prop-
erties of upper-band chorus observed on CRRES [Bortnik et
al., 2007], to evaluate quasi-linear bounce-averaged diffu-
sion coefficients during geomagnetically disturbed condi-
tions. We demonstrate that interactions with upper-band
chorus lead to strong diffusion scattering of low-energy
plasma sheet electrons (~200 eV -2 keV), while, for higher-
energy plasma sheet electrons (>5 keV), scattering by
lower-band chorus makes an important contribution to
diffuse auroral precipitation.

2. Chorus Wave Model

[4] Following earlier studies of quasi-linear diffusion, the
waves are assumed to have a Gaussian frequency distribu-
tion [Lyons et al., 1971] given by

W — Wpy

dw

B*(w) = A% exp [—( )2} (Wie < W< Wye) (1)

where B*(w) is the spectral intensity of the wave magnetic
field, w,, and éw are the frequency of maximum wave power
and bandwidth, respectively, w,. and w,. are lower and
upper cutoff frequency to the wave spectrum outside which
the wave power is zero, and 4 is a normalization factor
[Glauert and Horne, 2005], which scales with the wave
magnetic field By. A Gaussian wave normal distribution
[Lyons et al., 1971] is also assumed

tanf — tan 6, 2
g(0) = exp { (W) } (0 <0<0,) (2
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Figure 1. Refractive index surfaces for whistler-mode
waves at L = 6 for normalized wave frequencies from 0.1 to
0.7. The dashed curve shows the circle of refractive index
n = 30 above which we expect wave Landau damping to
be severe. The two straight lines represent respectively the
resonance cone angle 6, for w/|Q,| = 0.7, and the upper
limit of wave normal angle 6,. used in the calculations.

where 6 is the wave normal angle, 6,, the peak, 6,, the
angular width, and 6,. and 0, the lower and upper bounds
to the wave normal distribution outside which the wave
power is zero.

[s] Figure 1 shows the cold plasma whistler-mode re-
fractive index surfaces at L = 6 for several normalized wave
frequencies from 0.1 to 0.7. A dipole magnetic field model
and the plasmatrough density model from Sheeley et al.
[2001] are adopted to obtain the ratio of electron plasma
frequency to electron gyrofrequency w,./{2. = 6.2. At each
wave frequency the refractive index surfaces asymptotically
approach a wave resonance cone angle (0 — 6,,), where
n — 00. As the normalized wave frequency increases from
0.1 to 0.7, 0,., decreases from 84° to 45°. To simulate the
anticipated Landau resonant damping in the vicinity of the
resonance cone, we place an upper limit on the modeled
angular distribution of waves at an angle 6, where n = 30.
Based on the statistical properties of upper-band chorus
[Bortnik et al., 2007], we adopt an upper frequency w,,. =
0.7 Q. for our wave distribution. From Figure 1 we obtain
0, = 40° for w/), = 0.7, which is used as the maximum
value of 6, in our subsequent calculations.

3. Electron Resonant Scattering

[6] Our calculations include contributions from the N =
—5to N =5 cyclotron harmonic resonances and the Landau
resonance N = 0. The following wave parameters have been
adopted to model upper-band chorus at L = 6 during
geomagnetically active conditions: w;/(€).)eq, = 0.50, w,/
(Q)eg = 0.70, w,/(§2e)ey = 0.58, 6w/(§2,)eq = 0.08; ;. = 0,
0, =40° 0, =0, 6, =23° By =50 pT [Meredith et al.,
2001]. We also assume that upper-band chorus waves are
confined to latitudes |\,| < 10° and that both the wave
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spectral intensity and electron number density remain con-
stant along the field line, with w,,/€2, = 6.2 at the equator.

[7] Bounce-averaged quasi-linear diffusion coefficients
for electrons interacting with modeled upper-band whistler-
mode chorus at L = 6 are shown in Figure 2, for energies
ranging from 100 eV to 20 keV. Near the loss cone (~1.8° at
L = 6), 200 eV-2 keV electrons undergo rapid pitch angle
diffusion, comparable to or above the strong diffusion limit
Dy, [Schulz, 1974]. Under such rapid scattering, the electron
distribution should become essentially isotropic, and
injected plasma sheet electrons should be precipitated into
the atmosphere on time scales comparable to an hour.
We note that pitch angle diffusion near the loss cone of
500 eV-2 keV electrons due to upper-band chorus is also
more rapid by at least one order of magnitude than previous
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Figure 2. Bounce-averaged (top) pitch angle, (middle)
mixed, and (bottom) energy diffusion coefficients for the
indicated plasma sheet electron energies ranging from 100 eV
to 20 keV due to storm-time upper-band whistler-mode
chorus at L = 6.
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