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[1] The rapid loss of radiation belt electrons in the main
phase of geomagnetic storms is believed to be aided by
EMIC waves, and is usually analyzed with quasi-linear
theory. However, even moderate EMIC wave intensities
easily cause resonant electrons to respond nonlinearly, with
drastically different results. We map out the region of
nonlinear behavior with a single parameter, and show that
both the direction and magnitude of scattering can be
estimated by analytical expressions. The nonlinear
interactions typically lead to advection toward large pitch
angles, rather than diffusion toward the loss cone. This is
expected to reduce the overall loss rate and greatly affect the
distribution of trapped electrons. Citation: Albert, J. M., and
J. Bortnik (2009), Nonlinear interaction of radiation belt electrons
with electromagnetic ion cyclotron waves, Geophys. Res. Lett., 36,
L12110, doi:10.1029/2009GL038904.

1. Introduction

[2] Strong electromagnetic ion cyclotron (EMIC) waves,
with typical intensities of ~1—10 nT, are commonly present
in the outer radiation belts [Meredith et al., 2003; Fraser et
al., 2006]. They are excited by unstable distributions of ring
current ions, and can scatter both ring current and radiation
belt ions into the loss cone. They may also strongly scatter
radiation belt electrons, especially near the plasmapause and
in high density plumes [Thorne et al., 2005, 2006; Shprits et
al., 2008]. Such scattering has mostly been modeled as
quasi-linear diffusion [Lyons, 1974; Summers and Thorne,
2003; Gamayunov and Khazanov, 2007; Jordanova et al.,
1996, 2008; Miyoshi et al., 2008], which indicates that
EMIC waves with magnetic field amplitudes of 1 nT, in
conjunction with whistler mode hiss and chorus, give decay
time scales for 1 MeV electrons of less than one day [A/bert,
2003; Li et al., 2007]. Similar calculations with stronger
EMIC waves can reach the strong diffusion limit, where
particles scatter into the loss cone faster than they can be
removed by the atmosphere [Shprits et al., 2009]. However,
such strong amplitudes raise doubts about the validity of the
quasi-linear framework, and a nonlinear treatment seems
called for, as noted by Millan and Thorne [2007]. Such
analysis for test particles has previously been developed and
applied to large amplitude whistler mode chorus [e.g.,
Nunn, 1974; Albert, 2002; Omura et al., 2008; Bortnik et
al., 2008]. Here, we use a similar approach to demonstrate
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the potentially nonlinear character of electron interactions
with EMIC waves.

2. Inhomogeneity Parameter

[3] For field-aligned EMIC waves, the cyclotron reso-
nance condition for electrons is

w—hkv=—Q/vy (1)

where (), = eB/mc, m is the electron rest mass, and e is the
electron charge (in absolute value). Resonances involving
multiples of the cyclotron frequency do not play a role for
field-aligned waves. Assuming the wave is generated near
the equator and propagates away from it [e.g., Fraser et al.,
1996], the electron must be “co-streaming,” i.e., directed
toward high latitude. (This is opposite to the usual
requirement for resonance with field-aligned whistler mode
waves.)

[4] The dynamics of resonant wave-particle interactions
have been treated by many authors [e.g., Nunn, 1974; Inan
et al., 1978]. Albert [1993, 2000] derived a “1 I dimen-
sional” Hamiltonian for the normalized first adiabatic
invariant 7 = w(p /mc)*/2Q),, the wave-particle phase &,
and distance s along a field line, of the form

K(1,&,s) = Ko(1,5) + Ky (1,5) sin &, )
where K describes adiabatic motion along a field line and

K, captures the effect of the resonant wave. With field-
aligned wave propagation, they take the form

ke
Ko :5(1 —1lo) + \/(l — 1)’ =1 =20l /w,

eB,,/mc °
K =— " tanaq,

where « is the local particle pitch angle and /, is a constant.

[s] For fixed s the Hamiltonian is analogous to that of a
plane pendulum, whose phase portrait features two classes of
periodic trajectories, with a separatrix between them. The
frequency of small amplitude oscillations is (K; §°K/0%)"'?,
and the island width is [4K,/(0°Ky/OF)]"2. Albert [1993]
considered the timescales for particle motion within a frozen
phase portrait and for motion of the island itself, finding that
the particle behavior was determined by their ratio,

%K,/ 0r

R= ok, josan)” “)

For |R| > 1, “linear” motion is expected, with an
effectively random value of the phase at resonance, leading
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