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AHHoTanmsi. Pe3oHaHCHOE B3aHMOJIEHCTBHE PENSATUBUCTCKHUX JIEKTPOHOB C 3NIEKTPOMATHUTHBIMU HOHHO-LUKJIOTPOHHBIMU
(OMULI) BonHaMHU SBISETCS OJHOM W3 OCHOBHBIX IPHYMH PACCEUBAHHS DJIEKTPOHOB II0 IHTY-YINIy C BBICHITAaHHEM U3
paauaMoHHbIX MosicoB 3emiu B HoHOochepy. AMmuntyna OMULI-BonH, HabMI0MaeMBIX CIIyTHHKAaMH, KaK IPaBHUIIO, JOCTAaTOYHO
BEJINKA, YTOOBI PE30HAHCHOE B3aHMOEHCTBHE IIEKTPOHOB M BOJH ObUIO HemMHEHHBIM. OHUM U3 Hanbosee BaXXKHBEIX () (eKToB
HEJIMHEWHOTO PEe30HAHCHOTO B3aMMOJCHCTBUS BOJIHA — dacTHIaA sBisiercs d¢dexT ymmpeHus pesoHanca. B sroit pabore Mbl
uccienyeM AaHHBIH 3(QQeKT aId peanncTuuHbIX napaMerpoB OMULI-BoiH M mokasbiBaeM, YTO YHIMPEHHE PE30HAHCA MOXKET
3HAUUTENILHO PACIIMPHUTH JUANa30H MUTY-YIIIOB 3NEKTPOHOB, paccenBaeMbix OMMULI-BomHamu.

KuiroueBble ci10Ba: pagualluoOHHbIE [10sICa, B3aUMOeHCTBHE BolHAa — vacTuua, DMMULI-BoaHbI

Abstract. Relativistic electron scattering by electromagnetic ion cyclotron (EMIC) waves is one of the most effective
mechanisms for electron flux depletion in the Earth’s radiation belts. Resonant electron interaction with EMIC waves is
traditionally described by quasi-linear diffusion equations, although spacecraft observations often report EMIC waves with
intensities sufficiently large to trigger nonlinear resonant interaction with electrons. In this study we quantify this resonance
broadening effect in electron pitch-angle diffusion rates. We show that resonance broadening can significantly increase the pitch-

angle range of EMIC-scattered electrons.

Keywords: radiation belts, wave — particle interaction, EMIC waves

INTRODUCTION

Relativistic electron scattering by electromagnetic
ion cyclotron (EMIC) waves is one of the most effective
mechanisms for electron losses in the Earth’s radiation
belts [Thorne, Kennel, 1971]. For typical EMIC wave
characteristics, the resonant electron energies are above
~1 MeV for field-aligned electrons [Summers, Thorne,
2003], and even higher for higher pitch-angles (the
angle between electron velocity and background
magnetic field). Such an increase of the resonant energy
with pitch-angle implies that EMIC waves cannot
scatter the main population of relativistic electrons (at
~1-3 MeV), which are highly anisotropic with
maximum fluxes at ~90° pitch-angles. Therefore, the
overall contribution of EMIC waves to the net losses of
relativistic electrons still requires investigations,
although EMIC-scattering rates for resonant (low pitch-
angle) electrons can be very large [Thorne, Kennel, 1971].

Several mechanisms have been proposed to extend
the energy/pitch-angle range of electrons interacting
with EMIC waves, and one of them is the extension of
resonant pitch-angle range by the resonance broadening
effect [Karimabadi et al., 1992]. The variant of this
effect driven by a large wave amplitude has been
examined for whistler-mode waves [Cai et al., 2020],
but not yet quantified for EMIC waves. As EMIC waves

can be very intense with wave amplitudes reaching a
few percent of the background magnetic field [Zhang et
al., 2016], the finite resonance effect may significantly
expand the pitch-angle range of scattered electrons.

Basic equations for wave-particle resonance in
inhomogeneous magnetic field

We start our quantification of the resonance
broadening effect with the Hamiltonian of a relativistic
electron (the rest mass is m., charge is —¢) moving in the
electromagnetic field given by the vector potential
A=(4,, A0+4,, 0)

H = \/m:c4 + czpz2 +(cp, + eAx)2 +(ed, + eA‘_)2 s

Where (z, p.) are the conjugate pair of the field-
aligned coordinate and momentum, (x, p,) are the
conjugate pair of the transverse coordinate and
momentum, Ao(x, z)=xBy(z/R) is the vector potential
component of the curvature-free dipole field [Bell,
1984] with the spatial scale R>>mc.c*/eB,. For the
background magnetic field B,, we use the dipole model

B, = B, \1+3sin" & /cos" A, with B being the

equatorial magnetic field and A the magnetic latitude.
The relation between z and A is given by the differential
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equation dz/dk = R\/1+ 3sin’ A cos A, with R=RgL, L
being the L-shell parameter and Rg the Earth radius.
Vector potential components for L-mode field-aligned
plane waves, A4,,(z, t) are given by the following
equation:

B {—cosd), o0/ oz =k

k (sino, 0¢/ ot = —o.

Wave amplitude B,, is sufficiently small so that
eB,/(km.c*)<<1. For a fixed wave frequency o the
wave number k is given by the cold plasma dispersion
relation [Stix, 1962]

x.y

2 2

2 3
(E) _ 1 _ wpe _ wpl
® w(mfﬂce) izl w(mfﬂci)’
where Q.~eB/(m.c), o, is the plasma frequency, and
indices i=1, 2, 3 are attributed to H', He", and O" ions,
respectively.

We will follow the approach proposed in [Shklyar,
Matsumoto 2009; Artemyev et al. 2018] and examine
this Hamiltonian around the resonance. After
introduction of magnetic moment [and electron
gyrophase 6 and using canonical transformations, we
can get the Hamiltonian

1
H= meczyR -ol, +5K2Pw2 + Ay + Bsin vy,
A 7aanceL 1 x
as  ky, 1-(o/ke)

p, Q. KO olnk (pR ]
——— + — ,

+
mc ke ke 0lnQ_

2
mc

e

mc
e

where y = ¢ - 0, P, = I-I,, [ = I, Iy = Ix(p, z) is
taken in the resonance point.

By integrating over trajectory of the scattered
electron and averaging over particle ensemble we can

get the resonance width for electron energy mcc2 <Ay>

and equatorial pitch-angle <A°‘eq>

. 2B (4
me M%\/gf 4)

2Ay ce, eq
<Aaeq> (y2 —l)sin(Zacq) ®
Function f{4/B) is determined in [Shklyar,
Matsumoto 2009; Artemyev et al. 2018]. Figure 1
shows that Ao, maximizes at low energies, where the
effect of the resonance broadening should be most
important because of the narrow pitch-angle range of

electrons satisfying the exact resonant condition with
EMIC wave.

Role of resonance broadening in electron pitch-
angle diffusion

After determining the resonance width as a function
of wave characteristics, electron energy and pitch-angle,
we can include the resonance broadening effect into
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Figure 1. The resonance width in equatorial pitch-angles
as a function of (aq, m.c*(y—1)) for different background
parameters in a case of proton-electron plasma

diffusion rate calculations. We start with the local (at
equator) pitch-angle diffusion for field-aligned EMIC
waves propagating in a proton-electron plasma with
truncated Gaussian spectra [Summers, Thorne, 2003]:

Q 2R 1— .
_ %, 2R dx(g (x-x) x(1-x) Ao )’
Y

“ vox | 2—-x
where x=0/Q, € is the proton gyrofrequency, x; and
x, are lower and upper cut-off frequencies, x, is the
normalized resonance frequency for a given equatorial
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electron pitch-angle and energy, R=(B,/B,)* is the

normalized wave intensity, and v = \/;erf(l) ~1.49.

In the classical formulation of the quasi-linear diffusion
rate function g=3d(x — x,) is the Dirac delta function. The
finite resonance width can be included into the diffusion
rate evaluations by changing g to [Cai et al., 2020;
Karimabadi et al., 1992]:

(2Ax) ", |¥| < Ax
g(x) =
0, |x| > Ax

>

= i [— Ay +tan OLAOLj|,
ok/ox| vy -1

the resonance width in frequency is determined from the
local resonance condition. Figure 2, a shows local
(equatorial) diffusion rates with g = 6(x — x,) (solid
lines) and with resonance width (dashed lines). The
resonance broadening effect is most clearly seen as an
extension of the pitch-angle range with a finite diffusion
rate.

These equations determine the resonance width at
the resonant latitude for a given energy and equatorial
pitch-angle. Therefore, Aa,, and Ax varies with
latitudes, and we can incorporate the resonance
broadening effect into the bounce-averaged diffusion

rate [Lyons et al., 1972]
}‘m
D, , > 1 J. D,, C()Z&cos7 Ad\, where we use the
ATy COS™ Oy
dipole magnetic field model with

sin® o0 =sin’ a1+ 3sin’ K/cos(’ L. The normalized
bounce period is 1= 1.3 — 0.56 Sino,.

Figure 2, b shows bounce averaged diffusion rates
without (solid curves) and with (dashed curves) the
resonance broadening effect included. There is a clear
extension of the resonance pitch-angle range to higher
pitch-angles due to the finite Aa. This effect should be
most important for low resonant energies, where the
exact resonant condition allows only scattering of near
loss-cone electrons.

CONCLUSIONS

In this study we quantify the resonance broadening
effect for EMIC waves resonating with relativistic
electrons. Although perturbation theory requires B,/B,

to be small, the resonance width ~ /B, /B,, may

provide an important widening of the resonant pitch-
angle ranges for specific plasma populations. An
important characteristic controlling the efficiency of the
resonance broadening is the ratio of background
magnetic field gradient and wave intensity, i.e., ratio

A/B. For cases with |4/B|<1,the wave intensity is

sufficiently high to create a finite resonance width, and
the same inequality means that electrons resonate with
EMIC waves nonlinearly. Overall, the resonance
broadening effect should extend the pitch-angle range of
electron scattering for a significant fraction of observed
EMIC waves.
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Figure 2. Local (equatorial) (a) and bounce-averaged (b)
diffusion rates without (solid) and with (dashed) the resonance
broadening effect included
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